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ABSTRACT

Context. Numerical studies have shown that the properties of the #Xiga with kinematics intermediate between fast and slow
rotators are dficult to explain by a scenario of major mergers.

Aims. We investigate whether the smoother perturbation indugedibor mergers can reproduce these systems.

Methods. We analysed collisionleds-body simulations of intermediate and minor dry merger® @1s to determine the structural
and kinematic evolution induced by the encounters. Ther@igrimary galaxies represent gas-poor fast-rotators8@bS0c galaxies
with high intrinsic ellipticities. The original bulges ametrinsically spherical and have low rotation. fRirent mass ratios, parent
bulges, density ratios, and orbits were studied.

Results. Minor mergers induce a lower decrease of the global rotatisapport (as provided hy.) than encounters of lower mass
ratios, which results in SOs with properties intermedia®veen fast and slow rotators. The resulting remnants &iasically more
triaxial, less flattened, and span the whole range of appatigpticities up toe. ~ 0.8. They do not show lower apparent ellipticities
in random projections than initially; on the contrary, teeniation of oval distortions and the disc thickening inseethe percentage
of projections at @1 < ¢ < 0.7. In the experiments with SOb progenitor galaxies, minorgees tend to spin up the bulge and to
slightly decrease its intrinsic ellipticity, whereas irethases of primary SOc galaxies they keep the rotationalostippthe bulge
nearly constant and significantly decrease its intrindiptaity. The remnant bulges remain nearly spheriddlA ~ C/A > 0.9),
but exhibit a wide range of triaxialities @0 < T < 1.00). In the plane of global anisotropy of velocitie® ¥s. intrinsic ellipticity
(eeintr), SOme of our models extend the linear trend found in previmajor merger simulations towards highegky values, while
others clearly depart from it (depending on the progenift $his is consistent with the wide dispersion exhibiteddsl SOs in this
diagram compared with ellipticals, which follow the lingegnd drawn by major merger simulations.

Conclusions. The smoother changes induced by minor mergers can explaiexistence of SOs with intermediate kinematic prop-
erties between fast and slow rotators that afgadilt to explain with major mergers. Theffiirent trends exhibited by ellipticals and
SO0 galaxies in thé — e, diagram may be pointing to theftrent role played by major mergers in the build-up of eachpimaiogical
type.

Key words. galaxies: bulges — galaxies: evolution — galaxies: etigdtand lenticular, cD — galaxies: interactions — galaxg&sicture
— galaxies: kinematics and dynamics

1. Introduction aligned photometric and kinematic axes, they host innersdis
and often bars, and span a wide range of apparent ellip8citi

Recent studies have shown that classifying early-typexgaléo < & < 0.85). Only a small fraction of ETGs are slow rotators

ies (ETGs) into fast and slow rotators provides a more censis 15%), and usually have complex stellar velocity fields and
tent distinction in terms of their physical properties titae Kinematically decoupled cores (E11). Approximately 10426f

traditional morphological classification into elliptisaind S0s enticular galaxies (SOs) in the ATLAS sample exhibit hybrid
(Emsellem et all 2007, 2011, E11 hereafter). This is becal@perties between fast and slow rotators, lying in thetingi
this criterion is almost independent of the viewing angléXE "€gion defined to isolate these two families of objects, \eith
whereas SO galaxies can be morphologically confused with Bpticities spanning the whole range updo~ 0.7 (E11).

lipticals in face-on views_ (Bois et al. 2011, B11 hereaftén- Fast rotators may be the result of the rebuilding of a stellar
cording to this classification, the vast majority of ETGs fa®t disc around a central spheroid, which in turn may come from
rotators when considered as single-component systems)-méhe destruction of a pre-existing disc through mergersyayds

ing that they have a noticeable regular rotation patterih wiexhaustionin spirals (see Khochfar et al. 2011). Obsemain-
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dicate that these evolutionary mechanisms might depend-on img paper, as the vertical buckling of an original bar (ingadic
vironment. Gas stripping and strangulation seem to hava bdw the encounter or by simple natural secular evolution) im-
responsible of transforming spirals into SOs in clustereesi plies changes in both the velocity ellipsoid and the stmectf
z ~ 0.8 (Barr et all 2007; Desai etlal. 2007), while minor merghe bulge [((Mihos et al. 199%5; Martinez-Valpuesta & Shlosman
ers, galaxy harassment, and tidal interactions may haygetired 2004 Martinez-Valpuesta etlal. 2006; Saha et al. 2013).
an even more dramatic evolution in groups during the same pe- The paper is organized as follows: the models are described
riod of time (Maran et &l. 2007; Bekki & Couch 2011). This vain Sect[2. Sectidn 3.1 describes the analysis of the gldhal-s
riety of formation processes agrees pretty well with theediv ture and rotational support of the remnants that were prediuc
sity of properties exhibited by SOs depending on the enwiremt  in our simulations, and compares the results with the 8istri
and the stellar mass (Laurikainen et al. 2010; Rochelet &4D;20tions of fast and slow rotators obtained in observationalesys
Wei et al.| 2010} Sil'chenko et al. 2012; Barway etlal. 2013). And in previous studies of major merger simulations. In $egt
description of the processes that may have been relevatitdorwe also analyse the relation between the anisotropy of ireloc
formation of SOs can be foundlin Aguetri (2012). ties and the intrinsic ellipticity in our remnants and comephis
Numerical studies indicate that simple fading by itselfdg n again with data and previous simulations. Sedfioh 3.3 stnmms
suficient to produce a fast rotator (Khochfar el al. 2011). Howdifferent the intrinsic shape and the rotational support of éme ¢
ever, simulations of major mergers have succeeded in prodiral remnant bulge can be from those computed for the galaxy a
ing both slow- and fast-rotator remnanits (Gonzalez-Gaicéd. a whole throughte and .. Sectior 34 shows the relation be-
2006; Jesseit et al. 2009, B11). The fast rotators formetim ttween the bulge triaxiality and the global rotational supmd
way have intermediate apparent flatteningt(@ e < 0.6) and the whole remnant, two properties that are usually consititr
high rotational supportit > 0.4), whereas the resulting slow ro-be strongly related. The limitations of the models are comex
tators span the whole range of ellipticities and usuallyt kivee- on Sect[#. Finally, the discussion and the main conclusioas
matically decoupled components (B11). Mergers of discgalgprovided in Sect$.]5 arid 6.
ies with higher mass ratios (3:1 and 6:1) basically give tise
fast rotators with intermediate-to-high ellipticitieschinigh rota-
tional support, too (B11). This means that the remnantdtiegu
from mergers with mass ratios lower than 6:1 cannot propedyur set of experiments consists of Mébody collisionless sim-
reproduce the region in th& — e parameter space populatedilations of intermediate and minor mergers on SO galaxias th
by slow rotators with low apparent ellipticities and by gaés are described in detail in Eliche-Moral ef al. (2006, 20106
with intermediate properties between fast and slow rosdeith  and EM11 henceforth). Fourteen of these experiments hasie a p
0.1 5 2 5 0.3, see Burkert et al. 2008; Khochfar etlal. 201¥nary galaxy matching an SOb galaxy (with 185,000 particles)
B11). while the rest are similar to an SOc galaxy (415,000 pasicle
Intermediate and minor mergers are expected to be mughotal). The primary galaxies were built using tB&lactICS
more frequent than major ones in standard hierarchicaleseerpackage (Kuijken & Dubinski 1995), and consist of an expenen
ios (Naab et al. 2009; Bezanson ef al. 2009; Hopkins|et alP0%ial disc component, a King bulge, and a dark halo built feHo
and more likely to produce SO-like remnants (Bournaud et #g an Evans profile.
2004, 2005). Therefore, it is straightforward to questidretiher When considered as single-component systems, both origi-
mergers of mass ratios higher than 6:1 are a feasible evnlutinal SOs (after relaxation) are fast rotators with low ratatjac-
ary channel for giving rise to SOs with intermediate kinématquired during relaxation) and apparent ellipticities @ e < 0.8
properties or not. (considering 200 random projections, see Fig. 1), whichdcou
Naab et al.[(2013) have recently shown that subsequent mve formed through gas stripping of spirals. These primesy
nor mergers in a cosmological context can explain the rargscl genitors are intrinsically highly flattened oblate syst¢BsI11;
of slow rotators with low ellipticities. However, their suta- EMZ12). The progenitor SOc represents an extreme case dofa fas
tions hardly reproduce the location in the— e diagram of the rotator SO with high intrinsic ellipticity and high rotatial sup-
S0s with hybrid kinematic properties.{® < 1. < 0.25) and port from the ATLASP sample. The SOb progenitor exhibits an
€ > 0.3 (see their Fig. 11). This does not necessarily mean tlvatrinsic ellipticity slightly higher for its rotationalugpport than
mergers must be discarded as a feasible mechanism to expiairse observed in real cases, but within the observatiangl.
the properties of these galaxies. Cosmological N-body kimuAs observational data in thie— & diagram are not corrected for
tions have the advantage (over idealized binary mergerlaimtinclination, our progenitor SOb can also be considered axan
tions) of analysing more realistic pathways to form galaxi®it treme, but realistic, case of a fast-rotator SO with highiristc
they are also more limited in numerical resolution. Thiskpro ellipticity and intermediate rotational support. For mdetails,
lem directly dtects the way baryons accumulate in the centsee Seck. 3l1. The radial and vertical surface density psodif
of the potential wells, the physics of star formation, th&aro the discs are exponential, with a height-to-length scaie af
tional support of the gas component, and the formation of sug/hp = 0.1 at one disc scale-length. The structure of the pri-
structures (see Bournaud et al. 2008; Piontek & Steinmetd;20mary bulges is very stable, remaining nearly sphericalrdpri
Regan et al. 2013). relaxation. Therefore, any deviation from this spheritaipe in
To complement the numerical studies cited above, wiee remnant bulges must be due to the merger. The numerical
have investigated whether dry mergers with mass ratios-ranisc thickening during relaxation is lower than 10% and can b
ing from 6:1 to 18:1 can explain the formation of SOs witmeglected in the original galaxies (see EM06 and $ecs]ari2
intermediate kinematic properties. We used N-body simuld).
tions of binary mergers, starting from gas-poor progesitor All the satellites are scaled replicas of the SOb primary
with high initial intrinsic ellipticities and rotationalupport. model, to test theféects of the bulge-to-disc ratio of the orig-
In this paper, we describe the results obtained for SOs tlral primary galaxies. A physically motivated size-masalsc
have spherical original bulges. Th&exts of considering non-ing for the satellites was used to have realistic satetiite-
axisymmetric primary bulges will be explored in a forthcomprimary density ratios, based on the Tully-Fisher rela(see

2. Numerical simulations
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Table 1. Parameters of the minor and intermediate merger experiment

Model code Msat/Mprim  Roer/Np,prim 0 (B/D)prim  aTF

(1) (2) (3) (4) (5) (6)
(&) M6 Ps Db 1:6 (M6) 0.73 (Ps) 30 (D) 0.5 (b) 3.5
(a2) M6 Ps Db TF3 1:6 (M6) 0.73 (Ps) 30 (D) 0.5 (b) 3.0
(a3) M6 Ps Db TF4 1:6 (M6) 0.73 (Ps) 30 (D) 0.5 (b) 4.0

