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Abstract / Resumen

We present the results for the chemical abundances obtained from the nuclear spectra of a sample of
nearby galaxies in the Palomar Spectroscopy Survey. These chemical abundances have been obtained
using the code HII-CHI-MISTRY adapted for Active Galactic Nuclei (AGN). The code allows to consider
both star forming galaxies and AGN, since both ionizing mechanisms are implemented on it. Whereas a
number of recent works analyze the metallicity in Seyferts 2, a systematic analysis is still lacking for low-
luminosity AGN, which are the most common in the local Universe. Our work provides a deep study of
the metallicity in the nuclear regions of galaxies of all spectral types, providing the ionization mechanisms
that leads to their emissions. Since we consider the most accurate measurements of the emission lines,
we limit the original sample only for accurate measurements which amount a total of 234 galaxies: 107
are star-forming galaxies (45.7%), 23 Seyferts 2 (9.9%), 56 LINERs (23.9%) and 48 composites (20.5%).
We also show how the different properties of the host galaxies, such as morphology, Supermassive Black
Hole mass, absolute B-magnitude, H, luminosity or stellar mass are related to the chemical abundances
obtained for the different objects.
Keywords: Active, Nuclei, ISM, Abundances, Palomar.

Presentamos los resultados de las abundancias quimicas obtenidas de espectros nucleares de una
muestra de galaxias cercanas del Palomar Spectroscopic Survey. Estas abundancias quimicas se han
determinado usando el programa HII-CHI-MISTRY adaptado a Nucleos Galactivos Activos (AGN). El
programa permite considerar tanto galaxias con formacién estelar como AGN, ya que ambos mecanismos
estan implementados en él. Mientras que varios estudios recientes analizan la metalicidad en Seyferts 2,
ain no existe un estudio sisteméatico para AGN de baja luminosidad, que son los mas abundantes en el
Universo local. Nuestro trabajo proporciona un estudio en profundidad de la metalicidad en las regiones
nucleares de galaxias de todos los tipos espectrales, teniendo en cuenta los mecanismos de ionizacién que
originan sus emisiones. Puesto que solo consideramos lineas de emision medidas con precision, la muestra
original del Palomar se reduce a un total de 234 galaxias agrupadas en: 107 galaxias con formacion estelar
(45.7%), 23 Seyferts 2 (9.9%), 56 LINERs (23.9%) y 48 galaxias compouestas (20.5%). También presen-
tamos cémo las diferentes propiedades de las galaxias anfitrionas (morfologia, masa del Agujero Negro
Supermasivo, magnitud absoluta en la banda B, luminosidad en H, o masa estelar) estdn relacionadas
con las abundancias quimicas obtenidas para los diferentes objetos.

Palabras clave: Activo, Nicleos, Medio-Interestelar, Abundancias, Palomar.



1. Introduction

This chapter provides the keys to understand the nuclear emission in galaxies and the differences between
star formation and AGN photoionization. In addition, a briew review of the current state of the art in

estimating chemical abundances is presented.

1.1 Active Galactic Nuclei

There are some galaxies in the Universe whose luminosity (L ~ 10** —10% erg-s~!) cannot be explained
by the nuclear fusion in stars [Woo and Urry (2002)]. The source of this excess is the accretion of matter
onto a supermassive black hole (hereafter SMBH), with masses M > 10° Mg [Netzer (2015)], located
in the center of the galaxy [Heckman and Best (2014); Netzer (2015)]. Those galaxies are called Active
Galactic Nuclei (hereafter AGN). There are two arguments which favor this model: the variability, seen in
small time scales, of many AGN shows that the central source is extremely compact (small size) [Peterson
(2001)]; and, the asymmetric-relativistic profile of the FeKa line [Tanaka et al. (1995)].

The presence of a SMBH in the center of the galaxy is a necessary but no sufficient condition to
classify a galaxy as an AGN [Netzer (2015)]. There are many galaxies that presents a SMBH but do
not show any additional contribution in their luminosity!. Thus, an AGN is also characterized by the
presence of matter in the very close neighborhood of the SMBH; during the accretion of the matter one
part is translated into luminosity and the other into growth of the black hole. That luminosity is usually
expressed in terms of the Eddington luminosity, which establishes an upper limit for the luminosity of
any astrophysical object due to the balance between the radiation pressure and the gravitational force,
that is defined as [Netzer (2015)]:

sMsyBH

Lpg~15-103
Edd M@

lerg - 3_1] (1.1)
The luminosity of an AGN verifies that Lagn/Lgaq 2 107° [Netzer (2015)]. The above criteria is some-
what arbitrary: it excludes our own galaxy (which is not an AGN) but it also includes the low-luminosity
AGN (hereafter LLAGN), that present typical ratios of Lagn/Lgdq ~ 107° — 1073 [Gonzdlez-Martin
et al. (2009)].

The structure for an AGN can be seen in the schematic picture of Urry and Padovani [1995] (see

'For instance, our own galaxy (the Milky Way) presents a SMBH called Sagittarius A*, with a mass of (4.148 4+ 0.014) -
10° Mg [The GRAVITY Collaboration et al. (2019)], but there is no sufficient matter in its neighborhood that could be
constantly accreted to maintain a luminosity L/Lg4q > 107°.
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Figure 1.1: Scheme of the components of an AGN. Different types of AGN are indicated as a function of the view
angle. Picture taken from Urry and Padovani [1995].

Figure 1.1). From inner to outer parts, an AGN presents:

e The Supermassive Black Hole (SMBH). In the center of an AGN there is a SMBH whose
activity is the responsible of the AGN luminosity. A proxy to the mass of the SMBH, that can be
used for many galaxies, is an empirical function of the central velocity dispersion (ocentrqr) in the

galaxy [Heckman and Best (2014)] given by:

M
logg (%;H) = 8.32 + 5.641og,, (#) (1.2)

e The accretion disk. Surrounding the SMBH there is an accretion disk. The geometry of this
structure changes depending on the accretion rate (M ) of the gas [Heckman and Best (2014); Netzer
(2015)]. In order to establish a criterion for quantifying the accretion rate, the Eddington luminosity
(Equation (1.1)) can be translated into an accretion rate since the luminosity of the process is given
by L = eMc?, where € is the efficiency of the process and M the accretion rate. Therefore, the

Eddington rate is defined as:

2.643-107° MsyBH
€ M@

Lpaa = €Mpagc® = Mpgg = (Mg - yr™!] (1.3)
When the accretion rate is of the same order or just below the Eddington rate, the accretion process
is efficient, and the angular momentum is lost due to winds and viscosity forces in the own disk
[Shao (2013)], so an inflow of gas is created. In this situation, the geometry of the disk is thin while
it is optically thick [Heckman and Best (2014)]. When the accretion rate is low (M < M Bdd), the

inner parts of the disk change into a geometrically thick structure, where the cooling time of the gas
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is larger than the inflow time so the gas flows by an advective-dominated flow, hence the formation
of jets is favored [Heckman and Best (2014); Netzer (2015)].

This structure presents a radial profile of temperature T (r) through its extension, from r ~ Rgc, to
7 ~ 103 Rsep, (being R, the Schwarzschild radius?) [Hawkins (2007)]. The emission of the accretion

disk extends from the ultraviolet to the soft X-ray range.

e The hot corona. The accretion disk is surrounded by another structure of gas with high temper-
atures (7' > 107 K [Cao (2009)]), whose emission in the X-ray is not only intrinsic since it also
reflects the emission of the accretion disk by Compton-reflection [Cao (2009); Meyer-Hofmeister
et al. (2017)]. This structure is located at approximately r ~ 10Rg.;, with a size from 40 — 60 Rg.y,
[Reis and Miller (2013)].

e The Broad Line Region (BLR). At a distance of 0.01 — 1 pc [Netzer (2015)] from the SMBH,
there are clouds of gas ionized by the radiation emitted from the accretion disk and the corona.
These clouds emit radiation as emission lines but, due to the proximity to the black hole, those lines
are broadened, as a consequence of their motion around the SMBH [Alloin et al. (2006)], with widths
of 10% — 10* km - s7! [Shao (2013)]. This is the so-called Broad Line Region (hereafter BLR). The
detection of such broad lines is an unambiguous probe that the host galaxy has an AGN since the
required temperature to generate such widths (in case they were thermal broadened 3kpT = muv?)
would be high enough to have all the gas completely ionized and no emission line would be detected,
so the velocity of the gas is the consequence of the orbital motion of the whole cloud. The general
temperature of these clouds is around T, ~ 10* K and presents densities of n. ~ 109 em™3 [Alloin
et al. (2006)].

e The dusty torus. There is a distance from the SMBH where the temperature T is below that
required to sublimate molecular grains of dust. This is the inner radius for a structure called dusty
torus, whose outer radius can reach 30 pc [Mor et al. (2009)]. With typical values of the column
density between 10%3 — 1025 ¢m =2 [Heckman and Best (2014)], this structure absorbs the radiation
from the optical, ultraviolet and soft X-ray range, remitting it as thermal emission in the infrared
band. For the highest columns density > 10%* ¢m ™2 [Comastri (2004)], the hard X-ray emission
is also absorbed (these AGN are called Compton thick AGN), so the inner parts (accretion disk,
hot corona and BLR) cannot be directly detected [Urry and Padovani (1995); Alloin et al. (2006);
Heckman and Best (2014); Netzer (2015)].

e The Narrow Line Region (NLR). Just from the cone aperture of the torus, another region
populated with gas clouds is found. This gas also radiates energy as emission lines, as the BLR, but
the width of those lines is smaller ~ 200 — 1000 km - s71 [Vaona et al. (2012)]. For this reason, this
region is called Narrow Line Region (hereafter NLR). The NLR and the BLR do not only differ in the
width of the emission lines, but in the distance from the SMBH (the NLR extends from the ~ 102 pc

2For any spherical object of mass M, the Schwarzschild radius is defined as:

2GM
2

Rsen =

and it represents the last stable orbit.
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to a few kpc [Bennert et al. (2006)]). The density in the NLR is also lower (n. ~ 10? — 10° cm ™3
[Alloin et al. (2006); Vaona et al. (2012); Netzer (2015)]). However the temperature is similar to
that of the BLR, T, ~ 10* K [Bennert et al. (2006); Alloin et al. (2006); Vaona et al. (2012)]. More
details on the NLR and the BLR can be found in subsection 1.2.3.

e The jet. Finally, in some AGN collimated outflows (jets) can be formed, reaching the scales of Mpc
[Blandford et al. (2019)] (even greater than their own host galaxy). The formation of the jets in
AGN is an open question: the role of the magnetic field, the efficiency in the cooling of the gas and
the accretion rate are some of the keys that many models try to determine [Shao (2013); Heckman
and Best (2014); Romero et al. (2017); Blandford et al. (2019)]. Nevertheless, since those jets are
made of electromagnetic particles (electrons, protons,...) accelerated at relativistic velocities, they

radiate in the radio range due to synchrotron emission.

Since the first detection of an AGN [Schmidt (1963)], many attempts have been made in order to
establish a taxonomy of all the types of AGN that are observed. Many examples of this classification can
be found in the works of Antonucci [1993], Urry and Padovani [1995; 2017], Heckman and Best [2014] or
Netzer [2015] among many others.

Following the classification by Netzer [2015], there are four main types of AGNs:

e AGN Type-I: These AGN are characterized by the presence of broad (widths with the same order
as the BLR) emission lines [Urry and Padovani (1995); Netzer (2015)].

e AGN Type-II: These AGN are characterized by the lack of broad emission lines. There is a
distinction between false AGN Type-II (AGN Type-I whose broad lines can be detected in polarized
light) and true AGN Type-II (AGN that not present any detectable broad emission line) [Netzer

(2015)], but this result is still controversial (see the review of Antonucci [2012] for more details).

e LINERs: These AGN present strong low-ionization emission lines. The presence or not of broad

emission lines leads to a similar sub-classification as that presented above [Padovani et al. (2017)].

e Lineless AGN: These AGN are characterized by their extremely weak (or even undetected) emis-

sion lines and, in some cases, for their continuum variability [Netzer (2015)].

The above classification is based on an observational point of view, but some other classifications are based
also on a physical point of view. For instance, Heckman and Best [2014] introduced another classification
with only two types of AGN: radiative-mode and jet-mode . The main difference between these classes
is that in the former one, the radiation is the most efficient energy output while in the later one is the
mechanic energy associated to the relativistic jets. This is a similar (but no identical) classification to
that presented by Padovani [2017], where he introduced the terms of non-jetted and jetted.

Many of these classes of AGN merge into one according to the Unified Model of AGN [Antonucci
(1993); Urry and Padovani (1995)]. AGN Type-I and Type-II are the same, the only difference is the
angle of observation: observing an AGN parallel to the dusty torus implies that the dusty torus is absorbing
the emission from the BLR and, therefore, no broad lines will be detected. In addition, the lineless AGN
can be explained through this model too: observing the AGN with a small angle measured from the jet

implies that its radiation is beamed (this also justifies the variability in the continuum). This picture
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of the Unified Model can be seen in . However, there are still intrinsic differences such as the
presence or not of jets that lead to the classification of Heckman and Best [2014] or Padovani [2017].

The above unification can be used to merge different types of AGN such as Seyferts (1 and 2), radio-
loud AGN or blazars. However, the extrapolation of this picture is more complicated when the LINERs
are taken into account, since it is possible that the Unified Model needs, in addition to orientation, another
parameter that is the luminosity of the AGN [Marquez et al. (2017)].

1.2 Spectroscopy of galaxies

In general, galaxies are gravitationally bound systems composed by stars, interstellar gas and dust (the
interstellar medium, hereafter ISM) and dark matter. The stars, which are the second most perfect
blackbodies in the Universe (after the Cosmic Microwave Bakground [Kolb and Turner (1990)]), radiate
from the ultraviolet to the near infrared range depending on their temperature: O and B stars, which are
massive (M > 8Mg) and hot (T.rs > 10?7 K), emit most of their radiation in the ultraviolet and optical-
blue range; K and M stars which are less massive (M < M) and cooler (T¢sy < 4000 K), emit most of
their radiation in the optical-red and near infrared range [Sparke and Gallagher IIT (2007)]. As the stars
are surrounded by ISM, part of their emission is absorbed by the dust, increasing its temperature and
leading to a thermal re-emission in the infrared, and by the gas (which is mainly composed by hydrogen)
that leads to absorption and emission in well determined wavelengths (spectral lines).

Therefore, most of the stellar luminosity of the galaxies is detected in the ultraviolet, optical and near
infrared range of the spectrum. However, there are stars in their late stages of their evolution, such as
X-ray binaries [Giacconi et al. (1962)], pulsars [Hewish et al. (1968)] or also supernovae [Galama et al.
(1998)] that emit in radio, X-ray or Gamma-ray. There are some non-stellar processes that leads to
emission at different ranges, for instance the bremsstrahlung emission from the ISM can be detected in
the radio and X-ray ranges. In galaxies that do not host an AGN, the majority of their luminosity comes
from the ultraviolet, optical and infrared range, but in AGN, as consequence of the different components
(see section 1.1 for more details), the emission in other spectral ranges from radio to X-ray cannot be

neglected.

1.2.1 Spectral lines: general considerations

The spectral lines are the results of the emission or absorption of photons with a particular frequency A
(a given energy E, = hv) that is the difference between two energy states of the quantum systems (such
as atoms, ions or molecules) when radiation scatters with matter. If the initial level was above the final
one, then a photon is emitted which leads to an emission line. If the initial level was below the final one,
then a photon is absorbed to excite the atom and this leads to an absorption line. The stars present
different molecules and atoms in their surfaces, so many spectral lines are observed in their spectrum.
On the other hand, the stars are immersed in the ISM, therefore the stellar radiation scatters with the
matter presented in the ISM, leading to the production of spectral lines. As a consequence of that, many
emission and absorption lines can be seen in the galactic spectrum.

The interstellar gas is composed mainly by hydrogen and helium due to the Big Bang Nucleosynthesis
[Burbidge et al. (1957)]. The ionization potential of the hydrogen is £ = 13.6 eV while for the helium
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is F = 24.6 eV [Osterbrock and Ferland (2006)]. The helium presents two electrons, so it can be doubly
ionized, but the energy required to ionize He™ is E = 54.4 eV [Osterbrock and Ferland (2006)]. The
hot, massive stars that ionized the hydrogen in HII regions can also reach the ionization potential of the
helium. However, the energy FF = 54.4 eV is above their emission, so there is no helium doubly ionized.
This is not the case in AGN, since the ionization sources are the accretion disk and the hot corona, which
emit such energetic photons that not only the helium is doubly ionized, but other elements such as the
neon are forth times ionized (that requires a energy E = 97 eV') [Maddox (2018)]. In the optical range,
considering the hydrogen, the recombination of an electron in an energy level above n > 3 to the level
n = 2 leads to emission lines which are called Balmer lines. The corresponding wavelengths are: 4102 A
(from n = 6); 4340 A (from n = 5); 4861 A (from n = 4); and 6563 A (from n = 3) [Lequeux et al. (1979)].
These lines are respectively named as Hs, H,, Hg and H, (a schematic picture of these transitions can
be seen in ). In the case of the helium, optical emission lines from the neutral state (Hel) at
the wavelengths of 3889 A, 4026 A, 4472 A, 4713 A, 4921 A, 5876 A, 6678 A and 7065 A can be detected,
while in the case of the single ionized helium (Hell) there is an emission line at 4686 A [Lequeux et al.

(1979)].

0 IONIZED
0-28 -7 %5 -7 2p0 72D -7 2F0 -7 G
038 625 —62%P° —62D 6 2F° 6 2G
0-34) 525 —4—520 —L—572p 52F 52G
0.85| / g 42D 4 2F0
1.51] 32p .
T
&
Balmer lines | D
—Hy | S
H

Y

136 1%

Figure 1.2: Gotrian diagram of the energy levels of the hydrogen. In different colors are represented the Balmer
lines and their corresponding transitions.

In addition to the photons that excite the atoms, the collisions between atoms and electrons (or even
protons) have a similar effect [Kewley et al. (2019)]. The collisions between an atom and an electron
produce A+e — A* 4+ e where A is the initial state of the atom and A* is the excited state. The emission
line is then produced by the decay of the state, i.e., A* — A+ hv. In order to observe this emission line,
either the state must decay rapidly or there must be a low density of particles since any other collision
could excite the A* level [Sparke and Gallagher III (2007)]. These emission lines are called collisional
excited lines (hereafter CEL).

The strength of the emission lines depends on the rate that de-excitations (from a state j to a state

i) are produced.

e For the radiative ones, the rate per unit of volume is given by the density of ions in the upper level

10
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J (N;) and the spontaneous transition probability (A;;) as [Kewley et al. (2019); Hilborn (1982)]:

rad 262“}?2' 2
R} = NjAj; = ij > [{milm;)| (1.4)

m; €

which only depends on the oscillation between the levels wj; (i.e. their energy) and in their quan-

tification (but not on the temperature).

e For the CEL, the rate of excitations is expressed as [Kewley et al. (2019)]:

27Th4 1/2 Qi]’ —% El

that depends on the quantification of the levels (E;j;, g;), the number of ions in the ground level
i (N;), the density of electrons (n.) and the so-called collisional strength (€2;;), whose values are
tabulated thanks to numerical simulations. The de-excitation rate per unit of volume is given then
by [Kewley et al. (2019)]:

_1
Ly (1.6)

27Th4 :|1/2 jS
gi

i
RS = neN; [
Jt €1 3
kpm?

The collisional strength €2;; also shows a slighty dependence with the temperature T¢.

The most important difference between these processes is that only the collisional de-excitation shows a
dependence with the temperature (which is called electronic temperature). The electronic temperature,
T., is defined as the average temperature of the distribution of electrons. Since the electrons are lighter

than the ions, the electronic temperature is higher than the temperature of the ions.

From the above theory, the electron density (n.) and the electronic temperature (7¢) are extremely
important to quantify the CEL produced in a mass of gas, so for this main reason both parameters are
used to characterize it. Another important parameter for that purpose is the ionization parameter q,
which is defined as the ratio of the flux ionization photons for the hydrogen ®, (i.e. photons with energy
above 13.6 eV or wavelength below 912 A) and the density number of hydrogen atoms ny. This flux
is always referred to the inner radius R of the gas that surrounds the ionization source [Kewley et al.

