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Many evil things still lingered there, and others were dispersed and fled into the dark
and roamed in the waste places of the world, awaiting a more evil hour;

and Sauron they did not find.

J.R.R Tolkien, The Silmarillion

Un grand merci a tous ceux qui m’ont aidé de pres ou de loin

a l'accomplissement de cette these.

Une pensée spéciale a ma famille, a mes amis et a Laurence.
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Résumé

Une simple classification morphologique des galaxies de 1'Univers local montre
deux grandes familles: (1) les galaxies disques, avec des bras spiraux et dans
deux-tiers des cas une barre stellaire; et (2) les galaxies elliptiques et lenticu-
laires, dites galaxies de type précoce ou early-type galaxies (ETGs), qui sont dom-
inées par une composante stellaire sphéroidale. Les galaxies les plus massives
de 1'Univers local sont les ETGs. Ces galaxies présentent aussi une large var-
iété de dynamique stellaire: elles peuvent avoir un champ de vitesse régulier et
aligné avec la photométrie ou perpendiculaire a la photométrie; ne présenter au-
cune rotation globale; ou alors étre composées de deux disques en contre-rotation
I'un par rapport a l'autre (Kinematically Distinct Core ou KDC). Ces signatures
dans la dynamique stellaire des ETGs et leur importante masse sont des signes
d’interactions passées, en particulier des signes de fusions de galaxies.

Le but principal de ma these est d’analyser un large échantillon de simulations
numériques a haute résolution de fusions binaires de galaxies. Ces fusions sont
dites “idéalisées” car elles ne prennent pas en compte le contexte cosmologique
de formation des galaxies : deux galaxies en isolation sont lancées sur une orbite
permettant la fusion de ces galaxies, le résultat final attendu de la fusion étant une
ETG. L'analyse statistique de ce large échantillon de simulations nous permet
de relier les conditions initiales de la fusion a la galaxie finale. J'ai démontré
que le rapport de masse entre les spirales initiales et que 1’orientation de leurs
moments angulaires sont des points essentiels a la formation des ETGs avec peu
ou beaucoup de rotation et des KDCs. La morphologie de la spirale (rapport
Bulbe/Disque) est aussi un point important pour la formation des KDC mais son
impact n’est pas clair et de nouvelles simulations sont nécessaires pour conclure.

Durant ma these, j’ai aussi étudié I'importance de la résolution dans les simu-
lations numériques de fusion de galaxies. ]’ai montré que le nombre de particules
et la taille des cellules utilisées ont une importance prépondérante dans les ré-
sultats finaux. Une trop faible résolution (i.e. peu de particules et une grille
grossiere) ne permet pas de suivre 1’évolution rapide du potentiel gravitationnel
lors de la fusion. Dans ce cas, certaines particules n’évacuent pas leur moment
angulaire vers l'extérieur de la galaxie: la galaxie résultante de la fusion garde
ainsi une plus forte rotation. A haute résolution, la dispersion de ces orbites est
résolue, la galaxie résultante possede donc une faible rotation et peut former, sous

certaines conditions initiales, un KDC.
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Abstract

A simple morphological classification of the galaxies in the local Universe shows
two main families: (1) the disc galaxies, with spiral arms and in two-thirds of
these galaxies a stellar bar; and (2) the elliptical and lenticular galaxies, labelled
early-type galaxies (ETGs), which are dominated by a spheroidal stellar compo-
nent. ETGs are among the most massive galaxies of the local Universe and present
a red color, meaning that their stars are old. These galaxies also present a large
diversity of stellar dynamics: they may have a regular rotation pattern aligned
with the photometry or perpendicular to it; they can present no global rotation
at all; or may hold a central stellar component with a rotation axis distinct from
the outer stellar body called a Kinematically Distinct Core (KDC). These features
observed in the dynamics of the ETGs and their large mass are clearly signs of
past interactions, especially signs of galaxy mergers.

The main goal of my thesis is to analyse a large sample of high-resolution
numerical simulations of binary galaxy mergers. These binary mergers are called
“idealized” because they do not take into account the full cosmological context of
galaxy formation: two isolated spiral galaxies are launched in an orbit resulting
in a merger of the galaxies, the final remnant is an ETG. The statistical analysis
of this large sample of simulations enables us to link the initial conditions of the
merger to the final merger remnant. I demonstrated that the mass ratio between
the spiral progenitors and the orientation of their spins of angular momentum
are the main drivers for the formation of fast and slow rotating ETGs and the
KDCs. The morphology of the initial spiral (Bulge/Disc ratio) seems also to play
a major role for the formation of the different types of ETGs but its impact is not
completelly clear, and other simulations are planned to clarify this problem.

During my thesis, I also studied the importance of the resolution in the nu-
merical simulations of galaxy mergers. I showed that the number of particles and
the size of the computational grid have a predominant role in the final product
of the merger. A too low resolution (i.e. too few particles and a coarse grid) can
not follow the rapid evolution of the gravitational potential during the merger. In
this case, the angular momentum is not as efficiently transfered to the outer parts
of the galaxy: the merger remnant keeps thus a strong and regular rotation. At
higher resolution, the scattering of the orbit is resolved and the merger remnant
may end-up with, under some special initial conditions, a slow rotation and may
form a KDC.
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CHAPTER 1

Review on local galaxies
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A simple classification of galaxies in the local Universe based on their mor-
phology reveals two different classes: the disc-dominated galaxies and the
spheroid-dominated galaxies. The morphology of these two classes of galaxies
is not the only difference: their intrinsic properties are also distinct. This must
imply a different process of formation. The first section of this chapter is ded-
icated to the study of the properties of the observed local galaxies. The second
section will review the numerical simulations used to recover the formation his-
tory and the properties of local galaxies. These sections will mainly focus on

spheroid-dominated early-type galaxies.

1.1 Observed galaxies in the local Universe

From a sample of 400 observed local galaxies, [Hubble 1926] proposed a classifi-
cation based on their morphology: “About 3 per cent are irregular, but the remaining
nebulae fall into a sequence of type forms characterized by rotational symmetry about
dominating nuclei”. This study served as a basis for the well-known Hubble’s
tuning fork (see Fig. 1.1, [Hubble 1936]), where the right side is composed of
disc-dominated galaxies, with spiral arms and/or stellar bar, called spiral galax-

ies; and the left side is composed of spheroid-dominated galaxies called elliptical
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Figure 1.1: Hubble’s classification of galaxies

galaxies. At the meeting point of these two categories, one can find the SO lenticu-
lar galaxies which present both disc — but without spiral structures — and spheroid
structures. Elliptical and lenticular galaxies are included in a larger group called

early-type galaxies or ETGs. Spiral galaxies are also known as late-type galaxies.

1.1.1 Spiral galaxies

In the Hubble’s classification of galaxies, spiral galaxies are divided in two
branches: spirals with (called SB) or without (called S) a central stellar bar. In
the local Universe, bars are found in about two-thirds of spiral galaxies, either in
the optical or the infrared [Eskridge et al. 2000, Menéndez-Delmestre et al. 2007].
Regardless of the bar, these galaxies form a continuous sequence from those hav-
ing a small bulge and loosely bound arms, called S(B)c at the extreme right of the
tuning fork, to those having a prominent bulge and tightly bound arms, called
S(B)a close to the SO lenticular galaxies. The theory of formation of spiral struc-
tures is not the aim of this thesis, and we therefore guide the interested reader to
reviews by [Toomre 1977] or [Marochnik & Suchkov 1996] on that subject.

Spiral galaxies are composed of a bulge and a disc of stars, a disc of gas and
a dark matter halo. The radial surface brightness profile of the stellar bulge can
be fit with a Sérsic profile of the form e~""" [Sérsic 1968] and the stellar disc with
a exponential function [Freeman 1970], i.e. a Sérsic profile with n = 1. Looking

at the colour-magnitude diagram and colour-mass diagram of 151 642 galaxies at



tel-00594622, version 1 - 20 May 2011

1.1. Observed galaxies in the local Universe 15

(U=T)model rest—frame coler

log (M/Hsolar) (stellar mass)

0.0 N I I E I 1 1 I I I I

-14 -15 -16 —17 -18 —19 -20 -17 —18 —-19 -20 -21 -22 -23 —18 —-19 -20 -21 -22 -23 -24
M, (355 nm) M, (615 nm) My — 2.5 log (M/Ly)

Figure 1.2: (Extracted from [Baldry et al. 2006]) Comparison between galaxy
colour-magnitude and colour-mass relations. The (u-r) colour is plotted versus (a)
M, , (b) M, and (c) log M. The dotted lines represent galaxies with stellar masses
of 10!% and 10!'M,. The grey regions represent the colour means and +1¢ ranges
of the red and blue sequences. The dash-dotted lines represent the best-fitting di-
viders between the sequences based on the criteria of [Baldry et al. 2004].

z < 0.1 in Fig. 1.2, the vast majority of the spiral galaxies (below the dash-dotted
line) are the less massive galaxies and belong to a region called the “blue cloud”
[Strateva et al. 2001, Baldry et al. 2006]. These galaxies are populated by recently
formed young stars and are thus blue. They contain gas and present ongoing
star formation activity — at all redshifts — which is correlated with the total gas
surface density: see e.g. [Kennicutt 1998, Bigiel et al. 2008, Daddi et al. 2010b] in

observations and [Teyssier et al. 2010] in simulations of galaxy mergers.

1.1.2 Early-type galaxies

In the colour-magnitude diagram and colour-mass diagram of Fig. 1.2, we
see that local early-type galaxies span a large range in mass: from masses
typical for spiral galaxies to very massive galaxies. At all mass ranges, the
ETGs are clearly recognizable by their reddish colour and form a group called
“the red sequence” (above the dash-dotted line of Fig. 1.2). ETGs are dom-
inated by old stellar populations, they may have a gaseous component but
in a non significant quantity and then show very little star formation activity
[Roberts & Haynes 1994, Shapiro et al. 2010]. [de Vaucouleurs 1948] first thought
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Figure 1.3: (Extracted from [Kormendy & Bender 1996]) Revision of the Hubble’s

classification of galaxies.

that the luminosity profiles of ETGs followed the e function, which is the
Sérsic profile with n = 4. But Sérsic profiles with different values of n better
reproduce the large variety of ETGs, see e.g. [Ferrarese et al. 2006].

Elliptical galaxies are classified, in the Hubble’s tuning-fork, as a function
of their apparent flattening: ellipticals with high flattening are located near the
lenticular SO galaxies while the round elliptical are at the extreme left of the classi-
fication. However, the distinction between flat and round shapes is dependent of
the viewing angle of the galaxy and does not characterise its intrinsic morphology.
[Kormendy & Bender 1996] proposed a revision of the Hubble’s classification, see
Fig. 1.3. They ordered ellipticals as a function of the discyness or boxyness of their
isophote shapes, claiming that discy ellipticals tend to rotate rapidly while boxy
ellipticals have less rotation. This classification has the same drawback than the
Hubble’s one: a galaxy can be either discy or boxy depending on the viewing
angle (see Fig. Al in Section 2.2).

Observational techniques have been improved to obtain the kinematical in-
formations of local early-type galaxies, and have revealed a wealth of differ-
ent structures. Long-slit spectroscopy surveys have shown the presence of
Kinematically Distinct Cores (KDC) or misalignments between the photomet-
ric and kinematic axis [Franx & Illingworth 1988, Jedrzejewski & Schechter 1988,
Bender 1988, de Zeeuw & Franx 1991, Rix & White 1992]. KDCs, usually defined
as a central stellar component with a rotation axis distinct from the outer stellar
body (see e.g. [Krajnovié et al. 2008]), have been claimed to be a signature of a
past interaction.

More recently, the emergence of integral field spectrographs, such as the
SAURON spectrograph [Bacon et al. 2001], allowed the mapping of local ETGs up
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to about one effective radius. The SAURON survey [de Zeeuw et al. 2002] has intro-
duced a new view of ETGs, classifying them in two families — the fast and the
slow rotators — according not only to their morphology, but also to their kinemat-
ics [Emsellem et al. 2007, Cappellari et al. 2007]. These two classes are intrinsically
different and seem to correspond to different populations of galaxies: while the
fast rotators present regular rotation patterns aligned with the photometry, the
slow rotators have low angular momentum, show misalignments between the

photometry and the velocity axes and often contain a KDC.

1.1.3 Cosmological context of galaxy formation

Spiral and ETGs are surrounded by an extended halo of dark matter (DM)
[Zwicky 1933]. These DM haloes could themselves be embedded in deeper po-
tential well of DM, forming a cluster of galaxies.

In the ACDM models, based on the Big Bang theory, DM haloes
arose from the initial fluctuations of the Cosmic Microwave Background
[Spergel et al. 2003]. These initial fluctuations have grown through gravitational
instabilities [Searle & Zinn 1978]. Following the denser regions, the primordial
gas falls in the central part of the DM haloes and settles in a rotational disc
[Fall & Efstathiou 1980]: spiral galaxies are thus thought to form first. These first
haloes could have grown by mergers with surrounding haloes to form bigger
and bigger structures. The galaxies in the centre of the DM haloes may have
thus also merged: this scenario is called “the hierarchical growth of galaxies”.
This scenario seems to be supported by high-redshift observations: ETGs — which
are thought to form via mergers of galaxies [Schweizer 1982, Struve et al. 2010] -
do not dominate the mass distribution of galaxies at high-z [Trujillo et al. 2007,
Ferreras et al. 2009].

Observations of local galaxies should not be the only tool to be used to under-
stand the cosmological evolution of galaxies as we only probe a specific instant of
the Universe. And observing distant galaxies is a very challenging task due to the
small amount of residual light and the size of the sources. Numerical simulations

of galaxy formation are thus promising and complementary in that sense.

1.2 Numerical simulations of galaxy formation

Since the last massive extinction of the dinosaurs on Earth 65 Myr ago (its cause is
still prone to debates, see e.g. [Schulte et al. 2010, Archibald et al. 2010]), the Sun
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has made just more than a quarter of its orbit around the Galactic centre. Galactic
and extra-galactic timescales are not appropriate for our human observations and
we thus can not follow the time evolution of galaxies: we have only access to a
specific snapshot. Numerical simulations have thus been implemented to study

the evolution and interactions of galaxies.

1.2.1 Past simulations

The first simulation of galaxy interaction has been realised by [Holmberg 1941].
He did not used a computer, but a mechanical system of 37 light-bulbs per galaxy:
each mass element is replaced by light. The gravitational forces are therefore
correlated to the amount of light received by each light-bulb and then, the lamps
are moved step by step. The simulation took place on a plane which obviously
bring some constraints: the galaxies have to be disc galaxies and need to be edge-
on when they interact. With such a system, [Holmberg 1941] was able to capture
the development of spiral arms due to the tidal forces during the interaction (see
also [Oh et al. 2008] for a recent study on this subject). However, its central lamps
had not been disturbed during the interaction and the effect of the tidal forces on
the creation of a stellar bar has not been captured (see [Barnes & Hernquist 1996]).

The first “numerical” simulations has been made by [von Hoerner 1960]
which has integrated the equations of motion of a random cluster with 16 stars
(see also [von Hoerner 1963] with 25 stars — both articles in German). With in-
creasing computer resources, simulations have increased the number of parti-
cles: [Aarseth 1963] with 100 and [Aarseth & Saslaw 1972] with 500 particles.
[Toomre & Toomre 1972] studied the formation of spirals and galactic bridges
during galaxy interactions, but using only restricted three-body interactions.

The first noticeable “N-body” simulations of galaxy merger has been made by
[Gerhard 1981]. He used 250 particles to reproduce a disc galaxy (with an expo-
nential disc, a core and a halo) and simulated galaxy mergers with different initial
conditions. He finds that if the spins of the discs and the orbit are aligned, it gives
a remnant with a fast rotation while if the spins of the discs are anti-parallel to the
one of the orbit, the remnant has the slowest final rotation (with some counter-
rotating particles). The shape and kinematics of its remnants resemble elliptical
galaxies and can match some properties of observed elliptical galaxies, like e.g.
the e — V /o diagram (the projected ellipticity versus the mean velocity divided
by the velocity dispersion values). From simulations of mergers of disc galaxies,
[Farouki & Shapiro 1982] also find that the merger remnants resemble elliptical
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galaxies in their morphology, luminosity profile, velocity and velocity dispersion
values. [Barnes 1988] was the first to include a dark matter halo around his disc
progenitors. These extensive haloes are efficient to soak up the orbital angular
momentum which affect the dynamics of the final remnant.

During that period, two different methods have been developed to in-
clude a treatment of the gas component in the simulations: the SPH tech-
nique ([Gingold & Monaghan 1977, Lucy 1977]) for which the gas particles are
not placed on a grid and the resolution of the gas can thus be adjusted within
the simulation; and the sticky-particle method ([Negroponte & White 1983]) for
which the gas particles evolve on the same grid as the stellar particles and can
have inelastic collisions between themselves and thus dissipate energy.

Since the 90’s, numerical simulations have included stars+gas+DM for a
steady increase of the number of particles and decrease of the spatial resolu-
tion (i.e. the size of the computational grid). Such increase in the resolution
obviously tends to lower the particle noise but may also have drastic effects on
the results of the simulations: [Naab ef al. 2007, Navarro et al. 2010] have pointed
out some discrepancies in cosmological simulations made at different resolutions
and [Cox et al. 2006b, Hopkins et al. 2008, Di Matteo et al. 2008a] in star formation
activity in ongoing mergers. In this thesis, I will show in Chapter 2 that the reso-

lution may particularly affect the dynamics of some merger remnants.

In the next section, I will describe the major recent studies which helped our
comprehension of the formation and evolution of galaxies via numerical simula-

tions of “idealized” mergers and large scale cosmological simulations.

1.2.2 Recent studies on “idealized” galaxy mergers

The term “idealized” simulations of galaxy mergers encompasses all the simu-
lations made without a specific inclusion of the cosmological context. It can be
either binary or multiple mergers with realistic (or not) initial conditions in order
to study the role of a specific parameter on the properties of the merger rem-
nants. [ will here describe some recent studies of “idealized” simulations and

their results.

Effect of the mass ratio on the morphology: Before 1998, simulations of binary
mergers were made using two equal-mass galaxy progenitors and the difference
between boxy and discy ETGs was thought to be due to the initial gas fraction.

[Barnes 1998] showed that discy ETGs can result from a merger of a large disc
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galaxy and a smaller companion without a gaseous component. [Naab et al. 1999]
confirmed this result: simulating equal-mass and unequal-mass (with the lower
companion has a third of the main progenitor mass) mergers, they found that the
unequal-mass remnant presents discy isophotes while the equal-mass remnant
presents boxy isophotes. From these studies, the importance of the mass ratio
on the morphology of the remnant has emerged and is now considered as a key
parameter in the formation of ETGs. One can distinguish three main ranges
of mass ratios with different impacts on the remnants: (1) the “major” mergers
with mass ratios comprised between 1:1 and 3:1 (in this notation the mass of the
lighter progenitor is equal to the mass of the main progenitor divided by the first
number); (2) the “intermediate” mergers with a mass ratio between 4:1 and 10:1;
and (3) the “minor” mergers with a mass ratios > 10:1.

Major mergers between spiral galaxies are known to severely im-
pact the morphology of the galaxies and to produce elliptical-like galax-
ies ([Naab & Burkert 2003, Bournaud et al. 2005, Naab & Trujillo 2006,
Naab et al. 2006a, Cox et al. 2006a]). Intermediate merger remnants
present a disc-like morphology but with elliptical-like kinematics, they
may be associated to SO lenticular galaxies or very flattened ellipticals
([Bournaud et al. 2004, Bournaud et al. 2005]). A minor merger between
a spiral galaxy and a small companion just slightly disturbs the spi-
ral and may heat its disc but does not lead to an SO/elliptical galaxy
([Villalobos & Helmi 2008, Moster et al. 2010]). However, the effect of sev-
eral minor mergers may be dramatic for the survival of the disc if the
total mass accreted via the smaller companions is at least half of the initial
mass of the spiral galaxy: such scenario can produce an elliptical galaxy
[Weil & Hernquist 1994, Weil & Hernquist 1996, Bournaud et al. 2007].

Some studies have shown that major mergers of disc galaxies could pro-
duce disc dominated remnants if the initial amount of gas is high (e.g. at high
redshift) [Springel & Hernquist 2005, Robertson et al. 2006, Hopkins et al. 2009b].
However, I will show in Chapters 2 and 3 of this thesis that this scenario is un-

likely, and this has also been confirmed by [Bournaud et al. 2010a].

Effect of the gas on the morphology: In the local Universe, spiral galax-
ies contain a gaseous component, and much more is present at high redshift
[Daddi et al. 2010a, Tacconi et al. 2010]. Spiral galaxies as progenitors for a merger
should be simulated with gas dissipation. The presence of the gas greatly af-
fect the shape of the remnants [Bekki & Shioya 1997]. More recent studies share
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the same conclusions [Naab et al. 2006a, Hopkins et al. 2008, Hopkins et al. 2009a,
Hopkins et al. 2009¢, Hoffman et al. 2010].

However, cares must be taken when dealing with the gas in the simulations.
In a galaxy, the gas is present in the interstellar medium at different temperatures,
different densities and different phases: from a temperature of 20K and very high
densities for molecular gas to ~10°K and a very low density for hot ionized
gas (see [Ferriére 2001] for a review on the interstellar environment of the Milky
Way, see also [Lequeux 2005] for a general review). However, the simulated gas
particles can not reach these extreme conditions and thus can not reproduce the
full behaviour of the gas in galaxy mergers. Recent simulation techniques are
promising as the gas can reach very low temperatures and thus well describe the
star-forming regions of molecular clouds [Powell et al. 2010, Teyssier et al. 2010,
Bournaud et al. 2010b].

Large scale signatures of interactions: Observations of local galaxies have re-
vealed that galaxy mergers severely affect not only the central part of the galaxies,
but also their large scale structures. Galaxy mergers produce shells, tidal tails and
streams, tidal dwarf galaxies or giant globular clusters. This can provide us with
a lot of information on the formation history of a galaxy. The most famous ob-
served large scale structures are the long tails in NGC 4038/39 (the Antennae) or
the tails and shells of NGC 5557 (see Fig. 4.8).

In the 90’s, some studies have tried to constrain the mass and shape of the
dark matter haloes around galaxies using the morphology of the tidal tails as in-
dicators [Dubinski et al. 1996, Mihos et al. 1998, Springel & White 1999]. More re-
cently, it has been showed by [Feldmann et al. 2008] that a dissipation component
is required to reproduce the morphologies of the observed tidal debris observed
in nearby ETGs. This result is also found by [Bournaud et al. 2008]: using a very
high resolution for a simulation of a gas-rich merger, the formation of massive

young stellar clusters (potentially globular clusters) could be resolved.

Using the morphological and kinematical informations of the central part of
an observed galaxy and its large scale environment, it is then possible to recover
the initial state of the galaxies before the interaction, see [Teyssier et al. 2010] for
a study on the Antennae and [Michel-Dansac et al. 2010] for the Leo ring. How-
ever, our knowledge on the formation of shells, streams,. .. is limited: improved
simulations made at high-resolution would be an asset to study the link between

the initial conditions and the formation of such large scale structures.
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Impact on the remnants’ kinematics: As seen previously, the morphology both
at small and large scales is severely impacted during a major merger of spiral
galaxies: the initial disc shape is destroyed and the galaxy becomes spheroid-
dominated. There is, indeed, a counter-part in the kinematics of the remnant. The
tirst simulations showed that the boxy remnants were rotating slowly while the
discy ones were fastly rotating: the addition of a gaseous component transformed
the boxy and slowly rotating remnants into the discy and fastly rotating ones.

This trend has been confirmed recently in [Hoffman et al. 2010].

The mass ratio of the progenitors is also known to be a key parameter on the
formation of slowly and fastly rotating ETGs: slowly rotating remnants can only
be produced by equal-mass mergers [Naab & Burkert 2003, Bournaud et al. 2004,
Bournaud et al. 2005]. Using the A parameter (a proxy for the stellar angular mo-
mentum, see Section 2.2) instead of the traditional V /¢ value, [Jesseit et al. 2009]

found the same results.

However, using two ellipticals E0 without apparent rotation as progenitors,
[Di Matteo et al. 2009] show that part of the orbital angular momentum is trans-
ferred to the internal angular momentum of the galaxies during the merger. The
merger remnant is then fastly rotating and flattened by rotation. This effect is
also seen by [Qu et al. 2010]: collisionless minor mergers can either increase or
decrease the internal angular momentum of the initial spiral galaxy via the trans-
fer of the orbital angular momentum. The picture of formation of the slowly or

fastly rotating remnants could thus be more complex than previously thought.

The kinematics of ETGs can reveal complex sub-structures such as KDCs
(see Section 1.1.2).  Via simulations of gas-rich spiral galaxy mergers,
[Hernquist & Barnes 1991, Jesseit et al. 2007, Hoffman et al. 2010] have demon-
strated that a KDC could be formed in the remnant due to the presence of gas:
the gas may fall in the centre of the remnant in counter-rotation and continued
star formation in this gaseous disc may produce a central component with decou-
pled kinematics. In the remnants of [Di Matteo ef al. 2008b], a counter-rotating
component can be formed both in dissipational and dissipationless mergers of an
elliptical and a spiral galaxy. If the spin of the spiral is anti-parallel to the spin of
the orbit, the external part of the remnant acquires the angular momentum of the
orbit while its central part is dominated by the initial internal spin of the spiral:
these two contributions are thus in counter-rotation. [Balcells & Quinn 1990] also
probed this effect in a 5:1 merger of two oblate ETGs with a retrograde spin (with

respect to the orbital spin): the companion adopts the sign of the orbital angular
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momentum during the merger while the most massive progenitor is not influ-
enced: this forms a central decoupled component. [Crocker et al. 2009] showed
that the KDC in the observed galaxy NGC 4550 was not due to infalling gas with
counter-rotation but was very probably due to the merger of two disc galaxies
with opposite spins.

