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ABSTRACT

We have investigated the impact of dissipationless mintaxggamergers on the angular momentum of the remnant. Ourlations
cover a range of initial orbital characteristics and theeysconsists of a massive galaxy with a bulge and disk mesgitiga much
less massive (one-tenth or one-twentieth) gasless compavrtiich has a variety of morphologies (disk- or elliptitiae) and central
baryonic mass concentrations. During the process of mgrthie orbital angular momentum is redistributed into therimal angular
momentum of the final system; the internal angular momenttitheo primary galaxy can increase or decrease dependingeon th
relative orientation of the orbital spin vectors (directretrograde), while the initially non-rotating dark mattealo always gains
angular momentum. The specific angular momentum of theastmponent always decreases independent of the orbitahpéers
or morphology of the satellite, the decrease in the rotatedocity of the primary galaxy is accompanied by a changbérenisotropy
of the orbits, and the ratio of rotation speed to velocitydision of the merger remnant is lower than the initial vahat only due to
an increase in the dispersion but also to the slowing -dowtheflisk rotation. We briefly discuss several astrophysiplications
of these results, suggesting that minor mergers do not atisenxdom walk” process of the angular momentum of the stelilsk
component of galaxies, but rather a steady decrease. Mieayars may play a role in producing the large scatter obdarnvéhe
Tully-Fisher relation for SO galaxies, as well as in the @age of the velocity dispersion and the decreasgdnat large radii as
observed in SO galaxies.
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1. Introduction tions. For example, they can induce changes that moveypte-t
) . ) ) spiral galaxies towards earlier Hubble types, and contgilba
Numerical simulations, as well as observations, show th@ thickening and heating of the stellar disk (Quinn &t 883
the final product of a merger between two disk galaxies d@ylker et al 1996; Velazquez & White 1999: Font i al. 2001;
pends mostly on their mass ratio. Major mergers of sfBenson et dl. 2004; Kazantzidis et(al. 2008). The disks abgal
ral galaxies, i.e. of pairs with mass ratios ranging fromas are generally not fully destroyed by these events, ared a r
1:1 to 3:1, have been known for decades to form pressufgaining kinematically cold and thin component containirip
supported elliptical galaxies (Barnes & Hernquist 1991ira o 259 of the initial stellar disk mass can indeed survivehedh
11992, Bek 7; Naab etlal. 1999; Bendo & Bameged in a hotter and thicker digk (Villalobos & Helmi 2008, &.g
120001 Sprin 0; Cretton et/al. 2001; Naab & Burkert 2003 hereas the presence of gas in the disk galaxy can largely pre
1 et al. 2005), with “boxy” or “disky” shaped isopst vent the destruction of its thin stellar disk (Moster et &109).
Intermediate mass ratio mergers , with mass ratios fron4.5:
to 10:1, produce hybrid systems which typically have spiral
like morphologies but elliptical-like kinematicEw However, while the role that minor mergers may play in the
;. Bournaud et al. 2004, 2005), while minor mergers (Magfass assembly, kinematics, and morphologies of presgnt-da
ratio < 10:1) are much less violent dynamical processeflaxies has been studied extensively both observatjoaat
that do not destroy the disk of the more massive galaxyimerically, much less is known about the way angular momen-
in the merger. However, understanding the impact of min@im is redistributed during these events. Cosmologicalikim
mergers on galaxies is of particular interest, considetid tions show that there is a discrepancy between the specific-an
they occur frequently in the local universe (Frenk e 198]ar momentum of dark matter halos, which have undergone pre-
Carlberg & Couchman_1989; Lacey & Cole 1993; Gao et aiominantly minor mergers sinae~ 3, and the observed bary-
2004; [Jogee et al._2009; Kavirajet al. 2009) and that theyic component of present-day galaxies. The dark matteshal
can induce a number of morphological signatures in the fi cosmological simulations have spin parameters whichaare
nal remnant|(lbata et al. 1994, 2001; inez- et few times smaller than observed in disks of late-type belsel
2001; |Newberg et all_2002; Yanny et al. _2003; in ét awarf galaxies|(van den Bosch et D’ ' kert
2005;| Ibata et al. 2005; ' ||9—20d5-'—m-'-¢|%t ap004). The evolution of the specific angular momentum of dark
2007; |Feldmann et all_200&; _Martinez-Delgado et OOiatter halos as caused by major and minor mergers can be de-
\Younger et al. 2008; Kazantzidis efal. 2009). scribed as a random walk process, with major mergers coittrib
The importance of minor mergers in shaping the evolutidng to the spin-up of dark halos, and with minor interactions
of galaxies has been supported by detailed numerical simutaostly slowing them down (Vitvitska et al. 2002).
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The consequence of an interaction is to transfer orbital doy a Miyamoto-Nagai density profilel (Binn Treméeine
gular momentum into internal rotation: at the beginningtaf t [1987) with massM.,, and vertical and radial scale-lengths of
interaction, the most extended components first interdetlyi h. and a., respectively (Tabl&€]1). The adopted bulge to total
while the more tightly bound components feel tlikeets of the baryonic mass ratio of our SO galaxy modBl,T of 1:5, is
encounter only in the final phases of the merging processiéBar based on the most recent estimate for the ratios of SO galax-
[1992] Barnes in Kennicutt etlal. 1998). However, little iowm  ies (Laurikainen et al. 2007), which are up to a factor 3 lower
about the detailed redistribution of the angular momentem kthan earheWﬂ@l%)
tween the baryonic and dark matter componénts. McMillarlet ¢he work o I[(2007) is based Kgnband (2.2
(2007) have shown that, during major mergers of disk gataxieum) data, it represents more realistic values for the old stel
the dark halos acquire only a small amount of rotation, with t lar component than those by Simien & de Vaucoulelrs (1986)
dark component of the final remnant always having a stellar feased orB -band data (the dust extinction being more signifi-
tation speed to velocity dispersion, wfo, ratio less than 0.2. cant at these wavelengths). The fraction of dark to baryoit
Jesseit et all (2009) have discussed the amount of spedifi arter insideRsg, the radius containing half of the baryonic mat-
lar momentum found in the stellar component of major mergtar, is 16%, which is in broad agreement with observationsal e
remnants, showing that 1:1 mergers cause the destructitwe oftimates [(Williams et al. 2009), and the resulting rotatiomve
ordered rotation of the progenitor disks, while a portiortte  (seel Chilingarian et al. 2009) shows a rapid rise in the cen-
original rotation can be preserved during mergers with &ighter, followed by a decline at larger radii, typical of manysSO
mass ratios. If a dissipative component (gas) is preserttén {Noordermeer et al. 2007).
progenitor disks, gravitational torques exerted on it by dtel- This paper is part of a larger program (Di Matteo et al. 2009)
lar disk can extract a significant fraction of its initial afd@gr whose aim is to study systematically the impact of major and
momentum, causing strong gas inflows into the circum-nucleainor mergers on angular momentum redistribution in galexi
regions |(Barnes & Hernquist 1996). Finally, angular momefwe analyze here the simple case of the impact of minor merg-
tum redistribution also occurs during major mergers betweers on early-type, gas poor, SO galaxies and we plan, indutur
spheroidal dissipationless galaxies, leading to a tramsition work, to extend this study to the whole Hubble sequence, avith
of the orbital angular momentum into the internal angular meariety of gas fractions and bulge to disk ratios. Besid@sting
mentum of both baryons and dark matter, which canfbeient with such simple simulations allows us to compare our result
enough to produce fast rotating/¢- > 1) stellar halos, as re- with a well defined class of objects in order to verify the appr
cently shown by Di Matteo et al. (2009). priateness of our simulations and to gain insight in possb-

