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Formation of S0 galaxies through mergers

Bulge-disc structural coupling resulting from major mergers
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ABSTRACT

Context. Observations reveal a strong structural coupling between bulge and disc in S0 galaxies, which seems difficult to explain if
they have formed from supposedly catastrophic events such as major mergers.
Aims. We face this question by quantifying the bulge-disc coupling in dissipative simulations of major and minor mergers thatresult
in realistic S0s.
Methods. We have studied the dissipativeN-body binary merger simulations from the GalMer database that give rise to realistic,
relaxed E/S0 and S0 remnants (67 major and 29 minor mergers). We simulate surface brightness profiles of these S0-like remnants in
theK band, mimicking typical observational conditions, to perform bulge-disc decompositions analogous to those carried out in real
S0s. Additional components have been included when needed.The global bulge-disc structure of these remnants has been compared
with real data.
Results. The S0-like remnants distribute in theB/T – re – hd parameter space consistently with real bright S0s, whereB/T is the bulge-
to-total luminosity ratio,re is the bulge effective radius, andhd is the disc scalelength. Major mergers can rebuild a bulge-disc coupling
in the remnants after having destroyed the structures of theprogenitors, whereas minor mergers directly preserve them. Remnants
exhibit B/T andre/hd spanning a wide range of values, and their distribution is consistent with observations. Many remnants have
bulge Sérsic indices ranging 1< n < 2, flat appearance, and contain residual star formation in embedded discs, a result which agrees
with the presence of pseudobulges in real S0s.
Conclusions. Contrary to the popular view, mergers (and in particular, major events) can result in S0 remnants with realistically
coupled bulge-disc structures in less than∼ 3 Gyr. The bulge-disc coupling and the presence of pseudobulges in real S0s cannot be
used as an argument against the possible major-merger origin of these galaxies.
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1. Introduction

Traditionally regarded as a transition class between ellipticals
and spirals, S0 galaxies have deserved relatively marginalatten-
tion for decades, but have recently made their way to centre stage
in the context of astronomical research. It was Hubble (1936)
who classified these lentil-shaped passive galaxies (lenticulars)
as some kind of primordial spirals devoid of spiral arms and star
formation; therefore, in his well-known tuning-fork diagram S0s
are depicted in between elliptical and spiral galaxies. As part
of an increasing interest in these astronomical objects, three in-
dependent studies have drawn attention to the fact that lentic-
ulars constitute a heterogeneous family of galaxies, with struc-
tural and rotational properties more similar to those of spirals
than to ellipticals (see Laurikainen et al. 2010; Cappellari et al.
2011; Kormendy & Bender 2012).

Strenuous effort has been devoted in the last few decades, via
observations and modelling, to try to understand the processes
that give rise to and transform these galaxies. In any case, there
are observational constraints that any evolutionary mechanisms
should preserve. Laurikainen et al. (2010, L10 hereafter) have
recently studied the photometric scaling relations in a sample of
175 early-type galaxies containing almost 120 S0s. They have
found noticeable correlations between the bulge and disc pho-

tometric parameters in S0s (in particular, between their scale-
lengths and magnitudes), clearly pointing to a strong bulge-disc
structural coupling in these galaxies. This result imposesa strong
constraint to any mechanisms that try to explain the origin and
evolution of lenticulars.

Observations support the idea that gas stripping due
to ram pressure in clusters can effectively transform spi-
rals into S0s (Crowl et al. 2005; Crowl & Kenney 2006,
2008; Rasmussen et al. 2008; Vollmer et al. 2008, 2009, 2012;
Sivanandam et al. 2010; Million et al. 2010; Abramson et al.
2011). If we also consider that the fraction of lenticular galax-
ies decreases with redshift, whereas the fraction of spirals
increases, it is tempting to conclude that lenticulars come
out of spirals which have had their gas stolen (see e.g.
Aragón-Salamanca et al. 2006).

Nevertheless, according to Wilman et al. (2009), S0s are at
least as common in groups as they are in clusters, and clearly
more common in groups than in the less dense field. Moreover,
cluster S0s are usually located within groups in the cluster, and
usually exhibit traces of past mergers (Rudick et al. 2009, 2010;
Janowiecki et al. 2010; Mihos et al. 2013). The dominant galaxy
evolution mechanims in groups are tidal interactions and merg-
ers (Mazzei et al. 2014a,b), so the gas stripping mechanism can
only account for the origin of a fraction of S0s.
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Similarly, internal secular evolution is often invoked to ex-
plain how S0s emerge out of spirals. This is supported by the
fact that many S0s host pseudobulges (Laurikainen et al. 2006;
Graham 2013, L10) i.e. bulges with bulge-to-total luminosity
ratios and concentrations typical of late-type spiral galaxies
(B/T < 0.2 andn ∼ 1), which often contain embedded discs, in-
ner spiral patterns, nuclear bars, some star formation, andwhich
present rotational support more similar to spiral galaxiesthan to
classical bulges (see Kormendy & Kennicutt 2004). These prop-
erties seem incompatible with the smooth spheroidal structure
that usually results from major merger events. So, they are usu-
ally attributed to the evolution induced by bars and other internal
components in the galaxies, which direct material towards the
centre, enhancing the bulge component (Pfenniger & Norman
1990). However, the bulges that emerge out of gas-free bar
models do not show concentrations and sizes compatible with
the parameters observed in real S0s (see the comparison in
Eliche-Moral et al. 2012, 2013, EM12 and EM13 henceforth).

Current hierarchical models of galaxy formation assume that
the bulges of S0s formed by means of a major merger of early
discs or by a sequence of minor merger events, followed by a
later disc rebuilding out of the left-over gas and stripped stars
(Somerville & Primack 1999). This scenario seems compatible
with the fact that most S0s reside in groups and with observa-
tions reporting merging relics in many S0s (see references above
and in EM12).

Concerning the minor merger mechanism (mass ratios above
7:1), these are known to induce gentle transformations to
the global structure of the progenitor (Aguerri et al. 2001;
Eliche-Moral et al. 2006, 2011; Moster et al. 2010). In fact,re-
cent simulations of gas-free intermediate and minor mergers
onto S0s show that these events can preserve or even enhance
the structural bulge-disc coupling by triggering internalsecular
evolution in the surviving disc (EM12; EM13). So, in principle,
minor mergers are consistent with bulge-disc coupling.

On the contrary, the bulges and discs of S0s formed through
major mergers (mass ratios below 4:1) are expected to be struc-
turally decoupled, as the encounters must destroy the original
structure of the progenitors, rebuilding the remnant bulges and
discs through independent processes (bulges from the merger
and discs from later material reaccretion). This expected bulge-
disc decoupling in major mergers directly contradicts the obser-
vations of nearby S0s commented above (see Laurikainen et al.
2009, L10). Nevertheless, recent observational and theoretical
studies support the idea that major mergers must have been
relevant for the evolution of present-day massive E-S0s since
z∼ 1.5 – 2 (Eliche-Moral et al. 2010a,b; Bernardi et al. 2011a,b;
Tiret et al. 2011; Weinzirl et al. 2011; Prieto et al. 2013). There-
fore, the question is whether this popular view of major mergers
as catastrophic events that destroy any bulge-disc coupling in
a galaxy is realistic or not. Recent studies show that discs can
survive even 1:1 mergers, mostly depending on the initial gas
content (Hopkins et al. 2009), but whether major mergers can
account for the bulge-disc structural coupling observed inreal
S0s has not yet been explored.

We address this question usingN-body dissipative sim-
ulations of major galaxy mergers provided by the GalMer
project (Chilingarian et al. 2010). We have also analysed the mi-
nor merger simulations onto an S0 progenitor available in the
database. These simulations consider different morphological
types and mass ratios for the colliding galaxies, covering awide
range of orbital parameters. We have identified the encounters
that end up in relaxed remnants with realistic S0-like morphol-
ogy, to determine whether the photometric structures of these

merger-built S0s are compatible with those observed for real S0s
or not. In a forthcoming paper (Querejeta et al., in prep.), we
will analyse in detail whether our S0 remnants can additionally
reproduce the photometric scaling relations reported by L10 for
real S0s.

A brief description of the models is presented in Sect. 2. The
methodological approach is summarised in Sect. 3. In Sect. 3.1
we explain the criteria used to identify what encounters result
in E/S0 or S0 galaxies. Then, we simulate realistic 1D surface
brightness profiles of the remnants in theK band and perform
multi-component decompositions (Sects. 3.2 and 3.3). In Sect. 4,
we compare the characteristic photometric parameters of the
bulges and discs derived from the decompositions of the S0-like
remnants with the parameters of real S0s. Model limitationsare
commented in Sect. 5. The discussion and final conclusions de-
rived from this study are presented in Sects. 6 and 7, respectively.
We assume a concordance cosmology (ΩM = 0.3, ΩΛ = 0.7,
H0 = 70 km s−1 Mpc−1, see Spergel et al. 2007), and magnitudes
are provided in the Vega system.

2. Description of models

Part of the HORIZON collaboration, GalMer1 is a public
database containing∼ 1000 hydrodynamicN-body simulations
of galaxy mergers with intermediate resolution, sampling var-
ious mass ratios, morphological properties of the progenitors,
and orbital characteristics. The project and the database are thor-
oughly described in Chilingarian et al. (2010), so we will just
provide a brief summary here.

A representative sample of galaxy morphologies is consid-
ered, ranging from giants to dwarfs (g, i, d) and from ellipticals
to spirals (E0, S0, Sa, Sb, Sd). The orbits differ in the relative
orientation of the spins of the progenitors with respect to the or-
bital angular momentum, the pericentral distance, and the initial
motion energy. The stellar mass ratios of the encounters range
from 1:1 to 20:1 depending on the progenitors (see Table 1). Up
to date, the database contains 876 giant–giant interactions and
126 gS0–dwarf encounters. As we are interested in S0-like rem-
nants, we have initially considered all the merger experiments
within the database as possible candidates to give rise to anE/S0
or S0. We will comment on the selection of the dynamically re-
laxed S0-like remnants in Sect. 3.1.

The progenitor galaxies are modelled using spherical non-
rotating dark-matter haloes, with optional stellar and gaseous
discs, and central non-rotating bulges. The E0 progenitor lacks
any stellar or gaseous discs, the S0 initial model does not have
a gaseous disc, and the Sd progenitor is bulgeless. The bulge-to-
disc ratios are 2.0, 0.7, and 0.4 for the S0, Sa, and Sb progenitors,
respectively; the ratio of dark to baryonic matter ranges from
0.43 (gE) to 3 (gSd). Haloes and bulges are constructed using
Plummer spheres with characteristic mass and radiusMBulge and
rBulge for the bulge andMHalo andrHalo for the dark matter halo,
as indicated in Table 2. The discs follow Miyamoto & Nagai
(1975) density profiles, with masses and vertical and radialscale-
lengths as described in the same Table. The total number of par-
ticles is 120,000 for each giant galaxy and 48,000 for the dwarfs,
distributed among each galaxy component depending on the
morphology, except for the gS0 progenitor, which has 480,000
particles. This means that we have a total of 240,000 particles
in the major merger experiments and 528,000 in minor merger
ones (see Table 2). The gS0 progenitor is barred at the start of
the simulation, whereas the other giant progenitors are not. Total

1 GalMer project: http://galmer.obspm.fr
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Table 1: Mass ratios of the GalMer merger experiments

Major mergers (giant – giant)

Type 1
Type 2

gE0 gS0 gSa gSb gSd

gE0 1:1 – 1.5:1 3:1 3:1
gSa – – 1:1 2:1 2:1
gSb – – – 1:1 1:1
gSd – – – – 1:1

Minor mergers (gS0 – dwarf)

Type 1
Type 2

dE0 dS0 dSa dSb dSd

gS0 7:1 10:1 10:1 20:1 20:1

Notes. The present study has considered all merger simulations avail-
able from the GalMer database up to February 2014 (876 major events
and 126 minor ones, 1002 experiments in total). The stellar mass ratios
of the encounters depend on the morphological type of the progenitors,
as indicated in this table.

stellar masses in the giant progenitors range∼ 0.5–1.5×1011M⊙.
Therefore, the final stellar mass of the remnants ranges between
∼ 1–3×1011 M⊙ in the major mergers and∼ 1.2–1.3×1011 M⊙ in
the minor ones, depending on the efficiency of the star formation
induced by the encounter and on the masses of the progenitors.
This will be relevant when comparing to real data in Sect. 4.

The simulations make use of a TreeSPH technique, us-
ing the code described in Semelin & Combes (2002). Gravi-
tational forces are calculated using a hierarchical tree method
(Barnes & Hut 1986), the resulting forces are then softened to a
Plummer potential, and finally use smooth particle hydrodynam-
ics to follow gas evolution (Lucy 1977; Gingold & Monaghan
1982). The softening length is fixed toǫ = 280 pc in the giant–
giant encounters, and toǫ = 200 pc in giant–dwarf runs. All
experiments have been evolved for a total time period of 2.95–
3.50 Gyr.

One of the most important features of these simulations
is that they take into account the effects of gas and star for-
mation. Gas is modelled as isothermal (Tgas = 104 K), and
star formation is implemented using the method described in
Mihos & Hernquist (1994): a prescription for the star formation
rate (SFR) is first defined, assuming the Schmidt-Kennicutt law,
and then the formation of stars out of the gaseous component is
implemented via hybrid particles, which contain a gas and stel-
lar fraction that vary with time (depending on the conditions in
the surroundings). Enrichment of the interstellar medium (ISM),
stellar mass loss, metallicity changes, and energy injection out
of supernova explosions are also considered.

For each combination of progenitors, a wide set of orbits
is sampled. The initial distance between galaxies is alwaysset
equal to 100 kpc, but initial velocity is allowed to take up the
discrete values 200, 300, 370 and 580 km s−1. Secondly, for each
case, both retrograde and prograde orbits are taken into account.
Orbits with different pericentre distances are also simulated (8,
16, and 24 kpc). Finally, six possible values of inclinationare
considered:i = 0, 33, 45, 60, 75, and 90◦.

We refer to the simulations using a notation that aims to
make the initial conditions of the encounter explicit. We first re-
fer to the morphology of the primary galaxy, followed by the
morphology of the secondary (g, i, d for giant, intermediate and

dwarf; E0, S0, Sa, Sb, Sd for the corresponding Hubble types);
then an “o” followed by the numerical identifier of the orbit
used in the GalMer database, which is unique for each combi-
nation of orbital parameters under consideration. For example,
gS0dSao6 means that a dwarf Sa (galaxy 2) is accreted by a gi-
ant S0 (galaxy 1), following the orbit identified as number 6 in
the database (i.e. the one with an orbital inclination of 33◦, peri-
centre of 16 kpc, initial motion energy of 2.5×104 km2 s−2, and
retrograde spin-orbit coupling).