These different results tend to prove that the mechanisms of formation of
KDCs are either multiple or not understood. We have then decided in this thesis
to study a large sample of simulations, made at an unmatched resolution, of spiral
and ETG mergers with different initial conditions to understand the mechanisms
of formation of the slowly and fastly rotating ETGs and their associated sub-
structures. The results of this study can be found in Chapter 3, the comparison

with observations of local galaxies can be found in Chapter 5.

1.2.3 Large scale cosmological simulations

Cosmological simulations has been developed to understand the process of for-
mation of galaxies in a realistic (and not idealized) way. These simulations mean
to represent a large volume of the Universe from its initial state (at the recombi-
nation) to the present days. The initial conditions are based on the observed small
variations of temperature (i.e. density) of the cosmic microwave background (see
e.g. [Spergel et al. 2003]) and the associated cosmological parameters. The dark
matter particles are placed on the simulation box to match the properties of the
early Universe, gaseous and stellar particles are placed to follow the dark matter
contribution. At the start of the simulation, the particles evolve through grav-
itational instabilities. As a consequence, [Aarseth & Fall 1980] have confirmed
that merging occurs hierarchically and that the massive galaxies are formed via
mergers of smaller galaxies. They also pointed out that the number of merger
remnants was more frequent in groups of galaxies than in the field.

[Meza et al. 2003] have studied the formation of an elliptical galaxy in a cos-
mological simulation. Two modes of mass accretion are observed alternatively:
smooth accretion of cold gas which produce a rotational disc and galaxy mergers
which disperse the stellar disc into spheroid. In their simulation, the last interac-
tion is a major merger: it transforms all the gas into stars and redistributes all the
stars into a spheroid shape with a clear rotation pattern and no sub-structures.
This final remnant may resemble some present-day ETGs.

Large scale simulations are clearly an asset to understand the formation of

galaxies. However, to simulate a large volume of the Universe, it usually means
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a relatively low resolution. This low resolution can properly follow the evolu-
tion of the large haloes of dark matter but can not properly resolve the small-
scale interactions within a galaxy during a merger. To combine both large and
small scales, techniques of re-simulation have been recently developed. It con-
sists of recording the history of the interactions on a specific galaxy and re-
simulate these interactions at higher resolution (see Section 4.4.1). This technique
has been applied to simulate field or central galaxies. The galaxies in the cen-
tre of a group are massive and have experienced many interactions including
major mergers. The field galaxies resemble more the intermediate mass ETGs
and some are found to not have merged with an equal mass companion but
only with minor galaxies. In all cases, the effect of minor mergers, which are
much more frequent than major mergers, is determinant in shaping the galaxies
[Naab et al. 2007, Naab et al. 2009, Martig et al. 2009, Feldmann et al. 2010]

In this thesis (in Section 4.4.1), I will analyse the time evolution of a field
ETG which has been simulated using a new technique of re-simulation (see
[Martig et al. 2009]). This first simulation is only the beginning of a new col-
laboration which should result in a larger sample of simulations. The aim of this
project is to study the morphological and kinematical transformations due to the

different interactions which occur during the life-time of a galaxy.
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The effects of numerical
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2.1 Introduction to the article

During my thesis, I first worked on the effects of the numerical resolution in
simulations of galaxy mergers. An increase of the numerical resolution was
known to change the results of the dark matter profiles in cosmological simula-
tions or to change the star formation activity in galaxy mergers [Cox et al. 2006b,
Naab et al. 2007, Hopkins et al. 2008, Di Matteo et al. 2008a, Navarro et al. 2010].
My thesis aims to study the morphology and the kinematics of merger remnants,
but the role of the resolution for such purpose has not been explored thoroughly.
We have thus simulated galaxy mergers at three different resolutions and the re-
sults associated to this study have been published in MNRAS in August 2010 in
[Bois et al. 2010]. This article is now a part of my thesis and the reader can find it
just below as it has been published.

2.2 Paper I: "Formation of slowly rotating early-type galax-

ies via major mergers: a resolution study"
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ABSTRACT

We study resolution effects in numerical simulations of gas-rich and gas-poor major mergers,
and show that the formation of slowly rotating elliptical galaxies often requires a resolution that
is beyond the present-day standards to be properly modelled. Our sample of equal-mass merger
models encompasses various masses and spatial resolutions, ranging from about 200 pc and 10°
particles per component (stars, gas and dark matter), i.e. a gas mass resolution of ~10° Mg,
typical of some recently published major merger simulations, to up to 32 pc and ~10°> M,
in simulations using 2.4 x 107 collisionless particles and 1.2 x 107 gas particles, among the
highest resolutions reached so far for gas-rich major merger of massive disc galaxies. We find
that the formation of fast-rotating early-type galaxies, that are flattened by a significant residual
rotation, is overall correctly reproduced at all such resolutions. However, the formation of slow-
rotating early-type galaxies, which have a low-residual angular momentum and are supported
mostly by anisotropic velocity dispersions, is strongly resolution-dependent. The evacuation
of angular momentum from the main stellar body is largely missed at standard resolution,
and systems that should be slow rotators are then found to be fast rotators. The effect is most
important for gas-rich mergers, but is also witnessed in mergers with an absent or modest gas
component (0—10 per cent in mass). The effect is robust with respect to our initial conditions
and interaction orbits, and originates in the physical treatment of the relaxation process during
the coalescence of the galaxies. Our findings show that a high-enough resolution is required to

© 2010 The Authors. Journal compilation © 2010 RAS
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accurately model the global properties of merger remnants and the evolution of their angular
momentum. The role of gas-rich mergers of spiral galaxies in the formation of slow-rotating
ellipticals may therefore have been underestimated. Moreover, the effect of gas in a galaxy
merger is not limited to helping the survival/rebuilding of rotating disc components: at high
resolution, gas actively participates in the relaxation process and the formation of slowly

rotating stellar systems.

Key words: galaxies: elliptical and lenticulars, cD — galaxies: formation — galaxies: interac-
tions — galaxies: kinematics and dynamics.

1 INTRODUCTION

Numerical simulations have been intensively used for more than two
decades to study the properties of the remnants of galaxy mergers
and the role of hierarchical merging in the formation of elliptical-
like early-type galaxies (Hernquist & Barnes 1991; Barnes 1992;
Mihos et al. 1995). With the increasing resolution and large statisti-
cal samples (e.g. Naab & Burkert 2003; Bournaud, Jog & Combes
2005; Di Matteo et al. 2007, 2008; Chilingarian et al. 2010), modern
work tends to quantify in details the properties of major and minor
merger remnants, and accurate comparisons with observed proper-
ties of early-type galaxies can now be envisioned (e.g. Burkert et al.
2008).

A general concern, though, is that the impact of the spatial and
the mass resolutions on the detailed properties of the systems under
scrutiny remains largely overlooked, and whether or not simulations
of mergers have converged with today’s typical resolution remains
unexplored. Obviously, increasing resolution enables simulations
to directly resolve cold gas clouds and clustered star formation
(e.g. Bournaud, Duc & Emsellem 2008; Kim, Wise & Abel 2009),
but whether these additional small-scale ingredients can signifi-
cantly impact the global, large-scale morphology and kinematics
of merger remnants has not been studied in detail. In cosmological
simulations, an increase in resolution (i.e. an increase in the number
of particles and/or decrease of the softening length) can affect the
baryonic density and circular velocity profiles of individual galax-
ies in a halo (Naab et al. 2007). Navarro et al. (2010) also studied
numerical convergence via a suite of A cold dark matter (ACDM)
simulations and confirmed that the halo mass distributions were
better described by Einasto profiles that are not, stricly speaking,
universal.

While many resolution studies have been made in cosmologi-
cal simulations, few have focused on galaxy merger simulations.
Cox et al. (2006a), Hopkins et al. (2008) and e.g. Di Matteo et al.
(2008) included some checks of the effect of resolution on the
star formation activity of ongoing mergers. But a resolution study
aimed at examining the detailed morphology and kinematics of re-
laxed merger remnants (i.e. galaxies which tend to be roughly SO
or elliptical-like) has not yet been conducted.

Models of galaxy mergers have reached particularly high reso-
lution with the work of Wetzstein, Naab & Burkert (2007) (70 pc
softening with 4 x 10° particles in total — but only 45 000 for the
gas component), Li, Mac Low & Klessen (2004) (10 to 100 pc and
5 x 10° gas particles per galaxy), Naab et al. (2007) (8 x 10° par-
ticles with a 125 pc resolution in a cosmological resimulation of an
individual galaxy halo). The highest resolution for gas-rich mergers
have been achieved recently by Bournaud et al. (2008) for mergers
of bright spiral galaxies, with a total of 3.6 x 107 particles includ-
ing more than 107 gas particle, and a 32 pc softening size, and Kim

et al. (2009) with a spatial resolution of 3.8 pc and a mass resolution
of 2 x 103 Mg (for dwarf or low-mass spirals, though). But such
high-resolution studies have focused on small-scale gas physics and
structure formation, without studying the impact of high resolution
on the global properties of the elliptical-like galaxies formed in
major mergers.

Large samples of simulations of idealized galaxy mergers remain
typically limited to softening lengths of about 100-300 pc, and
~10° particles per galaxy (see samples in Naab & Burkert 2003;
Bournaud, Combes & Jog 2004; Cox et al. 2006b; Naab, Jesseit
& Burkert 2006; Bournaud, Jog & Combes 2007; Di Matteo et al.
2007; Cox et al. 2008). Whether or not the relatively limited nu-
merical resolution used in such studies affects the global properties
of merger remnants is still a largely open question: for instance, the
detailed comparison of major merger remnants with the observed
anisotropy-flattening relation by Burkert et al. (2008) relies on sim-
ulations with 2 x 10* gas particles per galaxy, a gas particle mass
~3 x 10° M and a spatial resolution (softening) of about 200 pc.

Within the context of the ATLAS®® project (http://purl.org/
atlas3d), an extensive set of numerical simulations is being con-
ducted to support the multiwavelength survey of a complete sample
of early-type galaxies within the local (40 Mpc) volume, in terms
of various formation mechanisms of early-type galaxies: binary
mergers, multiple mergers, disc instabilities, etc. An ambitious se-
ries of simulations of mergers are being specifically performed and
analysed for this purpose (Bois et al. in preparation). To properly
interpret the results from these simulation efforts, as well as to un-
derstand the robustness of the existing and the past studies of galaxy
mergers, we first probe the effect of spatial and mass resolutions on
the global structure of binary disc merger remnants.

In this paper, we study the effect of numerical resolution on the
global morphology and the kinematics of the simulated remnants of
binary, equal-mass major mergers. We wish to examine resolutions
ranging from the typical resolutions used in recent, large simu-
lations samples, to some of the highest merger simulations ever
performed. We study both Wet (collisionless) and Wet (gas-rich)
mergers of disc galaxies. The modelled interaction orbits lead to
the formation of both fast rotators, i.e. early-type galaxies flattened
by significant rotational support, and slow rotators, i.e. early-type
galaxies with low-residual rotation, supported (and flattened) by
(anisotropic) velocity dispersions, following the classification de-
tailed in Emsellem et al. (2007, see also Section 2) (hereafter E07).
We find that the formation of fast rotators is overall correctly repro-
duced with numerical simulations at modest resolutions. In contrast,
the formation of slow-rotating systems is correctly reproduced only
at high resolution (Section 3), above the resolution of most of the
recently published merger simulations. The influence of gas on the
structure of merger remnants, compared to Wet mergers, also differs
at high resolution, and is not limited to easing the survival and/or

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 406, 2405-2420
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rebuilding of rotating disc components. In Section 4, we further
examine the origin of this observed resolution effect in the forma-
tion of slow-rotating systems. We show that it is not an artefact
from different initial conditions or interaction orbits, but that the
physical treatment of the merging process is actually biased when
the resolution is too low. The effect of the resolution has been tested
on other simulations producing slow rotators and we find that it is a
systematic one (Section 5). We summarize our results, discuss the
required resolution for accurate studies and the general implications
for the formation of elliptical galaxies in Section 6.

2 SIMULATIONS AND ANALYSIS

2.1 Method

2.1.1 Code

‘We use the particle-mesh code described in Bournaud et al. (2008),
and references therein.

This code uses a Cartesian grid on which the particles are meshed
with a ‘Cloud-In-Cell’ interpolation. The gravitational potential is
computed with an FFT-based Poisson solver and particle motions
are integrated with a leap-frog algorithm and a time-step of 0.5 Myr.

Interstellar gas dynamics is modelled with the sticky-particle
scheme with elasticity parameters 8, = B, = 0.6. This scheme
neglects the temperature and thermal pressure of the gas, assuming
it is dominated by its turbulent pressure, which is the case for the
star-forming interstellar medium at the scales that are studied here
(Elmegreen & Scalo 2004; Burkert 2006). The velocity dispersion
of the particles model the turbulence and their mutual collisions
are inelastic to ensure that the turbulence dissipates over about a
vertical crossing time (Mac Low 1999).

The star formation rate is computed using a Schmidt—Kennicutt
law: it is then proportional to the gas density in each cell to the
exponent 1.5. Gas particles are converted to star particles with a
corresponding rate in each cell. Energy feedback from supernovae
is accounted for with the scheme proposed by Mihos & Hernquist
(1994). Each stellar particle formed has a number of supernovae
computed from the fraction of stars above 8 M, in a Miller-Scalo
initial mass function. A fraction € of the 10°! erg energy of each
supernova is released in the form of radial velocity kicks applied
to gas particles within the closest cells. We use € =2 x 1074, as
Mihos & Hernquist (1994) suggest that realistic values lie around
10~* and less than 1073,

2.1.2 Set-up for initial disc galaxies

The baryonic mass of our model galaxies is 10! M@ . In Wet merger
simulations, this mass is purely stellar. In Wet merger simulations,
80 per cent of this mass is stellar and 20 per cent is gaseous. The
initial gas and stellar discs are Toomre discs, with a scalelength of
4 kpc and a truncation radius of 10 kpc for the stars, respectively,
8 and 20 kpc for the gas. 20 per cent of the stars are in a spheri-
cal bulge, modelled with a Hernquist (1990) profile with a 700 pc
scalelength. The dark matter halo is modelled with a Burkert pro-
file (Burkert 1995), a 7-kpc scalelength and a truncation radius of
70 kpc, inside which the dark matter mass is 3 x 10" M.

The two ‘progenitor’ disc galaxies in each simulation are iden-
tical, the total mass of the remnant will be 2 x 10! Mg which
is consistent with the slow-rotator mass range observed in the
ATLAS?P sample (E07).

2407

2.1.3 Orbits

We have used two interacting orbits, for each kind of merger (Dry
and Wet) and each resolution level. None corresponds to a very
specific and unlikely configuration like coplanar discs, or polar
orbits.

The first orbit is called ‘fast’ because it forms fast-rotating early-
type galaxies. The velocity at an infinite distance is 170 km s~}
and the pericentre distance is 30 kpc. This orbit is prograde with
respect to the first progenitor disc, with an inclination of the orbital
plane wrt the disc plane of 25°. The orbit is retrograde wrt the other
progenitor disc, with an inclination of 45°.

The second orbit is called ‘slow’ because it forms slow-rotating
early-type galaxies (at least at high-enough resolution). The velocity
at an infinite distance is 140 km s~! and the pericentre distance is
25 kpc. This orbit is prograde with respect to the first progenitor
disc, with an inclination of the orbital plane wrt the disc plane of
45°. The orbit is retrograde wrt the other progenitor disc, with an
inclination of 25°.

These orbits as well as those used in additional tests (Section 5)
have a total energy £ > 0 or E = 0, corresponding to initially un-
bound galaxy pairs. Such orbits are representative of the most com-
mon mergers in ACDM cosmology (Khochfar & Burkert 2006).

2.1.4 Standard, high and very high resolutions

Dry and Wet mergers have been simulated for each orbit at three
resolution levels. The detail for these resolutions are indicated in
Table 1. The very high resolution arguably corresponds to the high-
est resolution simulation of a Wet major merger performed so far
(see Bournaud et al. 2008).

We will label each simulation with the following nomenclature:

(i) the first item indicates a Wet or Dry merger, i.e. gas-rich or
gas-free progenitors;

(ii) the second item specifies the chosen orbit: the one producing
fast-rotators or slow-rotators (at least at high-enough resolution);

(iii) the last item indicates the resolution level: standard, high or
very high;

For instance, the wet-fast-high simulation refers to the high-
resolution models of a Wet merger on the orbit producing a fast-
rotating early-type galaxy.

2.2 Analysis of the relaxed merger remnants

We analyse the merger remnants after 1.2 Gyr in the simulation,
which is 800-900 Myr after the first pericentre passage, and 600—
700 Myr after the central coalescence. The remnants are thus re-
laxed when the analysis is performed. Tidal debris can still be
orbiting around the merger remnant, but the bulk of the stellar mass
in the central body does not show significant evolution. Analysis

Table 1. Label for the resolution, softening length, number of particles per
component (stars, gas and dark matter) and total number of particles in the
simulation for the three resolutions.

Label Softening length Particles/component Total particles
standard 180 pc 10° 6 x 10°

high 80 pc 100 6 x 10°
very high 32 pc 6 x 10° 3.6 x 107

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 406, 2405-2420
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performed at earlier and later instants did not show significant vari-
ations, so spurious effects related to time evolution should not affect
the comparison of the three different resolution levels.

2.2.1 Projected maps

Intrinsic and apparent properties of the merger remnant (e.g. the
apparent ellipticity) are directly linked with its orbital structure
(Jesseit, Naab & Burkert 2005). To probe the relaxed merger rem-
nants, we have therefore built projected maps of the stellar mass
density, line-of-sight velocity and velocity dispersion fields. Two-
dimensional maps are useful to reveal the wealth of photometric or
kinematic structures associated with a galaxy merger, e.g. globular
clusters or kinematic misalignments (see Bendo & Barnes 2000;
Jesseit et al. 2007).

The projected maps cover a 16 x 16 kpc? field of view around the
density peak of each system: our analysis is conducted up to a limit
of three effective radii R., which encloses most of the baryonic mass
of early-type galaxies, and the typical effective radius of our merger
remnants is 2.5 kpc. Each projection was computed on a 100 x
100 pixel grid. The pixel size is 160 x 160 pc?, which approximately
corresponds to the size of the softening length of our standard-res
simulations, and is kept fixed for all resolutions.

To obtain statistically significant results, we have built such maps
and performed the subsequent analysis with 200 isotropically dis-
tributed viewing angles (i.e. 200 different line of sights). In this
way, we do not characterize and compare the merger remnant under
a particular projection, but their global, statistical properties. As an
example, Fig. 1 shows the effect of the projections on the radial Ax
profiles for one simulation. Among these 200 profiles, the lowest
(near zero) and the highest values correspond, respectively, to the
merger remnant seen nearly face-on (i.e. the lowest apparent ellip-
ticity) or nearly edge-on (i.e. the highest apparent ellipticity). Our
choice of 200 projections ensures that neighbouring projections are
separated only by 10° in any direction, so that intermediate viewing
angles would not show significant differences.

2.2.2 Physical parameters

Our analysis is based on a few simple morphological and kine-
matic parameters — a choice mainly motivated by the fact that these
parameters are often being used as standards in studies of nearby
elliptical galaxies.

The morphological parameters pertains to the photometry: we
measure the ellipticity € (defined as 1 — b/a, where a and b are
the semimajor and minor axes, respectively) and as/a which is the
fourth (cosine) Fourier coefficient of the deviation of isophotes from
a perfect ellipse (as/a > 0 and a4/a < O correspond to discy and
boxy isophotes, respectively). These two parameters are computed
using the KINEMETRY software tool! which can be used to perform
standard ellipse-fitting of galaxy images, as well as to study galaxy
kinematics (Krajnovi¢ et al. 2006). For the kinematic analysis, apart
from the first two velocity moments (velocity and velocity disper-
sion), we use the Ar parameter, a robust proxy for the baryonic
projected angular momentum, as defined in EQ7:

(RIVI)

S RVVIE oY)

Uhttp://www-astro.physics.ox.ac.uk/dxk/idl/

0.40,

0.35

Figure 1. Top panel: Ar profiles of all 200 projections for the Dry-Fast-
very high simulation. The profiles are plotted as a function of R/R. (ra-
dius normalized by the effective radius for each projection). Each line here
corresponds to a given projection. Bottom panel: corresponding median
(thick solid line), quartiles (thin solid line) and maximal and minimal values
(dashed lines) at each radius. This representation of the results illustrates
the fact that all values are between the dashed lines, and 50 per cent of the
projections are in the filled area. Each line plotted in this panel does not
correspond to one specific projection: the median or quartiles are derived
for different projections at each radius.

In EO7, Ag was used to reveal two families of early-type galaxies,
the slow-rotators with Agx < 0.1 and the fast-rotators with Ag > 0.1
at one effective radius R.. In a recent study, Jesseit et al. (2009) have
simulated binary disc mergers to investigate the Ag parameter: tests
on their merger remnants reveal that Ay is a good indicator of the true
angular momentum content in early-type galaxies. As emphasized
in EQ7, Cappellari et al. (2007) and Krajnovi¢ et al. (2008), fast and
slow rotators exhibit qualitatively and quantitatively different stellar
kinematics. A is thus an interesting parameter to probe, and should
indicate whether or not the kinematics of the merger remnants are
equally resolved at different resolutions.

For each above-mentioned parameter, we have computed the
minimum, maximum, mean values, as well as the 1st and 3rd
quartiles over all the projections at individual radii, to quantify
the statistical distribution of these parameters in a simple way. An
example is shown in Fig. 1. Note that with this choice, the pro-
jection which minimizes or maximizes a parameter varies with
radius.
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3 EFFECT OF RESOLUTION ON THE
FORMATION OF SLOW ROTATORS

In this section, we briefly describe the properties of the simulated
mergers with the three different resolutions. The complete set of
analysis results can be found in Appendix A. We then focus the
analysis on the simulations that show important differences, namely
the cases producing slow rotators at high resolution.

3.1 Morphology and kinematics

Radial stellar density profiles are shown in Fig. 2. We then show,
in Fig. 3, the projected stellar density maps, of the relaxed merger
remnants in all simulations, choosing the flattest and roundest pro-
jections as well as a projection representative of the mean ellipticity
in each case. The corresponding line-of-sight stellar velocity fields
are presented in Fig. 4 for the same projections, the maps have been
Voronoi binned (Cappellari & Copin 2003) to the same level of
15 particles minimum per bin. Further morphological or kinematics
parameters are presented in Appendix A.

This analysis reveals various similarities or differences, depend-
ing on which merger is considered. The most notable results are as
follows:

(i) Mergers that produce fast-rotators at the highest resolution
also result in fast rotating systems at the lower, standard resolution.
Overall, the apparent morphology for any projection of the Dry-Fast
and Wet-Fast models is unaffected by the resolution (Fig. 3). The
velocity fields are also quite similar (Fig. 4), with only minor mis-
alignments between the apparent kinematic and photometric axes.
Ellipticity and Ar profiles, provided in Appendix A (see Figs Al and
A?2), confirm these similarities and that all these merger remnants
are fast rotators, with a rotational support that is largely independent
from the numerical resolution.

(ii) Strong kinematic misalignments and kinematically decoupled
cores (KDCs) are found only in slow-rotators, but really appear only
at high resolution. The Dry-Slow model has a KDC at standard reso-
lution, but its amplitude is significantly lower than the one observed
in the high and highest resolution models. The Wet-Slow model has

101
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108 F
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Figure 2. Stellar density profiles for the Wet-Slow, Wet-Fast, Dry-Slow and
Dry-Fast simulations (from top to bottom, respectively). The density of the
Wet-Fast, Dry-Slow and Dry-Fast cases has been divided by a factor of 5,
10 and 20, respectively, to improve the readability of the plot. Red lines
correspond to very high resolution models, green lines to high-resolution
cases and blue lines to standard-resolution models. The two alternative re-
alizations of the Wet-Slow-Standard simulation (see Section 4.3) are shown
in dashed and dotted lines.

2409

a KDC only at high/very high resolution. Overall, kinematic mis-
alignments increase at high resolution, as illustrated for instance by
the flattest projections of the Wet-Slow case.

(iii) Morphological and kinematic differences are most important
for mergers that produce slow-rotators at high resolution. Striking
morphological differences are seen in particular for the Wet-Slow
case (Figs 2 and 3) and both the amplitude and the shape of the
velocity field change with resolution for the Wet-Slow and Dry-
Slow cases (Fig. 4). For instance, a rapidly rotating core is seen
in the Wet-Slow merger remnant at standard-resolution, instead
of a slow-rotating KDC at high and very high resolutions. The
Dry-Slow remnant also shows up as a discy rotating system at
standard resolution, in contrast with the observed remnant at higher
resolutions. We also note on Fig. 2 that the stellar density profile
is resolution-dependent in particular for the Wet-Slow case, with a
much less concentrated merger remnant in the standard-resolution
case (the mass within 5 kpc is about 25 per cent lower than at high
or very high resolutions).