A complete and detailed picture of the angular momentulmtionary avenues for relatively simple dynamical systdifes
redistribution during minor mergers is still lacking, ewbiough SO0s.
minor mergers are expected to be much more common than The satellite elliptical galaxy, which is either ten (dE&G,
major mergers. (Fakhouri & Ma 2008) and therefore obviouslyEOh) or twenty (SEO) times less massive than the gSO galaxy,
play an important role in galaxy mass assembly For exampi®nsists of spherical stellar and dark matter components, b
Debattista et al. (2006) a [Iw sta_(2006khamodeled with Plummer profiles, and both not rotating inlijial
suggested that minor mergers could transfer angular mamentThe density profile of the satellite galaxy is the same iniaits
to the dark halo through the action of a stellar bar in the.disk ulations, and we only changed the central density of the-bary

This paper aims to investigate the evolution of the angulanic component to study how changing the density wotieich
momentum in minor mergers and its redistribution between tkhe angular momentum redistribution during the encoufer.
stellar and the dark matter components of the primary galattyus considered “reference” dwarf EO (dEO) models, as veell a
and its satellite. We will investigate this process throtlghuse galaxies having a central volume density 50% higher (dEAH) a
of dissipationless N-body simulations of minor (mass rafiadl  lower (dEOI) than the reference dEO galaxy (see Table 1).
and 20:1) mergers between a disk plus bulge primary galaxy To study the dependence of the results on the morphology of
and a satellite having either an elliptical or a disk moriggl the satellite galaxy, we ran twelve additional simulationsd-
Specifically, we will show that independent of the morphglogeling mergers of the giant gS0 galaxy with a disk satellier¢h
of the satellite galaxy or the orbital parameters, minorgees after called dS0), whose total mass is ten times smaller. The
always cause a slowing down of the stellar disk, as well asd&0 consists of a spherical dark matter halo, a spheridérste
loss of specific angular momentum within the disk, and thiat thhulge, both of which are not rotating, and a rotating stedlak.
process contributes to moving galaxies towards earlierbitub The morphological parameters of the dS0 galaxies are given i
types and more slowly rotating systerns (Emsellem et al.[200Table[1. We refer the reader to_Chilingarian ét al. (2009)afor
The decrease of the specific angular momentum of the steliodre extensive description of these initial models.
component of the disk galaxy is accompanied by an increase in All the initial models and their individual components were
the specific angular momentum of both dark halos (of the pévolved in isolation for 1 Gyr, before starting the interant
mary and of the satellite), as well as of the pressure-sup@orAt this time, the disk has reached a stable configurationjsas d
stellar component that was initially part of the satellite. cussed in the Appendix. The galaxies were initially placed a
a relative distance of 100 kpc, with a variety of relative ve-
locities, to simulate dierent orbits. The orbital initial condi-
tions for the giant-dwarf interactions are given in Tablef9 o
We studied the coalescence of a massive SO galaxy andGCfrlingarian et al.[(2009), and we report here only on thétakb
elliptical having a mass ratio 10:1 or 20:1. The massive $@&rameters of the gS0-sEO simulations (Table 2).
galaxy (hereafter called gS0) is composed of a sphericd dar We chose a reference frame with its origin at the barycen-
matter halo and a spherical stellar bulge, both of which ater of the system and an x-y plane corresponding to the drbita
not rotating initially, and represented by Plummer spherg$ane. The spln vector of the gS0O galaxy defines initially an a

