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Zusammenfassung

Dem aktuellen kosmologischen Modell nach wachsen Galbzigien — die grof3ten virialisierten
Systeme des Universums — durch die Akkretion kleinerer Kdgjaus der umgebenden, wabenartigen
kosmischen Massenverteilung. Die entsprechenden Gald&immen dabei in Wechselwirkung
sowohl mit anderen Galaxien als auch mit dem hei3en RogagetiCM) und dem Gravitationsfeld
des Galaxienhaufens, und verandern in der Folge ihre Btrukinige der dabei auftretenden Prozesse
sind 'tidal stripping’ (Massenverlust durch Gezeiteriteg die Verschmelzung mit anderen Galaxien
und 'ram pressure stripping’ (Gasverlust durch den Starkddes Rontgengases im Haufen). Diese
Prozesse spielen nicht nur fur die weitere Entwicklung @afaxien eine Rolle, sondern sind auch
verantwortlich fir die Entstehung des sog. ’intraclugight’ (ICL). Beim ICL handelt es sich um
Sterne, die nicht mehr an einzelne Haufengalaxien gebusidein Numerische Simulationen sagen
voraus, dass alle Wechselwirkungsprozesse der Galaxietairfen Sterne ins ICL Uibergehen lassen,
aber insbesondere jene, die mit der Bildung der hellsterféigalaxie (BCG) im Zusammenhang
stehen.

Gegenstand dieser Arbeit ist die Untersuchung des ICL intrdendes Galaxienhaufens Hydra
I. Hydra | gehort zur stidlichen Hemisphare, ist etwa 5@&Mptfernt und von mittlerer Kompaktheit.
Im Rontgenlicht erscheint der Galaxienhaufen als einxrettes System, das von zwei nicht in
Wechselwirkung stehenden elliptischen Galaxien behatrrnsird: NGC3311 (cD) und NGC3309
(E3). Wir wollen herausfinden, wie die Kinematik des ICLs d@t im Halo der cD Galaxie NGC3311
zusammenhangt, und was man an der Photometrie und KiredestiCLs Uber die Entwicklung des
Haufens insgesamt ablesen kann.

Um das Zentrum von Hydra | genauer zu untersuchen, wurdemdierschiedliche Datensatze
verwendet. Die Absorptionslinienkinematik von NGC3311rdaumit Hilfe von Langspalt-Spektren
(gewonnen mit FORS2 am UT1) untersucht. Mit 'multislit inragspectroscopy’ (MSIS; Daten vom
gleichen Instrument) haben wir die Kinematik von Planstdren Nebeln (PNe) gemessen, welche
Teil der Sternverteilung des Haufens in den innersten 100x%pc um NGC3311 sind, und mit
Photometrie vom WFI-ESOS2.2 Teleskop haben wir um die cuéaldie Lichtverteilung und ihre
Unterstruktur untersucht.

Die Absorptionslinienkinematik von NGC3311 zeigt, dass Halo dieser Galaxie von den
inneren Sternen des Galaxienhaufens selbst beherrschtiég Dominanz der Haufensterne beginnt
in etwa 4-12 kpc Entfernung vom Galaxienzentrum, wahrdadsterne weiter innen an die Galaxie
gebunden sind. Das ICL im Hydra Haufen ist dynamisch nochtrdarchmischt. In der projizierten
Geschwindigkeitsverteilung (LOSVD) der PNe findet man reelhiMaxima, die Unterstrukturen im
Haufenzentrum anzeigen. Mittels V-Band Photometrie habierentdeckt, dass das Licht im Halo
von NGC3311 nicht symmetrisch um die Galaxie verteilt istpdern dass der nord-ostliche Teil
heller ist. Die Geschwindigkeit in diesem Halobereich passinem Maximum der PN LOSVD bei
5000 kmis Geschwindigkeit, und auf3erdem zu der einer Gruppe vonggakxxien im Zentrum von
Hydra I. Das asymmetrische Licht konnte von der kleinengpauwon Zwerggalaxien stammen, wenn
diese wahrend eines kirzlichen Durchgangs durch daseHaeftrum teilweise zerrieben wurden
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und sich nun hinter NGC 3311 befinden. Die stellare Populatiod die Strukturparameter einer
dieser Zwerggalaxien, HCC 26, sind konsistent mit dener@ndwergelliptischer Galaxien.

Zusammengefasst, obwohl der Hydra | Haufen in Rontgerddbngen als Prototyp eines
relaxierten und dynamisch entwickelten Haufens erschsttireitet die Bildung des filisen ICL
und des Halos der zentralen cD Galaxie NGC 3311 immer nocmvor



Abstract

In the current cosmological scenario clusters, that arebibgest virialized systems of the
Universe, are formed through accretion of smaller objeaimfthecosmic wekin which they are
embedded. During these events the galaxies involved aréfistbdlue to interaction with other
galaxies, the cluster hot X-ray emitting gas and the clugtgential well. Some of mechanisms
acting in dense environments are tidal stripping, mergedsram pressure stripping, just to name a
few. These mechanisms involved in galaxy evolution are msponsible for the formation of what
is called the intracluster light (ICL). ICL consists of &an clusters that are not bound to any cluster
member. Numerical simulations predict that the stars dmrting to the ICL component are unbound
by the processes that are involved in galaxy evolution ankérformation of the brightest cluster cD
galaxies in particular.

The aim of this work is to study the ICL component in the cdrtoae of Hydra |. Hydra | is a
medium compact cluster in the Southern Hemisphere at andistaf~50 Mpc. The cluster, a relaxed
system from X-ray observations, is dominated by two norrauing elliptical galaxies, NGC 3311
(cD) and NGC 3309 (E3). We are interested in the kinemattiaed between the ICL component
and the cD halo of NGC 3311 and in exploring what can be unogdstrom the photometric and
kinematic characteristics of the ICL about the evolutigrigistory of the cluster as a whole.

We studied the core of Hydra | using thredfeient kinds of data. With UT1-FORS2 long-
slit spectroscopy we investigated the absorption line rkiaics of NGC 3311. With UT1-FORS2
multislit-imaging spectroscopy we probed the kinemati€she Planetary Nebulas (PNs) tracing
the stellar light in the central 10Q 100 kp& of the cluster, around NGC 3311. Finally, with
WFI-ESO2.2m telescope photometry we studied the lightidigion around the cD galaxy and its
substructures.

The absorption line kinematics of NGC 3311 shows that th#astbalo of NGC 3311 is
dominated by the central intracluster stars of the clugtke transition from predominantly galaxy-
bound stars to cluster stars occurs in the radial range freonl2 kpc from the center of the galaxy.
The difuse light in the Hydra | cluster is still un-mixed. The PN logsight velocity distribution
(LOSVD) shows a multi-peaked structure and reveals theepsof subcomponents in the cluster
core. From V-band photometric data we discovered an exddgght with respect to a symmetric
distribution, in the North-East part of the halo of NGC 33Ihe excess has a velocity compatible
with the velocity of the PNs contributing to a high-velocjigak in the PN LOSVD and a group of
dwarf galaxies populating the central core of the Hydra bdu The excess of light could have
formed from stars unbound from the small group of dwarf gakuthat were partially disrupted
during a recent close passage through the dense clusteamdnehich are now behind NGC 3311.
The stellar population and structural properties of ondnef@Ws, HCC 26, are consistent with those
of other dwarf elliptical galaxies.

We conclude that even if from X-rays Hydra | appears to be ttodopype of a relaxed and
dynamically evolved cluster, the build up of theffdse light and halo of its central cD galaxy,
NGC 3311, is still ongoing.
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Chapter 1

Introduction

This thesis is dedicated to the study of the kinematics ofrttracluster light (ICL) in the core of the
Hydra | cluster.

In the introduction | describe the main physical charastes of galaxy clusters in the X-ray and
optical ranges and | give a general overview on the mechanibat drive the evolution of galaxies
in dense cluster environments. Then | go on to define ICL,udsiog its characteristics and its
importance for the study of galaxy clusters, with a shoriewvof several techniques used for its
detection and investigation. A brief paragraph on the pisysf the Planetary Nebulas (PNs), post-
AGB stars at the end of their lives, follows, highlighting particular the relevance of these stars
for the study of the ICL. The Multi-Slit Imaging Spectrosgofechnique for the PNs detection is
introduced and an overview is given of the principal chamastics of the Hydra | cluster. Finally, the
main results from the subsequent chapters are summarized.

1.1 Clusters of Galaxies

According to the Concordance Cosmological model we liveriregpanding Universe that formed
about~ 137 billions years ago in the Big Bang after a plasma phase at igh density and
temperature. Structure formation started about 300,086s\tater, due to the growth of cosmological
perturbations, with a typical comoving scale~-ofl0 h~*Mpc, through gravitational instability. The
driver of this gravitational instability is dark matter, @akly interacting form of matter whose nature
is not yet completely understood. The Universe observedytagpears as a net, commonly called
cosmic webconsistent of high density regions populated by galaxies\aids. In the formation
scenario mentioned above, the structures aggregate imadtiecalbottom-upway, with small mass
virialized systems forming first and then enlarging by atiereand merging eventl@993;
9).

Galaxy clusters are the most massive virialized systembhanUniverse and the last structures to
form. They are part of the cosmic web, occurring at the ielisn of filaments and they keep
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accreating material from infalling galaxies or groups ofagees. The masses of clusters are in
the range from 1 to 10> My, while their extension is of the order of some 10s Mpc. As the
densest regions in the Universe, clusters are very impaotath (i) as physical laboratories, for the
study of the mechanisms leading to the evolution of gala ,_20_d4) and (ii) as probes
of cosmological models. Constraints on cosmological patars can be obtained by the study of a)
the cluster baryonic content, b) the cluster abundance tarel/olution with redshift, c) the spatial
distribution of the clusters (Kofman et/al., 1993; White k2993 Eke et I, 1998: Borghhi. 2008,
for a review).

80-87% of the total cluster mass is made of dark matter, wihétbrmines the depth of their potential
wells. The remaining 13-20% is in the form of baryonic mattétbody simulations predict that the
dark matter density profile is well described by the Navdfrenk and White profile:

=

p(r) ¢
por (r/rs)(L+71/rg)?

(1.1)

wherepe, = 3H?/87G is the critical cosmic densitys is the scale radius am(c) = %’03/[In(1+ c—
¢/(1+0))] is a characteristic dimensionless densljl;L(NasLaU_dJ ).H is the Hubble constant, G
the gravitational constant and c is called concentratigarpater. It is proportional toygo/rs, Where
rooois defined as the radius at which the cluster density is 20€<titme mean density of the Universe.
From Eq[I.1 it is possible to derive the corresponding iatiegl mass profile:

M(< R) = 4nper36:(0)[In (1 + R) - R/(1 + R)] (1.2)

whereR = R/rs. This quantity can be directly measured in a reliable waynfdé-ray and lensing
observations in relaxed cluste MJZM&L&'.,LZQdS). Both in low mass
and massive systems the measured mass profile is found tolbdeseribed by a NFW model,
indicating that simulations properly reproduce the darktemehalo density structural.,
2001 LB_UDIE_a.D_d_LﬂA} Ji.lQbh._EQLnlemmeau_ELaLJﬁQQﬁtﬁnﬂAma.uhLZQdS)

The baryonic matter is mostly in the form of hot, X-ray emmi¢tigas permeating the cluster potential
- the so called intracluster medium (ICM). Oni3% of the baryonic mass is in the form of stars and
galaxies. Roughly 10-20% of the stars in a cluster conteibotwhat we call intracluster light (ICL).
The ICL is therefore a very small component in galaxy clssterd its study has developed only in
the last 10-15 years. However, as | will discuss later in ithiduction, the ICL plays a major role
in the understanding of the formation history and dynanstaius of clusters.

1.1.1 Substructures in clusters of galaxies

An important consequence of the hierarchical structuren&ion scenario is that clusters are
often not-relaxed systems and present, instead, subclosteponents. This is a directfect of
the accretion events. The identification and analysis oh substructures is important not only
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to test cosmological models, but also for understandingxyakvolution. In the last decades
substructure components have been identified40% of the observed clustelr (Geller and B|eers,
|;9_8_;l’; Dressler and SheQﬁM%S). The identification e$dhsubcomponents is possible with
dlfferent methods: (|) by using the projected phase-phaseabdistn of galaxiesm&.,

|| by studying the irregularities in the hot X-rayiting gas, tracing the potential well of the
cluster iﬁoﬂg_e_eﬂL_blO) or by @ravitational IensmgL(Ab_d_eLaal_am_e_tJ I,
). In the flfth chapter of this thesis we will show how thedstigation of the kinematics of the
intracluster light component in Hydra |, a cluster in thedlddniverse, contributed to the identification
of one of the substructures of the cluster in its centralomgi

1.1.2 Clusters of galaxies: X-ray observations

Clusters of galaxies are the most common bright extragelXctay sources. In this band they are
relatively easy to identify because they stand as singknebed sources. The flrst cluster X ray survey
was done at the beginning of the 70s, with the launch of th&theu satellite (se 88 for
a review on the first X-ray surveys). The new X-ray satelliROSAT Newton-XMM Chandraand
SUZAKUcontinue to give us an mcreasmql detailed picture of tl clusters (s@@b%

&gﬁb QZ._B_QhLLng&MthJ g]o for some reviews). With
the next generation missions, for exam{® andASTRO-KH more and more exhaustive information
will be accessible.

The Intracluster medium and the physics of the X-ray emissia

When clusters are formed, the primordial gas trapped in #uk thatter potential is heated due to
adiabatic compression, reaching very high temperaturéiseodrder of 16 — 10°K. The gas has an
extremely low densityn. = 10-3cm™3; it is mainly composed of fully ionized hydroger 75%)

and helium £24%). The remaining-1% consists of heavier elements. The hydrogen and helium
concentrations are similar to the cosmic abundances, oanfjrthat the ICM is primarily constituted

by primordial gas that has been trapped by the cluster patenthe metal abundance is related
to the star-formation history of the galaxy cluster and niedweedict that the ICM is enriched
with heavy elements coming from supernovae explosionseadiastwinds in the member galaxies

(Matteucci and Vettolani, 1988; Bohringer e! al., 2005tio, 2005).

Observations have shown that the ICM has a radial densifilgoweell fitted by aB-model:
r\2 36/2

1+ (_) ] (L.3)
fc

wherer is the so called core radius, defined as the radius where thgtylerojected on the sky
is half of the central value{_(E_asLaHﬂLe_and_Eusm;Ee&ihﬂd.él The ICM emits Bremsstrahlung
radiation, with luminosity of the order of #%%erg s, plus a series of emission line features

p(r) = p(0)
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due to the presence of heavy elemebls_LEellﬂnlell_alJ 1966)ong these, the strongest is the 7
KeV iron line JSarazinS). The typical metal abundancenéarby galaxy clusters is3¥,

(Mushotzky and Loewenstein, 1997; Ettori et al., 2001).

The Bremsstrahlung radiation at frequendg given by the formula:

2578 ( 21

1/2
= 3mec® 3_mek) Z°neng(Z. Tg. v)Tg /*exp(-hv/KTy) (1.4)

whereng and n; are the ion and electron densitiesjs the elementary charge and the ion charge
number. Tq is the temperature of the gasi is the electron masg is the Boltzmann constanh
the Planck constant arg{Z, Ty, v) is the Gaunt factor, a dimensionless quantity relatedecstiatter
mean distance between electrons and i r@ 1988iefarences therein). This formula
shows a linear dependence of the Bremsstrahlung emissiviboth ion and electron densities, so as
all n; o« ng for fixed T and metallicity the emission is proportionalri The exponential cufd of
Eq.[1.4 is sensitive to the gas temperatlige The Bremsstrahlung emission and the line emissions
can be fitted with dferent modelmmuﬂéiwwmmmllow us an
estimation of the temperature and abundance of heavy etsrogtihe observed ICM.

From the measurement of the ICM density and temperatureherhypothesis of hydrostatic
equilibrium (a hypothesis that is reasonably justified ia tlentral core of a cluster) it is possible to
calculate the mass distribution of the cluster:

KTr (Alnpg  AlnTy
Alnr * Alnr

= _ﬂpG

(1.5)

The cooling flow problem and the feedback mechanism

One of the most important open questions regarding the stiitie ICM is the cooling flow problem.
As mentioned above, the gas forming the ICM emits in the Xreage. In this way it looses energy.
The time scale of this cooling process for pure Bremsstrahkmission is given by:

n “1 T \M?
teoo) = 8.5 x 1010 r( P ) g 16
cool XN T0%emrs) 1ok (16

This time scale is in general larger that the age of the Use/efAs a consequence, the cooling should
be a negligible ffect. But already the first observations carried out with Wieiru satellite in the
70s kﬁianQni et AIL;9_|7E Forman Q} IaLjQ?B) showed véghtX-ray SB values at the center of a
large fraction of clusters. These, associated with a teatper drop and an increase of the gas density
in the same regions, demonstrated that for some clustertiimg time can drop below the cluster
age. Observations have confirmed that 50-70% of the clubtams a cooling core. These are more
frequent in more relaxed and dynamically evolved systén&bi%,4 and references therein).
The most luminous cluster cooling core was discovereh_blsltﬁgﬂr_el_ai.kzo_o_éa) in the X-ray-
luminous galaxy cluster, RXC J1504.1-0248. Models have blegeloped to explain the cooling flow
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mechanismLLEa.h'Lan_and_NuIJsEu._Jb??). These models prediiopaof the central temperature in the

cool core clusters and a gas density increase, with a massitiep rate of the order of 100-1000
Mea/yr. The cooling flow problenconsists in the fact that both the temperature drop and thes ma
deposition rates predicted are larger than those obse[B@utl(]gﬂr_eldl. i_Edge_and_ELELyer,
|20.0.:b;|_B_au&r_el_€lilL_2Qb5). The observations can be explafremne heating mechanism acts to
balance the cooIiné_(&o‘Mg_er_e_ﬂ MO?). At presampesnovae explosions are considered likely
candidate heat sourcels (Kravtsov and Xleb_e_&JZIO_O_O_:Meﬂ@_amﬂe_rl?J_ZO_dO), as well as the so
called active galactic nucleus (AGN) feedbahk_(BelﬁLsthaxbiah 6). This last mechanism
is observationally supported by strong interaction seethénlocal Universe between black holes
(BH) and the gas surrounding their host elliptical galaxie8CGs. This gas often contains X-ray
bubblesfilled with relativistic plasma inflated by relativistic getaunched from their central AGN
BH ({Ea.IQLan_el_a{ 6). Models predict that the energy wutiom AGNSs should be dficient to
compensate the cooling ra@/ 05).

1.1.3 Clusters of galaxies: optical observations

In optical surveys, clusters appear as enhancements afitfaes density of galaxies on the plane of
the sky. One of the most extensive, and still used clustedagtvas obtained by Abell at the end
of the 50s II8). In this catalog clusters were dfeesbas objects with at least 50 galaxies
concentrated within a radius Bf= 1.7/z arcmin, where z is the measured cluster redshift, andnvithi
a well established magnitude ran@es (< Mgaaxy < M2, Wheremg is the magnitude of the third
brightest galaxy of the cluster). From the morphologicahpof view many diferent classifications
have been proposem&wj £I._(;|961) classified clustempact, medium compact and open,
based on the presence of one, more than one or no single prcatbaoncentration of galaxies in the
cluster. LB_alﬂz_and_MQLgbh_(lém) divided clusters in Typeelll according to the presence of one
(Type 1), more than one (Type Il) or no (Type Ill) dominantdiriest cluster galaxies. Alternatively
R n rJL(LQ|71) proposed a classification relatitreetspatial distribution of the ten brightest
galaxies in the cluster, from cD clusters, dominated by @méral brightest galaxy to Irregular cluster,
in which the ten brightest galaxies of the cluster are distéd in an irregular way. Based only on
photometric images the identification of clusters can bg déficult. If spectroscopic data are not
available, it is often impossible to establish if a galaxyisluster member or not due to projection
effects. Many dferent techniques and algorithms have been developed imsheéécades to solve
this problem, since spectroscopy follow-up is highly desie, but can be very time consuming
I.LZQ_d)Z for a review). Among others, one of tlehneues that has proved to be very
efficient also atz > 1, if multi-band photometric images of the sky are availalgethat of the
identification of the so called red sequence. This is formed population of red, early-type galaxies
(see next Section), present in clusters but not in the figidglon a well defined sequence in the

galaxy color-magnitude planmmﬂtmwmm&m La.L._jOOY).
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Galaxies: a morphological classification

If sorted according to their morphology, galaxies can bddéit in a relative small number of

classes. The most widely used classification is the Hublujaesee L(I:luhb]e_a.nd_RstﬂHJdJ%G;
LS_a.nda.ge_a.nd_B_e_dkle._l:b94). This sequence is populated ffoto leght by four diferent types

of galaxies: ellipticals (E), lenticulars (S0), spirals) (@d irregulars (Irr). Ellipticals, in first
approximation, have a surface brightness (SB) profile thatbe described by a Sersic law:

2(r) o Zeexpl/re)" - 1 (1.7)

wherere is called dfective radius and is defined so that half of the luminosityhef galaxy falls
inside this radius and is an index that is inversely related to the concentratiotheflight profile in
the galaxy@i&jﬂkm). In the particular case in whieh Eq.[1.7 is called de Vaucouleurs law
Vaucouleurs, 1948).
On the other end of the Hubble sequence there are spiraligalakhese can be divided into barred
and non-barred systems. In the middle, between elliptiaald spirals, there are the lenticular
galaxies. Both spirals and lenticulars are characterizea dentral region, often called bulge, whose
SB profile, similarly to ellipticals, can be described by asgelaw. In addiction to the bulge, they
have a rotating disk. But, while spirals are so called bezdlusy present spiral structures in the disk,
in the SO galaxies these structures are not visible. The SBi®fisk structure is, in general, well
described by an exponential law:

2(r) = Zoexpr/rs) (1.8)

where X is the central SB. In the Hubble sequence, lenticulars atevdss ellipticals and
spirals because they show intermediate properties betihese two classes of galaxies. From a
morphological point of view they have a structure more aamib disk galaxies, but like ellipticals
they are characterized by an older stellar population, #neyed, more massive and they do not show
a lot of star formation activity. Ellipticals and lenticusaare often referred to as early-type galaxies.
Spirals on the other hand are blue, they have a youngerrspalfaulation, they often show sites of
ongoing star formation, and are also called late-type gedax

Another class of systems very common in the Universe butamtiained in the Hubble sequence,
is that of dwarf galaxies (DWs). These are morphologicahyilar to ellipticals, but with much lower
SBs 8). These galaxies, in general, do not coptaing stars.

Galaxy Luminosity Function (LF)

How galaxies are distributed in luminosity is described g luminosity function®(L). The law
that better fits observations is the Schechter func r 6):

(L) = (@7/L7)(L/L7) exp(L/L7) (1.9)
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whered(L)dL gives the number of galaxies in the luminosity rahge dL, L* is the characteristic
luminosity above which the number of galaxies sharply fa¥sis a normalization factor andis the
slope of the luminosity function at the faint end. It is wefiden that the Schechter law is only an
approximation to the real luminosity function of galaxissice this depends both on the galaxy type

and the environmen@m&lmmmm;m&lm& The study of

the LF for diferent systems is, in fact, a way to investigate the influefi@ngronment on galaxy
formation and evolutior! (Garilli et &l., 1999: De Proprisatt 2003).

Analyzing a sample of galaxies in the Virgo cluster and inﬂbEi,LBlnggﬂli_el_a'.L(J.Q_éS) found
evidence suggesting that the luminosity function of thevikdial morphological types éliers from
type to type, but for a give type is instead invariant withiemvment, with just the amplitude changing
in different host systems. Thefldirence observed between the LF of galaxies in the field and in
clusters arises as a consequence of the morphology deglsitipn (see following Section@er,

). The slopes of the LFs are very similar at the brighttsrhuse spiral galaxies and ellipticals
have comparable characteristic luminosities. The mdiierdince is observed at the faint end. The
slope of the LF of galaxies in clusters is significantly sexeghan that of the galaxies in the field.
This is due to dwarfs galaxies which are much more frequeciuisters than in the fielm al.,

2004).

The Fundamental plane (FP)

For ellipticals and bulges of spiral and SO galaxies a m@hatxists between their morphological
and dynamical properties. In the three-dimensional spa@ndpy velocity dispersion,fiective SB
Ye and dfective radiuge, ellipticals and bulges fall on a plane, called thendamental planéFP)

(Dressler et all, 1987: Faber ef al., 1987; Bender et alZ)igoen by:

log(re) = alog(og) +bXe+C (2.10)

where a, b, ¢ are constants. The projection of the FP Bg vs re plane is known as the
Kormendy reIation|(Korment|JI)L_19J77) and on thgvs o plane is called Faber-Jackson relation
76). Dwarf ellipticals also lie onaa@lin this 3D space, but not the same as
the one defined by the ellipticals and bulges.
An alternative way to define the FP is the via thepace formulatioA_(B_end_QLeﬂ M%):

1 1. (Zeos 1 o}
ki = —log(rec?); ko = —Ilo Ol k3= —lo 0 1.11
1\/59(.30)2\/69[%]3@9(2&6 (1.11)
In this case k is proportional to the considered system massddépends on its SB ands lon its
M/L ratio. DWs lie on a distribution perpendicular to those fethby ellipticals and bulges in the
k; — ko plane lLde_Rjj_le_el_& 5). This evidence suggestdfarent origin antbr evolution
history for these systems with respect to ellipticals. EifebWs are the most common objects
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in the Universe, their formation is still debated. The mdstly mechanisms responsible for their
formation are: (i) gravitational collapse of primordialndity fluctuations, similarly to ellipticals
(Dekel and Sil 6); (ii) ram-pressure stripping fromvimass irregular galaxie al.,

); (iii) galaxy-galaxy or galaxy-cluster potential Wedal interactions from more massive
galaxieskMgﬂmLeim_eJ_HE%os).

Brightest cluster galaxies (BCGSs)

A particular class of objects of which we have not yet talkbdu is that of the brightest cluster
galaxies (BCGs). Morphologically they are similar to diliials, but apart from being, by definition,
the most luminous galaxies in clusters, from an observatipnint of view they are particular for
several reasons. (i) They are special for their positioringocated near the centers of galaxy
clusters, close to the peak of X-ray emissimwwmm.,@dS). at the
bottom of the potential well. (i) They usually show smalfsets in velocity in comparison to
their host cluster systemic veIocitL/ (ZabluHet al|.,|_19_9b). (i) They are larger and have higher
velocity dispersionSJ_(sLQn_d&r_L'Lndﬂn_ejl MO?) and maggth respect to other ellipticals. They,
in fact, lie df standard relations fanormal early-type galaxie4 (Bernardi et MO?). Their Faber-
Jackson relation, for example, is steeper than for the temon-BCG ellipticals. This is consistent
with significant growth of BCGs via dry merger{s_LD_esLo_Qhﬂalle{ZQ_O_b). (iv) Their SB profiles
are special, since BCGs often present faint and extendedatd® laround them in the form of an
excess of light with respect to a de Vaucouleurs |M@aﬂ,|ﬁ8b). (v) BCGs also seem
to be brighter than expected from the bright end of the lusitgdfunction of galaxies in clusters
({B_emsl.ein_and_lihaﬂ LI’_._Zd)Ol and (vi) they are more likelyast AGNs than other ellipticals of the
same stellar mas @007).

Since BCGs are dierent fromnormal early-type galaxies, studying their characteristics is
important in particular to understand the physics actingares of clusters. Their peculiar position
indicates, in fact, that their formation is tightly relatexdthat of clusters as a Wholm al.,

). In the next section we discuss some of the procesaesarth thought to be involved in the
evolution of BCGs and galaxies in general.

[l

How galaxies populate clusters

Many studies have been done to investigate the charaaeridtgalaxies in clusters and the existence
of a strong relation between galaxy properties and the tyenfsheir host environment is known since
many decade Ie{.ngi._|1936). This dependfacts most of the characteristics
of galaxies from their mass to their star-formation histo§ome of the most important observed
relations are: the Butcher-Oemler (BQjext, the morphology-density relation and the downsizing
effect.LB_ulchﬂr_a.nd_O_emj a,b) were the first to noticettleanumber of blue galaxies in the
cores of clusters increases with increasing redshift. rlJ.IE(QSﬁIﬂLel_AI.L(l@@, using Hubble space
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telescope images, showed that these galaxies are seemstierslat high redshift but not in the local
Universe, and are star-forming spiral galaxies. The mdggyodensity (MD) relation relates the
frequency of the various galaxy types and the local envimmmlensityL(Q_emlleL_lQb ; Dressler,
). What is observed is that elliptical galaxies are nfi@guent in the dense cores of the clusters,
while there is an inverse trend with density (i.e. distarroenfthe cluster center) for the population
of lenticular and spiral galaxies. These tend to be moreufatjin the outskirts of clusters. This
relation seems to hold at all redshifks_(me_ssier_la{_al_.j;%ut while at high redshift the fraction
of spiral galaxies is high, as redshift decreases spiralxggd seem to be substituted by SO galaxies
IL_ZQbO). Finally the downsizirftget is related to galaxy star-formation and mass. From
observations it appears that galaxies with lower mass luaggel star-formation histories. That means
that blue, low mass spiral galaxies have more star-formaiivity than bright massive ellipticals.
This has two #ects: (i) since as we have already noticed the number ofl g@itaxies decreases with
decreasing redshift, then also the star-formation agtiléicreases with redshift in an anti-hierarchical
way lSmaiI et a|IL;9_Sbé De Lucia et il_..;bbm Poggianti E@_Ojl); (i) as a consequence of the MD
relation the outskirts of clusters show more star-fornrattwan the cores and the fiet al.,
). The truncation of star-formation in clusters can be tb evolution of galaxies in dense
environments, for example due to gas loss in the interaetitimthe cluster ICM. This is supported
by the observational evidence that the fraction of stamfog galaxies is also anti-correlated with

cluster massl. (Poggianti et él., 2b06).

1.1.4 Mechanisms causing galaxy evolution in clusters

There has been much discussion in the last decades aboudrthatibn of the Hubble sequence.
The origin of the MD and downsizingfiects or the formation processes involved in the formation
of BCGs are not yet completely understood. It is not cleahéf bbserved correlations are due to
mechanisms acting in dense environments or are imprintedglatructure formation. Attempting
to summarize the work that has been done to try to find an anewbese questions is beyond the
purpose of this introduction, but, since many of the medhasiinvolved in galaxy evolution are also
important for the formation of the intracluster light conment, | give here a brief overview of the
proposed processes. The most accredited mechanisms @dofosause galaxy evolution involve
galaxy-galaxy, galaxy-ICM and galaxy-cluster potenti&lhinteractions.

Mergers result from strong and direct galaxy-galaxy coIIisiM@, for areview). There
are diferent types of mergers, major and minor mergers and wet gndehgers. The first two classes
refer to the dimensions of the galaxies involved. In a majerger the two involved galaxies have
comparable masses, in a minor merger one is much biggerhbanitier. The second two classes are
related to the presence of gas in the involved galaxies. Wahase mergers in which gas is involved
and dry are those in which gas is not involved. Mergers arsidered to be rare events and numerical
simulations predict that during their lifetime galaxiestwa massvl < 10'*M,, experience at most
one merger event. Only more massive galaxies, like BCGs havevolution tree that involves a
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higher number of mergers up tb iD_e_Lugia_el_a|I.LZQ_d)éL;_D_e_Lus|:iE.._2d07). Numerical simalasi

demonstrated that mergers can also change the morphologalafies from spirals to early-type
galaxies|(Toomre and TQQdﬁLe_‘;th; Qerh BE ,). Dry mergers between
two ellipticals are often responsible for the formation @®s, while encounters between an elliptical
and a spiral galaxy produce less massive ellipticals. Mamyluminous ellipticals can be generated
by wet mergers between spirais (Khochfar and B!JrIJg_eLL_zO B3rgers are morefgcient if they
happen between galaxies that move at a relative low vel .M ). For this reason they are
expected to be mordiicient in groups of galaxies than in galaxy clusters.

Actually, recent observations demonstrated that mergappdn both in groups and clusters.
Studying a sample of 515 clusters in the redshift ran68 @ z < 0.12 : ) discovered 18
ongoing major dry mergers involving BCG galaxies. From th&y calculated that 3.5% of BCGs in
the local Universe are involved in merger eventszAt 0.12|Mclntosh I.|_(;0_¢8) investigated the
formation of massive early-type galaxies analyzing a saropB45 groups and clusters of galaxies.
They identified 38 pairs of merging galaxies and found thatndergers are more likely at the center
of massive groups. At intermediate redshift 0.39,@él 7) reported, in the very massive
cluster CL 09584702, the detection of one of the biggest major merger eveisobserved. They
predicted that the process will lead to the formation of t&@of the cluster. At higher redshift,
zZ~ O.83,ﬁr_a_n_el_a‘l.|_(20_(|)5) identified six merging pairs of galaxiethe MS 1054-03 cluster. They
calculated that galaxies in bound subsystems make up 15.#% oluster population at this redshift.

