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angular momentum in galaxies we explore, through the use of N-body/Smooth Particle Hydrodynamical numerical simulations, the angular momentum redistribution during a large number of minor galaxy mergers and investigate their impact on the kinematical and morphological properties of stellar disks. We adopt a great range of initial model configuration parameters and include star formation, supernova explosion and chemodynamical évolution in our simulations.

During minor mergers dynamical friction and tidal forces redistribute angular mo mentum in the merging System: both primary and satellite galaxies acquire part of the orbital angular momentum. and the outermost régions expérience these changes first; the initiallv non-rotating dark halos acquire angular momentum whereas the stellar disk of the primary galaxy loses part of it.s initial angular momentum. We find that minor mergers always slow down the stellar disks and resuit in an increase in the velocitv dispersion a and an decrease in v/a at large radii. This demonstrat.es the rôle minor mergers may play in transforming disks into earlier morphological types and may explain the kinematics of outer disks in SO galaxies.

Having gas in the initial disk helps to preserve more of it.s initial rotation than in mergers without gas. During mergers a new population of stars is formed which acquires it.s angular momentum from the star-forming gas. while the stellar popula tion that was formed before the start of the merger tends to lose part of it.s original angular momentum. Therefore the new stellar population lias more spécifie angular momentum than the old stellar population, even within the thin disk. This leads to a lag in the rotation between the old and new stellar populations, which can be quantitatively in agreement with the observations for the Milky Way. Satellite stars from a rétrogradé orbit encounter acquire part of the orbital angular momentum and can form counter-rotating stellar thick disks.

Thick disks formed in minor mergers hâve a vertical surface density profile that is best fitted with a sech function and hâve a disk scale height that increases with radius and whose scale height variation with radius dépends on the amount of gas in the initial disk. We also find a stellar excess at great heights above the disk mid-plane (z> 4 -5 kpc). This excess follows also a sech-function profile and lias a scale height that is larger than that of the thick disk component at lower heights and independent of both radius and gas fraction. We compare the vertical structure of thick disks formed through minor mergers or scattering bv clumps within the thin disk and find that although the latter process can créâte a thick disk with roughly constant disk scale height. it does not reproduce the stellar excess at great heights. The loss of angular momentum in the gas during mergers causes both a deepening of the gravitational potential and enhanced star-formation in the densest régions of the disk, which is expected to lead to a scale lengt.h which is larger in the thick disk than in the thin disk newly formed during the merger. Minor mergers also leave their unique imprint on stellar orbital eccentricities. We find that the distribution of orbital eccentricities of stars in thick disks formed in minor mergers is qualitatively consistent with observations in the solar neighborhood. We suggest tliat the radial dependence of the disk scale height. properties of the stellar excesses at great heights, observed disk scale length ratios of tliin and thick disks and the distribution of stellar orbital eccentricities can ail be used to distinguish different thick disk formation scénarios. We also find tliat consecutivelv accreting two satellites lias a cumulative impact on heating and slowing down the stellar disks, which puts limits on the accretion rate tliat disk galaxies can hâve in their lifetime.

Overall. our results demonstrate the fondamental rôle angular moment uni plays during galaxv ininor merger processes in altering stellar disk properties and driving galaxy évolution, and indicate tliat minor mergers may be a viable mechanism to explain observed morphological and kinematical properties of disk galaxies in the local Uni verse.

Résumé

Les disques stellaires galactiques 11e représentent qu'une petite partie de toute la masse barvonique de l'univers local, mais sont prédominants dans le bilan du mo ment angulaire de l'Univers. Leur formation et leur évolution s'entremêlent avec le développement du moment angulaire à travers le temps cosmique. Bien qu'une de scription détaillée de l'évolution du moment angulaire des baryons dans un univers hiérarchique nous manque toujours, il est clair que les fusions de galaxies, et en particulier les fusions mineures, ont un impact important sur l'évolution des galax ies. Afin de mieux discerner les processus physiques déterminant le développement du moment angulaire dans les galaxies, nous examinons à travers l'utilisation de simulations à N-corps / "Smoothed-Particle Hydrodynamics " la redistribution du moment angulaire engendré par un grand nombre de fusions mineures de galaxies et nous étudions leur impact sur les propriétés cinématiques et morphologiques des disques stellaires. Nous adoptons dans nos modèles une large gamme des paramètres de configuration initiaux et incluons dans nos simulations la formation stellaire, les explosions de supernova et l'évolution chimico-dynamique.

Lors de fusions mineures les frottements dynamiques et les forces de marée redis tribuent le moment angulaire dans le système en fusion: les galaxies primaires et leurs satellites acquièrent une partie du moment angulaire orbital, ce qui affecte d'abord les régions extérieures; les halos sombres qui initialement iront pas de ro tation acquièrent du moment angulaire tandis que le disque stellaire de la galaxie primaire perd une partie de son moment angulaire initial. Nous constatons que les fusions mineures ralentissent toujours les disques stellaires ce qui a pour conséquence une augmentation de la dispersion de vitesse a et une diminution de v/a à grands rayons. Ceci démontre le rôle que les fusions mineures peuvent jouer dans la transfor mation de disques en des types morphologiques plus précoces et permet d'expliquer la cinématique des extrémités de disques dans les galaxies lenticulaires. La présence de gaz dans le disque initial aide plus à préserver sa rotation initiale que dans les fusions sans gaz. Lors d'une fusion se forme une nouvelle population stellaire ayant pour moment angulaire celui du gaz dont elle est issue, tandis que la population stellaire ancienne, formée avant le début de la fusion, tend à perdre une partie de son moment angulaire original. Par conséquent, la nouvelle population stellaire a plus de moment angulaire spécifique que l'ancienne, même dans le disque mince.

Ceci conduit à un décalage de la rotation entre les vieilles et nouvelles populations stellaires, ce qui semble être quantitativement en accord avec les observations de la Voie Lactée. Seules les étoiles d'un satellite en orbite rétrograde peuvent acquérir une partie du moment angulaire orbital et former un disque stellaire épais en contrerotation.

Les disques épais formés dans des fusions mineures ont un profil vertical de densité de surface qui est mieux représenté par une fonction sécante hyperbolique. Leur hauteur caractéristique augmente avec le rayon et leur variation en fonction du rayon dépend de la quantité de gaz dans le disque initial. Nous trouvons également un excès stellaire à de grandes hauteurs au-dessus du disque (z> 4 -5 kpc). Le profil de cet excès suit également une fonction sécante hyperbolique et a une hauteur caractéristique plus grande que celle du composant épais du disque à plus petites hauteurs et est indépendant du rayon et de la fraction de gaz. Nous comparons la structure verticale de disques épais formés par des fusions mineures avec ceux formés par la dispersion due à la présence de grumeaux dans le disque mince et constatons que bien que ce dernier processus puisse créer un disque épais qui ne varie quasiment pas avec le rayon, elle ne reproduit pas l'excès stellaire à grandes hauteurs. La perte de moment angulaire dans le gaz pendant les fusions creuse le potentiel gravitation nel et amplifie la formation stellaire dans les régions les plus denses du disque, ce qui est censé aboutir à une longueur caractéristique plus grande dans le disque épais que dans le disque mince récemment formé lors de la fusion. L'effet provoqué par les fusions mineures s'inscit également dame façon unique sur la distribution des ex centricités orbitales stellaires. Nous constatons que la distribution des excentricités orbitales dans les disques épais formés dans des fusions mineures est qualitative ment conforme aux observations dans le voisinage solaire. Nous suggérons que la dépendance radiale de la hauteur caractéristique du disque, les propriétés de l'excès stellaire aux grandes hauteurs, les rapports observés des longueurs caractéristiques de disques minces et épais ainsi que la distribution des excentricités orbitales stel laires peuvent tous être employés pour distinguer différents scénarios de formation de disques épais. Nous constatons également que l'accrétion consécutive de deux satellites a un impact cumulatif sur le chauffage et le ralentissement des disques stellaires, ce qui dicte des limites sur le taux d'accrétion que les galaxies à disque peuvent avoir pendant leur durée de vie. D'une façon générale nos résultats démontrent le rôle fondamental joué par le mo ment angulaire pendant les processus de fusions mineures de galaxies, en changeant les propriétés stellaires des disques et en conduisant l'évolution de galaxies, indi quant que les fusions mineures peuvent être un mécanisme viable pour expliquer les propriétés morphologiques et cinéma-tiques observées des galaxies à disque dans l'univers local. Left: a "merger tree" scheme for the growth of structure in a hierarchical universe. According to this scénario large and massive halos form through the accretion and mergers of a large number of sub-halos. In this figure the width of the branches represent the mass of the halos and the direction of time is from top to bottom. to is the présent time and tf is the formation time, when the mass of a parent halo exceeds lialf of the mass of the final halo (Lacey & Cole. 1993). Right: is there a schematic description for the évolution of the angular moment um budget in a hierarchical universe? ... 1.2 Major mergers between spiral galaxies of comparable mass usuallv resuit in elliptical galaxies, whereas minor mergers. in wliich a massive galaxy accretes a much less massive satellite galaxy. are not violent enough to destrov the stellar disk component The angular momentum is in nuits of 2.3 x lQnM$ kpc km s-1 34 ix LIST OF FIGURES

3.4

Evolution of the absolute value of the spécifie angular momentum of the stars in tire gSO galaxy for six of the direct and rétrogradé nrerger sim ulations with a dEO or a dSO satellite. The angular momentum is estimated in five different radial régions relative to the lralf mass radius. R-)0: r < O.5R50. 0.57?5o < r < /?50. R5q < r < 2R-j0. 2/?50 < r < 5/?5o, and 5i?,r,o < r < 10/150-The spécifie angular momentum is in units of 100 kpc km s-1 35

3.5 Absolute value of the spécifie angular momentum, /. of stars in tire gSO galaxy at the start of tire simulation, t-0 (dotted lines). and at 3 Gyr (solid litres) after the start of the simulation, as a function of radii containing a fixed percent âge of tire stellar mass. / vas measured at least 1 Gyr after the nrerger completed. The spécifie angular momentum is in units of 100 kpc km s-1 36

3.6 Evolution of the anisotropv parameter. J, of the stars in tire gSO galaxy for the six nrerger simulations virose spécifie internai AM évolutions lrave been slrovrr in Fig. 3.4. The anisotropv parameter has been measured in five different radial régions relative to tire lralf mass radius: r < 0.5/?.-/> 0.5/?no < r < /?5q. /?5o < r < 2R-}0. 2R-jQ < r < bR^o, and 5/tbo < r < 10/?5o. 37

3.7

The évolution of radial and tangential fractional velocity dispersion in dif ferent radial régions: r < O.5R50, 0.5/?5o < r < /?50, i?.50 < r < 2R5Q. We show their distribution of scale heights after evolving tliem in isolation for 2.5 Gyrs 57

4.7

Left panel: The scale heights of the stellar excess as a funetion of radial disk scale length for 3 gas fractions modelled (fgas=0. 0.1. 0.2 represented by a solid, dotted, and dashed line, respectively). Right panel: The saine scale height estimâtes but now for dissipationless single mergers and two consecutive minor mergers (fgas = 0) with mass ratios 10:1 (solid) and 20:1

(dash-dotted) as explained in Fig. 4.9 57 xi 4.8 Vertical density profiles of the post-merger stellar disk in a dissipative minor merger with fgas = 0.2 (upper panel) and of an isolated "clinnpy disk" galaxy (lower panel). Profiles at a variety of exponential disk scale lengths.

r^. from the galaxy center along the major axis of the galactic mid-plane are shown. The best, fitting sech(z) functions to these profiles and corresponding thick disk scale heights are also shown (red)

4.9 Thick disk scale height as fnnction of radial distance after a single or con secutive ininor mergers. We show both single mergers with a mass ratio of 

5.1

From left to right: évolution of gas (upper panels) and stars (middle and lower panels) during a minor merger between a gSb and a dSb galaxy in a direct orbit (gSbdSb01dir33). The stellar component is separated into new stars (formed during the interaction, middle row of panels), and old stars (those already présent in the galaxy before the interaction, lower panels). .

5.2

Evolution with time of the spécifie AM of a gSb primary galaxy during the minor merger whose évolution is shown in Fig. .12 Same as Fig. 5.11. but for some rétrogradé mergers 86

. 13 Fraction of counter-rotating stars (shown in bine) for a nurnber of dissipationless rétrogradé mergers. Stars hâve been assigned to four different régions, accordingly to tlieir lieight above (or below) the galaxv mid-plane:

(1) at \z\< 1 kpc, (2) at 1 kpc <|z|< 3 kpc, (3) at 3 kpc <|z|< 5 kpc and . This contradiction may imply that tliin stellar disks are not as fragile as early studies suggested, that they are reformed in sonie way, or that galaxies with tliin disks hâve a particularly quiescent merger history over many Gyrs.

Given the significant astrophysical problem of why disks survive at ail. it is possible to use them in particular. in order to understand the detailed évolution of galaxies in general.

Their apparently fragile nature means that disks are likelv to provide strong constrains on botli the merger rate of galaxies throughout cosmic time, especially minor mergers, and on the rate at which gas is accreted either through a quasi-adiabatic cosmological accretion (so-called "cold accretion". Keres et ah, 2005). through the accretion of very small dark matter halos with cosmological gas fractions (a "clumpy accretion mode", Dekel & Birnboim, 2008). or through cooling gas in a virialized halo (White & Rees. 1978). So while stellar disks account for only a small portion of the mass content of the local Universe (Fukugita et ah, 1998). they dominate the angular moment-uni budget of the Universe. It is difficult to preserve angular moment.uni as gas collapses to form a disk which is able to easily dissipate gravitationally induced motions during the accretion or cooling process into shocks, which are likelv to be strongly radiative and hence able to dissipate mucli of the kinetic energy. Therefore a fundamental question arises on how galaxies get their gas in sucli a way so as to preserve a significant portion of their initial 1 l.l Angular moment.uni problem angular momentum. which is referred to as the "angular momentum problem". Because of this central problem and the problem in understanding the existence of disk galaxies in general, investigation of the angular momentum évolution in a merger-driven évolution liistory and of the impact of galaxv mergers on altering the detailed properties of a disk can shed significant. light. on the formation, évolution and properties of the ensemble of galaxies within the framework of hierarchical cosmology.

Angular momentum problem

In ACDM cosmology the cosrnic mass density is dominated by collisionless dark matter halos, in which galaxies are embedded. These halos acquire angular momentum through tidal torques front neighboring halos before they découplé front the Hubble expansion (the Tidal Torque Theory: Hoyle. 1953: Peebles. 1969: White. 1984). Most models of the évolution of dark matter with baryons ntake the "Blumenthal assumption" that the baryons are tightly coupled to the dark matter which dominâtes the mass density of the Universe (Blumenthal et ah, 1984). Silice the baryons are tightly coupled to the dark matter, overall the baryons should hâve a similar amount of angular momentum as the halo because both are experiencing the same tidal torques. When gas cools and collapses within the dark matter halo, it will keep part of its angular momentum and settle down in a rotating disk configuration.

Unfortunately, because of dissipation and other collisional processes, the situation is likely not so simple. Theoretical studies and numerical simulations involving gas dyriarnics hâve difficultés in producing realistic stellar disks because the in-falling gas loses too much angular momentum to the halo during the collapse. which results in a stellar disk which is small and denser titan observed locally ( Stellar feedback provides a natural way to regulate the drastic angular momentum loss as it can prevent gas from overcooling. delay star formation and leave behind a large réservoir of gas available to form stellar disks. Also, the angular momentum distribution of the gas mav découplé from that of the dark matter halo, which may also explain On the other liand. the WDM scénario cannot provide enough feedback to solve the angular momentum mismatch problem, and it also requires a fine-tuning parameter -the particle mass, which is usually constrained to be ~1 keV (but see Gottloeber et ah, 2010).

Tidal torque theory only describes how galaxies acquire their angular momentum in the earlv universe. Over time, as the halo:s binding energy and inertia grows. tidal torques become less effective in generating angular momentum. Other processes must therefore be responsible for continuing the évolution of angular momentum of botli the halo and the baryons, but the detailed angular momentum évolution in a hierarchical galaxy évolution scénario is still not very clear. In merger events the orbital angular momentum is transferred to the internai angular momentum of both the dark and baryonic matter of the merging System. If the initial spécifie angular momentum of the gas can be preserved. sav as some high angular momentum gas survives to form disks, the sizes that resuit from the centrifugal support are in agreement with observations. Potentially, the low angular momentum gas may fall into the galactic center and resuit in a high stellar concentration after intense star formation and hence in a galactic bulge component Figure 1.1: Left: a "merger t-ree" scheme for the growth of structure in a liierarchical universe. According to this scénario large and massive halos form through the accretion and mergers of a large number of sub-halos. In this figure the widtli of the branches represent the mass of the halos and the direction of tirne is frorn top to bottom. /0 is the présent, time and tf is the formation time, when the mass of a parent halo exceeds half of the mass of tire final halo (Lacey & Cole, 1993). Riglrt: is there a schematic description for the évolution of the angular momentum budget in a liierarchical universe? outwards redistribution of the newly fornred stars during a gas-rich minor merger and making the disk not so compact. If a dissipâtive gas component is présent, gravitâtional torques exerted on it by the stellar disk can deprive gas of a significant-arnount of its initial angular momentum, causing strong gas inflows into the nuclear régions wlrich then trigger star formation there. Such inflows then contribute to the growth of a bulge component (Barnes & Hernquist. 1996. 1991: Combes et al.. 1990: Hernquist. 1989: Noguchi. 1988).

The liierarchical structure formation scénario, wlrich can be described by a "mergertree" scheme (see Fig 1.1). illustrâtes how present-day galaxies, including the Milky Wav.

grow from snrall perturbations in a Gaussian density field at the very beginning of the Universe. However. this is just a part of a complex story. The history of liierarchical structure formation does not onlv involve galaxy mass assemble, but also the évolution of cosmic angular momentum. In order to build up a complété and detailed view of the galaxy formation and évolution story, we need to know about tire angular momentum distribution in galaxies and how it evolves in galaxy mergers and interactions. Unfortunately, we are still lacking such a picture of the angular momentum redistribution in liierarchical galaxy évolution history and its impact on galaxy kinematics and structure during galaxy mergers. especiallv minor ones.

Impact of galaxy mergers

Interactions and mergers are among the fondamental processes governing galaxy formation and évolution in a liierarchical ACDM cosmology. In these the energy and angular monientum are redistributed between the interacting galaxies, which can destroy the ordered rotation of a tliin stellar disk and resuit in hot and thick disk-like. or even spheroid-like. Numerical studies on gas-poor (fgas < 0-2) minor mergers also found disk-like components in merger remuants (Bournaud et al., 2004(Bournaud et al., . 2005c). However, such disks are either formed through other processes, for example, heating from a central source of energy and angular momentum such as an accreting supermassive black hole or active galactic nuclei (e.g., Robertson et al.. 2006). or an équation of state is used that does not allow the gas to cool significantly, thus preserving much of the orbital angular momentum in the gas (e.g.. Hopkins et al., 2009). Whether or not these additional characteristics of such simulations are realistic or properly implemented is a matter of on-going research.

Galaxy mergers also hâve an impact on the metallicity of galaxies. In gas-poor mergers it is the mixing of stars that drives the galactic metallicity évolution. Detailed studies of minor mergers and their impact on galaxies are of particular interest, considering their frequent occurrence in the local universe. They can induce a number of morphological and kinematical signatures in merger remuants (e.g.. Ibata et ah, 1994Ibata et ah, . 2005Ibata et ah, . 2001) and may be a viable mechanism to produce many observed properties of disk galaxies in the local universe.

In this work we studied a large number of minor merger events using a N-body numerical simulation tool and paie! particular attention on how the angular momentum evolves in these merger cases, and how this évolution affects disk morphology and kinematics, with the aim of a better understanding of the fundamental physical mechanisms that are at the origin of observed properties of disk galaxies. Of course, this work does not cover ail the myriad aspects of minor galaxy mergers. but it represents an initial step on the path towards a more complété understanding of the important rôle that the angular momentum redistribution plays in hierarchical galaxy formation and évolution.

In our minor merger simulations a massive disk galaxy accretes consecutively one or two satellites, which contain 10% or 20%) of its mass, within 3 -5 Gyrs. We also adopt a variety of initial orbital configurations and galaxy rnodels in our simulations in order to investigate the dependence of the results on these parameters. A detailed description of the simulation code and the configurations we usecl in this study are given in Chapter 2.

The detailed investigations of the angular momentum redistribution in minor mergers are presented in Chapter 3. We focus especially on the disk kinematics and discuss the alteration of stellar radial and tangential motions in the disk of the primary galaxy in order to understand the changes in disk kinematics due to this angular momentum évolution.

Also diseussed is the dependence of the results on initial configuration parameters such as initial orbital energy, the alignment or misalignment between orbital spin and disk spin and the central density of the satellite galaxy.

The contribution of gas to disk préservation in minor mergers is investigated in Chap ter 5. The star formation triggered by gas dynamics during mergers results in a different angular momentum content of different stellar populations, e.g. of thin disk stars and thick disk stars. This détermines their différences in both kinematics and mass distri bution. We study the différences in their angular momentum distribution and in their kinematical properties. These properties. together with stellar âges and metallieities, can help separate ont the two populations in observations and sliecl more liglit on the forma tion of galactie stellar populations as well as on the origin of stellar halos, counter-rotating disk stars, etc.

Thesis topics and aims

We also investigate (see Chapter 4) certain properties of thick stellar disks formed in our ininor merger simulations, e.g. their vertical surface density profiles and disk scale heights. that are well suited for comparison with tire observed properties of thick disks in the Milky Way and nearby galaxies. We also study the impact that initial orbital configurations and gas fraction of the primary galaxy hâve on the resulting thick disk properties. Furthermore. we compare the vertical structure of thick disks formed through either minor mergers or scattering by clumps within the thin disk, and discuss the expected différences in their observable properties.

Stellar orbital eccentricity provides another way to probe the origin of thick disks. In The cumulative nature of consecutive satellite accretion events is also studied through our simulations. We make a comparison between the effects of consecutive events and single merger cases on the angular moment uni and on driving morphological and kinematical évolution of stellar disks. This study is an initial step towards understanding how stellar disks evolve or survive in denser environments in which satellite bombardments are quite cornmon. The investigation of properties of merger-remnant stellar disks can help put limits on the satellite accretion rate of disk galaxies over their life time.

Finally we summarize the results and draw our conclusions in Chapter 7, and give a preview in Chapter 8 of possible future applications of our simulations to. e.g. galactic mass assemble history. the formation of stellar streams/debris surrounding galaxies, and the évolution of galaxy scaling laws like the Tully-Fisher relation.

Chapter 2

Numerical simulations and initial configurations

The N-body Tree/SPH simulation code, galaxy models, and initial merger con figurations which we used in our minor merger studies are described in this chapter.

Silice the pioneer work by Toomre & Toomre (1972), numerical simulations hâve developed into a useful and powerful tool for galaxy research. The advantage of the numerical simulation technique over analytical models is tliat it can deal witli complex non-linear processes aeting over a wide range of scales in the universe, which are not solvable to exact solutions. Furthermore, the appearance of supercomputers and efficient parallel comput ing techniques in recent years hâve made it possible to generate order-of-magnitude larger simulations with high dynamical range. Due to tliese advances numerical simulations play an increasingly important and active rôle in modem astronomical research.

Numerical simulation technique 2.1.1 Gravitâtional force

When modeling galactic dynamics, the most. CPU expensive part usually consista of the évaluation of gravitational forces aeting on the System. The simples! algorithm is one in which the mutual interactions between ail the particles in the system are evaluated:

no approximations are made in the force calculation, since the force on a particle is evaluated as the sum of ail the individual two-body interactions (Hénon (1964) and see Aarseth (1985) for a review). The principal limitations of tliese so-called '"direct summat ion methods" are thus due to the computational cost of evaluating directly ail pairs of gravitational interactions, with CPU time scaling as ~0(N2), N being the number of particles in the system. This is the main reason why many authors hâve explored more efficient algorithms to calculate tliese forces and reduce the computational cost. The alternative to PM codes are the so-called tree codes (Barnes & Hut. 1986). The domain is hierarchically subdivided into cubic cells. particle data are organized in an octtree. with 8 descendants per node. each node representing a physical volume of the domain.

The total mass of ail the particles in a given volume, together with tlieir center of mass, and multipolar expansion factors are stored in the corresponding node. Ail the particles of the svstem are contained in the root cell. This cell is subdivided into 8 cubic cells of equal volume, and the subdivision of each sub-volume into smaller units is continued until each cell in the lowest level of the hierarchy contains one or zéro particles (Fig. 2.1).

For a System with N particles the tree can be constructed in a time ~O(NlogN) and will contain ~O(NloggN) levels. The main advantage of this method over direct summation is that the force évaluation is made on a particle-particle basis only for close neighbors.

wliile a multipolar expansion of the potential is used to evaluate the forces acting on a particle exerted by a cluster of particles contained in a volume of size / at a distance d. if thev satisfv the criterion l/d < 6. where 0 is the tolérance parameter of the simulation. If the tolérance criterion is satisfied then the interactions between the particle in question energy is lost, to heat the gas, and then the gas efficiently re-radiates it away (e.g. Combes & Gerin, 1985). This method tends to reduce the relative velocity of neighboring gas particles. cooling the gas by reducing its velocity dispersion. The algorithm is particularly suited to describe the cold (10 -100 K) dense molecular clouds in galaxy disks, and it Iras 

GalMer simulations

In the following chapters. we présent and discuss the results of our work. aiming at exploring the évolution and redistribution of angular moment uni during galaxy îninor mergers, and its impact on the observed properties of galaxies. For this purpose we ran and analyzed about 150 simulations of minor mergers, witli mass ratio 1:10 and 1:20, which are part of the GalMer project (http://gahiier.obspni.fr and see also Chilingarian et ah (2010) for more information). The GalMer simulations explore a varietv of configuration parameters. e.g. galaxy morphologies, gas fractions, orbital parameters and mass ratios, and include sonie fundamental physical processes, such as star formation, feedback frorn supernovae explosions, mass loss. and Chemical enrichment. As we describe in the following, ail simulations hâve been run adopting tire Tree-SPH code described in Senrelin & Combes (2002). but employing an isothermal gas rather tlran a multiphase ISM. This choice is motivated bv the wisli to describe the main physical processes related to galaxy interactions and mergers. starting with a simple, but still valid numerical approach. We are avare that the physics of the ISM is rnuch more complicated tlran tirât described by a single, isotlrermal gas phase, and we will explore a nrore complex ISM physics in future work.

