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Resumen

En este estudio, usamos datos de espectroscopia de campo integral (IF'S, por sus siglas en inglés)
del censo CALIFA para estudiar regiones de galaxias que contienen Nicleos Galécticos Activos
(AGN, por sus siglas en inglés), en las cuales la radiacion ionizante producida por el AGN domina
la ionizacién del gas. Seleccionamos una muestra de 18 galaxias Seyfert tipo 2. Para poder
identificar las diferentes fuentes de radiacion ionizante que dominan en las diferentes regiones de
estas galaxias (AGN, formacion estelar u otras) usamos diagramas y mapas de diagnéstico BPT
(Baldwin et al. 1981). Encontramos que los limites que separan los tipos Seyfert y LINER en los
diagramas BPT tradicionales necesitan ser modifacados para el caso de regiones espacialmente
resueltas; proponemos nuevos limites entre estos tipos BPT para los diagramas que usan las
lineas de emisién [N 11] y [S 11].

Definimos el radio de influencia R; como la distancia desde el centro galdctico hasta el spaxel
mas lejano clasificado como Seyfert por los diagramas BPT. Encontramos que R; es del orden
de kiloparsecs, en algunos casos extremos, incluso sobrepasando el radio efectivo de la galaxia
anfitriona. También encontramos que R; tiene una relacién directa con la tasa de acrecién del
agujero negro supermasivo (SMBH, por sus siglas en inglés) y a su vez es independiente de
la masa de éste. Encontramos una relacion de R; con la morfologia de la galaxia anfitriona,
alcanzando potencialmente valores mayores de R; en espirales tardias, especialmente en las
espirales barradas, aunque con muy poca significancia estadistica.

Se hizo una bisqueda de componentes desplazadas al azul en lineas de emision para explorar
la posible presencia de vientos (outflows) producidos por los AGN, los cuales introducen energia
mecanica en el medio interestelar, afectando la fisica del gas a grandes distancias. Algunos
candidatos a outflow fueron encontrados.



Abstract

In this study we use Integral Field Spectroscopy (IFS) data from the CALIFA survey to study the
regions of galaxies hosting an Active Galactic Nucleus (AGN) where the gas is predominantly
ionized by the AGN. We selected a sample of 18 Seyfert 2 galaxies. In order to identify the
dominant sources of ionizing radiation in the different regions of these galaxies (AGN, star
formation, or others) we use BPT diagnostic diagrams (baldwin1981classification), and construct
maps of their spatial distribution. We found that the criteria that separates Seyfert from LINER
types in the traditional BPT diagrams need to be modified for the case of spatially resolved
regions, and we propose new limits for the BPT diagrams based on the [N 11] and [S 11] emission
lines.

We define the influence radius R; as the distance from the galactic centre to the furthest
spaxel classified as Seyfert by the BPT diagrams. We find that in all galaxies R; is of the order
of kiloparsecs, which represents 50% or more of their effective radius, and even is larger than it
in one case. We find that R; is correlated to the accretion rate of the supermassive black hole
(SMBH), but independent of its mass. Also, we find a trend of R; to vary depending on the host
galaxy morphology, getting higher the later the spiral types,especially with a bar, although with
very little statistical significance.

We also searched for blue-shifted components of emission lines to detect the presence of
outflows driven by AGN and found only a few candidates.
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Chapter 1

Introduction

1.1 Introduction to the Problem and Previous Studies

In the spectroscopic studies of narrow emission-line galaxies (NELGs), one important problem
is to establish solid criteria to discriminate between gas ionization caused by an Active Galactic
Nucleus (AGN), related to an accreting Super-Massive Black Hole (SMBH), and ionization due
to OB stars in star-forming regions (Cid Fernandes et al. 2004). This problem becomes even more
acute in the cases of AGN classified as transition-type objects (TOs), where star formation is
relatively intense, and in Low-Ionization Nuclear Emission-Line Regions (LINERs), where the
AGN is very weak.

In order to better understand the relation between AGN and their host galaxies, it is
important to know the region of influence within which the ionization of the Inter-Stellar Medium
(ISM) is dominated by ionizing photons from the AGN.

Influence and contributions of nuclear star forming regions to spectra of Seyfert 2 galaxies
have been discussed by Cid Fernandes et al. (2004) using long-slit spectroscopy. However, this
method has the difficulty of spatially separating contributions from different zones of the same
object, concluding that in many cases the observed spectrum is the result of contributions both
from an AGN and nuclear star formation.

Thanks to Integral Field Spectroscopy (IFS), we have a more powerful tool to address this
problem. IFS allows us to populate emission-line diagnostic diagrams with thousands of spectral
pizels (spazels) for each individual galaxy, effectively making 2D-maps of them. Previous IFS
studies were done by Sarzi et al. (2010) and Singh et al. (2013), which are from the SAURON
and CALIFA collaborations, respectively in the case of LINERs, who studied radial profiles of
H/ and Ha surface brightness as well as [O 111] A5007 /HS and [N 1] AA5197,5200/H line ratios,
concluding that those profiles cannot be explained by AGN alone, but also have a contribution
from the stellar component.

In this work we present an IFS study of a sample of Seyfert 2 galaxies taken from the third
data release of the CALIFA survey (Sénchez et al. 2016a, from now on we will refer to this data
release as CALIFA DR3), based on the single-slit spectral classification as Seyfert 2 galaxies
taken from (Abazajian et al. 2009, Sloan Digital Sky Survey seventh data release, from now
on, SDSS DR7). We took advantage of both the spatial and spectral resolution of the CALIFA
data to estimate the influence radii, processing the spectra with the population synthesis code
STARLIGHT, described in Cid Fernandes et al. (2005), in order to obtain a synthetic fit for
the continuum spectrum of each spaxel and to measure the intensity of the emission lines. Maps



Fig. 1.1: Illustration of the spatial and spectral array in a data cube. Credits: CALIFA.

and radial profiles of emission-line ratios and diagnostic diagrams were constructed and used to
estimate the influence radius.

In section 1.2, a brief introduction to the Integral Field Spectroscopy and the CALIFA survey
is presented. In section 1.3 we summarize the Unified Model of AGN, which is the current
paradigm that describes them. Some recent developments in this model are presented in section
1.4. In section 1.5, we describe the physics producing the emission lines in Seyfert galaxies and
the diagnostic diagrams that we use.

In chapter 2 we describe our sample and in chapter 3 we explain the methodology. In chapter
4 the results of this work are presented and discussed. Finally, in chapter 5, the conclusions are
summarized and some words on future research on this topic are stated.

1.2 Integral Field Spectroscopy

Integral Field Spectroscopy (IFS) is the next step in the evolution of spatially resolved
spectroscopy since the multiple object optical fibre spectrometers. It consists on spatially resolved
images for which each pixel contains a spectrum, so we have both spectroscopy and spatial
resolution. Here pixels are called spaxels meaning “spectral pixels”.

In IFS, the observed data is arranged as a data cube. Since each spaxel consists of one
spectrum, which has dimension of wavelength, and has assigned an x and y coordinate for
its position, we can arrange the spaxels forming a three-dimensional matrix with these three
coordinates (geometrically a cube, as in figure 1.1)}. This allows us to obtain images in any
band or wavelength that we want, within the limits of the wavelength range of the spectrometer
used. This means that we can spatially resolve the spectral features (continuum, emission and
absorption lines) emitted from different regions of a spatially extended object, like a galaxy or
a nebula.

!Data cubes are stored using the FITS format, so files also include header text files with details of the instrument
and the observations.
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Fig. 1.2: Diagram with the physical distribution of the optical fibres and the dimensions of the
sky (in arcseconds) covered by the hexagonal array of fibres of the PMAS/PPAK instrument.
Credits: Centro Astronémico Hispano Aleman.

1.2.1 The CALIFA Survey

The Calar Alto Legacy Integral Field Area Survey (CALIFA) consists of publicly available IFS
observations of over 600 galaxies, in the nearby Universe, that is up to redshift z = 0.03. They
were observed with the 3.5 meter telescope at the Calar Alto Observatory in Spain. CALIFA
DR3, the third and last data release, was published in April 2016 by Sénchez et al. (2016a).

The instrument used was the PMAS/PPAK spectrograph in Integral Field Unit (IFU) mode,
which contains 382 optical fibres connected to a diffraction grating. 331 of these fibres form an
hexagonal array used to directly observe the object of study (see figure 1.2), and the rest are
used for calibration and sky background measurements. With this telescope, the array covers a
Field-of-View (FoV) of 74” x 65”. The array has a filling factor of ~ 60%, due to the distance
between the fibres. A technique called dithering was used, which consists in taking three different
pointings of the same field with offsets (0,0), (—5.22, —4.53) and (—5.22,4.53), all of them in
arcseconds, with respect to the nominal position of the observed object, allowing to fill in the
gaps and to obtain a final filling factor of 100%. The spatial sampling resolution of the final
datacubes after the dithering process is 1”7 (distance between the centres of the spaxels).

The CALIFA survey was made using two different spectroscopic configurations for the data
cubes: V500 (R ~ 850, 3745 — 7500 A) and V1200 (R =~ 1650, 3400 — 4840 A), and for some
galaxies, these were combined to obtain a resulting data cube with a wider spectral range, called
COMB (R variable, 3400 — 7500 A). Integration times were fixed to 1800 s per pointing for
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Fig. 1.3: Representation of a transverse cut of the classic UM for AGN. Each part is described
in the text. The “TYPE 1”7 and “TYPE 2” labels mark the approximate line-of-sight that an
observer would have in order to see the system as such AGN types.

V1200 and 900 s per pointing for V500. For more detailed technical information we refer the
reader to Sanchez et al. (2016a).

1.3 The Unified Model of AGN

Since the 1990s, the different AGN phenomena are interpreted on the basis of the so called
Unified Model of AGN (UM, see the seminal works by Antonucci 1993 and Urry & Padovani
1995). In this model, all AGN are produced by the same physical phenomenon, i.e. the accretion
of matter by a SMBH. Almost all the variety of spectral features that we observe in different
AGN can be explained as due to the line-of-sight orientation of the system with respect to the
observer. Such is illustrated in figure 1.3, each component part being briefly described in what
follows:

Super Massive Black Hole (SMBH)

A black hole with mass between the range from 10° to 10'0 solar masses. They reside at the
centres of almost all massive galaxies (Kormendy & Kennicutt Jr 2004; Ho 2008) and provide
the necessary gravitational potential to sustain AGN accretion. Its size is defined traditionally
by the Schwarzschild radius Rg, as the event-horizon of a non-rotating black hole (Peterson
1997; Netzer 2013):

. 2GMpy
_?

Rs (1.1)



where G is the Newton gravitational constant, Mpy is the black hole mass and c is the speed
of light. For a typical SMBH of 10® M, the Schwarzschild radius is Rg = 3 x 10" c¢m or 1072
It-days (lightdays).

Accretion Disk

A geometrically thin, optically thick disk of gas trapped by the intense gravitational field of the
SMBH, heated to temperatures of the order of 10° K due to gravitational contraction. This disk
is considered to be the main source for the ultra violet (UV) and optical featureless continuum of
AGN. Two approximations have been proposed historically to explain this continuum, at least
to first order (Peterson 1997): Synchrotron emission from relativistic charged particles moving
through intense magnetic fields and the sum of contributions of locally emitted thermal radiation
from different parts of the disk at different temperatures. Although they can be useful as a first
order approximation, both models are too simplistic to describe in detail the physics of accretion
disks around SMBHs, since complex (special and general) relativistic, magnetohydrodynamical
and turbulence effects should be taken into account (Netzer 2013, chapter 4, section 2).

From this accretion disk arises most of the UV and optical continuum radiation that we detect
from AGN. Accretion disks emit a UV /optical continuum spectrum that follows a power-law of
the form:

F, < v* (1.2)

where F, is the specific flux?, v is the frequency and « is the power-law index. a indicates
the slope of the continuum and it is a measure of the hardness of the radiation, usually flatter
(o = —0.5) for the more luminous AGN, and progressively down to a ~ —1.8 for the less
luminous ones (Koski 1978; Cid Fernandes et al. 2004).

The radius R of the accretion disk is estimated by Peterson (1997) in ~ 240 Rg = 7.1 x 10'®
cm = 2.8 lt-days for a 108 M, SMBH, which is compatible with reverberation mapping and
microlensing measurements (Mosquera et al. 2013, Mediavilla et al. 2017).

Jets

Some AGN produce a pair of jets made of highly-collimated relativistic particles, escaping
away in a direction approximately perpendicular to the plane of the accretion disk, in opposite
directions. They produce radiation emission, generally at radio wavelengths but also at X rays
and gamma rays®. Radiation coming from these jets is beamed and highly polarized, which
implies strong magnetic fields and charged particles moving at middle to ultra relativistic speeds.
Radiation is emitted via synchrotron and synchrotron self-Compton (SSC) processes. They
can reach a size of hundreds of kiloparsecs (kpc), extending well beyond their host galaxies,
representing an important input of mechanical energy for the gas in galaxy clusters.

Their physics is as complicated to describe as that of the accretion disk; in fact, different
models have been proposed in which both are deeply connected: thermal pressure, radiation
pressure and hydromagnetic models (and many variations of them). All these models assume
that jets originate in the innermost parts of the accretion disk. Coziol et al. (2017) found that
jets have an origin in transient stochastic phenomena compatible with the chaotic nature of the
accretion processes. For a more detailed description of AGN jets and their physics, see Netzer
(2013), chapter 7, section 9 and the review by Blandford (1993).

2 Also called monochromatic flux, F, is the flux emitted per unit frequency with units of [erg s™' cm™2 Hz ™).
3Some AGN jets can also be detected in the optical range, like in the case of the galaxy MS87.



Although jets are usually well collimated, shocks are produced when they collide with the
inter-galactic medium (IGM), causing an expansion of the material and the generation of hot
spots of intense radiation (Kaiser & Alexander 1997). It has been found that some of this kpc
(or even Mpc) scale jets present a precession movement (Blandford 1993, chapter 4, section 5),
which implies that the orientations of their accretion disks also have a precession movement.
This has implications for the discussions in chapter 4.

Corona

As the accretion disk reaches high temperatures, some of the electrons and other charged particles
reach high speeds and escape from the disk, getting trapped in the magnetic field around it. These
particles form a very diluted cloud of plasma composed of free electrons (and some protons) at
very high kinetic temperatures, of the order of 10¢ K, called the corona. These free electrons
interact with the UV photons escaping from the accretion disk in which is known as the inverse-
Compton effect. In such interactions, part of the energy of the high speed electrons is transferred
to the photons, augmenting their energy to higher frequencies; in fact the frequency of the
photons goes up from the UV to that of X rays. Part of the emitted X rays can also be scattered
(reflected) back by the accretion disk (Uttley et al. 2014). The corona is the source for most X
ray emission in the unresolved nuclear regions of the AGN. For more details see Peterson (1997).

X ray Reverberation mapping (Uttley et al. 2014; Kara et al. 2016) and microlensing
observations have shown that the X ray emitting region has a size of & 5 Rg = 0.6 lt-days
for 10° M, SMBHs (Mediavilla et al. 2017).

Broad Line Region (BLR)

Some AGN present very broad permitted emission lines, or more precisely, a broad component
of these emission lines*. This broadening is interpreted as due to ionized gas moving at very
high velocities, corresponding to a Doppler broadening with ranges from 500 to 30000 km s,
with typical velocities of ~ 5000 km s~! (Peterson 1997). This ionized gas is thought to be
gravitationally tied, and thus at close distance from the SMBH. Being the case, the broadening
of the line profile corresponds to the gas orbital velocity range (velocity dispersion), so it can be
used as a proxy to estimate the mass of the SMBH (see Netzer 2013, chapter 7, section 1.10).
An analysis on the use of such proxy and the influence of other parameters like the SMBH spin
can be found in Mejia-Restrepo et al. (2016).

A steady-outflow movement of this gas due to radiation pressure from the accretion disk,
has been suggested, assuming a model in which this gas is in the form of clouds. This model
predicts logarithmic line profiles that can explain the observations as a first order approximation
(Peterson 1997 chapter 5, section 4 and references therein).

The broad components present variability in the flux with time. They vary as a response to
the ionizing continuum variations, with a delay time. This allows to apply reverberation mapping
techniques in order to estimate the size of the broad-line emitting region. Different emission
lines vary with different delays, indicating that they are produced at different distances from the
accretion disk. The size of the BLR directly depends on the central source continuum brightness,
using as a proxy the continuum luminosity at 5100 A (Ls100). With the approximation given in
Netzer (2013), chapter 7, section 1.8, we can calculate that for an AGN with Lsjgg = 10** erg s71,
the BLR would have a radius of ~ 7.6 x 1073 pc.

4Given the high densities in the BLR, forbidden transitions are collisionally suppresed (Peterson 1997, chapter
5).



Narrow-Line Region (NLR) and Ionization Cones

Besides the broad components, all AGN spectra present very strong narrow emission-line
components. This component is interpreted as produced by ionized gas situated at larger
distances from the SMBH than that of the BLR (parsec to kiloparsec scale), and also with
a slower movement (typical line widths ~ 500 km s~!). Such line widths are still larger than
those measured in typical H 11 regions of starburst galaxies. Since the gas density in the NLR is
lower than in the BLR, we have the presence of narrow lines both for permitted and forbidden
transitions (Peterson 1997), which is important for this work, as it allows us to measure the
emission lines needed for the diganostic diagrams.

The NLR is remarkable because it is the only component of AGN big enough to be spatially
resolved by current telescopes. It usually has an axisymmetric morphology, and in some cases
presents evidence of ionization by shocks of the outflowing plasma with the interstellar medium
(apart from the dominant photoionization, see Peterson 1997, chapter 6, section 5). In some cases
the NLR takes the shape of the so-called ionization cones: two opposite conical regions where
the emission line ratios of high excitation lines such as [O 111] A5007/H/ are higher than outside
them (Peterson 1997, chapter 6, section 5) extending up to distances of hundreds of parsecs
and even kiloparsecs. Thanks to this, we can produce spatially-resolved diagnostic diagrams, for
which TFS isespecially useful.