(Binney & Tremaine 1987) with total massé4, and Mg and glei; = 33° ori; = 60° with respect to the z-axis (see Fig. 3 in
core radiiry andrg, respectively. The stellar disk is represente@hilingarian et al.[(2009)). For all simulations involviagdS0

2. Models and initial conditions
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Table 1.Galaxy parameters for the initial models. The bulge arithble 2. Orbital parameters for the gS0-sEOQ interactions
the halo are modeled as Plummer spheres, with charaateristi

massedMp andMy and characteristic radig andry. M, is the orbitid  rd VA LC ET  spirf
mass of the stellar disk whose vertical and radial scaletheng
areh, anda., respectively. 0ldir  100. 1.48 29.66 O. up
Olret 100. 1.48 29.66 0. down
gSO deOl dEO dEOh dSO sEO 8§d|r 11(())% 15522 22%%% %%55 dup
Ms [23x 10Mo] 1 7 7 7 1 ) ret - L : : own
M [[23;,); 1%2,\/'@]] 58 s 3 3 & fg 03dir  100. 1.55 29.72 0.1  up
M. 2.3 109M®] 0 - _ _ 4 a O3ret 100. 155 29.72 0.1 down
* . o.
rg [kpc] 2 17 13 11 06 09 o o
ry [Kpcl 10 292 22 292 32 155 a Initial distance between the two galaxies, in kpc.
a. [kpc] 4 — — - 1.3 — b Absolute value of the initial relative velocity, in units 890kms™.
h. [kpc] 05 _ _ _ 0.16 _ Z L =| rini X Vini |, in units of 16kms*kpc

E = Vini?/2 — G(my + M) /rini, with my = 2.3 x 101*M, andm, =
2.3x 10'°M,, in units of 1Gkn?s2.

galaxy, we have chosen an initial angle between the dS0 spin Orbital spin, if parallel (up) or antiparallel (down) to theaxis
and the z-axis of, = 130°. The orbital angular momentum can

be parallel (direct orbit) or anti-parallel (retrogradéitrto the

z-axis of the reference frame. Table 3. Particle numbers for disk galaxy and satellites
When referring to specific encounters between the spiral

and a satellite, the nomenclature adopted is a six(or seven) gso dEOI,dEO,dEOh,dSO  sSEO

character string: the first three characters are the typdef t Nstar 320,000 32,000 16,000

massive galaxy, always "gS0”, followed by a three(or four)- Nom 160,000 16,000 8,000

character string for dEO (average concentration, dwaiptell

cal satellite), dEOI (low concentration dwarf ellipticatjEOh T s0dE0I014ir33 T S0dE0I01 ret33

(high concentration dwarf elliptical), dSO (dwarf spiratallite) 12000 e gSDEOROTAIr3 T e 9gS0dEONOTret33 ]

or seO (for the two times less massive elliptical satelliig)is 1000 F 1 —
is followed by a string representing the type of encountee (s
first column in TabléR for the specific types), followed by thé
suffix “dir” or “ret”, for direct or retrograde orbits, respectily. ~ °%°
The final two numbers, which are either “33” or “60”, indicate 400
the initial inclination of the gS0 galaxy with respect to thie
bital plane. For example, the nomenclature "gSOdEOhOBdir3
refers to the encounter between the gS0 galaxy (whoselinitia
inclinationi; = 33°) and the high-concentration elliptical satel- t(Gyr) t(Gyr)
lite dEOh, moving on a direct orbit, whose initial orbital-pa ) )
rameters are those corresponding to=id1dir in Table 9 of Fig.2. Evolution of the absolute value of the internal angular
Chilingarian et al.[(2009). momentum in minor mergers withféiérent baryonic mass con-
All simulations (50 in total) were run using the Treecentrations of the merging satellite. The mass of the siatéd|
SPH code described [n_Semelin & Combes (2002). A total §1e same, only the central volume density is 50% higher édott
Nro7=528,000 particles was used for all simulations, distridutdines) or 50% lower (solid lines) than in the reference s$itel
between the gS0 galaxy and the satellite (see T@ble 3). We al§ie internal angular momentum of gSO galaxy and satellie ar
tested the dependence of the results on the number of parti@hown in red and blue, respectively. Left panel: direct reesg
used in the simulation, running some additional simulatieith Right panel: retrograde mergers.
a total of Nror=1,056,000 particles. A Plummer potential was
used to soften gravity on small scales, with constant sioften , i ) ) )
lengths ofe = 200pc (or ¢ = 170pc for the high resolution galaxy)_. In t_hls section, we dlscuss _how t_he _orbltal AM iscon
simulations) for all particles. The equations of motion iate- v_erted into internal AM and how it is redistributed among the
grated using a leapfrog algorithm with a fixed time step of o gjfferent components (stars and dark matter) of the two galaxies
Myr. With these choices, the relative error in the conseéovenf
the total energy is close to 10per time step. Since the work3 1 1. Redistribution of orbital into internal angular