To nrodel galaxy évolution we employ a Tree-SPH code in wlrich gravitational forces are calculated using a hierarchical tree nrethod (Barnes & Hut. 1986) and gas évolution is followed by nreans of a snroothed particle hydrodynamic (SPH. Gingold & Monaghan. 1982: Lucy, 1977). Gravitational forces are calculated using a tolérance paranreter 0 = 0.7 and include tenus up to the quadrupole order in tire nrultipole expansion. A Plummer potential is used to soften gravitational forces, with sinrilar softening lengths being adopted for ail particle types. We assume a softening length e = 200 pc for ail tire simulation runs.

except for tire lrigh-resolution runs (see Sect.2.4.1) tirât employ a e = 170 pc.

A detailed description of the code -its évaluation of the gravitational forces, implé mentation of the SPH technique and star formation modeling -can be found in Senrelin & Combes (2002), where also a standard validation test is presented for this type of code (the collapse of an initially static, isothermal sphere of self-gravitating gas. see Evrard Mugas. which changes with finie according to the Schmidt-Kennicutt law and is used to evaluate hydrodynamical quantifies. Therefore. at eacli finie step. the mass of new stars présent in the ith hybrid particle is Mt_s = Mj -Mj.g(ls. If Mi.gas drops below 5% of the initial value, the ith hybrid particle is totally converted into star-like particles and the remaining small amount of gas is then spread over its hybrid neighbors. We will hereafter refer to two types of stellar particles: old stars, already présent in the galaxies at the beginning of the simulations, and new stars, fonned from gas during the simulation, and wliose mass is given by M7_s.

In addition to star formation, we also take into account the competing process of stellar mass-loss: at each finie step. an amount of stellar mass fonned in the hybrid particle is assumed to be lost by evolutionarv effects, enriching the gas content Migas of the particle. In the formula above. turth represents the birth finie of the population. To -4.97 Mvr, and c0 = 5.47 x 10"2 (see Jungwiert.

et ah, 2001, for details).

Finally, the simulations also include the effects of star formation on the surrounding ISM. implemented using the technique described in Mihos & Hernquist (1994b). For each star-forming hybrid particle. we evaluate the number of stars fonned with niasses 8A/0 (a Miller & Scalo (1979) stellar initial mass function (IMF) is adopted). and we assume tliat they instantaneously become supernovae, leaving behind remuants of 1.4A/-and releasing their mass into the surrounding ISM. The released mass also enriches the metallicity of the surrounding gas. This is achieved by assuming a yield y -Mret/M* = 0.02, where Mre1 is the total mass of ail reprocessed metals and M# the total mass in stars. For each gas particle a return of mass and metals is applied to the iih neighbor gas particle. using a weiglit Wj based on the smoothing kernel.

The energy injection in the ISM from SNe explosions is modeled bv assuming tliat only a fraction e^n of E.sn -1051 erg goes into kinetic energy. by applying a radial kick to velocities of neighboring gas particles: tlius, for each SNe explosion the iih neighboring gas particle receives a velocity impulse directed radially away from the "donor" of (Mi -Mj.gasjt)) At Cq 1/2 2.3 Galaxy models w7 being the weiglrt based on the smootliing kernel and i\/? the mass of tire receiver.

The value of is chosen such that the total amount of kinetic energy received by a gas particle. due to the contribution from ail its neighbors, is < 1km s-1, to prevent a rapid growtlr of the vertical thickness of the gaseous disk.

Galaxy models

Our minor merger simulations involve a massive disk galaxy accreting consecutively one or two satellites which are one tenth or one twentieth as massive over a period of 3 -5

Gyrs. The merging galaxies hâve a variety of morphologies, from early-to late-tvpe.

They contain a spherical dark matter halo and a spherical stellar bulge. bot h of which are not rotating initially and represented by Plummer spheres with total masses MB and Mb and core radii rH and rB, respectively. Their stellar disks are represented by a Miyamoto-Nagai density profile, with mass A/* and vertical and radial scale lengths /?,* and a*, respectively. Their gaseous disk, if they hâve one. also follows a Myamoto-Nagai density profile, with mass Mg and vertical and radial scale lengths of. respectively. hg and ag. Ail the model parameters are given by Table 5.1 (see [START_REF] Binney | Galacitc Dynamics[END_REF], for more details). Initially, the Toomre stability parameter for the stellar disk is Qstar -1-2, and Qgas = 1.2 for tire gaseous disk.

In our simulations we distinguisli between four kinds of primary and satellite model galaxies, narned E. SO, Sa and Sb. We will refer to the galaxy model which consists of an initially non-rotating dark matter halo, a central bulge as well as a gas-free stellar disk with the nomenclature "SO". The elliptical galaxy model consists of a spherical stellar and a dark matter component, both of which are modeled with Plummer profiles and are not rotating initially. Galaxy models which contain a gaseous disk, wlrose mass Mgas is 10% or 20%; of that of the stellar disk, are referred as "Sa" or "Sb", respectively. We use the prefix "g", "d" and "s" for, respectively, a primary or giant galaxy, and a satellite galaxy whose mass is one tenth or one twentieth of that of the primary. For example, "gSO" refers to a primary SO galaxy and "dE" refers to a dwarf elliptical satellite whose mass is 10%; of that of the primary.

We consider three different levels of central volume density in our dwarf elliptical satellite galaxies: a "reference" dwarf elliptical galaxy model (dEO). as well as galaxies having a 50% higher (dEOh) and lower (dEOl) central volume density than the reference dEO galaxy (see also Table 5.1), in order to investigate the dependence of the angular momentum redistribution and merger remuants on the density of satellites.

We also studied two simulations of gas-rich. unstable disk galaxies evolved in isolation for 3 Gyrs (Di Matteo et al., 2008a). which hâve initial model parameters like the "gSb" model (see Table 5.1) but which are more gas-rich (the gas mass is 50%: that of tire stellar disk). Tlrese gas-rich galaxies are characterized by very small initial Toomre disk stability parameters for the gaseous component. Qgas = 0.3 and Qgas = 0.1, (hereafter called "gSb+ul" and "gSb+u2". respectively). Reducing tire local disk stability causes the gaseous disk to fragment into many clumps, particularly in tire "gSb+u2" case. Once Eaclr galaxy is made up of a total of "Niot" particles. distributed arnong gas. stars and dark matter. A total of 528.000 particles lias been distributed between the primary and satellite galaxies (see Table 2.2) for ail simulations. This allowed. in particular. maintaining a lrigh enough numerical résolution for the smaller galaxy {Ntot -48,000). We hâve also tested the dependence of results on spatial résolution by running sonie additional simulations with a total of 1.056.000 particles. For the two unstable clumpy disk galaxy simulations "gSb+ul" and "gSb+u2". a total number of 120.000 particles is adopted and distributed equally among the gas. stars, and dark matter components.

Orbital configurations

For each of our minor merger simulations, at the beginning of the interaction, the two merging galaxies were placed at a relative distance of 100 kpc. with a varietv of relative velocities, to simulate orbits with varions orbital energy and angular momentum. The orbital spin of the satellite may be aligned (prograde orbit) or misaligned (rétrogradé orbit) with the spin of the primary galaxy. We chose a référencé frame with its origin at the baryonic center of the System and an x-y plane corresponding to the orbital plane.

Initially we gave the disks (wlien présent) an inclination with respect to the orbital plane of il = 33°or 60°for the primary galaxy, and of ?2 = 130°for the satellite -see Fig. refillus and Table . 2.3 for the définition of tire inclination angles and tlreir initial values. in which a primary galaxv accretes a dwarf satellite galaxy over a period of 3 Gyrs. We choose the x-y plane of the reference frarne as the orbital plane and place both galaxies at a séparation of 100 kpc before the onset of the merger. Initially, stellar disks (when présent) of both the primary galaxy and the satellite galaxy are inclined at an angle "il" and ui2", respectively, with respect to the orbital plane . To study the effect of multiple mergers on the properties of stellar disks we ran simu lations of two consecutive encounters, in which the primary galaxy accretes two satellites over a period of 3 -5 Gyrs. We hâve considered both the case of repeated accretion of satellites coming from a fixed direction, hereafter referred to as "multi-A". as well as the case in which the second satellite cornes from a different direction ( "multi-B" ).

Initial configurations

Nomenclature

When referring to a spécifie merger event, the nomenclature adopter! in tliis thesis is a six (or seven) character string: the first three characters are the type of the primary galaxy. e.g. "gSO" for a massive S0 galaxy, followed by a three (or four) character string for the satellite, e.g. "dEO" for a dwarf elliptical galaxy ten times less massive than the primary galaxy, or "sEO" for a twenty times less massive dwarf elliptical. Tliis is followed by a string representing the type of merger (see first column in Table 3.2 for the spécifie types), followed by the suffix "dir" or "ret", for direct or rétrogradé orbits. respectively.

The final two numbers, which are either "33" or "60", indicate the initial inclination of the primary galaxy with respect to the orbital plane. For example, the nomenclature "gS0dE0h01dir33" refers to the encounter between a massive gSO galaxy, whose initial inclination is i\ = 33°, and a liigh central concentration elliptical satellite clEOh. rnoving on a direct orbit. whose initial orbital parameters are those corresponding to ici -01 dir in Table. 

GalMer simulations of galaxies in isolated évolution

Since we aim to study the effects of interactions and mergers on galaxy évolution, it is also important to understand how galaxies evolve in isolation, to distinguish properlv secular processes from those related to the interaction. In Figs. 2.6 and Fig. 2.7 we show the évolution of the baryonic component of a gSb galaxy which evolved in isolation for 3 Gyr.

As can be seen, the galaxy evolves rapidlv in the first 0.5-1 Gyr, when a stellar bar and spiral anus form, and at the saine time gas is compressed into density waves and partially falls into the central régions, where star formation enhancement takes place. We refer to Di Matteo et al. ( 2007) for the détermination of the star formation rate in these galaxies. For our minor merger simulations ail initial galaxy models were first allowed to evolve in isolation for 1 Gyr before starting the interaction, because the disk lias reached a stable configuration at this time (see Fig. (kpc) Figure 2.4: An example of our minor merger simulations, in which a primary "Sb" class galaxy with a 20% gas mass fraction is accreting an "Sb" class satellite, also with a 20%

gas fraction, over a period of 3 Gvrs. Only the baryonic distributions during and after the merger are shown in these panels. The satellite is ten times less massive tlran the primary and is accreted on a rétrogradé orbit. This accretion results in a thicker and hotter remnant disk.

(kpc) Figure 2.5: An example of two consecutive dissipationless (gas-free) minor mergers in which a primary "SO" class galaxy accretes two dwarf elliptical satellites over a period of 5 Gyrs. Onlv the baryonie distributions during and after the merger are sliown. Both satellite galaxies are ten times less massive than the primary and are accreted from the same direction. However, they hâve different orbits: one is on a prograde orbit and the other on a rétrogradé orbit. One Gyr after the beginning of the first satellite accretion, the second satellite begins to merge with the primary. Both accretion events significantly heat the primary disk and make it thicker and hotter. the decrease in the rotation velocity of the primary galaxy is accompanied by a change in the anisotropy of the orbits, and the ratio of rotation speed to velocity dispersion of tire merger remuant is lower than the initial value, not only because of an increase in the dispersion but also of the slowing-down of the disk rotation. We briefly discuss several astrophysical implications of these results. suggesting that minor mergers do not cause a "random walk" process of tire angular momentum of the stellar disk component of galax ies. but rat-her a steady decrease. Minor mergers mav play a rôle in producing tire large scatter observed in the Tully-Fislrer relation for SO galaxies, as well as in tire increase of tire velocity dispersion and the decrease in v/a at large radii as observed in SO galaxies.

Introduction

Numerical simulations, as well as observations, show that the final product of a merger between two disk galaxies dépends mostlv on their mass ratio. Major mergers of spiral galaxies, i.e. of pairs with mass ratios ranging front 1:1 to 3:1, liave been known for décades to form pressure-supported elliptical galaxies (Barnes, 1992 However. wltile the rôle that ntinor mergers may play in the mass assembly, kine matics. and morphologies of present-day galaxies lias been studied extensively botlt observationally and nunterically, ntuch less is known about the way angular momentum is redistributed during tliese events. Cosmological simulations show that tltere is a discrepancy between the spécifie angular momentum of dark nratter halos, wliiclt hâve undergone predonrinantlv ntinor mergers silice £ ~3, and the observed baryonic component of present-day galaxies. The dark matter halos in cosmological simulations hâve spin parameters that are a few tintes smaller titan observed in disks of late-type bulgeless dwarf galaxies (D'Onghia & Burkert. 2004: van den Bosch et ah, 2001). The évolution of the spécifie angular momentum of dark matter halos as caused by major and ntinor mergers can be described as a randont walk process. with major mergers contributing to the spinup of dark halos, and with ntinor interactions mostlv slowing thent down (Vitvitska et ah.

2002).

The conséquence of an interaction is to transfer orbital angular momentum into in ternai rotation: at the beginning of the interaction, the ntost extended components first internet tidally, wltile the more tightlv bound components feel the effects of the encounter This paper aims to investigate tlie évolution of the angular momentum in minor merg ers and its redistribution between the stellar and the dark matter components of the primary galaxy and its satellite. We investigate this proeess through the use of dissi pationless N-body simulations of minor (mass ratio 10:1 and 20:1) mergers between a disk-plus-bulge primary galaxy and a satellite having either an elliptical or a disk morphology. Specifically, we show that, independent of the morphology of the satellite galaxy or tire orbital parameters, minor mergers always cause a slowing down of the stellar disk, as well as a loss of spécifie angular momentum within the disk, and that this proeess contributes to rnoving galaxies towards earher Hubble types and more slowly rotating Systems (Emsellem et ah. 2007). The decrease in the spécifie angular momentum of the stellar component of the disk galaxy is accompanied by an increase in the spécifie angular momentum of both dark halos (of the primary and of the satellite), as well as of the pressure-supported stellar component tliat was initially part of the satellite.

Models and initial conditions

We studied the coalescence of a massive S0 galaxy and an elliptical having a mass ratio This paper is part of a larger program (Di Matteo et ah, 2009a) wliose aim is to systematically study the impact of major and minor mergers on angular momentum re distribution in galaxies. We analyze here the simple case of the impact of minor mergers on early-tvpe, gas poor. S0 galaxies, and we plan in future work to extend this study to the whole Hubble sequence, with a variety of gas fractions and bulge-to-disk ratios.

Besides. starting with such simple simulations allows us to compare our results with a well-defined class of objects in order to verify the appropriateness of our simulations and to gain insight into possible evolutionarv avenues for relatively simple dynamical Systems like SOs.

The satellite elliptical galaxv. which is eitlier ten (dEO. dEOl, dEOh) or twenty (sEO) times less massive than the gSO galaxy, consists of spherical stellar and dark matter components. both modeled with Plummer profiles and both not rotating initially. The density profile of the satellite galaxy is the saine in ail simulations, but the central density of the baryonic component is changed to study how changing the density would affect the angular momentum redistribution during the encounter. We thus considered "référencé71 dwarf E0 (dEO) models. as well as galaxies having a central volume density 50% higher (dEOh) and lower (dEOl) than the référencé dEO galaxy (see Table 5.1).

To study the dependence of the results on the morphology of the satellite galaxy, we ran twelve additional simulations, modeling mergers of the giant gSO galaxy with a disk satellite (hereafter called dSO), whose total mass is ten times lower. The dSO consists of a spherical dark matter halo, a spherical stellar bulge. both of which are not rotating, and a rotating stellar disk. The morphological parameters of the dSO galaxies are given in e Orbital spin, if parallel (up) or antiparallel (down) to the z-axis of these initial models.

Ail the initial models and their individual components were evolved in isolation for 1 Gyr. before starting the interaction. At this time, the disk had reached a stable con figuration, as discussed in the Appendix. The galaxies were initially placed at a relative distance of 100 kpc, with a variety of relative velocities, to simulate different orbits. The orbital initial conditions for the giant-dwarf interactions are given in Table 9 of Chilingarian et al. (2010). so we report here only on the orbital parameters of the gSO-sEO simulations (Table 3.2).

We chose a reference frame with its origin at the barycenter of the System and an

x-v plane corresponding to the orbital plane. The spin vector of the gSO galaxy initially defines an angle b = 33°or b = 60°with respect to the z-axis (see Fig. 3 When referring to spécifie encounters between the spiral and a satellite, the nomen clature adopted is a six(or seven)-eharacter string: the first tliree charac-ters are the type of the massive galaxy, always "gSO", followed bv a threefor four)-character string for dEO (average concentration, dwarf elliptical satellite). dEOl (low concentration dwarf elliptical), dEOh (high concentration dwarf elliptical), dSO (dwarf spiral satellite) or sEO (for the two tirnes less massive elliptical satellite). This is followed by a string representing the type of encounter (see first column in Table 3.2 for the spécifie types), followed by the suffix "dir' or "ret", for direct or rétrogradé orbits. The final two numbers, wliich are either "33 or ''60". indicate the initial inclination of the gSO galaxy with respect to the Ail simulations (50 in total) were run using the Tree-SPH code described in Semelin & Combes (2002). A total of Njot=528.000 particles was used for ail simulations, distributed between the gSO galaxy and the satellite (see Table 5.2). We also tested the dependence of the results on the number of particles used in the simulation, running some additional simulations with a total of AVor^EOSO.OOO particles. A Plummer potential was used to soft en gravity on small scales. with const ant softening lengths of e = 200pc (or e --170pc for the high-resolution simulations) for ail particles. The équations of motion are integrated using a leapfrog algorithm with a fixed time step of 0.5 Alyr. With these choices. the relative error in the conservation of the total energy is close to 10~6 per time step. Since the work presented here onlv investigates simulated galaxies without any gas, only the part of the code evaluating the gravitational forces acting on the Systems lias been used. The computation time is 24 seconds for each time step.

Results

Angular momentum évolution

As a resuit of the action of tidal torques and dynamical friction, the satellite loses its orbital angular momentum (hereafter AM) and gradually spirals deeper into the gravita tional field of the primary galaxy, where it finally dissolves completely (meaning it does not-survive as an entity within the core of the primary galaxy). In tins section, we discuss how the orbital AM is converted into internai AM and how it is redistributed among the different components (stars and dark matter) of the two galaxies.

Redistribution of orbital into internai angular momentum

Figure3.1 shows the évolution of the absolute value of the total, orbital, and internai angular momenta of the System, for some of our simulations, in ail cases, the total (internai + orbital) AM is conserved during the interaction, with an accuracy of < 10" 6 per time step. The orbital AM is constant until the first pericenter passage of the satellite.

At this time, dynamical friction and tidal torques act on the System, converting part of tire orbital AM into internai AM. This continues to occur during eaclr successive passage, until the two galaxies finally nrerge, and the orbital AM lias been completely converted into internai rotation of the merged System. Looking at tire distribution of the internai AM between the two galaxies (Fig. 3.1, bottom panels), we can see that the satellite galaxy always gains part of the orbital AM, while the gSO galaxy either gains or loses angular --internai : Ml V ^^1

, ' l' r --' - momentum. depending ou the relative orientation of its spin and of the orbital AM (direct and rétrogradé orbits. respectively). Silice the orbital AM in rétrogradé encounters is antiparallel to the z-axis of the reference frame. tlieir total AM is systematically lower tlian that of the corresponding direct encounter.

Changing the baryonic mass concentration of the satellite (Fig. 3.2) affects the re distribution of the internai AM between the two galaxies, in the sense that, for a given orbit. the denser the satellite, the smaller the amount of AM it absorbs and the larger the variation in the internai AM of the primary galaxy. Tins trend occurs because a satellite witli higher density decays more rapidly in the central régions of the primary galaxy. silice it is less susceptible to tidal effects of the primary galaxy. préserves a higher percentage of bound mass, suffers a stronger gravitational drag. Silice tidal torques are less effective on denser satellites (see §3. internai AM between the baryons and dark matter evolves during the merging process.

Near the time of the First barycentric passage, the two dark matter halos (primary and satellite) acquire part of the orbital AM. leading to rotation of a halo that initially was not rotating. In general, the amount of internai AM absorbed by the dark matter component of the primary galaxy is greater (by a factor 2-3) for pairs on direct orbits than for those on rétrogradé ones. For rétrogradé orbits, we note that the dark halo of the merger remuant rotâtes in the direction opposite to that of the stellar disk, because it absorbed part of the orbital AM.

The stellar component of the satellite also absorbs orbital AM (Fig. 3.3). For rétro gradé orbits. tliis conversion of orbital into internai AM is a mechanism for creating a counter-rotating old stellar component in a merger remuant (as first noted by Balcells & Quinn. 1990: Kormendy, 1984. for minor mergers involving elliptical galaxies). In contrast to the simulations by Balcells & Quinn (1990). our satellite does not survive as a recognizable entity to the end of the merging process. Its distribution can be described as "thick disk-like", encompassing the remaining disk and extending out to ~10 kpc from the center of the remnant. Moreover, less than 4%: of the internai stellar AM is transferred to the renmant's bulge by the end of the merger process. Minor mergers do not add significant amounts of angular momentum to the bulges of S0 galaxies.

Altliough none of the initially pressure supported components were rotating at the beginning of the simulation, they later acquire part of the orbital AM and begin to rotate.

The case of the halo component is simple: the more massive and extended. the more AM it absorbs. However, the évolution of the AM of the stellar disk of the primary galaxy is quite different. In ail simulated orbits, independent of the orbital parameters and the morphology of the satellite galaxy (whether pressure-or rotationally supported), the disk of the primary galaxy always loses AM during the interaction. Altliough the decrease in the internai AM of the disk varies depending on orbital parameters and on the internai structure of the satellite (see Fig. AM is AL/L~10% for mergers with a mass ratio 10:1. We also find that satellites with higher central stellar densities lead to remuants with a lower internai AM in the stellar component that was formerly part of the disk of the primary.

The slowing-down of rotating disks

The decrease in the internai AM of the primary stellar disk discussed in the previous section affects the whole of the disk, up to distances of about 5 to 10 times R®o1. To better demonstrate the loss of angular momentum. in Fig. 3.4 we show the évolution of the spécifie internai AM. lint -< E?r? x v7->. of the stars that were initially part of the primary galaxy. We hâve evaluated lmf for five different radial régions of the galaxy: r < 0.5i?r,o, 0.5i?ÿo < r < R-^q. i?r,o < r < 2i?50. 2i?50 < r < 5i?s0. and 5Rm < r < 10Rm.

In ail cases considered here, we find that the stellar component slows down out to at least 5Rso, i.e. the radius containing ~80% of the total stellar mass (Fig. 3.5), regardless of the initial orbital parameters. inclination angles, or satellite morphologies. The saine behavior is also found in the merger with the disky satellite, before it is ultimately destroyed bv tire tidal field of the primary galaxy.

The question arises as to where this decrease in rotation speed cornes fronr? During the merging process. the variation of the lialf mass radius. R-,o, is not more than 10%, and wlrat, variation there is in the mass distribution is not sufficient to explain the observed <L(J~> decrease. To gain deeper insight, we evaluated the anisotropy parameter, 3 -1 -, 1 i?5o = 3.3kpc is the initial half-mass radius of the baryonic component. . relative to the half mass radius. i?50: r < 0.5R5o, 0.5i?5o < r < /?50, i?.50 < r < 2R50.
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2i?5Q < r < 5/?5o. and 5/?5o < r < IOR50. The spécifie angular momentum is in units of 100 kpc km s-1. The anisotropy parameter lias been measured in five different radial régions relative to the half mass radius: r < 0.5i?50, 0.5i?5o < r < R50, i?50 < r < 2i?50. 2i?50 < r < 5i?r,0, and 5i?5o < r < IORôq.

velocity decreases. because of the asymmetric drift. Binney & Tremaine (see. e.g., §4 of 1987). The anisotropy parameter is a way to represent the conversion of rotational mo tion into random motions. To confirm that asymmetric drift is the underlying cause, we evaluated the évolution of the radial and tangential components of the velocity disper sions in our simulations. In Fig. 3.7. their fractional évolution (i.e.. ar(t)/ar(t = 0) and <jt(t)/at(t = 0)) is shown for one of our simulations.

The minor merger is accompanied by an increase in the radial velocity dispersion at ail radii. but particularlv in the outermost régions. At the same time. the transverse velocity dispersion decreases throughout the whole disk, except in the inner région (inside 0.5i?-,o)where the contribution of bulge stars, which acquire AM during the interaction, leads to an increase of at.

3.3.2.1

The effect of increasing the merger mass ratio to 20:1

In the previous sections we discussed the impact of 10:1 mass ratio mergers on the redis tribution of AM. focusing particularly on the cause of the decrease in the rotation speed of tire primary stellar disk. I11 this section, we want to focus on tire effect that increasing tire mass ratio in nrergers, specifically frorn 10:1 to 20:1, iras on tire évolution of tire anisotropy parameter and tire decrease in tire spécifie AM of tire disk (Fig. 3.8). Also for 20:1 mass ratio nrergers a decrease in tire 3 parameter is observer! (again especiallv in tire outer régions), indicating tirât tire velocity dispersion is increasing in tire radial direction.

Tire overall impact on tire disk rotation is. of course, less pronounced tlran for tire 10:1 nrerger simulations. In tins case, we find that tire average decrease in the internai AM of the stellar comportent is AL/L -8%. wlrich is about 30 -40% lower tlran the value found for 10:1 nrergers. However, this is an average value, wlrereas the actual decrease in any particular nrerger dépends on both tire morphology and the central density of tire satellite galaxy.

Rotation speeds and v/a

The decrease in tire spécifie angular momentunr of the stellar conrponent during a nrinor merger is obviously reflected in other dynamical properties of tire nrerger remnant. As shown in Fig. 3.9 the nrinor nrerger reduces tire rotation speecl of the stellar comportent of tire disk galaxy and increases its velocity dispersion. To evaluate these quantities. we considered ail stellar particles 1 kpc above and below tire méridional plane of the primary galaxy. including those that were initially part of tire satellite galaxy. In tire case of a 10:1 direct nrerger, the rotation speed at r -2i?50 decreases bv about 25%, front tire initial value of v = 200km/s to about v = IbOkm/s. At tire saine tinte tire velocity dispersion increases over tire whole disk. e.g. bv about 30% at r = 2i?50. This leads to an overall decrease in the v/a ratio over tire entire extent of the disk. e.g. front 2.3 to 1.4 at r -2Rsq (Fig. 3.9). The decrease in the rotation speed and v/a dépends on tire nrerger mass ratio: at tire end of t ire 20:1 nrerger tire remnant shows lrigher values of bot h v and 

Summary and discussion

In tins paper. we hâve studied the redistribution of tire angular momentum during dissipationless minor mergers between a massive disk galaxy and an elliptical-or SO-like satellite with masses that are either ten or twenty times smaller than that of the primarv galaxy. From an analysis of these simulations, we find that:

• During the merging process the orbital angular momentum is redistributed into internai angular momentum of both the primary galaxy and the satellite:

• The total internai angular momentum of the primary galaxy can either increase or decrease. depending on the orientation of the orbital spin (direct or rétrogradé orbit):

• While the initially nonrotating dark matter halo of the primary galaxy alwavs acquires angular momentum, the spécifie angular rnornenturn of the stellar component always decreases, independent of the initial orbital parameters or the morphology of the satellite galaxy:

• The decrease in the rotation speed of the disk of the main galaxy is aecompanied by a change in the distribution of the types of stellar orbits, especially outside of the half mass radius. i?50. Generally. the radial component of the velocity dispersion becomes more and more important, as the merger progresses, thus increasing the anisotropy parameter. /3, from its initially négative value;

• The ratio of the rotation speed to the velocity dispersion of the disk. v/cr. decreases at ail radii because of both an increase in the velocity dispersion of the disk, which is heated during the merging process, and a decrease in the rotation speed of the disk.

