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Summary

The study of the gas-phase chemical composition of spiral galaxies has
proven to be a powerful tool to improve our knowledge on the evolution
of these complex systems. In particular, the analysis of Hilregions (regions
of ionised gas associated with star formation) is of great importance, as it
is through the birth and death of stars that the galaxies chemically evolve.

In this thesis we use two sets of high-quality integral field spectroscopic
(IFS) data from two different surveys, CALIFA and AMUSING, to charac-
terise the oxygen abundance distribution of the ionised gas in star-forming
(SF) regions of spiral galaxies. The first survey provides a sample of 122
disc galaxies extracted from a well-defined, statistically significant mother
sample, representative of galaxies in the Local Universe. The latter provides
a sample of 102 galaxies that allows us to complement the study based on
CALIFA data using a higher spatial resolution dataset.

The abundance distribution of the analysed galaxies is determined based
on the O3N2 strong-line indicator (although others are also tested). To
measure the emission lines involved we apply FIT3D, an extensively tested
code designed to deal with spatially resolved IFS data.

The study of the 2-dimensional (2D) ionised gas abundance distribution
is addressed by analysing separately the radial and azimuthal trends. The
large number of SF regions provided by both analysed samples, together
with the good coverage of the galaxy discs with high spatial resolution,
allow us to undertake this study as never done before.

The radial abundance distribution is mainly characterised by a negative
gradient, that seems to present a statistically characteristic slope similar for
all spiral galaxies in the sample (independent of galaxy properties such as
the presence of bars). Besides this gradient, a significant number of galaxies
also display a drop in the abundances towards the inner parts of the discs
and a flattening in the outermost regions. The existence of these features
in the radial profiles is very common, revealing that the widely accepted
scenario in which the oxygen abundance distribution of spiral galaxies is
well described by a single radial negative gradient might be incomplete.
Deviations from this single behaviour are needed to be considered for a
proper characterisation of the distribution.

As a first approach to the analysis of the azimuthal abundance distribu-
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2 SUMMARY

tion we have performed a study based on CALIFA data for a subsample of 63
galaxies, comparing the radial gradients displayed by the spiral arms and the
area outside them (interarm region). Connecting this study with theories
on the nature of the spiral structure, we distinguish between flocculent and
grand design galaxies according to the symmetry, continuity, and strength of
the spiral arms. We also differentiate between barred and unbarred galaxies
to assess the effect of the presence of bars (considered as drivers of radial
redistribution of material in these galaxies) in the abundance distribution.
We find that flocculent and barred galaxies (separately) present subtle dif-
ferences in the arm and interarm abundance distributions, not observed in
grand design and unbarred systems. We interpret these results as floccu-
lent arms being associated with transient local density instabilities, whereas
grand design arms are linked to quasi-stationary density waves. Moreover,
this suggests that bars may have a direct effect on the abundance distribu-
tion (although not reflected in the overall radial profiles).

Finally, we carry out a direct analysis of the non-radial abundance dis-
tribution based on AMUSING data. First, we perform a statistical analysis
for a subsample of 24 galaxies to study the presence of local abundance vari-
ations. We find differences in the residual abundances (derived by removing
the radial abundance distribution to the observed one) spatially coincident
with the brightest regions of the disc (that seem to correspond to the spiral
arms in most cases). These differences present a significant dependence with
the morphology of the spiral arms (flocculent vs. grand design arms) and
the galaxy mass, suggesting that these properties might be the main drivers
of local abundance variations in spiral galaxies. In addition, we develop a
methodology to analyse the azimuthal distribution of the abundance resid-
uals and we apply it to one galaxy of the sample, NGC 6754, which present
some of the highest local abundance variations. In this case, we also study
the gas kinematics to assess the effect of radial migration predicted by simu-
lations in the formation of azimuthal abundance variations. We present, for
the first time, clear signatures of ongoing gas radial migration affecting the
abundance distribution consistent with simulations showing transient spiral
arms whose pattern speeds decrease with radius.

To sum up, this thesis comprises the most complete 2D characterisation
of the oxygen abundance distribution of the ionised gas in a large and sta-
tistically significant sample of spiral galaxies up to date. We show that this
distribution display a wide range of features such as inner drops, outer flat-
tenings, and azimuthal variations, as opposed to the simplistic view of a sin-
gle radial decline. These features display clear trends with galaxy properties
such as spiral structure, mass, or bar presence. These results provide strong
constraints to chemical evolution models aimed at explaining the formation
and evolution of spiral galaxies, trying to do our bit in the comprehension
of the Universe around us.



Resumen

El estudio de la composicién quimica del gas en galaxias espirales ha de-
mostrado ser una herramienta poderosa para mejorar nuestro conocimiento
acerca de la evolucion de estos complejos sistemas. En particular, el andlisis
de las regiones H 11 (regiones de gas ionizado asociadas con formacién estelar)
resulta de gran importancia, ya que es a través del nacimiento y la muerte
de estrellas como las galaxias evolucionan quimicamente.

En esta tesis usamos datos de espectroscopia de campo integral (IFS, por
sus siglas en inglés) de alta calidad provenientes de dos proyectos diferentes,
CALIFA y AMUSING, para caracterizar la distribucién de abundancias de
oxigeno del gas ionizado en regiones de formacion estelar de galaxias espi-
rales. El primero de estos cartografiados espectroscépicos nos proporciona
una muestra de 122 galaxias de disco extraidas de una muestra madre bien
definida, estadisticamente significativa y representativa de galaxias del Uni-
verso Local. El segundo nos provee con una muestra de 102 galaxias que nos
permite complementar el estudio basado en los datos de CALIFA usando un
conjunto de datos de mayor resolucién espacial.

La distribuciéon de abundancias de las galaxias analizadas se obtiene a
partir del indicador O3N2 basado en el uso de lineas de emisién fuertes
(aunque otros indicadores son también revisados). Para medir las lineas
de emision involucradas en su uso aplicamos FIT3D, un c6digo examinado
extensamente en la bibliografia y disefiado para tratar con datos de IFS
espacialmente resueltos como los aqui utilizados.

El estudio de la distribucién en dos dimensiones (2D) de abundancias del
gas ionizado es abordado analizando separadamente las tendencias radial y
acimutal. El gran nimero de regiones de formacion estelar proporcionado
por ambas muestras analizadas, junto al buen cubrimiento de los discos de
las galaxias con una alta resolucién especial, nos permite llevar a cabo este
estudio como nunca antes se habia hecho.

La distribucion radial de abundancias se caracteriza principalmente por
un gradiente negativo, que parece presentar una pendiente caracteristica es-
tadisticamente similar para todas las galaxias espirales de la muestra (e
independiente de propiedades de las galaxias como la presencia de bar-
ras). Ademads de este gradiente, un ntimero significativo de galaxias muestra
también una caida en la abundancia hacia las partes internas de los discos y
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4 RESUMEN

un aplanamiento en las regiones més externas. La existencia de estas carac-
teristicas en los perfiles radiales es muy comun, revelando que el escenario
ampliamente aceptado en el cudl la distribucién de abundancias de oxigeno
de las galaxias espirales se puede describir adecuadamente con un tinico gra-
diente radial negativo puede ser incompleto. Desviaciones respecto a este
comportamiento Uinico son necesarias para una correcta caracterizaciéon de
la distribucion.

Como un primer acercamiento al analisis de la distribucién acimutal de
abundancias hemos llevado a cabo un estudio basado en los datos de CAL-
IFA para una submuestra de 63 galaxias comparando los gradientes radiales
exhibidos por las regiones de formacién estelar de los brazos espirales y del
area fuera de ellos (regién interbrazo). Con el fin de conectar este estudio
con teorias sobre la naturaleza de la estructura espiral hemos distinguido en-
tre galaxias floculentas y gran diserio de acuerdo a la simetria, continuidad
y definicién de los brazos espirales. También diferenciamos entre galaxias
barradas y no barradas para evaluar el efecto de la presencia de barras (con-
sideradas causantes de redistribucién radial de material en estas galaxias)
en la distribucion de abundancias. Encontramos que las galaxias floculentas
y barradas (por separado) presentan diferencias sutiles entre la distribucién
de abundancias del brazo y del interbrazo, no observadas en sistemas gran
disenio y no barrados. Interpretamos estos resultados asociando brazos flocu-
lentos con inestabilidades locales transitorias en la densidad, mientras que
brazos de tipo gran diseno estan conectados con ondas de densidad cuasi-
estacionarias. Ademads, los resultados sugieren que las barras pueden tener
un efecto directo en la distribucién de abundancias (aunque no se refleje en
los perfiles radiales globales).

Finalmente, llevamos a cabo un analisis de la distribucién no radial de
abundancias basado en los datos de AMUSING. En primer lugar, realizamos
un analisis estadistico de una submuestra de 24 galaxias para estudiar la
presencia de variaciones locales en la abundancia. Encontramos diferencias
en los residuos de abundancias (obtenidos al sustraer la distribucién radial
a la observada) espacialmente coincidentes con las regiones més brillantes
del disco (que parecen corresponder a los brazos espirales en la mayoria de
los casos). Estas diferencias presentan una dependencia significativa con la
morfologia de los brazos (floculentos o gran disefio) y la masa de las galaxias,
sugiriendo que estas propiedades pueden ser los principales responsables de
las variaciones locales de abundancia en galaxias espirales. En segundo
lugar, desarrollamos una metodologia para analizar la distribucion acimutal
de los residuos de abundancia y la aplicamos a una galaxia de la muestra,
NGC 6754, que presenta algunas de las variaciones locales de abundancia
mas grandes. En este caso también estudiamos la cinematica del gas para
evaluar el efecto que tiene el fenémeno de migracién radial ya predicho
por simulaciones en la formacion de variaciones acimutales de abundancia.
Presentamos, por primera vez, huellas claras de migracién radial de gas
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en curso afectando a la distribucién de abundancias. Estos resultados son
consistentes con simulaciones mostrando brazos espirales transitorios cuyos
patrones de velocidad decrecen con el radio.

En resumen, esta tesis constituye la caracerizacion més completa hasta
la fecha de la distribucién en 2D de abundancias de oxigeno del gas ion-
izado en una muestra grande y estadisticamente significativa de galaxias
espirales. Mostramos que esta distribucion presenta un gran abanico de car-
acteristicas como caidas internas de la abundancia, aplanamientos externos
y variaciones acimutales, en contraposicién a la vision simplista de un declive
radial. Estos distintivos muestran claras tendencias con propiedades de las
galaxias como el tipo de estructura espiral, la masa, o la presencia de barras.
Los resultados mostrados en esta tesis proporcionan fuertes restricciones a
los modelos de evoluciéon quimica cuyo objetivo es explicar la formacion y
evolucién de galaxias espirales, intentando aportar nuestro grano de arena
en la compresion del Universo que nos rodea.
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1.1. SPIRAL GALAXIES 9

THE CURIOUS NATURE OF HUMAN BEINGS has always made
us wonder about the origin of our existence and the role we play in the
Universe. Common questions such us where we are in the Universe, how
large it is or whether we are alone in this vast amount of space make of
astronomy one of the most popular branches of Physics, the field of research
that can give us the answer to such big questions.

Although astronomy is the oldest natural science, going back to ancient
civilizations in history such us the Babylonians, Greeks or Chinese, extra-
galactic astronomy, known as the study of celestial objects outside our own
Galaxy, is a relatively new science. By the end of the eighteenth century,
astronomers had already discovered a significant number of astronomical ob-
jects with a fuzzy structure in contrast with the point-like nature of stars,
which they called ‘nebulae’. An intriguing spiral structure was even ob-
served in some of them. However, the vision of the Universe was limited
to our Galaxy, the Milky Way, and therefore all these objects were thought
to belong to it. It was not until the 1920s when Edwin Hubble measured
the distance to some of these nebulae and demonstrated they were located
beyond the Milky Way limits. Hubble’s discovery marked the beginning of
extragalactic astronomy. Still, despite the youth of this branch of astronomy,
there has been a tremendous progress in the study of these extraordinary
beautiful objects nowadays known as galaxies.

1.1 SPIRAL GALAXIES

Galaxies are the building blocks of the large scale structure of the Universe.
Billions and billions of these gravitationally bound systems formed by stars,
gas, dust, and dark matter shape the distribution of matter in the Uni-
verse. Galaxies come in a diversity of shapes and sizes. The vast variety of
properties displayed by these objects (morphology, dynamics, environment,
etc.) hampers a definitive galactic classification. Several attempts have been
made to group them according to the similarities found in these systems.
The most famous and widely adopted scheme was proposed by Edwin Hub-
ble in 1926 and is known as the Hubble sequence or Hubble tuning-fork
diagram (see Fig. 1.1). Based on this diagram, galaxies are classified ac-
cording to their morphology, that is, their apparent shape and structure,
into four major groups:

Elliptical galaxies (E) These systems present an apparent elliptical
shape with variable elongation. They are supported via internal ag-
itation due to the random motions of their stars. Elliptical galaxies
are mainly formed by old stellar populations, whereas the presence of
gas, dust and young stars is scarce. An example of elliptical galaxy
(NGC 1132) can be seen in Fig. 1.2(a).
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Figure 1.1: Schematic representation of the Hubble sequence based on galaxy mor-
phologies. Extracted from Mo et al. (2010).

Spiral galaxies (S) Also known as disc galaxies, these objects are formed
by an spherical nucleus (bulge) surrounded by a flat disc supported
by rotation and showing a spiral structure (the spiral arms). They
present stars with a wide range of ages, as well as a large amount of
gas and dust, following a non-uniform distribution. Although old stars
can be found in any part of these galaxies, most of the gas, dust and
young stars are concentrated in the spiral arms. Some galaxies can
also exhibit a central bar-like structure (SB). In Fig. 1.2(b) we show
an image of NGC 1232, a typical spiral galaxy.

Lenticular galaxies (S0) These systems presents characteristics of both
elliptical and spiral galaxies. They have a central bulge and a flat disc,
as in the case of spiral galaxies, but without any spiral pattern. In the
same way as elliptical galaxies, lenticular systems lack large amounts
of gas and dust. The bulge component is more dominant than that
in a spiral galaxy. Lenticular galaxies may also have a central bar.
Figure 1.2(c) displays an example of lenticular galaxy, NGC 5866.

Irregular galaxies (I) These objects do not present a well defined shape
but little sign of symmetry and regularity, and are very rich in gas
and dust. Some have bar-like structures and other show vague signs of
spiral arms. Others are totally irregular. The Large Magellanic Cloud
(LMC, see Fig. 1.2(d)) is a clear example of irregular galaxy.

For historical reasons, ellipticals and lenticulars are also known as early-
type galaxies, while the spirals and irregulars are referred to as late-type
systems. This nomenclature was originally based on the belief that the
Hubble classification represented an evolutionary sequence in which new
galaxies were born as ellipticals that latter flattened and developed into
spirals with the passage of time. However, this view of the Hubble sequence
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(a) Elliptical galaxy NGC 1132. (b) Spiral galaxy NGC 1232.

Credits: NASA/ESA Hubble Space Telescope. Credits: FORSI1, 8.2-meter VLT Antu, ESO.

(c) Lenticular galaxy NGC 5866. (d) Irregular galaxy LMC.

Credits: NASA/ESA Hubble Space Telescope. Credits: Robert Gendler.

Figure 1.2: Types of galary morphologies
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is nowadays totally rejected, being the current belief that the morphology
is determined by the combination of galaxy properties such as the mass of
these systems and the environment in which they are formed (Melnick &
Sargent 1977; Dressler 1980; Postman & Geller 1984; Bamford et al. 2009;
Wilman & Erwin 2012).

More recently, a new classifica-

tion with a more physical meaning 4
has been proposed based on the po- RED ;
sition of individual galaxies within a '
colour-magnitude diagram (CMD). ‘
In the Local Universe, the distri- e
bution of galaxy colours is bimodal
(Strateva et al. 2001; Blanton et al.
2003; Baldry et al. 2004; Bell et al.
2004; Blanton & Moustakas 2009). blE=
This bimodality leads us to group
galaxies into a star-forming “blue pg|yE
cloud” and a more quiescent “red -
sequence”, with an in-between re- Low luminosity High luminosity

ion known as “green valley” (see
& & y ( Figure 1.3: Schematic representation of the

Elg' 13) H?WGVGI, this C'la‘SSIﬁca_ galaxy Colour-Magnitude diagram. Taken
tion is not disconnected with mor-  from Wikipedia (by Joshua Schroeder).

phology (although there is no one-

to-one relation between them). Spiral and irregular galaxies tend to pop-
ulate the blue cloud, whereas elliptical galaxies are mainly found in the
red sequence (Strateva et al. 2001; Bell et al. 2004). Therefore, the colour
bimodality is accompanied by a bimodality with respect to other physical
properties including morphology, star formation rate, and surface brightness
(e.g. Strateva et al. 2001; Kauffmann et al. 2003b,c).

The colour-magnitude diagram was thought to be intimately associated
with a time evolution in which the green valley represented the transition
state. In this evolution, star-forming galaxies would transform into the red
sequence of quiescent passively evolving ones as they run out of gas (Faber
et al. 2007; Bell et al. 2007; Schiminovich et al. 2007; Gongalves et al. 2012).
This gas quenching might be induced by stellar or active galactic nuclei
(AGN) feedback, ram pressure stripping, or simply gas consumption. Nowa-
days, we know that the star formation in the last ~ 8 Gyr is concentrated in
spiral systems, whereas elliptical galaxies have increased significantly their
mass in this period without involving star formation processes (e.g. Wolf
et al. 2003; Bell et al. 2004). This makes us think that there has to be
a transformation in early-type systems for them to acquire mass linked to
mergers or accretion. In this way, new research suggests that there may not
be a single transition scheme but two distinct paths with different physical

gree”
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timescales. The first one is followed by galaxies leaving the blue cloud as
disc-dominated systems (that will become passive red spirals). The other
path is taken by late-type galaxies rapidly transformed into bulge-dominated
systems via mergers and interactions with other systems (e.g. Schawinski
et al. 2014).

This interpretation suggests that most of elliptical galaxies are the result
of merger events between two or more galaxies and therefore, live preferen-
tially in regions of very high local density like the centre of clusters or groups.
Spirals, on the opposite, are mainly located in the field as isolated systems
or at the outskirts of clusters and groups (Melnick & Sargent 1977; Dressler
1980; Postman & Geller 1984; Bamford et al. 2009; Wilman & Erwin 2012).
As a consequence, the evolution of elliptical galaxies is dominated by vi-
olent and intense episodes occurred early in their lives (timescales of 2-3
Gyr), while the late evolution of spiral galaxies is ruled by slow, mild and
continuous processes (timescales of ~ 8 Gyr). Thus, the analysis of spiral
galaxies is a crucial element at understanding the role of secular evolution!
in building the observed Universe and gives us a better comprehension of,
not only these systems, but also the initial conditions and progenitors that
gave rise to elliptical galaxies. As these galaxies are the largest contributor
to the star formation rate, and it is through the new generations of stars that
the galaxies are enriched, they are fundamental to understand how metals
are generated and increase in the Universe.

1.1.1 SPIRAL STRUCTURE IN DISC GALAXIES

One of the most characteristic features in disc galaxies is the spiral structure.
This structure is easily distinguishable due to the association of the spiral
arms with ongoing star formation. It is the presence of young, hot and
bright stars that inhabit them which makes the structure so predominant
in light (optical and UV regimes). According to the Galaxy Zoo project,
spiral galaxies represent about two thirds of all massive galaxies in the Local
Universe (Lintott et al. 2011; Willett et al. 2013), which suggests that there
has to be a mechanism involved that makes stable this spiral structure.

A direct conclusion that can be inferred from observations is that not all
spiral galaxies show the same appearance regarding their spiral structure.
The basis of a classification system for these galaxies according to the ap-
pearance of the spiral arms was first introduced by Hubble (1926) based on
the degree of winding (pitch angle) of the arms. Spiral galaxies were there-
fore scaled from Sa to Sd, with Sd systems presenting the most open arms

1Secular evolution refers to a relatively slow dynamical evolution due to internal pro-
cesses induced by a galaxy’s spiral arms, bars, galactic winds, black holes and dark matter
haloes (Kormendy & Kennicutt 2004; Falcén-Barroso & Knapen 2013).
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(a) Grand design galaxy. (b) Multi-armed galaxy.
Credits: NASA Spitzer Space Telescope. Credits: NASA/ESA Hubble Space Telescope.

(¢) Flocculent galaxy.
Credits: NASA/ESA Hubble Space Telescope.

Figure 1.4: Classification of disc galazries according to the spiral structure

and the Sa ones the most tightly wound?. A more rigorous classification
scheme based in the shape of the spiral arms was proposed by Elmegreen &
Elmegreen (1982) and afterwards revised in Elmegreen & Elmegreen (1987).
This way, spirals can be roughly divided into flocculent and grand design
galaxies according to the symmetry and continuity of the spiral pattern.
Flocculent galaxies present small and patchy spiral arms while grand de-
signs are characterised by the presence of long, symmetric and continuous
arms. This classification is based on 12 arm classes whose opposite ends are
represented by pure flocculent and grand design galaxies. The intermediate
classes show characteristics of both types, i.e. one prominent arm with some
fragmented ones, tightly wrapped ringlike structure or inner/outer symmet-
ric arms together with feathery or irregular spiral pattern. The distinctions

2This sequence also represents a decrease in the size and luminosity of the bulge and
an increase in the gas content from Sa to Sd galaxies.
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between some of these divisions is not straightforward as some galaxies can
present characteristics of more than one class, being these cases very diffi-
cult to classify. For this reason, it was proposed later a simpler division into
three types (see Elmegreen 1990): grand design galaxies (with two main
spiral arms, Fig. 1.4(a)), multi-armed spirals (Fig. 1.4(b)) and flocculent
galaxies (with many short arms, Fig. 1.4(c)).

However, this spiral classification based on flocculent and grand design
systems is not always unambiguous. Multi-band studies have shown that
galaxies can exhibit characteristics of both flocculent and grand design struc-
tures depending on the observed spectral range. In particular, some galaxies
present grand design arms in the infrared band, sensitive to the presence of
dust and old stars, and a more flocculent structure in the optical light, dom-
inated by the emission of gas and young stars (e.g. Block & Wainscoat 1991;
Thornley 1996; Thornley & Mundy 1997; Elmegreen et al. 1999; Kendall
et al. 2011). This finding makes it even more complicated to develop theo-
ries that can explain the nature of spiral structure.

Despite its difficulty, we need to understand what makes disc galaxies
display such variety of spiral structures, which nature must be directly con-
nected to the mechanisms responsible of generating these structures. How-
ever, there is no widely accepted theory that can explain the origin of this
diversity of spiral arms. Even the mere presence of this structure is a hot
matter of debate. Although there is a general agreement that spirals are
caused by density variations in the discs driven by gravitational instabil-
ities, theories diverge in aspects such as the lifetime of these features or
the mechanisms generating them. Some theories propose long-lived quasi-
stationary patterns (density wave theories, e.g. Lin & Shu 1964; Bertin & Lin
1996), while others support the idea that spiral arms are short-lived, recur-
rent transient patterns that form through local instabilities which are swing
amplified into spiral arms (e.g. Julian & Toomre 1966; Toomre 1990). In
the current interpretation, flocculent arms are typically associated with lo-
cal instabilities, whereas grand design galaxies are linked to the steady state
density wave theory (e.g. Dobbs & Bonnell 2008; Dobbs & Baba 2014). How-
ever, this is far from being a solved question and observational evidences are
necessary in order to distinguish between the different proposed mechanisms
that can shape the spiral arms in galaxies. Thanks to the development of
new instrumental techniques, these evidences are nowadays within reach.

These observational evidences have to come from the analysis of the
baryonic matter in these systems, dominated mainly by stars and gas. The
density variations giving rise to the spiral structure affect likewise both com-
ponents, increasing the density of stars in the arms in one case and triggering
star formation as gas collapses in the other. Thus, the observational charac-
terisation of both stars and gas in disc galaxies is crucial to understand the
formation of the spiral structure. This thesis will focus on the analysis of the
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gas component, in particular, the ionised gas associated with star formation
(that will be described in the following sections).

1.2 INTERSTELLAR MEDIUM

The term interstellar medium (ISM) is used to describe the gas and dust
that occupy the space between the stars. The gaseous interstellar medium
is intimately associated with stellar evolution. Stars form from cool dense
clouds in the ISM, and at the end of their lives they return matter to it,
increasing gradually the amount of metals (metallicity) of the galaxies. The
study of the ISM is therefore crucial to understand the chemical evolution
of galaxies, as they are tightly associated with star formation processes.

The presence of diffuse matter between the stars was discovered by Jo-
hannes Hartmann in 1904 analysing the spectra of stars belonging to binary
systems. The orbital movement of the components produce the displace-
ment of the absorption lines caused by the atmospheres of the stars due to
the Doppler effect. However, he realised that the spectrum of some stars
presented also stationary lines (associated with calcium) that should be
generated in the space between the stars and the observer. This was later
confirmed through the detection of interstellar sodium by Heger in 1919 in
a similar way than Hartmann identified the calcium absorption. Since then,
we have acquired significant knowledge about the components and proper-
ties of the ISM.

Although the ISM is fundamentally gaseous (by mass, 99% of the ISM
is gas and just 1% is dust, Boulanger et al. 2000), the presence of dust
is noticeable. The interstellar dust consists of tiny solid grains formed by
elements heavier than helium and their compounds. The typical size of a
dust particle (0.5 pm) is comparable to the wavelength of light, and thus
makes them particularly effective at scattering light, as well as absorbing it.
Depending on the amount of dust, this phenomenon can significantly reduce
the brightness of an observed object, producing an extinction effect.

Regarding the gas component, by mass we can estimate that roughly 70%
is hydrogen, 28% is helium and 2% correspond to other elements heavier than
helium (Ferriere 2001)3. Hydrogen is therefore the most abundant element
in the ISM. This element can exist in atomic form (neutral or ionised) or
molecular form, depending on the physical conditions of the medium, such
as density, temperature and amount of high-energetic radiation. In high-
density, low-temperature environments with a low UV flux the hydrogen is
mostly in the form of molecular hydrogen (Hg). In environments where the
temperature and/or the UV flux is high enough to free the hydrogen atom’s

3 Although this estimation comes from the study of our Galaxy, similar percentages can
be inferred for any external galaxy.
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electron we can find ionised hydrogen (HII), especially where the density is
low enough to hamper the recombinations between the free electrons and
the positive ions. Finally, atomic hydrogen (HI) is present in environments
with intermediate conditions between the mentioned extremes.

Studies on the composition and distribution of the gas in the Milky
Way have shown that there are different phases of the ISM characterised by
particular values of temperature and density (Knapp 1995; Ferriere 2001),
such as the cold atomic clouds, the coronal gas or the Hilregions. Among
all, Hirregions contain just a few per cent of the ISM’s mass and occupy a
minimum part of its volume (~ 1%). However, they are of great importance
to understand the processes of star formation, and with them, the chemical
evolution of galaxies, as it is through the birth and death of stars that the
galaxies are chemically enriched (Peimbert & Costero 1969; Peimbert &
Spinrad 1970).

1.2.1 HIIREGIONS

Hiiregions are the result of the photoionisation of clouds of gas and are
associated with star formation. The ionising photons come from young and
hot stars of the first spectral types (O-B, effective temperatures of 2 - 10* —
6 - 10* K). These hot stars emit UV radiation with enough energy as to
ionise hydrogen and other elements. The ionisations are followed by the
corresponding recombinations, finally reaching a local equilibrium between
these two processes. This balance determines the ionisation level of the
different elements present in the nebula (Osterbrock 1989).

At a first order, the physical processes that take place in these gaseous
nebulae are well known. We have been able to determine their physical
properties from observations and develop models capable of reproducing
them. The first and simplest model of an HI1lregion was derived by Bengt
Stromgren in 1937. This model assumes an homogeneous region (of constant
density) of gas consisting entirely of hydrogen in which interior a single star
is being formed. When the star starts to emit photons, they ionise the
surrounding hydrogen forming a spheric region completely ionised. This
region is known as the Stromgren sphere and its radius determines the size
of the Hirregion. The radius depends on the intensity of the source of
ionising photons and the density of the region (Strémgren 1939).

Actually, the scenario is far more complex. Depending on the size of the
Hiiregion there may be several thousand stars within it. Each star ionises
a roughly spherical region of the surrounding gas (Stromgren sphere), but
the combination of the ionisation spheres and the expansion of the heated
nebula into surrounding areas (with a possible change of conditions due to
dust effects) create sharp density gradients that result in complex and inho-
mogeneous shapes. For instance, studies on the Orion Nebula, the closest
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Figure 1.5: The Orion Nebula (M42) Hilregion. Credits: Jim de Lillo € the
ESA/ESO/NASA Photoshop FITS Liberator.

and one of the best known and most studied H1iregions (Bohlin & Savage
1981; Osterbrock et al. 1992; Pogge et al. 1992; Esteban et al. 1998; Fer-
land 2001; O’dell 2001; Esteban et al. 2004; Sanchez et al. 2007; Takahashi
et al. 2013; Bally et al. 2015, e.g.), have revealed this region presents a form
of thin blister of ionised material (see Fig. 1.5). Observations of Galactic
Hirregions such as the Orion Nebula have been important tools to better
understand the structure of these regions and improve models able to ex-
plain them (Osterbrock & Flather 1959; Zuckerman 1973; Baldwin et al.
1991; Rubin et al. 1991).

The high brightness of the Hiiregions allows us to observe them up to
considerable distances in the Universe. Thanks to this fact, we can study
Hiiregions in external galaxies and, thus, characterise the structure and
properties of the gaseous ISM in the diverse range of conditions present in
galaxies. In particular spiral galaxies, due to the large amount of gas present
in them, can contain hundreds of H 11 regions, providing excellent statistics to
study the variation of star-formation properties within and between galaxies.

Some of the first observational works analysing the statistical proper-
ties of Hilregions in external spiral galaxies were performed by Kennicutt
(1988) and Kennicutt et al. (1989a). In these works, they found a signif-
icant dependence of some Hilregions properties (luminosity, size, number
of detected regions) on the morphological type of their host galaxy. Since
then, a large amount of works have been focused in the study of the prop-
erties of HIlregions such as the luminosity, the equivalent width, the size
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or the luminosity function (e.g. Kennicutt et al. 1989b; Rozas et al. 1996;
Ho et al. 1997; Knapen 1998; Rozas et al. 1999; Alonso-Herrero & Knapen
2001; Cedrés & Cepa 2002; Helmboldt et al. 2005; Sénchez et al. 2012b).
However, among all properties, the one that has received more attention is
the metallicity of the HI1regions, which depends on previous stages of the
chemical evolution of the galaxies and determines the chemistry of the stars
to come. As a consequence, its study is important in understanding the
processes involved in the formation and evolution of galaxies.

1.3 MEASUREMENT OF GAS-PHASE METALLICITY

In astronomy, all chemical elements heavier than helium are collectively
termed ‘metals’. The mass fraction of a baryonic component (gas, stars)
in metals is referred to as its metallicity. Oxygen alone constitutes (by
number) nearly 50% of the metals, making it the best proxy for studying
the gas metallicity.

H 11regions are, together with planetary nebulae, the only form of the in-
terstellar material which emits strongly in the optical spectral region through
a set of well defined emission lines. The main mechanisms producing these
emission lines are collisional transitions of metals such as oxygen or nitro-
gen and recombinations of hydrogen and helium. Metals such as carbon,
nitrogen, and oxygen also produce recombination lines, but they are much
weaker due to their lower abundances with respect to hydrogen and helium.
Therefore, nebular emission lines from individual H 11 regions have been, his-
torically, the main tool at our disposal to measure the gas-phase metallicity.
A typical spectrum of an Hirregion and the most important emission lines
present are shown in Fig. 1.6.

The most direct method developed to measure abundances from ob-
served spectra requires using temperature-sensitive line ratios such as
[O 111] AA4959, 5007 /[0 111] A4363. This is known as the T,—method (Peim-
bert & Costero 1969; Stasinska 1978; Pagel et al. 1992; Vilchez & Esteban
1996; Castellanos et al. 2002; Kennicutt et al. 2003; Bresolin et al. 2004;
Izotov et al. 2006, among many others). However, the weakness of some of
these lines (that become even fainter as the metallicity increases*) hampers
their detection and makes this method only applicable to H 11 regions in very
nearby galaxies for which very high Signal to Noise ratio (S/N) spectra are
observable.

For this reason, alternative procedures based on relations (calibrations)
between metallicity and the intensity of strong and more easily observable
lines (indicators) were proposed. This way, two families of calibrators have

“When the amount of metals increases, a more efficient cooling mechanism begins to
act through the metal lines, which produces a decrease in the temperature.
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Figure 1.6: Example of a spectrum of an H1l region in NGC 2541 taken from Zarit-
sky et al. (1994). The main emission lines are labeled.

been developed and are widely used today: empirical calibrators based on
direct estimations of oxygen abundances and theoretical calibrators based
on photoionisation models. Some of the most commonly used indicators
based on these ratios and the subsequent calibrations are the following;:

R23 Firstly introduced in Pagel et al. (1979) and defined as

[0 11] A3727 + [O 111] AN4959, 5007
Hj ‘

Since then, a substantial effort has been put in calibrating R23, both
via empirical (Zaritsky et al. 1994; Pilyugin 2000; Pérez-Montero &
Diaz 2005) and theoretical (McGaugh 1991; Kewley & Dopita 2002;
Kobulnicky & Kewley 2004) calibrators. One of the biggest issues with
this abundance indicator is its double-valued behaviour with oxygen
abundance, requiring therefore additional criteria to distinguish be-
tween the two existing branches (the two possible metallicity values
for a given R23 value).

N2 Defined as

[N11] )\6583> 7 (12)

N2 = logm < Ha

this indicator proposed by Denicol6 et al. (2002) is single-valued and
the involved lines are so close in wavelength that the effects of redden-
ing are minimised. However, it suffers from uncertainties due to its
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dependence on the ionisation parameter and the N/O ratio, being most
suitable for the low-metallicity regime. Some empirical calibrations for
this index are presented in Pettini & Pagel (2004), Pérez-Montero &
Diaz (2005), and Marino et al. (2013).

O3N2 Introduced by Alloin et al. (1979), this index is given by

O3N2 = logyg ([O 111 )\5007/Hﬂ> ‘

[NT1] A6583/ Hox (13)

This indicator is also almost unaffected by reddening due to the close
distance in wavelength between the involved lines. In addition, it
presents certain advantages over R23 and N2 especially when applied
to galaxies at high redshift. The most popular calibrations making use
of this index are provided in Pettini & Pagel (2004) and Marino et al.
(2013).

S23 Proposed by Vilchez & Esteban (1996), this indicator is also relatively
independent of reddening. However, it is double-valued and makes use
of sulphur lines that are quite weak and are located in the infrarred
band for galaxies at high redshift. It is given by

(1.4)

§23 = logy ([S 1) AN6717,6731 + [S 111 AN90T76, 9532)

Hp

Both empirical (e.g. Christensen et al. 1997; Diaz & Pérez-Montero
2000; Pérez-Montero & Diaz 2005) and theoretical (e.g. Kewley &
Dopita 2002) calibrations have been proposed based on this index.

Besides the mentioned abundance indicators, many others have been also
developed making use of alternative ratios such as [N11]/[O11], [S11]/[O11],
[N11/S11] or [O111/S11], giving rise to new calibrations (e.g. Pilyugin 2000;
Kewley & Dopita 2002; Dopita et al. 2006, 2013; Pérez-Montero 2014; Dopita
et al. 2016).

However, not all the calibrators provide consistent abundances. The
discrepancies usually manifest as a systematic offset, with Te-based empir-
ical calibrations deriving abundance values that are at least 0.2 — 0.4 dex
lower than strong-line methods based on photoionisation models. For a
deeper revision of the different methods, their strengths and their caveats,
see Lépez-Sénchez et al. (2012).

All the mentioned methods of estimating abundances, based on the use
of collisional lines, depend highly on the electron temperature, which could
lead to systematically underestimated gas-phase metallicities (Esteban et al.
2004; Peimbert et al. 2005; Toribio San Cipriano et al. 2016). This can
be overcome by measuring abundances making use of recombination lines,
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which ratios are independent of the electron temperature. However, due
to the faintness of these lines (much weaker than the auroral lines used in
the T,—method), the use of large telescopes is needed in order to obtain
deep and high-resolution spectra. Even in these latter cases, this method
of deriving abundances is only feasible in very nearby and bright gaseous
nebula (e.g. Peimbert et al. 1993; Peimbert 2003; Garcia-Rojas et al. 2004,
2006; Bresolin 2007; Lépez-Sénchez et al. 2007; Esteban et al. 2009).

Therefore, the use of the strong-line method is so far the most suitable
tool to characterise the gas abundance distribution in external galaxies. This
way, the improvement in photoionisation models and the development of
larger telescopes and better instruments to gather spectroscopic data, have
exponentially boosted our knowledge regarding the gas abundance distribu-
tion in spiral galaxies.

1.4 (GAS ABUNDANCE DISTRIBUTION IN
SPIRAL GALAXIES

A complete characterisation of the gas abundance distribution involves, not
only the study of radial variations, but also azimuthal changes related with
the presence of a bar or the spiral structure. Although the radial distribution
of the chemical abundances in disc galaxies has been studied for decades it
has not been untill the last few years that a proper characterisation of the
two-dimensional (2D) extension of these systems has been feasible.

1.4.1 RADIAL DISTRIBUTION

Indistinctly of the method used to derive the abundances (see Sect. 1.3), at
present it is unquestionable that spiral galaxies exhibit in general a negative
trend in metallicity (see Fig. 1.7). The first study suggesting the presence
of radial abundance gradients in galaxies was Searle (1971). The author
interpreted the observed increase in the [O 111]/HS and Ha /[N 11] ratios with
the galactocentric radius as a large-scale radial abundance gradient, with O
and N abundances having low values at the outskirts and increasing towards
the centre. This interpretation was later confirmed by other studies during
the 1970s (e.g. Shields 1974; Comte 1975; Smith 1975; Peimbert 1979).

Since then, an extensive body of literature has been amassed on the
subject of abundance gradients in nearby galaxies supporting these negative
trends (Martin & Roy 1992; Vila-Costas & Edmunds 1992; Zaritsky et al.
1994; van Zee et al. 1998; Kennicutt et al. 2003; Bresolin et al. 2009b; Mous-
takas et al. 2010; Rosales-Ortega et al. 2011; Bresolin et al. 2012; Marino
et al. 2012; Patterson et al. 2012; Rich et al. 2012, among many others).
In the Milky Way, the presence of a gas abundance gradient has also been
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extensively reported (e.g. Shaver et al. 1983; Deharveng et al. 2000; Pilyugin
et al. 2003; Esteban et al. 2005; Quireza et al. 2006; Rudolph et al. 2006;
Balser et al. 2011; Esteban et al. 2017).

The existence of these abun-
dance gradients is directly related ' T l ' T
to the process of formation and evo- + TesersosT
lution of spiral galaxies. Chemi- B e T
cal models agree that spiral discs o
build up through accretion of ma-
terial, which leads to an inside-
out growth (Matteucci & Francois ~ .
1989; Boissier & Prantzos 1999).
The accretion brings gas into the
inner parts of the discs, where it
reaches high densities that trigger =—> sotar . ]
violent and quite efficient star for-
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riched material. In this context, the

study of metallicity gradients pro-

vides strong constraints for the main parameters describing these chemical
evolution models (Koeppen 1994; Edmunds & Greenhow 1995; Tsujimoto
et al. 1995; Carigi 2000; Prantzos & Boissier 2000; Chiappini et al. 2001;
Molla & Diaz 2005; Fu et al. 2009; Pilkington et al. 2012; Gibson et al.
2013).

However, gas metallicity studies have also presented some hints of the
existence of some behaviours in the oxygen abundance profiles that deviate
from the pure inside-out scenario: A decrease or a nearly flat distribution of
the abundance in the innermost region of discs, first observed by Belley &
Roy (1992); and a flattening in the gradient in the outer regions measured in
several works (Martin & Roy 1995; Vilchez & Esteban 1996; Roy & Walsh
1997, among others). Despite the wide variety of mechanisms proposed to
explain the presence of these features (such as radial migration, Minchev
et al. 2011, 2012; or satellite accretion, Qu et al. 2011; Bird et al. 2012), its
origin is still unclear.

All the previously mentioned studies were limited by statistics, either in
the number of observed H 1l regions or in the coverage of these regions across
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the galaxy surface. Gas-phase chemical studies have significantly benefited
from the development of Integral Field Spectroscopy (IFS) techniques that
have allowed the 2D characterisation of the abundance distribution in galax-
ies.

Moreover, IF'S surveys offer the opportunity of extending the study to a
large number of objects, allowing for meaningful statistical analysis. Still,
until recently, this technique was rarely used in a survey mode, with just a
few exceptions such as the SAURON survey (Bacon et al. 2001), the Disk
Mass Survey (Bershady et al. 2010) and the ATLAS3D Survey (Cappellari
et al. 2011). However, these pioneering projects were not optimal for a
statistical study of the properties of H1iregions because of the incomplete
coverage of the full extent of the galaxies, the very limited wavelength range
for gas-phase studies or the lack of late-type galaxies in the sample. A
proper statistical study able to analyse the gas abundance distribution across
the whole galaxy discs started with the development of the PINGS project
(Rosales-Ortega et al. 2010), which acquired IFS mosaic data for a dozen
very nearby galaxies. This project was followed by the observation of a larger
sample of face-on spiral galaxies (Marmol-Queralt6 et al. 2011) as part of
the feasibility studies for the CALIFA survey (Calar Alto Legacy Integral
Field Area). The advent of recent surveys such as CALIFA (Sénchez et al.
2012a), SAMI (Croom et al. 2012) or MaNGA (Bundy et al. 2015) allowed
extending the study to much more representative samples of nearby galaxies
by covering all morphologies.

Based on large-statistics samples of HIlregions extracted from galax-
ies observed by CALIFA and PINGS, Sanchez et al. (2012b, 2014) studied
the distribution of metals within star-forming galaxies and provided the
strongest evidence so far for a characteristic gas abundance gradient out to
two effective radii (7). These studies also confirmed the existence of devia-
tions from this gradient with unprecedented statistics, deviations that were
already observed by other IFS works on individual galaxies (e.g. Bresolin
et al. 2009b; Sanchez et al. 2011; Rosales-Ortega et al. 2011; Bresolin et al.
2012; Marino et al. 2012).

Plenty of studies on the radial abundance gradients have analysed pos-
sible relations between the slope and some properties of the galaxies. For
instance, it has been observed that interacting galaxies present shallower
gradients than isolated systems (Kewley et al. 2010; Rupke et al. 2010b;
Rich et al. 2012; Miralles-Caballero et al. 2014; Rosa et al. 2014; Sanchez
et al. 2014). In the case of the luminosity or mass of the galaxies, no trends
of the abundance slope with these properties have been found (Zaritsky
et al. 1994; Garnett et al. 1997; Sénchez et al. 2014; Ho et al. 2015). How-
ever, there is also a disagreement in some results. McCall et al. (1985),
Vila-Costas & Edmunds (1992), and Oey & Kennicutt (1993) stated a de-
pendence of the abundance slope on the morphological type of galaxies, with
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later types showing steeper gradients. On the contrary, other studies have
suggested gradients independent of galaxy morphological type (Diaz 1989;
Zaritsky et al. 1994; Sanchez et al. 2014) when normalising to a physical
scale of the disc. A correlation between the abundance slope and the pres-
ence of a bar has also been claimed, with barred galaxies presenting flatter
gradients (Vila-Costas & Edmunds 1992; Martin & Roy 1994; Zaritsky et al.
1994; Roy 1996; Dutil & Roy 1999). Although, again, the opposite result
has been shown by recent works on either stellar or gas-phase metallicity
(Sanchez et al. 2012b, 2014; Sanchez-Bldzquez et al. 2014; Cheung et al.
2015). These contradictory results, maybe due to the use in some studies of
small and heterogeneous samples and/or out-of-date abundance calibrators,
confirm the necessity of analysing the radial abundance distribution with
new improved calibrators and larger sample of galaxies.

1.4.2 AZIMUTHAL DISTRIBUTION

Unlike the analysis of the radial distribution of the gas-phase abundances,
that has been extensively studied, the azimuthal distribution has been barely
assessed observationally. At first glance, the chemical distribution of the
ISM in spiral galaxies was considered to be highly homogeneous (Scalo &
Elmegreen 2004). However, radial movements undergone by gas and stars
have been invoked lately to produce small inhomogeneities in the galaxy
chemical distribution. Although the causes of this so-called radial migration
still remain unclear, several simulations have attempted to understand this
important phenomenon in galaxy evolution, finding that both gas and stars
might migrate (e.g. Minchev et al. 2014; Grand et al. 2015). In particular,
recent simulations have shown that radial migration can induce azimuthal
variations of the stellar metallicity distribution (Di Matteo et al. 2013; Grand
et al. 2016). Regarding the gas content, streaming motions along the spiral
arms have been proposed (Grand et al. 2015; Baba et al. 2016), which could
also produce azimuthal variations of the gas abundance.

The first approach followed in the search for evidences of azimuthal vari-
ations in the metallicity has been made by analysing the scatter relative to
the radial abundance gradients. However, there have been just a few stud-
ies in this regard, all of them focused on individual galaxies. Analysis on
NGC 300 (Bresolin et al. 2009a), M 33 (Bresolin 2011), or NGC 628 (Berg
et al. 2015) reveal small scatter values consistent with the uncertainties in
the abundance measurements. On the other hand, other observational stud-
ies on M 31 (Sanders et al. 2012), NGC 6754 (Sanchez et al. 2015), and
M 101 (Kennicutt & Garnett 1996; Li et al. 2013; Croxall et al. 2016) have
found a substantial dispersion that can be taken as an evidence of the pres-
ence of azimuthal variations. In the case of M 101 it has been suggested
that these variations may be the result of a recent tidal interaction already
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reported in this galaxy (Mihos et al. 2012).