The GalMer database provides the simulations in FITS bi-
nary tables, one per stored time step of the total computed time
period (intervals of 50 Myr are considered). The tables contain
the mass, position, velocity, and other relevant properties for
each particle in the simulation at each time. Figure 1 represents
the time evolution of the stellar and gaseous component of the
accretion of a dwarf Sb by a giant S0 galaxy, obtained using the
snapshots previewer of the GalMer database.

We stress that the GalMer database only contained giant –
giant major merger encounters and minor mergers over a giant
S0 progenitor when the present study was carried out.

3. Methodology

We have first identified all the merger simulations that end up
in a dynamically-relaxed remnant with morphology, structure,
kinematics, SFRs and gas content typical of E/S0 and S0 galax-
ies (S0-like galaxies hereafter). The selection of the sample of
S0-like relaxed remnants will be presented in detail in Eliche-
Moral et al. (in prep.), so we only provide a short summary in
Sect. 3.1.

We have simulated realistic surface brightness profiles in the
K band for these S0-like relaxed remnants, mimicking the ob-
serving conditions of recent samples of nearby S0s with which
we have compared the products of our merger simulations (see
Sect. 3.2). We then worked out structural decompositions for
such remnants (Sect. 3.3), to ultimately perform a detailedcom-
parison of the resulting photometric parameters with thoseob-
tained for real galaxies (Sect. 4). This will allow us to assess
whether a major merger origin of S0s is compatible with the ob-
servational constraints imposed by real S0 data or not. We have
also included in this analysis the relaxed S0 remnants resulting
from the minor merger experiments available from the GalMer
database (gS0 – dwarf encounters).

3.1. Identification of S0 remnants

3.1.1. Preselection of relaxed, apparently disc-like remnants

From the initial sample of 1002 merger simulations available
from GalMer, we rejected all merger experiments that do not re-
sult in a one-body remnant at the end of the simulation. Usingthe
previewer of the database, three co-authors independentlyiden-
tified visually the models that resulted in final stellar remnants
with disc components and apparently relaxed morphologies.A
total of 215 major merger experiments and 72 minor merger ones
were selected as candidates to give rise to relaxed S0 remnants at
the end of the simulation. We then determined which remnants
have really reached a relaxed dynamical state, obtaining two fi-
nal subsamples of 173 major merger and 29 minor merger mod-
els. Time periods from full merger to the end of the simulation
range between∼ 1 and∼ 2 Gyr.
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Fig. 1: Time evolution of the stellar and gaseous material inthe minor merger model gS0dSbo99 (left and right panels, respectively).
Time is shown at the bottom left corner of each frame. At each snapshot, the line of sight has been set toθ = 30o andφ = −90o

and nearly centred on the giant S0. The field of view has been increased in the frames corresponding tot = 0 to show the original
location of the dSb satellite. In this experiment, only the dwarf galaxy contains gas at the start of the simulation. Thissimulation
has been run for a total period of 3 Gyr. The snapshots have been obtained with the previewer of the GalMer database.

3.1.2. Simulation of realistic images of the remnants

Visual classification has proven to be more reliable than quan-
titative criteria when it comes to identifying faint structures
(such as external discs or spirals, see Abraham et al. 1999;
Bamford et al. 2009), so we have performed a visual morpho-
logical classification of the final remnants. Our intention was to
make sure that we have selected the remnants that would be clas-
sified as E/S0 or S0 types by observers, to incur a fair compari-
son with real data. Therefore, we simulated realistic photometric
images of the remnants in several broad bands (B, V, R, I , andK)
mimicking mean properties of current observational surveys of
nearby galaxies, and then classify them morphologically attend-
ing to these images. In Eliche-Moral et al. (in prep.), we show
several examples of how relevant accounting for the observa-
tional effects is to distinguish between E and S0 remnants.

The stellar mass of each particle (∼ (3.5− −20.0)× 105M⊙)
was converted into light flux in the different photometric bands
considering theM/L ratio in the band of a stellar population
with the average age and metallicity of the stellar content within
the particle at each time. We considered star formation histo-
ries (SFH) characteristic of each morphological type according
to observations, and using the stellar population synthesis mod-
els by Bruzual & Charlot (2003). A Chabrier initial mass func-
tion and the Padova 1994 evolutionary tracks have been used
(Bertelli et al. 1994).

For the collisionless stellar particles, we have assumed SFHs
that are characteristic of real galaxies of the same morphologi-
cal type as the progenitor that initially hosted the particle (E, S0,
Sa, Sb, or Sd), according to the parametrisations describedin
Eliche-Moral et al. (2010a). Old stellar particles do not have an
assigned age in the GalMer simulations, so we have assumed the
typical age of the old stellar population located in the outer discs
of nearby S0 galaxies (∼ 10 Gyr, see Sil’chenko et al. 2012;

Sil’chenko 2013), independently of the type of the progenitor
the particle initially belonged to. The SFH experienced by the
hybrid particles is different for each particle. We have approxi-
mated the SFH of each one by a simple stellar population model
(SSP) with the average age and metallicity of the mass in stars
contained in the particle.

We have also simulated the effects of the typical observing
conditions of current surveys of nearby S0 galaxies in our pho-
tometric images, mimicking their characteristic limitingmagni-
tudes, signal-to-noise, spatial resolution, and seeing values in
each band. We have added photonic noise considering that the
limiting magnitude in each band corresponds toS/N = 3 in
the reference observational samples. A distance of 30 Mpc has
been considered to all our remnants, as it is the average dis-
tance of the S0 galaxies within the Near-InfraRed S0 Survey2

(NIRS0S Laurikainen et al. 2011), which is the reference ob-
servational sample that we will base our comparisons on (see
Sect. 4). Assuming this distance, we have transformed intrinsic
physical lengths in the remnants into sky projected angularones
and we have implemented the effects of the cosmological dim-
ming, assuming a concordanceΛCDM cosmology. We have not
simulated dust extinction effects in these artificial images.

3.1.3. Visual identification of S0-like remnants

It is often difficult to distinguish between ellipticals and face-on
lenticulars, due to the absence of prominent spiral arms; insuch
cases, only a break in the surface-brightness gradient can allow
us to conclude that we are dealing with an S0 (Wilman et al.
2009). Therefore, we have simulated images in each band for
face-on and edge-on views to make the identification of S0s

2 More information on NIRS0S available at:
http://www.oulu.fi/astronomy/nirs0s/
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Table 2: Masses, scalelengths, scaleheights, and number ofparticles of the different components in the progenitor galaxies

Characteristic parameters gE0 gS0 gSa gSb gSd dE0 dS0 dSa dSbdSd

(a) MBulge [2.3× 109M⊙] 70 10 10 5 0 7 1 1 0.5 0
MHalo [2.3× 109M⊙] 30 50 50 75 75 3 5 5 7.5 7.5
rBulge [kpc] 4 2 2 1 – 1.3 0.6 0.6 0.3 –
rHalo [kpc] 7 10 10 12 15 2.2 3.2 3.2 3.8 4.7

(b) M⋆,Disc [2.3× 109M⊙] 0 40 40 20 25 0 4 4 2 2.5
Mg,Disc/M⋆,Disc 0 0 0.1 0.2 0.3 0 0 0.1 0.2 0.3
a⋆,Disc [kpc] – 4 4 5 6 – 1.3 1.3 1.6 1.9
h⋆,Disc [kpc] – 0.5 0.5 0.5 0.5 – 0.16 0.16 0.16 0.16
ag,Disc [kpc] – – 5 6 7 – – 1.6 1.9 2.2
hg,Disc [kpc] – – 0.2 0.2 0.2 – – 0.06 0.06 0.06

(c) Nhybrid – – 20,000 40,000 60,000 – – 8,000 16,000 24,000
Nstellar 80,000 320,000 60,000 40,000 20,000 32,000 32,000 24,000 16,000 8,000
NDM 40,000 160,000 40,000 40,000 40,000 16,000 16,000 16,000 16,000 16,000

Rows: (a) Plummer sphere parameters used to model the bulges and haloes of the progenitor galaxies, as a function of the
considered morphological types:MBulge is the (stellar) mass of the bulge,MHalo is the total mass of the dark matter halo,
while rBulge andrHalo are their corresponding effective radii. (b) Parameters of the Miyamoto-Nagai densityprofiles used to
model the gaseous and stellar discs of the different progenitors: the sub-index⋆ denotes the stellar disc, and the sub-index
g refer to the gaseous disc,M is mass,a is effective radius, andh is the vertical scalelength. (c) Number of hybrid particles
(initially fully gaseous), collisionless stellar particles, and dark matter particles used for each progenitor galaxy.

easier. By assumption, the face-on view of each remnant cor-
responds to the direction of the total angular momentum of its
baryonic material. We have defined the edge-on view as the per-
pendicular direction contained in the XY plane of the original
coordinates system of the simulation. Some examples of the ar-
tificial face-on and edge-on images in theK band for some rem-
nants are shown in Fig. 2.

The classification was performed visually by five co-authors
independently. The morphological type assigned to each rem-
nant is the median value of the five classifications. A complete
agreement between all classifiers was obtained in 85% of the
major merger remnants, ensuring the robustness of the classi-
fication. In the sample of 173 relaxed major merger remnants
with possible detectable discs, we finally identified 106 Es,25
E/S0s, and 42 S0s, which correspond to the following percent-
ages: 61.3% of Es, 14.4% of E/S0, and 24.3% of S0s. We note
that the elliptical galaxies in this subsample harbour a disc com-
ponent detectable in their density maps, but not in realistic broad
band images. All remnants from the minor merger simulations
(gS0 – dwarf encounters) are still S0s after the encounter, ac-
cording to all co-authors.

The morphology of the remnants has been analysed in de-
tail. None of the S0-like major-merger remnants exhibits a strong
bar. All minor mergers result in barred galaxies, but the progen-
itor gS0 has already a strong bar at the start of the simulation.
The E/S0 and S0 remnants usually have lenses, ovals, and inner
discs detectable in the images. We confirmed the morphological
classification by analysing realistic simulations of their1D sur-
face brightness profiles in theV, R, andK bands (for more in-
formation, see Sect. 3.2). All of them presented clear bulge-disc
structures. We have also derived the final rotational support, star
formation rates and final gas content of these S0-like remnants,
and we have compared them to typical values measured in real
S0s. We find remnants to be consistent with S0s also according
to these properties.

Our S0-like remnants have a median (B-R) colour of∼ 0.9,
whereas local ETGs of similar masses typically have (B-R)
colours of∼ 1.5 (Bell & de Jong 2001). This difference in the
(B-R) colour is due to the youth of the starbursts induced by the
encounters in the centres of the remnants. This makes the av-
erageK-bandM/L ratios used in our models to be∼ 2 times
smaller than the typical ones in quiescent early-type galaxies,
and thus our remnants are∼ 1 mag brighter inK-band than real
S0s with similar stellar masses. In any case, blue central struc-
tures are quite common in nearby E-S0 (in fact, they are usually
considered as evidence of recent merging, see Kannappan et al.
2009; Huertas-Company et al. 2010; Wei et al. 2010), and the
remnants would exhibit analogous colours to those observedin
present-day S0s with∼ 1 – 2 Gyr of additional passive evolu-
tion. There are other sources of uncertainty in the determination
of the M/L ratios used in the models, which are inherent to the
assumptions adopted to estimate them, such as the age assigned
to the collisionless stellar particles, the SFHs, or the considered
IMF. We will take this into account for the interpretation ofthe
results in Sect. 4.

3.2. Simulation of realistic surface brightness profiles

3.2.1. Simulating the conditions of NIRS0S

We have simulated realistic surface brightness profiles of our S0-
like remnants reproducing the typical observing conditions in the
photometric band of the NIRS0S data, in order to compare the
parameters of the bulges and discs in our remnants with those
exhibited by real S0 galaxies contained in that sample (L10).

The K-band images in NIRS0S have an average depth of
µK ∼ 22 mag arcsec−2 for a limiting signal-to-noise ratio of
S/N = 3. We have adopted this limiting surface brightness
for the sameS/N to simulate the surface brightness profiles.
The projected spatial resolution has been set to the averageof
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Fig. 2: SimulatedK-band images and radial surface brightness profiles of some S0-like remnants from our sample of major and
minor mergers. The simulations assumeD = 30 Mpc,µK,lim = 22 mag arcsec−2 for S/N = 3, and a spatial resolution of 0.7′′. First
two rows of panels: SimulatedK-band images of the final remnants for face-on and edge-on views. The horizontal arrow at the top
left of each panel represents a physical length of 5 kpc. The field of view is 50 kpc× 50 kpc. We have used different logarithmic
greyscales to highlight the structure of the outer discs (first row of panels) or of the central bulges (second row of panels). Third
row of panels: Simulated radialK-band surface brightness profiles and multicomponent decompositions performed to them.Dotted
horizontal line: Limiting surface brightness of the images.Dotted vertical lines: Minimum and maximum radii considered in the
fit. Black empty circles: Data considered in the fit.Green filled circles: Data excluded from the fit.Red dotted-dashed line: Fitted
Sérsic bulge.Blue dashed line: Fitted exponential disc.Green long-dashed line: Additional Sérsic component required in the fit
(representing components such as ovals, bars, lenses, or embedded inner discs).Solid light green line: Total profile resulting from
the fit. Fourth row of panels: Residuals of the fits as a function of radial location in the galaxy. [A colour version is available in
the electronic edition.]

NIRS0S data (∼ 0.7′′). It is equivalent to∼ 100 pc for the dis-
tance considered for our remnants (D = 30 Mpc, see Sect. 3.1),
which is even lower than the softening length used in the simula-
tions (ǫ = 280 pc in the major mergers andǫ = 200 pc in minor
events). Therefore, the minimum spatial resolution is ultimately
set byǫ in each case. As commented in Sect. 3.1, we have also

included photonic noise to the data considering the limiting mag-
nitude indicated above forS/N = 3. No dust extinction effects
have been included, as they are expected to be negligible in the
K band.

L10 obtained their parameters from 2D multi-component de-
compositions to deepK-band images of the galaxies, not from
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Fig. 2: Continued.

1D surface brightness profiles. We will discuss next why this
strategy is problematic when applied to the simulated images
from GalMer, and will justify our decomposition method based
on 1D azimuthally-averaged surface brightness profiles. Inany
case, as we will see in 3.2.3, the 1D profiles clearly show a
‘three-zone’ structure very similar to that found in observations
like NIRS0S.

