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“ Enlightenment is man’s release from his self-incurred tutelage. [...] Sapere aude! [Dare

to know!] ‘Have courage to use your own reason!’ — that is the motto of enlightenment.”
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Resumo

Galaxias sao os principais blocos de construcao do universo, mas ainda estamos apren-
dendo sobre aspectos fundamentais da sua formacao. Em particular, gostariamos de en-
tender como as galdxias adquirem suas estrelas, e onde e quando essas estrelas nasceram.
Nesta tese, investigamos estas questoes pelo estudo da dinamica e das abundéancias quimi-
cas de galaxias no universo local. Estendendo trabalhos anteriores na area, desenvolvemos
um método Bayesiano para a obtencao de idades, metalicidades e abundancia de elemen-
tos alfa ponderados pela luminosidade. Em nosso estudo inicial, pesquisamos seis grupos
de galaxias para compreender como esse ambiente em particular pode estar relacionado
as transformagoes morfolégicas. Obtivemos uma amostra de 59 membros de grupos com
uma vasta gama de massas dinamicas, que foram utilizados para demonstrar que a relacao
massa-metalicidade se estende para galaxias de baixa massa. Entao, procedemos ao estudo
de NGC 3311, uma galaxia ¢D no centro do aglomerado Hydra I. Confirmamos as obser-
vagoes anteriores do perfil de dispersao da velocidades do sistema, que indicam a presenca
de uma grande subestrutura fotométrica que ilustra a acrecao atual de estrelas no halo
estelar difuso. Foi realizado um estudo das populagoes estelares do sistema, que indica que
as estrelas no halo estelar difuso foram obtidas em eventos passados de fusao de grandes
galaxias elipticas, enquanto que a regiao central da galaxia é provavelmente o remanescente
de uma rapido colapso dissipativo. Além disso, a metalicidade das estrelas na subestru-
tura fotométrica sugere a ruptura atual de galaxias anas relacionadas com a presenca de
um grupo se movimentando em direcdo ao centro do aglomerado. Estes resultados sao
consistentes com o modelo de duas fases para a acumulacao da massa de galaxias, no qual
galaxias elipticas gigantes sao formadas por processos dissipativos em altos redshifts, mas

continuam a acrescentar estrelas em seus halos pelo deposicao de sistemas satélite.






Abstract

Galaxies are the major building blocks of the universe, but we are still learning about
fundamental aspects of their formation. In particular, we would like to understand how
galaxies acquire their stars, and where and when these stars were born. In this thesis,
we investigate these questions by the study of the dynamical and chemical abundances of
galaxies in the local universe. Extending previous works in the field, we have developed
a Bayesian framework to obtain luminosity-weighted ages, metallicities and alpha-element
abundances. In our initial study, we have surveyed six galaxy groups to understand how
this particular environment may be related to morphological transformations. We have
obtained a sample of 59 group members with a wide range of dynamical masses, which
have been used to demonstrate that the mass-metallicity relation extends to low-mass
galaxies. We then proceeded to the study of NGC 3311, a cD galaxy at the center of
the Hydra I cluster. We have confirmed previous observations of the velocity dispersion
profile of the system, which indicates the presence of a large photometric substructure
which illustrates the ongoing accretion of the diffuse stellar halo. We performed a study
of the stellar populations of the system, which indicated that stars in the diffuse stellar
halo have been accreted from past merger events of large elliptical galaxies, whereas the
central region of the galaxy is most probably the remnant of a rapid dissipative collapse.
Moreover, the metallicity of the stars in the photometric substructure suggest an ongoing
disruption of dwarf galaxies possibly related to the presence of an infalling group. These
results are consistent with the two-phase model for the mass assembly of galaxies, in which
massive ellipticals are formed by dissipative processes at high-redshifts, but continue to

build-up their halos by the continuous accretion of satellite systems.
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Chapter 1

Introduction

The vastness of the universe is outlined by the light of countless galaxies. Galax-
ies, systems gravitationally bound containing billions of stars, have been used to unveil
fundamental aspects of nature since the confirmation of their extragalactic nature, indi-
cating that we live in an “island universe” among a myriad of others. This paved the way
for the establishment of the current cosmological paradigm, the Lambda cold dark mat-
ter (ACDM), in which the universe is 14 gigayears old, contains much more dark matter
than ordinary matter, and is expanding at an accelerated rate owing to dark energy’.

The large-scale structure of the universe is well described in the current cosmological
paradigm, but many aspects of the study of galaxies themselves are still largely unex-
plained. Important questions, such as what is the origin of the Hubble sequence, and
which are the mechanisms involved in the evolution of galaxies, are difficult to answer not
only because of the still undetected dark components of the universe, but largely owing
to the still fragmentary understanding of the physics involving the baryonic matter that
forms stars and regulates the gas. Moreover, the degree of complexity to describe even the
known physics involved in a galaxy, including both micro and macro scales, are impossible
to be included in models, either analytical or numerical. As a consequence, the study
of galaxies is grounded in the phenomenology, and thus the theory requires systematic
observations to advance.

Galaxy formation has been historically driven by observations, as we are still in the

stage of trying to detect new features rather than testing precise predictions from the

! Throughout this work, we explicitly assume ACDM cosmological model. The most prominent alter-

native, MOND, is reviewed in detail by Famaey and McGaugh (2012).
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theoretical models. This is even more accentuated today because the testing of models
requires high levels of precision and accuracy even for the most advanced observational
setups.

Inserted in this context, the goal of this work is to contribute to the current building-
up of the knowledge on galaxy formation through the study of the stellar population
of galaxies, both by developing some tools for a robust assessment of stellar population
properties of galaxies, and by the application of these methods to understand the assembly
of the baryonic mass in galaxies. In the remaining of this chapter, we overview the key
concepts involved in this work. In Section 1.1, we perform a brief historical overview of the
study of galaxies. In Section 1.2, we describe the cosmological background that sets the
framework for the study of galaxies. In Section 1.3, we review the basic concepts involved
in the formation and evolution of galaxies. In Section 1.4, we describe the concept of
stellar populations, the main tool that we have to adopt to understand the physics of the

formation of galaxies. Finally, in Section 1.5, we outline the remaining of this thesis.

1.1 Historical overview

Astronomy is among the most ancient sciences, with archaeological evidence indicating
its usage ten thousand years ago as a time reckoner (Gaffney et al., 2013). However, the
first account of observations of galaxies other than the Milky Way comes from the Persian
astronomer Abd al-Rahman al-Sufi, which identified the Large Magellanic Cloud (LMC)
and the Andromeda galaxy (M31) in his “Book of Fixed Stars” around 964 AD. Even more
recent is the concept of galaxies as distant entities similar to our galaxy , which can be
traced back to the early eighteenth century in the works of Emanuel Swedenborg, Thomas
Wright, and, more prominently, Immanuel Kant (Gordon, 1969). In his 1755 work, “The
Universal Natural History and Theories of the Heavens”, Kant suggested that some of the
nebulae patches in the sky are other worlds like the Milky Way, in what is know as the
“island universe” model (Paneth, 1941). Other contributions to the modern concept of
galaxies have been suggested since Kant by other scientists of importance, such as Johann
Heinrich Lambert and Pierre-Simon Laplace, but the question about the extragalactic
nature of some nebulae was still speculative until the 1910s.

The change of paradigm came with the first measurement of the radial velocity of the
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Andromeda galaxy by Vesto Slipher, in a short bulletin note of the Lowell Observatory
(Slipher, 1913). Slipher determined a radial velocity of V' = —300 kms™! for the An-
dromeda galaxy, which is much much larger than the velocity of stars known at the time,
which ranged from 6 kms™! in B stars to 15kms™! in K stars and to 27kms™! in planetary
nebulae (Smith, 2008).

These results were embraced as proof that some nebulae were extragalactic for part
of the astronomers, such as Ejnar Hertzsprung (Freeman, 2013), and by Slipher’s himself
(Slipher, 1917). However, the skepticism about the subject remained for more than a
decade, as illustrated by the Shapley-Curtis debate about the nature of the nebulae in
1920, in which Harlow Shapley argued that the Milk Way consisted of the whole universe,
while Heber Curtis advocated that Andromeda was another island-universe (see Shapley
and Curtis, 1921). Curtis was correct about the extragalactic nature of the nebulae, but
Shapley was considered victorious at the debate due to wrong observational evidence.

The end of the dispute came with the discovery of the relation between the radial

velocity of galaxies (V') and their distance (D) observed by Hubble (1929), given by

where Hj is the so-called Hubble constant which, in modern cosmology, has the value of
Hy = 67.8 £ 0.9km/s/Mpc (Planck Collaboration et al., 2015). This relation, applied by
Hubble to dozens of galaxies, has shown that the farther a galaxy is from the Milky Way,
the higher is its relative systemic velocity. A natural consequence is that, if we assume
that our view of the cosmos is not privileged, then the whole universe is expanding. More
than changing our perspective of the universe similarly to the Copernican revolution, this

discovery paved the way for modern cosmology.

1.2 Cosmological background

Modern cosmology is based on the cosmological principle, in which it is assumed that
the universe is homogeneous and isotropic on large scales (2 100 Mpc). Under this as-
sumption, the geodesic element of the universe (ds), i.e., the smaller distance between two

points, is given by the Friedmann-Lemaitre-Robertson—-Walker metric,
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ds® = a(t)*dr® — 2dt? (1.2)
where dr is the Euclidean three-dimensional distance element, dt is the time interval el-
ement, c is the speed of light and a(t) is the scale factor of the universe as a function of
the time, which measures the size of the universe and it is parametrized such that a = 1
for the universe today (¢ = ). Using the cosmological principle and the field equations
of general relativity (Einstein, 1916), Friedmann (1922) derived the equations that govern
the expansion of the universe. The most accepted model in cosmology currently is the
spatially-flat ACDM cosmology, developed in the 1980s to explain the large structure of
the universe, in which the expansion of the universe is related to its content according to

the equation

o = (2] = (G g+ g ) 9

where a(t) denotes the time derivative of the scale factor a(t), Qp is the radiation density,
Q) is the total matter density including both dark and baryonic types, €2, is the cosmo-
logical constant (dark energy), and Q) = 1 —Q,, —Qx — Qg is the spatial curvature density
of the universe.

According to the most recent cosmological studies including the cosmic microwave
background (CMB), the cosmological constant dominates the current expansion of the
universe with 2y ~ 0.72, followed by matter with Q,, ~ 0.28 in terms of fractional
energy density (Hinshaw et al., 2013; Planck Collaboration et al., 2015). In the cosmology
described by this model, the universe is = 13.5 billion years old. The cold dark matter
(CDM) that accounts for most of the matter (=~ 85%) of the universe was proposed by
three different teams (Peebles, 1982; Bond et al., 1982; Blumenthal et al., 1982, 1984) to
explain the large-scale structure of the universe. Although the details of the physics of
dark matter are still only speculative, the idea is that it consists of elementary particles
with masses of ~ 1keV which do not interact with electromagnetic radiation and whose
effects are only gravitational.

The cosmological principle is a good approximation at large scales, but the formation of
structures occurs owing to perturbations in much smaller scales formed in the first seconds
of the universe. We now turn to the question of how galaxies form and evolve according

to the current cosmological paradigm.
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S howcase

Figure 1.1: Large-scale distribution of galaxies observed by the 2MASS survey. The color of
the galaxies indicates their distance in relation to the Milky Way, with blue (red)
indicating close (distant) objects. Courtesy: 2MASS/T. H. Jarrett, J. Carpenter, &

R. Hurt, via Wikimedia Commons.

1.3 Galaxy formation and evolution

1.3.1 Pre-galactic collapse and star formation

The seeds for galaxy formation are small fluctuations observed in the CMB, whose ori-
gins are believed to be quantum fluctuations amplified in the period of the inflation of the
universe (Guth, 1981; Linde, 1982). The dark matter has no pressure and undergoes grav-
itational collapse, which eventually leads to the formation of dark matter halos, structures
approximately stable and in near-equilibrium supported by their own self-gravity (Ben-
son, 2010), with masses following to the Press-Schechter distribution (Press and Schechter,
1974). The use of N-body simulations (Klypin and Shandarin, 1983; Springel et al., 2005)
shows that the evolution of these fluctuations results in a complex network of walls, fila-
ments, and nodes, in agreement with the distribution of galaxies at large-scales observed
in all-sky surveys such as the 2MASS (Skrutskie et al., 2006) displayed in Figure 1.1.

After the period of recombination of the universe, the baryons are free to collapse
towards the minimum of the potential well of the dark matter halos. The process of cooling
kinetic energy of pre-galactic clouds is thermalized by shocks, and the result of the process
depends on the timescales of cooling and collapse of the gas. Clouds of masses between

101°-10'% M, cool efficiently enough to collapse at the free-fall rate (Rees and Ostriker,
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1977; Keres et al., 2005), which is the characteristic stellar mass range of galaxies (Benson,
2010). Further fragmentation lead to star-forming regions with filamentary, fractal-like
structure (Scalo, 1990) permeated by supersonic turbulence (Elmegreen and Scalo, 2004;
Girichidis et al., 2011). The stars born in this process are distributed in mass according
to the initial mass function (IMF), which was firstly empirically determined by Salpeter
(1955) as a power law given by the equation

E(M)dm oc M™°, (1.4)

where M is the mass of the star and a = —2.35. The origin of the IMF is still unclear,
but may be related to the turbulence of the star-forming regions (Padoan and Nordlund,
2002). Other common formulations for the IMF are the broken power law (Kroupa, 2001)
and the log-normal model (Chabrier, 2001), which essentially change the contribution of

the low-mass stars which are over-abundant in Salpeter’s law.

1.3.2 Galaxy evolution in a hierarchical universe

The above picture of pre-galactic collapse and star formation gives a simplified overview
of the processes that happen in a single galaxy. However, the growth of structures in the
ACDM occurs hierarchically, i.e., by the coalescence of the halos dominated by dark matter
(Searle and Zinn, 1978; White and Rees, 1978). The complexity of this process is illustrated
in Figure 1.2, where the merging tree of a brightest cluster galaxy (BCG) is obtained using
N-body simulations combined with semi-analytic models by De Lucia and Blaizot (2007).
The evolution of the galaxy spans most of the age of the universe, starting from a large
number of major merger events and the accretion of galaxies not originally in the same
sub-halo. Most of the mass of the galaxy is already in place around 6 Gyr ago, but the
continuous infall of smaller galaxies continues up to date. The color evolution of the
galaxies that end up in the BCG indicates that galaxies are globally passive by the time of
the accretion. This picture is largely supported by observations, such as the population of
compact and clumpy galaxies at high redshift (Moustakas et al., 2004; Daddi et al., 2005)
and the mass growth of massive elliptical galaxies by a factor of about four since z = 2
(van Dokkum et al., 2010).

A consequence of the hierarchical growth of structures is that galaxies live in regions

with varied density. For example, considering massive galaxies such as the Milky Way, most
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lookback time (Gyr)
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Figure 1.2: Merging-tree of a BCG galaxy in the semi-analytic models of De Lucia and Blaizot
(2007). Symbols are colored according to the B-V color of the objects indicated in the
right size color bar and the sizes of the symbols indicate the stellar mass of the halo
according to the symbols on the bottom. Circles indicate the galaxies that are part
of the main branch while triangles indicate galaxies from other branches. Courtesy:
MNRAS/ G. de Lucia, reproduced by permission of the author.

systems are found in low-density regions such as the filaments of the cosmic structure, and
interact only with a few other galaxies, in the environments of the field and groups. On
the other hand, the nodes of the cosmic web contain hundreds of galaxies which interact

with each other in completely different physical conditions in the clusters of galaxies.

1.3.3 Physical processes involved in galaxy evolution

The existence of the variety of morphologies in galaxies is explained as the result of a
series of physical processes that may shape the morphologies and the star formation (SF)
history of galaxies. For instance, spiral galaxies are formed by the collapse of the gas
into a disk with conservation of angular momentum, and later interactions of the disk
with satellite galaxies may induce the formation of bars (Steinmetz and Navarro, 2002)
and spiral arms (Toomre, 1977b). Major mergers of spiral galaxies result in the formation
of spheroidal structures such as bulges and elliptical galaxies (Toomre, 1977a). Secular
processes in the galaxy induce changes in longer timescales, such as the formation of
pseudobulges (Kormendy and Kennicutt, 2004). These and other important processes are
shown in Figure 1.3, which displays the “morphological box”, developed by Zwicky (1957)
and recently updated by Kormendy and Kennicutt (2004), that indicate these various
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Figure 1.3: The morphological box, created by Zwicky (1957) to illustrate the interplay of pro-
cesses involved in galaxy formation. On the left side, physical processes that occur
internally compete with the processes on the right, which depend on the environment
where the galaxy lives. The upper processes occur in short dynamical scales, while
the bottom processes occur in timescales much larger than that. The processes inside

the central box are involved in all other aspects of galaxy formation.

physical process involved in the evolution of a galaxy.

Although much has been progressed in the last decades, the understand the processes
involved in galaxy formation is still far from complete. Current models of galaxy formation
have difficulties to reproduce simultaneously all the properties of observed galaxies, mostly
because of the unknown physics of the baryonic matter and its related processes, and
many aspects of galaxy evolution modeling are based on simple recipes that are tuned to
reproduce observations. A powerful tool to advance the understanding of the formation
of galaxies is to understand their stellar content, which allows the study of the dynamical
properties of the galaxies and contain information about the past events of star formation

and chemical enrichment.
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1.4 Recovering the history of galaxy formation with stellar populations

The observation of galaxies is only possible owing to the electromagnetic radiation
emitted by a population of 10° to 10'? stars (Binney and Tremaine, 2008) continuously
irradiating their energy to the remaining of the universe. The light emitted by most stars
keep information about the chemical information of the clouds in which they have formed,
and, despite all the dynamical evolution of the galaxies, it is possible to access their history
of star formation and chemical enrichment.

With the exception of galaxies in the vicinity of the Milky Way, we are unable to resolve
individual stars in a galaxy, and the observations are restricted to the study of ensembles
of stars. Baade (1944) have noticed, however, that the color of the stellar light in galaxies
varies as a function of the position of the object, indicating that stars are not randomly
distributed in the system, but are divided into two stellar populations, ensembles of stars
with common properties. In the original formulation by Baade, there are two discrete
types of populations: population I, composed of stars such as the Sun, and population II,
composed of metal-poor stars.

The concept of stellar populations was generalized by Tinsley (1972) and Searle et al.
(1973), who developed the method of stellar population synthesis (SPS), which consists
of using all the available knowledge about stellar evolution to produce the spectrum of a
simple stellar population (SSP), an ensemble of stars born at the same time and sharing
the same chemical abundances. The luminosity of a SSP with age ¢t and metallicity Z is

given by

L(t,2Z) = / O(M)oz Lo (M. 1, Z), (15)

where L,(M,t, Z) is the spectrum of a star of a given mass, age and element abundance,
and ¢(M) is the IMF. The SSPs are the elementary building blocks to describe the
spectrum of real galaxies. Equation (1.5) implies a luminosity-weighted sum of the stars,
and thus the most massive stars dominate the spectrum in practice. As a consequence,
the choice of the IMF has a minor role, because the main differences between different
parameterizations usually only differ at low mass stars. According to (Walcher et al.,
2011), the most challenging aspect of equation (1.5) are 1) the construction of a stellar

library covering the large space parameter necessary for the calculations and 2) the proper
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calculation of the stellar evolutionary tracks in the color-magnitude diagram to build the
stellar isochrones.

There is a large number of stellar libraries available currently, divided in empirical and
theoretical. Empirical stellar libraries, such as the STELIB (Le Borgne et al., 2003) and
MILES (Sanchez-Blazquez et al., 2006), are constructed from high-resolution observations
of large collections of stars, but which are not able to cover the space parameter, that
is, to observe stars with a large variety of effective temperature, gravity, and metallicities.
Moreover, observations are restricted to stars in the vicinity of the sun, which are relatively
rich in metals. The alternative are theoretical stellar libraries, e.g., Coelho et al. (2005) and
Langon et al. (2007), which are produced with detailed modeling of stellar atmospheres that
overcomes the problem of space parameter coverage. However, there are still difficulties in
the modeling of all kinds of stars with theoretical models. Therefore, independently of the
choice of the models to compute SSP models, there are still many uncertainties that are
carried over the process.

The second difficulty in calculating the SSP is the calculation of the isochrones. The
main problem here is the determination of the evolutionary path of short-lived but bright
stars, such as the thermally pulsing asymptotic giant branch (TP-AGB) stars, extreme
horizontal branch (EHB) stars, and blue stragglers. TP-AGB stars are cool evolved stars
prominent at low metallicities, whose pulsations are hard to model, but have an important
role in the determination of the mass-to-light ratio of galaxies. The origin of EHB stars,
evolved core helium-burning stars that dominate the ultraviolet light of old stellar popula-
tions, and blue stragglers, stars more luminous and bluer than the main-sequence turn-off
of a cluster, have origins still unclear.

Despite these issues, the use of SSP has been advanced considerably in the last decade.
One important example is the validation of the models in comparison with observations
of a large number of galaxies displayed in Walcher et al. (2011): the comparison of 274613
galaxies observed with Sloan digital sky survey (SDSS) have demonstrated that large

deviations between models and observation are small, with reduced y? around 1 £ 0.1.
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1.5 Outline of this thesis

The general goal of this thesis is the study of the kinematics and stellar populations of
galaxies in the local universe, based on spectroscopic observations, to unveil the physical
mechanisms involved in the formation and evolution of galaxies and the role of the en-
vironment in morphological transformations. In Chapter 2, we develop the methodology
that we have developed to study the spectra of unresolved stellar populations in general,
including the extraction of kinematics, the measurement of Lick indices and the modeling
of stellar populations. In Chapter 3, we proceed to the study of the dynamics and stellar
populations in galaxy groups. The remaining chapters are devoted to our ongoing study
of NGC 3311, a ¢D galaxy in the Hydra I cluster. In Chapter 4, we study the large-scale
kinematics of the core of the cluster. In Chapter 5, we reproduce our first article on the
study of stellar populations using NGC 3311. In Chapter 6, we present new insights on the
kinematics and stellar populations based on our most recent observations with a integral
field spectrograph (IFS). Finally, in Chapter 7, we summarize this thesis and discuss our

future prospects of research.
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Chapter 2

Methods

The hierarchical paradigm implies that galaxies are continuously evolving systems. The
morphology of galaxies provide much information about the distribution of the stars and
the presence of structures, but it shows only a snapshot of the current state of the system.
To gain more insight into the temporal aspects of the process involved in the history of
the assembly of galaxies, it is also necessary to comprehend the kinematics of the stars,
which provides information about the dynamical aspects of galaxy evolution, and the
stellar content, which retains the information of the history of chemical enrichment and
star formation episodes. In both cases, this information is encoded in the absorption line
features of the optical spectrum of galaxies.

Absorption-line features, such as the 4000 A break and the Mg band, are the most
noticeable patterns in the optical spectrum of galaxies and contain important informa-
tion about the chemical abundances of the stars in unresolved stellar populations. The
Lick-index system (Faber et al., 1977, 1985; Davies et al., 1987; Gorgas et al., 1990) was
developed to quantify the information of these features by comparing the amount of absorp-
tion in relation to the surrounding continuum. Initially developed for the characterization
of the old stellar populations in early-type galaxies, this approach has been extended to
deal also with galaxies with ongoing star formation and late-type galaxies (e.g., Worthey
and Ottaviani, 1997).

We have adopted the use of Lick indices throughout this work, and therefore it is
necessary to understand the context in which we have made this decision in face of the
increasing popularity of full spectral fitting methods which, ideally, can use all the spectral

information instead of selected features. Recent developments in the instrumentation and
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methods have allowed a finer detailing of spectral features, and surveys with resolving
power R 2 2000, such as the Sloan digital sky survey (SDSS, Abazajian et al., 2009),
allow the investigation of millions of galaxies. However, the internal dynamics of galaxies
limit the effective resolving power in elliptical galaxies to R < 1000 (Buzzoni, 2015),
imposing a hard constraint for any method. Furthermore, there are several advantages
in the use of Lick indices which have contributed to its success. The first important
point is that the absorption features provide a direct and model-independent proxy for
the stellar populations. Besides, many recent theoretical models have been working to
provide accurate predictions of the Lick indices as a function of the detailed chemical
abundances (e.g., Thomas et al., 2003, 2011; Schiavon, 2007), while stellar libraries with
non-solar alpha-element abundances necessary to model elliptical galaxies properly have
been released only recently (e.g., Vazdekis et al., 2015). Also, the use of Lick indices
does not require precise flux calibration because the absorption is measured relative to the
continuum. Finally, in the few cases where both the use of Lick indices and the full spectral
fitting were directly compared, the results are quantitatively similar for the total metallicity
([Z/H]) of galaxies and qualitatively similar for ages and alpha-element abundances, in the
sense that, despite some offsets, the gradients are similar, even considering completely
different models (see Proctor et al., 2014).

In this chapter, we detail the methodological and technical aspects of extracting kine-
matics and stellar population properties from spectroscopic observations. In Section 2.1,
we describe the extraction of the kinematics of stars (and possibly gas) using the PPXF. In
Section 2.2 we describe the use of Lick indices to obtain information about the absorption
line features. Finally, in Section 2.3, we describe our approach to the calculation of stellar

population properties based on the Lick indices.

2.1 Stellar kinematics

The line-of-sight velocity distribution (LOSVD) contains the information about the
kinematics of the galaxies, including the systemic velocity V' and the velocity dispersion
o. We have used the penalized pixel-fitting software (PPXF, Cappellari and Emsellem,
2004; Cappellari, 2012) to calculate a parametric LOSVD for each galaxy spectrum G(x),

where = In A is the wavelength (\) rebinned to a logarithm scale. This program uses a
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set of N templates Ty (z), where k = 1,..., N, to calculate a model given by

Grmoda(z) = Y wil£(V) * Tu(@)] + > bPi(=), (2.1)

where wy, > 0 are weights for the templates, £(V') is a broadening function that describes
the LOSVD, the symbol * indicates convolution, and P;(z) is a set of Legendre polynomials
with arbitrary order L and b; weights. Additive polynomials have the purpose of matching
the continuum of the model with that of the spectrum of the galaxy. The best fit model
is determined by a penalized x? minimization which favors solutions with small deviations
from a Gaussian profile. Cappellari and Emsellem (2004) adopt a parametrization of the
LOSVD as a Gauss-Hermite expansion proposed by van der Marel and Franx (1993) and
Gerhard (1993), defined by the equation

1+ hmHm(y)] : (2.2)

where y = (V — (V) /o, h,, are the high order moments of the distribution and H,, are
Gauss-Hermite polynomials of order m. In practice, the first two terms of the expansion
(hs and hy4) are of interest for dynamical modeling of galaxies and can be properly con-
strained for intermediate signal-to-noise ratio (S/N) of ~ 30, and thus it is customary to
truncate the above expansion at M = 4. The parameter hz measures the skewness of
the distribution, which indicates the asymmetry of the LOSVD, while the parameter hy
measures the kurtosis of the distribution, which indicates how much the LOSVD deviates
from a Gaussian distribution and indicates the degree of radial or tangential anisotropy
(Gerhard, 1993). In Figure 2.1 we illustrate the effects of the use of high order moments,
hs and h4, departing from a normalized Gaussian profile in the center of the image.
Equation (2.1) illustrate the basic premise of PPXF, which is to model a spectrum
as a linear combination of templates, but the implementation of the program includes a
number of other features, such as the use of multiplicative polynomials, inclusion of an
arbitrary number of kinematic components and sky subtraction among others. Uncertain-
ties calculated by PPXF are based on the deviations from the minimum x?, resulting in
precise errors given that the noise level of the input spectrum is realistic, as checked by
Monte Carlo simulations. In Figure 2.2, we show the fitting of two galaxies to illustrate

typical results of the fitting (more details in Chapter 3). In both cases, we use simple
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Figure 2.1: Effect of high order moments of the Gauss-Hermite expansion, hs and hy4, in the
LOSVD. The profiles are obtained using equation (2.2) as a function of the parameter
y, which ensures that the profile is centered at zero, and that the x-axis is scaled in
units of standard deviations. The x-axis (y-axis) indicates departures in the hy (h3)
between —0.2 and 0.2. The central panel displays a Gaussian function (hs = 0 and
hy =0).

stellar population (SSP) templates with additive polynomials to perform the calculations,
one with a single kinematic component and another with two kinematic components (stars
plus gas).

The program PPXF is very general, and we have adopted it throughout our work.
To handle the output of the program, we have written a custom Python class, i.e., an
extensible program that creates an object, which is able not only for the extraction of
the kinematics of the spectra, but also to other tasks in the data analysis, such as the
decomposition of the spectrum into components based on the weights of the fit and the

creation of unbroadened best fit templates, which is used for the decontamination of the
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Figure 2.2: Example of the LOSVD fitting process with PPXF for two galaxies in the sample
of galaxy groups. HCG42_004 (left) and HCG90_NGCT7172 (right) show fittings
including one and two kinematic components respectively. In the upper panels, the
black red lines indicate the observed spectra, the red the best fit results and the

blue line indicate the emission lines. Each bottom panel indicates the residual of the

fitting.

stellar light from the emission lines. Although the fitting process is usually very similar, we

leave the discussion of the details of the fitting procedure to the next chapters, in context

with the specific data sets.

2.2 Lick indices

In the optical wavelength range, the stellar content of galaxies is probed by the analysis
of absorption features of the integrated spectra. The set of 25 indices defined by the Lick
observatory group (Worthey et al., 1994; Worthey and Ottaviani, 1997) and measured with
the image dissector scanner (IDS), contains the most prominent absorption features in the
range from 4000 to 6000 A. Each one of the Lick indices is defined by three wavelength
intervals, including a central band, where the absorption feature is located, and two side
bands, defined at the sides of the central band for the evaluation of the pseudo-continuum
level. In a given band, two limiting wavelengths are defined, A\; and Ay, with a central
wavelength given by A\, = %()\2 — A1). For the side bands, the average pseudo-continuum
flux is calculated according to Worthey et al. (1994) as

F)

A2
Fona = | —2 gy, 2.3
band /A e (2.3)
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where F'()) is the flux measured as a function of the wavelength. The pseudo-continuum

as a function of the wavelength is then defined as

Fred - Fblue

Fp(\) = Fulue
P( ) ol * /\red - )\blue

X (A=), (2.4)

where A\, = %()\2 — A1) is the average wavelength measured in the central band. The
strength of the absorption line is then measured in the central band either as an equivalent
width, for atomic features or as magnitudes, for molecular bands. In the first case, the

strength of the absorption feature is defined as

[, F»)
EW = . (1 FP()\))d)\, (2.5)

while an index measured in magnitudes is given by

Mag = —2.5log KAQ L Al) /Aj Ff;%)) d)\} | (2.6)

There are a few programs dedicated to the calculation of absorption-line strengths,

such as INDEXF (Cardiel, 2010), written in C++, and LECTOR (Vazdekis, 2011), written
in FORTRAN. However, most of the routines and pipelines used in the analysis of this
thesis are written in the programming language Python and, therefore, we have developed
a routine for that purpose that is easily integrated to our other programs. Our routine,
which we call PYLECTOR, was tested by the comparison of the Lick indices measured on
304 SSP spectra produced with stars in the MILES library (Sanchez-Blazquez et al., 2006).
These spectra were built considering stellar populations of a large range of ages (0.1 to
15 Gyr) and metallicities (—2.27 < [Z/H] < 0.4), synthesized with a Salpeter initial mass
function (IMF) to test all realistic scenarios.

The indices measured with our program are compared with the indices measured with
LECTOR, and the results are shown in Figure 2.3. The result of this validation of PYLECTOR
indicates that our program indeed performs the measurements as expected, with deviations
that are at least one order of magnitude smaller than any of the typical uncertainties of
the Lick indices in the observed spectra.

In practice, the measurement of the Lick indices in observations requires also a calibra-

tion process, which consists in 1) a correction for the instrumental differences and 2) the
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Figure 2.3: Validation of the routine PYLECTOR against LECTOR for 304 SSP templates in the
MILES stellar library. The horizontal axis indicate the value of the indices according
to the expected value using the LECTOR program while the vertical axis indicate
the difference between the two programs. The red dashed line indicates the median

differences, which are quoted in the upper right boxes.
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correction for the effect of the kinematic broadening which causes a loss in the flux from
the central bands of the indices to the surrounding spectra.

The correction for the instrumental difference requires two steps, which are the match-
ing of the spectral resolution and the calculation of offsets. In all data sets used in this
work, we have used instruments with better spectral resolution than that of the IDS,
which varies as a function of the wavelength but is not lower than 8 A (Worthey and
Ottaviani, 1997). Therefore, the first correction required only the convolution of the data
with Gaussian profiles of width given by the difference in resolution. The second part, the
calculation of offsets, is usually performed by the comparison of Lick indices observed in
standard stars, which are observed in parallel to the observations.

For the correction of the kinematic broadening, we produce a spectrum with the same
weights and continuum obtained with PPXF but suppressing the convolution with the
LOSVD. The corrected indices are given by the expression

!/

I
I = % Jimeas  for k= {Hdy, ..., TiOs}, (2.7)
k,LOSVD

where I" and [{ qyp are the indices measured in the unbroadened and broadened best-
fit spectra calculated with PPXF respectively, Ii meas is the actual measurement on the
observed galaxy. This method for the correction is very general, automatically considers
all the non-Gaussian terms of the LOSVD, and is valid for all kinds of stellar populations.
We have validated our method comparing our broadening corrections with Kuntschner
(2004), who calculated corrections for non-Gaussian LOSVD, but included only 17 indices
and old stellar populations. The comparison indicated good agreement without systematic
differences.

The uncertainties in the Lick indices are an important ingredient in the determination
of the stellar population properties. Our method for the calculation of uncertainties in Lick
indices is based on Monte Carlo simulations, which allows the use of the uncertainties from
the kinematics analysis and also considerations from the S/N. The comparison of the un-
certainties of our simulations with the analytical values according to the equations derived
by Cardiel et al. (1998) indicates that our method incurs in uncertainties ~ 50% larger,
indicating that the uncertainties related to the process of correcting for the broadening
have an important contribution to the uncertainties of the Lick indices.

The use of Lick indices is a powerful tool to obtain information about the stellar con-
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tent of galaxies, but an inherent difficulty is the interpretation of the indices in physical
terms. The sizes of the pass bands of the Lick indices were designed for large elliptical
galaxies with significant line broadening owing to the LOSVD, but a consequence of this
choice is that all indices are agglomeration of a large number of absorption lines of differ-
ent chemical elements and, as a consequence, each index is sensitive to various chemical
elements (Tripicco and Bell, 1995). Also, it is important to notice that the names of the
indices are not necessarily related to the abundance of the species, e.g., the index Fe5782,
in fact, measures the chromium abundance, while the index Na D is indeed very sensitive to
sodium (Korn et al., 2005). In order to interpret the results of the observations in physical

terms, we recur to the modeling of the observations, as discussed in the next section.

2.3 Stellar Populations

Efforts to model Lick indices have started with Tripicco and Bell (1995), who have
indicated that the line strengths depend on the total metallicity, [Z/H], but also on the
elemental abundances. However, the stellar library of Worthey (1994), used for the com-
putation of metallicities by Tripicco and Bell (1995), included few galaxies with super-solar
abundances, which resulted in problems for the modeling of elliptical galaxies. The most
noticeable problem was the strong Mg features observed in early-type galaxies, which
present stronger indices than those predicted by SSP models at any given [Fe/H|. Maras-
ton et al. (2003) have shown that the solution for the problem requires the use of SSP
models including alpha-element abundances, [«/Fe].

