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Summary

Galaxy evolution is one of the main open questions in modern astrophysics. Theories

of evolution arise from the observed morphological differences of galaxies. We propose

a new approach interpreting the results without previously biasing the sample by a

specific characteristic of galaxies like mass, morphology, sSFR or metallicity. For this

we make a phylogenetic analysis at different environments like Coma cluster to 475

galaxies with redshifts 0,015 < z < 0,033 and 438 galaxies of the coeval field with redshifts

0,035 < z < 0,054. The phylogenetic study retrieve possible evolutionary paths for galaxies

based on the information of stellar population of galaxies by a set of 30 absorption indices

from the Sloan Digital Sky Survey (SDSS). The branches of the tree are interpreted

as galaxy populations and the length between the nodes (NodeLength) as the internal

chemical variation of the galaxy population. The NodeLength works as chemical index,

thus connecting galaxy stellar populations with other structural and local environmental

properties of galaxies. We found a contrast of how galaxies are chemically related at

different environments, the Coma cluster is a complex systems with multiple populations

of galaxies, while the field is a more homogeneous population, presenting one main galaxy

population. The Coma cluster present three main galaxy populations and several minor

structures in the Red Sequence of the Color-Magnitude Diagram. The main populations

we find in Coma are 3: (i) One mostly of S0 morphology, which internal hierarchical

structure shows correlations with stellar age, metallicity, and sSFR, NaD index. This

tells us that galaxies of this population has suffered a recent period of star formation;(ii)

another one with mostly elliptical morphology, do not show internal correlations and has

old quenched galaxies with high metallicity and stellar mass; and (iii) one that has the

youngest galaxies with spiral and lenticular morphology, which belong to the blue cloud

of the Cluster. This population do not show internal correlations, but their galaxies with

S0 morphology, show a chemical correlation with Fe4383 not present in other galaxy

populations with the same morphology. On the other hand the main population present

in the field, has an internal hierarchical structure that show a weak correlation with sSFR,

but not dependence with any specific absorption index.

Keywords – Galaxy evolution, Galaxy Clusters, Abundances, Spectral Indices
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Abstract

We propose a phylogenetic approach as a novel and robust tool capable of detecting galaxy

populations (GPs) based on their chemical composition. This method clusters galaxies into

the hierarchical structure of a phylogenetic tree that connects galaxies through features

we call "nodes". The branches of the tree are interpreted as different GPs and the length

between nodes (NodeLength) as the internal chemical variation along a branch. The

NodeLength works as a chemical index, thus relating galaxy stellar populations with

other structural and local environmental properties of galaxies. We apply the phylogenetic

approach using 30 abundance indices from the Sloan Digital Sky Survey to 475 galaxies

in the Coma cluster (0,015 < z < 0,033) and 438 galaxies in the field (0,035 < z < 0,054).

We find that Coma is a complex system with multiple populations. It has three main GPs

that can readily be identified in color-magnitude space, and several minor structures in its

red sequence. On the other hand, the field is more homogeneous, presenting one main GP.

This phylogenetic analysis of cluster and field galaxies, shows a contrast in terms of how

chemically related galaxies are within different environments. We also find that, regardless

of their morphology, galaxies can have a similar chemical composition. Therefore, this

new approach to study galaxy properties and their evolution makes it possible to perform

robust analyses and interpretations without introducing biases by first selecting samples

based on a specific characteristic like stellar mass, morphology, sSFR or metallicity, as

done with more traditional techniques.

Keywords – Galaxy evolution, Galaxy Clusters, Abundances, Spectral Indices
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1. Introduction

In the last years, phyloinformatic studies have been used in astronomy to help understand

different processes that could involve evolution. These studies were based either on discrete

character states (DC) or distance matrices of pairwise dissimilarities (Dm). Their main

objective is to study the evolutionary history and relationships among individual or groups

of astronomical objects.

1.1. Cladistics for astrophysics

Astrocladistics is a Maximum parsimony method, that can be utilize as a tool to find

hierarchical classification of galaxies. This classification is based on choosing specific

characters to compare states of evolution. The characters can be either qualitative (e.g.

morphology) or quantitative (e.g. luminosity, stellar mass, chemical composition). In order

to compare this characters two states have to be defined, one have to be ancestral and

the other one derived. This hierarchical classification is represented in a phylogenetic

tree, called a cladogram, in which the distance between two branches reflects the level

of diversification that occurred during evolution. Astrocladistics essentially attempts to

represent the pattern of morphological similarity. Some examples applied to astronomy

of astrocladistics are the morphological relation in dwarf galaxies of the Local Group

(Fraix-Burnet et al. 2006), globular cluster classification (Fraix-Burnet et al. 2009) and

stellar populations (SP) in ω Centauri (Fraix-Burnet and Davoust 2015).

1.2. Phylogenetics based on DM

Other method for inferring phylogenetic trees is based on a distance-matrix. Here we

calculate some measure of dissimilarity that for our case study are absorption lines indices

of each pair of galaxies, to produce a pairwise distance matrix, and then infer with

the neighbour joining algorithm the phylogenetic relationships of the galaxies from that

matrix. The neighbour joining algorithm constructs a tree by sequentially finding pairs

of neighbours, which in our study are pairs of galaxies connected by a single interior
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node. The main difference of NJ from other clustering algorithms is that it minimizes the

length of all internal branches and thus the length of the entire tree. This way we can

represent the branching pattern of evolution. This method was employed as an attempt

to reconstruct the chemical history of stars in the solar neighbourhood (Jofré et al. 2017)

and to retrieve stars from an open cluster (Blanco-Cuaresma and Fraix-Burnet 2018).

1.3. Galaxy evolution

The utility of phylogenetics studies in galaxies, came from the necessity of find a reliable

method to solve galaxy evolution which remains as an open problem in modern astrophysics.

Galaxies are complex systems made up of stars, gas, dust and dark matter. Galaxy

evolution is the result of several complex physical processes that involve the various galaxy

components in different ways through cosmic epochs. These mechanisms bring galaxies to

transition from one physical state to another and to change their observed properties.