(b) M6 PsRb 1:6(M6) 0.73(Ps) 150(R) 0.5(b) 3.5
(c) M6 PIDb 1:6(M6) 825(l) 30() 05() 3.5
(d) M6 PIRb 1:6(M6) 825(l) 150(R) 05(b) 3.5
(e) M6 Ps Ds 1:6(M6) 0.87(Ps) 30(D) 0.08(s) 35
(f) M6 PsRs 1:6(M6) 0.87(Ps) 150(R) 0.08(s) 3.5
(g) M9 Ps Db 1:9(M9)  0.79(Ps) 30(D) 05(b) 35

(@2)M9PsDbTF3  1:9(M9) 0.79(Ps) 30(D) 0.5(b) 3.0
(@3)M9PsDbTF4 1:9(M9) 0.79(Ps) 30(D) 0.5(b) 4.0

(h) M9 Ps Rb 1:9(M9)  0.79(Ps) 150(R) 0.5(b) 3.5
(i) M18Ps Db 1:18(M18) 0.86(Ps) 30(D) 0.5(b) 3.5
() M18PsRb 1:18(M18) 0.86(Ps) 150(R) 0.5(b) 3.5
(k) M18 PI Db 1:18(M18) 8.19(Pl) 30(D) 05(b) 3.5
() M18PIRb 1:18(M18) 8.19(Pl) 150(R) 05(b) 3.5

Columns (1) Model code: MnP[l/s][D/R][b/s][TF3/4], see the text. (2) Luminous mass ratio between the gataltid the primary SO galaxy. (3)
Orbital first pericentre distance in units of the primarycdisale-length. (4) Initial angle between the angular mdenefthe orbit and the primary
disc. (5) Bulge-to-disc ratio of the original primary SB/D = 0.5 (SOb) orB/D = 0.08 (SOc). (6) Value ofrtr assumed for the scaling of the
satellite to the primary SO. More details of the models in B\Add EM11.

Gonzalez-Garcia & Balcells 2005 and EMO6) fierent expo- |[Kormendy 1993). Howevelr, Binney (2005) formulated new ex-
nents of this relation in the range of the observational @alupressions for a more robust estimationsdfased on the tensor
were considereda(tr = 3.0, 3.5, and 4.0). Highettr values virial theorem, especially derived for modern 2D spectopsc
lead to satellites denser than the primary galaxy. The lomsn data. According to this new formulatiadn, Emsellem etlal.QZ0
mass ratios under consideration are 6:1, 9:1, and 18:1. itthe @efined a new kinematic parametgy, as a function of surface-
gles between the two discs were set t@ 30d 150 for the brightness weighted averages\fand o within the half-light
direct and prograde orbits, respectively. Orbits with pemire radius of the galaxyR < Reg gix). This parameter is a proxy for
distances equal tbp and 8hp were run. For more information the rotational support of the galaxy, and can be easily ddriv
about the initial conditions, see EM06 and EM11. from 2D spectroscopic data:

The evolution of ten models was computed with the
TREECODE (Hernguist & Katzl 1989), for the rest we used the Np
GADGET-2 code (Springel 2005). The energy is preserved to bglt- _ L FiRIV 1)
ter than 0.1% and forces were computed within 1% of those ré- s ER 2 5’
sulting from direct summation in any case (see EM06; EM11). i PRV + o
e S Lol ! wherer, | R v, andy e the flo,cirular adiu, veloc
Tabldj All remnants exhibit global morphological, photem ity, and velocity dispersion of thieth spatial bin, the sum run-
) C ; : . ' - Ning on theN, spatial bins (pixels or Voronoi bins) within an
ric, and kinematic properties typical of SOa-SOb galaxe#a

r—— g aperture of intrinsic radiuR = Reg gix On the galaxy. These au-
EMO6, EM.ll and Eliche Mpral etal. (2012, 2013); we refer tﬁmrs have demonstrated thiatis even more ficient for distin-
these studies for more details.

guishing between fast and slow rotators in ETGs than the-trad
tional anisotropy diagram\{o — ¢) if plotted against the light-
weighted average ellipticity withifRes gix (€e), Using SAURON
and ATLAS®® data (Emsellem et &l. 2007, E11).

3.1. Rotational support and flattening of the whole remnants We analysed the rotational support and the apparent flatten-
ing of our merger remnants (see SEct. 3.1.2). To allow a direc
comparison with available data from ATLAY we have mim-
The ratio between the mass-weighted mean of the rotaticetspieked the observational procedure by E11 to estiragte//o)e,

and the random velocityM/o) versus the mean ellipticity of ande directly from ourN-body data. We considered 200 ran-
a galaxy has traditionally been used to relate its apparant fldom projections for each remnant and for the original primar
tening to its amount of rotation. This relation is known as tHjalaxies (following B11). For each projection, we estindate
“anisotropy diagram” because the location of one galaxyis t in our models through egl 1. We also derivétr as done in
plane provides an estimate of the anisotropy of velocitfab® E11,

galaxy ¢, see_Emsellem et &l. 2007). During many decades in

which only long-slit spectroscopy was available, Wer ratio 5 > No £ /2

was approximated by the ratio between the maximum obser\<é_/d) = i - 2o FiVi 2)
rotational velocityVmax, and the central dispersiomg (see, e.g., \o/e  (0?) Zile F gi2’

3. Results

3.1.1. Computation of 1¢ and €
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with V; ando; the mean velocity and velocity dispersion in the that Emsellem et al. (2007) found between these two paramete

th spatial bin, with the sum again running on tgspatial bins in both real and modelled data,

within an aperture of intrinsic radiuR = Res gix ON the galaxy

for the view under consideration (see eq. 10 in Cappellai|et

2007). po= Ve (@)

We calculated the moment ellipticity profile of the remnants /1 + «?(V/o)3

within radially growing isophotes for each projectioa(R)), ) .

again mimicking the procedure by E11. The moment ellipticitvherex ~ 1.1 (eq. B1 in E11). The values df derived from

e within one radiuRis defined by these authors as a luminosityhis equation for the edge-on projections of our models @ a

weighted average ellipticity in the galaxy, computed viagti- Provided in TablgR.

nalization of the ellipse of inertia of the galaxy surfacightness ~ In Fig. [, we plot thede parameter calculated according

inside an isophote enclosing an afea = R2, to eq[4 (by means of the/(o). values directly obtained from
our N-body data) versus th& directly estimated from the data
through ed.1L, for the 200 projections of each remnant and the

W) >N F, )2 original galaxies. The agreement between the two valuesris v
(1-e?=¢’= y_z = 'Nzl—" (3) good, which means that th& — (V/o)e relation derived by
(x%) Yy Fix? Emsellem et al. (2007) is also valid for our merger experitsien

In the equation abové runs through all spatial bins in the dat
within the isophote corresponding Bfor a fixed galaxy pro-
jection, F; is the flux contained inside theth spatial bin, and In Fig.[2, we plot the locations in th& — e plane for the 200
(xi,y) are the coordinates of this bin considering the galaxyojections of each remnant and the primary SO galaxiesede r
centre as origin and the x-direction parallel to the galalkg-p mark that thel, values plotted here are derived directly from the
tometric major axis (see eq. 11 lin Cappellari et al. 2007 TIN-body data, using the definition of this parameter as pexid
moment ellipticity at the #ective radius of the galaxyd) for by E11 (eq[dl, see Seci. 31.1). In the two panels, we compare
each view is obtained in E11 through interpolation of thege p the location of our remnants with the distributions of famtd
files or curves of growth & = Req gix- slow-rotator SOs reported by the ATLASproject (E11). The
The resulting values o, (V/o)e, and e for the edge-on information plotted in the two panels is similar, but thentigne
view of the remnants and the original SOs are listed in Tabledistinguishes between the retrograde and prograde mosiatg u
We defined the galactic plane as the plane perpendiculaeto different symbols (dots for the projections of the prograde mod-
total stellar angular momentum of the remnant containiag &ls and crosses for the retrograde ones) and does not show the
mass centroid. The edge-on view considered here correspdedation of the edge-on views of each model, which is marked
to the point where this plane intersects with the XY planewof owith stars in the left panel. The green dashed line represbat
original coordinates system. empirical threshold ofle for eache, that distinguishes between
fast and slow rotators, as defined by E11. Galaxies above this
lor— T T T T line are fast rotators, whereas the ones below it are slcatost
I o] with ~ 90% of likelihood.
] The left panel of Fig 2 shows that our two original primary
. SO0 galaxies would be classified as highly flattened fastorgat
1 (black dots). The remnants of the models with SOc progesitor
] and some with SOb ones would keep this classification, buyman
. remnants with SOb primary galaxies move towards the triansit
1 zone between fast and slow rotators (they accumulate atbend
I ] green line defined by E11), exhibiting values up to~ 0.8.
0.4} _ 1 Thus, minor mergers are a feasible process to produce SO sys-
' 1 tems with hybrid kinematic properties in the — e- diagram.
I ) ] As expected, the merger events tend to decrease the intrinsi
0.2k 4 ellipticity of the original galaxies, making the remnargss flat-
» 1 tenedntrinsically than the original primary galaxies. This can be
deduced from the location of the edge-on views of the rensmant

& 1.2. Location of the models in the Ae —€ diagram

0.8

2. (Eq. Bl by E11)

ool . o] The remnants of the models with an original SOb galaxy (blue
00 0.2 04 06 08 1.0 empty stars) have lower intrinsic ellipticities than thénpary
A, (from N—body data) SO0b (blue filled star). The same is observed in the models with

an original SOc (green empty stars) compared with the edge-o
location of the original SOc galaxy (filled green star). Ntitat
Fig. 1. Comparison between the value of theparameter derived di- these intrinsic ellipticities continue to be highGx . < 0.8).
rectly from theN-body data (using effl 1) and the one estimated through We also confirm that models with retrograde orbits tend to
eg. B1 of Emsellem et al. (2007) using/¢-). (eq.[2 here), for the 200 produce remnants with lower values.tf(and thus, with lower
projections of our remnants and the original galaxies. Tashdd line global rotational support) than their prograde analoga|ready
marks the 1:1 relation. The projections correspondingeéstme model observed in major and intermediate merger simulations, (see
are plotted with the same color. e.g., B11). In the right panel of Figl. 2, the projections & tit-
rograde models (crosses) show lower valueg.ahan those of
As a test to our computations, we also estimatedrom prograde models (dots) in general, accumulating in thetitigi
the valuesY/o)e estimated through €gl. 2 using the tight relatioregion between fast and slow rotators. In fact, most primest
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1.0~

0.8

0.6
[ [
< <
0.4
0.2 bl L 0.2 &
ooV .- -9 .- 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0
€e €e
Projections of minor merger models: ATLAS™ data Projections of minor merger models: ATLAS™ data
» Progenitors [Edge—on: % SOb / SOc] (Emsellem+2011): « Progenitor SOs (Emsellem+2011):
» Onto SOb [Edge-on: iy Direct %Retr.] < Fast Rotator SOs + Onto SOb (direct & retrograde) <> Fast Rotator SOs
Onto SOc [Edge—on: 7 Direct Retr.] = Slow Rotator SOs Onto SOc (direct & retrograde) - Slow Rotator SOs
— — Empirical line — — Empirical line
Systems with g = 0.65 ¢ isolating Fast Systems with g = 0.65 ¢ isolating Fast
..... Systems with ¢, = 0.85 from Slow Rots. ..... Systems with €, = 0.85 from Slow Rots.
— Isotropic oblate models (Binney 2005) —— Isotropic oblate models (Binney 2005)

