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Introduction

If we could observe the night sky and its changes over billion of years, we would see a faint object
-nowadays barely visible to the naked eye- the Andromeda galazy, to become increasingly larger
and luminous, until it would dominate the whole sky. The future encounter between our galaxy,
the Milky Way and the Andromeda galaxy, most likely will end up with the collision of the two
galaxies, leading to the formation of a unique galaxy with completely different properties from
those of the parent galaxies. This is an example of the most violent type of galaxy interaction:
the merging. Merger events play a fundamental role in the formation and evolution of massive
galaxies, because they have a huge impact on the properties of the galaxies involved, triggering the
star formation activity and hence changing their color and luminosity, and often even changing
their morphology.

According to the current cosmological model, the ACDM!, the growth of the structures
occurs through the assembly of many smaller systems, in a hierarchical scenario, called merger
tree, where at the top we find the massive structures represented by the galaxy clusters, which
are composed by hundreds or thousand of galaxies, all moving together in the deep gravitational
potential of their dark matter dominated halo.

Near the center of the clusters there is a particular population of galaxies, called bright
central galaxy (BCG) or central dominant (cD), which are elliptical-like galaxy with remarkable
luminosity and mass and very extended haloes; there are some hints that their evolution were
somewhat different from a typical elliptical, probably because the denser environment in the
inner regions of the clusters lead to different evolution histories.

The accepted scenario is that c¢D built-up the bulk of their mass and their extended halo,

in the last few Gyr, through tidal stripping accreting the smaller galaxies of the cluster (minor

IThe ACDM model is the standard cosmological model in which according to which the 95% of the mass-
energy of the universe resides in the dark energy represented by the cosmological constant A, and in the Cold

Dark Matter.
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mergers events: namely the collision between two galaxies they have a significant different mass,
for example the ¢D and a dwarf). This mass assembly is still ongoing, hence it is possible
to observe such events in the ¢D while in the making and use them to test theories of galaxy
evolution.

Thus the study of mergers is extremely interesting for several reasons:

e They play a fundamental role in the evolution of galaxies, especially in denser environments
like galaxy cluster where the rate of the encounters is enhanced. Indeed the evolution

history of the cD seems to be dominated by mergers.

e It is possible to test the paradigm of hierarchical assembly in the ACDM model by quan-

titatively testing the predictions for the formation of substructures.

e From the study of their debris it is possible to obtain informations about the parent galaxies.

Although these encounters are not so rare in galaxy clusters, the probability to observe directly
such event is fairly low, hence the research of substructures as debris of these interactions becomes
an important tool to obtain informations about the recent history of mass assembly of a galaxy.
Unfortunately most of these substructures have a very low surface brightness,? hence it is very
hard to reveal them through purely photometric observations beyond the closest galaxies to the
Milky Way.

My thesis is focused on the research of candidate cold substructures which can be interpreted
as signatures of recent or past interaction with dwarf galaxies of the larger members of the
Fornax cluster, one of the nearest and massive clusters. To do so I made use of spectroscopic
measures of the radial velocities of globular clusters (GCs) and planetary nebulae (PNe) in
the intracluster region of the Fornax core. As It will become clearer in the following, since
in these regions the dynamical time is longer, substructures should preserve their kinematic
signature for a longer time, so that kinematic tracers may reveal as coherent substructures with
a lower velocity dispersion than the local velocity dispersion which, in the intracluster region
is determined mainly by the cluster potential. I used a friend of friend procedure in the right
ascension (RA), declination (DEC) and radial velocity, in order to search for groups of tracers
(particles) correlated both in position and in velocity.

The thesis is structured as it follows. In chapter 1 I summarize the theory of the galaxy

evolution, focusing on the evolution of galaxies in clusters and on the evolution of the c¢D, and

2The surface brightness measures the flux density per unit solid angle of a spatially extended object such as a

galaxy.
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describing the kind of patterns that we expect from the debris of merger events. In chapter
2 T expose briefly the properties of the Fornax cluster. In chapter 3 I describe the sample of
GCs and PNe and provide a description of the procedure used to detect them. In chapter 4 I
describe the procedure used to reveal the cold substructures and the analysis performed on them,
discussing what is the probability that these candidate structures are real ones. Finally I outline

my conclusions. If the reader is not familiar with the theory of the merger can refer to the App.

A






Chapter 1

(Galaxy evolution

The galaxies that we have been observing for more than 150 years show a great variety of
properties: morphology, luminosity, dimension, shape, color, kinematics and dynamics (figure
1.1). There are galaxies with a spiral pattern rotating around a central bulge, rich in gas and
dust and there are elliptical galaxies, which are ruled by the random motion of the stars they
are mainly made of. Some galaxies have an ill defined shape and are called ’irregular’. Galaxies
have mass and luminosity ranging of several orders of magnitude. Our galaxy, the Milky Way,
has about 10! L., but there are galaxies which have a luminosity thousand times greater than
the Milky Way, others are composed of a small number of stars and are very small: the dwarfs.
Galaxies are also different with respect their colours: there are galaxies with a blue color and
with an extreme degree of star formation, others are red and made mainly of old and evolved
stars. There are galaxy with a compact region at their center which emit so much energy, that
this part alone is more luminous than the galaxy itself (the so called AGN or Active Galactic
Nuclei). We can ask if these properties remain unchanged in time or if them vary. In other
words: do galaxies evolve?

It is sufficient just a simple reasoning to realize that galaxies must evolve. Galaxies, indeed,
are made mainly, but not only, of stars. Stars are born from the interstellar medium, evolve
and die, expelling some of the elements produced in their inner parts by nuclear reactions, thus
enriching the interstellar medium that supplies material for a new generation of stars. Therefore

also galaxies, must evolve.

The first who built a model of galaxy evolution was Edwin P. Hubble, in the ’920s, when

he realized that most of the objects which at that time were called 'nebulae’ were just stellar
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Figure 1.1: The Hubble Ultra Deep Field, imaged in 2004 by the Advanced Camera for Surveys. This is the deepest

visible light image ever made of the Universe. The only way to see further is to look in infrared.
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Figure 1.2: Hubble sequence: ellipticals are in the left side, while spirals lie in the right; between them, at the center,

there are the lenticulars.

systems beyond the Milky Way.!

He also found that these galaxies, in addition to recede from us, following the experimental
law that himself found and which bears his name?, also evolve. He in fact erroneously believed
that his classification scheme reflected also a sort of temporal evolution of stellar systems. His
morphological scheme sees galaxies ordered along a fork diagram, called now Hubble sequence
(figure 1.2). He divided galaxies in three broad categories, ellipticals and lenticulars (also called
early type galaxies, ETG), and spirals (late type galaxies, LTG). Spirals, in turn, were separated
in normal spirals and barred spirals, which are galaxies with a bar-like structure, protruding
from the bulge to the inner edge of the spiral arms.

Hubble simplistic explanation was that galaxies which appear of different morphological type
are different evolutionary states of the same galaxy, moving along the diagram from the left (the
so called Early Type Galaxies or ETG) to the right (Late Type Galaxies or LTG). Hubble, how-

ever did not succeed in placing on his diagram some types of galaxies (such as the irregulars).

1Hubble measured in 1922-1923 the distance of several spirals nebulae using cepheid variables as standard

candles.
2Hubble’s law relates the velocity of a galaxy with its distance according the formula: v = Hd where H is a

universal constant named Hubble constant
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Nowadays we know that this interpretation is completely wrong and that the physics behind
galaxy evolution is much more complex than Hubble originally proposed, but nevertheless it was
the first attempt to explain galaxy morphologies through an evolutionary theory?>.

Surely the most important evidence of galaxy evolution are mergers, or the collision between
two galaxies, which have a huge impact on them, changing their internal structures and overall
morphology; hence these events may give some hints on the mechanisms that drive the evolution
of the galaxies.

A powerful tool to obtain informations about galactic evolution is to study how average prop-
erties of galaxies change as a function of redshift; higher redshift means larger distances and
therefore also longer look back time.

Study of the evolution of the luminosity function, which gives the number of galaxies per lumi-
nosity interval, revealed an overall brightening of galaxies at higher redshift, thus implying that
star formation activity was substantially higher at z ~ 1 than what it is today (Hagen et al.
2015 [106]), reaching a peak at z ~ 2.5 — 3, i.e. when the universe was only ~ 2.5 Gyr old (Parsa
et al. 2016['%2]). Also, there is a size evolution, with the effective radius growing up to a factor
five between z = 3 and galaxies with the same mass in the local universe (e.g., Buitrago et al.
2008 [37]; Cassata et al. 2013143 Roy et al. 2018[195]); probably, this is due to minor merger
events (e.g., Bluck et al. 2012[3°]; McLure et al. 2013[156]). There are good evidences also
for the evolution of the merger fraction, defined as the ratio between the number of the merger
events observed in a sample and the total number of objects in the same sample, increasing at
higher z (Le Fevre et al.2000142]); this is correlated to the number of the mergers that occur at
some z, hence in the past mergers were more frequent. These, however, are only some aspects
of galaxy evolution and in this chapter I will delve into this matter focusing in first section on
the role of dense environments such as cluster of galaxies. Then, in section 2, I will describe
the evolution of a particular population of galaxies, the brightest central galaxies. In section
3 I will introduce the intracluster medium and its mainly components, globular clusters (GCs)
and planetary nebulae (PNe). Finally, I will illustrate the use of the phase-space as a tool to

constraint galaxy evolution in a cluster.

3This is not completely true. Already in the late XVIII century, the german born astronomer Frederick William
Herschel proposed an evolutionary classification of nebulae based on their degree of compactness. Herschel however

did not separate galactic nebulae from extragalactic ones and therefore his theory did not go very far.
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1.1 Galaxy cluster as extreme environment of galaxy evo-

lution

Galaxies are not distributed uniformly in the universe, but they tend to be gathered in groups
and clusters. The former are small agglomerates of tens of galaxies and typical total masses
of 10" M, with a low enough density that encounters between galaxies are rare. The latter
are the most massive objects gravitationally bound and very likely virialised in the universe?,
with a number of galaxies ranging from hundreds to thousands, all moving in a common deep
gravitational well defined by a very massive dark matter halo with a mass of about 104 —10° M.
Furthermore, clusters are often permeated by a hot plasma at very high temperature (about 10°
degrees)®, with a pressure higher than that of the interstellar gas.

Dark halos plays a fundamental role in the galaxy evolution. According to the currently
accepted hierarchical scenario, called merger tree, massive dark matter halos form through the
accretion of smaller structures (subhalos), then through merger events these subhalos form a
larger halo. In this scenario, at higher redshift, overdense regions of dark matter undergo a
gravitational collapse once they overcome a critical value, thus forming the first subhalos, within
which the gas bound in the potential well of these dark matter halos begin to cools and condense,
forming the stars and hence the galaxies (White & Rees, 1978[2391). The subhalos so formed will
merge and grow with time forming larger and larger halos. At the top of this pyramidal growth
we find galaxy clusters, which are the largest virialized structures in the universe. Hence, within
dark matter halos (which contain most mass in the Universe), galaxies and clusters form and
evolve, thus their properties depends on the formation history of the dark matter halos.

It is easy to imagine that in this hierarchical scheme galaxy clusters represent the densest
environment where galaxies evolve in a substantially different manner with respect to those which
live in less crowded regions. Here galaxies experience various encounters and interactions among
them, considerably influencing their morphology, star formation rate and other properties such
as luminosity and color. For this purpose surveys focusing on the study of the galaxies in clusters
are very useful to understand galaxy evolution.

With a sample of about 6000 galaxies in 55 different clusters, Dressler et al. (1980) (™! found

a tight correlation between morphology and local galaxy density. As it is shown in the figure 1.3,

4 Actually, superclusters are the largest known structures in the universe. They are made by several galaxy

clusters or galaxy groups held together (even though not virialised) by the gravitational force.
5This component, discovered in the 70’s from observations in the X-rays, accounts for about 25% of the total

mass of the cluster
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Figure 1.3: Dressler’s plot: the fraction of E (open circles), SO (black circles), and S+1I galaxies (cross) as a function of
the log of the local projected galaxy density, in galaxies Mpc~2 for 55 clusters. The upper histogram shows the number

distribution. It is clear the tendency of the LT'G to decrease in dense environments

despite the fact that 70% of the galaxy of the local universe are spirals, their fraction decreases
for increasing local galaxy density, in favour of a growth of the ellipticals and lenticulars (also
called S0) population. Furthermore, the fraction of early type galaxy is a function of the distance
from the cluster center, increasing towards the inner parts, where the fraction of spirals drops

down (Whitmore et al.1993[242).

This relation seems to be universal and holds over six orders of magnitudes, from small groups
to richest clusters (Postman and Geller 1984 [185]). As morphology is a property tightly correlated
with other physical parameters, such as luminosity, color and star formation, also these properties
are connected to the environment. In fact a color-density relation (Hogg et al. 2004 '), and
star formation-density relation (Gomez et al. 2003[%!) were found. Since both spirals and SO
have a rotationally supported disk, it could be that in a cluster there is some process quenching
star formation activity of a late type galaxies and transforming it to a lenticular. So in a cluster

the number of the SO grows because they are descendants of the spirals. One of the hypothesis



1.1. Galaxy cluster as extreme environment of galaxy evolution 11

that explain this observational trend is the ram pressure stripping® (Gunn and Goth 197210%]).
the gas of the spirals moving in the dense environment of the cluster experiences a pressure from

the wind of the intracluster medium

Prp-v (1.1)

where P is the ram pressure, p is the density of the intracluster medium and v is the relative
velocity between galaxy and medium. This pressure can remove all the interstellar gas if it is
strong enough to overwhelm the force of gravity of the galaxy thus truncating its star formation
activity and hence changing its morphological type. Another explanation for the lower number
of spirals in clusters comes from a theoretical study by Toomre (1977) [218] that proposes that
mergers of spirals lead to the formation of an elliptical galaxy. Simulation of two equal mass spiral
spirals were performed (e.g. Barnes & Hernquist 1991 %!, Barnes 1992 [14), showing that at the
end of the process a De Vacouleurs radial mass profile”, /4, remains. Simulations of a binary
merger with different mass ratios have been studied extensively (Bendo & Barnes 2000 [13] Naab
& Burkert 2003 [169]), confirming that these are good candidates for the formation of intermediate
and giant ellipticals.

In this context, emblematic is the case of the brightest central galaxies (BCG), sometimes
called central dominant or cluster dominant (cD) galaxies, near the center of the clusters, whose
evolution is driven through growth by mergers, tidal stripping or galactic cannibalism (Gallagher
& Ostriker 1972191; Ostriker & Tremaine 197511791; White 1976 [241]; Malumuth & Richstone
198411501, Merritt 19850161 Moore et al. 1996195, Gregg & West 1998193l Willman et al.
20042431 Read et al. 2006 [189]). cDs are elliptical-like galaxies, but with a size many times
larger and an extremely high luminosity, even if, as we shall see in the next section, many of their
properties are considerably different from those of normal ellipticals. Furthermore there are many
clues that cD’s have had a different evolution from giant ellipticals in less dense environments.
Current cosmological models find that BCG assembled half of the stellar mass in the last 5 Gyr
via gas-poor mergers (De Lucia & Blaizot 200717); hence it is possible to find signatures of
these events even in the BCG at the present epoch (z ~ 0).

The current model for the formation and evolution of massive galaxies in clusters, among

which BCG represent a particular population, is the two-phase galaxy assembly, according

SRam pressure is a pressure exerted on a body moving through a fluid medium, caused by relative bulk motion

of the fluid.
"The De Vacouleurs profile shows how the surface brightness of an elliptical galaxy I changes as a function of

the distance from the center of the galaxy r.
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to which the present size of a massive galaxies is built in two steps (e.g. Arnold et al. 2011[8]).
At the early epoch, at higher redshift, these galaxies grow through an intense star formation
activity and through major mergers (e.g., Shankar et al. 2010 [205]). Because theoretical studies
show that the amount of gas occurred in major mergers in the past was larger than at the
present day, these mergers produced efficient starbursts (Khochfar & Silk 2006132/, Naab et al.
2007171), and an higher fraction of gas leads to more dissipation and hence to the formation of
compact galaxies (e.g., Robertson et al. 2006 1191; Khochfar & Silk 2006b [134]); so in this first
phase the inner parts of the massive galaxies were built. Afterwards some process heated the gas
in galaxies quenching the star formation (e.g., Granato et al. 2004 [19%; Menci et al. 20061%8]),
maybe feedback processes from an active galactic nuclei (e.g., Somerville et al. 2008 [209]). In a
second phase, in a more recent epoch, the bulk of the mass of a massive galaxy is accreted. Some
hints of this accretion process come from the increase observed in the number density of galaxies
with masses around 10! M, or larger from z ~ 3 up to z ~ 1 (Fontana et al. 2006 1891 Marchesini
et al. 2009015 Tlbert et al. 2010[126]; Conselice et al. 2011[%31, Cassata et al. 2011[42]), and
from a measure of the size of massive galaxies at z ~ 1.5 and their counterpart of the same
mass at z = 0, showing that a larger fraction of galaxies in the past were smaller (Daddi et al.
2005 167]; Trujillo et al. 2007 [220]; Toft et al. 2007 [2'7); Zirm et al. 200724°l; Van Dokkum et al.
2008 [226]; Buitrago et al. 2008371; Cimatti et al. 200847, van der Wel et al. 2008 [225]; Franx et
al. 2008194; Damjanov et al. 20091%8] ; van der Wel et al. 2009224).

The evolution at low redshift is dominated by minor mergers, but because of the amount of gas
available is lower than at higher redshift, these dry mergers do not lead to star formation, but
contribute to the increase in size and mass (e.g., Ciotti & van Albada 2001 [48]. Toeb & Peebles
2003 [146l; Dominguez-Tenreiro et al. 2006!7%!; Boylan-Kolchin et al. 200633, Khochfar & Silk
2006 11321, Bell et al. 2006a2°!, 2006b; Naab et al. 2007[171]; Naab et al. 2009179 Bezanson
et al. 2009126; Van Dokkum et al. 20101228]; Ruszkowski & Springel 2009 [197l; Hopkins et al.
2009 1211,

According to this scenario, massive galaxies underwent through many interaction with their
satellites in the last Gyr. For this purpose the research of such signatures in the nearby cluster
has becomes, in recent years, a major player in testing models of formation and evolution and

in understanding the importance of dense environments on the galaxies.
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1.2 Evolution of the BCG

In the previous sections I described some aspects of the galaxy evolution in the clusters, stressing
the differences with respect to less dense environments. In this section I focus on the evolution
of the brightest central galaxies or BCGs, which are the most luminous and massive galaxies in
the universe. BCGs are located near the center of the massive clusters®. and show a very active
history of mass assembly (Ruszkowski & Springel 2009 (197] Edwards et al. 2012831 Lidman et
al. 201214 Laporte et al. 2013141 Ragone-Figueroa et al. 2018'88]), which can be naturally
explained in the hierarchical scenario.