There are a number of astrophysical implications to our results of our (ratlier idealized)

simulations, which we now discuss very briefly. The Tully-Fisher, or T-F, relation between the rotation speed and total luminosity of disk galaxies lias, among other possibilities, the following two interprétations. Either the T-F relation originates in the cosmological équivalence between the dark halo mass and the circular velocity (e.g., Mo et al.. 1998) or it is due to self-regulated star formation in disks of different masses (e.g.. Silk. 1997).

The study of SO galaxies may help to détermine which of these hypothèses is correct, and thus to unravel the evolutionary history of SO galaxies. Studies of the différences between the Tully-Fisher relation of SOs and spirals, while showing some small discrepancies in the offset and scatter, generally find that the SO galaxies follow the spiral relationship, albeit with a larger scatter (e.g.. Bedregal ). The offset and larger scatter hâve been interpreted as revealing a generally older stellar population in S0 galaxies than in spirals and a range of times during which the S0 galaxies started to evolve passively (Mathieu et al., 2002). However, as noted in Bedregal et al. (2006), there is no strong corrélation between the âge of the S0 galaxies and tire offset from the T-F relation for spiral galaxies. This could stem from a sarnple that is too small sarnple size. or it could indicate that other processes may play a rôle in the larger scatter in the T-F relation among S0 galaxies.

We hâve shown that minor mergers always lead to a decrease in the rotation speed of the primary galaxy. Decreasing its rotation speed while increasing its luminosity will move an S0 galaxy back towards the spiral T-F relation. While it is prématuré to attempt to quantify this effec.t, in the offset, it is clear that minor mergers would increase the scatter by counteracting. to sonie extent, passive évolution. In addition to slowing the rotation speed of the disk, we also found that the velocity dispersion of the disk increases. which decreases the v/cr of the disk, especially in the outer parts. As we hâve shown in Fig. 3.9.

this may include an actual decrease with radius in the very outer parts of the disk. This is qualitatively similar to what is observée! in the dynamics of planetary nebulae in the outer disks/halos of S0 galaxies (Noordermeer et al., 2008) and it may suggest that, through simulating multiple minor mergers, we may lie able to reproduce the velocity structure However, tire presence of a dissipative component. whether in the progenitor disks or accreted after tire merger, nray change this picture.

We will investigate ail tlrese points and tlreir astrophysical implications as discussed above in subséquent papers. régions above the disk mid-plane (z > 4 -5 kpc) which needs a second sech function with a relatively larger scale height to fit. This excess can be dominated by stars from eitlier the primary galaxy or the satellite, depending on the orbital configurations. In ail our simulations, the thick disk scale height increases with radial distance, ranging from 0.4 to 3 kpc from the center ont to the rim of the disk in dissipationless mergers, together with a ratio between the scale lengths of the vertical exponential velocity dispersion and the stellar disk hvei/rd ~2 -4. Including gas in the primary galaxy results in a thick disk scale height that increases less strongly with radius compared to dissipationless mergersthe thick disk scale height is ~20% smaller in mergers with a gas-to-stellar mass fraction of 20%i. On the other liand, the scale height of the stellar excess is independent of botli radius and the gas fraction of the primary galaxy. We also find that the radial scale lengtli of the post-merger thick disk is 30%; larger than that of the thin disk newlv formed during the merger. in agreement with observations. Multiple dissipationless mergers hâve basically the saine effect as that of a single merger of the sanie total mass on heating the stellar disk, i.e., the disk heating effect by multiple mergers does not saturate but cumulate. We find that rnost of these results are in good agreement with the observed tlian that of the thin disk ( Despite considérable effort, we are still far frorn having a detailed understanding of the origin and properties of galactic thick disks. In this paper. we investigate if N-body/SPH numerical simulations of minor mergers, with a mass ratio of 10:1 and 20:1. can produce realistic thick disks. We concentrate on certain aspects of post-merger thick disks -i.e., vertical surface density profiles, and disk scale heights -that are well suited for comparison with the observed properties of thick disks in the Milky Way and nearbv galaxies. We also study the impact of initial orbital configurations, gas fraction of the primary galaxy, and consecutive multiple minor mergers on the resuiting thick disk properties. Furtherrnore. we compare the vertical structure of thick disks formed through minor mergers and through scattering by clumps in the distribution of mass within the thin disk, and discuss the expected différences in their observable properties.

Models and initial conditions

We study the interaction and coalescence of a satellite, galaxy with a much more massive disk galaxy. These minor merger simulations are part of an on-going program to mode! and understand the rôle minor mergers play in the évolution of angular momentuni and other morphological and kinematic properties of galaxies (see also Qu et al., 2010a). The massive disk galaxy consists of a dark matter halo which is initially not rotating. a central bulge, and a stellar disk -hereafter we refer to this model with the nomenclature gSO (=giant S0 galaxy). We also consider initial models containing a gaseous disk, whose mass. Mgas• is 10% or 20% of that of the stellar disk, and to which we refer as "gSa" and "gSb". respectively. The spherical dark matter halo and the stellar bulge are represented bv Plummer spheres [START_REF] Binney | Galacitc Dynamics[END_REF]) and neither lias any rotation at the beginning of the simulation. The stellar and gaseous disks are represented by Miyamoto-Nagai density profiles [START_REF] Binney | Galacitc Dynamics[END_REF]). Table 5.1 shows the total masses of the halo, bulge and disk components (Mjf, MB-M*. and Mgas) and the core radii of the halo and the bulge (r#, rB) as well as the vertical and radial exponential scale lengths of the stellar and gaseous disks (/?*, a* and hgas, agaa). The elliptical satellite galaxy lias a total mass equal to 10% or 5% of tliat of the primary galaxy -we refer to these models as dEO and sEO. respectively. They consist of a spherical stellar and a dark matter component, both modeled with initially non-rotating Plummer profiles, whose parameters are also given in Table 5 2) and we refer the reader to these papers for a detailed description.

In tins paper. we follow the nomenclature adoptée! in Qu et al. (2010a). i.e.. using a six-character string to indicate the morphology of the interacting galaxies: the first three describe the type of the primary galaxy, "gSO", "gSa" or "gSb", depending on its gas fraction, and the following three describe the satellite galaxy. dEO or sEO. This is followed by the suffix "dir" or "ret", for prograde or rétrogradé orbits. respectively.

The subséquent two numbers, either "33" or "60", indicate the initial inclination of the satellite orbit with respect to the disk plane of the primary galaxy. Thus, for example, the nomenclature ugS0dE001dir33" refers to a prograde encounter between a gSO galaxy and a dwarf elliptical satellite galaxy. with an initial inclination ? -33°, whose initial orbital parameters are those corresponding to the id= "Oldir" case listed in Table 9 of

Chilingarian et ah (2010).

To study the effect of multiple mergers on the properties of post-merger stellar disk, we rail sonie simulations in which the primary galaxy accretes consecutively two satellites over a period of 3-5 Gyr. We hâve considered both the case in which both satellites coming frorn a fixed direction inclinée! 33°with respect to the primary disk, as well as the case in which the second satellite cornes from a different direction -hereafter we will refer to these models as "multi-A" and "multi-B" respectively. For example. the nomenclature "multi-A, 2x10:1" refers to the successive mergers of two satellite galaxies whose mass is one-tenth of tirât of the disk galaxy and their orbits are inclined 33°with respect to the primary disk.

Ail simulations (50 in total) were run using the Tree-SPH code described in Semelin Sz Combes (2002). A total of Njot -528.000 particles hâve been distributed between the primary and satellite galaxies (see Table 5.2) for ail simulations. We also test the dependence of results on tire particle number used in the simulation by running sonie additional simulations with a total of Ntot -E 056. 000 particles. A Plummer potential is used to soften gravity on small scales, with constant softening lengths of e = 200 pc (c = 170 pc for the lrigh resolution simulations), for ail particles. The équations of motion are integrated using a leapfrog algorithm with a fixed finie step of 0.5 Myr. With these choices. the relative error in the conservation of the total energy is about 10~6 per finie step.

In this study, we also compare the vertical structure of minor merger-induced tliick disks with those generated by an internai process, through scattering by massive clumps (2008a). These use a total nurnber of 120.000 particles, equallv distributed among the gas. stars, and dark matter components, whose parameters are the sanie as those of the gSb mode! (see Table 5.1). except for the gas mass, which is initially 50% that of the stellar disk. These gas-rich galaxies are characterized by a very small initial Toomre disk stability parameter for the gaseous component (Qgas = 0.3 and Qgas = 0.1, hereafter called "gSb+ul" and "gSb+u2", respectively). Reducing the local disk stability causes the gaseous disk to fragment into many clumps. particularly in the "gSb+u2" case. Once formed, these clumps migrate towards the galaxy center; some dissolve under the influ ence of the tidal field of the disk, while others survive and merge in the galaxy center, contributing to the formation of the central bulge. As recentlv proposed by Bournaud et al. (2009). these clumps can scatter stars in the pre-existing tliin disk, contributing to the formation of a thick disk component.

Results

During the merging process, tidal interactions between merging galaxies deposit part of their energv into stellar motions in the disk of the primary galaxy, thus causing the disk to become kinematically botter and to spread out both radiallv and vertically, changing both its morphology and kinematics. In this section, we will analyze botli dissipationless and dissipative minor mergers and their possible rôle in tire formation of the thick disk. 

Characteristics of the post-merger thick stellar disk

In this section, we investigate the vertical stellar distribution of remnant disks in minor mergers, for which we assume a generalized sech profile, E(r. 2) = T,rsech2 n ( -7-), where Zo is the disk scale height. This profile can fit, for example, an isothermal sheet if n = 1, and an exponential if n = 00 -the two limiting cases of this generalized profile. Based on the study of the three-dimensional distribution of disk stars, van der Kruit (1988) found that an intermediate disk rnodel with n -2 is the rnost appropriate (see also Schwarzkopf & Dettmar, 2000), which is also supported by theoretical studv of Banerjee & Jog (2007). We analyze, as far as possible, the properties of remnant disks as tliey typicallv would be observed. First, we project the post-merger stellar disk to be edge-011.

then average the vertical surface density profiles 011 both sides of the stellar disk and fit t.hem using a sech profile with n = 2. i.e., sech(--). allowing the scale height parameter Zq to be unconstrained. We also fit the disk scale height for the two limiting cases of the generalized sech profile, n -oc and n -1: the exponential fit gives an on average 1.4 times larger disk scale height than the sech profile, whereas the sech2 fit gives a value which is 0.8-0.9 times smaller.

The vertical stellar surface density profiles are analyzed between 0.5 and 1 Gyr after the merger is complété, a tirne when the post-merger stellar disk lias settled roughly into a new equilibrium configuration. At later post-merger times, i.e., t > 1 Gyr. the variation of the disk scale height with respect to the value at t.-0.5-1 Gyr is no more than 15% inside r < 6?y. The stellar disk scale length, /y. lias been evaluated by projecting the galaxv to face-on and masking the bulge component. Its value changes only a little in preand post-merger phase: the différence between the filial and initial disk scale length is always small. A<10%, except for dissipative minor mergers with a gas-to-stellar mass fraction fgas -0.2, where the disk scale length reduces by ~15 -20%. Thus the exact tirne at which the merger simulations are analyzed beyond 0.5-1 Gyr after the complet-ion of the merger makes little différence in the final results.

I11 our évaluation of these profiles we exclude stars that were initia hy in the bulge of the primary galaxy. and consider only stars which initially were in the disk of the primary galaxv or in the satellite galaxy. We note that in the case of dissipative minor merger simulations, a new stellar disk forms during the merging proeess due to star formation in the gaseous disk. This "new" stellar disk component is thin, with scale heights of 300 -400 pc only (see Fig. 4.1 as an example). We will not investigate this newly formed thin disk component, but concentrate 011 the old stellar disk. i.e.. the 011e that was already in place before the interaction, in order to rnake a direct comparison with that found in dissipationless mergers. We do not find any young stars at scale heights larger than that of the thin disk formed during the merger.

For the rest of this section, we will examine the vertical structure of the remnant disk after a single dissipationless minor merger, to illustrate the proeess of thick disk formation during a gas-free minor merger. We will présent the vertical stellar distribution and the fitting results, and later we will compare these properties with those of remnant thick disks found in dissipative or multiple minor merger simulations, as well as thick disks formed through massive clumps in a gravitationally unstable disk. Thus, the investigation of thick disks formed in dissipationless minor mergers marks the "baseline" for understanding the impact of varying several configuration parameters in our simulations, such as orbital 

2). The two main features of these profiles fits are:

• There is a large excess of stellar particles at large distances from the mid-plane of the disk, z > 4 -5 kpc. This excess is especially prominent in the inner régions of the disk, r < 3rd and it virtually disappears at r > 3rd. By excess, we mean above what is fit by a single component sech function. This excess lias a scale height which is several times larger than the scale height of the main thick disk component (i.e., that described by the sech profile of stars doser to the mid-plane of the disk): at r = 0. for example, the scale height of the stellar excess is zq ae 2.3 kpc, about 5 times larger than that of the main thick disk component, which lias z0 ae 0.42 kpc.

Due to this excess, two sech functions of different scale heights are needed to fit the ent.ire vertical stellar profile.

• There is an increase in thick disk scale height with radius. As shown in Fig. 4.2 the scale height increases from zq = 0.42 kpc in the central disk to 20 ~3 kpc at 4TV, which is consistent quantitatively with the measured estimâtes of thick disks in galaxies (e.g., Morrison et al.. 1997).

Early research in self-gravitating stellar disks suggested that the thick disk scale height is independent of radius, assuming that the vertical velocity dispersion az decreases exponentially with radius and the scale length of az relates to the disk scale lengtli as hve\ = 2rd As pointed out by Quinn et al. (1993). in mergers of primary galaxies with their satel lites, the stellar disk is heated in three dimensions and altlrouglr tire velocitv dispersion profiles of tire renrnant disk are sinrilar to t.lrose initially in tire disk, tlrev show more extended exponential profiles. Fitting botlr the initial and post-merger vertical velocitv dispersion profiles with exponential functions, we found tirât, wlrile the initial profiles usually hâve hvej/rd ~2. in agreenrent with an initial stellar disk of constant scale lreiglrt, as assunred in our nrodel, tire hvei/rd ratio of post-merger vertical velochy profile Iras increased to tire range of ~2. the primary, the stellar excess can never be traced back to stars initially in the bulge of the primary. We further tested this finding by running a few simulations of dissipât ionless minor merger where the primary galaxy is initially bulgeless. Also in this case, a thick remuant disk with a double sech-like profile is formed, with characteristics very similar to those shown in Fig. 4.2. implies that the disk heating is the most significant in the outer régions of the disk. We note that the secular évolution alone cannot be responsible for thickening the stellar disk (see Fig. 4.5). We allowed a disk galaxy to evolve in isolation for 3 Gyrs and found that the disk scale height increased onlv marginally, < 25% at r ~/>/, and that this thickening is in dépendent of radius. where the gravitational potential is relatively weak due to the large distance from the mid-plane and where the satellite is being tidally disrupted by the primary galaxy earlv in the merging process. Therefore the scale heights of the stellar excesses are found to be quite independent of radius and are sensitive to the characteristics of the satellite orbit.

Variations in tire orbital parameters lead to a large scatter in the vertical scale height, \Azo\/2o,nean <30%.

Dissipative minor mergers versus clump instabilities

How does including gas in the primary galaxy5s disk effect the outcome of these sim ulations? In Fig. 4.6. we compare the disk scale heights of dissipative minor mergers (gas-to-stellar mass fractions fgns = 0.1 and 0.2) with those of dissipationless mergers.

Generally. a tlrick stellar disk is présent in ail the merger remuants, independent of the gas fraction in the primary. and its scale height always increases with radius. Dissipative mergers with fgas = 0.1 hâve similar scale heights as the dissipationless (gas-free) ones.

However, in mergers with fgas = 0.2, a significantly thinner remuant stellar tlrick disk is formed. of which the scale height at r > 2rd is on average ~20% -30%. smaller than those found in dissipationless mergers. This réduction is comparable to tire 25% found for 10:1 dissipative mergers with 20%. gas fraction by Moster et al. (2010). This agreenrent could be somewhat fortuitous. however, as a direct comparison is impossible, considering tirât we enrploy different galaxy nrodels and initial orbits.

We also found that the tlrick disk exponential scale length usually decreases by 15%. -

Results

20% in mergers witli a gas fraction fgas = 0.2, due to tire inflow of gas into the central régions and subséquent star formation. The opposite is true for the scale lengtli in dis sipationless mergers. which increases slightly. by about < 10% of the initial value. On the other hand. the stellar excess in dissipative minor mergers still has scale heights that are independent of radius, and very similar to those found in dissipationless mergers (see left panel in Fig. 4.7). Tliis implies that the dissipative gas component and further induced star formations mainly effects tire higher density régions close to the remuant disk mid-plane and that it has alnrost no effect in régions at greater heights above the disk mid-plane. Tliis is consistent with the excess being predominately due to tidal effects early in the merger event.

It. is of great, interest to investigate the différence in the properties of merger-induced thick disk and that formed by secular processes such as scattering due to clumps formed in a gravitât ionally unstable disk, as recently suggested by Bournaud et al. (2009). To this end, we compare tire vertical surface density profiles of thick disks induced bv mi nor mergers with those formed in gas-rich galaxies which are initially unstable to clump formation and are evolving in isolation for 3 Gyrs (see § 6.2 for details of these galaxy models). We found that the résultant scale lieight in the clumpy isolated galaxies is about In principle, observât ionally, tliis may be one wav to distinguish a secular from a merger origin for thick disks. We will elaborate on this further in the discussion.

Two consecutive dissipationless minor mergers

In hierarchical structure formation scénarios, galaxies grow through both minor and major mergers and periods of gas accretion from either cooling gas in their halos or from cosmic filaments. Satellite accretion is expected to be quite common in a ACDM universe and important for galaxy growth (Guo & White. 2008). The dynamical timescale for a satellite in the dark matter halo of a significantly more massive primary galaxy can be, and often is. long comparée! to the merging time scale. In such a situation, we may expect multiple minor mergers to be common since this allows the primary galaxy to hâve several satellite galaxies that hâve yet to rnerge.

We want to investigate if the effect of consecutive mergers may "saturate", i.e., if the additional heating caused by each subséquent merger will hâve an increasingly smaller effect on heating the disk. In order to gain insight in tliis, we compared the impact of a single minor merger to that of two sequential minor mergers on the heating of the disk. We adopted four merger historiés and two mass-ratios -a single 20:1 merger, two sequential 20:1 mergers, a single 10:1. and two sequential 10:1 mergers. which we will label as 20:1. 2x20:1, 10:1, and 2x10:1, respectivelv. Ail of these mergers are dissipationless and intended only as an initial exploration of the effects of multiple minor mergers on galaxy disks. The more massive satellite, by bringing in more internai energy is. in principle. more efficient at heating the stellar disk than a less massive one in a single merger event. This is true except in tire core régions at r < 0.5rj where disk stars do not respond mncli to the interaction due to their higlr local stellar densitv. In the outer régions, bevond 2rj, the scale height of the remuant disk in the single 10:1 minor merger case is ~1.5 times larger than in the 20:1 merger. 2x20:1 merger Iras sirnilar disk scale height as a single 10:1 minor merger. Varying the orbital inclination of the second satellite ("nrulti-A" and Unrulti-B" cases) only causes a rather trivial change in the disk scale height. The effect on disk scale height of two 20:1 mergers appears to Ire cumulative, and almost tire saine as for a single 10:1 merger (Fig. 4.9). Tlrus comparing a 2x10:1 merger is like comparing witlr a 4x20:1 mergers if the effect of multiple mergers does not saturate. From verv simple arguments of Liouville's theorem and tire conservation of energy. this is expected to be the case for dissipâtionless Systems [START_REF] Binney | Galacitc Dynamics[END_REF].
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Iir our simulations of a 2x10:1 minor merger, after tire frrst 10:1 merger, tire résultant thick disk still responds dynamically to tire heating induced by tire subséquent 10:1 merger (Fig. 4.9). After tire second merger tire final disk scale height is 1.5 -2 times larger than in a single 10:1 merger. Sinrilarly, the stellar excesses formel at greater lreiglrts in the vertical stellar distribution lrave also increased in tire subséquent merger events (Fig. 4.7)

-their disk scale lreiglrts after a single 10:1 merger are 1.5 tinres larger than tirât after a single 20:1 merger. In 2x10:1 mergers, their scale lreiglrts are not only ~1.4 -2 tinres larger than in single 10:1 mergers but also increase witlr radius. We fhrd tirât stars from tire prinrary disk galaxy donrinate tire vertical stellar distribution everywhere in the thick disk (Fig. 4.10). Tlrus, we ffird tirât the effect of two consecutive minor mergers in dissipationless Systems does not saturate but is cumulative.

Discussion

Sonre observations hâve suggested tirât thick disk scale height is constant witlr radius (Naslund & Jôrsater. 1997 The loss of angular momentmn in the gas during the merger causes both the deepening of the gravitational potential and enhanced star-formation in the densest régions of the disk, which is expected to lead to a larger scale length of the thick disk than tire tlrin disk newlv fornred during the merger. Tins is also supported by observations (Pohlen et al., 2007). In order to estimate tire scale length of tire tlrin disk, we consider only stars at disk height \z\ < 1 kpc, wlrereas stars at greater heights (1 < |c| < 5 kpc) are considered to constitute the thick disk -as was done in tire analysis of observations of external galaxies (e.g., Neeser et al., 2002). A comparison between our results and observations (Fig. 4.12)

shows a very good overall agreenrent, in the rd.thick/rd.t.hin ratios. This is a natural outconre of minor mergers with a primary disk containing gas and does not require any fine tuning. 2008) in a study of the merger lristory of dark matter halos, found that virtually every MW-sized halo Iras experienced at least orre nrinor merger with mass ratio <10:1 in the last 10 Gyr (see also Guo Sz White. 2008). One nrinor merger of mass ratio <10:1, as we lrave shown, is not going to destroy the disk and leads to something tirât looks like a thin+thiek disk. However, tire effect of dissipationless nrinor mergers on tlrickening tire stellar disk is cumulative. If the merger frequenev is lrigher. their the merger-induced disk tlrickening will destroy efficiently tire original thin disk, leading to a spheroid dominated early type galaxy. This predicanrent inrplies tirât the évolution lristory of most disk galaxies must be relatively quiet and suggests tirât there is a linrit to lrow nruch mass can be accreted solelv by nrinor mergers. However, we hâve yet to investigate dissipative multiple mergers and expect that the addition of gas will allow sonie additional dissipation of the energy and angular momentum of the merger. This would also hâve the effeet of erasing the perhaps unique signatures of the timing of the previous event and resuit in a more complex évolution (see also Brook et al., 2005).

Stewart et al. (

The question arises if metallicity or metallicity gradients can be used to distinguish between varions thick disk formation models. 2005), no-significant vertical color gradients are observer!, which suggests the absence of metallicity or âge gradients. Although some disk galaxies in the local universe show strong radial metallicity gradients (e.g.. Shields, 1990), they are not a stringent test of the merger hypothesis, given the dependence on the pre-existing disk and the strong mixing expect ed.

Our models would not necessarily predict a strong radial or vertical gradient in metal licity or âge for two main reasons: The First is that a vast. majority of the stars in the thick disk at heights <4-5 kpc are dominated bv stars originally in tire thin disk. Tlius any radial or vertical gradients in either âge or metallicity dépend on the properties of the pre-existing disk and not on the properties of the merging satellite galaxv. The second is that radial mixing due to tire fact that mergers are effective in clranging the orbital fanrilies of the disk and tire velocity dispersion would diminish anv intrinsic gradients tirât the original disk may hâve had (Haywood. 2008: Sclronrich & Binney. 2009). Furtlrermore, accreting gas from either the dark matter halo or cosmic filaments will further lower tlie disk scale height over time. Tlius, if the tirne between mergers is long compared to the accretion time of gas in the disk, then the long-lasting impact of minor mergers on disk thickening will be diminished. The caveat is of course that the variance in the metallicity and âge of the thick disk stars will hâve increased if the stellar population of the disk lias evolved significantly in between two merger events. Therefore, for an inherently stockastic process like the minor merger-induced thick disk formation scénario, the key factor is not the mean value of the stellar metallicity. but its variance in the abundances (Richard fast. this implies that the only viable formation scénarios are those that form thick disks early, with the thin and the thick disk aligned -with either a parallel or a perpendicular angular momentum vector -and with a generally relatively larger scale length for the thick disks (Pohlen et al., 2007). The minor merger-induced thick disk formation scénario merely requires a pre-existing disk in order to work. In ail other scénarios the thick disk either relies critically on the pre-existing disk itself. with the thick and the thin disk at least partiallv co-evolving -as in the secular évolution models, which must also explain lagging and counter-rotating thick disks -or the thick disk predates the thin disk forma tion. The différence in scale lengths of the thick and thin disks and the weak Chemical and dynamical relationsliip between the two suggest that a viable mechanism should preserve their rough alignment and hâve much of the mass of the thin disk form later. Clearly, an early phase of multiple minor mergers would be consistent with the data if such a phase were to last sufficiently long to allow for some enrichment due to SNe la. Issues of timing and total accreted mass are also important so as to not destroy the disk completely, which would then provide a natural way for the angular momentum vectors to remain parallel over a Hubble time.

We would also expert that the properties of the merger-induced thick disk relate somehow to the bulge growth. Observations hâve suggested that the thick disk scale height is related to Hubble type (de Grijs & Peletier, 1997). Although not discussed in detail in this study, we indeed find that the bulge component does grow during minor mergers, tlius slowly shifting the galaxies towards earlier Hubble types. In a stochastic process like minor mergers with a range of initial orbital parameters. we would expect to find counterrotating thick disk stars if the interaction were violent enough or that the satellite lias sufficiently liigh density to begin to dominate the stellar distributions and kiiiematics of the thick disk. We would in addition expect that some galaxies, especially those of dominated late-type. may or may not hâve thick disk. Observations hâve suggested that some disk dominated late-type galaxies do not hâve significant thick disks, and that some thick disks counter-rotate (Gilmore et al. 2003. square). In addition, a cosmological simulation is also shown (from the models of Brook et ah, 2004. asterisk).

in tlie early universe, tlie initial conditions adopted for our galaxv models represent a necessary starting point to explore tlie impact of gas fraction, orbital parameters and merging history on thick disk formation.