Morphology is the most immediate way to classify galaxies since it is based on a

visual assessment. Following Hubble (Hubble, 1926), galaxies are classified as ellipticals,

lenticulars or S0s, and spirals. A class of irregular galaxies is added to take into account

objects that cannot be classified neither as elliptical, S0 or spiral. Ellipticals and S0s are

commonly said early-type galaxies (ETGs), while spirals and irregulars are commonly

grouped together as late-type galaxies (LTGs). (although see Scarlata et al. 2007, Huertas-

Company et al. 2008, Pérez-Carrasco et al. 2019 for examples of automated, machine-

learning-based morphological classification). Morphology is related to the underlying

structural distribution of the stellar populations and interstellar medium. ETGs tend to

be red and with no or little star-formation, while LTGs tend to be blue and star-forming

(see Baldry et al. 2004, Cassata et al. 2008, Taylor et al. 2015). Up to z ∼ 6, the star

formation in galaxies is observed to be related to their stellar mass: massive galaxies are

less star-forming than their low-mass counterparts (Cowie et al., 1996). The stellar mass of

galaxies is finally related to their metallicity: more massive galaxies are also metal-richer

(Lequeux et al. 1979; Tremonti et al. 2004; Gallazzi et al. 2005)

Regardless of the environment where galaxies reside, they show a bimodal colour

distribution. Three main populations can be defined from this color-magnitude distribution:
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(1) a Red Sequence of quiescent galaxies; (2) a Green Valley as an ïntermediate"population;

and (3) a diffuse cloud of blue star-forming galaxies. Thus, in principle, the evolution of

a galaxy population can be investigated by looking at the gradual build-up of the Red

Sequence as a function of redshift (Tanaka et al. 2010; Gobat et al. 2011;Muzzin et al.

2012; Lidman et al. 2004; Snyder et al. 2012).

Nevertheless, we can obtain more detailed information by studying galaxy spectra. Spectra

of galaxies have information about gas and stellar populations properties that preserved

record of galaxy’s formation and evolution. Emission lines are used to study the physical

state of the ionized gas, so we can trace black hole accretion, derive gas kinematics and

star formation activity (Kauffmann et al. 2003; Schawinski et al. 2007). Absorption lines

provides information of stellar populations properties and can be used to derive ages,

metallicities, star formation histories and element abundances.(Davies et al. 1993; Fisher

et al. 1996; Jørgensen 1999; Kuntschner 2000; Thomas et al. 2010a). The most common

sets of optical absorption line indices are the Lick index system (Burstein et al. 1984;

Faber et al. 1985; Worthey 1994; Worthey and Ottaviani 1997), and the [OIII] indices

( González 1993). This indices group different absorption lines, therefore they measure

various chemical elements, and the derivation of the abundance for an individual element

abundances is non-trivial.

Studies with absorption lines compare morphology with chemical abundances and other

properties like velocity dispersion (Davies et al. 1987, Burstein et al. 1988), B-band

absolute magnitudes ( Faber 1973; Terlevich and Melnick 1981), or effective radius (Parikh

et al. 2018).

In this work we propose a new perspective to study galaxy evolution, by analyzing the

grouping of galaxies according to their chemical composition through a phylogenetic

approach utilizing multiple absorption indices. For this, we analyzed the stellar population

chemical information of galaxies in different environments. We considered 475 galaxies

in the Coma cluster of galaxies with redshifts 0,015 < z < 0,033, and 438 field galaxies

with redshifts 0,035 < z < 0,054. Utilizing a set of 30 lines indices from the value added

catalogs of the Sloan Digital Sky Survey data release 14 (SDSS) (Abolfathi et al. 2018).

We generated a phylogenetic tree based on a distance matrix from the pairwise differences

of these indices with the Neighbor Joining algorithm (NJ; Saitou and Nei 1987; Studier
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and Keppler 1988). NJ allows us to find hierarchical relationships that can be used to

uncover possible evolutionary paths of the observed galaxies. We interpret the branches

of the phylogenetic tree as different galaxy populations, and the length between nodes

of this branches as a gradient of chemical difference in the stellar population content of

these galaxies. In this way we analyze galaxy evolution avoiding linearity, to see then how

properties like morphology, stellar mass (M∗), star formation rate (SFR), specific star

formation rate (sSFR; SFR/M∗) or metallicity ([Z/H]) relate with galaxy populations in

different environments.
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2. Theoretical Framework

2.1. Research Problem

In modern astronomy, physical relationships that link galaxy populations with galaxy

evolution are not well defined yet with enough amount of detail. Since Hubble introduced

his classification of galaxies based on morphology, astronomers have wondered whether this

implies that galaxies evolve. Therefore, they have studied possible internal and external

physical processes that could be responsible for this evolution. However, the selection

criteria for galaxy populations are biased by morphology or other properties like (stellar

or dynamical) mass, star formation rate, metallicity and age.

2.2. Research Question

Can we utilize a Phylogenetic tree as a method to identify galaxy populations and obtain

a useful physical insight to study galaxy evolution?

2.3. Problem Statement

In the last years, phylogenetic trees have been used in astronomy to study processes that

involve evolution. They are based on the chemical content of astronomical objects, and

are able to disentangle them into different populations represented as the branches of the

tree. The aim of this work is the utilization of this method on galaxies to identify different

populations by using a set of absorption line indices. In order to have a physical insight

about their chemical composition, we define an index given by the length between the

so-called nodes of the branches that reflect a chemical gradient between galaxies within

a population. This allows us to visualize which absorption lines are prominent, aiming

at being able to better characterize and describe the overall star formation history of

galaxies.

and then infer the physical process that explains the observed relationships.
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2.4. Hypotesis

Phylogenetic trees can be used to identify galaxy populations and give us a physical

insight about them to study galaxy evolution.
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3. Data

3.1. Phylogenetic study for Globular Cluster

For the globular cluster NGC2808 we use the membership of stars from ?, obtaining 117

stars with 11 chemical abundances of [O/Fe]I , [Na/Fe]I , [Mg/Fe]I , [Si/Fe]I , [Ca/Fe]I ,

[Sc/Fe]II , [Ti/Fe]I , [Cr/Fe]I , [Fe/H]I , [Fe/H]II ,[Ni/Fe]I , with they corresponding

errors.

3.2. Phylogenetic study for Galaxies

3.2.1. Phylogenetic Study

For the phylogentic study on the Coma cluster we use the membership of Beijersbergen

et al. 2002, obtaining 475 galaxies with redshifts from 0,015 to 0,033. For the field we

selected galaxies that do not belong to galaxy groups (Tempel et al. 2012) nor filaments

(Tempel et al. 2014), thus obtaining a sample of 438 galaxies with redshifts from 0,035 to

0,054. For both samples we obtained the spectroscopic data from the seventh data release

(DR7 Abazajian et al. 2009) of the Sloan Digital Sky Survey (SDSS;York et al. 2000 ). We

used the spectral line strength measurement database provided by the OSSY group (Oh

et al. 2011), considering the stellar absorption-line measurements for this galaxy sample.