3.2.2. Optimal decomposition method: 1D vs 2D

We initially reproduced the procedure from L10 by carrying out
multi-component decompositions to our artificialK-band im-
ages for face-on views of the remnants using GALFIT3, a highly
efficient algorithm for 2D fitting of analytic functions to digital

3 GALFIT home page: http://users.obs.carnegiescience.edu/peng/work/galfit/galfit.html

images of galaxies (Peng et al. 2002, 2010). However, we found
several problems when comparing with real data.

One of the problems was that the decompositions required
too many components in the centre to reproduce the original im-
age realistically (∼ 3–5 subcomponents beside the bulge and the
disc, see an example in Fig. 3), whereas the decompositions per-
formed to the S0 galaxies in NIRS0S required∼ 2 at most (L10).
Real S0s exhibit a more diffused and smooth appearance than
our remnants inK-band images, in the sense that they look less
structured in inner components at the central regions. However,
we know that the basic structure of the bulges and discs in our
S0-like remnants are consistent with those observed in realS0s
in optical bands (Eliche-Moral et al., in prep.), so the problem
was not that the central structure in our remnants was unrealis-
tic, but that the bulge substructures were much more noticeable
in our simulatedK-band images than in real cases. Therefore, the
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Fig. 2: Continued.

flux of the bulge component in the remnants got divided into sev-
eral subcomponents in our 2D decompositions. As commented
in Sect 3.1, this effect would probably disappear by simply al-
lowing the remnants to evolve passively for a few Gyr more.

The fact that we have not included dust extinction in our sim-
ulated images may also have an effect here, as it would contribute
to blur the appearance of the bright and young inner compo-
nents formed at the centre of the remnants. In fact, dust lanes
are frequent central features in nearby S0s (Annibali et al.2010;
Finkelman et al. 2010). Additionally, present-day massiveS0s
must have evolved passively for much longer periods of time
than our remnants (Fritz et al. 2009; Eliche-Moral et al. 2010a;
Sil’chenko et al. 2012; Davidzon et al. 2013; Prieto et al. 2013;
Choi et al. 2014); so nearby S0s tend to be dynamically more re-
laxed and mixed, and their young stellar populations are dimmer.

Consequently, we would expect present-day S0s to look more
fuzzy than our S0-like remnants.

In addition, the simulated remnants present an inherent
grainy appearance at the galaxy outskirsts due to the high
mass of the stellar particles in the simulation (∼ (3.5 −
−20.0)×105M⊙). At large radii, light accumulates at the pixels
where the particles are located, instead of displaying a homoge-
neous distribution in space (see Fig. 2). Since light distributed in
disjointed pixels cannot be identified as a unique componentby
fitting codes such as GALFIT, the scalelength of the outer discs
in our remnants is significantly underestimated.

Fig. 3 illustrates this problem for the remnant of gSbgSbo70.
The originalK-band image, the best GALFIT model, and its
residuals are shown on the left panels. We used five Sérsic com-
ponents to generate a model with a similar appearance to the
original image, trying to minimise the residuals. However,we
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had to fix the outer disc parameters to those obtained from the
exponential fit to the 1D surface brightness profile, becausethe
light (mass) was distributed in isolated pixels towards theout-
skirts, making it difficult for GALFIT to fit a continuous light
distribution there. This is noticeable in the pixels with positive
residuals at large radii and the extended circular region with neg-
ative residuals (which is tracing the modelled disc). This prob-
lem also affected the inner disc region (fitted with the fourth
GALFIT component). The central panels of Fig. 3 show the 1D
profile derived by azimuthally averaging the 2D GALFIT model,
compared to the 1D surface brightness profile of the remnant.
The model clearly loses light in the inner disc (traced by compo-
nent 4 in the GALFIT model). The problem of the too complex
structure of the bulges in the simulated images is also illustrated
by this panel. The GALFIT model loses light in the centre com-
pared to the 1D surface brightness profile (we note also the posi-
tive residuals at the centre of the remnant, in the leftmost panel).

We found that these problems could be solved by per-
forming multi-component decompositions based on 1D face-on
azimuthally-averaged surface brightness profiles insteadof per-
forming them on 2D photometric images. The 1D profiles al-
ready average the 2D spatial information at each radius, blurring
the complex central structure of the remnant bulges. They also
improve the signal-to-noise at the outskirts compared to 2Dsur-
face brightness maps, avoiding the problem of the granularity of
the discs in the artificial images. In the right panels of Fig.3, we
show how the decomposition performed directly on the 1D sur-
face brightness profile of model gSbgSbo70 overrides the prob-
lems of the structured appearance of the bulge and the grainy
structure of the disc in the 2D artificial images.

Therefore, we have simulated realistic surface brightness
profiles of our S0-like remnants in theK band, mimicking the
observing conditions of the NIRS0S data, to perform 1D multi-
component decompositions.

Our major merger remnants are quite axisymmetric, and 1D
and 2D decompositions have been proven to provide similar pho-
tometric parameters in such case (within typical observational
errors, see de Jong 1996; Courteau et al. 1996; MacArthur et al.
2003; Peng et al. 2010). This ensures that the comparison be-
tween the photometric decompositions performed to NIRS0S
and to our remnants is fair. However, all remnants in the mi-
nor merger experiments are still barred at the end of the simu-
lation (in fact, the original gS0 progenitor is already barred). In
these cases, the 1D decompositions provide a description ofthe
azimuthally-averaged light distribution of the bar.

3.2.3. Constructing 1D surface brightness profiles

We have converted the projected radial mass density profilesof
the remnants into surface brightness profiles in theK band, fol-
lowing an analogous procedure to the one described in Sect. 3.1
for simulating photometric images (see details there). We have
derived azimuthally-averaged 1D surface density profiles of the
stellar remnants in face-on views, so we do not have to apply any
correction for galaxy inclination to the obtained profiles.

We plot the azimuthally-averaged surface brightness pro-
files of some remnants in Fig. 2. All the remnants exhibit typ-
ical bulge-disc structures. The majority of them clearly show
‘three-zone’ profiles proving the existence of additional subcom-
ponents in the centre, such as the lenses in models gE0gSao16
and gSbgSbo70, the nuclear bar in experiment gS0dSao105,
or the inner disc in model gSdgSdo42 (compare their profiles
with their images in the figure). This is very frequent in real
S0s (L10; Laurikainen et al. 2011; Sil’Chenko et al. 2011). The

remnants coming from gas-rich progenitors usually have sev-
eral tidal satellites orbiting around, which are responsible for the
peaks that appear in their surface brightness profiles (as itoccurs
in gSdgSdo42).

Fig. 4: Artificial K-band photometric images of remnant gS-
dgSdo51 (E/S0), for the face-on and edge-on views defined on
the basis of the total stellar angular momentum (see Sect. 3.1).
The remnant contains a high-rotating embedded disc, very in-
clined with respect to the main outer disc, which dominates the
total stellar spin of the galaxy. This is biasing the “face-on view”
towards a face-on view of this embedded inner disc, instead of
a face-on view of the outer disc. The field of view in all panels
corresponds to 50 kpc×50 kpc. The arrows indicate a physical
length of 5 kpc. [A colour version is available in the electronic
edition.]

In some merger experiments with very inclined orbits, the
remnant contains high-rotating inner discs, completely embed-
ded in the light distribution of the bulge, which are very inclined
with respect to the orientation of the main disc of the remnant. In
these cases, the face-on view derived from the total angularmo-
mentum of the stars in the galaxy (as commented in Sect. 3.1)
was biased to show a face-on view of this inner disc, not of the
external remnant disc. In these cases, the line of sight was cor-
rected to provide a true face-on view of the main remnant disc.
One example is shown in Fig. 4.

3.3. Photometric decompositions of the remnants

We have performed multi-component decompositions to the sim-
ulated 1D surface brightness profiles in theK band to compare
with the results by L10. The majority of remnants had profiles
that required an additional component besides the bulge and
the disc to be adequately modelled (see Sect. 3.2.3). To account
for this, we performed bulge+disc (B+D) and bulge+[inner
component]+disc (B+C+D) decompositions for all S0-like rem-
nants, and selected the one that reproduced better the totalgalaxy
profile in each case.

3.3.1. Fitting functions

For the bulges, we assumed the traditional Sérsic profile (Sersic
1968; Caon et al. 1993; Prieto et al. 2001; Baes & Gentile
2011),

IB(r) = Ie,B exp
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wherere is the bulge effective radius,Ie,B is the surface bright-
ness atre, andn is the Sérsic index. The factorbn is a func-
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Fig. 3: Comparison between the best GALFIT multi-componentdecomposition of the 2DK-band image of the remnant gSbgSdo70
and the corresponding 1D decomposition.Left panels: Artificial K-band image of the remnant for a face-on view (top), 5-component
model obtained with GALFIT (free of noise,middle), and residuals resulting from the subtraction of the modelto the image (bottom).
The same logarithmic greyscale is used in the two upper panels, whereas the linear greyscale in the bottom panel emphasises the
background noise at the outskirts. The field of view corresponds to 100 kpc×100kpc, and the green circle representsR= 25 kpc in
the galaxy.Middle panels: Azimuthal average of the GALFIT model (green solid line) compared to the 1D surface brightness profile
(circles). The five axisymmetric Sérsic components required by the modelling are plotted in the top panel: a nuclear component
(component 1,red dotted-dashed line), a thin inner disc withn = 1.37 (component 2,orange dotted line), a lense withn = 0.35
(component 3,green dotted-dashed line), a fixed extended lense component withn = 0.5 (component 4,light blue long-dashed
line), and the outer exponential disc, fixed to the result obtained in the 1D fit (dark blue dashed line). The residuals are plotted as a
function of radius in the bottom panel.Right panels: For comparison, 1D decomposition obtained fitting the azimuthally-averaged
K-band surface brightness profile. The legend is the same as inFig. 2. [A colour version is available in the electronic edition.]

tion of the parametern, which may be approximated bybn =

1.9992n−0.3271 in the range 1< n < 10 with an error< 0.15%
(Graham 2001). We had to constrainn to the observational range
of values during the fitting (1≤ n ≤ 4, see L10), because
many remnants had small nuclear bars and ovals embedded in
the bulges (which biasedn towardsn ∼ 0.2 – 0.5) or central
cusps resulting from the merger-induced starbursts (whichled to
unrealistically highn valuesn & 5). In two models (gSdgSdo1
and gSdgSdo74), we had to forcen = 4 since the beginning to
obtain reasonable decompositions.

The exponential law adequately describes the global radial
profiles of most remnant discs down to the limiting magnitude
considered (see Fig. 2), but many discs in our remnants exhibit
breaks at deeper magnitudes (see Borlaff et al. 2014). We have
thus adopted a simple Freeman exponential profile to model the
discs in the remnants (Freeman 1970),

ID(r) = I0,D exp

(

−
r
hd

)

, (2)

wherehD is the disc scalelength (radius at which the surface
brightness is reduced by 1/e) andI0,D, its central surface bright-
ness.

The additional inner components have been fitted including
another Sérsic component,

IC(r) = Ie,C exp
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wherere,C is the effective radius of the additional inner compo-
nent,Ie,C is its surface brightness atre,C, andnc is its Sérsic index.
According to observations, lenses, ovals, and bars have Sérsic
profiles withnc < 1, while embedded inner discs typically have
nc ∼ 1 (Laurikainen et al. 2005, 2009; Sil’chenko 2009, L10).
We left the Sérsic indexnc as a free parameter in the fits and
checked that the fitted values agreed well with the morphology
of the inner components visible in the artificial photometric im-
ages.

3.3.2. Fitting strategy

We performed the B+D and B+C+D fits (depending on the pro-
file) using a Levenberg-Marquardt nonlinear fitting algorithm to
locate theχ2 minimum solution by iterative changes to the pa-
rameters in eqs. 1–3. We initially consider a minimum fitting
radius of rmin = 0.3 kpc (which is approximately the highest
softening length used in the simulations). However, most rem-
nants had nuclear compact sources or discs embedded within the
spheroidal light distribution of the bulge, which have beenpro-
duced by merger-induced nuclear starbursts and which are still
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very bright in K band at the end of the simulation (see some
examples in the second row of panels in Fig. 2). These nuclear
components have their observational counterparts in real early-
type galaxies (see e.g. Erwin & Sparke 2002; Balcells et al.
2007a; Laurikainen et al. 2009). Compact sources steepen the
profile at the centre (artificially raisingn of the fitted bulge),
while young nuclear discs biasn towardsn ∼ 1 in the central
regions. We have thus excluded the innermost regions from the
profiles affected by these nuclear components by raisingrmin in
the fit, only if there was another component that clearly dom-
inated the profile in the centre and extended beyond this min-
imum radius (i.e. if the compact source or nuclear disc was
embedded in a spheroidal bulge-like component). Some exper-
iments also give rise to core-type profiles in the centres of the
remnants, that deviated downwards the inward extrapolation of
the bulge Sérsic profile (observational analogues can be found
in Kormendy et al. 2009; Dullo & Graham 2013). We have ex-
cluded these regions from the fits by raisingrmin too.

The maximum radius (rmax) in all fits has been set to the ra-
dius of the isophote corresponding to the limiting surface bright-
ness in the images (µK ∼ 22 mag arcsec−2). In some major merg-
ers involving a gE0 progenitor, an outer spheroidal envelope of
stellar material from the gE0 remains in the remnant, dominat-
ing the surface brightness at the external radii over the disc pro-
file (cf. gE0gSao16 in Fig. 2). Sometimes, these outskirts biased
the slope of the fitted disc towards a shallower solution, so we
slightly decreasedrmax in these cases to avoid that problem. A
similar procedure was adopted when a tidal satellite induced a
peak in the profile nearrmax that was clearly biasing the fitted
slope of the disc.

