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Abstract. This series of papers is intended to evaluate astrocleslistireconstructing phylogenies of galaxies. The objectiv
of this second paper is to formalize the concept of galaxsn&iion and to identify the processes of diversification. Wwans
that galaxy diversity can be expected to organize itselfiiregarchy. In order to better understand the role of mergezhave
selected a sample of 43 galaxies from the GALICS databadieftoumn simulations with a hybrid model for galaxy formation
studies. These simulated galaxies, described by 119 dbesaand considered as representing still undefined clalsaes
experienced dierent numbers of merger events during evolution. Our diadismalysis yields a robust tree that proves the
existence of a hierarchy. Mergers, like interactions (akeh into account in the GALICS simulations), are probabsjrang
driver for galaxy diversification. Our result shows that gess participate in a branching type of evolution, but doseam to
play the role of an evolutionary clock.

Key words. Cladistics — Galaxies: fundamental parameters — Galagi@dution — Galaxies: formation — Methods: numerical

ccsd-00019737, version 2 - 27 Feb 2006

Anne Verhamme is now at Geneva Observatory, Switzerlandt Buthor’s address: Laboratoire d’Astrophysique de Glkn) BP 53,
F-38041 Grenoble cedex 9, France, email: fraix@obs.ghgble.fr. Supplementary material (humerical tables dratacter projections) is
available on httgthal.ccsd.cnrs.fauffraix-burnet or httg/www-laog.obs.ujf-grenoble foublig/fraix.



2 Fraix-Burnet et al.: Astrocladistics: a phylogeneticlgsia of galaxy evolution Il

1. Introduction

When Hubble discovered the true nature of galaxies in 192#e[192P), galaxy diversity was limited to morphologidi!
ferences and four types were enough to describe these nest®lNowadays, galaxies are known to be complex and diyersi
is exposed through characteristics of numerous obserypailemeters. Physics and chemistry of the basic constitystairs,
gas and dust, sée Pader 1) and their interactions have bsenved and modelled (Vilchez, Stasinska and 200¢agay
Stasinska and Schaefer 2p02, Hensler, Stasinska, Hartsipk, and Theif 20p3). The traditional, ever revised, Hublas-
sification (Hubblg 1936, Hubble 1936, de Vaucouldurs 1959d8gd 1961, Roberts & Hayns 1994, van den 1998) is
no longer suited to encompass all this variety, notably gih hédshifts where galaxies do not look like those in our inieagir-
hood (e.g. van den Ber98). In addition, numerical sitmhs somewhat enlighten the interplay between all cresits of
galaxies and some of their behaviour with time (Hatton, Bdt, Ninin, Bouchet and Guiderdopi 2§03, Bournaud , Casnbe
and Jo4, Menci, Cavaliere, Fontana, Giallongo, Pali\4tiorini ). However, because of galaxy complexibey are
necessarily incomplete, in particular concerning morpgmal aspects, so that the inadequate classification naag@sparison
between simulated and true samplefdlilt.

In 1936, Hubble imagined that galaxies should evolve (He[i8I3§). In this way, he explained the origin of spiral gadaxi
as being relaxed ellipticals. While galaxy evolution is nowiversally recognized, historical scenarios as well amédion
and nature of the very first objects are far from being esthbti (e.g. Bromm, Ferrara, Coppi and Lar003, Bromm and
Loeb[200B, Schneider, Ferrara, Natarajan and Onfukaj 2@02)often understood that the formation of a galaxy dealy on
with its first appearing in the Universe as an entity and tfiaraards it evolves with more major or less major modificas.
We believe that this definition of formation is not adapted tliversity generated in the course of evolution. This cptskould
be formalized more clearly when dealing with phylogeny ésigs evolution”) of galaxies (see S 2.2).

To address these two questions (classification and formaté&volution), Fraix-Burnet, Choler and Douz@OOS)mn;Jed
to use cladistics, a methodology borrowed from evolutigtéslogy (see also Fraix-Burn04). In the present twoganion
papers, we detail the fundamentals of astrocladistics.fﬂ’i;tepaper I) concentrates on the applicability aflistics to
objects like galaxies, emphasizing also the practicalsmof the analysis. Readers are referred to this paper fociples and
more details of cladistics. The present second paper isel@to a conceptualization of the formation and evolutiogabxies
as a whole, that is required to understand the organizafidred diversity. We also analyse a sample of simulated>gesain
order to study the specific role of mergers.

In this paper as ir I, we use the word “class” in a gemeaicner, and avoid the word “type” because it is inevitably
linked to a Hubble morphological classification. We also m#ke one object — one class assumption which means that an
individual galaxy of the simulation is supposed to be garfeni a class. This has the advantage of more generality be@uen
though with our sample of simulated galaxies we are abledntity the fate of a galaxy at flerent epochs, this is not possible
with real objects. Like ir I, we do not yet specify arstidction between “class” and “species” for galaxies.

