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To the Universe — ever simple, ever silent. The complexity lies not in its nature,
but in our need to understand it.
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ABSTRACT

The evolution of galaxies is a wide field in astrophysics that can be studied through several ap-
proaches, being one of them the analysis of the chemical content of the interstellar medium (ISM).
Big Bang Nucleosynthesis predicts a well constrained composition for the ISM, and any deviation
from these initial conditions must be attributed to the different star formation processes that govern
galaxy evolution and which are eventually shaped by hydrodynamical processes (inflows, outflows,
...) within galaxies.

The ionized gas offers a unique opportunity to analyze the chemical composition of the gas
surrounding the most energetic events within galaxies such as star formation, Active Galactic Nuclei
(AGN) or shocks, allowing us to understand the present-day composition of the gas that fuels and
witnesses these events. Specifically, emission lines from the gas-phase ISM are key to constrain their
physical and chemical properties, being collisionally excited lines (CELs) the best resource due to
the their brightness in comparison to recombination lines (RLs).

Studies analyzing chemical properties, essentially traced by the oxygen content, of the ionized
gas have been historically performed on galaxies whose activity is dominated by star formation
(star-forming galaxies, SFGs) and by means of optical spectroscopic observations, which are easily
retrieved from ground-based observatories for low-redshift galaxies. In the recent decades, these
studies have been complemented with the analysis of AGNs, also relying on optical observations.
High-redshift galaxies have been targeted as well, although in this case optical observatories (en-
hanced by space-based missions allowing deeper surveys) retrieved rest-frame ultraviolet (UV)
spectra, using a similar approach to that developed for optical observations. With the advent of
JWST and its potential for galaxies up to redshift (z ~ 10), we are now able to analyze chemical
enrichment in the early Universe.

Optical and UV studies present several disadvantages. Both of them, specially the UV, are ex-
tremely affected by dust extinction and attenuation, and dusty regions might remain unobserved by
optical and UV tracers. Optical and UV CELs are strongly dependent on the physical properties of
the ISM, being the electron temperature a very important factor in their emissivity, and establishing
a temperature threshold below which these emissions lines are too faint to be observed. Overall,
optical [3000A — 9600A] and UV [900A — 3000A] studies are biased towards regions that match
the proper conditions for a proper analysis. This incomplete picture of the chemical enrichment
must be complemented with infrared (IR) observations [9600A — 700um].

IR emission lines are almost insensitive to interstellar dust, given us a unique window for the
analysis of dusty regions in galaxies. Due to the involved atomic transitions, temperature effects are
mostly mitigated, allowing us to observe cold regions, and avoiding the problem of having a proper
constrained for the temperature and density conditions within the ionized gas. The great variety of
emission lines observable in the IR regime not only allows us to perform chemical diagnostics of
the ISM; but also robust constraints on the dominant ionizing sources.

This thesis presents a detailed analysis on the use of IR emission lines to perform chemical
evolution studies based on the composition of the gas-phase ISM. By means of the large amounts of
archival data from past IR missions, we show the potential of IR emission line studies for ongoing
(JWST, ALMA) and future (METIS) missions. We present our technique that we have developed
based on photoionization models (HII-CHI-MistrY-IR), which follows a robust methodology whose
validity has already been probed in other spectral regimes (optical and UV, and that can be applied
for both SFGs and AGNs. We have structured the thesis as a transition from the optical to the
infrared regime.
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In the first chapters, we show the limitations of optical studies to assess the proper ionizing nature
of the gas-phase ISM, using integral field spectroscopic data to analyze a sample of low-luminosity
AGNs, whose ionizing nature is still puzzling. Our analysis of the nuclear regions reveals that
even with the limitations of optical studies, an analysis of the chemical enrichment history of these
galaxies can be performed if a robust methodology that analyzes the chemical composition as traced
by a primary (oxygen) and secondary (nitrogen) elements is used. Moreover, the analysis of the
chemical abundance radial gradients reinforces this conclusion.

In the remaining chapters, we show the use of our methodology for IR emission lines, showing
that IR regime allows for a robust estimation not only of oxygen and nitrogen, but also of sulfur
which is supposed to be less affected by dust depletion and, its relative abundance to oxygen is
useful to assess the impact of dust depletion and whether nucleosynthesis of sulfur and oxygen
follows the expected trend (i.e. a constant ratio). We also apply our methodology to a sample
of (Ultra)-Luminous Infrared Galaxies [(U)LIRGs] which are characterized by large amounts
of dust that shield their star formation processes. We obtain that, contrary to what it is inferred
from optical studies, the majority of them do not deviate from the standard relations reported in
the local Universe for SFGs and that the nitrogen content is essential to determine the chemical
enrichment history in galaxies that suffer from strong hydrodynamical processes (as it is the case
for the deep-diving phase).

Overall, these results highlight the importance of IR studies in the future years to complement
our picture of chemical evolution in galaxies, understanding the possible differences among them
depending on their dominant ionizing activity.



RESUMEN

La evolucién de las galaxias es una amplia rama de la astrofisica que puede ser estudiada de varias
maneras, siendo una de ellas el andlisis de la composicién quimica del medio interestelar. La nucleo-
sintesis del Big Bang predice una clara composicién para el medio interestelar, y cualquier desviacién
de estas condiciones iniciales debe ser adscrita a los diferentes procesos de formacién estelar que
rigen la evolucién de galaxias, y que son ocasionalmente alterados por procesos hidrodindmicos
(entrada y/o salida de gas, ...) en las galaxias.

El gas ionizado ofrece una gran oportunidad para analizar el contenido quimico del gas que
rodea los eventos mas energéticos de las galaxias, como formacién estelar, Nticleos Activos o
choques, permitiéndonos comprender la composicién del gas en el momento actual, que sirve
como combustible y testigo de dichos eventos. En concreto, las lineas de emisién que emite la fase
gaseosa del medio interestelar son claves para restringir las propiedades fisicas y quimicas, siendo
las lineas excitadas colisionalmente el mejor recurso debido a su brillo en comparacién con las de
recombinacion.

Estudios analizando las propiedades quimicas, principalmente por medio del contenido de
oxigeno, del gas ionizado se han llevado a cabo, histéricamente, en galaxias cuya actividad esta
dominada por formacién estelar y por medio de observaciones espectroscépicas 6pticas, que son
realizadas de forma sencilla con observatorios en tierra para galaxias a bajo corrimiento al rojo. En
las tltimas décadas, estos estudios se han complementado con el analisis de galaxias que contienen
Ntcleos Activos, por medio también de observaciones 6pticas. Galaxias con alto corrimiento al
rojo han sido también estudiadas, aunque en estos casos los observatorios 6pticos (con ayuda de
misiones en el espacio que permiten observaciones méas profundas) proporcionan el espectro en
reposo del ultravioleta, usando ténicas similares a las desarrolladas para estudios 6pticos. Con la
llegada del JWST y su potencial para estudiar galaxias muy distantes, ahora podemos empezar a
analizar el enriquicimiento quimico en las primeras fases del Universo.

Estudios en los rangos 6ptico y ultravioleta presentan varios inconvenientes. Ambos, pero espe-
cialmente el ultravioleta, estan afectados por extincién y atenuacién por polvo, y por ese motivo
algunas regiones caracterizadas por grandes cantidades de polvo pueden no ser observadas en
estos rangos. Las lineas excitadas colisionalmente en los rangos 6ptico y ultravioleta sufren una
fuerte dependencia de las condiciones fisicas del medio interestelar, siendo la temperatura de los
electrones un factor tan importante en su emisividad que establece un limite por debajo del cual
dichas lineas son tan débiles que apenas se observan. En resumen, los estudios basados en los
rangos Gptico [3000A —9600A ] y ultravioleta [900A —3000A ] estan sesgados a regiones que retinen
las condiciones necesarias para su andlisis. Esta imagen incompleta del enriquecimiento quimico
debe ser complementado con observaciones infrarrojas [9600A — 700um].

Las lineas de emisién infrarrojas apenas se ven afectadas por el polvo interestelar, ofreciéndonos
una oportunidad tnica para el andlisis de las regiones con més polvo de las galaxias. Gracias a
las transiciones atémicas involucradas, los efectos de la temperatura estdn esencialmente mitiga-
dos, permitiéndonos ademds observar regiones frias, y evitando el problema de tener una buena
estimacion de la temperatura y densidad de los electrones del gas ionizado. La gran variedad
de lineas de emisién observables en el rango infrarrojo no solo nos permite realizar estudios de
la composicién quimica, también nos proporciona herramientas adicionales para determinar las
fuentes de ionizacién dominantes.

Esta tesis presenta un andlisis detallado del uso de las lineas de emisién infrarrojas para realizar es-
tudios de evolucién quimica basados en la composicion de la fase gaseosa del medio interestelar. Por
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medio de las bases de datos con informacién de misiones dedicadas al rango infrarrojo, mostramos
el potencial de las lineas de emisién infrarrojas para misiones presentes (JWST, ALMA) y futuras
(METIS). Presentamos la técnica que hemos desarrollado basada en modelos de fotoionizacién
(HII-CHI-MistrY-IR), que sige una robusta metodologia cuya vélidez ya ha sido demostrada en
otros rangos espectrales (6ptico y ultravioleta), y que puede ser aplicada tanto a galaxias dominadas
por formacién estelar como por Nucleos Activos. Hemos estructurado la tesis como una transicién
desde el rango 6ptico hasta el infrarrojo.

En los primeros capitulos mostramos las limitaciones de los estudios 6pticos para determinar
la correcta fuente de ionizacién de la fase gaseosa del medio interestelar por medio de estudios
de unidad integral de campo espectroscépico en galaxias que contienen Nticleos Activos de baja
luminosidad (cuya naturaleza es atin incierta). Nuestro andlisis de las regiones centrales muestra
que incluso con las limitaciones de los estudios épticos, se pueden realizar andlisis de la historia de
enriquecimiento quimico de las galaxias si se utiliza una metodologia consistent que permite estudiar
la composiciéon quimica por medio de elementos primarios (oxigeno) y secundarios (nitrégeno).
Ademas, el andlisis de los gradientes radiales de abundancias quimicas refuerza esta idea.

En los siguientes capitulos, mostramos el uso de nuestro método para el estudio de lineas de
emision en el infrarrojo, demostrando que este rango espectral ofrece una robusta estimacién no
solo del contenido en oxigeno y nitrégeno, sino también de azufre que se supone estd mucho menos
afectado por deplecién en polvo, y cuya abundancia relativa al oxigeno es ttil para determinar
el impacto de la deplecién y si la nucleosintesis de ambos elementos sigue la tendencia esperada
(es decir, que es constante). También aplicamos nuestra metodologia a una muestra de galaxias
luminosas en el infrarrojo que estan caracterizadas por grandes cantidades de polvo que enmascaran
los procesos de formacién estelar. Obtenemos que, a diferencia de lo que indicaban los estudios
6pticos, la gran mayoria no se desvian de las relaciones obtenidas para galaxias en el Universo local,
y que el contenido en nitrogeno es crucial para determinar el nivel de enriquecimiento quimico
en galaxias que sufren de fuertes procesos hidrodindmicos (como ocurre en la fase de zambullido
quimico).

En resumen, estos resultados destacan la importancia de los estudios basados en el rango infrarrojo
en los préximos afios para complementar nuestra perspectiva de la evolucién quimica de las galaxias,
entendiendo las posibles diferencias que pueden surgir como consecuencia de las diferentes fuentes
de ionizacién que dominan la actividad de las mismas.
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Part 1

PREREQUISITES






INTRODUCTION

1.1 PHYSICS OF THE INTERSTELLAR MEDIUM

In the mid 2000s, Donald P. Cox wrote the following statement: The interstellar medium (ISM) is a
fascinating place to spend one’s life (D. P. Cox, 2005). Besides the poetry, this sentence actually evokes
the importance of the ISM in the cosmological context. First of all, the ISM is a direct witness of
all processes that shape galaxy evolution: star formation, quenching, aging, Active Galactic Nuclei
(AGN), interactions between galaxies, ... Secondly, the ISM plays an active role on those processes,
so understanding the main physical and chemical properties that characterize the ISM gives more
insight in what makes the difference among galaxies. And, thirdly, the ISM provides a complex
laboratory in which many physical processes (turbulence, radiation, ...) are important at different
scales. Thus, we might conclude that if not spending one’s life within the ISM, surely it is worthy
spending one’s life studying it.

1.1.1  The multiphase ISM

The ISM can be defined as the gas and dust, more or less mixed, that filled the space between
stars in galaxies. This intuitive and short definition does not account for what observations tell us:
that the ISM is complex, turbulent and multiphase. Indeed, observations of the ISM in our own
Galaxy reveals that the ISM presents a complex structure even at small scales (see for instance the
review by Frisch et al., 2011, on the ISM surrounding the Sun), it can be turbulent as demonstrated
by observations of nearby star-forming regions (e.g. Ha et al., 2022) and it has different physical
properties depending on its analyzed phase (e.g. D. P. Cox, 2005; Ferriére, 2001; Lequeux, 2005).

The idea of a multiphase ISM reflects that it can be separated in different components. Whereas
all these components are mixed at some degree and affected by several physical properties, their
differentiation comes from the observational constrain of using different spectral ranges. In terms
of the composition of the ISM, the gas can be divided into molecular, neutral atomic and ionized
atomic components (Lequeux, 2005). In terms of the characteristic temperature (T) of the gas, it
can separated into cold, warm and coronal components (D. P. Cox, 2005).

e Molecular gas: This is the coolest component T < 100 K (Lequeux, 2005; Madden et al., 2020;
Togi & Smith, 2016) and is also characterized by high densities n ~ 103 cm~3 (Lequeux, 2005).
It is composed by different species of molecules, being the most abundant H, (up to four
orders of magnitude, Togi & Smith, 2016), but direct observations mainly comes from other
molecules such as CO (e.g. Leroy et al., 2011; Saintonge et al., 2017; Schruba et al., 2012) or
even atomic transitions such as [C1] (e.g. Nesvadba et al., 2019; Valentino et al., 2020) or [C ]
(e.g. Béthermin et al., 2020; Schaerer et al., 2020; Zhao et al., 2024), which are available in the
radio, submillimeter and far-infrared regimes. The use of different molecule emission lines
(such as HCN, HNC, CO,..) can also provide insights on different physical properties of the
molecular gas (Aalto, 2007).

e Neutral gas: Also called atomic gas, this component presents two different phases: a warm
component characterized by moderate temperatures T ~ 10°> — 10* K and low densities n
~ 0.1 cm~3; and a cold component characterized by low temperatures T ~ 100 K and relatively
high densities n ~ 10 cm~3 (Dickey & Lockman, 1990; Kulkarni & Fich, 1985; Wolfire et al.,
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2003). These components are mainly traced by the Hi 21cm line, originated by the hyperfine
split related to the change in the electron’s spin with respect to the proton’s one (see Dutta,
2019, for a thorough review).

e Ionized gas: This is the hottest component of the gas and it might be divided into three
categories. The ionized gas or HII ionized gas is characterized by moderately high T ~ 10 K
and moderate densitiesn ~ 1 — 100 cm™3 (Kewley et al., 2019; Lequeux, 2005; Osterbrock &
Ferland, 2006), and it is found surrounding sources of hard radiation, able to ionize the ISM
(see later sections for more details). The diffuse ionized gas (DIG) is a little bit cooler T < 10* K
and less densen < 0.1 cm™3 (Berkhuijsen & Miiller, 2008; Haffner et al., 2009; Zurita et al.,
2000). Finally, there is also a very hot T > 10° K and low density n < 103 cm—3 component
usually called coronal gas (Grimes et al., 2005; Owen & Warwick, 2009; Strickland et al., 2004).
The hot coronal gas is clearly differentiated from the other two components, and it is observed
by its X-ray emission (e.g. Mineo et al., 2012; Owen & Warwick, 2009; Strickland et al., 2004).
The other two components (ionized and diffuse ionized) are mainly traced by their emission
lines, observable in the ultraviolet (UV), optical (opt) and infrared (IR) regimes (e.g. Kewley
et al., 2019; Maiolino & Mannucci, 2019; Osterbrock & Ferland, 2006), but the distinction
between them is not as clear (see McClymont et al., 2024, and references therein).

These highlighted phases refer to the gas that composes the ISM, but there is an extra ingredient,
the dust:

e Interstellar dust: Composed by solid particles of variable sizes between 0.3 nm and 0.3 ym
(Draine, 2003; Galliano et al., 2018). They absorb the emission from the stars and the ISM,
re-emitting it in the form of IR emission that can be modellized as modified black body
emission for a temperature of T ~ 10 K, depending on the dust size, composition and location
(e.g. Compiegne et al., 2011; Galametz et al., 2016; Hocuk et al., 2017; Relafio et al., 2016,
2020, 2022). There are many methods to trace dust properties such as direct IR spectroscopic
or photometric observations to model the Spectral Energy Distribution (SED) of dust (e.g.
Galliano et al., 2011), emission bands in the IR from aromatic compounds such as polycyclic
aromatic hydrocarbons (PAHs; e.g. Smith et al., 2007), silicate emission useful to traced hot
(T>100 K) dust (e.g. Hony et al., 2011) or ice absorption features (e.g. Yamagishi et al., 2015).

All components are equally important for the study of galaxy evolution. Molecular gas is essential
for star formation, as their fractal (from clouds to clumps to cores) but also turbulent structure
provides the conditions for the gas to gravitationally collapse and form stars as confirmed by theory
(e.g. Falgarone & Puget, 1985; Larson, 2005) and observations (e.g. Falgarone et al., 1991; Schneider
et al., 2011). Atomic gas acts as the reservoir from which molecular clouds can be formed (e.g.
Dutta, 2019) and also traces the interactions between galaxies due to its extended morphology (e.g.
Chung et al., 2009; Mihos et al., 2012). The ionized gas traces regions where recent star formation
activity (among many others) is taking place due to their proximity to massive, young stars (e.g.
Kehrig et al., 2008) and also to the later stages of their evolution such as planetary nebulae (PNe,
e.g. Ali etal., 2012) or Supernovae (SNe; e.g. Li et al., 2024), as well as activity from the nuclear
regions as in the case of Active Galactic Nuclei (e.g. Heckman & Best, 2014). Finally, dust is an
essential ingredient as molecules form in the dust grain surface (see Wakelam et al., 2017, for a
review), it prevents the overheating during the core-collapse that would lead to stars (e.g. Marchand
et al., 2016; Vallucci-Goy et al., 2024), and it is present on many of the stellar evolution phases (e.g.
Dell’Agli et al., 2023; Saikia et al., 2019).

In the present thesis we will focus on the ionized gas phase of the ISM, and, hereinafter any
reference to the gas-phase ISM will refer exclusively to the ionized component. The ionized gas is
easily detectable from its main cooling mechanism, emission lines (see Sec. 1.1.5 for more details),



1.1 PHYSICS OF THE INTERSTELLAR MEDIUM

and it is ubiquitous around most of the energetic processes that are related to galaxy evolution
(see Sec. 1.1.3). The great variety of emission lines detected in many spectral regimes, can be used
to provide constraints to the physical and chemical properties of the gas (see Sec. 1.2). Thus, the
ionized gas is a very valuable component of the ISM to efficiently study the present day rest-frame
energetic processes and their interplay with the gas.

1.1.2  Chemical enrichment in the ISM

The ISM contains the chemical footprints of the different processes that enrich the ISM. Thus, if we
know the primordial composition of the ISM from which galaxies and stars are formed, then we
can track the chemical enrichment process by accounting for the differences. We will briefly review
the main channels of element synthesis in the Universe, starting from the Big Bang Nucleosynthesis
and then to stellar nucleosynthesis.

1.1.2.1  Big Bang Nucleosynthesis

In the cosmological framework of the Big Bang Theory, during the early phases of the Universe
(~ 150 MeV-1MeV), the soup of light particles (quarks) that populate the Universe are bound
into hadrons, mainly protons and neutrons. Due to the higher mass of neutrons, its decay and
the temperature drop that favors the exothermic reaction of neutrons conversion into protons, the
ratio after this phase is 1 neutron:y protons. In other words, we would observe a Universe mainly
composed by protons, i.e., ionized hydrogen H™. This phase is called Baryogenesis (e.g. Affleck &
Dine, 1985; Pereira et al., 2023).
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Figure 1.1: Big Bang Nucleosynthesis nuclear reactions. The only stable isotopes are: H, D, >He, *He, °Li and
7Li (marked as yellow boxes). Figure taken from Gustavino (2014).

As energy drops, then the first nuclear reaction leading to the synthesis of an atom nuclei (besides
H) happens (~ 1-0.1 MeV): deuterium (D) production. This is the first step in a chain of reactions
that lead to the production of the very first light elements (Fields, 2023). Mainly hydrogen, helium
(He), lithium (Li) and beryllium (Be) isotopes are produced. The reactions are shown in Fig. 1.1.
The instability of atoms with mass of 5 and 8 particles, the Coulomb barriers and the cooldown
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of the Universe by its expansion limits to H, D, 3He, *He, °Li and “Li the atoms nuclei produced
during this phase (Cyburt et al., 2016). This phase is Big Bang Nucleosynthesis (BBN).

Among all the atoms produced in this phase, the most abundant is *He, as nearly all free neutrons
end up in such state(e.g. Cyburt et al., 2016; Fields, 2023). The predicted value for this abundance
is 12+log(H/He) ~ 11.39 (e.g. Cyburt et al., 2016), mostly in agreement with observations® (e.g.
Fernandez et al., 2018; Izotov et al., 2013). Other elements such as D and 3He are predicted to be 4
orders of magnitude less abundant than helium, and observations seem to confirm this prediction
(e.g. Cooke et al., 2022; Guarneri et al., 2024; Riemer-Sgrensen et al., 2017). Lithium, in addition
to being the least abundant element by nine orders of magnitude, presents a clear disagreement
between predictions and observations, leading to the so-called primordial lithium problem (see Fields,
2011; Makki et al., 2019, for reviews).

1.1.2.2  Stellar nucleosynthesis

Due to the BBN, first stars were formed from a material mainly composed by H and He, with a few
amounts of D and Li. Those stars altered the chemical composition of their gas by means of nuclear
fusion reactions (Iliadis, 2007). Here we will present a brief overview on these reactions and their
outcomes.

The basic reaction that fuels stars, whose presence is used as criterion to determine whether a
low-mass compact object is a star or a planet, is the H-burning, which occurs in stars with M>0.075
M, (Chabrier, 2003). By means of proton-proton chain reactions (pp-chains), protons are fused
to give D, which later on is fused with another proton to give 3He, which is fused later on with
another *He to provide two protons and the stable *He?.

Stars with sufficient mass (M = 0.33M,,; J. P. Cox & Salpeter, 1964; Hall & Jeffery, 2018) undergo
another later burning phase, but in this case using as fuel the He produced before. These He nuclei
are fused, by means of the triple-a process into carbon (1?C), which can fuse with another He nuclei
into oxygen (160), and 60 can also fuse into neon (?°Ne), although at a minor extent (e.g. deBoer
etal., 2017). Depending on the initial mass of the star, if M < 2.2 M, this He fusion is a runaway
event in which a large amount of energy is released very quickly, leading to the so-called He-flash
(e.g. Mocék et al., 2008).

Massive stars (M = 8M,; Arcones & Thielemann, 2023; Strieder, 2010) match the conditions for
stable C fusion. During this process, elements such as neon (?*’Ne), sodium (**Na), magnesium
(?42526Mg) and aluminum (?”Al). Neon burning also takes place in the same conditions, but it
requires a higher temperature, implying that it is more concentrated and that photodisintegrations
(Arcones & Thielemann, 2023; S. Jones et al., 2013) are important. Under this phase, elements
such as oxygen (1°O) or silicon(?829-39Si) are produced (e.g. Arcones & Thielemann, 2023). At
higher masses, oxygen burning can occur as well, leading to a great variety of elements: phosphorus
(3132P), sulfur (3132:3334G) chlorine (3°-37Cl), titanium (#°Ti), argon (363738 Ar), potassium (3°K)
and calcium (*°Ca) mainly (Arcones & Thielemann, 2023). In more massive stars (M= 11Mg;
Arcones & Thielemann, 2023; Strieder, 2010), the silicon burning phase occurs, and the different
products of previous burnings and photodisintegrations formed a wide variety of nuclei, up to iron
(56Fe), which is the element representing the turn-off point in the binding energy: heavier elements
will consume more energy than release in their production.

The schematic overview of the different burning phases conducts to the classic onion structure of
the burning shells, as each consecutive stage requires higher temperature and density (i.e. itis a
deeper layer of the core). However, there are numerous effects that induces departures from this

1 The primordial *He abundance is not directly observed, but rather estimated from the extrapolation of the trend between
“He and a metal Z to the value Z= 0.

2 Whereas this is the most probable reaction, there are other ways of producing He which are called branches of the
pp-chain involving other atoms such as 7Be and ”Li.
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Table 1.1: Stellar nucleosynthesis stable processes for different initial masses. * Denotes products from the

CNO cycles.
Initial masses | H-burning He-burning C-burning Ne-burning O-burning
0.08 —=1.2Mo | pp-chain No No No No
1.2-2Mo CNO* No No No No
2 -8Mo CNO Yes No No No
8 —-10 Mo CNO Yes Yes Yes No
=10 Mo CNO Yes Yes Yes Yes
Main He C,0O,Ne Ne,Na,Mg,Al 0O,Si PS,Cl
Products C,N,O,F* Ar,Si,Ti

scheme and lead to changes in the production of some species. One of these aspects is rotation.
Massive stars might also present rotational-driven mixing between layers, and can bring elements
such as (12C, 160) into the outer layers, in which CNO cycles (see Romano, 2022, for a review) will
lead to the production of nitrogen (1415N; Limongi & Chieffi, 2018; Maeder et al., 2014; Meynet &
Maeder, 2002; Przybilla et al., 2010). In the same way; if stars are born from a previously enriched
material, then they already have C, N and O to undergo directly the CNO cycle during the H-burning
phase, which is dominant in stars (M > 1.2 M; Arcones & Thielemann, 2023; Romano, 2022).

We present a summary of the main stages reviewed here in Tab. 1.1. We also highlight that other
physical processes change and shape stellar nucleosynthesis. Stellar mass losses impact life-times
and the cycle duration (e.g. Meynet et al., 2015). At low temperatures, some isotopes can liberate
neutrons that help in the production of heavier nuclei by slow neutron capture (s-capture) processes
(e.g. Reifarth et al., 2014). Explosive burning phases (when required mass or inner temperatures
for stable fusion are not matched) can also happen accompanied by proton rich (p)-processes (e.g.
Rauscher et al., 2002).

1.1.2.3 Latest stages in stellar evolution

We have presented above the main processes under which stars can synthesized elements during
their lives. However, these elements do not enrich the surrounding ISM while these stars are in the
main sequence. On the contrary, this enrichment process happens during the late stages of their
lives as the outer parts of stars are driven away by stellar winds or energetic events.

For low- and intermediate mass stars (M < 7M,,)), only the H- and He-burning (only stable for M
2 2 M) occurs, leaving a core constituted mainly by C and O (CO-dwarf), whereas the outer parts
are expelled by stellar winds, leading to the PNe (Busso et al., 2001). This leads to an enrichment
of C, N, F and elements from the s-capture process (e.g. Karakas & Lugaro, 2016; Kobayashi et al.,
2020a).

Moderate mass stars (7 Mgy S M < 10 My, ), depending on the efficiency of the stellar winds, might
undergo the carbon fusion leaving a ONeMg core (Doherty et al., 2017) or even further burning
phases (Leung & Nomoto, 2019). These stars undergo a phase called electron capture supernovae
which is a favorable site for rapid neutron capture (r-capture) processes that produce heavy atoms
(Kobayashi et al., 2020a).

Massive stars (M = 10 M) are the only ones that can undergo stable O and Si burning, character-
ized by the presence of an Fe-core. However, their fate is the most complex one, supernovae events
(see Kobayashi et al., 2020a, for a thorough discussion on the model limitations). The core will
eventually collapse due to the nuclear particle interactions, until nuclear forces stop the contraction,
producing a shock wave which can enhance the production of the outer burning layers (Arcones
& Thielemann, 2023; Curtis et al., 2019). The release of neutrinos as well as the outcome from the

7
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collapse of the star, leaving a neutron star or a black hole, are also important for the production of
heavier elements (see Arcones & Thielemann, 2023; Kobayashi et al., 20204, for thorough reviews).

As a remarkable note, most of the stars are supposed to be born in binary systems and this systems
also contribute to the synthesis of elements. Type la supernovae are thought to be produced in
systems characterized by a CO-dwarf and a main-sequence or red giant star (Kobayashi et al., 2020b).
These systems are important contributors to the production of heavy metals such as manganese
(Mn), copper (Cu) or zinc (Zn) among others (Kobayashi et al., 2020b, 2020a).

1.1.3 lonizing sources and their prevalence on galaxies

The ionized gas receives its name because it is composed by ions from atoms that have lost electrons
as a consequence of ionization, i.e. atoms gain enough energy which allows the release of electrons
into the medium. Thus, an important aspect to understand the ionized gas is having a clear idea on
the nature of the ionizing sources (see Fig. 1.2), distinguishing between photoionization (release of
very energetic photons) or other mechanisms, such as shocks or cosmic rays. The ionizing front of
each source limits the available photons and, consequently, the ions that will be expected in the
surrounding ISM. All of them produce at least photons with energies E, > 13.6 eV, which is the
required energy to ionize hydrogen. Ionizing sources can be segregated into two main categories:
stellar and non-stellar. In this section we provide a quick overview on the main ionizing sources.
Starting with stellar sources, we can enumerate:

e OB stars and associations: Young clusters that contain massive, young stars such as O-type
(M = 20 Mg, T = 3.5-10* K; Heap et al., 2006) and B-type stars (8 My, S M S 20 Mg, 1.7 - 10*
K <T<35-10* K; Nieva & Przybilla, 2014). As these massive stars have relatively short
timescales (~ 3 — 40 Myr), their presence implies recent star formation and, thus, these
regions of gas surrounding the young clusters are called star-forming regions or HII regions.
We also enclose in this category their corresponding massive evolved descendant stars (e.g.
Supergiants, Wolf-Rayet, Luminous Blue Variables,...).

e pAGSB stars: Post-asymptotic giant branch (pAGB) stars represent the late evolution of inter-
mediate massive stars (1.5 Mg <M < 8 My; Ventura et al.,, 2017) and they are characterized
by effective temperatures that can go beyond T > 3 - 10* K (Binette et al., 1994; Rauch, 2003).
PAGB stars were proposed to explain the ionizing gas in retired galaxies, with residual star
formation activity (e.g. Binette et al., 1994, Stasiriska et al., 2008).

e Supernova explosions: Although there are several types of supernovae (SNe) events (see
Gal-Yam, 2017, for a complete overview), all of them are characterized by being originated
from stellar evolution and by the release of hot gas and considerable amounts of kinetic energy.
This results in a surrounding ionized gas which can be extremely hot in the initial phases
(thus detectable through X-ray emission; e.g. Dimitriadis et al., 2014; Nymark et al., 2006),
which eventually cools down.

On the other hand, as non-stellar ionizing sources we have:

e Radiative shock waves (RS): Shocks are ubiquitous in the ISM as they are produced by
many sources: supernovae (previously detailed) and novae explosions, stellar winds, gas
flows from secular evolution, feedback from extreme environments or even pure supersonic
turbulence within the ISM. By means of compression and heating of the gas, shocks ionized
the gas in two steps: first the front wave ionizes the pre-shocked material; and, then the wave
passes leading to the post-shock phase, in which temperature and density of the gas increase
as a result of the shock front (e.g. Allen et al., 2008; Dopita, 1976; Dopita, 1977; Sutherland &
Dopita, 2017), as it is the case of supernovae remnants (e.g. Smirnova et al., 2025).
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o Active Galactic Nuclei (AGN): Almost all massive galaxies present a Supermassive Black
Hole (SMBH) in their central part (e.g. Heckman & Best, 2014; Kormendy & Ho, 2013).
Whereas in some cases the SMBH remains dormant (e.g. the Milky Way), in other cases
the SMBH is fed by gas causing intense nuclear activity, which has been called AGNs. The
emission from the inner parts (accretion disk and hot corona) leads to the production of
ultraviolet and X-ray photons, that ionize the surrounding gas.

e Cosmic Rays (CRs): They are highly energetic particles produced in extreme environments
such as supernova remnants or AGNs (see Blasi, 2013, and references therein). The least
energetic CRs can penetrate in molecular clouds, collide with atoms and molecules in the
deepest parts, and release electrons that contribute to the excitation and ionization of gas (e.g.
Dalgarno, 2006; Gabici, 2022; Gredel et al., 1989), inducing changes in the ISM (Ferland &
Mushotzky, 1984; Koutsoumpou et al., 2025).
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Figure 1.2: Composite figure of the most common ionizing scenarios and their expected spectra. Left column
shows optical images retrieved from Hubble Space Telescope Legacy Archive. Right column
shows the theoretical spectra across different regimes as computed from cLoupy v1y (Ferland
etal., 2017). HST images credits3: M82 [NASA, ESA and the Hubble Heritage Team
(STScl/AURA). Acknowledgment: J. Gallagher (University of Wisconsin), M. Mountain (STScI)
and P. Puxley (NSF)]; M106 [NASA, ESA, the Hubble Heritage Team (STScI/AURA), and R.
Gendler (for the Hubble Heritage Team). Acknowledgment: . GaBany |; M57 [NASA, ESA, and
C. Robert O'Dell (Vanderbilt University) ].

3 Together with Fig. 1.1, these are the only figures in this work taken from the literature. The rest of figures shown
throughout this work are original from this research. Sec. 2.5 provides a complete summary on all the samples used and
their corresponding references.
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Whereas most of these sources, if not all, might ionize the ISM of a galaxy, in many cases the
lack of spatial resolution in large surveys of galaxies (e.g. Sloan Digital Sky Survey, Dark Energy
Spectroscopic Instrument) as well as the lack of tools to disentangle them have favored that galaxies
are classified by their dominant ionizing source. Whereas the tools for classifying galaxies will be a
matter of discussion in a different section, we can name three main categories of galaxies: passive,
star-forming and AGN host-galaxies.

1.1.3.1 Passive galaxies

Galaxies in this group are characterized by the lack of, or almost negligible detection, of emission
lines that trace the ionized gas ISM (Cid Fernandes et al., 2011). Several mechanisms have been
proposed and studied to assess how galaxies can become passive (or line-less) galaxies, among
them the possibility of gas removal or the lack of either star-forming or AGN activity (Herpich
et al., 2018; Michalowski et al., 2024; Nadolny et al., 2024; Ryzhov et al., 2025).

1.1.3.2  Star-forming galaxies

The ISM in this group of galaxies is mainly ionized by OB associations (clusters of young, massive
stars), i.e., the main mechanism for ionizing is star formation. Most galaxies show that characteristic
emission in the nuclear parts. As the main source of ionization are massive, young stars, photons
that ionize the surrounding ISM are UV photons.

A very characteristic group of galaxies, which also are accounted here, are starburst galaxies, in
which the star formation is either significantly higher than in previous epochs or it is both more
spatially and temporary concentrated. However, as stated by Bergvall et al. (2016), the definition
of starburst is something that must be carefully considered when analyzing different studies, as
different criteria are used in the literature.

1.1.3.3 AGN-host galaxies

The ionized ISM in these galaxies is mainly due to their AGNs. For simplicity and historical reasons,
we will refer to these groups of galaxies as AGNs. As the dominant mechanism for the other two
groups of galaxies has been already explained, it is worthwhile to review the different parts of
an AGN, based on the unified model (the reader can find more details on Heckman & Best, 2014;
Kormendy & Ho, 2013; Netzer, 2015).

Surrounding the SMBH we find the accretion disk, whose accretion rate (M) determines its
geometry (e.g. Nemmen et al., 2014; Netzer, 2015). This accretion disk presents a radial temperature
profile which is responsible for the emission of photons between the X-ray regime (inner parts) to
the UV (outer parts). This structure is also surrounded by hot gas (T > 107 K), whose emission is
partially intrinsic and partially due to the reflection the emission from the disk (e.g. Cao, 2009).

Table 1.2: Components of the AGN and their main properties. Distance (radial) has been approximated for
a SMBH of 10°M,,. References: Alloin et al. (2006), Bennert et al. (2006a, 2006b), Cao (2009), Mor
et al. (2009), Mosquera et al. (2013), Netzer (2015), Reis and Miller (2013), and Ursini et al.

(2020).
Component Distance Temperature Emission
Accretion disk ~ 107 pc ~10°K X-ray - UV
Hot Corona ~107* -1073 pc > 107K X-ray
Broad Line Region (BLR) 0.01 —1pc ~10*K Broad recombination lines
Dusty Torus 1-30pc < 1000 K IR
Narrow Line Region (NLR) 0.1 -1 kpc ~10*K Narrow emission lines
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The previous two components emit the photons responsible of the ionization in a dense (n ~ 108
cm~3) and moderately hot (T ~ 10* K) gas that rotates at high velocity (~ 10* km/s) due to its
proximity to the SMBH (Alloin et al., 2006), this is the Broad Line Region (BLR). Beyond this region,
the temperature conditions of proximity to the SMBH ensures that dust is not destroyed, and hence
a dusty torus is formed, which absorbs partially the emission of the inner components and re-emits
them in the infrared range. Finally, there is another region of ionized gas, much extended and much
less dense (n~ 500 — 1000 cm~3) than the BLR, this is the Narrow Line Region. The gas in this zone
moves at moderate velocities (~ 500 km/s) although the temperature is similar to that of the BLR
(Alloin et al., 2006; Bennert et al., 2006a, 2006b).

Since the idea of AGN emerged as a consequence of Schmidt (1963) observations, due to the
subsequent detections of AGNs with different properties, attempts on providing a taxonomy and
unified scheme are numerous in the literature (e.g. Antonucci, 2012; Antonucci, 1993; Heckman
& Best, 2014; Netzer, 2015; Padovani et al., 2017; Urry & Padovani, 1995). For the purposes of this
work, we will consider two classifications. The first one is based on the detection (Type I) or lack
(Type II) of broad permitted emission lines. The second one is based on the accretion efficiency*
distinguishing between high-luminosity AGNs (HLAGN:S, efficient) and low-luminosity AGNs
(LLAGN:s, inefficient).

1.1.4  The structure of the ionized gas

The gas-phase ISM is ionized by one or more of the previously discussed mechanisms. The con-
tribution from CRs has been historically considered negligible, although it can be useful in some
scenarios (e.g. Koutsoumpou et al., 2025). The shock contribution drastically affects the physical
properties of the gas, but its treatment and implementation are complex (e.g. Allen et al., 2008;
Contini & Aldrovandi, 1983; Contini & Viegas, 2001; Dopita, 1976; Dopita, 1977; Sutherland &
Dopita, 2017). Hence, we will focus on the photoionization scenario, which can be applied to the
analysis of HII regions, PNe and the NLR of AGNs.

1.1.4.1  The ionization equilibrium

When the ionization comes from the photons emitted by a source (e.g. young stars, pAGB stars or
the accretion disk in AGNs), there is a balance between ionization and recombination. This is the
so-called local ionization equilibrium (LIE).

Let us consider an element Y, which has an ionizing energy given by Ey = hcAy!. All photons
released with enough energy might interact with the element, according to a specific cross section
o (Y). Thus, the number of ions per unit of volume and per unit of time is given by (Osterbrock &
Ferland, 2006):

) /\L/\ oo AL)L
n(Y* =n (YO0 —Z0 (YY) 2 n (Y (c (YO — 1.
( )photo ( ) %:E[(Y()) he ( ) ( ) < ( )> %:EKYO) he ( 3)
The efficiency is usually parametrized in terms of the Eddington ratio, defined as:
LBDI
A = — 1.1
Edd LEdd ( )

where L, is the bolometric luminosity of the AGN and Eddington luminosity can be estimated from the mass of the
SMBH as (Netzer, 2015):

M
Apga ~ 1.5 103S$ (1.2)

(0}
Inefficient AGNs show typical values of Ag,; ~ 107° — 1072 (Yuk et al., 2022).
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where we have introduced an average cross section (¢ (Y)), and L, is the luminosity per wavelength
emitted by the source. As Y* is produced, recombinations might occur as ions might capture free
electrons within the gas. Hence, the number of recombined ions per unit of volume and per unit of
time is given by (Osterbrock & Ferland, 2006);

n(Y9) . o=n(YT)na(Y") (1.4)

where 1 (Y™) is the ion density, n, the electron density and & (Y™*) the recombination coefficient for
the ion.

The LIE (or ionization-recombination equilibrium) implies that the photoionization and recom-
bination processes are equal. Thus, we obtain that the equilibrium is governed by:

oo AL
+ +\ 0 0 A
() mea (V) =1 (YT ) fu o) T (1.5)
Thus, the generalization can be easily extended as:
it1 it1 . ; oo /\L/\
n (YD) o (YHOD) = 0 (YH) (0 (YH)) f’w b T (1.6)
T =BT

With the additional constraint that there the fraction of ions must equal the total density of the
element:

n() = Z n(Y+) (1.7)

1

Overall, the physics of the ionization structure are governed not only by the ionizing source but
also by the microphysical properties of the gas components (i.e. the recombination rates and cross
sections). These properties do not only depend on the elements and their ions, but also on the
temperature (T) of each species. Complexity arises from the fact that there is a competitive process
among all elements and ions to capture the emitted photons, and hence, radiative transfer equations
must be included as well.

This equilibrium defines an ionization structure that extends up to some point. In a first-order
approximation, the structure is governed by the ionizing energy of each ion: ions with lower ionizing
energies are present throughout large scales, whereas ions with high ionizing energies are located
in a region very close to the ionizing source or even not present at all if there are no photons with
enough energy. Complexity arises from the role of quantum effects governed by the cross section
and the recombination rates. Additionally, this defines a volume of influence, i.e., the surrounding
gas is mostly ionized until a narrow transition zone where gas is mainly neutral. The characteristics
of this volume are mainly determined by the physical properties of the gas.

1.1.4.2  Some useful definitions

The ionization structure depends, as we have discussed above, on the composition of the gas. The
simplest scenario is when we have a pure H gas surrounding the ionizing source. As H can be
either neutral or ionized once (protons), the equilibrium equations are simplified although the
dependence on quantum effects (cross section and recombination rates) does not erase. This simple
scenario motivates the introduction of some useful definitions.

For a pure H gas, we have a zone which is mainly composed by protons (ionized H) and electrons.
This zone expands from the closest part of the gas to the ionizing source up to a distance at which
not enough photons either from the ionizing source or from the recombination photons (diffused
emission) in the central region can ionize H, and hence an outer region of neutral H is expected.
The region of the gas where H is essentially in the ionized form is called HII region.
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It is important to provide a quantification of the interplay between the ionizing source and the
surrounding ionized gas. Let us assume that the ionizing source is characterized by a luminosity at
a wavelength (L, ), that is, the total energy emitted per unit of time at a wavelength A. As photons
are carrying out that energy, and each photon is characterized by E; = hcA~!, then the total number
of photons emitted at a given wavelength per unit of time would be:

ALy
Q== (1.8)
Among all the emitted photons, the ionization is mainly driven by those with enough energy to at
least ionize hydrogen. This is the number of ionizing photons emitted per unit of time, which can

be calculated as:
© AL/\

Qo= jhi:13.6 eV Q= f’ﬁ:13.6 ev he (1.9)

A A
These photons ionize the gas, which is mainly composed by hydrogen, thus we can define the ratio
between the surface density, as defined by the inner face of the ionized gas located at a distance R;,,,
of ionizing photons and the density of ions by:

Q P

U= =
4nR2n (H)  n(H)

(1.10)

A dimensional analysis of U reveals that has units of velocity, and we refer to it as dimensional
ionization parameter. By normalizing U to the speed of light (universal constant), we obtain the
dimensionless ionization parameter (hereinafter ionization parameter) as:

U= Qo _ %o
4nR2n (Hyc n(H)c

(1.11)

A direct interpretation of this quantity is that, for a cloud of specific density, the ionization parameter
U is governed by the intensity (flux or luminosity) of the ionizing source.

We can also provide a characteristic value for the size of the HII region, i.e., at which distance (R;)
the transition from pure ionized to neutral (although smooth) occurs. The pure ionized H region
is given by the number of emitted ionizing photons (Q,), which is essentially equal to the total
number of recombinations, i.e., for each recombination of H* there is a photon with enough energy
to excite it again. Thus, the total number of recombinations per unit of time (N,,,) is given by:

Nyee = V(R 1 (H*) na (H*) = V (R n (H*)? o (H*) ~ V(R n (H)?a (H*)  (112)

Notice that: i) the electron density equal the density of H* as this is the only element present in
the gas, and ii) the density of H* can be approximated by the total density of H as we can assume
that beyond the ionized region, electron density drops to zero. For a spherical approximation, the
volume (V (R,)) is given by (4/3)7tR3. From the balance we have:

Qo = gnRgn (H)?a (H*) (1.13)

Hence, the radius is expressed as:

3 1/3
Rg = %O (1.14)
4dtn (H) o (HT)
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This is the so-called Strdmgren radius, and it is usually in the order of parsecs for most of the stellar
sources.
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Figure 1.3: Heating (left column) and cooling (right column) mechanisms in a simulated (cLoupy v23,
Chatzikos et al. 2023; Gunasekera et al. 2023) HII region surrounding a recent burst of star
formation as function of the distance from the inner face (R;,,). The ionizing source has been
computed with POPSTAR (Moll4 et al., 2009), after 1 Myr. The gas is supposed to have an
electron density of 1, = 500 cm~2 and solar composition (Asplund et al., 2009). Top panels show
the total sum of heating/cooling rates, whereas bottom panels show the proportion of the main
agents. Bottom final panel shows the temperature profile. Model calculated for log(U) = —2.5.

1.1.4.3 The thermal equilibrium

The density of the ionized gas, in terms of ions and neutrals atoms, is so low (1 ~ 1 cm~3) thata Local
Thermodynamic Equilibrium (LTE) should not be applied. However, as the ISM is characterized
by heavier ions, thus the electron density is higher. As electron collisions are more frequent, we
can assume that the electron distributions are in LTE, and hence, their properties, density (n,) and
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Figure 1.4: Same as Fig. 1.3 but assuming that the ionizing source is an AGN, with slopes a5y = —0.8 and
ax = —1 (this is a parametrization of the expected SED from an AGN, and specific details can be

found in Sec. 2.3 and 2.4). Model calculated for log(U) = —1.5.

temperature (T,), are given as characteristics of the ionized gas. In other words, the electrons are
assumed to have a maxwellian statistical distribution governed by their temperature (T,).

Whereas density is assumed to not significantly change from the initial conditions, temperature
can be determined by the balance between heating and cooling mechanisms. We show in Fig. 1.3
and 1.4, different agents act in the heating/cooling process, but an equilibrium is achieved at all
distances. This equilibrium determines the overall temperature profile.

As hydrogen is the most abundant element, there is a clear source of heating due to the pho-
toionizing photons that exceed the energy threshold of H. Secondly, we should expect a similar
scenario for the He ionization, but in this case the contribution should be much lower as He is less
abundant. Finally, we must account for the heating as a consequence of dust grains can capture
far-UV photons and emit electrons due to the photoelectric effect. Whereas this last effect is not
dominant in the case of HII regions (stars do not produce such amount of FUV photons), it is quite
significant in the case of the AGNs, as the emission of the accretion disk provides enough FUV
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photons. Moreover, in the case of AGNs we also observe more sources of ionization of different
species as they produce more energetic photons (see Fig. 1.4).

On the cooling side, we observe that cooling via recombination is not dominant in most of the
gas. On the contrary, we observe that gas cools down by emitting photons in the form of a weak
continuum but with strong emission lines.

1.1.5 The emission line spectrum

These emission lines that are the main drivers of cooling, depending on their nature, can be classified
as recombination lines (RLs) or collisionally excited lines (CELs)5. In both cases, these emission
lines are the result of the de-excitation within atoms of electrons in upper energetic levels to lower
levels.

For a given ion (Y*), the total de-excitation of ions releasing photons of wavelength (A = hcE~1)
produces an emission line whose flux is given by:

Fy =n(Y")n,, (1.15)

where n (Y*) is the density of the ions, 1, is the electron density and j, is the emissivity of the
transition. The emissivity depends on many factors, but specifically it changes due to the nature of
the emission line, i.e., it can show different behaviors depending on it being associated to a RL or
CEL. Below, We shortly review the expected form for each case.

1.1.5.1 Recombination lines

RLs result from ions that capture free electrons within the ionized nebula, and the de-excitation of
these electrons into the lower levels result in photon emission whose wavelengths correspond to
the energy difference between the levels. Let us consider a particular element in the gas (Y), whose
ions Y* are capturing electrons into the level m. If electrons de-excite to the level ¢, the emissivity of
the expected line is given by (Osterbrock & Ferland, 2006; M. Peimbert et al., 2017):

Emﬂ e
A = Harf{ (1.16)

where E,; is the energy separation between the levels (i.e. the wavelength of the corresponding
emission line will be given by A = hcE;,}) and aif;{ is the effective recombination coefficient.

The effective recombination coefficient is the critical part that changes the expected emission
from different emission lines produced by the same ion. This value represents the probability of
the de-excitation for the electron by the specific transition, showing a strong dependence on the
electron temperature (T,), but also on the electron density. Values are generally computed from
already available data tables for different specific conditions and interpolated.

Apart from the recombination coefficient (which encloses the temperature dependence) and the
electron density (which is a measurable value for the whole gas), the flux depends on the density
of the ion. This is the main reason why the brighter recombination lines are those of hydrogen,
followed up by helium. Both elements are the most abundant elements in the ISM. However, due to

the low abundances of heavier elements, these recombination lines are much fainter.

5 Another important category of emission lines are the so-called flourescence lines, which are basically RLs much more

brighter due to the excitation from other lines or ionizing sources.
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1.1.5.2 Collissionaly excited lines

Due to the density conditions observed in the ionized gas, specifically for electron densities in the
orders of n, ~ 10?2 — 10% cm~3, there is also the possibility of electrons exciting atoms and ions
due to collisions. The complexity of these transitions (in comparison to the RLs) arises in the fact
that the balance between collisional and spontaneous excitations and collisional and spontaneous
de-excitations to the different atomic levels must be solved, by means of numerical approximations
(e.g. Kewley et al., 2019; Osterbrock & Ferland, 2006; M. Peimbert et al., 2017) accounting for the
electron density (n,), the fraction of ions in each state, and the collisional (de)-excitation rates.

The collisional rates are important quantities to determine the fraction of ions on a particular
level. Both of them depend on the electron temperature (T, ) and density (7,), but in different ways.
The collisional excitation rates go as (Kewley et al., 2019; Osterbrock & Ferland, 2006):

_1 E
Rcoll,ex x n,T, 2 exp <_kBT ) (1-17)
e

whereas the collisional de-excitation rates depend as (Kewley et al., 2019; Osterbrock & Ferland,
2006):

NI=

Rcoll,de—ex & neTe_ (1-18)

This is why, for the same temperature, density can make radiative de-excitations much less inefficient.
The limit is marked by the critical density n. which is the exact value of density at which, radiative
de-excitations equals collisional de-excitations.

The emissivity of an ion n (Y1), which has been excited by collisions to the atomic level m and
radiatively decays into level { is given by (Osterbrock & Ferland, 2006):

. Eml’,
a= mfmAme (1.19)

where, again, E, is the energy separation between the levels (or equivalently the wavelength), f,,
is the fraction of ions on the state m (which depends on electron temperature and density as seen
above) and A, is the spontaneous probability transition (which is tabulated in atomic data files).
It must be noted that f,, for each ion is determined by the excitations to the desired level (from
collisions) and the de-excitations (from colissions and radiation), which in equilibrium should be
equal.

First of all, the average energy that can characterize the ISM is of the order of few eV (for a
temperature of T, ~ 10* K), which implies that electrons are only able to excite ions whose upper
levels are separated by few eV. This is the main reason why these emission lines mainly come from
heavy (metal) ions, and not from hydrogen or helium ions. Secondly, the excited ions must decay
emitting photons (radiative decay), and this is extremely affected by the electron density of the gas.
And thirdly, there is a stronger dependence (with respect to the RLs) on temperature (T,) as not
only spontaneous transitions are accounted for, but also the collisional (de)-excitation rates.

Fig. 1.5 is quite illustrative to asses the differences between CELs and RLs. First of all, we can
observe that emissivities for RLs are low when compared to the ones of CELs, highlighting again
why metal RLs are not detected in most cases while we detect bright metal CELs. On the other
hand, there is little change (< 1 dex) on the emissivity of RLs whereas the change in CELs goes
beyond 1.5 dex, and in most cases up to 4 dex. These lines that drastically change their emissivity
with temperature are called auroral lines.
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Figure 1.5: Emissivity of emission lines as a function of the electron temperature computed from pynEB
(Luridiana et al., 2015). Top panels show the emissivity from RLs (H and He), and bottom panels
for CELs (N and O). Different values of the electron density are used: n, = 100 cm~2 (black),
n, = 10% cm=3 (blue), n, = 10* cm~2 (red) and n, = 10°> cm~2 (green).

1.2 PLASMA DIAGNOSTICS FROM EMISSION LINES

In their review, Lisa J. Kewley and collaborators quoted the following statement from an anonymous
source: To try to make a model of an atom by studying its spectrum is like trying to make a model of a grand
piano by listening to the noise it makes when thrown downstairs (Kewley et al., 2019). The ISM is mainly
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Figure 1.6: Ion fractions, obtained with cLoupy v23, in a HII region surrounding a recent burst of star
formation as function of the distance from the inner face (R;,,). The ionizing source has been
computed with POPSTAR (Moll4 et al., 2009), after 1 Myr. For the gas it is assumed an electron
density of 7, = 500 cm~3 and solar composition (Asplund et al., 2009). Black dashed line
represents te normalized temperature profile. Model calculated for log(U) = —2.5.

composed by H and He, but as we have discussed above, there are heavier atoms that significantly
contribute to the cooling of the gas-phase ISM. Thus, accurate models for specific atoms and their
ions are needed to understand their excitations and de-excitations. Therefore, we rely on atomic
databases for the different parameters (e.g. Dere et al., 2019; Fang et al., 2011; Kisielius et al., 1998;
Pequignot et al., 1991), which can be managed with specific software such as pynes (Luridiana et al.,
2015; Morisset et al., 2020) or within photoionization models such as cLoupy (Chatzikos et al., 2023;
Ferland et al., 2017; Gunasekera et al., 2023) or maPPINGs (Sutherland & Dopita, 2017). However, as
they are the main cooling agents, the spectrum from ions are accessible for different observational
ranges, making them an invaluable source of information of the ISM.
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Figure 1.7: Same as Fig. 1.6 but assuming that the ionizing source is an AGN, with slopes #5x = —0.8 and
ax = —1. Model calculated for log(U) = —2.5.

1.2.1  Emission lines tracing the ISM

Emission lines from the gas-phase ISM are easily observed in the UV [900A — 3000A], optical
[3000A — 9600A] and IR [9600A — 700um] ranges. As they are emitted by ions and atoms, their
origin within the gas is set by how ions are distributed. These distribution will be marked by the
photoionization and the equilibrium reached between heating and cooling, as well as the physical
and chemical properties of the gas.

By means of photoionization models (see Sec. 2.3), we can have a very good estimation of the
distribution of the ions, which is the result not only from the balance between heating and cooling
processes, but also from their ionizing energies. Fig. 1.6 and Fig. 1.7 show how ions are distributed
assuming different ionizing sources across the gas-phase ISM. First of all, we observe notable
differences just by assuming different ionizing source. Specifically, we observe that higher ionized
species (e.g. O3, He**, Ne**) are present when the gas is ionized by an AGN (see Fig. 1.7). On the
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other hand, when analyzing an HII region, we observe that while some ionic species are dominant
through the whole gas, at distances closer to the source we observe a non-negligible contribution
of higher ionized species (as it is the case for S or Ar). This motivates a scheme of the ionized gas
based on the existence of an ionizing structure.

In the case of HII regions, their structure can be defined by three ions, due to their ionization
energies (or, equivalently, ionization potentials). The ion O** with an ionization energy of 35.1 eV
defines the high-excitation zone. The ion S**, with an ionization potential of 23.3 €V, defines the
intermediate-excitation zone. And finally, ions such as N*, OF or S* (with ionizing energies of 14.5
eV, 13.6 eV and 10.4eV respectively) define the low-excitation zone. These three zones corresponds
respectively to the inner most, intermediate and outer zones (see Fig. 1.6). In the case of AGNss it is
also important to define an extremely high-excitation zone, which can be traced by ions such as
Ne** or O37, that are characterized by high ionization potentials (97.1 eV and 54.9 eV respectively),
not observed in HII regions (see Fig. 1.7).