We performed several tests changingrmin, rmax, and the ini-
tial guesses of the parameters by up to a factor of 10 to check the
robustness of the obtained solutions. We found that the B+D fits
were reasonably stable, whereas the addition of an extra com-
ponent in the centre strongly degenerated the solutions, inthe
sense that there were two to four different sets of components
that adequately reproduced the global surface brightness pro-
file and provided similar minima ofχ2. The strong degeneracy
of multi-component decompositions is also usual when deal-
ing with real galaxies (see e.g. L10). However, it was easy to
discard many of these solutions and select the most appropri-
ate one simply by considering the edge-on morphology of the
galaxy and the radial profile of the residuals of each fit (see
Fig. 2). We consider the fits with the lowestχ2 values and in-
spect visually the results and the artificial images, which makes
it relatively straightforward to select the most appropriate de-
composition. When a given model had two feasible solutions,
the scalelengths, characteristic surface brightness, andthe total
magnitudes of the bulges and discs differed by∼ 10–20% at
most, lying within the typical observational errors. This means
that the fitted values of these parameters can be considered ro-
bust, as well as the bulge-to-total (B/T) and disc-to-total (D/T)
ratios derived from them. On the contrary,n changed notice-
ably between the different possible solutions. The errors of the
fitted parameters were obtained through the bootstrap method
(Efron & Tibshirani 1993; Press et al. 1994) accounting for the
errors of the surface brightness profiles. We performed Monte
Carlo simulations (N = 100) of the surface brightness profiles
considering the errors associated with each data point (related to
particle counting) and performed a B+D or B+C+D decompo-
sition to each realisation. We then estimated the standard devia-
tion of the photometric parameters obtained from theN fits with
respect to the nominal values derived by fitting the originalpro-
file. We used 3σ rejection in this computation to discard outliers

resulting from some failed automatic fits. This procedure ofes-
timating errors for the fitted photometric parameters includes to
some extent the uncertainties due to the degeneracy of very simi-
lar solutions. As commented above, this degeneracy affected no-
ticeably the bulge Sérsic index. This is the reason why we have
obtained relatively large errors forn in some models.

All our S0-like remnants were well described by a B+D or
B+C+D profile. Figure 2 shows the multi-component decompo-
sitions performed to the radial surface brightness profilesof six
S0-like remnants in theK band. We plot the residuals of each
fit as a function of radius in the galaxy at the bottom panels.
Very few remnants were better reproduced by a B+D fit than
by a B+C+D decomposition (one example of B+D fit is model
gSagSao9 in Fig. 2). The additional component included in the
B+C+D fits may represent a lense or oval (as in model gS-
bgSbo70 in Fig. 2), an embedded inner disc (as in model gS-
dgSdo42, see the same figure), or an azimuthally-averaged bar
(see model gS0dSao105 in the figure).

In Table 3 we list the bulge and disc photometric parameters
derived from the multicomponent decompositions performedto
our S0-like remnants that have been analysed in the present
study, as well as the main characteristics of these decomposi-
tions: number and type of components included (i.e. whetherit is
B+D or B+C+D), rmin andrmax considered in each case, andχ2

of the fit in mag2. χ2 is typically below∼ 1 mag2 in total for the
whole fitted radial range in most cases. It rises up to∼ 3 mag2 in
the cases with tidal satellites within the fitted radial profile. The
decompositions performed to the original progenitors are also
listed in Table 3.

4. Results

In order to quantify to what extent major mergers destroy, pre-
serve, or rebuild bulge-disc coupling, here we compare the pho-
tometric parameters derived for our relaxed S0-like remnants
with real observational data. We have also included the mi-
nor merger models that give rise to a relaxed S0 remnant in
the comparison. In particular, we check the overlap of our pa-
rameters in various photometric planes with those obtainedby
Laurikainen et al. (L04 hereafter 2004), Weinzirl et al. (2009,
W09 henceforth), and L10 from near-infrared observations of
spirals and S0s. For reference, we also compare our results
with the dry minor mergers simulated by Aguerri et al. (2001,
A01 hereafter) and Eliche-Moral et al. (2006, EM06 henceforth;
EM12; EM13).

4.1. Bulge-disc structural coupling

We start by analysing the coupling between the scalelengthsof
discs and bulges. Fig. 5 shows the distribution of the final S0-
like remnants in the log(hd) − log(re) plane. Each filled circle
represents the fate of a different merger event, with the colour
code going from red to purple reflecting that later Hubble-type
progenitors are involved (and, consequently, it roughly corre-
sponds to a sequence of increasing gas content). With less sat-
urated colours and smaller symbols, at the background, the ob-
servational results from L04, W09, and L10 are depicted. For
reference, the remnants of the collisionless simulations of minor
mergers onto an S0 are also shown with grey diamonds (A01;
EM06; EM12; EM13). These collisionless models are scalable,
i.e. they can be moved diagonally in this diagram just consider-
ing a different length unit. We have also overplotted the least-
squares linear fits performed to the observational distributions of

Article number, page 11 of 23



A&A proofs:manuscript no. Merger_S0s_coupling

MAJOR MERGER MINOR MERGER

Fig. 7: Time evolution of the surface brightness profiles of the stellar material in two models that result in an S0-like remnant, centred
on the mass centroid of the most massive (primary) progenitor at each time.Left panels: For the major merger gSagSdo42.Right
panels: For the minor merger gS0dSao103. The contribution of the stellar material of each progenitor to the total profile at eachtime
is marked with a different colour (blue: primary progenitor;green: secondary progenitor). We have plotted with red dashed lines
the original surface brightness profile of the primary progenitor in all panels, to stress that minor merger events essentially preserve
the profile, whereas major encounters completely rebuild the bulge and disc profiles in the remnants out of material from both
progenitors. The limiting surface brightness that we consider is shown with a horizontal dotted line. We also indicate the first and
second pericentre passages, as well as the moment when the full merger is reached. [A colour version is available in the electronic
edition.]

spirals and S0s, whenever the Pearson correlation coefficientρ
is larger than 0.5.

Observationally, all disc galaxies, from S0s to spirals, popu-
late a diagonal region in the plane log(hd) − log(re), as it can be
seen in Fig. 5. Scatter exists, but it is still remarkable that bulges
of a certain size predominantly exist in galaxies with a given
disc scalelength. Moreover, it is important to emphasise that the
distributions of the different types of galaxies overlap: a similar
increasing tendency seems to hold for all kinds of disc galaxies,
with a steeper slope in the case of S0s.

The merger remnants that we are studying cluster towards
the upper-right corner of the plane (Fig. 5), but this is because we
are dealing with remnants which have masses similar to the most
massive S0s in the NIRS0S sample, at the upper end of the sizes
and luminosities of observed lenticulars. This is natural,as the
masses of the progenitors ranged∼ 0.5 – 1.5× 1011M⊙ (Sect. 2).
The distribution of scalelengths for the bulges and discs ofour
remnants overlaps with that of the largest S0s; even the scatter
introduced by the different types of encounter is compatible with
the scatter of real galaxies.

For the largest bulge effective radii, from Fig. 5 it seems like,
on bulk, lenticulars have slightly larger disc scalelengths than
spirals. It is precisely towards this upper side of the observa-
tional distribution of S0s where our remnants are located. The
S0 remnants of our minor mergers cover a rather small area of
the log(hd) − log(re) plane, and they lie close to the results from
previous studies based on dry minor merger simulations (A01;
EM12). The different sets of major mergers, however, span a
much larger range of values, reproducing well the scatter ob-
served in real S0s. Finally, it is also interesting to note that the
experiments with the largest gas fractions are the ones thatshow
the largest deviations in positions on the plane. Our S0-like rem-
nants exhibit a bulge-disc coupling in terms of sizes that iscon-
sistent with the one observed in real S0s.

In Fig. 6, we plot the distribution of real and simulated S0s
in the MK(disc) – MK(bulge) plane. The linear fits performed
to the distributions of real S0s and spirals indicate that the total
K-band magnitudes of their bulges and discs correlate linearly,
although the linear trend of the S0s is tilted with respect tothe
one of spirals. All our remnants accumulate towards the upper
end area covered by the brightest real S0s. More importantly,
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Fig. 5: Location of our S0-like remnants in the log(hd) − log(re)
plane, compared to the observational results (L04; W09; L10)
and previous simulations of dry minor mergers (A01; EM06;
EM12; EM13). Details on the symbols and colour-coding used
can be found on the legend. The linear fits performed to the ob-
servational distributions of S0 and spiral galaxies are overplot-
ted in the diagram with solid lines only when Pearson’s corre-
lation coefficient is greater than 0.5, in this case only for S0s
(ρS0 = 0.59, ρSp = 0.21). [A colour version is available in the
electronic edition.]

the remnants from both minor and major mergers fulfill well the
observational constraint of bulge-disc coupling also in terms of
luminosity: the magnitude of the disc takes up a value which is
proportional to the bulge magnitude within some scatter (shared
both by simulations and observations).

We have again overplotted the collisionless minor merger
models by A01 and EM12 in Fig. 6 for comparison. They can
be moved diagonally in the plane considering a different mass
unit (i.e., luminosity unit), up to the region where our dissipative
minor mergers are located. Therefore, the inclusion of gas and
star formation effects does not seem to be relevant to preserve
the bulge-disc coupling in satellite accretions onto gas-poor pro-
genitors.

As commented in Sect. 3.1, our remnants are brighter than
real S0s of analogous masses in the NIRS0S sample by a factor
of ∼ 2, due to recent merger-driven starbursts. If the remnants
were allowed to relax passively for an additional period of∼ 1
– 2 Gyr, their colours would become more similar to those of
nearby S0s and the remnants would experience a dimming of
∼ 1 mag in theK band. Assuming that the averageM/L ratios
of the bulge and the disc are similar, the remnants would move

Fig. 6: Distribution of our S0-like remnants in theMK(disc)-
MK(bulge), compared to the observational distributions of
nearby S0s and spirals (L04; W09; L10) and to previous sim-
ulations of dry minor mergers (A01; EM06; EM12; EM13). The
linear fits performed to the observational distributions ofS0 and
spiral galaxies are overplotted in the diagram with solid lines
(PearsonρS0 = 0.76, ρSp = 0.70). The symbols represent the
same models and observations as in the previous figure; consult
the legend in Fig. 5. [A colour version is available in the elec-
tronic edition.]

diagonally towards fainter magnitudes up to∼ 1 mag in Fig. 6,
nearly following the line fitted to the distribution of real S0s.
Therefore, a global dimming of the remnants by∼ 1 mag inK-
band would keep the agreement between real and simulated S0s
in theMK(disc) –MK(bulge) diagram.

Figures 5 and 6 prove that the S0-like remnants resulting
from major and minor mergers present a bulge-disc coupling
consistent with observations in terms of scalelengths and lumi-
nosities. In the minor merger experiments, the global structure
of the main progenitor disc is mostly preserved at the end of the
simulation in all cases. In the right panels of Fig. 7, we showthe
time evolution of the stellar surface brightness profile of the gS0
progenitor in the minor merger experiment gS0dSao103 (blue).
We have overplotted the additional contribution from accreted
stellar material coming from the dSa satellite at each time,as the
disruption process evolves (green). The original surface bright-
ness profile of the gS0 progenitor is shown in all panels for com-
parison (red dashed line). At the end of the simulation, the total
profile due to the stars from the gS0 and the dSa in the remnant
is very similar to the original profile of the gS0 progenitor at all
radii down to the limiting magnitude under consideration. There-
fore, in minor mergers, the changes experienced by the bulgeand
disc structures are small in general, mostly driven by internal
secular processes induced by the encounters (see EM13), so it is
not surprising that bulge and disc preserve their coupling at the
end of the accretion. The original bar that the gS0 progenitor has
at the start of the simulation in the minor merger experiments is
strengthened at each pericentre passage of the satellite that takes
place before the full merger (see Fig. 1).
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The bulges and discs in the S0-like remnants resulting from
major mergers exhibit a realistic structural coupling, even if the
progenitor discs are basically destroyed in such major encoun-
ters. In the left panels of Fig. 7, we show the time evolution of
the stellar surface brightness profile for the gSa progenitor in the
major merger model gSagSdo42. Here, we also highlight with
different colours the contribution to the total profile at each time
of the stars coming from each progenitor, as well as the orig-
inal profile of the gSa galaxy (red dashed line). At the end of
the simulation, the distribution of the stellar mass comingfrom
the gSa progenitor (blue) is completely different at all radii from
its original profile. There has been considerable mass migration
from intermediate radii to the core and to the outskirts. Thema-
terial originally belonging to the gSd has also been accreted at
different radii, rebuilding a new bulge+disc structure. Then, in
major mergers, the processes after the bulge relaxation andthe
disc rebuilding seem to force both components to keep a struc-
tural connection. This suggests that the bulge-disc coupling of
all disc galaxies (and not just of S0s) may arise from fundamen-
tal physics. This would explain why both S0 and spiral galaxies
exhibit a similar bulge-disc coupling in terms of sizes and lu-
minosities (despite having different evolutionary pathways), as
well as why the S0 galaxies resulting from events as violent as
major mergers do still fulfill this coupling.

These results confirm, both from the sizes point of view and
from the perspective of the luminosity, that the analysed S0-like
remnants show a similar coupling between their bulges and discs
to that observed in real S0s. This proves that, contrary to the
widespread belief, major mergers can produce S0 remnants with
coupled bulge-disc structures analogous to those observedin real
S0s.

4.2. Trends of the bulge and disc scalelengths with B/T

The correlation betweenre/hd and B/T or n in spirals has
undergone significant debate in the last couple of decades:
the apparent lack of observed correlation in the earlier stud-
ies lead some authors to claim that the Hubble sequence was
scale-free (de Jong 1996; Courteau et al. 1996; Graham 2001;
MacArthur et al. 2003; Balcells et al. 2007b); on the contrary,
others found a slight increasing trend in those planes, sug-
gesting that earlier Hubble types (with higherB/T) tend to
host bulges of relatively larger sizes (Graham & Prieto 1999;
Gadotti 2009; Mosenkov et al. 2010). L10 found a slight de-
creasing trend ofre/hd with the morphological galaxy typeT
(de Vaucouleurs et al. 1991) fromT = −3 (SO−) to T = 2 (Sa),
which becomes essentially constant fromT = 2 to T = 6 (Sa to
Sc; see their Fig. 5).

Independently of whetherre/hd exhibits significant trends
with B/T andn or not, we have studied if our S0-like remnants
overlap with real S0s in there/hd – B/T andre/hd – n planes.
In Fig. 8 we first plotre/hd as a function of theB/T ratio, com-
pared to observational data (top panel). From the linear fit to
observational S0s and late-type spirals we notice that, in spite
of the large scatter, there is a similar increasing trend in both
galaxy types, but with a systematic offset upwards in the case of
spirals. When we overplot our remnants in this plane, it becomes
clear that we are mostly reproducing the S0s, preferentially over-
lapping the area around the linear fit to lenticulars rather than
the late-type spirals. There are only three outliers exhibiting the
highestre/hd values, corresponding to gas-rich major mergers.
In any case, the scatter in the resultingre/hd of the remnants as
a function ofB/T is large, but the distribution of the simulated

S0s is consistent with the increasing trend that the observational
S0s seem to follow (within the scatter).