BCGs are early-type galaxies and some of their properties resemble those of normal elliptical
galaxies, for example their surface brightness profile is fitted very well with a /4 De Vaucouleurs
profile (Graham et al. 1996 1%, similar to that of the ETG (Trujillo et al. 2001 [22!]; Graham
& Guzman 2003 11°1; Aguerri et al. 2004[Y; Kormendy et al. 2009[137]), but BCGs have an
additional exponential halo (e.g. Todice et al. 2016128!, 2017[127))

Although there are some similarities with normal E galaxies, on the whole BCGs are very
different from the typical elliptical galaxies. For example, they do not follow the standard scaling
relations of normal ellipticals. In particular they show a luminosity excess in the Faber-Jackson
relation® (Lauer et al. 2007 *41: von der Linden et al. 2007[233); Bernardi et al. 2007[24l;
Bernardi et al. 2009125 and references therein) and this is a clear evidence that BCG form and
evolve in a very different way than that of the normal ETG (e.g., Lin & Mohr 2004 ['*°!; Brough
et al. 2005 %6; De Lucia & Blaizot 20077 and references therein).

BCGs have been found to be a rather homogeneous population (Sandage 1972al'%; Gunn
& Oke 1975194 Hoessel & Schneider 1985 [118]; Postman & Lauer 1995 [1%4]) and, due to their
little scatter in absolute magnitude, they have been also used as standard candles'? (Sandage
1972a1991; Postman & Lauer 1995 [184]).

Early theoretical studies proposed star formation in X-ray driven cooling flows as an explana-
tion for the large masses of the BGCs (Silk 1976 [208]. Cowie & Binney 1977163l; Fabian 1994 [851),
but recent observations of the nearby clusters carried out with Chandra and XMM-Newton in

the X-rays showed that the cooling flow rates are too low. Other works proposed the accretion

81n reality not all galaxies located near the center of a cluster are also the most luminous in the cluster, but I

will use the convention to call these galaxies BCG.
9The Faber-Jackson relation is an empirical law observed in elliptical galaxies which relates the total luminosity

of the galaxy L to the central velocity dispersion ¢ in this way: L ~ o?.

10Standard candles are objects with a known absolute magnitude, hence from a measure of their relative

magnitude it is possible to calculate their distance with good precision.
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through dynamical friction and tidal stripping from cluster of galaxies as the main mechanism in
the formation of BCGs (Ostriker & Tremaine 1975179); McGlynn & Ostriker 1980 1%5); Merritt
19851161]). However, this mechanisms must to be ruled out in the clusters because the rela-
tive velocity between galaxies is so high, about thousand of km/s, that the cross section for
galaxy-galaxy interaction is too low (Ostriker 1980 178]).

In the context of the ACDM model, i.e. the current cosmological model, the hierarchical
scenario explains the formation of the massive structures through the accretion of smaller ones,
and seems capable to explain the formation and evolution of the BCGs too. Indeed, in this
scenario, groups of galaxies will form before massive structures like galaxy clusters, and since
in the groups the relative velocity between galaxies is lower (hundreds of km/s), galaxy-galaxy
mergers are much more efficient. These mergers are likely to produce elliptical-like galaxies.
Indeed theoretical studies and numerical simulations show that mergers of two galaxies of similar
mass, even spirals, produce at the end of the process, a galaxy with De Vaucouleurs (1977) ri/4
radial mass profile which is also pressure supported (e.g. Toomre 1977 [218]; Barnes & Hernquist
1991151 Barnes 19921'; Bendo & Barnes 2000!'3; Cretton et al. 2001[4; Naab & Burkert
2003199 Bournaud et al. 2005b 32, Bois et al. 2010[31]).

Using numerical simulations and semi-analytic techniques De lucia & Blaizot (2007) 17,
showed that most of the stars in the BCGs formed at early epoch (50% at z ~ 5, 80% at
z ~ 3) in different, smaller galaxies (figure 1.4). Thus most of the stars that belong to ex-
tended halos of the BGCs at the present epoch were not born "in situ", but they were accreted
from satellite galaxies through dry mergers'!. Stellar population synthesis models also showed
that most of the stars on the BCGs formed prior z ~ 2 (Thomas et al. 2005216, Treu et al.
2005 12191; Jimenez et al. 2007 [129])7 this is consistent with low measured values of the star for-
mation rate of the BGCs at lower redshift (e.g. Lidman et al. 20124, Choi et al. 2014461,
Webb et al. 2015[239]). De lucia & Blaizot also demonstrated that BCGs assembled rather late
and that about half of the currently observed mass of the BCGs has been accreted in the last
5 Gys (z ~ 0.5; which implies that the accretion process is still ongoing). Another evidence of
the ongoing mass assembly comes from the comparison of the BGCs stellar masses and surface
brightness profile at different redshift (Whiley et al. 2008 [238]; Bernardi 20092%; Collins et al.
2009a152]; Valentinuzzi et al. 20102231, Ascaso et al. 2011[9; Stott et al. 2011 [213]).

In synthesis the evolution of the BGCs is consistent with the two-phase galaxy assembly

11 The term dry means that this mergers occur without star formation because is not involved a great amount

of gas, opposite to the wet mergers which are gas-rich mergers and so trigger the star formation.
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Figure 1.4: Assembly histories of the BCG. The black line shows the stellar mass of the ¢D while the green line shows
the mass of all the progenitor in function of the time. The horizontal dashed line represent half the current stellar mass

of the BCG. Image taken from De lucia & Blaizot (2007).
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scenario (see section 1.1): an early epoch growth via gas-rich mergers (or wet) and a final assembly
where most of the mass is accreted, at lower redshift, through dry mergers (e.g. Khochfar &
Burkert 2003 [133]; Hopkins et al. 200812, Lidman et al. 20121144 Webb et al. 2015 [23%]), with
early-type satellite of quite red colours and a small gas fraction (De lucia & Blaizot 200717).
Thus, most of the accreted material at low redshift comes through minor mergers. Recent N-body
simulations performed by Amorisco (2018) 2l confirmed that the accretion events contributing

to the mass assembly are due to low satellite-to-host virial mass ratio.

Since most of the evolution of a BCG comes through mergers, in particular minor mergers
at the present epoch, it may be invaluable to observe such events to test and better constrain
models for the formation and evolution of these galaxies, which are also tied with the formation
and evolution of the cluster themselves. Therefore in recent years, the study of the signature of
minor mergers in the local universe, like halo shells, tidal streams or other stellar substructures,
has become an important tool to probe the assembly histories of galaxies (e.g., Helmi et al.
1999 [111]: Thata et al. 2001 [223]; Belokurov et al. 2006 [21l; Tal et al. 2009 [224]; Martinez-Delgado
et al. 20101'%2; Cooper et al. 2011 1%%1; Mouhcine et al. 2011196]; Xue et al. 2011[245]; Bate et
al. 20141170,

Unfortunately, the debris of minor mergers are very faint, with a surface brightness below 27
mag/arcsec, hence it is not simple find them with traditional photometric methods and calls for
deep and wide observations with a careful data reduction. In the last section of this chapter I
shall discuss another way beyond purely photometric observations to find and study footprints

of minor mergers, thus enhancing the probability to catch these substructures.

1.3 Intracluster population

As mentioned before, brightest central galaxies are the most massive galaxies located near the
center of the richest clusters. As I discussed in the previous sections, the current cosmological
model, the ACDM, explains the formation of structures within the hierarchical scenario, where
massive systems formed through the agglomeration of smaller structures in a process called
merger tree and BCGs grow by assembling mass in merger events and/or tidal stripping, a
process that is still ongoing. Some of the stripped material is gravitationally bound to the
central dominant or to other bright galaxies in the cluster but is likely that some fraction of it

is freely moving in the common potential well of the cluster.
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Now we know, especially thanks to surveys of the nearest clusters (Fornax and Virgo)!2, and
via cosmological simulations (e.g. Napolitano et al. 2003 (174 Murante et al. 2007[75]), that an
intracluster population of objects exists, mainly made of stars and globular clusters (GCs), not
bound to any galaxy (Arnaboldi et al. 2002[3!, Zibetti et al. 2005 [248]; Gonzalez et al. 2007 [
Arnaboldi & Gerhard 2010!°!; Tutukov & Fedorova 20111222; Mihos 2015[164). The whole of
these objects forms the so called intra-cluster light (ICL), a diffuse and very faint component,
that explains part of the extended surface brightness profile of a cD. The fraction of ICL over
the total light of the cluster increases at greater distances from the center of the BCG (Zibetti
et al. 200512%8; Gonzalez et al. 2007 99); Todice et al. 2016 ['28]; Spavone et al. 201712101), but it
is very hard to disentangle the intra-cluster population from objects bound to the galaxy.
Simulations confirm that this component can be generated from the stripping in the outskirts of
the satellite galaxies (Contini et al. 2014 [54), from galaxies which interact with the cluster tidal
field (Moore et al. 1996 1%%; Willman et al. 2004 [243!), from mergers between BCG and other
galaxies (Murante et al. 2007 7l; Puchwein et al. 2010[74]), or from the complete destruction of
dwarf or low surface brightness galaxies, a process called cannibalism (Gnedin 2003 [97]). Hence,
the galaxy halo is the ideal place where to look for remnants of merger events and studying these
regions may provide hints on the mechanism driving the formation and evolution of the clusters.
Furthermore, the longer dynamical time at larger galactocentric radii preserves these structures
for a longer time.

Unfortunately, observing the intracluster light in the galaxy halos turns out to pose quite a few
challenges due to its diffuse nature and its small surface brightness (u ~ 26 — 27 mag/arcsec?),
in the g-band.

A solution to this difficult situation can be found in the use of luminous tracers belonging to the
underlying stellar population, such as GCs or planetary nebulae (PNe). Due to their character-
istics (intrinsic luminosity or emission line dominated spectra) these tracers are easily observable
(as far away as ~ 50Mpc; Richtler et al. 201119) and their velocity can be measured with
discrete precision, thus providing important kinematic informations. In the next two subsections
I shall focus on the GCs and PNe, respectively, on their main physical properties and on some

aspects of galaxy evolution that we know thanks to detailed studies of these objects.

12The Virgo cluster is the nearest galaxy clusted located at a distance of about ~ 16.5 Mpc
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1.3.1 GCs as tracers of the intracluster population

Ashman & Zepf in "Globular cluster systems" (1998) (111 produced an excellent description of
the GCs as individual objects and as systems as well. Beyond a detailed analyzes of the Milky
Way GCs, they described also the properties of GCs systems in other galaxies and how they can
be used to constraint models of the formation and evolution of galaxies. I refer to this book
throughout the whole section.

Globular clusters are predominantly round objects made of million of stars, strictly packed

together and having an high central density. They have always been a useful tool to obtain hints
about formation and evolution of the galaxies, since, due to their very old age (they are among
the oldest objects in the universe), they provide a fossil record of the galaxy properties in the
formation epoch, thus avoiding the need to push away at higher redshift to observe the epoch of
the birth of the Galaxy.
Furthermore, the stellar population of GCs can be approximated with good precision by a single
stellar population (SSP)!3; thus, it is simpler to compare their global properties to SSP models,
avoiding further complications posed by an active history of star formation. Finally, they are
very luminous objects, hence we can observe them up to distance where individual stars are
not observable anymore, and they are ubiquitous, given that almost every galaxy seems to be
surrounded by a system of globular clusters. In particular, bright, early-type galaxies, have a
very rich system of globular clusters.

All these features make globular cluster systems an easily accessible tracers in clusters of
galaxies. For example the excess of the specific frequency Sy (introduced by Harris and van der
Bergh 1981198]) which is the number of globular clusters per unit luminosity and it is defined
as

SN = Nge100-4(Mv+15) (1.2)

found in the ¢Ds is among the main evidences that they had a very active mass assembly history.
In figure 1.5, where it is shown the specific frequency of cD galaxies compared to the average
Sy of normal ellipticals galaxies, it is evident that there is a remarkable rise in the Sy -by a
factor of about ~ 5- going from the bright ellipticals to the central dominant ones (Elmegreen
1999 [84]). This can be explained with the above mentioned stripping scenario. In this model,

central dominant galaxies have increased their specific frequency by stripping globular clusters

13Single stellar population is an assembly of stars that are coeval and have the same initial chemical composition;
because of its simplicity SSP are the basic tools used to understand observational properties of complex systems

like globular clusters or galaxies.
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Figure 1.5: Specific frequency (Number of globular clusters per unit luminosity) as function of the total absolute magni-
tude in V-band, for c¢D galaxies. Open circles are cD from Harris et al. (1997b), while solid dots are cD from Blakeslee
et al. (1997). The solid line at Sx = 3.5 is the average specific frequency of normal (non cD) ellipticals. Image taken
from Harris et al. (1998).
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from the outer region of the neighboring galaxies, thus leading to a lower Sy (Forte et al. 1982192
Coté et al. 19981601),

Further tools of investigation about the history of a galaxy cluster come from the intra-cluster
population of GCs, since in this region it is possible to probe the cluster potential using the system
of satellite galaxies like dwarfs or ultra compact dwarfs (UCD), and the longer dynamical time of
these regions preserves the kinematical and photometric informations about recent or past merger
events. Indeed, in the interactions between cD galaxies and other members of the cluster, GCs
are tidally stripped from the outskirts of a galaxy enriching the halo of the central dominant or,
as I said before, becoming part of the intracluster medium (Murante et al. 2007 [75]; Contini et
al. 20141541,

The first to speculate about the existence of a subpopulation of intra-cluster GCs were White
(1987) 2401 and West et al. (1995)[236]. Today we know many systems of globular clusters in
nearby galaxy clusters, that not belong to any galaxy member of the cluster (e.g. Romanowsky
et al. 2012194 D’abrusco et al. 20161961,

From the photometric studies of the globular cluster systems in outer galaxies it clearly
emerges the presence of a color bi-modality in the population of the GCs (Ostrov et al. 1993 1801,
Lee & Geisler 1993143]). The figure 1.6 shows just an example of this trend.

It is widely accepted that this bi-modality arises from a bimodal metallicity'4, as it can be
inferred from the bimodal distribution of the metallicity of the Galactic GCs (Coté 1999 1%9).

Furthermore, elliptical galaxies have a color gradient, i.e. they are redder near the center and

(341, Ostrov et

tend to become bluer at higher galacto-centric distances (e.g. Bridges et al.1991
al. 19931180]: Lee & Geisler 1993[143]). Recent studies confirmed this trend, stressing that red
globular clusters are mainly concentrated around the galactic center, and have a similar radial
density profile of the stars. Bluer ones, instead, are more spatially extended (e.g. Schuberth et
al. 2010292, Pota et al. 2013[186l; Coccato et al. 2013159, D’abrusco et al. 2016[66]). Although
recently the reality of a metallicity induced bi-modality has been questioned because of the
result of a non-linear color-metallicity relation (Yoon, Yi & Lee 2006 [247]; Blakeslee,Cantiello &
Peng 2010 27]; Yoon et al. 20113,[246])7 observations demonstrate that a real physical distinction
between these two subpopulation exists (Coté 1999 [59]. Brodie & Strader 2006 3%, Peng et al.
2006 183]; Chies-Santos et al. 2011a!*4; Forbes et al. 2011[°1).

Therefore, any theory of galaxy formation and galaxy evolution must take into account that

14Metallicity is a dimensionless quantity used to measure the abundance of elements different from hydrogen

and helium. It is defined as the logarithm of the ratio of the element abundance compared to that of the sun.
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Figure 1.6: Color histogram of the globular clusters for the SO galaxy NGC 5866, based on ACS/HST data. It is evident
the bimodality of the distribution; the estimated position of the two peaks are shown with a blue and red arrow. Image

taken from Cantiello & Blakeslee (2012) 139!
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there are two subpopulation of globular cluster: one is redder, metal-rich and traces the radial
distribution of stellar light of the galaxy, the other one is bluer, metal-poor and forms a fraction
of the intracluster population.

Three scenario have been proposed to explain the formation of two distinct subpopulation of

GCs:

e Major merger scenario: a merger between two gas-rich galaxies with a pre-existing
population of blue and red GCs. This merger can trigger star formation and the formation

of new red GCs (Ashman & Zepf 19921'°1; Bekki et al. 2002 [18]).

e Multiphase dissipational collapse scenario: GCs form in two distinct star formation
episodes that the galaxy undergoes. Thus, blue GCs formed in the first star formation
episode when the collapsing cloud was metal-poor. Red GCs form in a second moment
when the gas has been enriched by the final products of the first generation of stars. Some
of the blue GCs can also be stripped from satellite galaxies (Forbes et al. 1997al%l). This

is consistent with the two phase assembly scenario.

e Dissipationless accretion scenario: Red GCs form from a monolithic collapse in the
early epoch, whereas blue GCs are accreted from satellites through mergers or tidal strip-

ping (Coté et al. 19981601),

Currently there is still a debate on these three scenario, although the more accredited is the
multiphase scenario.

It can be safely stated, however, that globular clusters are tightly correlated with the forma-
tion and the evolution of the cluster, moreover the possibility to observe these objects at great
distances and at large galactocentric radii where the stellar light is fainter and the possibility to
measure velocity with great precision even at large galactocentric radii, makes them remarkable

tools to understand the accretion history of the cluster.

1.3.2 PNe as tracers of the intracluster population

Planetary nebulae (PNe) are evolved stars with an initial mass between 0.8 < Mg < 8. In other
words, they belong to the same old-intermediate population of stars that form the early-type
galaxies. Close to the end of their life, these stars expell the outermost layers which are then
ionised by the ultraviolet radiation emitted by the hot core. The envelopes of the PNe are easily

observable, because of almost 15% of the absorbed light from the central star is re-emitted at
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the specific frequency of the green OIII at 5007 A (Dopita et al. 1992177; Schénberner et al.
2010[201]). Thus PNe can be easily observed and velocities can be measured also in nearby
galaxy clusters with high precision just using a passband narrow filter . Furthermore, they can
be traced out to large galactocentric radii where the lower surface brightness makes impossible
to do line absorption spectroscopy. All these features make these objects good tracers of the
underlying stellar profile of the ETG, indeed their kinematics and radial profile fits very well
with those of the stars (Douglas et al. 2007 [78]. Coccato et al. 2009491 Cortesi et al. 2013a[57])7
as we expect from the fact that they are just evolved stars. They are also good tracers, as well as
the globular clusters, of the intracluster population, i.e. in the regions where the recent history
of mass assembly is still preserved because of longer dynamical times avoid that substructures
originated from interactions between galaxies have reached the equilibrium yet.

Therefore the intracluster population of planetary nebulae and globular cluster can be used
to probe properties of galaxy halos (e.g. Napolitano et al. 2001173 Coccato et al. 2009 [49!;
Herrmann & Ciardullo 2009 [''5]; Teodorescu et al. 2010[21%]; Schuberth et al. 2012[203]; Pota
et al. 20131'%6]) dark matter content (e.g. Coté et al. 2001[2); Romanowsky et al. 2003 193;
Napolitano et al. 20091177l; de Lorenzi et al. 2009[%9: Napolitano et al. 201111761, Richtler et
al. 201111°91; Deason et al. 201217, and can be used to understand the evolution of galaxies in

nearby clusters.