These ionic species can be detected from their emission lines. For example, by looking at the
sulfur emission line [S1v], we are retrieving information from the parts closer to the ionizing source
of an HII region, whereas lines such as [O 1] or [Ne ]| are useful to study the extent of the ionized
gas. Low ionized species emit emission lines such as [Neu] or [Su]| which become brighter in the
outermost parts, allowing us to define a boundary or limit between ionized gas and diffuse ionized
gas within the same cloud. On the other hand, the detection of particular emission lines such as
[Nev] or [O1v] can be use to discriminate certain ionizing sources as those ions are only observed
when objects with a very hard field of radiation ionize the gas.

1.2.2  Dust extinction

Dust and ionized gas are two components of the ISM that are often mixed. Within the ionized gas,
dust grains scatter and/or absorb part of the emitted photons, being both processes governed by
the size of the dust grains. For photons with blue (A < 6000A) wavelengths, the joint effects of
absorption and scattering are more pronounced that for redder photons. In the case of a continuum
emission, this would imply a continuous excess in the redder with respect to the bluer parts of
the spectrum. In the case of emission lines, this implies that those at bluer wavelengths are much
more affected (the observed flux is significantly lower) than those at longer wavelengths. This is
the attenuation effect, and it can be parametrized on several ways.

When studying emission lines, the dust attenuation of the flux of an emission line at wavelength
A can be expressed as (e.g. Howarth, 1983; Osterbrock & Ferland, 2006; Pérez-Montero, 2017):

Fjovs = Fxexp (=7)) = Fy g, - 1070 (1.20)

where F, ;s and F) ;, are the observed (dust affected) and emitted fluxes of the emission lines,
f (A) represents the extinction law, that gives the dust absorption as a function of the wavelength and
C is the amplitude of the function (i.e. a measure of how much dust is producing the extinction).

When studying objects, such as stars, it is better to use colors, i.e., the difference between the total
flux retrieved from two filters, also known as color. Let us assume that we have two filters, with
effective wavelengths A, and A,. Due to dust attenuation, the color changes (usually called color
excess) as (e.g. Cardelli et al., 1989):

E(Fy —Fp) =[m,, - m/\z]obs — [my, — m/‘z]th = [, obs = M, 0] — [, 005 = M, ]

F F
-2.5 log (1:/.\/\1—’0515) +2.5 log ( F/t\z’otl: ) = A/\l — A/\z
17 27

(1.21)
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where we have introduced the definition of magnitude (m,). The parameter A, is called the
number of magnitudes of extinction at a wavelength A, and it has a direct relation with the extinction
parametrization in emission lines by:

F
Ay =25 log( FAA"::) = 2.5Cf (M) (1.22)

The amount of extinction in terms of color excess is generally provided by means of the filters B
(Aepr = 4450A) and V (Aer = 5510A) from the Johnson’s system (e.g. Cardelli et al., 1989; Howarth,
1983).

Numerous works have been published on how to parametrize the extinction (e.g. Blagrave et al.,
2007; Calzetti et al., 2000; Cardelli et al., 1989; Gordon et al., 2003; Howarth, 1983), and all of
them provide the extinction curve in terms of A, /Ay = f(A) /f(V) and in terms of the ratio of
total-to-selective extinction Ry, = Ay /E (B — V), who plays the role of scale for the curve in the
UV. We show in Fig. 1.8 examples of different extinction curves for three values of Ry, (notice that
the most accepted one is Ry, = 3.1). Although the parametrization curves differ in the UV regime,
where dust effects are more important and Ry, plays a significant role, for the optical regime little
difference is found among the proposed curves or the values of Ry, so the dust extinction correction
is fairly robust. Dust extinction effects in the IR regime are essentially mitigated.
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Figure 1.8: Extinction curves across different spectral regimes. Solid lines represent Ry, = 3.1, dotted lines
Ry, = 2.5 and dashed lines Ry, = 5.0

Without knowing all the physical and chemical parameters that govern the emissivity of a line
(see Sec. 1.1.5), it is not possible to have an estimation of the expected flux for an emission line. As
its flux depends on a first order approximation on the ion density and emissivity (see Eq. (1.15)), a
ratio between emission lines of the same ion will cancel the uncertainty due to the ion abundance.
On the other hand, as hydrogen is the most abundant element, the use of H1 recombination lines,
specifically Balmer lines that are bright in the optical regime®, are generally used for this purpose.

The largest wavelength in the Balmer series corresponds to H, (A = 6563A), and in some cases due to the limitations of
the spectroscopic observations, only this Balmer line is available. Whereas the next series, Paschen, can be observed in
the NIR, the emissivity of these lines is typically ~ 0.5% of the Balmer ones. In this case, Zamora et al. (2022) propose to
use helium (Her) emission lines to measure dust extinction.
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As the brightest Balmer lines are H, and Hﬁ, they are the most used. The observed flux after dust
attenuation is given by:

fHa) 4

obs th th

F Hg F Hg Hg

where ¢ (H ﬁ) =Cf (H ,3). By assuming this form, we minimize uncertainties in the extinction curve,

as they are accounted within the extinction parameter c (H 8 ) Thus, if we know the theoretical ratio
between these two recombination lines, then the extinction parameter can be obtained as:

(7e), /()

B/ obs B/ th

| i) (1:24)
f(Hg)

c(Hg) =

which is always a positive value. In order to directly use c (H ﬁ), then the rest of emission lines can
be corrected by expressing them in relation to Hy:

N
( ; ) ) (F_A) o (1.25)
obs th

Fu, Fu,

The theoretical ratio between H, and Hg depends on the recombination case: case A when the
gas is optically thin and all recombination photons escape; or case B (physical conditions of the
majority of studied ionized gas corresponds to this case) when all emitted recombination photons
from Lyman-a (A = 1215.7A) are absorbed by the immediate gas”. An additional dependence arises
from the fact that electron temperature and density conditions also change the expected ratio (e.g.
Luridiana et al., 2015; Pérez-Montero, 2017). For HII regions, under Case B recombination and
for the generic physical properties of n, = 100 cm~3 and T, = 10* K, the ratio between H,, and
Hp is expected to be 2.86. In the case of AGNSs, for Case B recombination it has been proposed the
value of 3.1 (Gaskell & Ferland, 1984), which has been observationally confirmed by other studies
(Barquin-Gonzalez et al., 2024). For PNe, as the physical conditions are more varied, the most
typical values are located in the range [2.7, 3.1] (Montoro-Molina et al., 2022; Ueta & Otsuka, 2021).

As a final remark, the extinction parameter is often expressed in other terms such as the color
excess E(B — V) or as the extinction magnitude Ay, (photometric measurement), which are related
toc (H ,3) (spectroscopic measurement) as:

2.5¢(H 1%
E(B_V)_ﬁ_c(—[»f() (1.26)

C Ry Ryf(Hy)

In other words, the conversion depends on the extinction curve and Ry, values assumed.

We note that the contribution from fluorescence can also affect the photon emission in Hr and He1, allowing us to
define Case C when fluorescence are significant within case A or case D when fluorescence are significant within case B.
Generally, these effects are small and the general assumption of Case B is overall a good approximation (e.g. M. Peimbert
etal., 2017).
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1.2.3  Physical properties of the ISM

Emission lines do not only provide us with tools for observing directly the ionized gas, but also
for estimating the physical properties that characterize it. As we have pointed out, the emissivity
of emission lines depends not only on the density of ions that emit them, but also on the physical
properties such as electron density (n,) and temperature (T,). Therefore, a careful selection of
emission lines can provide diagnostics to improve our understanding of the ISM.
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Figure 1.9: Grotrian diagrams®for different ionized atoms. Grotrian diagrams have been obtained with rynes

assuming T, = 10* K and 1, = 100 cm~3.

Let us start with measurements of the electron density. Some ions present energy levels that are
very close in terms of energy, as they only differ in the spin coupling of electrons in the outer levels.

8 Hereinafter, Grotrian diagrams for each ion present the energy levels tagged with their spectroscopic notation, i.e., a

level is defined by the spin (S), orbital (L) and total angular momentum (J) quantum numbers as: 2*!L,.
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Figure 1.10: Emission line ratios sensitive to the electron density, computed with pynes. Different values of
the electron temperature are used: T, = 5 - 103 K (black), T, = 10* K (blue) and T, = 5-10* K
(red).

Some examples are shown for O*, ST, Ne#+ and C?* (see Fig. 1.9). Let us consider these two states
p and m, with corresponding energies E, ~ E,,. According to Eq. (1.15) and (1.19), the flux ratio is
given by:
Fap) N f pApt
F A(m) f pAmQ

As the excitation rate (Eq (1.17)) should be mostly similar (without taking into account departures
due to minor quantum effects), the fraction in each energetic state is governed by the balance
between those excitations and collisional de-excitations together with spontaneous decays. Those
rates show an slight dependence on temperature as well (due to the nature of A and Ry ge—ex),
but a strong dependence on electron density. Thus the ratio of such emission lines (called doublets)
can be used as tracer of density.

We show in Fig. 1.10 some examples of emission line ratios between doublets. We observe that
there is a mild dependence on temperature, but overall they are excellent tracers of the electron
density (n,) in certain ranges. Moreover, we explicitly show examples of tracers that can be used in
different spectroscopic regimes: optical ([O 1], [Su]), UV ([Cur]) or IR ([Ne v]). However, the range
of validity for the estimation must be considered as well. As IR emission lines are characterized by
been emitted from energetic levels which are close, collisional de-excitations can become significant
if density is high enough, and hence, the validity of the [Ne v] doublet is constrained to n, < 5 - 103
cm~3. On the contrary, due to the high separation of the energetic levels which originates UV
lines, their critical densities are much higher and hence they can be used to trace density in denser
regimes (up to 11, < 106 cm~3). Complementary, there is a lower limit as well. If density becomes
significantly low, only collisional excitations and radiative de-excitations will occur, so the ratio
in Eq. (1.27) becomes constant?. Following the previous argument, UV line ratios have a higher
lower-limit than IR line ratios.

(1.27)

The number of excited ions by collisions will equal the number of de.excited ions by radiation, and hence, each part of
the fraction exclusively depends on the collisional strength of each level.
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As we have already discussed in Sec. 1.1.5, there are some emission lines whose emissivity
strongly depends on temperature, the auroral lines. These CELs (auroral lines) are emitted when
the energetic state goes from the second lowest to the lowest excited states (which also emits its
own CELs when de-exciting to the ground level). As the difference on energy is non-negligible,
the ratio between both emission lines is driven mainly by temperature, as it changes the rate of
collisional excitations (Eq. (1.17)). Example of such emission lines are [Om] A4363A, [Sm] 163124,
[Ne ] A3342A and [N 1] A5755A. We show in Fig. 1.1 the corresponding Grotrian diagrams.
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Figure 1.11: Grotrian diagrams for different ionized atoms that emit auroral lines. Grotrian diagrams have
been obtained with pynes assuming T, = 10* K and n, = 100 cm 3.

Another important aspect from auroral lines is that, as the difference in energy between the two
first ionized levels and between the first and ground levels are quite similar, for the same observable
range there is available a CEL which traces the de-excitations from the first to the ground level (see
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Fig. 1.11). Thus, the ratio between these two emission lines can be used to trace temperature. We
show an example of those ratios in Fig. 1.12.
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Figure 1.12: Emission line ratios sensitive to the electron temperature, computed with pynes. Different
values of the electron density are used: 1, = 100 cm~2 (black), n, = 10> cm~2 (blue) and
n, = 10* cm™3 (red).

Again, there is mild dependence on electron density, but by assuming a particular value of the
density, we can obtain a good estimate of the temperature. As a matter of fact, this can be done in an
iterative process. By assuming a particular value of the temperature (initial guess), a value of the
density can be estimated. With that value, then an estimation of the temperature can be provided
as well. The process can be stopped when there is little variation on the estimated values. For this
purposes, either direct use atomic databases (e.g. Luridiana et al., 2015) or calibrations proposed in
the literature (e.g. Pérez-Montero, 2017).

It is important to note that temperatures (and densities) derived from different emission line ratios
might not match. This is due to the fact that both, density and temperature, are not characterized
through the gas by a single value rather than by a profile. As we already pointed out, ions also
show characteristic profiles across the gas. Hence, depending on the observed ion, we are getting
information from different parts of the nebula. For a given element, its ions will be distributed
according to the excitation zones previously defined, and hence will be mainly tracing the physical
properties on such zones. This is illustrated in Fig. 1.13, where we observe that we can obtain
different values depending on the used set of emission lines.

1.2.4 Chemical properties of the ISM

The emission line spectrum that we observe from the gas-phase ISM does not only depend on the
physical properties of the ISM, but also on its chemical composition. Therefore, once we have an
estimation of the physical properties of the ISM, we can use the emission line fluxes to estimate its
chemical composition.

The major component of the gas-phase ISM is hydrogen, and thus, chemical abundances are
usually referred as fractions in relation to the amount of H, i.e., as n (Y) /n (H), being Y a generic
element. Since heavy elements present really small proportions, it is more useful to express them in

27



28

INTRODUCTION
10200 : — 670
(a) § § { (b)
9300 i H 580
8400 490
— 7500 T 400+
X £ ne([SN]) = 640cm—3
e Y ne([Ol]) = 426cm~3
6600 &3101ne([ClNl]) = 574cm
Te(INI]) = 8610K
57007 T.([SH]) = 7732K 220
Te([OMNI]) = 7825K H
48001, st 1301 ::++
< ot+ < : >
3900753 3.6 3.9 4.1 : 4.2 4.3 ‘44§ : 4.5 40555 3.6 3.9 4.1 4.2 : 4.3 4.4 : 4.5
10% 10> 10> 10* 10* 10 10* 10* 10 10> 10> 10 10% 10* 10* 10*
in in

Figure 1.13: Electron temperature and density profiles obtained with cLoupy v23, in a HII region
surrounding a recent burst of star formation as function of the distance from the inner face
(R;,)- The ionizing source has been computed with POPSTAR after 1 Myr. An electron density
of n, = 500 cm~2 and solar composition (Asplund et al., 2009) has been assumed for the gas.
Model calculated for log(U) = —2.5. Vertical dashed lines mark the limits of each ion element
being at least 15% of the total density of the element. Temperature and density estimations have
been computed with pynEs.

the logarithmic form log(n (Y) /n (H)) or, using the form 12 + log(n (Y) /n (H)) = 12 + log(Y/H),
so that all element abundances show positive values.

The ionized gas is mainly defined by the ionization of H, we can assume that n (H*) ~ n (H). If
we have a good estimation on the physical properties of the ISM, we can estimate the abundance of
an ion relative to H by means of the emission line ratios between an emitted line from that ion and
a hydrogen recombination line. From Eq. (1.15), we obtain that:

n(Y")
n(H*)

Ny,

F (H)AH =D (”g/ Ter/\llAH)

(1.28)

the factor D encompasses the dependence of emissivity not only on the physical properties of the
gas, but also on the observed transitions and the nature of the emission line (RL or CEL).

As described in Sec. 1.2.1 (see also Fig. 1.6 and 1.7), the total abundance of an element Y is given
by the sum of the abundances of all its ions. For each ion Yi*t, there must be at least an emission
line at a wavelength A;. Hence, the total abundance can be expressed as:

n(Y) En(Yt) & 1 F(Y™),
n(H) ~ £y n(H) Z D (g, Toy Ay Apg) F (D,

i

(1.29)

This is the so-called direct- or T,-method.

As in the case of dust extinction, the majority of these studies have been performed using optical
data, and the hydrogen recombination line used is generally Hg. In the optical regime, the oxygen
abundance might be constrained™® with [O1u]A3729A for O* and [O m]A5007A for O**. Once we
have an estimation of the physical properties, which preferentially should be obtained with emission
lines from the same ions, to avoid uncertainties within the gas profiles, then the coefficients A can
be estimated either by means of formula approximations (Pérez-Montero, 2017) or by directly

10 As shown in Fig. 1.6, the contribution from neutral O can be mainly neglected.
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computing them from atomic databases (Luridiana et al., 2015). We show in Tab. A.1 an example of
values for certain physical properties.

Physical properties of gaseous nebulae are, empirically, constrained by means of optical emission
lines, as auroral lines (necessary for the estimation of the electron temperature) are detected in that
range. Hence, the available set of emission lines to constrain the chemical abundance mainly comes
from the optical regime (unless a multiwavelength study is performed). For some elements, such
as O, this is not a problem since it is distributed mainly as O and O**. For other elements, such as
S, it is necessary to account for ions whose emission lines are not detected in the optical regime (e.g.
[S1v]A10pm). In these cases, the total abundance derived from the observed ions is corrected by a
function called ionization correction factor (ICF), as:

n(Y) B Mops n(Yi+) Nops H(YH_)
n<H>-ICF( LW ) A wm (130

i=n0,obq

1=Ng obs

which is mainly a function of the abundances already estimated using their corresponding emission
lines. These ICFs are essentially calculated from photoionization models, as the total abundance as
well as all physical parameters of the ISM are controlled (see Amayo et al., 2021, for a recent update
on the proposed ICFs).

Not only is useful to estimate the relative abundances of heavy elements with respect to H, but
also in relation to other metals. As discussed in Sec. 1.1.2, elements are produced by different stars,
and hence, the analysis of ratios of different elements gives clues on the star formation processes.
As oxygen is the most abundant heavy element (e.g. M. Peimbert et al., 2007), it is used as common
denominator. Thus, the relative abundance of an element Y with respect to O, can be expressed as:

n(y)y  Xon (Y™ S oD (1, Ty Ay Ag) F(Y') A JE (),
n(0) YL on(07%) XD (e, To Ay Agy) E(OF) 5, JF(HDy,,

(1.31)

Again, in most cases due to observational limitations, ICFs must be used to convert the observed
ionic abundances into total abundances. For example, in the case of N/O, optical observations only
provide information for N*, whereas it is clear that N** shows an important contribution. In the
same way, total abundances might be obtained by:

,ob i ,0b 1
0 ( E e (V) ) S e (¥)

) e n (07 ) S 1 (0F)

(132)

1.2.5 Nature of the ionizing sources

Emission lines can also provide good diagnostics to constrain the ionizing sources. These studies
highly depend on the observing range, as the emission lines of particular ions are only observable
in certain spectroscopic regimes. In addition, there is a strong absorption of the UV emission, so
indirect analysis such as those provided by emission lines are required for a proper distinction.
Nevertheless, it is important to have a good constraint as the methods used or even the necessity of
incorporating ICFs to the measured abundances are highly dependent on the ionization structure
of the gas-phase ISM.

In a first-order approximation, the simple detection of particular emission lines already provides
a discrimination of the ionizing source. For example, the detection of Hen emission lines (at
A = 4686A in the optical or A = 1642A in the UV) is already a good tracer of hard ionizing radiation,
since its ionizing energy (54.4 eV) implies that photons can only be produced by very massive stars,
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such as those formed in low-metallicity galaxies (e.g. Kehrig et al., 2015, 2018) or first generation
(Population III) of stars (e.g. Venditti et al., 2024). Other energetic scenarios such as AGNs and
fast RS can also produce these photons (e.g. Allen et al., 2008; Pérez-Montero et al., 2023b). The
kinematical profile of the detected He 11 line, either broad (stellar) or narrow (nebular) can also be
used as a constraint for the ionizing source (e.g. Kehrig et al., 2018). In the IR regime, the detection
of [Nev] emission lines (either at A = 14.3um or A = 24.3um) has been proposed to be a signature
of AGN emission (Armus et al., 2007; Genzel et al., 1998; Mingozzi et al., 2025; Pérez-Torres et al.,
2021), as only" AGN SEDs are able to produce enough photons with energies > 97.1 eV.

The ionization parameter (U, Eq. (1.11)) also offers embedded information from the ionization
source, but it has a strong dependence on the geometry of the gas. If the ionization parameter is
high, for a fixed density and geometry, it implies that more ionizing photons are produced (Q,, Eq.
(1.9)). Although it also depends on bot the radius of the gas envelope and on density, given that
density is usually well constrained in the range [100 cm~3, 500 cm~3], variations on U are mainly
driven by changes in the luminosity of the ionizing source.

The ratio between two emission lines of two ions from the same element is also a useful tool to
quantify the ionization parameter. Let us assume that we observe two emission lines at wavelengths
Aq and A,, emitted by ions Y(*+D+ and Y**. From Eq. (1.15), the ratio can be expressed as:

F)H n (Y(i+1)+)]‘/\1

— = (133)
Ey, n(Y'™*)ja,

The density of an ion can be expressed in terms of the total density of the element, such as n (Y'*) =
firn (Y), thus we can remove any dependence on the absolute density:

Fr, o fasn+in,  fasns
== G (n, T,) (1.34)
F Ay ﬁ+]A2 fi+ e

where G is the ratio between the emissivities of the lines, which depends on the physical conditions

of the emitting gas.

Let us now consider the ratio between the two consecutive ions. For a given ion Y+, we have
that some photons will ionize it to Y**D+, particularly those with enough energy (E, = E; (Y'*)),
which do not depend only on the available photons but also on the cross section between them and
the ions ¢ (Y*). On the other hand, some of those ions recombine, going again as Y**, which can
be determined by the total recombination coefficient & (Y**). Thus, the ionization balance implies
that (Osterbrock & Ferland, 2006; Vilchez & Pagel, 1988):

n (YD) furne U (FF)) T=Ei0r) e (1.35)
n (Y”) fis a (Yi+1) ALy ’

oo
f%=13.6 eV he

Thus, the ratio between the ions can also depend on the shape of the SED of the ionizing source, in

addition to the ionization parameter. Indeed, if the ionizing source is hard, we expect much more

photons able to ionize further the element and, thus, the ratio furne increases. In some cases, it is

i+
not possible to find two consecutive ions, so the best approach is to use the highest-ionized ion and
the second highest, as the first one is the most affected by the ionization degree of the nebula.

The detection of [Ne v] emission in galaxies with no previous evidence of AGN activity (e.g. Hernandez et al., 2025;
Izotov et al., 2021; Mingozzi et al., 2025) has challenged this general conception, but there is still caveats in whether
non-AGN sources, such as fast radiative shocks (e.g. Izotov et al., 2021) or X-ray binaries (e.g. Hernandez et al., 2025),
can reproduce the observed ratios.
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Another interesting parameter that can be used to constrain the SED of the ionizing source is the
so-called softness parameter (17), defined as (Vilchez & Pagel, 1988):

o AL
_n(0")/n(O0**)  a(0OF)(c(5)) f’%:23.3th_cA 6
T EH I ET T WSO @O [ ALy (136)
T=35.1eV hc

Besides the implied atomic coefficients, the definition of # as presented above clearly highlights a
dependence on the SED. If the ionizing source can be approximated to a blackbody of temperature
(T), then the eta parameter behaves as:

B
quexp(T>+C (1.37)

being A, B and C constants. As stars can roughly be interpreted as blackbodies with T = T
(effective temperature), 7 can be used as a proxy for the effective temperature of the ionizing stars
(e.g. Pérez-Montero & Vilchez, 2009; Pérez-Montero et al., 2019b; Vilchez et al., 1988). Although 7
is purely defined based on abundances, it can be directly translated into a ratio between emission
lines multiplying by the corresponding emissivities (this is 77"), although it presents an additional
dependence on electron temperature and density, the ionization parameter and metallicity, leading
to the creation of the so-called softness diagram (Pérez-Montero & Vilchez, 2009; Pérez-Montero
etal., 2023b).

The above mentioned diagnostics have a theoretical explanation, but there other diagnostics that
have been extensively used in the literature to discriminate the dominant ionizing source. This is the
case of the classical BPT diagrams (Baldwin et al., 1981; Kauffmann et al., 2003; Kewley et al., 2006)
and the WHAN diagram (Cid Fernandes et al., 2010, 2011). (Baldwin et al., 1981) proposed a series
of diagrams based on optical emission lines to differentiate between extragalactic objects and HII
regions and PNe. The emission lines used for such classification were [Ne v]A3426A, [O]A3727A,
HenA3426A, Hg, [O m]A5007A, [O1]A6300A, H, and [Nu]A6584A. They found out not only that
local and extragalactic data are clearly differentiated, but also that those diagrams are helpful in
distinguishing objects ionized by massive stars such as HII regions or star-forming galaxies (SFGs),
ionized by power-law like sources such as AGNs or ionized by shocks. These are the BPT diagrams
or diagnostic diagrams.

Some revisions were made to that preliminary scheme, among them the work by Veilleux and Os-
terbrock (1987), who reduced the number of diagnostics and proposed a smaller set of emission line
ratios to be used. These ratios were: [O 111]/\500%& /HB, [N 11]A6584A /Ha, [S11]A, 6717, 6731A /Ha
and [O1]A6300A /Ha. The advantage of using these ratios is that: i) it only involves strong optical
emission lines which are easily detected; ii) lines are in a region of the spectrum which is usually
covered; and, iii) the ratios are made minimizing dust extinction effects. Based on that work, Kewley
et al. (2001) provided a clear demarcation where SFGs (and starburst galaxies) are located by
means of photoionization models.

With the advent of large spectroscopic surveys, such as Sloan Digital Sky Survey (SDSS; Blanton
etal., 2003; Stoughton et al., 2002; York et al., 2000), the number of available spectra for extragalactic
objects increased several orders of magnitude, allowing for empirical constrains on the BPT diagrams.
The works by Cid Fernandes et al. (2010), Kauffmann et al. (2003), and Kewley et al. (2006) allow
us to define different regions in each diagram, where star-forming galaxies, AGNs and LLAGNSs are
mainly found. This is illustrated in Fig. 1.14.

Later on, an additional diagnostic was proposed by Cid Fernandes et al. (2010, 2011) based on
the [N 1]A6584A /Ha and the equivalent width of Ha (Wg, )- This is the so-called WHAN diagram.
Motivated by the work from Stasiriska et al. (2008), showing that passive galaxies whose emission
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Figure 1.14: Diagnostic diagrams for the SDSS DR9 GalSpec catalog of galaxies. Colors identify different
spectroscopic classes: blue for star-forming galaxies (SFGs), green for Seyferts (SEY), red for
composite galaxies (COM) and orange for LINER-like galaxies (LIN). Only galaxies
unambiguously classified in the three diagrams are shown. Panels a), b) and ¢) show each
diagnostic whereas panel d) shows the statistics. Unknown sources (magenta) are those objects
that change their classification from one diagnostic to the other.

was attributed to hot low-mass evolved stars (HOLMES) were classified as LINERs in the BPT
diagrams, Cid Fernandes et al. (2010) proposed also a distinction based on the strength of Wy; .
This diagram allows for a differentiation between star-forming galaxies, strong AGNs (sAGNs),
weak AGNs (WAGNSs), retired galaxies (RGs) and passive galaxies (PGs). We show an example of
such classification in Fig. 1.15, for the same galaxy sample classified in Fig. 1.14.

1.3 CHEMICAL EVOLUTION OF GALAXIES

In the preface to the second edition of their Galaxies in the Universe textbook, Lisa S. Sparke and
John S. Gallagher wrote: We must take the Universe as we find it, and deduce how the basic properties
of matter have constrained the galaxies that happened to form (Sparke & Gallagher, 2006). Indeed, our
current understanding (and uncertainties) from how galaxies form and evolve mainly come from
observations, either from large surveys in which statistics helps us getting a wide picture or by
targeting particular types of objects which allow us to test the boundaries of our theories and models.
Observations are also complemented by predictions made either by hydrodynamical simulations
(e.g. Davis et al., 1985; Schaye et al., 2015; Springel et al., 2018) or semi-analytic models (e.g. Bower
et al., 2006; Cole et al., 2000; Nadler et al., 2023).
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Figure 1.15: WHAN diagram for the SDSS DR9 GalSpec catalog of galaxies. Only galaxies unambiguously
classified in the three diagnostic diagrams are shown. Colors follow the same code as Fig. 1.14.
Each panel shows the classification for each spectral class: a) SFGs, b) Seyferts, ¢) LINER-like,
and d) composite.

Our current understanding of galaxy formation and evolution requires two ingredients: dark
(DM) and baryonic (BM) matter. As DM only interacts by gravity, we have a good understanding
on how DM evolved. Complexity increases drastically when we study the evolution of BM (stars,
gas, dust), as not only gravity but many other physical processes at different spatial and temporal
scales take place. A proper knowledge on the chemical composition of the baryonic matter, which is
governed by the star formation history of a galaxy, provides clues on how galaxies evolved, and give
constraints for theory and models aiming to provide a framework to understand galaxy evolution.

The chemical evolution of galaxies can be studied through many ways. The first way is to analyze
the chemical composition of stars (in our own Galaxy) or stellar populations (extragalactic sources),
by means of fitting the observed spectrophotometric continuum data to stellar synthesis models
that control all synthesis parameters, among them stellar metallicity (e.g. Cappellari, 2017; Conroy,
2013; Leitherer et al., 2011). Another way is to estimate the chemical composition of the gas-phase
ISM, by means of the analysis of its emission lines (see Sec. 1.2.4). Finally, the chemical evolution of
galaxies can also be studied through models, either from numerical simulations (e.g. Dubois et al.,
2016; Schaye et al., 2015; Springel et al., 2018), analytical models (e.g. Kobayashi et al., 2000, 2020a;
Vincenzo et al., 2016) or semi-analytical models (e.g. Tissera et al., 2025; Yates & Kauffmann, 2014;
Zoldan et al., 2017).

The ratio between different elements observed in the ionized gas tells us the present chemical
enrichment of the ionized gas, and, hence, it allows us to trace the impact of the different enrichment
processes that galaxies have undergone. Therefore, in this section, we will constrain ourselves to
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the observations and predictions for the chemical evolution of galaxies as traced by their gas-phase
ISM.

1.3.1  Galaxy formation: leading theory and caveats

Before directly addressing observational results and models for galaxy chemical evolution, it is
important to review the formation of galaxies. Under the general assumed ACDM cosmological
model, primordial dark matter density fluctuations led to the formation of DM halos (e.g. Davis
et al., 1985; Springel et al., 2018), which had a hierarchal growth, where big halos became bigger
by means of mergers and/or accretion from the Cosmic Web (e.g. Cole et al., 2000; Martizzi et al.,
2019). Galaxies formed from the pristine gas that was trapped with those DM halos (Cole et al.,
2000; Davis et al., 1985; Schaye et al., 2015; Springel et al., 2018).

Whereas this is the most accepted theory, we must bear in mind caveats arising from two different
branches: either related to the cosmological model or to the hierarchical growth. In the first group,
we have problems such as the Hubble constant tension (see Verde et al., 2024, for a review) or the
amplitude of the matter fluctuations (e.g. Adil et al., 2024; Planck Collaboration et al., 2020, e.g.),
among many others (see Efstathiou, 2025, for a recent review on the challenges to the cosmological
model). In the second group, we still have caveats such as the missing satellite problem (e.g.
Nashimoto et al., 2022; Strigari et al., 2007) or the fact that most massive DM halos fail to form
galaxies (too-big-to-fail problem; e.g. Garrison-Kimmel et al., 2013; Ogiya & Burkert, 2015), among
other problems that are detailed in the review by Bullock and Boylan-Kolchin (2017).

1.3.2  Observational trends

The primordial composition of the ISM gives the starting point for the chemical evolution of galaxies,
but it settles mainly a zero starting point for the heavier elements (i.e. metals). In order to provide
a reference standard frame, chemical evolution studies have been anchored their results to the
chemical composition of the Sun. The analysis of the chemical composition of the gas-phase ISM is a
field of study that has spread over many decades. The very first works dated from the late 60s/early
70s (e.g. McClure & van den Bergh, 1968; M. Peimbert & Costero, 1969; M. Peimbert, 1967; Searle,
1971), but our understanding of the chemical composition of the Sun has changed over decades.
Hence, when comparing studies across different years, it is important to have in mind how Solar
abundances have been revisited over the years. We provide in Tab. 1.3 an overview of the evolution
of the solar abundance determination for some of the most studied elements.

As a general remark, the words chemical abundances and metallicities are frequently used in the
literature indistinctly. For the present thesis, we use metallicity to refer to the oxygen (12+log(O/H))
abundance, since it is generally used as a tracer for the global metallicity. On the other hand, we use
the term chemical abundances when we refer to other elements or ratios of different elements that
might also include O. These ratios are essential to constrain the different stellar chemical enrichment
processes, as they can only be altered by how stars have been formed throughout galaxy evolution,
proving us with a glimpse on product from the star formation history of the galaxy, in other words,
on its evolution.

1.3.2.1 Relationship between N and O abundances

Early studies of the nitrogen and oxygen abundances in HII regions showed that nitrogen could not
only have a secondary production (i.e. once the ISM was already enriched with O). The results from
M. Peimbert et al. (1978), Rayo et al. (1982), Shaver et al. (1983) and Vilchez et al. (1988) showed
in some cases mainly constant (or with very little variation) log(N/O) across galactic disks. If
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Table 1.3: Results for the chemical composition of the solar photosphere over decades (Y/H =
12+log(Y/H)). Code references: GMA60 (Goldberg et al., 1960); RA76 (Ross & Aller, 1976);
AG88 (Anders & Grevesse, 1989); G598 (Grevesse & Sauval, 1998); AS+09 (Asplund et al., 2009);

LO+21 (Lodders, 2021).

GMA®60 RA76 AG89 GS98 AS+09 LO+21
He/H - 10.8+0.2 10.99+0.04 10.93+0.004 10.93+0.01 10.924 +0.02
Li/H 0.96 1.0+0.1 1.16 +0.1 1.1+0.1 1.05 +0.10 1.04 +0.10
C/H 8.72 8.62+0.12 8.56 +0.04 8.52 +0.06 8.43 +0.05 8.47 + 0.06
N/H 7.98 7.95+0.15 8.05+0.04 7.92 +0.06 7.83 + 0.05 7.85+0.12
O/H 8.96 8.84+0.07 8.93+0.04 8.83 + 0.06 8.69 + 0.05 8.71 £ 0.04
Ne/H - 7.57+0.12 8.09 +0.10 8.08 + 0.06 7.93 +0.10 8.15+0.10
Na/H 6.30 6.284+0.05 6.33+0.03 6.33 +0.03 6.24 + 0.04 6.21 4+ 0.04
Mg/H 7.40 7.60+0.15 7.58 +0.05 7.58 + 0.05 7.60 + 0.04 7.56 + 0.05
S/H 7.30 72+015 7.2140.06 7.33+0.11 7.12 +0.03 7.15+0.05
Ar/H - 6.0+0.2 6.56 + 0.10 6.40 + 0.06 6.40 + 0.13 6.50 + 0.10
Ca/H 6.15 6.35+0.10 6.36+0.02 6.36 + 0.02 6.34 + 0.04 6.31 + 0.03
Fe/H 6.57 7.50+0.08 7.67 +0.03 7.50 + 0.05 7.50 + 0.04 7.48 + 0.04

nitrogen is only produced via CNO cycles from stars born from O-enriched gas, then the log(N/O)
should always be increasing as O increases. This was the first evidence for a primary production of
N (Edmunds & Pagel, 1978).

Nowadays, we have a better understanding of the relation between nitrogen and oxygen, usually
traced in the log(N/O) vs 12+log(O/H) (or in short N/O vs O/H) diagram. There is an oxygen
threshold (O/Hry,.s) that limits the main production of nitrogen. For lower O abundances, N and
O mainly come from the same massive stars (due to rotational effects in the stellar nucleosynthesis;
e.g. Limongi & Chieffi, 2018), thus a log(N/O) constant value is expected. For higher O abundances,
N now is also produced by intermediate-massive stars via CNO cycles, so it is expected that the
log(N/O) ratio increases as O increases. Indeed, this behavior has been extensively reported in
the literature both for HII regions (e.g. Alloin et al., 1979; Belfiore et al., 2015; Bresolin et al., 2009;
van Zee & Haynes, 2006; van Zee et al., 1998; Vila-Costas & Edmunds, 1993) and for star-forming
dominated galaxies (e.g. Andrews & Martini, 2013; Coziol et al., 1999; Curti et al., 2017; Lara-Lépez
et al., 2009; Larsen et al., 2001; Vincenzo et al., 2016). We show in Fig. 1.16 examples of the N/O vs
O/H relation for star-forming galaxies from SDSS (panel (a)) and from HII regions in sample of
galaxies from MaNGA (panel (b)).

Although well studied, the N/O vs O/H relation still present some uncertainties. In terms of the
parametrization of the relation, there is no clear demarcation from where the secondary production
dominates over the primary. Some authors proposed O/Hry,,.s = 8.4 (e.g. Vincenzo et al., 2016),
others slightly higher values such as 8.5 (e.g. Andrews & Martini, 2013) or 8.6 (e.g. Pérez-Diaz
et al., 2021). Nevertheless, given the uncertainties in the estimation of chemical abundances, these
results are compatible. Another source of uncertainty is the fact that hydrodynamical processes
within galaxies (such as inflows or outflows) might affect the composition of the gas (e.g. Amorin
et al., 2010; Kobulnicky & Skillman, 1996; Kumari et al., 2018; Villar Martin, M. et al., 2024).

Even taking into account inflows and/or outflows, there are still examples of galaxies that do not
follow at all thelog(N/O) vs 12+log(O/H) relation. This is the case at high redshifts, as the detection
of the so-called extreme N-emitters, high-redshift galaxies with prominent N emission lines, low O/H
abundances and high N/O ratios (e.g. Cameron et al., 2023; Castellano et al., 2024; Isobe et al., 2023;
Schaerer et al., 2024), clearly highlights the need for revisiting this relation. Several theories have
been proposed to explain these observations (Wolf-Rayet stars, supermassive stars, pAGb stars,
globular clusters footprints, ...) but there is still no consensus on the main mechanism(s). Another
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Figure 1.16: N/O vs O/H diagram for a sample of SFGs from SDSS DR9 GalSpec catalog of galaxies (a) and
for HII regions from a sample of galaxies from MaNGA. Typical error bars (gray) as well as the
median values for binned data (blue) are shown in each plot. Lines show reported relations in
the literature: black solid (Coziol et al., 1999), dotted (Andrews & Martini, 2013) and
dash-dotted (Belfiore et al., 2015).

puzzling group of galaxies are the ones whose activity is dominated by AGNs. Some authors report
that they follow the same trend (e.g. Flury & Moran, 2020), others that there is no trend at all (e.g.
Pérez-Diaz et al., 2021) and others that they follow a different trend (e.g. Oliveira et al., 2024a). It is
important to keep in mind that the previous results depend mostly on the methodology and types
of analyzed AGNs.

1.3.2.2  Relationships between O and C, S, Ne, Ar abundances

As carbon is produced in a similar (but not identical) way as nitrogen, then a similar relation is
expected between log(C/O) and 12+log(O/H). Indeed, this relation has been reported by many
authors (e.g. Berg et al., 2016; Erb et al., 2010; Henry et al., 2000; Llerena et al., 2022; Pérez-Montero
& Amorin, 2017). As in the case of the N/O vs O/H relation, a scatter is expected by the same
physical processes, which is even increased by the depletion effect (e.g. Pérez-Montero & Amorin,
2017). Whereas there is no clear picture on how C/O behaves in AGN-dominated galaxies, there is
a hint that they might show the same deviations as reported in N/O (Pérez-Montero et al., 2023b).
Interestingly, C/O ratios in extreme N-emitters at high redshift galaxies do not deviate much from
the expected trend (e.g. Schaerer et al., 2024).

Sulfur, neon and argon (a-elements) are produced by the same stellar nucleosynthesis processes
than oxygen, so it is expected that log(S5/0O), log(Ar/O) and log(Ne/O) show an almost constant
behavior. Whereas for Ne and Ar studies show that they mainly'* follow the expected trend (e.g.
Arellano-Cérdova et al., 2024; Berg et al., 2020; Croxall et al., 2016; Thuan et al., 1995), a different
picture arises when analyzing the log(S/0O) abundance ratio. Whereas some authors claim that S/O
shows the expected constant behavior (e.g. Arellano-Cérdova et al., 2024; Berg et al., 2020), others
find clear deviations (Diaz & Zamora, 2022; Dors et al., 2023).

1.3.2.3 Radial gradients in disk galaxies

The analysis of HII regions within the disk of galaxies does not only provide information on
the relations between different chemical species, but also on how these abundances vary across

12 Most of these studies report some deviations at high abundances, but given the uncertainties in the used ICFs and the

impact of dust depletion, they must be revisited.
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Figure 1.17: Gas-phase abundance radial gradients for O/H (top panels) and N/O (bottom panels) for two
galaxies from MaNGA. Typical error bars (gray) as well as the median values for binned data
(blue), ensuring at least 10 HII regions, are shown in each plot.

different distances within the same galaxy. The very first analysis of such gradients already lead
to the conclusion that there is a negative radial metallicity gradient: HII regions located closer to
the galaxy center are characterized by higher 12+log(O/H) abundances than those located in the
outer parts (e.g. Garnett & Shields, 1987; Pagel & Edmunds, 1981; Vila-Costas & Edmunds, 1992;
Vilchez et al., 1988). Likewise, a similar behavior for the radial gradient of the log(N/O) ratio has
been reported (e.g. Pilyugin et al., 2004; Vila-Costas & Edmunds, 1993). We show in Fig. 1.17 (a) an
example of such gradients.

Thanks to the advent of the Integral Field Spectroscopy (IFS, e.g. CALIFA, MaNGA, SAMY), the
statistical number of galaxies for which metallicity gradients can be estimated has substantially
increased. In the majority of cases, the idea of a negative metallicity gradient (either traced by O/H
or N/O) for the disc of galaxies seems to be confirmed (e.g. Belfiore et al., 2017; Pérez-Montero et al.,
2016; Sanchez et al., 2014; Sdnchez-Menguiano et al., 2016; Zinchenko et al., 2021). However, there is
also evidence for galaxies that do not follow such trend. At high redshifts, some galaxies might show
flat or even positive gradients (e.g. Carton et al., 2018). Interacting galaxies also show deviations
from the negative metallicity gradient (e.g. Rupke et al., 2010). Moreover, Sanchez-Menguiano
et al. (2018) found that a single metallicity gradient cannot reproduce the observed metallicity
gradients in nearby spiral galaxies. We show in Fig. 1.17 (b) an example of a deviation from the
single, negative slope metallicity gradients.

1.3.2.4 Mass-metallicity, mass-NO and fundamental metallicity relations

The first works on chemical abundances of the gas-phase ISM also reported a relation between the
galaxy stellar mass (M, ) and metallicity (traced by O/H) of the galaxy (e.g. Garnett & Shields, 1987;
Lequeux et al., 1979; Skillman et al., 1989). These results were later confirmed with the analysis of
large spectroscopic surveys (e.g. Curti et al., 2020; Duarte Puertas et al., 2022; Lamareille et al., 2004;
Mannucci et al., 2010; Tremonti et al., 2004). This is te so-called mass-metallicity relation (MZR). Given
the relation between N/O and O/H, a similar result (mass-NO relation, MNOR) was expected and
found between the stellar mass and the N/O ratio (e.g. Andrews & Martini, 2013; Pérez-Montero &
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Contini, 2009; Pérez-Montero et al., 2016; Schaefer et al., 2022). We show examples of both relations
in Fig. 1.18.
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Figure 1.18: Mass-metallicity (a) and mass-NO relations (b) for the whole sample of SFGs from SDSS DR9
GalSpec catalog of galaxies. Typical error bars (gray) as well as the median values for binned
data with at least 250 galaxies (blue) are shown in each plot. Black lines show the reported
relations in the literature: solid from Andrews and Martini (2013) and dotted from Curti et al.
(2020). Red lines show our best fit.

For both cases, a considerable scatter in the relation is found. Before addressing physical drivers
of the scatter it is important to note two numerical caveats. First of all, the dynamical range of
variation for the chemical abundance tracers is ~ 1.5 dex, but stellar mass varies in a considerable
longer range ~ 5 — 6 dex. Secondly, the uncertainty in the chemical abundance estimation is also an
important driver of the scatter. Nevertheless, the increase in statistics might considerably reduce
the two previous effects, and hence the scatter reported in relations with at least 100, 000 galaxies
can be analyzed in a statistical way. Indeed, several works have been devoted to the analysis of
what physical properties might explain the scatter: star-formation rate (SFR; e.g. Curti et al., 2020;
Lara-Lopez et al., 2010; Mannucci et al., 2010), feedback from star formation (e.g. Blanc et al., 2019)
and/or AGN activity (e.g. Thomas et al., 2019), secular evolution (e.g. Somerville & Davé, 2015),
stellar age (e.g. Duarte Puertas et al., 2022), galactic environment (e.g. Y.-j. Peng & Maiolino, 2014)
or redshift (e.g. Mannucci et al., 2009). We show in Fig. 1.19 the effects of the SFR and stellar age on
the MZR and MNOR relations.

The effect of SFR in the MZR arises not only because it correlates with stellar mass (see Kennicutt
& Evans, 2012, for a review), but also due to its probable correlation with the metallicity (e.g. Curti
et al., 2020; L6pez-Sanchez & Esteban, 2010; Mannucci et al., 2010). Hence, Mannucci et al. (2010)
proposed to analyze the MZR in terms of a new quantity, a corrected stellar mass accounting for the
SFR (log(M,) — ulog(SFR)). Although several values of u have been proposed, it must be noted
that this is a way of projecting a 3D relation onto a plane, implying that the value of ¢ will depend
on the underlying 3D relation. This is the so-called fundamental metallicity relation (FMR). Likewise,
the work from Duarte Puertas et al. (2022) also highlights that stellar age (usually traced by means
of the D(4000) index'3) shapes de MZR and MNOR. Hence, a similar approach can be performed
and project the relation onto a plane, driven by log(M, ) — jiD(4000)). We show such projections in

Initially proposed by Bruzual A. (1983) as the ratio between the mean flux density in the range 4050-4250A (red part)
and that in the range 3750-3950A (blue part), D(4000) index traces stellar age since the lack of massive blue stars
increases this index as well as evolved stars produce more metal absorption reducing as well the contribution of stellar
populations to the blue part(Balogh et al., 1999; Bruzual A., 1983; Hamilton, 1985; Poggianti & Barbaro, 1997).
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Figure 1.19: Mass-metallicity and mass-NO relations from Fig. 1.18. Panels (a) and (b) show the running
medians (at least 1000 data points) for galaxies with SFR in specific ranges. Panels (c) and (d)
show the running medians (at least 1000 data points) for galaxies with D(4000) in specific
ranges.

Fig. 1.20. The value of y and ji can be interpreted as a quantification of the effect on the corrected
property: larger values imply a large correction, i.e., a strong dependence.

It is also important to note the limitations of these relations. First of all, there is still a debate on
whether the relation exists (e.g. Baker et al., 2023), or it should be tracked with other properties
such as the stellar mass corrected from SFR (e.g. Mannucci et al., 2010) or even other properties
such as the gravitational potential (e.g. Sinchez-Menguiano et al., 2024a). Second, they have been
extensively studied for SFGs, but there is not yet a clear picture on whether AGN-dominated galaxies
follow or not the same trend (e.g. Pérez-Diaz et al., 2021; Thomas et al., 2019). Third, there is an
intrinsic lower mass limit to these studies due to the sample selection criteria, thus the low-mass
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Figure 1.20: Fundamental metallicity relations for the whole sample of SFGs from SDSS DR9 GalSpec

catalog of galaxies. Panels (a) and (b) show the projection onto the SFR axis. Panels (c) and (d)

onto the D(4000) axis. Typical error bars (gray) as well as the median values for binned data
with at least 250 galaxies (blue) are shown in each plot. Red lines show our best fit.

end of these relations must be carefully studied either targeting local analogs (e.g. Amorin et al.,

2010; Calabro et al., 2017; Yang et al.,, 2017a, 2017b) or galaxies at high redshifts (e.g. Chemerynska
etal., 2024; Curti et al., 2024; Simmonds et al., 2024).

1.3.3  Theoretical framework: models and simulations

We have summarized the most important relations observed in the study of chemical enrichment in
galaxies through the analysis of their ISM. Having a clear picture of the observed relations is as
important as providing a theory that is able to reproduce them in order to figure out their main
physical drivers. We will briefly review the ongoing theories that have been proposed to reproduce

chemical evolution of galaxies.
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13.0



1.3 CHEMICAL EVOLUTION OF GALAXIES

1.3.3.1 Fundamental ingredients

It is beyond the scope of this work to deeply analyze all the aspects, caveats and used methods
for the build-up of chemical evolution models either by analytical, semi-analytical or simulation
methods. A good picture on galaxy chemical evolution modeling can be found in Matteucci (2012,
2021), Somerville and Davé (2015), Mitchell et al. (2018) and Kobayashi et al. (2020a), among many
others. In this section, we briefly describe the most important parameters that govern chemical
evolution according to models.

e The total baryonic mass of the system (M;,;). This parameter is usually separated into compo-
nents. On one hand, we can separate it into the gas mass (G) and stellar mass (M, ). In terms
of the composition, we can separate the mass into the mass that is present in each element Z

(My).

e The shape and amplitude of the function that represents star formation. Due to the fragmen-
tation during the collapse of molecular clouds, stars of different masses form according to an
empirical law, the initial mass function (IMF). Many studies are available on the literature
devoted to the determination of the shape of the IMF (see Hennebelle & Grudi¢, 2024, for a
recent review ). Once the shape of the IMF (®(M)) is fixed, then the produced stellar mass
is needed. This is parametrized by means of the SFR, which fixes the amplitude. A useful
parameter that relates SFR and the mass of gas (reservoir) is the star-formation efficiency
(SFE):

SFE = SFTR (1.38)

e The fraction of ejected mass for each star of mass m. For a given star, there is fraction of its
mass that is ejected into the ISM (e(m)) and another fraction that remains as star i.e. the
remaining product of the stellar evolution (s (mm)). Although stars progressively loss mass, a
good approximation is to trace the total mass ejected after their expected lifetime (7 (m)):

e(m)=m—s(m) (1.39)

In some cases, specifically for very low mass stars, a good approximation is to assume m =
s (m). For the rest, stellar evolution models provide good estimates for the expected s (m). At
any given time, the total mass ejected is given by:

E (b =fm

Miow

" e (m) SER (t) ® (m) dm = fm“” [m —s (m)]SER (t) ® (m) dm (1.40)

Miow

being m;,,, and m,,, the limits from the IMF.
o The stellar yields (p) for each element. For a given star of mass m, its chemical composition
changes due to stellar nucleosynthesis. The total mass ejected from that star has a particular

composition p,, so the total mass of an element Y ejected from a star of mass m is given by
(Meynet & Maeder, 2002):

ey (m) = pym = f:m) [Y(ﬁz) - YO] dm (1.41)
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where YV is the initial fraction and Y (77) the fraction at a distance that comprehends a mass
1. The yield is defined as the fraction between the mass of element Y ejected into the ISM
(Ey (t)) and the mass retained in the stellar remnants (S ()):

E,() o7 pymSER(O® mydm g,
=3 - nrqnlow : = ppqu) (m)dm (1.42)
S s (m)SFR () D (m)ydm 1= R Jmy,

being R = E(t) - SFR™! (t), which is considered as the return fraction. Yields are usually
taken from studies of stellar models, in which numerous effects such as rotational mixing are
included (e.g. Hirschi et al., 2005, and references therein).

e The inflow and outflow rates. The system might be fed with gas from outside the galaxy and
might also lose gas as a consequence of strong winds that drive away certain amounts of gas.
The rates of mass inflow (M;,,) and outflow (M,,,;) determine the integrated flow rate A (t)

for the system:

4G
= A®) (1.43)

dt
With all these ingredients, and the initial conditions from which we want to consider the galaxy
system evolution, we can have a track of the chemical enrichment of the gas-phase ISM. In order to
analytically solve the equations, certain relations and forms need to be assumed so the integrals can
be computed, otherwise it is necessary to use numerical methods. Additionally, we can track the
evolution at spatial scales by adding radial dependence on the corresponding ingredients.

1.3.3.2 The relation among chemical abundances

Starting from an almost identical chemical composition, the relations between different elements
are mostly governed by the yields P. As a-elements are produced by the same stellar processes as
O, it is expected a constant behavior between them driven by the yields. However, it is important
to note the effects of dust depletion which might have an important role at high metallicities (e.g.
Calura et al., 2008).

The relation between N/O vs O/H is not only governed by the stellar yields (P), but also by flow
rates and the star formation efficiency. Accounting for both, primary and secondary production,
Koéppen and Edmunds (1999) and Képpen and Hensler (2005) show that the position of a galaxy
(or HII region) in the N/O vs O/H might be altered. On the other hand, Moll4 et al. (2006) show
that SFE also plays a role in shaping the relation. Local contamination from Wolf-Rayet stars (e.g.
Lépez-Sanchez & Esteban, 2010) and the time delay between primary O (~ Myr) and secondary N
production (~ Gyr) also introduces scatter in the relation. The same scenario applies to the C/O vs
O/H relation.

Very recently, it has been proposed that N production can be extremely affected in dense star
clusters: massive stars quickly sink into the centers by means of mass segregation, and there they
collide and merge, reducing the production of O and C (Cameron et al., 2023). However, it must be
noted that this theory arises from the need to explain the high N/O ratios at high redshifts, and it is
still under debate (e.g. Schaerer et al., 2024).

1.3.3.3 The inside-out growth of galaxies

The pioneering works from Chiosi (1980) and Matteucci and Francois (1989) provided the theoretical
framework to reproduce the metallicity gradients observed in the disks of the Milky Way and nearby
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galaxies. Considering chemical evolution models with radial resolution (i.e. dependence on the
distance to the galactic center), they proposed that the infall rate follows an exponential like:

A(r,t) = Ay (r)exp (— ) (1.44)

ar + B

where « and B are constants that parametrize the infall time-scale dependence on the radii. If & is
positive, then at higher distances from the galactic center the time-scale is considerable longer than
at the inner parts. Gas concentrates more efficiently in the inner parts, and thus, star-formation is
enhanced. Thus the chemical enrichment in the inner parts is faster than in the outer parts, leading
to the negative metallicity gradient. This is the inside-out growth* of galaxies (Belfiore et al., 2019;
Chiappini et al., 2001; Matteucci & Francois, 1989).

As important as the inflow rate is the outflow rate, related to the feedback from star formation
(e.g. Lian et al., 2018). It has been demonstrated by means of galaxy simulations and chemical
evolution models that out-of-balanced effects of inflows and/or outflows can drastically change the
shape of the metallicity gradient (Tapia-Contreras et al., 2025).

1.3.3.4 The bathtub model

In order to reproduce the mass-metallicity relation, simple analytical models were developed (e.g.
Bouché et al., 2010; Dayal et al., 2013; Lilly et al., 2013). These models treat the galaxy as a system
of two integrated components: the galaxy system whose variations in gas, stars and chemical
enrichment are traced; and the halo. These models assumed the halo as a sinking source: a fraction
of the gas inflows goes to the halo, and the other to the gas reservoir in the galaxy system; likewise,
outflows expel gas, a fraction of which is trapped within the halo, while the other manages to
escape.

The simplicity of these models comes from the fact that gas drives all the major physical processes.
The SFR is assumed to be of the form SFR (t) = €esprG (t), being egpg the inverse of the star-
formation time scale. In the same way, the outflow rate is assumed to be a scaling relation of the
SFR (M,,,; = & (M) SER (t)), where the proportional factor might depend on mass (reflecting the
gravitational potential barrier that the outflow might overcome). Due to mass conservation of the
system, it can be demonstrated (e.g. Lilly et al., 2013), that the infall rate is also proportional to the
star formation rate (M;,, = v (M) SFR (t)).

With all these ingredients, the evolution of stellar mass over time is simply governed by the SFR:

dM,
dt

= SFR (t) = €5rrG (1) (1.45)

whereas the evolution of the gas mass is the increase due to the inflow rate, the gas lost in stellar
remnants, and the loss of mass as outflows:

[/ [CE .
= = My (1) = My (1) = (L= R)SER (1) = [y (M) = E(M) + R = 1] egprG (1) (1.46)
Finally, the mass of an element Y within the gas-phase ISM evolves according to: 1) the contribution
expelled from stars (which can be express in terms of the yield P); 2) the contribution from the

Whereas these models based on radial symmetry provide a simple solution, they are the ground base to explore and
fit other scenarios. For example, introducing the perpendicular axis to he radial plane, models are able to reproduce
episodes in which gas accreted from te disk to the halo can be recaptured by the disc at different scales (galactic fountains;
e.g. Spitoni et al., 2013). More sophisticated attempts based on 2D models that have been able to reproduce azimuthal
inhomogeneities, explaining the scatter observed in the literature (Spitoni et al., 2019, 2023).
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infalling gas with composition YY; 3) the mass of Y captured in the stars remnants; and 4) the mass
lost due to the outflow effect. Hence, we have:

My _ P (1 —=R)SFR () + YOM,, (t) — Y (1 = R)SER (t) — YM,,,; (t)

dar (1.47)
=[PA-R) + Y% (M) - Y (1 —R)—YEM)]esprG ()

Although further simplifications and operations can be made, the physics of the system is
governed by Eq. (1.45)-(1.47), i.e., the total amount of gas regulates the system. This is the main
reason why these models are called gas regulation or bathtub models. Whereas they rely on many
assumptions, they are able to reproduced the MZR and FMR observed in galaxies (e.g. Dayal
etal.,, 2013; Lilly et al., 2013) and their formalism can also be implemented to reproduce metallicity
gradients (e.g. Belfiore etal., 2019). The major caveat from these models is that their implicit relations
are based on the idea that there is an equilibrium between inflows, outflows and star-formation
governed by the gas (Dayal et al., 2013; Lilly et al., 2013), which might not be accurate for certain
critical moments of galaxy evolution (e.g. Faisst et al., 2025; Forster Schreiber & Wuyts, 2020).

