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1 INTRODUCTION

Physical understanding of astrophysical objects mosnatfiges
correlation diagrams. For early-type galaxies, such sgalaws
have been for instance established on one hand betweeraloptic
luminosity and central velocity dispersian (Faber & Jackson
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ABSTRACT

The fundamental plane of early-type galaxies is a rathdnt tiigree-parameter correlation
discovered more than twenty years ago. It has resisted adbolbfal and precise physical
interpretation despite a consequent number of works, gasenal, theoretical or using nu-
merical simulations. It appears that its precise propedépend on the population of galaxies
in study. Instead of selecting a priori these populatiors prnopose to objectively construct
homologous populations from multivariate analyses. Weshadertaken multivariate cluster
and cladistic analyses of a sample of 56 low-redshift gatdxsters containing 699 early-type
galaxies, using four parameter&estive radius, velocity dispersion, surface brightness-av
aged over ffective radius, and Mg2 index. All our analyses are consistéth seven groups
that define separate regions on the global fundamental ptatacross its thickness. In fact,
each group shows its own fundamental plane, which is morgelyalefined for less diversi-
fied groups. We conclude that the global fundamental planetis bent surface, but made of
a collection of several groups characterizing several dnmehtal planes with ffierent thick-
nesses and orientations in the parameter space. Our finatioh scenario probably indicates
that the level of diversity is linked to the number and theunatbof transforming events and
that the fundamental plane is the result of several tramsfay events. We also show that
our classification, not the fundamental planes, is univevghin our redshift range (0.007 —
0.053). We find that the three groups with the thinnest furetatal planes presumably formed
through dissipative (wet) mergers. In one of them, thig(eserger(s) must have been quite
ancient because of the relatively low metallicity of its ayaés, Two of these groups have
subsequently undergone dry mergers to increase their mdssthe k-space, the third one
clearly occupies the region where bulges (of lenticularpiras galaxies) lie and might also
have formed through minor mergers and accretions. The t&g1 thversified groups probably
did not form by major mergers and must have been strorgdgted by interactions, some of
the gas in the objects of one of these groups having possdan Bwept out. The interpre-
tation, based on specific assembly histories of galaxiesiogeven groups, shows that they
are truly homologous. They were obtained directly from salvebservables, thus indepen-
dently of any a priori classification. The diversificatioresario relating these groups does
not depend on models or numerical simulations, but is olgtprovided by the cladistic
analysis. Consequently, our classification is more easitygared to models and numerical
simulations, and our work can be readily repeated with &xtdit observables.

Key words: galaxies: elliptical and lenticular, cD - galaxies: evaduat- galaxies: formation
- galaxies: fundamental parameters - methods: statistical

1976), and on the other hand between thdfeative radiusR,
and surface brightness averaged ovéeaive radius< ue > (Ko-
rmendy 1977). These correlations are rather tight, but tag-s
ter is still reduced using a three-parameter relation offtim :
logRe = alogo + b < ue > + c (Dressler et al. 1987; Djorgovski
& Davis 1987). This relation extends to faint and low-masaga
ies (e.g. Nieto et al. 1990). This is the fundamental plaeegéfter
FP) of early-type galaxies.
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A long-running dificulty is the so-called “tilt” of the FP with
respect to the “virial plane” obtained with the virial thear and
some simple assumptions about the population of early-ggpex-
ies. Indeed, this tilt is dierent for diferent types of galaxies, like
disk ones (e.g. Robertson et al. 2006; Hopkins et al. 200&1yM
studies have been devoted to this problem without a cleatisol
The motivation is to obtain pure correlations both to caistthe
models better and to use them as probes of characteristich ate
difficult to measure or strongly biased. In particular, the FRccou
in principle be a powerful tool to measure distances. Butaper
calibration is required, and this appearfidult with its different
tilts depending on the galaxy populations.

Interpretation of the FP very often assumes some homology
which is defined by Gargiulo et al. (2009) as: “systems withsity,
luminosity and kinematics structures equal over the eridy-
type sequence and with constant mass-to-light ratios” Duaidkum
& Stanford (2003) define homology in such a way that the evaut
of the FP is due only to the evolution /L. These definitions are
certainly linked to the assumption that all early-type geda are
assembled in the same way, like dissipational mergers (e
et al. 2006; Hopkins et al. 2008).

Reality is however more complicated (see e.g. Bender et al.
1992; Jorgensen et al. 1996; Borriello et al. 2003; van dereMa
& van Dokkum 2007) and early-type galaxies are very probably
not all the result of the same formation process. Basicatat is
needed is some invariant that allows us to trace a given bbjec
class of objects through changes due to evolution. Thisriema
has been hoped to be the FP relation with some universalibpgm
a given population, universality which is implied by the défon
of homology above and characterized essentialliigi.. This pro-
vides a rough way of simplifying the many variables that cashe
and may hide important sides of galaxy evolution.

Models assuming only one homologous population have ap-
parently failed to fit the FP in its entire extent. Selectioitetia

alent of 'similarity by common ancestry’ in cladistics, ati$ti-
cal method designed to relate evolutionary objects andlolesd
mainly by biologists. The use of many parameters is necgsear
find the true homology, and to prevent analogy (same charsicte
tics due to convergent evolution) to yield false lineagegatéxies.
Cladistics does natssume a priorproperties linked to homology,
but rather relies on all the pertinent parameterstiestructhomol-
0gous groups.

In the present paper, we have performed multivariate clas-
sifications with two independent approaches, cluster aisagnd
cladistic analysis, of a carefully chosen sample from ttegdiure.
For this first kind of study, we consider only the three parmrse
of the FP, logr, < ue >, logRe, plusMg;, that are all given for this
homogeneous sample. The first justification is that the nurabe
parameters is small, so it is not necessary to use PCA beeause
can physically discuss the variation in the light of these faram-
eters easily. The second advantage is that we are intetestadly
the evolution of early-type galaxies in the light of their pfper-
ties, and most of the authors have discussed evolution ekigsl
on the basis of global FP.

The first approach we have used is by a multivariate technique
known as K-means Cluster Analysis using the parameterseabov
The second approach, known as astrocladistics, is basée end-
lutionary nature of both galaxies and their propertiesi¢-Bairnet
et al. 2006a,b,c; Fraix-Burnet 2009; Fraix-Burnet et a020The
clustering technique compares objects for their globallaiities,
while astrocladistics gathers objects according to theistbries”.
The two techniques are indeed complementary, the first @mgiid
fying coherent groups, the second one establishing an tiwmodury
scenario among groups of objects. They are also totallypewe
dent, so that the comparison of their results is extremedyuictive
from a statistical point of view.

This paper is organized as follows. The data and tiferdint
multivariate analyses we performed are described in SeCto&h-

were proposed in order to obtain more homogeneous samples an parison of the structures resulting from these analysemacker-

thus define what could be called a “purer” fundamental plaiosy-
ever, these criteria are necessarily arbitrary, subjeetigor model
dependent. The fliculty is that many parameters are known to in-
fluence the global shape of the FP. Tilt of the FP (Robertsah. et
2006), warps, dispersion, changes with redshift, deperedefithe
mass-distribution on mass (Nigoche-Netro et al. 2009) anoth-
ers, show that even though the FP looks tight in theolpg e >
and logR. space, additional parameters could still play a role.

The universality of the FP is also questioned: is it a bemela
(Gargiulo et al. 2009) or a bent surface approximated by lecol
tion of planes (D’Onofrio et al. 2008)? Obviously, this plef is
related to the choice of the sample, that is to the definitionos
mology. Theorists cope with many parameters that may infleen
the evolution of a given galaxy, especially when mergerscare
sidered (Robertson et al. 2006). Testing parameters oae taft
other, both theoretically and observationally, takes aofotime,
and might partly explain why after so many years, this tighte-
lation keeps most of its mysteries.

We think that it is time to explore new methodologies to bette
characterize and understand the FP relation. Multivadiatgtering
approaches are more objective in selecting really mulatarho-
mologous” sub-populations of galaxies. This requires faieitly
assume that the “fundamental plane” is a priori not univeesad
to understand it as a correlation in the (Rglogo, < ue >) space
that could depend on the sub-population. Since galaxies\ale-
tive objects, homology can be more rigorously defined byilsim
ity due to same class of progenitor’. It is the astrophysézpliv-

ization of the fundamental planes of individual groups,letron
properties within the global FP and properties of the groaps
presented in Sect. 3. The discussion on the meaning of thupgro
we have found is given in Sect. 4, before our conclusion in.Sec
We present detailed descriptions of the cluster and ciadisily-
ses respectively in Appendix A and Appendix B, and providdi-ad
tional diagrams in Appendix C.

2 MULTIVARIATE ANALYSES
2.1 Data

For this first study, exploratory, it was important to chotisesam-
ple carefully to be able to understand the result. We firstreee
homogeneous sample, devoid as much as possible of systdmati
ases. We need to remain at low redshifts, but ideally integra
several clusters. We are limited in the number of objectiénas-
trocladistic analysis. At the current stage of developnanthis
novel approach, the reasonable limit is a thousand objectkit is
clear that a sample with ¥®@bjects is untractable directly.

We thus chose the data compiled and standardized by Hud-
son et al. (2001) for 699 early-type galaxies in 56 clustiershe
redshift range from 0.007 to 0.053 (SMAC catalog). This s@mp
has been carefully established in order to obtain distastimates
from the FP and study streaming motions in galaxy clustetsl{H
son et al. 2004). The data include the three parameters d¥Rhe

© 2010 RAS, MNRASD00Q, 1-17



spaceR. in arcsecx u. > in the R-band in mag arcse&g o in km
s, plus the fully corrected magnesium indig, for nearly all
of them. Distances were taken from the NED datab&ke= 73
km/sMpc) to compute lodr. in kpc. We performed analyses both
with and withoutMg, (hereafter 4- and 3-parameter configurations
respectively). We use this parameter as a tracer of the abead
of light elements. While it increases as nucleosynthesisgeds,

it may not evolve at the same pace as the metallicity (medsawre
Fe/H), because the light elements and Fe are producedtiereint
kinds of supernovae arising in stars offdrent lifetimes. However
we are mainly interested in an indicator of chemical evolutinot

in the detailed evolution of elements. No error bars werel use
this analysis.

2.2 Cluster analysis

Cluster analyses do not accept missing values, so that teey w
performed with 696 galaxies in the 3-parameter case (3 gax
did not have redshift hence distance available), and 528amt
parameter case (171 galaxies withddi,). The data for each pa-
rameter have been standardized to give them uniform wejgraa
we want to classify the galaxies considering all the paramseds
equally important.

With the K- means algorithms (Hartigan 1975), we have ob-
tained the optimum number of clusters given by the value of K
associated with the largest jump and partitioned the gatasi-
cording to this grouping (see Appendix A for more details).