(2019)]:

_®  L(E>136¢V) L)
T ng AT R2ng '

This parameter is defined in terms of the hydrogen ionization since it is the most abundant element in the
Universe [Kolb and Turner (1990); Sparke and Gallagher III (2007); Maiolino and Mannucci (2019)]. The
parameter g has units of velocity, so it can be understood as the velocity of the front of ionization from
a source [Kewley et al. (2019)]. Therefore, it is more widely used [Pérez-Montero (2014); Pérez-Montero
(2015); Dors et al. (2015); Kojima et al. (2017); Pérez-Montero et al. (2019); Maiolino and Mannucci
(2019); Dors et al. (2019)] the dimensionless parameter U, also called ionization parameter, defined as
[Kewley et al. (2019)]:

U

_ 1.8
A7 R2ceny (1.8)

¢ L(E>136¢V)
C

11
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The ionization parameter U can be understood as the efficiency of the source in ionizing the environment.

1.2.2 Star-forming regions

The stellar radiation can be a source of ionization for the gas in the ISM. Since that gas is rich in hydrogen,
stars must emit photons with E, > 13.6 eV in order to ionize it. This energy limit (also called Lyman
limit [Kewley et al. (2019)]) is only reached for photons with wavelengths in the ultraviolet range. Hot
and massive stars such as O and B stars are the most important stars for the ionization of the ISM. These
stars have the shortest? life-times (7 < 2.8 - 107 yr [Sparke and Gallagher I1I (2007)]), and for this main
reason they are called star-formation regions: observing the ionization from these stars implies that they
have been formed recently. As the most abundant element is hydrogen H, which is ionized by these young
stars into H ™, these masses of gas are called HII regions or star-forming regions.

Some galaxies present many young stars in their nuclei, so their nuclear spectra correspond to a
huge HII region. These are the so-called extragalactic HII regions or star-forming galaxies. The effective
temperature (the one considering all the ionization stars as one blackbody) of the sources are in the

3 and

range of Topp ~ 10* K and the gas is characterized by an electronic density n, ~ 102 — 10* em™
velocities v ~ 10 km - s~1 [Osterbrock and Ferland (2006)]. Under these conditions, the optical spectra
retrieved from them is rich in CEL and Balmer lines. The typical values of the ionization parameter are

—3.2 <log;y U < —2.9 [Kewley et al. (2019)].

1.2.3 BLR and NLR

Considering a galaxy that shows nuclear activity (a SMBH with active accretion), there are two regions
where the emission lines come from: the BLR and the NLR. As explained in section 1.1, the accretion
disk of an AGN emits ultraviolet radiation, which makes it another important source of photoionization
for the gas. There are two different regions of gas (located at different distances) surrounding the source:
the BLR and NLR. These regions present different physical conditions and, therefore, the effects of this

photoionization changes:

e The BLR presents temperatures of T, ~ 10* K but densities of n. ~ 10° em™3. As a consequence of
such high densities (compared those measured in star-forming regions), only optical emission lines
from the radiative recombination can be detected. Therefore, in the optical range only the Balmer
lines present a width of 10% — 104 km - s71.

e The NLR presents temperatures of T, ~ 10* K and densities of n, ~ 10* cm ™3, closer to the physical
conditions of the star-forming regions. As the range of the ionization (the continuum emission from
the accretion disk) is greater than in star-forming regions [Osterbrock and Ferland (2006)], a wider
variety of emission lines can be observed in the NLR spectra. All of these lines present smaller
widths, about ~ 500 km - s~1 [Alloin et al. (2006)].

The ionization parameter U is practically the same for both regions, but it changes through different

types of AGN. For example, for Seyferts in the local Universe, the ionization parameter presents values of

3For example, the lifetime of a star like the Sun is expected to be 7 ~ 1.2 - 10'° yr [Sparke and Gallagher TTT (2007)].
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logg U ~ —2.0+0.5 whereas for LINERs many estimations lead to log,o U ~ —3.5£1.0 [Ho et al. (2003)].

However, the photoionization is not the only mechanism that must be considered for some AGN.
Theoretical models postulate the possibility that the emission from LLAGN (such as LINERs) could arise
in shocks of gas due to the interaction with jets or galactic winds [Dopita et al. (1996); Groves (2006)],
and it seems to be the case in some of them [Groves (2006)]. The possibility that hot post-AGB stars
and white dwarfs could be the ionization source in some LLAGN has also been proposed [Stasiniska et al.
(2008); Cid Fernandes et al. (2011)]. Nevertheless, this is still an open question in the current study of
AGN, especially in the low-luminosity ones [Marquez et al. (2017)].

1.2.4 Extinction on the emission line fluxes

The ISM is not only composed by gas but also by dust, i.e., molecular grains with sizes of 0.00025—0.1 um
[Kim et al. (1994)]. The dust interacts with the radiation in two ways: scattering and absorption. The
combination of these two effects implies that the emission in a particular wavelength is attenuated, i.e.,
Iy = Ihpexp (—7y) (where I is the intensity detected, Iy is the intensity emitted by the source and 7y
is the attenuation).

Observational data have shown that the parameter 7, can be expressed as 7\ = C'f (\), where C' is
a constant for each source and f () is a function of the wavelength which is practically identical for all

sources [Osterbrock and Ferland (2006)]. Therefore, the dust extiction can be expressed as:
I = Iy 107¢/™ (1.9)

So as to work with nebular emission, the emission lines are always normalized to the emission line Hpg
[Osterbrock and Ferland (2006); Pérez-Montero (2014); Pérez-Montero et al. (2019)]. By using Equa-

tion (1.9), then the ratio will be attenuated as:

. )
Do Do o-olroy-s(as)] = Do g (Hﬂ){f(”ﬂ) 1} (1.10)

I(Hp) I(Hp), I (Hg),

where the constant C' has been normalized as ¢ (Hg) = C'f (Hg) and f ()) is a function only of the wave-

length and is called extinction curve.

The extinction curves have been studied for many years either by assuming fixed values for the most
frequent emission lines [Lequeux et al. (1979)] or by giving an explicit form for the function [Seaton (1979);
Howarth (1983); Cardelli et al. (1989)]. Following the parametrization by Howarth [1983], the extinction

curve is calculated as:

Ry +2.56 (z — 1.83) — 0.993 (z — 1.83)% if 1.83 <z < 2.75 )
fia) = where © = —— 1.11
W . Alpml] )
[(1.86 — 0.48z) z — 0.1] = if 0<z<1.83

The parameter Ry is defined as the ratio between the extinction magnitude Ay, the difference between
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the observed and the expected apparent magnitude of the source, and the excess color E (B — V'), both
referred to the Johnson system of filters [Cardelli et al. (1989); Osterbrock and Ferland (2006)]:

Ry = Ay Ay Ay
VTEB-V)

(MB.obs — MVobs) — (MB theo — MVitheo)  Ap — Ay (1.12)
This parameter is called total-to-selective extinction ratio and only depends on the grain (of the dust) com-
position, shape and size [Osterbrock and Ferland (2006)]. Despite this value presents a strong dependence
on the line of sight (having values between 2.6 < Ry < 5.5 [Cardelli et al. (1989)]), it is assumed to have a
mean value of Ry = 3.1 when general diffuse ISM is considered [Osterbrock and Ferland (2006); Howarth
(1983); Cardelli et al. (1989)]. The ratio Ry is also related to the coefficient ¢ (Hg) as [Osterbrock and
Ferland (2006)]:

E(B-V) Ay
H = =
c(Hp) 0.707 0.707Ry

From the extinction curve (Equation (1.11)) it can be seen that the shorter wavelenghts (i.e. the

(1.13)

bluest light) are more affected than the longer ones (i.e. the reddest light). This is the reason why the

result of the extinction is also called reddening.

1.3 Diagnostic diagrams

As explained in subsection 1.2.2 and subsection 1.2.3, star-forming galaxies and AGN present emission
lines in their spectra but with important differences. First of all, the width associated to the Balmer lines
in AGN Type I (i.e. emission lines detected from the BLR) are not presented in star-forming galaxies
since the motion of the source around a massive object (the SMBH) is required. Since the dusty torus can
intercept the emission from the BLR, the above distiction between star-forming galaxies and Type-II AGN
cannot be applied. The emission source in star-forming galaxies (O and B stars) is different from that on
the AGN (continuum emission from the accretion disk), hence, those differences are also translated into
the intensity of the emission lines in their spectra [Baldwin et al. (1981)]. In the early 1980s, Baldwin,
Phillips and Terlevich proposed to use different emission line ratios to distinguish between star-forming
galaxies and AGN [Baldwin et al. (1981); Veilleux and Osterbrock (1987); Kewley et al. (2006)].

The BPT diagrams are plots (see ) where two emission line ratios are established as the axes.
Depending on the position of each galaxy, given by the value of its emission line ratios, the galaxy is classi-
fied as belonging to the group of star-forming galaxies or regions, planetary nebulae, objects photoionized
by power law and objects photoionized by shock-heating [Baldwin et al. (1981)]. The emission lines (cor-
rected from reddening) that are used to build these diagrams are*: [OIT)\3727, Hp (at A = 4861 A),
[OITT] \5007, [OI] \6300, H, (at A = 6563 A) and [NTI] 6584 [Baldwin et al. (1981)]. By using a sample
of 141 objects, they showed how the different diagrams can be used. The diagram I ([OI11] A5007) /I (Hpg)
vs I ([OII)A\3727) /1 ([OI11] A5007) ( (a) and (b)) allows to distinguish between all the differ-
ent ionization mechanisms. The same results are obtained with the diagrams I ([NII]\6584) /I (Hy) vs
I([OII)A3727) /I ([OI1I]A\5007) ( (c)) and I ([OIII)A5007) /I (Hpg) vs I ([NII]X6584) /1 (H,)

( (e)). The best diagram to distinguish between HII regions and planetary nebulae and between

“Hereafter, the notation [OTTI] A5007 indicates the emission line of the specific atom (in this case O™ 1) and the wavelength
(in this case A = 5007 A).
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Figure 1.3: The original BPT diagrams. The emission line ratios corrected from reddening are indicated as the
wavelengths between brackets. The different types of objects are: HII regions (octagons), star-forming
galaxies (triangles), planetary nebulae (+), objects photoionized by power law (diamonds) and objects
shock-heated (x). Taken from Baldwin, Phillips and Terlevich [1981].

power law and shock-heating ionization is I ([OI] A6300) /I (Hy) vs I ([OII1A3727) /1 ([O111] A5007) (
(d))-

The BPT diagrams were constructed in many emission line ratios that are strongly affected by the
interstellar extinction due to the separation in their wavelengths (see subsection 1.2.4). In order to avoid
the difficulties on the measurement (due to the intensity or the blending with other lines) and the reddening
(which depends also on the classification as it is discussed in section 3.1), Veilleux and Osterbrock [1987]
proposed another diagnostic diagrams based on the emission lines: Hpg, [OIII] A5007, [OI] A6300, H,,
[N1I]A6583 and the doublet [SII] AN6716,6731. Following the same procedure as Baldwin, Phillips and
Tervelich [1981], they used a sample of 264 objects (where planetary nebulae were not considered) and they
proposed the diagrams I ([OI1I]A\5007) /1 (Hg) vs I ([OI]A6300) /I (Hy), I ([NIIJ\6583) /I (H,) and
I([SII)AN6717,6731) /I (H,) for distinguishing between star-forming galaxies, Seyferts 2 (AGN Type-II)
and LINERs [Veilleux and Osterbrock (1987)]. In addition to the above classes, Veilleux and Osterbrock
also considered narrow emission-line galaries (hereafter NELG), which are galaxies with emission line

ratios smaller than those measured in Seyferts 2 [Veilleux and Osterbrock (1987)]. NELG are considered
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to be a mixture between star-forming galaxies and LLAGN [Veilleux and Osterbrock (1987); Ho et al.
(1997a)] and they are also called transition objects or composite galaxies. However, the nature of these
objects remains unclear [Ho (2004); Panessa et al. (2005); Davies et al. (2014b)].
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Figure 1.4: Diagnostic diagrams presented by Veilleux and Osterbrock [1987]. NELG are the narrow emission-line
galaxies.

The three diagrams proposed by Veilleux and Osterbrock [1987] are shown in Figure 1.4. Despite not
providing a criterion for separating the different regions, other authors such as Ho et al. [1997a] have

proposed separators for each diagram. According to Ho et al. [1997a], there are:

e Star-forming galaxies lie in the region defined by:

logyo ([O1] /Hy) < —1.097 (1.14)
logyo ([NII] /Hy) < —0.222 (1.15)
logyo ([SI1] /Hy) < —0.398 (1.16)

i.e. they verify (1.14) A (1.15) A (1.16).

e Seyferts 2 are located in the region defined by:

logyo ([OI11] /Hg) > 0.477 (1.17)
logyo ([01] /Hy) > —1.097 (1.18)
logy ([N11] /Hgy) > —0.222 (1.19)
logyo ([SII] /Ha) > —0.398 (1.20)

i.e. they verify (1.17) A (1.18) A (1.19) A (1.20).

e LINERs lie in the region defined by (1.19), (1.20) and:
logyo ([OIT1] /Hg) < 0.477 (1.21)
logyo ([OI] /Hg) > —0.770 (1.22)
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i.e. they verify (1.21) A (1.22) A (1.19) A (1.20).

¢ Finally, composite galaxies are located in the region defined by (1.21), (1.19), (1.20) and the condi-
tion:
—1.097 < log;, ([OI] /Hy) < —0.770 (1.23)

i.e. they verify (1.21) A (1.23) A (1.19) A (1.20).

Thanks to spectroscopic surveys such as the Sloan Digital Sky Survey (hereafter SDSS), the data for a
huge number of galaxies is available. As the diagnostic diagrams presented by Veilleux and Osterbrock are
slightly affected by reddening, those diagrams have been tested in order of magnitudes larger samples of
galaxies [Kewley et al. (2006)]. Therefore, new definitions of the regions have been presented and checked
[Kewley et al. (2006)]:

e The emission lines of a star-forming galaxy must verify (1.24) A (1.25) A (1.26), where:

loz10 (OT11] [Hy) < 1o 1?]'6/3{@) 130 (1.24)
0.72

logyo ([O111] /Hg) < log1g (STT] /H.) — 032 +1.30 (1.25)

logyo ([OI11] /H) < 0.73 +1.30 (1.26)

logyo ([O1] /Ha) + 0.59

e The emission lines of a composite galaxy verify (1.27) A (1.28), where:

0.61
1. 1.2
log,, ([OIT1] /Hg) > tope (NI /] — 005+ 130 (1.27)
0.61
logyo ([OI11] /Hg) < +1.19 (1.28)

logyo ((INI1] /Hy) — 0.47
e The emission lines of a Seyfert 2 must verify (1.29) A (1.30) A (1.31) A (1.32) A (1.33), where:

0.61

oz (O111) /Hy) > (oo e + 119 (1.29)
log10 (OT11]  H3) > 1=— SI;)]‘;ZQ) s +130 (1.30)
o210 (O111) 1) > 5 1(])'/7;) g 10 (131)
logyo ([OI11] /Hg) > 1.89logy ([SIT] /He) + 0.76 (1.32)
logyo ([OI11] /Hg) > 1.181ogy, ([O1) /Ha) + 1.30 (1.33)

e And, finally, the emission lines of a LINER verify (1.29) A (1.30) A (1.31) A (1.34) A (1.35), where:

logyo ([O111] /Hg) < 1.891ogq ([SII]/Hy)+ 0.76 (1.34)
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logo ([OI11] /Hg) < 1.181log ([O1] /Hy) + 1.30 (1.35)

The new regions that Kewley et al. [2006] have proposed can be seen in

1.4 Measuring chemical abundances of the gaseous phase

The information derived from the metallicity in different regions of galaxies is key for the study of their
evolution. The enrichment of the interestellar medium (ISM) is caused by the metals that are formed
in the core of the stars and are driven to the surface by convective flows and deposited into the ISM by

stellar winds in their final stages of their evolution.

The metallicity (Z) of a particular object is defined as the ratio between the mass of elements heavier
than helium (these elements are called metals) and the total mass of elements (total mass of baryons)

which is dominated by hydrogen and helium:

Mpetais o Mpetais
Mbaryons MH + MHe + Mmetals

Z = (1.36)
Among those metal elements, the most abundant in mass is oxygen [Maiolino and Mannucci (2019)], so the
metallicity is usually analyzed through the relative density numbers (V) of the oxygen to the hydrogen.
This is the so called ozygen abundance and, in order to have always solar positive values [Asplund et al.
(2009)], it is expressed as:

12 +logo (O/H) = 12 + log,o (No/Nm) (1.37)

Equation (1.37) can be generalized for any other heavy element. In many publications, the oxygen
abundance is said to be sub-solar, solar or supra-solar. This adjectives are assigned after a comparison
with the solar value of the oxygen. The most used value for this comparison is that presented by Asplund
et al. [Asplund et al. (2009)]:

12 +logyo (O/H) = 8.69 +0.05 (1.38)

Another important value in the study of the chemical abundances of a gas is the ratio of nitrogen to
oxygen since it is used to measure the chemical evolution. This ratio is, by definition, insensitive to the
hydrogen inflows, and it is produced due to the CNO nuclear cycle in stars that can be primary (if the
carbon and oxygen requiered are produced by the helium burning in massive stars) or secondary (if the
carbon and oxygen are presented in the star formation due to the enrichment of the gas) [Vila-Costas and
Edmunds (1993)]. This abundance is defined as:

logyo (N/O) = logyo (NN /No) (1.39)

Before analyzing the different techniques that can be used to calculate or estimate the chemical abun-
dances, two important considerations must be taken into account. First of all, the chemical abundances
are just only approximations to the real metallicity, since they are calculated for a few elements. Sec-
ondly, the following review of the techniques is focused on optical measurements, but there are other tools

developed to estimate them at other spectral ranges.
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1.4.1 Chemical abundances in star-forming regions

This section provides a brief review of the different techniques or methods that can be applied to calculate

the chemical abundances (i.e. the values (1.37) and (1.39)) of the ISM presented in such regions.

The electronic temperature 7, method (direct method)

The flux of each CEL is characterized by the abundance of the element that originates it (the ionic
specie), so once the emissivity of the line (the efficiency in the thermal emission) is measured, the chemical
abundance of the element is constrained [Maiolino and Mannucci (2019)]. The volumetric emissivity of a
CEL produced by an atom X, as a consequence of the excitation to an upper level B and the radiative
de-excitation to the level A (this de-excitation can only occur in low density regimes), can be calculated
as [Osterbrock and Ferland (2006)]:

JBA & neny exp [— IZBﬁ] (1.40)
where n. is the electronic density, T, the electronic temperature, Ep4 the energy difference between the
two levels and nx the density of the ion (the reason why this method leads to a constrain in the chemical
abundance). Therefore, it is necessary to measure n. and T, and to do that, other emission lines must
be used.

The electronic density (n.) is usually calculated from doublets of emission lines that are extremely
sensible to this parameter. This is the case for the doublet [SII] AN6717,6731, that allows its calculation.
Nowadays, there are many codes (such as PYNEB in Python) or subroutines (such as the task temden
in IRAF) that calculate it. In addition, it is required an initial value of the electronic temperature T,
[Osterbrock and Ferland (2006)].

The electronic temperature (7¢) requires the measurement of the auroral lines, which are [O111] \4363,
[NII|A5755, [NelII]\3343 and [SIII]A6312. These emission lines are extremely difficult to measure,
but their measurement in combination to other CEL lines allow the calculation of T,. For example, in

the case of the oxygen, the relation is given by [Osterbrock and Ferland (2006)]:

104
I ([OI111A949) + I ([OIT1] A5007)  T-90exp (22040 ) )
T ([OT11] 4363) 1+45-10-1 2 '

Again, the problem that the parameters n. and T, are coupled in their calculation is presented.

Once these two parameters are retrieved, the abundances of the ionized oxygen O", O™, the ionized
nitrogen N and the ionized hydrogen H' can be calculated by Equation (1.40), using emission lines as
[OII] , [OIII], [NII] and any Balmer line. Then, the chemical abundances are assumed to be [Pérez-
Montero and Contini (2009); Pérez-Montero (2014)]:

O/H~OY/HtY +O0 " /HT (1.42)
N/O~NT/O" (1.43)

where the notation used in Equations (1.37) and (1.39) is followed.
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This method presents therefore two problems. First, the essential parameters needed to use Equa-
tion (1.40) are coupled: it is necessary to estimate (or assign) previously one of them to calculate the
other. This is an avoidable problem since both can be just calculated in an iterative process that could
stop when the difference between the new calculation and the last one are below an specific limit (the
precision of the technique). Secondly, the lines required to calculate T, are extremely faint (between
10-100 times fainter than the Balmer lines [Maiolino and Mannucci (2019)]) so this method is not always

possible to be used.