3.2 Formation of slow-rotators at high resolution

We now focus on the detailed properties of the mergers for which
the most important differences have been noticed, namely those
producing slow rotators at the highest resolutions.

3.2.1 Morphology and kinematics

To better understand the differences seen in the morphology of
the Wet-Slow simulations, we have examined the three included
baryonic components of the merger remnants separately, namely
the ‘old’ stars formed before the beginning of the merger event, the
‘young’ stars formed during/after the merger event, and the gas left
over after the merger (see Fig. 5). Within the central 10 kpc, the
standard-res remnant exhibits a prominent bar, the inner distribution
of the gas and young stars being driven by this tumbling structure
with e.g. a ring-like structure at a radius of ~6 kpc. In the high-
res and very high-res, the gaseous component and the young stars
have a smoother distribution more closely following the overall old
stellar distribution. In addition, many young star clusters are visible
in the maps from the very high-res, a few in the high-res and none in
the standard-res. High spatial resolution of course allows to resolve
the formation of stellar clusters (see also Bournaud et al. 2008), but
there is also a larger number of other young stellar substructures
at increasing resolution, like filaments, tidal streams and a compact
nucleus (Fig. 5).

The kinematic discrepancies discussed above in the velocity fields
are quantified globally in the radial velocity and Ag profiles (Fig. 6).
The standard-res displays significant rotation inside 3—4 kpc (up to
~85km s~!) and a decreasing rotation velocity at larger radii. There
is a drop in the velocity dispersion in the central 2 kpc, and no sign
of a KDC. This is in stark contrast with both the high-res and very
high-res which overall show much lower rotational velocity support
(below ~50 km s~! and particularly low in the central 2 kpc), and
a KDC in the central 1 kpc. Overall, the high-res and very high-res
have similar velocity rotation curves, apart from a more pronounced
KDC signature in the very high-res (partly due to the KDC having
a slightly different position angle in these two remnants).

The general discrepancies of the standard-res versus high-res
and very high-res realizations are confirmed by the Ag profiles
(Fig. 6). The merger remnant made at standard-res is clearly a
fast-rotator. The high-res and very high-res are both classified as
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Figure 3. The 12 normalized projected surface density maps (in log), for the four sets of simulations at three different resolutions (labelled accordingly). The
field of view is 16 x 16 kpc?. For each simulation, the projections corresponding to the minimum, maximum and mean ellipticities are shown. The viewing
angle of these projections are defined at very high-res and re-applied for the standard-res and high-res simulations: projections are thus established along the
same line of sights for all resolutions. Luminosity contours are the same for all simulations and drawn with a spacing of 0.5 mag (except for the two inner
contours with a step of 0.3). The effective radius is about at the edge of the fourth isophote for all simulations.

slow-rotators with, respectively, a maximum value of Ag of 0.1
and 0.06 at one effective radius. The Ag profile goes up somewhat
more rapidly with radius in the high-res case than in the very high-
res, but the difference remains of the order of the scatter between
different projections of each case. The presence of a bar in the stellar
component of the standard-res is likely a result of the significantly
higher rotational support (see also Section 5).

Beyond one R., the A profiles of the high-res and very high-res
are rising: there is less angular momentum in the centre, which
has been expelled outwards (see also EO7). However, even at these
large radii, the slow-rotators have less angular momentum than fasz-

rotators (see Fig. 6). Observations conducted up to two or three R,
(Coccato et al. 2009; Weijmans et al. 2009) would bring additional
constraints on the formation scenario of slow-rotating early-type
galaxies.

3.2.2 Role of gas on the properties of merger remnants

The Dry-Slow simulations show smaller differences in the stellar
density maps and velocity fields. They also exhibit smaller differ-
ences in their A profiles (Fig. 7). Nevertheless, the standard-res
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Figure 4. The 12 projected stellar velocity fields. The field of view is 16 x 16 kpc?, projections and contours are the same as in Fig. 3.

simulation is again a faster-rotator than the high-res and very high-
res cases at 1, 2 or 3 effective radii. A KDC is also found only in the
high-res and very high-res cases, associated to a peak of Ag inside
one effective radius.

A lower specific angular momentum in the main stellar body
at higher resolution is not only found in Wet-Slow mergers, but
also in Dry-slow mergers, the differences being still much more
pronounced in the Wet case.

Gas plays an important role in shaping merger remnants (Naab
et al. 2006; Robertson et al. 2006; Hopkins et al. 2009) and it is
interesting to compare the Wet-Slow and Dry-Slow merger remnants
at fixed resolution, to better understand its specific impact (Figs 6
and 7).

(i) At standard-res, the Wet merger remnant has a much higher
rotational support than the Wet case. This is consistent with the
usually known effect of gas helping the survival of rotating stellar

discs during major mergers, and/or rebuilding of discs after mergers
(Robertson et al. 2006; Hopkins et al. 2009).

(i1) At high-res and very high-res, the rotational support of the
merger remnant is not increased when gas is present. The angular
momentum, traced by Ag, is actually lower by about 20 per cent
inside one effective radius in the very high-res Wet case, compared
to the corresponding Dry merger.

It thus seems that the impact of gas on the global properties of
major merger remnants is more complex than originally thought,
and can even be weakened at high resolution. This suggests that
the global dynamics of gas during the major merger or in a young
merger remnant can be significantly affected by resolution. As seen
in Fig. 5, gas at standard-res largely lies in smooth structures and
the formation of new stars during the merger proceeds in a rela-
tively smooth way. At increased resolutions, thinner gas structures
are resolved during the merger, which can result in clustered star
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Old stars

Young stars Gas

Figure 5. Projected density maps of the old stars, young stars and gas
in the Wet-slow remnants; from top to bottom: standard-, high- and very
high-res models, for the projection which minimizes the ellipticity (€min)
as in Fig. 3. OId stars are those formed before the merger, young stars are
formed during/after the merger. The field of view is 16 x 16 kpc? and the
isocontours correspond to the projected old stellar component.

formation and the formation of numerous young stellar structures,
as observed in the final merger remnant in Fig. 5.

3.3 Summary of the resolution tests

The resolution does not seem to significantly affect the morphol-
ogy and kinematics of the mergers remnants that are fast rotators at
high resolution: they are still fast rotators at lower resolution, with
very similar morphological and kinematic properties. This contrasts
with the fact that resolution has a major effect on the formation of
slow-rotating systems. The systems that are slow rotators at high
resolution rotate more rapidly when the resolution decreases, and
can be observed as true fast rotators at standard-res. The effect is
small in Dry mergers, but is dramatic in our Wet merger model.
KDCs in these slowly rotating systems are also significantly bet-
ter resolved at high resolution. The role of gas in shaping merger
remnants is found to vary with resolution: at low resolution, gas
rebuilds rotating disc components, increasing the overall disciness
and rotational support. At higher resolution, the effect cancels out: a
merger that forms a slowly rotating system in a Dry case still forms
an equally slow or even a bit slower rotator in the corresponding
Wet case.

The next section focusses on interpreting the origin of the reso-
lution effect in the formation of slowly rotating ellipticals. We in
particular show that it is not an artefact caused by different initial
conditions or a bias in the simulated orbits, but a real effect related
to the way the violent relaxation during the merger itself is treated.
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Figure 6. Top panel: radial line-of-sight velocity and velocity dispersion
profiles (respectively bottom and top lines of the plot) for the mean ellip-
ticity projection along the global kinematic position angle of the Wet-Slow
simulation (right-hand panels of Fig. 4). Bottom panel: Ar profiles as a
function of R/R., the minimum, median, maximum and quartiles values are
presented as in Fig. 1. In both panels, the standard-res is represented in blue,
the high-res in green, the very high-res in red.
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Figure 7. AR profiles as a function of R/R. for the Dry-Slow simulation. The
standard-res is represented in blue, the high-res in green, the very high-res
in red.
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4 ORIGIN OF THE RESOLUTION EFFECT

‘We here show that the above-mentioned discrepancies observed in
the simulations that produce slow-rotating ellipticals at high resolu-
tion are really attributable to the physical modelling of the merging
process. They are not artefacts related to initial conditions of the
progenitor galaxies and/or interaction orbits that would vary with
the resolution.

4.1 The progenitor galaxies

We first check that the progenitor galaxies are similar at any resolu-
tion. To this aim, we analyse their kinematic properties, in particular
the Ar profiles — € and a4/a parameters are less relevant for disc-
dominated galaxies. Since the merger simulations were performed
after an isolated relaxation of each progenitor galaxy (see Section 2),
we analysed the progenitors from a snapshot right after this relax-
ation period, so that the results (Fig. 8) are representative of the
conditions under which the mergers occur.

The two progenitor galaxies have quite similar angular momen-
tum profiles (Fig. 8). There are some fluctuations, but they are not
systematically corresponding to an increase or decrease of Ag with
resolution. They are also weaker than the discrepancies found in the
final merger remnants. Actually, they result for a large part from the
effective radius changing slightly with the resolution, and profiles
of Ag as a function of the absolute radius (in kpc) show smaller
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Figure 8. AR profiles of the two Wet progenitors as a function of R/R..
Colours, as in previous figures, with the standard-res in blue, the high-res
in green, the very high-res in red.

differences than the profiles in units of the effective radius. These
fluctuations cannot therefore be the main cause for the observed
resolution effects in the merger remnants.

4.2 Interaction orbits

Simulations at the three resolutions are started with the same relative
position, velocity and inclination for the two interacting progenitors.
However, varying the resolution may result in slight differences
in dynamical friction and angular momentum exchanges, if these
processes are resolved differently, and the interaction orbits might
diverge before the merger actually takes place. If this were the
case, our results would be attributable to different orbits rather than
different treatments of the merging process itself.

‘We found that the positions at the first pericentric passage vary by
2.1 kpc on average and the velocities by 9 km s~!. Although these
differences seem small and no systematic variation with resolution
appeared, we further investigated their potential effect. To this aim,
we performed four new realizations for the Wet-Slow model at high-
res, with variations of the position or the velocity twice larger than
the average values above (i.e. 3.6 kpc and £18 km s~!, respec-

tively). The results are shown in Fig. 9 for the morphological and
kinematic profiles of € and Agr. Changes are minor and differences
arising in the interaction orbits cannot explain the variation of the
results with resolution.
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Figure 9. € (top) and AR (bottom) profiles in function of R/R. for five
slightly different orbits for the Wet-Slow-High simulation.
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4.3 Robustness of the Wet-Slow-Standard simulation

As the resolution effect found in the formation of slow rotators, in
particular in the Wet-Slow model, cannot be attributed to a change
in the initial conditions and interaction orbit, it likely relates to
the physical treatment of the merging process itself. Nevertheless,
we wanted to check whether or not this could still be attributed to
the presence of particle noise, which is higher in the standard-res
cases.

The Wet-Slow model at the standard-res shows a strong stellar
bar, contrary to the high-res and very high-res cases. We wanted to
make sure that this bar is a robust consequence of the high rotational
support of the standard-resolution case, and is not a misinterpreted
effect that arose from a particular realization of the particle noise.

To this aim, we performed two other Wet-Slow-Standard simu-
lations with the same initial conditions but different, random real-
izations of the particle noise. The final stellar distribution, shown in
Fig. 10 all show a similar bar, and the Ag profiles are also relatively
similar to the original Wet-Slow-Standard model — there are some
variations, but the A distributions of the three realizations overlap
with each other, and the three systems are equally fast rotators.
These two new realizations are also shown in dashed and dotted
lines on Figs 2 and 11 and again share common properties with the
initial Wet-Slow-Standard model, and hence the same differences
compared to the higher resolution cases.

Thus, the role of bars and spiral patterns in redistributing the mass
and angular momentum in the standard-resolution Wet-Slow model
is robust, independent of a particular realization of the particle noise.
We also find (see next subsection) that the time variations of the
gravitational potential during the interaction and merger are similar
for the three standard-res realizations.
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Figure 10. Top panel: stellar (old plus young) intensity maps for three
different realizations of the Wet-Slow-Standard simulation. The field of
view is 16 x 16 kpc?. The simulation used in the study is in the left-hand
panel. Bottom panel: AR profiles as a function of R/R. of the three above
simulations.
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Figure 11. Top panel: median variations of the gravitational potential (in
arbitrary units) over 5000 test particles as a function of time. The two other
realizations of the Wet-Slow-Standard simulation are shown in dashed line.
Bottom panel: histogram of the maximum variation of the gravitational
potential (in arbitrary units) of each particle over the simulation.

4.4 The ongoing merger

At this point, we have established that the differences observed
in the merger remnants do not result from variations in the ini-
tial conditions, interaction orbits or particle noise. The differences
should then arise in the physical treatment of the merging process,
which would mean that they are ‘robust’ effects, potentially affect-
ing any simulation with any numerical code. Varying the spatial and
mass resolution could affect the detailed evolution of the dissipa-
tive component (including star-forming structures), and this could
in turn modify the overall orbital structure of the merger remnant
(see Barnes & Hernquist 1996; Cox et al. 2006b; Naab et al. 2006).
However, we have seen that the resolution effect does not com-
pletely disappear in Dry mergers. A more general effect can be the
treatment of the violent relaxation, i.e. the rapid changes of gravita-
tional potential that are responsible for the evacuation of energy and
angular momentum from the main body of the merger remnant —
these quantities being carried away by a low fraction of the mass
expelled at large radii. This process of course plays a more impor-
tant role in the formation of slow rotators than in the formation of
fast rotators. The resolution effects are much more important for
slow rotators than fast ones (Section 3), which suggests that they
do actually relate to the violent relaxation process.

To quantify the importance of violent relaxation in our merger
simulations, we followed, in the Wet-Slow models, the variations of

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 406, 2405-2420



tel-00594622, version 1 - 20 May 2011

Formation of slowly rotating early-type galaxies 2415

the gravitational potential D¢ /Dt of 5000 randomly chosen ‘test’
particles, all of which are stellar particles existing at r = 0, all
along the simulations. The derivate is Lagrangian, since it follows
the motion of each particle. In an isolated galaxy, D¢ /Dt relates
to the variation of potential along the orbit of each particle, in
particular their radial excursion in the potential well of the galaxy.
During the interaction and mergers, peaks of D ¢ /Dt should trace
the importance of scattering by local density fluctuations through
the violent relaxation process.

The top panel of Fig. 11 shows the median value of |D¢/Dt| as
a function of time — we take the absolute value for each particle,
as a particle moving inwards or outwards can be considered with
the same behaviour. Before the merging (i.e. before ~150 Myr) the
three resolutions are identical, meaning that there is no difference
in the progenitors during the approach phase, modest values of
|D¢/Dt| simply correspond to modest radial excursions of particle
in the progenitor disc galaxies.

After the merger, each simulation shows a relatively constant
|D¢/Dt| in a relaxed system, but the value is higher at high-res and
very high-res, indicating larger radial excursions of stellar particles
compared to the standard-res case. More radial orbits are indeed
expected for slow rotators compared to the standard-res fast rotator.
We note again that the different orbital structure does not only affect
the gas and the young stars formed during the mergers, but also
the old stars present before the merger itself (see also Fig. 5 and
Section 3).

During the merging process, a first peak in the median |D¢/Dt|
occurs at the first pericentre passage, after about 150 Myr, but is
more pronounced at high(est) resolution. Another peak is found
at the high-res and very high-res during the final coalescence at
t ~ 280 Myr, but is much weaker in the standard-res case. The
final coalescence does take place at the same moment for the three
resolutions, but is a smooth process in the standard-res case, while
it is accompanied by rapid variations of the potential undergone
by stellar particles at high resolution. The bottom panel of Fig. 11
shows the maximum variation of |D¢/Dt| for each particle over
all the simulation. The distribution at standard-res is very different
from the distribution at high-res and very high-res. This confirms
that the particles at standard-res undergo less rapid variation of the
potential, i.e. lower peaks of gravitational forces.

This overall demonstrates that the relaxation process, during the
merging of galaxies, is smoother at low resolution than at high
resolution. We have shown previously that the high-res and very
high-res simulations resolve much more dense substructures, like
gas filaments, stellar clusters, compact cores, etc. Our interpretation
is then that these local density peaks are accompanied by rapid
variations of the gravitational potential, which scatter the stellar
orbits, evacuate the angular momentum and form, for favourable
orbits, slowly rotating elliptical galaxies. At low resolution, these
rapid and local fluctuations of the density and potential are largely
missed, hence the merging process is smoother and more angular
momentum remains in the main stellar body of the merger remnant.

Density fluctuations are of course stronger in the dissipative com-
ponent (gas) and the young stars formed therein, which likely ex-
plains why the resolution effect is stronger in Wet mergers. Never-
theless, old stars are clearly affected as well, as was shown above.

This also explains why the effect of gas in a Wet merger, com-
pared to a Dry merger at fixed resolution, is different for standard-
resolution models and high-resolution ones (Section 3.2.2). At
standard-res, the gas remains relatively smooth, promotes the sur-
vival/rebuilding of a stellar disc component, thus increasing the ro-
tational support in the final merger remnants. At higher resolution,

the presence of gas forms many dense small-scale substructures of
gas and young stars (consistent with observations, see e.g. Bournaud
et al. 2008), these substructures increase the degree of relaxation
during the merging process, not just for the gas and young stars but
also for the old stars. Thus, while the presence of gas should still
promote the survival/rebuilding of a disc component in the merger
remnant (our high-resolution Wet-slow remnant does have a low-
mass disc component of gas and young star), it also promotes orbital
scattering and evacuation of the angular momentum for the whole
baryonic mass, but the latter effect is missed if the resolution is too
low. This explains why, at high resolution, the merger remnant (in
the Wet-Slow case) does not have a higher rotation support or a
more prominent disc component than the corresponding Dry-Slow
case, and in fact even has a somewhat lower A at one effective
radius.

The high-resolution simulations, compared to the standard cases,
resolve the formation of dense and relatively massive substructures
(clusters, cores, filaments of 10°~7 solar masses) that scatter the
stellar orbits and evacuate the angular momentum from the main
body of the merger remnant. Very high-res simulations show a
relatively reasonable convergence compared to the high-res ones:
they resolve the same massive substructures, plus lower mass ones
(~10* solar masses) that are more numerous but are much less
efficient to scatter the orbits and affect the relaxation of the merger
remnant, as the corresponding relaxation time-scale is much longer.
It is thus expected that results converge at a high-enough resolution.

4.5 Time-stepping and code specificities

Our results have been obtained with a given code and one can
naturally wonder whether or not other codes would show the same
resolution effect. We in fact expect no fundamental differences in
the output from different codes, given that similar substructures
are formed initially: this relaxation effect is mostly gravitational,
and this should be treated rather similarly in grid-based and tree-
codes. The main question remains then whether or not other codes
would form substructures similar to those found in our simulations
(e.g. with a similar mass spectrum, Bournaud et al. 2008): this
a priori depends on the modelling of gas cooling and turbulence
dissipation processes.

Another specificity of the code employed is its fixed time-step.
A small time-step may better resolve the scattering of stellar orbits
by dense substructures, in particular at high resolution. This would
actually tend to increase the effect of resolution that we have found,
which justifies studying the resolution effect at fixed time-step rather
than decreasing the time-step at increasing spatial resolution. This
way, the effects found can be robustly attributed to the spatial res-
olution. The time-step itself may have additional, separate effects,
in our code or any other, that should be studied separately at fixed
(high) resolution.

5 A SYSTEMATIC EFFECT IN THE
FORMATION OF SLOW ROTATORS

To ensure that the resolution effect in the formation of slow rotators
is a systematic one, and not specific to one simulated orbit, we
have selected other major mergers that form slow rotators at high-
enough resolution in a larger simulation sample (Bois et al., in
preparation), and resimulated them at lower resolution. These three
additional mergers were not simulated at the very high-res but at
a resolution which is actually a bit higher than the high-res, with
a spatial resolution of 58 pc and 2 x 10° particles per component

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 406, 2405-2420
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Figure 12. Projected density and velocity fields for the standard-res and high-res resolutions and their respective Ar profiles (the standard-res in blue, the
high-res in green) for the slow-1, slow-2, slow-3 models (from left to right, respectively).

par galaxy (i.e. a total of 1.2 x 107 particles). They were also
resimulated at the same standard-res level as the previous models.
The gas fraction in these models is 10 per cent, so as to check
that a high gas fraction is not required for the resolution effects to
arise. Compared to the original slow-rotator simulation, one orbital
parameter is changed in each case. Model slow-1 has a retrograde
orbit for both galaxies, model slow-2 has a pericentre distance of
25 kpc, model slow-3 has an orbit inclination of 25° for both discs.

The projected stellar density maps and line-of-sight velocity
fields are shown for these models, at standard- and high resolu-
tions, under the flattest projections in each case, on Fig. 12 (the Agx
profiles being also shown in this figure). These three merger rem-
nants are slow rotators (at least at one effective radius) at high-res,
but at standard-res they all have a much higher angular momentum
AR, and a velocity field aligned with their morphological axis — the
high-resolution slow rotators have important kinematic misalign-
ments and KDCs.

These additional cases confirm the effect found and analysed in
detail in the original slow-rotator model, with about the same degree
of discrepancy between the standard-resolution and higher resolu-
tion models. Because we have spanned the four slowest rotators
among the 1:1 mergers from the Bois et al. (in preparation) sample,
the resolution effect seems to strongly affect the modelling of a
significant number of slow-rotating ellipticals, if not all, even with
modest gas fractions (here 10 per cent of the baryonic mass).

6 DISCUSSION AND CONCLUSION

In this paper, we have studied the effect of numerical resolutions
(spatial and mass resolution) on the global properties of merger
remnants. Our simulations at ‘standard’ resolution are comparable
to the majority of merger simulation samples published in the last

few years: the spatial resolution (gravitational softening and typical
hydrodynamical smoothing lengths) is 180 pc, and the number of
particles ~10° per galaxy and per component (gas, stars and dark
halo). These simulations have been compared to models of the
same mergers with increased resolution, up to 32 pc and almost 107
particle per galaxy and per component.

We have analysed the morphology and kinematics of the re-
laxed merger remnants. In particular, we have studied whether they
are ‘fast rotators’, with an apparent spin parameter Agx > 0.1 and
have small misalignments between the morphological and kine-
matic axes, i.e. in broad terms early-type galaxies with significant
flattening and rotational support. At the opposite end, ‘slow rota-
tors’ are systems with a low Ag < 0.1 (at one effective radius),
large kinematic misalignments, i.e. early-type galaxies dominated
by (anisotropic) pressure support and low residual rotation. Such
slow rotators usually have central KDCs in our high-enough reso-
lution simulations.

Our main findings can be summarized as follows:

(1) The formation of fast-rotators is not significantly affected by
numerical resolution. Models that produce fast rotators at the highest
resolution also result in fast rotators at lower resolution, with some
random fluctuation of their properties but no sign of systematic
variation in the morphology or angular momentum profile against
resolution.

(ii) The formation of slow-rotators is greatly affected by numeri-
cal resolution. Models that produce slow rotators at the highest res-
olution result in much faster rotators at lower, standard resolution.
The effect is present, but relatively minor, in purely collisionless
Dry mergers. Discrepancies become major in Wet mergers, even
in cases with modest gas fractions like 10 per cent of the baryonic
mass.
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(iii) These effects cannot be attributed to our choice of initial
conditions or interaction orbits, but actually relate to the physical
treatment of the merging process itself. In particular, small-scale
density fluctuations increase at high resolution, and they participate
to scattering stellar orbits and largely influence the final degree of
relaxation and orbital structure in the merger remnants.

(iv) The effect of gas on the properties of merger remnants is
generally considered to consist in preserving a higher angular mo-
mentum, in particular through enhancing the survival/rebuilding of
disc components in merger remnants. We find that this picture is
incomplete: at high resolution, gas still reforms discy components,
but also forms a large number of dense substructures (massive star
clusters, dense nuclei, tails, and filaments, etc.) that trigger rapid
variations of the gravitational potential and the degree of relaxation
of the final system. This effect is missed with a too low resolution.
At high-enough resolution, adding gas to a given merger does not
necessarily increase the rotational support of the final merger rem-
nant; we even find a case of a Wet merger with 20 per cent of gas
that has a final angular momentum parameter Ay slightly lower than
the corresponding Dry merger.

At the present stage, our results do not indicate how frequently
real slowly rotating ellipticals were formed by binary (Wet) mergers
of disc galaxies, but they show that this can be a robust pathway
for their formation. In the course of the ATLASP project, we are
conducting, analysing and comparing a large set of numerical simu-
lations for various formation mechanisms, in order to derive which
is (are) the main formation mode(s) of real slow rotators in the
nearby Universe. Our present results already indicate the limita-
tions of existing samples of galaxy merger simulations, and will
then serve to estimate the required resolution, the limitations of
numerical models and their possible biases.

More generally, the immediate implications of these findings on
our understanding of early-type galaxy formation are:

(i) High resolution in simulations of major mergers does not just
allow to resolve small-scale structures like nuclear systems and star
clusters, but impacts the whole global properties of the elliptical-like
merger remnants, at least for the slow-rotating ones.

(i) The formation of slow-rotating elliptical galaxies can be
achieved through a major merger relatively more easily than previ-
ously believed. It can be frequent even in Wet mergers with relatively
high gas fraction, and with late-type, disc-dominated progenitor
galaxies.

(iii) Repeated mergers and/or Dry mergers of galaxies that are
already early-type systems are thus not the only theoretical path to
produce slow-rotating galaxies. Major mergers of two dic galax-
ies, including Wet mergers, can produce slow-rotating early-type
galaxies. Further studies are needed to determine how common this
formation mechanism is for slow-rotators.