3.2.2. Comparison data

The stellar mass is based on fits to the photometry following (Kauffmann et al. 2003), and

(Salim et al. 2007) from the SDSS DR7. The SFR estimates are based on the technique

discussed in Brinchmann et al. 2004, with a slight modification for non-star-forming

galaxies where the likelihood distribution of the sSFR was constructed as a function of

D4000 using the star-forming sample, also from the SDSS DR7. The ages and metallicities

where calculated following Cardiel et al. 2003 with the Thomas et al. 2010b models.

Finally, we utilized the visual morphological classification by TType from van Dokkum
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2001 and two parameters of the morphological classification from Domínguez Sánchez

et al. 2018, obtained with deep learning algorithms using convolutional neural networks

(CNNs). The TType parameter separates ETGs from LTGs and gives the probability PS0

of being S0 versus a pure elliptical in order to have three galaxy classes: Elliptical, Spiral

and S0. Elliptical galaxies were define such that have TType values from −3 to 0 and

PS0 lower than 0,5. S0 galaxies have TType values between −1 and 3, and PS0 higher

than 0,5. Finally, Spiral galaxies have a TType value between 3 and 8, independent of the

PS0 value. For galaxies in the sample that do not have information on TType and PS0, a

visual morphological classification was assigned.
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4. Methodology

4.1. Phylogenetic Tree

We perform a phylogenetic study based on a distance matrix with the NJ algorithm

utilizing the open-source Scikit-bio python package. In our case study, the distance matrix

elements are obtained by the summation of the euclidean distance for a given abundance

index (Xk) between every pair of galaxies in our sample. Therefore, each element of our

distance matrix is the total chemical distance Di,j from our set of abundance indices

between our galaxies:

Di,j =
N∑
k=1

|[Xk]i − [Xk]j|

For example if we have the following distance matrix:



GA GB GC GD GE GF

GA 0 5 4 7 6 8

GB 5 0 7 10 9 11

GC 4 7 0 7 6 8

GD 7 10 7 0 5 9

GE 6 9 6 5 0 8

GF 8 11 8 9 8 0


.

The molecular clock hypothesis states that the rate of nucleotide substitution per generation

is constant across lineages. If generation times were equal across lineages, samples obtained

at the same calendar time would have experienced the same number of generations since

their common ancestor

A clustering method would group galaxies A and C as the most similar galaxies, because

their total chemical distance Di,j is the smallest. This would assume that the elements

under study evolve in a clock-like behavior, therefore the samples obtained at the same
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calendar time generation time would have experienced the same number of generations

since their common ancestor, maintaining a constant rate of change per generation.

Nevertheless the main characteristic of NJ is that it takes into account the development of

evolution at different rates. For that, the NJ defines a new distance M∗
i,j which subtracts

the divergence (a summation over the total chemical distance Di,j of each possible pair

of galaxies) from the original distance, and normalizes the result by the number of end

nodes N:

We will solve step by step an example of six galaxies, utilizing a star representation as we

can see in figure 4.7.

Figura 4.1: Star representation distribution of galaxies of our example, the branches in
black represent the unknown length.

To know they rate corrected distances we, calculate their divergence with the following

equation:

Sj =

∑
i≤j Di,j

N − 2

Now we will calculate the divergences for each galaxy.
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SA =
5 + 4 + 7 + 6 + 8

4− 2
= 7,5 SB = 5+7+10+9+11

4−2
= 10,5

SC =
4 + 7 + 7 + 6 + 8

4− 2
= 8 SD = 7+10+7+5+9

4−2
= 9,5

SE =
6 + 9 + 6 + 5 + 8

4− 2
= 8,5 SF = 8+11+8+9+8

4−2
= 11

With the divergences calculated, we will obtain the new rate corrected distances.

M∗
i,j = Di,j − (Si + Sj)

This rate corrected distance allow to group the the closest nodes, but at the same time

the ones that are further of the rest of the galaxies.

M∗
A,B = DA,B − (SA + SB) = 5− 7,5− 10,5 = −13

M∗
A,D = −10 M∗

A,E = −10 M∗
A,F = −10,5

M∗
B,C = −11,5 M∗

B,D = −10 M∗
B,E = −11

M∗
B,F = −10,5 M∗

C,D = −10,5 M∗
C,E = −10,5

M∗
C,F = −11 M∗

D,E = −13 M∗
D,F = −11,5

M∗
E,F = −11,5 M∗

A,C = −11,5
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With this new rate corrected distance, we create a new distance matrix.

GA GB GC GD GE GF

GA 0 −13 −11,5 −10 −10 −10,5

GB −13 0 −11,5 −10 −11 −10,5

GC −11,5 −11,5 0 −10,5 −10,5 −11

GD −10 −10 −10,5 0 −13 −11,5

GE −10 −11 −10,5 −13 0 −11,5

GF −10,5 −10,5 −11 −11,5 −11,5 0


Now we will create our first node U1 with galaxies A and E for which M∗

i,j is minimal, but

we could also choose galaxies D and E. The decision of selecting one or other node will

define the the zero point of our tree. We can calculate the length of the branches from

each galaxy to this node.

SB,U1 =
D1 + SB − SA

N − 2
· 1

2
= 1

SA,U1 =
D1 + SA − SE

N − 2
· 1

2
= 4

Figura 4.2: Star representation of the distribution of our galaxy sample in our first cycle,
the branches in black represent the unknown length and red branches represent Know
distances.

N = 6 Number of end-nodes.
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Now we compute new distances from node U1 to each other terminal node.

dC,U1 =
(dC,A + dC,B − dA,B)

N − 2
= 3

dD,U1 =
(dD,A + dD,B − dA,B)

N − 2
= 6

dE,U1 =
(dE,A + dE,B − dA,B)

N − 2
= 5

dF,U1 =
(dF,A + dF,B − dA,B)

N − 2
= 7

We create the new distance matrix.

U1 GC GD GE GF

U1 0 3 6 5 7

GC 3 0 7 6 8

GD 6 7 0 5 9

GE 5 6 5 0 8

GF 7 8 9 8 0


With this new distance matrix, we start a new cycle to find chemical relationships between

our galaxies. Therefore we compute the new divergences for the galaxies that we have left.

N = 5 Number of end-nodes.