800

presented here only investigates simulated galaxies ufity momentum
gas, only the part of the code evaluating the gravitatiomalds _
acting on the systems has been used. Fig.[D shows the evolution of the absolute value of the tatal,

bital and internal angular momenta of the system, for some of

] ) our simulations. In all the cases, the total (internalbital) AM
3. Results and discussion is conserved during the interaction, with an accuracy dfo-°
per time step. The orbital AM is constant until the first peri-
center passage of the satellite. At this time, dynamicatiémn
As a result of the action of tidal torques and dynamicalivitt and tidal torques act on the system, converting part of the or
the satellite loses its orbital angular momentum (heredftd) bital AM into internal AM. This continues to occur during éac
and gradually spirals deeper into the gravitational fieldhaf successive passage, until the two galaxies finally mergethen
primary galaxy, where it finally dissolves completely (miean orbital AM has been completely converted into internal tiota
it does not survive as an entity within the core of the primamgyf the merged system. Looking at the repartition of the maér

3.1. Angular momentum evolution
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Fig. 1. Top panels: Evolution of the absolute value of the totali¢stihe), orbital (dotted line) and internal (dashed linegalar
momentum for some of the simulated 10:1 mergers, for bothstekar and dark matter components together. Bottom panels
Evolution of the absolute value of the internal angular motam of the massive gS0 galaxy (red dashed line) and of thesdtedite
(blue ijashed line), for both the stellar and dark matter aomepts together. The angular momentum is in units®k2.0*M,, kpc
kms.

so0f  gSO0GEO0TGir33 | gSOdEQOTret33 | the satellite, the smaller the amount of AM it absorbs and the
— baryon larger the variation in the internal AM of the primary galaxy
600 r oM This trend is due to the fact that a satellite with higher dgns
3 0ol decays more rapidly in the central regions of the primargxal
since it is less susceptible to tidafects of the primary galaxy,
S00 b preserves a higher percentage of bound magkersua stronger
gravitational drag. Since tidal torques are le$sctive on denser
0 R AR PR satellites (se€3.2 in Di Matteo et al. 2009), the orbital angular
8001 95005001dIr33 3 98005001ret3s momentum is moreficiently redistributed to the dark halo of
sool T the primary galaxy, the component which mainly drives its or
- bital decay through dynamical friction.
= 400t
2001 3.1.2. Internal angular momentum of the stellar and dark
obs matter components

0.5 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0 2.5

(G Here we investigate how the AM is redistributed in each of the
yr) t(Gyr)

two galaxies, between the stellar and the dark matter compo-
Fig. 3. Evolution of the absolute value of the internal anguldtents.
momentum of the stellar and dark matter components of the gSO0 In Fig.[3 we show how the distribution of the internal AM
galaxy (solid and dotted red lines) and of its satelliteisahd between the baryons and dark matter evolves during the merg-
dotted blue lines) for four 10:1 mergers. The angular mommant ing process. Near the time of the first barycentric passage, t
is in units of 23 x 10**M,, kpc km st. two dark matter halos (primary and satellite) acquire pathe
orbital AM, leading to rotation of a halo that initially wa®n
rotating. In general, the amount of internal AM absorbedHzy t
AM between the two galaxies (Fifl 1, bottom panels), we c#&ark matter component of the primary galaxy is greater (by a
see that the satellite galaxy always gains part of the dralg ~ factor 2-3) for pairs on direct orbits than for those on reteale
while the gSO0 galaxy either gains or loses angular momentu@fies. For retrograde orbits, we note that the dark halo of the
depending on the relative orientation of its spin and of tétal Merger remnant, rotates in the direction opposite to thahef
AM (direct and retrograde orbits, respectively). Note thiace Stellar disk, because it absorbed part of the orbital AM.

in retrograde encounters the orbital AM is anti-parallettie Also the stellar component of the satellite absorbs orbital
z-axis of the reference frame, their total AM is systemdiiica AM (Fig. [3). For retrograde orbits, this conversion of oabit
lower than that of the corresponding direct encounter. into internal AM is a mechanism for creating a counter-iatat

Changing the baryonic mass concentration of the satellidd stellar component in a merger remnant (as first noted by
(Fig. [2) dfects the redistribution of the internal AM betweetKormendyl 1984; Balcells & Quinn 1990, for minor mergers in-
the two galaxies, in the sense that, for a given orbit, theselenvolving elliptical galaxies). Note that, contrary to thensilations
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by [Balcells & Quinh [(1990), our satellite does not surviveaas

recognizable entity to the end of the merging process. #isidi

bution can be described as “thick disk-like”, encompassitey 7 [esosfo0iaiss” = fszzdfr;R 1 4 Lesodootanas ]
remaining disk and extending outtd.0 kpc from the center of .t - Rgre2ry ]

the remnant. Moreover, less than 4% of the internal stelMrig\ - gEZ: EEESPZO

transferred to the remnant’s bulge by the end of the merger ps °f
cess. Minor mergers do not add significant amounts of angtilas
momentum to the bulges of SO galaxies. ° st
Although none of the initially pressure supported compo-
nents were rotating at the beginning of the simulation, taesr
acquire part of the orbital AM and begin to rotate. The case of’ e e
the halo component is simple: the more massive and extended, 05 1.0 1.5 2.0 25 05 1.0 1.5 2.0 2.5
the more AM it absorbs. However, the evolution of the AM of t(Gyr) t(Gyr)
the stellar disk of the primary galaxy is quitefférent. In all
simulated orbits, independent of the orbital parametedstha
morphology of the satellite galaxy (whether pressure- ¢a-ro
tionally supported), the disk of the primary galaxy alwaysds
AM during the interaction. Although the decrease of therimaé
AM of the disk varies depending on orbital parameters and on o ) _ _
the internal structure of the satellite (see Fig. 3), onayerthe Merger remnantis still dominated by tangential motiores to-
relative change of the internal AM &L/L~ 10% for mergers tion of stars in the regioRsp < r < 2Rso can become nearly
with a mass ratio 10:1. We also find that satellites with high&otropic due to the interaction with the satellite (seeeam-
central stellar densities lead to remnants with a lowemirgte Ple the gSOdE001dir33 simulation shown in Eig.6). A similar