2.3 Cladistic analysis

We used the 699 galaxies for the cladistic analysis becausei$s-
ing values the algorithm simply guesses values that yieddibst
parsimonious diversification scenario. In this way, cladianaly-
sis also provides predictions for undocumented variafles stan-
dardization is done automatically through the discreitiradf the
variables (Appendix B).

Even though the four parameters show mumladervational
correlations, they characterize a prialistinct and independent
physical properties that are expected to evolve and for lvbicne
sort of evolutionary states could be defined. Note that tbigsh
even when the variables are physically linked by the vire-t
orem, because the virial equilibrium is a physical staté ten
evolve. These parameters are thus adequate for a cladistig-a
sis, in which case they are called “characters”.

The cladistic analysis yields trees from which groups can be
defined. Groups on a cladogram are theoretically defined @s ev
lutionary groups (or “clades”) that comprise a node andtalte-
scending branches (see Sect. 3.1). The identification afpgrde-
pends on the rooting of the tree, and must be analysed indegar
with properties and other characteristics. The trees optesent
study are rooted with objects or group of objects having hgs.
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Figure 1. Groups obtained from cluster and cladistic analyses. ladftran:
with three parameters: Id&:, < ue >, logo. Right column: with the same
three parameters pluglg,. Top and middle row: cluster analysis results
for the two possible numbers of groups as given by the K-meaatysis
in each case. Bottom row: cladistic results. The colour mgdif groups is
specific to each box. The colours for the cladistic analysih w parame-
ters (bottom right box) are the same as in Fig. B1. The greyuralf some
points on the two upper panel to the right corresponds toingddg, data.
Group number in the other plots is used in Fig. 2. Group nurfecor-
responds to galaxies that have missMg, values and were excluded from
the cluster analyses with 4 parameters.

3 RESULTS
3.1 Structures in the fundamental plane

The results of our analyses are synthesized in Fig. 1, wherdis-
tribution of the groups in the log vs < e > plane is presented, for
the 3-parameter case on the left side, and the 4-parameteca
the right side. The K-means analysis finds two peaks, caorebp
ing to the two upper rows of Fig. 1, at¥ and k=6 with 3 param-
eters (withoutMg,), and at k=4 and K=7 with 4 parameters (with

Objects cannot reasonably be described as “more evolved” or Mg,). As described in Appendix A, in both cases, the&Kpeak is

“less evolved” than others because we do not have an evoartio
clock. In addition, the measure of evolution is a verffidult con-
cept in a multivariate space. This is why “diversificatios’a more
appropriate term. A very basic illustration of this pointthe hier-
archical growth of dark matter halos can be found in Fraixrgt
(2009). See also Appendix B and Sect. 3.2 for some discussion
the measure of diversification.

© 2010 RAS, MNRASD0Q, 1-17

lower than for k=6 or K=7. From a purely statistical point of view,
the two latter numbers of groups (middle row of the figure) are
thus favoured. The cladistic result is shown on the bottom a6
Fig. 1. Five groups can be distinguished on the tree obtamtue
3-parameter case, 4 of them being very probably true evuiaty
groups, the other one being an ensemble of successive lesarioh
the 4-parameter case, 7 groups are identified (Sect. 3.2).
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Table 1. Main correspondence, drawn from Fig.2, between groups friamlistics with 4 parameters and the other groupings. k tdile,
contributions smaller than about 15% are ignored. Notegbate groups are roughly subdivided, like C6a, C6b.

1 2 3 4 5 6 7
4 parameters cladistics C1 Cc2 C3 C4 C5 C6 C7
4 parameters cluster analysisK Cla ClbC3+Cha C2C4 Cé6a C6b C5bC6c+C7a C7b
3 parameters cluster analysis& C1 C2C4a Cé6a C3Cha+Cbb C5m-C7a C4lC7b -
3 parameters cladistics Cc1 €c4a C35a C4b-C5b Cé+C7 - -
4 parameters cluster analysis&k C1+C2 Cé6a C5C6b+C7a C4CT7b - - -
3 parameters cluster analysisk C1+C2 C6a C5C6b+C7a C4CT7b - - -

3 parameters
cluster analysis K=4

4 parameters
cluster analysis K=4

10 200 250

s 100

cluster analysis K=6 cluster analysis K=7

20 4 6 8 100 120
P S

0 S50 100 150 200 250 300
0 20 4 6 80 100 120 140
A S

€1 c2 c3 o o5 s o7

Figure 2. Histograms showing the distribution of the groups from lcs
with 4 parameters for each of the analyses. Same arrangerfreots as in
Fig. 1. The colours of the groups are the same as in Fig. B1.

It is obvious from Fig. 1 that all our analyses agree to a small
number of groups (4—7) and yield very similar groupings.artig-
ular, all the groups define separate regions on the plan@cnass
its thickness. It is important to keep in mind that all theugimgs
mentioned in this paper have a statistical meaning, thagis bor-
ders are not deterministic, and they are defined in a muiitear
space so that overlapping can be important on 2D or 3D projec-
tions.

There is a very good similarity between the 3- and 4-paramete
configurations for a given statistical method. For the @usial-
ysis, with K=4, there is nearly no ffierence between 3- and 4-
parameter results. For36 and K=7, the inclusion ofMg, splits
two of the groups (red and violet-red) into three (red, gread
violet-red) along logr and also slightly along< e >. The yel-
low group for K=6 is reduced in &7 (cyan) because its low-leg
part have many objects with missimdg, indices (represented as
grey on Fig. 1) thus excluded from the 4-parameter anal{is.
the cladistic results, the flierence appears to lie alorgue > in
the high-logr part of the plot (one group —purple— split into two —
magenta and purple— groups) and alongddgr the yellow group
that is divided into two (yellow and cyan).

The two top rows of Fig. 1 show that the cluster analysis tends
to divide the fundamental plane in more or less equal regsung-
gesting a grid which is tilted with respect to the two axesdaand
< pe >. Schematically, the four cases of the cluster analysis show
the same structure: the high logpart of the plot is divided in 3
or 4 groups, mainly but not exactly alorg e >, while the low
logo part is divided between 1 and 3 groups. The dividing bor-
der between these two parts of the plots is more or less d&gon
This behaviour is particularly obvious with = 4, and the borders
appear fuzzier in the case with 4-parameter asd@ K

This trend is still present but less obvious for the 4-patame
results (bottom row of Fig. 1). Noteworthy, addifgg, does not
reinforce any grouping trend along log that is the apparent grid
is still tilted in the same direction, which could have oaedrin
the cladistic analysis if the two characters were redundzmrders
are somewhat fuzzy, but the most notabl@egience is that the high
log o part of the plot is divided into only 1 or 2 groups. The group
C5 overlaps several other groups in the middle. These difietr-
ences between the two kinds of methods reflect tfierdince in the
classification philosophy. But still, the distribution &iet groups is
essentially the same in all cases. In the highdqoart of the plot,
the 4-parameter cladistic result is thus closer to the efustalysis
results than the 3-parameter one. In the lowdogart, the group
C4 (cyan colour) of the 4-parameter cladistic analysis &lyehe
same as the cyan group of the 4-parameter cluster analydis wi
K=7. The group C2 (yellow) is composed of galaxies with missing
Mg, indices that are not classified in the 4-parameter clustar an
yses. From this point of view, the 4-parameter cladistic eodter
results are also quite similar.

A slightly more precise comparison is made in Table 1 for the
principal correspondences between groups, and a moreigdant
tively one is presented in Fig. 2. It must be noted that thegi©5
is often split in two parts that match nearly perfectly the small
subgroups visible in Fig. B1 (see Sect. 3.2).

Such an agreement between results obtained with tkerdit
techniques and two sets of parameters gives a high levelrdi-co
dence in the structures of the FP of early-type galaxiestkdind.
Since from a statistical point of view, the cases are less sup-
ported in the cluster analyses, we will not discuss them artiér.
Since the 4-parameter cladistic result is slightly moreusbtihan
the 3-parameter cladistic analysis (Appendix B), and it3e anore
similar to the cluster analysis results especially with dapzeters
and K=7, we concentrate on the 4-parameter cases in the rest of
this paper. Finally, since the cladistic analysis addalbnyields
the evolutionary relationships between groups, we willntyadlis-
cuss these 7 groups C1-C7 (Fig. B1) in the following. Ne\adgss,
to be complete and allow the reader to check that our interfioa
is not limited to one specific analysis, but relevant for &lthem,
we present diagrams for the other groupings in Appendix C.

© 2010 RAS, MNRASD00Q, 1-17
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Figure 3. Projection of the tree in Fig. B1 on the legue plane. Each
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3.2 Evolution within the fundamental plane

The groups from cladistics are defined from the most parsioosn
tree found by the analysis. These groups are only a part dhthe
formation provided by the tree, that is shown in Fig B1 for the
parameter case. It depicts the evolutionary relationshgiseen
the groups, and has been rooted with C1 to orientate the-direc
tion of diversification, that is the evolutionary distancenfi more
primeval classes of objects (see Sect. 2). On the tree, stt8esets
of branches can be seen, but only 7 are identified as groupisi$or
paper (C1to C7).

As shown by the colours of the branches in Fig. B1, C1 has
the lowest meamMg;. It has been chosen to root the tree (Sect. 2).
Following the course of diversification, a split occurs wathranch
leading to C2 which is slightly more metallic. The node atspét
indicates a divergence in the evolution of some or all of tfuper-
ties: C2 shares a common ancestorship with C3 to C7 — low metal
licity progenitors that could resemble C1 objects — but hd@gue
characteristics that we must identify in the multivariapace of
evolutionary parameters. C3 to C7 are more diversified than C
with respect to C1.

Very similar to C1, group C2 has a relatively ldvg, on av-
erage. These two groups seem tatimainly in< u. >. They both
lie in the region where the global FP is most distorted anpetised
(Sect 3.3). Their FPs are veryfitirent from each other and from
the other ones, both in orientation and thickness.

Next in the diversification, the small group C3 is very intgre
ing because it appears rather early in the diversificatienago but
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is very similar to groups C6 and C7 in many respects (see $&8ct.
Sect. 3.4, Table 2).

Group C4 is a well individualized group that is very robust
since it appears nearly identical in all analyses (Fig.t23.drouped
with C2 in two of the 3-parameter analyses, while on the titde,
well separated from the latter, with C3 in-between. The rifisie
nation between C2 and C4 thus appears when addiggand is
explained by the evolutionary relation or correlation d§tharam-
eter with the three other ones. Note that C2 has a large nuafiber
undocumented/g2 values (29 out of 70, Table 3), which were not
taken into account in the 4-parameter cluster analyses. might
explain why only C4 appears in all the analyses (Fig. 1).