It is also remarkable that the S0-like remnants resulting from
our major merger experiments span the observational rangesof
re/hd andB/T values in the top panel of Fig. 8, although their
stellar masses cover a relatively narrow range (∼ 1 – 3×1011M⊙).
This means that major mergers can give rise to S0 galaxies with
very different global properties starting from similar progenitors,
just depending on the initial conditions of the encounters.

The intermediate and bottom panels of Fig. 8 can shed some
light on the origin of the systematic shift between spirals and
S0s in there/hd – B/T plane, and explain why our remnants end
up covering the area they do. The intermediate panel shows that
spirals tend to have systematically larger bulge effective radii for
a given bulge-to-total luminosity ratio. The distributions over-
lap, but most of our remnants tend to align where most S0s lie,
on average corresponding to smallerre than their spiral counter-
parts. It is also interesting to note that remnants with the largest
dispersions (which still lie close to some of the S0 outliersin
the plane) are those with the highest gas fractions. For complete-
ness, the bottom panel shows the relation betweenhd andB/T,
but no linear fit to observations is attempted here, since thePear-
son correlation coefficients are low. In any case, it is reassuring
to find that the merger remnants that we are studying populate
an area which is observationally covered by lenticulars.

In conclusion, the S0-like remnants resulting from major and
minor mergers are consistent with the distribution of real S0s in
there/hd, re, andhd versusB/T planes.

4.3. Pseudobulges resulting from major mergers

Figure 9 shows the distribution of our S0-like remnants in the n
– B/T andre/hd – n planes (left and right panels, respectively),
compared to the distributions of real S0s and spirals and to pre-
vious simulations of dry minor mergers. The left panel indicates
that real galaxies distribute diagonally in then – B/T plane, with
earlier types tending to accumulate towards higherB/T andn
values. Half of our major merger remnants exhibit bulges with
concentrations (n) and light contents relative to the total (B/T)
compatible with the observations of S0 galaxies, whereas the
other half exhibit too lown values for theirB/T ratios. All minor
merger remnants present less concentrated bulges (i.e., lower n)
than real S0s with similarB/T. These models accumulate in a
clump below the diagonal distribution of real galaxies atn ∼ 1
and 0.3 < B/T < 0.8. L10 showed that real S0s tend to ex-
hibit lower n values than popularly thought (they usually have
n . 2, instead of the widespread belief of typicaln > 3 bulges).
However, although our remnants tend to exhibitn < 2 bulges
accordingly to L10 results, many of them are too displaced from
the location of real S0s in then – B/T diagram (see Fig. 9).

The low n values of the remnants coming from a minor
merger are an artefact of the initial conditions. The original
gS0 is already offset from the location of S0s in this diagram
(B/T = 0.2 andn = 1, see Table 3). Therefore, even though all
minor mergers onto this progenitor induce an increment of the
concentration (n) and relative luminosity of the bulge (B/T), this
bulge growth is not enough to counteract the initial conditions.
So, these minor merger experiments would probably give riseto
S0s with highern for similar B/T ratios if the gS0 progenitor al-
ready had a more realistic Sérsic index. The dry minor mergers
simulated by A01 and EM12 provide more realisticn values for
their B/T, just because the original S0 progenitor used in these
encounters laid onto the observational cloud since the beginning.
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In major mergers, the reason for the offset in Sérsic indices
is related to the collapse of gas particles towards the centre. In
some cases, gas accumulates at the remnant centre, giving rise to
inner discs of∼ 3 – 4 kpc size made of newborn stars. These flat
central structures made of young stars dominate the light distri-
bution and bias the bulge Sérsic index towardsn ∼ 1. However,
in other cases, the inner discs made of young stars are too small
(∼ 2 kpc) to explain then ∼ 1 bulges which dominate the profile
out toR ∼ 5 kpc, and which are basically made up of old stars.
In these cases, the explanation of the bulge flattening may arise
from gas dynamics. Gas particles are known to transfer angu-
lar momentum to the old stellar particles during the encounter,
providing rotational support to them and flattening their spatial
distribution. This might lead to then ∼ 1 bulges built out of old
stellar material. One example is shown on Fig. 10. The contri-
bution of the new stars (light blue) in the final remnant of gS-
bgSbo9 (black) only dominates the light distribution at thecore
of the galaxy (R < 1 kpc), which has been excluded from the
decomposition. The region of then ∼ 1 bulge (red dashed line)
basically consists of old stellar material, fromR ∼ 1 kpc out to
R∼ 5 kpc, where the lense component starts to dominate.

This situation would probably change if the models were al-
lowed to relax for a longer time period, as relaxation usually
entails dynamical mixing and reduces rotation. The bulge could
potentially puff up and raise its Sérsic index. Moreover, these in-
ner discs made up of young stars are expected to fade by∼ 1 mag
in K in ∼ 1 –2 Gyr (see Sect. 3.1); in that case, they would neg-
ligibly contribute to the surface brightness profile at the centre.
Most present-day massive S0s have passively evolved for much
longer time periods than these particular models (Davidzonet al.
2013; Choi et al. 2014), so this is a natural explanation of why
such lown are rare in the local universe.

Many S0s host pseudobulges, i.e., bulges withB/T < 0.4
andn ∼ 1, with high levels of star formation and disc-related
phenomena, such as spiral patterns or bars (see Laurikainenet al.
2006, L10). The properties of these bulges have usually beenat-
tributed to a secular origin, mainly to bar evolution. Our models
demonstrate that a major merger can give rise to an S0 galaxy
hosting a pseudobulge without requiring any bars (none of our
major merger remnants develops a significant bar, see Sect. 3.1).

In the right panel of Fig. 9 we plotre/hd as a function of
the Sérsic index. Although many of our remnants exhibit too
low n values compared to real S0s, the large scatter inre/hd
at eachn value of observational data masquerades the offset of
these models inn with respect to real S0s. However, there is a
clump of models withn ∼ 1 andre/hd > 0.4 that clearly devi-
ates from the rest of models in this plane. All these S0-like rem-
nants come from gas-rich major encounters with very inclined
orbits. The existence of very young (and thus bright) inclined
inner discs in the centres of these remnants biasesre towards
higher values than expected for theirhd. Cosmological simu-
lations indicate that encounters with very inclined orbitshave
been rare in the Universe, so it is understandable that theseen-
counters populate a region of the plane only sparsely covered by
observations (Zentner et al. 2005; Gómez-Flechoso et al. 2010;
Benjouali et al. 2011).

Figure 11 is an alternative way of checking that our merg-
ers reproduce the upper end of the observed S0 mass spectrum,
and that, for such sizes, our remnants preferentially correspond
to the lowest observed Sérsic indices. When the disc and bulge
scalelengths are plotted against the Sérsic index, we see that the
remants reproduce the upper half of the observational cloudin
there – n andhd – n planes. Our results agree well with previous
collisionless simulations of dry minor mergers in both diagrams.

The lower half of the observational distributions of S0s in these
two photometric planes could be probably reproduced by merg-
ers onto less massive progenitors than those used here.

Finally, any trends with gas content and even mass ratios
seem to be subdominant as to where galaxies end up in all the
photometric diagrams shown in Figs. 5 – 11. It is true that the
most gas-rich major merger models disseminate more in the
planes, whereas the minor mergers cover much tighter areas (just
because they share the same main progenitor). The minor merger
remnants are surrounded by those of our major merger events.
Therefore, the mass ratio or gas content alone lack the predic-
tive power to dictaminate the specific region of these planesinto
which remnants will fall.

Summarizing, these simulations show that major mergers
can build up S0s hosting pseudobulges without requiring the
development of a bar, as already shown by EM13 for dry mi-
nor merger events. The presence of gas and star formation are,
however, essential to explain the formation of S0s with disc-like
bulges through major merger events.

5. Limitations of the models

GalMer models survey a wide set of initial conditions, but they
are also limited. Here we comment on the limitations inherent to
the present models.

1. Mass ratios of encounters and progenitor masses.

GalMer models cover a significant range of mass ratios (1:1
to 20:1, see Table 1), but they are fixed for each pair of progeni-
tor morphologies, so the effects of different mass ratios cannot be
analysed for a given set of initial conditions (and in particular, for
a given couple of progenitor types). In fact, intermediate mergers
(with mass ratios from 4:1 to 7:1) are not present in the database,
but many studies suggest that intermediate encounters and mul-
tiple minor mergers may have been as relevant for the evolution
of S0 galaxies as major merger events (see Maller et al. 2006;
Bournaud et al. 2007; Wilman et al. 2013; Tapia et al. 2014, and
references therein).

More than the limitations in terms of mass ratios, the reason
why our remnants only cover the largest observational S0s isthat
at least one of the progenitors is always a giant galaxy, of initial
stellar massM⋆ & 5 × 1010M⊙. Therefore, it would be inter-
esting to complement the present study with examples from the
intermediate-merger regime and with galaxies of more modest
initial masses.

2. Gas and star formation effects.

Dissipative effects have been proven to be essential for
establishing the global structure and kinematics of merger
remnants (see e.g. Jesseit et al. 2007; Di Matteo et al. 2007;
di Matteo et al. 2008). A major advantage of GalMer models is
that they include the dynamical effects of gas and star forma-
tion, providing a more realistic picture of the merger eventthan
collisionless models, but it also entails a series of constraints.

Firstly, we must bear in mind that our S0-like remnants cor-
respond to the outcome of a merger between progenitor galaxies
that are analogous to those found in our local Universe. At higher
redshifts, where the actual encounters that led to present-day S0s
took place, the gas fractions were even higher. For instance, the
gas fraction can be up to∼ 50% of the total stellar mass at
z ∼ 1 (Papovich et al. 2005; Genzel et al. 2008; Tacconi et al.
2008; Förster Schreiber et al. 2009; Law et al. 2009). As we will
argue in the discussion, this increases the likelihood of form-
ing an S0-like remnant, reinforcing the relevance of our results.
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Fig. 9: Distribution of Sérsic indicesn with B/T andre/hd in our S0-like remnants (left and right panels, respectively), compared
to the observational parameters from real S0s and spirals (L04; W09; L10). We also represent the locations of previous simulations
of dry minor mergers (A01; EM06; EM12; EM13). The dotted lines indicate the location ofn = 1, 2, and 4 in each diagram. The
symbols represent the same models and observations as in theprevious figures; consult the legend in Fig. 5. [A colour version is
available in the electronic edition.]

Fig. 11: Distribution of our S0-like remnants in the log (re)-log (n) and log (hd)-log (n) planes (left and right panels, respectively),
compared to the observational distributions of S0s and spirals (L04; W09; L10). The location of previous collisionlesssimulations
of minor mergers is also shown (A01; EM06; EM12; EM13). The vertical dotted line indicates the location ofn = 1, 2, and 4 in
each diagram. The symbols represent the same models and observations as in the previous figures; consult the legend in Fig. 5. [A
colour version is available in the electronic edition.]

In any case, expanding the present analysis to simulations with
larger gas fractions would be helpful to interpret this point.

Secondly, the conversion from mass into light is not a triv-
ial issue. We have adopted a number of simplifications: (a) we
assign a single age to every old stellar particle (10 Gyr); (b)
we assume a given SFH per morphological type, typical of
each progenitor, and independent of the location of the particles
within the galaxy; (c) for gas particles transforming into stars,
we approximate the SFH by a SSP model. There is some ob-
servational evidence of variation in the age of stars contribut-

ing to K-band, both from galaxy to galaxy and across indi-
vidual galaxies (van Dokkum & Franx 2001; MacArthur et al.
2004; Sil’chenko et al. 2012); however, this is still a highly-
debated issue from the observational point of view, and trying
to adopt more complex distributions of stellar ages and/or SFHs
would only introduce additional uncertainties and complicate
further the interpretation of our results. In any case, withthe
present conversion of mass into light, we account for the mor-
phological appearance of remnants, including the important ef-
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fects of the recent starburts in the structure of the centralbulge
(see Sect. 4.3).

3. Total simulation time.

The models have been evolved for up to 3.5 Gyr, involv-
ing relaxing periods of∼ 2 Gyr at most. Even though we have
checked that all the remnants analysed were dynamically relaxed
at the end of the simulation, the stellar material acquired during
the merger may have not had enough time to be properly mixed.
This may be the reason for the over-structured bulge that we
found in 2D decompositions in comparison to NIRS0S galax-
ies (Sect. 3.2). Moreover, the youth of these substructuresmade
them brighter than usual even in theK band. Stellar populations
with these ages would decrease their flux by up to∼ 1 mag in
the K-band during the next∼ 1–2 Gyr (Prieto et al. 2013), be-
coming completely smooth within the global bulge light distri-
bution. Anyway, some nearby E-S0 galaxies of lower masses
than those of our S0-like remnants exhibit blue nuclear struc-
tures, which are usually considered as traces of past merging
activity (Kannappan et al. 2009; Huertas-Company et al. 2010;
Wei et al. 2010). Blue colours in massive S0s are also more com-
mon at intermediate redshifts (Fritz et al. 2009).

6. Discussion

It is well known that mergers (even major events) can, un-
der favourable conditions, preserve discs (Springel & Hernquist
2005), but major mergers in particular are expected to produce
remnants with decoupled bulge and disc structures. Contrary to
this widespread belief, we have shown that S0-like remnantsre-
sulting from dissipative major and minor mergers exhibit bulge-
disc structural coupling coherent with observations, extending
the results obtained from dry minor merger simulations (EM12;
EM13).

As commented in Sect. 4.1, minor merger events directly pre-
serve the bulge-disc coupling of the original main progenitor.
EM13 showed that, even in the absence of gas and star forma-
tion, satellite accretions induce internal secular evolution in the
progenitor disc that can even enhance this structural link.The
addition of small amounts of gas to the satellites can only boost
internal secular processes in the main progenitor, as observed in
the minor merger models analysed here. On the contrary, major
mergers destroy the original bulge and disc structures during the
first phases of the encounter,but the final bulge and disc struc-
tures are rebuilt (partially based on the relics of the original pro-
genitor structures) to give rise to S0 remnants that overlapin the
n – B/T – re/hd parameter space with the distribution of bright
S0s. Except for a few outliers, especially in terms of concentra-
tion (Sérsic indexn), we otherwise reproduce the tail of the most
massive lenticulars in NIRS0S in the various photometric planes
as the consequence of both major or minor mergers. Therefore,
S0s with realistically coupled bulge-disc structures may result
from the relaxation process that follows certain mergers, even in
such violent events as major mergers. This process occurs within
timescales that are reasonable in a cosmological sense (just ∼ 2–
4 Gyr), and it is therefore a plausible mechanism to explain the
formation of a fraction of the current population of S0s. The
bulge-disc coupling observed in all disc galaxies may thus be
the consequence of basic physical processes. This would explain
the observational fact that both spirals and S0s present similar
linear trends (slightly offset or tilted) in photometric planes such
ashd – re, MK(disc) –MK(bulge), orre/hd – B/T.