In Sect.DZ, we present some general concepts of evolutioijetail the formation and diversification processes foaxjak.
The selection of the sample of simulated galaxies is desdtiid Sect[|3 and the analysis inputs are listed in $}ect. dRewe
presented in Sed{ 5, while a discussion can be found in Bethe conclusions are given in Segt. 7.

2. Formation, diversification and hierarchy
2.1. Descent with modification

The hierarchical organization of the diversity of livingganisms is an empirical result found already at the time dstétle,
and thoroughly established in the 18th century when the - noiversal - Linné nomenclature came into use (Knppp 2000,
Paper]l). Darwin[(1899), in his theory of evolution, expkainthis tree-like structure by a descent with modificationcpss:
each organism transmits its characteristics to a descemdtinor without modification. Descent explains pattern itamity
while modification explains patternféiérences. Because these modifications can be numerous foc@mplex systems, a given
species generally evolves into several new species. Thiallisd branching evolution and cladistics is designed td finch
hierarchies (Hennig 19p5, Wiley, Siegel-Causey, Brooksmk[1991, see Paper ).

In the biological world, another component of evolutiondsio alter the tree-like structure. In some cases, genebratly
transmitted from one organism to another, creating a hydngeinism with characteristic patterns of both originalcspg This
is called reticulated evolution because on a tree it woufztkapas a junction between twdt@rent branches (e.g. WoOOO,
Legendrd 2040). When branching evolution is dominantcuégted evolution brings some noise in the cladistic anslgad
hybridization events can be identified. The situation iserdifficult when the reverse is true, as seems to be the case foribhcte
evolution (Doolittle[1999).

It is important to point out that classification here does emricern individual objects but species (Wiley et99\1).
chimpanzee does not evolve into a human, but both speciesshewmmon ancestral species (often simply called ancebtor)
biology, a given species slowly evolves through many gdiwersof individuals. Diferences are tiny at each generation, but after
a while new individuals depart significantly enough for a repecies to be defined. The notion of species is not uniquesarat i
defined only by interbreeding (see Brovjer 2000 and someemfes therein). For instance, it can be defined from cladegra
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Fig. 1. Formation processes of galaxies (left) and diversificagicireme (right).

that is from trees produced by a cladistic analysis, in witiake it is coined a 'clade’. As explained[in Paper I, objelotst
grouped share a common ancestor which has transmittecitgeeM'derived’) characteristics (innovations of evadun).

In astrophysics, as will be seenin S 2.3, the evolutippiacess is much more spectacular. The term 'progenitaxgss’,
often used, means in reality 'progenitor class to a giveascte# galaxies’. This point, very important for astrocldids is also
discussed and illustrated[in Pager I, and formalized fuith&ect2.p.

2.2. Formation of galaxies

It is often implicitly admitted that a galaxy forms at an gadpoch of the Universe and evolves to the present time (e.g.

Steidel[299P). In other words, “formation” and “evolutioate disconnected. However, we are interested in undeisghdw
galaxies happen to lzs we see thenthat is how they formed themselves into the way they are ilata. As already mentioned,
we are concerned with the class a given galaxy represehey iiian with the individual by itself. Hence, any proce$saing
some properties of a galaxy is a formation process. In thisesformation is to be understood as formation of a givessotd
galaxies. Five processes that change galaxy charaateristh be identified:

1. Even though the nature of the very first objects is stillaritbate (e.g. Bromm et fl. 2003, Bromm & Ldeb 2003, Schneide
et al.), some basic constituents (stars, gas and de3Papef I) assembled themselves in a self-gravitatioridy en
called a galaxy. This simple scheme renders possible theaaing of a new galaxy at any epoch of the Universe.

2. Galaxies live in an environment made up of gas and a gtenil field shaped by dark matter and other galaxies. Howeve
for a given period, a galaxy can be isolated or located inldes&nvironment. Yet, as shown in Paper |, its basic coresiitu
(mainly stars, gas and dust) evolve, hence the galaxy evoka instance, if a ghicient number of supernovae explode,
the global metallicity of the intragalactic gas is increfis@ that a new class of galaxies could be defined. Even thibigyh
secular evolution is less spectacular than the four othes,ahis undoubtedly a formation process as wellp'eisl,
shown that secular evolution alone yields diversity orgediin a hierarchy.