Tidal stripping and harassment can be classified into two main mechanisms: galaxy-galaxy
tidal stripping and galaxy-cluster potential well intefans. Tidal fields, produced by massive
galaxies L(pg_ggcjdl 3) or by the global cluster h@l@), can lead strong dynamical
evolution in galaxies that happen to pass close enough to.thethis case the satellite galaxies are
distorted by the tidal fields and can lose material beyondtaiogradius called tidal radius. Numerical
simulations showed that the tidal radius in general is atfan®of the potential of the two interacting

alaxies or the galaxy and the cluster, and of the orbit o$étellite galaxﬂﬁamlshﬁé&ﬂead_ét al.,
). These encounters, apart from distorting the shapatefiite galaxies can truncate their dark
matter halos and quench star-formation. They can also pemsible for the transformation of spiral
galaxies into SO, and in the case of a very low mass sateditexyg they can also completely destroy
it. During these events the formation of tidal tails and @ets very commonl(Toomre and Tt re,
1979).
Harassment is similar to tidal stripping, but is relatedastér encounters. At high speed (of the order
of the cluster velocity dispersion) close interactions camse impulsive gravitational shocks that can
severely damage galaxies. In particular, this mechanignfddme responsible for the transformation

of very low luminosity disk galaxies into dwariis_(MQ_QLe_eL EJQ.%J.M&L&L(&LAIL_ZQ{)G).

Ram pressure stripping is related to galaxy-ICM interactions. On the one hand, ftecé
consists in the loss of intergalactic gas from a galaxy thagses at high velocity the central core of a
cluster, due to the friction with the hot, X-ray emitting IQiSBJ.mn_and_G_dtL_lQ_' 2). Thidtect helps
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explaining the deficiency of gas observed in the SO galarid® densest regions of clusters and star-
formation quenching. On the other hand, the interaction gdilaxy with the ICM can compress the
galaxy gas inducing star formatian (Dressler and djlmJ)LQBBservations of the clusters A1689 at
z ~ 0.18 and A2667 az ~ 0.23 indeed confirmed these scenari[Q&_QQuﬂs_é él_a.LJ(ZO(Wc)telé in
these clusters infalling galaxies with bright blue stanfation knots. They explained the morphology
and the star formation of the galaxies as a consequence lftidal interactions with the cluster
potential well and of the ram pressure experienced by theite\wking accreted on the clusters.

1.2 The Intracluster Light

Intracluster light (ICL) consists of stars that are born atagies but have been lost by them during
the interaction they undergo in the cluster environmenhwther galaxies or the cluster potential
well. Even if diffuse light represents only a relatively small fraction of light emitted by clusters,
its study is important to understand the dynamical statubefcluster to which it belongs and the
physics involved in galaxy formation and evolution. Oncs ttomponent has formed it will not be
able to lose energy ajfm angular momentum and will remain on the orbit on which isvi@med,
conserving the chemical characteristics of the object® fichich it has been lost. This makes ICL
a good probe of the mechanisms acting in the build up of strastand explains why the study of
this component is fundamental to understand the dynanmtiai ef a cluster and cluster evolution in
general.

The existence of the ICL is suspected since the 50s. Zwicky paper of 1951 on the Coma
cluster wrote:“vast and often very irregular swarms of stars and other reatxist in the spaces
between the conventional spiral, elliptical and irregulgalaxies” M @). Unfortunately,
due to very low surface brightness of this component, wtsdess than 1% of the brightness of the
night sky s 9), a systematic study af h@s been possible only in the last decade,
with the advent of CCDs.

Since then the main questions that the astronomers hadedrnswer are: where, in a cluster,
ICL is mainly formed? Is there a preferential time duringstér evolution in which it is formed?
Which are the mechanisms that contribute more to the foomatf the ICL and is there any relation
between the cluster mass and the amount of ICL? Do all galaxietribute to the formation of ICL
or only the most massive ones?

To answer these questiondfdrent approaches have been used. On the one side the ingreasi
resolution of numerical simulations has given the possjbib predict the origin and behavior of
ICL in more detail (see SeE.1.2.1). On the other side, froendhservational point of view, deep
photometry has allowed to understand the spatial distabudf the ICL, to study its color in relation
to the color of the galaxies in the cluster and to estimatariiteunt in relation to the global properties
of the hosting system (see SEC. 11.2.2). In parallel in sorses;dhe study of single intracluster stars,
like red-giant stars and supernovae and globular cludtassallowed to derive an estimate of the age
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and metallicity for the ICL (see Sdc. 1.P.3). And finallystis the framework in which the presented
thesis is embedded, the study of Planetary Nebulas (sed¢l2e8) has also allowed to study the
kinematic properties of this component.

In the next sections, | give a brief summary of the most recesults on ICL, both from
simulations and observations.

1.2.1 Formation mechanisms and numerical simulations

Today the existence of ICL is well known, but the physics lagd in its production is still subject of
debate. The main candidate mechanisms to produce ICL qugaléixy mergers; (ii) fast encounters
between galaxiesg@laxy harassmejit (iii) tidal interactions between two galaxies or betwesen
galaxy and the cluster potential; (iv) stripping of grougsyalaxies falling into a bigger structure;
(v) stripping of stars from galaxies in the initial collapsieclusters (see Selc. 1.1.4 for more detailed
physical description of these mechanisms). Reasonablyf dllese mechanisms contribute to the
formation of ICL, but it is not clear yet in which measure tregntribute and in which phase of the
cluster formation they mainly play a role. It is likely thdtere is not a common path for all the
clusters, but that the formation of the ICL strongly depeodshe dynamical evolution history of the
particular systems and that generalized conclusion caiwalys be drawr{_(MeﬂltL;Qb ; Dubinski,
|;9_9$; Willman I.[LOQM). However, in general we expectamoassive and evolved systems to
have a higher amount of ICL than dynamically younger and heassive systems.

Numerical simulations were performed and studied to unaedsthe formation of the ffuse light
component and to put it in relation to the global charadiegf the host structuré_Naleila.nQ_ek al.
) performed aACDM dark matter simulation with tracer particles of a Virgkel cluster,
and more recently hydro-dynamical simulations comprisingling and heating mechanisms, star
formation and stellar evolution have been analyzed. In raze to observations (see next
paragraphs), most of the simulations found that the amolul@loin the simulated clusters atp
comprises of the order from 10 to 30% of the total opticaltligimitted by the clustermm

|_0_0_‘l1 BmmsuﬂiJ@ﬂMMoo7m #@ some cases a bigger amount was

observed|(Muran d?, Puchwein étLaé_bom). Bitons suggest that the ICL evolves
in parallel to cluster, with the increase of ICL stronglyateld to the accretion of groups onto the

system|(Rudick et al.. 2006). Most is formed at ¥ (Murante et al., 2007: Dolag etldl., 2009). The
morphology of the ICL changes with the dynamical status ef ¢luster. Tidal streams are more
present in dynamically young systems. These substrucamegienerally colder that the galaxies

in the system and present unmixed stellar populatibns_(mapo_el_al.J_ZO_di;_Rudjnk_eLh 09).

Their predicted color is comparable to the color of elliptigalaxies with metallicities that decrease
from near solar at the cluster core, to metal-poor in theraggions (Sommer-Larsen eﬂ MOS).
Their formation is mainly due to the stripping in close pagsanear the central cluster galaxy of both
massive and small galaxies, with the stars mainly strippech the outer, lower-metallicity parts of
the galaxiesJ_(WﬂLman_el_éL_ZdM). As clusters evolve, Evblves in parallel and a moreffiise and
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homogeneous ICL envelope forn|15_£Rudi£k_€Lt|_a.L._JZ009)

Simulations agree that massive galaxies mainly contributie formation of intracluster stars
I lj;)]ﬂ[._liughﬂem_ej El.lu_Zbld,\._MuLa.DLe_Edmoj’), analyzing a sample of 117
clusters, showed that most of the ICL is produced during taegar history that lead to the formation
of the BCG or other massive galaxies in the cluster, whilellemgalaxies and tidal stripping

mechanisms are responsible only for a minor fraction of @ieih the outskirt of the cluster. Debated
remains the role of dwarf galaxies (DWs) in the formation@ltlhALelzel_andﬂth_(ZQiO), studying
the fate of satellite galaxies in galaxy cluster, found thast of them are disrupted by tidal stripping
into the ICL.[Baria et él]_(;ojm) found that during clusteolexion DW galaxies are mainly destroyed
by mergers with massive galaxies, but that in the case ofudzgigtn by tidal fields of other galaxies,
the light released is slicient to explain the ICL observed in clusters.

1.2.2 Amount and morphology

ICL is a common component in all structures, from massivstehs to groupi_(EeldmeieLejl JaL._ZbOZ,
@1), but the amount of filise light as a function of host system mass and other maiactegistics
remains a controversial issue. Observations of the Leopgsbowed that only a few percent of the
optical light in these systems is in the form of intragroughti (IGL) an.leoﬂo_dngLLez_e_tJMOS).
Onthe other side, HGC 15, HGC 35 and HGC 51 have a detecteddfpanent that emits from 15%
to 30% of the total light of the groub_LDa_RQ_Qha_dt[alJOO@ asan extreme case the compact group
HGC 90 has an IGL component that is 45% of the total group | 2003). In alaxy
clusters recent studies have shown that ICL comprises airtter of 10- 30%*
|Zlb£11;|_el_aj.J_20_d5) of the total optical light emitted by laster, but in young systems like Vlrgo its
fraction can be very Iw@i@% while it carach values of about 50% at the center of
very massive clusters like Co Bernstein IJ_aL_hQQS).

Several deep photometry multi-band campaigns have beerdaut in clusters in the nearby
and intermediate redshift Universe. These studies hawerstimat the ICL is present in the form of
difftuse component among galaxies or extended halos around BiGslso in the form of plumes
and tidal tails. The extended halos are thought to builtyufhb accretion of material onto the central
BCG galaxy of the cluster, while tidal debris is the sign afemt interaction of galaxies in the dense
cluster environment.

However, the spatial distribution of ICL is, in general, welifferent from cluster to cluster. The
presence of a cD galaxy often corresponds to both centrauﬁyentrated alaxy profiles and centrally
concentrated ICL prOfIIGJS_(Q_QDZaJ_QZ_Qk LiL._j ; 5837) Studying a sample of
683 BCG clusters in the SDSS survle;L_ZLbeni_ét[al_(bOOShﬁ)mat the ICL fraction is 30-40%
of the total optical light of the cluster within the centrddLkpc and that this fraction dramatically
decreases to a value &f 5% at a galactic distance of 660700h-} kpc. This is consistent with
ICL either forming from galaxy interactions at the centerfanming at earlier times in groups and
later combining in the center. The spatial distribution @Llin dynamically young and non-cD
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galaxy clusters is less regular and reveals the ongoingdtiomof ICL by galaxy-galaxy interactions
dFeIdmeier et AIL;OJM). Therefore, there seems to be aligid between ICL and BCG galaxies.
The two components remainfiicult to disentangle and several authors speak about a+BCiGas

a single componen|L(G_Qﬂzalﬂz_ek laleO?) (seelSec] 1 2adnfore detailed discussion).

A well studied system is the Virgo cluster. Very deep imagiogvering a large area, obtained
with the Burrell Schmidt Telescope, revealed a complex ostvef diffuse light and extended tidal
features in the core of this cIustEL(mo_S_el[[aLjdLO_i:_R_bjﬂ_ai.llo_lb). In Fid_T11 the upper panel
shows an DSS image of the Virgo cluster and the lower panehadeep photometric image of the
same area obtained b;LMihos_et MOOS). It is evident msbcond image how the space between
the galaxies is filled with light distributed in a very congalted way. The study of the color of the
ICL around M 87, out to a radius of 200Ghowed that the use light component becomes bluer
from the center to larger radii. A similar color for the BCGlayey halo and most of the observed

streams was founh_LRudiQk_ejl MlO).

An interesting case is also that of the Centaurus clusteepDmages revealed the presence of
an arc of difuse light that stretches for over 100 kpc South of NGC 4078, airthe galaxies in the
cluster (see upper left panel of Fig. 11.2). Comparison wiithugations support the hypothesis that
such feature is what remains from a galaxy that was disrupyesi close passage with this elliptical
galaxy k_C_aIsﬁnED_RQIdan_eﬂ MOO).

Multi-wavelength analysis of the Coma cluster showed alaingituation in the Coma cluster,
where several dlierent concentrations of flluse light around the central galaxies of the cluster,
NGC 4874 and NGC 4889, were detected (Bernstein|et al.| /898mi et al., 2005). Most of the
ICL has ared color, compatible with old non star forming matdost from elliptical galaxies, while
one of the light concentrations has a bluer color, and isairiybdue to the recent disruption of a
spiral galaxy near the two main galaxies of the cluster.

At higher redshift, i.e. z 0.3,[Eiﬂtiﬂj_e1_ai.[(20_d8) analyzed a sample of three X-ray hous
clusters selected from the REFLEX cluster survey. Two ofrttege relaxed clusters, the other is a
merging cluster dominated by two subclusters, each doednly a pair of BCGs. From the color
study they found a consistency between the color of the B@@gte ICL component in the clusters
that from the X-rays are classified as relaxed. The color efdffuse light observed around the
BCGs galaxies in the non-relaxed systems is significantigibthan that of the BCGs themselves.
This result suggests again that the mechanisms leadinge ttotmation of the ICL depend on the
dynamical status of the cluster. In the un-relaxed systemexample, the bluer color of theftiise
light could be due to the recent disruption of star-formilogy metallicity dwarf galaxies.

A systematic study of ICL characteristics as a function afstgft remains for the moment a
difficult task to implement. A first attempt in this direction wasd b),lK_ricLammemsléirL_(;dO?).
They detected ICL for all the groups and clusters in theirganup to a redshift of 20.3. They
found that ICL is present both in ¢cD and non-cD clusters, With not centralized in non-cD ones.
Unfortunately, this result is not conclusive due to the &é&is the used cluster sample which contains
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Figure 1.1: Upper panel DSS image of the core of the Virgo clusteéower panel Deep V band image of the core of the
Virgo cluster showing the éiuse light (Mihos et di[, 2005). The black levels saturatg,at26.5, while the
faintest features visible have a surface brightnegs,0§28.5. North is up; East is to the left.
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NGC 4696

P
Figure 1.2: High-contrast image of the core of the Centaurus galaxytetusith NGC 4696, the brightest galaxy in the

cluster (upper right). Under NGC 4079 (lower left) the ewtady faint jet-like feature extending towards the
lower left corner is visible.

no low-luminosity high-redshift clusters and no high fluwloedshift clusters.

A further important issue to mention is the relevance of tBk and ICL to address the problem
of the missing baryon mass. The inclusion of théudie component in the calculation of the barionic
mass fraction may help to fill the gap between the values medsby WMAP (Spergel et al.,

) and direct measurements of baryons in groups anobrSuJiﬁana.lez_eLElll_(ZdOY) found,
in particular, that the importance of the BE&&L component in the baryon budget is inversely
proportional to system mass and velocity dispersion andithaontribution is more fundamental
at the center of the groups and clusters and less in the dstski

1.2.3 Metallicity: individual stars as diffuse light tracers

The study of the age and metallicity of the ICL is possible iy tletection of individual stars and
globular clusters (GCs) lost by galaxies which now belonth&difuse ICL component.

Among others giant branch (RGB) stars are particularly goothis purpose, both because they
are bright and therefore relatively easy to detect, andusecthe absolute magnitude of the tip of their
luminosity function is related to the age and metallicitytadir parent stellar populatiom al.

) using the Wide Field Planetary Camera 2 orHhbble Space Telescop#etected a sample of
intracluster RGB stars in a field 41’ North-West of the cD ggl# 87 in the Virgo cluster. From the
LF of the detected stars they calculated the age of the pdifase stellar population to be greater
than 2 Gyrs, and found it moderately metal-rich. This resufiports the hypothesis that thigtdse
component has been stripped from intermediate Iuminoailgo@psb&llllams_el_alluzojbﬂ, using the
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Advanced Camera for Surveys on tHebble Space Telescopgetected a sample of 5300 stars in
another field of Virgo, half-way between M 86 and M 87. Theyrfduhat the age of this population
is mostly older that 10 Gyrs. More interestingly, they disaed that the detected stars span a wide
range in metallicity. This indicates that the ICL componieai$ originated from dlierent galaxies and
is not well mixed yet.

In parallel also intracluster supernovae (SNe) have beerobd. Already in 1998 Reiss

dReiss and HQi&L_lQbé; Reiss ei ELJQQS) talked about 8apae in“anonymous galaxy, but at
the time the lack of a spectroscopic follow-up of these dkjgcecluded the possibility of assigning
the object to a cluster. The first confirmed intracluster Sdeavwobserved mgjb%)
in a sample of clusters at@ <z< 0.2. They found in these clusters a couple of SNe of Type la that
are in projection on top of the halo of the cD galaxies of thustdrs, but with a velocityftset of 750-
2000 km s? relative to those galaxies themselves. They calculated20f% of the SNe generated
in clusters derive from an intracluster stellar populatigmalyzing a sample of 1401 low-redshift
groupSLMQQ_e_e_and_B_a.ldgh_(Zan) discovered 19 new intragl®&ile la. From this they calculated
an amount of IGL in the observed groups equat#y% of their total stellar mass. This supports the
hypothesis that mechanisms like tidal stripping are véfigient in the production of diuse light in
low mass systems.

Also globular clusters are good tracers of the intraclustieliar population, both because of their
abundance and their brightness. It is not very clear yet heliithwey follow light. In fact, in general
they seem to follow a dlierent distribution than the stars. However, there is evidesuggesting that
blue GCs trace ICL better than red GCs. Intracluster GCs wiserved both in Coma and in Virgo
d;lQLd_a.D_el_AlL_Zijb_,la.kamua_e_{ EL._jOOQ). An excessus, bbhetal poor GCs with respect to a red,
metal rich popl)u_lg_tdion was detected in the Hydra | and in thet@eus cIustesz_LRjghllﬂr_eﬂeLL_ZbO4;
Misgeld et a|. 2009).

1.2.4 The ICL and the BCGs

We have already seen that BCG galaxies have characteribtitsare diferent from that of their
elliptical counterparts in the field. It was observed thanynaf them emit more light at lager radii
than expected for a¥® profile, often referred to as the cD halo of BCG galaxies.

¢D halos of BCG galaxies have been subjects of many studideitast decades. The aim of
such studies was to understand the origin of the cD halo, #aghemisms leading its formation and
also to understand the relation to the BCG itself and the KCparticularly interesting open question
is, in fact, the dynamical status of the cD halo. Is it dynattjcbound to the BCG or is it made of
stars floating in the cluster potential?

nzalez I.|_(;0_b5) studied the photometric charatit=ifor a sample of 24 BCG clusters

at 003 <z< 0.13, out to a radius- 300 kpc. They found that in most cases the surface brightness
of the BCG galaxies is best fitted by a doubl&Rmodel with independent scale lengths, ellipticity
and orientations. They showed that the inner profile haseptigs typical of giant elliptical galaxy,
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while the outer profile has a scale lengths of the order of A@imes larger. They interpreted this
second component as due to a population of intraclustes staring the cluster potential. Moreover,
they interpreted the misalignment of the two light profilstsong in about 60% of the clusters, as an
evidence of the dierent physical nature of the BCG and the IJ:_L._Zlb_e_t];i_étLamQ?b considered a
sample of more than 683 BCGs galaxies &t 9z< 0.3, selected from the Sloan Digital Sky Survey.
By stacking images they were able to measure light out #0 kpc from the cluster center. As in
the previously mentioned case, the light profile measuredvstan excess with respect to a simple
RY/4 profile. This excess was interpreted as the presence of and@iponent.

On the one hand, this hypothesis is supported by numerirra]lations.bMﬂman_el_all.L(ZDgM)
observed that in simulated clusters the halos of cD galatsssshow, in accordance with observations
dZibeni et a“LO_dS), an excess of light in comparison toea\Gucouleur profile and that their
formation is tightly related to the formation of the ICL cooment. [ Dol IJ_(;O_IlO) found that
the kinematics of the BCGs in their simulated clusters ifieitvo distinct populations. There is
a more spatially concentrated cD component gravitatigrizdlund to the galaxy, and an additional
diffuse component that traces the cluster potential. The ¥gldigpersion of the diuse component
is comparable to the velocity dispersion of the member gadai the cluster and its age 4sl.5
Gyrs, significantly older that the cD component. On the oltaard, in a recent study on the structure
of all ellipticals and spheroidal galaxies in Virbp_lsgtmmm_all. kZQ_Qb) showed that to have Sersic
index n> 4 is common not only for BCGs, but also for many giant elligtigalaxies, mainly due
to their merger origin. Therefore, the hypothesis that theess with respect to a'R profile is
related to ICL needs to be demonstrated by studying the latiesnand stellar population of this
light. Only a kinematic study can really explain if the exzés bound to the BCG, as seen in the
boiag_el_al.[(;OjO) simulations, and the stellar populatian give hints on the most likely formation
scenario. The problem with such studies is unfortunatdted to the very low surface brightness
of the halo component. Therefore it has been vefiadilt till now to study these galaxies beyond

one dfective radius (i.e~ 5- 10 kpCILLaLter_e_t_élll_(;de);Lo_Lms_er_el Jal_(j 2009)) txhethe

regions dominated by the halo light.

|£Z_0_C_Qa19_e_t_zill_(;04ba) presented the kinematics of theadéwin galaxies of the Coma cluster out
to a radius of~ 65 kpc for NGC 4889 and 50 kpc for NGC 4874 along their respective major axis.
They used very deep long-slit spectroscopic (LSS) datarsdmdavith the SUBARU telescope with
FOCAS. In this case the velocity dispersion of both the gataghows a flat profile, that indicates
that the stars also at-R4R. are still bound to the central BCGs and that there is no mab&ur
contribution of ICL in the halo of these cD galaxies. Howewerccordance with what is suggested
by[KQLmﬁnd;LeLél.L(ZO_(bQ), the study of the stellar popufatid NGC 4889 reveals that the stellar
population of the galaxy within 1Rhave been formed in a timescale significantly shorter than th
stars in the hal0|_(§_0_c_cmo_e_tl :il_..lQllOb). This is compatiite a scenario in which the halo has
a completely dterent evolution history and has formed by later accretiostais from old systems
with different star formation rates.
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A different velocity dispersion profile was measured for the cloxgaNGC 6166 in the Abell
2199 cIusterL(LeLs_on_e_t_LaleO@. This is the only case kndar which the kinematics of the ICL
in the halo of a BCG has been measured. The velocity dispesiafile of the galaxy, in fact, first
decreases, from a value of 300 jgvat the center to 200 kiswithin a few kpc, and then rises up
to the cluster velocity dispersion atR0 kpc, showing that at this radius the halo of the galaxy is
dominated by intracluster stars, floating in the clusteeptil and not bound to the BCG anymore.

An alternative and féicient way of studying the kinematics of the halo of BCG gataxat low
SBs, i.e. large radii, and also the ICL in general is to explibre characteristics of the Planetary
Nebulas (PNs). Why PNs are particularly suitable for thim and how they have been studied till
now is the main topic of the next section.

1.2.5 Kinematics

After what we have learned about ICL it is clear that a studythaf kinematics of this diuse
component is very important to better explore its physidaracteristics. The kinematic study
of the observed structures in the ICL can, in fact, give vempartant hints on the origin of the
difftuse component. It is also fundamental to study the kinens#dittis of the halo of cD galaxies,
giving the opportunity to disentangle if the cD halo is dyneatly linked to central BCG or it is
dynamically distinct and part of the ICL component as sutggeby photometric studies of BCGs
systemsL(Z_ibﬁnLel_élLlbe_:ﬁ_omaLez_étLaLioon

As already seen, due to the very low surface brightness of@hecomponent, the study of ICL
kinematics with absorption line spectroscopy is very hard tb variable sky background and sky
noise (see section_1.2.4). Moreover, absorption line spempy gives information only on the
integrated light along the line of sight, and the identifimatof substructures, if possible, is very
challenging. A valid alternative is to study single staecing the underlying stellar population and
kinematics.

The Planetary Nebulas and their physical characteristics

The best known discrete tracers are Planetary Nebulas (RN&r becomes a PN, after its post-AGB
hase, if at this point of its evolution its core mass is inrdugge Mo < Mcore < 8Mg m

). The star becomes unstable, its atmosphere is ejutetthe resulting PN consists of a central
white dwarf star, surrounded by low density ionized gas. Buihe extreme rarefaction of the gas,
PNs re-emit up to 15% of their light in the [OI1}}5007 A tD_Qpila_el_allL_lQ_EbZ). It is because of this
bright and narrow emission line that PNs are relative easletect. The typical spectrum of a PN
is shown in Fig[LLB. It is characterized by many emissioadinAmong these, apart from the [OIII]
15007 A other strong lines are [OlI}4959A and .

The PN luminosity function (PNLF), measured as the distiitsuof the [Ol1]] 25007A emission

line fluxes, is characterized by a very sharp dutm its bright end. The PNLF is empirically well
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Figure 1.3: Example of two PNs’ spectra from Jacoby and Ciardullo (1999)

described by the formula:
Nimsoon) = eCJ'?)(MT‘EOO7[:I- - e3(m§007—n‘5007)] (1.12)

wheren. , - is the observed bright cuomagnitudel(Ciardullo et al., 1989). f@rent observations of
the PNLF in numerous galaxies of the local Universe and coisgrawith other distance estimators
have demonstrated that the bright dtitmrresponds to an intrinsic magnitudeMg . = —4.51 mag,
independent from the characteristics of the parent stpthaulation |((Ciardullo et all, 1989; Jacoby,
1989;[Jacoby et al., 1992; Ciardullo, 2003). This makes theFRPbright cutdf a strong distance
indicator. Unfortunately, theories have till now failed éxplaining, from a theoretical point of
view, the physical reason for such behavior. They predictth@ contrary, the bright cufioto be
dependent on the age and metallicity of the parent stellpaulption (Mendez and Simer,|19977;
Marigo et al.; 2004). In particular, from the models the btigutdT should be fainter for early type
galaxies than for late type galaxies. A possible partialtamh to the problem could lie in the presence
of blue stragglers formed by coalescence of binary staard@ilo et al.| 2005). These rejuvenated
stars could have sficient mass to be the cause of the observed bright PNs in ggydalaxies

(Ciardullo et al., 2005).

An interesting relation exists between the number den$iBNs and the total luminosity of their
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parent stellar population. This relation is given by the imsity-specific planetary nebula number,
the so calledr parameter, defined as

o = Nen (1.13)
Lot

whereNpy is the number of PNs anb;; is the bolometric total luminosity of the sampled light.
Simple stellar population (SSP) modeLIs_LRﬂnzlnLand_B_uilzhﬁﬁ_é) predict that the: parameter is
physically related to the so called specific evolutionary,f) that is linked to the rate to which stars
turn from the main sequence (MS) to the post-AGB phase, atfietoisibility lifetime of a PN, i.e.
the time in which its [Olll] emission is visiblex = 8 = Tpn. An exhaustive description of this issue
is beyond the purpose of this introduction, but what is ingroirto remember is that empirically a
relation between the parameter and the color of observed light exists. A list dfi@a is given in
table 6 oi{ Buzzoni et A:IL(;QbG). Therefore it is possiblegwimg the color, and consequently the
parameter, and the total bolometric luminogity; emitted by the sampled light, to predict the number
of observed PNs and vice versa.

Summarizing the reasons why PNs are good to study are:

e the envelope of a PNs re-emit about 15% of the total light tehiby the central white dwarf
in only one emission line, the green [OINB007A forbidden emission line. This makes PNs
relatively easy to detect. Moreover, the [OINF007A emission line is narrow~( 30 knys),
therefore the PNs’ velocities can be measured with mediwwmluton spectroscopy;

e the PNLF is a standard candle distance indicator due toightcutdt;

o from the number count of PNs is possible to predict the SBefidrent stellar population, via
thea parameter.

Moreover, recent studies on a sample of galaxies in the ldoalerse demonstrated that

e the PNs trace light, because they follow the same spatiaitison and kinematics of stars
I 9).

PN surveys forD < 25Mpc

At low redshift the most widely used technique to detect PBlsthe orfoff-band technique
dgLiaLd_Lmo_e_[_al.,|_l9_d9). It consists in taking two imagestloé sky. One is obtained through a
narrow band filter, centered around the redshifted [QIBPO7A emission line at the distance of
the observed object and the other is obtained through a érdidtér (V or R band most frequently).
PNs are distinguishable from other sources because theyshagry faint continuum level. For this
reason they are visible in the narrow band filter image becatigheir bright [O111]15007A emission
line, but not in the broad band image. The technique allowsdasure with two exposures both flux
and position for the detected sources. Possible contaimingt the sample from [Oll] regions and
Lya background galaxies have been taken under control by thefusdank field surveys used for
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comparison| (Freeman et| $_L._2b00), the additional obgensbf the PNs via a bl narrow band filter

koamura et AlLLOJbi Arnaboldi et ELI., 21)03) and by spsctpic-follow up of subsamples of the

detected objects.

Surveys of PNs were done in M MMQ%) and in the Lmqndeaslm;Ro.dﬁgu&z_eﬂal.,

), but the Virgo cluster has been the most observedmyist¢he local Universe. Since 1998 a
considerable number of PN surveys have been carried ouheAtriesent time a total of 18ftérent
fields spread all over the cluster have been observed, repobgions at a distance larger that3®

from the cluster centell (Arnaboldi etHl”_ZbdlZ;Eelﬂmﬂtmlle[ZQQh,LZQd4LAgu&LtLeLhL_2d05;
Castro-Rodriguéz et H zdog). The PN samples were usidtdanfer, from thea parameter, the

SB of the parent ICL stellar population, and by the analy$ithe bright cut-d¢f of the PNLF the
distance of the light in the cluster.

The overall picture that comes from the analysis of the atiaristics of the detected PNs is that
the distribution of ICL is not uniform in the cIustéL(_C_a.&IRmﬂLiguéz_el_élL_Zng). The ICL is more
concentrated at the center of the cluster, where the galemyity is higher and lower elsewhere. In
the core, no significant trend of the SB of the parent steltgoufation was observed in thefidirent
surveyed fields with increasing distance from M b? (AgLLer_aH_O_Qk) Feldmeier etla'_(_d04)
from studying a sample of more than 300 PILIs_LEeIdmﬂlﬂdézaQi) calculated an amount of
ICL for this cluster of the order of 10% in its core, a resulhfioned by the photometric study
of IMihos et al. [(LO_dS). Moreover, several evidence contatuo give an image of the cluster as
dynamically young and now on the point of forming: (i) the eh&d inhomogeneity of the spatial
distribution of the ICL on scales of 36- 90 dAgu&LLLel_aI.J_ZQ_dS), (i) the study of the PNLF as
distance indicator, in a region in the North with respectht®e ¢luster center where no big galaxies
are visible Iin) suggesting that tlomtfrend of the cluster may be closer to us by
about~ 14— 18% with respect to the cD galaxy M 87, and (iii) thgparameter suggesting that many
observed PNs come from late-type galawmﬂﬂ, ).

In parallel, very interesting results were obtained from #tudy of the kinematics of the PNs
for which a spectroscopic follow-up was done. Velocitiesrevebtained for a sample of 4Q2
PNs in the Virgo core|_(Amabgld|_eL dA:.D.Qh&Lt)LAthDQé). The spectra were obtained with
the FLAMES spectrograph on UT2. The velocity distributidritee whole sample shows an unmixed
kinematics that confirm the young dynamical status of thstelu The study of the spatial distribution
and kinematics of the PNs bound to M 87 as a function of thewdégt from the center of galaxy,
together with results suggested by dynamical models, I®eettuncation of the halo of the galaxy

~ 160 kpc and a decreasing velocity dispersion profile witleasing distance from the galaxy

center.
I.L(;Oﬂ)l) al*d_Te_o_d_OLe_s_c_LuJEtLal._dZOOS) measheedetocity of 531 and 195 PNs in

two Fornax cluster galaxies, respectively NGC 4697 and N&21To do that they used the classical
on/off band technique, but combined with a dispersed image olotaineng the same observing run.
In this way they were able to study the kinematics of thesaexigé up to threefiective radius from
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their center.

An alternative technique to detect PNs in galaxies in thelyedniverse is the so called counter-
dispersed slitless spectroscopy technique. The techmigugists in observing each field twice, the
first time with a dispersed image and the second time with pedi®d image obtained with the
spectrograph rotated 180 degrees with respect to the piewioservation. The technique allows us
to measure flux, position and velocity of the detected saurébe velocity of the detected emission
lines is proportional to the separation between their jprtin the two spectral images. A dedicated
instrument for the detection of PNs with the counter-dispdrtechnique is the PN Spectrograph
dgo_ugl_a_s_e_t_élLloj)Z). The instrument is build so that thbtlcoming through the telescope is split
in two opposite arms at the end of which two identical spegaphs are located.

i L kZQ;Lb) used the counter-dispersed technigjtie ORS1 on the VLT to study the PN
population in a five field survey around NGC 1399, a cD galaxthan Fornax cluster. Of the 187
detected PNEMCMEMLH._@N) showed that 146 are boumnia@ 1399. Of the remaining 44,
some are bound to NGC 1404, another galaxy in the clustertadest reveals the presence of a
substructure at low velocity. The superposition of theg@oua components highlight the complexity
of the cluster core structures and the importance of disa@mponents as PNs, to detect them.