1.4 CONTEXT AND OUTLINE OF THE THESIS

Throughout this introduction we have outlined and reviewed three major research areas: the physics
of the ISM, the diagnostics from emission lines and the chemical evolution of galaxies. Although each
area is complex enough, the three of them are essential for the work we present in this thesis. From
a theoretical point of view, the chemical enrichment of the ISM explains the expected composition
of the ionized gas which affects its ionization structure. From an observational point of view, a
similar picture emerged. Present day activity in galaxies is traced by their ionized gas, e.g., by their
emission lines. Thus, knowledge on the physical processes behind those emission lines is key in
understanding their nature and to provide proper knowledge. The information from those emission
lines allows us to constrain the chemical composition of the gas, and having a clear picture on
how different elements are synthesized and ejected into the ISM is essential to understand the
estimations. Finally, chemical evolution models for galaxies are a powerful tool not only to check
which physical drivers might explain the estimations, but also to perform additional tests that might
complement the picture arising from observations.

The analysis of the chemical abundance ratios of the gas-phase ISM is a key component for our
understanding of galaxy evolution, as it provides us with information on the recent and far past
chemical enrichment history of the galaxy, which is governed by stellar processes and gas dynamics.
The vast majority of works rely on the use of optical emission lines to perform the chemical and
physical diagnostics of the ISM. However, other regimes can provide a different perspective and
minimize caveats from the optical studies. This thesis aims at emphasizing the importance of the
IR regime, and to provide the tools required to perform chemical and physical diagnostics of the
gas-phase ISM.

In addition, the majority of studies have targeted galaxies whose activity is mainly dominated
by star formation, but there is an important fraction of galaxies that have undergone an AGN-
dominated phase in the past or that still holds nowadays. Thus, the chemical evolution of galaxies
needs to be complemented with the picture of the AGN. Additionally, to compare both cases, the
same methodology must be applied to minimize the uncertainties. Thus, this thesis does not only
provide a new methodology for the IR regime, but also ensures to provide a versatile tool that can
be applied for both, SFGs and AGNs.



1.4 CONTEXT AND OUTLINE OF THE THESIS

The structure of this work is as follows?5:

o Chapter 2 reviews the limitations of optical observations and highlights the importance of the
IR regime in the study of the chemical enrichment history of galaxies. In this chapter we also
present a physically motivated and detailed outline of the methodology developed for the
determination of chemical abundances from IR emission lines. We also outline the different
galaxy samples used for this research.

e Chapters 3 and 4 show results obtained for a sample of LLAGNSs, using optical-IFS data.
Chapter 3 is focused on their chemical treatment, focusing on the fact that optical regime
cannot rule out some ionizing scenarios and, hence, the uncertainty forces to consider all of
them. Chapter 4 comes naturally as a follow-up analysis from the data used in Chapter 3, and
allows us to test, for the first time, the metallicity gradients in galaxies whose central activity
is not dominated by star-formation.

e Chapters 5 and 6 correspond to the analysis, test and results of our methodology to estimate
chemical abundances from IR emission lines. In these two chapters, we focus on the deter-
mination of N/O, O/H and S/H for both, SFGs and AGNs. Chapter 5 serves as a transition,
showing the potential of IR diagnostics and comparing the results to those obtained from
optical studies. Chapter 6 provides an additional improvement to the methodology, focusing
on the advantage of IR emission lines for the estimation of sulfur abundances.

e Chapter 7 highlights and exemplifies the importance of the IR regime, and uses a sample
of ultra-luminous infrared galaxies (ULIRGs) as reference sample. In this work, thanks to
the use of IR emission lines, we were able to shed light on whether these galaxies behave,
chemically speaking, in the same way as other active galaxies, as well as to get a picture on
how they might have evolved and its implications for chemical evolution models.

e Chapter 8 provides a summary and evaluation of the major conclusions from this work.
Additionally, a brief summary on the future lines of research covering some aspects not
reviewed in this work and others that naturally arise from our results is also included.

15 The reader might be curious on why the chapters do not follow the date order of publications. We have decided to sort
the chapters according to the logical flow of how the IR regime arises as a fundamental part of the chemical evolution of
galaxies.






A NEW METHODOLOGY FOR THE INFRARED EMISSION LINES

We present in this chapter a detailed analysis on the methodology developed for the study of IR

emission lines. Starting from a review of the limitations of optical spectroscopic observations (Sec.

2.1), we analyze the potential of IR emission lines to perform similar studies (Sec. 2.2). In Sec. 2.3
and 2.4 we explain the tools and how our methodology is built upon them. Finally, we summarize
in Sec. 2.5 the samples of galaxies which are analyzed in this research.

2.1 LIMITATIONS OF THE OPTICAL REGIME

The vast majority of studies of chemical abundances based on emission lines from the ionized
gas-phase of the ISM rely on [3000A — 9600A ] observations. This is mainly cause due to the fact
that optical emission is accessible from ground-based observatories. Moreover, large spectroscopic
surveys have been performed with optical observations. In this section, we review the caveats from
optical analysis, explaining some of the workarounds proposed and the limitations that cannot be
overcome.

2.1.1  Physical and chemical diagnostics from optical emission lines

The use of optical emission lines for chemical abundance determinations present three major caveats
that limit the applicability and accurateness of the methods based on this regime, including: the
necessity of reliable measurements of emission lines; the need for ionization correction factors due
to the unseen ions in this regime and, finally, a larger dust extinction. Thereafter, we examine below
in more detail these problems.

2.1.1.1  Missing auroral lines

As we have explained in Sec. 1.2.4, the direct method relies on the measurement of auroral lines that
are observable in the optical regime, such as [Om] A4363A, [Sti] A6312A, [Ne ] A3342A or [N ]
A5755A. Given the high dependence of the emissivity of CELs on temperature, the measurement
of these emission lines is crucial. However, applying this methodology is restricted to particular
objects, due to the challenges regarding their detection:

e There are at least three ionizing zones (low-, intermediate and high-excitation zones), traced
by different ions. As temperature does not follow a constant profile, then having accurate
measurements of the temperature of at least one auroral line from an ion in each zone should
be indispensable. In practice, this kind of analyses is limited to very few objects, and it is
more convenient to use reported relations, either empirical or from photoionization models to

convert temperatures for different excitation zones from just one measured temperature (e.g.

Pérez-Montero, 2017).

e When electron temperature is low (< 8500 K), then their emissivity its more than 100 times
fainter than other CELs from the same ion. As metals are efficient coolants, the more metals
present in the ISM, the lower the temperature would be and, hence, detecting and measuring

auroral lines in spectroscopic observations is no longer an option. This is exemplified in Fig.

2.1, both for SFGs and AGNs.
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Figure 2.1: Emission line ratios involving auroral lines as a function of the chemical composition of the
gas-phase ISM from models computed with cLoupy v17. Left column shows the results assuming
an ionizing source computed with POPSTAR (Moll4 et al., 2009), after 1 Myr burst while the gas
has an electron density of 1, = 100 cm~3. Right column shows the results assuming an AGN,
with slopes apx = —0.8 and ay, = —1 and the electron density is set to 1, = 500 cm~3. For each
model, we consider different ionization parameters: log(U) = —3.5 (red), log(U) = —2.5 (blue),
log(U) = —1.5 (black).

The major problems of the detection of auroral lines rely in the need to reduce the continuum
noise so that the signal-to-noise (S/N) ratio would be high enough for a reliable measurement.
As the S/N is limited by the technical capabilities of the observing instruments and telescopes as
well as the exposure time, an alternative in large spectroscopic surveys is to stack spectra from
groups of galaxies so the noise continuum is minimized (e.g. Andrews & Martini, 2013). Several
caveats arise from the stacking procedure. First of all, galaxy groups must be chosen in a way that
at least most if not all galaxies are characterized by similar values of the property to be studied.
In the case of estimation of chemical abundances (O/H), due to the MZR, selecting galaxies with
similar stellar masses would ensure that oxygen abundances would at least be in a similar range
and, hence, the value would be representative of the sample. However, as the stacked spectra is
taking as representative of a group of galaxies, the scatter is going to disappear as there is only one
value per property value. For example, in Fig. 1.19 we show how stellar age drives part of the scatter,
and the stacked procedure does not reproduce such scatter as galaxies with different stellar ages
are stacked in the same group. In other words, the stacking procedure would only help in analyze
whether the property used for the group selection correlates with the derived properties from the
stacked spectra.



2.1 LIMITATIONS OF THE OPTICAL REGIME

To provide a chemical estimation of the gas-phase ISM avoiding the problems from stacking,
strong emission line calibrators have been proposed (e.g. Curti et al., 2017; Pilyugin & Grebel, 2016).
Either using samples of galaxies whose chemical abundances can be estimated by means of the
direct method (empirical calibrations) or photoionization models, authors have proposed relations
between strong optical emission lines that are easily observed, such as [Ou] A3727A, H g, (O]
A5007A, H, [N 1] A6584A or [Su] A6717,6731A and the derived abundances. This method has the
advantage that can be easily applied in large samples of galaxies, but the greatest caveat is that
they are not valid for all cases, as their applicability is limited by the sample used for calibration.
Moreover, results obtained from calibrators can drastically affect some results such as the shape
of the MZR (Kewley & Ellison, 2008). We show in Tab. 2.1 and 2.2 a summary of the most widely
used optical calibrators and the most recent calibration available.

Table 2.1: Optical emission line calibrators for the determination of 12+log(O/H) abundances. Reference
codes: Ji+19 (Jiang et al., 2019); Do+21 (Dors, 2021); Cu+17 (Curti et al., 2017); Ca+20 (Carvalho
et al., 2020); Pi+16 (Pilyugin & Grebel, 2016); FM20 (Flury & Moran, 2020); Jo+15 (T. Jones et al.,
2015); Sta+06 (Stasiriska, 2006); PM+o5 (Pérez-Montero & Diaz, 2005)

Name Lines Applicability  Calibration Range Method

R23 [On]A3726,3729AHy, SFGs Ji+19 [7.3,8.6] T,-method

[Om]A4959,5007A AGNSs Do+21 [8.2,8.8] T,-method

N2 [Nn] A6584A,H, SFGs Cu+1y [7.7,8.8] T,-method

AGNs Ca+20 [8.2,9.0] Models
O3N2 Hy, [Om]A50074, SFGs Cut1iy  [7.7,8.8] T.-method
[Nu]A6584A H,
R-cal [On]A3727,3729AHg, HII reg. Pit16  [7.1,8.7] T,-method
[Om]A5007A,[NuJA6584A
S-cal Hg [OmIAS007A  pypy g Pit16  [7.1,8.7] T.-method
[Su]A6717,6731A, [N u]A6584A
03+N2 Hyg, [Om]A50074, AGNs FM+1y  [7.5,9.0] T,-method
[Nu]A6584A H,

0z2Ne3 [On]A3726,37294, SEGs Jot15  [7.8,8.6] T,-method
[Nem]A3868A,H;

Ar30O3 [O 111]/\5007A0, SFGs Sta+06 [7.2,8.8] T,-method

[Arm]A7135A
5303 [OHI]ASOO%?” SFGs Sta+06 [7.5,8.8] T,-method
[Sm]A9069A

Sa3 Hy,[Su]A6717, 67314, SFGs PM+o5  [7.1,8.9] T,-method

[Su]A9069,9531A
[On]A3726,3729A H,

S23023 [Om]A4959, 5007?’ SFGs PM+o05 [7.1,9.] T,-method
[Su]A6717,6731A,
[Sm]A9069,9531A

Another way to estimate chemical abundances without the detection of auroral emission is to use
photoionization models (see Sec. 2.3 for more details). The balance between heating and cooling
processes happens at a given temperature, thus we must model them. The ionizing source, the dust
content, the geometry, density and the chemical abundance ratios of the gas are parameters that are
introduced as inputs. Optical emission lines can be used (see Sec. 1.1.3 for the caveats) to provide a
diagnostic on the ionizing source and the rest of parameters are either assumed or estimated from
observations. The last ingredients, chemical abundances and ionization parameters are varied in

order to reproduce the observed emission lines. This is the tailored photoionization model method (e.g.

Oliveira et al., 2022, 2024a; Pérez-Montero & Diaz, 2007). Another advantage of photoionization
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Table 2.2: Optical emission line calibrators for the determination of log(IN/O) abundances. Reference codes:
Flo+22 (Florido et al., 2022); PM+19 (Pérez-Montero et al., 2019a).

Name Lines Applicability  Calibration Range Method
N202 | [Nu]A6584A,[0u]A3726,2729A SFGs Flo+22  [~1.6,-0.5] T-method
AGNs PM+19 [-2.0,0.0] Models
N2S2 | [Nu]A6584A,[Su]A6717,6731A SEGs Flo+22  [~1.6,-0.5] T,-method
AGNs PM+19 [-2.0,0.0] Models
N2 [Nu]A6584A H, SFGs Flo+22 [-1.6,-0.5] T,-method
O3N2 Hp, [Om]A50074, SEGs Flot22  [-1.6,-0.5] T,-method
[N1u]A6584A H,

models is that they can be used to provide calibrations for strong emission line calibrators based on
the predicted ratios of emission lines. However, this tailored method is much more inefficient than
the application of a calibration, and thus it is more used when dealing with few objects.

2.1.1.2 Recombination lines for abundance estimations

The theory that we have outlined in Sec. 1.2.4 for the estimation of chemical abundances from
emission lines can be applied as well to metal RLs, although we have already explained that
these emission lines are extremely faint and only accessible from high signal-to-noise (S/N) ratio
observations of bright HII regions (e.g. Garcia-Rojas et al., 2007), SNe remnants (e.g. Docenko
& Sunyaev, 2008) and PNe (e.g. M. Peimbert et al., 2004 ). In the case that enough metal RLs are
observed, then the derivation of chemical abundances from them offers the advantage that their
emissivities, governed mainly by the effective recombination coefficient (a,f/), are less affected by
temperature than optical CELs.

When comparing the abundance derivations from metal CELs and those from RLs, some authors
have reported systematic higher abundances when they are derived from RLs as compared to those
derived from CELs (e.g. Corradi et al., 2015; Garcfa-Rojas et al., 2009; Garcia-Rojas & Esteban, 2007;
Tsamis et al., 2003). This difference, known as abundance discrepancy factor (ADF), can be defined as:

log (ADF [X™*]) = log (X" /H* ), —log (X™*/H") .y . (2.1)

which can go up to 0.5 in HII regions and 0.7 for SNe, although chemical inhomogeneities within
the gas can provide even higher values (e.g. Corradi et al., 2015; M. Peimbert et al., 2017).

There is still a debate on the origin of this discrepancy. On the one hand, some authors proposed
that temperature fluctuations within the ionized gas (e.g. Garcfa-Rojas et al., 2007; Méndez-Delgado
et al., 2023) might be responsible as these fluctuations would induce wrong determinations from
CELs, which are much more affected by temperature. On the other hand, some authors proposed
that metal RLs might be affected by flourescence excitations and/or resonance lines (e.g. Tsamis
etal., 2003), thus abundances from RLs might be affected by these effects. Other scenarios explored
proposed that either electrons might not be well reproduced by a maxwellian statistical distribution
(e.g. Nicholls et al., 2012) or chemical inhomogeneities (e.g. Stasifiska et al., 2007) to explain ADFs.
Nevertheless, IR CELs might provide more insights as their emissivity is much less affected by
temperature, and, hence, their abundance estimations in comparison to those from RLs may rule
out or reinforce the proposed scenarios (e.g. Chen et al., 2023, 2024; Tsamis et al., 2003).
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2.1.1.3 Application of ICFs

Even in the best scenario for the application of the direct method to derive abundances, where we
have a spectrum with reliable measurements of auroral lines to derive temperatures for all excitation
zone, an additional problem arises when not all the ionization stages of an element are observed.
Let us consider oxygen, with ionization potentials (OF 13.62 eV; O** 35.11 eV; O3+ 59.94 eV), as it is
the target of most studies. For the vast majority of SFGs and HII regions, given the ionizing sources
(massive stars), OF and O** (whose emission lines can be easily observed in the optical regime)
are enough to provide an estimate of the O/H abundance ratio, since the amounts of higher ionized
atoms are either negligible or null. This is not the case of AGNs, where a significant fraction of O3*
is observed (see Fig. 1.7). More drastically, there are other important elements such as nitrogen (N*
14.53 eV; N** 29.60 eV; N3+ 47.44 eV) or sulfur (S* 10.36 eV; S*+ 23.34 eV; S3* 34.79 V) for which
high ionized species (N** and S3*) are not negligible in all cases but they cannot be observed by
means of optical emission lines.

To provide accurate measurements in these conditions, ICFs (see Eq. (1.30)) are used (e.g. Amayo
et al., 2021). As these ICFs are mainly calibrated using photoionization models that allow us to
control the distribution and fraction of each ion, the caveats arise from how models are computed.
For example, Amayo et al. (2021) proposed a series of ICFs calibrated with photoionization models
that mimic the conditions of giant HII regions, but they are inadequate for AGNs. Although there
are some proposed ICFs in the literature for AGNs as well (e.g. Dors et al., 2022; Dors et al., 2023;
Flury & Moran, 2020) they are still sensitive to the input conditions of the used photoionization
models.

The use of tailored photoionization models, also proposed for the lack of auroral lines, are a
good alternative as well to the use of ICFs. Since photoionization models are computed for the total
element abundance, and they account for the different ion fractions, once emission lines are fitted,
we directly have an estimation of the total abundance. Together with the problem of its applicability
to large spectroscopic surveys, the use of tailored photoionization models have a strong caveat due
to the fact that if there is no constrain on the ionization degree of the nebula, the proportion of
highly excited ions might not be constrained, hence, a model with low-ionization degree and low
abundances can predict similar lines as those with high-ionization degree and high abundances. A
workaround to this problem is to use lines from other ionic species but that have similar ionization
potentials.

2.1.1.4 Correcting from dust extinction and depletion

The optical regime is affected by dust extinction, although at a lower extent in comparison to the
UV regime (see Fig. 1.8). Moreover, dust extinction (which can be used as a proxy for the amount
of dust in a galaxy) correlates with galaxy properties such as stellar mass, SFR and metallicity (e.g.
Asari et al., 2007; Garn & Best, 2010; Iglesias-Paramo et al., 2007; Pannella et al., 2009; Sobral et al.,
2012; Zahid et al.,, 2012). We show in Fig. 2.2 the dependence of the color excess (E(B-V)) as a
function of different galaxy properties for a sample of SFGs from SDSS. The fact that the three actors
are also related by means of the MZR and FMR relations implies that this relation is expected from
galaxy evolution. Massive galaxies have had longer time to form dust, their strong gravitational well
is more efficient in retaining them due to their gravitational potentials and they also show higher
star formation rates (e.g. Garn & Best, 2010). In this scenario, metallicity can only increase due
to galaxy evolution, helping cooling down the gas and alleviating dust destruction from thermal
sputtering in shock waves (e.g. Priestley et al., 2022; Yamasawa et al., 2011).

An additional problem is the non-uniform distribution of dust within galaxies and that the
dust-to-gas ratios has been reported to vary with metallicity and across galaxy disks (e.g. Vilchez
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Figure 2.2: Color excess E(B-V) for the whole sample of SFGs from SDSS DR9 GalSpec catalog of galaxies as
a function of stellar mass (a), stellar mass corrected from SFR (b), SFR (c) and metallicity (d).
Typical error bars (gray) as well as the median values for binned data with at least 250 galaxies
(blue) are shown in each plot.

etal., 2019). It has been observed and proposed that dust is associated to star formation, as it acts
as both catalyst and shield helping the cooldown and subsequent collapse of the gas into stars (e.g.
Byrne et al., 2019; Chastenet et al., 2025; Glover & Clark, 2012; Relafio et al., 2016). This is also
crucial when analyzing starburst galaxies at high-redshift, as it has been shown that more than 20%
of star-formation at high redshifts occur within dusty galaxies luminous in the IR (e.g. Algera et al.,
2023; Bouwens et al., 2022; Colina et al., 2023). Dusty embedded regions are not only optically
obscured due to dust extinction, but also because they intrinsically show lower temperatures and,
hence, emissivity from optical emission lines drops.

Another problem is the composition of dust. Although we do not have a clear picture on its
composition, we have observational evidences that dust amounts might grow by means of gas-phase
metal incorporation (e.g. Relafio et al., 2016). Particularly, it has been reported that there is a factor of
~ 0.1 dex of the O/H content that goes into dust (e.g. A. Peimbert & Peimbert, 2010; Przybilla et al.,
2008) at solar abundances. This effect is called dust depletion. Our understanding of gas depletion is
limited. The most embedded regions are optically obscured, and hence only the brightest emission
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lines (or even none), which are H RLs and O CELs, can be seen. Hence, we have some hints on
the depletion of O, but for many other elements these remains unclear. Thus, dust depletion is an
important factor to be taken into account when comparing relative chemical abundance ratios (e.g.
N/O,S/0O, Ne/O).

2.1.2  Constraining the nature of the ionizing source

With independence on the methodology followed to estimate chemical abundances, having a good
guess on the ionizing source is crucial. When applied the direct method, the temperature relations
drastically change from SFGs (or HII regions) to AGNs (e.g. Dors et al., 2020; Flury & Moran,
2020). The calibrations, even for the same emission line ratio, change between AGNs and SFGs
(see references in Tab. 2.1 and 2.2). If tailored photoionization models are used, then the ionizing
source is a necessary ingredient that can drastically change the structure of the ionized gas (see the
comparison between Fig. 1.3 and 1.4 or between Fig. 1.6 and 1.7).

As we have discussed in Sec. 1.2.5, the most used diagnostics to segregate ionizing sources are the
BPT diagrams, which are empirically calibrated. As the optical regime does not trace high-ionized
metal species, the same set of emission lines (but not at the same intensity) is observed in SFGs or
AGNSs. Thus, the relative ratios between these lines can help in providing a diagnostic on the ionizing
source. The problem from these diagnostics is that show dependence on many other properties
from the ISM rather than the ionized source.

We show in Fig. 2.3 and 2.4 results from grids of our computed photoionization models ac-
counting for the dominant ionizing source in SFGs and AGNs respectively on the BPT diagrams®.
Whereas SFGs models seems to be well constrained in these diagrams?, this is not the case for
AGNSs. In the [O m]A5007A/ Hgvs [N nJA6584A /H, diagram, it is clear that both 12+1log(O/H) and
log(N/O) can drive an AGN from the Seyfert to the SFG region. In the case of [Om]A5007A / Hg
vs [Su]A6717, 6731A/H,¥, the major driver is 12+log(O/H). Therefore, in the case that no other

complementary information (e.g. X-ray emission, broad emission lines, ...) is available, there is a
bias on the selection of AGNss.

2.2 THE INFRARED PERSPECTIVE: BEYOND OPTICAL BOUNDARIES

The outlined caveats from the optical regime do not imply that we must abandon it, but rather we
must complement our studies with other regimes. There is no such a thing as an optimal regime, as
all of them have their advantages and disadvantages, but the IR [1ym-300pm ] stands as an excellent
tool to perform similar studies as those with optical observations. In this section we review the
performance of IR emission lines for chemical and physical studies of the ISM.

2.2.1  Advantages of the IR regime

Dust attenuation has an almost negligible effect on IR emission lines. In fact, the extinction curves
for the IR regime (e.g. Gordon et al., 2021) predict that infrared emission lines lose on average
~ 8% of their emission in dusty environments (E(B — V) = 1.2), whereas optical lines such as
[O 111]/\5007A loses no less than ~ 97%. Therefore, IR emission lines allow us to peer through dusty
environments which remain almost blind to optical observations.

In the case of WHAN diagram, a similar result is obtained (see Sec. 3.6.3 for more details).

2 This result is confirmed observationally even for extreme conditions as those reported in Extreme Emission Line Galaxies

(EELGs) and local analogues of high-redshift star-forming galaxies (e.g. Arroyo-Polonio et al., 2023; Jaskot & Oey, 2013;
Mingozzi et al., 2024; Pérez-Montero et al., 2021).
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Figure 2.5: Grotrian diagrams for different highly-ionized elements. Grotrian diagrams have been obtained
with pynEB assuming T, = 10* K and n, = 100 cm~3.

The IR regime also provides an unique window to observe highly-ionized elements. We have
already shown that ions such as S*3 are present in the gas-phase ISM of HII regions and SFGs (see
Fig. 1.6), whereas ions such as O*3, Ne** or Ar** are ubiquitous to the NLR of AGNs (see Fig. 1.7).
The transitions observed in these ions, due to the separation energies, are mainly traced in the UV
and IR regimes. However, as UV is greatly affected by dust, the observed emission of [O1v]A1407A
from a dusty region (E(B — V) =~ 1.2) is reduced by more than 99.9%, whereas the emission from
[O1v]A25.9um is reduced by 8%. Therefore, these ions can be easily traced in the IR regime.

Another advantage of the IR emission lines is their little dependence on electron temperature (T,).
Indeed, as these transitions are associated to energy levels close to the ground state and with little
separation among them, the relative population is mainly driven by electron density, follow up by
little dependence on temperature. Whereas IR RLs show essentially the same trend as their optical
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Figure 2.6: Comparison of the emissivity of IR and optical emission lines from the same ions as a function of
the electron temperature computed from pynes. Top panels show the emissivity from RLs (H and
He), and bottom panels for CELs (O and Ne). Different values of the electron density are used:
1, = 100 cm~3 (black), n, = 103 cm~3 (blue), n, = 10* em~2 (red) and 1, = 10°> cm~2 (green).

counterparts, IR CELs show very little dependence in comparison to the optical ones. Moreover,
optical CELs drastically drop their emissivity when electron temperature is low, but in the case
of IR CELs they are still as bright as at high temperatures (see Fig. 2.6). This is extremely useful
as we do not need to accurately constrain the temperature structure for each ion, given the fact
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these corrections will play a negligible role. Additionally, IR lines allow us to trace cold ionized gas
(< 6000 K), that emits extremely faint optical CELs.

2.2.2  General caveats for the IR

Although we have enumerate a serious of strong advantages of the IR observations in comparison to
the optical, there is also an important number of challenges to the IR observations. We will shortly
review all these problems and list the workarounds.

2.2.2.1  Challenging IR observations

IR observations are challenging themselves as warm objects (T ~ 200 — 300 K) emit the bulk of
their emission in this regime. For ground-based observations, the emission from molecules in the
lower Earth atmosphere (T,¢r ~ 250 K; Harries et al., 2008) as well as the emission of the telescope
itself (given it is at the ground temperature) introduces a significant background noise in the
observations. For comparison, the background noise from ground-based observations can be up to
6 —7 orders of magnitude stronger than the one retrieved from space-based observations (e.g. Elliott
et al., 2013). For the far-IR (FIR), the molecules of water vapor present in the Earth atmosphere
absorb a great amount of the emission coming to ground-based observatories (e.g. van Vleck, 1947;
Young et al., 2012).

The technical development over the last half-century has allowed us to send space missions with
telescopes that help us retrieve more efficiently IR emission from galactic and extragalactic sources
(see Elliott et al., 2013, for a technical review). We present in Appendix B an overview of such
missions.

2.2.2.2  Measuring hydrogen RLs

Another important challenge with IR observations is the detection of H RLs. In the IR regime, we can
detect transitions according to the Brackett (n — 4), Pfund (n — 5) and Humphreys (n — 6) series.
Due to the involved transitions, these emission lines have a lower emissivity than the optical ones
and, among them, the brightest are the ones corresponding to the closest levels, i.e., a-lines. Namely,
these are Brackett-a (H114.05ym), Pfund-a« (H1A7.46pm) and Humphreys-a (H1A12.35um).

Hydrogen RLs are necessary in order to provide absolute (i.e. relative to H) values of the chemical
abundances, otherwise we could only constrain chemical abundance ratios between metals. These
RLs can be much fainter than other CELs in the IR regime (see Fig. 2.7) and, in some cases, they are
not retrieved in certain observations. Nevertheless, as we discuss in Sec. 2.2.3, there are workarounds
to estimate chemical abundances in certain scenarios.

2.2.2.3 Critical density of IR lines

Although IR emission lines are not affected by temperature, they show a strong dependence on
density. We have already defined critical density (7.) as the threshold density at which the number
of collisional de-excitations surpasses that of radiative de-excitations. The value of n. will depend
mainly on three factors: the ion, the temperature and the transition.

For a given ion Y*, we have a set of emission lines that represent the different transitions. The
longer the wavelength, the smaller the energetic gap between the initial and final levels. As the energy
gap between levels is smaller, collisional de-excitations are more likely to occur, as electrons are
more capable of abandoning the levels. This is what happens with IR emission lines: [O 1]A5007A
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Figure 2.7: Hydrogen recombination lines in the IR regime relative to [Ne ] emission as a function of the
gas-phase ISM oxygen abundance from models computed with cLoupy v17. Left column shows
the results assuming an ionizing source computed with POPSTAR (Molla et al., 2009), after 1
Myr burst while the gas has an electron density of 7, = 100 cm~3. Right column shows the
results assuming an AGN, with slopes #px = —0.8 and &y = —1 and the electron density is set to
1, = 500 cm~3. For each model, we consider different ionization parameters: log(U) = —3.5
(red), log(U) = —2.5 (blue), log(U) = —1.5 (black).

has a critical density of 1. ~ 7 - 10° cm~3 whereas for [O m]A88um is 1. ~ 500 cm™3. A list of the
critical densities of the most bright IR CELs is provided in Tab. 5.1.

Therefore, IR emission lines are inefficient in tracing high-density regions (n ~ 10* cm=3), as
their emissivity drastically drops as a consequence of the decrease in the radiative de-excitations
rate. As density might not be uniform across the gas, the densest regions will be opaque to far-IR
lines, and hence this effect must be considered when combining information from mid-IR and far-IR
observations.

2.2.3 Diagnostics from IR emission lines

2.2.3.1 Physical and chemical properties of the ISM

As IR emission lines show low critical densities, it is important to have a good constrain for it. There
are numerous doublets in the IR that can be used to estimate density, such as [S1r]A18.7uym and
[Sur]A33.5um, [Om|A52um and [O m|A88um or [Ne|A15.6um and [Nem|A36pm (valid for both
SFGs and AGNs) and the doublet [Ne v]A14.3ym and [Ne v]|A24.3um. As the involved energy is
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much lower, the energetic transitions associated to the doublets imply a higher separation in the
wavelengths, making them much easier to be measured than in the optical regime. We show in Fig.
2.8 the behavior of these doublets as a function of density.
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Figure 2.8: IR emission line ratios sensitive to the electron density, computed with pynes. Different values of
the electron temperature are used: T, = 5 - 10® K (black), T, = 10* K (blue) and T, = 2-10* K
(red).

Due to the impossibility of providing a constrain on the electron temperature from IR emission
lines, the alternatives to provide estimations of chemical abundances rely on photoionization models,
which are necessary to calibrate strong emission line ratios (e.g. Ferndndez-Ontiveros et al., 2021;
Kewley et al., 2019; Nagao et al., 2011). Most of the ratios proposed only involve metal CELs, as H
RLs are not usually observed (e.g. Fernandez-Ontiveros et al., 2016; Nagao et al., 2011) for testing
ratios involving H lines. Kewley et al. (2019) proposed a series of ratios (see Tab. 3 from that
work) using H1 Humphreys-a and H1 Pfund-a, but they were not tested on a sample. Later on,
Ferndndez-Ontiveros et al. (2021) explored the use of those ratios in a sample of star-forming
dominated galaxies. We show in Tab. 2.3 and Tab. 2.4 strong emission line ratios proposed to
estimate 12+log(O/H) and log(N/O).

Table 2.3: IR emission line calibrators for the determination of 12+log(O/H) abundances. Reference codes:
FO+21 (Ferndndez-Ontiveros et al., 2021), Kew+19 (Kewley et al., 2019), TW (this work).

Name Lines Applicability Calibration Range Method

Ne23 [Nem] A12pm Hyp, o, SFGs FO+21  [7.0,89] Models
[Nem] A15um

S34 [Stv] A10um, Hyyy, o, SFGs FO+21 [7.0,8.9] Models

[Sm] A18um AGNs T™W [7.0,8.9] Models

O3N2 | [Om] A88um, [Nu] A122um SFGs FO+21 [8.4,89] Models

O3N3 | [Om] A88um, [Nm] A57um SFGs Kew+19 [7.63,9.3] Models

Paradoxically, while the IR regime offers the opportunity of measuring CELs from highly-ionized
species such as O3, Art4 or Ne*#, which are associated to the AGN-dominated galaxies (e.g. Armus
etal.,, 2007; Genzel et al., 1998; Tommasin et al., 2010), the calibrations proposed and explored were
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Table 2.4: IR emission line calibrators for the determination of log(N/O) abundances. Reference codes:
Pe+21 (B. Peng et al., 2021); TW (this work).

Name Lines Applicability  Calibration Range Method
N303 | [Om]A52um, [Nm]A57um SFGs Pe+21 [-2.0,0.0] Models
AGNs W [-2.0,0.0] Models

N3S34 [Stv] A18um, [Stu] A18um, SFGs ™ [-2.0,0.0] Models
[N1] A57um AGNs ™ [-2.0,0.0] Models

never adapted or tested in AGNs. This natural extension of the chemical diagnostics based on IR
lines to AGN's constitutes the work that we present in Chapter 5.

2.2.3.2 lonizing source

The detection of lines such as [O 1v]A26m, [Ne v]A14um or [Ne v]A24pum, ideally, would be enough
criteria to asses the AGN nature of a source. However, it has been observed that several sources
which were confirmed to be star-forming dominated present some emission of these CELs (e.g.
Armus et al., 2007; Fernandez-Ontiveros et al., 2016; Sturm et al., 2002; Tommasin et al., 2010). This
is due to the fact that most of the observations from Spitzer and Hershel, which have provided the
largest data archives until the advent of James Webb Space Telescope3 (JWST), were done with the
integrated spectra of galaxies in which star-formation and AGN activity can simultaneously occur.
Therefore, as in the case of optical spectroscopic observations, diagnostics diagrams are needed to
quantify these combination.

The first diagnostic based on purely IR spectroscopic features (not only emission lines) was ex-
plored by Genzel et al. (1998). They obtained that not only AGNs typically show high [O1v]A26pm/[Ne]A12um
and [Nev]|A14um/[Nen]A12um ratios, but also lower equivalent widths of the PAH bands. These
was attributed to the hard radiation field of AGNs, which are able to destroy a great amount of the
PAH grains in their surroundings. This idea motivates the use of diagnostic diagrams based on the
strength of the PAH emission and the ratio between the CELs from highly- and moderately-ionized
excitation regions (Armus et al., 2007; Sturm et al., 2002; Tommasin et al., 2010).

Initially, the distinction between SFGs and AGNs was empirically done (Armus et al., 2007;
Tommasin et al., 2010). The regions marked in the diagram were obtained assuming that PAH
emission only comes from SFGs, and [Nev] (or [O1v]) only comes from AGNs. Considering
observational limits for each sample, they provide regions by empirically mixing the emission
from observations (Tommasin et al., 2010). This can also be done, as we show in Fig. 2.9, using
photoionization models. We consider intermediate cases of AGN and SFG emission by assuming
a linear combination of the spectroscopic properties and the continuum. Although not entirely
accurate, it is a good approximation for the mixing scenario, and we obtain similar results. We
define the following regions:

Wpan 6.2um < 0.06pm
AGN dominated = §[Nev]A14ym/[Nen]A12um > 0.15 or (2.2)
[O1v]A26pm/[Nem|A12um > 0.4

3 It should be noted the detection of [Ne v] emission from JWST data in galaxies with no previous evidence of AGN activity
(e.g. Hernandez et al., 2025; Mingozzi et al., 2025), although there is still a debate on the origin of such emission.
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Figure 2.9: Diagnostic diagrams, computed for this research, based on ratios of IR high-excitation lines and
the equivalent width of the PAH feature at 6.2ym. The blue area represents the AGN dominated
region (Eq. (2.2)) and the red one the SFG dominated (Eq. (2.3)). A grid of photoionization
models varying density and the ionization parameter, for both an AGN (aox = —1.2) and for
SFG (using a 1 Myr burst from POPSTAR, as ionizing source), are combined linearly and plotted
following the color proportions.

WpaH 6.2um > 0.06pm
SFG dominated = § [Ne v]A14yum/[Nen]A12um < 0.15 or (2.3)
[O1wv]A26um/[Neu]A12um < 0.4

Similarly, Spoon et al. (2007) proposed to replace the ratio between CELs by the strenght of
the silicate feature at 9.8um. This modification was introduced to account for a diagnostic of
strong obscured systems. This diagram offers a clear demarcation between ULIRGs and AGNSs,
complementing the information from the other diagnostics (Spoon et al., 2007, 2022).
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Figure 2.10: Diagnostic diagrams, computed for this research, based on ratios of IR high-excitation lines. The
AGN dominated area is delimited by solid black lines following Eq. (2.4) (a) and (2.4) (b).
Photoionization models are shown following the same convention as in Fig. 2.9

Diagnostic diagrams based purely on emission lines have also been explored (e.g. Ferndndez-
Ontiveros etal., 2016; Sturm et al., 2002). Among all of them, the diagnostic based on the [Ne m]A15ym/
[Ne1]A12um and [O1v]A26pm/[O 1m1]A88um offers the best results (e.g. Fernandez-Ontiveros et al.,
2016). Contrary to the dependence on metallicity of optical diagnostics, the involved ratios only de-
pend on the ionizing source and density as the proposed emission lines ratios cancel the abundance
dependence. For AGN dominated sources, we expect a high [O1v]A26pm/[O m|]A88um, whereas
the ratio [Ne 1 |A15um/[Nen]A12um can only be high for SFGs dominated objects, as they cannot
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produced photons with enough energy to further ionize Ne. This is show in Fig. 2.10 (a) along with
the sequences of photoionization model grids previously described. Alternatively, [O m1]A88um
can be replaced with* [S1v]A10um (e.g. Ferndndez-Ontiveros et al., 2016; Martinez-Paredes et al.,
2023; Richardson et al., 2022), since the ions have similar ionizing potentials (see Fig. 2.10 (b)). We
define the following regions:

AGN dominated — log ([Nem]/[Nem]) < —1.02 (2.4)
log ([Nem1]/[Neu]) < 1.731log ([O1v]/[Om]) + 3.67
AGN dominated — log ([Nemr]/[Neu]) < —1.02 (25)

log ([Nemur]/[Nem]) > —1.43log ([O1wv]/[Swv]) — 2.0

Lastly, it is important to mention that, once the general nature of the source is constrained, the
shape can also be estimated. Pérez-Montero and Vilchez (2009) showed that mid-IR lines can be
used for the estimation of the effective temperature of young stars in HII regions, following a similar
prescription of the softness diagram (Eq. (1.36)), a result that can also be applied to the integrated
spectra of SEGs (Pérez-Montero et al., 2024 ). Moreover, thanks to the high excitation emission lines,
it is also possible to provide a quantification on the hardness of the AGN SED (Pérez-Montero et al.,
2025).

2.3 PHOTOIONIZATION MODELS

Until now, we have made use of photoionization models with the only explanation that they allow us
to understand the non-equilibrium gas physical and chemical composition. Hence, we have used
them to model and reproduce the expected spectrum and structure of the ionized gas in some of the
most common extragalactic scenarios. Although this is an accurate definition, it is important to have
a clear idea of what they can and cannot do, especially since they are the core of the methodology
used in this work.

There is a limited offer of photoionization codes available, mainly due to the complexity in
the physical modeling as well as in the atomic/molecular data compilation. Whereas this might
be a limitation, the first codes were developed in the late 1970s, and since many people have
been contributing and improving them. Namely, three codes outstand in the literature: cLoupy®
(Chatzikos et al., 2023; Ferland et al., 2017), maprinGs® (Sutherland & Dopita, 2017) and 3D-
Mocassin’ (Hubber et al., 2016).

2.3.1  Assumptions and limitations

Photoionization models are built upon microphysics codes that determine the non-equilibrium
ionization, thermal and chemical state of gas clouds (ionized or not by a source) through solutions
to the equations of statistical and thermal equilibrium, equations of balance between ionization-
neutralization and between heating-cooling. A full explanation on the derivation and explicit form
of these equations is provided in Osterbrock and Ferland (2006). These equations are solved starting
from specific initial conditions and using atomic and molecular databases up-to-date.

4 Notice that this replacement is helpful for JWST observations as they can cover all these lines in nearby systems.
5 All versions of the code are available through https://gitlab.nublado.org/cloudy/cloudy.

6 The latest version is available at https://mappings.anu.edu.au/.

7 Details on installation and updates are provided in https://mocassin.nebulousresearch.org/.
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2.3 PHOTOIONIZATION MODELS

The majority of the photoionization codes assumes spherical geometry, dealing with 1D equations.
The spherical geometry might be changed into plane-parallel geometry as long as the inner radius
of the gas (illuminated face of the gas) and the outer radius (boundary or shield face) have a certain
proportion. In both cases, the gas is divided into concentric shells (zones) ensuring that: i) physical
(e.g. density, cooling, heating,...) conditions are nearly constant; and, ii) all microphysical processes
occur at a shorter timescale® than the recombination of H. On the other hand, the gas can be treated
as a dynamical structure (i.e. it is expanding) or as a steady one.

The spherical symmetries imposed allow faster calculations, but it might no be representative of
the observing scenarios. 3D-photoionization codes such as 3D-MocassIN require greater computa-
tional resources, so elaboration of grids of models is feasible for a limited number. In the recent
years, pseudo-3D codes have been developed, in which 3D-structures of ionized gas are computed
from a cubic grid of 1D-photoionization codes in which the inputs are generated from the radial
and polar coordinates of the different profiles within the gas and the solid angle from each beam in
the distribution (in case of clumpy distributions) is used to weight the integrated (sum) output
(e.g. Moraes & Diaz, 2009; Morisset et al., 2005). Examples of these implementations are cLouby3D
(Morisset & Stasinska, 2008; Morisset, 2006) and rRaiNY3D (Moraes & Diaz, 2009). Although the
computational time also increases as a grid of 1D-models are generated per each 3D-model, it is
still faster than pure 3D-photoionization codes (Morisset et al., 2005).

In some cases, the dynamics of the gas surrounding an ionizing object might be on the scale
of supersonic motions. In this scenario, the kinetic energy generates radiative shocks that not
only introduce changes in the physical (increase on density and temperature) and chemical (dust
grain destruction), but also in the radiative cooling (e.g. Aldrovandi & Contini, 1985; Contini &
Aldrovandi, 1983; Dopita, 1976; Dopita et al., 1977; Dopita, 1977). The treatment of these conditions
adds more complexity to the equations and solutions, and photoionization codes usually do not
implement them. Only maPPINGs provides a self-consistent treatment of fast radiative shocks and
photoionized gas (Allen et al., 2008; Sutherland & Dopita, 2017), although the chemistry traced
by the code (atoms, molecular species) is more limited than others (e.g. cLoupy). As in previous
cases, shock models also assume a geometry since a proper multidimensional treatment increases
significantly the use of computational resources to provide just one model (Sutherland et al., 2003b,
2003a).

2.3.2 Basic ingredients

Photoionization codes have the great advantage of being capable of predicting the thermal and
ionization structure of an ionized gas from a small reduced set of parameters (inputs) that govern
the initial conditions from which equations are solved. The input set of parameters is hence the
most critical part when modeling the ionized gas. These basic ingredients are: i) the geometry and
density of the gas; ii) the chemical composition (atomic and molecular) of the gas; and iii) the
incident radiation field. For the purposes of this work, we only discuss hereinafter 1D models.

2.3.2.1  Geometry and density

As geometry is usually assumed to be spherical (or plane-parallel at most), the critical parts for
the calculation are how gas is distributed. The basic scenario is one in which gas only fills a small
portion of the geometry (open geometry). The contrary scenario happens when gas fills the whole
geometry, which is called closed geometry. To provide a quantification of these situations (and the
intermediate ones), we use the covering factor (Q) (471)"), which represents the fraction of the solid

8 The recombination timescale is given by T = a~! (H, T,) n;!, where a is the sum of all recombination combinations
(which depends on temperature and the recombination case) and #, is the electron density.
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angle from the ionizing source (477) covered by gas with enough density to absorb the ionizing
radiation. If the covering factor is low (open geometry), then the light from the ionizing radiation
field that is not absorbed in the illuminated face of the gas escapes without much (if any) interaction.
On the contrary, when the covering factor is high (closed geometry), then any radiation that might
escape the illuminated face in the direction of the central source will interact with the other side of
the gas.

Another important aspect regarding geometry is whether it is static (i.e. the radius is initially
defined and does not change over time) or dynamic (i.e. the radius changes over time as a conse-
quence of the expansion of the outer shells). If the ionized gas is expanding, then while photons
from the ionizing source are absorbed by the gas, the diffuse ones emitted by the gas towards the
opposite direction are considered to never reach the gas, due to the expansion.

Once we have defined the geometrical space that contains the gas, density must be set. Density
needs to be parametrized as a radial function so that shells can be defined. As it is well-known that
the ISM is not uniformly distributed but rather have a clumpy structure (e.g. Crovisier & Dickey,
1983; Elmegreen, 1997; Kalberla & Haud, 2019), it is important to quantify it. This is done by means
of the filling factor, which is the fraction of the volume occupied by condensations in density of the
gas, and it is assumed that the space between those condensations is empty.

The outer radius is the last parameter that needs to be addressed to fully understand the geometry
of the gas and its predictions. Depending on the obtained value, models are not only able to
determine if the plane-parallel approximation is feasible, but also the hydrogen-ionization structure.
If the outer radius is low enough, then the boundary face of the cloud is the limit of the ionized
hydrogen structure. This is the matter-bounded scenario. On the other hand, the outer radius can be
far beyond the limit where ionized hydrogen drops, and hence both ionized and neutral regions
coexist. This is the radiation-bounded scenario.

2.3.2.2  Chemical composition

The chemical composition of the gas, i.e., the abundance of elements, molecules and dust grains
plays a fundamental role in the cooling and heating processes and, hence, in the resulting structure
of the ionized gas. This is fully controlled in the input parameters. The main limitation to what
species can be traced is given by the available databases used by the codes. For example, the latest
version of cloudy follows the 30 lightest elements (from H to Zn), including all ionizing stages and
different energetic levels (up to 100 for Fe) as well as 38 different molecules (Chatzikos et al., 2023;
Gunasekera et al., 2023). MAPPINGS also has the same number of elements, but only dust is accounted
for.

2.3.2.3 lonizing radiation field

The ionizing radiation field accounts for the incident spectra of energetic photons that impact in
the surrounding gas. This is controlled by the nature of the ionizing source (see Sec. 1.2.5 for more
details). The ionizing radiation field has two main properties: the shape (i.e. the relative number of
photons emitted at specific energies) and the luminosity (the absolute number of emitted photons).

The shape of the ionizing radiation field is assumed by the type of source: stellar (e.g. young stellar
clusters) or non-stellar (e.g. AGNs). We show in Fig. 2.11 examples of the SED for different ionizing
sources. Although the brightness of the SED can be given in terms of the absolute luminosity (L
[erg-s~1]), it is usually provided in terms of intensity (F [erg-s~!-cm~2]). Alternatively, as the
density is provided in the inner face of the gas, the ionization parameter U (Eq. (1.11)) can also be
used to quantify the brightness of the source.
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Figure 2.11: Comparison of spectral energy distributions (SEDs) modelling stellar (a) and non-stellar (b)
sources. Details on the generation of these SEDs are provided in Sec. 2.4.2. Vertical lines show
the ionization energies of some ions.

2.3.3 Applicability to large surveys

As photoionization models predict a large number of spectroscopic features (mainly emission
lines), they can be used to constrain input parameters. This is the tailored models technique, which
can be used not only for constraining chemical abundances but also to provide predictions for
other observations. As this technique involves the generation of a grid of photoionization models,
where the grid dimension is given by the uncertainty assumed for the studied properties, this is not
applied to large samples of galaxies.

Instead, fixed grids of photoionization models are reproduced in which some properties are left
as free parameters, and others are fixed assuming average properties representative of the type of
analyzed galaxies (e.g. Blanc et al., 2015; Mingozzi et al., 2020; Pérez-Montero, 2014; Pérez-Montero
etal., 2019a; Thomas et al., 2019). This is the underlying idea of many codes such as HII-CHI-Mistry
(Pérez-Montero, 2014), IZI (Blanc et al., 2015), NeBuLaBayes (Thomas et al., 2018) or HOMERUN
(Marconi et al., 2024). All these codes do not produce photoionization models, but they rely on an
already computed grid of photoionization models. The main differences among the codes are: i)
which and how many free parameters are fitted; ii) which fitting or weight technique is used; and,
iii) how the grids were computed.

2.4 HII-CHI-MISTRY

HII-CHI-Mistry (hereinafter, HCm) is a collection of PyrHoN open-source codes? developed to
analyze spectroscopic observations of bright emission lines from the ionized gas either in the
optical (Pérez-Montero, 2014 ), ultraviolet (Pérez-Montero & Amorin, 2017) or infrared (Fernandez-
Ontiveros et al., 2021) ranges. HCm compares observational values of certain emission lines with
the predictions from photoionization models in already-computed extensive grids for different
ionizing scenarios.

HCwm can be used for the estimation of chemical abundances in the gas-phase ISM and/or to
infer physical properties of both the gas (photon escape fraction, ionization parameter; e.g. Pérez-
Montero et al., 2019b, 2020) and ionizing source (effective temperature). In this section, we focus on

All code versions and flavors are accessible at https://home.iaa.csic.es/~epm/HII-CHI-mistry.html or at the git repository
https://github.com/Estallidos /HII-CHI-Mistry.
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describing the capabilities of HCwm to estimate chemical abundances, which has been demonstrated
to provide similar solutions to the direct method in the optical (see Fig. C.1 and C.2), making it a

reliable tool to estimate chemical abundances in the absence of auroral lines.
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Figure 2.12: Schematic overview on how HII-CHI-MisTry works.




2.4 HII-CHI-MISTRY

2.4.1  General description

2.4.1.1 A bayesian-like approach

Let us assume that we want to constrain a property of the gas-phase ISM (Y), and we have the
observed spectrum of the source. By means of photoionization models, we can generate a grid in

which the property is a free parameter in the range [Y7, Y, ], with a step (fixed or variable) AY.

For each model, we would have the prediction of the spectrum in the same observing range. For
example, we can use the observed [Fy, F5, ..., F5/] fluxes of the N-brightest emission lines. The grid
of photoionization models, based on each value of the free parameter Y;, provides the predictions
[T1(Y;), T, (Y;), ..., Ty (Y;)]. For an N-dimensional set of observed emission lines, we then have a
NxM matrix of predictions, being M the number of values (related to the uncertainty in constraining
the explored property). The above scenario can easily be generalized into multidimensional problem:
to constrain a set of M physical properties (Y1, Y5, ..., Yy;) from N emission lines, we need to use a
grid of photoionization models with M free parameters to have a matrix of predictions of the size
NxM;j x..xMyy.

As observations and predictions are compared, we must define a metric, which accounts for the
differences among them. In the case of HCm, we define the metric between the observation (F;) and
the prediction (T; (Y Y, ,.. Y]-M)) as:

Jar 72’
2 2
Xii i i = (F (Yl’Y]z’ YjM)) — (Fi _Tirj1/j2r"'/jM) (2.6)
LJ14]2s )M T (Yh/Y]z B Y]M) = Ti,jl,]'z,...,]'M .

Let us assume that we want to estimate the property Y; . Then, the metric distance associated to
each value of Y; explored in the grid is given by:

2
Xij, = Z Z Z?G]l daoedi Z Z Z ( 1]1/]2/“']L/“'/]M) (2‘7>

1 J2 1 J2 ’]1 d2ref LM
And, considering all the N-observed emission lines, that distance is given by:
1/2

L= [ixﬁh] (2.8)

Therefore, we can obtain an estimation of the property Y, from a set of N emission lines, by
weighting the value of the property in each model with the distance given by the weight sum:

A My, M 117!
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i A it i

The uncertainty in the estimation is calculated considering: i) the uncertainty in the measured
emission line; and, ii) the step in the grid for the desired property. In a Monte Carlo procedure of N
iterations, the nominal value of the observed emission line F; is randomly drawn from the range
[Fy — OFy, Fy + O0F], the estimation of the property is performed again with that random value, and
the error is given by the quadratic weight sum of the dispersion:
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As compared to the pure Bayesian method, in which a loss function is defined and then minimized
to provide the best fitting model, the bayesian-like approach offers a different solution. First of
all, as all models are weighted and considered, even if the observations are not reproduced by
any individual model, the combination of some models might reproduce it (increasing also the
uncertainty). Second, in the case where two models might show the lowest x (i.e. are the most
favorable), this methodology accounts for both of them whereas in the minimization method only
one is forced to be selected. And, third, in the case that a free parameter is redundant (i.e. it shows
a strong dependence on other free parameter), then models will be equally weight not affecting
the solution for the parameter, whereas in the pure Bayesian method this would lead to a strong
degeneracy.

2.4.1.2  Implementation in the code

The code estimates chemical abundances O/H and N/O as well as U from a selected (see Sec. 2.4.2
for more details) grid of models that have these three properties as free parameters. HCm optimizes
the Bayesian-like approach in two ways. First of all, rather than considering single emission line
fluxes, the code uses emission line ratios (e.g. N202, R23, S34, see Sec. 2.4.3 for more details) that are
sensitive to the free parameters. This reduces degeneracy and synthesized the information. Secondly,
the code estimates the three quantities in two steps: i) an estimation of N/O (alternatively C/O for
UV emission lines) which is assumed to be mostly independent from the other two free parameters
(O/H and U); and, ii) a simultaneous estimation of O/H and U from an N/O-constrained grid of
models based on that preliminar estimation (Pérez-Montero, 2014).

Emission line ratios tracing N/O are expected to show little to none dependence on O/H or U
(e.g. Florido et al., 2022; Pérez-Montero & Contini, 2009; Spinoglio et al., 2021), so the weight x
derived from Eq. (2.7) reflects the same negligible dependence, ensuring a robust independent
estimation. Once N/O is constrained, the grid of models (3D) can be collapsed into a smaller grid
(almost 2D) accounting for those models whose N/O are compatible with the estimation. Hence,
the weights x estimated in this second iteration will only depend on O/H and U, avoiding any
possible additional dependence on N/O if the whole grid were considered. Moreover, this second
iteration with constrained N/O allows the usage of N emission lines to perform the estimation.

Once all parameters are estimated, the code performs the Monte Carlo iteration process to
calculate the uncertainty of each estimation. This uncertainty mostly depends on: i) the accuracy
of the emission line measurements; ii) the number of input emission line ratios measured in the
observed spectrum; and, iii) the step in the grid of photoionization models. We show in Fig. 2.12 a
scheme on how HCwm works.

2.4.2  Grids of models

The core of the HCwm is the grid of models that are used for the estimation (which is the same for all
cases). This grid of models must take into account all the ingredients reviewed in Sec. 2.3.2: i) the
dominant source of the ionization (e.g. starbursts, AGNs, pAGBs); ii) the expected geometry of the
gas; and, iii) the chemical composition of the gas. Therefore, before applying HCwm it is mandatory
that the user makes a choice on the grid to be used, preferentially based on observational constraints
such as diagnostic diagrams or multiwavelength studies.