Our remnants span a relatively narrow range of final stellar
masses,∼ 1 – 3× 1011M⊙, because one of the members of the

encounter is always a giant galaxy, even if both major and mi-
nor mergers are considered. In this context, one advantage of
the merger origin picture is that, even considering such a narrow
range in stellar masses, they can explain the trends and disper-
sions observed in then – B/T – re – hd planes for up to one
dex. Mergers that differ only slightly in their initial conditions
are capable of producing quite different sort of remnant sys-
tems, and all of them with bulge-disc structural coupling consis-
tent with observations. If we also account for the observational
and computational evidence that points to a merger origin for a
significant fraction of S0s (and in particular, for the most mas-
sive ones, see Eliche-Moral et al. 2010a; Bernardi et al. 2011a,b;
Méndez-Abreu et al. 2012; Barway et al. 2013; Wilman et al.
2013; Tapia et al. 2014), it seems unjustified to exclude major
mergers from the current scenarios of S0 formation and evolu-
tion.

Another relevant point is the role of gas fraction when pro-
ducing S0s out of mergers. It has already been mentioned that
our S0-like remnants arise from progenitor galaxies that are
analogous to those found in our local Universe, with gas frac-
tions typical of present-day spiral galaxies (see Table 2).How-
ever, many authors claim that massive S0s have evolved pas-
sively sincez ∼ 0.8, but they seem to have undergone strong
star formation episodes at higher redshifts (Davidzon et al. 2013;
Choi et al. 2014). These results fit in a hierarchical formation
picture in which a significant fraction of present-day massive
S0s derive from mergers of spiral discs occurred atz ∼ 1. In
those early epochs, the typical gas fraction in spirals was higher
than at present, reaching up to∼ 50% of the total stellar mass
at z ∼ 1 (Papovich et al. 2005; Genzel et al. 2008; Tacconi et al.
2008; Förster Schreiber et al. 2009; Law et al. 2009). With such
large amounts of gas, the formation of disc components in major
merger events becomes more probable, and so does the prob-
ability of forming an S0-like remnant instead of an elliptical
(Yang et al. 2009; Hammer et al. 2010, 2013; Puech et al. 2009).
Even the lower gas amounts contemplated by the present models
already point to major mergers producing S0 remnants with cou-
pled bulges and discs; therefore, the buildup of a relevant frac-
tion of present-day S0 galaxies through major mergers atz ∼ 1,
when gas fractions were higher, seems to be quite feasible.

The fact that our results point to a merger origin of some
S0s should not, of course, be overinterpreted. Naturally, it is not
reasonable to claim that all lenticular galaxies derive from merg-
ers, and we are far from being able to quantify what amount
of the S0s in the local Universe are the direct consequence of
one or several galaxy encounters. It is widely accepted that,
within the densest environments, effects like ram-pressure strip-
ping or galaxy harassment can explain the gas loss and conse-
quent change of spirals into S0s (Aragón-Salamanca et al. 2006).
Moreover, such mechanisms help explain the rise of the fraction
of lenticulars with redshift, and the corresponding decline of spi-
rals (Dressler 1980). However, here we would like to point out
that, whatever that contribution has been, any S0s derivingfrom
the major merger between two spirals would also contribute to
the trend observed by Dressler of transformation of spiralsinto
S0s. It is beyond the scope of the present paper to quantify the
relevance of major mergers in terms of creating S0s (recent esti-
mates indicate that they may have been essential in the buildup
of ∼ 50% of present massive S0s at most, see Tapia et al. 2014),
but it is a mechanism that surely needs to be taken into account,
and may especially explain the origin of the S0s that reside in
groups and less dense environments. S0s are at least as common
in groups as in clusters, and galaxy interactions are the domi-
nant evolution mechanism in this regime (Wilman et al. 2009;
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Mazzei et al. 2014a,b). Moreover, the role of merging in “pre-
processing” galaxies in filaments before falling into a cluster
and in “post-processing” them during their infall might also be
underestimated at present (see Vijayaraghavan & Ricker 2013;
Head et al. 2014).

7. Summary and conclusions

Because galaxy mergers are highly violent phenomena, it hasof-
ten been claimed that they cannot possibly give rise to S0 galax-
ies in which a strong bulge-to-disc coupling holds. Since such
structural coupling has been measured observationally, this has
led most authors to rule out mergers as a possible origin of S0
galaxies. We have thus studied the bulge-disc coupling in a set of
major and minor merger simulations from the GalMer database
that result in E/S0 or S0 types. We have simulated realistic sur-
face brightness profiles of the remnants inK-band, mimicking
the typical observational conditions, to perform structural pho-
tometric decompositions analogous to the ones that would have
been obtained by observers. We have finally compared the dis-
tribution of the S0-like remnants with real S0 galaxies fromthe
NIRS0S survey (Laurikainen et al. 2011) in photometric planes
relating basic parameters of the bulges and discs. In particular,
we have found that:

1. S0-like remnants reproduce well the observed distribution of
real bright S0s in theB/T – re – hd parameter space.

2. Although our remnants span a narrow range of stellar
masses, they reproduce the observational values ofre, hd,
re/hd, and B/T over an order of magnitude. Therefore, a
wide variety of final structures consistent with observations
can be achieved from mergers that differ only slightly in their
initial conditions.

3. The majority of the experiments analysed (∼ 64% of major
mergers and∼ 100% of minor events) exhibit low bulge Sér-
sic indices (1< n < 2), in agreement with the observed trend
of real S0s to hostn < 2 bulges.

4. However, nearly one half of the major-merger remnants
present too lown values compared to real analogues. These
remnants host young inner discs formed in the starbursts in-
duced by the encounters, biasing the bulge fit towardsn ∼ 1;
the effects of these inner components are expected to vanish
in & 2 – 3 Gyr additional relaxation time.

5. The presence of young disc-like structures in the bulges of
these major merger remnants and their global properties (n <
2 andB/T < 0.4) indicate that pseudobulges can also come
out of major mergers without requiring bar phenomena (as
none of these major merger experiments develops a relevant
bar).

6. While minor mergers tend to preserve the original bulge-disc
coupling of the main progenitor, major mergers are capable
of rebuilding a bulge-disc coupling in the remnants after hav-
ing destroyed the original structures of the progenitors. This
suggests that the mechanisms after the bulge-disc coupling
found in both S0 and spiral galaxies may be associated with
fundamental physics.

Therefore, these simulations demonstrate that realistic S0
galaxies with photometric parameters showing a bulge-disccou-
pling compatible with the one observed in real objects can
emerge out of galaxy mergers in less than∼3.5 Gyr, and, in par-
ticular, from major mergers. Considering that mergers are com-
plementary to other evolutionary mechanisms that probablyop-
erate preferentially over regions of different density, we conclude

that mergers (and in particular, major ones) cannot be discarded
from the formation scenarios of S0s on the basis of the strong
bulge-disc coupling observed in these galaxies or their tendency
to host pseudobulges.
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Chilingarian, I. V., Di Matteo, P., Combes, F., Melchior, A.-L., & Semelin, B.

2010, A&A, 518, A61
Choi, J., Conroy, C., Moustakas, J., et al. 2014, ArXiv e-prints
Courteau, S., de Jong, R. S., & Broeils, A. H. 1996, ApJ, 457, L73+
Crowl, H. H. & Kenney, J. D. P. 2006, ApJ, 649, L75
Crowl, H. H. & Kenney, J. D. P. 2008, AJ, 136, 1623
Crowl, H. H., Kenney, J. D. P., van Gorkom, J. H., & Vollmer, B.2005, AJ, 130,

65
Davidzon, I., Bolzonella, M., Coupon, J., et al. 2013, A&A, 558, A23
de Jong, R. S. 1996, A&A, 313, 45
de Vaucouleurs, G., de Vaucouleurs, A., Corwin, Jr., H. G., et al. 1991, Third Ref-

erence Catalogue of Bright Galaxies, Vol. Volume 1-3, XII, 2069 (Springer-
Verlag Berlin Heidelberg New York), 7

di Matteo, P., Bournaud, F., Martig, M., et al. 2008, A&A, 492, 31
Di Matteo, P., Combes, F., Melchior, A., & Semelin, B. 2007, A&A, 468, 61
Dressler, A. 1980, ApJ, 236, 351
Dullo, B. T. & Graham, A. W. 2013, ApJ, 768, 36
Efron, B. & Tibshirani, R. 1993, An Introduction to the Bootstrap (Chapman &

Hall, New York), .

Article number, page 18 of 23

http://leda.univ-lyon1.fr
http://www.laeff.cab.inta-csic.es/projects/astromadrid/main/index.php


Querejeta et al.: Bulge-disc structural coupling in S0s resulting from major mergers

Eliche-Moral, M. C., Balcells, M., Aguerri, J. A. L., & González-García, A. C.
2006, A&A, 457, 91 (EM06)

Eliche-Moral, M. C., González-García, A. C., Aguerri, J. A.L., et al. 2012,
A&A, 547, A48 (EM12)

Eliche-Moral, M. C., González-García, A. C., Aguerri, J. A.L., et al. 2013,
A&A, 552, A67 (EM13)

Eliche-Moral, M. C., González-García, A. C., Balcells, M.,et al. 2011, A&A,
533, A104+

Eliche-Moral, M. C., Prieto, M., Gallego, J., et al. 2010a, A&A, 519, A55+
Eliche-Moral, M. C., Prieto, M., Gallego, J., & Zamorano, J.2010b, ArXiv e-

prints
Erwin, P. & Sparke, L. S. 2002, AJ, 124, 65
Finkelman, I., Brosch, N., Funes, J. G., Kniazev, A. Y., & Väisänen, P. 2010,

MNRAS, 407, 2475
Förster Schreiber, N. M., Genzel, R., Bouché, N., et al. 2009, ApJ, 706, 1364
Freeman, K. C. 1970, ApJ, 160, 811
Fritz, A., Böhm, A., & Ziegler, B. L. 2009, MNRAS, 393, 1467
Gadotti, D. A. 2009, MNRAS, 393, 1531
Genzel, R., Burkert, A., Bouché, N., et al. 2008, ApJ, 687, 59
Gingold, R. A. & Monaghan, J. J. 1982, Journal of Computational Physics, 46,

429
Gómez-Flechoso, M. A., Benjouali, L., & Domínguez Tenreiro, R. 2010, in

Highlights of Spanish Astrophysics V, ed. J. M. Diego, L. J. Goicoechea, J. I.
González-Serrano, & J. Gorgas, 295

Graham, A. W. 2001, MNRAS, 326, 543
Graham, A. W. 2013, Elliptical and Disk Galaxy Structure andModern Scaling

Laws, ed. T. D. Oswalt & W. C. Keel, 91
Graham, A. W. & Prieto, M. 1999, ApJ, 524, L23
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
Head, J. T. C. G., Lucey, J. R., Hudson, M. J., & Smith, R. J. 2014, MNRAS,

440, 1690
Hopkins, P. F., Cox, T. J., Younger, J. D., & Hernquist, L. 2009, ApJ, 691, 1168
Hubble, E. P. 1936, Realm of the Nebulae (New Haven: Yale University Press,

1936. ISBN 9780300025002)
Huertas-Company, M., Aguerri, J. A. L., Tresse, L., et al. 2010, A&A, 515, A3+
Janowiecki, S., Mihos, J. C., Harding, P., et al. 2010, ApJ, 715, 972
Jesseit, R., Naab, T., Peletier, R. F., & Burkert, A. 2007, MNRAS, 376, 997
Kannappan, S. J., Guie, J. M., & Baker, A. J. 2009, AJ, 138, 579
Kormendy, J. & Bender, R. 2012, ApJS, 198, 2
Kormendy, J., Fisher, D. B., Cornell, M. E., & Bender, R. 2009, ApJS, 182, 216
Kormendy, J. & Kennicutt, Jr., R. C. 2004, ARA&A, 42, 603
Laurikainen, E., Salo, H., & Buta, R. 2005, MNRAS, 362, 1319
Laurikainen, E., Salo, H., Buta, R., et al. 2006, AJ, 132, 2634
Laurikainen, E., Salo, H., Buta, R., & Knapen, J. H. 2009, ApJ, 692, L34
Laurikainen, E., Salo, H., Buta, R., & Knapen, J. H. 2011, MNRAS, 418, 1452
Laurikainen, E., Salo, H., Buta, R., Knapen, J. H., & Comerón, S. 2010, MN-

RAS, 405, 1089 (L10)
Laurikainen, E., Salo, H., Buta, R., & Vasylyev, S. 2004, MNRAS, 355, 1251

(L04)
Law, D. R., Steidel, C. C., Erb, D. K., et al. 2009, ApJ, 697, 2057
Lucy, L. B. 1977, AJ, 82, 1013
MacArthur, L. A., Courteau, S., Bell, E., & Holtzman, J. A. 2004, ApJS, 152,

175
MacArthur, L. A., Courteau, S., & Holtzman, J. A. 2003, ApJ, 582, 689
Maller, A. H., Katz, N., Kereš, D., Davé, R., & Weinberg, D. H.2006, ApJ, 647,

763
Mazzei, P., Marino, A., & Rampazzo, R. 2014a, ApJ, 782, 53
Mazzei, P., Marino, A., Rampazzo, R., Galletta, G., & Bettoni, D. 2014b, Ad-

vances in Space Research, 53, 950
Méndez-Abreu, J., Aguerri, J. A. L., Barrena, R., et al. 2012, A&A, 537, A25
Mihos, J. C., Harding, P., Rudick, C. S., & Feldmeier, J. J. 2013, ApJ, 764, L20
Mihos, J. C. & Hernquist, L. 1994, ApJ, 437, 611
Million, E. T., Allen, S. W., Werner, N., & Taylor, G. B. 2010,MNRAS, 405,

1624
Miyamoto, M. & Nagai, R. 1975, PASJ, 27, 533
Mosenkov, A. V., Sotnikova, N. Y., & Reshetnikov, V. P. 2010,MNRAS, 401,

559
Moster, B. P., Macciò, A. V., Somerville, R. S., Johansson, P. H., & Naab, T.

2010, MNRAS, 403, 1009
Papovich, C., Dickinson, M., Giavalisco, M., Conselice, C.J., & Ferguson, H. C.