Multi-Slit Imaging Spectroscopy technique: PN surveys forD > 25Mpc

The techniques described till now are suitable to detect BN& a distance of25 Mpc. At a
distance of~ 100 Mpc, the flux from the [OlIII{5007 A emission line of a PN at the bright cfitof
the PNLF is of the order of a few 18 erg cnt?s. In a window of 40-50 A (the typical FWHM
of a narrow band filter), the level of the sky noise is of the sawder of magnitude. To detect PNs
at these distances it is necessary to reduce substantiallyoise from the night sky. This is possible
by using the Multi-Slit Imaging Spectroscopy technique QMMLd_e_tAILlQl)S). The MSIS is
a blind search technique. It combines the use of a mask oliglaskts (see Fidg.14), a narrow band
filter centered at the redshifted [OIB007A emission line, and a dispersing element. With the use
of the mask of slits and the dispersing element the sky nsiseduced by a factor of 5-10, depending
on the instrumental resolution. The technique allows useteat all the emission line objects that
happen to lie behind the mask slits, and to measure theird]yasitions and velocities with only one
exposure. To survey as much surface as possible, the maslpmed along the dispersion direction
in order to cover the distance between two adjacent sliteefriask.

The technique was pioneered at the SUBARU telescope, whieédaSouth of the cD galaxy
NGC 4874, the second brightest galaxy in the Coma clustes eolmerved with the FOCAS
spectrograph. The velocity distribution of 37 ICPNs detddtas a main peak at a systemic velocity
~700 knys bluer than the systemic velocity of the nearby galaxy NGZA448ut coincident with the
redshift of the other cD galaxy, NGC 4889. These ICPNs argefoee not bound to NGC 4874,
and have been probably stripped from the halo of NGC 488duriclose passage to NGC 4874.
Combined with galaxy redshifts and X-ray data the PN lineigiitsvelocity distribution (LOSVD)
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Figure 1.4: Multi-Slit mask used in the observations carried out in thelta | cluster, with FORS2 on UT1-VLT, using
the MSIS technique. The mask has 21 horizont@¥ vertical slits. Each is 17”.5 long and 0.8 wide. The
dispersion direction is horizontal and the spatial di@tis vertical

suggests that the cluster is currently in the midst of a sigbef merger, where the two subcluster
cores around the supergiant galaxies NGC 4874 and NGC 488 esently beyond their first and
second close passage, during which the elongated distribaf intracluster light has been created
1L, 2007).

Another two fields in the Coma cluster have been observed R@CAS at the SUBARU
telescope and other surveys have been realized with FORBZ bnOne of these is analyzed in this
work, covering the core of the Hydra | cluster around its @dreD galaxy NGC 3311. Moreover,
two fields have been observed, one East and one South of tlralg@alaxy of the Centaurus cluster,
NGC 4696, and in the summer of this year, also the central @btiee compact group HGC 90 has
been observed.

1.3 The Thesis

The work presented in this thesis is dedicated to the studigeokinematics of the ICL component
in the core of the Hydra | cluster. Hydra | is a medium compéaster in the Southern hemisphere
at a distance 0£50 Mpc. The cluster is dominated by two central non interacélliptical galaxies,
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NGC 3311 and NGC 3309. It has a systemic velocity~08683 km s with a velocity dispersion
of ~ 724kms? (Christlein and Zabluﬁ, m; Misgeld et AIL;O_bB). A complete description of
the characteristics of the cluster is presented in Bet. BtRiothesis. The goal of our study is,
by analyzing the Hydra | case, to address in particular to dqwestions: (i) Which is the relation
between the ICL and the halo of BCGs galaxies: are these tysigaily distinct? Does the BGCs’
halo smoothly blend into the ICL light or do the two form twakmatically diferent components?
(i) How does the study of the kinematics of the ICL help usimerstanding the dynamical status of
a cluster as a whole? Does it help us in the identification ®tthster substructure, if any is present?
We have chosen Hydra | to answer these questions, becaumeXfmay observations, the cluster
appears to be the prototype of a relaxed system. The stuthg afiteraction of the halo of NGC 3311
with the intracluster light component should thereforedlatively easy to investigate in this system.
To reach this aim we study the core of the cluster, the centf#0 kp&, by using diferent data sets.
First we analyze deep Gemini GMOS-South archive long-gitacand UT1-VLT FORSZ2 long-slit
(LSS) data to study the absorption line kinematics of NGCL38bng its major axis. Then using the
Multi-Slit Imaging Spectroscopy (MSIS, see Sec.1.2.5hiegue with FORS2 on UT1 we detect the
Planetary Nebulas (PNs) (see §ec 1.2.5) populating theo€tine cluster. PNs trace light and we use
them as single tracers to study the kinematics of the lighiiéncore of the cluster. The MSIS mask
used for the Hydra | observations is shown in Eigl 1.4 supagon a DSS image of the cluster itself.
The two galaxies are NGC 3311 at the center of the image and 385G on the upper right. Finally
we use photometric K band 2MASS archive data and V band WH @eastudy the distribution of
light around NGC 3311 and NGC 3309.

The thesis is organized as follows: in Chapter 2 we presentrtbasurements of the velocity

and velocity dispersion profiles of NGC 3311 along its majis @s published in_Ventimigli l.
). These are obtained from the study of the LSS datalama the kinematics of the galaxy

out to a radius of25 kpc. The velocity dispersion profile turns out to be patéidy interesting. As
in the case of NGC 6166 (see SEC.1.1.3), it shows an incrrasea value of~ 150 km st at the
center of the galaxy te 450kms? at a radius o~12 kpc. Further out, to a distance ©25 kpc,
the velocity dispersion remains constant. The outer vlalispersion is about 65% of the velocity
dispersion of the cluster. We conclude that the stellar bABNGC 3311 is dominated by intracluster
stars and that the passage from galaxy-bound to intraclsistes happens in the radial range from 4
to 12 kpc.

Chapter 3 and 4 are dedicated to the MSIS technique. Here seziloe the data reduction and
the selection criteria used to classify the detected earidéie objects. With the MSIS technique
with the setup used for the Hydra | cluster, in fact, we detect classes of objects: PNs at the
distance of Hydra | and background galaxies. These are gilfters at z0.37 and Lyr galaxies at
z~ 3.1. PNs are identified as unresolved emission line sourcésdpatially and in wavelength, with
no continuum. Background galaxies are resolved emissimndources with or without continuum
and unresolved emission lines sources with continuum. lap@r 3 we present the evidence for
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the objects classified as PNs to be really stars associatéietblydra | cluster and show their
distribution in the velocity-magnitude pIaHe (Ventimaket aHLO_dS). In Chapter 4 we describe the
main characteristics of the background galaxies, theishiél observed flux and equivalent width
distribution (Ventimiglia and Arnabok 0).

In Chapter 5 we concentrate on the kinematics of the PNs @et@dath the MSIS in the central
100 x 100kp@ of the cluster (Ventimiglia et all, 2010a). We find that theefiof-sight velocity
distribution (LOSVD) of the 56 detected PNs is highly noneGsian and has a multi-peaked structure.
The distribution is dominated by a broad central componémtreund the average velocity of the
cluster. By simulating a sample of PNs at the distance of Bydobserved with the MSIS and
distributed in velocity according to a Gaussian centeretthetsystemic velocity of NGC 3311 and
with a velocity dispersion of 460kms? (i.e. the velocity dispersion of the halo of NGC 3311 at
R> 12 kpc), we are able to demonstrate that the central peakwaose the PN LOSVD is compatible
with PNs tracing the hot halo of NGC 3311. This confirms the t&S&ults described in Chapter 2.
The other two detected peaks, one-at800 km s! and the second one at5000 km s1, reveal the
presence of real substructures in the core of the Hydra tesluBrom this we conclude that the ICL
component in the core of the cluster is still unmixed. Thiggasts that the build-up of the halo of
NGC 3311 is on-going. From the comparison of the spatial atdcity distribution of the detected
PNs with the phase-space distribution of the galaxies irchister we find that the redder of the two
peaks in the PN LOSVD is consistent both spatially and incigtavith a group of DWs populating
the core of the cluster.

In Chapter 5 we also present the study of the luminosity foncof the detected PNs used as a
distance indicator and their number density in relationhi light in the cluster. We find that the
luminosity function is consistent with that expected atstatice ot~ 50 Mpc, while the PN number
density is~ 4 times lower than expected. A possible explanation for éliglence is that the PNs
lifetime in the central core of NGC 3311 is significantly siemed by ram pressurdfects.

Chapter 6 is dedicated to the study of the light distribufiothe core of the cluster. We perform
a complete photometric study for the two central galaxy oflidyi, NGC 3311 and NGC 3309, both
in Ks and V bands. We find that the SB profile of NGC 3309 is wedlalied by a de Vaucouleurs
law, while NGC 3311 is described by a de Vaucouleurs law forlR kpc and with a Sersic law with
n~6.9 for R> 12 kpc. This evidence confirms again the LSS results. Morefnaen the study of the
2D photometry of the cluster core we find that there is an exoébght in the North-East part of the
halo of NGC 3311 with respect to a symmetric distributionight. We measure the velocity of this
excess. The excess is shown to be correlated both spatmlinavelocity with the PNs contributing
to the redder peak in the PN LOSVD and to the group of DWs in tte of the cluster.

In Chapter 7 we discuss the characteristics of these DWseotrating on one of them, HCC 26.
For this object we study the stellar population and the stirat properties. We discuss the possibility
that the group of DWs was partially disrupted during a recéoge passage through the dense cluster
core.
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Finally, in Chapter 8 the main conclusions of this thesisasdmmary of its results are presented
and future work and prospectives are discussed.
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Chapter 2

The dynamically hot stellar halo around
NGC 3311: a small cluster-dominated
central galaxy

Giulia Ventimiglia, Ortwin Gerhard, Magda Arnaboldi, Lodoo Coccato
Astronomyé Astrophysics, 2010, 520, HQ

Abstract

An important open question is the relation between intstelulight and the halos of central galaxies
in galaxy clusters. Here we report results from an on goimgegt with the aim to characterize the
dynamical state in the core of the Hydra | (Abell 1060) clust@und NGC 3311. We analyze deep
long-slit absorption line spectra reaching outt@5 kpc in the halo of NGC 3311. We find a very
steep increase in the velocity dispersion profile from areéoty = 150 km S to ooyt = 450 km st
atR ~ 12 kpc. Farther out, te- 25 kpc,o appears to be constant at this value, whichk i80% of
the velocity dispersion of the Hydra | galaxies. With its dymically hot halo kinematics, NGC 3311
is unlike other normal early-type galaxies. These resultsthe large amount of dark matter inferred
from X-rays around NGC 3311 suggest that the stellar halbisfgalaxy is dominated by the central
intracluster stars of the cluster, and that the transitimmfpredominantly galaxy-bound stars to
cluster stars occurs in the radial range 4 to 12 kpc from tigeceof NGC 3311. We comment on
the wide range of halo kinematics observed in cluster cegilaxies, depending on the evolutionary
state of their host clusters.

IFCQ8 fits were preformed by L. Coccato.
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2.1 Introduction

An important open question is the physical and evolutiorratsition between the intracluster light
(ICL) and the extended halo of the brightest cluster gataXBCGs), whether they are truly
independent components or whether the former is a radiahsidn of the latter. Using a sample
of 683 SDSS cIustell_sLib_e_tIi_e_thll._(AbOS) found a surfacghtniess excess with respect to an inner
RY4 profile that characterizes the mean profile of the BCGs, biatribt yet known whether this cD
envelope is simply the central part of the clusterfudie light component, or whether it is distinct
from the ICL and part of the host gala E?__bOOS

In the Southern hemisphere, the cD galaxy NGC 3311 and thegjigotical NGC 3309 dominate
the central region of the Hydra | cluster, an X-ray brightp+omoling flow, medium compact cluster
with a velocity dispersionryydra) = 784 km's 1 . 8). The X-ray observations
show that the hot intracluster medium centered on NGC 33%lahfairly uniform distribution of
temperature and metal abundance from a few kpc out to a rafliR80 kpc (Tamura et JaILLdOO;
&ammkmﬂlmmkmﬂ E.L_deA._JZO%). Giverotlerall regular X-ray emission and
temperature profile, the Hydra | cluster is considered aotofype of an evolved and dynamically
relaxed cluster; it is therefore a suitable candidate foyraathical study of a relaxed extended stellar
halo around a BCG.

The primary goal of this work is to establish the dynamicatesbf the stellar halo of NGC 3311.
We use long-slit spectra to uncover the kinematics in the region of NGC 3311 out te- 25 kpc
from its center. In Seck._2.2 we present observations witRE®at VLT and the GEMINI GMOS
archive data, which we reanalyze. We describe the datatiedwand the kinematic measurements in
Sect[2.B. The newly measured halo kinematics and theiidgatfins are discussed in Sdct.]2.4, and
our conclusions are summarized in SEc] 2.5.

We adopt a distance to NGC 3311 of 51 Mpc (NED), equivalent diseance modulus of 334
mag. Then 1 corresponds t0.247 kpc.

2.2 Observations and archive data

VLT FORS2 long slit spectraThe long-slit spectra were obtained during the nights @f®2March
25-28, with FORS2 on VLT-UT1. The instrumental setup hadragielit 1’.6 wide and 6.8 long,
Grism 1400\418, with instrumental dispersion of 0.64 A pixéland spectral resolutioor = 90
km s, and a spatial resolution along the slit 6f.252 pixef'l. The seeing during observations
ranged from 0.7 to 1”.2. The wavelength coverage of the spectra is from 4655 A t6 $9@cluding
absorption lines from i Mgl (1451675173 5184 A) and Fe 1{4527Q5328 A). We obtained eight
spectra of 1800 sec each, for a total exposure time of 4 hithelFORS2 observations, the long slit
is centered on the dwarf galaxy HCC 2Gat 10h36m4535s ands = —27d31m242s (J2000), with

a position angle of P.A142; HCC 26 is seen in projection onto the NGC 3311 halo. The joosdf
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Figure 2.1: Optical DSS 7x 7" image centered on NGC 3311 in the Hydra | cluster. The re&latositions of the GMOS
slit (5.5, blue line) and FORS2 slit (@B, red line) are illustrated. Green and yellow sections enRBRS2
slit indicate regions where average spectra are extragtegladjacent numbers specify the radial distances of
their light-weighted mean positions from the center of NG1B The center of the FORS2 slit coincides with
the position of the dwarf galaxy HCC 26 and is marked by a btaaite. North is up and East to the left.

the FORS2 long slit is shown in Fig. 2.1. Its center is locateB.A=64° with respect to NGC 3311,
approximately along the major axis of the galaxy.

Gemini GMOS-South long slit spectrélVe use Gemini archive long-slit spectra in the wavelength
range from 3675 A to 6266 A observed with the B600 grating,spelision of ®14 A pixel?, a
spectral resolution of- = 135 km s, and a spatial scale of’0146 pixel; a detailed description
of the instrumental setup is presenteb_ln_LQuhsgdeh_alﬁ)ZOUwe seeing was typically in the range
from 0”.6 to 1”.2. We target the same absorption lines as for the FORS2 ape@r H;, Mgl
(1151675173 5184 A) and Fe | {1527Q5328 A). The 0.5 wide and 55 long Gemini slit is
centered on NGC 3311, at= 10h36m4274s ands = —27d31m413s (J2000), along P.A= 63, the
direction of the galaxy major axis. Its position is shown ig.2.1.
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Figure 2.2: Kinematic fits with PPXF of the spectra extracted-d47” (VLT FORS2) and at34” (Gemini GMOS). Irblack
we display the galaxy spectra, greenthe wavelength range excluded from the fit because of skyuals,
and inred the best-fit-broadened template model. All spectra are alized to the value of the best-fit model
at 5100 A.

2.3 Data reduction

The data reduction of the FORS2 long slit spectra is carnigthd RAF. After the standard operations
of bias subtraction and flat-fielding, the spectra are regisl, co-added and wavelength calibrated.
The edges of the FORS2 slit reach well into sky regions, whiehthen used to interpolate the sky
emission in the regions covered by the stellar spectra.

In the low surface brightness regions, spectra are sumnued) dhe spatial direction in order
to produce one-dimensional spectra with an adequiedaio (> 20 per A). Four independent one-
dimensional spectra are extracted along the slit wheréghtis dominated by the halo of NGC 3311;
of these, two are from regions North and two from regions BofiHCC 26, respectively. We extract
spectra from slit regions of 31 x 1”7.6 and~ 25” x 1”.6 at distances of about 54” and 47" from the
center of NGC 3311, and of 58’ x 1.6 and~ 36" x 1”.6 at central distances of about 100” and
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67”. We properly mask the spectra of foreground stars indlamsas.

The data reduction for the GMOS long slit spectra is carrigdralependently here, also iIRAF
and with the standard tasks in the Gemini package. The puoeésidescribed in Loubser eﬂ MOS)
for the wavelength calibration and background subtractidso in this case the edges of the slit are
used to interpolate the sky emission in the regions coveyetthé stellar continuum. Because our
goal is to sample the kinematics well into the halo, the oneedsional spectra for the absorption
line measurements are summed along the slit direction satmnimum $N ~ 20 per A is obtained
in each radial bin, out to a radial distance of about 40" frbim denter of NGC 3311.

Stellar kinematics The stellar kinematics is measured from the extracted 1&rtsp in the
wavelength range 4800-A 1 < 5800 A, using both the “penalized pixel-fitting” method (PFRX
Cappellari and Emsellérjn_(;dM)) and the Fourier corralatiootient (FCQ) metho 90),
in order to account for possible systematic errors and taermphismatch.

In the PPXF method, stellar template stars from the MILE®akhp t&a.nghﬂz;B_lanuﬂz_ejlal.,
) are combined to fit the one-dimensional extractedtspedbe rotational velocity, the velocity
dispersion and Gauss-Hermite moments @r(ﬂéﬂ%pneasured simultaneously. Figl2.2
shows two of the extracted spectra and the broadened texapiaby PPXF. In the FCQ method, the
rotational velocity and velocity dispersion are deriveddach extracted one-dimensional spectrum
by assuming that the LOSVD is described by a Gaussian pligs #nd fourth- order Gauss-Hermite
functions. Before to the fitting procedure the MILES temglgpectra are smoothed to the GMOS and
FORS?2 spectral resolution with the measured broaderflisgts. While FCQ provides error estimates
along with the measured kinematics, errors for the PPXFhatie parameters are calculated with a
series of Monte Carlo simulations adopting the appropi$dtefor each bin.

Because the stellar populations in cD halos may hafferént metal abundances and ages from
those of the inner region t 0a,a), sytemfects caused by template mismatch
must be evaluated and accounted for. We therefore extnaetriatic measurements with PPFX and
FCQ as follows:

1. fit with PPFX the best stellar template from the MILES lityrén the central regions with the
highest 3N, and extractr ando- at all radii, using the same stellar template;

2. simultaneously fit the best stellar templateando- in each radial bin with PPFX;

3. adopt the respective best-fit PPXF stellar template toaldre LOSVD with FCQ for all radial
bins;

4. finally, average rotational velocitiasand velocity dispersions- are computed as weighted
means of the three values extracted in each radial bin adedetbove. Errors for these
weighted average values are computed from those of thertieasurements, but if the reduced
Y2 = (nfl) M (’“;2)_‘)2 is greater than one, they are increasedW in order to take into
account systematlic filerences. I.e.e)% = Zi”flll/ef xXZ wheree, e are the errors on the
individual measurements and the weighted mean respectively.




34 The dynamically hot stellar halo around NGC 3311

Mean velocities and velocity dispersions in all radial bams listed in Table 211, and the profiles
are shown in Fig._2]3 together with the previous measuresrfemmLO_LLb_s_er_el_ELIL(;QbS). Table 1,
which is available in electronic form, contains the follogiinformation: source of data (Col. 1),
distance from galaxy center (Col. 2), P.A. (Col. 8)r with errors for each of the procedures 1.-4.
described in the text, in Col. (4-5), (6-7), (8-9), and (10;Xespectively. Heliocentric and relativistic
corrections have been applied to the mean velocities. Tétersyc velocity is 380@msand has been
subtracted.

In the central region of NGC 3311, our new velocity dispangioofile marginally agrees with that
of I.ES])B). The new mean line-of-sight velogieasurements agree with the systemic
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Figure 2.3: Major axis line-of-sight velocity and velocity dispersiprofiles for NGC 3311 (P.A= 63°). The open light
blue triangles are the values published by Loubserlet aDdRMbased on Gemini-South GMOS data. The
black asterisks are our independent measurements from @&©OS (archival) spectra, and the red asterisks
show measurements from the new VLT-FORS2 spectra. Theseeaghted averages of three independent
measurements which are obtained with PPXF and FCQ as deddritSec[2]3 and shown separately as the
gray, magenta and green diamonds. The FORS2 data pointbtareesl from averages over25” and~ 31"
in the inner regions and over 36" and~ 58’ in the outer regions of the slit; see Fig.]2.1. Thefieaais
measurements are plotted at their light-weighted averadje corrected for projection onto the major axis of
NGC 3311 with an isophotal flattening of 0.89. Positive dists are South-West from the center of NGC 3311
and negative values are North-East, along £6%:.
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velocity of NGC 3311 obtained d);LM_I_S.gE_U_e_II MOS), butdna systematicféset from thev data
0f|LO_Lﬂl$_ef_elAI.|_(LOj)8), by about 91 km's The agreement between the new FORS2 measurements
at—47" and the revised value aB34” from archive GMOS data gives us confidence that the syasiem
effects from wavelength calibratiorffeets, template mismatch, etc., aréisiently small in the new,
independent data reductions. However, several tests lmwaenced us that the data do not allow
us to reliably determine full line-of-sight distributioris.qg.,hs, hs), which could be used to test for
subcomponents, which one would expect in particular at ra80” — 40",

2.4 The kinematics of the NGC 3311 stellar halo

The combined new velocity dispersion profile for NGC 3311ches toRy; = 39" ~ 10 kpc from

the center of NGC 3311 along the galaxy’s major axis (P6%8?), and to an €-axis distance of

R = 100" ~ 25 kpc along the FORS2 slit. It shows a very unusual steepwitbeincreasing radial

distance from the galaxy center: from a central vadue= 150km s, to ¢ = 231 kms? at

R = 15" ~ 3.7 kpc, and then on to a flaty, ~ 450 km s* outsideR = 47”7 = 12 kpc. The steep

outward gradient is supported by two independent data sdtdata reductions. The measurements of
I.|_(29_d)8) near the galaxy center had alreadgdatta positive gradient from 190 km's

atR = 5” to ~ 240 km s! at a radius oR = 10”, and data shown in Fig. 1 AM 04)

reach~ 300 km s* at ~ 25”. With the new data we now have very clear evidence of a ahyrelly

hot stellar halo in NGC 3311.

To put the extremely rapid rise of the velocity dispersionfie of NGC 3311 in context, we
compare its kinematic properties with those of early-typkaxgy (ETG) halos mapped using planetary
nebula dataL(Q_o_c_can_e_dle_ZbO9) and with the halos of tlee@ama BCG galaxies NGC 4889,
NGC 4874 from deep absorption line spectroscc}zp;L(_C_o_c_Qad,&QlQb). Fig214 shows the mean
< V/o >, X-ray luminosity, and total absolute B-band magnitude tfase galaxies versus their
outermost halo velocity dispersion. For NGC 3311, we uselanbetric X-ray luminosity within
50”7 ~ 12 kpc,Ly = 2.75x 10* erg st (based on the flux in the 0.5-4.5 keV energy range
from |la_ma.salsi_e1_€h|_(20_b2) and corrected to bolomdtsicaccording to Table 1 (JLf_O_’Su.LliMa.n_etJal.
M)), and the total extinction corrected B-band magieit(12.22) froﬂjﬂ[aumulﬂuts_ej al.
_@). For the velocity dispersion of NGC 3311, we use theesat the center, at 15%(3.7 kpc)
and at 47 (~ 12 kpc). Only the centraly puts NGC 3311 in the middle of the ETG distribution;
o(47") deviates strongly, with a much largerthan expected for the givdry, Br.

The natural interpretation for these results is that therstellar halo of NGC 3311 is dominated
by the central intracluster star component of the HydratetusThis is supported by several pieces
of evidence: (i) The steep rise of tlweprofile; more isolated ETGs all have slightly or even steep
falling o-profiles kQ_O_C_CﬁIQ_e_t_iiILLdO%. (i) The saturationcofit ~ 12 kpc, outside of which the
dynamically hot component dominates completeif47”) is ~ 60% of the galaxy velocity dispersion
in the cluster core. (iii) The large amount of dark matteeinédd from X-ray observations around
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Figure 2.4: Properties of the stellar halo of NGC 3311 compared with o#ely-type galaxy halos: mean V/o >
(upper pané), total X-ray luminosity ¢entral pane), and B-band total magnitude (lower panel) against stellar
velocity dispersionr. Solid diamond, circle, and square show the measureiINGC 3311 at the center, 15”
(=~ 3.7 kpc), and 47" £ 12 kpc). Crosses show outermost velocity dispersions ffroecéto et dl.[(2009), and
open diamonds for NGC 488874 from Coccato et al. (2010b).

NGC 3311 ¢ 1012 M,, within 20 kpc) Hayakawa et Al. (2d04)).

In recent cosmological hydrodynamic simulations of cludi@mation, |_D_Qla.g_e1_ell.|_(2QiO)
applied a kinematic decomposition to the stellar partidesund cD galaxies. With a double
Maxwellian fit to the velocity histogram of star particlemtered on a simulated cD, they were able
to separate an inner, colder Maxwellian distribution asged with the central galaxy, and an outer,
hotter component of stars that orbit in the cluster poténfiar both components they derived radial
density profiles and, fitting Sersic profiles, found that thieer stellar component is much steeper
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than the outer diuse stellar component. A comparison with these simulaiiwtisates that the steep
velocity dispersion gradient in the halo of NGC 3311 trad¢esttansition from central galaxy stars
to the difuse intracluster stellar component. In the NGC 3311 haltidnsition between the two
occurs at smaller radii than in other BCGs in nearby clusterthe range between 4 and 12 kpc.
NGC 3311 appears to have a similar halo as the cD galaxy NG6 #il#he Abell 2199 cluster
dKeIsQn et aH;O_C 2), whose-profile rises to cluster values Bt~ 60 kpc. But NGC 3311 is even
more extreme; it is a fairly small galaxy, based on its cént@= 150 km s?, and it is already
dominated by the surrounding cluster componem at12 kpc. Presumably, this is because the core
of the “relaxed” Hydra cluster has had time to collapse ohé&galaxy. For comparison, the two BCG
galaxies in the Coma cluster core, which have a nearly constarofile tQ_o_c_c_aIQ_e_t_elllLLOibb), may
be in the middle of an ongoing merglar (Gerhard H_aL_IZOQ)?Dhat their previous subcluster halos
would have been stripped and a new cluster halo could have gk only after the merger was
completed; and in the outer halo of the more isolated M87 vtiecity dispersion appears to drop

dDQherIy et ai., ZQdQ) towards the edge.

2.5 Conclusions

Based on two independent long-slit data sets and reductioméind a steep gradient in the velocity
dispersion profile of the central galaxy NGC 3311 in the Hyldchuster, fromo ~ 150 km s to
oout = 450 km s? outside 12 kpc (60% of the velocity dispersion of the galsiethe surrounding
cluster).

The new data provide evidence that NGC 3311 is a fairly smalbey dominated by a large
envelope of intracluster stars already beyéhd 12 kpc, whose orbits are dominated by the cluster
dark matter potential. Comparison with other BCG galaxieews a wide range of dynamical
behavior in their halos.
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Table 2.1: Measured mean velocities and velocity dispersions for NGCL3 For details see text. The galaxy's systemic veldeéiy = 3800 km s* has been obtained by a
linear fit to the velocities in the central 2@nd has then been subtracted from the measurements. Tinsinaludes heliocentric and relativistic correctionseTh
calculated correction to the velocity in heliocentric gystare~ —25 ks and~ —5 knys for the Gemini-South and FORS?2 spectra, respectively.

Instr. R P.A. VppxfL O ppxfl Vppxf2 O ppxf2 VEco OFCcQ <V > <o >
(arcsec) (kms) (kms?) (kms?t) (kms?!) (kms?t) (kms?) (kms?t) (kms?)
(2) (2) 3) (4) (5) (6) ) (8) 9) (10) (11)

GMOS-S 386 63 38+33 399+38 -47+33 381+38 -62+45 435+48 -17+31 401+23
GMOS-S 1489 63 -18+8 238+13 -50+8 228+13 -49+8 241+14 -39+11 235+8
GMOS-S 788 63 -7+8 209+15 -21+8 203+15 19+5 193+ 5 5+12 195+ 5
GMOS-S 38 63 -14+7 194+13 -27+7 191+13 1+3 145+ 3 -5+7 151+11
GMOS-S 0 63 -10+6 204+10 -22+6 201+10 -3+3 143+ 3 -8+5 154+16
GMOS-S -4.09 63 2+6 206+14 -14+6 204+14 16+4 169+ 4 5+9 174+ 9
GMOS-S -8.05 63 23+11 244+20 9+11 200£20 26+7 182+ 8 21+5 191+14
GMOS-Ss  -15 63 29+11 295+16 -6+11 267+16 30+7 2009 22+11 231+28
GMOS-S -34 63 111+13 323+22 50+13 252+22 -8+17 292+18 60+33 289+19

FORS2 -47 45  76+12 479+14 71+12 433x14 117+7 466+12 100+15 460+ 13
FORS2 -54 83 67+13 456x15 87+13 447+15 124+8 467+14 105+17 457+8
FORS2 -67 6 87+53 471+49 66+53 454+49 97+55 476+97 83+31 464+33
FORS2 -100 114 14+21 437+35 47+21 432+35 50+29 405+51 35+13 429+ 22

Notes — Col. 1: Instrument. Col. 2: Radial distance from eeaf NGC 3311. Col. 3: Position angle of data with respect\3311’s center. Col.
4: Velocity measured with PPXF (using template determiriddi-a 0”), relative to the galaxy systemic velocity. Col. 5: Velydispersion measured
with PPXF (using template determinedra& 07). Col. 6: Velocity measured with PPXF (free template)atige to the galaxy systemic velocity. Col.
7: Velocity dispersion measured with PPXF (free templa@)l. 8: Velocity measured with FCQ, relative to the galaxgtsyic velocity. Col. 9:
Velocity dispersion measured with FCQ. Col. 10: Weightegrage velocity. Col. 11: Weighted average velocity disipers
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Chapter 3

Intracluster Planetary Nebulas in the
Hydra | Cluster

Giulia Ventimiglia, Magda Arnaboldi, Ortwin Gerhard
Astronomische Nachrichten, 2008, 329, 1&57

Abstract

Using the Multi-Slit Imaging Spectroscopy (MSIS) techregat the FORS2 spectrograph on VLT-
UT1, we have identified 60 Intracluster Planetary NebulaP{ candidates associated with the
Intracluster Light (ICL) in the central region of the Hydra&luster. Hydra | is a medium compact,
relatively near { 50 Mpc), rich cluster in the Southern hemisphere. Here weritesthe criteria
used to select emission sources and present the evidenteefmr PN candidates to be associated
with the ICL in the Hydra | cluster.

3.1 Introduction

Diffuse intracluster light (ICL) has been observed both in neartd intermediate redshift clusters
IL_ZDJ)JEL;_MihQs_eJJMOS). Observatitmsvsthat the diuse light in galaxy clusters
amounts to~ 10% of the total light emitted by the cluster galax‘e_s_(Agi&t_aﬂ,QO_Q}SLib_eﬂi_e_t_Al.,
2005).
Cosmological simulations of structure formation predittacluster stars to be lost from galaxies
in interactions during the assembly of galaxy cIustLaLs_(cﬂlmnp_el_al.l_ZO_di_MuLanLe_eﬂ 04;
Willman et a“ ZQQIAI; Sommer-Larsen e ELjOOS). Simatatisuggest that most of thefdise light

in galaxy cluster cores originates from mergers that leathéoformation of the brightest cluster

ILast section of this proceeding and references in the tekigsection are omitted because a more accurate comparison
of the number of detected PNs with that expected from therogify and stellar population of NGC 3311 is presented in
Sec. 5.7.3 of this thesis.
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galaxy and of the other massive galaxies, while the tidgdttg mechanism dominates the formation
of the ICL at larger radiiL(MLmame_e_tHI_.,;dm).