1.4 Galaxy phase-space properties of discrete kinematical

tracers

Additional evidence for the hierarchical assembly scenario in the ACDM cosmology model (e.g.
White & Rees 1978 [239]; Cooper et al. 2011 [55]) comes from the discovery, in the last decade, of
stellar streams and other substructures in the halos of the nearby galaxies; substructures which
are the remnants of merger events. Among of the most important example are the Sagittarius
stream in the Milky Way (Ibata et al. 19971125, 2001b [123]; Majewski et al. 20031'491); and other
substructures detected around M31 (Andromeda galaxy; e.g. McConnachie et al. 2009 [154] Tbata
et al. 2001a[124]). Within the local group of galaxies, these substructures can be studied using
individual stars (e.g., Koch et al. 2008 [1351; Gilbert et al. 200919%; Starkenburg et al. 2009 [212I;
Xue et al. 2011124]); but this is not possible at greater distances since individual stars are not

resolved. This problem can be overcome using other kinematical tracers like GCs or PNe which
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can be detected up to tens of Mpc and at several effective radii from the center of the galaxy.
Several PNe and GCs studies showed that these objects can provide evidence for the existence
of accretion remnants (Forte et al. 1982 192, Muzzio 1987[168l; Cote et al. 1998169]: Hilker et al.
1999 1171,

Early investigations of such substructures were based on photometric observations, but this
is challenging due to the faint surface brightness of the remnants, typically below p ~ 27

2. In the last few years deeper and more accurate spectroscopy has allowed to in-

mag/arcsec
clude kinematic informations of the debris in order to go beyond the purely photometric studies
and look into the phase space of positions and velocities. Using kinematic tracers as GCs and
PNes, it is therefore possible to probe the dynamic and kinematic of the clusters up to regions
where the potential of the cluster begins to dominate over that of individual galaxies. In these
regions it is possible to study substructures in the phase-space because they have not reached
the equilibrium yet (Napolitano et al. 2003 [174]. Arnaboldi et al. 200419; Bullock & Johnston
2005 [38]; Arnaboldi et al. 2012!7!; Coccato, Arnaboldi, & Gerhard 2013[%%; Longobardi et al.
2015a[147]). Indeed, in the galaxy halos the dynamic time-scales are much larger, so at several
effective radii from the center of the cluster substructures are preserved in the kinematics and
retain the signature of the accretion mechanism in the phase-space for a longer time. This allows
them to be used to understand the formation and evolution of the cluster (e.g. Romanowsky et

al. 201211941) itself.

Using GCs and PNe as kinematic tracers of the halos of galaxies it has been shown the
presence for substructures that are a clear evidence of minor merger or accretion events, that
contribute to the mass assembly in the galaxy halos in early-type galaxies (Cote et al. 2003 (611,
Romanowsky et al. 20091921 201211941, Shih & Mendez 201012971, Schuberth et al. 2010202l

McNeil et al. 2010157 Woodley & Harris 2011244, Foster et al. 2014 [93]).

Numerical simulations and analytical models of orbit kinematics help to understand the
pattern of the substructures in the phase space: shells and tidal streams are located in narrow
diagonal tracks in the position-velocity diagram, and this could be explained in terms of a near
radial infall of objects with almost the same initial potential energy. The patterns in the phase
space can be influenced by many factors (e.g., Hernquist & Quinn 1988 (113] 1989 114]: Johnston
1998 [131]; Helmi et al. 1999 ''1]; Helmi 2004 [119); Rudick et al. 20099). The most important
parameter that drives the kinematics of these substructures is the mass ratio. More massive
satellites feel a greater dynamical friction, and therefore, in the case of a larger mass ratio, the

orbits shrinks quickly and the bulk of the stripped material is deposited at low galactocentric
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Figure 1.7: Simulations of two satellites with different initial apocenters infalling in a cluster plus BCG potential. It is
shown both positional and phase space. In each simulation, subsamples of 100 and 10% particles are plotted as large and
small dots, respectively, representing initial apocentric distances of 90 and 200 kpc (using small black and large orange
dots, and small gray and large purple dots, respectively). The red X symbols show the locations of the progenitor nuclei,
The snapshots shown correspond to 3.5 Gyr (~ 10-20 dynamical times) after the initial apocenters. In the first case,
there are sharp features in phase space even when the tidal debris is well mixed in positional space (which happens more

rapidly for a smaller initial apocenter). Image taken by Romanowsky et al. (2012).

radii (e.g. Amorisco 2017b [2]). Furthermore due to the larger size and higher velocity dispersion,
massive satellites produce, in the phase space, more diffuse streams. As the orbit shrinks,
it becomes more radial (higher eccentricity) until all the memory of the previous motion is
lost for Mgat/Mnost > 1/20 (Amorisco 2017b). On the other hand, dynamical friction has a
smaller effect on less massive satellites, so their debris are located at larger galactocentric radii
(e.g. Amorisco 2017b [2]) and, moreover, their orbits are less affected, especially for mass ratio
Mt /Mpost < 1/50, and preserve most of the initial angular momentum (Amorisco 2017b [2]).
The angular momentum and the apocenters of the orbit also play an important role in shaping
the structures left in the phase space. Orbits with low angular momentum bring satellites to a
close passage to the cD and thus they are easily disrupted; this produces shell structures in the
position space and chevron-like features in the phase space. Instead orbits with higher pericenter
feel less dynamical friction and these satellites form a narrow tidal stream in space and/or in
the phase space. The figure 1.7 shows both in the positional space and in the phase space
two independent simulations of two infalling satellites with different initial apocenters, made by
Romanowsky et al. (2012) 194, These simulations recover the kind of patterns described above.

By following the evolution of these cold substructures in a simulation, it can been found that
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they mix up after several dynamical times because of the triaxality of the real potential or to
the interactions with other satellites.

Using the phase-space as an additional feature to detect cold substructures is therefore an
invaluable tool to understand the mass assembly history of the cluster, where just photometric

observations fail due to the faint surface brightness of the debris of merger events.



Chapter 2

The Fornax cluster

2.1 Introduction

In this chapter I describe the main properties of the cluster being studied in this work: the
Fornax cluster (figure 2.1).

Located in the southern hemisphere, in the Fornax constellation, and centered roughly at
a ~ 3"35™ and § ~ —35.7° this cluster is among the nearest clusters to the Milky Way, and after
the Virgo cluster, its northern counterpart, which is the nearest and surely the most studied
cluster, is the largest concentration of galaxies at a distance < 20 Mpc from our galaxy. The
distance modulus measured by Blakeslee et al. (2009) 281! is (m — M) = 31.51 £ 0.15 mag,
corresponding to a distance of d = 20.0+ 1.4 Mpc, making possible to study it with a higher level
of detail not possible for more distant clusters. Identified for the first time as a galaxy cluster
by Shadley in 1943, its proximity has motivated many surveys.

Thanks to the most recent surveys, the Fornax Deep Survey (FDS), and the Next Generation
Fornax Survey (NGFS), it was unveiled that Fornax hosts a large population of dwarf and ultra
compact galaxies (Munoz et al. 2015 (167]. Hilker 2015 [116]: Schulz et al. 2016 [204]), an intracluster
population of PNe (e.g. Napolitano et al. 20031174!), and GCs (Bassino et al. 2006'%l; Schuberth
et al. 20101202; D’Abrusco et al. 2016 16; Cantiello et al. 20174%). Furthermore there are clear
evidences on past or recent merger events in the Fornax core (e.g D’abrusco et al. 2016 1661 Todice

et al. 2017127y,

I Blakeslee et al. (2009) used the surface brightness fluctuations method for determining extragalactic distances,

a method developed by Tonry & Schneider in 1988.

27
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2

Figure 2.1: This image is a color composite mosaic (from the u, g and i bands, of the central 2x1 degrees® in the core

of the Fornax cluster. NGC1399, the cD galaxy, is the brightest object on the left side. North is up and east is on the
left. Image taken from Iodice et al. (2016).

In the next section I describe the main properties of the galaxies located in Fornax, while in
section three I discuss about its globular clusters and the recent discoveries obtained studying
the intracluster population of GCs in the Fornax core. In the last section of this chapter I explain
the importance of digital surveys of nearby clusters like Fornax to make progress on the theories

of galaxy formation and evolution.

2.2 Galaxies

The Fornax cluster is regular in shape and dynamically evolved; it is a relatively poor?, but dense
cluster. Some of the main properties of the cluster are reported in the table 2.1, compared to the
properties of the Virgo cluster, a larger and richer but less dense cluster. Its total enclosed mass
at a radius of 1.4 Mpc is (7 +2) x 10> M, and was measured by Drinkwater et al. (2001a) (5]
from galaxies radial velocities; hence the total luminosity, obtained integrating the blue light
from all galaxies within this radius is 2 x 10* L), yielding a mass-to-light ratio 300 4 100, a

normal value for clusters (Bahcall 200021).

2The richness of a cluster is a quantitative measure associated with the total number of galaxies belonging to

the cluster.
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Table 2.1: Basic properties of the Fornax cluster.

Property Fornax Virgo
Mass (7T£2) x10"*Mgy (4 —7) x 10" Mg
Distance (Mpc) 19.3 16.5
(vr) (km/s) (1493 + 36) (1094 + 42)
(ov) (km/s) (374 + 26) 760
re (Mpc) ~ 0.25 ~ 0.6
n, (gal Mpc™3) ~ 500 ~ 250
N 235 1170
SE+dE+s0-+ds0 0.87 0.8
(kT)x (keV) 1.20 4 0.04 2.58 +0.03
(Fe) (solar) 0.23£0.03 0.34£0.02

Notes. In the first column are listed the cluster properties in the table and are the mass, distance, average
heliocentric radial velocity , velocity dispersion, King model core radius, central galaxy density, number of
members with B < 18 and within 3.57¢, the fraction of these that are E, dE, SO or dS0O, and the average
temperature and Fe abundance of the intracluster medium as derived from X-ray observations (excluding the
inner cluster regions); in the second and third columns there the property values in the Fornax and Virgo

cluster, respectively.

Currently, the most exhaustive catalog is the Fornax Cluster Catalog (FCC) by Ferguson
(1989a) [86]  obtained with a survey of about 40 degrees® using large-scale plates from the 2.5 m
Las Campanas telescope; this catalog lists about 240 members most of which very likely belong to
Fornax. As in most other clusters, the bulk of the galaxies are early-type galaxies, and late-type
galaxies are more present in the outer regions of the cluster (Drinkwater et al. 200113%) (see also

section 1.1).

Using a sample of 108 galaxies, Drinkwater et al. (2001) [80] performed the first dynamical
analysis on Fornax. The total sample has a mean velocity of 1493 4+ 36 km/s and a velocity
dispersion of 374+26 km/s. Although there are amall differences in the mean velocity or velocity
dispersion of early-type (356 £+ 31 km/s) and late-type galaxies (405 & 45 km/s), a significant
difference exists between the dwarf galaxies (429 & 41 km/s) and the giants (308 & 30 km/s),
suggesting that the dwarfs form a distinct population. The difference in the velocity dispersion
is similar to the predicted ratio ofv/2 : 1 by Colless & Dunn (1996) [>!] for infalling and virialized
objects, thus probably the dwarf is a population of infalling objects while the giants population

is virialized.
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The Fornax cluster can be divided in two main substructures, the main subcluster is centered
on the ¢cD NGC 1399 and has a velocity dispersion of o, = 370 km/s, whereas the other one
("Fornax-SW") is centered 3° to the South-West direction, has a velocity dispersion of o, = 377
km/s and it is dominated by NGC 1316 (=FornaxA). Fornax-SW has an higher fraction of late-
type galaxies, is a region of intense star formation and probably is not virialized (Drinkwater et
al. 2001 [8°), Most likely this subcluster is infalling for the first time towards the main cluster
at velocities of 100 — 500 km/s. This solution is also supported by a large amount of neutral
hydrogen present in Fornax-SW, that hardly could have survived a previous close passage through
the main cluster (Drinkwater et al. 2001 [5%]).

In the core of Fornax, recent studies revealed the signatures of recent interactions involving
the ¢cD NGC 1399 and other bright galaxies located in the core. In particular Iodice et al.
(2017) 127 detected a very faint (y, ~ 28 —29 mag/arcsec?) and diffuse intra-cluster light (ICL)
located between the cD and the bright galaxies NGC 1387, NGC1379, NGC1381, at distances
of 10 < R < 40 arcmin (~ 58 — 230 Kpc) from NGC 1399 (figure 2.2). The total luminosity in
the g-band of the ICL is Ly ~ 8.3 x 10°Le. Comparing the properties of this ICL with those
predicted by N-body simulations that model ICL formation (Rudick et al. 2009 [1961), the most
likely scenario for the origin of the ICL in the core of Fornax is tidal stripping of stars and
GCs from the outskirt of galaxies in a close passage. The similarity between the fraction of the
luminosity in the ICL with respect to the total light of ¢D (~ 5%) and the fraction of blue GCs
respect than the total population of blue GCs (~ 4 — 6%) is a clear evidence of an intracluster
population in the Fornax core.

Other hints on recent interactions in the core of Fornax have been obtained from the kine-
matics of tracers of the stellar population like GCs and PNe and will be described in the next

section.

2.3 Extragalactic globular clusters (EGCs)

As already discussed in section 1.3.1 system of globular cluster provide an important device to
obtain informations about the formation and the evolution of a galaxy. The Milky Way and
the other galaxies in the Local group® provide a natural starting point to test model of galaxy

evolution using the properties of their system of globular clusters, but this limited the statistics

3The Local group is a galaxy group that consist of more than 50 galaxies. Besides the Milky way, other
important members are M31 (Andromeda galaxy) and M33 (Triangulum galaxy).
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Figure 2.2: In the left panel it is shown the central regions (2 X 1 degreesz) of the Fornax cluster in the r-band surface
brightness levels. This imagae also displays the spatial distribution of the blue GCs derived by D’Abrusco et al. (2016)
(in blue, see also section 2.3). In the right panel is zoomed the regions on the west side (40.9 X 42.7 arcmin, ~ 237 X 248
Kpc), after a subtraction of the bright galaxies. The black contours are the surface brightness levls (u, = 29.8 — 30.2

mag/arcsec?.
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to low density regions and late-type galaxies. Hence, in order to progress in the understanding of
galaxy evolution, and to gain a broader knowledge on denser environments, there is the need to
complement such studies with observations of GCs beyond the Local group. Nearby clusters offer
the advantage to be close enough to allow the detection of large samples of GCs and therefore
investigate the relationship between the galaxies and their system of globular clusters over a broad
range of galaxy properties and environments. Thus the observations of extragalactic globular
clusters in nearby clusters like Fornax have been used to study some of the trends already found
in the Local group, such as the color-magnitude relation of GCs (e.g. Mieske et al. 2010163]),
their luminosity function (e.g. Villegas et al. 2010[232]), their color gradients (e.g. Liu et al.
2010) or the reliability of the half-light radii of the GCs as distance indicator (e.g. Masters et
al. 20101931,

Very interesting was the discover, in the Fornax core, of an intracluster population of GCs
(e.g. Bassino et al. 2006['%) in regions where the dynamical timescale is longer than that
at small galactocentric radii, and it is easier to find kinematic signature of recent interactions
between galaxies useful to reconstruct the evolutionary history of the cluster. Complementary
to photometric only studies (e.g. Iodice et al. 2017[127]), the properties of GCs have revealed
such signatures also in the region surrounding the ¢cD NGC 1399. A lower specific frequency
(Sn ~ 2) with respect to typical values for cluster ellipticals (Sy ~ 5, see figure 1.5), for the GCs
system of NGC 1404 support the scenario of a tidal stripping of GCs in a close passage to the
cD (e.g. Bekki et al. 2003 l19]). Other evidences of such interactions were found by Napolitano

et al. (2002) 172 using the velocity structure of PNe as kinematical tracers.

By using ~ 3000 candidate GCs in the central ~ 8.4 degrees® of the cluster, D’abrusco et
al. (2016) [66] discovered a density over-abundance of GCs in a region of about ~ 0.5 degrees?
(~0.06 Mpc?) in the Fornax core.

This over-density enhanced extends into the W-E direction, connecting the cD NGC 1399 to
other bright galaxies in the core of Fornax NGC 1387, NGC1404, NGC 1380 and NGC 1380b.
A similar asymmetry was also observed in the X-ray halo emission of NGC 1399 (Paolillo et al.
2002 '811). This structure is more conspicuous in the distribution of blue GCs (figure 2.3), and
is spatially coincident with the ICL revealed by lodice et al. (201711271; see also section 2.2).

As the build-up of the ICL discussed in the previous section, also the origin of this extended
structure supports the scenario of a tidal stripping of GCs from the outer region of galaxies in a

close encounter with the BCG or with the central regions of the cluster potential well. Other two

isolated over-densities, mostly composed of blue GCs, discovered by D’abrusco et al. (2016) [66]
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Figure 2.3: Density maps of the spatial distribution of blue candidate GCs. Black diamonds are galaxies of the FCC,
size coded according to their By magnitude. This image displays the overdensity in the W-E direction and the other

two structure called F and G. Image taken by D’abrusco et al. 2016.

(called F and G in figure 2.3) are not spatially coincident with any bright galaxy in the core of
Fornax and could have originated from accretion events too.
Beyond the spatial distribution of the GCs, their kinematics can be used to reveal the accre-

tion history of the cluster, as described in section 1.4.

2.4 Relevance

To understand all processes driving the formation and the evolution of galaxies is challenging, and
is one of the major problem in astronomy. As already discussed, cluster of galaxies are important
tools to test the theories of galaxy evolution. In the last decades, there were many progresses
in our knowledge of the main mechanisms driving the evolution of galaxies in the context of the
ACDM cosmology model, but there are still many questions which remain unanswered. To this
purpose, nearby cluster offer a unique opportunity to observe and study denser environments in
such high detail impossible to achieve in more distant clusters. Now I give a brief description of
some of the advantages in studying nearby clusters like Fornax, focusing on the aspects connected

to this work.

1. Extragalactic globular clusters (ECG): Due to their high luminosity these objects are
easily detectable to the Fornax distance, and since they are ubiquitous -giant early-type

galaxies may contain thousand of GCs (e.g., Harris, Pritchet & McClure 1995 [1°7]; Blakeslee
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et al. 20031291} it is possible to have a large and homogeneous catalog to study the role
of dense environments on the global properties of GCs. The discovery of an intracluster
population of GCs, and PNe as well, makes it possible to reveal the dynamic of the cluster
from the radial velocities of these objects, and to study the kinematics in the galaxy halos,

i.e. in the region where we aspect to find signatures of recent interactions.

. Dwarf and Low surface brightness galaxies (LSB): Dwarf galaxies are the most

abundant population in the galaxy cluster, and moreover their low mass make them easily
influenced by denser environments. Furthermore, the accretion of the BCG in the last
Gys occurs through mergers with low satellite-to-host mass ratio (see section 1.2), hence
studying the dwarf population it is important to obtain informations about the recent mass

assembly of the BCG and the origin of the intracluster light.

In addition to the rich population of dwarf galaxies in clusters, recently there was the
discover of a particular class of galaxies with large radii and very low surface brightness,
the so called low surface brightness galazies (Koda et al. 2015136]; Mihos et al. 2015164];
van Dokkum et al. 2015227, Munoz et al. 20151671, Venhola et al. 2017[23!). These
objects are really hard to detect in distant clusters, so nearby clusters like Fornax allow to

study this new and particular class of objects.

