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Formation of SO galaxies through mergers
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ABSTRACT

Context. Lenticular galaxies (S0’s) are more likely to host antitruncated (Typestéllar discs than galaxies of later Hubble types.
Major mergers are popularly considered too violent mechanisms totferse breaks.

Aims. We have investigated whether major mergers can result into SO-like regnwih realistic antitruncated stellar discs or not.
Methods. We have analysed 67 relaxed SO an@®&remnants resulting from dissipative N-body simulations of major merge
from the GalMer database. We have simulated realRtimnd surface brightness profiles of the remnants to identify those with
antitruncated stellar discs. Their inner and outer discs and the breatdbbau quantitatively characterized to compare with real
data.

Results. Nearly 70% of our SO-like remnants are antitruncated, meaning that majgers that result in SO’s have a high probability
of producing Type-Ill stellar discs. Our remnants lie on top of the extetjpns of the observational trends (towards brighter magni-
tudes and higher break radii) in several photometric diagrams, due tagher luminosities and sizes of the simulations compared
to observational samples. In scale-free photometric diagrams, sinmgati@ observations overlap and the remnants reproduce the
observational trends, so the physical mechanism after antitruncatibighiy scalable. We have found novel photometric scaling
relations between the characteristic parameters of the antitruncation$ 80igavhich are also reproduced by our simulations. We
show that the trends in all the photometric planes can be derived from blasic scaling relations that real and simulated Type-IlI
SO0’s fulfill: by oc Ry, ho o Roran, @andupaan o« Rorian, Whereh; andh, are the scalelenghts of the inner and outer discspgnd and
Roran are the surface brightness and radius of the breaks. Bars and ardtioms in real SO's are structurally unrelated phenomena
according to the studied photometric planes.

Conclusions. Mayor mergers provide a feasible mechanism to form realistic antitruh&figalaxies.

Key words. Galaxies: formation — galaxies: fundamental parameters — galaxies: evolution — galaxies: elliptical and lenticular, cD —
galaxies: interactions — galaxies: structure

1. Introduction accounting for the diversity of properties of this galaxypla-
tion, this result evidences the existence of multiple eliohary
pathways to build them up (Laurikainen et al. 2010; Roché.et a
2010; Wei et al. 2010; Barway et al. 2013; Cortesi et al. 2013)

htriggering a heated debate over the past years about theamech
hisms that have led their formation and evolution.

Lenticular galaxies (S0) have traditionally been consdeas
transition types between elliptical and spiral galaxiexsithe
galaxy classification proposed by Hubble (1926), becausie t
discs show no significant spiral structure nor any signs cémée
star formation. S0’'s are common in the inner parts of galaxy SQ’s have discs that usually do not follow the typical expo-
clusters (Dressler 1980), so they may provide valuablemné& nential surface brightness profile (Sil'chenko 2009; Konahe
tion on the processes driving galaxy evolution in theseomegyi & Bender 2012; llyina & Sil’chenko 2012). Erwin et al. (2008,
The fraction of SO's in the clustersat 0.5 is 2—3 times smaller E08 hereafter) classified the discs of galaxies into thrassels
than in low-redshift clusters, with a proportional increas the according to the shape of their profiles. Type-I discs ard wel
spiral fraction (Dressler et al. 1997). This is evidencd ®@ modelled with an exponential profile for all radii. Type-glgx-
galaxies must have evolved from later morphological types i@s present a brightness deficit at the outer parts of thendthc
they have fallen into the clusters. However, the mechanismespect to the extrapolated trend of the inner regions (down
leading to the formation of SO’s cannot be exclusive of the ibending profile), becoming steeper after certain radius {éa-
tracluster medium, because50% of this galaxy population re- ture is known as truncation). Finally, the surface brighgpro-
sides in groups and the field (see Huchra & Geller 1982; Berlifile of Type-IIl discs becomes less steeper than the extadipol

et al. 2006; Crook et al. 2007; Wilman et al. 2009). In additio of the exponential trend of the inner parts after the brediusa
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(antitruncation). Consequently, antitruncated discsqme an minor mergers than spirals seems compatible with: 1) thiednig
excess of brightness from the break radius outwards compapercentage of tidal tails and merger relics observed ity égoes
to the inner exponential profile (up-bending profile). than in late ones (Martinez-Delgado et al. 2010; Baillardlet
EO8 and Gutiérrez et al. (2011, G11 henceforth) analysed &#11; Duc et al. 2011); 2) the higher bulge-to-disc ratidsiex
frequency of each disc profile class as a function of the Hubliled by SO’s than by later types on average (because min@-mer
type in samples of nearby barred and unbarred galaxiegcesgrs are known to induce bulge growth, see Aguerri et al. 2001;
tively. They found that the fraction of Type-lIll profiles iggifi- Eliche-Moral et al. 2006b); and 3) the higher fraction of &yl
cantly higher in early-type than in late-type galaxies kpegin discs found in SO’s than in spirals (see references abovay-H
the SO's: while 30-50% of SO's are antitruncated, onl0% ever, a set of minor mergers would progressively exhausjalse
of Sc-Sd's have Type-lll breaks (see also llyina & Sil'’chenkin the remnant galaxy, and according to the simulations by, YO
2012). On the contrary, Type-Il profiles are more frequent the lack of gas prevents antitruncations from forming. €here,
late-type galaxies~ 25% in SQ’s against 80% in Sc-Sd's, aformation scenario of a Type-Ill SO through a set of sudeess
see Kregel et al. 2002). This indicates that the mechanisms inor mergers would be feasible only if gas infall is extdior
antitruncations are much more frequent in S0's than in kpiranarily efficient.
Two questions thus arise from these results: 1) what thesb-me
anisms are, anq 2) Wh?ther these are key processes for the evoy, study has analysed yet whether major mergers can form
lution of spirals into SO's or not. _ Type-Ill SO's or not. N-body simulations have shown that, fo
Erwin et al. (2012) also derived the relative frequency ‘ipical gas contents in the progenitors, major mergersepites
profile types in SO galaxies for the Virgo cIu;ter_and the fielgyiig probabilities of producing well-defined discs in therre
They observed a complete lack of Type-ll profiles in clus®8S nants (Naab & Burkert 2003; Bournaud et al. 2008yen if a
whereas Type-Ill discs were equally common in SO's in both epyaior merger resulted in an S0-like remnant, its disc would
vironments. In the case that the processes responsible &ith ¢, independently of the central bulge (the bulge would re-
mation of a disc antitruncation are similar in both envir@ms, ¢t from the merger, whereas the disc would grow around it
the result above would imply that this process occurred st |ater through the re-accretion of expelled gas and stellar ra-
ilar relative frequency in clusters and in the f|§Id. _Th|s \szbu terial). The bulge is thus expected to be structurally decou
exclude all processes that take place preferentially iselenin pled from the underlying disc in SO’s that result from major
sparse environments as candidates to form Type-Ill SOS&8 mergers. But this is in strong disagreement with real data,
strangulation or gas stripping). However, if there werelent pecayse local SO's exhibit a bulge-disc structural couplas
ways to produce a Type-lil break in SO's depending on the-enkyong as spirals (Laurikainen et al. 2010). If major merges
ronment, the results by Erwin etal. would imply the exis&ot  oyp|ain with difficulty the global structure of discs in SO's,
a cosmic agreement between thesgedent mechanisms to buildhey cannot be good candidates for explaining the formation
up a similar relative fraction of antitruncated SO's in boigh o antitruncations either. Arguments like these have pushed

and low density environments. Maltby et al. (2012a) rebrtenaior mergers into the background of the formation scesanio
that the structure of the outer discs of spirals is not sigaifily ggg.

affected by the galaxy environment either. These results seem
more compatible with a scenario in which there is just onelmec ) ) ) )
anism after the formation of antitruncations in any galaxyet However, h|¢rarch|cal models of galaxy formaupn predlct_
which takes place with similar likelihood in both high- armiv that E-SO galaxies have undergone at least one major merger i
density environments, but that has occurred more frequémtl the last~ 9 Gyr regardiess of the environment, a scenario that
SO0's than in spirals. Anyway, more data are required to rpusiS also supported by several observational studies (sebeli
establish the dependence of the shape of the discs with tie effloral et al. 2010a,b; Bernardi et al. 2011a,b; Prieto et@l®
ronment in both SO's and spiral galaxies (see Laine et akp01Choi et al. 2014, and references therein). In fact, manyasth
The processes that can produce antitruncations have br% fl observational evidence on the major-merger origin afiyna
poorly studied. One candidate would be bars, which might prg® S &(Z < 1 (see Peirani et al. 2009; Yang et al. 2009; Ham-
duce antitruncations in the discs by means of a secular-redi€r €t al. 2009a,b, 2012; Tapia et al. 2014). So, the question
tribution of stars and gas, or inducingfigirent star formation Whether major mergers can produce Type-Ill SO's remains un-
thresholds as a function of radial location in the disc (Ejreen settled. In order to shed some light on this question, we have

& Hunter 2006; Bakos et al. 2011). Silchenko (2009) argudgvestigated whether major mergers can generate SO remnant

against this mechanism, because there is a higher pereeni’ég]‘ realistic antitruncated disc profiles using N-body siaa

of Type-Iil profiles in unbarred SO galaxies than in barregsntONs: In a forthcoming paper, we will analyse the conditions
(50% versus 30%). This is also supported by EO8 and G11 and physical mechanisms after the formation of these fea-
sults: antitruncated stellar discs appearir88% of unbarred tUres-
S0-Shb galaxies, but only in 24% of barred ones. No study has
demonstrated the feasibility of forming antitruncatioheough The outline of this paper is as follows. The methodology
bars, successive stellar formation phases taking pladéeteht followed is described in detail in Sect.2. The results ae pr
radii, disc tides, or radial migration either. sented in Sect. 3, where we compare the properties of the an-
There is observational evidence suggesting that intenasti titruncations of our SO-like remnants with those exhibhgdeal
may be responsible for some antitruncations (Erwin et @520 data and perform a modelling of the trends in all the photemet
Laine et al. 2014). In fact, minor mergers are the most indokeic parameters on the basis of three basic scaling relatibhe
mechanism since Younger et al. (2007, YO7 hereafter) proveéidcussion of the results and final conclusions can be fonnd i
with numerical simulations that merger experiments wittssnaSects. 4 and 5. We comment on the limitations of the models in
ratios above 7:1 and large gas fractions can result in stable Appendix A. We assume a concordant cosmola@y; (= 0.3,
titruncated discs (see also Laurikainen & Salo 2001). I fac Q4 = 0.7, Hg = 70 km s Mpc™?, see Spergel et al. 2007). All
scenario in which S0’s have grown through a higher number mifagnitudes are in the Vega system.
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2. Methodology the five types of giant progenitors are shown in Table 1. Mass
ratios range from 1:1 to 3:1 for the considered simulati@ss,

In order to investigate if major mergers can result in réalis jngicated in Table 2. Note that there are no major merger simu
SO's with antitruncated stellar discs, we have analysedeh® |5tions including gSO progenitors in the database.

nants avai_lable in the _GaIMe_r database, which is a Iibreltyye_f Each merger experiment within the database has been
drodynamic N-body simulations of galaxy mergers. Itistyie g 0lyed for 3 — 3.5 Gyr using a Tree-SPH code, in which gravita
described in Sect. 2.1. We have selected the major merger-€xgong| forces are calculated using a hierarchical tree otbénd
iments that are dynamically relaxed and which present &piGnhe gas evolution is simulated by means of smoothed partjele
properties of SO galaxies at the end of the simulation. TREse §qynamics. The softening length is fixedete: 280 pc in the
tion is described in detail in Eliche-Moral et al. (in pre@don, giant — giant encounters. Pressure gradients, gas visoozesf
Paper | hereafter), but we summarize it in Sect. 2.2. Thelsimuraiative forces, and star formation are considered. Gaisles
tion of realistic surface brightness profiles from the massstty 5r¢ modelled as hybrid particles, following the method dbed
maps of the selected remnants is presented in Sect. 2.3lyFing, Mihos & Hernquist (1994). These particles are charapteti
Sect. 2.4 shows the procedure carried out to identify antaeha y, o mass values at each tireluring the whole period of
terize the antitruncations in the remnants. the simulation: the total gravitational mass of the pagtitl;,

and the gas mass remaining in it at tieM; gas When the
2.1. The GalMer database gas fraction falls below 5% of the initid; g.s content, the hy-

brid particle turns into a stellar particle and the remagrgas is
The GalMer databasés a public library of hydrodynamic N- dispersed among its neighbours. Each hybrid particle ptese
body galaxy simulations of galaxy mergers developed urter fts own star formation rate (SFR) and stellar mass loss fyisto
Horizon Project (Chilingarian et al. 2010). Here, we wilbpr The simulations assume a certain Initial Mass Function JIMF
vide a brief summary of the most relevant aspects of these-sirand a prescription for star formation to account for the nmass
lations, but we refer the reader to Chilingarian et al. famded turned to the ISM by the young stars. GalMer simulations as-
information. sume isothermal gas with a temperatiliggs = 10*K.

GalMer contains~1000 dissipative simulations of binary  Each simulation will be referred from now on with the code
galaxy encounters, considering progenitors witfiedent mor- g[typelg[typedo[orbit], where type] and typed are the mor-
phologies (EO, SO, Sa, Sb, Sd) and sizes (g: giant, i: intermmnological types of the progenitor galaxies, awaubjt] refers
diate, d: dwarf), which interact according tofférent orbital to the numerical identifier of the orbit used in the GalMer
configurations. The database presents a web form which alladatabase, which is unique for each set of orbital parameters
the selection of the simulations on the basis of the typegssi This nomenclature is simpler than the original one used by
of the progenitors, and the orbital parameters: inclimatibthe Chilingarian et al. (2010), which specifies the orbital paran-
galaxies with respect to the orbital plane, initial disiabetween eters in the name of the experiment (g[typel]g[type2][orki
progenitors, pericentre, motion energy, and spin-orhitpting id][dir /ret][inclination]). A Table with the equivalence of
type (prograde or retrograde encounters). The mass rattiodoth nomenclatures will be provided in Paper I. The simu-
the encounters range from 1:1 to 20:1 depending on the coulgléons are classified within the database considering thgem-
of progenitors under consideration, although the majaitghe itor of the earlier Hubble type as the primary galaxy in each e
experiments contained in the database are major encopaiers periment, in order to avoid duplicated models in the databas
exclusively between giant progenitors. As we are inteteste GalMer provides the simulations in binary FITS tables, oee p
studying whether major mergers can give rise to antitrionat time t from the starting of the simulation to the final time, in
we have centred our analysis on the available major merger tisne intervals of 50 Myr. The position, velocity, mass, aet r
periments, which sum up 876 models in total. We emphasiegant properties at timefor each particle in the simulation are
that these major merger models consider only giant progienitstored in each FITS file. We show the time evolution of one of
(there are no intermediate — intermediate or dwarf — dwajbmathese experiments in Fig. 1.
encounters in GalMer up to date). We remark that, in the present study, we have analysed the

Each progenitor galaxy is modelled as an spherical nomajor merger simulations available in the database, whit o
rotating dark-matter halo, a stellar disc (except for EQgere  consist of giant — giant encounters. The stellar mass ofetre r
itors), a gaseous disc (except for EO and SO progenitors), dnts ranges betweenl — 3x 10"*M,. We will take this into
a central non-rotating bulge (except for Sd progenitorshe Taccount when comparing with observations in Sect. 3.
bulge-to-disc ratios in the SO, Sa, and Sb progenitors d&e 2.