Group C5 is not defined as an evolutionary group but by an
ensemble of individual branches-galaxies and two smaligso
Strictly speaking, group C5 is thus not an evolutionary grbke
the other ones. We decided not to individualize these twollsma
subgroups to avoid too much complexity in the diagrams, itk st
as close as possible to the results of the 4-parameter ichustlyses
that find 7 groups, and because small subgroups could be tard t
characterize due to a lower statistical significance. EkRengh we
have noticed that these two subgroups can be clearly disshed
in some of the diagrams, their existence does not modify thiea m
results of this paper. It is interesting to note that the twlogsoups
of C5 show up in Fig. 2 and Table 1 as C5a and C5b. The first one
is next to C3 in the low log- part of the plot in Fig. 1, and the
second one is within C6 and C7 in the high tegart. This shows
that we could have defined 3 groups in this region instead tif 2,
be compared with the 4 groups of the 4-parameter clusteysiral
with K=7.

As already mentioned, C6 and C7 are the two most diversi-
fied groups in our sample, but their respective places onrtee t
of Fig. B1 could be inverted without modifying any of our ctunc
sions. They are simply two fiierent groups, more similar to each
other than to other groups, and that are located at the endrof o
diversification scenario. There is also a subgroup in C7wautlo
not think it deserves a particular identification in the prespaper.

The evolutionary scenario depicted by the tree in Fig B1 can
be projected on the global FP (Fig. 3). The thick track in Big.
represents the projection of the tree on thedegu. plane, and the
thin lines represent the beginning of the groups on the traedre
here manually extended up to the group average values (Bable
Note that distances apparent on this figure are only trudcat=-
sures of diversification which should be defined in the 4-patar
space. In this projection, the diversification within thell FP
occurs with a main trend along increasing o@nd some signifi-
cant splits along ue >. The groups are roughly situated on each
side of this trend, mainly along e > but also logRe as shown
on Fig. 5. C6 and C7 are clearly the two most diversified groups
making a radical split, mainly i pe >, at the end of the main
diversification trend.

The diversification within each groups in Fig. 3 is rather eom
plex, and we do not describe it in detail in this paper. Gligbal
diversification is always in a direction away from the maiicih
track.

3.3 Distinct fundamental planes for groups

In Table 2 we report the céigcients found from a linear regression
logRe = alogo + b < ue > + ¢ done within each group and with
the whole sample. The slogeof the global FP is identical to that
for group C2, compatible for groups C3, C4 and C6, signifigant
different for C7, and very ffierent for C1 and C5. The slojiefor

Table 2. Fundamental planes for the 7 groups and the whole sam-
ple.obtained by linear regression. The equation of the dorehtal plane

is expressed as Id& = alogo + b < ue > + ¢. The last column gives the
dispersion about the planes via the standard deviationeopénpendicular
distance from the corresponding plane.

a b c std
C1 067+013 0225+0.032 -54+0.8 0.099
Cc2 102+0.14 0037+0.051 -25+1.0 0.070
C3 132+0.25 0349+0.071 -93+12 0.056
C4 130+0.16 0228+0.037 -6.9+0.7 0.066
C5 085+016 0305+0.019 -73+0.6 0.064
C6 131+0.09 0338+0.009 -9.0+03 0.047
Cc7 098+008 0349+0.014 -85+0.2 0.057
Full sample 113+0.03 0334+0005 -85+0.1 0.065
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Figure 5. Statistics of 6 parameters for the groups from cladistiGchE
boxplot for each group represents the 5 quartiles: medrack(bar at the
middle of the box), first and third quartiles (limits of thex)pminimum
and maximum (tick bars at the ends of the axis). Outliersepeasented by
circles. The colours of the groups are the same as in Fig. B1.

the global FP is identical to that for C6, barely compatilde @3,
C5 and C7, and very fierent for C1 and C4. Group C2 is clearly
peculiar (it seems to be independentofie >). In summary, only
C3 and C6 are very close to the global FP, the other orféeridig
more or less, either in one or the other projection or bothra@BC6
are only very slightly closer to the virial plane (I8g = 2 logo +
0.4 < ue >) but not significantly.

The dispersion about each plane — the thickness of the plane —
is similar for the global FP, C2, C4 and C5, but much lower fér C

© 2010 RAS, MNRASD0Q, 1-17
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lower for C3 and C7, and very high for C1 (Table 2). The groups
with tighter fundamental planes are not necessarily the nivsr-
sified since C3 is one of them. The two least diversified groGas
and C2, are well dispersed and certainly account to a largex
for the dispersion about the global FP.

Fig. 4 presents a 3D view of the planes. Clearly the two less
diversified groups C1 and C2, depart the most from the gloPal F
Groups C4 and C5 are also quitéfdrent. The two most diversified
groups, C6 and C7, together with C3, have planes quite sitaila
the global FP. It is however fiicult to see a progressive evolution
in the respective orientations of the planes. We interistresult
as an indication that the global FP is not a bent surface, lagkem
of a collection of several groups characterizing severad&mental
planes with diferent thicknesses and orientations in the parameter
space.

3.4 Property distribution of the cladistic groups

It is important now to understand physically why the groupseh
been individualized by the multivariate algorithms. Weiagan-
phasize the fact that these groups have been identified inla mu
tivariate space, and that it would be hopeless to try charaet
ing them with one or two obvious properties. It is also impatt

to remember that the classification comes from 4 independent
trinsic and evolutionary pertinent parameters, so thadiit lose en-
lightened by various properties even totallyfeient from the one
used in the multivariate analyses (see our work on galatdioug

lar clusters for a good example, Fraix-Burnet et al. 2009)pdr-
ticular, we have computed two quantities that are often used
studies of the FP: the dynamical madg,, and theMgyn/Lr ra-

tio by using these two relations: e >= —2.5log(Lr/27R2) + 4.45
and Mgyn =~ Ac®Re/G with A = 3.8 (Hopkins et al. 2008). It is
important to note that the constaAtis empirical and statistical
for a given sample and is by no way universal. We then obtain:
log(Mayn/Lgr) = 2logo — lI0gRe + 0.4 < ue > + C, which is the
“virial” plane if log(Mgyn/Lg) andC are constant. The parameter
C depends orA and some hidden physics, like dark matter, and
is still not measurable on individual galaxies. We also corag
Mgaps = —2.510g(Ler) + 4.45 =< pe > —2.5log(2rr2) + 4.45. Since
we did not find B and R photometry for the full sample, we did not
convert these quantities for the B band.

Average properties are given in Table 3, but boxplots areemor
convenient to visualize the distribution of some propertighim
each group and evaluating fidirences between groups. Fig. 5
shows that globally, groups have significantlyfelient properties
except for redshift and distance to cluster centre, therlditing
very uncertain due to projectiorffects.

A trend toward increase with diversification is present for
logo, Mg, and more marginally foMgy, and Mayn/Lr. A trend
toward decrease with diversification seems to be presenrt fQr>
and marginal foMgraps There is no trend for IoB.. Note that the
choice of C1 to root the tree of Fig. B1 implies that the firsiugy
has the lowesMg, on average, but it does not explain the regular
trends because the relative positions of the groups ar@émikent
on this choice.

Galaxies of group C1 have the lowédt,, they are also large
(logRe) relative to their masMgyn. They have a low surface bright-
ness (highk e >). C1 and C2 show a low lag, but C2 galaxies
are smaller, lighter and brighter.

Galaxies of groups C3 and C6 are on average the largest, the
most massive and the most luminous. These two groups however
differ in Mg,, and somewhat in log and possibly in the distance
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to the cluster centre. They have very thin FPs, close to tbiead!
FP (Sect. 3.3).

C4 galaxies have about the same mass and luminddity,0
as the ones in C1 or C2, but they have a slightly highewl@nd
surface brightness (lower . >). C5 properties always lie exactly
between C4 and C6.

Group C7, which also has a thin FP, is veryfelient from

C3 and C6. Its galaxies are as small as those of C4, with masses

equivalent to the average mass of the whole sample. Theyaave
high surface brightness (low we >).

We find that all groups have very similar distribution of T-
type morphologies (from -5 to -2, not shown), except C6 tlzatd
strong excess of = -5 galaxies.

As mentioned above, there is no relation between groups and
redshift. There is no relation with galaxy cluster eithenostnclus-
ters have objects from all groups (Fig. 6). All have galaxbes
longing to either C6 or C7 or both, with a tendency for the ésitg
clusters to have more diversified objects. 14 clusters hawatax-
ies from C1 nor C2, but these are clusters with a small numbers
of objects (less than 8 galaxies). Since we also found venylagi
results with subsamples composed of three well-populatdakyg
clusters, we conclude that our classification is identicabfl clus-
ters.

We have performed a Kolmogorov-Smirnov test to check
whether the distribution of group membership of the galaxeries
from cluster to cluster. Among tt@és = 1540 possible pairs, only
66 (4%) have a p-value lower than 0.05 (being equal to 0.04.2 fo
all the 66 pairs), indicating that there is evidence for fiedént
distribution of membership in only 4% of the cases. Inténgdy,
the 66 pairs all have one of the three clusters A0426, A0580 an
A1656. The diferent distributions could indicateft#rent environ-
ments and evolutionary histories for these clusters.

It appears that the diversification scenario cannot be ithestr
with only one or even two parameters. Our choice to root the tr
with Mg, does not yield a perfectly regular increase of this param-
eter, and groups that are close in the diversification, ligaad C7,
show significant dferences in most of the properties.

3.5 Property correlations of the cladistic groups

Two-dimensional scatterplots are useful to search foretations,
event though they are always projections of a multivarigitece
that naturally induce an apparent dispersion. We show akseat-
terplots in Fig. 7 and give the correlation ¢eents in Table 4
for each group. It appears that correlations generaffgidbetween
groups and the whole sample.

Some correlations exist for both the whole sample and the
groups individually. This is the case for the Kormendy rielatbe-
tween logR. and < pe > that shows an important dispersion for
the whole sample. However, it is particularly tight for gpsuC6

4 parameters cladistics
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Figure 7. Scatterplots discussed in the text. The colours of the greue
the same as in Fig. B1. Note that the valuedvigf, for the C2 group (yel-
low) are predictions from the cladistic analysis (see Sgctin the bottom
right diagram, the full line is a linear fit (slope of 0.51) bktwhole sample
and the dashed line has a slope of (1457 as found by Robertson et al.
(2006) for pure disk merger remnants (see text for details).

and C7 and rather weak for C1 and C4. There is no dependence of

logR. on < pe > for C2. It can be concluded that this correlation is
not universal and only holds for well diversified galaxies.