Proctor and Sansom (2002) have extended previous models with solar abundances (e.g.,
Worthey, 1994; Vazdekis, 1999) with the sensitivity of the Lick indices from Tripicco and
Bell (1995) to obtain accurate estimates of ages, metallicities and alpha-element abun-
dances for a variety of early-type galaxies. Starting with Thomas et al. (2003), the use
of [a/Fe] has been incorporated to theoretical models, including Sanchez-Blazquez et al.
(2006), Schiavon (2007), Vazdekis et al. (2010, 2015) and Prugniel and Koleva (2012).
Most have benefited from improved observations, new sensibility determinations (Korn
et al., 2005) and are based on stellar libraries covering larger ranges of parameters, such as
the MILES library (Sanchez-Blazquez et al., 2006). However, the impact of the choice of

the model in stellar populations of different ages and abundances is not yet understood in
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Figure 2.4: Comparison of the ages, [Z/H] and [«/Fe] obtained with models of Thomas et al.
(2011) and Vazdekis et al. (2015) using the data from Barbosa et al. (2016).

all situations. As mentioned in the introductory text, Proctor et al. (2014) indicate that
there is a good agreement in metallicities and in the gradients of ages and alpha-element
abundances in the brightest cluster galaxy (BCG)s of fossil groups. We have tested the
effect of the choice of models in our work on the stellar populations of the Hydra I cluster
core (Chapter 5) by comparing models of Thomas et al. (2011) and Vazdekis et al. (2015),
as illustrated in Figure 2.4. The root mean square (RMS) deviation between the parame-
ters from different models in the same data set is of 0.04, 0.10 and 0.08 dex for the ages,
[Z/H] and [«/Fe] respectively, which are smaller than the errors in the determination of
individual parameters in our data. Given that data the models of Thomas et al. (2011)
cover the largest space parameter, we adopt it throughout this work.

A general method for obtaining stellar population parameters, introduced by Proctor
et al. (2004), is the use of a x? minimization using a subset of the N indices, i.e., by the

search of a model which minimizes the quantity

¢=y (Iz‘ — Li modal (¢, [Z/H], [Oé/Fe])> | 2.8)

i=1 a1,

where t is the age of the stellar population, I are the observed indices, I; moaa (%, [Z/H], [at/Fe])
is a function that predicts the Lick indices of the models considering a SSP, and oy, are the
uncertainties in the measurements. Proctor et al. (2004) have also shown that a number of
indices are improperly modeled for different reasons. The index NaD is severely affected
by interstellar absorption. The indices CNy, CNy and Ca4227 are sensitive to the nitrogen
abundance, which is not directly treated in any of the models. Finally, the indices Fe5015,

TiO; and TiO; are inconsistently determined in different studies of globular clusters (Puzia
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et al., 2002; Cohen et al., 1998), and thus are not reliable for modeling. Despite these seven
indices, however, the modeling of all the remaining indices provided a robust estimation
of stellar population parameters.

As we have mentioned, the Lick indices are agglomerations of several absorption lines,
which is a problem for the interpretation of their physical meaning. However, the intro-
duction of models with variable element abundances allows the use of Lick indices for more
detailed chemical studies, because all indices respond to changes in ages, [Z/H]|, and [«/Fe]
at some level. Based on the results from Proctor et al. (2004), we have introduced the idea
of modeling Lick indices using a Bayesian inference (Barbosa et al., 2016, see Chapter 5).
Bayesian inference consists of fitting a probability model to a set of data such that the
results are given as probability distributions of the parameters (Gelman et al., 2003). The
main motivation for the adoption of this method is that it is flexible, and it allows the
fitting of a large number of parameters for complex and layered models. In our case, the
goal is to obtain probability distributions for the parameters 6 = (¢, [Z/H], [o/Fe]) given a
subset of n Lick indices D = (14, ..., I,,). The calculation of these probability distributions

is based on the Bayes’ theorem, given by the equation

p(9)p(D|0)
p(D)
where p(X) indicates the probability distribution of a random variable X, and p(X|Y)

p(0|D) = (2.9)

indicates the conditional probability distribution of a random variable X given that Y is

known. In the above equation, the probabilities are interpreted as follows:

e p(0) is the prior probability distribution, that is, the initial belief in the data D.

p(0]D) represents the joint posterior distribution, which is the belief in the parameters

6 when accounted for the data D.

p(D|0) is the likelihood distribution, which informs the support that the fixed data

D provides for the model with parameters 6.

p(D) is the marginal likelihood, which works as a normalization because it does not

depend on the parameters 6.

The inference of the parameters calculated with the Bayes’ theorem is obtained by the

marginalization of the joint probability distribution, which consists in integrating the prob-
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ability distribution over all parameters except the one which we want to infer properties
of. For instance, given a set of parameters § = (6, ...,0,) for which we want to estimate

the probability distribution of 6, the marginalized distribution is given by

p(6x|D) = / (0| D)d6,dbs...d0y_1 dOys 1.0, (2.10)

In most cases, it is not possible to calculate the posterior distribution analytically,
especially due to the difficulties for the calculation of p(D). However, it is possible to
estimate the posterior distribution using a Monte Carlo Markov chain (MCMC) process,
that is, by simulating a random process that undergoes transitions in the state space whose
stationary distribution approaches to the posterior distribution in the limit of infinite
simulations. The Metropolis-Hastings algorithm (Metropolis et al., 1953; Hastings, 1970)
is suitable for this purpose because it only requires a function that is proportional to the
posterior distribution, dropping the need for calculating the normalization.

To perform our calculations, we have used the package pyMc (Patil et al., 2010) as-
suming uniform priors within the ranges given by the models of Thomas et al. (2011), i.e.,
0.1 < ¢(Gyr) < 15, —2.25 < [Z/H] < 0.9 and —0.3 < [a/Fe] < 0.5, and considering that
the likelihood is described by p(D|#) oc exp(—x?). This particular modeling results in a
posterior likelihood given by a y? distribution and, thus, it is equivalent to the method
used by Proctor and Sansom (2002).

To illustrate the process, Figure 2.5 shows the joint probability sample obtained for
the set of Lick indices of a spectrum of NGC 3311. The posterior distribution is three-
dimensional in our modeling, but a useful visualization of the joint probability distribution
is the verification of the correlation between pairs of parameters, which may indicate if
degeneracies, e.g., the age-metallicity degeneracy (Renzini and Buzzoni, 1986; Worthey,
1994), are affecting the posterior distributions. The estimation of the parameters is com-
puted with the marginalized distributions, represented by the histograms in the figure. In
cases where posterior distributions are symmetric, such as the case of the use of [Z/H] in
this example, a simple Gaussian fit is able to provide good estimations. However, the trun-
cations in the prior distributions may result in more complex posterior distributions, such
as observed in the age and [«/Fe|. To obtain the representative values and uncertainties,
we have adjusted the marginalized distributions using a generalized extreme value (GEV)

function, defined as
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Figure 2.5: Example of MCMC modeling for the stellar populations based on Lick indices. The
histograms in the diagonal of the figure indicate the marginalized posterior distribu-
tions, which are used for the estimation of parameters, and the red solid lines indicate
the best fit obtained with Gaussian or GEV functions. The dashed red line indicates
the mean value determined by the fitting. The panels under the diagonal indicate the
dependence between pairs of parameters in the posterior distribution. A summary of

the fitted model is displayed above the diagonal.

GEV(z|k, 1, 0) = % {1 +k (x - “)} e exp {— [1 +k (x - “)r/k} . (2.11)

where x represents the age, metallicity or alpha-element abundance, and p, o and k are
the location, scale and shape parameters respectively. To calculate the uncertainties, we
have used the highest probability density region containing 68% of the probability, which
is the total probability of a normal distribution integrated in the interval +10, where o is
the standard deviation of the distribution.

Although the general results for the stellar population in the context of our model-
ing are similar to the simple x? minimization, the MCMC method provides much more

information about the parameters, because they are described by probability densities.
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The marginalization provides uncertainties which contain all the information of the de-
pendencies with other parameters, which is especially important to check if the modeling
is able to break the known age-metallicity degeneracy. The example provided in Figure
2.5 indicates that, in this particular modeling, there is some degree of degeneracy between
age and metallicity as indicated by the correlation between the two parameters, but the
marginal distribution is concentrated into a peaked distribution whose broadening already

takes into consideration the degeneracy.



Chapter 3

Study of nearby galaxy groups

3.1 Introduction

The observation of millions of galaxies (e.g. Blanton et al., 2003) have shown that
galaxies are divided into two main categories in the color-magnitude diagram: the red
sequence, consisting of early-type galaxies with quiescent star formation, and the blue
sequence, composed of late-type galaxies with active star formation. The evolution of
the luminosity function since z ~ 1 indicates that the stellar mass in blue galaxies is
approximately constant over time, while the stellar mass in galaxies in the red sequence
has increased by a factor between two and four, indicating that galaxies have their star
formation quenched over time (Bell et al., 2004; Faber et al., 2007). Recent works have
shown that the environment of groups and clusters may be responsible for the quenching
of galaxies, as opposed to feedback mechanisms such as outflowing galaxy winds driven
by AGNs (Coil et al., 2011; Cooper et al., 2012), but there is still need for a better
characterization of the physical properties involved in this process.

The use of galaxy clusters, high density associations containing thousands of galaxies
residing in a relatively small volume, has been used to establish that the environments
in which galaxies live correlate with galaxy morphologies (Dressler, 1980): the fraction
of red and blue galaxies in galaxy clusters varies as a function of the distance to the
center of the system, with early-type galaxies dominating the central regions and late-type
galaxies being more numerous in the outskirts. Also, the star formation rates (SFR) in
clusters is lower than those from regions of lower densities (Balogh et al., 1997), indicating

that the cluster-specific processes such as galaxy harassment (Moore et al., 1996), ram-
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pressure stripping (Gunn and Gott, 1972) and/or interactions with the cluster gravitational
potential (Byrd and Valtonen, 1990) may play an important role in the transformation
from the blue to the red sequence. However, most of the morphological transformations
happen in environments with different conditions from those found in galaxy clusters we
see today (Dressler, 2004), indicating that less dense environments such as galaxy groups
may have an important contribution for star formation quenching. Galaxy groups are not
only abundant in nature, but also have physical conditions which favor interactions that
may either trigger or quench star formation and major mergers that can transform disc
galaxies into spheroids (Toomre and Toomre, 1972).

Groups may have an important role in the understanding of the impact of the en-
vironment in morphological transformations, but are still rarely studied in detail in the
literature, with a few notable exceptions (e.g., de la Rosa et al., 2007; Mendel et al., 2008,
2009). In this chapter, we present the study of kinematics and stellar populations of six
nearby loose and compact groups. The initial intention of this data set was the detailed
study of each of the six systems in our sample, but incomplete observations and the re-
tirement of the instrument used for the observations determined the changing of the focus
to another scientific problem, the study of the Hydra I cluster core, which is presented in
the next chapters. Nevertheless, we opt to show the main results we were able to obtain,
considering that it is possible to use our sample of galaxies to study scaling relations of
the stellar populations, more specifically the mass-metallicity relation which has important
consequences in cosmology.

This chapter is structured as follows. In Section 3.2, we present our sample and the
data reduction process. In Section 3.3, we detail the process to obtain the instrumental
spectral resolution. In section 3.4, we proceed to the extract the information about the
kinematics of the galaxies to determine their membership to groups. In Section 3.5, we
perform a dynamical analysis of the groups and compare our results with the literature.
In Section 3.6, we describe the calculation of the Lick indices and we analyze the scaling
relations related to the mass of the galaxies. Finally, in Section 3.7, we calculate ages and
abundances using our Bayesian approach and determine scaling relations among stellar
population properties. Throughout this chapter, we adopt Hy = 67.7 according to the

cosmological parameters given by the Planck Collaboration et al. (2015).
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Table 3.1 - Observational properties of studied galaxy groups obtained in the NED database.

Object RA J2000  DEC J2000 Distance (Mpc) Velocity (km/s)
1) ) 3) @) 5)

HCG 22 03h03m31.3s -15d40m32s 37.5£0.7 2698

HCG 42 10h00m21.8s -19d38mb7s 53.7+1.0 4413

HCG 62 12h53m05.5s -09d12m01s 61.1+1.3 2638

HCG 90  22h02m05.6s -31d58m00s 379+ 0.7 3987
NGC 193 00h39m16.4s +03d17m04s 63.8£1.2 4400
NGC 7619 23h19m42.9s 408d09m45s 50.9+0.9 3439

3.2 Observations and data reduction

The sample of galaxy groups consists of six systems in the local universe, HCG 22, HCG
42, HCG 62, HCG 90, NGC 193 and NGC 7619, detailed in Table 3.1. Other works in
the literature have characterized the systems and obtained their velocity dispersions, but
none have done a stellar population analysis. Three of the Hickson compact group (HCG)
systems (Hickson, 1982), HCG 42, HCG 62 and HCG 90, are part of the sample studied
by Zabludoff and Mulchaey (1998, hereafter ZM98), who characterized the dynamical
properties of the poor groups with Lx > 1019572 erg s~!. HCG 22 was observed with the
goal of finding dwarf galaxies and to extend the work of Proctor et al. (2004). Concerning
the two loose groups in the sample, NGC 7619 is part of the Garcia (1993) catalog and
NGC 193 was observed by Crook et al. (2007).

Observations were carried out at the Blanco 4m telescope at Cerro Tololo, Chile, us-
ing the Hydra-CTIO Optical Spectrograph. This is a multi-object instrument that was
mounted at the Cassegrain focus of Blanco to obtain moderate and high resolution spec-
tra (R < 50000) using up to 138 fibers with diameters of 300 pum (2”). The various
gratings of the instrument allowed the observation of spectra in the wavelength range
3300 < A(A) < 11000. An important characteristic of the instrument is that it allowed
the survey of several objects simultaneously in a large field of view (FOV), providing a
good observational setup for the survey of galaxy groups (see details in Table 3.2), and
was available to Brazilian astronomers through the exchange of time with the SOAR tele-
scope. Unfortunately, the commissioning of new facilities at the Blanco telescope forced

the retirement of the instrument in 2012, in the middle of our group survey, aborting the
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Table 3.2 - Observational setup used in the study of galaxy groups at the Blanco 4m telescope
using the Hydra-CTIO Spectrograph.

CCD..oooeveeei, SiTe 2 x 4k
FOV..oooooiii 407

Gain Setting........ 2

1/ Gain.............. 0.84e¢~/ADU
Read Noise........... 3e”
Grating................ KPGL3
Lines / mm......... 527
Blaze.........oocoe. 5500 A
Dispersion............ 0.7 A /pixel
Coverage.............. ~3800 A

data collection before the end of the project.

Our observations occurred just before the retirement of the instrument, as detailed in
Table 3.3. Each observation required a list of galaxies to be pointed at for the production of
an observational mask, with the restriction of enough sky separation to avoid fiber collision.
To produce our masks, we have used the Sextractor program (Bertin and Arnouts, 1996)
into archival images from the digitalized sky survey (DSS) to produce a catalog of targets.
The brightest objects classified as galaxies in the program were selected based on the star-
galaxy separation, always including galaxies from previous works in order to maximize the
number of members. Figure 3.1 shows all the objects surveyed in our observations. The
observations also included a set of standard stars which were used for calibrations of the
Lick indices.

The data reduction was carried out using the image reduction and analysis facil-
ity (IRAF) system (Tody, 1986, 1993) according to the guidelines from Cigan (2004),
summarized in the following. The task CCDPROC was used for the initial preparation of
the images, including overscan subtraction, trimming and zero exposure correction. Cos-
mic rays were detected and cleaned from all images, except arc lamps, with the program
L.A. Cosmic (van Dokkum, 2001). The identification and tracing of spectra of the differ-
ent fibers in the frames was obtained with the tasks APFIND and APEDIT. The dedicated
task DOHYDRA was used for the flat field correction, dispersion calibration and spectra
extraction of both science and sky targets. Finally, images from the multiple exposures

taken in the same night were combined using the task IMCOMBINE. The flux calibration
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Figure 3.1: Observational masks of the six galaxy groups. The circles represent all the targeted

objects, with colors indicating the maks according to the labels in the upper left

part of each image. Black squares represent the confirmed members according to our

analysis, and green triangles indicate member galaxies confirmed by ZM98.
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Table 3.3 - Summary of the observations of six galaxy groups with the Blanco 4m telescope. (1)
Number of the observing run. (2) Date of the run. (3) Observed galaxy group. (4)

Identification of the observed mask. (5) Number of exposures and individual exposure

times.
Run Date Group Mask Exposures
n o © 3) (4) (5)
(1) Mar 222010 HCG 62 Centre 8 x 1800s
(2) Mar 23 2010 HCG 62 Outskirt 1 5 x 1800s
HCG 62 Outskirt 2 5 x 1800s
(3) Feb 022011 HCG 22 Mask 1 2 x 1500s
HCG 42 Mask 1 4 x 1800, 1 x 2700s
(4) Feb 032011 HCG 22 Mask 1 2 x 1800s
HCG 42 Mask 1 3 x 1800, 4 x 2700s
(5)  Sep 01 2011 HCG 90 Mask 1 3 x 1800s
NGC 7619 Mask 1 7 x 1800s
(6) Sep 022011 NGC 193  Mask 1 3 x 1800s
(7)  Sep 032011 NGC 193  Mask 2 2 x 1800s
HCG 90 Mask 2 4 x 1800s
NGC 7619  Mask 2 6 x 1800s

of the spectra was not necessary because our analysis is based on the properties of the
absorption lines in the spectra in relation to their local continuum. A part of the fibers
in each mask is pointed to regions devoid of bright objects for the observation of the sky.
However, the sky subtraction is performed only during the analysis of the kinematics of

the galaxies, as detailed in Section 3.4.

3.3 Determination of Hydra-CTIO spectral resolution

The spectral resolution (A\) of the spectrograph, which describes the ability to resolve
features of a spectrum, is an important factor that has to be considered for the proper
measurement of the line-of-sight velocity distribution (LOSVD). In practice, the spectral
resolution is quantified by the full width at half maximum (FWHM) of the line spread
function (LSF), which describes the profile of a point source passing through the instrument
in a given observational setup. Because the LOSVD is measured by the convolution of
a set of templates to fit the observed spectrum, a difference in the spectral resolution

of templates and observations results in systematic errors in the LOSVD moments. In
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particular, the velocity dispersion of the galaxies, which is the proxy of the mass of the
system, is overestimated in a typical case in which the templates have greater resolving
power than the observations.

In the case of the Hydra-CTIO spectrograph, we have determined an initial value
of Adydra =~ 3.6 A with the measurement of the FWHM of emission lines in the arc
lamps. However, the results of the kinematics in our data using this spectral resolution
had inconsistencies, such as large differences in the velocity dispersion of the same galaxy
observed on different nights. Also, the velocity dispersion of the galaxies varied in the
same spectrum just by considering different wavelength domains in the fitting process.
Therefore, the variation of the spectral resolution of the instrument was affecting the
extraction of the kinematics.

To determine the spectral resolution of the instrument, we followed the method used
by Falcon-Barroso et al. (2011) to determine the spectral resolution of the MILES stellar
library, which consists in using PPXF to calculate the broadening of stars using a set of
templates with known resolution. In Falcén-Barroso et al. (2011), they have used stars
from the Coelho et al. (2005) library, with a fixed resolution of AX = 1A, to show that the
stars in the MILES library has a nearly constant resolution of AAyes = 2.51A. Here, we
have used stars from the MILES library to determine the spectral resolution using the Lick
standard stars which we have observed for the calibration of the absorption line indices.
Assuming that the LSF is approximately described by a Gaussian function for both the
instrument and the stellar library, then the difference in the resolution may be calculated

by the expression

A)\12-Iydra = A)\z + A)\12\/HLES> (31)

where A\, is the spectral resolution of Lick standard stars measured with PPXF. To con-
nect the spectral resolution with the velocity dispersion, which is the actual measurement
made by PPXF it is necessary to remind that the resolving power, R, is given by

A

where ) refers to the wavelength. Also, the resolving power can be described in physical

terms to the Doppler effect as
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c
Av’
where c is the speed of light and Av is the FWHM of the velocity broadening. In a Gaus-

R= (3.3)

sian profile, FWHM= 2.6340, where o is the standard deviation of the LSF. Combining
equations (3.2), (3.1) and (3.3), we obtain a wavelength-dependent spectral resolution for

the Hydra-CTIO as

2.6340,
Adtyara(A) = \/2-512 + ( 0o ) A2, (3.4)

c
where o, is the velocity dispersion of the stars measured with PPXF. Using the approxima-
tion that o, =~ 0, all the velocity dispersion measured with pPXF is due to the differences
in the resolution of the instrument in relation to that of the templates.

We have determined o, for a set of 15 Lick standard stars, using as templates stars of
the MILES library. In 10 cases, the stars are also present in the MILES library, and we
have just compared the observations directly. In the other 5 stars, we have produced tem-
plates by interpolation of stars in the MILES library considering the effective temperature,
surface gravity and iron abundances determined by Worthey et al. (1994) and Worthey
and Ottaviani (1997). For each star, we have determined o, in intervals of 100A in the
wavelength range between 4100 and 6900 A. The results are shown in Figure 3.2, in which
we display the velocity dispersion of the stars and the spectral resolution calculated with
equation (3.4), both as a function of the wavelength. We have used the median velocity
dispersion of the standard stars at each wavelength to calculate a polynomial expansion of

order 5 to quantify the spectral resolution numerically as

5
Adityara(A) =D wid, (3.5)

i=0
where the weights of the polynomial fitting are wy = —270.74, wy = 0.36115, wy =

1.7355 - 1074, w3 = 3.94864 - 1078, wy = —4.3297 - 1072 and ws = 1.8489 - 10716, The
result of this analysis indicate that, for the measurement of the kinematic properties,
it is necessary to work in the wavelength region 4700 < A(A) < 6000 because of the
large variations in the spectral resolution out of this section. Moreover, this wavelength-
dependent resolution is taken into account in the calculations of the line-strength indices

in Section 3.7.



Section 3.4. Group membership and kinematics 59

—— — —— 52
I Standard Stars Hydra-CTIO
200 . . ® * FwHM
— Median Velocity 1s.0
Dispersion — Polynomial Fit -

—4.38
150

L
b
=)

o+ (km/s)

100 |

B
S
AlHydra (Angstrom)

>
o

4.0
50 i

3.8

0 L L 1 L L L L L 1 L 1 | L 1 L 1 | 1 L L 1 i 3.6
4000 4500 5000 5500 6000 6500
Wavelength (Angstrom)

Figure 3.2: Wavelength-dependent spectral resolution of the Hydra-CTIO spectrograph. The left-
side label indicates the velocity dispersion of the stars, displayed in gray, and the red
squares indicate the median velocity dispersion for all stars. The blue circles indicate
the spectral resolution, indicated by the scale in the right-side of the figure, and the
polynomial fitting of order 5 is indicated by the solid blue line.

3.4 Group membership and kinematics

In this section, we detail the process to obtain the two most important kinematic
properties of galaxies in groups, the systemic velocity and the velocity dispersion. The
systemic velocity (Vroup) Of galaxies may be used to determine their membership within a
group. For instance, in compact groups, the median velocity dispersion of the galaxies is
Ogronp 200 km s, and galaxies with |AV| < 1000 kms™! are physically associated with
the system (Hickson et al., 1992). Moreover, the central velocity dispersion of the galaxies
(00) indicates the mass of the systems.

To calculate the kinematics properties of all surveyed objects, we have used the PPXF
code (Cappellari and Emsellem, 2004; Cappellari, 2012). We have used a set of simple
stellar population (SSP) models as the templates for the fitting, created with stars from
the MILES library (Sanchez-Blazquez et al., 2006; Falcén-Barroso et al., 2011) considering
ages between 0.1 and 14 Gyr, metallicities in the range —2.32 <[Z/H]< 0.2, and assuming
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a Salpeter initial mass function (IMF) with a logarithm slope of 1.3. In the cases where
the emission line is evident, we have also used a second kinematic component including
only templates of emission lines, considering the emission by [O TIT] (A = 4958.9, 5006.84),
HB (A = 4691.3A) and [N I] (A = 5200.25A), produced with Gaussian profiles, with the
additional constraint that og,s < 100 km s~!. The resolution of the templates is matched
to the resolution of the observations (AX = 3.9 A). The wavelength region have to be
restricted to the region 4700 < A(A) < 6000 to avoid the varying resolution as discussed
in Section 3.3.

We have also used PPXF to perform the sky subtraction of the spectra. Due to the
different throughput of the fibers in the Hydra-CTIO spectrograph, the sky subtraction
requires a normalization, which should be properly estimated to avoid contamination in
the scientific spectra. Weijmans et al. (2009) have shown that using the sky as a special
type of template in PPXF produces accurate solutions for the LOSVD even in cases with
heavy contamination of the sky emission. To match the continuum of the data and the
templates, we have used additive polynomials of order 20.

The results for the kinematics of the stellar components in the galaxies are summarized
in Table 3.5. We have included all galaxies with systemic velocities within |[AV| > 1000

Lin relation to the systemic velocities of the groups given in Table 3.1. A total of 90

kms~
spectra were kept for the remaining of the analysis, containing 59 different galaxies. The
number of galaxies observed in each group is shown in the second column of Table 3.4,
which only excludes HCG 22 for which a single galaxy have been detected in our survey.
The minimum signal-to-noise ratio (S/N) between 4700 and 6000 A is 11.3, and 72% of
the galaxies have S/N< 15.

Considering the inconsistencies observed in the kinematics of the same galaxy in dif-
ferent observations and/or wavelength domains, we have tested the compatibility of the
systemic velocity and velocity dispersion for the 31 galaxies with multiple spectra. Fig-
ure 3.3 shows the results of the comparison, including an error bar in the y-axis that is
calculated by the sum of the uncertainties in quadrature. These results show that only
four galaxies have discrepancies larger than 20 in the systemic velocity, and only two have
such discrepancies for the velocity dispersion, indicating that the matching of the spectral

resolution has resulted in consistent kinematics.

To observe in more detail the morphologies of the member galaxies, we have produced
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Figure 3.3: Comparison of the velocities and velocity dispersion for galaxies with multiple spectra.
The x-axis indicates the velocity of one of the members, while the y-axis indicates
the difference of the velocities. The error bars indicate the sum of the errors in

quadrature.

stamps of these objects using red band images from the DSS. We have used the Dss2
(ESO, 2013b) program to obtain red band imaging of galaxies with a fixed size of 1 arcmin
in order to check also nearby objects around each galaxy. The stamps for each group
are presented in Figures 3.4 to 3.9. We observe that our sample include both early-type
galaxy (ETG)s and late-type galaxy (LTG)s, and that the fibers are located at the center of
these objects. In the following sections, however, we do not distinguish galaxies according
to their morphologies, and thus the stellar populations are traced on both the bulges of

spirals and on the central regions of elliptical.

3.5 Dynamical analysis

3.5.1 Formulae

The velocity dispersion of the galaxies is a probe of the group mass. Considering a
system with N galaxies with velocities V = (V1, V4, ..., Viy), the velocity dispersion of the
group may be calculated with the biweight scale estimator (Beers et al., 1990), given by

the equation

[Z|ui|<1(vi — Viroup) 2 (1 — u?)4] 1/2
Zluikl(l —u2)(1 — 5u?)

_ 1/2
Ogroup — N /
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Figure 3.4: Stamp of the member galaxy in the group HCG 22 produced with red band DSS
imaging. The yellow circle indicates the fiber position in real scale (diameter of 27).
The most important measured properties, including the systemic velocity, velocity

dispersion, age, total metallicity and alpha-element enhancement are also displayed.

where Vgoup is the median velocity of the group galaxies, and the weights u; are defined as

‘/; - V:group
Ui = —————.
c-MAD

In the above sentence, ¢ is a “turning constant” which defines which galaxies should be

(3.7)

excluded from the calculations as outliers, and MAD is the median absolute deviation,

defined generally for a vector X as

MAD = median(|X; — median(X)]). (3.8)

The median absolute deviation is a robust estimator for the variability of a sample, which
is more appropriate than the standard deviation (SD) of a normal distribution in cases
where outliers are expected. In a normally distributed random variable without outliers,
SD ~ 1.4826MAD. We follow Beers et al. (1990) by adopting ¢ = 9, which is approximately
the equivalent of excluding galaxies with |AV| > 60 goup-

Considering that all galaxies are test particles in a dark matter halo, the projected

gravitational radius of a group can be defined according to Tully (2015) as
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Figure 3.5: Same as Figure 3.4 for galaxies in group HCG 42.
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Figure 3.9: Same as Figure 3.4 for galaxies in group NGC 7619.
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Figure 3.9: Same as Figure 3.4 for galaxies in group NGC 7619. (cont.)

N2
>icj VR’

where R;; is the projected distance between two galaxies in the group. Then, the virial

R, = (3.9)

mass of the system is given by Heisler et al. (1985).

atR,02
2G 7

where G ~ 4.302 x 107 pc M2 km?s™? is the gravitational constant and « is a parameter

M, = (3.10)

that depends on the orbits of the galaxies. For orbits isotropically distributed in an dark
matter with isothermal distribution, as assumed by Heisler et al. (1985), = 3. In more
realistic cases, such as an anisotropic model or a Navarro-Frenk-White (NFW) density
profile (Navarro et al., 1996), o ~5/2 (Mamon and Lokas, 2005; Mauduit and Mamon,
2007) which is the value we adopt in our calculations.

Finally, we also measure the crossing times of the galaxy groups. According to Ramella
et al. (1989), this quantity is given by
3_FnHo (3.11)

= 5r,,

where the harmonic radius Ry, is defined as
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Ry = WIS? sin Nu\;_ D (ZZQ;J?) , (3.12)

i=1 j>i
where R;; is the projected distance between two galaxies in the group, and 6;; is the angular
distance between two member galaxies. Another related quantity defined by Ramella et al.

(1989) is the mean projected separation, given by

8() . 1 Al
R, = 7r<_H(>)Sln [m Z 294 . (3.13)

i=1 j>i
In the next sections, we show the results from the dynamical calculations of our galaxy

groups with the above formulae.

3.5.2 Validation of calculations and results

The calculation of the dynamical properties was carried out using a few custom Python
codes, and therefore a cautionary validation of the software was necessary. We have used
the data from ZM9S8 for this purpose, by using the coordinates and the systemic velocity
of their observations, provided in their Table 1, to reproduce the dynamical properties
presented in their Table 2.

The data in Table 1 of ZM98 included both members and non-members of all groups.
We have selected members of the groups using relative velocities smaller than 1500 kms—*
in comparison with the mean velocity of the groups (given by ZM98). This approach is
slightly different from that used by ZM98, who used an iterative sigma clipping method.
However, as indicates in the panel A of Figure 3.10, our method is sufficient to obtain
equivalent mean velocities for all groups. We then proceed to the calculation of the groups’
velocity dispersion using the biweight scale estimator, presented in equation (3.6), which
also agreed with the results from the literature, as indicated in the panel B of Figure
3.10, except for the NGC 7582. In this system, we were able to select the same eight
galaxies as ZM98 using our simple selection method because this system is isolated in the
systemic velocity parameter space. Nevertheless, we have obtained o, = 83 £ 40 kms™!,
which is only 3kms™! higher than the value that would be obtained by a simple standard
deviation calculation. Therefore, we believe that there is either a typo in the quoted

velocity dispersion of the group in Table 2 of ZM98, which shows o, = 38737 kms™! for
NGC 7582, or there is another problem in their Table 1 which we could not identify.
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Figure 3.10: Validation of the dynamical properties of galaxy groups using data from ZMO98.
The dashed line indicates the equality. (A) Mean systemic velocity. (B) Velocity
dispersion of the groups. (C) Mean projected separation among galaxies in the
groups. (D) Harmonic radius. (E) Virial mass. (F) Crossing times in units of
Hubble times.

The next two panels of Figure 3.10 indicate the comparison of the mean projected
separation (C) and the harmonic radius (D), defined in equations (3.12) and (3.13), showing
good agreement. ZM98 have calculated these properties in only five cases because they
have restricted the calculations for groups with enough spatial sampling, defined by the
cases where the radial sampling of groups is larger than 2/3 of the median pairwise radius
of the groups.

Finally, panels E and F of Figure 3.10 show the comparison of the virial mass and the
crossing times calculated using equations (3.10) and (3.11) respectively. As in panels C and
D, the number of groups analyzed by ZM98 is restricted to five. There is a good agreement
in most cases, with the exception of the Virial mass of NGC 533, which is more massive
according to our calculations than the reported value. Considering that both the Virial
radius and the velocity dispersion are equivalent to ours, we believe that the reported value
may be incorrect.

The dynamical parameters for our observations are summarized in Table 3.4. Systemic

velocities and velocity dispersions are in good agreement with the previous results from
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Table 3.4 - Dynamical properties for five galaxy groups. (1) Galaxy group. (2) Number of
galaxies in the group. (3) Mean velocity. (4) Velocity dispersion. (5) Harmonic
radius. (6) Gravitational radius. (7) Virial mass. (8) Crossing times relative in units
of the Hubble time.

Group N Veroup Ogroup Ry, Ry M, te/tm
(kms—1) (kms~—1) (Mpc) (Mpc) (102Mg)
1) (2) (3) (4) (5) (6) ) (8)

hcgd2 15 3763 + 59 243 + 63 0.236 + 0.004 0.31 £ 0.02 0.017 4+ 0.009 0.018 4+ 0.005

hcg62 15 4317 + 91 373+ 84 0.0341 £ 0.0007 0.045 4 0.003 0.006 % 0.003 0.0017 £ 0.0004

hcg90 6 2631 £ 45 115+ 44 0.059 4+ 0.001 0.087 & 0.006 0.0011 £ 0.0008 0.009 £ 0.004
ngcl93 5 4929 + 177 482 £ 192 0.40 £+ 0.01 0.56 + 0.04 0.12+0.10 0.015 4+ 0.006
ngc7619 17 3520 £ 80 3224+ 76 0.250 4 0.006 0.33 £ 0.02 0.03 £+ 0.02 0.014 4+ 0.003

the literature. However, the smaller FOV of our observations have biased our estimates
of both the harmonic and gravitational radii significantly. In the three groups in common
with ZM98, our gravitational radius is about the value as computed by ZM98 and, as a
consequence, the mass estimates for our groups is considered only as a lower limit for the

groups.

3.6 Lick indices

We have measured the Lick indices for all group members using our custom rou-
tine PYLECTOR (see Chapter 2). The spectra were broadened to match the wavelength-
dependent image dissector scanner (IDS) resolution (Worthey and Ottaviani, 1997) using
the instrumental resolution given by equation (3.5) and considering also the systemic ve-
locity of the spectra. Emission lines were removed before the measurements using the
best fit templates for the gas obtained with PPXF. Instrumental offsets were estimated
with a set of 21 standard stars in the sample of Worthey et al. (1994) observed with the
same observational apparatus. Finally, the effect of the broadening due to the internal
kinematics of the galaxies was corrected using equation (2.7), which automatically includes
non-Gaussian effects in the LOSVD. In the following analysis, we do not consider aperture
effects in our measurements.

Numerous other authors have detected tight correlations between Lick indices and
velocity dispersion (e.g., Kuntschner, 2000; Trager et al., 2000; Proctor and Sansom, 2002;
Thomas et al., 2005). In particular, the relation between oy and the index Mg2 is well
documented and discussed in the literature (e.g. Gallazzi et al., 2006). In Figure 3.11,

we show the relation between all Lick indices and the central velocity dispersion of the
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Figure 3.11: Scaling relations between the Lick indices and the central velocity dispersion for
galaxies in groups. Red circles (blue triangles) indicate galaxies without (with)
emission lines in our analysis of the optical spectra. Solid green lines indicate the
relations obtained by Kuntschner (2000) for galaxies in the Fornax cluster. The
upper left box in each panel display the Spearman’s rank correlation coefficient (7)

and its p-value (p).

galaxies. We convert all Lick indices measured in equivalent widths to magnitudes using

the relation

I(mag) = —2.51og [1 - %i)} , (3.14)

where Aw represent the width of the central bands.