2.4.2.1 Default grids

Over the years, we have built a series of photoionization models that reflect the most common
ionizing scenarios. In this section we review the grids of photoionization models that we have built
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and analyze for which ionizing scenario is more suitable. All grids of models have been calculated
with cLoupy v17 (Ferland et al., 2017).

e POPSTAR: This grid of models was calculated from an ionizing cluster SED from the synthesis
evolutionary model POPSTAR (Moll4 et al., 2009), with a burst of 1 Myr'® and the IMF from
Chabrier (2003). The metallicity of the stellar population is assumed to be the same one as
the gas. The geometry of the gas is assumed to be plane-parallel and a constant density value
of 100 cm~2 and filling factor of 0.1 are assumed. The amplitude of the SED is given by the
ionization parameter log(U) (Eq. (1.11)) which is a free parameter in the range [ —4.0, —1.5]
with steps of 0.25 dex. This is the expected scenario in SFGs (Pérez-Montero, 2014).

e BPASS: This grid of models was calculated assuming an ionizing cluster SED from BPASS
v2.1 (Eldridge et al., 2017), assuming a 1 Myr burst with the Salpeter (1955) IMF for x = —1.35
and a top-heavy limit of M,,,, = 300M,. The metallicity of the stellar population is assumed to
be the same as that of the gas. The geometry and density parameters for the gas are the same
ones as those assumed for the POPSTAR grid. The ionization parameter is again free in the
range [—4.0, —1.5] with steps of 0.25 dex. This assumptions mimic the expected conditions of
the ISM in extreme emission line galaxies (Pérez-Montero et al., 2021).

e pAGB: These grids of models were calculated assuming non-local thermodynamic equilibrium
(NLTE) stellar atmospheres from Rauch (2003), assuming log(g) = 6 nd normalized fractions
of: He = 0.33, C = 0.50, N = 0.02 and O = 0.15. Three different effective temperatures are
considered: 5 - 10%, 1 - 10° and 1.5 - 10° K. The ionized gas is assumed to follow as well a
plane-parallel geometry, with a constant density of 500 cm~> and a filling factor of 0.1. The
ionization parameter varies in the range [ —4.0, —0.5], in steps of 0.25 dex. This is the proposed
scenario for retired galaxies and some LINER-like galaxies (Oliveira et al., 2024a; Pérez-Diaz
etal., 2025).

e AGN power laws. These grids of models were calculated assuming that the AGN SED is
given by two components: a Big Blue Bump whose peak is at 13.6 eV, and a power law given
by ax = —1. To model different AGNs, we used different values of the spectral index apx
[-0.8,-1.0, -1.2, -1.4, —1.6, —1.8, —2.0], i.e., the power law fitting the continuum between 2
keV and 2500 A. The geometry is again plane-parallel, with a constant density of 500 cm~3
and a filling factor of 0.1. The ionization parameter is again in the range [—4.0, —0.5], in steps
of 0.25 dex. These conditions mimic the expected ones for the NLR of AGNs (Dors et al., 2014;
Pérez-Diaz et al., 2021; Pérez-Montero et al., 2019a).

o Advection-dominated accretion flow (ADAF). This grid of models was calculated from
the RIAD-SED code (Nemmen et al., 2014; Yuan et al., 2005, 2007), assuming the average
conditions for reproducing LLAGN SEDs (Nemmen et al., 2014). This SED represents the
departure from the power law SED due to the truncation of the accretion disk as a consequence
of inefficient accretion. The rest of the conditions (geometry, density and ionization parameter)
are identical to the ones used in the power law grids. This is the expected scenario for galaxies
whose main ionizing source are LLAGNs (Nemmen et al., 2014; Pérez-Diaz et al., 2025).

For all the above mentioned grids of models, the initial grain conditions are governed by the
dust-to-gas ratio which is assumed to be 7.5 - 103 and the size distribution which follows the
reported behavior by Mathis et al. (1977). The metal composition of the ISM is set by two values:

10 Different cluster ages have been tested to check the effects in the estimation of chemical abundances, concluding that
grid of models with different cluster ages introduce changes that are below the observational uncertainties. Overall, this
age would be representative of young, nearly zero age main sequence, star-forming regions like the case of most giant
HII regions studied.
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the O abundance in the range [6.9, 9.1] with steps of 0.1 dex and the N/O ratio in the range [ 2.0,
0.0] with steps of 0.125 dex. With the exception of C (which is assumed to have a fixed ratio given
by the solar log(C/N) = 0.6, Asplund et al. 2009), the rest of elements scale with O from the solar
abundance composition reported by Asplund et al. (2009).

Two stopping criteria for each model computation in each grid have been considered: when the
ratio of H* drops below 98% or 2%. In the case of SFG and EELGs, it has been demonstrated that
both assumptions predict similar emission line ratios (Pérez-Montero, 2014; Pérez-Montero et al.,
2021), but in the case of AGN models, this selection might introduce changes in the estimation of
the ionization parameter (Pérez-Diaz et al., 2021, 2022).

2.4.2.2  Constraints on the grids

In some cases, due to degeneracies in the emission line ratios involved or due to the lack of mea-
surements, it is necessary to provide a reduced number of models in the used grids to perform the
calculation. These are called constraint laws, and they are based on empirical observations, although
all of them have a theoretical motivation. We show them in Fig. 2.13.
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Figure 2.13: Graphical representation on the grid constraints assumed by HCm between N/O and O/H (a),
and between U and O/H (b). In panel (a), green lines marked the limits for SFG models
(EELGs use the same ones) and black lines for AGN models. In panel (b), green lines marked
the limits for SFG models and blue lines for EELG models. AGN models are only constrained by
setting and upper limit or lower limit to the ionization parameter.

In the case that no nitrogen or carbon lines are measured, then it is impossible to provide an
estimation of the log(IN/O) or log(C/O) ratio. In this case, HCM can assume the relations show in
Fig. 2.13 (a), which represent the trend found in the majority of observed galaxies (Pérez-Montero,
2014; Pérez-Montero & Amorin, 2017; Pérez-Montero et al., 2019a). Notice that, by assuming these
relations, then the log(C/O) and log(N/O) are no representative for the object, but rather the
expected value in case the observed galaxy would follow the expected trend (see Sec. 1.3.2).

In the optical regime, all strong line ratios (not based on auroral lines) for SFGs show a dependence
on the ionization parameter log(U). Hence, in order to break the degeneracy it is necessary to
assume a relation between U and O/H. The code uses the standard relation reported in the literature
(Dopita et al., 2006; Massey et al., 2005; Pérez-Diaz et al., 2021; Pérez-Montero, 2014; Pérez-Montero
et al., 2021). Although there is not yet a clear picture on what drives these dependence (Dopita
et al., 2006; Massey et al., 2005), it is more likely associated to the fact that ratios between different
O ion emission lines are sensitive not only to the ionization parameter, but also to the effective
temperature of the star (e.g. Pérez-Montero et al., 2023b; Vilchez et al., 1988), which is expected to
decrease as more stars with higher abundances are coolers. Nevertheless, this result can only be
applied to ionized gas surrounding a stellar source.
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In the case of AGNs, some of the emission line ratios tracing the ionization parameter show a
degeneracy due to the presence of higher ionized elements which are not traced. In that case, to
break the degeneracy the code can constrain the ionization parameter in two regimes: low ionization
(log(U) < —2.5) and high ionization (log(U) > —2.5). The choice is made essentially by the
empirical fact the models have a turnover point around that limit (e.g. Pérez-Diaz et al., 2021).

2.4.2.3 Customized grids

Complementary to the large number of photoionization models already provided with the code, it
is possible to implement a grid customized by the user. The key part of the code is that observations
are compared to predictions following a y>-methodology, but the matrix of expected values can be
obtained by different procedures (e.g. building empirical libraries from galaxy observations) and
with different codes (e.g. MapPPINGs). In a similar fashion, the constraints on the grid of models to
break degeneracies when not all emission lines are provided can be modified or removed.

Table 2.5: HII-CHI-Mistry flavors and their inputs. Last three columns show the emission line ratios used to
calculate the x? of the final estimation. *In the case of the UV version, this is replaced by log(C/O).
*The temperature sensitive ratio R = [Om]A5007A /0 m]A1665A. ¥The temperature sensitive
ratios Rps = [Om]A5007A /[0 m]A4363A, Rp, = [On]A3726,3729A /[0 1]A7319,730A, Ry, =
[N 1]A6584A /[N 1]A5755A and Rgs = [Sur]A9069A /[Sur]A6312A. References: Pérez-Montero
(2014), Pérez-Montero and Amorin (2017), Pérez-Montero et al. (2019a), Pérez-Diaz et al. (2021),
Ferndndez-Ontiveros et al. (2021), Pérez-Diaz et al. (2022), Pérez-Montero et al. (2023a).

Flavor Input lines Type N/O* O/H u
Ly, [Nv] A12394, o SFG | Rt C303 R},;, N5, N5He2, C3C4, N5He2,
HCm-UV C1v A1549A, Hen A1640A, (34, C34He2, C34Hb C34He2
+
¢ m]I)_tI1 665A, Cm]A1909A, AGN | RY, C303 R};, N5, N5He2, C3C4, N5He2,
5, [Om]A5007A C34, C34He2, C34Hb C34He2
[Ou] A3726,3729A, RE,RE,, RE, RE,RE,, RE, 0203, O2Ne3,
[Ne 111]/\3868:&,[0 111]/\436310&, srG | R N202 R%,, R23,523, 0352, 5253
[Om]A4959A, [Om]A50074, N2S2, O3N2 R2Ne3 N2S3
HCm [Nu]A5755A, [Sm]A63124,
[SulA6717,6731A, RE,RE RE,, RE,RE,RL,, 0203, O2Ne3,
[On]A7319, 73304, AGN | RL,, N202 RE,, R23,523, 0352, 5253
[Sm]A9069A, [Sm]A9532A N252, O3N2 R2Ne3 N2S3
H1A4.05um, [Arn] A6.98um,
Hi1A7.46um, [Arv] A7.90um, Ne23, Ar23 Ne2Ne3, Ar2Ar3,
[Arm] A8.99um, [Stv] A10.5um, | SFG | N30O3, N3534 034,534, 0304, S354,
H1A12.4pym, [Neu] A12.8um, N23 N2N3, O3N2
HCm-IR [Arv] A13.1um, [Nev] A14.3um,
[Nem] A15.5um, [Sur] A18.7um,
[Nev] A24.3um, [O1v] A26m, Ne235, Ar235, Ne23Ne5,
[Sm] A33um, [Our] A52um, AGN | N303, N3534 034,534, Ar23Ar5,
[Nm] A57um, [Om] A88um, N3 0304, 5354
[Nu] A122um, [N u] A205um

In this case, it is important to note that the accuracy and reliability of the estimations are directly

tied to the models and assumptions introduced in the customized grid. The default grids provided
with the code have been tested over numerous samples of galaxies (e.g. Pérez-Diaz et al., 2021,
2025; Pérez-Montero, 2014; Pérez-Montero et al., 2019a, 2021), but any personalized grid should be
tested in a control sample to have a clear picture of its performance.
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2.4.3 Flavors of the code

As photoionization models predict the whole emission line spectrum, from X-rays to radio, HCm
has been developed to take advantage of the grids of models at different ranges. Particularly, HCm
has been designed to operate with UV, optical or IR emission lines, each regime has its own version
of the code which we call flavor. Whereas the overall methodology remains unchanged, the lines and
calculated ratios used differ depending not only on the grid of models, but also on the spectroscopic
regime (i.e. on the emission line input).

We provide in Tab. 2.5 an overview on the input emission lines adopted and the ratios that are
calculated and used for the estimation''. The code only makes a preference when auroral emission
lines are introduced as inputs (UV and opt flavors), but it must be noticed that the code does not
make a selection based on the quality of the emission line measurements.

2.5 GALAXY SAMPLES

Through this work, we have used several galaxy samples to both test the performance of our
methodology and to perform studies on chemical enrichment of the ISM. We briefly review these
samples.

2.5.1 Samples based on optical spectroscopic observations

2.5.1.1  SDSS DRg Galspec

For Chapters 1 and 2, we used the Sloan Digital Sky Survey Data Release 9 GalSpec Catalogue (SDSS
DR9 GalSpec; Ahn et al., 2012), which provides the already reduced, continuum-subtracted, and
fitted optical spectroscopic data for more than 1,400, 000 galaxies. Particularly, from the GalSpec
database'* we selected all objects classified as galaxies. This sample was used to generate Fig. 1.14
and 1.15.

Later on, we constrained the sample to those galaxies classified as bona fide SFGs and whose spec-
tral lines were measured with less than a 20% uncertainty (relative error), to perform the chemical di-
agnostic with HCwm, assuming POPSTAR grid of models and the following reddening-corrected emis-
sion lines: [O]A3727A, [Ne m]A3868A, [O mr]A5007A, [N 1]A6584A, and [Su]A6717A+[S1]A6731A.
Reddening correction was performed assuming Howarth (1983) extinction law and Ry, = 3.1. We
also retrieved ancillary data of their stellar masses, star formation rates and stellar ages. This sample
was used to generate Fig. 1.16 (a), 1.18, 1.19, 1.20 and 2.2.

2.5.1.2  SDSS-IV MaNGA LINER-like sample

SDSS-IV MaNGA survey'3 is an integral field spectroscopic survey with over 10,000 local galaxies
(Blanton et al., 2017; Bundy et al., 2015). From that sample, we selected those galaxies whose central
region shows LINER-like emission, obtaining a sample of 105 LINERs. Details'4 on the selection,
treatment and analysis of this sample are found in Chapters 3 and 4. Additionally, Fig. 1.16 (b) and
1.17 have been generated as well from that sample.

In this work we focus on the optical and infrared flavors of the code, but the reader is encouraged to look up at the
references for the UV version (Pérez-Montero & Amorin, 2017; Pérez-Montero et al., 2023a), as well as its use for the
softness and hardness diagnostics of the ionizing sources (Pérez-Montero et al., 2019b, 2020, 2023b, 2024, 2025).
Accessible through https://www.sdss3.org/dr9/algorithms/galaxy_mpa_jhu.php.

Accessible through https://www.sdss4.org/dr17/manga/.

Emission lines were retrieved using ELF3D code (Zinchenko private communication), following the same prescriptions
as in Zinchenko et al. (2016).


https://www.sdss3.org/dr9/algorithms/galaxy_mpa_jhu.php
https://www.sdss4.org/dr17/manga/

2.5 GALAXY SAMPLES

2.5.2 Samples based on IR spectroscopic observations

2.5.2.1 IDEOS galaxy sample

The Infrared Database of Extragalactic Observables from Spitzer'> (Herndn-Caballero et al., 2016;
Spoon et al., 2022) is a public catalog of 77 fitted observables of 3335 galaxies in the range [5.4ym,
36pum| observed with Spitzer/ICS. From this initial sample, we selected those galaxies classified
as SFG and AGN based on their PAH features and the relative emission of neon emission lines. A
detailed explanation, analysis and discussion is found in Chapter 6.

2.5.2.2 The combined AKARI - Spitzer - Herschel - SOFIA sample

Three different samples were created merging the available spectroscopic observations from the
near- to far-IR from different observatories:

e SFG dominated sample composed by 28 dwarf galaxies, 19 active star-forming galaxies and
nine low-redshift (U)LIRGs. This sample, compiled by Ferndndez-Ontiveros et al. (2021),
has the spectroscopic measurements of emission lines from the near- (AKARI/IRC), mid-
(Spitzer/IRS) and far-IR (Herschel /PACS and SOFIA/FIFI-LS). Optical counterpart observa-
tions were also retrieved from the literature (see Fernandez-Ontiveros et al., 2021, for more
details).

e AGN dominated sample composed by 58 active galaxies with [Ne v] emission. As in the
previous case, the sample combines IR spectroscopic observations from the near- to far-IR
regime. Details on the sample are found in Chapter 5.

e (U)LIRG sample from IDEOS with AKARI/IRC observations of the H recombination line
Brackett-a and, in some cases, SOFIA/FIFI-LS of far-IR emission lines. This sample is used for
the analysis presented in Chapter 7.

15 Accessible through http://ideos.astro.cornell.edu/.
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RESULTS






TRACING THE NUCLEAR ABUNDANCES OF OXYGEN AND NITROGEN IN3
LINERS WITH VARIED IONIZING SOURCES

Chapter based on the publication: B. Pérez-Diaz, E. Pérez-Montero, I. A. Zinchenko and ]. M. Vilchez
(2025) “Chemical enrichment in LINERs from MaNGA: I. Tracing the nuclear abundances of oxygen and
nitrogen in LINERs with varied ionizing sources”, published in Astonomy & Astrophysics, volume 694,
A18, d0i:10.1051/0004-6361/202452862.

3.1 ABSTRACT

The chemical enrichment in low-ionization nuclear emission-line regions (LINERs) is still an issue
with spatial resolution spectroscopic data because we lack studies and because the nature of their
ionizing source is uncertain, although they are the most abundant type of active galaxies in the
nearby Universe. Considering different scenarios for the ionizing source (hot old stellar populations,
active galactic nuclei, or inefficient accretion disks), we analyze the implications of these assumptions
to constrain the chemical content of the gas-phase interstellar medium. We used a sample of 105
galaxies from the survey called Mapping Nearby Galaxies at Apache Point Observatory (MaNGA),
whose nuclear central spaxels show LINER-like emission. For each scenario we considered, we
built a grid of photoionization models (4928 models for each considered ionizing source) that
were later used in the open-source code HII-CHI-Mistry. This allowed us to estimate chemical
abundance ratios such as 12+log(O/H) or log(N/O) and to constrain the ionization parameters
that characterize the ionized interstellar medium in these galaxies. The oxygen abundances in the
nuclear region of LINER-like galaxies are spread over a wide range 8.08 < 12+log(O/H) < 8.89,
with a median solar value (in agreement with previous studies) when models for active galactic
nuclei are considered. Nevertheless, the nitrogen-to-oxygen ratio we derived is much less affected
by the assumptions on the ionizing source and indicates suprasolar values (log(N/O) = —0.69). By
comparing the different scenarios, we show that if hot old stellar populations caused the ionization
of the interstellar medium, a complex picture (e.g., outflows and/or inflows that scale with the
galaxy chemical abundance) would be needed to explain the chemical enrichment history, whereas
the assumption of active galactic nucleus activity is compatible with the standard scenario that is
found in most galaxies.

3.2 INTRODUCTION

Among the different approaches for analyzing the evolution of galaxies, the metal content of the
interstellar medium (ISM) is a very important constraint. While Big Bang nucleosynthesis allows
us to explain the majority of hydrogen (H), helium (He), lithium (Li), and deuterium (D) in the
ISM (Cyburt et al., 2016), nearly all the remaining elements are produced by means of the different
star formation processes that govern the evolution of galaxies (e.g. Duarte Puertas et al., 2022;
Kobayashi et al., 2020a), which are ultimately shaped by other processes such as inflows, outflows,
or merger events that affect the hydrostatic equilibrium within galaxies (e.g. Pérez-Diaz et al., 2024a;
Sharda et al., 2024).

Since the pioneering works from M. Peimbert and Costero (1969), M. Peimbert (1967), Searle
(1971), and Searle and Sargent (1972), the chemical content of the gas-phase ISM is generally traced
by the oxygen abundance since it is the most abundant element in mass (~ 55%; M. Peimbert et al.,
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2007), and its presence helps to cool the nebula through emission lines that are detected in the
ultraviolet (UV), optical (Opt), and infrared (IR) regimes. The brightest of these lines arise from
collisional excitation. The oxygen abundance, expressed relative to hydrogen [12+log(O/H) |, is
affected by flow dynamics that can alter one or both quantities. Hence, complementary information
is required to constrain the chemical enrichment stage of the ISM. In a simplified picture of the
complex nucleosynthesis of elements such as nitrogen (N) and carbon (C), they are produced by
massive stars (primary), but an additional channel of production arises when oxygen is already
present in the ISM from which intermediate-mass stars were born, allowing them to produce N
and C via CNO cycles (secondary; e.g. Henry et al., 2000). Complexity arises from other important
aspects in chemical evolution models such as the time delay of ISM pollution from intermediate-
mass stars (e.g. Vincenzo et al., 2016), the role of fast-rotator stars (e.g. Grisoni et al., 2021), or
variations in the star formation histories (e.g. Molla et al., 2006). Thus, by analyzing the log(N/O)
and/or log(C/O) ratios, we gain additional information to constrain the chemical enrichment
history in galaxies.

The presence of these elements in the gas-phase ISM helps to cool it by emission lines, which
are used to estimate the chemical content. Recipes for estimating chemical abundances in the gas-
phase ISM have been proposed, exploited, and perfected over the past decades. All of them can be
summarized into three main groups. The first group relies on using auroral emission lines, such as
[Om]A4363A, [N1u]A5755A and/or [Sm]A6312A as well as other collisionally excited lines (CEls)
to constrain the physical properties of the gas-phase ionized ISM such as the electron temperature
(T,) and density (n,). This is called the direct method or T,-method (e.g. Pérez-Montero & Amorin,
2017). Some problems that arise from this method are i) the faint nature of these auroral emission
lines, ii) the lack of emission lines from high-ionized species (e.g., [OIV], [SIV], and [NeV]) in
the optical range imposes an assumption on the ionization correction factors (ICFs), and iii) the
fluctuations of the physical properties required, such as the temperature, might induce systematic
uncertainties in their determination (Méndez-Delgado et al., 2023), although some ratios such
as log(IN/O) are not affected by these fluctuations. The second technique relies on the use of
photoionization models such as cLoupy (Ferland et al., 2017), marpiNGs (Sutherland & Dopita,
2017) , or suMA (Contini & Aldrovandi, 1983), in which the physical and chemical conditions in the
gas-phase ISM as well as the source of ionization are given and are then constrained either to directly
match the observations with customized models (e.g. Pérez-Montero et al., 2010) or by Bayesian
approaches such as HII-CHI-Mistry (HCwm; Pérez-Montero, 2014), NesuLaBayes (Thomas et al.,
2018), or HomerUN (Marconi et al., 2024). Finally, a different technique that is more widely used
because it is easy to apply is the use of strong emission-line ratios or combinations that correlate with
the chemical abundances, which are calibrated by using one of the other two previous techniques.
A summary of these calibrators can be found in Tab. 1 from Maiolino and Mannucci (2019).

These techniques have been used over decades (Andrews & Martini, 2013; Ferndndez-Ontiveros
et al., 2021; Lequeux et al., 1979; McClure & van den Bergh, 1968; Pérez-Montero & Diaz, 2005;
Thuan et al., 1995; Vilchez et al., 1988), especially for analyzing the chemical composition of the
gas-phase ISM in star formation dominated galaxies (SFGs) over different cosmic times from either
slit spectroscopy or integral field spectroscopy. However, to properly constrain the galaxy chemical
evolution, the studies cannot focus on SFGs alone, but also need to study galaxies hosting active
galactic nuclei (AGNs), which have an important role not only in galaxy evolution (e.g. de Nicola
et al., 2019; Page et al., 2004) because AGN feedback affects the gas cooling, and consequently,
the star formation (Capelo et al., 2023; Morganti, 2017), but also in cosmological structures (e.g.
Eckert et al., 2021; Gitti et al., 2012; Nobels et al., 2022). However, studies of the chemical content of
the gas-phase ISM within galaxies hosting AGNs are rather rare. The gas-phase ISM surrounding
the supermassive black hole (SMBH) in AGNss is divided into two different regions: the broad-
line region (BLR), which is located close (r ~ 0.01 pc; Mandal et al., 2021) to the SMBH and is
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characterized by high densities (1, > 10° cm~2) and broad emission-line components (> 1000
km/s) (Peterson, 2006); and the narrow-line region, which is located at greater distances (r = 1
pc; Peterson et al., 2013) and has lower densities (1, ~ 10> cm™3), and narrower emission-line
components (~ 500 km/s) (Peterson, 2006). The BLR presents several problems for the estimation
of its abundance composition both observationally due to the high covering factors (Gaskell, 2009)
and theoretically due to the complex gas dynamics governing its motion (Gaskell, 2009) or even
the high variability in the broad emission lines that trace the BLR (Ili¢ et al., 2017). These problems
disappear for the NLR because the physical properties are very similar to those of HII regions.

Nevertheless, the determination of chemical abundances in the NLR presents some caveats. It
was shown by Dors et al. (2015) that when the direct method is used to constrain the chemical
abundances, unexpectedly low chemical abundances are obtained that are not found with other
techniques. Moreover, the lack of a detection in the optical of emission lines from highly ionized
species, which are expected because the ionizing front from the AGN is harder (Pérez-Diaz et al.,
2022, 2024a), adds more uncertainty to its estimates. Hence, most of the techniques for studying
chemical abundances in the NLR of AGNs rely on either using photoionization models to directly
estimate their abundances or on providing calibrations to estimate them in larger samples (e.g.
Carvalho et al., 2020; Dors et al., 2023; Pérez-Diaz et al., 2021, 2022; Pérez-Montero et al., 2019a).

An additional bias in the studies of chemical abundances in AGNs is that they mainly target
Seyferts 2, that is, highly ionized AGNs, whereas low-luminosity AGNs (LLAGNSs), such as LINERs,
are the most common type of AGN in the local Universe (Ho et al., 1997). Studies of chemical
abundances in LLAGN s are even rarer. One of the main reasons for this rarity is the fact that there
is no consensus in the literature about the source of ionization of LINERs. Possible sources include
i) sub-Eddington accretion (Ho, 2009; Kewley et al., 2006) onto SMBHs, which can later affect the
flow of gas by even truncating the disk through advected-dominated flows (ADAFs; Nemmen et al.,
2014); ii) hot old stellar populations that are dominated by post-asymptotic giant branch (pAGB)
stars (Binette et al., 1994, Stasiriska et al., 2008); and iii) fast radiative shocks (Allen et al., 2008;
Dopita & Sutherland, 1995).

Annibali et al. (2010) targeted 67 early-type galaxies in the local Universe in one of the first works
that estimated the oxygen abundances in a statistically significant sample of LLAGNS, since of these
galaxies (~ 72%) hosted LINERs. However, the authors relied on calibrations that were obtained
from photoionization models assuming AGNs (Storchi-Bergmann et al., 1998) as the source of
ionization, or on empirical calibrations taken from the analysis of early-type galaxies, which would
mimic the conditions in their sample (Kobulnicky et al., 1999). Their resulting oxygen abundances
were in the range 8.49 < 12+log(O/H) < 9.01, and most of them were slightly suprasolar®.

More recently, (Pérez-Diaz et al., 2021) systematically analyzed 16 Seyferts 2 and 40 LINERs
from the Palomar Spectroscopic Survey (Ho et al., 1997), complemented by an additional sample
of 25 LINERs from (Povi¢ et al., 2016). To estimate the oxygen abundances, the authors employed
HII-CHI-Mistry (hereinafter HCm; Pérez-Montero, 2014; Pérez-Montero et al., 2019a), a Bayesian-
like code that relies on a large grid of photoionization models, assuming AGNs as the source of
ionization, because they found that multiwavelength studies indicated AGN feature emissions in
X-rays and radio wavelengths. The authors reported that some (~ 15%) LINERs were characterized
by unexpectedly low oxygen abundances (12+log(O/H) < 8.3). Later on, Oliveira et al. (2022)
presented an analysis of the nuclear region of 43 LINERs from the SDSS IV - MaNGA survey
(Blanton et al., 2017; Bundy et al., 2015) from photoionization models assuming pAGB stars as the
source of ionization. They concluded that their sample of LINERs was characterized by solar-like
oxygen abundances of 8.54 < 12+log(O/H) < 8.84. A similar result was found in a recent study
by Oliveira et al. (2024b), who reported that weak AGNs present oxygen abundances in the range

Hereinafter, we assume the solar abundances reported by Asplund et al. (2009), that is, 12+1log(O/H), = 8.69,
12+log(N/H), = 7.83, and log(N/O), = —0.86.
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8.50 < 12+log(O/H) < 8.90. Only the study by (Krabbe et al., 2021), who only analyzed one LINER
galaxy (UGC 4805) based on MaNGA data and photoionization models, simultaneously explored
the AGN and the pAGBs ionizing scenarios. While their finding of metallicity trends did not provide
a conclusive clue, they suggested that the pAGB scenario is the most favorable based on the position
of this nucleus on some specific diagnostic diagrams for the observed emission lines, as well as on
the observed high degree of ionization.

Nitrogen abundances in LLAGNs have been analyzed even more infrequently. Except for the
pioneering work of Pérez-Diaz et al. (2021), only the recent work by Oliveira et al. (2024a) analyzed
the log(N/O) abundance ratio and its relation with the 12+log(O/H) abundance in order to
constrain the chemical enrichment of these objects. Although both studies employed photoionization
models and assumed different ionizing sources (AGNs and pAGBEs, respectively), the results were
consistent. This shows that LINERs tend to have slightly higher log(IN/O) than is reported in SFGs.

Exploiting the capabilities of integral field spectroscopic (IFS) data from the SDSS IV - MaNGA
survey (Blantonetal., 2017; Bundy etal., 2015), we present a series of papers that analyze the spatially
resolved chemical enrichment of the gas-phase ISM in galaxies hosting LINER-like nuclear emission.
We consider for the first time different scenarios that might explain the observed emission in a
statistically significant sample of galaxies. This first paper of the series focuses on the determination
of nuclear chemical abundances in this sample, and it is organized as follows. In section 3.3 we
explain the selection of the sample of galaxies hosting LINER-like emission. We also introduce
other different criteria we used in this study. In section 3.4 we discuss the method we employed to
estimate the chemical abundances in our sample. In section 3.5 we present the main results of this
study, and we discuss them in section 3.6. In section 3.7 we summarize the main conclusions. We
assumed the cosmological parameters given by (3,, = 0.3, Q5 = 0.7, and Hy = 67 km/s/Mpc.

3.3 SAMPLE SELECTION
3.3.1 MaNGA data and emission-line measurements

The Mapping Nearby Galaxies at Apache Point Observatory (MaNGA; Bundy et al., 2015) is part of
the Sloan Digital Sky Survey IV (SDSS 1V; Blanton et al., 2017). For this work, we used data release
17 (DR17; Abdurro’uf et al., 2022). We used individual spaxels whose size was significantly smaller
than that of the point spread function (PSF) in the MaNGA datacubes. The spatial resolution of
these cubes has a median full width at half maximum (FWHM) of 2.54 arcsec (Law et al., 2016).
We examined the MaNGA spectra as outlined in Zinchenko et al. (2016, 2021). Briefly, we used
the code STARLIGHT (Asari et al., 2007; Cid Fernandes et al., 2005; Mateus et al., 2006) to fit
the stellar background across all spaxels, adapting it for parallel datacube processing. Simple
stellar population (SSP) spectra from Bruzual and Charlot (2003) evolutionary synthesis models
were used for stellar fitting, and we subtracted them from the observed spectrum for a pure gas
spectrum. Then, we fit emission lines using our ELF3D code. Each emission line was fit with a single-
Gaussian profile. For each spectrum, we measured the fluxes of the [O1]A, A3726,3729A (hereinafter
[On]A3727A), [Nem]A3868A, Hy, [Om]A4959A, [Om]A5007A, [N n]A6548A, H,,, [N u]A6584A,

and [Su]A, 16717, 6731A lines with a signal-to-noise ratio (S/N) above 3.

3.3.2 Sample classification

From the original sample of galaxies presented in the SDSS IV - MaNGA survey, we initially selected
the galaxies that were classified as LINERs in at least one of the three diagnostic (BPT) diagrams
(Baldwin et al., 1981; Veilleux & Osterbrock, 1987) with the semi-empirical constraints proposed
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by Kauffmann et al. (2003) and Kewley et al. (2006). For this purpose, we used the emission
lines Hg, [Om]A5007A, [O1]A6300A, [N u]A6584A, [Su]A6717A, and [Su]A6731A. Additionally,
we complemented the diagrams with information on the equivalent width (EW) for H,, as proposed
by Cid Fernandes et al. (2011), since the strength of these feature allowed us to better distinguish
between galaxies whose activity is dominated by strong AGNs (sAGN; Wy > 6A), weak AGN's
(WAGN; A < Wy, < 6A), and retired galaxies (RG; 0.5A < Wy, < 3A). Below this limit lies the
region that is dominated by passive galaxies (PG; Wy < 3A), which are mainly line-less galaxies
(Cid Fernandes et al., 2011).

To perform the classification, we focused our attention on the central spaxel for each galaxy. The
median distance for our sample of galaxies is 150.56 Mpc within the range of [35.24 Mpc, 560.09
Mpc]. This implies that the angular sampling is 1.460 kpc on average within the range of [0.342
kpc, 5.4 kpc] for the 2" fiber coverage in the sky (Bundy et al., 2015). This allowed us to capture
most of the emission when an AGN is the source of ionization, considering the average sizes of the
narrow- line region (~ 1 —>5 kpc; Bennert et al., 2006a, 2006b). This range can also accommodate the
case in which pAGB stars ionize the gas-phase ISM (e.g. Binette et al., 1994). While other authors
integrated the flux in a circular aperture with a radius of 1 kpc (Oliveira et al., 2024a), we obtained
that the average change in the emission-line flux ratios is smaller than 5%, and the classification and
later results are therefore not affected by selecting either the central spaxel or an aperture of 1 kpc.

WHa/pha [A ]

10 12 14 16

LIN LIN

15355 111 067 023 021 065 -L03 061 -015 023 065 221 -162 103 044 0.15
log () log () log ()

Figure 3.1: Diagnostic diagrams of the central spaxels in our sample of galaxies. The color bar shows the
equivalent width for H, (W, ). The solid and dashed lines represent the region limits as defined
by Kewley et al. (2006), with the exception of the separation between Seyfert 2 and LINERs in
the [N u]/H, diagram, which was taken from Cid Fernandes et al. (2010). Each region is labeled
as follows: SFG for star-forming galaxies, SEY for Seyferts, LIN for LINERs, and COM for
composites.

We show in Fig. 3.1 the diagnostic diagrams for the central spaxels in our sample of galaxies from
MaNGA. When we only consider the galaxies that are classified by at least one of the diagrams
as LINERs, the sample contains 429 galaxies. Considering that problems of contamination from
diffuse ionized gas (DIG) in [Su] are higher than in [N 1] lines (Pérez-Montero et al., 2023b), we
imposed the condition that galaxies are simultaneously classified as LINERs in all three diagrams.
This reduced the sample to 329 galaxies, with values of Wy _in the range [1.74A,9.25A]. We cannot
rule out the possibility of contamination from different ionizing sources (e.g. the combination of star
formation and AGN activity; Davies et al., 2016), and we therefore complemented our classification
with information from the WHAN diagram (Cid Fernandes et al., 2011). As shown in Fig. 3.2, the
majority of our galaxies fall in the wAGN region, and some galaxies present slightly higher or lower
values. Only one galaxy is classified as SFG due to the weak ratio of H, and [N 1]A6584A. Tab. 3.1
shows that the majority of the sample falls in the wAGN region (300; ~ 70%). When we focus our
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Table 3.1: Classification of the central spaxels from the preliminary sample of 429 galaxies selected from
MaNGA. The headline row shows the classifications based on the WHAN diagram (Cid
Fernandes et al., 2010, 2011). The first column shows the classification based on the BPT diagrams
(Kauffmann et al., 2003; Kewley et al., 2006). In parentheses, we provide the relative percentage
per group.

Classification SFG sAGN wAGN RG PG Total
LINERSs 0(0.00) 7(2.13) 239 (72.64) 83(25.23) 0(0.00) 329 (76.87)
Composites | 0(0.00) 2 (4.17) 26 (54.17) 20 (41.67) 0(0.00) 48 (11.21)
1( ) 0(
1( ) 0 (

1.96) 0(0.00) 35(68.63) 15 (29.41) 0.00) 51 (11.92)
0.23) 9(2.10) 300 (70.09) 118 (27.57) 0.00) 429 (100.00)

Ambiguous
Total

attention only on the galaxies that are classified as LINERs based on the BPT diagram (329; ~ 77%),
the percentage of wAGN-like galaxies is even higher than in the overall sample (~ 73%).

1.4

° SAGN
1.094

0.771 SFG

0.467

0.141 RG

~ log (W, [AD

-0.49 PG

08 004 069 043 017 009 034 06

log (")

Figure 3.2: WHAN diagram, showing the region demarcations as provided by Cid Fernandes et al. (2010,
2011). The color code represents the classification as given by the BPT diagrams (see Figure 3.1):
Red dots represent galaxies classified as LINERs, blue dots represent galaxies falling in the
composite region, and magenta dots show galaxies without a clear classification. Each region is
labeled as follows: SFG for star-forming galaxies, SAGN for strong AGNs, wAGN for weak AGNSs,
RG for retired galaxies, and PG for passive galaxies.

Another constraint we added to the sample selection is that the detected LINER-like emission
mainly comes from the central spaxel. By restricting our sample with this criterion, we ensured i)
that there are enough HII regions to analyze spatially resolved properties in all galaxies, such as
metallicity gradients (second paper of these series), ii) that the origin of the LINER-like emission
cannot be automatically excluded to be an AGN, and iii) that we can test for the same galaxy what
occurs in their SF-dominated regions as opposed to the nuclear region. By adding this constraint,
we obtained a sample of 105 galaxies, all of which show LINER-like emission according to all BPT
diagrams for the central spaxels. Of these, 57 are classified as wAGN and 48 as retired galaxies
according to the WHAN diagram (Cid Fernandes et al., 2010, 2011).

3.4 DETERMINING THE CHEMICAL ABUNDANCE

In this section, we present a detailed explanation of the method we used to estimate the chemical
abundances as well as other physical parameters from the nebular emission that we retrieved from
the MaNGA data. Because we accounted for possible different natures of the ionizing source in the
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nuclear regions of our sample of galaxies, we simultaneously analyzed all these scenarios by means
of photoionization models.

3.4.1 HII-CHI-Mistry

To estimate the chemical abundances, we relied on the Bayesian-like Python code HII-CHI-Mistry>
(or HCwm), which was originally developed by Pérez-Montero (2014) for HII regions, but was
later extended to AGN sources (Pérez-Diaz et al., 2021; Pérez-Montero et al., 2019a) and extreme
emission-line galaxies (Pérez-Montero et al., 2021) for the optical version. We made use of the optical
version 5.5 of the code. HCMm uses a grid of photoionization models with three free parameters:
the chemical properties of the gas-phase ISM 12+log(O/H) and log(N/O), and the ionization
parameter log(U), estimated by comparing emission line ratios that are sensitive to these parameters.
Other important properties for the computation of photoionization models such as the geometry,
the density, the dust-to-gas ratio, and the stopping criteria were explored for each grid of models.
In a first iteration, the code estimates log(N/O) and uses this estimate to constrain the grid of
models. This first estimation was always done because we have all necessary emission lines for this
determination (e.g., [O1u]A3727A, and [N 11]A6584). In a second iteration, the code performs an
estimation of 12+log(O/H) and log(U). Since all these parameters are free in the grid of models, all
quantities were estimated independently of each other, and no relation was assumed between them.

As input for HCm, we used the emission-line ratios [On]A3727A, [Nem ]A3868A, [Om]A5007A,
[N1u]A6584A, and [S1u]A6717A+[S1u]A6731A, referred to H s emission. All emission-line ratios were
corrected for reddening assuming case B photoionization and an expected ratio of H, and Hg of
3.1 for standard conditions in the NLR, that is, an electron density n, ~ 500 cm~3 and an electron
temperature T, ~ 10* K (Osterbrock & Ferland, 2006), and the extinction curve from Howarth
(1983) for Ry, = 3.1.

3.4.2  Grids of photoionization models

Whereas HCwm allowed us to perform the same method regardless of the source of ionization, the user
must select the grid of photoionization models to be used in the estimation. The differences therefore
emerge based on the assumed spectral energy distribution (SED). All models were computed using
Croupy3 v1y (Ferland et al., 2017)

In the case of HII regions, we chose a star formation cluster with an age of 1 Myr as the ionization
source. We used the POPSTAR (Molla et al., 2009) synthesis code for an initial mass function
(IMF) that followed the trend reported by Chabrier (2003). The gas density was assumed to be
100 cm~3. By allowing variation in the ionization parameter and metallicity, Pérez-Montero (2014)
demonstrated that these models are able to reproduce the emission-line ratios observed in HII
regions.

For the nuclear emission, we built different grids of photoionization models that accounted for
all proposed scenarios to reproduce the LINER-like emission. We list them below.

e Active galactic nucleus SEDs composed of two components: The first component represents
the big blue bump, which peaks at 1 Ryd, and the other component represents a power law
with a spectral index ay = —1 that represents the nonthermal X-rays radiation. To test different
regimes in the hardness of the ionization, we selected several values for the slope in the power
law that traced the continuum between 2.5 keV and 2500 A (o) given by apx = [—0.8, 1.0,
-1.2,-14, -1.6, —1.8, —2.0]. Although it was reported that slopes below apyx = —1.4 do not

2 The code is publicly available at http://home.iaa.csic.es/~epm /HII-CHI-mistry.html.
3 The code is publicly available at https://gitlab.nublado.org/cloudy/cloudy.
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reproduce the observed emission-line ratios well (Carvalho et al., 2020; Oliveira et al., 2024b),
we explored all these scenarios to search for significant differences caused by the choice of
this parameter.

e Post-AGB SEDs obtained from the grid of nonlocal thermodynamic equilibrium (INLTE)
model atmospheres* provided by (Rauch, 2003) for three different effective temperatures:
5.10* K, 1-10° K and 1.5 - 10° K. These SEDs were computed assuming log g = 6, and we
assumed normalized fractions of 0.33 for helium, 0.50 for carbon, 0.02 for nitrogen, and 0.15
for oxygen.

e An advection-dominated accretion flow (ADAF) model for the AGN, which represents the
truncation of the accretion disk due to inefficiency in the accretion process. In particular, we
made use of the code riar-sep> (Nemmen et al., 2014; Yuan et al., 2005, 2007). Considering
the large number of free parameters for the computation, we used the average SED that
characterized ADAF emission in LLAGN (see Nemmen et al., 2014, for more details).

For each considered SED, we modeled the ISM by allowing the oxygen abundance to vary in
the range 6.9 < 12+1log(O/H) < 9.1 in steps of 0.1 dex, the nitrogen-to-oxygen ratio varied in the
range —2.0 <log(N/O) < 0.0 in steps of 0.125 dex, and the ionization parameter varied in the range
—4.0 < log(U) < —0.5 in steps of 0.25 dex. This last parameter was preliminarily constrained in the
range —4.0 <log(U) < —2.5based on previous findings (e.g. Oliveira et al., 2022, 2024a; Pérez-Diaz
et al., 2021) because it was needed to break the degeneracy reported in some emission line ratios
(Pérez-Diaz et al., 2021; Pérez-Montero et al., 2019a). For all models, a density of 500 cm™—2 was
assumed. In total, we computed 4928 models per ionizing source, which yields a total of 54208
models. We also explored the effects of the stopping criteria by considering two different scenarios:
for a ratio of ionized hydrogen atoms of 0.98 and of 0.02. As already reported in other studies (e.g.
Pérez-Diaz et al., 2021, 2022), these two scenarios do not introduce significant differences (they are
lower (~ 0.05 dex) than the steps in the grid of models) in the chemical abundance estimations.

3.5 RESULTS
3.5.1  Oxygen and nitrogen abundances

In Tab. 3.2 and 3.3 we provide the overall statistics for the derived oxygen abundance and nitrogen-
to-oxygen abundance ratio, respectively, in our selected sample of LINERs. We give the results for
each ionizing source in the models we used to calculate the abundances for the whole sample, and
we also list them according to their classification as wAGN or as retired galaxies (RG).

For 12+log(O/H), there is no difference between the median values derived for wAGN and
RGs, (~ 0.05 dex; this is lower than the grid step and compatible within the errors). It is always
close to the solar value (12+log(O/H)~ 8.69; Asplund et al., 2009). Only for the ADAF models did
we obtain subsolar median values, but still no significant difference was found between the two
families. The case of pAGB models is particularly interesting (Terr =1 - 10° K and Terp=15- 10°
K) because the difference between the resulting median values in each family increases (~ 0.1
dex), although they are still compatible within the errors. Overall, the lower values of the oxygen
abundance are found in galaxies that are classified as RG, with values ~ 0.3 dex below the solar
abundance. For pAGB models, both distributions reach subsolar values, below ~ 0.4 dex for WAGN
and ~ 0.6 dex for RGs. This differentiation between AGN (and ADAF) models and pAGB models is
highlighted in Fig. 3.3.

4 They can be downloaded from http://astro.uni-tuebingen.de/~rauch/TMAF/flux_H-Ca.html.
5 The code is publicly available at https://github.com/rsnemmen/riaf-sed.
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Table 3.2: Properties of the resulting distribution of the derived oxygen abundances. For each
photoionization model (1) and each group of LINERs (2) the median value (3), standard
deviation (4), minimum (5) and maximum values (6) are provided.

Model Class. 12+log(O/H),,.q 12+4log(O/H),; 12+log(O/H),.;n  12410g(O/H), 0
(1) (2) (3) (4) (5) (6)
wAGN 8.72 0.05 8.59 8.84
AGN apx = —0.8 RG 8.71 0.08 8.36 8.82
All 8.72 0.06 8.36 8.84
wAGN 8.66 0.04 8.54 8.77
7AGN apx = —1.0 RG 8.64 0.07 8.36 8.76
All 8.65 0.06 8.36 8.77
wAGN 8.57 0.05 8.47 8.68
AGN apy = -1.2 RG 8.59 0.04 8.46 8.64
All 8.58 0.04 8.46 8.68
wAGN 8.70 0.05 8.57 8.79
AGN apx = —-1.4 RG 8.66 0.07 8.37 8.75
All 8.68 0.07 8.37 8.79
wAGN 8.70 0.05 8.59 8.78
AGN apx = -1.6 RG 8.64 0.08 8.32 8.78
All 8.69 0.07 8.32 8.78
wAGN 8.70 0.05 8.55 8.78
AGN apx = —-1.8 RG 8.64 0.08 8.31 8.76
All 8.68 0.07 8.31 8.78
wAGN 8.70 0.05 8.54 8.79
AGN apx = -2.0 RG 8.64 0.08 8.30 8.76
All 8.69 0.08 8.30 8.79
wAGN 8.47 0.02 8.41 8.55
pPAGB T, =5-10*K RG 8.47 0.02 8.44 8.53
All 8.47 0.02 8.41 8.55
wAGN 8.64 0.11 8.28 8.74
PAGB T,y =1-10° K RG 8.50 0.14 8.07 8.74
All 8.57 0.13 8.07 8.74
wAGN 8.56 0.16 8.25 8.82
PAGB T, =1.5-10°K RG 8.41 0.16 8.08 8.72
All 8.50 0.17 8.08 8.82
wAGN 8.51 0.04 8.43 8.60
ADAF RG 8.50 0.04 8.42 8.62
All 8.51 0.04 8.42 8.62

Examining the log(N/O) ratio, we find a completely different picture to that depicted for oxygen.
For a given particular model, log(IN/O) behaves in a statistically similar way for both groups of
galaxies (differences below 0.06 dex). For a given group, there is little difference between the N/O
ratios obtained assuming distinct AGN models. For either pAGB or ADAF models, the median
value increases with respect to AGN models (~ 0.15 dex). Nevertheless, they are still compatible
considering the standard deviations of the distributions. Overall, we found that median values
cluster around the solar abundance ratio (log(N/O)~ —0.86; Asplund et al., 2009), but there is a
wider range of values (~ 0.9 dex) than is observed for 12+log(O/H) (~ 0.4 dex). In Fig. 3.4 we
show the distributions of the log(IN/O) estimations for each group and for the whole sample. There
is little difference among them and for each photoionization grid of models.

As shown in Fig. 3.3 (see also Tab. 3.2), the oxygen abundances estimated from pAGB models with
temperatures as low as Torr =5 - 10* K spread over a very narrow range of values [8.4, 8.6], which

85



86

TRACING THE NUCLEAR ABUNDANCES OF OXYGEN AND NITROGEN IN LINERS WITH VARIED IONIZING SOURCES

55 55 55
AGN apx= —-0.8 AGN apx= —1.0 AGN apx=—1.2
44 44 44
3 ] 4
%331 %331 %331
y £ 8
o o ]
20’22* 2022* | 20122*
11 jH 11 j:ﬁ 11] j jj

oo©

)

0

.0

0 8.16 832 848 864 8.8 0 8.16 832 8.48 8.64 8.8 0 816 832 848 8.64 8.8
12+log(O/H) 12+log(O/H) 12+log(O/H)
55 55 55
AGN apx=—-1.4 AGN apx= —1.6 AGN apx= —1.8
44 44 447
£33 £33 $33]
o o )
o o ©
522/ | $22/ 522/ Il
11/ Fﬁ [q 11/ Jﬂﬁ 11 E
— |
%0 816 832 848 864 88 B0 816 832 848 864 88 B0 816 832 848 864 8.8
12+log(O/H) 12+log(O/H) 12+log(O/H)
[ All WAGN RG]
55 90 25
AGN apx= —2.0 PAGB T.;=5e* K PAGB T4 =1e5 K
441 72 201
%33— §54— %15—
o © o
522/ 536/ 510/
11, Iﬁﬂ 18 5 T
F‘i 1
%0 816 832 848 864 88 8.0 816 832 848 864 88 B0 816 832 845 864 8.8
12+log(O/H) 12+log(O/H) 12+log(O/H)
25 40
PAGB T4 = 1.5e% K ADAF
201 32
%15— -%24
10/ 316 5
5] -y 8
© el | il

8.16 8.32 8.48 8.64
12+log(O/H)

8.16 8.32 8.48 8.64
12+log(O/H)

8.8 .0 8.8

Figure 3.3: Histograms for 12+log(O/H) nuclear abundance ratios for LINERs for each photoionization grid
of models. The step-filled gray histogram corresponds to all LINERs in our sample. The step blue
and red histograms correspond to wAGNSs and RGs, respectively. The vertical solid lines
represent the median values for each distribution.

is even shorter than the range observed from the ADAF models. The photoionization models reveal
that no O3+ is predicted by these models in the nebulae because their ionizing incident radiation
field is comparatively softer. Hence, in order to properly provide a simultaneous estimation of
the oxygen abundance (mainly traced through the sum of Ot* and O" emission lines) and the
ionization parameter (mainly traced through the ratio of O** and O" emission lines), these models
with a lower effective temperatures constrain the obtained oxygen abundance in a more restricted
range than other models with higher T,, which allow a larger variation in the same involved lines,
as these same models predict a higher abundance of other more highly ionized species such as O3+.

3.5.2 N/O versus O/H relation

The log(N/O) versus 12+log(O/H) relation allows us to check whether the ISM follows a standard
chemical enrichment history that is characterized by constant log(N/O) values at low metallicities
(12+log(O/H) < 8.6, e.g. Belfiore et al. 2015) due to the primary production of N and a positive
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Table 3.3: Same as Tab. 3.2, but for the nitrogen-to-oxygen abundance ratios log(N/O).

Model Class. 1log(N/O),ea 1og(N/O)yy 10og(N/O),ui  10g(N/O),ax
(1) (2) (3) (4) (5) (6)

wAGN —0.88 0.16 -1.20 -0.39
AGN apx = —0.8 RG -0.79 0.14 -1.15 -0.47
All —0.84 0.15 -1.20 —-0.39
wAGN -0.81 0.15 -1.14 —-0.42
AGN apx =-1.0 RG -0.74 0.14 -1.12 -0.43
All -0.78 0.15 -1.14 -0.42
wAGN -0.82 0.15 -1.17 -0.39
AGN apy = —1.2 RG -0.73 0.14 —-1.08 —0.44
All -0.79 0.15 -1.17 —0.39
wAGN -0.83 0.15 -1.19 -0.40
AGNapyxy =-1.4 RG -0.75 0.14 -1.11 —-0.50
All -0.79 0.15 -1.19 -0.40
wAGN -0.84 0.16 -1.22 —0.38
AGN apy = 1.6 RG -0.74 0.13 -1.11 —0.48
All -0.79 0.15 -1.22 —0.38
wAGN -0.83 0.15 -1.18 —-0.38
AGN apyx = —1.8 RG -0.75 0.14 -1.12 -047
All —0.81 0.15 -1.18 —0.38
wAGN -0.83 0.15 -1.19 —0.38
AGN apx = -2.0 RG -0.75 0.14 -1.11 -0.47
All —0.80 0.15 -1.19 -0.38
wAGN -0.63 0.13 -0.93 -0.33
PAGB Ty =5- 104K RG —0.56 0.12 —0.88 -0.33
All —0.58 0.13 -0.93 —-0.33
wAGN -0.71 0.15 -1.05 -0.24
PAGB T =1-10°K RG -0.62 0.13 -1.00 -0.34
All —0.67 0.15 —1.05 -0.24
wAGN -0.71 0.15 -1.06 -0.27
pAGB Tgff =15.10°K RG —-0.64 0.14 -1.00 -0.37
All -0.70 0.15 -1.06 -0.27
wAGN -0.74 0.15 -1.07 -0.27
ADAF RG —0.65 0.13 -0.99 —0.36
All —-0.70 0.15 -1.07 -0.27

increasing correlation at higher metallicities caused by the contribution of the secondary production
in intermediate-mass stars (e.g. Andrews & Martini, 2013; Belfiore et al., 2015; Coziol et al., 1999;
Vila-Costas & Edmunds, 1993; Vincenzo et al., 2016).

We show in Fig. 3.5 the observed behavior in the N/O versus O/H diagram for our estimations of
nuclear abundances in our sample of LINERs. Generally, no distinction is found between galaxies
classified as wAGN or RG. While our galaxies fall in the region delimited by the scatter in the
literature, there seems to be an anticorrelation for AGN models, with the exception of the estima-
tions provided by AGN models with #px = —1.2. The Pearson coefficient correlations for these
models are in the range of [—0.57 to —0.11] while the p-values are lower than 0.05in most of the
cases (with the exception of AGN models with aox = —0.8). This indicates that there is indeed
such an anticorrelation. When pAGB models are considered (excluding those with a low effective
temperature), these coefficients are even higher, ~ —0.62 with pAGB models of Torr =1 - 10° K and
~ —0.70 with pAGB models of Tprr = 1.5 10° K, and the p-values are even lower than 0.0005.
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Figure 3.4: Same as Fig. 3.3, but for log(N/O) nuclear abundance ratios.

The ADAF models and AGN models with apx = —0.8 and apxy = —1.2 seem to follow the
reported relation for SFGs, but their Pearson coefficient correlations reveal that we cannot exclude
the possibility that there is no correlation at all.

3.5.3 Mass-metallicity relation

The galaxy mass assembly is tied to the enrichment of the gas-phase ISM as star formation leads
to the production of metals, a fraction of which can be ejected later into the surrounding ISM
in their late stages of life. The well-known mass-metallicity relation (MZR; Andrews & Martini,
2013; Lequeux et al., 1979; Pérez-Montero et al., 2016; Tremonti et al., 2004 ) is a natural result that
arises from this galaxy evolution scheme. While the use of the oxygen abundance as tracer of the
metallicity might lead to incorrect conclusions, as is the case when masses of inflowing and/or
outflowing gas alter the ratio of oxygen and hydrogen (Amorin et al., 2010; Képpen & Hensler, 2005;
Pérez-Diaz et al., 2024a), the same analysis can be made using the nitrogen-to-oxygen abundance
ratio as a tracer of this metallicity (MNOR; Pérez-Montero & Contini, 2009; Pérez-Montero et al.,
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Figure 3.5: Relation of the nuclear estimations of log(N/O) and 12+log(O/H) in our sample of LINERs for
each grid of photoionization models. The first plot shows the typical errors for the data. The solid
back line represents the fit provided by Coziol et al. (1999), the dotted line shows the fit by
Andrews and Martini (2013), and the dash-dotted line shows the fit by Belfiore et al. (2015).

2016), with the advantage that the hydrodynamical processes that alter the MZR do not affect the
MNOR.

In order to study these fundamental relations in our sample of galaxies, we retrieved the stellar
mass data from the NASA-Sloan Atlas (NSA) catalog®. These values were estimated from a K-
correction fit to the elliptical Petrosian fluxes assuming the initial mass function (IMF) from Chabrier
(2003) and the stellar population models from Bruzual and Charlot (2003).

As a general caveat, we used the abundance estimation from the nuclear region, whereas the
reported relations were found in the chemical abundance estimation for the whole galaxy, which is
more representative of the metallicity at the effective radius (e.g. Sénchez-Menguiano et al., 2024b)
than in the nuclear region. Nevertheless, this study gives insights into whether our derived chemical
abundances and the relations between them in the nuclear region can be driven by the physical
galaxy parameters, which are known to play a major role in their evolution.

6 https://www.sdss4.org/drl7 /manga/manga-target-selection/nsa/.
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Table 3.4: Results for the Pearson coefficient correlation test between log(N/O) and 12+log(O/H)
(assuming that there is no correlation as the null hypothesis. For each photoionization model (1)
and each group of LINERs (2), we provide the Pearson statistic (3) and the p value (4).