(iv) Quantitative comparisons of major merger simulation re-
sults with the observed properties of real early-type galaxies re-
quire high-resolution models. A typical requirement, according to
our study, would be a spatial resolution better than 100 pc for both
the gravitational N-body aspects (i.e. softening length) and the hy-
drodynamical ones (for instance, the size of groups of particles
with other quantities are smoothed in smoothed particle hydrody-
namics models). The mass resolution should correspond to at least
~10% particle per galaxy per component, which typically corre-
sponds to a mass resolution ~10* Mg, for the gas discs of bright
spiral galaxies. We find reasonable convergence above this reso-
lution, but cannot rule out that some systematic effects still exist;
in any case, simulations below this resolution level show clear and

strong resolution effects. Unfortunately, most published samples of
major merger simulations are below this typical resolution limit.

(v) The small-scale properties of interstellar gas and clustered
star formation are important for the global, large-scale properties of
merger remnants. Simulations directly resolving gas cooling down
to low temperatures, the formation of cold (molecular) gas clouds
and star formation therein, are highly desirable to understand the
whole process of early-type galaxy formation. Modern hydrody-
namic codes are promising in this respect (e.g. Bournaud et al.
2009; Kim et al. 2009).
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APPENDIX A: ADDITIONAL
MORPHOLOGICAL AND KINEMATIC
PARAMETERS FOR THE MERGER REMNANTS

In this appendix, we provide further details on the morphology and
kinematics of the four merger remnants analysed in the present

paper.

A1l Morphology

The ellipticity € and a4 /a profiles are shown in Fig. Al as a func-
tion of R/R.. The apparent differences sketched in Section 3.1 are
confirmed quantitatively in the radial ellipticity profiles. Within
1.5R., there are small differences in the Dry/Wet-Fast and Dry-Slow
simulations. The ellipticity outside 1.5R. is however quite similar at
all resolutions for these three simulations: the minimum ellipticity
is basically 0, the mean is 0.33 £ 0.03 and the maximum is 0.55 £
0.05 at 2R, for all three standard-res, high-res, very high-res.

The Wet-Slow simulation shows much larger differences. Out-
side 0.5 R., the high-res and very high-res are similar. The ellipticity
profile of the standard-res has then a completely different appear-
ance: between 0.6 and 2R., 75 per cent of the projections have an
ellipticity higher than 0.4, and the reached maximum in € is 0.75
(versus ~0.6 for the other two resolutions). In the outer part (R >
2R.), the ellipticity of most of the projections is decreasing but its
maximum is still larger than 0.7.

The same trends are observed in the a4 /a profiles. In the Dry/Wet-
Fast and Dry-Slow simulations at all three resolutions, the mean
ay/a is around 0. Then, 50 per cent of the projections are between
—2 and 2 per cent. The high-res Wet-Fast and the very high-res
Dry-Fast simulations are only slightly more boxy. The a4/a profile
of the Wet-Slow simulation dramatically confirm what we observe
for the ellipticity. The standard-res clearly departs from the high-
res and very high-res, which are quite similar. Between 0.5 and
1R., the projections of the standard-res span a very large range of

as/a. Between 1 and 2R., 75 per cent of the projections have a
discy shape, and the isophotes of the merger remnant become then
increasingly boxy going outwards.

A2 Kinematics

The Wet-Slow simulation has been treated in the paper, we will thus
focus on the three other simulations.

Left-hand panels of Fig. A2 show the velocity and velocity dis-
persion curves for the mean—ellipticity projection along the global
kinematic position angle. In the Dry-Fast simulation, the central
slope of the rotation curve at very high-res is slightly shallower, and
the dispersion about 15 per cent smaller, but in the outer part the ve-
locity amplitude is similar at all three resolutions, with a velocity of
about 60 km s! at 6 kpc, and dispersion values going to about
150 km s~!. The Wet-Fast simulations show consistent veloc-
ity profiles at all three resolutions, with a velocity amplitude of
60 km s~ at 6 kpc, and dispersion decreasing outwards down to
~125 km s~!. Again, the velocity curves for the Dry-Slow sim-
ulation are all very similar, but these profiles clearly reveal the
previously observed KDC which appears here as a kpc-size core
counter-rotating with respect to the outer part. Note the standard-
res dispersion profile which is about 10 per cent smaller than for
the other two higher resolutions.

In right-hand panels of Fig. A2, we now compare the simulations
using the apparent angular momentum Ar. These figures clearly
show that the Dry/Wet-Fast simulations (top and second from top)
both result in fast-rotators, the mean values of Ay is 0.2 and the max-
imum about 0.25 at 1R, for the three resolutions. This confirms our
previously mentioned results that the spatial and mass resolutions
do not seem to have a significant effect on these merger remnants.

The analysis of the morphology and kinematics of the Dry-Slow
simulation did show mild differences in the remnants for varying
resolutions, the Ag profiles exacerbate these small discrepancies. At
standard-res, Ay is an increasing function of radius, with 75 per cent
of all projections having values below 0.1 at 1R, and 25 per cent
above 0.1. However, if we are taking into account the projection
which maximizes Ag, the standard-res remnant should be classified
as a fast-rotator. In the same context, both the high-res and very
high-res are classified as slow-rotators. They have not the same
profiles but have a similar overall behaviour: Ay first increases up
to about 0.5R., and then decreases (up to 1.5R. for the high-res
and 1R, for the very high-res). Outside 1.5R., Ag increases again
outwards. Such a Ar profile is the clear signature of large-scale
KDCs as mentioned in Emsellem et al. 2007 (see also McDermid
et al. 2006).
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Figure Al. Ellipticity and a4 /a profiles (left- and right-hand panels, respectively) of the four simulations as a function of R/R.. From top to bottom: simulations
Dry-Fast, Wet-Fast, Dry-Slow and Wet-Slow. The three resolutions are shown with different colours: the standard-res in blue, the high-res in green and the
very high-res in red. For each resolution, we plot five lines which correspond to the minimum and maximum at each radii (dashed lines), the mean value (thick
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Galaxy mergers affect the morphology and the kinematics of galaxies: they are
the main driver for the formation of ETGs (see Section 1.1). In this chapter, we
then study the morphological and kinematical properties of galaxies originating
from equal-mass and nearly equal-mass binary mergers of spiral galaxies.

I first present the need for understanding the formation of the slow and fast
rotators families. After a Section describing the code, the simulations and the pa-
rameters used in this study, I present the results we obtained on the formation of
fast rotators, slow rotators and KDCs. In the last Section, I compare these results
with other recent studies to test the convergence of this sample of simulations.

Part of this chapter has been submitted to MNRAS in Bois et al. (2011).
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3.1 Understanding the formation of slow and fast rotators

Numerical simulations, intensively used for more than two decades, have
clearly shown that the global characteristics of the remnants of binary
mergers between two equal-mass spiral galaxies, called major mergers,
resemble those of Early-Type Galaxies (ETGs) [Toomre & Toomre 1972,
Hernquist & Barnes 1991, Barnes 1992, Mihos et al. 1995, Springel 2000,
Naab & Burkert 2003, Bournaud ef al. 2005]. Remnants with properties sim-
ilar to ETGs can also be recovered via multiple minor mergers with the total
accreted mass being at least half of the initial mass of the main progenitor
[Weil & Hernquist 1994, Weil & Hernquist 1996, Bournaud et al. 2007]. This
picture of the formation of ETGs via accretion and merging of stellar bodies
would fit well within the frame of the hierarchical assembly of galaxies provided
by ACDM cosmology.

The SAURON survey [de Zeeuw et al. 2002] has introduced a new view of ETGs,
classifying them in two families — the fast and the slow rotators — according
not only to their morphology, but also to their kinematics [Emsellem et al. 2007,
Cappellari et al. 2007]. These two classes are intrinsically different and seem to
correspond to different populations of galaxies: while the fast rotators present
regular rotation patterns aligned with the photometry, the slow rotators have low
angular momentum and show misalignments between the photometry and the
velocity axes. Furthermore, slow rotators often exhibit KDCs.

To further constrain the formation scenarios for these two classes, an ambi-
tious program — ATLAS®P - is being conducted, combining a multi-wavelength
observational survey of a complete volume-limited sample of ETGs with var-
ious numerical simulations and modelling efforts. The ATLAS®® project!
[Cappellari et al. 2010] aims to quantify the distribution and kinematics of the
stellar and gaseous components of a statistically significant sample of ETGs to
relate their detailed properties to their mass assembly, star formation history and
evolution. In the context of the ATLAS®P project, an extensive set of numerical
simulations is being conducted to support the survey: cosmological simulations,
semi-analytic modelling and idealized binary galaxy mergers.

In the present chapter, I am leading the effort to build and analyze a large
sample (~ 70) of binary mergers of disc galaxies at an unprecedented resolution,
sufficient to properly follow the merging process and the resulting galaxy rem-

nant (see previous Chapter). I aim to constrain the formation of the slow and fast

1ht’cp: / /purl.org/atlas3d
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rotators revealed by the SAURON and ATLAS®P surveys. For this purpose, I further
examine the role of the initial conditions (impact parameter, incoming velocities,
inclination and spins of the progenitors) on the global characteristics of the rem-
nants of binary galaxy mergers. I then propose to study their morphology and
kinematics: I build two-dimensional momentum (intensity, velocity and velocity
dispersion) maps of the merger remnants and analyse their apparent properties,
directly linked with their orbital structures [Jesseit et al. 2005].

3.2 Simulations and Analysis

In this Section, I describe the code used to simulate galaxy mergers, the sample

of simulations and the parameters used for the analysis of the merger remnants.

3.2.1 Method
3.2.1.1 Code

We have simulated galaxy mergers using the same PM - sticky particle code of
the resolution study (see Section 2.2). All simulations were performed with a

softening length (i.e. spatial resolution) of 58 pc.

3.2.1.2 Set-up for initial parameters

We have simulated binary mergers of discs galaxies (i.e., “spiral-spiral” mergers)
with mass ratios of 1:1, 2:1, 3:1 and 6:1. The main parameters are summarized in

Table 3.1 for the progenitor galaxies and Table 3.2 for the orbital parameters.

Initial progenitor galaxies Our sample consists of binary mergers of disc galax-
ies, i.e. “spiral-spiral” mergers. The first progenitor, which is defined as the most
massive for unequal-mass mergers, has a baryonic mass of 1.3 x 10! M. The
bulge fraction is B/T = 0.20 and the gas fraction in the disc is usually 10 per
cent (33 per cent in some m21 simulations). The initial disc has a Toomre profile?
with a scale length of 4 kpc, consistent with observations of nearby disc galaxies
[Fathi et al. 2009], truncated at 10 kpc. The gas has a scale length of 8 kpc and a
truncation radius of 20 kpc. The bulge has a Hernquist profile [Hernquist 1990]
with a scale length of 700 pc. The dark matter halo is modelled with a Burkert

2The profile rapidly evolves into a quasi-exponential profile with a slightly smaller exponential
scale length.
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Figure 3.1: Top: Projected stellar velocity maps for the Sb progenitor and the dif-
ferent Mass ratio Sc companions, the black contours represent the iso-magnitude
contours, they are equally spaced in magnitude and are the same for all progen-
itors. Each subpanel is labelled with the name of the progenitor and with the
maximum velocity V,u,x, the colorbar goes from -V ;5 to +V .. The field of view
is 15 x 15 kpc? (15 kpc =~ 6 R,). The white rectangle indicates a typical field
covered by the instrument SAURON and corresponds to a field of 41”7 x 33” for a
galaxy at a distance of 20 Mpc, its orientation follows the photometric position
angle taken at 3R,. Bottom: Ag — € diagram for the progenitors of binary mergers.
The Sb progenitor (black points) is the same in all simulations, the other colours
correspond to the Sc companion at different mass ratios (m11 in blue, m21g10 in
green, m21g33 in light green, m31 in cyan, m61 in magenta). All projections (200
per remnant) are plotted.
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profile [Burkert 1995] with a 7 kpc scale-length and a truncation radius of 70 kpc,
inside which the dark matter mass is 3 x 10'! My,. This initial galaxy is represen-
tative for an Sb spiral galaxy, given its bulge fraction in particular, and is denoted

as the Sb spiral progenitor throughout the paper.

The other progenitor, which has the lower mass in unequal mass mergers, has
its total mass determined by the mass ratio. Apart from the bulge which was
reduced to B/T = 0.12, all components have their mass scaled by a factor equal
to the mass ratio, and all sizes and scale lengths scaled by the square root of
the mass ratio, thus keeping the central density of their discs constant. The gas
fraction is 10 per cent, except for the lower-mass companions used in 6:1 mergers
where a gas fraction of 15 per cent is used. The main difference with the first
progenitor is thus the lower bulge fraction, and this progenitor galaxy is denoted

as the Sc spiral progenitor.

The Sb spiral is modelled with 2 x 10° particles for each component (stars, gas,
and dark matter). The Sc spiral is modelled with a number of particles scaled by

the mass ratio. Equal-mass mergers thus use a total of 12 million particles.

The progenitors are initialized as perfectly axisymmetric disc galaxies. Such
galaxies will unavoidably develop substructures such as spiral arms and bars.
We need to avoid this spontaneous, intrinsic evolution to take place during the
merger, otherwise the effects of the merger itself can not be disentangled. We also
need to avoid the artificial consumption of gas that could result from applying
the Schmidt law during the transition from an axisymmetric gas disc to a spiral
disc. To this aim, each progenitor galaxy was evolved in isolation and without
star formation for about two rotations of the outer stellar disc, so that a reasonable
steady state in its structure and gas density distribution is reached. At this point,
we remark that the Sb progenitor is more concentrated and dynamically stable
than the Sc galaxy. The merger simulation is then started, with star formation and
teedback, using these pre-evolved progenitors — see [Martig & Bournaud 2008] for

further discussion of this technique.

The initial properties of our pre-merger spiral galaxies, after their initial relax-
ation in isolation, are shown in Fig. 3.1. We in particular compare the isophotal
ellipticity € to their angular momentum tracer Ag at the effective radius R, for
200 different projections (see Sections 3.2.2.1 and 3.2.2.2 for details on projection
effects). Small differences between the progenitors arose during the initial re-
laxation as galaxies with different sizes and bulge fractions behave somewhat

differently in isolation; these properties are essentially stabilized (on time-scales
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Name || Prog 1D | B/T@ égz mgl) Prog 20 | B/T® fgg mg’)
mll Sb 0.2 10% | 1 Sc 012 |10% | 1
m21g10 Sb 0.2 10% | 1 Sc 012 | 10% | 0.5
m21g33 Sb 0.2 33% | 1 Sc 012 [33% | 0.5
m31 Sb 0.2 10% | 1 Sc 0.12 | 10% | 0.33
m61 Sb 0.2 10% | 1 Sc 0.12 | 15% | 0.17

Table 3.1: Main physical parameters used to model the initial progenitor galaxies
in our merger models. (1) Spiral Hubble type (2) M5 in the bulge / total Mys

(3) Fraction of the baryonic mass in gas (4) Baryonic mass in unit of 1.3 x 10! M.

Name | Voo M | i@ | R G)
0 120 45 60
im 120 25 60
ip 120 75 60

Rm 120 45 35
Vm 70 45 60
Vp 200 45 60

Table 3.2: The different initial conditions for the mergers. (1) The relative incom-
ing velocity Vg (in km s~ 1) of the Sc companion computed at infinite distance.
(2) Inclination i (in °) for each galaxy with respect to the orbital plane. (3) Impact
parameter R at infinite distance (in kpc).

of a few 10® yr) when the merger simulations are started.

Merger orbits The different orbits used for the merger simulations are de-
scribed in Table 3.2. They are all parabolic or hyperbolic, with an initial to-
tal energy E > 0 or E ~ 0, corresponding to initially unbound galaxy pairs.
Such orbits are representative of the most common mergers in ACDM cosmology
[Khochfar & Burkert 2006].

The fiducial orbit "0" has a velocity at infinite distance of V=120 km s71, an
inclination i=45° for each galaxy with respect to the orbital plane, and an impact
parameter (i.e. the perpendicular distance between the two velocity vectors of
the progenitors at the beginning of the simulation) of R=60 kpc. The six other
orbits correspond to one of the three parameters V, R, i being changed compared

to the fiducial values, one at a time. The nomenclature denotes the parameter
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Figure 3.2: Orbital configuration of the binary merger remnants. The orbit always
has a direct spin, the progenitors can have a direct or retrograde spin. The initial

inclination of the progenitors is initialised as shown.

varied and whether it is increased (p: plus) or decreased (m: minus), as detailed

in Table 3.2. We have then a total of 70 simulations of galaxy mergers.

In addition of the three listed parameters, we identify the spin of the progen-
itors which can be either direct (prograde) d or retrograde r with respect to the
orbital angular momentum. The first letter refers to the spin of the first progen-
itor (Sb) and the second letter to the Sc companion. The orbital configuration is
sketched in Fig. 3.2.

Our nomenclature also indicates the type (mass ratio) of the modelled merger,
as defined in Table 3.1. For instance, the simulation labelled m31rdVm refers to a
3:1 merger with a retrograde orientation for the main Sb progenitor and a direct

orientation for the Sc companion on an orbit with lowered initial velocity.

The chosen orbits do not cover all the parameter space of initial conditions:
the goal of this study is to understand the formation of slow and fast rotators,

and not to build a full library of binary merger remnants.

3.2.2 Analysis

We analysed all merger remnants about 600-800 Myr after the central coalescence.
The central body of the ETG-like systems formed in the mergers are thus relaxed
within several effective radii when the analysis is performed, even if tidal debris
is present at larger radii. We checked in several cases that the measured morpho-
logical and kinematical parameters were stabilized by comparing the ellipticity

and the A parameter to earlier snapshots.
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3.2.21 Projected velocity moment maps

Similarly to the study on the resolution effects in numerical simulation (see Sec-
tion 2.2), we have built two-dimensional maps indicating the stellar surface den-
sity, stellar velocity and stellar velocity dispersion for various projections. The
intensity and velocity moment maps are built to cover a 20 x 20 kpc? field of
view centred on the stellar density peak of each system (figures show the inner
15 x 15 kpc? area). This covers at least about four effective radii R, to enclose
most of the baryonic mass of early-type galaxies, the average effective radius of
our merger remnants being 2.3 kpc. Each projection was computed on a 100 x 100
pixel grid, giving an effective resolution consistent with the SAURON data of the
ATLAS®P survey. The maps have been Voronoi binned [Cappellari & Copin 2003]
to have a minimum number of 400 particles per bin.

To obtain statistically representative results rather than analysing a particular
projection, we have produced velocity moment maps and performed the subse-
quent analysis for 200 isotropically distributed viewing angles for each merger
remnant. The choice of 200 projections ensures a sampling smaller than 10 de-
grees in any direction, so that intermediate viewing angles would not show sig-

nificant differences.

3.2.2.2 Extracted parameters

The analysis assumes a constant stellar mass-to-light ratio, which should be a
reasonable approximation for relatively old ETGs. Furthermore, our main results
will show that the classification of merger remnants into slow and fast rotators,
and the presence of KDCs, do not significantly depend on the youngest stellar
populations formed during the merger, but rather on how the populations from
each progenitor galaxy are distributed with respect to each others.

Our analysis is mainly based on two simple morphological and kinematical
parameters, a choice motivated by the fact that these parameters are often used
as standards in studies of nearby ETGs, see e.g. [Jesseit et al. 2009] or Section 2.2
of this thesis. These two parameters are the ellipticity €, probing the morphology,
and the Ar parameter, which is a robust proxy for the stellar projected angular
momentum. These parameters were also computed for the study on the resolu-
tion effects in numerical simulation (see Section 2.2), however, their measurement

and definition have changed. I then briefly described the new procedure.

To quantify the global morphology, we measured the ellipticity e =1 —b/a,

where a and b are the semi major- and minor-axes, respectively. To measure a
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profile of a, b and € as a function of the radius r (and subsequently an € profile),
we selected all pixels encircled by a given isophote and computed the inertia
matrices as in e.g. [Cappellari et al. 2007]. The diagonalisation of these matrices
provides € and the Position Angle (PA) of the projected density map at different
radii r. We also derive the effective radius R, from the stellar surface density as

the radius encompassing half of the total stellar light (or stellar mass).

To quantify the global kinematics of each system, using the velocity
and velocity dispersion maps, we measure the Ar parameter defined in
[Emsellem et al. 2007], hereafter E+07:

oo (RIVD)
(RVV2+02)
We hence obtain Ag(r) profiles for all projections of all merger remnants.

In E+07, Ag was used to reveal two families of early-type galaxies, the slow ro-
tators with Ag < 0.1 and the fast rotators with Az > 0.1 at one effective radius R,.
However, the SAURON survey was based on a representative sample of ETGs but
biased towards the upper end of the luminosity function. The ATLAS?® survey
probes a complete sample of ETGs in the Local volume [Cappellari et al. 2010].
This led to a refined criterion for the separation between fast and slow rotators
with Ag = 0.31 - /€ at one effective radius R, (see [Emsellem et al. 2011]).

The main analysis performed in this study is then based on the Ar — € dia-
gram plotted at one R,. When the merger remnant presents a strong bar and/or
spiral arms, the ellipticity is computed at 3R, to better account for the “real” el-
lipticity and avoid being contaminated by the flattening of the bar (the difference
being significant only for a small fraction of the projections), and Ag always be-
ing computed at R,. This is the same procedure applied to the real ATLAS®P
galaxies in [Emsellem et al. 2011] and makes our results directly comparable to

the observations (see Chapter 5).

The right panel of Fig. 3.1 shows the values of € and Ag for the 200 projections
of the various disc progenitors. A few generic statements, valid for any of our
spiral progenitors as well as for our fast rotator merger remnants (see Section 3.3),

can be made (see also [Jesseit et al. 2009]):

e The edge-on view (high €) of the progenitors has, as expected, the highest

AR value;

e as the galaxy is inclined (lower €) the value of Ag slightly decreases, and
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e as the viewing angle gets nearly face-on, the value of Ag drops abruptly,

reaching Ag ~ 0 for € >~ 0 as expected.

3.3 Build-up of fast and slow rotators in binary galaxy

mergers

This section is devoted to the analysis of the remnants of binary mergers of disc
galaxies, which in our sample are Sb+Sc mergers with various orbits and mass
ratios. We study under which conditions slow and fast rotators are formed, ac-
cording to the criterion defined in Section 3.2.2.2. We also study which of the
merger remnants harbour a KDC, and study the influence of the internal and

orbital parameters of the mergers in determining such properties.

3.3.1 General results: populations of slow and fast rotators

The Agr — € diagram is a useful tool to quantify the global properties of ETGs:
it relates the angular momentum and flattening at one effective radius R,, and
disentangles fast and slow rotators. Fig. 3.3 shows this diagram for our com-
plete sample of 70 binary disc merger simulations, including the 200 independent
projections analysed for each relaxed merger remnant. The threshold defined by
Ar = 0.31 - /€ separating slow and fast rotators as suggested by the ATLAS?P
observations is shown [Emsellem et al. 2011]. Each set of projections for a given
simulation span a range of Agr — € values: this is shown in Fig. 3.3 and individual
examples are presented in Fig. 3.4 as well as in Fig. 3.5 for various mass ratios.
Fig. 3.4 also shows examples of velocity moment maps for several fast and slow
rotators formed in 1:1, 2:1 and 3:1 mergers.

The Ar — € distribution for our entire sample of binary merger remnants is
shown in Fig. 3.3 for galaxies with and without a KDC, respectively. The detection
of KDCs has been conducted by visually inspecting the velocity moment maps.
The merger remnants can be seen from Fig. 3.15 to 3.19 in the Appendix, the
colour code in the different panels presents in black the fast rotators, in red the
slow rotators with KDC and in green the slow rotators without KDC. Fig. 3.3
shows evidence for a tight relation between the presence of a KDC and the slow
versus fast rotator classification. All fast rotators presented in Fig. 3.4 show a clear

and regular rotation pattern at all radii, and most slow rotators exhibit KDCs.