The relation betweeMgy, and logo is also strongly depen-
dent on the group (Fig. 7 and Table 4). The correlation is gelye
very tight, significantly more than for the whole sample, eptc
for C5 and C6 which show an important dispersion. It is impor-
tant to recall that our computation bfq,, makes it essentially pro-
portional too?R., the codficient possibly varying somewhat from
galaxy to galaxy or from groups to groups (Bolton et al. 208@p-
kins et al. 2008).

Other correlations disappear within each group. The long-

known global correlation betweekg, and logo- appears with a
correlation cofficient of 0.59 (Table 4) with the sample of the
present paper. This correlation is similar in C7 but muchkeea

in C1, C2 and C&6. It even totally disappears for C3, C4 and C5.
However, all groups are aligned according to our evolutipisae-
nario of Fig. B1, the group C6 appearing before C7 (as already
mentioned, C6 and C7 can be inverted in Fig. B1 without madify
ing any conclusion). This result shows that the correlaietween
Mg, and logo is historical or spurious and not physical: it is the
diversification itself that follows this track.

© 2010 RAS, MNRASD0Q, 1-17
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Table 3. Average properties of the seven groups of galaxies defin€iginB1. Ngal is the number of galaxies per group,

NoMgz2 is the number of missiniglg2 value in the data.

Ngal NoMg2 logo < He > logRe Mg log(Mayn) Mayn/Lr ~ MRabs
Cl 80 31 2047+0.114 2039+045 058+0.16 0235+0.024 1063+0.31 90+38 -1749+0.71
c2 70 29 2054+0.091 1956+024 033+0.14 0259+0.020 1039+0.29 75+27 -17.06+ 0.69
C3 39 10 284+ 0.074 2010+026 078+0.19 0271+0.014 1131+031 120+32 -1878+0.77
C4 110 21 273+0.072 1905+0.30 028+0.17 0265+0.026 1057+0.29 89+29 -17.32+0.73
C5 111 24 2309+ 0054 1951+046 060+016 0288+0.013 1116+0.19 119+29 -1847+0.51
C6 140 24 2393+ 0079 1999+0.72 087+027 0316+0.017 1160+0.35 147+35 -1934+0.79
C7 149 32 2842+ 0091 1864+054 033+025 0301+0.020 1096+0.40 119+36 -1800+0.83
Table 4. Correlation coficients for Fig. 7. p-values are indicated in parenthesegwhén it is higher than.001.
all C1l c2 C3 C4 C5 C6 Cc7
logRe VS < pie > 059 0.24 0.03(0.2) 0.55 0.34 0.63 0.79 0.80
log o vs logMayn) 072 0.75 0.88 0.85 0.81 0.31 0.47 0.78
Mgy vs logo 0.59 0.23 0.24 (0.001) 0.01(0.6) 0.008(0.4)  0.08(0.008) 230. 0.53
MRabsVS 10gMayn) 091 0.64 0.69 0.87 0.79 0.73 0.92 0.90
Mdyn/LR VS MRabs 0.16 0.08(0.01) 0.09(0.01) 0.007(0.6) 0.08(0.003) 0.15 0500.009) 0.11
Mdyn/LR VS logMgyr)  0.42  0.11(0.003) 0.07 (0.03)  0.08(0.09) 0.03(0.07) 0WP)Y(  0.24 0.37
log o VS MRaps 0.54 0.26 0.39 0.57 0.44 0.08 (0.002) 0.36 0.56
log Re Vs log(Mdyn) 073 053 0.79 0.90 0.87 0.69 0.85 0.89
strongly depends on the group. Indeed the first correlagos-i
ways weak, being slightly higher for the whole sample, C5@rnd
— The groups seem to be arranged along the trend according to ou
vinial : diversification scenario, this trend delineating the glatmrela-
. tion. The second correlation betwekhyn/Lr and Mgy, is not very
4 o strong but still much tighter for the whole sample than fativid-
- - ual groups. The succession of the groups is present as well.
b’
S Y ,
. : c2 The Faber-Jackson correlation betwedg.ps and logo is a
5 mixed case. It clearly depends on the group, being similathfe
Ton whole sample, C3 and C7, but much weaker for the other groups.
° This correlation also roughly holds for the centroids of ¢gineups
which appear aligned along the global correlation accartirtheir
o diversification rank.
. A well known global correlation is found between IBgand
?

T

115 12.0 125 13.0 135

2*logsigma+0.4*mue

Figure 8. Diagram showing logRe as a function of 2 log o+ 0.4+ ue often
used to represent the tilt of the FP with respect to the vpiahe (dashed
line). The dotted line is the fit for C2 which has the lowestpsl®f all
groups. The slope tends to increase with diversificatioa edble 5).

This is also true for the correlation between Ibg(,) and
Mrabs Which is very tight, with similar correlation céiécients for
the whole sample, C3, C6 and C7. However, the correlatiolses a
largely defined by the succeeding groups along the coroela@6
being the farthest at one end, and C2 and C4 at the other etid, wi
C3is between C7 and C6.

Similarly, Mgyn/Lg is roughly correlated tdMgans and Mayn,
but more importantly the relation between these two pararset

© 2010 RAS, MNRASD0Q, 1-17

Mayn, With a high significance (Table 4) and a slope of 0.51 (Ta-
ble 5, see Sect. 4). If we now look at individual groups, ittiks

ing to see that they all follow a tighter linear relation, egtfor C1
that is slightly more dispersed. The correlationfGaent for C5 is
equivalent to that of the whole sample and very high for C3,@8!
and C7. Even more remarkably, they are very well separated fr
each other (Fig. 7). Groups C1, C2, C4 and C7 are stacked per-
pendicularly to the correlation in an order that closelydets the
diversification scenario, going basically from the low nessand
high radii toward higher masses and lower radii (see alsteTz)b
Groups C3 and C6 are displaced toward the upper right of the co
relation (high mass and high radius), and C5 is in an interated
position. Each group occupies a finite region in the plothladdng
and across the correlation. Since this result is importaatshow

in Appendix C that it is true for all groupings found in the peat
work. Finally, the slopes of the individual correlationslile 5) are
lower for C1 and C2, and then clearly increase with diveraifon
being always larger than the global slope.
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Table 5. logRe as a function of 2 logo + 0.4 < pe > and logMgyn.
The second column gives the slope of the linear regressita ffig Re vs
2xlogo+0.4 < ue > which measures the tilt of the fundamental plane with
respect to the virial plane. The third column gives the slogpé the corre-
lation: logRe vs logMgyn shown in Fig. 7. Coféicients for dissipationless
and dissipational systems comes from Robertson et al. j2@0fected for
Magyn o« ML7. The two last columns give the median values forRegand
log Mgyn in the corresponding group.

Group tilt/ virial  slopea  median median

log(R§  log(Mayn)

C1 0.42 0.38 0.55 10.65

c2 0.40 0.42 0.37 10.47

C3 0.74 0.56 0.74 11.27

C4 0.61 0.55 0.29 10.61

C5 0.71 0.69 0.59 11.17

C6 0.81 0.71 0.85 11.60

Cc7 0.70 0.60 0.36 10.98

Full sample 0.70 0.51 0.51 10.99
dissipationless 0.96 0.38
dissipational 0.83 ~0.49

4 DISCUSSION
4.1 Structures in the fundamental plane space

The first important result of this paper is that we find stroesu
in the global FP of this sample despite that it was estaldigsbe
be very homogeneous. FP properties are knownfterdirom one
sample to another, depending on kinds of objects and redshif
They mostly difer in relative shift and somewhat in inclination.
This implies that the global FP does not relate galaxiesettme
kind, but rather traces a diversification scheme of variawsijgs
of homologous galaxies. A priori, the classification we fiady
no means universal. It is only valid for the sample used desdr
with the 4 parameters Id&, < pe >, logo and Mg,. Other anal-
yses have to be performed on other samples and results cednpar
We must mention that we find the same kind of result with aliptal
distinct sample of 500 nearby early-type galaxies (Fraixrigt et
al., in prep).

D’Onofrio et al. (2008) have performed an analysis of the
FP for 59 galaxy clusters with redshifts between 0.04 and,0.0
quite similarly to our study (4 clusters are in common: AQS¥%§

— 0.053). This also implies that our classification, not tiRs Hs
universal within these limits.

Gargiulo et al. (2009) argue for a bent plane instead of a con-
tinuous “distribution” of planes depending on some arbjtnare-
selection criterion (size, mass, type, ...). D’Onofrio £t(2008)
find that the plane is actually a bent surface “approximatedib
ferent planes depending on théfdrent regions of the FP space oc-
cupied by the galaxies of the samples under analysis.”. €auitris
clearly against a universal bent plane or surface, becagseseho-
mogeneous sample like the one we used, appears to be divided i
several planes of slightly fierent inclinations. More significantly,
our cluster analysis and cladistic results show that thdivauiate
space is divided into dlierent regions, related by the diversification
process, in each of which a correlation might or might nosexi
Somewhat in agreement with D’Onofrio et al. (2008), but fdr d
ferent reasons, we doubt that finding universal and unbiesefi
ficients for the FP is a realistic objective. We conclude tuhat
is called the global FP is indeed a collection of regions inud-m
tivariate space, with projections on the corresponding §pBce
more or less planar, depending on the corresponding groagh E
group can be considered as truly “homologous’, as definetlan t
introduction (“similarity due to same class of progenijdrécause
it results from a multivariate analysis, not from arbitrasiection
criteria.

Even when the FP is carefully built, a significant dispersion
remains that suggests another parameter is at play. Fanoestit
has been found that this dispersion could be explained byntss-
distribution depending on mass (Nigoche-Netro et al. 20B9¢n
though our determination of the mass is based on the vigairém,
our result seems in agreement with this interpretation S8lgpws
that the variance within a group is larger for groups of moassive
galaxies (C3 and C6). Unfortunately, mass, like most of mays
parameters, is very flicult to measure (see a discussion in Hop-
kins et al. 2008). However, we think that the dispersion aloa
FP is naturally due to cosmic variance within homologousutep
tions. In our approach, we conclude that mass-distribudepends
on groups, and not necessarily and only on mass. We noteathat f
essentially all the parameters considered in this papefindehat
intragroup variance is often larger than intergroufedences (e.qg.
Fig 5). This is certainly intrinsic to the nature of galaxiasd obvi-
ously calls for multivariate classifications. In partiaylgais shows
that making binary classifications (like low- and high-nesssb-

A2657, A3558, A3716). They compare the FPs obtained for each jécts) may introduce an important bias physically unjuesifi

cluster and find that they are not compatible with a univeFsal
However, they find that the FP properties depend stronglyhen t
sample analysed. They usdfdrent subsamples, and find that prob-

The variation of the ratid//L with z (i.e. due to passive evo-
lution) is often used to explainisets with respect to the FP that are
observed at higher redshifts (e.g. van Dokkum & Stanford3200

ably the diferent ways ear|y.type ga|axies were selected have a This is diferent from the tilt which can be eXplained by a variation

prominent influence on the fit of the FP. This could have seriou
consequences on the physics derived from the FP propdikies,
the structure of dark matter (Borriello et al. 2003). In ooin of
view, any a priori selection criterion induces an unavolddfias,
even if enough care is taken for homogeneity or completerfess
multivariate classification is the best objective tool taretate clus-
ters with FP properties and investigate whether the FP cambe
versal. In our approach, the groups we have found solelyrdepe
on the intrinsic properties of the galaxies, independeoitigluster

or type selection. It appears that they do not correlate wlitls-
ter (Fig. 6) and the distributions are identical in 96% of tdases
(Sect. 3.4). This implies that both the populations of galsxand
the environments in our clusters do noffei much and the evo-
lution of galaxy properties, that is the diversification @flaxies,

is similar for nearly all clusters within our redshift ran¢@007

of M/L with L. But assumingM/L to be constant (with a given tilt)
for a given redshift implies a very strong physical and etioéu
assumption. This parameter is computed by using the threepa
eters of the FP space plus the essential assumption of aaobnst
ratio between dynamical mass and real mass for all galdxi¢isis
homogeneous sample used in our study, the risllig./Lr is not
constant across and within the plane, and fiedent depending on
the group (Fig. 5 and Fig. 7). In addition, we do not find any de-
pendence of this parameter withut our range in redshift is small.
Our work thus implies thatl/L is not constant for = 0 (Sect. 3.4;
see also Jorgensen et al. 1996).