Whenever ionization cones are present, there are important consequences for the evolution
of the host galaxy, because in that case, kiloparsec-size regions around the nucleus have almost
all the gas ionized by the AGN, which helps to suppress the existence of the adequate physical
conditions for star formation (SF). Precisely these extensive regions of ionized gas are the main
subject of study of the present work, in which we try to determine their extension using spatially-
diagnostic diagrams (see section 1.7).

Dusty Torus and the AGN Types 1 and 2 Classification

An important amount of nuclear infrared (IR) emission, at wavelengths greater than 1 ym can be
detected in AGN, which is consistent with the presence of enormous amounts of dust (Antonucci
1993 and references therein, Peterson 1997). Even more, the detection of polarized light, which
can be interpreted as radiation coming from BLR emission dispersed by dust, and the presence
of marked heavy-metal absorption bands in the X ray spectrum supports the hypothesis of great
amounts of dust forming a torus. This dusty torus must be located at greater distances from
the SMBH than the accretion disk and in a similar (if not the same) plane.

Historically, AGN have been classified as type 1 (Broad-Line AGN, BLAGN) or type 2
(Narrow-Line AGN, NLAGN), depending on whether they present broad components in their
permitted emission lines or not, respectively. The core argument of the classic UM is that type 1
AGN are those for which the line-of-sight allows direct observation of the BLR and the accretion
disk continuum, and type 2 AGN are those for which the BLR is hidden from the observer by
a geometrically thick dusty torus (see Netzer 2013, chapter 6, section 7). Even more, the dusty
torus is also optically thick for X rays, obscuring the corona, which explains why it is hard to
detect X ray emission from type 2 AGN. This means that both type 1 and type 2 AGN are
really objects of the same nature and structure. This is a very powerful model as it allows to
explain almost the whole variety of observed AGN (Antonucci 1993; Urry & Padovani 1995.

In the UM interpretation, this torus must be both optically and geometrically thick enough
to hide the accretion disk, the BLR and the corona from an observer that is seeing the system
from a direction close to the plane of the torus, who would only observe narrow lines in the
spectrum, explaining the observations of NLAGN. Hence BLAGN, would be the case in which



the line-of-sight makes an angle with the plane of the torus broad enough to allow for the direct
observation of the BLR, the corona and the accretion disk continuum. There is a special case
for type 1 AGN in which the line-of-sight is directly pointing towards the jet. They are called
blazars, and their observed continuum is dominated by synchrotron and SSC emission, being
detected even in gamma rays.

1.4 Evolution of the UM Paradigm

Recent observations have led to consider that some improvements of the UM are necessary. We
discuss here briefly two of the most important, which could be possibly related: the first involves
the presence of great amounts of gas emanating from the nuclear zones (outflows) and the is
related to the geometry and origin of the dusty torus.

1.4.1 AGN-Driven Outflows

Galaxy-scale winds flowing out from AGN were observed soon after de UM was proposed, but
it was not until the last decade that many observations (see the multiple references in Faucher-
Giguere & Quataert 2012) showed that they are more ubiquitous than previously thought. They
are usually detected as shifted broad-components of emission lines in optical, millimetre, and X
rays. This implies a high velocity radial movement out of the AGN (hence the name outflow).
In order to detect them, it is necessary to separate these displaced contributions from the main
emission lines in the rest frame of the galaxy (see section 3.9). Also, UV Broad-Absorption Lines
(BALs) are observed in some cases.

Compared to jets, AGN-driven outflows do not show relativistic speeds, but they are usually
in the order of hundreds of to thousands of km s~! (although cases where they reach up to 0.1 ¢
are not uncommon). They are not tightly collimated as the jets, and do not have prominent
synchrotron radio emission, therefore they are a unrelated to jets.

Outflows are asumed to be important for galactic evolution as they can cover long distances,
transporting large amounts of momentum. This means that they could quench star formation
in their host galaxies, although Maiolino et al. (2017), using IFS observations, found evidence
of ongoing star formation inside an outflow, produced with the ejected material.

Typical momentum flux in outflows is about 10 times greater than the radiation pressure
produced by the AGN accretion disk, reaching up to 20 times in some cases (see Rupke &
Veilleux 2011). Simulations by Debuhr et al. (2011) and DeBuhr et al. (2012) showed that they
could be in part responsible for the Mpy — o relation through mechanisms of AGN feedback.
The most accepted physical mechanism for the origin and propagation of these outflows is the
ejection of gas from the accretion disk, driven by radiation pressure and shocks with the ISM. In
the process, they lose energy by cooling and gain momentum while shocking the ISM, similar to
the case of supernovae ejecta, but on a galactic scale. For a more detailed analytic description
of the physics of the AGN-driven outflows, see Faucher-Giguere & Quataert (2012).

1.4.2 The Origin and Geometry of the Dusty Torus

As an explanation for physical processes that could explain the existence of the dusty torus, Wada
(2012) proposed the so called radiation fountain model, in which the intense radiation pressure
from the accretion disk ejects large quantities of ionized gas. This ejected material takes the
geometry of two low-density, broad axisymmetric cones where radiation escapes explaining the
AGN ionization cones. The gas inside these cones condensates forming filamentary structures



ionized by the intense radiation of the accretion disk, with lower density (diffuse) gas in between.
These filamentary structures would account for the BLR emission and, as they drift away from
the centre, they would become the NLR emitting gas. These structures, plus the part of the gas
that is not condensed would form the AGN outflow. Part of this gas “rains” back over the cold
accreting material far from the cones. The geometry of the cones and this returning material
would shape the dusty torus into a large disk of dust and molecular gas that is able to support
star formation (from one parsec to tens of parsecs in scale). This star formation produces some
supernovae that have the effect of thickening the dusty disk, allowing the latter to produce the
geometrical effect of obscuration of the accretion, disk depending on the line-of-sight, in the
same way as the classic dusty torus does. A dusty disk of &~ 90 pc in diameter has been directly
observed in the core of NGC4261 by the Hubble Space Telescope (HST), and Ruiz et al. (2001)
reported a torus of up to ~ 12 pc in radius in the Circinus Galaxy.

This model has the advantage not only to explain the angle dependence on the line-of-sight
but also to predict very accurately the observed IR spectra of nearby AGN (Wada et al. 2016).
According to this model, the ionization cones, the BLR, the NLR and the outflows have a
common origin explained by the same physical phenomena.

1.5 Seyfert AGN and Their Spectral Features

Apart from the presence or absence of broad components in the emission-lines, AGN have been
classified under other criteria, such as the radio emission (e.g. radio-loud or radio-quiet) or the
luminosity. This last criterion is important to us. The most luminous AGN are quasars (or
QS0s, Quasi-Stellar Objects). They have usually bolometric luminosities of the order of 10'3 L,
(Peterson 1997). Below quasars we have Seyfert 1 galaxies, with luminosities of ~ 10! L. This
luminosity comes from unresolved regions of the galactic nucleus, and it is different from the
stellar luminosity of the underlying host galaxy (usually no more than ~ 10! Ls). The other
category is that of Low-Luminosity AGN (LLAGN) that includes Seyfert 2 and LINER AGN.
Seyfert 2 have typical luminosities of ~ 10 to 10'° L, allowing for an easier observation of the
host galaxy. Finally, the less luminous are LINERs, with luminosities of ~ 10® L,. All categories
(quasars, Seyferts and LINERS) can be classified as type 1 or 2.

As we go down in luminosity, the spectral index a goes also down, making the spectra
steeper and redder. This implies that the observed continuum gets contaminated with the stellar
continuum, and that some features as the stellar absorption bands and lines are present. This
is especially true for the continuum of type 2 Seyferts and LINERs, for which, according to the
UM, the accretion disk is not in the line-of-sight and most of the continuum that we observe in
the optical range comes from the stars of the host galaxy.

The most important spectral feature of any AGN in the optical range is the presence of very
characteristic emission lines. In the next section we describe the emission lines used in this work.

Recombination Lines: The Hydrogen Balmer Series

These are the most common permitted emission lines found in astronomical objects and even
in the diffuse ISM. They are caused by recombination after an ionized hydrogen atom captures
a free electron. The electron is usually not captured directly into the ground level, but instead
into an upper level. Since this is not a stable configuration, the electron soon begins to emit
photons as it decays to lower energy levels. These transitions produce different series of emission
lines at different ranges of the electromagnetic spectrum. In the optical range we can observe the



Balmer series, corresponding to photons emitted by electrons decaying from different superior
levels down to level n = 2.

Of these lines, Ha A6563, which is produced by an electron transitioning down from level
n = 3 ton = 2, is the most prominent and the one with the least energetic photons of the series.
The next line, less prominent but with higher energy photons is H3 A4861. Presence of these
lines indicates that recombination has occurred, and that there exist photons capable of ionizing
hydrogen. Hydrogen is the neutral atom with the lowest ionization potential of all (13.6 eV),
marking the lower limit for ionizing photons.

1.5.1 Collisionally Excited Lines

They are produced in transitions between low-energy levels of ions or neutral atoms which
have excitation potential of the order of kT, where k is Boltzmann constant and 7' is the
(electron) kinetic temperature, which represents the mean kinetic energy of the particles of the
gas (which in the ionized gas of the ISM is mainly held by free electrons). This implies that
the major contribution to excitation in those states comes from the collisions of the ions with
free electrons. Since radiative transitions between the mentioned states are forbidden by the
electric-dipole selection rules, the probability for them to occur is small (= 1072 to 1073 s71),
and therefore are observable only in low-density environments, where the frequency of collisions
with free electrons is very low and the excited ions have time to be radiatively de-excited before
an electron collides with them. Such low-density environments can be commonly found in star-
forming H 11 regions, planetary nebulae and in the NLR of AGN. For a more detailed description
of the physics of collisionally-excited lines, see Osterbrock & Ferland 2006, chapter 3, section 5.

In this work, we measure the most prominent of these lines present in AGN spectra, which
are used in the BPT81 diagnostic diagrams: [O 1] A6300, [S 11] AX6716,6731, [N 11] A6583 and
[O 111] A5007.

1.6 Emission-Line Ratios

The presence of emission lines from different ions provides information about the physical
coniditions of both the gas and the radiation field that produce these lines. We can compare the
intensity of lines produced by ions that require higher ionization energies to exist (or even lines
from de-excitations of neutral atoms) with those of atoms that require lower ionization/excitation
energies by calculating the ratio of those intensities; that would give us information about the
hardness of the ionizing radiation field®. If we use lines that are very close in wavelength, so
they are affected by almost the same amount of reddening, we have the advantage that the line
ratio will be barely or not affected at all by dust extinction.

Since hydrogen has the lower ionization potential and prominent optical emission lines, it is
common to use the Balmer lines as the denominator for the optical the ratios. For the numerator
we can use different lines that require ions ionized by photons of the energies that we are
interested to study. For example, using low-excitation line ratios such as [N 11] A\6583 /Ha we can
compare the amount of photons capable of singly-ionizing nitrogen (ionization potential 14.5
eV) to those capable of ionizing hydrogen (ionization potential 13.6 eV). We can have an idea of
the hardness (slope) of the ionizing continuum if we use higher ionization lines, as in the [O 111
A5007/Hf ratio, which gives compares the amount of photons capable of double-ionize O™ into

5Line ratios are also affected by the physical conditions of the gas, such as temperature, density and metallicity;
line ratios can be used to estimate those parameters too, see Osterbrock & Ferland (2006), chapter 5, and Peimbert
et al. (2017).
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O™ (ionization potential 35.1 eV) to that of photons capable of ionize hydrogen; in this case
we use HS in the denominator because it is closer to the wavelength of the numerator line than
Ha and thus is the ratio is less affected by reddening.

1.7 Diagnostic Diagrams

Line ratios alone cannot establish which is the nature of the source of ionization in galaxies,
although they can reveal important aspects of it. The combination of different line ratios forming
the so-called diagnostic diagrams, can give us a more complete vision.

1.7.1 BPT81 Diagrams

Baldwin et al. (1981) proposed a set of diagnostic diagrams that separate emission-line galaxies
by the dominant source of ionizing radiation. For this purpose, various combinations of emission-
line ratios were tested, leading into conclusion that the most efficient are the combinations of the
high-ionization line ratio log;q([O 111] A5007/H/3), versus any of these three other low-excitation
line ratios: log;o([N 11] A6583/Ha), logo([S 11] AN6716,6731/Har) and log;o([O 1] A6300/Ha).
From now on, we will call these diagnostic diagrams BPT-NII, BPT-SIT and BPT-OI respectively
(and BPT81 collectively).

In these diagrams (figure 1.4), star-forming (SF) galaxies (for which the main ionization
source are young OB stars) are located typically in the left side (low values of the low
ionization line ratios), forming a sequence, descending continuously from high to low values
of the log;y ([O m] A5007/HpB) line ratio, reaching a limit where the value of the low-
ionization ratio saturates, which is the maximum value that stars can achieve, given their steep
black-body ionizing continuum and luminosity, limited by their mass (Kewley et al. 2001).
For the high-excitation line ratio, in the case of (SF) regions, the decreasing behaviour of
log([O 1] A5007/HS) with increasing log;o([N 11] A6583/Hc) is, instead, more related to
the metallicity, which is lower for high values of log;q ([O 111] A5007/H f3) and increases toward
lower values of this line ratio (see Kewley et al. 2001 and Osterbrock & Ferland 2006, chapter
12).

If the main ionization source is an AGN, the situation is different. Due to the high intensity
and hardness of the produced ionizing continuum, AGN have very extended partially ionized
zones (P1Zs) from where the collisional emission lines arise. This allows for the low-ionization
line ratios to reach high values beyond the limit achievable by stars, with the effect of AGN being
located towards the right side of the diagram. Such large values of the log;y([O 1] A6300/Ha) and
logo([S 11] AN6716,6731/Ha) line ratios are indicators of a large PIZ produced by high-energy
photoionization (Osterbrock & Ferland 2006, chapter 12). Since the PIZs in SF regions are much
smaller (Osterbrock & Ferland 2006, chapter 2) they remain in the left side of the diagram, and
we can use these line ratios to roughly identify the main radiation source as an AGN or as SF
regions.

In summary, SF galaxies are located in the left side and AGN are located in the right side
the BPT81, in a distribution that somehow remembers the shape of a flying seagull or the letter
V. This V shape is more evident in the BPT-NII diagram, but BPT-SIT and BPT-OI diagrams
show also an important and very useful difference: in these diagrams, the right sequence is clearly
divided into two branches: the upper one with higher values of log;, ([O 111] A5007/Hf) and the
lower one with lower values of this line ratio. Those two groups respectively correspond to the
Seyfert and LINER AGN.
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Fig. 1.4: Example of a BPT-NII diagram. Each point is a galaxy from the SDSS DRY7, including
256 510 of them. The diagram is divided in different zones; the location of each data point
indicates the ionization source dominating the spectrum of its galaxy(SFG: Star Forming Galaxy,
Sy2: Seyfert 2, TO: Transition Object, LINER: Low-Ionization Nuclear Emission Region. The
limits that determine each zone are explained in the text: the solid line is the Ka03 limit,
the dashed line is the Ke0l maximum starburst line and the dotted line is the limit proposed
by Torres-Papaqui et al. (2012) between LINER and Seyfert AGN. Credit: Figure 1 (b) from
Ortega-Minakata et al. (2014).

The log;o([O 111] A5007/Hp) ratio is an indicator of temperature and of the mean level of
ionization (Osterbrock & Ferland 2006, chapter 12, section 1). It is much more sensitive to the
presence hard photons and differentiates better between the harder continuum of a Seyfert AGN
and the softer one of a LINER AGN (although it cannot differentiate SF galaxies from AGN,
since young stars can also produce high values of this ratio).

Therefore, it is the combination of both low-excitation and high-ionization line ratios used
by the BPT81 diagnostic diagrams that allows us to distinguish between the different ionization
sources (activity) of emission-line galaxies (SF, Seyfert AGN or LINER AGN). It is important
to notice that, since the high values of low-excitation line ratios can also be produced by shocks,
the BPT81 diagrams cannot distinguish extended AGN photoionized PIZs from those due to
shock ionization, and other tracers or diagnostics are needed in order to be able to separate
them.

1.7.2 Limits Between Ionization Sources in the BPT81 Diagrams

It becomes necessary to trace clear limits between the different zones of the BPT81 diagrams
dominated by different ionization sources. In this section we briefly describe the most used in
the literature.
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The Kewley 2001 line: SF-AGN limit

The most commonly used limit between SF galaxies and AGNs is the one proposed by Kewley
et al. (2001). They produced photoionization models for StarBurst Galazies (SBG) from
evolutionary tracks of stellar populations, accounting for reddening and mass loss. As a result
they were able to reproduce the left wing of the BPT81 diagrams, marking limits of the zones of
maximum excitation that star formation can produce (the saturation limit mentioned before).
This limit is known as the Kewley (2001), abbreviated as Ke0l, or maximum starburst line. For
the different BPT81 diagrams, the Ke01 limits between SF and AGN are:

o (2I0) 00 w9

logyo (Bt ) - 047

logg <[OHIBH]> - [S'Z]Q +1.30 (1.4)
logo (Spat ) - 0.32

111 .

Hp > B logqq (%) -+ 0.59

«

for the BPT-NII, BPT-SII and BPT-OI respectively.

The Kauffman 2003 line: SF-TO limit

Kauffmann et al. (2003) revised the properties (emission-line ratios and stellar populations) of
55 757 galaxies from SDSS. They found a significant overlap of the line ratios from the AGN
population with those of SBGs. That means that some AGN are hosted by SBGs, showing
properties of both types of objects in their spectrum. These are called composite or Transition
Objects (TOs). Although some of their properties are not properly understood yet (see the review
on LLAGN by Ho 2008).