. Signatures of merger events: The discovery of several stellar substructures in the Local

group, signatures of past or recent merger events (e.g., Helmi et al. 1999 M1]; Tbata et al.
2001 [123]; Ta] et al. 2009!24; Martinez-Delgado et al. 2010'%2; Cooper et al. 2011[55]),
has provided a direct evidence of the build-up of massive galaxies from the accretion of
smaller stellar systems. Beyond the Local Group the detection of such substructures is
harder because remnants of merger events have a low surface brightness. Thanks to tracers
of the stellar population, like GCs and PNe, it is possible to trace the kinematics of clusters
out to several galactocentric radii; and with the increase in the precision of velocity mea-
surement of these objects, the observations are sensitive to smaller satellite-to-host ratio

(Msat/Mhost ~ (Av/o—)z),
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Data

3.1 Fornax Deep Survey

This work is based on the Fornax Deep Survey (FDS), a joint project based on Guaranteed Time
Observations for the surveys FOrnax Cluster Ultra-deep Survey (FOCUS; P.I. R. Peletier) and
VST Early-type GAlaxy Survey (VEGAS; P.I. M. Capaccioli and E. Todice, from 2016). The goal
of the FDS is to observe the whole Fornax Cluster, out to its virial radius (~ 0.7Mpc, Drinkwater
et al. 2001 [80]), to study the structure and evolution of its galaxies, from the most massive to
the dwarf systems and find signatures of its ongoing assembly. This is achieved with a variety of
observations, which include deep photometry, and multi-object and integral-field spectroscopy.

Imaging observations were taken at the ESO La Silla Paranal Observatory with the VLT
Survey Telescope or VST. The VST is a 2.6m wide-field optical survey telescope (Schipani et
al. 201212001 equipped with the wide-field camera OmegaCam, having a field of view of 1 x 1
deg? and operating in the optical wavelength range from 0.3 to 1.0 pm (Kuijken 2011 [13%1). The
mean pixel scale is 0.21” /pixel. Complementary to the optical data, observations in J and in K
infrared bands are performed with VISTA/VIRCAM (with limiting magnitudes K = 23.4 AB
mag, and J = 23.4 AB mayg, respectively).

As mentioned before, one of the aim of the FDS is to investigate the evolutionary history
of the cluster. In order to do so, the survey has been designed to perform deep and large-
scale multi-band imaging to reach the regions of the faint stellar halos of all galaxies within the
virial radius. These are the regions where footprints of mass assembly are still present. These

halos, whose complex kinematics has been revealed through the detection of globular clusters

35
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and planetary nebulae, show complex structures in the form of tidal tails or shell, which are the
imprint of a gravitational interaction, like merger events or tidal stripping. As such, they are
ideal laboratories to unveil the formation history and the evolution of a cluster (see Bender et al.

2015122l; Longobardi et al. 20151'7! and references therein). These structures have a very low

mag

—rese7, hence deep imaging is mandatory to study

surface brightness, typically below pug ~ 27
the signs of galaxy interactions.

In order to achieve the low level of surface brightness which are typical of these structures,
a remarkable effort was made with the VEGAS survey, a multiband survey in the southern
hemisphere (Capaccioli et al. 2015), which has produced remarkable results (e.g. Iodice et al.
201611281, 2017127, Spavone et al. 2017[210)),

Another important survey of the Fornax cluster is The Next Generation Fornax Survey
(NGFS; Munoz et al. 201511671). This is a multi-wavelength survey, in optical and near-
infrared bands, of 50 deg? around the NGC1399, out to the cluster virial sphere (R, ~ 1.4
Mpc) (Drinkwater et al. 200113%)). NGFS uses for the optical wavelengths the Blanco 4-meter
telescope at Cerro Tololo Interamerican Observatory (CTIO) mounted with the Dark Energy
Camera (DECam; Flaugher et al. 2015 [%8]); while for the near-infrared observations NGFS uses
the VIRCam (Sutherland et al. 2015) mounted on the VISTA 3.7-meter telescope of the Euro-
pean Southern Observatory (ESO) The aim of the NGFS survey is to detect point sources at
S/N =5 down to u = 26.5, g = 26.1, i = 25.3, J = 24.0, and K = 23.3 AB mag. NGFS has
partially worked as a partner survey for FDS and, among other things, it provided near infrared
photometry to help with the selection of GC candidates for spectroscopic follow-up (see Sect.
3.1.2)

3.1.1 Photometry

The FDS survey strategy has been optimized in order to achieve a uniform deep multiband (u,
g, r and 4) photometry, reaching a depth of the imaging dataset of about ~ 30mag/arcsec? in
the g-band (Iodice et al.2016 [128] 2017[127]). These are unprecedented surface brightness levels
on such a large scale multi-band observations and , as such, they are making possible to study
the light distribution of the very faint galaxy halos out to 8 — 10 effective radii Reg (hundreds of
kiloparsecs), where the surface brightness reaches very low values (below u = 27 mag/arcsec?)
and streams and tidal tails from the small satellites, like the disrupting dwarf galaxies, are
expected to be detected (see e.g. Cooper et al. 2009).

This is an important piece of information to understand the evolution of the cluster because
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these are the smoking gun of the mechanisms that contribute in the current mass assembly of
clusters.

The diffuse intracluster light has its origin from stars stripped from minor mergers from
other galaxies (Napolitano et al. 2003 [174]. De Lucia & Blaizot 2007 [7°l; Puchwein et al. 201074
Contini et al. 2014154; Cui et al. 201415%!). The debris of the interactions have a very low surface
brightness, the long tidal tails, results of major merging events, are seen at a surface brightness
fainter than 24 — 26 mag/arcsec? (depending on the band-pass), while small substructures have
lower level of surface brightness.

The Fornax Deep Survey provides a uniform view of the Fornax cluster and of all its members,
from the giant ellipticals to the intracluster population made of GCs and PNe with the aim to

shed some light on the evolution of the cluster.

3.1.2 Spectroscopy of GCs

In this section, the selection of GCs in Fornax for the multi-object spectroscopic follow-up is
described. The reference literature papers (and catalogs), where the data presented in this
section are based on, are Bergond et al. (2007) (23] Schuberth et al. (2010)[22] and Pota et al.
(2018) 871 In Pota et al. (2018) all data are discussed and homogenized, hence here the main
details of the catalogue assembled by Pota et al. (2018) are discussed. The interested reader can
refer to the original papers for a deeper description of the individual datasets.

Pota et al. (2018) describes a large follow-up of the cluster core, aimed at expanding the
spectroscopical coverage of the area with respect to previous literature. Data were acquired from
October 2014 to January 2015, in Period 94 (Program ID: 094.B-0687, PI: M. Capaccioli); and
spectroscopic observations were performed with the VIsible MultiObject Spectrograph (VIMOS,
Le Févre et al. 2003), mounted on the VLT-UT3 Melipal telescope at the ESO Paranal observa-
tory in Chile. The VIMOS spectrograph was used in multi-object mode and was equipped with
a MR grating with a spectral resolution R = 580 or 12 A FWHM and a dispersion of 2.5 A pix.
The filter used is a CG475, which cuts off wavelengths bluer than 4750 A. Slits had a width of
1’ and the pixel scale in the spatial direction was 0.205 arcsec/pixel. All masks were observed in
three exposures of 30 minutes, to obtain a total of 1.5 hours. The seeing had a median of 0.85
arcsec, ranging from a minimum of 0.66 arcsec to a maximum of 1.15 arcsec.

Since the GC sample from Schubert et al. (2010) [2°2] occupies a limited region in the combined
2-colour ¢iK, diagram, in Pota et al. (2018)['87 the procedure to select GC candidates was to

delimit a polygon around the objects distribution in this colour space.
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Therefore the selection of GC candidates was based on VST /OmegaCAM photometry in the
de-reddened g and i bands from FDS (D’Abrusco et al. 2016/5%]; Todice et al. 20161128]), and
VISTA /VIRCAM photometry in the K band from the NGFS.

Finally, they covered the central square degree around NGC1399 with a total of 25 VIMOS
masks, shown in figure 3.1, along with the observations performed by Bergond et al. (2007) [23]
and Schuberth et al. (2010)[292. Tt is possible to see from the figure that the observations by
Schubert et al. (2010) delimit a small central region around NGC1399 (~ 18arcmin) , while
observations by Bergond et al. (2007) are more radially extended, covering a region of about 1.5
degrees in right ascension and about half a degree in declination.

The final mask design (i.e. slit allocation) consisted of 4340 unique spectroscopic targets,
2643 of them (about 61%) are within the limited polygon defined above to select GC candidates
in the giK; colour-colour space. The remaining slits were used to observe known stars and
background galaxies, and some of them are used to duplicate targets, in order to understand
uncertainties and possible systematics in the radial velocity measurements. They performed a
cut-off at high and low magnitudes, in particular they just used just a range of 17.0 < i < 23.0,
to avoid contamination by foreground stars and a too low signal-to-noise spectra,

The final area covered by the VIMOS observations includes NGC 1399, the cD galaxy of
Fornax, and other large galaxies like NGC 1404, NGC 1387 and NGC 1380.

From a total of 6700 spectra obtained (this number is greater than the total number of the
slits because from one slit can be extracted multiple spectra), Pota et al. (2018) performed a
redshift estimation to compute the heliocentric velocity of the objects (for a precise description
of this measure I refer to section 3.1).

A separation of the various types of objects: Fornax objects, GCs, UCDs and galaxies phisi-
cally bound to the cluster, from galactic stars and background galaxies must be performed in
order to avoid contaminations among the different subsets. In particular, it was necessary to
reject all object that were not connected to the Fornax cluster Following the same procedure
used by Schuberth et al. (2010), they performed a separation based on the systemic velocity of
the objects, keeping objects in the velocity range of 450 < v < 2500 km/s as Fornax objects
(850 datapoints), and rejecting objects with —450 < v < 450 (956 datapoints). Finally only
objects with a high signal-to-noise were retained leading to a final catalogue of387 Fornax cluster
objects.

To this catalog Pota et al. (2018) added objects found in literature, from the catalog by
Bergond et al. (2007) and Schubert et al. (2010).
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Figure 3.1: This image shows the regions covered by all 25 VIMOS pointing (whose centers are marked with red boxes)
in red, along with other regions covered by Schubert et al. (2010) in blue and Bergond et al. (2007) in green. The
background image is a mosaic of several VST /OmegaCAM pointings in the g-band. At the center there is the cD NGC
1399, and other galaxies are also labeled. The footprints of some VIMOS masks are shown on the bottom. Image taken
from Pota et al. (2018).
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In order to avoid duplicates I removed all objects that had a literature counterpart, consid-
ering as duplicate GCs all those within 0.4 arcseconds from Pota’s GCs and with radial velocity
comprised within 1 sigma, finding 48 duplicates that have been be removed from the final cat-
alogue. In the section 3.2 I describe the whole catalogue of globular clusters and some of their

properties.

3.1.3 Selection of PNe

In this section the observations of planetary nebulae used in this thesis are described. This
is a collection of PNe from Spiniello et al. (2018) '] and McNeil et al. (2010) 157, Again,
an interested reader can refer to the original papers for a detailed description of the individual
datasets.

In Spiniello et al. (2018) the observations made with FORS2 at the 8-meter Very Large
Telescope (VLT) of the European Southern Observatory (ESO), and acquired in P96 (096.B-
0412(A), PI: M. Capaccioli) from November 2015 to December 2016, are described together with
the strategy of the data reduction and analysis of the telescope data. A total of 50 hours of
observing time, with seeing usually below 0.8”, covering an area of ~ 50’ x 33’; ~ 1300” in the
East-West direction from the center of NGC1399 and ~ 1000” in the North-South direction.
The region complements the area already observed by McNeil et al. (2010). In figure 3.2 the 20
FORS2 pointings observed during the observing run are shown, each of them consisting of three
exposures for a total of ~ 2050 seconds on target.

The 1400V grating with a mean dispersion of 0.6396 A/pixel and the OIII/3000+51 filter,
centered on the redshifted [OITI] 5007 line (with the SR collimator, Acentral = 5054 A FWHM =
59A).

The identification of PNe from the [OIII] emission is based on the proper classification of

emission-line objects that belong to three main classes:
e PNe: they are monochromatic sources.

e Lyman-« galaxies: these are galaxies at z ~ 3, but they are associated with a continuum

so it is simple remove them from the catalogue.

e OII emitters at z ~ 0.347: at this z these emitters have the [OII] doublet that falls in
the narrow band filters, but the high resolution of the grism 1400V enables to resolve the
doublet.
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Figure 3.2: Image of the Fornax cluster centered around NGC1399. This image shows the 20 FORS2 pointings (black

boxes) obtained in the observations. Image taken from Spiniello et al. (2018).
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From the shift of the [OIII] emission with respect to a calibrated frame it is possible to obtain

the velocity of the PNe. The uncertainties in the velocities range from 30 to 45 km/s.

3.2 The catalog of GCs

In this sections the catalogue of globular clusters from Pota et al. 2018, whose selection is
described in the 3.1.2, is discussed in more details. the catalogue consists of 1183 objects, 387 new
GC from Pota et al. (2018) 1871, 665 from Schubert et al. (2010) 2921 and the remaining 131 from
Bergond et al. (2007) 123, The catalog reports the position of every GC (i.e. Right Ascension,
RA, and Declination, DEC, in Equatorial coordinates) and heliocentric velocity corrected radial
velocities (or redshifts) and related errors (in km/s). The systemic velocity of GCs is 1443 + 18
km/s, which is consistent with the systemic velocity of the ¢cD (NGC 1399, i.e. 1425 km/s,
reference). This sample also comprises objects bound to other giant ellipticals in Fornax, as
NGC 1387, NGC 1404 or NGC 1380. In chapter 4 a method to isolate GCs belonging to these
systems will be discussed.

In the figure 3.3 the plot of radial velocity vs (g-i) color for all GCs is shown, along with other
sources observed, such as galactic stars or background galaxies. It is apparent from the figure
that using colors to split GCs from contaminants is not sufficient to have a clean separation,
whereas using also kinematic information allowed the authors to separate Fornax members from
background galaxies or Galactic stars.

Once they are separated from stars and other contaminants, GCs can be used to perform
extended kinematical studies of the core region of the Fornax cluster. The usual assumption is
that the cluster is spherical symmetric and one can use circular annuli to compute the typical
kinematical quantities. The main observable interesting for hot systems (i.e. gravitational sys-
tems dominated by random motions, like elliptical galaxies and galaxy clusters), is the velocity

dispersion, defined as

Vrms = %Z(vi — vsys)2 — (Ay)? (3.1)

Figure 3.3 shows the velocity dispersion of blue globular clusters with (g —¢) < 0.85 mag is
higher than velocity dispersion of red ones ((g — ¢) > 0.85 mag); a property already observed in
many other giant galaxies (e.g. Pota et al. 2013).

The figure 3.4 displays the root-mean square velocity of all 1183 objects in the final catalogue

as function of the distance from the center of NGC1399. The root-mean squared velocities
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Figure 3.3: Plot radial velocity vs (g-i) color. Yellow and blue circles are, respectively, GCs and UCDs.Contaminants

are also shown in green, while grey dot are all sources observed with VIMOS. Image taken from Pota et al. (2018).
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Figure 3.4: Root-mean square profile in the Fornax core. The grey line is the profile of the final catalogue of GCs, while

the blue and red points are the blue and red GCs, respectively. Blue and red dashed lines represent the root-mean square

of GCs from Schubert et al. (2010). Black solid line is the central stellar velocity dispersion obtained by Saglia et al.

(2000). Green triangle shows the velocity dispersion of the Fornax galaxies obtained by Drinkwater et al. (2000).
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depends on the ordered motions and the random motions as well, thus it is tied to the total
kinetic energy and is defined as:

where v; is the radial velocity of the i-th globular cluster and Aw; is its uncertainty; veys is
the systemic velocity of NGC1399 that is 1425 km/s. The figure 3.4 shows the root-mean square
profile for all objects of the final catalog, the GCs from Schubert et al. (2010) 292, the PNe from
Spiniello et al. (2018)211] the stellar velocity dispersion of NGC1399 (Saglia et al. 2000 [198])
and all Fornax galaxies (Drinkwater et al. 2000[3). In the innermost regions, the velocity
dispersion of GCs is consistent with the stellar velocity dispersion measured by Saglia et al.
(2000) 98] within 1 arcmin galactocentric radius. At R ~ 10 arcmin (~ 50 Kpc) there is a steep
rise in the velocity dispersion of GCs and PNe as well, and then the root-mean square profile

(811 Therefore

flattens to value determined from other Fornax galaxies (Drinkwater et al. 2000)
at R > 10 arcmin the kinematics of both GCs and PNe is dominated by the cluster potential,
and hence this distance represent the transition from the innermost region where the kinematics
is ruled by the potential of NGC1399, to the outermost regions where there is the beginning of
the intracluster population of objects whose dynamics is governed by the cluster potential.
When separated in two distinct photometric population, using the threshold of (g-i) = 0.85
mag, the figure 3.4 shows that the velocity dispersion profile of blue GCs is higher, at all galac-

tocentric distances, than that of red ones and that of PNe; thus red GCs have a profile similar

to that of the stars as described in the section.

3.3 The catalog of PNe

The total number of PNe detected by Spiniello et al. (2018) 2™l is 1452. From those I excluded
objects around NGC1379, the black box flagged as 1 in the figure 3.2, for a total of 150 PNe. To
these I added McNeil’s objects too, 184 PNe, so obtaining a final catalog of 1495 PNe. As already
discussed in section 3.1.3, the PNe in the catalog of McNeil are centered around NGC1399, thus
these are a complement to the objects detected by Spiniello et al. (2018).

Since uncertainties in the velocity of this sample range from 30 to 45 km/s, I used an average
value of 37.5 km/s as error on the velocities.

From figure 3.4 we can see the root-mean square radial profile for the PNe (magenta dia-
monds), obtaining similar results to those of the GCs. At distances R < 250" PNe match very
well the central stellar dispersion measured by Saglia et al. (2000) (198 and the dispersion of

the red GCs found by Schubert et al. (2010)[2°2. This is the region where the potential of
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NGC1399 dominates and PNe and red GCs trace very well the kinematics of the cD, a result
obtained for many giant galaxies too (e.g. Pota et al. 2013[186]). At intermediate distances,
250" < R < 1000”, there is a steep rise in the velocity dispersion of PNe, very similar to that of
GCs (see section 3.2), as already discussed in the previous section at this galactocentric radius
there is the transition between the colder kinematics region dominated by the potential of the
central galaxy to the warmer kinematics region governed by the cluster potential. Indeed in the
outermost regions, at R > 1000” the velocity dispersion of the PNe flattens out to the value of

the dispersion of the Fornax cluster reported by Drinkwater et al. (2000) 81,

3.4 The dwarf galaxies

In this section T discuss the catalog by Munoz et al. (2015) ['671 of dwarf galaxies in the Fornax
core. I refer to that paper for a more detailed description of the observations and image process-
ing. Observations were part of the Next Generation Fornax Survey (NGFS) and they detected
158 new dwarf galaxies in the central part of the Fornax cluster. They used a multi-passband in
the u-, g-, i-band, wide-field observations using the Dark Energy Camera (DECam; Flaugher et
al. 2015 [88]) mounted on the 4-m Blanco telescope at Cerro Tololo Interamerican Observatory.
Most of the new dwarf galaxies are low surface brightness objects, with the faintest of them
having an absolute magnitude of M; = —8.0 mag. They also discovered a population of Ultra
Diffuse Galaxies (UDGs), a type of galaxies with very low stellar mass (~ 6 x 10" M) but with
large radii (1.5-4.6 Kpc); these features make the UDGs veyr hard to detect (u ~ 26.0 — 28.5
mag/arcsec?).

The figure 3.5 shows all new dwarf by Munoz et al. (2015)[167] as red circles, along with
dwarf galaxies already detected by Ferguson (1989) 86 as small gray circles and other galaxies
detected by Mieske et al. (2007) [162] 45 Jarge gray circles. This image displays the central region,
3 deg?, of the Fornax cluster, corresponding to ~ 350K pc radius from NGC 1399, located at the
center of the image.