AM in the stellar component that was formerly part of the diskhange in the anisotropy was previously noted in simulation
of the primary. of single mergers (Bournaud et al. 2005) and of multiple merg

ers (Athanassoula 2005; Bournaud et al. 2007). In genérmal, t
strongest evolution of the parameter is found in direct encoun-
3.2. The slowing-down of rotating disks ters.

If the velocity dispersion of a disk increases in a mergemth
the dfective rotational velocity decreases, due to the asymmetri
drift, see, e.g.§4 of Binney & Tremaine (1987). The anisotropy
arameter is a way to represent the conversion of rotational
on into random motions. To confirm that asymmetric driftis
underlying cause, we evaluated the evolution of the radidl a
tangential components of the velocity dispersions in oonusi

2E

Y A

Fig. 7. The evolution of radial and tangential fractional velocity
dispersion in diterent radial regions: < 0.5R5p, 0.5Rs0 < 1 <
Rso, Rso < I < 2Rs0, 2Rs0 < I < 5Rsp and FRsp < r < 10Rs.

The decrease of the internal AM of the primary stellar disk di
cussed in the previous sectioffexts the whole of the disk, up
to distances of about 5 to 10 tim&sd]. To better demonstrate
the loss of angular momentum, in F[d. 4 we show the evolﬁ
tion of the specific internal AMlj; =< Zir; x v; >, of the stars
that were initially part of the primary galaxy. We have eakd

'6“%;‘“ five diffnge”thad‘a' fegig’;f OthF:‘e galaxy: §R0-5R5oa lations. In Fig.Y, their fractional evolution (i.ex (t)/ (t = 0)
ORso < ' < Rso, 5o < I' < 2Rsp, 2Rs0 < < Ohso, ANA. 5147 (1) /o (t = 0)) is shown for one of our simulations.
5Rs0 < r < 10Rs0. In all cases considered here, we find that the The minor merger is accompanied by an increase of the ra-

zi)erlltgriri:iggpggoe/?:)?l&vgstgtz\llv:tglllgrt%?sf?z '5§ rtggarﬁjcileusss %:al velocity dispersion at all radii, but particularly ihet outer-
the initial orbital parameters, inclination anglé o’leﬁiie mor- 10st regions. At the same time, the transverse vc_alocﬂy@amhsp
phologies. The same beha\;ior is also found ir; the merger w h))n d_ec_reases throughoutthe whqle Q|sk, exceptin the fehe
the disky satellite, before it is ultimately destroyed bg tidal n (inside 05Rs), where the contribution of bulge stars, which
. o acquire AM during the interaction, leads to an increase;of
field of the primary galaxy.
The question poses itself what this decrease in rotatioacspe

is due to? During the merging process, the variation of tf&2.1. The effect of increasing the merger mass ratio to 20:1
half mass radiusiRsg, is not more than 10%, and what varia- . . . . )
tion there is in the mass distribution is notfscient to explain " the previous sections we have discussed the impact of 10:1

the observed decrease. To gain further insight, we evaluage MaSS ratio mergers on the redistribution of AM, focusindipar
<o?> ' ularly onto the cause of the decrease in the rotation spettof

anisotropy parametef, = 1 - 55—, whereor andoy are the primary stellar disk. In this section, we want to focus onehe
velocity dispersions of the radial and tangential comptsiea- fect that increasing the mass ratio in mergers, specifi¢aliyn
spectively [(Binney & Tremaine 1987). If the velocity diSir  10:1 to 20:1, has on the evolution of the anisotropy paramete
tion is isotropic thers = 0, and if the velocity distribution is and the decrease of the specific AM of the disk (Eig. 8). Also
dominated by tangential motions thgn< 0, andg > 0 if for 20:1 mass ratio mergers a decrease ofAhgarameter is
dominated by radial motions. As shown in Fig. 6, the mergingbserved (again especially in the outer regions), indigathat
process is accompanied by an evolution of ghparameter in the velocity dispersion is increasing in the radial directiThe
the stellar component. The changegiis particularly large out- overall impact on the disk rotation is, of course, less promed
side ofRRso. In these outer regions, the stellar orbits, which behan for the 10:1 merger simulations. In this case, we find tha
fore the interaction were dominated by tangential orbiésdt the average decrease in the internal AM of the stellar compo-
to become increasingly radially dominated as the merger atent isAL/L ~ 8%, which is about 30- 40% lower than the
vances. While the outermost regiorRsg < r < 5Rsg, of the value found for 10:1 mergers. However, this is an averagseyal
whereas the actual decrease in any particular merger depend
! Reo = 3.3kpcis the initial half-mass radius of the baryonic compoOHIbOth the morphology and the central density of the stelli
nent. galaxy.
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Fig. 4. Evolution of the absolute value of the specific angular mann@nof the stars in the gS0 galaxy for six of the direct and
retrograde merger simulations with a dEO or a dSO satelite. angular momentum is estimated in fiv&felient radial regions
relative to the half mass radiuRsg: r < 0.5Rs0, 0.5R50 < < Rs0, R50 < I < 2Rs0, 2Rs0 < I < 5R50 and BRsg < r < 10Rs0. The
specific angular momentum is in units of 100 kpc kth s
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Fig. 5. Absolute value of the specific angular momentuymof stars in the gS0 galaxy at the start of the simulatie®, {dotted
lines), and at 3 Gyr (solid lines) after the start of the siatioh, as a function of radii containing a fixed percentagthefstellar
mass! was measured at least 1 Gyr after the merger completed. Bodis@ngular momentum is in units of 100 kpc kni.s
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Fig. 6. Evolution of the anisotropy parametgr,of the stars in the gS0 galaxy for the six merger simulatihgse specific internal
AM evolutions have been shown in FIg. 4 direct and retrogradeger simulations with a dEO or a dSO0 satellite. The aroggtr
parameter has been measured in fivBedent radial regions relative to the half mass radiug 0.5Rsp, 0.5R50 < r < Ry,
Rso < 1 < 2Rsg, 2R50 < I < 5Rsg and FRsp < r < 10Rsp.