The study of the properties of thisfllise component has then an important role in understanding
the mechanisms relevant for the evolution of galaxies ih kignsity environments, and the formation
history, dynamics and merging status of clusters.

Wide field imaging has already shown the morphological cexipt of the ICL: studies of the
Virgo and Coma cluster ICL have shown that it is characterizg tidal features like streamers and
extended galaxy halolﬁ (Adami e]l L_bb5 hos éMMe to its intrinsically low surface
brightnessuy > 285 mag arcse® ({Eeldmﬁl&r_el_a{ MMMOS) the kinematits
ICL can only be studied using thietracluster Planetary Nebula@CPNs) associated with this stellar
componentd4; Gerhard fltLaL._bd)_Ol:_ﬁEMl_aj.JLO_dQ). ICPNs are relatively
easy to detect because their spectra are characterizedlsyromg emission lines: [OIUKX959A and
[O111] A5007A, with relative flux ratio 1 : 3.

The goal of our project is to measure the velocity distritmutdf the PNs associated with the
diffuse light in the central region of the nearby Hydra | clusédrgll 1060, D~ 50 Mpc z ~ 0.0126),

a medium compact, non-cooling flow, rich cluster in the Seutthemisphere. This will be presented
in a forthcoming paper. Here we present the selection @igerd the evidence for the detection of
PNs associated with the ICL in Hydra I.

At the distance of the Hydra | cluster, the flux of the O[INF007A emission line of a PN
is less than 8 107 erg s'cm™, therefore we need to reduce substantially the noise from
the night sky in order to detect these lines. This is posslttyeusm the Multi-Slit Imaging
Spectroscopy technique (MSI|S._G_e1_har_d_JetLa.l_d2 L m ). In what follows we
define mypg7 = —2.5log Fs007 — 13.74 (the Jacoby formul@ HI 89)), wheggof-is the
integrated flux in the [OIlI]A5007A emission line, and we assume a distance of 50 Mpc for the
Hydra I cluster implying 1"~ 0.24 kpc.

In the next section we present the MSIS observations captiedith FORS2 on UT1. In Section
3 we summarize the data reduction. We present the adopctieal criteria to identify the emission
sources and the evidence for PNs associated with the ICLeirHifdra | cluster in Section 4. In
Section 5 we show that the number density of PN candidatestaekis consistent with that expected
for the stellar population associated with the central clxgaof the cluster, NGC 3311. In Section
6 we summarize our results.

3.2 Observations

3.2.1 The Multi-Slit Imaging Spectroscopy technique

The MSIS technique consists of the combined use of a maskrafl@aslits, a narrowband filter
centered around the redshifted [OINF007A line, and a dispersing element. It is a blind search
technique and allows one to obtain spectra of all PNs (aner@mission line objects) that happen
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to lie behind the mask slits. Because the [Olll] emissioedifirom PNs are only 30 knys wide
dArnabQIdi et aHlO_dS), when dispersed at spectral ré®ollR = 1/A1 ~ 6000, their entire flux
falls into a small number of pixels in the two-dimensionaéspum, determined by the slit width
and seeing. By dispersing the sky noise on many pixels, tfeitgue allows measurement of very
faint fluxes. We can detect PNs with magnitudes.2 mag below the bright cuttbof the Planetary
Nebulas Luminosity Function (PNLE; Ciardullo e]l £I._(l9})8md their positions and radial velocities
can be measured at the same time.

3.2.2 Observational set up

Data were collected in visitor mode during 2006 March 26+28ing the FORS2 spectrograph on
UT1. The observed area covers the central region of the Hiydhaster, around NGC 3311, at
a = 10h36m42Bs,5 = —27d31m42s (J2000).

The FORS?2 field of view (FoV) is’8 x 6'.8 wide, corresponding to«(100 kpc¥, and is imaged
onto a mosaic of two CCDs, rebinnedx2? in the readout. We used two narrow band filters, one
centered afl = 5045A and a second one at= 5095A, both with a FWHM of 60A. We cover, in
this way, the whole range of cluster line-of-sight (LOS)ogilies and, for fast, \ps > 4000 km s?,
and bright PNs, myo7 < 29.3, the [OIll] 15007A emission line falls in the red filter and the [OlII]
A4959A line in the blue filter. Spectra were obtained with tHRI&600B grism, which has a spectral
resolution of 0.75 Apixel at 5075 A. The MSIS mask is made of 2421 slits, each of them (8
wide and 17’5 long. Each slit is projected along the dispersion axis en#) rebinned pixels. The
effective area imaged by the slits4s7056 arcseg; that is~ 4.5% of the whole FORS2 FoV. In order
to cover the whole field the MSIS mask was stepped 15 timeseskinto cover the region between
two adjacent slits. For each mask position 3 exposures, @ 52c each, were taken, ensuring a
proper cosmic ray subtraction. The seeing during the thbsereing nights was in the range from
0".6to 1".5.

Arclamp calibration frames were acquired for the wavelbrogtibration, as well as flats and bias
images. The flux calibration was done using long slit obs@mwa of the standard star LTT7379 with
narrow band filter plus Grism.

3.3 Data reduction

Data reduction was carried out following the procedure diesd inLAmab.ddLeLall.L(ZO_(b?). After
bias subtraction, the images were properly co-added andahgnuum light from the two main
galaxies was subtracted, with an fmedian filtering usingradatv of 19x 35 pixels.

Then we extracted and rectified the 2D spectra[(fig. 3.1) o&thission sources and performed
the wavelength and flux calibration. The total number of siois sources detected is 95. On the
basis of the flux calibration thevdlimit on the continuum is- 7 x 10°2° erg cnt2 s A
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Figure 3.1: Upper panel 2-D spectrum of a PN candidate. The dispersion axis is alemgertical direction. The emission
line falls onto about 6 pixels both in the spatial and spédiraction. Lower panel 1-D spectrum of the same
PN candidate. The emission line has the same FWHM as themapdilaes, showing that the observed emission
line is unresolved in wavelength.

A first classification of the emission line objects can beiedrout according to the following
criteria:

e PN candidates: unresolved emission line objects, both @&eesgnd in wavelength, with no
continuum;

e background objects candidates: continuum sources wittsoived or resolved emission line.

Of the 95 emission lines sources identified, 60 were cladsiie possible PN candidates, the
remaining sources as background object candidates. Mamoeltic point like emissions appear
in the final images as unresolved sources with a width @ pixels both in the spatial and in the
wavelength direction. The final spectral resolution i4.5 A, or 140 km s®. Magnitudes for the PN
candidates were computed using the Jacoby formula.
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3.4 Selection Criteria for the PN population: the wavelengh-
magnitude plane

We now describe the physical properties of PNs belongingedtydra | ICL in a two dimensional
wavelength-magnitude space, as shown irffig. 3.2.

A PN population is characterized by a bright ctii-of the PNLF, which according to
Ciardullo et a .[(L9_SJ8) has absolute magnitude of the [O1BPO7A emission line of M = —-4.48.
At the Hydra | cluster distance (m M = 3349), this corresponds to an apparent magnitude of
Msoo7 = 29.1 (plotted as the dotted horizontal line in 1ig.13.2). The appamagnitude for the [OIlI]
14959A emission line is 1.2 mag fainter.

28.5 — —

. \4| | . ]

5000 5050 5100

wavelength

Figure 3.2: The plot shows the wavelength vs magnitude space in which eseribe the physical properties of a PN
population at 50 Mpc and bound to the Hydra | cluster. Blueraddcrosses are the PN candidates detected in
the MSIS images. The various lines and the characteristit®ea! regions identified in the plot are explained
in the text.

The red inclined line in fid._3]2 shows the apparent magnitfdePN at the PNLF bright cuff
as a function of the Hubble flow distance, and the blue linevsitbhe same dependence for the [OllI]
14959A emission line. If the line-of-sight velocity correspled only to the Hubble flow, then the
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magnitude of the two emission lines, [OIN#959A and [O11[]15007A of a PN fainter than the bright
cut-of would fall on the left side of the blue and red line, respeattiv

The systemic velocity of the Hydra | clustefipgra 1 = 3683 km st and its velocity dispersion
OHydra | = 724 km s (Christlein & Zabluddf 2003) identify a wavelength range in which [OlII]
emissions from objects orbiting in the Hydra | cluster ptitdrcan be observed. At the systemic
velocity of the cluster, the [Olll] emission lines are reifisd to 1 = 5068A andA = 5020A,
respectively. In figC3]2 the central green line istat 5068A where the [OII]A5007A line is
redshifted to the cluster systemic velocity. The other twdival green lines are at the wavelengths
bounding thet3o velocity range, respectively at= 5032A andl = 5104A.

The black continuous lines in fig."3.2 show the measured peofif the narrow band filters,
T(12), normalized so that the maximum transmission is at the Pblight cutdtf. They are centered
respectively aft = 5045A andl = 5095A and have a FWHM of 60A.

Considering the magnitude limit and wavelength range §peciwe can identify dferent areas
in this wavelength-magnitude space, separated by blaékdmal lines:

¢ Region #1According to their velocity and magnitude all emission $ireee [Ol1[] 15007A.

e Region #2lt is the region where, considering the flux and wavelength,can find both faint
[OIll] A5007A or [OlIl] 14959A emission lines.

e Region #3Here we have high flux and red wavelengths so that we can sd&igie [Olll]
A5007A emissions. For such emissions we expect to detecbtinesponding [OI11]14959A
in region #2.

¢ Region #4Here the emissions are most likely [OINFO07A. In principle, we may find both
[O111] 214959A and [ONIP5007A; however, if an emission were identified as [ON959A
its LOS velocity would be about 8600 knt'swhich is more than & away from the cluster
systemic velocity. This PN would then not be bound to Hydrad &s velocity driven by the
Hubble flow. Then its [Ol11]14959A magnitude should fall on the left side of the blue line.
Therefore [O111114959A emission lines in this region are ruled out.

We can now populate the wavelength-magnitude plane wittPtiecandidates detected in the
MSIS spectra. This gives us important information to vatkdie PNs catalogue. In the plot the blue
and red crosses are the PN candidates detected in the wgthetanges covered by the blue and red
filters respectively.

The first result is that the fluxes of these candidates areoaBistent with those of PNs at the
distance of the Hydra | cluster, in the range fron7 % 10718 to 84 x 10718 erg slcm™?, i.e.
30.7 > mggg7 > 2809.

The second is that for the two bright [OlIJ5007A emission sources identified in region #3,
the corresponding [OII14959A have been identified in region #2: these objects arzotet in
magenta. All others emission sources in the plot are [QBRO7A if in the cluster.
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Moreover, we know that the o1 continuum upper limit flux in both filters is~ 7 x
10 erg cnm2s'A™". Considering that the compactiHegions detected in the Virgo cluster
@m;iLd_e_t_allL;OJbZ) have a V-band continuum flux &2 x 1029 erg cnr2s~ A, corresponding
to~ 9.6x 102 erg cnm2stA " at the distance of the Hydra | cluster, this allows us to rule o
from our sample compactiHregions such as or brighter than those observed in Virgoo,Atem
the continuum upper limit flux we calculate that the Equinale/idth (EW) of the most luminous
candidates is EW> 90A. This value is larger than those of [Oll] emitting baakgnd galaxies at
z = 0.37, which have EMé¢y; < 50 tHggg_ei_aJl.L_lQ_éS). Therefore, we can rule out all contatndns
to our sample except a few backgrounddlgalaxies.

In summary, from analysing the PN candidates in the wavéthenmagnitude plane we learn that:

e fluxes are consistent with PNs at the distance of the Hydraustef; the only possible
contaminants are loyemitters at high redshift;

e objects in magenta circles can reliably be classified as lebsuse we are able to see both their
[OIll] 25007A and [O111]14959A emission lines;

o for all other PNs we have detected the [ONB007A at the LOS velocity expected for objects
bound to the Hydra | cluster.

3.5 Conclusions

In this work, we have presented MSIS observations of PN clatels associated with theftlise light
around the central cD galaxy NGC 3311 in the Hydra | clustee N&ve discussed criteria used for
selecting these emission sources and have analyzed togerfies in the wavelength-magni- tude
plane. In total, we have identified 60 PN candidates aroun@IS&L1.

In the next steps of our analysis we will focus on the kineosadif the dffuse stellar population
in the halo of NGC 3311. We will study the histogram of the LQOSboeity distribution of the PNs
candidates to obtain information about possible substrastin the ICL and the merging status of the
cluster. Together with the X-ray temperature prohle_(laakasl_a_d. I_ZQ_QIZ) and the surface brightness
profiles of the stellar light this will give us constraints tive orbit distribution in the halo of this cD
galaxy.
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Chapter 4

A Ly a survey of background galaxies at
z~3.12

Giulia Ventimiglia, Magda Arnaboldi, Ortwin Gerhard
2010, accepted for publication in VA

Abstract

We describe the results of a deep survey for lgmission line galaxies at z 3.1, carried out
with the Multi-Slit Imaging Spectroscopy (MSIS) techniqueéth the FORS2 spectrograph on VLT-
UT1. We discuss the criteria used to select the emissiorgitexies and present the main physical
characteristics of the sample: redshift, observed flux auidlalent width distributions.

4.1 Introduction

In the last decades our knowledge of the high redshift @ Universe has significantly increased.
The observational technigue that allowed such galaxie®tfwbnd, in a significant number, is the
dropout techniqué_(ﬁ_'LaMa.liﬁHo__Zﬂ)OZ). It detects LymaraRmgalaxies by the flux discontinuity due
to their Lyman limit absorption_LS_Leid_el_eﬂiL._lQBia,b)ncS 1998, narrow band surveys reported
the detection of Ly emission from objects in the redshift range 24 < 6.5 m 8;
(Ciardullo et al.| 2002} Ajiki et 41, 2003: Ouchi et d1., 20@008: Gronwall et A1, 2007: Schaérer,
). The Lyr emission not only allows galaxies to be detected at very regbhifts, but also gives
a valuable star formation diagnostic and facilitates the\sbf large scale structures at high redshift.
With spectroscopic surveys the dyemission line profiles can be studield (Kudritzki ét MOOO

Bﬁap@Lel_AILlOgbé Martin et aJI., 2§|D(|z8; Rauch H_aL_IZOG@s in turn, provides the possibility

of testing models of the physical parameters of the Eynitters and to derive constraints on their

stellar populations and their gas and dust contﬂnL(MeLtamml.l_ZD_dS).
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Here we present the results of a survey at 8.1 carried out with the Multi-Slit Imaging

Spectroscopy technique (MS|S, Gerhard H_aL_IZOOS) witRE®on UTL1.

4.2 The Multi-Slit Imaging Spectroscopy technique

MSIS is a blind search technique that consists of the comdbiuse of a mask of parallel slits, a
narrowband filter, and a dispersing element. It obtains geetsa of all emission line objects that
happen to lie behind the mask slits. Our main purpose is &ctéte [Oll1] 45007 line emission for
Planetary Nebulas (PNs), in order to study the kinematipgnties of the Intracluster light (ICL) in
the central regions of nearby (00 Mpc) clusters of galaxiels_(Q_em‘isLd_étLaLid)_Ol:MemmE_t_aj.,

). By dispersing the sky noise on many pixels, the teglmenables measurements of very faint
fluxes. Thus MSIS surveys are also suitable for the detedtidhe redshifted 1216 A emission line
from high-redshift Lyr galaxies.

4.3 Observational set up

Data were collected in visitor mode during 2006 March 26+28ing the FORS2 spectrograph on
UT1. The observed area covers the central region of the Hlydhaster, around NGC 3311, at
a = 10'36M42.8, 6= -27931M425 (J2000). The FORS?2 field of view (FOV) i<.8 x 6.8 wide,
corresponding to- 10000 kpé, and it is imaged onto a mosaic of two CCDs, rebinned 2 in
the readout. We used two narrow band filters, one centerad=at5045 A and a second one at
A1 = 5095 A, both with a FWHM of 60 A. In this way we are able to deteger emission lines in
the redshift range 3.12 z < 3.21. Spectra were obtained with the GRIS-600B grism, whizh a
spectral resolution of 0.75/Bixel at 5075 A. The MSIS mask is made of 221 slits, each of them
0”.8 wide and 17’5 long. Each slit is projected along the dispersion axis end® rebinned pixels.
The dfective area imaged by the slits-457056 arcseg, that is~ 4.5% of the whole FORS2 FOV.
In order to cover the whole field, the MSIS mask was steppedniéston the sky to fill the region
between two adjacent slits. For each mask position 3 expssof 1200 sec, were taken, ensuring a
proper cosmic ray subtraction. The seeing during the thbserging nights was in the range from
0”.6 to 1”.5. We can detect emission line objects with a flux completetiesit of ~ 3.4 x1018
erg cnt?s™1, and their positions and radial velocities can be measurdteasame time. With this
instrumental set up and total exposure time, monochronpaiitt like emissions appear in the final
images as unresolved sources with a width-d pixels both in the spatial and in the wavelength
direction. Therefore, the FWHM spatial resolution is 1'riddhe FWMH spectral resolution is 450
km s,
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4.4 Data reduction

Data reduction was carried out following the procedure desd in [Arnaboldi I.|_(;Oﬂ)7);
Ventimiglia et al. [(Lo_d8). After bias subtraction, the ireagvere co-added and the continuum light

from the two Hydra | galaxies was subtracted, with an fmediléering using a window of 1% 35
pixels. The 2D stacked spectra of the emission sources \wereextracted, rectified, wavelength
and flux calibrated. The total number of emission sourcesctied is 86. On the basis of the flux
calibration the r limit on the continuum is~ 7x1072° erg cnt? stA-1. Continuum fluxes were
calculated in the 60 A wavelength range covered by the fiftertiich the emission line was detected.

In a first classification, all objects with unresolved enussiines and no continuum were
classified as PN candidates; the remaining as backgrourygabndidates. The PN candidate
sample likely contains a fraction of unresolvedalgmitters without continuum which are not
included in the present study.

4.5 Lya candidates and their physical characteristics

In the background galaxy sample 6 objects are classified Hp d@itters; they are characterized
by an emission line with a clearly visible continuum at allivetengths. The remaining 20 objects
are classified as candidate dygalaxies. They include sources with resolved emissionsjine
either spatially or in wavelength or both, without contimjuand sources with resolvethresolved

emission lines and continuum only to the red side of the spect This classification is supported
by spectroscopic follow up of similar sample of backgrourelagies in previous PN surveys

IL_Zde)_._Amab_QIdJ_eJI é.lu_beZ_KudﬂlszlthbQ_O_d)) and by the fact that the deep

sample of Z7 < z < 3.7 Lya galaxies oLRa.ugh_eLH (2d08) contains few foreground][Eriitting
galaxies, contrary to higher redshift sampbs_(ManiLle@_Oﬁ).

The redshift distribution of the Ly candidates (LACs) is shown in Figure ¥.1. The emission
lines of all objects were fitted by simple Gaussian profileghbn the spatial and in the dispersion
direction. For all the LACs, Fig.4l1 (upper left panel) stsothe FWHM of the Gaussian profiles
along the spatial direction vs. the FWHM of the Gaussian lg®falong the dispersion direction.
About 65% of the sample has an emission line which is spgatigiresolved; the rest is spatially
resolved. About 60% of the sample is unresolved in veloaity the rest is resolved.

Based on this information we adopt a simple morphologicaksification of the candidates:
unresolved objects both spatially and in wavelength (RSplved objects in both directions (EXT)
and resolved objects only in the spatial or wavelength toec respectively (EXTs, EXTv). A
proper morphological classification is beyond the purpok¢he current work. More detailed
discussion about morphology and the related physics of Lé&lsbe found ill]_Raugh_eﬂalL(ZKbOS);

Verhamme et AIL(;O_J)S).

The fluxes were measured in apertures 08&'2” x 755 knys centred around the emission lines
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Figure 4.1: Physical characteristics of all emission line sources éstirvey classified as bycandidate galaxies (LACS).
Upper left panel Distribution of the Gaussian FWHM along the spatial dii@ctvs. the Gaussian FWHM
along the dispersion direction. One extended object inciglaould not be fitted by a Gaussian and is omitted.
In the rectangle on the lower left are LACs whose emissiaairunresolved both spatially and in wavelength.
Blue crosses are objects detected in the wavelength ravgeetbby the blue filter and red crosses are those
detected in the wavelength range covered by the red filtgper right panel Flux vs. wavelength for the
LACs (black crosses) detected in the MSIS field. The blue aed¢d lines show the normalized measured
profiles of the blue and red filters, respectivelypwer left panel Histogram of the LACs emission line flux
distribution. The red vertical line defines the flux comphetes limit. Lower right panel Histogram of LACs
EW distribution.
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and corrected for the filter response. Eig.4.1 shows thedlakehe LACs as a function of wavelength
(upper right panel), and their flux distribution (lower Ipéinel). The latter is peaked-aBx1078 erg
cm?s! and is truncated at faint fluxes, because our survey is fluitdin The completeness limit
of the sample is- 3.4x10718 erg cnT2s1, while the detection limit is- 2x10°18 erg cnts™1. The
most luminous objects have fluxes greater thar1201® erg cn?s .

The equivalent width (EW) distribution is also shown in Bid (lower right panel). The
continuum fluxes go from the limit on thericontinuum value of 2102° erg cnt2s™! to ~ 7x1071°
erg cnm?s™1. Most of the objects have an observed EVEZ00 A.

A study of the luminosity function and a comparison of the bemdensities with results from
previous surveys at redshift 3.1 will be the subject of a forthcoming paper.
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Chapter 5

The unmixed kinematics of intracluster
stars in the core of the Hydra | cluster

Giulia Ventimiglia, Magda Arnaboldi, Ortwin Gerhard
2010, accepted for publication i

Abstract

Diffuse intracluster light (ICL) and cD galaxy halos are beliet@ originate from galaxy evolution
and disruption in clusters.

The processes involved may be constrained by studying thardigal state of the ICL and the
galaxies in the cluster core. Here we present a kinematity sitidiffuse light in the Hydra | (Abell
1060) cluster core, using planetary nebulas (PNs) as gacer

We use Multi-Slit Imaging spectroscopy with FORS2 on VLT-UMb detect 56 PNs associated
with diffuse light in the central 108 100 kp& of the Hydra | cluster, at a distance ©f50 Mpc.
We measure their [OlllJmsgo7 magnitudes, sky positions, and line-of-sight velocitytritisition
(LOSVD), and compare with the phase-space distributioreafioy galaxies.

The luminosity function of the detected PNs is consisterth Wiat expected at a distance~060
Mpc. Their number density is 4 times lower for the light seen than expected, and we dis@ms
pressure stripping of the PNs by the hot intracluster medismne of the possible explanations. The
LOSVD histogram of the PNs is highly non-Gaussian and npgtiked: it is dominated by a broad
central component with- ~ 500 km s at around the average velocity of the cluster, and shows two
additional narrower peaks at 1800 kit snd 5000 kmst. The main component is broadly consistent
with the outward continuation of the intracluster halo of §1G311, which was earlier shown to have
a velocity dispersion ot 470kms? at radii of > 50”. Galaxies with velocities in this range are

Yn Sec.[5. 71 the through-slit convolution of the PNLF, tHetometric error convolution and the completeness
correction were performed with a code written by O. Gerhardhe analysis of Se€. 5.7.3 was done by M.Arnaboldi
and O. Gerhard.
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absent in the central 100100 kp& and may have been disrupted earlier to build this component.
The PNs in the second peak in the LOSVD at 5000 kirese coincident spatially and in velocities
with a group of dwarf galaxies in the MSIS field. They may trétoe debris from the on-going tidal
disruption of these galaxies.

Most of the difuse light in the core of Abell 1060 is still not phase-mixedeTouild-up of ICL
and the dynamically hot cD halo around NGC 3311 are on-gdhmgugh the accretion of material
from galaxies falling into the cluster core and tidally irteting with its potential well.

5.1 Introduction

Intracluster light (ICL) consists of stars that fill up theigfer space among galaxies and that are not
physically bound to any galaxy cluster members. For clastethe nearby Universe, the morphology
and quantitative photometry of the ICL have been studiet détep photometric data or by detection
of single stars in large areas of sky.

Deep large field photometry shows that ICL is common in chssif galaxies and it has
morphological structures with fierent angular scales. The fraction of light in the ICL with
respect to the total light in galaxies is between 10% and 3@&pending on the cluster mass

and evolutionary statula_(Eeldmeier_dt MWMMIL@@MN

|_0_0$' Krick and Bernslé'lL_QbZ; Pierini ei MO8). Tle¢edtion of individual stars associated

with the ICL, such as PNA (Arnaboldi eﬂaL_b 4: A rril tlﬁQ_O_% Gerhard et JalL_dO?
- L_2d09) globular clusters (G [ZQ_QiZ |_Le_e_e1_all L_ZQJLO) red glants

stars ILZQJ)&;JMUL@.[DS&JJMO?) and supeae [(G_alla.m_elﬁl al.,

) is a complementary approach to deep photometry fdyisty the ICL, enabling also kinematic
measurements for this very low surface brightness pojpuati

An important open question is the relation between the ICH #re extended outer halos of
brightest cluster galaxies (BCGs), whether they are indepet components or Whether the former
is a radial extension of the latter. Using a sample of 683 SEI88ers IL(ZQbS) found
a surface brightness excess with respect to an infiér gRofile used to describe the mean profile
of the BCGs, but it is not known yet whether this cD envelopaimply the central part of the
cluster’s dffuse light component, or whether it is distinct from the ICldgart of the host galaxy

5).

Both the ICL and the halos of BCGs are believed to have formeuwh fstars that were tidally
dissolved from their former host galaxies, or from entirdisrupted galaxies. A number of processes
have been discussed, starting with early work suclll_a.s_Bszs )J_Hﬁusman_and_QleIker

). Contributions to the ICL are thought to come from kieeound stars generated by
interactions in galaxy groups, subsequently releasederclister’s tidal field (Rudick et ELLdOG,
; 0), interactions of galaxies we#ichother and with the cluster’s tidal field

: [
({MQ_QLe_el_a'.]_leGLG_ne_di Ob;JALiJlma.n_el MOM), dmoan tidal dissolution of stars from
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massive galaxies prior to mergers with the BdZ_G_(MJJLaDIQHRQDj J_Eus:hﬂein_el_laL_de). Stars

in BCG halos may have originated in both such major mergevgetisis through minor mergers with
the BCG. Which of these processes are most important isstiipen issue.

Kinematic studies of the ICL and the cD halos are instrumdntanswering these questions.
The kinematics of the ICL contains the fossil records of jpastractions, due to the long dynamical
timescale, and thus helps in reconstructing the procebsésidminate the evolution of galaxies in
clusters and the formation of the IdL_(Rud_iQk_ek laleDﬁLlﬁﬁLel_aiLZO_di_MuLame_edMO?
|Ama.bgldj_and_6_ej:haHL_2d10). The kinematics in the cD halosbe used to separate cluster from
galaxy components, as shown in simulatidns (Dolag e]l_a.Ld)ZOso far, however, the observational
results are not unanimous: in both NGC 6166 in Abell 2L9_9_$_&3Le_t_ai..;0_62) aswellas NGC 3311
in Abell 1060 blemlmigﬂa_el_a{ILZleb) the velocity digpmn profile in the outer halo rises to nearly
cluster values, whereas in the Fornax c¢D galaxy NGC 1 ' .,|_2le) and in the central
Coma BCGSL(QO_C_Q&IQ_Q[J&{L\LQJlOb) the velocity dispersiofilps remain flat, and in M87 in Virgo
onLeﬁLej_ai.L;O_dQ) it appears to fall steeply to the oatlge. Evidently, more work is needed both
to enlarge the sample and to link the results to the evolatipstate of the host clusters.

The aim of this work is to further study the NGC 3311 halo, hohlénds into the ICL, and what
is its dynamical status. NGC 3311 is the cD galaxy in the cétbe Hydra | (Abell 1060) cluster.
Based on X-ray evidence, the Hydra | cluster is the prototferelaxed cIusteL(la.muLa_eﬂ Ja.L._ZbOO;
Furusho et allL;Ogbi Christlein and Zablﬁ;lb_o_o_é). Surface photometry is available in the Johnson
B,Gunngandr bandls (Vasterber tLaL_iQQl), and the wgldisipersion profile has been measured
out to~ 100" Mnltmtgha_el_a' b), showing a steep rise-td70 km s in the outer halo. Here
we use the kinematics of Planetary Nebulas (PNs) from a megfdl00x 100 kp@ centered on
NGC 3311, to extend the kinematic study to larger radii aratatterize the dynamical state of the
outer halo and of the cluster core.

In Section[5.2 we summarize the properties of the Hydra Itetusom X-ray and optical
observations. In Sectidn .3 we discuss PNs as kinematiwhd&stance probes, and the “Multi-
Slit Imaging Spectroscopy - MSIS” technique for their détet in clusters in the distance range
40 — 100Mpc. We present the observations, data reduction, ifabetion, and photometry in
Sectiong 54 and 5.5. In Sectibnl5.6 we describe the spaiabdtion, line-of-sight (LOS) velocity
distribution (LOSVD), and magnitude-velocity plane of tB&l sample. In Section 8.7 we use the
properties of the Planetary Nebulas luminosity functioNI(F) and a kinematic model for the PN
population to predict its LOSVD in MSIS observations. Thmulation allows us to interpret the
observed LOSVD and also to determine thparameter for the halo of NGC 3311. In Secfiod 5.8 we
correlate the velocity subcomponents in the PN LOSVD wittekaatic substructures in the Hydra |
galaxy distribution and discuss implications for galaxplation and disruption in the cluster core.
Finally, Sectior 5.9 contains a summary and the conclusibtisis work.
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5.2 The Hydra | cluster of galaxies (Abell 1060)

The Hydra | cluster (Abell 1060) is an X-ray bright, non-dagl flow, medium compact cluster in the
Southern hemisphere, whose central region is dominatedpayr @f non-interacting giant elliptical
galaxies, NGC 3311 and NGC 3309. NGC 3309 is a regular giiptiehl (E3) and NGC 3311 is a

cD galaxy with an extended haio_(Ma.sleLb_eLg:H_aL_ll%l)-

X-ray properties of Hydra + Except for two peaks associated with the bright elliptigalaxies
NGC 3311 and NGC 3309, the X-ray emission from the hot intistel medium (ICM) in the
Hydra | (A 1060) cluster is smooth and lacks prominent spatidstructures. The center of the
nearly circularly symmetric emission contours roughlynoiiles with the center of NGC 3311
dlamum.el.ﬂlL_ZQ_d)Mma&akmi MdQZ_Ha)Lakmﬂ MJ_ZQ_Q|6) A faint extended emission
with angular scale< 1’ trailing NGC 3311 to the North-East, overlapping with an Keess, could
be due to gas stripped from NGC 3311 if the galaxy moved tosvérd South-West with velocity
> 500 km s, according t(JJ_I:Ia;La.kaMLa_eJHL_(ZLb 06). The total gas iavad iron mass contained
in this region are- 10° M, and 2x<10’ Mg, respectiverL(Ha;La.kawa_edehu_Zd)bA._ﬂOOG). The emission
components of NGC 3311 and NGC 3309 themselves are smaihairg to only~ 10" ~ 2.5 kpc,
suggesting that both galaxies lost most of their gas in eraititeractions with the ICM. In both
galaxies, the X-ray gas is hotter than the equivalent teatper corresponding to the central stellar
velocity dispersions, and in approximate pressure eqjiilf with the ICM klamasakLel_eLL_ZQbZ).

On cluster scales the X-ray observations show that the Hdth@s a fairly uniform temperature
distribution, ranging from about.8KeV in the center to 2 KeV in the outer region, and constant
metal abundances out to a radius of 230 kpc. Deviations froifomity of the hot gas temperature
and metallicity distribution in Hydra | are in the high mdigty region at~ 1.5arcmin North-
East of NGC 3311, and a region at a slightly higher tempesatatr 7 arcmin South-East of
NGC 3311 (Tamura et Al., 2000; Furusho étéﬁ@ﬁmﬂﬂ 12002t Hayakawa etldl., 2004,
M;L&a@ﬂ.&l@b?). Based on the overall regular X-raisgon and temperature profile, the
Hydra | cluster is considered as the prototype of an evolvelbldynamically relaxed cluster, with the
time elapsed since the last major subcluster merger belagsitseveral Gyr. From the X-ray data the
central distribution of dark matter in the cluster has bestim®ted, giving a central density slope of
~ —1.5 and a mass within 100 kpc ef 10'*M, (Tamur ILLOM) Hayakawa ei MOM). Given
these properties, the Hydra | cluster is an interestingetaiay studying the connection between the
ICL and the extended halo of NGC 3311.