The surface brightness of this sample ranges from p; = 22.0 up to y; = 28.0 mag/arcsec?, and
the half-light radii ranges from r, >~ 90 pc up to ro ~ 2.5 Kpc. The sample of the dwarf galaxies
was divided in two classes: nucleated and non nucleated. Both classes have an exponential light
profile and show a size-luminosity relation, although the slope is shallower for the nucleated dwarf
galaxies. I included a description of the whole catalogue by Munoz et al. (2015) 167l although

for my purposes I will use just those objects dwarf that are in the field covered by the catalogues
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of GCs and PNe described in the previous sections.






Chapter 4

Data analysis

4.1 Introduction

Even through interactions and mergers are important processes in the growth of massive struc-
tures, the probability to observe them directly, as ongoing events, is fairly low in the nearby
universe. On the other hand, one can look for indirect evidences, e.g. searching stellar substruc-
tures in galaxy haloes, or even beyond, in the intracluster regions, under the form of debris of
past or recent merger events. These are unique piece of information to study the mechanisms
supplying mass in the assembly history of galaxies. In particular, being these events generally
located in the halo regions of galaxies, the longer dynamical time can leave the signatures of
recent events preserved and useful to study them in details (Bullock & Johnson 2005 [28]).

Complementary to photometry, spectroscopy is a necessary piece of information since these
substructures should maintain kinematic signatures of the interaction (West et al. 2004 l237]).
Kinematics itself is the fundament for any dynamical analyses aimed at inferring the mass of the
galaxies involved in the interactions.

However, spectroscopic measurements of the stellar halos of galaxies are very challenging
because their low surface brightness (1 ~ 27 mag/arcsec® or fainter) and their diffuse nature.
Hence, the use of kinematic tracers like planetary nebulae or globular clusters is often a viable
alternative to obtain velocity measurements and to study the outskirts of galaxies where it is
very hard to measure the absorption line from spectroscopy (PNe; Hui et al. 1995 (122, Ayn-
aboldi et al. 19964l; Méndez et al. 2001*%9l; Napolitano, Arnaboldi, & Capaccioli 2002 [172];
Romanowsky et al. 2003[193l; Douglas et al. 2007!78]; de Lorenzi et al. 200969 Coccato et al.
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2009 1491; Napolitano et al. 20091771 2011 [176]; Richtler et al. 2011 [19); Forbes et al. 2011191
Pota et al. 2013[1%6]; Longobardi et al. 2015al'*7); Hartke et al. 201711%) (GCs; Coté et al.
2003 16, Romanowsky et al. 2009 [192: Schuberth et al. 20101292, Woodley & Harris 2011 [244];
Romanowsky et al. 2012[194]; Foster et al. 2014[9]; Veljanoski et al. 2016229, Pota et al.
2018 1'87l; Longobardi et al. 2018148]),

GCs and PNe are observable out to large distances from the galaxy centers (Durrell et al.
2003 [821; Merrett et al. 2003169 Shih & Mendez 2010[207); Cortesi et al. 2011156l; Richtler
et al. 20111'91) and their velocity can be measured with good precision in the nearby galaxy
clusters, make them very useful to underline stellar substructures. Furthermore, their kinemat-
ical information allows us to go beyond purely photometric observations and characterize the
phase-space (of projected positions and line-of-sight velocities) to look for typical signatures ex-
pected in these interactions, like tidal streams or chevron-like pattern described in the section
1.4 (e.g., Johnston et al. 2008 13°); Romanowsky et al. 2012 [194]),

In this chapter I present a new method to search signatures of merger events in the phase space
defined by discrete tracers in the core of massive clusters. In particular we will use the case of
the Fornax cluster (see chapter 3) where several studies have provided evidences of active galaxy
interactions (e.g. D’abrusco et al. 2016 196l; Todice et al. 2017['27]; Spiniello et al. 2018211,
Sheardown et al. 2018 [206]). I focused the research on cold substructures, as the one expected
to be produced by tidal stripping with dwarf galaxies, which are most abundant galaxies in the
universe (e.g., Ferguson & Binggeli 1994 [871).

Using GCs and PNe as kinematic tracers, we look for substructures correlated in the space of
positions and in velocity, and showing a low velocity dispersion (in practice, the standard devia-
tion of the distribution of their line-of-sight velocities), typical of dwarf galaxies (Kourkchi et al.
2011 138]). In the section 4.2 T will describe some properties of the GCs and PNe. In the section
4.3 T will describe the algorithm used to find these cold substructures, and a simulation used to
validate the method proposed. In the section 4.4 I will discuss the goodness of the algorithm
testing it on two simulated streams, while in the section 4.5 I present a statistical analysis of
the sub-structure candidates the method has found, In the section 4.6 I finally compare spatial
positions of the substructures with the latest dwarf catalogs in Fornax (Munoz et al. 2015 [167]
Venhola et al. 2018 [230]). In the last section of this chapter I will describe the galmer simulations,

a database of thousand simulations of interacting pairs.
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4.2 Datasets

I will start by describing some of the main properties of the PN and GC catalogs adopted for
the search of substructures in the phase space, in particular I will discuss their distribution in

RA, DEC and in the velocity space.

As described in chapter 3, after having applied some appropriate selection criteria, the total
number of GCs of our sample is 1183, while our sample of PNe is composed of 1495 objects.
Then, the total sample of tracers we will use in the following analysis is made of 2678 objects
where GCs represent the 44% of the whole catalog and the PNe the 56%. Figure 4.1 show the
position in RA and DEC of the objects and the space made by the clustercentric radius (distance
from the center of NGC 1399) vs radial velocity, of the GCs and PNe, respectively. This is a
form of reduced phase space, where the position is given by the radius, R, and the velocity is the
component along the line-of-sight of every tracers. In the following, we will briefly refer to this as
phase-space. In the phase-space we also plotted the mean velocities and the velocity dispersion
at 1o and 2.50. These were calculated dividing the whole sample in distance bins, such that in

each bin the number of the particles is about the same (~ 120).

Looking at the 2D distribution of GCs, this is rather spherically uniform, with a number
density of objects increasing towards the center of the cluster. On the other hand, it is evident
from the figure 4.1c that PNe have a non homogeneous distribution. This inhomogeneity is due
to different reasons: first the position of the 20 FORS2 pointings were not placed symmetrically
around the cluster center, but they were driven by the local light density measured in the deep
photometry by Todice et al. 2016128]; second, the different observational conditions (seeing) and
the failure of some exposure made the intrinsic depth of each pointing different and consequently
also the detection limit of the PNe. Hence, the number of identified PNe in each pointing varies
not only because of the intrinsic differences of the density of PNe, but also due to the ability of
finding them down to the same magnitude limit. In principle, one should have selected all PNe
down to the same magnitude in all fields to obtain a complete sample. However, since we did
not have an accurate photometry of the sources (PN photometry was beyond the purpose of this
thesis) and since we wanted to increase the chance of identifying faint features (which demands
the largest possible number of tracers), we decided to keep the full sample at the cost of spatial
non homogeneities which will make the chance of finding substructure lower in less complete

area.

In the section 4.3.1 I will discuss a simulation of cluster tracers made on the basis of the
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recipe by Napolitano et al. (2001)[173 in order to test the method proposed in this thesis and
to estimate the percentage of spurious substructures. As I will discuss later, this simulation is
based on a 3D spherical potential and cannot reproduce the inhomogeneity of the real sample.

This impacts upon the accurate estimate of the spurious detection in real PN data, as I will
discus later. Here, it is important to remark this aspect of the analysis, which we expect to
improve in forthcoming developments of this research. There are other differences in the two
samples, which result even clearer from Fig. 4.2 where I show the GC and PN samples together.
GCs are observed out to ~ 45 arcmin from NGC 1399, while the PN observation extended at a
maximum distance of ~ 25 arcmin. There are galaxies, though, like NGC 1387, which mainly
have PN detected. Overall PNe do not have a clear decreasing density with the radius outside
the bulk of the NGC 1399 system (see discussion about the number density as a function of the
radius below).

Looking at the phase spaces, either for the separated samples in Figs. 4.1 (b-d), or the
cumulative phase space in Fig. 4.2b, besides some inhomogeneities in the radial distribution of the
PNe which comes for their spatial inhomogeneities, the two samples show a larger dispersion in
the center and a decreasing dispersion going toward larger radii. Both samples have a significant
numbers of objects around and even exceeding the £2.50 levels (shown as long-dashed lines in
all figures above), i.e. there are likely a lot of tracers which are not bound to the main galaxy
and are instead free flying into the cluster potential (i.e. they are intracluster objects, see also
Pota et al. 2018'%7 and Spiniello et al. 2018!2'1). Overall the two samples do not show large
differences in terms of mean velocity and velocity dispersion (continuous and short dashed lines
respectively in Fig. 4.2, bottom). However I will discuss this in a more quantitative way in the
next Section.

I just want to remark, in figure 4.1a, that the objects around NGC 1387 (~ 19" from NGC
1399) have an average velocity higher by about 100 km/s with respect to that of NGC 1387
(1302 km/s, de Vaucoulers 1991171), a result already found by Spiniello et al. (2018) 21, We
take into consideration this difference in the generation of the simulated cluster.

Finally, in Fig. 4.3 we show the distribution of the cluster-centric radii of the two subpop-
ulation, in order to quantify the differences in their spatial distributions. It is clearer from this
figure that PNe (in blue) have been detected up to a distance of about 25 arcminutes from NGC
1399, while the population of GCs (in red) have been detected up to much larger galactocentric
distances (~ 45’). As already mentioned before, the PNe do not show a clearly decreasing den-

sity with the radius, indeed the number of PNe is almost constant from 4 up to 20 arcminutes.
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Figure 4.2: (a): Image of the whole sample of GCs (dark gray) and PNe (light gray) in RA vs DEC. (b): GCs (dark
gray) and PNe (light gray) in the phase-space. The lines correspond to the mean velocity of the particles (solid line,
dark red for the GCs and light red for the PNe), the velocity dispersion at 1o (dotted line) and the velocity dispersion
at 2.50.
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Figure 4.3: (a) Radial distribution of the GCs (in blue) and PNe (in red) and (b) radial distribution of the whole sample.
The vertical arrow shows the position of NGC 1387, which is heavily populated by PNe (and not by GCs in our sample)
and sticks out of the overall PN/GC distribution as an evident density peak.
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Table 4.1: Parameters and p-values of the Kolmogorov-Smirnov test

GCs PNe Radius (arcmin) p-value
332 327 5.0<r<9.0 0.3648
191 363 10.5 <r <15.0 0.4297

107 352 15.0<r<185&20.0<r<23.0 0.2380

Notes. In the first two columns there are the number of GCs and PNe in each shell. In the third column
there is the inner and outer radius of each shell, while in the last column it is listed the p-value of the K-S

test.

The peak at about 20 arcminutes (indicated by the black arrow in the figure 4.3) is due to the
numerous PNe detected around NGC 1387 (see also the figure 4.1, bottom). On the other hand,
the radial distribution of GCs is much different, showing a constant decline outside the NGC
1399 system. The total radial distribution of both populations reflect the trends described above,
hence there is a slight decrease in the number of the objects beyond the 10 arcminutes and then

a deep decrease at about 25 arcminutes, the maximum radius of detection of the PNe.

4.2.1 Kolmogorov-Smirnov test

Due to the general similarities of the two subsamples we can think of combining them together
to increase the statistics, under the reasonable assumption that PNe and GCs both respond in
the same way to the encounters, hence showing the same kinematics if populating the streams
we want to spot in the phase-space.

In this section I want to test the hypothesis that PNe and GCs are both extracted by the
same parent population, and in order to do so I have performed a Kolmogorov-Smirnov test (K-S
test, hereafter) on the two samples. If so, this will justify us to use them as a single test particle
population in the stream detection algorithm (see section 4.3).

We expect that, in a stripping event, kinematic differences between GCs and PNe are within
velocity uncertainties, hence we could not distinguish these two population from their kinematics,
despite intrinsically they can have a slightly different kinematics within the galaxy potential they
originally belong to.

Indeed following the discussion in Napolitano et al. (2014) [175] we can expect the differences
in the projected dispersion profile on two population to be originated by the different number
density profiles and intrinsic anisotropy of the two population. Assuming a power-law profile

vi. = V@r=" and o? = o3r~" where v%,. = GM(r)/r and v = —dlno?/dinr, the projected

circ circ
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dispersion can be written as (Dekel et al. 2005173]):

2 (a+7)(a+’yl)ﬂ) 2 o
op = A(a, Ve R 4.1
b= Ao (LS g (1)
where a = —dlnj/dinr, f =1 — 03/03, with j is the deprojected surface brightness, oy and o2

are the azimuthal and the radial velocity dispersion in the spherical coordinates, respectively;

and
1 Tlla+y-1)/2] Te/2]
(@+7v) TIlla+7v)/2] I[(a-1)/2]

In the assumption of a power-law profile o, 5 and ~ are constant with r for PNe and GCs. In

Ala,y) = (4.2)

large galaxies given the typical values of these parameters, the difference can be of the order
of 10-20% (see e.g. Napolitano et al. 2014 [175]), hence basically within the typical errors of
individual dispersion values obtained by PNe and GCs. If we knew these parameters in dwarf
galaxies (as done for massive systems) we could predict also for the latter systems what it might
be a difference in projected velocity dispersion according to Eq. 4.2.

Unfortunately there are little information on the detailed slope of these populations in low-
mass systems, while we have sparse information on the the metal rich and metal poor stellar
populations in the local group, which might be used as a reference being PNe and GCs possibly
tracers of the former and the latter populations respectively. For instance, Walker & Penarrubia
(2011) [234] discuss the dispersion predictions of different rich and poor subpopulations assuming
realistic profile slopes and anisotropy parameters and show (see e.g. their Fig. 3) that the
velocity dispersion difference become very small (of the order of 10% or smaller) outside 1-2
R.. If we assume that the PNe and GCs basically follow the kinematics of these subcomponent,
then we can reasonably expect that the two population should show differences in their velocity
dispersion profiles of the same magnitude, hence again within the typical statistical errors. To
check that the two tracers are statistical indistinguishable in a more quantitative way, we decided
to perform a Kolmogorov-Smirnoff (K-S) test.

A K-S test is a non parametric test used to compare the probability distributions of two
samples. It measures the maximum distance between the cumulative distribution of the samples!;
if this distance is below a critical value the two samples likely come from the same distribution.
To verify that GCs and PNe follow the same kinematical distribution I defined three shells at
different radial distances from NGC 1399, and then I performed a K-S test in each of them. I

excluded from this non parametric test the inner region of the cluster (R < 5 arcmin) and the

Hn statistics, the cumulative distribution function of a random variable X, evaluated in z, is the probability

to have a value less or equal to z, or Fx(z) = P(X < x)
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Figure 4.4: Histograms of the fraction of GCs (in blue) and of the PNe (red) per velocity interval in the three shells at

different radial distances. Overlapped to these histograms there are the distribution of the two samples.

galactocentric distances where NGC 1387 and NGC 1404 are located because these regions will
be excluded in the research of the cold substructures (see section 4.3.5).

The inner and outer radius of each shell were selected in order to have about the same number
of particles, although the non uniform distribution of the PNe make difficult to have the same
number of GCs if the number of PNe is kept almost constant. Because of PNe are selected out to
a maximum distance of about ~ 25 arcmin, there are not further shells beyond this galactocentric
radius.

In the table 4.1 I show the results of the K-S test in each shell. In the figure 4.4 it is displayed
the histogram of the fraction of GCs (in blue) and of PNe (red) per velocity interval for the
three shells and their distribution. The results obtained from the K-S test are consistent with
the null hypothesis that both GCs and PNe follow the same distribution. Indeed the p-values
for all the shells showed in the table 4.1 are well above the significance level of the 5%; moreover
it is also evident from the figure 4.4 that the two distributions are very similar. From now on,
we will consider in the algorithm that I will describe in the next section, GCs and PNe as the
same test particles, thus increasing the signal-to-noise ratio and enhanced the chance of finding

a cold substructure.

2500
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4.3 An algorithm to find cold substructures

As I mentioned in the previous section the goal is to find cold substructures correlated both in
the position and in velocity; therefore I implemented an algorithm that looks for points close
both in the plane made of RA vs DEC and in the plane made of velocity vs distance from the
center of the ¢D. This is based on a nearest-neighbors approach, taking also velocities of particles
into account, so that it can find coherent kinematic substructures. The algorithm can be divided
in two steps: in the first step it defines as "friends" all points that are close enough in the space
of configurations and have a similar velocity; then it inspects all common points belonging to
different group of friends in order to check if these groups belong to the same substructure. This
allows to find also structures that have a chain-like pattern.

The first part of the algorithm works in this way:

1. it takes a point (hence ’origin’) in the space of configurations, and find the k nearest

neighbors;
2. it measures the mean velocity v, and the velocity dispersion ¢ of the k nearest neighbors;
3. it discards outliers which have a velocity outside n ¢ of the mean velocity v;
4. it iterates point 3 until there are no more outliers or there are no more points;

5. it verifies that the ’origin’ has a velocity within 1o from the mean velocity v of the remnant

points;

6. it verifies that the total number of points is greater than a threshold value (Niot > Nmin),

if this is true we found a group and we call these points "friends";
7. it measures the mean velocity © and the velocity dispersion o of the "friends";

8. it repeats from the point 1 to the point 7 for all GCs and PNe present in the catalog and

stores the different groups of friends.

The adoption of a threshold for the minimum number of objects to define them as a group
(the point 6 in the first part of the algorithm) is critical: indeed this is needed to minimize
the detection of spurious groups that have similar velocity by chance. We aspect that on &
points some of them can have casually a comparable velocity, but this probability decreases by
increasing the number "k" of points belonging to the group, hence having a better chance to

select a real structure.
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The algorithm described above has the advantage that it is able to refine the selection of
coherent spatial and velocity substructures, however, it has the disadvantage to be biased toward
round geometries being based on a simple metric which uses the distances from every single
particles. This reduces the chance to identify chain-like structure, which are likely expected in
elongated streams. Here below we have added a second stage in the algorithm aimed at verifying
if some of the groups do belong to a single structure, by analyzing their common points. The

algorithm performs the following steps:

1. it takes a group and find all the other ones which have common points with it;

2. starting from the group with lower velocity dispersion (o), it compares o with the velocity

dispersion (o2) of the other group of friends;

3. if o9 < o1+ \/;vlﬁ it joins these two groups in a unique structure;

4. it repeats points from 1) to 3) until it inspects all the other groups which have common

points;
5. it measures mean velocity vgy,, and velocity dispersion oy, of the final structure;
6. it repeat from the point 1) to the 5) for all group of friends found in the first step;

7. it deletes all substructures with ogy, greater than a threshold value (og, > Omin)-

At the end we have a certain number of substructures with a low velocity dispersion (the cut-off
is imposed in the last point in the second step of the algorithm).

This algorithm depends on a number of parameters (k, n, Ny,;n) whose values must be chosen
in order to maximize the number of real cold substructures (completeness) and minimize the
number of spurious ones (purity). In the next sections I will show how the parameters of the

algorithm have been set in order to optimize both completeness and purity.

