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Zusammenfassung

Diese Studie untersucht die Rolle der Akkretion kleinerala@ien in der Evolution der zentralen
Galaxien in Galaxienhaufen. Kosmologische Simulationgsueen uns die Entwicklung der
Galaxienhalos in Galaxienhaufen genau zu untersuchen.zegien, dass die Bildung eines
ausgedehnten Halos um die zentrale Galaxie eines Haufehslas'‘intracluster light’ (ICL)
stark mit der morphologischen Transformation der Galaxreden Haufen zusammenhangt.
Auf Grund der sehr niedrigen Oberflachenhelligkeit der omenten ist es jedoch schwierig,
diese Hekte in Beobachtungen zu bestatigen.

Diese Arbeit beschaftigt sich mit der Lichtverteilung whelr Bewegung der Sterne im Halo
der elliptischen Riesengalaxie M87 und mit der sie umgebeth@ Komponente im Zentrum des
Virgo Haufens. Virgo ist die uns nachste groRraumigel@tm ein junger Haufen von Galaxien
mit Substrukturen in der raumlichen Ausdehnung und decBemdigkeitsverteilung. M87 hat
eine der altesten Sternpopulationen im nahen Universuireuimen Halo aus Sternen, welcher
etwa 70% des gesamten Lichts der Galaxie/his= 27 magarcseé beinhaltet. Des Weit-
eren wurde in tiefen Bildern des Zentrums des Virgo Haufensaesgedehntes Netzwerk von
Gezeiten-Strukturen entdeckt, welche darauf hindeutass die Massenaufnahme der Galaxie
durch Akkretion noch andauert. Daher eignen sich M87 undrdefmgebung hervorragend fur
die Untersuchung der hierarchischen Massenzunahme vokt@&n im Universum.

Diese Arbeit verwendet neue Photometriedaten des Supiame@ Subaru Instruments und
Spektroskopiedaten des FLAMES@VLT Instruments, um eirgelfg von ca. 0.5 dégm
Ubergangsbereich zwischen Galaxienhalo und ICL in M87 zersochen. Dazu verwenden
wir planetarische Nebel (PN), deren starke [O1BP07 A Emissionslinie sie zu hervorragenden
photometrischen Indikatoren fur die Kinematik in den Rgetnieten der Galaxie macht.

Die photometrische Analyse der PN zeigt eltleerlagerung zweier Sternpopulationen von
Halo und ICL. Dies wird durch spektroskopische Beobachemrder PN bestatigt, deren Verteilung
im Phasenraum auch zeigt, dass Halo und ICL zwei verschee@eschwindigkeitsverteilungen
aufweisen. Die beiden Populationen haben sehr unterdidedaumliche Verteilungen und
\Vorganger-Sternpopulationen. Dies geht aus den Eigafiechinrer PN-Population hervor, wie
etwa dema-Parameter und der Steigung der PN-LeuchtkraftfunktiddL{®. Die verschiede-
nen alpha Werte und PNLF Steigungen sind konsistent mittaaead blaueren Farben hin zu
grolRerem Radius und mit einem Gradienten in der Metalizitit hoheren Werten im Halo als
im ICL.

In dieser Arbeit liefere ich mit Hilfe von photometrischemdikinematischen Daten Evidenz
fur ein Akkretionsereignis, welches den auf3eren Halo M&T nachhaltig verandert hat. Die
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andauernde Verschmelzung und Integration dieser GalaxiRdxlien grosser als 60 kpc spiegelt
sich in der Kinematik der PN im Halo wieder. Dies zeigt wie kdex die Dynamik dieses
standig noch anwachsenden Systems ist.

Damit ist der Beweis mittels Beobachtungen geliefert, das¥/irgo Haufen sowohl die
zentrale Galaxie als auch das ICL durch die Akkretion klen&ysteme weiter anwachsen. Je-
doch handelt es sich bei Halo und ICL um dynamisch getrenategbnenten mit verschiedenen
Geschwindigkeits- und Dichteverteilungen und verschiedé/organgersternpopulationen.

Ob diese Erkenntnisse Uber M87 auch fur Galaxien in amd@&edlen des Virgo Haufens
zutrefen, ist eine @ene Frage und wird das Thema einer meiner zukinftigen &tusdin.



Abstract

The work presented in this thesis studies the role that aoorevents play in the evolution of
galaxies in dense environments, such as galaxy clustem@ogical simulations allow us to
study in detail the evolution of galaxies’ halos in clustavieonments and have shown that the
formation of extended halos around central cluster gasaainel intracluster light (ICL) is closely
correlated to the morphological transformation of galaxreclusters. However, the extremely
low surface brightness of these components makeffiitdli to gather observational constraints.

This thesis studies the light and stellar motion in the hdlitne giant elliptical galaxy M87
and its surrounding IC component at the centre of the Virgistel. Virgo is the nearest (
15 Mpc away) large scale structure, a young cluster charseteby both spatial and kinematic
substructures. M87 has one of the oldest stellar popukiiothe local Universe and a stellar
halo that contains- 70% of the galaxy light down tey, = 27 mag arcseé. Moreover, deep
images of the Virgo cluster core have revealed an extend®ebrieof tidal features suggesting
that accretion events characterise its mass assembly., M8k and its host environment are
prime targets to shed light on the hierarchical assemblyrottire in the Universe.

This work uses new Suprime-Cam@ Subaru photometry and FLA®IELT spectroscopy
to study a~ 0.5 ded area around M87, in the transition region between galaxy &iadl ICL. We
use planetary nebulas (PNs) as tracers, whose strong [B0)7 A emission line makes them
excellent photometric and kinematic probes, also at laigfaices from the galaxy’s centre.

The photometric analysis of the PN sample shows the supé&goosf two stellar popula-
tions, both halo and ICL. This is confirmed by spectroscdpiaietected PNs, whose velocity
phase-space also reveals that halo and ICL split into tfieréint kinematic components. They
have very diferent spatial distributions and parent stars, as indichyethe properties of the
PN populations they are associated with, such astharameter and the slope of the planetary
nebula luminosity function (PNLF). Thefierenta values and PNLF slopes are consistent with
a gradient towards bluer colours at large radii and a gradiremetallicity with higher values
associated to the halo with respect to the ICL. In this worlkd give photometric and kinematic
evidence for an accretion event that has caused an impaoniadification of the outer halo of
M87. The ongoing assembly of this galaxy at distarRes60 kpc is also shown by the overall
PN halo kinematics, reflecting the dynamical complexity sfithgrowing system.

In this thesis | give the observational proof that in Virge tbentral galaxy and the ICL
both evolve through the ongoing accretion of smaller systehtiowever, stellar halo and ICL
are dynamically distinct components witHferent velocity and density distributions, and parent
stellar populations. Whether or not these conclusionsraeefor diferent galaxies in dierent
Virgo subclusters is still an open question and the topicef of my planned future studies.
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Chapter 1

Introduction

According to the current theory of structure and formatiéthe Universe, cosmologists place
its formation~13.8 billion years ago, after which the Universe has beemmding ever since.
Structure formation arises from gravitational instat@itamplifying perturbations in the cold
dark matter (CDM) density field in such an expanding system. At early times #wupba-
tions were linear in amplitude, and well described by a Ganssandom field with a known
power spectrum (the CDM power spectrurf) Eegmar_ls_el_dl.L(ZQ_(M)). At later times, density
perturbations became nonlinear and collapsed into gtevnitaly bound systems. The shape
of the ACDM power spectrum is such that structure forms from thetdootup”, with smaller
masses virialising first and subsequently growing by ammeand mergers(Peebles 1093:/pea
). Thus, galaxy clusters correspond to the collapdeedfirgest gravitationally bound over-
densities that happened rather recently (sine€d zand are therefore unique laboratories to study
the mechanisms leading to the evolution of galaxies andstatedels of gravitational structure
formation.

Only a small percentage of the total galaxy cluster mass tearform of baryonic matter.
Galaxy clusters are in fact embedded in extended DM halasdirectly influence the properties
of the cluster itself such as mass function, that describesittmber density of clusters above
a threshold mass, and clustering properties. Hence, ougrsitahding of the formation and
evolution of baryonic matter depends on an understanditigeo$tructure and formation of DM
halos.

There are several models that have been adopted to deswibdt density profile. Assum-
ing that the virialised halos resemble isothermal sphéedénsity profilep(r), can be modelled
as:

o(r) ocr2. (1.1)
Although masses predicted by this model are in good agreemignstudies of gravitational

1CDM particles account for most of the matter budget in theverse, they are non-relativistic (cold), and
interact very weakly with the electromagnetic radiatioar{d.