0.7, and 0.4 respectively (see Paper . Sphenca_l COMPSNER 5 gaiaction of SO-like relaxed remnants

are modelled as Plummer spheres, with characteristic nmaks a

radius Mg andrg for the bulge, andVly andry for the dark We have selected the major merger experiments from GalMer
matter halo (see Table 1). The stellar and gaseous discsvfolwhich result in SO-like relaxed remnants at the end of the sim
the Miyamoto-Nagai density profile (Miyamoto & Nagai 1975)ulation. This selection is described in detail in Paper Irg;le
with massesM, and My respectively, vertical and radial scalewe briefly describe the procedure and the final sample of merge
lengths given byh, anda, in the stellar one and blgy andag  experiments used in the present study.

in the gaseous one (we list them in Table1). The total num- From the initial sample of 876 simulations of major mergers
ber of particles for the giant — giant major merger simuladies available in GalMer, we first removed those that do not preduc
240,000, with 120,000 particles per galaxy distributed agnts a unique remnant body at the end of the simulation (i.e.,ehos
components depending on the morphology. Total stellar @sasthat are flyby interactions or encounters that take longerame

in the progenitors range 0.5 — 15 x 10"'M,. The character- than the considered time interval). In most cases, the galax
istic parameters and number of particles of each componenare merged into a single body soon after the second pericentr
passage. Then we identified the experiments that result in a fi
! The GalMer database is available at: hgmalmer.obspm.fr nal remnant with a noticeable disc component and apparently
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Fig. 1: Time evolution of the baryonic material in a mergerdmloin which the two progenitors are gSd galaxies (expertmen
gSdgSdo23). Time is given in the bottom left corner of eaelmi. At each snapshot, the view is centered on progenitothl wi
0 = 45° and¢ = 90°, assuming the original coordinates system of the GalMeulsition. Particles belonging toftiérent galaxy
components in the two merging galaxies are coded witieidint colours according to the legend in the panélee label "Star
total” refers to the collisionless stellar content of each mgenitor (i.e., the "old stars”). [A colour version of this figure is
available in the online editiof.

relaxed, inspecting the mass density maps of the stellaraht tify morphological features in simulated remnants onlotigh
These maps were analysed visually with the previewer of tHensity maps or in plots of the projected locations of the par
GalMer database, consideringfdrent views and distances tdicles, which do not account for the limited spatial resiolnt

the galaxies. Using the classifications performed by thmde- and depth, the cosmological dimming, and the noise inherent
pendent co-authors, we obtained an initial subsample o€2a5 in real astronomical data. These maps do not consider the ef-
didates to be relaxed SO-like remnants, which represe26% fects of distance (which typically fade out the externalioag

of all the major mergers stored in the database. of galaxies) or the dierent mass-to-light ratiod{/L) across the

We performed a set of quantitative tests on each remnant@HaXY: S it cannot be ensured that a disc component oltserva

the basis of strict dynamical criteria to discard the rentmémat "' these maps would be detectable by an observer accounting f

were not dynamically relaxed from this subsample, obtajrin all these &ects. An example of the loss of disc components in

subsample of 173 final relaxed remnants with a high probgbilPUr remnants when observationdisets are considered is shown
_Fig. 2. We compare identical views of the remnant of model

ggzmﬂggaeglsc component that might be detectable in broa{gBSngdo9 in realistic simulated deleybband images and in sim-
_ _ ple plots of projected positions of the particles. The odiiec
In order to test whether the discs of our SO-like remnaniggions and the tidal tails that are clearly observed in thesp
present antitruncations coherent with those observedan3® of projected locations are practically lost in tReband images.
galaxies, we first need to assess that the analysed remoekts irhe satellite located at 15kpc from the remnant centre be-
like real SO and SO galaxies in simulated broad-band photgomes dficult to detect in the image, even though the limiting

metric images that mimic real observations. Realistic piett-  magnitude assumed is quite de@p € 27.5 mag arcse).
ric images of these stellar remnants were simulated in akver

broad bandsg, V, R, I, andK), in both face-on and edge-on  We have converted the stellar mass contained in each particl
views, in order to visually classify them according to thaior- into light flux in a given band by assuming tiy/L value in the
phologies (E, S0, SO, or spiral). This step is extremely relevartand corresponding to a stellar population with the aveeage
for our study, because previous theoretical studies ysitih- and metallicity of the stars contained in the particle, adicm
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. , after the full-merger moment (di Matteo et al. 2008). Theref
Table 1: Masses, radial and vertical scalelengths, and auotb 5 SSp model is a reasonable approximation for the SFH experi-
particles of the progenitor galaxies in the major mergerexp enced by hybrid particles. The IMF was set to Chabrier tyge an
ments available in GalMer the stellar evolution to the prescription of Padova 1994 efed
in all cases. For the simulated images, we have also coesider
Characteristic parameters g0  gSa gSb gSd  observing conditions (such as limiting magnitude, photoise,

(@ Mg [23x10°M,] 70 10 5 0 spatial resolution, and seeing) analogous to those of tteeida
My [2.3 x 10PM,] 30 50 75 75 the observational studies by E08 and G11, which we are going
rs [kpc] 4 2 1 - to consider as the observational reference samples thooitigh
ry [kpc] 7 10 12 15 the paper. We assumed a luminosity distanc®of 30 Mpc

to convert between spatial into sky projected angular obes,

(b) M, [2.3x10°Mc] 0 40 20 25 cause this is approximately the maximum distance exhitiited
Mg/M. o 01 02 03 the SO galaxies contained in the reference observatiomal sa
f}* %tpg - og 055 065 ple by E08 and G11. This ensures that any break found in our
a; [kgc] ) 5 6 7 simulated remnants would be detectable by these obseneers t
hy [kpc] . 02 02 02 Dust extinction has not been considered in the simulatedésa

(Sect. A.2.3).

() Ng - 20K 40K 60K Five co-authors performed independent morphological clas
Nsteliar 80K 60K 40K 20K sifications attending to the photometric images of each egrmn
Nowm 40K 40K 40K 40K The final morphological type of each remnant corresponds to

e median value of the five classifications. A complete agree
to model the bulge and the halo of the progenitor galaxies, for the ent betwee.n all classifiers was Obta'.ned n 85.% Of. the rem-
different morphological types under consideration. (b) Character-nams’ ensuring the robus'gness of the final class!flcatlnnhd
istic parameters of the Miyamoto-Nagai density profiles used for S8mple of 173 relaxed major merger remnants with possible de
the gaseous and stellar discs for thgatient morphological types ~ tectable discs, we finally identified 106 E's, 2558's, and 42
of the progenitors. (c) Number of hybrid (initially gaseous), col- S0’s, which correspond to the following percentages: 61a8%
lisionless stellar, and dark matter particles used to simulate eactE’s, 14.4% of ESQ’s, and 24.3% of S0's. We remark that the el-
progenitor galaxy, as a function of its morphological type. liptical galaxies contained in this subsample are paricih the

Table 2: Mass ratios of the major merger simulations avkilalsense that, even though they have no significant or recdgeiza

in the GalMer database, as a function of the progenitor types disc in realistic broad-band photometric images, they haksc

component which can be identified in their density maps.

Type 2 We confirmed the morphological classification (elliptical
Type 1 gEO gSa gSb gSd or disc galaxy) by identifying the two galaxy components
(bulgetdisc) in realistic simulations of the radial surface bright

Rows (a) Characteristic parameters of the Plummer spheres useénh

gEO 11 151 31 31 ness profiles of the remnants in tdeR, andK bands (for more
gSa - 121 21 information, see Sect. 2.3). We also studied the globalrkate

gSb - - 11 141 ics, final SFR levels, and gas contents of the remnants, to as-
gSd _ ~ _ 11 sess that they are typical of the assigned morphologicastyp

. _ _ ~We found that all the relaxed remnants in our sample with SO-
Notes. The GalMer database classifies the binary merger simulatiqfg, morphology (25 ES0's and 42 S0's) exhibited morphologi-
considering the progenitor of earlier morphological type as the prima%I structural, and kinematic properties coherent witiséhob-
e ) )

galaxy type). This study was carried out with the 876 major merg -
simulations available in the database up to February 2014, which o ved |n'real FS0 and SO systems, as We”. as gas contents and
Rs typical of these types. For more details, see Paper I.

involved giant progenitors and did not contain any experiments wit
gS0 progenitor.

to the stellar population synthesis models by Bruzual & @har 2.3. Simulation of realistic surface brightness profiles
(2003). For collisionless stellar particles (old stellartizles, In order to identify breaks in the discs of our final sample of
henceforth), we considered evolutionary models that asduen 67 E/SO and SO relaxed remnants, we have simulated realistic
SFH characteristic of the morphological type of the progeni surface brightness profiles from projected radial massityjens
the particle originally belonged to. The parametrizatidrthe profiles, reproducing the photometric band and observimg co
SFH for each progenitor type (E, Sa, Sb, or Sd) was taken fralitions of the real data used in E08 and G11 and following a
Eliche-Moral et al. (2010a), and itis based on observatistoa- procedure similar to the one commented in Sect. 2.2 to sieula
ies. The age assumed for old stellar particles (which bgicarealistic photometric images. This ensures that the featiaien-
make up the whole structure of the remnants, and in particuléfied as Type-Ill breaks are comparable to those observeszhin

the discs) has been set to 10 Gyr, according to the results ofdata.

cent studies on the old stellar content of the discs in ne8fby  To convert mass into light, we adopted for each particle the
galaxies (Sil'chenko et al. 2012; Sil'chenko 2013). Tlkeets M/L ratio in theR band corresponding to a stellar population
of this assumption are analysed in detail in Sect. 3. Foridybof the same age and metallicity of the particle, as described
particles with some stellar content at the end of the sirorat in Sect. 2.2, where specific details are provided. We remark
we instead considered simple stellar population (SSP) feodihat we have not included dust extinction. We have obtained
for describing the SFH occurring in them during the whole-sinazimuthally-averaged 1D surface brightness profiles oktak
ulation. This is justified by the fact that the star formation lar material in the remnants, considering face-on viewsefrt
most mergers basically takes place in two short starbuosts: centred on their mass centroids. By assumption, the face-on
occurring soon after the first pericentre passage, and tie otview of each remnant corresponds to the direction of thd tota
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angular momentum of its baryonic content. Therefore, any dither assumptions adopted to estimate Myt ratios used in
rection perpendicular to this will provide an edge-on vidvito the models alsofect the total luminosity of the remnants, such
We have chosen the direction that is in the XY plane of our-origs the selected ages of the old stellar particles, the SRdsesl
inal coordinates system. for the old stellar particles of each progenitors, the IMiFhe
The R-band images in E08 and G11 studies reached depéfiEcts of dust extinction (see Appendix A).
of ur ~ 27 — 28 mag arcseé for a limiting signal-to-noise ratio  Additionally, our remnants are also2 times larger than the
of S/N = 5. We have thus assumed a limiting surface brigh&0’s in E0O8 and G11 samples. The optical size of the remnants
ness ofug ~ 27.5magarcset for S/N = 5 in our simulations in our simulations isRs ~ 20 kpc on average, where&ss ~
and added Poissonian noise to the data considering thénlgmit10 kpc typically in the Type-IIl SO’s of the observationahgales
signal-to-noise ratio. The projected spatial resolutias bheen (see Table 3). Therefore, our SO-like remnants are twiceigistb
fixed to the average seeing of their data too (FWHDBI7”). To and larger than the most massive SO’s present in EO8 and G11
ensure that our profiles can be compared to those obtainedshynples, despite of having similar stellar masses (SeztLA.
E08 and G11, we have assumed a distance to the remnants offhis does not mean that our remnants have unrealistic lu-
D = 30Mpc, which is the maximum distance within this obminosities or sizes, because present-day massive SO's tseem
servational sample (see also Sect.2.2). We have assumedthiig: evolved passively during the lasé Gyr (see references in
concordantACDM cosmological model to convert from physi-Sect. 1), whereas our remnants have experienced passive evo
cal lengths to projected angular values and to correct fomee  tion for ~ 1 — 2 Gyr at most (Paper 1). Consequently, the stars
logical dimming. formed in the merger-induced starbursts are quite young- Co
We have also reproduced the radial average performeddilering the evolution of the SFHs typically assumed aserepr
EO08 and G11 to the surface brightness profiles of their dajantative of E-S0's, these galaxies can fade by uptanag and
to improve theS/N ratio in the outskirts of the discs. Their~ 2 mag in theK and B bands respectively during the 2 Gyr
spatial radial bins in the profiles fulfilled the non-line@la after its buildup (Prieto et al. 2013). Therefore, théset be-
tion: R,1 = 1.O3xR; (i.e., they are logarithmically equispaced)ween the data and the simulation in the total luminositiéghtn
Therefore, the spatial resolution in the profiles decreasabe pe reduced just allowing the remnants to relax for a longeeti
radial position increases in the discs. Note that neitheseh period. In fact, there are SO galaxies in the NIRS0S sampala-(L
non-equispaced radial bins nor the seeing consideffedtaur rikainen et al. 2010, 2011) with masses and scalelengthis sim
analysis, since we are dealing with large radial extensioti®e |ar to our remnants (Querejeta et al., in preparation, PHper
galaxy. We trace our galaxy discs until 40 - 70 kpc in radiusf this series), but the reference observational samples ims
so the largest radial bin considered (located at the endeof this study (E08; G11) lack these systems due to volume limita
disc) is narrower thar 2kpc in any case for our simulationstions. Anyway, we will show that the physical mechanismafte
Additionally, the minimum spatial resolution (0.t the initial  the formation of antitruncations in real SO’s and in our majo
radial bin, at the galaxy centre) is equivalent~+0100 pc for merger simulations is highly scalable, because both siiouta
the distance considered to our remnari?s{ 30Mpc). This and observations overlap in scale-free photometric plastesy-
scale is even lower than the softening length used in therexp@g very similar trends. This scalability ensures that tesuits
iments, which really sets the minimum spatial resolutionh&f obtained in our simulations can be extrapolated to othersmas
simulations. Therefore, the discs in our remnants are aetyu ranges and validate their comparison with real data.
sampled, with spatial resolutions betweerD.3 — 2kpc as we || these diferences in the size and luminosity of our rem-

move towards the disc outskirts. _ ~nants compared with the data in EO8 and G11 are accounted in
Some examples of the resultifgband radial surface bright- the discussion of the results in Sect. 3.

ness profiles are plotted in Fig.3. All profiles exhibit a clea

bulget+disc structure, with evidence of additional galaxy com-

ponents in some of them, such as lenses (see, e.g., model

gSagSaob). The profiles are quite regular and smooth in gen jgentification and characterization of the antitruncated

eral, and correspond to one of the three profile types defiged b remnants

EO8 (Type-I, Type-Il, or Type-Ill). Some of the mergers deye

a significant population of tidal satellites around the firemh- We have visually classified the structure of the discs in aun-s
nant, which produce noticeable peaks in the profile at tiagliat ple of 67 SO-like remnants according to the classificatidrese
locations. In Fig. 4, we compare the surface brightnesslpsofiby E08 (Type-I, Type-II, or Type-lIl). We finally obtained ars-

of two Type-lll remnants. The remnant of model gSdgSdog8e of 47 major merger remnants with SO-like morphology. (i.e
presents several tidal satellites, which produce the pigzattee E/SO or SO) and stable Type-Ill discs (i.e., antitruncatedjrfr
surface brightness profiles mt~ 40 andr ~ 60 kpc. The rem- the initial sample of 67 relaxed SO-like remnants. These fea
nant of model gSagSdo73 does not have any tidal satelliies sdures are kinematically stable (Bofil@t al., in preparation). The
profile presents a smooth decay along the whole radial ramge tnajor merger models that result in Type-lll SO-like remmsant
der consideration. We have ignored the existence of thesespeare listed in Table 3. Some examples of surface brightness pr
in the analysis of the structure of the remnant discs. files are plotted in Fig. 3. This means that70% of the ma-

In Paper |, we show that our SO-like remnants are bluer thigsi merger simulations that result in a relaxed S0-like rantn
nearby quiescent SO’s by 0.6 mag due to the recent bursts ohave antitruncated stellar discs. Note that this percentagnot
star formation induced by the mergers. Thiieet makes the av- be compared with the fraction of SO’'s with antitruncated-ste
erageM/L ratios used in our models to be 0.5 times smaller lar discs estimated by observers, because our simulatmnstd
than the typical ones in quiescent early-type galaxies. ré&rheconsider any cosmological context.
fore, our remnants are inherently twice as bright as thehtegs We have characterized the detected antitruncations qaanti
galaxies in the reference samples by E08 and G11 in genetiakly following the procedure by G11 (see also Maltby et al.
despite the fact that they may have similar stellar masses, j2012a). These authors fitted Freeman profiles to the inner and
because of these recent merger-induced starbursts. Mareowuter discs defining the break to derive their photometrieipa
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G11 also defined the minimum and maximum radii delim-
iting the inner and outer discs around each break visuatlg, a
Face on Edge on used the data within these limits to perform the linear fitsaoh
disc region. We have mimicked this procedure, visuallygele
ing the radial upper and lower limits for the inner and oufscsl
of our antitruncated remnants, and then performing legqis&ies
linear fits to the data corresponding to each part of the diie.
have selected the radial limits tracing disc regions betore
after the break with a relatively constant slope inffaband sur-
face brightness profile of each remnant.