3. Interactions between galaxies (or between a galaxy andranitational perturbation) are probably very frequant] gener-
ally very violent (e.g. Menci et 4). Internal kinemcatis necessarilyfiected, triggering starbursts, chemical reactions
in the gas and dust, structural and morphological changestear activity, feeding of black holes, and so on. After ian i
teraction, a galaxy is certainly ftierent, belonging to a new class, so that interactions arenaation process and a strong
driver of diversity.
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4. Sometimes, the consequence of an interaction is mefgargnstance, in the case of the merging of two spiral gataxi¢h
comparable masses giving birth to an elliptical galaxy, dataxies obviously disappear and a new one, vefgudint, is born.
Such major merger events clearly constitute a formationgss. If the masses are veryfdient, we could consider that only
the small galaxy has disappeared, eaten or accreted bygberlmne. But still, the latter is modified (at least its maas h
increased, but other characteristics are probably modifiedlell) and could lead to the definition of a new class of gakax
These minor mergers can be viewed as accretion, like thatrafdluster gas or whatever. We consider the accretioringgr
formation process globally and discuss it in more detailént.

5. Ejection or sweeping of material from a galaxy is just thpasite phenomenon to accretion-merging, less violen¢irecal
however, and is similarly a formation process.

These five formation processes: assembling, secular @o/irtteraction, accretion-merging, ejection-sweegirgdepicted
in Fig. ﬂ This makes it clear that galaxies are always forfr@th material coming from other galaxies or from the intéagéc
medium. In all cases, the building blocks have their owndnistthey have evolved themselves. Formation necessadlydes
evolution, even in the extragalactic world. Stellar astiggicists are used to this kind of transmission to a new geioeror to a
new class of objects. There are several populations of, stersnore recent (containing more metals) being made up térimbh
processed in stars of the previous population and ejectéteimterstellar medium. In the case of galaxies, this meishais
reminiscent of the “descent with modification” of the Dariaim evolution: basic constituents of galaxies are trarteghitand
modified through the five formation processes, to a newly &tigescendant.

2.3. Diversification of galaxies

After a galaxy of a given class appears, it ffeated by one of the processes stipulated above, then yiedds@ndant that
belongs to a new or the same class. This is vefigdint from species evolution in biology as already said ia:t.@ because
this happens only very gradually after a large number of gaimans. However, very rarely, some individual living ongsms
have to give birth to descendants of d@feiient species. For galaxies, an individual can be so muaokfoamed by processes
identified in Sect2 that a new galaxy belonging to féedént class is formed. The diversification cycle is then atkwsee
Fig. ﬂ). The goal of a phylogenetic analysis of galaxy evolulike astrocladistics is to classify galaxies accordiogheir
history of formation processes. An observed galaxy is thalt®f several formation events, and the analysis shotdd ke able
to establish whether the order in which of they have occumatters or not.

It is important not to be confused between number of clas$iesr§ification) and number of galaxies. Even if gravityden
to diminish the total number of galaxies through mergengemification (i.e. number of fierent classes of objects) increases
because galaxies are complex objects: four perfectly ickrgalaxies merging by pairs will yield two objects centgidifferent
from each other and from the original ones. Even if at the \&sywe end up with one object, it will characterize a newslas
making altogether four classes in this simple example. Helieersification still occurs even if the Universe shouldsfinin a
Big Crunch (but this does not seem to be the case: Benoit[g0@$, Spergel et gf. 2003).

One necessary condition for diversification to occur in astamt with modification” scheme is that the number of geeerat
species be dficient. This is probably not the case for stars. But among #hexy formation processes identified above, assem-
bling is the rarest of all, appearing only once for any fulblage of galaxies. Its time scale can thus be set at the Htilvlelet)
which is the age of the Universe currently estimated af 18° years (e.g. Spergel et 03). Modifications throughlsecu
evolution are permanent, but those implying class changegmbably be estimated to occur at the tatense wherenge ~ 2
to 3. This means that if a galaxy and its descendants remaates! during the age of the Universe, they could globallpthg
to 2 or 3 diferent classes. Interactions are clearly the most frequwentin the lives of galaxies being always plunged into the
gravitational field which is shaped by other galaxies andt daatter. A quite conservative value for its occurrence vaiald be
something likety /nin with nj, ~ 10 to 50. Accretion-merging is slightly less frequent, arahf the GALICS simulations (see
Sect[B), we estimate the ratetigf n,c with nyc ~ 5 to 10. Ejection-sweeping is a rather rare event, that catbbuted the same
rate as secular evolutioty /nej whereng; =~ 2 to 3.

Hence, even if the above guesses are very approximativeythber of transformations caused by all the formation ssee
is certainly stficient for quite a few classes to appear. Astrocladisticysea will reveal whether they are organized in a hierarchy
or not.

We must stress that the hierarchical organization of gatlixgrsity considered in astrocladistics has nothing to ith e
hierarchical scenario of galaxy formation that deals gohgth their mass distribution (e.g. Hatton et 03) amdepicted
by an inverse tree (a lot of small galaxies merging into a fdvig ones).