Kauffmann et al. (2003) traced the lowest ionization limit (abbreviated as Ka03) reached by
the TOs, meaning that they found no AGN with lower ionization than that limit (that is for the
SDSS sample, but it is a big sample with consequently very good statistics). Therefore, TOs are
defined as the objects between both the Ka03 line of minimum AGN ionization and the Ke01l
line of maximum starburst ionization. This line has only been defined for the BPT-NII diagram.
The equation for the Ka03 line is:

L T S us
logy (St ) — 0.5

Kewley 2006 line: Seyfert-LINER. limit

Kewley et al. (2006) took advantage of the large number of spectra taken by SDSS, and
constructed BPT diagrams for over 200 000 galaxies. This allowed for a continuous and clearer
distribution of the galaxies in the different parts of each diagram. They noticed that there was
a lower density of galaxies populating the zone between Seyferts and LINERs in the right wing
of the BPT-SII and BPT-OI diagrams. They made histograms of the density of galaxies along
concentric circular segments at different distances from the inflection point of the distribution
and made a linear fit to the minimum points of these histograms, resulting in a line that
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effectively separated both Seyfert and LINER populations. This line is called the Ke06 line.
The corresponding equations are:

10g10 <[OHIBH]> = 1.891og;, C%LI]) +0.76 (1.7)
log; <[OHIﬁH]) = 1.181og; (25) +1.30 (1.8)

for the BPT-SII and the BPT-OI respectively.

Cid Fernandes 2010 line

Cid Fernandes et al. (2010) transposed the Ke06 lines for the BPT-OI and BPT-SII to the
BPT-NII diagram, using statistics for the SDSS galaxies. The result is the Cil0 limit between
Seyferts and LINERs for the BPT-NII diagram:

1.7.3 The BPT81 Diagrams in the IFS era

The BPT81 diagrams have been widely applied to IFS data ever since the surveys like CALIFA
and SAMI began to produce results. For traditional longslit/fibre spectroscopy, alternative limits
can be found in literature. Torres-Papaqui et al. (2012) proposed a dividing line between Seyfert
2 and LINERs, defined as the line that splits a sample of ambiguous types from SDSS DR7 in
two groups of the same number of galaxies.

In general, it has been just assumed that the same limits described above, developed for non-
spatially resolved spectroscopic data also apply for spatially resolved regions within the same
galaxy 6. As we shall show in chapter 3, this appears not be the case and some modifications to
the BPT81 limits are needed, especially for the limit between Seyfert and LINER-type spaxels.
Sharp & Bland-Hawthorn (2010) used IFS observations of two galaxies to trace “tracks” on the
BPT-NII following the bulk of data points of one galaxy with dominant AGN photoionization
and one galaxy with dominant shock ionization. This is a first effort to establish limits between
Seyfert and LINERs for IFS data. Nevertheless, since it is based only on two galaxies, one for
each track proposed, we consider that it could not be representative of the Seyfert 2 population.

We propose a new limit to distinguish between Seyfert and LINER-like spaxels in the BPT-
NIT and BPT-SII diagrams, to substitute the Cil0 and Ke06 lines for Seyfert IFS datacubes.
The methodology, based in our sample of 18 galaxies, is explained in section 3.7 and results are
shown and discussed in section 4.2.1.

5Tt is important to remark that of all the limits mentioned above, the Ke01 is physically motivated, while the
Ka03, Ke06 and CilO limits are based on pure empirical statistics.
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Chapter 2

Sample

For our study, we use a sample of Seyfert 2 AGN. They have some advantages over quasars
when we want to study the spatially resolved properties of their host galaxies: as Seyferts are
less luminous, images are not saturated by the nuclear radiation, and the structure of the host
galaxies can be easily observed. Also since even 3C273, which is the nearest quasar, is at redshift
z = 0.15 (Strauss et al. 1992), the spatial resolution that we would obtain with IFS would not
be enough for our purposes, even if the host galaxy was observed.

The CALIFA survey is the legacy IFS survey with the best spatial resolution to date,
combined with a spectral range that allows to measure the most important optical emission
lines. The CALIFA survey, that goes only as deep as redshift z = 0.03, includes no quasars nor
blazars. Also, despite being LLAGNS, Seyfert 2 (Ho 2008) have high enough values of their line
ratios to avoid controversy about their AGN nature.

CALIFA DR3 observed 19 galaxies with a Seyfert 2 nucleus, as classified by SDSS DR7Y
(see Sanchez et al. 2016b and the CALIFA DR3 dataproducts). Of these 19, we discarded
UGC04145, because the datacube presented serious consistency problems. Table 2.1 lists the
18 galaxies finally selected for this work, their spectroscopic configuration available with the
CALIFA DR3, their J2000 coordinates, their SDSS spectroscopic redshift, their effective radius
(both in arcsec and kpc, determined by the CALIFA collaboration from SDSS r filter images)
and their morphological classification by the CALIFA collaboration, the last two taken from the
CALIFA DR3 data products.

NGC5216 is classified as Seyfert 1 in the catalogue by Véron-Cetty & Véron (2006). Since
the UM explains both Seyfert 1 and 2 as the same kind of objects that only differ because of
the observers line-of-sight, the main difference between them (apart from the line-broadening)
should be the observed continuum of the nuclear region, which comes mainly from the accretion
disk in the case of Seyfert 1 and is contaminated by the stellar continuum in the case of Seyfert 2
(see section 1.3). Given that we are using diagnostic diagrams based only on the emission lines,
covering spatially resolved regions far larger than the nucleus (the only region where we could
find BLR emission) the combination of type 1 and 2 AGN in our sample should not significantly
affect our results, hence we keep NGC5216 in our sample, despite its ambiguous classification in
the literature.

In Appendix A, figure A.1 shows images of the galaxies of the sample taken by SDSS DRY.
All images have the same size of 80” x 80”, comparable to the CALIFA datacubes field of view.
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Galaxy Right Ascension Declination Spectroscopic Redshift Effective Effective Morphology

(J2000.0) (J2000.0) Configuration (SDSS)  Radius  Radius  (CALIFA)

(arcsec) (kpe)

1C0485 08h00m19.765s  +26d42m05.19s COMB 0.0277 4+ 0.00012 36.491 19.5 SBab
1C0540 09h30m10.330s  +07d54m09.90s COMB 0.0069 4+ 0.00019 22.287 2.71 SBab
1C2247 08h15m59.098s  +23d11mb58.65s COMB 0.0144 4+ 0.00019 24.006 6.76 Sab
1C4215 13h16m16.830s  +25d24m18.79s V500 0.0129 £ 0.00018 16.516 3.99 Sb
MCG-02-02-030  00h30m07.307s —11d06m49.11s COMB 0.0117 4+ 0.00016 17.747 3.94 SBb
MCG-02-08-014 02h52m23.395s  —08d30m37.49s V500 0.0167 £ 0.00016 26.836 8.62 Sa
NGC0681 01h49m10.829s  —10d25m35.13s COMB 0.0058 + 0.00017 34.706 3.53 SBa
NGC2410 07h35m02.260s  +32d49m19.60s V500 0.0155 4 0.00016 27.156 8.19 SBb
NGC2916 09h34m57.602s  +21d42m18.97s COMB 0.0124 4+ 0.00016 28.558 6.91 Sbe
NGC3160 10h13mb5.074s  +38d50m34.23s V500 0.0228 4+ 0.00016 18.301 8.02 SBab
NGC3182 10h19m33.023s  +58d12m20.61s V500 0.0070 4+ 0.00017 24.765 3.02 E7
NGC4644 12h42m42.657s  +55d08m43.85s COMB 0.0164 4+ 0.00016 19.417 6.24 Sh
NGC5216 13h32m06.892s  462d42m02.51s COMB 0.0098 4+ 0.00018 29.533 5.38 EO
NGC5378 13h56mb51.016s  437d47m50.08s COMB 0.0100 4+ 0.00016 29.386 5.35 SBb
NGC5957 15h35m23.214s  +12d02mb51.36s COMB 0.0061 4 0.00016 28.997 2.95 SBb
NGC5971 15h35m36.892s  +56d27m42.07s COMB 0.0112 + 0.00016 24.009 4.85 SBb
NGC6394 17h30m21.420s  +59d38m23.57s COMB 0.0284 4+ 0.00009 25.551 14.1 SBbec
UGC09110 14h14m13.398s  4+15d37m20.67s V500 0.0155 4+ 0.00016 24.512 7.39 SBb

Table 2.1: List of Seyfert 2 galaxies selected from the CALIFA DR3.
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Chapter 3

Methodology

3.1 Extraction of the Datacubes

All CALIFA datacubes are in FITS format. This “cubic”arrangement (see section 1.2) has the
advantage that we can plot spatially resolved maps at any wavelength covered by the spectrum,
as if we were obtaining filter photometry at any wavelength within the observed spectral range,
and we may integrate them in either narrow or broad wavelength intervals. We used these data
to create luminosity maps for various emission lines (see section 3.6).

The data were already reduced and calibrated by the CALIFA collaboration. The extraction
of the spectra was done using scripts developed by the Guanajuato Integral Field Unit Group
(GIFU group), specifically in order to prepare automatically the data in a way that it can be
used as an input for the STARLIGHT code (Cid Fernandes et al. 2005), which is described in the
next section. As we have thousands of spectra per datacube, it is important to fully automatize
the process with a script that loops over all spectra.

3.2 STARLIGHT: Spectral Synthesis

Each galaxy datacube was analysed with the STARLIGHT spectral synthesis code described
in Cid Fernandes et al. (2005). This is the fifth version of this code, obtained by private
communication with the author. It is very similar in general to the publicly available fourth
version. Here we describe briefly the methods that it uses.

STARLIGHT adds different template spectra to create a model that fits an observed
spectrum. These templates are usually synthetic spectra of stellar populations of different ages
and metallicities. Also, any template can be used to fit spectra of individual stars or galaxies,
according to the necessities of the project. In our case we used a base of templates of spectra of
star populations with 25 different ages and 6 metallicities from Asari et al. (2007), for a total of
150 template spectra. These spectra are called Simple Stellar Populations (SSP), since they are
representative of stars of the same age and metallicity (like those born inside the same stellar
cluster). A set of SSP that we use as templates is called a base.

This is how STARLIGHT works: we have an observed spectrum O, and the base with a
set of N, spectra. We want to obtain a model of the observed spectrum that is a sum of the
contribution of the different populations in the base, each one contributing with a light fraction
at a certain wavelength Ao (which is used to normalize the flux). The model M) is then:
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where Lg ;s the normalized luminosity, flux or intensity of the population j at wavelength A, Ay;
accounts for dust extinction, and G(vy, o) is a Gaussian filter to account for the kinematic effects
of velocity shift v, and velocity dispersion o,. STARLIGHT varies randomly the contribution
of the different SSP in the base, and performs a combination of Metropolis and Markov Chain
algorithms to search for the parameter space that minimizes the x? merit figure:

X2 = [(Ox = My)wyJ? (3:2)
A

where w), is a statistical weight assigned for a given A, in case one wants to fit better certain
features. For more details we direct the reader to the STARLIGHT manual, which can be
downloaded at http://www.starlight.ufsc.br/node/2 and to Cid Fernandes et al. (2005). As
this is a random process, the computation time varies. For each spaxel from CALIFA datacubes
it usually takes less than 20 minutes, and around three to four weeks to complete a datacube!.
As a result, we obtain the best fit of M) with the light fraction corresponding to the contribution
of each stellar population and the sum of them all in the form of a synthetic spectrum. We can
use this spectrum as a template for the stellar continuum, substracting it from the observed one
to obtain a pure-emission spectrum and obtain a better measurement of the emission lines (see
section 3.3).

3.2.1 Previous Preparation of Data for STARLIGHT

We need to prepare the spectra and feed STARLIGHT with some information, which we do with
scripts developed by the GIFU group to automatize the process, as we have literally thousands
of spectra per datacube. First of all, our observed spectrum must be re-sampled to a resolution
of 1 A with integer values for A. We also must mask out all possible emission features present, as
STARLIGHT fits star-like spectra and, with the exception of young massive Be stars and Wolf-
Rayet, stars do not show emission lines. STARLIGHT fits the continuum and stellar absorption
features, such as the H and K lines of Ca 11, and the presence of emission lines would introduce
large errors into the final result. For this work, the masked regions of the spectrum are shown
in table 3.1.

A statistical weight wy can be given to certain wavelengths in where there are absorption
or continuum features, which are very dependent on stellar age and metallicity. We gave a
statistical weight of 2 to the absorption features Ca 11 K line, a powerful indicator of stellar age
and to the G absorption band, very dependent on stellar metallicity. Although STARLIGHT
does not care if we use flux, intensity or luminosity units for our spectra, the bases must have
this same units, and it is important to note that CALIFA uses the specific surface flux?, with
units of [erg s~ cm™2 A~! arcsec2], multiplied by a factor of 1 x 10'%, so we have to multiply
by 1 x 10716 to recover the real value of the specific surface flux in the mentioned units.

1With an Intel i5 quadruple-core processor and 8 GB of RAM.

2The specific surface flux has similar units to specific intensity, using arcsec? instead of steradians for the solid
angle, which is convenient in this case as each spaxel from the CALIFA datacubes covers 1 arcsec? in the sky. In
order to convert this specific surface flux to specific intensity we should divide by the number of steradians in one
arcsec?, that is 2.3504430539097885 x 10~ !'. Unless otherwise specified, we will keep using specific surface flux
units along this document.
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Table 3.1: Regions masked out of the spectra for the STARLIGHT continuum fit and their
corresponding emission lines. The He T A5876 masked region, also masks the Na D band
absorption by the interstellar medium, centered at ~ 5890 A.

Emission Lines Masked Spectral Range
(A)
[O 11] AA3726,3729 3710.0 — 3744.0
[Ne 111] A3869 3858.0 — 3880.0
He A3970 3960.0 — 3980.0
Ho 24102 4092.0 — 4112.0
H~ A4340 4330.0 — 4350.0
HS 4861 4848.0 — 4874.0
[O 111] AN4959, 5007 4940.0 — 5028.0
He 1 A\5876 5866.0 — 5916.0
[O 1] A6300 6280.0 — 6320.0
[N 11] AN6548, 6583 and Ha A\6563 6528.0 — 6608.0
[S 1] A\, A6717,6731 6696.0 — 6752.0

3.3 Emission Line Measurements

We measured the parameters of some emission lines in the spectra which are necessary to produce
maps and profiles of emission lines luminosity, line ratios and diagnostic diagrams. This was done
using scripts developed by the GIFU Group, that fit Gaussians to the emission lines. For this we
used the synthetic spectrum generated by STARLIGHT as a reference level for the continuum,
in order to subtract the stellar continuum from the observed spectrum, to get only the pure-
emission spectrum (see figures 3.1 and 3.2). The Gaussian parameters of interest are: the Full
Width at Half Maximum (FWHM), the standard deviation o, the integrated specific surface flux
(integral of the specific surface flux under the Gaussian), the equivalent width (EW), and signal-
to-noise ratio (SNR) of the line and of the adjacent continuum. The process is automatized so
the script fits all the spaxels from a datacube automatically, taking the data directly from each
of the STARLIGHT output files for each spaxel. The fitted Gaussian is in the form:

Fy (A —p)?
exp —
oV 2 202

where F)\(\) is the specific surface flux at each wavelength A in units of
[erg s7! cm™2 A~1 arcsec™?], F) is the integrated surface flux of the Gaussian in units of
[erg s~ em™2 arcsec™2], p is the mean or centre, and o is the standard deviation in A. Only
spaxels with SNR > 3 in the four emission lines included in each BPT81 diagram are selected
to construct the maps. For the kinematic maps, only spaxels with SNR > 3 in Ha are selected.

F\()\) = (3.3)

3.4 Visual Inspection

A visual inspection of the spectrum of some spaxels of each galaxy was done in order to assess
the quality of the data and to confirm the Seyfert 2 characteristics of the spectra (the presence
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Fig. 3.1: An example of a spectrum from one of the central spaxels of NGC2410 with intense
narrow emission lines characteristic of Seyfert 2 AGN. The black line is the observed spectrum,
the red line is the synthetic stellar continuum model fitted with STARLIGHT, and the blue line
is the resulting pure-emission spectrum after subtracting the model from the observed spectrum.
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Fig. 3.2: Examples of emission-line Gaussian fits for one of the central spaxels of NGC2410. The
black line is the observed spectrum, the red line is the STARLIGHT synthetic continuum, the
blue line is the pure-emission residual spectrum after subtracting the synthetic spectrum from
the continuum and the green lines are the fitted Gaussians. (a) Ha and [N 11] A6583 (b) HS and



of high excitation prominent emission lines in the nuclear spaxels). This inspection revealed that
UGC04145 had unreliable spectra, and as stated before, we discarded it from the sample.

A visual inspection of SDSS images and the literature also reveals that NGC5216 is an
interacting galaxy, part of the Arpl04 pair, connected by a tidal bridge of stars and material
with the spiral NGC5218. We will discuss the peculiarities of this system in more detail in section
4.1.