2ACDM is based on a cosmological constat,which is currently associated with a vacuum energy or dark
energy in empty space that is used to explain the contempacaelerating expansion of space against the attractive
effects of gravity.
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lensing phenomeRdKoopmans et al. 2006), deviations from this model may beetgrl when
the hypothesis of spherical collapse is not verified. N-bsidyulations in aACDM cosmology
predict, indeed, that the DM density distribution devidtesn ar-2 law, i.e. shallower at small
radii and steeper at larger radii. Hence, the DM density lerafibetter described by the so called

NFW law (Navarro et al. 1996) of the form:
p(r) _ dc
Perit N (r/r@+r/re?
wherepgir = gTHé is the critical density of an Einstein-de Sitter Universe, ithe amount of
matter required for the Universe to be flatjs the scale radius, and
Oc = Qc 3/In(1 + c—c/(1+0))] (1.3)

is the characteristic density contrast (dimensionlessvéxo et all 1997). In additiorH is
the Hubble constant, G is the gravitational constant@rgdthe concentration parameter. The
concentration parameter is proportionalrtgo/rs, wherer,q is the radius within whichp(r <
I200) = 20Qv¢it. The enclosed mass of a NFW profile is then given by:

(1.2)

CX
M(r) = 47pel [Inl - ] 1.4

( ) TOcrit 55C(C) ( + CX) 1+ cox ( )

wherex = -. Masses derived assuming such a profile are in good agreanikix-ray and lens-

ing mass estlmateé (Vikhlinin etlal. 2005; Rratt 2006; Zheingl. 2007| Mahdavi et al. 2008).

Thus, the NWF model gives a consistent description of thke deatter halo density structure.
When not considering the DM component, baryonic matter titomass only ~16%-14%
(Komatsu et dl. 2011; Gonzalez et lal. 2013) of the clusteterdn The major baryonic com-
ponent is in the form of hot, X-ray emitting gas, or intrackranedium (ICM), that permeates
the cluster potential, while stars and galaxies cover ofdyvgercent. Moreover the baryons dis-
tribution amongst the various components in a cluster castcain models for cluster assembly
and cluster galaxy evolution. For example, the partitigrbetween ICM and stars tell us about
the dficiency with which baryons are converted to stars in massal@st(i.e., of star formation)
and the role that the halo mass play in suéiiceency (Bryan 2000; Lin et al. 2003). Finally,
the relative contribution in light between satellite gadess brightest cluster galaxy (BCG) and
intracluster light (ICL) provides stringent tests for mtsdef cluster galaxy and galaxy luminos-

ity function evolution 7: Purcell et/al0at Behroozi et al. 2013; al.
).

1.1 Optical properties of galaxy clusters

Classification schemes

The interest in the study of galaxy cluster properties inlgs¢ century led to the creation

3In a simplistic way this technique is based on the gravitetionteraction between the radiation emitted by
a source and the gravitation potential generated by aldision of matter interposed between the source and the
observer. The number and shape of the distorted images aselddo measure the mass of the lensing object
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Table 1.1:Typical Properties of Clusters and Groups flom Bahtall €)99

Property Rich clusters Groups
and poor clusters

Richness 30-300 galaxies 3-30 galaxies
Radius (1-2n"* Mpc (0.1-1)h™* Mpc
Radial velocity dispersion 400-1400 knits 100-500 km st
Radial velocity dispersion ~ 750 km s* ~ 250 kms?
(median)

Mass ¢ < 1.5h~% Mpc) (104x10"%%ht M,  (10'25-10*)h7t M,
Luminosity B) (1017-1027)h 2 L, (10195_10)h2 L,
(r < 1.5h7 Mpc)

(M/Lg) ~ 300h My/Le ~ 200h My/Lg
X-ray temperature 2-14 keV < 2keV

X-ray luminosity (1625-10®%)h2 ergs! < 10®h2ergs?

Cluster number density (1®-10°)h® Mpc3 (102-10%)h® Mpc2
Cluster correlation scale  (224)h* Mpc (R>1) (13+2)h1 Mpc

Fraction of galaxies in ~ 5% ~ 55%
clusters or groups

he %Eical range in the listed property or the median vadugiven.

aT
Se Il 6) and reference therein for more details.

of several classification schemes based on optical sur¥gsfirst morphological classification
came fron@IIB) which distinguished betweegular andirregular clusters according
to the degree of circular symmetry. He then distinguishdéd/®&en them based on their richness,
where arich cluster contains, within aradiusefl..5h~! Mpc?, at least 50 members brighter than
ms + 2™, wheremny is the magnitude of the third brightest cluster mem@@). Later on
Zwicky et al. k;9_6_|1) classified clusters esmpact, medium compact and oatording to the
distribution of galaxies. A more specific classificationette includes the Bautz-Morgan (BM)
system|(Bautz & Morgan 1970) in which clusters are classtiizsed on the relative contrast of
the brightest member galaxy (from Type | to Type Il it goesnir clusters with one dominant
brightest cluster galaxy to clusters with no members sicgnitfily brighter than the general bright

population); and the Rood-Sastry (RS) systém (Rood & S which classifies clusters
based on the distribution of the ten brightest members. |l @4) classified clus-

ters by galaxy content in cD clusters, with one or two domireh galaxies (see next for the
definition of cD galaxy), spiral rich and spiral poor cluster

Several of the cluster properties are correlated with tee@ated classification type. Regular
and cD clusters are characterised by a spatial distribtitiatns circular symmetric and smooth,
with space density that increases rapidly towards theeethe cluster. Spiral rich and irregular

4This value correspond to the Abell radiRs= 1—Z7 wherezis the cluster redshift
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clusters are not symmetric and have no or little concewinatin addition to this, more physical
guantities such as the line-of-sight (LOS) velocity dispem, cluster mass, and amount and
properties of the X-ray emission are associated to tfferént classification types. In Talhlel1.1
the main properties related to cluster’s richness are sumseth.

Galaxies in clusters: morphological types
Galaxies were first classified based on their single-colaupimological properties by Hubble in

the 1920’s. The classification, shown in Hig.]1.1, followeskguence of increasing complexity
from ellipticals (EO-E7) to lenticulars (S0), to spirals{Sc), to irregulars (Irr). Elliptical galax-

Figure 1.1:Hubble scheme of morphological classification of galaxies.

ies, lying on the extreme left hand part of this sequence pinerscal or ellipsoidal masses of
stars with smooth and featureless light distribution tbdirst approximation can be described
by the Sérsic law (see Selct. 1.4 for more details),

I(R) = leexp(-R/Re)"/" — 1, (1.5)

wherer, is the dfective radius within which half of the total light is contanh andh is an index
that controls the concentration of the light. Moving alohg Hubble fork spiral galaxies are
subdivided into Sa-Sc classes based on the prominence oéthel bulge, the gas content and
the wrapping of the spiral pattern. From the 'a’ to the 'c¢’sdat goes from systems with a
large bulge component with respect to the disk, tightly wbband smooth arms, to systems with
a small bulge compared to the disk, loosely wound and lumpysawith star-forming regions.
Spirals can present a barred structure and for an analodglysy#items without a bar they are
indicated with the labels SBa-SBc. As for the spiral galsx&®s follow many trends along
the Hubble sequence originally defined by morphologicakapgnce, i.e. the bulge component
getting less prominent and the disk component and spirattsire getting more pronounced
from early to late-type galaxies. The light distributionggfirals and SOs’ disks is observed to
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have an exponential profile of the form:
I(R) = loexd-R/R), (1.6)

wherelg is the central surface brightness (SB), agds a scale length. Galaxies that do not
fit into the Hubble sequence are called Irregulars. Origgnddubble interpreted (incorrectly)

Figure 1.2:Examples of galaxies’ morphologies. a) Hubble image of thetglliptical galaxy ESO 325-
G004 in Abell S740 cluster. North is left, East is bottom; I)G&B image of lenticular galaxy NGC3115,
4.8° north of Lambda Hydrae. North is right, East is top; ¢) Hulibiage of the spiral galaxy NGC 5457
that lies in the northern Ursa Major constellation. Northdp, east is to the left; d) Hubble image of
irregular galaxy NGC 1427A passing through the Fornax eluddorth is left, East is bottom.

his diagram as an evolutionary sequence for galaxies,rirefeto galaxies towards the left of
the diagram (E) as early-types and those towards the riglain(SSB) as late-types This
terminology is widespread today, with SOs and Es usuallgistlias one class of objects under
the label of early-type galaxies (ETGS).