We have carefully overridden the bulge region to define the
lower radius of the inner disc region, paying attention te th
R-band photometric images of the remnant (mostly, in edge-on
view), to the shape of the bulge profile in the centre of thexgal
and to the radial profile of the velocity dispersion of the nemt
(o (r), see Fig. 3).

As commented above, some major mergers generate many
tidal satellites around the main remnant body which remain
strongly bound at the end of the simulation (this is frequent
in gas-rich encounters, see models gSagSdo9 and gSdgSdo42
in Fig.3). These peaks obviously bias the fits slightly to-
i ; : ) : T -1 wards brighterugi or uoo, values, but the change is negligi-
o8 a3 o E® i hat il e ol 1 ble and is contained within the typical observational exrr
0.2 mag arcse®). Therefore, we have ignored the existence of
these peaks in the fits. Moreover, we have checked that tidal
satellites do notféect either to the break radius or the break sur-
face brightness of the remnants significantly.

f Disk galaxies usually present secondary components embed-

2d within the global bulgedisc structure, such as bars, rings,
andor lenses (Prieto et al. 2001). In particular, these strastu
are specially common in S0's (Laurikainen et al. 2010, 2011,
§iI’Chenko et al. 2011). Many of our SO-like remnants host in

in the same remnant, for the same views. The colour code of e 2?1)3 %%dmtﬁﬁ]sé:ﬁg:’qilé:?nl?ngsaﬁggiggifem;g; "?.”S%S (se
particles is the same as in Fig. 1. The field of view in all pane] per). ' 9 site

is 100 kpex100 kpce. A colour version of this figure is available® spherical component, and others, they are _related W.'th dis
in the online editior. components, as part of a system of nested discs (Erwin et al.

2005). Laine et al. (2014) have found a structural relatien b
tween Type-lll breaks in galaxies and the existence of keise

eters, so they perform "piecewise fits”. The Freeman expitalentings in them. As we are interested in breaks that reallyetrac

profile corresponds to a Sérsic profile with a characteristlex the transition between nested discs, we have analysed ibfany
n = 1 (Freeman 1970), and turns into a linear relatiom in our breaks may be related with spheroidal components tsaltre

magnitude units: from the merger, in order to remove it from our sample.
We have first determined the Type-IIl breaks in our SO-like
o5 ¢ remnants that correspond to lens — disc transitions andrte ge
ulr) = o+ —— - —, (1) uinely disc — disc ones. While rings and bars can be easily iden
In(10) ho tified in simulated broad-band images through visual ingpec
where the surface brightneg§) at a certain radius depends the identification of lenses may be a subtle process. We have
on two parametersig (the central surface brightness provideﬂjentiﬁed the lens components in our remnants as done in ob-
in mag arcse®) and hy (the e-folding scalelength for the discservations: lenses are regions external to the bulge with co
expressed in arcsec). The piecewise fits provided the ¢entra Stant surface brightness, that stand out from the expaiinti
face brightness for the inner and outer discs in mag aréggg; decaying profile of the external disc in optical images (Lau-
andﬂo’o), as well as their scalelengths in arcsbcandh,, re- rikainen et al. 2005; Sil’chenko 2009) This identificatibas
spectively). G11 defined the break radit®, as the point been corroborated through photometric decompositiorsjren
where the fitted profiles cross, and the break surface beghtn ing that the surface brightness distribution in the lens pom
Hbrkill , @S the surface brightness of the disc at Ry - nent could be fitted with a Sérsic profile with~ 0.2 - 05
EO08 fitted the whole profile of the discs using "brokentLaurikainen et al. 2009, 2010). We have found 8 out of our 47
exponential” functions, instead of performing piecewise ®ee Type-lll SO-like remnants in which the inner discs correspo
also Laine et al. 2014). They concluded that the charatiterig0 & lens component. The antitruncations in the rest of resna
photometric parameters of the inner and outer discs olitdige trace pure disc-to-disc transitions.
both procedures agreed pretty well (the scalelengtfiisrdd by
only 1-5% on average). As the G11 sample contains many more
Type-lll SO's than that of E08, we decided to reproduce tloe pr
cedure followed by G11 (piecewise fits), even though we have
compared our results with both observational samples.

Fig. 2: Relevance of accounting for observationéets in the
identification and characterization of morphological tees in
the remnants that result from N-body simulation§op pan-
els Simulated R-band images of the final stellar remnant
model gSdgSdo9, for face-on and edge-on views. The si
lations assum® = 30 Mpc, urjim = 27.5magarcse@, and a
FWHM=0.7". The segment represents a length of 10 kpat-
tom panels Maps of projected locations of the stellar particle
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Fig. 3: Simulated?r-band images and radial surface brightness profiles of sgqe-M SO-like remnants. The simulations assume
D = 30 Mpc,uriim = 27.5 mag arcse&, and a spatial resolution of 0.7Top panels SimulatedR-band photometric images of the
final remnants for face-on and edge-on views (see Sect. Bli&)yellow segment represents a physical length of 10 kpe.fifd

of view is 100 kpx100 kpc in all panels. We use logarithmic grey scafieermediate panels Maps of projected locations of the
stellar particles in the same remnant, for the same projestnd fields of view as in the top panels. The color code gbdintcles

is the same as in Fig. Bottom panels R-band surface brightness profilex(r)) and radial profile of the dispersion of velocities
in the remnantd). Black dots Simulated dataDotted horizontal line Limiting surface brightnessGreen squaresMinimum and
maximum radial limits considered for the piecewise fifth¢ legend continues on the next page
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Fig. 3: (Continued figure). [Continuation of the legend on the previous padeed and blue dashed linekinear fits performed

to data within the selected radial limits defining the inned auter discs, respectivelBlack dashed vertical and horizontal lines
Values of the radius and surface brightness of the anti&tio@ Rorkii, tori). The photometric parameters of the breaks and
the inner and outer discs resulting from the piecewise fisssliown in each panel (the surface brightness values ar@pdov
in mag arcse® and the scalelengths are in kpd}/» corresponds to the half-light (offective) radius of the whole galaxy and
Rim is the radius at which the limiting magnitude of the profileashieved. Rys(R) refers to the radius of the isophote with
ur = 25 mag arcse@. Rys(R) is not equivalent t@Rys used throughout the manuscript (defined in Brigand instead).
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Fig. 3: (Continued figure). [A colour version of this figure is available in the online éatit]
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Table 3: Characteristic photometric parameters of therantations and the inner and outer discs in our SO-like eatsresulting from major mergers

Rorkii Horkill hy Hoi ho Hoo Mg Viot Ros

#  Model Morph [kpc] [mag arcse?] [kpc] [mag arcsec?] [kpc] [magarcse?®] [mag] [kms] [kpc]

1) @ (3) (4) (5) (6) (7) (8) 9) (10) (11) (12)
1 gEOgSao5 SO 30563.7 25.74-0.09 5.86:0.12 20.18-0.08 16.2:1.4 23.78:0.26 -22.32 1425 18.17
2 gEOgSbo44 SO 3911 26.51+0.13 8.32-0.31 21.2%0.13 15.4:1.6 23.56+0.32 -22.17 93.95.7 18.83
3 gSagSaol SO 49487.2 26.95:0.16 10.72:0.21 21.69:0.06 29.5+ 3.8 24.90:0.26 -22.69 149.93.3 20.89
4 gSagSao5 SO 34:33.3 25.36+£0.07 8.34:0.28 21.1A40.10 26.21.1 24.21+0.10 -22.74 187.%3.6 21.07
5 gSagSao9 SO 49474.3 26.43:0.11 12.55:0.44 22.280.10 52.0:3.0 25.53:0.08 -22.72 197.%4.4 19.30
6 gSagSho2 SO 2201.9 24.16:0.06 5.32-0.14 19.9G:0.09 13.94:0.37 22.68:0.08 -22.67 143.%3.0 21.64
7 gSagSbo5 SO 29472.1 25.00:0.07 7.01+0.16 20.55-0.08 23.24-0.82 23.76:0.08 -22.65 173.23.6 20.98
8 gSagSbo9 SO 45055 26.76:0.14 8.79-0.33 21.18:0.13 36.8:4.8 25.50:0.21 -22.65 183.33.2 24.63
9 gSagSho21 SO 4044.0 26.06+0.09 8.76:0.24 21.210.10 28.6:1.9 24.66+0.15 -22.67 138.123.4 23.60
10 gSagSbho22 SO 4646.7 26.46:0.11 10.36:0.24 21.7Q:0.07 30.8:3.1 24.94+0.21 -22.67 125.35.1 21.92
11 gSagSbho24 /B0 37.5:5.1 25.76:0.08 7.7+0.13 20.72-0.06 17.2:1.3 23.600.23 -22.65 3&10 24.44
12 gSagSho42 /B0 37.3:3.8 25.66+0.08 8.674+0.22 21.04-0.08 20.62:0.83 23.75:0.11 -22.63 149.34.1 23.04
13 gSagSbho43 /B0 30.2+=2.5 25.05-0.07 6.41+0.15 20.14-0.08 17.6740.65 23.4Q:0.11 -22.63 159.%2.9 22.29
14 gSagSbo71 /B0 42.9+7.1 25.77+0.08 15.16:0.65 22.83:0.09 31.6:1.3 24.42+0.09 -22.61 181.323.7 19.30
15 gSagSdo2 SO 31:68.4 24.65+0.08 6.60-0.13 19.95-0.06 15.3:2.4 22.92+0.58 -23.07 149.#2.8 26.79
16 gSagSdo9 SO 3812 25.26+0.09 8.71+0.19 20.64:0.07 21.4:4.7 23.44+0.65 -23.04 180.:3.4 28.00
17 gSagSdol8 /B0 24.8:2.9 23.81+0.07 6.30:0.21 19.7A40.10 16.35:0.66 22.39:0.13 -23.03 2&10 31.00
18 (¢gSagSdo4l /B0 30.8-8.2 24.68-0.08 8.08:0.34 20.56-0.13 15.51.2 22.54+0.27 -23.01 178.94.7 24.73
19 ¢gSagSdo43 /B0 25 +45 24.01+0.07 6.68:0.20 19.82-0.09 18.0:1.6 22.45:0.29 -23.02 149523 30.06
20 gSagSdo70 /B0 35.6:7.3 24.83:0.08 8.82-0.35 20.58:0.10 18.4:1.4 22.86+0.23 -23.01 184.33.4 28.38
21 gSagSdo73 /B0 39.1+5.6 25.42-0.11 8.12-0.12 20.5G:0.05 21.9-2.3 23.78:0.33 -23.02 35.27.8 30.06
22 gSbgShol7 /50 19.0+1.0 23.58:0.05 4.15-0.06 18.95-0.05 11.610.26 22.13-0.08 -22.54 40.%5.6 22.01
23 gSbgSbol9 B0 21.0:1.3 23.98:0.06 4.59:0.09 19.23:0.06 11.96:0.25 22.29:0.07 -22.53 14.82.4 20.98
24 gSbgSho22 SO 32:22.4  25.69:0.09 6.6740.13 20.49-0.07 20.5:1.1 24.03:0.12 -22.56 14.45.7 21.64
25 gSbhgSho4l /50 24+ 25 24.7+0.07 5.13:0.13 19.6%0.10 13.79:0.63 22.9G:0.14 -22.54 139.35.8 21.54
26 gSbgSbo42 [0 30.22.7 25.24:£0.07 6.28:0.12 20.25:-0.07 17.74:0.95 23.62-0.15 -22.54 129.84.5 22.57
27 gSbgSho69 /B0 38.4-4.3 25.82-0.09 8.26:0.15 20.96-0.06 24.8:2.5 24.33:0.20 -22.52 145.95.9 26.04
28 gSbgSho70 /50 38.4:5.7 26.39:0.12 5.22:0.37 18.910.41 38.47.3 25.80:0.26 -22.50 139.%7.2 25.01
29 gShgSdo9 SO 3844.7 25.62-0.11 7.45%0.11 20.2A0.05 27.3:4.1 24.34+0.35 -22.97 165.83.7 43.07
30 gSbgSdol4 SO 3210 24.62-0.08 8.03:0.21 20.44-0.08 16.74 2.6 22.65:0.51 -22.97 85.64.0 29.22
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Table 3: Characteristic photometric parameters of therantations and the inner and outer discs in our SO-like etsresulting from major mergers