3.5 Dereddening

For each measured emission line , dereddening was applied using the equations from Cardelli
et al. (1989) with Ry = 3.1 (using scripts developed specifically for this work) to obtain the
V-band normalized extinction law fy,, then we renormalized the fluxes relative to HS to obtain
the flux ratio using the following equation:

0 _ By getp) [fus)-1) (3.4)

Fupo  Fup
where Fyo/Frpo is the dereddened ratio of the flux at wavelength A to that of HfS, F\/Fggs is
the ratio of the observed flux of those lines, fg3(A) is the extinction law at A, normalized to that

of Hf, and c¢(Hf) is a normalization constant determined assuming the ratio of Frao/Frgo to
be equal to 2.86 (Brocklehurst 1971) given by:

log 0 2.86 — log,q (522 )
(HB) = 2 : g1o (7 (3.5)
2 —1
s
where f, and fg are the values of the Cardelli et al. (1989) extinction law for Ho and Hf
respectively. By convention, the resulting value of F\o/Fpgo is multiplied by 100. The values
obtained for the extinction law were double-checked with those in Lopez-Sénchez et al. (2011).
For the uncertainties determination, we assumed an error on flux calibration plus line fitting
of 7%, as found by Catalédn-Torrecilla et al. (2015) for the CALIFA galaxies, and propagated
from there as follows:

The uncertainty on the determination of the normalization constant ¢(Hf3) is:

2 2
1 2 1 2

— op,. + op (3.6)
Fio (£ =1)m10 Fus ($£-1)m1o] "

FHa
Then we propagate to the uncertainty in the dereddened and normalized surface specific flux
Fxo .
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After this, provisional BPT-NII diagrams were plot. The resulting spaxels classified as Seyfert
were dereddened (again from non-dereddened data) with a value of Frao/Frpgo = 3.1, more
appropriate in the case of AGN (Osterbrock & Ferland 2006). As a byproduct, a manual (in
Spanish) was written explaining this procedure; it is included in appendix B. Since we are dealing
here with spatially resolved regions instead of whole galaxies, we have to be careful to use the
adequate value of Frao/Frpo for each spaxel. The mean difference in the resulting dereddened
flux between using those values in our sample is ~ 0.8%. This procedure was implemented in all
the scripts developed specifically for this work.

3.6 Construction of Maps

One of the advantages of working with IFS is that we have the spatial distribution of the light
emitted by an object, allowing us to construct maps of the spatial distribution of the different
spectral features and derived physical properties and diagnostics. We use this kind of maps as our
main analysis tool, therefore, special care was taken in the details of their correct construction.
In the present section we describe all the steps, procedures and corrections needed to adequately
elaborate the different maps we used.

3.6.1 Determination of centres, inclinations and position angles.

In order to determine R;, we need a reference central point to measure them, i.e. the centre of
each galaxy, assumed as the position of the SMBH. Also this centre, plus the inclination and
the position angles are needed to correctly deproject the maps (see section 3.6.2) and measure
distances inside the galaxies. The CALIFA collaboration established these parameters for their
sample, using photometry in the r band from SDSS DR7 images. We need to be sure that the
centres are well determined at least to an accuracy of 1 arcsecond (our angular resolution).
Another commonly used method to determine galactic centres is the kinematic method (using
the rotation velocity maps and sometimes the velocity dispersion maps).

Both photometric (stellar) and kinematic (gas) determinations should produce the same
results, although this is not always true in practice. As it was found by Palunas & Williams
(2000), usually photometric determinations give a better fit for the position of the centre and
the inclination angle, while the kinematic method gives a better fit for the position angle.
Barnes & Sellwood (2003) found that the position angle is poorly determined by photometric
methods when the inclination angle is low (face-on galaxy), but agrees better with kinematic
measurements when the inclination angle is high (edge-on galaxy), because in that case non-
axisymmetric structures such as bars and spiral arms have a less prominent effect on photometric
determinations. Some systematic uncertainties that affect the photometric method, as listed by
Barnes & Sellwood (2003) are:

1. Seeing

2. Dust obscuration.

3. Finite disk thickness.

4. Non-axisymmetric features of the disc (bars, spiral arms).

5. Intrinsic ellipticity of the disc.
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Table 3.2: Minor to major axis ratio (B/A), position angles and inclination angles for the
galaxies in the sample. The former two were photometrically determined by the CALIFA
collaboration from SDSS images (CALIFA DR3 dataproducts), the latter was determined for
this work.

Galaxy B/A  Postion Angle Inclination Angle
(deg) (deg)
1C0485 0.40598 -31.54314 66.04745
1C0540 0.30456 170.31782 72.26831
1C2247 0.18383 -32.11959 79.40707
1C4215 0.36458 48.20037 68.61826
MCG-02-02-030 0.34269 163.97014 69.95915
MCG-02-08-014  0.38021 96.84196 67.65331
NGC0681 0.65278 69.77192 49.24847
NGC2410 0.3168 34.00000 71.53049
NGC2916 0.58891 12.82305 53.92030
NGC3160 0.28539 138.94835 73.41784
NGC3182 0.82819 141.5943 34.08675
NGC4644 0.44886 48.38552 63.32943
NGC5216 0.90582 58.81518 25.06605
NGC5378 0.62817 60.16971 51.08476
NGC5957 0.75068 89.36933 41.35068
NGC5h971 0.49239 128.34905 60.50221
NGC6394 0.29281 33.92281 72.97374
UGC09110 0.44667 21.20425 63.46977

The kinematic method can also be affected strongly by the last two, but it is more robust
against the first three. A visual inspection of the optical SDSS images of the galaxies of our
sample (see figure A.1) shows that we have some edge-on galaxies that have the nucleus almost
hidden by very opaque dust bands. Also some galaxies have bars and very prominent spiral
arms, like NGC6394 and UGC09110 respectively. This can complicate the correct localization of
the centres by the photometric method. Thus we took the photometric results by the CALIFA
collaboration and also found the centres ourselves with the kinematic maps in order to see which
determination was better for each galaxy.

We took the minor to major axis ratio (B/A) and the position and inclination angles provided
by the CALIFA collaboration and determined the centres, although a visual inspection of the
images was done to detect any anomaly in the provided values (see table 3.2.

Kinematic Maps: Rotation Velocity

Velocity of the (ionized) gas along the line-of-sight vj,s (also sometimes called radial velocity,
but we will not use this term in this context to avoid confusion with the actual radial movement
of gas and stars inside galaxies), can be determined for each spaxel by measuring the Doppler
shift in emission lines as a velocity shift respect to the rest frame of the galaxy:

A — Ao
Ao

(3.8)

Vips = C
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where \g is the wavelength of the line at rest, A; the observed wavelength (given by the mean
of the Gaussian that we fitted to the line) and c is the speed of light. An example of a map
of vjs for the galaxy NGC6394 is shown in figure 3.3 (a). As the spectra are already corrected
for redshift, we are dealing here only with the velocities in the reference frame of the galaxy.
The median of the velocity of all spaxels of each galaxy is subtracted in order to eliminate any
residual systemic velocity.

However, we really need to know the real rotation velocity of the gas around the galaxy,
not only the component in our line-of-sight, as this last one depends strongly on the galaxy’s
inclination angle. Hence, an inclination correction is needed (Wuyts et al. 2016; Genzel et al.
2017). Disk galaxies are usually modeled as an infinitesimally thin disk, but in reality they
have a considerable thickness. For highly inclined disk galaxies this thickness can influence the
measurement of the minor axis of the projected disk. A scale length for the thickness in disk
galaxies, is assumed to be C/A = 0.25 (Wuyts et al. 2016), where C is the projected axis
perpendicular to the plane of the disk and A is the major axis. Hence the inclination angle 7 is
given by:

. [(B/A)? —(C/A)?
cosi = \/ = (C/A) (3.9)
With this, we applied the inclination correction to each spaxel:
Vlos
= 1
vo sin ¢ (3.10)

where vy is the tangential or rotational velocity. An example of inclination corrected rotational
velocity map is shown in figure 3.3 (b).

As we are plotting this maps using the Ha line emission, a great part of what wee see in
them comes from star forming regions. This regions are usually turbulent,especially when their
star formation rate is high: radiation pressure from massive stars introduces mechanical energy
and momentum into the interstellar medium. As this turbulence implies movement of gas at
different speeds in random directions, it introduces noise in our measurements. In our case also
we can have noise from the movement of clouds in the NLR. Therefore another correction, called
pressure correction is needed (Burkert et al. 2010). Usually this correction is more important at
high redshift where the star formation rate was higher that in the local Universe, but the effect
was found to be significant for our sample.

The turbulent motions are accounted for the velocity dispersion of the ionized gas 0445 (see
next section).Then the pressure-corrected rotation velocity is:

2
rot

R
= v + 2a§astd (3.11)

where R is the radial distance from a given spaxel to the centre of the galaxy, and Ry is the
scale length given by

(Y

J— Re
168
with R, being the effective radius (Burkert et al. 2010; Genzel et al. 2017). v, is then the
velocity of a thin infinitesimal disk of gas with circular orbits without the turbulent movement
of the gas. This result yields the true rotational velocity component in the plane of the disk.
One important consequence of this correction that can be seen clearly comparing figures 3.3
(b) and (c) is that in general the velocity increases for all spaxels. This happens because part of

Ry (3.12)
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Fig. 3.3: An example of the effect of the corrections applied to obtain the rotation velocity map
in the case of the galaxy NGC6394. The colour scale shows velocity in km s~!. The horizontal
and vertical axes are distances in declination and right ascension respectively, normalized to the
effective radius. The black crosses mark the rotation centre determined by the lowest velocity
spaxel. The black line marks the direction of the position angle as given by CALIFA. (a) Line
of sight velocity map. (b) Rotational velocity map after the inclination correction; the effect
is small as the galaxy has a low inclination. (c) Rotational velocity map after the inclination
and the pressure corrections. After the corrections are applied, the kinematic centre coincides
with the one reported by CALIFA, at coordinates (0,0). The red lines in (c) enclose the spaxels
used for plotting the rotation velocity profile. (d) Rotation velocity profile. As we can see in
figure A.1, NGC6394 is a spiral galaxy with a very prominent bar. These maps show mostly the
bar rotation, with almost parallel isovelocity contours(spaxels of the same colour) and a linear
rotation profile, as expected for a classic bar with a solid-body-like rotation.
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the gravitational force acting on the gas is balanced with the pressure force (Burkert et al. 2010).
Also the border between the positive and negative velocity zones have now become abrupt and
well defined, as it should be, contrary to the v;,s component case where there was zone of very
low velocity between them.

This correction has proven to be crucial for our analysis as it changes significantly the
kinematic determination of the rotation centres: only after performing both inclination and
pressure corrections, the galactic centres coincide with the ones photometrically determined by
CALIFA (see figure 3.3) in most galaxies, for example see figure 3.3 (c). However there are
some galaxies which have centres that do not coincide with that of CALIFA even after these
corrections, so we had to examine them carefully to understand why this is happening. To
accomplish that, we can have some extra help from the velocity dispersion maps, explained in
the next section.

Kinematic Maps: Velocity Dispersion

Whenever we have a large number of bodies moving randomly, like stars in a galaxy or multiple
individual clouds of gas, the width of emission-lines increases due to the Doppler shifts caused
by the movement of these bodies moving. This confers the emission lines a Gaussian-like profile
with a width characterized by the standard deviation o. We can obtain this parameter from the
Gaussian that we fitted to the line, which we will call o,,s. This parameter gives us a measure
of the range of velocities that the particles reach, called velocity dispersion. In order to obtain
the intrinsic width o, o5 has to be corrected by the instrumental width o;. This is the width
that would have an infinitesimally thin spectral line when observed with the instrument; that
is in practice the instrumental spectral resolution. As we are using re-sampled spectra to fit
the Gaussian, we have changed artificially this resolution to be 1 A. The instrumental width
correction is then: CORRECTION FOR NOMINAL VALUE

2

0 =1\ %ps —

o? (3.13)

Finally we need to convert this width in [A] to velocity units of [km s~!], which gives us the
velocity dispersion of the ionized gas 0445, @ measure of the range of randomly directed velocities
that the clouds of gas have apart from the rotational motion:

cOo
Ogas = 1 (3.14)
1o}

The effect of the instrumental width correction is small, on average ~ 20 km s~! for most
galaxies. Examples of the velocity dispersion map and the velocity dispersion profile for NGC6394
are shown in figures 3.4 (a) and (b).

Kinematic Maps: v,ot/0gas

Finally we can combine the information from both the rotation velocity and the velocity
dispersion in order to have a broader picture of the galactic kinematics. Obtaining maps of the
rate between both quantities vyos/0gqs, We can see in which regions the ionized gas movement
is dominated by rotation (vyet/0gqs > 1) or by pressure and turbulence (vyor/0gas < 1). A map
of this parameter was elaborated for each galaxy. These maps clearly show the bulges with the
lowest values of v,/ Ogas, as expected, which is of great help to locate the real kinematic centre
in the cases where there are non-negligible discrepancies between the rotation velocity, velocity
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Fig. 3.4: (a) Velocity dispersion map for NG6394. The units of the colour scale are in km s™".
The CALIFA photometrically determined centre (from SDSS) is at coordinates (0,0). The black
cross marks the point of maximum velocity dispersion near the CALIFA centre. The black line
marks the direction of the position angle and the red lines contain between them the spaxels used
for the velocity dispersion profile. We can see that the bar has a very low velocity dispersion in
general, as expected from its solid-body-like rotation curve, except for a region near the centre.
(b) Velocity dispersion profile. The velocity dispersion is high at the centre and diminish along
the bar which has a very well defined rotation movement, but goes up again in the star forming
regions where the bar meets the disk at ~ 0.8 Re. (¢) vyot/04as map showing that despite having a
prominent bar, there is still a small region where the movement of the gas is pressure dominated,
like in a bulge, that coincides with the higher velocity dispersion seen in (a) and is compatible
with the position of both photometrically and kinematically determined centres.
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Plane of the Sky

Fig. 3.5: Diagram showing the geometric disposition assumed in order to deproject maps. The
observer is supposed to be up, in a direction perpendicular to de plane of the sky. The galaxy is
supossed to be a circle of radius a forming an angle ¥ with the plane of the sky. The observer
sees a projected ellipse of semi-major axis a and semi-minor axis b = a cos 1.

dispersion and photometry-determined centres. An example of one of these maps can be seen in
figure 3.4 (c).

3.6.2 Deprojection

The maps had to be deprojected in order to account for deformations due to the angle of the
galaxies disk plane respect to the plane of the sky (inclination). This allows us to measure real
distances in the plane of the disk instead of distances projected in the plane of the sky.

Deprojection Procedure

Here we describe the algorithm developed by us to deproject the maps. We start from the
hypothesis that the galaxy is a flat circular disc and that we see it as an ellipse as a result of
the inclination angle between the disc and the plane of the sky (see figure 3.5). We can deduce,
in first approximation, this angle from the B/A ratio, of the minor B to the major A axis of
each galaxy (i.e. a measure of how flattened is the ellipse that we see compared to the supposed
original circular form). The steps to achieve this where done as follows:

1) We have information for the Position Angle (PA) and the B/A ratio of the semi-minor
B to the semi-major axis A of each galaxy, as provided by the CALIFA DR3 dataproducts.
PA was converted from degrees to radians. In cases where we decided not to use the CALIFA
determined centre, the coordinates of all spaxels were displaced in order to give coordinates
(0,0) to the new centre.

2) Each spaxel has an assigned (projected) z, and y, coordinate corresponding to the Right
Ascension (RA) and Declination () axis respectively. The coordinates origin is at the bottom-
left corner of the array, beginning at (0,0). They were displaced in order to put the origin at
the centre as given by the FITS file’s header. Then we calculated the projected galactocentric
distance I, for each spaxel using the Pythagorean theorem.

Ry = /%2 +y2 (3.15)

3) The projected angle 6, in the plane of the sky for each spaxel was then calculated.
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6, = arctan Ip (3.16)
Zp

4) The coordinate frame was rotated in order to have PA = 0, to make the next
transformations easier. The projected z, and y, coordinates of each spaxel were rotated and
reassigned as:

21 = R, [cos(f, — PA)] (3.17)

y1 = R, [sin(6, — PA)] (3.18)

Spaxels with coordinates * = 0 and y = 0 were reassigned to = 0.0000001 and y =
0.0000001 in order to avoid infinite values in future calculations.
5) For each galaxy, the inclination angle ¢ was found (see figure 3.5).

Y= arccos% (3.19)

6) Deprojection can be done now, and as the position angle was set to PA = 0 (step 4) we
have to correct only the x1 coordinate.

x1
Tro =
> cos P

(3.20)

Yo =1 (3.21)

7) With the new deprojected coordinates, the deprojected galactocentric radius R; was
calculated for each spaxel as well as the deprojected angle 6, for each spaxel.

Ry = /23 + y3 (3.22)

04 = arctan 92 (3.23)

Z2

For the spaxels in the second and third quadrant ( zo < 0, yo > 0 and z2 < 0,y2 < 0,
respectively), the arctan function, degenerates, so we have to add 7 to equation 3.23 in those
cases.

8) Finally the resulting map was rotated again to the original position angle. The final
deprojected coordinates x4 and y4 are:

xqg = Rglcos(64+ PA)] (3.24)

yq = Ry [sin(6g + PA)] (3.25)

With these coordinates we can plot the spaxels at the position they would be if we were
seeing the galaxy completely face-on. This procedure was not applied to ellipticals nor edge-
on spirals (which constitute half of the sample). Hence the deprojection was applied only to:
MCG-02-02-030, NGC2410, NGC2916, NGC4644, NGC5378, NGCH957, NGCH971, NGC6394
and UGC09110.
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Normalization by the Effective Radius

All galactocentric distances for the maps and radial profiles have been normalized to the
effective radius Re of the galaxies, as reported in the CALIFA DR3 dataproducts. This has
the advantage of having a measure of distance relative to the intrinsic stellar properties of the
galaxy, independent of its size.

3.7 BPT Maps and BPT Limits Redefiniton

The BPTS81 diagrams elaborated with the spaxels of each galaxy of our sample show an
interesting anomaly: the Ke06 and the Cil0 lines that divide Seyfert AGN from LINER AGN,
does not appear to separate clearly the two groups, not even in the case of BPT-OI and BPT-SII
(see figure 3.6). Most spaxels appear to follow a sequence along the right wing of the BPT, but
this sequence is divided by the Ke06 line. As we know, our sample galaxies have exclusively
Seyfert 2 AGN, so in principle there should be no LINER ionized spaxels at all. We now propose
that all those LINER-like spaxels along the right wing must be ionized by the Seyfert 2 AGN.
This is an indication that the Ke06 line, which was initially proposed for individual galaxies,
does not work properly in the case of individual spaxels within the same galaxy. This tendency
is observed in all the galaxies of our sample. A first solution would be to label all spaxels beyond
the Ke01 line as AGN, but things are not that simple: in many galaxies we find some spaxels
with high values of low-ionization line ratios and low log;,([O 111]/H/3) values. These spaxels are
clearly separated from the right wing, well into the LINER zone, and also in the maps they tend
to be spatially at further radial distances than the bulk of Seyfert /LINER-like spaxels (although
not in all cases). All this makes evident that these spaxels are anomalous and have an ionization
source or a set of physical conditions not related to that of the rest of the spaxels. Therefore,
we need to establish a limit to separate them from the right wing AGN-ionized spaxels in order
to measure properly the influence radius.