SU =
3 + 6 + 5 + 7

5− 2
= 7 SC = 3+7+6+8

3
= 8

SD =
6 + 7 + 5 + 9

3
= 9 SE = 5+6+5+8

3
= 8

SF =
7 + 8 + 9 + 8

3
= 10,6
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Now we compute the rate corrected distances

M∗
U,C = −12 M∗

U,D = −10 M∗
U,E = −11

M∗
U,F = −10,6 M∗

C,D = −10 M∗
C,E = −11

M∗
C,F = −10,6 M∗

D,E = −12 M∗
D,F = −10,6

M∗
F,E = −10,6

With this new rate corrected distance, we create a new distance matrix.



U1 GC GD GE GF

U1 0 −12 −10 −11 −10,6

GC −12 0 −10 −11 −10,6

GD −10 −10 0 −12 −10,6

GE −11 −11 −12 0 −10,6

GF −10,6 −10,6 −10,6 −10,6 0


This new rate corrected distance matrix, show us that the new node could be either

galaxies D and E or Node U with galaxy C, we will choose galaxies D and E to have the

node U2.

SD,U2 = 3

SE,U2 = 2
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Figura 4.3: Star representation of the distribution of our galaxy sample in the second
cycle. The branches in black represent the unknown length and red branches represent
Know distances. In this cycle we have two nodes represented by letter U, that joins
different galaxies.

We calculate the new distances to each galaxy.

N = 4 Number of end-nodes.

dU2,U1 =
(dD,U1 + dD,U1 − dD,E)

N − 2
= 3

dC,U1 = 3

dF,U1 = 7

The distances between nodes like dU2,U1 will be use later as a chemical index that will

show a chemical gradient useful to differentiate galaxies.

U1 GC U2 GF

U1 0 3 3 7

GC 3 0 4 8

U2 3 4 0 6

GF 7 8 6 0


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We start the third cycle of computation, we already have to nodes in our tree and we need

to complete our tree calculating the new divergences for the galaxies that we have left.

SU1 =
3 + 3 + 7

4− 2
= 6,5 SC = 3+4+8

2
= 7,5

SU2 =
3 + 4 + 6

2
= 6,5 SF = 7+8+6

2
= 10,5

Now we compute the rate corrected distances

M∗
U1,C

= −11 M∗
U1,U2

= −10 M∗
U1,F

= −10

M∗
C,U2

= −10 M∗
C,F = −10 M∗

U2,F
= −10

With this new rate corrected distance, we create a new distance matrix

U1 GC U2 GF

U1 0 −11 −10 −10

GC −11 0 −10 −10

U2 −10 −10 0 −10

GF −10 −10 −10 0



The new node joins galaxies C and node U1, and we name it U3.

SC,UU1,C
= 2

SU1,UU1,C
= 1
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Figura 4.4: Star representation of the distribution of our galaxy sample in our third
cycle. The branches in black represent the unknown length and red branches represent
Know distances. We have a tree with three nodes represented by letter U.

We calculate the new distances to make our forth and final cycle to finish our tree. N = 3

Number of endnodes.

SU2,U3 =
(SC,A + SC,B − SA,B)

N − 2
= 3

SU2,F = 6

SU3,F = 6


U2 U3 GF

U2 0 3 6

U3 3 0 6

GF 6 6 0



SU2 =
2 + 6

3− 2
= 8 SU3 = 8 SF = 12
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M∗
U2,F

= 6˘8˘12 = ˘14 M∗
U3,F

= 6˘8˘12 = ˘14 M∗
U2,U3

= 2˘8˘8 = ˘14

Here we could choose the combinations U4 = U2,F , U4 = U3,F or U4 = UU2,U3 for our final

node.

SU2,U4 = 1

SU3,U4 = 1

Now we finalize our tree joining F with U4 with branch length 5.

Figura 4.5: Star representation of the distribution of our galaxy sample in our four cycle,
the branches in black represent the unknown length and red branches represent Know
distances.

We can no longer keep on calculating distances, and we only have left the galaxy F,

therefore we calculate it distance to the last node.
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Figura 4.6: Final Star representation of the distribution of our galaxy sample, the
branches in black represent the unknown length and red branches represent Know distances.
The U letters represent the nodes between galaxies.

Now we have the distances for all our galaxies and we can form our final tree.

C

B

A

E

D

F

4

1

1

2

3

5

1

1

1

U1

U2

U3

U4

Figura 4.7: Final Phylogenetic tree, each galaxy is represented by a letter at the end of
the branches. Each branch is joined to an specific node U. The numbers represent the
length of the branches.

With this algorithm galaxies that have similar chemical composition, galaxies A and B,

belong to the same node at the top of the tree. Their next closest neighbour in stellar

content is galaxy C. Galaxies A, B and C belong to the same branch which we interpret



20 4.1 Phylogenetic Tree

as the same GP. In contrast, galaxies E and D belong to another branch separated by

node U4, therefore, a different GP. On the other hand, galaxy F does not belong to any

GP. The distance between nodes U1 and U3 works as a chemical index that will allow

us to differentiate galaxies A and B from galaxy C, even when they belong to the same

population. Finally, galaxies that are in the tree canopy are the galaxies whose chemical

composition are most similar, and, therefore, they have the longest distance to the root.

Galaxies at the top of the tree end up being actually chemically different from galaxies at

the root of the tree, even when they belong to the same population. Therefore the length

between the nodes (Hereafter: NodeLength) along the tree, will help us to understand

which parameters can influence the differentiation of galaxies from the top of the tree

until the root.

In order to obtain a consistent result for our different galaxy samples, we will calculate

1,000 trees utilizing Montecarlo sampling from a normal distribution where the center

of the distribution is the value of the absorption index and the width, the error of the

measurement from SDSS DR14 (Abolfathi et al. 2018). Also, we make bootstrapping

with replacement so that every time we calculate our distance matrix with Montecarlo

sampling we will have a different combination of 29 or 30 absorption indices to generate

our tree. Finally, we make a majority rule consensus, that considers structures in the tree

that repeat at least a 50 % of the time in the trees that we calculated. This procedure

allows us to eliminate branches that are not statistically significant.
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5. Analysis

5.1. Proof of concept

5.1.1. Globular Cluster NGC2808

As a proof of concept, we calculate a phylogenetic tree for our sample of 117 stars in the

globular cluster NGC2808. We obtain one main branch from the majority consensus tree

of 1000 trees appearing 730 times, as we can see in Fig 5.1.