We can then sketch the following general results regarding the formation of

fast and slow rotators and the presence of a KDC from our sample of binary disc
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Figure 3.3: Top: Ar — € diagram for all simulations of binary mergers of disc

galaxies. All projections (200 per remnant) are plotted in blue, the red symbols

corresponding to the maximum ellipticity (i.e edge-on view) of a remnant. The
limits defining the slow/fast categories from ATLAS®P (solid) and from SAURON
(dashed, only for the top panel) are plotted in black. Bottom left: Same diagram

for the simulations which do not present a KDC in their velocity fields. Bottom

right: Same diagram for the simulations which present a KDC in their velocity

fields.
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Figure 3.4: Ag — € for four fast rotators (left panels) and for four slow rotators
with a KDC (right panels). The 200 projections of each merger are represented
by a coloured point (see the legend in the figure for the name of the merger),
the red point corresponds to the projection with an ellipticity closest to the mean
ellipticity. The intensity, velocity and velocity dispersion fields of the previous
red point projections are plotted below the Ar — e diagram. The name of the
merger is written in the intensity map, the maximum value of the velocity V.«
and the minimum/maximum values of the velocity dispersion are written in their
respective maps. The colorbar goes from -V, to +V,;4x and can also be used as
an indicator for the intensity and the velocity dispersion ("-1" corresponding to the
lower value, "1" to the maximum value). The field of view is 15 x 15 kpc? (15 kpc
~ 6R,). The white rectangle indicates a typical field covered by the instrument
SAURON and corresponds to a field of 41” x 33” for a galaxy at a distance of 20 Mpc,
its orientation follows the photometric position angle taken at 3R..
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mergers:

e We find both fast and slow rotators in our sample of relaxed remnants of
binary disc mergers. An apparent bimodality is observed in the global Ag —
€ distribution of the sample and in the presence of a KDC in the remnants,
but this could likely result from the specific choices of simulated mass ratios

and the limited number of simulated incoming orbits.

e In our sample of merger remnants, fast rotators all have aligned kinematic
and photometric axes, while slow rotators frequently exhibit kinematic mis-
alignments (see Section 5.2.3 and examples in Fig. 3.4), and obviously ex-
hibit weak rotational support. This is similar to what is observed in the
ATLAS®®  sample [Krajnovic et al. 2011]. This suggests that slow rotators
are not velocity-scaled down versions of members of the fast rotator popu-

lation.

e Slow rotators remain slow for nearly all viewing angles, and fast rotators
remain fast. Even nearly face-on projections of fast rotators are rarely clas-
sified as “slow”. This result was already pointed out by [Jesseit et al. 2009]
while using a constant threshold for Ag between slow and fast rotators as in
E+07. The simulations allow here to further explore various projections of
a given merger remnant: they confirm that the combination of the A and
€ parameters, together with the refined definition for fast and slow rotators
recently proposed by [Emsellem et al. 2011] (see Section 3.2.2) allow a robust
classification of ETGs, which is almost independent of the viewing angles.

e Another intrinsic difference between fast and slow rotators is that none of
the fast rotators harbours a KDC, while the majority of slow rotators do
harbour a clear KDC. Only for a few slow rotators we could not detect a
clear KDC (with sufficient rotation amplitude or misalignment angle). This
strong trend brings further support to the relevance of the definition of
fast and slow rotators as emphasising two families with different intrinsic
properties. With the low noise level and very high velocity resolution of our
simulations, we notice that KDCs in slow rotators are visible for the vast
majority of projections, but sometimes with rather low velocity amplitudes

which would be hard to detect in observations.

e Slow rotators have relatively high edge-on ellipticities (0.45 to 0.65), with
the ones for fast rotators being only slightly larger (generally 0.5 to 0.75).
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The mean ellipticities over random projections show a somewhat more sig-
nificant though still mild difference, being around 0.35 for slow rotators
and 0.45 for fast rotators. The fast rotators with the highest edge-on ellip-
ticities (¢ > 0.7) are remnants of some of the less violent 3:1-6:1 mergers;
those which tend to appear rounder formed with high orbital inclinations.
We also note that the majority of fast rotators have a bar, and 6:1 merger

remnants often have weak spiral arms associated with the bars.

o The typical Ar profile of a fast rotator (see Fig. 3.15 to Fig. 3.19 in the Ap-
pendix) increases rapidly within 1 to 2 effective radii, and then exhibits a
shallower positive slope. As for slow rotators, we observe two general types
of AR profiles. (1) It can remain constant with a low value within 1.5 or 2 R,
and then starts to slightly increase outwards or (2) Ag shows a local max-
imum around 0.5 R,, decreasing from there to ~ 1R, with a subsequent
outward increase: such a A profile is the clear signature of large-scale KDC
as mentioned in E+07 (see also [McDermid et al. 2006]). In both cases, Ag
never reaches the level of fast rotators at very large radii: the mean value
of AR over the edge-on projections at 3R, is 0.6 for the fast rotators and 0.25
for the slow rotators. The radial Ag profiles of slow and fast rotators are

therefore significantly different both at small and large radii.

The definition of slow and fast rotators seems to robustly disentangle two
families of ETGs with different intrinsic properties, with e.g., the formation of
KDCs in slow rotators only. To further understand the influence of various initial
parameters, we now explore the impact of the mass ratio, orbital parameters,
gas fraction and nature of the spiral progenitors, on the properties of the merger

remnants.

3.3.1.1 Influence of the mass ratio

Fig. 3.5 shows the Ag — € diagram for different mass ratios, and different gas
fractions in the cases of 2:1 mergers. 1:1 and 2:1 mergers form slow rotators
in about 60 per cent of our simulations, the lowest A systems being formed
in equal-mass mergers (the fraction of slow rotators directly reflecting the ini-
tial orbital parameters, see Section 3.3.1.3 and Fig. 3.6). The formation of
slow rotators is unlikely in 3:1 mergers, and does not occur in 6:1 mergers.
This is consistent with the conclusions of previous samples of merger simu-
lations, see e.g. [Naab & Burkert 2003, Bournaud et al. 2004, Jesseit et al. 2009].
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Figure 3.5: Ag — € diagram for all simulations of binary mergers of disc galaxies.
Top left: All projections of all mass ratios as in Fig. 3.3, colours correspond to the
different mass ratios. Top middle: All projections of mergers remnants for mass
ratio 1:1. Top right: All projections of mergers remnants for mass ratio 2:1 with
10 per cent of gas. Bottom left: All projections of mergers remnants for mass ratio
2:1 with 33 per cent of gas. Bottom middle: All projections of mergers remnants
for mass ratio 3:1. Bottom left: All projections of mergers remnants for mass ratio
6:1. The red symbols are for the projection which maximizes the ellipticity for
g3D

a given remnant. The limit defining the slow/fast categories from ATLA is

plotted as the solid black line.
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[Bournaud et al. 2004] showed that spheroid dominated galaxies with little rotat-
ing disc components could be formed only during the so-called “major” mergers
(1:1-3:1), while “intermediate” mergers with mass ratios between 4:1 and 10:1 did
not perturb the galaxies much from the initial disc-like morphology and kinemat-
ics. [Naab & Burkert 2003] found that mass ratios of 3:1 and above formed discy
systems. Our present conclusions therefore confirm these results, but with a

larger and higher-resolution sample of simulations and new analysis parameters.

3.3.1.2 Influence of the gas fraction

2:1 mergers were simulated with gas fractions of 10 and 33 per cent. Both sub-
samples show similar distributions of Ag, €, and presence of a KDC. The gas
fraction thus seems to have no major impact on the global properties of the merger
remnants, although we did not explore the context of very high-redshift mergers
(z ~ 2 and above) which could involve extreme gas fractions, e.g. above 50 per
cent [Daddi et al. 2010a, Tacconi et al. 2010]. Mergers with very low gas fractions
(fgas ~ 0 per cent) should not be associated with spiral-like progenitors, which is
the topic of the present section, but with ETG-like progenitors (see Section 4.1).
One could a priori expect that a relatively high gas fraction eases the im-
mediate re-building of massive rotating disc components during or soon after
the merger. A few studies suggested that gas-rich mergers could form discy
fast rotating systems, or even spiral galaxies, e.g. [Springel & Hernquist 2005,
Robertson et al. 2006, Hopkins et al. 2009b]. The relatively stable morphology and
kinematics of the 2:1 merger remnants with 10 and 33 per cent of gas could a
priori seem conflicting with these earlier results: the value of Ag at 1 R, averaged
over all 2:1 mergers varies only from 0.17 to 0.19 when the gas fraction is increased
from 10 to 33 per cent and the average value of the ellipticity € varies from 0.39 to
0.38. Actually, a separate study by [Bournaud et al. 2010a] shows that a high gas
fraction does not easily reform massive and extended disc components in major
mergers. This occurs provided that most of the ISM is modelled as a cold medium
supported by supersonic turbulence, which is the case in our present sticky par-
ticle simulations® and in the AMR models of [Bournaud et al. 2010a], rather than
being supported by a high thermal pressure as it is often the case in existing SPH
simulations. This probably explains the differences between our results and the

published works mentioned above.

3A difference being that turbulence dissipation in local shocks is “sub-grid” in sticky-particle

models, while it is explicitly captured in high-resolution AMR models.
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Figure 3.6: Fraction of slow/fast rotators as a function of the inclination of the
main progenitor with respect to the merger orbital plane for mass ratio 1:1, 2:1g10,
2:1g33. The negative inclination occurs when the spin of the Sb progenitor and
the spin of the orbital angular momentum are anti-parallel, so that -25° and 25°

represent the same inclination for the galaxy but on retrograde orbit.

3.3.1.3 Influence of orbital parameters

We now examine, for mergers with mass ratios 1:1 and 2:1 which form the ma-
jority of slow rotators, how the orbital parameters influence or determine the
slow /fast nature of the merger remnant and the associated presence/absence of
a KDC.

Fig. 3.6 shows the distribution of fast and slow rotators as a function of the
orbital inclination/orientation with respect to the Sb progenitor galaxy for the
1:1 and 2:1 merger remnants. We remind the reader that the Sb progenitor is
the “main” (most massive) progenitor in the 2:1 mergers. Mergers with a di-
rect (prograde) orbit with respect to the Sb progenitor all produce fast rotators.
Mergers with a retrograde orbit with respect to the Sb progenitor almost exclu-
sively produce slow rotators regardless of the spin of the Sc galaxy. This shows
that mergers with a high total angular momentum (orbital momentum + inter-
nal momentum of each progenitor) do not produce slow rotators, as even violent
relaxation fails to efficiently expel a significant fraction of the (baryonic) angular
momentum from the central part of the merger remnant.

In contrast to this result, having the Sb progenitor on a retrograde orbit (the

main one for 2:1 mergers) represents a sufficient condition to form a slow rotator
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Figure 3.7: Average Ar as a function of the spin of the progenitors for the different

mass ratios.

(see also next Section). The formation of a slow rotator therefore requires a rel-
atively low total angular momentum, without requiring e.g., that the progenitors
both are on retrograde orbits. The formation of a slow rotator may then be a
likely event in a 1:1 or 2:1 merger of spiral galaxies: if the main requirement is to
have a retrograde orbit for the main progenitor, the relative fraction of slow and
fast rotators should directly reflect the spin distribution of the progenitors (with
respect to the orbit, Fig. 3.5).

These conclusions are further assessed by Fig. 3.7: it presents the average Ar
value as a function of the orbital orientation for both progenitor galaxies (i.e.,
dd, rd and rr orbits) for all mass ratios. It shows that, while rr orbits result in
a somewhat lower angular momentum at 1 R, than rd orbits (or similar for 1:1
and 6:1 mass ratios), most of the angular momentum removal is already obtained
for rd orbits, where the orbit is retrograde for the main Sb progenitor but direct

(prograde) for the Sc companion.

3.3.1.4 Influence of the Hubble type of the progenitor spiral galaxies

We noted above from Fig. 3.6 that having the main progenitor prograde or retro-
grade largely determines the fast or slow rotator nature of the merger remnant,
while the orbit orientation with respect to the companion has a weaker effect.
This is expected for unequal mass mergers, and in particular for 6:1 mass ratios,

where the companion mass and momentum are naturally much lower than those
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Figure 3.8: Ar — € diagram for the m11dr0 (in blue) and for the m11drVm (in red).
The contours represent the distribution of the 200 projections of the m11dd0 (in
blue) and m11ddVm (in red) simulations.

of the main progenitor. This is however more surprising for 1:1 mergers. Indeed,
these equal-mass mergers end-up with a relatively similar Az as long as the Sb
progenitor has a retrograde orientation, regardless of the orientation of the Sc
progenitor.

This could be the consequence of a “saturation” effect: the final angular mo-
mentum of the merger remnant could be dominated in the centre by one retro-
grade galaxy with the other (retrograde) galaxy contributing very little. However,
the central properties of merger remnants which exhibit relatively high angular
momentum obtained via a prograde orientation of the Sb progenitor show little
variation whether the Sc progenitor is on a prograde or retrograde orientation.
This suggests that the Sb and Sc progenitors do not have symmetric roles in de-
termining the properties of the merger remnant. We first examined whether or
not this is an artefact from the initial positioning of the two spiral galaxies in
the simulation box and/or the initial orientation of their spin axis with respect
to the numerical grid. To test this, we reversed the initial positioning of the Sb
and Sc progenitors and changed the grid orientation in a re-simulation of the
m11rd0 merger: we observe no significant difference in the merger remnants.
This confirms that our results do not depend on the simulation box size and grid
orientation.

We then simulated mergers in which the Sb progenitor is on a direct orbital

orientation, and the Sc progenitor is on a retrograde orientation, i.e. dr mergers —
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so far our sample comprised only rd mergers with a retrograde Sb and a direct Sc
progenitor. Given that the m11rd0 and m11rdVm orbits resulted in quite typical
slow rotators, we performed the corresponding m11dr0 and m11drVm simulations.
The Ar — € profiles are shown on Fig. 3.8. The m11dr0 and m11drVm remnants
are fast rotators, relatively typical compared to the fast rotators produced on dd
orbits. The outputs of dr and rd orbits are therefore widely different. This shows
that while the angular momentum of a merger remnant largely depends on the
total available (baryonic) angular momentum, i.e. the sum of the orbital angular
momentum and the internal spin of each progenitor galaxy, the Hubble type of
the progenitor galaxies — i.e their central concentration and dynamical stability
— has a significant impact. A retrograde orbit around an early-type spiral, such
as our so-called Sb galaxy, is efficient in producing slow rotators (for 1:1 and
2:1 mergers). A retrograde orbit around a late-type spiral, such as our so-called
Sc galaxy, does not significantly impact the angular momentum remaining in
the central body of the merger remnant (see Fig. 3.8 and Section 3.3.2.3 for the

interpretation).

3.3.2 Formation mechanisms for KDC via major mergers

In this section, we focus on the processes involved in the formation of a KDC in
our simulations, and we thus examine the relative contribution of the different
components, namely the old stars, the young stars and the gas associated with

the KDC observed in the merger remnant.

3.3.2.1 The contribution from old stars

To probe the contribution of the old stars in the slow rotator remnants with a
KDC, we have separated the old stars which belong to the Sb progenitor from
the ones of the Sc companion. The intensity and velocity fields of six analysed
cases (ml11, m21g10, m21g33 with rd orbit and m11, m21gl10, m21g33 with rr
orbit) are shown in Fig. 3.9. The projections used in that figure have been selected
to emphasise the respective contributions of the progenitors in the final remnant
and do not specifically correspond to edge-on or face-on views of the galaxy.
There seem to be two qualitatively different types of KDCs which can in fact
be associated with different initial orbits. In the rd cases, a KDC is visible within
1 R, and results from the luminosity weighted average of two counter-rotating
stellar systems. In the rr orbits, the KDC is more prominent and extended, and

is visible in the individual contributions of both progenitors, at least for the 1:1
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Figure 3.9: Intensity (three top panels) and velocity (three bottom panels) fields
of the old stars for the final merger remnant, for the stars belonging to the Sb
progenitor in the remnant, for the stars belonging to the Sc companion in the
remnant. The cuts in magnitude and velocity are computed from the Final rem-
nant and applied to the Sb and Sc progenitor contributions. The field of view for

each panel is 15 x 15 kpc?.
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mergers. This can be understood by following the Sb and Sc progenitor in turn.

The Sb progenitor remains, within the central region, mostly unaffected by the
merger, even for large mass ratios (1:1). This is true except at R < R, for the
rr orbit: when the Sc companion has a negative spin (with respect to the orbit)
the Sb progenitor is more severely affected. This is consistent with the picture
developed by [Renaud ef al. 2009] which suggests that retrograde galaxy orbits
allow more material to be available for later interactions when galaxies get closer

to each others.

The Sc progenitor is, in stark contrast with the Sb progenitor, almost entirely
disrupted during the merging event and will basically adopt part of the orbital
angular momentum (the rest being transferred to the dark matter component)
and its sign. The final contribution of the Sc progenitor in the remnant therefore
mostly reflects that choice of orbit, which was assumed as prograde (positive) as
a reference. When the Sc progenitor itself is on a prograde orbit, this will add
up to produce a rapidly rotating stellar component to the remnant. When the
Sc progenitor is on a retrograde orbit, and considering that the close interaction
time between stars of the Sc and the global potential of the Sb is then shortened
[Renaud et al. 2009], some stellar material with the initial angular momentum sign
will remain in the remnant potentially producing a rather large stellar KDC (from

old stars).

We can therefore naturally expect a KDC to form as soon as the Sb progenitor
is on a retrograde orbit, due to the superposition of a positively rotating contri-
bution from the companion, and the counter-rotating stellar contribution of the
main Sb progenitor. When the Sc is on a retrograde orbit, it more violently affects
the Sb progenitor which then exhibits a KDC. The Sc is then also transformed into
a stellar system with rather disturbed and complex dynamics resulting from the
superposition of the orbital wrapping (following the galaxy orbit) and the initial
angular momentum of the stars (in the opposite sense).

This process is valid for both the 1:1 and 2:1 mergers. However, the Sc com-
panion in an unequal mass mergers has obviously a smaller influence on the Sb
progenitor and is itself more easily destroyed which explains why it appears as
having fully adopted the sign of the orbital angular momentum vector. This is
nicely illustrated in Fig. 3.9. In the case of a 2:1 rr merger, the two contributions

have roughly the same mass profiles within the central kpc. The velocity map of
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the remnant is then composed of the superposition of the counter-rotating com-
ponent of the Sb progenitor and the contribution from the Sc companion. At
larger radii (r > 1 kpc), the Sb galaxy is dominant in mass and leads the veloc-
ity field of the merger remnant. An apparent KDC is then visible in the merger
remnant. The small (~ 1 kpc) decoupled core in the centre of the Sb progenitor
is also smaller than in 1:1 mergers because the companion is lighter and does not
affect the central stars of the Sb progenitor much. However, as also pointed out in
the 1:1 merger cases, the decoupled core is larger than in the rd case as the mass

of the companion falling in the centre is bigger.

We can now easily extend this analysis to the dd and dr cases which produce
fast rotators. In the case of a dd orbit, the two spins of the progenitors are aligned
with the spin of the orbital angular momentum. This maximises the (positive)
angular momentum, which naturally produces a flattened fast rotator. The output
of the case of the dr orbit can be extrapolated from the rr case: the Sc companion
has a spin anti-parallel with respect to the orbital angular momentum vector.
During the approach, the companion is violently disturbed and its stars (most of
them in 1:1 and all of them in 2:1 mergers) merge with the Sb progenitor with
the spin of the orbit (and of the Sb progenitor). The final merger remnant is then
composed of two components with the same sense of rotation and is then a fast

rotator, just slightly rounder than for a dd orbit.

3.3.2.2 The contribution from young stars and gas

In Fig. 3.10 we present the velocity fields of the gas and the young stars of the
projections used for Fig. 3.9, the iso-magnitude contours of the old stars being
superimposed. We can see that the gas and the young stars share the sense of
rotation with the outer part of the final remnants. The gas does not show much
sign of a disturbed morphology or kinematics in the centre. The young stars
exhibit some misalignments in the very centre of the galaxy, these misalignments
being roughly at 90° with respect to the photometric major-axis of the remnant.
The gas, and the associated star formation, thus do not play a role in the KDC
itself, although the concentration of gas and young stars in the central part of the
merger remnant bring an additional central density which could influence the
evolution of the KDC.
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Figure 3.10: Velocity fields of the gas and the young stars in the final merger
remnant, iso-magnitude contours of the old stars of the final remnant are super-

imposed. The field of view for each panel is 15 x 15 kpc?.

3.3.2.3 Summary

The KDCs in the merger remnants are mostly seen in the old stars, with only
a weak signature in the young stars (none in the gas). Moreover, most of the
KDCs formed in the major mergers (1:1, 2:1) do not correspond to physically
distinct stellar components (see also the study of [van den Bosch et al. 2008]), ex-
cept in the case of 1:1 binary disc mergers on a rr orbit. These "apparent” KDCs
result from the superposition of two counter-rotating stellar components where
one disc is dominating the mass profile in the centre while the second disc is
dominating outwards. This scenario seems to hold even when the two progen-
itor discs have the same sense of rotation but with a spin which is retrograde
with respect to the orbital angular momentum. The formation of an apparent
counter-rotating core (CRC) with two initial retrograde progenitors has also been
probed by [Balcells & Quinn 1990] in a 5:1 merger of oblate ETGs: the companion
adopts the sign of the orbital angular momentum during the merger to form a
CRC when the two galaxies merge. The physical process invoked to form CRCs in
[Balcells & Quinn 1990] appears consistent with the one witnessed in the present

study, although we only form here CRCs in remnants of major (1:1 or 2:1) merg-
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ers.

As pointed out in Section 3.3.1.4, the two progenitors have a different influence
on the output of the merger. Our so-called Sb progenitor is more concentrated and
dynamically stable, and most of its stars keep their original orientation during
the merger. The so-called Sc progenitor is colder, less concentrated and responds
more efficiently to potential disturbances.

Our study on the formation of the KDCs in binary mergers of disc galaxies
should therefore be completed by probing mergers with various morphological
types, e.g. Sb—-Sb or Sc-Sc. The detailed role of the Hubble type for disc progen-
itors in galaxy mergers is an important issue which will be examined in a future

study.

3.4 Convergence with other studies

We have focused our analysis on the central part of the merger remnants to study
in details the formation of the slow and fast rotators (and the formation of the
KDCs). In this section, we compare our sample of galaxies with other similar

recent studies to test the convergence of the different results.

3.41 TreeSPH Gadget-2

We here specifically compare our results with two other sets of simulations,
namely the work of [Jesseit et al. 2009] and [Hoffman et al. 2010]. They have
both performed a suite of simulations using the TreeSPH code Gadget-2
[Springel 2005] with a gravitational softening length of 140 pc. In these simu-
lations, [Hoffman et al. 2010] included radiative heating and cooling, star forma-
tion, feedback from supernovae and active galactic nuclei and used a total of
4 x 10° particles while [Jesseit et al. 2009] “only” included star formation and stel-
lar feedback but with a total of ~ 10° particles. We discuss in the following some

relevant differences between these studies and ours.

[Jesseit et al. 2009] emphasised the formation of slow and fast rotators with
their sample of simulations. They have simulated binary mergers of disc galax-
ies with mass ratios from 1:1 to 4:1 as well as galaxy remergers. We find some

significant differences with their results:

e 75 per cent of their 1:1 mergers, but only 10 per cent of their 2:1 are slow
rotators. This can be compared with 60 per cent for both 2:1 and 1:1 mergers

in our sample.
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Figure 3.11: (Extracted from [Jesseit et al. 2009]) Left: 2D probability contours of
collisionless 1:1 and 3:1 remnants in Ag — € diagram. The SAURON galaxies are
indicated by black stars. High-Ar galaxies are resembling more the progenitor
galaxy than 3:1 merger remnants. Right: the same plot, but this time with merger

remnants which formed with gas.
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Figure 3.12: (Extracted from [Hoffman et al. 2010]) Classification of the remnant
kinematics. The eight remnants of each gas fraction were categorized as (1) show-
ing rapid major-axis rotation, (2) slowly rotating with a disk-like KDC, (3) slowly
rotating throughout, or (4) showing rapid minor-axis rotation, based on visual

inspections of their velocity maps.
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e Overall, their merger remnants are rounder than ours (see Fig. 3.11. Their
progenitors have € < 0.5 and their slow rotators have € < 0.4, their dry
remnants are flatter but do not have € > 0.6. The distribution of Ag and €
for their fast rotator remnants are consistent with the fast rotators described

in the present study.

o The ellipticity and Ar distributions of their 1:1 disc-disc merger remnants
are “hardly distinguishable” from their ETG-ETG merger remnants. From
our sample of ETG-ETG mergers (see Section 4.1), the difference is very
clear, our ETG-ETG merger remnants are rounder and are classified as fast
rotators, and we do not produce slow rotators with very low Ar values from

re-merging of disc binary mergers.

These differences can be mainly explained by variations in the initial parame-
ters of the disc galaxies and the initial conditions of the mergers. The progenitors
in [Jesseit et al. 2009] have a more massive bulge (B/T = 1/4, as compared to
B/T = 1/5 and 1/8 for our study), and their bulges are non-rotating. The dis-
tance between the two progenitors at the pericentre is about two disc scale-lengths
(~ 7 kpc) while this distance is on average 5-10 disc scale-lengths in our study.
Due to their low pericentric distance, the mergers are more direct and thus violent
which may produce rounder remnants. These remnants are also classified as slow
rotators, which may be again linked with the absence of rotation of the bulges in
their progenitors and the low angular momentum of orbits with low pericentric
distances.

In the present study, we have also simulated binary mergers with an impact
parameter R decreased from 60 to 35 kpc. In this range of R values, there is no
significant difference in the shapes of the merger remnants we obtain, for all mass
ratios and initial spins of the progenitors, when the value of R is decreased. Our
lower value of R remains large compared with the one used for [Jesseit et al. 2009]
and simulations with an even lower impact parameter (~ 10 kpc) should be con-
sidered for further comparison. Orbits with large impact parameters and pericen-
tric distances, as in our study, seem statistically more representative of hierarchi-
cal merging in ACDM context [Khochfar & Burkert 2006]. However, the presence
of an external gravitational field (in dense environment) may significantly im-
pact the orbit of the two progenitors, decreasing the pericentric distance (Martig,

private comm.): this will be examined in more detail in a forthcoming paper.