2005, ApJ, 631, 101
Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2002, AJ, 124,266
Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2010, AJ, 139,2097
Pfenniger, D. & Norman, C. 1990, ApJ, 363, 391
Press, W. H., Teukolsky, S. A., Vetterling, W. T., & Flannery, B. P. 1994, Numer-

ical Recipes in Fortran (New York: Cambridge University Press), .
Prieto, M., Aguerri, J. A. L., Varela, A. M., & Muñoz-Tuñón, C. 2001, A&A,

367, 405

Prieto, M., Eliche-Moral, M. C., Balcells, M., et al. 2013, MNRAS, 428, 999
Puech, M., Hammer, F., Flores, H., Neichel, B., & Yang, Y. 2009, A&A, 493,

899
Rasmussen, J., Ponman, T. J., Verdes-Montenegro, L., Yun, M. S., & Borthakur,

S. 2008, MNRAS, 388, 1245
Rudick, C. S., Mihos, J. C., Frey, L. H., & McBride, C. K. 2009,ApJ, 699, 1518
Rudick, C. S., Mihos, J. C., Harding, P., et al. 2010, ApJ, 720, 569
Semelin, B. & Combes, F. 2002, A&A, 388, 826
Sersic, J. L. 1968, Atlas de galaxias australes (Cordoba, Argentina: Observatorio

Astronomico)
Sil’chenko, O. 2013, Memorie della Societa Astronomica Italiana Supplementi,

25, 93
Sil’chenko, O. K. 2009, in IAU Symposium, Vol. 254, IAU Symposium, ed.

J. Andersen, Nordströara, B. m, & J. Bland-Hawthorn, 173–178
Sil’Chenko, O. K., Chilingarian, I. V., Sotnikova, N. Y., & Afanasiev, V. L. 2011,

MNRAS, 414, 3645
Sil’chenko, O. K., Proshina, I. S., Shulga, A. P., & Koposov,S. E. 2012, MN-

RAS, 427, 790
Sivanandam, S., Rieke, M. J., & Rieke, G. H. 2010, ApJ, 717, 147
Somerville, R. S. & Primack, J. R. 1999, MNRAS, 310, 1087
Spergel, D. N., Bean, R., Doré, O., et al. 2007, ApJS, 170, 377
Springel, V. & Hernquist, L. 2005, ApJ, 622, L9
Tacconi, L. J., Genzel, R., Smail, I., et al. 2008, ApJ, 680, 246
Tapia, T., Eliche-Moral, M. C., Querejeta, M., et al. 2014, A&A, 565, A31
Tiret, O., Salucci, P., Bernardi, M., Maraston, C., & Pforr,J. 2011, MNRAS,

411, 1435
van Dokkum, P. G. & Franx, M. 2001, ApJ, 553, 90
Vijayaraghavan, R. & Ricker, P. M. 2013, MNRAS, 435, 2713
Vollmer, B., Braine, J., Pappalardo, C., & Hily-Blant, P. 2008, A&A, 491, 455
Vollmer, B., Soida, M., Braine, J., et al. 2012, A&A, 537, A143
Vollmer, B., Soida, M., Chung, A., et al. 2009, A&A, 496, 669
Wei, L. H., Kannappan, S. J., Vogel, S. N., & Baker, A. J. 2010,ApJ, 708, 841
Weinzirl, T., Jogee, S., Conselice, C. J., et al. 2011, ApJ, 743, 87
Weinzirl, T., Jogee, S., Khochfar, S., Burkert, A., & Kormendy, J. 2009, ApJ,

696, 411 (W09)
Wilman, D. J., Fontanot, F., De Lucia, G., Erwin, P., & Monaco, P. 2013, MN-

RAS, 433, 2986
Wilman, D. J., Oemler, Jr., A., Mulchaey, J. S., et al. 2009, ApJ, 692, 298
Yang, Y., Hammer, F., Flores, H., Puech, M., & Rodrigues, M. 2009, A&A, 501,

437
Zentner, A. R., Kravtsov, A. V., Gnedin, O. Y., & Klypin, A. A.2005, ApJ, 629,

219

Article number, page 19 of 23



A&A proofs:manuscript no. Merger_S0s_coupling

Fig. 8: Distribution ofre/hd, re, andhd versusB/T for our S0-
like remnants resulting from major and minor mergers, com-
pared to real observations of S0s and spirals (L04; W09; L10)
and to previous collisionless simulations of minor mergers(A01;
EM06; EM12; EM13). The linear fits to the observational dis-
tributions of S0 and spiral galaxies are overplotted with solid
lines only when Pearson’s correlation coefficient exceeds 0.5
(here, in the top and middle panels:top panel: ρS0 = 0.64,
ρSp = 0.63;middle panel: ρS0 = 0.60,ρSp = 0.55;bottom panel:
ρS0 = 0.0021,ρSp = −0.20). The symbols represent the same
models and observations as in the previous figures; consult the
legend in Fig. 5. [A colour version is available in the electronic
edition.]

Fig. 10: Bulge-lense-disc decomposition performed to an S0-like
remnant with ann ∼ 1 bulge (model gSbgSbo9).Solid black
line: Total surface brightness profile in theK band.Red solid
line: Contribution of the old stars to the total profile.Light blue
solid line: Contribution of the young stars to the total profile.Red
dashed line: Fitted bulge (n ∼ 1.0). Green dashed line: Fitted
lense component.Blue dashed line: Fitted disc. We have over-
plotted the limiting magnitude and the minimum and maximum
radii considered in the decomposition (dotted straight lines). The
subframes of each panel show the artificialK-band images of
the remnant for face-on and edge-on views, using a logarithmic
greyscale to highlight the substructures at the centre (in par-
ticular, the flattened, disc-shaped bulge). The field of viewis
50 kpc×50 kpc. [A colour version is available in the electronic
edition.]
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Table 3: Characteristic photometric parameters of the bulges and discs of the S0-like relaxed remnants in theK band

No. Model Morph Fit
rmin rmax χ2 re n

hd B/T D/T
MK (total)

[kpc] [kpc] [mag] [kpc] [kpc] [mag]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

– Original gE0 E B 0.5 13.4 0.069 3.67863± 0.712 0.99± 0.15 ... 1.0 0.0 -25.11
– Original gS0 S0 B+C+D 0.5 16.1 0.063 0.88957± 0.078 1.00± 0.12 4.1± 2.9 0.20± 0.039 0.555027± 0.000013 -24.74
– Original gSa Sa B+C+D 0.3 11.6 0.022 2.53212± 0.577 0.89± 0.25 4.2± 1.0 0.40± 0.18 0.59± 0.12 -25.16
– Original gSb Sb B+C+D 0.5 15.0 0.173 0.96842± 2.712 1.8± 1.0 4.2± 2.3 0.27± 0.12 0.72030± 0.00073 -24.55
– Original gSd Sd D 0.5 18.0 0.265 ... ... 4.677± 0.032 0.0 1.0 -24.77

1 gE0gSao1 S0 B+C+D 0.5 21.4 0.082 1± 16 2.47± 0.67 6.15± 0.95 0.48140± 0.00026 0.27± 0.33 -26.01
2 gE0gSao5 S0 B+C+D 0.5 23.5 0.071 0.9± 7.8 1.0± 1.7 5.30± 0.65 0.24± 0.20 0.46± 0.17 -25.99
3 gE0gSao16 S0 B+C+D 0.5 26.5 0.676 1.60± 0.33 3.65± 0.35 4.8± 2.6 0.452± 0.018 0.4647± 0.0015 -26.02
4 gE0gSao44 S0 B+C+D 1.0 14.4 0.261 1.98± 0.10 4.00± 0.88 3.633± 0.086 0.594± 0.082 0.363± 0.048 -26.00
5 gE0gSbo5 S0 B+C+D 0.7 22.3 0.126 3.33± 0.40 2.34± 0.40 14.5± 6.6 0.629± 0.087 0.131± 0.094 -25.75
6 gE0gSbo44 S0 B+C+D 1.0 23.5 0.205 3.42± 0.18 1.339± 0.092 20.± 18. 0.67± 0.17 0.31± 0.20 -25.74
7 gE0gSdo5 S0 B+C+D 1.0 20.0 0.286 3.76± 0.24 1.251± 0.086 20.6± 1.7 0.696± 0.091 0.261± 0.013 -25.94
8 gE0gSdo16 S0 B+C+D 0.5 27.9 0.672 2.660± 0.069 2.773± 0.071 12.4± 6.8 0.70± 0.12 0.18± 0.14 -25.96
9 gE0gSdo44 S0 B+C+D 0.7 28.7 1.692 2.65± 0.80 1.12± 0.50 6.1± 2.8 0.54± 0.13 0.37± 0.14 -25.95
10 gS0dE0o98 S0 B+D 0.5 19.0 0.032 1.552± 0.016 1.477± 0.042 6.175± 0.058 0.5764± 0.0045 0.4235± 0.0045 -24.89
11 gS0dE0o99 S0 B+C+D 0.5 19.0 0.018 1.39± 0.36 1.400± 0.082 5.8± 1.7 0.533± 0.031 0.414453± 0.000007 -24.89
12 gS0dE0o100 S0 B+C+D 0.5 19.2 0.015 1.43± 1.65 1.49± 0.82 6.6± 16.5 0.56± 0.11 0.367982± 0.000002 -24.89
13 gS0dE0o101 S0 B+C+D 0.5 19.6 0.018 1.65± 0.10 1.78± 0.14 8.44± 0.45 0.630± 0.033 0.3442± 0.0096 -24.89
14 gS0dE0o102 S0 B+C+D 0.5 20.2 0.022 1.52± 0.24 1.43± 0.20 6.76± 0.13 0.581± 0.062 0.3935± 0.0075 -24.89
15 gS0dE0o103 S0 B+C+D 0.5 18.1 0.015 1.384± 0.056 1.334± 0.010 4.9636± 0.0037 0.52139± 0.00075 0.468352± 0.000001 -24.89
16 gS0dE0o104 S0 B+C+D 0.5 19.0 0.019 1.26± 0.28 1.1± 1.1 5.3± 15.9 0.46± 0.18 0.450404± 0.000024 -24.89
17 gS0dE0o105 S0 B+C+D 0.5 18.2 0.016 1.346± 0.029 1.28± 0.10 5.17± 0.28 0.528± 0.019 0.427± 0.034 -24.89
18 gS0dE0o106 S0 B+C+D 0.5 18.6 0.021 1.388± 0.026 1.247± 0.063 6.36± 0.31 0.536± 0.010 0.343± 0.023 -24.89
19 gS0dE0o109 S0 B+C+D 0.5 19.4 0.018 1.49± 0.61 1.52± 0.69 6.3± 3.7 0.575± 0.075 0.408585± 0.000012 -24.89
20 gS0dE0o110 S0 B+C+D 0.5 18.4 0.029 1.82± 0.52 1.104± 0.010 5.56± 0.13 0.461± 0.029 0.439322± 0.000007 -24.89
21 gS0dE0o111 S0 B+C+D 0.5 19.5 0.020 1.37± 0.19 1.29± 0.38 6.3± 6.3 0.512± 0.060 0.394± 0.053 -24.89
22 gS0dE0o113 S0 B+C+D 0.5 18.7 0.016 1.36± 0.24 1.31± 0.61 5.6± 4.9 0.525± 0.092 0.411068± 0.000002 -24.89
23 gS0dE0o115 S0 B+C+D 0.5 19.2 0.034 1.28± 0.50 1.16± 0.28 7.14± 0.39 0.475± 0.091 0.365± 0.011 -24.89
24 gS0dE0o117 S0 B+C+D 0.5 19.2 0.034 1.28± 0.38 1.16± 0.31 7.14± 0.40 0.47± 0.10 0.365± 0.013 -24.89
25 gS0dS0o97 S0 B+D 0.5 19.6 0.033 1.514± 0.014 1.124± 0.021 5.679± 0.019 0.5519± 0.0027 0.4480± 0.0027 -24.85
26 gS0dS0o98 S0 B+C+D 0.5 20.4 0.025 1.3± 2.3 1.435± 0.010 6.7± 3.5 0.497± 0.047 0.412± 0.042 -24.85
27 gS0dS0o99 S0 B+C+D 0.5 19.6 0.020 1.30± 0.13 1.057± 0.010 5.92± 0.31 0.4721± 0.0063 0.444035± 0.000006 -24.85
28 gS0dS0o100 S0 B+C+D 0.5 18.8 0.015 1.4± 1.2 1.333± 0.010 6.72± 0.35 0.582± 0.019 0.389± 0.030 -24.85
29 gS0dS0o101 S0 B+C+D 1.0 20.0 0.023 1.3± 2.2 1.094± 0.010 6.9± 5.1 0.504± 0.020 0.380± 0.049 -24.85
30 gS0dS0o102 S0 B+C+D 0.5 19.6 0.021 1.339± 0.037 1.228± 0.064 6.481± 0.017 0.495± 0.053 0.402017± 0.000014 -24.85
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Table 3: Characteristic photometric parameters of the bulges and discs of the S0-like remnants in theK band

(Continued)

No. Model Morph Fit rmin rmax χ2 re n hd B/T D/T MK (total)
[kpc] [kpc] [mag] [kpc] [kpc] [mag]