Another approach to study azimuthal differences is the analysis of the
arm-interarm abundance variations. However, even fewer works have fo-
cused on this study, all of them not finding evidences of chemical differences
between arm and interarm regions. Martin & Belley (1996), analysing a
sample of 7 galaxies, did not observe significant variations in the gas metal-
licity between these two distinct regions. Cedrés & Cepa (2002) carried
out a study for two galaxies analysing different properties of the H 1l regions
(distribution, Ha equivalent width, metallicity) of the arm and interarm
regions, observing similar trends in their properties.

On a larger scale, a few other studies have analysed global azimuthal
asymmetries by dividing the disc of the galaxies in sectors and comparing the
trends observed in the oxygen abundances for the different areas (Rosales-
Ortega et al. 2011; Zinchenko et al. 2016). The former study was focused
on NGC 628, while the latter analysed 88 late-type spiral galaxies. In both
cases, the observed variations were small and attributed to the uncertainties
involved in the analysis of the abundances.

Finally, Cedrés et al. (2012) studied the 2D distribution of the gas metal-
licity of another two galaxies and found that the presence of azimuthal in-
homogeneities depends on the calibrator used to derive the metallicity. Re-
cently, Vogt et al. (2017) studied the oxygen abundance distribution of the
spiral galaxy HCG 91c¢ and found some signatures of azimuthal variations
associated with the spiral structure of the galaxy. Similar conclusions have
been claimed for NGC 1365 by Ho et al. (2017).

In summary, most of the studies that have analysed hitherto the
gas-phase abundance distribution either were focused on a low number of
spiral galaxies or did not present a good spatial coverage of the discs. There-
fore, there are still a lot of open questions whose answer can help us to further
understand how galaxies form and evolve. A proper analysis of the oxygen
abundance distribution on a significantly large sample of galaxies and with
a good coverage of the galaxy extent is needed in order to reach meaningful
statistical results.

1.5 THIS THESIS

In this thesis we try to shed some light into the study of the gas-phase oxy-
gen abundance distribution in spiral galaxies in order to better understand
the formation and evolution of these objects. With such purpose we make
use of two sets of observational data extracted from two different projects:
CALIFA (Sanchez et al. 2012a) and AMUSING (Galbany et al. 2016). We
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derive the radial distribution of the oxygen abundance of a sample of spiral
galaxies by analysing CALIFA data. We characterise all features presented
in these radial profiles (inner drop, negative gradient, and outer flattening,
see Sect. 1.4.1) and study any possible dependence with some properties
of the galaxies. Moreover, we carry out a first approach to the study of
the azimuthal abundance distribution by analysing the oxygen abundance
gradients in the arm and inter-arm regions in a subset of these galaxies. In
this analysis we separate the sample in flocculent and grand design galaxies
(see Sect. 1.1.1) in order to link possible arm/interarm differences in the
abundance distribution with differences in the mechanisms shaping the spi-
ral structure of the galaxies. However, despite of the great advantages that
CALIFA data offer, they still do not provide the spatial resolution needed to
detect more subtle azimuthal variations in the gas abundance distribution.

In this regard, the development of MUSE (Multi Unit Spectroscopic Ex-
plorer, Bacon et al. 2010) has meant a new revolution in the progress of
IFS by combining a large FoV with high spatial resolution, helping us to go
further in the study of the gas-phase spatially resolved chemical distribu-
tion. These two characteristics combined allow us to increase the number
of Hirregions detected in individual galaxies with respect to previous stud-
ies and better trace their distribution across the galaxy discs. Moreover,
thanks to the high spatial resolution, unprecedented in spectroscopic stud-
ies, we can avoid any dilution effect in the detection of the H1Iregions and
segregate them with the same quality as with photometric data.

This way, in a complementary fashion, we also analyse AMUSING data
in a different sample of galaxies to derive the radial oxygen abundance dis-
tribution. This analysis allows us to improve some aspects of the study per-
formed with CALIFA data, such as the development of a new methodology
to fit the shape of the radial profiles and detect automatically the existence
of an inner drop or/and outer flattening when present. As a second approach
to the study of the azimuthal abundance distribution, AMUSING data also
offers us the opportunity to derive the intrinsic scatter of the radial gradi-
ents. Finally, a proper analysis of these azimuthal distribution is feasible
thanks to the high spatial resolution of these data.

The outline of this thesis is as follows. In Chapter 2 we describe the data
used along this thesis (CALIFA and AMUSING) and the sample of galaxies
defined on the basis of these two surveys. Chapter 3 is devoted to explain
the methodology applied to obtain the oxygen abundance distribution of
the gas-phase. In Chapters 4 and 5 we show the results in regards of the
radial abundance distribution analysed using the CALIFA sample and the
AMUSING sample, respectively. The arm/interarm analysis of the abun-
dance distribution is provided in Chapter 6. In Chapter 7 we present the
analysis of the azimuthal distribution. Finally, the main conclusions and
ideas for future work are outlined.
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SPECTROSCOPIC ANALYSIS are regarded as the best approach to
study the properties of both stars and gas in galaxies. Until recently, spectro-
graphs were able to obtain spectra of just a limited number of objects/areas
in each shot. The advent of IFS techniques allows to gather multiple spectra
simultaneously, offering the opportunity to acquire spatially resolved spectra
of extended objects. Its two-dimensional (2D) spatial coverage makes feasi-
ble the extraction of several hundreds or even thousands of spectra across
the entire extent of nearby galaxies. This capability results crucial in the
study of the variations of gas properties throughout the whole galaxy disc.

Moreover, using this technique in a “survey mode” to investigate large
samples of objects is very advantageous to perform meaningful statistical
analyses on unprecedented scales. Current IFS surveys (e.g. ATLAS?P,
Cappellari et al. 2011; CALIFA, Sénchez et al. 2012a; SAMI, Croom et al.
2012; MaNGA, Bundy et al. 2015) have shown the potential of this kind of
data to deliver important insights on key questions about the formation and
evolution of galaxies at low redshifts.

The study carried out along this thesis is based on two different data sets
associated with two different IFS surveys: CALIFA and AMUSING. In this
chapter we describe the main characteristics of these two surveys (Sect. 2.1
and Sect. 2.2 for CALIFA and AMUSING, respectively), defining the sample
selection of galaxies and their properties for both datasets (Sect. 2.1.1 and
Sect. 2.2.1, respectively).

2.1 CALIFA bpATA

The Calar Alto Legacy Integral Field Area (CALIFA) survey (Sénchez et al.
2012a) was designed to provide the largest and more comprehensive view
of individual galaxy properties in the Local Universe up to date. High
quality data for 667 nearby galaxies (0.005 < z < 0.03) were collected using
the PMAS instrument (Potsdam Multi-Aperture Spectrograph, Roth et al.
2005) mounted to the 3.5m telescope of the Calar Alto observatory in a
mode called PPak (PMAS fiber Package, Kelz et al. 2006).

The observed 542 galaxies of the main sample were selected randomly
(based on visibility limitations) from a diameter-selected sample of 937
galaxies drawn from Sloan Digital Sky Survey (SDSS) seventh data release
(DR7, Abazajian et al. 2009). This way, galaxies with 45” < D5 < 80" in
the r-band image were chosen to fit well within the IFU field-of-view (FoV).
CALIFA main sample is fully described and characterised in Walcher et al.
(2014). The other 125 galaxies were part of extension programs with differ-
ent selection criteria according to the aims of each of them (see Sdnchez et al.
2016a, for information about the extension sample). As a legacy project,
CALIFA collaboration has distributed all the data to the public through
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three data realeses (DR1, Husemann et al. 2013; DR2, Garcia-Benito et al.
2015; and DR3, Sédnchez et al. 2016a), the third and final one taking place
the 11*" of April 2016.

Regarding the observing strategy, the adopted PPak configuration con-
sists of 382 fibres of 2.7" diameter each, 331 of them (the science fibres)
covering an hexagonal FoV of 74"x64”. 36 fibres are devoted to the sky
subtraction and the remaining ones are assigned to calibration purposes.
In order to have a filling factor of 100% along the full FoV and increase
the spatial resolution, a dithering scheme of three pointings was adopted.
Two different complementary setups were chosen for the observations:
(1) The low-resolution setup (V500)
with a nominal resolution of \/AX ~
850 at 5000 A (FWHM ~ 6A)
and covering the wavelength range
from 3745 to 7500 A; and (2)
The mid-resolution setup (V1200)
with a better spectral resolution of
M/ AN ~ 1650 at 4500 A (FWHM
~ 2.7A) and ranging from 3650
to 4840 A. The first setup is in-
tended to study the stellar popu-
lations and the properties of the
ionised gas, while the second one is
more appropriate to study the stel-
lar and ionised gas kinematics given

. . . Figure 2.1: Promotional image of the CAL-
its higher resolution. IFA DR2. It shows 1) $-color broadband im-
The reduction of the CALIFA ages (top center), 2) stellar mass surface den-

. . _ sities (top right), 3) ages (bottom right), 4)
data. is performed using a fully au narrowband images (bottom center), 5) Ho

tomatic pipeline that was upgraded ;is5i0n (bottom left), 6) Ha kinematics (top
and improved during the course of left) and 7) CALIFA logo (central). From

the project. All the standard steps Garcia-Benito et al. (2015).

for fibre-based IFS data reduction

are included, like bias and flat-field corrections, spectral extraction, wave-
length calibration and fibre transmission correction, sky subtraction and
flux calibration (all routines from the R3D package, Sédnchez 2006). Infor-
mation about the different versions of the pipeline and the corresponding
improvements can be found in the mentioned articles describing the succes-
sive data releases. As output, the pipeline provides a regular-grid datacube,
with z and y coordinates indicating the right ascension and declination of
the target and z being the step in wavelength for all galaxies in the sample.
An inverse-distance weighted image reconstruction scheme was performed as
the interpolation method to reconstruct the datacube. As a result, we have
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individual spectra for each sampled spaxel' of 1” x 1” and a final spatial
resolution for the datacubes of FWHM ~ 2.5".

In this thesis, we use the CALIFA V500 datacubes reduced with version
1.5 of the pipeline (described in Garcia-Benito et al. 2015)for all the galaxies
comprising our sample, described below.

2.1.1 SAMPLE SELECTION AND CHARACTERISATION

The uniqueness of the CALIFA survey in terms of observed sample and data
quality makes this survey an excellent dataset to characterise the ionised gas
in spiral systems. However, not all the galaxies are suitable for such purposes
and the following criteria have been adopted to select the subset of CALIFA
galaxies used in this thesis:

(a) Spiral galaxies with morphological types between Sa and Sm, including
barred galaxies.

(b) Face-on galaxies, with an inclination angle i < 60°, to avoid uncer-
tainties induced by inclination effects.

(c) Galaxies with no evident signatures of interaction or merging (i.e. tails,
bridges, rings, etc.).

(d) Galaxies with Ha detected along different galactocentric distances up
to 4 disc effective radii with a S/N for the spaxels above 4 on average.

The classification according to morphological type and into interacting or
non-interacting galaxy was based on the visual inspection carried out by
Walcher et al. (2014, see details in the article). The inclination angles were
also extracted from Walcher et al. (2014). After imposing these restrictions,
the original sample of 458 galaxies observed up to that moment (June 2014)
was reduced to 129. Table A.1 of Appendix A lists the galaxies composing
our sample with some of their main characteristics.

Figure 2.2 shows the comparison of the distribution of morphological
types, absolute B-band magnitudes, and disc effective radii (re) between
the spiral galaxies in the CALIFA mother sample and the subsample used
in this thesis. There is a clear deficiency of earlier (Sa-Sab) and later (Sc-
Sdm) spirals; the sample is dominated by intermediate ones. The lack of
early types may be due to the imposition of having ionised gas through-
out the discs, which we have prioritised to perform a detailed 2D study of
the gas metallicity. The distribution of galaxies according to their absolute
magnitude clearly shows an absence of faint galaxies, with values above -18
mag. This fact is a consequence of a selection effect in the definition of the

'Unit in which the IFU divides the observed field.
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Figure 2.2: Distribution of morphological types (top left), absolute B-band magni-
tudes (top middle), and disc effective radii (top right) of the spiral galazies in the
CALIFA mother sample (unfilled black histograms) and the galaxies selected in this
thesis (filled blue histograms). The middle and bottom panels show the normalised dis-
tributions separated according to the presence or absence of bars: barred galazies (red
histograms), unbarred galazies (green histograms) and not clearly identified galazies
(blue histograms). The dashed grey line and the red arrow mark the location of the
MW in each panel. The values for the absolute B-band magnitude (Mg = —20.8 mag)
and the disc effective radius (re = 3.6 kpc) are taken from Karachentsev et al. (2004)
and Bovy € Rix (2013, considering r. ~ 1.67rq), respectively.
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Figure 2.3: Distribution of the spiral galazies in the CALIFA mother sample (empty
small dots) and the galazies selected in this thesis (filled large dots) in the (B — V)
vs My colour-magnitude diagram.

CALIFA mother sample (Walcher et al. 2014). The CALIFA mother sam-
ple was created by applying a size selection criterion defined by a minimum
apparent isophotal size. A size-limited sample like this favours inclined over
face-on sytems because the inclination increases the apparent isophotal size
(because the surface brightness increases). This effect causes these inclined
galaxies to dominate the low-luminosity population of galaxies. Because
we selected only face-on galaxies with ¢ < 60°, we automatically discarded
all these faint galaxies. Moreover, this fact contributes to the deficiency
of Sc-Sdm galaxies due to the found correlation between the morphologi-
cal type of the galaxies and the mass (thus, with the luminosity), where
later types present lower masses and luminosities (Roberts & Haynes 1994;
Gonzélez Delgado et al. 2015). For the distribution of galaxies according to
their disc effective radius, we obtained similar distributions for the CALIFA
spiral galaxies and our sample: the sample is dominated by galaxies with
re between 4 and 10 kpc. Furthermore, there are no significant differences
in the distribution when the galaxies are separated into barred and non-
barred galaxies, galaxies of all sizes are present in both cases. For the sake
of comparison, Fig. 2.2 also displays the values of the shown parameters
(morphological type, absolute B-band magnitude, and disc effective radius
(re)) for the Milky Way (MW) as dashed grey lines and red arrows, all of
them within the ranges covered by our sample of galaxies.
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Figure 2.3 shows the distribution of our sample (filled dots) and the
total sample of CALIFA spiral galaxies (empty dots) along the (B — V) vs
My colour-magnitude diagram. Our sample covers the same range as the
CALIFA spirals above My ~ —17 mag, excluding the faint galaxies below
this limit for the reasons explained above.

We note that despite the mentioned constraints imposed by the criteria
adopted to define the sample (hereafter CALIFA sample), the selected set of
galaxies is well suitable to carry out the study presented in this thesis, that
is, a detailed 2D study of the gas metallicity distribution in spiral galaxies.

2.2 AMUSING DATA

Additionally to the use of CALIFA data in this thesis, the analysis of other
datasets like AMUSING allow us to complement the studies based on CAL-
IFA in aspects where this survey presents some limitations, such as the
spatial resolution, improving the knowledge we can obtain from the study
of the oxygen abundance distribution of the ionised gas in spiral galaxies.

AMUSING (All-weather MUse Supernova Integral-field Nearby Galax-
ies, PI Anderson/Galbany; Galbany et al. 2016) is an ongoing project aimed
at studying the environments of supernovae (SNe) by means of the analysis
of a large number of nearby SN host galaxies (redshifts typically between
0.005 and 0.06, with exceptional cases up to 0.1; see Fig. 2.4 for the range
covered by the subsample analysed in this thesis). The AMUSING mother
sample comprises up to date more than 300 galaxies. 227 of these galaxies
are part of the long term observing campaign (expanding four semesters so
far) carried out by the project. The remaining ones have been included after
a carefull search in the ESO archive fulfilling the criteria imposed by AMUS-
ING (galaxies observed with MUSE where SNe have been discovered). As
a consequence, the mother sample is composed by a wide variety of galaxy
types with the only characteristic in common of hosting or having hosted a
SN.

The data were collected as part of a filler programme with the MUSE
instrument (Bacon et al. 2010, 2014), located at the VLT UT4 telescope
of the Cerro Paranal Observatory. In its Wide Field Mode, this integral-
field spectrograph presents a FoV of approximately 1’ x 1’ and a pixel size
of 0.2”, which limits the spatial resolution of the data to the atmospheric
seeing during the observations. Regarding the covered wavelength range,
MUSE spans from 4750 A to 9300 A, with a spectral sampling of 1.25 A
and a spectral resolution A/AX ~ 1800 — 3600 (from the blue edge of the
spectrum to the red end).

The AMUSING data analysed in this thesis have been reduced using
version 1.2.1 of the MUSE pipeline (Weilbacher et al. 2014) and the Reflex
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environment (Freudling et al. 2013). This pipeline layout includes the stan-
dard processes like bias subtraction and flat-fielding, flux and wavelength
calibration. The sky subtraction was performed using either an offset point-
ing to a blank sky position, or blank sky regions within the science frames,
and making use of algorithms from the Zurich Atmosphere Purge package
(ZAP; Soto et al. 2016). The effects of Galactic extinction were also cor-
rected according to the reddening estimates from Schlegel, Finkbeiner, &
Davis (1998). Finally, a geometric calibration is performed to distribute the
individual slices of the image within the FoV and reconstruct the datacube.
More information about the data reduction can be found in Galbany et al.
(2016) and Kriihler et al. (2017).

For some galaxies, the observations were split into different pointings
covering different areas of the galaxies to construct a mosaic. A set of
~ 100000 spectra is delivered per pointing, reaching up to an impressive
number of ~ 600000 spectra for the most extended galaxies (mosaics com-
posed by six pointings), and a total of more than 35 million spectra for the
full sample.

The median seeing during the observations of the analysed dataset (de-
scribed in Sect. 2.2.1) is 1.1” (80% of the values ranging between 0.8” and
1.8"), corresponding to a median physical resolution of ~ 460 pc. The typi-
cal exposure time of each pointing is ~ 50 minutes and the limiting surface
brightness in g-band covers the range between 22.6—24.9 mag/arcsec? (10-th

and 90-th percentiles), with a median value of 24.0 mag/arcsec?.

2.2.1 SAMPLE SELECTION AND CHARACTERISATION

The large percentage of spiral galaxies in the AMUSING mother sample
allows as to study in this thesis, and for the first time, the oxygen abun-
dance distribution of the ionised gas in a meaningful statistical sample with
an unprecedented spatial resolution. However, not all the galaxies are suit-
able for the analysis carried out along this thesis. We first remove galaxies
with low image quality (visually presenting low signal in the source or/and
with seeing values above 2”) and those that are too small (projected semi-
major axis in the sky smaller than ~ 15”) to properly derive the abundance
distribution without mixing information (very large physical size of the de-
tected H1rregions). Galaxies for which the centre of the galactic discs is not
mapped are also discarded from the sample. From the remaining galaxies
we then select the subset that fulfils the following criteria:

(a) Spiral galaxies with morphological types between Sa and Sm, including
barred galaxies.

(b) Intermediate to low inclined galaxies (i < 70°) to minimise uncertain-
ties induced by inclination effects.
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(c) Galaxies with at least 10 H 11regions to properly derive the abundance
radial profiles.

(d) Galaxies with enough radial coverage of the abundance profiles (at
least a range of 0.5 disc effective radii).

Regarding the morphological type criterion, the classification is based on the
information provided in the extragalactic database HyperLeda® (Makarov
et al. 2014). However, due to the higher quality of the analysed data over
the previously available ones, a visual inspection of the images reconstructed
from the MUSE datacubes is done to check the galaxies. Indeed, two galax-
ies that were classified by HyperLeda as elliptical or lenticular are kept in
the sample because of the presence of a clear spiral structure observed with
our data (PGC 55442 and NGC 0232), and two galaxies classified as spi-
rals are discarded for actually being lenticular (NGC 4772 and NGC 6962).
Moreover, for the galaxies with no morphological information in the men-
tioned database (18), a visual selection is performed, all of them being fi-
nally included. After imposing these restrictions, the sample is reduced to
102 galaxies. General information about these galaxies including the mor-
phological type, redshift, stellar mass and disc effective radius is given in
Table B.2 (Appendix B).

The AMUSING mother sample has not been defined based on their
galaxy properties, as opposed to the CALIFA mother sample, but on the
presence of SNe. However, here we argue that the subsample used in this
thesis (hereafter AMUSING sample) is representative of the galaxy popula-
tion in the Local Universe. A criterion based on the occurrence on the galaxy
being host to a SN is proposed as a valid selection to find galaxies properly
populating the galaxy mass distribution (galaxies hosting SNe Ia) and the
typical observed ranges of star formation rates (galaxies hosting core-collapse
SNe). In Fig. 2.4 we check the veracity of this statement by comparing this
sample with the CALIFA subsample (see Sect. 2.1.1), which is also anal-
ysed along this thesis and, as previously mentioned, was extracted from a
well defined, statistically significant sample and representative of galaxies in
the Local Universe (Walcher et al. 2014). The top panel of Fig. 2.4 shows
the normalised distribution of morphological types of the 84 galaxies of the
sample for which HyperLeda information on this regards is available (red
dashed histogram) and the CALIFA galaxies (which morphological classifi-
cation is presented in Walcher et al. 2014, blue solid histogram). The sample
is dominated by galaxies of intermediate morphological types ranging from
Sb to Sc, although spirals of all morphological types are found. Despite the
lack of Sab galaxies in favour of Sa systems with respect to the CALIFA
sample, the coverage of morphological types is very similar in both samples.

http://leda.univ-lyon1.fr
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Figure 2.4: Characterisation of the AMUSING analysed sample (red dashed his-
tograms and stars) as compared with the CALIFA analysed sample (blue solid his-
tograms and circles). The plot shows the distribution of morphological types (top),
and the redshift and g — r colour distributions as a function of the absolute r-band
magnitudes (bottom). The normalised frequency histograms for the three parameters
are also shown.



40 CHAPTER 2. DATA AND SAMPLE SELECTION

2 -
D
£ 0F
=,
A
w =2+
=] o
=
o CALIFA mother sample
e CALIFA subsample
-4 L = AMUSING subsample |-
8 9 10 11 12

log M [M]

Figure 2.5: SFR vs. integrated stellar mass relation for both CALIFA and AMUS-
ING samples. The complete CALIFA mother sample is represented by unfilled black
circles. The CALIFA and AMUSING subsamples of galazies used in this thesis are
indicated by filled black circles and blue squares, respectively.

The bottom panel of Fig. 2.4 shows the redshift and g — r colour distribu-
tions as a function of the absolute r-band magnitudes, together with their
corresponding frequency histograms for both AMUSING (red stars and red
dashed histograms) and CALIFA (blue circles and blue solid histograms)
samples. The absolute r-band magnitudes and g — r colours for AMUSING
galaxies are computed from the flux density in r-band and g-band images
recovered from the data. In the case of the CALIFA galaxies, these val-
ues were directly extracted from the SDSS DR7 catalogue. The coverage
of both samples is again very similar for all the explored parameters, with
the exception of the tail towards higher redshifts of the AMUSING galax-
ies, as no redshift criterion was applied to define the sample. If we do not
consider the galaxies with z > 0.03, restricting ourself to the range covered
by the CALIFA sample, a two-sample Kolmogorov-Smirnov test® (KS test)
yields p-values above the significance level (5%) for the three parameters,
concluding that the two samples present statistically similar distributions.

3The two-sample KS test is a statistical test used to determine if two datasets differ
significantly based on a parameter called p-value. If this parameter is below a significant
level (usually 5%) then we can conclude that the two sample are drawn from different
distributions, and the opposite for p-values above the significance level.
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Figure 2.5 shows the star formation rate (SFR)-stellar mass plane of the
galaxies in the sample, both from CALIFA (black circles) and AMUSING
(blue squares) surveys. The complete CALIFA mother sample, that is rep-
resentative of all types of galaxies observed in the Local Universe, is also
represented (unfilled black circles). This graphic is useful to distinguish star
forming galaxies, that occupy a “star forming main sequence”, in a similar
way as a colour-magnitude diagram (see Sect. 1.1). In this figure we can see
that both CALIFA and AMUSING galaxies cover the same range of values,
corresponding mainly to the star forming main sequence (blue cloud in a
CMD) and part of the green valley. Therefore, we can confirm that our
sample of galaxies is not biased but we cover all ranges of SFR we can find
in spiral galaxies.

Therefore, in sight of this comparison, we can conclude that the AMUS-
ING sample is also suitable for carrying out a detailed study of the oxygen
abundance distribution of the ionised gas in spiral galaxies, and for drawing
statistical conclusions applicable to spiral galaxies in the Local Universe.
Together with the CALIFA sample, both datasets will be the basis of the
subsequent analysis presented along this thesis in the following chapters.
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major problems just with potatoes.

— Douglas Adams

Methodology

Contents
3.1 Measurement of the emission lines: FIT3D/Pipe3D . .. 45
3.1.1  Dust extinction and reddening correction . .. . 49
3.2 Selection of star forming regions . . . . .. .. ... ... 50
3.2.1  Extraction of individual Hiiregions . . . . . . . . 50
3.2.2  Spaxel-by-spaxel extraction . . ... ... .. .. 54
3.3 Derivation of the oxygen abundances . .. ... ... .. 56
3.4 Deprojection of galaxies . . . . . . ... ... ... .... 60

43






3.1. MEASUREMENT OF THE EMISSION LINES: FIT3D/PIPE3D 45

FROM THE MOMENT WE HAVE AT OUR DISPOSAL the dat-
acubes provided by the corresponding reduction pipeline of the instrument
for the selected targets, there is still a long way off until we obtain the in-
formation (in the proper format) needed to carry out the study of interest.
This long way passes through the choice of the suitable tools that can help
us to derive the desired information and the overall procedure designed to
make the most of our data. This part of the process is crucial when someone
has to decide whether they should rely on your results or not.

In this chapter we explain the methodology followed during this study
to perform the study of the gas abundances. In Section 3.1 we describe
the code used to measure the flux of the emission lines, process that also
involves the subtraction of the stellar component contribution. We also
explain the analysis required to select the star forming regions, either by
detecting the individual H1rregions (Sect. 3.2.1) or by extracting the spaxel-
wise information (Sect. 3.2.2). Finally, the derivation of the corresponding
oxygen abundance values is described in Section 3.3.

3.1 STELLAR CONTRIBUTION SUBTRACTION AND MEA-
SUREMENT OF EMISSION LINES: FIT3D /P1PE3D

The spectrum of a galaxy gives us information about the different emitting
sources that compose it, mostly stars and ionised gas. The emission of each
of these components is characterised by different and particular features.
A typical spectrum of a galaxy (or a portion of it) presents a set of well-
defined emission lines associated with the ionised gas, superimposed to the
underlying stellar spectrum that is characterised by the absorption lines and
the continuum emission. In order to study the properties of the individual
components, in our case the ionised gas, it is necessary to decouple them.
In other words, to accurately measure the emission line fluxes, the stellar
contribution must be estimated and subtracted from the galaxy spectrum
to derive a pure gas spectrum for each individual spaxel or H11region. This
is not a trivial task since some of the emission lines (e.g. the Balmer series)
can be, in some cases, strongly affected by the absorption features of the
stellar population.

Several tools have been developed to model the underlying stellar pop-
ulation and decouple it from the emission lines (e.g. pPXF, Cappellari &
Emsellem 2004; STARLIGHT, Cid Fernandes et al. 2005; STECKMAP,
Ocvirk et al. 2006b,a; GANDALF, Sarzi et al. 2006; ULySS, Koleva et al.
2009; FIT3D, Sénchez et al. 2011). Most of them are based on the assump-
tion that the star formation history (SFH) of a galaxy can be approximated
as a sum of discrete star formation (SF) bursts and, therefore, that the stel-
lar spectrum can be considered as the result of the combination of spectra
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of different simple stellar populations (SSP) with different ages and metal-
licities.

In this work, we make use of a fitting package named FIT3D! to model
both the continuum emission and the emission lines. Originally, this tool was
developed to analyse the properties of the ionised gas. However, during the
last few years FIT3D has been improved, presenting new capabilities that
allow for a more reliable characterisation of the underlying stellar population
and a good estimation of the errors of the derived parameters. Nowadays,
FIT3D is part of a more complete spectroscopic analysis pipeline named
P1PE3D (Sanchez et al. 2016¢), developed to characterise the properties of
both the stellar populations and the ionised gas. This tool was designed
to deal with spatially resolved data from optical IFS surveys, in particular
CALIFA, MaNGA and SAMI, and the new generation of IFS instruments
like MUSE.

To properly subtract the underlying stellar population, it is needed to
adopt a spatial binning in order to increase the S/N of the spectra and
obtain an accurate estimation of the stellar contribution. With such purpose,
PIPE3D uses an algorithm named CS-binning and based on a continuity
criterion for the surface brightness and a goal for the S/N ratio (in our case,
40 for CALIFA data and 150 for AMUSING). This algorithm allows the
user to reach a compromise between increasing the S/N and preserving the
shape of the original object (i.e., without mixing areas of the galaxy with
very different physical properties).

In the modelling of the stellar contribution adopted in this thesis, FIT3D
uses an SSP template grid that comprises 156 individual populations cover-
ing 39 stellar ages between 0.001 and 14.1 Gyr and four metallicities between
0.004 and 0.03. This grid combines the GRANADA models from Gonzélez
Delgado et al. (2005) for t < 63 Myr with those provided by the MILES
project (Vazdekis et al. 2010; Falcén-Barroso et al. 2011) for older ages (fol-
lowing Cid Fernandes et al. 2013). This way, FIT3D fits each spectrum with
a linear combination of the SSP templates that are collected in the library
after correcting for the appropriate systemic velocity and velocity dispersion
(including the instrumental dispersion) and taking into account the effects
of dust attenuation. We adopted the Cardelli et al. (1989) law for the stellar
dust extinction with Ry = 3.1.

Once we have an estimation of the stellar continuum, PIPE3D performs
a procedure designed to decouple the analysis of the emission lines from
the spatial binning required for the stellar populations. This procedure,
called dezonification (see Cid Fernandes et al. 2013), takes into account
the relative contribution of each spaxel to the spatial bin in which it is
aggregated, using the ratio between the V-band intensity map before and

"http://www.astroscu.unam.mx/~sfsanchez/FIT3D
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after performing the binning scheme (the so-called dezonification map). This
map is multiplied to the stellar model of the datacube (where all the spaxels
within the same spatial bin present the same spectrum) and the resulting
cube is spatially smoothed with a Gaussian kernel to obtain a continuous
model of the underlying stellar population. Finally, this model is subtracted
from the original datacube providing a pure emission line cube.

To measure the emission line fluxes on the pure gas cube, FIT3D per-
forms a multi-component fitting using a single Gaussian function per emis-
sion line plus a low-order polynomial function. When more than one emis-
sion line was fitted simultaneously (e.g. for doublets and triplets like the
[N 11] lines), the systemic velocity and velocity dispersion were forced to be
equal to decrease the number of free parameters and increase the accuracy
of the deblending process. The measured line fluxes include all lines re-
quired in determining the gas metallicity using strong-line methods, that is,
He, HB, [O11] A37272, [O111] A\4959, [O 111] A5007, [N 11] A6548, [N 11] \6584,
[S11] A6717, and [S11] A6731. FIT3D provides the intensity, equivalent width
(EW), systemic velocity, and velocity dispersion for each emission line.

The estimation of the errors of the parameters is done by performing
a Monte Carlo (MC) simulation, where the original emission line spectrum
is perturbed by a noise spectrum that includes both the original estimated
errors and the uncertainties in the best fit SSP model (standard deviation
around the best SSP model). This way, the uncertainties of the subtrac-
tion of the underlying stellar population are propagated to the parameters
derived for the emission lines.

This method of measuring the emission lines based on Gaussian fitting
is applied for the H1iregions analysis. However, this procedure is very time
consuming, and infeasible especially when the number of spectra to anal-
yse is very high, as for a spaxel-wise analysis of the AMUSING datacubes.
Therefore, in this case PIPE3D adopts a different scheme to extract the main
properties of the emission lines (flux intensity, velocity and velocity disper-
sion, and equivalent width). This scheme is described in detail in Sédnchez
et al. (2016b). In summary, it is based on an optimal extraction algorithm
that uses as initial guess for the velocity and the velocity dispersion of each
emission line the ones derived using the Gaussian fitting procedure for the
strongest emission line, Ha. Adopting a Gaussian shape for each considered
emission line the algorithm performs a weighted momentum analysis, where
the weight of each line property is the normalised intensity of the Gaussian
distribution. From the initial guess of the kinematics properties described
before it is derived a first estimation of the intensity, velocity and velocity
dispersion of each line. This procedure is repeated through a set of 50 MC
realisations of the spectra, modified according to the errors derived based on

2This particular emission line, although covered by CALIFA, is out of the wavelength
range of MUSE, that spans from 4750 A to 9300 A.
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Figure 3.1: FEzample of a FITSD fit to the central spectrum (5" diameter) of
NGC 6754 extracted from the CALIFA V500 datacube. The black line represents the
original spectrum, along with the best fitted stellar population (SSP model, light blue),
and the best fitted combination of stellar population and emission lines (SSP+EL
model, red). The pure emission line spectrum after subtracting the best stellar popu-
lation model is shown as a solid orange line (SSP residual). Finally, the total residual
of the subtraction of both the stellar population and the emission line models is rep-
resented as a light green line (SSP+EL res.). The inset is focused on the HB-[O111]
spectral region to highlight the quality of the fit. Extracted from Sdnchez et al. (2016a,).

the residuals on the stellar population analysis. Following this strategy, we
obtain an estimation of both the considered parameters (mean values of the
intensity, velocity and velocity dispersion), and their corresponding errors
(standard deviation around those mean values).

As indicated above, FIT3D fits both the underlying stellar population
and the emission lines. In addition to the parameters derived for the emis-
sion lines, the fitting algorithm therefore provides information related to the
stellar population: the luminosity-weighted ages and metallicities, the aver-
age dust attenuation, the mass-weighted ages and metallicities, the average
mass-to-light ratio, and the individual weights of the multi-SSP decomposi-
tion that in essence trace the SFH.

The entire procedure of fitting and subtracting the underlying stellar
population and measuring the emission lines using FIT3D, together with its
implementation to CALIFA data and other algorithms of PIPE3D are exten-
sively described in Sénchez et al. (2011), Sdnchez et al. (2016¢) and Sénchez
et al. (2016b). In these articles the authors also carry out a comparison of
the results of the analysis using this tool with other widely used packages
(namely STARLIGHT, Cid Fernandes et al. 2005, and STECKMAP, Ocvirk
et al. 2006b,a), finding that the parameters derived with FIT3D are fully
compatible with those provided by the other codes. To illustrate the quality
of the performance of FIT3D in different datasets and regions of the galaxies
dominated by different physical processes we show as an example the fit of
the central spectrum (5" diameter) of NGC 6754 from the CALIFA data in
Fig. 3.1 and of two Hiiregions from AMUSING data in Fig. 3.2. In these
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Figure 3.2: Two typical spectra of HIlregions observed in the AMUSING sample
with different levels of stellar contribution. The black line represents the observed
spectrum, along with the best fitted stellar population performed by FITSD (SSP
model, red line). The pure emission line spectrum after subtracting the SSP model is
shown as a blue line. The insets are focused on the HB and Ho — [NII| spectral re-
gions to highlight the quality of both the spectra and the subtraction of the underlying
stellar continuum.

figures it is possible to appreciate the good quality of the fitting of both the
stellar populations and the emission lines. In particular, it is clear the good
recovery of the emission line fluxes even in the case of strong absorptions
(e.g., in the case of the Hf, see inset of Fig. 3.1). The examples of Fig. 3.2
show different levels of contribution of the stellar continuum in the spectrum
of the Hirregions. In cases where the stellar contribution is low, its effect
on the emission lines recovery is negligible (compare blue and black lines
of the left panel). On the other hand, if the contribution is significant (see
right panel), the performance of FIT3D is quite remarkable, being able to
properly model the underlying stellar absorption in features such as Ha and
Hp (see insets of Fig. 3.2).

3.1.1 DUST EXTINCTION AND REDDENING CORRECTION

The presence of dust in the interstellar medium (ISM) has an impact on the
observed emission coming from the ionised gas. This influence depends on
different characteristics, such us the size of the dust grains or the wavelength
of the emitted photons, being the dust able to absorb and even scatter
light (see Chapter 1). This phenomenon (called extinction) is also known
as interstellar reddening because it is stronger at short wavelengths (blue)
than at long wavelengths (red). As a consequence of this effect, the ratios
between the emission lines (used to determine abundances, see Sect. 3.3)
change.

Prior to the derivation of the oxygen abundances it is therefore needed to
correct the emission line ratios from this effect. In spectroscopic studies of
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Hiiregions the flux of the emission lines is usually represented with respect
to the HB flux. This way, the corrected ratio of fluxes for a given emission
line located at a wavelength A can be derived with the following equation:

( F)\ > _ < F/\ > % 1070.4(14)\*14[-]5), (31)
FHB obs FH,B corr

where (F)\/Fug),,s and (Fx/Fgg),,,, are the observed and corrected emis-
sion line ratio, respectively, and Ay is the absolute extinction at the corre-

sponding wavelength.

To determine A) we make use of the extinction law A(X)/A(V) from
Cardelli et al. (1989), with Ry = 3.1. The value of A(V) is obtained
from the Ha/HS Balmer decrement, considering the theoretical value for
the unobscured Ha/Hf ratio of 2.86, which assumes a case B recombination
(T. = 10000 K, n. = 100 cm~3, Osterbrock 1989).

This method allows us to obtain reddening corrected emission line ratios
that now can be used with the empirical calibrators to derive the oxygen
abundances (see Sect. 3.3) and study their 2D distribution.

3.2 SELECTION OF STAR FORMING REGIONS

The use of emission lines is essential in the determination of the chemical
abundance of the ionised gas in galaxies. This gas can be found forming
clouds of ionised hydrogen due to the photoionisation of the interstellar gas
by O-B stars (Aller 1984; Osterbrock 1989). These clouds are known as
Hiiregions and are associated with areas where star formation is taking
place, as only hot, massive, young stars are able to ionise the surrounding
material. Generally, the determination of the ionised gas abundances in
external galaxies is based on strong-line indicators (see Sect. 3.3) that have
been calibrated using H 11 regions in nearby systems and even the Milky Way.

In this section we describe how we have selected those regions in terms of
two different methods that in the next chapter will be proved to be equivalent
under certain conditions (see Chapter 4). The spectra coming from these
regions are analysed as described above (Sect. 3.1).

3.2.1 EXTRACTION OF INDIVIDUAL H II REGIONS

There are several packages developed for the automatic selection of
Hiregions that are publicly available (e.g. HIIPHOT, Thilker et al. 2000;
REGION, Fathi et al. 2007; HIIEXPLORER, Sénchez et al. 2012b). In this
thesis we make use of HIIEXPLORER?, which has been designed especially to

3http://www.astroscu.unam.mx/~sfsanchez/HII_explorer
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deal with CALIFA data but modified accordingly to handle other datasets
such as AMUSING data. The validity of this tool to select H1Iregions is

highly proved against the other mentioned packages in a comparison done
in Sénchez et al. (2012b).

The procedure performed by HIIEXPLORER to detect the Hilregions
and extract the corresponding spectra is based on two assumptions: (a)
Hiiregions are peaky and isolated structures with a strongly ionised gas
emission, particularly in He, that is significantly higher than the stellar
continuum emission and the average ionised gas emission across the rest
of the galaxy; (b) Hiregions have a typical physical size of about a few
hundred parsecs (Gonzdlez Delgado & Pérez 1997; Oey et al. 2003; Lopez
et al. 2011).

A more detailed description of this algorithm can be found in Sanchez
et al. (2012b), with a few modifications presented in Sénchez et al. (2015).
Basically, the main steps of the process are as follows: (i) First we create a
narrow-band image of each galaxy (120 A-width) centred at the redshifted
wavelength of Ha for the considered target. (ii) This image is used as an
input for HITEXPLORER. The algorithm detects the brightest pixel in the
map and then adds all the adjacent pixels up to a distance of 3.5” if their
fluxes exceed 10% of the peak intensity. After the first region is detected
and separated, the corresponding area is masked from the input image and
the procedure is repeated until no peak with a flux exceeding the median
Ha emission flux of the galaxy is found. If two peaks are close to each other
(d < 7", the algorigthm will assign to the region with the brightest peak
pixels that might belong to the faintest one. In order to reassociate pixels
within this “overlapping” region, HIIEXPLORER computes the flux ratio be-
tween those pixels and both peaks. These pixels will belong to the region
presenting the largest ratio providing such value is above 10%. This criterion
avoids the extension of regions into others, producing a “straight” division
between them. The final result is a segmentation FITS file describing the
pixels associated with each detected Hirregion. Afterwards, (iii) the inte-
grated spectrum corresponding to each segmented region is extracted from
the original datacube, and the corresponding position table of the detected
area is provided. Finally, each extracted spectrum is decontaminated by
the underlying stellar population using FIT3D, and the emission line fluxes
are measured by fitting each line with a Gaussian function (as described in
Sect. 3.1).

We must note here that, in practice, the segregated H 11 regions obtained
for the CALIFA galaxies may aggregate several classical ones due to the
resolution of the data, in particular for the most distant galaxies. Detailed
simulations on the effect of resolution loss (Mast et al. 2014) have demon-
strated that on average each selected region at z ~ 0.02 may comprise
1 — 3 Huregions of those detected in low redshift galaxies (z ~ 0.002). For
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Figure 3.3: Normalised density distribution along the BPT diagram of the detected
Hu regions (left) and the spazels with EW(Ha) above 6 A (middle) for the CALIFA
galazies, and of the detected H1l regions for the AMUSING galazies (right). The solid
and dashed lines in both panels represent the Kewley et al. (2001) and Kauffmann
et al. (2003a) demarcation curves. SF regions are considered to be below the Kewley
et al. (2001) curve.

this reason, analyses focused on additive properties on individual H 11 regions
like the Ha luminosity function are not feasible. However, this segmentation
method is perfectly suitable for the study of line ratios, chemical abundances
and ionisation conditions, and therefore, for the purpose of this study.

In the case of the AMUSING galaxies, some adjustments in the code have
been done to adapt the algorithm to the higher spatial resolution of these
data with respect to CALIFA. The distance value used to aggregate pixels
to each region is reduced to 0.9” and the minimum flux fraction between the
pixels and the peak is set to 1%. Except for these two modifications, the
performance of HIIEXPLORER is exactly the same. For this study, only the
regions with S/N > 3 in Ha emission are considered as candidates to be SF
regions (to guarantee the reliability of their detection).

HIIEXPLORER allows us to detect clumpy ionised regions. However, not
all these regions may be associated with star formation (and are not there-
fore actual H11regions) as some of them may be ionised by other sources as
AGNs or compact shocks. The intensity of strong lines has been broadly
used to discern between different types of emission according to their main
excitation source throughout the so-called diagnostic diagrams (e.g. Bald-
win et al. 1981; Veilleux & Osterbrock 1987). The most common, and that
used here, was proposed by Baldwin et al. (1981, hereafter BPT diagram).
This diagram makes use of the [N11] A6584/Ha and [O111] A5007/HS line
ratios, which are less affected by dust attenuation because of the proximity
in wavelength space of the emission lines involved in each ratio. For this
diagram, different demarcation lines have been proposed to distinguish be-
tween SF regions and other sources of ionisation. The most popular ones are
the Kauffmann et al. (2003a) and Kewley et al. (2001) curves. These two
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Figure 3.4: Ha maps in units of (log10) 1071 erg s71 em™2 arcsec™t derived for

one galazy of the CALIFA sample, NGC 0165 (left), and one galazy of the AMUSING
sample, PGC 128348 (right). The detected H1l regions are shown as black segmented
contours. For NGC 0165, the location of the spazels classified as SF regions (blue
dots) and AGNs (red dots) according to the BPT diagram superimposed on the IFS-
based Ho map is also represented (middle).

demarcation lines have a different origin. The Kewley et al. (2001) curve
was derived theoretically using photoionisation models and corresponds to
the maximum envelope for ionisation produced by O-B stars. The Kauff-
mann et al. (2003a) curve has an empirical origin, based on the analysis of
the emission lines for the integrated spectra of SDSS galaxies. It describes
well the envelope for classical H11 /SF regions that are found in the discs of
late-type spiral galaxies (e.g. Osterbrock 1989). However, it excludes certain
kinds of SF regions already observed in galaxies (Kennicutt et al. 1989b; Ho
et al. 1997 and, more recently, Pérez-Montero & Contini 2009 and Sanchez
et al. 2014). For this reason, and in order to avoid biasing our sample to-
wards classical disc regions, we adopt the Kewley et al. (2001) curve to select
our Hirregions (located below this curve).