[Hoffman et al. 2010] have simulated binary mergers of disc galaxies of mass



tel-00594622, version 1 - 20 May 2011

70 Chapter 3. Binary mergers

ratio 1:1 at different gas fraction (from 0 to 40 per cent of gas). Again, there are

several differences between their results and ours:

e From 0 to 10 per cent of gas, their remnants are all slowly rotating. They
do not have KDCs, the slow rotator galaxies are dominated by box orbits
or by minor axis rotation. With 15 and 20 per cent of gas, most of their
remnants have a KDC. When reaching 30 and 40 per cent of gas, most of
their remnants are all fast rotators (see Fig. 3.12). They do not find any
strong trend between the initial condition of merging (e.g the orientation of

the discs) and the formation of slowly rotating early-type galaxies.

e Their KDCs are small discs of young stars coming from the gas in rotation
in the centre. When the fraction of gas is increased, the size of the final disc
of gas —and thus the disc of young stars — is also increased and it creates
a fast rotator. Their fast rotators are purely dominated by the young stars
created in this large disc of gas in rotation. In our sample, the KDC is an
apparent KDC (except for the 1:1 merger with rr orbits) and is seen only
in the old stars. The gas does not show any sign of counter-rotation. Our
KDCs do not depend on the gas fraction, as we do not find any significant

difference between the remnants with 10 or 33 per cent of gas.

In [Hoffman et al. 2010], the stars in the spiral progenitors are only distributed
on a disc (i.e. without a bulge or spheroid), they also used a impact parameter
of 7.1 kpc. These initial conditions are far from ours and lead to a very different
merging process. We speculate that, as the orbit leads to a more rapid and direct
collision, the two discs are destroyed and strongly influenced by violent relaxation
and are not expected to keep a trace of the original disc dynamics (except at large
radii as pointed out in their paper). This may explain why none of their low gas
fraction mergers shows signs of rotation around the short-axis of the remnants.

The treatment of the gas and the resolution used for the simulations are also
different between this study and the one presented here. During my thesis, I
showed that at high resolution, thinner gas structures are resolved during the
merger, which can result in structured and clustered star formation. These lo-
cal density peaks are accompanied by rapid variations of the gravitational po-
tential, which help scatter stellar orbits and evacuate the angular momentum.
A gas-free and a gas-rich merger should differ not only with the reformation
of a disc of gas in the centre of the remnant as seen in [Hoffman et al. 2010],
but also at all radii with different stellar orbits (see also [Bournaud et al. 2010a]).

These results emphasized the need for high spatial and mass resolution (see also
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Figure 3.13: Ar — € diagram of an edge-on projections of the GalMer merger
remnants. Upper left: all the galaxies, upper right: galaxies classified as RVP,

lower left: galaxies with a KDC, lower right: Noisy galaxies.

[Powell et al. 2010, Teyssier et al. 2010] and Section 2.2 of this thesis) and for realis-
tic physical inputs: e.g. the treatment of the gas with models capable of resolving
the main dense gas clouds/SF regions, see [Governato et al. 2009] in a cosmolog-

ical context.

3.4.2 GalMer sample

The GalMer project consists of one of the largest — if not the largest — pub-
licly available sample of numerical simulations of interacting galaxies (see
[Di Matteo et al. 2007, Chilingarian et al. 2010]): with a high number of simula-
tions but a relatively low resolution. They employed a TreeSPH code with a total
number of particles of 1.2x10° and a softening length of 280 pc. The progenitors
for these simulations are either spiral or elliptical galaxies. For the comparison
with our sample of galaxy mergers in this Chapter, we have only selected pro-
genitors which are spiral galaxies with a Hubble type typical for a Sa, Sb and Sd
galaxies. Details on the progenitors and the initial conditions for the mergers can
be found in [Chilingarian et al. 2010].

As it has been done for our sample of binary mergers, we have visually in-

spected the 2D velocity maps for different projections of the GalMer merger rem-
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Figure 3.14: Ag — € diagram of an edge-on projection of the GalMer merger rem-

nants. The white symbols represent the Spiral-Spiral mergers, the black symbols

the ETG-Spiral remnants. The points represent the dd orbits and the triangles

the rr orbits. The four panels correspond to four different initial conditions, the

spin of the first progenitor is always aligned with the orbital angular momentum

while the spin of the second progenitor have an inclination of: 0° (top left), 45°
(top right), 75° (bottom left) and 90° (bottom right) with respect to the orbital

angular momentum.
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nants. I have classified the remnants in three families: the galaxies with a regular
velocity pattern (named RVP galaxies), the galaxies with a KDC (named KDC
galaxies) and the galaxies with no regular velocity pattern and a very noisy ve-
locity field (named Noisy galaxies). The noise in the galaxies with no regular
velocity pattern is a direct consequence of the low resolution level of the simula-
tions. We also applied our analysis routines to compute the ellipticity € and Ag at
one effective radius.

Fig. 3.13 shows the Ag — € diagram for an edge-on projection of the GalMer
merger remnants sorted by their kinematical classification (RVP, KDC, Noisy).
The RVP galaxies span a large range of ellipticities: from round (e = 0.25) to very
flat (e = 0.7) remnants, and a large range of Ar values: from 0.07 to 0.5. These
remnants are mostly classified as fast rotators but 15 of these should be classified
as slow rotators. The remnants with a clear KDC and the Noisy galaxies share
the same properties: they span a large range of ellipticities and, except for very
few cases, are classified as slow rotators. Fig. 3.14 presents the Ag — € diagram
for the same projections but sorted by their initial conditions. The remnants of
two co-planar (i.e. i = 0°) spiral galaxies are very flat. The remnants become
rounder when the second progenitor is inclined (the first progenitor is always in
the orbital plane): the ellipticity can be as low as 0.2 when the angle is larger
than 75°. Similarly to our sample of simulations, we note a pronounced relation
between the orbit of merging and the formation of the slow and fast rotators: two
progenitors with a direct-direct orbit will globally lead to a fast rotator and two
progenitors with a retrograde-retrograde orbit to a slow rotator.

Using the simulations of the GalMer database, we find the same process of
formation for the slow rotators than in our present study. But there is a large
scatter in the results of the GalMer simulations: e.g. four mergers remnants —
with co-planar spiral progenitors in a dd orbit as initial conditions — are visually
classified as RVP galaxies but are below the limit defining the slow and fast ro-
tators. The resolution in the GalMer simulations is clearly too low to properly
resolve the different kinematic features observed in galaxies with low velocity
amplitudes but it seems to provide relatively good recipes (in term of initial con-
ditions) for the formation of the round slow rotators which are missing in our
sample of simulations. The main difference between the GalMer sample and ours
being the choice of initial conditions.

The GalMer database could then be a good springboard for simulations at
higher resolution. To test these conclusions, we can easily imagine a sample of

high-resolution simulations — using e.g. our PM-sticky code — selected to repro-
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duce the initial conditions of some of the GalMer simulations.

3.5 Conclusions

We have simulated 70 binary mergers of disc galaxies at an unprecedented reso-
lution for such a sample of simulations. We have studied the effect of different
initial parameters on the global properties of merger remnants, varying: the mass
ratio (from 1:1 to 6:1), the initial conditions of the mergers (incoming velocity,
impact parameter, inclination in the orbital plane), the spins of the progenitors.
We have also compared our work with previous established samples of numerical

simulations. Our main conclusions can be summarized as follows:

e We obtain both fast and slow rotators. The fast rotators can be observed
at all mass ratios while the slow rotators are formed only for mass ratios
between 1:1 and 2:1, in agreement with [Jesseit et al. 2009]. We confirm that
the limit separating the two families of ETGs defined by the ATLAS®P sur-
vey is meaningful, as our simulated slow and fast rotators present distinct
characteristics: the fast (resp. slow) rotators have a high (resp. low) angu-
lar momentum content, their photometric and kinemetric position angle are
aligned (resp. misaligned), they present (resp. do not present) regular veloc-
ity patterns. An important difference is the presence (or absence) of a KDC:

none of the fast rotators hold a KDC while most of the slow rotators do.

e The two parameters which constrain the formation of the KDCs are (1) the
mass ratio between the initial spirals, as we form a KDC only with 1:1 and
2:1 mergers, and (2) the orientation of the initial spin axis of the earliest-
type (Sb) disc progenitor with respect to the orbital angular momentum
(its spin has to be anti-parallel). The spin of the later-type (Sc) progenitor
has less importance as this galaxy is mostly disrupted during the merging
process. For a 1:1 merger, if the two progenitors are retrograde, the KDC is
intrinsically decoupled from the external part of the merger remnant. For all
other initial conditions leading to the formation of a slow rotator, the KDC is
only an apparent KDC formed via the superposition of two counter-rotating

discs.

e The Hubble type of the initial spiral progenitors seems to play a prominent
part in the formation of slow rotators and additional simulations are needed

to further constrain its role.
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e To test the importance of the presence of gas, we have simulated binary
mergers with mass ratio 2:1 with either 10 or 33 per cent of gas. We do not
find major differences in the morphology and the kinematics of the merger
remnants. There are some visible differences (e.g. the number of newly
formed globular clusters) but it does not impact much the kinematics of
the remnants and the comparison with the ATLAS®P® sample. Higher gas
fractions representative of mergers at high redshifts could have a larger

impact, though.

Appendix: Velocity fields and A profiles

All simulations used for this study are listed here. For each simulation, an edge-
on view of the velocity field (with the iso-magnitude contours in black) and its

associated A profile are plotted. The simulations are classified in this way:

e A figure corresponds to mergers with the same mass ratio, e.g Fig. 3.15

shows the binary mergers of mass ratio 1:1

e A group of six projections associated to their Ar profiles correspond to a

specific orbit of merging (dd, rd or rr orbits)

e The six projections correspond to the different initial conditions for a specific

orbit of merging (0, im, ip, Rm, Vm, Vp, see Table 3.2)

e The label of the simulation (e.¢g m31ddip) and the velocity cut are noted in
the projected velocity maps: the colour of the text indicates if the galaxy
is classified as a fast rotator (black), a slow rotator with a KDC (red) or a
slow rotator without KDC (green); the KDC may not be visible under the
edge-on projection but is visible for most of the others.

e The colour of the text indicates if the galaxy is classified as a fast rotator
(black), a slow rotator with a KDC (red) or a slow rotator without KDC
(green)
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Figure 3.15: Left: Edge-on projection of the velocity field for the binary mergers

of mass ratio 1:1 for the 3 type of orbits (top: dd orbit, middle: rd orbit, bottom:

rr orbit). The black lines correspond to the iso-magnitude contours. The field

of view is 15 x 15 kpc?. The white rectangle indicates a typical field covered by

the instrument SAURON and corresponds to a field of 41” x 33” for a galaxy at a

distance of 20 Mpc, its orientation follows the photometric position angle taken at

3R.. Right: The corresponding Ar profiles as a function of the radius R divided

by the effective radius R, of the edge-on projection.
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Figure 3.16: Same as Fig. 3.15 for the binary mergers of mass ratio 2:1 with 10 per
cent of gas.
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Figure 3.17: Same as Fig. 3.15 for the binary mergers of mass ratio 2:1 with 33 per
cent of gas.
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Figure 3.18: Same as Fig. 3.15 for the binary mergers of mass ratio 3:1.
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The most massive galaxies in the Universe are not formed only via a binary

merger of spiral galaxies: they have a more complex history of formation, includ-
ing several mergers. This chapter will then be devoted to the analysis of mergers
between an early-type galaxy and other galaxies (either spiral or ETG), called

galaxy remergers.

In the first section, I analyse the morphological and kinematical properties of

ETG equal mass remerger remnants and show that these always end-up with a
regular velocity pattern without a KDC. In the second section, I perform simula-
tion of remergers between an ETG with a central KDC and a lower mass spiral
galaxy to study the destruction and the survival of the KDCs. In the last section,
I analyse a cosmological simulation of a field galaxy to understand the different

processes involved in the formation of these ETGs.



tel-00594622, version 1 - 20 May 2011

82 Chapter 4. Multiple mergers

4.1 Early-type galaxy equal mass remergers

[Naab et al. 2006b] suggested that mergers of ETGs play an important role in
the assembly of massive galaxies. Moreover, [Naab & Ostriker 2009] showed,
with a study on stellar populations, that giant ETGs could not be formed only
via a merger of disc galaxies. Similar trends have been found with simula-
tions in a cosmological context. [Khochfar & Burkert 2003] have shown that the

last major merger of bright present-day ETGs (Mp < 21) was preferentially be-

tween bulge-dominated galaxies, while those with Mg ~ 20 have mainly expe-
rienced last major mergers between a bulge-dominated and a disc-dominated
galaxy. They also indicated that the last major merger was probably dry (see also
[Hopkins et al. 2007, Khochfar & Silk 2009]).

This section thus introduces binary galaxy mergers of ETGs, or "remergers",
with the goal to examine the morphology and kinematics of such remnants. This

section is included in the submitted paper Bois et al. (2011).

4.1.1 Sample of galaxy remergers

We have simulated galaxy remergers using the same code as for the resolution
study (see Section 2.2). All simulations were performed with this particle-mesh
code with a softening length (i.e. spatial resolution) of 58 pc. The progenitors
we used for this analysis are themselves the remnants of binary disc mergers
described in the previous Chapter.

Table 4.1 details the remergers we have performed. We ran simulations for
four pairs of progenitors with different orbital configurations (dd, dr, rd, rr). The
tirst three pairs have been drawn from simulations with three respective initial
mass ratios, namely m11, m21g10 and m21g33. In these three cases, the orbital
configurations that generated the progenitors were kept the same for a given
remerger configuration, e.¢ for a dd remerger orbit we always use progenitors
coming from rd0 (primary) and rr0 (secondary) orbits. The progenitors for the

fourth pair (fourth remerger set) are m21g10 and a spiral.

4.1.2 Towards the round fast rotators

Fig. 4.1 presents the Agr — e diagram for the remergers, the four subplots
correspond to the four different types of remergers (rem2x11, rem2x21gl0,
rem2x21g33, rem21g10+S) and the four colours in each subplots corresponding
to the orbit of remerging (dd, dr, rd, rr). From the results of binary galaxy disc
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Name OrbitM | Progenitors(®) | Prog Type®)
rem2x11 dd rd0 - rr0 Slow - Slow
rem2x11 dr rrim - ddip Slow - Fast
rem2x11 rd rrVp - ddVm | Slow - Fast
rem2x11 T rd0 - ddO Slow - Fast

rem2x21g10 dd rd0 - rr0 Slow - Slow
rem2x21g10 dr rrim - ddip Slow - Fast
rem2x21g10 rd rrVp - ddVm | Slow - Fast
rem2x21g10 rr rd0 - ddO Slow - Fast
rem2x21g33 dd rdO - rr0 Slow - Slow
rem2x21g33 dr rrim - ddip Slow - Fast
rem2x21g33 rd rrVp -ddVm | Slow - Fast
rem2x21g33 rr rd0 - ddO Slow - Fast
rem21g10+S dd rr0 - S Slow - Fast
rem21g10+S dr rdim - S Slow - Fast
rem21g10+S rd rdVp - S Slow - Fast
rem21g10+S rr dd0-S Fast - Fast

Table 4.1: Details of the characteristics of the remergers: (1) Spin of the progeni-

tors with respect to the orbital angular momentum, (2) Galaxy remnants of binary

merger of spirals as progenitors for the remerger, (3) Slow /Fast classification from

Section 3.3.1
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Figure 4.1: Agr — € diagram for all projections for all simulations of remergers.
The 4 panels represents the 4 different remergers, the four colours in each subplot

correspond to the orbit of remerging (dd, dr, rd, rr)

mergers (see Section 3.3.1), we could presume that the rr orbit would produce the
slowest rotators of this sample of remergers. In fact, the dd cases are the ones to
produce the slowest systems for the four different types of remergers. In the dd
cases of galaxy remergers, both progenitors are slow rotators and hold a KDC.
The progenitors acquire angular momentum from the orbit, resulting in merged
galaxies with large-scale rotation, and the KDCs have been destroyed. The rem-
nant is classified as a slow rotator but is very close to the dividing line separating
slow and fast rotators. The remnant does not present any sign of a KDC and has
its photometric and kinematic axis aligned. Velocity maps of all remerger rem-
nants are shown in Fig. 4.2 to 4.5 in the Appendix. In the other cases (dr, rd, rr),
the main progenitor is a slow rotator with a KDC and the companion is a fast ro-
tator. During the merger, the main progenitor — with no global rotation — acquires
some angular momentum from the orbit while the companion — similar to the
behaviour of the spiral Sb progenitor — keeps the initial orientation of its spin, the
contribution of which determines and dominates the final spin of the remnant.
None of these remergers exhibit a stellar KDC: the KDCs which were present in
the progenitors have been destroyed and none are created during the merger. The

final remnants of these remergers are rounder than binary disc merger remnants
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and all have regular kinematics. As mentioned, a few of these (mostly the dd) lie
just below the limit between the slow and fast rotators, emphasising the potential

small overlap between the two families ([Emsellem et al. 2011]).

As seen in our sample of galaxy remergers, and in agreement with the results
of [Di Matteo et al. 2009]: slow or non rotating galaxies can gain central angular
momentum through mergers via a transfer of the orbital angular momentum and
start to rotate, destroying the initial KDC. The final state of a merger remnant is
the combination of internal+orbital angular momentum: starting with one or two
slow rotators can thus leads to a rotating merger remnant. To form a round slow
rotator via ETG mergers, one should need two fast rotators on a favourable (e.g
rr) orbit. Repeated minor mergers may preserve the initial KDC of the initial ETG
and heat the external parts of the galaxy [Bournaud et al. 2007, Qu et al. 2010]:
this could end up with a round slow rotator, this scenario is tested in the next

section.

Appendix: Velocity fields and AR profiles

All simulations used for this study are listed here. For each simulation, an edge-
on view of the velocity field (with the iso-magnitude contours in black) and its

associated Ag profile are plotted. The simulations are classified in this way:

o A figure corresponds to remergers of two remnants of binary mergers with
the same initial mass ratio, e.g Fig. 4.2 shows the remergers of two remnants

of binary mergers of mass ratio 1:1.

o The four subpanels of a figure correspond to the four different orbit of merg-
ing (dd, dr, rd or rr)

e The label of the simulation (e.¢ rem21g10+Sdd) and the velocity cut are

noted in the projected velocity maps.
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Figure 4.2: Left: Edge-on projection of the velocity field for remergers of two
remnants of binary mergers of mass ratio 1:1. The black lines correspond to the
iso-magnitude contours. The different initial angular momentum spins and veloc-
ity cuts are noted in the sub-panels. The field of view is 15 x 15 kpc?. The white
rectangle indicates a typical field covered by the instrument SAURON and corre-
sponds to a field of 41” x 33” for a galaxy at a distance of 20 Mpc, its orientation
follows the photometric position angle taken at 3R.. Right: The corresponding
AR profiles as a function of the radius R divided by the effective radius R, of the

edge-on projection.
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Figure 4.3: Same as Fig. 4.2 for remergers of two remnants of binary mergers of

mass ratio 2:1 with 10 per cent of gas.
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Figure 4.4: Same as Fig. 4.2 for remergers of two remnants of binary mergers of

mass ratio 2:1 with 33 per cent of gas.
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Figure 4.5: Same as Fig. 4.2 for remergers between a remnant of binary mergers

of mass ratio 2:1 with 10 per cent of gas and a spiral galaxy.
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4.2 Destruction and survival of KDC

We have seen in the previous section that a major remerger (i.e. a merger of
two equal mass ETGs) destroy the initial KDC present in the ETG progenitor
and that none is reform in these relatively gas-poor events. The observed slow
rotators with a KDC in the ATLAS®P survey have a low intrinsic ellipticity (with
€ < 0.4, [Emsellem et al. 2011]) and our sample of binary (re)mergers can not
account for these galaxies (see also section 5.2). Slow rotators could therefore be
the result of a single major merger but then with significantly more violent initial
conditions (e.g. with a very small impact parameter, Duc et al. 2011, in prep) or
must have experienced further interactions: a sequence of small satellite mergers
may produce rounder remnants and at the same time preserve the KDCs. Such
accretion of low-mass objects should be much more frequent than major mergers
and are therefore expected (see e.g. [Khochfar & Silk 2006, Naab et al. 2007,
Bournaud ef al. 2007, Genel et al. 2008,  Naab ef al. 2009,  Genel et al. 2010,
Hopkins et al. 2010, Oser et al. 2010, Qu et al. 2010, Abadi et al. 2010], ACDM

models).

In this section, we test the impact of a merger of a small spiral galaxy (with
mass ratios from 5:1 to 15:1) on a previously simulated slow rotator holding a
KDC. The simulations have been made using the previous described code (see
Section 2.2), using the same spatial resolution of 58 pc. The first galaxy — holding
the KDC — used for these simulations is always the same: the so-called m11rr0 (see
Section 3.3). The second progenitor is typical for a spiral galaxy and has been
simulated at four different mass ratios: 5:1 (i.e. the spiral is 5 times lighter than the
slow rotator), 8:1, 12:1 and 15:1. Each different mass ratios have been simulated
on three different initial conditions: the previously called dd, dr and rr orbits,
leading to 12 mergers. The spin of the progenitor with the KDC (i.e. two counter-
rotating components) is defined according to the rotation at large radius. The
spirals are pure collisionless galaxies (i.e. without gas): in this way, we directly
test if a KDC can survive to violent relaxation. If the initial KDC is destroyed,
we avoid the possible process of re-formation of a new KDC dominated by the
recently formed stars. Similarly to the study on binary mergers (see Section 3.2.2),
we then analyse the morphology and the kinematics of the merger remnants using
the ellipticity and the Ag parameter, and we visually inspect the velocity maps to
see if the initial KDC has survived or not the merger.

The Ag — € diagram for these simulations is shown in Fig. 4.6. We first see

that the remnants coming from the dd and dr orbits are very similar at all mass
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ratios. They have A values higher than the progenitor at mass ratios 5:1 and
8:1, slightly higher at mass ratio 12:1 and somehow similar to the progenitor at
mass ratio 15:1. However, the angular momentum added in the remnants remains
small and they are all classified as slow rotators. The ellipticity of the dd and dr
remnants is similar to the one of the progenitor at the four different mass ratios.
Contrarily to these orbits, the rr merger remnants have A values and ellipticities
lower than the progenitor at all mass ratios and are therefore still classified as
slow rotators. In the range of mass ratios of 5:1 to 15:1, we then do not see any
trend with the mass of the spiral progenitor but we see a clear trend with the
orbit of merging.

This result is confirmed by looking at the velocity fields of the merger rem-
nants in Fig. 4.7. This figure shows the 2D velocity maps of the edge-on projection
of the remerger remnants and the contribution in the remnant of the stars com-
ing from the initial galaxy with the KDC and the spiral progenitor (similarly to

Fig. 3.9). We can make the following statements:

o At each mass ratio, the remnants of the dd and dr orbits are nearly identical.
In these remnants, we do not see any KDC in the remnants. The KDC is
not “hidden” under the rotation pattern of the spiral galaxy but physically

destroyed: there is no trace of it in the contribution of the ETG progenitor.

o In the dd and dr initial conditions, the spiral galaxy had different spin axis.
But in the merger remnants of these orbits, the spiral contribution has the
same angular momentum orientation. We thus confirm what we stated in
Section 3.3.2: the spiral is entirely disrupted during the merging event and

will adopt part of the orbital angular momentum and its sign.

e At all mass ratios, the remnants of the rr orbits exhibit a KDC: the KDC of
the initial slow rotator has survived the merger. It still can be observed in

the contribution of the initial slow rotator.

e Surprisingly, in this rr configuration, the spiral contribution ends up with
the same angular momentum vector than (the outer part of) the initial slow
rotator. They both started with a retrograde spin and, according to Sec-

tion 3.3.2, the spiral should have adopted the direct spin of the orbit.

This study on the destruction/survival of the KDC in slow rotators is only
starting with these 12 simulations. With this sample in hand, some results remain

not understood but we already have some hints about the survival of the KDC via
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Figure 4.6: Ar — € diagram for the remnants of a remerger between a galaxy with
a KDC and a small spiral galaxy. Each subplot show a different mass ratio (top
left: mass 5:1, top right: 8:1, bottom left: 12:1, bottom right: 15:1). The black
points show the initial galaxy with the KDC, the blue (resp. green, red) points

show the merger remnant of the dd (resp. dr, rr) initial configuration.

minor mergers: mass ratios in the range from 5:1 to 15:1 do not seem to matter
much and the orbit of merging of the spiral progenitor appears important. How-
ever, our sample of simulations is too small and there are many open questions:
what does role the gas play ? What about larger mass ratios (20:1, 30:1) ? Is the
impact parameter important ? What about simultaneous minor mergers ? These
questions may be solved with a larger sample of simulations covering a larger

parameter space of initial conditions.

4.3 Summary on galaxy remergers

In this Chapter, I have studied numerical simulations of multiple galaxy mergers.
Firstly, we have simulated equal-mass ETG remergers with the goal to understand
the formation of the most massive slow rotators. With a sample of 16 major
remergers, we found that all of the remnants present a clear rotation pattern

and are classified as fast rotators (or very close to the boundary of the slow/fast
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Figure 4.7: The three panels represent the three different initial orbits, top left: dd
orbits; top right: dr orbits, bottom: rr orbits. On each panel: the left column shows
the 2D velocity map of the remnants, the middle column shows the contribution
of the stars coming from the galaxy with the KDC, the right column shows the
contribution of the stars coming from the spiral galaxy (similarly to Fig. 3.9). One
each panel: the lines correspond to different mass ratios, from 5:1 (top) to 15:1
(bottom). The field of view of the 2D maps is 8 x 8 kpc?. The cuts in velocity are
written in the respective maps. The field of view is 8 x 8 kpc?. The black lines

correspond to the iso-magnitude contours.
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families). During the remergers, the KDCs in the initial ETG progenitors have
been destroyed and none have been re-formed. Due to the transfer of angular
momentum from the orbit to the galaxies, initial slow rotators started to rotate
and so do the remnants.