The cluster average velocity and velocity dispersioRrom a deep spectroscopic sample of
cluster galaxies extending todvk —14,|_C_htisllein_and_ZaDLud1{>(iZQ_0_:b) derive the average cluster
redshift (mean velocity) and velocity dispersion of HydraWe adopt their values herezy, =
3683+ 46 kms?, andoyy = 724+ 31km s'. The sample of measured galaxy spectra in Hydra | is
extended to fainter magnitudes,M —17 through the catalog of early-type dwarf galaxies pulelish
by [MIigﬂld_el_ai L(ZQ_d8); their values for the average clustdocity and velocity dispersion are
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Vhy = 3982+ 148km s L andopy = 784kms ! with the average cluster velocity at somewhat larger
value with respect to the measuremend by Christlein andng d;o_o_:b). Both catalogues cover
a radial range of 300 kpc around NGC 3311. Close to NGC 3311, a predominancelotities
redshifted with respect tay is seen, but in the radial range50 — 300 kpc, the velocity distribution
appears well-mixed with about constant velocity dispersio

Distance estimatesThe distance to the Hydra | cluster is not well constrainet gs diferent
techniques provide ratherftlrent estimates. The cosmological distance to Abell 106@dan the

cluster redshift is 52+ 5.7 Mpc assuminddg = 72+ 8km™t Mpc? (i_C_hLlsllﬂn_a.nd_Za.bLudﬂHZO_O_ih)

while direct measurements using the surface brightnegsifition (SBF) method for 16 galaxies give
a distance of 41 Mch(Mie_sLe_e_t M%).

The relative distance of NGC 3311 and NGC 3309 along the lireght is also controversial.
Distance measurements based on the globular cluster Isityirfanction locate NGC 3311 about
10Mpc in front of NGC 3309, which puts NGC 3309 at 61 MMLK@), while SBF
measurements suggest the opposite, with NGC 3311 now aeshtistance of about 41 Mpc and
NGC 3309 even closer at 36 Mpc, 5Mpc in front of NGC 3@@@@.]@@5).

In this work we assume a distance for NGC 3311 and the Hydtsste of 51 Mpc, corresponding
to a distance modulus of 3. Then 1” corresponds to.2B47 kpc. The systemic velocity for
NGC 3311 and its central velocity dispersion afgai1 = 3825 (3800)+8kms* (heliocentric;
without and in brackets with relativistic correction), amg = 154+ 16 km s (Ventimiglia et al.,

). The systemic velocity of NGC 3309 iga¥pg = 4099 km s? 3 .8). The
velocities of the other Hydra | galaxies are extracted from ¢atalogs . (2008) and
hristlein and Zablud (2003).

5.3 Probing the ICL kinematics using Planetary Nebulas

5.3.1 Planetary Nebulas as kinematical probes and distanaedicators

Planetary Nebulas (PNs) occur as a brief phase during thelalution of solar-type stars. In stellar
populations older than 2 Gyrs, about one star every fewanilis expected to be in the PN phase at
any one timekﬁt@ome_t_HL‘LdOG). Stars in the PN phase eaetected via their bright emission in
the optical [Oll]1 5007 A emission line, because the nebular shell re-emit8% of the UV photons
emitted by the stellar core in this single Iimmuﬂmdﬂzmk). When the [Olll] emission line is
detected, the line-of-sight velocity of the PN can be easibasured.

The number density of PNs traces the luminosity density ef plarent stellar population.
According to single stellar population theory, the lumiitypspecific stellar death rate is independent
of the precise star formation history of the associatedastpbpulation [(Renzini and BuzzJ) i, 1986;
[BJJZZQ_Ili_e_Lai.LZQ_dG). This property is captured in a simplation such that

Npn = Q’Lgal (5.1)
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whereNpy is the number of all PNs in a stellar populatidryg is the bolometric luminosity of that
parent stellar population andis the luminosity-specific PN number. The predictions fraellar
evolution theory are further supported by empirical evadethat the PN number density profiles
follow light in late- and early-type galaxidsiﬂmmmﬁlm;mgam_gmog), and that the
luminosity-specific PN number stays more or less constant, with (B-V) color. The empirieallt
that the rms scatter aof for a given colour is about a factor 2-3 remains to be expthimewever
dBuzzgni et aH,LO_dG).

The planetary nebula luminosity function (PNLF) technidgsi®ne of the simplest methods for
determining extragalactic distances. This is based on bserged shape of the PNLF. At faint
magnitudes, the PNLF has the power-law form predicted fravdets of uniformly expanding shells
surrounding slowly evolving central staE_LHﬂniLe_and_‘ﬁlﬂsnﬂi,LlQﬁISLlambLﬂSO). However,
observations and simulations have demonstrated that tlgatbend of the PNLF dramatically
breaks from this relation and falls to zero very quickly, hirt~ 0.7 mag l(Q_iaLdJ,mo_e_t_aLIL_lQbB;

[M_endﬂz_and_%ﬂﬂl,%]?). It is the constancy of the cfitmagnitude,M* = —4.51, and the high

monochromatic luminosity of PNs, that makes the PNLF suckefuli standard candle.

5.3.2 The Multi-Slit Imaging Spectroscopy technique

At the distance of the Hydra | cluster, the brightest PNs atRhNLF cutdf have an apparembsggy
magnitude equal to 29, corresponding to a flux in the [OIHFO07A line of~ 8 x 10718 erg sicm2
according to the definition ofnsgg7 by 9). To detect these faint emissions we need

a technique that substantially reduces the noise from thbt rsky. This is possible by using a
dedicated spectroscopic technique named “Multi-Slit Imggpectroscopy” (MSI@ al.,

2005 Arnaboldi et all, 2007).

MSIS is a blind search technique that combines the use of & ofgsarallel slits, a dispersing
element, and a narrow band filter centered at the redshi@t] {5007A emission line. With MSIS
exposures, PNs and other emission objects in the filter'gl@agth range which happen to lie behind
the slits are detected, and their velocities, positions, magnitudes can be measured at the same
time. The [OllI] emission line from a PN is 30 km s wide lArnabQIdi et a|ILLO_d)8), so if dispersed
with a spectral resolutioR ~ 6000, it falls on a small number of pixels, depending on titestith
and seeing.

In this work we use MSIS to locate a sample of PNs in the corenefHydra | cluster and
measure their velocities and magnitudes. Our aim is to ihiedynamical state of theftlise light
in the cluster core, as described below in Sectionss 5.7 &hd 5.

5.4 Observations

MSIS data for Hydra | were acquired during the nights of Ma&i28, 2006, with FORS2 on
UT1, in visitor mode. The FORS?2 field-of-view (FoV) is 6.8 x 6.8 arcmirf, corresponding to
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~ 100 kpc x 100 kpc at the distance of the Hydra | cluster. Tliedive field area in which it was
possible to position slits with the grism used here is 4416asg arcmin. The FoV was centered on
NGC 3311 ate = 10h36m428s,5 = —27d31m42s (J2000) in the core of the cluster. The FoV
is imaged onto two X% 2 rebinned CCDs, with spatial resolutioff.252 per rebinned-pixel. The
mask used has 24 21 slits, each 0.8 wide and 17.5 long. The area covered with the mask is
about 7056 arcséccorresponding to about 4.4 % of thiextive FoV. To cover as much of the field
as possible, the mask was stepped 15 times so as to fill trendésbetween two adjacent slits in
the mask. The total surveyed area is thereford aecmirt, i.e., 66 % of the ffective FoV. Three
exposures of 800 sec were taken at each mask position tiefeecthe removal of cosmic rays during
the data reduction process.

The dispersing element was GRISM-600B with a spectral ugisol of 075 A pixer? (or
1.5 A rebinned-pixet?) at 5075A. With the adopted slit width, the measured speogsolution is
4.5 A or 270 km s*. Two narrow band filters were used, centered at 5045 A and Ap8Sspectively,
both with 60 A FWHM. This ensures the full coverage of the Hytlcluster LOS velocity range.
Each illuminated slit in the mask produces a two-dimengigspactrum of 40 rebinned pixels in the
spectral direction and 70 rebinned pixels in the spatiaation.

The seeing during the observing nights was in the range fragtd 1’.5. For the average seeing
(0”.9) and with the spectral resolution of the set-up, monochtanpoint-like sources appear in the
final spectra as sources with a total width~06 pixels in both the spatial and wavelength directions.

Biases and through-mask flat field images were also taken:la#wp calibration frames with
mask, grism and narrow band filter were acquired for the etitha of the 2D spectra, their
wavelength calibration and distortion correction. Lonitjdhta for the standard star LTT 7379 with
narrow band filter and grism were acquired for flux calibnatio

5.5 Data reduction and analysis

The data reduction is carried outliRAF as described in Arnaboldi et a{l. (2§|)07) %nd Ventimiglia Jat al

). The frames are registered and co-added after biistion. The continuum light from the
bright galaxy halos is subtracted using a median filterirdpiéque implemented in thlRAF task
.Imagesm filter.median with a rectangular window of 1935 pixels. Then emission line objects are
identified, and 2D-spectra around the emission line pasitare extracted, rectified, wavelength and
flux calibrated, and background subtracted. Finally theekength of the redshifted [OIL] 5007A
emission line for all the identified sources is measured @&aassian fit. The heliocentric correction
for the PN velocities is-5.44km s,

5.5.1 Identification of Emission-Line Objects

All emission line objects found are classified accordinghfollowing criteria as
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e PN candidates: unresolved emission line objects, both imelgagth and in the spatial
direction, with no continuum;

e background galaxy candidates: unresolved emission lijectsbwith continuum, or resolved
emission line objects both with and without continuum.

The total number of detected emission line sources in ow skettis 82, of which 56 are classified
as PN candidates and 26 as background galaxy candidatehjabf @vare classified as [Oll] emitters
and the remaining 20 as candidatexlgalaxies.

For details on the background galaxy candidateSLs_e_eAL@ma'nd_AmbglﬂiiL(ZQiO). Note
that the background galaxy classification is independetiroinosity and that these objects have a
broad equivalent width distribution. Therefore, the fattthe PN candidates (unresolved emission
line objects without detectable continuum) have a lumiydsinction as expected for PNs observed
with MSIS at a distance of 50 Mpc (see Section 5.7.1), implies that the large majoritthese
PN candidates must indeed be PNs. In addition, Fig. 30l iL(2QiO) shows
that all of the background galaxy candidates but two fallhia blue filter in the velocity range
between 1000 km$ and 2800 km !, blue-shifted with respect to the Hydra | cluster. Sevef#he
unresolvedackground galaxies in this blue-shifted velocity rangeshacontinuum level just above
the detectability threshold, suggesting that the PN catdidample may contain a few background
galaxy contaminants in this velocity range whose continigitoo faint to detect.

The two background galaxies seen in the red filter are botbneed and have medium bright
emission fluxes; one has a very bright continuum, the othatatectable continuum. From this we
conclude that the residual contamination of the PN candisiaimple at velocities 3000 km s must
be minimal. With this in mind, we will in the following simplgefer to the PN candidates as PNs.

5.5.2 Photometry

Magnitudes of the PN candidates are computed usingbe; definition b@@9moo7 =
—2.5logFs5007 — 1374, whereF g7 is the integrated flux in the line computed in circular apersu

of radius ¢'.65— 0.85 in the 2D spectra, measured using tRAF task.noaadigiphotaphot phot
The 1o limit on the continuum in these spectra i€ % 10-2%erg cn2s A "

Photometric errors and completeness function

The photometric errors are estimated using simulationssam®ple of 2D wavelength, flux calibrated
and background subtracted spectra. For each simulatioartii®ial PN sources are generated using
the IRAF task.noaaartdatamkobject The adopted PSF is a Gaussian with a dispersion obtained

2 Note that the equivalent widths (EWSs) of the PN candidatesnastly distributed between 30 A EW < 100 A,
similar to the EWSs of the background galaxy candidates, andi@t therefore be used to discriminate between both types
of emission sources. This is because these distant PNsrarid the continuum level in the MSIS images is given by the
1o limit from the sky noise; see Section 5.2.
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by fitting a 2D Gaussian to the profile of a detected PN caneidéth adequate signal-to-noise. The
o value is 11 pixels, i.e., FWHM~ 0”.7, and the FWHM in wavelength is 4 A. The simulated
PN samples have luminosity functions (LFs) given by a deltecfion at one of five dierent input
magnitudes (29.3, 29.7, 30.1, 30.5 and 30.9 mag). The outpghitudes on the 2D spectra are
measured withnoaadigiphotaphotphot using circular apertures, in the same way as for real PN
candidates. In these experiments, no significant systershiit in the magnitudes was found, and
the standard deviation of the retrieved magnitude didinbus adopted as the measured error at the
respectiveoutputmagnitude.

On the basis of these simulations, we thus model the errothddVISISmsq97 photometry, which
increase approximately linearly towards fainter magresjdy

€ ~ 0.25(ms007 — 285) [29.0,30.4]. (5.2)

We then evaluate a completeness correction function, ukmdraction of objects retrieved at each
magnitude as these become fainter. This fraction is ne@f0¢dat 290 mag, the apparent magnitude
of the PNLF bright cutfif at 51 Mpc, and decreases linearly down to 10-20% a4 3@ag, the
detection limit magnitude of our observations. We mode ttépendence by

1 if mspo7 < 29.0,
fo = 0.64(—mspp7+ 30.55) if 29.0 < mggp7 < 30.4, (53)
0 if Msoo7 > 30.4.

The error distribution and the completeness function aexus Sectioi 5]7 below to perform
simulations of the LOSVD for the PN sample.

5.6 The PN sample in Hydra |

Our PN catalog for the central (100 kpa)f the Hydra | cluster contains 56 candidates, for which
we measure \bs, Xpn, Yen andmsgoz. The detected PN velocities cover a range from 970kKnes
6400 km s with fluxes from 22x 10 8erg cn2s ! to 7.6 x 10 8erg cn2s 1. The detected sample
of objects have a magnitude distribution compatible with BINLF at the distance of Hydra I; see
also Sectioh 5.711.

The magnitude-velocity planrelhe properties of the PN sample in the velocity-magnituldee
are shown in the left panel of FEE.JJn this plot, the apparent magnitude of the PNLF bright ffuto
at the distance of the Hydra | cluster corresponds to a hatdzdine at 290 mag. The blue and red
lines are the filter transmission curves, as measured frersglctra, normalized so that the maximum
transmission occurs near the PNLF bright ¢iitdhe PNs are indeed all fainter thamggo7 = 29.0 and

3This plot is based on more accurate photometry than and epég. 1 of Ventimiglia et all (2008).
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Figure 5.1: PNs in the Hydra | cluster coré_eft upper panelthe PN velocity-magnitude distribution. The black cresse
show the entire sample of 56 PN candidates. The blue andnesl dire the measured transmission curves of
the blue and the red filter, respectively, normalized so tiratmaximum transmission is near the theoretical
bright cutdf of the PNLF at the distance of HydraRight upper panelthe PN LOSVD (black histogram).
The bins in velocity are 270 kmwide. The blue and the red solid lines show again the suitabiynalized
transmission curves of the blue and red filters. The verti@denta, green and gray lines in both panels mark
the systemic velocity of Hydra |, NGC 3311 and NGC 3309, reipely. Lower panel Spatial distribution of
the PNs (black diamonds) in the MSIS field. The field is cemt@reNGC 3311 and has size100x 100 kp&;
North is up and East to the left. The two open triangles indi¢he positions of NGC 3311 (center) and
NGC 3309 (upper right). The PN indicated by the gray symbtiiésonly object compatible with a PN bound
to NGC 3309, based on its position on the sky and LOS velogjtyen = 4422 km s™.
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extend to the detection limit magnitudegmThis is slightly diferent for the two filters; the faintest
PNs detected through the blue filter havg gn= 30.45, and those detected with the red filter have
MR al = 30.3.

The PN LOSVD The measured LOSVD of the PN sample is shown by the blackdramn
in the central panel of Fig. 3.1. The velocity window covelsdthe two filters is also shown and
the systemic velocities of Hydra I, NGC 3311 and NGC 3309 @eetior[5.R) are indicated by the
magenta, green and gray vertical lines, respectively. & hekcities fall in the middle of the velocity
window allowed by the filters, where both filters overlap. Thean velocity of all PN candidates is
ons = 3840km st and the standard deviation is rgag = 1390 km s*. The distribution is highly
non Gaussian and dominated by several individual compené@iiie main peak appears in the range
of velocities from 2400 to 4400 knmt$ and its maximum is at 3100 km s, within 1oy of the
systemic velocity of the Hydra | cluster. In the blue filteto@ty range there is a secondary peak at
~ 1800 km s* that falls 2— 3ony from the systemic velocity of Hydra I. This blue peak may eimt
a few background galaxy contaminants, as discussed indB€&fb.1 above. Finally a red peak at
~ 5000 km st within ~ 20y of the cluster mean velocity is detected in the velocity nvdéfrom
4600 to 5400 km, and there are some PNs with even larger LOS velocities.

The spatial distribution of the PNsThe locations of the detected PNs on the sky are shown in
the right panel of Fid. 511. Their spatial distribution candharacterized as follows:

e most PNs follow an elongated North-South distribution agpnately centered on NGC 3311,

e there is no secondary high density concentration around R&X®. Only one PN, indicated
by the gray symbol in the right plot of Fig.5.1, has a comborabf velocity and position that
are compatible with a PN bound to the halo of NGC 3309;

e a possibly separate concentration of PNs is present in thihMast corner of the field.
We summarize our main results so far:

1. The PN candidates detected in the MSIS field have lumieesibnsistent with a population of
PNs at the distance of the Hydra I cluster.

2. The distribution of PNs in the MSIS field is centered on N&1B Only one candidate is
consistent with being bound to NGC 3309, even though NGC 836Bcomparable luminosity
to NGC 3311 and, on account of the X-ray results (see Sdciif)nis likely located in the inner
parts of the cluster within the dense ICL, at similar distafrom us as NGC 3311.

3. There is no evidence for a single, well-mixed distribataf PNs in the central 100 kpc of the
Hydra | cluster, contrary to what one would expect from theaiyically relaxed appearance of
the X-ray emission. Instead, the observed PNs separatéhirgi® major velocity components.
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5.7 Kinematic substructures anda parameter for the observed PN
sample in Hydra I: comparison with a simulated MSIS model

At this point, we would like to reinforce the last point by cpaming the observed velocity distribution
with a simple model. The model is obtained by assuming a phmsed PN population placed at
the distance (51 Mpc) and mean recession velocity of NGC 3aad simulating its line-of-sight
velocity distribution by convolving with the MSIS instrumial set up. The velocity dispersion of
the PN population is taken to be 464 kit sthe hightest value measured from the long-slit data
in imigli . kzgldb). In this way we can test more mfitatively whether the observed
multi-peaked LOSVD for PNs in our field is biassed by the MSbServational set-up, or whether it
provides evidence for un-mixed components in the Hydradtelucore.

5.7.1 Predicting the luminosity function and LOSVD with MSIS for a model PN
population

We first characterize the model in terms of the intrinsic liosity function and LOSVD of the PN
population. Then we describe the steps required to preaéctorrespondingnsggz magnitude vs.
LOS velocity diagram and LOSVD that would be measured with KMSIS set up. In the next
subsection we compare the results obtained with the olxsétydra | PN sample.

Model for the intrinsic PN populationThe intrinsic PN luminosity function can be approximated
by the analytical function given MLaLdLﬂJQ_eﬂ Mb89):

N(m) = C &307m |1 - M| (5.4)

wherem s the observed magnitudey = 29.0 is the apparent magnitude of the bright d¢hit the
adopted distance of NGC 3311, a@dis a multiplicative factor. The integral dfi(m) from m* to
m* + 8 gives the total number of PN associated with the boloméiriinosity of the parent stellar
population Npy in Eq.[5.1), and th€ parameter can be related to the luminosity-specific PN numbe
a i . 6). For our model we distribute the magids of a PN population according
to a very similar formula fitted by Méndez to the resultls_oIMﬁz_and_Sﬂing} k19_Q|7).

Next we assume that this PN population is dynamically pmaised and that its intrinsic LOSVD
is given by a Gaussian centered on the systemic velocity dES&L1, v,

1 (v— V¥
G(v) = exp[ ] (5.5)
Ocore V21 2O'gore
where here we adopt=/3830 km s? dVenIimiina et aH 2()1db, corrected to the filter frame)gdor

the velocity dispersion we take.ore = 464 km s, the hightest value measured from the long-slit data
in this paper. This approximates the velocity dispersiantlie intracluster component in the outer
halo of NGC 3311, at central distances20 — 30 kpc béemlmjgﬂa_el_él.L_ZQlibb). We will consider
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the magnitude-velocity diagram and the LOSVD as histogramwelocity; then in each velocity bin
Avi, the number of PNs is
LF(vi) = N(m) G(v;) Av; (5.6)

where G(v) is normalized so tha}; G(v;) Av; = 1.

Simulating the MSIS observation$he magnitude-velocity diagram for such a model popuhatio
is modified by a number offiects in the MSIS observations, which we simulate as desthieéow.
The MSIS simulation procedure implements the followingste

¢ the through-slit convolution of the PNLF;

o the convolution with the filter transmission;

the photometric error convolution;

the completeness correction;

e the computation of the LOSVD.

The through-slit PNLF The MSIS technique is a blind survey technique. Therefoegbsitions
of the slits on the sky are not centered on the detected sbjatl the further away an object is from
the center of its slit, the fainter it becomes. Thikeet is a function of both seeing and slit width, and
it modifies the functional form of the PNLF, which needs to beaunted for when using the LF from
MSIS PN detected samples.

In principle, some PNs may be detected in two adjacent dlifseomask, and this would need to
be corrected for. However, at the depth of the present Hyduavey this &ect is not important for
the predicted PNLF, and indeed no such object has been fauhe sample.

Given a “true” PNLF LF(n), the “through slit PNLP sLF(m) can easily be computed, and
depends on slit width and seeing; for further details seé&@dret al. (2010, in preparation). The
effect of the through-slit correction is to shift the shij(faintwards in the observable bright part,
compared to the "true” PNLF.

Convolution with filter transmissionWhen the filter transmission Tijjvis less then 1 (100%),
it shifts the through-slit PNLF to fainter magnitudes. Thm depends on the value of the filter
transmission curve at the wavelengthor equivalent binned velocity;vand is equal ta\m(v;) =
-25log T(v). The resultinginstrumental PNLFthe distribution of source magnitudes before
detection, becomes velocity dependent, i.e., ir).

For the present MSIS Hydra | observations, the combined fittmasmission curve from both
filters is defined as

T(Vv)i = max[Tg(vi), Tr(Vi)], (5.7)

where B and R denote the blue and red filters. It is 1 where #msmnission is 100%, approximately
from ~ 1500 km s to ~ 3300 km s! and from~ 4200 km s to ~ 6300 km s: it is < 1 in the filter
gap around- 3800 km s and at the low and high velocity ends of the observed range.
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Photometric error convolution Once the instrumental LF iLR{ v;) is computed, it must be
convolved with the photometric errors which, for the cas¢éhefHydra | observations, are given by
the linear function in Eq_5l2. Because of the photometriorsr PNs that are intrinsically fainter
than the detection limit (here mag 30.4) may be detected if they happen to fall on a positive noise
peak on the CCD image, and PNs that are intrinsically brigthten mag~ 30.4 may be lost from the
sample. Generally, because the through-slit PNLF si)kfcreases towards fainter magnitudes, the
photometric errors scatter more faint objects to brightagnitudes than vice-versa; so théeet of
the convolution is to shift the PNLF to brighter magnitudgsaia.

Completeness correction The completeness correction at a given observed magnitude
multiplicative function which accounts for the decreasingction of PNs at fainter magnitudes
detected against the noise on the MSIS image. For the casmndtihis given in EqL5I3. After
the last two steps, we arrive at the final “MSIS PNLF”, MSkiyfor short.

Computation of the simulated LOS\ADFor each velocity bin the MSLR{ v;) is integrated
between the apparent magnitude of the PNLF bright &uing' = 29.0 for Hydra |) and the detection
limit magnitude in the relevant filtemy g (see Sectioh 5l6), to obtain the “observed” cumulative
number of PNs in each velocity bin:

Nusis(Vi) = L ™ MSLF(m.vi)dm (5.8)

The most cumbersome step in this procedure is the corrdatidhe filter transmission, because it
makes the final MSLF(, v;) velocity-dependent. It must correctly be appliaeforethe convolution
with the photometric errors, because the latter depend @ffiuk measured at certain positions on
the CCD. So the errors on the through-slit magnitudes depente filter transmission values of the
PNs.

However, we have found that the observed MSLF for the Hydd $&mple, when obtained from
wavelength regions where the filter transmission i400%, is very similar to the one obtained by
summing over the entire filter bandpass. Thea of the velocity dependence on the overall MSLF
must therefore be small, and for the comparison of simulatetimeasured LOSVDs below we have
therefore applied the filter transmission only after thereconvolution and completeness correction.

Before we discuss the LOSVD obtained from the complete moatel show in Fig[B5R the
predicted cumulative luminosity function resulting fromm@ convolution, completeness correction,
and filter transmission correction of the through-slit lnosity function, weighting by the number of
observed PNs in each velocity bin. Also shown in Eig] 5.2 eschmulative histogram of thesgo7
magnitudes for the 56 observed PNs in the MSIS field. With eftatagnitude of 29 the model fits
the observed histogram fairly well; however, this is notarfal best fit to the distance. The important
point shown by Fidg. 512 is that the observed MSIS luminoaityction of the PN emission sources in
the Hydra cluster core is evidently consistent with a pajahaof PNs at~ 50 Mpc distance.
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Figure 5.2: Cumulative luminosity function predicted for the preser8I8 observations and the nominal diitnagnitude
of the Hydra I cluster, 29 (full red line, see text), compared with the cumulativetdgsam of the observed
Mso7 Magnitudes.

5.7.2 Reality of observed kinematic substructures

The simulated MSIS LOSVD given hiyysis(vi) for the simple Gaussian velocity distribution model
and luminosity function of Ed._Bl4 is shown as the green bistm in Fig[5.B, with the observed
PN LOSVD overplotted in black. The simulated MSIS LOSVD ialsd to approximately match the
observed Hydra | sample in the central velocity bins.

The comparison between the simulated LOSVD and the Hydrall®@8IVD in Fig.[5.3 identifies
the central peak at about 3100 kit $n the observed PN LOSVD with that of the PN population
associated with the stellar halo around NGC 3311 in the elusire, withocore ~ 500km 1. The
mean ¥re and ocgre Of this component are approximately consistent with thdsea® intracluster
light halo of NGC 3311 derived from the long-slit kinematicadysis in Ventimigli I.L(;O;bb).
However, the asymmetry andfset of the peak of the observed histogram (by several 100km s
relative to the MSIS convolved model centered at the systermlocity of NGC 3311 appear
significant ¢core/ VNcore = 100km §1), arguing for some real asymmetry of the central velocity
component. We shall refer to the central peak in the Hydra LEI$VD in Fig.[5.3 as the central
ICL component.

Two additional velocity peaks are seen in the LOSVD in Fig, ne near 1800 kmi$ and one
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Figure 5.3: LOSVD for the Hydra | PN sample from Fig._5.1 (black histoglaoompared with a simulated MSIS LOSVD
(green histogram) for a Gaussian velocity distributiorhwit.e = 464 km s*; see text for further details. The
blue-red solid line shows the combined filter transmissiorve as given in E4._5l7. The vertical magenta,
green and gray lines mark the systemic velocity of Hydra |ON&311 and NGC 3309, respectively.

at ~ 5000 km s, which do not have any correspondence with the velocityibigion derived for
the simulated MSIS model. These velocity components cammeixplained as artifacts of the MSIS
set up, in particular, the filter gap in thetR filter combination. We will refer to these two velocity
components as secondary blue and red peaks, respectivay.réveal the possible presence of two
kinematical substructures in the core of Abell 1060, whasgirs must be investigated further; see
Sectiorf 5.B.

5.7.3 Lowa-parameter in the core of Hydra |

We now compare the number of observed PNs with the expetsaftiom the luminosity distribution

and kinematics in and around NGC 3311. One issue is the absing clear subcomponent of
PNs with velocity dispersion- 150 — 250km s, as would be expected from the central25”

of NGC 3311 (Ventimiglia et al, 2010b). It is known that PNvegles in elliptical galaxies are

generally not complete in the central regions because ofmitreasing surface brightness profile;
PNs are hard to detect against the image noise in the brigiterse E.g., in observations with
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the Planetary Nebula Spectrograph, the threshold surfagbtibess is typically in the range, =
20 - 22 mag/ arcseé ILLOJ)Q). In the current Hydra | data, the PNpsauis severely
incomplete ajry = 21.0 mag/ arcseé (only two PNs are seen at ~ 21.0 mag/ arcseé, and six at
uy > 215mag/ arcseé). Referring to Fig. 13 dLMEnd&z&ﬂaJL(ZﬁbOl), we estimatd the current
sample is not complete fak, < 22.0 mag/ arcseé, which is reached at a distance-680” from the
center of NGC 3311 (Arnaboldi et al. 2010, in prep.). At tladius, the projected velocity dispersion
has risen tarnsz11(30”) ~ 300— 400 km s? dVenIimiina et aHLOLdb). Thus the PNs detected in
this paper almost exclusively sample the hot (intraclygiato of NGC 3311. The cold inner galaxy
component is not sampled.

)]

The second issue is the observed total number of PNs, gieetietiection limit, the instrumental
set up and the light in NGC 3311 and NGC 3309. Integratingithelated MSIS luminosity function
down to the detection limit of 3@ mag, we obtain anfiectivea parameter for our observations of
amsisHy = 0.012x0;, Whereayor quantifies the total number of PNs 8 mag down the FﬁIIIIFF\is
value is similar toags, the integrated value.Dmag down the PNLF. It is consistent with Hig.15.1,
even though in this figure PNs are seen up mag fainter than the nominal ctifanagnitude,
because of (i) the shift towards fainter magnitudes due ¢osth losses, and (ii) the completeness
correction (Eq.5I3).

We can estimate the bolometiigy,; for NGC 3311 from its (FUV-V) colour, the relation between
(FUV-V) and loga10 shown in Fig. 12 of Coccato et al. (2009), and correcting tmig; by using
Fig. 8 ofLB_uZZan_el_a{I.L(ZQ_d)G). The (FUV-V) colour is detenadl from the Galex FUV magnitude
and the V band magnitude from RC3, both corrected for extinctas described i@m__e_{ al.

). The resulting value, (FUV-¥B.7, corresponds to lagy o = 1.1 and logyer = —7.34. This
is very similar to the value of log,: = —7.30 found for the Fornax cluster cD galaxy NGC 1399
({BJJZLQﬂi_el_ai.I_ZQ_dQ. Using the V band light profile of NGCl1323measured in Arnaboldi et al.
(2011, in preparation), and a bolometric correction of 1&g, we can then predict the expected
cumulative number of PNs within radius R from the center ofON&11. This is shown as the red
curve in Figurd 514, after subtracting the luminosity witt0” which is not sampled by our MSIS
observations. Also shown are the cumulative histogramseobbserved number of PNs in the MSIS
data, both for all PNs in the field, and for PNs with velocitieshe central velocity component only.

Fig. [5.4 shows that the total number of PNs detected in thd fals short of the number
predicted from the luminosity profile by a facter 4. Outside~ 100", the number of PNs with
velocities consistent with the central ICL halo of NGC 33&kifactor~ 2 lower than the number
of all PNs. Clearly therefore, some of the light at theseirngdin a component dierent from the
phase-mixed central ICL halo, but the amount is uncertatabse we do not know whether the
luminosity-specifica-parameter of this component is similarly low as for the N&1BICL halo.
For example, agreement between observed and predicted mbensi could be achieved by scaling
only the NGC 3311 halo component by a facter6. On the other hand, scaling only an outer

4This value includes the light between adjacent slits fomtbienalisation.
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component will not work, because the discrepancy in[Eidisatready seen at small radii. Thus we
can conclude that the-parameter of the NGC 3311 ICL halo is low by a facterét

Such an anomalous specific PN number density requires aaratgn. One possibility is that
the stellar population in the halo of NGC 3311 is unusually@er; this will need studying the stellar
population in the galaxy outskirts. A second possibilityhiat the ram pressure against the hot X-ray
emitting gas in the halo of NGC 3311 isfRuaiently large to severely shorten the life-time of the PNs
(Dopi 1 2000: Villaver and Stanghellini, 2005). heir simulations, Villaver and Stanghellini
(2005) consider a gaseous medium of density 104 cm™2 and a relative velocity of 1000 kms
They find that the inner PN shell is not significantfegcted by the ram pressure stripping during the
PN life-time, and because the inner shell dominates theelinission in their model, the PN visibility
life-time is therefore not shortened relative to an undistd PN. However, with a density of the ICM
inside 3 around NGC 3311 of 6x103cm 3, and a typical velocity ofy3x450 km s ~ 800 km s*
the ram pressure on the NGC 3311~is40 times larger than in their simulated case, so the ram
pressure fects could be much stronger. Unfortunately, simulationthefevolution of PNs in such
dense media are not yet available, to our knowledge.