(Continued)
Rorkill Hbrkil hi Hoi ho Hoo Mg Vot Ros

#  Model Morph [kpc] [mag arcse?] [kpc] [mag arcset?] [kpc] [magarcse?®] [mag] [kms1] [kpc]

@ @ (3) (4) (5) (6) (7) (8) 9) (10) (11) 12)
31 gSbgSdol7 SO 22403.2 23.75:0.08 5.15:0.29 19.26:-0.19 14.37#0.49 22.24-0.11 -22.96 39.5#0.40 27.07
32 gSbgSdol8 SO 1742.0 22.95:0.07 4.22-0.12 18.86:0.09 11.7:0.56 21.640.17 -22.96 53.%:3.2 25.66
33 ¢gSbgSdol9 SO 25452.2 23.99:0.08 5.62-0.10 19.38:0.05 12.440.39 22.08:0.12 -22.95 2910 30.34
34 gSbgSdo4l SO 28:23.0 24.52:0.09 6.60:0.12 19.98-0.06 14.66-0.60 22.53-0.15 -22.96 125524  28.47
35 gSbgSdo69 SO 30:83.5 24.66+0.08 6.83:0.13 19.98:0.06 15.06:0.74 22.65-0.17 -22.96 138.23.1 29.31
36 gSbgSdo70 SO 32:885.0 24.78:0.08 7.720.25 20.35:0.09 17.3#0.97 22.92-0.19 -22.95 129.%3.9 28.75
37 gSdgSdo2 SO 4304.1 25.88+0.13 7.81+0.16 20.19-0.07 25.1+2.1 24.31+0.21 -23.33 26.98.1 31.00
38 @gSdgSdo5 SO 2423.0 23.55-0.07 6.86:0.21 19.82-0.08 14.09:0.37 21.78:0.09 -23.29 148.82.2 34.09
39 gSdgSdo9 SO 32562.8 24.38-0.08 6.90:0.18 19.79:0.08 23.3:1.3 23.39:0.13 -23.30 138.23.8 28.28
40 @gSdgSdol6 /B0 26.4-4.7 23.30:0.06 5.94-0.13 19.12-0.06 11.1740.62 21.38-0.26 -23.31 2%&10 34.09
41 gSdgSdol7 SO 19:41.7 22.86:0.06 4.750.12 18.640.08 12.2740.34 21.39-0.10 -23.28 28.59.8 32.21
42 gSdgSdo2l [0 39.9+12 25.16+£0.09 9.06:0.30 20.46:0.10 20.5-3.5 23.13:0.51 -23.25 48575 32.31
43 gSdgSdo42 SO 26:27.0 24.04+0.08 6.23:0.15 19.42-0.08 13.21.5 21.83:0.45 -23.27 144.12.1 29.31
44 gSdgSdo45 /0 28.3:2.0 24.21+0.08 6.1740.13 19.510.07 17.56:0.55 22.74-0.10 -23.28 28.85.3 33.90
45 gSdgSdo69 SO 284555 23.73:0.05 7.28:0.22 19.840.10 17.4c1.4 22.34+0.29 -23.26 137.%#2.1 30.90
46 gSdgSdo71 SO 29559 24.21+0.08 7.66:0.18 19.96-0.06 12.29-0.52 21.54-0.17 -23.27 98.24.8 35.58
47 gSdgSdo74 SO 3944.8 25.39:0.11 7.79:0.08 19.98-0.03 20.3:2.0 23.37+0.28 -23.27 41.%#5.2 32.68

Columns (1) Number ID. (2) Model code: tfpelg[typedo[#orbit], see Sect2.1. (3) Visual morphological type derived fraalistic broad-band
simulated images (see details in Paper 1). (4) Antitrulocatadius in theR band,Rynq - (5) Surface brightness at the break radius inRigand,
torknt - (6) Scalelength of the inner disc in tReband,h;. (7) Central R-band surface brightness of the inner digc,(8) Scalelength of the outer disc
in the R band,h,. (9) Central R-band surface brightness of the outer digg, (10) Total absolute magnitude in the Johnson-Cotsband (Vega
system). (11) Maximum rotational velocity of the dis6e: (Tapia et al., in preparation, Paper VI of this series). @pjical radius of the remnant,
corresponding to the radius of thg = 25 mag arcse@ isophote.
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tion 3.2 is devoted to the analysis of the trends followedés} r
and simulated Type-Ill SO’s in several photometric planes i
volving the parameters of the breaks (Sect. 3.2.1) and afithe
ner and outer discs (Sect. 3.2.2). We study these trendsle-sc
- . free analogs of these planes in Sect. 3.3, showing thate el

7 and simulated data do not follow any clear correlation in som
diagrams (Sect. 3.3.1), others exhibit strong scalingiogla in
both real data and simulations (Sect.3.3.2). The influerice o
bars in these trends is analysed in Sect. 3.4. Section 3véssho
the results of the Kolmogorov-Smirnov test in two dimensitm

gSdgSdo69 gSagSdo73

o a0 S0 w0 100 o =0 48NS weo 1000 th€ distributions of real and simulated data in the planesreh
T ‘ ' s ‘ ' ‘ ‘ they overlap. Finally, we demonstrate that the trends inhall
1T | FRaesdoTi 1= Bt Tpe photometric planes can be derived just on the basis of timee s
i _ o ple scaling relations fulfilled by both real and simulategé&ti|

% \ T A SO’s (Sect. 3.6).
g %0 £ 203 1 As commented above, the samples by EO8 and G11 are used
FAN3 '%% E \ as observational references. As we have simulated thesredos
= A 5 j ) tional conditions to derive the surface brightness profifesur
T AN [ - 1 remnants, we can ensure a fair comparison of models with data
""""""""""""" S : N Hﬂxﬂl—"ﬁi—'mmﬁﬂ\fﬂ
: - : 1
N ‘]ljo‘l‘ Sy T e 8.1, Global description of the antitruncations resulting in the
Radius (kpc) Radius (kpe) s,mulat’ons

As commented in Sect. 2.4, we have found that 47 out of 67 re-
Saxed SO-like remnants~( 70%) from major mergers develop
I%:Jn%ar antitruncated stellar discs. These antitruncatioas/isu-
ally detectable in realistiR-band surface brightness profiles (see

Fig. 4: Comparison between ttieband images and surfac
brightness profiles of a remnant that develops severalgatal-
lites (model gSdgSdo69, on the left) and one that does

(gSagSdo73, on the righflop panelsR-band simulated image Fig. 3). Table 3 shows that the Type-Ill SO-like remnantsites

for the face-on view of each remnant, where tidal satellitas ing from our maior meraer simulations have scalelenathgran
be easily identified.Bottom panels R-band surface brightness. 9 J 9 ; . gthy
g from ~ 5 kpc up to~ 15 kpc for the inner discs and between

profiles simulated in each case, showing peaks at the raalial @ . . §
sitions where the remnants present a satelliecdlour version facleztlg(ﬁch?r?ggsizarup;sfg; ttkr]lg igﬂgr;rlzcsﬁt-enr/gigil;a?rgtr—alz;ur
of this figure is available in the online editign. 9

mag arcse@ and~ 21 — 25 mag arcset, respectively. These
values implyupian ~ 22 — 26 mag arcse€ and Ry ~ 20 —

We have then analysed the 3D structure of these Ienses'a%pc_ in our remnants. . .
face-on and edge-on simulated images of the remnants in optj I NiS Proves that, once a major merger results in a relaxed
cal broad bands (see Fig.3). We find that these lenses are-6s° @nd SO galaxy, it has a high likelihood to have an an-
flat that we can deal with them as inner discs. Therefore, Hifuncated stellar discs. Therefore, major mergers asaaifble
the antitruncations detected in our SO-like remnantsyesice Mechanism to explain the formation of Type-Ill SO galaxies i
inner-to-outer disc transitions (i.e., they are relatetthfat com- €SS than 3.5 Gyr.
ponents).

The higher luminosities of the SO-like remnants due to the rg 2, photometric planes of antitruncations
cent starburts and the assumptions adopted to estimabi/the
ratio imply that the remnants present surface brightneksesa 3.2.1. Planes involving the break parameters

brighter than nearby quiescent S0's byl magarcset in R In_Fig. 5, we represent the distribution of our SO-like remisa

(see Sect. 3.2.1 and comments in Sect.2.3). We have Che%egeveral photometric planes involving the parameter,

whether we would detect the breaks if the profiles were Weal%%rmpared to observational data of Type-Ill SO's (E08; G11)

by ~ 1 magarcse, finding that the breaks of only two mOOIeISThe top panel of the figure shows that our SO-like remnants

would be lost. This means that the youth of the recent Stellgyy,ini 'y reak radii~ 2-3 times larger than those observed in
populations in our models does ndiect significantly the detec- nearby SO's, but similar values of the break surface brigggn

tion of the breaks. 2 . -

. . (22 < pprkn < 26mag arcsec<). However, if up is plotted
of eigﬂq_e};;;mplseos_ I(i)lzéltrse?ner:;%rtn:aerg S;Rgcljnigelgigng Owg;g ainst the break radius normalizgd to the total opticareof .
listed the resulting values g ho, i, R aind \{he _gala_lxy,RZS, the dat_a and the simulations overlap, showing
for our 47 antitruncated SO-Ii(I){g r%ofﬁn;ﬁtsl ,in Trzslkl)II,e 3 pon ;lmllar Ilqear trends, sllght!yffset by~ 1 mag arcset (see the

' intermediate panel of the figure).
We have performed least-squares linear fits to the observa-
3. Results tional and simulated samples in thgn — Roran and gpran —
Rorkin /Res diagrams. They are overplotted in the two first pan-

In the next sections, we compare the photometric propeofiesels of Fig. 5 (dashed lines for the fits to the observationéd,da
the breaks and the inner and outer discs found in our remnaautsl solid lines for the fits to the major merger simulatiofig)e
with those observed in real Type-Ill SO galaxies. In Sedt.®e results are listed in Table 4. The Pearsonfitoents indicate
provide a global description of the properties of the amtita- clear linear correlations in all cases & 0.8), except for the
tions detected in our SO-like remnants of major mergers.- Sebservationalin — Roran relation, which is weaker.
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Fig. 5: Distributions of our Type-Ill SO-like remnants iretlali-
agrams Ofuprn VersusRonair, Rorai /Res, andMg, compared to
real antitruncated SO galaxies (E08; G11). The lines cpomed
to linear fits performed to the major merger remnastdid line)

Mg (magnitudes)

The fact that the major merger simulations do not lie on top
of the extrapolation of the observational trend in the topgba
of Fig. 5 might imply that, 1) if our remnants had similar sze
and luminosities as observational data (and thus similar-av
age surface brightnesses), they would have their breakseldc
at unrealistically high radial locations. However, 2) iethare
larger than real galaxies in the reference observatiomapks it
could be that the breaks are located at higher radii justuseca
of a question of scaling, as we will see. Note that, in thi$ las
case, the distribution of our simulations in the top panethef
figure implies that they are 1 magarcse@ brighter than they
should for theirRy values, compared to real data. The for-
mer possibility would directly reject major mergers as fieles
mechanisms to explain the formation of realistic antitations,
whereas the latter would not, because tfiseai iny might be
due to the assumptions adopted to estimateMtie ratios in
the models or to the blue colours of the remnants compared to
guiescent galaxies with similar masses, and thus could $iy ea
overriden (see Sect. 2.3 and Appendix A).

35 T T T T T
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Fig. 6: Distributions of our antitruncated SO-like remrsairt
the Rorkin /Res — Vot diagram, compared to those of real Type-llI
spirals and SO's from Pohlen & Trujillo (2006), E08, and G11.
[A colour version of this figure is available in the online éfit]

The intermediate panel of Fig.5 directly discards the first
possibility. It indicates that the relative radial locatiof the an-
titruncations with respect to the total galaxy size (as jges
by Rys) scales linearly withuy in both real data and simula-
tions. By normalizingRyri by the typical size of the galaxy, we
remove the ffects of the dierent scale of real SO’s and of our
remnants. Both data sets overlap and show similar lineadsre
in theupran — Rorkin /Res plane. If our remnants presented breaks
at unrealistic radial locations in the discs compared to gizes,

and to the observational samptiaghed ling The fit performed they would show a dierent slope from the observations in this
to observations in the plan@i — Roran is one of the three diagram.

simple scaling relations from which the relations obseinetie

This supports the idea that our simulations present an ex-

rest of photometric planes can be derived (see Sect.3.8), Sgess of brightness by 1 mag arcse® (according to theiRomn
_has been_ printed m_redDotte_d line Expected relations assum-ajyes) with respect to observational data in @& — Rorian
ing the simple scaling relation$ o Ronai, Mo o Ronan, @and  diagram (top panel of Fig. 5), but that the radial locatiofithe
Horkin o Roran obtained for real data. Consult the legend in thereaks are realistic accounting for the size of the SO-léw-r
figure. [A colour version of this figure is available in the onlingyants. If our simulations are displaced byl mag arcse® to-

edition]
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wards fainter magnitudes, the Id®gy; end of the simulated
SO's distribution overlaps with the higRs end of the ob-
servational distribution in thewnq — Roan-  This dimming
would also &ect the location of the simulations in thgu —
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Rorkin /Rzs plane (intermediate panel of Fig.5). Besides mak-
ing the surface brightness values of the simulations fginte 30

Type-lll SOs from major merger simulations "

it would probably decrgasRZS.Consquently, the simulations . Barred Type-Ill S0s (E08) s
would move towards faintetiy; and highemRyn /Reos ratios 28 | 4 Unbarred Type-Ill SOs (G11)

. . . . . . : From simple scl. relations
in the diagram, still being consistent with observatioretbd _ Observational data

The bottom panel of Fig. 5 compares the distribution of ol=" 26 | — Simulations data
servations and simulations in tpg vs.B-band absolute mag- §
nitude Mg) diagram. There is no clear trend in this plane eithe®
for the real data or for the major merger simulations. Our-ren®
nants are brighter than the brightest galaxies in the reéereb-
servational sample by 1 mag, as already commented. We re<
mark that the fisets in total magnitude and in surface brightness
between real data and simulations are basically due to the as
sumptions adopted to estimate thgL values used in the mod-
els and to the presence of young stellar populations formtki
merger-induced starbursts induced (Sect. 2.3 and Appéjdix

In Fig. 6 we compare the distribution of our antitruncated SO
like remnants in the planBy/Ros vs. rotational velocity Vror) 34 [ o Tyne.ll SOs from maior merger smulations
with the one exhibited by Type-Ill galaxies in the samples by = Barred Type-lil S0s (E08) T
Pohlen & Trujillo (2006), E08, and G11. We have distingutshe 32 | + Unbarred Type-lil SOs (G11)
between Type-IIl SO's and spirals. TN, values for the real . Fiom simple sc.. relations
Type-lll SO's have been taken from the Leda databq®a- « 30 — Simulations data
turel et al. 2003), and correspond\¥@..x Values obtained from §
absorption kinematic data by several authors (Peterso8;19
Bottema 1989; Bertola et al. 1995; Jore et al. 1996; Bettor@’
& Galletta 1997; Fisher 1997; Simien & Prugniel 1998, 20007,
2002). The major merger models and the real galaxies dispers
widely in the diagram, without showing any clear trend. Our
SO0-like remnants overlap with the distribution of real Tyife
S0’s, which accumulate towards low-to-intermediate valag
Viot- This means that major mergers are in agreement with the 1s
distribution of real data in this plane too.