Photoionization models

An alternative to the direct method of the chemical abundances is the use of photoionization models
to replicate the emission lines that are detected from the spectra. The method consists on employing
a computational code to generate a grid of ionization sources (varying the ionization parameter U and
the effective temperature of the stars T.rf) and another grid of the metallicity 12 + log;, (O/H) for
the gas. For each grid, the resulting theoretical spectrum is calculated and used to match the emission
lines (the code inputs) to the optimal parameters (U, Tcs¢ and logq (O/H)). [Pérez-Montero et al.
(2019)]. Consequently, not only the metallicity is derived, but also the ionization parameter, which has
an important effect in the emission line fluxes [Osterbrock and Ferland (2006)]. Examples of this code
are CLOUDY, Mappings or NebulaBayes [Maiolino and Mannucci (2019); Pérez-Montero et al. (2019);
Thomas et al. (2019); Carvalho et al. (2020)].

Despite this method is an approach not based on any empirical or semi-empirical calibration (as we will
discuss later with the estimators), it also presents a critical problem. A photoionization model depends on
many parameters and, thus, it is necessary to fix some of them such as the geometry. In addition to this,
some of them also fix relations between metallicity parameters such as 12 + log;, (O/H) and log;, (N/O)
which makes them semi-empirical methods [Maiolino and Mannucci (2019)]. Additionally, the codes must

present an important balance between the complexity of the code and the computational time.

Empirical calibrations based on strong optical emission lines

The direct method presents a great disadvantage since it requires the measurement of extremely faint
emission lines, such as [OI11] A4363. In order to obtain more tools to analyze the chemical abundances
in large sample of galaxies, many attempts have been made to calibrate the chemical abundances derived
from the direct method (or through photoionization models) with other emission line ratios which can be
measured for almost all the galaxies. This constitutes the basis of the estimators based on strong emission
lines.

In the last years, there has been many improvements in those estimations. A thorough discussion
has been published in the review by Maiolino and Manucci [2019]. Our attention will be focused on
the estimators based on optical strong emission lines (specially, in the estimators R23, O3N2, N202 and
N2S2).

e One of the estimators that can be used to calculate the chemical abundance is the so called R23
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[Pagel et al. (1979)] defined as:

(1.44)

R23 = logy, (I ([O11] A3727) + I ([OITI] AA4959, 5007))

I (Hpg)

that uses both states of ionization of oxygen, i.e., OT and O*+. As discussed since its proposal,
the main problem with this parameter arises in that it is doubly valued as can be seen in the most

recent parametrization [Strom et al. (2018)]:

Upper branch 12 + log;, (O/H) = 8.24 +/0.85 — 0.87 - R23
(1.45)

Lower branch 12 + log;o (O/H) = 8.24 — 1/0.85 — 0.87 - R23

In addition to this problem, the estimator R23 highly depends on the ionization parameter U (for
instance, the initial calibrations used estimators of the ionization parameter [Kobulnicky et al.
(1999)]) so this estimator is frequently used with the estimator 032 defined as:

I ([OI11]A\5007)
032=1 1.46
©810 ( T ([OIT) A3727) (1.46)
based on the recent parametrization [Strom et al. (2018)]:
logyo (U) = 0.79 - 032 — 2.95 (1.47)

An additional problem to the R23 estimator is that, since the CEL [OI] A3727 and the Balmer line
Hp (with A4861) are considerably separated in wavelength, it is affected by reddening.

e In order to solve the problem of the reddening in the R23 estimator, it was proposed the estimator
O3N2 [Alloin et al. (1979)] defined as:

(1.48)

03N2 = logy (I ([OIT1] A5007) I (Ha)>

I ([NTT|X6584) I (Hg)

Since each CEL is referred to its closest Balmer line, the ratio is not significantly affected by dust
extinction, and the problem of the double valuation also disappears for this estimator. The most

recent parametrization establishes the relation [Strom et al. (2018)]:

12 + log,o (O/H) = 8.75 — 0.21 - O3N2 (1.49)

e Another widely used estimator for the chemical abundances in galaxies is N202 [Kewley and Dopita
(2002)] defined as :

N202 = logy, <I ([N11] )\6584)>

I ([OIT]A3727) (1.50)

which estimates the relative abundance of nitrogen to oxygen (N/O) through the parametrization
[Strom et al. (2018)]:
logo (N/O) = 0.51 - N202 — 0.65 (1.51)
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but also presents the problem that, due to the separation in wavelength of the CEL, it is affected
by reddening.

e Another estimator to trace the N/O ratio is the N2S2 [Kewley and Dopita (2002)] defined as:

I ([NII]\6584)
N252 =1 1.52
o810 <1 ([STI]AN6T17,6731) (1:52)
by using the parametrization [Strom et al. (2018)]:
logyo (N/O) = 0.85 - N252 — 1.00 (1.53)

These estimators can be classified as oxygen abundance (R23, O3N2) and nitrogen abundance (N202,
N2S2) estimators. However, by assuming a relation between O/H and N/O abundances, all of them can

be used in the determination of any of these abundances.

1.4.2 Chemical abundances in AGN

In the case of AGN, it is widely accepted that the main mechanism responsible for the emission in the
NLR is photoionization [Shuder (1981); Alloin et al. (2006); Nagao et al. (2006); Thomas et al. (2019);
Dors et al. (2019); Pérez-Montero et al. (2019)]. In these cases, the radiation comes from the accretion
disk that surrounds the SMBH in the center of the galaxy. Since the source of radiation varies between
star-forming galaxies and AGN, those differences are also translated into the estimations of chemical

abundances that were reviewed above.

The electronic temperature 7, method (direct method)

Assuming the photoionization emission in the NLR of AGN, the same T.-method presented for star-
forming regions can be applied to AGN. In addition, T.-method in AGN is parametrized by separating
two ionization zones (high and low) that is valid for the typical range of electronic densities n. (that are

calculated with the same method as in the case of star-forming regions) presented in those regions:

e In the high-ionization zone, the electronic temperature is calculated by the parametrization [Dors
et al. (2015)]:

T, high I ([OI11) A4959) + I ([OI11] A5007)
high . 8254 — 0.000241
107 )¢ 08204~ 0.0002415 I ([OI11]A4363)

I (JOII1] A\4363)
([OI11] M959) + I ([OI11] A5007)

+ATTT (1.54)

Then, Equation (1.54) is used to calculate the abundance of the ionized oxygen O™ relative to H™
as [Dors et al. (2015)]:

I ([OIT1] A4959) + I (JOI11] A5007)
I (Hpg)

1.251-10* K
Te,high

12 +logyo (O /H") = logy < > +6.144 +
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T .
— 0.55log, < 10:;{”) (1.55)

e In the low-ionization zone, the electronic temperature is calculated from the high-ionization one by
the relation [Dors et al. (2015)]:

Te,low . 1
104 Kk = 693103 K +0.281 (1.56)

Te,high

With this temperature, the abundances of ionized oxygen Ot and N7 can be calculated as [Dors
et al. (2015); Kojima et al. (2017)]:

I ([OIT)A3727) 1.583-10* K
12+ 1o Ot /HT) =1lo ( +5992 + —————
€10 ( / ) €10 1(Hjy) Tetow
Te,low Ne
NII]\6584 7.26-10° K
1 NT/0T) =1 7[ 400 - ———
810 (V7/07) =loguy ([OH} A3727) B

Te,low
104 K

T,
— 0.021og, < elow ) +0.007 (1.58)

104 K
With the above calculations, the relative abundances of 12 + log,, (O/H) and log;, (N/O) are calcu-
lated with the approximations (1.42) and (1.43) respectively. The differences between this method and

the T.-method for star-forming galaxies are presented in the coefficients of the relations.

Photoionization models

The methodology employed to derive chemical abundances in star-forming regions using models to repro-
duce the emission lines ratios observed in the spectra can be applied for AGN, with the only difference
that those models must reflect the difference in the source of ionization (from young-massive stars to
accretion disks). Therefore, instead of varying the effective temperature 7,7, (which is a property of the
ionizing stars) these codes vary the power law that characterizes the emission from the inner parts of the
AGN [Pérez-Montero et al. (2019)].

Empirical calibrations based on strong optical emission lines

The T.-method for AGN lies on the measurement of the auroral lines, which are difficultly measured.
Thus, in the same way as for star-forming galaxies, calibrations for the chemical abundances based on the

same estimators as the ones used in star-forming galaxies have been attempted.

e The first calibrations derived for AGN where presented by Storchi-Bergmann et al. [1998]. These
calibrations do not use any of the estimators defined for star-forming galaxies (see subsection 1.4.1),

but they are constructed upon the same recurrent emission lines. For the first one, they defined the
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parameters:

I ([NII]AXN6548,6584 1 ([O111]AX4959,5007

# = loguo ( T(Ha) 1(Hy)

which are slightly affected by reddening (see subsection 1.2.4 for more details). Their relation to

obtain the chemical abundance is:
(O/H), = 8.34+40.2122 — 0.002y + 0.007xy — 0.0021‘21/

+(6.52-107) y* + (2.27-107%) zy® + (8.87- 107°) 2?y° (1.60)

For the second calibration, they defined the parameters:

I([OH]AA3727,3729))> - v =logy (I ([NII]A>\6548,6584)> (1.61)

=1
4 ="%810 (I ([OI11] \\4959, 5007 1(H.)

where the first parameter is highly dependent on the dust extinction. The relation to obtain the

chemical abundance is:
(O/H), = 8.643 — 0.275u + 0.164u> 4 0.655v — 0.154uv — 0.021u?v 4 0.288v*

+ 0.162uv? 4 0.0353u?v? (1.62)

For both parametrizations, the results show that a correction is needed, [Storchi-Bergmann et al.
(1998); Dors et al. (2019)] based on the electronic density n. (that must be obtained in the same
way as the T,.-method):
Te
(O/H) = (O/H), 5 — 0.110gy (W) (1.63)

e In the recent years, another calibration was proposed based on the estimator N202 (1.50). The
derived calibration is [Castro et al. (2017)]:

12 +logyo (O/H) = 12 — 3.31logy, (1.08 - N202? + 1.78 - N202 + 1.24) (1.64)

In both cases, only the relative abundance of oxygen to hydrogen is derived because all of the calibra-

tions assume a relation between N/O and O/H, based on the results obtained for star-forming galaxies.

1.5 The Palomar Spectroscopic Survey

Between 1982 and 1990, a spectroscopic survey was carried out at the Palomar Observatory, with the Dou-
ble Spectrograph in the Hale 5m telescope [Ho et al. (1995)]. This is the so-called Palomar Spectroscopic
Survey (hereafter Palomar Survey). The magnitude limit for the survey [Ho et al. (1995)] was By < 12.5
and, as a consequence of the position of the observatory, all galaxies in the survey have § > 0. In total,

the spectra from 486 galaxies in the local Universe were retrieved thanks to this survey. The sample
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of galaxies observed constituted a complete survey of the local Universe, having lead to the discovery
of four Seyfert galaxies that had not been previously observed and probing that LLAGN were the most
abundant. Due to the effective aperture of 2”x4” of the spectrograph, the Palomar Survey provides the
spectra from the nuclear regions (i.e. r < 200 pc) of nearby galaxies. The spectra, with a resolution of
4A for short (blue) wavelengths and 2.5A for long (red) wavelengths, cover the optical ranges of 4200A-
5200A and 6200A- 6900A [Ho et al. (1995)].

The Palomar Survey was studied in great detail by Ho et al. [1995; 1997a; 1997b; 1997¢; 2003; 2009],
where they also presented the spectra of the galaxies after subtracting the contribution from the stellar
population. To achieve that, they used templates (constructed from spectra of well-known galaxies) to
match each galaxy and, thus, assigning the stellar contribution. Once this component was subtracted,
there are two possibilities: either the final spectrum does not show any particular emission or either it
shows and additional contribution primarily from emission lines. In the first situation, the galaxy adjusts
well to the template galaxy and, therefore, it does not show any nuclear emission. Since it was the case
for 68 galaxies, the original sample of 486 galaxies was reduced to 418 galaxies with nuclear emission [Ho
et al. (1997a)].

In addition, many physical properties of the host galaxies were compiled from the literature [Ho et al.
(1997a,b, 2009)], which makes this survey one of the most complete of AGN and their environment in
the local Universe. However, the metallicity in this sample has only been studied for individual galaxies
(as is the case of NGC 3998 [Devereux (2017)]) or for particular types of galaxies (ellipticals [Tang et al.
(2009)], star-forming galaxies [Pilyugin et al. (2004)] or Seyferts 2 [Dors et al. (2015)]), but not for all

type of galaxies with a systematic methodology.
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This chapter presents the construction of our sample of galaxies from the Palomar Survey, justifying the
different criteria used to select them. Finally, a discussion on the technique employed to estimate chemical

abundances is also provided.

2.1 Selection of the sample

While the Palomar Survey presents a limited coverage (from 4200A to 5200A and from 6200A to 6900A)
and other surveys improve this range (for instance the SDSS has a coverage from 3900A to 6200A and
from 5800A to 9200A [Anderson et al. (2001)]), the choice of the former one has been made upon several
reasons.

The Palomar Survey constitutes a complete spectroscopic optical survey of the local Universe. Since
the publication of the first paper related to this survey by Ho et al. [1995], many others were published
analyzing different aspects for both the host galaxies and their nuclear regions [Ho et al. (1997a,c,b, 2003,
2009)]. As a consequence of these studies, a considerable amount of ancillary data can be used to study
the chemical abundances in relation to other properties of the galaxies.

LLAGN are well represented in the Palomar Survey, being the most abundant type of AGN. However,
systematic studies on chemical abundances are rather scarce. Most of them have being devoted to star-
forming galaxies [Strom et al. (2018); Maiolino and Mannucci (2019)] and the NLR of high-luminosity
AGN [Dors et al. (2019); Maiolino and Mannucci (2019); Carvalho et al. (2020)]. Therefore, our study of
the metallicity of the NLR of LLAGN by analyzing the chemical abundances in the Palomar Survey is a
novel approach.

Moreover, since the Palomar Survey also includes star-forming galaxies and Seyferts, they can be also
used to check the soundness of the methodology of this study (see section 2.4 for more details) and to
compare the results obtained in the local Universe to those published in the recent years [Dors et al.
(2015, 2019); Thomas et al. (2019); Carvalho et al. (2020)], that uses as sample galaxies from the SDSS.

In summary, the Palomar Survey provides all the data needed to carry out a detailed and systematic

investigation on the chemical abundances for all spectral type of galaxies, in particular for narrow-line

AGNSs which is the primary goal of this project.
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2.2 Filtering the sample

In order to study the chemical abundances of both extragalactic star-forming regions and NLR of AGN,
the nuclear spectra of the galaxies are required (see section 1.4). Thanks to the Palomar Survey, which
provides the nuclear (r < 200 pc) spectra of nearby (d < 110 Mpc) galaxies, the spectroscopic information
of the star-forming regions and the NLR of those galaxies (if present) is accessible. The first condition
that the sample must verify is that all its galaxies show nuclear emission, either due to star-formation
or accretion onto a SMBH. In order to determine whether or not nuclear activity is taking place, the
contribution of the stars must be previously subtracted. This work was already done by Ho et al. [1995;
1997a], who concluded that 86% of the Palomar galaxies do not show nuclear emission. Therefore, after
applying the first criterion (nuclear emission in their spectra), the original sample of 486 galaxies was
reduced to 418.

The nuclear emission lines can be explained by two mechanisms: star-formation or AGN activity (see
section 1.2 for more details). In the case of star-forming regions, only the emission lines from the ISM
ionized by young stars are measured. The case of AGN is more tricky since there are the contribution from
the NLR but also from the BLR (see section 1.1). In our study, only Type-II AGN are considered, whose
BLR emission is intercepted by the dusty torus. Osterbrock [1977] showed that there is a continuum of
AGN between Type-I and Type-II. In the case of Seyferts, there are Seyferts 1, 1.2, 1.5, 1.8, 1.9 and
2.0, whose classification depends on the strength of the broad and narrow component of H, and Hg. A
similar classification can be applied to LINERs [Netzer (2013)]. According to Osterbrock’s classification
[1977;: 1981], AGN with types equal or earlier to 1.5 are discarded. This is the second condition that the
sample must verify. Consequently 10 objects have been excluded from the sample. The remaining AGN
are Seyferts 1.8, 1.9 or 2 (hereafter they are referred as Seyferts 2) and LINERs 1.9 or 2 (herafter they
are referred as LINERS).

Total excluded: 252
Final sample: 234

Figure 2.1: Schematic represention of the different steps (filters) that we follow to construct the final sample.

The derivation of the chemical abundances requires the measurement of emission lines, in spite of con-

sidering a simple estimator based on emission line ratios or a more sophisticated photoionization model to
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match the spectra (see section 1.4 for more details). To reduce the uncertainty in the chemical abundances,
the emission lines must be retrieved accurately. So as to quantify this accuracy, the flux error is used:
only galaxies with emission lines with a relative error up to 20% are considered. This criterion is applied
not for all the emission lines but for the Balmer lines H, and Hg and the CEL [OI11] A5007, [NII] A\6583
and [SII|AN6717,6731. The choice of these emission lines is based on the following arguments: 1) they
are needed to distinguish between star-forming galaxies, Seyferts and LINERs (i.e. they are used in the
diagnostic diagrams); and, 2) the reddening correction of the emission lines is often applied for line ratios
referred to Hg and it is also needed the use of H,. In summary, the third (and last) condition that the
galaxies of the final sample must verify is that the emission lines Hg, [OIII| A5007, H,, [N11] A6583 and
[SIT] AN6717,6731 have a relative error in their flux measurement below 20%.

Considering all these restrictions (that can be easily followed in ), a total of 252 galaxies
are excluded from the sample: 68 galaxies that do not show nuclear emission in their spectra [Ho et al.
(1995)], 10 galaxies that are classified as Seyferts 1.2 or Seyferts 1.5 [Ho et al. (1997¢)] and 174 galaxies
that present a relative error above 20% in at least one of the emission lines required. Therefore, a final
sample of 234 galaxies, composed by star-forming galaxies, Seyferts 2 and LINERs, will be used in this

work.

2.3 Classification of the sample

Once the final sample is constructed, it is necessary to classify each galaxy. The sample is composed
by both star-forming galaxies and Type-II AGN, so the diagnostic diagrams (see section 1.3) are used
to classify the 234 galaxies. The diagnostic diagrams are based on emission lines, thus a good accuracy
is required. Since this was one of the criteria to generate the sample, the spectroscopic classification is
guaranteed.

In order to use a systematic classification, each diagnostic diagram is divided into the different regions
that Kewley et al. [2006] proposed. However, two important considerations must be taken into account

before using their criteria:

1. The equations that define the different regions in the diagrams (1.24), (1.25) and (1.26) show diver-
gences as a consequence of the denominators. Therefore, additional restrictions to avoid problems

in the classification must be added:

Star — formi
OIS L logy (IST1)/He) < 032 (2.1)
galaxies

log,o ([OI] /Ha) < —0.59
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( logyo ([NII]/H,) > 0.47

Seyferts 2

1 SI1I|/H,) > 0.32 2.2
e ne {1080 (STT/Ha) > 22)

( logy ([O1]/Ha) > —0.59

2. The four spectral types (star-forming galaxies, Seyferts 2, LINERs and composite galaxies) do not
represent a disjointed partition of the sample, because there are some galaxies that can change their

classification from one diagram to another. These objects will be called ambiguous galazies.

This initial classification following Kewley’s criteria (see the diagnostic diagrams in ) divides
the sample in 103 star-forming galaxies, 47 composite galaxies, 16 Seyferts 2, 42 LINERs and 26 ambiguous
galaxies. This initial result reinforces the statement that LLAGN (being LINERs a representative of this
type of AGN) are the most numerous AGN in the local Universe.
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Figure 2.2: Classification on the BPT diagrams (two top panels and bottom-left) of our sample. The black lines
are the limits established by Kewley [2006]. The bottom-right panel shows the statistics of each
spectral class and the color codification used in this work.

In order to treat the whole sample, the ambiguous galaxies must be classified into one of the four
spectral types. It should be noticed that the region of composite galaxies (given by Equations (1.27)
and (1.28)) is defined only for one diagram, I ([OI11]A\5007) /I (Hg) vs I ([NII]X6583) /I (H,), so no

composite galaxy can be initially classified as an ambiguous one. In other words, the ambiguous galaxies
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Figure 2.3: Classification of the ambiguous galaxies on the BPT diagrams (two top panels and bottom-left) of the
final sample sample. The black lines are the limits established by Kewley [2006]. The bottom-right
panel shows the statistics of each spectral class and the color codification.

can only be Seyferts 2, LINERs or star-forming ones. To classify the ambiguous galaxies, the criteria
is smoothed and is applied to two out of the three diagrams: for instance, if a galaxy is classified as
star-forming in two diagrams and as a Seyfert 2 in the other, then its classification is established as
star-forming. In addition, for those AGN that in one diagram are located at the region of Seyferts and in
other at the region of LINERs the Ho’s criteria [1997a] is used to establish their classification.