Model Class. OPear p-value
(1) (2) (3) (4)

wAGN -0.111572  0.408650
AGN apx = —0.8 RG —0.196387 0.180956
All —0.175399 0.073503
wAGN —0.526893 0.000025
AGN apx = -1.0 RG —0.294983 0.041814
All —0.427234 0.000005
wAGN  0.294352  0.026245

AGN apy =-1.2 RG 0.321981  0.025631
All 0.313398  0.001133

wAGN -0.487242 0.000121

AGN apyx =—-1.4 RG —0.419451 0.003001
All —0.482328 0.000000
wAGN —-0.568648 0.000004

AGN apx = —1.6 RG —0.377912  0.008091
All —0.486132  0.000000
wAGN —-0.572961 0.000003
AGN apx = —1.8 RG —0.474195 0.000662
All —0.535446 0.000000

wAGN -0.479811 0.000159
AGN apy = —-2.0 RG —0.437627 0.001867
All —0.477085 0.000000
wAGN —-0.176009 0.190313
PAGB T, = 5¢* K RG —0.047178 0.750168
All —0.139873 0.154701
wAGN —0.669445 0.000000
PAGB T, = 1e5 K RG —0.548444 0.000054
All —0.620041 0.000000
wAGN —0.656832 0.000000
PAGB T, = 1.5¢° K RG —0.757362  0.000000
All —0.707616 0.000000
wAGN —0.066046 0.625464
ADAF RG 0.156851  0.287032

All —0.006464 0.947821

We show in Fig. 3.6 the MZR in our sample of LINERSs. First of all, we note that some galaxies
lie on the reported relation (Curti et al., 2020) for SFGs. This is especially true for AGN models,
which cluster around the relation, although they show systematically lower metallicities (~ —0.15
dex). Analyzing the different subtypes of galaxies, we observe that although their host galaxies are
characterized by stellar masses in the same range [10°®M, 10!' M ], the median value for RGs
is lower (10'9-33M,) than for wAGN5s (1010-¢3M ;). For pAGB with Terr=5- 10* K, the retrieved
relation seems to lie far below the reported relation and varies little in metallicity, which again
highlights the problem of assuming low effective temperatures for the ionizing source. When we
considered other pAGB models, we retrieved no relation at all between mass and metallicity.

The picture that arises from the MNOR (Fig. 3.7) complements our result form the log(N/O)
versus 12+log(O/H) relation. First of all, there is very little difference in the obtained relations
as a function of the assumed models. Second, most of our sample lies above the reported relation
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Figure 3.6: Mass-metallicity relation determinations in the nuclear regions of our sample of LINERs for
different grids of photoionization models. The first plot shows the typical errors for the data. The
dashed line represents the fit from Curti et al. (2020), and the gray shaded area shows the
corresponding uncertainty on the relation.

(Andrews & Martini, 2013). This is consistent with the anomalous relation observed in Fig. 3.5:
While the oxygen abundances might be consistent (or slightly lower) with their corresponding
mass, the nitrogen-to-oxygen abundance ratio increases with respect to the expected ratio, which
indicates that the scenario for the N evolution is more complex.

3.5.4 Comparison with the extrapolation from galaxy gradients

Although this procedure and all its associated results will be discussed in a forthcoming paper
of this series, we briefly explain the procedure for estimating metallicity gradients in the same
galaxies which are hosting the nuclear regions classified as LINERs. First of all, we selected the
spaxels classified as HII regions in each galaxy according to the three diagnostic diagrams (Baldwin
et al., 1981; Kewley et al., 2006). Second, we used HCwm to consistently derive the metallicities for

each HII region using POPSTAR as ionizing source in the models (see Sec. 3.4 for more details).

Finally, for both 12+log(O/H) and log(N/O), we used a piecewise method (Tapia; Tissera private
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Figure 3.7: Mass-NO relation based on the metallicity determinations in the nuclear regions of our sample of
LINERs for different grids of photoionization models. The first plot shows the typical errors for
the data. The dashed line represents the fit from Andrews and Martini (2013), and the gray
shaded area shows the corresponding uncertainty on the relation.

communication) to estimate the metallicity gradient for the HII regions alone, and we allowed the
profile to present breaks. The gradients were calculated by normalizing distances to the Rg, radius,
defined as the azimuthally averaged SDSS-style Petrosian containing 50% light radius from the
r-band.

From Fig. 3.8 we conclude that in the case of 12+1og(O/H), the extrapolations from the gradients
within galaxies and the estimations from the nuclear emission do not match because the distribution
of the differences is wide (over 0.6 dex), even though the median difference is close to zero. We
also obtained the highest offset and dispersion when the chemical abundances from the nuclear
regions were estimated using pAGB models. This result holds true for both groups of galaxies we
considered in this analysis (WAGNs and RGs) . A completely different idea emerges from Fig. 3.9,
where the extrapolations from the gradients and the nuclear estimations match for the log(N/O)
abundance ratio. This leads to narrower distributions of the differences (~ 0.4 dex) and to median
differences much closer to zero.
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Figure 3.8: Histograms of the difference between 12+log(O/H) y,,.; as estimated in the central regions using
different photoionization models and 12+log(O/H), as extrapolated from metallicity gradients.
The step-filled gray histogram corresponds to all LINERs in our sample. The step blue and red
histograms correspond to wAGNs and RGs, respectively. The vertical solid lines represent the
median values for each distribution.

3.6 DISCUSSION

In the following section, we omit the analysis of pAGB models with Tyrr =5 - 10* K because we
determined in Sec. 3.5 in agreement with previous works (e.g. Krabbe et al., 2021; Oliveira et al.,
2022) that they are inefficient in reproducing the observed emission-line ratios. Hence, throughout
this discussion, we only refer to the pAGBs that are characterized by T,rr = 1 10° Kand Topr = 1.5 10°
K.

3.6.1  Comparison of the abundance estimations with the literature

Although only a few studies analyzed the chemical abundances in LINERs (fewer than for SFGs
or Seyferts 2), we can compare our results with them. We considered the works from Annibali
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Figure 3.9: Same as Fig. 3.8, but for the difference log(N/O) as estimated in the central regions using
different photoionization models and log(N/O), as extrapolated from metallicity gradients.

etal. (2010), Oliveira et al. (2022, 2024a) and Pérez-Diaz et al. (2021), as these studies analyzed
statistical significant samples of LINERs.

Annibali et al. (2010) obtained that when they used the results of Kobulnicky et al. (1999) (which
accounts for pAGN ionization) to estimate 12+1log(O/H) for their sample of early-type galaxies,
the abundances reported in the nuclear region lay in the range [8.20, 9.01], which agrees with the
results obtained for our sample of LINERs for all models. Conversely, when they used the calibration
of Storchi-Bergmann et al. (1998) (which accounts for AGN activity), the range was constrained to
[8.54, 8.94] because the validity range for this calibration is above 12+log(O/H) > 8.4. This range
also agrees with our findings when we used AGN models as the ionizing source, although we were
able to retrieve lower values than are traced by this calibration.

Oliveira et al. (2022) analyzed a sample of 43 LINERs from MaNGA that were classified as RGs in
the WHAN diagram (Cid Fernandes et al., 2010, 2011). Assuming pAGB ionization, and by means
of photoionization models, they used calibrations based on N2 (= [N 1]A6584A /H,,) and O3N2 (=
[Om]A5007A /[N 11]A6584A) line ratios and obtained oxygen abundances in the range [8.4, 8.84].
In contrast to our results, they did not obtain any LINER with 12+1log(O/H) < 8.4 as we did. In
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particular, in the case of RGs, we obtained that 10 RGs (21%) show metallicities below that limit. In
their nitrogen-to-oxygen abundance ratio, we found that this group of low-metallicity LINERs is
also characterized by suprasolar log(N/O) ratios [—0.67, —0.34]. Since the photoionization models
built by Oliveira et al. (2022) assumed a relation of log(N/O) and 12+log(O/H), their higher
abundances might be interpreted as a consequence of using nitrogen emission lines as tracers of the
oxygen abundance without an independent estimation of the log(N/O) ratio. This might explain
the discrepancy.

Oliveira et al. (2024a) more recently shed more light on the oxygen abundances in LINERs. In
contrast to the previous work by Oliveira et al. (2022), they used customized photoionization models
to simultaneously constrain the N and O abundances, without assuming any relation between
them, similar to our work. Their results for 40 out of the 43 previous RG LINERs on their oxygen
content are in the range 8.0 < 12+log(O/H) < 9.0, which is similar to our findings, especially when
PAGB models are considered for RGs (8.07 < 12+log(O/H) < 8.82). However, there is a slight
discrepancy between their mean value 12+log(O/H) = 8.74 and ours for RGs 8.57 (8.50) for pAGB
models with Topr = 1-10° K (T,¢r = 1.5 - 10° K). Even though they are still compatible within the
errors, this discrepancy might be interpreted as a consequence of the fact that Oliveira et al. (2024a)
considered dust-free photoionization models, whereas our grid of models accounted for a standard
dust-to-gas ratio. For the nitrogen-to-oxygen abundance ratios, Oliveira et al. (2024a) reported a
mean value of log(N/O) = —0.69 + 0.16 with a range [—1.05, —0.42], which agrees very well with
the results we reported, although we detected only a few (three) LINERs with higher ratios.

Finally, we also compared our results to those provided by Pérez-Diaz et al. (2021), who ana-
lyzed 40 LINERs from the Palomar Spectroscopic Survey (Ho et al., 1993, 1997) with the same
method as we used, but only considered AGN models with a5y = —0.8. They estimated a median
12+log(O/H) = 8.63 + 0.26 and a range of metallicities given by [8.04, 8.85] for their sample of
LINERs. Their median value is consistent with the values we report in this work for the different
grids of photoionization models for AGN or pAGB sources and for both types of LINERs (wWAGNs
and RGs). However, we were not able to retrieve oxygen abundances below 12+log(O/H) < 8.2
with AGN models, which might be explained by the higher spatial resolution in the Palomar Spec-
troscopic Survey. For log(N/O), their findings also agree with those provided by Oliveira et al.
(2024a) and with ours, although the median value that we obtained for AGN models is slightly
lower (log(N/O)~ —0.80).

3.6.2  Relation between the nuclear chemical abundances and the host galaxy properties

The relation between 12+1log(O/H) and log(N/O) we obtained for our sample of LINERs in MaNGA
is a result that merits a thorough examination because of its connotations for the evolution of galaxies
and the processes driving their chemical enrichment. Our findings are well illustrated in Fig. 3.5 for
different scenarios as a function of the SED considered in the models to calculate the abundances.

e Strong negative trend: When pAGB models were accounted for, we obtained a strong anticor-
relation between log(N/O) and 12+1log(O/H). When pAGB models with effective temperature
Tgff = 1-10° K were considered, the Pearson correlation coefficients were —0.54 for RGs and
—0.67 for wAGNs. For Teff = 1.5-10° K, the coefficients changed to —0.75 and —0.65, respec-
tively. In both cases, the anticorrelation reaches beyond the limits of the scatter found in the
literature.

e Positive trend: A positive trend was only retrieved for an AGN model with a slope apy = —1.2
(Pearson correlation coefficients of 0.32 and 0.29 for RGs and wAGN:Ss, respectively).
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e Slightly negative trend compatible with the scatter: For the remaining AGN models, we
found negative Pearson correlation coefficients in the range [ —0.42, —0.19] for RGs and [—0.53,
—0.17] for wAGNs . In all these scenarios, the position in the N/O versus O/H diagram is still
compatible with the different relations reported in the literature to account for the scatter.

e Nonexistent trend: Pearson correlation coefficients very close to zero (0.105 and —0.06 for RGs
and wAGN:s, respectively) were found when we considered the ADAF model for inefficient
accretion.

In a first-order approximation, omitting dynamical processes that affect the gas-phase ISM
(inflows and/or outflows), the N/O versus O/H relation should represent the two scenarios of
N production: i) The production of N and O mainly from massive stars, which yields a constant
log(N/O) over 12+log(O/H) < 8.5 (Andrews & Martini, 2013; Vincenzo et al., 2016), and ii) an
increasing log(N/O) ratio over 12+log(O/H) > 8.5 (Andrews & Martini, 2013; Vincenzo et al.,
2016) as a consequence of the non-negligible contribution of N via intermediate-mass stars (4 — 7
M,,; Kobayashi et al., 2020a) from the CNO cycles to which the oxygen already present in the stars
contributes. In this scenario, the delay between nitrogen production and ejection, the N enrichment
through Wolf-Rayet stars (e.g. Kobulnicky et al., 1997; Lopez-Sanchez & Esteban, 2010) (although it
might be negligible at kiloparsec scales e.g. Pérez-Montero et al. 2011) together with the differences
in the star formation efficiency (e.g. Molla et al., 2006) explain the scatter in the relation reported in
the literature. We exemplified this here with the relations from Andrews and Martini (2013) and
Belfiore et al. (2015). This scenario allowed us to explain not only the observed relation for AGN
models in the N/O versus O/H diagram, but also the slight deviation by —0.15 dex for our sample
of LINERs compared to other reported fits of the MZR, as shown in Fig. 3.6, whereas the deviation
in the MNOR diagram (see Fig. 3.7) is stronger.

Nevertheless, the expected scatter in the O/H versus N/O relation can be even higher when
the galaxy (or the central region) is not considered as a closed-box model and gas inflows and
outflows as a consequence of stellar evolution or AGN activity are accounted for. As shown by
inflow /outflow chemical evolution models (e.g. Képpen & Edmunds, 1999) and supported by
observations of interacting systems such as (ultra-) luminous infrared galaxies (Pérez-Diaz et al.,
2024a), the chemical enrichment of green-pea galaxies (e.g. Amorin et al., 2012; Amorin et al., 2010)
and specific cases of spatially resolved galaxies such as NGC 4214 (Kobulnicky & Skillman, 1996)
or NGC 4670 (Kumari et al., 2018). In this case, not only effects on the N production must be taken
into account, but also those on the mixing and gas removal/supply, which affect the 12+log(O/H)
abundance ratio. As shown by Pérez-Diaz et al. (2024a), massive infalls of metal-poor gas can
drastically dilute 12+log(O/H), but log(N/O) remains mostly unaffected by the process, which
might explain the high nitrogen-to-oxygen ratios (log(IN/O) > —0.70) at low oxygen abundances
(12+log(O/H) < 8.4) observed for pAGB models. For the Teacup nebula, (Villar Martin, M. et al.,
2024) showed that outflows might cause a pollution from the central region toward the outer parts,
which would lower the oxygen abundances but maintain high N/O ratios. This result was also
found by Oliveira et al. (2024a) for customized photoionization models based on pAGB SEDs in
their sample of RGs. If this is the scenario, then we should expect a significant scatter in the MZR
diagram, and the MNOR diagram should mimic the behavior for the remaining models. This is
what we obtained for pAGB models.

In order to assess the origin of the observed anticorrelation between O/H and N/O under certain
model assumptions, we explored the influence of different galaxy and gas properties, as shown in
Fig. 3.10. For this plot, we took estimates for wAGN galaxies assuming AGN models into account and
pAGB models (T =1- 10° K) for RG galaxies. First of all, it is clearly shown that whereas wAGNSs
follow the N/O versus O/H relation within the scatter, this is not the case for RGs because they show
an anticorrelation that exceeds the scatter. In panels a) and b) we analyze whether this relation is
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Figure 3.10: log(N/O) vs. 12+1log(O/H) diagram for our sample of LINERs. The dots represent galaxies
classified as wAGN, and the chemical abundances correspond to AGN models with
«ox = —1.6. The stars correspond to galaxies classified as RG whose chemical abundances were
estimated assuming pAGB models with T,;r =1 - 10° K. The color bar shows different
properties: a) The ionization parameter as estimated from emission lines. b) The sulfur ratio
tracer of the electron density. ¢) The stellar mass as retrieved from the NSA catalog. d) The HI
mass as retrieved from the NSA catalog. ) The equivalent width of H,. The empty symbols
correspond to galaxies without a measurement of the represented property.

driven by physical properties of the gas-phase ISM, such as the electron density or the ionization
parameter. None of them are correlated. In panel c¢) we show the anticorrelation as a function of the
stellar mass. There is again no relation at all. In panel d) we show the HI mass reported for each
galaxy. This panel allows us two conclusions: i) neither the scatter within the reported relation nor
the anticorrelation are driven by the amount of gas, as is observed for the sample of wAGNs and, ii)
only one of the LINERs classified as RG and with high log(N/O) (> —0.6) and low 12+log(O/H)
(< 8.25) has a slightly higher gas content than the rest of the sample. However, because we lack
measurements for most of them, it is not possible to asses whether this object is an outlier. Finally,
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we present in panel e) the equivalent width of H,. Based on these results, we can explore the inflow
and/or outflow scenarios for the anticorrelation.

For the inflow of gas as the major driver of the observed relation, we found several caveats. The
first caveat is the origin of the gas. In the case of green-pea galaxies, the impact of metal-poor
high-velocity clouds (HVCs; e.g. Képpen & Hensler, 2005) or gas accretion from the cosmic web
(Sanchez Almeida et al., 2015) was proposed. In the case reported by Pérez-Diaz et al. (2024a), gas is
driven by merger interaction, and the amount of gas that dilutes the metallicity from 12+log(O/H)
= 8.7 (solar) to 12+log(O/H) = 8.1 can be expected to arise from the reservoirs of gas from the
galaxy itself as well as tidal gas taken from the companion (e.g. Montuori et al., 2010; Rupke et al.,
2010; Sparre et al., 2022). Considering that the anticorrelation holds in RGs, which are assumed
to be populated by pAGB, it is necessary to justify not only the presence of this gas (which is not
found in the mass of HI), but also the physical driver toward the nuclear region of these galaxies.
The second caveat is also related to the first, and it is the chemical composition of the inflowing
gas. To dilute the oxygen content by more than o.5 dex, metal-poor gas is required, and because
gas flows from the outer to the inner parts, an almost flattened gradient is expected. When the
timescale of the gas dynamics is long enough, a positive gradient from the center to the outer parts
is expected. This scenario and its implications are explored in the second paper of this series. The
third caveat is the consequences of this inflowing gas. Due to the amount of gas required, and as
reported by Pérez-Diaz et al. (2024a) in (U)LIRGs as well as in simulations (Montuori et al., 2010),
an increase in the star formation rate is expected, and the equivalent width of H, should be higher
(Cid Fernandes et al., 2010) for the most extreme cases. This implies that they would have never
been classified as RGs. Moreover, there is no trend of an increasing equivalent width of H,, as
shown in Fig. 3.10 (panel e).

On the other hand, when we consider the outflow scenario as the major driver of this relation,
some caveats arise. The first caveat is that the observational results for a sample of LINERs classified
as RGs presented by Oliveira et al. (2024a) show no evidence of disturbed kinematics in the gas, as
would be expected from the outflow scenario. Another caveat arises from the metallicity gradient:
An outflow would carry gas for some distance, depending on its power. A change in the metallicity
gradient for both 12+log(O/H) and log(N/O) is therefore expected, with a change in the slope
of the gradient at some point as a consequence of the additional enrichment, as is the case in
AGN-powered outflows (e.g. Villar Martin, M. et al., 2024). Although we will explore this scenario
in the next paper, we already have some hints. If outflows pollute the ISM at galactic scales, then
the increase in log(IN/O) would translate into an overestimation of the log(N/O) extrapolated
to the nuclear region. In contrast to this idea, we find in Fig. 3.9 that the nuclear estimation and
nuclear extrapolation agree very well. Finally, if outflows are indeed present in sources that are
assumed to be ionized by pAGB, the most likely scenario is that these systems of pAGB stars drive
the outflows. Because they are required to ionize the whole nuclear region, the gas would account
for an additional contribution of shock emission. We therefore assume that purely pAGB models
are not suitable for modeling the ionizing structure.

Although we cannot entirely exclude an inflowing and/or outflowing scenario that would explain
the observed anticorrelation between 12+log(O/H) and log(N/O) when pAGB stars are assumed
to cause the emission on some LINERs, we must bear in mind the numerous caveats that these
scenarios imply and that should be revised in future works. We also highlight that this is not a
problem when all LINERs are considered to host AGNs because the anticorrelation is much weaker
and compatible with the scatter in the relation, as reported in the literature.
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3.6.3  Source of ionization

The nature of the source of the gas ionization in LINER-like galaxies is still an open question
(e.g. Binette et al., 1994; Kewley et al., 2006; Nemmen et al., 2014). Of the different scenarios that
were proposed to explore the origin of ionization of the nuclear gas-phase ISM in LINERs, we
explored three scenarios: i) Standard AGN models with different SEDs shapes, ii) pAGB stars, and
iii) inefficient accretion leading to an ADAF regime. With the exception of shocks, which were
omitted from this study due to the large number of free parameters required to model this emission
(e.g. Sutherland & Dopita, 2017), all of them represent the scenarios proposed in the literature to
explain this emission.
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Figure 3.11: WHAN diagram for the LINER-like nuclear regions in our sample (gray dots) showing the
coverage of the different grids of photoionization models. The grid of models was obtained by
limiting the oxygen abundance to 12+log(O/H)=8.6 and employing different values of the
ionization parameter log(U) as well as the nitrogen-to-oxygen abundance ratios log(N/O).

One of the major caveats of the identification of LINERs based on their optical emission lines
arises from its possible classification from the diagnostic diagrams. Due to the uncertainty in the
classification through the BPT diagrams (Baldwin et al., 1981; Kauffmann et al., 2003; Kewley et al.,
2006), Cid Fernandes et al. (2010) proposed an alternative version using the information from
the equivalent width of H, to distinguish between AGNs and retired galaxies. To demonstrate
the caveats of distinguishing wAGNs and RGs, we built a semi-empirical galaxy grid by rescaling
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the Wy predictions from our grids of photoionization models to the observed Balmer lines and
continua in the central spaxels. We then consistently retrieved the expected position on the WHAN
diagram for our semi-empirical modeled galaxies based on different properties of the gas-phase
ISM (log(N/O) and log(U)). Fig. 3.11 shows that the position of a galaxy in the WHAN diagram is
better provided by a particular combination of log(N/O) (which allows movement in the X-axis)
and log(U) (which allows changes in the equivalent width) rather than by the ionizing source,
although there are differences between the different ionizing sources, but they are not so extreme
as to provide a clear classification.

Our study of the chemical abundances in the gas-phase ISM in our selected sample revealed some
interesting constraints when different SEDs based on these assumptions were considered in the
models. First of all, pAGB models are required to have high effective temperatures (T, > 1- 10° K)
to reproduce the observed properties (Krabbe et al., 2021) and to obtain reasonable estimations
of the oxygen abundance that are consistent with other galactic properties, as found in this work.
ADAF models simulate an ionizing SED that is produced by inefficient accretion (e.g. Nemmen
etal.,, 2014) and are not valid for determining LINERs out of the range of 8.4 < 12+log(O/H) < 8.6,
in contrast to the rest of models explored in our work and in previous studies (Oliveira et al., 2022,
2024a; Pérez-Diaz et al., 2021).

The remaining two scenarios, pAGB stars or AGN standard activity, show slight differences
in the estimated oxygen content. The first scenario provides wider ranges and a lower median
value (12+log(O/H) = 8.50 — 8.57) than the second (12+log(O/H) = 8.68 — 8.72), although the
differences are still compatible within the dispersion observed in our sample. As our sample is
according to the WHAN diagram composed of wAGNs and RGs in a similar proportion (54.3%
and 45.7%, respectively), it might be expected that the pAGB scenario is favored in RGs and the
AGN is more accurate for wAGNSs. However, we found no such evidence. Conversely, based on
the position of RGs in the MZR (see Fig. 3.6), when pAGB stars are the source of ionization, then
there is an offset of more than 0.5 dex from the expected value of 12+log(O/H) according to their
stellar mass. Moreover, when we account for the secular evolution within the galaxy, we obtain a
higher offset between the oxygen abundance as calculated assuming pAGB models and the values
extrapolated from the gradient, even in the case of LINERs classified as RGs.

For the pAGB scenario, an additional problem arose. When we considered that pAGB stars emit
5 - 10*¢ ionizing photons per second on average (Valluri & Anupama, 1996), and the average H,,
luminosity in the integrated nuclear (r = 1 kpc) region is log(L(H,) [erg/s]) = 39.35 (e.g. Krabbe
et al., 2021), we can make use of the relation between the number of ionizing photons and the
expected Ha luminosity (Osterbrock & Ferland, 2006), which is given by

Njon. puls™'1 = 7.31 - 10''L (H,) [erg - s71]. (3.1)

to estimate the number of pAGB stars needed to reproduced that central emission assuming
ionization-bounded conditions,

Nion h,tot
N P

pAGE = 7 ~ 1.463-1073°L (H,,) [erg - s 11, (3-2)

ion. ph,pAGB

which in this particular case yields 3.2 - 10* stars within a radius of 1 kpc. Since all these stars ionize
the gas nowadays today, we can assume that they were formed roughly at the same time. Assuming
the initial mass function (IMF) form from Salpeter (1955), we can then obtain the expected number
of stars in a range of mass as

N = J‘Afmaxg(M) IM = J:/I\Amax

min min

ZoM=235dM. (3-3)
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We consider that the expected mass of the progenitors of pAGB stars ranges in [1.5 My, 8 My ] (e.g.
Ventura et al., 2017). Given that the validity of the Salpeter IMF has a minimum value of 0.5 M
and that we only consider an upper limit of 20 M, (quite conservative), the probability of finding
one pAGB star can then be calculated as

ff?}\i & M~—2354M
_ . ]

20Mo 23501
0.5M, oM dM

(3-4)

which gives 20.46%, which is consistent with the idea that per globular cluster (~ 10° L®) one
PAGB star is expected (Renzini & Buzzoni, 1986; Valluri & Anupama, 1996). This is an upper limit to
the probability of finding one pAGB star. Thus, the minimum number of globular clusters expected
within a radius of 1 kpc should be around ~ 3.2 - 10%. For comparison, the number of globular
clusters reported in the inner part of the Milky Way (r < 3.5 kpc) is lower than 100 (Bica et al.,
2024). Thus, a pAGB nature of the ionizing source is less favored.

Overall, we cannot conclude on the source of ionization without other spectral regimes. For the
AGN scenario, X-ray counterparts from the accretion disk surrounding the SMBH must be expected.
This approach was followed by Pérez-Diaz et al. (2021) to justify the assumption of AGN activity
when they analyzed their sample of LINERs from the Palomar Spectroscopic Survey. Additional
constrains can be obtained with X-ray data, such as, the shape (¢#px) of the SED. Another important
constraint can be found in the use of infrared (IR) emission lines, which trace highly ionic species
such as O*+, O3*, Net+t, Net*t, Ne®*, ArtF, Artt, or Ar®* (Pérez-Diaz et al., 2022, 2024b). They
might provide SED constraints by means of diagnostic diagrams such as the softness diagram (e.g.
Pérez-Montero et al., 2024). We cannot exclude the possibility that pAGB stars (T > 1 - 10° K)
contribute to the ionization of the gas-phase ISM together with central AGN emission, although the
exact combination of these two ionizing sources is a much more complex issue for which better
constraints are needed.

3.6.4 N/O as an unbiased tracer of chemical enrichment

Throughout this study, we distinguished between LINERs classified as wAGNs and RGs as a
consequence of the uncertainty in the nature of the ionizing source in these objects (e.g. Marquez
etal., 2017). For this reason, we explored different ionizing scenarios. On the one hand, we obtained
different 12+log(O/H) estimations when we accounted for the AGN or the pAGB scenario (see
Tab. 3.2 and Fig. 3.8). In contrast, an almost negligible change (considering the uncertainties) was
found for the estimation of log(N/O) for all the assumed SEDs.

The importance of estimating log(IN/O) was already highlighted by several authors (e.g. Pérez-
Diaz et al., 2022; Pérez-Montero & Contini, 2009; Vincenzo et al., 2016). First of all, its importance
relies on the use of estimators of the oxygen abundance based on the N emission lines, as an
independent constraint on log(N/O) is needed to avoid effects of enhancing the metallicity through
the high log(N/O) ratios (see, e.g., the difference between Oliveira et al. 2022 and Oliveira et al.
2024a). Second, an estimation of N/O complements not only the information, but also the degree of
the chemical enrichment (e.g. Pérez-Montero et al., 2013, 2016; Pilyugin et al., 2004; Vincenzo et al.,
2016). Third, it remains mostly unaffected by gas dynamics that can alter the chemical composition
as traced by 12+log(O/H) (e.g. Amorin et al., 2012; Amorin et al., 2010; Edmunds, 1990; Képpen &
Hensler, 2005; Pérez-Diaz et al., 2024a; Sdnchez Almeida et al., 2015).

In addition, based on this study of the use of optical emission lines for estimating chemical
abundances, we can also add another advantage to the use of log(N/O). It can be properly estimated
without a bias when a particular ionizing source is assumed. Regardless of the ionizing source
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assumed for the gas-phase ISM, the log(N/O) abundances in our sample of LINERs are in the range
[—1.20, —0.27]. They cluster around the value of ~ —0.79 (slightly suprasolar).

3.7 CONCLUSIONS

We analyzed a sample of 105 optically selected LINERs from SDSS-IV MaNGA. In particular,
we studied the chemical abundances using photoionization models in their nuclear region that
accounted for different scenarios that represent the uncertainty in the source of ionization: AGN
models with different shapes, pAGB models with different effective temperatures, and inefficient-
accretion AGN models in which the accretion disk was truncated (ADAF). To assess whether one
or multiple scenarios might be feasible, we also used the WHAN diagram to distinguish between
galaxies with intermediate equivalent widths of Ha, which are expected to be weak AGNs (wAGNs),
and galaxies with low equivalent widths, which are though to be retired galaxies (RGs) and are
thus powered by hot, old stellar populations.

Our results showed that oxygen abundances (12+log(O/H)) in the nuclear region of LINERs,
with independent subtypes (WAGN or RG) and the SED, are spread over a wide range of values:
8.08 < 12+log(O/H) < 8.82 in the pAGB scenario, and 8.30 < 12+log(O/H) < 8.84for the AGN
scenario. The corresponding median value is 12+log(O/H) = 8.69 (solar) for the AGN scenario,
and it drops to 12+log(O/H) = 8.53 (slightly subsolar) in the pAGB scenario. The nitrogen-to-
oxygen abundance ratios (log(N/O)) are mainly suprasolar, within the range —1.20 < log(N/O)
< —0.38 (when AGNSs are considered) or —1.07 < log(IN/O) < —0.27. The median value reported
in the pAGB scenario is slightly higher (log(N/O) = —0.69) than in the AGN scenario (log(N/O)
= —0.79), and in both cases, it is slightly suprasolar. Overall, LINERs are mainly characterized by
suprasolar log(IN/O) ratios and sub- or close to solar 12+log(O/H) ratios. When we analyzed the
behavior of these nuclear estimations with host galaxy physical properties such as stellar mass, we
found no correlation, and we report a scatter in the MNOR diagram and not in the MZR diagram.

The assumptions on the nature of the ionizing source are critical for the 12+log(O/H), since
PAGB models introduce much more scatter in the MZR relation and in their comparison with the
extrapolation from metallicity gradients. This is highlighted in the behavior of the log(IN/O) versus
124+log(O/H). When LINERs are considered to be powered by AGNS, little correlation is found
between the two quantities, but the data fit the scatter of the reported relation in the literature. In
contrast, when LINERs are considered to be powered by pAGB stars, then a negative correlation is
found between the two quantities, as previously reported in the literature. We discussed several
scenarios to explain this anticorrelation, although more specific studies of this result must be
performed in order to obtain more robust conclusions.

Although we cannot rule out the possibility that emission in LINERs might be explained by pAGB
stars, our study revealed that several problems arise from this assumption. First of all, in order to
reproduce the emission detected in the nuclear region, a large number of pAGB stars is required,
and it is hard to explain both the number and the simultaneous coexistence of those stars. Second,
the results for the chemical enrichment (as seen from the log(IN/O) vs. 12+log(O/H) diagram)
indicate a complex scenario in which extreme events are needed to explain the observed relation. In
contrast, when LINERs are assumed to be powered by AGNs, the chemical enrichment scenario
does not depart from the reported trends in the literature in general, although some indications of
an anticorrelation were found that might be explained with the scatter caused by the delay in the N
production as well as other gas dynamical effects on 12+log(O/H), but these are less extreme than
in the pAGB scenario.



THE SHAPE OF RADIAL METALLICITY GRADIENTS IN LINER GALAXY I
DISKS

Chapter based on the article: B. Pérez-Diaz, E. Pérez-Montero, 1. A. Zinchenko, J. M. Vilchez, B.
Tapia-Contreras, P. B. Tissera ”"Chemical enrichment in LINERs from MaNGA: 1. Do AGN alter the shape
of radial metallicity gradients in galaxy disks?”, submitted to Astonomy & Astrophysics.

4.1 ABSTRACT

Chemical abundance radial gradients provide key information on how the processes that affect
chemical enrichment of the gas-phase ISM act at different galaxy scales. Whereas in the last decades
there has been an increase in the number of galaxies studied with integral field spectroscopy,
there is still not a clear picture on a subsequent characterization of the chemical abundance radial
gradients in galaxies hosting Active Galactic Nuclei (AGNSs). This lack of analysis is even more
accentuated in the case of low-ionization nuclear emission-line regions (LINERs). For the first time,
we analyze the chemical abundance radial gradients in a sample of LINER-like galaxies, whose
nuclear emission has been previously® (Paper I) discussed. We use a sample of 97 galaxies from
the Mapping Nearby Galaxies at Apache Point Observatory (MaNGA ), whose nuclear regions
show LINER-like emission. We use the open-source code HII-CHI-Mistry to estimate the chemical
abundance ratios 12+log(O/H) and log(N/O) in the HII regions across the disks in our sample,
as well as in the nuclear parts where the LINER-like activity dominates. To fit the radial profiles
we use a piecewise methodology which uses a non-fixed number of breaks to find the best fit for
the data. We obtain that majority of our sample of galaxies exhibits departures from the single
linear gradient both in 12+log(O/H) and log(N/O) (as expected from the inside-out scenario).
We investigate whether these departures are driven by galaxy properties (stellar mass, neutral gas
mass, stellar velocity dispersion), finding not correlation at all. We also report that in most cases
there is no correlation between the shape of the 12+log(O/H) and log(N/O) radial profiles. We
propose a model in which AGN feedback, acting at different scales depending on the galaxy and its
evolutionary stage, might be responsible for these departures.

4.2 INTRODUCTION

The metal content of the gas-phase ISM is a witness of the evolutionary processes that shape host
galaxies. As the production of metals from stars that eventually eject them, incorporating them to
the ISM, and as galaxy mass assembly is related to star formation, the analysis of the metal content
of the gas-phase in galaxies allows us to shed light on their evolution.

Studies analyzing the mean characteristic metallicity of the gas-phase ISM in galaxies have been
performed over many decades (Hégele et al., 2008; Lequeux et al., 1979; M. Peimbert, 1967; Pilyugin
& Grebel, 2016; Thuan et al., 1995; Vilchez et al., 1988), using spectroscopic information from different
regimes such as ultraviolet (Feltre et al., 2016; Pérez-Montero & Amorin, 2017; Pérez-Montero et al.,
2023b), optical (Belfiore et al., 2015; Curti et al., 2017; Curti et al., 2020; Pérez-Montero & Diaz,
2003) and infrared (Ferndandez-Ontiveros et al., 2021; Pérez-Diaz et al., 2022). By means of the
determination of physical properties of the gas-phase ISM, such as temperature and density (direct

1 See also Chapter 3.
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method; Osterbrock & Ferland, 2006), photoionization models (Pérez-Montero, 2014; Thomas
et al., 2018) or strong line calibrations based on bright emission lines (see Table 1 from Maiolino &
Mannucci, 2019). Although most studies of the metal content of the gas-phase ISM are focused on
star-forming galaxies (SFGs), its study has also recently extended to Active Galactic Nuclei (AGN;
e.g. Carvalho et al., 2020; Dors et al., 2019; Pérez-Diaz et al., 2021; Pérez-Montero et al., 2019a).

Oxygen, whose relative abundance is usually expressed as 12+1log(O/H), is generally used as the
main tracer of the metal content (see Maiolino & Mannucci, 2019, for a review) as a consequence
of its bright emission lines easily detected in almost all spectral ranges (ultraviolet, optical and
infrared) and because it is the most abundant element in mass in the gas-phase ISM (M. Peimbert
et al., 2007). However, oxygen expressed in relative terms to the hydrogen content of the gas-phase
ISM is susceptible of changes in the gas composition due to inflows (e.g. Pérez-Diaz et al., 2024a),
outflows (e.g. Villar Martin, M. et al., 2024) or depletion into dust (e.g. Calura et al., 2008). On the
other hand, information on other chemical species can be provided to have a better understanding
on the ISM chemical enrichment history. For instance, the nitrogen-to-oxygen ratio (log(N/O)),
involves an a-element (O), mainly produced by massive stars, with nitrogen, which has an extra
channel of production by means of CNO cycles inside stars of intermediate mass (e.g. Henry et al.,
2000). Thus, under the requirement of O already present in the ISM from which stars were born, the
simultaneous study of O/H and N/O allows us to quantify the several effects leading to a dilution
of metallicity in the gas-phase of galaxies.

All these observational studies of metallicity in the gas-phase of galaxies can be complemented
with theoretical works based on chemical evolution models (Képpen & Edmunds, 1999; Pagel &
Patchett, 1975; Sharda et al., 2021; Spitoni et al., 2019), simulations of individual/interacting galaxies
(Montuori et al., 2010; Perez et al., 2011; Rupke et al., 2010) or cosmological simulations (Kobayashi
et al.,, 2007; Lia et al., 2002; Mosconi et al., 2001), in which the many astrophysical processes that
enrich the ISM (supernovae feedback, outflow enrichment, pAGB stars, etc) are incorporated in te
sub-grid modeling, and later on, compared to the observational results to constrain and predict the
different ways in which galaxies evolve. In this context, the predicted timescales of the different
processes that enrich the ISM, later affecting the overall content of gas, stars and dust, are not only
relevant for the galaxy as a whole, but also at smaller scales (Sharda et al., 2021, 2024; Tissera et al.,
2022). Therefore, the study of both O/H and N/O in the gas-phase ISM across different regions in
the galaxy (including radial metallicity gradients) is also crucial in understanding the chemical
evolution of galaxies.

Radial metallicity gradients have largely benefit in the last decades from to the advent of large
surveys acquired with integral field spectroscopy (IFS) such as CALIFA (Sanchez et al., 2013),
MaNGA (Bundy et al., 2015) or SAMI (Poetrodjojo et al., 2018) for low-redshift galaxies (z < 0.2).
Several studies (e.g. Rich et al., 2012; Sanchez et al., 2014; Sdnchez-Menguiano et al., 2016; Vila-
Costas & Edmunds, 1992; Zinchenko et al., 2019) found evidence that most galaxies present a
negative oxygen abundance gradient from the inner to the outer most parts of galaxies with discs.
The analysis of the radial metallicity gradient by means of log(IN/O) reveals a similar trend (e.g.
Pérez-Montero et al., 2016; Pilyugin et al., 2004; Zinchenko et al., 2021; Zurita et al., 2021b). These
results, also supported by the analysis of stellar populations within the disc (e.g. Mufioz-Mateos
etal., 2007; V. A. Taylor et al., 2005) as well as the star formation histories (SFHs; Sdnchez-Blazquez
et al., 2009), reinforces the scenario in which gas accretion moves from outer to inner parts in the
galaxy, reaching higher density and triggering star formation in the innermost parts, leading to its
faster enrichment (Matteucci & Francois, 1989). This is the so-called inside-out growth of galaxies.

However, the above scenario is challenged by other set of observations. First of all, some high-
redshift galaxies also exhibit positive or flattened radial gradients (Carton et al., 2018; Cresci et al.,
2010), attributed in many cases to the infall of metal-poor gas (e.g. Bresolin et al., 2012). Bars are
thought to be an efficient mechanism in gas migration within galaxies (Athanassoula, 1992; Friedli
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etal., 1994), but no consensus is found if either bars affect radial metallicity gradients flattening them
(Vila-Costas & Edmunds, 1992; Zaritsky et al., 1994) or remain unchanged (Sdnchez et al., 2014;
Zinchenko et al., 2019; Zurita et al., 2021a). Likewise, contrary results are reported on whether radial
gradients change with morphological type (Vila-Costas & Edmunds, 1992) or they are independent
(Zaritsky et al., 1994). Many other effects add complexity to the picture: galactic fountains that
causes gas being ejected from the disc due to supernovas and capture again due to the gravitational
potential (Spitoni et al., 2013); interaction and merger between galaxies (Rupke et al., 2010; Sillero
etal., 2017); stellar mass biasing gas accretion (Camps-Farifia et al., 2023; Spitoni et al., 2021); stellar
age differentiation (Zinchenko et al., 2021); strong-metal rich galactic outflows (e.g. Tissera et al.,
2022); azimuthal variations (Spitoni et al., 2019; Vogt et al., 2017); or spiral arms (Spitoni et al.,
2021). Moreover, it has been reported that the idea of a single slope radial metallicity gradient might
not be accurate in many cases (e.g. Sdnchez-Menguiano et al., 2018; Tapia-Contreras et al., 2025).
To asses the impact of some of these processes, the analysis of log(IN/O) has been extensively used
(e.g. Pérez-Montero et al., 2016; Zinchenko et al., 2021; Zurita et al., 2021b), finding similar results
to those reported for the 12+log(O/H) radial gradient.

Another important aspect that needs to be considered in the picture of chemical enrichment
within galaxies, is the effect of a possible presence of Active Galactic Nuclei (AGNs). As the realm
of chemical studies of the Narrow Line Region (NLR) in AGNss is scarce, much less studies can
be found on the radial metallicity gradient in galaxies with a significant fraction of AGN activity.
P. Taylor and Kobayashi (2017), using cosmological simulations accounting for AGN feedback,
they found that galaxies with strong AGN activity cannot recover from previous merger events
and their metallicity radial profiles tend to flatten. However, it has been reported observationally
that metallicity radial gradients might show a decrease in the inner parts. Indeed, do Nascimento
et al. (2022) reported from the analysis of radial chemical abundance gradient in Seyfert galaxies
that nuclear abundances are even lower than the expected extrapolation, supporting this scenario.
Other studies, such us those analyzing 12+log(O/H) and log(N/O) abundances in the nuclear
region of AGN-hosting galaxies (Oliveira et al., 2024a; Pérez-Diaz et al., 2021, 2022) support
this scenario as log(N/O) mostly remains solar or suprasolar (an advanced chemical enrichment
history), whereas 12+log(O/H) spread over a wide range of metallicities, from subsolar to solar, as
a possible consequence of infalls of gas. More recently, Amiri et al. (2024) found not only that AGN
nuclear abundances are lower than the extrapolated value, but also that there is an inverse radial
metallicity gradient within the regions dominated by AGN activity.

However, the realm of low-luminosity AGNs (LLAGNSs), a tag under which LINERs can be
accounted for, is poorly explored. Indeed, only the galaxy UGC 4805, with IFS data from MaNGA
has been analyzed (Krabbe et al., 2021), reporting that the nuclear abundances are in consonance
with the extrapolation from the radial metallicity gradient. The regime of LLAGN is key in order to
understand the differences in evolution between AGNs and SFGs, as the AGN emission is much
weaker and, thus, its effects can be constrained to the nuclear region, producing lower deviations
from the expected radial behavior. Furthermore, LLAGNs represent a predominant fraction of active
galaxies in the local Universe (e.g. Ho, 2008), so a proper analysis of the radial metallicity gradients
in these objects is necessary to have a clear picture on how AGN s affect the evolution of galaxies. As
AGN feed and feedback is intrinsically associated to gas hydrodynamics, a simultaneous analysis
of N and O radial profiles is essential to disentangle their effects.

Exploiting the capabilities of IFS data from SDSS IV - MaNGA survey (Blanton et al., 2017; Bundy
etal., 2015), in Pérez-Diaz et al. (2025, hereinafter Paper I), we presented an analysis of 105 galaxies
classified as LINERs. By means of HCm (Pérez-Montero, 2014), we obtained independent estima-
tions for O/H and N/O chemical abundances in the nuclear region of these galaxies, concluding
that their chemical composition is well explained under the AGN ionizing scenario. This second
paper is devoted to the analysis of the radial metallicity gradients in the same sample. In section
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4.3, the selection of the galaxy sample hosting LINER-like emission is explained as well as other
different criteria used in this study. In section 4.4 we discuss the methodology employed to estimate
chemical abundances in our sample. In section 4.5 we present the main results of this study followed
up by a discussion in section 4.6. In section 4.7 we summarize our main conclusions.

43 SAMPLE SELECTION
4.3.1  MaNGA data and emission line measurements

The Mapping Nearby Galaxies at Apache Point Observatory (MaNGA; Bundy et al., 2015) is part
of the Sloan Digital Sky Survey IV (SDSS IV; Blanton et al., 2017). For this work, we used data
release 17 (DR1y, Abdurro’uf et al. 2022). We used individual spaxels ensuring that their size was
significantly smaller than that of the point spread function (PSF) in the MaNGA datacubes. Overall,
the spatial resolution of these cubes has a median full width at half maximum (FWHM) of 2.54
arcsec (Law et al., 2016).

We examined the MaNGA spectra following the same procedure as in Zinchenko et al. (2016,
2021). Briefly, we used the code STARLIGHT (Asari et al., 2007; Cid Fernandes et al., 2005; Mateus
et al., 2000) to fit the stellar background throughout all spaxels, adapting it for parallel datacube
processing. We used simple stellar population (SSP) spectra from Bruzual and Charlot (2003)
evolutionary synthesis models for stellar fitting, and we subtracted them from the observed spectrum
to obtain a pure gas spectrum. After that, we fitted emission lines using our ELF3D code. Each
emission line was fitted with a single-Gaussian profile. For each spectrum, we measured the
fluxes of the [On]A, A3726,3729A (hereinafter [O1u]A3727A), [Ne ur]A3868A, Hg, [O1]A49594,
[Om]A5007A, [Nu]A6548A, H,, [N1r]A6584A, and [S1]A, 16717, 6731A lines with a signal-to-noise
ratio, S/N, > 3.

4.3.2  Sample of galaxies

Sample selection is described in more detail in Paper 1. In short, we selected from the MaNGA
survey (Blanton et al., 2017; Bundy et al.,, 2015) a sample of galaxies whose nuclear emission is
dominated by LINER-like emission according to the diagnostic diagrams (Baldwin et al., 1981;
Kauffmann et al., 2003; Kewley et al., 2006). After imposing that galaxies must be classified as
LINERs in all diagnostic diagrams, we came up with a sample of 329 galaxies.

From that sample, we imposed the criterion that LINER-like emission comes mainly from the
nuclear region (< 2 kpc), i.e., the emission line ratios from spaxels retrieving emission from the
outer regions are mainly classified as HII regions according to the same diagnostic diagrams. By
doing this, we ensure to have enough HII regions to properly analyze radial metallicity gradients
and compare the HII regions properties with those in central spaxels. After this filter, we came
up with a sample of 105 LINER-like galaxies, classified according to the WHAN diagram (Cid
Fernandes et al., 2010, 2011) as weak-AGNs (WAGNSs, 57) and retired galaxies (RG, 48).

In order to avoid systematic errors in the deprojection effects of the highly inclined galaxies in our
sample, we imposed a minimum value for the axis ratio b/a > 0.3 from the r-band Sersic profile fit.
This criterion excludes eight objects, leading to a final sample of 97 galaxies, divided as 55 wAGNs
(56.7%) and 42 RGs (43.3%).

HII regions in each galaxy were selected from the remaining spaxels that verify the diagnostic
criteria for the BPT diagrams (Baldwin et al., 1981; Kauffmann et al., 2003; Kewley et al., 2006).
Particularly, we selected only those regions either classified as SFG (equivalently HII regions)
simultaneously in the three diagrams or those regions that fall in the composite region (Kewley et al.,
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2006). As the composite region can accommodate HII regions with high log(N/O) ratios, which are
expected in the central parts according to the inside-out scenario (e.g. Pérez-Montero et al., 2016;
Zurita et al., 2021b), we considered them as well in our analysis.

4.3.3 Ancillary data

We retrieved complementary data on the physical properties of the host galaxies from the NASA-
Sloan Atlas (NSA) catalog?. Particularly, we retrieved the stellar mass (M, ) as estimated from
a K-correction fit to the elliptical Petrosian fluxes assuming an initial mass function (IMF) from
Chabrier (2003) and stellar population models from Bruzual and Charlot (2003), as well as R, radii,
Sersic 50% light radius along major axis across the r-band.

Additionally, we retrieved the chemical abundances estimations for the nuclear region of our
sample of LINERs as reported in Paper I. Since the authors provided the estimations based on
different ionizing sources from the HII-CHI-Mistry3 code (Pérez-Montero, 2014), we took four
estimations as representative of all the considered scenarios: AGN characterized by aox = —1.64; hot
old stellar populations dominated by post-asymptotic giant branch (pAGB) stars and characterized
by two different effective temperatures T,rr = 10° K and Topp=15- 10° K; and advection-dominated
accretion flow (ADAF) model for the AGN. Details on the considered models and how they were
implemented can be found in Paper L.

4.4 METHODOLOGY

In this section we present a detailed explanation on the methodology used to estimate chemical
abundances as well as other physical parameters from the nebular emission of HII regions in our
sample of galaxies. We also give details on the calculation of the corresponding radial gradients
estimated for those properties.

4.4.1 HII-CHI-Mistry

To ensure consistency with the results reached in Paper I, as well as between the estimations of
chemical abundances in the nuclear region (dominated by the LINER-like emission) and the rest or
regions in the disk of each galaxy in our sample, we used HII-CHI-Mistry v5.5 (hereinafter HCwm).
HCwm uses a grid of photoionization models (to be selected among the available ones or introduced
by the user) with three free parameters, the chemical properties of the gas-phase ISM 12+log(O/H)
and log(N/O) as well as the ionization parameter log(U). The code compares the emission-line
fluxes predicted by the grid of models with the observed (input) emission line ratios sensitive to
those parameters. Firstly, the code estimates log(IN/O) which is used to constrain the grid of models
in the later iterations. Secondly, the code performs an estimation of 12+log(O/H) and log(U).

In the case of HII regions, we selected as ionizing source a young stellar cluster with an age of 1
Myr, as taken from POPSTAR (Moll4 et al., 2009) synthesis code for an initial mass function (IMF)
that follows the trend reported by Chabrier (2003). The density of the gas is assumed to be constant
with a value of 100 cm~3. This grid of models was calculated using CLoupy v1y (Ferland et al.,
2017). Due to the lack of measurements of the auroral line [Om]A4363A in our MaNGA sample, we
used an additional constrain to the grid of models, consisting of the relation between 12+log(O/H)

2 https://www.sdss4.org/drl7/manga/manga-target-selection/nsa/.

3 The code is publicly available at http://home.iaa.csic.es/~epm/HII-CHI-mistry.html.

4 We note that very recently, Pérez-Montero et al. (2025) obtain that LINERs are characterized by slightly higher slopes
(xox = —1.4). As demonstrated in Paper I, results under both assumptions are compatible.


https://www.sdss4.org/dr17/manga/manga-target-selection/nsa/
http://home.iaa.csic.es/~epm/HII-CHI-mistry.html
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and log(U) reported by Pérez-Montero (2014). The estimation of log(N/O) remains completely
independent, thus no fixed relation with 12+log(O/H) was assumed in this work.

We used as input for HCwm the emission line ratios [O1]A3727A, [Ne m]A3868A, [O m]A5007A,
[N1]A6584A and [Su]A6717A+[Su]A6731A, referred to Hg emission. All emission line ratios have
been corrected from reddening assuming Case B photoionization and an expected ratio between H,,
and H B of 2.86 for standard conditions found in HII regions, that is, an electron density n, ~ 100
cm~3 and an electron temperature T, ~ 10* K (Osterbrock & Ferland, 2006). We assumed the
extinction curve from Howarth (1983) for Ry, = 3.1.

4.4.2  Radial metallicity gradients

For each galaxy, we used the estimated chemical abundances (12+log(O/H) and log(N/O)) from
HCwm in the HII regions and their distance to the galaxy center in terms of R, to characterize their
radial metallicity gradient up to 4R,. In order to fit the observed trends, we tested three different
methodologies to reproduce most of the scenarios explored in the literature:

e Single linear fit with no restrictions in the slope neither on the Intersect.

e Double linear fit accounting for a break> at exactly R = R,, and again with no restrictions on
the slopes or intersects.

e Piecewise fit allowing for several breaks at no fix positions but ensuring continuity in the
estimation through all intervals (see Tapia-Contreras et al., 2025, for more details on the
methodology).

To test the goodness of the fits, we used the Square Root Error (RSE), which can be applied to

any fit:
n . 2
RSE — V2 (=)

— (4.1)

where p are the values predicted from the fit, y are the estimated values and n the number of points
(i.e. number of HII regions). As piecewise methodology accounts for a non-fixed number of breaks,
we also assessed the goodness of the fit accounting for the number of breaks obtained from the
piecewise fit.

We show in Fig. 4.1 (a) the goodness of the different fit techniques for the 12+log(O/H) radial
gradient. We conclude that single linear fit offers the highest RSE, with exception of those galaxies
where piecewise methodology finds a fit without any break. When comparing piecewise methodol-
ogy with double linear fit, we can see that the majority of the fits offer a lower RSE for the former
one. A similar result is obtained when analyzing the fit for the radial gradient of log(N/O) (see Fig.
4.1 (b)). Then, we only consider thereafter for our analysis the results obtained from piecewise fit.

4.5 RESULTS
4.5.1 Trends in the radial metallicity gradients

We show in Appendix C.3 the radial metallicity gradient for each galaxy both for 12+log(O/H) and
log(N/O). From Fig. C.5 we can conclude that our sample of LINER-like galaxies shows a variety
of trends. We summarize these trends for both 12+log(O/H) and log (N/O) radial gradients in
Table 4.1.

5 Hereinafter we will refer to the point where the linear fit changes as break.
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Figure 4.1: Root Square Error (RSE) for the different techniques used to fit the radial metallicity gradients of
12+log(O/H) (a) and log(N/O) (b) in our sample of LINERs. The sample is segregated
according to the number of breaks used by piecewise fit for each chemical abundance ratio.

4.5.1.1

Breaks in the fits

Around half of our sample (49.49%) exhibits a 12+log(O/H) radial gradient with one single break,
whereas the rest of galaxies are almost split between none (23.71%) or two breaks (26.80%). In
the case of log(N/O) radial gradient we found a different scenario: galaxies are almost equally
distributed between none or one break (~ 43 — 44%), and only a small group of galaxies (13.4%)
shows two breaks. These results highlight the importance of using fit profiles more complex than a

simple linear fit for radial metallicity gradients in galaxies, specially for 12+log(O/H).

Table 4.1: Statistics of the radial metallicity gradients in our sample as obtained using piecewise method.
Column (1) and (2) show the number of breaks needed to fit 12+log(O/H) and log(N/O) radial
gradients respectively. Column (3) shows the total number of galaxies for each group. Column (4)
shows the relative number of galaxies with respect to the group. Column (5) shows the relative

number of galaxies with respect to the whole sample.

N. Breaks (O/H) | N. Breaks (N/O) | N.Gal Perc. (%) Perc. tot. (%)
(1) (2) (3) (4) (5)
0 9 39.13 9.28
0 1 12 52.17 12.37
2 2 8.70 2.07
0 18 37.50 18.56
1 1 22 45.83 22.68
2 8 16.67 8.25
0 14 53.84 14.43
2 1 9 34.62 9.28
2 3 11.54 3.10

When comparing between them the results from 12+log(O/H) and log(N/O) radial metallicity
gradients, we observe that there is no correlation between the number of breaks in each one of them
in each galaxy. Regardless of the fit obtained for 12+log(O/H), the best fit for log(N/O) radial
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gradient has either a none or a single break (> 80%). Moreover, for a given particular scenario of
the 12+log(O/H) profile, there is a higher probability that the log(IN/O) profile does not follow
the same trend (> 50%). This result might be interpreted as a decoupling of 12+log(O/H) and
log(N/O) radial gradients.

Table 4.2: Statistics of the breaks in the obtained radial metallicity gradients of 12+log(O/H) in terms of R,..
Column (1) shows the number of breaks. Column (2) shows the total number of galaxies.
Columns (3) and (4) show the median and standard deviation distances in terms of R,.

12+log(O/H)

N. Breaks | N. Gal. R, ed. Reta Range

(1) (2) (3) (4) (5)

1 48 0.87 0.49 [0.25,2.97]
2 (Inner) 26 0.61 0.32 [0.05,1.56]
2 (Outer) 26 1.09 0.6 [0.09,2.93]

Table 4.3: Same as Table 4.2 but for log(N/O).
log(N/O)

N. Breaks | N. Gal. R ea. Ra Range
(1) (2) (3) (4) (5)

1 43 0.83 0.53 [0.08,2.98]
2 (Inner) 13 0.76 0.43 [0.18,1.64]
2 (Outer) 13 1.16 0.68 [0.34,3.17]

We also present in Tables 4.2 and 4.3 the statistics of the breaks in the obtained radial metallicity
gradients both for 12+1log(O/H) and log(N/O), respectively. As it can be seen, most of the breaks
are found at a radial distance around R,. More specifically, when only one break is found, it is
generally located at a mean value around 0.9 (+0.5) RR,, although in a wide range of values [0.1
R,, 298 R,].

When comparing the breaks obtained for 12+log(O/H) and log(N/O) radial gradients, we
observe that, although the statistics might reflect similar values, there is not any correspondence,
as observed in Fig. 4.2. This result reinforces the idea that 12+log(O/H) and log(IN/O) radial
gradients are essentially decoupled.