Fig. 2. The 1, — & diagram considering 200 random projections in each remeraghin the original SO galaxies, compared with the distiinst
of fast- and slow-rotator SOs from the ATLASsample (yellow and red galaxy-like symbols respectivadg E11).Left panel for all models,
independently of their spin-orbit coupling. The projensoof the original SO galaxies are plotted with black poihtae points correspond to the
remnants of the experiments with an original SOb primargxaland green ones to those with an original primary SOes$tdicate the location
of each remnant in an edge-on view (blue and green filled &iathe original SOb and SOc galaxies; blue and green ematg &r the remnants
of the models with an original SOb and SOc galaxy, respdgliv&he stars marked with a cross correspond to retrograaldeis. Right panel
the same as in the left panel, but distinguishing betweemptbiections of prograde and retrograde models. The pregrachnants are plotted
with points (light blue for those with an original SOb galakght green for the one with an original SOc). The retrogsdre symbolized with
crosses (dark blue for original SOb primary galaxies; otjiveen for the one with an original primary SOBJack solid line theoretical relation
of isotropic oblate systems viewed edge-on ftom Bihney §20Green dashed lineempirical limit isolating fast from slow rotators defineg b
E11 (equivalent to 0.3¥/€). Black dotted linelocation of galaxies with an intrinsic ellipticity = 0.82 when going from a face-on to an edge-on
view, to show the fiects of inclinationMagenta solid lineedge-on view of ellipsoidal galaxies integrated withig: Regix for an anisotropy
B = 0.65¢ (for more details, see E11). The error bars on the left upperer of each frame represent the typical errors in both @mesan values
of all projections).

with & > 0.2 that would be observationally classified as slow value is~ 0.45 for the prograde encounters an@.55-0.6 for
rotators (because they lie below the limiting line) cora®pto the retrograde ones, while in those with an SOc progeni®r th
a retrograde model (M6PIRD). thresholde is ~ 0.7.

In Fig.[3, we represent the cumulative number of projections
with € < e for each model compared with the original distribu-  In Table3, we list the percentage of the 200 random projec-
tions in the corresponding primary galaxies. It might beestpd tions considered for each model in five bins of apparenttallip
that, because the intrinsic ellipticity of all remnants deses ities. While the original galaxies have 40% of projections at
with respect to the original values, the number of random pre < 0.2, the resulting remnants typically exhibit a lower pereent
jections that exhibit very low, values & < 0.4) increases in the age of projections at this ellipticity bin. However, thedtians
remnants. But the behaviour is the opposite: almost allehe r of random projections increases in most remnants with cspe
nants exhibit a lower fraction of projections wigh < 0.4 than to the original progenitors at® < ¢ < 0.4 and 04 < ¢ < 0.6
the original galaxies (black line in each panel), keepirigtin- (see Cols.2 — 4 in the Table). In the60< e < 0.8 bin, the
dency up to a threshold value. At the same time, the intrinsicbehaviour depends on the model. The experiments with an SOb
ellipticity in the remnants is always lower than the oridipd- progenitor and direct orbits tend to decrease or keep the per
mary galaxy. The only exceptions are the models that cooresp centage, whereas those with retrograde orbits increaketfie
to accretions in direct orbits with long pericentre disesmonto models with an SOc, this percentage increases. In the final bi
SOb progenitors (purple and orange lines in the first pantlef (e, > 0.8), the remnants do not exhibit projections, whereas the
figure). In the models with an SOb primary galaxy, this thoddh original progenitor SO0s had 7%.
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Fig. 3. Cumulative percentage of random projections with appaetipticity lower than or equal to a given valug for the models with an SOb
primary galaxy (left panels) and with an SOc primary galaxght panel). The dotted lines mark the values correspantrb0% and 100% of
all projections in each model, as a referen€elor-coding for the left paneidlack SOb primary galaxyRed mass ratio 6:1, short pericentre,
primary SObOrange mass ratio 6:1, long pericentre, primary SQliive green mass ratio 6:1, short pericentre, primary SDark green mass
ratio 9:1, short pericentre, primary S@iue mass ratio 18:1, short pericentre, primary S0lxple mass ratio 18:1, long pericentre, primary SOb.
Color-coding for the right paneblack SOc primary galaxyOlive green mass ratio 6:1, short pericentre, primary SOc, directtotlight green
mass ratio 6:1, short pericentre, primary SOc, retrograbig. o

This means that our remnants tend to exhibit more intermetors in the plane, a region that the major merger expetsnen
diate e values at random projections than their correspondibg B11 can achieve only through re-mergers (green regioim) or
progenitor galaxies. Although the intrinsic (i.e., maximyellip-  very few projections of their prograde encounters (regitedfi
ticities decrease in all remnants, the percentage of rarfom in light blue). The remnants of the SOc progenitors shigwal-
jections with low apparent ellipticities does not increésen- ues higher than or similar to the prograde major merger nsodel
trary to expectations). This is due to the formation of tiadx by B11 (purple region). These models suggest that any tmtati
structures in the center of the remnants (ovals or weakikar-lin the diagram occupied by an ETG can be achieved through ma-
distortions, see EM12) and to the intrinsic thickening o€ thjor and minor mergers, or a combination of both processes (se
whole galaxy structure induced by the encounter (see EMO&)so Naab et al. 2013).

In inclined views, these non-axisymmetric distortionssmathe
|$ophotes to be more.elllptlpal than ongmally._The two &pe The right panel of the figure highlights a keyflérence
tions to the trend confirm this, as these accretions (in I®@1¢ p |,

: : . N . . ween major and minor merger events. Major mergers are
centre, direct orbits) have a higher spin-orbit couplinantthe ] g J g

such violent processes that retrograde encounters alveaytt r
other cases and take longer to be complete. Con_se_que.reily,i#gmw rotators[(Gonzalez-Garcia & Balc2lls 2005; Jessel
satellite undergoes higher orbital circularization whilés dis- . '

h 2 h h h | ti 2009, B11). Nevertheless, in minor mergers a retrograde en-
rupted, the accretion is smoother, and hence the oval G&10r ., nter onto a fast-rotator SO can result in another fastant

is weaker (EM11). Therefore, Figs. 2 €rid 3 show that minor agde se the decrement in the original rotational suppattief

intermediate dry mergers can evolve highly flattened fatttor 5|44y induced by the encounter may be quite low. In fact,yman
SOs into systems th_at are |ntr|nS|caI!y less fIatte_ne_d agel det- gf theyprojectionsyof the retrograde r>r/10deqls (crosses inigigznr
isymmetric, that is, it converts them into more triaxial tgyss. panel of Figl2) are located in the region of fast rotators} ian

In Fig.[4, we compare the location of the 200 projections sbme cases the projections can even show appadgevilues
the 1. — & diagram of our models with the distribution of thenigher than the progenitor (see Sect. 3.1.3). This agaip@tp
remnants obtained in the simulations of major-to-interiaed the idea that any location of the diagram can be achieveddfiiro
mergers by B11, who also considered 200 random projectiansrgers.
in their remnants (contours in the figure). The blue contair d
limits the region that can be achieved by their prograde srsrg
considering all projections (see their Fig. 7), while thepel ¢,
one indicates where most of these projections accumulate

major mergers (see Fig. 16 by E11). Orange and green CONtqH{§ systems with lower intrinsic ellipticities, inducingeaker
mark where the projections of their retrograde and re-m&@ge hanges in their rotational support than major encountérs.
periments are located (Figs. 2 and 8 in B11). As in[Hig. 2, thgmnants exhibit a higher fraction of random projectiortiii-

left panel shows the Ipcationhg)lf ﬂ;]e e_d%e-on plr OjJection®dIoT o mediate apparent ellipticities than the progenitotsaiower
remnants and progenitors, while the right panel distirfgesse- (fne at lowe. values due to the formation of oval distortions in

tween the projections of our prograde and retrograde Or®s (e centres and to the disc thickening. The present modets sh
and crosses, respectively). that minor mergers can provide a plausible explanation ¢o th

The left panel of Fig.4 shows that our simulations with SOkxistence of SOs with hybrid kinematics in the— e diagram
progenitors can reproduce the region in the diagram near that major mergers and cosmological simulations firfidadlilt to
empirical limit defined by E11 for isolating fast from slow-ro reproduce.

In conclusion, dry minor mergers can evolve highly flattened
t-rotator SOs (which in turn might derive from progradsgon
ergers occurred at earlier epochs or from gas-strippedispi
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Fig. 4. The 1. — & diagram for 200 random projections of our remnants and tiggnad SO galaxies, now compared with the distribution of
the remnants resulting in major and intermediate mergeulsitions by B11. The symbols represent the projections ®fémnants of our dry
intermediate and minor mergers, following the same legenih dhe panels of Fi§]2. The locations of the remnants by B&lpkotted with
contours for their fast-rotator remnants resulting in paolg encounters (purple and light blue, see Fig. 7 in B11 &ndlb in E11), slow-rotator
remnants from their retrograde mergers (orange, from Fig.R11), re-merger remnants (green, see their Fig. 8), aed #ipiral progenitors
(grey, from their Fig. 1). The region in purple denotes whamst fast-rotator remnants from major merger simulationBbl are located, while

the one in light blue is only reached under very specific ptajas of these remnantseft panei for all our models, independently of their spin-
orbit coupling.Right panel the same as in the left panel, but distinguishing betweegrade and retrograde encounters. The lines and symbols
represent the same as in Fiy. 2.

3.1.3. Dependence on initial conditions with the primary galaxy stars, and hence, the rotationapsttp
. o . decreases more if more stars (from the satellite) couctete

We studied the dependence of the distribution inthe e dia- (¢ in the cases with lower mass ratios). We plot the depen
gram on the initial conditions in our models. Figlite 5 ShOW&S t 4o ce of the location of the models in the — e plane with
distribution of models that only fer in the mass ratio of the en-{,o satellite-to-primary galaxy density ratio in Fiy. 6. #sown
counter in each frame. In the models with prograde encosintgfere the central satellite density does not significaatigct
(first and third panels), there is nofiirence in the distribution yhe resyits for the range of values studied here. Howeveréh
of projections of models with dierent mass ratios (theftérent ,angence on the pericentre distance is much more complex. In
models lie within br d|str|t_)ut|on in both panels). However, iNEig 12, we plot the distribution of projections of modelsttbaly
the case of retrograde orbits (second and fourth panels)ueR  qigar in the pericentre distance of the initial orbit in eachglan
ters with lower mass ratios (i.e., with more massive s#s)li e trends vary depending on the parameters of the simntatio
seem to decrease the intrinsic rotational support of thaxgal \hile there is no trend with the pericentre in the prograde en
more. , , , , counters with mass ratio 6:1 (first panel of the figure), entexs

_In prograde orbits, the satellite matenlal typically cdates \yith long pericentre distances in mergers with mass ratid 18
with the primary galaxy stars (see EM06; EM11). The veloCit¢hird panel) induce a lower decrement of the original fiotal
field is thus controlled by the primary stellar mat_erlal ahd t support of the progenitor than those with short pericentertsie
contribution of the accreted mass to the mass-weighted@geercases of retrograde orbits, the trend with the pericenstadce
\_/elocmes is low, mdependent_ly of the mass of the accr_emell— is exactly the opposite depending on the mass ratio (contpare
lite. Therefore, the decrease in the rotational supportided by gecond and fourth panels in Fig. 7). THeeets of the mass ratio
the merger in prograde encounters is quite similar. Howeker anq the pericentre distance on the resultigghus seem to be of

maximum ellipticity in the models with lower mass ratios(B: similar order. Nevertheless, the maximum apparent etiijes
tends to be lower than in those with higher mass ratios (1811) gchieved in each remnant seem to be quite similar.

retrograde cases, the satellite material typically caurttates
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As commented before, the dynamical state of the remnamtiserew represents a vector,{) in the phase space. The bar
strongly depends on the spin-orbit coupling of the encauvite onto any quantity represents an average over the velodityesp
plot the 1. — € diagram for the 200 projections considered fofsee also Binney 2005),
the models with prograde orbits and with retrograde orleipsas
rated in the two panels of Figl. 8. The same color has been used 1
in both panels for a given set of initial conditions, so thstiih  3;(x) = — fui f(w) dv, (7)
butions resulting for direct and retrograde orbits for tame set p(X)
of initial conditions can be easily compared. Although the i
trinsic ellipticities (i.e., the maximum of all the projémhs for
a given model) seem to be similar for both prograde and retro-
grade experiments for a given set of initial parametersitinie- _ 3
sic rotational support of the remnant depends noticeablhen p(x) = f f(w)dy. (8)
coupling of the angular momenta of the galaxies and the.orbit . .