Conclusions

In this paper. we used N-bodv nnmerical simulations to explore if rninor mergers are a plausible mechanism to form thick disks tliat hâve morphological properties consistent with tlie observations, in particular tlie vertical surface density profile and tlie disk scale heiglit. Our rninor merger simulations hâve a variety of initial configuration parameters, e.g.. gas-to-stellar mass fractions. fgna = 0. 0.1, and 0.2. initial orbital energies and orientations, two different mass ratio (20:1 and 10:1). as well as tlie cumulative effect. of two consecutive dissipationless rninor mergers.

Minor interactions efficiently and gradually start heating pre-existing thin stellar disks from the first pericenter passage of the satellite galaxy, well before merging is complété.

The resulting vertical surface density profile of the stellar thick disk is characterized by a sech function. However, an stellar excess is visible in tlie profile at greater heights 2 > 4-5 kpc in inner régions (r < 3/^), whicli can also be fitted by an additional sech function witli a relativelv larger scale heiglit. Due to this excess. a double-sech profile is necessary to fit the entire vertical surface density profile. Usually the vertical stellar profile is dominated at ail disk heights by stars tliat initially were in tlie disk of tlie primary galaxy. Oui}' in few dissipationless mergers, we find tliat the stellar excess at greater heights is dominated The thick disk induced through merging maintains roughly tlie disk scale length of tlie pre-merger disk. The variation of tire disk scale length in pre-and post-merger phase is< 15% for dissipationless mergers and 15% -20% for dissipative mergers. The angular momentum loss of the gas component in minor mergers makes tlie thin disk contract as it forais stars. Therefore, the scale length of tlie post-merger thick disk is found to be larger tlian tliat of tlie newlv formed thin disk in agreement witli observations. This outcome is not naturally predicted in tlie other types of hypothesis of tlie origin of thick disks.

Post-merger thick stellar disks hâve scale heights which increase with radius. For dissipationless mergers with a range of initial orbital parameters, the scale heights range from Zq = 1 -3 kpc over 1 -4 times the disk scale length. The presence of gas in tlie primary galaxy cause the resulting thick disk to hâve a lower scale heiglit. The liigher the gas fraction, the greater tlie influence tlie gas lias 011 tlie scale heiglit of tlie thick disk.

For example, we find tliat tlie scale heiglit of the thick disk formed in a minor merger with fgas = 0.2 is 20% lower tlian in dissipationless minor mergers. whereas for a lower gas fraction of fgas = 0.1 tlie disk scale heiglit is very similar to tliose of dissipationless mergers. The radially increasing disk scale heiglit is alwavs accompanied by a ratio of tlie scale length of tlie vertical exponential velocity dispersion profile and the disk scale 4.5 Conclusions lengtli. hreI/rd ~2 -4. For tire stellar excesses far frorn the mid-plane. we found that their scale heights are independent of radius and the gas fraction of the primary galaxy. This is because they form early in the merger.

We also compared the properties of merger-driven tliick disk formation with those of thick disks formed in through strong scattering by self-gravit ating clumps tliat may form in unstable gas rich disks (a secular "clumpy disk" scénario). We find that for such a model, unlike for the merger-driven simulations, the thick disks hâve smaller disk scale heights zq ss 0.85 kpc independent of radius (in agreement with the results of Bournaud et ah. 2009). Not only are the radial distribution of scale heights is different in these two scénarios, but also the thick disks formed through scattering do not show the stellar excess at large disk scale heights. T'hus a possible way to distinguish between secular thick disk formation scénarios and merger models is to investigate the radial distribution of scale heights. as well as the presence and properties of the vertical stellar profile at large disk heights.

To explore if the cumulative effect of multiple minor mergers saturâtes, we hâve also investigated the additional disk heating by two consecutive dissipationless mergers. 2x10:1.

We indeed found that the disk heating effect does not decrease with the second merger event. in agreement with simple dynamical arguments on the conservation of energy and phase space density (Liouville's theorem). The inclusion of gas will likelv changes this resuit, whicli we will examine in a subséquent study.

Furthermore, we discussed a number of astrophysical implication of these results.

First, through a comparison of observations of thick disks in the MW and otlrer galaxies, we find the models are in reasonably good accord with what is known about thick disks.

Perhaps the most interesting and constraining resuit we hâve found is that after a minor merger. the scale lengtli of the thick disk is larger than that of the tlrin disk. This is due to the lose of angular momentum in the gas such that when it forms into stars, the thin disk lias effect.ively contracted. The thick disk formed maintains rouglily the original scale lengtli of the disk of the primary, the variation of whicli is < 15% for dissipationless mergers and 15% -20% for dissipâtive mergers. This outcome is not naturally predicted in the otlier types of models of the origin of thick disks.

Our results also put limits on the amount of accretion tliat thin disks can undergo in their lifetimes. This is not a simple function of accreted mass as merger-induced star formation within the pre-existing disk will act to botli stabilized the disk against destruction and to limit the mass fraction of thick disk stars by dissipating part of the energy of the interaction. Another component which may play an important rôle in thick disk formation is the bulge component. Observations hâve implied tliat thick disk properties relate to the Hubble type. The existed bulge component. or its growtli during the merger process. could prevent the stellar disk from being tidally distorted. or weaken the disk heating, and thus leave a relatively less thick stellar disk in post-merger phase.

Detailed study of the interplay between galactic bulge growth and thick disk formation could further our knowledge of the thick disk component as well as galaxy évolution.

Chapter 5

Angular Momentum Redistribution In Dissipative Minor Mergers

This chapter extends the analysis ofthe angular momentum redistribution that hâve donc in the Chapter 3 to minor mergers with dissipative gas. We investigate the angular momentum content of different baryon components: gas. stars existed before mergers and stars newly formed during mergers and discuss their different kinematical properties due to their angular momentum différence. We also discuss the way to distinguish accreted stars and stars formed in situ using their angular momentum information. At la.st we discuss the kinematical properties of the stellar disk in dissipative minor mergers.

This work is about to be submitted to the journal Astronomy and Astrophysics.

By means of N-body simulations, we investigated the impact of minor mergers on the angular momentum and kinematical properties of the merger remuant. Our simulations cover a range of initial orbital clraracteristics. and gas-to-stellar mass fractions (from 0 to 20%). and include star formation and supernova feedback. We confirm and extend previous results showing that tire spécifie angular momentum of the stellar component always decreases independently of the orbital parameters or morphology of the satellite, and that the decrease in the rotation velocitv of the primary galaxy is accompanied by a change in the anisotropy of the orbits. However, the decrease affects only the old stellar population, and not the new population formed from the gas component during the merging process. This means that tire merging process induces an increasing différence in the rotational support of tire old and young stellar components. with tire olcl one lagging with respect to tire new. Even if our models are not intended specifically to reproduce the Milky Way and its accretion lristory, we find that, under certain conditions, tire nrodeled rotational lag found is compatible with that observed in tire Milky Way disk, tlrus indicating tirât minor mergers cari be a viable way to produce it. The lag can increase with the vertical distance from tire disk mid-plane. but only if the satellite is accreted along a direct orbit. and in ail cases the main contribution to tire lag conres from stars originally in the primary disk rather than from stars in the satellite galaxy. We also discuss the possibilité of forming counter-rotating stars in tire remnant disk, their fraction as a funetion of the vertical distance from the galaxy mid-plane and the cumulative effect of multiple mergers on their formation.

Introduction

Rotationally supported disks account for only a small fraction of the mass in the local

Universe, but they contain most of the angular moment-uni (hereafter AM). The way disks acquire and redistribute their AM represents one of the most challenging problems for models of galaxy formation and évolution. According to the current cosmological paradigm. baryons and dark halos in galaxies acquire their spin through tidal torques exerted by adjacent structures at early times. This AM is tlren redistributed anrong tire different galaxy components through a number of internai and external processes, taking place during a galaxy's évolution. Among tire internai processes, bars, lopsidedness and spiral patterns are efficient in redistributing AM in galaxies, as many studies lrave This paper is the second of a sériés where we study, bv means of numerical simulations, the impact of minor mergers on AM redistribution in galaxies. In Qu et al. (2010a) (hereafter Paper I), we hâve investigated the impact of dissipâtionless minor mergers on disk galaxies, showing in particular tliat the initially non-rotating dark matter halo of the primary galaxy always gains AM and the spécifie AM of the stellar component always decreases. We also showed tliat this decrease in AM is accompanied by a change in stellar velocity anisotropy as the stellar orbits become less tangentially dominated as the merger advances. In this paper. we aim to enlarge this analysis to dissipative simulations of minor mergers. exploring a range of gas fractions and morphology parameters for the primary galaxy and the satellite. Star formation and feedback from supernovae explosions are ineluded in the modeling. and we are able to trace the AM redistribution of ail the galaxy components: dark matter. gas, old stars (i.e., those already in the galaxies before the interaction starts) and new stars (i.e., those formed from the gas during the interaction).

In particular. we aim to understand if dissipative minor mergers still slow down the stellar disk of the primary galaxy and if stellar populations of different âges show a different AM content and a different kinematical properties in the final (i.e.. post-merger) disk.

The paper is organized as follows: the numerical code, the initial galaxy models and orbital conditions adopted for the runs are described in Sect. 6.2. Sect.6.3 présents the main results of the paper, in particular how the AM content of gas and the old and new stellar populations is affected by a single and by two consecutive (Sect. 5. 

Models

Ail 121 simulations described in this paper are part of the GalMer project1 and hâve been fully described in Chilingarian et al. (2010). Here we recall the main characteristics of the adopted galaxy models and orbital parameters, as well as those of the numerical code employée! to run the simulations. In this paper. we study the interaction and successive merger of a satellite galaxy with a ten finies more massive primary disk galaxy. Both the primary and the satellite consist of a spherical non-rotating dark halo and a central bulge, both modelled by a Plummer sphere of masses and Mb, respectively, and core radii rB and rB, a stellar and an optional gas disk, represented by Myamoto-Nagai density profiles of masses M+ and Mgas. disk scale lengths a* and agas, and scale heights h* and hgas, respectively. Both the primary and the satellite galaxies span a range of morphologies, with a va ri et y of bulge to disk ratios, and gas-to-stellar mass fractions (from fgas-0 to fgas=20%). Moving from early-type to later type Systems, we refer to these models respectively with the nomenclature gSO. gSa and gSb for the primary galaxy, and dSO, dSa and dSb for the satellite. For the satellites, we also considered a simple 9. for the orbital initial conditions). To study the effect of multiple mergers, we also ran some simulations in which the primary galaxy accretes consecutively two satellites over a period of 3 -5 Gyr. We considérée! both cases in which both satellites corne from a fixed direction and cases in which the second satellite cornes from a different direction. However, we found no différence in the properties of rnerger remuant disks in these two cases. In this studv we also compare the kinematical properties of disks after minor mergers to those heated bv internai processes, sueh as scattering by massive clumps formed in an initially unstable disk (Bournaud et al., 2009).

For this. we analyzed a simulation of a gas-rich, unstable disk galaxy from Di Matteo et al. (2008a). It uses a total number of 120.000 particles, equally distributed among gas.

stars and dark matter. and Iras the same parameters as the gSb model (see Table 5.1) except for the gas mass fraction, which is initially 50%.

Ail the simulations were run using tire Tree-SPH code described in Semelin & Combes (2002). Gas is treated as isothermal, at a fixed température of T=104 I\. Prescriptions "hybrid" particle is considered to hâve been totally converted into a star-like particle and its small residual amount of gas spread over hybrid neighbors. Finallv. for the évaluation of the gravitational forces a softening length e = 200 pc is employed. The équations of motion are intégrâted using a leap-frog algorithm, with a fixed time step of 0.5 Myr. With tliese choices, the relative error in tire conservation of the total energy is close to 10~6 per time step.

The nomenclature adopted for our simulations consists of a string of 13 characters:

the first three (gSO, gSa or gSb) for the primary galaxy and the following three for the satellite galaxy (dEO. dSO. dSa or dSb), followed by the encounter identification string (see Chilingarian et ah. 2010. Table 9) and the orientation of the disk of the primary galaxy with respect to the orbital plane (33 or 60 degrees). Multiple mergers are indicated by two more characters: for example, the string gSadSat202dir33 refers to a gSa galaxy accreting two dwarf dSa galaxies, whose initial orbital parameters are those corresponding to the string 02dir in Table 9 of Chilingarian et al. (2010).

Results

In Paper I we showed that during (dissipationless) minor mergers the orbital AM is redistributed into internai AM of the interacting galaxies in an outside-in manner: the initially non-rotating dark halos of primary and satellite start to ac.quire AM first. just after the first pericenter passage between the two galaxies, while the strongest changes in the primary stellar disk take place rnostly in the final phase of the collision, when the satellite is close to merging. Ail our simulations also showed that the stellar disk loses part of its initial AM. The aini of this section is to investigate if tliese results are still valid for dissipative mergers, if différences can be found in the rotational support of the different stellar populations in the primary disk once the merger is completed and what their main kinematical characteristics are.

5.3.1

Gas, old stars, new stars and the évolution of their angular moment a

As discussed in Sect.6.2, our model galaxies contain both "old stars", which were already présent before the start of the interaction, and "new stars" formée! from gas during the 

Rotational lag

As the slowing down is affecting only the old stellar population we can expect to see an increasing différence in the AiVl content of the old and new stellar components as mergers proceed. This is indeed the case, as shown in Figs. 5.6 and 5.7, where the distribution of the spécifie AM, /, and radial and tangential velocities (vr and vt, respectivelv) of stars between radii of 2 and 3Rd are shown after a single minor merger and after two consecutive mergers. We hâve chosen this région as représentative of the solar neighborhood. To compare the effects of consecutive mergers to those of secular évolution in (Fig. 5.8) we show the saine distributions for three galaxies evolved in isolation: the modeled gSa and gSb galaxy, and a gas-rich, unstable clumpy disk. In this plot, we show the newly forrned We emphasize tliat this is a very simple way to distinguish between a thin, kinematically cold stellar component and a thick and hotter one. which is based on the analysis of the vertical properties of thick disks fonned in minor mergers (Qu et ah. 2010b). 
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Results

The results of tliis study show that:

• Aft-er a single merger the thin stellar disk (i.e.. at \z\< 1 kpc) is made of two different stellar components. a young and an old population, the latter with a lower angular momentum than the former. In the région between 2Rd -3Rd. for a gSbdSb direct merger. where both galaxies initially hâve a gas fraction of 20%, the old stars in the thin disk hâve an average spécifie AM which is about 10% lower than tire new stars;

• If the whole old stellar population is considered, its average spécifie AM is about 7% lower than that of old stars with |z|< 1 kpc, tlrus indicating that the stars in the thick old disk (|z|> 1 kpc) contribute to decrea.se the spécifie AM and are tlrus less rotationally supported than the thin old disk stars:

• This different content in the spécifie AM of the stellar populations is reflected in different tangential velocities of their stars in the disk, with tire tangential support of stellar orbits decreasing from tire thin new disk, througlr the thin old disk, to the thick old disk:

• For tire saine gas fraction in the progenitor disks there is a différence between direct and rétrogradé nrergers, in the sense that the spécifie AM content of old stars is lower if tire satellite orbit is rétrogradé. This lower AM content can be explained bv the presence of counter-rotating material (négative /) which is found in ail rétrogradé encounters analyzed (see Sect. 5.3.4 for a detailed discussion);

• If one defines the rotational lag of old stars as V\ag -i\ -vnewstars, v* is the tangential velocity of stars in tire thin or thick old disk, and vnewstars that of new stars, one can see that it dépends on the amount of gas présent in the progenitor disks: for old thin and old thick disk stars, the higher the gas fraction in the progenitor disk, the lower the rotational lag in the remuant.

We refer the reader to Table 5.3 for a complété sumnrary of the results found in The average values of vt in the different régions lias also benn indicated. .10: Same as Fig. 5.9 but for an isolated. very gas-rich galaxy, after an unstable, clumpy phase. Note that in tins case the fourth and highest région is missing, due to a lack of stars above/below 5 kpc front the galaxy mid-plane.

confirms that the différence between the spécifie AM of satellite stars and primary disk stars is significant in the outer disk régions: typically the différence is 20% at, radii of 1.5 -2Rd-But at these radii the fraction of satellite stars with \z\< 1 kpc is only a few percent of the total number of stars. This means that it can be extremely diffic-ult to detect these stars in an observational sarnple. We find. however, that the fraction of satellite stars is 5 -10 times larger at greater heights: at |z|> 1 kpc. outside a radius of 1.5 -2Rd the spécifie AM content of accreted stars can be significantly different from that of primary stars, and their fraction sufficiently higher (around 10%) to make their observational détection more likely. Note however that generally the satellite stars with the lowest AM content are found very far from the galaxy mid-plane (|z|> 5 kpc). We want to point out that there are also cases in which there is no discernible différence in the spécifie AM of satellite and primary disk stars at any radius, also at the largest radii plotted in Fig. 5.11 and Fig. 5.12). This is in agreement with what was found in Fig. 5.9, where primary and satellite stars show remarkably similar tangential velocities.

Obviously, the spécifie AM becomes a better discriminant if satellite orbits counterrotate with respect to the primary disk -a clear sign of an external origin of stars. We find counter-rotation in ail rnerger remnant with rétrogradé orbits (some examples are shown in Fig. 5.12). We will discuss the main properties of counter-rotating stars further in the next section.

Counterrotation

Counter-rotating stellar disks are observed in external galaxies (see Yoachim & Dalcanton, 2005) and counter-rotation is also found in the Milky Way halo (see Carollo et al.. 2007).

The presence of stars (in the thick disk or in the halo) with motions opposite to the galaxy main spin cannot be explained with secular évolution processes, and is a strong evidence of their external origin.

It is thus of great interest to investigate tire presence of counter-rotating stars in our rnerger remuants, and to détermine their fraction and their vertical distribution with If counter-rotating stars are a natural outcome of low orbital inclination in single îninor mergers with satellites 011 rétrogradé orbits, would a second rétrogradé merger then increase the fraction of counter-rotating stars even further at ail heights? I11 our models (Fig. 5.15) the effect of a second rétrogradé merger with the sanie mass ratio, is to increase the fraction of counter-rotating stars by a factor of about 2. at ail heights. We can conclude from this tliat repeated rétrogradé minor mergers hâve a cumulative effect 011 the number of counter-rotating stars in the thick disk and inner halo. The same data are also shown for the initial stellar disks, before merging. The gas mass fraction of the merging galaxies increases from the left to the right, from 0 for the SO case, to 0.2 for the Sbs.

Kinematics of the remnant disk

The AM évolution of the baryonic component during merging processes discussed in tire Sec:t.5. 

Discussion and Conclusions

By nreans of N-body/SPH simulations, we hâve studied the kinematical properties of stars in galaxy remuants of 1:10 minor mergers. The simulated interactions span a range in gas mass fractions, from 0 to 0.2 in tire primary and satellite galaxies, and a range of orbital paranreters.

As shown in Qu et al. (2010a). minor mergers resuit into a redistribution of orbital into internai angular nromentunr, which affects ail galaxy components. In particular, old stars, i.e., those alreadv in place before tire interaction, always lose angular monrentum during the merging process. The decrease of tire spécifie AM of old stars is accompanied by a redistribution of stellar orbits, as traced by the anisotropy parameter 3. which become increasingly radial. In rninor mergers wit.h gas in tlie disk of the primary galaxy we find similar trend that old stars lose angular moment uni and as a resuit their orbit s become more radial dominated. However. when a new stellar component forais from gas présent in the primary disk during the merger. its AM content is significantly different: the orbits tend to lie more tangentially dominated. tlius providing a higher rotational support. This Counter-rotating material is found in ail our simulations where the satellite is accreted along a rétrogradé orbit. The amount of counter-rotating stars (ail associated to stars initially in the satellite galaxy ) increases with 2 as a resuit of the increasing contribution of satellite stars to the wliole stellar content, and 2 between 3 -5 kpc, the fraction of counter-rotating stars is between 10% and 15% . We hâve shown that the effect of multiple mergers on the génération of a counter-rotating disk is cumulative, in the sense that the fraction of counter-rotating stars doubles after the aecretion of a second satellite on a rétrogradé orbit, whose mass is comparable to that of the first. It is thus possible that some of the galaxies observed to hâve a high fraction of counter-rotating material in the thick disk (Yoachim & Dalcanton. 2005) could hâve accreted a number of satellites in rétrogradé orbits.

Finally. we hâve discussed the possibility of discriminating stars accreted from the satellite galaxy from those formed in the primarv disk on the basis of their AM content, as recently proposed by Villalobos & Helmi (2009). We hnd that in general the AM content is a better discriminant for stars located at high vertical distances from the galaxy midplane (|z|> 1 kpc), tlian at smaller heights. as proposed by Villalobos & Helmi (2009).

Moreover. as the fraction of satellite stars increases with 2 in our models, their détection at high 2 should also be more likely. However, we want to point out that there are cases where the AM content cannot be used to distinguish between stars originallv in the primarv and those accreted from the satellite because no différence in their AM content is seen at any radius.

Resuit s and Discussion

with bulge to disk mass ratios between 0.2 and 0.25 and gas-to-stellar disk fractions fgas from -0 to 0.2. After the particles in each simulation hâve relaxed. the two galaxies are placed at an initial distance of 100 kpc, with a variety of relative velocities. to simulate different orbits. For a complété description of the initial galaxy models, number of par ticles employed, and orbital conditions, we refer the reader to Tables F 3. 6 and 9 in Chilingarian et al. (2010).

Ail simulations were run using the Tree-SPH code described in Semelin & Combes (2002). The gas is assumed to be isothermal at a température of 104 K. Prescriptions for star formation and feedback from supernovae explosions are also included. The équations of motion are integrated using a leap-frog algorithm. with a fixed time step of 0.5 Myr.

For the évaluation of the gravitâtional forces, a softening length e=200 pc-is employed.

With these choices. the relative error in the conservation of the total energy is about 10"6 per time step.

Results and Discussion

To evaluate stellar eccentricities. we hâve analyzed the orbits of the stellar particles in our modeled galaxies during the period 1-2 Gvr after the completion of the merger. For For a représentative set of models, the resulting distributions of orbital eccentricities are shown in Fig. 6.1. Indépendant of the exact properties of the galaxies in the simula tions and of the orbital configurations, a number of connnon features emerge from the simulations:

• the overall distribution of eccentricities shows a peak at low values, between e -0.2 -0.35. followed bv a relatively smooth decrease towards liigher values;

• stars initially in the satellite galaxy span a wide range of eccentricities, from e = 0.4 and e -0.7. with the exact values depending on the orbital characteristics and gas fractions;

• we never find the presence of a secondary peak at high eccentricities. like the values of 0.7 to 0.95 reported in Sales et al. (2009). found for a thick disk formed in situ by gas-rieh mergers early in the évolution of the disk (labeled " merger" in their paper). Where does tins différence between our simulations corne from?

In principle, many parameters can contribute to tins différence. The mass ratio of the encounters is different, for example: we analyze 1:10 mergers, whereas theirs hâve a 1:5 ratio. A relatively more massive satellite would resuit in a greater fractional contribution of its stars to the mass of the thick disk at a given height from the galaxy mid-plane.

For example, the distribution found for a satellite on a rétrogradé orbit merging with a disk galaxy having fgas=0-2 (bottom right panel in Fig. 6.1) could conceivablv resuit in a secondary peak around e -0.65, if the total mass contribution from satellite stars in this région were significant-ly greater. Of course, this is a first order approximation, because a satellite tirât is more massive would also expérience different and perhaps stronger tidal effects and dynamical friction, thus resulting in a different orbit. and likely in an ultimately different distribution of eccentricities.

We do not rnean to claim that the distributions of stellar eccentricities shown in wlro found a peak at low eccentricities with a smootlr décliné at higher values (Fig. 6.2).

To furtlrer investigate tire properties of thick disks formed as a conséquence of minor mergers, we hâve evaluated tire distribution of eccentricities of stars at different heights above and below tire disk nrid-plane. This analysis was nrotivated by observations of changes in tire eccentricity distributions of stars in the solar neiglrborhood with distance c from tire plane (Dierickx et al., 2010). We selected model stars according to their lreiglrt from tire nrid-plane after tire merger, restricting our analysis to tire région between distribution decreases with an increasing gas fraction of the primary disk (cf. Fig. 6.1 and Fig. 6.3). The gravitational force exerted by a gas component can indeed strongly affect the vertical stellar distribution (Banerjee & Jog. 2007). limiting disk heating (Qu et al., 2010b), and affecting its kinematics (Qu et al., 2010c).

Interest ingly, we also find that the eccentricity distributions as a function of z show a dependency on the initial orbit of the satellite galaxv. If the satellite is accreted along a direct orbit (i.e. if the 2 component of the orbital angular momentum is parallel to the primary internai angular momentum), the eccentricities show a trend with the vertical distance from the mid-plane: the greater the 2 distance from the mid-plane. the higher the stellar eccentricities. This trend can be explained in ternis of a rotational lag of the thick disk as a function of 2. wliicli can be induced by minor mergers (Villalobos & Helmi. 2008). but whose amplitude and behavior strongly dépend 011 the satellite orbit (Qu et ah, 2010c). In direct encounters, the strong coupling of the satellite motion to the disk internai rotation induces a higher perturbation of the kinematics of stars in the primary disk, increasing the overall radial velocity dispersion, and decreasing the overall rotational support. This effect also appears in the amplitude of the rotational lag of the thick disk. As the stars in the thick disk mostly originated in the thin disk of the primary, the lag must increase with 2. For rétrogradé orbits, however. the lack of strong gravitational coupling between satellite and disk produces a mucli smaller effect -stars in the thick disk rotate slower than those in the thin disk, but this lag does not show any dependence on vertical height, except at very large mid-plane distances (above 2 > 520).

The absence of a trend between the rotational support and 2 for rétrogradé encounters is reflected directly in the distribution of eccentricities. which does not change signifîcantly with increasing 2. Specifically, the peak of the distribution stays constant for | 2/20 |<5, and increases only beyond that.

Thus the observational trend found by Dierickx et al. (2010). with stellar orbits becoming more eccentric as 011e rnoves away from the galactic plane, can only be reproduced by our models if the satellite is accreted along a direct orbit.