In most cases these diagrams are very useful in distinguishing between
strong ionisation sources, such as classical H11 /SF regions and powerful
AGNs. However, they are less accurate in distinguishing between low-
ionisation sources, such as weak AGNs, shocks, and/or post-AGBs stars
(Stasiniska et al. 2008; Cid Fernandes et al. 2011; Morisset et al. 2016). As
a consequence, alternative methods have been proposed. In this thesis, in
addition to the use of the BPT diagram we also adopt the WHAN diagram
(Wi, versus [N11]/He, Cid Fernandes et al. 2011). This diagram uses the
EW(Ha) to take into account weak AGNs and ‘retired’ galaxies, that is,
galaxies that have stopped forming stars and are ionised by hot low-mass
evolved stars. We have been more restrictive in the EW range than Cid Fer-
nandes et al. (2011) and established the limit in 6 A rather than 3 to assure
a significant percentage (20%) of young stars contributing to the emission of
the Hirregions (given the strong correlation between both parameters, see
Sanchez et al. 2014).
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Figure 3.3 shows the [O 1] A5007/HS vs. [N11] A6584/Ha diagnostic
diagram for the H1r /SF regions in all 129 CALIFA galaxies (left panel) and
102 AMUSING galaxies (right panel) of our sample. The solid and dashed
lines represent the Kewley et al. (2001) and Kauffmann et al. (2003a) de-
marcation curves, respectively. Finally, Fig. 3.4 shows an example of an Ha
map for one spiral galaxy of the CALIFA sample, NGC 0165 (left panel), and
another one of the AMUSING sample, PGC 128348 (right panel), where the
location of the H 11 regions is superimposed as black segmented contours. For
these particular galaxies we detected 72 and 103 H1iregions, respectively.

3.2.2 SPAXEL-BY-SPAXEL EXTRACTION

The study of ionised gas abundances using H I1regions presents some dis-
advantages, namely the low number of detections in a single galaxy and
the restriction of this study to isolated areas of the galaxies. IFS stud-
ies offer the opportunity to overcome these limitations providing full two-
dimensional (2D) information spaxel by spaxel to properly map the spatially
resolved properties of galaxies. The fact that the spaxel size of the CALIFA
datacubes is of the order of the size of a typical HIiregion (or even larger
depending on the redshift of the galaxy) allows us to perform this kind of
analysis for the study of the ionised gas abundance without resolving the
ionised structure of those regions. However, in the case of the AMUSING
galaxies, the spaxel size of the datacubes is smaller than the typical size of an
Hirregion (at the average redshift of the sample). Thus, a spaxel-by-spaxel
analysis is not recommended for those observations for which the physical
spatial resolution (eventually determined by the atmospheric seeing, typi-
cally ~ 1” for our data) allows us to resolve the ionising structure of the
Hiregions, leading to erroneous estimations of the oxygen abundance.

Therefore, in order to increase the number of analysed objects part of the
AMUSING project and rely on a significantly large sample, we restrict the
abundance analysis for these galaxies to the study of segregated H 11 regions.
The spaxel-by-spaxel analysis is limited to the CALIFA data, for which the
study of the H1iregions is also performed for comparison purposes.

As a result of the FIT3D fitting process, we obtained the set of 2D
intensity maps (spaxel by spaaxel) for the emission lines that are required
to determine the gas metallicity. To guarantee realistic measurements of the
emission line fluxes employed in the determination of the oxygen abundance
for each spaxel, we discarded the spaxels with flux values lower than 1o
over the continuum level (except for He, for which a fixed limit of 0.2 -
10716 ergs™ em™2 is imposed in order to ensure that all the selected spaxels
are associated with ionised gas). Although the selected lower limit is 1o per
spaxel, this additional requirement on the Ha flux implies that most of the
spaxels present a signal-to-noise ratio (S/N) higher than 3 for all the lines
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involved in the analysis (62% for [O111] A5007, 91% for [N11] A6584, 88%
for HB, and 100% for Her). From all the spaxels with flux values above this
limit, we now selected those that are associated with SF, making use of the
emission line ratios through the BPT diagram. In a similar way as for the
Hiregions, SF spaxels are considered to be under the Kewley et al. (2001)
curve and present an EW (Ha) > 6A.

In addition to the light from the ionised SF regions, there is a background
of diffuse nebular emission that extends over the whole disc of the galaxies
and can blur the contribution of the SF regions, which is the subject of
our study. However, most of the diffuse ionised emission has been excluded
by the 1o limit imposed to the flux of the selected spaxels and the EW
criterion, since this emission is dominated by the stellar continuum. For a
comparison of the location in the BPT diagram for low-ionisation emission
sources see, for instance, Kehrig et al. (2012), Papaderos et al. (2013) and
Gomes et al. (2015).

The middle panel of Fig. 3.3 shows the [Om1] A5007/HS vs.
[N 11] A6584/Ha diagnostic diagram for the spaxels in all 129 galaxies of our
CALIFA sample above the considered flux limit and with EW(Ha) > 6 A.
Again, the solid and dashed lines represent the Kewley et al. (2001) and
Kauffmann et al. (2003a) demarcation curves, respectively. Some points
dominated by SF ionisation might be present above the Kewley et al. (2001)
curve as a result of the errors of the considered emission lines. They are,
therefore, excluded from further analysis by our criteria for selecting spaxels
associated with SF activity. However, the spaxels that present larger errors
are those with a low S/N, and they do not affect our conclusions significantly.

The middle panel of Fig. 3.4 shows the location of the selected spaxels in
a particular spiral galaxy of the CALIFA sample, NGC 0165, over-plotted
to the Ho map. Blue dots correspond to the spaxels classified as SF regions
and red dots are those that lie higher than the Kewley et al. (2001) curve
and can therefore be associated with AGNs. The figure shows that the
selected spaxels follow the Ha emission. The classification of red points as
ionised by AGNs in this galaxy as well as in other cases is clearly wrong
because of their distance to the galactic centres. This misclassification is
most probably due to the errors in the considered emission lines. As in
the previous case, they could cause some spaxels that are dominated by
SF ionisation to lie higher than the Kewley et al. (2001) curve in a similar
way that errors could produce the opposite effect with spaxels associated
to AGNs. As these spaxels represent only the 2% for the whole sample,
including them would not alter our results significantly, and thus they have
been discarded from the further analysis. For this particular galaxy, 1201
spaxels are associated with SF regions.

In total, the 129 galaxies composing the CALIFA sample provide 7206
Hiiregions and 186 079 spaxels classified as SF regions. In the case of the
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AMUSING sample, we detect a total number of 14345 Hiiregions for the
102 selected galaxies, almost twice as with CALIFA despite being around
20% less galaxies.

3.3 DERIVATION OF THE OXYGEN ABUNDANCES

Once the SF regions have been selected and their corresponding reddening-
corrected emission line fluxes determined, we can proceed to measure the
ionised gas abundances. As mention in Chapter 1, the two straight-forward
methods to compute the oxygen abundance require either temperature sen-
sitive line ratios such as [O 111] AA4959, 5007 /[O 111] A4363 (Peimbert & Cos-
tero 1969; Stasinska 1978; Pagel et al. 1992; Vilchez & Esteban 1996; Izo-
tov et al. 2006; Pérez-Montero 2017) or line ratios involving recombination
lines (Peimbert et al. 1993; Peimbert 2003; Garcia-Rojas et al. 2004, 2006;
Bresolin 2007; Lépez-Sénchez et al. 2007; Esteban et al. 2009). However,
some of these auroral or nebular lines are very faint, and the recombination
ones even fainter. As a result of the weakness of the involved lines, the both
methods can only be applied to nearby and low-metal objects for which very
high S/N spectra are observable.

It becomes therefore necessary to look for indirect methods that allow us
to estimate the chemical abundances in the cases where the direct methods
are not feasible. To do this, abundance indicators based on the relations
between metallicity and the intensity of strong and more readily observable
lines have been developed. These methods have first been proposed by Alloin
et al. (1979) and Pagel et al. (1979). Since then, several calibrators have been
proposed and are widely used nowadays, based on both direct estimations
of oxygen abundances (Zaritsky et al. 1994; Pilyugin 2000; Denicolé et al.
2002; Pettini & Pagel 2004; Pérez-Montero & Diaz 2005; Pilyugin & Thuan
2005; Pilyugin et al. 2010; Marino et al. 2013) and photoionisation models
(Dopita & Evans 1986; McGaugh 1991; Kewley & Dopita 2002; Kobulnicky
& Kewley 2004; Dopita et al. 2006, 2013; Pérez-Montero 2014; Dopita et al.
2016).

In this work we aim to derive the spatial distribution of the oxygen
abundance across spiral galaxies. For this purpose, we adopt the empirical
calibrator based on the O3N2 index that was first introduced by Alloin et al.
(1979):

(3.2)

03N2 = log <[O 11| A5007 Hao > ‘

HB [N1JAG584

This index (i) is only weakly affected by dust attenuation because of the
close distance in wavelength between the lines in both ratios, (ii) presents a
monotonic dependence on the abundance and (iii) uses emission lines covered
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by both CALIFA and AMUSING wavelength ranges. One of the most pop-
ular calibrations for this index has been proposed by Pettini & Pagel (2004,
hereafter PP04). However, this indicator lacks observational points at the
high-metallicity regime (12 + log (O/H) > 8.2) and instead uses predictions
from photoionisation models. Therefore, we here adopt the improved cali-
bration proposed by Marino et al. (2013, hereafter M13), where

12 + log (O/H) = 8.533 — 0.214 x O3N2. (3.3)

This calibration uses T,-based abundances of ~ 600 Hiiregions from the
literature together with new measurements from the CALIFA survey, pro-
viding the most accurate calibration to date for this index. The increase
in the number of regions used in this calibration is especially significant in
the high-metallicity regime, where previous calibrators based on this index
lack of high-quality observations of HiIregions with auroral lines at this
high-abundance end (e.g. Pettini & Pagel 2004; Pérez-Montero & Contini
2009).

We note that the linear regression derived in M13 between the O3N2
parameter and the oxygen abundance is valid for the interval 8.17 <
12 + log(O/H) < 8.77. Hiiregions presenting values outside this range
are therefore not considered in the analysis. The derived abundances have
a calibration error of 0.08 dex, much larger than the typical one associated
with the errors in the measured emission lines that are taken into account
via MC simulations (~ 0.02 — 0.05 dex).

Due to the wide variety of abundance indicators, the derived O/H abun-
dances often show systematic disagreements between them (e.g. Kewley &
Ellison 2008; Lopez-Sanchez et al. 2012). Despite the choice of the M13 em-
pirical calibrator as the adopted abundance indicator in this thesis (used for
the reasons listed before), we have also determined abundances using several
other calibrators to test the reliability of our results and their dependence
on the adopted method.

With such purpose, in the case of CALIFA data we have selected some
of the most widely used indicators: (i) the calibration proposed by PP04
for the O3N2 index, (i) the Pilyugin et al. (2010, hereafter P10) cali-
bration for the ONS index, (iii) and the Dopita et al. (2013, hereafter
D13) calibration based on the MAPPINGS IV code developed by the au-
thors. The PP04 calibration for the O3N2 index, as already mentioned, is
one of the most popular calibrations used for this index and is defined as
12 + log (O/H) = 8.73 — 0.32 x O3N2. This calibration is not valid in the
low-metallicity regime (12 4 log (O/H) < 8), but as we do not reach this
limit, this effect will not affect our results. The P10 ONS calibration makes
uses of the Na/ R and Sa/ Ry ratios (defined as Ro = [O11] (A3727 + A3729),
Ny = [N1] (6548 + \6584), S = [S11] (A6717 4+ \6731)) as temperature
and metallicity indexes and is valid over the whole range of explored metal-
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Figure 3.5: Comparison of the ozygen abundance distribution of the HIIregions
(top panels) and the SF spazels (bottom panels) among different calibrators for the
CALIFA sample: M13 for the O3N2 index vs the P10 calibration for the ONS in-
dez (left panels) and M18 vs the calibration based on pyqz code (D13, right panels).
The black contours show the density distribution of the SF spazels/HIl regions, the
outermost one including 80% of the total number of elements and decreasing 20% in
each consecutive contour. The black dashed lines indicate the 1:1 relation between the

represented calibrators.
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licities. The derived relations to determine the oxygen abundances using
this calibration are given by P10. Finally, the D13 calibration is based on
a grid of photoionisation models covering a wide range of abundances and
ionisation parameters typical of H1I regions in galaxies. This calibration
can be used through a Python module implemented by the authors, known
as pyqz, which is publicly available?.

Figure 3.5 illustrates this comparison for the oxygen abundances of the
129 CALIFA galaxies in our sample, using both the individual H 11 regions
(top panels) and the SF spaxels (bottom panels). The left panels represent
the distribution of oxygen abundance values derived using the M13 calibra-
tion for the O3N2 index against the P10 calibration for the ONS index. In
the right panels we show the same distribution of the M13 calibration, but
this time versus the D13 calibration based on the pygz code. All panels
show a tight correlation between the compared calibrators.

In the case of AMUSING data, the limited wavelength range in the blue
regime covered by MUSE does not allow us to compare our derivation of
the oxygen abundances indicator with the mentioned calibrators, which use
emission lines that are out of this range (in particular [O11] A3727). There-
fore, for the analyses carried out along this thesis using this sample of galax-
ies we have to choose other less common abundance indicators to be com-
pared with the M13 calibration for the O3N2 index, like the ones based on
the sulphur lines. In particular, we make use of (i) the calibrator described
in Dopita et al. (2016, hereafter D16), (ii) and the calibration proposed in
Marino et al. (2013) for the N2 index (hereafter N2-M13). The D16 calibra-
tor is based on photoionisation models and makes use of Ha, [N11] A\6584
and [S11] AA6717,6731 emission lines. This calibrator is almost linear up to
an abundance of 12 4 log (O/H) = 9.05 and it is independent of reddening
(it invokes lines located close together in wavelength). Finally, the N2-M13
indicator is based in the N2 index, defined as N2 = log ([N 11J\6584/H ).
This calibrator is also independent of reddening and has a monotonic be-
haviour, but presents the disadvantage of saturating in the high-metallicity
regime.

Figure 3.6 shows the comparison of the oxygen abundances of the
Hiiregions for the 102 AMUSING galaxies in our sample using the men-
tioned calibrators. The left panel represent the distribution of oxygen abun-
dance values derived using the M13 calibration for the O3N2 index against
the D16 indicator. In the right panel we show the same distribution of the
M13 calibration, but this time versus the M13 calibration based on the N2
index. Similarly to the indicators used for the CALIFA data, in this case all
panels show also a tight correlation between the compared calibrators.

The correlations found in the comparison among calibrators, for both

“http://dx.doi.org/10.4225/13/516366F6F24ED
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Figure 3.6: Comparison of the oxygen abundance distribution of the HIlregions
among different calibrators for the AMUSING sample: M13 indicator for the O3N2
index vs the D16 calibration based on sulphur lines (left panel) and OSN2-M13 vs the
M183 calibration for the N2 index (right panel). The black contours show the density
distribution of the HI1lregions, the outermost one including 80% of the total number
of elements and decreasing 20% in each consecutive contour. The black dashed lines
indicate the 1:1 relation between the represented calibrators.

CALIFA and AMUSING data, suggest that our qualitative results presented
along this thesis should not be contingent upon the choice of the used cali-
brator, although the actual values for abundances and derived measurements
may change. We will go deep into this issue in the next chapters when we
describe the obtained results in each of the different abundance analyses
performed.

3.4 DEPROJECTION OF GALAXIES

The disc of spiral galaxies is known to be an axisymmetric component which
sometimes appears elliptical due to the effect of inclination. The greater the
ellipticity, the more inclined the disc is with respect to our line of sight.
Although we have selected galaxies with ¢ < 60 — 70°, the difference with
respect to a face-on system (i < 0°) is still appreciable. Thus, we need to
deproject the galaxy discs to carry out the best possible characterisation of
the oxygen abundance distribution.

To deproject the galaxy images it is necessary to determine the two
deprojection angles of the disc: the position angle (PA) and the inclination
angle (7). The PA is the angle between the North and the semimajor axis
of the galaxy, measured towards the East, while ¢ is the angle between the
perpendicular to the plane of the galaxy and the line of sight. To first order,
one can estimate the inclination of a spiral galaxy by assuming that the
galaxy is an infinitely thin disc.
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For the study of the abundance gradient with CALIFA galaxies (Chap-
ter 4), these morphological parameters were extracted from Walcher et al.
(2014), computed by performing a light moments analysis (see details in the
article for more information in this regard). However, during the course of
this thesis and after carrying out that study we performed a two-dimensional
photometric decomposition of the CALIFA sample and the position angle
and ellipticity of all galaxies were also derived as a by-product of such de-
composition. Due to the improvements of this analysis, that we think is more
realistic due to its two-dimensional approach, over the previous one, we de-
cided to use these new values of the photometric parameters for the study
of the arm-interarm abundance distributions (Chapter 6). As mentioned,
these parameters were obtained as a by-product of the two-dimensional pho-
tometric decomposition of the galaxies performed using the GAlaxy Surface
Photometry 2 Dimensional Decomposition (GASP2D) algorithm developed
in Méndez-Abreu et al. (2008). From the g, r and ¢ band images of the
SDSS DR7, GASP2D iteratively fits a model with different morphological
components (i.e. bulge, disc, bar component, etc.) to the 2-D observed
light distribution of the analysed galaxies. This fit is performed by means
of a non-linear least-squares minimisation based on a robust Levenberg-
Marquardt method (Moré et al. 1980) using the MPFIT algorithm (Mark-
wardt 2009). The actual implementation and a detailed description of the
code is provided in Méndez-Abreu et al. (2008, 2014). By performing the
two-dimensional decomposition, GASP2D provides us with the best combi-
nation of these components that better fit the observed light distribution.
Among the set of structural parameters resulting from this fit, we can name
the ellipticity (e) and PA of the bulge/disc, the bar length, etc., depending
on its specific morphology. The results of the photometric decomposition
of the entire CALIFA observed sample and the corresponding structural
parameters are presented in Méndez-Abreu et al. (2017).

Figure 3.7 shows the differences in the values of the deprojection angles
PA and i derived using both approaches. We can see that for most of the
galaxies these differences are lower than 10° (difference that means an error
of £5° in the parameters, error that is well accounted in the abundance
gradient derivation, see Sect 4.1). However, there are about 15% of the
galaxies that present differences above 10° in the inclination angle. For these
galaxies the differences in the deprojection angles may affect the results,
producing noticeable differences in the radial abundance distribution. For
consistency, we have decided to present in this thesis the results that have
been already published, maintaining the analysis of the abundance gradients
with the PA and i angles derived using the first method (light moments
analysis). As future work (see Chapter 7.4) we plan to repeat the analysis
using a larger sample of galaxies (considering all the galaxies finally observed
with CALIFA) and with the deprojection angles derived with GASP2D, in
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Figure 3.7: Comparison of the PA and i angles derived for CALIFA galazies using
two different approaches: light moments analysis and the two-dimensional decompo-
sition of the galazies with GASP2D. See text for more details.

order to assess the effects that these differences may produce on the radial
abundance distribution.

For AMUSING galaxies, the PA and i values were derived by fitting
ellipses of variable ellipticity and position angle to the outermost isophotes
of the galaxies in a g-band image recovered from the data, by means of the
ELLIPSE IRAF task. For the galaxies that are larger than the FoV of MUSE
or very close to its limit (32) a proper characterisation of the outermost
isophotes is highly hampered using these data and therefore, the Second
Digitized Sky Survey (DSS2) red-band (POSS-II F, Reid et al. 1991) images
were used instead.

Table A.1 of Appendix A and Table B.1 of Appendix B list the val-
ues of the position and inclination angles of our CALIFA and AMUSING
samples, respectively. For the CALIFA galaxies that are part of the arm-
interarm analysis carried out in Chapter 6, the two values derived for these
parameters, as explained above, are provided.

We must note that we have prefered not to correct for the inclination
effects in galaxies with inclinations below 35°, as the uncertainties in the
derived correction exceed the very small effect on the spatial distribution of
the spaxels (Sdnchez et al. 2014).



A hypothesis or theory is clear, decisive, and
positive, but it is believed by no one but the
man who created it. Experimental findings,
on the other hand, are messy, inexact things
which are believed by everyone except the
man who did that work.

— Harlom Shapley
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THE FIRST WORKS AIMED AT studying the oxygen abundance dis-
tribution of spiral galaxies were focused on the analysis of the radial distri-
bution. All these studies predicted an almost universal negative metallicity
gradient once it is normalised to the galaxy optical size (Boissier & Prantzos
1999, 2000), evidence in favour of the inside-out growth models for disc for-
mation (see Chapt. 1). Several observational studies have found this radial
decrease in the oxygen abundance across the discs of nearby galaxies (e.g.
Peimbert 1979; Garnett 1986; Vila-Costas & Edmunds 1992; Zaritsky et al.
1994; van Zee et al. 1998; Bresolin et al. 2009b; Moustakas et al. 2010; Rich
et al. 2012; Sdnchez et al. 2012b, 2014), as well as in our own Galaxy (Shaver
et al. 1983; Deharveng et al. 2000; Pilyugin et al. 2003; Esteban et al. 2005;
Balser et al. 2011; Esteban et al. 2017).

However, gas metallicity studies have also presented evidence of the exis-
tence of some behaviours in the radial oxygen abundance profiles that devi-
ate from the pure inside-out scenario: A decrease or a nearly flat distribution
of the abundance in the innermost region of discs, first observed by Belley
& Roy (1992) and afterwards confirmed by other works (e.g. Rosales-Ortega
et al. 2011; Sénchez et al. 2012b, 2014); and a flattening of the gradient in
the outer regions measured in several works (Martin & Roy 1995; Vilchez &
Esteban 1996; Roy & Walsh 1997; Bresolin et al. 2009b; Sanchez et al. 2011;
Bresolin et al. 2012; Marino et al. 2012, among others). These features have
been theoretically suggested to be motivated, for instance, by the presence
of radial migration (Minchev et al. 2011, 2012). Nevertheless, their origin is
still unknown.

In this chapter, we make use of full 2D information in analysing CAL-
IFA data spaxel by spaxel with the goal of characterising the radial gas
abundance profile in a sample of face-on spiral galaxies. We do not only
focus on the broadly analysed gradient, but also on the deviations from
this simple negative trend, such us inner drops and outer flattenings. We
also aim to compare the results with those obtained following the classi-
cal procedure of Hilregion analysis. These results have been published in
Sanchez-Menguiano et al. (2016b).

Along the chapter, we describe the procedure to derive the gradients
(Sect. 4.1) and analyse their distribution (Sect. 4.2). The comparison of the
gradient distributions derived using the two methodologies (spaxel by spaxel
and HIrregion analysis) is also performed in Sect. 4.2. We also study the
dependence of the slope on different properties of the galaxies (Sect. 4.3),
and the existence of a common abundance gradient (Sect. 4.4). Finally,
deviations from this general gradient are also analysed (Sect. 4.5).
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4.1 DERIVATION OF THE GRADIENT

To derive the radial distribution of the oxygen abundance for each galaxy,
we deproject the galactocentric distances of the selected SF regions (spax-
els/H 11regions) using the position angle and ellipticity of the galaxy discs
(see Sect. 3.4 for details in the derivation of these parameters). The depro-
jected galactocentric distance for each spaxel is then normalised to the disc
effective radius, as suggested in Sanchez et al. (2012b) and Sanchez et al.
(2013). This parameter was taken from Sanchez et al. (2014), which was
derived from the disc scale-length based on an analysis of the azimuthal sur-
face brightness profile (SBP), explained in Appendix A of the cited article.
The values of 7. are given in Table A.1 of this thesis. Other normalisation
length-scales are also used for better comparison with other studies, such
as the ro5 radius, which is defined as the radius corresponding to a surface
brightness level of 25 mag/arcsec? in the SDSS DR7 r-band, and the physical
scale of the galaxy, that is, the galactocentric distances in kpc.

Finally, we obtain the radial distribution of the oxygen abundance for
each galaxy. To characterise this profile, we perform an error-weighted linear
fit to the derived oxygen abundance mean values for radial bins of 0.25 r,
within the range between 0.5 and 2.0 r.. The radial binning is made to min-
imise possible azimuthal differences in the oxygen abundance distribution,
and the size of the bins is chosen to match the seeing value. We exclude the
innermost region (r/r. < 0.5), which sometimes presents a nearly flat distri-
bution or even a drop towards the centre (e.g. Belley & Roy 1992; Rosales-
Ortega et al. 2011; Sanchez et al. 2012b, 2014). We also omit the outer
region (r/re > 2.0), which is found to have a flattening in the abundance
gradient for galaxies covering regions beyond r95 (e.g. Martin & Roy 1995;
Vilchez & Esteban 1996; Roy & Walsh 1997; van Zee et al. 1998; Bresolin
et al. 2009b; Rosales-Ortega et al. 2011; Bresolin et al. 2012; Marino et al.
2012; Loépez-Sénchez et al. 2015). This range is defined by visual inspec-
tion of each individual galaxy, discarding the regions where we observed the
mentioned features. The linear fit is weighted using the standard deviations
of (mean) values within each bin and considering only the bins that contain
at least nine values of the oxygen abundance. This minimum number of
values required for each bin has been determined to ensure a precision in
the derived mean that is ten times better than the dynamic range of abun-
dance values covered in the fit, taking into account the dispersion in the
measurements.

It is important to note that uncertainties in the determination of the de-
projected galactocentric distances can significantly affect the derivation of
the abundance gradients. Moreover, as the radial galactocentric distances
are normalised to the disc effective radius, the uncertainties in the deter-
mination of the r. can also contribute to the scatter obtained on the final
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Figure 4.1: Radial density distribution of the spazels in the ozygen abundance-
galactocentric distance space for one galazy of the sample (see Fig. 3.4 for a position
map of the SF regions). The radial distances are deprojected and normalised to the
disc effective radius. The diamonds represent the mean orygen abundance values, with
the error bars representing the corresponding standard deviations, for bins of 0.25 e
and the red solid line the error-weighted linear fit derived for values within the range
between 0.5 and 2.0 re (yellow diamonds). The parameters of the fit are shown in
the upper right corner, including the zero point (a), the slope (b) and the correlation
coefficient (r). The violet dots correspond to the oxygen abundances derived for the
individual H1regions, and the dashed black line is the linear regression for these
points.

oxygen gradients. On one hand, performing MC simulations, we obtained
that an error of 5° in the inclination and PA of the galaxies can produce a
dispersion in the gradient distribution of at most 0.05 dex/r. (0.02 dex/r.
on average). On the other hand, comparing different methods to derive the
re (as described in Sanchez et al. 2014) and taking into account both the
nominal errors and the differences among them, the overall contribution to
the dispersion in the gradient distribution coming from the derivation of the
Te is at most 0.04 dex/r. (0.01 dex/r. on average). All these uncertainties
are well accounted for by our error estimation of the gradient (0.05 dex/re,
see Sect. 4.2).

In Fig. 4.1 we present an example of the abundance gradient for the
same galaxy shown in Fig. 3.4, NGC 0165, using both the spaxel-wise in-
formation (colour map) and the individual Hirregions (violet dots). The
diamonds represent the mean oxygen abundance values of the radial bins,
with the error bars indicating the corresponding standard deviations. The
red solid line is the error-weighted linear fit derived for values within the
range between 0.5 and 2.0 r. (yellow diamonds), and the dashed black line
is the linear regression for the individual H11regions. This figure illustrates
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the procedure explained before to derive the oxygen abundance gradient.
From the original 129 galaxies, we were able to fit 122 lines, and the remain-
ing galaxies were discarded from further analysis because of the low number
of spaxels associated with SF regions that are needed to carry out the linear
fit. This final sample provides more than 185000 oxygen abundance values,
approximately 8 230 of them beyond two disc effective radii, and with more
than 7100 H1rregions to compare with, around 605 beyond 2 r.. Figure ??
of Appendix C shows the observed radial abundance distribution for all the
galaxies, and the slope and oxygen abundance values at one disc effective
radius for all of them are listed in Table A.2 of Appendix A.

4.2 ABUNDANCE GRADIENT DISTRIBUTION

Figure 4.2 shows the distribution of the correlation coefficient, zero-point,
and slope of the abundance gradients for the final sample using both
the spaxel-wise information (red dashed histogram) and the individual
H1regions (blue filled histogram).

We focus first on the spaxel-wise analysis. For almost all galaxies the
correlation coefficient is larger than 0.75. If we perform a Student’s t-test
to check the significance of the correlation, we obtain that for ~ 80% of the
galaxies the oxygen abundance and the radial distance (normalised to the
disc effective radius) are significantly correlated to the 95% level (0.05).

The distribution of zero points ranges between 8.4 and 8.7, reflecting the
mass-range covered by the sample as a consequence of the well-known M —Z
relation (e.g. Tremonti et al. 2004; Sédnchez et al. 2013). The presence of a
peak in the distribution and a small standard deviation is result of the sample
selection, which entails a lack of low-luminosity galaxies (see Sect. 2.1.1).

Finally, the distribution of slopes presents a characteristic value of
ag/m = —0.07dex/re with a standard deviation of o ~ 0.05 dex/r.. We per-
form a Lilliefors test (Lilliefors 1967) to assess the compatibility of the dis-
tribution with a Gaussian, obtaining a test statistics of 0.07 and a P-value
of 0.62, showing that the distribution of slopes has a clear peak and is re-
markably symmetric. We run a MC simulation to estimate the contribution
of the errors in the derived slopes to the o of the distribution, obtaining
that these errors can only explain 49% of the width distribution. We may
have underestimated the errors involved in the determination of the slopes,
particularly the effect of the inclination. Otherwise, the remaining ¢ must
have another origin that we investigate in more detail in Sect. 4.3.

The analysis for the individual H 11 regions leads us to very similar results.
In this case, we have a wider distribution for the correlation coefficients, but
we have to note that the number of points involved in the linear fit is larger
using all the individual H 11 regions, since we do not apply any kind of radial
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Figure 4.2: Distribution of correlation coefficients (left panel), zero points (middle
panel), and slopes (right panel) of the linear fits derived for the oxygen abundance
gradients of the final sample of 122 galaxies using spazel-wise information (dashed
red bars) and the indiwidual H1l regions (filled blue bars). For both the zero point and
slope distributions the lines represent the Gaussian distribution of the data (solid line
for spazels, dashed line for individual H11 regions), assuming the mean and standard-
deviation of the distribution of each analysed parameter and sampled with the same
bins.

Table 4.1: Oxygen abundance gradient slopes derived using different calibrators and
distance normalisations.

Calibrator ao,/u — spaxels
[dex/r] [dex/ro5] [dex/kpc]
O3N2 [M13] —0.07£0.05 —0.08£0.06 —0.009 % 0.008
O3N2 [PP04] —0.11+£0.07 -0.12+£0.09 —0.014+£0.012
ONS [P10] —0.06 £0.06 —0.08+0.07 —0.008 &+ 0.009
pyqz [D13] —0.14+£0.09 —-0.15£0.10 —-0.019£0.014
Calibrator ap/p — Hilregions
[dex/r] [dex/r25) [dex/kpc]
O3N2 [M13] —0.05£0.06 —0.06£0.06 —0.008=+0.010
O3N2 [PP04] —0.08£0.09 —-0.09+£0.09 —0.011+£0.014
ONS [P10] —0.06 £0.09 —0.08+£0.11 —0.008 4+ 0.012

pyqz [D13] —0.11+0.09 —0.13+£0.11 —0.015+0.015
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binning to the data. The correlation coefficient is larger than 0.32 for ~ 60%
of the galaxies, which corresponds to a significance level of 98% (0.02). The
distribution of zero points covers almost the same range as for the spaxels
(between 8.3 and 8.8), allowing us to draw the same conclusions. Finally, the
distribution of slopes presents a characteristic value of ap,z = —0.05 dex /.
with a standard deviation of o ~ 0.06 dex/re. The Lilliefors test gives a test
statistic of 0.08 and a P-value of 0.28, very similar to the one described for
the spaxel-wise analysis. The MC simulation yields a contribution of 44% of
the errors in the derived slopes to the distribution width, again insufficient
to explain the o of the distribution.

If we use different scales to normalise the radial distances like r95 and the
physical scale of the galaxy (radius in kpc) for both the spaxel-wise and the
individual H1lregion analysis, we obtain in all cases a similar and narrow
distribution, although for the physical scale the distribution is clearly asym-
metric, with a tail towards large slopes. We note that our range of masses is
narrow, and consequently, so is the range of r. and ro5, which in turn causes
the distribution when normalising to the physical scale narrow as well, in
contrast to what we should obtain for a wider range of masses. Table 4.1
shows a comparison among the oxygen abundance slopes derived using the
different calibrators described in Sect. 3.3 and the different normalisations
for the radial distance described before. In this table we present the values
using both the spaxels and the individual H 11 regions.

For the sake of clarity, below in the next sections we only show the
results of this study based on the use of the M13 calibrator. However,
we have reproduced the analysis using all the proposed calibrators, with
no significant differences between the obtained results (as suggested by the
comparison showed in Sect. 3.3). The most relevant ones are provided in
Sect. 4.6.

4.3 ABUNDANCE GRADIENTS BY GALAXY TYPES

After deriving the oxygen abundance gradient for all galaxies, we analyse
whether there is a dependence of the slope on different properties of the
galaxies. We focus this analysis on three properties: the differences in the
morphological type, the effect of the bars, and the luminosity of the galaxies.
We show in Sect. 4.2 that the oxygen abundance distribution obtained for
both the spaxels and Hiiregions are equivalent and accordingly lead to
the same results, therefore we carry this analysis out for the spaxel-wise
information alone.

Figure 4.3 shows the slope distribution as a function of the morphological

type of the galaxy (top panel), the presence or absence of bars (middle
panel), and the g-band absolute magnitude of the galaxies (bottom panel).
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Figure 4.3: Distribution of the abundance slopes as a function of the morphological
type of the galazies (left panel), the presence or absence of bars (middle panel) and the
g-band absolute magnitude of the galazies (right panel). We also show the histograms
for each distribution, where N is the number of galazies and colours indicate the
different classification types: (i) early spirals, Sa-Sab (red); intermediate spirals, Sb-
Sbe (green); late spirals, Sc-Sm (blue) for the left panel. (i) Clearly unbarred galazies

(red); clearly barred (blue); an intermediate stage (green) for the middle panel. (iii)
Luminous galazies, Mg_spss < —21.25 mag (red); intermediate galazies, —21.25 <

Mgy_spss < —20.5 mag (green); faint galazies, My_spss > —20.5 mag (blue) for

the right panel. Black diamonds represent the median values for the distributions,
together with the standard deviation shown as error bars.
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We also show the histograms for each distribution, where IV is the number
of galaxies. The limits used in the classification based on the luminosity
of the galaxies were chosen to ensure a similar number of elements in each
bin (i.e. comparable from a statistical point of view). We have tried to
follow a similar criterion in the separation by morphological types, but the
deficiency of Sa-Sab galaxies and the criterion of not considering Sb as early
type prevents us from obtaining a comparable number of objects in each
bin.

The slope distribution by morphological types seems to vary in a way
that the earlier spirals present flatter gradients than the later type ones. The
median values for the distributions together with the standard deviations are

Sa —Sab : ag/g = —0.04dex/re and 0 = 0.04dex/re (nga = 17)
Sb —Sbe : ap/g = —0.07dex/re and o = 0.05dex/re  (nga = 74)
Sc—Sm: ag/g = —0.07dex/re and o = 0.04dex/re  (nga = 31).

We perform a two-sample Kolmogorov-Smirnov test (KS test) to check if the
differences found between the distributions are significant. The significance
level of the KS test is 5%, meaning that values below this limit come from
different distributions. We derive a P-value of 7% for the distributions with
the largest differences (between early and late spirals), a P-value of 10% for
the test comparing the early and intermediate types, and a P-value of 92%
between intermediate and late ones. We also perform an Anderson-Darling
test (AD test), which is more suitable when the samples comprise only few
objects, with a resulting P-value of 8% for the early-late comparison, a P-
value of 16% for the test comparing the early and intermediate type, and
a P-value of 73% in the intermediate-late case. This clearly shows that the
observed differences are negligible.

For the distribution of slopes depending on the presence or absence of
bars we define three different groups: galaxies with no bar (A), galaxies that
may have a bar, but where the bar is not clearly visible (AB), and clearly
barred galaxies (B). The results are as follows:

A: ap/pg = —0.06dex/re and 0 = 0.05dex/re (ngs = 46)

AB: ag/g = —0.09dex/r, and o = 0.06 dex/re  (nga = 23)

B: ag/g=—0.06dex/r. and 0 = 0.04dex/re (nga = 53).
We find negligible differences for these distributions. This is confirmed by
the KS test, which gives a P-value of 52% for the comparison of the A-AB
distributions, a P-value of 50% for the A-B distributions, and a P-value of

10% for the AB-B distributions (from the AD tests we obtain P-values of
39%, 27% and 5% for each bin, respectively).

Finally, to analyse the distribution of slopes depending on the luminosity
of the galaxies, we divide the sample again into three groups: luminous (L,
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My _spss < —21.25 mag), intermediate (I, —21.25 < My _spss < —20.5
mag), and faint (F, M;_spss > —20.5 mag) galaxies. We obtain these
results:

L: ag/g = —0.06dex/ro and o = 0.05dex/re (nga = 49)
I: ap/g =—0.09dex/re and o = 0.05dex/re  (nga = 37)
F: ag/g = —0.07dex/re and o = 0.05dex/re  (nga = 36).

The statistical tests yield a P-value of 13% for the KS test in the case with
the largest differences, that is, when comparing luminous and intermediate
galaxies. The remaining KS tests return a P-value of 67% for the comparison
between luminous and faint galaxies and a P-value of 72% when analysing
the intermediate and faint distributions (a P-value of 19%, 50%, and 52%,
respectively, for the AD tests).

Similar results for all these separations are found when using any scale-
length normalisation for the radial distance instead of the disc effective ra-
dius, either the ro5 radius or the physical scale of the galaxy (i.e. the radial
distance in kpc). This is also the case when using other alternative calibra-
tors (see Sect. 4.6).

The results of this analysis contradict some previous studies, which did
find a relation between the slope in the gas abundance gradient and some
properties of the galaxies, such as the morphology, the mass, or the presence
of bars. The dependence of the slope on the morphology of the galaxies
is still an open question. Early studies found a correlation between the
abundance slope and the morphological type of galaxies, with later types
showing steeper gradients (Vila-Costas & Edmunds 1992; Oey & Kennicutt
1993). Other studies, however, suggested gradients independent of galaxy
type (Diaz 1989; Zaritsky et al. 1994), when normalising to a physical scale
of the disc (e.g. the ro5 radius or the disc scale-length r4). The contradictory
results might be due to the small and heterogeneous samples and inconsistent
methods of measuring metallicity gradients.

For the effect of bars the conclusions likewise disagree. It is well known
that roughly 30—40% of the spiral galaxies have a strong bar in optical wave-
lengths, 60% if we take into account weaker bars (e.g. Sellwood & Wilkinson
1993; Marinova & Jogee 2007; Sheth et al. 2008; Aguerri et al. 2009; Masters
et al. 2011). Gas kinematic data show the presence of strong non-circular
motions in bars (Huntley 1978; Zurita et al. 2004; Holmes et al. 2015), in-
dicating that the bar constitutes a major non-axisymmetric component of
the galaxy mass distribution (Sellwood & Wilkinson 1993). Bars have been
proposed as a key mechanism in the dynamical evolution of disc galaxies.
For instance, they are able to contribute to the redistribution of matter in
the galaxy by exchanging angular momentum with the disc, inducing gas
flows (Athanassoula 1992; Friedli 1998). This radial movement can produce



74 CHAPTER 4. OXYGEN ABUNDANCE RADIAL PROFILES (CALIFA)

a mixing and homogenisation of the gas, changing the abundance profiles
in the disc and causing a flattening in the gas abundance gradients (Friedli
et al. 1994; Friedli & Benz 1995; Portinari & Chiosi 2000; Cavichia et al.
2014).

Different studies have observed this flattening in the gas abundance gra-
dient of barred galaxies and found a correlation between the abundance
slope and the presence of a bar (Vila-Costas & Edmunds 1992; Martin &
Roy 1994; Zaritsky et al. 1994), independently of the adopted normalisa-
tion radius. However, recent works on either stellar or gas-phase metallicity
have not found evidence of such a correlation between them (Sanchez et al.
2012b, 2014; Sénchez-Blazquez et al. 2014; Cheung et al. 2015). Our results
support this absence of a correlation between oxygen gradient and the pres-
ence of bars. However, stellar radial migration due to bars may enlarge the
effective radius of the disc (Debattista et al. 2006), which could compensate
for the effect on the oxygen abundance values and produce the same gradi-
ent as in absence of bars. We have checked this possibility and confirm that
there is no such effect on the disc effective radius, as can be inferred from
the bottom right panel of Fig. 2.2. This fact, together with the absence of
correlation between oxygen gradient and the presence of bar, suggests that
bars alone may not have such a strong influence on the chemical evolution
of disc galaxies as predicted by simulations.

Finally, no trends with the luminosity or mass of the galaxies have been
found in previous studies when normalising to a physical scale of the disc
(Zaritsky et al. 1994; Garnett et al. 1997; Ho et al. 2015); this agrees with
our results. However, a recent study by Belfiore et al. (2017) reports a
dependence of the abundance gradient with the stellar mass of the galaxies.
The authors found that more massive galaxies present steeper gradients up
to a mass of log (M/Mg) = 10.5; for higher mass values the trend is inverted.

We note that several studies that found correlations with some properties
of the galaxies measured the abundance gradients in absolute scale (i.e.
kpc). When normalising the galactocentric distances to scale lengths such
ro5, T'q O Te, the correlations sometimes disappear. This can partially be
understood as a size effect. If galaxies with steeper metallicity gradients
measured in dex kpc™! are smaller in their physical sizes (small 725), then the
steep dex kpc™! metallicity gradients would be compensated for when the
galaxy sizes are taken into account. Sanchez et al. (2012b, 2013) stated the
importance of defining the gradient normalised to the disc effective radius,
since this parameter presents a clear correlation with other properties of the
galaxies, such as the absolute magnitude, the mass, or the morphological

type.
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Figure 4.4: Left: Radial distribution of the oxygen abundance derived using the
M13 calibration of the O3N2 index for the entire galaxy sample. The colour bar
displays the integrated stellar mass of each galaxy (in log scale). For clarity, only the
oxygen abundance values with a contribution of at least 1% of the total number of
spazxels are plotted. The average error of the derived oxygen abundances is indicated
as an error bar located at the top right side of the panel. Right: Normalised radial
density distribution of the oxygen abundance. The diamonds represent the mean
ozygen abundance values for bins of 0.25 r. (with the standard deviations indicated
by the error bars). The solid-black line represents the error-weighted linear fit derived
for those mean values within the range between 0.5 and 2.0 re (yellow diamonds), and
the dashed white line represents the linear relation corresponding to the characteristic
values of the zero-points and slopes derived in Sect. 4.2 for the individual galaxies
assuming a Gaussian distribution for both parameters. For both panels, the black
contours show the density distribution of the star-forming spazels, the outermost one
including 95% of the total and decreasing 20% in each consecutive contour.

4.4 COMMON ABUNDANCE GRADIENT

Both the fact that the distribution of the derived oxygen abundance gradi-
ents for all the galaxies in the sample is compatible with a Gaussian distri-
bution and the lack of correlations found between the slope values and the
analysed properties of galaxies as the morphological type or the luminosity
suggests the existence of a characteristic value for the slope that is common
to all type of spiral galaxies (interacting galaxies were not considered in the
study and are not included in this statement).

It is easier to illustrate this result if we represent the radial distribution
of the oxygen abundance for all the galaxies in the same figure. This is
shown in the left panel of Fig. 4.4. The black contours represent the density
distribution of the star-forming spaxels. Although the radial gradient can be
discerned through the contour plot, the wide range of abundances blurs the
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result. To clarify the origin of this widening, we colour-code each represented
abundance according to the integrated stellar mass of the host galaxy in log
scale. For clarity, only the oxygen abundance values with a contribution of
at least 1% of the total number of spaxels are plotted. Adopting this scheme,
it is evident that the abundances present a common radial gradient, but with
an offset depending on the mass, as expected from the M — Z relation (and
as discussed in Sect. 4.2). To remove this dependence on the mass from
the map, we rescaled the oxygen abundances of each galaxy following the
analytical form of the M — Z relation (Tremonti et al. 2004) derived by
Sénchez et al. (2013), applying an offset according to the integrated stellar
mass of the galaxy and normalising to the average value for the whole sample
of ~ 8.5. The outcome is shown in the right panel of Fig. 4.4, where the
common abundance gradient presented by all galaxies in the sample can be
clearly seen. The abundance distribution is represented again as a density
map, both with a colour-code image (normalised to one) and a contour map.
The diamonds represent the mean oxygen abundance values, with the error
bars indicating the corresponding standard deviations, for bins of 0.25 r..
An error-weighted linear regression (solid black line) to the mean values
restricted to the spatial range between 0.5 and 2.0 7. (yellow diamonds)
derives a slope of ap g = —0.075 £ 0.016 dex/re, totally compatible with
the characteristic slope of ap,g = —0.07 £ 0.05 dex/r. derived in Sect. 4.2
for the individual galaxies assuming a Gaussian distribution (dashed-white
line). The presence of this characteristic gradient is also confirmed when
using other alternative calibrators (see Sect. 4.6).

This characteristic slope is independent of the integrated stellar mass of
the galaxies. Figure 4.5 shows the averaged radial profiles of the oxygen
abundance for our sample of galaxies split in four mass bins with a similar
number of elements (log (M/Mg) < 10.2, blue diamonds; 10.2 < log (M/Mg)
< 10.5, red squares; 10.5 < log (M/Mg) < 10.75, yellow dots; log (M/Mg)
> 10.75, purple triangles). The derived gradients (computed between 0.5
and 2.0 r¢) of those four profiles are consistent within the errors with the
characteristic slope displayed by the entire sample (see inset of Fig. 4.5).
We note that this result is only valid for masses larger than approximately
10%° Mg, which corresponds to the range covered in this study. Below this
limit, other works have found that the gradients seem to flatten (Sanchez &
Sénchez-Menguiano 2017; Belfiore et al. 2017).