The stars of the globular cluster where separated in to five groups in Carretta 2015

(Hereafter: C15) in order to define five populations as we can see in Fig 5.2 with the

classical Na-Mg anticorrelation. They order the populations by the decreasing of Mg

abundance, classifying them in to primordial or almost primordial abundance ratios (P1

and P2), intermediate composition (I1 and I2) and with severely extreme changes from the

original composition (E). To be able to determine if two sets of data where significantly

different from each other, they apply a Student’s and Welch’s test. They test the null

hypothesis that any pair of components are extracted from a distribution having the

same mean [element/Fe], for [Fe/H], [O/Fe], [Na/Fe], [Mg/Fe], [Al/Fe], [Si/Fe], and

[Na/Mg]. They list the number of degrees of freedom, the t-value and the two-tailed

probability, finding that only E population seems to be statistically different from the

intermediate and primordial populations.

We plot the Na-Mg anticorrelation highlighting the stars belonging to our main branch in

Fig 5.3. We can notice that the stars of our main branch correspond to the E population

define by C15. Therefore our phylogenetic analysis can be use to detect a population of

stars chemically different from the original composition of the globular cluster.

In order to study which classes of indices influence our population with different

composition, we re-calculate our consensus tree without a specific chemical element.

We observe that if we remove [O/Fe]I , [Na/Fe]I , or [Mg/Fe]I , we get a tree with

no structures. Therefore this three chemical elements are fundamental in the extreme

population found.
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Figura 5.1: Consensus phylogenetic tree of the globular cluster NGC2808. The red
shaded area highlight the main branch of the phylogenetic tree. The numbers correspond
to the ID of each star in the globular cluster.
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Figura 5.2: Mg and Na anticorrelation from figure 8 C15. Different colours indicate
different groups, blue (P1), green (P2), red (I1), orange (I2), and black (E)
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Figura 5.3: Na-Mg anticorrelation of the globular cluster NGC2808, with the five groups
define by C15 differentiated by color. Blue (P1), green (P2), red (I1), orange (I2), and
black (E). The magenta hollow squares represent the stars in our main branch of the
phylogenetic tree.
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Cuadro 5.1: Galaxy distribution in the Phylogenetic tree of the Coma Cluster

Population No. of members
Branch 1 10
Branch 2 18
Branch 3 67
Branch with 1 node 90
Branch with 2 node 39
Branch with 3 node 18
Branch without nodes 233

5.2. Phylogenetic study in Galaxies

5.2.1. The Coma Cluster

We calculate a phylogenetic tree for our galaxy sample of the Coma cluster. Our tree

presents three main branches that we arbitrarily named branch one (B1), branch two (B2)

and branch three (B3). From the majority consensus rule of 1,000 trees, they appear in

683, 694 and 655 trees, respectively. Several other minor branches are found that appear

at least 50% of the time and whose complete description is shown in table 5.1.

Each of our branches represents a GP and they are differentiated by their chemical content.

In what follows, we will focus in the three main GPs B1, B2 and B3. In order to prove

that our GPs are different, we plot them in Color-Magnitude space, indicating also galaxy

morphology.

From Figure 5.4, branches B1 and B2 belong to the bright-end of Red Sequence, and

B3 belongs to the blue cloud of the cluster. This shows us that at least populations B1

and B2 are different from population B3, because they belong to different areas in the

Color-Magnitude diagram. From the consensus morphology, we see that B1 has 3 elliptical

galaxies and 7 S0 galaxies, B2 has 15 elliptical galaxies and 3 S0 galaxies, whereas B3

has 50 spiral galaxies and 17 S0 galaxies. We plot each population as a single tree so the

morphology can be visualized. (See 5.5, 5.6 and 5.7).

If we look at how these GPs are distributed in a sky projection in the galaxy cluster

cluster, from figure 5.8 we see that that 1) galaxies in B1 population show lenticular

morphology at the outskirts of the cluster and elliptical morphology in the cluster core; 2)
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Figura 5.4: Color-Magnitude diagram of the Coma Cluster with photometric filters
Johnson B and Sloan r. Triangles, circles and squares represent galaxies belonging to
branch 1 (B1), branch 2 (B2) and branch 3 (B3), respectively. The colors indicate galaxy
morphology where red corresponds to elliptical galaxies, blue to spiral galaxies, and yellow
to S0 galaxies.
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Figura 5.7: Branch B3 of the phylogenetic tree of the Coma Cluster that represents our
third galaxy population. Each galaxy has its ID number from the SDSS DR7, and its
image from the SkyServer DR15. The number between the nodes is the length of their
separation.
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galaxies in B2 population are distributed in two clumps in the cluster, one in the center

and the other near the galaxy NCG 4839 which is associated with a subgroup of galaxies

in-falling into Coma Cluster (Neumann et al. 2001); and 3) galaxies in B3 population do

not show any preferential distribution in the cluster.

In order to characterize the common properties of the GP, we compare their stellar massES,

sSFRS, metallicities and ages in Figure 5.9. From this comparison we can conclude that

B1, B2 and B3 are indeed three different GPs. B1 galaxies are quiescent with a high stellar

mass (log(M/M�) = 10,35 − 11,17), high metallicity ([Z/H] = 0,24 − 0,59), low sSFR

(10−11,25 − 10−10,53 yr−1), however of predominantly S0 morphology and with young-to-

intermediate age stellar populations (1,88− 5,38 Gyr). On the other hand, B2 galaxies

correspond to quiescent galaxies with high stellar mass (log(M/M�) = 10,62−11,76), high

metallicity ([Z/H] = 0,21− 0,49), low sSFR (10−11,25− 10−10,53 yr−1), intermediate-to-old-

age stellar populations (< 3,74 Gyr) and mostly of elliptical morphology. B3 galaxies have

low stellar mass (log(M/M�) = 8,39− 10,41) with low metallicity ([Z/H] = −1,65− 0,55)

and high sSFR (10−10,25 − 10−8,17 yr−1), of predominantly spiral morphology and with

stellar populations of a wide range in age (0,12− 10,89 Gyr).

Now we analyze each branch’s hierarchical structure. As we show in section 4.1, the

NodeLength works as a chemical index . This chemical index indicates the variation in

the chemical composition of galaxies. In order to see how the general properties of mass,

sSFR, ages and [Z/H] relate internally in our GP, we add the node length from the root

of the tree to the leaves where each galaxy is. See fig. 5.10

We calculate the Pearson and Spearman correlation coefficients between the NodeLength

and the stellar mass, metallicity, ages, and sSFR to see which of these properties is the

main driver of the measured chemical gradient by determining if any linear or monotonic

correlation exists. The results are summarized in table 5.2. We can see that B1 anti-

correlates with age and sSFR, while it correlates with metallicity. Also, B3 presents a

monotonic correlation with sSFR. This even shows us when our GP have different stellar

mass ranges, although stellar mass is not relevant in their hierarchical relationships. StellaR

mass and sSFR do not play any role in the hierarchical structure of our phylogenetic tree

either.