4.2 Groups and assembly histories: the k-space

Bender et al. (1992) introduced the k-space representatiended

© 2010 RAS, MNRASD0Q, 1-17
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Figure 9. Diagram showing our groups in the k-space as defined by Bender
et al. (1992). The colours of the groups are the same as irBEig.

to depict the fundamental plane relation with more physicelr-
dinates. Our groups are represented in Fig. 9 and are adifline
the k2-vsk1 projection. Note that ouk2 andk3 axes depend on
e Which is in theR-band, and thus appear shifted as compared to
other diagrams made in tH&-band. de Rijcke et al. (2005) have
compared several samples of galaxies divided in fine moggiiol
cal classes, partly using data from Bender et al. (1992) sante
semi-analytical models of galaxy formation and evoluticoreori-
ented toward dwarf galaxies. It is obvious on thirvskl dia-
gram that the distribution of groups in our classificatiopegrs in
rather good agreement with their morphological classificafT his

is not surprising since 2 of our 4 parameters used in theerlastd
cladistic analyses are structural (le@nd logRe), while a third one
(ue) is somehow correlated to stellar concentration.

This agreement is interesting because our classificaties do
not require very sophisticated image analysis procederes Kor-
mendy et al. 2009). In addition, our classification is basegluys-
ical observed parameters that can be more easily companeddo
els and numerical simulations than detailed features iintlages.
Our multivariate analyses can also be extended to moreaises
to explore the complexity of galaxy diversification.

Interestingly, the comparison of olk2-vskl diagram with
that from Bender et al. (1992) shows that our two groups C6 and
C7 match rather well the distinct regions of respectiveighirel-
liptical galaxies and bulges (of lenticular or spiral gé¢s}. Note
that the data of Bender et al. (1992) are for the bulge contgone
of galaxies almost exclusively SOs (while de Rijcke et al020
cite them as for “bulges of spiral galaxies”) whereas ouueal
(from Hudson et al. 2001) are for the entire galaxy. Therenare

© 2010 RAS, MNRASD0Q, 1-17
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spirals in the sample we use, but galaxies from C7 should some
how share a similar assembly history that these bulges. gSrou
C6 and C7 could be paralleled respectively to the two kinds of
ellipticals suggested by Kormendy et al. (2009): i) the gielh
lipticals that are essentially non-rotating, anisotropi@xial, lit-

tle flattened (E1.5), have cuspy cores boxy-distorted istg#) ii)
normal- and low-luminosity ellipticals that rotate rapidare rel-
atively isotropic, oblate-spheroidal, flattened (E3),etess, have
disky-distorted isophotes, most bulges of disk galaxiéegobke
low-luminosity ellipticals. They also suggest that thetfoses are
formed from dissipationless (dry) mergers and the secoed by
dissipative (wet) mergers. However, we do not believe thatdd
chotomy C6-C7 could be explained by a simple dichotomy in dis
sipation because such diversified objects have quite conaphés-
tory that cannot be summarized by one kind of assembly egest (
below).

In particular, interactions are a quite frequent event tifzas-
form galaxies. Aguerri & Gonzalez-Garcia (2009) havewsated
the efect of rapid interactions on the evolutions of galaxies. \&e d
rive from theirk2-vsk1 plots that our groups, except for C1 and C2,
seem to be robust with respect to these kinds of interadtiat,is
these events make a galaxy move within its group. This coglamm
that these groups cannot be formed by rapid interactions e
note that their simulations do not have objects similar t@68 C6
groups, but this might be due to the limited number of configur
tions they present. Anyhow, C3 and C6 galaxies are the most ma
sive ones, implying very probably mergers and accretionateeh
taken place.

4.3 Groups and assembly histories: tilt of the FP

The diference between the FP and the virial plane is often studied
as aftilt in the lodR. vs 2= logo + 0.4 < ue > representation. For
instance, Boylan-Kolchin et al. (2005); Robertson et 0@ have
performed simulations of several scenarios of mergingohiss.
They find that gas dissipation during mergers of disk gakagan
explain the tilt, even if Robertson et al. (2006) do not edelother
kinematical or photometricalffects.

If we compare the tilt of the FP for our fiiérent groups (Ta-
ble 5) with their predictions, we find that our groups agreteoe
with dissipational mergers with a lot of gas (f@eents of about
0.8) than with dissipationless ones (fita@ent close to 1). Groups
C3, C5, C6 and C7 are the closest to the virial plane, butfatill
from it. Groups C1, C2, C4, which are the furthest from theéavir
plane, could either be mergers of systems with much moreogas,
else have evolved by slow accretions or in isolation. Sirspet-
sion is significant within all groups and dieients are much lower
than those found by Robertson et al. (2006), especiallyefss ti-
versified ones, dissipation and gas fraction alone in thesgyen
scenarios cannot explain theffégrences between our groups. As
mentioned in Sect. 4.2, C1 and C2 may not be the result of merg-
ers.

In addition, as we have shown in Fig. 4, the planes are titted i
the three directions of the FP space, so that the correlb&tmeen
logR. and 2« logo + 0.4 < ue > cannot be sficient to understand
all the physics of the complex histories of galaxies. Rameriet al.
(2006) also give the variations of the plane fméentsa andb (see
our Table 2) as a function of gas fraction. It appears that tre
not monotonic and thus morefficult to interpret. Our cd&cient
ais always much lower than that found by the simulations (& th
range 0.67 — 1.3 as compared to 1.55—2.07 in Table 3 of Ralerts
et al. 2006) and our cdigcientb in the lower range. However, they
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use the surface density of stellar mass, whereas we usertaeesu
brightness density. The relation between the two could distbrt
the plane in the three directions, and this comparison ibgiyly
flawed. In addition, it seems that the slopevaries much in the
literature (Bernardi et al. 2003) depending on the wavetebgnd
and the fitting method. Finally, the most discrepant grouags C1,
C2 are probably not the result of mergers so cannot be comhpare
such simulations.

4.4 Groups and assembly histories: radius vs mass

The relation betweelR, and Mg, is a good diagnostic tool for
merger histories (e.g. Boylan-Kolchin et al. 2005; Rolmnrtst al.
2006; Hopkins et al. 2009). It seems thdfyn/Mstar o« M, With

find that 10-equal-mass parabolic mergers yield steeppesldn
important result of their simulations is that parabolic dmgrgers
cannot explain the formation of the scaling laws of earlpyety,

but wet mergers do, except maybe for very massive galax@ss (s
also Boylan-Kolchin et al. 2005; Hopkins et al. 2009). Dryrgegs
however do not modify these relations once they exist. Ttaams

in particular that the FP is formed via wet mergers. Our gsoup
C3, C6 and C7 show the thinnest FP and consequently shoutd hav
formed in this manner. Since C3 is less metallic, this mevegs
more ancient. Then subsequent dry mergers have increasedss

to the level of C6, whereas C7 galaxies were not subject t@imp
tant mass increase. We however cannot exclude that C3 might b
the result of an important monolithic collapse with somes&ub
quent low-metallicity dry mergers. These mergers were giogb

A = 0.17, but it depends on each galaxy so that this relation has a slightly less violent in C3 (having a lower leg), which could be

lot of scatter (e.g. Robertson et al. 2006). Because of tikaawn
scatter, we here usdg,n « M%7 in Fig. 7 and Table 5.

We find a global correlation with a slope of 0.51, in agree-
ment with the SDSS fit for early-type galaxies (J5@67=0.48
Shen et al. 2003) but steeper than that found in the simualagisult
for pure disk merger remnants (0/45.7=0.38, Robertson et al.
2006). Dissipational systems (their figure 4 for mergingas-gich
disk galaxies with dark matter halos, star formation ancesupva
feedback) give steeper slopes, similar to those of groupsG21
but still not as steep as for all the other groups especiaiiyamd
C6. More puzzling is that, according to Robertson et al. G206-
sult, the bulge tends to diminish the slope, whereas we faebstr
slopes for all the groups except C1 and C2. However the steepe
slopes might be due to mergers of non-disky objects or thétras
repeated merging of small systems (Shen et al. 2003).

Apart from the slope of the l0B. vs logMyy, correlation, we
see from Robertson et al. (2006) that the groups that areavbelo
the global relation have older progenitors, that is progesiwith
properties characteristic of higher redshifts. This wdoigly that
groups C1 and C2 (assuming they are the result of a mergeg) hav
formed recently, hence they had not enough time to diversifgh,
while C7 is clearly the remnants of higher redshifts progesi It
is interesting to note that C6, which from several charésties
could be considered as more diversified than C7, seems taebe th
remnant of slightly more recent progenitors. But since @upges
the high mass and high radius region of the plot, it is redsiena
think that its galaxies are the result of several mergeesiast ones
being more recent than for C7 objects. Similarly, C3 is abG6e
showing that its galaxies had a more recent merger. Thiss&am
contradict the high resemblance between these two groupsa8i
having a loweiMg2 (Fig. 5), but metallicity is also governed by the
composition of the merging galaxies.

Mergers with wide orbits are also situated above the global

logR. vs logMgy, relation (Robertson et al. 2006), where C1, C2,
C3 and partly C6 lie. We could then conclude that groups C1 and
C2 are closer to dissipationless remnants of pure disk wib#-
mergers. Together with our discussion in Sect. 4.2 and 3ekit.
this seems to confirm the idea that these objects are the nemai
of interactions or monolithic collapse rather than solelgrgers.
C3 seems to lie above C6, suggesting mergers of wider ofiits.
apparently contradicts its lower log(Fig. 5) but several dierent
kinds of mergers probably occurred, with some particulaityent
for C6 galaxies.