SThe adjectives ‘early’ and ‘late’ were used to describe tative positions in the morphological sequence.
The direction from simple to complex forms was chosen fromghecedent of stellar spectral types, where early
types (OrB stars) generally have more simple spectral features ttartypes (KM stars). Ironically, the spectra
of early-type galaxies are generally dominated by latextstellar spectra and viceversa.
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Galaxy Luminosity Function

The relative fraction of ellipticals, SOs, and spirals insters is usually represented by the lumi-
nosity function (LF), that defines the number of objects iragtipular range of luminosity. The
total number of galaxies in a given cluster is then given lgyghm over the individual luminos-
ity functions of each Hubble type. The most common analyfmanula used to fit the galaxy
cluster luminosity function was proposed by Schechter € @nd has the form:

#(L)dL ~ Loexp(~L/L*)d(L), (1.7)

wherea determines the faint end of the LF, ahd represents the characteristic luminosity of
cluster galaxies (also quoted as the ‘break’ pointin the erent values ok, L* and diferent
steepnesses of the bright end of the luminosity func @8) are observed foftdr-
ent cluster morphologies, reflecting a dependence on thioenvent of the particular sample of
galaxies. While a variation ia andL* may be related to variations in the condition of the cluster
at its formation, variations in the steepening at the bragid may be the result of evolutionary
changes. How dierent Hubble types are distributed in galaxy clusters lethMie & Sargert
(@% to define the so called morphological segregatiagraing to which the inner regions of
clusters are typically populated by ellipticals. Later Exier l(19_8 ) found a correlation between
the fraction of diferent morphological types and the local projected galaxitg concluding
that galaxy morphology is a function of local clusteringhetthan global conditions related to
cluster environments. Several mechanisms have been mpmsxplain the observed morpho-
logical segregation. Among them there are gravitationdl laydrodynamical interactions that
will be described in Sedt. 1.2.

Brightest cluster galaxies and cD galaxies

The most luminous galaxies in rich clusters, or brightasster galaxies (BCGs), are ellipticals,
and some of these are classified as cD, i.e. they are chasactély an extra-large extended and
diffuse envelope with a shallow brightness gradient (Matthé\at|@964] Binggeli et al. 1988).

They are located at the cluster centre, and they are amomgdseluminous and massive galax-
ies in the Universe. Being at the bottom of the cluster padéwell, these objects are close to the

peak of the X-ray emission (Rhee & Latour 1991: Lin et al. 2(Referty et all 2008). They are
essentially at rest at their cluster centre (Zabffigoal. 1990; Oegerle & Hill 2001), even though
cases of central galaxies with peculiar velocities have lidxserved, suggesting that mergers of
two clusters is in progress (Oegerle & Hill 2001). Despiteitispheroidal morphology BGED
galaxies often lie fi the physical relations that describe other ellipticalsrfBedi et all 2007).
Their extreme luminosity makes them too bright to be drawrhgysame luminosity function
as cluster ellipticals (Dressler 1978; Bernstein & Bha\2g01), and the observed velocity dis-
persions at larger radii are lower than what is predicted &lyelJackson-Kormendy relations
(von der Linden et al. 2007; Bernardi etlal. 2007; Desroches €007). Moreover, they are in
general larger, more massive and have higher velocity digpes than non-BC@D ellipticals

i 7). A recent analysi %J;L_(b@hb)/ved that BCGs are also more
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likely to host active galactic nuclei than other galaxieshedf same stellar mass, making them
linked to the quenching of cooling flowand star formation in clusters.

Their observed properties and their position at the bottbitmeopotential well of clusters, im-
ply that the evolution of BCGsD might be diferent from galaxy evolution in general, and more
htly connected to the formation and evolution of the tBusas a holel (De Lucia & Blaizot
Egﬁ). Several formation mechanisms for BCGs have beeropeap In the next sections | will
describe some of the processes that have been proposediag drechanisms of formation of

the BCGs and of galaxies in general.

1.2 The evolution of galaxies in clusters

Galaxies formation scenarios are popularly divided into wfferent classes: the so-called
monolithic collapsel( Larsa)mM) and hierarchical faiorg usually inserted in theaCDM
paradigm L(Q_Ql_e_e_t_éL_ZQbO). The original model of monaotitbollapse assumes that early in
the Universe’s history galaxies collapsed to form stargiwvia very short period of time<(L00
Myr) with star formation rates of 2010°M,, yr1. This would create massive galaxies that there-
after passively evolve in luminosity with no further starrf@tion. This model is now ruled
out as consequence of observational and theoretical emstr Observationally, both the re-
cent star formation observed in ellipticals and the vargggs of diferent components observed
for example in our own Galaxy, reject the idea that all pafthe galaxies formed at the same
time. Theoretically, ACDM cosmology predicts ‘bottom-up’ structure formatiortheer than
‘top-down’.

In hierarchical models, structures form in a bottom up,dmemnical manner by which smaller
fragments merge together to form more massive systems. diheent signatures in the hierar-
chical scenario depend on the time evolution of the mergateg; if mergers were most frequent
at high redshifts, as predicted by present-epoch cosnuabgiodels, signatures should be sim-
ilar to those of dissipative (monolithic) collapse. Moreeat mergers and tidal disruptions
would result in flatter metallicity gradients, and a sigrafit fraction of young or intermediate-
age stars. According to the hierarchical paradigm, moss$ stee thought to be born in disks
while stellar spheroids arise as the remnants of subsequener events (Mihos & Hernguist
11996; Abadi et dlliOﬂ)S). Gradual accretion of cooled gasfiilee hot gaseous halo will result
in a newly formed disk around the spheroid. The ‘anti-hiehéral’ observations of younger
ages for low mass galaxies are explained in modern thedriee@rchical merging by the use
of feedback mechanisms (De Lucia etlal. 2006). As well, corcef too few disk-dominated
systems in hierarchical predictions compared to obs@mattan be improved by accounting for
the role of gas in mergerb_(,H_kalns_eiLa.L_ZOOQ).

In a Universe where hierarchical formation is predictegdesal mechanisms have been pro-
posed to drive the formation afwt evolution of diferent Hubble types in clusters, the most
popular one involving galaxy-galaxy, galaxy-cluster poi@ well,and galaxy-ICM interaction.
| give here a brief overview of the proposed processes.

5The quenching phenomenon describes the observationarmddhat some galaxies reach a point in their lives
when their star formation is turnedfo
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Gravitational interactions;

Mergers are gravitationally bound interactions between galaXiésen the masses of the merg-
ing galaxies are comparable, a major merger is occurringnttiaesult in a remnant with prop-
erties significantly dferent from either progenitors. Such major-mergers areghioto be re-
sponsible for the formation of spheroidal galaxies from@xesting galaxies, also disk-like. As a
conseqguence of the fast fluctuations in the gravitationt@i@l, the process of violent relaxation
(Lynden-Bell 1967} Tremaine et al. 1986) can turn orderedions seen in disks into random
motions observed in spheroidals. However, spheroidatsitraze from major mergers of purely
stellar disk systems, are not ellipticals, and are chariget by too low phase-space densities
(Hernquist et dl. 1993). Mergers between gas rich galaxiesiet mergers, are then required
to explain the formation of higher phase space density, @apithsence of gas allows for energy
dissipation from gas frictiorL(RQb_Qr_ts_Qn_QtLaL_ﬂOO6). Hearevery gas rich systems can lead
to the formation of a disk after the merger is o i ' ; al.
). When one of the two galaxies is significantly more mvashan the other, the process
is called a minor merger. It has been shown (Bournaud| et 85;2Bomerville et al. 2008) that
the higher the mass ratio, the more likely the process wilrdg any disk involved in the in-
teraction to leave a spheroidal object. Viceversa, the idiwe mass ratio the more probable is
that a disk remnant will be left in place. Numerical simwas predict that only very massive
systems, like BCGs, are going to experience mergers up tames in their dynamical evolution

history (De Lucia et & 6; De Lucia & Blaiz 07). Fotaydes with a mas$/1 < 10''M,,

mergers are more rare events that will happen at most once.

Harassmentis another possible mechanism of galaxy evolution in chsstloore et al.[(1998)
proposed that the evolution of cluster galaxies is govelmethe combined féect of multiple
high speed galaxy-galaxy close encounters. The multiptewanters heat the stellar component
increasing the galaxies’ velocity dispersion and decnggssieir angular momentum, meanwhile
the gas sinks towards the central regions producing a s&rbDuring this process, a galaxy
may lose an important fraction of its original disk stellapplation. This mechanism is more
effective in low-masgow-surface brightness galaxies than in massive objedts stiong disks
and deeper potential wells. This process would then be nsdple of the transformation of low

SB systems into dwarf galaxieéMoore et all 1999; Mayer et al. 2006).

Tidal Destruction is a galaxy-galaxy or galaxy-cluster interaction, in whashorbiting satellite
in the galaxygalaxy cluster potential will experience tidal forces whinay strip away its outer
regions@)_e%ﬂ 3). In extreme cases, the satellitetilendistrupted resulting in tidal tails
and debris| (Toomre & Toondre 1972). In this type of interattibe key parameter is the tidal
radius defined as the radius at which the stars within thédlisatere stripped becoming bound
to the host galaxy about which the satellites orbit. Recemberical simulations have shown
that the tidal radius depends not only on the potential ohttst galaxy and on the potential and

"Each Hubble type galaxy has its dwarf counterpart, that isi@mnsmaller system with similar physical proper-
ties.
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orbit of the satellite galaxy, but also on the orbits of trerstvithin the satellite. They show that
particles on prograde orbits are more easily stripped thaset on radial orbits which are in turn
more easily stripped than those on retrograde StiRead et al. 2006a).