One important aspect of Figure 3.11 is that it extends recent works to galaxies with low
velocities, i.e., low-mass galaxies. Gallazzi et al. (2006), for example, have observed the
00-Mgy in the Sloan digital sky survey (SDSS) data with galaxies with velocity dispersion
of logog 2 1.8. Similarly, McDermid et al. (2015) have used data from the Atlas3D survey
to study 5 absorption line features in elliptical galaxies with velocity dispersions o¢ 2 1.7.
Our sample includes objects with velocity dispersion as low as o9 ~ 15 kms~!. Also, we
are able to characterize all the indices, contrary to most literature data, which ensures
that our results are robust, as most of our conclusions are supported by more than a single

index.
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Most of the panels of Figure 3.11 indicate the existence of a scaling relation, that
is, a correlation between the Lick index with the velocity dispersion. In the upper left
panels, we indicate the Spearman’s rank coefficient (r), which quantifies the degree of
correlation in the data, and the resultant p-value (p), which indicates the probability that
the null hypothesis (uncorrelated data) can generate the same 7. This simple statistic test
indicate that in most cases the correlation is very weak (|r| < 0.1) for only two indices
(Fe4531 and Hp), weak (0.1 < |r| < 0.3) for nine indices (HdA, HdF, Ca4227, HgA,
HgF, Fe4383, Cad455, Fe5709 and TiO2), moderate (0.3 < |r| < 0.5) for six cases (CNI1,
CN2, G4300, Fe5270, Fe5782 and TiO1), and strong (|r| > 0.5) in eight cases (C4668,
Fe5015, Mgl, Mg2, Mgb, Fe5335, Fe5406 and NaD). In most cases, these scaling relations
for logoy = 1.8 are well defined and tight, while the relations for lower masses are more
scattered, which indicates that galaxies at lower masses have a larger range of properties,
while more massive galaxies are increasingly more similar (McDermid et al., 2015). Also,
the trends in Figure 3.11 varies more or less accordingly to the three categories of indices
defined by Trager et al. (1998): Balmer indices, iron-like indices, and alpha-element-like
indices.

Indices of the Balmer series (Hd4, Hop, Hya, Hyr and HB) are known to anti-correlate
with the ages of the stellar populations (Trager et al., 1998). With the exception of
Hp, which only displays a very weak correlation, all other indices anti-correlate with the
dynamical masses of the galaxies. The trends in all cases are consistent at low and high
masses. These indices are known to correlate with the stellar population age of the galaxies
and, therefore, the results for the correlation of the Balmer series indices confirm the idea
that more massive galaxies are also older.

The iron-like indices (Ca, G band, TiO1 and Fe) correlate positively with the velocity
dispersion. The existence of such relation may be seen as an extension of the well-known
mass-metallicity relation, in which more massive galaxies are also more metal rich. Ac-
cording to Tremonti et al. (2004), the existence of such scaling relation occurs because
more massive galaxies are in more massive dark matter halos, and thus are better suited
to retain the iron that is expelled in winds due to supernovae. In most cases, the low
and high masses are well described by a simple linear relation, but the indices Fe5270 and
Fe5335 indicate that low-mass galaxies have stronger features. As indicated by Korn et al.

(2005), the indices become more sensitive to alpha-elements for low-mass regimes, which
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may explain the break in the scaling relations for galaxies with logoy < 1.6.

The alpha-element-like indices (CN, Mg, NaD) indicate two basic trends. The CN
indices have positive correlation over all masses, while NaD and Mg indices clearly break
at low mass regimes (log sigmag < 1.6). Interestingly, indices that are sensitive to C have
varied behavior (CN and Mgl), illustrating the difficulty of interpreting the results based
on the indices alone. Nevertheless, the existence of such a break in these scaling relations
of alpha-element-like indices is not found in the literature, where relations such as the og-
Mg, are usually linear in the entire studied ranges. The comparison of our results with the
data from Kuntschner (2000), which performed a study of elliptical galaxies in the Fornax
cluster, indicates that there is a good agreement at large velocity dispersions, but the lack
of data for less massive objects does not allow for a comparison which could indicate if this
change in the slope is related to a group-specific process, or if it is present also in more
dense environments. These unexpected results may indicate some important feature in the
history of enrichment of low mass galaxies that occurs at least in groups of galaxies, which

we plan to explore in future works.

3.7 Stellar Populations

To obtain ages, metallicities, and alpha-element abundance, we have used the Bayesian
method described in Section 2.3 using the models of Thomas et al. (2011). For this analysis,
we have restricted the calculations to a subset of Lick indices that are less sensitive to
carbon and nitrogen, including HdA, HdF, Fe4383, HS, Mgb, Fe5270, Feb335, and Fe5406,
because these elements are fixed in the models.

In Figure 3.12, we illustrate the relation between the abundances ([Z/H], [a/Fe] and
[Fe/H]) as a function of the velocity dispersion and as a function of the age. The green lines
indicate the relations obtained by Proctor et al. (2004) for Hickson compact groups. In all
cases, our results are comparable to the findings of Proctor et al. (2004), even considering
the different models and techniques involved in the process. Similarly to the results of the
previous section, our analysis allows the extension of the scaling relations to lower masses

than previous works.
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Figure 3.12: Luminosity weighted stellar populations abundances as a function of the velocity

dispersion (left) and age (right). Red circles (blue triangles) indicate galaxies without

(with) emission lines.

The solid green lines indicate the correlations observed by

Proctor et al. (2004) observed in elliptical galaxies of compact groups. The upper

left box in each panel display the Spearman’s rank correlation coefficient (r) and its

p-value (p).



Table 3.5 - Identification, coordinates and kinematics of galaxies that are members of groups.(1) Identification of the galaxy. (2) Observational
run according to Table 3.3. (3-4) Right ascension and declination of the galaxy. (5) Radial velocity. (6) Velocity dispersion. (7-8)

Gauss-Hermite coefficients hg and hy. (9) Signal-to-noise ratio. (10) Indication of the presence of emission lines.

Galaxy Run RA DEC Vv o hs hq S/N  Emission
(J2000) (J2000) (km/s) (km/s) (A1

(1) 2 (3) (@) (5) (6) (7) (8) © (0
HCG22_023 0h04m06.4164s  45d55m49.95s 2714 4+20 60+ 31 0.0+0.2 —0.0+£0.2 14.8 no
HCG42_ 001 0h02m21.3s 150d03m33s 3758 +9 298 £ 12 —0.02 £0.03 0.03 £0.03 20.9 no
HCG42_001 0h02m27.456s 150d03m33s 3766 £ 2 296 +£3 —0.0124+0.007 0.008 £ 0.008 22.4 no
HCG42_ 004 0h03m?22.878s 149d52m15s 4077 +11 121418 —0.13 £0.07 0.1+0.1 17.2 no
HCG42_004 0h02m47.112s 149d52m15s 4073 £ 3 125+ 5 —0.05 £ 0.02 0.09 +0.03 20.7 no
HCG42_005 0h03mb50.6916s 150d08m15s 4206 £11 131+£18 —0.07 £ 0.07 0.04 +£0.10 14.9 no
HCG42_005 0h03m?20.0376s 150d08m15s 4200 + 3 143+ 3 —0.07 £ 0.02 —0.09 +£0.02 18.2 no
HCG42_ 007 0h01mb4.3828s 150d02m34.5s 4025+ 6 229+ 7 —0.00 £ 0.02 —0.02 £ 0.03 25.4 no
HCG42_007 0h01m43.3128s 150d02m34.5s 4014 + 2 227+2 —0.003 £0.006 —0.013 4+0.007 27.0 no
HCG42_008 0h06m34.668s 149d48m28.5s 3616 =21 104 +29 —-0.0+£0.2 —0.1£0.2 14.7 no
HCG42_008 0h03m37.5228s 149d48m28.5s 3612+ 3 105 +4 0.10 +0.02 —0.08 £ 0.03 22.7 no
HCG42_010 0h03m05.1624s 150d22m48s 3384 +8 27T+ 7 —-0.0+£0.2 —0.04 £ 0.07 13.6 yes
HCG42_010 0h07m19.884s 150d22m48s 3376 £10 33410 0.0+0.2 —0.03 £ 0.09 19.7 yes
HCG42_011 -0h01m15.3192s  150d17m16.5s 3484 +31 68 +34 0.0+0.3 —0.1+0.2 13.1 yes
HCG42_011 0h00m23.49s 150d17m16.5s 35174+ 15 19+£23 —-0.0+04 0+1 13.4 yes
HCG42_012 0h07m10.956s 149d49m40.5s 3637+ 6 74414 0.09 £ 0.06 0.0+0.1 12.5 no
HCG42_012 0h09m14.22s 149d49m40.5s 3655 + 11 64 + 8 0.0+0.1 0.05 £ 0.07 17.6 no
HCG42_014 0h07m17.436s 149d43m16.5s 3600 =13 95+ 14 0.1+0.1 —0.154+0.10 15.2 no
HCG42_014 0h07m00.444s 149d43m16.5s 3601 + 14 43+9 —-0.0+0.2 0.03 £ 0.09 20.2 no
HCG42_019 0h05m57.354s 150d03m12s 4050+ 27 72433 0.0+0.3 0.1+0.3 13.3 no
HCG42_019 0h01m43.4928s 150d03m12s 4053 + 6 80+9 0.12 £0.06 —0.07 £0.07 18.7 no
HCG42_021 0h04m32.0484s 150d07m03s 3789 +21 94426 —0.0+0.2 0.1+0.2 15.0 no
HCG42_021 0h00m45.1728s 150d07m03s 3789 +13 35+17 0.0+£0.2 —0.0£0.2 21.3 no
HCG42_ 023 0h03m?26.2548s 150d09m31.5s 3724 4+20 95+£19 —-0.1+0.2 —0.2+£0.1 14.0 no
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Galaxy Run RA DEC A\ o h3 hy S/N  Emission
(J2000) (J2000) (km/s) (km/s) (A1

(1) ®3) (4) () (6) (7) (8) (9) (10)

HCG42_023
HCG42_ 025
HCG42 025
HCG42_031
HCG42_031
HCG42_037
HCG42_037
HCG62 14

HCG62 150
HCG62_16

HCG62_18

2)

(4) 0h09m31.176s 150d09m31.5s 3727+ 6 94+ 6 0.04 £0.05 —0.15+0.04 11.8 no
(3) 0h05m32.8524s  150d15m04.5s 3837 £70 41+ 60 0.0£1.0 —0.0£04 18.3 no
(4) 0h10m27.48s 150d15m04.5s 3852 +16 51+31 0.0+£0.2 —0.0£0.3 21.0 no
(3) 0hOOm44.6004s  150d06m16.5s 3621 +5 307 —-0.0£0.1 —0.0+0.1 12.7 no
(4) 0h07m23.196s 150d06m16.5s 3629 +6 63 £24 —0.05 + 0.06 —0.0+0.2 20.2 no
(3) 0h12m17.172s 150d09m25.5s 3604 £ 7 16£7 —0.0£0.3 —0.02 £0.07 16.1 no
(4) 0h09m15.516s 150d09m25.5s 3617 +8 21 +£10 0.0£0.2 —0.0£0.3 23.0 no
(1)  0h05m11.4936s 193d34mb57s 4132+ 17 230£21 —0.20 £ 0.06 0.10 £0.07 11.9 no
(1) 0h16mO08.76s 193d22m49.5s 4753 +£24 72+41 —-0.0+0.3 —-0.0£0.3 22.9 no
(2)  0h01m05.7396s 192d51m09s 4223 £45 111+45 0.0+0.4 —0.1+0.2 12.5 no
(1) 0h04m06.366s 193d17m25.5s 4415+ 11 123116 0.06 £0.08 —0.02 £ 0.10 15.1 no
HCG62_19 (1) 0h03m31.2552s 193d28mb57s 4184 +£7 152413 —0.01 +£0.04 0.08 £ 0.06 16.8 no
HCG62 22 (1) 0h02m50.676s 193d28mb58.5s 4862+ 10 90+ 17 0.02 +£0.09 —-0.0£0.1 19.0 no
HCG62 22 (2) 0h01mb54.534s 193d28mb58.5s 4831 +£38 96 £ 40 0.2+£0.3 —-0.2£0.3 18.8 no
HCG62_36 (2) 0h10m33.168s 193d11m27s 4757 £30 66 £58 0.0£0.3 0.0£0.5 22.6 no
HCG62 38 (1) 0h06m00.036s 193d25m04.5s 3945 +24 59+ 27 0.2+0.3 —-0.2+£0.2 21.3 no
HCG62_39 (1) 0h13m44.004s 193d13m46.5s 4332+ 33 71 +129 0.1+0.2 0+1 12.0 no
HCG62_43 (1) 0h09m22.176s 193d08m09s 391024 59440 0.1+0.3 0.0+04 19.7 no
HCG62_43 (2) 0h09m34.488s 193d08m09s 3907 +14 31425 0.0+0.3 —0.0+04 26.4 no
HCG62 4 (1) 0h02m40.92s 193d16m06s 3560 + 6 189 +9 0.02 +£0.03 0.04 £ 0.04 16.7 no
HCG62 4 (2) 0h04m20.118s 193d16m06s 3540 £ 13 196 £18 0.00 £ 0.06 0.02 £ 0.07 19.9 no
HCG62_66 (2)  0h00m33.3144s 193d12m09s 4757 +£16 66 £ 12 0.0+£0.2 0.03 £0.08 22.8 no
HCG62_7 (2) 0h06m22.572s 192d39mb57s 4301 £20 142+23 0.2+0.1 —-0.1+0.1 17.2 no
HCG62_N0127 (2) 0h17m42.648s 193d13m48s 4238 £52 14445 02 —0.0+04 21.6 no
HCG62_NO0147 (2) 0h06m24.372s 193d17m27s 4407 £12 116 £19 0.02 £ 0.09 0.0+0.1 20.7 no
HCG90_ESO0466B  (5) 0h13m33.132s 330d33mb6.1s 2825+30 79+ 36 —-0.2£0.3 —-0.1£0.3 13.0 no
HCG90_ES0466D  (5) 0h14m06.36s 330d41m28.5s 2629+ 14 91+ 35 0.06 +0.09 0.0+0.2 21.4 yes
HCG90_ESO466D  (7) 0h13m46.632s 330d41m28.5s 2615+ 11 32146 0.02 +£0.09 —0.0£0.6 11.6 yes
HCG90_ESO466E  (5) 0h05m07.152s  330d57m04.65s 2614 +31 33 +25 0.0+£0.6 —0.0£0.2 20.2 no
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Galaxy RA DEC AV o h3 ha S/N Emission
(J2000) (J2000) (km/s) (km/s) (A1
(1) (3) (4) (5) (6) (M) (8) 9) (10)
HCG90_ESO466E 0h04m47.9208s 330d57m04.65s 2610+ 26 27 422 —0.0+0.5 —0.1+£0.2 13.8 no
HCGY90_NGCT7173 0h02m06.0036s  330d30m49.35s 2518 =7 196 + 11 0.03 £0.03 0.05 £0.04 25.5 no
HCG90_NGC7174 0h06m07.092s 330d31m37.35s 27114+ 14 126 £ 23 0.13 £0.09 0.2+0.1 12.4 no
HCG90_NGC7176 0h02m01.8132s  330d32m06.75s 2496 + 7 249+9 0.01 £0.02 0.03 +£0.03 23.8 no
HCG90_NGC7176 0h02m06.9468s  330d32m06.75s 2504 £8 252+ 10 —0.00 £ 0.03 0.02 +£0.03 22.8 no
NGC193_104 0h05m20.6376s 9d53m41.4s 51824+ 12 137+ 15 —0.12 £0.07 —0.07 £0.09 17.1 yes
NGC193 104 0h15m36.468s 9d53m41.4s 5144 +13 76429 0.1+0.1 —0.0+0.2 15.1 yes
NGC193_112 0h00m25.8905s 9d49m35.25s 5225 + 6 186 + 8 —0.15 £ 0.02 0.06 £0.03 18.3 no
NGC193_112 0h07m?29.784s 9d49m35.25s 5213+ 5 186 +8 —0.02 £ 0.02 0.05£0.03 15.7 no
NGC193_119 0h13m24.024s 9d53m16.5s 4581+ 72 57490 0.0+0.8 0.0£0.7 13.5 no
NGC193_159 0h03m01.7424s 9d49m39.45s 4382+ 32 148 +£49 0.1+£0.2 0.1+0.2 16.9 no
NGC193_159 0h01m42.492s 9d49m39.45s 4356 +8 154+ 12 —0.10£0.04 0.15£0.05 15.2 no
NGC193_432 0h10m34.464s 9d56m04.35s 5313 +8 196 £ 12 —0.14 £0.03 0.05£0.04 12.0 no
NGC7619_023 0h03m08.5356s 349d54m11.85s 3395+9 138+ 15 —0.05 £+ 0.06 0.03 £ 0.08 37.0 no
NGC7619_032 0h04m22.098s  350d02m17.25s 4138 £3 116 £ 5 —0.02 £ 0.02 —0.00 £ 0.03 33.9 no
NGC7619_033 0h02m27.5244s  350d03m39.6s 3771+ 11 341411 —0.02£0.03 —0.04 £0.03 24.1 no
NGC7619_035 0h02m16.9584s 350d10m39.9s 3392+ 10 285412 —0.02 £ 0.03 0.00 £ 0.03 22.3 no
NGC7619_035 0h02m40.1028s 350d10m39.9s 3369 £ 10 286 + 12 —0.00 £ 0.03 0.01 +£0.03 22.3 no
NGC7619_037 0h06m43.668s 350d16m32.55s 3473 £ 6 88 + 12 —0.03 £ 0.05 0.01 £0.09 12.5 no
NGC7619_037 0h01m29.5968s 350d16m32.55s 3457+ 5 50 + 18 —0.04 £ 0.07 0.0+0.2 23.4 no
NGC7619_045 0h19m08.4s 350d24m09.75s 3411+ 17 22419 0.0+0.5 —0.0+04 41.5 no
NGC7619_045 0h15m37.692s  350d24m09.75s 3441 +12 18+ 13 —0.0+0.4 —0.0+£0.3 20.4 no
NGC7619_047 0h08m?29.256s 349d54m50.1s 3522+ 12 59+ 15 0.0+0.1 —0.1+0.1 43.8 no
NGC7619_049 0h09m38.052s 350d25m03.6s 2755 +£49 94+ 104 0.0+0.3 0.0£0.7 18.4 no
NGC7619_050 0h05m32.4096s 349d48mb0.1s 3481 + 4 244+ 7 —0.02 £ 0.06 —0.0£0.2 36.0 no
NGC7619_051 0h06m?29.664s 349d54m?24s 3598 + 3 2545 —0.04 £ 0.06 0.0+0.1 41.9 no
NGC7619_052 0h04m09.2424s  350d05m40.65s 3657 £11 23 £+ 18 0.0+£0.2 —0.0+04 36.4 no
NGCT7619_052 0h14m19.68s 350d05m40.65s 3726 £ 17 24+ 25 0.0+0.4 —0.0+£0.5 14.9 no
NGC7619_053 0h03m36.3024s 350d06m09.9s 3810+ 4 65+ 5 0.03 £0.04 —0.14 £ 0.03 39.3 no
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(J2000) (J2000) (km/s) (km/s) (A1

(1) (3) (4) (5) (6) (M) (8) 9) (10)
NGC7619_053 0h05m31.3512s  350d06m09.9s 3848 +8 39423 —0.1£0.2 —0.0£0.2 16.8 no
NGC7619_055 0h02m14.4636s  350d07m30.9s  3710+2 178+2  0.003+0.008  0.010+0.009  30.6 no
NGC7619_055 0h02m21.336s  350d07m30.9s 367141 191+2 —0.02140.007 0.020£0.008  24.3 no
NGC7619_056 0h12m42.516s  349d58m37.95s 30224+ 18 22419 —0.0+£0.5 —0.1£0.5 54.8 no
NGC7619_057 0h03m01.7604s  350d09m31.2s 3131432 33430 0.040.6 —0.0+£0.3 44.7 no
NGC7619_057 0h00m08.4802s  350d09m31.2s 31354+ 12 48440 0.0£0.1 0.040.4 17.8 no
NGC7619_166 0h13m43.824s 350d12m48s 3618 £87 4+ 155 041 0+4 50.2 no
NCGC7619_177 0h14m45.276s  350d00m20.4s 39214+ 10 164 10 —0.04+0.4 —0.01+£0.07 432 no
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Chapter 4

Kinematic evidence of substructure in the stellar halo

of the Hydra I cluster core

4.1 Introduction

Galaxy clusters are the largest virialized structures in the universe, containing hundreds
to thousands gravitationally bound galaxies concentrated into a relatively small volume
with a radius of a few megaparsecs. The formation of galaxy clusters is related to the
collapse of the largest overdensities in the initial density field determined by the cosmic
microwave background (CMB) and are the site of complex interactions involving gravity
and baryonic-related processes. Consequently, galaxy clusters are the intersection between
cosmology and galaxy formation.

The central region of galaxy clusters usually hosts a brightest cluster galaxy (BCG),
the most luminous and massive galaxy of the system. These galaxies are usually close to
the bottom of the gravitational potential of the cluster traced by their X-ray emission (Lin
and Mohr, 2004). Commonly, BCGs are classified as ¢D galaxies, morphologically similar
to other ETGs but with an extended and diffuse stellar halo, which are believed to be
formed by the continuous merging of other galaxies in a process usually called cannibal-
ism (Ostriker and Hausman, 1977). This hierarchical build-up of BCGs is supported by
dynamical studies (Dressler, 1979; Bender et al., 2015), stellar populations (Coccato et al.,
2010; Barbosa et al., 2016; Edwards et al., 2016) and is well described by simulations (De
Lucia and Blaizot, 2007; Cooper et al., 2013, see also Figure 1.2).

From a cosmological perspective, ¢cD galaxies may be used to test predictions of the
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Lambda cold dark matter (ACDM) model regarding the radial density profile of dark
matter halos. The dark matter halos formed in cosmological simulations (e.g., Springel

et al., 2005) are well described by a NFW density profile (Navarro et al., 1996), given by

o £o
p<7") - (T’/?”S)<1 n 7“/7“5)2’ (41)

where r is the radial distance to the center of the halo, and r, and py are the scale
radius and the amplitude parameters which vary from halo to halo. One important test
for cosmology it to test whether the NF'W profile produces cuspy cores at the center,

Lin the limit when » — 0. However, this prediction

that is, to check whether p o r~
is difficult to test in practice because the dark matter halos that are observed contain
baryons, which lead to degenerated models owing to the uncertain light-to-mass ratio. To
minimize this problem, galaxies with large mass-to-light ratios are preferred, such as low
surface brightness galaxies, including cD galaxies.

The problem is that most observational studies support radial density profiles contain-
ing halos with cores, i.e., p ~ 7° in the limit when r — 0. For example, at the scale of
galaxy clusters, Sand et al. (2004) have determined that the density profiles are incompat-
ible with the NFW profile using strong lensing. At galactic scales, cored profiles have been
supported in studies of low surface brightness galaxies (de Blok et al., 2001), spirals (Spano
et al., 2008) and cD galaxies (Kelson et al., 2002). This divergence, known as the cusp-core
problem or the small-scale cosmological problem, poses an important challenge for both
theory and observations. Some authors have proposed explanations for the observation of
cored halos, such as feedback effects (Governato et al., 2010, e.g.) or warm dark matter
(e.g. Primack, 2009). Recently, Pineda et al. (2016) have indicated that the problem may
be related to an observational bias which would always lead to the presence of cores. Still,
the question remains largely open as none of the alternatives have been conclusively tested.

In this context, the galaxy NGC 3311 is one of the most attractive targets for the
study of dark matter halos. NGC 3311 is the nearest c¢D galaxy, located in the center
of the Hydra I cluster core, at a distance of ~ 50 Mpc. Besides its low and extended
surface brightness profile (Vasterberg et al., 1991; Arnaboldi et al., 2012), NGC 3311 has a
variety of dynamical tracers that allows probing its kinematics at large distances from the
center of the system, such as globular clusters (Wehner et al., 2008) and planetary nebulae

(Ventimiglia et al., 2011). Moreover, the velocity dispersion profile of NGC3311 increases
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as a function of the radius (Loubser et al., 2008), which indicates that the dynamical
properties of the stars in the central region are dominated by the cluster’s gravitational
potential.

Richtler et al. (2011) have performed a dynamical modeling of NGC 3311 using the non-
rotating spherical Jeans equation (see Mamon and f.okas, 2005), based on the analysis
of the stellar light from long-slit observations and the globular cluster kinematics from
Misgeld et al. (2011), which favored the presence of a density profile with a core. However,
shortly before the publication of that dynamical analysis, Ventimiglia et al. (2010) have
published the stellar kinematics of NGC 3311 based on long-slit observations of the stellar
halo that is inconsistent with the results from Richtler et al. (2011): in the region close
to the center of NGC 3311, the velocity dispersion of both works agree, but at a distance
of ~ 16 kpc, which represents approximately two effective radii, the velocity dispersion
differs by ~ 100 kms~!. Such a difference at large galactic scale may alter drastically the
conclusions regarding the nature of the dark matter density profile of the cluster and, as
such, requires proper verification.

One important difference between the observations of Richtler et al. (2011) and Ven-
timiglia et al. (2010) is the different orientation of the slits used for the observations.
Richtler et al. (2011) have used two long slit observations, one along the major axis of
NGC 3311 at a position angle of 40°, and another connecting the center of NGC 3311 with
NGC 3309, the second most luminous galaxy of the Hydra I cluster core (green slits in
Figure 4.3). On the other hand, Ventimiglia et al. (2010) have placed one long slit centered
at NGC 3311 with a position angle of 63° in order to also study HCC 26, a dwarf galaxy
in the vicinity of the ¢D galaxy, and another slit centered at HCC26 avoiding the central
region of NGC 3311 in order to study the outer stellar halo (blue slits in Figure 4.3). As-
suming that both works have been performed correctly, this large deviation of the velocity
dispersion profile indicates that velocity field is not spherical, and a large perturbation on
the gravitational potential is occurring.

This divergence in the velocity dispersion profiles also put in question if the main
assumptions of the dynamical analysis applied to large elliptical galaxies hold in reality,
such as virial equilibrium and spherical symmetry. The round and smooth appearance
of ¢D galaxies and the distribution of the X-ray hot gas at large scale may justify those
hypotheses. However, in the case of NGC 3311, there is evidence that the system has
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Figure 4.1: V-band and X-ray imaging of the central region of the Hydra I cluster clore. Left:
V-band imaging of the central 40 kpc around NGC 3311 by Arnaboldi et al. (2012).
Center: Residuals from a maximum symmetric model of the V-band photometry
indicating the location of the northeast substructure. Right: X-ray imaging obtained
with the Chandra telescope from Hayakawa et al. (2004).

some peculiarities and, thus, it is not in virial equilibrium. A deep photometric study of
the galaxy by Arnaboldi et al. (2012) has indicated that the residuals of the maximum
symmetric model of the light distribution result in residuals largely concentrated in an offset
substructure displaced from the center of the galaxy towards the northeast direction, as
illustrated in Figure 4.1. Moreover, there is an excess of light in the residuals which may
be related to a tidal tail of the lenticular galaxy HCC 007 at the bottom of the FOV. This
result is corroborated by the distribution of the X-ray gas by Hayakawa et al. (2004). In
the remaining of this chapter, we shall refer to this particular feature in the photometry as
the northeast (NE) substructure. The idea that the central region of the Hydra I cluster
is perturbed is supported by the analysis of the planetary nebulae from Ventimiglia et al.
(2011), whose observation favors the presence of three dynamical components.

In this chapter, we aim to clarify the divergence in the velocity dispersion profiles
of NGC 3311 in previous studies by the study of its large-scale kinematics using a bi-
dimensional homogeneous data set. We will also verify if this kinematic analysis supports
the idea that the central region of NGC 3311 is currently under interaction. The structure
of this chapter is as follows. In Section 4.2, we present the observations and the data
reduction process. In Section 4.3, we detail the extraction of the kinematics and the
production of the maps of the moments of the LOSVD based on smoothing. In Section 4.4,
we present our results and compare with previous works and in Section 4.5, we summarize

our work. Throughout this chapter, we adopt the distance to the Hydra I cluster of
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D = 50.7 Mpc, and the effective radius of NGC 3311 of R, = 8.4 kpc, that is the average
value derived by Arnaboldi et al. (2012) for the inner region of the galaxy, and thus
1”7 = 0.262 kpc.

4.2 Observations and data reduction

In order to compare the velocity dispersion profiles obtained by Ventimiglia et al. (2010)
and Richtler et al. (2011) using the stellar halo, it is necessary to observe NGC 3311 out
to galactocentric distances of at least ~ 20 kpc = 76" For this purpose, we have observed
NGC 3311 using the focal reducer/ low dispersion spectrograph 2 (FORS2, Appenzeller
et al., 1998) instrument, mounted at the Cassegrain focus of the UT1 telescope of 8.2m at
the Very Large Telescope (VLT), which has a FOV of 6.8’x6.8’, which is enough to cover
the area required for the study of NGC 3311 out to ~ 3R, and also allows the observation
of the sky simultaneously. The telescope time was obtained under European southern
observatory (ESO) program ID 088.B-0448/B (PI: Richtler), and the observations were
carried out on March 29, 2012.

To perform a bi-dimensional survey of the stellar halo, we have used FORS2 in the mask
exchange unit (MXU) mode, which allows the use of masks for multi-object observations
over selected areas over the FOV. Figure 4.2 shows our observational strategy, which
consists of six masks that survey the stellar halo of NGC 3311 in concentric shells. The
exposure time for each pointing is 1400 s. The central (cenl and cen2) and inner (innl
and inn2) masks were observed twice each to a total integration time of 2800 s, while the
outer (outl and out2) masks were observed six times each giving a total integration time
of 8400 s. The design of the masks was performed with the FIMS program (ESO, 2013a)
using pre-imaging images obtained in the same telescope in the B and R bands. The slits
have typical dimensions of 1”x 5”7, but the size varied in some cases to avoid point sources
and chip gaps. The slits are divided into four categories according to their function: 1)
138 sky slits, used for the sky subtraction and located at the extremes of the masks; 2) 140
stellar halo slits, observed in regions devoid of bright point sources; 3) 3 slits over HCC
007, located at the lenticular galaxy in the bottom of Figure 4.3; and 4) 50 point sources
selected for the survey of ultra-compact dwarf galaxies and globular clusters.

In this chapter, we deal exclusively with the stellar halo slits, which are displayed in
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Figure 4.2: Observational strategy for the observation of the stellar halo of NGC 3311. Different
colors indicate the observation mask according to the legend in the upper right panel.
The small numbers are used for the identification of the spectra. For clarity, we omit

the slits on top of point sources that are not studied in this work.

Figure 4.3. We also show the position of the long-slit observations of Ventimiglia et al.
(2010, blue) and Richtler et al. (2011, green) to illustrate that our survey is able to cover a
large radial range, but also allows the study of the properties of the kinematics at different
azimuthal angles.

The data reduction, including bias subtraction, flat fielding correction, and dispersion
calibrations were performed using the standard instrument pipelines FORS__ CALIB and
FORS__SCIENCE, and custom IRAF scripts were used for the process of combination and
sky subtraction. We have combined all the spectra obtained in a slit, with the exception
of the slits cenls29 and cen2s32, which were divided in two because of their high S/N.
The flux calibration using the MXU mode is impractical because it would require multiple
exposures of standard stars, increasing the observational overheads, and thus we have used
methods in our analysis that do not need flux calibration. Owing to large variations in both

borders of the spectra, we set the working wavelength in the range 4700A< X < 5700A.
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Figure 4.3: Positioning of the slits for the study of the stellar halo of NGC 3311. The small red
slits represent our observations, while the two blue and green long slits represent the
positioning of previous work by Ventimiglia et al. (2010) and Richtler et al. (2011)

respectively.

Each slit in the stellar halo has at least one sky slit at the same X position in the CCD,
ensuring that the dispersion of both science and sky spectra are aligned independently of
the calibrations. Regions of very bright sky emission lines in the spectra are ignored in all

other steps of the analysis.

4.3 Data analysis

We measured the LOSVD of our spectra using the penalized pixel-fitting code (PPXF,
Cappellari and Emsellem, 2004), which allows the simultaneous fitting of a linear com-
bination of stellar templates with a light-of-sight velocity distribution, in the wavelength
range 4700 < A(A) < 5700, avoiding bright sky lines. For the templates, we used SSP
templates produced with stars from the MILES library (Séanchez-Blazquez et al., 2006),
calculated with a Salpeter IMF with a logarithmic slope of 1.3. The SSP templates were
calculated for ages from 0.1 to 15 Gyr and metallicities in the range —2.32 < [Z/H] < 0.22.

In the fitting process, we have considered a single kinematic component with four moments
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including the systemic velocity (V0s), the velocity dispersion (opos) and two other high
order Gauss-Hermite moments (hs and hy). The variations in the continuum are adjusted
by the use of additive polynomials of order 8. Uncertainties for the parameters were calcu-
lated using Monte Carlo simulations based on the signal-to-noise (S/N) for each spectrum.
The summary of these measurements is presented on table 4.1.

The S/N of the spectra is estimated by the comparison of the median flux with the
residuals of the fitting with PPXF. In Figure 4.4, we present the distribution of the S/N,
which also illustrates the general method we have adopted for the presentation of the
results. In our analysis, we only consider spectra with S/N> 10, which removed only
problematic spectra usually due to the chip gaps. We have also opted in not combining
spectra of different positions, as this process would remove the spatial information that we
would like to understand, and we have used smoothing in order to analyze the main trends
of the data. To produce maps of the moments of the LOSVD, we have produced polygons
around each considered slit defined by a central Voronoi tessellation. In this particular
map, we display all the slits to illustrate our initial sample but, in the following maps, we
do not include polygons related to spectra with S/N< 10.

We have not combined the spectra of different slits in order to keep the spatial informa-
tion, but the consequence is a more uncertain determination of the moments of the LOSVD.
In order to observe the large-scale trends of our observations, we have processed the maps
using the locally weighted scatterplot smoothing (LOESS, Cleveland, 1979; Cleveland and
Devlin, 1988). The LOESS is a non-parametric regression method in which each data
point is fitted to a low-order polynomial using least squares giving more weight to points
near the point whose response is being estimated. Besides the degree of the polynomial
for the regression, the only free parameter is the fraction of points in the sample that are
going to be considered. In our work, we have used the implementation of the algorithm by
Cappellari et al. (2013) using a third-order polynomial and considering 20% of the data
around each point for the smoothing. For the systemic velocity and velocity dispersion
maps, we have smoothed only data points with S/N< 40 in order to keep inhomogeneities
which are well supported by the data, but in the maps of hs and hy we have smoothed all
data points because of the large variations observed even in regions of high S/N.

The resulting maps are displayed in figures 4.5, 4.7, 4.9 and 4.10. In the left panel of

each figure, we have included the original map (not smoothed) for reference, but central
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Figure 4.4: Distribution of the S/N in the spectra of the stellar halo of the Hydra I cluster core
observed with FORS2. The polygons around each spectrum are constructed using
central Voronoi tessellation. The black contours indicate the V-band isophotes in the

range from 20 to 23.5 mag arcsec™2 from Arnaboldi et al. (2012).

and right panels display the maps obtained with the LOESS smoothing. In the right
panel of each figure, we have used V-band contours of the residuals from the analysis of
Arnaboldi et al. (2012) in order to illustrate the position of the NE substructure, which
coincides also with the X-rays excess. In figures 4.5 and 4.7, we also include the long-slit
kinematics obtained by Ventimiglia et al. (2010) and Richtler et al. (2011) for comparison.
In the next section, we are going to discuss these maps in detail and compare our results

with the literature.

4.4  Discussion

4.4.1 Systemic velocity

Figure 4.5 indicates that there is no clear large scale rotation in the system. The large
velocity dispersion in Figure 4.7 indicates that the system is supported by dispersion,
as expected for massive galaxies (Emsellem et al., 2007). The center of NGC 3311 has

1

an average systemic velocity of Vios &~ 3840 kms™, in good agreement with previous

measurements such as Ventimiglia et al. (2010) and Richtler et al. (2011). There is a small
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Figure 4.5: Distribution of the systemic velocities of the stellar halo around NGC 3311. Left:
Velocities determined according to the measurements with PPXF displayed with V-
band contours. Center: Smoothed maps obtained with LOESS regression displayed
with V-band contours. Right: Smoothed maps obtained with LOESS displayed with
contours from the maximum symmetric model from Arnaboldi et al. (2012). Long-slits
represent the results from Ventimiglia et al. (2010) and Richtler et al. (2011).

variation in the velocity regarding the four innermost slits, with a variation of ~ 30 kms~*
between the lowest and the highest velocities, suggesting that the core of the system has
some rotation. However, the low spatial sampling of this data set does not allow for a
deeper analysis of this feature.