Several works have detected the mentioned gradient in the MW (e.g.
Shaver et al. 1983; Deharveng et al. 2000; Pilyugin et al. 2003; Esteban
et al. 2005; Quireza et al. 2006; Rudolph et al. 2006; Balser et al. 2011;
Esteban et al. 2017), deriving values for the slope between —0.04 and —0.06
dex/kpc. If we express the gradient in dex/r. to easily compare with our
results, and considering a value of the disc effective radius for our Galaxy
of r. = 3.6 kpc (Bovy & Rix 2013), we obtain a slope between —0.14 and
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Figure 4.5: Average oxygen abundance radial profiles derived considering galazies
in four different bins according to their integrated stellar mass. The limits of the
bins were chosen to ensure a similar number of elements in each bin: log (M/Mg) <
10.2, blue diamonds; 10.2 < log (M/Ms) < 10.5, red squares; 10.5 < log (M/Mg) <
10.75, yellow dots; log (M/Mg ) > 10.75, purple triangles. The symbols represent the
mean oxygen abundance values for bins of 0.25 re (standard deviations are indicated
by the error bars). Dashed vertical lines delimit the three different behaviours in the
oxygen abundance profiles (i.e. drop in the inner parts, common gradient between
0.5 and 2.0 r., and the flattening in the outer parts). The inset represents the linear
regime and normalising the abundances at the middle of the radial range to the value
corresponding to the characteristic slope displayed by the entire sample (solid line).

—0.22 dex/r., which is slightly larger than the mean value of our slope dis-
tribution (—0.08 dex/re, see Table 4.1). However, deriving the abundance
gradient for the MW is not straightforward and presents several obstacles:
(i) the measurements are affected by dust and it is difficult to determine
distances, which is necessary to derive radial abundance gradients; (ii) the
use of different abundance diagnostics such as optical and IR collisionally
excited lines (CELs), optical and radio recombination lines (RRL) or ther-
mal continuum emission can yield differences in the results (Rudolph et al.
2006); (iii) azimuthal abundance variations have been reported in the MW
(Pedicelli et al. 2009; Balser et al. 2011) that would complicate any analysis
of the radial gradients; and finally (iv) the value of the disc scale-length, and
therefore the disc effective radius, is still controversial, with large discrep-
ancies among different results (typical values are in the range 2 — 4 kpc, e.g.
Sackett 1997; Hammer et al. 2007; van der Kruit & Freeman 2011; Bovy &
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Rix 2013). All these factors may contribute to an incorrect estimate of the
oxygen abundance gradient in our Galaxy, which would explain the differ-
ences found in this value between the MW and external galaxies. Another
aspect to take into account is the different radial range considered in the
derivation of the gradient. While in our work the gradients were computed
between 0.5 and 2.0 7. (see Sect. 4.1), it is obtained within a typical range
between 5 and 15 kpc for the MW, which roughly corresponds to 1.4 and
4.2 e (using again a value of 3.6 kpc for the 7., Bovy & Rix 2013). This
fact may also contribute to the differences in the gradient values.

The origin of this negative abundance gradient goes back to the inside-
out scenario for the formation of disc galaxies (described in Chapter 1),
where the inner parts form first, followed by the formation of the outer re-
gions. Further evidence in the CALIFA survey comes from the analysis of
the SP, either from the study of the SFH (Pérez et al. 2013) or from the
study of the radial age gradient (Gonzélez Delgado et al. 2014, 2015; Ruiz-
Lara et al. 2016). This scenario is understood as a result of the increased
timescales of the gas infall with radius and the consequent radial dependence
of the SFR. This radial decrease in the chemical abundance has been well
established since a long time (Searle 1971). However, the statement that
this gradient presents a characteristic slope independent of many properties
of the galaxies was only recently expressed (Sdnchez et al. 2012b), which
imposes stronger restrictions on our current understanding of disc galaxy
growth. The existence of a common gradient in the abundances indicates
that the chemical evolution of these disc-dominated galaxies is tightly cor-
related with the mass growth.

4.5 DEVIATIONS FROM NEGATIVE GRADIENT

This negative gradient is derived limiting the fitted interval between 0.5 and
2.0 7e. As previously stated (see Sect. 4.1), out of this range deviations with
respect to this lineal behaviour appear.

4.5.1 FLATTENING IN THE OUTER REGIONS

All these gradients are derived up to two disc effective radii. Beyond this
point, the linear behaviour ends and we find a flattening in the oxygen
abundance distribution. The right panel of Fig. 4.4 shows the appearance of
this abundance flattening, with around 8 230 spaxels at these outer regions.
By inspecting the galaxies individually, we detect this flattening in 57 of
them, corresponding to 82% of the galaxies with reliable oxygen abundance
values at these large galactocentric distances. The onset of the flattening
seems to be always located around 2 r. even if we separate the sample in
different bins according to the integrated stellar mass (see Fig. 4.5), although
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the lower mass bins lack of points at these outer regions. In the same figure
we show that the abundance value of the flattening depends on the mass of
the galaxies because of the mentioned M — Z relation.

In the MW some authors have claimed, based on the analysis of both
Hirregions and planetary nebulae, that the observed radial abundance gra-
dient may flatten at the outer parts of the Galaxy (Fich & Silkey 1991;
Vilchez & Esteban 1996; Maciel et al. 2006). However, there are recent
studies that do not find evidences of such flattening (Caplan et al. 2000;
Henry et al. 2010; Esteban et al. 2017).

In external galaxies, several studies analysing the gas content on galax-
ies have recently found that beyond the isophotal radii 795, the metallicity
radial distribution flattens to a constant value independent of the galacto-
centric distance, in contrast to the negative abundance gradient present at
smaller distances (e.g. Martin & Roy 1995; Vilchez & Esteban 1996; Roy
& Walsh 1997; van Zee et al. 1998; Bresolin et al. 2009b; Werk et al. 2010;
Rosales-Ortega et al. 2011; Werk et al. 2011; Bresolin et al. 2012; Marino
et al. 2012; Sanchez et al. 2012b; Lépez-Sanchez et al. 2015; Marino et al.
2015). This change in the abundance distribution has not only been detected
in the gas, but also in the stellar metallicity (e.g. Yong et al. 2006; Carraro
et al. 2007; Vlaji¢ et al. 2009, 2011). However, all these works were based
on individual galaxies or a very limited sample of objects. Sanchez et al.
(2014) represents the first unambiguous detection of such a flattening in a
statistically significant large sample of galaxies. This is the first work con-
firming the flattening by using spaxel-by-spaxel information, increasing the
number statistics (which gains importance especially in these outer regions)
and improving the spatial coverage across the discs.

Average oxygen abundance radial distributions similar to the one shown
in Fig. 4.4 have been created for the same subsamples analysed in Sect. 4.3
(i.e. according to the morphological type, presence or absence of bars and
luminosity). No significant differences are found between them, which means
that the flattening at the outer regions seems to be a universal property of
spiral galaxies. It is also important to note that although Fig. 4.4 was
created using the M13 indicator based on the O3N2 index, the flattening
is independent of the adopted calibrator; it is present when performing the
analysis with all the explored calibrators (see Sect. 4.6).

The nature of this possible flattening is still under debate. Because of the
extreme conditions of the outermost parts of galaxies (very low gas densities
and long dynamical timescales), these regions play a key role in studying
the mechanisms involved in their evolution and, therefore, the existence of
this flattening can be of great importance in constraining chemical evolution
models.

The flattening, although observed in the more metal poor regions of the
galaxies, displays a relatively high abundance value, which ranges between
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8.4 and 8.6 (left panel of Fig. 4.4). An estimate of the time necessary to
enrich the ISM of the outer parts of discs to these abundance levels, as-
suming a constant SFR equal to the present observed value, is higher than
10 Gyr (see Bresolin et al. 2012, for details of the calculation). According
to cosmological hydrodynamical simulations, in the inside-out growth sce-
nario the outer regions of galaxy discs are formed during the last 4 — 6 Gyr
(Scannapieco et al. 2008, 2009). Therefore, if star formation has proceeded
at the same rate as observed today, the enrichment of the ISM caused by
stellar evolution in these outer parts cannot produce these observed high
gas abundance values during the lifetime of these regions.

Different mechanisms have been proposed to explain this enrichment
in the outer parts of discs in non-interacting galaxies. One of them is a
metal-mixing scenario induced by large-scale processes of angular momen-
tum transport, such as radial gas flows (Lacey & Fall 1985; Goetz & Koep-
pen 1992; Portinari & Chiosi 2000; Ferguson & Clarke 2001; Schonrich &
Binney 2009; Bilitewski & Schonrich 2012; Spitoni et al. 2013, among oth-
ers), resonance with transient spiral structure (Sellwood & Binney 2002;
Minchev et al. 2012; Roskar et al. 2012; Daniel & Wyse 2015), or the over-
lap of spiral and bar resonances (Minchev & Famaey 2010; Minchev et al.
2011). In the chemical evolution model developed for the MW by Cavichia
et al. (2014), the presence of the bar induces radial gas flows in the disc
whose net effect is to produce this flattening of the oxygen gradient at the
outer disc. However, as pointed out by the authors, the differences are small
compared with the model without the bar and probably cannot be distin-
guished by the observations. Minor mergers and perturbations caused by
orbiting satellite galaxies are also suggested to increase the metal content
in the external regions (Quillen et al. 2009; Qu et al. 2011; Bird et al. 2012;
Loépez-Sanchez et al. 2015). A slow radial dependence of the star forma-
tion efficiency (SFE) at large galactocentric distances is another possible
explanation to the flattening (Bresolin et al. 2012; Esteban et al. 2013). An
alternative interpretation arises from recent cosmological simulations that
propose a balance between outflows and inflows (through ‘wind recycling’
accretion) with the intergalactic medium (IGM) as a mechanism governing
the gaseous and metal content of galaxies (Oppenheimer & Davé 2008; Op-
penheimer et al. 2010; Davé et al. 2011, 2012). Finally, it may well be that
a fraction of the metals are recycled in the halo of the galaxy and do not
escape, being mixed with the incoming gas, as mentioned by Veilleux et al.
(2005), and producing the observed flattening.

All these mechanisms are not mutually exclusive, and a possible balance
between them could be responsible for the actual chemical evolution of ex-
tended discs and the flat abundance of the outermost parts. Moreover, the
dominant mechanism could be different for structurally different galaxies.
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4.5.2 OXYGEN ABUNDANCE INNER DROP

In addition to this flattening in the outer parts, we find that 27 (22%)
galaxies of the sample display some anomalies in their oxygen abundance
profiles in the inner parts, namely a nearly flat distribution (8 galaxies,
6.5%) or even a drop towards the centre (15 galaxies, 15.5%). The presence
of this feature is not visible when representing the radial distribution of the
oxygen abundance for all the galaxies in our sample (Fig. 4.4), but it does
appear when separating the sample into different stellar mass bins (Fig. 4.5),
only in the case of the more massive galaxies. While the lowest stellar mass
galaxies do not display any sign of this feature, this drop is progressively
more evident with increasing galaxy mass. The presence of the inner drop
and the trend with the galaxy mass are also independent of the adopted
calibrator (see Sect. 4.6).

This feature has also been found in several observational studies (Belley
& Roy 1992; Rosales-Ortega et al. 2011; Sdnchez et al. 2012b, 2014) and
simulations (Molla & Diaz 2005; Cavichia et al. 2014).

For our Galaxy, the studies on gas abundance have not been able to
properly trace the oxygen abundance at these innermost parts of the disc
and therefore were not able to find evidence of this behaviour. However, a
chemical evolution model developed by Cavichia et al. (2014) has detected
this ‘drop’ (or flattening) in the gas abundances of the inner regions as caused
by the presence of a bar. According to this model, the presence of the bar
induces radial flows that increase the at the corotation radius, which also
produces an increase in the oxygen abundance. This results in an apparent
decrease or flattening of the abundance in the central regions. A recent study
focused on stellar populations (Hayden et al. 2014) has detected a flattening
in the metallicity of the inner regions of the Galaxy, more significant in the
low-[ar/M] (v element abundances) stars. They also explained this feature
by the existence of a central bar that produces a mixing of stars in these
inner regions.

The analysis presented here can help us to confirm this scenario where
the inner drop is caused by the influence of a bar. If the bar were the
dominant effect that produces this decrease at inner regions, then it would
be expected to detect it more frequently in barred galaxies. However, our
analysis yields that only 30% of galaxies in the sample showing the drop are
barred (52% if we also consider the galaxies that are supposed to have a bar
but where it is not clearly visible).

Another explanation proposed by observational studies on gas abundance
for external galaxies, like NGC 628 (Sanchez et al. 2011) and later using
CALIFA data in a large sample of galaxies (Sdnchez et al. 2014), is that this
inner decrease was associated with the presence of a circumnuclear star-
forming ring of ionised gas related to the inner Limbland resonance.
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To explore the possibility that the abundance drop is due to the presence
of a star-forming ring, a visual inspection of the Ha intensity maps for the
galaxies with signs of this drop has been carried out. This analysis shows
that 48% of the galaxies present evidence of a star-forming ring that is
spatially located at these inner galactocentric distances (r/r. ~ 0.3 — 0.5).
However, this scenario must be confirmed by a more robust and detailed
analysis of the stellar and gas kinematics.

Despite these two possible explanations (influence of a bar or a circum-
nuclear star-forming ring), the physical origin of this drop is not still well
established. On the other hand, if the origin of this drop were due to radial
motions of the gas, it would also have an impact on the overall distribu-
tion of abundances at larger radii. To explore this possible effect, we derive
the mean value for the slope of the abundance gradients only for the galax-
ies presenting this feature, obtaining a mean ap,g = —0.10 dex/r, and
o = 0.04dex/re. This value is slightly higher than the one derived for the
galaxies without evidence of this inner drop in the abundances, which is
ao/g = —0.06dex/re and o = 0.05dex/re. A two-sample KS test suggests
that the two distributions are different (P-value of 3%), consistent with a
radial movement of the gas as the cause of this feature.

Finally, 37% of the galaxies displaying this inner abundance drop neither
shows evidence of a star-forming ring nor of a bar. This suggests that
another mechanism related to radial movements is responsible for causing
this feature.

To shed some further light on this question, we investigated the presence
of this feature depending on the integrated stellar mass of the galaxies. We
conclude that the galaxies displaying the strongest oxygen abundance inner
drop are the most massive ones (Fig. 4.5), suggesting that stellar mass plays
a key role in shaping the inner abundance profiles.

4.6 DEPENDENCE OF THE RESULTS ON THE
USED CALIBRATORS

In this section we confirm the conclusions arisen from this analysis based
on the Marino et al. (2012) calibration for the O3N2 index by replicating
the figures that support our main results using three of the most commonly
used empirical calibrators: (i) the one described in Pettini & Pagel (2004,
PP04) for the O3N2 indicator, (ii) the Pilyugin et al. (2010, P10) calibration
for the ONS index, and (iii) the Dopita et al. (2013, D13) calibraton based
on the pyqz code (see Sect. 3.3 for a brief description of these additional
calibrators).

Figure 4.6 shows the distribution of the slope values of the oxygen
abundance gradients for the galaxies using the spaxel-wise information (red
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Figure 4.6: Distribution of slope values of the oxygen abundance gradients derived
for the galazy sample based on the O3N2 (PP0/, left panel), ONS (P10, middle
panel), and pyqz (D13, right panel) calibrators using spazel-wise information (dashed
red bars) and the individual H1lregions (filled blue bars). We also represent the
Gaussian distribution of the data (solid line for spazels, dashed line for individual
H1 regions), assuming the mean and standard-deviation of the distribution of slopes
and sampled with the same bins.

dashed histogram) and the individual Hiregions (blue filled histogram).
We can see that in the three cases both distributions are very similar, con-
firming the equivalence of the two methodologies in the derivation of the
oxygen abundance gradients independently of the chosen calibration.

We have also studied the influence of some galaxy properties, namely the
morphological type, the presence of bars and the luminosity of the galaxies,
on the oxygen abundance slope when we use these three alternative cali-
brators. The outcome of this analysis is shown in Fig. 4.7. Similarly to
O3N2-M13 (see Sect 4.3), we find no significant dependence on any of the
analysed properties. The largest differences appear in the morphological
type, where the trend of steepening the slope from early to late types is
inverted for the ONS-P10 calibrator. However, the p-values derived from
the KS (55% for the early-intermediate comparison, 14% for the early-late
one, and 8% for the intermediate-late comparison) and AD (37%, 20%, and
3%, respectively) tests are above the significant level of 5%. Therefore,
the observed trend does not seem statistically significant. In the remaining
cases, all the derived p-values are also above 5%, indicating the absence
of correlation with any of the remaining properties for any of the analysed
calibrators.

Finally, the existence of a common abundance gradient is also con-
firmed with the proposed alternative calibrators. This result is illustrated
in the left panels of Fig. 4.8 (see Sect. 4.4 for details). As in the case
of O3N2-M13, these characteristic slopes are compatible with the ones de-
rived in Sect. 4.2 assuming a Gaussian distribution for the distribution of
values of the individual galaxies: ap/y = —0.115 £ 0.011 dex/r, for the
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Figure 4.7: Distribution of the abundance slopes as a function of different galaxy
properties using the O3N2 (PP0/4, top row), the ONS (P10, middle row), and the
pyqz (D13, bottom row) calibrations. The analysed properties are: the morphological
type of the galaxies (left panels), the presence or absence of bars (middle panels) and
the g-band absolute magnitude of the galazies (right panels). See Fig. 4.3 for more
details.

O3N2 (PP04) calibrator (against ap/g = —0.11 & 0.07 dex/re derived in
Sect. 4.2), ap/g = —0.094 £ 0.014dex/r. for the ONS (P10) calibrator
(against ap/g = —0.06 & 0.06 dex/re), and ap /g = —0.128 £ 0.013 dex/re
for the pyqz (D13) one (against ap g = —0.14 £ 0.09dex/re). The right
panels of Fig. 4.8 represent the average profiles for the different mass bins
introduced in Sect. 4.2. The insets of these panels show that the slope of
the gradients for these calibrators is also independent of the galaxy mass
(similarly to the O3N2-M13 case). Finally, the presence of the outer flat-
tening (always located around 2 r.) and the inner drop (at ~ 0.57¢) is also
observed with the three calibrators. Again, we can see in the right panels
that this inner drop is progressively more evident with increasing the galaxy
mass.
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4.7 BRIEF SUMMARY

The existence of a radial decrease in the chemical abundances of nearby
spiral galaxies has been well established by observations for decades (Searle
1971; Comte 1975; Smith 1975; Peimbert 1979; Shaver et al. 1983). Since
then, this gradient has been confirmed by other works, restricted to individ-
ual galaxies or to limited samples of galaxies (Martin & Roy 1992; Kennicutt
et al. 2003; Rosales-Ortega et al. 2011; Bresolin et al. 2012; Marino et al.
2012; Patterson et al. 2012). With the advent of IFS surveys like CALIFA,
abundance studies using larger samples of H 11 regions have become feasible
(Sdnchez et al. 2012b, 2014), with the same results as in previous studies.

In this work we go a step further and analyse for the first time the oxygen
abundance distribution for a large sample of galaxies spaxel by spaxel, taking
advantage of the full 2D information provided by the CALIFA survey, which
improves the statistics. This final sample provides more than 185 000 oxygen
abundance values and more than 7100 H1iIregions with which to compare
our results. The analysis using the HIlregions was previously performed
by Sénchez et al. (2014) with a different sample of galaxies that were also
extracted from the CALIFA mother sample. With spaxel-by-spaxel analy-
sis, we here take approximately four times more line emitting spaxels into
account that are associated with star formation regions than in the classical
procedure of detecting H1iregions. Our results are therefore mainly based
on an independent set of measurements, reinforcing and expanding on the
Sénchez et al. (2014) results.

We have analysed the oxygen abundance distribution for a sample of
122 face-on spiral galaxies spaxel by spaxel. The obtained results have been
compared to those obtained following the classical procedure of detecting
Hirregions, leading to equivalent results that point to the same conclusions:
(i) the existence of a common abundance gradient, independent of other
properties of galaxies, in particular the presence of bars, which seems not
to have the flattening effect predicted by numerical simulations; (ii) the
existence of a flattening of the abundance gradient in the outer regions of
discs, which seems to be a common property of disc galaxies; and (iii) the
existence of a drop of the abundance in the inner regions of disc galaxies,
only visible in the most massive ones and most probably associated to radial
movements of the gas (sometimes a bar or a circumnuclear star-forming
ring).

These results support the scenario in which disc galaxies present an over-
all inside-out growth. However, possible deviations are shown with respect
to this simple scenario that affect the abundance profiles in both the inner-
most and outermost regions of galaxies.



If we knew what it was we were doing, it
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5.1. THE SHAPE OF THE ABUNDANCE PROFILES 89

THE ANALYIS ON THE RADIAL abundance distribution performed
in the previous chapter has meant an improvement in our knowledge in
this regard with respect to earlier works. The good coverage of the galaxy
discs thanks to the spaxel-by-spaxel approach achievable with CALIFA data,
together with the large size of the analysed sample, allow us to go deeper
in aspects not well-explored before such as the existence of the abundance
inner drop.

However, the spatial resolution of the CALIFA data leaves still room to
improve the characterisation of the gas abundance radial distribution. Per-
forming this analysis with AMUSING data can help us in this regard due to
the combination of its large FoV with high spatial resolution. Both charac-
teristics together allow us to increase the number of H1iregions detected in
each galaxy and therefore better trace its abundance distribution, avoiding
the dilution effects present in the spaxel-by-spaxel analysis with CALIFA.

In this chapter, we take advantage of the high spatial resolution of the
AMUSING data to characterise the oxygen abundance radial profile in a
large sample of spiral galaxies as never done before. For this purpose we
develop a new methodology to automatically fit these profiles taking into
account the different shapes observed. This procedure allows us to detect
the presence of any possible deviation in the radial distribution with respect
to the universal negative gradient (i.e. the inner drop and the outer flatten-
ing). Thanks to the sample size we are able to state meaningful statistical
conclusions. Moreover, the study of possible trends with different properties
of the galaxies allows us to shed light into the origin of these deviations, and
the role of such properties in the chemical evolution of the galaxies.

Along the chapter, we explain the procedure developed to fit the observed
radial abundance profiles and analyse their shape (Sect. 5.1). We also study
the dependence of the slope of the main gradient on different properties of
the galaxies (Sect. 5.2). The analysis of the location of the inner abundance
drop and the outer flattening when existing is performed in Sect. 5.3. We also
explore the existence of a common oxygen abundance gradient (Sect. 5.4).
In Sect. 5.5 we define a new normalisation scale for the radial profiles based
on this characteristic abundance gradient. We also study the dependence of
the dispersion relative to the main abundance gradient with different galaxy
properties (Sect. 5.6). Finally, the effect of using different calibrators in the
derivation of the abundance profiles is addressed in more detail in Sect. 5.7.

5.1 THE SHAPE OF THE ABUNDANCE PROFILES

In order to obtain the radial distribution of the abundances for the 102
galaxies comprising the AMUSING sample, we have followed the method-
ology extensively explained in Chapter 3. We have (i) detected the candi-
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dates to be H1Iregions using HIIEXPLORER, (ii) subtracting then the stellar
contribution and measuring the emission line fluxes with P1PE3D for each
region, (iii) we have discarded the regions not associated with star forma-
tion, and finally for the remaining ones (iv) we have derived the oxygen
abundances using the Marino et al. (2013) calibration for the O3N2 index.
Besides, we have also employed the calibration described in Dopita et al.
(2016, D16), and the one proposed in Marino et al. (2013) for the N2 index
(M13-N2) to test the robustness of the results derived from this study (see
Sect. 3.3 for details). After all these steps, we deproject the galactocentric
distances of the HIiregions using the position angle and ellipticity of the
galaxy discs (see Sect. 3.4 for details in the derivation of these parameters).
The deprojected radial abundance distribution is afterwards normalised to
the disc effective radius (r¢), as suggested in Sénchez et al. (2012b) and
Sénchez et al. (2013). This parameter was determined from the disc scale-
length (rg) through the relation r, = 1.678357; (Sdnchez et al. 2014). To
obtain the disc scalelength we derived the surface brightness profile of the
galaxies by fitting ellipses to the g-band light distribution recovered from
the data. To do that we used the ellipse IRAF task and fixed the elliptic-
ity and PA values of the successive ellipses matching those of the outer disc
(already derived to deproject the galaxies). We then fitted these profiles
with the classical exponential decline (Freeman 1970), obtaining the value
of the corresponding disc scalelength. The values of r. are given in Table B.1
(Appendix B).

Once the deprojected oxygen abundance radial distribution of the
H 1iregions, normalised to re, was derived for the 102 galaxies in our sample,
we applied a purely automatic procedure (without human supervision) to fit
this distribution, detecting the existence of an inner drop and/or an outer
flattening when present. This procedure was designed as follows. The abun-
dance radial distribution of each galaxy is fitted four times, to cover the four
possible shapes that have been described in the literature: i) single linear
profile, ii) broken linear profile due to the presence of an outer flattening, iii)
broken linear profile caused by an inner drop, and iv) doubly-broken linear
profile with both an inner drop and an outer flattening. The four mentioned
profiles are characterised by these three mathematical functions:

(a) The single profile used to fit the abundance distribution is a linear
regression:

O/H (r)=a-r+0b, (5.1)
where a is the slope and b is the zero-point of the linear fit.

(b) For the broken profile, the function is constructed by a sum of two
linear regressions to be able to fit the principal negative gradient and
the possible inner drop or outer flattening, with the radial position of
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the new feature (h;, with ¢ = 1 for the inner drop and i = 2 for the
outer flattening) as a free parameter in the fit:

O/H(’I”):(a1-T—l-bl)~(1—Wi)+(a2'7‘+b2)-VVi, (5.2)
where
T2+ arctan“}%o
W; = - , (5.3)

and imposing this condition
a1 -hy+bi =ag-hy+ by (5.4)

to guarantee the continuity of the function, so the oxygen value derived
with each linear component is the same at the radial distance at which
the consecutive components intersect (h;). For each galaxy this fit is
performed twice, to cover the two cases where the broken profile is
applicable: negative gradient with an inner drop and gradient with an
outer flattening. To distinguish both fits, we imposed lower and upper
boundaries on h; restricting the position of the start of the inner drop
to the first half of the covered radial range and the onset of the outer
flattening to the second half. In addition, the imposed boundaries
avoid that these fits are dominated by just one H 1l region.

(c¢) For the doubly-broken profile, we introduced another linear component
in the sum to fit the cases where both an inner drop and an outer
flattening may be present in the galaxy, being the principal negative
gradient the component in the middle of both features:

O/H (r)=(ay-r+by) - (1 —-Wy)+

+(ag -7 +b2) - Wi - (1 —Wa)+ (a3 -r+ b3) - Wa, (5:5)

with the following restrictions for continuity:
ay-hy+by =as-hy+ b (5.6)
as - ha 4+ by = as - ho + bs. (5.7)

The W; terms are used in the equations to introduce the change of do-
main among the linear components, acting like a switch: for r < h;, W; ~ 0
and for r > h;, W; ~ 1. For instance, in equation 5.2, for < h; we only have
contribution of the first term to the fitting function and for r > h; the whole
contribution comes from the second term. For equation 5.5 it is a bit more
complicated but the mechanism is the same: the first term of the equation
only comes into play for » < hy and the third one for r > hs. The interme-
diate term plays a part then between both radial positions (h; < r < hg)
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due to the intersected region where the factors are both contributing (as
Wi =1forr > hy and 1 — Wy =1 for r < hg). This way of constructing
the fitting function allows us to find automatically not only the slope and
zero-point of all the individual linear components but also the radial posi-
tion at which the inner drop and outer flattening start using a single and
continuous functional form. The 8 parameter was set to a small number to
make a very steep transition between consecutive linear components. In this
case, we considered =1 - 10*8”, although its actual value does not affect
the results as long as it is much smaller than 1”.

Based on the residuals of the four fittings, we selected automatically
which was the most suitable one in each case, in the way explained below.
We should keep in mind that as soon as we add new components to the fit,
the residuals (or scatter) are going to decrease. Therefore, we checked if
this reduction in the residuals was statistically significant, making use of a
MC simulation. To do that, we generated for each galaxy a ‘random’ radial
distribution of the oxygen abundances within the error bars of the mea-
sured abundance values, repeating this process for N = 100 iterations. We
fitted each of these distributions with the four functional forms described be-
fore, deriving in all cases the distribution of the residuals of the abundances
around the best fitted function. Then, we fitted each of these ‘residual’
distributions with a Gaussian function and we determined if the difference
between the mean value derived for the single linear fit (using equation 5.1)
and the mean value for the new fit was higher than the standard deviation
value. If this is the case, we can consider that the reduction of the scatter
is significant in a statistical way. Finally, to consider this ‘improved’ fitting
valid, we imposed another condition: there has to be a significant change in
the slope between the consecutive linear components of the corresponding
function (equation 5.2 and 5.5). In order to check this, we fitted again a
Gaussian function to the distribution of slopes of the different components,
verifying that, similarly to the scatter distribution, the mean values for the
inner drop and/or outer flattening were outside the interval ranged between
the mean value derived for the principal negative gradient plus or minus the
standard deviation.

Figure 5.1 represents examples of the four different cases that can be
found when performing the radial fit (black solid line) of the oxygen abun-
dance distribution of the Hirregions (transparent black symbols): single
abundance negative gradient (first panel), presence of an inner abundance
drop (second panel), presence of an outer abundance flattening (third panel),
and presence of both an inner drop and outer flattening (fourth panel). In
Appendix D we show the deprojected oxygen abundance radial distribution
of the H11regions for the whole sample of galaxies. The slope and zero-point
values of the principal negative gradient derived from this fitting, together
with the radial distance of the inner drop and/or outer flattening, when
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NGC 6754 &7 MCG-03-07-040 NGC 2466
87

r/Te

Figure 5.1: Ezamples of the different shapes found in the oxygen abundance radial
distribution of the Hllregions (black markers with transparency). The radial dis-
tances are deprojected and normalised to the disc effective radius. The solid black
line represents the fit to the distribution. The dashed vertical lines correspond to the
radial position of the inner drop and/or outer flattening.

present, are shown in Table B.2 (Appendix B) for all galaxies in the sample.

Applying this procedure with the chosen criteria we can guarantee that
the detection of the inner/outer features is reliable. The methodology relies
on a sufficient sampling of the H1iregions along the covered galactocentric
distances for a proper statistical determination of the presence of these fea-
tures. Otherwise, our procedure seems to stick to the more simple scenario
(single slope) and finds better results if those features are neglected.

In the analysed sample, we find that 55 galaxies exhibit a single abun-
dance gradient. A broken profile due to an inner drop is observed in 21
objects. There are 10 galaxies presenting a broken profile with an outer
flattening. Finally, 16 spiral galaxies display a doubly-broken profile in the
abundance radial distribution. As we can see, the cases with a clear presence
of deviations from the simple negative gradient are as common as the find-
ing of a single behaviour in the radial profiles. This fact suggests that the
common view in which the oxygen abundance distribution in spiral galaxies
decreases following a single radial gradient might be incomplete and devi-
ations from this single behaviour are needed to be considered for a proper
characterisation of the distribution.

In the case of the abundance profiles derived using the M13-N2 calibra-
tor, we find that: 68 galaxies display a single abundance gradient, 21 of them
present a broken profile due to an inner drop, 11 spiral galaxies exhibit a
broken profile with an outer flattening, and finally only 2 objects display
a doubly-broken profile. For the D16 calibrator, the number of galaxies
exhibiting a single abundance gradient increases to 72. The broken profile
due the the inner drop is observed in 11, while the broken profile with an
outer flattening is observed in 10 objects. Finally, 9 spiral galaxies display a
doubly-broken profile. Despite the number of galaxies where an inner drop
and/or outer flattening decreases when using the other two calibrators, it
can be seen that the presence of deviations from the single behaviour is still
remarkable.

Some of these analysed galaxies (7) present peculiarities that can affect
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Figure 5.2: Distribution of slope values of the orygen main abundance gradients
(normalised to the disc effective radius) derived for the galazy sample. Solid black
line represents the Gaussian distribution of the data assuming the mean and standard-
deviation of the distribution of slope values and sampled with the same bins.

the abundance distribution and, although they remain as part of the sample,
they were discarded from further analysis: (i) Two galaxies, NGC 232 and
NGC 7469, were discarded for having a very powerful AGN in the centre
that can contaminate the emission coming from the H 11regions (presenting
also jets); (ii) another galaxy, NGC 1516A, was removed for being in a
very advanced stage of merging; (iii) two more galaxies, UGC 3634 and
UGC 6332, were discarded for having a ring-like structure, which affects
the accuracy of the derivation of the gradient; (iv) and finally the last two
discarded galaxies, NGC 3447 and NGC 7580, are very distorted due to
a recent interaction. Therefore, from now on we show results based on a
sample of 95 galaxies.

5.2 MAIN ABUNDANCE GRADIENT DISTRIBUTION

Figure 5.2 shows the distribution of slopes of the main oxygen abundance
gradients (see Sect. 5.1) derived for the galaxy sample of 95 galaxies. This
distribution expands along a wide range of values between approximately
—0.35 and 0.03 dex/re, presenting a clear peak located at —0.11 dex/re.
The shape of the distribution suggests the existence of a characteristic gra-
dient more or less similar for all spiral galaxies in the sample. Although
using different abundance calibrators and/or different scale lengths to nor-
malise the gradients, several previous works have found this similarity in
the slope distribution with a Gaussian function, supporting the existence of
the mentioned characteristic gradient (Sanchez et al. 2012b, 2014; Ho et al.
2015). In the analysis performed in Chapter 4 we showed that the slopes of
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the oxygen abundance gradients in CALIFA spiral galaxies display a distri-
bution peaking at —0.07 dex/r. (0 = 0.05), in agreement (within the errors)
with the value reported in this chapter. The distribution of slopes for the
M13-N2 and D16 calibrators can be found in Fig. 5.11 of Sect. 5.7. In both
cases the distributions present a similar peak, but located at —0.23 dex/re
for D16 and at —0.06 dex/re for M13-N2, reinforcing the idea of a charac-
teristic gradient (although the actual value of the slope changes depending
on the used calibrator).

As found with the CALIFA sample, despite the presence of a clear
peak in the distribution of the slopes, the large standard deviation found
(0 = 0.07dex/re) indicates a possible dependence of such gradients with
some particular properties of the galaxies. In this section we will analyse
the influence of some characteristics such as the density of the environment,
the presence of bars or the type of abundance profile displayed (according
to Sect. 5.1) on the main abundance gradient.

5.2.1 INFLUENCE OF THE DENSITY OF THE ENVIRONMENT

Numerical simulations have predicted the presence of shallower gradients in
interacting galaxies (or galaxies that have undergone an interaction in the
past) due to gas flows induced by the interaction (e.g. Barnes & Hernquist
1996; Mihos & Hernquist 1996; Dalcanton 2007; Rupke et al. 2010a; Torrey
et al. 2012). This prediction has been confirmed by observational works (e.g.
Kewley et al. 2010; Rupke et al. 2010b; Miralles-Caballero et al. 2014; Rosa
et al. 2014; Sanchez et al. 2014).

We classified our galaxies based on the density of their environment to
study the possible effect on the abundance gradients. Galaxies were grouped
in: isolated (S), part of a group of at least three galaxies (G), in pair (P),
and with evidence of real interactions (I). This classification was performed
attending to the information found in literature. In Table B.1 (Appendix B)
we show for each galaxy in the sample the corresponding classification and
the references used to classify it.

The top panel of Fig. 5.3 displays the distribution of slope values ac-
cording to the environment. The black diamonds represent the mean values
within each segregation, with the error bars indicating the standard devi-
ation. The mean and standard deviation values of the distribution are the
following ones:

S: ap/pg = —0.12dex/re and o = 0.07dex/re (nga = 59)
G: ap/p = —0.13dex/re and o =0.08dex/r. (
P:ap/g = —0.14dex/r. and o = 0.07dex/re (nga =7)
I: ap/g=-0.15dex/r. and o = 0.01dex/re (
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Figure 5.3: Distribution of slopes depending on: (i) the environment of the galazies
(isolated, green; in groups, blue; paired, red; interacting, yellow) for the top panel,
(i3) the presence or absence of bars (clearly unbarred galazies, green; clearly barred,
red; and an intermediate stage, blue) for the middle panel, and (iii) the shape of the
abundance profile (single profile, green; broken profile with inner drop, blue; broken
profile with outer flattening, red; and a doubly-broken profile with presence of both
inner drop and outer flattening, yellow) for the bottom panel. The black diamonds
represent the mean values within each segregation, with the error bars indicating the
standard deviation.
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Although the mean values seem to suggest a trend, the small differences in
these values and the high standard deviations found lead us to claim that
galaxies present a similar slope independently of the environment where
they are. Similar results are found when using the other two calibrators
(see Sect. 5.7 and Fig. 5.12 therein). However, we have to note that very
distorted galaxies due to a recent interaction or to a very advanced stage of
merging have been discarded from this analysis since for those objects the
definition of the centroid and the disc effective radius are dubious. Therefore,
this statement does not necessary contradict previous works claiming the
existence of shallower gradients in interacting galaxies.

5.2.2 EFFECTS OF BARS

Numerical simulations predict that the non-axisymmetrical potential of bars
induce radial motions that can homogenise the gas producing shallower gra-
dients (Friedli et al. 1994; Friedli & Benz 1995; Cavichia et al. 2014). On
the other hand, observations diverge in their conclusions. Some works have
found evidence of flatter gradients in barred galaxies with respect to un-
barred systems (Vila-Costas & Edmunds 1992; Martin & Roy 1994; Zarit-
sky et al. 1994; Dutil & Roy 1999). However, recent studies based on larger
statistical samples have not found evidence of such correlation between the
slope of the abundance gradient and the presence of a bar (Sanchez et al.
2014).

In order to test these results, we define three different groups accord-
ing to the presence or absence of bars: galaxies with no bar (A), galaxies
that may have a bar but it is not clearly visible (AB), and clearly barred
galaxies (B). This information was collected from the extragalactic database
HyperLeda (Makarov et al. 2014). The galaxies for which such information
is not published (16) were not considered in this comparison, but were not
excluded from the rest of the analysis.

Figure 5.3 (middle panel) shows the distribution of slopes according to
the presence of bars. The black diamonds represent the mean values within
each group, with the errorbars indicating the standard deviation. These
values are:

A: ap/g=-0.13dex/re and o = 0.07dex/re (ngs = 46)
AB: ag/g = —0.11dex/re and o = 0.09dex/re (ng. = 14)
B: ap/g=-0.14dex/re and o =0.09dex/re (nga = 19).

We can see that unbarred (green) and barred galaxies (blue and red) present
a similar distribution of slopes with very similar mean values. This suggests
a lack of correlation between the abundance slope and the barred /unbarred
nature of galaxies, in agreement with Sanchez et al. (2014) and the results
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found in Chapter 4 for the CALIFA galaxies. This lack of correlation also
appears when using the other two calibrators (see Sect. 5.7 and Fig. 5.12
therein).

5.2.3 DEPENDENCE ON THE SHAPE OF THE ABUNDANCE PROFILE

The existence of different types of abundance profiles in the galaxy sample is
associated with the presence of deviations from the most commonly reported
behaviour in the abundance radial distribution. An interesting point to
investigate would be the effect of the presence of these deviations in the
main abundance gradient. To this end, we show in the bottom panel of
Fig. 5.3 the dependence of the slope in the negative gradient with the shape
of the abundance profile: a single gradient (green), a broken linear profile
due to the inner drop (blue) and to the outer flattening (red), and a doubly-
broken linear profile due to the presence of both features (yellow). For this
analysis we have discarded 10 galaxies not presenting signs of the presence
of the outer flattening but for which the MUSE FoV does not cover the full
disc extent, and therefore may display this feature and we are not able to
detect it.

The slope distributions represented in the bottom panel of Fig. 5.3 show
a trend in the slope with the shape of the abundance profile, with the single
profiles presenting the shallowest gradients and the doubly-broken profiles
the steepest ones. The mean and standard deviation values (in units of
dex/re) of the distributions are:

Single : ao /g = —0.10 and o = 0.07 ( )
Broken (inner) :  ap/p = —0.14 and o = 0.07 (ngy = 19)
Broken (outer) :  ap/g = —0.16 and o = 0.06 (nye = 10)
Doubly — broken : ap/g = —0.17 and ¢ = 0.06 (ny4u = 16).

These results indicate that the presence of the inner drop and the outer
flattening does have an effect on the negative abundance gradient displayed
by spiral galaxies. This general trend is also observed in the cases where
the M13-N2 and D16 calibrators are used (see Fig. 5.12). For the M13-N2
(D16) indicator, we find a total difference of —0.04 (—0.09) dex/re between
the galaxies presenting a single abundance gradient and the ones displaying
a doubly-broken profile (see Sect. 5.7).

In Chapter 4 we already found slightly steeper gradients in galaxies with
evidence of an inner drop. The fact that the presence of this feature had
an impact on the overall distribution of abundances at larger radii led us to
propose the existence of gas radial motions (Lacey & Fall 1985; Portinari &
Chiosi 2000; Schonrich & Binney 2009; Spitoni et al. 2013) as the possible
cause of this feature. These radial movements would be towards the knee
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point in the abundance distribution (drop), outwards in the inner regions
and inwards in the outer parts. In this chapter, using a different sample of
galaxies and a different dataset, we confirm these results and find a similar
situation regarding the presence of the outer flattening. As mentioned in
that chapter, different mechanisms have been suggested to explain the ori-
gin of the outer flattening in the gas abundances, being radial motions of
both gas and stars one of them (e.g. Goetz & Koeppen 1992; Ferguson &
Clarke 2001; Sellwood & Binney 2002; Minchev & Famaey 2010; Bilitewski
& Schonrich 2012; Roskar et al. 2012; Daniel & Wyse 2015). On the other
hand, alternative mechanisms such as minor mergers and satellite accretion
(Quillen et al. 2009; Qu et al. 2011; Bird et al. 2012), a radial dependence of
the star formation efficiency at large galactocentric distances (Bresolin et al.
2012; Esteban et al. 2013) or a balance between outflows and inflows with
the intergalactic medium (Oppenheimer & Davé 2008; Oppenheimer et al.
2010; Davé et al. 2011, 2012) have also been proposed. All these mechanisms
are not mutually exclusive and to date we have not been able to distinguish
between them. Although we do not discard the other mechanisms to also
be involved, the results found in this analysis suggest that radial motions
play a fundamental role shaping the abundance profiles of spiral galaxies
by producing an abundance drop in the inner regions and/or an abundance
flattening in the outermost parts. A deeper study on the connection of these
features with radial motions, also from the dynamical and theoretical point
of view, might help to further constrain this scenario.

5.3 LOCATION OF THE INNER DROP AND THE
OUTER FLATTENING

As stated several times along this thesis, the presence on an inner drop and
an outer flattening in the radial abundance profiles of some spiral galaxies
was already found in several works. However, the few of them that analysed
these features in a statistical way using a large sample of galaxies (e.g.
Sénchez et al. 2014) always assumed that their location was the same for
all the galaxies where they were observed. This was also the case for the
analysis carried out in Chapter 4. This assumption was based on a visual
inspection of the sample, and afterwards confirmed by the stacking of the
abundance profiles of the individual galaxies.

To date, no previous studies have carried out a detailed analysis of these
features, determining the actual location of the inner drop and the outer
flattening for a large sample of galaxies. Therefore, here we have developed
a methodology to fit the radial abundance profiles in an automatic way
that allows us to derive the location of these features. Hereafter, we will
define hp as the galactocentric distance at which the inner drop appears
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Figure 5.4: Distribution of radial positions (in units of re) of the inner drop (D,
squares) and outer flattening (F, dots) found in some galazies of the sample. The
black diamonds represent the mean values of the position at which these features
appear, with the error bars indicating the standard deviations. Dashed and dashed-
dotted lines represent the normalised density distributions of the location of the inner

drop and outer flattening, respectively.

(hy in equations from 5.2 to 5.7) and hp as the distance at which the radial
gradients flatten (hy in equations from 5.2 to 5.7).

In Fig. 5.4 we represent the distribution of values derived for hp (dashed
line) for the 37 galaxies where the inner abundance drop is detected and the
distribution of values of hr for the 26 galaxies displaying the outer abun-
dance flattening (dashed-dotted line). These density (normalised to one)
distributions were derived considering each radial position as a Gaussian
distribution centred at such point with a sigma given by the maximum dis-
tance between nearest-neighbours, and summing all these individual Gaus-
sians. In this way we reproduce a smooth distribution that is more peaky
in the clustered points. As it can be seen in the figure, the distribution of
the radial positions of the inner drop is quite narrow and has a pronounced
peak centred at ~ 0.5re (the mean value of the radial positions is 0.54 re

and the standard deviation 0.20), suggesting that the position of the inner
drop is very similar in all galaxies where this feature is present. However,
the distribution for the outer flattening is much wider, with the flattening
occurring between 0.3 and 2.8 r., and overlapping the distribution of the
inner drop. Although the distribution shows a peak at ~ 1.5r, (the mean
value of the radial positions is 1.47 re and the standard deviation 0.60), the
large range of radii covered by it prevents us to confirm a characteristic

location of the outer flattening in the abundances.
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The use of the other two calibrators reduces the number of galaxies where
the inner abundance drop is detected to 23 for M13-N2 and to 20 for D16.
The number of galaxies displaying the outer abundance flattening is also
reduced to 13 galaxies in the case of the M13-N2 calibrator and to 19 in
the case of D16. However, the distribution of the radial positions of both
features is very similar to the one obtained with O3N2 (see Fig. 5.13), with
very slight differences in the average positions (inner drop at ~ 0.8r, for
M13-N2 and at ~ 0.6, for D16; outer flattening at ~ 1.51, and at ~ 1.6,
respectively).