In general, retrograde cases exhibit lower valuek dfian direct ~_ We estimated directly from our N-body data for each model
cases for similar projections, as expected. The only twepxc Using €qs.b £18, restricted to the stellar particles witRigx

tions are the retrograde models with the lowest mass regid)1 {0 allow the comparison with observational data. The resmilt
which surprisingly exhibit higher values af than their direct 9 values are provided in Talife 2. The errorsigorrespond to
analogs. The reason might be that these two remnants preglé%tpropa_gatlon of the estimated errors of numerical iratisgm

the least disrupted distribution of satellite mass in thetress @nd the limited resolution in the phase space. We remark that
of all models (see Figs. 4 and 5 in EM11), although they weliese values were obtained considering the galaxies atesing
the most evolved in time of all models. Therefore, the rentmarsOmponent systems. We compared the distribution of our mod-
might not be fully relaxed. In Fi§]9, we compare the projecsi els in th.e6 — &inrr (considering the intrinsic elliptiCityeant)

in the e — & diagram of models that only fier in the original Plane with 3t|3he one shown by real ETGs from the SAURON
primary galaxy in each frame. The model with an original SO¥'d ATLAS’® samples in Sedf. 3.2.2. The 3D spectroscopic data
galaxy is more stable against the dynamical changes indmedqf these galaxn?s were used to construct cqmplex axisymmet-
the accreted satellite than the model with an original SGaxya "¢ JAM dynamical models that reproduce in detail both the
for any set of initial conditions, as central mass concéioina galaxy morphology and its stellar kinematics ouR@ gix (JAM

tend to stabilize the galaxy disc (See Gonzalez-Garcia &gl Stands for Jeans anisotropic multi-gaussian expansioreisiod
2005 and referenceslin Eliche-Moral el al. 2012). see Cappellari et al. 2013). These JAM models provide etgBna

To summarize, for the space of parameters covered here, Q& @Ndéeintr for these galaxies under the assumption of axisym-

find a significant dependence of the results with the massogti MeIY: Thed values from the SAURON sample that we have used

the encounter, the Spin-Orbit COUp“ng of the mOdel, thmr_ n SeCt[SI]Z were directly taken from Burkert et al. (209801

tre distance, and the bulge-to-disc ratio of the primanaggl mostly refer to elliptical galaxies. These authors usedlfid

The satellite density only moderatelffects the location of the Models published by Cappellari ef al. (2007) for 22 ETGs to de

projections of each model (for identical initial conditginSome V€ 0 andéeiny for them (16 ellipticals and 6 SOs). We increased

; ; i5 observational sample in Séct. 3]2.2 by adding the JAM-mo
systematic trends are found in some cases, but the dynamﬁ 50 ; ; ;
state of the final remnant is a complex combination of all¢he qs recently published for 15 galaxies (12 SOs and 3 elbjt)wf

initial conditions. the ATLAS®® samplel(Cappellari et al. 2013). Because the val-

ues of B,,y) provide a higher likelihood for the modelling of
each galaxy reported by these authors, we can défien eq. 7
3.2. Anisotropy of velocities inlCappellari et al.[(2007),

andp(x) is the density distribution of the galaxy, defined as

3.2.1. General definitions and considerations P (282 — ) ©)
The anisotropy of velocitiess) is a measurement of how rele- 2=y

vant rotation is for the stellar dynamical state of a gala®gf |n the general equation abovg, and y are two additional

is, whether its spatial structure is caused by a flatteninthef anisotropy parameters defined/by Cappellari 2t al. (200@gto

velocity ellipsoid in any spatial direction or not. Accondito scribe the shape of the velocity-dispersion tensor ifietint

Binney (1978), is defined as, planes (see there for specific definitions). Thgy of these
JAM-modelled galaxies have been derived using the appar-
ent ¢, values and galaxy inclinations provided in Table1 by

S=1- Iz (5) Cappellari et al.[(2013) with the following relation (eq. ir8
My Cappellari et dl. 2007):

wherell; are the diagonal elements of the velocity dispersion €—2

tensor in the'f direction (in axisymmetric systemB, = I1,y). €einr =1 [1+ee S’ (10)

By definition, z is in the direction of the symmetry axis of the

galaxy (i.e., the line of sight in which the galaxy is seerefac  \ve also compared our results with the theoretical trends ex-
on). The elements of the velocity dispersion tensor arenestid pected for oblate axisymmetric models in the- e diagram
through integrals of the distribution function of the systg&(w), (Binney/2005). In these systemsand the intrinsic values of

as V/o ande are related according to
1+ (V/o)?
= [@-me -7 fwdw, 6) 6=1- o, (1)

Article number, page 8 ¢f20



Tapia et al.: Evolution induced by dry minor mergers on fagator SO galaxies

1.0 T

T T T 1.0 T
Original SOb, a=3.5

T T T 1.0 T
Original SOb, ap=3.5

T T
Original SOb, ap=3.5

T T T
Original SOb, oqy=3.5

prograde, d ;.= retrograde, d,,, prograde, d ;.=

retrograde, dp;=8h,

0.6

RS

Fig. 5. Dependence on the mass ratio of the location inthe e diagram of the 200 random projections of our models, for amtidal set of
initial conditions (indicated at each fram®&ed dotsmodel with 6:1.Green dotsmodel with 9:1 Blue dots model with 18:1. The legend for the
lines is the same as in FIg. 2. The error bars on the left upprerec of each frame represent the typical errors in both.axes

where We have overplotted a linear fit performed to the data of real
ellipticals in the first panel of Fi§.10. The resulting slopas
e=V1-(1-¢p? (12) peends/de ~ 0.52+ 0.08, with a correlation cdBcient ofp =

0.84 (purple dashed line). The slope is very similar to theamn

and tained by Burkert et al. (2008) from fitting all SAURON galesi
in this panel §5/de ~ 0.55+ 0.10), even though they included
eVl _e2 their six SOs (empty magenta squares).
(e = 0.5(arcsire— e V1 - €?) (13)

evl-¢e - (1-¢e?)arcsire )

In the second and third panels of Higl 10, we compare the
In the equations above,is a dimensionless parameter that quanecation in thes — ey plane of our minor merger experiments
tifies the contribution of streaming motion to the line-edfe  with the ellipticals resulting from the major mergers ang-co
velocity dispersion. Cappellari et'al. (2007) found fortiepic  mological simulations by Burkert etlal. (2008). We have ever
galaxy modelsr ~ 0.15, and that it varies very little in fier- plotted the linear fit performed to the real ellipticals i thirst
ent galaxies, despite depending on the stellar densityldisibn  panel of the figure (purple dashed line), as well as the fits per
and the shape of the rotation curve. Therefore, the anigpsb  formed by Burkert et al. to the major merger simulations ichea
velocities can be estimated from a set of edge-on (i.eingit) panel (see the legends). As reported by these authors life el
parameters for oblate axisymmetric models (see Beci)3.2.2 tical remnants of major merger simulations reproduce thesli
trend found for real ellipticals pretty well, independgruf the
initial conditions of the encounter, the recipes used toutite
dissipative processes, the insertion of black-hole plsysied the
In Fig.[10, we compare the distribution of our models inéhe consideration of a cosmological framework.
eeinr diagram with those of real elliptical and SO galaxies (left
panel) and with elliptical remnants resulting from majorgesx
and cosmological simulations (middle and right panels)thin
first panel, we can see that the distributions of real etgs and

3.2.2. Comparison with data and major merger simulations

Some of our minor merger remnants (those with an SOb pri-
mary progenitor, blue stars) overlap with the distributidma-
X R ; . _jor merger simulations in these two panels of Eig. 10, extend
SOS in the) — eeny diagram overlap widely. However, while el ing the linear trend followed by real and simulated elliptc

lipticals (purple circles) follow a_tlght linear correlat_l in thes _towards highek, values. However, the remnants of our minor
— & jntr Plane (except for one outlier), SOs spread at intermediaje-

to-high intrinsic ellipticities (magenta squares). Trentl of the ergers with SOc progenitors (green stars) lie above thidir

ellipticals was already reported by Burkert et al. (2008}, the contributing to increase the dispersion of the simulates 80
wide spread of the SOs in the diégram was not deduced th the diagram. This means that a larger sample of minor merger

because the SAURON sample only contained six SOs. Ne % periments (consideringftiérent initial conditions) will prob-

vert - . : ; .
theless, when additional data of SOs from ATL3R%ire consid- gf)ly disperse the resulting SO remnants indhecqny diagram,

g _ . - - reproducing the spread distribution of real SOs observetien
ered, itis clear that ande.iny are linearly correlated in elliptical fiﬁst panel of Fig1D.

galaxies, whereas they do not follow any trend for SOs, whic
are widely dispersed in the region 00< egjntr < 0.9. How-
ever, note that some SOs follow the linear trend drawn by the To summarize, we find that if a representative sample of SOs
ellipticals. is considered, ellipticals and SO galaxies beha¥kegintly in

The remnants of our minor mergers (which are S0s) are atbe § — ejny diagram. Ellipticals tend to follow a well-defined
spread in the region of higk andé§ values (see the stars in thdinear relation in this plane (which is accurately reproetiby
first panel of the figure). The remnants from experiments @ith major merger simulations), whereas S0s spread into a wide re
SOb progenitor lie nearby the trend of the ellipticals (maple- gion at 04 < ejnr < 0.9. Although the remnants of our minor
cause the SOb progenitor already does), but those restritimg merger models with SOb progenitors extend this linear ttend
SOc progenitors lie high above this trend. Considering alliels wards highere iy vValues, those with SOc progenitors increase
globally, this means that the SOs resulting from a minor merghe dispersion in the diagram. This fact makes minor mergers
can be quite dispersed in the- e.inr diagram, depending on thegood candidates to generate the sparse distribution égtiby
progenitor. real SOs in this diagram.
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Fig. 7. Dependence on the pericentre distance of the location inthe, diagram of the 200 random projections of our models for antidal
set of initial conditions (indicated at each framBed dotsmodel withd,er = hp (short pericentre distanceBlue dots model withdyer = 8hp
(long pericentre distance). The legend for the lines is #mesas in Fig.J2. The error bars on the left upper corner of &ache represent the
typical errors in both axes.