3.3. Rotation Speeds and V/O’ 60 F gSOsEO‘OWd\'rES‘ ‘ ‘ + gSOsEdOW retBS‘ — ;RSJZ ‘ E

- Rgf2< r< Ry,
50¢F + --Rg<r<2Ry, 3
o 2Rgp< < BRgy
40 E3 — BRy < r<10Ry, 3
— A~ N—rm————————
& 30F * E

The decrease in the specific angular momentum of the stellany s = Ty
component during a minor merger is obviously reflected ieoth op ... __
dynamical properties of the merger remnant. As shown indFig. Erzsmmmmmmmmnmnensnss Eronsssss s |
the minor merger reduces the rotation speed of the stellar co ‘ * * * * * * *
ponent of the disk galaxy, and increases its velocity dspar
To evaluate these quantities, we considered all stelldicpes 1
kpc above and below the meridional plane of the primary galax _, ™
including those that were initially part of the satellitdagey. In =
the case of a 10:1 direct merger, the rotation speed=aPRso  _,
decreases by about 25%, from the initial valug ef 200kmy/ sto ]
aboutv = 150knys. At the same time the velocity dispersion in- _g i
creases over the whole disk, e.g. by about 30%-aPRso. This
leads to an overall decrease of thie- ratio over the entire extent t(Gyr) t(Gyr)

of the disk, e.g. from 2.3 to 1.4 at= 2Rs (Fig.[d). The decrease

in the rotation speed ando- depends on the merger mass ratidsig. 8. Upper panels: Evolution of the absolute value of the spe-
at the end of the 20:1 merger the remnant shows higher valw#fgc angular momentum of stars in the gS0 galaxy undergoing a
of bothv andv/o than the 10:1 merger. Finally, the decreas20:1 direct (left panel) and retrograde (right panel) mergke

in the rotation speed in the remnants of the two retrograde sispecific angular momentum has been measured in fiteereint
ulations shown in Fig:]9, gSOdEOO01ret33 and gSOsEQO0Lret8&ial regions, just as in Fifl 4. Lower panels: Evolutiorthef

is due to both a slowing down of stars in the gS0 disk (as dianisotropy parametes, for the mergers shown in the upper pan-
cussed previously) and to a negative contribution comingfr els, and measured in the same five radial regions.

stars formerly in the satellite galaxy. These stars haveiesd

part of the orbital AM, which is in the direction opposite teet

spin of the gS0, and they form a counter-rotating extendgd st, Summary and Discussion

lar component which contributes to the overall decreaséeén t

line-of-sight velocity of the remnant galaxy, and to therease In this paper, we have studied the redistribution of the angu
in its velocity dispersion. lar momentum during dissipationless minor mergers betveeen




v,0, (km/s)

8 Qu et al.: Slowing down of galaxy disks in dissipationlessanmergers
— 9S0dE01dir33 — 9SOdEQO1ret33 disks of diferent mass (e.d., Silk 1997). The study of SO galaxies
400 T 9578500133 T T 990sE00Tret33 ] may help to constrain which of these hypotheses is corradt, a
= t=3Cyr thus to unravel the evolutionary history of SO galaxiesditsi

of the diferences between the Tully-Fisher relation of SOs and
spirals, while showing some small discrepancies in ttfeed
and scatter, generally find that the SO galaxies follow theakp

relationship, albeit with a larger scatter (elg., Hinz e24103;
[Bedregal et &l. 2006, but s@@t al. (2002)). Tifigeb
and larger scatter have been interpreted as revealing aaiigne
older stellar population in SO galaxies than in spirals arahge
of times during which the SO galaxies started to evolve pas-
sively (Mathieu et d[. 2002). However, as note in Bedregalle

), there is no strong correlation between the age oBthe
galaxies and theftset from the T-F relation for spiral galaxies.
This could be due to an inflicient sample size, or it could indi-
cate that other processes may play a role in the larger soatte
the T-F relation among SO galaxies.