After the classification of the ambiguous galaxies (see diagnostic diagrams in ), the final
sample is divided in: 107 star-forming galaxies (103+4), 47 composite galaxies, 23 Seyferts 2 (16+7),
56 LINERs (42+14) and 1 unclassified galaxy. The last one, which is NGC 2541, verifies that for each
diagnostic diagram it is located in a different region (see the red point in ). While NGC 2541
has been classified in the literature as both LINER and star-forming galaxy [Ho et al. (1997a); Filho et al.
(2000)], in the present work it remains in the category of unknown class. For each spectral type, the
ambiguous galaxies (once they are classified by the second iteration) are distinguished from those that

were clearly classified in the first iteration, despite treating them as one class.
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’ Spectral type | Non Ambiguous | Ambiguous \ Total ‘ Percentage (%) ‘

Star-forming 103 4 107 45.7
Seyfert 2 16 7 23 9.9
LINER 42 14 56 23.9
Composite 47 - 47 20.1
Unknown — 1 1 0.4

Sum 208 26 | 234 | 100.0

Table 2.1: Spectral classification of the sample. The percentages are referred to the final sample made of 234
galaxies.

2.4 Methodology in the derivation of chemical abundances

2.4.1 Selection of the method

In section 1.4 a review of the current and most used methods to derive chemical abundances from op-
tical emission lines is presented. Since the spectral information provided by the Palomar Survey covers
the ranges [4200A, 5200A] and [6200A, 6900A] (optical range), the method to calculate the chemical
abundances in the final sample of 234 galaxies must be based on optical emission lines in these spectral
ranges.

The methods presented in section 1.4 can be used for both star-forming galaxies and AGN. The T-
method requires the measurement of extremely faint emission lines (the auroral lines). In the final sample
of 234 galaxies, just only 19 of them have the measurement of such faint lines (mostly [OI1I] \4363),
which implies that this method can only be applied to 8.1% of the sample. On the other hand, some
authors have reported that the T.-method leads to wrong derivations in the chemical abundances in AGN
[Dors et al. (2015); Maiolino and Mannucci (2019)]. Considering all these disadvantages, the T,-method
is discarded for our study.

Calibrations based on strong optical emission lines have being studied for many decades in the case
of star-forming galaxies [Kobulnicky et al. (1999); Strom et al. (2018); Maiolino and Mannucci (2019)],
although those calibrations presents several problems in the case of AGN. First of all, they have been only
tested for Seyferts [Storchi-Bergmann et al. (1998)] but not for LINERs. Secondly, all the calibrations
assumed a fixed relation between the abundances O/H and N/O which has been determined only in star-
forming galaxies [Maiolino and Mannucci (2019)]. Finally, due to the spectral coverage of the Palomar
Survey, the CEL [OII] 3727 is not measured for all galaxies, so in the case of star-forming galaxies
only the calibrations for R23 (1.45) and O3N2 (1.49) can be used while in AGN only the calibration in
Equation (1.60) can be applied. For all these reasons, the strong calibrations are not selected as the
method to calculate chemical abundances.

Therefore, the photoionization models is the tool in this study for estimating chemical abundances.
Among all the codes available (see subsection 1.4.2) to make such a study, HII-CHI-MISTRY (hereafter
HCm) is being used for several reasons. First of all, while the HCm code was originally designed to
calculate chemical abundances in star-forming galaxies [Pérez-Montero (2014); Pérez-Montero (2015)],
a recent upgrade has been published so it can be also used for AGN [Pérez-Montero et al. (2019)]. In

addition, the code does not make any assumption on the relation between O/H and N/O: they are
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calculated independently. Finally, the author of the code, Enrique Pérez-Montero, currently works in the
same institution where this project was carried out, providing the possibility of a cooperative work that

lead to an improvement of the code that is explained below.

2.4.2 The HCm code

The principle of work of the code is to match the emission lines ratios by using photoionization models to fix
the following variables: 1) the source of the ionization (star-forming or AGN); 2) the chemical abundance
12+logyo (O/H); 3) the chemical abundance ratio log;, (IV/O); and, 4) the ionization parameter log;, (U).
For the photoionization models the CLOUDY code [Ferland et al. (2013)] is used to calculate the emission
line ratios from a particular one-dimensional distribution of gas and dust, which is excited by a particular
spectral energy distribution (hereafter SED) [Pérez-Montero et al. (2019)].

Depending on the spectral type, there are two type of SED that are used as input for the CLOUDY

code:

e For star-forming galaxies, the SED is constructed with the code POPSTAR [Molld et al. (2009)].
The distribution of gas and dust has a fixed value of the distance between the ionization source and
the inner part of the gas distribution (when its geometry is plane-paralleled) and a ratio between
the mass of dust and gas of Mgyst/Mgas = 7.5 1073 [Pérez-Montero (2014)].

e For AGN, the SED is constructed as the composition of two components: a Big Blue Bump (hereafter
BBB), originated by the thermal emission from the accretion disk, that reaches its maximum at
13.6 eV, and a power law with spectral index ax = —1 to represent the non-thermal X-ray emission.
The transition between the X-ray to ultraviolet range is presented by another power law with spectral
index apx = —0.8 or apx = —1.2. As a consequence of the last choice, for AGN there are two SED
models. The gas and dust distribution follow that characterizing the NLR of AGN (see section 1.1)
[Pérez-Montero et al. (2019)].

Once the SED is selected, the program generates a model for each value of 12+log;, (O/H), log;, (N/O)
and log,q (U). The first parameter takes values between [7.1,9.1] for star-forming galaxies and between
[6.9,9.1] for AGN, in both cases in steps of 0.1 dex. The second one takes values between [—2.0,0.0] in
steps of 0.125 dex for both star-forming galaxies and AGN. Finally, the ionization parameter takes values
in the range [—4.0, —1.5] for star-forming galaxies, [—4.0, —0.5] for Seyferts 2 and [—4.0, —2.5] for LINERs,
in all cases in steps of 0.25 dex [Pérez-Montero (2014); Pérez-Montero et al. (2019)]. Thus, a total of
21x17x11=3927 models are considered for star-forming galaxies, for Seyferts a total of 23x17x15=5865
models and for LINERs a total of 23x17x6=2346.

Originally, the grids used in LINERs where the same one as those for Seyferts, i.e., the ionization pa-
rameter also took values in the range [—4.0, —0.5]. After some tests, bad determinations of the ionization
parameter in LINERs were obtained as a consequence of the use of all the grids in LINERs. The problem
arises in a bi-valuation of the ionization parameter U. In order to avoid this problem, the range of the
ionization parameter in LINERs was limited to [—4.0, —2.5], which is in good agreement with previous
studies [Ho (2004); Kewley et al. (2006); Alloin et al. (2006)]. A summary of the models is presented in
Table 2.2.
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Grids
Spectral t SED
pectral type 12+log1o(O/H) | logio(N/O) | logio(U)
POPSTAR 7.1, 9.1] [-2.0, 0.0] [-4.0, -1.5]

Star-forming galaxies

Burst of 10% yr
Ratio Dust/Gas 7.5 - 1073

N° Values: 21

N° Values: 17

N° Values: 11

BBB max. at 13.6 eV

Sevforts e [6.9, 9.1] 2.0, 0.0] 4.0, -0.5]
y X = N° Values: 23 | N° Values: 17 | N° Values: 15
apx = —0.8 or —1.2
LINERs BBB “;ax‘_at_f"ﬁ v 6.9, 9.1] [-2.0, 0.0] 4.0, -2.5]
X = N° Values: 23 | N° Values: 17 | N° Values: 6
apx = —0.8 or —1.2
Steps - 0.1 dex | 0.125dex | 0.25dex
° 3927 5865 2346
N? Models i Star-forming Seyferts LINERs

Table 2.2: Summary of the input SED and grids that the HCm code uses to calculate the chemical abundances.
Information taken from Pérez-Montero [2014; 2019].
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U
./H
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Figure 2.4: Schematic representation of the HCm code procedure. The sequence of the steps are presented in
orange. The values that are fixed in each step are indicated with green color.

The code takes as input for each galaxy the emission lines ratios [OII| 3727, [NelII|\3868, [OIII]
4363, [OITI] A5007, [NII] X6584 and [STI] AN6717,6731, all of them relative to the Balmer line Hz and

corrected from dust extinction [Pérez-Montero et al. (2019)]. In a first step, the program searches for the

values of N/O that best reproduce the emission line ratios provided, based on a x?-methodology. Then,
the grids are reduced to those best of N/O (varying 12+log,, (O/H) and log;, (U)) and it searches for the
best values of O/H and, finally, for the ionization parameter U [Pérez-Montero (2014)]. This procedure
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can be followed in

There are several advantages in using the HCm code. While the program takes six emission lines
as input, it also works for a smaller subset (notice that the spectral information in the Palomar Survey
provides three out the six inputs required and four just for only 19 galaxies). In addition, the code can
be used for all the galaxies in the final sample with the only difference of setting previously the proper
SED. And, finally, no relation between N/O and O/H is assumed in the code, so both calculations are

independent.
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and ionization parameters

This chapter contains the main results of the chemical abundances and ionization parameters obtained
for star-forming galaxies and AGN, analyzing the possible correlations among these parameters and

comparing the different spectral types.

3.1 Emission line ratios and reddening correction

In order to use the HCm code, the emission line ratios used as input must be corrected from reddening.
For the missing emission lines, namely [OII] A3727, [NelII] A3868 and, in many cases, [OII1] A4363, the
value of the flux and its error is set to 0, since this is the codification for the program to recognize these
emission lines as not measured.

In spite of the fact that Ho et al. [1997a] presented some of the emission line ratios corrected from
reddening following the Cardelli’s extinction curve [1989], a new correction from the emission line ratios
is applied. This new correction is motivated upon three reasons. Firstly, Ho et al. did not present the
reddening correction for all the emission lines and it is necessary to correct some lines such as [OI11] A4363
that are needed by the code. Secondly, the extinction correction depends on the spectral classification of
each galaxy, that is slightly different in this study because of the use of Kewley’s criteria (notice that Ho
et al. used Veilleux and Osterbrock’s criteria [1987]). And, thirdly, the extinction magnitude Ay and the
reddening values provided by Ho et al. show discrepancies which are important (the relative difference
between our correction and Ho’s correction can be up to 20%) for galaxies extremely affected by reddening
as it is the case for IC 10.

Since the reddening is expressed as Equation (1.10), three values must be determined: the parameter
c(Hpg) which depends on each galaxy, the value of the extinction curve at the wavelength A and the value
of the extinction curve at A\ = 4861A (the wavelength of H, 3). The last two values are determined by
using the extinction curve from Howarth [1983], shown in Equation (1.11), and assuming the standard
value Ry = 3.1.

To determine the value of ¢ (Hg), the theoretical value of the ratio I (H,) /I (Hpg) is used. Assuming
an electronic temperature 7, ~ 10* and an electronic density n. ~ 103 em™3, which are the typical
values for both star-forming regions and NLR (see section 1.2 for more details), the expected value of this

emission line ratio is, for case B recombination, 2.86 for star-forming galaxies and 3.1 for AGN [Osterbrock
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and Ferland (2006); Ho et al. (1997a)]. Since the Balmer lines H, and Hg verify Ag, > Ap,, the ratio
I (H,) /I (Hg) must increase due to the reddening. If a star-forming galaxy or an AGN shows an observed
ratio below the theoretical value, then a value of ¢ (Hg) = 0 is assumed. Otherwise, the value of ¢ (Hg) is

calculated by using Equation (1.10) as:

h)glo (](I¥a)/1(1¥ﬂ))Theo
(I(Ha)/1(Hg)) 1,
c(Hs) = A (3.1)
f(Hg)
I([OII)) I([NelIl]) I([OIII]4) I([OIII]5) I([NII]) I([SII])
Name | ¢ (Hp) 1(H,) 1(Hp) 1(H,) 1(H,) 1(Hp) 1(mp) | Class
IC 10 2.004+0.27 | 0.004£0.00 | 0.004£0.00 | 0.004£0.00 | 3.714+1.05 | 0.114+£0.04 | 0.1540.05 SFG
IC 1727 0.724+0.27 | 0.004+=0.00 | 0.004+=0.00 | 0.004+=0.00 | 2.23+0.63 | 2.87+0.99 | 3.26 £1.05 L2
IC 2574 0.904+0.27 | 0.004+=0.00 | 0.004+=0.00 | 0.004+=0.00 | 0.21 £0.06 | 0.20£0.07 | 0.68 £0.22 SFG
NGC 63 0.98+0.27 | 0.004+0.00 | 0.004+0.00 | 0.024+0.01 | 0.038+0.11 | 1.394+0.48 | 0.87+0.28 | COM
UGC 3714 | 0.69+0.27 | 0.00+0.00 | 0.004+0.00 | 0.004+0.00 | 0.31+0.09 1.314+0.46 | 0.94 4+ 0.30 SFG
UGC 3828 | 0.76 £0.27 | 0.004+0.00 | 0.004+0.00 | 0.00+0.00 | 0.28+0.08 1.114+0.39 | 0.55 +0.18 SFG
UGC 4028 | 0.51+0.27 | 0.004+0.00 | 0.00+0.00 | 0.004+0.00 | 0.52+0.15 | 1.34+0.47 | 1.064+0.34 | COM
UGC 6484 | 0.04+0.27 | 0.004+0.00 | 0.004+0.00 | 0.004+0.00 | 0.41+£0.12 | 1.5240.53 | 0.97+0.32 | COM

Table 3.1: Values of ¢ (Hg), the emission line ratios (corrected from reddening) required for the HCm code and the
spectral classification. Acronyms: SFG (star-forming galaxy), S2 (Seyfert 2), L2 (LINER) and COM
(composite galaxies). An online version of this table with the complete set of parameters for the whole
sample can be downloaded (in FITS format) at https://cloud.iaa.csic.es/public.php?service=

files&t=2a1e55eb8f3cd723£fd82f21dfab5a995.

Once ¢ (Hg) is calculated for each galaxy, then the emission line ratios required for HCm code (see
subsection 2.4.2) are corrected from reddening following Equation (1.10). This information is provided in
Table 3.1.

3.2 Previous considerations on the HCm code

3.2.1 Filtering the results

In order to retrieve reliable results, a criterion on the error of the chemical abundances and ionization
parameter is established. Before explaining the criterion, the different sources of error and their corre-

sponding propagation must be considered.

First of all, there are uncertainties in the flux of the emission line ratios that are introduced as input

to the HCm code. These uncertainties can be decomposed onto two contributions: 1) the uncertainty in
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the measurement of the emission lines from the spectrum; and, 2) the uncertainty in the determination
of the extinction parameter ¢ (Hg) coming from the reddening correction.

The HCm code takes into account two errors that combines in a quadratic sum to provide the final
error in the estimation of each parameter [Pérez-Montero et al. (2019)]. The first error is that obtained
on the y?-methodology used to select the optimal values for each parameter [Pérez-Montero (2014)]. The
second error is calculated by a Monte Carlo simulation, where the outputs (chemical abundances and ion-
ization parameter) are calculated for emission line ratios whose values are randomly taken in the intervals
defined by the uncertainties in the inputs [Pérez-Montero et al. (2019)]. For our study, a total number of

50 iterations in the Monte Carlo simulations are made for each galaxy.

Considering the different sources of error and the step used to define the grids for the models (see
subsection 2.4.2 for more details), only those results whose error is below 304, (being o the step in
the grid for each parameter) are considered as reliable results and, therefore, analyzed in this study. In

other words, the errors must verify:

oo/g <03dex ; oy <0375 dex ; oy <0.75 dex (3.2)

3.2.2 Choice of apx in AGN

In the case of star-forming galaxies, only one SED can be selected in the HCm code. However, for AGN
there are two options for the SED depending on the value of apx = —0.8 or —1.2. The value of this
parameter, which is the index of the power law used to model the transition between the X-ray and
ultraviolet range, has been studied for many years and it is still under debate. For instance, a study of
quasars at low (z < 1), intermediate (1 < z < 2) and high (z > 2) redshifts [Miller et al. (2010)] shows a
large range of apx, [—1.6,—0.8]. The study of Seyferts in the SDSS presented by Liu et al. [2018] agrees
with the interval [—1.6,—0.8]. In the case of LINERs, the study presented by Gliozzi et al. [2008] shows
that this range is slightly changed to [—1.5, —0.7].

Additionally, it is widely accepted that apx depends on the luminosity of the AGN [Gliozzi et al.
(2008); Miller et al. (2010); Vagnetti et al. (2013); Liu et al. (2018)], hence the value of this parameter can
vary from one galaxy to another even if they belong to the same spectral class. Moreover, the variability

observed in some AGN can also produce changes in apx [Vagnetti et al. (2013)].

Since the HCm code only accepts two values for apx, —0.8 and —1.2, both were studied in order to
determine which one is the best for the study of chemical abundances in AGN, distinguishing between
Seyferts and LINERs. A Kolmogorov-Smirnov test [1933] (hereafter KS-test) for each distribution was

performed in other to quantify the changes. Table 3.2 shows the resulting values.

e The results obtained for Seyferts are shown in . For Seyferts, the change of apx does
not have any particular effect in the chemical abundance ratio log;, (IN/O) since both results are
compatible within the errors and the p-value is 0.66 (see (b)). In the case of the chemical
abundance 12 + log,, (O/H), the histograms ( (a)) show a saturation at ~ 8.9 when
apx = —1.2, although the p-value does not indicate different distributions (p-value = 0.21). The
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Figure 3.1: Histograms of the chemical abundance (a), the chemical abundance ratio (b) and the ionization pa-
rameter (c). The left (right) column shows the results for apx = —0.8 (apx = —1.2). The first row
shows the global statistics for each spectral class while in the second one the ambiguous (amb.) and
non ambiguous (non amb.) are separated.
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Figure 3.2: Same as igure 3.1 but for LINERs.
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ionization parameter U shows a slightly increase from apx = —0.8 to apx = —1.2 (see
(¢)), showing that both distributions are different (p-value = 0.00018). This last result is in good
agreement with the previous study by Pérez-Montero et al. [2019].

e The results obtained for LINERs are shown in . As for Seyferts 2, no significant changes
are found in the chemical abundance ratio log,, (N/O) (the p-value in LINERs increases to 0.92).
The saturation observed for Seyferts in 12 4 log;, (O/H) is clearer in the case of LINERs, but the
saturation value is lower (12 + log,o (O/H) ~ 8.75). In fact, both distributions are totally different
(p-value = 0.00088). In contrast, the ionization parameter for LINERs does not change with apx

as it is the case in Seyferts (see (c)), although the KS-test provides a low p-value (0.012).
Parameters Seyferts 2 | LINERs
12 + log,, (O/H) 0.21 0.00088
logyo (N/O) 0.66 0.92
logqo (U) 0.00018 0.012

Table 3.2: P-values of the KS-test comparing the distributions obtained with apx = —0.8 and apx = —1.2.

On the one hand, according to the previous study of the Palomar Survey [Ho et al. (2003)], LINERs
present ionization parameters log;, (U) = —3.0 £ 1.0, which are in good agreement with the results
obtained for both values of apx. However, Seyferts present values of log, (U) = —2.0 £ 0.5, which are in
better agreement with the results obtained for apx = —0.8 than for the other value. On the other hand,
the chemical abundance 12+ log;, (O/H) shows a saturation for both types of AGN when apx = —1.2 is
chosen. For these reasons, the value of apx = —0.8 is finally selected for the SED in AGN in our study.

3.2.3 Treatment of the galaxy NGC 2541

The galaxy NGC 2541 required a specific study as a consequence of its classification in the diagnostic
diagrams (located in a different region on each one). Consequently, there is no criterion to select its SED.

Both SEDs will be considered for this galaxy in order to avoid any bias.

3.3 Chemical abundances in the sample

3.3.1 Galaxies excluded

As explained in subsection 3.2.1, only galaxies verifying Equation (3.2) are studied. Consequently, the
sample of 234 galaxies is reduced to 185 (79.1%) if composite and unknown galaxies are treated as SFG, or
to 183 (77.8%) if composite and unknown galaxies are treated as AGN. The breakdown of these numbers

is as follows:
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A total of 20 star-forming galaxies are excluded. From these 20 galaxies, 3 of them were initially

classified as ambiguous galaxies.

A total of 7 Seyferts are excluded, of which only one was initially classified as ambiguous galaxy.