2.4. Branching evolution and mergers

Except for merging, all the processes described above mﬁmviously produce branching evolution, leading to adriehical
organization of the diversity: a given class gives birthttéeast a new one. When two galaxies of twéfelient classes merge,
a kind of hybrid object is produced by mixing together theisiz constituents. This could a priori parallel reticulbé®olution
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(Sect.). It is thus possible that the historical infotioracould be lost or impossible to extract from observatidtiowever,
since interactions are probably the dominant process akgaliversification, mergers are expected to bring only sooise in

the cladistic analysis. In addition, major mergers (mase tawer than 13) are rarer than minor ones which somehow can be
compared to accretion. Finally, major mergers are reméekmrause they yield an elliptical galaxy from two spiralaumerical
simulations (e.g. Barn92, Bournaud e004). BHimsed on morphological considerations only. In realigy Melocity
dispersion is dramatically increased, forming a bulge fitbm disks, and starbursts certainly appear as well. Corisglall
properties of galaxies, these events might not look so af#sc compared to other events, particularly to intécest.

Moreover, galaxies are not living organisms and their darestts do not behave like genes. In biological hybridatia
gene of one species replaces a gene of the other speciesl&xieg, it is always a mixture of basic constituents.

The conclusion is that mergers do not seem to be able to gestnerarchical organization of galaxy diversity, and ntigh
quite possibly participate in it. We propose in the nextisect to test this point by performing an astrocladistic gsialon a
sample of simulated galaxies withfidirent numbers of merger events in their entire history. Hea is found, then it will be
possible to check whether the number of mergers could bedadfinosmological clock for galaxy evolution, whether mesge
are the main diversification driver among the formation psses taken into account in the simulations (i.e. asseqlsliatular
evolution and accretion-merging).

3. Selecting the sample

GALICS (Galaxies In Cosmological Simulations) is a hybriddel for hierarchical galaxy formation studies, combinihg
outputs of large cosmological N-body simulations with sieygemi-analytic recipes to describe the fate of the bayaithin

dark matter haloes (Hatton et fl. 2p3, Paper I). As hot gals @md falls to the centre of these haloes, it settles inatiootally
supported disc. Galaxies remain disc structures unlesgereor instabilities occur, in which case simple recipes wsed

to develop a bulge and a burst components. Hence a galaxgésiloed by these three components each one having its own
parameters of geometry, dynamics, masses (stars and gasg)licity and photometry from the ultraviolet to the fafriared.
Assembling (first appearing in the simulation as a minimucal@verdensity), secular evolution and accretion-mergne taken

into account. Interactions between galaxies and ejecve®eping phenomena are not considered.

Each galaxy is identified by a specific number at each timestége simulation. Each galaxy is the product of one or more
galaxies of the previous step and one or more evolutionarggsses that occurred since the previous step. The entiealpgy
of each galaxy is thus known. The sample was selected amdagjemat the present epoch (redshifj of the simulation. For
any given galaxy, we counted the total number of merging vt lead to its formation since the birth of the very firkit®
ancestors. We arbitrarily selected a number of galaxids Wi, 3, 4, 5, 6, 8 and 10 mergers (5 galaxies each) and wi20l&nd
22 mergers (1 galaxy each) for a total of 43 galaxies. We at¢edthe number of major mergers, implying two galaxies &ith
mass ratio larger thana. In order to visualize quickly some correlations on thelfiree, we named the galaxies as XXcYAAN
where XX is the total number of mergers, Y the number of may@nés and AA stands for central (CE), satellite (SA) or field
(CH) galaxies. N merely identifies galaxies having the sarKeaKd AA.

They are described by 119 parameters which we assumed tmhgiey characters (Tab@ 1). There are the total bolometri
luminosity and the total bolometric IR (infrared) flux. Thefor each of the three components of galaxies (disc, bulge an
burst), there are some size, mass and kinematic data, Ingigaily photometric values from the ultraviolet to the fiafrared.
Like in I, all magnitudes are relative to the K bands thst value giving the relative heights of the spectra catred
brightnesses between galaxies. We replaced the size ofutge fbulgergal) with the ratio between sizes of bulge and disc
(bulgergaldiscrgal). The dynamical tim&dynis the time taken for material at the half-mass radius tohrélae opposite side of
the galaxy (disk component) or its centre (bulge and bunstpmments), whereas the instantaneous star formatiorsrdezived
from this dynamical time, the mass of the cold gas and a pleststar formationféiciency, all taken at the last time substep of
the simulation (Hatton et dl. 2403).