Secondly, we have simulated minor remergers (i.e. a remerger between an ETG
and a smaller spiral companion) with the goal to determine for which conditions
the initial KDC of an ETG can survive a merger. We have then simulated 12 minor
remergers with four different mass ratios and three different initial conditions
(varying the orientation of the spins of the progenitors). We found that if the spin
of the initial ETG is parallel to the spin of the orbit, the KDC is destroyed while
if the spin of the initial ETG is anti-parallel to the spin of the orbit, the KDC is
preserved. The mass ratio does not seem to influence significantly the resulting
remnant. However, these results should not be taken at face value: we still need

to understand the different behaviours observed in these simulations.

To clearly understand how to form the most massive ETGs with a KDC, a
larger sample of simulations is needed. However, the parameter space of ini-
tial conditions is very (and maybe too) large. Starting from our sample of 16+12
simulations, we can imagine to run other simulations to restrict the space of pa-

rameters:

e A major remerger between two slow rotating ETGs leads to a fast rotator
remnant due to the transfer of orbital angular momentum in internal an-
gular momentum. If the orbital angular momentum is smaller, with e.g. a
smaller impact parameter, the remnant should gain less rotation and may

be ends up as a slow rotator, preserving its initial KDC.

e Two spiral galaxies on a retrograde orbit can produce a slow rotating ETG

with a KDC. Is this possible with two fast rotating ETGs as progenitors ?

e A KDC can survive to a minor remerger, could it survive to several minor

ones ?

e A KDC can also be destroyed via minor remergers. This is also due to
the transfer of orbital to internal angular momentum. We also know, from
cosmological simulations, that minor mergers can occur simultaneously: if
two smaller galaxies interact with the slow rotating ETG on different orbits,

how efficient is this transfer of angular momentum ?

e The presence of gas during a minor remerger can also influence the final
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state of the remnant. As seen in the study of the resolution in galaxy merg-
ers (see Section 2.2), the gas can form stellar clusters which help to evacuate

the angular momentum and form slow rotating ETGs.

To apprehend the formation history of the massive ETGs, we can also use an other
method. Cosmological simulations follow the time evolution of a galaxy from
high redshifts to nowadays. Selecting an ETG at z = 0 and tracing its history of
merging and interactions would help us to understand its formation processes. I

present in the next section the analysis of such a cosmological simulation.

4.4 Zoom on a cosmological simulation

We have so far simulated mergers in an “idealized” view of the Universe: two
relaxed galaxies merging on a non disturbed orbit. As already mentioned, these
idealized simulations are a powerful tool to constrain physical processes involved
in galaxy mergers, as e.g. the formation, destruction and survival of KDCs as
in this manuscript. Real massive galaxies are known to have experienced many
interactions through the ages (see e.g. [Naab et al. 2007]) and simulating their full
cosmological history of interactions is essential to understand their formation.
Besides the work made on simulations of binary mergers, I have analysed
one numerical simulation of galaxy formation in a cosmological context made
by Marie Martig. I will first briefly described the new technique of simulation
she developed during her PhD. thesis, and then describe the simulation and their

associated results.

4.4.1 Re-simulating at higher resolution

To take into account the full cosmological context of the galaxies, we need to sim-
ulate a big part of the Universe. When using such a large simulation box, the
mass and spatial resolutions are very low compared to the resolution needed to
properly resolve galaxy-galaxy interactions. But to study the specific formation of
a given galaxy, the analysis of the full volume of the box is not required. “Zoom
simulations” (called also re-simulations) have been developed for that purpose:
it consists of re-simulating at high resolution a sub-volume of the box centred
on the studied galaxy while keeping the rest at the initial resolution (see e.g.
[Semelin & Combes 2005, Naab et al. 2007]). The drawback of this technique is

that all of the galaxies interacting with the studied one have to be encompassed
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within the higher resolution sub-volume: this can lead to a very large high reso-
lution sub-volume and significantly increase the computing resources needed for
the zoom simulation.

[Martig et al. 2009] upgraded a recent technique for zoom simulations
([Kazantzidis et al. 2008, Read et al. 2008, Villalobos & Helmi 2008]): it consists of
recording the full history of interactions of the studied galaxy (including merg-
ers and gas accretion) with the low-resolution simulation and to re-simulate this
history at higher resolution. The first low resolution simulation only includes
dark matter (DM) particles: when a sub-halo of DM crosses a sphere of a given
radius centred on the main halo (i.e the halo of the studied galaxy), information
(such as the crossing time and mass, velocity, spin of the sub halo) are recorded.
The re-simulation at high resolution is then launched using the information of
the low resolution simulation, with the DM sub-halos being replaced by DM, star
and gas particles. This technique enables to re-simulate a fixed sub-volume of the
Universe as the incoming galaxies — which could be far from the studied galaxy
at the beginning of the simulation — are created only when they should cross the
sphere centred on the studied galaxy. It helps then to save computing resources

and/or enables you to increase the resolution of the zoom.

4.4.2 Simulation and results

The re-simulation technique described above has been used to study a quench-
ing process for star formation, called morphological quenching, in an early-type
galaxy [Martig et al. 2009]. We here study the time evolution of the morphology
and kinematics of the corresponding simulated galaxy.

The code used for the re-simulation is the particle mesh code with the sticky
particles scheme described in Section 2.2 with a softening length of 130 pc. The
DM halo has an initial mass of 2x10"'M., at z = 2, its final mass at z = 0
being 1.4x10'>M,. The studied galaxy is chosen to be in a relatively low density
environment and does not belong to a rich group or cluster of galaxies. The
formation history of this galaxy can be decoupled in three phases: (1) between
z ~ 2 and z = 1, an intense period of minor mergers (with four spiral progenitors
having a mass ratio between 4:1 to 10:1); (2) between z = 1 and z ~ 0.2, a phase
of smooth gas accretion from cosmic filaments without merger during which the
morphological quenching occurs; (3) a major merger at z = 0.2 with a galaxy
having a mass ratio of 1.5:1, shortly preceded by an intense peak of diffuse gas

accretion. For more details, the reader should refer to [Martig et al. 2009].
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Figure 4.8: Top: Large field of view (200 x 200 kpc?) of the intensity map of the
cosmological re-simulation at t=5.6 Gyr (z ~ 1). The analysis of the morphology
and the kinematics is performed in the white square of 15 x 15 kpc?. Bottom:
(extracted from Duc et al. 2011, ATLAS®® paper in prep) CFHT/MegaCam g-
band surface brightness map of NGC 5557. A true colour (composite of the g, r
and i bands) image is superimposed in regions of high-surface brightness. The
distribution of the HI gas mapped by the WSRT is overlaid in blue. The red
rectangle corresponds to the SAURON field of view.



tel-00594622, version 1 - 20 May 2011

96 Chapter 4. Multiple mergers

For this galaxy, we have here studied the previously mentioned morphological
and kinematical parameters (the ellipticity €, the Ar value, the effective radius R,,
see Section 3.2.2) on 2D projected maps as a function of time. We have only
projected the stellar particles within a sphere of 40 kpc centred on the studied
galaxy to avoid the contamination of particles of spiral progenitors at large radii.
However if a progenitor is very close to the main galaxy, the 2D intensity, velocity
and velocity dispersion maps are “contaminated”: the values of €, A, R, are then
meaningless. The analysis is conducted up to 7.5 kpc which corresponds to 6R,
at z = 2 and 3R, at z = 0, Fig. 4.8 shows a large field of view (200 x 200 kpc?) of
the intensity map of the cosmological re-simulation at t=5.6 Gyr (z ~ 1) and the
white square corresponds to the field of view in which the analysis is performed.
Each snapshot are separated by 100 Myr and we therefore probe all the different

phases of formation of the main galaxy.

Fig. 4.9 shows the time evolution of the parameters described above (¢, Ar
and R,) as well as the time evolution of the stellar and gaseous mass and the Star
Formation Rate (SFR) integrated in a sphere of 25 kpc around the main galaxy.
The intensity and velocity fields of the edge-on projection of the points labelled
from 1 to 10 are shown in Fig. 4.10. Projection P1 corresponds to the initial spiral
at z = 2, P2 and P3 are during the minor mergers period, P4 to P7 show the
phase of morphological quenching (without merger), P8 and P9 represent the
galaxy after the major merger event and P10 corresponds to the final galaxy at
z=0.

The initial galaxy is a spiral galaxy with a stellar mass of 3x10'°M,. During
the first period of minor mergers (from P1 to P4), its stellar mass grows by a factor
of 3.7 and the galaxy resembles more an ETG: its intrinsic ellipticity monotonically
decreases from 0.83 at P1 to 0.5 at P4. The transformation of a spiral into an ETG
via multiple minor mergers was previously shown in [Bournaud et al. 2007] with
“idealized” simulations. We show here that this scenario is confirmed, at least in
this specific case, in the context of cosmological simulations. The Ag value also
drops from 0.44 at P1 to 0.05 at P3 after several minor and intermediate mergers,
but it starts to increase again between P3 and P4 to reach a value of Ag = 0.18
with other minor mergers. This confirms the results of [Qu et al. 2010]: they show
that the internal angular momentum of the primary galaxy, and then its A value,
can increase or decrease via minor mergers depending on the relative orientation
of the orbital spin vectors. From P4 to P7, i.e. during the quiet phase of smooth

accretion of gas, the values of € and Ay slightly increase: as seen in Fig. 4.10, this
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is due to the formation of a disc of newly formed stars created via the accretion
of gas. This disc of new stars dominates the velocity map of the galaxy but not
much the mass profile and then have a very small influence on the morphological
and kinematical properties of the galaxy. After P7, it is hard to distinguish the
role of the major merger and the intense peak of gas accretion: the ellipticity of
the galaxy does not change and the A value drops at P8 but increases after until
P10. At P8 and P9, the velocity maps of the galaxy show both rotation along and
perpendicular to the photometric position angle (PA,,;), while at P10 the rotation
is only along PA ;.. However, one can see a small sub-structure perpendicular
to PA,p: this may be interpreted as a KDC. However, such a structure is not
observed in the ATLAS®P galaxies and may be only transitional.

The final galaxy is flat, which is consistent with the ellipticity observed for
tield galaxies. It is classified as a slow rotator, but it is closed to the limit defining
the fast and slow classes. Moreover, the Ar profile as a function of time is still
rising at the end of the simulation and the galaxy may cross the limit to become

a fast rotator after the transitional structure vanishes.

The analysis of this simulation is not yet complete. The next step will be to
relate the orbits of merging of the companion galaxies to the evolution of the Ag
parameter of the main galaxy. Accordingly to the results showed in the previous
Sections (but see also e.g. [Bournaud et al. 2007, Qu et al. 2010]), galaxy mergers
— both minor and major — can obviously decrease the internal angular momentum
of the main galaxy but can also increase it. If such variations are also found to
be related to the orbits of merging in this cosmological simulation, it would con-
firm the need for understanding how exactly the total (internal+orbital) angular

momentum of interacting systems is redistributed during a merger.
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Figure 4.9: Time evolution of the Ag parameter (top left), the ellipticity € (middle
left), the effective radius R, (bottom left), stellar mass (top right), gaseous mass
(middle right), Star Formation Rate (bottom right). The left panels show the time
evolution of the parameters for a projection which maximizes the ellipticity (i.e.
the edge-on projection, in blue) and for a mean projection (in red). The intensity
and velocity fields of the edge-on projection of the points labelled from 1 to 10
are shown in Fig. 4.10. The time evolution of the stellar and gaseous mass and

the SFR are integrated in a sphere of 25 kpc around the main galaxy.
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Figure 4.10: Intensity and velocity fields at the 10 different epochs of the cosmo-
logical re-simulation spotted in Fig. 4.9. The first snapshot (top left) corresponds
to the start of the simulation at t = 3.45 Gyr (z ~ 2), the last snapshot (bottom
right) corresponds to the end of the simulation at t = 13.6 Gyr (z = 0). The time
of a snapshot is written in the intensity field. The cuts in the intensity are the
same for the different maps, the iso-magnitude contours are equally spaced in
magnitude and are similar for all maps. The maximum velocity V,,y is written
in the velocity maps: the colorbar goes from -V,,,y to +V 4y The field of view is
15 x 15 kpc?.
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In the previous chapters, I have analysed the intrinsic properties of our sim-
ulated sample of merger remnants. These idealised simulations are useful to
understand the formation processes of the fast and slow rotators and the associ-
ated sub-structures like the KDCs. Despite the fact that we do not simulate the
cosmological context of their formation (but see previous Section), it could be in-
teresting to test the relevance of our sample with respect to real galaxies. In this
Chapter, I therefore make a direct comparison between our simulated (re)merger
remnants and the 260 ATLAS?® galaxies. These observed galaxies are in the lo-
cal Universe, all within 42 Mpc: with the integral field spectograph SAURON it is
therefore possible to build 2D-maps of these galaxies, to probe their morphology
and kinematics up to 1 R,.

In the first section of this chapter, I describe the sample of the 260 ATLAS®P
galaxies. In the second section, I compare the two simulated and observed sam-
ples of galaxies using the Ag — € diagram and the distribution of alignments be-

tween the photometric and kinematic axes.
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In a last section, I show an attempt of implementing stellar populations in our
sample of simulated remnants. I present the motivation for this study and I show
the first results together with a comparison with the observed properties of the
48 SAURON galaxies.

5.1 ATLAS®P sample of ETGs

The ATLAS?® survey is a volume-limited sample of 260 ETGs. It consists of
nearby (D < 42 Mpc) morphologically-selected ETGs extracted from a parent
sample of 871 galaxies (from all Hubble type) with stellar mass M > 6 x 10°M.
The sample is complete and statistically representative of nearby galaxies. The
ETGs of the ATLAS®P sample belong to the “red sequence” with only few objects
from the “blue cloud”. The sample is described in [Cappellari et al. 2010].
[Krajnovié et al. 2011] and [Emsellem et al. 2011] have studied the morphol-
ogy and the kinematics of the ATLAS3P galaxies. As seen in Section 3.2.2.2,
[Emsellem et al. 2011] have refined the criterion defining the fast and slow rotator
families. In [Krajnovi¢ et al. 2011], new sub-classes within the slow rotator class

have been introduced to separate the different observed features:

Non rotators: they do not show any apparent sign of rotation. These galaxies

are the most massive ETGs of the sample.

Galaxies with a KDC: they present an abrupt change in their radial profile of
the kinematical position angle (> 30°).

NRV : galaxies with Non Regular Velocity pattern but with no noticeable kine-

matic feature.

2-0 galaxies: they are characterised by two off-centred symmetric dispersion
peaks along the major-axis. These galaxies are generally interpreted to have
two stellar counter-rotating components (i.e. a KDC at 180° away from the

outer body).

There is no sub-division within the fast rotators. They span a large range
in ellipticities (from 0.05 to 0.9) but they all show a regular apparent rotation
and with (or without) small minor-axis kinematic twists ([Krajnovié et al. 2011,
Emsellem et al. 2011]).

Using the integral field spectrograph SAURON, it is possible to derive the
stellar kinematics together with the stellar absorption line indices (Hp, Fe5015,
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Mgb): it allows to build 2D-maps of these quantities. The analysis of the
stellar populations of the ATLAS®® sample of galaxies is on-going and will
be published elsewhere (McDermid et al. 2011, Kuntschner et al. 2011).
However, with the previous survey SAURON, the stellar populations of 48 lo-
cal ETGs — which are included in the ATLAS®® sample — have been derived
[McDermid et al. 2006, Kuntschner et al. 2010]. I briefly describe their results in
Section 5.3.1.

5.2 Photometric & Kinematic measurements

We here compare directly our sample of merger remnants (binary mergers and
ETG remergers) with the sample of the 260 galaxies observed in the context of
the ATLAS®P project [Cappellari ef al. 2010]. For that purpose, we first use the
AR — € diagram, and also compare the distribution of alignments between the

photometric and kinematic axes.

5.2.1 The AR — € diagram

Fig. 5.1 shows the Ag — € diagram for the 260 galaxies of the ATLAS®® sample
(extracted from [Emsellem et al. 2011]) and presents the distribution of projec-
tions for the simulated spiral progenitors, major remerger remnants, and merger
remnants of binary disc galaxies. It also presents the distribution of projections
for our merger remnants of binary disc galaxies weighted by the probability of
the galaxy-galaxy merger rate as a function of the mass ratio in ACDM. From
[Hopkins et al. 2010] for a galaxy of mass 10" M, (i.e. with the mass of our main
progenitor), if P is the probability of having a 1:1 merger, the probability to have
a 2:1 merger (resp. 3:1 and 6:1) is 4P (resp. 6P and 9P). The lower mass ratios
are favoured, so does the formation/assembly of fast rotators via a binary galaxy
merger.

By looking at where the observed ATLAS®P galaxies and our sample of galaxy
mergers lie in such a Ag — € diagram, we can make a first rough assessment of

the relevance of binary disc mergers and remergers for nearby ETGs:

e For high values of Ag (~ 0.5 — 0.8), the distribution of ATLAS®" galax-
ies coincides in fact with the distribution of our progenitors, this has
been also pointed out in [Jesseit et al. 2009]. These local galaxies of-
ten contain a bar and are consistent with disc galaxies. These could

be disc galaxies which have evolved via various internal processes —
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Figure 5.1: Ag — € diagram for the 260 galaxies of the ATLAS®P sample com-
pared to our simulation sample. The observed galaxies are represented with a
magenta dot, the observed 2-¢ galaxies with a yellow square. The dashed line
corresponds to the limit defining the slow and fast rotators. Left: The contours
represent the distribution of projections of the simulated fast rotator disc rem-
nants in blue, slow rotators disc remnants in red, major remerger remnants in
green and spiral progenitors in black. Right: The contours represent the distri-
bution of projected remnants (slow+fast) of disc mergers statistically weighted

depending on the likelihood of its mass ratio (see text for details).
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at high redshift (e.g. [Elmegreen et al. 2008, Dekel et al. 2009]) and/or at
low redshift [Athanassoula & Bureau 1999] — and through accretion of gas
or very small companions [Toth & Ostriker 1992, Martig & Bournaud 2010,
Moster et al. 2010].

For intermediate values of Ag (~ 0.25 - 0.5), the ATLAS?P galaxies are closer
to the fast rotator merger remnants. These observed ETGs could thus be the
remnants of a merger between a spiral galaxy and a companion with a mass
ratio from 10:1 to 1:1, see e.g. [Bendo & Barnes 2000, Cretton et al. 2001,
Naab & Burkert 2003, Bournaud et al. 2005, Naab & Trujillo 2006].

In the ATLAS3P sample, we find ~ 30 galaxies with Ag < 0.25 classified
as fast rotators. These galaxies have rather small ellipticities: some of these
therefore may be consistent with the remnants of a binary merger of disc
galaxies viewed face-on, but this cannot hold for the full set of low Ay fast
rotators. As seen in Fig. 5.1, the result of a major remerger can form a galaxy
with a relatively low intrinsic ellipticity and a low Ar value and can better
account for these galaxies. A remnant of a major binary merger of spirals
followed by mergers of smaller companions, or the fast evolution of galaxies
in groups, see e.g. [Konstantopoulos ef al. 2010] may also lead to a similar

output.

The comparison with the observed slow rotators is less evidential. In the
context of the sub-classes of slow rotators defined in [Krajnovi¢ et al. 2011],
we can emphasise the following items. Observed non rotators are among
the most massive objects in the ATLAS®® sample ([Cappellari et al. 2010,
Emsellem et al. 2011]) and very probably have a complex merger history
[Nieto et al. 1991, Tremblay & Merritt 1996], clearly beyond the simple pic-
ture provided by the binary mergers described here. Galaxies observed
to exhibit KDCs all have apparent ¢ < 0.4: as already emphasised, the
slow rotator remnants obtained in our sample of simulations are much too
flat comparatively. This implies that only a few of the observed slow ro-
tators could have been simply formed via binary mergers of disc galaxies,
and these would in addition need to be viewed at relatively high inclina-
tion. Slow rotators could therefore be the result of a single major merger
but then with significantly more violent initial conditions (e.g. with a very
small impact parameter, Duc et al. 2011, in prep) or must have experienced

further interactions: a sequence of small satellite mergers may produce
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rounder remnants and at the same time preserve the KDCs. Such accre-
tion of low-mass objects should be much more frequent than major mergers
and are therefore expected, see e.g. [Khochfar & Silk 2006, Naab et al. 2007,
Bournaud et al. 2007, Genel et al. 2008, Naab et al. 2009, Genel et al. 2010,
Hopkins et al. 2010, Oser et al. 2010, Qu et al. 2010, Abadi et al. 2010] and
ACDM models.

e With our sample of binary mergers of spiral galaxies, we can probably ac-

count for the 2-¢ galaxies (see next Section).

5.2.2 The 2-¢ galaxies

From the galaxies of the ATLAS?® sample, [Krajnovi¢ et al. 2011] defined the 2-¢
galaxies as follow: “Double o (2-0) are found by visually inspecting the velocity dis-
persion maps. This feature is characterised by two off-centred but symmetric peaks in the
velocity dispersion which lie on the major axis of the galaxy”. The velocity and velocity
dispersion maps of these observed galaxies are shown in Fig. 5.2 and their posi-
tions in the Ag — € diagram of Fig. 5.1 are indicated with a yellow square. Three
2-0 galaxies are classified as fast rotators, three are clear slow rotators and four
lie just at the limit defining the slow and fast classes. They have ellipticities larger
than 0.3 and are overall flat. The 2-¢ galaxies are interpreted to have two large-
scale stellar disc-like counter-rotating components ([Emsellem et al. 2011]). Using
CO data and numerical simulations of binary mergers, [Crocker et al. 2009] have
shown that NGC 4550, one of the prototype 2-¢ galaxy, may be the result from the
co-planar merger of two counter-rotating disc galaxies. Other numerical simula-
tions have studied the formation of counter-rotating components via binary merg-
ers but none have mentioned a correlation with the presence of a double peak in
the velocity dispersion profiles [Balcells & Quinn 1990, Hernquist & Barnes 1991,
Balcells & Gonzalez 1998, Barnes 2002, Jesseit et al. 2007].

As seen in Section 3.3.2, most of the KDCs in our sample of binary mergers
of disc galaxies are only apparent KDC, i.e. formed with two counter-rotating
discs. We have thus visually inspected the velocity dispersion maps of our slow
rotators merger remnants. We have also inspected the remnants of 3:1 mergers
formed via two spirals which end-up with two different orientations (i.e rd and rr
orbits as the spin of the smaller progenitor acquires the spin of the orbital angular
momentum): these remnants do not have an apparent KDC but may resemble the
observed fast rotating 2-c galaxies.

We show in Fig. 5.3 three merger remnants at mass ratio 1:1, 2:1, 3:1 which
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Figure 5.2: Top: Velocity maps of the observed 2-c galaxies. Contours are
isophotes of the surface brightness. North is up and east to the left on each
map. Black line is the orientation of the PA;, while the green line (extending be-
yond the map) is the orientation of the PA,,; (see next Section). The numbers on
the right side of the each map show the range of the plotted velocities in km s~1.
Bottom: Velocity dispersion maps of the observed 2-¢ galaxies. Over-plotted cir-
cles show one and half the effective radii. Numbers on the right show the range

of the plotted velocity dispersions in km s~ 1.
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Figure 5.3: Three simulated 2-c-like galaxies: a 1:1 slow rotator (top), a 2:1 slow

rotator (middle) and a 3:1 fast rotator (bottom). The left panels represent the

AR — € diagram for the 200 projections plotted as blue dots, the red points cor-

respond to the projection with the maximum ellipticity €,,,x and the projections

corresponding to 0.75 X €4x, 0.5 X €pax and 0.25 X €,4x. The right panels show

the intensity, velocity and velocity dispersion maps of the red point projections.

The field of view is 6 x 6 kpc? (6 kpc ~ 2.5R,). The white rectangle indicates a

typical field covered by the instrument SAURON, its orientation follows the photo-

metric position angle taken at 3R,.
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could be classified as 2-¢ galaxies. The double peak in the velocity dispersion of
the 1:1 remnant is aligned with the major axis of the galaxy only for the nearly
edge-on projections. The double peak is aligned with the minor axis for more in-
clined viewing angles. This remnant would therefore be classified as a 2-¢ galaxy
only if it would be observed relatively edge-on. We thus may miss observed
round 2-0 galaxies as the double peak of dispersion would not be aligned with
the major axis of the galaxy. In the 2:1 remnant, the double peak in the velocity
dispersion is aligned with the major axis of the galaxy for all projections. The 3:1
remnant is a fast rotator but also presents a clear evidence for a double ¢ peak for
all its projections. The velocity and dispersion maps of the 3:1 remnant resemble
the ones of NGC 4473: the cuts in V and ¢ are slightly different but we did not
aim to specifically reproduce this observed galaxy.

Our sample of binary mergers is able to reproduce the features observed in
the ETGs called 2-¢ galaxies. We thus confirm that these galaxies may have been
formed through a merger of two counter-rotating spiral galaxies. A more de-
tailed comparison, including e.g. h34 — V /o diagrams, or gas distribution and

kinematics, would be required to strengthen this result.

5.2.3 Photometric and kinematic alignments

Based on the [Franx ef al. 1991] definition, we calculate the kinematic misalign-
ment angle ¥ as the difference between the measured photometric and kinematic

position angles taken at three effective radii (see also [Krajnovi¢ ef al. 2011]) as:
sin ¥ = [sin (PA ot - PAgin)|.