3.3. Rotational support and flattening of the final bulges tensor of all stars withies puge in the galaxy. The semi-axes

) . o ) _then correspond to the square root of the obtained eigessalu
The A parameter is derived considering galaxies as singlehe major and minor axial ratios are definedras B/A and
component systems. Studies conducted before Emsellern egal c/a respectively, wherd, B, andC are the semi-axes in the
(2007) used the classical anisotropy diagram to analyseythe gjrections of the eigenvectors in descending ordes (B > C).
nhami)%}l statef ?jf the Slph?m'da'dcolrlﬂmmlamsIOf_galaX'eS (ihe resulting axial ratios for each model are listed in T@ble
the bulges of disc_galaxies and elliptical galaxies, Seg., €. |, he first panel of Fig_11, we show the minor versus major
Kormendy | 1982;| Kormendy & lllingworifl_1983; _Kormendy,,ia| ratios of the remnant bulges compared with the eti@gti

1993). TheV/o measurements there were thus estimated frQi@inants obtained by CO6 from 1:1 major merger simulations.
the data within thefective radius of the spheroidal componenty; q,r remnants have @ < b ~ ¢ < 1.0 indicating that our

meaning that their results refer to a galaxy sub-component,, ., 1ant bulges continued to be nearly spherical (as ityiiah

the cases of disc galaxies (the bulges), and not to the galgyrast with the wide range of shapes exhibited by thetiséifs
as a whole (as in the procedure followed in the studies byqting in the major merger simulations of C06 (see algp Fi
Emsellem et &l.). Therefore, the results and conclusionsete 15 i /Gonzalez-Garcia & Balcells 2005).

for the bulges do not apply to their host galaxies as single-
component systems in general. Obviously, the case of iellipt

cal galaxies is an exception, because the whole galaxy is b%#

CKilmg]ﬁdipgle:rigﬂil ;8815[)).0nent (see the discussion in Sett ov,er-plotted on a sample of 115 bulges of SO-Sb gglaxit_as from
© . | Méndez-Abreu et al. (2010). These authors usedtardint crite-
Column 2 of TableR emphasizes theféence between the g, rom that used by Cox etlal. (2006a) to determine thelaxia
half-light radius of our SO remnants and théeetive radius of ra4ios, with semi-axes and B contained within the equatorial
their central bulges. The galaxy region considered for aing  pjane of the galaxy4 > B) and theC semi-axis perpendicular
the values oe, (V/o)e, andie in this Table following the proce- 14 it The axial ratios according to this new criterion wetsoa
dure by Emsellem et al. (i.e., considering the galaxy as g‘esmestimated in our remnants (notedias B/A and¢ = C/A). The

component) is- 4-10 times larger than the characteristic scalgzg 1 e also indicated in Table 4. The figure shows that ou
length of the bulge component, which is the region analysed |

studies of Kormendy and collaborators for disc galaxies. emnantbulges exhibitandc~ 1.0, meaning that the semi-axis
: R in,the polar direction of the galaxy] barely changes with re-

_ Consequently, we also studied the intrinsic structural a@flect tg the highest semi-axis in the galaxy equatorialep{ah
kinematic properties of the bulges in our remnants usingrtie ,fier the merger. However, the lowest semi-axis in the eguat
ditional anisotropy diagram, mimicking the observatiom®h- ;5| pjane @) always decreases. This evolution of the 3D struc-
niques used in classical studies (based on 1D spe_ctrosd’dpy) tural semi-axes of the bulges traces the formation of weak ce
has allowed us to compare the shape and rotational Su.pporfrgflovals in all cases. In EM11, we reported that all remsant
the bulges that result from our minor merger remnants with pUye,eloped them, as relics of transient bars induced by the en
I'She.d data on real bulges and elllptlca_l galaxies, as W.etbr_a counters. Because the models lack gas (and thus star forati
elliptical remnants that result from major merger simaas. he gyals are weak. But nevertheless they are very frequént s
The results are shown in this section. components of real SO galaxiés (Laurikainen ét al. 20059200

2013).
3.3.1. Shape of the remnant bulges The most noticeable changes in Beemi-axis correspond

to the models with small original primary bulges (SOc) and to
We derived the bulge fiective radius regpuge from the models with original SOb galaxies that have long-peitiee
Sersie-exponential disc decomposition of the azimuthallgetrograde orbits and the lowest mass ratios. The firsttreanl
averaged surface density profiles of all the stars in the aentsn be understood by considering that high central mass corscent
using face-on views (Eliche-Moral etlal. 2012). We detesedin tions tend to stabilize discs, so we can expect strongerioval
the 3D shape of each bulge remnant following the procedwgtabilities in the models with SOc primary galaxies tharhiose
described by Cox et al. (2006a, C06 hereafter), where the awith SOb ones (see references in Eliche-Moral et al. 201@)-C
ratios of the bulge are computed by diagonalization of tieetia cerning the other cases of noticeable ovals, they might be re

In the second panel of Fig. 111, we compare the structure of
r remnant bulges with those of real bulges. In this panel, w
ow the major and minor axial ratios of our remnant bulges
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We estimated the triaxialities of the remnant bulges, ddfine

1.o7 —t é)riginal gOb, 6:1‘ as (Franx et al. 1991; Méndez-Abreu et al. 2010)
r direct orbit, d .=
0.8 . 1-b?
L T= i (14)
0.6k ] whereb andc are the major and minor axial ratios defined ac-
' cording to the Cox et all (2006a) criterioA (> B > C). The
< resulting triaxialities are listed in Takilé 4.
The triaxialities for our remnants are plotted versus the ma
0.41 ° ] jor and minor axial ratios of the bulgeb @ndc) in the right
- panels of Figl_Il1. It is remarkable that even though our rethna
. EE bulges are almost spherical, they exhibit a wide range aXial-
0.2F ; 1 ities (020 < T < 1.00). This is due to the definition of this shape
o parameter, which makes it too sensitive in nearly sphesygsi
0.0 e 1 1 1 tems, where weak variations in one of the semi-axes cartiasul
: ‘ very differentT values. This should be taken into account when
0.0 0.2 0.4 0.6 0.8 1.0 this parameter is used as an intrinsic shape indicator inynea
€e spherical bulges.
Attending to the values dF, our remnant bulges are triaxial,
1.0~ T T T mostly prolate systemsT(~ 1). Four models are more oblate
I Original SOb, 9:1 (T ~ 0), corresponding to the ones with the most noticeable oval
| direct orbit, .= distortions at the centre (see above). This strong trilixiagrees
o8- . with the structure of elliptical remnants resulting from jora
I to-intermediate merger experiments in the two right paoéls
Fig.[11, in the sense that they tend to be quite triaxial (Gatle
0.6 8 2006a| Jesseit etlal. 2009).
<U

0.4

0.2

3.3.2. Rotational support of the remnant bulges

Traditionally, studies based on 1D spectroscopic data Wggd
and(o) as surrogates of thé ando defined by Binney (1978).
Moreover, these studies centered on edge-on disc gal&xies,
capable of locating the slits in a bulge region free of disn-co
tamination (see, e.d., Kormendy 1982; Kormendy & lllingtor
1983; Kormendy 1993). Binney (2005) demonstrated thatethes
observational approximations worked well, and that thatiot

of bulges and ellipticals in the observational anisotrojpgdms
provided a realistic estimate of th&ivalues, and thus, of their

Fig. 6. Dependence on the satellite-to-primary density ratio tagiged dynamical state.

for the at¢ parameter) of the location in thi — e diagram of the 200 Therefore, we computed and V/o for our remnant
random projections of our models for an identical set ofiahitondi- bulges by reproducing the observational procedure used by
tions (indicated in each framefRed dotsmodel withatr = 4.0. Green  |[Kormendy & lllingworth (1983), considering all stars withi =
dots model V\{ithan: = 35 Blue dots model Witha’ﬂ: = 3.0. Higher reff,bulge in an edge_on view of each ga|axy_ We estimated the in-
values ofa 1 imply satellites denser than the primary galaxy. The legrinsic rotational support of the original and remnant lasldgn
end for t?e "”ﬁ? is the same as '?1 . 2. 'Iihe error b;lrsbmﬂnepper our experiments by estimatingo.max/(c) as a function of their
corner of each frame represent the typical errors in botk.axe intrinsic average ellipticities(£)), WhereVioumax and{c) repre-
sent the maximum rotational velocity and the mean central ve
locity dispersion within oneféective radius of the bulge, are)
corresponds to the average ellipticity of the isophotekiwithis
region. The values o¥otmax and (o) were derived from a set
of slits placed parallel to the galaxy plane in an edge-owyie
lated to the fact that the bar formation time-scale decelhee located at dferent heights over this plane since twice the me-
cause the tidal forces in a merger are stronger (Gerinle®80)1 dian vertical scale-length of the disc UpZG= re puige tO avoid
This means that the bar formation is delayed in encountels wilisc contamination. The fierent values 0¥, max Obtained for
lower tidal forces, but not inhibited (see the previousrerfiee). different heights over the disc are extrapolated towaresO,
Therefore, retrograde orbits, lower mass ratios, and longe assuming that they linearly increase towards the centrejaas
bital pericentres tend to destabilize the discs later duttie in- also done by Kormendy (1982).
teraction than other cases (because the tidal responssés)jo The dfects of the numerical thickening in the estimated val-
which makes the oval instabilities more noticeable at adedn ues of(e) and Vioimax/{o") were quantified using new-body
stages of the simulations. This might explain why the oagjinmodels that reproduce some of our experiments with a factor
SOb galaxies that accrete a satellite in retrograde, l@rggntre x3 andx10 more particles (Tapia etlal. 2010a,b, Tapia et al., in
orbits develop more elongated bulges than in other casé® atfreparation). We find that models with 10 times more pasicle
final stage. have loweVomax/ (o) values by up to- 20% on average. The
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The figure shows that our minor and intermediate dry merg-
ers induce an increment in the rotational support of the gerhn
bulges by up to a factor of 4 in the models with primary SOb
galaxies, with finaM,otmax/{o") values ranging from 0.3 to 0.9.
This increase of rotational support of the bulge occurs beea

althoughVyotmax rises or falls depending on the model (by up to
afactor of~ 2), o in the bulge always decreases after the merger
in an even more significant amount. Neverthel®4§,max/{(o)
remains nearly constant after the merger in the models with i
tial SOc galaxies. The reason is that both quantities irseres a
similar fraction in these models.

We studied the contribution to the final stellar rotation map
of the stars that originally belonged tofidgirent galaxy compo-
nents in EM11. There, we showed that the satellite starsn(fro
h its bulge and disc) formed central dynamically cold innemeo
P s 1 ponents (discs and rings) in the SOb models, with scalelleig

— e quite similar to those exhibited by the primary disc (see Big
in EM11). Moreover, some primary disc stars are injected to-
e wards the centre. As this component is heated during the en-
counter (and thus, thickens), this rotating material dbates to
the slits placed above the main disc, decreasing the meao-vel
ity dispersion of the bulge in these models (and thus inangas
its rotational support, as provided Byo).