4.3.1 Simulation of the Fornax cluster

In this section I describe the suite of Montecarlo simulations of the core of the Fornax cluster
I have used to asses the performances of the algorithm described above. We simulated only

2 around

the region covered by our objects, that is the regions of Fornax of about 1.8 degrees
the cD, NGC 1399. In this area there are other two bright galaxies besides NGC 1399: NGC

1404, located just below the c¢D, in the S-E direction at about 9 arcmin; and NGC 1387, at
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a distance of ~ 19 arcmin at west of NGC 1399; both of them are early type galaxies. We
generated simulated GCs and PNe at the equilibrium in the gravitational potential of these three
galaxies, assuming this to be the superposition of the individual galaxy potential with spherical
symmetry. We will refer to these particles in the following as “relaxed” particles or component.
Following Napolitano et al. (2001) 173 we have produced the 3D position starting from a 3D
density profile and then projected on the 2D (X-Y in our case) sky plane. For each particle we
have determined the 3D velocity vector according to the hydrostatic equilibrium equations (see
below), which we have projected along the line of sight and finally simulated a radial velocity
measurement by randomly extracting the measured velocity from a gaussian having the truth
radial velocity as mean and standard deviation equal to the measurement errors. In order to
produce these Montecarlo realizations of particles sampling the total potential in the Fornax

04 solar masses and assumed a

core, we have assumed for the cluster a total mass of about 1
Hernquist (1990) [112] density distribution of the stellar-like tracers. This is a good approximation
for elliptical galaxies following the de Vaucouleurs law (1948). The luminous mass density is

expressed by the formula
Mla 1

2 7t aP )

p(r) =

where M, is the total luminous mass, a is a distance scale (R = 1.81534 a) and C is a normal-
ization constant.

In addition to the stellar mass density we also considered a dark halo whose distribution was
assumed to follow a Navarro-Frenk-White profile (NFW); so the potential is derived from the
total mass:

Mot = My + Mam (4.4)

We consider a non-rotating system,? and an isotropic velocity dispersion tensor. Hence, the
radial Jeans equation, which regulates the equilibrium of spherical gravitating systems, writes:

d(pa®) _
dr r2

(4.5)

This allowed to obtain the 3D velocity dispersion of the tracers and generate a full 3D phase
space. As briefly anticipated above, we then simulated an observed phase-space by projecting
the tracer distribution on the sky plane and derive the line-of-sight velocity of the individual

particles. In order to simulate a velocity measurement, we took into account the typical velocity

2 Although it was measured a rotation of blue GCs in the radial range between 4 and 8 arcminute, the kinematic
of the outskirt of NGC1399 is dominated by the random motions (Schubert et al. 20102021, Coccato et al.
2013 [501)
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Table 4.2: Parameters of the simulated cluster

Galaxy  Number Effective® Velocity” Velocity”
of Points Radii (arcsec) Systemic (km/s) Dispersion (km/s)

NGC1399 2380 138 1425 320
NGC1387 150 42 1302¢ 160
NGC1404 45 24.5¢ 1947 247

Notes. In this table there are the parameters of the simulated galaxies. In the second column there
are the number of the points simulated for every galaxy. In the columns 3 there is their effective radii;
finally in the columns 4 and 5 there are, respectively, the systemic velocity of the galaxies and their
velocity dispersion

@ Values taken from Caon, Capaccioli, D’onofrio (1994)

P Values taken from Nasa Extragalactic Database (NED)

¢ These values have been adapted to obtain a more realistic reproduction (see below in the test)

error in order to randomly extract the observed velocities (we refer to the original Napolitano
et al. 2001 173! paper for more details about the Montecarlo simulation). With the projected X
and Y position and the radial velocity we could mimic different mock observations to test our
stream detection procedure. We have been careful to check that the position and phase-space
closely resemble the real one.

The parameters of the three simulated galaxies are reported in table 4.2.

Of the total number of particles included in the simulations, i.e. 2575 similarly to the totality
of PNe nad GCs in the area, the number of points for each satellite galaxy was obtained with
a cross-match with the real data (i.e. counting the number of plausible particles bound to the
galaxies), while both effective radii and velocity dispersion were taken from literature.

We used a mean measurement error on the velocities of 39 km /s, very similar to the velocity
uncertainties in the real sample, which have an average of about 37.5 km/s. In figures 4.5 we
show the simulated points with positions computed with respect to the simulated cluster center,
while in the bottom panel we show the real data. In figure 4.6 shows the same points in the
phase-space (black circles), overlapped with the real data (red circles).

To obtain a realistic reproduction of the PN and GC system aroung NGC 1404, we need to
adopt an effective radius (i.e. the characteristic scale of the light distribution) larger than the
usual estimate from literature from (Caon, Capaccioli, D’onofrio 1994) ! but used a R, ~ 100",
more consistent with the one from Corwin et al. 1985058 (i.e. ~ 80").

We found another inconsistency between the simulations and the real sample in the points
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Figure 4.5: (a): relative positions of the simulated points. (b): positions in RA and DEC of the real sample.
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Figure 4.6: Phase-space with real data (open red diamonds) overlapped with points of the simulation (black circles). On
the x-axis the distance from NGC1399 in arcminute and on the y-axis velocities of the points in km/s. The continuous
cyan and blue lines represent the mean velocity as a function of the radius of the real and simulated particles, while
the short-dashed and long-dashed lines represent the 1o and 2.50 profiles of the same datasets. It is evident that real
data and simulations have very close global properties as a function of the radius. The dashed black line represents the

systemic velocity of NGC1399 (1425 km/s)

surrounding NGC 1387; they were shifted downward in the phase-space respect to real particles.
We explain this difference with an inferred velocity of PNe higher by about ~ 100 km/s than the
systemic velocity of the galaxy which is tabulated in the literature (see section 4.2 and Spiniello
et al. 2018121]). Indeed in this area we have a larger number of PNe than GCs, respectively 117
(88%) and 16 (12%) within three effective radii from NGC 1387; thus we add 100 km/s to all
simulated points around NGC 1387 in order to fit the real objects. The final result of all these
fine tuning calibration of the simulated sample is shown in Figure 4.6 where we can see that there
is a good superposition between simulated and real points in the surrounding regions of these two
galaxies, within 10 arcminutes for NGC 1404 and ~ 19 arcminutes for NGC 1387. Overall the
phase-space similarity of the real and simulated data are also demonstrated by the nice overlap

between their mean velocity lines and the 1o and 2.50 profiles (see also Figure caption).
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Figure 4.7: Histogram of the number of particles in function of the distance from the center of NGC 1399. Simulation

are shown in black, whereas real data are red.

In the figure 4.7 the number of the real (red rectangles) and simulated points (black rectangles)
as a function of the distance from NGC 1399 are compared. There is a good agreement between
the two samples, although there is an excess of points in the real data between 12 and 21
arcminute, probably due to the inhomogeneity of PNe sample (see section 4.2). We will keep this
in mind in the case there will be a segregation of stream detection in this specific area, which
might be a warning that there is an underestimate of spurious substructures in the simulated
datasets.

On the other hand, there is a slight overabundance of points in the simulation from 24
arcminutes and further, this is possibly due to the fact that there are no PNe detected in this area
(see figure 4.1c), which we did not impose in our simulation. However, due to the small differences,
we do not believe this is affecting the prediction of spurious detection at these distances.

Furthermore, we also see differences in the range between 2 and 3 arcminute, which is difficult
to take into account in the simulation, since we do not have an accurate detection function in
the very bright center, but this is not important because this area is excluded from the search
of the substructures (see next Sections).

Finally, from Fig. 4.6, showing the phase space of the simulation and the real datasample,
we also see that, despite the differences in the radius distribution due to the inhomogeneities
discussed above, there is a substantial similarity between the simulation and real data velocity
distribution at all radii. Only, the real data seem to have more scattered particles, possibly
because the real cluster is not properly at the equilibrium like the simulated systems we have

produced by construction with our Jeans equations.
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Since there are no streams or interactions in the simulated dataset, the synthetic particles
are just points moving in a 3-D spherical potential of the galaxy, and the number of the struc-
tures that we expect to find is zero. All the detected groups are indicative of the number of
contaminants that we could find if we would run this in real data. In fact every subgroup found
in the simulation is not determined by a real substructure in the phase-space, but it is a random
combination of connected particles. By varying the free parameters and applying the algorithm
to the simulation with no real streams we can find the set-up needed to minimize the number of

spurious substructures.

4.3.2 Selection of the parameters

In this section I describe how to choose the free parameters (k, n, Np,) of the algorithm, in
order to maximize the number of real substructures in the sample and minimize the incidence of
the false detections. To do that, I used the simulation of the cluster described in the previous
section to select the best set of parameters to be used on real data. Since we have discussed
the difficulty of the simulation to reproduce the inhomogeneities of the real data, we will use a
conservative approach by considering as a lower limit the number of spurious detection found
for a given parameter set-up. For this reason, in order to minimize the spurious detections in
the real data, we will use as viable parameters the ones that produce no spurious detection if
the algorithm is ran on the simulations without the addition of any simulated stream (see next
section).

Indeed, the algorithm has been ran on this simulation varying the parameters in the following

ranges:
e 10<k<30
e 1.3<n<2
o 4 < Npiy <17

This choice allowed us to search either small substructures, that we aspect to find with a low &
and a low Ny, or more large and spatially extended groups with a greater values of both k£ and
Nmin-

To reduce the possibilities of finding spurious substructures I excluded from this research the
inner regions of the three galaxies; indeed there is an high probability that in these areas the

algorithm finds false cold substructures that actual belong to one of the bright galaxy in Fornax.
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Furthermore it can happen that, because of the high density in these regions, there are some
objects that are close either in the position or in the phase space owing to an accidental two-
dimensional projection; hence the algorithm can reveal as a real substructure points that actual
are far in the line of sight. Additionally, we expect the outskirt of galaxies to preserve kinematic
information of accretion events, due to a longer dynamical time that prevent substructures to
quickly mixed in the cluster potential (Bullock & Johnston 2005 [38]).

So I searched for subgroups only in the outer regions beyond 5’ from NGC 1399 and beyond
two effective radii from the other galaxies (49" for NGC 1404 and 84" for NGC 1387).

I want to stress that with a nearest-neighbors approach it could happen that if the origin
point is close to these borders, we could have a subgroup that may be accidentally classified as
cold because the hotter component is outside the observed area; in order to avoid these border
effects we will exclude also these very borderline regions.

As cut-off in the maximum value of o, T used 40 km/s and 50 km/s, values comparable to
the dwarfs velocity dispersion, because we are looking for tidal debris with this kind of galaxy
population. Indeed, we expect that the dwarf disruption is the most common event still going
on in the local universe which contributes to the intracluster stellar population and the assembly
of large stellar haloes around galaxies. The remnants of these events preserve their kinematic
properties for a longer time than those of massive satellites (see section 1.4). Furthermore
massive galaxies produce more diffuse substructures due to an higher velocity dispersion and a

larger sizes, so they are harder to unveil in the phase space (see section 1.4).

4.3.3 Setting-up the best parameter range of the stream finding algo-

rithm

The next step was to find the best values for free parameters. The overall plan is to use the
same parameter set-up on simulation and real data and select the parameter combinations that
minimize the number of contaminants. By varying the values of the parameters as I described
above, I considered as good all those which find no substructures in the simulation, which due
to the nature of this one, are false groups.

In order to reduce the parameter space I have started to test the parameter combination on
a first simulation (i.e. the one shown in Figures 4.5) to find the parameter values that clearly
produced too much spurious detection to be used.

With this approach I found 13 good set of parameters with a o, < 40 km/s. These are
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listed in Table 4.3, where the parameter set is shown together with the number of time these
structure occur over 100 re-simulation of the same cluster described in the previous Section
(see next Section for more details). In fact, as discussed in the next Section, we have repeated
the same exercise on a suite of 100 simulations in order to estimate the occurrence of spurious
detection, which are our main contaminant in the automatic stream search.

As a first general consideration, there is a strong dependence on the Ny, as we expect owing
to the diminishing probabilities to have spurious groups when this number is increased; while
these results are almost independent from the other two parameters (k and n).

Indeed, in almost any way I changed them there is at least a value of Ny,;, where we have no
more structures in the simulation.

On the other hand, it is harder to obtain good set of parameters with o, < 50 km/s: After
applying this cut-off I found five good set of parameters; in this cases it is more common to find

false substructures, and there is a dependence also on the other parameters (k,n).

4.3.4 Validation of selected parameters

The procedure described in the Section 4.2.2 followed to select candidates of good sets of pa-
rameters, but this is just a first step to find out the reliability of these sets, that will enables us
to state which substructure that we will find in the real sample is not spurious. In this section
I focus on the evaluation of the robustness of the sets of parameters found before, and I give a
measure of their reliability.

Obviously a single simulation is not enough to detect truly reliable sets, indeed we have to test
the robustness of these sets of parameters against the statistical fluctuations that occur over a a
large enough number of simulations. Hence the next step is to test the parameter set-up in Table
4.3 and analyze their stability; this is necessary to evaluate the goodness of the substructures
found in the real data or the probability that they are just false detections. We start using a
threshold of 40 kms™! for the velocity dispersion of the final stream candidate (see Section 4.2.2).

As anticipated we used 100 simulations to measure the number of times a given set of pa-
rameters produced false groups. Looking now closer to the results reported in Table 4.3 it is
evident that not all sets of parameters produce a reliability to detect real cold substructures and
that some of them are highly unreliable. By reliability here we indicate the probability over
100 simulations (with no simulated substructures) that a parameter set-up produces no false
detections.

These results clearly show that there are a number of parameter combinations that produce
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Table 4.3: Parameter of the algorithm and their reliability when the cut-off in the velocity dispersion is o = 40 km/s.

k- n - Npin Occurences® Reliability (%)

10-15-7 3 97
10-18-7 44 56
10-13-6 6 94
10-2.0-8 1 99
12-13-6 24 76
15-13-6 52 48
15-15-8 24 76
15-15-9 5 95
20-15-9 33 67
20-13-8 7 93
25-18-12 16 84
30-13-8 53 47
30-1.8-13 13 87

Notes. In the first column there are the values of the free parameters, where k is the number of
nearest neighbors, n is the number of sigma used to remove the outliers and Nyi, is the minimum
number of points to consider them as "friends". In the second and third columns there are the number
of times that a set found at least a spurious substructure and its reliability, defined as the number of
times that the set do not find any substructure. In the last column there are the real structures that
each single set detects.

@ Since the probability to have false groups on N simulations follow a Poissonian, errors arev N = 10,

that is 10%.
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Table 4.4: Parameter of the algorithm and their reliability when the cut-off in the velocity dispersion is o = 50 km//s.

k - n - Npin Occurences® Reliability (%)

10-15-7 30 70
15-15-8 58 42
20-18-11 35 65
25-18-14 45 95
30-1.8-14 61 39

Notes. In the first column there are the values of the free parameters, where k is the number of
nearest neighbors, n is the number of sigma used to remove the outliers and Ny,j, is the minimum
number of points to consider them as "friends". In the second and third columns there are the number
of times that a set found at least a spurious substructure and its reliability, defined as the number of
times that the set do not find any substructure. In the last column there are the real structures that
each single set detects.

@ Since the probability to have false groups on N simulations follow a Poissonian, errors arev/N = 10,

that is 10%.

at least a false detection in a large fraction of simulations, however the majority of set-ups pro-
duces spurious detection in less than half of the Montecarlo re-simulations.

In particular, we have two sets of parameters that have a reliability lower than 50% (i.e. that
produce false detections for more than 50 % of the extractions over the 100 simulations); four
parameter combination below 70 %; four between 70% and 90% and five larger than 90%. In
general 50% probability is an acceptable risk to take for the automatic detection of streams in real
data, i.e. assuming that half of the detected substructures migh turn to be spurious. However,
since we saw this is possibly a lower limit in the fraction of the spurious detection (or an upper
limit on the reliability) we have decided to take instead the 70% as a more conservative threshold.
In the following we will discuss the streams found in real data (if any) with the parameter set-up
corresponding to reliability larger than 70%.

We have repeated the same automatic detection of spurious substructures, this time using a dis-
persion threshold of 50 kms ™!, with the results reported in Table 4.5. In this case the combination

that returned a reliability of the oder of 70% is only one, i.e. k =10, n = 1.5, Npip = 7.

4.3.5 Results on real data

In this section I discuss in details all substructures found in the real sample using the set of

parameters validated on simulations in the previous section. Here I follow the same steps used
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for the simulations, starting by excluding points within 5" from NGC 1399 and within two effective
radii from NGC 1404 and NGC 1387.

I begin with the description of the structures found using a cut-off on the velocity dispersion
of o =40 km/s, which provided 13 sets of reliable parameters to adopt for the stream finding.

With these sets of parameters, the algorithm has found three different substructures, each of
them occurring more than one time in different parameter set-ups. The results are summarized
in Table 4.5.

Although these substructures are recurrent for the majority of the points belonging to them,
depending on the secific parameter combination some of the objects can be jump in or out of the
selection and the number can slightly change from one set-up to the other.

In the figure 4.8 these three cold substructures are plotted in RA-DEC and in the phase-
space against the other ungrouped particle in their surrounding. Since the groups can change
depending on the particular parameter set-up, in these figures I have plotted only the points
belonging to the substructure found from parameter set-up gave the lower velocity dispersion.

In the following I will brief discuss the details of these three cold substructures, leaving a
statistical characterization of them to a later section.

S1:

This structure occurs 11 times on 13 different sets of parameters, using any value of k and n;
and it is the one that shows up more than any other. It varies from a minimum number of points
Niot = 7 (when k is 10), to Niot = 13 (when k is 30). Its dispersion of velocities ranges from
o =30.35 km/s when k = 15, 30; and Niox = 9 to 0 = 39.65 km/s when k = 10 and Ny, = 8. It
is located just beyond 5 arcminutes in the North-West direction from NGC 1399, and as we can
see in the figure 4.8, it has a mean velocity comparable to that of NGC 1399, with some points
above and others below its systemic velocity.

S2:

This structure occurs for three different parameter combination, with & = 15, 30; and it varies
from a minimum of 10 points when k is low, to 14 points when k is high. It is located farther
from the ¢D than other two structures, at a distance of about 15, just to the west of NGC 1404,
in a region where it was observed an overabundance of blue GCs by D’abrusco et al. (2016) 66,
Its mean velocity (Vipean = 1325 kms™1!) is lower than the velocity of NGC 1399 (Vays = 1425
kms~1!) and its velocity dispersion ranges from o = 32.13 km/s when k = 30 and N, = 14 to
o =39.06 km/s when k = 15 and Ny, = 10.

S3:
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This structure occurs only for two times over the 13 selected parameter set-ups, i.e. for
k = 12 and k = 15. In these two cases it has the same seven points shown in the figure 4.8.
This structure is located just beyond five arcminutes in the South-West direction respect NGC
1399. It has a mean velocity (Vipean = 1509 kms~1) larger than that of the cD and a dispersion
of velocity of o = 36.43 km/s.

Now I describe all the substructures found with a cut-off in the velocity dispersion of o = 50
km /s3.

In this case we have identified five reliable sets of parameters which we have applied to the
GCs/PNe dataset. I have found three substructures, of which one was already found with the
o = 40 km/s cut-off (S2) and two other new candidates. These are shown in figure 4.9 in the
space of positions and in the phase space and listed in Table 4.5 (actually we have also found
a third substructure which looked interesting albeit obtained with a lower reliability set-up, we
report a description of it in the following for completeness).