Study general or average properties is not enough to fully understand what the physical
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Figura 5.8: Projected sky distribution of galaxies in the Coma Cluster belonging to
different branches of the phylogenetic tree. Triangles, circles and squares represent galaxies
belonging to branch 1 (B1), branch 2 (B2) and branch 3 (B3), respectively. The colors
indicate the morphology of the galaxy where red corresponds to elliptical galaxies, black
to spiral galaxies, and magenta to S0 galaxies. The color scale shows the number count
of galaxies by degree squared in the sky for Coma cluster. White star points the galaxy
NGC4839.
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Cuadro 5.2: Pearson and Spearman coefficients between NodeLength and common
properties of galaxies for each galaxy population

Branch Pearson coefficient Spearman coefficient
Length v/s Mass
B1 0.12 -0.092
B2 0.351 0.436
B3 -0.303 -0.362
Length v/s [Z/H]
B1 0.681 0.771
B2 0.388 0.444
B3 -0.250 -0.316
Length v/s Age
B1 -0.861 -0.856
B2 0.439 0.332
B3 0.443 0.462
Length v/s SSFR
B1 -0.536 -0.355
B2 0.129 0.115
B3 0.490 0.599

differences or common characteristics of galaxies in our GP are that determine the

hierarchical structures we observe. Therefore we separate our abundance indices in five

classes: (1) absorption Balmer lines with HδA, HδF , HγA, HγF , Hβ and HβG; (2) positive

response to α/Fe enhancement with CN1, CN2, Mg1, Mg2, Mgb, Ca4227 and G4300; (3)

negative response to α/Fe enhancement with Fe4383, Fe4531, Fe4930, Fe5015, Fe5270,

Fe5270S, Fe5335, Fe5406 and Fe5709; (4) Emission Line [OIII]α5007, with [OIII1] and

[OIII2] (Gonzalez et al. 2005); and (5) insensitive to α/Fe with NaD, C4668, Fe5782,

Ca4455, TiO1 and TiO2. Then we recalculate the phylogenetic tree with the same sample

of galaxies but without one of these classes. We analyze our re-calculated consensus tree,

by plotting color-magnitude diagrams. We graph the distribution of galaxies from our

original tree, and that of the galaxies that appears in our re-calculated trees (see figure

5.11). We resume this results in Table 5.3. Now that we can see which classes of indices

influence our GP, we can study in more detail the internal structure of our GP, analyzing

the relations between each index and the NodeLength. (see figure 5.12, 5.13, 5.14). If an

absorption index have a high correlation with NodeLength and at the same time have

different range of values for each galaxy populations, this index is responsible for the
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hierarchical structure of our branches.

Our main findings are:

• Absorption Balmer lines: from table 5.3 we can see that only the B2 population remains

in our tree. Balmer lines decrease in strength as stellar populations get older, which is

reflected in their influence on populations B1 and B3 (See figure 5.13-D). From plots D.1

to D.6 in figure 5.14 we see that Balmer lines have a high correlation for each galaxy

population, however HδA (see figure 5.13-D.1) is the index that has a different value

for each galaxy population. This analysis shows us that the HδA index is important for

breaking the degeneracy between age and horizontal branch morphology Schiavon et al.

2004.

• Insensitive to α/Fe enhancement: this abundance indices are relevant for the B1

population, because as we see in table 5.3 and figure 5.13-B that B1 population is not

present in our recalculated tree. Analyzing individual abundance indices, NaD index

(see figure 5.13-B.1)) show a strong correlation with a different value for each GP. This

absorption index measures Carbon, Magnesium and Sodium, elements that are produced

and released to the interstellar medium by massive stars. This tells us that galaxies in B1

have undergone a period of star formation, and this is the reason for showing up in our

phylogenetic tree as a separated galaxy population.

• Negative Response to α/Fe enhancement: at first glance from table 5.3, we see that

the re-calculated tree, has tree main GP. But if we look at figure 5.10-A, we can notice

that the B3 population is missing its S0 galaxies closer to the red sequence. The Fe4383

abundance index (see figure 5.12-A.1), show a correlation and different values for this

S0 with other populations. These index measure Carbon, Iron and Magnesium, elements

that are produced in Type Ia supernovae, indicating that there is a difference between S0

galaxies from population B1 and B3.

• Positive Response to α/Fe enhancement: From figure C) 5.13 we see that the presence

of these lines are not relevant for the identification or hierarchical structures of our GP,

because we obtain the same galaxy populations without this absorption indices.

• Emission Line [OIII]α5007, with [OIII1] and [OIII2] (Gonzalez et al. 2005): the re-

calculated tree without this indices, show a few galaxies from B2 and B3 and not show B1
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Cuadro 5.3: Remaining galaxy populations for Recalculated phylogenetic trees without
a specific set of line indices

Index Class Branches
Blamer Lines B2
Positive response to alpha/Fe enhancement B3 B2 B1
Negative response to alpha/Fe enhancement BE B3 B1
Insensitive to alpha/Fe B3 B2
Emission Line $[OIII] \alpha 5007$ B2 B3

population. This indices not present correlations, have similar values for all our GPs (See

figure 5.14). Therefore this indices are irrelevant for finding galaxy populations and their

internal structure.

From this analysis we can infer that the minimum amount of indices that we need to

perform a successful and consistent phylogenetic study is 18 (see figure 5.12, 5.13. 5.14),

and those include the following ones: HδA, HγA , HγF , Hβ, HβG, CN1, CN2, Mg1, Mg2,

Mgb, G4300, NaD, C4668, TiO2, Fe4383, Fe5270, Fe5270S, Fe5335. We investigated the

possibility of carrying such analysis with fewer indices. The results showed inconsistencies

in the sense that the MC trials with bootstrapping delivered different outcomes in terms

of tree structures. Hence, we do not recommend to apply such phylogenetic method with

indices other than those indicated above.

5.2.2. The Field

One of the main drivers of galaxy evolution is the environment (Kauffmann et al. 2003,

Kauffmann et al. 2003, Baldry et al. 2006, Peng et al. 2010). Therefore, in order to

assess the differential effect between high and low density environments, we generated a

phylogenetic tree with 438 field galaxies homogeneously distributed in the sky (see figure

5.15), at the coeval redshift range of Coma 0,034− 0,054. From our consensus tree, we

obtain a main branch with 46 galaxies that appears 561 times from 1,000 tree samples,

and several minor structures (220 branches with 1, 2, 3, or four nodes and 172 in branches

without nodes). We interpret the main branch as our main GP.