In the models with original SOc galaxies, the bulge of the
accreted satellite sinks towards the centre of the remnaht w
out being disrupted (see again Fig. 3 in EM11). Even though
there is also an inflow of rotating material from the primaised
and satellite disc stars in these models (in fagf,max iNncreases
in both remnants compared to its initial value), the undised
satellite core increases the velocity dispersion in thgdals to
keepsViotmax/ (o) nearly constant.

Fig.[12 also shows that the ellipticity in the models with-pri
mary SOb galaxies remains low after the merge} (< 0.3),
while it decreases noticeably in the mergers with originad S
galaxies. The fact that the spheroidal bulge of an (init)ag80b
galaxy does not experience a significant change of shape afte
accreting a satellite might be expected considering thie ¢dic
dissipative fects in our simulations and the massive original
bulge (to understand the role of gas in the structure of major
Fig. 8. Dependence on the spin-orbit coupling of the location inthe Merger remnants, see Jesseit &t al. 2007). In contrastuthe b
€. diagram of the 200 random projections of our models. Pragnaod-  Of the accreted satellite sinks towards the centre of thenagin
els are represented in thep pane] while retrograde ones are plotted inwithout being disrupted in the SOc models (see EM11). This ad
thebottom panelThe same color in each panel signifies the same setditional spheroidal sub-component deposited in the gatexy
initial parametersqtr = 3.5 in all cases). The color-coding is the samere decreases the flattening of the bulge region in the exesitis
as the one used in the left panels of Eig_. 3 (consult the aaphiere). \yith an original SOc.

The legend for the lines is the same as in Eig. 2. The errorihatte The simulated mergers thus tend to move the original bulges
left upper corner of each frame represent the typical eindosth axes. in Fig.[12 towards the theoretical line of the rotationaligtl
tened oblate spheroids with isotropic velocity dispersi@h=
o ~0), around which most real bulges accumulate. Some remnant
ellipticities can be fiected by up to- 25%, although no trend is pyiges are even above this line. This means that dry minor and
observed with the number of pal‘tiC|es of the simulation.réhe intermediate mergers onto SOs tend to decrease the ammﬁ'o
fore, we applied an average correction to our measurent®¥s,the bulges, which causes their flattening agree better Wwéin t
creasing alVotmax/(c") values by 20% and quadratically addingotational support. We refer here to the dynamical statenef t
the previous uncertainties to the errorssadndV/o. Final val- bulge subcomponent, whereas in Secl. 3.1 we studied theewhol
ues of(e) andViormax/ (o) for our remnant bulges corrected fofgalaxy considering it as a single component.
numerical thickening are listed in Table 4. Summarizing, dry minor mergers onto SOb galaxies can in-

We plot the location of our remnant bulges in Mg max/(c)  crease the intrinsic rotational support of the bulges ratidty,
—<(e) plane in Fig[IR. Data of real bulges and ellipticals obtding¢hrough the transport of orbital angular momentum towahnes t
according to the observational technique described abowe imner parts, whichects their original shape only negligibly. In
plotted for comparison. The bulges of the original SO gaaxicontrast, minor mergers onto initial SOc galaxies do not mod
have low intrinsic rotational support by construction. Trgi- ify the rotational support of the bulges significantly, buayrde-
nal SOb bulge has low intrinsic ellipticity, whereas theialiSOc crease their intrinsic ellipticities. These two evolutiopmecha-
bulge is intrinsically flattened because it is too deeply eddzd nisms contribute to decrease the velocities anisotropyefén-
in the primary disc. tral bulge, which means that the rotational support of thgdou

0.6 ’ . i
0.4} / e i
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axes of nearly spherical systems. However, because this pa-
rameter has been widely used as intrinsic shape indicatgr (e
Franx etal.| 1991] Tremblay & Mertitt 1996; Alam & Ryden
. 2002; | Méndez-Abreu et al. 2010), we analysed whether the
A ] global rotational support of the remnants is related to ttepe

1 of their central bulges as provided By or not. In Fig.[13,
we show the relation between the bulge triaxiality (see
Sect.[3.311) and the global rotational support of the galasy
provided byAe, see Seck.311) for our minor merger remnants.
We also represent the location of the elliptical remnards té-
sult from the major merger simulations|by Jesseit =t al. €200
this figure. We compared thig andT values of the spheroidal
components that result from a merger. Noted th# estimated
from the stellar material within = reg puige, Whereasle is com-
puted for all stars withim = Req gix in all the plotted cases. The
region over whichie is estimated is- 4-10 times larger than the
effective radius of the bulge in our SO remnants, as also occurs
in real SO galaxies (see Table 2). In the case of the elliptira-
nants studied by Jesseit and collaborators, both parasreter
derived from thesamestellar material (because the spheroidal
componentis the whole galaxy). The figure indicates thabth b
sets of simulations, oblate central spheroidal structfireswith
low T) tend to be hosted by galaxies with a higher global rota-
tional support (i.e., highete values). This is obvious in the case
of ellipticals, becaus& and.. are estimated for the same stellar
material. However, it is striking in the case of our SO rentean
because both parameters are computed frdfareint galaxy re-
gions. The figure shows that, because the SO remnant exaibits
higher global rotational support, its bulge becomes motatep
too. This might be because the encounters transfer paréobth
tational support to the inner regions (see EM06; EM11), Whic
contributes to the flattening of the material at the galaxytree
Higher global rotational support thus implies strongetdiaihg
of the bulge, which in turn implies a more oblate bulge. The
trends of the two simulation sets are aldfset in thele — T di-
agram. For a similar rotational support of the whole galaxy,
remnant bulges exhibit highdr values than the ellipticals that
result in major mergers. This means that the bulk of theiarat
support indicated byl in our SO remnants mostly comes from
Fig. 9. Dependence on the original SO model of the location intthe the disc contribution within one half-light radius. This aomt of
e diagram of the 200 random projections of our models. In eacfey Totation does not contribute to shape the central bdigzetly,
we plot the progenitors and remnant resulting for model&vdenti- but it is indirectly related to its structure, because high global
cal initial conditions and accreted satellites, but witfiatient initial SO rotational support in the galaxy body must imply high raial
galaxies (SOb or SOc). The projections for the original S@srapre- supportin the central region as well. In conclusion, the 8Dcs
sented in both panels for comparison (black dots). Blue aedrgdots ture of the bulge that results from our minor merger expenisie

correspond to the remnants of the models using initial S@b30c s indirectly related to the global rotational support o thhole
galaxies, respectivelffop panel projections of the models with massyemnant (as given bye parameter).

ratio 6:1,atr = 3.5, small pericentre distance, and prograde orbits.

Bottom panelprojections of the models with mass ratio 6% = 3.5,

small pericentre distance, and retrograde orbits. Thenttfer the lines 4. Model limitations

is the same as in Figl 2. The error bars in the left upper carheach

frame represent the typical errors in both axes. We have analysed SO primary galaxies with spherical bulges.

Real bulges in ETGs tend to be triaxial (Méndez-Abreu et al.

2012). It might be assumed that this initial condition bgse
is enough to explain its flattening. These results apply to pthe remnants towards low apparestvalues in the cases of
mary galaxies that originally have spherical bulges. Tiieots progenitors with massive (i.e., luminous) bulges, becasse
of using non-axisymmetric initial bulges will be analyseda tral mass concentrations tend to make the discs more stable
forthcoming paper (Tapia et al., in preparation). against distortions (see references in EM11). But, insteax
have found that all remnants tend to exhibit higher percent-
ages of intermediate, values at random projections than ini-
tially (Sect[3.1.R). According to the definition in €4.Q,"de-
parts from a simple luminosity-weighted average of thepelli
In Sect[3.311, we have reported that the bulges of our retiwity profile, which is more strongly biased towards thetcah
nants show a great diversity of triaxial shapes and that thiglues” (Cappellari et al. 2011). Considering that the abtar-
parameter is very sensitive to smallffdrences in the semi-istic radial scales of the remnant bulges aré-10 times lower

T T T T T T

1.0 T T T T T T T T T T T
P —+— 6:1, a=38.5, d,p, = by, direct

3.4. Relation between the bulge triaxiality and the global
rotational support in the remnants
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Fig. 10. Anisotropy of velocities of our minor merger remnang$ s a function of the intrinsic ellipticity & = Rezgix (€inr). Stars represent
the location of our models (the original primary SOb and Sélaxjes are the filled blue and green, and their remnantsharerhpty blue and
green stars, respectivelyeft panel comparison with the distribution of real ellipticals (ple empty and filled circles) and SOs (magenta empty
and filled squares) from the SAURON and ATLASsamples/(Burkert et &l. 2008; Cappellari €t al. 20M\ifidle panei comparison with to the
elliptical remnants that result in major merger simulasidoy| Burkert et al.| (2008), as a function of their mass ratied,(orange, purple, and
magenta squares for 1:1, 2:1, 3:1, and 4:1, respectivieight panel comparison with the ellipticals remnants that result friive 1:1 and 3:1
major merger simulations by Burkert et al. (2008), considgdifferent gas ratios, star formation, and feedback procediifes symbols and
colors used here for the Burkert et al. (2008) models aredh@esas used in their Fig. 3 (except for their blue triangldsckvare plotted here
in orange to avoid confusion with our models). For more infation, we refer to that papedtines different linear fits performed to the real and
simulated ellipticals (consult the legend in each panal}he left and right panels, we have overplotted the themakti— .n; relations expected
for oblate axisymmetric systems with constant values/of = 0, 0.25, 0.5, 0.75, and 1.0 (see €g3$. 11} 13 from Blhney 2005).
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Fig. 11. Shape diagrams of our remnant bulges, computed considafisigus at < reqpuge in the remnants. The blue and green stars in all panels
represent the models with a primary SOb and SOc galaxy, cBggly. The location of the original primary bulges is showith orange stars.
First panel minor versus major axial ratios of our remnant bulges caegbaccording to the Cox etlal. (2006a) criterién{ B > C), compared
with their simulated remnants of equal-mass major mergegalaxies with pure exponential stellar discs (black es}land containing 40% of
gas (red circles). The line represents the location of aapeadpheroid witlT = 1. Second panelaxial ratios of our remnant bulges computed
according to the Méndez-Abreu el al. (2010) criteridn= B lying in the equatorial plane, ar@perpendicular to it), compared with the observed
distribution of their sample of 115 SO-Sb bulges (black diads). The straight line marks="1. Third and fourth panetsriaxiality as a function

of the major and minor axial ratios of our remnant bulges, parad with the major merger experiments of Cox ét al. (2006a¢ legend is the
same as in the left panel.