Hydrodynamical interactions:

Ram-pressure gas-stripping scenaritnas been proposed as a possible path that could transform
galaxies in clusters (Gunn & Gott 1972), for example spinale SOs. When a galaxy passes
from the field to the cluster environment, the pressure dukddot ICM can remove the cold
gas from the disk, producing a fast truncation of the stanfdfon. On the other hand, galaxy-
ICM interaction may also be responsible for a temporarydase of star formation particularly

on the side where ram-pressure compresses galaxy gas ¢ressler & Gunin 1983).

1.3 Intracluster light (ICL)

ICL formation mechanisms and physical properties

A fraction of the baryonic content in a cluster is represeriig the ICL, i.e. a stellar compo-
nent that is gravitationally unbound to cluster galaxieg,dound to the cluster potential. Even
though the diuse light was originally thought to come from the tidal fad¢bat member clus-
ter galaxies experience because of the cluster potentatral formation scenarios have been
proposed as possible mechanisms that add stars toftheallight, and the role of interactions
between member cluster galaxies in producing the IC commoren be quite important. In
addition to tidal interactions between galaxies and thsteluyotential (Gne |@b3) stripping
due to high-speed interactions between cluster membexigaléMoore et al. 1998), stripping
during the first collapse of the clustmlL 84), atripping within galaxy groups accret-
ing onto the cluster (Rudick et al. 2006) are all processaiscén contribute to the production of
the IC component (Rudick etlal. 2009; Watson & Cofiroy 2013idrte et all 2013). Moreover,
several recent studies have shown the importance of galaxgers in the building up of the
ICL. Numerical simulations show that disrupted sub-haks deposit up t6-50% of their stars

into the ICL (Murante et al. 2007; Conroy et al. 2007; Lidmaale2012). Finally, a portion of

intracluster light may come from in-situ star formation, ewin stars form in cold gas clouds
stripped from infalling substructures (Puchwein et al. @0doshida et dl. 2002). In a complex
environment, such as a galaxy cluster, it is plausible thahe@se processes are involved in the
building up of the ICL and that the IC component follows#feient paths of formation depending
upon the dynamical evolution of that particular clusterl{kvan et all 2004; Rudick et al. 2009).
Hence, the ICL is thought to be intimately linked to the dymzahhistory of the cluster, and its
observable features, such as colour, metallicity, radyak Idistribution and kinematics, contain
a great deal of information about evolutionary processexeQC stars have been built up pre-
dominantly by tidal stripping, a gradient in colour and niietiy is expected. The disruption of

8Retrograde motion is the motion in opposite direction tortfaén system. On the contrary, particles on prograde
motion, orbit in the same direction of the system.
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low mass satellites, which are metal-poor from the pointiefwof the mass-metallicity relation,
can occur at larger radii than more massive systems. Morgeibibe satellite is characterised
by a radial metallicity gradient the tidal forces will stiipe most tightly bound stars (hence the
reddest) at smaller cluster radii closer to the bottom opthtential well. Alternatively, if the ICL

is the consequence of a merger event, the more massive tiggnmealaxy is the more metal
rich the ICL component is expected to be, while the in-siturfation scenario would change the
mean age of the IC component.

ICL fraction and distribution

Despite its dynamical definition the ICL is usually identifien the basis of its photometric prop-
erties. First identified by Zwicky (1937, 1952) in the formfaint and irregular distribution of
stars, due to its low surface brightnesses (its peak in Sgspond to~ 1% of the brightness of
the night skyl(Vilchez-G6 maz 5599) only the advent of CGDtpmetry allowed it to be studied
in a more quantitative way. Nowdays, observational anslysplement mostly two methods to
identify the ICL component. The first defines a fixed surfadgtiness limit (Feldmeier et al.
2004a; Mihos et al. 2005; Zibettj etlal. 2005) and the optiigait coming from the outside of
such boundaries is attributed to the ICL. The second segsaitaé ICL from the remaining galaxy
component by modelling the SB with a two component fit, andhtifigng the ICL with the
less concentrated profile (Gonzalez et al. 2005; Seigai €08I7). Moreover, the availability
of individual stars in the ICL such as supernovae (Gal-Yaal/€2003), red-giant branch (RGB)
stars al. 1998; Durrell et al. 2002) , and PNsdBoldi et a]m%

20044 _2004; Gerhard etlal, 2005; Agueral£2005 blenleLgJJa_el_dLZQil)
made it possible not only to analyse its photometric progerbut also to gather information on
the kinematics of this diuse component, that allow a less ambiguous definition to lsem@&so,
there is evidence that blue globular clusters (GCs) tragéGlstellar populatiormm.
2004 Durrell et al. 2014), even though it is not clear howlredy trace the light and hence its
parent stellar populatioh_(Q_o_cgaIQ_elLa.L_ZOls).

Even though the ICL is now believed to be a common componesewéral structures of
dlﬂ‘erent sizes and richness, observed in both massive clastéigroups (Feldmeier et/al. 2002,
) a clear consensus on the fraction of stars that fenCthomponent has not been reached
yet. Observational studies showed that the ICL can contaim fa few percent up to 50% of

the total optical light in the systern (Gonzalez €t al. 2000ji¢/et al 3; Aguerri et &l. 2005;
Zibetti et al| 2005; Da Rocha etlal. 2008). However whetherctbster mass influences this frac-
tion is not clear._Lin et all (2004) claim a positive corraatbetween ICL fraction and halo mass
reaching up to half of the total light in very massive systémd.0"5M,); Zibetti et al. (2005)
found that this fraction is uncorrelated to the cluster me$s with an average value ©f10%;
while Krick & Bernstein (2007) find larger scatter of valudstioe ICL fraction (from~6% to
~20%) with no evidence for any trend in massfiBiences from system to system have also been
observed in its spatial distribution. Observational caigpshave shown that the ICL is present
in the form of a smooth diuse component among galaxies or extended halos around B@G&s,
in the form of tidal features or plums. Of particular intdresthe dynamical information that
such distribution carries along: as material is strippednfthe galaxy satellite, extended tidal
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streams are formed (Gregg & West 1998a; Feldmeier et al.2200#hos et al. 2005). Later on,

further cluster accretion events gadphase-mixing, can destroy such features leading to the ob
served smoothed andffiise ICL distribution|(Rudick et al. 2009). Hence, in dynaahigoung
systems the ICL is found in the form of streams and shellgcefig the recent interaction of the
central galaxy with infalling material.

Up to now, the ICL component has been investigated at lowternmediate redshift. Sev-
eral studies have been carried out for structure like the @otuster[(ﬁLegg_&MLdMSa;
8; Adami et 05; Gerhard et €15 ), Fornax cluster (Theuns & Wairen
19974), Virgo cluster (Arnaboldi et Al. 1996, 2002; Dureglhl 2002 Feldmeier et al. 2004a;
Ag%iirri et al| 2005; Mihos et 8. 2005; Rudick eflal. 2010)other nearby clusters (Lin etlal.
' Gonzalez et al. 2005; Krick & Bernstein 2007; Ventiliai i@t al. 291[1), and clusters at
higher redshift!(Zibetti et al. 2005; Toledo et al. 2011; Briet al! 2012, Guennou etlal. 2012;
[BLQS_O_tLO_el_éL_ZQM). In the near future, the lensing CLA&H survey may allow the exten-
sion of the analysis to a statistically significant clustemgle up to a redshift = 0.6. This will
help in constraining the ICL formation scenarios given theoretical agreement that most of

the ICL has formed at relatively young epoch< 1) dMurantQ et al. 2007; Conroy et al. 2007;
Dolag et all 2010; Contini et 14).

ICL and BCG /cD galaxies

The central galaxies in clusters are often cD galaxies,atarised, as already pointed out,
by an amount of extra-light at large radii that makes the Silprdeviate from a single de
Vaucouleurs or Sérsic profile. An interesting questioroisimderstand the nature of this extra
light: is it dynamically bound to the main galaxy halo or itfisating in the cluster potential
being a part of the ICL? In other words, where does the ICLegd the galaxy halo end, or
do we need to make a distinction at all? Analysing a large wm‘pclustersl_G_ana_l_ez_QtJal.
(@) showed that the detected ICL components are oftaemikly separate entities from
the host BCGs, with well defined transitions in the surfadgHhiness profile, axis ratio, and
position angle. Interestingly, they interpreted such phwdtric diferences as ffierent physical
components, emphasising that the evolution of the ICL thtidethe cluster as whole rather than
to the central galaxy. Despite these results, in later wootk observational and theoretical (e.g.
Gonzalez et al. 2007; Cooper etlal. 2014), the presence alditianal component is identified
with the extra-light that causes the change of slope at ladié However, the two components
are treated as a continuum, for example in re¢e®PM simulations by Cooper et al. (2014) the
system BCGICL is treated as a single entity consisting of all stars \Wwkdce not bound to any
sub-halos. This is in contrast with a more sophisticatecadyinal definition of the ICL, which
identifies this component in terms of either binding energgré that are not bound to identified
galaxies)|(Murante et &l. 2004) or velocity distributiomcader for the ICL than for the galaxy
halo;| Dolag et all. 2010; Contini etlal. 2014). When such deins are assumed, the authors
find two well distinct stellar populations in terms of kinetiea, spatial distribution and physical
properties like age and metallicity.
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1.4 Physical morphology of Elliptical galaxies

Luminosity profiles

Galaxy luminosity profiles show how the surface brightniéssf a galaxy varies with radius
from its center and provide fundamental information ab@lagy morphology.