These results are in agreement with the findings shown in Chapter 4
and previous works (e.g. Sanchez et al. 2014). However, our results seem
to contradict the claim that this was also the case for the outer flattening
(located approximately at ~ 2.0re). These studies were all based on visual
inspections of the general shape of the gradient (see Sect. 5.4 below), plac-
ing the location of the outer flattening at the position in which the gradient
clearly deviates from its linear behaviour (that would happen approximately
between 2 — 2.25r, according to Fig. 5.5). Indeed, this location has fluctu-
ated between different estimations, being placed at 2.2 r. by Sanchez et al.
(2012b) and around 2 by Sanchez et al. (2014). However, the detailed anal-
ysis carried out in this chapter indicates that the knee point is nearer to
~ 1.51,, with a large dispersion of values among galaxies. Thus, our re-
sults do not imply a contradiction, but reflects the need of a more detailed
analysis like the one presented here.

5.4 A COMMON OXYGEN ABUNDANCE GRADIENT

The existence of a characteristic slope in the oxygen abundance distribution
of spiral galaxies was stated in Sdnchez et al. (2012b, 2014) and confirmed by
our own analysis performed in Chapter 4. In this chapter, following a similar
recipe, we derived the radial distribution of the oxygen abundances for the
95 galaxies in the sample and stacked all of them as a single distribution.
To do that we rescaled the distributions, as the M — Z relation (Tremonti
et al. 2004) produces an offset of the abundance profile according to the
integrated stellar mass of the galaxy. To this end, we applied an offset
to the distribution of each galaxy by normalising the abundance at the
disc effective radius to the average value for the whole sample (~ 8.5 dex).
The final outcome of this analysis is shown in Fig. 5.5. The abundance
distribution is represented as a colour-coded density map (normalised to one)
and shows clearly a common abundance gradient presented by all galaxies in
the sample. The white dots represent the mean oxygen abundance values,
with the error bars indicating the corresponding standard deviations, for
bins of 0.3 ro. An error-weighted linear regression (solid red line) to the mean
values within the range between 0.5 and 1.5 re (trying to avoid the regions
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Figure 5.5: Radial density distribution of the oxygen abundance after normalising
the abundances of each galaxy so that the abundance at lre is equal to the aver-
age value for the whole sample at such radius. The white dots represent the mean
ozxygen abundance values, with the error bars indicating the corresponding standard
deviations, for bins of 0.3 re. The solid red line represents the error-weighted lin-
ear fit derived for those mean values within the range between 0.5 and 1.5 re, and
the dashed white line represents the linear relation corresponding to the characteristic
value of the slope derived in Sect. 5.2 for the individual galazies assuming a Gaussian
distribution.

dominated by the presence of the inner abundance drop and outer flattening)
derives a slope of ap i = —0.10 £ 0.03 dex/re. This is compatible with the
characteristic slope of ap/g = —0.11 (0 = 0.07) dex/r, derived in Sect. 5.2
for the individual galaxies assuming a Gaussian distribution (dashed-white
line).

As with M13-N2 and D16, the common abundance gradient is clearly
visible when representing the radial abundance distribution of the whole
sample (with a slope of ap/g = —0.04 and —0.20dex/r, for M13-N2 and
D16, respectively). However, the presence of the inner drop and the outer
flattening is not so evident. This is somehow expected due to the wide
range of values found for hp and hr that may blur their signatures when
all gradients are stacked together.

5.5 THE CHARACTERISTIC SLOPE AS A
NORMALISATION SCALE

Recently, Zinchenko et al. (2016) showed the validity of the use of gas abun-
dance maps to determine the geometrical parameters of galaxies (coordinates
of the centre, inclination and position angle of the major axis). Generally,
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Figure 5.6: Radius at which the abundance distribution decays 0.10 dex (given by the
decrease in the abundance in one disc effective radius attending to the common abun-
dance gradient, see Fig. 5.5) versus the disc effective radius (in logarithmic scale).

these parameters are derived from the photometric analysis of a galaxy,
assuming that the surface brightness of the galaxy is axisymmetric. How-
ever, if we consider that the metallicity of the disc is also a function of
the galactocentric distances (i.e. the possible azimuthal asymmetries, in
case of existing, are small, e.g. Vogt et al. 2017), then we can expect that
the abundance map can also be used for the determination of geometrical
parameters.

The results presented in Zinchenko et al. (2016) could be a consequence
of the oxygen abundance distribution following the surface mass density and
therefore the surface brightness of a galaxy, as a result of the local ¥ — Z
relation (Rosales-Ortega et al. 2012; Sanchez et al. 2013; Barrera-Ballesteros
et al. 2016). Due to this connection between both properties, we could
define a new scale length based on the abundance maps to normalise the
abundance profiles instead of using the disc effective radius. In the previous
section we confirmed the presence of a characteristic slope of —0.10 dex/r, in
the abundance distribution. Therefore, we define here a parameter named
‘the abundance scale length’ (ro,f) as the radial position at which the
abundance distribution of a galaxy decays 0.10 dex. If we represent ro/p as
a function of r., we would expect the distribution of values falling near the
1:1 relation, indicating that the surface brightness and the gas metallicity
follow the same distribution. The outcome of this statement is shown in
Fig. 5.6, obtaining a tight correlation between both parameters. The values
of 1o,y for all galaxies in the sample are shown in Table B.2 (Appendix B).

We normalise now the radial abundance distributions of the galaxy sam-
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Figure 5.7: Same as Fig. 5.4 but normalising the abundance distribution to 1o/ .
See caption above for more details.

ple using ro,y instead of r. as previously done, and repeat part of the
analysis. The new distributions of radial positions of the inner drop and the
outer flattening is shown in Fig. 5.7 (specific values are listed in Table B.2,
Appendix B). It can be seen that now the distributions have got significantly
narrower, especially in the case of the outer flattening (with the exception
of three outliers). The mean values of the radial position of both features
are very similar to the derived ones normalising to r. (hp = 0.45 g/ and
hp = 1.44rq /). However, the standard deviations around the mean values
have been reduced more than a half of the previous value (from 0.20 to 0.13
for the inner drop and from 0.60 to 0.20 for the outer flattening, not consid-
ering the three outliers). This is also the case when using the M13-N2 and
the D16 calibrators (see Fig. 5.14), although the reduction of the standard
deviation values is smaller than for the M13-O3N2 calibrator (from 0.22 to
0.17 and from 0.22 to 0.16 for the inner drop, from 0.53 to 0.22 and from 0.55
to 0.35 for the outer flattening, using the M13-N2 and the D16 calibrators,
respectively).

Finally, we reproduce Fig. 5.5 stacking all the individual abundance dis-
tributions of the galaxy sample but using now the new normalisation scale,
7o/~ The result is shown in the left panel of Fig. 5.8 (similar figures for the
M13-N2 and the D16 calibrators are shown in Sect. 5.7, Fig. 5.15). By con-
struction, the global abundance distribution presents a characteristic slope
of —0.10dex/ro /i (—0.20 dex/rg /i in the case of the M13-N2 calibrator and
—0.04dex/rg/y for D16). In addition, it is evident now the presence of the
inner drop and the outer flattening in the abundances, features that were
blurred when normalising the abundance distribution to r.. This is because
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Figure 5.8: Left: Same as Fig. 5.5 but normalising the abundance distribution
to ro;u. See caption above for more details. Right: Mean ozygen abundance
radial profiles derived for galazies belonging to three different stellar mass bins:
log(M/Mg) < 10.69, blue diamonds; 10.69 < log(M/Mg) < 11.05, red squares;
log(M/Mg) > 11.05, purple triangles. The limits of the bins were chosen to ensure
a similar number of elements in each bin. The symbols represent the mean oxrygen
abundance values, with the error bars indicating the corresponding standard devia-
tions, for bins of 0.25 ro i . Dashed vertical lines indicate the average position of the
inner drop and the flattening in the outer parts.

now these features happen at a similar radial position for the whole sam-
ple, so regions presenting different behaviours have not been mixed when
stacking the distribution of all the galaxies.

The right panel of Fig. 5.8 shows the average oxygen abundance radial
profiles when separating the sample into different bins according to the inte-
grated stellar mass of the galaxies (similar figures for the M13-N2 and D16
calibrators are shown in Sect. 5.7). It can be seen that the presence of the
abundance drop in the inner regions of the galaxy discs and the flattening
in the outer regions is also easily observable (although for D16 the presence
of the inner drop is less evident). We calculated the stellar masses using the
mass-luminosity ratio presented in Bell & de Jong (2001). We derived the g
and r apparent magnitudes from the flux density in the g- and r-band im-
ages recovered from the data and we used the equations presented in Jester
et al. (2005) to transform SDSS magnitudes to the Johnson system. Then
we transformed these quantities to luminosities knowing the galaxy distance.
Finally, from the V-band luminosity and the B — V colour we obtained the
stellar masses using the mentioned mass-luminosity ratio. The luminosity
and colour values were corrected by dust attenuation. The integrated values
were determined from the values derived at one disc effective radius since
some galaxies are not fully covered by the FoV of MUSE. We performed a
sanity check to test the robustness of the derived stellar masses (with in-
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Figure 5.9: Distribution of the integrated stellar mass of the galaxy sample for
galazies with (blue) and without (red) presence of an abundance drop in the inner
regions of the galazy discs (left panel) and an abundance flattening in the outer regions
(right panel). Vertical lines represent the mean values for each distribution.

tegrated values determined from the values at one disc effective radius) by
comparing them with the values derived using directly the integrated masses
(derived by summing all the values up to three disc effective radii) in the
cases where the extension of the galaxies was completely covered by the FoV
of MUSE. The correlation was very good, with a standard deviation of just
0.12 dex, similar to the typical systematic errors on the mass derivation.

The limits of the mass bins were chosen to ensure a similar number
of elements in each bin: log(M/Mg) < 10.69 (blue diamonds), 10.69 <
log(M/Mg) < 11.05 (red squares), log(M/Mg) > 11.05 (purple triangles).
In Chapter 4 we found a dependence of the presence of the inner drop with
the integrated stellar mass of the galaxies, with the most massive galaxies
presenting the deepest abundance drops. The flattening on the opposite
appeared independently of the galaxy mass. Similar trends are obtained
in this analysis, confirming the reported result. To explore this result, we
represent in Fig. 5.9 the distribution of the integrated stellar mass for the
galaxies with (blue histograms) and without (red histograms) presence of
the abundance drop in the inner regions (left panel) and the outer flattening
(right panel). Again, in the analysis of the outer flattening we have discarded
the 10 galaxies for which we do not detect an outer flattening maybe due to
an incomplete coverage of the disc extent by the MUSE FoV. It can be seen
that galaxies presenting an inner drop are more massive than the galaxies
without evidence of this feature. The mean stellar mass for the former ones
(blue vertical line) is 10.98 £ 0.07 (log(M/Mg)), whereas in the latter the
mean value (red vertical line) is 10.77 4= 0.05 (log(M/Mg)). Regarding the
outer flattening, the distributions for the galaxies with and without presence
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of this feature cover the same range of masses, with similar mean values
(10.92 £ 0.06 for galaxies with outer flattening and 10.82 4+ 0.06 for galaxies
with no presence of this flattening). A KS-test yields a p-value value of
1% when comparing the distributions with and without an inner abundance
drop, while we obtain a p-value of 40% when analysing the distributions
with respect to the presence of the outer flattening. Therefore, this test also
confirms the results reported in Chapter 4, that is, there is a dependence of
the presence of the inner drop with the galaxy mass, and an absence of such
relation in the case of the outer flattening.

5.6 DISPERSION OF THE GRADIENT AND
MIXING SCALELENGTH

Only a small number of studies focussed on individual galaxies have analysed
the scatter relative to the radial abundance gradients, searching for evidences
of azimuthal variations in the metallicity. Analysis on NGC 300 (Bresolin
et al. 2009a) or M 33 (Bresolin 2011) reveal small scatter values consistent
with the uncertainties in the abundance measurements. On the other hand,
recent observational studies on NGC 6754 (Sanchez et al. 2015) and M 101
(Croxall et al. 2016), although based on very different approaches to derive
the oxygen abundance of the gas component, have both found a substantial
dispersion that can be taken as an evidence of the presence of azimuthal
variations. The results on NGC 6754 have been confirmed in this thesis by
analysing the azimuthal abundance distribution of the galaxy (see Sect. 7.3).
However, regarding M 101, a previous study performed by Li et al. (2013)
only observed marginal local metallicity inhomogeneities that the authors
suggested may be linked to tidal features reported at that time (Mihos et al.
2012).

Due to the large number of H 11 regions needed to perform a proper anal-
ysis of the dispersion of the abundance gradients, an extended study on this
topic has not been feasible to date, being limited only to individual galaxies.
The number of galaxies in our sample in which a large number of H 11 regions
is detected due to the high resolution of AMUSING data makes this analysis
perfectly achievable here. Studying the possible relation between the disper-
sion and other parameters of the galaxies such as the presence of a bar, the
morphological type or the stellar mass can help us to constrain the possible
factors that can produce a significant scatter in the abundance gradients.

With this purpose we measured the scatter relative to the radial abun-
dance gradient of each galaxy of the sample as the standard deviation of
the differences between the observed abundances and the corresponding val-
ues from the linear regression according to their deprojected galactocentric
distances. We only derived the scatter in the radial range covered by the



108 CHAPTER 5. OXYGEN ABUNDANCE RADIAL PROFILES (AMUSING)

linear behaviour (see Sect. 5.1 for more details about this linear regime).
Figure 5.10 represents the distribution of scatter values according to dif-
ferent characteristics of the galaxies: presence of bars (A, clearly unbarred
galaxies; B, clearly barred; AB, intermediate stage; top left), environment
of the galaxy (S, isolated; G, in group; P, paired, I, in interaction; top
right), numerical morphological type according to the de Vaucouleurs sys-
tem from HyperLeda (T, middle left), specific star formation rate (middle
right), integrated stellar mass (bottom left), and stellar mass density at
one disc effective radius (bottom right). The values of these parameters
for all galaxies in the sample are given in Table B.1 (Appendix B), except
the scatter values that are provided in Table B.2. The star formation rate
(SFR) was derived for each galaxy adopting the classical relation presented
in Kennicutt (1998) based on the dust-corrected Ho luminosities. These
luminosities were obtained deriving the apparent magnitudes from the flux
density in an Ha image recovered from the data and then transforming
these quantities to luminosities knowing the galaxy distance. The specific
star formation rate (sSFR) for each galaxy was then obtained dividing the
SFR by the mass (see Sect. 5.5 for details on the derivation of the galaxy
mass). The relations between the scatter and the different properties rep-
resented in Figure 5.10 show no significant dependence of the scatter with
any of the analysed parameters. Indeed, the measured values are in general
lower than the error of the calibrator used to derive the oxygen abundances
(~ 0.08 dex), and therefore, we cannot conclude that the detected scatter
has a physical origin.

Due to the reduction of the physical spatial resolution when we move
to high redshift, we observe that the scatter increases with the number
of the detected Hiiregions in a galaxy (as the number of these regions
decreases with the redshift). In order to avoid this non-physical bias we have
discarded those galaxies with z > 0.02 and less than 30 H 11 regions detected.
Reproducing the analysis with the remaining 52 galaxies, we obtain similar
results, that is, there is no dependence of the scatter relative to the radial
abundance gradient with any of the analysed properties of the galaxies.

The dispersion around the radial abundance gradient of a galaxy can be
considered an upper limit to the maximum radial mixing scale, as any radial
mixing increases the scatter by moving regions of a certain abundance from
one galactocentric distance to another (e.g. Scalo & Elmegreen 2004). If we
divide the scatter by the slope of the gradient we obtain a measurement of
how far a certain H 11 region has been able to move from its expected location
based on the displayed abundance gradient, that is, the mixing scalelength
(rmiz, Sdnchez et al. 2015). The derived values of this parameter for our
sample typically range between 0.1 and 0.8 ro, with a median value of 0.4 rq,
very similar to the mixing scalelength of 0.43 r. derived for NGC 6754 by
Sénchez et al. (2015). As in the case of the scatter, we find no significance
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Figure 5.10: Distribution of the scatter relative to the radial abundance gradients as
a function of: presence of bars (A, clearly unbarred galaxies; B, clearly barred; AB,
intermediate stage; top left), environment of the galazy (S, isolated; G, in group; P,
paired, I, in interaction; top right), numerical morphological type according to the
de Vaucouleurs system (T, middle left), specific star formation rate (middle right),
integrated stellar mass (bottom left), and stellar mass density at one disc effective
radius (bottom right). The black squares represent the mean values within each seg-
regation, with the errorbars indicating the standard deviation. See text for details on

the derivation of these parameters.
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dependence of the mixing scalelength with any of the analysed properties of
the galaxies.

5.7 ON THE USE OF DIFFERENT CALIBRATORS IN THE
DERIVATION OF THE ABUNDANCE PROFILES

In this section we assess the effect of using different calibrators on the results
presented in this study. With such purpose, we replicate the figures that
support our main results using the calibration described in Dopita et al.
(2016, D16), and the one proposed in Marino et al. (2013) for the N2 index
(M13-N2, see Sect. 3.3 for a brief description of these two additional cal-
ibrators). The choice of these empirical indicators is mainly based on the
limited wavelength range in the blue regime covered by MUSE, that does
not include more widely used emission lines such as [O 1]A3727.

Figure 5.11 shows the distribution of slopes of the main oxygen abun-
dance gradients derived for the galaxy sample of 95 spiral galaxies using
the M13-N2 (left) and D16 (right) calibrators. As obtained with O3N2, the
abundance distribution in both cases presents a characteristic slope very
similar for all galaxies, although the actual value changes (—0.23 dex/r, for
D16 and —0.06 dex/r. for M13-N2).

We have also analysed the influence of some galaxy properties such as the
density of the environment, the presence of bars and the type of abundance
profile displayed (according to Sect. 5.1) on the main abundance gradient
when we use these two calibrators. The outcome of this analysis is shown in
Fig. 5.12. Similarly to O3N2, we only find a dependence of the slope with the
shape of the abundance profile, presenting the single profiles the shallowest
gradients and the doubly-broken profiles the steepest ones. The mean and
standard deviation values of the distributions for the M13-N2 (D16) are the
following ones (in units of dex/r., the nomenclature is explained in Sect 5.2):

S: apsm = —0.06(—0.22), o = 0.06 (0.13); 1y = 59 (59)
G:ag/g = —0.07(=0.25), o = 0.06 (0.12); nge = 26 (26)
P: agyy = —0.08(—0.27), o = 0.05(0.14); ngy =7(7)
L: apyp = —0.05(—0.33), 0 = 0.01(0.12); ngy = 3(3).

At agg =—0.05(-0.23), o = 0.06 (0.13); 1y = 46 (46)
AB: ap/y = —0.06(—0.22), o = 0.06 (0.15); nge = 14 (14)
B: ag/g=—0.08(-0.26), o = 0.05(0.14); ngu = 19(19).
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Single : Qo = —0.06 (=0.22), o = 0.06 (0.14); ngq = 55 (59)
Broken (inner) :  ag/g = —0.07(-0.21), 0 = 0.04 (0.07); ngu = 18(9)
(—0.28), o = 0.05 (0.09); ngq = 12(10)

); (0.08)

Doubly — broken : ap,g = —0.10(-0.31), o = 0.04 (0.08); nga = 2(9).

Broken (outer) :  ap/g = —0.08

Regarding the presence of inner drops and outer flattenings in the abun-
dance profiles, the use of the new calibrators reduces the number of galaxies
where the inner abundance drop is detected to 23 for M13-N2 and to 20 for
D16. The number of galaxies displaying the outer abundance flattening is
also reduced to 13 galaxies in the case of the M13-N2 calibrator and to 19
in the case of D16. Analysing the distribution of radial positions of both
features we obtain a very similar shape to the one obtained with O3N2 (see
Fig. 5.13): a narrow distribution for the drop and a quite wider one for the
flattening. The average positions of the features are also very similar to
the previous case, with only small differences: the inner drop is located at
~ 0.8t (standard deviation of 0.22) for M13-N2 and at ~ 0.6, (standard
deviation of 0.22) for D16, and the average position of the outer flattening
is ~ 1.5, (standard deviation of 0.53) and ~ 1.6r, (standard deviation of
0.55), respectively.

When normalising the abundance profiles to the abundance scale length
ro/u (see Sect. 5.5 for information about this parameter), the distributions
of radial positions for these features get significantly narrower (standard
deviations are reduced from 0.22 to 0.17 and from 0.22 to 0.16 for the in-
ner drop, from 0.53 to 0.22 and from 0.55 to 0.35 for the outer flattening,
using the M13-N2 and the D16 calibrators, respectively), deriving very sim-
ilar values for the position of the inner drop and the outer flattening (see
Fig. 5.14). In addition, we reproduce the stacking of the abundance distri-
bution with this new normalisation scale in Fig. 5.15. We find a very similar
shape for the two calibrators. By construction, the global abundance distri-
bution presents a characteristic slope of —0.20 dex/rg /g in the case of the
M13-N2 calibrator and —0.04 dex/rq /g for D16. In addition, the abundance
distribution shows clear evidences of the presence of the inner drop and the
outer flattening, as in the case of the M13-O3N2 calibrator. The right panel
of Fig. 5.15 shows the average abundance radial profiles when separating
the sample into different mass bins for both the M13-N2 and D16 calibra-
tors. It can be seen that the presence of the abundance drop in the inner
regions of the galaxy discs and the flattening in the outer regions is also
easily observable, although for D16 the presence of the inner drop is not so
clear. Similarly to M13-O3N2, we find a dependence of the presence of the
inner drop with the galaxy mass, with the most massive galaxies present-
ing the deepest abundance drops. The flattening on the opposite appear
independently of the galaxy mass.

In this section we demonstrate that the main results presented in this



112

CHAPTER 5. OXYGEN ABUNDANCE RADIAL PROFILES (AMUSING)

chapter do not depend on the choice of the oxygen abundance indicator
used. However, we should be aware of the subtle differences that appear

when using different calibrators, especially if we focus on the abundance

distribution of individual galaxies.
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squares; log(M/Mg) > 11.05, purple triangles. The limits of the bins were chosen
to ensure a similar number of elements in each bin. The symbols represent the mean
ozxygen abundance values, with the error bars indicating the corresponding standard
deviations, for bins of 0.25 1o,u. Dashed vertical lines indicate the average position
of the inner drop and the flattening in the outer parts.
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5.8 BRIEF SUMMARY

The advent of MUSE, an instrument combining a large FoV with high spatial
resolution, allows us to improve the characterisation of the radial abundance
distribution of spiral galaxies by increasing the number of HiIregions de-
tected in individual galaxies with respect to previous studies. The high
spatial resolution also helps to reduce the contamination of the diffuse emis-
sion in the detected regions and the dilution effects. All these advantages
result in a better mapping of the radial distribution, including the inner and
outermost parts where deviations from the linear behaviour appear.

In this chapter we characterised the oxygen abundance radial profile
(normalising it to the disc effective radius) of a large sample of 102 spi-
ral galaxies using MUSE data, allowing us to obtain statistically significant
results. We developed a new methodology to automatically fit the radial
profiles, detecting the presence of possible inner drops and outer flattenings
in the abundances. We found 55 galaxies presenting a single abundance gra-
dient, 37 galaxies exhibiting signs of an inner drop, and 26 galaxies showing
a flattening in the outermost part of the discs. These numbers reflect that
the existence of these features in the radial abundance distribution is very
common, leaving behind the scenario where the oxygen abundance distribu-
tion of spiral galaxies was well described only by a radial negative gradient.

We derived the distribution of slopes for the abundance gradient, which
presents a clear peak suggesting the existence of a characteristic gradient
in spiral galaxies (first revealed by Sanchez et al. 2014). If we represent
the radial abundance distribution of the whole sample together (applying a
different offset to each of the individual gradients to take into account the
effects of the M — Z relation), this characteristic gradient is clearly evident,
with a slope of ag/g = —0.10 & 0.03 dex/ro. However, we find a small
dependence of this slope with the overall shape of the radial profiles, with
steepest gradients when the presence of an inner drop or an outer flattening
is detected. This suggests that radial motions might be playing an important
role shaping the abundance profiles and causing these features. Although
future studies are needed to understand these motions and their origin,
we are setting important observational constraints for theoretical works on
radial migration.

The methodology developed in this analysis allowed us to study the
radial position of the inner drop and the outer flattening. To our knowledge,
no previous studies have carried out this type of analysis. We find that
the inner drop appears at a very similar galactocentric distance for all the
galaxies (approximately 0.51,), while the distribution of the radial positions
of the outer flattening covers a wide range of galactocentric distances (with
an average position of 1.51¢). In this regard, we find that the radial distance
at which the abundance distribution of a galaxy decays the quantity given



116 CHAPTER 5. OXYGEN ABUNDANCE RADIAL PROFILES (AMUSING)

by the characteristic abundance gradient correlate very well with the disc
effective radius. Using this new normalisation scale (the abundance scale
length, 70 /5), the distributions of radial positions of the inner drop and
outer flattening get significantly narrower, especially in the case of the outer
flattening, showing a similar radial position of these features for all the
galaxies. Finally, we find a dependence of the presence and depth of the
inner drop with the integrated stellar mass of the galaxies (with the most
massive systems presenting the deepest abundance drop) and an absence of
such dependence in the case of the outer flattening (in agreement with what
found Chapter 4).

We have also performed, for the first time, an extended study analysing
possible dependences of the dispersion of the abundance gradient with some
galaxy properties. We find no significant dependence of the dispersion with
any of the analysed parameters, deriving values that are compatible with the
uncertainties associated with the derivation of the abundances. This result
indicates that statistically, galaxies present a high degree of homogeneity in
the abundance distribution, and the possible existing azimuthal variations
do not affect significantly the general abundance gradient.

In order to test the robustness of our results, we have reproduced the
analysis using two other calibrators: the one described in Dopita et al.
(2016, D16); and the calibration proposed in Marino et al. (2013) for the N2
index (M13-N2). In general, we obtained a very good agreement between
the results based on the three calibrators. The abundance distribution in
all cases presents a characteristic slope very similar for all spiral galaxies,
although the actual value changes (—0.20 dex/re for D16 and —0.04 dex/re
for M13-N2). In addition, the stacking of the abundance distribution when
normalising to the abundance scalelength ro /5 presents the same shape for
all calibrators, deriving very similar values for the position of the inner drop
and the outer flattening. The most significant difference lies on the number
of inner drops and outer flattenings detected in the abundance distribution,
that is reduced when using D16 and M13-N2. At this point we should bear
in mind that D16 and M13-N2 are indirect calibrators not using any oxygen
emission line. The main calibrator used in this thesis (O3N2) is the only one
using such information available for the MUSE wavelength range. For this
reason we find our results based on O3N2 more reliable than those found
using the other calibrators. However, the overall distributions are rather
similar in the three cases, strengthening our conclusions.

The results presented in this chapter show the potential of high resolu-
tion data in statistically significant samples to characterise the abundance
distribution of spiral galaxies, proving more accurate constraints to chem-
ical evolution models to explain the observed behaviour in our attempt to
understand how discs form.



See first, think later, then test. But always
see first. Otherwise, you will only see what
you were expecting. Most scientists forget
that.

— Douglas Adams
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THE SPIRAL STRUCTURE IS ONE of the most characteristic features
of disc galaxies. In some cases, these patterns are well-defined, symmetric
and continuous and are referred to as “grand design” spirals. In other cases,
the spiral structure presents less symmetry and is formed of patchy arms
that fade over the gaseous disc, leading to “flocculent” galaxies (Elmegreen
1981). This flocculent versus grand design nature of spiral galaxies must be
directly connected to the mechanisms responsible for generating the spiral
structure. Currently, some theories on this topic suggest that flocculent arms
are typically short-lived and recurrent transient patterns associated with
local density instabilities, whereas grand design galaxies are linked to the
steady state density wave theory that produce long-lived quasi-stationary
spiral arms (e.g. Dobbs & Bonnell 2008; Dobbs & Baba 2014). However,
this question is far from being resolved.

Regardless of their origin, it is clear that spiral arms are structures where
the star formation is enhanced, which may affect the chemical composition of
these structures and can produce differences between the arm and interarm
regions. However, only a few works have studied arm-interarm abundance
variations, not observing significant variations in the gas metallicity between
these two distinct regions (Martin & Belley 1996; Cedrés & Cepa 2002).

One of the main caveats of these studies to provide statistically signifi-
cant conclusions is the low number of analysed objects. In this chapter, we
present an extended study of a large sample of galaxies from the CALIFA
survey that allows us to derive statistically significant results. For these
galaxies, we analyse the oxygen abundance gradient of SF regions for both
the spiral arm and the interarm areas. The main goal of this analysis is
to determine if there are differences in the abundance distribution of the
ionised gas associated with both structures. In addition, we also distinguish
between flocculent and grand design galaxies in order to shed some light
onto the origin of the spiral structure. To increase the number statistics and
properly map the spatially resolved chemical abundance of the gas phase,
we have carried out this study analysing the full 2D information provided by
the CALIFA data avoiding any binning schemes. At the physical resolution
of the CALIFA data (Mast et al. 2014), we have proved (see Chapter 4) that
a spaxel-by-spaxel analysis leads to equivalent results to those obtained fol-
lowing the classical procedure of detecting H 11 regions, with the advantages
previously mentioned (i.e. an improvement in the statistics and in the spa-
tial coverage of the gas properties). The results of this analysis have been
published in Sdnchez-Menguiano et al. (2017).

Along the chapter, we provide a description of the subsample of galax-
ies used for this study (Sect. 6.1) and the procedure required to separate
the information of the arm and the interarm regions and derive the oxygen
abundance gradients for both structures (Sect. 6.2). Finally, the compar-
ison of the arm and interarm abundance gradients distinguishing between
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flocculent /grand design galaxies and barred/unbarred systems is given in
Sect. 6.3.

6.1 ANALYSED GALAXIES

For a proper comparison between the abundance distribution of the SF
regions belonging to the spiral arms and the interarm regions, it is essential
that the analysed spaxels cover a substantial extent of the disc associated
with both structures. For this purpose, we discarded from the CALIFA
sample (Sect. 2.1) those galaxies for which we do not detect ionised emission
associated with star formation covering a continuous and wide area of the
disc (i.e. those galaxies where the fraction of non-isolated SF spaxels is
lower than 15%). Afterwards, we apply another criterion to guarantee that a
statistical characterisation of the arm and interarm regions is feasible (i.e. at
least 20% of the SF spaxels belonging to each of both structures). Figure 6.1
shows an example of a galaxy included in this analysis (left panel) and a
galaxy that has been discarded due to the low number of spaxels covering
the interarm region (right panel). By applying these requirements, most of
the discarded galaxies are early types (Sa-Sab), probably due to the need
of a good coverage of the ionised gas throughout the disc. However, as no
dependence of the abundance gradients with the morphological type has
been found (see Sect 4.3), this should not affect the results.

In addition, galaxies whose spiral arms could not be properly traced
because they were not clearly defined were also rejected (see Sect. 6.2 for
details). These cases correspond mainly to the most flocculent galaxies of
the sample, whose fragmented and blurred arms are not easy to track. As a
compromise between analysing separately both flocculent and grand design
galaxies and avoiding the contamination of the arms from emission coming
from the interarm regions we have decided to stick to the galaxies with a
clear defined spiral structure. By discarding these flocculent galaxies, we
may be diminishing the possible differences between flocculent and grand
design systems. However, the qualitative results should not change. To our
knowledge, this is the most complete comparison between flocculent and
grand design galaxies analysing their abundance distribution up to date.

In the end, the sample analysed in this study comprises 68 galaxies that
provide a good 2D coverage of the SF regions over the disc and a good
characterisation of both the arm and interarm regions. For this sample of
galaxies we carry out a detailed 2D study of the gas metallicity distribution
to analyse possible differences between the SF regions found in the spiral
arms and those located in the interarm regions.
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Figure 6.1: Location of the spazels associated with SF regions (blue squares) super-
tmposed on the IFS-based Ho map derived for two CALIFA galazies, one included in
this analysis (IC 1256, left), and another that was discarded because of poor spatial
coverage of the SF spaxels across the galactic disc (NGC 0160, right).

6.2 CLASSIFICATION AND TRACKING OF SPIRAL ARMS

The classification between flocculent (with small, patchy spiral arms) and
grand design (long, symmetric, continuous arms) galaxies (see Sect. 1.1.1
for details) was carried out independently by 14 people based on a visual
inspection of the SDSS ¢+ u deprojected images', where the spiral arms are
more easily outlined. We considered a classification to be valid when at least
eight people agree on the result, in all other cases the classification was con-
sidered ambiguous and the galaxy was discarded from further analysis. This
way, the sample was reduced from 68 to 63 (discarding IC 1256, NGC 0477,
NGC 1093, NGC 7321 and UGC 09476), of which 45 galaxies are classified
as flocculent and 18 as grand design. Table A.1 of Appendix A shows the
final classification for all galaxies in the sample used in this analysis and
Fig. 6.2 presents a set of example images corresponding to flocculent (F)
and grand design galaxies (G).

Once we have classified the galaxies, we depict the spiral arms by visually
tracing them on the SDSS g-band deprojected images to distinguish between
the spaxels belonging to the spiral arms and the interarm regions. Then
we interpolate the points using a cubic spline (a numeric function that is
piecewise-defined by a third-degree polynomial). In the cases where the
spiral arms are not continuous, the distinguishable fragmented parts are
outlined. The top left panel of Fig. 6.3 shows the spline fit of the detected
spiral arms (black lines) superimposed on the SDSS image of NGC 0257.
Once the spiral arms are traced, we assign them a width of 4 arcsec (see

!Using the seventh data release (DR7, Abazajian et al. 2009).
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Figure 6.2: Deprojected SDSS g + u maps for eight galaxies showing the arm clas-
stfication (F for flocculent and G for grand design, see bottom right corner of each

image).



6.2. CLASSIFICATION AND TRACKING OF SPIRAL ARMS 123

8.74

a0 -

8.65
20| —
- L
2 8.56 "~
13 =
o =
& S
&n
- 5]
846 =
< T
™
20 —

8.37

0 ;
. I | o | 8.28
E % 20 0 20 0
AX [arcsec] AX [arcsec|

9.0 T T T

12 + log(O/H) [dex]

Interarm, N = 1315
--- Arm, N = 642

8.0 L L L L
0.0 0.5 10 15 2.0

/T,

Figure 6.3: NGC0257. Top left panel: Outline of the spiral arms on the deprojected
SDSS g-band map. Top right panel: Colour map of the ozygen abundance distribution
of the spiral arms (opaque dots) and the interarm region (transparent dots). Bottom
panel: Radial density distribution in the oxygen abundance-galactocentric distance
space of the spazels located in the spiral arms (green contours) and those associated
with the interarm region (orange colour map). The outermost contour encircles 100%
of the total number of spazels, decreasing by 20% in each consecutive contour. The
lines represent the error-weighted linear fit derived for the arm (green dashed line)
and interarm (orange solid line) distributions.

Sect. 6.4 for an explanation of the possible effects on the results obtained
using different arm width values), considering as spaxels belonging to the
spiral arms those that are at a distance from the closest point of the arm
(cubic spline function) of less than 2 arcsec. Thus, we consider that the
remaining spaxels are associated with the interarm regions. The top right
panel of Fig. 6.3 shows the distinction of the arm and interarm spaxels in
an oxygen abundance distribution colour map, respectively represented as
opaque and transparent dots.

This procedure has been used in previous works and has been proven suc-
cessful in tracing other morphological features such as dust lanes in galactic
bars (Sanchez-Menguiano et al. 2015).
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6.3 ARM AND INTERARM OXYGEN ABUNDANCE
GRADIENTS

To derive the radial gradients of the oxygen abundance for the arm and the
interarm regions of each galaxy we have normalised the deprojected galacto-
centric distance (see Sect. 3.4 for details on the derivation of the deprojection
angles) for the spaxels to the disc effective radius (r, see Appendix A of
Sénchez et al. 2014 for details on the computation of this parameter). Then
we performed an error-weighted linear fit to the derived oxygen abundance
values (see Sect. 3.3) between 0.5 and 2.0 7.. We excluded the inner- and
outermost regions, due to trends that deviate from the pure oxygen decrease
(an inner drop and an outer flattening, see Sect. 4.5 for more information).
In general, for each galaxy we have approximately 400 arm SF regions and
1200 interarm SF regions that contribute to the derivation of the corre-
sponding gradients, i.e. that are located in the radial range between 0.5 and
2.0 re.

In the bottom panel of Fig. 6.3 we present an example of the abundance
profiles of the arm (green dashed line) and interarm regions (orange solid
line) derived for the galaxy NGC 0257. The radial oxygen distribution for
interarm regions is shown as an orange colour map and the distribution for
the spiral arms is shown as a green contour map.

6.3.1 COMPARISON BETWEEN FLOCCULENT AND GRAND
DESIGN GALAXIES

The main goal of this analysis is to find possible differences in the chem-
ical composition of the ionised gas associated with the arm and interarm
regions in order to shed some light on the origin of the spiral structure.
We distinguish between flocculent and grand design galaxies as the differ-
ences observed in the spiral pattern may be the result of different formation
processes of the spiral structure.

Figure 6.4 shows the outcome of the comparison of the derived gradi-
ents for the arm and interarm regions for all the individual galaxies. The
top panels show the relation between the slope values (left), the zero-points
(middle), and scatter (right) of the linear fits. The scatter is measured as
the standard deviation of the differences between the observed abundances
and the corresponding values from the linear regression according to their
deprojected galactocentric distances. These parameters are provided in Ta-
ble A.2 of Appendix A. Flocculent and grand design galaxies are represented
by green and purple markers, respectively. We can see that for both distribu-
tions the values are slightly shifted from the one-to-one relation represented
by the dashed grey lines, especially in the case of the dispersion. These devi-
ations are observed mostly for the flocculent galaxies. However, we note the
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lower number of grand design systems (18) compared to the flocculent ones
(45), which prevents us from reaching any strong conclusion about these
types of spiral galaxies.

To show these differences more clearly, we represent in the bottom pan-
els of Fig. 6.4 the distributions of the differences in slope values (left), zero-
points (middle), and dispersions (right) between the arm and interarm re-
gions divided by the quadratic sum of the errors. The shown distributions
are not smoothed. They correspond to a density estimator in which each
point is represented by a Gaussian distribution, centred in the actual value
of the point, and with a sigma of the maximum distance between nearest
neighbours. In this way by summing all the individual Gaussians we re-
produce a smooth distribution (normalised to one) which is more peaky in
the clustered points. The modal value of the differences between arm and
interarm found for flocculent (grand design) galaxies are ~ 0.013 dex/r,
(~ 0.015 dex/r.) for the slope, ~ 0.011 dex (~ 0.003 dex) for the zero-point,
and ~ 0.003 dex (~ 0.003 dex) for the scatter in the linear fit. As can be
inferred from these numbers, the observed differences are small. However,
all of them are above 1-o (close to 2-0 for some of them, see bottom panels
of Fig. 6.4), indicating that these differences are not due to the uncertainties
in the derivation of the parameters.

We performed a Student’s t-test for each of the six distributions to anal-
yse whether these differences between the arm and interarm abundance dis-
tributions are statistically significant. In these tests, we compare the ob-
served distributions (position of the peak and width) with a hypothetical
Gaussian centred at zero (dashed vertical lines) and with a width of unity
which represents the case where no differences are found between the arm
and the interarm regions. The resulting p-values of these statistical tests
are shown in the top left corner of the bottom panels of the figure. For
flocculent galaxies, these p-values are below the significance level of 5% (2%
in the slope, 1% in the zero-point and exactly 5% in the scatter), confirming
that the observed differences are statistically significant. In the case of the
grand design galaxies, the p-values are above the significance level for the
slope and zero-point comparison (13% and 77% respectively) and below it
for the scatter (4%). This indicates that only the differences in the scatter
with respect to the linear fit are statistically significant for these galaxies.
However, again, we must be careful with the conclusions we obtain for the
analysis of the grand design galaxies because of the low number statistics of
these systems in the sample. The inclusion of more grand designs is needed
to confirm the results of the Student’s t-test on these galaxies.

The right panels of Fig. 6.4 show that in general the scatter of the oxygen
abundances is higher in the interarm regions than within the spiral arms for
both flocculent and grand design galaxies. We checked that these results do
not rely on the use of a larger number of spaxels belonging to the interarm
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regions. We randomly selected from the spaxels of the interarm area a
subsample of equal size to the arm area, and performed the derivation of
the dispersion with this subset of spaxels. The conclusion is the same: the
interarm regions present higher scatter in the abundance values than the
arm regions with respect to the negative gradient. This is an indicator that
spirals are important drivers of mixing in galactic discs via the gas shocks
that they induce, and maintain a nearly homogeneous chemistry along the
streamlines of the gas. However interarm gas is polluted stochastically by
young stars forming in situ, leading to an increased scatter.

The 2D coverage of the CALIFA data allows us to assess whether this
scatter is the same in the whole interarm region or if there is a dependency
on the angular distance from the arms. With this purpose we separate the
spaxels of the interarm regions in three groups according to the distance to
the closest arm, region 1 being the closest to the spirals and region 3 the
farthest away. Region 2 is an intermediate region between 1 and 3. Using
only the spaxels belonging to each of these regions we derive the scatter
with respect to the linear regression in a similar way as done for the entire
interarm region (top right panel of Fig. 6.4). The outcome of this test is
shown in Fig. 6.5 for flocculent (left panel) and grand design (right panel)
galaxies. Kach point represents the scatter of the SF regions within the
corresponding interarm region (green for region 1, blue for region 2, and red
for region 3) for a particular galaxy. The scatter for the SF regions within
the spiral arms is also represented for a better comparison (grey markers).
The black diamonds represent the mean values within each region; the error
bars indicate the standard deviations. The distribution of values for each
region is represented in the right auxiliary panels. For flocculent galaxies,
we see that the mean value of the scatter (black diamond) increases when
moving away from the spiral arms. However, for grand design galaxies the
scatter is larger when moving from region 1 to 2, but if we get a bit farther
away (region 3) then it decreases again, indicating that there is no trend of
increasing the scatter when moving away from the arms.

These results agree with the current interpretation of some spiral struc-
ture theories, according to which the spiral arms of flocculent galaxies are
generated by density variations driven by local instabilities, while in grand
design galaxies the spiral arms are caused by quasi-stationary density waves
(Dobbs & Baba 2014). The fact that grand design galaxies do not exhibit
statistically significant differences in the abundance distribution between the
arm and interarm regions (see Fig. 6.4) is in agreement with the presence
of density waves that affect the gas content of the entire galaxy as these
features move across the disc. In addition, the fact that the scatter in the
oxygen abundances does not depend on the distance to the spiral arms for
grand design systems supports this idea (see Fig. 6.5). The regions closest
to the spiral arms change as the density waves move across the galaxy discs
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Figure 6.5: Distribution of the scatter of the oxygen abundances in the interarm
regions according to the angular distance to the spiral arms for flocculent (left panel)
and grand design (right panel) galazies. Region 0 (grey) represents the arm region.
Region 1 (green) is the interarm region closest to the spiral arms and region 3 (red)
is the farthest away. Region 2 (blue) represents an intermediate region between 1
and 3. Fach point represents the scatter of the SF spaxels within the corresponding
interarm region for a particular galaxy. The black diamonds represent the mean
values within each region; the error bars indicate the standard deviations. We also
show the distribution of values for each region in the right auziliary panels.

and this makes the scatter similar in the whole interarm region. On the
other hand, in flocculent galaxies, density variations produced by local in-
stabilities only affect specific locations of the discs associated with the spiral
arms, making the gas content of these regions (and therefore the chemical
composition) different from that found in the interarm regions. The fact
that the differences found in this work for these galaxies are small can be
explained taking into account that these local instabilities are not static,
but are continuously formed and destroyed across the disc, not affecting the
same material over a long period of time. In this case, during the lifetime of
the spiral arms, the closest areas to them are always the same and, because
they are affected by the presence of the arms, due to their proximity, the
scatter is lower (as occurs within the spiral arms but to a lesser extent). As
we move away from the arms, the gas is less affected by the mixing of the
arms and the scatter increases.

Although our results can be explained by this difference in the origin of
the spiral structure, other alternative interpretations are also possible. In
fact, it is plausible that both flocculent and grand design galaxies are the
result of the same mechanism generating the spiral structure. In that case,
the differences found in the abundance distribution between the arm and
interarm regions in flocculent galaxies (see Fig. 6.4) can be explained simply
because the gas outside the spirals is stochastically polluted more than in
the grand design galaxies where the star formation is more concentrated in
the spiral arms. This could also be the reason why the metallicity scat-
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ter increases with increasing distance from the spiral in flocculent galaxies,
whereas no statistically significant difference in the scatter of interarm gas
by location is found for grand design galaxies (Fig. 6.5). Another explana-
tion for the differences found between flocculent and grand design galaxies is
that in grand design spirals the gas mixing could be more efficient. However,
we find that the scatter in grand design galaxies is on average higher than
in flocculent galaxies (in the arm and in the interarm regions, see Fig. 6.5),
allowing us to rule out this interpretation.

6.3.2 COMPARISON BETWEEN BARRED AND UNBARRED GALAXIES

Apart from the comparison between flocculent and grand design galaxies,
we performed the same tests dividing the sample into barred and unbarred
systems. This comparison is shown in Fig. 6.6; as in the previous case, the
barred and unbarred galaxies are represented by blue and orange colours,
respectively. In this case we have a similar number of barred (34) and
unbarred (29) galaxies. The average absolute differences found for unbarred
(barred) galaxies are ~ 0.005 dex/r. (~ 0.020 dex/r.) for the slope, ~
0.006 dex (~ 0.016 dex) for the zero-point, and ~ 0.005 dex (~ 0.001 dex)
for the scatter in the linear fit. The performed t-tests yield p-values for
unbarred galaxies that are clearly above the significance level of 5% in the
slope and the zero-point (around 40% and 30%, respectively), but below it
in the scatter (1%), indicating that the only significant differences are found
between the arm and interarm abundance gradients regarding the scatter for
these unbarred systems. On the other hand, small differences are obtained
for the barred galaxies (p-values of 0.3% and 1% respectively) in the slope
and zero-point of the gradients. No statistically significant differences are
found in the scatter of the oxygen gradient between the arm and interarm
distributions for the barred galaxies.