We have shown that minor mergers always lead to a decrease
Fig. 9. Upper panels: Line-of-sight velocities and velocity disin the rotation speed of the primary galaxy. Decreasingdts r
persions of stars in the initial gS0 model galaxy (dotte@d)n tation speed while increasing its luminosity, will move a@ S
and in the final remnant of a 10:1 (thick solid lines) and a 20galaxy back towards the spiral T-F relation. While it is peem
(thin solid lines) merger. Direct encounters are shown@léfft ture to attempt to quantify thisffect in the dfset, it is clear that
panel, retrograde encounters on the right. Lower pamgisra- minor mergers would increase the scatter by counteradiing,
tio of the initial gSO model (dotted lines) and of the final reant  some extent, passive evolution. In addition to slowing thta-r
of the 10:1 (thick solid lines) and 20:1 (thin solid lines)nyers tion speed of the disk, we also found that the velocity disiper
shown in the upper panels. Distances are in multiple&sgf of the disk increases, which decreases the of the disk, es-
pecially in the outer parts. As we have show in [Elg. 9, this may
include an actual decrease with radius in the very outeispart
of the disk. This is qualitatively similar to what is obseavia
e dynamics of planetary nebulae in the outer diskes of

ov

r/Rso r/Rso

massive disk galaxy and an elliptical- or SO-like sateNiti¢h
masses that are either ten or twenty times smaller than tha

t_he pr|m.ary galaxy. From an analysis of these simulatiores, 0 galaxies (1 I 2008) and it may suggest that
find that: ; : . ;
through simulating multiple minor mergers, we may be able to

_ During the merging process the orbital angular momentufProduce the velocity structure (eg.. Bournaud et al.7p00

is redistributed into internal angular momentum of both the The models of Vitvitska et al| (2002) have shown that, in
primary galaxy and the satellite; mergers of dark matter halos, the specific angular momenmta ca

— The total internal angular momentum of the primary galax§ither increase or decrease. Over time, this would lead to a |

can either increase or decrease, depending on the or@ntafiréase in the dispersion of the specific angular momentutreof t
of the orbital spin (direct or retrograde orbit); halos. Our results on the dark matter halo are consistenthig

— While the initially non-rotating dark matter halo of the pri Put we find systematically a decrease in the specific angutar m
mary galaxy always acquires angular momenttine, spe- mentum of the stellar component. So instead of a “random'walk
cific angular momentum of the stellar component always d@ver time with only an increase of the scatter of the angular m
creases, independent of the initial orbital parameterstar t MeNtum, our results appear to suggest a systematic dewvitase
morphology of the satellite galaxy time in the angulz_ir momentum pf the stellar component if mino

— The decrease in the rotation speed of the disk of the mdl¥rgers play an important role in the growth of galaxies #wed t
galaxy is accompanied by a change in the distribution &distribution of angular momentum. .
the types of stellar orbits, especially outside of the halsen ~ Finally, our results indicate that (single) minor mergers a
radius,Rso. Generally, the radial component of the velocitgapable of moving disk galaxies towards earlier types, esinc
dispersion becomes more and more important, as the mergig@y reduce the specific angular momentum and rotation speed
progresses, thus increasing the anisotropy parangefesym  and increase the velocity dispersion of the e
its initially negative value; (2007) have shown that a sequence of multiple minor mergers

— The ratio of the rotation speed to the velocity dispersion 68N lead to remnants having global morphological (flattgnin
the disk,v/o, decreases at all radii due to both an increasersic index, etc.) and kinematicad/¢ ratio) similar to those
in the velocity dispersion of the disk, which is heated dgrin_observed in real elliptical galaxies. Within this contetyill be

the merging process, and a decrease in the rotation speedresting to study if the angular momentum contentof taes
the disk. lar and dark matter components becomes more dispersion domi

nated and if size of thisfiect depends on the total merged mass

There are a number of astrophysical implications to the reather than on the mass ratio of each merger, and if suceessiv
sults we presented of our (rather idealized) simulatiortickv multiple mergers always slow down the stellar componertief t
we will now discuss very briefly. The Tully-Fisher, or T-F-re primary galaxy. Many follow-up questions remain — for exam-
lation between the rotation speed and total luminosity skdiple, is the specific angular momentum of the stellar compnen
galaxies has, among others, the following two interpretesti independent of the way mass has been assembled in major and
Either the T-F relation originates from the cosmologicaligg- multiple-minor mergers. What role does the dissipative gom
lence between the dark halo mass and the circular velociy, (enent — gas — play in the way angular momentum is redistributed
Mo et al.[1998), or it is due to self-regulated star formation during the merger and in the remnant? How does the gas con-
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tent dfect the magnitude of the decrease in the rotation speedabnghia, E., & Burkert, A. 2004, ApJ, 612, L13
the stellar disk? Does each minor merger contribute sitpitar Emsellem, E., Cappellari, M., Krajnovic, D., et al. 2007NRAS, 379, 401
the net slowing down, or does each successive merger bec » P, Beckman, J. E., & Pohlen, M. 2005, ApJ, 626, L81
| eecti . h . h | d . Fakhouri, O., & Ma, C.-P. 2008, MNRAS, 386, 577
ess éfective in changing the angular momentum and rotatiqgmann, R., Mayer, L., & Carollo, C. M. 2008, ApJ, 684, 1062
speed? Does the neffect saturate, so that we will ultimately beront, A. S., Navarro, J. F., Stadel, J., & Quinn, T. 2001, /568, L1
left with nothing but very slow rotators? Frenk, C. S., White, S. D. M., Davis, M., & Efstathiou, G. 198¢J, 327, 507