The radial distribution of stellar light in elliptical gadees falls df smoothly with radius, histori-
cally described by the de Vaucouleurs law (de Vaucouleud§ )9

| R 1/4 l
log[—|=-333||=| -1},
g(le) [(Re)
where the #ective radiud. is the radius of the isophodfecontaining half of the total luminosity

andl, is the surface brightness Bt. Nevertheless, later wor iOtti Ql;_C_aQn_éLaL_iLQQS)
have shown that a generalised de VaucouleuR"8rformula @3)

1/n
I(r) = Ieexp{—bn l(RBe) -1 }

whereb;, ~ 2n — 0.327 (Capaccioli & Caoh 1989), not only gives a better fit toltget profiles,
but also provides an interesting correlation between stigmnd total luminosityl{ ~ 1.R2).

How an E galaxy appears, hence its ellipticity and positingle, depend on the surface
brightness used to define the isophotes. It has been fouhdstiEnotal shapes of early-type
galaxies correlate with many of their important charasters (Bender 1988; Bender etlal. 1089;
[Faber et al. 1997; Mathieu et al. 2002). In order to measigshiape of the isophotes, ellipses
are drawn from the best fitting isophote. The intensity altregellipse is then expanded into a
Fourier series,

(R 6) = Io(R) + Z An(R) sinng + By(R) cosné,

with n = 3 andn = 4, and where

1 21
AN(R) = —f I (R, ) sinndde,
T Jo
and
1 27
By(R) = - f I (R, #) cosngdo.
0

The amplitudes A3, B3, A4, and B4 , normalised by the semiemaxis length and the local
intensity gradient, measure the isophote’s deviations fperfect ellipticity. More specifically,
the third-order moments (A3 and B3) represent isophotdstivite-fold deviations from ellipses
(that is, egg-shaped or heart-shaped), while the fourdlieromoments (A4 and B4) represent

9Magnitude per unit of angular surface.
0Contour of equal surface brightness.
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four-fold deviations. Rhomboidal or diamond-shaped isiph translate into a nonzero A4. For
galaxies that are not distorted by interactions, B4 is thetmmeaningful moment: a positive
B4 indicates ‘disky’ isophotes, while a negative B4 indesatboxy’ isophotes. Thefiect of a
non-zero B4 coicient on the isophote shape is shown in[Eig.1.3.

Dizk B4/a=0.1

\

Box Bdja=-0.1

Figure 1.3:Schematic drawing illustrating the isophote deviatiomrfra perfect ellipse. A disky isophote
(top panel) is characterised by a positive B4. Viceversegative B4 (bottom panles) indicates ‘boxy’
isophotes.

Dynamical structure of elliptical galaxies

One of the main topics of interest in the study of ETGs is thdexce that correlations exist
between the light distribution and the dynamical structfra galaxy. For early-type galaxies
and bulges of spirals the Faber & Jackson (1976) relationésod the best known, for which the
surface brightness$, and the central velocity dispersiang follows the scaling relatiot o« .
Later on, a correlation betweeffective radiusR., andl. was found b)k KQrmgnd;I)l (19177) so
that more luminous galaxies have largr and fainterl., and hencd, o< Ie.

The presence of intrinsic scatter in the Faber & Jacksong)l@&fation led the astronomical
community to hypothesise the necessity of a second pargntets on identified as theffec-
tive radius. Observations of bulges and ellipticals shotted these objects lie on an inclined
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fundamental plane in the space of the observed parameteesser et al. 1987; Faber 1987;
Bender et al. 1992), such that:

Re o 21, (1.8)

with a, and b constants. It is clear that the previous Fabeacksbn|(1976), and Kormendy

) relations are projections of the fundamental plane.

The increasing accuracy at which the physical and photocr@toperties of galaxies could
be studied led the astronomical community to consider idakslassification schemes (see
Sect[1.11) as incomplete, mainly because of the lack of aipdlysignificance.

r|_(19_96) proposed a revision to Hubble'srigriork, classifying galaxies
according to whether they show boxy or disky isophote digtos. Based on the physical prop-
erties of galaxies, the classification scheme proposed byn&ody & Bender|(1996) empha-
sises the Elliptical-Elliptical dichotomy, so that eliigdls (and bulges) come in two varieties
(Kormendy et all 2009): (1) giant, slow-rotating, core géa with boxy distorted isophotes,
and (2) normalow luminosity, fast rotating disky and isotropic galaxi@sth extra-light at the
centre with respect to an inward extrapolation of the ouésis profile.
A related modification to this scheme was recently proposeBrsellem et 8./ (2007). They
used the available full two-dimensional galaxy kinemaéindg defined a proxy for the baryons’
projected specific angular momentum. In two dimensionattspscopy this is measured as:

SNERIV,
/IR: 1 IR|| I| , (19)
SNFR (V2 + R?

whereF; is the flux inside thetl radial bin,R; its distance to the centre, adando; the corre-
sponding mean stellar velocity and velocity dispersitgis used to quantify the specific angular
momentum in the stellar components of early-type galaxiesyiding a way to examine their
dynamical status as records of the galaxy’s dynamical hyistdsing this parametrization the
sample of early-type galaxies is divided in two classes:s(@ rotators withir < 0.1: more
massive and brighter systems, nearly round with a signifipahotometric kinematic axis mis-
alignment, that span a moderately large range of anis@sopilmost all slow rotators contain a
large kpc-scale kinematically decoupled core; and (2)rtatstors withig > 0.1: rather flattened
and low luminosity systems, without significant photonegkinematic axes misalignment, and
velocity twist, that span a larger range of anisotropies.

Numerical simulations have shown that fast rotators anméal preferentially through a se-
ries of minor mergers between systems where the gas comipisnaot negligible (wet merg-

ers) (Bourn t al. 2005). Slow rotators instead, areghboto be the result of violent major

mergers where the gas did not play an important role (dry ersjgand for which the extreme
interaction caused the expulsion of baryonic angular mdmml)(lNaab_e_t_dL_ZDﬂ)G).
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1.5 The outer halos of elliptical galaxies

Cosmological build up of the outer stellar halos of ellipti@al galaxies

Fiiure 1.4: Left Panel: Example of early-type galaxy, NGC 474, exhilgtishells around it [credit
.|(2_Ql|5)]. North is up, East to the left.

In the hierarchical structure formation paradigm, galaxjeow by mergers and accretion of
smaller subsystems (White & Res 1978). These ‘satellitepbsit their stars primarily in the
outskirts of the main galaxy resulting in its size and massvijn. In a recent work, that used
numerical simulations to analyse the origin and structéiteeluminous halos surrounding ellip-
tical gaIaxiesL_AQadi_el_iilL(ZQ 6) introduced the concépinesitu’ and ‘accreted’ halo. In-situ
stars are responsible for most of the stars in the main botheajalaxy, while the accreted halo
is formed by stars shed by merging subunits during the maeretion events that characterise
the hierarchical assembly of the galaxy. These make up nergfally the stellar halo compo-
nent and dominate the outer regions of the galaxy. Semiacall models|(De Lucia & Blaizot
@), and hydrodynamical cosmological simulations (Netzdd. 2000) identified a two-phase
scenario for the formation of massive spheroids. The firsisph(6> z > 2) is dominated by
in-situ star formation from the inflow of cold gas that leadghe production of a massive and
dense stellar system. The second phase (8 > 0) has little in-situ star formation, but sig-
nificant accretion by stellar material that increases the sf the system with timém al.

). The two-phase formation scenario predicts then,iththe first dissipative phase (high
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redshift) stars form quickly and build the compact progendtf the present day elliptical (with
stars enriched in-elements); later on minor mergers events play an importd@in the galaxy
evolutionary process, and metal-poor stars are accretatddmaller stellar systems, resulting in
a metallicity gradient.