Other insights are obtained from Ciotti et al. (2007). Irdlee
the interpretation of their results should be reconsidéoecach
of our groups instead of the whole sample sinceRhgs M plots

explained by their average larger distance to cluster estivan C6
(Fig. 5).

In real observations, the scatter in the Rgvs logMgy, cor-
relation is quite large (Shen et al. 2003; Franx et al. 2008).
deed, it is is much larger for the whole sample than for each ev
lutionary group (Fig. 7 and Table 4). The observational tecat
is thus explained essentially by the “stacked” distributaf the
groups. Franx et al. (2008) suggest that the velocity dsper
(0% o« Mgyn/Re) Or the stellar surface density: (Mgyn/R2) might
explain the scatter of their correlation with colour. Unitorately,
we do not have access to colours for most of the galaxies of our
sample. We find that loBe = « * log Mgy, + const with a given in
Table 5 depending on the group. This naturally yields thaticah
Mayn o R&'” that is diferent from group to group. Consequently,
our result shows that the scatter in the Ryy's logMgy, diagram is
mainly explained by the variation of tmelation between mass and
radius, this relation implying a physical interpretatioryovalid for
a particular group. Since/& ranges from 1.41 to 2.63 and is never
close to 2 (except for the whole sample!), this seems to atdithat
the neither velocity dispersion nor stellar surface dgnsittirely
explain the scatter in the relations between Reglog Mgy» and
colour. Thus our groups are probably not homogeneous irucalo
We finally note that our Fig. 7 shows that averaging valueRof
over bins of Mgy, as in Shen et al. (2003), mixesfidirent popu-
lations of galaxies and consequently introduces an asifgzatter
within each bin.

4.5 Physical interpretation of the diversification scenard

Even though the above comparisons are limited by the faththa
merical simulations could not consider all possible sdesathey
show that the groups found by cladistics are evolutionaougs,

each one gathering objects with the same assembly histerjeré
summarize a possible explanation for the origins of theedint
groups. It must be understood that the assembly and iniendds-

tories of nearby galaxies are necessarily complex and deegpof-

ten several significant transforming events (e.g. FrairaBtiet al.
2006c).

e C1:is chosen as the most primeval group because of its low
averageMg,. Its galaxies are rather faint, and relatively large for
their masses, with a low lag. They might be the remains of a sim-
ple assembly through a monolithic collapse with little gission,
and they were probably perturbed by interactions.

e C2;its galaxies are less massive and smaller than the ones in

show diferent slopes depending on the models. For instance, theyC1, and they have a slightly high&tg,. They are also somewhat
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brighter. They could be the remains of wind stripping of sd«mel
of more diversified objects.

e C3 : large, massive and bright, they have a low metallicity
Mg, with a high velocity dispersion but less than for C6. Althbug
this is of low significance, they could be the most distanagials of
cluster centres. They could be the remains of an ancient wegen
with subsequent low-metallicity dry mergers. We cannotlue
that C3 might be the result of an important monolithic cadlepvith
some subsequent low-metallicity dry mergers.

e C4 : its galaxies look much like the ones in C1 and C2, but
more concentrated, with a metallicity slightly higher tHan C2.
Are they simply galaxies in which stellar formation has been-
tinuous, or are they C1 galaxies that were initially richergas
that has not been swept like for C2 objects? They could alsbéoe
remnants of several minor mergers and accretion.

e C5:they have intermediate properties between the galakies
C4 and those of C6. This group is indeed composed of two small
evolutionary groups, one closer to C4 on the FP and the otier o
more or less in-between C6 and C7. Are they intermediatectdije
We think that they could be objects that cannot be fully dbscr
by only 4 parameters. Their apparently odd position withia EP
would the be due to a projectioffect of a larger multivariate space
onto our 4-parameter classification.

Structures in the fundamental plane 13

5 CONCLUSIONS

In this paper, we have reconsidered the study of the soechlle
damental plane of early-type galaxies. We have used t@Werdnt
multivariate clustering tools, cluster analysis and dtdianalysis,
to explore the 4-parameter space dag< pe >, logRe and Mg,.
With both methods, we used both the three first observaliieset
of the fundamental plane correlation, and the four altogreth

The sample used in our analysis, taken from Hudson et al.
(2001), has 699 objects spread into 56 galaxy clusters.| linal
analyses, 4 to 7 groups are found, which are consistent fiain b
statistical and physical arguments. The very good agreeben
tween our diferent analyses provides a good confidence in the ex-
istence of structurewithin the FP. We emphasize that no a priori
criterion is used to select groups of objects, even in thdivauniate
space. In this paper, we focus on the 7 groups (labelled CTrjo C
defined by the cladistic analysis because it additionalbyvigles a
diversification scenario linking the groups. Note that sime are
in a multivariate space, the wording “diversification” is raap-
propriate than “evolution” that applies to a single paramet that
has the general meaning of “transformation with time”.

The groups define separate regions on the global fundamental
plane, not across its thickness. In fact, each group sh@amain
fundamental plane, which is more loosely defined for leserdiv

¢ C6 : its galaxies may be the closest to cluster centres, they fioq groups. We conclude that the global FP is not a bent sarfac

define the tighter fundamental plane. All the parametersi@f %
are the highest of the sample exceptggrMost of the galaxies are
probably large ellipticals usually designated as Es. Thiitory
might be complex, with many transformation events, theylcou
represent a kind of end state of galaxy diversification. Timgyht
be the remains of many accretions, minor mergers, togetitar w
more or less dissipational major mergers. However, theypnsee
be the remains of both wet and dry mergers, the most recest one
being of the latter kind.

e C7:its galaxies also define a tight FP like C6, but they are the
smallest of the sample, with the highest surface brightngsehey
are very metallic. They seem to be associated with the resradin
a dissipative (wet) merger, with very little or no dry mergefhey
could also have formed through minor mergers and accretibiss
striking that they occupy the same region in the k1-k2 spadba
bulges (of lenticular or spiral galaxies).

In view of the present results, we conclude that the FP oelati
depends on the group and thus on the histories of galaxies: Ob
ously, the tightness of the relation isfidirent from one group to
the other being much less for less diversified groups. Foerdor
versified groups, the correlation is tight but still veryrsfgcantly
different from the virial plane. In a similar manner as for the bi-
variate plots of Fig. 7, it is possible that the correlatiauld be
historical and not physical. In other words, this planarekation
between lodR., logo- andu. might not be a tilted virial plane due
to dissipation or a particular behaviour of sk/L, but rather a
parametric correlation between the evolutions of thesamaters.

If this correlation is tighter in more diversified objectsistis prob-
ably because they are the result of a mixture of several oiyman
transformation events like collapse, interaction and inergdry
and wet. To investigate this point further, our analyseukhbe
redone with additional measured values of mass, luminasity
M/L at least. Then a study of the diversification within each grou
should reveal the combined evolutions of all parameters.
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but made of a collection of several groups characterizingreg
fundamental planes with fierent thicknesses and orientations in
the parameter space. In addition, since all groups are mrésall
galaxy clusters, we conclude that our classification, netRRs, is
universal within the redshift range of the sample (0.007058).

By design in the cladistic analysis, each group supposedly
gathers objects sharing a similar history. They are alstted|by
evolutionary relationships that represent a diversificaicenario.

By rooting the scheme with the group of least metallicity, finel

that the two most diversified groups (C6, C7) have the thinRBs
together with an intermediate one (C3). It probably indésathat
the level of diversity is linked to the number and the natdreans-
formation events like collapse, accretion, interactiod arerging,
dry and wet, and that the fundamental plane is the resultvafrab
such transforming events.

Our groups have distinct multivariate properties that ¢arst
be interpreted in the light of our current knowledge and unde
standing of galaxy evolutionary processes. Three groufis Q2
and C4) probably did not form by major mergers and have been
strongly dfected by interaction, some of the gas in C2 objects hav-
ing possibly been swept out. Three other groups, C3, C6 and C7
have been formed by dissipative (wet) mergers because they f
low a tight FP relation. In C3, this(ese)) merger(s) musehasen
quite ancient because of the relatively low metallicity tsfgalax-
ies. But contrarily to C7, both C3 and C6 have subsequently un
dergone dry mergers to increase their masses, more violeD6 i
than in C3. Also, in the k-space, the C7 group clearly ocaufiie
region where bulges (of lenticular or spiral galaxies) liecould
have formed through minor mergers and accretions.

It has been recognized that the properties of the FP depends
much on the sample. Our approach strongly associates the “sa
ple” with the “evolutionary group”. Since galaxies are extole
objects, homology, a concept often used for FP studies,eamdoe
rigorously defined by 'similarity due to same class of prageh
Since galaxy histories are so complex, only multivariateligts can
objectively construct homologous groups. Cladistics deed de-
signed to build homologous groups and provides an evolation
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scenario that relates them. It must be understood that Heerddy
and interaction histories of nearby galaxies are necégsarm-
plex and comprises often several significant transformivents
(Fraix-Burnet et al. 2006c, e.g.). The interpretationcoasn spe-
cific assembly histories of galaxies, of our seven groupw/stbat
they are truly homologous. Our work also shows that muliéter
cluster analysis is able to find homologous groups even thdug
cannot predict the evolutionary relationships.

The properties of the 7 groups clearly reveal that theledi
in assembly histories. Since they have been obtained lyifecin
several observables, the interpretation of the result doedepend
on any a priori classification. In particular, it partly maés re-
fined morphological classification because we used 3 paesmet
(among 4) that are linked to structural properties of gasxHow-
ever our classification is more easily compared to modelsnand
merical simulations. Our work can be readily repeated wittli-a
tional observables.

In addition, the diversification scenario relating theseugis
does not depend on models or numerical simulations. The-astr
cladistic analysis was based on the assumption that thepfvam-
eters logRe, < e >, logo and Mg, are evolutive characters, that
evolve and can characterize states of evolution of galaXies as-
trophysical interpretation of the diversification scenand of the
evolutionary groups demonstrates a posteriori that trgaragtion
is correct. This is another proof that cladistics can beiedph as-
trophysics. Since both cluster and cladistic analyses tasevalid
for the sample in study and the variables used, the presedy st
will be extended to other galaxy samples with more pararseter
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APPENDIX A: CLUSTER ANALYSIS

Cluster analysis is the art of finding groups in data. Overlaisé
forty years diferent algorithms and computer programs have been
developed for cluster analysis. The choice of a clusteriggrithm
depends both on the type of data available and on the paticul
purpose. Generally clustering algorithms can be divideéd iwo
principal types viz. partitioning (K means) and hierarahimeth-
ods.