In conclusion, the global properties of the breaks in the SO-
like remnants coming from major mergers are consistent with o ) )
those of real antitruncated SO galaxies. This supports mafdd- 7: Distributions of our Type-lil SO-like remnants ineth

mergers as a feasible mechanism for producing SO galaxtas vifiagrams ofuo; versush; and ug, versush, compared to the
realistic antitruncated stellar discs. antitruncated SO’s in the reference observational sanids;(

G11). Solid lines Linear fits to our simulations samplBashed
lines Linear fits to the observational data by EO8 and A4t-
3.2.2. P_Ianes involving the parameters of the inner and outer  ted line Expected relations derived from the simple observa-
discs tional scaling relation$; o Ry, ho o Roran, anduppan o
aRbrklll (see Sect. 3.6). Consult the legend in the figutecdlour
version of this figure is available in the online editipn.

i (m

0 2 4 6 8 10 12 14 16
h; (kpc)

0 10 20 30 40 50 60
h, (kpc)

Figure 7 shows the fferent trends of simulated and observ
tional data in theuo; — h anduo, — ho diagrams. Linear fits to
the observational and the simulated sample are overpl (gt
Table 4). We find that both samples follow linear scale refi . . . .
in these two planes. Our remnants present highandh, than also follow linear trends in these photometric plane, ineagr
the Type-lll SO’s in the observational sample, again beeanis ment W'_th observations. ) i

the diferent size of the remnants and the real galaxies. We will '" Fig- 8, we analyse the relation betwelsnandh, in the
show that, once these scalelengths are normalized to thk tf#@ and simulated data. We find a strong linear correlaten b
galaxy size, our simulations also overlap with observation tWeen the scalelengths of the inner and outer discs in rdal da
the scale-free analogs of these photometric planes (s€€8Sc and S|mulat|ons._ However, the linear fits to each distrdputn

The simulations are displaced from the extrapolation ofae the plane dter slightly in the slopes, probably due to the large
servational trends by 1magarcse® in uo; andugo, as also dispersion of the data (see the resulting fits in Table 4).
happened withupin (see Fig.5). But, as commented before, This linear trend can be expected from the fact that both
this offset is a consequence of the assumptions adopted for megglelengths fulfill tight linear trends Wity , as derived from
elling the M/L ratios and of the bluer colours of the remnantsig- 9. The top panels show the distributions of our TypeSDF
compared to real galaxies, because of their recent stasisee like remnants in the photometric planes relatmgndh, with
Sect. 2.3 and Appendix A). Rorkii - Real data have been plotted again for comparison, as

Laine et al. (2014) have recently reported the existence Well as the resulting linear fits to the simulations and todhe
these linear trends in they; — h and g, - h, planes of real Servations (see Table4). We also represent the locatioheof t
antitruncated disc galaxies with IR data, which we also find femnants that result from the minor merger simulations by.Y0

theR-band data by E08 and G11. Our major merger simulations The plots indicate that Type-Ill SO galaxies present more ex
ternalRy; on discs with higher scalelengths. The similarity of

2 HyperLeda database for physics of galaxies: ptgma.univ-lyon1.fr the trends followed by simulations and data inlthe Ry and
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3.3. Scale-free photometric planes of antitruncations

0l® ppe-:” ggs ;rom major merger simu:a:ions o7 | In order to see if our simulated Type-lll profiles are reaist

* - . .. .
= Barred Type-lll S0s (E08) o o fons (Y07) we need to compare their characteristic photometric paensie
4 Unbarred Type-lll SOs (G11) | taking into account that our remnants hav@etent mass, lumi-

---- Observational data
15 }— Simulations data
From simple scl. relations

nosity, and size scales to the Type-Ill SO’s in the sampleS08/
and G11. Therefore, we have also analysed the distributibns
real and simulated galaxies in scale-free diagrams.

We have removed theflset in surface brightness between
our models and real data by plottingtérences of central sur-
face brightness values in the inner and outer discs withectsp
to uprn IN each galaxy, instead of net values. Typical scale-

S lengths have also been normalized to the total optical ditteeo
S galaxy to remove size scalindgtects between real data and the
0 ; ; ; ; ; simulations. We have considered the radius of the isophitke w

0 10 20 30 40 50 60 ug = 25magarcsed as an estimate of the total optical radius
hq (kpc) of the galaxy Rys), following E08 and G11Rys is thus defined
in the B band). The values d®,s for each SO-like remnant are
Fig. 8: Relation betweeh; andh, in the antitruncated SO-like listed in Table 3.
remnants and the real Type-lll SO’s from the reference olaser
tional sample (E08; G11). Data of the antitruncations fafm
in the minor merger simulations by Y07 are overplotted f
comparison. Solid line Linear fit to our simulations sample.|n the top panels of Fig. 10, we plot the distributions of o0r S
Dashed line Linear fit to the observational data by EO8 an¢ype-||| remnants in the diagramﬂ((i — Hbrklll) vs. the scale-
G11. Dotted-dashed IirIeEXpected relation aSSUming the Simfengths of the inner and outer discs normalize®Ria The bot-
ple scaling relation; o Roriair, ho o Rorin, @ndupran o Roan— tom panels show the same faro — o). The figure shows
obtained from data (see Sect. 3.6). Consult the legend ifighe that the simulations overlie the observational data in fese
Ure..' LA colour version of this flgure is available in the Onllnqﬂanesl but neither observations nor major merger sinoulati
edition] exhibit any trends. Therefore, major mergers can build up an
titrucated SO-like remnants that reproduce the lack of amyee
lation in these planes observed in real Type-Ill SO’s.
ho — Roriair planes is remarkable: simulations overlay the extrap- We analyse the relation between the ratio of the scalelength
olation of the linear trends shown by observations towaiglsér of the inner and outer discs with the radial location of the an
Roran values. The fact that the minor mergers by Y07 also fulfifltruncation in Fig. 11. In the left panel, we show the distri
these extrapolations, overlapping our major merger sitiaia. tion of our SO-like remnants and of real data without normal-
at the lowesRynn values is also very significant. This suggestging R,q, while the right panel plot$i/h, as a function of
that the physical processes after the formation of anti@tions R, ., /R,s. The minor merger simulations by YO7 have been
in major and minor mergers must be similar, even though the Wyerplotted in the first panel. Our remnants are clearlyldisl
dgrlying disc structure hgs aﬂ'ﬁrent origin in the two cases: thetowards higheRyqq than the Type-Ill SO's from E08 and G11
disc of the main progenitor survives in minor events, whereg@eft panel), but once this fierence in sizes is accounted for,
the disc is destroyed and rebuilt in major encounters. both distributions overlap (right panel). Again, the fauttsim-

The diferent location of Y07 simulations and ours in thesglations reproduce the lack of trends lfh, with Royan /Ros
diagrams should not be interpreted as an evidence of thermirgf real antitruncated SO's supports major mergers as ableasi
merger origin of the breaks in real galaxies, just becausg thmechanism to explain the formation of antitruncations iasth
are located at loviR, values. These diagrams do not accoumjalaxies.
for the diferent scale in mass, luminosity, and size of the simu- Minor merger simulations by Y07 are also displaced towards
lated galaxies with respect to the real ones. The remnaM8of higherR,,q; values than real SO's in the left panel of Fig. 11, but
simulations have stellar masses similar to our less massive  they also exhibib; /h, ratios similar to observations. Notice that,
ulations ¢ 10**M,). We will show that, once the scalelengthsyhile major merger simulations satisfy the observatidnah,
in these diagrams are normalized to the total galaxy sizéh baistribution from~ 0.2 up to~ 0.6, the minor merger remnants
major and minor merger simulations overlap with observetiodominate the observed range from0.6 to ~ 0.8. This result

h; (kpc)

.3.1. Planes showing no correlation

(Sects.3.3.1 and 3.3.2). strongly supports a combination of major and minor mergers t
The bottom panels of Fig. 9 show the location of simulateskplain the buildup of antitruncated SO galaxies.
and observational data in thg; — Ronan @and oo — Roran dia- In Fig. 12, we compare the location of real data and simula-

grams. As already noticed, there is afset of~ 1 magarcse® tions in the planesu; — upran) VS.ho/Rorn (intermediate left
between models and real data, but taking this into accobet, panel) and oo — uprki) VS.hi/Roran (top right panel). The two
simulations would lie on top of the extrapolation of the atvae distributions overlap completely, showing no clear treimcthis
tional trends towards high&an (see Sect. A.2). figure, we also show the relations in the plangs & worin)
Summarizing, we have found that the real Type-Ill SO's hi/Runan and oo — porkin) — ho/Roran (top left and interme-
present well-defined linear trends of the characteristrapa- diate right panels, respectively). These diagrams follgwle
ters of the inner and outer discs wilta; and between them for the inner and outer discs, evaluated at the break radius b
that had not been reported in previous studies. The antitited definition. Therefore, the tight trends observed in thesagxd
SO0-like remnants resulting from major merger simulati@mo- were expected. In the bottom panels of Fig. 12, we reprebent t
duce these linear observational trends. distributions of real and simulated SO’s in the)(— upran) —
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Fig. 9: Trends of the photometric parameters of the inneratdr discs with the antitruncation radius, compared tbdata on
Type-lll SO galaxies (E08; G11Yop R-band scalelengths of the inner and outer discRgsq; (left and right panels, respectively).
The fits performed to observations in these planes are twedhtree simple scaling relations from which the relatidnseoved in
the rest of photometric planes can be derived (see Sects®.®)ey have been remarked in red. Data of the antitrumsatarmed

in the minor merger simulations by Y07 are overplotted fomparison. Bottom R-band central surface brightness of the inner
and outer discs V& (left and right panels).Solid lines Linear fits to our simulations sampléashed lines Linear fits to
the observational data by EO8 and GDiotted-dashed lineExpected relations assuming the simple scaling relatpas Ry,

N o Ryrian, anduprian o« Rorn Obtained from data (see Sect. 3.6). Consult the legend ifighee. [A colour version of this figure

is available in the online editioh.

Rorkil /Res and {uoo — torkan) — Rorkin /Res diagrams. Real and can explain them. The linear fits to the scaling relationssat
simulated Type-Ill SO's also overlap in the diagrams, skmawi fied by real and simulated data shown in this Section aredliste
flat trends with a noticeable dispersion. in Table 4.

In conclusion, these scale-free photometric diagrams demo  |n the top panels of Fig. 13, we show the distributions of our
strate that our SO-like remnants develop antitruncationsia-  Type-IIl SO-like remnants in thie /Ros — Ry /Ros andhy /Ros —
ner and outer discs with photometric structures consistétht R, /Rzs planes. Our simulations show clear linear correlations
those observed in real Type-lll SO's, once théfatences in with Ry /Res, overlapping with the observational sample. In
mass, luminosity, and size of the real data and the simulsitidact, the linear fits to simulations and data in the two diagga

are accounted for. (lines in the figure) are very similar (see Table 4).
In the bottom panels of Fig. 13, we analyse the trengspf
3.3.2. Planes with strong photometric scaling relations anduoo With Ryriai /Res of the SO-like remnants, in comparison

with observational data. The central surface brightnesthef
We have shown that there are tight linear relations betwieen tnner and outer discs become fainterRas; /Ros increases in
photometric parameters of the inner and outer discs and the real and simulated SO’s. We know that the observatiods an
breaks in real Type-Ill SO galaxies, and that the antitrtat$0- the simulated remnants present dfset of~ 1 magarcse® in
like remnants resulting from major merger simulations hd@p the surface brightness values (see Fig.9), due to the yduth o
of the extrapolations of the observational trends towaigkdr the starbursts induced by the encounters in the remnantsyand
values ofh;, h,, and Ry (Sects. 3.2.1 and 3.2.2). Now, wethe assumptions adopted to estimsté. (see Sect. 2.3 and Ap-
analyse the strong scaling relations underlying real ramiiia- pendix A). Considering that thifkset might be corrected allow-
tions in scale-free photometric planes, and how major nisrgéng the remnants to relax for a few Gyrs more or just changing
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Fig. 10: Scale-free photometric planes showing the distidins of the central surface brightness of the inner aneraliscs referred
to uprian Versush;/Rys andhy/Ros, for both simulated and real Type-lll SO's (E08; G1Dotted line Expected relations derived
from the simple observational scaling relatidnsc Ry, ho o Rorkin, @nduprian o Roran (see Sect. 3.6). Consult the legend in the
figure. [A colour version of this figure is available in the online éatit]
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Type-IIl'SOs from minor merger simulations (YO7) Barred Type-Ill SOs (E08) =
1t Barred Type-Ill SOs (E08) ® - 1t Unbarred Type-Ill SOs (G11) 4
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Fig. 11: Scale-free photometric planes showing the digidins of h;/hy versusRyw and Ry /Res of our Type-lll SO-like
remnants, compared to real antitruncated SO's (E08; G1&}a bf the antitruncations formed in the minor merger sirtiots

by Y07 are overplotted for comparison in the left diagrdbatted line Expected relations derived from the simple observational
scaling relation$y o Ry, ho o Rorkin, @nduprkn o« Rorian (See Sect. 3.6). Consult the legend in the figufeclour version of
this figure is available in the online editign.

these assumptions, the simulations would be displacedrdswavould also become smaller, and thus the simulations wosladl al
fainteruo; anduo, in the bottom panels of Fig. 13. Howev&s move towards higheRynai /Res values in these planes, meaning
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Fig. 12: Scale-free photometric planes showing the distidln of the real and simulated Type-IIl SO’s in the plane&@f — torin)
and (oo — torkan) VS-hi/Reran (top panely, vs.hy/Ronan (intermediate pane)s and VSR /Res (bottom panels Dotted line
Expected relations derived from the simple observationalisg relationsh; o Ry, ho o Rorkn, and ppran o< Roran (See
Sect. 3.6). Consult the legend in the figur&.dolour version of this figure is available in the online éfit]

that real and simulated data would still be consistent isgltka- characteristic surface brightness of the breaks and aof itheér
grams. Note also that this global dimming of the remnantdavoland outer discs withn; /h, in both real and simulated Type-llI
move simulations slightly diagonally in the planes showthat S0’s.The [ — torkan) — hi/he relation is weaker than the other
top panels of the same figure, so simulations and obsergatitmo, for both observational and simulated data (see Table 4)

would still overlap in these planes. Figure 15 represents the photometric plaimgb, — Ry /hi

In Fig. 14, we show the photometric relations @f (—uwran),  andh;/he — Roran /ho for the major merger simulations and the
(0.0 — Horkin ), @and fuo0 — po;i) Versus the ratidy /h, for our rem-  reference observational sample. The left panel indicdies t
nants and the reference observational data. Once we adoounh;/h, decreases as th& /hi ratio increases in both real and
the diferent scales in length, mass, and luminosity of the simsimulated datasets, according to the observational sefwyit
lated and real galaxies, they overlap in the photometringda Laine et al. (2014) (see their Fig. 10). Note that the trend in
as observed here again. The major merger simulationstigttiis photometric plane is not significant, so there is nottglal-
reproduce the trends shown by observations in these plesesing relation in this diagram. However, the trend betwégim,
vealing the existence of strong scaling relations betwden andRy. /ho is better defined for both simulations and data and
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Fig. 13: Photometric scaling relations of the characterjgarameters of the inner and outer discs ViRth /Res, in our Type-Ili
SO-like remnants and in real Type-Ill SO galaxies (E08; G139lid line Linear fit to our simulationsDashed line Linear fit
to the observational data by EO8 and otted line Expected relations derived from the simple observatignaling relations
hi o Roran, ho o Rk, @ndupran o« Roran (See Sect. 3.6). Consult the legend in the figure.cflour version of this figure is
available in the online editioh.

can be considered as a scaling relation (right panel). M@&reo have ovals and small inner bars, but none has developedmstro
major merger simulations fulfill the observatiomglh, distribu- bar (see Paper 1).

tion in the zones where minor mergers by Y07 do not fall, and
viceversa.