Our simulations show that a single dissipationless min&agé'g-’sVl\’g'fer S.D. M., Jenkins, A., Stoehr, F., & Springél2004, MNRAS,
merger is sfficient to considerably reduce tiwgo ratio, typi- s 3 L. Rieke, G. H., & Caldwell, N. 2003, AJ, 126, 2622
cally by a factor 1.5-2 atRso. Our merger remnants can still bejpata, R., A., Gilmore, G., & Irwin, M. J. 1994, Nature, 37@A4L
classified as early-type disk galaxies, with a central boly®- Ibata, R., Irwin, M., Lewis, G., Ferguson, A. M. N., & Tanvi¥, 2001, Nature,
ponent and a disk that is thicker and kinematically hottanth 412, 49 , _
that of the progenitor. If the cumulativéfect of dissipationless 'ba;%og"ggj‘pgi”'zg; Ferguson, A. M. N., Lewis, G., Inkin, & Tanvir, N.
multiple minor mergers leads to systematically slowing doWyeseeit ' R., Cappellari, M., Naab, T., Emsellem, E., & Brirk. 2009,
stellar disks, then the final remnants, which should havel-an e mMNRAS, 397, 12021
liptical morphology at that point, should not exhibit fastation Jog, C. J., & Chitre, A. 2002, A&A, 393, L89
at large radii. The existence of ellipticals with fast ratgtha- joﬁeet'oi”yll\l/erh S. nH P?”Ceyé-éﬁt abszSéAEJ'fiZé;;’?

' 9; Coccato et i ornsLor, 1, Vs Hemguis, - & ; P

los (Rix et al. 1999 al. 2009) may thus requiremoth ;" "o S Khochfar, S.. Sik. J., & Kay, S.080 MNRAS, 394,
formation mechanisms, such as major mergers of two eldiptic 1713
progenitors, as recently suggested by Di Matteo et al. (@39 Kazantzidis, S., Bullock, J. S., Zentner, A. R., Kravtsov\M & Moustakas, L.
dissipationless mergers of disk galaxies with higher mass r A.2008, ApJ, 688, 254

; ; : ; ﬂO_B_QD_dQ_&_B_a.LﬂI . Kazantzidis, S., ‘Zentner, A. R., Kravtsov, A. V., Bullock,Sl, & Debattista, V.
tios, typically 3:1 according es (2000); bee s P. 2000, ApJ in press. astro/p802.1983

alsd_CLeuon_el_éIL(qul). However_, the _presence ofa diBEq:) Kennicutt, R. C., Schweizer, F., Barnes, J. E., et al. 1998axes: Interactions
component, whether in the progenitor disks or accreted ifée  and Induced Star Formation (Berlin: Springer)
merger, may change this picture. Kormendy, J. 1984, ApJ, 287, 577

We will investigate all these points and their astrophylsichacey: C.. & Cole, S.1993, MNRAS, 262, 627

. . . . . Laurikainen, E., Salo, H., & Knapen, J. H. 2007, MNRAS, 3811 4
|mpI|cat|ons as discussed above in SUbsequent papers. Martinez-Delgado, D., Aparicio, A., Gomez-Flechoso, Bl.Carrera, R. 2001,

ApJ, 549, L199
Martinez-Delgado, D., Pefarrubia, J., Gabany, R. JI, 28088, ASPC, 399, 461
Mathieu, A., Merrifield, M. R., & Kuijken, K. 2002, MNRAS, 33@51

Millan, P. J., Athanassoula, E., & Dehnen, W. 2007, MNR&%5,1261
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isolated gsO t=0Gyr
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Fig. A.1. Upper panel: Line-of-sight velocities and velocity dis-
persions of stars in the gSO galaxy which evolved in isofatio
at t=0 (dotted lines) and at8 Gyr (solid lines). Lower panel:
Corresponding//o- ratios at these two times. Distances are in
multiples ofRso.

Table A.1.v/o ratios at diferent radii, for the gS0 galaxy which
evolved in isolation and after a minor 20:1 and 10:1 mergee T
initial v/o- values are provided in Column 2.

t=0 =3 Gyr
isolated 20:1 merger 10:1 merger
v/oatr =Rsg  1.15 1.03 0.8 0.72
v/oatr =2Rsy 2.44 2.14 1.57 1.37
v/oatr =4Rsy  4.85 3.73 2.80 1.81

is also important to study the evolution of isolated galaxieo
this end, we have run a control simulation in which the massiv
SO0 galaxy is evolving as an isolated system over 3 Gyr, he., t
same duration as the merger runs.

As can be seen in Fig. Al, the kinematics of the isolated SO
galaxy does not change significantly over this period: ncease
is found in the velocity dispersion of the central regiongre
outer disk, and also the final line-of-sight velocities agmark-
ably similar to the initial values, apart from some insigrafit
decrease outsideRgy. Of particular interest is that the finglo
ratio of the isolated massive galaxyteirs significantly from that
of the massive galaxy even after a minor merger, even in the 20
case. Comparing Fig.A1 with Fig.9 shows that the minor xter
tion induces a decrease at all radii, even insiBg2which is not
found for the galaxy that evolved in isolation. Secular atioh
causes only a slight decrease/jior — the final ratio is 10% lower
than the initial one at=Rso, and 23% at+4Rso, whereas even a
20:1 merger induces a much more pronounced slowing down of
the disk at all radii, with a final decreasevifu- of 30% at ERsg
and 42% at+£4Rs (see Tablg’All). However, it will be of some
interest to find out at what merger mass ratio the decreagerin
is comparable to that of secular evolution.
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