Conclusions

By means of N-body/SPH simulations, we hâve investigated the distribution of orbital eccentricities of stars in thick disks formed by heating of a thin stellar disk after minor mergers with mass ratios 1:10. The simulated interactions span a range in bot h gas fractions of the primary disk and orbital parameters. The eccentricity distributions hâve an approximately triangular shape, with a peak around e = 0.2 -0.35. and a relativelv smooth décliné towards higher eccentricities. The exact distribution dépends 011 the gasto-stellar disk mass fraction in the primary disk, in the sense that higher gas fractions We conclude on the basis of these models that the observed distribution of orbital eccentricities of stars in the galactic tlrick disk is in qualitative agreement with a scénario where the thick disk lias been (predominately?) formed by heating the thin disk through the impact of a (or perhaps multiple) rninor merger(s) (whose affects are likely cumulative Qu et ah, 2010b). As we hâve discussed, tire formation of a thick disk in situ, meaning after the merger of gas-rich progenitors in the early universe, cannot be ruled ont based on our models or other evidence, because its observed eccentricity distribution is also qualitatively sinrilar to that observed. In case a satellite is accreted on a direct orbit, our models can also reproduce the trend found by Dierickx et al. (2010) that satellite orbits become more eccentric as one moves away from the Milky Way plane. We speculate that if minor mergers were the dominant mechanism for the formation of the Milky way thick disk, the major contribution should corne from merger(s) with satellite(s) on direct orbits.

The current computational facilities make the investigation of a large number of parameters and accretion historiés feasible. In comparing the signatures produced by dif ferent accretion events on the kinematics and metallicity of thin/thick disk and halo, the future observations by GAIA and LAMOST will hâve a key rôle in understanding the mass accretion history of our Galaxy and its impact on the formation and évolution of the thick disk.

Chapter 7

Conclusions

The formation and évolution of stellar disks are intertwined with tire development of angular momentum with cosmic time. The way disks acquire and redistribute their angular momentmn represents one of tire most challenging problenrs for models of galaxy formation and évolution. In order to gain more insight into tire physical processes tirât détermine tire angular nronrenturn distribution in galaxies we used N-body/Snrooth Particle Hydrodynamieal numerical simulations to explore tire angular momentum redistribution during a large number of galaxy mergers. and investigated their impact on tire kinematical and morphological properties of stellar disks. We focused on nrinor galaxy mergers, in wlriclr a massive disk galaxy accretes one or two satellites tirât are 10 or 20 tinres less massive over 3 -5 Gyrs. We adopted a variety of initial orbital configurations and galaxy models, botlr gas-free and dissipâtional, in order to investigate tire dependence of our results on tire configuration paranreters.

In tlris study. we found tirât -The scale height of tire stellar excess at great heights is independent of eitlrer radius or tire fraction of gas involved in tire mergers;

-Secular processes, suclr as scattering by clunrps in unstable gaseous disks, can also create a thick disk, but witlr rouglrly constant disk scale height. However. but only when a satellite galaxy is accreted on a direct orbit. Not such a trend is found for rétrogradé mergers. except for stars at more than 5 disk scale heights from the mid-plane.

• Dissipative minor mergers -The slowing down of the stellar disk is also found in dissipative mergers;

-Successive dissipative minor mergers also hâve a cumulative effect on slowing down a stellar disks:

-The newly fornred stellar population acquires its angular momentmn from starforming gas and lias more spécifie angular momentum than the old stars, even within the thin disk. This leads to a lag in the rotation rates between the old and the new stellar populations. This link between the kinematics and the âge of stellar populations can be used to probe the stellar formation history of galaxies;

-The spécifie angular momentum ratio between stars from the satellite and the primary galaxy becomes smaller than 0.8. at radii greater than 1.5 -2 thick disk scale lengths and at heights z > 1 kpc above the disk mid-plane. Given that the fraction of satellite stars increases with disk heights, the different angular momentmn content can lie used to disentangle the accreted stars and those formed in situ;

-Stars originating from a satellite in a rétrogradé orbit merger preserve their orbital angular momentum, which is misaligned with the spin of the primary disk, and become a potential origin for the observed counter-rotating stellar components of thick disks:

-The bulge, thin and thick disk components could be differentiated on the basis of their rotational support, and can in tins way provide an estimate of the évolution of their masses after 1 or 2 mergers.

O ver ail, our results indicate that minor mergers are capable of transforming disk galaxies into earlier morphological types, silice they reduce the spécifie angular momentum and rotation speed. and increase the velocity dispersion of the disk. Ail of our merger remuants can still be classified as disk galaxies, though, with a central bulge component and a disk that is thicker and kinematically hotter than that of the progenitor. They hâve properties that are in good agreement with observations of the relationship between thin and thick disks and with the systematic properties of disks as a function of morphological type. Overall. it is the old, thick. slowlv rotating disk that dominâtes the merger remuant.

Compared to it, the effect that merger-induced star formation Iras on preserving the overall initial disk rotation is relatively small because tire gas-to-stellar mass fraction is always less than 0.2 in our simulations.

Our studies also provide a nurrrber of potential ways in which observational results could be used to set constraints on theoretical models and could give hints of the for mation history and the origin of stellar populations of galaxies. For example, the stellar excess at great heiglits of tliick disks formed in minor mergers represents a unique sig nature which can help distinguish between scénarios for tire formation of galactic tliick disks. The différence in spécifie angular momentum content between stars newly formed during mergers and stellar populations that originally exist before mergers results in their différence in kinematics -a rotation lag -which could be used to trace tire formation history of stellar populations of galaxies. Also the différence in angular momentum con tent between stars accreted from satellite galaxies and tliose formed in situ can Ire used to disentangle these stellar populations of different origins.

The work presented in this tlresis demonstrate the fundamental rôle the angular mo mentum plays during galaxy minor merger processes in altering stellar disk properties and driving galaxy évolution. In order to understand certain physical processes and ré sultant phenomena in galaxy mergers and interactions it is necessary to go deeper into the underlying fundamental mechanism -angular momentum redistribution. Also the investigation of the impacts of minor mergers on galaxy properties helps us assess better tire rôle minor mergers play in hierarchical galaxy évolution history. However, we focused mainly on morphological and kinematical properties of disk galaxies in this study. Many conséquences of gas dynamics during mergers, such as star formation, bulge growth and metallicity distribution, hâve yet to be investigated in detail. This thesis represents just a small step on the path towards a complété understanding of the angular momentum évolution and the rôle that minor mergers play in galaxy évolution.

Chapter 8 Prospects

Multi-phase gas dynamics in galaxy mergers

In tliis thesis we used an N-body Tree/SPH numerical simulation tool to investigate the angular momentum évolution in minor galaxy mergers and discuss the impact of these mergers on kinematical and morphological properties of disk galaxies. The simulation code we used. includes the treatment of star formation and stellar feedback through supernova explosion. However. it lacks a realistic multi-phase gas medium, and it does not consider the effect of gas cooling and shoek heating. The primary gas cooling channels relevant to the formation of galaxies are radiative decay of excited energy levels and Bremsstrahlung radiation of électrons accelerated in a plasma. Gas cooling plavs a vital rôle in galaxy formation because it détermines the rate at wliich gas becomes available for star formation (Blumenthal et ah, 1984). Shocks produced in galaxy interactions and mergers can couvert kinematic energy into thermal energy of the gas. They governs the thermal histoiy and nature of gas.

In the simulation code the star formation rate is related directly to the gas densitv through the Schmidt-Kennicutt law. Tliis method gives a reasonable description of the star formation rate, whereas it cannot give a realistic description of gas dynamical behavior. Without tliis. it is impossible to answer questions like: what is the rôle of cosmological cool gas accretion? How does the hot gas wliich is shock heated during mergers evolve and where is its energy dissipated? Therefore the next step in our numerical studies is to develop the realistic treatment of multi-phase gas and investigate the gas dynamics and the rôle it plavs in galaxy mergers.

Tully-Fisher relation évolution in minor mergers

The well established corrélation between total luminosity and rotation velocity for disk galaxies, the Tully-Fisher (TF) relation (Tully Sz Fisher. 1977), is an important tool for the 8.2 Tully-Fisher relation évolution in minor mergers quantitative test of prédictions from analytic, semi-analytic and numerical modeling based on the hierarclncal scénario. Among other possibilities. the TF relation may originate either from the cosmological équivalence between the dark halo mass and the circular velocity (e.g., Mo et ah. 1998). or be due to self-regulated star formation in disks of different masses (e.g., Silk. 1997). This relation relates closely to the star formation history and the feedback process disk galaxies experienced in tlieir life time. Its zéropoint problem and its scatter, as well as its évolution over cosmological time. can provide valuable information on the growth of luminous structure in the Universe.

Early-type disk galaxies (SOs) are generallv found to follow the TF relationship of spiral galaxies, albeit with a larger scatter and a srnall offset (e.g.. 2002)). The offset and larger scatter hâve been interpreted as revealing a generallv older stellar population in S0 galaxies than in spirals and a range of times during which the S0 galaxies started to evolve passively (Mathieu et ah, 2002). However. as noted in Bedregal et ah (2006), there is no strong corrélation between the âge of an S0 galaxy and its offset from the TF relation for spiral galaxies.

This could stem from a sample that is too small, or it could indicate that other processes play a rôle in the larger scatter in the TF relation of S0 galaxies.

We hâve shown in our numerical simulations that minor mergers always lead to a decrease in the rotation speed of the primary S0 galaxy. Decreasing its rotation speed wliile increasing its stellar mass will move an S0 galaxy back towards the TF relation for spirals. Study of the merger-induced évolution of the TF relation for S0 galaxies and the scatter of the TF relation resulting from simulation configurations may shed more light on the physical mechanisms which resuit in the observed différences between their TF relation and that of spiral galaxies. Also this study may help discriminate between hypothèses on the origin of the TF relation, and thus unravel the evolutionary history of S0 galaxies.

In addition, it is generally believed that early-type galaxies forrn through mergers of late-type galaxies. Therefore the scaling relations of late-type galaxies may evolve into those of the early-types (Covington et al., 2008(Covington et al., . 2010 kinematic energy of a galaxy: S0.5 = y/0.5i'72o, + a2, where vrof is tire rotation velocity of the galaxy and a is tire velocity dispersion. They found a tight relation between S0.5 and the stellar mass for galaxies regardless of their morphology and kinematics. Furthermore, this modified and tight TF relation is consistent with the Faber-Jackson relation for earlytype galaxies (Gallazzi et al., 2006). The relationship between S0.5 and the stellar mass may provide more information 011 the kinematical évolution of galaxies.

Minor mergers not onlv slow down rotating primary disks but also increase their velocity dispersion, resulting in a decrease in the v/a ratio of tire primary disk. This 
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 21 Example of a hierarchical subdivision of a domain of N part ides into cubic cells, as used in a tree-code. The subdivision of each sub-volume into smaller units is continued until each cell at the lowest level of the hierarchy contains one or zéro particles 2.2 A numericallv simulated interstellar medium (ISM) density field at redshift 2.8 Line-of-sight velocities and velocity dispersions of stars in our SO, Sa and Sb elass galaxy models which evolved in isolation over a period of 3 Gyrs (upper panel). Also shown are the corresponding v/o ratios in this period (lower panel) 25 3.1 Top panels: Evolution of the absolute value of the total (solid line), orbital (dottecl line), and internai (dashed line) angular momentum for some of the simulated 10:1 mergers, for both the stellar and dark matter components together. Bottom panels: Evolution of the absolute value of the internai angular momentum of the massive gSO galaxy (red dashed line) and of the dEO satellite (bine dashed line) for both the stellar and dark matter components together. The angular momentum is in nuits of 2.3 x 10HMo kpc km s-1 32 3.2 Evolution of the absolute value of the internai angular momentum in minor mergers with different baryonic mass concentrations of the merging satel lite. The mass of the satellite is the same. only the central volume density is 50% higher (dotted lines) or 50% lower (solid lines) than in the reference satellite. The internai angular momentum of gSO galaxy and satellite are shown in red and blue. respectively. Left panel: direct mergers. Right panel: rétrogradé mergers 33 3.3 Evolution of tire absolute value of the internai angular momentum of the stellar and dark matter components of the gSO galaxy (solid and dotted red lines) and of its satellite (solid and dotted blue lines) for four 10:1 mergers.

2Rso < r < 5 /

 5 ?50. and 5/?,5o < r < IOR50 38 3.8 Upper panels: Evolution of the absolute value of the spécifie angular inomenturrr of stars in tire gSO galaxy undergoing a 20:1 direct (left panel) and rétrogradé (riglrt panel) nrerger. The spécifie angular momentum has been measured in five different radial régions, as in Fig. 3.4. Lower panels: Evolution of the anisotropv parameter. j3, for the mergers slrovrr in the upper panels, and measured in the same five radial régions 39 3.9 Upper panels: Line-of-sight velocities and velocity dispersions of stars in the initial gSO model galaxy (dotted lines) and in tire final remnant of a 10:1 (thick solid lines) and a 20:1 (tlrin solid lines) nrerger. Direct encounters are slrovn in the left panel, rétrogradé encounters on tire riglrt. Lower panels: v/a ratio of tire initial gSO model (dotted lines) and of the final remuant of tire 10:1 (thick solid lines) arrd 20:1 (tlrin solid lines) mergers slrovrr in tire upper panels. Distances are in multiples of R50 40 3.10 Upper panel: Line-of-siglrt velocities arrd velocity dispersions of stars in the gSO galaxy tirât evolved in isolation, at t=0 (dotted lines) arrd at t-3 Gyr (solid lines). Lower panel: Corresponding v/a ratios at these tvo tirrres. Distances are in multiples of RgSb galaxy model as it was configured initially (left) and as it is 3 Gyr after the start of tire simulation (middle and right). Both the original stellar population and the one formed during the merger are sliown in the middle panel. The presence of a newly formed thin stellar disk is clearly visible. While in the right panel we show the stellar distribution of only the initial stellar population of both galaxies after the merger. The thickening of the disk is entirely due to stars frorn the original thin disk and satellite. The sarne color and contour scales hâve been adopted in tliese three panels. Contours are spacecl logarithmicallv and each panel is 40 kpc x40 kpc in size 51 4.2 Vertical stellar surface density profiles of a post-merger thick stellar disk 0.5 Gyr after the completion of a dissipationless minor merger (black). We display profiles at. a variety of positions from the galaxy center along the major axis of the galactic mid-plane. Superposed on these distributions are the double sech funetions fitted and their corresponding scale heights (red). 52 4.3 Upper panel: Vertical stellar surface density profiles as funetion of radius in pre-merger (t = 0 Gyr). merging and post-merger phase of a dissipationless minor merger event. Lower panel: The orbital évolution of the satellite relative to the primary galaxy. Arrows mark the merger phases correspond to profiles with the sanie color and line styles shown in the upper panel. . . 53 4.4 Vertical stellar surface density profiles of the post-merger phase of a dissipa tionless minor merger event (black line). We show tins for two inclinations of the orbital plane. 33°(left panel) and 60°(right panel). The contribu tions to the thick disk stellar population from stars originally in the primary galaxy (red) and the satellite (blue) are shown in each panel 54 4.5 The scale heights of the merger-induced thick disk and stellar excess as funetion of the disk scale length, rd. for dissipationless minor mergers with six sets of different initial orbital parameters (see also Fig.4.2). The shaded régions indicate the scatter in the scale heights. which results from the differing initial orbital configurations. Also shown are the scale height of the original stellar disk (dotted line) and after evolving it in isolation for 3 Gyr (dashed line) 55 4.6 Scale heights as funetion of radial distance of post-merger thick stellar disks for 3 gas-to-stellar mass fractions, fgas -0. 0.1, and 0.2. The shaded région indicates the scatter in the disk scale height due to the variety of initial orbital configurations. Also shown are disk scale heights of two simulations of clumpy unstable disks with initial Toomre disk stability parameter for the gaseous component Qgas = 0.3 (gSb+ul) and Qgas = 0.1 (gSb+u2).
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 1 or 20:1 and 2x10:1 or 2x20:1 10:1 or 20:1 consecutive merger events (the line styles are given in the legend in the figure). We also show the results for satellites where the two consecutive interactions and mergers where either accreted from the saine direction (multi-A) or from different directions (multi-B) 4.10 Vertical stellar surface density profiles of thick disks after the merger. The 20:1 and 2x20:1 (left panel). 10:1 and 2x10:1 (right panel) merger cases are the sanie as shown in Fig.4.9. The contributions from the primary galaxy (red), the first satellite (bine), and the second satellite (green) are shown séparately 4.11 Ratio of the thick disk scale length and scale height as function of circulai' velocity vcir. from our dissipative/dissipationless and single/multiple minor merger models as well as from two unstable clump disk models (gSb+ul and gSb+u2, see Fig. 4.6 for the notations). Also shown are observations of a sample of late-type galaxies from Yoachim & Dalcanton (2005) (open and filled circles), and of the thin and old thick disk of the Milky Way (Larsen & Humphreys, 2003) 4.12 Comparison between observations and our model results of thick-to-thin disk scale length ratios. id.thick/^d.thin-as function of circulai' velocity. vcir. from our minor merger models with two gas fractions. fgas-0.1 and 0.2. and two clumpy disk models (gSb+ul and gSb+u2, see Fig. 4.6 for the notations). Observations are shown for samples of late-type spirals from (Yoachim & Dalcanton. 2006. solid black and open circles), (Abe et al.. 1999: Neeser et al.. 2002: Wu et al.. 2002. diamond and triangles), a sam ple of early type galaxies (Pohlen et al.. 2004, diamond), and the Milky Way (Larsen & Humphreys. 2003. square). In addition, a eosmologieal simulation is also shown (from the models of Brook et al., 2004. asterisk). .
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 51 The spécifie AM of old stars (left panel), gas and new stars (middle panel) and dark matter (right panel) is shown, for four different radial zones in the galaxy, as explained in the legend. Rd indicates the disk scale length O»en LIST OF FIGURES 5.3 From left to right: Spécifie AM as a function of radius r in the primary galaxy. for gas and new stars ( left panel) and old stars (middle panel) during the minor merger whose évolution is shown in Fig.5.1. In eaeh panel tlie black line shows the initial AM and the red line shows the final AM. The spécifie AM is in units of 100 kpc km s-1. Right panel: The anisotropv parameter 3 as a function of r for old stars in the gSbdSb merger. Botli the initial (black line) and final (red line) 3 are shown 75 5.4 Left panel: Ratio of tangential velocity dispersion and radial vélo city dis persion as a function of radius r for old stars before (black line) and after (red line) the minor merger event shown in Fig.5.1. Right panel: Sanie as the left panel but for the ratio of vertical velocity dispersion and radial velocity dispersion 75 5.5 Right panel: Spécifie AM as a function of radius r for the old stars of a gSb galaxy undergoing two consecutive minor mergers. The spécifie AM is shown after the first. (blue line) and second (red line) merger. The initial AM is also shown for eomparison (black line). The spécifie AM is in units of 100 kpc km s-1. Left panel: Anisotropv parameter. 3. as function of radius, for the old stars of tire gSb galaxy whose spécifie AM is shown in the right panel 76 5.6 Histograms for stars between radii of 2 -3Rd of their spécifie AM / (in units of 100 kpc km s-1) and the radial (ty) and tangential (t>) veloeities (in units of 100 km s"1) of stars at least 1 Gvr after a number of minor merger remuants. From top to hottom: The first three rows show direct minor mergers, with disk gas fractions increasing from 0 to 0.2. Indicated in eaeh panel are the entire old stellar population (grev). new stars (blue) and old stars with |z|< 1 kpc (red). The vertical dashed Unes show the average values of /. ty and vt for eaeh of these three components 78 .7 Same as Fig. 5.6. but for two consecutive minor mergers 79 .8 Same as Fig. 5.6, but for galaxies that were evolved in isolation for 3 Gyr: a gSa (upper panel) with fgas = 0.1 and a gSb (middle panel) with fgas = 0.2, as well as a galaxy with a mu ch higher gas fraction of 0.5 which went through an unstable clumpy phase (bottom panel). In the latter case the parameters are also shown after 3 Gyr, when clumps hâve been dissolved by tidal effects or spiraled into the galaxy center by dynamical friction. . . 79 5.9 Distribution of tangential veloeities vt of old stars after a number of minor mergers. For eaeh encounter two panels are shown. with stars originallv in the primary disk (left) and those accreted from the satellite (right). In eaeh panel the histograms correspond to different heights above and below the galaxy mid-plane: | c |< 1 kpc (grey), 1 kpc |z|< 3 kpc (blue). 3 kpc |z|< 5 kpc (green) and 5 kpc |z|< 10 kpc (orange). The average values of vt in the different régions lias also benn indicated 83 5.10 Same as Fig. 5.9 but for an isolated, verv gas-rich galaxy. after an unstable. clumpy phase. Note that in this case the fourth and highest région is missing, due to a lack of stars above/below 5 kpc from the galaxy mid-plane. 84 Spécifie AM as a function of radius for old stars in a nurnber of remuants of direct mergers. For each encounter stars liave been selected accordingly to tlieir distance from the galaxv mid-plane: | 2 |< 1 kpc-(left panels) and |z|> 1 kpc (right panels). I11 each panel, stars originallv in the primary galaxv are shown as grey points, stars originallv in the satellite with bine points, and satellite stars with |z|> 5 kpc as red points. The spécifie AM / is in units of 100 kpc km s 1 85
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 4 at 5 kpc <|z|< 10 kpc. For each région the fraction of satellite stars to the total nurnber of stars is alsop shown (grey) 87.14 Same as Fig.5.13. but for a nurnber of dissipative mergers 88.15 Same as Fig.5.13. but for a gSO galaxv after a single rétrogradé rnerger (left panel) and after two consecutive rétrogradé mergers (right panel) with a dEO satellite 88 5.16 Rotation velocity. velocitv dispersion ov and v/crv ratio as function of radius in remuant stellar disks after botli single and two consecutive dissipative minor mergers. The same data are also shown for the initial stellar disks, before merging. The gas mass fraction of the merging galaxies increases from the left to the right. from 0 for the S0 case, to 0.2 for the Sbs 89 6.1 Eccentricitv distribution of stellar part ides in a nurnber of 1:10 minor merg ers within a cylindrical shell at 2 < R/Rj < 3. where Rd is the disk scale lengtli. at heights 1 < 2/20 < 3. where z0 is the tliick disk scale lieight. From left to right: the gas-to-stellar disk mass fraction increases from fgas-0 to fçjas=0-2. Direct mergers are shown in the top row, rétro gradé in the bottom row. Shown in red is the contribution of stars initially in the satellite galaxv, as well as the whole distribution (grey histogram). . 95 6.2 Comparison of the eccentricity distribution of stellar particles of 011e of our minor rnerger models with the distributions recently found by Dierickx et al. (2010) and Wilson et al. (2010) for stars in the solar neighborhood. For comparison, the distribution found by Sales et al. (2009) for tlieir "heating" (i.e.. minor rnerger) scénario is also reproduced -note the secondary peak at liigli values of e 96 6.3 Height-dependence of the eccentricity distribution of stellar particles in a cylindrical shell with 2 < R/Rd < 3. for a représentative nurnber of 1:10 minor mergers. I11 each panel, the histograms correspond to different heights 2 above and below the galaxv mid-plane. as indicated in the legend. From left to right: the gas mass fraction fgas increases from 0 to 0.2. Direct mergers are shown in the top row. rétrogradé ones in the bottom row. ... 8.1 Nançay H i spectra and SDSS color images (2.5 x 2.5 arcmin is size) of 12 galaxies to be used for the studv of the effects of minor mergers on the Tully-Fisher relation 107 8.2 Panels (a), (b) and (c): stellar distribution in an N-body simulation of a 1:10 merger. in which the primarv S0 class galaxy lias a mass of 2.3 x 10nM© and the satellite is an elliptical dwarf ten times less massive than the primary. As the satellite orbits close to the primarv galaxy (at distances less than 100 kpc). stars loosely bound to its gravitational potential start to escape from the System, forming two tidal tails. Much of the mass loss front the satellite occurs at each pericenter passage, wlten the surface brightness of the tails can increase signifîcantly (the surface brightness distribution before the merger and at tliree pericenter passages during the merger are shown in Panel (d)) 108 8.3 An example of a primary galaxy and its satellites selected for our NTT optical imaging observations. Two images from the SDSS are shown liere. with the z-band image showing the primary galaxy (red circle) and its satellites (green circles) on the left. The black box represents the ^25 arcmin2 field of view of the caméra used on the NTT 109 8.4 A deep V-band image, with a total intégration time of about 4 hours. we obtained at the NTT telescope (right) of one of the minor-merger galax ies we detected in H i, and the corresponding SDSS color image (left) for eomparison. The greater depth of the NTT image is obvions, and it clearlv reveals faint structures indicative of tidal interaction between the primary galaxy and its satellite List of Tables
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  Abadi et al.. 2003b: Steinmetz & Navarro. 2002: White & Rees. 1978).Several studies suggest a corrélation between the angular momentum of the disk and that induced from galaxy mergers(Gardner. 2001: Vitvitska et ah. 2002). The relative distribution of angular momentum between the baryons and dark matter is also altered in galaxy mergers, as the dark halo and baryonic components respond differently to tidal interactions(Bullock et ah, 2001;D'Onghia & Burkert. 2004). The évolution of the spécifie angular momentum of dark matter halos in hierarchical merging processes can be described as a Tandom walk" process. in which major merger events spin up dark halos, whereas minor mergers mostly slow tliem down(Vitvitska et ah. 2002). Major mergers cause a destruction of the ordered rotation of the stellar disk component by the strong tidal effects eaeh stellar disk causes on the other(Jesseit et ah. 2009). However. a portion, perhaps a significant. one, of the original rotation can be preserved in minor mergers. Selfgravitating stellar disks may also develop bar structures in response to tidal forces, which help redistribute angular momentum in disks and dark halos (Sellwood V Debattista.2006). DiMatteo et al. (2009a) hâve shown that in gas-free major mergers this angular momentum redistribution can be efficient enough to produce fast-rotating (v/a > 1) stellar halos. Sucli a process may work in preserving the mass of the stellar disk by the 1.2 Impact of galaxy mergers What about the cosmic angular momentum ?

Chapter 6

 6 we study the distribution of orbital eccentricities of stars in thick disks formed in minor mergers. and we compare features of the distribution found in our study with those of the models of Sales et al. (2009) as well as with recent observations of stars in the solar neighborhood by Dierickx et al. (2010). This provides further constrains to thick disk formation scénarios.