Summarizing, we have found two key results: 1) that regl
Type-lll SO galaxies present well-defined scaling relatit®e- \ve have shown that the antitruncated SO-like remnants of ma-
tween the photometric parameters of their breaks and their jor merger simulations follow analogous trends and exsilbit-
ner and outer discs, and 2) that the Type-lll SO-like rem®anfar values to real Type-lll SO's in several photometricnza.
which result from major merger simulations reproduce tlise \ve have tested whether the similarity of the distributiohseal
servational scaling relations. This means that the strestof anq simulated data is statistically significant in some pit-
the inner and outer discs in the antitruncation phenomeea gt planes, using the Kolmogorov-Smirnov (KS) test in 2 dime
tightly linked in both real and simulated galaxies, supipgrma-  sjons. We have centred on those diagrams where both data and
jor mergers as a feasible mechanism to explain the formafionsimylations overlap, as well as in those where the chaiaeter

5. Kolmogorov-Smirnov tests to simulations and real data

Type-lil SO's. tic surface brightness in the simulations are displaceoh fiwe
observations just by anffiset of~ 1 mag arcse@.
3.4. Influence of bars in the photometric relations The KS test checks whether the two samples in each diagram

can have been shown from the same parent distribution aea giv
We find no diferences between the trends shown by the barrgignificance level (typically, « = 0.05). We have used the im-
and unbarred Type-Ill SO's of the observational samples3(Eplementation of the test made by P. Yoachk82D, programmed
and G11, respectively) in any diagrams studied in Sectsl-3.2in IDL), who has kindly made it publicly available in his web
3.3.2. This result supports that bars are structurallylated to pag€. The probability p) of obtaining the observational and
antitruncations, as already argued by Sil'chenko (2008)@h1
from the relative frequency of antitruncated discs in bdwaad 3 kS2D can be downloaded from: htfpwww.astro.washington.egld
unbarred SO’s (see Sect. 1). Some of our major merger resinamsergyoachini code.php
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Table 4: Linear fits performed to the trends in several phetoimplanes of real Type-1ll SO’s and the Type-Ill SO-lileamnants

Observational data

Major merger simulations

#  Photometric relation m v x° o m o) x? o

1) 2 3) 4) (5) (6) (7 (8) ) (10)
1 h vs. Rowan 0.224+0.032 0.2@:0.30 7.807 0.835 0.2@:0.022 0.6%0.73 64.654 0.818
2 ho VS. Roran 0.83:0.17 -1.91.6 175.896  0.805 0.8a®.090 -6.13.0 1105.918 0.800
3 Hoi VS. Roran 0.195:0.052 17.8#0.48 20.340 0.634 0.08#9.0095 17.380.32 12.178 0.811
4 Moo VS.Rorkin 0.270:0.061 19.490.59 20.368 0.742 0.1%p.011 19.440.37 16.906  0.843
5 Hprkin VS Roriin 0.224:0.074 21.840.72 30.036  0.603 0.1150.0080 21.180.27 8.705 0.906
6 Hoji VS.h; 0.94:0.14 17.5%0.33 11.074 0.821 0.39%6.024 17.330.18 4.968 0.928
7 Hoo VS.ho 0.261+0.051 20.450.36 17.10 0.79 0.1225.0094  20.720.20 12.300 0.888
8 hi /Ros VS. Roran /Res 0.226:0.035 0.02%0.043 0.112 0.813 0.23D.017 -0.0120.023 0.132  0.899
9 ho/Ros VS. Rorin /Ros 0.57+0.18 0.0%0.22 2.403 0.602 0.810.069 -0.2460.093 2.108 0.870
10 woi VS.Roran /Res 2.01+0.44 17.240.53 16.903 0.709 1.63.14 18.150.19 9.045 0.864
11 poo VS-Ron /Res 2.41+0.56 19.1%0.69 21.133 0.731 2.63.20 20.6%0.27 17.395 0.838
12 upran VS-Roran /Res 2.77+0.48 20.640.58 15.135 0.824 1.98.15 21.4%0.21 10.395 0.887
13 hi/hy vS.Ronan /hi -0.094+0.039 0.9a0.17 0.522 -0.496 -0.049.016 0.0160.075 0.236 -0.583
14 hi/hg vS.Ryman /ho 0.177#0.035 0.15%0.077 0.289 0.763 0.228.021 0.00#0.037 0.103 0.884
15 (uoj — Morkn) VS.hi/hg 0.7+1.5 -4.5%0.82 22.927 0.113 4.%3.96 -6.29-0.38 14.822  0.540
16 (oo — Morkin) VS.hi/hg -5.9+1.1 1.1G:0.60 12.502 -0.803 -3.99.40 -0.12.0.16 2.592 -0.829
17 (uoo — Moj) Vs.hi/ho -6.53:0.54 5.680.30 3.092 -0.949 -8.10.71 6.140.28 8.057 -0.863

Columns (1) ID number of the photometric relation. (2) Fitted photometric relatiBhS{ope of the linear fit to the observational data (E08; G11).
(4) Y-intercept of the linear fit to the observational data. (5) Peassamhulative test statistic for the observational linear fit. (6) Pearsaupto
moment correlation cdicient for the observational linear fit. (7) Slope of the linear fit to our majerger SO-like remnants. (8) Y-intercept of
the linear fit to the major merger SO-like remnants. (9) Pearson’s ctiseutast statistic for the linear fit to the major merger simulations data.
(10) Pearson product-moment correlationféeeent for the major merger simulations data.

simulated samples considering that the null hypothesisuis t surface brightness is accounted for, but not enough to densi
(i.e., that they have been taken from the same parent distriboth distributions as similar at a 95% confidence level.

accepted, meaning that the observational and simulateplsamiest, indicating that the real and simulated samples caobe ¢
come from the same parent distribution at 95% of confidenGggered as similar at a 95% confidence level (Table 5). Howeve
Otherwise, the null hypothesis is rejected and then bottpkesm o photometric plane involvint /h, passes the KS test. This is
are diferent at 95% of confidence level. because our remnants span the rangd®/of, values observed in

In Sect.3.6 we demonstrated that most parameters tighi#al data only partially, biassing the test (see, e.g.,J8iy. Our
correlate withRyii - In these planes, real and simulated data dgmulations span a limited region of the initial conditisace
not overlap, because the SO's in the observational sampte hgsect. A.1), so it is normal that the remnants do not repredue
Rorn < 20kpc and our remnants are larg&ki > 20kpc  whole observational range of all photometric parameterfadt,
typically). Therefore, no KS test has been carried out in thes already quite surprising that they span so widely. Mg,
planes involving non-normalized scalelengths on one axish( if we include YO7 results in the KS test as part of our simuate
as Rorain, hi, or ho), as we obviously expegt < @ = 0.05in  sample, the value of real and simulated data in the plahgé,
them. The KS test in the diagrams involvipguir, (o, OF Lo — Ry /hi andh; /he — Ronan /ho increases significantly, although
on one axis also rejects the null hypothesisrat 0.05, be- insuficiently to consider the real and simulated samples to have
cause the two distributions do not overlap due to tfised of heen taken from the same parent distribution (see Tablets3. T
~ 1magarcse? in surface brightness that we have found bgs pecause the minor merger models span a rangg/nf differ-
tween real data and simulations. As thi$set may be a con- ent to our major merger simulations(see Figs. 11 and 15).
sequence of the extreme youth of the starbursts inducedeby th We can thus conclude that the similarity of the real and sim-

merger angbr to the assumptions adopted to convert mass irﬁ?ated distributions of T o e Py :
. . ype-Ill SO’s is statistically sigicant in
light (see Sect. 2.3 and Appendix A), we have tested wheetar Fall photometric planes where the two samples overlap Vigoal

and simulated Type-lIl SO's would be similar in these diasa ... nting for the fiset in the characteristic surface brightness
if the SO-like remnants and the real SO’s are overlapped hy CQ®bserved between them

sidering the diference between theintercepts of the linear fits
to each sample in Table 4.

This has been done for the planes, oo, and o VS.
Rorkin /Res. The results are shown in Table 5. In tlag andgugo
planes, the KS test indicates that the real and simulate@lsamIn this section, we show that these relations, as well asite d
are similar at 95% of confidence level. In the plangg, vs. tributions in all photometric planes studied in Sects. 3.2.3;
Rorkin /Rzs, the p value increases noticeably when thi$set in  can be derived from eq. 1 considering only three simple 1sgali

3.6. Modelling from basic photometric scaling relations
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Table 5: Kolmogorov-Smirnov test to the 2D distributions of

L e e o e iog gy eraer simulations ] real Type-Ill SO's data and of Type-IIl SO-like remnants @vs
0 * Unbarred Type-lll SOs (G11) ; eral photometric planes related to the antitruncations
“— -~ Observational data
'§ e ?P’Qﬁ'iﬂ%ﬁfﬁﬁéﬁ relations 1 # Photometric plane p-valueé KStest Fig.
g 2T 1 Horkin VS. Roran /R25 (displace@ 0.021 S 5
o -3}
E” 2 Vot VS.Roman /Res 0.068 S 6
st
£ 3 (uoi — Horian) VS.hi/Res 0.018 NS 10
S0 4 (uoj — poran) VS.ho/Res 00054 NS 10
2 6t 5 (uoo — Morkin) VS.ho/Res 0.017 NS 10
6 (oo — Morkn) VS.Ni/Ros 0.035 NS 10
7 hi/ho vS. Ry /Res 0.0013 NS 11
8  (uoi — Morkn) VS.hi/Ropan 0.044 NS 12
9 (uoi — Horian) VS-No/Rorkaii 0.0009 NS 12
: T e-lI SIOs from Ima'or mér er simlulationsl . 10 (uo‘o = Horkan) VS0 /Rorian 0.0008 NS 12
ol r Barred Typo-IIl S0s (E08) = | 11 (uoo — Hbrkin) VS-No/Roran 0.023 NS 12
Unbarred Type-Ill SOs (G11) 4 12 (uoj — Horian) VS.Roran /Res 0.026 NS 12
oipe Obssi?n"lﬂ?o"nﬂ 322 7777777777 1 13 (oo — Hprkan) VS Rorkin /Res 0.0086 NS 12
@ . .
g From simple scl. relations 14 h /Ros VS. Rorian / Ros 0.71 S 13
2 15 hy/Ros V. Roman /Res 0.066 S 13
E 16 Moji VS. Roran /Ros (displace@ 0.23 S 13
s 17 oo VS-Ronan /Res (displaced) 0.67 S 13
:'Z 18 (uoj — poran) vs.hi/ho 0.00048 NS 14
£ 19 (oo — Horian) vs.hi/hy 0.00073 NS 14
20 (uoo — toi) vs.hi/ho 0.00030 NS 14
. ) ) ) ) ) ) 21 hi/hy vs.Ronan /hi 0.00079 NS 15
S0 or 02 03 04 o5 08 07 08 22 hi/hy vs.Rogan /hi (with YO7) 0.024 NS 15
hy/h, 23 hi/hy vS.Ronai /ho 0.0012 NS 15
. 24 hy/ho VS.Roran /ho (With YO7)  0.030 NS 15
Ty[l)e—lll SOs %rom majolr merger slimulationls (]
7 % neared el §8§ ((5(1)% N a Thep-values have been computed using the implementation of the
ol Ot)sservlatltpnal gaga —————————— | KS test in 2D by P. YoachinK§2D, see the text).
. From Simp'{g‘;éi._'?ggﬁfni b According to the KS test, the distributions of observational data

and of simulations are similar (S) in a 95% confidence level if
p > @ = 0.05. If not, the null hypotesis is rejected, meaning that
both samples have been taken frorffetient parent distributions
and cannot be considered as similar (NS).

¢ Displaced relations assume afset in mag arcseé to overlap the
distributions of real and simulated data in the photometric plane.
The dfset has been set to theTérence between theintercepts
of the linear fits performed to each sample in the plane (see Ta-

Ho,o - Mo (Mag arcsec™)

ble 4).
Fig. 14: Photometric scaling relations in scale-free diawg of
the characteristic surface brightness of the inner and aliges h = 0.22Rynan + 0.20, )
and breaks (referred @) with h;/he, for real and simulated = 0.83Ry — 1.9 3)
Type-lll SO's. Solid line Linear fit to our simulations sam- 0~ ~==Tbrkill 7 =5
ple. Dashed line Linear fit to the observational data by EQ&®brkil = 0.22Roran +21.84, (4)

and G11.Dotted line Expected relations derived from the sim-
ple observational scaling relatiohs oc Ry, ho o Roriir, @nd  whereRy;; is in kpc andupqn is in mag arcse@, both for the
Mok o Roran (See Sect. 3.6). Consult the legend in the figur® band. These simple scaling relations have been highlighted
[A colour version of this figure is available in the online &alit] their corresponding diagrams over the other scaling matby
using red lines. The Type-lll SO-like remnants resultingnfr
our major merger simulations show analogous trends, efoept
relations derived from observations as babist Ry (Fig.9), the dfset inupuqn widely commented in previous sections (see
ho oc Roran (Fig. 9), anduprian o« Roran (Fig. 5). Table 4). We have selected the scaling relation in eq. 4adshé
We have assumed the values of the constants obtained fram o Roraii OF too o Roan (See Fig. 9) to avoid considering a
the linear fits performed to these relations using obsamati region of the disc as privileged.
data (see Table 4), because of th& mag arcse@ offset of the Additionally, the photometric parameters of the inner and
simulations with respect to observations (see Sect. 2.37@ad outer discs relate to those of the break through eq. 1, becaus
pendix A). Therefore, the inner and outer discs of real amtit Ry andupran are defined at the radius in the galaxy where the
cated SO's fulfill the following simple scaling relations: linear fits performed to both discs cross. Therefore, thegho
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metric parameters are also connected through the folloting former range represents the typical rang&gf; values exhib-

relations: ited by real SO’s in the samples by EO8 and G11, whereas the
latter one is the range covered by our major merger simustio
2.5 Rorui We have compared the distributions expected from the simple
Horidit = floj + os == (5) scaling relations in each range Rfnqn with those exhibited by
o5 Rbl real SO's and our antltruncated SO-like remnants in thegeo_rr
Ubridll = Hoo + ——— rkiil (6) sponding photometric planes above. We find that the distribu
~ In10 ho tions of real SO’s and of Type-Ill SO-like remnants in ther@a

Thus, we have six unknown parametehs, (i, ho, oo, thatdo not inyolvd?25 are well reproduced by the expectations
Rorian, and upian) related through five equations (egs. 2 — 6Rf the modelling performed fdRona < 20 andRyran > 20 kpc,
ConsideringRoian @s the free parameter, we can estimate tti@spectively. However, real and simulated data overlapimes
expected values of the other five parameters just by solviag Photometric planes involvin&s (such ashi/ho vs. Ry /Res,
previous system of equations. see the right panel of Fig.11), whereas the modelled data for

We have derived the theoretical trends expected from eq&aan < 20 andRynan > 20 kpc from the basic scaling relations
— 6 in all the photometric planes analysed in this study. Théye displaced in it (see panel jin Fig. 16). This may be dubdo t
are overplotted in each photometric plane shown in Se@s. 8pproximations performed to estima&g; in the modelling.