The systemic velocity distribution correlates better with the location of the NE sub-
structure than with the location of the V-band isophotes, i.e., the spectra with velocities
~3900 kms~! are approximately confined to the limits of the isophote of 25 mar arcsec™>
in the residual image. On the other hand, there is a low-velocity pattern that extends from
the bottom of the figure (PAx180°) to the left side (PA~90°) outside that same isophote,
blue-shifted in relation to the center of the galaxy. These spectra at a velocity of ~ 3700

L are closer to the systemic velocity of the cluster of Viydral = 3777 km s~! (Struble

kms™
and Rood, 1999). This is an indication that the light that composes the stellar halo around
NGC 3311 is not gravitationally bound to the galactic halo but, instead, is bound to the
cluster’s potential. A few high-velocity spectra are presented in the bottom, which may
be related to the lenticular galaxy HCC 007 at the bottom, which has a central velocity
of V' ~ 4700 kms™!. The red pattern on the upper right region of the figure is simply
explained by the presence of NGC 3309, which has a velocity of V' ~ 4100 kms™!.

Figure 4.6 compares the systemic velocities in our work with previous measurements

by Ventimiglia et al. (2010) and Richtler et al. (2011). In the left panels, we display the
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Figure 4.6: Comparison of the systemic velocities in our work (red circles) with the literature,
including Ventimiglia et al. (2010, blue squares) and Richtler et al. (2011, green
triangles). The first and second column panels show the radial profile of the systemic
velocities at conic regions indicated by the gray shaded areas in the figures of the
first column. The third and fourth column panels show the variation of the systemic
velocity as a function of the position angle in radial bins indicated by the gray shaded
areas in the figures of the thrid column. The gray dot-dashed line indicate the central
systemic velocity of NGC 3311, while the yellow dashed line indicates the velocity of
the cluster according to Struble and Rood (1999). For better visualization, we always

include the four slits in the center of NGC 3311 for reference.

comparison in cones around four position angle in order to produce profiles similar to
what is observed with long-slit observations. The right panels indicate the variation of
the velocity as a function of the azimuthal angle for increasing radial bins, which does not
show a sinusoidal pattern that could indicate a large scale rotation of the system. This
comparison indicates a good agreement with the previous measurements, as expected. We
now turn to the analysis of the velocity dispersion, which had shown discrepancies in

previous works.

4.4.2  Velocity dispersion

The map of the velocity dispersion shown in Figure 4.7 indicates that the velocity
dispersion in the center of NGC 3311 is smaller than that of the stellar halo, departing from

a central value of op,0g ~ 180 kms™' to values around op0g ~ 400 kms™' at R ~ 12 kpc,
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Figure 4.7: Same as Figure 4.5 for the velocity dispersion of NGC 3311.

confirming previous observations (Loubser et al., 2008; Richtler et al., 2011; Ventimiglia
et al., 2011). Such an increase in the velocity dispersion in the stellar halo of ¢D galaxies
has been observed before but it is rare (Dressler, 1979; Fisher et al., 1995; Kelson et al.,
2002; Loubser et al., 2008).

Similarly to the results observed for the systemic velocity, the velocity dispersion distri-
bution is better correlated with the location of the NE substructure than with the V-band
isophotes. At a position angle of the semi-major axis, of40°, it is clear that the velocity
dispersion does not show point symmetry, indicating that the velocity dispersion is larger
at the NE photometric substructure. The high-velocity dispersion, in this case, may be
explained by the superposition of two kinematic components in the line-of-sight (LOS).

In Figure 4.8, we compare the velocity dispersion with the literature using cones and
radial bins as in Figure 4.6. The radial profiles in the left side of the figure show that
our observations are consistent with those of Ventimiglia et al. (2010) and Richtler et al.
(2011). In particular, the comparison of the velocity dispersion around PA= 108°, and also
around PA= 18° indicates that variations of ~ 100 kms™! are also observed in our data set
only, indicating that the inconsistency of previous works is explained by the inhomogeneity
of the velocity dispersion field. The azimuthal variation of the velocity dispersion in Figure
4.8 indicates also that this property is not compatible with a symmetric distribution of the
light.

The stellar halo of other ¢D galaxies in the local universe, such as NGC 6166 in Abell
2199 (Bender et al., 2015) and M87 in the Virgo cluster (Murphy et al., 2014), reach the
velocity dispersion of their parent clusters. This is not the case in NGC 3311, as the Hydra
I cluster has a velocity dispersion of g4, = 647 kms™! (Struble and Rood, 1999). However,
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Figure 4.8: Same as Figure 4.6 for the velocity dispersion of NGC 3311. The doted cyan line
indicates the velocity dispersion of the central planetary nebulae component from
Ventimiglia et al. (2011)

the velocity dispersion reaches the value of the velocity dispersion of the central kinematic
component in the planetary nebulae observed by Ventimiglia et al. (2011), opne & 470
kms~!. We do not observe any flattering in the radial profiles, and thus it is not possible
to conclude that the stellar halo is not relaxed yet. However, all the evidence obtained to
this point indicate that the particular aspect of NGC 3311 is that it is not relaxed and
that the presence ofNE substructure is supported by photometry, X-rays and now also

kinematically.

4.4.3 Skewness and kurtosis

Similar to the systemic velocity and velocity dispersion, the distribution of the smoothed
maps of hg and hy in figures 4.9 and 4.10 respectively, indicate a spatial correlation with
the NE substructure. The center of NGC 3311 shows a symmetric LOSVD, only slightly
more concentrated than a Gaussian distribution with (hs, hy) = (0,0.05), while the NE
substructure displays an asymmetric distribution, with (hs, hy) = (—0.1,0.05) (see Figure
2.1).
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Figure 4.9: Same as Figure 4.5 for the skewness parameter hs of NGC 3311.
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4.5 Summary and conclusion

In this chapter, we have shown the bi-dimensional distribution of the moments of the
LOSVD for the central 30 kpc of the Hydra I cluster core, which includes the central
galaxy NGC 3311 and its extended stellar halo. The use of a bi-dimensional survey of
the kinematics indicates that the discrepancies in the velocity dispersion profiles from the
works of Richtler et al. (2011) and Ventimiglia et al. (2010) are explained by real variations
of the velocity distribution, and not to possible errors in the analysis.

The use of LOESS smoothing has indicated important large-scale trends in the kine-
matics. The rising velocity dispersion profile in this galaxy indicates that the stellar halo
is related to the cluster gravitational potential, and not to the BCG potential. However,
we were also able to show that the velocity dispersion, as well as all other moments of the
LOSVD, are correlated with the presence of a large photometric substructure previously
reported by Arnaboldi et al. (2012) and also present in the X-rays (Hayakawa et al., 2004).

The assumptions of virial equilibrium and spherical symmetry are not supported by
our observations, which can also point to a larger problem. If NGC 3311 is a typical c¢D
galaxy, and these ongoing processes of interactions are common in such a class of object,
then every dynamical analysis using long-slits is subject to uncertainties that may alter the
interpretation of the radial density profile of the dark matter halo. In the particular case
of NGC 3311, we are currently working on the dynamical modeling of the system (Hilker
et al., prep) to understand the impact of our observations. However, a proper verification
of this issue requires the observation of other similar systems with IFU instruments.

In this chapter, we have restricted our analysis to the kinematical aspects of the ob-
servations. In the next chapter, we present the analysis of the stellar populations, which
brings information about the mass assembly of the central region of the Hydra I cluster

core.



Table 4.1 - Moments of the line-of-sight velocity distribution in the stellar halo of NGC 3311 calculated with PPXF. Values between square
brackets indicate fixed parameters owing to limits imposed in the fitting process. (1) Identification of the slit. (2) Right ascension
for the center of the slit. (3) Declination for the center of the slit. (4) Radial distance to NGC 3311 at RA=10h36m42.71s and
DEC=-27d31m41.13s. (5) Position angle relative to the center of NGC 3311. (6) Line-of-sight systemic velocity. (7) Line-of-sight

velocity dispersion. (8) Gauss-Hermite hs coefficient. (9) Gauss-Hermite hy coefficient. (10) Signal-to-noise.

D RA DEC R PA Vios 0LOS hs ha S/N
(J2000) (J2000) (arcsec)  (°) (kms™1)  (kms™1)

() (2) 3) CENG (6) (1) (8) (9) (10)
cenl s18  159h09m43.2s -27d32m33.4s 19.2 111.3 4082 £ 50 278 £51 —0.07 £ 0.06 —-0.0£0.1 15.0
cenl s19  159h09m18.0s -27d32m04.6s 21.4 99.7 3995 + 27 194 £ 23 —0.25 +£0.08 —0.1+£0.1 13.7
cenl s20  159h10m01.2s -27d32m24.7s 14.5 108.0 3918 + 32 315 +41 —0.00 £ 0.08 0.09 + 0.06 17.6
cenl s21  159h09m57.6s -27d32m10.7s 13.0 102.3 3737+ 22 396 £ 20 —0.25+0.03 0.06 £ 0.04 25.2
cenl s23  159h10m01.2s -27d31mb56.6s 10.6 96.3 3841+ 9 265 + 12 —0.09 +0.03 0.14 £0.03 49.8
cenl s24  159h10m15.6s -27d31mb2.3s 6.9 94.5 3857 £ 10 319+ 13 —0.04 £ 0.02 0.11 £ 0.02 43.2
cenl s25  159h10mO01.2s -27d31m34.3s 10.2 86.7 3868 =10 267 + 10 —0.14 £ 0.02 0.01 £0.03 52.0
cenl s26  159h10m15.6s -27d31m35.8s 6.6 87.3 3869+ 7 308 £9 0.08 +£0.02 0.14 £ 0.02 69.0
cenl s27  159h10m33.6s -27d31m42.2s 2.0 90.1 3830+£2 200£3 0.037 + 0.009 0.08 +£0.01 114.2
cenl s28  159h10m08.4s -27d31ml16.7s 10.3 79.1 3870 £ 15 319+ 15 —0.01+0.04 —0.03+£0.03 445
cenl s29  159h10m48.0s -27d31m34.7s 2.3 86.8 3857 £ 2 190 £ 3 —0.009 £ 0.009  0.05+0.01 94.1

cenl s29a  159h10m46.9s -27d31m35.6s 2.0 87.2 3858 £ 2 189 £3 —0.009 £ 0.009  0.05+0.01 92.2
cenl s29b  159h10m49.1s -27d31m33.7s 2.7 86.4 3864 + 2 193 £3 —0.02+£0.01 0.09 £ 0.01 85.7
cenl s30  159h10m26.4s -27d31m09.5s 8.9 76.2 3867 £ 10 295 £ 13 0.00 +£0.03 0.11+£0.03 59.4
cenl s31  159h10m48.0s -27d31m17.4s 6.2 79.4 3900 + 6 261 £7 —0.02 £ 0.02 0.05 £ 0.02 63.8
cenl s32  159h10m44.4s -27d31m05.9s 8.9 74.7 3892+ 13 512415 0.02 £0.02 [0.3] 58.7
cenl s33  159h11m02.4s -27d31m10.6s 9.2 76.6 3937 £ 10 307 £ 13 —0.04 +£0.02 0.10 £0.03 70.6
cenl s34  159h11m02.4s -27d30m59.4s 11.6 72.1 3897 £ 16 421+ 20 0.01 £0.03 0.07 £0.03 40.8
cenl s35  159h10mb58.8s  -27d30m47.5s 14.0 67.6 3840 £ 16 324 £ 20 —0.06 £ 0.04 0.09 £0.04 33.9
cenl s36  159h10m48.0s -27d30m27.4s 18.4 60.5 3875 £ 32 370 £41 —0.06 = 0.06 0.15 £ 0.07 25.1
cenl s37  159h11m31.2s -27d30m49.7s 17.7 68.4 3836 £ 35 605 £ 43 —0.15+0.04 0.12 +0.04 21.5
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Table 4.1 - continued.

D RA DEC R PA Vios oLOS hs ha S/N
(J2000) (J2000) (arcsec)  (°) (kms™1)  (kms1)

() 2) 3) ORI ) (®) (9) (10)
cen2 s21  159h11m45.6s -27d31m01.9s 18.5 73.1 3845 + 17 241 + 21 —0.10 £ 0.07 [0.3] 27.0
cen2 s22  159h11m45.6s -27d31m12.7s 17.2 77.5 3853 4+ 27 371 £ 32 —0.10 £ 0.05 0.09 £ 0.05 24.1
cen2 s23  159h11m31.2s -27d31m12.0s 14.2 77.2 3856 4+ 18 426 £+ 25 0.02 £ 0.03 0.13 £0.03 32.6
cen2 s25  159h11m24.0s -27d31m24.2s 11.2 82.3 3930 + 10 372+ 12 —0.02 +£0.02 0.30 £ 0.03 40.9
cen2 s26 159h11m24.0s -27d31m38.6s 104 88.5 3866 + 14 306 + 14 —0.04 +0.03 0.01 £0.04 35.6
cen2 s27  159h11m09.6s -27d31m36.5s 6.9 87.6 3883+ 7 285+ 9 —0.01 £0.02 0.10 £ 0.02 63.7
cen2 s28  159h11m20.4s -27d31mb52.0s 9.8 94.3 3841 + 13 380 £ 17 —0.09 £ 0.03 0.17 £ 0.03 42.4
cen2 s29  159h11m06.0s -27d31m48.4s 6.1 92.8 3842+ 6 323 £8 —0.01 +£0.01 0.18 £0.02 68.8
cen2 s30  159h10m48.0s -27d31m41.9s 1.5 90.0 3832+ 2 211+3 0.006 + 0.008 0.073 +£0.009 91.2
cen2 s31 159h11m13.2s -27d32m06.4s 9.8 100.5 3914 +13 444 + 15 0.01 £0.03 [0.3] 25.0
cen2 s32 159h10m37.2s -27d31m47.3s 1.7 92.3 3820 £ 2 195+ 3 —0.003 £ 0.009 0.08 £0.01 93.3
cen2 s32a  159h10m36.2s -27d31m48.1s 2.0 92.6 3823+ 2 181+ 3 —0.016 + 0.009 0.08 £0.01 83.1

cen2 s32b  159h10m38.2s -27d31m46.5s 1.4 91.9 3819 + 2 196 + 3 —0.003 £ 0.009 0.08 £0.01 93.3
cen2 s33  159h11m02.4s -27d32m13.2s 9.2 103.3 3907 £+ 10 293 + 12 —0.06 £ 0.03 0.06 £+ 0.03 36.4
cen2 s34  159h10m44.4s -27d32m08.2s 6.5 101.2 3842+ 6 246 + 7 0.06 £ 0.02 0.10 £0.02 68.5
cen2 s35  159h10m44.4s -27d32m18.2s 8.9 105.4 3839 £ 10 270+ 13 0.02 £ 0.03 0.13 £0.03 41.0
cen2 s36  159h10m26.4s -27d32m13.2s 8.6 103.3 3878 +9 307 + 12 0.09 £+ 0.02 0.15+0.03 47.2
cen2 s37  159h10m30.0s -27d32m24.7s 10.9 108.0 3862+ 15 287+ 15 —0.20 +0.03 0.09 £+ 0.04 29.0
cen2 s38  159h10m15.6s -27d32m23.6s 12.1 107.5 3878 £13 209 £+ 17 —0.08 £ 0.04 0.06 £ 0.05 30.4
cen2 s39  159h10m22.8s -27d32m41.3s 15.3 114.2 3905+ 53 585 + 74 0.03 £0.07 0.13 £0.05 16.5
cen2 s40  159h09mb57.6s  -27d32m32.6s 16.5 111.0 3792 4+ 39 451 £47 —0.05 £+ 0.05 0.06 £+ 0.06 16.6
innl s15 159h08m45.6s -27d32m26.2s 30.6 108.5 3806 +100 391+78 0.0+0.1 0.0+0.2 12.2
innl s16 159h09m25.2s -27d32m43.1s 24.1 114.9 3947 + 48 349 + 62 —0.0+0.1 0.05 £ 0.07 17.1
innl s17 159h09m39.6s  -27d32m40.6s 21.0 113.9 4102+ 46 424 + 58 —0.06 £+ 0.07 0.09 £+ 0.06 15.0
innl s18 159h09m21.6s -27d32m15.7s 21.4 104.3 3909 £ 32 282 + 34 —0.18 £ 0.08 0.08 £ 0.09 14.7
innl s19  159h09m39.6s -27d32m19.3s 17.8 105.8 3855+ 21 307 £ 36 —0.06 £ 0.06 0.22 £ 0.07 20.6
innl s20 159h09m14.4s -27d31mb51.2s 21.6 94.0 3817+ 21 214 + 27 —0.01 £0.10 0.0+0.1 27.3
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Table 4.1 - continued.

D RA DEC R PA Vios oLOS hs ha S/N
(J2000) (J2000) (arcsec)  (°) (kms™1)  (kms™1)

(1) (2) 3) (4) (5) (6) (M) (8) (9) (10)
innl s21 159h09m36.0s  -27d31m57.0s 16.6 96.5 3851 + 23 314 £ 20 —0.04 £0.04 0.05 £+ 0.06 28.4
innl s23  159h09m36.0s -27d31m37.6s 16.2 88.1 3800 £ 12 200 £+ 14 —0.00 £ 0.05 0.00 £ 0.05 25.0
innl s24  159h09m39.6s -27d31m26.4s 15.8 83.3 3965 + 29 350 £+ 40 —0.05 +0.06 0.15 £ 0.05 18.6
innl s25  159h09m28.8s -27d31m10.2s 19.6 76.4 4035+ 7 211+9 —0.00 £ 0.03 0.05 £ 0.03 59.4
innl s26  159h09m46.8s -27d31m12.4s 15.4 77.3 3968 + 14 333 £ 17 —0.02 £0.03 0.23 £0.04 32.0
innl s27  159h09m32.4s -27d30m49.7s 21.4 68.4 4046 +£9 209£9 —0.04 £0.04 —0.09 £0.03 48.7
innl s28  159h10m01.2s -27d30m58.0s 14.7 71.5 3900 + 14 254 + 18 —0.11 £0.04 0.09 £ 0.05 28.3
innl s29  159h09mb50.4s -27d30m39.2s 20.0 64.6 3930 £+ 24 327 £ 27 —0.02 +£0.05 0.04 +0.05 19.5
innl s30  159h10m19.2s -27d30m47.9s 14.4 67.7 3894 + 22 594 £ 28 —0.04 £ 0.03 0.21 +0.03 30.2
innl s31  159h10m08.4s -27d30m29.5s 19.6 61.2 4005 + 47 423 £ 53 0.12 4+ 0.06 0.07 £ 0.08 21.2
innl s32  159h10m44.4s -27d30m44.6s 14.1 66.5 3833 £ 12 286 £+ 14 0.13 +0.04 0.22 +0.04 43.1
innl s33  159h10m33.6s -27d30m23.8s 19.3 59.3 3944 + 31 359 + 39 0.02 +£0.06 0.08 £0.05 23.5
innl s34  159h11m16.8s -27d30m45.4s 16.4 66.8 3941 + 22 323 +£21 —0.01 £0.05 —0.02+0.04 26.6
innl s35 159h11m09.6s -27d30m29.9s 19.0 61.3 3925 + 22 307 £21 —0.06 £ 0.04 —0.03+0.06 36.2
innl s36  159h11m38.4s -27d30m37.8s 21.0 64.1 3985 + 32 298 £+ 32 —0.08 £ 0.05 0.01 +0.08 24.8
innl s37  159h11m38.4s -27d30m23.8s 23.7 59.3 5865 4 242 74264 0.0£0.7 0.0+0.5 20.8
inn2 s18  159h11mb52.8s -27d30m49.7s 21.7 68.4 3927 £ 34 398 £+ 29 0.02 £ 0.06 —0.06 £0.05 223
inn2 s19  159h12m00.0s -27d31m05.5s 21.2 74.5 3819 + 31 330 +£ 37 —0.14 £ 0.07 0.13£0.08 17.9
inn2 s20  159h11m38.4s -27d31m01.6s 17.1 73.0 3831 £ 37 643 £ 48 0.10 £ 0.04 0.08 +0.04 31.1
inn2 s21 159h12m07.2s -27d31m34.0s 21.1 86.5 4080 4+ 104 4154 106 —0.04 £ 0.07 0.0+0.2 18.1
inn2 s22  159h11m45.6s -27d31m28.6s 16.0 84.2 3825 £ 18 230 £21 —0.06 +0.05 0.05 +0.07 21.9
inn2 s23  159h12m07.2s -27d31mb5.2s 21.2 95.7 3831+ 36 341 £+ 35 —0.07 £ 0.05 —0.024+0.08 13.1
inn2 s24  159h11m45.6s -27d31mb3.4s 15.9 94.9 3951 + 32 409 £+ 44 —0.07 £ 0.06 0.18 £0.07 18.7
inn2 s25  159h12m00.0s -27d32m13.9s 20.7 103.6 3800+ 106 400+ 104 0.0£0.1 —0.0+£0.1 15.2
inn2 526 159h11m38.4s -27d32m09.6s 15.5 101.8 3883 £ 36 469 + 45 —0.11 £ 0.06 0.12 +0.04 20.3
inn2 s27  159h11m45.6s -27d32m30.1s 19.6 110.0 3662 + 56 [1000.0] —0.13 +£0.09 —-0.1+0.1 14.5
inn2 s28  159h11m20.4s -27d32m25.8s 14.3 108.4 3935+ 21 374 £ 30 0.02 £0.04 0.17 £ 0.04 27.9
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Table 4.1 - continued.

D RA DEC R PA Vios oLOS hs ha S/N
(J2000) (J2000) (arcsec)  (°) (kms™1)  (kms1)

() 2) 3) ORI ) (®) (9) (10)
inn2 s29 159h11m31.2s  -27d32m44.2s 19.5 115.2 3731+ 37 209 + 44 —0.0+0.1 0.0+0.1 16.8
inn2 s30  159h11m02.4s -27d32m35.5s 14.1 112.1 3789 £ 25 390 £ 23 —0.02 £ 0.04 —0.04 £0.04 26.8
inn2 s31 159h11m09.6s -27d32mb51.7s 18.4 117.9 3750 £ 67 556 + 87 —0.04 £+ 0.08 0.07 £0.07 14.5
inn2 s32  159h10m37.2s -27d32m37.0s 13.6 112.6 3818 +24 438 + 29 0.07 £ 0.04 0.08 £ 0.04 25.3
inn2 s33 159h10m44.4s -27d32mb55.3s 18.0 119.1 4058 £ 41 300 + 57 —0.0+0.1 0.10 £ 0.06 15.1
inn2 s34  159h10m08.4s -27d32m39.5s 16.4 113.6 3895+ 23 162 4 28 —0.09 £+ 0.06 —0.0+0.1 21.9
inn2 s35 159h10m19.2s -27d32mb55.7s 19.0 119.2 3590 £ 30 319 £ 35 0.00 £ 0.09 —0.03 £ 0.06 16.5
inn2 s36  159h09mb54.0s  -27d32m46.7s 19.8 116.1 3925+ 28 319 £+ 26 —0.07 £ 0.04 0.08 £ 0.07 19.7
outl s14  159h08m42.0s -27d32mb51.7s 34.1 1179 3722+ 52 404 £ 55 0.02 £0.08 0.01 £0.08 12.8
outl s15  159h08m20.4s -27d32m22.2s 36.2 107.0 3863+ 74 517 & 57 —0.11 4+ 0.08 —0.11 4+ 0.08 17.0
outl s16 159h08m49.2s -27d32m30.8s 30.2 110.3 4011 +41 389 + 54 —0.12 4+ 0.07 0.13 £ 0.07 13.5
outl s17  159h08m13.2s -27d31m49.1s 36.6 93.1 4130 + 21 159 4+ 27 —0.0+0.1 0.06 £ 0.07 17.3
outl s18  159h08m38.4s -27d31mb55.6s 30.5 95.9 4051 + 12 198 + 15 —0.10 £ 0.04 0.11 £0.05 40.8
outl s19  159h08m13.2s -27d31m23.2s 36.8 81.9 4108 + 10 178 +£9 —0.12 4+ 0.04 —0.07+0.05 43.6
outl s20  159h08m38.4s -27d31m28.6s 30.5 84.2 4067 + 3 188+ 5 0.05 £ 0.01 0.07 £0.02 82.2
outl s21 159h08m16.8s -27d30mb58.7s 37.2 71.8 4068 £+ 6 191+9 —0.04 +£0.03 0.11 £ 0.03 47.0
outl s22  159h08m20.4s -27d30m47.5s 37.3 67.6 3998 + 10 308 + 12 —0.20 £ 0.03 0.21 £ 0.03 36.4
outl s23 159h08m45.6s -27d30m36.4s 32.8 63.5 4030+ 5 219+ 7 —0.02 +£0.02 0.09 £+ 0.02 48.8
outl s24  159h08m45.6s -27d30m15.5s 35.6 56.7 4024 + 16 291 + 20 0.12 £ 0.04 0.19 £ 0.04 20.1
outl s25  159h09m21.6s -27d30m23.8s 27.6 59.3 4068 + 13 271+ 17 0.12 £ 0.04 0.14 £ 0.04 28.5
outl s26  159h09m07.2s -27d29m58.9s 34.4 52.0 3915 + 60 423 £ 56 0.1+0.1 —0.1+0.1 15.1
outl s27  159h09m14.4s -27d29mb52.1s 34.5 50.2 4905+ 138 916 £+ 168 0.05 £ 0.07 —0.0+0.1 10.5
outl s28  159h09m46.8s -27d30m02.2s 28.0 52.9 4032 + 72 645 + 82 0.10 £ 0.05 0.00 £ 0.08 10.0
outl s30  159h10m15.6s -27d29mb56.8s 26.7 51.4 4203 4+ 55 476 + 53 0.18 £ 0.06 0.10 £ 0.09 13.7
outl s32  159h10m48.0s -27d29m53.9s 26.6 50.7 3943 + 27 267 + 32 —0.03 £0.07 0.06 £+ 0.06 23.0
outl s34  159h11m34.8s -27d30m01.1s 28.0 52.6 3584 + 52 874 £ 63 —0.21 £ 0.05 0.19 £+ 0.06 23.0
outl s36  159h12m03.6s -27d29m53.9s 33.3 50.7 3732+ 49 552 + 60 —0.11 £ 0.06 0.10 £ 0.06 15.1
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Table 4.1 - continued.

D RA DEC R PA Vios oLOS hs ha S/N
(J2000) (J2000) (arcsec)  (°) (kms™1)  (kms™1)

(1) (2) 3) (4) (5) (6) (M) (8) (9) (10)
out2 s13  159h12m25.2s -27d30m10.8s 33.9 55.3 4184 £101 456 £+ 123 0.04 £ 0.06 0.0+0.2 17.7
out2 s14  159h13m04.8s -27d30mb54.4s 37.0 70.1 3609 £ 51 794 £ 75 0.08 +0.05 0.19 £0.04 12.5
out2 s15  159h12m21.6s -27d30m36.4s 29.3 63.5 3879 £ 28 368 £+ 33 —0.11 +0.04 0.04 +0.06 22.6
out2 s16  159h13m12.0s -27d31m26.8s 37.1 83.4 3498 + 48 388 £+ 40 —-0.2+0.1 —-0.2+£0.1 12.2
out2 s17  159h12m43.2s -27d31m18.8s 30.4 80.0 4078 £+ 32 237 £ 28 0.08 + 0.07 —0.0+0.1 14.8
out2 s18  159h13m12.0s -27d31mb3.4s 37.0 94.9 3844 + 38 174 £33 0.0£0.1 —0.17+£0.09 12.5
out2 s19  159h12m43.2s -27d31m47.3s 29.8 92.3 3613 + 57 658 £ 83 0.00 £ 0.08 0.20 £ 0.05 16.3
out2 s20  159h13m01.2s -27d32m08.9s 34.9 101.5 3794 +47 460 £+ 23 0.11 +0.09 —0.01 +£0.07 14.9
out2 s21  159h12m39.6s -27d32m06.0s 29.5 100.3 3524 + 57 448 £+ 53 0.09 +0.05 —0.02+0.09 16.0
out2 s26  159h12m03.6s -27d32mb59.3s 27.6 120.4 3669 + 44 562 £ 50 0.03 £ 0.05 —0.05+0.07 144
out2 s28  159h11m45.6s -27d33m12.2s 27.2 124.4 3654 £ 72 508 £+ 83 0.05 + 0.07 —-0.0+£0.1 12.5
out2 s30  159h11m20.4s -27d33m23.0s 26.6 127.5 3722 £23 748 £+ 38 0.19 +£0.06 0.30 £ 0.05 17.8
out2 s31  159h11m34.8s -27d33m46.4s 33.2 133.3 3691 +£118 446 +£111 0.1+£0.2 0.3+£0.2 10.0
out2 s32  159h10m51.6s -27d33m28.1s 26.2 128.8 3982 £+ 87 810 £ 58 0.03 £0.07 —0.14 £ 0.05 17.6
out2 s33  159h11m06.0s -27d33mb52.2s 32.6 134.6 3838 £ 13 270 £ 15 —0.23 £ 0.06 [-0.3] 17.0
out2 s34  159h10m04.8s -27d33m20.5s 25.9 126.8 4277+ 79 533 £+ 56 —-0.0£0.1 —0.15+0.06 23.5
out2 s35  159h09m39.6s -27d33ml13.7s 27.2 124.8 3789 4+ 32 347 + 33 0.00 £ 0.09 0.01 +0.09 21.1
out2 s37  159h09m21.6s -27d33m26.6s 324 128.4 4300 £ 82 [1000.0] 0.13 +0.06 —0.16 £0.06  18.8
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Chapter 5

The Hydra I cluster core. I Stellar populations in the
cD galaxy NGC 3311 (article)’

! Reproduced by permission of Astronomy & Astrophysics, ©ESO



A&A 589, A139 (2016)
DOI: 10.1051/0004-6361/201628137
©ES0 2016

tronomy
Astrophysics

The Hydra | cluster core

l. Stellar populations in the cD galaxy NGC 3311*-**

C. E. Barbosa'"2, M. Arnaboldi!:3, L. Coccato!, M. Hilker!, C. Mendes de OliveiraZ, and T. Richtler*

! European Southern Observatory, Karl-Schwarzschild-Strae 2, 85748 Garching, Germany

e-mail: carlos.barbosa@usp.br

2 Universidade de Sdo Paulo, IAG, Departamento de Astronomia, Rua do Matdo 1226, Sdo Paulo, SP, Brazil
3 INAF, Osservatorio Astronomico di Torino, STrada Osservatorio 20, 10025 Pino Torinese, Italy
4 Departamento de Astronomia, Universidad de Concepcién, Concepcién, Chile

Received 15 January 2016 / Accepted 7 March 2016

ABSTRACT

Context. The history of the mass assembly of brightest cluster galaxies may be studied by mapping the stellar populations at large
radial distances from the galaxy centre, where the dynamical times are long and preserve the chemodynamical signatures of the
accretion events.

Aims. We provide extended and robust measurements of the stellar population parameters in NGC 3311, the cD galaxy at the centre
of the Hydra I cluster, and out to three effective radii. We wish to characterize the processes that drove the build-up of the stellar light
at all these radii.

Methods. We obtained the spectra from several regions in NGC 3311 covering an area of ~3 arcmin” in the wavelength range
4800 < A(A) < 5800, using the FORS2 spectrograph at the Very Large Telescope in the Mask exchange unit (MXU) mode. We
measured the equivalent widths of seven absorption-features defined in the Lick/IDS system, which were modelled by single stellar
populations, to provide luminosity-weighted ages, metallicities, and alpha element abundances.

Results. The trends in the Lick indices and the distribution of the stellar population parameters indicate that the stars of NGC 3311
may be divided in two radial regimes, one within and the another beyond one effective radius, R, = 8.4 kpc, similar to the distinction
between the inner galaxy and the external halo derived from the NGC 3311 velocity dispersion profile. The inner galaxy (R < R.) is
old (age ~14 Gyr), has negative metallicity gradients and positive alpha element gradients. The external halo is also very old, but has
a negative age gradient. The metal and element abundances of the external halo both have a large scatter, indicating that stars from a
variety of satellites with different masses have been accreted. The region in the extended halo associated with the off-centred envelope
at 0° < PA < 90° has higher metallicity with respect to the symmetric external halo.

Conclusions. The different stellar populations in the inner galaxy and extended halo reflect the dominance of in situ stars in the former
and the accreted origin for the large majority of the stars in the latter. The low value of the velocity dispersion in the inner galaxy
indicates that its stars are bound to the galaxy’s gravitational potential, and the abundances and gradients suggest that the inner galaxy
is formed in an outside-in scenario of merging gas-rich lumps, reminiscent of the first phase of galaxy formation. The external halo has
a higher velocity dispersion, it is dynamically hotter than the galaxy and its stars are gravitationally driven by the cluster’s gravitational
potential. The stars in the external halo were removed from their parent galaxies, either disks with truncated star formation, or the
outer regions of early-type galaxies. Late mass accretion at large radii is now coming from the tidal stripping of stars from dwarfs
and SO galaxies. These results provide supporting evidence for the recent theoretical models of formation of massive ellipticals as a
two-phase process.

Key words. galaxies: clusters: individual: Hydra I — galaxies: individual: NGC 3311 — galaxies: haloes — galaxies: evolution —
galaxies: formation — galaxies: stellar content

1. Introduction

Brightest cluster galaxies (BCGs) are the giant early-type
galaxies found at the core of galaxy clusters. BCGs often display
extended, diffuse stellar haloes, known as cD envelopes, which
are believed to be composed of stars that were stripped from
satellite galaxies interacting with the cluster’s halo by tidal in-
teractions and dynamical friction (Gallagher & Ostriker 1972;

* Based on observations made with ESO Telescopes at the La Silla
Paranal Observatory under programme ID 088.B-0448(B) PI Richtler.
** Table 1 is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/A+A/589/A139

Article published by EDP Sciences

Dressler 1979). Owing to the long relaxation times at large radii,
stellar haloes are not well-mixed and, therefore, preserve chemo-
dynamical signatures of the past accretion events, which have
survived to the present day and can be used to access the history
of the galaxy mass assembly.

The initial processes of galaxy formation through monolithic
collapse set abundance gradients, which are modified by the sub-
sequent history of accretion over time. Initial strong metallicity
gradients arise naturally in galaxies formed by the collapse of
gas clouds in the monolithic scenario (Larson 1974) or by the
merging of numerous gas-rich sub-galaxies (Kobayashi 2004).
The occurence of major mergers is able to dilute metallicity
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gradients by mixing stars in the central regions of galaxies
(White 1980; Kobayashi 2004), while minor mergers may form
gradients at larger radii by depositing stars with different abun-
dances (Villumsen 1983; Hirschmann et al. 2015). Observations
in the last ten years, such as the population of compact massive
objects at high redshift (van Dokkum et al. 2008; van der Wel
et al. 2014) and the evolution of sizes and concentrations with
redshift (Naab et al. 2009), suggest that massive ellipticals are
formed by different processes over time in the two-phase sce-
nario (De Lucia & Blaizot 2007; Oser et al. 2010). Galaxies are
formed at high redshift (z > 3) during star formation events trig-
gered by rapid dissipative processes, such as cold accretion of
gas through filaments (Keres et al. 2005; Dekel et al. 2009) or
gas-rich major mergers (Robertson et al. 2006), followed by an
extended accretion of stars of smaller galaxies, usually at large
galactic radii.

In the two-phase scenario, stars inhabiting a halo can be di-
vided into two categories according to the sub-halo in which they
were formed: in situ and accreted. The in situ stars were formed
in the most massive sub-halo of a galaxy during the first phase
of galaxy formation, which resulted in stars with relatively high
metallicity, owing to their deep gravitational potential that can
retain the metals ejected by supernovae (Tremonti et al. 2004),
and high alpha element abundance that results from the rapid
time-scales of star formation (see, e.g. Thomas et al. 2005). The
accreted stars were formed in galaxies with a variety of masses
and, consequently, have different abundances and ages. Spatially,
in situ stars are centrally concentrated and usually dominate the
light in the central ~5—-10 kpc of elliptical galaxies, contributing
significantly to the stellar halo out to ~30 kpc, while the accreted
stars are less centrally concentrated and dominate the light in the
outer regions (Oser et al. 2010; Cooper et al. 2013). From a dy-
namical point of view, in situ stars have experienced violent re-
laxation processes in the early phases of the galaxy formation,
while the accreted stars may still be unrelaxed, especially at the
largest radii, and thus may exhibit an inhomogeneous spatial dis-
tribution, which survived to the present day (Cooper et al. 2015).