Figure 2 . 1 :

 21 Figure 2.1: Example of a hierarchical subdivision of a domain of N partiales into cubic cells, as used in a tree-code. The subdivision of each sub-volume into smaller nuits is eontinued until each c-ell at the lowest level of tire hierarchy contains one or zéro particles.

  indeed been successfully used to describe galaxy évolution (see. for example, Bournaud & Combes. 2002; Bournaud et ah. 2005a: Revaz et ah, 2009: Wozniak et ah. 2003).An alternative method consistas of modeling the interstellar medium (ISM) in galaxies through Smoothed Partiale Hydrodynamics (SPH. seeGingold & Monaghan. 1977: Lucy. 1977) -a Lagrangian technique in which the gas is partitioned in fluid éléments represented by particles, which obey équations of motion similar to the collisionless component. but with additional ternis describing pressure gradients, viscous forces and radiative effects in gas. This method lias been widelv used in galaxy simulations, and are often coupled to prescriptions for modeling star formation and métal enrichment(Carraro et ah, 1998: Mihos & Hernquist. 1994b). More complex methods are adopted to model the multiphase nature of the ISM, eoupling the SPH algorithm to describe tire warm gas phase and a sticky-particle approach to capture the cold gas phase, where gas is fragmented into clouds (see. for example, Semelin & Combes. 2002, and Fig. 2.2).

Figure 2 . 2 :

 22 Figure 2.2: A numerically simulated interstellar medium (ISM) density field at, redshift 2 ~1.57. where dark areas represent liigli density régions. Tliis density field is estimated frorn ISM particle positions and two different codes are adopted to represent different phases of the ISM: for tire warm phase of the ISM an SPH hydrodynamical description is adopted and it. results in a more diffuse gas distribution than the stickv particle method. which is used to represent the cold ISM dynamics and produces more clumpy gas. The four box sizes are 20. 10. 5 and 2.5 kpc. respective!}* (from Semelin & Combes. 2005).
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 1988 and also Hernquist & Katz (1989): Springel et al. (2001): Thacker et al. (2000)); other tests are presented in Di Matteo et al. (2008b).Gas dynanrics is modeled by nreans of Snroothed Particle Hydrodynamics (SPH), a Lagrangian technique in wlrich the gas is partitioned into fluid éléments represented by particles wlrich obey équations of motion sinrilar to the collisionless component, but contain additional tenus describing pressure gradients, viscous forces and radiative effects in gas. To capture slrocks a couvent.ional fornr of tire artificial viscosity is used. with parameters a = 0.5 and 3 = 1.0(Hernquist & Katz, 1989). To describe different spatial dynanrical ranges. SPH particles hâve individual smoothing lengths /q, calculated in such a way that a constant nunrber of neighbors lies within 2The typical nunrber of neiglrbors is Ns ~50 for ail tire primary-satellite galaxy interactions considered in this study. The gas is modeled as isothermal, with a température Tgas -104 K. Because of tire short eooling tinre of dise gas fluctuations in the gas température are quickly radiated avav, so that simulations employing an isotlrermal équation of State differ litt.le frorn more realistic ones(Milros & Hernquist. 1996: Naab et ah, 2006). The équations of motion are integrated using a leapfrog algoritlrm 1 with a fixed tinre step of At = 5 x 10°vr.The star formation in the GalMer simulations is described by a Schmidt law wlrich assumes tirât the local star formation rate (SFR) closelv relates to the local gas density(Kennicutt, 1998a.b: Schmidt. 1959):1A leapfrog algorithm maintains positions and velocities one-half finie step out of phase -it moves the velocity a half step ahead of the position and uses dérivatives computed at the mid-point of each step to evaluate the position, like a leaping fi'og. It is a simple intégration scheme and it can provide better accuracy while keeping évaluation finie expense relatively sinall.
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 2 GalMer simulations PSFR ~C X f/gnJs in whicli C is a constant, chosen such tliat isolated disk galaxies form stars at an average rate of 1 ~2.5Myr~l. This parametrization is consistent with observations, whieh show tliat the SFR in disk galaxies is well represented by a Schmidt law with an exponent 1.4 (see Boissier et ah. 2003: Gao & Solomon. 2004: Kennicutt. 1998a..b: Wong & Blitz. 2002). Tô model star formation we use the "hybrid" rnethod described in Mihos & Hernquist (1994b). Each hybrid SPH particle is characterized by two mass values: one is gravitational mass Mi whicli remains unchanged during simulation and is always usecl to calculate the gravitational force. The other is the gas content of the SPH particle.

  formed. tlrese clumps migrate towards the galaxy center; in sonre cases, they dissolve under the influence of the tidal field of the disk, while in others they survive and merge in the galaxy center. contributing to the formation of the central bulge. As recentlv proposed by Bournaud et al. (2009) tlrese clumps can scatter stars in tire pre-existing tlrin disk, 2.4 Initial configurations

Figure 2 . 3 :

 23 Figure 2.3: An illustration of the orbital configuration of our minor merger simulations,
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 23 Two examples of our minor merger simulations, a single dissipative minor merger and two consecutive dissipationless (gas-free) minor mergers, are shown in Fig.2.4 and Fig.2.5. respectively.

Fig. 2 .

 2 Fig. 2.8 shows the évolution of the kinematics of isolated S0, Sa and Sb class galaxies over a period of 3 Gvrs. No significant change is found in the velocity dispersion of botli the central régions and the outer disk and the line-of-sight velocit ies are remarkably similar to the initial values. A comparison of the kinematics of an S0 galaxy over a period of 3 Gyrs, after evolving in isolation or after experiencing a minor merger is shown in the Appendix to Chapter 3.

2. 4 Figure 2 . 6 :

 426 Figure 2.6: An illustration of tlie stellar disk of an "Sb" class galax}r model evolving in isolation over a period of 2 Gyrs. The disk becomes stable after evolving for 1 Gvr. Each panel is 25 x 25 kpc in size.

Figure 2

 2 Figure 2.7: The saine for Fig 2.6 but for the gaseous disk. Each panel is 25 x 25 kpc in size.

Figure 2 . 8 : 3 Slowing

 283 Figure 2.8: Line-of-sight velocities and velocity dispersions of stars in our SO, Sa and Sb class galaxy models whicli evolved in isolation over a period of 3 Gvrs (upper panel). Also shown are the corresponding v/a ratios in tins period (lower panel).
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 2 Models and initial conditions only in the final phases of the merging proeess (Barnes & Hernquist. 1992: Kennicutt et al.. 1998). However. little is known about the detailed redistribution of the angular momentum between the baryonic and dark matter components. McMillan et al. (2007)show tliat. during major mergers of disk galaxies, the dark halos acquire only a small amount of rotation, with the dark component of the final remuant always having a stellar rotation speed to velocity dispersion, or v/a. ratio less than 0.2.Jesseit et al. (2009) hâve discussed the amount of spécifie angular momentum found in the stellar component of major merger remuants, showing tliat 1:1 mergers cause the destruction of the ordered rotation of the progenitor disks, while a portion of the original rotation can be preserved during mergers with higher mass ratios. If a dissipative component (gas) is présent in the progenitor disks, gravit.ational torques exerted on it by the stellar disk can extract a significant fraction of its initial angular momentum. causing strong gas inflows into the circumnuclear régions(Barnes & Hernquist, 1996). Finally, angular momentum redistribution also occurs during major mergers between spheroidal dissipationless galaxies, leading to a transformation of the orbital angular momentum into the internai angular momentum of bot h baryons and dark matter, which can be efficient enough to produce fast-rotating (v/a > 1) stellar halos, as recently shown by DiMatteo et al. (2009a).A complété and detailed picture of the angular momentum redistribution during minor mergers is still lacking. even though minor mergers are expected to be rnuch more connnon than major mergers(Fakhouri & Ma, 2008). thereby obviously playing an important rôle in galaxy mass assembly. For example,Debattista et al. (2006) andSellwood & Debattista (2006) hâve suggested that minor mergers could transfer angular momentum to the dark halo through the action of a stellar bar in the disk.

10: 1

 1 or 20:1. The massive S0 galaxy (hereafter called gSO) is composed of a spherical dark matter halo and a spherical stellar bulge. both of which are not rotating initially, and represented by Plummer spheres (Binney & Tremaine. 1987) with total masses Alh and Mb and core radii rH and rB. respectively. The stellar disk is represented by a Miyamoto-Nagai densit.y profile (Binney & Tremaine, 1987) with mass Ai*, and vertical and radial

  in Chilingarian et al. (2010)). For ail simulations involving a dSO galaxy. we hâve chosen an initial angle between the dSO spin and the z-axis of z2 = 130e. The orbit al angular moment uni can be parallel (direct orbit) or anti-parallel (rétrogradé orbit) to the z-axis of the reference frame.

Figure 3 . 1 :

 31 Figure 3.1: Top panels: Evolution of the absolute value of the total (solid line), orbital (dott.ed line), and internai (dashed line) angular momentum for sonie of the simulated 10:1 mergers. for both the stellar and dark matter components together. Bottom panels: Evolution of the absolute value of the internai angular momentum of the massive gSO galaxy (red dashed line) and of the dEO satellite (blue dashed line) for both the stellar and dark matter components together. The angular momentum is in unit s of 2.3 x 1011 A/0 kpc km s"1.

Figure 3 . 2 :

 32 Figure 3.2: Evolution of the absolute value of the internai angular momentum in minor mergers with different baryonic mass concentrations of the merging satellite. The mass of the satellite is the same. only the central volume density is 50% higher (dotted lines) or 50%) lower (solid lines) than in the reference satellite. The internai angular momentum of gSO galaxy and satellite are shown in red and blue. respectively. Left panel: direct mergers. Right panel: rétrogradé mergers.

Figure 3 . 3 :

 33 Figure 3.3: Evolution of the absolute value of the internai angular momentum of the stellar and dark matter components of the gSO galaxy (solid and dotted red lines) and of its satellite (solid and dotted blue lines) for four 10:1 mergers. The angular momentum is in units of 2.3 x 10uMq kpc km s-1.
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Figure 3 . 4 :

 34 Figure 3.4: Evolution of the absolute value of the spécifie angular momentum of the stars in tire gSO galaxy for six of the direct and rétrogradé merger simulations witli a dEO or a dSO satellite. The angular momentum is estimâted in five different radial régions

3. 3 ResultsFigure 3 . 5 :Figure 3 . 6 :

 33536 Figure 3.5: Absolute value of the spécifié angular momentum, /, of stars in the gSO galaxy at the start of the simulation. t=0 (dotted fines), and at 3 Gyr (solid fines) after tfie start of the simulation, as a function of radii containing a fixée! percentage of tfie stellar mass. / was measured at least 1 Gyr after tfie merger completed. Tfie spécifié angular momentum is in units of 100 kpc km s-1.

Figure 3 . 7 :

 37 Figure3.7: The évolution of radial and tangential fractional velocity dispersion in different radial régions: 7' < 0.5i?50. O.oR^o < r < i?50. R50 < r < 2/?5q. 2Rs0 < r < 5R50, and 5R50 < r < 10 i?5o

Figure 3 . 8 :

 38 Figure 3.8: Upper panels: Evolution of the absolute value of the spécifie angular momentum of stars in the gSO galaxv undergoing a 20:1 direct (left panel) and rétrogradé (right panel) merger. The spécifie angular momentum lias been measured in five different radial régions, as in Fig. 3.4. Lower panels: Evolution of the anisotropy parameter, ;3. for the mergers shown in the upper panels, and measured in the saine five radial régions.

Figure 3 . 9 :

 39 Figure 3.9: Upper panels: Line-of-sight velocities and velocity dispersions of stars in the initial gSO model galaxy (dotted Unes) and in the final remuant of a 10:1 (thick solid fines) and a 20:1 (thin solid fines) merger. Direct encounters are sfiown in the left panel, rétrogradé encounters on the rigfit. Lower panels: v/o ratio of the initial gSO model (dotted Unes) and of the final remuant of the 10:1 (thick solid fines) and 20:1 (thin solid fines) mergers sfiown in the upper panels. Distances are in multiples of i?50.

  (e.g.,Bournaud et al., 2007).The models ofVitvitska et al. (2002) hâve shown tliat. in mergers of dark matter halos, the spécifie angular rnomenta can either increase or decrease. Over time. tins would lead to an increase in the dispersion of the spécifie angular momentum of the halos. Our results for the dark matter halo are consistent with this, but we find systematicallv a decrease in the spécifie angular momentum of the stellar component. Instead of a "random walk" over time with only an increase in the scatter of the angular momentum. our results appear to suggest a systematic decrease with time in the angular momentum of the stellar component if minor mergers play a large rôle in tire growth of galaxies and tire redistribution of angular momentum.Finallv. our results indicate tirât (single) minor mergers are capable of nroving disk galaxies towards earlier types, since tlrey reduce tire spécifie angular momentum and rotation speed. and increase tire velocitv dispersion of the disk.Bournaud et al. (2007) lrave shown tirât a sequence of multiple minor mergers can lead to renrnants lravirrg global morplrological (flattening, Sersic index, etc.) and kinematical {vjo ratio) similar to tlrose observed in real elliptical galaxies. Within this context. it will be interesting to study whether the angular monrentum content of the stellar and dark matter components beconres more dispersion-dominated, whether size of this effect dépends on tire total merged mass ratlrer tlran orr tire mass ratio of each merger. and whether successive multiple mergers always slow down tire stellar component of the primarv galaxy. Mairy follow-up questions remain -for example, is the spécifie angular moment um of the st ellar component independent of tire way mass Iras been assembled in major and multiple-minor mergers.What rôle does tire dissipative component -gas -play in the way angular momentum is redistributed during tire merger and in tire renrnant? How does the gas content affect the magnitude of tire decrease in tire rotation speed of the stellar disk? Does eaclr minor merger contribute similarly to the net slowing down, or does eaclr successive merger beconre less effective in changing tire angular momentum and rotation speed? Does the net effect saturate, so tirât we are ultimately left with notlring but very slow rotators?Our simulations show tirât a single dissipationless minor merger is sufficient to considerablv reduce the vjo ratio, typically by a factor 1.5-2 at 2i?50. Our merger renrnants can still be classified as early-type disk galaxies, with a central bulge component and a disk tirât is thicker and kinematically hotter tlran tirât of the progenitor. If the cumula tive effect of dissipationless multiple minor mergers leads to systematically slowing down stellar disks, then the final remnants, wlrich slrould lrave an elliptical nrorphology at tirât point, slrould not exhibit fast rotation at large radii. The existence of ellipticals with fast rotating halos (Coccato et ah. 2009: Rix et ah. 1999) nray thus require otlrer formation mechanisms, suclr as major mergers of two elliptical progenitors. as recently suggested by Di Matteo et al. (2009a), or dissipationless mergers of disk galaxies with higher mass ra tios, typically 3:1 according to Bendo SzBarnes (2000): but see alsoCretton et al. (2001).
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 341 Figure 4.1: Stellar distributions of gSb galaxy model as it was configured initially (left) and as it is 3 Gvr after the start of the simulation (middle and riglit). Both the original stellar population and the one formed during the merger are shown in the middle panel.The presence of a newly formed thin stellar disk is clearly visible. While in the right panel we show the stellar distribution of onlv the initial stellar population of both galaxies after the merger. The thickening of the disk is entirely due to stars from the original thin disk and satellite. The same color and contour scales hâve been adopted in these three panels.Contours are spaced logarithmically and each panel is 40 kpc x40 kpc in size.

Figure 4 . 2 :

 42 Figure 4.2: Vertical stellar surface density profiles of a post-merger thick stellar disk 0.5Gyr after tire completion of a dissipationless rninor merger (black). We display profiles at a variety of positions from the galaxv center along tire major axis of tire galactie rnidplarre. Superposed on tliese distributions are tire double sech functions fitted and their corresponding scale lreiglrts (red).
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 443344 Figure 4.3: Upper panel: Vertical stellar surface density profiles as function of radius in pre-merger (t = 0 Gyr). merging and post-merger phase of a dissipationless minor merger event. Lower panel: The orbital évolution of the satellite relative to the primary galaxy. Arrows mark the merger phases correspond to profiles with the sanie color and line styles shown in the upper panel.
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 32 Dependence of the thick disk scale height on initial orbital configurations We hâve shown that dissipât ionless minor mergers cause the thickening of the initially thin stellar disk, characterized by a double sech function vertical surface density profile with different scale heights. We will now discuss how, and to what extent. the properties of the post-merger thick disk dépend on the characteristics of the orbit. Regardless of the initial orbital parameters (orbital energy and angular momentum, direct and rétrogradé orbits. initial orbital inclination of the satellite orbit), we always find a thickened stellar disk in the merger remnant whose scale height increases with the radial distance along the major axis of the disk-plane (Fig. 4.5). Over the range rd < r < 3?'^, the scale height -1.4 -2.5 kpc, about 3 -6 tûmes larger than the z0 value near the disk center. where Zq = 0.4 kpc. The different orbital configurations produce a scatter around the mean value of | Aco |/zo^mean <15%. The increase in the disk scale height with radius
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 4345 Fig. 4.5 also shows the scale height of the stellar excess présent in the vertical surface density profiles seen at z > 4 -5 kpc and r < 3(see also Fig. 4.2). Sucli excesses are not

2

  times larger. c0 ~0.85, than tire initial value and is nearly constant with radius, thus confinning the results of Bournaud et al. (2009) (Fig. 4.6). Only in the inner régions of the stellar disk (r < r^), the formation of a bulge component by clumps migration and coalescence leads to an increase of the disk scale lieight that is different from that of tire disk. Not surprisingly, given the merger-induced nature of the stellar excess in minor merger models at greater heights, the vertical surface density profiles of clumpy disk do not show such excesses (Fig. 4.8).
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 34647 Figure 4.6: Scale heights as function of radial distance of post-merger tlrick stellar disks for 3 gas-to-stellar mass fractions, fgas = 0, 0.1, and 0.2. The shaded région indicates the scatter in tire disk scale height due to the variety of initial orbital configurations.Also shown are disk scale heights of two simulations of clumpy unstable disks with initialToomre disk stability parameter for the gaseous component Qgas = 0.3 (gSb+ul) and Qgas = 0.1 (gSb+u2). We show their distribution of scale heights after evolving them in isolation for 2.5 Gvrs.

Figure 4 . 8 :

 48 Figure 4.8: Vertical density profiles of the post-merger stellar disk in a dissipât ive minor merger with fgas -0.2 (upper panel) and of an isolated "clumpy disk" galaxy (lower panel). Profiles at a variety of exponential disk scale lengths, ? from the galaxy center along the major axis of the galactic mid-plane are shown. The best, fitting sech(z) functions to these profiles and corresponding thick disk scale heights are also shown (red).
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 3494 Figure 4.9: Thick disk scale height as function of radial distance after a single or consec utive minor mergers. We show both single mergers with a mass ratio of 10:1 or 20:1 and 2x10:1 or 2x20:1 10:1 or 20:1 consecutive rnerger events (tke line styles are given in tire legend in the figure). We also show the results for satellites where tire two consecutive interactions and mergers where either accreted fronr tire sanre direction (multi-A) or from different directions (multi-B).
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 4411 Figure 4.11: Ratio of the tliick disk scale length and scale height as function of cireular velocity vcir, from our dissipative/dissipationless and single/multiple minor merger models as well as from two unstable clump disk models (gSb+ul and gSb+u2, see Fig. 4.6 for the notations). Also shown are observations of a sarnple of late-type galaxies from Yoachim & Dalcanton (2005) (open and filled cire les), and of the thin and old thick disk of the Milky Way (Larsen & Humphreys. 2003).

  Within a cosmological context. Brook et al. (2005) discussed that merger induced star-formation and on-going gas accretion could resuit in a thick disk stellar population with a homogeneous âge and metallicity distribution. In local edge-on galaxies (Mould. 2005: Rejkuba et ah. 2009: Seth et ah,

  et al., 2010). As observations indicate that thick disks are clearly distinct from the thin disk component (Bensby & Feltzing. 2006: Bensby et al., 2004a.b: Feltzing et al., 2003: Fuhrmann. 2008: Prochaska et al.. 2000. e.g.,) and that they must hâve formed early and relatively

  . 2002; Morrison et al., 1994: Yoachim & Dalcanton. 2005).Finally. our galaxy models hâve properties typical of local disk galaxies. Although the details are controversial. if the MW formed both its halo and thick disk at around the saine time, over 10 Gyr ago(Bensby et al., 2004a.b;Feltzing et al., 2003: Fuhrmann, 2004: Prochaska et al., 2000), then the initial conditions of the MW disk would hâve been probably different. However, due to the lack of knowledge of the properties of disks

Figure 4 . 12 :

 412 Figure 4.12: Comparison between observations and our model results of thick-to-thin disk scale length ratios, ^d.thick/^d.thin-as function of circular velocity, vCjr. frorn our minor merger models witli two gas fractions. fyü.s=0-l and 0.2. and two clumpv disk models (gSb+ul and gSb+u2, see Fig. 4.6 for the notations). Observations are shown for samples of late-type spirals from (Yoachim & Dalcanton. 2006. solid black and open circles), (Abe et al.. 1999; Neeser et al., 2002: Wu et al., 2002. diamond and triangles), a sample of early type galaxies (Pohlen et al.. 2004. diamond). and tire Milky Way (Larsen & Humphreys.

  by tlie contribution of satellite stars. The properties of tliese thick disk stars, such as tlie amount of variance in tlieir metallicity and âge. would reflect the accretion history of satellites and could in principle tell us something about tlie amount of évolution the disk lias undergone during the period in wliieli tlie thick disk formed, especially if we study thick disk stars far from the disk mid-plane (2 > 4 -5 kpc) whicli may hâve been found in the MW (Stanway et ah, 2008, and references therein).

  slrown (Athanassoula. 2005b: Debattista et ah, 2006: Minchev et al.. 2010). These stellar asymnretries can Ire stimulated or strengthened by external processes, suclr as accretion of few Mq/jjî' of gas from cosmological filaments (see Bournaud et ah, 2005a.b) or tidal interactions and mergers (Jog & Maybhate, 2006: Mapelli et ah, 2008: Reichard et ah. 2009) . In particular. during an interaction orbital AM is trairsferred into internai rotation, in an outside-in manner: tire components which first interact are the most extended ones. while the more tightly bound expérience the tidal effects only in the final phases of the merging process (Barnes. 1992; Di Matteo et ah, 2008c. 2009a). Many studies lrave slrown tirât major mergers lrave a catastrophic impact on tire ordered motion of the pre-existing galaxies. If' the progenitors lrave disks, they are usually destroyed by the strong energy and AM redistribution taking place during the interaction (Bendo & Barnes. 2000; Bournaud et ah, 2005c: Jesseit et ah, 2009; Naab & Burkert, 2003: Toonrre, 1977), unless peculiar orbital configurations are chosen (Crocker et ah. 2009: Puerari & Pfenniger, 2001). The fraction of gas présent in the progenitor disks can also influence the morphology and kinematics of tire final renrnarrt(Hopkins et ah, 2009), but tlris dépends also on the gas physics inrplemented in tire models(Bournaud et ah, 2010) . In the case of pressure-supported progenitors, in turn, tire tidal torques exerted by tire companion can Ire strong enough to produce high rotational support (v/cr > 1) at large radii, even in nrerger remuants lraving an elliptical-like nrorphology(Di Matteo et ah, 2009a). More attention Iras been given to the study of the impact of AM redistri bution in major mergers t.lrair in nrinor mergers (with mass ratios < 0.1). Tlris despite tire fac.t that nrinor mergers are expected to be nruclr more comnron than major mergers(Fakhouri & Ma. 2008) and that many traces of ongoing or past interactions are visible both in tire Milky Way (seeKlement. 2010. for a recent review), our neighbor galaxy Andronreda (Ibata et ah, 2001: McConnachie et ah, 2009) and other galaxies in tire local Universe (Martnrez-Delgado et ah. 2010). Di Matteo et ah (2010) pointed out that the AM redistribution during nrinor mergers also lrave an impact on the kinematics of stellar disks and may explain tire distribution of the orbital eccentricities of stars in the solar neiglrborhood. Understanding how AM is redistributed during suclr épisodes is fundanrental to the understanding of how disks can be maintained, how their kinematics can be affected, and what tire signatures are of these processes on the kinenratical properties 5.2 Models of different stellar populations.

  3.1) minor mergers, and how the rotational lag induced by this redistribution affects the old stellar component (Sect. 5.3.2). The contribution of accreted stars to the rotational lag, and the possibility to distinguish them on the basis of their AM content, are discussed in Sect. 5.3.3. Sect. 5.3.4 discusses tire effect of single and two consecutive rétrogradé mergers on the fraction of counter-rotating stars. Finally, Sect. 5.4 présents a discussion of the results formel and the main conclusions.

  70 1 http://'g aimer, obspm.fr 5.2 Models

  for star formation and feedback from supernovae explosions are also included. The rate of star formation is goverrred locally by a volume density Schmidt law Mgas oc pQMgas witlr a = 1.5, and it is implemented in tire code by means of a lrvbrid particle approach (seeChilingarian et al. (2010): Mihos & Hernquist (1994a) for details). At each time step. a hybrid particle is charaeterized by two mass values: the first is its total mass M7 which stays constant during tire simulation and is used to calculate the gravitational force, and the second is given by the gas content of the particle, Mj.gas, which changes with time according to tire Schmidt law and is used to evaluate lrydrodynamical quantities. At every time step the mass of the new stars, i.e. tlrose formed since the begirrrring of tire simulation, is given by M, -Mgas-If M7.gos drops below 5% of tire initial value, the 5.3 Results
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 5135253 Figure 5.1: From left to right: évolution of gas (upper panels) and stars (middle and lower panels) during a minor merger between a gSb and a dSb galaxy in a direct orbit (gSbdSb01dir33). The stellar component is separated into new stars (formed during the interaction, middle row of panels), and old stars (tlrose already présent in the galaxy before the interaction, lower panels).
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 5435555 Figure 5.4: Left panel: Ratio of tangential velocity dispersion and radial velocity disper sion as a function of radius r for old stars before (black line) and after (red line) the minor merger event shown in Fig.5.1. Right panel: Same as the left panel but for the ratio of vertical velocity dispersion and radial velocity dispersion.
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 3 Resultsstars as well as the entire old star population and the contribution of old stars at lieiglits |z|< 1 kpc. in order to distinguish old stars distributed in a thin disk from the total.
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 565758 Figure 5.6: Histograms for stars between radii of 2 -3i?,/ of their spécifie AM l (in units of 100 kpc km s-1) and the radial (vr) and tangential (vf) velocities (in units of 100 km s-1) of stars at least 1 Gyr after a number of minor rnerger remnants. From top to bottom:The first three rows show direct minor mergers, with disk gas fractions increasing from 0 to 0.2. Indicated in each panel are the entire old stellar population (grey), new stars (blue) and old stars with |z|< 1 kpc (red). The vertical dashed fines show the average values of l. vr and vt for each of these three components.
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 559 Figs.5.6, 5.7 and 5.8. The différence between tire spécifie AM content of old and new stars becomes still more pronourreed if a second, consecutive nrinor merger takes place. The rotational lag of bot h the old thin and thick disk stars increases, as shown in Fig.5.7. This substantial différence between tire spécifie AM content of the thin and thick disk stellar populations cannot be due to secular évolution processes alone. which produce a considérable smaller variation of botlr / and vt in 3 Gyr of évolution (see Fig.5.8). Note also that secular évolution produces a narrower distribution of /. vr and vt, tlrus suggesting that also mixing processes and radial migration can be less effective than nrinor nrergers. Whereas scatter of stars by massive clunrps can induce a rotational lag (in old tlrirr and thick disk stars) just slightly lower than that produced by a direct 1:10 merger on a galaxy with fgas -0.2 initially.