If this explanation is correct, PNs should be moficently ram pressure stripped in the
innermost, densest regions of the ICM. Hence in this case sddrexpect most of the observed
PNs to be located in the outermost halo of NGC 3311, even thragected onto the inner parts of our
MSIS field. At these outer radii, dynamical time-scales argyer, and phase-mixing should be less
complete. This would fit well with the unmixed kinematics asphtial distribution of the observed
sample (see also next Section).

The third issue is that we do not see a concentration of PNsmdrdlGC 3309. As shown in
Section[5.6, only one PN in the sample, shown by the gray syimhihe right panel of Fig[ 5l1,
has both position and LOS velocity compatible with being rmbtio NGC 3309. Whereas using
the relative total luminosities of NGC 3309 and NGC 3311 talesthe number of PNs associated
with the main LOS velocity component for NGC 3311 in Hig.]5.8.( 27 PNs), we would expect
about 11 PNs associated with the light of NGC 3309 if both jatawere at the same distance.
There are two possible explanations for this fact. One is M@C 3309 is at significantly larger
distance than NGC 3311, such that even PNs at the brighffeutalld be dificult to see. However,
a simple calculation shows that then NGC 3309 would be put @ Mpc well outside the cluster,
at variance with X-ray observations finding that its gas atfpimere is confined by the ICM pressure
(see Sectionhl2). The second possibility is that, sinyilasifor NGC 3311, also the PNsin NGC 3309
may be severely ram pressure stripped by the galaxy’s mttimugh the dense ICM in the cluster
core. This would require that NGC 3309 moves rapidly throtlghcluster core, and is physically
rather close to NGC 3311. Again simulations would be needethéck this quantitatively.
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Figure 5.4: Observed and predicted cumulative PN numbers, as a funati@dial distance from the center of NGC 3311.
The green line shows the cumulative number of PNs assoaidtedhe central ICL halo of NGC 3311, based
on their velocities. The black line shows the cumulative hamof all PNs, without velocity selection. The
red curve shows the predicted cumulative number of PNs ctedpusing the luminosity-specific parameter

a estimated in the text, the MSIS observational set-up, aadntiegrated bolometric luminosity in increasing
circular apertures centred on NGC 3311.

5.8 The substructures in the Hydra | cluster core

We now turn to a more general discussion of the spatial digidn and kinematics of PNs and
galaxies in the central region of the cluster. ICL is bel@évte originate from galaxies, so it is
interesting to ask whether the phase-space substrucesedrsthe distribution of the PNs that trace
the ICL has some correpondence to similar structures inigtelalition of cluster galaxies. Thus we
want to investigate the spatial distributions of the PNgeissed with the velocity subcomponents in
the PN LOSVD discussed earlier, and compare them with thigaspiéstribution of Hydra | galaxies
in similar velocity intervals. In this way, we may obtain attiee understanding of the dynamical
evolution of the galaxies in the cluster core, and of thevegiee of cluster substructures for the origin
of the dituse cluster light.

5.8.1 Spatial distributions of the PN velocity components

We first consider the spatial distribution of the PNs asdediavith the dfferent velocity components
in the PN LOSVD. This is shown in the three panels of Eigl 5ifided according to the classification
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in Sect.[5.7.2. Each panel covers a region & % 6.8arcmirf ~ 100 x 100 kp& centered on
NGC 3311.

PNs associated with the central ICL component (middle paifeilg.[5.53) can be divided into two
spatial structures. There is a prominent PN group condentras expected, around NGC 3311, and

an elongated East-West distribution in the Northern pathefFoV. By contrast, we see a low PN
density region in the Southern part of the MSIS field.
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Figure 5.5: Left upper panel Spatial distribution of the PNs associated with the blusoedary peak in the PN LOSVD
(< 2800 km sh). Right upper panelSpatial distribution of the PNs associated with the céh@a component
(2800 km st to 4450 km st). Lower panel Spatial distribution of the PNs associated with the seaonced
peak at> 4450 kms! in the PN LOSVD. The black triangles indicate NGC 3311 (ceréed NGC 3309
(North-West of center), respectively. North is up and Esibithe left.
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Such a NortfSouth asymmetry is seen also in the spatial distributiorhefgalaxies. Fid. 517
displays a larger area, 2@ 20arcmir?, which includes the MSIS field studied in this work, as
indicated by the orange square. We can see from the two p@do&lsand schematic) that NGC 3311
and NGC 3309 dominate the center of the MSIS field, that theeehigh density of bright galaxies
in the Northern part of the field, but a deficit of galaxies te 8outh of NGC 3311.

The spatial distribution of the PNs associated with the séary red peak in the PN LOSVD
is shown in the right panel of Fig. 3.5. It has a Ng&buth elongation, apparently extending
further towards the South of NGC 3311 than the central ICL poment, with a high density region
NorthyEast of NGC 3311.

Finally, the spatial distribution of the PNs associatedhvilie secondary blue component at
1800 km s? (left panel of Fig[5.b) also appears elongated along theh}&wuth direction, but the
smaller number of objects in this subsample makes infethieg spatial structure morefticult.

In summary, there is little evidence for a spherically syrrinavell-mixed distribution of PNs in
the outer halo of NGC 3311 in the cluster core. Several velaimponents are seen, and even the
central ICL component centered on NGC 3311 shows signs tibspabstructures.

5.8.2 Spatial and velocity distribution of Hydra | galaxies comparison with the PNs
sample

The spatial distribution of the galaxies fr&mﬁhﬂsll&iuiﬂaﬂud.ﬁ dZQ_O_:b);LIBA'LsgﬂId_el_AIJ_(ZQ_d)8) in
the central 20x 20 arcmirf centered on NGC 3311 is shown in FIg.J5.7. We would like to yareal
their phase-space distribution by dividing into the sanmleciy components as identified in the PN
LOSVD. Therefore, in the image on the left the bright galaxaee encircled with the colours of the
PN components in Fi§. 3.5, and in the right panel all galaixigke field are shown schematically as
squares and crosses with the same color code for thesetyddots. NGC 3311 and NGC 3309 are
marked in the center of the MSIS field (orange square).

In Fig.[5.8, the left panel shows the velocity distributidrat the galaxies in the 2& 20 arcmirt
region centered on NGC 3311. In the right panel, the veldgisgograms for the bright galaxies
(mr < 1537, violet color) and dwarf galaxies gn- 15.37, green color) are shown separately.

The LOSVD for the Hydra | galaxies covers the same velocigfr the PN sample. If we select
only galaxies in the range of velocities of the PNe in the @@i€L component, from 2800 knT$
to 4450km s, their LOSVD is consistent with a Gaussian distributionteezd at a velocity of
3723:100 km s with a dispersion of 54280 km s*. This confirms results from long-slit kinematics
in the outer halo of NGC 331L(3£inlmigjia_e1| MOb), wehthe velocity dispersion was found
to increase to- 465 km st at~ 70" radius, 64% of the velocity dispersion of all clusteragaés.

This subsample of galaxies also has an interesting spatebdtion: the central 8x6.8 arcmirf
region of the cluster (the MSIS field), while dominated by NG&11 and NGC 3309, contains no
other Hydra | galaxies with these velocities. Whereas datshis region, they appear uniformly
distributed over the field (see the green squares and crivsfesright panel of Fid. 5]7). NGC 3311
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is at the center of the distribution of these galaxies bothpace and in velocity. The distribution
of these galaxies, as well as the similarity of their velpdiispersion with that measured in the halo
of NGC 3311, supports the interpretationLof_VemMQHa_le}:fdaQLO_d)) that the halo of NGC 3311
is dominated by intracluster stars that have been torn frafaxges disrupted in the cluster core:
galaxies that passed through the central 100 kpc of theecluste at modest velocities have all been
disrupted.

By contrast, the galaxies with LOS velocities4450 km s? as in the secondary red peak of the
PN LOSVD are mostly locatedithin the central 100« 100 kp@ region of the cluster (red squares
and crosses in the right panel of Hig.15.7). In this subsanthkre are 14 galaxies in total, 5 are
classified as bright galaxies and 9 are dwarfs, and 3 brighkigs and 6 dwarfs fall within the MSIS
FORS?2 field. These 6 dwarfs are concentrated in the NortkeEapart of the halo of NGC 3311, in
the same region occupied by many PNs associated with thadagored peak.

Finally, in this region there are only a few galaxies with a3 @elocity lower than 2800 kn$,
compatible with the secondary blue peak in the PNs. They ara¢dal (blue squares and crosses in
the right panel of Fig.517). Only one of these falls on therimtary of the central 100100 kpc region
around NGC 3311. One of these galaxies is the giant spiral S&2, South-East of NGC 3311.
The others, including the spiral galaxy NGC 3314, are latatdarger distances from NGC 3311.

5.8.3 Galaxy evolution and presence of substructures in theore of the Hydra | cluster

The distribution of galaxy properties in clusters holds arignt information on galaxy evolution and
the growth of galaxy clusters. In Selct. 518.2, we have dis@y an apparent lack of galaxies in the
central 100< 100 kp¢ region of the cluster core with velocities in the same rargjeavered by the
cD halo. A similar result has been found in the NGC 5044 gr 9). A possible
explanation is the tidal disruption of galaxies at smallstdw-centric radii. Galaxies with LOS
velocities in the range of the central ICL component of thelkdyl cluster are no longer seen in the
central region of the cluster, because they were all disdit the past during close encounters with
the luminous galaxy and the dark matter distribution at theter cente ews,
). Their former stars now contributes to thfudie stellar component in the Hydra | core.

Differently from the NGC 5044 group, however, we have found a rmurabdwarf galaxiesvith
high velocitiesin the Hydra | core, with small cluster-centric radii (00 kpc). These dwarfs have
LOS velocities larger than 4400 km'sand seem to form a well defined substructure both in velocity
and spatial distribution. We speculate that these galaiedalling through the cluster core and
are not yet disrupted by the tidal interaction with NGC 33The PNLF of the subsample of PNs
associated spatially and in velocity with this substruetpliaces it almost at the same distance as the
central ICL component of the cluster: this group of galaxiesy indeed now be on the point of close
encounter with NGC 3311 in the cluster center.

Finally, we have found a correlation between the PNs cautirij to the secondary blue peak of
PN LOSVD, and 8 galaxies with a LOS velocity lower than 2800&kf Among these galaxies is




5.8 The substructures in the Hydra | cluster core 75

20 arcmin

67

4
z
2
0
1000 2000 3000 4000 5000 6000
v (km s
LOS
20 arcmin — mag < 15.37 |
5L 20 arcmin — mag > 15.37 (DWs)
z

AIIIT_.
Y

1000 2000 3000 4000 5000 6000

-1
Vios (km s7)

Figure 5.6: Left panel Histogram showing the LOSVD of all galaxies from the cagadd/Christlein and Zablud® (2003)

within an area of 20 arcmin in size centered around NGC 3®ight panel The purple histogram indicates
the LOSVD for the bright galaxies in this field, and the lightgn histogram the LOSVD for all dwarf galaxies
from the catalog m 08) in the same area.
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Figure 5.7: Upper panel 20 x 20 arcmirf DSS image of the Hydra | cluster. The two bright galaxies atftald center
are NGC 3311 (center) and NGC 3309 (North-West of center)e Blue circles indicate galaxies with
Vsys < 2800 km s, the green circles galaxies with 2800 km s< Vsys < 4450kms ! (only those within
10 arcmin around NGC 3311 and withgm> 15.37), and the red circles galaxies wigys > 4450 km st
Lower panel Spatial distribution of Hydra | galaxies in the same are&@®ércmirf centered on NGC 3311.
Squares indicate galaxies from the catalog of ChristlethZabluddl (2003) and crosses indicate galaxies
from|Misgeld et al.|(2008). The color of the symbols refershie velocity components in the PN LOSVD as
described in Fid.5]5. The two diamonds locate NGC 3311 an@[9@09. The orange square shows the FoV
used in the FORS2 MSIS observations.
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the large spiral galaxy NGC 33124 = 2761km s') as well as NGC 3314 {ys = 2795km s%).
Fitch nd Merri tL(;Q_éB) ar{d McMahon e]l AI._(lb92) hawanoked the presence of a foreground
group of galaxies associated with these spirals. Unfotelyaue to the small area covered by the
current MSIS survey, it is dlicult to determine unambiguously whether the low velocitysRNhich
from their PNLF are at the distance of the cluster) are aasatiwith these galaxies. A PN survey
covering the region between NGC 3311 and NGC 3312 may pravitidinite answer to this question.

5.9 Summary and Conclusions

Using Multi-Slit Imaging Spectroscopy with FORS2 on VLT-W,Twe have studied a sample of 56
planetary nebula candidates in the Hydra | cluster at 5ONftante, targeting a region 10000 kp&
centered on the cluster cD galaxy, NGC 3311. The MSIS tecien&lows us detect these emission
sources and measure their velocities, positions and matgstwith a single observation.

PN candidates are defined as unresolved emission sourcheutvineasurable continuum.
Emission sources that are either resolved spatially or iveleagth or have a detected continuum
are classified as background galaxies; imigli [ kZQ;Lb). We show that the
luminosity function of the PN candidates is as expected fpopulation of PNs at the distance of
Hydra |. Moreover, almost all the detected background desa®ccur in the velocity range between
1000kms? and 2800km<s!, blue-shifted by> 900kms?! with respect to the mean recession
velocity of the Hydra | cluster. From these facts we concltitsg any residual contamination of
the PN sample by background galaxies with undetectabléntamh must be small and restricted to
the velocity range given.

The luminosity-specific number density inferred from the PN sample and the luminosity of
diffuse light around NGC 3311 is is a facter4 smaller than expected, even if we compare with the
low a value determined from the (FUV-V) colour which is one of thevést for elliptical galaxies.
A possible interpretation is that ram pressure strippinghgydense, hot X-ray emitting intracluster
medium in the center of the cluster core around NGC 3311 dieatlgt shortens the life-time of
the PN phase. This also seems the most likely explanatiothéopbserved lack of PNs bound to
NGC 3309, the other giant elliptical galaxy in the Hydra leor

The line-of-sight velocity distribution (LOSVD) of the olsved PNs shows at least three
separate peaks, and their phase-space distribution issistent with a single well-mixed intracluster
distribution. One peak, which we term the central intralusomponent, is broadly consistent with
the outward continuation of the intracluster halo of NGC B3&hich was earlier shown to have a
velocity dispersion ot 470km s? at radii of> 50" (Ventimiglia et aHLO;db). Simulating MSIS
observations for a Gaussian intrinsic LOSVD with#70 km s* centered on the systemic velocity of
NGC 3311 has additionally shown significant residual asytrigge suggesting that also this central
component is not completely phase-mixed in the centratetymotential.

Many cluster galaxies are found in the LOS velocity rangeeiased with this central intracluster
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component (2800 knt$ to 4450 km s1), but nonein the central 106 100 kp@ around NGC 3311.
We suggest that the missing galaxies have been disruptdtelyravitational field of NGC 3311 and
the surrounding cluster dark matter, and that their ligistieen added to thefilise intracluster halo
of NGC 3311 which is traced by the PNs.

The second main peak in the PN LOSVD is centered at 50000 knmssme 1200 km@ to the
red of the main component. In the same velocity range, a nuoftiwarf galaxies are seen, which
areprojected onto the central 160100 kpc@ around NGC 3311 where also the PNs are located. We
suggest that the PNs and the galaxies in this red peak of ti8/DCare linked, i.e., on similar orbits
through the cluster core, indicating that the galaxies thean partially disrupted and the tidal debris
is traced by the PNs. This will be the subject of a further gtoased on deep photometry (Arnaboldi
et al. 2010, in preparation).

Finally, a third, blue peak in the PN LOSVD is seen~al800 km s*. The spatial distribution
of these PNs is elongated in the same sense as for the otharotwponents in the cluster core,
but the number of sources with these velocities is smalldraafew of them might be unresolved
background galaxies. This makes iffdiult to establish a robust association between these PNs and
cluster galaxies, such as the group related to the spiral R&. A larger survey area would be
needed to establish such a link.

In summary, from this study of the kinematics offdse light in the Hydra | cluster core with
PNs, and the comparison with the projected phase-spacaédiiin of galaxies, we infer that: (1)
The intracluster stellar population in the Hydra | clustenot well-mixed, even though this cluster is
believed to be the prototype of an evolved and dynamicalfxesl cluster based on X-ray indicators.
(2) The build-up of dffuse intracluster light and of the cD halo of NGC 3311 are omgathrough
the accretion of material from galaxies falling into theatkr core and tidally interacting with its
potential well.

5.10 Acknowledgements

The authors thank the ESO VLT étdor their support during the MSIS observations. They also
thank L. Coccato, K.C. Freeman and E. lodice for useful disimns. This research has made use
of the Gemini data archive and the NABRAC Extragalactic Database (NED) operated by the Jet
Propulsion Laboratory, California Institute of Technoglog



Chapter 6

Disrupted galaxies in the Hydra | cluster.
Deep photometry and spectroscopy of
galaxies’ debris in Hydra | core.

Magda Arnaboldi, Giulia Ventimiglia, Ortwin Gerhard, Ecailodice, Lodovico Coccato
2010, to be submitted t

Abstract

The aim of this work is to reach a better understanding of éhevance of cluster substructures for
the origin of the difuse light. We compare the structures of the surface brighktdestribution in the
core of the Hydra | cluster and their line-of-sight veloe#tiwith substructures in the planetary nebulas
(PNs) and galaxy distributions.

In this work we perform surface brightness photometry in Kd & band for the giant elliptical
galaxies NGC 3311 and NGC 3309 to derive their structuradmpaters (Sersic indax Re, a/b and
P.A.) and quantify the presence of additional light, withpect to an axisymmetric two-dimensional
model. We then use deep long slit spectroscopy to establigik @aamong the light excess, the
substructures in the galaxy distribution and PN line-ghsi(LOS) velocity distribution.

There is an light excess in the North-East quadrant of NGCL33®uch light excess is at the
same position on the sky and velocity-space as the PNs asswavith the red velocity component
discovered at 5000 knr's, and the dwarf galaxies at 5000 km*saverage velocity within a region
of 100 kpc radius centred on NGC 3311. These observatiosaltseare consistent with a scenario
where the contribution to the light in the intracluster cament and extended halos around brightest
cluster galaxies is an on-going process facilitated byrifadliof substructures and tidal disruption by

IMy part in this work was to perform the data reduction of thetpimetry and the measurement of the velocity of the
excess of light.
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the overall cluster potential.

This study of the Hydra | cluster provides evidence théude light is associated with infalling
substructures, it can be deposited in the cluster corestratcduch mechanisms take place at zero
redshift.

6.1 Introduction

Galaxy clusters are the most massive overdensity strigcinithie Universe, and they may be formed
by thousands of galaxies. One of the most interesting opdasfia modern cosmology is the
understanding of the mechanisms leading to the formatiosuoh systems and the evolution of
galaxies in these massive clusters. The hierarchical mpslicts that structure formation and
evolution occur by the merging of smaller units into Iarg;estemsk%Luﬂa.a.nd.BLaizH&..ZdO?), and
this model has been supported by many observational evaderMerges, cannibalism, harassment,
gas stripping and tidal forces are only some of the most ditere mechanism acting on galaxies as
they experience infall into dense environmellts_(ﬂqgi]iaﬁﬁdljge_LLijMtMopLe_QdM98).
Which mechanism takes a leading role under which conditiona given galaxy morphological type
is still to be clearly understood.

In the nearby Universe those questions concerning the twolof clusters as a whole and the
mechanisms leading the evolution of galaxies in clusters bz addressed with the study of the
physics of the intracluster light (ICL). The ICL is thefdise light in galaxy clusters emitted by stars
which are not bound to any specific galaxy; for a review on thigest SeJE_Amabgldl_and_G_ethard

). Wide field surface brightness photometry showsctiras in the ICL on all scales, from

few arcminutes to degrees on the 4&[ (Thuan and KQruHmd;Zl;hL@iho_s_e_t_a'.l ZQd ; Rudick l.,

). Recent studies have shown that ICL provides direicieaee for the dynamical status of

galaxy cluster corer_(G_eLhaLd_e} M@mmddmoﬁs&mmmﬂﬁmba), because it

contains the fossil record of past interactions, due twitg I[dynamical time.

Cosmological hydro-dynamical simulations predict thag €L is formed by stars that are
unbound from galaxies during the interactions they expeges they fall in the cluster potential well
and interact with other cluster galaxies. In these simaretithe ICL shows significant substructures
on all scales in its spatial and velocity dlstrlbutlén_(ummm_e_t_al |_O_d3t Murante et aLJO4
Mﬂﬂman_el_aj ]_ZD_d4|‘_S_Qn1m&LLaLS_en_ei E.LJOOS) At edrhes the ICL morphology is dominated
by long, linear features like streams that become moffeisk and spread out as envelopes within
the cluster volume at later time{s_(&Ldlck_elt IaLde)_Q)_Mmaj_a' [(;Qd?) predict that most of the
intracluster stars become unbound from their parent gedagtuiring the merging history leading to
the formation of the brightest cluster galaxies (BCGs) mdhuster cores, and that other mechanism
like tidal stripping becomes more important at large radii.

In this paper we perform surface photometry and long slicspecopy measurements of the
ICL in the Hydra | cluster, a medium compact cluster at a distaof~ 50 Mpc, in the Southern
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hemisphere. The aim is to compare the structures in thecaulfaghtness distribution in the core
of the Hydra | cluster and their LOS velocities around itstcncD galaxy NGC 3311 with the
kinematic of the Intracluster Planetary Nebulas (ICPNsgcted ir{ Ventimiglia et AI]_(;O_bé_‘LOiOa).
The study of the kinematics of the ICL in nearby clusters titke Hydra | cluster is possible using
ICPNs, because these objects are relatively easy to daiectodtheir strong O[lll] emission line

Jacobvli&éd;_c_iaLd_LMo_e_tJah., 1§89) and trace the lightritiution of the parent stellar population
(Coccato et all, 2009).

Ventimiglia et al. k;o;da) measured the LOS velocity disttion of the ICPNs associated with
the diffuse light within 100 kpc distance from the NGC 3311 centereyTtietected the presence of
discrete velocity components at1800 km s? (blue peak) and 5000 km s? (red peak), in addition
to a broad component withr ~ 500 km s? at the systemic velocity of the Hydra | cluster. The
presence of the broad velocity component in the ICPN LOSViDasteep positive velocity gradient
inthe halo of NGC 3311 (Ventimiglia et HI., ZQiOb), i_e_d_\ﬁmgl_la_e_t_aj k;OLda) to conclude that the
core of the Hydra I cluster is not relaxed, with sub-compasdeing accreted and infalling through
its core.

The core of the Hydra | cluster is dominated by two giant &tigd galaxies, NGC 3311 and
NGC 3309. Early CCD surface photometry showed that both N& Znd NGC 3309 are fitted by
an RY/4 law within 30" distance from their center (Vasterberg elt[aL_i991). Orbtsis of the large

Re = 987 value from the R/4 fit, h[asﬂbﬁtg_el_aldl_(lﬂbl) classified NGC 3311 as a cD galaxy

In the center of NGC 3311, there is a complex dust lane, analserved surface brightness
profile is less luminous than the best fit/Rinterpolation in the center. Both the dust lane and
the core central profile are confirmed by the HST WFPC2 imagarged out bJ/_Laiﬂe_e_t_JalL(;d%).
NGC 3309 does not have a dust lane in its c ). Clearly, any two-dimensional
models of the light distribution in NGC 3311 may bfexted by the dust lane in the optical band;
for an appropriate decomposition of the surface brightpesfle in the central regions, near infrared
(NIR) images are therefore required.

This paper is structured as follows: in Séct]6.2 we presenbptical V band and 2MASS Ks
band images for the Hydra | cluster core. The isophote fitting analysis of the surface brightness
radial profiles, the two-dimensional models and the evalnabf the residuals with respect to the
symmetric models are illustrated in Séct.]6.3. The longsglitctroscopy data and the measurements
of the recession velocity of the light excess in the halo ofON&11 are presented and discussed in
Sect[6.4. In Sedi_8.5 we investigate the association ari@ntfPN component at the 5000 km's
velocity peak, the dwarf galaxies within 100 kpc radius of GI@311 center, and the excess of light
in the North-East quadrant of the NGC 3311 halo. Summary andlasions are drawn in Sett. b.6.
We assume a distance to the Hydra | clustebaf 50 Mpc, so I = 0.247 kpc.
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6.2 Optical and Near Infrared imaging of the Hydra | core

6.2.1 V band photometry - Observations and data reduction

Johnson V band imaging of the Hydra | cluster was acquire@iice mode on the night of January
12, 2006 at the Wide Field Imager (WFI) on the ESP| 2.2 m telescope, at the La Silla observatory.
The WFI is a mosaic of 42 CCDs (2k4k), with an angular scale of'®238 pixel . The field-of-
view (FoV) of 34 x 33 was centered at = 10h36m51s § = —27d31m35s. 13 exposures of 300
sec each were obtained for a total observing time @5 hr. The average seeing in the combined
median image iFWHM ~ 0”.7.

Standard calibrations, bias, sky flats and dark skies, wepeied. Several Landolt standard stars
in the Rubin 149 field were observed in V band for the photoimetulibration. The zero point for
the V band photometry i8R, = 24.018+ 0.002.

Data reduction is carried out with standard IRAF tasks fa-g@duction and calibration. After
bias subtraction and flat fielding, the average backgroundseon is measured in several regions of
the FoV far from the galaxy light and the final average valuguistracted fi each single frame. The
IRAF taskNOAO.NPROTO.IRMOSAIG used to obtain a mosaic of the CCDs. Finally, the mosaic
images are registered and combined in the final co-addecdeimag

As the first step in the study of the light distribution in NG@13, we determine the extension
of the dust lane in its central region. We use FMEDIAN task in IRAF with a smoothing box of
15x 15 pixels, and compute the ratio of the V band image withRREEDIAN smoothed version; the
V band unsharped image is shown in Figuré 6.1.

20 40 60 B0 il 120 140 160 180

Figure 6.1: Unsharp masked V band image obtained from optical data sextjat the ES@PI 2.2m telescope with the
WFI; North is up, and East to the left. The green bar indica@®slength. The inner dust lane at the center of
NGC 3311 is about’2wide (Laine et all, 2003) and it is embedded within a centghitlexcess of about 10
in diameter, which is also visible in the HST image (see La&inal., 2003).
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This image illustrates the complex structure at the cerftd@C 3311, where the dust lane is
embedded within a brighter central region. A complex duselarosses the galaxy center in the
direction North-South and extends to abodti@ radius, see the high angular resolution image in
[Lainﬁ_el_a'. [(ZQ_dS). Bright regions are seen East, at theecamd SW of the galaxy center, within
and around the dust lane, out t6 B radius. According t Ellg_(_lbm), the domina
knot is bluerA(B —r) = —0.10, than the surrounding stellar population.

Because of the presence of the dust lane, we need to movederlaravelengths to obtain the
best two-dimensional model for the light distribution irttentral regions of NGC 3311, as tHeeet
of dust absorption is weaker at those wavelengths. In theS$eotions, we combine the analysis of
the V band photometry with the archive 2MASS Ks band data.

6.2.2 Ks band photometry - 2MASS archive data

We retrieve a 9x 7’ image with a pixel scale of”1pixel™, centered on the galaxy NGC 3311
in the core of the Hydra | cluster, from the 2MASS archive ffitirsa.ipac.caltech.edcgi-
bin/2MASSLGA/). This image includes both NGC 3311 and NGC 3309. The 2MASSBie
images are already reduced and flux calibrated, with a zentt par the Ks band photometry
ZPye = 1991 with 2-3% uncertainty (Jarrett ef al., 2003).

The 2MASS Ks data are shallower than the F&0I V band data. We can reliably measure
surface brightness down to a value of 19 mag arcsecthe Ks band, corresponding to a distance
of 53, while the V band surface photometry can be measured relidiin to 23 mag arcset,
corresponding to a distance of’81the extracted profiles in Ks and V band plotted in Fig.] 6.8
show that the background noise starts to dominate at thekie fEhese surface brightness limits
are computed from the noise in the co-added images and tkgroand level, using the photometric
zero point in the dferent bands. Therefore, we expect the surface brightneaspters to be noisier
for the Ks band image than for the V band. An average backgrdewvel value is estimated and
subtracted fi before the surface photometry analysis is carried out ih boand Ks band.

6.3 Surface photometry for NGC 3311 and NGC 3309 in V and Ks
bands

6.3.1 Isophote fitting

We use theELLIPSEtask in IRAF on the V and Ks images to perform the isophotalyesi of
NGC 3311 and NGC 3309. We produce the P.A., ellipticity anefage surface brightness profiles
for NGC 3311 and NGC 3309; those for NGC 3311 are shown in[ER).i6 addition the isophotes
shape parameter profiles are also computed and shown in.Big. 6

The V band average surface brightness profiles extends 8df'tsom the galaxy center; the Ks
band profile extends to 33 see also Sedi. 6.2.2. The half-light radRisevaluated from the light-
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Figure 6.2: Plots of the isophotes’ major axis P.A., ellipticity and eage surface brightness profiles obtained with
ELLIPSEfor the V (black full dots) and Ks (red full dots) band imagéN&C 3311.
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Figure 6.3: Plots of the isophote shape parametgr &4, bs, b,) profiles obtained witfELLIPSEfor NGC 3311 V (black
full dots) and Ks (red full dots) band images.
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growth curve ardrey = 277 +£ 2”7 (~ 6.5 kpc), Rex = 537 + 27 (~ 12.8 kpc), in the V and Ks bands
respectively. AR < 107, the presence of a dust-lane is seen in the V band elliptieity. and shape
parameterds, as, bs, bs) profiles because of the large spread in the measured vaietaieen 8
and 1% the V band isophotes twist by about 20 degrees; a twist of A€ 8311 isophotes was also
reported bﬂasﬂbﬁtg_eﬂmmx but the P.A. variatvas not quantified. At radiR > 15", both
ellipticity and P.A. profiles are nearly constant and witkrage values ~ 0.05 andP.A. ~ 36°. This
behavior suggests that the V, Ks band isophotes are almasd mind coaxial. Furthermore, the shape
parameter profiles are about zeroRat- 15”7, thus the V, Ks isophotes do not deviate significantly
from a regular elliptical shape.

6.3.2 Analysis of the V, Ks surface profiles

We now concentrate on the description of the average sutfaghtness profiles extracted by
ELLIPSEin the V, Ks band. They are shown in Figurel6.4, plotted astfancof the RY4 semi-
major axis radius. We discuss their properties in turn. ThebEnduk (R) shows the presence of a
core atR < 3” and then follows afR'/* law at larger radii. The V band average profil(R) flattens

for R < 5”7, and deviates from thBY* law at larger radii as the V band surface brightness profile
shows an up-turn curvature which signals additional lighR & 20” with respect to th&'/* law.

We wish to investigate the distribution of light in the V baaidarge radii in detail. We extracte
the surface brightness profile along R-A36° for the kinematic major axis and a second profile at
P.A= 126, along the minor axis; these profiles are shown in Figure &l profile extracted at
P.A= 126" shows the light of NGC 3309 & > 50" distance from NGC 3311. Any two-dimensional
model of the NGC 3311 light must be carried out simultangowsth NGC 3309, as the outer regions
of the two elliptical galaxies overlap along the LOS.

The folded profile of NGC 3311 along the major axis shows amexof light in the North-East
guadrant in the radial range 26 R < 95", with the largest excess of about 1 madRat 60’. We
note that the additional light indicated by the folded peofillong the major axis for NGC 3311 is
superposed to the azimuthally averaged light halo thatesaili®e up-turn in th&Y/# semi-major axis
radius plot, shown in Figufe 8.4.

6.3.3 Two-dimensional model for the light distribution in NGC 3311 and NGC 3309
in'V, Ks bands

We perform the two-dimensional model of the light distribatin the V, Ks bands with the GALFIT
program k&engﬂHJdOZ). The light from foreground stasnearby galaxies is accurately masked
with the exception of NGC 3309, whose continuum is modelegdifaneously to the NGC 3311 light.
We also mask the Southern region of NGC 3311, where the CCB @agrlap and the ADU counts
in the background are lower than other sky regions on average

As a first step and according with the morphological classifim in NED (NGC 3311 cD2 and
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Figure 6.4: The average surface brightness profile in V (black full datg) Ks (red full dots) band from the ELLIPSE fit
plotted against thRY/* semi-major axis radius. The vertical black line indicatesriadius of the central masked
area. The dotted line through Ks ELLIPSE profile shows thdilerérom the two-dimensional GALFIT fit to
the Ks light distribution, see Se€f. 6.8.3. The long and eddimes through the V ELLIPSE profile show the
surface brightness profile of the two-dimensional GALFITtdithe V band light. The dashed line is for the
GALFIT model computed with the light excess masked, see.BE&8.

NGC 3309 E3), the light of both galaxies is fit using a singlesgdaw 0@8). The results
show that the light distribution of NGC 3309 is reproducedalsingle Sersic profile withy = 2.7 in

V andngs = 2.0 in Ks; see a summary of the GALFIT parameters in Table 6.1.