A partitioning method constructs K clusters i.e. it clagsfi
the data into K groups which together satisfy the requirénoén
a partition such that each group must contain at least orecbbj
and each object must belong to exactly one group. So theratare
most as many groups as there are objelétsc& n). Two different
clusters cannot have any object in common and the K groups to-
gether add up to the full data set. Partitioning methods ppéed
if one wants to classify the objects into K clusters where Rxisd
( which should be selected optimally). The aim is usually te u
cover a structure that is already present in the data. Thed&ans
method of MacQueen (1967) is probably the most widely adplie
partitioning clustering technique.

Hierarchical algorithms do not construct a single panitio
with K clusters but they deal with all values of K in the sama.ru
The partition withK = 1 is a part of the output ( all objects are
together in the same cluster) and also the situation Witk n
( each object forms a separate cluster). In between all sabfie
K =1,23,..n—1are covered in a kind of gradual transition. The
only difference betweeK = r andK =r + 1 is that one of the r
clusters splits in order to obtaim+ 1 clusters or two of ther(+ 1)
clusters combined to yield r clusters. Under this metholdegitve
start withK = nand move hierarchically step by step where at each
step two clusters are merged depending on similarity untjf one
is lefti.e. K = 1 (agglomerative) or the reverse way i.e. start with

K = 1 and move step by step where at each step one cluster is di-

vided into two (depending on dissimilarity) unkl = n (divisive).
We feel that for the problem under consideration the partitig
method is more applicable because

(a) A partitioning method tries to select best clusteringhvi
groups which is not the goal of hierarchical method.

(b) A hierarchical method can never repair what was doneen pr
vious steps.

(c) Partitioning methods are designed to group items ratieer
variables into a collection of K clusters.

(d) Since a matrix of distances (similarities) does not havee
determined and the basic data do not have to be stored diweng t
computer run partitioning methods can be applied to mudletar
data sets.

For K- means algorithms (Hartigan 1975) the optimum value
of K can be obtained in dierent ways. In the present work the
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method developed by Sugar and James (2003) has been used. Thi
procedure is based on rate of distortion theory. By ’digort
we mean a measure of within cluster variation. Let X be a p-
dimensional random variable (where p components are tlznar
ters under consideration used for clustering) @adC,, ....Cx be a
set of K cluster centers. For simplicity, in the present gtwe have
considered the mean squared error as the measure of witisitecl
variation which is given bgk=mirc, c,.... ¢« E[(X=Cx)'(X~Cx)]
where Cy is the center closest to X. Using the K means algo-
rithm (Macqueen 1967) we have first determined the strusture
of the sub populations taking Kk 1, 2, 3, etc. For each K
we estimated the value of distance meastjfe= =X, M; where
M = 3P 30 08 - )2 X)) = 1" galaxy observation for the
jin parameter in thé& cluster (= 1,2, ...,n;, j=1,2,....,p) xﬁ" =av-
erage value for thg!" parameter in tH& cluster, p is the number
of parameters, n is the number of galaxies an the number of
galaxies in tha™ cluster (i1,2,....,K). HereX” is the estimate of
the cluster center closest to the observations in thateslusiere
dy can be considered as the estimated minimum achievable-disto
tion associated with fitting K centers to the data. A naturay wf
choosing the number of clusters is to piitversus K and and look
for the resulting curve (known as the distortion curve).slirve is
always monotonically decreasing. (Initially we would egpmuch
smaller drops for K greater than the true number of clustecabise
past this point ). According to Sugar and James (2003) , tterdi
tion curve when transformed to an appropriate negative pamitk
exhibit a sharp jump at the true number of clusters. In fazy thave
proved (equation (7) of Sugar & James 2003) ﬂi}}’ffz ~ aK/G
for K > G and~ 0 for K < G, where G is the actual number of
clustersand & a < 1.
The above relation suggests several possibilities forroténg
the actual number G. In particular one can use the jump method
which estimates G usingrgmax[d;, * - d,_, "], the value of K
associated with the largest jump in the transformed digtiob. It
also suggests that an appropriate value of y would/Belp our
case as the number of parameters is 3 and 4, one can take y as 1.5
and 2 respectively.

We have calculated the jumps in the transformed distortson a
Je = (d¢? - dc?). The optimum number of clusters is the value
of K associated with the largest jump. The largest jump cadese
termined by plottinglx against K and the highest peak will corre-
spond to the largest jump. In the present situation therguanps
at K=4 and K=6 for 3 parameter case and=K and K=7 for 4 pa-
rameter case (Fig. Al). The largest jumps are a6knd K=7 in
the former and latter cases respectively.

APPENDIX B: CLADISTIC ANALYSIS

Cladistics is the subject of numerous books (e.g. Wiley.et291;
Semple & Steel 2003) and the astrocladistic methodologypbasa
presented in detail in several papers (Fraix-Burnet et0162,b,c;
Fraix-Burnet 2009; Fraix-Burnet et al. 2009). We refer thader
to these references for a complete description of the matked
here. For the present analysis, we have built a matrix withega
of the four parameters for all galaxies. The values for eashm-
eter were discretized into 30 equal-width bins represgrauppos-
edly evolutionary states (see e.g. Golobo et al. 2006; Trdikk
Fraix-Burnet 2009). We adopted the popular parsimony rivite
which selects the most parsimonious tree among all posaible
rangements because it represents the simplest evolugreso
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Figure Al. JumpJk as a function oK for the 3- (top) and 4- (bottom)
parameter cases.

c2

C3

Figure B1. Cladogram obtained with 4 parameters. It is a majority rule
consensus of 986 equally parsimonious trees. The branchesobured
according to the value of Mg2 (from dark blue to yellow thrbugreen as
Mg2 increases). The outer annulus is formed by the name=safafaxies,
with colours according to the group (numbered from C1 to G7jetailed

in Table C1.

galaxies) and A3526 (37 galaxies). Cladistics analyses war on
these 3 subsamples separately, and then with the 3 tog&ther.
four tree structures were compatible, indicating that asteulying
arrangement did exist. This was confirmed by the analysis don
the whole sample that converged quite easily despite thenlon-
ber of characters as compared to the number of objects. Itineus
noted that the arrangement of the objects on a tree is coretra
by the level of information provided by the parameters. Witeir
number is relatively low, the constraints are weaker anchtimber
of possible most parsimonious trees is larger, making tmyere
gence toward compatible trees less probable. In the presset
we find that the 3-parameter result is slightly less robusteithe-
less, all trees with and withoM g, are compatible.

The choice of the root of the tree orientates the evolutipnar
processes and the “rank” of diversification of the groupsas ®n

for the sample. (Maximum parsimony corresponds to the mini- Fig B1. It indicates the ancestral states of the characiémstrees
mum number of changes of states for all parameters that occurof the present study are rooted with objects or group of abjec

along the paths between all objects. This number is unigeacth
tree.) Fig B1 is a majority-rule consensus tree reflectimgrttost
common features in all equally most parsimonious trees ttkisr

having low Mg, because we find it is the only objective criterion
of ancestrality. However, this choice must imply a consistvo-
lutionary scenario for all the other parameters, which & thse

paper, the maximum parsimony searches were performed usinghere.

the heuristic algorithm implemented in the PAUP*4.0b10 ¢&w
ford 2003) package, with the Multi-Batch Paup Ratchet megtho
(httpy/mathbio.sas.upenn.efdobpr). Heuristic methods do not ex-
plore the parameter space of all possible tree arrangenvelnicsh
would take a prohibitive computer time for hundreds of otgec
but try to find the minima. They cannot guarantee finding the ab
solute most parsimonious trees but generally require & ¢éem-
puter time while being quitefiective. The Ratchet approach still
improves this fiiciency. The results were interpreted with the help
of the Mesquite software (Maddison & Maddison 2004) and the
R-package (used for graphics and statistical analysegprtrast
to multivariate distance methods, undocumented valuesara
problem in cladistic analyses. This is why the galaxies méshs1g,
determination have not been excluded.

In the two cases of the present study, with and withidigg,
we find rather robust trees. To assess this robustness, wequied
in the following way. We first selected 3 clusters, A1656 (@Gom
cluster, 56 galaxies, the largest cluster in this sampl2),99 (38

APPENDIX C: COMPLEMENTARY INFORMATION

We present here three figures for the other groupings fourttidoy
other analyses. Fig. C1 is the equivalent of Fig. 5 but forctheter
analysis with 4 parameters an&K with colours as in Fig. 1 (mid-
dle row, right column). If ones recall that C6 and C7 are dptid

4 groups (4 to 7 on the figure), and that C2 and C4 are mixed to-
gether in this cluster analysis, the correspondence betthectwo
boxplot figures is striking.

Fig. C2, Fig. C3 and Fig. C4 are the equivalent of Fig. 7 for all
the analyses. Fig. C5 shows the tilt with respect to the IMifene
like in Fig. 8 for all the groupings.

Finally, we give in Table C1 the list of all the galaxies used i
this study distributed in the groups C1 to C7.

© 2010 RAS, MNRASD0Q, 1-17
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Figure C1. Same as Fig. 5 but for groups from cluster analysis with 4 pa-
rameters and K7. The colours are the same as in Fig. 1 (middle row, right

column).
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Figure C3. Diagrams as in Fig. 7, but for the cluster analyses wi#6kand K=7.The colours are the same as in Fig. 1 (middle row).
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Figure C4. Diagrams as in Fig. 7, for the two cladistic analyses with @ aparameters. The colours are the same as in Fig. 1 (bottgjn ro
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Figure C5. Tilt with respect to the virial plane like in Fig. 8 for all thgroupings.
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Table C1.List of galaxies for each group.