Here below is a brief description of the properties of these new substructures.

S4:

This structure occurs one time with £ = 10 an has Ny, = 8. It is located just beyond 5
arcminutes in the South-West direction from NGC 1399, where it was observed a diffuse patch
of ICL from Todice et al. (2017) [127] Tt has an average velocity slightly greater than that of the
cD and a velocity dispersion of o = 47.7 km/s.

S5:

This structure occurs with & = 10 and has Ny, = 8. Its position is in the South-West
direction at about 10 arcminutes from the cD. It has a mean velocity comparable to that of NGC
1399 and a velocity dispersion of o = 49.8 km/s.

Sé6:

This structure occurs just one time with £ = 15 and has N, = 9. It is located at the East
of the ¢cD and has a mean velocity lower than that of NGC 1399, with a velocity dispersion of
o = 48.8 kmm/s. This structure occur in a set of parameter with a reliability below the threshold
of the 70 % so very likely to be a a spurious detection. We will show in the figures in order to

have the sense of what a spurious detection can look like.

31t was also attempted a search of substructures with a cut-off in the velocity dispersion of o = 60 km/s, but
this did not produce new substructures with respect that ones found with the other two cut-off. In principle we

can try to search for more substructures using larger cut-off in future analysis.
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Table 4.5: Parameter of the algorithm and their reliability

k - n - Npin  Reliability (%)® Structures

o <40 km/s
10-15-7 97 S1
10-13-6 94 S1
10-2.0-8 99 S1
12-13-6 76 S3
15-15-8 76 S1-S2
15-15-9 95 S2
20-13-8 93 S1
25-1.8-12 84 S1
30-18-13 87 S2

o <50 km/s
10-15-7 70 S4 - S5

Notes. In the first column there are the values of the free parameters, where k is the number of nearest
neighbors, n is the number of sigma used to remove the outliers and Ny,i, is the minimum number of
points to consider them as "friends". In the second column there is the reliability as computed in the
previous section, defined as the number of times that the set do not find any spurious substructure.
In the last column there are the real structures ID that each single set detects.

@ Since the probability to have false groups on N simulations follow a Poissonian, errors arev'N = 10,

that is 10%.
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4.4 An a posteriori test: recovering simulated substructures

So far we have used the simulations to select the parameter configurations which showed little
sensitivity to statistical fluctuation (in a given dataset with no substructures) that might resemble
cold substructures, likely streams. This under the assumption that if the algorithm would find
any substructure this has a good chance to be real. We did not test, on the other hand, if the
algorithm is capable to find a given substructure, if present, and we did not even test whether this
depends on the density of datapoints belonging to it. In particular, we do not know whether a
stream, with the characteristics we have found in the real data, is detectable by our algorithm, or
real data have more complicated random substructures that our simulations could not reproduce.
This an a posteriori test that we can do only after having seen what kind of substructures the

algorithm has found in the data.

To test this, we have generated two “real” tidal streams with different number of points and
different sizes and inserted them on about half of the sets of parameters listed in the table 4.3.
The sets on which we check the ability of finding real substructures are listed in the table 4.6.
The first stream, hereafter stream 1 has a length of four arcminutes and a thickness of 2 arcmin-
utes and it is composed by 24 points with a velocity dispersion of 32 km/s and errors in the
velocity of 37 km/s, values comparable to the real substructures found with the o = 40 km/s
cut-off. This artificial stream is similar to some of the streams found in the real data also in
size but it is about twice in numbers, in order to check how many of the particles belonging to a
real stream are actually recovered. Indeed, we cannot expect that a stream mixed to a relaxed
component can have the totality of the particles recovered, hence we want to measure also the

completeness of the algorithm “on stream”.

The second stream, stream 2, has a length of 2 arcminutes and it is composed by 20 points
with the same kinematic values of the first stream.
We put these streams in the 100 simulations used in section 4.3.4, every time changing randomly
their position in a range between 10 and 20 arcminutes from the center of the simulation, and
their mean velocity in a range of 1275 — 1575 km/s (i.e. £150 km/s, with respect to the mean
velocity of the simulated NGC 1399, which is 1425 km/s). The reliability of the two streams on

each set of parameters are listed in the table 4.6.

There are a few things to remark. First, the algorithm is almost always capable to find the
stream, which is a positive confirmation of the effectiveness of its design. Only few cases have

a recovery rate (or reliability) < 10% (depending on the stream), while in all other cases we
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Table 4.6: Reliability of finding real substructures

Reliability (%)® Particles recovered

k-n - N, Stream 1l Stream 2 Stream 1 Stream 2

10-13-6 34 3 8 6
10-15-7 88 95 9 8
10-2.0-8 96 98 11 11
12-13-6 43 2 7 6
15-15-9 (s 82 13 10
20-13-8 5 8 8 8
25-1.8-12 100 59 20 14
30-1.8-13 100 45 20 14

Notes. In the first column there are the sets of parameters tested to find real substructures, in
columns two and three we report the results on the stream 1 and the stream 2, respectively. In the
last two columns there are the average number of particles recovered for the stream 1 and the stream
2 (approximated to the closest integer), respectively. Stream 1 and 2 are originally made of 25 and 20
particles respectively.

@ Errors on the reliability are 10%.

have a recovery rate > 30% and we have quite a number of configurations with a rate > 70%.
This recovery rate has a different meaning with respect to the one measured earlier, since in
this case we have test the effective ability to find a given stream. In principle, this recovery rate
is even more stringent than the one tested in absence of streams and, being designed around
the characteristic of the real stream we have discussed in the previous section, directly gives
the sense of the reliability of the S1-S5 streams seen above. Second, the ability to catch “real”
substructures depends mostly on the parameter n; indeed the results are very similar for those
sets with the same values of n, while do not vary within the errors (i.e. the 10% which comes
from the Poissonian errors) if we put different k& or Npi,. In particular, the sets with the value
n = 1.3 yield the worst performances and they are the only ones with a reliability always worse
than 70%, although some reasonable success rate are obtained for stream 1 (e.g. 34% with k£ = 10

and 43% with k£ = 12) and much worse rates for stream 2 (generally below 10%).

Much better performances are obtained for the other set of parameters which, as commented
above, generally reach a success rate of the order of 75% or higher (up to 100%). Hence, this a

posteriori test allows us to restrict the range of parameters that have likely returned real streams.
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At least in principle. From the Table 4.5, indeed, the substructures found with n # 1.3 are S1,
S2, S4 and S5 are confirmed to have high significance. On the other hand S3 seems to have a
lower reliability, since this is associated to a parameter set-up with a recovery rate of the 40%
at the best. This latter is, though, is one of the most promising feature found in the real data
being located very close to one of the recently discovered dwarf galaxies in Fornax. Hence its
reliability is enhanced by the latter circumstance as we will comment later.

The stream 1, possibly because is made of a larger number of objects, has a recovery rate which
ranges from 77% with k = 15, to 100% with k = 25, 30, while the stream 2 has a lower recovery
rate with £ = 10 and k = 15 where the values are of above 95% and 82%, respectively.
However, given the poissonian errors of the order of 10% we can conclude that all the so call
reliabilities are consistent with each other, within the errors, regardless the n assumed.

If we take a look at the differences of the results between the two streams, it is evident that with
a higher k, it is easier to detect the stream 1, which has more particles, while from k& = 15 and
below it is easier to catch the stream 2.

Finally some comments about the completeness of the recovered substructures (i.e. how many
particles are recovered with respect to the original composing the simulated stream). Of course
in no case all particles are recovered. The probability to detect points of the streams grows by
increasing the value of k, reaching a maximum of about 20 out of 24 points for the stream 1
with £ = 25,30, and a maximum of about 14 out of 20 points for the stream 2 with the same
values of k. Furthermore sometime the algorithm detected, along with the particles belonging
to the real stream, some contaminants, and the probability to find false positive points in the
algorithm grows also for increasing k too. Anyway, the number of contaminants is maximum of
about three contaminants with £ = 30. Hence we can conclude that the overall contamination
is not severe, although this would represent a minor problem in any case since our first goal is
to have a real stream detected.

It is important to stress that in the structures found in the real data, the proper number of
points could be slightly different, since the algorithm very probably missed some point belonging

to the stream or picked up some contaminants.

4.5 Statistical analysis of the substructures

In the previous section I have discussed in more depth the probability that the substructure that

I have found in the real data are real. In this section I describe some general properties, like the
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size and the total number of objects, of the substructures found in the Fornax cluster, and their
kinematics.

In the table 4.7 there is a general description of each substructure obtained using a velocity
dispersion cut-off of 40 km/s and with o < 50 km/s, as reported in Table 4.6.

In the second column I have reported the total number of objects of the substructures, with
the total number of GCs and PNe reported between brackets. In the third and fourth column,
there are the mean velocity and their velocity dispersion of the substructures, while in the fifth
column there is a measure of their size, defined as the maximum distance among all points of
the substructure.

Since streams or tails of disrupted dwarf should preserve their kinematics and so should have
a different velocity distribution with respect to the surrounding relaxed component, I compared
the kinematics of the substructures to the kinematics of the region in which they are embedded.

Hence I measured the mean velocity and the velocity dispersion of the N, 1.5 x N and
2 X N, closest points to each substructure, where N is the total number of objects belonging
to the subgroup. These values are listed from the sixth column on of table 4.7. Since some
substructure, in particular S1, S2 and S3, occur in more than a set of parameters, the values
listed in the table have been measured for the sets which gave the lowest velocity dispersion of
the structure.

The substructures have a total number of points ranging from a minimum value of 7 (S3) up
to 14 (S2) and, with the exception of S2 whose bulk of points are PNe, the other substructures
have a comparable number of GCs and PNe. Their mean velocity and velocity dispersion range
from 1325 km/s (S2) and 30 km/s (S1) up to 1508 km/s (S3) and 49 km/s (S5). In particular,
S1, S4 and S5 seem to have a mean velocity consistent with the c¢D, while all the others have
~ £100 km/s offset, possibly indicative of some relative velocity. This does not tell much about
the nature of a particular structure because in case of a tangential stream of which one sees only
the transverse component and the measured radial component is consistent with the systemic
velocity of the cluster.

Most structures have a size of about 1-1.5 arcminutes; but S6 and S2 are much more extended,
having a length of ~ 140 and ~ 260 arcseconds, respectively (this motivated the adoption of this
same typical sizes for the simulated stream in the previous Section).

In figure 4.10 the substructures (red points) along with their NV nearest neighbors (blue points)
are shown, in the phase-space, to see if subgroups are moving differently with respect to the

surrounding regions.
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Table 4.7: Properties of the substructures

ID N. points Vmean o Size V Neig. ONeig. VNeig. ONeig. VNeig. ONeig.
(GCs - PNe) (km/s) (km/s) (arcsec) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s)
S1 9 (6-3) 1412 30 68 1496 180 1527 220 1500 216
S2 14 (2 - 12) 1325 32 262 1300 340 1299 309 1334 292
S3 7(4-3) 1509 36 89 1470 310 1476 255 1509 251
S4 8 (4-4) 1457 48 57 1468 225 1413 203 1414 197
S5 9(4-5) 1440 50 93 1153 92 1183 88 1310 306
S6 9 (6-3) 1347 49 140 1327 353 1409 327 1425 291

Notes. Statistical properties of the substructures. In the second column there are total number of
points belonging to the structure (separated in parenthesis in GCs and PNe). In the third and fourth
column we have the mean velocity and the standard deviation of the structures; in the sixth its size.
In the last columns we have the mean velocity and velocity dispersion of the nearest points to the

structure, for N, 1.5 X N and 2 X N points, where N is the number of points of the structures.

o _o
VN’ V2N

errors on the velocity dispersion of the substructures are about 10 km/s while the errors on the velocity

Uncertainties on the mean velocities are while uncertainties in the velocity dispersions are , SO

dispersion of the neighbors are about 50 km/s. Errors on the mean velocities are about 15 km/s for

the structures and in the range 70-100 km /s for the neighbors..

From this figure and from the values reported in table 4.7 it is evident that most substructures
have a kinematics which is clearly different from that of the closest neighbors particles, that seem
to move following the gravitational potential of the cluster (374 + 26 km/s; Drinkwater et al.
2001).

There are two exceptions: S1, whose N neighbors have a velocity dispersion of about 170
km/s, although this dispersion becomes higher if we consider more surrounding points (see the
last and the third last columns in the table), and S5, whose neighbors have a velocity dispersion
of about 93 km/s, again this value tends to increase if we consider more points.

In figure 4.11 I show the velocity dispersion of the closest points of the substructures over-
lapped with the velocity dispersion of the PNe and GCs in Fornax, whose trend was already
discussed in the chapter 3. From the figure it is evident that all but S5 are embedded in regions
that are moving following the potential of the cluster. Thus the low value found for the velocity
dispersion of the closest points to S1 are, within the errors, consistent with the velocity dispersion
profile of the PNe and red GCs.

The mean velocity of the neighbors are consistent with that of the substructures, there is

just a deviation from the mean velocity of the neighbors of the structure S5 (evident in the
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Table 4.8: Properties of the dwarfs close to the substructures

1D RA DEC i-mag i-Mag Re Re Structure
(NGFS) (J2000) (J2000) (arcsec) Kpc
033929-353421 54.8704583 -35.5725883 19.92  -11.59 8.384 0.813 52
033922-353524  54.8436250 -35.5900222 19.33  -12.18 2.762 0.268 52
033819-353151 54.5781667 -35.5309278  16.72  -14.79 12.613  1.223 S3
033750-353302  54.4577917 -35.5504389 21.76  -9.75 3.232 0.313 S5

Notes. In the first column there is the ID of the dwarfs close to the substructures. In the columns two
and three there are the positions in RA and DEC. The columns four and five show the relative and
absolute magnitude in the i-band. The columns six and seven show the effective radii of the dwarfs,
in arcseconds and in Kpc, respectively. Finally in the last column it is listed the substructures close

to the dwarfs.

figure 4.10e), this deviation decreases when we consider more neighbors, but anyway is within
the uncertainties on the mean velocity.

In this section we showed that all the substructures have an overall velocity dispersion different
from the local kinematics of the relaxed component, which is dominated by the cluster potential.
Because of streams of tails of disrupted dwarfs should have a different velocity distribution, this

could be an evidence in favour of a physical nature of these substructures.

4.6 Cold substructures vs dwarf galaxies

As the substructures that we are looking for should have their origin from the tidal stripping of
dwarf galaxies, a useful test may be to compare the spatial position of the structures that we
found with that of the dwarf galaxies in Fornax. In this section I perform this match, using, for
the population of dwarf, the catalog by Munoz et al. (2015) [167] described in the section 3.4.

An overlapping of a substructure with a dwarf will represent a further, and important evidence
of a physical origin of the substructure, since it is highly unlikely to find a spurious structure
near a dwarf. Furthermore, this association is likely to indicate the progenitor of the observed
substructure and call for further investigations to check this evidence in future deeper investiga-
tions. We will try to substantiate this working hypothesis using hydrodynamical simulations in
the next Section.

In the figure 4.12 the core of the Fornax cluster is displayed along with the position of the
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Figure 4.12: Image of the Fornax core along with the position of all the substructures and the dwarf galaxies. NGC 1399

is the galaxy near the center of the image, NGC 1404 and NGC 1387 are also visible just below the ¢cD and in the right

side of the image, respectively. Dwarf are yellow crosses in the figure, while substructures are colored circles.

dwarf galaxies (yellow crosses) and the substructures (colored circles, the colors are the same of
the figures 4.8 - 4.9).

From the figure it is clear that three of the substructures are very close to a dwarf, in particular
the structures named S2 (blue circles), which overlaps with two dwarfs, and S3 (red circles) found
with a cut-off in the velocity dispersion of o = 40 km/s, and the structure S5 (magenta circles)
found with a threshold of o = 50 km/s. These represent half of the substructures that we found;
the other half is not spatially connected to any known dwarf in the catalog by Munoz et al.
(2015). Some of the properties of the dwarf close to the substructures, like their position, their
magnitude in the i-band and their effective radii, are listed in the table 4.8.

In the figure 4.13 the area where we found the substructures S2 and S3 and S5 is zoomed, in
order to look closer at those dwarfs whose spatial positions are near to the three substructures.
While two of the dwarfs, in particular the one visible near S3 (at the left side of the bottom
of the figure 4.13), and that near S2 (near the center of the top of the figure 4.13) are clearly
visible and indeed are very luminous dwarfs (see also the table 4.8, the third and the first row,

respectively), the other two are low surface brightness galaxies (LSB) and have been detected
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Figure 4.13
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only in the last decade thanks the recent surveys, like the NGFS, in the Fornax cluster.

Thus two of the four dwarfs close to the substructures were unknown until the last years, and
one can speculate that the substructures we have found would have led to the discovery of these
systems, looking by eye to all objects in the area of the detected substructure. Hence, we can
argue the this method can be effective to search also for LSBs close to the spatial positions of
the cold substructures revealed with our method.

Following the same reasoning, it could be that near the three substructures that do not
correlate in the spatial position with any dwarf of the catalog of Munoz et al. (2015) there
is a LSB not detected yet. Unfortunately, by looking by eye to the area of the substructure
candidates, there were no signs of other possible companion galaxies (included LSBs).

Finally the proximity of S1 and S4 (~ 5') to the ¢D can make harder to reveal (if any)
the progenitor galaxies which migh have originated the substructures, due to the brightness of
the cd halo regions. Equally, if these progenitor galaxies have reache the center so closely,they
migh have been already accreted (Venhola et al. 2017), or being in the process of being totally
disrupted.

4.7 Galmer simulations

To conclude our analysis and try to interpret the characteristic of the final detected stream
candidates into the dynamics of the accretion of dwrf satellites, we have made use of a suite of
publicly availabe simulations, the Galmer simulations (Chilingarian et al. 2010 [43]).

In this section I describe the database of thousand simulations of interacting pairs with
different initial conditions, with the double aim to test our finding method on the substructures
generated by these simulations and to compare the phase-space distribution of the particles to
those of our real substructures. The Galmer database provide about 1019 simulations of colliding
galaxies and more than 70000 snapshots showing the development of these encounters up to 3
Gyr from the begin of the encounter with a bin interval for each snapshot of 100 Myr.

From this database we selected the simulated interaction between a gEO and a dSO with
a mass aspect ratio of 1:10, the maximum value present in the database (see also Table 4.9).
Although the bulk of the dwarfs in the core of Fornax is made of dEO, we used a dSO because
this had the mass and effective radius more similar to the dwarfs in the inner regions of Fornax,
in particular with the dwarfs found close to the substructures. We selected an encounter starting

with the dSO at 100 Kpc, and falling toward the gEO in a prograde orbit with an inclination of
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Table 4.9: Parameters of the galmer galaxies

Mg My rg Iy Nitar Npwm
[2.3 x 10°My] [2.3 x 10°M] [Kpe]  [Kpc]
gEO0 70 30 4 7 320000 160000
dSo 1 ) 0.6 3.2 32000 16000

33 degrees and a pericentral distance of 16 Kpc. The parameters of the simulated galaxies are

listed in the table 4.9.

From this simulation we extracted the projected positions and the radial velocities of the
stellar points at 1.6 Gyr and at 2.1 Gyr from the begin of the encounter; the former is a snapshot
of the dwarf after the first close encounter with the giant, while the latter is temporarily located

in the second close encounter between the two galaxies.