For the following analysis, we consider the part of the gradient that goes from the outer most
region to the more external break as outer part. In the case of a galaxy presenting two breaks, we
consider the region that goes between them as middle part. Finally, in both cases, the inner part is
defined as the one that goes from the nuclear region to the break closer to the center. In the case of
galaxies with two breaks, we consider the one closer to the center of the galaxy as inner break, and
the other as outer break. No specification is made when the corresponding radial fit only presents
one break.

4.5.1.2  Slopes of the radial gradients

We show in Fig. 4.3 the slopes of the fits in our sample of LINER-like galaxies, simultaneously for
12+log(O/H) and log(N/O). We distinguish among galaxies with no breaks (panels (a) and (d)),
galaxies with one break (panels (b) and (e)) and galaxies with two breaks (panels (c) and (f)).
As it can be seen, galaxies presenting no breaks in the fit of the 12+log(O/H) radial gradient (panel
(a)) show a flattened behavior, as the slope is close to V5,5 = 0.0. On the contrary, galaxies with no
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breaks in the log(N/O) radial fit mainly show negative gradients® (panel(b)), in concordance with
the inside-out growth scenario. If we consider the group of galaxies with only one break (panels (b)
and (d)), we observe that for both 12+log(O/H) and log(N/O) the outer slope is mainly negative
or flattened, in contrast to the inner slope which is mainly positive for 12+log(O/H), with some
cases (five galaxies) for log(N/O) as well.

Finally, the analysis of the slopes in galaxies with two breaks reinforces the previous results
obtained for 12+log(O/H): the inner part shows positive slopes while the outer part shows negative
or close to zero slopes (see panel (e)). The middle parts of the galaxies tend to show almost flattened
gradients. Regarding log(IN/O), apart from a galaxy that shows a strong negative slope in the inner
part’, both the inner and middle slopes are mainly negative whereas the outer parts are close to
VN /0 = O

4.5.1.3 Intersects of the radial gradients

Lastly, we analyzed the intersects of the metallicity radial gradients, i.e., the extrapolation of the fits
to the galaxy nuclei (we considered different intersects according to the shape and breaks of their
gradients). We show the results in Fig. 4.4, for which we considered as reference in each galaxy the
value in the nuclear region as estimated in Paper I. These abundances were calculated assuming
AGN models, which are the ones found to better reproduce most of the scaling relations in the
studied sample (Paper I).

Firstly, we analyzed whether the extrapolation of the innermost radial metallicity gradients
match the estimations obtained from the nuclear regions (as traced by the metallicity of the AGN).
From Fig. 4.4 (a) we conclude that, on average, the extrapolations of the 12+1log(O/H) fits are in
agreement with the nuclear estimations (median offset of 0.02 dex), although there is a wide scatter.
On the other hand, we obtained that the extrapolations of the log(IN/O) fit (panel (b)) are also, on
average, in agreement (median offset 0.07 dex), but with less scatter. This is a similar result as that
reported in Paper I, where all ionizing scenarios were tested.

When we account for the extrapolations of the middle radial gradient (for galaxies with two
breaks) or the outer gradient (for galaxies with one break), we obtained that the extrapolations
from that fit lead to a clear overestimation of the nuclear abundance in both cases (panels (c) and
(d)). We observe that the offset from the log(N/O) radial gradient (~ 0.27 dex/R,) is higher that
that found for the 12+log(O/H) (~ 0.14 dex/R,). Interestingly, we observe that the extrapolations
from the 12+log(O/H) middle radial gradient are systematically above the predictions for the
nuclear region, whereas in the case of the log(IN/O) extrapolations there is a non-negligible group
of galaxies for which their middle radial fits predict lower abundances.

Finally, we analyzed the extrapolations from the outer radial fits in the case of LINERs with two
breaks. The results shown in panels (e) and (f) reveal a similar picture to that observed in the
extrapolations from the middle radial fit. However, in this case we also report that the deviation is
much higher and that the relative number of galaxies whose radial fits predict lower abundances
compared to the nuclear estimations is higher as well.

4.5.2  Exploring the connection of galaxy properties with gradient shapes

Several authors have discussed the role played by different galaxy properties, such as stellar mass
or star formation rate, in the shape of the radial metallicity gradients observed in disk galaxies

We notice the strong negative gradient for galaxy 8942 — 12702, which is explained by the lack of HII regions at larger
radii (see Fig. C.5).

Again, this outlier corresponds to galaxy 8243 — 9102, whose fit to the radial gradient can be visually inspected in Fig.
C.5, the analysis of the slopes reveals that there is not enough HII regions to properly trace the inner gradient.
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(e.g. Cardoso et al., 2025; Sanchez-Menguiano et al., 2018). In this section we discuss whether the
variety of the metallicity radial gradient profiles found in our sample are connected to the properties
of the host galaxies and/or the nature of their nuclear region. We separately explored the three
characteristics of the radial profiles: the number of breaks, the slopes and the intersects.

Firstly, we analyzed whether the number of found breaks in 12+log(O/H) and log(N/O) radial
fits correlate with stellar or HI mass. We found similar distributions for the whole sample and for
each group of galaxies, implying that neither stellar nor HI mass are responsible for the number
of breaks observed in our sample (see Fig. 4.6 and 4.7). We also explored whether the number of
breaks correlate with any physical property of the nuclear part, including their derived chemical
abundances, the stellar velocity dispersion (which directly correlates with the mass of the Super
Massive Black Hole (SMBH) in case of AGN activity) or the equivalent width of H, (whose strength
allows us to discriminate the type of nuclear activity). In all cases, we found again that there is no
correlation at all with the number of breaks (see Fig. 4.8).

We then analyzed whether the slopes of the radial fits (V) for both 12+log(O/H) and log(N/O)
correlate with stellar mass. Our results are shown in Fig. 4.5. In the case of 12+log(O/H), we
obtained that: i) galaxies with no breaks tend to show flatten profiles (blue dots in panel (a)),
whereas the rest of galaxies show positive slopes; ii) galaxies with one (and two breaks) tend to
show negative slopes in the outer (middle) part of their profiles, being more negative when stellar
mass increases (panel (c)); and, iii) the slope of outer profile in galaxies with two breaks does not
correlate with stellar mass (panel (e)).

On the other hand, when analyzing log(N/O), we obtained that i) there is no correlation between
stellar mass and the slope of the inner radial fit for all types of galaxies; ii) the slope of the outer fit
in galaxies with one break is meanly negative and shows a strong anti-correlation with stellar mass
(a similar result is obtained for the slope in the middle part of galaxies with two breaks); and, iii)
similarly to 12+log(O/H), no particular trend is found for the slope of the outer profile of galaxies
with two breaks.

Finally, we inspected whether intersects correlate with any of the other studied properties. In
particular, we analyzed the relation between the host galaxy properties with the extrapolations of
the metallicity radial fits to the nuclei (R = 0) (i.e. the intersects of the inner radial fits). First of
all, we checked if there is a correlation with stellar mass, as it might be suggested by the so-called
mass-metallicity relations (MZR and MNOR). Our results are similar to those reported in Paper I
for AGN models (see Fig. 6 and 7 from that work).

We also explored whether the number of breaks introduces differences in the intersects, as shown
in Fig. 4.9. Only for galaxies with no breaks in the 12+log(O/H) radial fit we obtained that they
tend to solar abundances (12+log(O/H) ~ 8.69), but in the rest of cases we do not see any relation
between the number of breaks and the extrapolated abundances in the nuclear part.

4.5.3 Thelog(N/O) vs 12+1log(O/H) relation for individual HII regions

We show in Appendix C.3 the log(N/O) vs 12+log(O/H) diagram for all the selected HII regions
in each galaxy, colored by their distance to the galactic center. For the majority of our sample, we
obtain that HII regions mainly follow the log(N/O) vs 12+log(O/H) relation (see Fig. C.6) within
the scatter, and that the HII regions located closer to the nuclear parts exhibit higher log(N/O)
ratios, concluding that there is a decreasing trend between log(N/O) and 12+log(O/H). It is worth
to note that 12 galaxies (~ 13% of the sample) exhibit a decrease of 12+log(O/H) in the closer parts
towards the nuclear region, while the log(IN/O) remains high (solar or suprasolar). Namely, these
galaxies are 10518 — 12705, 11013 — 6104, 12078 — 12703, 7495 — 12704, 8249 — 12704, 8259 — 9102,
8320 — 9102, 8562 — 9102, 8563 — 12705, 8492 — 12702, 8983 — 3703 and 8997 — 12704.
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Figure 4.5: Relation between stellar mass and the slopes for the radial fits of 12+1log(O/H) (left column) and
log(N/O) (right column). Panels a) and b) represent the slopes of the inner radial fits, panels c)

and d) the slopes of the middle radial fits, and panels e) and f) the slopes of the outer radial fits.

For all plots, Blue dots represent galaxies with no breaks, green dots with one break, and red
dots with two breaks. Solid black lines represent the flatten profile (V = 0).

We show in Fig. 4.10 the results for all HII regions in our sample. First of all, looking at the

ionization parameter (right column of the plot), we can check on the robustness of the methodology:
the lack of measurements of the auroral line [O 1m]A4363A forces the assumption on the log(U) vs
12+1log(O/H) relation to break the degeneracy. Nonetheless, it is clearly shown that this assumption
introduces no dependence at all in the log(N/O) ratio by log(U).

Considering the information on the distance of the HII regions to the galactic centers, probes that
the primary N production is mainly located in the outer HII regions (R > 1.5 R, ), as shown in Fig.
4.10 panel (a). In addition, the HII regions in galaxies without any break in the radial fits are mainly
located in the regime of secondary N production, with increasing log(N/O) with 12+log(O/H),
which is consistent with previous studies (see panel (d)). Interestingly, those outer HII regions
with primary N production are found in galaxies that exhibit a 12+log(O/H) gradient with one
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Figure 4.6: Histogram of the stellar masses for our sample of LINERs. (a) The sample is segregated
according to the number of breaks shown in 12+1log(O/H) radial profiles. (b) The segregation is
done according to the number of breaks shown in log(N/O) radial profile.
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Figure 4.8: Same as Fig. 4.6 but for the stellar velocity dispersion in the nuclear regions.

break (panel (g)). Overall, the position of the large majority of HII regions is well reproduced by
the scatter reported by different relations in the literature.

Finally, the analysis of the position of HII regions in the log(N/O) vs 124+log(O/H) relation based
on the equivalent width of H, (W ) complements the picture that emerged from their distance to
the galactic centers. We only found a particular trend in galaxies with no breaks in their radial fits
(see panel (e)). Particularly, we obtained that HII regions with oxygen abundances close to the solar
value (12+log(O/H), = 8.69; Asplund et al., 2009) exhibit the highest values of Wy , as well as
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some of the closest distances to the galactic centers. This might be explained by the contamination
of their spectra from AGN activity.

In summary, the majority of HII regions in our sample falls between the reported relations for
log(N/O) and 12+1log(O/H). Therefore, even though we observe some deviations from the reported
relation, they are not introducing a departure.

4.5.4 A representative value for the metallicity in galaxies

A key aspect when analyzing chemical enrichment of galaxies is to define their characteristic
metallicities. Several ideas have been proposed: the abundance ratios at 0.4 R,5 (being R,5 the
isophotal radius, i.e., the radius at which the surface brightness equals 25 mag/arcsec?; Zaritsky
et al. 1994); the central (extrapolation to the nucleus) abundances (Ryder, 1995); or, the chemical
abundance ratios at the effective radius (i.e. encompassing 50% of the light coming from the disk
component) (e.g. Alvarez-Hurtado et al., 2022; Cresci et al., 2019; Sanchez et al., 2013; Sanchez-
Menguiano et al., 2024b). This is even more critical in the case of AGNs, as their activity affects the
nuclear parts and, hence, the representative value might account or not for the AGN role.

We explored three different values of the chemical abundance ratios for each galaxy: the expected
value at the effective radius (R, ), the abundance ratios derived for the Narrow Line Region of the
AGN (NLR) and the extrapolated abundance to the nucleus (R = 0). Our results are presented
in Fig. 4.11, comparing them in different scaling relations such as the MZR, the mass-NO relation
(MNOR) or the N/O vs O/H diagram.

We found that the metallicities of the ISM at the effective radius are the ones that best reproduce
the MZR (Curti et al., 2020) (panel (a) in Fig. 4.11), whereas the MNOR (Andrews & Martini,
2013) seems to not be well reproduced in any of the considered cases. Finally, the log(N/O) vs
12+1log(O/H) relation tells complementary stories depending on which chemical abundance ratio
is used. If we account for chemical abundance ratios derived in the regions ionized by the AGN, we
observe that there is a wide scatter, but mostly reproduced by the observing trends in literature.
If we instead consider chemical abundances as extrapolated to the nuclear part from the radial
fits, we observe almost an anti-correlation, which might be indicative of hydrodynamical processes
affecting the oxygen abundance. Finally, the chemical abundances at the effective radius report
galaxies clustering slightly above the solar oxygen abundance, but with a large spread of log(N/O)
values.
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Figure 4.10: log(N/O) vs 12+1log(O/H) diagram for the HII regions in our sample of LINERs. Top to
bottom: first row shows diagrams for all HII regions in all LINERs; second row shows diagrams
for those HII regions in LINERs with no breaks in the 12+log(O/H) radial fit; third row shows
diagrams for HII regions in LINERs with one break; and forth row shows diagrams for HII
regions in LINERs with two breaks. Each column shows different colorbared properties:
normalized distance to the galaxy centers (left), equivalent width of H, (middle) and
ionization parameter (right). For all plots, the solid back line represents the fit provided by
Coziol et al. (1999), the dotted line shows the fit by Andrews and Martini (2013), and the
dash-dotted line shows the fit by (Belfiore et al., 2015).

4.6 DISCUSSION

As a general remark, we note the lack of studies analyzing metallicity radial gradients in galaxies
with nuclear emission dominated by LLAGNSs. Therefore, in this section we discuss our results with
previous studies that are targeting different types of objects from those analyzed here.



NRL

4.6 DISCUSSION

(a)

©
)

12+log(O/H)
©
N

©
[N)

(b)

(c)

9.0

96

10.2 10.8
log(M« [Mg])

11.4

12.0

9.6

10.2  10.8
log(M« [Ms])

11.4

12.0

10.2 10.8 11.4

log(M« [Me])

9.6 12.0

(d)

(e)

(f)

9.0 9.6 10.2 10.8 114 120 9.6 10.2 10.8 114 120 9.6 10.2 10.8 11.4 120
log(M« [Mo]) log(M« [Mo]) log(M« [Mo])
0.0
-0.37
5
>-0.74
8
-1.1
1.47
8.0 84 86 88 90 82 84 86 88
12+log(O/H) 12+log(O/H)

Figure 4.11: Scaling relations for the characteristics abundance ratios in our sample of LINER-like galaxies.
Panels in the first row show the mass-metallicity relation (MZR), and the continuous line
represents the fit obtained by Curti et al. (2020). Panels in the second row show the mass-NO
relation (MNOR), with the continuous line representing the fit obtained by Andrews and
Martini (2013). Panels in the third row show the log(N/O) vs 12+log(O/H relation), with the
lines representing the different fits explained in Fig. 4.10. Panels in the first column show the
chemical abundance ratios estimated at the effective radius. Panels in the second column show
the estimations of nuclear abundances assuming AGN models with a5y = —1.6 (abundance of
the Narrow Line Region, NLR). Panels in the third column show the intersects of the metallicity
radial fits. For all plots, blue dots represent galaxies with no breaks in their corresponding
radial fits, green dots have one break, and red dots represent galaxies with two breaks.

4.6.1  On the shape of the O/H metallicity gradient in LINERs

The inside-out growth scenario for galaxies, under which secular evolution of gas leads to higher gas
densities in the inner parts, triggering more star formation, leads to the result of galaxies showing
negative radial gradients in both the metallicity of the gas-phase ISM (as traced by 12+log(O/H))
and the metallicity of the stellar populations (Goddard et al., 2017; Gonzélez Delgado et al., 2015;
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Rich et al., 2012; Sanchez et al., 2014; Sdnchez-Menguiano et al., 2016; Zinchenko et al., 2019). This
scenario assumes that there is an equilibrium between all the dynamical effects of the gas (inflows
and outflows), what permits the secular motion of the gas and guarantees the gas to have enough
time for cooling and mixing. This is also supported by chemical evolution models (Matteucci &
Francois, 1989).

Recent observational results from IFS surveys such as MaNGA (Bundy et al., 2015) or CALIFA
(Sanchez et al., 2013) have allowed not only to increase the statistics of metallicity radial gradients
at low redshift, but also to refine chemical evolution models and their predictions. The study
from Belfiore et al. (2017) (MaNGA) showed that not only the negative metallicity gradient is
observed in most galaxies, but that the steepness of the gradient depends on stellar mass. The study
from Pérez-Montero et al. (2016) (CALIFA) also reported a similar trend, although the authors
warned about the statistical significance of such trend. Indeed, both studies obtained that galaxies
with moderate low stellar masses (10°°> — 10'9°M_,) show steeper gradients (normalized to a
characteristic size) than more massive galaxies. This result has also theoretical background from
chemical evolution models. Low-stellar mass galaxies (considered as progenitors of more massive
systems) have initially star formation mainly located on the central regions. As star formation occurs
in the outer parts, the pollution from stars in the outskirts of galaxies helps flattening the metallicity
profile, while the inner parts, already rich in primary metals, do not increase their metallicity at the
same rate (for a constant value of the metal yield).

Recently, Sdnchez-Menguiano et al. (2018) published a study of 102 spiral galaxies observed with
MUSE. Their analysis of the metallicity radial gradients shows that only 55 galaxies exhibit the
expected negative gradient, while 37 galaxies show inner drops and 26 a flat profile in the outermost
parts. This implies that a significant number of galaxies deviate from the negative gradient predicted
from the inside-out scenario. In the same way, Pilyugin and TautvaiSiené (2024) found that spiral
galaxies can be divided into two main categories: galaxies with a single linear radial gradient (called
S-galaxies) and galaxies with a flat inner gradient and a negative outer gradient (called LS-galaxies).
Cosmological simulations also report results that add more complexity to the inside-out scenario:
instead of a correlation between the slope of the metallicity gradient and the stellar mass, Tissera
et al. (2022) obtained no correlation at all at low redshifts.

In the realm of AGN-dominated galaxies, the picture of gas-phase abundance gradients is more
uncertain due to the scarcity of studies analyzing them. Amiri et al. (2024 ) observed that the Seyfert-
host galaxy NGC 7130 exhibits an inverse metallicity gradient (i.e. metallicity of the gas-phase ISM
increases with radius), and they conclude that the AGN is the responsible for the shape of the
metallicity radial gradient. On the other hand, do Nascimento et al. (2022) found that the majority
of metallicity radial gradients in Seyfert-like galaxies show almost flattened profiles and they report
that there is a significant drop in metallicity in the parts closest to the AGN, implying that accretion
of metal-poor gas is the responsible for the dilution.

Our results show that LINERs are not characterized by a single unique 12+log(O/H) radial
gradient shape. Out of our sample of 97 LINER-like galaxies, we obtain that only 23 galaxies (23.7%)
can be approximated with the single linear metallicity profile. For these galaxies, we obtained
that the slopes (V) are close to zero dex/R, (Fig. 4.3 panel (a)) and in some rare cases they
are positive. This is in agreement with the results obtained by do Nascimento et al. (2022) for
Seyfert-like galaxies, as we obtain the same reported scenarios.

We also report a significant group of LINER-like galaxies that exhibit a metallicity radial gradient
profile with a break. In total, 48 galaxies (49.5%) show this metallicity radial profile characterized
by a positive 12+log(O/H) gradient in the inner parts (as reported in systems dominated by gas
inflows), whereas the outer parts exhibits either a flattened or negative profile characteristic of the
inside-out scenario (Fig. 4.3 panel (b)). This group of galaxies (which is the majority of our sample)
follows the same trend reported by Amiri et al. (2024) for the Seyfert galaxy NGC 7130: the inner
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parts of the galaxy (dominated by AGN emission) exhibits a positive gradient, whereas the outer
parts (dominated by star formation) are characterized by a mildly negative gradient.

Finally, we also report a non-negligible group of galaxies, 26 out of 97 (26.8%) that exhibit two
breaks in the 12+log(O/H) metallicity radial profile. As in the previous case, the inner and middle
parts are characterized by positive or almost flattened gradients, whereas the outer part is mainly
characterized by a negative or flattened metallicity radial profile (Fig. 4.3 panel (c)). Only the recent
work by Tapia-Contreras et al. (2025), based on cosmological simulations using the ChemodynamlIc
propErties of gal.axies and the cOsmic web project (CIELO; Tissera et al., 2025), has reported a
similar result for some galaxies, in which effects from galactic fountains and inflows of gas lead to
these profiles.

The relation between the slope(s) of the 12+log(O/H) gradients and the stellar mass gives more
insights on the processes that are shaping the metallicity radial gradient. For galaxies with no
breaks, the gradient remains flat for almost all stellar mass (see Fig. 4.5 panel (a)), in contrast to the
expected behavior reported by Pérez-Montero et al. (2016) and Belfiore et al. (2017). This might
be explained due to the fact that these galaxies might have experienced a faster evolution, already
reaching the characteristic flat profile of massive galaxies. Galaxies showing at least one break
exhibit positive slopes, and reach higher values for massive galaxies, which might be explained by
the fact the gravitational potential of these galaxies is more effective in favoring and capturing gas
towards the inner parts, leading to a infall-dominated scenario.

The slopes in the outer parts of 12+log(O/H) radial gradients (for galaxies with at least one
break) as a function of stellar mass revealed that there is a hint of anti-correlation, as reported for
star-forming galaxies, although there are many galaxies with V5, ;; ~ 0 dex/R, (see Fig. 4.5 panel
(c)). This result reinforces the idea that the outer parts (or middle parts) behave accordingly to the
inside-out scenario, although some galaxies seem to be already evolved.

Finally, the outer parts of galaxies with two breaks present a wide dispersion of values of the
slope with respect to the stellar mass (Fig. 4.5 panel (e)). This can be interpreted as due to the fact
that some galaxies might be experiencing galactic fountains that do not reach the very outer parts,
leading to strong negative slopes, whereas others might have experienced merger events which
could be stripping part of the gas or enhancing metal production due to the star-formation in the
outermost parts.

4.6.2  On the shape of the N /O metallicity radial gradient

In the inside-out scenario, chemical evolution models predict that the log(N/O) radial gradient
should be steeper than that observed for 12+1log(O/H), as the time delay between nitrogen and
oxygen production increases the difference between the inner and outer parts (e.g. Matteucci
& Francois, 1989). Moreover, as the nitrogen production is also affected by the star-formation
efficiency (e.g. Molla et al., 2006), and the inner parts are characterized by lower star formation
efficiencies (Spindler et al., 2018), this would increase even more the difference between log(IN/O)
and 12+log(O/H) radial profiles (Vincenzo et al., 2016).

As stated by several authors (e.g. Amorin et al., 2010; Belfiore et al., 2017; Pérez-Diaz et al,,
2024a; Pérez-Montero & Contini, 2009; Vincenzo et al., 2016), measuring log(N/O) is essential
to complement the picture of chemical enrichment (either for galaxies as whole or at different
distances). Moreover, having a prior determination of log(IN/O) is essential to use the information
of nitrogen emission lines to properly measure oxygen abundances without adding biases. Indeed,
several works have been published relying on estimators which are mainly tracing either the
log(IN/O) abundance ratio (such as O3N2; Amiri et al. 2024; do Nascimento et al. 2022; Sanchez
et al. 2014; Sdnchez-Menguiano et al. 2018) or the 12+log(N/H) abundance ratio (such as N2;
do Nascimento et al. 2022). In contrast, our methodology allows in both the SF-dominated and
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AGN-dominated regions to determine independently log(N/O) and 12+log(O/H) abundances,
allowing us to simultaneously explore both radial profiles.

Pilyugin et al. (2004 ) published an analysis of the metallicity radial gradients (12+log(O/H)
and log(N/O)) for a sample of 54 nearby spiral galaxies. Their results were in agreement with the
inside-out scenario: mainly negative gradients for all the considered chemical abundance ratios, and
with log(N/O) radial gradients being steeper than those reported from 12+log(O/H). A similar
conclusion was reported by Pérez-Montero et al. (2016) from the analysis of metallicity radial
gradients in CALIFA, obtaining that on average the slopes of the radial gradients of log(N/O)
point towards steeper metallicity profiles than those obtained for 12+log(O/H). Moreover, they
also analyzed the possible dependence of the slope (Vy,o) with stellar mass, obtaining an slight
dependence for less-massive systems but not statistically significant.

Later on, Belfiore et al. (2017) also found slightly steeper gradients in the log(N/O), but they
do report an anti-correlation between the slopes and stellar mass, similar to that found in the
12+log(O/H) radial profile. They also reported higher log(N/O) ratios in the outer parts of many
galaxies, concluding that pollution in the form of galactic winds from the inner to the outer parts
might be responsible for this behavior. Finally, Zinchenko et al. (2021) found not only similar results
to previous studies, but also found a correlation between the median slopes for the log(N/O) profile
and the stellar ages (traced by the D(4000) index): galaxies with older populations (D(4000) > 1.2)
tend to have steeper gradients that the others. This result is in agreement with the general scheme
for nitrogen production and the time delay between O and N production.

The previous results only cover galaxies whose nuclear activity is dominated by star-formation,
and we do not have a picture on how the log(N/O) gradient behaves in galaxies with AGN activity.
Our study uses a robust methodology for the independent estimation of 12+log(O/H) and log(N/O)
abundances across the HII regions to the nuclear AGN-dominated region, allowing us to study
log(N/O) abundance gradients for the first time in galaxies hosting LLAGNSs.

Our results show that 41 LINER-like galaxies (42.3%) show a single linear profile in the log(N/O)
metallicity radial gradient, with the majority of the slopes being negative or close to zero. We do
report very few cases (three) with clear positive slopes (see Fig. 4.3 panel (d)). Interestingly, only
nine galaxies show simultaneously a single linear profile in both their 12+log(O/H) and log(N/O)
metallicity radial gradients, whereas the large majority show at least one break in the 12+log(O/H).
This might imply the effect of infalls of gas that mainly affects the 12+log(O/H) (also explaining
the positive slopes found in the inner parts) but do not significantly affect the log(N/O) ratio due
to the non-linear relation between them.

Focusing our attention on galaxies with one break, we obtained that they represent the 44.3% of
the total sample (43 galaxies). As in the case of galaxies with one break in the 12+log(O/H) radial
fit. Our results also indicate that the inner parts tend to present positive slopes whereas the outer
parts are biased towards negative slopes. However, contrary to the clear distinction obtained for
the 12+log(O/H) radial profile, we observe a clear overlap between both distributions (see Fig.
4.3 (e)). We discuss the possible causes for these profiles together with the information from the
12+log(O/H) radial gradient:

e One break in the log(N/O) radial profile but no breaks in the 12+log(O/H) radial profile.
Positive slopes in the inner parts might be indicative of the effects of AGN-driven outflows in
the inner parts: if outflows are efficient at gas removal. This decrease in the inner parts does
not only affect to 124+log(O/H), but also to log(IN/O), as the gas removal would lead to a
quenching on star formation and, thus, stars responsible for the production of N by means
of secondary production would not be born at the same rate as in the inside-out scenario.
Negative slopes can be interpreted as the effects of AGN-driven outflows with lower impact,
dilution from galaxy inflows or a simultaneous combination of both.
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e One break in both log(N/O) and 12+log(O/H) radial profiles. This is the scenario for 22
galaxies in our sample. We observe that some of them present clear negative slopes in the
inner parts and less prominent or even close to flat slopes in the outer parts, which might be
interpreted as the effects of those outer regions not having already undergo the secondary
production N. On the other hand, there is also a group of galaxies for which we observe the
contrary scenario, an almost flat profile in the inner parts, whereas there is a clear negative
profile in the outer parts. This might be interpreted as the effects of quenching from AGN feed
and/or feedback, simultaneously lowering the O and N abundances due to the suppression
of star formation, whereas the outer part resembles the inside-out growth scenario.

Finally, we detected 13 galaxies (13.4%) that present two breaks in the log(N/O) radial profile,
the majority of them found in galaxies with one break in the 12+log(O/H) profile. In most of them,
a closer look to their log(N/O) profiles (see Fig. C.5) reveals that the lack of HII regions in some
parts forces this profile, and that a single linear fit or imposing just one break could fit the data with
similar residuals. Thus, these cases could be also likely explained by the same scenarios proposed
for those galaxies with just one break in the log(N/O) profile.

Lastly, we also analyzed the possible effects of stellar mass in the slopes V), . For the innermost
parts and for galaxies with no breaks (Fig. 4.5 (b)), we did not obtain any correlation, which is
in agreement with the results from Pérez-Montero et al. (2016). In the case of the outer parts in
galaxies with one break, we do not observe any significant correlation, although they are mainly
negative, which again might be indicative of the standard inside-out scenario or contamination
from outflows which is captured by the galaxy at the break (see for instance the effects of galactic
fountains; Spitoni et al., 2013).

4.6.3  The relation between N/O and O/H

The log(N/O) vs 12+log(O/H) diagram is a powerful tool to discriminate the processes that
might shape the chemical enrichment history of galaxies. While O has a primary production origin
mainly from massive stars, N can have either a primary production origin from the same massive
stars and/or a production from intermediate-mass stars (4 — 7 M; Kobayashi et al., 2020a) by
means of CNO cycles (secondary production; Henry et al., 2000). As a consequence, the relation
between these two elements has an almost constant ratio of log(N/O) for low oxygen abundances
(12+1log(O/H) < 8.5; Andrews & Martini, 2013; Vincenzo et al., 2016) as both species are produced
in the primary process of the nucleosynthesis in massive stars. On the other hand, when there is
already enough O (12+log(O/H) = 8.5) in the ISM from which stars were born, then the CNO
cycles contribute to an extra enrichment of N leading to an increasing relation between log(N/O)
and 12+log(O/H). However, several factors affect the expected relation between log(N/O) and
12+log(O/H) leading to a non-negligible scatter in the relation (see the discussion provided in
Paper I). Hence, in the inside-out growth scenario, this is translated into a decreasing log(N/O)
and 12+log(O/H) as radii increases, reaching the highest values in the regions closer to the nuclear
part of the galaxies (e.g. Zinchenko et al., 2021; Zurita et al., 2021b).

However, there is no such a characterization for galaxies hosting AGNs, specially for LLAGNS.
Pérez-Diaz et al. (2021) obtained that the nuclear regions of nearby LLAGNSs from the Palomar
Survey do not follow the expected relation between log(IN/O) and 12+log(O/H), although later
on Pérez-Diaz et al. (2025) analyzing LLAGNs from MaNGA obtained that the abundances in
nuclear regions are consistent with the relation within the scatter if they are derived assuming that
they are ionized by an AGN. (Oliveira et al., 2024a) obtained for a sample of retired galaxies from
MaNGA that, if the nuclear regions are ionized by hot, old stellar populations, the trend between
log(N/O) and 12+log(O/H) is inverted, i.e., log(N/O) decreases with 12+log(O/H). Moreover,
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still no characterization has been provided for the chemical abundance radial gradients in those
galaxies.

Our results show that the majority of HII regions from the disks of our sample of LINER-like
galaxies follow the expected trend between log(N/O) and 12+log(O/H), and the scatter is similar
to that observed for the nuclear parts (see Paper I). In some cases, the innermost HII regions exhibit
log(N/O) abundances which are characteristic of the solar and suprasolar metallicity regimes, but
their 12+log(O/H) ratios are even lower than those reported for the outer parts, which can be
interpreted as the effect of outflows carrying metal-rich gas (e.g. Villar Martin, M. et al., 2024) to
the outer parts before nitrogen pollution from intermediate massive stars. In other cases, the inner
most regions with slightly depressed O/H abundances are similar to the outermost ones, which
can be interpreted as the effect of gas inflows from the outer to the inner parts (e.g. Bresolin et al.,
2012), or the effects of galactic fountains (e.g. Spitoni et al., 2013; Tapia-Contreras et al., 2025).

4.6.4 A galaxy model accounting for AGN feedback

Among the different observational scenarios for AGNs, LLAGNSs provide a useful laboratory as we
can address the effects of the AGN activity in the innermost parts as they are mostly inefficient AGNs
(Marquez et al., 2017). It is beyond the scope of this paper to either provide a theoretical framework
or a hydrodynamical simulation that accounts for the AGNs. However, given the complementary
information that we can infer from the simultaneous analysis of 12+log(O/H) and log(N/O) we
can propose a general and simplified scheme that might reproduce and explain the observed trends.

The bathtub model to explain galaxy mass assembly and chemical enrichment in the whole
galaxy provides feasible explanation for observed properties in large samples of galaxies such as the
mass-metallicity relation (MZR), the fundamental metallicity relation (FMR) and the mass-stellar
metallicity relation (e.g. Bouché et al., 2010; Lilly et al., 2013; Y.-j. Peng & Maiolino, 2014). Later on,
Belfiore et al. (2019) brought together the bathtub model and the inside-out scenario (following the
approach provided by Matteucci & Francois, 1989) to provide a theoretical framework to explain
the metallicity gradients of the gas-phase ISM observed in galaxies. They came up with a model
with four free parameters: the infall time scale and radial dependence, the star formation efficiency
at the center of the galaxy and the outflow mass loading factor.

Theoretical models just by accounting for pure star formation processes are used by Belfiore et al.
(2019) to reproduce the 12+log(O/H) radial gradients and trends observed by Belfiore et al. (2017).
Indeed, they were able to reproduce the slight drop found in massive galaxies (> 109> M) in the
innermost parts, and also positive gradients for low mass galaxies (< 10° M,). However, they also
warned against the degeneracy of the free parameters of their models as well as on the effects of the
calibration used to estimate chemical abundances on the gas-phase ISM.

More recently, based on hydrodynamical simulations, Tapia-Contreras et al. (2025) obtained
departures from the 12+1log(O/H) single linear radial profile. By just accounting for the same effects
(inflows, outflows and star formation efficiency), they report that some systems experience breaks
depending on the dominant mechanism for gas dynamics at a different scales. They detect some
inner parts with significant steeper negative slopes than in the outer parts, and they concluded this
is due to an increase of the star formation activity due to past infalls of gas. On the other hand, they
also report that some galaxies experience an inner drop, i.e., a change in the slope from negative
(outer) to positive (inner). They conclude that they are driven by metal-rich outflows, and that they
have shorter life times. They also find that galactic fountains as well as gas-inflows might introduce
changes in the outer parts of the 12+log(O/H) profile.

Both approaches, the theoretical model by Belfiore et al. (2019) as well as the predictions from
hydrodynamical simulations (Tapia-Contreras et al., 2025) evidence that several factors compete
in the shape of metallicity radial gradients, and that the general assumption of a single, negative,
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profile as predicted by the inside-out scenario might not be accurate in several cases (e.g. Pilyugin &
Tautvaisiené, 2024; Sdnchez-Menguiano et al., 2018). However, both approaches ignore the influence
of AGN activity in their evolutionary scenarios.

Infalls >> Outflows
| Infall dominated |

Evolving oM NIO

JUUCL LT

RN

Re Re

Infalls ~ Outflows
| Inside-out evolution |

hEL L LT ~
.
~

Infalls << Outflows

|  Quenching |

Galaxy Bathtub model
OH | =a--ug, N/O

JUUCL LT

Figure 4.12: Adapted scheme from the bathtub model proposed by Lilly et al. (2013). Left part shows the
scheme of galaxy flows within the galaxy. Right part shows the expected gas-phase ISM
metallicity radial gradients for different scenarios. Continuous tracks of the gradients show
evolving systems, whereas dashed tracks show the expected behavior for already evolved
systems.

Using as starting point the bathtub model from Lilly et al. (2013), we just added an extra com-
ponent representing the AGN. The expected behavior for the AGN would be similar to the effects
of long-lived stars in the closed-box models: a sinking point. As the AGN feeds from gas, that
gas would be captured in the closest parts such as the Narrow Line Region (NLR) and the Broad
Line Region (BLR), and from there they will eventually feed the SMBH. Part of the gas captured
might eventually be expelled through the AGN-driven outflows, similar to the outflows expected in
the star-formation that would lead to the long-lived stars. In short, a fraction of the gas would be
captured by the AGN (inflows) and part would be returned (outflows). We represent this small
re-adaption on Fig. 4.12.

Therefore, considering all these factors, we propose three main scenarios, distinguishing in each of
them between evolving and already evolved systems, which essentially imply low-mass or massive
galaxies:

e Inside-out: This scenario is reached when there is equilibrium between the different hydrody-
namical processes that affect the gas and allows its secular evolution.
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— For evolving systems we expect that both O/H and N/O radial profiles show clear
negative slopes. We do not detect any clear example of this scenario in our sample of
galaxies, indicating that most of them are already evolved systems.

— For already evolved systems we expect a mildly negative or mostly flatten 12+log(O/H)
profile for our sample, whereas the log(N/O) gradient shows a steeper profile. In this
case, the HII regions in the log(N/O) vs 12+log(O/H) diagram should be located in
a very tight range of oxygen abundances, with an increasing N/O as they are located
closer to the nuclear part. This is the case of galaxies such as GAL 7990 — 12704, GAL
8331 — 6102 or GAL 8984 — 12705.

In all these cases, we report that the abundances in the NLR of the AGN might not reflect the
expected trend as the gas might have been captured at a different epoch (e.g. GAL 7990—12704)
or there are hints of inflows that have not yet perturbed 12+log(O/H) (e.g. GAL 8331 — 6102).

o Infall dominated: This is the expected scenario when inflows dominate the gas dynamics in
the inner parts. We also report that it could be the case in which the inflow might shape the
whole radial profile as it is the case in GAL 10510 — 6103 and GAL 8141 — 6102.

- For evolving systems we expect a drastic change in the slope of the 12+log(O/H) radial
profile, presenting negative slopes in the outer parts and positive slopes in the inner
parts. At the same time, the log(IN/O) radial profile should reflect the expected behavior
from the inside-out scenario or, some small changes in the slope due to the mixing. The
position of the HII regions in the log(N/O) vs 12+log(O/H) displays an inverted “c”
with the lower tail populated by middle/outer regions and the upper tail populated by
inner regions. This is the case for GAL 11838-3794, GAL 11746 — 9102, GAL 8134 — 9102
or GAL 8549 — 3703.

— For already evolved systems, we expect that the inner parts of the 12+log(O/H) radial
profile shows a positive slope whereas the outer part is mainly characterized by a flat
profile. The log(N/O) profile reflects again a mildly negative or almost flat profile. In
this scenario, the log(N/O) vs 12+log(O/H) diagram for HII regions shows a vertical
relation for the middle/outer regions, and an horizontal branch for the inner regions,
with high N/O ratios and a wide range of values for 12+log(O/H). This is the case for
GAL 10842 —12704, GAL 11945 — 3704, GAL 12078 — 12703 or GAL 7495 — 12704 (among
many others).

Contrary to the inside-out scenario, there seems to be a better agreement between the trends
and the abundances estimated in the NLR region of AGN. This would reinforce our proposed
scenario, as the infall would feed the AGN and, thus, the metallicity in the NLR should follow
the trend.

e Quenching: This is the expected scenario for an outflow dominated system. Due to the galactic
winds driven by the AGN, extreme star formation processes or both, gas is removed from the
inner parts and expelled to the halo (in less massive systems) or the outskirts of the galaxy
(for massive systems), and thus, preventing the chemical enrichment of the inner parts due
to the suppression of star formation. As the secondary production of nitrogen is delayed with
respect to oxygen, it is expected that the effects are less notorious in the log(N/O) gradient as
those stars can contaminate the remaining gas.

— For evolving systems, this scenario predicts metallicity gradients with at least one break
for both 12+log(O/H) and log(N/O). The slopes for both cases change from negative
(outer parts) to positive (inner parts), as the quenching process is preventing the chemical
enrichment in the inner parts, whereas the outer parts can be enriched by this material
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or remain unaffected following the inside-out scenario. However, due to the time delay
in nitrogen production, the profile for the log(IN/O) gradient might just reflect a change
in the absolute value of the slope rather than in the sign. With respect to the log(IN/O)
vs 124+log(O/H) diagram, HII regions from inner parts and outer parts are expected
to coexist in the same range of O values, and with some differentiation in the N/O
values (being higher for the inner parts). This is the case for GAL 104519 — 9102, GAL
1190 — 6103 or GAL 8258 — 12704.

- For evolved systems, we expect a similar behavior in the log(N/O) radial profile to the
evolving system scenario, but 12+log(O/H) should reflect a change from an almost
flat gradient (outer parts) to a positive slope (inner parts). The expected behavior in
the log(N/O) vs 12+log(O/H) diagram will depend on how much nitrogen can be
produced after the gas removal. If little is produced, then a clustering of HII regions in
similar positions within the diagram is expected, and with independence of the distance.
On the contrary, if the remaining gas (which can be more easily polluted as it is less
abundant) is contaminated with nitrogen, then an anti-correlation (or flat distribution)
in the log(N/O) vs 12+log(O/H) diagram is expected: inner HII regions would reflect
moderate N /O ratios but low O/H abundances, and outer parts would reflect higher
O/H values and moderate to low N/O values. This is the case for GAL 10839 — 12795,
GAL 11013 — 6104, GAL 7964 — 9102 or GAL 8080 — 12703 (among many others).

In this case, the metallicity of the NLR of the AGN might be a footprint of the gas-phase
metallicity of the ISM that was expelled, but also it can be driven away by the same AGN-driven
outflows, lowering its metallicity.

Although we understand that many physical processes at micro- and macro-physical scales play
a role in the evolution of metallicity radial gradients, our adapted model helps providing a physical
explanation to the observed results in the case of our sample of LINER-like galaxies. The strength
of the different processes and the properties of the host galaxy are important actors in determining
the scenario. For instance, the quenching (or outflow dominated) scenario might lead to galactic
fountains as gas might be captured and accreted again into the galaxy. We suspect this is the case
for GAL 10215 — 3703 or GAL 8078 — 12703. Both galaxies exhibit in the most outer parts values of
12+1log(O/H) and log(N/O) that mimic the inner parts of their galaxies (even the values derived
for the NLR of the AGN).

The processes that are shaping the galactic radial gradients, specifically in the inner parts, are
mainly inflows and outflows. Evidences for outflows driven by LLAGNs have been reported in
the literature (Cazzoli et al., 2018, 2022; Hermosa Mufioz et al., 2022, 2024; Masegosa et al., 2011).
Hot accretion flows are expected to power LLAGNSs (e.g. Ho, 2008; Marquez et al., 2017), but
reported evidences for such inflows have been provided in counted cases (see the case for M87;
Yuan et al., 2022). On the other hand, powerful inflows and outflows can also be observed in
star-forming dominated systems. For instance, Pérez-Diaz et al. (2024a) provided indirect evidence
of gas inflows diluting metallicity and enhancing star formation in interacting galaxies. Powerful
outflows are also expected and reported in galaxies classified as starbursts (see reviews by Veilleux
etal.,, 2005, 2020, and references therein). Very recently, Tapia-Contreras et al. (2025) have shown
that these hydrodynamical processes driven by star formation can drastically affect the shape of
metallicity radial gradients finding similar results to ours. Overall, we cannot rule out that the star
formation processes are also contributing to the AGN-driven hydrodynamical processes that shapes
of metallicity gradients.
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4.7 CONCLUSIONS

We studied the gas-phase metallicity radial gradients (12+log(O/H) and log(N/O)) in a sample of
97 LINERs from SSDS-IV MaNGA, whose central abundances were previously analyzed in Paper 1.
We selected galaxies whose nuclear regions are dominated by LINER-like activity, while the rest of
analyzed active regions through their disks are powered by star formation (as also demonstrated
by means of the diagnostic diagrams). We used HCwm to estimate chemical abundances both in the
nuclear and disk regions, allowing us to perform a consistent analysis while keeping track of their
differences in the ionizing sources. We applied a piecewise methodology to fit those metallicity
gradients allowing breaks as a consequence of changes in the slopes. Our results are summarized
as follows:

1. The majority of our sample of galaxies exhibit departures from the single linear radial gradient
both in 12+log(O/H) and log(N/O) (as would be expected from the inside-out scenario).
Particularly, for 12+log(O/H) gradients we found that only 23 galaxies (23.7%) show the
characteristic single linear fit, whereas 48 (49.5%) exhibit one break and 26 galaxies (26.8%)
exhibit two. In the case of log(N/O) gradient profiles, we obtained that 41 (42.3%) galaxies
are well reproduced by the single linear profile, 43 galaxies (44.3%) exhibit one break and 13
galaxies (13.4%) two breaks.

2. We obtained that for a given galaxy, the 12+log(O/H) and log(N/O) radial profiles do not
follow the same trend and the positions found for the breaks are different. Moreover, for a
given 12+log(O/H) radial profile, it is more likely that the log(N/O) one presents a different
shape. This is in general agreement with the expected time delay between oxygen an nitrogen
production.

3. We did not obtain any correlation between the general shape of the metallicity radial profiles
(breaks, slopes, intersects) and stellar mass of galaxies. Only in the outer (middle) parts
of galaxies exhibiting one (two) break(s) that are characterized by negative gradients we
obtained a very weak anti-correlation as previously reported, although it is not statistically
significant.

4. We propose an adaptation of the bathtub model (accounting for AGN feed and feedback) as
a driver for the departures from the inside-out scenario. On the one hand, infalls supplying
gas to the AGN and innermost parts might be the dominant mechanism for galaxies with
a broken profile in the 12+log(O/H) radial profile and with an almost unaltered log(N/O)
one. On the other hand, outflows removing gas from the inner parts and favoring quenching
might explain the broken profiles seen simultaneously in log(N/O) and 12+log(O/H).

5. The observational effects of the imbalance between inflows and outflows in the metallicity
radial gradients might depend on the evolutionary stage of the galaxy: being mild in galaxies
already chemically evolved.

6. The chemical content of the gas-phase ISM surrounding the AGN (NLR) seems to be more
representative of the chemical footprints of the inner parts of the galaxy, whereas the chemical
content as derived from the metallicity gradient at the effective radius seems to be more
representative of the galaxy as a whole when accounting for global properties such as the
mass-metallicity relation.

Our studies employing a robust methodology to analyze a sample of galaxies, in which the AGN
activity is not dominant at all scales, point towards that AGN feedback, together with star formation,
might be drivers of the hydrodynamical processes that are shaping metallicity radial gradients in
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disk galaxies, although a comparative study with a consistent methodology between star-forming
dominated galaxies and these LINERs (forthcoming work) might give us more insights into this
scenario. Additionally, this sample can be later on explored with high-resolution spectroscopic data
of the inner parts of the galaxies to provide a more precise quantification on the effects of AGNs at
different scales.
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UNVEILING CHEMICAL ENRICHMENT THROUGH INFRARED EMISSIONS
LINES

Chapter based on the publication: B. Pérez-Diaz, E. Pérez-Montero, ]. A. Ferndndez-Ontiveros and J. M.
Vilchez (2022) “Measuring chemical abundances in AGN from infrared nebular lines: HII-CHI-MISTRY-IR
for AGN”, published in Astonomy & Astrophysics, volume 666, A115, doi:10.1051/0004-6361/202243602.

5.1 ABSTRACT

Future and on-going infrared and radio observatories such as JWST, METIS, and ALMA will increase
the amount of rest-frame IR spectroscopic data for galaxies by several orders of magnitude. While
studies of the chemical composition of the interstellar medium (ISM) based on optical observations
have been widely spread over decades for star-forming galaxies (SFGs) and, more recently, for
active galactic nuclei (AGN), similar studies need to be performed using IR data. In the case of AGN,
this regime can be especially useful given that it is less affected by temperature and dust extinction,
traces higher ionic species, and can also provide robust estimations of the chemical abundance
ratio N/O. We present a new tool based on a Bayesian-like methodology (HII-CHI-Mistry-IR) to
estimate chemical abundances from IR emission lines in AGN. We use a sample of 58 AGN with
IR spectroscopic data retrieved from the literature, composed by 43 Seyferts, eight ultraluminous
infrared galaxies (ULIRGs), four luminous infrared galaxies (LIRGs) and three low-ionization
nuclear emission line regions (LINERs), to probe the validity of our method. The estimations of the
chemical abundances based on IR lines in our sample are later compared with the corresponding
abundances derived from the optical emission lines in the same objects. HII-CHI-MistrY-IR takes
advantage of photoionization models, characterized by the chemical abundance ratios O/H and
N/O, and the ionization parameter U, to compare their predicted emission-line fluxes with a set of
observed values. Instead of matching single emission lines, the code uses some specific emission-line
ratios that are sensitive to the above free parameters. We report mainly solar and also subsolar
abundances for O/H in the nuclear region for our sample of AGN, whereas N/O clusters are around
solar values. We find a discrepancy between the chemical abundances derived from IR and optical
emission lines, the latter being higher than the former. This discrepancy, also reported by previous
studies of the composition of the ISM in AGN from IR observations, is independent of the gas
density or the incident radiation field to the gas, and it is likely associated with dust obscuration
and/or temperature stratification within the gas nebula.

5.2 INTRODUCTION

Active galactic nuclei (AGN) are among the most luminous objects in the Universe, and can therefore
be studied up to very high redshift. The interstellar medium (ISM) surrounding these nuclei is
ionized by very energetic photons that are radiated from the accretion disk and jets around the
supermassive black hole (SMBH). This ionization is partially reemitted in the form of strong and
prominent emission lines, which can provide information on the physical and chemical properties
of the region from where they originated.

Since the nebular line properties depend on the chemical composition of the ISM gas, their
relative fluxes can be used to quantify the abundances of elements heavier than hydrogen and
helium, known as metals (see Maiolino and Mannucci 2019 for a thorough review). While the
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primordial Big Bang nucleosynthesis explains the observed abundances of hydrogen or deuterium,
as well as a significant fraction of helium and a small fraction of lithium (Cyburt et al., 2016), nearly
all other elements are produced by stellar nucleosynthesis in the cores of stars, driven to their
surfaces by convective flows and, in the late stages of their lives, are finally ejected into the ISM by
stellar winds and supernovae (see review from Nomoto et al. 2013). Thus, the analysis of chemical
abundances at different redshifts can provide key information on galactic evolution throughout
different cosmological epochs.

The oxygen abundance (usually represented as 12+log(O/H)) is widely used as a proxy of the
metal content in the ISM of galaxies, since O is the most abundant metal in mass and its presence
can be easily detected through strong emission lines in the ultraviolet (UV), optical, and infrared
(IR) range (Osterbrock & Ferland, 2006). Another quantity relevant for analyzing the past chemical
evolution of the ISM in galaxies is the nitrogen-to-oxygen abundance ratio, represented as log(N/O).
This relative abundance provides essential information on the build-up of heavy elements from
stellar (Chiappini et al., 2005) to galactic (Vincenzo & Kobayashi, 2018) scales because it involves a
primary metal, O, and another one, N, which may have a secondary origin. In the low-metallicity
regime (i.e., 12+log(O/H) < 8.0), N is expected to be primarily produced by massive stars, thus
N/O basically a constant shows value. However, in the high-metallicity regime, N has a significant
contribution from a secondary production channel, as it is formed via the CNO cycle in intermediate-
mass stars, and therefore N/O tends to increase with O/H (e.g. Pérez-Montero & Contini, 2009).This
correlation between O/H and N/O has been determined in studies of chemical abundances in
star-forming galaxies (SFGs) and HII regions in galaxies using optical observations from nearby
and distant galaxies (e.g. Andrews & Martini, 2013; Hayden-Pawson et al., 2022; Masters et al.,
2016; Pilyugin et al., 2004; Vila-Costas & Edmunds, 1993), although it has also been reported
that some groups of galaxies deviate from this behavior (Amorin et al., 2010; Guseva et al., 2020;
Pérez-Montero et al., 2021). Thus, the N/O determination does not only provide key information
on the metal production in the ISM, but is also a necessary step in the determination of oxygen
abundances when nitrogen lines are involved.

For decades, many studies have been devoted to analyzing the chemical composition of the
gas-phase in SFGs using optical emission lines (e.g. Garnett & Shields, 1987; Lequeux et al., 1979;
McClure & van den Bergh, 1968; Pilyugin et al., 2004; Thuan et al., 1995). Several techniques have
been developed for that purpose: i) the T,-method (also known as direct method), which measures
the line ratios of specific collisional emission lines (CELs), sensitive to the electron temperature and
density, to directly derive the abundances of the main ionic species (e.g. Aller, 1984; Osterbrock
& Ferland, 2006); ii) by means of photoionization models to reproduce the observed CELs and
then constrain chemical and physical properties of the region, using several codes such as CLouby
(Ferland et al., 2017), MaprinGs (Sutherland & Dopita, 2017), or Suma (Contini & Viegas, 2001);
and iii) the use of empirical or semiempirical calibrations between accurate chemical abundances
and the relative fluxes of strong emission lines (e.g. Curti et al., 2017; Pérez-Montero & Contini,
2009; Pilyugin & Grebel, 2016). Furthermore, new approaches take advantage of more than one of
the above techniques at the same time, such as HII-CHI-Mistry (hereinafter HCwm; Pérez-Montero
2014 ), which uses sensitive ratios to chemical abundances to search for the best fit among a grid of
photoionization models.

In recent years, the analysis of chemical abundances in the gas-phase of HII regions has been
extended to the narrow line region (NLR) in AGN (e.g. Contini & Viegas, 2001; Dors et al., 2015;
Flury & Moran, 2020; Pérez-Diaz et al., 2021; Pérez-Montero et al., 2019a; Storchi-Bergmann et al.,
1998; Thomas et al., 2019). This region of the ISM, located between ~ 10 pc and a few kpc (Bennert
et al., 2006b, 2006¢), is characterized by an electron density, n,, typically in the 102 — 10* cm™3
range, and an electron temperature of T, ~ 10* K (Netzer, 2015; Vaona et al., 2012). Although these
physical conditions may not depart significantly from to those of the ISM in HII regions (Osterbrock
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& Ferland, 2006), the source and the shape of the ionizing continuum are completely different
in both cases: the accretion disk in AGN, which produces a power-law-like continuum extending
to high energies; and a thermal-like continuum from massive O- and B-type stars in HII regions.
This difference has profound effects on the emission-line spectrum, as some highly ionized species
are not found in HII regions, while their contribution is not negligible in AGN due to the harder
radiation fields involved (Flury & Moran, 2020; Kewley et al., 2019). Thus, the techniques developed
for the metal content study in SFGs must take these differences into account when applied to the
AGN case (e.g. Carvalho et al., 2020; Dors et al., 2015; Flury & Moran, 2020; Pérez-Diaz et al., 2021;
Pérez-Montero et al., 2019a).

Chemical abundances can also be derived using emission lines in the UV range. This is the case
for galaxies at redshift z = 1 — 2, where UV lines can be measured by optical telescopes, allowing
the determination of chemical abundances in SFGs (e.g. Berg et al., 2016; Dors et al., 2014; Erb
et al., 2010; Pérez-Montero & Amorin, 2017) and in AGN (Dors et al., 2019). In these cases, besides
the oxygen abundance 12+log(O/H), it is also important to constrain the carbon-to-oxygen ratio
log(C/0O), since C emits strong UV emission lines that are easily detected and, as N, it is also a
metal with both primary and secondary origins.

Nevertheless, the determination of chemical abundances using optical and, above all, UV emission
lines, can be seriously affected by reddening. In particular, deeply dust-embedded regions may
go unnoticed by optical and UV tracers, which therefore will not be able to probe their content
of heavy elements. In addition, the optical and UV CELs present a non-negligible dependence
on some physical properties of the ISM, such as the electron temperature (T,) or the electron
density (n,), which are difficult to take into consideration, either in empirical calibrations or in
models. These problems do not arise when chemical abundances are derived from IR emission
lines. The relative insensitivity of IR lines to interstellar reddening allows us to peer through the
dusty regions in galaxies (Ferndndez-Ontiveros et al., 2021; Nagao et al., 2011; Pereira-Santaella
et al., 2017). In addition, the negligible dependence of the IR line emissivity on T, (see Fig. 1 in
Ferndndez-Ontiveros et al., 2021) avoids the large uncertainties in the temperature determination
that affects the abundances based on optical lines. For instance, Dors et al. (2013) suggest that
extinction effects and temperature fluctuations might be an explanation for the discrepancy between
optical and infrared estimations of the neon abundances. Temperature fluctuations have also been
reported in previous works, for example, Croxall et al. (2013) analyzing a sample of HII regions in
NGC628 used fine-structure IR and also optical emission lines. An example of the effect of dust
obscuration can be found in Ferndndez-Ontiveros et al. (2021), where they estimate twice the
metallicity of NGC 3198 from IR emission lines when comparing with their optical estimations.