This analysis shows that only barred galaxies present (small) differences
in the radial oxygen abundance distribution between the arm and interarm
regions. We have to be cautious with this conclusion as these differences
are even more subtle than those found for flocculent galaxies. Again, an ex-
tended study with more galaxies (and better spatial resolution) is necessary
to confirm these preliminary results. Despite these caveats, this result may
suggest that the presence of a bar induces differences in the abundance dis-
tribution of the spiral galaxies. Bars have been proposed as a key mechanism
in the dynamical evolution of disc galaxies. For instance, recent numerical
simulations from Di Matteo et al. (2013) have shown that radial migration
induced by a bar leads to significant azimuthal variations in the metallicity
distribution of old stars. In Chapter 7, we will show that radial migration
can also affect the gas metallicity distribution producing differences in the
abundance distribution of the spiral arms; however, these differences do not
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seem to affect the overall abundance gradient for the gas (see Sect. 4.3;
Sanchez et al. 2014; Marino et al. 2016) or for the stars (Sanchez-Bldzquez
et al. 2014).

6.4 POSSIBLE CAVEATS OF THE ANALYSIS

The derived results in this study rely strongly on a good arm classification
of the galaxies. For this reason, in order to confirm the strength of the
results, we have repeated the previously described analysis considering this
time only the galaxies for which at least 75% of the classificators (10 out
of 14) agree on the spiral classification. This way, with a reduced sample
of 41 galaxies (30 flocculent and 11 grand design) we obtain qualitatively
equivalent results.

Another aspect of this analysis that could affect the results is the dis-
tinction between the arm and the interarm regions. As stated in Sect. 6.2,
we selected a width of 4 arcsec to derive the arm abundance distribution.
This value was chosen by visually examining the SDSS g-band images of the
galaxies. As all the galaxies in the sample are located at a similar redshift,
we selected an average width of the arm (measured in arcsec) that corre-
sponds approximately to the same physical width for all of them (~ 1.5 kpc).
We checked whether using the same value for the arm width along the arm
extension and for all the galaxies is a good approximation. To this end, we
show in Fig. 6.7 a perpendicular cut to the arm at three different positions
on the deprojected SDSS g-band images of the galaxies. At the position of
the arm centre the flux profile (blue solid line) presents a bump, due to the
presence of the arm. Fitting a Gaussian (red solid line) and measuring the
FWHM we can estimate the arm width (the value is given in the bottom of
the panels). Performing this test for some galaxies with well-defined spiral
arms, we find that there is neither a significant dependence of the arm width
on radius nor between galaxies. We find that on average, a 4 arcsec-width
is representative of this sample. We also performed several tests regarding
the effect of using other values of the arm width in the analysis. If we use
a width of 2 arcsec we obtain similar results. As we increase this value, the
observed differences begin to disappear. When we reach a value of 8 arcsec,
these differences become statistically insignificant according to the t-tests.
This result is expected; by increasing the arm width, we include more SF
regions belonging to the interarm regions in the analysis and the differences
are diluted.

The arm abundance distribution for each galaxy is determined consid-
ering the spaxels belonging to all the traced spiral arms together. This
increases the number statistics of the arm region, and significantly improves
the radial coverage, which in some cases is very limited for individual arms.
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However, by considering all the spaxels associated with the spiral arms to-
gether we are assuming that the physical conditions of the HIIregions be-
longing to the spiral arms do not depend on their association with a partic-
ular arm (if no external factors such as a recent merging that can produce
differences in the abundance distribution are involved), which is not a strong
assumption since the spiral arms are supposed to form a single structure with
a common origin. A similar reasoning leads us to group all the spaxels not
belonging to the spiral arms together, which we call the interarm region.

The results of this analysis may also be affected by the required S/N
of the emission lines involved in the oxygen derivation. In principle, the
reliability of the derived oxygen abundance for each spaxel, and thus that
of the derived gradients, might improve with a higher S/N cut. However, a
general 3-0 cut in all the analysed lines hampers the recovery of the abun-
dance gradient in some galaxies due to a poorer spatial coverage of the
oxygen distribution, especially for the outermost interarm regions. For this
reason we prefer to use the 1-o flux cut (see Sect 3.2.2) as this improves
the statistical significance of the results. So far this is the best compromise
between having a good S/N for all the emission lines and a good coverage
of the oxygen abundance distribution together with a large number of anal-
ysed galaxies. Moreover, in Chapter 4 we already showed that a 1-o cut is
enough to reproduce the radial trends of the gas-phase oxygen abundance
from Hirregions. However, considering that in this analysis we are going a
step further by comparing the abundance distribution between the arm and
interarm regions, we also assess how this cut affects our results. Applying
a 3-0 cut reduces the number of galaxies for which we cover a substantial
radial range to accurately derive the abundance gradient. Despite the loss of
eight flocculent galaxies and the general decrease in the number of the spax-
els analysed (especially for the interarm region) in each galaxy, the results
point to the same conclusions. The most significant difference is seen when
analysing the scatter around the abundance gradient for the grand design
galaxies, which now present a similar scatter in the arm and the interarm
regions. However, this is somewhat expected since we have reduced the
number of spaxels located in the interarm regions. This effect is especially
significant in the grand design galaxies where the gas is more concentrated
in the spiral arms. The agreement we find supports our methodology and
strengthens our conclusions, and therefore we consider that the adopted flux
cut is a valid selection criterion.

It is beyond the purpose of this work to make a detailed study of the
effects of using different empirical calibrators in the analysis. However, to
confirm our results, we have also derived the oxygen radial distributions
using some of the most commonly used empirical calibrators: the Pilyugin
et al. (2010) calibration for the ONS index and the Dopita et al. (2013)
calibration based on the MAPPINGS IV code developed by the authors
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(called ‘pyqz’). Qualitatively equivalent results have been found when using
the pyqz calibrator. However, in the case of the ONS indicator, only the
results regarding the scatter relative to the gradient, which are the largest
differences found in the analysis, are compatible. The differences in the slope
and zero-point values, which are of the order of 2-o, are diluted owing to
the larger errors associated with the ONS calibrator (approximately three
times the errors derived with O3N2). Calibrators based on R23 like ONS
are affected by well-known problems (non-linear dependence on O/H; larger
errors associated with [O11] A3727 due to the spectrophotometric calibration
of CALIFA data, Sanchez et al. 2012a; need to correct for dust attenuation
due to the distance in wavelength between the involved lines, etc.); instead,
calibrators based on O3N2 index are not affected by these factors, which
makes the Marino et al. (2013) calibrator able to distinguish between the
arm and interarm abundance distributions with greater precision.

6.5 BRIEF SUMMARY

The existence of a radial decrease in the gas chemical abundances of spiral
galaxies was well established by observations decades ago (e.g. Searle 1971;
Martin & Roy 1992; Kennicutt et al. 2003; Pilyugin et al. 2004; Rosales-
Ortega et al. 2011; Bresolin et al. 2012; Marino et al. 2012; Sanchez et al.
2012b, 2014), supporting the inside-out scenario for disc evolution. However,
only a few works have studied possible azimuthal differences in the derived
gradient associated with the presence of the spiral structure, which is still
an open question.

In this work we have carried out a study of the arm and interarm abun-
dance distributions in a sample of 63 CALIFA spiral galaxies performing a
spaxel-by-spaxel analysis. We distinguish between flocculent and grand de-
sign galaxies in order to better understand the origin of the spiral structure.
For this purpose, we have derived oxygen abundance gradients for both dis-
tributions (arm and interarm), to compare the characteristic parameters of
the profiles (slope, zero-point, and dispersion) between them. We have also
distinguished between barred and unbarred galaxies to assess the effect of
the presence of bars in the abundance distribution.

To our knowledge, this is the first observational work finding differences
between the gas abundance of spiral arms and interarm regions using a large
sample of galaxies. Our analysis yields differences that are subtle and statis-
tically significant only for flocculent galaxies. On average, we find that the
ionised gas in the interarm regions of these subgroups of galaxies presents a
shallower gradient with a lower zero-point value and a larger dispersion in
the oxygen abundances. Furthermore, we find that for flocculent galaxies
this dispersion correlates with the angular distance to the spiral arms: the
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farthest spaxels present the larger scatter. Grand design galaxies, on the
other hand, do not seem to present any trend in the dispersion with the dis-
tance to the arms. This result suggests that the mechanisms generating the
spiral structure in these galaxies may be different to those producing grand
design arms. Another possibility is that these differences may be due to a
higher star formation outside the spiral arms for the flocculent galaxies and
a more concentrated star formation in the spirals for the grand design ones.
The small differences between the arm and the interarm abundance distri-
butions found in barred galaxies suggests that bars may have a direct effect
on the chemical distribution of these galaxies, even though these differences
are not reflected in the overall observed abundance distribution.

The extension of this analysis to a larger sample of galaxies with data
of higher quality in terms of spatial resolution and S/N per spatial unit
is needed to confirm these results. As a preliminary result, this work finds
that bars and flocculent arms are two independent mechanisms that generate
differences in the abundance distribution between the spiral arms and the
interarm regions. So far, this is the first observational work finding such
differences in isolated galaxies.
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THE MOST CHARACTERISTIC trend observed in the oxygen abun-
dance distribution of spiral galaxies is the radial negative gradient associated
with the inside-out growth of the discs. However, in the radial abundance
analyses carried out in Chapters 4 and 5, deviations with respect to this
simple scenario affecting the abundance profiles in both the innermost and
outermost regions of galaxies were reported.

Besides this radial profile, the effect of mechanisms related to the dy-
namics of the discs like the presence of structures such as spiral arms and
bars, the stochasticity of star formation, the gas accretion from satellite
or minor mergers, the local enrichment of regions by supernovae and other
sources of metals, can produce non-radial variations of the abundance dis-
tribution. Although there are some mixing processes that can blur these
inhomogeneities (such as interstellar turbulence or super-shell expansions
of supernova remnants, Roy & Kunth 1995), their time-scales are still large
enough as to allow the persistence of these variations for long periods of time
(Roy & Kunth 1995; Scalo & Elmegreen 2004). Therefore, it is expected to
observe some degree of chemical inhomogeneity.

Other source of deviations from the radial pattern could be the presence
of azimuthal variations induced by radial migration as recently proposed in
simulations of spiral galaxies (Di Matteo et al. 2013; Grand et al. 2016). Al-
though these predictions were focused on the stellar component, it is known
that both gas and stars are affected by these movements (e.g. Minchev et al.
2014; Grand et al. 2015). Indeed, streaming motions of gas along the spiral
arms have been proposed (Grand et al. 2015; Baba et al. 2016), which could
produce azimuthal variations of the gas abundance.

In this regard, the arm/interarm analysis carried out in Chapter 6 using
CALIFA data revealed the existence of non-radial abundance variations re-
lated to the presence of spiral arms (in particular, flocculent ones) and bars.
However, the reported differences were very subtle, being possible that the
spatial resolution of CALIFA data may be blurring their detection. There-
fore, the use of higher quality data in terms of spatial resolution and S/N
per spatial unit can help us to to be more sensitive to their presence.

This type of data is currently at our disposal with the advent of new
instruments such as MUSE. Consequently, it has not been until recently that
systematic azimuthal variations of the gas oxygen abundance distribution
have been measured (Ho et al. 2017; Vogt et al. 2017), always focused on
the study of individual galaxies.

In this chapter, we take advantage of the high spatial resolution of the
AMUSING data to address the possible deviations of the abundance distri-
bution with respect to the already analysed radial profile (see Chapters 4
and 5). We study the existence of local abundance variations and, if exist-
ing, their possible association with any galaxy structure. This first part of
the study has been performed for a large sample of galaxies (Sec.7.1) and
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preliminary results are shown here for the first time (Sect. 7.2). In addi-
tion, we also analyse the presence of azimuthal patterns in the abundance
distribution associated with dynamic effects. For this latter part (Sect. 7.3),
we have developed a methodology that has been applied to one galaxy of
the sample, NGC 6754, that presents some of the highest local abundance
variations measured in the sample, and that has shown hints of radial mi-
gration producing azimuthal variations (Sanchez et al. 2015). The study of
NGC 6754 has been published in Sdnchez-Menguiano et al. (2016a).

7.1 ANALYSED GALAXIES

The 102 spiral galaxies comprising our AMUSING sample (defined in
Sect. 2.2.1) were perfectly suitable to carry out the radial abundance dis-
tribution analysis shown in Chapter 5. However, in order to perform a 2D
study on a spaxel-by-spaxel basis seeking for possible local variations, we
need to be more restrictive in the sample selection to guarantee a suitable
characterisation of the distribution.

For this purpose we discard those galaxies from the AMUSING sample
that present a deprojected disc radius smaller than ~ 30", as they do not
exhibit the high physical spatial resolution needed to detect non-radial vari-
ations of the abundance distribution (considering the overall redshift range
of these galaxies, see Fig. 2.4). In addition, galaxies for which the analysed
spaxels associated with SF regions (see Sect. 3.2.2 for information) provide
visually a poor spatial coverage of the disc (patchy and discontinuous) are
also discarded.

Finally, we need to consider the technical difficulties of a spaxel-by-spaxel
analysis for the AMUSING sample. As described in Sect. 3.2.2, the spaxel
size of this dataset (0.2”) may allow us to resolve the ionised structure of the
Hirregions in some galaxies, depending on the atmospheric seeing during
the observations and the redshift of the object, for which the empirical
calibrators used to derive the oxygen abundances can not be applied (Lépez-
Herndndez et al. 2013; Terlevich et al. 2014). In those cases, we have to
degrade the data to reach a physical spatial resolution of the order of the
typical size of an extragalactic Hirregion (around 400 pc). For this, we
perform a spatial binning (squared bins) in order to have a final spatial unit
of ~ 400 pc. However, the physical coverage for some galaxies is of the order
of a few dozens of kiloparsecs, and thus, its 2D abundance distribution is
blurred when degrading the data. For this reason, we establish an upper
limit for the size of the bins of 10 x 10 pixels (which is equivalent to a cut
in the original physical resolution of ~ 140 pc). All the galaxies that need
a larger size of the bins to reach the desired final resolution are therefore
discarded from the sample.
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All these new selection criteria reduce significantly the galaxies for which
this analysis is feasible. In the end, the sample analysed in this study com-
prises 24 galaxies that provide a good 2D coverage of the ionised gas asso-
ciated with SF regions over the galaxy disc.

7.2 LOCAL ABUNDANCE VARIATIONS

For the final sample of 24 galaxies, the 2D abundance distributions were
derived on a spaxel-by-spaxel basis following the procedure described in
Chapter 3. In some cases, we make use of the original abundance maps
(galaxies presenting a lower spatial resolution). For those galaxies presenting
a higher spatial resolution, the flux intensity maps provided by FIT3D (see
Sect. 3.2.2) have been degraded to a final physical resolution of ~ 400 pc
(see above). Figure 7.1 shows the 2D abundance distribution of one galaxy
of the sample, NGC 1762 (middle left). The remaining panels show different
plots that will be described along this section. The corresponding figures
for the rest of the sample are provided in Appendix D.

We can see clearly in the 2D abundance map of NGC 1762 a radial decline
in the abundances, with the highest values (red colours) located in the inner
parts of the disc and the lowest ones in the outermost regions (blue colours).
In order to highlight the possible non-radial variations of the abundances,
the characteristic radial profile (already described in Chapters 4 and 5) has
been removed. The so-called abundance residual map is therefore derived
by subtracting the azimuthally averaged radial abundance to the observed
distribution. These averaged values are measured as the median of the
abundances in annuli of 0.2”.

In the case where the oxygen abundance distribution of a spiral galaxy is
well described simply by its radial profile, the residual values should follow a
Gaussian distribution centred at zero, with a width given by the uncertain-
ties in the derivation of the abundances. The bottom left panel of Fig. 7.1
shows the histogram of residual abundances for NGC 1762. A Gaussian
function is fitted to this distribution (black solid line). As opposite to the
mentioned case, we can see clear asymmetries in the distribution (high-
lighted with darker colours) that cannot be well described by a Gaussian
distribution, namely a large tail towards positive abundance residuals. In a
few cases (as for NGC 3318 and NGC 6708, see figures in Appendix D), the
tail appears in the negative regime.

The presence of these asymmetries in the residual abundance distribu-
tions hints the existence of non-radial variations in the oxygen abundances,
possibly related with morphological features. However, the fact that these
asymmetries appear as tails in the distributions suggests that these vari-
ations might be restricted to specific and limited areas of the disc, and
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7.2. LOCAL ABUNDANCE VARIATIONS 143

therefore they do not significantly affect the overall distribution. This hy-
pothesis can be easily tested if we analyse the 2D residual abundance maps
searching for coincidences in the location of these asymmetries with any
structure within the galaxy.

7.2.1 2D RESIDUAL ABUNDANCE MAPS

The middle right panel of Fig. 7.1 shows the 2D map of the residual gas
abundances of NGC 1762, together with the SDSS g-band image extracted
from AMUSING data (top left). This type of image allows us to distinguish
morphological features displayed by the galaxies such as bars or spiral arms.
In particular, for NGC 1762 it is clear the presence of a prominent spiral
structure. The residual abundance map clearly show some regions of high
residual values (red-orange colours). The amplitude of the abundance vari-
ations across the disc can be up to 0.10 —0.12 dex, depending on the galaxy
(see figures at the end of the chapter). If we compare this map with the
g-band image, there seems to be a correspondence between these areas of
higher abundance residuals and the spiral arms.

In other galaxies, on the opposite, the presence of morphological features
seem to be linked with less metal rich regions of the discs. In addition, there
are also galaxies that do not seem to present significant increases in the
abundance residuals. This result, derived from a visual inspection of the
2D abundance maps, brings to light the need of quantifying the presence of
non-radial variations of the oxygen abundances and their possible connection
with the spiral arms of the galaxies or other characteristic features.

7.2.2 CORRELATION WITH LIGHT RESIDUALS

Inspecting the 2D abundance residual maps of the sample and the SDSS
g-band images, there appears to exist a spatial correlation between the non-
radial variations of the gas abundance (when existing) and features easily
recognisable in the g-band images by increases in the light distribution. In
most galaxies these features correspond to the spiral arms. Also, in some
cases, observed asymmetries (due for instance to interactions with other
galaxies) in the galaxies are responsible of these increases in the light. This
spatial coincidence can be thus confirmed if we represent the residuals of
the abundances with respect to the light residuals derived in the SDSS g-
band. These latter ones are computed by subtracting the characteristic
axisymmetric radial profile (obtained by azimuthally averaging the g-band
intensity values) to the observed distribution, and then normalised for a
direct comparison between galaxies. In addition, for the determination of the
light residuals we have masked some regions associated with imperfections of
the image or areas dominated by the sky emission that can lead to a wrong
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derivation of the residuals. The central part of the galaxies is also visually
masked to avoid the bulge component and analyse only the light residuals
linked to the galaxy discs'. The top right panel of Fig. 7.1 shows the 2D
light residual map of NGC 1762. As mentioned, in this case the highest
residuals (pink-red colours) correspond to the most prominent spiral arms.

The outcome of this analysis for NGC 1762 is shown in the bottom right
panel of Fig. 7.1. For clarity (due to the large number of spaxels in each
galaxy), the residual values have been averaged in bins of 0.1 (along the
x-axis, dimensionless). The errors are calculated as the standard deviation
divided by the square root of the number of spaxels within each bin. Only
the bins containing at least 1% of the total number of spaxels have been
represented. The blue solid lines shows the error-weighted linear fit to these
mean values. For NGC 1762 we find a clear positive correlation between
both parameters. In general, three different behaviors are observed: the
metallicity residuals exhibit either a positive, a negative, or a non-existent
correlation with the light residuals. The slope of the linear fit (hereafter
called ) for all the galaxies is provided in Table 7.1 as a measurement of
the amplitude of the non-radial variations (largest amplitudes imply largest
absolute values of the slope) and as an indicator of the presence of metal-poor
or metal-rich regions associated with the brightest areas of the disc (positive
~ values imply more metal rich SF regions in the brightest areas than in the
rest of the galaxy disc and negative 7 values indicate the opposite). This way,
we can see that eleven galaxies present a clear positive correlation between
the abundance and light residuals (y > 0.01 dex), and seven galaxies present
a negative one (7 < —0.01 dex). Finally, no evidence of a correlation between
both parameters have been found in the remaining six galaxies, indicating
the absence of significant non-radial variations in the oxygen abundance
distribution in these galaxies.

7.2.3 DEPENDENCE ON GALAXY PROPERTIES

Due to the variety of trends observed in the correlation between the abun-
dance residuals and the light residuals, we proceed to investigate if there is
a dependence of the v parameter (which represents the slope of such corre-
lation) with any specific property of the galaxies. This analysis will allow us
to asses the possible mechanisms responsible for these non-radial variations
in the abundance distribution.

Figures 7.2 and 7.3 show the distribution of + values as a function of
different galaxy properties. The Pearson correlation coefficient r is indicated
in the panels for the continuous variables. The values of these parameters for
all galaxies in the sample are given in Table B.1 (Appendix B), except the

"We note here that an improved technique for removing the contribution of the bulge
component is planned for future work.
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Table 7.1: Slope values (v) of the linear fits in the abundance vs. light residuals

correlation.
Galaxy ¥ Galaxy v
[dex] [dex]

ES0478-G006 —0.014 £ 0.014 NGC3318 —0.004 £+ 0.006
ESO506-G004 +0.014 + 0.017 NGC3363 +0.042 + 0.035
ESO570-G020 —0.009 £ 0.021 NGC3464 +0.064 £ 0.022
1C5179 —0.002 4 0.009 NGC3905 +0.045 + 0.017
MCG-01-57-021 —0.034 +0.014 NGC4806 —0.083 £ 0.008
NGC1080 +0.029 + 0.012 NGC6708 —0.037 £ 0.015
NGC1762 +0.023 4+ 0.021 NGC6754 +0.038 + 0.011
NGC2370 +0.021 £ 0.012 PGC004701  —0.006 + 0.018
NGC2466 +0.001 4+ 0.009 PGC128348 —0.032 £ 0.013
NGC3120 +0.019 £ 0.009 UGC01395 +0.028 £ 0.023
NGC3244 —0.026 4+ 0.012 UGC05691 +0.011 +0.019
NGC3278 —0.004 £ 0.005 UGC11214 —0.053 £ 0.027

characteristic oxygen abundance values and the slopes of the main negative
gradients that are provided in Table B.2. A more detailed description of the
derivation of some of these properties is given in Chapter 5 (Sects. 5.1, 5.5
and 5.6).

Analysing in the first place the role of the bar (Fig. 7.2, top left panel), no
clear trends are observed in the distribution. If we exclude the two cases of
barred galaxies presenting negative v values, there seems to be a correlation
with barred galaxies presenting the highest values and unbarred galaxies
the lowest ones. This means that the presence of the bar would produce a
chemical enrichment of the HI1regions located in the brightest areas of the
disc. However, these two outliers represent the 40% of the cases for barred
galaxies, and therefore, we can not make a firm conclusion in this regard.
A future study with more galaxies is needed in order to asses if the bar
produces non-radial abundance variations or, on the contrary, its presence
does not affect significantly the abundance distribution.

The top right panel of Fig. 7.2 represents the dependence of the v values
with the morphological type of the galaxy according to the de Vaucouleurs
system from HyperLeda. As in the previous case no correlation is found.

If we study the connection of the presence of non-radial variations in the
abundance distribution with the morphology of the spiral arms (Fig. 7.2,
middle left panel), interestingly, we obtain that grand design galaxies are
associated with high values of «y, while flocculent galaxies present lower val-
ues of this parameter. The galaxies that have not been properly classified
(and called ‘undefined’) are considered to be an intermediate case, as these
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Figure 7.2: Distribution of the v values as a function of: presence of bars (A, clearly
unbarred galazies; B, clearly barred; AB, intermediate stage; top left), numerical
morphological type according to the de Vaucouleurs system (T, top right), arm class
(F, flocculent; U, undefined; G, grand design; middle left), extended arm class (from
AC 1-12, middle right), oxygen abundance gradient of the galaxy (bottom left), and
characteristic abundance of the galazy (abundance value at one disc effective radius,
bottom right). See text for details.
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Figure 7.3: Distribution of the v values as a function of: integrated stellar mass
(top left), star formation rate (top right), and specific star formation rate (bottom
center). See text for details.

galaxies would present characteristics of both flocculents and grand designs.
The presence of just three bins does not allow us to properly characterise
this trend in the distribution. For this reason, we decide to expand this clas-
sification and perform the original one comprising 12 arm classes defined by
Elmegreen & Elmegreen (1982), where the first arm classes correspond to
the most flocculent arms and the last classes to pure grand design ones,
and the intermediate classes presenting characteristics of both types (see
Sect. 1.1.1 for details). This is shown in the middle right panel of Fig. 7.2.
Now, the mentioned trend is more easily observed (r = 0.54), that is, grand
design galaxies present higher v values than the flocculent ones. This means
that in grand design systems the brightest areas are more metal-rich with
respect to the rest of the disc, whereas the presence of flocculent arms pro-
duce that the brightest areas present lower metallicities than the rest of the
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disc.

The bottom left panel of Fig. 7.2 represents the dependence of the
values with the oxygen abundance gradient displayed by the galaxies (and
analysed in Chapter 5). We do not find any correlation between both param-
eters. Although not shown in Fig. 7.2, we have also analysed the dependence
with the presence of inner drops and outer flattenings in the radial abun-
dance distribution, again not finding any correlation. Finally, the bottom
right panel of Fig. 7.2 shows the dependence with the oxygen abundance
value derived at one disc effective radius (characteristic oxygen abundance,
[O/H];.), which is representative of the average value across the galaxy
(Zaritsky et al. 1994; Sanchez et al. 2013). In this case we observe a clear
correlation of both parameters (r = 0.68), with the highest [O/H],. values
corresponding to the highest values of 7.

We also analyse the distribution of v values as a function of the inte-
grated stellar mass of the galaxies. The top left panel of Fig. 7.3 shows a
clear correlation between them (r = 0.63), with an increase in the metallic-
ity of the brightest regions with respect to the rest of the disc as the stellar
mass of the galaxy is higher. We find that less massive (M < 101 M) galax-
ies present more metal-poor SF regions in the brightest areas than in the
rest of the disc. Galaxies with intermediate masses (M ~ 10''Mg) present
a more homogeneous distribution of the oxygen abundance residuals (not
considering the overall gradient) across the discs. Finally, we observe that
most massive galaxies (M > 10''My) display more metal-rich SF regions
in the brightest areas than in the rest of the disc. Due to the well-known
mass-metallicity relation, that is consistent with more massive galaxies be-
ing more metal-enriched (e.g. Tremonti et al. 2004; Sénchez et al. 2013), the
correlations of v with the characteristic oxygen abundance and the stellar
mass of the galaxies are intimately related. However, the dependence of
~ with the galaxy mass does not arise as a consequence of a dependence
between this parameter and the type of arms displayed by the galaxy (floc-
culent or grand design), as we do not find any correlation between both of
them.

Finally, we analyse the dependence of v with the SFR of the galaxies
(Fig. 7.3, top right panel). The lack of correlation found suggests that the
presence of a higher star formation does not produce any increase in the
metallicity that can lead to local variations across the disc. If we analyse
instead the sSFR, although there is no a clear correlation, we find that
galaxies with higher values present in average lower values of -y, while the
galaxies with lower sSFR are associated with higher + values. This trend is
not surprising due to the observed behaviours with the SFR and the galaxy
mass.

In conclusion, the study of the relation of the v parameter with the
analysed galaxy properties yields that the type of spiral arms (flocculent
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vs. grand design) and the stellar mass (or characteristic abundance) are
the main drivers for the presence of non-radial variations in the abundance
distribution. Regarding the first one, we already showed in Chapter 6 that
the type of spiral arms displayed by galaxies had an effect on the abundance
distribution producing differences in the arm and the interarm regions. In
that case, only significant differences were observed in flocculent galaxies.
Now, we observe non-radial variations in both cases, but pointing out to dif-
ferent behaviours (in grand design galaxies the light residuals correlate with
the abundance ones, while in the flocculent systems we find an anticorrela-
tion between both parameters). The nature of this analysis is different from
the arm/interarm one, as here we study directly the non-radial abundance
residuals, whereas in that analysis we compared the radial profiles displayed
separately by SF regions of the arm and the interarm areas. Therefore, a di-
rect comparison between the results derived from them is difficult to assess.
However, the observed differences reported here could be indicative again
of the presence of different mechanisms shaping the spiral structure in both
flocculent and grand design galaxies, these mechanisms affecting differently
to the generation of non-radial abundance variations. Nevertheless, it is still
plausible that both types of spiral arms are caused by the same mechanisms
and simply because of the presence of a more stochastically polluted gas
outside the spiral arms in flocculent galaxies, we could find more metal-rich
Hiregions in the interarm areas (not associated with the brightest regions
of the disc). In the grand design galaxies, on the opposite, a more con-
centrated star formation in the spiral arms could increase the metallicity of
certain regions associated with high light residuals with respect to the rest of
the disc. Nevertheless, this is a hypothesis that has to be more exhaustively
studied.

Regarding the effect of the galaxy mass, the found correlation and the
lack of such with the SFR suggest that the presence of non-radial abundance
variations may be related to the ability of the galaxies to retain metals rather
than its current star formation. As is known, oxygen is produced mainly by
high-mass stars, and returned to the ISM in their explosion as type II SNe
(Osterbrock 1989). These SNe tend to occur in spiral arms, as it is here were
short-lived massive stars live preferentially (Osterbrock 1989). In most of the
galaxies, we see that the largest light residuals are associated with the spiral
arms (see figures at the end of the chapter), although in other cases other
factors may be responsible of part of these residuals (such as interactions
with other systems). In this regard, a possible explanation of the correlation
found between v and the galaxy mass might be related with the role of the
scape velocity in the dispersion of the metals when a SN event happens
(of any other local source of metals). The local metal loss is expected to be
larger in low mass galaxies with low escape velocities (Barrera-Ballesteros, in
prep.), blowing these metals to more distant regions and producing then that
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locally the SF regions are more metal-poor with respect to the near regions.
More massive galaxies, on the opposite, present higher escape velocities
(Barrera-Ballesteros, in prep.), and therefore, the metals remain close to
the location of the SN explosion, enriching the surrounding gas with respect
to the rest of the disc. This hypothesis also need to be analysed in more
detail.

We want to emphasise that all the results shown in this Sect. 7.2 are
very preliminary. A most extended study including more tests is needed to
confirm our hypotheses in order to asses the physical mechanisms that might
cause the observed trends in the non-radial variations of the abundance
distribution and properly interpret these results.

7.3 AZIMUTHAL VARIATIONS: THE CASE OF NGC 6754

In the previous section we have shown the presence of non-radial abundance
variations in a large number of galaxies of the sample, associated with local
enrichment effects. In this section we take a step forward analysing the pres-
ence of azimuthal patterns in the abundance distribution and their possible
connection with radial migratory processes. We have focused this study in
one galaxy of the sample, NGC 6754, for which some of the highest local
abundance variations have been measured in Sect. 7.2. Besides the abun-
dance distribution, the Ha line-of-sight (LOS) velocity is also analysed in
order to measure the streaming motions of gas along the spiral arms prediced
by simulations and responsible of the possible azimuthal abundance varia-
tions. The extension of this study to the rest of the sample is left for future
work (see conclusions of this thesis).

The gas content of NGC 6754 was already analysed in Sanchez et al.
(2015). Studying the azimuthal distribution of the oxygen abundance resid-
uals for ~ 400 individual Hiiregions, the authors found a pattern that
might be related to radial migration effects. In this thesis we undertake a
deeper study using 2D information in a spaxel-by-spaxel basis (see Sect. 7.1)
to analyse in detail both the azimuthal distribution of the gas abundance
and velocity residuals seeking for definitive observable signatures of radial
migration in spiral galaxies.

7.3.1 RESIDUAL ABUNDANCE AND VELOCITY MAPS

As mentioned in Sect. 7.2, to measure azimuthal variations in the abundance
distribution of NGC 6754 we first need to remove the characteristic radial
profile displayed by this galaxy. To do that we subtract the azimuthally
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averaged radial abundance to the observed 2D distribution. The top left-
hand panel of Fig. 7.4 displays the 2D distribution of the oxygen abundance,
and the top right-hand panel displays the residuals after subtracting the
azimuthally averaged radial abundances (top middle). In this panel, we can
see clear differences associated with the spiral arms (black markers).

As explained in Sect. 3.1, PIPE3D also provides LOS velocities from
which we can derive gas velocity maps of the galaxy for each analysed
line. We focus the analysis on the measurements of the Ha emission line,
as it represents the strongest detected line. The rotation curve, vy, and
the radial velocity component, vg, were obtained by least-squares fits of
Usys + (vg cos § + v sin @) sin i to the observed velocity field, vops, assuming
constant coordinates of the mass center, systemic velocity (vsys), disc po-
sition angle, and inclination (matching the photometric parameters). The
best-fit systemic velocity corresponding to these parameters is 3247 + 9 km
s71. We sampled the galactocentric radius using 1”-rings (230 pc-rings),
roughly similar to the seeing of the observations. With that sampling, rings
are uncorrelated, and the least-squares fits were performed with at least
70 degrees of freedom, so that vg and vy are very well constrained (aver-
age 1o formal error of 1.3 km s™!). The axisymmetric model velocity field,
Umod, 1S then the projection of a smoothed version of vy only and does not
contain the contribution from the fitted vr. Therefore, the residual LOS
velocities defined as Av = vgps — Umodq trace the observed non-circular radial
motions, as well as the local departures from axisymmetry of both vy and
vg (streaming motions caused by the bar, spiral perturbations, etc.).

The bottom left-hand panel of Fig. 7.4 displays the 2D distribution of
the LOS gas velocity and bottom right-hand panel displays the residuals
after subtracting the LOS projection of the derived rotation model (bottom
middle). This map shows a feature associated with the eastern (left-hand
side in this panel) spiral arm, not so evident for the wester arm. The reason
why this feature is not observed (so clearly) for the western arm may lie
in the lower spatial resolution of the data covering this half of the galaxy
due to the worse seeing conditions 2. Therefore, below we will focus on the
eastern spiral arm.

2AMUSING observations of this galaxy were split into two different pointings covering
the eastern and western parts of the galaxy under seeing conditions of 0.8 (180 pc) and
1.8"” (410 pc), respectively.
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7.3.2 AZIMUTHAL RESIDUAL ABUNDANCE AND VELOCITY
PROFILES

The azimuthal profiles of both residuals at three different galactocentric dis-
tances (represented as dashed white circles in right-hand panels of Fig. 7.4)
are shown in Fig. 7.5. The oxygen abundance residual profiles are indi-
cated by the red solid lines and the Ha LOS velocity residual profiles by the
blue solid ones. These profiles correspond to three different 2”-wide annuli
centred at R = 4.5, 6.3 and 8.1 kpc (i.e. 0.7/1.0/1.3 ) with an azimuthal
sampling of 10°. In order to connect possible asymmetries in these distribu-
tions to the spiral structure, the SDSS g-band intensity distribution is also
represented (black dashed line).

In Fig. 7.5 we can see that around the eastern arm, the azimuthal resid-
ual LOS velocity profiles show a peak located just after the peak in the
light distribution (leading side of the arm?), with an amplitude between
~ 28 — 38 km/s, and a minimum just before the light peak (trailing side!).
Remarkably, these maxima (minima) in the velocity profile appear together
with a decrement (increment) in the azimuthal residual abundance profile
at all the radii, with a total amplitude (peak-to-peak) up to 0.09 dex.

In order to interpret these results, in Fig. 7.6, we show a g-band image
of NGC 6754 superimposed to its observed Ha velocity map. We consider
that the north part of the galaxy (upper side in the figure) is closer to us
under the assumption of trailing spiral arms (Hubble 1943) and taking into
account that the eastern part is receding from us. In that case, positive
(negative) residual velocities indicate radially inward (outward) motions of
the gas and tangentially faster (slower) motions of the gas for the eastern
spiral arm. Thus, the positive velocity residuals displayed by NGC 6754 in
a wide extension of the leading part of the eastern arm can be interpreted
either as gas moving radially inward, gas moving tangentially faster, or a
combination of both. Following a similar reasoning, the negative velocity
residuals in the trailing part can be the result of gas moving radially out-
ward, gas moving tangentially slower, or both. The asymmetries found in
the metallicity residuals are in agreement with a transport of metal-rich gas
from the inner disc toward the outer regions at the trailing side of the spiral
arm and more metal-poor gas from the outer disc toward the inner ones at
the leading side, which is strikingly consistent with the velocity asymme-
tries mentioned above. These trends are observed at all three radii, which
indicates strong evidence of the radial migration happening in a large radial
range.

3The leading side of a spiral arm is the edge of the arm that points towards the direction
of disc rotation, that is, the front of the arm. The trailing side is, on the other hand, the
edge of the arm that points towards the opposite direction of disc rotation, that is, the
back of the arm.
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Figure 7.5: Azimuthal profiles of the light (black dashed), oxygen abundance residu-
als (blue, left-hand y-azis) and Hoao LOS velocity residuals (red, right-hand y-azis) at
three different radii (shown in Fig. 7.4). The position of the spiral arms is marked
with the bold dashed line. Mean errors in the azimuthal profiles are denoted by the

vertical lines in the middle panel.

the positive Y-azis in Figure 7.4.

The angles are measured counter-clockwise from



7.3. AZIMUTHAL VARIATIONS: THE CASE OF NGC 6754 155

0.4

ADEC [kpc]
flux[10 " ergs ' em 2 A1)

2.9

Far side

43 76 -11.0

-0.9
ARA Tkpcl

Figure 7.6: g-band image of NGC 6754 superimposed to the observed Ha velocity
map, with red (blue) color denoting the receding (approaching) part of the galaxy.
The black arrows indicate the direction of rotation (assuming trailing spiral arms).
Radially-inward /tangentially-faster and radially-outward /tangentially-slower motions
of the gas along the arms (outlined by open circles) are indicated with red and blue
arrows, respectively (see text for a detailed explanation).

7.3.3 COMPARISON WITH SIMULATIONS

In order to investigate the behavior of the gas from a theoretical perspective,
in this section, we study an isolated Milky Way-sized disc galaxy simulated
using the N-body smoothed particle hydrodynamics (SPH) GCD+-code. De-
tails of the code are available in Kawata & Gibson (2003) and Kawata et al.
(2013). In particular, we analyse the simulation labeled K14 in Grand et al.
(2015), which is similar in size to NGC 6754. For this analysis, we focus on a
single snapshot of the galaxy that displays a clear bar and two-armed spiral
structure and shows clear radial migration of the gas around the spiral arm
(Kawata et al. 2014; Grand et al. 2015). The rotation axis and the angle of
the spiral arm have been chosen to match the characteristics of NGC 6754.

The azimuthal analysis of the gas content in this simulated galaxy was
performed in a similar way as in NGC 6754. Figure 7.7 (right-hand panel)
shows the azimuthal profiles of the mass density (black), residual metallicity
(red), and residual LOS velocity (blue) for assumed i = 63°. The mass
density distribution shows a clear peak below 200°, which represents the
eastern spiral arm. As the western (right-hand side) arm is much weaker,
especially in the outer radii in this particular simulation snapshot, we will
focus on the stronger eastern (left-hand side) arm to compare with the trends
observed in NGC 6754. Consistent with the observations, the residual LOS
velocity (metallicity) is lower (higher) on the trailing side of the spiral, while
the trend is reversed on the leading side, that is, residual LOS velocity
(metallicity) is higher (lower) than the average values at the three analysed
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radii matching those chosen for Fig. 7.5.

The simulations allow us to analyse separately the radial and tangential
components of the LOS velocity. The left-hand panels of Fig. 7.7 display
face-on maps of the residuals of the gas metallicity (top) and tangential
velocity field (middle) from the analysed simulation after subtracting the
azimuthally averaged values at each radius. In addition, the radial velocity
field map is shown in the bottom panel. We can see that the tangential
velocity is slower on the trailing side of the eastern spiral arm and faster
on the leading edge with respect to the general rotation, whereas the radial
velocity points outward on the trailing side and inward on the leading edge.
The metallicity map shows the presence of metal-rich (poor) gas particles
on the trailing (leading) side of the spiral arm. The combination of both
tangential and radial velocity behaviors creates a streaming motion that,
along with the well-known negative gas metallicity profile of discs (e.g. Searle
1971; Martin & Roy 1992; Sanchez et al. 2014), causes metal-rich (poor) gas
to move toward the outer (inner) regions at the trailing (leading) side of the
spiral arm in a large radial range.

7.3.4 RADIAL MIGRATION IN NGC 6754

Studying the eastern spiral arm, located in the half of the disc with data of
the highest spatial resolution, the residual LOS velocity distribution shows
a maximum at the leading side of the spiral arm (larger receding component
in the velocity), with an amplitude of ~ 30 km s~!, and a minimum at the
trailing edge. The residual abundance distribution is positive at the trailing
side and negative at the leading edge, with a total amplitude (peak-to-peak)
of ~ 0.1 dex. We note that although NGC 6754 seems to have a companion
close by (2MASXJ19112166-5037339), the linear distance between them (26
Mpc) suggests that our results cannot be a consequence of interaction (see
also de Mello et al. 1996).

The spatial resolution of the data is crucial in the analysis of azimuthal
variations. In this study we find that in order to be sensitive to the signatures
left by radial migration, we need a spatial resolution of ~ 200 pc. Otherwise,
the signatures in the velocity map are blurred (western arm).

In other to interpret these results we have also analysed the gas content
of a simulated galaxy (N-body+SPH) that shows a clear radial gas migra-
tion around a spiral morphological feature rotating at a similar speed as the
gas at every radius, showing the same trends as our observations. In light
of these results, we claim that NGC 6754 shows clear signs of ongoing radial
gas migration that produces motions of metal-rich gas toward the outer re-
gions on the trailing side of the spiral arm and metal-poor gas toward inner
regions on the leading side. The analysed simulations show amplitudes for
the residual LOS velocity of ~ 10 — 20 km s~!, lower than those observed
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Figure 7.7: Chemodynamical results from simulations. Left-hand panels: Face-on
maps of the residual gas metallicity (top), tangential residual velocity field (middle)
and radial velocity field (bottom) of the simulated galazy. Contour maps represent the
mass density and the dashed white circles indicate the radial position of the azimuthal
profiles. Right-hand panel: Same plots as in Fig. 7.5, but here produced from our
simulated galazy.
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in NGC 6754. The derived values of the differences in the LOS velocities
and metallicities in simulations depend on several factors, such as the ampli-
tude and pitch angle of the spiral arms, the underlying metallicity gradient,
amount of metal mixing, feedback, etc. The extension of this analysis to the
entire sample described in Sect. 7.1 can provide further constraints on the
simulation sub-grid physics.

The fact that these streaming motions are observed in a wide radial range
of the spiral arm (at least 4 kpc) puts strong constraints on the nature of
the spiral structure. Azimuthal variations in the velocity distribution across
a classical density wave-like spiral arm have been suggested by some authors
(Minchev & Quillen 2008; Chemin et al. 2016; Pasetto et al. 2016). However,
the gas motion should show a clear offset from the spiral arm density peak,
and the offset should strongly depend on the radius, as demonstrated in
Baba et al. (2016). On the other hand, N-body simulations of disc galaxies
commonly show spiral arm features in the morphology whose pattern speeds
decrease with radius (e.g. Wada et al. 2011; Grand et al. 2012; Baba et al.
2013). These spiral features can result from the overlap of multiple modes
(Comparetta & Quillen 2012), as often claimed in simulations (Masset &
Tagger 1997; Quillen et al. 2011; Minchev et al. 2012; Sellwood & Carlberg
2014), which also induce nonlinear growth of their amplitude (Kumamoto &
Noguchi 2016). In this work, we have compared our results with simulations
showing these spiral arm morphological features that are transient and rotate
at a similar speed as the gas at every radius. Although it is not guaranteed
that the nature of the spiral arms in the observed galaxy is the same as in
the simulations, the consistency found supports this scenario for the spiral
structure formation of NGC 6754.

Recently, Ho et al. (2017) analysed the HIIregion oxygen abundance
distribution of NGC 1365 and found azimuthal variations of approximately
0.2 dex over a wide radial range and coinciding with the two spiral arms.
The signature we report in NGC 6754 is not observed in NGC 1365 according
to the authors. They found that the oxygen abundances of the spiral arms
are higher than on both their leading and trailing sides. In addition, the
oxygen variations they observed are larger (0.4 dex; peak-to-peak). Ho et al.
(2017) constructed for NGC 1365 a simple chemical evolution model inside
the frame of density wave theories that is able to reproduce the observations.
Therefore, the mechanisms shaping the abundance variations in NGC 1365
and NGC 6754 are likely to be different. In this regard, the extension of
this analysis to the rest of the sample analysed in Sect. 7.2 can allow us to
assess the scenario for the spiral structure formation in other galaxies.
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7.4 BRIEF SUMMARY

The first studies of the abundance distribution in spiral galaxies were limited
to the finding of an overall negative radial gradient (e.g. Peimbert 1979;
Martin & Roy 1992; Zaritsky et al. 1994). Therefore, if existing, non-radial
variations in the abundance distribution should have a very small amplitude
unfeasible to be detected by the instruments of that time. We have had
to wait until nowadays when telescopes and instruments of high spatial
resolution have allowed the astronomers to observe for the first time these
azimuthal variations.