The observational test for this model of galaxy formation
relies on the measurement of stellar population parameters in
early-type galaxies out to large radii, but the low surface bright-
ness in these regions makes spectroscopic measurements diffi-
cult. Nevertheless, current state-of-the-art investigations seem in
agreement with predictions from the two-phase scenario. In the
case of NGC 4889 in the Coma cluster, Coccato et al. (2010b)
show that there are different populations in the core and halo,
consistent with the idea of accreted stars dominating the light at
radii R > 18 kpc. Similarly, differences between the inner and
outer stellar populations have been found for other cD galaxies
such as NGC 3311 (Coccato et al. 2011), M49 (Mihos et al.
2013), M 87 (Virgo cluster, Montes et al. 2014), and NGC 6166
(Abell 2199, Bender et al. 2015), and even in several non-BCGs
(Pastorello et al. 2014). However, these studies provide limited
information about the distribution of the metal abundances and
ages, because they were performed either by photometry, which
has good spatial information but does not provide detailed abun-
dances and ages, or by long-slit spectroscopy, which is limited to
the slit position, but provides abundance and age information in
detail. Ideally we would like to be able to collect the metal abun-
dance and age information over the entire spatial extension of the
galaxy light, for an extensive mapping of its physical properties.

In this work we study the galaxy NGC 3311, the BCG of
the Hydra I cluster, to provide the first bi-dimensional and large-
scale view of the stellar populations of this system which, to-
gether with the detailed kinematic study (Paper II), can shed
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further insights into a number of specific formation scenarios
that have been recently proposed for this system. NGC 3311
has a radial velocity of ~3800 kms™! and a positive velocity
dispersion profile (Ventimiglia et al. 2010), indicating that its
extended halo is driven by the cluster potential at R > 8 kpc
and may be composed of the debris shredded from satellite
galaxies falling into the cluster’s centre (Coccato et al. 2011).
Furthermore, this kind of rising velocity dispersion profile seems
to be asymmetric at large radii, as observed at different position
angles (Ventimiglia et al. 2010; Richtler et al. 2011). A scenario
of ongoing interactions and extended build-up of the stellar mass
is also supported by the presence of multiple components in
the line-of-sight velocity distribution (LOSVD) of the planetary
nebulae in NGC 3311 (Ventimiglia et al. 2011), of substructures
and tails in the halo light distribution (Arnaboldi et al. 2012), and
by the distribution of dwarf galaxies around NGC 3311 (Misgeld
et al. 2008).

In the accompanying paper on the kinematics of NGC 3311
(Paper II, Hilker et al., in prep.), we focus on the kinematic prop-
erties, discuss the implications for the mass profile of NGC 3311,
and explore possible formation histories of the massive star clus-
ters observed by Misgeld et al. (2011). In the current paper, we
present the spatial map of the stellar population parameters, ages,
and abundances out to large radii. The article is organized as fol-
low: in Sect. 2, we describe our data set and the methods of data
reduction. In Sect. 3, we describe the measurements for the ab-
sorption features using Lick indices and, in Sect. 4, we convert
this information into physical parameters of the stellar popula-
tions. In Sect. 5, we discuss the correspondence of the stellar
populations with kinematic and morphological structures, which
are discussed in detail in Sect. 6. In Sect. 7, we discuss our main
findings in line with recent observational and theoretical works
and provide an updated view of the NGC 3311 halo formation,
based on recent works. Finally, we proceed to an overview and
conclusion of this work in Sect. 8. We assume a distance to the
core of the Hydra cluster of 50.7 Mpc, calculated by the Hubble
flow, considering a radial velocity of 3777 km s~! (Struble &
Rood 1999) and Hy = 70.5 kms™! Mpc‘1 (Komatsu et al. 2009).
The adopted effective radius for NGC 3311 is R. = 8.4 kpc,
which is the mean value of the isophotal analysis in the V-band
from Arnaboldi et al. (2012).

2. Observations and data reduction

In this study, we explore a new spectroscopic data set for the
Hydra I cluster. The data were observed at the Very Large
Telescope at Paranal, Chile, using the UT1 8.2m telescope
with the FOcal Reducer/low dispersion Spectrograph 2 (FORS2,
Appenzeller et al. 1998) in the multi-object spectroscopic mode
with the mask exchange unit (MXU), obtained under ESO pro-
gramme ID 088.B-0448B (PI: Richtler).

NGC 3311 spans a large area of the sky, and thus its observa-
tion out to large galactocentric distances requires a field of view
beyond the area of most integral field units available to date. To
survey an area of 3 X 3 arcmin? around NGC 3311, which trans-
lates into projected distances of ~30 kpc, we sampled regions
of the stellar halo that were devoid of contamination of point
sources with small slits, with a typical size of 1”7 X 5”, using
six masks that sample the stellar halo in shells: cenl, cen2, innl
inn2, outl, and out2. We used the grism 1400V with the stan-
dard collimator to obtain a dispersion of 0.25 A pixel~!, which
gives a spectral resolution of R = 2100 at 5200 A. The expo-
sure times for the cen; and inn; masks, which cover the central
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Fig. 1. Distribution of the signal-to-noise (S/N) of the scientific spectra
in our sample. The position of the slits is shown as red bars, and the
colours of the polygon, calculated by Voronoi Tessellation, indicate the
S/N according to the scale in the colour bar in the bottom left corner.
Slits with white background were excluded from the analysis owing to
their low quality (S/N < 10). Black lines show the V-band contours in
the range from 20 to 23.5 mag arcsec™ in intervals of 0.5 mag arcsec™2,
from Arnaboldi et al. (2012). The geometry of the polygons is shown
hereafter in all the other maps in this study.

region, are 2 X 1400 s, while they are 6 x 1400 s for the out;
masks. This observing strategy resulted in 135 slitlets dedicated
to the observation of NGC 3311 and NGC 3309. The numbers of
extracted spectra is smaller though, because we set a minimum
signal-to-noise (S/N) of 10 in our observations, to constrain the
stellar population parameters. A total of 118 spectra are used in
our analysis. They are indicated by the red slits in Fig. 1.

The reduction processes for extracting the scientific spectra,
including bias subtraction, flat fielding correction, and wave-
length calibration, were performed using custom IRAF scripts.
We used the long-slit spectrum of a spectrophotometric standard
star, HD 102070, to test the effect of the flux calibration on the
Lick indices, which are used for the analysis of the stellar popu-
lations. This test shows that the median change in the equivalent
width of the indices is of 0.5% and, therefore, there is no need
to flux to calibrate our spectra. The spectrum for sky subtrac-
tion of each slit was obtained simultaneously to the observations
at slits in the periphery of the CCD, using the same x-axis po-
sition of the data, which ensured that science and sky spectra
share the same wavelength range and exposure time for the sub-
traction. The wavelength range for spectra varies slightly as a
function of othe x-axis in the CCD, but in most cases the interval
4800 < 1 (A)s 5800 is available. For consistency, we calculated
the signal-to-noise ratio per angstrom (S/N) of each spectrum
in the range 5200 < A (10\) < 5500, and the distribution of the
S/N is presented by the polygons in Fig. 1. In this case, and in
all the maps shown in this work, we present the distribution of
parameters using these polygons, which were calculated using
Voronoi tessellation and the V-band contours from observations
in Arnaboldi et al. (2012) to improve the visualization.

3. Line strength indices
3.1. Equivalent widths of Lick indices

The stellar population properties are studied by the analysis of
spectral absorption features using line-strength indices in the
Lick/IDS system (Worthey 1994; Trager et al. 1998), which con-
sists of calculating the equivalent widths (EW) of absorption fea-
tures in a given central band amidst two pseudo-continuum side-
bands. This process was carried out as follows:

We obtained the LOSVD for each spectrum using the pPXF
code (Cappellari & Emsellem 2004) taking into account four
Gauss-Hermite LOSVD moments and additive polynomials of
order 12 to compensate for the variations in the continuum.
The adopted templates are single stellar population (SSP) mod-
els computed with the MILES stellar library (Sdnchez-Bldzquez
et al. 2006), with ages from 1 to 15 Gyr, metallicities in the range
—0.7 < [Z/H] < 0.2, and computed with a Salpeter Initial Mass
Function with logarithmic slope of —1.3. The template spectra
from the MILES library have a resolution of FWHM = 2.5 A,
which is slightly larger than that our observations, FWHM =
2.1 A. We then convolved our spectra with a Gaussian filter to
match the resolution of the MILES stellar library. In most cases,
the best fit was obtained by a linear combination of a small num-
ber of SSPs, but in a few cases a secondary nebular component
was accounted for in the templates, which included emission
lines for HB (4861 A), NI (5200 A), and [OIII] (4957 A and
5007 A at fixed ratio of 1:3), which are subtracted off the ob-
served spectrum, if present. For the measurement of the Lick
indices, we convolve our spectra to match the resolution of the
Lick/IDS system, using Gaussian filters of varied resolution ac-
cording to Worthey & Ottaviani (1997), before measuring the
EWs using a custom Python code.

To correct for the intrinsic broadening of the absorption fea-
tures, we used the ratio of the equivalent widths in the best
fit from pPXF before and after the LOSVD convolution, as in
Coccato et al. (2010a), using the relation

ey

where I] oo and I are the indices measured in the best fit spec-
tra from pPXF with and without the LOSVD convolution, and
Ineas and I are the measured and the corrected indices for the
extracted spectra.

Finally, we also corrected the indices for the instrumen-
tal offsets by the observation of the standard star, HD 102070,
for which Lick indices were determined by Schiavon (2007).
Although not all indices are determined for HD 102070 in
the spectral region of our data set, the relatively small value
of the correction in most cases and the good agreement
with previous measurements for NGC 3311 from Loubser &
Sanchez-Blazquez (2012) assure us that any systematics are rel-
atively small. Uncertainties for the Lick indices were estimated
using Monte Carlo simulations with perturbations in the veloc-
ity dispersion and the addition of a bootstrapped noise, based on
the residuals of the pPXF models. In Fig. 2, we show typical ex-
amples of the extracted spectrum in our data set, including the
best fit and residuals calculated with pPXF and the position of
the Lick indices bands. In Cols. 5 to 11 of Table 1 we show the
values for the corrected Lick indices of our extracted spectra.
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Fig. 2. Examples of the LOSVD fitting process with pPXF in our data set. The sky subtracted spectra (black) are superposed by the best fit
templates (red) obtained by a combination of SSP spectra from the MILES library (Sanchez-Bldzquez et al. 2006), emission lines, and an additive
polynomial of order 12, convolved with the line-of-sight velocity distribution with four moments. The best fit emission lines (blue) are subtracted
from the spectra to avoid contamination on top of the absorption features. Residuals from the fits are shown in the bottom (green dots). The Lick
indices are measured at the location of the vertical shades by the measurement of the equivalent width in central bands (dark grey) compared to

the level of the two pseudo continuum side bands (light grey).

3.2. Effect of systematic errors resulting from sky subtraction

Elliptical galaxies usually present large variances in their stellar
population properties at large radii, as observed in high S/N in-
tegral field observations from the SAURON survey (Kuntschner
et al. 2006, 2010), and our results show similar trends. One ques-
tion is whether varying S/N from the inner regions to large radii
may be the primary source of scatter in the derived stellar pop-
ulation parameters, as function of radius. To verify whether this
result is related to different S/N, we performed the following test.
Since the main source of uncertainty is the sky subtraction, we
performed several measurements of the Lick indices with differ-
ent values of under/over sky subtraction at the level of +1% of
the total sky in each spectrum. This percentage was obtained by
a visual inspection of our spectra after the inclusion of this sys-
tematic error, which showed that errors of this magnitude would
leave recognizable features that resemble the sky spectra in the
2D spectra of low signal-to-noise spectra (S/N ~ 15).

The result of this test is presented in Fig. A.1, where the dif-
ference of the EW of the indices, o1y, is plotted as a function
of radius. The deviations are calculated using a running standard
deviation, indicated by the grey shaded area. For a typical spec-
trum with S /N ~ 20, the variations of the measured EWs for the
Lick indices are §HB = 0.21 A (12%), 6Fe5015 = 0.43 A (25%),
Mg b = 0.35 A (11%), 6Fe5270 = 0.22 A(18%), 6Fe5335 =
0.30 A (8%), 6Fe5406 = 0.20 A (10%), and 6Fe5709 = 0.06 A
(6%). The same test is also performed for the stellar population
parameters, using the methods described in Sect. 4, resulting in
changes of dlog Age (years) = 0.05 dex, 8[Z/H] = 0.48 dex,
ola/Fe] = 0.14 dex, and 6[Fe/H] = 0.45 dex (see Fig. A.2). In the
following analysis, we include the results of this test in Figs. 4
and 7, when we compare this systematic effect with the observed
scatter of the Lick indices and with the scatter of the stellar popu-
lation parameters respectively.

3.3. Spatial distribution and gradients of the Lick indices

The maps of the EWs for six measured Lick indices are pre-
sented in Fig. 3, including HB, Fe5015, Mg b, Fe5270, Fe5335,
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and Fe5406. The index Fe5709 is not displayed in the figure be-
cause it is measured only in a fraction of our spectra, owing to
issues with the red continuum for some observational masks, but
it is also used for the modelling of stellar populations whenever
possible. These maps indicate that each index has a particular
pattern, and that the central region of NGC 3311 stands out by
having a relatively weaker HS absorption and stronger metal line
indices than the outskirts.

The large-scale behaviour of the Lick indices can be ob-
served in Fig. 4, where the Lick indices are displayed as a func-
tion of the projected galactic log-radial distance from the centre
of NGC 3311, in units of effective radius. The results from our
measurements are shown as circles of different colours according
to the S/N of the spectra. We also include a comparison with the
long-slit data from the literature including Loubser et al. (2009),
Coccato et al. (2011), and Loubser & Sanchez-Blazquez (2012).
Our indices are not only in good agreement with the literature,
but also complement the data from Loubser & Sanchez-Blazquez
(2012) by extending the radial coverage.

As we already commented in Sect. 3.2, one important char-
acteristic of Fig. 4 is the large scatter in the external halo. This
scatter is larger than that caused by the systematic effects of
over/under subtraction of the sky by +1%, shown in the figure
by the grey shaded areas. Hence we also expect a large true scat-
ter in the abundance and age distributions at large radii. Further
evidence for the intrinsic nature of the scatter at R ~ R, and out-
wards is the significant variance of the stellar population param-
eters derived for the highest S/N spectra in the data set, shown
by the dark blue circles.

Another important feature of Fig. 4 is the presence of a break
in the radial gradients, from the inner to the outer profiles. This
break occurs at about one effective radius (R, = 8.4 kpc), which
is close to the expected transition between the in situ and ac-
creted components according to models (e.g. Cooper et al. 2015).
Therefore, to quantify the mean trends of the Lick indices, we
divided them into two radial regions, the inner galaxy (R < R.),
and the extended halo (R > R.). In each of these regions, we
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Fig. 3. Spatial distribution of the equivalent width of six Lick indices: HB, Fe5015, Mg b, Fe5270, Fe5335, and Fe5406. Black lines indicate the
contours of the V-band image from Arnaboldi et al. (2012) between 20 to 23.5 mag arcsec in steps of 0.5 mag arcsec™>. These maps illustrate
the presence of a homogeneous inner region and a large scatter at large radii, for all indices.

measured the radial gradients using the equation

Iick(X) = Iiek(0) + Al - X, (2)

where X = log(R/R.) is the logarithm of the projected galacto-
centric distance R, normalized by the effective radius R., Ip jcx (X)
are the corrected Lick indices as a function of X, and Al ;. is the
calculated gradient. The gradient is determined from a y? mini-
mization weighted by the uncertainties of the data points. We do
not remove any outliers, but we implement a geometric selection
by excluding the spectra that are i) very close to NGC 3309 and
ii) on top of HCC 007. The coefficients of the linear regressions
are presented in Table 2 and the best fit is shown by the black
dashed lines in Fig. 4.

The main result of this section is summarized in Fig. 4. The
distribution of the measured values for the Lick indices in the
inner galaxy are different from the distribution of the values of
the same indices in the external halo. The break occurs at R =
R. for all indices. This implies that independent of the stellar
population models that may translate the equivalent widths of
the absorption features into other physically relevant quantities,
there is going to be a break in the stellar population properties
with different values for the inner galaxy and the external halo.

4. Stellar populations

We adopted the model from Thomas et al. (2011) to de-
rive luminosity-weighted stellar population parameters, i.e. age,

Table 2. Linear regression coefficients for the Lick indices as function
of radius.

Inner galaxy (1) Extended halo (2)
Ik (0) Alijck Iiex (0) Al
Index (A) (A/dex) (A) (A/dex)
HB 1.1+£01 -01+02 15«01 02+05
Fe5015 56+03 19+05 41+04 -28%1.3
Mgb 47+01 -07+02 44+02 -1.8+0.8
Fe5270 27+02 -07+04 24+x02 15+09
Fe5335 27+0.1 -04+02 27+02 -01£09
Fe5406 20+02 -04+03 1.8+02 05+0.38
Fe5709 0.7+0.1 -0.1+0.1 0.6+0.1 1.1+0.6

Notes. (1) Linear regression coefficients for the Lick indices as function
of radius in the inner galaxy (R < R.), derived according to Eq. (2),
where I ;4 (0) indicates the value of the indices at one effective radius
and Al indicates the gradients. (2) Same as (1) for the external halo
(R > R.) region.

total metallicity ([Z/H]), and alpha element abundance ([a/Fe]),
which are computed using a Salpeter initial stellar mass function.
We also estimated the iron abundance using the relation (Thomas
et al. 2003)

(€)
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[Z/H] = [Fe/H] + Ala/Fe],
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Fig. 4. Lick indices as a function of the distance from the centre of
NGC 3311. The EWs measured for our spectra are shown by full cir-
cles, with different colours according to their S/N, as indicated in the
top panel. Long-slit data from the literature is also displayed, including
Coccato et al. (2011), as orange triangles, Loubser & Sanchez-Blazquez
(2012) as red squares and Loubser et al. (2009) as red arrows. The two
black dashed lines indicate the gradients obtained by linear regression in
the two regions corresponding to the inner galaxy and the external halo.
The grey shaded areas around the dashed lines represent the variance in
the equivalent width generated by a systematic error in the sky subtrac-
tion by +1%. The different gradients indicate different mechanisms for
the assembly of the stellar haloes.

considering the factor A = 0.94 (Trager et al. 2000). All those
parameters will help us to understand the mass assembly his-
tory of stars in NGC 3311. The inferred ages may constrain the
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time since the last burst of star formation, the metallicities, are
a proxy for the mass of the parent halo where these stars were
formed and the alpha element abundances set constraints on the
star formation time-scales (Thomas et al. 2005).

Before we describe in detail the methods to compute the stel-
lar population parameters, we list the distinct features of this
modelling approach. We assume that the SSP approximation is
valid locally for each of our spectra, while we may be observing
composite stellar populations (CSP). Each of the SSP parame-
ters is sensitive to a different stellar population, which may or
may not be the one dominating the stellar mass. In our discus-
sion, we are going to use the interpretation of the stellar popula-
tion parameters according to Serra & Trager (2007), which relate
SSP-equivalent parameters to CSPs as follows. Ages are biased
towards the age of the youngest stellar populations, even in cases
where they only have a small fraction of the mass, and therefore
spectra with very low ages are not considered as young, but in-
stead old populations with a contribution of young stars. In case
of element abundances, these reflect the distribution of the most
massive components in the composite stellar populations and,
therefore, approximately reflect the mass-weighted properties.

4.1. Determination of SSP properties using Markov Chains

We used Monte Carlo Markov chains (MCMC, Markov 1913)
to obtain SSP parameters, 6 = (log Age, [Fe/H], [@/Fe]) from the
information contained in the set of Lick indices, D, available for
each spectrum. A complete discussion of the MCMC method
can be obtained elsewhere (e.g. MacKay 2003; Wall & Jenkins
2012), and here we only summarize the main concepts. The idea
is to infer the posterior probability distribution of the parameters
given the data, p(6|D), using Bayes’ theorem,

p(6ID) < p()p(DI6), “

where p(6) is the prior distribution and p(D|6) is the likelihood
distribution. We assume that the priors are uniform within the
ranges of the models from Thomas et al. (2011), extrapolated
in metallicity, 0.1 < Age(Gyr) < 15, -2.25 < [Z/H] < 0.90
and —0.3 < [a/Fe] < 0.5, and that the likelihood distributions
are Gaussian functions with standard deviations equal to the un-
certainties of the measurements of the Lick indices. The calcu-
lations of the samples were performed with the PyMC package
(Patil et al. 2010) using the Metropolis-Hastings algorithm with
SSP models linearly interpolated for sub-grid resolution.

Figure 5 illustrates the posterior distribution in two cases.
The panels in the lower left show projections of the parame-
ter space, which indicate that parameters are not independent
of each other. In particular, a small age-metallicity degeneracy
is present (Worthey 1994). However, the relevant statistics are
obtained by the marginalization of the parameters, indicated by
the histograms, which already take these effects into account.
For symmetric posterior distributions, such as the metallicities
in both examples of Fig. 5, we fit a simple Gaussian to obtain
the mode and the standard deviation. However, in several cases
the distributions are skewed towards the limits of the models,
such as the ages in Fig. 5, which required a fit of a generalized
extreme value (GEV) function. In these cases, we used the mode
as the relevant statistic, and the uncertainties are calculated by
determining two iso-probability values encompassing the maxi-
mum probabilities for which the posterior distribution integrals
add up to 68% of the area under the curve, similar to the 1o
deviations of a Gaussian distribution.
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Fig. 5. Examples of the posterior distributions for two spectra using the MCMC method. The panels in the main diagonal show histograms of
the marginalized distributions, which are used to determine the representative values and their uncertainties. The thick red lines show the best
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panels show the correlations among parameters. The histograms in the upper right corner of each panel indicate the maximum probabilities and

the 1o deviations of the stellar population parameters in each case.

The results of this analysis are presented in Cols. 12 to 14
of Table 1. In low S/N regimes, the posterior distributions be-
come flat owing to the larger uncertainties in the Lick indices.
To avoid such unconstrained parameters in the analysis, we set a
maximum limit of 0.2, 0.7, 0.2, and 0.8 dex in the uncertainties
of log (Age), [a/Fe], [Z/H], and [Fe/H], respectively.

4.2. Spatial distribution and gradients of SSP parameters

In Fig. 6, we present the spatial distribution of the four stellar
population parameters, i.e. log (Age), [Z/H], [a/Fe], and [Fe/H].
As observed in the distribution of Lick indices, the large scale
distribution of the stellar populations is scattered, predominantly
in the outer regions, while the inner galaxy displays a more regu-
lar behaviour. The central region shows rather old ages and super
solar abundances. The external halo is much more diverse, pre-
senting some large scale structures uncorrelated to the isophotes.
However, considering the low spatial resolution of our observa-
tions, the relatively small S/N in several of these spectra, and the
expected spread in stellar populations, we consider that most of
the apparent structures may be explained by random fluctuations.

To describe the large-scale distribution, we again refer to
the analysis of the radial trends and their gradients. In Fig. 7,
we plot the stellar population parameter values determined from
this work: in circles with different colours according to their
S/N, as function of both the radial distance from the centre of
NGC 3311, and also as a function of the V-band surface bright-
ness at the location of the slits (left and central panels, respec-
tively). We also show the stellar population parameters derived
from the observations of Loubser & Sanchez-Blazquez (2012)
and Thomas et al. (2011), as squares and triangles respectively,
calculated from their published values of the Lick indices, using
our MCMC approach for consistency. We also show the central
stellar population parameters from Loubser et al. (2009) using a
arrow indicating the published value in their paper.

There is considerable scatter in the external halo properties,
similarly to that of the Lick indices plotted in Fig. 4. Once more,
we compare this scatter with the systematic effect of an incorrect

sky subtraction by +1%, as displayed by the grey shaded areas.
The comparison shows that the observed scatter is larger than
that caused by a systematic effect in the sky subtraction of +1%.
To reproduce a scatter similar to the one measured in the external
halo, an error of ~6% is necessary, which is much larger than
any of the residuals in our extracted spectra. Therefore, we have
evidence that the scatter at large radii is an intrinsic property of
the external stellar halo.

Similarly to the method deployed for the Lick indices, we
quantify the radial trends in the stellar population properties us-
ing gradients which are computed separately for the inner galaxy
and the external halo. The separation between these two regions
is set at the projected distance of 1R, from the centre, which
is approximately represented by the isophotal surface brightness
level of y, ~ 22.2 mag arcsec™>. We used Eq. (2) to parametrize
the gradients; this time we used two parameters for the abscissa,
X = {log(R/R.), 1t,}. For this calculation of the gradients, we ex-
cluded the slits around NGC 3309 and the three slits covering
the dwarf galaxy HCC 007 at the south of NGC 3311 to avoid
contamination. We note that the stellar population gradients as a
function of the radius from the centre of NGC 3311 is our pri-
mary diagnostic to characterize the global variations in stellar
population parameters and, as such, this is discussed in detail
below. We expect the gradients as function of the local surface
brightness values to be affected by the presence of substructures,
as is the case for the external halo of NGC 3311 (see Arnaboldi
etal. 2012), and hence have a larger scatter than radial gradients.

5. Correspondence among stellar populations,
surface brightness components, and kinematical
structures in the inner galaxy and external halo
of NGC 3311

The presence of a break in the measured Lick indices and the
clearly distinct distribution of the stellar population parameters
for the inner galaxy (R < R.) and the external halo point towards
different formation channels for the stars in these two regions.
We derive consistent values for the ages, the total metallicity,
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Fig. 6. Maps of the modelled luminosity-weighted stellar population properties: ages (fop left), total metallicity (fop right), alpha-element abun-
dance (bottom left), and iron abundance (bottom right). Black lines display the V-band surface brightness contours from Arnaboldi et al. (2012) in
the range from 20 to 23.5 in steps of 0.5 mag arcsec™2. Colours indicate the SSP equivalent parameters according to the colour bars in the bottom
left section of each panel. The inner galaxy (R <~ 10 kpc) is characterized by homogenous old age, high metallicity, and super solar [a/Fe]; the
outer halo shows a more complex behaviour; see extended discussion in Sect. 6.

Table 3. Linear regression coefficients for the fitting of the stellar population parameters.

Inner galaxy (1) External halo (2)
Property 1(0) Al 1(0) Al
(dex) (dex/dex) (dex) (dex/dex)
log Age (yr) 10.16 £ 0.01 0.00 £ 0.01 10.14 = 0.01 -0.02 £ 0.02
[Z/H] 0.07 £ 0.11 -0.23+0.18 0.00 £ 0.15 -0.46 + 0.39
[a/Fe] 0.41 +0.03 0.18 £ 0.06 0.38 +£0.08 -0.20 £ 0.22
[Fe/H] —-0.15 £ 0.08 —-0.16 + 0.08 -0.36 £ 0.16 0.14 £ 0.43

Notes. (1) Linear regression coefficients for the fitting of the stellar population parameters in the inner galaxy (R < R.) according to Eq. (2),
parametrized by the logarithm of the radius to the centre of NGC 3311. 1(0) indicates the value of the stellar population properties at one effective
radius, while Al indicates the gradient. (2) Same as (1) for the outer halo (R > R.) region.
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Fig. 7. Gradients of the stellar population parameters. Left: ages, [Z/H], [a/Fe], and [Fe/H] as function of the log-distance to the centre of
NGC 3311. Circles indicate data points from this work, coloured according to their S/N as dark blue (S/N > 30), light blue (15 < §/N < 30)
and white (S/N < 15). Data from Loubser et al. (2009) and Coccato et al. (2011) are shown by red arrow and orange triangles, respectively.
New calculated values for the stellar population parameters based on data from Loubser & Sdnchez-Blazquez (2012) are indicated by red squares.
Dot-dashed and dashed lines indicate the regression for the inner and external halo, respectively, with the gradients displayed in the bottom left
of each panel. The grey shades represent the systematic error of under/over subtraction of the sky by 1%. Centre: same as for the left panels, but
with gradients measured as a function of the V-band surface brightness. Right: histograms of the distribution of the stellar population parameters,
combining our data with those of Loubser & Sanchez-Bldzquez (2012), with the inner galaxy and external halo shown in blue and grey bins,
respectively. The gradients in the inner galaxy are consistent with the predictions from a quasi-monolithic collapse model, while the shallow
azimuthally-averaged gradients and the large scatter in the outer halo are consistent with the results of accreted stars from a variety of different

progenitors.

and gradients in [a/Fe] and [Fe/H], with very small scatter for
the inner galaxy. The distribution of values derived for the exter-
nal halo have a very large scatter in comparison. The findings for
the inner galaxy are consistent with the expectations from the in
situ formation, which maintains gradients from the time of ini-
tial rapid star formation. Conversely, the larger scatter of the val-
ues in the external halo suggests that these stars come from the
debris of gravitationally disrupted galaxies, as suggested by the
classical model (Dressler 1979) for the formation of c¢D haloes.
Thus the breaks at 1R, are interpreted as transition from the in
situ to the accreted stellar populations, and are observed in other
giant ellipticals from the MASSIVE survey (Greene et al. 2013,
2015).

In NGC 3311, this type of break in the stellar properties
of the inner galaxy and the external halo correlates with vari-
ations in the velocity dispersion profile. Within one R., stars

~

move under the influence of the galaxy mass, reaching a o7
160 kms~! at the centre. At one R, and slightly larger radii, the
line-of-sight (LOS) velocity dispersion has a positive gradient
reaching o(R) ~ 400 km s~! at 30 kpc (Ventimiglia et al. 2010;
Richtler et al. 2011; Paper II). This increase in o-(R) with radius
indicates that the stars are progressively driven by the massive
external halo associated with the Hydra I cluster, as mapped by
the hot X-ray emission (Hayakawa et al. 2004).

We now discuss the properties of the external halo of
NGC 3311, defined as the region R > R.. This halo is not homo-
geneous and the presence of additional components can be phys-
ically motivated. Using deep V-band imaging, Arnaboldi et al.
(2012) show that the light of NGC 3311 is described primarily
by a single Sérsic function with index n ~ 10 at all radii. No
break or no photometric signature of the two-component struc-
ture is expected in a cD galaxy: the cluster dominated halo is not

=~
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Table 4. Linear regression coefficients as presented in Table 3, parametrized by the V-band surface brightness.

Inner galaxy (uy < 22.2 mag arcsec™2)

External halo (uy > 22.2 mag arcsec™2)

Property 1(22.2) Al 1(22.2) Al
(dex) (dex/(mag arcsec2)) (dex) (dex (mag arcsec2))
log Age (yr) 10.19 =+ 0.05 0.00 +0.01 10.36 = 0.11 -0.01 £ 0.01
[Z/H] 2.06 = 1.50 —0.09 = 0.07 0.33+1.20 -0.02 £ 0.05
[a/Fe] —1.36 + 0.47 0.08 £ 0.02 1.58 + 0.62 —0.06 +0.03
[Fe/H] 2.16 +1.25 -0.11 +£0.06 -1.01+1.27 0.03 +0.05
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Fig. 8. Evidence of a large-scale component in the external halo of NGC 3311. A), B) V-band image and residual from the Sérsic n = 10 model
from Arnaboldi et al. (2012) illustrate the presence of an off-centred envelope. C) X-rays image from Hayakawa et al. (2006) indicates an excess
emission at the same position of the off-centred envelope. Red circles indicate the position of dwarf galaxies from the catalogue of Misgeld et al.

(2008).

obvious in the photometry. This Sérsic n = 10 component cen-
tred on NGC 3311 fits most of the light in all directions and is
responsible for the featureless appearance observed in Panel A
of Fig. 8. However, once the symmetric main component is sub-
tracted, Arnaboldi et al. (2012) detected an additional feature in
the galaxy light, the off-centred envelope, which is located at
a projected distance of 18 kpc from the centre of NGC 3311,
towards the north-east direction (panel B of Fig. 8). At the loca-
tion of the off-centred envelope, there is an excess emission in
X-rays (Hayakawa et al. 2004, 2006, see panel C) and a group of
dwarf galaxies are found around this position with high relative
LOS velocities of ~1000 km s~! (Misgeld et al. 2008), compared
to the systemic velocity of the Hydra I cluster. At the optical
wavelengths, the off-centred envelope is fainter than the sym-
metric main halo, contributing up to ~30% of the light (Coccato
et al. 2011; Arnaboldi et al. 2012).

The off-centred envelope is also associated with kinematical
signatures. Ventimiglia et al. (2011) show that the LOSVD of
planetary nebulae in the cluster core around NGC 3311 halo is
multi-peaked, with three distinct components: a broad asymmet-
ric component with velocities of ~3100 km s~!, a blue-shifted
north-south elongated component at ~1800 kms™', and a red-
shifted component at ~5000 km s~!, at the location of the off-
centred envelope. Furthermore Arnaboldi et al. (2012) show that
asymmetric features in the velocity dispersion and the LOS ve-
locity profiles correlate with the spatial location of the off-
centred envelope. That is, at the location of the envelope, the
LOSVs are redshifted with respect to the centre of NGC 3311
and the velocity dispersion is larger than at the symmetric loca-
tion in the external halo, opposite the galaxy centre. These fea-
tures can be explained by the superposition along the LOS of
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two distinct structural components, the Sérsic n = 10 halo and
the off-centred envelope, with different LOSVs by >50 kms™'.
Therefore, the external halo properties may be associated
with two structural components: the “symmetric” Sérsic n =
10 halo, which is found at all azimuthal angles, and the off-
centred envelope in the north-east quadrant. The exact bound-
aries of these components are not well defined, hence we adopt
a simple scheme to seek out their signatures in the distribution
of the parameters for the stellar populations. The properties of
the stellar population in the symmetric external halo are derived
for R > R. and 90° < PA < 360°, while the population of the
off-centred halo is studied in the quadrant at 0° < PA < 90°.
As the symmetric halo contributes 70% or even larger amounts
to the light at the location of the off-centred envelope, we would
expect to only detect small variations in the distributions of the
stellar population parameters at the location of the off-centred
envelope, compared to the symmetric halo distribution.

6. Properties of the stellar populations of the stellar
light in NGC 3311

6.1. Stellar populations in the inner galaxy

The stellar population properties of the inner galaxy (R < R.)
have well-constrained values as indicated by the blue histograms
on the right side of Fig. 7. The radial linear gradients of the
stellar parameters are minor. There are three deviating data
points: one at the position of the dust lane in the central kpc
of NGC 3311 (Arnaboldi et al. 2012), and two in other re-
gions further out, see Loubser et al. (2009) and Loubser &
Sanchez-Blazquez (2012).
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The stars of the inner galaxy are old, compatible with the
oldest modelled stellar populations (15 Gyr), with no gradient
in age. The total metallicity of the stars is super solar, with a
mild gradient of —0.23 +0.18 dex dex~!, while the alpha element
abundance is high at the centre, [@/Fe] ~ 0.2 dex, with a positive
gradient of 0.18 + 0.06 dex dex~!. The resulting iron abundance
is close to solar, with a gradient of —0.16 + 0.08 dex dex!.

The very old age of NGC 3311 is expected for BCGs. Oliva-
Altamirano et al. (2015) observe that one-third of their BCG
sample has similarly old stellar populations (age > 12 Gyr),
while Loubser et al. (2009) find that about 50% of the BCGs
have central old stellar populations. The flat age gradient and the
abundance gradients are consistent with the values observed in
BCGs by Oliva-Altamirano et al. (2015).

6.2. Stellar populations in the external halo

The properties of the outer stellar halo of NGC 3311 are con-
siderably different from those inferred for the inner galaxy,
as shown in Fig. 7, left and central panels at R > R, and
U, 2 22.2 mag arcsec™>. We detect a shallow age gradient of
Alog Age = —0.02 + 0.02 dex dex~! in the external halo, which
is compatible with the flat gradient in the inner galaxy. The to-
tal metallicity gradient is steeper than that of the inner galaxy,
with A[Z/H] = —0.46 + 0.39 dex dex”!, and an inversion of the
radial trends is observed in the alpha element abundance, with
Ale/Fe] = —0.20 +0.22 dex dex™!, and in the abundance of iron,
with A[Fe/H] = 0.14 + 0.43 dex dex™!

In addition to the average radial trends, the clear feature of
the outer stellar halo of NGC 3311 is the considerable larger
scatter of the stellar population parameters. The histograms on
the right side of Fig. 7 show the distribution of stellar popula-
tion properties for the inner galaxy (blue) and outer stellar halo
(grey). The large scatter is present for the SSP parameters of high
S/N (=40) spectra and at a radius of R ~ 0.6R. = 5.3 kpc, as indi-
cated by the dark blue circles in the radial plots for [Z/H], [«/Fe],
and [Fe/H] in Fig. 7. Moreover, the width of the distribution of
the stellar population parameters is larger than expected from a
systematic error in the sky subtraction of +1%, as indicated by
the grey shaded areas shown around the mean gradients.