  Figure 5.10: Same as Fig.5.9 but for an isolated. very gas-rich galaxy, after an unstable,
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 511512513 Figure 5.11: Spécifie AM a,s a function of radius for olcl stars in a number of remnants of direct mergers. For each encounter stars hâve been selected accordingly to their distance from the galaxv mid-plane: | 2 |< 1 kpc (left panels) and |z|> 1 kpc (right panels). In each panel, stars originally in the primary galaxv are shown as grey points, stars originally in the satellite with blue points, and satellite stars with |z|> 5 kpc as red points. The spécifie AM / is in units of 100 kpc km s-1.
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 515 Figure 5.15: Same as Fig.5.13, but for a gSO galaxy after a single rétrogradé merger (left panel) and after two consecutive rétrogradé mergers (right panel) with a dEO satellite.
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 4516 Figure 5.16: Rotation veloeity, velocity dispersion av and v/crv ratio as function of radius in remuant stellar disks after both single and two consecutive dissipative minor mergers.
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 31 reflects naturally in an évolution of the line-of-sight velocity inos and the Vios/a ratio of tire post-merger stellar disk. As shown in Fig. 5.16. minor mergers always produce a decrease in V]os and an increase in velocity dispersion a of the stellar component at ail radii. The remnant stellar disks usually hâve a smaller Vios/o ratio tlran tire initial values before interaction. Consecutive satellite accretions lrave cumulative effects on decreasing tire vios and increasing the <r, and thus deceasing the vjosjo ratio. Nevertheless. smaller variations in both V[os and o can be found in minor mergers witlr gas, compared to gas-free nrerger cases, due to the fact tirât dissipative gas can lrelp preserve disk rotation to sonie extent by forming new rotating disk stars during mergers. The deereases in v\ofi and the Vios/cr ratio indicate tirât stellar disks beconre hotter and rotate more slowly after minor nrerger events, which is consistent witlr the AM loss and the increase of the anisotropy paranreter î3 shown in Fig 5.3 and Fig 5.5.

  each particle, we computed the minimal (rrmn) and maximal distance (rmax) from the galaxy center during this period of time, and defined the eccentricity as e = (rmaxl'min)/(rmax + rmin) As was doue inSales et al. (2009). we restricted our analysis to a cvlindrical région around the galaxy center, at 2 < R/Rd < 3 and 1 <| z/zq |< 3, where R and 2 are the cvlindrical coordinates of a star. Rd the disk scale-length. and 20 the thick disk scale lieight. The disk scale length changes slightly from one model to another. mostly depending on the gas fraction in the primary disk, ranging from Rd = 4.3 to Rd -5.4.When fitted with an exponential function, the average value of the disk scale-height in the volume under considération is zq = 2 kpc, whereas the exact value of the scale lieight dépends on both the gas fraction of the primary and the orbital configuration(Qu et ah. 2010b).
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 6162 Figure 6.1: Eccentricity distribution of stellar particles in a number of 1:10 minor mergers within a cylindrical shell at 2 < R/Rd < 3. where Rd is the disk scale length. at heights 1 < z/zo £ 3, where c0 is the thick disk scale height. From left to riglit: the gas-to-stellar disk mass fraction increases from fgas=0 to fgas=0.2. Direct mergers are shown in the top row. rétrogradé in the bottom row. Shown in red is the contribution of stars initially in the satellite galaxy, as well as the whole distribution (grey histogram).

Fig. 6 .

 6 Fig.6.1 represent tire general outconre for minor mergers. only that they are a possible outconre, compatible with tire eccentricity of thick disk stars in tire solar neiglrborhood (Dierickx et al.. 2010; Wilson et al.. 2010). In fact. tire eccentricity distribution found in our simulations, for tire direct merger with 20% in the disk, is remarkably sinrilar to those observed in the Milkv Way thick disk by Dierickx et al. (2010) and Wilson et al. (2010)
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 9763 Figure 6.3: Height-dependence of the eccentricity distribution of stellar partiales in a cylindrical shell witli 2 < R/Rj < 3. for a représentative number of 1:10 minor mergers. In each panel, tire histograms correspond to different heights 2 above and below the galaxy mid-plane, a,s indicated in the legend. From left to right: the gas mass fraction fgas increases from 0 to 0.2. Direct mergers are shown in the top row, rétrogradé ones in tire bottorn row.
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  Dissipationless nrinor mergers -During tire merging process tire orbital angular momentum is redistributed into internai angular momentum of botlr tire prinrary galaxy and tire satellite; The total internai angular momentum of tire prinrary galaxy can either increase or decrease. depending on tire orientation of tire orbital spin (prograde or rétrogradé or bit); -While tire initially non-rotating dark nratter halo of tire prinrary galaxy alwavs acquires angular momentum, the spécifie angular momentum of tire stellar component alwavs decreases, independent of tire initial orbital paranreters ortlre morphologv of the satellite galaxy; -The decrease in tire rotation speed of the disk of tire main galaxy is acconrpanied bv a change in the distribution of the types of stellar orbits. especially outside of tire lralf mass radius. Generally. tire radial component of tire velocity dispersion becomes more and more important as tire nrerger progresses, thus irrereasing the anisotropy parameter. 3. frorn its initially négative value; -The ratio of the rotation speed to the velocity dispersion of tire disk, v/cr, decreases at ail radii due to botlr an inc.rease in the velocity dispersion of the PAR\S disk, which is heated during the merging process, and a decrease in the rotation speed of the disk.• Merger-induced disk thickening -The vertical stellar surface density profiles of merger-induced thick disks in our models are characterized by two components: an inner high density part, and a stellar excess at greater heights (2 > 2 kpc) within a radius of two times the exponential disk scale length. Both components can be fitted witlr sech functions, but t.hey hâve different scale heights. At r = 0. for example, the scale height of tire stellar excess is about 5 times larger than tliat of tire inner component;-The vertical surface density profile is donrinated at ail disk heights by stars tirât initially were in tire disk of the primary galaxy. Only in few dissipationless mergers do stars from the satellite contribute significantly to the stellar excess at greater heights; -The loss of angular momentum in tire gas during the merger causes both a deepening of tire gravitational potential and enlranced star formation in the densest régions of the disk, which leads up to 1.5 times larger scale length of tire thick disk than tirât of tire tlrin disk tirât was newly formed during the merger;-The effect of nrinor mergers on disk heating is cumulative. Two consecutive dissipationless nrinor mergers hâve basically tire sanre effect as tirât of a single merger event of the sanre total mass; -The thick disk scale height 20 increases witlr radius. Varying the initial orbital configuration causes a scattering of less than 15% in 20. The presence of gas in nrinor mergers results in a lower average thick disk scale height and a smaller increase in scale height witlr radial distance:

  they cannot fornr tire stellar excess at great height 2 > 2 kpc found in mergerinduced thick disks. Thus the stellar excess fornrs an unique signature of merger-induced thick disk formation, arrd nray provide a wav to distinguish between different thick disk formation scénarios; -The overall orbital eccentricity distribution of thick disk stars peaks at e = 0.2 -0.35 and déclinés smoothly towards lrigher values. We do not find a secondary peak at high values of e like tire one found by Sales et ah (2009). Tlris nray Ire due to tire smaller merger mass ratio and tire greater range of initial orbital configurations adoptée! in our simulations. Tlrerefore nrinor mergers cannot Ire ruled out as a possilrle scénario for tire formation of thick disks: -Stars originally in the satellite galaxy span a wide range of eccentricities in the post-merger disk, from e = 0.4 and e = 0.7, witlr tire exact values depending on orbital characteristics and gas fraction: 101 -The increase in stellar eccentricities with distance from the galactic mid-plane, which was recently observed for stars in the solar neighborhood by Dierickx et al. (2010), can be qualitatively reproduced by our minor merger simulations,

  : Dekel & Cox. 2006; Hopkins et al., 2008). However, detailed modeling of tins évolution lias yet to mature. Weiner et al. (2006) and Kassin et al. (2007) added random internai motion to the estimation of rotational velocity through int ro d u c i ng a new para met er SV 5 as a measure of the total

  kinematical change will of course leave its imprint on tire TF relation or tire .SV5 -stellar nrass relation. Detailed investigation of the minor merger-induced évolution of the TF relations, e.g. how minor mergers shift its zéro-point and change its slope and lrow multiple satellite in fall affect the TF relation, can help us understand better the impacts of minor mergers on disk properties and the merger-driven disk évolution pathway, and thus establislr a more complété picture of hierarclncal galaxy évolution history.
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 3818382 Figure 8.1: Nançay H] spectra and SDSS color images (2.5 x 2.5 arcmin is size) of 12 galaxies to be used for the study of the effects of minor mergers on the Tully-Fisher relation.

  Maller et ah, 2002). Due to the deficiency in small halos, in the WDM scénario overcooling effects are weaker and baryons are expected to lose less angular momentum.

	2004) or
	a significant bulge component (Abadi et ah, 2003a). Therefore realistic modeling of stellar
	feedback processes, with careful calibration of their efficiencv and an accurate description
	of their gas dynamics. is essential.
	The appeal of a different cosmological scénario -warm dark matter (WDM) -lies
	in its natural ability to remedy the angular momentum catastrophe, as it suppresses the
	formation of small halos (Hogan & Dalcanton. 2000; Pagels & Primack, 1982). WDM
	halos hâve the sarne angular momentum properties as their cold dark matter équivalents
	since botli acquire angular momentum from tidal torques but not from mergers (Bullock
	et ah. 2001:

1.1 Angular momentum problem naturally why dark matter halos in cosmological simulations hâve angular momentum that is a few times smaller than observed in disks (the angular momentum mismatch: D'Onghia & Burkert, 2004). However. cosmological simulations that adopt strong stellar feedback either produce fewer exponential disks than observed (Robertson et ah.

  physical processes occur during galaxy mergers -star formation, bot h quiescent and intense, gas inflows, including those that funnel gas inwards which may contribute to bulge growth, formation of bars and unstable elumps, etc. -ail of which hâve pro-

		1.2 Impact of galaxy mergers
		spiral	elliptical
		#
		major merger	iï&Èmi ;
			w
	found impacts on altering galaxy properties such as morphologv and kinematics and on %
	driving galaxy évolution (e.g., Barnes V Hernquist. 1992: Bekki & Shioya. 1998; Mihos spiral
	& Hernquist. 1994a: Pfenniger, 1993: White. 1980). Therefore detailed investigation of
	these impacts can provide information on merger-driven galaxy formation and évolution,
	and help us assess the rôle galaxy mergers play in the hierarchical galaxy évolution his-dwarf early-type disk
	tory. And what is more, collisions and mergers between galaxies are expected to occur ré
	more frequently at high redshifts. which makes investigating the merger impact on driving minor merger
	galaxy évolution of great importance for understanding galaxy formation and évolution -
	in the earlv universe.
		spiral
	1.2.1	Galaxy morphology, kinematics and metallicity
	During the merging process tidal interactions alter disk morphology and kinematics Figure 1.2: Major mergers between spiral galaxies of comparable mass usually resuit in
	through depositing energv and angular momentum into stellar orbits in the disk, thus elliptical galaxies, wliereas minor mergers, in which a massive galaxy accretes a much less
	making the stellar disk kinematically hotter and more spread ont, both radially and ver-massive satellite galaxy. are not violent enough to destrov the stellar disk component.
	tically. Generally, merger-remnant disks are thicker and more pressure-supported. with
	an decreased ratio of line-of-sight velocitv to velocity dispersion. Tliis impact on stellar & Seitzer. 2007). Silice the gas is dissipative, tins disk can lie very thin as it is able to
	disks is greater in galaxy mergers with smaller mass ratios. liberate the energv (heat) it acquires during the merger. A remaining kinematically cold
	It lias been already known for décades tirât mergers of spiral galaxies with comparable and thin component containing ~15% to 25% of the initial stellar disk mass can survive
	mass form pressure-supported elliptical galaxies as remuants (Barnes & Hernquist, 1991: as a thin disk in minor mergers, embedded in a botter and thicker disk (Villalobos &
	Bekki & Shioya. 1997; Bournaud et ah. 2005c: Cretton et ah, 2001: Springel, 2000: Toomre. Helmi. 2008). Robertson et al. (2006) studied very gas-rich (with a gas mass fraction of
	1977). Intermediate mass ratio mergers, with mass ratios from 4.5:1 to 10:1, produce fgas = 0.4 ~0.8) major and minor merger cases and found tirât the gaseous disk and
	hvbrid Systems which typically hâve spiral-like morphologies but elliptical-like kinematics the subséquent star-formation can build a new stellar disk after such a gas-rich merger.
	(Bournaud et ah. 2004: Jog & Chitre. 2002), wliile minor mergers (mass ratio < 10:1) are
	much less violent dynamical processes, which heat and thicken the stellar disks instead
	of destroving them (e.g., Bournaud et ah, 2004. 2005c; Kazantzidis et ah. 2008: Quinn
	et ah. 1993: Velâzquez & White. 1999; Villalobos & Helmi, 2008; Younger et ah, 2007)
	(see Fig. 1.2).
	The hierarchical nature of the ACDM cosmologv threat.ens the survival of rotating stel
	lar thin disks, especially when dissipative effects are neglected in simulation (Velâzquez
	& White. 1999: Walker et ah, 1996). Galaxy merger simulations that do include dissi
	pation show that substantial amounts of gas can lose its angular momentum owing to
	gravitational torques and then flow into the nuclear régions, where it triggers star forma
	tions or fuels central AGN activity, and help build a central bulge component (Barnes &
	Hernquist. 1996. 1991; Cox et ah, 2008: Hernquist. 1989: Kauffmann Sz Haehnelt. 2000:
	Mihos V Hernquist. 1994b. 1996: Somerville et ah. 2001: Springel et ah, 2005). The bulge
	component, in turn, can regulate the inflow of gas and stabilize the stellar disk against
	tidal disturbance or disruption during a merger.
	In galaxy mergers involving large amounts of gas. there may be enough residual gas
	to make a stellar disk component survive by forming a thin extended gaseous disk and
	fueling star formation (e.g., Barnes. 2002: Barnes & Hernquist. 1996: Hernquist. 1989: Lotz
	et ah. 2010: Mihos & Hernquist, 1994b: Moffett et ah, 2010: Schweizer. 1983: Schweizer

1.2 Impact of galaxy mergers merger remuants.

Many

  Thesis topics and aims interactions and mergers are the main driving force for galaxy formation and évolution.

	1.2 Impact of galaxy mergers and enrichment processes strongly dépend on the exact tirning of gas inflows and outflows. gas consumption. star formation and stellar feedback. Therefore studying the gas phase 1.3 Thesis topics and aims the fondamental nrechanisnrs that trigger their formation. Tins may provide important dues for solving the mystery of their origin. 1.3 Evidence for tidal disruption lias been found for galaxies at liigli redshifts as well as in the
	metallicity can help us understand the interplay between gas flows and star formation in local universe (e.g., Chapman et ah, 2003: Ibata et ah. 2001), proving thaï the process
	galaxy mergers. and allow us to constrain different merging epoclis. However. at présent the exact tirning of these processes and their corrélations lias not yet been studied in 1.2.3 of hierarchical galaxy growth still continues today. However. thin stellar disks are too Multiple galaxy mergers vulnérable to withstand tidal damage front galaxy collisions.
	detail. Compared to galaxies in the local universe, galaxies at high redshifts are doser to each Angular momentum plays a key rôle in the formation of disk galaxies and détermines
	other. and riclier in gas. many disk properties -the dynamical structure of disk galaxies is dominated bv angu Tins implies tirât galaxy collisions and mergers were more
	1.2.2 connnon in the distant past than today. Frequent mergers may pose a great challenge The heating of the stellar disk lar momentum (Fakhouri & Ma. 2008; Jogee et ah. 2009: Kaviraj et ah. 2009; Puerari
	to thin stellar disk survival. If the nrerger frequency is high, their merger-induced disk & Pfenniger. 2001). Detailed investigations into angular momentum transfer and redis
	Ever silice the existence of a thick disk component was shown by star counts in the Milky tlrickening may efficiently destroy the original rotating thin stellar disk and resuit in a tribution in the context of a hierarchical galaxy merging scénario and into their impact
	Way (Gilmore Sz Reid. 1983) and by stellar luminosity distribution studies of external remuant galaxy with a spheroid-like nrorphology -an effect that may Ire accunrulative on disk galaxies can provide further insight into the formation and évolution of galaxies,
	early-and late-type galaxies (Burstein. 1979: Shaw Sz Gilmore. 1989: Tsikoudi. 1979: over a continuons galaxy bombardment. Studies of multiple halo substructure infalls show especially of stellar disks.
	van der Kruit Sz Searle, 1981b). its origin and properties hâve been the subject of a tirât, they hâve a cumulative effect on stellar disks, and usually a thick remuant disk is a
	continuing vigorous debate. Thick disk stars are generally old. and hâve lower metallicity resuit of such nrerger events (Kazantzidis et ah. 2008: Stewart et al., 2008).
	and larger velocitv dispersion than tliin disk stars (Gilmore et al., 2002: Nissen, 1995). Of course, if gas accretion plays an important rôle in the growth of disk galaxies (Dekel
	and they hâve a vertical distribution that follows an se ch'1 profile as well as a radial & Birnboim, 2008). their the contribution from such accretion to the disk growth would
	exponential profile. Both the thick disk scale height and scale length are several times act to lower tire vertical scale heiglrt of tire thick disk conrponent and also to make tire
	larger than that of the exponential tliin disk. Ail these properties suggest that the thick disk more robust against tlrickening bv any subséquent nrerger. Tlrerefore. it is impérative
	stellar disk is a distinct component, and perhaps intermediate between the tliin disk and tirât we study botlr numerically and observationally the characteristics of tire distribution
	the galactic halo. and kinenratics of the thick disk. Such studies will undoubtedly lead to an understanding
	Up till now. a large variety of mechanisms lias been proposed to explain the formation of the rôle that multiple minor mergers played in galaxy évolution and at wlrat rate tlrey
	of thick disks, from both cosmological and secular points-of-view (Abadi et al., 2003b: occurred in disks like tire Milky Way's.
	Bekki Sz Chiba. 2000; Brook et al., 2005. 2004: Carlberg Sz Sellwood. 1985; Gilmore Minor galaxy mergers, in wlrich a massive prinrary galaxy accretes a nruch less massive
	et al., 1989: Jones Sz Wyse, 1983: Laeey, 1984: Norris. 1987; Quinn et al.. 1993; Spitzer & satellite galaxy, are especiallv important for multiple nrerger studies due to the fact tirât
	Schwarzschild. 1951: Statler, 1988; van der Kruit Sz Searle, 1982; Villalobos Sz Helmi. 2008: tire dynamical timescale for the satellite galaxy in the dark mat ter halo of the prinrary
	Yoachim Sz Dalcanton. 2005). However, the main astrophysical processes which drive galaxy can Ire, and often is. long compared to tire merging tinre scale. In such a situation,
	galactic thick disk formation remain unclear. The disk scale height is usually assumed multiple minor mergers are expec-ted to Ire ratlrer conrrnon since tlris allows tire prinrary
	to be independent of radius in galactic disk models (Pohlen et al., 2004; Yoachim Sz galaxy to hâve several satellites tirât hâve yet to nrerge witlr it. Studies of the nrerger Iris-
	Dalcanton. 2005). This assumption is in accordance with earlier studies on tliin and thick tory of dark rnatter halos show that virtuallv eaclr Milky Way-sized halo has experienced
	disk scale heights (Nàslund Sz Jorsater. 1997: Rauscher et al., 1998: Shaw Sz Gilmore. 1990: at least one minor nrerger of mass ratio < 10:1 in the last 10 Gyr (see e.g.. Guo & White,
	van der Kruit Sz Searle. 1981a.b), and recently Bournaud et al. (2009) found that thick 2008: Stewart et al.. 2008).
	disks which formed through secular disk instabilities hâve a constant disk scale height. The dynamical structure of disk galaxies is donrinated bv angular nrorrrentum. De-
	whereas they found it unlikely that this would be the case for thick disks formed through tailed investigations of angular nrorrrentum redistribution in galaxies, in baryons as well
	minor mergers. However, observations indicate that thick disk scale height relates to disk as in dark rnatter, and of disk responses in continuons satellite bombardments lrold the
	radius, Hubble type, and galaxy mass (de Grijs Sz Peletier. 1997; Yoachim Sz Dalcanton, key to the understanding of lrow disk conrponents can survive and acquire their presently
	2006). Also. Narayan & Jog (2002) pointed out that an increasing disk scale height with observed properties. Tlrese studies can also provide more information orr the formation
	Di Matteo et al. radius is consistent with two of the galaxies observed by van der Kruit Sz Searle (1981a.b). and évolution of small galaxy groups (Barrres. 1989: Hicksorr. 1997). However, tire detailed
	(2009b) hâve shown that major gas-poor galaxy mergers can be an effective va y to produce Moreover. sonie disk dominated galaxies lack a thick disk (e.g. NGC 4244 Fry et al., investigations are rrot yet tlrorough or conrpreherrsive errough to reach any definitive con
	the metallicity gradients observed in local elliptical galaxies. Gas-rich mergers hâve a quite 1999) and sonie even hâve thick disks that counter-rotate relative to their tliin disks clusions about tire rôle of minor mergers in galaxy évolution -other tlran tirât multiple
	complex impact on galaxy metallicity: on one side. merger-induced gas inflows lead to a (Morrison et al.. 1994: Yoachim Sz Dalcanton. 2005), which favors a merger-induced thick minor mergers are likely to Ire important!
	dilution of the nuclear métal abundance, which lias been confirmed by mimerons studies disk formation mechanism (see, e.g. Yoachim Sz Dalcanton, 2005. 2006, and references
	(e.g., Michel-Dansac et al.. 2008: Perez et al.. 2006: Rupke et al.. 2010). while on the other subséquent star forming activity produces material rich in metals and releases it therein). It is well established that galaxy mergers, especiallv minor ones, lieat stellar disks 1.3 Thesis topics and aims
	into the surrounding interstellar medium through feedback processes. This results in a and transform theni from tliin and rapidly rotating late-type disks into thick and less The standard ACDM eosmological rrrodel has aelrieved a remarkable success in nrarry
	mixing of stellar population and metallicity which erases the information on initial stellar rotation supported early-type disks. Therefore it is of great importance to look in detail aspects. Nevertheless, an apparent incompatibility persists between lrierarclrical structure
	population and metallicity distributions (Milros Sz Hernquist. 1994b). The métal dilution at the development of the thick disk component in galaxy mergers. to gain insight into growth and stellar disk formation nrodels. In tire lrierarclrical structure formation rrrodel.

  Numerical simulation technique for example, the System is distribut ed on a fLxed grid. mass density is évaluât ed for each cell of the grid and forces are evaluated solving the Poisson's équation using the FFT algorithme and the convolution theorem (seeBertschinger. 1998: Hockney & Eastwood. 

	1988. for a review). This method lias been recently developed to be used on general
	purpose Graphical Processor Units (GPU), making it possible to model the évolution of
	millions of bodies (Aubert et ah. 2009). The use of FFT reduces the computational cost
	to ~O(MlogM). where M is the number of cells in the domain. At the same time, the
	use of a fixed grid limit.s the spatial résolution and does not allow handling properly very
	inhomogeneous mass distributions. The use of refined grids is more suitable to study
	galaxy dynamics. both in Newtonian (see, e.g. Bois et ah. 2010: Bournaud et ah. 2008)
	and modified gravity régimes (Tiret &: Combes. 2007).
	A compromise between direct and PM methods is achieved in hybrid methods, such as
	Particle-Particle-Particle-Mesh (P3M. Eastwood & Hockney. 1974). where the évaluation
	of gravitational forces exerted by near particles is doue via a direct method. and a PM
	algorithm is used for distant interactions.

The development of the Fast Fourier Transform (FFT, Cooley & Tukey. 1965) lias made it possible to use efficient Eulerian algorithms. In the Particle-Mesh (PM) methods, 2.1

Table 2 .

 2 1: Galaxy parameters for the initial models. Bulge and halo are modeled as Plummer spheres. with characteristic masses Mb and Mb and characteristic radii r# and rH. M* is the mass of the stellar disk, whose vertical and radial scale lengths are /?* and

	a*. respective^.									
			gSO	gSa	gSb	dEOl	dEO	dEO h	dSO	dSa	dSb	sEO
	Mb [2.3 x IO^Mq]	10.	10.	5.	7.	7.	7.	1.	1	0.5	3.5
	M" [2.3 x 1O9M0]	50.	50.	75.	3.	3.	3.	5.	5	7.5	1.5
	M, [2.3 x 1O9.U0]	40.	40.	20.	-	-	-	4.	4	2	-
	MgaJM,	-	0.1	0.2	-	-	-	-	0.1	0.2	-
	l'B [kpc]	2.	2.	1.	1.7	1.3	1.1	0.6	0.6	0.3	0.9
	rH [kpc]	10.	10.	12.	2.2	2.2	2.2	3.2	3.2	3.8	1.55
	a* [kpc]	4.	4.	5.	-	-	-	1.3	1.3	1.6	-
	K [kpc1	0.5	0.5	0.5	-	-	-	0.16	0.16	0.16	-
	U gas [kpC	-	5.	6.	-	-	-	-	1.6	1.9	-
	hgas [kpc]	-	0.2	0.2	-	-	-	-	0.06	0.06
	2.4	Initial configurations						
	2.4.1	Particle numbers							

contributing to the formation of a thick disk component. In Chapter 4.5 we compare properties of thick disks created through minor mergers with those of tire clumpy disk scénario, to investigate the différences of these two thick disk formation mechanisms.

Table 2 .

 2 

		2: Particle numbers for primary galaxies and satellites
		gSO	gSa	gSb	dEOl.dEO.clEOh.dSO	sEO
	Nga,		80.000	160.000	-	-
	Nstar	320.000	240.000	160.000	32.000	16.000
	Ndm	160.000	160.000	160.000	16.000	8.000

Table 2 .