A total of 15 LINERs are excluded, of which 4 were initially classified as ambiguous galaxies.

If composite galaxies are treated as SFG, 7 of these galaxies are excluded in the study. On the other

hand, if they are treated as AGN, then the excluded galaxies increase to 10.

In the case of the unknown galaxy (NGC 2541), either using a star-forming or an AGN SED, this

galaxy always remains in the sample of galaxies to be studied.

Focusing on the reason for exclusion, when composite and unknown galaxies are treated as SFG, 14
galaxies are omitted due to non-reliable determination of 12 + log,q (O/H), 12 of log;y (N/O) and 23
of both. When composite and unknown galaxies are treated as AGN, those numbers change to 14, 17
and 21, respectively. In both cases, the determination of the ionization parameter is always below the
limit shown in Equation (3.2), i.e., is always a reliable determination. A summary of all these numbers is

presented in Table 3.3.

’ Spectral type Excluded | Percentage (%)* ‘
Star-forming 20 18.7
Seyfert 2 7 30.4
LINER 15 26.8
Composite 7 (10) 14.9 (21.3)
Unknown —(-) 0.0 (0.0)
| Sum | 49 (52) | 20.9 (22.2) |
| Reason | Excluded | Percentage (%)** |
Non-reliable O/H 14 (14) 6.0 (6.0)
Non-reliable N/O 12 (17) 5.1 (7.3)
Both 23 (21) 9.8 (8.9)
Sum | 49 (52) | 20.9 (22.2) \

Table 3.3: Statistics of the excluded galaxies. Within parenthesis are shown the results when composite and
unknown galaxies are treated as AGN. *Percentage relative to each spectral type. **Percentage relative
to the whole sample.

3.3.2 Results for star-forming galaxies

The results obtained for the relative abundance of oxygen show that the median value is around 12 +
log (O/H) = 8.71£0.16, with a minimum value of 7.85 and a maximum of 8.80. This range is in agreement
with previous studies based on the T,-method [Vila-Costas and Edmunds (1993); Andrews and Martini
(2013)], calibrations based on strong emission lines [Pérez-Montero et al. (2013); Dors et al. (2015)] or

on photoionization models [Pérez-Montero and Contini (2009); Vincenzo et al. (2016)] (see Table 3.4 for
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more details). It must be noticed that some of these studies show values above 12 + log;, (O/H) > 9.0
[Vila-Costas and Edmunds (1993); Andrews and Martini (2013); Pérez-Montero et al. (2013)].

The results obtained for the chemical abundance ratio log;y (/N/O) show a median value around
—0.73 £ 0.22, with a minimum value of —1.41 and a maximum of —0.38. These values are also in agree-
ment with previous studies such as Vincenzo et al. [2016] or Pérez-Montero et al. [2009; 2013; 2014] (see
Table 3.5).

50% A

40% A

30% A

20% A

10% A

0% 1
7.8 80 8.2 84 8.6 8.8 -1.0 -0.5 0.0
12 +10g10(O/H) log10(N/O)

0.0

+¢: Non Amb.
-0.51| 'w# Amb.

|0910(N|/O)
5

700 725 750 7.75 800 825 850 875  9.00
12 +10910(O/H)

Figure 3.3: Chemical abundances obtained for star-forming galaxies. The top left plot shows the histogram of
the chemical abundance 12 4 log,, (O/H). The top right plot shows the histogram of log,, (N/O).
For both histograms, the solid lines represent the median values and the dashed lines the standard
deviations. The dashed-filled histograms are associated to ambiguous galaxies. The bottom plot shows
the relation between the chemical abundance ratio log,, (N/O) and 12 + log,, (O/H).

The diagram log;, (N/O) vs 12 + log;, (O/H) (see Figure 3.3, bottom plot) reflects the behavior
already reported by Vila-Costas and Edmunds [1993] or Andrews and Martini [2013]. For lower values
of O/H (12 + log,y (O/H) < 8.6), the abundance ratio N/O remains constant at log;q (N/O) ~ —1.5,
however the low statistics of low metallicity galaxies does not allow to determine this tendency. This result,
already reported [Vila-Costas and Edmunds (1993); Andrews and Martini (2013)], might be interpreted
as galaxies where its nitrogen has a primary origin (see section 1.4 for more details) and the variation
in O/H is probably a consequence of inflows of gas to the center acting as fuel for the star formation.
For higher metallicities (12 + log,o (O/H) > 8.6), the ratio N/O increases proportionally with O/H. This
result can be seen as the secondary origin of the nitrogen, i.e., the elements are already present in the gas
during the star formation [Vila-Costas and Edmunds (1993); Andrews and Martini (2013)].
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Range Method Study
7.5, 9.3 T,-method Vila-Costas and Edmunds (1993)
7.8, 8.7 T,-method Andrews and Martini (2013)

[ ]

[ ]

[7.2, 9.5] Optical calibrators Pérez-Montero et al. (2013)
8.0, 8.7] Optical calibrators Dors et al. (2015)
[ ]
[ ]
[ ]

7.2, 8.7] | Photoionization model | Pérez-Montero and Contini (2009)
8.1, 8.9] | Photoionization model | Vincenzo et al. (2016)

|

Table 3.4: Compilation of the chemical abundance 12 +log,, (O/H) in star-forming galaxies obtained in different
studies.

7.9, 8.8 ‘ Photoionization model \ Our study ‘

Range Method Study
[-2, 0] Te-method Pérez-Montero (2014)
[-2.3, 0.2] Optical calibrators Pérez-Montero et al. (2013)
[-2.5, -0.1] | Photoionization model | Pérez-Montero and Contini (2009)
[-2.0,-0.2] | Photoionization model | Pérez-Montero (2014)
[-1.6, 0.1] | Photoionization model | Vincenzo et al. (2016)

’ [-1.4, -0.38] ‘ Photoionization model ‘ Our study ‘

Table 3.5: Compilation of the chemical abundance log,, (N/O) in star-forming galaxies obtained in different stud-
ies.

While some studies show this change in the behavior at 12 4 log,, (O/H) ~ 8.5 [Vila-Costas and Ed-
munds (1993); Andrews and Martini (2013)] and others at 12+1log;, (O/H) =~ 8.4 [Vincenzo et al. (2016)],
in our study this change has been detected at 12 + log,, (O/H) ~ 8.6. Considering the uncertainties in

the determination of the chemical abundances, all these results are consistent among each other.

3.3.3 Results for Seyferts 2

The results obtained for the relative abundance of oxygen in Seyferts 2 show a median value around
12 + log,o (O/H) = 8.78 + 0.23 (near the solar value shown in Equation (1.38)), with a minimum value
of 8.15 and a maximum of 9.00. This range is in good agreement with previous determinations based
on optical strong emission lines calibrations [Storchi-Bergmann et al. (1998); Dors et al. (2015); Castro
et al. (2017); Dors et al. (2019)], but also with the results obtained by using other photoionization models
such as NebulaBayes [Thomas et al. (2019)] (see Table 3.6). However, it must be noticed that only three
galaxies (NGC 3982, NGC 4138 and NGC 4477) show values above 12+log;, (O/H) > 9.0 (considering the
uncertainties in the derivation of the chemical abundance), in spite of the fact that some of the previous
studies [Storchi-Bergmann et al. (1998); Dors et al. (2015, 2019); Thomas et al. (2019)] report values
above that limit. Nevertheless, the range [8.1,9.0] is in good agreement with the previous determination
presented by Dors et al. [2015] of 12 Seyferts from the Palomar Survey.

The chemical abundance ratio log,q (N/O) presents a median value of —0.43 & 0.15, with a minimum
value of —0.67 and a maximum of —0.20. This range is in good agreement with the range [—0.8, —0.3]
presented by Carvalho et al. [2020].
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Figure 3.4: Chemical abundances obtained for Seyferts 2. The top left plot shows the histogram of the chemical
abundance 12 + log,, (O/H). The top right plot shows the histogram of log;, (N/O). For both
histograms, the solid lines represent the median values and the dashed lines the standard deviations.
The dashed-filled histograms are associated to ambiguous galaxies. The bottom plot shows the relation
between the chemical abundance ratio log;, (N/O) and 12 + log,, (O/H)..

Range Method Study

[7.1, 9.5] Te-method Dors et al. (2015)

[7.4,9.2] Te-method Dors et al. (2019)

(8.9, 9.3] Optical calibrators Storchi-Bergmann et al. (1998)
(8.4, 9.4] Optical calibrators Dors et al. (2015)

(8.2, 9.0] Optical calibrators Castro et al. (2017)

(8.4, 9.2] Optical calibrators Dors et al. (2019)

[8.1, 9.1] | Photoionization model | Dors et al. (2019)

(7.9, 9.4] | Photoionization model | Thomas et al. (2019)

| [8.2, 9.0] | Photoionization model | Our study

Table 3.6: Compilation of the chemical abundance 12 4 log;, (O/H) in Seyferts 2 obtained in different studies.

It must be noticed that the histograms in Figure 3.4 reveal that two populations of Seyferts can
be distinguished by their chemical abundances. This result is emphasized when only the histogram
log,g (N/O) is considered. However, due to the small number of objects (16 Seyferts), this result needs to

be explored with a larger sample. The solar and supra-solar values of the chemical abundance of oxygen
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can be explained by two models (that are not incompatible): 1) dust destruction in the NLR causing the
release of metals into the ISM [Nagao et al. (2006); Matsuoka et al. (2009)]; and, 2) AGN-driven outflows
that are originated in the central metal-rich region [Maiolino and Mannucci (2019)].

Finally, the N/O vs O/H plot (see , bottom panel) does not show any particular trend.
Again, the small size of the Seyferts 2 sample requires a new revisiting of these result in larger samples
due to its implication: as discussed in subsection 1.4.2, the calibrations based on strong optical emission
lines assumed a relation between O/H and N/O which is determined by analyzing star-forming galaxies.

However, our results suggest that the trend in star-forming galaxies cannot be extrapolated to Seyferts 2.

3.3.4 Results for LINERs

The NLR in LINERs presents a median oxygen abundance of 12 + log,, (O/H) = 8.63 &+ 0.26, with a
minimum value of 7.90 and a maximum of 8.85. This range is consistent with the study presented by
Storchi-Bergmann et al. [1998], although they only analyzed 4 LINERs, obtaining a shorter range of
values [8.64,9.03].
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Figure 3.5: Chemical abundances obtained for LINERs. The top left plot shows the histogram of the chemical
abundance 12 + log,, (O/H). The top right plot shows the histogram of log;, (N/O). For both
histograms, the solid lines represent the median values and the dashed lines the standard deviations.
The dashed-filled histograms are associated to ambiguous galaxies. The bottom plot shows the relation
between the chemical abundance ratio log;, (N/O) and 12 + log,, (O/H).

The chemical abundance ratio log,, (N/O) presents a median value of —0.63 = 0.19, with a minimum

value of —1.11 and a maximum of —0.24.
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The histogram of the chemical abundance O/H (see , top left plot), reveals a small population
of LINERs (6 galaxies, which represent 15% of the sample of these AGN) with low metallicities (12 +
log, (O/H) < 8.2). However, most LINERSs present an oxygen abundance in the range [8.3, 8.9], which is
in good agreement with the results presented by Storchi-Bergmann [1998]. The histogram of the chemical
abundance ratio log;, (N/O) shows a tail in the distribution (composed only by 3 galaxies, representing
7% of the sample), but there is no correlation between this tail in log;, (IV/O) (composed by NGC 185,
NGC 3226 and NGC 4278) and that observed in 12 + log,o (O/H) (composed by NGC 410, NGC 3193,
NGC 3226, NGC 4278, NGC 4321 and NGC 4429), i.e., the galaxies are different, with the exception of
NGC 3226.

The N/O vs O/H diagram (see , bottom panel) shows that there is no correlation between
both values (as it is the case for Seyferts 2), which implies that the trend seen in star-forming galaxies

(see subsection 3.3.2 for more details) cannot be used in LINERs.

3.3.5 Results for NGC 2541

The chemical abundances obtained for NGC 2541 are shown in Table 3.7. The value of log;, (N/O) is
compatible under both models (star-formation or AGN) within the errors. However, this is not the case
for 12 + log, (O/H), where for the AGN model a lower value is obtained.

SED 12 + logo (O/H) | logyo (N/O) | logyq (U)
Star-forming 8.52 + 0.09 —1.31£0.18 | —2.98 +0.08
AGN 7.87+0.13 —1.23+0.20 | —=3.17+0.25

Table 3.7: Chemical abundances of NGC 2541.

3.3.6 Comparison between spectral types

The global results for the oxygen abundance 12+ log,, (O/H) show that its upper limit is higher in AGN
than in star-forming galaxies (see ). In both star-forming galaxies and AGN, there is a high
percentage (> 30%) of galaxies with values close to the upper limits. This percentage increases to the
50% in the case of star-forming galaxies. This is in good agreement with the results obtained by Dors et
al. [2015] for a sample of 12 Seyferts 2 and 33 star-forming galaxies from the Palomar Survey.
Analyzing the nitrogen to oxygen abundance ratio log;q (N/O), is slightly higher (1 o higher) in AGN

than in star-forming galaxies (see and Table 3.8).

To end with this comparison, the diagram N/O vs O/H is presented for all types of AGN. For Seyferts
2 and LINERs, no trend was found in this diagram. By representing together both results in ,
it can be seen that Seyferts 2 present higher metallicities in their NLR than LINERs. However, this result
should be confirmed with a larger sample of AGN, since in our study the Seyferts 2 sample is small (16

objects).
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Figure 3.6: Distributions of the chemical abundance 12 + log;, (O/H) for star-forming galaxies, Seyferts 2 and
LINERs.
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Figure 3.7: Same as Figure 3.6 but for log,, (N/O).
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12 4 log,o (O/H)
Type Number | Median | Std. Dev. Range
Star-forming 87 8.71 0.16 [7.85, 8.80]
Seyferts 2 16 8.78 0.23 [8.15, 8.90]
LINERs 41 8.63 0.26 [7.90, 8.85]
log,o (IN/O)
Type Number | Median | Std. Dev. Range
Star-forming 87 -0.73 0.22 [-1.41, -0.38]
Seyferts 2 16 -0.43 0.15 [-0.67, -0.20]
LINERs 41 -0.63 0.19 [-1.11, -0.24]

Table 3.8: Statistics of the chemical abundances for each spectral type.
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Figure 3.8: Diagram log,, (N/O) vs 12 + log,, (O/H) for AGN.

3.4 Ionization parameter in the sample

In subsection 3.3.1 it is explained that the final sample is reduced to either 185 or 183 objects depending

on the treatment of composite galaxies. Since the ionization parameter presents reliable results for all the

composite galaxies, the sample does not change from that used in the study of chemical abundances.
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3.4.1 Results for star-forming galaxies

The ionization parameter in star-forming galaxies presents a median value of log, (U) — 3.21£0.17, with
a minimum value of —3.43 and a maximum of —2.45. This range of values is in good agreement with
previous studies based on strong emission line calibrations such as the range [—3.5,—2.5] by Dopita et
al. [2000] and the range [—3.3, —2.5] by Moustakas et al. [2010]. The upper limit (log,, (U) = —2.45) in
the ionization parameter, which is obtained for the galaxy IC 10, is practically the same as that found in
the local Universe for young, massive super star clusters located in galaxies with intense star formation
episodes [Smith et al. (2006)]. This upper limit suggests the existence of a mechanism (or mechanisms)
that maintains the ionization below this limit, whereas this is still an open question [Yeh and Matzner
(2012); Kewley et al. (2019)].
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Figure 3.9: Variation of the chemical abundances 12+log;, (O/H) and log;, (N/O) with the ionization parameter
log,o (U) in star-forming galaxies.

The dependence of the chemical abundances with the ionization parameter is analyzed in
There is a strong anti-correlation (the Pearson correlation coefficient is r = —0.92) between 12+log (O/H)
and log;, (U) (see the top panel): for higher values of the ionization, lower abundances are retrieved. This
result was already reported by Pérez-Montero [2014], by using the T.-method. In the case of the relative
abundance of nitrogen to oxygen, there seems to be a bi-valuation due to the change in sign of the slope
at log;o (U) =~ —3.30. Using the relation between O/H and U, the corresponding abundance for this value
of the ionization parameter is 12 +1log;, (O/H) ~ 8.6, which is the value at which log;, (N/O) scales with

the oxygen abundance as discussed in subsection 3.3.2. Therefore, the upper branch can be interpreted
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as the values for star-forming galaxies whose nitrogen abundance has a secondary origin, while the lower

branch is associated to galaxies whose nitrogen has a primary origin.

3.4.2 Results for Seyferts 2

The mean value of the ionization parameter in Seyferts 2 is log;, (U) = —1.64£0.26, with a minimum value
of —2.09 and a maximum of —1.26. These values are compatible with those presented by previous studies
for Seyferts: Ferland and Netzer [1983] proposed log;, (U) = —2.0 for Seyferts 1 and log,, (U) = —2.5
for Seyferts 2, Ho et al. [1993; 2003] obtained log;, (U) = —2.5 + 0.5, Almeida et al. [2006] found
log,o (U) =~ —1.5 for the Seyfert Mrk 78 and Kewley et al. [2006] obtained the range [—2.5, —2.0].
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Figure 3.10: Variation of the chemical abundances 12+log,, (O/H) and log;, (N/O) with the ionization parameter
log,o (U) in Seyferts 2.

The plot of the chemical abundance log,, (N/O) with the ionization parameter shows that there is no
correlation (the Pearson correlation coefficient has a value r = 0.49) between both values (see ,
bottom panel). While the sample of Seyferts 2 is the smallest in this study (with only 16 galaxies),
Carvalho et al. [2020] find a similar result with the analysis of a sample of 463 Seyferts 2. In addition
to this, from our study it can be seen that the ionization parameter log;, (U) is not correlated with
12+logg (O/H) (see , top panel). This last result needs to be contrasted with a larger sample

of Seyferts 2 galaxies.
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3.4.3 Results for LINERs

As discussed in sections 1.1 and 1.2, the ionization parameter of the NLR in LINERs should be lower
than in Seyferts. Since the grid of models in the case of LINERs is limited to the range [—4.0, —2.5] for
the ionization parameter (see subsection 2.4.2 for more details), the previous statement is guaranteed in
our results. The median value obtained for LINERs is log;, (U) = —3.46 £ 0.15, with a minimum value
of —3.70 and a maximum of —2.97. These values are in good agreement not only with the theoretical
log,o (U) =~ —3.5 proposed by Ferland and Netzer [1983] or Halpern and Steiner [1983] (among many oth-
ers), but also with the empirical fits from photoionization models [Binette (1985); Kewley et al. (2006)]
with log,o (U) =~ —3.0.
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Figure 3.11: Same as but for LINERs.

, where the chemical abundances are plotted against the ionization parameter, shows
that there is no correlation between the abundances 12 + log;, (O/H) or log;, (N/O) and the ionization
parameter log;, (U) (the Pearson correlation coefficients are r = —0.34 and —0.26, respectively). This is

the same result as what is obtained for Seyferts 2.

3.4.4 Results for NGC 2541

The values of the ionization parameter under both models, star forming and AGN SED, are shown in
Table 3.7. The value of log;, (U) = —2.98 £ 0.08 obtained by using the star forming SED decreases to
—3.17+0.25 if the AGN model is considered. However, it should be noticed that, within the errors, both

values are compatible.
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3.4.5 Comparison between spectral types

As it is expected from theory, log;, (U) is the best parameter in our study for distinguishing the different
spectral types. From Figure 3.12 , it is clear that Seyferts 2 present the highest values of the ionization
parameter. Although there is an overlap between star-forming galaxies and LINERs, the peaks of their
distributions are separated by more than 0.2 dex (see Table 3.9). This distinction between star-forming
galaxies, Seyferts 2 and LINERs is in fact the underlying principle of work of the diagnostic diagrams

(see section 1.3 for more details).
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Figure 3.12: Distributions of the ionization parameter log;, (U) for star-forming galaxies, Seyferts 2 and LINERs.

log,o (U)
Type Number | Median | Std. Dev. Range
Star-forming 87 -3.21 0.17 [-3.43, -2.45]
Seyferts 2 16 -1.64 0.26 [-2.09, -1.25]
LINERs 41 -3.46 0.15 [-3.70, -2.98]

Table 3.9: Statistics of the ionization parameter for each spectral type.
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4. Metallicity and host galaxy properties

Once the chemical abundances for star-forming galaxies and AGN are determined, an analysis of the
different host galaxies properties (morphology, B-magnitude, H, luminosity, SMBH mass and stellar

mass) is provided in this chapter, quantifying their influence in the metallicity for each spectral type.