All the studies up to date are focused on individual galaxies (Sdnchez
et al. 2015; Ho et al. 2017; Vogt et al. 2017). The AMUSING sample part
of this thesis allows us to carry out a statistical study of the abundance
azimuthal distribution in a large sample. In this way, we have analysed 24
galaxies fulfilling the needed criteria for such study. For these galaxies, we
have studied the existence of local abundance variations and their connection
with specific structures of the galaxies. We note that this study is still in
progress and preliminary results are shown. With the mentioned purpose,
we represented the abundance residuals (once the abundance radial profile
has been removed) against the normalised light residuals (g-band). We call
the slope of the linear fit 7. A clear correlation is observed for 18 galaxies
of the sample, being in some cases a positive correlation (11, v > 0.1) and
in others a negative one (7, v < —0.1). The first case corresponds to more
metal-rich SF regions associated with the brightest areas of the disc (in
comparison with the rest of the galaxy disc), while the latter indicates the
opposite trend, that is, more metal-poor SF regions in the brightest regions
of the disc.

In order to provide a possible explanation to these findings, we analysed
the dependence of v with some properties of the galaxies. We find a corre-
lation of this parameter with the morphology of the spiral arms (flocculent
vs. grand design arms), the characteristic abundance of the galaxy, and the
integrated stellar mass. This fact suggests that these properties might be
the main drivers of local abundance variations in spiral galaxies. For mas-
sive galaxies (with high abundances) and grand design systems we find that
the light residuals correlate with the abundance residuals. For low-mass
galaxies (with low abundances) and flocculent systems, on the opposite, the
light residuals anti-correlate with the abundance residuals. Some hypothe-
ses are formulated in order to explain these results, such as the capacity of
the galaxies to retain metals. However, a more exhaustive discussion and
more tests are needed in order to confirm these hypotheses and interpret the
obtained results.

Finally, in a second part of the study, we analyse the azimuthal distri-
bution of the abundance residuals of one galaxy of the sample NGC 6754
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for which high local abundance variations have been measured in the first
part of the study. The extension of this analysis to the rest of the sample
will be carry out in the future. For NGC 6754 we also analyse the Ha LOS
velocity distribution to asses the role of radial migration as possible cause of
azimuthal abundance variations predicted by simulations. In this study, we
present, for the first time, clear signatures of ongoing gas radial migration
in which metal-poor gas clouds in the leading side of the arm are moving
radially inward and tangentially faster while radially outward and tangen-
tially slower in the trailing edge. The amplitude of the velocity variations
is of ~ 30 km s~! and for the abundance variations of ~ 0.1 dex (peak-to-
peak). Comparing the observed trends with simulations, we show that this is
consistent with spiral morphological features whose pattern speeds decrease
with radius. The published result of this study on NGC 6754 (Sanchez-
Menguiano et al. 2016a) is the first observational study finding azimuthal
differences in the gas abundance distribution.



It’s the questions we can’t answer that teach
us the most. They teach us how to think. If
you give a man an answer, all he gains is a
little fact. But give him a question and he’ll
look for his own answers.

— Patrick Rothfuss

Conclusions and
future work

DESPITE THE KNOWLEDGE we have achieved in the seeking of the
total comprehension of the Universe, how spiral galaxies form and evolve
is still a matter of debate. In this thesis we have tried to shed some light
into this topic by analysing the abundance distribution of the ionised gas
associated with star formation present in these systems.

We have based our study in two different IFS datasets: a sample of 122
galaxies extracted from the CALIFA mother sample, and a sample of 102
galaxies part of the AMUSING project. The large size of both samples allow
us to state meaningful statistical conclusions. In order to characterise the
2D abundance distribution we have carried out a series of analyses focused
on different aspects of this distribution. Next we will present the main con-
clusions of each of these analyses and the opened lines of study resulting
from our work. Although all these results are based on the use of the cali-
bration proposed by Marino et al. (2013) for the O3N2 index to derive the
oxygen abundances, other calibrators have been explored along the thesis in
order to assess the effect of the adopted calibrator in the results. We have
shown that all the qualitative results are not contingent upon the choice of
the used calibrator, although the actual measured values for the analysed
parameters may change.
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Study of the radial oxygen abundance distribution

This analysis was first performed in a spaxel-by-spaxel basis using the
CALIFA sample (122 galaxies), taking advantage of the full 2D information
to properly map the abundance distribution. This type of analysis is feasible
because the spaxel size of CALIFA datacubes is of the order of the size of an
H1iregion and prevents us to resolve its ionised structure. With this premise,
we also analysed the oxygen abundances derived for individual H 11 regions
for comparison purposes, obtaining equivalent results with both procedures.
In addition to the general negative gradient displayed by the galaxies, an
inner drop and/or outer flattening were observed in the oxygen abundance
radial profile. Concerning the negative trend, we find that there is a common
abundance gradient between 0.5 and 2.0 r¢ of ap /iy = — 0.075 £ 0.016 dex /1,
when normalising the distances to the disc effective radius. By performing
a set of KS tests, we determined that this slope is independent on other
galaxy properties, such as morphology, absolute magnitude, and the pres-
ence or absence of bars. In particular, barred galaxies do not seem to display
shallower gradients, as predicted by numerical simulations and reported by
early studies (e.g. Zaritsky et al. 1994). Interestingly, we find that a high
number of galaxies with reliable oxygen abundance values beyond two effec-
tive radii (57) present a flattening of the abundance gradient in these outer
regions. This flattening is not associated with any morphological feature,
which suggests that it is a common property of disc galaxies. Finally, we
detected a drop or truncation of the abundance in the inner regions of 27
galaxies in the sample; this is only visible for the most massive galaxies.

For this study, the morphological parameters (i and PA angles) of the
galaxies needed to derive the deprojected abundance distribution were com-
puted by performing a light moments analysis (Walcher et al. 2014). How-
ever, later during the course of this thesis we obtained these parameters as
result of a two-dimensional photometric decomposition of CALIFA galaxies
(Méndez-Abreu et al. 2017). The comparison of the values for these pa-
rameters from both methodologies shows noticeable differences for a small
percentage of galaxies (about 15%). As future work, we want to assess the
effect of these differences in the derivation of the radial abundance distribu-
tion in order to verify the robustness of our results. Moreover, the number
of observed galaxies in the CALIFA survey has increased since this analy-
sis was performed, and therefore, the addition of these new galaxies in the
study can improve the statistical significance of the results.

The high spatial resolution provided by AMUSING data allowed us to
improve the study on the radial oxygen abundance distribution. This dataset
helped us to increase the number of H 11 regions detected in individual galax-
ies with respect to previous studies. In addition, we can avoid the dilution
effects and reduce the contamination of the diffuse emission in the detected
regions, effects that affected the spaxel-by-spaxel analysis with CALIFA.
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In this analysis we developed a new methodology to automatically fit the
abundance radial profiles, finding that 55 galaxies of the sample exhibit a
single negative gradient. The remaining 47 galaxies also display, as well as
this negative trend, either an inner drop in the abundances (21), an outer
flattening (10), or both (16), which suggests that these features are a com-
mon property of disc galaxies. We confirm the results found with CALIFA:
the presence and depth of the inner drop depends on the stellar mass of the
galaxies with the most massive systems presenting the deepest abundance
drops, while there is no such dependence in the case of the outer flattening.
As opposite to the previous study, where the radial position of these features
was deduced based on visual inspections of the general shape of the gradient,
in this analysis the developed methodology allowed us to determine auto-
matically their actual location. We find that the inner drop appears always
around 0.5r1e, while the position of the outer flattening varies over a wide
range of galactocentric distances. Regarding the main negative gradient,
we find a characteristic slope in the sample of ap,g = —0.10 £ 0.03 dex/re
(compatible with the value recovered from the CALIFA data). This slope
is independent of the presence of bars and the density of the environment.
However, when inner drops or outer flattenings are detected, slightly steeper
gradients are observed. This suggests that radial motions might play an
important role in shaping the abundance profiles. Besides, we defined a
new normalisation scale (‘the abundance scale length’, ro,p) for the radial
profiles based on the characteristic abundance gradient, with which all the
galaxies show a similar position for the inner drop (~ 0.57p,y) and the
outer flattening (~ 1.57¢ / 7). Finally, the analysis of the dispersion around
the negative gradient arises no significant dependence with any property of
the galaxies, with values compatible with the uncertainties associated with
the derivation of the abundances.

The developed methodology to fit automatically the oxygen abundance
radial profiles has meant a significant improvement in the characterisation
of the inner drop and the outer flattening. As future work we want to apply
this methodology to the CALIFA sample of galaxies in order to compare
more directly the results based on both samples as in this case the location
of the inner and outer features was fixed. In addition, the AMUSING survey
is an ongoing project that is still observing new galaxies in the forthcoming
semesters, increasing the size of the sample. The addition of these galaxies in
the analysis will improve the statistical significance of the results. Besides,
we want to properly assess if the dependence of the inner abundance drop
with the galaxy mass is a direct consequence of this parameter or it is
related with other properties that correlates with it such as the bulge-disc
ratio. Another interesting aspect that deserves a more detailed analysis in
a future work is the correlation between 7. and rpg. In this regard, the use
of the CALIFA sample can help us to determine if the disc effective radius
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for the mass (i.e. the radius at which half of the total mass of the galaxy
is contained) is a better scale parameter than the classical 7., which would
mean that the growth rate of the disc abundance follows the mass growth
rate.

Study of the arm and interarm abundance gradients

Spiral arms are one of the most distinctive features in disc galaxies.
These structures can exhibit different patterns, namely grand design and
flocculent arms, with easily distinguishable characteristics. However, their
origin and the mechanisms shaping them are unclear. The overall role of
spirals in the chemical evolution of disc galaxies is another unsolved ques-
tion. In particular, it has not been fully explored if the H 11regions of spiral
arms present different properties from those located in the interarm regions.
Along this thesis we also studied the radial oxygen abundance gradient of
the arm and interarm SF regions of a subsample of 63 galaxies using CAL-
IFA data. We focused the analysis on three characteristic parameters of the
profile: slope, zero-point, and scatter. The sample was morphologically sep-
arated into flocculent versus grand design spirals and barred versus unbarred
galaxies. We find subtle but statistically significant differences between the
arm and interarm distributions for flocculent galaxies, while no significant
differences are found for grand design systems. In addition, we find an in-
crease in the scatter when moving away from the spiral arms for flocculent
galaxies, whereas grand designs present a similar scatter within the interarm
region. All this suggests that the mechanisms generating the spiral struc-
ture in both type of galaxies may be different. Grand design arms would
be linked to quasi-stationary density waves, which move across the disc af-
fecting the gas content of the entire galaxy and diluting possible differences
between the arm and interarm regions. On the other hand, flocculent arms
would be associated with transient local density instabilities, that affect al-
ways the same material (SF regions in the arms), increasing the differences
between the arm and the interarm regions. Another possibility is that these
differences may be due to a higher star formation outside the spiral arms for
the flocculent galaxies and a more concentrated star formation in the arms
for the grand design ones. We also find small differences in barred galaxies,
not observed in unbarred systems, hinting that bars may affect the chemical
distribution of these galaxies but not strongly enough as to be reflected in
the overall abundance distribution.

In sight of these results, it is interesting to investigate if the found abun-
dance differences are accompanied with variations in other gas properties.
Since the developed methodology for the abundance distribution analysis of
the arm and interarm allows for its direct application to other parameters,
as future work we plan to extend this analysis to other gas properties such
as the electron density (n.), the dust attenuation (Ay ), and the ionising
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parameter (U). On the other hand, the extension of the analysed sample
considering all finally observed CALIFA data can help us to increase the
number of grand design galaxies in the sample in order to assess if the lack
of differences found in this subgroup is the result of the low number of these
objects analysed.

Study of non-radial abundance variations

For this study we take advantage again of the high spatial resolution of
AMUSING data to analyse the presence of possible non-radial abundance
variations in order to better investigate the subtle differences found in the
arm/interarm analysis performed with CALIFA data. With this purpose, we
analysed in the first place the existence of local abundance variations based
on a subsample of 24 galaxies. For these galaxies we derived the residual
abundance distribution by subtracting the radial profile to the observed dis-
tribution. We find differences in the residual abundances spatially coincident
with the location of the highest light residuals (that seem to correspond to
the spiral arms in most cases). We quantified these variations with the slope
(7) of the correlation between the abundance residuals and the normalised
light residuals (g-band). We observed a clear correlation in 18 galaxies, be-
ing in some cases positive (11, v > 0.1) and negative in others (7, v < —0.1).
We considered the cases were —0.1 < v < 0.1 as a lack of correlation be-
tween both parameters. Positive v values correspond to more metal-rich SF
regions in the brightest areas of the disc with respect to the rest of it, while
negative values indicate the opposite, that is, more metal-poor SF regions in
the brightest areas than in the surroundings. Analysing the dependence of
with some properties of the galaxies, we find a correlation with the morphol-
ogy of the spiral arms (flocculent vs. grand design arms), the characteristic
abundance (which corresponds to the abundance at one disc effective radius
and is representative of the average value across the disc), and the galaxy
mass. This fact suggests that these properties might be the main drivers of
local abundance variations in spiral galaxies. In particular, the correlation
with the galaxy mass might be related to the ability of the galaxies to retain
metals, as there is a larger local metal loss in low-massive galaxies with low
escape velocities than in more massive systems (Barrera-Ballesteros et al.
submitted).

However we note that all these results are still preliminary. As future
work we plan to perform more tests to confirm them and study in more
depth the physical mechanisms that might cause the observed trends in
order to properly interpret them. Moreover, the increase of the analysed
galaxies with forthcoming observations of AMUSING project will allow us
to strengthen the statistical significance of the results.

Finally, in a second part of the study, we analyse the presence of az-
imuthal patterns in the abundance distribution associated with dynamic ef-
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fects. We have developed a methodology that has been applied to NGC 6754,
a galaxy of the sample for which some of the highest local abundance vari-
ations have been measured. For this galaxy, we also analysed the velocity
distribution to find some possible links between kinematics and the observed
pattern in the azimuthal abundance variations (as suggested by theoretical
works). We find that the trailing (leading) edge of the NGC 6754 spiral
arms show signatures of tangentially slower, radially outward (tangentially
faster, radially inward) streaming motions of metal-rich (poor) gas over a
large range of radii. These results show direct evidence of gas radial migra-
tion for the first time. We compared our results with the gas behaviour in
an N-body disc simulation showing spiral morphological features rotating
with a similar speed as the gas at every radius, in good agreement with the
observed trend. This indicates that the spiral arm features in NGC 6754
may be transient, with a pattern speed decreasing with radius.

As future work, we plan to extend the analysis of the azimuthal abun-
dance distribution and the gas kinematics to the rest of the 24 galaxies in
the sample in order to determine the azimuthal patterns of the galaxies and
assess the role of radial migration in these other cases.



Las preguntas que no podemos contestar son
las que mas nos ensenan. Nos ensenan a pen-
sar. Sile das a alguien una respuesta, lo tinico
que obtiene es cierta informacion. Pero si le
das una pregunta, él buscara sus propias re-
spuestas.

— Patrick Rothfuss

Conclusiones y
trabajo futuro

A PESAR DEL CONOCIMIENTO que hemos adquirido en la busqueda
de la comprension total del Universo, como se forman las galaxias y evolu-
cionan es aun materia de debate. En esta tesis hemos intentado arrojar algo
de luz en este tema de estudio analizando la distribuciéon de abundancias del
gas ionizado asociado con formacion estelar presente en estos sistemas.

Nuestro estudio se sustenta en dos conjuntos de datos diferentes basados
en técnicas de espectroscopia de campo integral (IFS, de las siglas en inglés):
una muestra de 122 galaxias extraida de la muestra madre de CALIFA, y una
muestra de 102 galaxias parte del proyecto AMUSING. El tamafo de ambas
muestras nos permite establecer conclusiones estadisticamente significativas.
Con el objetivo de caracterizar la distribucion en 2D de las abundancias de
oxigeno hemos llevado a cabo una serie de andlis enfocados en diferentes as-
pectos de dicha distribucién. A continuacién presentaremos las conclusiones
principales de cada uno de estos andlisis y las lineas de estudio abiertas a
raiz de este trabajo. Aunque todos estos resultados estdan basados en el uso
del calibrador propuesto en Marino et al. (2013) para el indice O3N2 a la
hora de derivar los valores de abundancia, hemos revisado otros calibradores
a lo largo de la tesis para evaluar el efecto del calibrador adoptado sobre los
resultados. Hemos mostrado que todos los resultados cualitativos no depen-
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den de la eleccién del calibrador, aunque los valores en si medidos para los
diferentes parametros analizados pueden cambiar.

Estudio de la distribucién radial de abundancias de oxigeno

Este andlis fue llevado a cabo en primer lugar spazel por spaxel usando
la muestra de CALIFA (122 galaxias), aprovechando asi toda la informacién
2D para mapear adecuadamente la distribucién de abundancias. Este tipo
de andlisis es posible porque el tamao del spaxel de los cubos de datos
de CALIFA es del orden del tamao de una regién H11, impidiéndonos re-
solver su estructura de ionizacién. Con esta premisa, analizamos también las
abundancias de oxigeno derivadas para las regiones H 11individuales con el
propdsito de realizar un estudio comparativo, obteniendo resultados equiv-
alentes con ambos procedimientos. Ademds del gradiente negativo exhibido
por las galaxias, se observaron una caida interna y/o un aplanamiento ex-
terno en el perfil radial de abundancias. Respecto a la tendencia negativa,
encontramos que hay un gradiente caracteristico de abundancias entre 0.5 y
2.0r. de ap /g = —0.075+0.016 dex/r, cuando normalizamos las distancias
galactocéntricas al radio efectivo del disco. Realizando una serie de pruebas
de KS, determinamos que esta pendiente es independiente de propiedades
de las galaxias como la morfologia, la magnitud absoluta y la presencia o
ausencia de barras. En particular, las galaxias barradas no parecen presentar
gradientes mas planos, como predecian simulaciones numéricas y fue descrito
en antiguos estudios (p.ej. Zaritsky et al. 1994). De forma interesante, en-
contramos que un gran numero de galaxias con valores de abundancia fiables
a partir de dos radios efectivos (57) presentan un aplanamiento del gradiente
en estas partes externas. Este aplanamiento no estd asociado con ninguna
caracteristica morfolégica, lo que sugiere que es una propiedad comun de las
galaxias de disco. Finalmente, detectamos una caida o truncamiento de la
abundancia en las regiones internas del disco en 27 galaxias de la muestra;
esta caida sélo es visible en los sistemas mas masivos.

Para este estudio, los parametros morfol6gicos (inclinacién y dangulo de
posicién) de las galaxias necesarios para derivar las distribuciones de abun-
dancias deproyectadas fueron calculados llevando a cabo un andlisis de los
momentos de luz (Walcher et al. 2014). Sin embargo, més tarde durante el
curso de esta tesis volvimos a obtener estos parametros como resultado de
una descomposicién fotométrica en 2D de las galaxias de CALIFA (Méndez-
Abreu et al. 2017). La comparacién de los valores de estos pardmetros
entre ambas metodologias muestra notables diferencias para un porcentaje
pequeno de galaxias (sobre el 15%). Como trabajo futuro queremos evaluar
el efecto de estas diferencias en la derivacion de la distribucién radial de
abundancias para asi verificar la robustez de nuestros resultados. Ademdés,
el nimero de galaxias observadas en el proyecto CALIFA ha aumentado
desde que este analisis fue llevado a cabo, y por lo tanto, la inclusién de es-
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tas nuevas galaxias en el estudio nos puede ayudar a mejorar la significancia
estadistica de los resultados.

La alta resolucion espacial de los datos de AMUSING nos permitié mejo-
rar el estudio de la distribucién radial de abundancias de oxigeno. Este con-
junto de datos nos ayudé a aumentar el niimero de regiones H 11 detectadas
en galaxias individuales con respecto a previos estudios. Ademés, pudimos
evitar los efectos de dilucién y reducir la contaminacion de la emisién difusa
en las regiones detectadas, efectos que estaban presentes en el andlisis spaxel
por spaxel con CALIFA. En este analisis con AMUSING desarrollamos una
nueva metodologia para ajustar automaticamente los perfiles radiales, en-
contrando que 55 galaxias de la muestra exhiben un tnico gradiente nega-
tivo. Las restantes galaxias también presentan, ademds de esta tendencia
negativa, una caida interna en la abundancia (21), un aplanamiento externo
(10), o ambos (16), lo que sugiere que estas caracteristicas son un distintivo
comtn de las galaxias de disco. Confirmamos los resultados encontrados con
CALIFA: la presencia y profundidad de la caida interna depende de la masa
estelar de las galaxias, con los sistemas més masivos presentando las caidas
de abundancia m&as pronunciadas, mientras que no existe tal dependencia
en el caso del aplanamiento externo. Al contrario que en el estudio anterior,
donde la posicion radial de estas caracteristicas fue deducida visualmente a
partir de la forma general del perfil radial, en este analisis la metodologia
desarrollada nos permitié determinar automaticamente su posicion real. En-
contramos que la caida interna aparece siempre en torno a 0.5re, mientras
que la posicién del aplanamiento externo varia dentro de un rango amplio
de distancias galactocéntricas. Respecto al gradiente negativo, encontramos
una pendiente caracteristica en la muestra de ap/g = —0.10 £ 0.03 dex/T.
(compatible con el valor calculado con los datos de CALIFA). Esta pendiente
es independiente de la presencia de barras y la densidad del ambiente. Sin
embargo, cuando se detectan caidas internas o aplanamientos externos en
la abundancia, se observan gradientes ligeramente méas pronunciados. Este
hecho sugiere que movimientos radiales del gas pueden jugar un papel im-
portante moldeando los perfiles de abundancia. Por otro lado, definimos
una nueva escala de normalizacién (la ‘escala de abundancia’, o) de los
perfiles radiales basada en el gradiente de abundancias caracteristico, con la
cudl todas las galaxias presentan una posicion galactocéntrica similar de la
caida interna (~ 0.57¢/) y del aplanamiento externo (~ 1.57¢ /). Final-
mente, el analisis de la dispersion en torno al gradiente negativo no muestra
una dependencia significativa con ninguna propiedad de las galaxias, con
valores compatibles con las incertidumbres asociadas a la derivacion de las
abundancias.

La metodologia desarrollada para ajustar automéaticamente los perfiles
radiales de abundancia de oxigeno han resultado una mejora significativa
en la caracterizacion de la caida interna de abundancias y del aplanamiento
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externo. Como trabajo futuro planeamos aplicar esta metodologia a la mues-
tra de galaxias de CALIFA con el fin de llevar a cabo una comparacién més
directa de los resultados basados en las dos muestras utilizadas, ya que en
este caso la localizacién de estas desviaciones (interna y externa) fue fi-
jada. Ademds, el cartografiado de AMUSING es un proyecto en curso que
sigue observando nuevas galaxias en los préximos semestres, aumentando el
tamano de la muestra. La inclusién de estas galaxias en el anélisis mejorara
la significancia estadistica de los resultados. Por otro lado, queremos evaluar
en mayor profundidad si la dependencia de la caida interna de la abundan-
cia con la masa de la galaxia es consecuencia directa de este pardmetro o
surge a raiz de otras propiedades que correlan con ésta, como el cociente
bulbo-disco. Otro aspecto interesante que merece un analisis méas detallado
como trabajo futuro es la correlacion entre r. y rop. En este sentido, el uso
de la muestra de CALIFA puede ayudarnos a determinar si el radio efectivo
de la masa (es decir, el radio que contiene la mitad de la masa total de la
galaxia) es un mejor pardametro de escala que el clésico 7. (obtenido a partir
de la luz), lo que significaria que la tasa de crecimiento de la abundancia del
disco sigue a la de la masa.

Estudio de los gradientes de abundancia del brazo y del interbrazo

Los brazos espirales son una de los rasgos mas distintivos de las galax-
ias de disco. Estas estructuras pueden presentar diferentes patrones, conc-
retamente brazos gran diserio o floculentos, con caracteristicas facilmente
distinguibles. Sin embargo, su origen y los mecanismos que las generan no
estan claros. El papel de los brazos espirales en la evoluciéon quimica de las
galaxias de disco es otra pregunta aun sin resolver. En particular, no se ha
explorado en profundidad si las regiones H 11 de los brazos espirales presentan
diferentes propiedades de las que se encuentran en la zona interbrazo. A lo
largo de esta tesis también estudiamos los gradientes radiales de abundancia
de oxigeno de las regiones de formacién estelar (regiones SF, por sus siglas
en inglés) de una submuestra de 63 galaxias usando los datos de CALIFA.
Enfocamos el analisis en tres pardmetros caracteristicos del gradiente: la
pendiente, la ordenada en el origen, y la dispersiéon. La muestra fue separada
morfolégicamente en galaxias floculentas y gran diseno y también en bar-
radas y no barradas. Encontramos diferencias sutiles pero estadisticamente
significativas entre las distribuciones del brazo y del interbrazo para galaxias
floculentas, mientras que no se encuentran diferencias significativas para los
sistemas gran diseno. Ademads, encontramos un aumento en la dispersion a
medida que nos alejamos de los brazos espirales en las primeras, mientras
que las ultimas presentan una dispersién similar en toda la region interbrazo.
Todo esto sugiere que los mecanismos que generan la estructura espiral en
ambos tipos de galaxias pueden ser diferentes. Los brazos gran diseno es-
tarian asociados con ondas de densidad cuasi-estacionarias, que se mueven a
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través del disco afectando al contenido en gas de toda la galaxia y diluyendo
posibles diferencias entre las regiones SF del brazo y del interbrazo. Por
otro lado, los brazos floculentos estarian vinculados con inestabilidades lo-
cales y transitorias de la densidad, que afectan siempre al mismo material
(regiones SF en los brazos), aumentando las diferencias entre las zonas brazo
e interbrazo. Otra posibilidad es que estas diferencias se deban a una mayor
formacién estelar fuera de los brazos espirales para las galaxias floculentas
y una formacion estelar més concentrada en los brazos para las gran disefio.
Encontramos también pequenas diferencias en galaxias barradas, que no se
observan en sistemas no barrados, siendo indicio de que las barras pueden
afectar a la distribucién quimica de estas galaxias pero no lo suficiente como
para reflejarse en la distribucién global de abundancias.

A la vista de estos resultados, serfa interesante investigar si las diferencias
encontradas en la abundancia vienen acompanadas de variaciones en otras
propiedades del gas. Puesto que la metodologia desarrollada para el andlisis
de la distribuciéon de abundancias del brazo y del interbrazo nos facilita su
aplicacién directa a otros parametros, como trabajo futuro planeamos ex-
tender este andlisis a otras propiedades del gas como la densidad electrénica
(ne), la extincién por polvo (Ay ) y el pardmetro de ionizacién (U). Por otra
parte, la extensién de la muestra analizada considerando todas las galaxias
finalmente observadas por el proyecto CALIFA puede ayudarnos a incremen-
tar el nimero de sistemas gran disefio en la muestra con el fin de evaluar si la
ausencia de diferencias encontrada en este subgrupo de galaxias es resultado
del bajo nimero analizado de estos objetos.

Estudio de las variaciones no radiales de la abundancia

Para este estudio sacamos provecho de nuevo de la alta resolucion espa-
cial de los datos de AMUSING para analizar la presencia de posibles varia-
ciones no radiales en la abundancia con el objetivo de investigar en maés
detalle las sutiles diferencias encontradas en el anélisis brazo/interbrazo lle-
vado a cabo con los datos de CALIFA. Con este fin, analizamos en primer lu-
gar la existencia de variaciones locales en la abundancia basdndonos en una
submuestra de 24 galaxias. Para estas galaxias derivamos la distribucion
residual de abundancias sustrayendo el perfil radial a la distribucién obser-
vada. Encontramos diferencias en las abundancias residuales espacialmente
coincidentes con la posicién de los mayores residuos de luz (que parecen
corresponder con los brazos espirales en la mayoria de los casos). Cuan-
tificamos estas variaciones con la pendiente (pardmetro «) de la correlacién
entre los residuos de abundancia y los residuos normalizados de luz (banda
g). Observamos una correlacién clara en 18 galaxias, siendo en algunos ca-
sos positiva (11, 4 > 0.1) y negativa en otros (7, v < —0.1). Los casos con
—0.1 < v < 0.1 se consideran como una ausencia de correlaciéon entre ambos
parametros. Valores positivos de v se asocian con la presencia de regiones
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SF mas metdlicas en las areas mas brillantes del disco respecto al resto de
éste, mientras que valores negativos indican lo opuesto, es decir, regiones SF
menos metalicas en las areas mas brillantes que en los alrededores. Anal-
izando la dependencia de ~y con algunas propiedades de las galaxias encon-
tramos una correlacién con la morfologia de los brazos espirales (floculentos
o gran disenio), la abundancia caracteristica (que se corresponde con la abun-
dancia a un radio efectivo del disco, representativa del valor medio en todo
el disco), y la masa de la galaxia. Este hecho sugiere que estas propiedades
pueden ser los principales responsables de la existencia de variaciones lo-
cales de la abundancia en galaxias espirales. En particular, la correlacién
con la masa puede estar relacionada con la capacidad de estas galaxias para
retener metales, ya que hay una mayor pérdida de metales en galaxias de
baja masa con velocidades de escape menores que en sistemas mas masivos
(Barrera-Ballesteros et al. enviado).

Sin embargo, queremos resaltar que todos estos resultados son ain pre-
liminares. Como trabajo futuro planeamos llevar a cabo méas pruebas que
confirmen estas conclusiones y estudiar en mayor profundidad los mecan-
ismos fisicos que puedan causar las tendencias observadas, con el fin de
interpretarlas correctamente. Ademads, el aumento de galaxias a analizar
con préximas observaciones concedidas al proyecto AMUSING nos permi-
tird reforzar la significancia estadistica de los resultados.

Finalmente, como segunda parte de este estudio, analizamos la presen-
cia de patrones acimutales en la distribucién de abundancias asociados con
efectos dindmicos. Hemos desarrollado una metodologia que ha sido apli-
cada a NGC 6754, una galaxia de la muestra para la cudl se han medido
algunas de las variaciones locales de abundancia méas grandes. Para esta
galaxia hemos analizado también la distribucién de velocidades con el fin
de encontrar posibles conexiones entre la cinematica del gas y el patréon ob-
servado en las variaciones acimutales de la abundancia (como han sugerido
trabajos tedricos). Encontramos que el lado frontal, o trailing, (posterior, o
leading) de los brazos espirales de NGC 6754 muestra indicios de movimien-
tos tangencialmente més lentos y radialmente hacia afuera (tangencialmente
més rapidos y radialmente hacia adentro) de gas rico (pobre) en metales a
lo largo de un rango amplio de distancias galactocéntricas. Estos resulta-
dos muestran por primera vez evidencia directa de migracion radial del gas.
Comparamos nuestros resultados con el comportamiento del gas en una sim-
ulacién de N-cuerpos de una galaxia de disco que presenta brazos espirales
rotando a una velocidad similar a la del gas a cada radio, en concordan-
cia con la tendencia observada. Esto indica que la estructura espiral en
NGC 6754 puede ser transitoria, con un patrén de velocidad que decrece
con el radio.

Como trabajo futuro planeamos extender este andlisis de la distribucién
acimutal de abundancias y la cinematica del gas a las 23 galaxias restantes
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de la muestra, con el objetivo de determinar los patrones acimutales de la
abundancia en estas galaxias y evaluar el papel de la migraciéon radial en
estos otros casos.
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CALIFA sample
characterisation tables

In this appendix we summarise the main properties of the CALIFA galaxies
analysed in this thesis. We present several tables with general information
(see Table A.1) and oxygen abundance information derived in this work (see
Table A.2) for these galaxies. From left to right the columns correspond to

Table A.1: CALIFA sample characterisation I: general properties.

(a) Name of the galaxy; (b)—(c) right ascension and declination (referred to
J2000); (d) morphological type; (e) arm classification into flocculent (F) or
grand design (G) galaxy (AC) for the subsample analysed in Chapter 6; (f)
redshift; (g) distance to the galaxy using the WMAP9 cosmology (Hinshaw
et al. 2013); (h) the logarithm of the integrated stellar mass in units of solar
masses; (1) g-band absolute magnitude; (j) disc effective radius (e, in kpc);
and (k)—(1) position and inclination angles (see Sect. 3.4 for details in the
derivation of these parameters).

Table A.2: CALIFA sample characterisation II: abundance information.

(a) Name of the galaxy; (b) oxygen abundance value at one effective radius
([O/H];.,); (c) slope of the oxygen abundance gradient measured between
0.5 and 2.0 7. (ag/m); (d) slope of the oxygen abundance gradient of the
arm/interarm regions; (e) zero-point of the oxygen abundance gradient of the
arm/interarm regions; and (f) dispersion of the oxygen abundance gradient
of the arm/interarm regions. The errors on the measured parameters are
given in parentheses.

t galaxies with low number of spaxels associated with SF regions needed to
perform the linear fit of the oxygen abundance radial profile.

177



Appendix A. CALIFA sample characterisation tables

178

99/2¢  ¢T/SIT V0T €8T SC0T L6'66  T.5800 D °gS  9T'CF 1€ 00+  ¥6°0F 8S 10 89L00DN
€9/0¢ €9/.¢ ¢ TL0z 8901 0€%9  0LF100 A aavs  67'08Tr oI+ 89°65 ¢S 10 91L0DDN
9v 01 98 ¥TIe- 9601 90'8L  08L100  — ads  0%'9S 9% 00—  ¥9'8S 8G 10 0LS0DDN
9g/¢g ve/8¢ 60T  €6°03-  SE0T T098 696100 A POS  LECP TIEEEtT  6CTTI€G 10 96F700DN
67 oyl €¥1l ¥e1e- 0901 ¢S¥8  GE6I00 —  2qdVS  PELI6C0F+  8F°0T 1T 10 LLF0DDN
€g 0% 9€¢l 6915 6ETI g1I'08  LZ8I00  — S L6°€0T0 €6+ F9LE ST 10 L¥YP0DDN
8z/€¢  60T/80T  ¥'€1  8€Tg- €80T 88°08  FFSI00 D Pogs €667 ¥S 60—  99°TF 95 00 60£00DN
cs/qs 6/26 LS  09Tg- 0801 01'6L  PILI000 D 9 GF6F LI 80+  TISTO 8V 00 LSTODDN
€8/6¢  LLT/¥¥T €% eL0z 8Tl 07'6S 69100 A °dS  GL'6T L000—  F8LT €V 00 LETODDN
62/2¢ TL/GL 79 0PIz S90T 6€€9  6FFI00 A VS SEEE 0TI+ 68708 €7 00 7ET0ODN
9v/6¥v 86/29 L9 09Tg- S80I 6879  €8V100 A 2qdVS  LLLS6TSEtH  F0'8T T 00 P1Z00DN
0g 63T 8Tl 8LT%- 6801 PeGL 612100 — qdsS 8990 8¢ 80+  0L°LG LE 00 08T0DDN
TS 481 0L  9%1% Lol ¢T'9¢  G8TI00  — ads  €5°€09S 61—  GCTE L€ 00 TLT0DDON
cg 88 0l 60T~ 6901 ce¥8 186100  — qads 812z 90 01—  G6'8E 9¢ 00 G9TODDN
TS 67 PIT S9Te- 90Tl 13°¢L  91L100  — ®S  8P'8Z LS €Tt TT'F0 9€ 00 09T0DDN
09/0¢ 61/LL 9FT  LLTT- 06701 8698  TLEIOO D ads 9971z €2 90+  0£°Gg 1T 00 9200DDN
1e/Le  16/801 09  L0Te- 0801 0969 66V100  d °qS  60°6T &F Lg+  98°CT 20 00 T000DON
9 (4 0%l T90%-  Tg0T TSFL  00LTO0 —  29dVS  8GFCFE 90—  86°GF OF €0 6T0-01-T0-DOIN
9% 87T €01 LTT1e-  ¥601 €76 001500  — ads  ¢S'1e e eF+  91°Gh 98 61 995701
i 991 8% Sv0z- 1901 €969 165100  — qdvs  L9€T 9z ¥e+  €6'8€ 3T 10 €89101
i 16 89  €L0%-  LEOT L89L  €GLTI00  — qadvs  LV'TI 692+  STLY €3G LT 99T 101
9g 98 7’8 TT61- LT6 1977 8L6000  — wps  PIeT 1S80+  GI'€0 6131 92001
0g gl ¢TIl €l 1601  S99IT  €P9%00  — qeds  08'8G LE €F+  9£90 TT TT 7L9001
6¢ 91 7S 6661 286 ¢Z'6S  G9TI00  — wpgs €8 TI8E 80—  S0°ST 9F 10 6ST0DI
) ) © ® (w) ®) ©) ®) ®) ) (@) (®)
[o] (o] Pdy]  [sew] [°I] [d] odAy [ 1o [s w q]
Z vd 2 w () %or st z oV ydion elclel v oureN

200qD 17 Tpuddy ur uaaib auv spnia( sa1gsedosd (pLaULb T U01DSILIIVIDYD A)dwns VITTVD TV °IqelL



179

6V/7S 91/€1 '8  LGT&-  GLOT L6 €9€T00 D °qS  ¥6'8TEh e+ 09°L8 ¥€ 60 9T6CDON
95/69 28/L8 Ve ¥I0T- 6601 97°¢e  GI8000 A 548 L€0£ 9% 80+ 390 &€ 60 906ZDON
|5 81 6L 0£°02- €001 ge0e 969000  — 28 690190 ¥9+  8€°0Z 0z 60 G0STOON
09 <9 8L 960z~ 11°0T €609 08€100  — pods  PRLI0G 9T+  T8'ST 30 60 0£LZDDON
69 Per 6% 6915 8TII 99¢¢ 908100  — ®S P61 GI0S+T  L0'SE €7 80 6£9COON
€e/8¢  98/1L1 v L66I- v9°6 GTV¥e  L8L000 A pdS  GL612E 6T+  FI'ET €€ 80 709ZDON
ge/sv  9gr/1en €8 CI'le 0901 0266 991200  d °oqds  T¥eh 1593+ P 9¥ &l 80 0VSZODON
Le/Le  1G1/L01 86 9602 6101 679L  GFLI00 A PAVS 0990 67 LT+ 19765 L0 80 0£SZOON
87 v 0l 891%-  LLOT 67°€L  LL9TO0  — qds 91288092+  9¥°0Z 8¢ LO L8VZODN
67 6L 96 790z 8¢0T 0L0L V19100  — qeds  €I°6£60Se+ 6795 LS L0 98FZOON
09 €C 66 860z €801 96°€L 889100  —  qedVvS  gL8F 8G9+ 080T L LO 6V7COON
6/09 0/8 €9 99Tz Lol PILO  PESTO0 A 29dVS  6L0V EV ¥9+ 6070 9T LO LVEZODN
8e/0€  6C1/LET ¢c  901E-  LV0T PSYS 672100 A °qdS  L6°2T el 89+ PRIV €F 90 €SCCOON
97/0S  TLI/ELT 6%  ¢0ee- 0801 LTG9  06VI00 A °qdS  €6'TT 61 90—  ST°LESYF0 LI9TOON
05/7S 0S/c¥ €9 ¢I'le 69701 €9'69  00ST00 A 29dVS 9861 LV FO—  ¥6°6C 9F F0 6S9TODON
Lv/ev €6/06 i) §e'1E-  GL0T 6,16 880200 D advs P90 LT 00—  €8°LT L¥ G0 P60TODON
4 60T ) Z80%-  GLOT L¥'GL  TTll00 — °oqgs  GeTIT ST ¥Et  FI9T 8 20 €60TDON
Gg 4 'L €L1%-  00°11 VLS CIET00 — qas 090 8S YO+ LT'TT £V 30 0L0TODN
02/€c  <0T/S8 9¢  8L6I- 19'6 LT TP000 A PPIVS  G6'GT 60 L0—  89°CE € G0 16600DN
9¢ 0LT LG 091%- 0801 €909  L8ET00  — 548 0£°9£ 8% 0T+  €0°00 ¥€ 20 9L600DON
0¢ 9gT 6 €6l ¢e'6 ¥eee  61S000 — P2S 9260 60 T0—  88°L% 8% 20 T7600DN
ce/1e wi/cel €y LU'Te 0L 099¢ 963100 A PPS  €GFC 0T TT—  LETE 9T TG0 €L800DON
9¢ 18 L9 0£1%- 9601 vL99  GTeI00 — BS 6260 00 60—  29'8% 00 ¢0 L8LODON
62/9v  ¥r1/avl 69 91 0L01 PL69  €6S100 D qds  I¥'6£8€ €ct+ €SS 68 10 9LL00DON
] €y ) ® (w) () (€] ©) P) ) (@) (®)
ﬁo_ ﬁo_ —UQ&_ ~Wd8_ TUH\/Q —OQE_ @Q\mu T\ / L ﬁm w Hi
Z vd % w () 8ot 1 z oV gdon olc(el vy oureN

panuIu0) 1V OIqEL



Appendix A. CALIFA sample characterisation tables

180

(4 0¢ TPl 1616 €Tl L679  G8PI00 — qes  6LLE0T SE+  PLLOOT VI £ESCODN
09/49 €9/99 ve  LL6I- ¢'6 81°G¢ 808000 A °qS  1€TS 07 09+  18°GE Gl ¥1 02S¢ODN
¢y 63 €61  0FTg- 9201 L9611  80L600  — ads ¥z’ LS 0€ L0+ 180T ¥ VI 61SSODN
8y 63T e  080&-  FI0T 98F%¢ 108000  — POS  TE0€ eV 05+ 8T 90 ¥1 08FCODN
8T 89 L6  ¥61%-  6ITT or¥8  €26100 — ads 19SS ¥S8e+ G102 00 ¥1 907¢ODN
IS 09 7L 7905 2901 €9°G¢ 908100  — ads  90°0S LV L&+ T0°TSC 9G €1 8LESDDN
9g/ts 69/49 g€ 1€05-  L¥OT 07L& 698000 A qagvs ~ 08'€¢ 086G+  G0'9T S¢ €T 9LECODN
8a/Lc  er/€el &8 L0z 6501 8Z9F 190100 A 29dVS  6€8S 1T IF+  8€0z 0S €1 02ESODN
8y L¥T e 9961 88°6 €88 TGL000  — oqds 9TV 0829+  LG€0 08 €1 G0ZSODN
ey 62T TOT  I8T&-  L&I1  IT9IT 189800  — qedgs 9505 T0 e+ G8°9T LT €T LSTSODN
6/7S /0 98  €Fle-  Shol 9706 650200 A VS  GI'T0L8 08+ eI 9T €l 950¢DDN
ev/ev L5/6S 9% 19°03- €301 8T°9% 650100 A °qS  F0EV S0Vt 899021 €1 9T0SDON
Le/es 1./28 T8 TeIe 9901 LLO6 990200 D °qdS  867T ¥ 8C+  67°L¥ 60 €1 000¢DDN
67 L0T 6'¢  L66I- 89°6 LOSY  FEOT00  — pPoas 0660 ¥ La+  99°LF S0 €1 T967VDON
67 € e LE0T 86°6 9907  €£6000  — 98 TI'LT 6V L0+  8LLE6T I 0LVPODN
ev/ev ¥6/16 ¥F 9F0%- 8Tl 98¢y TS0100 D ads  ST°L06G S9+  F8GI ¢TIl 01ZFODN
0g 691 €0r  ggle Lol 6879  €8F100  —  29dVS  9¥'6£0£ 8¢+ 61T €I al GRIFODN
6¢/8¢  101/66 'S  IFIe 8901 99°9¢ L6100 A °qS  gEO0I8E8F+  89°0S G0 &l LYOVODN
Ly/2S T1/€r 7S 8605 SFOL €0TS  T6II00 A °0qdS 69T IF LF+ €991 17 11 TI8EDON
€C 9gT LY LF0%-  8g0l €9¢v 100100  — qdS  8L'6£0£ 6T+ 09008z I1 L89EDDN
16/7¥ 66/86 96  ¢L0z-  1T0T €L0F  GE6000 A 29dVS  IFES TR Gh+  €€TE 8T 1T PI9€DDN
ge/sy 6v/87 e FL6I- 89°6 1e°0¢  g0L000 A pdS 80TV GF ¥et+  T8FE 8Y 01 I8EEDON
& 821 €€l 9TTe  IETl ¢r'96  €61600  — qes  99°L0 IT T&+  6Z'S0 70 01 90TEDDN
gg/qg ¢/z 09 T0°6T- 81°6 8¢°LC  0€9000 A wpgs  TOTI LT 08+  T1S°6€ S0 0T LSOEDDN
) ) © ® (w) ®) ©) ®) ®) ) (@) (®)
[o] (o] Pdy]  [sew] [°I] [d] odAy [ 1o [s w q]
Z vd 2 w () %or st z oV ydion elclel v oureN