In recent decades, several IR spectroscopic telescopes, such as the Infrared Space Observatory
(ISO, covering the 2.4 — 197 ym range, Kessler et al. 1996), the Spitzer Space Observatory (5 — 39
pum, Werner et al. 2004), the Herschel Space Observatory (51 — 671 ym, Pilbratt et al. 2010) and the
Stratospheric Observatory for Infrared Astronomy (SOFIA, covering the 50 — 205 ym range, Fischer
et al. 2018), have provided essential information of these emission lines for a considerable amount
of sources. Moreover, upcoming missions such as the James Webb Space Telescope (JWST, which
will cover the 4.9 — 28.9 ym range with the Mid-InfraRed Instrument MIRI, G. H. Rieke et al.
2015; Wright et al. 2015) and the Mid-infrared ELT Imager and Spectograph (METIS, covering the
N-band centered at 10ym, Brandl et al. 2021) will increase the amount of information from IR
observations of local galaxies, significantly improving recent studies of chemical abundances based
on IR emission lines (Ferndndez-Ontiveros et al., 2021; B. Peng et al., 2021; Spinoglio et al., 2021)
and laying the foundations to extend the analyses to higher redshifts (z > 4) with the Atacama Large
Millimeter /submillimeter Array (ALMA) (Wootten & Thompson, 2009).

In this work we present an IR version of the method HCwm developed by (Pérez-Montero, 2014)
to derive chemical abundances from optical emission lines in SFGs, and later extended to the NLR
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region of AGN by Pérez-Montero et al. (2019a) (hereinafter denoted as PM19). This version of
HII-CHI-MistrY-IR, or HCMm-IR, complements the work done by Fernandez-Ontiveros et al. (2021)
(hereinafter denoted as FO21) for SFGs. By taking advantage of a grid of photoionization models
covering a wide range in 12+log(O/H), log(N/O), and log(U), our method computes these three
parameters by fitting emission-line ratios that are sensitive to those quantities.

The work is organized as follows. In Sec. 5.3 we describe a sample of galaxies with available
spectroscopic IR data used to check the method. This sample is composed of Seyferts, ULIRGs,
LIRGs and LINERs, which show Ne** emission lines characteristic of AGN activity (Genzel et
al., 1998; Pérez-Torres et al., 2021). In Sec. 5.4 we describe the methodology underlying HCm-IR,
including the emission-line ratios used to estimate chemical abundances and the differences with
those proposed by FO21 when applied to the AGN case. In Sec. 5.5 we present the main results from
HCwm-IR for our sample of galaxies, also comparing them with estimations from optical observations.
In Sec. 5.6 we present a full discussion on these results and we summarize in Sec. 5.7 the main
conclusions from this work.

5.3 SAMPLE

To probe the validity of the diagnostics detailed in Sec. 5.4, we compiled a sample of 58 AGN
with spectroscopic observations in the mid- and far-IR ranges from Spitzer/IRS (Houck et al., 2004;
Werner et al., 2004 ) and Herschel /PACS (Pilbratt et al., 2010; Poglitsch et al., 2010), respectively. Most
of the galaxies (48) were drawn from the IR spectroscopic atlas in Ferndndez-Ontiveros et al. (2016),
corresponding to the objects with a detection of a hydrogen recombination line in the IR range,
namely Brackett-a at 4.05um (Bra), Pfund-« at 7.46um (Pfa), or Humphreys-« at 12.4ym (Hux).
The sample was completed with nine galaxies with available additional SOFIA/FIFI-LS observations
(Fischer et al., 2018; Temi et al., 2014) of the [N 1] A57um and/or the [OIII]A,A52, 88um lines from
Spinoglio et al. (2021). Thus, the sample selection maximizes the number of AGN galaxies with
detections of these lines, which allows us to obtain N/O abundance ratios that are independently
derived from the oxygen abundance.

The Bra and Pfa line fluxes were collected from the literature, while new measurements of the
Hua line for 11 galaxies are presented in this work (see Tab. A.10). The latter were obtained from
the calibrated and extracted Spitzer/IRS high-resolution spectra (R = 600) in the CASSIS database
(Lebouteiller et al., 2015). The line flux was measured by direct integration of the spectrum at the
rest-frame wavelength of the line, subtracting the continuum level derived from a linear polynomial
fit to the adjacent continuum on both sides of the line. The final sample thus consists of 17 Seyfert 1
nuclei (Sy1), 14 Seyfert nuclei with hidden broad lines in the polarized spectrum (Sy1h), 12 Seyfert
2 nuclei (Sy2), three LINERs, four LIRGs and eight ULIRGs.

We present in Fig. 5.1 a classification of our sample of AGN based on the so-called BPT-IR" diagram
(Ferndndez-Ontiveros et al., 2016). In contrast with the optical diagnostic diagrams (Baldwin et al.,
1981; Kauffmann et al., 2003; Kewley et al., 2006), the axes on the BPT-IR diagram represent ratios of
the different ionized states for the same element, in other words, they do not show any dependence
on the chemical abundances. Although pure AGN models (blue) do not cover the region where
ULIRGsS, LIRGs, and LINERs fall, a significant amount of our Seyfert sample are in agreement
with AGN-dominated models. We also represent the same models from Fernandez-Ontiveros et al.
(2016) for dwarf galaxies and SFGs, and we find that they do not cover the region where our sample
of AGN is located, implying that part of our sample shows both star-formation and AGN activity.
Nevertheless, the detection of Ne** IR lines in these galaxies supports the idea that AGN activity

1 As analogous to the optical diagnostic diagrams, also called Baldwin, Phillips & Terlevich (BPT) diagrams.
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dominates our sample (Armus et al., 2007; Genzel et al., 1998; Izotov et al., 2012; Pérez-Torres et al.,
2021).
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Figure 5.1: BPT or diagnostic diagram in the IR range, proposed to distinguish between spectral types
(Ferndndez-Ontiveros et al., 2016). (a) Models computed with CLoupy v1y (Ferland et al., 2017)
are presented as lines: black for SFG models computed from the library STARBUST99 (Gonzalez
Delgado & Leitherer, 1999) with 12+log(O/H) = 8.69 and log(N/O) = —0.86; magenta for dwarf
models computed from a starburst of ~ 10° yr with 12+log(O/H) = 8.0 and log(N/O) = —0.86;
and blue for AGN models computed from the same SED used in this work (¢ox = —0.8 and
ay = —1.0, see Sec. 5.4) with 12+log(O/H) = 8.69 and log(N/O)= —1.0. For all models, dotted
lines trace models with the same electron density (ranging 10 — 107 cm~3), while dashed lines
represent fixed values of the ionization parameter U. (b) The diagram now shows the separation
line proposed in this thesis, based on Eq. (2.4).

5.4 PHOTOIONIZATION MODELS AND ABUNDANCE ESTIMATIONS

Chemical abundances (O/H and N/O) and the ionization parameter (U) were derived using an
updated version of the Python code HII-CHI-Mistry-IR* (FO21) from IR emission lines, adapting it
to work for AGN by using the same models used for the optical version of the code, and described
in PM19. We denote the optical version as HCwm, while its infrared version presented here will be
denoted as HCm-IR. We follow the methodology used by FOz21, taking into account some differences
that arise when considering AGN instead of SFG models.

5.4.1  Grids of AGN photoionization models

HCwm-IR estimates chemical abundances (O/H and N/O) and U using a Bayesian-like calculation, by
comparing certain observed IR emission-line flux ratios with the corresponding values as predicted
by large grids of photoionization models. The models were computed using Croupy vi7 (Ferland
et al., 2017) and they are the same as those employed by PM19. In these models, the gas phase is
characterized by an electron density of 1, = 500 cm~3. All models assume a standard dust-to-gas
mass ratio and the gas-phase abundances were scaled in each model to O following the solar
photospheric proportions reported by Asplund et al. (2009), with the exception of N, which is
considered as a free parameter in the grids for an independent estimation of the N/O ratio. The
source of ionization is an AGN spectral energy distribution (SED) composed by a Big Blue Bump
peaking at 1 Ryd and a power law for X-ray nonthermal emission characterized by ax = —1.0. The
continuum between UV and X-ray ranges is represented by a power law with an index of x5y = —0.8
orapyx = —1.2. The filling factor was set to 0.1 while two stopping criteria were considered: a fraction

2 All versions of the HII-CHI-Mistry code are publicly available at: http://www .iaa.csic.es/~epm/HII-CHI-mistry.html.
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Table 5.1: Computed critical densities [cm~2] for fine structure IR lines from Pynes (Luridiana et al., 2015)
for different electron temperatures.

Emissionline | T,=5-103K T,=1-10*K T,=15-10*K T,=2-10*K T,=25-10°K T, =3-10*K
[S1v]A10.5um 4.0-10% 5.6-10% 6.9 -10% 7.9-10% 8.8-10% 9.6-10%
[Nen]A12.8m 4.6-10° 6.3-10° 7.4.10° 8.4-10° 9.2.10° 1.0-10°
[Nev]A14.3um 1.8-10% 3.2.10% 4.7 -10* 6.3-10% 7.8-10% 9.3.10%
[Nem]A15.6m 1.5-10° 2.1-10° 2.5.10° 2.8-10° 3.0-10° 2.9.10°

[Sm]A18um 8,173 1.2-10% 1.5-10% 1.7 -10% 1.8-10* 2.0-10%

[Nev]A24pm 3579 5952 8426 1.1-10% 1.3-10* 1.6-10%

[Ov]A26um 8387 9905 1.2-10% 1.3-10% 1.4-10 1.5-10%

[Sm]A33um 980 1417 1801 2140 2425 2686

[Om]A52um 2753 3530 3879 4082 4233 4418

[Nm]A57 um 1180 1519 1723 1859 1938 1971

[Om]A88um 388 501 569 620 662 704
[Nu]A122um 198 238 256 267 276 283
[N 1u]A205um 30 38 44 47 51 54

of free electrons of 2% or 98%. Thus, a total of four grids of photoionization models (i.e., assuming
two different values for oy and two different stopping criteria) can be considered and selected by
the user in an iterative process while running HCwm-IR. Hereafter, we discuss the grid of models
corresponding to aox = —0.8 and a stopping criteria of 2% of free electrons. The effects of using
different grids will be discussed in Sec. 5.4.5.

The grids cover a range from 12+log(O/H) = 6.9 to 9.1 in steps of 0.1 dex, a range from log(N/O)
= —2.0t0 0.0 in steps of 0.125 dex, and a range from log(U) = —4.0to — 0.5 in steps of 0.25 dex. The
behavior of some of the emission-line ratios used by the code shows a bivaluation in the [ 4.0, —2.5]
and [—2.5, —0.5] ranges. This behavior for some optical emission-line ratios was also discussed in
PM1g and reported by Pérez-Diaz et al. (2021). For this reason, the grids are constrained to certain
U ranges by considering two branches: the low-ionization branch, which covers the [ 4.0, —2.5)
range, and the high-ionization branch, covering [-2.5, —0.5].

The code takes as input the following IR emission lines: H1A4.05pm, H1iA7 46pm, [S1v]A10.5um,
HiA12.4um, [Nen|A12.8yum, [Ne v]A14.3um, [Nem]A15.6um, [S1|A18um, [Ne v]A24um, [O1v]|A26um,
[Sur]A33um, [Om|A52um, [N1]A57um, [Om]A88um, [N 1]A122um, and [N 11]A205um, which can
be introduced in arbitrary units and are not necessarily reddening-corrected. Since our AGN models
consider a higher electron density than SFG models used by FO21 (AGN models assume 7, = 500
cm~3 while SFG models assumed 7, = 100 cm~2), special attention must be paid to the critical den-
sity of the emission lines, which are much lower than those that characterize optical emission lines
(e.g. Osterbrock & Ferland, 2006). Considering different electron temperatures T, characteristic of
the ionic species in our models, we summarized in see Tab. 5.1 the critical densities for all emission
lines used as inputs with Pynes (Luridiana et al. 2015). Therefore, from the set of lines used by
HCwm-IR for SFG models (FO21), we omitted three of them due to their relatively low critical densi-
ties when compared to the electron density adopted for the models [N1r]A205um, [N 11]A122um,
and [Om|A88um. The code only takes into account [O m|A88yum when [O1m]A52um is missing,
although we warn that observed emission lines may deviate from predictions due to contributions
of diffuse ionized gas (DIG), leading to uncertainties in the estimated chemical abundances.

In addition, we omitted the emission line [S1]A33um, which is an input for the SFG version of
the code. Despite being stronger than [Smi]A18um, the introduction of this emission line in the
calculations of the code leads to wrong estimations of both O/H and U (see Sec. 5.4.4 for more
details). Also, in contrast with the input used for SFGs, we consider [Ne v] emission lines, which are
preferentially detected in infrared observations of galaxies hosting AGN (Armus et al., 2007; Genzel
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et al., 1998; Izotov et al., 2012; Pérez-Torres et al., 2021), and the [O1v] emission line, characteristic
of AGN activity (LaMassa et al., 2010; Meléndez et al., 2008; Rigby et al., 2009) since it can only be
marginally produced in extremely highly ionized (log(U) = —1.5) star-forming regions.

Instead of matching single emission lines to predicted observations, HCm-IR uses particular
emission-line ratios (listed below) to match observations and predictions. Then, the abundances
O/H, N/O, and U are calculated following a x> methodology, being the mean of all input values of
the models weighted by the quadratic sum of the differences between observations and predictions,
which is the same methodology described in PM19. After the first iteration, N/O is fixed and the
grid of models is constrained. Then, O/H and U values are calculated in later iterations considering
the already constrained model grids. When errors on the emission-line fluxes are provided, the
code also takes them into account in the final uncertainty of the estimations with a Monte Carlo
simulation by perturbing the nominal input emission-line fluxes in the range delimited by their
corresponding error.

5.4.2 N/O estimation

To estimate N/O, HC™m-IR considers two emission-line ratios. The first one is N3O3, proposed
by several authors (e.g. Ferndndez-Ontiveros et al., 2021; Nagao et al., 2011; B. Peng et al., 2021;
Pereira-Santaella et al., 2017), which is an infrared analog of the estimator N2O2 usually used in the
optical range due to its effectiveness for both AGN and SFGs (Pérez-Montero et al., 2019a) to derive
the same abundance ratio (e.g. Pérez-Montero & Contini, 2009). The N3O3 tracer is defined as:

I ([NIII]57ﬂm) )
I ([0111]52]4,”)

Our definition of N303 only takes into account [O m]A52um because the other [O 1] IR emission
line presents a critical density close to the electron density of our models, in contrast to the same
estimator defined for star-forming regions as described by FO21, which also takes into account
[Om|A88um. When [Om1]A52um is not provided, the code calculates N3O3 using [Om1]A88ym.
This modification is only taken into account when the code is applied for AGN, but not in the case
of SFGs since the grid of models for those cases is calculated for 1, ~ 100 cm~3 (FO21). As for its
optical analog, this estimator has little dependence on U as shown in Fig. 5.2 (a). Moreover, our
grid of AGN models and the grid of SFGs show that this parameter is almost independent of the
spectral type, meaning there is little distinction between AGN and SFG models.

The second emission-line ratio used by the code to derive N/O is N3534, which takes advantage
on the primary origin of sulfur (as in the case of oxygen), is defined as:

I ([N 111]57;4,”) )
I ([SIII]lsym) +1 ([S IV]10;4m)

This ratio also correlates with N/O, presenting little dependence on O/H, as shown in Fig. 5.2 (b).
Moreover, this tracer also presents a tight correlation with N/O when SFG models are considered.
Thus, we have also added this estimator in the calculations of HCm-IR for SFGs, with the particular
difference that emission line [S11]A33um is also considered for SFGs.

Considering the behavior of the AGN models in both Figs. 5.2 (a) and (b), we obtain the following
linear calibrations using data from the photoionization models:

log (N303) = log ( (5.1)

log (N3534) = log( (5.2)

log (N/O) = (0.9839 + 0.0016) log (N303) + (—0.1389 + 0.0015) (53)
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log (N/O) = (0.727 + 0.007) log (N35S34) + (0.326 + 0.013) (5-4)

which can be used as alternative to the code to directly estimate N/O.
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Figure 5.2: Relations between different IR emission-line ratios with N/O . (a) Relation with N3O3 in our
sample. The colorbar shows estimations of log(U). AGN models for a fixed value of
12+1og(O/H) = 8.6 are presented as continuous lines, while dashed lines correspond to SFG
models for the same fixed value. (b) Relation with the N3534 estimator in our sample. The
colorbar shows estimations of 12+log(O/H). AGN models for a fixed value of log(U) = —2.0 are
presented as continuous lines, while dashed lines correspond to SFG models for the same fixed
value. For both plots, blank points indicate that no estimation can be provided of the colored
quantity. The following spectral types are represented: Seyferts 2 as circles; ULIRGs as squares;
LIRGs as triangles; and LINERs as stars.
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Figure 5.3: Relations of different ratios involving Ne IR emission-lines with O/H and log(U). (a) Relation
between the Ne235 estimator, using H14um, and 12+log(O/H) in our sample. The colorbar
shows estimations of log(U). (b) Relation between estimator Ne23Ne5 and log(Ul) in our sample.
The colorbar shows estimations of 12+log(O/H). For both plots, blank points indicate that no
estimation can be provided of the colored quantity. AGN models for a fixed value of log(N/O)
= —1.0 are presented as continuous lines, while dashed lines correspond to SFG models for the
same fixed value. The following spectral types are represented: Seyferts 2 as circles; ULIRGs as
squares; LIRGs as triangles; and LINERs as stars.

5.4.3 O/H and U estimations

Once N/O has been determined in a first iteration, as this involves emission-line ratios with little
dependence on other input parameters, the code estimates in a second iteration both O/H and

U from a

subgrid of models compatible with the previous estimation of N/O. Therefore, this
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Figure 5.4: Same as for Fig. 5.3, but for S34 and S354.

guarantees that no previous assumption between O/H and N/O is introduced. In case N/O cannot
be constrained due to the lack of key emission lines, a relation between O/H and N/O is assumed
by the code. By default, this relation is the one obtained by Pérez-Montero (2014) for star-forming
regions using chemical abundances based on optical emission-lines. However, this relation can be
modified by any user of the code adopting alternative laws within the corresponding libraries.

To estimate O/H and U, the code uses multiple emission-line ratios that are sensitive to the above
quantities. One of them is based on neon lines and comes from a modification of the estimator Ne23
proposed by Kewley et al. (2019) and FO21 to account for [Ne v] lines that are more prominent in
AGN than in SFGs. Then, accordingly, the estimator Ne235 for O/H can be defined as:

I([Nenlyy,, ) +1([Neml;s,, ) +1([Nevlyy,, ) +1([Nevly,, )
T(H) (55)

log (Ne235) = log(

with Hi; being one of the hydrogen lines that the code can take as input. In cases where more than
one of the hydrogen lines are introduced as input, HCm-IR calculates Ne235 for each hydrogen line,
taking all considered ratios in the resulting weighted-distribution. In addition, these same neon
lines are used to estimate log(U) from the ratio Ne23Ne5, defined as:

I ([Ne II]lzym) +1 ([Ne 111]15#”1) )
I(INeVlyy,,) +1([Nevlyy,,)

log (Ne23Neb) = log( (5.6)

which is a modification of the estimator Ne2Ne3 proposed by several authors (Fernandez-Ontiveros
et al., 2021; Kewley et al., 2019; Thornley et al., 2000; Yeh & Matzner, 2012) to account for the
high-ionic species of Ne, which are found in AGN. Fig. 5.3 (a) shows the behavior of Ne235 with
12+1log(O/H). There is little dependence on U and there is clear separation between SFG and AGN
models, which is explained by the little capacity of SFG models to produce [Nev]. Fig. 5.3 (b) shows
the relation between Ne23Ne5 and log(U). The behavior of the models, well reproduced by the
estimations in our sample, clearly shows the bi-valuation that forces the code to distinguish between
low- and high-ionization AGN. For low-ionization AGN models, little dependence is found on O/H,
while it has a more significant impact on the upper branch (i.e., high-ionization AGN models). The
lack of SFG models in this figure justifies the omission of [Nev] lines in SFG estimators.
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Another set of IR emission lines that HCM-IR uses to estimate O/H and U are the sulfur lines. To
calculate both quantities, the code uses the estimators S34 (FO21) and S354 (Ferndndez-Ontiveros
et al., 2021; Yeh & Matzner, 2012) respectively, defined as:

I([Smlig,,, ) + I([Sv]i0um
log (S34) = log ( ( 18u I)(HI,)< 101 ) ) (5-7)
I([S
log (S354) = log (M) (5.8)
I ([SIV]lO#m)

Our definitions of these two estimators differ from those used in FO21 since we omit [S1r]A33um
in our calculations. Fig. 5.4 (a) shows that S34 correlates with 12+log(O/H) and has also little
dependence on U, although in this case there is no clear separation between SFG and AGN models.
Fig. 5.4 (b) reinforces our preliminary statement about the need to distinguish between low- and
high-ionization AGN due the bi-valuation of log(U) with S354. We also observed that for low-
ionization parameters (log(U) < —2.5), the behavior of AGN and SFG models is similar, although
they cover different regions of the diagram.

In the same fashion that we proceed with the sulfur lines, the code takes into account estimators
based on IR oxygen lines. We define O34 and O304 to estimate 12+log(O/H) and log(U) respectively

as:
I[([Omlsy,,,, ) +1([O1V]sg,m
log (O34) = log( ( 52y I)(HI,)< 26y )) (5-9)
I([O
log (O304) = log (M) (5.10)
I ([OIV]%W“)

Here again we have omitted the use of [O m]A88um due to its very low critical density. However, if
[Om]A52um is not provided, the code calculates both estimators O34 and O304 with [O m]A88um.
Fig. 5.5 (a) shows that O34 has a strong dependence on U. However, O304 does not show any
dependence on O/H (see Fig. 5.5 (b)), so it can be used to constrain U and estimate 12+log(O/H)
with O34. In addition, Fig. 5.5 (b) shows that this estimator might be employed in SFG models, but
few models are able to produce [O 1v]A26m. Nevertheless, these ratios have also been implemented
in the SFG version of the code (FO21) as they can further constrain SFG models to account for the
presence of [O1v]A26um, only found for a very reduced small number of models characterized by
hard radiation fields (log(U) > —1.5). Analogous results are obtained if the [Omr|A88ym emission
line is considered.
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Figure 5.5: Same as for Fig. 5.3, but for O34 and O304.
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Figure 5.6: Same as for Fig. 5.3 (a), but for N3.

Although FO21 considered IR N lines to estimate both O/H and U in SFGs, both estimators (N23
and N2N3, FO21; Kewley et al. 2019; Nagao et al. 2011) imply the use of [N 1], whose critical density
is below the electron density of our models. Therefore, we define the estimator N3 based only on

the [N m]A57um line as:
I ([NIII]57WZ) )

(5.11)

log (N3) = log( T(HL)

which can be used since N/O has already been constrained in a first iteration. However, as in the
case of O34, Fig. 5.6 shows that this estimator also depends on U, although for a fixed value of
log(U), N3 shows a tight correlation with 12+log(O/H).

It is important to notice that we cannot consider the estimator O3N2, defined by FO21 as the ratio
between [O ] and [N 1] IR lines, due to the very low critical densities of these lines. Therefore, there
is no possible estimation of 12+log(O/H) if none of the three IR H lines (H114.05ym, H1A7.46pm,
or HiA12.4um) are provided.

Although we have defined estimators based on the most common observed IR emission lines
from Spitzer, Herschel or ISO, additional estimators and modifications will be introduced to the code
to account for more spectral lines as new and better resolved spectroscopic data is released from
the upcoming IR missions such as JWST. For instance, emission line [Ne vi]A7.7um, which is now
unresolved due to low resolution in the near-IR, or fainter emission lines such as [ Aru]A7ym or
[Arm|A9um, will be accessible from JWST. Nevertheless, with the current available IR data, it is not
possible to check the validity of their use, so this will be discussed when new data is released.

5.4.4 Subsets of emission lines

Although HCwm-IR, as described in the previous section, can take as input a set of IR emission lines
in order to estimate chemical abundances and ionization, through the appropriate emission-line
ratios (Eq. (5.1)-(5.11)), the code can also reach to a solution with a small subset of the input
emission lines. Nevertheless, the capability of the code to find an accurate solution will depend on
the available emission lines used as an input. For instance, if no measurement of [N 1 |A57um is
provided, then the code will be unable to calculate N/O since both estimators (N30O3 and N3534)
involve this emission line. In the case of estimating 12+log(O/H), it is necessary to provide one of
the three IR hydrogen recombination lines.

In this section we explore the results from HCwm-IR when different sets of emission lines are
introduced as inputs. To compare the estimations from the code with reliable results, we use
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Table 5.2: Median offsets and RMSEs of the residuals between theoretical abundances and log(U) values
(AGN model inputs), and estimations from HCwm-IR using different sets of emission lines.

Set of lines Aoy RMSEpy  Anyo  RMSEyo JAVY RMSE;
All lines —0.01 0.24 0.04 0.13 —0.05 0.24
HiA4.05um, HIA7.46pum, HIA12.4pum,

[Nen]A12.8um, [Nev]A14.3um, -0.01 0.17 - - -0.16 0.36

[Nem]A15.6pm, [Nev]A24pum

H1A4.05pm, HIA7.464m,

HiA12.4pm, [Ov]A26um, 0.07 0.29 0.03 008  —0.10  0.40
[Om]A52um, [Nm]A57 um

H1iA4.05um, HIA7 46um,

HiA12.4pm, [Sv]A10um, —0.03 0.21 0.02 0.30 -0.07 0.27
[S]A18um, [N ]A57 um

[Nen]A12.8um, [Nev]A14.3um,

[Nem]A15.6um, [Nev]A24pum, [Stv]A10um, - - 0.02 0.31 —-0.05 0.20
[Sm]A18um, [N1]A57 ym

HiA4.05um, HIA7 46pum, HIN12.4um,

[S1v]A10pm, [Nev]A14um, [Nev]A24pm, 0.24 041  —044 056  -0.09 053
[O1wv]A26pm, [N ]A57 um
All lines + [Sm]A33um 0.14 0.48 0.06 0.15 —-0.12 0.58

as input the emission lines from the models whose chemical abundances and U are known, by
randomly perturbing at 10% the flux of the lines, simulating observational uncertainties.

In Tab. 5.2 we present the statistics of the residuals between the input values used in the models
and the corresponding predictions from HCwm-IR. When all the possible emission lines of a set
are used as input, we obtain low median offsets for 12+log(O/H), log(IN/O), and log(U). Since
we introduce a 10% uncertainty in the emission-line fluxes, considering the error propagation in
the involved line ratios, the values of the root mean square error (RMSE) for each quantity are
compatible with the uncertainty carried in the estimation. Moreover, considering the steps ¢ of the
grid (0.1 dex for O/H, 0.125 dex for N/O, and 0.25 dex for log(U), the RMSEs are below 3¢ in all
cases.

If only highly ionized emission lines ([S1v], [O1v], and [Nev]) are introduced as inputs, sys-
tematic offsets appear for all three quantities. Although low-ionized emission lines are key for
estimating U, we obtain a significant offset even for N/O estimation (AN/O ~ —0.44 dex), since
the code is assuming a relation between N/O and O/H, as there is no independent estimation of
both quantities. Overall, we conclude that the best estimations for O/H and U are obtained when
neon or sulfur lines are used, similar to what is obtained for SFGs (FO21). Analyzing N/O, best
estimations involved oxygen emission line [O m|A52um (i.e., estimator N3O3), since using only
sulfur lines leads to higher dispersion (RMSE ~ 0.3 dex).

Tab. 5.2 also shows the reason why emission line [Sm|A33ym was omitted from the calculations:
the offsets and RMSE for O/H and U increase even if we consider the whole set of emission lines,
leading to wrong estimations. Moreover, Fig. 5.7 clearly shows that while predictions of N/O fit well
with inputs for models, the second iteration of the code to estimate O/H and U shows an almost
constant behavior: values of the O/H cluster around 8.2, while values of the U cluster around —1.7
for high-ionization AGN and —3.1 for low-ionization AGN. Thus, this emission line was omitted in
the code.



5.4 PHOTOIONIZATION MODELS AND ABUNDANCE ESTIMATIONS

9.2 0.2
(a) (b)
78.84/ £-0.28
5 2
18.481 \ a.
= z
T o, e =
S8.12 % Vs, i o-
o ) =
o e o
+ 7.76+ o-
o
—
7.4 I".' .
v 0.191 2 -
X.0.42] fue,. .
- T T T \. ° T - T T T T T T
1'02/.4 7.76 8.12 8.48 8.84 9.2 3 6 0'5-82.2 -1.72 -1.24 -0.76 -0.28 0.2 5 10
12+log(O/H)m Ngar l0g(N/O) 7 Ngas
-0.3
(c)
<-1.08]
&
o
5-1.861
§ -2.64
g L4
=342 +
-4.2 JA. °
. °
v 0.271 n °e
O = .
@ -0.51 °
-1.26 . |
-4.2 -3.42 -2.64 -1.86 -1.08 -0.3 3.0 6.0
log(U)7n Ngas

Figure 5.7: Comparison between the chemical abundances and U values introduced as inputs for the models
(x-axis) with the estimations from HCm-IR when all lines plus [S1]A33um are used (y-axis). For
all plots we present Seyferts as blue circles and LINERs as green squares. The offsets are given
using the median value (dashed line) and RMSE (dot-dashed lines). Bottom plots show the
residuals from the offset and their distribution in a histogram (bottom-right plot).

5.4.5 Selection of the grid

Although we used the grid of AGN models computed from an SED characterized by apx = —0.8
and selecting an stopping criteria of 2% fraction of free electrons, HCm-IR provides more default
grids where a5y can change from —0.8 to —1.2 and the fraction of free electrons from 2% to 98%.
Moreover, we included in the last update a new feature for users to introduce any grid of models.
In this section, we explore the effects of changing the default grid of models to estimate chemical
abundances from IR emission lines.

From Figs. 5.8 (a), (c), and (e), we conclude that no significant change is introduced in the
chemical abundances or ionization parameters derived when the grid of models is computed
assuming an SED characterized by a5y = —1.2; the offsets are below 0.05 dex and the RMSE is always
below the step considered in the grid for the given quantity. On the other hand, the effects of selecting
a different stopping criteria are more notorious in the determination of the ionization parameter;
high-ionization (U > —2.5) AGN present a higher scatter, with values clustering around log(U)
~ —1.8. This effect is mainly caused due to changes in the emission lines of highly ionizing species
such as Ne** or O3 In the case of O/H, there seems to be a slight overestimation when models
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Figure 5.8: Comparison between the chemical abundances and U values introduced, obtained from the grid
characterized by ooy = —0.8 and a 2% fraction of free electrons (x-axis) with models with

aox = —1.2 ((a), (c), and (e)) and models with 98% as stopping criteria ((b), (d), and (f)). For
all plots we present Seyferts as blue circles, ULIRGs as green squares, LIRGs as magenta
triangles, and LINERSs as red stars. The offsets are given using the median value (dashed line)
and RMSE (dot-dashed lines). Bottom plots show the residuals from the offset and their

distribution in a histogram (bottom-right plot).

with stopping criteria of 98% free electrons are considered. N/O does not show any significant

change.
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Table 5.3: Statistics of the chemical abundances and log(U) values derived from HCwm-IR for our sample of

galaxies.
12+log(O/H) log(N/O)) log(U)

Sample Ni; | N° Med. Sd.Dv. | N° Med. Sd.Dv. | N° Med. Sd.Dw.
All galaxies 58 | 26  8.05 024 |35 -0.83 0.17 |52 -1.73 0.80
Seyferts 43 | 15 7.99 0.16 |22 -0.81 020 |39 -1.67 033
ULIRGs 8 7 832 0.20 8 -0.86 0.07 7 -3.08 0.15
LIRGs 4 2 8495 0.005 | 4 -0.88 0019 | 4 -358 0.14
LINERs 3 2 8.17 0.18 1 —0.80 — 2 324 0.10

5.5 RESULTS

We present in this section the chemical abundances and ionization parameters estimated for our
sample of AGN using HCMm-IR. Due to the lack of alternatives to estimate these parameters from
IR observations of AGN, we use optical spectroscopic information of the same sample in order to
compare results from both sets of information.

5.5.1 Infrared estimations

We summarize in Tab. 5.3 the statistics of the estimations of the chemical abundances and log(U)
values obtained with HCwm-IR from the IR emission lines in our sample distinguishing between
different types of galaxies. Tab. A.11 shows these results in detail for each galaxy in our sample.

As expected from our preliminary distinction of AGN, we have two main subgroups based on U
results consistent with our prior distinction; Seyferts belong to the high-ionization AGN category, as
they usually present log(U) > —2.5 (Ho et al., 1993; Villar-Martin et al., 2008; Zhuang et al., 2019),
while LINERs fall in the category of low-ionization AGN with log(U) < —2.5 (Binette, 1985; Ferland
& Netzer, 1983; Halpern & Steiner, 1983; Kewley et al., 2006). In the case of ULIRGs and LIRGs, the
study by Pereira-Santaella et al. (2017) showed that low (log(U) < —2.5) ionization parameters are
needed to reproduce observations from photoionization models, and thus we assume they fall in
the category of low-ionization AGN.

Although we have relatively low statistics, the three spectral types considered as low-ionization
AGN differ in their median ionization; ULIRGs show the highest value (log(U) ~ —3), followed
by LINERs (log(U) ~ —3.25) and then by LIRGs (log(U) ~ —3.6). Despite these differences being
higher than their dispersions, they are still close to the step for U used in the grid (0.25 dex) of
models, and thus they must be revisited in a larger sample of galaxies.

Analyzing chemical abundances, we obtained median subsolar values for all types of galaxies,
Seyferts being, on average, metal-poorer than the other three spectral types. However, since the
estimation of 12+log(O/H) is only available in the few galaxies with detected hydrogen recombina-
tion lines, this result must be revisited in larger samples of galaxies. N/O shows a similar median
value for all types of galaxies, clustering around the solar value of log(N/O), = —0.86 (Asplund
etal., 2009).

We also present in Fig. 5.9 the well-known N/O-O/H diagram obtained from our IR estimations. It
should be noted that our statistics for this plot are small because we need galaxies with estimations
of both log(N/O) and 12+log(O/H). We find almost a flattened behavior around log(N/O),
although there are some galaxies with higher ratios.
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Figure 5.9: N/O vs O/H from IR estimations. The values for log(U) are given by the colorbar. Lines show
reported relations in the literature: black solid (Coziol et al., 1999), dotted (Andrews & Martini,
2013) and dash-dotted (Belfiore et al., 2015).

5.5.2  Optical estimations

We compiled, from the literature, optical emission-line fluxes for our sample of AGN, and corrected
all emission-line ratios for reddening (see Tab. A.12) relative to the Balmer line Hg, following
Howarth'’s extinction curve (Howarth, 1983), assuming Ry, = 3.1 and a theoretical ratio between H,,
and Hg of 3.1, characteristic of the Recombination Case B for the physical conditions of the NLR in
AGN. Although we have additional information from IR observations, which are necessary in order
to account for some ionic species whose emission lines cannot be retrieved from optical emission
lines, such as O3, and this can in turn lead to underestimations in the oxygen abundance (Dors et al.,
2015; Flury & Moran, 2020; Maiolino & Mannucci, 2019), we cannot apply the direct method since
only two galaxies in our sample (namely Mrk 478 and NGC 4151) present measurements of auroral
line [O1r]A4363A, which are key for determining the electron temperature T, of the ISM. Thus,
we estimated chemical abundances from optical emission lines for our sample of AGN using the
optical version of HCm for AGN (PM19). The code takes as input the following reddening-corrected
optical emission lines: [O1u]A3727A, [Nem]A3868A, [Om]A4363A, [Om]A5007A, [N 11]A6584A,
and [Su]A, 16717, 6731A; all of them are relative to the Balmer line H B-

To check our optical estimations, we also considered the calibration proposed by Flury and Moran
(2020) based on [O1r]A5007A and [N 1]A6584A, given by:

12 + log (O/H) g, 00 =7.863 + 1.170u + 0.0270 — 0.406uv — 0.369u2 + 0.2080 + 0.354120

12
— 0.333uv% — 0.1001° + 0.3230° (512)

where 1 = log (I( [NII]/\6584A/H,X )) and v = log (I( [OIH]/\5007A/Hﬁ )). This calibration is
valid for the range 7.5 < 12+log(O/H) < 9.0.
We also considered the calibration based on the N line [N 1]A6584A given by Carvalho et al.
(2020):
Z/Zy=aN?+b



5.5 RESULTS
where N2 = log (I ( ([NII]/\6584A/Hﬂ )),a =4.01+0.08, and b = —0.07 + 0.01. In terms of the
oxygen abundance, the calibration is given by3:

12 + log (O/H) cy400 = 8.69 + log (4.01N2 — 0.07) (5.13)

which was defined in the range 8.17 < 12+log(O/H) < 9.0.
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Figure 5.10: Chemical abundances derived from optical emission lines in our sample of AGN. (a)
Comparison between the chemical abundances derived with the calibration from Flury and
Moran (2020) (y-axis), denoted as FM20, and HCwMm (x-axis). (b) Comparison between the
chemical abundances derived from the calibration from Carvalho et al. (2020) (y-axis), denoted
as Ca+20, with HCwm (x-axis). For all plots we present Seyferts as blue circles, ULIRGs as green
squares, LIRGs as magenta triangles, and LINERs as red stars. The offsets are given using the
median value (dashed line) and RMSE (dot-dashed lines). Bottom plots show the residuals
from the offset and their distribution in a histogram (bottom-right plot).

We compared the resulting abundances in our sample of AGN (see Tab. A.13) from the calibrations
described above with those from HCwm in Fig. 5.10. The calibration proposed by Flury and Moran
(2020) tends to underestimate HCm abundances, with a median offset of —0.39 dex. On the other
hand, the calibration proposed by Carvalho et al. (2020) better fits our results, with a median
offset of 0.14 dex. As shown in bottom plot of Fig. 5.10 (b), the discrepancy is higher for ULIRGs,
LIRGs, and LINERs than for Seyferts. This could be explained by the fact that Carvalho et al. (2020)
obtained their calibration from a sample of Seyferts 2 from the Sloan Digital Sky Survey (SDSS),
in other words it was obtained using only high-ionization AGN, covering a different range of the
ionization parameter to the values reported for low-ionization AGN (e.g. Kewley et al., 2006).
Another possible source of error is that the calibration is based only on a nitrogen line, so it assumes
a relation between 12+log(O/H) and log(N/O), although it has been reported that both quantities
might not be related in low-ionization AGN (Pérez-Diaz et al., 2021).

We present in Tab. 5.4 the statistics of the chemical abundances derived from the optical version
of the code. Again, we find that 12+log(O/H) presents subsolar median values for all types of
galaxies. The median N/O values present more variation between different types but, considering
the standard deviations, they are still compatible with them, and with the solar value obtained
from IR estimations.

We also present in Fig. 5.11 the N/O-O/H diagram. We can see two different trends based on
the two main categories considered throughout this study. For low-luminosity AGN (ULIRGs,

3 We assume here the solar abundances from Asplund et al. (2009)
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Table 5.4: Same as for Tab. 5.3, but for optical results.

12+log(O/H) log(N/O)) log(LI)
Sample Ni,; | N° Med. Sd.Dv. | N° Med. Sd.Dv. | N° Med. Sd.Dw
All galaxies 58 | 58 8.49 030 |51 -0.84 024 |58 -188 0.1
Seyferts 43 | 43 857 030 |36 -084 025 |43 -1.81 0.23

ULIRGs 8 8 8.19 0.19 8 -0.79 0.18 8 -3.51 0.25
LIRGs 4 4 8.09 0.23 4 —-0.65 0.15 4 -3.59 0.19
LINERs 3 3 8.51 0.16 3 -094 0.18 3 -3.73 0.18
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Figure 5.11: N/O vs O/H as derived from optical estimations. The log(U) values are given by the colorbar.
Lines show reported relations in the literature: black solid (Coziol et al., 1999), dotted
(Andrews & Martini, 2013) and dash-dotted (Belfiore et al., 2015).

LIRGs, and LINERs) there seems to be an anticorrelation between N/O and O/H (although the
corresponding Pearson coefficient correlation is low r~ —0.75). In the case of high-ionization AGN,
both quantities do not seem to be correlated, which was also found by Pérez-Diaz et al. (2021),
although with a smaller sample of galaxies. As AGN activity is a rare phenomenon among dwarf
galaxies (< 1.8%, Latimer et al. 2021), and these have been challenging targets for previous IR
spectroscopic facilities, our N/O versus O/H diagram cannot reproduce the metal-poor regime
with sufficient statistics.

5.5.3 Optical vs. infrared estimations

Comparing the results listed in Tab. 5.3 and Tab. 5.4, we can see that Seyferts present lower median
oxygen abundances from IR estimations than from their optical counterpart, the average offset for
high-ionization AGN being higher than 0.5 dex. Although lower, we also found an average offset
of 0.3 dex between optical and IR estimations for LINERs. While ULIRGs present similar oxygen
abundances from both methods, in the case of LIRGs, we obtain lower abundances from optical
observations. However, this result must be revisited using larger samples of galaxies, given our low
statistic for LIRGs.

From Fig. 5.12 (a) we can see that 12+log(O/H) values from IR emission lines are systematically
lower than the abundances derived using optical lines, which agrees with our previous statement
for Seyferts. In the case of N/O, we obtained IR values clustering around the solar abundance, while
optical estimations present a wider range of values, as shown in Fig. 5.12 (b). Finally, in Fig. 5.12
(c) we compare the resulting log(U) values, obtaining slightly higher values from IR estimations
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Figure 5.12: Comparison between the chemical abundances and log(U) values obtained from optical
emission lines using HCwm (x-axis) and the corresponding estimations from IR lines using
HCwm-IR (y-axis). For all plots we present Seyferts as blue circles, ULIRGs as green squares,
LIRGs as magenta triangles, and LINERs as red stars. The offsets are given using the median
value (dashed line) and RMSE (dot-dashed lines). Bottom plots show the residuals from the
offset and their distribution in a histogram (bottom-right plot).

overall. However, since the step of the grids is 0.25 dex in log(U), and both the median offset and
RMSE are close to this value, we can conclude that little difference is found.

5.5.4 Dependency of the discrepancies

As pointed out in the previous section, there is a significant difference between optical and infrared
estimations of chemical abundances. Hereinafter, we define the discrepancy for a given quantity X
as AX = X0 — Xip-

We present in Fig. 5.13 the discrepancy as a function of the two chemical abundance ratios (O/H
and N/O) for IR (left column) and optical estimations (right column). Fig. 5.13 (a) and (c) shows
that little correlation is found between the discrepancies and their corresponding abundances from
IR emission lines. This is not the case in the optical range as previously discussed: A log(O/H)
increases with the oxygen abundance (see Fig. 5.13 (b)). A similar resultis also found for Alog(N/O)

(see Fig. 5.13 (d)).
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Figure 5.13: Discrepancies between the chemical abundance ratios (AX = X,,,; — X;) as a function of their
ratios: (a) 12+log(O/H) and (c) log(IN/O) both derived from IR emission lines with HCm-IR,
and (b) 12+log(O/H) and (d) log(N/O) derived from optical emission lines with HCwm. For all
plots we present Seyferts as blue circles, ULIRGs as green squares, LIRGs as magenta triangles,
and LINERs as red stars.

We replicate the same study of the discrepancies as a function of the ionization parameter U. Fig.
5.14 shows that U (either derived from optical emission lines or IR emission lines) does not drive
the discrepancies found for both O/H and N/O.

In Sec. 5.4.1 we explained the importance of electron density for IR emission lines, since for
wavelengths in far-IR (above 8o ym) the corresponding critical densities 7. of the lines are closer
to the expected n, ~ 500 cm~3 for the NLR of AGN (Alloin et al., 2006; Netzer, 2015; Vaona et
al., 2012). This is not the case for optical emission lines whose critical densities are in the range
[10%>,10°] cm~3. We estimated electron densities from both optical and IR emission lines, using
Pynes (Luridiana et al., 2015) and assuming an electron temperature T, ~ 2 - 10* K, which is the
average electron temperature of the different ionic species in the models. We used the sulfur doublet
[S1]AA6717,6731A for our optical determination and the sulfur lines [Sm]A18um and [Sur]A33um
to estimate 7, from IR lines.

As shown in Fig. 5.15, neither Alog(O/H) nor Alog(N/O) correlate with electron density. This
result was also found by (Spinoglio et al., 2021), although they only analyzed nitrogen-to-oxygen
abundances in a sample of AGN from SOFIA due to the spectral coverage. Our results extend this
behavior to the oxygen abundances.
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Figure 5.14: Discrepancies between the chemical abundance ratios (AX = X,,,; — X;r) as a function of the
ionization parameter: (a) and (c) estimated from IR lines, (b) and (d) estimated from optical
lines.

5.6 DISCUSSION
5.6.1  Abundances from IR lines

IR emission lines are key for analyzing chemical abundances in both dusty-embedded regions
and from the cold component (~ 1000 K) of the ionized gas, which is barely accessible for optical
observations. However, in general, we warn the reader about the reduced statistics in our sample of
galaxies with a reliable derivation of O/H (below 50% of our sample), due to the lack of measure-
ments of hydrogen lines. On the other hand, slightly better statistics are found in N/O (~ 60%), but
again the measurement of [N m1]A57um is critical for that estimation. Overall, the estimation of U is
almost assured when running the code (~ 90%). Nevertheless, these results must be corroborated
in larger samples of AGN.

Our estimations of chemical abundances in the NLR of AGN show that the infrared emission
is tracing a region characterized by subsolar oxygen abundances (12+log(O/H) < 8.69). Since
the measurement of at least one hydrogen line is necessary to provide an estimation of O/H,
these subsolar values might be explained by an intrinsic bias: galaxies with measurements of
hydrogen emission lines may be characterized by low metallicities. Moreover, as estimations of
oxygen abundances require the measurement of faint emission lines as hydrogen recombination lines,
these measurements are always obtained with higher uncertainties (see Tab. 5.2). Unfortunately,
the lack of alternative methodologies to directly estimate IR oxygen abundances does not allow us
to test this hypothesis.
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Figure 5.15: Discrepancies between the chemical abundance ratios (AX = X,,,; — X ) as a function of the
electron density: (a) and (c) present electron densities derived from [Sui] lines, (b) and (d)
present densities derived from [S11] lines.

The N /O ratio seems to be constant for this sample, clustering around the solar value log(N/O), =
—1.06. In fact, N/O abundances are well constrained in the range [—1.1, —0.4], which is the same
range reported by Spinoglio et al. (2021) for their sample of AGN.

The lack of an apparent correlation between N/O and O/H (see Fig. 5.9), contrary to other
assumed relations in the same metallicity regime, evidences that using nitrogen emission lines
to estimate oxygen abundances must rely on an independent measurement of N/O, which can
also be done by HCwm-IR. The assumption of different relations between N/O and O/H could
thus produce non-negligible deviations in the estimated O/H value as derived using N lines. For
instance, contrary to our results, Chartab et al. (2022) reported oxygen abundances above the
solar value by assuming a N/O-O/H relation and a fixed ionization parameter U. This discrepancy,
also observed by Fernandez-Ontiveros et al. (2021) for SFGs (showing little offset between IR and
optical estimations), might be explained by the different assumption of an N/O-O/H relation for IR
estimations.

5.6.2  Discrepancies between IR and optical estimations

While the estimations of the ionization parameter U derived from IR emission-lines are consistent
with those derived from optical lines for low-ionization AGN, although with slightly more scatter
for high-ionization objects (see Fig. 5.12 (c)), we report an offset between the estimated chemical
abundances from IR and from optical lines. From Fig. 5.12 (a) we find that the Alog(O/H) discrep-
ancy is higher for the more metallic AGN (see also Fig. 5.13 (d)); using IR emission lines values
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above solar oxygen abundances cannot be reached, although there are galaxies in our sample whose
optical estimations point toward oversolar abundances. This result is found for Seyferts, but also
for ULIRGs and LINERs, which contrasts with the results from Chartab et al. (2022), pointing to
chemical abundances estimated from IR lines in a sample of ULIRGs higher than those obtained
from optical lines.

Regarding nitrogen-to-oxygen abundance ratios, these follow the same trend: their estimations
from optical emission lines are higher than those from IR observations (see Fig. 5.12 (b)). This result
was also found for both SFGs (B. Peng et al., 2021) and AGN (Spinoglio et al., 2021), although they
only use the N30O3 estimator to derive N/O (see Eq. (5.1)), while we use both N30O3 and N3534
(see Eq. (5.2)). Furthermore, we obtained N/O abundances clustering around N/O, in agreement
with the results by Spinoglio et al. (2021).

These discrepancies between N/O and O/H from optical and IR observations also translate
into the N/O-O/H diagram (see Fig. 5.9 and 5.11). While there is a trend of decreasing N/O for
increasing O/H for low-ionization AGN, this is not found when IR estimations are considered. In
the case of Seyferts, the range of values for O/H and N/O is more limited from IR estimations than
from optical estimations. Thus, we warn the reader about using any N/O-O/H relation to estimate
oxygen abundances from IR nitrogen lines, especially if this relation was obtained from optical
observations.

As evidenced by Fig. 5.15, these discrepancies cannot be explained by a difference in the electron
density in the observed region. On the contrary, as proposed by B. Peng et al. (2021), such a
difference could ultimately indicate a large contribution from the diffuse ionized gas (DIG) to the
estimated chemical abundances.

Another proposed scenario, based on the results for N/O (B. Peng et al., 2021; Spinoglio et al.,
2021), is related to the ionization structure of the gas : IR lines trace high-ionization gas (O*+,
N*+,S**, 53+), while optical lines trace low-ionization gas (O*, N*, S*). If the ionization structure
plays a role in these discrepancies found for both O/H and N/O, a trend must appear when these
variations are analyzed as a function of U. As shown by Fig. 5.14, the ionization parameter, either
obtained from optical lines ((a) and (c)) or from IR lines ((b) and (d)), shows no correlation with
the discrepancies in both O/H and N/O. Thus, the different ionization structure cannot explain the
differences obtained between IR and optical estimations of chemical abundances.

In any case, since we are analyzing the NLR in AGN, which is not obscured by the dusty torus, it
seems unlikely that dusty-embedded regions of the AGN contribute to these discrepancies, although
dust content within the NLR might be underestimated. However, an alternative possible explanation
for these discrepancies could arise from the contribution of colder parts in the NLR, whose emission
is detected in the IR range. According to our results, these zones could then be characterized by
solar values of N/O and subsolar oxygen abundances, which could be consistent with our result
that the differences arise above all in the most metallic galaxies.

In the case of AGN, another possible explanation could rely on the spectral resolution of the IR
observations. Due to the emission of the broad line region (BLR), hydrogen recombination lines
might present an additional contribution to their fluxes from these broad components, which cannot
be spectrally resolved with the current IR data. However, this is not the case for the N/O abundance
ratios, whose values are estimated independently of the hydrogen recombination lines, and thus an
additional contribution to the chemical discrepancies may be present.

5.6.3 The importance of N/O

Overall, we emphasize that determining nitrogen-to-oxygen abundance is fundamental in order to
understand the chemical composition and evolution of the ISM. First of all, as shown in Fig. 5.2,
this ratio does not show a high discrepancy between SFG and AGN models, implying that no bias
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is introduced if a galaxy is wrongly classified. Although the difference arises for N3534, N3O3 has
proved to be a robust N/O estimator for both AGN and SFGs.

Secondly, the estimations of N/O involved close IR emission lines, such as [O 1 ]JA52um, [N mr]A57 ym,
or [Om]A88yum, which are more likely to be accessible in the same observational set. Thanks to the
ongoing mission SOFIA, some of these emission lines are detected for galaxies in the local Universe,
and current and future ground-based submillimeter telescopes (e.g. ALMA) will retrieve these
lines for the rest-frame IR spectrum of high-redshift galaxies, allowing a redshift-dependent study
of N/O.

Thirdly, this chemical abundance ratio is necessary in order to provide an unbiased estimation of
oxygen abundances from nitrogen emission lines. As pointed out by several authors (e.g. Fernandez-
Ontiveros et al., 2021; Pérez-Diaz et al., 2021; Pérez-Montero & Contini, 2009; Spinoglio et al., 2021),
assuming an arbitrary law for N/O-O/H, which is not always followed, can lead to uncertainties in
the oxygen content of the gas-phase, and this can be avoided when data allows an independent
previous determination of N/O.

Finally, since N/O involves the abundance of a metal with primary origin (O) and the abun-
dance of another metal with a possible secondary origin (IN), its determination also provides key
information on the chemical evolution of the metals in the ISM.

5.7 CONCLUSIONS

We have presented HII-CHI-MistrY-IR for AGN, an updated version of the code proposed for SFGs.
Thanks to this new method, chemical abundances in the NLR of AGN can be estimated from IR
nebular emission lines, which are less affected by extinction and show little dependence on physical
conditions of the ISM as the electron density or temperature. This new tool allows, whenever
possible, an independent estimation of N/O, O/H, and U.

The analysis of a sample of AGN with available IR emission-line fluxes compiled from the literature
shows that their oxygen abundances tend to be solar and subsolar (12+log(O/H) < 8.69), while
nitrogen-to-oxygen abundance ratios cluster around solar values (log(N/O) ~ —0.86). Since both
O/H and N/O are calculated independently, these new estimations show that a relation between
N/O-O/H is not found for our sample of AGN.

We also estimated chemical abundances from optical observations of the same sample of AGN. In
general, higher oxygen abundances are obtained from these estimations than from IR observations.
An analogous result is also found for nitrogen-to-oxygen ratios. We explored if these discrepancies
between optical and IR observations arise from the contribution of diffuse ionized gas, but we
concluded that they are not related to electron density. We also find that these discrepancies do
not correlate with the ionizing field. As these differences are found for most metallic AGN, IR
emission could trace zones of the AGN characterized by subsolar oxygen abundances and solar
nitrogen-to-oxygen ratios.

In the coming years, thanks to JWST and METIS for the local Universe, and ALMA, APEX,
and CSO for high-redshift galaxies, the amount of galaxies (including AGN), whose IR spectral
information will be retrieved with high precision, will notably increase, leading to a higher volume
of AGN with IR hydrogen recombination lines measured and with many other fine-structure IR
lines. With this upcoming data, further constraints can be established for the IR N/O-O/H relation,
and for the systematic offset between IR and optical estimations.



NITROGEN AND SULFUR AS KEY WITNESSES OF THE CHEMICAL
ENRICHMENT TALE

Chapter based on the publication: B. Pérez-Diaz, E. Pérez-Montero, |. A. Ferndndez-Ontiveros, |. M. Vilchez,
A. Herndn-Caballero and R. Amorin (2024) ”Chemical abundances and deviations from the solar S/O ratio
in the gas-phase interstellar medium of galaxies based on infrared emission lines”, published in Astonomy &

Astrophysics, volume 685, A168, doi:10.1051/0004-6361/202348318.

6.1 ABSTRACT

The infrared (IR) range is extremely useful in the context of chemical abundance studies of the
gas-phase interstellar medium (ISM) due to the large variety of ionic species traced in this regime,
the negligible effects from dust attenuation or temperature stratification, and the amount of data that
has been and will be released in the coming years. Taking advantage of available IR emission lines,
we analyzed the chemical content of the gas-phase ISM in a sample of 131 star-forming galaxies
(SFGs) and 73 active galactic nuclei (AGNs). In particular, we derived the chemical content via
their total oxygen abundance in combination with nitrogen and sulfur abundances, and with the
ionization parameter. We used a new version of the code HII-CHI-Mistry-IR v3.1, which allowed us
to estimate log(N/O), 12+1og(O/H), log(U) and, for the first time, 12+log(S/H) from IR emission
lines, which can be applied to both SFGs and AGNs. We tested whether the estimates from this new
version, which only considers sulfur lines for the derivation of sulfur abundances, are compatible
with previous studies. While most of the SFGs and AGNs show solar log(N/O) abundances, we find
a large spread in the log(S/O) relative abundances. Specifically, we find extremely low log(5/0O)
values (1/10 solar) in some SFGs and AGNs with solar-like oxygen abundances. This result warns
against the use of optical and IR sulfur emission lines to estimate oxygen abundances when no prior
estimation of log(S/0) is provided.

6.2 INTRODUCTION

Emission lines measured in the gas phase of the interstellar medium (ISM) in galaxies are key to
inferring their physical and chemical properties. Among these emission lines, collisionally excited
lines (CELs) have been widely used for this purpose in several spectral ranges, such as in the
optical (e.g. Contini & Viegas, 2001; Curti et al., 2017; Garnett & Shields, 1987; Lequeux et al., 1979;
Pérez-Montero, 2014), the ultraviolet (UV; e.g. Dors et al., 2014; Erb et al., 2010; Pérez-Montero &
Amorin, 2017), and the infrared (IR; e.g. Fernandez-Ontiveros et al., 2021; Nagao et al., 2011; B. Peng
et al., 2021; Pereira-Santaella et al., 2017; Pérez-Diaz et al., 2022). As the primordial ISM metal
content after the Big Bang nucleosynthesis is well constrained (Cyburt et al., 2016), any subsequent
deviation from these initial chemical conditions must be attributed to stellar nucleosynthesis, whose
products are ejected into the ISM in the late stages of stellar evolution. Therefore, the analysis of
the metal content of the ISM is fundamental to understanding the impact of dissipative baryonic
processes in galaxy evolution.