BPT81 diagrams with all the spaxels from the galaxies in the sample are shown in figure 3.6.
The Ke06 lines and Cil0 line are represented with black dotted lines in their respective diagrams.
A Kernel Density Estimation (KDE, see appendix B) was applied to all the spaxels. The density
contours at 0.5, 1, 1.5, 2, 2.5, 3 and 4 standard deviations are plotted. As can be seen, in BPT-
NII and BPT-SII diagrams the right wing is clearly delimited and the anomalous LINER-like
spaxels are observed far apart. Since there is no clear overdensities of these anomalous spaxels
(as can be seen from the contours), we cannot apply directly the method used by Kewley et al.
(2006) to establish the limit between the two groups. We developed our own empirical method,
that in essence is based on the same idea: to use the density of spaxels in the BPT81 diagrams
as a criteria.

We selected some points along the right side of a selected line contour. We took the 2.50
contour in the case of BPT-NII and the 20 contour for the BPT-SII, and fitted a second order
polynomial function with the coordinates of these points. The fitting parameters are shown in
table 3.3. Since the [O 1] A 6300 line is in general very faint, we did not obtain enough spaxels
to clearly delimit the right wing, as no clear pattern is seen in the contours, see figure 3.6
(c). Anyway, there is presence of anomalous LINER-like spaxels with very high values of the
log;o([O 1]/He) line ratio. Our proposed new limits between Seyfert and anomalous spaxels are
shown as purple dashed lines in figure 3.7. The proposed new limits are:

For the BPT-NII:
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Fig. 3.6: BPT81 diagrams including all spaxels from the 18 galaxies of the sample, with the
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31



Table 3.3: Fitting parameters for the new proposed divisions for the BPT-NII and BPT-SII
diagrams.

Diagram Number of points used p-value
BPT-NII 7 6.326 x 107°
BPT-SII 7 1.299 x 107°
0 ] 0 )
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Fig. 3.7:. BPT81 diagrams including all spaxels from the 18 galaxies of the sample, with the
usual Ke01 (solid black curve), Ka03 (dashed black curve), Ke06 and Cil0 (dotted black lines)
limits, but including our new proposed limit for Seyfert and anomalous LINER-like spaxels as
a purple dashed line. Also the colours correspond to our proposed division. (a) BPT-NII, (b)
BPT-SII.

(O 111] N 1) 2 [N 11]

For the BPT-SII:

(O 111] S 1]

II
loglo TB = 0.56115520 <10g10 Hor [S

2
) +0.02573341 <log10 H]> —0.02954284  (3.27)
«

3.8 Physical parameters of the Black Hole

In order to get a better insight of the underlying physics behind the influence radius of the AGN,
we looked for correlations between this parameter and two of the main physical parameters in
an AGN: the black hole mass and its accretion rate.
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3.8.1 Determination of the Black Hole Mass

For this we used the relation between the central stellar velocity dispersion ¢* and the black
hole mass Mpp, with the calibration given by McConnell & Ma (2013):

O.*
1 Mpyg = _— 2
ogio Mpn = o+ (200 [km s1]> (3:28)
with the coefficients:
a=8.32+0.05 (3.29)
8 =5.64+0.32 (3.30)

The central stellar velocity dispersions were taken from the CALIFA DR3 dataproducts.
There were no available o* for the galaxies NGC0681 and NGC5957 as both galaxies have
their bulges almost completely hidden behind the lanes of dust of their disks. Therefore the
statistics that need the Mpy parameter do not include these two galaxies. The uncertainties are
propagated from the reported error for o* and the ones in the coefficients o and S as:

*

2 2
2 _ 2 g 2 p 2
"Mw"a*(logwmms—lﬁ "6+<m) %o (3:31)

3.8.2 Determination of the Accretion Rate

The accretion rate determines the bolometric luminosity Ly, emitted by the accretion disk. We
can resolve spatially up to the central spaxel in order to avoid stellar light contamination. In
the case of type 1 AGN where the accretion disk is exposed to the line-of-sight, we can estimate
directly the bolometric luminosity from the flux of the continuum at a wavelength where there
is no contamination by emission or absorption lines. Usually that wavelength is 5100 A, with the
assumption that the continuum at this position is dominated by that from the accretion disk.
In type 2 AGN, since the observed continuum is contaminated with the stellar one, we cannot
apply that technique to them. Since most galaxies in our sample are Seyfert 2, we used a relation
involving the luminosity Ljo ;77 of the [O 111] A5007 emission line to estimate the bolometric
luminosity. This can be done because Ljo rry) depends directly on the UV continuum.

Determination of Lo 1y

Lio 111 is estimated from the previously determined surface specific intensity of the line:

Lio 11 = 4mkD*I1o 110 Fug (3.32)

where D is the distance to the galaxy in [cm], ] (0 111) is the dereddened and normalized specific
intensity of the [O 111] A5007 line in units of [erg s™' em™2 st=t A~!] (see section 3.5), Fyg is
the observed surface specific intensity of HA in units of [erg s~! cm™2 arcsec™2 A‘l} and k is a
factor to account for unit conversions:

A)(2.3504 x 10~ 2 sr!
o (A)( 100) [arcsec? st (3.33)

with A\ = 5007 A being the rest wavelength of the emission line.
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The distance D to the galaxy is calculated using the Hubble law D = cz/Hy, with ¢ being
the speed of light, z the redshift from SDSS DR7, and with a value for the Hubble constant
Hoy = 70 [km s~'Mpc~!]. The uncertainty in the distance is propagated from the uncertainty of
the SDSS DRY redshift as:

2
c
o = <H0> o2 (3.34)
The terms inside the parenthesis on the right-hand side must be multiplied by a factor of

3.085 x 10%* in order to convert from Mpc to cm.
The uncertainty in Lo rrq] is then propagated from the uncertainties in D, Io 777 and Fg:

O’% = (8%/@[[0 HI]FHgD)Q U% + (47T/€FH5D2)2 0'%

[0 111]

2
+ (4nklio 11nD?)" 0%y, (3.35)

[0 II1)

Determination of Ly, from Lo rg

This is achieved multiplying Lo 77 by a correction factor, which was calibrated by Lamastra
et al. (2009):

Lvor = Cio 11n1Ljo 111 (3.36)
where C|o r77) is the correction factor. Lamastra et al. (2009) found that this correction factor
is dependent on the values of Lo rrjj. When the range of logyo Lio 77 is 38 — 40, 40 — 42 and
42 — 44, the value of C|p rry) is 87, 142 and 454 respectively. The propagated uncertainty in Lo
is:

2 2 2
Lot = C[O 11M%Lio 11 (3.37)

The Accretion Rate

Finally the accretion rate 7 is determined using the equation from Peterson (1997):

: - Lpot 1
=18 x 1077 | —2— | = 3.38

m % (1 X 1044> n (3:38)
where 1 = 0.1 is the assumed efficiency of the accretion disk in converting matter into energy.
The uncertainty of m is:

1.8 x 10731\
2 2
Um = (1 » 1044 T/) ULbol (339)

3.9 Shifted Components and Outflows

A search for possible outflows was made for the whole sample by searching for shifted components
of the Ha and [O 111] A5007 emission lines. For this we used the package FitSpec developed
by Torres-Papaqui and Mullaney (University of Sheffield), written in IDL, which fits different
Gaussian components to the emission lines. An example of such displaced components for the
central regions of NGC0681 is shown in figure 3.8 (a) for Ha and in figure 3.8 (b) for [O 111
A5007.
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Fig. 3.8: Gaussian components fit for the central region of NGC0681 (a)H«

The found shifted and broader component is shown in green colour.
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Chapter 4

Results and discussion

The results of the analysis and a discussion of their implications are presented in this chapter.

4.1 Analysis of Kinematic Maps and Determination of the
Centres

Kinematic maps were produced for all the galaxies in the sample (see section 3.6.1). Also,
radial profiles of rotation velocity v, and velocity dispersion 04,5 were made. The aim was to
determine the kinematic centres to compare them with the photometrically determined centres
by the CALIFA collaboration, in order to correctly estimate the position of the SMBH, assuming
that it should be located at the galactic centre. None of the kinematic maps are deprojected
because the localization of the centre is a previous requirement for deprojection, therefore the
scale is the same as in the optical images of figure A.1 in appendix A, allowing for direct
comparison. Figure A.2 shows rotation velocity maps corrected for inclination and pressure as
explained in section 3.6.1. Figure A.3 shows the rotation velocity profiles using spaxels contained
between the red lines of the maps in figure A.2, tracing the rotation curves along the major axis.
Dispersion velocity maps are shown in figure A.4, as well as the correspondent velocity dispersion
profiles in figure A.5. The vyot/04qs maps are shown in figure A.6.

We can compare these maps to decide which centre determination to use for each galaxy.
Despite some of the galaxies having high inclination and presenting prominent dust bands in
the plane of the disk, generally rotation-velocity determined centres do coincide well within less
than 1 arcsec with the ones determined by CALIFA. The velocity dispersion maps mostly show
centres not compatible with those of CALIFA. This discrepancy can be explained by looking at
the vyot/0gqs maps. The position of the bulge is clearly identified in these maps, and in most
cases they are compatible with both the rotation velocity and photometric centres.

Table 4.1 shows the coordinates of the centres determined with both methods relative to
the CALIFA centres (which have coordinates 0,0). As can be seen, velocity rotation centres in
general are in very good agreement with the ones photometrically determined by CALIFA. The
reported uncertainties correspond to the spatial sampling of the CALIFA datacubes of 1 arcsec.
Other observational contributions to the uncertainties, such as the seeing, are very complicated
to propagate since the datacubes suffered a dithering process (see section 1.2.1) so we do not
include them here.

Some galaxies that showed significant discrepancies between the three methods and required
special attention were:
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Table 4.1: Offsets of the centres determined with line-of-sight velocity maps (columns 2 and 3)
and with velocity dispersion maps (columns 4 and 5) relative to the CALIFA centre (which has
coordinates 0,0) in arcseconds.

Galaxy Aa (Vrot) A0 (Vyot) Aa (0gas) A (0gas)
1C0485 (0.0+£1.0° (00£1.07 (-3.0=+L0) (—2.0%L10)
1C0540 (0.0£1.0)”  (0.0£1.0" (=2.0+1.0)" (0.0 1.0)"
1C2247 (0.0 + 1.0)” (O 0+ 1.0)” (-1.0+1 0)” (—2.0 £ 1.0)”
104215 (0.0£1.0)”  (0.0£1.0)" (40+1.00  (0.0£1.0)
MCG-02-02-030  (0.0+1.0)"  (0.0+1.0" (3.0£1.0)"  (2.0+1.0)"
MCG-02-08-014  (2.0£1.0)"  (20+£1.0)"  (0.0£1.0"  (3.0£1.0)
NGC0681 (0.0£1.0)”  (0.0£1.0 (=3.0£1.0)" (—2.0+1.0)"
NGC2410 (0.0£1.0"  (0.0£1.0) (=3.0+£1.0)" (=2.0=+1.0)"
NGC2916 (—1.0£1.0)"  (0.0£1.0)" (=2.0£1.0)" (3.0+1.0)
NGC3160 (0.0£1.0)”  (0.0£1.0)" (0.0£1.0" (1.0£1.0)
NGC3182 (—3.0£1.0)" (=3.0£1.0)" (0.0£1.0)"  (3.0+1.0)
NGC4644 0.0+1.0" (-1.0+£1.0)" (2.0+£1.0)" (=1.0=+1.0)"
NGC5216 (3.0£1.0”  (0.0£1.0” (20£1.0)"  (3.0+£1.0)"
NGC5378 (—1.0+1.0”  (0.0£1.0” (20£1.0”  (0.0%1.0)"
NGC5957 (0.0£1.0)”  (0.0£1.0)" (-1.0+1.0)" (3.0£1.0)
NGC5971 (—4.0+ 1.0  (20£1.0 (-2.0£1.0" (=3.0%1.0)"
NGC6394 (0.0£1.0)”  (0.0£1.0)" (-20+1.0"  (0.0£1.0)
UGC09110 (0.0£1.0)”  (0.0£1.0” (-2.0+10)"  (3.0+1.0)"

1. MCG-02-08-014: Both rotation velocity and velocity dispersion centres disagree between
them and with the CALIFA one. As we can see in figure A.1 (f) this is an edge-on spiral with
the north part of the bulge heavily obscured by dust lines. The photometric determination
would then be biased to the south. Both rotation velocity and velocity dispersion put the
centre to the north of the CALIFA one, but disagree in the horizontal coordinate, that
is parallel to the disk. Since the velocity dispersion centre should be determined by the
bulge, which is partly obscured by the dust lanes and contaminated with the plane of the
disk because we see it edge-on, the rotation velocity appears to be the less biased of the
three, therefore we take it as the real centre.

2. NG(C2410: The velocity dispersion map shows a very clear maximum displaced from the
position given by CALIFA and rotation velocity. The v,o1/04qs map shows a pressure
dominated region of a very irregular form and an inspection of the optical image in figure
A.1 (h) shows that it has a bar. The presence of the bar can affect greatly both photometric
and kinematic determinations, as we discussed in section 3.6. Then, in this case we took
the velocity-dispersion determined centre as the true one due to its clear maximum.

3. NGC5216: This is an interacting elliptical galaxy, part of the Arp104 pair, also known as
The Keenan System. It shows a large tidal tail that connects NGC5216 to its companion
NGC5218 (see figure 4.1). The rotation velocity and the velocity dispersion maps of
NGC5216 show an irregular distribution that indicates that the galaxy is affected by
the interaction and no rotation or pressure centre can be clearly determined: when we
attempted to do that, no determination was compatible with each other nor with the
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CALIFA one. It is remarkable that, although it is an elliptical galaxy, a noticeable rotation
movement is evident in the rotation velocity map. It is very difficult then to stablish a centre
to measure the influence radius, as the SMBH could be located almost anywhere, displaced
from the geometrical centre by the interaction. The v,/ 0gas map shows an extended and
non-symmetric pressure dominated zone not perfectly centred and compatible with the
three centres we have. We decided to use the CALIFA centre, as it is the most centrally
located respect to the projected area of the galaxy, although caution is needed when
extracting conclusions about the influence radius in this galaxy.

4. NGC5957: This is an almost face-on spiral. As can be seen in the rotation velocity map, the
black line that should trace the direction of the position angle along the major axis does
not appear to be perpendicular to the isovelocities (spaxels of the same colour), following
the direction with the greater gradient. As mentioned in section 3.6, the position angle is
difficult to determine for face-on galaxies, as the differences between the major and minor
axes are small. This affects the photometric determination even more. The photometrically
determined position angle is probably wrong, but, being, face-on, to characterize it
kinematically is complicated as well. This is evident in the clumpy appearance of the
map in the central regions, which in turn are also not clearly dominated by rotation nor
pressure (Urot/0ges ~ 1 to an extent beyond 0.5 R.). Given the galaxy is face-on, the
deprojection does not really affect the distance measurements that much, so wee kept on
with the CALIFA determined position angle.

5. NGC5971: The rotation velocity map shows a centre displaced from the CALIFA
photometric one. The SDSS image in figure A.1 (p) shows that it is a spiral, and the
bumpy rotation profile seen in figure A.3 (p) indicates that the measurement of the rotation
velocity is probably affected by the spiral structure. The velocity dispersion centre is
close to the CALIFA centre. Finally we decided to use the CALIFA centre due to this
coincidence.

Given the centres determined by rotation velocity and by CALIFA agree for all the other
galaxies, we take the CALIFA coordinates for them.

4.2 BPT Diagrams and Maps

4.2.1 Comments on the BPT Diagrams and Their Limits

As we saw in section 3.7, the original limits for the BPT diagrams were designed to classify
spectra of individual galaxies, and not spectra coming from spatially resolved regions of the
same galaxy'. In that section, we proposed a new limit to classify spaxels of Seyfert galaxies
according to their BPT81 emission-line ratios. We separated regions ionized by the Seyfert AGN
from those ionized by other sources which we called Anomalous, and for which the determination
of their nature is beyond the scope of this work.

In this section we present some statistics in order to evaluate the consequences of applying
our new limits to the spaxels of our whole sample, compared to the classic limits. Here we use
7019 spaxels from all the galaxies that fulfill the requirement of SNR > 3 in all the emission
lines involved in the compared line ratios. Table 4.2 shows the number of spaxels that change
their BPT-type when we pass from the BPT-NII to the BPT-SII, both with the Ke06/Cil0

! Althouh in literature, usually BPT81 diagrams are constructed with spectra coming from the central regions,
e.g. the SDSS spectra are taken with a fibre of 3” in radius around the nucleus.
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Fig. 4.1: The Arpl04 pair of interacting galaxies. North is up and east is left. NGC5216 is
the southern elliptical galaxy. A large tidal tail connects it with NGC5218, the big spiral at
the north that also shows signs of tidal disruptions. Both galaxies are included in the CALIFA
survey. In principle a detailed kinematic and dynamic analysis of the IFS data the pair could
give us some insight on merging and interaction of galaxies, but that goes beyond the scope of
this work. Credit: Adam Block, Mt. Lemmon SkyCenter, U. Arizona.

limits and our own. We would expect that very few spaxels would cross the Ke0Ol line, and this
is the case: Most TO spaxels in the BPT-NII are now SF in the BPT-SII, in agreement with
them being below the KeOl line. The clearer effect of our proposed limit is that while some of
the TO spaxels that crossed the KeOl line became LINER type in the classic Ke06 limit, most
of them became Seyfert with our new limit, as the limit was displaced toward lower ionization
values. It makes sense to the purpose of the new limit since we do know that we have no LINER
AGN in our sample. Also many of the spaxels that changed from SF to LINER in the classic
limits, changed now from SF to Seyfert. In summary, our new proposed limit effectively classifies
correctly the spaxels ionized by the AGN as Seyfert and only leaves the anomalous LINER-like
spaxels with high values of low-ionization line ratios classified as the anomalous cases they are.