"panunuo) TV OIqEL



181

98/2¢  PIT/S9T 90T 62T~ OF0T €606 0L0600 A °qS  gI'€86S Tt 0L°GE L0 €T 687LOON
L9/8¢ ¢e/1e €Tl 61— €80T FL60T  68FC00 A 548 9£°60 €0 Lg+  97°€0 G0 €T 99¥LOON
0g <9 6'G WIg- 6801 IGTL  €89100  — qes  9G'€F 60 00—  LEVT ¥ 0o P9ELODN
97 €3 96 90ce- 180T  88F0T  I8€0°0  — oqdS  LE'STLE T+  T0'ST 98 TT 12ELOON
vr/ey  1€l/eel 1Tl e®'TE- €601 T8F6 991500 D ads  9v'L0 LEVO—  LV'ET 9€ 0 I7690DN
67 LT1 6'1c  6€1%-  FO'IT 9%°'¢6  1LIC00 @ — qeds €SI 83 65+  L6LT 1S LT L6F9DDN
€g 60T L'ST €8Te- o0l €S63T  836T00  — °qS €807 0T g+ GLTESO LT T0€9DDN
Ly 67T ¢ 8%0%- oIl 69°Cy 086000  — 58 FF003T 8F+ €680 92 91 GST9DDON
0g vel 76 €915 S6°01 96¥6 651200  — qeds  ¥6'72 0 6F+  8Y°0€ ST 91 PST9DDON
98/6S  GC1/asl €9 <00z 9001 ¢e6y  9ET100 A °qS  9ETP 8G L0+ 66°CT L0 91 £9090DON
ge/0g 66/€L 08  0€T1g-  T1L0T 9Lv9  08VI00 D °qgS  LETT 9SG 8T+  GLGT 0S ST 7009DON
91/1% 06/68 LY ve0T-  8T0l 16€¢  6LL000  d qdS  ce18e0el+  TEee e 6l LS6SDON
ge/ve 29/29 LL 201e-  L€°01 VIV IPIC00 A °oqds  SLT0EF b+ 69°9€ 08 T LY6SDON
LS 8GT PIT 90C%-  65IT  SP9ET 380E00 — ads  L9°GS ST 1P+ L8720 €161 888CDON
/1y ¢e/96 80T 9¢T1e- €901 Z816 680200 D 28 €0°'1007 €¢+  00°GY G0 ST 628SODON
8¢/9¢g 9¢/6¢ v6 991 ¥6°01 98°6L 128100 A qes 869G GE 0P+  88°8€ 1S ¥T TLLEODON
62/7€ 0g/L8 '8  T0Te-  8e0l €re9  0SFI00 D oS T CE eV 8¢t FTEE Th ¥l GELEDON
gg/gg 0v/0¥% 9 900z €6°6 L0€9  TFPI00 A oqS  CT'9T 8L 8e+  S6'SE OV ¥ TELSODN
0g 62T €cl 6L G801 19121 €8L500 — oS 98°FG 8F 05+  8TEE 8L T 03LSODON
ee 8GT LY 990z gg0l ¢g6e  L06000  — °gVS  OT'E€r #0 80+  ¥L°GTE F1 G99SDON
8¢ 4 69  8%0z-  8T0I L8G9 G0ST00  — oqdS  G6°0S 0T 65+  6S°€V 08 V1 LS9GOON
I¢ 9g €F  IT1e 8901 09%¢ 06100  — as  TLGT6TSE+ TGS 08 ¥l 959SDON
8¥/0S vI/€1 ¢c ¥z Lg01 66'TF 96000 A 548 69°LF 80 9F+  8E'8T LT ¥ €€9SDON
62/09  €8/1L1 g9 06~ o0l 0Tv9  S9PI00 D oqS  €£°0S €€ 8P+ 08'TI 9z V1 2T9SODON
] €y ) ® (w) () (€] ©) P) ) (@) (®)
ﬁo_ ﬁo_ —UQ&_ ~Wd8_ TUH\/Q —OQE_ @Q\mu T\ / L ﬁm w Hi
Z vd % w () 8ot 1 z oV gdon olc(el vy oureN

panuIu0) 1V OIqEL



Appendix A. CALIFA sample characterisation tables

182

TS LTT 66 670 1501 69°GS  €L5100 — °qS  L6'SGT 0E TR+ €0TE TP VI 9L7600DN
62/6¢  LOT/LOT 9L 0T Vel 0S50S LST100 A PPS  T69S 6S 86+ 68'9€ 8T VI 16260000
pe/6¢  GOT/1LT 921 69Tg-  SO'TT  S6°05T  8€LG00 D ads 991z e 1e+  ¥L'Ge ag €l 18.800DN
L8/18 p1/€1 €S 896l <6 gGTs  €0TI00 A PPAVS  €LTG 0S¢ 6+ GT'E0T0 T 1020000

ov el LT 19T~ 6801  IL'€GT  008G00  — ads  €VSr 8V 62+ 89T S€ 60 801500DN

9% 8LT 9 0661 9101 096 TLL00  — °qS  PLTS6£ Tt FEI1 €T 80 GLEFODDN

|3 11 L9 660z-  0€0T 07'GS 898100  — °gS 9L L0 TF Te+  08°GT LT 80 80£700DN
6v/Sv  0ST/SST €31 93'Te- 09701 LE98  L9610°0 A 29dVS 976G ST €8+  8L°T0 6180 292r00DN
68/gs  €1/eln 08 890z  0S0T CrFL 669100 A qads  ¥6°8G 9% 99+ 06790 S0 80 ¢61700DN

L8 09 Ll 98T%-  FLOT L966 998800  — oqgs  8LTE8F 6P+ G8°GE &P L0 £L6£00DN

(s L9 9 €70z 8901 0€'€9  LFPI00  — qads €60 €0 ¥8+ 88TV 61 S0 £82£00DN
8v/L¢ os/er 6L 69T PLOT  LTI0T 00§00 D °qdS  9LTT 3G 00—  S6°LT 67 30 11€200DN

L8 02T 08 €503 9901 0rgL  9¥9100  — ads  LSL0 0% Go+  8¥°GE LT 0 816100DN

€g 6 98 760z 8601 6706 650200  —  qeAVS  I€61 97 90+  S8'ET S0 00 9£0000DN
65/.L5 6v/9¢ 96 09T €80T 96701  €8€50°0 A °qS  6L6F PGS T0—  $9°C0 €0 00 ¢00000DN

|5 091 91T LFTIg-  0€TI II'88 900500  — qes  PSET 8 90+  $90 S0 00 728LODN
8G/8¢  T0T/.L8 7S 890z  6£01 €9°TL  GE9100 A 8 FE6ISTIet  TISHE 10 00 618LODN

TS g 78 090z 1G0T ¢1'96 981600  —  qeAVS  €I'8GTE 00+  T8L0 9S €T L8LLODN

L8 LT 80T  ¥6'1g-  SI'II PPLL 992100 — as  9TFI8G L0+ 88°€C €S €T Z8LLODN
ve/sy v/ ¢F 990z €0l 9LLE  L98000 A s LT0S LT 00+  SP'IE9€ €3 91LLODN

6¢ L8T 68  L60z- 1501 G9'8G  TFEI00 — °qdS  92°S 0S ST+ TVE 6E €T T69LDON
ve/8C  €91/€91 z9 IUTe-  0¢0T 66’19  8IFI00 A as  9T'GE 9T ST+ 9E°6V ¥C €T €99.0DN

6¢ ze 0% IL61-  L0°0T 016z 85000  — ®S  0GE el LI+ F1°0€0G €3 GZILODN
19/%¢  8P1/091 78 geTe  GLOT €0GL  FFOT100 D °qgdS  ¥8°'80 € 90+ 99T 8T €3 T6GLODON

) ) © ® (w) ®) ) ®) ®) ) (@) (®)

[o] (o] dy]  [Sew] [°I] [d] odAy [ 1o [s w q]

Z vd 2 w () %or st z oV ydion elclel v oureN

"panunuo) TV OIqEL



183

114 60T T'g V61~ 76 68°LC ¢v900°0 — wpgs 9%°0% €0 01— 9¢°0T 67 10 T20VODN
09/ ovT/Svt 9'8 Ge'0e- 386 GL9. TGLT0°0 q 25 06°L9 70 €0+ 69°09 TS €¢ 91821DODN
0¢ ve gtl 6L T¢- 7601 06°G2 CELTO0 — qds 09°1€ 20 L0+ 0201 97 €2 L9.2TDDN
9¥ V1 T'L g€'0g- LE0T ST'19 66€70°0 — qedvs L9°6¢ 67 ST+ 79°€T 0€ €2 €€92TDDN
ce/ve 9¢/1¢€ 8L 8¥°0¢- L6'6 LLTG 98110°0 q oS €0°L€ G0 90+ 9€'8€ ¢S TC ¥eeeIODN
2e/8¢ 1L/V6 29 ¥8°0¢- 99°01 7889 9¥€10°0 — qeds 98°0¢ €T 10— G9°LT 99 0T 679T1DDN
$9/09 79/691 €Vl 8T'T¢- €9°0T TV°6ET LVTE€0°0 D 29dsS 19°9¢ LG L&+ 08'G0 9¢ GT c7860DDN
cg/ec 9V1/Gv1 L. L7°0¢- 1€°0T 68°LL 9LL10°0 q 298 ¥1°€¥ 8¢ 02+ ST'GT 7T 9T LLL600D0
69 99 T'1T ¢9'1C- 0C'11 gycel €6620°0 — qQedvs 0,89 99 L0+ 8TCT ¥V V1 ¢67600DN
] €y ) ® (w) () (€] ©) P) ) (@) (®)
ﬁo_ ﬁo_ —UQ&_ ~de_ TUH\/Q —OQE_ ad Ay T\ / L ﬁm w Hi
Z vd % w () 8ot 1 z oV gdon olc(el vy oureN

panuIu0) 1V OIqEL



Appendix A. CALIFA sample characterisation tables

184

(100°0) ¥90°0 / (200°0) $50°0
(200°0) ¥50°0 / (¥00°0) 950°0

(200°0) 190°0 / (€00°0) ¥50°0

(100°0) 00" o\ (200°0) £50°0
(200°0) L50°0/ (200°0) TG00
(100°0) 8%0°0/ (200°0) ¥¥0°0
(100°0) £50°0 / (200°0) 6¥0°0
(200°0) €50° o\ (200°0) §50°0

(200°0) 850°0/ (00°0) G50°0
(200°0) 950°0 / (200°0) TG00

(900°0) 015'8 / (L00°0) £9¢°8
(L00°0) 9658/ (210°0) 889°8

(500°0) 929'8 / (010°0) 019°8

(€00°0) 299°8 \ (800°0) ¢89'8
(¥00°0) 169'8 / (L00°0) 5798
(¥00°0) £59'8 / (800°0) 1998
(¥00°0) 099'8 / (500°0) 529°8
(200°0) 779°8 \ (0T0°0) 829°8

(800°0) 619'8/ (800°0) 0298
(800°0) 629'8 / (900°0) 7£9°8

(00°0) €200 — / (800°0) 9TT0—
(900°0) 6200 — / (110°0) 8210~

(00°0) £6T°0 — / (1T0°0) 910~

(900°0) LST°0 — \Awoo 0) 8ST'0—
(¥00°0) 860°0 — / (900°0) ¥80°0—
(€00°0) 160°0 — / (900°0) 6010~
(€00°0) £80°0 — / (900°0) G€00—
(€00°0) 890°0 — / (110°0) S0°0—

(900°0) 680°0 — / (600°0) G900~
(¥00°0) 090°0 — / (#00°0) 1S0°0—

(zo0) 1000—  (80°0) T¥'S
(z00)60°0—  (90°0) 0S8
(co0)or0—  (£0°0) 278
(€00)¥1°0—  (90°0) 978
( v ( v

90°0)61°0— 80°0) €¥'8

Amo.ov ¢T0—  (80°0) 0$'8
(2z00) L000—  (50°0) 258
(z00) 2000—  (50°0) 958
(2z00) L000—  (50°0)8¢S'8
ao.a 900— (g0 8 848

(90°0)
(¥0°0)
(80°0)
(L0°0)
(90°0)
70°0)21°0—  (90°0) 0¥'8 6T0-0T-10-DDIN
(€0°0)
(c00)
(90°0)
(50°0)
(L00)
(90°0)

89L00ON
9TL0DON
0LS0DON
96700ON
LLVODON
\LVP0DON
60£00ON
LSZ0DON
LETODON
7E20DON
P120DON
L08T0DON
TLTODON
S9T0DON
09T0DON
9€000ON
T000DON

994701
€891D1
96¢1IO1
9.L0D1
¥L9001
651001

(3)

[xop]
“H/0]l v /*™H/0l v

Q)

[xop]
"wo[H/0] /" °[H/0]

(P)

[°4/x2p]
uty \ Ien

(20°0) L0'0— 90°0) 84’8
(¥0°0) L0'0— $0°0) 1¢'8
(L0°0) G0°0— 80°0) £6'8
(€0°0) ¥0°0— L0°0) €98
(20°0) 20°0— 90°0) 95°8
(v0°0)
(¥0°0) 000 €0°0) 79’8
(¢0°0) 80°0— c0°0) LG8
(20°0)ST'0— 90°0) 86’8
(¥0°0) 80°0— G0°0) LZ'8
(200) 0T'0— L0°0) V'8
(€0°0) €0°0— 90°0) OF'S
) @
[%4/x0p] [xop]
H/0p *[H/0]

()

owre N

200qD 7 Tpuaddyy ur uaa1h aup SJIDII(] UOUDULLOSUL 2OUDPUNGD UBBATO ([T U01DSILIIIDIDYD )dwDs VITTV) TV °lqel



185

(100°0) 9%70°0/ (T00°0) 8200 (¥00°0) 129'8 / (900°0) 929'8  (¥00°0) ¥&1°0 — /(900°0) 921°0—  (30°0)01°0—  (¥0°0) 958 9T6ZDON
(100°0) 2¥0°0/ (100°0) €00 (G00°0) 29’8/ (800°0) ©G9'8  (¥00°0) 0¥0°0 — /(L00°0)850°0—  (20°0)€0°0—  (¥0°0) 098 906Z0ON
— — — (e00)1T0—  (F0°0) ¥¥'S G08TDON
— — — (z00)c0'0—  (50°0) 978 0£LZDON
— — — (zo'0)¥00—  (90°0) 288 6£9COON
(100°0) 650°0/ (T00°0) TS0°'0  (¥00°0) 0gF'8 / (010°0) TFF'8  (¥00°0) £€0°0 — / (£€10°0) 690°0—  (30°0)¥70°0—  (90°0) €58 7092DON
(100°0)850°0/ (200°0) T¥0°0  (G00°0) 965'8 / (600°0) 1198 (¥00°0) L60°0 — /(L00°0)geT'0—  (20°0)90°0—  (90°0) 6%'8 07SZOON
(100°0) 090°0/ (200°0) ©G0°0  (G00°0) 905'8 / (010°0) 89%'8  (900°0) L2T°0 — /(¢10°0)290°0—  (£0°0)60°0—  (90°0) 0%’ 0£9ZDON
— — — (zo'0) 00—  (S0°0)¥S'S LSVTOON
— — — (€00) 00—  (50°0) 678 987ZOON
— — — (20°0) 00°0 (€0°0) 99°8 677ZOON
(100°0) 090°0/ (200°0) €900 (¥00°0) 629'8 / (L00°0) 629'8  (€00°0) T60°0 — /(900°0) g1 0—  (30°0) TT°0—  (90°0) €S8 LYEZOON
(200°0) 650°0/ (200°0) 6500 (600°0) 695'8/ (210°0) 2668 (G00°0) ©00°0 + /(L00°0) LTO0O—  (20°0) T0°0—  (90°0) LS8 £9TTOON
(100°0) ¢¥0°0/ (100°0) 0700 (¥00°0) €098/ (L00°0) 85’8 (200°0) 2700 — /(500°0) 1€0°0—  (30°0)€0°0—  (¥0°0) 968 LI9TOON
(100°0) 650°0/ (200°0) TS0°'0  (¥00°0) 929'8 / (600°0) 96¢°8  (€00°0) 0OTT'0 — /(L00°0)¥60°0—  (30°0)60°0—  (90°0) 0S8 6S9TOON
(200°0) 8%0°0/ (¥00°0) c¥0'0  (900°0) 185’8/ (500°0) 1898 (G00°0) 8200 — / (#00°0) ITT'0—  (20°0)80°0—  (50°0) 05’8 P60TOON
— — — (z0'0)60'0—  (90°0) 2G'S £60TDON
— — — (zo'0)1000—  (S0°0) €SS 0L0TOON
(100°0) L60°0/ (100°0) 8%0°0  (¥00°0) 09%'8 / (L00°0) 1278 (¥00°0) ##0°0 — /(600°0) L90°0—  (20°0)60°0—  (90°0) I¥'8 16600DON
— — — (z0°0) L000—  (00°0) 878 9,600ON
— — — (z00)£0'0—  (90°0) 078 TP600DON
(100°0) 070°0/ (100°0) ©€0°0  (G00°0) ¥09'8 / (900°0) €198 (¥00°0) ©90°0 — /(900°0)820°0—  (20°0)90°0—  (€0°0) €S8 €2800DON
— — — (z0'0)¥0'0—  (90°0) 0S°S L8LOOON
(200°0)890°0/ (€00°0) 0900 (¥00°0) 695'8 / (L00°0) €798 (€00°0) 2€0°0 — /(900°0) 180°0—  (30°0) €0°0—  (90°0) 958 9LL0DON
» ©) ®) ©) @ (®)

[xep] [xep] [.4/xop] [.4/xop] [xep]
“[H/0] v/ ™H/0] v "o[/0] / ™ °[H/0] o /0 H/Op *[H/0] oureN

panunu0) gV OIqeL



Appendix A. CALIFA sample characterisation tables

186

— — — (0'0)90'0—  (50°0) 6¥'S £E€CEDON
(100°0) 9%0°0/ (T00°0) 2€0°0  (¥00°0) 665'8/ (600°0) 2198 (€00°0) 160°0 — /(800°0) 20T 0—  (30°0)60°0—  (¥0°0) 6%'8 02S$SOON
— — — — — 16TGSDON
— — — (z0'0)c00—  (¥0°0) 288 08F7SDON
— — — (z0'0)€00—  (90°0) €SS 90FSOON
— — — (c00)1000—  (30°0) €S8 8LESDON
(100°0) 160°0/ (200°0) 8%0°0  (900°0) 029'8 / (600°0) 09'8  (¥00°0) 6100 — / (600°0) €000+  (20°0)¥0'0—  (50°0) 098 9L£SDON
(100°0) 050°0/ (2000) 2S0°0  (£00°0) 269'8/ (010°0) 22’8 (£00°0) 8810 — /(T10°0) 0F2'0—  (20°0)€0°0—  (L0°0)0S'S 02ESOON
— — — (z00)70'0—  (90°0) 2SS C0TSDON
— — — (zo'0)1000—  (L0°0)SS'8 LETISDON
(100°0) 650°0/ (100°0) 9%0°0  (£00°0) ¥£5'8/ (600°0) €25'8  (£00°0) 6,0°0 — /(900°0) 680°0—  (20°0)€10—  (C0°0)¥¥'S 9G0SDON
(200°0) 8%0°0/ (€00°0) 9700 (G00°0) 999'8 / (600°0) L¥9°'8  (¥00°0) ¥&1°0 — /(600°0) 60T°0—  (20°0) TT°0—  (50°0)¥S'8 9T0SDON
(100°0)990°0/ (200°0) 900 (210°0) €85'8/(L00°0)2€98  (010°0) 6¥0°0 — /(L00°0)960°0—  (20°0) L0'0—  (90°0) €S8 000SDON
— — — (zoo)or0—  (50°0)2¥'S T967DON
— — — (zo'0)zo0—  (200)Tv's 0LFFOON
(100°0) L¥0°0/ (100°0) 2700 (¥00°0) 199°8/ (900°0) 8€9'8  (£00°0) 680°0 — / (¥00°0) 650°0—  (30°0)60°0—  (¥0°0) 84’8 0TZFOON
— — — (z0'0)80'0—  (50°0) 5SS G8IFDON
(100°0) 6¥0°0/ (200°0) 700 (¥00°0) £89'8 / (900°0) T0L'8  (€00°0) STT°0 — / (#00°0) 621°0—  (20°0)0T°0—  (50°0) LS8 LYOFOON
(100°0) T#0°0/ (100°0) 6700 (¥00°0) 9298/ (900°0) 979'8  (€00°0) 20T°0 — /(500°0) 660°0—  (30°0)80°0—  (¥0°0) LG8 TI8EDON
— — — (zo'0)910—  (90°0) 08’8 L89EDON
(100°0) 250°0/ (200°0) TG00 (900°0) ¢¥9'8 / (600°0) 6¥9°'8  (600°0) L02°0 — /(€10°0) STz’ 0—  (50°0)2z0—  (90°0)CF'S P19¢DON
(100°0) #50°0/ (200°0) 9500 (£00°0) 7958/ (#10°0) 996'8  (200°0) 6900 — / (010°0) €80°0—  (20°0)90°0—  (£0°0) 0S8 I8EEDON
— — — (g00)90'0—  (50°0) 0S8 90TEDON
(100°0) 2£0°0/ (200°0) 9900 (900°0) ¥1¥'8/ (110°0) ¥¥¥'8  (800°0) 80T°0 — / (#10°0) LFT'0—  (L0°0)51°0—  (80°0) LTS LEOEDON
©) ®) ®) ©) (@) (®)

[xep] [xep] [°.t/x0p] [°.t/x0p] [xop]
“H/0]l v /*™H/0l v “olH/0] / **°[H/0] o /0 H/Op *[H/0] oureN

panUUO) 1V OIqEL



187

(100°0) 290°0/ (100°0) 6¥0°0  (¥00°0) 065'8 / (L00°0) 2298 (€00°0) TLT°0 — /(€00°0) e’ 0—  (20°0)ST°0—  (90°0) I¥'8 687LODON
(2000) 6%70°0/ (2000) €70°0  (200°0) ¥95'8/ (600°0) 225’8 (900°0) 8900 — / (600°0) 060°0—  (20°0)60°0—  (S0°0) L¥'S 997LDON
— (z00)£0'0—  (L0°0) 258 79€L0ON
— (z00)80°0—  (50°0) 2SS TZELOON
(100°0) 690°0/ (200°0) 2200 (900°0) 865'8 / (900°0) 8288 (S00°0) 660°0 — / (L00°0) ¢€0°0—  (£0°0) 00—  (90°0) S8 I769DON
— — — 1L6V9IDDON
— — — ao.a 900—  (¥0r 8 16'8 T0£9DON
— — — (z0'0) 00—  (€0°0)SS'8 GET9DOHN
— — (20°0) 00°0 (L0'0) 28’8 PST9DON
(100°0) 950°0/ (200°0) €50°0  (S00°0) 829'8 \ (600°0)509'8  (F00°0)FFT°0 — /(8000) 701°0—  (20°0) LT'0—  (S0°0) 8’8 £9090DON
(100°0) £80°0/ (200°0) #S0°0  (500°0) 9658/ (900°0) 709'8  (¥00°0) ¥50°0 — /(900°0) 6€0°0—  (30°0)€0°0—  (90°0) €48 70090DON
(100°0) 060°0/ (200°0) 0800 (900°0) £79'8 / (210°0) 2998 (900°0) T60°0 — / (€10°0) €TT°0—  (30°0)90°0—  (50°0) 958 LE6SDON
(100°0) 250°0/ (T00°0) TFO'0  (G00°0) ¢65'8/ (900°0) €198 (¥00°0) TTT°0 — /(€00°0) LgT'0—  (20°0)01°0—  (S0°0) 6%'8 LV6SDON
(z00)20'0—  (90°0) 758 888GDON
(100°0) 1€0° o\ (2000) 6700 (900°0) 2€S'S \ (0100) &¥S'8  (900°0) 60T°0 — \ (010°0) 02T'0—  (20°0) L000—  (50°0) €F'S 628SOON
(200°0) 290°0/ (€00°0) 900 (G00°0) 165'8/ (L00°0) 9268 (¥00°0) €90°0 — /(900°0) ¥0'0—  (20°0)90°0—  (90°0) 2SS TLLGDON
(200°0) 890°0/ (200°0) 2900 (¥00°0) ¥£9°8/ (700°0) £69°8  (€00°0) 0FT°0 — /(500°0)861°0—  (20°0)9T°0—  (90°0) 6%'8 SeLEDON
(100°0) 850°0/ (200°0) 700 (900°0) ¥£9°8 \ (600°0)6£9'8  (900°0)¥L1°0 — / (210°0) ¥8T°0—  (€0°0)8T'0—  (90°0) L¥'S TELSDON
— — (zoo)er0—  (S0°0)€S8 02LSDON
— — — (¢0'0)¥0'0—  (50°0) 0S'S S99¢DON
— — — (z00)70'0—  (L0°0) L¥'S LS9GDON
— (zo0)or0—  (S0°0) 9S8 999GDHN
(100°0) T70°0/ (100°0) 9800 (500°0) 298/ (800°0) LL9'8  (£00°0) €200 — / (£00°0) 980°0—  (20°0)90°0—  (£0°0) 098 £€9¢DON
(100°0) ¢50°0/ (T00°0) 000 (G00°0) 879'8 / (800°0) L5298  (¥00°0) 92T°0 — /(900°0) 70T 0—  (30°0)¥0°0—  (80°0) €S8 TTISDON
» ©) ®) ©) @ (®)

[xep] [xep] [>4/xop] [>4/xop] [xep]
“[H/0] v/ ™H/0] v "o[/0] / ™ °[H/0] o /0 H/Op *[H/0] oureN

panunu0) gV OIqeL



Appendix A. CALIFA sample characterisation tables

188

— (z0'0)90'0—  (50°0) 6%'S 9,7600D0
(100°0) 090°0/ (200°0) 9500 (S00°0) 209'8 / (800°0) 6298 (S00°0) TST'0 — /(L00°0)66T°0—  (£0°0)8T°0—  (90°0) ¥¥'8 16260090
(100°0) 090°0/ (200°0) 9500 (600°0) 6£5'8/ (010°0) ¢67'8  (600°0) GS0°0 — / (010°0) L00°0+  (£0°0)20°0—  (90°0) 8%’ 18280090
(100°0) 890°0/ (200°0) 2200 (900°0) 8678/ (9%0°0) 016’8 (L00°0)2TT°0 — /(3L0°0)2sT0—  (€0°0)IT°0—  (80°0) 0F'S 20,0090
— (go0)zr0—  (50°0) 678 801500DN
— — — (zo0)z10—  (¥0°0) 678 GLEV0DON
— (z0°0)60°0—  (90°0) 2SS 80£700DN
(200°0) 6£0°0/ (200°0) #¥80°0  (900°0) 659'8 / (800°0) 9698 (900°0) z8T'0 — /(800°0) 99T°0—  (£0°0)¢z'0—  (01°0) 6%'8 z9zH00ON
(200°0)950°0/ (200°0) 9500 (900°0) 259'8/ (L00°0) 8298 (G00°0) ¥21°0 — /(L00°0)060°0—  (20°0)20°0—  (L0°0)2S'S G6TF00ON
— (600)80°0+  (50°0) 0¢'8 €L6£00DN
— (zoo)er0—  (30°0) 288 £82E00DN
(100°0) 160°0/ (100°0) 700 (800°0) 295’8/ (600°0) 08¢'8  (G00°0) TS0°0 — /(900°0) 0200—  (20°0)S0°0—  (¥0°0) 2SS 1T€2009ON0
— — — (70'0)80°0—  (50°0) €28 816100DN
— (Fo0)er0—  (90°0) 1SS 9€£0000DN
(2¢00°0)8%0°0/ (¢00°0) TFO'0  (G00°0) 665'8/ (800°0) 0668 (¥00°0) 890°0 — /(L00°0)¥S0°0—  (20°0)90°0—  (¥0°0) 2SS G000009N0
— (g00)£0'0—  (50°0) S¥'S ¥Z8LOON
(200°0) 120°0/ (200°0) 0900  (500°0) T8S"8/ (800°0) 129'8  (S00°0) £60°0 — / (900°0) 6£T°0— ao.e zro— (90 8 678 6TSLOON
— — — 1L8LLDON
— (zo'0)¥00—  (90°0)¥S'8 T8LLOON
(100°0) 6%0°0/ (T00°0) TPO'0  (¥00°0) 825'8 / (900°0) #€¢'8  (€00°0) 820°0 — /(900°0) €70°0—  (30°0) €0°0—  (¥0°0) 67’8 9TLLOON
— — — (roo)oto—  (L0°0)SP'S T69LDON
(100°0) TS0°0/ (100°0) 0600 (¥00°0) 8098/ (500°0) 9¢9'8  (¥00°0) €600 — / (¥00°0) TT°0—  (20°0)60°0—  (G0°0) 2GS £99.0ON
— (z00)£0'0—  (F0°0) ¥S'8 CT9LOON
(100°0) #90°0/ (100°0) 2900 (¥00°0) ¥65'8 / (600°0) ¥19'8  (¥00°0) ©90°0 — /(900°0) 1200~  (20°0)80°0—  (L0°0) 2SS 16GLODN
©) ©) ®) ©) (@) (®)

[xep] [xep] [>4/xop] [>4/xop] [xop]
“H/0]l v /*™H/0l v “olH/0] / **°[H/0] o /0 H/Op *[H/0] oureN

panUUO) 1V OIqEL



189

— — — (90°0) T1°0—  (90°0) g¢'S 120VODN
(200°0)890°0/ (€00°0) 00 (G00°0) ¢8%'8/ (800°0) 90¢'8  (¥00°0) 0L0°0 — /(800°0) ¥60°0—  (30°0) 00—  (90°0)GF'8 918ZIDON
— — — — — 1L92210DN
— — — (20°0) €0°0— 20'0) L¥'8 ££9210DN
(100'0) 9¢0°0/ (200°0) ¥50°0  (900°0) 88¢'8/ (110°0) 079'8  (900°0) 2210 — / (€10°0) €LT°0—  (S0°0) ET°0— 90°0) L¥'S ¥22210ON
— — — (€0°0) 0T°0— 20°0) €S8 679110DN
(100°0) 290°0/ (200°0) 0900 (800°0) 019’8/ (€10°0) 0668 (800°0) 0¥1'0 — / (210°0)€0T'0—  (20°0) €0°0— 90°0) 0G'S TF8600ON
(€00°0) 720°0/ (500°0) T20°0  (1T0°0) 88¥°8/(€100)2es'8  (010°0)020°0 — / (S10°0) LL0°0— (90°0) 00°0 80°0) 87’8 11260090
— — — — — 1T67600DN
» ©) ®) ©) @ (®)

[xep] [xep] [>4/xop] [.4/xop] [xep]
“li/ol v/ *[m/0l v “olm/0]/ *om/ol o [ 10 /0w [m/0] oureN

panunu0) gV OIqeL






AMUSING ‘sample

characterisation
tables

In this appendix we summarise the main properties of the AMUSING galax-
ies analysed in this thesis. We present several tables with general informa-
tion (see Table B.1) and oxygen abundance information derived in this work
(see Table B.2) for these galaxies. From left to right the columns correspond
to

Table B.1: CALIFA sample characterisation I: general properties.

(a) Name of the galaxy; (b)—(c) right ascension and declination (referred
to J2000); (d) morphological type from HyperLeda; (e) redshift; (f) disc
effective radius (r. in kpc), derived from the surface brightness profile of
the galaxies by fitting ellipses to the g-band light distribution (see Sect. 5.1
for details); (g)—(h) position and inclination angles (details are given in
Sect. 3.4); (i) r-band absolute magnitude in the AB magnitude system de-
rived from the flux density in a r-band image recovered from the data; (j)
g—r colours; (k)-(1) integrated stellar mass (in log M) and mass density (in
log M /pc?), calculated using the mass-luminosity ratio presented in Bell &
de Jong (2001, see Sect. 5.5 for more information); (m) specific star forma-
tion rate (in yr—!), derived by adopting the classical relation presented in
Kennicutt (1998) based on dust-corrected Hoa luminosities (more details are
given in Sect. 5.6); and (n) classification according to the density of the en-
vironment (isolated, S; part of a group of at least three galaxies, G; in pair,
P; and with evidence of real interactions, I) based on information found in
the literature (references are given in the notes below).

191



192 Appendix B. AMUSING sample characterisation tables

Notes. () Galaxy discarded from the analysis of the abundance distribution
performed from Sect 5.2 on for: (a) having a very powerful AGN in the
centre that can contaminate the emission coming from the H1iregions, (b)
having a ring-like structure, what affects the accuracy of the derivation of the
abundance gradient, (¢) being very distorted due to a recent interacting, and
(d) being in a very advanced stage of merging. (2) Despite this classification
by HyperLeda, it is clear the presence of a spiral structure observed with our
data. 3 References: (a) Vorontsov-Velyaminov (1977), (b) Tully (2015), (c)
Focardi et al. (2006), (d) Mendoza-Castrején et al. (2015), (e) Mazzuca et al.
(2006), (f) Habergham et al. (2012), (g) White et al. (1999), (h) Ramella
et al. (2002), (i) Focardi & Kelm (2002), (j) Yang et al. (2007), (k) Dopita
et al. (2002), (1) Casasola et al. (2004), (m) Martinez-Delgado et al. (2010),
(n) Foster et al. (2014), (o) Keel et al. (2013), (p) Ganda et al. (2007), (q)
van den Bergh (2007), (r) Berlind et al. (2006), (s) Knapen et al. (2014),
(t) Herndndez-Ibarra et al. (2016), (u) Madore et al. (2009), (v) Couto da
Silva & de Souza (2006), and (w) Merchén & Zandivarez (2005).

Table B.2: CALIFA sample characterisation II: abundance information.

(a) Name of the galaxy; (b) characteristic abundance (oxygen abundance
value at one disc effective radius, [O/H];e); (c) slope of the oxygen abundance
gradient (g n); (d) zero-point of the oxygen abundance gradient ([O/H]o);
(e) galactocentric distance at which the inner drop in the abundances appear
(hp), in units of r. (if this feature is present); (f) galactocentric distance
at which the radial gradients flatten (hr), in units of r. (if this feature is
present); (g) abundance scale length (ro/p), defined as the radial position
at which the abundance distribution of a galaxy decays 0.09 dex (given by
the decrease in the abundance in one disc effective radius attending to the
common abundance gradient found, see Sect. 5.5 for details); (h) hp, in
units of ro/g; (1) hr, in units of 7o, g5 and (j) scatter relative to the oxygen
abundance gradient (see Sect. 5.6 for more information).

T galaxies for which the derivation of rp /i 1s infeasible because the radial
abundance distribution displays a very flat profile. * Galaxy discarded from
the analysis of the abundance distribution performed from Sect 5.2 on. See
Notes (1) in Table B.1 for details.
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CALIFA sample
characterisation

plots

In this appendix we include a graphic summary of the main results derived in
this thesis for the CALIFA subsample of galaxies. For each galaxy we show
a figure divided into eight or five panels, depending on whether the galaxy
is part of the arm-interarm abundance distribution analysis. A complete
description of each panel is given below.

Figure C.1-122: Graphic characterisation of CALIFA galaxies.

First row: RGB colour images of the galaxy, using SDSS r-, i- and z-band
images recovered from the data (in red, green and blue respectively, left)
and narrow-band images centred in the emission lines [N 11]A6584, Hey, and
[O111]A\5007 (in red, green and blue respectively, right).

Second row (left): Ha map in units of (logl0) 10716 erg s=! cm™2
arcsec”'. The detected HIIregions are shown as black segmented contours.

Second row (right): Location of the spaxels classified as SF regions (blue
dots) and AGNs (red dots) according to the BPT diagram superimposed on
the IFS-based Ha map of the galaxy.

Third row (left): Radial density distribution of the spaxels in the oxygen
abundance-galactocentric distance space. The radial distances are depro-
jected and normalised to the disc effective radius. The diamonds represent
the mean oxygen abundance values, with the error bars indicating the cor-
responding standard deviations, for bins of 0.25 r.. The red solid line cor-
responds to the error-weighted linear fit derived for mean values within the
range between 0.5 and 2.0 r. (yellow diamonds). The violet dots repre-
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204 Appendix C. CALIFA sample characterisation plots

sent the oxygen abundances derived for the individual H 11regions, and the
dashed black line is the linear regression for these points.

Third row (right)’: Outline of the spiral arms on the deprojected SDSS
g-band image of the galaxy.

Fourth row (left)™: Colour map of the deprojected 2D oxygen abundance
distribution of the galaxy. The abundance values of the spaxels belonging
to the spiral arms are shown as opaque dots and the values of the spaxels
located in the interarm region as transparent dots.

Fourth row (right)f: Radial density distribution in the oxygen abundance-
galactocentric distance space of the spaxels located in the spiral arms (green
contours) and those associated with the interarm region (orange colour
map). The radial distances are deprojected and normalised to the disc
effective radius. The outermost contour encircles 100% of the total number
of spaxels, decreasing by 20% in each consecutive contour. The lines rep-
resent the error-weighted linear fit derived for the arm (green dashed line)
and interarm (orange solid line) distributions. Finally, the inset indicates
the number of spaxels of each distribution that contribute to the derivation
of the gradient, i.e. located within the radial range 0.5-2.0 7.

T these panels are shown only for the galaxies part of the arm-interarm
abundance distribution analysis carried out in Chapter 6.

Note. In the printed edition of this thesis, we present an abridged version
of the appendix including the graphic characterisation for five galaxies of
the CALIFA sample. The full version for the 122 galaxies of the sample is
available in the electronic edition.
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Figure C.1: IC 0159. See Appendiz C above for a description of each panel.



NGC0001

Appendix C. CALIFA sample characterisation plots

(log10) flux [10~*¢ ergs—! cm~2 arcsec !

- 8.75

8.64
"
5

857 =
T
—~
=)
&

85 =
+
N
i

8.42

i AX [arcsec]
25 0 25
8.35

Figure C.2:

=' Arm, N = 460

Interarm, N = 994

NGC 0001. See Appendiz C above for a description of each panel.



NGC0036

40

0

AY J[arcsec]

":.l HE
e il
if ¢

deprojected

1: i 1’”:';,..

i1 ’Fu i
‘/‘ it il
/ . {118 it
:,1 1 i | A
/i 173 ,”r. I.

AX [arcsec]

40 0 -40

8.34

(log10) flux [10~*® ergs—! cm~2 arcsec !

12 +1og(O/H) [dex]

= Interarm, N = 907
= Arm, N = 360

T[r]
15

0.5 1.0

Figure C.3: NGC 0036. See Appendix C above for a description of each panel.



208 Appendix C. CALIFA sample characterisation plots

NGC0160

(log10) flux [10~*¢ ergs—! cm~2 arcsec !

Arm-interarm abundance distribution analysis
not feasible for this galaxy.

See Sect. 6. 1 for more details.

Figure C.4: NGC 0160. See Appendix C above for a description of each panel.
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AMUSING ‘sample

characterisation
plots

In this appendix we include a graphic summary of the AMUSING galaxies
analysed in this thesis. We present a series of plots with RGB images and the
main results derived from the analysis of the radial abundance distribution
(see Figure D.1). Finally, for the subsample analysed in Chapter 7, the main
results of the analysis of the local abundance variations are also represented
(see Figures D.1-77). A complete description of the panels of each figure is
given below.

Figure D.1: Graphic characterisation of AMUSING galaxies.

Left and middle-left panels show two RGB colour images of the galaxies,
using SDSS 7-, i- and z-band images recovered from the data (in red, green
and blue respectively, left) and narrow-band images centred in the emission
lines [N 11]A6584, Her, and [O 111]A5007 (in red, green and blue respectively,
middle-left). The middle-right panels present the Ha map of the galaxies
together with the ionised regions detected by HITEXPLORER (with S/N > 3)
shown as black segmented contours. Finally, the right panels show the
deprojected oxygen abundance radial distribution of the H11regions (violet
circles) normalised to the disc effective radius. The solid blue line represents
the fit to this distribution, and the dashed vertical lines correspond to the
radial position of the inner drop and/or outer flattening, if present.

Note. In the printed edition of this thesis, we present an abridged version
of the Figure D.1 including the graphic characterisation for 18 galaxies of
the AMUSING sample. The full version for the 102 galaxies of the sample
is available in the electronic edition.
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212 Appendix D. AMUSING sample characterisation plots

Figure D.1-24: Graphic characterisation of the local abundance variations.

Top left panels show a SDSS g-band image of the galaxies recovered from
the data. The top right panels represent the normalised g-band light resid-
uals. A mask has been applied to avoid some regions of the image in the
derivation of the residuals (see Sect. 7.2.2 for details). Middle left panels
show the 2D abundance distribution of the galaxies using only the spaxels
associated with SF regions (see Sect. 3.2.2). Middle right panels represent
the 2D residual abundance distribution after removing the characteristic ra-
dial profile. The bottom left panels show the distribution of the residual
gas abundances (blue histogram) together with its Gaussian fit (black solid
line). Deviations from the Gaussian distribution are highlighted with darker
colours. Finally, the bottom right panels represent the correlation between
the abundance residuals and the g-band light residuals in bins of 0.1 along
the x-axis (blue dots). Only the bins containing at least 1% of the total
number of spaxels have been represented. The error-weighted linear fit to
these bins is shown as a blue solid line.
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Figure D.1: AMUSING sample characterisation plots. See Appendiz D above for a
description of each panel.
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Figure D.1: Non-radial variations of the abundance distribution of ESO478-G006.

See Appendix D above for a description of each panel.
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See Appendix D above for a description of each panel.
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Figure D.3: Non-radial variations of the abundance distribution of ESO570-G020.

See Appendix D above for a description of each panel.
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Figure D.4: Non-radial variations of the abundance distribution of 1C5179. See

Appendiz D above for a description of each panel.
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Figure D.5: Non-radial variations of the abundance distribution of MCG-01-57-021.
See Appendix D above for a description of each panel.
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Figure D.6: Non-radial variations of the abundance distribution of NGC1080. See
Appendiz D above for a description of each panel.
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Figure D.7: Non-radial variations of the abundance distribution of NGC1762. See
Appendiz D above for a description of each panel.



221

20
— 10 — 10
o o
[ d)
wn wn
=4 =4
) i)
o 9 o °
w w
=) o
<4 <4
-10
-20
LA
10 -10
ARA [arcsec]
-10.00 —7.96 -5.92 -3.88 -1.84 0.20
log flux [10 ¥ ergs ! cm 2
20+
— 10 — 10
o o
[ GJ
wn wn
2 =4
) o
o © o °
w . w
a a
< <
-10
20
30 20 10 0 d0 20
ARA [arcsec] ARA [arcsec]
8.50 8.54 8.58 8.62 8.66 8.70 -0.10 -0.06 -0.02 0.02 0.06 0.10
12 +log([O/H]) [dex] Alog([O/H]) [dex]
NGC2370 0.04
800
. 002
x
S
%)
Q 600 =
] T 0.00
o °
u— w
5} o
=3 -0.02
g 400 I
=
£ ©
=3 o
= S —0.04
Ed
200
-0.06
055 -0z -01 0.0 0.1 . ) —008 55 0.4 0.0 0.4 0.8
Abundance residual [dex] Normalised g-band light residual

Figure D.8: Non-radial variations of the abundance distribution of NGC2370. See
Appendiz D above for a description of each panel.



222 Appendix D. AMUSING sample characterisation plots

ADEC [arcsec]
ADEC [arcsec]

R o
10 o 10 20 10 0 10
ARA [arcsec]

ARA [arcsec]

-10.00 -7.96 -5.92 -3.88 -1.84 0.20 -1.0 -0.6 -0.2 0.2 0.6 1.0
log flux [10 ¥ ergs ! cm 2 Aflux (norm)
40-
30-
20-
o o
GJ [
n 0 10-
o [} I
4 o
i) )
[S] O 0
w w I
a a
< < 00
20!
-30-
3 SERRORES 4ol
10 0 ‘10 20 - 4 30 20 10 0 10 20 30 40
ARA [arcsec] ARA [arcsec]
8.40 8.46 8.52 8.58 8.64 8.70 -0.10 -0.06 -0.02 0.02 0.06 0.10
12+ log([O/H]) [dex] Alog([O/H]) [dex]
4000
NGC2466 0.04
3500 [
3000 < 0.02;
()
2 o
2 2500 ® 0.00-
© =} e & ® o ¢ *
2 o I [ ry r
w‘f O T f . h £ P
S 2000 [ } [3
= © —0.02-
o o |
2 c
£ 1500 ©
2 E
= 3 —-0.04+
1000 <
—0.06
500
=302 -01 00 0.1 0.2 . 00858 -0.4 0.0 0.4 0.8
Abundance residual [dex] Normalised g-band light residual

Figure D.9: Non-radial variations of the abundance distribution of NGC2466. See
Appendiz D above for a description of each panel.
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Figure D.10: Non-radial variations of the abundance distribution of NGC3120. See
Appendiz D above for a description of each panel.
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Figure D.11: Non-radial variations of the abundance distribution of NGC3244. See
Appendiz D above for a description of each panel.
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Figure D.12: Non-radial variations of the abundance distribution of NGC3278. See
Appendiz D above for a description of each panel.
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Figure D.13: Non-radial variations of the abundance distribution of NGC3318. See

Appendiz D above for a description of each panel.
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Figure D.14: Non-radial variations of the abundance distribution of NGC3363. See
Appendiz D above for a description of each panel.
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Figure D.15: Non-radial variations of the abundance distribution of NGC38464. See
Appendiz D above for a description of each panel.
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Figure D.16: Non-radial variations of the abundance distribution of NGC3905. See
Appendiz D above for a description of each panel.
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Figure D.17: Non-radial variations of the abundance distribution of NGC3905. See
Appendiz D above for a description of each panel.
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Figure D.18: Non-radial variations of the abundance distribution of NGC4806. See

Appendiz D above for a description of each panel.
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Figure D.19: Non-radial variations of the abundance distribution of NGC6708. See

Appendiz D above for a description of each panel.
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Figure D.20: Non-radial variations of the abundance distribution of NGC6754. See
Appendiz D above for a description of each panel.
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Figure D.21: Non-radial variations of the abundance distribution of PGC004701.
See Appendix D above for a description of each panel.
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Figure D.22: Non-radial variations of the abundance distribution of PGC128348.
See Appendix D above for a description of each panel.
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Figure D.23: Non-radial variations of the abundance distribution of UGC01395.
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Figure D.24: Non-radial variations of the abundance distribution of UGC05691.
See Appendix D above for a description of each panel.
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