The measurement of this quantity at large radii minimises the impact of cen-
tral decoupled structures such as e.g. a KDC or a bar. ¥ is defined between two
observationally related quantities and it approximates the true kinematic mis-
alignment angle which should be measured between the intrinsic minor axis and
the intrinsic angular momentum vector. ¥ can range from 0 to 90° (the use of sin
removes additional differences of 180° between PA ,o; and PAg;,).

This analysis has been made for the sample of the 260 ATLAS®P galaxies
in [Krajnovi¢ et al. 2011]. The regular velocity pattern galaxies (i.e fast rotators)
are mostly found at small ¥ values, and the galaxies with complex kinematic
structures (non rotators, NRV, 2-c and KDC galaxies) often exhibit strong mis-
alignments between the photometry and kinematics.

Our simulations are in good agreements with these observational results. The

left panel of Fig. 5.4 shows the histogram of the kinematic misalighment angles



tel-00594622, version 1 - 20 May 2011

110 Chapter 5. Properties of ETGs

0.6F— [ Fast [ Fast
[ Slow m11 [ Slow m11
[ Slow m21 [ Slow m21
05 0.75
04l |
= 5 o5l
Z 0.3 =z
0.2
0.25
0.1 J—m
005 10 20 30 40 50 60 70 80 90 00g 10 20 30 40 50 60 70 80 90
¥ [deg] U [deg]

Figure 5.4: Left: Histogram of the kinematic misalignment angle (in degree) for all
projections of the merger remnants. The y-axis is normalised to the total number
of projections per category: the fast rotators (for mass ratios 1:1 to 6:1) are in
blue, the slow rotators of mass ratio 1:1 in red, the slow rotators of mass ratio 2:1
(both 10 and 33 per cent of gas) in green. The errors on ¥ are within a bin size.
Right: Same histogram but only for the projections which maximize the ellipticity

(edge-on view) of the merger remnants.

for all projections of all binary disc merger remnants. The fast rotators have 60
per cent of their projections in the first bin with ¥ < 5°, with another 17 per
cent with 5 < ¥ < 10°, and 88 per cent of the projections have ¥ < 20°. The
slow rotators for the 2:1 mergers have respectively 42, 15, 82 per cent of their
projections in these domains, respectively. The slow rotators associated with 1:1
mergers are distributed homogeneously from 0 to 90°. Our fast rotator remnants
should thus be considered as perfectly aligned: the spin axis of the stellar compo-
nent is the photometric short-axis. The slow rotators associated with 2:1 mergers
are also relatively well aligned: the most massive progenitor (the Sb spiral in this
study) dominates the velocity rotation, and the galaxy remnant remains flat with
a disc-like behaviour. The slow rotators formed in 1:1 mergers show significant
misalignments: the two progenitors are contributing to the counter-rotating stel-
lar component which almost cancel any central rotation around the photometric
minor-axis. The rotation is then dominated by the kpc-size KDC and by rotation
along the photometric minor-axis at larger radii [Hoffman et al. 2010]. These re-
sults are confirmed when selecting the projections which maximize the ellipticity
(i.e the edge-on projections) of the merger remnants (see also Fig. 3.15 to 3.19 in
Appendix of Chapter 3 for the corresponding velocity maps): the edge-on projec-

tions of the fast rotators are always aligned with ¥ < 5° (except for the merger
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remnant m11rrip), while some 2:1 slow rotators show significant misalignments
and all 1:1 slow rotators do.

The same results are found by [Jesseit et al. 2009]: they have analysed mis-
alignment angles for the oblate, prolate and triaxial simulated merger remnants
described in [Thomas et al. 2007]. Their disc-like oblate system is a fast rotator
and has most of its projections with ¥ < 5° while the more disturbed prolate and

triaxial remnants show misalignments.

5.2.4 Summary

The properties of the fast rotators formed in our simulations are consistent with
some observed fast rotators of the ATLAS®® sample. Some of the simulated
slow rotators may also be associated with a few observed 2-¢ galaxies which
present clear evidence of an apparent counter-rotating stellar component. Our
simulations cannot, however, account for the other classes of slow rotators which
are intrinsically rounder than any of our major merger remnants: these galaxies
are generally massive and have certainly a more complex history of formation. To
simulate these galaxies, the full cosmological context of their formation history
has to be considered, including major merger(s), repeated minor mergers, stellar

mass loss and also smooth accretion of gas from the cosmic filaments.

5.3 Stellar populations & the Mgb — Vg relation

5.3.1 Stellar populations of observed ETGs

The morphology and the dynamics of a galaxy are not the only tracers of its for-
mation and evolution, and we can also study its metallicity gradients, abundance
ratios, and mean stellar ages. The vast majority of ETGs do not show sign of
ongoing star formation: these are thus good indicators of when they could have
built their mass. Due to the limitations and the large uncertainties of the first
models of stellar populations, early spectroscopic studies did not really achieved
detailed dating of the stellar component (see e.g. [O’Connell 1980, Rose 1985]).
Using the series of hydrogen Balmer lines, [Worthey 1994] has been able to de-
termine with precision the age of stellar populations of ETGs, introducing the
Lick/IDS indices (see also [Worthey & Ottaviani 1997]).

Mostly using the Lick/IDS indices, many studies have analysed the stellar
populations of local ETGs. The majority of these studies have treated the ETGs
as unresolved sources (see e.g. [Bernardi ef al. 2006, Thomas et al. 2010] and the
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Figure 5.5: (Extracted from [Kuntschner et al. 2010]) Age/metallicity diagnostic
diagrams for the sample of the early-type galaxies in the SAURON survey. For
each galaxy a radial gradient averaged along isophotes is shown. The centre of
each galaxy is indicated by a filled circle and open circle for cluster and field
galaxies, respectively. The colour indicates whether a galaxy belongs to the fast
rotators (blue) or slow rotators (red). Overplotted are stellar population models
by [Schiavon 2007]. (a) Galaxies with an extended, recent star-formation episode;
(b) galaxies with signs of a central, spatially constrained, region of younger stellar
populations; (c) galaxies with milder but spatially extended signs of a younger

stellar population; and (d) galaxies consistent with overall old stellar populations.
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Sloan Digital Sky Survey [York et al. 2000]), while very few have investigated
line strength gradients (see e.g. [Davies et al. 1993, Sdnchez-Blazquez et al. 2007]).
With the recent development of integral field spectrographs, it is now pos-
sible to build spatially resolved stellar population 2D maps of local ETGs
([McDermid et al. 2006, Chilingarian et al. 2009, Pracy et al. 2009]). Within the
SAURON survey, [Kuntschner et al. 2010] have analysed the ages, metallicity and
abundance ratio of 48 local ETGs (see Fig. 5.5). With these results in hand, they ad-
dressed a possible scenario of formation for the slow and fast rotator classes. The
fast rotators can have young (age < 3 Gyr) or intermediate (3 < age < 9 Gyr) stel-
lar populations and thus have experienced periods of secondary star-formation.
The slow rotators (often with KDCs) have, in stark contrast, a homogeneously old
(> 10 Gyr) stellar population: they did not have much interacted with large gas
reservoirs (spiral galaxies, infalling gas from cosmic filaments) although they may

have interacted with other collisionless systems (i.e. gas poor galaxies).

A study of [Franx & Illingworth 1990] showed that the colour of a galaxy (i.e.
its metallicity and stellar age) can be related to its local escape velocity Vesc. This
relation was confirmed by [Davies et al. 1993] and [Carollo & Danziger 1994] with
the Mg, — Vegc relation. The interesting point is that this relation is preserved
locally (within a galaxy) but also globally (within a sample of galaxies). This
suggests that the gravitational potential ® (which is related to Vegc) could be
closely linked with the metal enrichment history of galaxies. [Scott et al. 2009]
have explored the Mgb — Vegc, Fe5015 — Vege and HB — Vegc relations for the
48 galaxies of the SAURON sample. They confirm that the lines indices — Vegc
relations show a remarkably tight correlation, with the smallest scatter for the
Mgb — Vegc relation. They did not find any difference between lenticular and
elliptical galaxies and no difference between fast and slow rotators. Each galaxy
has a different history of formation and thus how the Mgb — Vegc relation is

preserved through interactions need to be understood.

5.3.2 Implementation in the simulations

Our large sample of galaxy mergers made at high resolution is a robust tool to
test the observations, we have therefore decided to implement stellar populations
in our galaxies via optical spectra. Our goal is twofold: (1) how spiral galaxies
— for which we do not know if they follow the Mgb — Vegc relation — produce
a merger remnant which lie on that relation; and (2) how mergers of ETGs can

preserve the Mgb — Vegc relation.
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5.3.2.1 Technical part

In the simulations, it is not possible to model a single star with a particle: a
particle represents a group of stars and thus a group of different populations of
stars. The particle needs to describe the stars with low masses as well as stars
with high masses. For that purpose, we assign an Initial Mass Function (IMF)
to particles using the Kroupa IMF [Kroupa 2001]: the IMF corresponds to the
initial distribution of stars as a function of mass. This Kroupa IMF is similar
to the Salpeter IMF [Salpeter 1955] for stars of masses above 0.5 M, but with a
decreasing contribution at lower masses.

To implement the stellar populations in the simulations, we have made use of
the MILES stellar library for which the spectra of ~ 1000 stars has been obtained
[Sanchez-Blazquez et al. 2006]. Associated Single Stellar Population (SSP) models
have been computed by [Vazdekis et al. 2010] covering a large domain of stellar
ages and metallicity. The spectra cover a large range of wave-length but we will
focus our study only in the range of 4800 — 5380 A, i.e. the range covered by the
SAURON instrument. To create the 2D maps of the different line indices, we have
used the pipeline routine XSAURON [Bacon et al. 2001].

5.3.2.2 First test

As a first test of the implementation of stellar populations for our sample of
simulations, we decided to look at a remerger of ETGs: the simulation called
rem2x11 on a rr orbit (see Section 4.1). The initial progenitors are themselves
remnants of two 1:1 spiral-spiral mergers, one is a slow rotator with KDC and
the other is a fast rotator. They should be both classified as ETG-like and thus
should follow the Mgb — Vegc relation as pointed out by [Scott et al. 2009]. The
two ETG progenitors still have ~ 2 per cent of gas in their baryonic mass (while
the fraction of gas was 10 per cent in the initial spiral): during the remerger very
few “new new” stars will be formed. However, we decided to ignore this second
episode of star formation with the goal to study the role of a collisionless merger
on the Mgb — Vegc relation. The term “young stars” will then refer to the stars
formed during the initial spiral-spiral merger.

In the ETG progenitors, we have manually set-up a metallicity gradient consis-
tent with the Mgb — Vegc relation for the old stars: a metallicity [Z/H| =2 [Z/H]e
(i.e. metal rich) in the centre (maximum Vegc) and [Z/H]| = 0.25 [Z/H]s (ie.
metal poor) at large radii (minimum Vegc). The old stars have a constant age of

12 Gyr. For the young stars, we chose a constant age of 10 Gyr and a metallicity
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Figure 5.6: 2D maps of Hp (top), Mgb (middle top) indices and the escape velocity

Vesc (middle bottom) for the two progenitors (left and middle panels) and the

remnant (right panels). The bottom line shows the radial profiles (as a function
of the radius divided by the effective radius) of Mgb (left), HB (middle) and
the escape velocity Vegc (right) for the merger remnant (in red) and the two

progenitors (in cyan and magenta) as well as the radial profiles of the 48 SAURON

galaxies (in black).
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Figure 5.7: The Mgb — Vegc relation (both in log) for the 48 galaxies of the SAURON
sample, for the two progenitors (in cyan and magenta) and for the remnant (red).
The blue line shows the correlation found by [Scott et al. 2009].

of [Z/H] =3 [Z/H]e. Fig. 5.6 shows the 2D maps and radial profiles of the Hp
and Mgb line indices and the 2D maps and radial profiles of Vegc for the two
progenitors and Fig. 5.7 shows their behaviours on the Mgb — Vegc diagram. We
then easily check that the progenitors are consistent with the 48 observed ETGs
of the SAURON sample.

For the analysis of the remnant, we use the same technique applied for the
SAURON galaxies. We search for the photometric position angle (PA) and the el-
lipticity (e) of the isophote at the largest radius, and we compute the luminosity
weighted line indices and Vegc within shell-ellipses with the given PA and € at
all radii. Fig. 5.6 and 5.7 show the 2D maps of the remerger remnant, the radial
profiles of HB, Mgb, Vesc and the Mgb — Vegc relation. The radial profiles of Hp
and Mgb are strictly similar to the progenitors, and its Vegc profile is also similar
but obviously shifted to higher Vegc values. We note here that the Vegc of the
remerger remnant is high compared to the SAURON galaxies. The total baryonic
mass of the remnant is four times the mass of the initial spiral progenitor, i.e. a
mass of 5.2 x 10"Mg. This mass is slightly above the one of the most massive
galaxy within the SAURON sample. The similar behaviour of the remnant is also
reported on the Mgb — Vegc diagram: the remnant keeps the same Mgb gradient

but does not follow the relation anymore as it has acquired a deeper potential
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well (and correspondingly higher Vegc values).

5.3.2.3 Conclusion

From this first test, we can conclude that a collisionless merger preserve the local
Mgb — Vegc relation but not the global one. However, the remerger remnant
remains close to the scatter of the relation. This result could have been predicted:
the Mgb values are most strongly influenced by the metallicity which is only
slightly affected by the merger itself (besides a potential dilution due to the radial
redistribution of stars), while Vegc is more significantly increased (although not
dramatically), which thus explains the slight shift to the right of the Vegc diagram
for the remnant. To preserve the global Mgb — Vegc relation, the remnant would
require some gas to form new enriched stars and correspondingly increase its
metallicity.

Our study of only one case is evidently limited and has to be complemented
with other simulations of ETG remergers. We would also need to take into ac-

count the role of the gas and the resulting star formation.
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In this thesis, I investigated the morphology and the kinematics of binary
merger remnants of spiral galaxies and ETGs. I first probed the role of the resolu-
tion on the intrinsic properties of the remnants. I then linked the initial conditions
of the mergers to the formation of fast and slow rotators, and the formation or
destruction of the KDCs.

6.1 The need for resolution

In Chapter 2, I studied the effects of the numerical resolution on the morphology
and the kinematics of the merger remnants. In a simulation, the resolution de-
pends on the number of particles and the size of the grid in which the particles
are placed. In order to understand how the resolution affect the mergers, we have
simulated four simulations of binary mergers of spiral galaxies at three different
resolutions. Two remnants are classified as fast rotators at the highest resolution
and two are classified as slow rotators and hold a Kinematically Distinct Core.
The three resolutions correspond to the present-day standard resolution for the
lowest one, to the resolution used for our large sample of binary mergers for the
middle one, and to a very high resolution as in [Bournaud et al. 2008].

The two fast rotators (one with and one without gas) are overall correctly
reproduced at the three probed resolutions: we do not observed major discrepan-
cies in the morphology and the kinematics of the remnants. The systems that are
slow rotators at high resolution rotate more rapidly when the resolution is low-

ered, and can be observed as true fast rotators at standard-day resolution (includ-
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ing the formation of a bar). When present in the simulation, gas at present-day
standard-resolution largely lies in smooth structures, and the formation of new
stars during the merger proceeds in a relatively smooth way. When an increased
resolution is used, thinner gas structures are resolved during the merger, which
can result in structured and clustered star formation. These local density peaks
are accompanied by rapid variations of the gravitational potential, which help
to scatter stellar orbits, evacuate the angular momentum, and form — for specific

orbital configurations — slow rotating ETGs.

6.2 Formation of ETGs via binary mergers of disc galaxies

In Chapter 3, I presented simulations of binary mergers of disc galaxies (which
include stars, gas, dark matter, star formation and energy feedback from super-
novae) made at a high enough resolution. These binary mergers are either called
major mergers (with mass ratio between progenitors of 1:1 or 2:1) or interme-
diate mass mergers (mass ratio 3:1 or 6:1). For each mass ratio, we simulated
15 mergers with different initial conditions changing the orientation, inclination,
impact parameter or incoming velocity of the progenitors. The two progenitors
are spiral galaxies with bulge to disc ratios typical of a Sb and a Sc galaxy: these
have, as expected, high central baryonic angular momentum, measured by the

AR parameter, similar to the fastest rotators observed in the ATLASP

sample of
early-type galaxies. I find both fast rotators and slow rotators in our sample of
relaxed remnants of binary disc mergers.

Confirming previous studies (see e.g. [Jesseit et al. 2009]), intermediate mass
mergers produce only fast rotators while major mergers can produce both fast
and slow rotators. An intrinsic difference between fast and slow rotators is that
none of the fast rotators harbour a KDC, while the majority of slow rotators do
harbour a clear KDC: these behaviours are observed in the 260 ATLAS®P galaxies
([Emsellem et al. 2011]). I also note that fast rotators all have aligned kinematic
and photometric axes, slow rotators frequently appear with kinematic misalign-
ments, in agreement with the results of [Krajnovi¢ et al. 2011] on the ATLAS?P
sample. The definition of slow and fast rotators seems to robustly disentangle
two distinct families of ETGs with different intrinsic properties: the mass ratio of
the progenitors and their initial orientations are clearly important parameters for

the formation of these two classes.

In Chapter 5, the comparison between the ATLAS®P galaxies and the sample
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of binary merger remnants reveals how the fast and slow rotating ETGs could
(or could not) have been formed. The observed fast rotators are consistent with
the sample of simulated spiral progenitors and simulated fast rotators. In turn,
the observed slow rotators are intrinsically rounder than the simulated ones and
should have a more complex history of formation. However, the sample of sim-
ulated slow rotators can reproduce the so-called 2-0 galaxies. These 2-¢ galaxies
are often (but not always) classified as slow rotators and present a clear signature
in their velocity and velocity dispersion maps of two counter-rotating embedded

discs: they may have experienced a major merger between two disc-like galaxies.

6.3 Galaxy remergers: a way for round slow rotators ?

In Chapter 4, I analysed numerical simulations of galaxy remergers, i.e. merg-
ers between a merger remnant of disc galaxies and an other galaxy. We have
previously seen that the slow rotators formed in binary mergers of disc galax-
ies are too flat compared to the observed ones. Additional mergers could make
the simulated slow rotators rounder: this effect is seen in major remergers (i.e.
ETG remergers). However, in ETG remergers, the initial KDCs in the galaxies
are destroyed: the final remnants are then rounder but classified as fast rotators
(or close to the limit defining the two classes) and present clear rotation patterns.
These remnants are comparable to some observed ATLAS® fast rotators with an
intrinsic low ellipticity.

To study the survival of the KDCs in remergers, we have then simulated
remergers between a slow rotator with a KDC formed in a binary merger of
disc galaxies and a smaller spiral companion. Its survival/destruction is directly
linked with the initial orientation of the galaxies, similarly to its formation pro-
cess. However, it does not seem to be strongly influenced by the mass of the
companion. Minor remergers can thus preserve the KDC in a galaxy, but do not
really make the central part of the galaxy rounder: the gain in ellipticity is less
than 0.1. A succession of minor mergers seems suitable for that purpose but it
would constrain the range of allowed orbital configurations. To confirm these re-
sults, a new series of simulations — including gas and different initial conditions
— would be clearly an asset to improve on our understanding of the formation of

the massive and round slow rotators with a KDC.

In Chapter 4, I have also studied the time evolution of a galaxy simulated

with a new technique of zoom simulations (see [Martig et al. 2009]) to take into
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account the cosmological context of galaxy formation. The initial spiral galaxy
has suffered several minor mergers during its early history which have destroyed
its disc-like shape and transformed it into a slow rotator. A quiet phase of smooth
gas accretion has followed, and this has not significantly altered its morphology
and only slightly its kinematics. The last interaction was a major merger which
severely impacted the kinematics of the galaxy. But after the final relaxation, the
galaxy recovered a clear rotation pattern.

The analysis of this simulation is only a first step towards the study of a larger
sample of cosmological simulations. These will enable us to link the final state of

a galaxy with its history of formation.

6.4 Perspectives

In this Section, I briefly describe some studies I wish to perform both in a near

future and on a longer term.

Expending the sample of galaxy mergers: At the moment, the sample of simu-
lations consists of 70 simulations of binary mergers of disc galaxies which encom-
pass various mass ratios, orientations, inclinations, impact parameters, incoming
velocities and gas fractions. These simulations enabled us to examine the impor-
tance of the mass ratios of the progenitors and their initial orientations. However,
the other parameters appear to have no strong effect on the morphology and
kinematics of the merger remnants. FEither they really have no impact on the
remnants, or our choice of values for these parameters were to restrictive. This

question could be easily solved with a larger sample of simulations, varying:

The gas fraction: In [Hoffman et al. 2010], the gas plays a major role in the for-
mation of the KDCs and the fast rotators. In our sample of simulations,
having 10 or 33 per cent of gas does not seem to affect much the remnants.
Is this only a numerical problem of resolution and treatment of the gas ?
With new simulations of spiral mergers with different gas fractions, from
gas-poor to gas-rich, we would be able to put strong constraints on how the

gas can change (or not) the remnants.

The impact parameter: In the present sample, we have simulated mergers with
a lower impact parameter: decreasing it from 60 to 35 kpc. No difference
has been observed in the remnants. In [Jesseit et al. 2009], using a very small

impact parameter (around 7 kpc), their remnants were found to be rounder
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than ours. This could be a way to form the round slow rotators with a KDC
found in the ATLAS®® sample.

Spiral Hubble type: I have shown in this thesis that the Hubble type of the spi-
ral progenitors certainly influences the outputs of the simulations: our Sb
spiral remains dynamically stable during the merger while the Sc compan-
ion is disrupted and adopts the sign of the orbital angular momentum. I
would like then to simulate galaxy mergers with different pairs of spiral
Hubble type, e.g. Sb — Sb or Sc - Sc, to clearly understand how the galaxies
behave during the merger and how this could modify the formation process
of the KDC. This was already achieved in the extensive simulation database
GalMer [Chilingarian et al. 2010] but unfortunately at a relatively low spa-

tial and mass resolution.

The initial mass and shape of the progenitors: The spiral progenitors used in
this thesis are among the most massive spirals observed in the local Universe
(see e.g. Fig. 1.2). Their mass profiles are also built to match those of the
local spirals. A study of the age of the slow rotators, observed within the
SAURON survey, tells us that these are old. If these slow rotators are formed
via a merger of disc galaxies, we should thus use masses and shapes of early

spiral galaxies (see e.g. [Bournaud et al. 2009]).

Expending the sample of galaxy remergers: I presented also in the thesis a
sample of 16 major and 12 minor remergers. These simulations show that major
remergers always destroy the initial KDCs but form rounder ETGs while minor
remergers can preserve the KDCs but do not affect much the morphology. This
further motivates the need to extend our sample of simulations with both major
and minor remergers.

In the current sample, one of the progenitor of the major remergers is always
a slow rotator. During the merger, this progenitor acquires angular momentum
from the orbit and starts to rotate: the remnant is a fast rotator. In one case, we
merge a fast rotating ETG and a spiral both with a retrograde spin: the remnant
is the slowest rotating ETG among the sample and presents different components
in its velocity field (but no KDC). This could be a possible formation scenario
for the round slow rotators and other simulations with similar initial conditions

are needed to solve that question. But first, the sample of minor remergers has
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to be completed with other simulations: introducing gas in the spiral encoun-
ters and varying the initial conditions. Expending the sample of remnants of
binary merger of spiral galaxies with other initial conditions (low or very high
gas fraction, small impact parameter, mass of the spirals) will also enable us to
use different type of slow rotators with a KDC as progenitors for our simulations.
It will be possible to see if a trend exists between the survival of the KDC and the
initial gas fraction, shape or mass of the progenitor.

Analysing a larger sample of cosmological zoom simulations will also give us
a broader view of the processes of galaxy formation (gas accretion, minor and

major mergers).

Implementing the stellar populations: Ihave recently implemented stellar pop-
ulation models in one galaxy remerger. This study will be conducted for all
remerger remnants with the goal to understand how the ETGs can follow the
Mgb — Vegc relation while they undergo mergers. I will also implement stellar
populations in binary mergers of disc galaxies with the goal to investigate how
spiral galaxies — for which we do not know if they follow the Mgb — Vegc relation
— can produce ETGs with a Mgb gradient similar to observed galaxies. Having
a larger sample of simulations with very different initial conditions will also for
this study helps us to constrain the formation of observed ETGs.

In a second stage, I want to implement the stellar population models in cosmo-
logical zoom simulations in order to follow the time evolution of the metallicity

gradients and ages of the studied galaxies.

Observation of distant galaxies: The ATLAS’® project aims to characterize
local (z = 0) red sequence galaxies. At redshift around one, current instruments
have difficulties to spatially resolve the stellar kinematics of distant galaxies due
to their low surface brightness. This will be possible with the next generation of
instruments of the VLT.

The MUSE (Multi Unit Spectroscopic Explorer) deep and medium deep fields
will, for instance, provide a sample of field galaxies in the z ~ 0.5 — 1 redshift
regime that will allow the investigation of the internal galactic properties. Studies
of galaxy clusters will also be developed, the number density of galaxies in these
clusters is high and will allow the analysis of large samples of resolved early-type
galaxies at z ~ 0.8. At these intermediate epochs, major galactic transformations
in clusters driven by environmental processes such as harassment and tidal strip-

ping are predicted. It will be a great challenge to follow the time evolution of the
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fast and slow rotators, uncovering the fossil record of their formation.

Using the extended sample of simulations, with spiral progenitor typical for
high redshift ones and the cosmological simulations, it will be possible to link
these different periods and better understand the processes involved in the for-

mation and assembly of the most massive early-type galaxies as observed today.
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