Tables 4.3 and 4.4 show the spaxels that change the BPT type when applying our proposed
limit within the same diagram for BPT-NII and BPT-SII respectively. As expected, the SF and
TO spaxels remain the same, and a considerable part of the LINER spaxels become Seyfert

type.

4.2.2 Results on BPT-NII Diagrams and Maps

The results are shown in appendix A, figures A.7 through A.10: Figure A.7 shows the BPT-NII
diagrams for all galaxies in the sample, figure A.8 shows the corresponding BPT-NII maps used
to measure the influence radii and figures A.9 and A.10 show the radial profiles of the log;,([O 111]
A5007/Hp3) and log,o ([N 11] A6583/Ha) line ratios, respectively. The colours, both in the maps
and the profiles, correspond to the colour of each spaxel according to the classification by the
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Table 4.2: Number of spaxels that change the BPT type when we change from BPT-NII to
BPT-SII, both for the original BPT limits (second column) and the one with our proposed
modification for the Seyfert/Anomalous limit (third column). The first column indicates the
change of BPT type. The BPT types are Seyfert (Sy), Star Forming (SF), Transition Object
(TO) and LINER/Anomalous.

Change in BPT Type Original Modified
SF to Sy 37 240
SF to LINER/Anomalous 284 81
TO to SF 1508 1508
TO to Sy 57 251
TO to LINER/Anomalous 253 59
Sy to SF 0 156
Sy to LINER/Anomalous 71 23
LINER/Anomalous to SF 607 451
LINER/Anomalous to Sy 62 248
Total 2879 3017

Table 4.3: Number of spaxels of each the BPT-NII type when we change the original
Seyfert /Liner limit (Cil0) for the one we propose. The first column is the type of spaxel, the
second column the number of spaxels of that type in the original BPT-NII, and the third the
number of spaxes of that type of spaxel in the modified BPT-NII. The BPT types are Seyfert
(Sy), Star Forming (SF), Transition Object (TO) and LINER/Anomalous.

Type of region Original BPT-NII Modified BPT-NII
SF 3852 3852
TO 1818 1818
Sy 264 608
LINER/Anomalous 1085 741

Table 4.4: Number of spaxels of each BPT-SII type when we change the original Seyfert/Liner
limit (Ke06) for the one we propose. The first column is the type of spaxel, the second column
the number of spaxels of that type in the original BPT-NII, and the third the number of spaxels
of that type in the modified BPT-NII.

Type of region Original BPT-SIT Modified BPT-SII
SF 5646 5646
Sy 349 1168
LINER/Anomalous 1024 205
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BPT-NII diagrams. Since deprojection was applied to some of these maps in order to present
the real distances on the plane of the disk of the galaxies instead of the ones projected on the
plane of the sky (see section 3.6.2), in general they cannot be compared directly with the SDSS
images in figure A.1 nor with the kinematic maps.

The first thing that we can notice in the BPT-NII maps of figure A.8, especially for the edge-
on deprojected galaxies is that there is an almost concentric distribution of the BPT type of
the spaxels: at the centres we have a high concentration of red spaxels corresponding to Seyfert
type ionization of the gas; around them, we have most of the green spaxels, corresponding to
transition objects (TOs), which could be due to a mixture of AGN ionization and star-formation
ionization. Finally, in the outer parts dominate the blue spaxels, which correspond to star forming
(SF) regions, with some green spaxels between them. The most representative galaxies of this
concentric distribution are MCG-02-02-030, NGC2410, NGC3182 and NGC6394.

A particular case that stands out by itself is a small elliptical galaxy, NGC3182 which has a
ring of star formation at only = 400 pc from the Seyfert 2 nucleus. This ring can even be seen
in the optical SDSS image on figure A.1(k) as a bluish ring. We made a search in the literature
and found no in-detail studies for this object and the nature of its star-formation ring. Future
detailed studies could reveal interesting information on the AGN-starburst connection. Also, it
is remarkable a concentration of Seyfert and Anomalous type spaxels directly to the east and
aour of the SF dominated ring.

Another special case is that of UGC09110, which shows the Seyfert spaxels far from the
nucleus (see figure A.8(r)), and the nuclear region covered in SF spaxels, despite the kinematic
maps showing the bulge clearly at the CALIFA-determined centre. A closer look at the kinematic
map in figure A.6(r) shows a region with values of v, /0gas ~ 1 which coincides with the position
of the Seyfert spaxels. This is very hard to explain. One possibility is that the SMBH is located
outside the galactic bulge causing the Seyfert emission and the relatively high velocity dispersion
in that zone. Another possibility is that the star formation rate in this galaxy is very high and the
AGN very weak so the first one dominates except for the small region where the Seyfert spaxels
are located. This could be the case given the extension of the SF regions and the outstandingly
bluish colour in which the galaxy appears on the SDSS image in figure A.1(r), even for regions
close to the bulge. An in depth future study of the stellar kinematics and the star formation
rate distribution could help to solve this matter, but it is beyond the scope of this work. Here
we take the position of the CALIFA centre as that of the SMBH and the influence radius as
the distance from there to the farthest Seyfert spaxels, as with the other galaxies in the sample.
We assume that the displaced location of the Seyfert spaxels is due to the high absorption and
dominance of SF emission lines in the other regions, being that location a special place with
lower star formation rate that the rest of the galaxy, allowing for the AGN ionization to prevail,
revealing a portion of the ionization cone far from the ionizing source.

Other face-on galaxies also show the concentric distribution, but they have a poorer coverage
of the central regions, so the distribution of the AGN influenced zone is less clear. These galaxies
are: NGC2916, NGC4644, NGC5957 and NGC5H971.

For two of the edge-on galaxies, 1C2247 and NGC0681, shown in figures A.8 (c¢) and (g),
there are also interesting features revealed by the BPT-NII maps: we see the same concentric
Seyfert-TO-SF distribution of the edge-on galaxies, but the Seyfert and the surrounding TO
spaxels appear to be tracing the shape of the ionization cones of the NLR. The suspected cones
have their vertices located approximately at the hosts galactic centres, as expected had they
originated in the AGN. We see evidence of the presence of two of these cones, both on each
side of the galactic planes in 1C2247, while in NGCO0681 there is evidence only for the cone in
the south part of the map, although there are some Seyfert and TO spaxels also in the north
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part. If we assume that the green TO spaxels include ionization from the AGN, we can see how
the cones become broader but still conserving the cone shape. This is relevant, since those TO
spaxels are located mostly in the plane of the disk, this could be evidence of their composite
nature: AGN ionization in the background going through the star formation of the disk.

4.2.3 On the Geometry of the AGN Radiation Fields: Hints From the BPT-
NII Maps

The concentric distribution is what we would expect from a scenario with a central ionization
source: the gas is being ionized by the AGN in the central regions, and star formation
progressively dominating outwards as the flux of the AGN radiation diminishes with distance,
passing through TO dominated zones to finally SF dominated zones. The ionization cones in
1C2247 and NGC0681 are what we would expect in a galaxy hosting an AGN as described by
the Unified Model (UM). We would not expect that conditions can exist inside the cones that
allow the presence of star forming regions close to the galactic centre, and we would expect to
see a clear cone shape in every case, which we do not. In order to explain this discrepancies, we
consider three scenarios:

e Scenario A The AGN radiation field is isotropically radiated from a central source,
decaying with the distance squared, eventually becoming weak enough so that the
conditions for star formation are more favourable the farther we go from the centre,
transitioning gradually from a Seyfert-dominated ionization region to a mixed TO region,
and finally to regions dominated by massive young stars radiation in the SF regions. See
figure 4.2(a).

e Scenario B1 The AGN radiation field propagates only inside ionization cones which are
mostly perpendicular to the disk, and the regions with star formation are geometrically
outside of the ionization cones, even if they are relatively close to the AGN. See figure
4.2(b).

e Scenario B2 The AGN radiation field propagates only inside the ionization cones, but
at least one of them intersects the disk, so in a limited region of the disk, we have the
concentric ionization similar to that of scenario A. See figure 4.2(c).

The concentric distribution of the BPT types of spaxels appears to support scenarios A and
B1. Nevertheless, we have to remember that in disk galaxies most of the dense gas is contained
in a disk with a width between a few tens to hundreds of parsecs, so the emission lines hat we
can measure come mainly from there, even if the source radiation escapes also perpendicular
to it. If we had the ionization cones present, and they were oriented in a way that allows most
AGN radiation to escape perpendicularly to the galactic plane (scenario B1), we could have star
forming conditions relatively close to the nucleus, as it appears to be the case with UGC09110,
because most of the disk would be out of the AGN radiation path. In cases for which the
star formation occurs at greater galactocentric distances, that should be because the cones are
oriented along the galactic plane (scenario B2), but in that case we would see clearly the conical
shape of the Seyfert spaxels region, which we do not?.

Here it seems important to question the nature of the TO-classified regions. For scenario
A, with an isotropically radiating central source, implications are that TO regions are inside

2All this is assuming that SF should be inhibited inside the ionization cones, or at least in the inner parts of
them.
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(a) (b) ()

Fig. 4.2: Schematic representation of the proposed scenarios. Colours correspond to the BPT-
NII types: blue for SF, green for TO and red for Seyfert. Below we have a cross-section of the
galactic disk and above we have the view that would have an external observer who is viewing
the galaxy perpendicularly to the disk plane (face-on). The black dot represent the position of
the central ionization source: the SMBH and the accretion disk. (a) Scenario A, an isotropic
central source. (b) Scenario B1, ionization cones with their axes perpendicular to the galactic
disk, the observer sees SF regions close to the disk and “below” the ionization cones as TO.
(c) Scenario B2, at least part of the ionization cones pass through the galactic plane, the TO
regions are true composite regions with gas ionized both by the AGN and SF.

the galactic disk and that the gas there are exposed directly to the AGN radiation field. There,
conditions would be favourable to star formation inside some molecular clouds shielded from
the AGN radiation field, which still ionizes the diffuse gas and the outer parts of the clouds.
Progressively, as we go radially out, the AGN radiation becomes weaker and star formation
gradually begins to dominate. In this case, it would be difficult to explain the presence of TO
spaxels beyond the SF dominated regions, as in the cases of MCG-02-02-030, NGC2916 and
NGC5957, or even for UGC09110. This first scenario would also imply a low covering factor of
the dust and molecular clouds that would allow some AGN radiation to reach farther away and
dominate into regions where the star formation is no longer very high. An observation against
scenario A is that for the radiation to be isotropic, we should see the AGN as type 1, at least
for face-on galaxies, but all galaxies in our sample are type 2.

In scenario B1, the explanation for the TO regions would be that the ionization cones are
perpendicular to the disk, and pointing roughly along our line-of-sight, see figure 4.2 (b). In that
case we would see both the underlying star formation in the galactic disk plus the superposed
emission from the AGN-ionized gas inside the cones above, which becomes weaker the farther
away we are from the central source, given the gas density decreases and the radiation field
strength diminishes with distance squared inside the cones. In this case, we would also see the
concentric distribution for face on galaxies and the ionization cones for edge-on galaxies, but
the implication is that we would have always the cones perpendicular to the disk, implying that
the orientations of the planes of the accretion disk, and especially of the dusty torus, are always
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aligned to that of the galactic disk, despite the enormous difference in size and mass of these
structures, and that the concentric distribution in face-on galaxies would be almost circular.

The two cases of edge-on galaxies with enough spaxel coverage to see the shape of the
ionization cones appear to support this second scenario. Also this would imply that the cones
are roughly aligned with our line-of-sight also in the case of the elliptical galaxy NGC3182,
which has no disk. Therefore, in scenario B1, TO objects would not be really regions containing
SF regions and AGN ionized gas in the same volume, but a superposition in the line-of-sight of
SF regions in the disk, and AGN-ionized gas inside the ionization cones above. This means that
SF can occur closer to the nucleus than in scenario A, as the intense AGN radiation would not
affect that much the galactic disk. Again, this means that we should see face-on galaxies with
the concentric distribution as type 1 AGN, and all galaxies in our sample are type 2.

We must not forget about the mentioned TO spaxels far from the centre behind the large
SF regions. The B1 scenario would also have problems explaining these as the AGN-ionized gas
emission comes from greater distances inside the ionization cones (remember that we would be
seeing them in projection on the galactic plane) where the density of the gas is even lower and
the AGN radiation field even weaker than for the TOs closer to the centre. Scenario A in this
case has the advantage of having a greater gas density and shorter distances from the centre as
the line-emitting regions would only be inside the disk.

Radial profiles in figures A.9 and A.10 show that we have both TO spaxels and SF spaxels
at the same distances from the galactic centres. This can happen only in scenario B2, see figure
4.2 (c¢). Anyway, the concentric distribution is a lot less clear in the radial profiles than when
we just see at the maps. From the profiles alone, we can only assure that the Seyfert spaxels
dominate completely the central regions, and at larger distances from the nucleus, we have a
mixture of both TOs and SF's.

Remarkably when we see the maps (figure A.8), MGC-02-02-030 and NGC2410 and NGC6394
present concentric but elongated Seyfert central regions, not circular, apparently aligned with
also somewhat elongated but less clearly defined TO regions. This could be an indication that
there is a preferred orientation of the AGN radiation and hence of the presence of ionization
cones along the galactic plane, like in the B2 scenario. Nevertheless, the classic UM predicts that
this elongated regions should be smaller towards the central source, like the cones in 1C2247 and
NGCO0681, but they are too wide for this (of the order of kpc in their shortest cross-section for
NGC2410 and NGC6394). This could be evidence that the dusty torus does not exist and that
the elongated shape is due to other structures at kpc distances from the centre (Coziol 2017,
private communication). Also we must mention that this observations are compatible with which
was reported by Storchi-Bergmann et al. (2009) on IFS observations of Seyfert galaxies (see also
the observational studies by Riffel et al. 2009; Storchi-Bergmann et al. 2010 and the theoretical
models by Elitzur & Shlosman 2006), which attributed this to a clumpy torus which allows some
radiation to pass through the equatorial plane, but not all (hence, the smaller radius reached in
that direction). From this results, and given all the evidence in favour of the existence of a torus
(Antonucci 1993) we are eager to discard scenario A and to support scenario Bl in some cases
(NG(C2247, NGCO0681) and scenario B2 (including a clumpy torus) in others (MCG-02-02-030,
NGC2410, NGC6394). For the other galaxies, as we have an incomplete spaxel coverage of the
central regions, it is very difficult to state any conclusion.

It is also worth to remember that we cannot really see the true three-dimensional geometry of
the ionization cones, just their projections on the plane of the sky in the case of edge-on spirals
and ellipticals, and on the plane of the disk in the case of deprojected face-on and inclined
galaxies. Neither can we assure that such ionization cones exist at all for every case (we have
only two clear enough cases: 102247 and NGC0681). Also we have not enough spatial resolution
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to directly study structures of the size of the torus, in order to confirm if it really exists or
how is it structured; we are supposing that at least to first approximation, the UM is right.
We cannot give a definitive answer on this matter, but just remark that the geometry of the
AGN ionizing radiation field is as important as its power in shaping the ionized gas and star
formation in the AGN-host galaxies. Implications are deep for the AGN-starburst connection
problem, as isotropic central source ionization would imply greater zones of the disk with limited
or completely neglected star formation than in the case of ionization cones perpendicular to the
galactic plane and out of it. An in depth multiwavelength study of the spatial distribution of the
molecular clouds and the diffuse ionized gas in combination with the IFS data presented here,
could throw some light to solve this complex problem.

4.2.4 Comparing BPT-NII and BPT-SII Diagrams and Maps

Although they were not used to determinate the influence radii, we constructed and plotted
BPT-SII diagrams, maps and line-ratio profiles. The BPT-SII diagrams are shown in figure
A.11, the corresponding BPT-SII maps are shown in appendix A, figure A.12. Figures A.13
and A.14 show the radial profiles for log;,([O 111] A5007/Hf) and log;o([S 11] AA6716,6731/Ha)
line ratios, respectively, using the colours that each spaxel has in the corresponding BPT-SII
diagrams.

Tables 4.5 and 4.6 present the number of spaxels of each BPT type for each galaxy in the
BPT-NIT and BPT-SII diagrams respectively. It is clear that we have less spaxels available in
the BPT-SII maps; in most of them there is no clear coverage of the AGN dominated region,
as it is in the BPT-NII maps. Therefore, we did not measure the influence radius using the
BPT-SII maps, although they can be useful for comparison with the BPT-NII maps. Given that
deprojection was applied to some of these maps in order to present the real distances in the
plane of the disk of the galaxies instead of the ones projected in the plane of the sky (see section
3.6.2), in general they cannot be compared directly with SDSS images in figure A.1 nor with
the kinematic maps.

The comparison of BPT-NII diagrams and maps with their BPT-SII counterparts shows
many similarities, even though despite the fact the fact that BPT-SII maps contain less spaxels.
We can notice that in general for face-on and inclined deprojected galaxies, most TO spaxels
have become now SF spaxels, as we would expect since they are below the Ke0O1l line in the
BPT-NII diagrams (see section 4.2.1), but in the case of the two edge on spirals showing defined
ionization cones (1C2247 and NGC0681), most TO spaxels became Seyfert-type spaxels, making
the shape of the ionization cones even more evident in figures A.12 (c) and (g) and therefore,
tracing more clearly the AGN-influenced region than in their BPT-NII counterparts.