— 3.3 with green dotted lines. The fit performed to the re- In order to test this, we have performed a similar modelling
lation h, o« Rynan shown by real data implieg, < 0 for to the one exposed here by replacing the basic scalingaelati
Rora < 5kpc (eq. 3), so we have limited the predictions in alh eq. 4 by the observationahi o« Ry /Res relation (middle
planes toRy > 5kpc to avoid singularities of the equationganel of Fig.5). This procedure avoided the approximatibn o
or unrealistic predicted values of the photometric paranseup Res(R) by the profile of the inner or the outer disc since the be-
to Rorian = 100 kpc. In the photometric planes where the scalginning of the formulation. We found that, with this chanties
lengths are normalized bRs, we have derived it by estimat-modelling reproduced the mix of observations and simutetio

ing Ros(B) first. We have approximatei,s(R) by the radius at the planes involvingR,s with the new predictions fdRoni < 20
which the fit to the inner disc gejgR) = 25magarcse? in  andRyna > 20kpc, but that it did not reproduce the observed
the case thatiy > 25magarcse@. In case thapupyn < Moi — Rori, #0.0 — Rorkii, @nduprai — Roran relations. Therefore,
25mag arcse@, the outer disc profile has been used insteaglthough it seems that the approximations performed tonast
Finally, we have transformeR,s(R) into Rys (defined in theB Ros are really after the inappropriate mixing of the predicsion
band) by using a scale factor equal t8 T, which corresponds to in some photometric planes, the modelling works better thi¢h
the median of th&,s(B)/Ras(R) ratios exhibited in our models. torin — Rorian trend than with theuan — Rorai /Res relation.

Figures 5 — 15 demonstrate that the trends in each photomet-Summarizing, the scaling relations, trends, and distioinst
ric plane expected from these three simple scaling relgtien of real and simulated Type-lll SO’s in the photometric pkne
produce those obtained in real and simulated data very well {nvolving the characteristic parameters of the breaks dittaeir
particular, see Figs. 10 — 15). In some diagrams, the trexxds mner and outer discs can be predicted just accounting feeth
pected from the three simple scaling relations are even dwre basic scaling relations derived for observations (whighaso
fined than those shown by real Type-Ill SO’s and by our antitrureproduced by our simulations)y o Ry, ho o Ry, and
cated SO-like remnants (see, e.g., Figs. 10 — 12). Horkin o Rorlt -

Moreover, the dispersion of real and simulated data in these
diagrams with respect to the expected relations is bagidak
to the observational uncertainties. To show this, we have si4, Discussion
ulated the distribution in these planes of the relationseted
from these simple scaling relations, but inserting randarare Any formation scenario of antitruncated discs must be ciegpab
in the estimates spanning the typical observational rafegesrs  Of explaining the following observational results (seetSEc 1)
of up to~ 1% for the characteristic surface brightness paramhy SO galaxies present the highest percentage of antitedc
ters, and up to- 20% for the scalelenghts amRb ). The re- Pprofiles of all Hubble types, and 2) why the relative frequeoic
sults of this simulation of thefiects of observational errors in thethese features seems to be independent of the environment.
predictions of this modelling for the majority of the photetric Concerning the first issue, it is known both observationally
planes studied are plotted all together in Fig. 16. The tteor and theoretically that mergers tend to reduce the gas lavel i
cal trends without accounting for observational errorsshalgo  galaxy by inducing starbursts. In fact, major events teneixto
been overplotted for comparison. haust it completely for typical gas contents in the progesit

Figure 16 demonstrates that the distribution of real and sifiypically giving rise to a gas-poor remnant (see, e.g., Di-Ma
ulated data, as well as their trends, can be explained imall teo et al. 2007; di Matteo et al. 2008; Cox et al. 2008; Lotz.et a
photometric planes just considering these three simplingca 2010; Bournaud et al. 2011; Kaviraj et al. 2011; Kaviraj 20,4
relations and accounting for the typical observationalsirThe Miralles-Caballero et al. 2014). The more intense the merge
tight theoretical trends derived from eqs. 2 — 6 dispersénén thistory of a galaxy is, the more gas-poor it becomes. Sapaite
planes in a similar way to observations and simulations ifuge ing to this and the high probability of major mergers to form a
account for typical observational errors (compare eaclelpan titruncations (as indicated by the present study), a magnger
Fig. 16 with the corresponding photometric plane in the igurscenario would be consistent with the higher percentaggue-T
above). We can even explain the existence of forbidden msgidll profiles in SO’s than in other types, because this medrani
in the planes for real SO’s and our remnants, which correspmn would explain the formation of the antitruncated stellacdand
the singularities of the system of equations above or to ysiph the assembly of the host SO galaxy simultaneously.
cal values of the parameters (as, e.g., negative scala®ngt The question on the role of environment in the formation of

In Fig. 16, we have represented withfdrent symbols the antitruncations is more puzzling. As commented before,ifcrw
values expected fdRy < 20 kpc and folRy > 20kpc. The et al. (2012) found that the relative presence of antitrtett&0
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Fig. 15: Photometric scaling relatiohg'hy — Ry /hi andh; /hg — Ry /ho for our Type-IIl SO-like remnants and the antitruncated
SO0’s in the reference observational sample (E08; G11). Bfatze antitruncations formed in the minor merger simulagiby Y07
are overplotted for comparisoBolid line Linear fit to our simulations sampl®ashed line Linear fit to the observational data by
EO08 and G11Dotted line Expected relations derived from the simple observatisnaling relation$y o Ry, ho o Roran, and
Horkin o< Roran (See Sect. 3.6). Consult the legend in the figufecdlour version of this figure is available in the online éatit]

galaxies was similar in the Virgo cluster and the field, in-cotless of the environment (Eliche-Moral et al. 2010a; Prigtale
trast with the complete absence of Type-Il SO galaxies igd/ir 2013).

These results suggest the existence of environmentalggese  Moreover, the fiiciency of the mechanism that produces an-
that prevent Type-Il profiles in SO's from forming or thatslis titruncations in discs may befacted by gas-removal processes,
pate truncations in the clusters. But these mechanisms to Which take place in both low- and high-density environments
affect the fraction of SO’s harbouring antitruncated diSCSiSTI’(such as ram pressure stripping or thermal evaporatiorgyem
might be reconciled with the merger scenario if the clustet apy preferential orbits within the clusters (Kawata & Mulelya
group-field environments presented similar relative merges. 2008; Vijayaraghavan & Ricker 2013). This means that the evo
Butitis controversial whether the density of the environtren-  |utionary scenario is so complex that it will be extremelgfiduilt
hances the merger rate or not (Jian et al. 2012). to quantify the relative role played by mergers in the buildx

The role of mergers in the shaping of SO's in clusterfype-lll SO's in any sort of environment.
may be underestimated at present. Many studies support othe Minor mergers alone seem not to be enough to explain the
environmental-driven processes (such as gas strippingteandt  properties of Type-Ill SO’s. Although Y07 showed that theg a
gulation) as the key drivers of the observed transformatibn a plausible mechanism to produce Type-lll profiles from pure
spirals into SO’s in clusters sine~ 0.8 (see Poggianti et al. exponential SO galaxies, it has not been analysed if thesskbr
2001; Barr et al. 2007; Desai et al. 2007; Poggianti et al9200would be detectable taking into account the limitationsenemt
However, recent observational and theoretical studiegestg to observational data and if they really are analogous tedlob-
that cluster galaxies have undergone a "pre-processimgutiin  served in Type-Ill galaxies. We have compared Y07 resultls wi
mergers in groups and filaments before falling into a clusted ours when possible, overriding the fact that these authicestty
that even the gravitational binding of the group is presgidier- measure antitruncations in mass density profiles (see%ig4,
ing the infalling for up to one orbital period (this is knows aand 15). The distributions of minor merger simulations ana<€
galaxy "post-processing”). Besides this, the galaxy-galeol- plementary to those of major mergers in these diagrams, tbo bo
lisions are enhanced during the pericentre passage of thup grsorts of mechanisms would be required to explain these wser
in the cluster (Vijayaraghavan & Ricker 2013). Thus, allstae tions.
mergers and interactions must have been complemented withThe kinematic properties of nearby ellipticals and S0’'s-sug
other evolutionary processes in the clusters to evolvalsginto gest that major merging may have been relevant for estaijsh
SO'sin the last- 7-8 Gyr, and it would be dicult to disentangle the current dynamical state 6f40 — 50% of present-day SO’s at
the contribution of each process to their buildup. maximum (Tapia et al. 2014). Some properties of SO's seem to

Mergers, galaxy harassment, and tidal interactions mag hd&g more coherent with a buildup driven by minor mergers than
triggered an even more dramatic evolution of spirals ints 80 by major encounters too (see Eliche-Moral et al. 2006a, 2011
the field during the same time period (always within groups, s2012, 2013). Therefore, a hybrid scenario in which both majo
Moran et al. 2007; Wilman et al. 2009; Bekki & Couch 2011)a2nd minor merger events have contributed noticeably to form
Considering that- 50% of SO’s reside in groups (Huchra &titruncated SO's may be more coherent with observations- Ne
Geller 1982; Berlind et al. 2006; Crook et al. 2007; Wilmaalet ertheless, the relative fractions of antitruncations imB8@ spiral
2009), the relative relevance of mergers in the assemblysf Sgalaxies, their relation with the galaxy subcomponents taair
may have been similar in both clusters and in the field. Thig méependence with the environment require more observatgdna
explain the similar relative percentages of Type-lll S@srid in forts to discern betweenftigrent formation scenarios (Comeron
both environments. Some observational and theoreticelestu €t al. 2012; Maltby et al. 2012b; Laine et al. 2014).
support this scenario, suggesting that E-SO galaxies haderu The tight scaling relations that we have found between the
gone at least one major merger during the la€ Gyr regard- photometric parameters of the antitruncations and of therin
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Fig. 16: Trends expected in several photometric planes frammodelling obtained from three basic scaling relatiaffilled by
real and simulated Type-IIl SO'sléshed lines h; oc Ry, ho o Rorkan, anduprian < Roran. The observational relations have
been assumed for the modelling (see Sect. 3.6). We havelotteththe locations expected from this modelling for 60uesl of
Rorkin, but inserting typical observational errors in the scalgths and surface brightness values at randeymbol$. We have
distinguished the predictions witR,; < 20 kpc grosse from those withRyq > 20 kpe @iamondsy, to compare them with the
distributions of the observational data (typically Wi < 20 kpc) and of our SO-like remnants (Wi > 20 kpc) in the
figures above. Accounting for errors, the modelling is cé@abreproducing the distributions of real data in thesepsa(compare
with the corresponding diagrams in Figs. 5 — 18).cplour version of this figure is available in the online éatit]

and outer discs in real SO's indicate that the physical m@ed ter their formation is highly scalable. This scaipiénsures
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that the results obtained in this study can be extrapolatedy We also find that the existence of bars in real Type-Ill SO’s

mass range, and has allowed a fair comparison with obserdaes not fiect to the photometric trends of the antitruncations.

tional SO’s that are- 2 times smaller and fainter than the TypeThis supports that bars and antitruncations are strutyurate-

Il SO remnants of our simulations. The inner and outer disated phenomena, corroborating the claims derived by pusvi

structures in antitruncated SO’s are so connected thataluey studies on the basis of relative percentages of antitrioreain

of woi, too, torkm, hi, andh, can be derived just by knowingbarred and unbarred SO’s.

Rorn - But more significantly, we have found that major merg- These results demonstrate that, contrary to the prevalent

ers are capable of reproducing the distribution of real Type view, major mergers are a feasible mechanism to producis+eal

SO’s in all photometric planes. tic antitruncated stellar discs in the case of resulting B0-like
remnants. The agreement in the photometric trends andhgcali
relations followed by real Type-11l SO's and by the antitcated

5. Conclusions SO-like remnants that result from these major merger simula
tions strongly supports a major-merger scenario for thielbpi

We have studied whether major mergers can produce SO-lifenany antitruncated SO’s.
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SO galaxies. Our remnants lie on top of the extrapolations ©$P2006-0070: "First Science with the GTC" (hitpww.iac.egconsolider-
the trends shown by real data towards brighter magnitudes %ﬂfgg}igﬂ?,\ﬂgﬁgogﬁégﬁSpan'Sh programme of International Campus. of
higher break radii, due to the higher luminosities and sifes
the simulated remnants compared to the data in the reference
observational samples. However, simulations and obsengt
overlap completely in scale-free photometric diagramssfya
ing similar trends. Tthe models present some limitations thfieet to the compari-
We report the existence of strong photometric scaling reion with real SO’s. Here we discuss them.
lations between the parameters of the breaks and of their in-
ner and outer discs in real antitruncated S0’s, which have np dix A1 Limitations due to the initial conditi
been reported in previous studies. These scaling relaitioply ppendix A.2- Limitations due to the iniial conditions
that the structures of the inner and outer discs in antiitett The models sample a limited region of the initial conditions
SO's are strongly linked. We also find that the scaling refe#j space (Sect.2.1), so we would not expect the remnants to re-
trends, and distributions of real Type-IIl SO’s in all phatetric  produce the whole distribution of data in thefdient diagrams.
planes can be predicted from just three basic scaling oelsti However, the scalable properties of the antitruncatiohgoited
hi o Roiir, No o Rorair, @andppran o< Rorani- - The Type-lll - by observations and by major merger simulations make our rem
S0-like remnants resulting from our major merger simulaio nants reproduce the location and trends of real data in-fezde
reproduce the distributions, trends, and scaling relat@fireal photometric planes (see Sect. 3.3.2). This ensures thgtdhel
antitruncated SO’s in all photometric planes analysed. results obtained here with these major merger simulatiande
The tight scaling relations found between the photometrxtrapolated to other mass ranges.
parameters of the breaks and of the inner and outer discgfin bo i. Mass ratios: The GalMer database fixes the mass ratio
real and simulated SO’s indicate that the physical mechaafs for each pair of progenitors, according to its morpholobiigae
ter their formation is highly scalable, ensuring that theutess (see Table 2). Although the mass ratio range is wide enough
obtained here for our remnants (with stellar masses df — (from 1:1 to 3:1), it is fixed to a given value for each pair, so
3 x 10M,) can be extrapolated to other mass ranges. Thi® cannot analyse théfects of the dferent mass ratios on the
scalability has also allowed a direct comparison with obeser properties of the final breaks for identical progenitors.
tional SO's that are- 2 times smaller and fainter than the SO ii. Progenitor massesThe progenitor galaxies present fixed
remnants. Thefisets of~ 1 mag arcse? in the characteristic masses too, of 0.5 — 15 x 10''M,, (see Table 1. The final
surface brightness values and-ofl — 2mag in total absolute stellar masses of our remnants{ — 3x 10**M,) may be quite
magnitudes in several bands can be explained in terms of #milar to the masses of the brightest galaxies in EO8 and G11
assumptions performed to convert mass into light in the Bimusamples. However, they are much brighter (see the bottoe pan
tions (ages of old stellar particles, SFHs, IMFs, dust etitim) of Fig.5), probably due to the youth of the recent stellarypop
and the blue colours of the remnants due to the recent s&isbullations formed in the remnants compared to those in reabgear
induced by the encounters. S0’s and to the assumptions performed to obtain\tie ratios