4.1 Morphology

The morphological type for each galaxy was retrieved from Ho et al. [1997a]. They used the classifica-
tion presented by de Vaucouleurs [1963], where each morphological type is associated to a value of the
parameter T' (the so-called de Vaucouleurs’ number or morphological type). The correspondence between

the morphological classes (elliptical, lenticular, spiral, irregular,...) and T is presented in Table 4.1.

] Morphological class \ T \ Standard types
Elliptical (E) [—6,—4] | cE, E, ET
Lenticular (S0) [-3,—1] | SO—, S0°, SOF
Early spiral (ES) [0, 2] S0/a, Sa, Sab
Intermediate spiral (IS) 3,4] Sb, Shc
Late spiral (LS) 5, 8] Sc, Scd, Sd, Sdm
Magellanic irregular (Irr) [9,10] | Sm, Im
Non-Magellanic irregular (Irr Non Mag) 90 Non-Magellanic irregular
Peculiar (Pec) 99 Peculiar

Table 4.1: Morphological classes used in this study.

The distribution of the morphological type (7) is shown in . The different samples presented
correspond to the sample constructed for the study (see section 2.2) and the final sample once galaxies with
non-reliable determinations of the chemical abundances are excluded (see subsection 3.3.1). The relative
distribution in (b) shows that during the construction of the samples, no bias is introduced in
the morphological type (the p-value obtained through a KS-test is ~ 0.18).

The distribution of the morphological class for each spectral type is presented in and the
associated statistics in Table 4.2. The majority of star-forming galaxies (54.1%) present a late spiral mor-
phology. Since later spiral types seems to have more star formation than earlier types [Ho et al. (1997b);
Kennicutt (1998); Schiminovich et al. (2007); Guglielmo et al. (2015); Gonzalez Delgado et al. (2017)],
this result may reflect a relation between spectral types and star formation. The host galaxies of Seyferts

2 are mainly intermediate spiral galaxies (50.0%), which is in good agreement with previous studies [Ho
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Figure 4.1: Absolute (a) and relative (b) distributions of the morphological type (T'). The different colors indicate:
black for all the galaxies with nuclear emission in the Palomar Survey (418 objects), blue for the
galaxies in our sample (234 objects) and red for the sample composed by star-forming galaxies, Seyferts
2 and LINERs with reliable determinations in their chemical abundances (144 objects).
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Figure 4.2: Absolute (a) and relative (b) distributions of De Vaucouleurs’ number (7) for the different spectral
types in our sample only considering galaxies with reliable determinations of their chemical abun-
dances.

’ Spectral type ‘ Number ‘ Perc.* (% ) ‘ Median ‘ Std. Dev.* ‘ Minimum ‘ Maximum

Star-forming 87 60.4 5 2.10 -1 99
Seyferts 2 16 11.1 3 2.43 -3 5
LINERSs 41 28.5 -1 3.63 -5 90

Table 4.2: Morphological statistics for each spectral type. *The percentage (Perc.) is calculated excluding com-
posite galaxies from the sample. **The standard deviation (Std. Dev.) is calculated considering only
galaxies with morphological types T < 10.

et al. (1997b); Koulouridis et al. (2006); Slavcheva-Mihova and Mihov (2011); Chen and Hwang (2017)]
showing that Seyferts 2 (Seyferts 1) are mainly located in late-type (early-type) galaxies. The distribu-
tion of LINERs is wider than both star-forming galaxies and Seyferts 2: ~ 25% are hosted by ellipticals;
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~ 25% by lenticulars; and, ~ 50% by spiral galaxies. This distribution of LINERs agrees with the study
by Ho et al. [1997b], but contrasts with Coldwell et al. [2018] where they found that LINERs are mainly
(~ 70%) located in early-type galaxies (ellipticals and lenticulars).

Since some of our samples are not big enough for a very detailed binning in 7" (for instance, in our
study only 16 galaxies are Seyferts 2), a total of eight morphological classes are considered in our study
(see Table 4.1). Consequently, the statistics in each morphological type are increased, as shows

(for more details on the associated statistics see Table 4.3).

] Morphology ‘ Star-forming ‘ Seyferts 2 ‘ LINERs ‘ Total ‘ Percentage (%) ‘
E 0 (0.0%) 0 (0.0%) 10 (24.4%) 10 6.9
SO0 2 (2.3%) 3 (18.8%) | 11 (26.8%) 16 11.1
ES 6 (6.9%) 3 (18.8%) 5 (12.2%) 14 9.7
IS 21 (24.2%) 8 (50.0%) | 12 (29.4%) 41 28.5
LS 47 (54.1%) 2 (12.4%) 1 (2.4%) 50 34.7
Irr 7 (8.0%) 0 (0.0%) 1 (2.4%) 8 5.6
Irr. Non. Mag. 1 (1.1%) 0 (0.0%) 1 (2.4%) 2 1.4
Pec 3 (3.4%) 0 (0.0%) 0 (0.0%) 3 2.1
Sum | 87(100%) | 16 (100%) | 41 (100%) | 144 | 100.0
Table 4.3: Distribution of galaxies for each morphological type. It is shown the number of objects for each

morphological type and, within parenthesis, the percentage of the given morphological type for each
spectral type.
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Figure 4.3: Absolute (a) and relative (b) distributions of the morphology (considering only the types defined in

Table 4.1) for each spectral type.

The metallicities obtained for each morphological type considering only star-forming galaxies, Seyferts
2 and LINERs are shown in

(SO) and spiral galaxies, where the three spectral classes are presented, the chemical abundance 12 +

and the associated values are presented in Table 4.4. For lenticular

log,o (O/H) shows the highest values for Seyferts 2. While in SO and IS galaxies this abundance presents

a higher median value for Seyferts 2, in IS and LS galaxies the median values for Seyferts 2 are the lowest.
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However, only 3 galaxies with ES (NGC 660, NGC 2273 and NGC 3185) and 2 with LS morphology (NGC
3486 and NGC 7479) host Seyferts 2, so this result must be confirmed in larger sample of galaxies. The
median value of the chemical abundance ratio log;, (IN/O) is higher in Seyferts 2 than in star-forming
galaxies, and similar within the errors to those obtained for LINERs. In addition, for lenticular and spiral
galaxies, the chemical abundance ratios log;q (IN/O) obtained for LINERs are similar (within the errors)

to those obtained for star-forming galaxies, although in lenticular galaxies the median value is higher in

LINERs.

12 + lo O/H
Morphology Star-forming Sey?e}t?tg 2/ ) LINERs
E - - 8.74+0.37 [7.90, 8.79]
SO 8.64+0.10 [8.54, 8.73] 8.83+0.02 [8.81, 8.87] 8.55+0.21 [8.07, 8.85]
E.S. 8.69+0.12 [8.44, 8.74] 8.29+0.18 [8.26, 8.66] 8.62+0.21 [8.11, 8.80]
I.S. 8.72+0.03 [8.66, 8.76] 8.81+0.23 [8.15, 8.90] 8.63+21 [ 8.11, 8.80]
L.S. 8.71+0.13 [8.06, 8.80] 8.631+0.09 [8.54, 8.72] 8.83
Irr 8.41+0.25 [7.85, 8.73] - 8.60
Irr Non Mag 8.35 - 8.64
Pec 8.69+0.04] 8.62, 8.72] - -
lo N/O
Morphology Star-forming Si;%e(rts/ 2 ) LINERs
E - - -0.73+0.22 [-1.11, -0.43]
SO0 -0.90+0.15 [-1.05, -0.75] | -0.5040.07 [-0.59, -0.42] | -0.6140.18 [-0.82, 0.27]
E.S. -0.69+0.27 [-1.21, -0.38] | -0.43+0.12 [-0.62, -0.34] | -0.61£0.14 [-0.78, -0.42]
LS. -0.64+0.11 [-0.92, -0.49] | -0.31+0.18 [-0.67, -0.20] | -0.5740.15 [ -0.74, -0.23]
L.S. -0.7440.20 [-1.29, -0.51] | -0.51+0.14 [-0.64, -0.37] -0.79
Irr -1.08+0.16 [-1.41, -1.00] - -0.80
Irr Non Mag -1.01 - -0.66
Pec -0.70+0.02] -0.74, -0.69] - -
lo U
Morphology Star-forming Seff}gr’gs ; LINERs
E - - -3.46+0.22 [-3.53, -2.98]
SO -3.1240.02 [-3.14, -3.09] | -1.36+0.12 [-1.54, -1.26] | -3.48+0.10 [-3.70, -3.28]
E.S. -3.18+0.15 [-3.42, -2.96] | -1.92+0.12 [-1.93, -1.67] | -3.48+0.10 [-3.70, -3.46]
1.S. -3.234+0.06 [-3.38, 3.12] | -1.73+0.29 [-2.09, -1.29] | -3.424+0.10 [ -3.64, -3.27]
L.S. -3.2140.14 [-3.43, -2.67] | -1.61+0.03 [-1.64, -1.57] -3.52
Irr -2.8740.23 [-3.27, -2.45] - -3.41
Irr Non Mag -2.87 - -3.44
Pec -3.2240.06[-3.25, -3.11] - -

Table 4.4: Statistics of the chemical abundances and ionization parameters for each morphological type. The
median values are presented with the minimum and maximum in the form: median+ standard devi-
ation [minimum, maximum]. Ounly star-forming galaxies, Seyferts 2 and LINERs are considered. The
statistics when the number of objects is smaller than 3 are presented in color red.

Focusing on star-forming galaxies, there is little change in the chemical abundance 12 + log,, (O/H)
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in SO, ES, IS, LS and peculiar galaxies, showing a median value around the solar value 12+log,, (O/H) =
8.69. For irregular galaxies (both types), this abundance drops to the sub-solar values 12 +log,, (O/H) =~
8.40. The same behavior is presented in the chemical abundance ratio log;, (IN/O), where for spiral and
peculiar galaxies the median value remains at ~ —0.70. However, in lenticular galaxies this abundance
drops to &~ —0.90, similar value that those obtained for irregular galaxies. Since only two star-forming
galaxies present a lenticular morphology (NGC 4124 and NGC 4460), this result needs to be confirmed
in a larger sample. The ionization parameter also presents slightly higher values in irregular than in
lenticular, spiral and peculiar galaxies, although the median values are compatible for all morphologies
within the errors.

Analyzing Seyferts 2, the chemical abundance 12+log,, (O/H ) shows higher values (= 8.80) in SO and
IS galaxies than in ES and LS galaxies. It should be noticed that this abundance in ES galaxies is quite
low (= 8.29) in comparison with the other types. Since only 3 Seyferts 2 are hosted by ES galaxies (NGC
660, NGC 2273 and NGC 3185), this last result must be contrasted with larger samples. The differences
in the oxygen to hydrogen abundance are not correlated with the nitrogen to oxygen abundance ratio,
that presents the same value for SO and LS galaxies (log;, (N/O) ~ —0.50) and increases for ES and IS
galaxies. This result is in good agreement with our study in subsection 3.3.3, where the log;, (N/O) vs
12 +logyo (O/H) diagram (see ) shows that there is no correlation between both abundances.
Finally, the ionization parameter shows the highest values for lenticular (SO) galaxies, with a median
log;o (U) ~ —1.40.

In the case of LINERs, the chemical abundance 12 + log,, (O/H) slightly varies from the median
value of ~ 8.63 (solar metallicity). This median value increases to 12 + (O/H) ~ 8.74 in the case of
elliptical (E) galaxies. This increase from later-types (spiral galaxies) to early-types (elliptical galaxies)
is expected since the later ones usually present old stellar populations [Kennicutt (1998); Sparke and
Gallagher 1T (2007)], i.e., stars are in their later stages of evolution and have already deposited into the
ISM the metals generated during the stellar nucleosynthesis process. Although there is a slight increase in
the oxygen to hydrogen abundance for LS galaxies (12 + log;, (O/H) = 8.83), only one LINER presents
this morphology (NGC 4651), thus this result must be confirmed with larger samples. While the median
values of the chemical abundance ratio log;, (IN/O) show little variation, the highest values are obtained
for elliptical, lenticular and ES galaxies, which reinforces the previous statement that the ISM is rich in
metals for early-type galaxies. The ionization parameter is virtually the same for all the morphologies

with a median value log;, (U) ~ —3.46.

As a conclusion from this morphological study, the chemical abundance 12 + log;, (O/H) is slightly
affected by the morphological type, although in star-forming galaxies there is an important decrease in
irregular galaxies. Considering a particular morphological type, the chemical abundance ratio log;, (N/O)
is higher in Seyferts 2 than in LINERs or star-forming galaxies, that present similar values. The ionization
parameter log,q (U) is only affected by the morphological type in star-forming galaxies, while for AGN it

practically remains constant.
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4.2 Absolute B-magnitude

The absolute B-magnitude (Mp) of a galaxy is a measured of its luminosity in the B-band defined in the
Johnson-Morgan system (or UBV system) of filters [Johnson and Morgan (1953)]. Since the B-filter has
an effective wavelength A\.fy = 4360A and a bandwidth A\ = 960A [Johnson and Morgan (1953)], this
filter provides the luminosity of the blue light emitted by the galaxy.

The values of the apparent B-magnitude (mp) were taken from Ho et al. [1997a]. The relation between

absolute and apparent magnitude, given by:
Mp =mp — 5log;, (d[Mpc]) — 25 (4.1)

where d is the distance of the galaxy. The values of the distance for each galaxy were also taken from
Ho et al. [1997a], who used the Nearby Galaxies Catalog by Tully [1988] to determine the distance for
galaxies with d < 40 Mpc and the Hubble’s law (v = Hod) for the remaining, assuming a value of the
Hubble constant Hy = 75 km - s~' - Mpc~ 1.

Since Ho et al. [1997a] provide observed apparent B-magnitudes, it is needed to correct them from
reddening. In this case, the values of c¢(Hpg) determined in section 3.1 cannot be used because they
express the reddening only associated to their nuclei. Since the B-magnitude is from the whole galaxy,
only the second source of reddening must be considered. The values of the galactic reddening (denoted as
galactic reddening magnitude, Ay) used by Ho et al. [1997a] were retrieved from the HI maps presented
by Burstein and Heiles [1982; 1984]. While Ho et al. used the extinction curve by Cardelli [1989], that
by Howarth [1983] is used in our study. Both extinction curves are related by Equation (1.13), so the
absolute B-magnitude corrected from reddening is obtained by adding to Equation (4.1) the reddening

correction, i.e.:

A
M, = mp ops — 5logyg (d [Mpc]) — 25 — RJ f(B) (4.2)

where the wavelength Ap is the effective wavelength in the B-filter, f is the extinction curve by Howarth

[1983] and R, = 3.1 is assumed (see subsection 1.2.4 for more details on this assumption).

’ Spectral type ‘ Number ‘ Median ‘ Std. Dev. ‘ Min. ‘ Max. ‘

Star-forming 87 -19.48 1.20 -23.72 | -15.94
Seyferts 2 16 -19.92 1.16 -21.99 | -18.31
LINERs 41 -20.16 1.32 -22.26 | -15.22

Table 4.5: Statistics of the absolute B-magnitude for each spectral type.

shows the distribution of the corrected absolute B-magnitude (M%). During the construc-
tion of the different samples, no change is induced in the distribution of M%, i.e., no bias is introduced
(the p-value obtained through a KS-test is &~ 0.31). All the distributions seems to be symmetric with a
median value around M% ~ [-20.5, —19.5].

Analyzing the distribution for each spectral type (see and Table 4.5), star-forming galaxies
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Figure 4.5: Absolute (a) and relative (b) distributions of the absolute B-magnitudes corrected from reddening
(MY). The different colors indicate: black for all the galaxies with nuclear emission in the Palomar
Survey (418 objects), blue for the galaxies in our sample (234 objects) and red for the sample com-
posed by star-forming galaxies, Seyferts 2 and LINERs with reliable determinations in their chemical
abundances (144 objects).
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Figure 4.6: Absolute (a) and relative (b) distributions of the absolute B-magnitudes (M%) corrected from redden-
ing for the different spectral types in our sample, only considering galaxies with reliable determinations
of their chemical abundances.

present fainter luminosities (higher values of the B-magnitude) than AGN: only ~ 5% of star-forming
galaxies have magnitudes Mg < —20.5, while this percentage increases to ~ 37.5% in Seyferts 2 and
~ 20% in LINERs. This result is in good agreement with Ho et al. [1997b], where they found that the
median value for Seyferts 2 (M9 = —20.46) was lower than for star-forming galaxies (M9 = —20.01).
In our study, the median value for Seyferts 2 is M% = —19.91 while for star-forming galaxies it is
M% = —19.48. Considering LINERs, they have a slightly higher median value M% = —20.16, but it

remains compatible within the errors with the previous ones.

In general, for a given value of M%, there is no significant differences in the chemical abundance
12 + log, (O/H) between Seyferts 2 and LINERs, since both present a considerable dispersion of values
(see (b)). In addition, M is not correlated with this chemical abundance in AGN (the Pearson
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Figure 4.7: Chemical abundances 12+ log;, (O/H) (a) and (b), log;o (N/O) (c) and (d) and ionization parameter
log;, (U) (e) and (f) vs the corrected absolute B-magnitude (M$%). The left column shows the results
for star-forming galaxies and the right column those for AGN (Seyferts 2 and LINERs).
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correlation coefficient for Seyferts 2 is » = —0.076 and r = 0.0028 for LINERs), which contrasts with the
study at high redshift of quasars presented by Nagao et al. [2006], where a strong correlation was found
between the chemical abundance and the luminosity of the galaxy. Star-forming galaxies cluster around
around 12 + log;, (O/H) ~ 8.7 (solar-values) for galaxies brighter than MY ~ —19.5 (see

(a)). For lower luminosities, the chemical abundance shows a decrease to sub-solar values. Following the
discussion presented in subsection 3.3.2, this result might be interpreted as the most luminous star-forming
galaxies (M% < —19.5) are those which present a correlation between log;, (N/O) and 12 + log;, (O/H),
i.e., the most luminous star-forming galaxies are those that present a secondary origin of the nitrogen (the
ISM of these galaxies is already rich in carbon and oxygen). This slightly increase of 12+log;, (O/H) with
the luminosity in star-forming galaxies was already reported by several studies [Lequeux et al. (1979);
Contini et al. (2002); Melbourne and Salzer (2002); Lamareille et al. (2004); Tremonti et al. (2004); Izotov
et al. (2015)]. In addition, our study shows that for magnitudes M% < —19.5, there is a saturation in the
values and does not increase with the luminosity, remaining at solar values.

The plot of the chemical abundance ratio logq (N/O) versus MY ( (c)) reinforces that
the most luminous star-forming galaxies have a secondary origin in their nitrogen, since this abundance
increases with the luminosity, although the Pearson correlation coefficient is low (r = 0.38). In addition,
for MY > —19.5 (low luminosities), the chemical abundance ratio log;, (IV/O) remains constant at a value
~ —1.30 for star-forming galaxies, which is the expected behavior for a primary origin of the nitrogen
[Vila-Costas and Edmunds (1993); Andrews and Martini (2013); Vincenzo et al. (2016)]. There seems to
be a trend in the chemical abundance ratio log;q (N/O) in LINERs, but this is not case for Seyferts 2,
where log,o (N/O) gets values around ~ —0.30 (see (d)).

Finally, the ionization parameter log;, (U) does not present any correlation with M9 in AGN (see

(f)) since for Seyferts 2 the Pearson correlation coefficient is » = 0.32 and r = 0.18 for LIN-
ERs. In the case of star-forming galaxies, there is an increase of the ionization parameter for magnitudes
M}, € [—18,-16.5] (see (e)), but the Pearson coefficient correlation (r = 0.081) shows that

they are actually not correlated.

In conclusion, 12 + log;, (O/H) and log;, (N/O) increase with M% for M > —19.5 and remain
constant for higher luminosities only in star-forming galaxies. For AGN, Mg, is not correlated with the
chemical abundances. The ionization parameter logy, (U) is not affected by MY for both star-forming

galaxies and AGN, although in the former ones presents a slightly increase.

4.3 H, luminosity

The luminosity of the Balmer line H, provides additional information of both, star-forming regions
and AGN. Considering star-forming regions, studies of the local Universe [Kennicutt (1998); Tresse and
Maddox (1998); Kennicutt et al. (2009)] have shown that the luminosity L (H,) is related to the star-
formation rate (hereafter SFR) by:

SFR [Mg - yr_l] =7.9-107%. L (H,) lergs - 3_1] (4.3)
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In AGN, the H, luminosity is related to the optical continuum luminosity (L,p), with a slope between
the logarithm of both luminosities close to unity [Shuder (1981); Greene and Ho (2005)]. This relation
between the emission lines and the continuum emission favors the photoionization model for the emission
lines in AGN [Shuder (1981)].