than those used to estimaigin each remnant (see Col.2 indistortions|(Barnes & Hernquist 1996), therefore we exjeat
Tabld2), we expect the results to not be biased because ofttiegas would make the stellar remnants even less axisymemetr
initial shape of the bulges. In fact, we have shown that theest at intermediate radial locations in the galaxy (althougk be-

ture of the bulge is not directly related to the global rataél haviouris not strictly general and depends on the gas cobateh
support of the galaxy (see Séctl3.4), therefore we do naaxpfeedback ficiency, see Hopkins etlal. 2009). SOs have low gas
the shape of the original primary bulges to be necessarily demounts in general (Crocker etial. 2011; Saintongelet all)201
termining the intrinsic values af and, of the remnants. The A galaxy that becomes SO type after a minor merger event must
effect of a non-spherical original bulge on the outcome of thlus start with very low gas amount indeed (see Bournaug et al
mergers needs to be studied in detail. The fact that our reten&007;| Moster et al. 2010). Therefore, the gas amount that can
tend to exhibit a lower percentage of random projections wibe inserted in this type of simulations (binary minor mesjer
lower €, values than initially is an even more robust result iihust be low to obtain an SO remnant, unless a sequence of mi-
we also consider that no dissipativifeets are included in the nor merger events onto an initial gas-rich galaxy is ingggéd
simulations. Many theoretical studies have shown thatgradst (as those resulting in cosmological merging trees, see Bbalb

to destabilize discs, inducing the formation of non-axigyatric 12013). We can accordingly expect that the inclusion of {s&a)
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low gas contents in these simulations only weakfget the fi- [Haynes et all 2000; Knapen et al. 2004; Mazzucalet al. |2006;
nal results concerning the global dynamical state of thelevh@il’chenko & Moiseev | 2006; Martinez-Delgado et al. 2010).
galaxy. Gas would probably contribute to increase the diaba Therefore, the question of how relevant merging has beer-n d
tational support of the remnant in the central region, beeauermining the dynamical properties of the present-day Sfupo
it tends to accumulate in highly rotating co-planar orb@sg lation remains unsettled.
Cox et al/ 20068,b), which modifies the structure in the @ntr The dynamical status observed in ellipticals strongly sup-
region. This &ect could flatten the galaxy in the centre, in adsorts a major-merger formation scenario for these systems.
dition to inducing bar-like distortions at intermediateli@ po- |Burkert et al.|(2008) showed that major mergers force ttip-ell
sitions. The former fect might slightly increase the rotationatical remnants to obey a well-defined linear relation in ghe
support in the central region. But, as discussed above, the @, diagram for high ellipticities. A similar relation is fulfdd
terial within one éective radiusof the bulgedoes not neces- by the ellipticals withejny > 0.3 in the SAURON sample (see
sarily noticeably determine orffect the intrinsic values of. Fig.[10). Real ellipticals witlntr < 0.3 exhibit a lower slope of
and 2. in the galaxy as a wholeMoreover, previous studiesthis relation, which these authors also reproduced usingra m
have also shown that gas tends to produce more round and@mplex cosmological context, in which the mass is accrigted
isymmetric remnants in major merger simulations as reportsubsequent mergers. Thefdrence in slopes seems to be related
by|Jesseit et all (2007) and Di Matteo et al. (2008), so gas dee secondary aspects of the major mass accretion (as the rele
not necessarily flattens the resulting remnant. Additignlese vance of dissipative processes or the way the mass is agcrete
authors also demonstrated that the global structural piep@f see Burkert et al. 2008). But these results clearly indittatethe
the remnants in dissipative models are nearly the same as thformation physics that underlies the- ¢ linear relation obeyed
obtained in analog collisionless merger simulations. Atsde by ellipticals ismajor merging. The SAURON sample used by
results indicate that the main conclusion of our study mest Burkert and collaborators only contained six SOs. Threeofut
robust against the inclusion of gas in the simulations as W these six SOs seem to obey the saimeegny relation fitted to
also studied theftects of the disc numerical thickening in theellipticals, whereas the other three lie far below thistieta(see
location of our models in the. — . diagram. In Fig[[I4, we in- the left panel of Fig.1I0). When the observational sampleis e
vestigate the dependence of the location of some of our modended using recent data from ATLAS(which basically con-
in the 1e — e plane on the number of particles of the simulaain SOs at @ < ejnr < 0.9, see Cappellari et dl. 2013), it is
tion. The models reproduce the initial conditions of modgls, more evident that the majority of SOs are outliers of thigdin
g, and h from Tablé€]2 with a factor3 andx10 more particles correlation drawn by the ellipticals, although some SOl
(Tapia et al. 20104a,b). We do not find significant changes pr aift Should we then interpret this as a sign of the major merger
trends with the number of particles, meaning that the nuraberrelated evolution of these S0s? According to the fact that ou
particles used here is enough to describe the global dy@miminor merger simulations with SOb progenitors seem to obey a
state and evolution of these systems. The models with @ligigimilar correlation (see the same figure), the answer shioaild
SOc galaxies have twice as many particles as the models Witlet necessarily”. The remnants of major mergers give rise t
SOb primary galaxies, so the numerical resolution is evétebe this linear correlation in thé — e jny diagram, but not all galax-
in them. Therefore, the results are robust against an ingoroves obeying it necessarily derive from major encounterdeast
numerical resolution of the simulations. according to our simulations. Therefore, the widespreattidi
Finally, our set of models is limited by the space of initiabution of SOs in thel — ejnyr plane shows that many of these
conditions considered for the mergers, especially in mass galaxies may come from processefatient from major mergers
tios and orbital configurations. However, the trends fourdlae (as minor mergers).
same in all the simulated encounters. Thus, we considetithat  The evolutionary path proposed here (through minor merg-
main conclusions derived in this study can be generallyia@pl ers) requires an already gas-poor progenitor with both high
trinsic ellipticity and rotational support. Although it mebe
difficult to form these type of galaxies through major mergers
(B11), there are many other processes that have contriboted
The studies by Kormendy and collaborators and by Erhe gas exhaustion in spirals with a mindfeet on the shape
sellem and coworkers have shown that the dynamical stated kinematics of the progenitor galaxy, such as simple fad-
of ETGs strongly dier from one system to another (moréng, strangulation, and gas stripping (see, €.g., Smith/2040;
noticeably in SOs), contrary to the classical view of ETG¥agiet all2010). Therefore, an evolutionary scenario tone
as pressure-supported objects. There is a general agreer0s in which these processes combine with minor mergers is
about the merger-related origin of ellipticals_(Springedle quite probable. In fact, gas stripping and tidal interatdi@and
2005; | Naab et al._2006, 2007; Duc et al. 2011), as well awergers are known to be taking place at the same time in many
that the wide spread of structural and dynamical propertigsglaxies as they infall into the center of a cluster (Sofu@419
of SOs are evidence of fiierent evolutionary paths for themWezgowiec et al. 2012; Vollmer etlal. 2013). Consequerttiy,
(see_Laurikainen et &l. 2010; Cappellari et al. 2011; Erwialle dispersion of the SOs in the- e diagram is compatible with
2012;| Kormendy & Bender 2012). Recent studies tend to sug evolution induced by minor mergers.
port secular evolutionary scenarios for SOs in which merg- The observational sample plotted in Figl 10 is still smatl fo
ers play a secondary role_(van den Bosch & Emsellem |19@8robust estimate of an upper limit to the percentage of ptese
Bekki et al. | 2002;| Aragén-Salamanca et al. 2006; Butalet diy SOs that fulfill thiss — & linear correlation and therefore
2010; [Sil'chenko et all 2012; Laurikainen et al. 2010, 2013hat might derive from a major merger. Moreover, errors & th
But many SOs exhibit clear signs of having experienced ftecénvalues derived from the JAM models are very large and these
mergers [(Falcon-Barroso et al. 2004; Chilingarian et aD®0 estimates are based on the assumption of axisymmetry for the
Kim et al.|2012). However, this does not imply that the cutregalaxy, which clearly does not apply for a large number oégal
dynamical status of these galaxies has been set by thests evies and &ects the accuracy of thievalues (see Lablanche ef al.
either, because merger relics are also frequent in spisals (2012). However, a first estimate would be that44% of SO

5. Discussion
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galaxies lie within &r of this linear relation drawn by ellipti-
cals and major merger remnants (8 out of a total of 18 SOs, see O N UL
the first panel of the figure). If this estimate were robustgtid I
mean that major merging may have been relevant for establish [
ing the current dynamical state ©f40-50% of present-day SOs 0.8
at maximum

Although still uncertain, this estimate agrees quite wethw
the complex formation scenario for SOs that has surfacedglur 0.6 E T
the past years. As commented in Sgkct. 1, tiiedint properties o
found for SOs in dferent environments probably indicate dif- - X *
ferent formation mechanisms. Spirals in clusters seem v¥e ha 047 w e w ]
turned into SOs through environmental-related processesgl I ﬁ
the last~ 7-8 Gyr {Poggianti et al. 2001, 2009), whereas this I
transformation seems to have been led by mergers and tidal 02r b
interactions in groups during the same period (Wilman et al. I
2009;| Bekki & Couch 2011). Considering that 50% of SOs
reside in groups or in groups that are falling into a cluster . P
(Huchra & Geller 1982; Berlind et al. 2006; Crook etlal. 2007;
Wilman et al/ 2009), the percentage of SOs that may have expe- 0.0 02 04 0.6 0.8 1.0
rienced major encounters is therefore similar to the peacgn T
of SOs located onto the linear correlation in the e, diagram
estimated above. However, the estimate above is not &aligt Fig. 13. Relation between the bulge triaxiality and thekinematic pa-
significative and that the fact that an SO galaxy follow tlis | rameter computed for the galaxy as a single component, inmaagd
ear relation in the diagram does not necessarily imply th@$s minor merger simulationsStars for the remnants of our minor merger
formed in a major merger. More robust diagnostics are reguirmodels with original SOb and SOc galaxies (empty blue anergezmes,

to reliably quantify how relevant merging has been for ggtti respectively) and our original SO galaxies (filled blue aneeg ones).
the dynamical structure of present-day SOs. Crossesfor the elliptical remnants of Jesseit et al. (2009) that fast

rotators in all projections (light green), that are fasatots but that are
identified as slow rotators in some projections (oranged,those that
“““““ P PP e are slow rotators (red). Median error bars in both axes artau in the

0.0boe ks

1.4 [0 Brignt elipticals ] upper left corner of the frame.
"7 | @ Faint ellipticals
[ X SA bulges
~ 1.2 [ X SB bulges o . -
§ *+<[©Triaxial SB bulges lier epochs (e.g. Naab etial. 2009; Lotz etial. 2011; Oser et al
:3 [ 1 2012;McLure et al. 2013). Therefore, an evolutionary sdena
;8 1.0F 7 in which major mergers at earlier epochs give rise to a pepula
Y i ; ] tion of initial SOs, that later minor mergers can evolve iditber-
~ 0.8} ent dynamical systems is quite plausible (e.g., the scempao-
A [ AP A ] posed by Sil'’chenko et al. 2012, to explain the age and metal-
S osl ol g licity properties of SO galaxies). A mixture of both types of
~ [ ) ] mergers and of environmental and secular processes must hav
g 04l shaped galaxies in general (especially SOs) in a compleasice
>‘§_ T (Kannappan et al. 2009; Huertas-Company &t al. 2010; Aguerr
[ ] 2012).
0.2F 7 1 The relation between the possible evolutionary mechanisms

of SOs and their role depending on the environment and the

[ )
L B 5= (e}
0.0 22 E— S e R S R mass are still debated. Numerical simulations of minor merg
0.0 0.r 0.2 03 0.4 05 06 0.7 ers show that these processes typically induce seculantewol
<e>  (r<Tegpuge) in the progenitors, even in the absence of strong bars asd dis