In case of NGC 3311, the fit to the V, Ks light distribution wahsingle Sersic law is poor, due to
the presence of a core, a dusk lane and additional light iceh&al regionsR < 5”), as shown by
the unsharp masking in Seci. 6.3 and the average surfaderi@gs profile in Sedf. 6.3.2. When the
center is masked with a circle of' Fadius, the fit to NGC 3311 light distribution gives a bettér
for both Ks and V band. Because of the central mask, the ceftine two-dimensional GALFIT
model is determined a priory with a Gaussian fit to the ceipizatis of NGC 3311. In the Ks band, the
galaxy light distribution in NGC 3311 is well described byiggie De Vaucouleurs law & > 5” (see
Fig.[6.4, dotted line); the GALFIT two-dimensional modeltbé Ks band light distribution and the
residuals are shown in Figure 6.6. In the V band, the lightibigtion is modeled with a Sersic law
and indexny; = 7.1, see the continuum line in the Fig.6.4. Here the largerdriven by the positive
curvature in the radial profile, as described in Sedfioh 6B8shown in FiglL6}4. The GALFIT two-
dimensional model for the V band distribution and the resislare shown in Figufe 8.7. The surface
brightness profiles in Ks, V band extracted along the majdmaimor axis of NGC 3311 are shown in
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Figure 6.5: Upper panel V band profile extracted at P.A.126 along the minor axis.Lower panel V band profile
extracted along P.A. 36°. The folded profile along the major axis illustrates the ssoaf light in the North
East quadrant of the NGC 3311 halo, in the range of radii 2R < 95", with the maximum excess of about
one magnitude & = 60”. Along the minor axis, we see the contribution from the ougion of NGC 3309.

The P.A= 36° coincides with the kinematics major axis, 5ee Ventimigtiale(2010b).

Fig.[6.8, with the corresponding profiles from the GALFIT tdimensional light distribution models.
The best GALFIT two-dimensional models for the Ks and V bdgHtldistributions for NGC 3311
require very diferent Sersia indices,nks = 4 andny; = 7.1, with the largemnin the V band, which
signals more light at large radii than the De Vaucouleurs lawthe halo light in NGC 3311 becoming
bluer in the outer parts? Th8 ¢ V) aperture photometry profile Mas_teLb_em_eltLal._d%l)amw
constant and equal te 1.1, with no evidence of bluer color gradient, in the same tadiarval - 10”

to 100" - of the current V band data. As already discussed a.6€2.2, the outer halo is not detected
in the Ks 2MASS data because of the large background noise.

We investigate whether the excess of light in the North-Hasdrant of NGC 3311 changes the
Sersic fit determined by GALFIT to the light distribution o8C 3311. The light excess in the North-
East quadrant is detected when folding the light profile @B\ = 36° (see Secf. 6.3.2 and FIg. b.5).
When the light excess is masked, the index of the Sersic law.is= 6.98, see the dashed line in
Figurel6.4. The Sersic index, is consistent with they; derived previously and only a few percent
smaller. The final values of the parameters for the best fit BALmodel to the Ks, V bands are
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given in Tabld 6.11.

Figure 6.6: Left panel Ks band image of the central core of the Hydra | clusté6 8 2°.0. The two main galaxies are
NGC 3311 (center) and NGC 3309 (upper rigi@gntral panel model, obtained with GALFIT for NGC 3311
and NGC 3309.Right panel residual image. It has been obtained by subtracting thesi(@édntral panel)
from the Ks band image of the cluster (left panel). North isaap East to the left.

Figure 6.7: Left panel V band image of the central core of the Hydra | clustéi3 & 4'.2. The two main galaxies are
NGC 3311 (center) and NGC 3309 (upper righi©entral panel 2D model from GALFIT of NGC 3311 and
NGC 3309 in the V bandRight panel residual image obtained by subtracting the model (cepaaél) from
the V band image of the cluster (left panel). North is up anst Eathe left.

Table 6.1: Parameters for the two-dimensional GALFIT fit for NGC 3309 &NGC 3311

Parameter Ksband V band Ksband V band
Comp. type NGC 3309 Sersic  Sersic NGC 3311 DeVauc. Sersic
MtoT 8.72 14.92 8.0 12.92
Re 117.30 18'.00 44’21  358.56
n 2.0 2.68 4.0 6.9
b/a 0.87 0.88 0.89 0.90

P.A. 50.6 54.5 39.76 54.65
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Figure 6.8: The upper panels show the V band profiles, along the major andrraxis. The lower panels display the Ks
band profiles, along the major and minor axis. Crosses ardatsepoints from V, Ks band images and the
continuous green curves are from the GALFIT two dimensidight distribution models, see Seti. 613.3.

6.3.4 Morphology of the light excess in the NE quadrant of NG@311

The residual image obtained by subtracting the two-dinmer@iGALFIT model to the V band image
shows an excess of light with respect to a symmetric lightridigtion, in the North-East quadrant
of NGC 3311, as previously illustrated by the analysis offtiided light profiles at P.A= 36° (see
Figure[6.5). The morphology of the excess resembles of ti@¢krom 20" to 80" in radius with a
peak luminosity at about 80and a fainter luminosity in the South-West quadrant. Asudised in
Sect[6.2.P, the archive NIR image is not deep enough to sathelfaint surface brightness regions
at large radii, where the light excess is situated.

We can compute the ratio between the flux in the V band imagéetvo-dimensional GALFIT
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model for NGC 3311 in the V band. In a rectangular area of’2980” centered on the peak of the
light excess, the average flux ratioligand/lcaLriT = 1.09 + 0.08, and we estimate an upper limit to
the fraction of light in the excess of the order of 10% of the@&311 halo light in this region. We

then carry out the surface photometry in the area coveretidlight excess with polyphot, and the
luminosity in the excess amountsltgycess> 3.3(+1.8) x 10°L,.

6.4 Long slit spectroscopy of the NGC 3311 halo: contributin from
the excess of light in the North-East quadrant

Deep long slit spectroscopic observations of the NGC 33id were carried out by Ventimigli l.
) with FORS2 on VLT-UT1, in visitor mode. These 4655955 A spectra include absorption
lines from H;, Mgl (1151675173 5184 A) and Fe 1 {452705328 A) and were acquired with a
long-slit 1.6 wide and 6.8 long, GRISM 1408V, an instrumental dispersion of@ A pixel* and
a spectral resolution af = 90 km s®. The long slit was centered on the dwarf galaxy HCC 26 at
a = 10h36m435s ands = —27d31m24s (J2000), with a position angle of PFAL42; HCC 26 is
seen in projection onto the NGC 3311 halo. Eight exposurds800 sec each were taken (in total 4
hrs). In addition to the deep spectra, the standard star @& dtea HD102070 and spectrophotometric
standard star EG 274 were also observed with the same setamda®d reduction steps were then
applled to these data; for further details on the obsematiset-up and data reduction we refer to
l201d)
Ventimiglia et al. k;o;db) used the deep two-dimensionactpm to measure the velocity

dispersion and LOS velocity profiles for the halo of NGC 331%everal radial distances from the
galaxy center. Our immediate goal igfdrent here: we wish to detect a secondary component in the
spectrum, in addition to the main absorption features frloencontinuum emitted by the NGC 3311
halo. We expect these secondary absorption lines to come the light excess, and to be about
10% of those associated with the NGC 3311 haleghao = 3921 km sl and at a dferent LOS
velocity.

We extract the light profile along the slit and identify theegions where the continuum is bright
enough to provide a suitable/’Ns We identify a region of~ 22’.5 wide (95 pixels), North-West
of HCC 26 as indicated by the back section along the slit in[Ei@2. All signal in this region is
co-added to reach 8/N ~ 20 in the continuum of the extracted single spectrum. We a@&a
that co-adding all the signal from an extended portion ofdliteve may cause a broadening of the
absorption lines, but this does ndfext our goal, which is the detection of a secondary compcetent
a different LOS from the NGC 3311 halo lighta{y hajo.

The stellar kinematics is measured from the extracted @mestsional spectrum in the
Wavelength range 4800< A1 < 5800 A using a “penalized pixel-fitting” method (PPXF,

04). In the PPXF method, stédarplate stars from the MILES
library L&amh&z;&[azqu&z_eﬂa{lulbm) are combined td@tdne-dimensional extracted spectra;
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the velocity and the velocity dispersion are measured sanabusly. The best PPFX fit to the co-
added spectrum provides a stellar template, a LOS veloniywalocity dispersion values which are
consistent with those measured|by Ventimigli tLaI._(;bIObNGC 3311. From the photometry
carried out in Sectioh 6.2, we set an upper limit to the lursityoin the excess of light equals to
~ 10% of the light in the region sampled by the long slit. To b&edb detect the weak kinematic
signal from the excess of light, we need to subtract the m&@gar8311 halo contribution. We achieve
this by taking the PPFX best stellar template fit from the MB_Ebrary to the original extracted
science spectrum, multiply it by ®and subtract it ; the residual spectrum is shown in Figlrel 6.9.
Clearly, the @\ of the residual spectrum is not high enough for a directIdixéing, although the
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Figure 6.9: The flux calibrated spectrum extracted in the region withlidgiiet excess. The rest frame wavelengths of the
strongest absorption lines are indicated in the plot.

main absorption features are readily identified, and we most use a dferent approach. We use
the RV.FXCORask in IRAF to identify the velocity components in the regiispectrum; this task
implements the Fourier cross-correlation techniqula_bmm_D_aﬂE lejQ), which makes use of
template stars. To be able to detect the weak signal fromxitess of light, we compute the Fourier
cross-correlation between the residual spectrum and thextiacted spectrum of the G dwarf star
HD102070 (G8llI), in the wavelength interval 48801 < 5800 A. The computed cross correlation
function is shown in Fig_6.10. In the lower panel, the regi@mtered on the two strongest peaks
show the presence of two components fedent velocities: the strongest peak is at 5054 kfrasid

a second weaker peak at 3931 km.sThe results from the Fourier cross-correlation on thedresi
spectrum in the NGC 3311 halo provide evidence for a secompooent aiV = +1100 km st
relative velocity with respect to the NGC 3311 systemic gijyoVsysat this position. From the results
of the two-dimensional photometry, we conclude that thktligxcess in the North-East quadrant of
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Figure 6.10: Upper panel Plot of the Fourier cross-correlation function computsthg the residual spectrum and the G
dwarf star HD102070 spectrum. The result of the Fourierssmsrelation indicates the presence of two sets
of absorption lines features atfidirent velocities in the residual spectrum. The stronges pethe Fourier
cross-correlation is af| 051 = 5054 km s! and the second weaker peak i8/abs, = 3931 km st. Lower
panel Region of the Fourier cross-correlation function (in piseale) centred on the two main peaks.

NGC 3311 is at a LOS velocity of 5054 km's

6.5 Correlation among substructures in the Hydra | diffuse light, PNs
and galaxies distributions

6.5.1 Light excess and PNs substructure

As we move towards smaller cluster-centric radii, we askthirethere are additional correlations
among substructures in the PNs and galaxies distributidgtistiose in the halo light of NGC 3311.
Our aim is to reach a better understanding of the relevanctusfer substructures for the origin of
the difuse light.

In Ventimiglia et al. [(LOLda), we identified féérent velocity components in the PN LOSVD and
describe their spatial distribution. We summarize the cigjlacomponents in the PN LOSVD in the
Hydra | core briefly in turn:

e there is a broad central velocity component in the PN LOSVikpd at about 3100 knTSwith
o =~ 500 km s1, which is consistent with the kinematics of the extendetlastbalo around
NGC 3311. The spatial distribution of these PNs follows tpatisl distribution of the bright
galaxies in the Hydra | core and the NGC 3311 halo light.

e A narrow “bluer” velocity component, near 1800 kntlswhose PNs have an elongated
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distribution along the Noritfsouth direction. There is no clear association with gakxie
a 68 x 6.8 field centred on NGC 3311.

e A second “redder” velocity component, at5000km s'. These PNs show a strong spatial
and velocity correlations with an assembly of dwarf galaxibat is located within a central
100x 100 kpé region of the cluster core, centred on NGC 3311.

In the current work we use two dimensional photometry to ¢jfiathe main radial profile and
substructures in the NGC 3311 halo light distribution. la ¥ band, the main halo component of
NGC 3311 is represented by a Sersic law with a large 7.0 value, that indicates the presence of
an extended halo out te 90" = 20 kpc. The PNs associated with the broad velocity component
correlate in space , i.e. round circular distribution aciNGC 3311, and in velocity with the halo
light, whose kinematics is provided by the the long slit meaementsVsys = 3800 km st and
Ohalo = 460 km slfrom |Ventimiglia et a|. [(LOLdb). There are no other Hydra lagies at these
velocities within a 100 kpc distance from NGC 3311's center.

Once the main symmetric halo component is subtractédve detect a light excess in the North-
East quadrant of NGC 3311 whoggos measurement is 5054 kmi's see SecE_614. We plot the PNs
associated with the blue and red components of the PN LOSMViberesidual image in the V band
of the central 85 x 4'.20 around NGC 3311, obtained a$fdience from the V band images and the
GALFIT two-dimensional models for NGC 3311 and NGC 3309;pha is shown in Figure 6.11. In
the whole region covered by the light excess, there are ritsaBsociated with the red-peak velocity
component and only three PNs with the blue-peak componethied®N LOSVD. We speculate that
the nine PNs aV > 4450 km s? are associated with the stellar population of the light sgcas they
are coincident in sky position and LOS velocity.

6.5.2 Dfiferences in then parameter

Ventimiglia et al. (Zglda) derived a very ldwminosity specific PN number « parameter for the
NGC 3311 halo light. They argued that theparameter of the NGC 3311 stellar halo is a factor

4 — 6 lower than thex parameter value logro = —7.34 determined from the (FUV-V) color vs
log @1 o relation shown in Fig. 12 4f_C_o_CL;alo_e_t| eh._(zbog), and caeedo logaT: by using Fig.8
of d&mad.l;oja). They identified two possible exjlions: either the stellar population in
the halo of NGC 3311 is unusually PN poor, or the ram pressuifgg of PNs by the hot X-ray
emitting gas in the halo of NGC 3311 isfBaiently large to severely shorten the lifetime of PNs
(Villaver and Stanghelliht, 2005).

In this study we can explore tHaminosity specific PN numbdor the substructures and the
halo light. In a window of 100 x 50” centered on the peak of the light excess, we fifdl BNs
associated with the light excess, because they are on treesdgrposition, distance and LOS velocity.
In a similar region of the sky, we count six PNs associatedh wie NGC 3311 halo light, from

hLeDILmlglLa_el_a.l [(ZQlda). For the light excess we cal®ilatycess= 6 X analo, @ Value which is in
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agreement with those of red and old stellar population, edipted by the (FUV-V) color vs log1 o
relation. The implication is that thefect of the hot environment on the PN evolution is not acting on
the PNs associated with the light excess.

If the ram pressure stripping idfective during the PN lifetime, it acts similarly on the halo
PNs and the light excess PNs, as the stars associated witghthexcess cover 100 kpc distance in
10° yrs, while a PN lifetime of about 10* yr. Our estimate of a normal PN number for the light
excess indicates that this light is most likely beyond theltdyl core, and outside the hot X-ray halo,
therefore the ram pressure stripping of PN is not takingegplac

6.5.3 Light excess and substructures in the galaxy distriltion

hLeDILmlglLa_el_al [(ZQlda) discussed that while there argalaxies in the Hydra core at small cluster-
centric radii & 10Ckpd), several dwarf galaxies at high velociti¥sos > 4450 km stare present.

In TableIB]Z we list the sky coordinates, apparent total Wbaagnitude, and LOS velocities from
[(20.d8) for these dwarf galaxies.

These dwarfs are associated with a well defined substrudiatie in velocity and spatial
distribution, see Fig. 6.12. The substructure traces bgetlibvarfs occurs at the same sky position
and velocity as the light excess.

Table 6.2: Names, position, magnitude in V band and LOS velocilies éilig et al.| 2008) for the dwarf galaxies in the
NGC 331 field.

Galaxy a(2000) 6(2000) My %
[h:m:s] [0::] [mag] [km s
HCC19 10:36:52.573 -27:32:16.34 16.91 5¥85
HCC 22 10:36:40.373 -27:32:57.68 18.23 46063
HCC 23 10:36:48.911 -27:30:01.49 18.07 44449
HCC 24 10:36:50.140 -27:30:46.20 17.75 5232
HCC 27 10:36:45.700 -27:30:31.30 18.48 52B9

The total luminosity of the five DWs is 1.1 - 10°L,, and amounts to about one third of the total
luminosity in the excess of light.

The association between the light excess and the dwarfigalamay result because of these
dwarfs are falling through the cluster core, and their hajbotlwas unbound during any previous
close pericenter passages with NGC 3311. As we discuss n[EBE@, the light excess is beyond
the Hydra | core now, and it is made up by stars being now ohthjiglifferent orbits than the dwarfs
galaxies they were once bound to.
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Figure 6.11: PNs contributing to the blue peak at 1800 km(blue diamonds) and to the red peak at 5000 kfinghe PN
LOSVD (red diamonds) on top of the residual V band image oftdyld The green and gray triangles are at
the position of NGC 3311 (center) and NGC 3309 (upper rigegpectively. The FOV is’@ x 4'.20. North
is up and East is to the left.

" - 5
. 4605 km/s

Figure 6.12: Residual image obtained by subtracting the model of NGC 38HINGC 3309 (central panel in Fig.5.7) to
the V band image of the central core of the cluster (left pam&ig.[6.7). In the image we see the excess of
light centered on NGC 3311 and spanning from North to SowtstHn the white circles are shown the DWs
that are superposed, along the line of sight, onto the exafdigit. Their velocities are shown as well. In the
green circles is the DW galaxy HCC 26. The white line is at th&itpon of the long-slit dat

), centered on HCC 26 and with a P-A142, that were used to measure the kinematics of the excess
of light and the characteristics of HCC 26. The black parheflbng-slit is the one used to measure the excess
of light velocity. The FoV is 65 x 4'.2; North is up and East to the left.
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6.6 Summary and conclusions

In the current work we extend our investigation on the sulsstires present in the projected phase-
space of galaxies and PNs associated with tfesh light in the Hydra | core further. The aim is to
correlate them with the structures in the light distriboteround NGC 3311.

We use V band imaging data obtained at the B8R 2.2m telescope and 2MASS archive Ks
data to derive the structural parameters of the light digtion of NGC 3311 and NGC 3309. In case
of NGC 3309, the light profile is reproduced by a single Sdisievith nks = 2.0 in the K band and
ny = 2.68 in the V band. The light distribution in NGC 3311 is chaeaizted by several components,
that are more easily detected in the V band. The centralmegdNGC 3311 areféected by a dust
lane and bright luminous regions, which are then masked Wy’ecitcular aperture. The galaxy’s
light in the 2MASS Ks band is reproduced by a De Vacouleurdilprcand by a Sersioy = 7.0
profile in the V band. The large value of the Sersic indéx the V band indicates a bright halo and
a characteristic up-turn of the radial surface brightnes§ilp in au(R) vsRY* diagram at large radii.
Furthermore, the analysis of the extracted profiles ind&atlight excess in the North-East quadrant
of the galaxy NGC 3311 halo: this light is in addition to thdesded halo traced by the surface
brightness profile up-turn. The total luminosity in the ligixcess is 3(+1.8) x 10°Le.

We then measure the LOS of this outer component by studyimgvidiaker absorption lines in a
deep long-slit spectrum acquired in the region of the ligttess. We carry out the Fourier cross-
correlation between a residual spectrum, where 90% of theibation from the best fit kinematic
model spectrum of the NGC 3311 is subtractdf] and a standard G8lIIl template star spectrum;
we detect clearly two velocity components along the same,lv@th the stronger peak at a redder
velocity of 5054 km s'and a second weaker peak which we identify with the NGC 331d. ha

We conclude that in a region within 100 kpc radius from NGCB3khe PNs in the red velocity
peak at 5000km 8, the dwarf galaxies a¥ os > 4400 km s! and the excess of light occupy
the same location in velocity and space, and are physicafig@ated. The light excess is made up
of stars unbound during previous close passages of the shivatiie Hydra | core, and are now on
slightly different orbits from the galaxy they were bound to previously.

As the case investigated here, stars can be unbound asagalalkithrough the cluster cores, and
they can be seen as structures in thigude light at this location. While the current study proves
that stars are added to theffdse light at redshift zero, we cannot conclude that this ésrttain
mechanism for the halo formation, as the contributed ligharily a small fraction, about 10%, of the
whole halo light around NGC 3311. Two-dimensional photaosnend deep spectroscopy aimed at
the determination of the Lick indices and stellar abundaarecinstrumental in addressing the issue
of the main galaxy progenitors for the ICL.
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Chapter 7

HCC 26: the characteristics of one of the
dwarf galaxies in the core of the Hydra |
cluster

Giulia Ventimiglia, Ortwin Gerhard, Magda Arnaboldi, Lodoo Coccato
2010, in preparati

7.1 Introduction

In Chapter 6 of this work we discussed the photometry of th#rakcore of Hydra I. The V band
image shows a faint excess of light in the North-East parhefdentral cD galaxy of the cluster,
NGC 3311. The velocity of the excess isaess= 5054 km st, ~ 1400 km st higher than the mean
velocity of the Hydra | cluster. In the central 12000 kp@ of the cluster, apart from NGC 3311 and
NGC 3309, no galaxies with velocity within3o- of the systemic velocity of Hydra | are observed.
This region is populated only by galaxies with similar vétp@s the excess of light. Most of them
are dwarf galaxies (DWs) positioned in projection on tophef excess. In Chapter 4 of this thesis
we investigated the kinematics of the intracluster Plagdiebulas (PNs) in the same core area of
Hydra I. The observed PN line of sight velocity distributisilows a multi-peaked structure. One of
the peaks is at the same velocity as the excess. The group efdddmany of the PNs contributing
to this peak fall on top of the excess. We concluded that weseeéng a small group of galaxies,
unbound light kinematically related to the group and the Bd¢ociated with it. We are now interested
in understanding how thisfiluse light has formed. V band photometric data for all the DW&IaSS
data - the same used to measure the kinematics of NGC 331d itdanajor axis and the kinematics
of the excess of light - for one of them, HCC 26, are availabighis chapter we analyze these data

1The results presented in this chapter are the preliminarsio of a forthcoming paper focused on the DW galaxy
HCC 26. The study of the indices, age and metallicity of HCGv28e done by L. Coccato.
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with the aim of understanding if the above mentioned DWs Is&yes of tidal disruption aridr their
characteristics give us any hint on how thé&we light, observed in the North-East part of the halo
of NGC 3311 has formed.

7.2 The dwarf galaxies in the core of the Hydra | cluster: phobmetric
characteristics

7.2.1 Observational set up, data reduction and 2D modeling

Johnson V band images of Hydra | were acquired with the Wid&Fmager (WFI) on the ES®™PI
2.2 m telescope, for a total exposure time of 0.5 hrs. All tiiermation about the observational set
up and the data reduction are described in Chapter 6 of th@sth The best fit models for the 2D
light distribution of the 6 DWs were obtained using the GALFrogram [(Beng_el_BL_ZdOZ). For
each galaxy the fit was performed considering a boxy regiateced on the galaxy with size roughly
twice its dimensions. The light from foreground stars waspprly masked and the background light
due to the light of the halo of NGC 3311 was fitted and subtchcte

7.2.2 Results

All the galaxies are well described by a Sersic profile. Theupeters of the fits are summarized in

Table[7.1. Their values are in good agreement with thoseqarsly found b)}Mag_eLd_e_t_ellll_(;QbS).
Galaxy a(2000) 6(2000) my Re n P.A.[N=0, E=90] Vv

[h:m:s] [0:":"] [mag] [arcsec] [degree] [krys]

HCC 19 10:36:52.573 -27:32:16.34 16.91 4.43 1.66 -87 5535
HCC 22 10:36:40.373 -27:32:57.68 18.23 2.19 0.87 87 4805
HCC 23 10:36:48.911 -27:30:01.49 18.07 3.79 1.02 11 4479
HCC 24 10:36:50.140 -27:30:46.20 17.75 3.58 1.47 -71 53720
HCC 26 10:36:45.85 -27:31:24.2 18.00 3.50 1.15 61 4949
HCC 27 10:36:45.700 -27:30:31.30 18.48 2.82 0.98 -1 5391

Table 7.1: Position, magnitude in V band,fective radius, index n of Sersic profile, position angle, brined by a
2-dimensional fit with the GALFIT task, on the residual V-baimage for the 6 DW galaxies in the central
(100 kpcf of the Hydra | cluster. Velocities are fram Misgeld et al. @80 (- except for HCC 26. For this object

velocity was determined from FORS2 data in this work, see[B&8dor more details.)

The photometry of the 6 DWs in the core of the Hydra | clusteesdaot show any peculiar
characteristics. The shape of the galaxies’ isophotegjidaewith no clear sign of tidal tails or other
features indicating disruption. The total luminosity of # galaxies amounts te3.1- 10°L,, about

1/3 of the total luminosity of the excess of light on which thiy |
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7.3 HCC?26

We now focus on HCC 26. For this galaxy we have LSS spectrisagtia. We will use them to
study the kinematics, the age and the metallicity of theahbjelCC 26 is particularly interesting in
our study because it falls in the middle of the region wheralatected the excess of light.

7.3.1 Kinematics
Observational set up and data reduction

The LSS data were acquired with FORS2 on VLT-UT1. The slit6lvide, was centered on HCC 26,
ata = 10h36m4535s andh = —27d31m242s (J2000). The GRISM used is the 140a\8. With this
set up the spectral resolutionds= 90 km s*. The data reduction was carried out in IRAF. After the
standard operations of bias subtraction, flat-fielding ackground subtraction HCC 26’s spectrum
was extracted, rectified and flux calibrated. The 1D spectsasmobtained by summing over a region
~ 6”.8 wide along the spatial direction, where HCC 26’s light doatés. The spectrum covers the
wavelength range from 4600 A to 5800 A. For further detaitgarding both the observational set up
and the data reduction we refer to Chapter 2 of this work.

Results

HCC 26’s stellar kinematics was measured from the galaxyddatsum using the “penalized pixel

fitting” method (PPXI:|,_C_a.pp_elLati_and_Em5£JJ€Lm._2{OO4). Télewity, velocity dispersion and Gauss-

Hermite moments were computed simultaneously.

We find a mean velocity for HCC 26 of 4946 4km s and a velocity dispersion 15 km's
Errors are calculated performing Monte Carlo simulatioriEhe galaxy velocity was previously
obtained b)l/_QhLisllein_a.nd_ZabLudcdzo_O_:k) using Las Campanas LSS data. The value they found is
4195 kmjs, about 300 kits lower than ours. The better agreement with the mean vglotihe other
DWSs (Vowsmean= 5068 km si, see Tab_7]1) and with the excess of lightxf¥ss= 5054 km s1),
and more importantly the larger/I$ of our spectrum (8N>20), significantly higher than theirs
(S/N=8), give us confidence on the reliability of our value. The surament of the dispersion of
the galaxy is instead very filicult, because the recovered number is significantly smtikm the
FORS?2 instrumental resolutior, 90 km s*. We consider our value not conclusive and set an upper
limit to the velocity dispersion of 90km s*.

In Fig.[Z.1 HCC 26’s spectrum is shown in black and the PPXE fiieis red. The spectrum is
characterized by several strong absorption lines. Amoagethve distinguish jHat 494148 A and
magnesium lines at 5228 A, 525808 A, 526968 A, respectively.

The stellar template that fits HCC 26 spectrum is typical f&8&ll star. We use this information
to estimate the color for HCC 26 to be (B-\)0.7 LS_C.h_éﬂ.E_Laﬂ_d_El_SﬁSAMQO).
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Figure 7.1: HCC 26's spectrum. The black line is the calibrated specotitiCC 26. The red line is the fit to the spectrum
obtained by using the PPXF method.

7.3.2 Age and metallicity

We also evaluated HCC 26’s Lick indices and metallicity.

A set of Lick spectrophotometric standard stars for coivedb the Lick system were taken from
the ESO archive. We chose them so as to have an instrumentgd as similar as possible to the set
up for HCC 26. The 7 Lick stars were observed with FORS2 on UTtt & 1.0 slit and with the
Grism 1400\418.

We measured the 4 Mg,, Mg, [MgFe] and (Fe) line-strength indices as defined
by [Eabﬁr_el_AI. |_(19_$5) anE&LQThEiB 994XHe) = (Fel + Fell)/2 and [MgFe] =
\/Mgb- (0.72 Fe70+ 0.28 Fes3s). Spectra were convolved with a Gaussian function to mdteh t
spectral resolution of the Lick system (FWHM8.4 A at 5100 Alﬂoﬂne;uaadjma\/_iélﬁ_légﬂ.
Measurements were also corrected for the galaxy intrinsd@dening, following the procedure
described irl]_lsuumhnﬂl'_edé_[_(zd)%). CorrectingfioientsC, for each line strength indexwere
determined by comparing (i) the “intrinsic” valuédg,(in Angstrom) measured on the optimal stellar
template; and (ii) the line-of-sight-velocity-distriom “modified” values [ osvp measured on the
best fit model (i.e. the optimal template convolved with tiadéagy LOSVD). Corrected galaxy line
strength indices (in angstrom) are then given by:
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lo
Icorrect = CI : Imeasured: T Imeasured (7-1)
lLosvp

No focus correction was applied because atmospheric see#sythe dominant feect during
observations. Errors on line-strength indices were detexdnvia Monte Carlo simulations, which
accounted for the errors on radial velocity measuremernt. alShe measured values arg; H-
177+ 022, Mg, = 240+ 0.27, [MgFe] = 230+ 0.16, (Fe&) = 229+ 0.17. From them we
also calculated [MgFe} /Mg, < Fe>=2.34+0.2.

Luminosity-weighted age, JB] and o/Fe] of the stellar population are determined from the fit
of single stellar population models by Thomas ét[al._dzombhe line-strength indices 41 Mgb,
(Fe) and [MgFe]. The measured age isj.-? Gyrs, the metallicity [ZH] = -0.5 + 0.15 and
[a/Fe] = —0.06 + 0.15. Errors on ages, JA] and [o/Fe] were computed by means of Monte Carlo
simulations.

7.4 HCC 26: comparison with dwarf galaxy samples in nearby alsters

Our data indicate that HCC 26 falls, in projection, in the dhédof the region where we detected the
excess of light and it has a velocity compatible with thathaf &xcess, the other DWs on top of the
excess, and the PNs contributing to the red peak in the PN LIDS¥e Sed. 7.3.1).

What can we learn from the characteristics of this galaxyuaitiee whole group of DWs and
about the core of Hydra I? Does HCC 26 have the characterisfia typical DW galaxy? If not,
could this galaxy be the remains of a spiral galaxy that hssite disk? Can the observed excess
of light be the disrupted disk of this galaxy? Do we see ang@avie suggesting that HCC 26 has
undergone some disruption process?

To answer these questions we compared HCC 26's charaictength those of other DWs and
bulges of spirals in the local Universe.

7.4.1 Lick indices and stellar population parameters

In Fig.[Z.2 are shown the Lick indices for HCC 26 (red ast@riskgroup of 24 DWs in the Virgo
cluster and the field (black crossES._Mjghjﬂls_en_leLa_lJ)Zaa a sample of 14 bulges of disc galaxies
(light blue crossei Morelli et H._.;d08) in nearby clusteFig.[Z.3 displays HCC 26's magnitude
versus age and magnitude versus metallicity compared teatime sample of DWs and bulges. The
B magnitude for HCC 26 was calculated from the V-band imagigu(B-V) ~ 0.7 from Sec[7.3]1.
Analyzing the plots in Fig[_7]2 and_7.3 we learn that from the ¥ersus [MgFe] and the
Mgb/ < Fe > versus I8 relations we have an indication that HCC 26 has Lick indi¢ed are
more typical for a DW galaxy than for the bulge of a spiral gglaln the first plot HCC 26 falls
~ 1.50- out of the relation for bulges, and 1o out in the second plot. This is consistent with the
age and metallicity values of HCC 26, which tend to be higlmvér) that the age (Z) for bulges, but
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Figure 7.2: Comparison of Lick indices for HCC 26 with dwarfs and bulgésmiralsUpper left panel H3 versus [MgFe].
Upper right panel Mgb versus< Fe >. Lower left panel Mgb/ < Fe > versus k8. Lower right panel
Mgb/ < Fe> versus [MgFe]. The red asterisks show the index values feamdCC 26. Black crosses denote
indices for the 24 DWs in the Virgo cluster studiedlby Micka et al.|(2008). Light blue crosses represent
the indices calculated for the the bulges from the 14 cluditk galaxies studied by Morelli etial. (2008).

are typical for DWs. This is without taking into account tlaetfthat the galaxy falls in the very faint
end of the plot. On the other hand, from the Mgb versuBSe > and Mgly < Fe > versus [MgFe]
relations HCC 26 has index values that are somewhat in thdlenftetween the values typical for
DWs and for bulges. The same can be said about tke value.