From these two snapshots I have randomly selected 100 points from the stellar component of
the dwarf (i.e. about the expected number of GCs and PNe belonging to a dwarf with a similar
mass, see e.g. Romanowsky et al. 2012, Buzzoni et al. 2006) excluding from this selection
points near the center of the dwarf, poorly sampled by GC and PNe which generally populate

the outskirt of galaxies.

This give us the phase space of a realistic population of PN+4+GC particles of a disrupting
dwarf to Then I put these points to one of our simulations, with the center of the ent like the
one we have in the Fornax core. These include both particles still bound to the dwraf and the
ones that have stripped. To do that I have located the center of this Galmer dwarf in a projected
position in the Montecarlo simulated NGC 1399 very similar to the relative position of the dwarf
galaxies we have associated the detected streams in real data (i.e. S2 and S5). To these I have
just adjusted the mean velocity to 1525 km/s (1425 + 100 km/s, where 1425 km /s is the velocity
of the simulated cD). Using some of the set of free parameters described in the section 4.3.4 1
analyzed the ability of the algorithm to catch the tidal of the dwarf and the positions of the
substructures in RA and DEC and in the phase-space. The structures detected in this way are
displayed in the figures 4.14, 4.15 for the snapshot at 1600 Myr and in the figure 4.16 for the
snapshot at 2100 Myr.

From the figures it is clear that the out the 100 selected the points the algorithm is capable
to detect the points near the center of the dwarf, while just in a case (with £=30) it is caught

the long tide of the dwarf. Looking at the phase space it can see the the substructures do not
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Figure 4.14: Structures of the galmer dwarf using a snapshot of 1600 Myr, the blue points represent the structures

detected while the red points are the particles extracted from the dwarf. The dashed and the solid line in the phase-

space represent the velocity of the simulated c¢D and of the dwarf, respectively.
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phase-space represent the velocity of the simulated ¢D and of the dwarf, respectively.
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show a particular pattern, and have an average velocity similar or slightly different to that of
the dwarf (the solid line in the images).

To conclude, this very preliminary test on simulations shows that our algorithm is able to
detect real streams, and due to a combination of density of points and kinematics, it can generally
see particles that are in the close vicinity of a disrupting galaxies (i.e. of the kind of S2 and
S3) and in some case it can also detect the longer debris of the dwark left behind long before
the current position of the dwarf (i.e. like S5). We expect to esplore more these comparison
with simulations in the future development of this work, possibly using more dedicate ad hoc

simulations for the Fornax cluster.






Conclusions and perspectives

In this work a new method to detect cold kinematical substructures in the intracluster regions of
the Fornax cluster, one of the nearest and most massive cluster of galaxies, has been presented.
In the first chapter I described the theory of the evolution of the galaxies, focusing on the
evolution of the cD galaxies. In the chapter 2 I presented briefly the Fornax cluster, while
in the chapter 3 I described the sample of GCs and PNe and the population of the dwarf
galaxies in the core of Fornax. In the last chapter I described the finding streams method of
cold kinematics substructures and their analysis. In this concluding section I summarize the
main results contained in the last Chapter of the Thesis and draw some perspective for future
applications. I have concentrated on substructures that could have their origin in a past or recent
close encounter between the more massive galaxies inhabiting the cluster core like the cD galaxy,

NGC 1399, or the early type galaxies NGC 1404 and NGC 1387 and dwarf galaxies.

Since the dynamical friction is lower for less massive galaxies and the dynamical time is
longer in the intracluster regions of a cluster, the low velocity dispersion of a dwarf (of the
order of 50 kms™!) should be preserved for a long time in the tidal stripped particles expected
to be distributed on elongated streams populating the extended halo of the cD, before these
substructures mix-up and lose all memory of their original motion. This has been demonstrated
in cosmological simulations (e.g. Amorisco 2018) [?l) and also recently found in studies looking
into the deep photometry of the Fornax cluster (Iodice et al. 2016 [128] 2017[127]) and into the
spatial distribution of the globular cluster (D’Abrusco et al. 2016 [66).

To test our new method we have also used cosmological simulations, in particular, a suite of
publicly available simulations (Galmer, Chilingarian et al. 2010[%5) and we have finally applied
the method to the data of the FDS survey (Iodice et al. 2016!'2%]) to produce a first list of
stream candidates to be used for future follow-up observations to confirm them and, if real, to

characterize their dynamics.

93
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The stream finding algorithm has been designed to explore the space of the positions (RA
and DEC) and a reduced phase space (radial velocity vs distance from the center of the ¢D) in
order to find objects correlated both in position and in velocity. This algorithm it is based on
a nearest-neighbors approach, taking also kinematic informations in order to unveil structures
having an overall velocity dispersion which is smaller than the local velocity dispersion generally
dominated by the cluster potential in the intracluster regions.

Here, I have used GCs and PNe as test particles, because they are easily observable up to
the Fornax cluster distance and their radial velocity comfortably easy to measure with a good
precision also at large distance from the galaxy centers of the order of several effective radii.
Hence, they can trace the kinematics of the intracluster regions where the stellar light has a too
low surface brightness and so it is really hard to perform spectroscopy in order to measure the
radial velocity of the regular stellar population.

Generally GCs and PNe have intrinsically a slightly different kinematics within the galaxy
potential they originally belong to, however in the intracluster regions although generally con-
sistent within the errors (see Spiniello et al. 2018[211]). In low-mass galaxies, like dwarfs, we
do not have much information of the PN and GC populations, however we do not have reason
to exclude that they should reflect more or less the same similarity of more massive galaxies.
If the intracluster population of PNe and GCe has originated by the disruption of such a small
galaxies, we can reasonably expect that in an encounter PN and GC kinematical differences are
kept within velocity uncertainties and so we can not distinguish the two subpopulations from
their radial velocity.

To test this hypothesis I have performed a Kolmogorov-Smirnov test, which has confirmed
that PNe and GCs follow the same kinematic distribution in the intracluster regions, hence we
can use both population as the same test particles in the algorithm increasing the statistics,
hence enhanced our probability to find cold kinematic structures.

Before we applied the algorithm to real data, we have performed extensive tests based on
Montecarlo simulations of the Fornax core in order to find the best set-up for the parameter of
our algorithm. In this phase, in particular I have ran the algorithm 100 simulations with only
relaxed particle and no artificial stream added. As a result of this test, we have seen that the
probability to extract spurious substructures was larger that 50% (reliability lower than 50% )
in only few parameter combinations, if we retained only final substructures with overall velocity
dispersion of the order of 40 kms™' and some more configurations if we used a cut-off velocity

1

dispersion of the order of 50 kms™". We finally collected all parameter combinations which
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instead returned reliability larger than 70% and we decided to test all these on the real data to
look for stream candidates.

Before doing this we have also tested whether the algorithm was capable of detecting stream
particles that in real circumstances might be mixed to relaxed particles with a different phase
space structure (e.g. an elongated spatial distribution with narrow gaussian velocity distribu-
tion). To do that we have added to our simulations two simulated streams located randomly
across the simulated cluster and asked the algorithm to go finding them in the 100 simulations
of the Fornax cluster.

With the exception of a single value of one parameter set-up, the streams have been detected
in more of 80% of the simulations and most of the parameter set-ups caught the streams in more
of 90% of the Montecarlo simulations. This was surprisingly good and encouraging that the
algorithm can effectively return real streams in real data.

I finally applied the algorithm to the real data, and found a list of substructures, some of
which turned out to be recurrent almost independently of the particular set-up. This was a
first indication that the process of the extraction in real data was not random, but there were
some stable features in the data. Some of these features were found with parameter set-up
corresponding to very high reliability factors (see Table 4.7).

In particular, two of them (S1 and S2) have a reliability above the 90%, while warmer sub-
structures have generally 70% or lower reliability and only one qualifies as “bona fide” with
reliability lower than 70% (e.g. we have looked into a structure, S6 see Section 4.3.5, with lower
reliability but the check on the images showed indeed that this it could be a spurious structures).

As a first immediate check of the plausibility of the selected candidates we have compared the
spatial positions of the substructures with that of the dwarf galaxies in the core of Fornax listed
in recent literature (i.e. Munoz et al. 2015117) and Venhola et al. 2018[23%) and interestingly
found that three out of six substructures (S2, S3 and S5) are very close to at least one dwarf
galaxy. As mentioned before, we have specifically designed our method to automatically look
into substructures generated by debris of close encounters between dwarf galaxies and larger
target, in particular the large cD of the cluster, NGC 1399.

In particular, two of them (S2 and S5) are near to a low surface brightness galaxy (LSB), a
diffuse galaxy with a very low surface brightness level and hence very hard to detect. Unfortu-
nately we do not have the systemic velocity of this galaxy to check whether this is compatible
with the mean velocity of these streams (1325 km/s for S2 and 1440 km/s for S5). Indeed, if

the streams and the galaxy have the same systemic velocity, this would be the first hint that the



96 Chapter 4. Data analysis

particles belonging to the stream might be originated by the LSB galaxy and that our candidate
is a previously undetected stream. This is definitely a very promising step for follow-up studies

(see below).

The other three substructure that qualified as “bona fide” candidates are not clearly associated
to listed dwarf galaxies. We had a visual inspection to the deep images of the FDS survey to see
whether these could be associated to some missed dwarf galaxy or some very small low surface
brightness stream, but we could not find anything conclusive. However two out these three
substructures are very close to the cD and if they are part of a tail of a dwarf galaxy entering the
cD halo, there is a good chance that the progenitor system could have been accreted and either
dissolved or difficult to be seen in the bright galaxy halo. Here a possible future development of
this work could be an accurate 2D modeling of the ¢D galaxy to subtract to the FDS images to
check for faint compact systems in the residual images (see below). For the third substructure
with no clear close association, a possible explanation is that this is part of a long tail, originated

by some dwarf orbiting around the c¢D, which is only partially detected by the algorithm.

Since all these evidences are still speculative and need further analysis and observations to be
confirmed, we decided to perform an additional test on simulations to substantiate the reliability
of our stream candidates. For this purpose we have used the publicly available hydrodynamical
simulations Galmer, which provide a list of merging events, including the one between giant
galaxies and dwarf systems. The advantage of these simulations was that we could separate
the particles belonging to the dwarf galaxy from the ones of the companion target system and
characterize their phase-space, including the one of the particles belonging to the long streams
produced in the fly-by of the dwarf galaxy through the central galaxy halo. Being these Galmer
simulations general in their purpose and limited in the parameter space, we could not find
a configuration which closely resembled the case of the Fornax core. However we picked a
simulation which showed reasonable parameters, in particular, the central velocity dispersion of
the dwarf galaxy was of the order of 70 kms~!. We have also inspected different snapshots of
different epochs of the encounter and measured randomly the velocity dispersion of the long tails
produced in the simulation due to the interaction of the dwarf galaxy and the large early-type
companion and found that typically the velocity dispersion of random groups of particles was of
the order of 60 kms~! or below. Our test consisted to extract randomly a number of particles of
the Galmer dwarf galaxy consistent with the original GC+PN population of a dwarf galaxy (of
the order of 100) and add these particles to our simulation to ask the algorithm to find this new,

more realistic substructure. In this random extraction most of the particles were picked from
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the part of the tidal tail close to the bulk of the galaxy, but there were also particles belonging
to the long plume emerged from the dwarf at the beginning of its interaction (see Fig. 4.14
and 4.15). To check closely our results, we have located the Galmer dwarf center (in a late
stage of disruption) in positions which were compatible with the ones of the real dwarf galaxies
from Munoz et al. 201517] Even in this case the algorithm succeeded to recover the simulated
substructure. Depending on the parameter set-up, it mainly recognized the particles close to the
dwarf center (hence stripped recently) as part of the stream (like the case of S2, S3 and S5 we
have found in the real phase-space of the Fornax core), but in some cases also the particles of
the far part of the stream which are not closely associated to the progenitor dwarf and that live
tens of kiloparsec apart from the current position of the dwarf system. This latter result shows
that, in principle, the algorithm has the ability to detect also isolated substructures left behind

by the dwarf systems even Gyrs before the current epoch of observations.

In synthesis we are confident that most of the cold kinematic substructures found with this
method have a physical origin, likely they are remnants of a past or recent encounter between a
dwarf and the c¢D. This method is thus very useful to detect candidate debris of merger events,
further observations in the regions identified by these cold substructures should be performed in
order to better investigate and analyze these remnants and hence obtain important informations
on the mechanism that lead the evolution of the galaxies. This method can also be useful to
research, close the positions of the cold substructures, the low-surface brightness galaxies that

might be hard to detect even with deep photometry.

As anticipated, we foresee interesting developments of this work, especially in the perspective
of confirmation of the new finding. First, we do not think that the search of stream candidate is
over in the area. For lack of time we tried to lift up the threshold of the dispersion substructures to
60 kms~! and found no new candidates, but we did not try to get to 70 kms~! (which according
to some preliminary test can still give a reasonably small amount of spurious structures and
possibly look for more energetic streams). Second, and more important, the spectroscopy of
the dwarf galaxies likely associated to the streams S2, S3 and S5. By comparing their systemic
velocity and the kinematics of the particles I have associated to the stream, it will be possible 1)
to confirm that the latter is dynamically connected to the close galaxies and 2) try to infer the
orbits of the stream and the dynamics of the impact. Furthermore we can refine the selection
of GCs and PNe in the area to see whether there are more particles tracing the stream and
the dynamics of the dwars, which will be very useful for the comparison with simulations (see

below). A third line of development in the Fornax core is to investigate deeper the low surface
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brightness features in the galaxy halo and the presence of missed LSB systems or compact object
closer to the galaxy center. This can be done by performing an accurate 2D model of the c¢D
and subtract this from the deep FDS images in order to have a clean residual image where such
faint populations can be seen with higher contrast. This will make the association of our orphan
stream candidates with some unseen satellite possible and finally demonstrate the effectiveness of
the machinery we have put together. A fourth and very promising development can be to make
more detailed comparison with hydrodynamical simulations, possibly more updated and better
calibrated to the Fornax core than Galmer. This will give insight on the possible association of
the detected streams (if confirmed) with their progenitor galaxies and possibly reconstruct the
recent accretion processes of the cluster core.

With this thesis we have moved the first steps to develop a tool for stream hunting in phase-
space of discrete kinematical tracers, to be used for next observational campaign. Stellar streams,
indeed, are expected to become a useful and popular tool to constraint the models of the galaxy
evolution in dense environments such galaxy clusters, in particular to help to understand the

recent mass assembly history of the large central dominant systems.



Appendix A

Theory of the merger

In this section I present the theory laying behind the encounters of galaxies and some of their ob-
servable consequences; a detailed analytic description of this theory is discussed in the "Galactic
dynamics" by Binney and Tremaine, thus I refer to this book throughout the whole section.
Sometimes can occur that two or multiple galaxies falling towards one another; this event
has remarkable consequences on these systems. Encounters can change the morphology of the
galaxies, their kinematics, the star formation rate, leaving a system completely different from the
original ones. The final effects of this interaction depends on many parameters, as the relative
orientation of the velocity of the galaxies involved, their morphology, their mass ratio and many
others. Sometimes if the relative velocity of the two galaxies is small enough, the collision ends
with a merger, at the end of which there is a single stellar system. These events are the most
violent interactions between galaxies, changing permanently properties of the systems involved.
Therefore the mergers are a critical ingredients to understand the theory of the galaxy evolution.
The dynamic of the mergers is very complicated, and it is an area still under investigation. We

can divide mergers into two main types:

e Major merger: This is a collision between two galaxies with a comparable mass. The

final product is a single stellar system very different from the original.

e Minor merger: This event occurs when a galaxy is much more massive than the other
one. Usually, in this case, the smallest galaxy is completely destroyed, whereas the massive
one is almost unchanged.

During a major merger the gravitational potential change very quickly, influencing strongly the
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orbits of the stars, that completely lose memory of their previous motion. This process is called
violent relazation., during which energy of the ordered motion is transferred to the random
motions of the single constituent of the galaxies. This conversion is so rapid that the whole
process has a duration of about few crossing times, thus studying them analytically is very
difficult and it need numerical simulations.

Arp produced in the 1966 a catalogue of peculiar objects made of 338 galaxies that have very
unusual structures. Although it wasn’t know the real nature of these galaxies, now it’s clear that
most of them are colliding systems; hence observing these galaxies may be useful to understand
some of the observable signatures of merger events. In the figureA.l there is an example of
galaxies belong to the Arp’s catalogue, a system called "Antennae" due to the pattern of these
colliding galaxies. The tails very evident in the figure are one of the most important signature
of a major merger event, they extend for over 100 Kpc. In 1972 Toomre & Toomre showed that
tails are the results of a merger between two disks galaxies of comparable size, long tidal tails are
narrow because baryons come from stellar system with a low velocity dispersion, those belong to
the disk. Tails are also present in minor mergers, when a satellite collide with a larger galaxy.
The physical process that play the dominant role when two systems of unequal mass collide, is
the dynamical friction, that is a frictional force on a moving body opposite to the velocity, due
to gravitational interactions with other systems (Chandrasekhar 1943). This process leads orbits
to decay and to shrink progressively, while at the same time tidal effects rise. As the strength
of the tidal forces increase, as many stars and globular clusters are stripped from the satellite,
enriching the intra-cluster medium or the stellar population of the massive galaxy (this explains
the higher specific frequency Sy observed in some galaxies). Usually at the end of this process
there is the total destruction of the lighter galaxy, a process known as galactic cannibalism;
sometime its core survives and continue to orbit around the massive galaxy. It is possible that
some of the greatest globular clusters or some of the ultra compact galaxies are the remains of
a galaxy in a merger event. Some examples of minor merger are satellites of the Milky Way.
The dynamical friction formula was derived from the first time by Chandrasekhar in 1943, here
I report the formula derived in the approximation of a test body of mass M, moving through a
cloud of smaller stellar systems of individual mass m, (m, < M), that are members of a huge

systems of mass M’ > M. In this case:

d
M 747702MmanlnAv—3M (A1)
dt Uy

where n is the density of the stellar field, G is the gravitational constant and A is the Coulomb
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Figure A.1: The interacting galaxies NGC 4038 and NGC 4039, the Antennae. This is an overexposed image to emphasize
the low surface-brightness tidal tails. The distance from the overlapping blobs at the center to the bright star above and

to the right of them is 40 kpc. Image taken from the Binney & Tremaine
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term. From this formula we can see some interesting features about the dynamical friction:

e The frictional force is inversely proportional to the factor vZ;, so diminishes quickly with
increasing of the relative velocity. This is in contrast to the drag of a body moving through

a fluid whose friction is proportional to the velocity.
e The frictional drag is proportional to the density n of the surrounding medium.

e The frictional force is proportional to the mass M of the body; thus lighter satellites feel a
lower drag. Since dynamical friction has a small effect in minor mergers, especially when
the mass ratio between the two galaxies is Mgat/Mpost < 1/50, the material stripped from

the satellite preserve much of its initial angular momentum and kinetic energy.

The most important effect of the dynamical friction is the decay of the orbit of the satellite galaxy,
as I mentioned before. As the orbit decay tidal forces become strongest and as many as stars and
globular clusters are stripped from the outskirts of the galaxy, leading to filaments or sheets or
tidal streamers. As time passes these substructures will disperse and the stars could spread and
give rise to shells like structures. All these structures are the most important signatures of minor

merger events, so their research is very important to probe dynamical effects of an encounter.
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