pative processes (EMO06; Eliche-Moral etlal. 2012, 2013yiEn
Fig. 12. Vieumax/(0) Versus(e) atr < reg in our remnant bulges ronmental processes (such as strangulation) can alstitie et
(blue and green empty stafer the bulges of the remnants with SObin groups, not just in clusters, as is commonly considered (s
and SOc progenitor, respectively) and in the bulges of thgiral |Kawata & Mulchaey 2008). This means that it must bclilt
SO galaxieslflue and green filled starfor SOb and SOc), comparedtg quantify the €ects of each mechanism separately. Addition-
W|thl>9bseryat|ona[ data_of bulges and elliptical (gala.waiarmend'{/ ally, recent observations have reported the existencené®0s
i?)?r‘r_{er?di/wig&l)l.lIrgg\tlgr?rel?;&llggvis se;;ilx{/nl\ifiheB?égg[?l% that clearly derive from major merger events in which thedis
lines theoretical relation ofV/o-e for rotationally flattened oblate rebuilding has been successfu_l, so this mechanism cannigt be
spheroids with dferent velocity anisotropieg (seel Binney_2005). nored even though the properties of present-day SOs seerm-.too
Filled grey triangles location of the elliptical remnants of the bi-!@xed and smooth to have been formed through a mechanism as
nary mergers of disc galaxies with mass ratios from 1:1 totg1 Vviolent as a major merger (Peirani etlal. 2009; Yang et al9200
Gonzalez-Garcia & Balcells (2005). Hammer et al. 2009a,b, 2010). In fact, many studies find tlaat m

jor mergers may have played a key role in the definitive bujd-

Many studies claim that minor mergers have led the evolof the bulk of the massive ETG population (both ellipticatsia

tion of galaxies over the past 7 Gyr, especially of the most S0s) in low-to-intermediate density environments.é6t9z < 1,
massive ones, whereas major mergers were more relevamt atieaagreement with standard hierarchical models of galaxy fo
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mation (see Eliche-Moral et al. 20110a,b; Bernardi €t al120d; CSD2006-0070: "First Science with the GTC" (hitwww.iac.egconsolider-

i i it i ingenio-gt¢), and by the Spanish programme of International Campus ef Ex
Prieto et al. 2013). This is why it is so relevant to developtme cellence Moncloa (CEY). ACGG is a Ramon y Cajal Fellow of thmsish

ods for quantifying th? cumulativefects of mergers in the Set-MINECO. TT gratefully acknowledged the computer resourtashnical exper-
tlement of the dynamical status of current galaxies (andain ptise and assistance provided by the LaPalma (RS, Spain) supercomputer

ticular, of SOs). Fortunately, some studies have startditégtly ~nstallations.
face this question (see, e.g., Gu et al. 2013; Privoniet 41320
but much more work needs to be done in this direction.
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1.0 T T T T
Original SOb, 6:1, retrogra

Original SOb, 6:1, direct

Fig. 14. Dependence on the number of particles used in the simulafitite location in thel, — € diagram of the 200 random projections of our

1.0 T T T T 1.0 T y T T
Original SOb, 9:1, direct Original SOb, 9:1, retrogra

models for an identical set of initial conditions (indicdtie each frame)Red dotsmodels withN = 185K particlesGreen dotsmodels with
N = 555K particlesBlue dots models withN = 1 850K particles. The legend for the lines is the same as ilZFig
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Table 2. Structural and kinematic properties of the progenitorstardemnants when considered as single-component systems.

Model Reff,glx/reﬁ,bulge €e (V/G')e /le [from eqm] /Ie [from eq@’] 6ng [from eq[B]
€] &) 3 4 ®) (6) )

Original SOb,B/D = 0.5 4.59 0.875: 0.017 0.466: 0.002 0.468:0.002  0.456t 0.002 0.3959: 0.008
Original SOc,B/D = 0.08 8.94 0.869- 0.003 1.469:0.023 0.819:0.014 0.850:0.018 0.9126: 0.0008
(&) M6 PsDb 5.19 0.682 0.002 0.439: 0.001 0.413:0.001  0.435:0.001 0.37+ 0.04
(a2) M6 Ps Db TF3 5.06 0.6940.004 0.299+ 0.015 0.303:0.019 0.312:0.017 0.36+ 0.08
(a3) M6 Ps Db TF4 4.83 0.654£0.002 0.284+ 0.007 0.294: 0.010  0.298: 0.008 0.34+ 0.06
(b) M6 PsRb 4.93 0.68+ 0.008 0.224+0.013 0.271+0.018 0.239:0.014 0.37+ 0.08
(c) M6 PIDb 4.57 0.63& 0.009 0.33A#0.020 0.331+0.025 0.348: 0.022 0.471+ 0.010
(d) M6 PIRb 471 0.7190.004 0.231+0.001 0.234-0.001  0.246t 0.001 0.45+ 0.16
(e) M6 PsDs 8.52 0.7520.011 0.735:0.011 0.632:0.012 0.629: 0.010 0.735t 0.002
() M6 PsRs 10.36 0.778 0.004 0.494-0.016 0.463:0.019 0.478:0.017 0.701+ 0.005
(9) M9 PsDb 5.09 0.69# 0.008 0.29& 0.023  0.318:0.030 0.312: 0.025 0.36+ 0.05
(92) M9 Ps Db TF3 5.26 0.72¢0.006 0.292: 0.022 0.313: 0.028  0.306t 0.024 0.36+ 0.01
(93) M9 Ps Db TF4 4.61 0.6740.002 0.285-0.014 0.30A 0.019 0.299+ 0.016 0.34+ 0.08
(h) M9PsRb 5.35 0.712 0.005 0.222:t0.005 0.235: 0.006  0.237A 0.005 0.393+ 0.002
(i) M18 Ps Db 5.05 0.769 0.004 0.265: 0.009 0.280G: 0.012  0.280: 0.010 0.365t 0.023
() M18 PsRb 5.27 0.802 0.005 0.328:0.009 0.35A40.012 0.339:0.010 0.38+ 0.07
(k) M18 PI Db 4.77 0.704: 0.006 0.311+0.017 0.346:0.023  0.324+ 0.019 0.442+ 0.003
() M18 PIRDb 5.10 0.743 0.004 0.381+0.020 0.408: 0.027 0.38%A 0.022 0.454+ 0.010

Columns (1) Model code. (2) Ratio between the half-mass radius o galaxy and thefeective radius of its bulge. The bulgé&ective radii are
available in Table 2 of Eliche-Moral etlal. (2013). (3,4)ifiicity within r = Rezgix and the (Vo). value computed fronN-body data following
the procedure by E11, for edge-on views of the galaxies. (&)t kinematic parameter defined by Emsellem etlal. (2007) dyreceasured
from N-body data (using the definition in dd. 1), for an edge-on wéwach galaxy. (6) Tha, kinematic parameter derived using EY. 4, using
the measured values of (#). in Col. 4, assuming = 1.1 (see E11). (7) Anisotropy of velocities in the models, cated directly from the data
using eq[b.

Table 3. Percentage of random projections iffeient bins of apparent ellipticity for each model.

Model % <02) %(Q2<e<04) %04<e<06) %06<e<08) %(Q8< e <10)
@) @ 3 4 5) (6)
Original SOb,B/D = 0.5 43.5 24.0 115 14.0 7.0
Original SOc,B/D = 0.08 38.5 22.5 19.5 12.0 7.5
(&) M6 PsDb 16.0 49.0 27.5 7.5 0
(a2) M6 Ps Db TF3 325 31.0 28.0 8.5 0
(a3) M6 Ps Db TF4 19.5 43.0 28.0 9.5 0
(b) M6 PsRb 32.0 26.5 27.0 14.5 0
(c) M6 PIDb 43.0 24.0 255 7.5 0
(d) M6 PIRb 19.0 25.0 315 24.5 0
(e) M6 PsDs 39.0 245 135 23.0 0
(fH) M6 PsRs 6.0 42.0 29.5 22.5 0
() M9 PsDb 27.0 37.0 235 12.5 0
(92) M9 Ps Db TF3 36.5 25.0 22.0 16.5 0
(g3) M9 Ps Db TF4 195 46.5 21.0 13.0 0
(h) M9 PsRb 24.0 39.5 20.5 16.0 0
(i) M18 Ps Db 35.0 30.5 19.5 15.0 0
() M18 PsRb 34.0 22.0 21.5 22.0 0.5
(k) M18 PI Db 49.0 19.5 17.0 14.5 0
() M18 PIRb 27.5 315 21.5 19.5 0

Columns (1) Model code. (2 — 6) Percentages of the 200 random projectonsidered for each model infdrent bins of apparent ellipticity
values:e, < 0.2,02 < & < 04,04 < & < 0.6, 06 < & < 0.8, ande, > 0.8, respectively.
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Table 4. Structural and kinematic properties of the bulges in theariyy SOs and remnants of our merger experiments

Model b c b ¢ T (e)(r< ref’r‘,bulge) Viotmax/{o) (r< ref’r‘,bulge)
(1) @2 @B @ 6 (6 7) 8
Original SOb,B/D = 0.5 0.97 096 099 1.03 0.75 0.310.09 0.21+ 0.01
Original SOc,B/D=0.08 0.97 096 0.99 1.03 0.75 0.500.16 0.41+ 0.04
(a) M6 Ps Db 0.97 096 099 1.03 0.75 08D.12 0.48+ 0.09
(a2) M6 Ps Db TF3 097 096 099 1.03 0.75 0+£26.07 0.71+ 0.05
(a3) M6 Ps Db TF4 096 096 1.00 1.04 1.00 0:20.08 0.58+ 0.02
(b) M6 Ps Rb 0.97 0.97 0.97 097 1.00 024.08 0.58+ 0.01
(c) M6 PI Db 095 094 099 105 0.83 0.220.09 0.69+ 0.03
(d) M6 PIRb 095 095 095 095 1.00 0.210.08 0.68+ 0.01
(e) M6 Ps Ds 095 089 094 1.06 0.46 0£20.08 0.36+ 0.06
(f) M6 Ps Rs 0.97 093 096 1.03 0.43 089.07 0.35+ 0.03
(g) M9 Ps Db 096 096 1.00 1.04 1.00 024.10 0.88+ 0.04
(92) M9 Ps Db TF3 0.98 097 099 1.02 0.67 048.05 0.39+ 0.10
(g3) M9 Ps Db TF4 095 094 099 105 0.83 0+20.07 0.36+ 0.05
(h) M9 Ps Rb 0.98 0.97 0.98 0.97 0.67 0L20.06 0.50+ 0.14
(i) M18 Ps Db 0.97 096 099 1.03 0.75 0.29.09 0.78+ 0.02
() M18 Ps Rb 0.99 098 099 0.98 0.50 02®.09 0.38+ 0.10
(k) M18 PI Db 0.96 096 1.00 1.04 1.00 0.20.05 0.88+ 0.02
() M18 PI Rb 098 089 091 102 0.19 0.23.05 0.84+ 0.05

Columns (1) Model code as described in Sect. 2_of Eliche-Moral &(2012). (2,3) Major and minor axial ratios of the bulges adow to the
Cox et al. (2006a) criterionA > B > C). (4,5) Major and minor axial ratios of the bulges, derivedsidering the Méndez-Abreu et al. (2010)
criterion (A > B located in the equatorial plane a@doerpendicular to it). (6) Bulge triaxiality. (7,8) Intrilcsaverage ellipticity an®otmax/{o)

in the bulge according to the Kormendy & Illingwarth (1983gthod, corrected for theffects of numerical thickening (see S&ct.3.3.2). Errors in
the values listed in Cols. 2-6 are10% of the estimated values on average.
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