In the histograms on the right side of Fig. 7, the positions of
the mean peak of the distributions and their widths are different
in the inner galaxy and external halo. A common characteristic
of these distributions is that their widths for the external halo
are twice as large as those for the inner galaxy. In the case of
the [Z/H] and [«/Fe] distributions, there are multiple peaks for
the external halo. Therefore, contrary to the inner galaxy, which
can be explained by a rapid process of collapse and merger of
gas-rich lumps, the outer stellar halo was most likely built up by
an accretion of stars from a variety of progenitors, with different
masses and star formation histories.

We now investigate whether there are differences in the stel-
lar population parameters between the off-centred envelope and
the rest of the external halo of NGC 3311. Figure 9 shows
the distribution of the stellar population parameters for the off-
centred envelope (red) and the rest of the external halo (grey). To
determine the number of peaks that are statistically significant in
each case, we used Gaussian mixture models (GMM) to esti-
mate the number of populations which minimize the Bayesian
information criteria (BIC), results of which are summarized in
Table 5. The [a/Fe] distributions for the off-centred envelope and
symmetric halo are those for which two components are statis-
tically favoured with respect to the single peak distribution. The
distributions for the ages and metallicities can be relatively well
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Fig. 9. Distribution of stellar population parameters of the off-centred
envelope (red) and the symmetric halo (grey). The histograms are nor-
malized and the number of spectra (N) used in each case is shown in
the legend of each panel. Dashed lines indicate the components of the
GMM analysis, while the arrows indicate the position of the peak of
each component. The off-centred envelope is responsible for a signifi-
cant shift of the metallicity where it is located, while ages and alpha-
element abundance distributions are similar to those inferred for the
symmetric halo.

Table 5. Properties of the Gaussian mixture models with lowest
Bayesian information criteria for the off-centred envelope and the sym-
metric halo.

Property Halo N Mean Sigma Weight
@ @) 3 & &) 6
log Age  Envelope 18 10.13  0.05 1.0
(Gyr) Sym. Halo 48 10.13  0.04 1.0
Envelope 20 0.10 0.33 1.0
[ZH] gim Halo 52 024 064 10
Envelope 19  0.37 0.08 0.74
[a/Fe] -0.14  0.13 0.26
Sym. Halo 48  0.39 0.09 0.57
-0.04 0.16 0.43
Envelope 20 -0.12 0.41 1.0
[Fe/Hl gom Halo 49 038 068 1.0

Notes. (1) Stellar population parameters. (2) External halo component
(R > R.), defined as an envelope for the NE quadrant of our observation,
and a symmetric halo otherwise. (3) Number of data points used in the
statistics. (4), (5) Mean and standard deviation of the Gaussian mixture
model component. (6) Weight of the component in the Gaussian mixture
model.

described by single Gaussian functions instead. The GMM mod-
els are shown in Fig. 9 by dashed lines, with arrows indicating
the position of the peak for each component.

We used the Kolmogorov-Smirnov (KS) test to statistically
compare the distributions of the stellar population parameters
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for the off-centred envelope and the symmetric halo. The result
of the KS tests indicates that the age and the alpha element abun-
dances of these two components may have been drawn from the
same parent distribution, with probabilities of 78 and 32% re-
spectively. In both components, stars are predominantly old with
ages of ~14 Gyr, which is compatible with the oldest stellar pop-
ulations in the models of Thomas et al. (2011). This old age dis-
tribution extends the results from Coccato et al. (2011) to the en-
tire halo and is also supported by the lack of features in the UV
emission from GALEX observations (Gil de Paz et al. 2007).
The age is the only external halo property for which the gradient
is representative of the vast majority of the observed data points.

The distribution of alpha element abundance in the sym-
metric halo and in the off-centred envelope show similar multi-
modal distributions, modelled as a mixture of two Gaussian com-
ponents. The main contribution to the alpha element abundance
are stars with [@/Fe] = 0.4 dex and spread of 0.1 dex, observed
in 64% of cases, while the secondary population has an abun-
dance of [a/Fe] ~ —0.1 dex and a spread of 0.15 dex. The ex-
planation for almost identical alpha element abundance at the
off-centred envelope and in the symmetric halo is that this prop-
erty is robust against a contamination of a minor component
in the total integrated light, as indicated by the simulations of
Coccato et al. (2011). Comparing the SSP parameters of a su-
perposition of a typical, alpha-enhanced symmetric halo spec-
trum ([Z/H] = —0.34 dex, [@/Fe] = 0.50 dex) with the properties
of the dwarf galaxy HCC 026 ([Z/H] = —0.85 dex, [a/Fe] =
0.03 dex), they noticed that 35% of the light is necessary to de-
crease the element abundance by only 0.05 dex. There may be
specific regions in the off-centred envelope where this amount
may be slightly larger, especially in those regions with the largest
velocity dispersion observed in Paper II but, considering the total
light, the fraction of light at the substructure should not exceed
30%, confirming the findings of Coccato et al. (2011), and in
agreement with the estimates of Arnaboldi et al. (2012).

In contrast to the age and [«@/Fe] distributions, the total metal-
licity and the iron abundance distributions do differ between
the off-centred envelope and the symmetric halo. The proba-
bility that these distributions are drawn from the same parent
distributions are low, i.e. ~1% and ~3%, respectively. The to-
tal metallicity distribution of the off-centred envelope is most
discrepant. The difference is clearly shown in Fig. 9: the metal-
licity distribution of the stellar populations at the location of
the off-set envelope is a single peaked distribution centred at
[Z/H] = 0.1 dex and width of 0.33 dex, while the metallicity
of the symmetric halo is a much broader distribution, with mean
value [Z/H] = —0.24 dex and width of 0.64 dex. The stars in the
quadrant where the off-centred envelope is located have higher
metallicities than most of the stars at the same radii, except for
the stars sampled by spectra extracted in proximity of the giant
companion, NGC 3309. A similar result holds for the iron abun-
dance with the symmetric halo, which has [Fe/H] = —0.38 dex
and dispersion of 0.68 dex, while the mean abundances of the
off-centred envelope is [Fe/H] = —0.12 dex, with a dispersion
of 0.41 dex. Since the light at the location of the off-centred en-
velope is given by the superposition of this component and the
symmetric halo, the intrinsic metallicity of the stars in the enve-
lope may be significantly higher than solar.

Our derived stellar population parameters for the external
halo of NGC 3311 are compatible with previous results from
Coccato et al. (2011), and are similar to the stellar populations of
other cD galaxy haloes, such as NGC 4889 in the Coma cluster
(Coccato et al. 2010b) and NGC 6166 in the Abell 2199 cluster
(Bender et al. 2015). These physical properties are also similar to
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those inferred for the stellar populations in other BCGs (Spolaor
et al. 2008) and massive early-type galaxies (Spolaor et al. 2010;
Greene et al. 2012, 2013, 2015).

7. Implications for the assembly history
of NGC 3311

Recent cosmological models for the formation of large early-
type galaxies predict that the majority of stars in external haloes
originated from satellite galaxies in the so-called two-phase sce-
nario (e.g. De Lucia & Blaizot 2007; Naab et al. 2009; Oser et al.
2010; Cooper et al. 2013). In the following sections, we compare
our results with recent modelling of BCGs to relate the inferred
distributions of the stellar population parameters with the physi-
cal mechanisms involved in the formation of extended haloes of
BCGs in clusters.

7.1. The inner galaxy

As presented in previous sections, the distribution and the dis-
tinct radial gradients of the age, [Z/H], [Fe/H], and [«/Fe] of stel-
lar populations in the inner galaxy are consistent with stars born
in situ. According to the models of Cooper et al. (2013), the large
number of in situ stars in the central regions of BCGs are ex-
pected to occur up to a stellar mass threshold of Magy < 10" My
since, for more massive galaxies, the accreted stars become in-
creasingly dominant even in their innermost regions (Cooper
et al. 2015). NGC 3311 is very close to this boundary, with
Mooy ~ 0.63Mspp = 6.3 x 103 M, (Piffaretti et al. 2011), and
our determination of the stellar population parameters shows the
presence of in situ and accreted stars in two radial regions, and
thus in agreement with the predictions of Cooper et al. (2013).

We can also compare our results with those for other mas-
sive early-type galaxies. The total metallicity gradient of the in-
ner galaxy in NGC 3311, A[Z/H] = —0.23 + 0.18 dexdex!,
is comparable to the gradients of other BCG galaxies (Oliva-
Altamirano et al. 2015) and non-BCGs (Kuntschner et al. 2010).
Positive [a/Fe] gradients are also common among early-type
galaxies (Kuntschner et al. 2010) and BCGs (Brough et al. 2007)
and, therefore, the mechanisms that set the gradients in BCGs
must be similar to those that form ordinary early-type galax-
ies. In a simple, quasi-monolithic scenario, such gradients can
be explained in an outside-in scenario (e.g. Pipino et al. 2006,
2008, 2010). In this context, early-type galaxies are formed by
the merging of gas-rich lumps, which produces an intense star
formation, but with a differential rate at different radii. Star for-
mation in the outer regions around 1R, is characterized by short
time-scales and strong stellar winds that deplete the iron effi-
ciently, whereas star formation is the core is prolonged and met-
als, in particular iron, are kept owing to the strong gravitational
potential. This produces positive alpha element gradients and
negative total metallicity gradients. The abundance gradients of
the inner galaxy of NGC 3311 are compatible with the results of
these models, considering a few episodes of dry mergers (Pipino
et al. 2010).

7.2. The extended symmetric halo

With reference to the main peak of the alpha element abun-
dance distribution, see Fig. 9, the extended halo can be de-
scribed as a mix of old stars with metallicities of [Z/H] ~ —0.25
and [a/Fe] ~ 0.4, at first order. As discussed earlier, the high
value for the @ abundance does not imply that all stars were



C. E. Barbosa et al.: The Hydra I cluster core. 1.

formed in galaxies with high [@/Fe], since this quantity does not
change a lot by the contamination of less alpha-enhanced stars.
Nevertheless, the majority of stars in the external halo may in-
deed have high [a/Fe]. In the nearby universe, high [@/Fe] stars
are those:

1. Stars that are produced in disky galaxies with truncated star
formation. Greene et al. (2012, 2013) show that the metallic-
ity and the alpha element abundance at the outskirts of mas-
sive galaxies are similar to those found in the Milk-Way thick
disk, which is predicted to have been formed in short time-
scales (Chiappini et al. 1997). These disks could have been
destroyed in interactions and mergers very early on, since
galaxy encounters at high redshift were much more common
than in the present day universe.

2. Stars from galaxies in compact groups. De la Rosa et al.
(2007) have found that galaxies with oy < 160 km s™! in
Hickson Compact Groups have larger [Mg/Fe] and lower
[Z/H] compared to field galaxies of similar masses, and pro-
posed that such galaxies may have their otherwise extended
star formation quenched by mergers.

3. Stars on the outskirts of massive early-type galaxies with
declining metallicity gradients and flat-to-positive alpha el-
ement gradients (Coccato et al. 2011). Negative metallicity
gradients extending to the outer radii are found in most early-
type galaxies (e.g. Baes et al. 2007; La Barbera et al. 2012).
Flat and positive [a/Fe] gradients are commonly found in
early-type galaxies at small radii (Kuntschner et al. 2010),
and there is evidence that, at least, metallicity gradients ex-
tend to larger radii (La Barbera et al. 2012; Pastorello et al.
2014). In other nearby clusters, such as Virgo and Fornax,
declining metallicity gradients and flat alpha element abun-
dances are found in almost all cases (Spolaor et al. 2010), but
there is no such information for the giant ellipticals in the
Hydra I cluster. If these have similar gradients, the central
stellar populations of the Hydra I ellipticals should exhibit
high [Z/H] and [«@/Fe], similar to those found in the extended
halo of NGC 3311 (Coccato et al. 2011).

All of the above galaxies could have provided stars that have now
been found to have contributed most of the light of the symmetric
external halo. They do not exclude each other necessarily, since
they could have been different parts of the same process in a
hierarchical scenario. More importantly, however, is that the high
[a/Fe] indicates star formation that is happening on short time-
scales of ~0.1 Gyr, according to the approximation of Thomas
et al. (2005). We can also estimate the most likely masses of the
progenitors of the stars in the external halo from the metallicity
distribution in Fig. 9. Translating these metallicities into stellar
masses according to the relations from Gallazzi et al. (2005), the
typical galaxies contributing to the formation of the extended
symmetric halo are Milky Way-like galaxies, including mostly
galaxies in the range ~10'0 M, to ~10'% M,

The extrapolation of the inner galaxy gradient in [a/Fe]
matches the position of the dominant alpha element abundance
in the external halo, indicating that these stars may have sim-
ilar origins. Cosmological hydrodynamical simulations from
Murante et al. (2007) indeed indicate that most of the diffuse
halo is composed of stars that were liberated from the most mas-
sive galaxies in episodes of major mergers that were related to
the formation of the cD galaxy, where tidal shocking and strip-
ping of massive galaxies are able to unbound up to 30% of
their stellar mass. In agreement with several predictions from
the models of Murante et al. (2007), the semi-analytical mod-
els of Contini et al. (2014), including disruption of galaxies and

tidal interactions, are able to reproduce both the typical masses
of the progenitors in our observations, as well as the typical total
metallicities. Therefore, our observations are in agreement with
models in which the assembly of the BCG is directly connected
with the formation of the diffuse halo.

The [a/Fe] distribution of the symmetric halo indicates the
presence of a secondary population, with solar and sub-solar
a-abundances. These lower alpha element abundances suggest
a much more extended star formation, i.e. ~15 Gyr, according to
the approximation of Thomas et al. (2005). In this case, there is
already one galaxy in the Hydra I cluster that has similar prop-
erties, the dwarf galaxy HCC 026. This dwarf galaxy has solar
alpha-abundance, [a/Fe] = —0.03 + 0.05 dex, and low metal-
licity, [Z/H] = —0.85 + 0.03 (Coccato et al. 2011). HCC 026
is part of a group of dwarf galaxies in the same location of the
off-centred envelope (Misgeld et al. 2008) and it has strong tidal
tails that indicate that this galaxy is being disrupted by the tidal
field close to the cluster centre (Arnaboldi et al. 2012). Hence
HCC 026 is the typical object that contributes to the late accre-
tion events that build-up the halo today.

These types of solar and sub-solar & abundance populations
are inferred from a substantial fraction of the extracted spectra
in about 40% of the total sample in the external halo. Hence
the accretion of stars from disrupted dwarfs or irregular galax-
ies is an important channel for the late build-up of the external
halo. Very recent observations of the planetary nebulae in the
halo of M 87 and the intracluster light in the Virgo core show
that the contribution from Magellanic cloud-like irregular galax-
ies is responsible for a sizeable fraction of the halo light being
added in the last Gyr to the M 87 halo and ICL (Longobardi et al.
2015a,b). Models from Murante et al. (2007) indicate that low-
mass galaxies (M, < 10'° M) may contribute to the formation
of the diffuse halo, but numerical issues related to the particle
resolution of low-mass galaxies did not allow them to set proper
constraints on this secondary population.

Our current results for NGC 3311 and the recent findings for
M 87 indicate that it is important to study the details of the late
mass accretion, which is responsible for a sizeable amount of the
chemical composition and kinematics of the haloes of massive
nearby galaxies.

7.3. The metallicity distribution of the off-centred envelope

The stellar populations located at the off-centred envelope show
an enhancement of metals in comparison with the rest of the
symmetric halo, while the alpha element abundance and age dis-
tributions are similar. The strongly peaked metallicity distribu-
tion centred around [Z/H] ~ 0.1 indicates that the stars asso-
ciated with the substructure were formed in massive galaxies.
According to Murante et al. (2007), massive ellipticals can lose
up to 30% of their stars during their merging events with the
cD, and these stars then contribute to the build-up of the exter-
nal halo. The question then is, how this external high metallicity
halo component acquired an offset and became off-centred with
respect to the high surface brightness, highly concentrated inner
galaxy.

Off-centred outer components in BGCs are quite frequent:
from a sample of 24 clusters, Gonzalez et al. (2005) show that
a two-component fit to the light profiles of BCGs provides
an improved match to the data and that the two photometric
components are misaligned in 60% of the sample. In the
Gonzalez et al. (2005) sample, the cluster Abell 1651 has a
cD galaxy where the two components have different centres,
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with the outer component being off-centred by 15 kpc linear
distance in projection, i.e. very similar to what is observed
for NGC 3311. As observed in cosmological simulations (e.g.
Murante et al. 2007), the highly radial orbits of the dark haloes
of massive ellipticals and their tidal interaction with the cD dark
halo may cause a deflection of the central part of the cD from
its dark halo, while the outer envelopes maintain their orbital
directions, thus creating an offset between core and halo in the
cD galaxy. Candidate dark haloes responsible for a tidal interac-
tion with NGC 3311 are the dark halo associated with the group
of infalling dwarfs or the dark halo associated with NGC 3309.
These tidal interactions would then be similar to what is ob-
served in the Coma cluster core (Gerhard et al. 2007). Such
mechanisms may also explain the gas stripping of NGC 3311,
as observed in the X-rays (Hayakawa et al. 2004, 2006), since
the mass of the gas is compatible with the mass of NGC 3311.

8. Summary and conclusions

We performed a spatially extended survey of the stellar popu-
lations in NGC 3311, the brightest galaxy of the Hydra I clus-
ter. By analysing the absorption line equivalent widths using
a Bayesian framework with Monte Carlo Markov Chains, we
probed luminosity-weighted parameters, i.e. age, [Z/H], [@/Fe],
and [Fe/H] out to ~3R.. This enabled the characterization of the
stellar content of three physically motivated components of this
system: the inner galaxy, the symmetric external halo, and the
off-centred envelope.

The inner stellar halo (R < R.) presents stellar populations
typical of massive early-type galaxies, including old ages, high
metallicities, and high alpha-element abundances. Similar to
other BCGs, the inner galaxy has a well-defined negative metal-
licity and a positive alpha element abundance gradient which can
be explained by a quasi-monolithic scenario involving a few dry
mergers. These gradients, and the smaller velocity dispersion of
the inner galaxy, are clear indications that the stars in this region
were formed in situ in the early phases of galaxy formation.

The stellar component of the outer symmetric stellar halo
is characterized by a large spread of the stellar parameter val-
ues rather than by clearly defined radial gradients. This region
is also characterized by high velocity dispersions which are in-
dicative of these stars being driven by the cluster’s potential and
being generated by accumulation of tidal debris. While the mean
value of the metallicity distribution in this region indicates sub-
solar abundances, the [@/Fe] distribution of the symmetric halo
is bimodal, with high (~0.4) and low (~0) components. The ma-
jority of stars in the symmetric halo are generated in galaxies
with a rapid star formation and short time-scales, in agreement
models for the formation of cD envelopes (e.g. Murante et al.
2004, 2007; Contini et al. 2014). However, a substantial number
of stars, about 40%, have a low [a/Fe] value, which indicates that
stars from less massive galaxies have also also been added to the
¢D halo. Their association with dwarf galaxies that are currently
being disrupted at the position of the off-set envelope indicates
that the growth of the cD halo is an ongoing process, which is
fed by late mass accretion.

Finally, the stellar populations at the position of the off-
centred envelope, a substructure also observed in photometry,
X-rays and kinematics, indicates that the dark matter halo of an
infalling group may have interacted with the BCG halo, causing
the stripping of gas and stars.

We conclude that massive satellite galaxies in the vicinity of
NGC 3311 merged with the central cD in early times and formed
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its symmetric outer halo, while the build-up process of the ex-
tended halo is still ongoing, as indicated by the presence of an in-
falling group of dwarfs that are currently adding their stars to the
halo. Tidal interactions between the dark haloes of the infalling
group, of NGC 3309, and NGC 3311 may be responsible for the
stripping of stars and gas in the halo of NGC 3311. Although
very challenging from an observational point of view, the haloes
of cD galaxies provide important constraints on the formation
and morphological transformation of galaxies in nearby clusters.
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Appendix A: Simulations of the variance of Lick
indices and stellar populations generated
by a systematic error of the sky subtraction
at the £1% level
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Fig. A.1. Difference of the Lick indices values generated by a system-
atic error in the sky subtraction of +1% as a function of the distance to
the centre of NGC 3311. The blue (red) circles represent the measure-
ments performed by the addition (subtraction) of 1% of the sky spectra.
The grey shaded areas represent the rolling standard deviation in the
measurements.

A139, page 16 of 16

w
@ 5 N RRE R
%;3}042_ o +1% 1% W ee ] Hen® 2w, E
~ 0.1F 4 F =
& E 0 © e 1 F [y -
< 00 meeee————an -4 E e {
an E *Q 3 = E 6o ¢ 3
RN S IR EEE 2 (YR R N B N o B
< :lllllllllld’ll'l: UL B LT B A B S
g F % I g $oskics
S Oim«----‘“\ﬂ-’--: - ----b—%’:—:
a . E ° 31 F E
—-1F o8y 4 F % PP
Ev o vy v v by y oy oy 4 3 I T NS NN N
06T T T T T T T T T T TR T g T T eI T
5 04 e 4 E . E
€ 02 -V I S X
eI e < 2 o E A e
il P I PRI U O S R P I S SR L I
1:_"""""."'6'_: SRR ARARE AR RAUAT S R0
E E 8 EI | ® ”.i..lf
g Opvese———te _. -3 E ----Wg
q E U I e © E
-1F 4 = F $ —
=P I ALY I LI B S I B L ST O
—0.5 0.0 0.5 20 21 22 23 24 25

logR/R, v (mag arcsec™?)

Fig. A.2. Difference of the stellar population parameters generated by a
systematic error in the sky subtraction of +1% as a function of the dis-
tance to the centre of NGC 3311 (left) and as a function of the V-band
surface brightness (right). The blue (red) circles represent the measure-
ments performed by the addition (subtraction) of 1% of the sky spectra.
The grey shaded areas represent the rolling standard deviation in the
measurements.
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Chapter 0

A MUSE view of NGC 3311

6.1 Introduction

In chapters 4 and 5, we have shown the stellar halo of the ¢D galaxy NGC 3311 supports
the idea that the mass assembly of this massive ETG follows the predictions of the two-
phase model (Naab et al., 2009; Oser et al., 2010), in which galaxies are initially formed in
rapid dissipative processes, followed by a long process of accretion mostly by dry mergers
which deposit stars at large radii. In this particular case, the large velocity dispersion of
the diffuse stellar halo indicates that the stars have been accreted by the action of the
cluster’s gravitational potential, and the presence of a large substructure supports the idea
that this process in still happening. However, there are important questions regarding the
formation of c¢D galaxies that are still open.

One important question is if there is an observable transition between the in situ and
the accreted components. Such a transition has important implications for the current
understanding of the formation of c¢D galaxies. The classic picture for ¢cD galaxies indi-
cates that their surface brightness profiles may be decomposed into two components (e.g.
Gonzalez et al., 2005) and the transition between these two photometric components would
also mark the transition of the velocity dispersion. However, this picture was questioned
by Bender et al. (2015), who studied the prototype cD galaxy NGC 6166 and obtained a
smooth photometric transition between the inner and outer stellar halos, while still favor-
ing two kinematic components. The confirmation of such finding in another system can
clarify the definition of a cD galaxy.

Another important aspect is the connection between the low-metallicity peak in the
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outer halo population with the galaxies in the infalling group. If the stellar populations
of the dwarf galaxies were indeed compatible with the metallicity of the outer halo, we
would have another strong evidence of a galaxy-cluster interaction at play. However, in
our previous study, we had only one dwarf galaxy with known abundances, and thus the
study of the stellar population of galaxies in the infalling group was required.

To study these questions, we have recently obtained new observations for the central
region of the Hydra I cluster with the multi unit spectroscopic explorer (MUSE), a large
field integral field spectrograph. In this chapter, we are going to show our preliminary
results which will be fully explored in a forthcoming article. In Section 6.2, we present
our observations and the data reduction process. In section 6.3, we explain the process
used in the determination of the kinematics and emission lines. In Section 6.4, we present
our results for the kinematics of the stars and the analysis of the velocity field using
KINEMETRY. In Section 6.5, we show the distribution of fluxes of the emission lines and
the resulting BPT diagram. In Section 6.6, we present the distribution of Lick indices
and in Section 6.7 we present the resulting modeling of the indices in terms of ages and
abundances. Finally, in Section 6.8, we present the summary and conclusions of this
chapter. As in previous chapters, we adopt the distance to the Hydra I cluster of D = 50.7
Mpec, which results in 17 = 0.262 kpc, and we assume an effective radius of NGC 3311 of
R. = 8.4 kpc (Arnaboldi et al., 2012).

6.2 Observations and data reduction

We have obtained integral field observations of the core of the Hydra I cluster using
the MUSE instrument (Henault et al., 2003; Bacon et al., 2004), mounted at the Nasmyth
focus of the UT4 8m telescope of the Very Large Telescope array, under ESO program ID
094.B-0711A (PI: Arnaboldi). Observations were carried out using the wide field mode,
which allows the observation of a FOV of 1 x 1 arcmin? with spatial sampling of 0.2 x 0.2
arcsec?, which in the case of NGC 3311, corresponds to a box with dimensions 15.7 x 15.7
kpc?. The spectra are observed in the wavelength range 4650 < /\(A) < 9300 with resolving
power varying from 2000 to 4000. Figure 6.1 shows the strategy used in our observations:
three fields, A, B and C, positioned along the major axis of NGC 3311 which is able
to probe the center of NGC 3311 and the NE substructure, plus an additional field, D,
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Figure 6.1: Scheme of the strategy for the observations of NGC 3311 at the Hydra I cluster using
MUSE. Observations are based on four fields, three aligned with the major axis (A, B,
and C) to survey the central region of the galaxy and the NE substructure. Another
field (D) is targeted to observe the tidal tail of the lenticular galaxy HCC 007. The
V-band image from Arnaboldi et al. (2012) is used in the background, while the small
images inside the squares are obtained with the median flux of the data cubes in the

interval 4500 < )\(A) < 5500. Black lines show the V-band contours in the range

2 —2filei

from 20 to 23.5 mag arcsec™“ in intervals of 0.5 mag arcsec

intended to observe the tidal tail of the lenticular galaxy HCC 007.

The data reduction was executed with the ESO Reflex package (Freudling et al., 2013),
an environment based on the Kepler! workflow platform that provides a real-time visu-
alization of the data processing. We have used the standard recipes for the instrument
for the reduction, which includes flat fielding, bias correction, wavelength calibration, sky
subtraction, flux calibration and combination of the cubes. The final four cubes are com-
posed of =~ 95 thousand spectra each, and most of the FOV is usable in our analysis. We
have to mask out from the analysis only the saturated star observed in the upper region
of field B and its diffraction spikes that are also observed in field C. In this chapter, we
restricted the analysis to the wavelength range 4800 < )\(A) < 7000 because of problems

in the sky-subtraction in the near-infrared, not yet solved in the version of the pipeline by

L https:/ /kepler-project.org/
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the time we processed the data.

The Hydra I cluster core has a large population of low-mass systems in the central
region, including dwarf galaxies (Misgeld et al., 2008) and ultra-compact dwarfs (Misgeld
et al., 2011), which we have to avoid, in a first moment, for the analysis of the extended
stellar halo. We have used SEXTRACTOR (Bertin and Arnouts, 1996) in the images pro-
duced by the collapsing of the cubes in order to produce a segmentation image, which is
used as a way to separate different sources. We have also performed changes in the seg-
mentation image to separate a few objects that were blended in the SEXTRACTOR analysis,
and we also separated the central dust lanes from the remaining of the galaxy in order to
avoid contamination in the central region.

We combined spectra using the Voronoi binning method (Cappellari and Copin, 2003)
in order to obtain S/N~ 50 in each spectrum. In fields A and B, this process was carried
out over the entire FOV, but such a large S/N is not achieved in fields C and D even
with the combination of all the spectra in the cube. In those cases, we have separated the
spectra in a few radial bins in order to keep some information about the radial distribution
but, in this preliminary analysis, we excluded spectra with S/N< 10. The binning scheme
and the resulting S/N distribution of the stellar halo of NGC 3311 halo is shown in Figure
6.2. Notice that this S/N distribution is measured from the spectra after the combination
of the data, and thus it is different from the expected value calculated in the Voronoi

binning.

6.3 Data analysis

As in previous chapters, we have used the PPXF code (Cappellari and Emsellem,
2004) to extract the stellar and gas kinematics. In this case, we have used two kinematic
components, one for the stellar and another for the gas emission. The stellar component
was calculated using a set of SSP templates constructed with stars from the MILES library
(Sanchez-Blazquez et al., 2006; Falcon-Barroso et al., 2011), calculated with a bimodal IMF
(Vazdekis et al., 1996), metallicities in the range —0.66 <[Z/H]< 0.40, ages between 0.1
and 14 Gyr and varied alpha-element abundances ([a/Fe]=0, 0.4). The gas component
was fitted using a set of Gaussian emission line templates including HZ (A\4861), [O III]
(A4959, A5007), Hae (A6565), [N II] (A6585, A6550) and [S II] (A6718, A6733), considering
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Figure 6.2: Binning scheme and resulting S/N distribution of the stellar halo of Hydra I cluster
core with MUSE observations. Masked regions include low signal to noise (S/N< 10),
dwarf galaxies and globular clusters detected with Sextractor and saturated stars and

their trails.

a two-moment LOSVD with an additional constraint that oy, < 80 km s~!. We have used
additive polynomials to correct for small variations in the flux calibration, and regions of
the spectra containing strong sky lines were masked during the calculations. Figure 6.3
illustrates the results of this procedure for one of our combined spectra.

The MUSE data have a resolution that varies as a function of the wavelength. There-
fore, for a proper calculation of the LOSVD, we have homogenized the spectral resolution
of the observations to a unique value. We have convolved the observations with Gaussian
filters to obtain a spectral resolution of FWHM= 2.9, corresponding to the resolution of
the blue part of the spectra where the resolution is the lowest. Both the stellar and the

emission templates were also prepared to match this resolution.

6.4 Stellar kinematics

Figure 6.4 shows the distribution of the four moments of the Gaussian-Hermite expan-

sion obtained from the stellar component. The systemic velocity in the center of NGC
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Figure 6.3: Example of the fitting process with PPXF for the MUSE observations of the Hydra I
cluster core. The upper panel displays the observed spectrum (black), the best fit for
the stellar component (red) and the best fit for the emission lines (blue). The lower

panel shows the residuals of the fitting.

3311 shows a complex distribution that suggests a pattern of rotation in the center. The
velocity dispersion indicates that the galactic halo dominates the light only in the very
central region, while the high-velocity dispersion of the extended halo is observed in the
region of the NE structure. The high S/N in the center in these observations indicate that
the skewness parameter hs is slightly negative in the center (hz &~ —0.02) and the kurtosis
parameter is indeed positive (hy &~ 0.10). This consistency is clearly shown in Figure 6.5,
where we compare the radial profiles of the four moments of the MUSE data with those
obtained with FORS2.

The systemic velocity of the central galaxy is shown in the first panel of Figure 6.4.

! in agreement with

The central heliocentric systemic velocity is approximately 3835 km s~
previous measurements (Ventimiglia et al., 2010; Richtler et al., 2011) and indeed offset
in relation to the cluster’s systemic velocity of 3777kms™! (Struble and Rood, 1999). As
indicated in Chapter 4, the four central slits indicated some ordered rotation, but the
systemic velocity map suggests that the central region of NGC 3311 rotates. Figure 6.6
shows the systemic velocity as a function of the position angle at different isophotal V-band

levels, which indicates a sinusoidal pattern. To improve visualization, we have smoothed

the data to produce the solid lines and folded the plots around the maximum velocity
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Figure 6.4: Maps for the four moments of the LOSVD: systemic velocity (V'), velocity dispersion
(o), skewness (hg) and kurtosis (hy).

position angle (PA,,.:) to compare the symmetry of the rotation. For V' < 19.5 mag
arcsec™?, there is very little evidence of rotation, but this region may not be reliable for
the calculations due the known dust lanes that heavily obscure the core of NGC 3311.

However, the systemic velocity displays some patterns that resemble a coherent rotation in
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Figure 6.5: Comparison of the kinematics of the Hydra I cluster core obtained with MUSE and
FORS2 data. Circles indicate the results from the MUSE data, with colors repre-
senting the observed field, and the red crosses indicate the data from the previous

analysis in chapter 4.

the interval 20 < V(mag arcsec’?) < 21.5, which may be an indicative that the system may
have a kinematically decoupled core (KDC), that is, a system with a nuclear kinematics
different from the remaining of the velocity field.

To verify this hypothesis in a more quantitative way, we have analyzed the velocity
map using KINEMETRY (Krajnovi¢ et al., 2006), which generalizes the method of ellipse
fitting (e.g. Jedrzejewski, 1987) by modeling the velocity field (K) in successive elliptical

rings along the kinematic major axis (a), each fitted with a harmonic series given by

N

K(a,¢) = Ao(a) + Y ka(a) cos[n(¢ — du(a))],

n=1

(6.1)

where Ay and k,, are amplitude coefficients, ¢, (a) are the phase coefficients and ¢ is the
kinematic position angle. The two most important terms in our analysis are ki, which
describes the rotation velocity, and k5, which measures the residuals in relation to the
rotation velocity. A low ks/k; indicates that rotation is supported by the models, while
large ks/k; indicates the opposite. For reference, the SAURON survey uses the criteria
ks/k1 < 0.02 to define the regular rotators (Krajnovié¢ et al., 2008), while the Atlas3D
survey uses the criteria ks/k; < 0.04 (Emsellem et al., 2011).

Figure 6.7 shows the result of our analysis, in which we have fixed only the center of

the system to be the center of NGC 3311 while leaving the axial ratio ¢ = 1 — a/b free to
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Figure 6.6: Velocity as a function of the position angle for various radial sections.

be adjusted. In these figures, it is possible to notice that the rotation is small, reaching a

! and the axial ratio and the kinematic position angle ¢, are

maximum value of ~30 km s~
not well defined, as they do not converge to a stable value. Moreover, the ratio ks/kp is
always larger than 0.04, indicating that the velocity field of NGC 3311 does not indicate

the presence of a KDC.

6.5 FEmission line analysis

Our main motivation for the inclusion of emission line spectra in the PPXF fitting was
to avoid contamination of such lines over the absorption line features. However, emission
lines may, in fact, give some additional information about the physical state of the gas in

the galaxy, star formation rate, and gas-phase metallicity.



126 Chapter 6. A MUSE view of NGC 3311

GoflllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII: I'D_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_

50 E 3 C ]
H0E 3 0.8 - .

B wE E C ]
e E 0.6 — .

2 ok E N ]
2 wE ER r ;
s 0 3 wf E
-10 & = C :
_20E!IIIlIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIE 0.0 Ceccc e bern b b e b b b
35flII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII: 0-40f|||||||||||||||||||||||||||||||||||||||||||:
0E 3 035F 3
»E ERE E

= E ] - 025E 3
g°F 3% onf
= BE 3£ 01sE 3
=0 ERE =
SE 1 osE_____wete % 3

OB ® bbb b e b b 4 [}IO(}E|||||||||||||||||||||||||||||||||||||||||||rE

0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 o 7 8 9

a (kpc) a (kpc)

Figure 6.7: Analysis of the velocity field of NGC 3311 using KINEMETRY. The k; coefficient
indicates the degree of rotation in the field, ¢; is the position angle of the velocity
field, g represents the axial ratio and the ratio k5/k; indicates the deviations from
the rotation field as a function of the semi major axis a. The dashed black line in the
bottom right figure indicates the maximum threshold for a typical regular rotator in
the SAURON and Atlas3D surveys.