Total magnitudes for the galaxies, merely computed by agiitensities of the three components, were not includeden t
analysis. They are certainly less precise to describe #walof galaxies and might introduce some redundancy, thabime
artificial overweighting of some characters. However, tb@y be projected onto the final cladograms for interpratgiioposes
(see Secf]6).

4. Astrocladistics analysis

For a detailed presentation of the method, the reader slneiddto | and references therein. Only ingredientspdar to
the analysis performed in this second paper are descriltbtsiBection.
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1 bollum 2  IRbol

3 discmgal 11 bulgemgal 19 bursimgal

4  discmcold 12 bulgemcold 20 bursimcold

5 discmstar 13 bulgamstar 21 bursistar

6 discmcoldz 14  bulgemcoldz 22  bursincoldz

7 discrgal 15 bulgergaldiscrgal 23 burstrgal

8 discspeed 16 bulgspeed 24 bursspeed

9 disctdyn 17  bulgetdyn 25  bursttdyn
10 discinstsfr 18 bulgeinstsfr 26  burstinstsfr
27 discJOHNSONU* 58  bulge JOHNSONU* 89  burstJOHNSONU*
28 discJOHNSONB* 59  bulge JOHNSONB* 90 burstJOHNSONB*
29 discJOHNSONV* 60 bulge JOHNSONV* 91 burst JOHNSONV*
30 discJOHNSONH* 61 bulge JOHNSONH* 92  burstJOHNSONH*
31 discJOHNSONI* 62 bulge JOHNSONI* 93  burst JOHNSONI*
32  discJOHNSONJ* 63  bulgeJOHNSONJ* 94  burstJOHNSONJ*
33  discJOHNSONK 64 bulge JOHNSONK 95  burstJOHNSONK
34  discJOHNSONR* 65 bulge JOHNSONR* 96  burstJOHNSONR*
35 discUV_FOCA highres* 66 bulgaJV_FOCA highres* 97 bursUV_FOCA highres*
36 discIRAS_12mic* 67 bulgelRAS_12mic* 98 burstiRAS_12mic*
37 discIRAS_25mic* 68 bulgelRAS_25mic* 99  burstiRAS_25mic*
38 discIRAS_60mic* 69 bulgelRAS_60mic* 100 burstiRAS_60mic*
39 discIRAS_100mic* 70 bulgelRAS_100mic* 101  burstRAS_100mic*

40 discISOCAM._15mic* 71  bulgelISOCAM_15mic* 102  bursiSOCAM_15mic*
41  discISOPHOT170mic* 72 bulgelSOPHOT170mic* 103 burstSOPHOT.170mic*

42  discMIPS_.024mic* 73 bulgeMIPS_024mic* 104  burstMIPS_024mic*
43  discMIPS_070mic* 74 bulgeMIPS_070mic* 105  burstMIPS_070mic*
44  discSPIRE250mic* 75 bulgeSPIRE250mic* 106  bursiSPIRE250mic*
45 discSPIRE350mic* 76  bulgeSPIRE350mic* 107  burstSPIRE350mic*
46  discSPIRE500mic* 77  bulgeSPIRE500mic* 108 burstSPIRE500mic*
47  discUV_1600Ang* 78  bulgeUV_1600Ang* 109 burstUV_1600Ang*
48 discUV_1500Ang* 79  bulgeUV_1500Ang* 110  burstUV_1500Ang*

49 discPLANCK.550mic* 80 bulgePLANCK_550mic* 111 burstPLANCK_550mic*
50 discPLANCK_850mic* 81 bulgePLANCK_850mic* 112  burstPLANCK_850mic*
51 discPLANCK_1380mic* 82 bulgePLANCK_1380mic* 113 bursPLANCK_1380mic*
52 discPLANCK_2100mic* 83 bulgePLANCK_2100mic* 114 bursPLANCK_2100mic*
53 discPLANCK_3000mic* 84 bulgePLANCK_3000mic* 115 bursPLANCK_3000mic*

54  discIRAC_3_6mic* 85 bulgelRAC_3_6mic* 116 burstiIRAC_3_6mic*
55 discIRAC_4_5mic* 86 bulgelRAC_4_5mic* 117  burstiIRAC_4.5mic*
56 discIRAC_5_8mic* 87 bulgelRAC_5_8mic* 118  burstiRAC_5_8mic*
57 discIRAC_8_Omic* 88 bulgelRAC_8_Omic* 119 burstiIRAC_8_0mic*

Table 1. List of charactersmstar mcoldandmcoldzstand respectively for the masses of stars, gas and mefallés the com-
ponent radiusspeedits rotation speeddynthe dynamical time, anihst sfr the instantaneous star formation rates. Magnitudes
(characters 27 to 119, starred) are relative to the K banddf eomponent. See text for more details.