 2 3: Orbital parameters for our minor rnerger simulations

	orbit id	'mi	rb. im	Ie	E6	spin6
	Oldir	100.	1.48	29.66	0.	up
	Olret	100.	1.48	29.66	0.	down
	02dir	100.	1.52	29.69	0.05	up
	02ret	100.	1.52	29.69	0.05	down
	03dir	100.	1.55	29.72	0.1	up
	03ret	100.	1.55	29.72	0.1	down
	04dir	100.	1.48	36.33	0.0	up
	04ret	100.	1.48	36.33	0.0	down
	05dir	100.	1.52	36.38	0.05	up
	05ret	100.	1.52	36.38	0.05	down
	06dir	100.	1.55	36.43	0.1	up
	06ret	100.	1.55	36.43	0.1	down

a Initial distance between the two galaxies, in kpc.

h Absolnte value of the initial relative velocity, in nuits of 100 kms~l. c L =| l'ini x vini |. in units of 102hnis~1kpc. d E = Vini2/2 -G(m\ + m2)/fm), with m\ -2.3 x lOnM0 and m2 -2.3 x 1O1OM0, in units of IQ4 km2 s~2.

Table 3 .

 3 1: Galaxv parameters for the initial models of the bulge and halo, modeled as

	Plummer spheres.						
		gSO	dEOl	dEO	dEOh	dSO	sEO
	Mb[2.3 x lO'JAf0]	10	7	7	7	1	3.5
	Mh [2.3 x 1O9M0]	50	3	3	3	5	1.5
	M» [2.3 x 109.1/S]	40	-	-	-	4	-
	rB Apc]	2	1.7	1.3	1.1	0.6	0.9
	rH [kpc]	10	2.2	2.2	2.2	3.2	1.55
	a* [kpc]	4	-	-	-	1.3	-
	h* [kpc]	0.5	-	-	-	0.16	-
	scale-lengths of /?.* and a*, respectively (Table 5.1). The adopted bulge-to-total baryonic
	mass ratio of our SO galaxv model. B/T of 1:5, is based on the most recent estimate

for the ratios of SO galaxies

(Laurikainen et ah, 2007)

, which are up to a factor 3 lower than earlier estimâtes (e.g.,

Simien & de Vaucouleurs. 1986

). As the work of Laurikainen et al. (2007) is based on Ks band (2.2 p.m) data, it represents more realistic values for the old stellar component than those bv Simien & de Vaucouleurs (1986) based on B -band

data (the dust extinction being more significant at these wavelengths). The fraction of dark-to-baryonic matter inside i?50, the radius containing half of the baryonic matter, is 16%. which broadly agréés with observational estimâtes

(Williams et ah, 2009)

, and the resulting rotation curve (see

Chilingarian et ah, 2010) 

shows a rapid rise in the center, followed by a décliné at larger radii, typical of manv SOs

(Noordermeer et ah, 2007)

.

Table 5 .

 5 

1. We refer the reader to Chilingarian et al. (2010) for a more extensive description

Table 3 .

 3 2: Orbital parameters for the gSQ-sEO interactions

	orbit id	r!ni	rb mi	U	Ed	spin6
	Oldir	100.	1.48	29.66	0.	up
	01 ret	100.	1.48	29.66	0.	down
	02dir	100.	1.52	29.69	0.05	up
	02ret	100.	1.52	29.69	0.05	down
	03dir	100.	1.55	29.72	0.1	up
	03 ret	100.	1.55	29.72	0.1	down
	a Initial distance between the two galaxies, in kpc.	
	b Absolute value of the initial relative velocity. in units of 100 kms"1.

c L -| l'ini x vini |. in units of 102kms~1kpc. d E = Vi"i2/2 -G(m-[ + tïï2)/rini. with m.\ -2.3 x 10uA/q and nu = 2.3 x 10102V/o, in units of 104km2s~2.

Table 3 .

 3 3: Particle numbers for disk galaxy and satellites

		gSO	dE01.dE0.dE0h.dS0	sEO
	Nstar	320.000	32.000	16.000
	A dm	160.000	16.000	8.000
	orbital plane. For example, the nomenclature "gS0dE0h01dir33" refers to the encounter
	between the gSO galaxy (whose initial inclination A = 33°) and the high-concentration
	elliptical satellite dEOh. moving on a direct orbit. whose initial orbital parameters are
	those corresponding to id = 01 dir in Table 9 of ChiUngarian et al. (2010).

3.3 Resuit s

Table 3 .

 3 4: v/a ratios at, different radii, for the gSO galaxy which evolved in isolation and after a minor 20:1 and 10:1 rnerger. The initial v/a values are provided in Column 2.

		t-0		t=3 Gyr	
			isolated	20:1 rnerger	10:1 rnerger
	v/a at r = i?5û	1.15	1.03	0.8	0.72
	v/a at t = 2R50	2.44	2.14	1.57	1.37
	v/a at r = ARqq	4.85	3.73	2.80	1.81

Tidal interactions inject energy and angular momentum into stellar motions, which cause the stellar disk to extend both radially and vertical ly. In this chapter we investigate the properties of the vertical stellar distribution and the seule height of thick disks formed in min,or mergers. We also compare mergerinduced thick disks with those formed through internai processes and discuss ways to distinguish between the two formation mechanisms. This work lias been submitted to the journal Astronomy and Astrophysics: uCan thick disks originale through minor mergers?r by Yan Ou. Paola Di Matteo. Matthew Lehnert, and Wim van Driel. 2010. A&A, in révision.

We hâve explored whether minor galaxy mergers, with a large range of initial model configuration parameters, can create a thick disk that lias properties consistent with observations of the Milkv Way and other nearby galaxies. Minor mergers heat pre-existing disks, resuiting in a botter and thicker stellar disk. The vertical surface density profile of the post-merger thick stellar disk follows a seclr function and lias an excess in outermost

  Abe et al.. 1999: Dalcanton & Bernstein. 2002: Morrison et al., 1997: Neeser et al.. 2002: Pohlen et al.. 2004; Yoachim & Dalcanton. 2005). In models.the thick disk scale height is usuallv assumed to be independent of radius(Pohlen et al.. 

	2004: Yoachim & Dalcanton. 2005), in accordance with earlier studies on thin and thick
	disk scale heights (Nâslund & Jorsàter, 1997: Rauscher et al., 1998: Shaw & Gilmore.
	1990: van der Kruit & Searle. 1981a.b). However, for a sample of 48 early-and late-type
	galaxies, de Grijs & Peletier (1997) found an increase in disk scale height with radius,
	where early-type galaxies show the largest increase. Also Narayan & Jog (2002) pointed
	ont that an increasing scale height was consistent with two of the galaxies studied bv
	van der Kruit & Searle (1981a.b), and that their vertical velocity dispersion distribution
	does not scale as twice the disk scale length with radius, thus supporting the possibilité7 of
	a moderate flaring in these disks. Recently. Bournaud et al. (2009) modeled the formation
	of a thick disk through gravitational instabilities and pointed out that thick disks produced
	in this way hâve constant scale heights, while tliis is not likely to be the case for their
	formation through minor mergers.

Therefore, the properties of galaxv disk scale heights and their vertical profiles can help in understanding the physical processes in their formation. It appears that thick disk scale height is related to both galaxy mass

(Yoachim Sz Dalcanton. 2006

) and Hubble type (de Grijs & Peletier. 1997). Moreover, some disk dominated galaxies lack a thick disk, e.g.. NGC 4244

(Fry et al., 1999)

, and some even hâve thick disks that counter-rotate relative to their thin disks

(Morrison et al., 1994;Yoachim & Dalcanton. 2005

). These observations, taken ail together. favor a merger-induced thick disk formation mechanism (see. e.g..

Yoachim & Dalcanton. 2005, 2006

. and référencés therein).

  .1. As we hâve clone in Qu et al. (2010a). ail galaxy models are evolved in isolation for 1 Gyr before the interaction starts. The orbital parameters for these minor interactions hâve been described in Chilingarian et al. (2010, Table 9) and Qu et al. (2010a. Table

Table 4 .

 4 1: Galaxv parameters for the initial models of the bulge and halo, modeled as Plummer spheres, and masses and vertical and radial scale lengths of the stellar and

	gaseous disks.							
					gSO	g'Sa	gSb	dEO	sEO
	Md [2.3 x 1 -1 O	(A>	10.	10.	5.	7.	3.5
	sT To co X 109 Me]	50.	50.	75.	3.	1.5
	M,[2.3 x	T--H	CTi		40.	40.	20.	-	-
	d/gas /3 A				-	0.1	0.2	-	-
	rB [kpc]				2.	2.	1.	1.3	0.9
	rH [kpc]				10.	10.	12.	2.2	1.55
	a* [kpc]				4.	4.	5.	-	-
	K [kpc]				0.5	0.5	0.5	-	-
	((gas [kpc]				-	5.	6.	-	-
	hgas [kpc]				-	0.2	0.2	-	-
	Table 4.2: Particle numbers for primarv galaxies and satellites
		gSO		gSa		gSb		dEO	sEO
	A gas	-			80.000	160.000	-	-
	A star	320.000	240.000	160.000	32.000	16,000
	NDM	160.000	160.000	160.000	16.000	8.000

formed in an initially unstable disk, as recently proposed bv

Bournaud et al. (2009)

. For this, we analyzed two simulations of gas-rich. unstable disk galaxies from Di Matteo et al.

  but not always, mainly originate from the primary galaxy. This exeess component can be fitted by a sech function with scale heights larger than the inner thick disk. Identifying these exeess stars and determining their properties nray provide a way to constrain the thick disk formation scénarios, but they may be confused with stars of the inner halo and be difficult. to find and study in practice(Carollo et al.. 2010;Stanway et al., 2008).Adding a dissipative component, gas, decreases botli the vertical scale height and the radial scale length of the thick disk created during a minor merger (see § 4.3.3). For a gasto-stellar mass fraction fgas = 0.2. the decrease in thick disk scale height is about ~20% with respect to the dissipationless case, and the decrease in scale length is up to 15%-20%.The combined effec.t. on the ratio of thick disk scale length and scale height {j'd/zo.ai;er) is shown in Fig.4.11 as function of the circulai' velocity of the disk. vcir. for simulations with varving mass ratio, gas fraction and merger historiés. Here vcir is estimated at 4 times the disk scale length. r^, where the disk rotation curve becomes fiat, and z^Mver is the

	Narayan & Jog (2002) suggested tirât an increasing scale height witlr radius is consistent
	witlr observations if the gravitational contributions from H2 and H i gas and the dark
	matter halo are taken into account and if tire vertical velocity dispersion distribution does
	not scale as twice as the disk scale length. If galactic thick disks can be shown to hâve
	vertical velocity dispersion profiles witlr hvei/r^-2 and constant scale lreiglrts. this would
	put a strong constraint on nrodels based on external. essentially randonr processes like
	minor mergers, wlrich would lrave to be finely tuned to nreet these spécifie requireurent s.
	However, lacking proof of tlrese constraining conditions, different nrodels may be applied

: Rauscher et ah, 1998: Shaw & Gilmore. 1990). whereas obser vations and modeling by de Grijs & Peletier (1997) fomrd an increasing scale height witlr radius (but see de Grijs & Peletier. 1997: van der Kruit &; de Grijs. 1999). A constant disk scale height would be consistent witlr a secular internai process for générâting thick disks (e.g.. van der Kruit & Searle, 1981a). and it would require tirât galaxies must hâve vertical velocity dispersion profiles witlr hvei/rcy = 2 (see Eq.(l)). On the other hand, to reproduce the dynanrics and morphologies of thick disks (compare this work to van der Kruit & Searle 1981a, Narayan & Jog 2002. and Bournaud et al. 2009 for example).

Contrary to secular nrodels for thick disk formation, our minor merger nrodels show stellar excesses at greater heights (z > 2 kpc) in régions r < 3rj, whose stars generally, number-of-particles-weighted average thick disk scale height within r < 4rd. We compare our results with observations of late-type galaxy and the MW

(Larsen & Humphreys, 2003: Yoachim & Dalcanton, 2005)

. For ail our minor merger models. whether gas-free or with gas, or single or double merger events, the ratios are consistent with those of extragalactic thick disks and the Milky Way old thick disk. Without a gas component, two consecutive mergers effectively halve the ratio by doubling the disk scale height and keeping the radial scale length almost unchanged. Taking into account the impact of the gas component on the thick disk contraction, it is quite likelv tirât nruch lower ratios than these could be found in multiple dissipative minor mergers. Also shown in Fig.

4

.11 are the ratios for thick disks fornred through internai clumps scattering. which are radiallv more extended but less thick. Their ratio are on average about 2 times larger than those of the observed thick disks.

Table 5 . 1 :

 51 Parameters for the initial models of the bulge and halo, modeled as Plummer spheres, and masses and vertical and radial scale lengths of the stellar and gaseous disks. We refer to this model as dEO. Ail the parameters of the galaxies described above are given in Table5.1, and the number of particles adopted to describe the different galaxy components in Table5.2. As we hâve doue in Qu et al. (2010a), ail galaxy models were first evolved in isolation for 1 Gyr before the interaction starts, to let the initial System reach a stable configuration. Once relaxed. the two galaxies are placed at an initial distance of 100 kpc. with a variety of relative velocities, to simulate different orbits (seeChilingarian et al. (2010), Table

		gSO	gSa	gSb	dEO	dSO	dSa	dSb
	Mb [2.3 x WaH]	10.	10.	5.	7.	1	1	0.5
	Mh [2.3 x lO9A/0]	50.	50.	75.	3.	5	5	7.5
	M. [2.3 x ln'.U,.;	40.	40.	20.	0	4	4	2
	Mgas/T/*	-	0.1	0.2	-	-	0.1	0.2
	TB [kpc]	2.	2.	1.	1.3	0.6	0.6	0.3
	rH [kpc-;	10.	10.	12.	2.2	3.2	3.2	3.8
	a* [kpc]	4.	4.	5.	-	1.3	1.3	1.6
	/?* [kpc]	0.5	0.5	0.5	-	0.16	0.16	0.16
	Ogas [kpc]	-	5.	6.	-	-	1.6	1.9
	hgas [kpc]	-	0.2	0.2	-	-	0.06	0.06
	spheroid dominated model, consisting only of a dark halo and a stellar bulge, without
	anv disk component.							

Table 5 .

 5 2: Particle numbers for primary disk galaxy and satellites.

			gSO		gSa	gSb
	N 1 ' gns		-		80.000	160.000
	V 1'star		320.000	240.000	160.000
	A7dm	160.000	160.000	160.000
			dEO	dSO	dSa	dSb
	N 1 ' gas		-	-		8,000	16.000
	Af 1 ' star	32.000	32.000	24.000	16.000
	Adm		16.000	16.000	16.000	16.000

Table 5 .

 5 3: Kinematical properties of stars of tlie post-merger thin and thick old tliick disks and the new stars in disk galaxies lieated by different physical processes. For old stars in the tliin and thick disks the rotational lag is defined witli respect to the tangential velocitv vt of the new stars.

	old stars |z|<l kpc	old stars z >1 kpc	new stars

  different behavior results in a final stellar disk, where two different stellar populations, with significantly different AM content, can be found. In particular. old stars always show a rotational lag with respect to the young stellar component. If one séparâtes ail stars into tliin disk stars (at heights |z|< 1 kpc from the galaxy mid-plane) and thick disk stars (at |z|> 1 kpc), three different components can be found. with different kinematical properties: young stars in the thin disk, rotationally supported. and showing the highest values of vt\ and old thin disk stars lagging with respect to the new stars: old thick disk stars lagging with respect to bot h thin disk components. For a minor 1:10 merger, with a satellite accreted on a direct orbit, and with an initial gas fraction 0.2 in the primary disk, the old stars in the thin disk hâve a rotational lag of about 20 km s-1, while the old stars in the thick disk hâve a velocity about 50 km s-1 lower than the young stellar component.

	Recently. Bournaud et al. (2009) proposed a scénario in which stellar thick disks could
	hâve formed in gas-rich galaxies at liigh redshifts, through scattering of stars by massive
	clunips.	Comparing the kinematical properties of minor merger remuants with those
	found for thick disk formed in clumpy disks we find that, under certain conditions, botlr
	scénarios can reproduce a rotational lag of the old thin and old thick disk stars compatible
	with observations for the Milky Way. In particular, disks lieated by massive clunips show a
	rotational lag which increases with 2 distance, as found for minor mergers 011 direct orbits.
	Even so, the two processes leave different signatures in the vertical surface profiles of the
	remuant disks, as shown in Qu et al. (2010b). Obviously, disks lieated by massive clunips
	cannot lead to the counter-rotating thick disks observed in external galaxies (Yoachim &
	Dalcanton. 2008). For this to occur. an external accretion of material (gas or stars) is
	necessary.	

botlr lag values being compatible with tire estimâtes for tire Milky Wav (see

Gilmore et ah. 2002)

. Multiple mergers can further reduce the tangential velocity of the old stellar components, while leaving that of the new stars mostly unchanged. tlius resulting in a further increasing in rotational lag with every successive accretion épisode.

Minor mergers can quantitatively reproduce the increase in the rotational lag with height above and below the galaxy mid-plane that was found for the Milky Wav (Chiba & Beers. 2000: Girard et ah. 2006), but only if the satellite is accreted along a direct orbit: for rétrogradé orbits no trend of the rotational lag with 2 is found, up to distance of 5 kpc from the mid-plane. above which it even decreases slightlv. Together with the trend of stellar eccentricities with 2

(Di Matteo et ah, 2010)

. this is another piece of evidence suggesting that if the Milky Way thick disk lias formed through heating of a pre-existing thin disk by minor merger(s), the orbit of the satellite(s) sliould hâve been prograde.

  Bedregal et al.. 2006: Hinz et ah, 2003, but see Mathieu et ah (

Orbital spin, if parallel (up) or antiparallel (down) to the z-axis 20
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Appendix A: kinematics of the gSO galaxy when evolved in isolation

The goal of this paper is to investigate the rôle minor mergers play in the angular momentum redistribution and kinematics of the massive galaxy. Therefore we must distinguish the impact of minor mergers on the properties of early type disk galaxies from the effects of secular évolution. To make this distinction, it is also important to study the évolution of isolated galaxies. To this end, we ran a control simulation in which the massive S0 galaxy is evolving as an isolated System over 3 Gvrs. i.e.. the sanie duration as the rnerger runs.

As can be seen in Fig. Al, the kinematics of the isolated Sü galaxy does not change significantly over this period: no increase is found in the velocity dispersion of the central régions or the outer disk, and also the final line-of-sight velocities are remarkably similar to the initial values, apart from sorne insignificant decrease outside 2R-)0. Of particular interest is that the final v/a ratio of the isolated massive galaxy differs significantly from tirât of the massive galaxy even after a minor rnerger, even in the 20:1 case. Comparing 3.9 shows that the minor interaction induces a decrease at ail radii. even inside 2/?.5q, which is not found for the galaxy that evolved in isolation. Secular évolution causes only a slight decrease in v/a -the final ratio is 10% lower than the initial one at r=i?5o? and 23% at r = 4i?-,o, whereas even a 20:1 rnerger induces a nruch more pronounced slowing down of the disk at ail radii, witlr a final decrease in v/a of 30% at r -i?.50 and 42% at r = 4i?50 (see Table 3.4). However, it will be interesting to find out, at what rnerger mass ratio the decrease in v/a is comparable to that of secular évolution.

properties of thick disks and tlius conclude that minor mergers are a viable mechanism for the création of galactic. thick disks. We also compared merger-induced thick disks with those generated in an internai process such as scattering bv clumps in an unstable clumpy disk, and found that although the latter process can also create a thick disk with roughly constant disk scale lieight. it does not reproduce well other observed properties of thick disks. We suggest that a clear way to distinguish between these two scénarios is to investigate the radial distribution of disk scale heights. as well as the presence and properties of stellar excesses at great disk heights.

Introduction

Ever silice the existence of a thick disk component was shown by star counts in the Milky Way (Gilmore Sz Reid. 1983) and by stellar luminosity distribution studies of external early-and late-type galaxies (Burstein. 1979 of ail, there is a clear différence between direct and rétrogradé mergers. While in both cases the average vt of old stars is lower than that of new stars ( Table 5.3), the behavior of vt as a function of height 2 is significant.ly different: direct mergers produce disks with a tangential velocity vt which decreases with height. meaning that the rotational lag increases with 2. while in stellar disks heated by rétrogradé mergers Vt is constant with 2 up to ~5 kpc, and a decrease is found only at greater distances. The satellite stars, constituting in every région onl}T a small percentage of the total stellar content, do not contribute significantly to the lag. Moreover, if one compares the tangential velocities of satellite and primary stars for direct orbits, one can fine! that a variety of behavior: in some cases the régions analvzed, the tangential velocities of satellite stars are always smaller than those of stars from the primary (e.g. for orbit ugS0dS001dir33" ): in other cases the values are comparable, and satellite stars show even liigher velocities than primary stars in the outer régions (e.g. orbit "gSadSa01dir33" ). I11 ail the cases, however, the strongest variations in vt as a function of 2 are associated with stars originally in the primary rather than in the satellite. For rétrogradé orbits, the tangential velocities of satellite stars show only small variations with increasing 2, as is the case for primary stars. We note also that a stellar thick disk formed in unstable clumpv galaxies is characterized by tangential velocities whose variation with 2 is very similar to that produced in a direct encounter with fgas -0.2 (compare, e.g. Fig. 5.10 with orbit ugSbdSb01dir33" in Fig. 5.9).

5.3.3.2

How to distinguish satellite stars Villalobos & Helmi (2009) hâve recently proposed an interest ing method to use the vertical AM to discriminate between stars formed in the primary thin disk and then heated by a minor merger and those originally in the satellite and then accreted. Their simulations showed (see their Fig. 6) that satellite stars in the zone |z|< 1 kpc hâve a typical AM content which is constant with radius, while stars from the primary disk tend to hâve AM / oc r. Their simulations are gas-free and involving satellites more massive than the ones used in tliis paper. we decided to reinvestigate the validity of their method, exploring if the resuit is confirmed for liigher mass ratios like ours (1:10) and for other satellite and 2010. accepted for publication on A&A.

We study the distribution of orbital eccentricities of stars in thick disks generated by the heating of a pre-existing thin stellar disk through a minor merger (mass ratio 1:10).

using N-body/SPH numerical simulations of interactions which span a range of gas frac tions in the primary disk and initial orbital configurations. The resulting eccentricity distributions hâve an approximately triangular shape. with a peak at 0.2-0.35, and a rel- (2010) can be qualitatively reproduced by our models, but onlv if the satellite is accreted on a direct orbit. We thus speculate that if minor mergers were the dominant mechanism for the formation of the Milky way thick disk, the major contribution should corne from merging with satellite(s) on direct orbits. This shows the promise of measuring and comparing with numerical simulations the distribution of orbital eccentricities as a function of height above the disk for constraining the origins of the tliick disk in our own Milky Way and other galaxies. heating through minor mergers). and to favor gas-rich mergers at early epochs as the most probable mechanism for the formation of the galactic tliick disk. Within the framework of this comparison, their conclusions appear well just.ified. However. the question arises if this is the complété story.

For a comprehensive analysis of the effet g s of minor mergers, a wide range of initial orbital parameters needs to be considered in numerical simulations, wliich lias not been the case with previous studies, such as Sales et al. (2009). The aim of this Letter is to compare the observed distribution of eccentricities of tliick disk stars in the solar neighborhood with tliose predicted bv a number of 1:10 minor mergers simulations, with and without gas in the primary, i.e. most massive, galaxv and in the satellite.

Models

The simulations we analyzed are part of a set of minor merger simulations with mass ratio of 1:10, described extensively in Chilingarian et al. (2010). Botli the primary galaxy and the satellite consist of a spherical non-rotating halo and a central bulge. modeled as Plummer spheres, a stellar and an optional gas disk, represented by Myamoto-Nagai density profiles. Bot.h the primary and tire satellite galaxies span a range of morphologies.

For this purpose we hâve collected a sample of 929 primarv galaxies frorn the Sloan Digital Sky Survey (SDSS) DR6 witli a total of 1257 halo objects. whic-h were ail detected in our NIBLES 21 cm Hl line survey at tire Nançay Radio Telescope of about 3000 nearby (cz = 1000 -12000AU775""1) SDSS galaxies selected on total stellar mass (van Driel et al.. 2010). With high-quality, five-band imaging provided by the SDSS and our NIBLES HI spectra for ail of our sample galaxies we can compute galaxy luminosity.

inclination, color and disk rotation velocities, which allows us to dérivé the TF relation for our sample. Given that each primarv galaxy in our sample lias at least one satellite galaxy, investigating their TF relation and comparing it with tirât of isolated galaxies will slred more light on the impact of nrinor mergers on the TF relation. Fig. 8.1 shows the Nançay Hl spectra and the SDSS color images for 12 of our sample galaxies. The Hl spectra show tirât these objects are gas-rich, with on average an H I mass of 1.4 x l(j10i\/3

for (H0 = 70kms~lMpc~l) and an Hl mass-to-luminosity ratio Mhi/Lz of 0.5 solar.

Galaxies and their close companions -galactic mass accretion history

Probes into early epoclrs of nrinor mergers, when the satellite galaxy is still reeognizable

and not yet conrpletely disrupted. can lrelp address questions suclr as wlrat types of galaxies are likely to produce a stellar streanr, and tlrey can explain tire characteristics of observed fossil streams (Marthrez-Delgado et al.. 2009, and otlrers). Our nrinor merger simulations suggest tirât satellites can suffer a considérable mass loss at projected distances of < 100 kpc-from their prinrary galaxies (Fig. 8.2). with disruption times that can be of tire order of ~5 x 108 Myr (which obviously dépends on a number of orbital paranreters, as well as on the morphology of the satellite and prinrary galaxies). Therefore we lrave collected a sample of 929 prinrary galaxies from the SDSS DR6 with a total of 1257 halo objects.

which were ail detected in our NIBLES H i survey of 3000 nearby SDSS galaxies.

We were allocated 4 irights of observing tinre at tire 3.6nr NTT telescope at ESO, La Silla. in March 2010 (I am tire PI of this proposai) and obtained deep V-band optical images of about ~10 NIBLES prinrary galaxies that lrave at least one satellite at a projected distance of less tlran 100 kpc from tire prinrary (Hq = 70krns~] Mpc~l ), and with a radial velocity within ±250À'ms~1 from tirât of the prinrary (an example is shown in Fig. 8.3). For each object. we required about 3 -4 hours of intégration tinre in order to reaclr a suffîcient low surface brightness level to detect faint tidal features. The data are being reduced and a preliminary resuit is shown in Fig. 8.4, in which tire différence in deptlr with the SDSS image is obvions.

The topics we are interested in to investigate based on these observations are:

1) Probing the existence of tidal distortions or streanrs around tire satellites. This extended tidal structure is particularlv important to put constraints on tire satellite orbits;

2) Evaluate the stellar mass présent in tire inner part of tire streanrs (within few tidal radii from the satellite's main-body). This can be done by estimating an M/L ratio througlr fitting SED nrodels to tire spectrunr and photometry of tire satellites ail of which lrave SDSS spectra and images;