We conclude that the lick indices and stellar populationlyais of HCC 26 indicate that the
galaxy has the characteristics of a dwarf galaxies, but\lterce is not so strong.
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Figure 7.3: Stellar population of HCC 26 compared to dwarfs and bulgespol galaxiedJpper left panel Age versus B
magnitude Upper right panel metallicity versus B magnitudd.ower panel «/Fe versus B magnitude. The

symbols are the same as in Hig.l7.2.

7.4.2 Structural parameters and fundamental plane

The position of HCC 26 on thEg vs re (Kormendy relation, Kormendy, 19773 vs Mg andre vs
Mg planes (total B magnitude P effective radius e and dfective surface brightnesk) compared
with the sample of 24 DWs in Virgo and a group of DWs galaxiagygsquares) and bulges (blue
squares) from_Bender etlal. (1992) is displayed in Eig. 7@l eStimate the féect of tidal stripping
on the structural parameters we assume a simple isothepimalesmodel for the light distribution of
HCC 26, wherd_(r) « r and the outer shells are sequentially stripped. If HCC 26iw#se past 4
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times more luminous than it is now, as suggested by the ratlteeduminosity in the excess of light
and the luminosity of the six DWs superposed on it, then thlaxy should have moved in th vs
l'e, Ze VS Mg andre vs Mg planes along the arrows shown in Eigl7.4.
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Figure 7.4: Kormendy, %, vs Mg andr. vs Mg relations for HCC 26 compared to dwarfs and bulges of spiaédes
Left upper panel effective surface brightness in B band $eetive radius. Right upper panel effective
surface brightness in B band versus B magnitudentral lower panel effective radius versus B magnitude.
The red asterisks show HCC 26. Light blue crosses repreker24 DWs in the Virgo cluster studied by
[Michielsen et all.[(2008). Blue squares denote bulges frommBeet al.[(1992) and grey squares show DWs
from the same catalog.

To complete HCC 26’s analysis, we finally investigated itsifpon on the Fundamental Plane



7.5 Summary and conclusions 107

(FP). We calculatedk ko, ks, as described in Hq.T.11, which we rewrite here:

y 2 2
ko = ~log(rerd) ke = ilog[ j""]; s = ilog[ i ]

\6 e V3 Yele
In this case k is proportional to the logarithm of the total mass of the systlk depends on its
SB and k on its M/L ratio l||_,_l_9_b2). We compared the position of HE@R the k

vs k; and k vs k planes to those of the galaxies in Bender's catalog. Thdogatamprises giant
ellipticals (green squares), bulges (blue squares), bbyls (grey squares) and DW spheroidals
(magenta squares), see Eigl7.5.
As discussed in Selc. 7.8.1 we consider our velocity dispensieasurement for HCC 26 from the
LSS data not reliable. We decided therefore to compute ritguisie virial theorem:
,_04GL M

oo = 3r 3 (7.2)

where from the V band magnitude found for HCC 26 we calculatedl.3 1¢° L., and we assumed
M/L ~ 5. This value is typical for a DW with HCC 26’s magnitu@el@). The resulting
velocity dispersion isr, ~ 20 kms?'. This value is consistent with the one obtained from the
absorption line kinematics. This suggests that at the pté$€C 26 is probably in virial equilibrium.

In Fig[Z.5 we show the position of HCC 26 on the FP for threedint velocity dispersion values,
i.e. the measured value (15 kits red asterisk), the value from the virial theorem (20 kM s
orange asterisk), and the upper limit given by the FORS2ungtntal resolution (90 kns, yellow
asterisk).

From the diagrams shown we conclude that the photometri@cteistics of HCC 26 give fairly
convincing evidence that this galaxy is a DW. Even if it hadhie past 4 times the luminosity it has
now it can not have originated from the bulge of a disk galdgreover, in the k vs k; plane, for
all three velocity dispersion values the DW falls in the cegtypical for DWs. In the Kvs k; plane
the measured velocity dispersion and the one calculated tine virial theorem put HCC 26 among
DWs, while the velocity dispersion of = 90 km s requires aM/L ratio for HCC 26, i.e. a dark
matter halo, too high for a DW of this luminosity.

7.5 Summary and conclusions

In this chapter we presented the analysis of the DW galaxy B&GNVe have focused on this object,
since it is particularly interesting for the scientific cggesented in this thesis. HCC 26 is a member
of a group of DW galaxies that populate the central £A®0 kp& of the Hydra | cluster. In Chap. 6
of this work we detected an excess of light, with respect ynansetric distribution, in the North-East
part of the halo of NGC 3311. The excess has the same velaityeagroup of DWs in the core of
the cluster to which HCC 26 belongs and also as the PNs catitripoto the redder peak in the PN
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LOSVD (see Chap. 5). Both the DWs and the PNs fall, in projegton top of the excess of light. We
are therefore seeing a small group of galaxies separateeldcity with respect to the main galaxy
population of the cluster, fiuse light kinematically linked to the group, and the PNs eiséed with
it.

We are interested in understanding the origin of the unbdigit. We studied the 6 DW
galaxies from photometric data, and spectroscopic datdl€@€ 26. The aim was to see if from
the characteristics of these galaxies was possible to staahet the origin of the detectedidise light.

In particular, we tried to verify whether the photometriacdcteristics of the DWs present any sign
of disruption and if HCC 26 is a real DW galaxy or if it is, pedsa the bulge of a disk galaxy that
has lost its disk, whose stripped light is now part of the olese difuse light.

From our analysis we find that the photometry of the 6 DWs da¢simow any clear sign of tidal
tails or other disruption features in the light distributiof the galaxies. The shape of the galaxies’
isophotes appear regular. The light in the excess is clyrabnbut 3 times that in the DWs. The stellar
population and structural properties of HCC 26 are conslistith the characteristics of a typical DW
galaxy and there are indications that it is in virial equililn and does not show signs of disruption
at the present time.

One possible scenario that could explain the sum of the ee@keis that the observed group
of DWs was damaged by a recent close passage through the cmesef the cluster. The DWs
could have, during this close interaction, lost their osteells. Considering the relative velocity and
distance between HCC 26 and NGC 3311, the high speed encdwymethesis is valid. In such a
case the tidal force acting on HCC 26 would induce stars toigiedbund from the galaxy only outside
~ 3re, While the central regions should remain fiieated. In this picture the resulting unbound stars
could have had time to fill the space between the group menifcgufficient time has passed since
the interaction at the pericentey, 200 Myrs. In this time the DWs should have moved00 kpc
behind the cluster core, and might now be located near theeaper of their orbits. This would also
explain why the galaxies do not show any disruption feattitheapresent time.

This scenario needs, of course, to be more quantitativadfiroeed. Moreover, in the near future
we are also planning to perform a spectroscopic follow-uglidhe above-mentioned DWs. We hope
that the study of their kinematics, age and metallicity wille us a clear picture of the group as a
whole and thus on how theftlise light we observe in the North-East part of the halo of NGC13
has formed.
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Chapter 8

Summary and conclusions

This thesis work is dedicated to the study of the kinematidh@intracluster light (ICL) component

in the core of the Hydra | cluster.

ICL consists of stars that fill up the cluster space betwedaxges and are now not bound to any
cluster member. Numerical simulations predict that the I€formed by stars lost by galaxies in

tidal stripping and mergers evenks_LMuLa_nLe_H_alq_bOOiD hiappen during structure formation. It
comprises of the order of 10-30% of the total optical lightiteed by a cluster depending on the
dynamical status and history of the hosting systEm(Eeldmﬂi_al.JlO_dld;Lib_eni_e_t_glle05)- Its
amount can reach higher values in very massive and dyndynéallved clusters like Coma, where it
has been estimated to be 50% of the total star light in thedﬁ&mslein_el_a{ILJQLbS). ICL has a very
faint SB, of the order of 1% of the night sky, and its obseomts very challenging. Deep photometric
studies have revealed that ICL occurs in the form of extertddds around BCGs, tidal tails and
plumes and dfuse light between galaxiés_LMths_e} EL._jOOS). Once thispmment has been created
it remains on the orbits on which it formed, conserving thimicand chemical characteristics of the
objects from which it has been lost. So, in the cases whesepibssible to detect it, the study of the
ICL can give information both about the evolution mechamsisating on single galaxies and on the
kinematics status of clusters as a whole.

Hydra | is a medium compact cluster in the Southern hemigpher distance of£50 Mpc. In

its central region it is dominated by a pair of non-intenagtgiant elliptical galaxies, NGC 3311
and NGC 3309. NGC 3309 is a regular giant elliptical (E3) ar@ON3311 is the BCG of the
cluster and is a cD galaxy with an extended h ,«‘L‘;I.Q_Qll). The cluster velocity
and velocity dispersion as measured from a deep spectiossample of cluster galaxies are

VHydra | = 3982+ 148 km st andonydra| = 724 km st respectivelyl(Christlein and zabuﬁd;op;k).

The virial radius of the cluster ispgp = 1 Mpc. Within this radius Hydra | has a mass of $4(
Mpc)=104M,, (Hayakawa et all, 2004, 2d06).

By investigating the kinematics of the core of Hydra I, theiteal ~ 100 x 100 kp& around
NGC 3311, our aim was to answer mainly three questions. Thketfio are related to ICL and
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BCGs:

(i) What is the relation between the ICL and the cD halo of BE€Gsthe cD envelope made of stars
dynamically bound to the BCG itself or are these part of the #0d therefore responding to the
cluster potential?

(i) From the study of the ICL kinematics what can we learnwlithe mechanisms involved in the
build-up of the cD halo of BCGs?

These two questions are important in the framework of modgtragalactic astronomy because one
of the challenging issues in the field of galaxy evolution &2 is the formation of BCG galaxies.
These objects have special characteristics if comparedutibld sequence galaxies. They stay at
the center of clusters, at the bottom of their potential wee brighter than normal ellipticals of
the same size and often have extended halos, commonly cdlldthlos. Cosmological N-body
and hydrodynamical simulations predict that the origin mfdcluster stars is strongly related to
BCG formation. The main mechanisms responsible for stabetonbound from galaxies could be

merging leading to the formation of cD galaxies and tidapging processer (Sommer-Larsen ét al.,

|;0_0$; Murante et AIL;QbZ; Rudick ei 09). For the ndrhewever, the relation between the

ICL and the cD halos remains unclear. It is not understooavether the cD envelope is simply the
central part of the cluster'sfiluse light component, or if it is distinct from it and part oéthost galaxy
dQanaIez et AIL;O_bS). To answer this question by usingdt&8rption line spectroscopy idfitult
due to the low surface brightness of the cD halos. Most of iherkatical studies have been limited to
the central regions (within 1 Re) of BCGs kElshﬂLel_étlL_labh._C_aner_e} Md&&.ﬁa&HEQDJl)
Only in few cases the data have allowed to explore the haldrdded areas. Unfortunately, these
studies have not provided an unanimous picture. In NGC 6a6%bell 2199 (Kelson ILlQbZ)
for example, the velocity dispersion profile in the outerhall the galaxy, at a distance ef60 kpc
from the galaxy center, rises to nearly cluster valuescatitig the passage from the galaxy-bound
stars to the ICL component. In the central Coma Bdﬁ_s_(_C_o_cmmiln,LZQlda), instead, the velocity
dispersion profiles of NGC 4889 and NGC 4874 remain flat, ethig in this cases that the stars
also at R~ 4R; are still bound to the central BCGs and that there is not a unehke contribution

of ICL in their halos. More extreme is the case of M87 in Virb:@bgﬂy_el_ai.l_zo_dg), in which
the measured dispersion profile falls steeply to the outge ed@hese discordant results suggest that
further observations are needed to increase the stai@stit$o better understand the problem.

The third question we tried to address is related to the IGLcnsters as a whole:

(i) What can the study of the ICL tell us about the kinematiatus of a cluster in general? Is the
ICL arelaxed and well mixed component or is it un-mixed aneads the presence of substructures?
This question arises, because in the current cosmologieabsio clusters are formed in a hierarchical
way. Small mass virialized systems are formed first and bigggectures of the size of clusters are
formed later by assembly of galaxies or groups of galaxiesoAg others one observational evidence
strongly supporting this scenario is the presence in mausteis of subcluster components, related

to recent accretion even{s (Dressler and She&tbanl 1988).




113

Hydra | was chosen as a target to address these questiosisbeitom X-rays observations it
appears to be the prototype of a relaxed and evolved systdma.XIray emission of the hot ICM
of the cluster is smooth and has no spatial substructures makes Hydra | a good candidate for
the study of the relation between the central cD galaxy ofclbster, NGC 3311, and the ICL. If
the cluster is dynamically evolved, as suggested by X-ragsexpect ICL to form a well mixed and
relaxed component.

In this work the study of the ICL in the core of Hydra | was penfi@d using three éierent types
of data. First we analyzed the kinematics of NGC 3311, alofgAa~ 63° (major axis direction),
using long-slit spectroscopic data. Then using the Mdltiaging Spectroscopy (MSIS) technique
we detected the Planetary Nebulas (PNs) associated wittetiteal ICL component, and finally we
used photometric data to study the distribution of lightaNGC 3311.

The main results of this work can be summarized in the folgnfive points. The first three
are related to the kinematics of the ICL in the core of thetelusThe last two concern the physical
characteristics of the sample of PNs detected with the MSIS.

e The stellar halo of NGC 3311 is dominated by the central iritrster stars of the cluster, and
the transition from predominantly galaxy-bound stars tastér stars occurs in the radial range
from 4 to 12 kpc from the center of the galaxy

The study of the kinematics of NGC 3311 along its major axis performed by combining Gemini
GMOS-South and VLT-FORS2 deep LSS data. Absorption linetspeeach out te-25 kpc in the
halo of this galaxy.

In Hydra | the situation is similar to the one of NGC 6166 in At&199 tl&elsgn_el_él.LZQ_d)Z),
but more extreme. The velocity dispersion of NGC 3311 ineesamore rapidly from a value of
00=150 km §? at the center tero, =450 kms* at R~12 kpc. Farther out the dispersion remains
roughly constant around this value, which is 60% of the \igladispersion of the Hydra | galaxies
(724 kms?).

With these characteristics, NGC 3311 is far from being acipélliptical galaxy. We calculated
for this galaxy its position on th¥/o, X-ray luminosity Lx and total absolute B-band magnitude
Br vs velocity dispersiorr planes. lIts position on these planes was estimated for thiffsrent
values of velocity dispersion, at®, R=4 kpc and R=12 kpc. The comparison of the obtained values
with those calculated for a sample of early-type galaxiem*g_o_c_QaLo_e_t_&IL(;be_\LOiOb) showed
that NGC 3311 falls in the middle of the other early-type geda distribution only when the central
velocity dispersion value is used. In the other cases itadesistrongly, with a much larger than
expected for itd.x or Br. This shows that the properties of NGC 3311’s halo afiedint from that
of a typical galaxy-bound halo.

We concluded that NGC 3311 is a small galaxy, because of itraidow dispersion value,
and that its halo is dynamically hot with the galaxy being dwated by the central intracluster star
component of the cluster already at small radii. This imetation is supported not only by the trend
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of the velocity dispersion profile, but also by the large amaaf dark matter inferred from X-rays
around NGC 3311+ 10'?M,, within 20 kchﬂa;LaKav_va_e_LhleM). Previous works fm
dLO_O_All) an(i_LOJLb_s_er_e_tJa. 2008) already indicated NGC 33fi¢ing velocity dispersion profile, to
a radius of~ 5 - 7 kpc, an I 4) already suggested that the azbé&nend indicates the
response of the stars to the Hydra | cluster potential, bwtwe have shown this conclusively.

e The djfuse light in the central00x 100kpc® of the Hydra cluster, around NGC 3311, is still
un-mixed and reveals the presence of substructures in tisteclcore. This indicates that the
build-up of the hot intracluster halo of NGC 3311 is still gning

To understand whether the central region of Hydra | is relags suggested by X-ray observations,
or it contains substructures, we wanted to further invastidhe kinematics of the ICL component
in the core of the cluster. The kinematics of very low surfacghtness regions is very filcult
with traditional absorption line spectroscopy, given the [N we can achieve with this technique.
The study of the kinematics is easier if observations oflsistellar indicators associated with the
galaxy light and tracing its underlying kinematics are parfed. Planetary Nebulas (PNs) are the
best tracers for this purpose. They are post-AGB stars atnleof their lives. They consist of a
central white dwarf star surrounded by an envelope of lowsitemas. The gas re-emits more than
15% of the light of the central star in the [OIUWB007 forbidden line. The detection of this emission
line makes the identification of PNs possible. At the distaoficthe Hydra | cluster the flux from the
[OIll] 25007 A line of the brightest PNs is a few #ferg s. To detect them is possible only by
using the Multi-Slit Imaging Spectroscopy technique (MM&Ld_eIAILLO_bS). The MSIS is a
blind search technique that combines the use of a mask dfegdaiés, a narrow band filter centered
at the redshifted [OlIl] emission line and a dispersing edai The technique allows to measure
velocity, position and magnitude of all the emission lingeats that happens to lie behind the MSIS
mask slits.

In Chapter 3 of this thesis we described the data reductidneo¥SIS data, the selection criteria
of the PN candidates, defined as unresolved emission sowrtfesut measurable continuum, and
the evidence for these stars to be associated with the |Gteidydra | cluster. Together with PNs,
two other categories of objects were identified in the MSI@ges: [Oll] emitters at 20.37 and
Lya galaxies at 23.12. We do not investigated in detail the properties ofeéhasjects, but their
main physical characteristics are summarized in Chaptdrtdi® work. The most relevant result
is that almost all the detected background galaxies areervéfocity range between 1000 krit's
and 2800kms!. From this we concluded that any possible contaminatiorhéoRN sample by
background galaxies with undetectable continuum must belyrastricted to the this velocity range.

In total we identified 56 intracluster PNs in the central £Q00 kp@ of the cluster. From the LSS
results if the ICL around NGC 3311 forms a relaxetfulie component, we expect the line-of-sight
velocity distribution (LOSVD) of the PNs in the core of thauster to be the superposition of two
Gaussians. The first cold component should consist of PNEBpa&oncentrated on the central core
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of the galaxy with a velocity dispersion similar to the valumeasured for NGC 3311 atB<5 kpc.
The second component should be hotter, with a higher vgld@persion value as measured atlR
kpc and spatially associated with the halo of the BCG. Thegee of any additional structure in the
observed PN LOSVD will indicate that the stellar populatiorthe core of the cluster is not relaxed.

Results are patrtially elierent from our expectations. The first evidence is that nc@ulponent
of PNs with velocity dispersion 150 — 250km s? is seen, associated with the central5 kpc
of NGC 3311. This is mainly due to the high SB of the galaxy atdenter. The observed
PN LOSVD shows, instead, three separated peaks. The maknipezntered at a velocity of
~ 3000km s?, within 1o the systemic velocity of the cluster. This component is, Gnoadance
with our expectation, related to the PNs associated withhtitehalo of NGC 3311. We confirmed
this result simulating the LOSVD, as observed through ogeolational set up, for a sample of PNs
at the distance of the galaxy. The simulated stars wereliigd in velocity according to a Gaussian
centered at the systemic velocity of NGC 3311 and with a vigladispersion of~ 470kms?,
i.e. the value measured from the absorption line spectpysed R>12 kpc. The comparison
of the simulated LOSVD with the main peak of the observed PNSWO showed that the two
distributions are approximately consistent. The invesiign of the phase-space distribution of the

laxies in the central 20 arcmin square (35050 kp&) of the cIusterL(_QhJ:isllﬂ'm_a_nd_Za_bLudo
@mﬁgﬂdﬁl—é{lu@b& showed a lack of galaxies witleities within 1 the velocity dispersion
of the cluster in the 108 100 kp@ region around NGC 3311. Outside this region these galaxies a
homogeneously distributed in the cluster. This evidenggassts a scenario, in which the missing
galaxies were disrupted by the gravitational field of NGC Bahd the surrounding cluster dark
matter, with their light now contributing to the hot intraster halo of NGC 3311.

The other two secondary peaks detected in the PN LOSVD areeadoimponent centered at a
velocity of~ 1800 km s, about 1900 kms bluer than the systemic velocity of the cluster, and a red
component centered at5000 km s?, at a velocity about 1300 kmSredder than Hydra | systemic
velocity. These two additional peaks show that the ICL congpb is still un-mixed and reveal the
presence of real substructures in the core of the clustercaffeluded that the ffuse light is not
relaxed and the build-up of the intracluster hot cD halo ofQN&311 is still on-going.

The possible origin of the secondary peaks in the PN LOSVDsisugsed below.

e V-band photometric data around NGC 3311 reveals the preseh@n excess of light, with
respect to a symmetric distribution, in the North-East pafrtthe halo of this galaxy. The
excess has a velocity compatible with the PNs contributinidpeé red peak of the PN LOSVD
and a group of dwarf galaxies (DWSs) falling through the cahtrore of the Hydra | cluster at
~ 1100km s. Our hypothesis is that the light in the excess consistsao$ stripped from the
group of DWSs in a recent close passage to the dense cluster cor

Once discovered that the ICL in the core of Hydra | does noinfer relaxed and well mixed
component, we were interested in investigating the oriditthe substructures related to the two
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secondary velocity peaks in the PN LOSVD: the blue compom¢nt 1800km st and the red
component at 5000 km s, With this in mind we studied the light distribution in theremf Hydra I.
The aim was to identify the light possibly associated with #ibove-mentioned substructures. The
2D analysis of the surface photometry of the two centrabdessof the cluster both in Ks and V band
was performed. The Ks-band images are from 2MASS archive atad the V-band image are from
deeper WFI data. We found that the surface brightness paffidGC 3309 is well described by a
Sersic law with an exponemt= 2.7. The analysis of NGC 3311 was more complicated. The central
5 arcseé ~ 1.2 kpc of the galaxy are dominated by the presence of a dust feglevisible in the
V-band image. The galaxy SB profile is well described by a decdaleur law roughly from R1.2
kpc to R=5 kpc, while in the outer regions the light distribution igttke fitted by a Sersic law with
indexn ~ 7.0. This model is consistent with the results obtained in #réiex study of the absorption
line kinematics of the galaxy that describe NGC 3311 as datadhby a central cold component from
the center to a radius of#5-6 kpc and by a dynamically hot cD halo further out.

But the most interesting discovery from the study of the phwdtry of the core of Hydra | was
the presence of an excess of light, with respect to a symerigfhit distribution, around NGC 3311 in
the North-East side of its halo. This has the shape of a thilkektending from 20 to 80” from the
center of NGC 3311 from North-East to South-East. The amotiight in this excess is-10% of
the total light emitted in the region. Despite the low lunsitg, we measured, from FORS2 long-slit
data, its kinematics. The excess has a mean velecEp54 km s, ~ 1400 km st higher than the
systemic velocity of the cluster. This value is similar te trelocity of the PNs contributing to the red
peak in the PN LOSVD. Most of them fall in projection of top bEtexcess of light. By analyzing
also the phase-space galaxy distribution we found thakirémtral 106 100 kp& of Hydra |, apart
from the two main cD galaxies, NGC 3311 and NGC 3309, no ge$awiith velocity within 1.5~ of
the systemic velocity of the cluster are observed. Thisoregs mainly populated by dwarf galaxies
(DWs) at the same velocity as the excess of light and position projection on top of it. Currently,
the difuse light contains three times as much light as the DWs.

The evidence retrieved suggest the existence of a kinesratichetween the reddest peak in the
PN LOSVD, the excess of light and DWs in the core of the clus@ur hypothesis is that we are
seeing a small group of galaxies, separated in velocity fitmencluster main component, associated
diffuse light and the related PN. The group was probably distupte close passage near the dense
cluster core, and is now behind NGC 3311. The absence of féddlires in the group member
galaxies (none were detected in the photometric studydamelan that these had time to come back
to equilibrium after losing their outer envelops. To confitimis hypothesis further investigation is
needed. We are planning to perform a spectroscopic follpwfuthe above-mentioned DWs. The
aim is to measure the velocity dispersions of these objects put them on the fundamental plane
and to study their ages and metallicities. This will show futhé galaxies have kinematic signs
of tidal disruption and constrain further how and from whatdkof stars the IGL we observe in
the North-East part of the halo of NGC 3311 formed. For the mmtmwe analyzed the physical
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characteristics of only one of these DWSs, for which LSS datsasailable, HCC 26. Unfortunately,
the low resolution of the data do not allow us to draw any defimiconclusion abot its intrinsic
dynamics (see Chapter 7).

The origin of the peak at 1800 km'sin the PN LOSVD remains unclear. There is an indication
of a possible correspondence between the PNs in this pegkgatlexies in the cluster with a velocity
slower than 2800 km's. Among these galaxies there is the spiral NGC 3312. Thiscgadecording
toIMcMahon I.|_(L9_SL2), should be at the center of a foregstayroup. Unfortunately, due to the
small area covered by the MSIS survey and the statisticaigllsnumber of detected PNs, it was not
possible to confirm this connection. The realization of @eddVISIS survey in the region connecting
NGC 3311 to NGC 3312 would help to solve the problem.

e The number density of the PNs detected in the core of Hydra-4 ismes lower for the light
seen than expected.

In parallel to the investigation of the kinematics of theecarf the Hydra | cluster, we have also
analyzed the characteristics of the detected PN samplenUinder density of PNIN\py) is related
to the total bolometric luminosity of the parent stellar plapion (Lgo), by the simple relation:

Npn = @ * Lpol

whereq is the so called luminosity-specific PN number. This paramistempirically related to the
color of the light of the considered galaxy. A list of valua®e given in Table 6 oI.

). Knowing ther parameter of a given system and its total bolometric luniipdisis possible
to predict the number of observed PNs and vice versa.

We computed the expected number of PNs in NGC 3311 using therameter calculated by
Buzzoni et aH(;O_dG) for the red and old central galaxy offoenax cluster, NGC 1399. The total
bolometric light was calculated in circular apertures atblNGC 3311 from V-band images of the
core of Hydra | (Chapter 6). In this calculations the cenfddpc of the galaxy were eliminated
because in this region the SB of the galaxy is too high to atlesvdetection of the [Olll] emission
line from PNs.

We found that the number of PNs observed is lower than exgpdwste factor of 4. We proposed
two possible scenarios to explain this evidence. The firftasthe stellar population of the halo of
NGC 3311 is unusually PN poor. The second is that the PNriketin this galaxy is significantly
shortened by ram pressuréexts. The density of the ISM in the centrdl &ound NGC 3311 is
~ 6x 103cm3, and the typical velocity of a star i8/3 x 450kms! ~ 800kms?!. In these
conditions ram pressure, due to the fast movement of PNsihahISM, might significantly fiect
their visibility (Villaver and Stanghellini, 2005).

The second hypothesis would also explain the lack of PNscaged to NGC 3309. In our PN
sample, in fact, we saw only one star that has a position arelagity compatible with an object
bound to the second brightest galaxy of the Hydra | cluste¢hid lack of PNs was due to the distance
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of the galaxy, so that also its brightest PNs were too faitvetaletected with the MSIS observational
setup, then the elliptical should have a distance @ Mpc, significantly out of the cluster. We know
from X-ray observations that this is not the cels_e_(ﬂa)LaKa@, )-

e The luminosity function of the PNs detected with the MSI8nsistent with that expected at a
distance o~50 Mpc

The PN luminosity function (PNLF), defined as the luminosiistribution of their [O111]15007 lines,
has a sharp cufbat its bright end at a fixed intrinsic magnitudeMf,, = —4.51. This makes PNs
useful as distance indicators.

Since the MSIS allowed us to measure not only the positiodsvatocity, but also the fluxes of
the detected emission line objects, we were able to recbeeiluminosity function of the observed
stars. But the MSIS is a blind search technique and the @etecturces are not previously centered
on the MSIS mask slits. The measured fluxes are dimmed iriaeltd the distance of the object
from the slit center.

We used a technique to take into account this statisticaldles; and convolved with the errors on
magnitudes and the sample incompleteness at faint magsitadd we performed all the appropriate
corrections necessary to use the observed MSIS PNLF asaacksindicator (Gerhard et al. 2010,
in preparationL_QiaLduJJD_eLElL_lé98). A preliminary argid in the Hydra | cluster suggests that the
observed PNLF is consistent with a population of stars ast@dce of~ 50 Mpc.

The study of the PNLF bright cufibin BCG galaxies has potential for understanding the stellar
population in such systems. The results obtained with théSvi®uld give important hints in
explaining the discrepancy with the prediction from staflapulation evolution models, that predict
a trend of the PNLF bright cufbwith the age of the parent stellar populatiJJn_(Man_o}tjm_All;
|C_'La_r_dullg_el_a|.]_20_d4). This study could be complementaryhat of the PNLF in the Galaxy and
other late type galaxies in the local Universe, for whichBiNpopulation has been better studied.

In the current cosmological scenario structure formatiapgens in a hierarchicélottom-upway,
with small mass virialized systems forming first and theraggihg by accretion and merging events.
Clusters, being the most massive virialized systems in thieddse, are the last to form. Their growth
continue to happen also at@ through the accretion of new galaxies or group of galaxies fthe
filaments that surrounds them and that link them todbsmic web During these events flierent
mechanisms influence the life of the involved galaxies. @atafalling toward the cluster center
experience a more and more dense environment and can triietaeen each other, with the ICM and
with the global cluster potential. The more accredited rae@ms responsible for galaxy evolution
are tidal interactions, mergers and ram-pressure stgpponmention only a few. These processes
can completely change galaxy properties, from morphologyats content to star formation activity.
In this framework a particular role is played by BCGs. Sintiolas suggest that the formation of
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these objects, that sit at the bottom of cluster potentidiisve their centers, is related to the overall
cluster formation history. All the above mentioned proesshat involve galaxy evolution and BCG
formation can also be responsible for stars to be lost frolaxges and contribute to the build-up of
the ICL component. When, during a cluster life, ICL is crelaéed which are the mechanisms that
more contribute to its formation and under which conditithmes play a significant role, is still matter
of debate. Numerical simulations indicate that massivexge$ mainly contribute to the build-up of
the ICL componend (Puchwein et AL‘_ZblO). According tortipeedictions, most of it is produced
at z< 1 during the merger history that leads to the formation of BC& other massive galaxies
in clusters while smaller galaxies and tidal stripping naatgbms are responsible only for a minor
fraction of the ICL in the outskirts (Muran M)le_el_all;o_d% The direct study of ICL
properties, when possible, can give useful hints both feridlentification of the processes involved
in galaxy interactions and BGC formation and in the invedtan of the characteristics of clusters as

whole.

In this framework two are the conclusions that can be draam fthis thesis work: (i) A possible
interpretation of the retrieved evidences is that in dymaihi evolved clusters, as X-ray observations
suggest for Hydra I, the stars in the outer halo of their BCfesnat bound to the galaxy itself, but
have had enough time to start feeling the cluster potentidicantribute to the ICL component. This
indicates that possibly the kinematics of BCGs' halos isrgity related to the dynamical status of
the histing cluster. Such hypothesis is supported by theetffiat in other cluster, whose dynamical
status is significantly dierent than in Hydra I, dierent situations were observed. In Coma, that is
in a middle evolutionary state with the two BCGs of the clugt@bably involved in a second close
passage, the velocity dispersion profiles of the two intergogalaxies are flat. In Virgo, that is
considered to be a dynamically young system, the halo of Ma&7ahdecreasing velocity dispersion
profile. The analysis of the kinematics of BCG halos iffatent systems will help to confirm this
scenario. (ii) From our results we learned that the halo &iimm can be related to accretion processes.
The study confirms that accretion of stars from galaxiegnfalin the cluster core is a possible ICL
formation mechanism. These events can happen at redshifazd leave their mark by the presence
of substructures of éliuse light where they occur. However, from our analysis wergargenarelize
this result and conclude that the formation of the halo of N§3C1 has happened only though galaxy
stripping. To really investigate this topic the study of NG8L1 halo stellar population is needed.
This is going to be done in the next future (Coccato et al. 201greparation). Moreover, the studies
of various systems suggest that other mechanisms, likeanargl stripping from dierent galaxies,
may play a major role in ICL formation.

Our work contributes to the study of the ICL at@ and the proceses involved in galaxies’ and
BCGs' formation. Similar studies in other systems in thealddniverse that investigate ICL's and
BCGs’ properties in relation to the whole cluster dynamigake will help to increase the statistics
and give more general answers to the questions we tried veeams this thesis. For the moment the
studied systems have providedtdirent results and a clear picture ighdult to be drawn. It will be
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also extremely interesting to explore the group environm@mninderstand if in less massive systems
the mechanisms leading ICL formation are similar as in elsst This will be an important step in
the study of the formation of ffuse stellar components, since the group environment hasesot
deeply explored yet. An analysis similar to the one perfatfoe Hydra | is already in progress for
the Centaurus cluster and the HGC 90 compact group. MSIS,d@Shotometric data for these
systems are available.
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