4.1. The matrix

Following results fronf Papdr I, spectral characters weckiged in the matrix as colour magnitudes with respect tcktiand
for each component. This band provides relative brightbesseen galaxies, while colours indicate the evolutiorsdiaye for
physical and chemical constituents. The original tablevélable on request.

4.2. Coding of the matrix

The evolution of characters is described by 8 discretestakéch are regular bins in colour magnitudes. In case oneninate
for a given character is undetermined (value “99” in thei@hinatrix standing for null flux), code 7 was attributed ahd bther
entries coded from 0 to 6. The coded matrix is presented ifeTab
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4.3. Additional constraints

An ordered (Wagner) evolution was imposed on the charg&erthat they are supposed to evolve smoothly with time: gésin
between two adjacent states are more parsimonious tharéetlistant ones. This assumption is physically plausittevee
found that it significantly improves the robustness of thalfiree.

4.4. Outgroup

The choice of an outgroup is required to root the cladograto orientate the arrow of time. However, this is always f@dilt
question, particularly when the phylogenesis of the graughen study is not understood. This is obviously the casedtamges
because astrocladistic galaxy classification is stillgririfancy.

Nonetheless, the absence of any identified outgroup doeprawént a phylogenetic analysis to be made because it still
provides invaluable results on relationships and groupafgbjects from an evolution point of view. In this paper,wi# try to
consider 01cOCH2, 01c0CH3, 01c0CH4 as a priori possiblgroups (less diversified objects) for the group under stiryes
they result from only one non-major merger. Indeed, thisiargnt looks like an a priori hypothesis stating that mergents
are a dominant driver of diversification. In view of S,Zﬁis is still to be demonstrated, and the present analyss dot
support this point (Sed}] 5). Our choice is thus dictatedibpldy purposes only.

4.5. Heuristic quest for the best trees

We used the PAUP4b10* package (Steod ) on Linux PC computers to perform all calculatidmaven in this paper. The
maximum parsimony criterion was chosen. Since we do not lamoything about evolutionary relationships of the objesur
sample, bootstrap valuer 1) were optimized by remgoobject after object until we reach a satisfactory tree,d.tree
displaying highly supported nodes.

4.6. Assessment of the phylogenetic signal in the data

The robustness of the final result was decided from bootsmages and confirmed by decay Bremer indices [see Raper | for
details).

5. Results
5.1. The best cladogram

As already mentioned ir I, burst characters are plpbabvery pertinent for evolution since they concern a tenapy
component of galaxies. Comparison runs showed us thattsesithout them are more robust. The high variability of burs
characters is confirmed on their projections on the finalagaam (not shown in this paper). The analysis presentedaftds

is thus performed with the 80 remaining characters.

The best tree was found after excluding 11 objects. They tisbnsidered as objects perturbing the cladogram probably
because they do not share common evolution patterns withthiee ones. We stopped the optimization process when whedac
a point where excluding one or two more objects or some maaeackers was not improving the bootstrap value for any node.
We consider the result as highly significant. The cladogratin 82 objects and 80 ordered characters is shown in[Fig. @1Th
excluded objects are not found to build a group (no robus)tre

The outgroup (see Se.4) was chosen to be 01cO0CH4 forter betualization of the cladogram than with 01cOCH2,
whereas 01cOCH3 belongs to the excluded objects. Thisdsiretaows that basing evolution (diversification) only on geer
events is not a valid approach.

The analysis of the entire initial matrix revealed a par#igalved tree but this was poorly supported. Even if the tesiolwn
is obtained for 32 objects only, it is still remarkable to fisuch a cladogram, well supported by excellent bootstrapdacdy
values, for an arbitrarily chosen sample of galaxies (seiscussion i ). This really tells us that branchingl@ion
is the dominant diversification mechanism, and that merdensot destroy the tree-like organization, at least in thd &S
simulations.

There might be a trend toward a correlation between diveatifin and number of mergers. Among the 9 galaxies with no
major merger (labelled *c0*), 7 are grouped in the upper phathe cladogram, 06cOCE2 and more noticeably 02cOCH4 being
at the opposite end (the most diversified objects from 01efCh addition, three galaxies (05cOCH1, 08cOCE4, 10cQCE4
in the upper part have a number of mergers significantly higiten the other ones. Except for these three objects, thae i
regular increase of the total number of mergers downwartiectadogram, but after 20c5CE a regular decrease occuect®b
with more major mergers are also grouped together, roughtiié middle of the cladogram. But there is no regular in@eas
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01cOCH4 ~™"
99— 05c0CH1 :
+17|/00|: 10cOCE4 : B
+19 08cOCE4 __ :
69 04cOCH4
89 02¢1CH1
+2 04c1CE
_75: 03c1CH3
98 5 01c1CH1
98 02c0CH3
+12 — 21— 01c0GH2
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22 03c1SA
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03c1CE +7] 83— “oL— 04c10H1 :