On the observational front, van Dokkum et al. (2010) fourad,ttvithin a radius of 5 kpc, the
galaxy mass is nearly constant with redshift, whereas tresmithe outer envelope increases by
a factor~4 sincez = 2, with the dfective radius evolving a&. o (1+2)71° (see also Trujillo et al.
2011). Observations of blue colour gradient towards thslous of galaxies, mainly attributed
to a gradient in metallicity, are also consistent with a latét up of the outer stellar halos.
A case study comes from a work by Coccato etlal. (2010). Thegtoacted radial profiles
of metallicity, [a/Fe] abundances, and age from the centre out4d?. of the Coma BCG,
NGC4889, and found that the inner regions are charactebig@dsteep metallicity gradient and
high [e/Fe] ratio, reflecting the rapid phase of formation. In theeowegions the metallicity
gradient becomes shallower, and tlHe] ratio shows a strong negative gradient. This we
would expect if the accreted systems had experienced a mtegaded star formation history.
As | will discuss in Sect_1]7, also for M87 colour, age and atflieity gradients support the
hypothesis of hierarchical formation (e.g.Rudick et/aDQ®); Montes et al! (2014)).

Detecting substructure in elliptical galaxies

tos=13.5Gyr B oG (todoy)

R R W R e T

tym= 13.5Gyr B oG (todoy)

600 [
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Figure 1.5:Left Panel: Radial phase-space diagrams (Radial velositlistance relative to the host halo
centre) for semianalytic plus N-body simulations of a diéésl being accreted by main halos. The colour
code reflects the time each particle become unbound to impsatellite Bullock & Johnston (2005)].

In a scenario where mergers and accretions are driving mesha in determining the cur-
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rent epoch characteristics of galaxies, we expect to fimbsiges of these accretion events that
can be studied to trace the dynamical evolution of galax@¢ats in the outer galaxy halos pro-
vide an important avenue for testing theories of galaxy &irom because they have long orbital
times. Records of accretion events are then revealed inotime 6f spatially extended low-

surface brightness substructures (Mihos et al. 2005: vadki et al. 2014; Duc et al. 2015),
such as tidal streams and shells (Malin & Carter 1980; Tal. @&089) as evidence for the build-

up of galaxy halos. In field galaxies, tidal tails and shedpresent low surface brightness
(uv > 26.5mag arc?) tidal debris that formed during galaxy interactions and strvive over
many Gyr (Hernquist & Sperdel 1992; Gonzalez e 005).il8$hell phenomena are con-
sistent with mergers with lower mass companldns (ammeng and luminous tidal tails
are the result of major mergers_(Toomre & Toomre 1972). Eaistreams are more ambigu-
ous and might come either from the accretion of smaller syst@ullock & Johnstdn 2005) or
from material at the base of a pre-existing tails that isrfglback toward the merger remnant
(Hibbard & Mihos 1995). For galaxies in a dense cluster emrirent the same substructures ob-
served in field galaxies might have experienced tidal simi the cluster potential becoming
spatial mixed and hence integrated in thEuwlie ICL M%@. Alternatively, the presence
of such substructures can be indicative of a recent acaretient, not yet disrupted by the cluster
tidal field. FiglI.4 shows a great example of an early-typaxgethat experienced merger events.

These features are not only visible spatially but also irkihematics. Halos that formed in
this manner are expected to have a complex velocity phaaseswhere the satellite stars are
not in a phase-mixed equilibrium in the host galaxy potéiisee Fid.1.b).

The finding of this type of structures can leave little douisttaccretion of satellites has
been an important contributor of the formation of stellaiobadfering a direct test of whether
cosmology is indeed hierarchical on small scale.

Dark Matter and Dynamics

It is now well known that elliptical galaxies are luminousisces of X-ray radlatlom al.
) due to the extensive atmospheres of hdtusk interstellar gas that they contain. X -
ray observations provide a powerful tool to study the fubtiermal potential, hence the shape
of the dark matter distribution, and mass profile, using tbedas as a tracer in assumed hy-

drostatic equilibrium in the gravitational potential (I¥eh & Bohringet 1995; Humphrey et/al.
2006; Nagino & Matsushita 2009). Analysis of the hot X-rayittimg gas in X-ray bright el-

lipticals and comparison with dynamical mass determimatimdicates that a contribution of
non-thermal particles~20-30%) to the gas pressure may be important in the irA€r kpc
(Churazov et al. 2008a; Das et al. 2010). Das et al. (2010) faisnd that their entire galaxy
sample is characterised by outer circular velocity curkiasare rising, implying a density profile
for the DM component steeper than an isothermal mass prbfikddition to X-ray gas profiles,
mass distribution can be determined using gravitationaditey, and dynamics. Weak lensing
allows mass estimates up to several hundreds of kilopaveleite with strong lensing these
measurements are constrained within the Einstein radiugetfier with the velocity dispersion
these data have shown that mass density are well repredgnisdthermal profiles. Dynami-
cal models of nearby ellipticals in systems like Virgo, Fexxrand Coma Clusteth al.
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2001; Cappellari et al. 2006; Thomas etlal. 2007a) have stibaingalaxies in these systems
are usually DM dominated for distances larger than th a later study Thomas etlal. (2007b),
demonstrated that the ellipticals in Coma have on averagémes larger DM densities than
spirals with the same luminosity, ard 3 times higher DM densities than spirals with the same
baryonic content, implying an earlier formation of the int@los of ellipticals than those of
spiral galaxies.

From what | have discussed about galaxy clusters and ICLclesr that both the formation
of extended galaxy halos and ICL are closely related to thephwogical transformation of
galaxies in clusters. Hence the study of the amount, digtdb and kinematics of these stellar
components provides information on the evolution of gaaxand their hosting clusters. The
availability of bright stellar proxies such as PNs has manksible the study of the outer galaxy
regions and dfuse light. These objects indeed are one of the few stelldvgsrohat can be
successfully measured and studied at such distances.

1.6 Planetary Nebulas (PNs)

Physics of PNs
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Figure 1.6: Left Panel: The Helix Nebula (NGC7293). The blue-green i@ilon is due to the
150074959 forbidden lines of the [Olll] emission, while the redaration comes from ionised hydrogen
and nitrogen [credit: NASA] Right Panel: Example from a Pdpa from_Magrini et al. (2005).

Stars in the mass range between 1 amdi.,at the end of the asymptotic giant branch (AGB)
phase go through the planetary nebula phase before theyhemdites as a white dwarf. The
formation mechanism of PNs is thought to be the followingrimy the AGB phase, the outer
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layers of the star are expelled via pulsations and stroristeinds. Without these opaque
layers, the ultraviolet (UV) radiation, emitted by the hatrlinous core, escapes and causes the
atoms in the outer shell to be excited or ionised. This esedyshell radiates as a PN that emits
in several strong emission lines from the UV to the nearard@d (NIR), the brightest of these
being at the wavelength 5007 A: Dopita et al. (1992) showetltp to 15% of the UV emitted
energy by the central star is re-emitted in the forbiddenlJ@5007 A line. In atomic physics

a forbidden line is a spectral line that can only be seen ig i@% density conditions. In gas

at extremely low densities, electrons can populate exaitethstable energy levels in atoms and
ions which at higher densities are rapidly de-excited byisiohs. Electron transition from these
levels to the double ionised oxygen gives rise to the [@BO07 A line and other liné& Thus,

the observation of the [OII5007 A emission line in a PN spectrum shows that PN are made
of extremely rarefied gas. Characteristic temperaturesesfet emission objects are around 10
K, i.e. in the range of the ionization temperature of the bgaén. The PN expansion velocities,
that are measured by the width of the spectral emissiondinay that the gas is moving away
from the central star with a typical speed between 10 and 3§%mWhen interpreted using
dynamically evolving nebular models, PN shell expansiolociges provide estimates of PN
dynamical ageé (Schonberner dLaL_ZOOS). From the stuthedtiminosity specific PN number
(see Sedt.116), Buzzoni et dl. (2006) estimated that tHeitimes go from a minimum of 1000

yr to a maximum of 30000 yr after which the PN will dissipatéoitthe interstellar medium.
Examples of an optical image of a PN and its typical spectriegaven in FigLLB.

PN as tracers of stellar populations
PN Luminosity Function

The characteristic size 8f0.3 pc makes the PN shell and its [Olll] emission spatialsoheed in
our own Galaxy. Beyond the Milky Way, PNs appear as un-resbsources of green light with
a total flux in the [Olll] line,Fsq07. Following iLl—9_$9) the magnitudes;o7 are defined
as:

Mgpo7 = -25 |Og F5007 - 1374 (110)

When these magnitudes are measured for a statistical sahpNs, the count of objects as a
function of mgeg7 returns the PN luminosity function (PNLF). It has been shokat the PNLF
can follow the analytical formula:

N(M) o 60-307”\5007[1 _ e3(m*—m5007)], (1.11)

wherem is the apparent magnitude of the brightest PN (Ciardulld.t@89). This empirical
formula reproduces the high mass ctit-and the fading of a spherical gas cloud surrounding

a non-evolving central star (Henize & Westerllind 1[963). fidtal number of a PN population
in a galaxy is then given by the integration of Eq. 1.11 dow tmagnitude fromm*, where

More generarly forbidden lines are also observed as coeseguof the electron transition from metastable
levels to nitrogen and other oxygen ions (e.g, &d N+)
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this magnitude range accounts for the faintest PN obsenvéttiGalactic hala (Ciardullo et/al.
l@b). There are two aspects that can be addresses by agalysishape of the PNLF.