Ho et al. [1997a] provide the H, luminosity without taking into account the correction from reddening.
Although this emission line is less affected by reddening than bluer lines, the correction in the sample
supposes a median increase Alog;,[L (Hy)] = 0.39 £ 0.32. In this case, our study is focused on the
luminosity emitted by the nuclear region of the galaxies, so the extinction correction must take into
account both the internal and galactic reddening. Therefore, the values of the extinction parameter
c(Hpg) obtained in section 3.1 are used here, with the extinction curve f by Howarth (Equation (1.11)),

in order to correct from reddening the luminosity, as:

f(Ha)
10810 (L (Ha) corr) = 10810 (L (Ha)ops) + ¢ (Hp) F (Hg) (4.4)
—— Star-forming 35.0% 1 —— Star-forming
17.5 1|~ Seyferts 2 — Seyferts 2
LINERs 30.0% A LINERs 2
15.0 1
25.0%
12.54
20.0% A
10.0 4
15.0%
(a) (b) “
%
504 10.0%
251 J—‘—\_‘ﬁ 5.0% | ‘
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Figure 4.8: Absolute (a) and relative (b) distributions of H, luminosities (L (H,)) corrected from reddening for
the different spectral types, only considering galaxies with reliable determinations of their chemical
abundances.

’ Spectral type | Number | Median ‘ Std. Dev. ‘ Min. ‘ Max. ‘

Star-forming 87 39.22 0.93 36.82 | 41.01
Seyferts 2 16 39.64 0.92 37.86 | 40.95
LINERSs 41 38.84 0.83 35.06 | 40.33

Table 4.6: Statistics of logy, [L (Ha) for each spectral type.

CO”‘T]

The inspection of and Table 4.6 shows that the distribution of H, luminosity is pretty
similar for all the spectral types, although the median value for LINERs is slightly lower. It should be
noticed that the LINER galaxy NGC 185 presents a extremely low H,, luminosity (< 1036 erg-s=1), being

in fact a dwarf elliptical galaxy and, hence, will not be considered for this study (see section 4.4).
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Figure 4.9: Chemical abundances 12+ log;, (O/H) (a) and (b), log;o (N/O) (c) and (d) and ionization parameter
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The left column shows the

results for star-forming galaxies and the right column those for AGN (Seyferts 2 and LINERs).
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The plot 12 + log,o (O/H) vs log;o (L (Hy)) (see (b)) shows that there is little correlation
between both quantities for AGN (the Pearson correlation coefficients are » = —0.25 and r = —0.087 for
Seyferts 2 and LINERs, respectively). For star-forming galaxies ( (a)), the highest values of the
chemical abundance 12 +log;, (O/H) are obtained for the highest luminosities (L (H,) > 103% ergs-s=1),
where the chemical abundance remains constant at a value 12 + log,, (O/H) ~ 8.70 (solar abundance).

The chemical abundance ratio log;y (IN/O) shows a slightly increase (the Pearson correlation coefficient
is r = 0.56) with the H, luminosity for star-forming galaxies, being more correlated with this luminosity
than the absolute B-magnitude (see section 4.2 for more details). For AGNs, no correlation between
log,g (N/O) and L (H,) is observed since the Pearson correlations coefficients are r = 0.30 for Seyferts 2
and r = 0.42 for LINERs (see also (d)).

The ionization parameter log;, (U) seems to be independent of the H, luminosity in both star-forming
galaxies (r = —0.33) and AGN (r = 0.00031 and r = —0.17 for Seyferts 2 and LINERs, respectively), as

it can be seen in (e) and (f).

For star-forming the H, luminosity is translated into star-formation rate by Equation (4.3). The SFR
for these galaxies and their relation with the chemical abundances and ionization parameters are shown
in . Since SFR and L (H,) are directly proportional, the same behavior discussed above for
star-forming galaxies in L (H,) is also presented in SFR. The plot 12 + log,, (O/H) vs SF'R shows that
in star-forming galaxies there is little correlation between both magnitudes, although there is a slightly
decrease in the chemical abundance for the lowest star-formation rates (SFR < 1073 Mg, - yr~1). This
lack of correlation between SFR and L (H,) is in good agreement with the study presented by Sénchez et
al. [2013] for the CALIFA Survey, where they show that there is no correlation between metallicity and
SFR, although several studies suggest the opposite [Ellison et al. (2007); Yates et al. (2012); Andrews
and Martini (2013); Salim et al. (2014)]. To explain this behavior, Sdnchez et al. [2013] propose that,
although SFR depends on the gas inflow rate, which is expected to dilute the oxygen abundance, the star
formation is a local process (not radial as the gas movement) that might enrich the falling gas due to the

different time scales of the processes.

4.4 Supermassive black hole masses in AGN

The mass of the SMBH (Mgypr) in AGN is an important parameter. The study by Heckman and Best
[2014] shows that AGN with prominent jets are associated to higher masses of the SMBH. In addition,

the Eddington ratio depends on Mgyrpr (see Equation (1.1)), and this ratio is proposed to be related to
the Unified Model for AGN when LINERs are taken into account [Marquez et al. (2017)].

The relation between this quantity and the stellar velocity dispersion ocenirq; in the galactic nucleus
given by Equation (1.2) is used to estimate the masses of the SMBH. This relation can only be applied
in AGN hosted by galaxies that present a velocity dispersion structure (bulge or elliptical core). Since
the host galaxy of NGC 5363 (LINER) has an irregular morphology, this galaxy will be omitted from the
study. The values of oeentrqr are retrieved from the catalog presented by Ho et al. [2009], where they
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combined determinations from the nuclear spectra in the Palomar Survey and results from previous and

independent studies.
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Figure 4.11: Absolute (a) and relative (b) distributions of SMBH masses log,, (Msy g [Mg]) for AGN. The solid
vertical lines represent the median values and the dashed vertical lines the standard deviations.

’ Spectral type ‘ Number ‘ Median | Std. Dev. ‘ Min. ‘ Max. ‘

Seyferts 2 16 7.48 0.84 5.57 8.55
LINERs 41 8.17 0.91 5.86 9.38

Table 4.7: Statistics of log,, (Msampm [Mg]) for each spectral type.

For this study, only Seyferts 2 and LINERs are considered. Analyzing the distribution of Mgy pm
(see and Table 4.7), Seyferts 2 present masses in the range 10%67 — 1086 M, in agreement
with the range 10604 — 10344 M, obtained by Bian and Gu [2007]. In the case of LINERs, excluding the
galaxy NGC 185, this range of the black hole masses is 10°-% — 103% M, which agrees with the range
1090 — 10%® M, obtained by Nisbert and Best [2015]. The Mgy g determined in NGC 185 is extremely
low (= 1027 M) as a consequence of its low stellar velocity dispersion o, ~ 19.9 km -s~!, and this might
be explained because this dwarf elliptical galaxy present several bright knots that may be identified as its
nucleus [Lira et al. (2007)], being also a posible explanation for its low H, luminosity (see section 4.3). A
detailed analysis should be done on NGC 185, thus it is excluded in our study. The median SMBH mass
for LINERs Mgy pr ~ 10319 M, higher than for Seyferts 2 Mgy pp =~ 10748 Mg, was already reported
in previous studies [Panessa et al. (2006); Nisbet and Best (2015)].

The metallicity 12 + log;, (O/H) does not show any correlation with Mgy gy for neither AGN type
(see (a)), being the Pearson correlation coefficients » = 0.21 and r = —0.059 for Seyferts 2
and LINERs, respectively. A similar behavior is presented in the chemical abundance ratio log;, (N/O)
(see (b)), although the correlation coefficients are slightly higher: r = 0.43 (Seyferts 2) and
r = 0.33 (LINERs). The ionization parameter log;, (U) remains practically constant, although in Seyferts
2 a slightly increase (r = 0.55) for Mgapy > 107 Mg is seen in (c).
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Figure 4.12: Chemical abundances 12 +log,, (O/H) (a) and log;, (N/O) (b) and ionization parameter log,, (U)
(c) vs the SMBH mass Mga g for AGN.
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4.5 Stellar mass

The relation between the ISM metallicity and the stellar mass was firstly observed for the Local Group
of galaxies [Van den Bergh (1968)]. The subsequent studies by Lequeux et al. [1979] and Kinman and
Davidson [1981] studying star-forming galaxies, corroborated the existence of such a relation in larger
samples of galaxies. In the recent years, this relation in star-forming galaxies has been confirmed in
several orders of magnitude larger samples at low redshift [Contini et al. (2002); Melbourne and Salzer
(2002); Lamareille et al. (2004); Tremonti et al. (2004)], and also at high redshift [Erb et al. (2006a);
Izotov et al. (2015); Gao et al. (2018); Torrey et al. (2019)]. More recently, studies of Seyferts 2 show
that this relation can be also applied for the NLR of this type of AGN at low [Thomas et al. (2019); Dors
et al. (2019)] and high [Matsuoka et al. (2018)] redshift.

Several models have been proposed in other to explain this metallicity-stellar mass relation in star-
forming galaxies. Some of them proposed a selective loss of metals from galaxies with shallow gravitational
potentials through galactic outflows [Tremonti et al. (2004)]. Others contemplate that, in average, high
mass galaxies evolve faster than low mass galaxies, so the ISM in the former ones is more rich in metals
[Erb et al. (2006b)]. There are also models that suggest that the recycled gas from previous periods of
star-formation can be richer in metals in high mass galaxies [Ma et al. (2015); Vincenzo et al. (2015)].
Nevertheless, the origin of this relation is still an open question. It must be noticed that Dors et al. [2019]
found that there is no such a correlation when the chemical abundances are derived by strong emission

line calibrators. A thorough and recent review of this topic can be found in Mailoino and Manucci [2019].

To analyze this issue in our sample of galaxies, their stellar masses are calculated by using the empirical
calibration, based on infrared magnitudes used in the Wide-field Infrared Survey Explorer (hereafter
WISE), presented by Cluver et al. [2014]. They found that the absolute magnitude in the W1-band (at
A = 3.4um), My, and in the W2-band (at A = 4.6um), Myy,, trace the stellar mass for galaxies at low
redshift by the relation:

M, [M,
log <[®]> = —2.54 (M, — Myy,) — 0.17 (4.5)
LW1 [LQ]
with:
L, [Lo] = 107 04(Mw, ~324) (4.6)

Putting together Equation (4.5) and Equation (4.6), the final relation is:
log,g (M, [Mg)]) = —2.54 (Mw, — Mw,) — 0.4 (M, — 3.24) — 0.17 (4.7)

The values of the absolute magnitudes measured in WISE were obtained after a crossmatching between
our sample of galaxies and the data presented in the Infrared Science Archive. The galaxy IC 10, classified
as star-forming galaxy, was not observed in WISE, so it is omitted in our study of the mass-metallicity
relation.

(a) and (b) show that a bias was introduced during the construction of the sample

(the KS-test provides a p-value =~ 0.015, so both distributions do not follow the same statistics), since
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Figure 4.14: Absolute (a) and relative (b) distributions of the stellar masses (M) for the different spectral types.

’ Spectral type ‘ Number ‘ Median | Std. Dev. ‘ Min. ‘ Max. ‘

Star-forming 86 9.03 0.75 5.39 | 10.63
Seyferts 2 16 9.65 1.03 6.85 | 10.81
LINERs 41 10.07 0.91 6.09 | 11.05

Table 4.8: Statistics of log, (M. [Mg]) for each spectral type.

the percentage of galaxies with stellar masses M, > 10%¢ My decreases while the percentage of galax-
ies with stellar masses in 10%? — 10%® M increases from the 28% to 38%. Analyzing the distribution
for each spectral type (see and Table 4.8), star-forming galaxies present a median value of
log,g (M. [Mg]) = 9.03£0.75, while in Seyferts 2 it is 9.64 +1.03 and in LINERs 10.07 £ 0.91. Therefore,
at face values, LINERs are hosted by the most massive galaxies (M, > 10'° M), followed by Seyferts

2 and star-forming galaxies, which is in good agreement with previous studies on the stellar mass distri-
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bution for star-forming galaxies and AGN [Kauffmann et al. (2003); Kewley et al. (2006); Vitale et al.
(2013); Thomas et al. (2019)].

Analyzing star-forming galaxies, the chemical abundance 12 + log,, (O/H) increases with the stellar
mass in the range 107 — 10 M (see Figure 4.15 (a)), which is the expected behavior due to the mass-
metallicity relation [Contini et al. (2002); Melbourne and Salzer (2002); Lamareille et al. (2004); Tremonti
et al. (2004); Erb et al. (2006a); Gao et al. (2018)]. However, while previous studies [Contini et al. (2002);
Tremonti et al. (2004); Maiolino and Mannucci (2019)] show that the relation flattens for M, > 10'° M,
the change in the slope in our study occurs at M, ~ 10° M. In the case of the chemical abundance
ratio logo (N/O), Figure 1.15 (c) shows that this abundance also scales with the stellar mass, implying
that mass-metallicity relation is also presented for log;, (N/O), as previously reported [Pérez-Montero
and Contini (2009); Amorin et al. (2010)]. In contrast with the mass-metallicity relation, the ionization
parameter log;, (U) presents higher values for galaxies with M, ~ 107 — 10® M), and a constant value
~ —3.3 for higher stellar masses.

Analyzing Seyferts 2, the chemical abundance 12 + log,, (O/H ) increases with the stellar mass for 13
out of 16 galaxies. The mass-metallicity relation for this AGN is more flattened than for star-forming
galaxies, as already reported by Thomas et al. [2019]. However, three galaxies (18% of Seyferts 2), NGC
660, NGC 3185 and NGC 3646, do not present such a relation (see Figure 4.15 (b)). Due to the small size
of the sample, this apparent rupture of the mass-metallicity relation requires a carefully re-examination
with a larger sample. The chemical abundance ratio log;, (N/O) and the ionization parameter log;q (U)
remain practically constant for all stellar masses (see Figure 4.15 (d) and (f)).

In the case of LINERSs, the plot 12+log;, (O/H) vs log;y (M) shows that there is no relation between
both quantities, with a Pearson correlation coefficient » = —0.043 (see also Figure 1.15 (b)), and with
a high dispersion of values for high stellar masses, M, > 10° M that emphasizes this statement. In
contrast, the chemical abundance ratio log;y (N/O) shows a saturation for high stellar masses, property
that most of their host galaxies verify. However, the lack of objects with stellar masses in 107 — 10° M,
(see Figure 4.15 (d)) does not allow to verify if the stellar mass-metallicity relation presented in star-
forming galaxies is also presented for this objects. Finally, the ionization parameter log;, (U) does not

show any particular trend (r = —0.07) with the stellar mass.
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5. Conclusions and future perspectives

5.1 General conclusions

Our study of the well-known Palomar Spectroscopic Survey has revealed that HCm code is a very efficient

tool to estimate chemical abundances in a large sample of galaxies. Firstly, this program can be used

with a set of strong emission lines that are available for optical spectroscopic surveys. Secondly, it can be

applied for both, star-forming galaxies and AGN. And thirdly, it does not assume any underlying relation

between the chemical abundance 12 + log;, (O/H) and the chemical abundance ratio log;, (N/O).

e Star-forming galaxies: The chemical abundance ratios of oxygen to hydrogen present a median

value similar to that measured for the Sun, although there is a small group of galaxies with sub-

solar abundances. This abundance is related to the chemical abundance ratio of oxygen to nitrogen,

demonstrating the existence of two groups of star-forming galaxies. For the first group, the chemical

abundance ratio log;, (N/O) is practically constant, behavior explained by the production of carbon

and oxygen in massive stars. For the second group, the chemical abundance ratio log;, (IV/O) scales

with 12 + log,o (O/H), explained due to the presence of an enriched ISM. Finally, the ionization

parameter log;y (U) shows a strong anti-correlation with the chemical abundance 12 +log;, (O/H).

e Seyferts 2: The chemical abundance 12 + log,, (O/H) shows the highest values in our sample,

with a median value slighty higher than that determined for the Sun. The chemical abundance ratio

log,y (N/O) does not show any particular trend with 12+log;, (O/H), contrasting with the behavior

observed for star-forming galaxies. The ionization parameter log;, (U) seems to be independent from

both chemical abundances.

o LINERs: The median chemical abundance 12+ log,, (O/H) is slightly lower than in Seyferts 2 and

star-forming galaxies. A similar situation is also found for the chemical abundance ratio log;, (N/O),

but star-forming galaxies show lower values for these parameter. As observed in Seyferts 2, both

chemical abundances are independent one from each other and also from the ionization parameter

logyo (U).

Although it was needed to reduce the original sample of galaxies to present reliable determinations

of the chemical abundances, our study of the host galaxy properties shows that no bias was introduced

in almost all the host galaxy properties analyzed, despite the distribution of stellar masses is slightly

modified.

The first host galaxy property analyzed is the morphology. From our study, the chemical abundance

12 + logyg (O/H) is slightly affected by the morphological type, although for star-forming galaxies there

73



Chemical abundances nearby galaxies 5. Conclusions and future perspectives

is an important decrease in irregular galaxies. The chemical abundance ratio log;, (V/O) is only affected
by the spectral type: being higher in Seyferts 2 than in LINERs or star-forming galaxies, that present
similar values. The ionization parameter log;, (U) changes with the morphology only for star-forming
galaxies, for AGN practically remains constant.

Our study of the absolute B-magnitude reveals that there is little correlation between this parameter
and the chemical abundances in star-forming galaxies. In the case of AGN, they are practically not
correlated. A similar behavior is observed in the H, luminosity. For AGN, the mass of the SMBH does
not introduce any change in the chemical abundances, that practically remain constant for Seyferts 2 and
show high dispersion for LINERs. For all this properties, the ionization parameter is virtually the same
for each spectral type.

The last property analyzed was the stellar mass, which is the property more correlated with the
chemical abundances for star-forming galaxies and Seyferts 2. This is the expected behavior from the
mass-metallicity relation that was previously observed for both spectral types. However, the chemical
abundances in LINERs do not present such a relation with the stellar mass.

The ionization parameter log;, (U) has been probed to be the best tool for distinguishing among
star-forming galaxies, Seyferts 2 and LINERs. Our study shows that this parameter is not affected by
any host galaxy property, only the spectral type induces significant changes in log;, (U): the ionization
parameter is higher for Seyferts 2, followed by star-forming galaxies and then by LINERs.

Our complementary analysis of composite galaxies (see Annex I) shows that the distribution of chem-
ical abundances and their behavior with the different host galaxy properties fits better with the relations
observed for star-forming galaxies. In addition, if they are considered as AGN, the chemical abundance
12 +log; (O/H) presents sub-solar values for almost all composites. However, there is still a small group

of composite galaxies that can only be considered as AGN.

5.2 Future perspectives

Our analysis of the Palomar Spectroscopic Survey shows that HCm can be used to derivate the chemical
abundances and ionization parameter for star-forming galaxies, Seyferts 2 and LINERs. However, the
Palomar Survey presents two problems: 1) due to the limited spectral coverage, not all the emission lines
that can be used in the code are measured; and, 2) the sample of Seyferts 2 is small. Once the soundness
of our methodology is demonstrated with this study, it might be applied to larger samples of galaxies and
with better spectral coverage, so as to revisit several results obtained in this study for small samples of
galaxies.

In addition, our methodology may be also applied to high spatial resolution spectroscopic data of the
NLR in AGN in order to evaluate whether the contribution from other mechanisms is important. In the
case of composite galaxies, this high resolution view may provide new insights on how important is the

contribution of star formation in the photoionization process, giving rise to their emission lines.
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Annex I: Analysis of composite galaxies

The nature of composite galaxies is still an open question in the study of AGN and star-forming galaxies,
since they are considered to be a mixture between both spectral classes (see section 1.3 for more details).
Consequently, there is no criterion to determine which SED (star-forming or AGN) must be selected for
these galaxies. In order to avoid any kind of bias in our study, the chemical abundances and ionization
parameters of composite galaxies are calculated with both SEDs: the results obtained for composite
galaxies as star-forming galaxies are denoted hereinafter as composites treated as SFG (for simplicity)
while those obtained considering composite galaxies as AGN are denoted hereinafter as composites treated

as AGN. The results for these galaxies are shown here.

A.1 Chemical abundances

In the case of composite galaxies, there are two results for the two models considered (star-formation or
AGN activity). By following the criterion shown in Equation (3.2), some of the composite galaxies only
present reliable results under one model. Those galaxies and their derived parameters are presented in
Table A.1 (treated as SFG) and in Table A.2 (treated as AGN).