This population presents galaxies predominantly of lenticular morphology, that we can

observe in more detail in figure 5.16, with high stellar masses (log(M/M�) = 10,01−11,32)
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Figura 5.13: Continue image
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5.2 Phylogenetic study in Galaxies 41

Cuadro 5.4: Pearson and Spearman coefficients between NodeLength and common
properties of galaxies for each galaxy population

Branch Pearson Coeff. Spearman Coeff.
Length v/s Mass 0.087 0.026
Length v/s [Z/H] 0.472 0.410
Length v/s Age -0.191 -0.132
Length v/s SSFR -0.590 -0.636

and wide ranges of sSFRs (10−10,99 − 10−8,72 yr−1), age (3,0 − 14 Gyr) and metallicity

([Z/H] = −0,33−0,34). In order to analyze the internal structure of our field GP, we follow

the same procedure than in section 5.2.1. We compare the lengths between nodes with

common galaxy properties (See figure 5.14), and calculate their Spearman and Pearson

correlation coefficients summarized in table 6.1.

The internal structure of the main branch shows a weak correlation with sSFR. In order

to see whether a specific class of absorption index influences the detection of this GP, we

calculate new phylogenetic trees, but excluding different classes of absorption lines, as we

can see in figure 5.18. We notice that no particular class influences the outcome of our

GP in the tree. We analyze the internal structure of our main GP, running the Spearman

correlation test on every absorption index and NodeLength. The results are summarized in

table 6.2. The internal structure of our main branch shows a correlation with absorption

Balmer lines and lines that have a positive response to α/Fe enhancement.
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Figura 5.16: Galaxy population obtained in the field, plotted as a single tree. Each
galaxy has its ID number from the SDSS DR7, and its image is from the SkyServer DR15.
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respectively, of our galaxy population in the field.
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recalculated tree.
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Cuadro 5.5: Pearson and Spearman coefficients between NodeLength and specific
abundance indices for each galaxy population in the field

Index Spearman Coeff. Index Spearman Coeff.
HDEL_A -0.421 FE5015 0.51
HDEL_F -0.327 FE5270 0.483
HG_A -0.951 FE5270S 0.244
HG_F -0.876 FE5335 0.106
HB -0.142 FE5406 0.174
HB_G -0.326 FE5709 -0.135
CN_1 0.405 FE5782 0.254
CN_2 0.16 C4668 0.394
CA42270 0.92 CA4455 0.424
G4300 0.773 NA_D 0.445
MG_1 0.509 TIO_1 0.2
MG_2 0.536 TIO_2 0.437
MG_B 0.622 OIII_1 0.137
FE4383 0.445 OIII_2 0.129
FE4531 0.238
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6. Discussion

The phylogenetic analysis performed in this work, takes, as input, information on the galaxy

stellar population content in the form of a pairwise distance matrix whose components

are the total difference between absorption indices for a given pair of galaxies. The NJ

generates hierarchical structures that retrieve the evolutionary history of galaxies. The

branches of the trees represent different GP, and the NodeLength, the chemical variation

from one galaxy to another within the corresponding GP or branch.

The Phylogenetic analysis of galaxies is a better tool to identify GP because it allows us

to detect them regardless of the morphology, stellar mass, sSFR, metallicity or stellar

population properties of the galaxies.

6.1. Comparison with other methods

Chemical tagging is the closest method to our phylogenetic approach. Therefore, we make

a principal component analysis (PCA) of the same dataset of 30 abundance indices for the

Coma cluster and field samples. Then we apply K-means clustering (Hartigan and Wong

1979), an unsupervised machine learning algorithm, to categorize our data into groups

according to centroids. In order to obtain the centroids for the Coma cluster we define 4

groups, so we can compare the result that we have with the phylogenetic approach. Then

we use the elbow method (Joshi and Nalwade 2013) to define the ideal number of groups,

that in this case are 8 for both samples.

We calculate 10 principal components for the Coma cluster and the field. Figure 6.1 shows

the combinations of principal components 1 and 2, and also principal components 1 and

4, which were the only combinations that showed class differentiation in both samples.

For the Coma cluster, the PCA method at a first glance is able to separate two populations,

with the combination of principal components 1 and 2. We calculate the centroids for 4

groups, and 8 groups. We see that the centroids are not able to differentiate the three

main GP obtained with the phylogenetic approach. On the other hand, the combination

of principal components 1 and 4, shows three possible groups. Nevertheless, by calculating
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Figura 6.1: Principal component decomposition of the 30 abundance indices for our galaxy
samples of the Coma cluster and the field. Figure A present the principal components
1 and 2, and B present the principal components 1 and 4 for the Coma cluster. Figure
C present the principal components 1 and 2, and D present the principal components 1
and 4 for the field. Red, blue and yellow dots, indicates the elliptical, spiral and lenticular
morphology of the galaxies. Magenta and cyan diamonds indicates the centroids for the
PCA decomposition
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the centroids for 4 and 8 groups we see that the centroids are unable to differentiate

the GP obtained by our phylogenetic tree. PCA decomposition is able to separate our

sample into groups, but does not recover the GP obtained from the phylogenetic approach

in dense environments like the Coma cluster. On the other hand, PCA lacks the extra

parameter given by the phylogenetic approach that is the length between nodes. This new

parameter can be used to explore correlations between specific absorption lines in order to

understand the physical processes that are occurring in our GP. Also, the determination

of groups depends on a K-means analysis which needs, as an input, a predefined number

of groups in order to compute the centroids that separate our GP.

6.2. Minor Structures

Our phylogenetic analysis shows the presence of GP in both the Coma cluster and the field.

Nevertheless, for the Coma cluster 30 % of our galaxies can be found in minor structures

and 49 % in branches without nodes. Likewise for the field 50 % of the galaxy sample are

found in minor structures and 39 % in branches without nodes.

For the Coma cluster, the phylogenetic analysis shows three different GP, represented by

the three main branches of the tree. The NJ algorithm, in principle, is able to retrieve

evolutionary information about their input taxa. Nevertheless, the input information can

be incomplete, and thus the consensus tree restricts the possibility of further exploring

structures with low statistical significance.