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

31 gS0dS0o103 S0 B+C+D 0.3 18.0 0.029 1.12± 0.39 0.99± 0.57 4.623± 0.032 0.405± 0.051 0.485484± 0.000004 -24.85
32 gS0dS0o105 S0 B+C+D 0.5 17.7 0.017 1.36± 0.27 1.37± 0.69 5.0± 5.0 0.527± 0.066 0.443± 0.017 -24.85
33 gS0dSao10 S0 B+C+D 0.5 18.4 0.023 1.34± 0.14 1.20± 0.22 5.332± 0.011 0.505± 0.010 0.449624± 0.000004 -24.91
34 gS0dSao103 S0 B+C+D 0.5 18.4 0.017 1.43± 0.35 1.549± 0.040 5.458± 0.017 0.532± 0.020 0.430047± 0.000009 -24.91
35 gS0dSao105 S0 B+C+D 0.5 18.3 0.021 1.32± 0.16 1.11± 0.32 5.219± 0.043 0.476± 0.015 0.457874± 0.000006 -24.91
36 gS0dSao106 S0 B+C+D 0.5 17.9 0.018 1.14± 0.15 1.05± 0.25 5.04± 0.74 0.404± 0.012 0.451761± 0.000014 -24.91
37 gS0dSbo106 S0 B+D 0.3 17.7 0.042 1.355± 0.053 1.073± 0.010 4.824± 0.024 0.52± 0.34 0.47± 0.34 -24.84
38 gS0dSdo100 S0 B+D 0.3 18.6 0.032 1.529± 0.015 1.241± 0.021 6.082± 0.036 0.5805± 0.0026 0.4194± 0.0026 -24.87
39 gSagSao1 S0 B+C+D 0.5 26.9 0.229 2.139± 0.034 2.54± 0.11 7.329± 0.040 0.674± 0.011 0.263± 0.011 -26.10
40 gSagSao5 S0 B+D 0.3 23.9 0.264 1.540± 0.062 1.77± 0.10 4.9110± 0.0057 0.54± 0.17 0.45± 0.17 -26.13
41 gSagSao9 S0 B+D 0.5 23.1 0.328 1.235± 0.086 2.25± 0.12 4.922± 0.017 0.637969± 0.000002 0.362003± 0.000001 -26.13
42 gSagSbo1 S0 B+C+D 0.5 25.2 0.588 1.10± 0.80 1.3± 1.6 5.3± 9.1 0.44± 0.25 0.382913± 0.000003 -25.89
43 gSagSbo2 S0 B+C+D 0.5 20.6 0.262 1.46± 0.73 1.9± 1.3 5.3± 9.8 0.56± 0.16 0.38485± 0.00018 -25.90
44 gSagSbo5 E/S0 B+C+D 0.5 22.3 0.106 1.12± 0.45 1.2± 1.2 5.9± 11.1 0.45± 0.17 0.43± 0.15 -25.91
45 gSagSbo9 S0 B+C+D 1.7 24.3 0.132 1.797± 0.097 1.13± 0.62 10.04± 0.81 0.497± 0.075 0.331± 0.031 -25.92
46 gSagSbo21 S0 B+C+D 0.8 16.6 0.046 1.28± 0.43 2.13± 0.62 5.210± 0.028 0.461± 0.035 0.452291± 0.000006 -25.91
47 gSagSbo22 S0 B+C+D 0.5 22.7 0.266 0.50± 0.21 2.147± 0.010 4.920± 0.023 0.398± 0.010 0.403996± 0.000001 -25.92
48 gSagSbo24 S0 B+C+D 0.5 26.3 0.128 0.83± 0.24 3.983± 0.010 7.02± 0.20 0.648± 0.015 0.289063± 0.000027 -25.92
49 gSagSbo42 E/S0 B+C+D 1.1 25.1 0.138 0.86± 0.39 1.159± 0.010 6.001± 0.065 0.306± 0.010 0.450835± 0.000001 -25.89
50 gSagSbo43 E/S0 B+C+D 1.5 25.6 0.127 0.9± 2.2 1.16± 0.58 6.1± 1.9 0.34± 0.15 0.454± 0.020 -25.89
51 gSagSbo71 E/S0 B+C+D 0.5 20.7 0.114 0.701± 0.089 1.2830± 0.0081 4.5038± 0.0098 0.3854± 0.0052 0.435689± 0.000001 -25.88
52 gSagSdo2 S0 B+C+D 2.0 25.7 0.235 1.78± 0.86 1.2± 1.5 6.1± 2.7 0.39± 0.27 0.47± 0.17 -26.07
53 gSagSdo5 S0 B+C+D 0.7 30.9 3.771 0.95± 0.10 1.094± 0.097 5.4± 6.9 0.393± 0.059 0.469± 0.058 -26.07
54 gSagSdo9 S0 B+C+D 0.5 24.8 0.395 1.28± 0.12 2.065± 0.405 8.16± 0.64 0.543± 0.041 0.394± 0.023 -26.07
55 gSagSdo14 E/S0 B+D 1.0 28.3 1.085 2.70± 0.49 2.145± 0.010 16.4± 1.0 0.651± 0.019 0.348± 0.019 -26.03
56 gSagSdo18 E/S0 B+C+D 0.5 24.6 0.236 2.8± 1.2 1.03± 0.44 5.7± 5.2 0.33± 0.13 0.39± 0.13 -26.07
57 gSagSdo41 E/S0 B+C+D 1.0 25.0 0.346 1.47± 0.27 2.54± 0.87 9.81± 0.70 0.621± 0.096 0.280± 0.087 -26.04
58 gSagSdo42 S0 B+C+D 1.0 31.7 3.530 1.01± 0.11 1.452± 0.010 5.4482± 0.0078 0.3864± 0.0016 0.505225± 0.000001 -26.04
59 gSagSdo43 E/S0 B+C+D 1.2 27.9 0.714 1.10± 0.75 1.10± 0.49 5.8± 2.5 0.353± 0.052 0.530± 0.055 -26.06
60 gSagSdo70 E/S0 B+C+D 1.0 25.7 0.352 1.05± 0.25 1.16± 0.81 8.0± 1.8 0.395± 0.089 0.401± 0.049 -26.04
61 gSagSdo71 E/S0 B+C+D 1.5 30.1 0.434 1.19± 0.45 1.4± 1.5 10.0± 1.6 0.39± 0.16 0.323± 0.091 -26.05
62 gSagSdo73 E/S0 B+D 1.5 26.5 0.364 1.8596± 0.0085 2.7784± 0.0083 6.786± 0.010 0.661± 0.010 0.338± 0.010 -26.08
63 gSbgSbo9 S0 B+C+D 0.7 23.7 0.093 1.00± 0.26 1.012± 0.010 9.78± 3.9 0.323± 0.022 0.394± 0.036 -25.61
64 gSbgSbo16 E/S0 B+C+D 1.0 23.3 0.117 2.50± 0.35 2.00± 0.36 11.568± 0.99 0.56± 0.10 0.361± 0.019 -25.63
65 gSbgSbo17 E/S0 B+D 1.5 22.5 0.121 2.641± 0.047 1.112± 0.068 5.335± 0.20 0.609± 0.025 0.390± 0.025 -25.62
66 gSbgSbo19 E/S0 B+C+D 0.5 20.6 0.080 3.79± 0.71 3.25± 0.44 4.4415± 0.0019 0.29± 0.10 0.391338± 0.000004 -25.62
67 gSbgSbo22 S0 B+D 1.0 22.6 0.196 1.43± 0.11 2.42± 0.20 6.2040± 0.0051 0.61± 0.23 0.38± 0.23 -25.63
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Table 3: Characteristic photometric parameters of the bulges and discs of the S0-like remnants in theK band
(Continued)

No. Model Morph Fit rmin rmax χ2 re n hd B/T D/T MK (total)
[kpc] [kpc] [mag] [kpc] [kpc] [mag]

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

68 gSbgSbo41 E/S0 B+C+D 0.5 20.6 0.055 3.02± 0.38 1.00± 0.14 4.6704± 0.0035 0.170± 0.060 0.535280± 0.000001 -25.61
69 gSbgSbo42 E/S0 B+C+D 0.5 21.3 0.106 0.62± 0.61 2.61± 0.54 5.5± 2.5 0.462± 0.057 0.396057± 0.000010 -25.60
70 gSbgSbo69 E/S0 B+C+D 2.5 24.1 0.105 3.14± 0.22 1.02± 0.45 9.5± 3.1 0.597± 0.051 0.293± 0.055 -25.60
71 gSbgSbo70 E/S0 B+C+D 1.5 24.2 0.121 1.32± 0.61 1.1± 1.8 12.1± 2.4 0.37± 0.18 0.349± 0.094 -25.59
72 gSbgSbo72 S0 B+D 2.0 24.2 0.108 1.9± 1.0 2.580± 0.010 9.2± 2.9 0.57± 0.16 0.42± 0.16 -25.65
73 gSbgSdo5 S0 B+C+D 0.5 22.6 0.456 0.791± 0.040 1.32± 0.21 5.23± 0.20 0.402± 0.026 0.426± 0.019 -25.84
74 gSbgSdo9 S0 B+C+D 0.5 24.6 0.181 0.66± 0.74 1.91± 0.74 6.6± 2.9 0.39± 0.11 0.442± 0.063 -25.82
75 gSbgSdo14 S0 B+C+D 1.5 22.8 0.453 2.2± 3.3 1.0± 1.8 14.6± 9.5 0.30074± 0.00061 0.38± 0.21 -25.81
76 gSbgSdo17 S0 B+C+D 0.5 21.8 0.659 0.991± 0.095 2.202± 0.064 4.795± 0.035 0.524288± 0.000002 0.475646± 0.000001 -25.83
77 gSbgSdo18 S0 B+C+D 1.5 24.9 0.560 2.3± 1.4 1.253± 2.080 8.8± 12.1 0.47± 0.28 0.41± 0.19 -25.83
78 gSbgSdo19 S0 B+C+D 0.3 26.6 0.395 2.24± 0.49 1.00± 0.36 5.6± 4.3 0.511± 0.094 0.467± 0.094 -25.81
79 gSbgSdo23 E/S0 B+C+D 1.0 26.4 0.399 4.29± 0.52 1.00± 0.29 6.8± 2.3 0.40± 0.10 0.361± 0.042 -25.85
80 gSbgSdo41 S0 B+D 0.3 24.4 0.311 2.989± 0.082 1.153± 0.074 6.0± 1.3 0.607± 0.015 0.392± 0.015 -25.81
81 gSbgSdo69 S0 B+C+D 0.3 26.0 0.356 2.993± 0.075 1.08± 0.10 7.98± 0.39 0.470± 0.042 0.392± 0.010 -25.81
82 gSbgSdo70 S0 B+C+D 2.5 23.8 0.423 3.0± 1.0 1.7± 1.4 13.9± 10.2 0.53± 0.19 0.44± 0.18 -25.82
83 gSbgSdo71 E/S0 B+C+D 1.2 23.4 0.695 1.15± 0.43 2.1± 1.7 8.0± 1.8 0.47± 0.18 0.33± 0.11 -25.82
84 gSdgSdo1 E/S0 B+C+D 1.0 27.4 1.801 0.7± 5.0 4.0 8.2± 2.2 0.282± 0.095 0.404461± 0.000005 -26.03
85 gSdgSdo2 S0 B+C+D 1.3 27.3 0.267 2.93± 0.68 1.03± 0.26 8.0± 3.5 0.39± 0.18 0.45± 0.11 -26.04
86 gSdgSdo5 S0 B+C+D 2.0 27.8 0.559 2.2± 5.8 1.0± 1.2 11.2± 3.1 0.24± 0.28 0.42± 0.21 -26.02
87 gSdgSdo9 S0 B+C+D 1.3 28.3 0.654 2.32± 0.34 3.01± 0.14 6.380± 0.042 0.4690± 0.0088 0.496339± 0.000002 -26.03
88 gSdgSdo16 E/S0 B+D 0.3 31.8 2.354 2.98± 0.16 1.197± 0.093 6.67± 0.42 0.466± 0.033 0.533± 0.033 -25.97
89 gSdgSdo17 S0 B+C+D 1.0 29.4 2.561 3.11± 0.50 1.07± 0.34 5.3± 7.9 0.36± 0.10 0.446± 0.063 -26.00
90 gSdgSdo21 E/S0 B+C+D 1.5 29.5 0.411 0.9± 1.4 1.467± 0.010 7.9± 2.6 0.381± 0.042 0.460± 0.039 -25.99
91 gSdgSdo42 S0 B+C+D 1.0 25.5 0.639 0.251± 0.010 2.951± 0.010 5.68± 0.23 0.401019± 0.000013 0.466± 0.025 -25.99
92 gSdgSdo45 E/S0 B+C+D 1.0 24.4 0.286 2.383± 0.048 1.158± 0.010 5.6± 1.8 0.345± 0.022 0.439± 0.029 -25.99
93 gSdgSdo51 E/S0 B+C+D 1.5 26.1 0.257 1.2± 1.0 1.41± 0.51 6.7± 1.1 0.333± 0.036 0.51926± 0.00088 -26.07
94 gSdgSdo69 S0 B+C+D 1.0 28.3 1.122 3.12± 0.17 1.000± 0.066 5.2505± 0.0055 0.121± 0.017 0.562326± 0.000001 -25.97
95 gSdgSdo71 S0 B+C+D 0.3 27.1 0.689 2.627± 0.021 1.264± 0.052 11.68± 0.14 0.6520± 0.0093 0.3090± 0.0058 -26.00
96 gSdgSdo74 S0 B+C+D 1.0 30.2 0.838 3.4± 3.9 4.0 8.9± 1.8 0.671± 0.097 0.275± 0.074 -26.01

Columns: (1) Number ID. (2) Model code: g[type1]g[type2]o[#orbit], see Sect 2. (3) Visual morphological type assigned according to realistic broad-band simulated images (see Sect. 3.1).
(4) Multicomponent decomposition performed to theK-band surface brightness profile: bulge+disc (B+D) or bulge+[inner component]+disc (B+C+D). We have assumed only an spheroidal
component to fit the gE0 progenitor (B) and just an exponential disc in the gSd progenitor (D). The additional inner component has been modelled with a Sérsic profile, and it may correspond
to a lense, oval, bar, inner disc, or to several of them depending on the case (see Sect. 3.3). (5) Minimum radius of data included in the fit, in kpc. (6) Maximum radius of data included inthe fit,
in kpc. (7)χ2 of the fit, in mag2. (8) Bulge effective radiusre, in kpc. (9) Bulge Sérsic indexn. (10) Disc e-folding scalelengthhd, in kpc. (11) Bulge-to-total luminosity ratio. (12) Disc-to-total
luminosity ratio. (13) Total absolute magnitude of the galaxy in theK band. All parameters have been derived from the multicomponent decompositions performed to the simulatedK-band
surface brightness profiles of the stellar progenitors and remnants. The bulge Sérsic index had to be fixed ton = 4 in two models (no errors are thus indicated in these cases).

A
rticle

num
ber,page

23
of23


	1 Introduction
	2 Description of models
	3 Methodology
	3.1 Identification of S0 remnants
	3.1.1 Preselection of relaxed, apparently disc-like remnants
	3.1.2 Simulation of realistic images of the remnants
	3.1.3 Visual identification of S0-like remnants

	3.2 Simulation of realistic surface brightness profiles
	3.2.1 Simulating the conditions of NIRS0S
	3.2.2 Optimal decomposition method: 1D vs 2D
	3.2.3 Constructing 1D surface brightness profiles

	3.3 Photometric decompositions of the remnants
	3.3.1 Fitting functions
	3.3.2 Fitting strategy


	4 Results
	4.1 Bulge-disc structural coupling
	4.2 Trends of the bulge and disc scalelengths with B/T
	4.3 Pseudobulges resulting from major mergers

	5 Limitations of the models
	6 Discussion
	7 Summary and conclusions