Appendix A: Limitations of the models
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to convert mass into light in the simulations (Sect. 2.3).isThrespectively, for dierent prescriptions of the SFHs used. This
inserts an fiset in surface brightness in all the remnants thateans that the brightest SO’s within the E08 and G11 samples
makeSguran, Hoj, anduge brighter by~ 1 mag arcse® than (-20 < Mg < —22 and-24 < Mk < —25) have masses com-
their observational counterparts (i.e., the brightestxjeb in parable to our remnants, according to Bell & de Jong relation
the reference observational samples). Moreover, our ratangM ~ 10''M.). However, the remnants of our simulations are
are ~ 2 times larger on average than the galaxies in EO8 ardl — 2 mag brighter in these bands than the brightest SQ’s in
G11 samples. This is why, when we compare data and simulae reference observational sample (see Paper I, but thisas
tions in non-normalized photometric planes, the obsewmatiie noticeable in the bottom panel of Fig.5).
on the extrapolated trends of real data, but towards hiBhr
and brighter magnitudes than observed, affisked from them by
~ 1magarcse® in characteristic values of the surface bright- These diferences may be due to the fact that the average
ness profile. M/L ratios used to convert mass into light in our models~aé

However, as seen in Sect. 3, the observational data and tihees lower than those derived from the Bell & de Jong (2001)
simulations overlap in all photometric planes once we aersi relations for all bands, which explains the1l — 2 mag @set
normalized parameters. This clearly indicates that theeundtowards brighter magnitudes of our models with respect ¢o th
lying physical mechanism after the formation of the antitru bright end of the observational samples. This is due to therbl
cations is highly scalable, allowing the extrapolationtoé te- colours of our final remnant8(- R ~ 0.9) compared to nearby
sults obtained in our major merger simulations thetient mass S0’s. Considering these colours, tMYL ratios derived from
ranges. Bell & de Jong relations are very similar to the average \&lue

ii. Initial gas content: The models assume initial gasobtained in our models for th@ andK bands.
masses similar to the typical contents observed in locabgal
ies (~ 10% in gSa,~ 20% in gSh,~ 30% in gSd of the total
stellar mass, see Table 1). Some authors indicate thatpreaty The final remnants have undergone massive bursts of star for-
gas content for spirals was higher in the past (up to 502e-at, mation (of~ 10 —30% of the stellar mass in the progenitor discs)
see Papovich et al. 2005; Genzel et al. 2008; Tacconi et @8;20in less than~ 1 — 2 Gyr from the moment they are being anal-
Forster Schreiber et al. 2009; Law et al. 2009). If the bulk ged. We thus have very young (and blue) stellar populations
SO0 galaxies was assembled through major mergers of spiraltha centres of the remnants which bias the colour of the galax
z ~ 0.7 -1 (as many theoretical and observational studies sugebally (and thus, thdl/L ratios). This agrees with the results
port, see references in Sect. 1), the higher gas massesédvoby Bell & de Jong (2001), who found that starbursts involving
in the encounters may havéfected not only the generation of~ 10% of the total stellar mass in a galaxy can decreadd jts
antitruncations in the discs, but also the average praseofithe ratio by a factor of~ 3 in theB band and- 2 in K (see their Sec-
stellar populations in the remnant discs. tion4.3). Moreover, they also indicated that theffleds may

iv. Orbits- The GalMer database surveys a wide set of gpersist from~ 1 Gyr up to~ 5 Gyr, depending on the colour of
bital configurations, but these orbits have not been takem fr the underlying stellar populations (more time if the potioles
cosmological simulations. In fact, many models do not mergee redder). So, it is reasonable that the colours of our a@isn
during the simulation time. We have found that SO-like reniga are still dfected by these recent starbursts.
can result from quite a variety of orbits, although they ereh-
tially result from co-planar ones. It is known that the suabiof
a disc component in a major merger does not depend exclysivel Accounting for the fact that real SO's of similar masses to ou
on the orbital parameters, but is a complex function of sHveremnants may have experienced their last major merger st lea
conditions, mainly depending on the initial gas contentfHo~ 7 Gyr ago (Eliche-Moral et al. 2010a; Prieto et al. 2013; Choi
kins et al. 2009a,b). The fact that SO-like remnants tenddalt et al. 2014), our remnants would require to be evolved palsiv
from orbits with low inclination is not a problem, because-co for at least- 2 — 3 Gyr more to present global colours analogous
mological models favour co-planar mergers (Zentner etGl52 to those observed in present-day SQ’s with similar stellasses.
Gomez-Flechoso et al. 2010; Benjouali et al. 2011). Thismeearhis passive evolution would then increase MgL ratios by a
that the formation of an SO remnant in a major merger may béaator of ~ 2, making our remnants overlap with the bright end
process with a much higher probability than previously titdu of the EO8 and G11 samples in absolute magnitudes. This would
In fact, many authors claim that the major mergers occuraingcorrect both the fiset in total magnitudes and th&set in sur-
z > 0.5 may have built up galaxies of even later Hubble typéace brightness of our models compared to real analogs. More
than SO (Yang et al. 2009; Hammer et al. 2009b, 2010, 20IRer, a merging scenario for the origin of SO’s as the one simu
Puech et al. 2009). lated here could explain why the SO0'szat 0.3 — 0.4 are bluer

v. Total simulation time.The available models are evolvedand brighter than their local counterparts with similar sgss
for 3.5 Gyr at the most. Therefore, some experiments have (titz et al. 2009).
reached the full-merger time or a relaxed dynamical statee T
relatively "short” total simulation times considered atscare-
sponsible for the youth of the central structures in the ramms Therefore, the existence of young subcomponents in our SO-
that result from the merger-induced starbursts. They-&8 — like remnants that make them bluer and brighter is is not &dim
1 Gyr old, so they are very bright in the blue bands (see Papettion of our simulations, because young inner structuregaite

Bell & de Jong (2001) found that the colour of a galaxy ancommon in E-SO galaxies at~ 0.4 — 0.6 (and even in the local
the M/L ratio in several photometric bands relate linearly for aniverse, although in SO’s with lower masses). In fact,¢t#ge
given set of parameters defining the evolution experiengdldr substructures are usually interpreted as a trace of reaengfimg
stellar populations in the galaxy. Considering the typaabur (Fritz et al. 2009; Kannappan et al. 2009; Mahajan & Raychaud
of nearby early-type galaxieBE R ~ 1.5, see Fritz et al. 2009), hury 2009; Huertas-Company et al. 2010; Thilker et al. 2010;
these authors providd/L of ~ 6 and~ 1 for theB andK bands, Wei et al. 2010; Kaviraj et al. 2011).
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Appendix A.2: Limitations due to the assumptions adopted for the diference in~ 1 —2mag in total absolute magnitudes
for the mass-to-light conversion between the brightest galaxies in E08 and G11 samples and our
) ) ) remnants. An exhaustive study on how the assumed stellar age
Appendix A.2.1: IMFs and SFHs considered in the profiles dfect the properties of the formed antitruncations is be-
progenitors yond the scope of this paper. But we have tested whether this

The assumptions adopted to model the SFH of thiertint types °TS€t may be an artefact of this assumption by analysing the
of particles in the simulations may be alseating theM)/L ra- effects of assuming fierent ages for the old stellar particles

tios used to convert mass into light (Sect. 2.2). Thisais in total N the photometric properties of the breaks. \We have selecte
}ﬂur models that dfer in their initial gas content, morphology of

magnitudes and in surface brightness of our simulations-co . d orbital f ) his: 5
pared to real (massive) analogs in the reference obsemaatid€ Progenitors, and orbital configuration to test this: @05,

samples may be partially due to this assumptions, besiaes $#7295d041, gSbgSbo22, and gSdgSdos. .
existence of young stellar populations (Sect. A.1). The luminosity-weighted average ages of Sa and Sb galaxies
| : P range from~ 7 to ~ 11 Gyr and from~ 6 to ~ 10 Gyr in Sd
n particular, the IMF assumed maftect significantly. The alaxies (MacArthur et al. 2004). So, considering that thaus
M/L ratios derived using a Chabrier IMF in Bruzual & Charlo ' N 9 .
(2003) models are a factor 6f 0.3 — 0.5 lower than those ob-'2.6d MErgers take 3 Gyr, we have assumed ages spanning an
tained from a Salpeter IMF under the same conditions (Bell ven wider range for the old stellar particles in these foodes

de Jong 2001; Longhetti & Saracco 2009). Therefore, theed rom 6 to 14 Gyr). For simplicity, we have “S.ed ‘h¢ samesaitell
in magnitudes between our models and real data may be c@'ﬁe for the old stellar particles of both progenitors inchejemtly

pletely explained by accounting for uncertainties inheterthe their Hubble types. Therefore, we re-simulated Biband

modelling of the SFHs, such as the details of the IMF (see a&%”ac? brightness profiles of these four models fﬁedmt ages

Cappellari et al. 2012; Maraston et al. 2013) Spanning the range of 6 — 14 Gyr, and performed again the fits to
PP ' ' ' ' define the properties of the break in each case. Note that some
We have also assumed the same SFH for all old stellar p

. X - : jes represent extreme cases of progenitor galaxies hosti
ticles coming from th.e progenitors of a given Hubble type: A éung oF; very old average stellar ?aor?ulationg, but theg]/ aa:zlr
though the parametnzaﬂon_of the SFH Qf each type (E’.S"?" istic attending to the properties of real galaxies (MacArtét al.
or Sd) has been set to typical observational values, thig-is 5004)

other oversimplification of reality. Old stellar particlepresent
mass blocks of 10°M,, so it would be more realistic to con-
sider that each particle has experiencedfetént SFH prior to
the interaction, mostly depending on its location in thegerm
itor galaxy. Nevertheless, the selection of these SFHsavbel

highly subjective and this would make the analysis much more - . .
complex, without providing any key advantages. A simila-re I The characteristic surface brightness of the break atitkaf

soning can be done for the SSP models used to approximate theinner and outer discs become brighter as we decrease the as-
9 : : PP sumed stellar age (panels on the left of the figure). The dif-
SFH of hybrid particles.

. . . . ference can be up to 1 mag arcse?. Therefore, we can ex-
Summarizing, the fset in total magnitudes and in surface

briah b db d | S0 i pect that a more realistic (and complex) distribution of-ste
rightness observed between our remnants and real SO'S IS NO|,¢ a5e5 in the progenitors may partially correct tieset
a limitation to the global results presented here, as it may b

d iiv by adiusting th q beel in the characteristic surface brightness values that we hav
(écl):rLescte easily by adjusting the parameters used to mbeel t  gained between real and simulated data.

In Fig. A.1, we plot the characteristic photometric param-
eters of the antitruncations and of the inner and outer di§cs
each model as a function of the assumed age for the old stellar
particles. Two immediate facts are evident from these plots

ii Interestingly, the break radius and scalelengths of timei

and outer discs do not vary significantly with the age of the

old stellar particles (panels on the right of the figure). The
Collisionless stellar particles in the GalMer simulations fave maximum change is less than 10% of the value in all
an assigned age of 10Gyr. We have assumed an average cases. This result provides more reliability to our results
age of 10Gyr for them too to convert mass into light (see because it means that the agreement between the scaling re-
Sect. 2.3), but considering that this is the typical age of dl lations found in our simulations and in observations is sbbu
stellar populations in the outer discs of real SO galaxies  against this assumption.
(Sil'chenko et al. 2012). Howeverthis assumption is an obvi-
ous oversimplification of reality. First, because this age been This simple test demonstrates that, by assuming a more com-
considered independent of the morphological type of thggme plex age distribution for the old stellar particles of thegen-
itor which hosted the particle at the beginning of the sirtiata  itors, the dfset in the characteristic surface brightness of the
Nevertheless, the average age of stars in galaxy discs depen breaks and of their inner and outer discs found between raodel
the Hubble type, in the sense that earlier types tend to Heee o and real data can be overridden, without significanffeaing
stellar populations at intermediate radii in their discs.atidi- their characteristic scalelengths. Therefore, tigats in surface
tion, average stellar ages show a wide dispersion evenndthibrightness and total magnitudes found between models ahd re
given Hubble type, as well as radial gradients, and we have @ata do not establish any limitation to the global resultéved
considered these (van Dokkum & Franx 2001; MacArthur et & the present study.
2004, Sil'chenko et al. 2012).

The age considgred for the old stellar_ particles ot_)viouSIy ‘%ppendix A.2.3: Dust extinction effects

fects to theM/Lr ratio used to convert projected density profiles
into surface brightness profiles, and thus it may be payrti@l As commented in Sect. 2.3, no duffieets have been assumed to
sponsible for the fiset of~ 1 mag arcse@ found in the charac- derive the surface brightness profiles. It would make théyaisa
teristic surface brightness between real and simulateal atad very complex, without giving significant advantages.

Appendix A.2.2: Age assumed for the old stellar particles
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Fig. A.1. Dependence with the average age assumed for dldrgparticles of the characteristic photometric paramsetd the
antitruncations and of the inner and outer discs in four Mo@SagSao5, gSagSdo4l, gSbhgShbo22, and gSdgSdob).dyifidubls
remark the most likely ages for the old stellar populatiomsing from a progenitor of a given Hubble type (see A.2). Giirthe
legend in the figure.A colour version of this figure is available in the online afit]

We have estimated the extinction that might be experienc€dnsidering that E-SO galaxies typically haug/E(B- V) ~ 4,
by a typical E-SO galaxy to check whether our remnant SO% /E(B-V) ~ 3, andAgr/E(B-V) ~ 2.3 and thaE(B-V) ~ 0.3
might overlap with real data in the bottom panel of Fig. 5¢ jun average for them, the average extinction of an E-SO galaxy
accounting for dust extinctiorfiects. We have combined the esranges betweer 1.2 and~ 0.9 mag in theB, V, andR bands.
timates of relative extinction derived by Finkelman et 2a010) But considering that the reddening of SO’s can be up to 1.7 mag
for E-SO galaxies with ionized gas and dust lanes with the retie extinction can achieve values up~&, 5, and 4 mag in the
dening values obtained by Annibali et al. (2010) for neardS B, V, andR bands respectively. This means that tffset in total
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magnitud between our remnant models and real SO’s with anat@mez-Flechoso, M. A., Benjouali, L., & Dominguez Tenreiro, R10, in
gous masses could be overridden just by taking into accaistt d  Highlights of Spanish Astrophysics V, ed. J. M. Diego, L. Jbiechea,

extinction dfects.

Moreover, the ffects of dust extinction are expected to b

quite limited in the simulated surface brightness profilesst,

J. |. Gonzalez-Serrano, & J. Gorgas, 295
Gutiérrez, L., Erwin, P., Aladro, R., & Beckman, J. E. 2011, A2, 145 (G11)
Bammer, F., Flores, H., Puech, M., et al. 2009a, A&A, 507, 1313
Hammer, F., Flores, H., Yang, Y. B., et al. 2009b, A&A, 496, 381

because the profiles are obtained as azimuthal averagetheithHammer, F., Yang, Y., Flores, H., & Puech, M. 2012, Modern Rig/ketters A,

galaxies in face-on views (which minimizes thiéeets of dust
extinction), and secondly, because the extinction inRH&nd

27,30034
Hammer, F., Yang, Y., Fouquet, S., et al. 2013, MNRAS, 431, 3543
Hammer, F., Yang, Y. B., Wang, J. L., et al. 2010, ApJ, 725, 542

is ~ 1 mag for the whole galaxy. So including dust extinctiopopkins, P. F., Cox, T. J., Younger, J. D., & Hernquist, L. 28pApJ, 691, 1168

barely dfect the key results of this study.
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