(1) The bright cut-€ is observed to be invariant betweeflffeient stellar population systems, but
the cause for itis not yet understood. The analysis of syigtR&l populations (e. al.
m» shows indeed that the assumption of a constantersal/bright cut-& is in contrast
with some physical and statistical arguments. It is readsiento believe that the bright end of
the PNLF must depend on i) the size of the sample, becauségerithe sample the higher the
possibility of observing a very massive central star thditga through the PN phase producing
a very bright PN; ii) the final post-AGB mass, because thegires of massive star formation
would lead to the presence of more massive central starsatipapulation with no recent star
formation history; iii) how optically thin are the brighteBNs, because the more ionising pho-
tons that are lost the fainter the PNs will result.

2) It is now believed that the function’s faint end shape aor information about the parent
stellar population the PN sample is associated with, Clayeall (2004) reported that star-
forming systems are characterised by a shallower slopé& .&tmagnitude below when com-
pared to older stellar populations. Thus the conundrum @sv tan we explain such fierent
behaviour in diferent stellar systems? To answer this question we need ¢oiné consid-
eration the dterent timescale regimes that control the PN evolution. teoktellar systems,
for example, where the higher fraction of PNs is powered byoass, slowly evolving central
cores, the predominant timescale will be the one tied to xparmsion of the nebula, resulting in
a LF with a higher fraction of PNs populating the faintestsbai magnitude. On the contrary,
in a young stellar population system, where the probabiditpbserving more massive central
stars is higher, the time scale for the central star evatiusanuch shorter than for the nebular
expansion and the resulting PNLF will show a deficit of PNs)\&#rimediate magnitudes with an
overall shape at the faint end consistent with a smalletibaof fainter PNs. This has been con-
firmed with sophisticated analysis of PN evolution (Méneeall 2008) and can be summarised
as following: relatively young stellar systems, dominabgchigh core mass PNs can present a
dip in their PNLF. Dips in the PNLF are observed for PN popolsd detected in star forming
galaxies such as the LMC, SMC, M33, and NGC 6822, and is alssg¢he PNLF associated
with bulges or early-type galaxies. The magnitude at whiehdip occurs varies in fierent PN
populations from~ 1.5 to ~ 4 magnitude belown (Jacoby & De Mardo 2002; Ciardullo et/al.

| Hernandez-Martinez & Pefia 2009; Reid & Parker POlia recent work Rodriguez et
al. (2014) presented a new model for the PNLF that includespepulations in the distribu-
tion, based on the hypothesis that the non-monotonic PNEFriply a reflection of the bimodal
luminosity function expected from post-AGB stars.

The a-parameter

In a statistically complete sample, the total number of oles PNs,Npy correlates with the
sampled bolometric luminositl o, Of the system through the luminosity specific PN number,
or a-parameter for short, defined as:
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_ Npn
~ Lobol
In simple stellar populations (SSPs) theory, the stellatlueate is weakly dependent on the
age, metallicity and star formation history of the undenrtystellar populations that formed PNs

(Renzini & Buzzoni 1986), so that the total number of PNs eissed to a system with a given
bolometric luminosity for a SSP can be written as:

(1.12)

Npn = B X Lopol X Tpn, (1.13)

whereB is the specific evolutionary flux ( that approximates te 2011 in units of stars yrst
Lobol), @ndtpy is the PN visibility lifetime in years. The luminosity-spgc PN density then
becomes:

a = BTPN. (114)

Due to the small variation of the specific evolutionary fluxfetent values ofr correlate with
different PN visibility Iifetime associated to PNs withfférent parent stellar populations In
the post-AGB stellar core mass, that defines thré¢kemdint time regimes, i.e. the PN life-
time is driven by the nuclear, dynamical and transition Boaes if the core masses are in the
rangesMCore > 0.57M,, 0.55Mg < Mggre < 0.57Mg ,0.52My < Mcgore < 0.55M,, respectively
6). For low mass-core P& < 0.55, the visibility lifetime can become
shorter because the time required for the central star usionising photons increases, and
the surrounding nebula can be close to evaporation whetizsitioriexcitation process starts.
Systems, characterised by old stellar populations thatym® low mass core PNs will then be
characterised by smaller valuesaofObservationally the values afcorrelate with the integrated
(B-V) colour of the parent stellar populations. For redder gakawith B—V) > 0.8, the spread
of the measured values increases by up to a factor of 7. Travgisty that the value o may
be strongly influenced by the morphological type of the hasaxy (Buzzoni et al. 2006), or on
smaller scales by thefilerent stellar populations that the PNs originated from.

Kinematics with PNs

In addition to study the PNLF and theparameter, PNs are also great kinematic tracers. As a
consequence of their strong [ONB007 A emission line PNs can be detected and the line-of-
sight (LOS) velocity can be measured out to sevesdtom the galaxy centre, where the low
surface-brightnesses make standard spectroscopy wataeaiPNs have been the target of sev-
eral surveys aimed at tracmlg%? motion of the stellar patpans in the outer regions of early

(1

e galaxies (e.g._Hui etal. (1995); Arnaboldi €t al. (1998endez et dl.[(2001); Peng et al.

);. Coccato et al. (2009); McNeil et al. (2010): Corgsal. (2018)), and of the IC compo-
nent in nearby clusters (Arnaboldi et al. 1996, 2004; Gefleaal. 2005; Doherty et &l. 2009;
\Ventimiglia et all 2011). Coccato etlal. (2009) showed tihabaption line spectroscopy and PN
kinematics are in good agreement in the region where thesgataverlap. The study of 2D PN
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velocity fields in early-type galaxies (Coccato et al. 2089pws that:

1) The slow-rotator$ast-rotators classification proposed_b;LEms_Qll_QmJek_aD_'fX and based on
inner data is preserved in the outer stellar halos. In pdércin the halo some fast rotators have
a decliningAg profile, almost reaching the slow rotators regime. Vicezestow rotators have a
slowly increasingir profiles which reach the fast rotators regime.

2) Velocity dispersion profiles can be divided into two grsup) slowly decreasing profiles and
steeply falling profiles. These two groups largely overlaghwore and cusp ellipticals respec-

tively (Kormendy et all 2909).

3) Halo kinematics correlate with other galaxy propertieshsas luminosity, total mass and the
V/o ratio.

Extragalactic PN surveys

There are three techniques adopted to detect extragaRidsca brief description is as follow
with examples shown in Fig. 1.7.

On-off technique. As a result of their bright [O1I]}5007 A and faint continuum emission, ex-
tragalactic PNs can be identified as objects detected onrawxdand image (centred on the
redshifted wavelength of thé5007 A line at the distance of the observed object) but not de-
tected on images taken through a bréfdband filter centred on a nearby wavelength (V or R
band mostly)|(Jacoby etlal. 1990). PNs are then detectedibkiry the on-band vs thefld
band image, or using selection criteria based on the digioib of the detected sources in a
colour-magnitude diagrarm (Theuns & Warten 1997a; Arnaletlell[2002). The highest source
of contamination are background laygalaxies az = 3.12 and [Oll] emitters at = 0.34 that can
mimic PN emission. The amount of contamination can be etedleither by using pre-existing
background emission galaxy surveys, or with additionaleolaions with a ki narrow band
filter. Eventually the sample of PN candidates can be foltbwp spectroscopically.
Counter-dispersed slitless spectroscopy techniquelhe field of interest is imaged through a
slitless spectrograph tuned to the [Olll] line. When thisage is studied, the background light
of the galaxy and foreground stars will be found to be blurxekiile the PNs are recognisable
as bright point-like images. This technique also allows &asure the PN LOS velocity when
a second image is taken with the spectrograph rotated by, 1B@e velocity of the detected
emission line is in fact proportional to the separation leswtheir position in the two spectral
images. The two images can be either two consecutive, eyesgposures, or taken simultane-
ously using duplicate spectrograph arms (Douglas/et ag)200

Multi-slit Imaging spectroscopy technique This technique is based on the combination of a
mask of parallel multiple slits with an [O11[}5007 A narrow-band filter. As a result of the small
width of a PN emission line, its entire flux is gathered in faxets in the two-dimensional spec-
trum. The sky emission is instead dispersed in wavelengttyaing the sky noise by a factor
5-10, depending on the instrumental resolution. This isathepted technique to survey galaxies
at distanced > 25 Mpc for which the level of the sky noise would be of the samaep of
magnitude as the [Olll] emission.
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Figure 1.7: Top Panel: Example of a PN candidate (red circle) with dat#etflux in the on-image
(Top-top right panel), no measurable flux in th&-image (Top-bottom right panel), and positive flux in
the colour image (top-bottom left) [crediiI_LQngD_tla.Ldi_dt@Ql;k)]. Central Panel: Dispersed image at
PA=0° (Central-top panel) and PAL8C". The stars appear as streaks in the x-direction (the dwrect
dispersion). Examples of PN candidates are circled. Natiaethere is a small fierence in the PNs
x-positions in the images due to their velocity [credit M all (2010)]. Bottom-Panel: Multi-Slit
mask super imposed on the Coma cluster. The dispersiortidimgs horizontal and the spatial direction

is vertical [credit Gerhard et al. (2005)].
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1.7 The Thesis: The Virgo cluster and its central cluster galxy
M87