We have measured the total flux using the weights for the emission line templates in the
PPXF fitting. To correct these fluxes for the interstellar extinction, we have determined the
nebular color excess E(B — V') using the Balmer decrement, which remains approximately
constant in star-forming galaxies. Following Osterbrock (1989), we assume a temperature
T = 10* K, an electron density n. = 10> cm™, and an intrinsic ratio (Ha/HS)i, = 2.86,
the nebular color excess is given by

(6.2)

E(B—-V)=197log {%} |

2.86

where (Ha/Hf)obs is the observed line ratio. Using these color excesses, we have then

corrected the emission line for the extinction using the empirical extinction law

F()\) — Fobs()\)loo.%()\)E(BfV)’ (6.3)

where F'()\) is the total flux of an emission line with wavelength A and k() is the reddening
curve. In this work, we have adopted the reddening curve given by Cardelli et al. (1989)
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Figure 6.8: Emission line fluxes corrected for the interstellar extinction using Balmer decrement

and reddening curves given by Cardelli et al. (1989).

assuming an extinction factor of Ry = 3.1 like that found for our Galaxy. Figure 6.8 shows
the distribution of the fluxes in the emission lines for all cases considered in our analysis.
It is clear that the gas is concentrated in the center of NGC 3311, especially Ha which
reaches fluxes of ~ 6600 erg s~! cm~? in the central kiloparsec, but falls to zero at 4 kpc.

To obtain more information about the physics of the gas, we use Baldwin-Phillips-
Terlevich diagram (BPT Baldwin et al., 1981), displayed in Figure 6.9. We have restricted
our analysis to emission lines with amplitudes at least as high as the mean noise of the
spectra, restricting our analysis to two kiloparsecs around the center of NGC 3311. We
have included the empirical line that separates star formation from AGN from Kauffmann
et al. (2003) and the photoionization models from Kewley et al. (2001) in the BPT dia-
gram. The star-forming region of NGC 3311 is limited to the inner kiloparsec, but the
source of ionization already changes at 2 kpc to another source of ionization. The ob-
served BPT diagram for NGC 3311 is characteristic of a star-forming galaxy according to
the classification of Belfiore et al. (2016), who have observed the spatially resolved BPT

diagrams in the MaNGA survey.
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Figure 6.9: The BPT diagram for the galaxy NGC 3311 restricted to emission lines with amplitude
larger than the noise. Colors of the circles indicate the distance to the center of the
system according to the color bar on the right. Blue dashed lines indicate the division
of star-forming galaxies according to Kewley et al. (2001), while the red dot-dashed

lines indicate the empirical division according to Kauffmann et al. (2003).

6.6 Lick indices

We have used our routine PYLECTOR to measure the Lick indices in the new MUSE
data set for the Hydra I cluster core. We have corrected for the effects of emission line
contamination using the observations in the Section 6.5, and we have used the best fit
templates and equation (2.7) for the correction of the indices for the effect of broadening.
In this case, we do not need to match the resolution of the MUSE spectrograph with that
of the Lick/IDS system because we have flux calibrated spectra which can be modeled with
models from Thomas et al. (2011). The results are shown in Figure 6.10.

In Chapter 5, we have shown that the Lick indices already indicated the changing in the
stellar content from the central galaxy to the outer stellar halo, with a transition around
R ~ R, = 8.4 kpc. Figure 6.11 shows the radial profile of the Lick indices for the stellar
halo spectra, also including the results from the FORS2 analysis. To compare with the
measurements in the previous work we have measured the Lick indices in the FORS2 data
without matching the resolution of the instrument with the resolution of the Lick system.
Despite the large scatter of the FORS2 data, there is a good consistency in the results
for most indices. The MUSE data reveals that the gradients observed from 1.5 to 8.4 kpc
(what we called "inner galaxy” in chapter 5) are not extended to the central region of

the galaxy, where the slope is much flatter for all indices. The gradients tend to extend
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Figure 6.10: Distribution of the Lick indices in the Hydra I cluster core for the MUSE data set.

outwards, out to 11 kpc, but the iron indices Fe5015, Fe5335 and Fe5782 clearly indicate
a pronounced change of slope around one 9 kpc. These new observations also allow the
observation of the NaD, which also indicates a flattening of the gradient at large radius,

and the titanium index TiO1, which seems to become steeper.

6.7 Stellar populations

We have modeled the Lick indices using the models from Thomas et al. (2011) using our
Monte Carlo Markov chain (MCMC) method described in Chapter 2. In this preliminary
analysis, we have used only a subset of the Lick indices that are not sensitive to changes
in the nitrogen and carbon abundances for simplicity, including HE, Mgb, Fe5270, Fe5335,

and Feb5406. We have assumed the same simple model described in Chapter 2, where
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Figure 6.11: Radial profile of the Lick indices in the Hydra I cluster core including the MUSE
and FORS2 data sets. Circles indicate the MUSE data set, with colors indicating
the observed field. Red squares indicate the results from the FORS2 analysis.

we assume noninformative priors for the stellar populations, and Gaussian uncertainties
for the Lick indices. We use the maximum posterior probability for each parameter, and
uncertainties are calculated using the highest probability density interval which covers 68%
of the probability. The results of this analysis are shown in Figure 6.12.

In general terms, the stellar population properties of Figure 6.12 are in good agreement
with the previous modeling in Chapter 5, as expected, as the Lick indices used in the
modeling are similar. However, these new maps display a number of substructures not
observed before. The age and the total metallicity in the center of galaxy NGC3311
display a common structure. This may indicate an effect of the age-metallicity degeneracy
that was not broken in the previous analysis with so few indices. Interestingly, the alpha-
element abundance displays a pattern that seems to correlate with the velocity field in the
southwest of field A, which may indicate the presence of a stellar population kinematically
decoupled from the remaining of the central population, containing stars formed in much
less massive halos than those in NGC 3311. The abundance of iron is more homogenous,

but there is a clear low iron abundance region in the location close to the dwarf galaxy in

field B.
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Figure 6.12: Distribution of the stellar population properties in the Hydra I cluster core for the
MUSE data set.

6.8 Summary and future perspectives

In this chapter, we have shown the preliminary results from our analysis of the Hydra I
cluster core using new observations using the MUSE spectrograph, which allows the study

of the system with unprecedented detail. The stellar kinematics analysis has shown good
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agreement with our previous work using FORS2 data, which indicates that the galactic
halo has a complex LOSVD. The central region of NGC 3311 is not a regular rotator, and
the velocity dispersion profile indicates the presence of a small galactic halo in the middle
of a large number of stars bound to the cluster’s gravitational potential. The center of
NGC 3311 contains cold gas, which indicates current star formation. Finally, the stellar
population indicates a complex distribution of metals and old stellar populations.

This chapter has shown the potential of the observations using integral field spectro-
graphs for the study of ¢D galaxies. In future work, we plan to improve the modeling of
the stellar populations, including testing other theoretical models and also other methods,
to attempt to clarify if the age-degeneracy observe if the age-degeneracy is playing a role
in our results. We also would like to extend our analysis more to the red, including the
analysis of the Ca II triplet, in order to have additional information about the metallicity
and possibly about the IMF. This would require a proper modeling of the sky subtraction,
which may be resolved with the new code ZAP (Soto et al., 2016).



Chapter 7

Conclusion and perspectives

In this thesis, we have conducted an observational study of the formation and evolution
of galaxies in the local universe through the analysis of their kinematic properties and
stellar populations. In the following, we review our main results and discuss some future
perspectives for our research.

The methodology described in Chapter 2 indicates an important achievement, which
was the development of a Bayesian framework to study stellar populations. This is one of
the most promising aspects of this work, and we plan to extend and refine the method to
other purposes as described bellow. In the recent and comprehensive review on spectral
energy distribution (SED) fitting, Walcher et al. (2011) have shown the necessity of go
beyond the use of SSPs for the determination of more realistic stellar formation histories
of ETGs, which may be incorporated in a Bayesian context naturally. Also, the methods
used in this thesis may be extended to other types of data, such as broad and narrow band
photometry, which we plan to explore in the future in the context of large photometric
surveys, such as the Southern photometric local universe survey (S-PLUS) and Javalambre
physics of the accelerating universe astrophysical survey (J-PAS).

In Chapter 3, we have performed the study of galaxies in groups. The importance of
groups of galaxies in the cosmological context have become clear in the last decade, and
a number of articles have been devoted to the theme. However, there are few attempts
to understand the stellar population properties of these systems extending to low mass
galaxies. In this work, we have shown that previous scaling relations between stellar popu-
lations and velocity dispersions may be extended to less massive systems. The verification

of these results may be used to impose constraints onto models of galaxy evolution in this



134 Chapter 7. Conclusion and perspectives

particular environment, which can be used to explain the existence of the bimodality of the
colors of galaxies. We plan to extend this work by further investigating the correlations
pointed out here for the lowest mass bin. This, however, requires new observations in 8m
class telescopes.

The following chapters were dedicated to the study of the Hydra I cluster core, including
the BCG galaxy NGC 3311 and the extended and diffuse stellar halo surrounding it. In
Chapter 4, we have presented the kinematic analysis of the system, in which we have
observed the large-scale kinematic properties. Our two-dimensional study has shown that
the large difference in the velocity dispersion profiles in previous works of Ventimiglia
et al. (2010) and Richtler et al. (2011) is explained by the presence of a large substructure
identified in the photometry by Arnaboldi et al. (2012). In Chapter 5 we have shown our
study of the stellar populations in the system, which demonstrated that the outer stellar
halo is composed of stars both from major mergers in the formation of the BCGs and also
from the recent infall of less massive systems, which may be related to the existence of an
infalling group. Finally, in Chapter 6, we have shown preliminary results of our current
work on the Hydra I cluster core using integral field observations with MUSE, in which
we have shown the complexity of the stellar population distribution in the system. All
these results support the idea that the assembly of mass occurs in the hierarchical growth
set by the ACDM cosmology, and in particular that the two-phase model can explain the
current state of NGC 3311. This thesis has shown the wealthy of information contained
in spatially resolved stellar populations extended to large radii, an aspect that we would

like to explore in future projects.
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1 INTRODUCTION

ABSTRACT

We present R.-band surface photometry for 170 of the 203 galaxies in GHASP, the Gassendi
H-alpha survey of spirals, a sample of late-type galaxies for which high-resolution Fabry—Perot
Ho maps have previously been obtained. Our data set is constructed using new R.-band ob-
servations taken at the Observatoire de Haute-Provence, supplemented with Sloan Digital Sky
Survey archival data, obtained with the purpose of deriving homogeneous photometric profiles
and parameters. Our results include R.-band surface brightness profiles for 170 galaxies and
ugriz profiles for 108 of these objects. We catalogue several parameters of general interest for
further reference, such as total magnitude, effective radius and isophotal parameters (magni-
tude, position angle, ellipticity and inclination). We also perform a structural decomposition of
the surface brightness profiles using a multi-component method to separate discs from bulges
and bars, and to observe the main scaling relations involving luminosities, sizes and maximum
velocities. We determine the R.-band Tully—Fisher relation using maximum velocities derived
solely from He rotation curves for a sample of 80 galaxies, resulting in a slope of —8.1 0.5,
zero-point of —3.0 £ 1.0 and an estimated intrinsic scatter of 0.28 + 0.07. We note that,
unlike the Tully—Fisher relation in the near-infrared derived for the same sample, no change
in the slope of the relation is seen at the low-mass end (for galaxies with Vi, < 125kms™).
We suggest that this different behaviour of the Tully—Fisher relation (with the optical relation
being described by a single power law while the near-infrared has two), may be caused by
differences in the stellar mass-to-light ratio for galaxies with V,x < 125km s

Key words: galaxies: photometry — galaxies: structure.

(e.g. van Albada et al. 1985; van Albada & Sancisi 1986; Kent
1986; Kassin, de Jong & Weiner 2006b). However, the stellar mass

Historically, spiral galaxies performed a critical role in the studies
of dark matter. Observations of the outer flat rotation curves of spiral
galaxies (e.g. Rubin, Thonnard & Ford 1978) focused on the then
overlooked missing mass problem (see, e.g. Zwicky 1937), which
stresses that most of what we see (light) is just a fraction of what
we would like to observe (mass). A critical further step, yet to be
accomplished, is to understand the connection between ordinary
and dark matter in the inner regions of galaxies and whether (and
possibly how) light traces mass.

The kinematic decomposition of velocity fields of spiral galaxies
is the general method used to map their distribution of dark matter

*Based on observations performed at Observatoire de Haute Provence,
France.
1 E-mail: carlos.barbosa@usp.br

© 2015 The Authors

distribution is poorly constrained, and the under-determined stellar
mass-to-light ratio translates into degeneracies, such as the disc-halo
and the cusp-core problems, which prevent unique decompositions.
In this context, high-resolution accurate rotation curves, such as
those observed by the Gassendi H-alpha survey of spirals (GHASP),
are necessary to alleviate the problem (Dutton et al. 2005).
Previous works have supported the scenario of cored dark matter
profiles (e.g. Spano et al. 2008), but studies of the systematic errors
with larger homogeneous samples are still needed to confirm these
results. This series of papers on the GHASP survey has the goal of
imposing tighter constraints on the study of dark matter distributions
in spiral galaxies. In this paper, we build a new surface photometry
data set for 128 GHASP galaxies in the R. band, observed over
several years at the Observatoire de Haute-Provence (OHP), which
provides the basis for the determination of stellar masses in forth-
coming work. Additionally, we complement this data with public

Published by Oxford University Press on behalf of the Royal Astronomical Society
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Figure 1. Frequency of galactic morphological types of the GHASP
sample according to the Hyperleda classification, separated into ordinary
spirals (59 galaxies), mixed types (52), barred (70), irregulars (19) and
lenticulars (2).

Sloan Digital Sky Survey (SDSS) data to obtain ugriz photometry
for 108 GHASP galaxies as well as to increase the R.-band data to
170 galaxies (R84 per cent of the survey).

Besides the surface brightness (SB) profiles, we also compile a
homogeneous photometric catalogue including several photometric
quantities of general interest, such as magnitudes, sizes and isopho-
tal properties. In addition, we perform a multi-component light
decomposition to separate the light from the discs (our main inter-
est in dynamical decomposition) from other components such as
bulges and bars. Finally, we perform a first set of applications to our
data set by determining important scaling relations with luminosity,
size and velocity of the galaxies, and by deriving the Tully—Fisher
(TF) relation in the R, band.

This paper is organized as follows. The GHASP sample is briefly
outlined in Section 2. Following this, the details of the observations,
data reduction and calibration are shown in Section 3. In Section 4,
we present the methods used to determine the SB, position angle
(PA), ellipticity and integrated magnitude profiles, and we detail
the multi-component decomposition. In Section 5, we test our re-
sults against other similar works, and we check the internal consis-
tency of our results. Finally, in Section 6, we derive several scaling
relations involving luminosity, size and rotational velocity using
the decomposition results, with special emphasis on the R.-band
TF relation.

2 THE GHASP SAMPLE

The GHASP sample consists of 203 spiral and irregular galaxies in
the local Universe for which high-resolution He maps have been ob-
served with Fabry—Perot interferometry (Garrido et al. 2002, 2003,
2005; Garrido, Marcelin & Amram 2004; Spano et al. 2008; Epinat
et al. 2008; Epinat, Amram & Marcelin 2008; Epinat et al. 2010;
Torres-Flores et al. 2011). The GHASP sample was initially de-
signed to be a subsample of the Westerbork survey (WHISP, van
der Hulst, van Albada & Sancisi 2001) with the goal of provid-
ing a local Universe reference for the kinematics and dynamics of
disc-like galaxies.

The GHASP sample was designed to cover a large range of
morphological types, including ordinary, mixed-type and barred
galaxies, thus excluding only early-type galaxies because of their
low Ha content, as illustrated in Fig. 1. The photometric sample
presented here is built with data from two sources. Photometric

R.-band data were obtained by the GHASP collaboration at the OHP
over the last decade for 128 galaxies. To enlarge the sample, we also
take advantage of the public data set from the seventh Data Release
(DR7) of SDSS (Stoughton et al. 2002), which provides imaging
and calibration in five pass bands (ugriz) for 108 of our galaxies.
By combining both data sets, we are able to obtain photometry for
a total of 170 GHASP galaxies, which are listed in Table 1 along
with details of the observation. However, we note that, on average,
the data observed at OHP in the R. band go about half a magnitude
deeper than the SDSS data.

3 DATA REDUCTION

3.1 Data from the OHP observatory

Broad-band imaging for 128 galaxies in the R, band was obtained
with the 1.2-m telescope at the OHP, France, in several observation
runs as presented in Table 2. The images have a field of view of
11.7 x 11.7 arcmin, taken with a single CCD with 1024 x 1024 pix-
els, resulting in a pixel size of 0.685 arcsec™.

Basic data reduction was performed with RAF tasks,! including
flat-field, bias subtraction and cosmic ray cleaning. Images of one
galaxy are then aligned and combined for the cases with roughly
the same smallest seeing full width at half-maximum (FWHM),
estimated from isolated field stars. A photometric stability check and
zero-point calibration were obtained by observing several standard
stars from the catalogue of Landolt (1992) at different times during
the nights, considering the mean airmass correction coefficient of
0.145 for the R, band (Chevalier & Ilovaisky 1991), and no colour
term.

The determination of the sky level is the greatest source of un-
certainty for SB profiles and magnitudes (Courteau 1996). For this
purpose, we adopt the method of estimating the background by se-
lecting sky boxes on the images, which are visually selected areas
where the galaxy and stellar light contribution is minimal, and use
those regions to calculate a smooth surface using the IRAF package
IMSURFIT with polynomials of order 2, which is subtracted from the
original images. This process resulted in an homogeneous back-
ground for which the typical residual standard deviation is in the
range 0.5-1 per cent of the sky level.

‘We modelled the point spread function (PSF) of our images using
the IRAF PSFMEASURE task. We selected bright, unsaturated stars across
the fields using the task paorFND, and then modelled their light
profiles using a circular Moffat function (Moffat 1969), given by

—1 2
PSF(r):ﬁm2 {1+<§)} , )

where the radial scale length o and the slope B are free parame-
ters, which can be related to the seeing by the relation FWHM =
2a4/2'F — 1 (see also Trujillo et al. 2001). This method has
proved to be suitable in our case due to the presence of ex-
tended wings in the PSFs. Overall, the typical seeing of our ob-
servations is FWHM = 3 arcsec, with the parameters o, f and
FWHM having mean statistical uncertainties of 1.7, 9 and 3 per cent
respectively.

! IRAF is distributed by the National Optical Astronomy Observatory, which

is operated by the Association of Universities for Research in Astron-
omy (AURA) under a cooperative agreement with the National Science
Foundation.
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Table 1. Photometric sample of the GHASP survey. The printed version contains only an abridged version of the table, with the remaining
material available online as supplementary material. (1) Galaxy name. (2, 3) Right ascension and declination of the galaxy according to the
NASA/IPAC Extragalactic Database. (4, 5) Morphological classification according to the Hubble type and to the de Vaucouleurs numerical type
from the Hyperleda data base. (6) Distance to the galaxy according to Epinat et al. (2008). (7) If the galaxy is in SDSS. (8-10) OHP R.-band
observation log, including the runs, total exposure time and seeing.

OHP observation log.

Galaxy o ) Morphology ~ Morphology ~ Distance ~ SDSS ~ Runs  Exposure time =~ FWHM
(J2000) (J2000) t (Mpc) (s (arcsec)
M @ 3) @) 3) ©) @ ® ©) (10)
UGC 89 00h09™534  4+25°5526" SBa 1.24+0.6 64.2 No 2,5 600 2.7
UGC %4 00h10M25%9  425°49'55" S(r)ab 24£06 64.2 No 5,6 3300 23
1C 476 07"47™16:3  4+26°57'03" SABb 42+£26 63.9 Yes - - -
UGC 508 00"49™4758  432°16'40” SBab 1.5+09 63.8 No 5 3600 23
UGC 528 00M52m0433  4+47°33/02” SABb 29+ 1.1 12.1 No 2 1500 1.9
NGC 542 01"26M3089  +34°40/31” Sb pec 28+39 63.7 Yes - - -
UGC 763 01M2M5537  400°58'54” SABm 8.6+ 1.0 12.7 Yes 2,5 600 3.1
UGC 1013 01h26m2158  +34°42/11” SB(r)b pec 3.1£02 70.8 Yes 2,5 5100 2.5
UGC 1117 01"33m5089  4+30°39'37” Sc 6.0+ 0.4 0.9 No 5 4500 2.7
UGC 1249 01h47m2939  4+27°20/00” SBm pec 8.8 £ 0.6 7.2 No 2 1800 2.1
UGC 11951 22h12m3051 445°19'42” SBa 1.1+0.8 17.4 No 2 2100 2.6
UGC 12060 22"30M3450  +33°49'11” 1B 99+£0.5 15.7 No 6 6000 2.5
UGC 12082 22"34™10%8  +32°51'38" SABm 8.7+£0.8 10.1 No 6 3000 3.7
UGC 12101 22h36m034  +33°56/53" Scd 6.6 09 15.1 Yes 2 1800 1.9
UGC 12212 22P50™3083  +29°08'18" Sm 8.7+05 15.5 Yes 2 1800 22
UGC 12276 22P58™m3255  +35°48'09” SB(r)a 1.1£0.5 77.8 No 2 2700 2.0
UGC 12276¢  22M58™M3235  435°48/09” S? 51+£50 71.8 No 2 2700 2.0
UGC 12343 23h04m5657  4+12°19'22" SBbc 44+09 26.9 No 2,5 1500 2.7
UGC 12632 23M29M58%7  +40°59'25" SABm 8.7£0.5 8.0 No 5 4500 24
UGC 12754 23M43™5434  +26°04'32" SBc 6.0+ 0.4 8.9 No 2 1200 2.3

Table 2. List of observational runs in which the R, photometry of the
GHASP galaxies was obtained at OHP.

Run Dates Number of
galaxies observed

1 2002 March 7-13 29
2 2002 October 28 — November 10 38
3 2003 March 8-9 17
4 2003 March 29 — April 6 22
5 2003 September 22-28 25
6 2003 October 21-25 6
7 2008 June 24 11
8 2009 October 23 1

9 2010 March 19-21 16

3.2 Data from SDSS

To increase the number of galaxies in our photometric sample in
the R. band, we use SDSS DR7 (Abazajian et al. 2009) archival
data for 108 GHASP galaxies we found in the data base and trans-
formed SDSS ugriz data into R, with a multi-band scaling relation
(there are more details in Section 4.1). Among these 108 galaxies,
66 have also been observed in the OHP, thus 42 new ones are added
to the final photometric sample. Calibrations and the PSF of the
images are obtained directly from the data products of the survey.
We performed a new sky determination for each image for consis-
tency with the adopted method for R, images, and also because a
few authors have pointed out errors in the sky determinations for
images with bright galaxies in early SDSS releases (e.g. Bernardi
et al. 2007; Lauer et al. 2007; Lisker et al. 2007).

4 DATA ANALYSIS

4.1 Surface photometry

‘We study the photometric properties of the sample using the tradi-
tional method of elliptical isophote fitting (Kent 1984; Jedrzejewski
1987). SB profiles of the galaxies were obtained using the RAF task
ELLIPSE, which provides a number of parameters that describe the
light of the galaxy as a function of the semi-major axis (which we
simply refer to as the radius, r), including the ellipticity (&), PA and
the growth curve, which quantifies the total apparent magnitude
inside each isophote.

Masks for foreground and background objects were produced
interactively in two steps. First, most objects in the images were de-
tected and masked out with SExTrRACTOR (Bertin & Arnouts 1996).
Other important sources not detected by the program, such as satu-
rated stars and stars/galaxies superposed on the galaxies of interest,
were then masked during ELLIPSE runs. Finally, we checked the re-
sults by inspecting the residual image produced by subtracting an
interpolated model of the galaxy produced with the task BMODEL.
This process was carried out several times for each galaxy until no
bright sources were observed in the resulting subtracted images ex-
cept for spiral arms and/or bars of the galaxy that were not masked
on purpose.

The centre of each galaxy was defined in a first iteration of
ELLIPSE and was fixed for all later iterations. The PA and ellipticity
of the isophotes were usually allowed to vary as a function of the
radial distance, as usually done for late-type galaxy photometry
(e.g. Balcells et al. 2003; MacArthur, Courteau & Holtzman 2003;
McDonald, Courteau & Tully 2009), but in a few cases we were
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Figure 2. Difference between R. SB profiles for OHP and SDSS data for
54 galaxies in common to both samples as a function of the OHP SB profile
relative to the sky level. Profiles for the SDSS galaxies are obtained using
equation (2). Each blue line represents the difference in the SB profiles of
a single galaxy profile comparison. The dashed lines indicates the running
rms difference between the profiles.

forced to fix the geometric parameters for part of or the whole galaxy
to obtain convergence for the photometry. For the SDSS data, we
adopt this method for the r-band images, due to the relatively high
signal-to-noise ratio in the ugriz system, but we fix the PAs and
ellipticities according to the r-band parameters in the other pass
bands to obtain consistent colours.

Uncertainties for the SB profiles include the isophote determi-
nation error given by ELLIPSE, the photon counting statistics of the
detector, and the sky level subtraction uncertainty, which are all
added in quadrature. All profiles are corrected for the Galactic
foreground extinction using the dust reddening maps of Schlegel,
Finkbeiner & Davis (1998), assuming a dust model with constant
selective extinction of 3.1, and relative extinction for the different
pass bands according to table 6 of Schlegel et al. (1998). However,
we do not attempt to correct the SB profiles for the more uncertain
problem of the galaxies’ internal extinction.

Finally, to obtain R.-band SB profiles from SDSS data, we use
a slightly modified version of the relation derived by Jester et al.
(2005), given by

r(r) = 0.4201,(r) — 0.3814,(r) + 0.96/4;(r) — 0.16, 2)

where p(r) represents the SB profile at radius r in the pass band indi-
cated by the subscripts. The equation above was originally derived
for stellar photometry, so we have tested its accuracy in surface
photometry by comparing OHP SB profiles, obtained directly in
the R, band, with profiles derived from the SDSS ugriz bands us-
ing a sample of 54 galaxies for which the geometric parameters
of both data sets are similar. The results are presented in Fig. 2,
which shows the difference between the profiles as a function of
the OHP SB profiles relative to the sky level, which varies in the
OHP observations, from one galaxy observation to another. The
red line shows the running rms difference between the profiles,
indicating that the error in transforming between the photometric
systems is ~0.08 mag arcsec 2 in the regions brighter than the sky
level, ~0.15 mag arcsec™> for the regions down to 2 mag fainter
than the sky, and ~0.4 mag arcsec~? for the regions 5 mag fainter
than the sky level.

‘We present a sample of SB profiles for a variety of morphological
types in Fig. 3, including also the ellipticity and PA variations. All

SB profiles are available in electronic format. In the next section,
we detail other catalogued R.-band photometric properties derived
from SB profiles in this section.

4.2 Integrated and isophotal photometry in the R. band

For the R.-band SB profiles derived in this work, we obtained a
number of properties of the galaxies that are of general interest by
fixing a reference isophotal level. For the R, band, the isophotal
level of 23.5 mag arcsec™ is usually used as the reference, be-
cause it corresponds to an aperture similar to the B-band isophote
of 25 mag arcsec™. However, this level was reached for only
72 per cent of our SB profiles. Therefore, to provide a more com-
plete catalogue for our sample, we also use the isophotal level of
22.5 mag arcsec ™2 to provide parameters for 98 per cent of the
sample.

We measured the isophotal radius (ris,), position angle (PA,),
ellipticity (eis) and apparent magnitude (g i) directly from the
SB profiles, with uncertainties estimated by Monte Carlo simula-
tions of perturbations of the profile according to their uncertainties.
Also, the inclination of the galaxies is estimated at a given isophotal
level as (Tully & Fisher 1988)

(1 — &) — g

COS Iz = e qg

, 3)
where gy = 0.2 is the intrinsic flattening of edge-on discs (e.g.
Haynes & Giovanelli 1984; Courteau 1996).

We also measured the total (asymptotic) apparent magnitudes of
the galaxies (mg_ (1), Which were calculated by extrapolating the
growth curve of the SB profiles using a derivative method similar to
that in Cairds et al. (2001). However, this method failed for galaxies
for which the growth curve did not converge. In these cases, we
used the last isophote total magnitude to estimate the lower limit of
the total magnitude. Also using the growth curve, we measured the
effective radius of the galaxies (rs5p), which is defined as the radius
containing 50 per cent of the total light of the galaxy. Where we
have not obtained a safe total magnitude, we estimated the lower
limits of the effective radius. Uncertainties in these parameters are
also based on Monte Carlo simulations.

Table 3 presents a sample of the results for the isophotal level
of 22.5 mag arcsec™2. The complete catalogue and the catalogue
for the isophotal level of 23.5 mag arcsec™ are provided in the
supplementary material.

4.3 Multi-component decomposition

In our forthcoming work (Pineda et al. in preparation ), we plan to
study the kinematic properties of a subsample of GHASP galaxies
with specific photometric properties that depend on the relative
importance of the discs in comparison with bulges and bars. To
separate the SB profiles into different structural components, we
used a multi-component decomposition of the SB profiles.

For this purpose, we use a parametric profile fitting method that
includes as many components as necessary to separate the pho-
tometric components: discs, bulges, bars, spiral arms, lenses and
nuclear sources. Ideally, one could use a complete 2D fitting to de-
scribe better the non-axisymmetric components, like a bar, but the
reliability of the 1D method to recover the structural parameters is
comparable to 2D, at least for the disc component (MacArthur et al.
2003), and also allows the integrated properties to be estimated with
good accuracy.
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Figure 3. Examples of SB profiles in the R, band, PA and ellipticity profiles for six galaxies for which data are available in both the OHP and SDSS data sets.
The SB profiles are presented in different colours for each band according to the labels shown on the upper right. Uncertainties are not presented for clarity.
The middle and lower panels of each galaxy show the PA and ellipticity profiles, respectively, with grey representing the r-band results and black representing
the R.-band geometry. All profiles are corrected for the Galactic foreground extinction according to the dust maps of Schlegel et al. (1998).

We performed the decomposition of all R.-band profiles for the
GHASP OHP sample. We developed a Python routine that per-
forms a weighted chi-square minimization between the data and a
model using the Levenberg—Marquardt algorithm (see, e.g. Press
et al. 1992), using a PSF convolution of the models with a Moffat
function (see Section 3.1). The input model is set manually accord-
ing to the observation of photometric features in the SB profile and
the images of the galaxies. Also, the observation of the varying
ellipticity and PA as a function of the radius usually hinted at the
different structural subcomponents of a galaxy. This process is il-
lustrated in Fig. 4, where we present the structural decomposition
of two barred galaxies, UGC 89 and UGC 10897. The structural
parameters for all galaxies are listed in Table 4. In the next section,
we give some details of the parametrizations used for the different
components.

4.3.1 Discs

Since the early works of Patterson (1940) and de Vaucouleurs
(1958), the intensity profiles of discs have been mostly described
by a simple exponential law,

1) = Toexp (). @

where [ is the central (r = 0) intensity of the disc and 4 is the disc
scale length. Usually, we refer to the central intensity in terms of
SB using the relation py = —2.5log /. For exponential discs, the
total apparent magnitude is given by

b
Maise = —2.5 log (27:10/127) , 5)
a

where b/a = 1 — ¢ is the minor-to-major axis ratio of the galaxy.
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Table 3. Isophotal and integrated photometric parameters in the R. band. The printed version contains only an abridged version of the
table, and the remaining material is available online. (1) Galaxy name. (2) Data source. (3—7) PA, ellipticity, inclination, radius and

apparent integrated magnitude at the isophote of 22.5 mag arcsec™2. (8) Effective radius. (9) Total apparent magnitude.

Galaxy Data PA2s ens i22.5 2.5 MR, 22.5 750 MR total
(arcsec) (degree) (degree) (arcsec) (mag) (arcsec) (mag)

(1) 2 3) 4) 5) ©) @) 3 ©
UGC 89 OHP =27+ 11 0.22 +0.03 40+ 3 41 +2 11.60 + 0.03 19+5 11.4 +£0.1
UGC %4 OHP -84 +£2 0.30 4+ 0.02 46 + 1 2841 13.12 £ 0.03 16 £7 127+ 04
IC 476 SDSS -79+£3 04 +£0.1 52+9 16 £2 147 £ 0.1 >10.0 <14.53
UGC 508 OHP —61 +4 0.11 +0.05 28 £7 67 £ 1 11.17 £ 0.03 40+ 1 10.91 + 0.08

UGC 528 OHP 52+2 0.03 +0.02 13£3 65+3 10.16 + 0.01 21 +1 10.10 &+ 0.04
NGC 542 SDSS —34+2 0.73 £ 0.01 79.1 £0.9 23+2 14.39 + 0.05 12+6 142+ 0.6
UGC 763 OHP —75+23 0.12 +0.02 29+3 57+4 11.61 + 0.06 47+ 5 11.1£0.2

UGC 763 SDSS —79 £35 0.12 +0.08 29 £10 56+6 11.7£0.1 >39.0 <11.46
UGC 1013 OHP 80+2 0.62 +0.01 70.6 £ 0.8 53+1 12.03 + 0.01 27+ 4 11.7 £ 0.1
UGC 1013 SDSS 80+3 0.64 + 0.01 72.2+0.8 51+5 12.17 + 0.04 23+3 11.9+0.1
UGC 12082 OHP 18+£2 0.42 +0.01 56.1 £0.9 19+3 15.0£0.2 49 + 23 128 £ 0.5
UGC 12101 OHP -50+£2 0.53 +0.01 64.2 +£0.8 5142 12.50 + 0.03 2042 12.32 + 0.09
UGC 12101 SDSS -50+£3 0.52 +0.02 64 £1 49 +4 12.66 + 0.06 28 £ 21 123 £0.9
UGC 12212 OHP —80+£5 0.36 +0.02 52+1 14+ 1 1584+ 0.2 27 £ 26 14+£2
UGC 12212 SDSS —71+£2 0.30 £ 0.01 46.8 + 0.8 12£5 159 £0.6 >16.0 <14.77
UGC 12276 OHP —47+6 0.23 £ 0.01 40.8 £ 0.9 30+ 1 13.00 £ 0.03 19+£5 12.6 £ 0.2
UGC 12276¢ OHP 82+2 0.45 +0.01 58.3+0.7 T£1 17.0 £ 0.2 >5.0 <16.62
UGC 12343 OHP 382 0.30 + 0.03 47+£2 102 £ 1 10.33 £ 0.03 71+9 10.2 +0.2
UGC 12632 OHP 22+2 0.53 +0.05 64 4 24 +5 148 £ 0.3 66 £+ 59 13£1
UGC 12754 OHP —134+3 0.29 + 0.01 46 £ 1 89+3 11.16 + 0.03 47 +2 10.9 £0.1

However, deviations from a simple exponential disc were noticed
by Freeman (1970), especially in the form of truncations or breaks
in the inner profiles of galaxies. In a later study, van der Kruit &
Searle (1982) also noticed breaks at large radii of discs, and more
recently deviations at very low SB have been observed, including
upward bends (e.g. Erwin, Beckman & Pohlen 2005).

Based on these observations, Erwin et al. (2008) proposed a re-
viewed classification of discs with three categories: Type I, simple
discs described well by exponential discs; Type 11, discs with down-
ward truncations; and Type III, discs with upward bends. A local
census of disc properties performed by Pohlen & Trujillo (2006) of
late-type galaxies (Sb-Sm) estimated the fraction of Type I galaxies
to be only 10 per cent, while 60 per cent are classified as Type II
and 30 per cent are Type III according to this new classification
scheme. Therefore, an updated profile for the discs is here adopted
whenever breaks are clearly observed, by using broken exponential
profiles, given by (Erwin et al. 2008)

1;(r) = Slyexp (_hi) X {1 +exp [a(r — rb)]}é(h]*i_%), (6)

where [ is the central intensity of the disc, /; and h, are the inner
and outer disc scale lengths, respectively, r, is the break radius, o
is the sharpness of the disc transition between the inner and outer
regions (where low o means a smooth transition from the inner to
the outer disc and high « means an abrupt transition), and S is a
scaling factor given by

s=11 +exp(—arb)}_é(%_%). (7)

For the broken discs in our sample, the total luminosities were
calculated numerically, given that a solution by integrating equa-
tion (6) is beyond the scope of this work.

In Table 4, we include a classification of the discs according to
our observations. However, it is important to notice that breaks may
occur at different radial distances, with different physical interpre-

tations: inner breaks (u, ~ 23 mag arcsec”2) may be related to star
formation, while outer breaks (i, ~ 27 mag arcsec”>) may indicate
a real drop in the stellar mass density (Martin-Navarro et al. 2012).
Therefore, our classifications are restricted to the mean limiting SB

of 24.5 mag arcsec ™.