This observational result throws some light on the nature of the TO spaxels discussed in the
previous section: we are seeing ionization cones perpendicular to the galactic disk, and out of it,
where there is no star formation, conforming to the proposed B1 scenario of the previous section:
the AGN continuum inside the classical ionization cones of the UM ionizes the gas inside the
cones to create the Narrow Line Region (NLR).

We have now to ask the question: Why the BPT-NII diagrams show some spaxels inside the
ionization cones as TO instead of as Seyfert? Here we have to account for the background star
formation of the disk projected into our line-of-sight, given the galaxies are not perfectly edge-
on and their disks are not infinitesimally thin. In both galaxies we detect some Seyfert spaxels
out of the galactic plane farther away than most TO spaxels, which tend to concentrate in the
galactic plane. This can be interpreted as follows: First the AGN radiation closer to the centre
is very strong and dominates over the projected background star formation of the disk, hence
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Table 4.5: Number of spaxels per galaxy corresponding to each BPT type of object in the
BPT-NII diagram: Seyfert (Sy), Star Forming (SF), Transition Object (TO) and Anomalous
(An). In the last column is the total number of spaxels per galaxy and in the last row the totals
for the whole sample.

Galaxy Sy S TO An Total
1C0485 49 0 44 0 93
1C0540 52 9 40 3 104
1C2247 79 199 105 0 383
1C4215 48 0 28 24 100

MCG-02-02-030 57 382 228 12 679
MCG-02-08-014 29 0 103 5 137

NGC0681 66 871 370 4 1311
NGC2410 81 235 387 1 704
NGC2916 13 1185 291 8 1497
NGC3160 20 0 1 18 39
NGC3182 17 80 120 12 229
NGC4644 5 173 84 0 262
NGC5216 103 0 32 2 137
NGC5378 31 19 31 18 99
NGC5957 11 954 302 2 1269
NGC5971 17 160 14 8 199
NGC6394 46 117 97 0 260
UGC09110 9 1108 224 0 1341
Sample 733 5492 2501 117 8843

we detect those spaxels as Seyfert. Second, the AGN radiation field gets weaker with distance
while the (projected) background star formation becomes more important at greater distances
from the centre. Here we have a superposition in our line-of-sight of line emission from both the
ionization cones and the background disk SF regions. Finally, with no galactic-disk emission in
the line-of-sight, we have only the emission by the ionized gas inside the ionization cones with
no star formation in the background so we have Seyfert spaxels again, even if the AGN ionizing
continuum is weaker there.

This interpretation now seems to explain the concentric distribution and the presence of
both TO and SF spaxels beyond the central, Seyfert-dominated zone for NGC0681 BPT-NII
maps. For 1C2247 we have TO emission through the centre (which again appears as Seyfert in
the BPT-SII map), as if the AGN radiation travels through the SF regions in the line of sight
and we see again a composite of both, but this time in the plane of the disk.

This has implications for our interpretation of the influence radius R;, for if the B1 scenario
applies in every case and the BPTS81 classification of spaxels in face-on and deprojected maps is
only caused by a projection of different types of regions in the line-of-sight (Seyfert from within
the ionization cones plus background star formation from the disk) we cannot say that the TO
extended regions are regions of the disk where the AGN radiation has an influence. This is very
different from the A scenario where the radiation is isotropically radiated or the B2 scenario
in which the ionization cones intersect the galactic disk and the latter directly receives their
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Table 4.6: Number of spaxels per galaxy corresponding to each BPT-type of object in the
BPT-SII diagram: Seyfert (Sy), Star Forming (SF) and Anomalous (An). In the last column is
the total number of spaxels per galaxy and in the last row the totals for the whole sample.

Galaxy Sy SF  An Total
1C0485 21 23 1 45
1C0540 58 34 2 94
1C2247 116 233 9 358
1C4215 74 11 4 89

MCG-02-02-030 1 26 118 145

MCG-02-08-014 15 30 3 48
NGC0681 375 861 47 1283
NGC2410 92 460 6 558
NGC2916 6 1120 1 1127
NGC3160 31 0 0 31
NGC3182 34 166 6 206
NGC4644 10 190 0 200
NGC5216 107 0 0 107
NGCbH378 34 21 1 56
NGC5957 25 1121 1 1147
NGC5971 55 71 3 129
NGC6394 52 190 3 245
UGCo09110 62 1089 0 1151
Sample 1168 5646 205 7019

radiation. In this last case we would have true TO regions with both AGN and SF ionization in
the same volume.

Because of our definition of R;, we somewhat avoid these complications as we are not
considering TO spaxels, but we cannot be sure also if the Seyfert spaxels that we see come from
gas ionized in the galactic plane or from above it. If we are only interested in characterizing
the size of the Narrow-Line Region (NLR) and the global reach of the AGN ionizing power, as
is the case in this work, we would desire in fact to have Seyfert signal from the cones at the
farthest distance possible from the SMBH. Therefore we stick to the definition of R; taking into
account the Seyfert spaxels out of the galactic plane for 1C2247 and NGCO0681. For face-on and
deprojected galaxies, we can only take the R; values of the central regions as lower limits. There
is a possibility that the faraway Seyfert spaxels that we discarded as outliers and the TO spaxels
are really part of the ionization cones, but again, we cannot be sure as we do not know the true
three-dimensional shape of the cones.

4.3 Influence Radii From BPT-NII Maps

We determined the influence radii from the deprojected BPT-NII maps. As explained in the
previous section, there were not enough spaxels with SINVR > 3 in the required emission lines to
determine the influence radius using the BPT-SIT maps for most galaxies. The influence radius
R;, is defined as the distance from the centre to the farthest spaxel classified as Seyfert by the
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Galaxy Ri Ri Ri

[arcsec] [R/R] [kpc]
1C0485 9010 03£0.2 50x+20
IC0540 100£1.0 05+£0.2 13+08
1C2247 16.0+1.0 0.7£02 4.0%£1.0
I1C4215 120£+£1.0 07+£0.2 20+1.0

MCG-02-02-030* 20.0+£1.0 1.14+02 4.0%+1.0
MCG-02-08-014 14.0+1.0 05+0.2 4.0+1.0

NGC0681 300£1.0 09402 3.1+0.8
NGC2410* 16.0£1.0 06+0.2 50+1.0
NGC2916* 17.0+£1.0 06+£02 4.0=£1.0
NGC3160 80+£1.0 04+0.2 4.0+£1.0
NGC3182 12.0+1.0 05+£0.2 1.5+£08
NGC4644* 30£1.0 024+02 1.0£1.0
NGC5216 17.0+£1.0 06+£02 3.0£1.0
NGC5378* 150£1.0 05+0.2 3.0+1.0
NGC5H957* 10.0x+1.0 04+£02 1.1+£0.7
NGC5H971* 90+£1.0 044+02 20+£1.0
NGC6394 17.0£1.0 07+£0.2 9.0+2.0
UGC09110 18.0+1.0 0.8+£0.2 6.0£1.0

Table 4.7: Influence radii R; as determined from the BPT-NII maps. The first column shows
the name of the galaxy, with an * symbol signaling those which have outlier Seyfert spaxels. The
second, third and fourth columns are the R; in arcsec, normalized by the effective radius and in
kpc, respectively.

BPT81 diagrams. The results are shown in table 4.7. There were galaxies (marked with an *

symbol in the table) with outlier spaxels: those among them classified as Seyfert by the BPT-
NII maps at large distances from the centre of their galaxies and not connected with the other
Seyfert spaxels. Since these distant spaxels are frequently isolated as most spaxels around them
were discarded because they have not enough signal-to-noise ratio both in the continuum or in
any of the BPT emission lines (that is to say, they tend to be isolated in the maps), it is possible
that they are just statistical noise (or that we cannot determinate their origin in any case, see
the discussion in sections 4.2.3 and 4.2.4), so we treat them as outliers and exclude them of the
influence radius estimation. We have to take the values of the measured influence radius as lower
limits, especially for those galaxies with big gaps without spaxels close to the centre and those
edge-on galaxies for which the BPT Seyfert spaxels extend out of the galactic planes, tracing
the ionization cones.

The mean R; of the sample is 3.5 kpc or 0.6 times the effective radii. This shows that in
general, the AGN dominates the ionization of gas in kpc scales, comparable in magnitude to the
effective radius, which implies that they can affect the physical conditions of their host galaxies
far away from the nuclear regions, even for LLAGN (Seyfert 2).
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Table 4.8: Results of the physical parameters of the SMBHs for each galaxy. In the second
column there is the black hole mass, in the third column the luminosity of the [O 1m1] A5007
emission line, in the fourth column the bolometric luminosity and in the fifth column the
accretion rate. The values for the black hole mass for NGC0681 and NGC5957 were not
determined (see text).

Galaxy log1o(Mpu/Me) logig Lio r1n logyg Lol logg 1

[erg s~ lerg 7' (Mg yr—']
1C0485 7.02+0.22 41.81+0.06 43.96+0.06 —1.7840.06
1C0540 6.46 +£0.28 41.02+0.06 43.194+0.06 —2.55+0.06
1C2247 7.244+0.24 41.694+0.06 43.84 £0.06 —1.90=+0.06
1C4215 5.974+0.29 41.59+0.06 43.744+0.06 —2.00+ 0.06
MCG-02-02-030 6.90 £0.26 40.76 £0.06 42.914+0.06 —2.83+0.06
MCG-02-08-014 6.94 +0.26 40.57 £0.06 42.724+0.06 —3.02+0.06
NGC0681 40.37+£0.06 42.52+0.06 —3.224+0.06
NGC2410 7.284+0.22 42.66 £0.06 45.324+0.06 —0.42+0.06
NGC2916 6.74+0.24 41.56+0.06 43.714+0.06 —2.03+0.06
NGC3160 7.76 £0.20 42.14+£0.06 44.804+0.06 —0.94+0.06
NGC3182 594+0.33 41.49+0.06 43.64+0.06 —2.1040.06
NGC4644 6.324+0.29 41.324+0.06 43.47+0.06 —2.27+0.06
NGC5216 5.95+0.31 40.88+0.06 43.034+0.06 —2.72+0.06
NGC5378 9.22+0.36 40.75+0.06 42.90+0.06 —2.8440.06
NGC5957 40.77+£0.06 42924+ 0.06 —2.8240.06
NGC5971 7.17+0.23 40.97£0.06 43.124+0.06 —2.62+0.06
NGC6394 6.89 +0.26 42.73+0.06 45.394+0.06 —0.36+ 0.06
UGC09110 6.01 £0.33 41.00£0.06 43.164+0.06 —2.59+ 0.06

4.4 Influence Radii and SMBH Physics

Table 4.8 shows the resulting physical parameters of the SMBHs and their activity, determined as
explained in section 3.8. Masses could not be determined for NGC0681 nor NGC5957, for there
were no available data in the CALIFA DR3 data products for their stellar velocity dispersions.
Figure 4.3(a) characterizes the activity of the SMBHs. On the vertical axis we have the black
hole mass Mgy and on the horizontal axis the bolometric luminosity L. The diagonal lines
represent different fractions of the Fddington limit which is a measure of the activity of the AGN:
the actual luminosity (activity) respect to the maximum possible in order to maintain accretion
equilibrium for a given value of Mpy. Most black holes in our sample are accreting matter at
less than 10% of the Eddington limit, with only one case in the super-Eddington regime (on the
right side of the solid-black diagonal line, which corresponds to galaxy NGC6394).

Figure 4.3(b) compares R; with log;q Mpp. Performing a least squares fitting, we obtained
the relation:

R;
kpc

M
= (0.94 = 0.80) (logw 1\/fH> — (2.445.3) (4.1)
O]

with a high p-value p = 0.2577, which along with the extremely high uncertainties in the fitted
slope and intercept, tells us that there is probably no relation between the mass of the SMBH
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Fig. 4.3: Characterization of the SMBH physical parameters and comparison with the influence
radius. (a) Black hole mass vs bolometric luminosity. The Eddington limit, along with 0.1 and
0.01 fractions of it are represented by the black solid, dashed, and dotted lines, respectively.
(b) Influence radius vs SMBH mass. The black line represents the least squares fitting result.
(c) Influence radius vs SMBH accretion rate. The black line represents the least squares fitting
result. The error bars in all plots represent 1o uncertainties.
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and R;. This is expected since the AGN activity is related directly to the quantity of material
being actually accreted per unit time (the accretion rate ), which does depend of the available
matter and not of the mass of the black hole itself.

Figure 4.3(c) compares R; with the logarithm of the accretion rate (log;y). For this we
obtain the relation:

k]f;c = (1.32+0.51) <10g10 M@myr—1> + (6.52 + 1.88) (4.2)
with a p-value p = 0.01992, which is a much more reasonable fit with also reasonable uncertainties
for the fitted slope and intercept than in the case of R; vs Mpp. This suggests, as one would
expect, that a correlation might exist between the AGN activity, (i.e. the SMBH accretion rate)
and R;.

Let us now consider the implications of the kpc scales that R; reaches. The fact that the
latter correlation is reasonable but not perfect (the p-value is still somewhat high), could be a
consequence of low-number statistics, but also can be related to the fact that in general AGN
activity tends to be variable. Variability effects could affect the ionization of gas at the distances
of the ionizing radius after tens of thousands of years of light-travel time, so the activity that
we measure with the bolometric luminosity of the central spaxels may not be the same as the
activity that the AGN had when the photons that are currently at the distance of the influence
radius (and all the way in between) were emitted. In this scenario, the influence radius should
be a variable quantity dependent on the AGN ionizing continuum luminosity L;.,, with a delay
time of the variation in the radius respect to variations in the continuum proportional to the
radius size.

It is remarkable the case of NGC5378, with Mppy = 5.22 + 0.36 Mg, is compatible with
the upper limit of what would be considered an intermediate-mass black hole (IMBH), which is
Mpy ~ 10° My (see Mediavilla et al. 2017 and Ebisuzaki et al. 2001). Since they are objects
with an interest on their own, being considered possible precursors of SMBHs (Zwart et al. 1999;
Oka et al. 2017), this IMBH candidate should be addressed in future works in order to verify
the value of Mpy with independent methods.

4.5 Influence Radius and Host Galaxy Morphology

Here we compare the influence radii with two of the host galaxies morphological parameters: the
morphological type and the effective radius. Based initially on the Hubble-type classification in
the CALIFA DR3 dataproducts (see table 2.1), we regrouped the sample into broader categories,
which are defined as follows by Morales et al. (in preparation), based on Sandage et al. (1970)
and Sandage (1975): Hubble types EO to E7 are classified as ellipticals (E); lenticular SO galaxies
maintain the same designation; spirals from Sa up to Sb and the correspondent barred SBa to
SBb are classified as early spirals (ES and ESB respectively); finally Hubble types Sbc and
later, and the correspondent SBb and later barred spirals, are classified as late spirals (LS and
LSB respectively). There are no irregular nor peculiar galaxies in the sample. The resulting
classification for each galaxy is shown in table 4.9.

In figure 4.4(a) we show the influence radius vs morphology. An apparent trend of the
influence radius getting higher towards latter Hubble types can be seen. We have to worry here
about low-number statistics, because besides the fact that we have a small sample (only 18
galaxies), most of them are early spirals, with only two ellipticals and two late spirals, and no
S0s. Therefore we cannot make firm conclusions from this plot, but certainly this is a motivation
to explore this possibility with a larger sample in the future.
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Table 4.9: Classification by morphology. Categories are: E (elliptical), SO (lenticular), ES (early
spiral), ESB (barred early-spiral), LS (late spiral) and LSB (barred late-spiral). See text for a
more complete description.

Galaxy Morphology
1C0485 ESB
1C0540 ESB
1C2247 ES
1C4215 ES
MCG-02-02-030 ESB
MCG-02-08-014 ES
NGC0681 ESB
NGC2410 ESB
NGC2916 LS
NGC3160 ESB
NGC3182 E
NGC4644 ES
NGC5216 E
NGC5378 ESB
NGC5957 ESB
NGC5971 ESB
NGC6394 LSB
UGC09110 ESB

Another important aspect of morphology is the presence or absence of bars. It has been
suggested since the 1970s (see the review by Kormendy & Kennicutt Jr 2004, and references
there in) that bars can contribute to transport gas from the disk into the central regions, allowing
for the presence of rings of intense nuclear star formation. One of the best known examples is
that of NGC1512 for which the material introduced by the bar forms a starburst ring (Ma et al.
2017). If this material manages to get inside the SMBH gravitational zone of influence, it can
get accreted and in consequence, the luminosity of the accretion disk can be increased. In figure
4.4(a), we can see that the four galaxies with the largest influence radii are all barred spirals (in
colour red). Figure 4.4(b) compares morphology with the accretion rate 7, which as we saw in
the previous section, is directly related to the size of R;. We can see that barred spirals (again,
in red) can reach m values more than one order of magnitude above other morphological types.
The result is compatible with figure 4.4(a): the four galaxies with the larger accretion rates are
all barred.

It seems that due to the presence of a bar, barred spirals have the possibility to feed the
SMBH with more gas than non-barred galaxies, and hence, can produce larger R;. Again, we
are dealing here with low number statistics, and there could be a bias given the fact that most
spirals in the sample are barred (see table 4.9). Further analysis with a larger sample of galaxies
of a larger variety of morphological types would be useful to confirm this trend.

In figure 4.5, we compare the influence radius with the effective radius R., defined as the
radius that contains half of the total flux of the galaxy (in general, for a given photometric band,
in our case the SDSS DR7 r band). Applying a least squares fit,we find the relation:
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Fig. 4.4: (a) Influence radius vs morphology. (b) Accretion rate vs morphology. Red dots are
barred galaxies.