Name 12 4 log,o (O/H) | logo (IN/O) log, (U)

NGC 63 7.57+£0.18 —0.77+£0.33 | —2.55£0.20
NGC 697 8.62 £ 0.08 —0.54£0.25 | —3.08+£0.13
NGC 2268 7.70 £ 0.24 —0.64+£026 | —2.75+£0.26
NGC 3367 7.83 £0.29 —0.96 £0.36 | —2.87+0.15
NGC 4123 7.699 £ 0.29 —091£034 | —2.67+£0.19
NGC 5806 8.62 £ 0.06 —0.69+0.31 | —3.17+0.12
NGC 7798 8.67 £ 0.05 —0.53£0.21 | —3.246 + 0.08

Table A.1: Chemical abundances of composite galaxies that only present reliable results considering the star-
formation model.

Considering the remaining composite galaxies (33 objects in total), only two of them (namely NGC
2782 and NGC 6500) present compatible results under both models, i.e., they are not affected by the SED.
The remaining composite galaxies show a considerable discrepancy between both models as a consequence
of the determination of 12+ log;, (O/H). This result can be seen in the histogram of O/H in
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Name 12 + logy (O/H) | logyo (IN/O) | logyo (U)

NGC 2776 7.72£0.17 —0.39£0.22 | —3.44£0.15
NGC 3423 8.14 + 0.23 —0.74£0.29 | —3.621+0.13
NGC 4254 7.75+0.17 —0.41+£0.27 | —3.38+=0.15
NGC 6689 8.35 £ 0.28 —-0.94£0.27 | —3.39£0.19

Table A.2: Chemical abundances of composite galaxies that only present reliable results considering the AGN

Figure A.1:
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CHemical abundances obtained for composite galaxies: 12 + log;, (O/H) (top left) and log,, (N/O)
(top right). For both histograms, the blue (pink) color represent the results considering the star-
forming (AGN) model. The solid lines represent the median values and the dashed lines the standard
deviations (black color if they are treated as SFG and green if they are treated as AGN). The bottom
plot shows log, (N/O) vs 12 + log,, (O/H).

The diagram N/O vs O/H (see Figure A.1, bottom panel) shows that composites treated as SFG fit

the behavior of the star-forming galaxies discussed in subsection 3.3.2. If they are considered as AGN, the

range of values better fits the distribution seen in LINERs. In order to quantify these trends, a KS-test

was done for each spectral class (see results in Table A.3). The p-values obtained for 12 + log,, (O/H)

reject the hypothesis that composite galaxies are either star-forming galaxies, Seyferts 2 or LINERs, while
the results obtained for log;q (N/O) show that they could be considered as AGN. However, the extremely
low median value 12 + log,o (O/H) = 7.91 £ 0.19 obtained for composites treated as AGN reveal that
they cannot be grouped in that spectral types.

The results for the oxygen abundance in composite galaxies show that, by setting the AGN SED, the
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Distributions

O/H*

N/O*

N/O**

O/H Star-forming

6.5-10~11

N/O Star-forming

6.12-10~4

O/H Seyferts 2

2.1-1079

N/O Seyferts 2

0.11

O/H LINERs

1.8-10712

N/O LINERs

0.0041

Table A.3: P-values obtained trough a KS-test for
SFG.**Composite galaxies treated as AGN.

chemical abundance is lower (see

each

distribution.*Composite galaxies treated as

, top left panel and Table 3.8). This result contrasts with
the distributions for Seyferts 2 and LINERs, which tend to present higher abundances than star-forming

regions, suggesting that most composite galaxies are indeed star-forming.
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Figure A.2: Diagram log;, (N/O) vs 12 + log;, (O/H) for AGN and composites treated as AGN.

The nitrogen to oxygen abundance ratio presents a slightly increase from the star formation SED to
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the AGN one (see , top right panel). This increase for the AGN model is in good agreement
with the range of values obtained for both Seyferts 2 and LINERs (see Table 3.8), and is also reinforced
by the KS-test.

While there is no distinction in the 12 + log;, (O/H) vs log;, (N/O) diagram between Seyferts 2 and
LINERs, if composite galaxies are included (see ), a clear separation between AGN and com-
posites can be seen. This is a expected result since the AGN SED provides lower values for the oxygen

abundance.

X-ray observations of composite galaxies [Della Ceca et al. (2001); Panessa et al. (2005)] show compact
central sources in those objects and AGN emission. In addition, several studies have been done in order
to determine the AGN contribution for the composite galaxies in both optical [Davies et al. (2014b.a);
Thomas et al. (2019)] and infrared [Imanishi et al. (2011)] ranges. In this complex picture, the extremely
low chemical abundances 12 + log;, (O/H) obtained when they are considered as AGN reveal that they
are more likely star-forming galaxies, but there are also some galaxies (NGC 2776, NGC 3423, NGC 4254
and NGC 6689) that can only be treated as AGN.

A.2 TIonization parameter
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Figure A.3: Variation of the chemical abundances 12+log,, (O/H) and log;, (N/O) with the ionization parameter
log,o (U) in composite galaxies.

For composites that can only be treated as SFG, their ionization parameters (see Table A.1) are

compatible with the range of values obtained for star-forming galaxies. In the case of composites that
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can only be treated as AGN, those values (see Table A.2) are only compatible with the range of values
for LINERs. The median value for the composites treated as SFG is log;, (U) = —3.13 £ 0.17, with a
minimum of —3.25 and a maximum of —2.55, while when they are treated as AGN, the median value
drops to log;, (U) = —3.57 £ 0.23, ranging from —3.85 to —2.80. The results from the KS-test show that
the p-value comparing composites as SFG and star-forming galaxies is low (4.1-1075) but also comparing
composites as AGN with Seyferts 2 and LINERs (obtaining 1.4 - 10713 and 4.92 - 1074, respectively).
However, the upper limit found in composites treated as SFG is in good agreement with that obtained

for star-forming galaxies (see subsection 3.4.1 for a more detailed discussion).

The analysis of the chemical abundances as a function of the ionization parameter reveals that 12 +
log,o (O/H) decreases (the Pearson correlation coefficient is » = —0.92) with log;, (U) for composites
treated as SFG (see Figure A3, the top panel). A similar result is obtained for star-forming galaxies (see
subsection 3.4.1). However, either they are treated as SFG or as AGN, there is no correlation between
logg (N/O) and log;, (U) (see Figure A3, bottom panel), being the correlation coefficients » = —0.39
(star-forming model) and r = —0.30 (AGN model).
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25.0% Composites Composites
(as SFG) (as AGN)

20.0% 1 20.0% 1
15.0% - 15.0% 1
10.0% A 10.0% 1

5.0% - 5.0% -

0.0% - 0.0% :

-35 -3.0 -25 -2.0 -15 -35 -3.0 -25 -2.0 -1.5
log10(U) log10(U)

Figure A.4: Distributions of the ionization parameter log,, (U) for composite galaxies under both SEDs.

A.3 Metallicity and host galaxy properties

From our study in subsections A.1 and A.2, three different groups of composite galaxies should be con-

sidered. The first group is made up from those composite galaxies (7 in total) that only present reliable
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determinations of their chemical abundances under the SFG model (hereinafter SFG composites), that are
listed in Table A.1. The second group is composed by those galaxies (4 in total) that only present reliable
determinations under the AGN model (hereinafter AGN composites) and they are listed in Table A.2.
The remaining composite galaxies (33 in total) constitute the third group, and they are characterized for
having reliable determinations under both models, SFG and AGN. This group maintains the denomina-
tion composite galazries, and the terminology introduced in subsection 3.2.3 (treated as SFG or treated as

AGN) is used to distinguish between the results from the two models.

A.3.1 Morphology

—— SFG composite 100% —— SFG composite
124 —— AGN composite —— AGN composite
—— Composite —— Composite

80% -

81 60% -
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\rt \rr

Morphology Morphology

Figure A.5: Absolute (a) and relative (b) distributions of the morphology (considering only the types defined in
Table 4.1) for the three groups of composite galaxies.

Group | Number | Perc.* (% ) | Median | Std. Dev.* | Minimum | Maximum
SFG composite 7 15.9 5.00 0.76 3 99
AGN composite 4 9.1 5.50 0.83 5 7
LINERs 33 75 3.00 2.66 -3 99

Table A.4: Morphological statistics for composite galaxies. *The percentage (Perc.) is calculated considering only
the sample of 44 composite galaxies. **The standard deviationis calculated considering only galaxies
with morphological types T' < 10.

Considering the distribution of composite galaxies for the different morphological types (see
and Tables A.4 and A.5), roughly ~ 80% of composites present a spiral morphology (mainly I.S.). While
this result is in good agreement with the previous study by Panessa et al. [2005], it contrasts with that by
Ho et al. [1997b], who obtained that > 30% of composite galaxies are hosted by elliptical and lenticular
galaxies. In our sample, no composite galaxy has an elliptical morphology and just only 11.4% of them
are lenticulars. Although Ho et al. analyzed the Palomar Survey, this discrepancy might be explained
due to the filters applied to construct our sample (see section 2.2) and the differing criterion to classify

composite galaxies (see section 1.3). The KS-test shows that the morphological distribution in composite
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Morphology \ SFG Composite \ AGN Composite \ Composite ‘ Total \ Percentage (%) ‘
E 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 0.0

S0 0 (0.0%) 0 (0.0%) 5 (15.2%) 5 114

ES 0 (0.0%) 0.0 (0.0%) 7 (21.2%) 7 15.9

IS 3 (42.8%) 0 (0.0%) 13 (39.4%) | 16 36.4

LS 2 (28.6%) 4 (100.0%) 6 (182%) | 12 27.3

Irr 0 (0.0%) 0 (0.0%) 1 (3.0%) 1 2.3

Irr. Non. Mag. 0 (0.0%) 0 (0.0%) 0 (3.0%) 0 0.0

Pec 2 (28.6%) 0 (0.0%) 1(3.0%) 3 6.8

Sum \ 7 (100%) \ 4 (100%) | 33(100%) | 44 | 100.0

Table A.5: Distribution of composite galaxies for each morphological type.

galaxies is similar to Seyferts 2 (p-value &~ 0.54), but clearly differs from those observed in star-forming
galaxies (p-value ~ 0.00084) and LINERs (p-value ~ 0.0054).

In the case of SFG composites, the chemical abundance 12 + log, (O/H) presents compatible values
(within the errors) for both IS and peculiar galaxies, 8.61+£0.44 and 8.12+0.55, respectively (see
(a)). However, it drops to 12 +log;, (O/H) = 7.76 £ 0.06 in LS galaxies. A similar behavior is observed
for log;o (N/O) (see

to LS galaxies. This behavior is expected in star-forming galaxies since 12+1log;, (O/H) is anti-correlated

(b)). The ionization parameter log,, (U) increases from peculiar and IS

with the ionization parameter (see subsection 3.4.1 for more details). This change observed in LS galaxies
must be confirmed with larger samples, since only two galaxies (NGC 697 and NGC 3367) have this
morphology.

Analyzing AGN composites, which only have a LS morphology, both chemical abundances are com-
(c)) is

lower than in SFG composites, as a consequence of the change in the SED (from star-forming to AGN).

patible with the results obtained for SFG composites, but the ionization parameter (see

Finally, composites show little variation among the different morphological types in their chemical
abundances and ionization parameter. This result is independent of considering either a star forming or
an AGN SED. If composite galaxies are treated as SFG, their chemical abundances agree with those ob-
tained for SFG galaxies, with the exception of LS galaxies, where the results for SFG and AGN composite

galaxies are only compatible with those obtained for composite galaxies treated as AGN.
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Figure A.6: Chemical abundances 12+4log,, (O/H) (a) and log;, (N/O) (b) and ionization parameter log,, (U) (c)
for each morphological type. The points correspond to the median value, the error bars marked with
“-” denote the standard deviation and the error bars marked with “x” the minimum and maximum

value for each morphology.
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A.3.2 Absolute B-magnitude

The distribution of Mg for composite galaxies is shown in and Table A.6. For SFG composites
and composite galaxies, the distribution is almost symmetric with the same median value M% = —20.10.
This symmetry, clearly seen for star-forming galaxies and AGN (see section 4.2), is completely broken
for AGN composites, likely due to the small size of the sample (4 galaxies). The median values obtained
are closer to those obtained for AGN (M% < —19.9) than for star-forming galaxies (M9 = —19.48). In
addition, the KS-test shows that the distribution of Mg, for composites differs from that obtained for star-
forming galaxies (p-value ~ 0.002) but it is pretty similar to those obtained for both Seyferts 2 (p-value
~ 0.33) and LINERs (p-value ~ 0.93).

—— SFG Composite 50% — —— SFG Composite
10 —— AGN Composite —— AGN Composite
—— Composite —— Composite

40% A
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Figure A.7: Absolute (a) and relative (b) distributions of absolute B-magnitudes (M%) corrected from reddening
for composite galaxies.

’ Group ‘ Number | Median ‘ Std. Dev. ‘ Min. ‘ Max. ‘
SFG composite 7 -20.10 0.66 -21.21 | -19.05
AGN composite 4 -19.77 1.41 -20.85 | -17.58
Composite 33 -20.10 1.23 -21.74 | -16.01

Table A.6: Statistics of the absolute B-magnitude for the different groups of composite galaxies.

Considering the star formation model in composite galaxies, 12+ log;, (O/H) remains constant at the
solar value =~ 8.6 (see (a)), which is the behavior observed in star-forming galaxies at high
luminosities (M$% < —19.5). However there is a group of six galaxies (NGC 63, NGC 2268, NGC 2782,
NGC 3367, NGC 4123 and NGC 6500) that present sub-solar abundances (12 +log,, (O/H) < 8.0). The
ionization parameter log,q (U) (see (e)) does not present any correlation with M%, being the
Pearson coefficient 7 = 0.056. The chemical abundance ratio log;y (N/O) shows a slightly increase, but
the correlation is low (r = 0.37).

Considering the AGN model for composite galaxies, the ionization parameter log,, (U) (see
(f)) does not correlate with M% (r = 0.021), similarly to what is obtained under the star formation model.

The chemical abundance ratio log;, (N/O) seems to increase with MY, but the correlation is not significant
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and composites treated as AGN.
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(r =0.48). (b) shows that there is a slightly decrease in 12 +log, (O/H) with the luminosity,

although it is not significant (the Pearson correlation coefficient is r = 0.63).

A.3.3 H, luminosity

The distribution of the corrected H, luminosity (see and Table A.7) shows that SFG composites
present higher median values than other composite galaxies. The p-values obtained through the KS-test
show that the distribution of L (H,) in composite galaxies is similar to that obtained for Seyferts 2
(p-value ~ 0.88), but clearly differs from that observed in star-forming galaxies (p-value =~ 0.0024) or
LINERs (p-value ~ 0.00018).
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Figure A.9: Absolute (a) and relative (b) distributions of H, luminosities (L (H,)
for composite galaxies.

corr) corrected from reddening

] Spectral type ‘ Number | Median | Std. Dev. ‘ Min. ‘ Max. ‘

SFG composite 7 40.44 0.53 39.58 | 41.37
AGN composite 4 38.64 0.76 37.85 | 39.53
Composite 33 39.78 1.11 37.29 | 41.77

Table A.7: Statistics of log;, [L (Ho) for composite galaxies.

corr]

Considering the star formation model for composite galaxies, 12 + log;, (O/H) remains constant for
all luminosities, the behavior observed in star-forming galaxies for luminosities L (H,) > 103 erg - s71.
Again, the group of six galaxies with sub-solar chemical abundances is seen in . The chemical
abundance ratio log;, (V/O) and the ionization parameter do not correlate (the correlation coefficients
are in both cases below r < 0.3) with H, luminosity (see (c) and (e)), similarly to what is
observed in star-forming galaxies.

If the AGN model is considered for composite galaxies, the chemical abundance ratio log;, (N/O) is
practically constant (see (b)). The chemical abundance 12 +log;, (O/H) shows an apparent
anti-correlation (the Pearson correlation coefficient is r = —0.66) with L (H,), behavior that contrasts
with that obtained for Seyferts 2 and LINERs, where both quantities are not correlated. The ionization

parameter is little correlated (r = 0.27) with L (H,), as it was obtained for the star formation model.
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Figure A.10: Chemical abundances 12+log;, (O/H) (a) and (b), log;, (N/O) (c) and (d) and ionization parameter

log,o (U) (e) and (f) vs the corrected H, luminosity (logy, [L (Hq)

CO’I"I’] )

. The left column shows the

results for SFG composites and composites treated as SFG and the right column those for AGN

composites and composites treated as AGN.
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A.3.4 Supermassive black hole

This study is focused on AGN composites and composites treated as AGN, where the determination of
the mass of the SMBH by Equation (1.2) is applied. This relation is found for galaxies presenting bulge
structure in their nuclei, so the composite galaxy NGC 2342, which has a spiral peculiar morphology, is
excluded from this study, since its morphology is irregular. In addition, 4 galaxies (NGC 404, NGC 2776,
NGC 3917 and NGC 6689) present a black hole mass below 10° M, the low limit for SMBH [Greene et al.
(2019)], so they are omitted from this study too. The median value Mgy gy = 10586097 M is below
that observed for Seyferts 2 (10748084 A7) and LINERs (10817#991 Af.)) and the KS-test suggests
that the Mgy gy distribution in composite galaxies differs from that in Seyferts 2 (p-value ~ 0.053) and
LINERs (p-value ~ 0.00069).
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Figure A.11: Absolute (a) and relative (b) distributions of the SMBH masses log,, (Msaypm [Mg]) for composite
galaxies. The solid vertical lines represent the median values and the dashed vertical lines the
standard deviations.

] Group Number | Median ‘ Std. Dev. ‘ Min. ‘ Max. ‘
AGN composite 2 5.66 0.52 5.14 6.18
Composite 30 6.86 0.97 5.13 8.48

Table A.8: Statistics of log,y (Msampr [Mg]) for composite galaxies.

As it was obtained for Seyferts 2 and LINERs, the ionization parameter does not correlate (the Pearson
coefficient is r = 0.17) with the SMBH mass (see (¢c)). However, the chemical abundances
12 4 log,y (O/H) and log;, (N/O) practically remain constant for all masses (see (a) and
(b)), contrasting with the dispersion of values observed for both Seyferts 2 and LINERs.
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Figure A.12: Chemical abundances 12 +log,, (O/H) (a) and log;, (N/O) (b) and ionization parameter log,, (U)
(c) vs the SMBH mass Mgppp for AGN composites and composites treated as AGN.
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A.3.5 Stellar mass

The distribution of stellar masses for composites is presented in and Table A.9. The median

value, M, = 10949055 Mo is slightly higher than that obtained for star-forming galaxies (109-93+0-75)

109'65i1'03), a result already reported by previous studies [Kauffmann

and similar to that for Seyferts (
et al. (2003); Kewley et al. (2006)]. The KS-test shows that the stellar mass distribution in composite
galaxies is similar to that observed for Seyferts 2 (p-value ~ 0.38), but pretty different from that obtained

for star-forming galaxies (p-value = 2.3 - 107%) or LINERs (p-value ~ 0.00011).
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Figure A.13: Absolute (a) and relative (b) distributions of the stellar masses (M, ) for composite galaxies.

’ Spectral type ‘ Number ‘ Median ‘ Std. Dev. ‘ Min. ‘ Max.

SFG composite 7 9.56 0.37 8.98 9.99
AGN composite 4 9.04 0.55 8.54 9.94
Composite 33 9.47 0.55 7.99 | 10.309

Table A.9: Statistics of log;, (M. [Mg]) for composite galaxies.

Considering the star formation model, the plots of the chemical abundances and ionization parameter
vs the stellar mass presented in show that log;y (U) does not correlate with the stellar
mass (the correlation coefficients are 7 = —0.10) and the chemical abundance ratio log;, (IV/O) is little
correlated (r = 0.45). The chemical abundance 12 + log,o (O/H) practically remains constant.

For the AGN model, log;, (U) does not correlate with the stellar mass (r = —0.013), the chemical
abundance 12+log;, (O/H) seems to be anti-correlated for low stellar masses (M, < 10%) and the chemical
abundance ratio log;q (N/O) shows a slightly increase, but both Pearson correlation coefficients are not

significant (r = —0.38 and r = 0.38, respectively).
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Figure A.14: Chemical abundances 12+log;, (O/H) (a) and (b), log;, (N/O) (c) and (d) and ionization parameter
log,o (U) (e) and (f) vs the stellar mass (logyq (M, [Mg])). The left column shows the results for
SFG composites and composites treated as SFG and the right column those for AGN composites

and composites treated as AGN.
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