This work investigates the light in the outer regions of
the Virgo central galaxy M87 in the region where the
transition between galaxy halo and ICL occurs. To
better understand the reason for choosing such a tar-
get, in what follows | describe the Virgo cluster and
M87 physical properties, that will show that these are
ideal targets for a survey aimed at detecting PNs in an
extended halo when investigating halo and ICL stellar
population properties.
Virgo
Virgo is a medium rich cluster, the nearest to the
Milky Way lying at a distance of approximately
~15 Mpc?. Its structure is irregular, being charac-
terised mainly by two components. There is a major
subcluster A of galaxies around the giant E galaxy
M87, made up predominantly of early-type galaxies
and with a large velocity dispersian ~900 kms*
\ 1 ) ' ' 3); and a smaller and less dense
o Tess Iss 1575 157 1865 186 1855 subcluster B around the brightest cluster galaxy M49
RA with mainly spiral galaxies and with a much smaller
velocity dispersionc ~400 kms?! (Binggeli et al.
Figure 1.8:V-band image of the Virgo sub{1987). Since the advent of X-ray satellites, cluster
cluster AB (Mihos et all 2008, 2013) depict-subclusters can be observed and mapped in the in-
ing the area around M87 surveyed in thigacluster gas. With a study of the X-ray structure
work (black rectangles), and in future workgf vjirgo the diferent subclusters became evident by
;c’n;g;jyé?aedr(eg(')?::oir;ugge '\é‘?é‘é"::ifyrsgtéheir extended X-ray halos, |showing that the cen-
: re of Virgo lies close to M87.(Binggeli et al. 1987;
tours (Durrell et al. 2014). Nulsen & Bohringer| 1995| Churazov et al. 2008b),
but it is slightly displaced towards M86, north-west witlspect to M87. On the other hand
M86, like M87 and M49 might identify the center of its own suster (Mei et al. 2007). The ir-
regularity of Virgo in both configuration and velocity spatews that the core and the envelope
are still forming. Studies of the ICL in Virgo suggest, intfiaa dynamically young structure: the
IC component shows field to field variations (Feldmeier 628D4a) and a deep image of the
Virgo cluster (Mihos et al. 2005; Rudick et/al. 2010) revelatecomplex network of extended
tidal features suggesting that it is poorly mixed and not pletely in equilibrium. From a study
of intracluster RGB stats Durrell etlal. (2002) observed tha IC population in Virgo is older
than 2 Gyr, and moderately metal-rich, consistent with th&ling up of the IC component from
the stripping of intermediate luminosity galaxies. Latarwilliams et al. [(;0_(17) observed that

-~

12For the Virgo distance we assume the one resulting from PNtifations.
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stellar metallicities span a range of values, hinting atGindomponent that is a result of a larger
variety of progenitors.

M87

Close to the dynamical centre of the Virgo cluster, M87 iewofthe subject of investigation
to understand the physics in dense cluster environmentngAtbe Hubble sequence M87 is
catalogued as a peculiar EO galaxy, where the peculiargyttide attributed to the presence
of a relativistic jet emerging from the core ejected by a sm@ssive black hole of few billion
solar masses (e. nt et al. 1978; Walshl et all 2013}. id@nsidered a type-cD galaxy
dXALQIJ_el_aIJLlQ_9_|7 Kormendv et HL_2d09) where the outer Epe contributes a small amount
of extra light. LKQ_Lm_Qnd;LeLéIL(ZQbQ) found that if the inreofile is well represented by a
n ~ 9 Sérsic profile, the whole light distribution outside tlgeccan be well fitted by a ~ 11.8
Seérsic function, implying that the cD halo cannot conalabi be identified as a photometrically
distinct outer component. The extended stellar envelopei®fjalaxy reaches a radius of about
~ 150 kpc, beyond which it has been shown that the M87 halo cbeltruncated, possibly
by an earlier interaction with another mass concentrahmmer_t)Lel_a]l_ZD_dQ). Mergers play
a prominent role in the hierarchical formation of galaxysas M87. The presence of age
and metalllc radient in its inner regions (first 5 kpcrfrahe galaxy centre) (Liu et Al. :605;
Ili_&% and a blue colour gradient towards ther oegions|(Rudick et &l. 2010), as
WeII as the recent finding of a kinetically decoupled core $Elem et all 2014) support the
hierarchical formation scenario for M87. This galaxy alss ldifuse X-ray emission from
hot gas. Hence, X-ray data (ROSAT X-ray observation%MS), and
ChandraandXMM — NewtonX-ray observations by Churazov ef al. (2010); Das et al. ¢01
have been used to determine the distribution of its graeitat mass. In addition to X-ray gas
profiles, integrated stellar kinematics (Murphy ef al. 2(2014), as well as single stellar tracers
such as GCs and PNs (Zhu etlal. 2014; Arnaboldi et al.|2004pRpkt al. 9) have been
used to derive their matter distribution, showing that M87dark matter dominated beyond
several,, and one of the most massive galaxy in the local Universé, antestimated total mass
M ~ 10"2M,.

Previous PN studies in Virgo and M87

Several large-scale [OIWB007 A surveys of intergalactic fields have been carried atit thie
goal of mapping the distribution, kinematics, and lumityp&iinction of PNs in Virgo, starting
from the discovery of ICPNs WAma.b_ngil_eJJél (1996). Thedstof ICPNs constrained the frac-
tion of the ICL to 10% in the Virgo core (Feldmeier etlal. 2008hile|Castro-Rodriguez et!al.
(@) showed it is a non uniform distribution, higher in tiege than in lower density regions.
ICPN analysis has allowed a better understanding of therdig@ nature of Virgol.

) showed that PN numbers varies ovefedent fields, suggesting that the ICL is poorly
mixed.LAmab_Qldj_el_dl.L(ZQ_d)Z) analysing the luminositydtion of spectroscopically confirmed
PNs at the north of Virgo cluster’'s core argued that the tlieeensional depth of the Virgo
cluster put it at a 14% - 19% shorter distance than M87.

Interesting results also come from spectroscopic studi€Ns. Presenting measurements
of the velocity distribution of ICPNs in three fields of theryo cluster Arnaboldi et all (2004)




26 1. Introduction

confirmed that Virgo is highly non uniform and an unrelaxethgg cluster. In addition, from
the study of PNs in the outer regions of M87m , there is evidence for the
truncation of the luminous halo of M87 due to both the spatisiribution of the PNs with ve-
locity near the systemic velocity of M87, and from the desneg of velocity dispersion in the
outer edge]_IlQh_eLt)LeﬂaL_(ZQOQ) also show that by using #ieematics, PNs might be sep-
arable into components that are bound to either the potenti#87s halo or of that of the cluster.

To investigate and prove (or disprove) these initial hype#s, | carried out work on-al5
times larger, uniformly distributed PN sample, which | désein more detail in the rest of this
thesis.

The thesis is organised as follows: first, | present the PNiBgCam Survey in Chapiér2,
and describe the automatic selection criteria that allomedo acquire the largest, deepest, and
most extended photometric catalogue of PNs in the outeomsgf M87. | then outline how the
study of this data showed the presence of two PN populatmresassociated to the halo of M87
and one to the Virgo ICL, consistent with M87 halo being redaied more metal rich than the
ICL.

Next, in Chaptér3, | report the results of the wide and higgntution FLAMES spectroscopic
PN survey. Using the spectroscopically confirmed sampleNd Bbtained with FLAMES, |
investigated the halo-ICL dichotomy, confirming the preseof both a halo and a IC component.
In addition, | show how the PNs spectroscopic informatidoved them to be distinguished,
based on their velocity phase-space properties. Finaltgnie to the conclusion, that in the
Virgo cluster core, M87’s halo and the ICL are two dynamigalistinct components, that also
differ in spatial distribution and physical properties.

In Chaptdr4, | present the discovery of an accretion evethtarnalo of M87, unknown until
this work. With the combined use of PN kinematics anB¥and photometry, | show that
the accreted satellite can be traced both as a kinematitrsaotse in the velocity phase-space
obtained by PNs, and as a spatial substructure in the ofiiti¢el This study emphasises the
importance of the role that machine learning techniquesh(ais Gaussian Mixture Models) can
play in astronomy.

Chaptdrb is dedicated to the analysis of the overall kinexmaf M87’s halo, including the
average velocity and velocity dispersion maps, point sytrynandA(R) a proxy for the angular
mome