R,

Re
= (0.342 + 0.087)

kpc
with a p-value p = 0.001184. This indicates a clear correlation, but interpretation of causality
and physics is a tricky one. We know from the well established scaling relations that the mass
of the SMBH is related to the mass of the bulge (see Haring & Rix 2004). The bulge is a great
contributor to the stellar radiation flux of galaxies and hence, dominating within the effective
radius, especially for early type spirals. Therefore, there could be an indirect correlation of the
black hole mass with effective radii. Nevertheless, we already saw that the SMBH mass is not
determining (if it plays any role at all) for the size of R;.

1.34 £ 0. 4.
s + (1.34 + 0.69) (4.3)

4.6 The Search for AGN-Driven Outflow Candidates

Here we present results of the search for candidates to AGN-driven outflows performed on the
sample. As this is not the main aim of this thesis work (focused on the influence radii), we
present here very briefly only preliminary (although very promising) results.

A search for blue-shifted components of the Ha and [O 11] A5007 emission lines was
performed as explained in section 3.9. As a result, maps were produced of the specific surface
flux and line-of-sight velocities of these blue-shifted components: the results for Ha are shown
respectively in appendix A, figures A.15 and A.16. Figures A.17 and A.18 show the surface
specific flux and line-of-sight velocity maps, respectively, for [O 111] A5007. Notice that the maps
were not deprojected in order to compare them with the background SDSS pictures indicating
the distribution of stars in each galaxy.
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Fig. 4.5: Influence radius vs effective radius.

For all cases, the flux is stronger in the Ha line, which allows us to see the spatial distribution
of the emission more clearly than for the [O 111] A5007 line, therefore we will use the Ha emission
as our primary indicator. While many galaxies show some degree of blue-shifted component Ha
emission, for many of them (e.g. 102247, NGC2916, NGC4644, NGC5957) it just appears to
follow the shape of the disk and the spiral arms. This could mean that we are seeing just a
component of the interstellar gas rotating at a different velocity than the rest of the disk, or
even in the opposite direction in the case of NGC5957, if we compare with the kinematic map
in figure A.2(0). Even more interestingly, this disk emission could be associated to the presence
of star-formation driven outflows. Despite this being an interesting possibility, which could be
addressed in future work, we will focus here only on the AGN-driven outflow candidates.

To identify an AGN-driven outflow candidate, we require the Ha emission to be associated
to the central regions. This is the case for 1C0485, 1C0540, 1C4215, MCG-02-02-030, MCG-02-
08-014, NGC0681 and IGC09110. Due to the low signal-to-noise ratio (SNR), we have very few
spaxels available in some cases, so the shape of the supposed outflow cannot be traced.

Now we will focus on the cases of MCG-02-02-030 and NGC0681, our two more solid
candidates. Both present large blue-shifted component emission regions that clearly extend
(somewhat perpendicularly) out of the galactic disk (up to distances of =~ 5 kpc in the case
of MCG-02-02-030 and =~ 3.5 kpc in the case of NGC0681). Both possible outflows present
some knots with higher Ha fluxes than the surroundings. In the case of NGC0681, it is very
straightforward to glimpse how the outflow is beam-shaped, from the galactic centre and out
of the galactic plane. This is our most solid candidate. It possesses two emission knots, one
located at a projected distance of =~ 2 kpc and the other at ~ 3 kpc from the galactic centre,
both with line-of-sight velocities of ~ —300 km s~!. In the case of MCG-02-02-30, the knot is
at a projected distance of ~ 5 kpc from the galactic centre, also with a line-of-sight velocity of
~ —300 km s~ 1.
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The presence of outflows is a very important factor in the feedback processes, injecting
momentum into the interstellar medium and even into the intergalactic medium. Given our
results for both the search of outflow candidates and the determination of influence radii reaching
kiloparsec scales, future work should address the problem to separate effectively the contribution
of both radiation and outflows (via shocks) to the ionization of gas in the host galaxies.
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Chapter 5

Conclusions and Comments on
Future Work

In this work, we measured the size of the region photoionized by Seyfert 2 AGN in their host
galaxies using IF'S data from the CALIFA survey. For this we defined the influence radius R; as
the distance from the galactic centre to the farthest spaxel classified as Seyfert by the BPT-NII
diagrams as a proxy for the size of such region. In order to accomplish this we:

Selected 18 galaxies from the CALIFA DR3 sample.
Used STARLIGHT to fit synthetic spectra to each spaxel.

Measured the fluxes and widths of the emission lines relevant for the BPT81 diagrams,
including reddening corrections using the CCM89 extinction law.

Used the Ha emission lines to elaborate kinematic maps in order to verify and correct
positions of the galactic centres given by the CALIFA DR3, in order to locate the position
of the SMBH.

Proposed a new limit for the BPT-NII and BPT-SII diagrams in order to separate the
AGN Seyfert 2 emission from anomalous low-ionization emission for IFS data of Seyfert 2
galaxies.

Plotted (deprojected when it was possible) BPT-NII and BPT-SII diagrams, maps and
radial profiles (of the emission-line ratios) for each galaxy in the sample, and used them
to measure R;.

Compared R; with physical parameters of the SMBH (mass of the black hole Mpy and
accretion rate ) and with morphological characteristics of the host galaxies (morphology
and effective radius).

Performed a search for possible AGN-driven outflows looking for blue-shifted components
of the Ha and [O 111] A5007 emission lines.

As a result, our main conclusions are the following;:

Seyfert 2 AGN dominate the gas ionization of their host galaxies up to distances (R;) of
the order of kiloparsecs, with a mean of R; = 3.5 kpc or R;/R. = 0.6 for the sample.

o7



e We observed that the influence radius depends on the accretion rate m of the SMBH and
might be related to the host galaxy morphology, with late type spirals and especially barred
spirals potentially reaching higher values of R;. Nevertheless, this is based on low-number
statistics and a future study with a bigger sample is needed to confirm or reject this.

In the process, we also learned that:

e The limit between Seyfert and LINER class in BPT diagrams of Seyfert galaxies, when
applied to spatially resolved data (i.e. IFU), must be modified in order to account for
the presence of many spaxels with spectra showing ionization by the AGN, falling in the
LINER region of the diagrams (because we do not have LINER), and to separate them from
anomalous spaxels with high values of low-ionization line ratios which could be related to
other physical processes or measurement errors. We proposed such limits for the BPT-NII
and BPT-SII diagrams.

e Once such modifications are made, BPT81 maps can be effectively used to determine the
zones dominated or influenced by Seyfert 2 AGN ionizing radiation over their host galaxies.

e In general, our results apparently favour the scenario with AGN ionizing radiation
propagating inside ionization cones, in concordance with the unified model (scenarios B1
and B2), but including the presence of a clumpy structure for the dusty torus.

e [t is important to understand the nature of the TO spaxels. They could be both a projection
in the line-of-sight of the ionization cones over the galactic disk (in which case they could
be included in R; determinations), as presented in scenario B1 which is favoured by the
BPT81 maps of the edge-on galaxies 1C2247 and NGCO0681, or a true region of the disk
ionized both by stars and the AGN (scenario B2) which is favoured by the BPT81 maps of
face-on/deprojected galaxies MCG-02-02-030, NGC2410, NGC6394. The situation appears
to vary from galaxy to galaxy, depending on the orientation of the SMBHs accretion disk
and the dusty torus with respect to the hosts galactic plane.

We also found the following issues that should be addressed in future works:

e A good coverage of the maps with spaxels with enough SNR is necessary in order to
understand correctly the shape of the ionized region. The lack of enough coverage in the
BPT-SII maps and in some of the BPT-NII maps, which is probably due to the limited
sensitivity of the instrument, made us to discard the determination of R; with the former,
and take the ones determined with the latter as lower limits in many cases. Given that
IFU data is limited by the two-dimensional projection into the plane of the sky, or (if
deprojection is feasible) into the plane of the disk, we need more information (possibly
from observations in other spectral ranges) in order to determine the true three-dimensional
shape of this region and to reveal the true shape of the ionization regions.

e Related with the former, we lost a lot of spaxels in the search for blue-shifted components,
due to very low SNR of the emission lines. This is due to a combination of limited spectral
resolution and flux sensitivity; we were almost at the limit of what was possible with
the data. For future work with outflows, data from bigger telescopes and higher spectral
resolution instruments would be recommendable.
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e Since we found some candidates for AGN-driven outflows, the outflow contribution to the
gas ionization in those galaxies via shocks should be addressed in future work, in order
to separate it from the direct AGN photoionization, which would help in getting a better
understanding of the feedback processes.

e The central black hole in NGC5378, with a mass Mpy = 5.22 + 0.36 M, is a candidate
for IMBH and as such, it should be studied further with other methods to confirm this
result.
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/

) 1C0485 ) IC0540 (c) 1C2247
) 104215 ) MCG-02-02-030 (f) MCG-02-08-014

() NGC0681 ) NGC2410 (i) NGC2916

Fig. A.1l: Images of the galaxies in our sample from SDSS DR7. North is up and East is to the
left. Each image is 80” on side.
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(j) NGC3160 (k) NGC3182 (1) NGC4644

(m) NGC5216 (n) NGC5378 (0) NGC5957

(p) NGC5971 (q) NGC6394 (r) UGC09110

Fig. A.1: Images of the galaxies in our sample from SDSS DR7 (continued).
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between the red lines contain the spaxels used in the rotation velocity profile. Rotation velocity
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ascension and declination are normalized to the effective radius.
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Fig. A.2: Rotation velocity maps. Continued.
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maps in figure A.4.
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Fig. A.9: logy [O 111] A5007 / Hp radial profile. Continued.
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Fig. A.14: logo [S 11] AXN6716,6731/ Ha radial profile. Continued.
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Appendix B

Kernel Density Estimation

A Kernel Density Estimation (KDE) is a non-parametric estimation of the Probability Density
Function (PDF) for a continuous random variable. A Kernel is a PDF that meets the following
criteria:

Even (symmetric)
Real-valued
Non-negative

It must be normalized so its definite integral over all data must be equal to 1.

At every datum from our data set, we assign a kernel function centered on the datum, so
the kernel is symmetric about it. All resultant kernels are summed up and divided by the total
number of data. The result is a PDF with the properties:

Non-Negative
Normalized so its definite integral is equal to 1.

This can be expressed as:

flz) = n’lh’lzn:K [(‘”I”_h‘””)} (B.1)
i=1
Where:
n is the number of data
h is the bandwidth
K is the selected kernel function

(x — x;) is the distance from the datum z; to the point = where we are evaluating the kernel
function
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The kernel function K must be any function that satisfies the aforementioned criteria, usually
a Gaussian function is used. h is known as the bandwidth, smoothing factor or window width.
It limits the neighbourhood of values to which the probability is assigned by the kernel. As its
integral is normalized to 1, at each datum, a larger value of h results in a shorter and wider
probability function spreading farther from the centre implying a larger standard deviation. The
value of h must be carefully selected. For small data sets, a large value of h is recommended,
and a small one for large data sets.

In this work we always apply the Gaussian kernel and the bandwidth is selected using the
rule-of-thumb by Silverman (1986). First we find which one is minimum: the variance of x or
the interquartile distance divided by 1.34. We will call this selected value w. The bandwidth is
then:

h=4.24w2n "3 (B.2)
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Appendix C

Guia para desenrojecer espectros
segun el método de CCMB89

C.1 Desenrojecimiento de un espectro o una linea

C.1.1 Deduccion de la ecuacion general de enrojecimiento

Hay diferentes formas, todas equivalentes, de llegar a esta ecuacién. En este caso seguiremos el
procedimiento explicado en el libro de Osterbrock & Ferland (2006). La solucién de la ecuacién
de transferencia radiativa para el caso de absorcién pura (en realidad es absorcién més dispersién
fuera de la linea de visién) es:

I)\ = I)\Oe_T’\ (Cl)

donde I, es la intensidad (especifica) observada (enrojecida), Iyo es la intensidad que

observarfamos si no hubiera extincién (la intrinseca) y 7, es la profunidad déptica en la linea

de vision. Pasando el exponencial del lado derecho de la ecuacién a base 10, sabemos que
e = 2.71828 = 1094342942 1,61 tanto:

Iy = Iyo1070434() (C.2)

Podemos describir la profundidad éptica dependiente de la longitud de onda mediante una
ley de enrojecimiento (reddening law) f(\), también llamada ley de extincién, que depende de
la longitud de onda:

™= Cf(N) (C.3)
y nos queda:
Iy, = (10~ 0-434CT W] (C.4)
Podemos sustituir las constantes del exponente por ¢ = 0.434C' y reescribir:

I, = Lo 10~/O)] (C.5)

que es la ecuacién general de enrojecimiento; ¢ debe ser determinada en cada caso, y estd
relacionada a la forma de la curva de extincién, es decir, cdmo varia la extincién de una A a otra,
que normalmente se relaciona directamente al exceso de color E(B — V') (para el caso explicado
en la seccién C.1.2 con Ry = 3.1, E(B—V) = 0.77¢).
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Se debe tener cuidado con la interpretacién de esta ecuacion. En este caso introducimos en
ella la intensidad intrinseca de la fuente sin enrojecer y obtenemos la que deberiamos observar
una vez que la luz atraviesa el medio interestelar y sufre enrojecimiento. El caso practico suele
requerir lo contrario: queremos encontrar la intensidad intrinseca a partir de la observada, para
lo cual debemos despejarla, y tiene efecto en el cambio de signo del exponente.

Iy = I 10V (C.6)

C.1.2 El método de Cardelli
Siguiendo el articulo de Cardelli et al. (1989), conocido como CCMS9:

AW
v = E(B-V)

Ay es la extincién en la banda V' en magnitudes. E(B — V') es el exceso de color entre las
bandas B y V (en magnitudes), que nos da una medida de la pendiente del espectro.

En CCMS89 hicieron un ajuste de minimos cuadrados de A(\)/A(V) vs Ry’ que da como
resultado lo que nos da la ley de extincién fy/(\) normalizada en la banda V' (y promediada para
cada Ry ), donde A(A) es la exitincién en magnitudes a la longitud de onda A que nos interesa
desenrojecer (que podemos aplicirsela a lineas individuales o a todo el espectro) y A(V) es la
extincién en magnitudes en la banda V:

(C.7)

fr) = <j((§’)> = afa) + (C8)

donde los coeficientes a(x) y b(x) vienen dados por los polinomios:

a(x) =14 0.17699y — 0.50447y* — 0.02427y> 4 0.72085y" + 0.01979y> — 0.77530%° + 0.32999y"
(C.9)

b(z) = 1.41338y+2.28305y2 +1.07233y> — 5.38434y* — 0.62251y° +5.30260y° — 2.09002" (C.10)

enlosquez=1/Ayy=x—1.82.

El hecho de que el segundo término del lado derecho de la ecuacién C.8 esté dividido por Ry
implica que estd normalizado por A(V') (ver ecuacién C.7). Siempre hay que tener presente que
la ley de extincién tal cual la presenta CCMS89 estd normalizada respecto a la banda V. Para
la Via Lactea se toma Ry = 3.1, pero no es necesariamente cierto para la extincién interna de
otras galaxias y puede ser necesario calcularlas para cada caso a partir de la ecuacién C.7 (u
otros métodos). Con esto, podemos desenrojecer cualquier linea (en efecto, cualquier longitud
de onda, incluidas las del continuo) mediante la siguiente ecuacién (ver seccién C.1.1):

Iy = I, 1059™ (C.11)

donde I, es la intensidad observada (enrojecida) a la longitud de onda A y Ig es la intensidad
intrinseca y c¢ es una constante a determinar que depende de la normalizacién que usemos.
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C.2 Normalizacién respecto a Hf

Para trabajar con lineas nebulares en el éptico, y especialmente en la medicién de abundancias
quimicas, suele seguirse la convencion de normalizar respecto a HB. Esto es conveniente porque
conocemos bien la razén de las intensidades de las lineas Ha y HfB para las condiciones fisicas
tipicas de las regiones H II (7. = 10000 K y n. = 100 cm~3) en cuyo caso se cumple que

Primero debemos normalizar la ley de extincién, dividiendo cada uno de los valores que
calculamos para las diferentes longitudes de onda por la ley de extincién de Hp:

frs(N) = fﬁ%) (C12)

Normalizamos la ecuacién C.11 por HB para la longitud de onda que nos interesa, usando
las leyes de extincién normalizadas de la ecuacion C.12:

Do _ In getm18) [N~ fup(HB)] (C.13)
Trgo  1Imp

Donde Ipgo es la intensidad intrinseca de la linea Hf, I3 su intensidad observada y c(Hf)
es la constante ¢ de la ley de exticién para la normalizacién por HS. Como precisamente
normalizamos las leyes de extincién respecto a H3, entonces frg(H3) =1y podemos reescribir
la ecuacion anterior como:

DO D ge#1B) [Frs(N-1) (C.14)
Inpo  Iup
Ahora necesitamos la constante ¢(Hf). Como se mencioné antes, podemos simplemente
despejar ¢(H ) directamente de la ecuacién C.14 a partir de la razén Iyq/Igs = 2.86 como se
menciond anteriormente:

L 1080286~ log (3=)

Con este resultado ya podemos aplicar la ecuacién C.14 a todas las demads lineas (o al
continuo). Existe la convencién, especialmente en el estudio de abundancias en el 6ptico, de que
se multiplique siempre el resultado de la ecuacién C.14 por 100, de modo que si todo salié bien,
el resultado para Hf siempre debe de ser 100 y para Ha de 286. Si obtenemos otros valores,
significa que cometimos un error en el proceso, por tanto verificar que obtuvimos estos valores es
una prueba de control que siempre vale la pena realizar. Es importante estudiar detenidamente
el articulo de referencia y las ecuaciones de cada método de medicion de abundancias quimicas
que utilicemos, para saber qué nos estan pidiendo exactamente. También hay que tener en cuenta
que si no estamos tratando regiones H 11 comunes, las condiciones fisicas mencionadas arriba
podrian no cumplirse y el valor Iy, /Ips podria ser diferente a 2.86; por ejemplo el articulo de
L. Kewley et al. (2001), que utiliza Iro/Igpg = 3.1 para AGNs.

(C.15)
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