02c2SA 13| 84 02c2CH2
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Fig. 2. Best cladogram obtained without burst characters and siftégr by step removal of the indicated galaxies. See text for
galaxy nomenclature. Letters A and B correspond to groupgioreed in the text. Numbers to the left of each node are laqts
(above) and decay (below with a plus sign) values. The nurobsteps for this tree is 1364. Consistency Index (€10.41,

Retention Index (R} 0.71 (sed Papdfr | for details).

with evolution. We conclude that, even if mergers are a drdfediversification, they are not the principal one and carbe
considered as a reliable evolution clock.

The two galaxies with the highest number of mergers and nmagwgers (15¢7CE and 20c5CE) are clearly grouped together
(bootstrap of 100), obviously sharing similar historiescampared to all the other ones. There seems to be a looseftrend
the number of major mergers to increase with the total nurabarergers, the corresponding galaxies becoming morealentr
objects. There is a noticeable exception (22c1CE) with dnigajor event for 22 mergers in total and which belongs to the
excluded objects.

5.2. Evolution of characters

In the previous section, it was noticed that organizatiothecladogram is not entirely due to merger processes. Sboahaes
the hierarchy? We present in Fﬁ. 3 and Fﬁlg 4 projectionaf tharacters in colour codes (with respect to khband, see
Tablel]). They help understand unique properties of grofigalaxies. It is found that there is a group of galaxies atabigom
(identified asA in Fig. ) characterized by very high values of near infraaad UV (ultraviolet) colours (with respect to the K
band) for the bulge component. In addition, their disc has alvery high colour value in the near infrared. Finally,¢btl gas
mass of the disc is decreasing regularly from the top towedbttom of the cladogram as shown, with a groBp Fig.[k)
having high masses.

These properties alone explain the organization foundierdample. The other characters generally behave somevanat
erratically in this picture. With this information, it is psible to understand the events that create such charactetiens, hence
galaxy diversity, by relating the observable to the basitstituents (stars, gas and dust). This is beyond the scofésafork
and is reserved for further and more complete studies of G&Ldalaxies, as well of course of real ones.

6. Discussion

The cladogram presented in the previous section is a syothay to visualize a set of data and hypotheses. Resultddheu
discussed in view of these inputs. Concerning the choideebbjects, as already noticed, it is remarkable to find angstiived
tree with 32 galaxies while the total sample (43) has beeitrarity selected among thousands of possible candidateis.
means that the majority of our sample object classes havenanon ancestor (ancestral species). Their very first progesi
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born at diferent times and places in the Universe, were made up withrialaté comparable histories and underwent similar
physical processes. Thus the Universe was not very inhonemges, but one should remember that this is a simulated tssive

To obtain a very robust tree, 11 objects have been exclude@r& explanations can be invoked. These galaxies carobe to
distant in the evolution (too much diversified) for any vdllearelationships with the other to be discovered. More atitars
could be needed to establish the global phylogeny. It isiplesalso that there are some true hybrid specimens thabtaasily
fitin a cladogram with the others. Clearly, more galaxiesusthbe studied and further work is necessary before undetistg
these objects in view of phylogenetic classes still to beneeffi

Individual galaxies are representative of classes. Thasaise-galaxy one-class assumption which should be cheitke:
galaxies are very similar in their coded characters, theydcdefine a class. Quantitative values have been divideddrins
to build the coded matrix. Nevertheless, it is possible ttuoe this number, in order to avoid over-resolution andvalior
some initial groupings. In our case, this gave worse resuitiout revealing galaxies with similar sets of coded eleters. As
presented ir I, comparing two objects in evolutionmEadone in several ways. Cladistic analysis is one way, lolgfines
classes a posteriori, using cladograms, and not a priois.i$ta step by step process and a long term goal of astrotitadis

For better objectivity of the methodology of classificat(sa ), all available observables should be a pridtided.
The cladistic analysis reveals their pertinence and treiabiour regarding evolution. The fundamental point i$ tha decision
of excluding some characters is to be madterwards based on objective and transparent arguments providdaebgralysis
itself, associated statistical tools and interpretatithe cladogram. In our case, including burst characteerigidhampered the
convergence toward a robust tree. Projections on the ctadegunambiguously show their high variability with timeg(fres
available on request).