c1
A2199:B-008 A1060:ST-026 E323-008 A3558:FCP-35 11618 B2EFR-B U01269
A0576:SMC-A A1177:SMC-B A3733:SMC-K A3574:W-050 PISC:ZR0020 A2063:D-033 S0301:D-022
N4661 A1656:D-107 NOO85A A2052:MKV-13  A0194:D-071 14767 0339:D-064
A1656:D-204 A3558:FCP-31 E243-052 A2063:D-034 $030133-0 A4038:D-067 A0957:D-035
7S21:PP-S06 S0761:FCP-14 NO0548 A2199:B-034 A0539:D-054 4038:D-037 A1060:JFK-R225
A2877:D-040 A2063:D-035 S0301:D-024 A4038:D-083 A095TED A0576:SMC-B A1139:D-016
A0189:SMC-| A2199:B-087 A0426:PP-P0O7 A4038:D-039 ALEMEC-G A1016:SMC-A  A3526:D-047
A0262:PP-A05096  A2634:D-087 A3381:D-037 U02717 AL06B:FEMH50  A1656:D-081 A3558:FCP-39
10293 A4038:D-052 A1016:SMC-F A1016:SMC-E  A3526:D-026 454040 S0761:FCP-24
A0539:D-043 A0262:B-042 A1060:JFK-R245 14041 A3558:FBF- A2877:D-033 A2063:D-065
A0957:D-033 A0576:SMC-J E322-100 A4038:D-045 E445-054 18@SMC-J A2199:RS-028
A3733:SMC-G A4038:D-033 S0761:FCP-07

c2
7S21:PP-S07 A1656:D-087 A0569:SMC-L A2806:SMC-D 14011 080:JFK-R338  A3389:D-053
N0386 A3558:FCP-15 A1060:JFK-RMH35  N0398 A3571:SMC-40 528:D-040 A0999:SMC-C
A2877:FCP-24 E384-029 A1177:SMC-C 11638 S0753:W-095 /362027 A3526:D-059
HO122:PP-H01051  S0805:FCP-09 E322-102 A0194:D-052 ATVD61 A3526:D-015 A1656:D-135
A0262:B-038 A4038:D-076 N4729 S0301:D-026 A4038:D-053 656:D-156 A4038:D-066
S0301:D-031 A0957:D-050 Z160-027 A3389:D-043 PISC:PR3 A1656:D-027 S0761:FCP-26
N2330 A2806:SMC-F A1656:D-193 A0957:D-037 A2877:D-011 758:W-017 S0301:D-027
A1060:JFK-RMH26  PISC:PP-Z01032 A3570:SMC-64 E501-049 648 A2199:B-044 A0400:D-057
E437-045 A2877:D-025 S0753:W-051 A1257:SMC-GC  U01040 ¢D-060 A3526:D-035
E322-099 A0194:D-045 E104-002 A3526:D-050 S0301:D-020 0381D-049 N4743

c3
N0420 A2199:B-015 A0569:SMC-R N2235 N5304 A0548:D-007 589
A0426:PP-P08 A0347:PP-B16 N4616 J8:PP-J03049 A4038D-04  A0957:D-043 A0539:D-031
A3381:D-112 A3733:SMC-| A3571:SMC-10 A0539:D-059 A05BI42 A3558:FCP-57 10310
A1257:SMC-G 10171 A2634:D-031 N2329 A3716:D-098 MKW12f=09  A3381:D-025
A3570:SMC-50 A0539:D-039 A0426:PP-P11 N4929 11860 A4OBE65 A0957:D-044
A3558:FCP-17 11116 A0262:B-018 A3571:SMC-44

c4
11548 J8:EFR-H S0753:W-010 A1736:D-144 A3571:SMC-29 ABEB033 A1257:SMC-C
A2877:D-035 A0426:PP-P33 A2199:B-054 S0761:FCP-05  EXBB- A1314:SMC-E E322-089
A0539:D-041 A1060:JFK-RMH28  A3656:SMC-X A2199:B-047 ABRSMC-E A1656:D-210 N4824
A1016:SMC-C A1314:SMC-D N0909 S0805:D-021 A2877:D-021 05932 N4906
A3526:D-049 A3526:D-036 E488-009 A2634:L-BO3C 11696 AZSBMC-76  A3558:FCP-29
A1656:D-238 A1656:D-153 A1257:SMC-E NO0388 A0400:D-017 189:B-095 A2199:B-028
N4876 14133 A1656:D-096 U01003 A3389:D-048 A4038:D-068 748
A2199:B-048 S0753:W-047 A3716:D-081 A3381:D-067 ALINIGH A0539:D-051 A2634:D-079
A2199:B-073 A2199:B-033 A4038:D-059 A1060:ST-034 E3Z50 A0569:SMC-B N0501
U01030 S0805:D-029 PISC:PP-201073 A3526:D-033 E323-009 2955 N4850
A0548:D-020 A2634:D-104 A0194:D-012 13947 A1656:D-207 883036 N4882
E437-021 PISC:PP-201047 J8:PP-J01080 S0753:W-012 AD7380 A2634:B-013 A1314:SMC-B
A3537:SMC-156 U00996 A0539:D-052 A2199:B-084 A2063:0604 A2877:D-037 A0426:PP-P21
E510-054 A0539:D-075 A1139:D-041 A3656:SMC-S  A2199:BL02 11680 A0957:D-046
A2634:D-093 E436-044 A1367:B-020 A0539:D-063 E235-039 2BP:B-019 A0426:PP-P20
N0397 A3526:D-009 E322-101 10464 A2877:D-048
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cs
N0394 U02673 A3581:SMC-75  A0539:D-044 A2063:D-050 15354 3588:FCP-33
N0385 12744 A2063:D-089  A3389:D-060 A3716:D-117  NO759 5059
NO712 N4946 A3656:SMC-I  A1016:SMC-B N0912 11858 A2063:030
A0426:PP-P15 N5424 A3744:SMC-|  N4767 A2063:D-071  AOSKECSI A2199:B-026
A3381:D-075 A2199:B-005  A2634:D-068  NA4908 A2877:D-045 884 A3733:SMC-H
A0957:D-054 A2634:B-021 11569 E325-013 A0400:D-070 A3F8EP-21 A2634:D-038
N3841 A0076:D-016 J8:EFR-| E511-021 A0539:D-062 A219REB N0079
A1656:D-161 A3526:D-041  A0539:D-057  N6146 A0569:SMC-N  783:SMC-B U01837
A3558:FCP-06 A2877:D-028  N4816 A3656:SMC-P E501-003 ADIUC-G N1224
A3581:SMC-78 J8:PP-J07038  A1736:D-137  A2634:D-043 AIBSBA0  NO382 N3308
A2063:D-059 N1273 N5438 A2657:D-070 A1656:D-230  NO560 BGD-206
A2199:EFR-H A3381:D-100  A3716:D-090  NO541 A3571:SMC-164A0400:D-089 A3574:W-024
A3744:SMC-T A0999:SMC-E  A0189:SMC-C 11806 A2052:MKV-60  0B39:D-016 N6158
A2634:D-107 E322-081 A2063:D-074  A3381:D-034 A2199:B01 10458 A3744:SMC-Q
A0076:D-018 N4864 A2877:D-042 N4854 A3716:D-099 Al113980 N4683
JBEFR-K A3558:FCP-04 11807 A3558:FCP-07 A2634:D-130  BE:6-239

cé
A2806:SMC-C N6998 N3309 A2063:D-072 N2340 E325-004 N0410
A0400:D-058 15341 A1314:SMC-A  A2634:D-074 N4696 E510-066 N0564
A0539:D-045 A2657:D-031 A1656:D-240 A4049:D-055 E44404 N6173 N1278
A0957:D-059 N0212 E509-008 11566 N6999 A3716:D-080 A0SBAC-D
S0753:W-073 A0539:D-047  A3558:FCP-13  E243-045 N0703 o] 12738
A3716:D-067 10661 14329 N0508 10313 N7728 N3862
A2634:B-016 N4889 E511-026 N1272 A0569:SMC-Q 15353 N4926
N0083 N6160 E187-020 N2230 N4869 J8:EFR-D A3558:FCP-03
N0379 E243-049 A3733:SMC-C  A1139:D-039 A2199:B-020 UGB51 E325-016
A0189:SMC-A 10312 A2634:D-057  A1314:SMC-G 15342 N4839 43
U01308 A0539:D-050  A2657:D-071 14051 A4049:SMC-E  U09799 4785
A0539:D-068 12597 NO708 A3558:FCP-02 11568 15358 A3716T8
10613 A2063:D-090  A3381:D-055  A3558:FCP-16 11633 A0347:B07 N7016
10708 E286-049 N3551 N5419 N0545 N1293 N7735
N4709 A2657:D-043  A3558:FCP-05  E511-032 11907 AOS76:SBIC- 15362
N4927 11565 N6166 A3716:D-065 AO576:SMC-C  N4923 JB:EFR-C
A3558:FCP-18 N0383 N0499 A3733:SMC-A 10660 E104-007 N3311
A3571:SMC-171 NO507 N1283 A2634:D-077 N3842 A2634:D-036 484
E511-023 11803 A3381:D-021  A2657:D-064 E443-024 N0080 620-060
14931 A3381:D-056 13959 01841 A3558:FCP-08  N0215 SO076P4

c7
NO375 N2332 A3526:D-046  A3558:FCP-24 A2634:D-056 15350 2ra
A0347:PP-B03C E437-011 N4875 A3558:FCP-14 A2634:D-102  13%1D-029 02725
A0426:7S-PER199  N3555 14045 A357L:SMC-21  A4038:D-044  4®5 U03696
A0539:D-061 A1257:SMC-B  E384-049 N5423 N0384 A0400:D-041  N3305
A0569:SMC-G N4706 A2199:B-035  A2199:B-024 N0528 A053®88 A1177:SMC-F
A1060:JFK-RMH79  N4919 A2199:B-061  E103-046 N0687 A338949 A1228:SMC-M
N4730 A3558:FCP-25 A3716:D-141 A3716:D-084 A0400:D-044 1080:JFK-RMH29  N3851
N4872 A3558:FCP-09  A2634:D-075  A2634:D-119 U02698 E305-0 N4860
14021 A3571:SMC-32  A2634:D-069  A4049:SMC-D A0548:D-051  1656:D-136 A3558:FCP-34
S0753:W-049 N5397 A4038:D-055 11673 E501-013 14012 A3BER-50
A2063:D-077 A2199:RS-008  NO380 A0400:D-052 A1139:D-036  0753:W-037 A3571:SMC-38
A2199:B-074 A2199:RS-163 10103 A0426:7S-PER163  A1228CSMI  SO761:FCP-11 A3571:SMC-112
A2199:B-038 A3716:D-116  NO679 A0548:D-017 N3837 A2199163 A2052:EFR-C
A2634:D-076 N7014 JB:EFR-A E436-045 N4840 A2199:B-045 92B-030
A2634:D-071 A4049:D-047  N1281 N4645 E382-002 A2634:D-080  A3716:D-051
A4038:D-070 N3873 A0548:D-019  A1656:D-024 A3558:FCP-26  2684:D-073 A3744:SMC-E
A4038:D-038 A287T:FCP-32  A0999:SMC-F  A1656:D-125 E44B0 A2657:D-072 A4038:D-032
E243-041 S0301:D-017 ~ A1139:D-037  A3574:W-074 A3571:SMEC-  A4038:D-051 10662
N0547 A0426:PP-P26  AL228:SMC-G ~ A358L:SMC-77  E510-063 903 A0539:D-049
N0911 A0539:D-069 10709 A2199:B-069 A2199:B-050 N0529 E483
A0426:PP-P22 A0957:D-047  E323-034 A2199:B-066 14926 Lol 13986
A2634:8-030 E235-049
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