4.3.2 Other components

Apart from the disc, several other components are observed, in-
cluding bulges, bars, arms, rings and lenses. We included those
components in the decomposition using a Sérsic function (Sérsic
1968), given by

r 1/n
Iy(r) = L. exp <_b71 {() - 1}) ; 3
Ve

where r, is the effective scale of the component (for which 50 per
cent of the light is within r.), /. is the intensity at the effective
radius, and n is the Sérsic index. The term b, is not a free param-
eter, but a function of the Sérsic index due to the parametrization
of the function at the effective radius instead of at the centre. In
our calculations, we adopted the expressions for b, presented in
Appendix Al of MacArthur et al. (2003). In a first-order approxi-
mation, b, &~ 2n — 0.33, although the error may be considerable for
n < 0.5. For simplification, we also rescale the effective intensity
to SB using the expression p. = —2.5log I.. For equation (8), the
total magnitude is given by (Ciotti 1991; MacArthur et al. 2003)

27 I.r2eb"n"'(2n) b
b2 a)’

Meersic = —2.51log ( ©)
where I'(x) is the complete gamma function of x. The Sérsic pro-
file is a generalization of other commonly used profile functions,
such as the exponential for n = 1, a Gaussian for n = 1/2 and de
Vaucouleurs’s profile (de Vaucouleurs 1948) for n = 4. Moreover,
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Figure 4. Examples of structural decomposition for two galaxies of the GHASP sample in the R.-band, UGC 89 and UGC 10897. For each galaxy, we present
seven panels, containing (a) surface brightness profiles and their decomposition components, (b) fitting residuals, (c) position angle profile, (d) ellipticity
profile, (e) R.-band image, (f) ELLIPSE model and (g) residual sigma image.
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Table 4. Decomposition parameters for the GHASP sample in the R. band obtained at the OHP observatory. The printed version contains only a sample of
the table, and the remaining material is available online. (1) Galaxy name. (2—4) Parameters for the Sérsic function of bulges, bars and other components. (5)
Visual classification of the components. (6—10) Parameters for the discs according to the broken exponential function. (11) Classification of the discs based on
the type of breaks according to the scheme of Erwin, Pohlen & Beckman (2008, see text for details). (12) Magnitude of the central point source.

Sérsic Disc
PS
Galaxy e Te n Type o h; ho b o Type Mps
(mag arcsec™2)  (arcsec) (mag arcsec™2) (arcsec)  (arcsec)  (arcsec) (mag)

(1) @) 3) @) ) ©) ) ®) ©) 1o an a2
UGC 89 16.7 + 0.1 23 +0.1 1.0£0.1 Bulge 21.5=+1.0 35 £ 25 - - - Type I -
20.3 £ 0.2 19 + 1 0.2 £ 0.1 Bar - - - - - -
23 £ 1 29 £5 0.11 £ 0.07 Bar - - - - - -
UGC %4 18.7 £ 0.3 08+03 1.6+03 Bulge 203 =+0.1 14.0 +£ 0.8 - - - Type I -
20.79 £ 0.09 83 £ 04 0.14 £ 0.09 Bar - - - - - -
UGC 508 18.6 = 0.2 34 +£ 0.1 2.65 £ 0.04 Bulge 19.60 £ 0.04 262 £ 0.2 - - - Type I -
23.69 + 0.08 20.2 +£ 0.3 0.05 &+ 0.05 Bar - - - - - -
21.19 +£ 0.06 7.6 £ 0.3 0.22 + 0.02 Bar - - - - - -
UGC 528 19.0 £ 0.2 54 4+06 27 +03 Bulge 18.6 £ 0.2 19 £2 - - - Type I -
198 £ 02 131 +08 01+02 Arms - - - - - -
203 + 0.4 22 + 1 0.15 = 0.09 Arms - - - - - -
UGC 763 28.0 £ 0.3 311 £ 183 53 + 0.3 Bulge 19.99 + 0.06 25 £ 2 - - - Type I -
23 £ 2 18+9 0.05+ 006 Bar - - - - - -
UGC 12276 21.1 £ 0.1 54 £02 256 £ 0.01 Bulge 2024 £ 009 140+ 0.1 7.0+03 450+0.1 1.0+0.2 Typell -
27.36 £ 0.05 0.1 £ 0.1 659 + 0.04 Bar - - - - - -
UGC 12276¢ 22.74 £ 0.09 0.0 £ 0.1 2.99 + 0.08 Bulge 20.60 + 0.09 36 £ 02 - - - Type I -
UGC 12343 209 £ 04 12 +£3 29 +£ 03 Bulge 192 £+ 0.1 30+ 3 - - - Type I -
21.7 £ 04 56 + 3 0.2 £ 0.1 Bar - - - - - -
UGC 12632 23.1 £ 0.2 29 £ 0.6 0.05 £ 0.08 Nucleus 22.1 £ 0.1 58 + 4 - - - Type I -
234 + 0.2 9.8 £ 04 0.10 £ 0.02 Bulge - - - - - -

UGC 12754  20.36 &= 0.07 11.8 &£ 04 043 + 0.04 Bar 20.6 + 0.2 56 + 7 - - - Typel 15.7+0.2
224 + 04 24 £ 1 0.05 £ 0.06 Bar - - - - - -

the Sérsic index can also be used as an indicator of the kind of
component that is being observed. For example, in the optical and
near-infrared wavelengths, Fisher & Drory (2010) have shown that
n < 2 may indicate a pseudo-bulge, whereas n = 2 may indicate
a classic bulge for the spheroidal components. Besides, bars have
typically n ~ 0.7 (Gadotti 2011). In Table 4, where the decomposi-
tion results are presented, we include a classification of the Sérsic
function components according to a visual inspection of the images
and profiles, such as bulges, bars, lenses and spiral arms.

For 38 galaxies, a nuclear source is also detected, which may be
related to different physical processes, such as an active nucleus or
stellar concentration. We have tested two approaches for parametriz-
ing these components, using either a Sérsic component or a single
delta function with a peak at r = 0. In 15 cases, the former ap-
proach resulted in a better description of the nucleus, because they
have slightly larger FWHM than that of the modelled PSF and/or
because of the different shape of the nuclear source compared to a
star. These components are described as a nucleus in column 5 of
Table 4. For 23 galaxies, however, the latter approach of using a
delta function resulted in a better description of the nucleus. This
delta function has only one free parameter, the magnitude of the
source (my,), and its profile is that of a field star that is described as
a Moffat function. These point source magnitudes are included in
the last row of Table 4.

5 PHOTOMETRIC INTERNAL CONSISTENCY
AND LITERATURE COMPARISON

In this section, we make a series of tests on our photometric results
to verify their consistency and to compare them with similar results

in the literature. We have already made an internal consistency
check of our SB profiles in Fig. 2, where we observed that the SB
profiles from SDSS data are similar to those observed with direct
measurements in the R, band. Our SB profiles can also be compared
with those derived for 12 galaxies in common with de Jong & van
der Kruit (1994) in the R, band, as shown in Fig. 5, where black and
red lines show the difference between our data and the literature
data for the OHP and SDSS data sets, respectively. For a proper
comparison, we fixed the PA and the ellipticity of the galaxies to
mimic the method of those authors instead of using a free PA and
ellipticity as in Section 4.1. We also limited the comparison to
regions greater than the seeing of our images.

The most deviant case is UGC 4256, but the internal consistency
of our results for two different data sets indicates a possible sys-
tematic offset in the data of de Jong & van der Kruit (1994) for
this galaxy. The deviation in the outer region of UGC 508 can be
explained by the limited field of view in the images of de Jong &
van der Kruit (1994), which cuts part of the galaxy. In this case,
it is also possible to see a large variation of the isophotes fainter
than 21 mag arcsec™> within the observations of de Jong & van der
Kruit. Finally, the problematic case of UGC 10445 for the OHP
data can be explained by the relatively short exposure time for this
object, including only one image, which affects the accuracy of the
sky subtraction. Apart from these remarks, the overall picture is that
there is good agreement with de Jong & van der Kruit (1994), which
is in turn in agreement with several other works in the literature.

In Fig. 6, we show the internal consistency of the isophotal and
integrated photometric parameters derived from the SB profiles by
comparing the results obtained with the OHP and SDSS data sets.
Shown are the PA, ellipticity, radius and integrated magnitude at
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bols indicate comparisons with magnitudes in pass bands similar to R, with
our magnitudes both for the SDSS (circles) and OHP (squares) samples.
This latter data include magnitudes from Hickson, Kindl & Auman (1989),
Tully et al. (1996), James et al. (2004), Cabrera-Lavers & Garzoén (2004),
Taylor et al. (2005), Doyle et al. (2005), Hernandez-Toledo et al. (2007), No-
ordermeer & van der Hulst (2007), Thomas et al. (2008), Hernandez-Toledo
& Ortega-Esbri (2008), Matthews & Uson (2008) and Kriwattanawong et al.
(2011). The dashed line represents equality between measurements.

the isophote of 22.5 mag arcsec ™2 and also the effective radius and
total magnitude. We also display the mean residual difference ((A))
and its standard deviation [o(A)] for each parameter. There are
compatible measurements for both data sets within one standard
deviation.

In Fig. 7, we compare our total magnitudes with data in the
literature. There are just a few works in the literature for which total
magnitudes are measured for the R. band, so we also include in the
figure measurements with similar filters in the literature without any
additional correction or extrapolation, which are displayed as grey
symbols: Tully et al. (1996), James et al. (2004), Cabrera-Lavers &
Garzén (2004), Taylor et al. (2005), Doyle et al. (2005), Hernandez-
Toledo et al. (2007), Thomas et al. (2008), Hernandez-Toledo &
Ortega-Esbri (2008), Matthews & Uson (2008) and Kriwattanawong
et al. (2011). However, especially relevant is the comparison with
proper R. magnitudes, which we highlight in Fig. 7 using coloured
symbols for the works of Heraudeau & Simien (1996), Gil de Paz,
Madore & Pevunova (2003), Kassin, de Jong & Pogge (2006a) and
Amorin et al. (2007). The number of overlapping galaxies with R.-
band data is scarce, only 12 galaxies, but those are in good agreement
with most previous works, especially with the more recent survey
of Kassin et al. (2006a).

In the top panel of Fig. 8, we compare our isophotal radius with
the results of James et al. (2004). As the reference isophotal levels
are different, there is a systematic offset in the isophotal radius in
the sense that results from our work are systematically smaller than
those from James et al., but still there is a good correspondence
between the two data sets. In the bottom panel of Fig. 8, we show
that the ellipticities are also well correlated, as expected, because at
both reference isophotal levels the disc is the dominant component
in the light of the galaxy, and has a simple geometry that does not
vary drastically between these pass bands. Finally, in Fig. 9, we
compare the isophotal PAs and inclinations with the results from
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Figure 8. Comparison of our isophotal radius (above) and ellipticity (be-
low) with those derived by James et al. (2004). Filled (hollow) points rep-
resent data from OHP (SDSS), and the dashed lines represent the equality
between measurements.

the Ho map analysis of Epinat et al. (2008), which demonstrates that
our analysis produces results that are similar even to other tracers
of galaxy shape.

6 SCALING RELATIONS

Scaling relations contain important information about the physical
processes of galaxy formation and evolution, and impose impor-
tant constraints on models that attempt to describe such objects
(Courteau et al. 2007). In this section, we derive the most signifi-
cant scaling relation involving luminosity, size and rotation curve
velocity for each of the two most basic structural components of
a galaxy, the bulge and the disc, and also for the whole galaxy.
In section 6.1, we show how we correct the sizes and luminosities
for the effects of distance, inclination and dust attenuation, and in
section 6.2 we show how we estimate the scaling relations. In sec-
tion 6.3 we present the main results and in section 6.4 we explore
the Tully-Fisher relation in greater detail.

6.1 Correction for the effects of inclination and distance

We use all the galaxies in Table 4 with a bulge component ac-
cording to our classification for the decomposition. Disc apparent
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Figure 9. Comparison of our isophotal PAs (above) and inclinations (be-
low) with those derived from the Ha velocity fields of Epinat et al. (2008).
Filled (hollow) points represent data from OHP (SDSS), and the dashed line
represents the equality between measurements.

magnitudes (mgis. ) are calculated using equation (5) or by numerical
integration for broken profiles for the discs, while bulge luminosities
(mMpuige) are calculated using equation (8). The absolute magnitudes
of these components are then obtained using the equations

Miise = maise — di — da(1 — cosi)® — 5log D — 25, (10)

Mbulgc = Mpuylge — bl — b2(1 — COSi)b3 — SIOgD — 25, (11)

where the internal extinction coefficients b; = 0.60, b, = 1.33,
by = 1.75,d; = 0.15, d, = 1.09 and d; = 2.82 are obtained by
linear interpolation from table 1 of Driver et al. (2008) for the R,
band (A = 647 nm). D is the distance in megaparsecs according
to Epinat et al. (2008), and the inclination i is taken from the gas
velocity field analysis in Epinat et al. (2008), if available, or from the
isophotal analysis otherwise. Individual distance errors are rarely
available, and we adopt a value of 25 per cent for all objects.

The total luminosity of each galaxy is estimated by its total mag-
nitude according to the analysis of the growth curve of the SB
profiles (see Section 4.2). In this case, we obtain the absolute mag-
nitude of the galaxies (MR, o) from the apparent total magnitudes
(MR, tora1) USing the expression

MR total = MR ot — Ai(R) —5Slog D — 25, (12)

GHASP X: R.-band photometry 11

where A;(R) is the internal extinction correction given by Tully et al.
(1998):

Ai(R) = log(b/a) x {1.15 + 1.88 (10 2V — 2.5)} . (13)

Here b/a is again the minor-to-major axis ratio and V},,,« is the max-
imum velocity of the Ho rotation curve derived from the velocity
field analysis from Epinat et al. (2008).

We compare these luminosities with the physical sizes of each
component, using the scale length of discs (%), or the inner disc
length for broken discs, the effective radius of the bulge (r.) and
the effective radius of the galaxy (rs0). We do not attempt to correct
the sizes of the components for extinction; we only correct the
distances. Finally, we use Vi, as in Epinat et al. (2008) as our
dynamical tracer, excluding galaxies for which the flat part of the
rotation curve was not reached in the velocity field analysis of the
Ho observations.

6.2 Fitting method

We assessed the statistical significance of pairs of luminosities, sizes
and velocities using the Spearman’s rank correlation coefficient r,
which is a measurement of the strength of the correlation of two
variables, and the associated p value, which indicates the probability
of obtaining a result at least as extreme as the one obtained from a
random distribution, both indicated in the boxes at the top of each
panel in Fig. 10. For 18 cases, we obtain statistical significance
above 30, considering a normal distribution as the reference. For
these cases, we calculate the scaling law for the direct and inverse
relations, displayed in the form of dashed lines in Fig. 10, using the
following method. We consider a linear relation in the form of

yi = ax; + B, (14)

where each galaxy is represented by the index i, o is the slope
of the relation and B is the zero-point. We then performed a x>
minimization considering the measurement uncertainties in both
variables, considering also an intrinsic scatter, €¢, for the relation
(see Tremaine et al. 2002), using the relation

N 2
1 i — B —ax;)
2 i
= i 15
e N_zgef,i-i—azefi—kag (15

where N is the number of galaxies in the sample, v = N — 2 is the
number of degrees of freedom, and ¢,; and &,; are the parameter
uncertainties. The presence of the variables in both the numerator
and in the denominator of relation (15) makes the equation non-
linear, and most common methods of minimization, such as the
Levenberg—Marquardt algorithm (Press et al. 1992), may have prob-
lems in obtaining convergence. To obtain stable solutions, we used
the interactive method described by Bedregal, Aragén-Salamanca
& Merrifield (2006), which consists in solving equation (15) for a
fixed value of &9, and then updating &, by multiplying by x> to a
power of 2/3, until x2 = 1. The uncertainties for the coefficients
are estimated using the bootstrapping method.

6.3 Results

Fig. 10 shows the resulting relations among luminosities, sizes and
velocities for 89 galaxies selected in the previous section. To observe
scaling relations in the form of power laws, we plot all quantities in
logarithmic units. We adopt different colouring for the panels above
and below the diagonal according to the strength of the bar and the
morphological classification, respectively. However, we could not
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Figure 10. R.-band correlations between luminosities and sizes for bulges (Mpulge, 1og re) and discs (Mgisc, log /), and also the galaxy luminosities (MR, otal)»
sizes (rsp) and maximum velocities of the rotation curve (Vpax). For the galaxies in the panels above the diagonal, the colour is according to the colour map
in the bottom right of the figure, which divides galaxies according to the presence of bars following the morphological classification. For the galaxies in the
panels below the diagonal, the colour is according to the colour map in the bottom left of the figure, classifying galaxies according to their numerical type in de
Vaucouleurs’s classification. The Spearman’s rank correlation coefficient (r) and the p value for the relation are presented in the box at the top of each panel.
For relations with significance greater than 30, we include a dashed black line to indicate the best-fitting linear regression, whose coefficients are presented in
Table 5. The panels on the diagonal display the distribution of parameters as histograms.

study these correlations in subsamples due to the low statistics after
dividing the data into those classes, and our quantitative results are
all for the complete photometric sample. A summary of the scaling
laws is shown in Table 5, where we sort the relations by decreasing
Spearman’s coefficient.

All equations in Table 5 can be used to obtain approximate phys-
ical parameters for one given measurement as well as for constrain-

ing models of galaxy formation at the current cosmic time. Out of
the 21 pairs of parameters, we observe that only three combinations
have relatively low correlation coefficients. This indicates that most
of the spiral galaxy properties are somehow linked. Although there
are many properties that may shape galaxies, such as mass and angu-
lar momentum, and despite secular evolution effects, such as those
which may form bars, there is still a great similarity among spirals
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Table 5. Scaling relations with statistical significance above 3o for the luminosities, sizes and velocities of the galaxies and two basic
subcomponents, bulges and discs, ranked by decreasing Spearman’s rank coefficients. The first column indicates the identification of the
relation. The second column indicates the variables involved in the relation, as well as the correlation coefficients and their p values. The third
column indicates the direct and inverse relations. The fourth column shows the intrinsic scatter of the relation.

ID Parameters Relation £0
(1 () (3) “)
(a) MR ota1-Misk Maisk = (0.98 & 0.03) MR tota1 + (—0.6 £ 0.7) -
Ir| =096, p=3-10"3 MR toral = (1.02 £ 0.04) Mgk + (0.6 +0.8) -
(b) log Vmax‘MR,total MR,tmal = (_80 + 07) log Vmax + (_3 + 1) 0.374+0.05
|| =088, p=6-10"2 log Vinax = (—0.12 £ 0.01) MR (a1 + (—0.2 £ 0.2) 0.04 £0.01
(c) 10g Vinax-Misk Mgk = (—7.1 4 0.8) log Vipax + (—5 £ 2) 0.31 +0.07
r|=0.85 p=2-10"18 10g Vinax = (—0.13 + 0.01) Mgk + (—0.6 £ 0.3) 0.04 +0.01
(d) log r50-log h logh = (0.88 4 0.07) log r5o + (0.00 & 0.04) 0.132 4 0.003
r|=0.85 p=4-10""18 log rso = (0.93 £ 0.06) log i + (0.11 & 0.03) 0.135 4 0.004
(e) log r50-Mgisk Mgk = (—4.7£0.3)logrsg + (—18.1 £ 0.2) 0.61 +0.03
r|=0.83, p=9-10"" logrso = (—0.18 £ 0.02) Myisk + (—3.2 £0.3) 0.12+0.01
(f) MR.lotal'Mbulge Mbulge = (11 = O-I)MR,total + (5 + 3) 1.11 +£0.02
|r| =082, p=2-10"10 MR goal = (0.65 % 0.06) Mpurge + (=9 £ 1) 0.84 +0.02
(g) log r50-MR ol MR ol = (—4.4 & 0.5)log r50 + (—18.1 £ 0.3) 0.88 +0.02
1| =0.78,p=9-10"1 log 5o = (—0.16 £ 0.02) MR total + (—2.7 £ 0.3) 0.167 & 0.005
(h) 102 Vimax-Mhulge Mpuige = (=9 £ 1)10g Vinax + (2 £2) 1.17 £ 0.07
r|=0.76,p=7-10"1 10g Vinax = (—0.08 £ 0.01) Mpyige + (0.8 £0.2) 0.107 4 0.007
@) log h-Mgigk Mgk = (—4.3 £ 0.4)logh + (—18.6 +0.2) 0.86 4 0.02
=072, p=3-10"1 logh = (—0.16 % 0.02) Mgk + (—2.8 +0.4) 0.165 £ 0.006
G) MR oral- log h log h = (—0.15 £ 0.02) Mg i1 + (—2.5 £ 0.3) 0.181 £ 0.004
rl=072,p=5-10"1 MR total = (—4.3 £ 0.6)logh + (—18.4 & 0.3) 0.98 +0.01
) Misk-Moulge Mpuige = (1.0 £ 0.1)Mgisk + (3.0 £ 3.0) 1.42 +0.03
r|=0.69, p=4-10"10 Mgisk = (0.55 £ 0.09) Mpyige + (—11.0 £2.0) 1.03 +0.02
0) log re-Mpulge Mpuige = (—4.1 £0.6)log r, + (—19.6 £ 0.1) 1.4140.02
Ir| =0.67, p=3-10"% logr, = (—0.14 £ 0.02) Mpuge + (2.9 £0.3) 0.262 4+ 0.004
(m) 1og Vinax- log 5o logrso = (1.1 £0.2)log Viax + (—1.8 £0.4) 0.204 £ 0.007
| =0.65p=1-10"08 10g Vimax = (0.5 £ 0.1)log r50 + (1.95 £ 0.06) 0.134 £ 0.005
(n) 10g Vinax-log h logh = (1.0 £0.1)10g Viax + (—1.7 £ 0.3) 0.205 £ 0.008
7| =0.63, p=3-10"9 10g Vinax = (0.46 % 0.06) log i 4 (1.98 + 0.04) 0.141 £ 0.004
(0) log h-Mpuige Mpuige = (—4.6 £0.8)logh + (—16.3 £ 0.4) 1.66 + 0.02
Ir| =0.60, p=3-10"" logh = (—0.09 & 0.01)Myyiee + (—1.1£0.3) 0.231 4 0.002
(p) log r50-Mpuige Myuige = (=3.7£0.8)logrsp + (=16.6 = 0.5) 1.83 £0.02
F| =053, p=1-10"% logrsy = (—0.08 =& 0.02) Miyige + (—0.8 £ 0.4) 0.260 4 0.004
(q) log h-log re logr, = (0.8 +0.3)logh + (—0.6 £ 0.2) 0.41£0.01
r| =048, p=9-10"% logh = (0.3 £0.2)logr, + (0.62 & 0.03) 0.28 £0.01
(r) log r50-log 7, logr, = (0.6 £0.2)logrsy + (—0.5£0.1) 0.362 & 0.002
rl=041,p=1-10"9 logrso = (0.3 £0.1)log r, + (0.68 & 0.02) 0.275 4+ 0.003

that is still to be explained. Also, this large number of correlations
restricts the interpretation of the correlations individually, and cer-
tainly a comprehensible interpretation will be possible only with a
more complete model of galaxy evolution (see Shen et al. 2010).
Nevertheless, we are going to discuss briefly a few of the scaling
laws that have been observed here and previously in the literature,
with the exception of the TF relation (Tully & Fisher 1977), which
we address in greater detail in Section 6.4.

The relation (q) between the sizes of bulges and discs was ob-
tained previously by other authors (Courteau, de Jong & Broeils
1996; Aguerri et al. 2005) and may give important clues for galaxy
formation scenarios. Courteau et al. (1996) argue that discs should
form earlier than bulges and, therefore, the properties of the bulges

are linked to their host discs. Due to the relatively low Sérsic indices
of the bulges, these are indeed likely to be pseudo-bulges (Fisher
& Drory 2008), which are formed by secular evolution of the discs
and, therefore, correlations among these parameters naturally arise
in a scenario of secular evolution, disfavouring scenarios of de-
coupled size relation, such as bulges formed by mergers. We have
found that the median value of . /A is 0.14 considering all galaxies,
which is in agreement with the values in the literature (for instance,
Laurikainen et al. 2010).

The luminosity of a bulge is also important in understanding
its origin. Bulge luminosities and sizes are expected to correlate,
as already indicated in equation (9), Lpyge & rez, and indeed there
is a strong correlation as shown in equation (1). Moreover, bulge
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luminosity is correlated to all other measured properties of the discs,
to the whole galaxy and also to the rotational velocity. Therefore, the
properties of the bulges we observe in late-type galaxies of the local
Universe are probably the result of secular evolution. Interestingly,
bulge luminosity is also correlated with supermassive black hole
mass (Kormendy & Richstone 1995), illustrating the important role
of the bulges in understanding galaxy formation, which is yet to be
fully understood.

The luminosity of the galaxy correlates strongly with all param-
eters with the exception of the size of the bulge, and occupy five of
the first ten equations, as shown in relations (a), (b), (), (g), and (j).
The importance of the total luminosity, also observed by Courteau
et al. (2007), may indicate that the baryonic portion of a galaxy has
a pivotal role in its appearance: it is connected with the gravitational
potential through the velocity, but has a more direct link with the
size (or shape) of the galaxy.

Other photometric relations that are well documented in the lit-
erature include the relation (k) between bulge and disc luminosities
(Laurikainen et al. 2010) and (f) which relates bulge and total lumi-
nosities (Carollo et al. 2007). The rotational velocity of galaxies is
usually studied in comparison with integrated photometry, such as
in relation (b), the TF relation, and the size—velocity relation (m),
also studied by Courteau et al. (2007). However, here we show that
the rotational velocity also strongly scales with the luminosity and
size of the disc component, as shown in relations (c) and (n), which
is expected because the disc is responsible for the majority of the
light of the galaxy. Interestingly, however, the luminosity of a bulge
also correlates with the rotational velocity, as shown in relation
(h), indicating that bulge properties have a dynamical link with the
galaxy that hosts it.

6.4 Tully-Fisher relation

The TF relation (Tully & Fisher 1977) is the most important scaling
relation for disc galaxies. It has been used for several purposes,
including distance determinations and, historically, as a way of
measuring the Hubble constant. The TF relation links the maximum
velocity of the rotation curve Vi,,x with the total magnitude of the
galaxies in the form of a power law. The TF relation was measured
for the GHASP sample by Torres-Flores et al. (2011) in the near-
infrared bands H and K, so here we add to those results the optical
R. band. We adopt the following parametrization:

M, :aklog(vmax [kmsil]) +;3}u (16)

where M, is the absolute total magnitude in the pass band A, V.«
is the maximum velocity of the rotation curve, and «; and 8, are
the slope and zero-point of the TF relation. Both the slope and the
zero-point of the TF relation are of importance because they may be
used either as constraints or as tests for models of galaxy formation
and evolution.

To produce a suitable sample for this specific relation, we select
the galaxies according to the following criteria. We remove galaxies
with inclinations greater than 75° due to their high internal extinc-
tion, and also galaxies with inclinations smaller than 20° because
of the higher uncertainty in the determination of the rotation curve
velocity. We also exclude galaxies with recession velocities lower
than 3000kms~! due to possible peculiar velocities affecting the
Hubble flow, except for the cases where more accurate distance indi-
cators were used, such as Cepheids and red-giant branch distances.
Finally, as we are only dealing with Ho velocity fields, we use the
analysis of Epinat et al. (2008) to exclude from the sample galaxies
for which the maximum rotational velocity is not achieved accord-

ing to their classification of the maps. We use our two absolute
magnitude estimators, the asymptotic (Mg_ o) and the isophotal
(MR 235), as the probes of galaxy luminosity, resulting in samples
with 80 and 72 galaxies, respectively. Most galaxies in the GHASP
sample are not in clusters of galaxies, so we consider that our TF
relation is basically probing the field environment, although the ex-
pected difference in the TF relation for different environments is
mild (De Rijcke et al. 2007; Mocz et al. 2012).

The TF relation in the R, band is shown in Fig. 11. To calcu-
late the regression coefficients, we used the x? minimization of
equation (15) as described in Section 6.3. The so-called inverse TF
relation (Schechter 1980) coefficients are calculated as follows. We
calculated the coefficients o’ and 8’ by interchanging the variables
Xx; = y; inequation (14), and then calculated the inverse TF relation
using the relations @ = 1/a’ and 8 = —p’/a’. A summary of the
results for the TF relation and the inverse TF relations is presented
in Table 6.

The TF relation is not just an important tool for measuring dis-
tances of galaxies, but it is also crucial in highlighting processes
of galaxy evolution, for instance, by comparing the TF relation of
different morphological types. Spiral galaxies have a single TF rela-
tion, but lenticular and elliptical galaxies have TF relations that run
approximately parallel compared to spirals (Bedregal et al. 2006;
De Rijcke et al. 2007). We observe that the TF relation for spirals
in the R. band is well defined for almost all galaxies, with only
two exceptions that are worth discussing. NGC 12276, marked in
Fig. 11 with a yellow halo, does not seem to have any special fea-
ture to offset it from the TF relation, so one possibility to explain
its position is that the distance to the galaxy is not accurate. We
used the value of 78.8 Mpc from Epinat et al. (2008) for consis-
tency with previous works, which is the expected value according to
the systematic velocity using the Hubble flow. However, Pedreros
& Madore (1981) estimated the distance to this galaxy as 40 Mpc
using the ring size, which implies a difference of ~1.5 mag, which
is enough to bring the galaxy much closer to the TF relation. The
galaxy with a red halo in Fig. 11, NGC 4256, has a peculiar mor-
phology of a single arm and an asymmetric rotation curve, which
may be why the galaxy is off the TF relation defined for relatively
more relaxed spirals. In this case, star formation may have been
triggered recently as a response to a gravitational field, resulting in
a relatively luminous object compared to the TF relation.

The slope and the zero-point of the R.-band TF relation in our
work are in agreement with those previously derived in the literature.
Tully & Pierce (2000), for instance, determined the slope and zero-
point for a sample of 115 galaxies in four nearby clusters with
velocities derived from HI line widths, and by not considering errors
in either variable nor the intrinsic scatter of the relation, they found
ar = —7.65 and B = —4.3, which is consistent with our results
within 2¢. On the other hand, Verheijen (2001) derived the TF
relation for the Ursa Major cluster using the inverse relation without
intrinsic scatter, and fixing the uncertainties as 0.05 mag for the
magnitudes and 5 per cent for the velocities. In this framework,
they found slopes ranging from —7.1 to —9, and zero-points ranging
from —3.15 to 2.81 for their various samples, which is similar to
our inverse TF relation parameters.

The TF relation in the infrared pass bands is important because
these wavelengths are reliable tracers of stellar mass. Torres-Flores
et al. (2011) used the GHASP sample to derive the TF relation
in the H and K bands using 2MASS survey data (Skrutskie et al.
2006) as well as stellar and baryonic TF relations. Using a method
similar to ours, they obtained slopes of oy = —10.84 & 0.61 and
ax = —11.07 &+ 0.63 and zero-points of Bz = 1.97 £ 1.36 and



726-IIll|||||Illlllllllllll/",l,/Vll/_

- (a) Ry s
—24+ s J // —

: o T S

. £ :
_2F : 2 .
] L ’ ’ B
= - 0L E
;‘:720_ 2 ‘// —
§ ..,?.o ]

B 'Y 74 ]
AP Morphology T ]

L,” &’ @ i
’1‘)_‘35,,/ 30369

R IR VA I AR PRI PRI AR A
I AR TR R N (AR AR
N L90F 9 V) E
< 20F L e
E“ 15E "r. ¢ 3
L 10E ) 3
S 05 ? 3
_]‘:OEIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE
16 1.8 20 22 24 26 28 3.

10g Vinax (km s71)

Mpass

Mp 235—Mpc 2

GHASP X: R.-band photometry 15

726_1 |(|.|b|)| HLLE ELELELE ELELELE ELELELE AR i |/|_
ol ]
ol v ]
—20F ]
—18 R /&‘ ]
L Morphology T ]
7 77 -
Bhnae 1 6 9 ]
sy et A L L b b Ly

B L B oy B S e B
2.5E =
2.0E 3
L5E =
10E 3
0.5F E
0.0F =
—0.5E E
_1_0=| Lo b b by v P v by g g By g 03

1.6 1.8 20 22 24 26 28 30

10g Vinax (km s71)

Figure 11. TF relation for the R. band for GHASP galaxies considering (a) the total asymptotic magnitude, MR (ota1, and (b) the isophotal total magnitude
inside the isophote of 23.5 mag arcsec 2. The grey line in panel (a) indicates the results from Sakai et al. (2000). In the top panel of each figure, the black dashed
line indicates the direct TF relation results and the best-fitting =10 g, while the red dashed line indicates the inverse TF relation results. The bottom panels

indicate the colour of the galaxies using the K band total magnitudes used for the TF relation in Torres-Flores et al. (2011) inside the isophote of 20 mag arcsec

-2

The colour of each galaxy corresponds to the colour scale in the upper panels, which separates objects according to their numerical morphology. The two
objects highlighted with a halo are NGC 12276 (yellow) and NGC 4256 (red), which for different reasons are offset to the TF relation (see text for details).

Table 6. Regression coefficients for the R.-band TF relation using the total
asymptotic magnitude and the total isophotal magnitude including 80 and
72 galaxies, respectively.

Relation R Br £0
Total asymptotic magnitude
TF —8.1+£0.5 —3.0+1.0 0.28 + 0.07
Inverse TF —8.4+0.7 —2.0+20 0.28 + 0.08
Total isophotal magnitude
TF —8.9+0.6 -1.0+1.0 0.33 £ 0.06
Inverse TF —9.3+0.7 0.0+2.0 0.34 + 0.08

Bk =2.27 £ 1.39 for the H and K bands, respectively. As expected,
the R.-band slope is greater than the slope in the near-infrared
band (e.g. Verheijen 2001). However, one important feature ob-
served in the infrared is a break in the TF relation for galaxies with
log Vinax S 2.2, in the sense that galaxies below this velocity are un-
der luminous based on the expected TF relation for bright galaxies.
This break in the TF relation is not noticed in the R. band. This dif-
ference in the shapes of the near-infrared and optical TF relations for
the low-mass regime can be understood if one inspects the bottom
panels of Fig. 11, which show the optical to near-infrared colours
of the galaxies as a function of the maximum rotational velocities.
These panels show a flat colour distribution except for the galaxies
with Vi < 125kms™!, indicating the different mass-to-light ratios
of these galaxies. These low-mass systems are bluer than more mas-
sive galaxies, indicating that they are younger objects that may have
been forming stars recently, and this effect fortuitously compensates
for the difference in the stellar mass-to-light ratios, causing the dif-
ferences in the shapes of the near-infrared and optical TF relations
at low masses.

7 SUMMARY AND CONCLUSION

This study provided photometrically calibrated SB profiles of
GHASP galaxies, with 170 profiles in the R. band and 108 in the
SDSS bands u, g, r, i and z. From these data, we derived R.-band
integrated photometric parameters, presented in Table 3, which are
consistent with other works in the literature. All these results are
public and will be available in digital format at the Fabry—Perot
repository in http://cesam.lam.fr/fabryperot.

We perform multi-component structural decompositions in the
R. band, presented in Table 4, with the goal of separating the disc
component from bulges, bars, lenses and nuclear sources, as prepa-
ration for our forthcoming paper on the kinematic decomposition
of GHASP velocity fields, which will be compared with the photo-
metric work.

Finally, we applied new photometric data to observe bulges and
discs and to derive global scaling relations for the luminosities, sizes
and velocities in the R. band. We derived expressions for 18 scaling
relations, which may be used to constrain models of galaxy forma-
tion and evolution. In particular, we studied the TF relation using
velocities derived solely from Ha maps from GHASP. We obtained
slopes and zero-points that are consistent with previous findings in
the literature for the R. band for cluster galaxies, reinforcing the idea
that the TF relation is basically a relation between the total stellar
content and the gravitational potential, which is barely affected by
the environment and the presence of photometric substructures.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article. This includes full copies of the following tables
in the printed version:

Table 1. Photometric sample of the GHASP survey.

Table 3. Isophotal and integrated photometric parameters for the R
band.

Table 4. Decomposition parameters for the GHASP sam-
ple in the R. band obtained at the OHP observatory.
(http://mnras.oxfordjournals.org/lookup/suppl/doi:10.1093/mnras/
stv1685/-/DC).
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