The hierarchical organization is mainly explained by indédhproperties (SecE$.2). This has naturally a strong anpa
our understanding of the physics of the galaxy evolution dirdrsity (since infrared radiation mainly indicates tesrature
of the dust). This could also be partly caused by redundahtli® information in the matrix. But how can we be sure not
to artificially weight characters and thus influence impottavolution indicators? A way around thisfiitulty would be to
compare cladograms obtained wittitdrent weight hypotheses, and check the overall astropddy=iasistency of the resulting
interpretations. We reserve such an analysis for furthaties with larger samples within GALICS. It is important &alize
that a cladogram is never definitive. For instance, futusedaieries will bring new information in the initial matriand the
cladogram will change accordingly (Jee Paper ).

The GALICS simulations do not take interactions and ejecweeping into account. Our results show that diversiioat
occurs in a hierarchical way and mergers obviously play e. il8ecause they do not seem to constitute an evolutionack,clo
they are not the dominant process for galaxy evolution sontlesigers, accretion, secular evolution and also asseghttimpete
for diversification.

The astrophysical goals of this paper were twofold: the fdimation of formation and diversification processes, ddrole
of mergers in branching evolution. The first point can nowinpkeyed in astrocladistic analyses of real galaxies. Thersécan
only be addressed by simulated samples as we did. Futurdagioms, including interactions between galaxies and ikiaitic
information, will be invaluable for making precise estiioat of the respective importance of the five formation psses
identified in this paper, by comparing phylogenetic anaysfdoth simulated and real samples.

Can we apply astrocladistics to real galaxies? Our workapeP] and here demonstrate that there are absolutely rabést
characters used are real observables. Indeed, this hadylveen undertaken for samples of Dwarf Galaxies of thell®&aup
and of Virgo galaxies (see Fraix-Burn04 for an overyiéhhe more characters we have, the more robust and the larger
the galaxy tree is. This series of papers on simulated gadakiow that photometric characters are well suited. Fbgedaxies,
other parameters are available as well, particularly ommite composition and kinematics. This last category ofeobbles
is particularly important because it is a potential tradepast interactions and mergers. In addition, the apparemphology
of galaxies, a subjective and qualitative character usettienHubble classification, is essentially caused by andided in
kinematic properties, which are objective and quantieadigscriptors.

7. Conclusions

Astrocladistics relies on two basic requirements presieimtl and this paper: galaxies and their evolution efieeld and
described by their basic constituents (stars, gas and, dias)sification is due to branching evolution. The sucoéss analysis
is judged from objective statistical methods and from theogdysical interpretation of the cladogram.

The analysis of a sample of simulated galaxies shows thajeredo not destroy the hierarchical organization of diters
This is because it is not such &féirent event from accretion, except for its violence. Thedxesnstituents are mixed together
and not replaced. Mergers thus cannot be paralleled by diyhtion leading to reticulated evolution in biology. Innmbusion,
the five galaxy formation processes identified in this papetigpate in a branching evolution.

It is difficult to draw general conclusions on the phylogeny of gatafiem the analysis presented in this paper and it was
not its objective. Interactions between galaxies are ri@rtanto account in the GALICS simulation. This formatiompess is
certainly the most frequent one, and being in general vasignt, it is expected to be one of the main drivers of diveratfon.
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A lot more studies are possible with the GALICS databasetjquéarly to help understand how diversity occurs in such
simulations. It is also an invaluable tool to learn more amcatadistic methodology and interpretation of its resufiinally, it
helps in handling samples of real galaxies for which we havéistorical information and possibly less available chtees.

In both papers of this series, the results unambiguousigatal the approach. Ongoing positive results on Dwarfs Xéedeof
the Local Group and Virgo galaxies (Fraix-Burijet 2004) shibat this conclusion is not limited to simulated galaxiekeT
final game is here: beyond a necessary new taxonomic clasiific is the establishment of the tree of galaxies. Manyemor
astrocladistic studies are required, as well as gathesmgamy observational galaxy descriptors as possible.

Current and future big surveys (like Sloan Digital Sky Syrwimos VLT Deep Survey, Great Observatories Origins
Deep Survey, ...) collecting photometric and spectroscdpta on huge samples of galaxies at all redshifts seencpiarty
well suited for astrocladistics. Such large data sourcdisbeiintegrated within the international Virtual Obseiwat project
(httpy/www.ivoa.net) that will provide large numbers of characters for large gkes of diversified galaxies.

It is also true that, even if, somewhat like in biology, theriemnment plays a crucial role in galaxy evolution (acaes,
interactions and mergers), galaxies set new conditionddalists: continuous data, comprising error bars and ylopear limits,
violent generation of species, huge amount of objects forithet many characters, instantaneous galaxy diversityrttight
decrease because of gravity leading to fewer and fewer tsbjecaddition, the detailed evolutionary physical androloal
processes are basically understood, and objects of théhpglstredshift galaxies) will be observed with future gitgiescopes
at the same detail as present day galaxies.
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