In order to explore the minor structures of our consensus phylogenetic tree, we divided

them in to single branch structures, and structures with 1, 2 or 3 nodes. We plot them

in color-magnitude space and in the PCA analysis. From figure 6.2-A we can see that

these minor structures belong to the red sequence of Coma cluster. Nevertheless both

samples of minor structures of Coma cluster, do not show a clear disentanglement from

each other. From figure 6.2-B the PCA decomposition is also unable to separate these

minor structures as different groups. Therefore for the Coma cluster we can conclude that

the red sequence is not homogeneous, it has small groups of galaxies in color-magnitude

space belonging to small substructures that appear in our consensus phylogenetic tree.

For the field sample we make the same division for minor structures and from figure 5.18
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Cuadro 6.1: Pearson and Spearman coefficients between NodeLength and common
properties of galaxies for each galaxy population

Branch Pearson Coeff. Spearman Coeff.
Length v/s Mass 0.087 0.026
Length v/s [Z/H] 0.472 0.410
Length v/s Age -0.191 -0.132
Length v/s SSFR -0.590 -0.636

Cuadro 6.2: Pearson and Spearman coefficients between NodeLength and specific
abundance indices for each galaxy population in the field

Index Spearman Coeff. Index Spearman Coeff.
HDEL_A -0.421 FE5015 0.51
HDEL_F -0.327 FE5270 0.483
HG_A -0.951 FE5270S 0.244
HG_F -0.876 FE5335 0.106
HB -0.142 FE5406 0.174
HB_G -0.326 FE5709 -0.135
CN_1 0.405 FE5782 0.254
CN_2 0.16 C4668 0.394
CA42270 0.92 CA4455 0.424
G4300 0.773 NA_D 0.445
MG_1 0.509 TIO_1 0.2
MG_2 0.536 TIO_2 0.437
MG_B 0.622 OIII_1 0.137
FE4383 0.445 OIII_2 0.129
FE4531 0.238

we can see that PCA decomposition is also unable to separate these minor structures in

different groups.
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Figura 6.2: Minor structures. Image A show a Color-Magnitude diagram of the Coma
Cluster with photometric filters Johnson B and Sloan r, image B show a PCA decomposition
of the coma cluster and image C show a PCA decomposition of the field. Triangles, circles
and squares represent galaxies belonging to branch 1 (B1), branch 2 (B2) and branch
3 (B3), respectively. The colors indicate galaxy morphology where red corresponds to
elliptical galaxies, blue to spiral galaxies, and yellow to S0 galaxies. Black and grey dots
indicates the structures with 1, 2 and 3 nodes and single branch respectively.
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7. Conclusion

Branches in the consensus phylogenetic tree are interpreted as GPs.

The three main branches in Coma are named B1, B2, and B3. Galaxies belonging to B1 are

quiescent with high stellar mass (log(M/M�) = 10,35− 11,17), high metallicity ([Z/H] =

0,24 – 0,59), and low sSFR (1011,25 – 1010,53 yr−1). However, they are predominantly of

lenticular morphology and have young-to-intemediate stellar populations (1,88–5,38 Gyr).

On the other hand, galaxies belonging to B2 correspond to quiescent objects with a high

stellar mass (log(M/M�) = 10,62–11,76), high metallicity ([Z/H] = 0,21–0,49), low sSFR

(1011,25–1010,53yr−1), intermediate-to-old stellar populations (> 3,74 Gyr) and of mostly

elliptical morphology. Galaxies in B3 have a low stellar mass (log(M/M�) = 8,39 10,41)

with low metallicity ([Z/H] = 1,65 – 0,55), high sSFR (1010,25–108,17yr−1), a predominant

spiral morphology and stellar populations with an extended range of ages (0,12–10,89

Gyr). B2 is distributed in two clumps in the cluster, one in the center and the other near

the galaxy NCG 4839 which is associated with a subgroup of galaxies in-falling into Coma

(Neumann et al. 2001). Minor structures in the Coma cluster belong to the red sequence.

Therefore, this one is not homogeneously distributed in color-magnitude space.

The galaxy population in the field is too heterogeneous for us to be able to differentiate more

than one population. The field presents a main branch with galaxies that we interpret as our

main GP. This one has objects of predominantly lenticular morphology, with high stellar

masses (log(M/M�) = 10,01− 11,32) and wide ranges of sSFRs (10−10,99 − 10−8,72 yr−1),

age (> 3,0 Gyr) and metallicity ([Z/H] = −0,33− 0,34).

Our phylogenetic approach introduces a new index that reflects the chemical distance

between galaxies in a GP. This index is given by the NodeLength value and allows us to

study the hierarchical structures within the tree in terms of general properties of galaxies

and specific abundance indices.

The correlations between the NodeLength index and general properties of galaxies in

Coma show that the population B1 correlates with stellar age, metallicity and sSFR. The

correlation of this index with specific absorption indices show that the B1 population has

undergone a period of star formation. B2, on the other hand, is composed by quenched

galaxies, and B3 has a S0 population of galaxies that depend on the Fe4383 abundance
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index, as opposed to the S0 population from B1 that does not. This shows that, in

dense environments regardless of the lenticular morphology, galaxies can have chemical

differences. In the field, the correlations between the NodeLength index and general

properties of galaxies show a weak dependence on sSFR. No particular class of abundance

indices influences the hierarchical structure of our phylogenetic tree.

From the analysis of the NodeLength values and specific absorption indices in both the

field and the Coma cluster, we found that just 18 indices are relevant to find GPs with this

phylogenetic approach: HδA, HγA, HγF , Hβ, HβG, CN1, CN2, Mg1, Mg2, Mgb, G4300,

NaD, C4668, TiO2, Fe4383, Fe5270, Fe5270S, Fe5335.

As an overall conclusion of this work, we have that phylogenetics is a promising method

to identify and study GPs in different environments. This is due to the fact that it

is directly based on chemical information that is determined by the stellar population

content in galaxies themselves. Our results indicate that, at least in the case of the Coma

cluster, galaxies in that high density region are chemically more heterogeneous than their

counterparts in the field. We speculate that these differences may be a consequence of

environmental processes that drive the evolution of galaxies at different local densities.

The main advantage of the phylogenetic approach is that, by being exclusively based on

chemical information, it allows us to perform robust analyses and interpretations without

introducing biases by first selecting samples based on a specific characteristic such as

stellar mass, morphology, sSFR or metallicity, as done with more traditional techniques.

We caution, however, that more studies with more cluster and field samples at higher

redshifs are needed to firmly establish the validity of the results obtained in this work.
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