Over the decades, several techniques based on CELs have been developed and improved to infer
the metal content of the ISM in star-forming galaxies (SFGs; see Maiolino & Mannucci, 2019, for a
review on the topic). Moreover, in recent years, similar techniques have also started to be applied to
the study of the chemical content of the ISM in the narrow line region (NLR) of active galactic nuclei
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(AGNSs), accounting for the corresponding differences in the sources ionizing the surrounding gas
(e.g. Contini & Viegas, 2001; Dors et al., 2015; Pérez-Diaz et al., 2021; Pérez-Montero et al., 2019a).

Most of the studies devoted to the analysis of chemical abundances in the gas-phase ISM using
CELs are focused on the oxygen content [12+log(O/H)], for several reasons: i) O is the most
abundant metal by mass in the gas-phase ISM (~ 55%; M. Peimbert et al., 2007), and is therefore a
good proxy for the total metallicity (Z); and, ii) its abundance can be derived more easily than other
elements due to the presence of strong CELs in the optical, IR, and UV spectral ranges. Additionally,
some authors have also analyzed the nitrogen-to-oxygen abundance ratio (log(N/O); e.g. Amorin
et al.,, 2010; Andrews & Martini, 2013; Ferndndez-Ontiveros et al., 2021; B. Peng et al., 2021; Pérez-
Diaz et al., 2022; Pérez-Montero & Contini, 2009; Vila-Costas & Edmunds, 1993). Nitrogen can be
produced by massive stars via a primary channel —leading to an almost constant N/O ratio— but
also through a secondary channel in the high-metallicity regime, due to CNO cycles in intermediate-
mass stars that eject it into the ISM after a certain time delay (e.g. Henry et al., 2000). Thus, the study
of N/O using nitrogen emission lines can provide complementary information on the evolution of
the chemical content of the ISM. While studies of N/O from both optical and IR emission lines can
be performed, in the UV other secondary elements —such as carbon — are studied instead, due to
the presence of strong emission lines in this range, although it is also possible to study this by using
optical recombination lines (e.g. Méndez-Delgado et al., 2022; Toribio San Cipriano et al., 2017),
with the disadvantage that these emission lines are much fainter than CELs (Esteban et al., 2009).

So far, very few works have studied in a statistically significant sample of galaxies the sulfur (S)
content in the gas-phase ISM. Instead, the assumption of an universal S/O ratio has been used to
propose that sulfur emission lines are tracers of the total oxygen metallicity. For instance, Vilchez
and Esteban (1996) were pioneers in defining the sulfur abundance parameter, S23:

1([Stu] AA6717,6731) + I ([Str] AA9069, 9532)
I(Hpg)

Later on, (Diaz & Pérez-Montero, 2000) provided the first calibration to directly estimate the
oxygen content from 523, improving the determination of the chemical content of the gas-phase
ISM, counteracting the ambiguity of the equivalent oxygen parameter, R23 (Pagel et al., 1979). As
was shown by these authors, and after further improvements to the calibration of this estimator
(Pérez-Montero & Diaz, 2005), two advantages arise from using sulfur emission lines instead of
oxygen (i.e. R23): i) S23 is mainly single-valued in most of the metal abundance range; and, ii)
sulfur lines are less affected by extinction than oxygen emission lines, although [Smi] lines at 9069A
and 95314 can suffer from telluric absorptions (e.g. Noll et al., 2012).

However, the use of 523 to estimate 12+log(O/H) directly implies that the ratio between S and O
(log(5/0)) remains constant. Indeed, while S and O are both produced in the nucleosynthesis of
massive stars, their yields are expected to also behave similarly, supporting the previous idea of a
constant S/O ratio. Unfortunately, this assumption has not been firmly established, and only a few
works have analyzed the sulfur content in the ISM (e.g. Berg et al., 2020; Diaz & Zamora, 2022; Diaz
etal., 2007; Dors et al., 2023; Kehrig et al., 2006; Pérez-Montero et al., 2006) as compared to the large
number of studies on the oxygen content. Therefore, further observational constrains are required
to validate the assumption of an universal solar S/O ratio. For instance, while Berg et al. (2020)
show that most HII regions in their sample are consistent with a S/O solar ratio, Diaz and Zamora
(2022) find strong deviations from that, especially in the low-metallicity regime (12+log(O/H)
< 8.1). In this regard, it is important to note that at low metallicities a higher ionization degree of the
gas-phase ISM is expected, so higher ionic species (such as S*3) contribute more to the total budget
of the sulfur content, and thus the uncertainty due to the application of the ionization correction
factor (ICF) to optical lines is higher. Moreover, Dors et al. (2023) also find a few sources among

23 = (6.1)
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their AGN sample, with S/O ratios in some galaxies far from the solar value. Several attempts have
been also made to directly calibrate the S23 parameter with the total sulfur abundance (Diaz &
Zamora, 2022; Pérez-Montero et al., 2006). However, the collisional nature of the lines involved in
this parameter, which make them very dependent on the electron temperature, and thus on the
overall metal content of the gas, implies an additional dependence on the assumed S/O ratio.

Nevertheless, the above-mentioned studies focus on the use of optical emission lines, leading to
an inconclusive response as to whether these deviations originate intrinsically in the production of
Sand O, or due to a variety of of effects with diverse origins such as dust attenuation, contamination
from diffuse ionized gas (DIG), or the effects from the assumed ICFs, which severely affect the total
sulfur abundances derived from the optical emission lines, as these do not cover the higher ionized S
stages, such as S3*. In this regard, the study of IR emission lines opens a new avenue through which
to determine sulfur abundances, both in SFGs and AGNs, with key advantages over optical tracers.
First of all, due to the atomic transitions involved in the ionic radiative process, the IR emission
lines are much less affected by the electron temperature, T,, avoiding problems due to stratification
or temperature fluctuations (e.g. Jin et al., 2023; Méndez-Delgado et al., 2023; M. Peimbert, 1967;
Stasiniska, 2005). Secondly, the IR range allows the detection of highly ionized species such as S*3,
which are important for a more accurate determination of total elemental abundances, especially in
AGN . Thirdly, IR emission lines are almost unaffected by dust obscuration. Fourthly, ancillary data
from observatories such as the Infrared Space Observatory (ISO; covering the 2.4 — 197um range;
Kessler et al. 1996), the Spitzer Space Observatory (5 — 39um; Werner et al. 2004), the Herschel
Space Observatory (51 — 671um, Pilbratt et al. 2010), and the Stratospheric Observatory for Infrared
Astronomy (SOFIA; covering the 50 — 205um range; Fischer et al. 2018), as well as brand-new
missions such as the James Webb Space Telescope (JWST, which is covering the 4.9 — 28.9um range
with the Mid-InfraRed Instrument MIRI, G. H. Rieke et al. 2015; Wright et al. 2015), and upcoming
facilities such as the Mid-infrared Extremely large Telescope Imager and Spectrograph (METIS,
covering the N-band centered at 10ym, Brandl et al. 2021).

In this work, we compiled a sample of SFGs and AGNs with IR spectroscopic observations to
derive their chemical abundances from the IR emission lines, following the methodology used
in Fernandez-Ontiveros et al. (2021) for SFGs and in Pérez-Diaz et al. (2022) for AGNs, which
includes an independent estimation of log(N/O), 12+1log(O/H) and 12+log(S/H). The paper is
organized as follows. Section 6.3 provides information on the sample selection as well as on the
methodology followed through this work. The main results of this study are shown in Section 6.4
and discussed in Section 6.5. Finally, we summarize our conclusion in Section 6.6.

63 SAMPLE AND METHODOLOGY

For this work, we compiled one of the largest sample of galaxies with IR spectroscopic observations,
combining catalogs from Spitzer, Herschel, AKARI and SOFIA. In particular, we compiled the
following catalogs: the dwarf galaxy sample from Cormier et al. (2015) observed with Spitzer
and Herschel; the Infrared Database of Extragalactic Observables from Spitzer' (IDEOS; Hernan-
Caballero et al., 2016; Spoon et al., 2022) from the Spitzer archive; the AGN and HII samples from
Fernandez-Ontiveros et al. (2016) and Spinoglio et al. (2022) combining Spitzer, Herschel, and SOFIA
data; and the (U)LIRG catalog from Imanishi et al. (2010) observed with AKARI.

1 http://ideos.astro.cornell.edu/.
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Figure 6.1: Performance of estimators based on neon ((a) and (c)) and argon ((b) and (d)) emission lines.
Panels (a) and (b) show the behavior of estimators Ne23 and Ar23 for SFG models, with plus
symbols presenting values from our SFG sample. Panels (c) and (d) show the behavior of
estimators Ne235 and Ar235 for AGNs. SF models presented by Ferndndez-Ontiveros et al.
(2021) are shown as dashed lines, while AGN models presented by Pérez-Diaz et al. (2022) are
shown as continuous lines.

6.3.1  Sample of star-forming galaxies

Our sample of SFGs is composed of objects from two main sources. The data of the first subsample
were directly taken from Fernandez-Ontiveros et al. (2021), where they compiled a sample of 65
galaxies (30 dwarf galaxies, 22 HII regions, and 13 (U)LIRGs) with IR spectroscopic observations
showing star-formation dominated emission ([Nev]/[Neu] < 0.15). Additionally, we compiled
another sample of galaxies from the IDEOS catalog (Hernan-Caballero et al., 2016; Spoon et al., 2022).
Asis described in Pérez-Diaz etal. (2024a), the sample consists of 66 ultra-luminous infrared galaxies
(ULIRGs) showing star-forming dominated activity from both their [Nev]/[Neu] ratio (< 0.15)
and from the equivalent width of the PAH feature at 6.2um (Wpaps 6.2 > 0.06pm). While for this
last sample we compiled IR emission lines from [S1v]A10um to [Su1]A33um from IDEOS (Spoon
et al., 2022) and measurements of Hi14.05ym from AKARI/IRC observations (2.5 — 5ym; Imanishi
et al., 2010), only the first sample from Ferndndez-Ontiveros et al. (2021) presents measurements
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from far-IR emission lines such as [Om|]A52um, [N mr]A57um, and [O m]A88um, which are key to
estimating N/O.

6.3.2  Sample of active galactic nuclei

We compiled our AGN sample from Pérez-Diaz et al. (2022), who analyzed 58 AGNs with available
IR spectroscopic observations, including 17 Seyfert 1 nuclei (Sy1), 14 Seyfert nuclei with hidden
broad lines in the polarized spectrum (Sy1h), 12 Seyfert 2 nuclei (Sy2), 12 (U)LIRGs, and three
low-ionization nuclear emission-line regions (LINERs). Additionally, we included 15 quasars from
the IDEOS catalog (up to redshift ~ 0.74), for which we also added measurements, when possible,
of the hydrogen recombination line, the H1 Brackett « line, from their AKARI/IRC observations
(2.5—5um; Imanishi et al., 2010). We measured fluxes in the H114.05um line by fitting the rest-frame
[3.8 — 4.3um ] range with a model that assumes a second-order polynomial for the continuum and
a Gaussian profile for the line, with the line width corresponding to the instrumental resolution of
the AKARI or Spitzer /IRS spectrum at that wavelength.> Both samples show strong AGN emission,
as is shown by their [Nev]/[Neu] (> 0.15) ratio.

6.3.3 HII-CHI-MrsTrY-IR

To derive chemical abundances from the IR emission lines in our sample, we used the code HII-CHI-
MistrY-IR (hereinafter, HCm-IR) v3.1, originally developed by Pérez-Montero (2014 ) for optical
emission lines and later extended to IR emission lines by Fernandez-Ontiveros et al. (2021) for SFGs
and Pérez-Diaz et al. (2022) for AGNs. This code basically performs a Bayesian-like comparison
between a set of observed emission-line flux ratios sensitive to quantities such as the total oxygen
abundance, the nitrogen-to-oxygen ratio, or the ionization parameter, with the predictions from
large grids of photoionization models to provide the most probable values of these quantities and
their corresponding uncertainties.
Version 3.1 of the code for the IR3 presents two new features in relation to previous versions:

e The code now accepts as input the argon emission lines ([Aru]A7um, [Arm]A9um, [Ar v]A8um,
and [Arv]A13um), which are used to construct estimators of metallicity and excitation, analo-
gous to those based on neon emission lines already used in previous versions; that is, Ne23
and Ne2Ne3 for SFGs (Fernandez-Ontiveros et al., 2021):

I([N +I([N
I([Nenuly,,,,
log (Ne2Ne3) = log( ( &2y ) ) (6.3)
I ([Ne 111]15]4,71)

and Ne235 and Ne23Ne5 for AGNs (Pérez-Diaz et al., 2022):

[([Neulyy,,) +1([Nemlys,, ) + 1 (INevliy,, ) +1([Nevly,,)
I(Hy)

log (Ne235) = log (
(6.4)

2 The spectral resolution of AKARI is R ~ 100 (D. Kim et al., 2015). For Spitzer/IRS, it is AA = 0.06and0.12um for the
SL2 (5.15 — 7.5um)and SL1 (7.5 — 14um) modules, respectively (Spoon et al., 2022).
3 The code is publicly available at http://home.iaa.csic.es/~epm/HII-CHI-mistry.html.
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(6.5)

I([Nenulyp,,, ) +I([Nemls,,,
log (Ne23Ne5):1og( (INenlyy,,, ) +1([Nem;s, ))

I([Nevlyg ) +1(INevlyy,,)

Following this approach, the new observables based on these IR argon lines can be defined as

1([A 1([A
log (Ar23) = log ( ([ 1'11]7‘;,1111)(:11‘5[ rHI]9ym> ) (66)
1([Ar1ly,,
log (Ar2Ar3) = log (%) (6.7)
Yum
log (Ar235) = log (I ([Ar 11]7;4m> +1 ([Af 11119;47711)(;{' III)([Ar V]SWZ) +1 ([Ar V]13;4m>
(6.8)
I ([AT 11]77/’”1) +1 ([Ar 111]9ym)
1 Ar23Ar5) =1 .
0g (Ar23Ar5) = log (I ([AI‘V]SW,J 1 ([ATV]BW") (6.9)

with H1; being one of the hydrogen lines that the code can take as input. The performance of
these estimators is shown in Fig. 6.1 in comparison with their neon analogues. Argon emission
lines offer a great opportunity for chemical abundance studies with JWST data, since they
are located in a narrow IR window [7um, 13um], argon is a non-depleted element whose
nucleosynthesis leads to a yield similar to that for oxygen, and they include transitions from
highly ionized species, which helps to disentangle the power of the ionizing source.

o After the iteration* performed by the code to constrain N/O, and parallel to the second
iteration performed to estimate 12+log(O/H) and the ionization parameter log(U), the code
now performs a new iteration to estimate 12+log(S/H). This is done using the estimators S34
and S354 (Fernandez-Ontiveros et al., 2021; Pérez-Diaz et al., 2022), based on sulfur lines,
without assuming the results from the oxygen or the ionization estimations. In this way, the
estimators based on sulfur emission lines (S34 and S354) are no longer used for the estimation
of 12+log(O/H) and log(U) and, consequently, sulfur and oxygen abundances are derived
independently from each other’s estimations.

I([S I([S I([S
log (534) = 10g( ([Sm]ygy ) + ([I (‘2?3);4;%) +1([ ‘V]loum)) (6.10)
I([S I([S
log (5354) — log ( ([ IH]:}SEIE”S)I\;; <[ )111]33]4171) ) (6,11)
10um

Following the prescription by Pérez-Diaz et al. (2022), the emission line [Sm|A33um is only
used for SFGs. The performance of these estimators is shown in Fig. 6.2. It is relevant to
emphasize the importance of IR emission lines in estimating sulfur abundances. As is shown
in Fig. 6.3, S/O has little dependence on the behavior of the estimators, as the intensity of IR
emission lines mainly depends on the ionic abundance. However, this is no longer the case
for optical lines, as they also depend on temperature, which translates into a dependence on

4 The code originally performs two consecutive iterations: during the first iteration, the grid of models in which N/O,
O/H and U are free parameters is constrained by the estimation of N/O. During the second iteration, O/H and U are
estimated from the constrained grid of models. With this new feature, the code performs, in parallel to the estimation of
O/H and U, the estimation of S/H, i.e. the code estimates S/H from the grid constrained only by N/O.



the metallicity. Hence, estimators for sulfur based on optical emission lines (e.g. S23 Eq. (6.1))

are much more affected by the S/O assumed for the models.
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[ e Dwarf s HI + Seyferts * LINERs v (U)LIRGs
7.7 -0.5
(a) (b)
7.4 i -1.0
o/ 1
Z. o E:'rD?] Z.
701 o f ) -L5
—_ I £
I Dﬁj} t‘
= ;O
A6.6 of / -2.05
o £ =
o i Q
+6.2 -2.52
¥ / i
5.91 £l £ -3.0
v ,”l‘rr[l‘
5.51 -3.5
5.1 : : : : : : : : : : : : -4.0
-1.2  -05 0.2 0.9 1.7 2.4 3.1 3.8 -0.5 0.2 0.9 1.7 2.4 3.1 3.8
log(S534) log(S34)
-0.3 7.5
(c) (d)
-0.91
7.0
-1.44
T
—~-2.01 %)
2 6.5%,
o o
225 +
o
—
-3.11 6.0
-3.61
5.5
4.2 : : : : : : : : : : : :
-1.2 -06 -0.1 0.5 1.1 1.7 2.2 2.8 -0.6 -0.1 0.5 1.1 1.7 2.2 2.8
log(5354) log(S354)

Figure 6.2: Performance of estimators based on sulfur emission lines. Panels (a) and (c) show the
performance of S34 for 12+1og(S/H) and S354 for log(U), respectively, in the case of SFGs.

Panels (b) and (d) show the performance of the same estimators for AGNs. Models are shown

following the same notation as in Fig. 6.1.

As is shown in Fig. 6.4, these new improvements in the code do not significantly change the
results obtained with previous versions, but we do obtain more information, as now 12+log(S/H)
is independently estimated. We notice that some AGNs seem to present slightly higher abundances
when sulfur emission lines are no longer used in the oxygen estimation, which implies that S lines

favor lower abundances (see Sec. 6.4).

6.4 RESULTS

In this section, we present an analysis of the chemical abundances obtained after applying HCm-IR

to the selected samples presented in Sec. 6.3. The statistics of these results are shown in Tab. 6.1.
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Figure 6.3: Performance of estimator S34 based on sulfur emission lines for models with S/O that is not fixed.
Panel (a) shows models for a fixed value of the ionization parameter log(U) = —1.5, panel (b)
shows models for log(U) = —2.0, panel (c) models with log(U) = —3.0, and panel (d) those
with log(U) = —3.5. Models are shown following the same notation as in Fig. 6.1.

6.4.1  Nitrogen-to-oxygen abundance ratios

HCwm-IR performs a first independent iteration to estimate log(IN/O). Since both the IR observables
(i.e. N3O3 = [Nm]A57pm/[Om]A52um ) and the procedure followed to determine N/O remain
unchanged in this version, no significant difference is found in the log(N/O) distribution derived
for the SFG and AGN samples when compared to studies based on previous versions of the code.
In the case of SFGs, the median value of log(N/O) ~ —0.9 is close to the solar ratio, in agreement
with Fernandez-Ontiveros et al. (2021). Regarding AGNss, the distribution is almost identical to that
reported by Pérez-Diaz et al. (2022). Moreover, as IDEOS measurements do not cover the far-IR
emission lines, essential to estimating log(N/O) (Ferndndez-Ontiveros et al., 2021; B. Peng et al.,
2021; Pérez-Diaz et al., 2022), the number of N/O measurements has not increased with respect to
previous works.

Fig. 6.5 shows that the distribution of the IR-based log(N/O) versus the 12+log(O/H) values
obtained for our sample deviates from the abundances obtained for local SFGs using optical lines
(Andrews & Martini, 2013; Pérez-Montero, 2014; Pérez-Montero & Contini, 2009). Our IR-based
abundances cluster around the solar N/O ratio and do not show a trend with O/H. While this
result seems to contradict previous studies (e.g. Spinoglio et al., 2022), we must bear in mind the
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Figure 6.4: Comparison between the outputs from HCwm v3.01 (x-axis) and HCm v3.1 (y-axis). Panels (a)
and (b) show a comparison of SFGs and AGN, respectively, with 12+log(O/H). Panels (c) and
(d) show a comparison of SFGs and AGNs, respectively, with log(U).

low number of AGNs with N/O estimations. It is also important to note that while SFGs present
values of N/O that spread from sub-solar to over-solar ratios, AGNs present either solar or slightly
over-solar N/O ratios.

This result is also reported for the abundances of SFGs as derived from their IR lines (Ferndndez-
Ontiveros et al., 2021) and for AGNs (Pérez-Diaz et al., 2022), in both cases with calculations based
on HCwm-IR. Since 12+1og(O/H) is now obtained without considering the IR sulfur lines, in contrast
to previous studies, we conclude that these behaviors on the N/O-O/H diagram persist even when
the information is solely obtained from O, Ne, and Ar emission lines.
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Table 6.1: Statistics of the chemical abundances and log(U) values derived from HCwm-IR for our sample of
galaxies.

12+log(O/H) 12+log(S/H) log(N/O) log(U)

Sample Ni; | N° Med. Sd.Dv. | N° Med. Sd.Dv. | N° Med. Sd.Dv. | N° Med. Sd.Dv.

All SFGs 131 | 128 8.57 0.30 59 6.68 0.38 22 -0.93 0.20 71 =297 034
Dwarfs 30 30 7.99 0.23 30 6.28 0.23 5 -1.14 0.19 30 -2.51 0.19
HII regions 22 21 8.69 0.14 14 7.09 0.17 7 =093 0.12 21 -3.20 0.16
(U)LIRGs 79 77  8.59 0.18 15 6.80 0.31 10 -0.86 0.09 20 -3.04 0.23

All AGNs 73 36 8.28 0.21 36 6.41 0.38 35 -0.83 0.16 65 —1.68 0.68
Seyferts 58 25 8.25 0.22 25 6.57 0.37 22 -0.79 0.19 52 -1.60 0.21
LINERs 3 2 8.22 0.12 2 642 0.03 1 -0.83 0.00 2 -3.08 0.15

(U)LIRGs 12 9 8.31 0.11 9 6.36 0.36 12 -0.88 0.07 11 -3.23 0.22
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Figure 6.5: N/O vs O/H as derived from infrared emission lines for SFGs (a) and AGNs (b). The log(U)
values are given by the color bar.

6.4.2  Sulfur and oxygen abundances

The analysis of the total oxygen abundance in our sample of SFGs is in overall agreement with
Ferndndez-Ontiveros et al. (2021). We find the lowest 12+1log(O/H) average values in dwarf
galaxies (12+log(O/H)~ 8.0), with sub-solar abundances for (U)LIRGs (12+log(O/H)~ 8.5)
and the highest values for HII regions (12+log(O/H)~ 8.7). Nevertheless, our larger (ULIRG)
sample presents a slightly higher median oxygen abundance when compared to the smaller sample
of 12 objects in Fernandez-Ontiveros et al. (2021). The agreement with previous determinations
implies that the independent estimation of S in the last version of HCwm-IR does not significantly
change the abundances of O and N, as in the Bayesian-like procedure sulfur estimators are weighted
among many others, reducing any possible bias. Regarding the derived average sulfur content,
12+log(S/H), in our sample of SFGs, we obtained a similar behavior to that of oxygen, the lowest
value being found in dwarfs (12+log(S/H)~ 6.3), followed by (U)LIRGs (12+log(S/H)~ 6.8) and
HII regions (12+log(S/H)~ 7.1).
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The 12+1og(O/H) values obtained for AGNs are also consistent with previous studies (Pérez-
Diaz et al., 2022), as there is not a significant increase in the oxygen content for high-ionization
(Seyfert) AGNSs. This is supported by the larger statistics after including the AGNs from IDEOS.
Hence, we can conclude that, in terms of chemical content, the samples from IDEOS and from
Pérez-Dfaz et al. (2022) are both similar. Overall, the whole AGN sample presents similar median
values for both 12+log(O/H)~ 8.25 and 12+log(S/H)~ 6.5 for all considered subtypes (Seyferts,
LINERs, and (U)LIRGs).
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Figure 6.6: S/H vs O/H as derived from infrared emission lines for SFGs (a) and AGNs (b). The log(U)
values are given by the color bar. The solid line represents the solar proportion. We notice in
panel (a) that (U)LIRGs with high S/H values near the lowest values for O/H are the same
galaxies that are experiencing the deep-diving phase reported by Pérez-Diaz et al. (2024a).

Finally, we also explored the relation between the ionization parameter, log(U), and the derived
chemical abundances. Theoretically, if massive stars are the sources of ionization, an anti-correlation
between metallicity and ionization is expected as a consequence of: i) stars becoming cooler as
a result of wind and enhanced line blanketing (Massey et al., 2005); and, ii) an increase in the
stellar atmosphere content leading to higher photon scattering, which later translates into a more
efficient conversion of the luminosity energy into the mechanical energy in winds (Dopita et al.,
2006). As is presented in Fig. 6.7, we did obtain an anti-correlation for SFGs that is stronger for
oxygen (the Pearson coefficient correlation is r~ —0.98) than for sulfur (the Pearson coefficient
correlation is r~ —0.8). When analyzing AGNs, we do not obtain any relation between metallicity
and the ionization parameter, in agreement with previous studies (e.g. Pérez-Diaz et al., 2021,
2022; Pérez-Montero et al., 2019a). Moreover, the lack of correlation between U and O/H (and
S/H) is obtained in galaxies characterized by high ionization parameters (log(U) > —2.5 such as
Seyferts) but also in AGN-dominated (U)LIRGs with low ionization parameters (log(U) < —2.5),
as is shown in Fig. 6.6.

6.4.3  Sulfur-to-oxygen abundance ratios

The median log(S5/O) values obtained for our samples of SFGs (—1.89) and AGNs (—1.87) are
lower than the solar ratio, log(S/0O), = —1.57 (Asplund et al., 2009). From Fig. 6.6 we conclude
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that, although the median values deviate by a factor of 0.3 dex from the solar ratio, higher offsets are
found in many of the (U)LIRGs (in our sample, dominated by either star-forming or AGN activity),
as their sulfur abundances are significantly lower than the expected values of their corresponding
oxygen estimations.
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Figure 6.7: Variation in the ionization parameter, log(U), as a function of the chemical abundance ratios,
12+log(O/H) (panels (a) and (b)) and 12+log(S/H) (panels (c) and (d)). Panels (a) and (c)
show results from SFGs, while panels (b) and (d) present AGNs.

First of all, we explored the possibility that these deviations in the log(5/O) chemical abundance
ratio could be caused by uncertainties in the measurement of the [S1v]A10um emission line. Among
these, the flux of this line could be affected as a consequence of the presence of a silicate feature
detected in the 10 — 12.58m range (Spoon et al., 2022). From Fig. 6.8 we can conclude that the
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Figure 6.8: S/O vs the silicate strength in the 10 — 12.58ym range as measured in IDEOS (Spoon et al., 2022).
The color bar shows the values for the 12+log(S/H) chemical abundance.

silicate strength does not play any role in the estimated values of log(S5/O). However, we must bear
in mind that in galaxies dominated by AGN activity the silicate strength provides information on
the extinction that is affecting the continuum emission, whereas the line emission can come from
more extended parts.

To further explore the above-reported deviations in the chemical abundance ratio, log(5/0O), of
our sample, we studied its behavior as a function of the oxygen abundance. As is shown in Fig. 6.9,
the deviations in log(S/O) are found in either the low-metallicity regime (12+log(O/H) < 8.0),
as is the case for SFGs, or in the high-metallicity regime (12+log(O/H) > 8.4), for both SFGs and
AGN:s. In the two metallicity regimes, (U)LIRGs are the galaxies driving these high deviations.
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Figure 6.9: S/O vs O/H as derived from the infrared emission lines for SFGs (a) and AGNs (b). The log(U)
values are given by the color bar. Again, the (U)LIRGs that show the highest S/O ratios are the
same galaxies that are undergoing the deep-diving phase reported by Pérez-Diaz et al. (2024a).
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In the specific case of SFGs, we explored if these deviations correlate with other physical quantities
such as the stellar mass (M, ) or the star formation rate (SFR), as galaxy mass assembly is known
to play an important role in the chemical enrichment of galaxies (Curti et al., 2017; Maiolino &
Mannucci, 2019), materialised in the well-known mass-metallicity relation (MZR; Andrews &
Martini, 2013; Lequeux et al., 1979; Tremonti et al., 2004). Although this relation is regulated by
many processes such as the galactic environment (Y.-j. Peng & Maiolino, 2014 ), secular evolution
(Somerville & Davé, 2015), star formation, and AGN feedback (Blanc et al., 2019; Thomas et al.,
2019) or stellar age (Duarte Puertas et al., 2022), we only analysed those quantities that are explicitly
involved in this connection between chemical enrichment and galaxy mass assembly: M, (Lequeux
et al., 1979; Tremonti et al., 2004) and SFR (SFR; Curti et al., 2017; Mannucci et al., 2010).

Figure 6.10 shows that deviations from the solar ratio log(5/0), ~ —1.57 are observed mostly in
those galaxies with high M, (> 101! M) and a high SFR (> 90 Mg-,yr™1).
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Figure 6.10: (a) S/O vs M,. (b) S/O vs M, corrected from SFR, as proposed by Curti et al. (2017). The SFR
values are given by the color bar.

6.5 DISCUSSION
6.5.1 Information from sulfur emission lines

Unlike previous analyses of chemical abundances of the gas phase using IR lines, which assume a con-
stant and universal S/O ratio, our work avoids S emission lines —namely [S1v] A10um, [S11]A18um,
and [Sm]A33um - in estimating 12+1log(O/H). Instead, the sulfur lines are used in this work to esti-
mate 12+log(S/H) independently. Given the quantity and variety of other emission lines observed
in the IR range (Ne, Ar, and O), sulfur emission lines do not play a critical role in the estimation of
the oxygen abundance, as is evidenced by the high consistency between our results and previous
studies using all of the lines (see Fig. 6.4).

While IR emission lines are extremely useful due to the fact that they are much less affected by
temperature or dust extinction, their dependence on density should be taken into account. Far-IR
emission lines present low critical densities (e.g. Pérez-Diaz et al., 2022), which implies that their
fluxes can be affected even for the average conditions of the ISM in both SFGs (11, ~ 100 cm~3) and
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AGNSs (n, ~ 500 cm~3). This is not the case for IR sulfur emission lines, as their critical densities
(n([Stv]10pm)~ 5.6 - 10* ecm~3, n.([S 1]y )~ 1.2 - 10* cm~3, and ne([Sm]zzym,)~ 1417 cm~3;
Pérez-Diaz et al. 2022) are well above such conditions of the ISM.

Furthermore, as the derivation of chemical abundances based on the IR range also involves
intermediate and highly ionized species (S**, S3*), the influence from DIG (Domgorgen and
Mathis 1994; Galarza et al. 1999; Haffner et al. 2009; Reynolds 1985; Zurita et al. 2000), whose
contribution is only relevant for low-excitation lines, is expected to be negligible in the abundance
calculation. In addition, the detection of high-excitation IR lines is also extremely important in the
case of AGNs, especially in high-luminosity AGNs such as Seyferts or quasars, since highly ionized
species are needed to correctly trace the chemical content of the gas-phase ISM, and these ions
produce emission lines that are easily detected in the IR range.

6.5.2  Deviations from the S/O solar ratio

Our analysis of the chemical abundance ratio log(S/O) in the selected sample, calculated from
the independent estimation of sulfur and oxygen abundances, reveals that many galaxies present
values close to the solar ratio. As a matter of fact, about 70% of our sample of SFGs are within 0.2
dex of the solar ratio. However, this value drops to 44% when AGNs are considered. Focusing on
the galaxies whose S/O ratio clearly deviates from the solar proportion (> 0.3 dex), we find that
53% of the AGNs and 17% of the SFGs present such large deviations.

Regarding the different subtypes of galaxies, (U)LIRGs exhibit the greatest deviations (see
Fig. 6.6). Specifically, we find that (U)LIRGs with an oxygen content close to the solar value
(12+log(O/H)y ~ 8.69) show a spread in S/O ratios of more than an order of magnitude (from
—1.2 to —2.3), suggesting a strong variation in the sulfur content of galaxies with similar stellar
masses, M, ~ 10!! M, and oxygen abundances, 12+log(O/H)~ 8.6 (see Fig. 6.10).

Among the (U)LIRGs that deviate from the solar log(S/O) ratio are those with very low abun-
dances (12+log(O/H) < 8.2) compared to other galaxies of the same type. These (U)LIRGs possibly
undergo a large excursion or deep dive beneath the MZR due to massive infalls of metal-poor
gas (Pérez-Diaz et al., 2024a). According to our results, sulfur abundances are higher in these
objects, leading to over-solar log(S/O) > —1.2 ratios. This behavior is similar to that reported by
several authors using optical lines for different SFG samples (Diaz et al., 1991; Diaz & Zamora, 2022;
Pilyugin et al., 2006).

Diverse mechanisms able to drive the observed log(S/O) deviation in SFGs have been proposed,
including: i) changes in the initial mass function enhancing the formation of stars with masses
between 12 M and 20 M, which are the major producers of S via burning of O and Si (Diaz &
Zamora, 2022); and, ii) metal enrichment from Type Ia supernovae increasing the sulfur yield
(Iwamoto et al., 1999). The first scenario could be favored in the extreme star formation conditions
that characterize deep-diving (U)LIRGs, as larger SFRs help to increase the number of stars with
M > 10 My,. Moreover, if (U)LIRGs have experienced a change in their IMF, which has not been
reported yet, then this effect could be amplified. On the other hand, the second mechanism proposed
could be important in galaxies with strong outflows; for instance, Pérez-Dfaz et al. (2024a) discuss
how strong feedback from the extreme episode of star formation is required for (U)LIRGs to end
their deep-diving phase.

However, as is shown in Fig. 6.10, these deviations found in massive galaxies are not always
associated with an increase in S, as we also observed extremely low log(S/0O) abundances in similar
conditions. Moreover, these scenarios do not explain why there is such a strong variation in the
sulfur content of galaxies with similar oxygen abundances and stellar properties such as mass or
the SFR. Another possible mechanism that could explain these lower abundances of S/H might be
related to the formation of ice and dust grains that capture S in the most dense cores of molecular

169



170 NITROGEN AND SULFUR AS KEY WITNESSES OF THE CHEMICAL ENRICHMENT TALE

clouds (Hily-Blant et al., 2022). Indeed, recent studies show that sulfur abundances in these cold,
dense clouds are much lower than those reported in the ionized ISM (e.g. Fuente et al., 2023), and
these cold regions can be traced by IR emission lines, while they remain unobserved from optical
spectroscopy. Nevertheless, we cannot explore this scenario with the current IR data.

Active galactic nuclei show an analogous behavior, with S/O abundances spread over a wide
range for galaxies characterised by similar oxygen abundances. This was also reported by Dors et al.
(2023) using optical emission lines; however, the information from S3+ — which plays an important
role in deriving the total S abundance in the case of strong AGNs such as Seyferts — was missing.
As in the case of SFGs, it is unclear whether the proposed scenarios of chemical enrichment from
both stellar nucleosynthesis and feedback might explain the observed deviations. Nevertheless, we
report the absence of AGNs with clear over-solar log(S/O) ratios, unlike deep-diving (U)LIRGs,
implying either that galaxies classified as AGNs in our sample cannot meet the conditions to present
such values, or that there is an observational bias towards objects with solar to sub-solar log(S/O)
ratios.

In the near future, analysis of spatially resolved spectroscopic observations in the IR range for
both SFGs and AGNs will shed light to better disentangle if the mechanisms proposed to explain
the observed S/O variation are the same in both types of objects.

6.5.3 The role of electron density

The emissivities of the IR emission lines are significantly less dependent on temperature when
compared with the optical transitions (e.g. Ferndndez-Ontiveros et al., 2021). However, the former
are more affected by the electron density (1,) due to the lower critical densities (n.) of the IR
transitions —that is, the density at which collisional de-excitations equal radiative transitions. For
instance, [O m]A88ym has 1, = 501 cm~3, whereas [Om]A5007A has 6.9 - 10° cm~3. As is shown
in Pérez-Diaz et al. (2022), most of the IR emission lines used in this work have 7, well above the
expected densities in SFGs (~ 100 cm~3) and AGNs (~ 500 cm~3), and therefore effects from the
density conditions of the ISM are not critical for chemical abundance estimations. Additionally, HCwm-
IR (Fernandez-Ontiveros et al., 2021; Pérez-Diaz et al., 2022) takes into account this information in
the calculations and uses only those IR transitions whose 7, are above the expected densities for
the ionized ISM in each case. Nevertheless, to test the robustness of the S/O relative abundances
obtained, we investigate in this section a possible dependency on the gas density.

For this purpose, we evaluated two ratios that are extremely sensitive to n1,: [Sm]A33pum/[Smr]A18m
and [Nev]A24um/[Nev]A14um. The former is used to trace densities in SFGs, because it is the
only available set of emission lines from the same ionic species in the mid-IR. The latter is used
to measure densities in AGNs, as this ratio involves a highly ionized ion, thus avoiding possible
contamination from star formation activity. In Fig. 6.11 we present the log(S/O) values as a function
of these two emission-line ratios.

The lack of correlation between log(S/O) and n, is shown in Fig. 6.11, suggesting that density
variations are not causing the deviations from the solar ratio. A few SFGs (five) and AGNs (three)
present densities that are compatible within the errors with the critical density regime (1, > n,),
although the density uncertainties in all cases are compatible with lower values. Analysing the
statistics for each sample, we find that SFGs and AGN’s present median values of 1, ~ 200 cm~3 and
~ 1000 cm~3, respectively, adopting an electron temperature of T, = 10* K. Nevertheless, we note
that, given the uncertainties in the emission-line ratios involved, these results are still compatible
with the typical ISM densities in each case.

On the other hand, there are some considerations that may impact the determination of electron
densities. For instance, it has been probed that planetary nebulae present density inhomogeneities
across the gas-phase ISM (e.g. Flower, 1969; Harrington, 1969; Péquignot et al., 1978; Rubin, 1989;
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Figure 6.11: Dependence of S/O on electron density. Panels (a) and (c) show the theoretical behavior of the
emission-line ratios, [Sm|A33um/[Sm|A18ym and [Ne v]A24um/[Ne v]A14um, respectively, as
a function of density for different values of the electron temperature, as computed by Pynes
(Luridiana et al., 2015). Panel (b) shows the behavior of log(S/O) as a function of
[Sm]A33um/[Sur]A18um for SFGs. Panel (d) shows the behavior of log(S/O) as a function of
[Nev]A24um/[Ne v]A14pm for AGNs. The color bar shows the values of 12+log(S/H) for both
samples. Critical densities were computed assuming T, = 10000 K and are those associated
with the emission line with the lowest value.

Seaton & Osterbrock, 1957). Additionally, the action of shocks in the ISM might also induce variations
in the density distribution (e.g. Aldrovandi & Contini, 1985; Contini & Aldrovandi, 1983; Dopita,
1976; Dopita et al., 1977; Dopita, 1977). While these effects can play an important role in the
determination of the electron temperature, T,, for a direct estimation of chemical abundances using
CELs, HCwm-IR does not make any prior estimation of T,. Pérez-Montero et al. (2019a) show that a
variation in the electron density by a factor of four has a negligible effect on the chemical abundances
derived using HCwM. In the case of IR estimators, such as S34, Ne23, or Ne235, only remarkable
differences (higher than 0.3 dex) are found when the densities are changed from 100 cm~2 for SFGs
and 500 cm~3 for AGNs to 10* cm~3 in both cases, according to photoionization models computed
with Croupy v1y (Ferland et al., 2017). This value is well above the critical density for most of the IR
emission lines considered, and there are no galaxies in this regime in our sample of SFGs and AGNs,
as is shown in Fig. 6.11. Therefore, we conclude that the density conditions have no significant
impact on the chemical abundances of 12+log(S/H) and 12+log(O/H) estimated in this work.

Finally, we note that a few SFGs and AGNss show values above the expected ratio in the low-density
regime (i.e. n, — 0). Nevertheless, the deviations from the log(S/O) solar ratio are also found in
the density regime between 100 cm~2 and 1000 cm~3, supporting the idea that these differences are
not driven by variations in the gas density, but are instead intrinsic to the chemical composition of
the ISM.
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6.6 CONCLUSIONS

In this work we performed, for the first time, a systematic analysis of the chemical abundances
estimated from IR emission lines in a sample of galaxies including both SFGs and AGNs, providing
an independent estimation of the oxygen, nitrogen, and sulfur abundances for the widest sample of
galaxies with IR spectroscopic observations, combining Spitzer, Herschel, AKARI, and SOFIA data.
When comparing our results with previous studies of chemical abundances from IR emission lines,
we find an agreement in the estimated oxygen and nitrogen abundances.

While most of the galaxies in the sample are characterized by a solar log(S/O) ratio, we report
that galaxies with low to solar oxygen abundances present large deviations in log(S/O). In the first
case, galaxies present higher sulfur abundances, which is consistent with studies based on optical
emission lines. Among them, (U)LIRGs are characterized by high stellar masses and high SFRs, and
some are reported to be experiencing an infall of metal-poor gas, strengthening the hypothesis that
the large S/O ratios may be driven by stellar nucleosynthesis. In the case of galaxies with solar-like
abundances, we find that (U)LIRGs present S/O ratios that span a very wide range, whereas their
stellar properties remain similar, implying a possible additional sulfur production channel or a more
complex picture with respect to stellar nucleosynthesis. We also tested whether these deviations
from the S/O solar ratio are driven by the density conditions of the ISM, and we conclude that
density is not a driver of such deviations.

Our results for AGNs are similar to those observed in SFGs, although in this case we report
more galaxies deviating from the log(S/O) solar ratio. We find that the (U)LIRGs dominated by
AGN activity and some Seyferts present extremely low log(S/O) ratios, while they show almost
solar oxygen abundances. Unlike the SFGs, we do not find any AGN with sub-solar abundances
and high log(S/O) ratios, although this could be due to the low number of low-metallicity AGNs
in our sample. Reviewing these results, while the use of IR sulfur emission lines to constrain the
overall metallicity of the gas-phase ISM is not required when transitions from other ionic species are
detected (such as neon, argon, and oxygen), using only sulfur lines can lead to an underestimation
of 12+1log(O/H) in the solar (and over-solar) regime, and an overestimation for galaxies that are
actually characterized by a depressed oxygen content.



A DEEP-DIVE BENEATH THE MASS-METALLICITY RELATION :

Chapter based on the publication: B. Pérez-Diaz, E. Pérez-Montero, |. A. Ferndndez-Ontiveros, |. M. Vilchez
and R. Amorin (2024) "A departure from the mass-metallicity relation in merging galaxies due to an infall of
metal-poor gas”, published in Nature Astronomy, volume 8, p. 368-376, doi:10.1038/s541550-023-02171-x.

7.1 ABSTRACT

Heavy element accumulation and stellar mass assembly are fundamental processes in the formation
and evolution of galaxies. However, the key elements that govern them, such as gas accretion and
outflows, are not fully understood. This is especially true for luminous and massive galaxies, which
usually suffer strong feedback as massive outflows and large-scale gas accretion triggered by galaxy
interactions. Using a sample of 77 luminous infrared (IR) galaxies, we derive chemical abundances
using new diagnostics based on nebular IR lines, which peer through their dusty medium and allow
us to include the obscured metals. In contrast to optically based studies, our analysis reveals that
most luminous IR galaxies remain close to the mass-metallicity relation. Four galaxies with extreme
star-formation rates (> 60 My-yr~!) in their late merger stages show heavily depressed metallicities
(12+log(O/H) ~ 7.7 — 8.1) along with solar-like N/O ratios, indicative of gas mixing processes
and suggesting the action of massive infall of metal-poor gas in a short phase, eventually followed
by rapid enrichment. These results challenge the classical gas equilibrium scenario applied to
main-sequence galaxies, suggesting that chemical enrichment and stellar-mass growth in luminous
IR galaxies take place via mergers, likely driving these galaxies out of chemical equilibrium.

7.2 INTRODUCTION

The chemical composition of the gas-phase interstellar medium (ISM) is a witness of the evolution
of galaxies (Maiolino & Mannucci, 2019), as heavy elements (or metals) are produced in stars
by stellar nucleosynthesis and eventually ejected into the ISM at the end of their lives (Nomoto
etal,, 2013). As stellar mass assembly also traces the evolution and formation of galaxies, a natural
connection between them arises, materialized in the so-called Mass-Metallicity Relation (MZR;
Andrews & Martini, 2013; Tremonti et al., 2004) as well as in the Fundamental Metallicity Relation
(FMR; Curti et al. 2020, although its universality is still under debate Baker et al. 2023), which are
regulated by a wide variety of processes: galaxy environment (e.g. Y.j. Peng & Maiolino, 2014),
secular evolution (e.g. Somerville & Davé, 2015), feedback from star-formation (e.g. Blanc et al.,
2019) and Active Galactic Nuclei (AGN; e.g. Thomas et al., 2019), and stellar age (e.g. Duarte
Puertas et al., 2022).

These scaling relations are explained by means of self-regulated equilibrium between gas accretion,
outflows and star formation (Maiolino & Mannucci, 2019). However, half of the stellar mass in
galaxies that we observe nowadays was formed in a relatively short period of time (~ 3.5 Gyr)
during the cosmic noon (Forster Schreiber & Wuyts, 2020), i.e., in an extreme scenario where these
equilibrium conditions may not apply. Luminous and Ultra-Luminous Infrared Galaxies (LIRGs
and ULIRGs, respectively) are key to understanding the complex picture of galaxy evolution, since
they allow us to explore nearby galaxies with extreme star formation rates, similar to those found at
the cosmic noon (Armus et al., 2009). LIRGs have infrared luminosities Liz > 10! L, by definition,
dominate the star-formation activity at z ~ 1 and contribute significantly to the cosmic infrared
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background (Stierwalt et al., 2013). In addition, ULIRGs with Liz > 102 L are commonly found in
merger systems at z = 2 and may represent an evolutionary stage in the formation of AGN-hosting
galaxies (Evans et al., 2005). While the scaling relation between the bulge and central supermassive
black holes (SMBHs) in quiescent galaxies suggest a link between accretion rates onto SMBH and
the intensity of the episodes of nuclear star formation (Magnelli et al., 2009), the study of (U)LIRGs
and their extreme conditions are critical to shed light on the co-evolution of SMBHs and their host
galaxies.

Despite the increasing number of studies on the gas-phase ISM metal content in galaxies, the
chemical characterization of (U)LIRGs lacks consensus. On the observational side, optical estima-
tions of the oxygen abundance (e.g. Grennow et al., 2015; Rupke et al., 2008) suggest that chemical
abundances are lower than expected for these galaxies. However, this approach presents serious
challenges: i) optical emission lines are significantly affected by dust attenuation, which is particu-
larly important in (U)LIRGs (Lo Faro et al., 2017), and therefore miss the heavy elements located
in dust-embedded regions within galaxies; ii) due to the hard ionizing radiation field associated
with strong starbursts, the cooling process of many metals (such as sulfur, neon or oxygen) may be
dominated by highly-ionized species (S>*, Ne?*, and even O3+ in some extreme scenarios), whose
emission lines are detected in the IR range; and, iii) due to the temperature dependence of optical
emission lines, cold regions might remain unobserved. To avoid these problems, studies of the
metallicity of ULIRGs from IR emission lines are needed, but such studies are rather scarce and
show discrepancies. A study of local ULIRGs using far-IR emission lines was performed on a sample
of 20 local galaxies (Pereira-Santaella et al., 2017), concluding that 12+log(O/H) ranges from 8.5 to
8.9[0.65Z, 1.65 Z ], with many of them found 0.3 dex lower than expected by their position in the
MZR. More recently, another study of five ULIRGs using again far-IR emission lines showed that,
contrary to the previous study, these ULIRGs followed the MZR (Chartab et al., 2022) derived for
SFGs (Tremonti et al., 2004) in the Sloan Digital Sky Survey (SDSS). However, as these studies were
performed using ratios of far-IR emission lines (including [O m]A52um, [N m|A57 ym, [O m]A88um)
that are better tracers of the nitrogen-to-oxygen abundance ratio log(N/O) (Fernandez-Ontiveros
et al., 2021), the estimation of 12+1og(O/H) relies on the local calibration of the O/H-N/O relation
(Pérez-Montero et al., 2019a), that might not apply to the case of (U)LIRGs since independent
estimations of both quantities lead to sub-solar abundances (Fernandez-Ontiveros et al., 2021). On
the theoretical side, due to the high dust content (Herrero-Illana et al., 2019) of ULIRGs, chemical
evolution models predict high metal content in the ISM of these galaxies (Calura et al., 2008).
On the other hand, simulations of ULIRGs, as interacting systems, have shown that the chemical
content in the gas-phase ISM, mainly traced by the oxygen abundance [12+log(O/H)], experiences
a drop during the merger process (Montuori et al., 2010; Rupke et al., 2010; Sparre et al., 2022).
However, resolution in simulations also play an important role in understanding whether the
physical explanation for metallicity dilution during merger processes is gas infall (Bustamante et al.,
2018) or enhanced fragmentation (Teyssier et al., 2010), or a mixture of these. Overall, the lack of a
systematic and consistent study of the chemical content in the gas-phase ISM of ULIRGs does not
help in solving this problem since an independent determination of the O/H and N/O abundances
based on IR emission lines is required to peer through the dusty medium of these galaxies.

7.3 SAMPLE AND METHODOLOGY

Here we provide more detailed information in the selection of the sample of Ultra-Luminous
Infrared Galaxies (ULIRGs) and Star-forming Galaxies (SFGs) with IR spectroscopic data. We also
described the methodology employed to estimate the chemical content of the gas-phase interstellar
medium (ISM) in our sample (Sec. 7.3.1) and their chemical abundance determinations (Sec. 7.3.2).
In addition, we give some details about the retrieval of other properties derived in the sample, such
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as the stellar mass (M, ), the star-formation rate (SFR), or the merger stage (Sec. 7.3.3). Finally, we
present in detail some evolutionary models that reproduce the behaviour of our sample of galaxies
(Sec. 7.3.4). Throughout this study, we assume as reference system the Solar chemical abundances:
124+1og(O/H) o = 8.71 and 12+log(N/H), = 7.85 (Lodders, 2021).

7.3.1  The sample of Ultra-luminous Infrared Galaxies and Star-forming Galaxies

7.3.1.1  Selection

We build our sample of galaxies with IR spectroscopic data from two different catalogs. The first
one was retrieved from the IDEOS (Hernan-Caballero et al., 2016; Spoon et al., 2022) IR database,
which includes the measurements of 77 fitted mid-IR observables in the range 5.4 — 36um for
all galaxies observed with Spizer (a total of 3335 galaxies Spoon et al., 2022). From this initial
sample, we omit duplicate observations of one single object and entries corresponding to galaxies
presented in the first catalog, where the higher resolution spectroscopic observation was taken.
After verifying that star formation dominates the ionization budget in our final sample of galaxies
(see next subsection), we perform a cross-match with an AKARI sample of ULIRGs (Inami et al.,
2018) to provide measurements of at least one hydrogen recombination line, particularly H1 (5-4).
In all, a total sample of 66 ULIRGs was retrieved.

The second catalog (Ferndndez-Ontiveros et al., 2021) consists of a sample of dwarf galaxies,
SFGs, and ULIRGs that present mid- to far-IR range spectroscopic observations from the InfraRed
Spectrograph (IRS, Houck et al. 2004) on board Spitzer and from the Photodetector Array Camera
and Spectrometer (PACS, Poglitsch et al. 2010) on board Herschel (Fernandez-Ontiveros et al.,
2021; Fernandez-Ontiveros et al., 2016). We compiled measurements for a sample of 66 galaxies
showing detections of [O m]A52um and [N m1]A57 ym far-IR lines, needed for the nitrogen-to-oxygen
estimation (Ferndndez-Ontiveros et al., 2021; B. Peng et al., 2021; Pérez-Diaz et al., 2022), from the
IFU spectroscopy instrument FIFI-LS (Fischer et al., 2018) on board the SOFIA airborne observatory.
Additionally, we obtained measurements of hydrogen recombination lines Hr (7-6) and (5-4) from
the Spitzer calibrated spectra available in the CASSIS (Lebouteiller et al., 2015) database and from
observations via AKARI/IRC (Imanishi et al., 2010), respectively.

7.3.1.2  Classification

For the first sample of galaxies, the ratio between [ Ne v]A14um and [Ne i]A12um ensures (Ferndndez-
Ontiveros et al., 2021; Pereira-Santaella et al., 2017) an AGN contamination lower than 10%. For
the second sample, we use two criteria (Armus et al., 2007) both based on the relative emission of
high ionic species ([Nev]|A14ym and [O1v]A26um) to low ionic species (Ne1]A12um) and on the
strength of the polycyclic aromatic hydrocarbon (PAH) at 6.2ym as measured from their Drude
profile (see Spoon et al. 2022, IDEOS presentation work, for further details), since AGN activity is
expected to enhance higher ionic species (Pérez-Diaz et al., 2021, 2022) and the equivalent width
(W) of PAHs has been proposed (Armus et al., 2007; Hernan-Caballero et al., 2020; Puget & Leger,
1989) as a tracer of the star-formation activity. Particularly, we select those galaxies characterized by
Wpane.2m > 0.06pm, [Nev]A14pm/[Nen]A12pum < 0.15 and [O1v]A26pm/[Nen]A12um < 0.4.
In Fig. 7.1 we present both criteria for the sample of galaxies retrieved from IDEOS. To ensure
the robustness in the classification and avoid AGN contamination in first order, we only select
galaxies which belong to the SF-dominated region (yellow shaded region) in both diagrams. When
compared our classification to that presented in IDEOS (Spoon et al., 2022), we found that the
whole sample selected (66 galaxies) also show silicate strength and an equivalent width for the
PAH at 11.3um compatible with star-forming dominated activity (Sturm et al., 2002; Tommasin
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Figure 7.1: Diagnostic diagrams for the AGN contamination (Armus et al., 2007) based on IR emission lines
and the PAH 6.2ym as measured from their Drude profile (see IDEOS Spoon et al., 2022
presentation work for further details). The whole sample of galaxies from IDEOS is presented in
these plots, while the sample of (U)LIRGs retrieved is highlighted in green, and deep-diving
(U)LIRGs are highlighted as magenta triangles. (a) Diagnostic diagram using [Ne v]A14ym as a
high-ionized specie. (b) Diagnostic diagram using [O1v]A26um instead. Error bars show the
uncertainties associated with the corresponding quantities.

etal, 2010) (i.e. Wpap11.3um > 0.2um). Thus, our sample of SF dominated (U)LIRGs is consistent
when applying five different criteria.

7.3.2  Chemical abundance estimations

The estimation of chemical abundances, the oxygen content [12+log(O/H)] and the nitrogen-
to-oxygen ratio [log(N/O)], as well as the ionization parameter [log(U) | was performed using
HII-CHI-MistrY-IR (Ferndndez-Ontiveros et al., 2021; Pérez-Diaz et al., 2022) (or HCm-IR). In brief,
HCwm-IR is a python code that performs a Bayesian-like calculation of the above mentioned quantities
by comparing a set of emission lines with the predictions calculated from a grid of photoionization
models (Pérez-Montero, 2014). By default, the code provides four different grids of models, varying
the Spectral Energy Distribution (SED) used as ionization source. For our study, since our sample is
dominated by star-formation, we use the POPSTAR grid, which was computed assuming a SED of
simple stellar population models from POPSTAR (Moll4 et al., 2009), assuming a constant density
of 100 cm~3, a filling factor of 0.1 and plane-parallel geometry. While previous studies of the code
have shown that these assumptions do not introduced large uncertainties in the derived abundances,
some differences can be found in the ionization parameter (~ 0.2 dex; Pérez-Diaz et al., 2021, 2022;
Pérez-Montero, 2014; Pérez-Montero & Amorin, 2017; Pérez-Montero et al., 2019a, 2023a) and these
assumptions might play a critical role when 3D instead of 1D phototionization models and optical
emission lines are considered (Jin et al., 2022). Nevertheless, the emission line ratios affected by
these considerations are precisely those ratios that might be affected for DIG, as they are mainly
originated from boundary regions within the nebula (Jin et al., 2022). Since IR is mainly tracing
medium and high ionized species, we expect that considerations on geometry as revealed by 3D
models do not play a major role in this work. The grid covers a range in 12+log(O/H) from 6.9 to
9.1 in bins of 0.1 dex, in log(N/O) from —2.0 to 0.0 in bins of 0.125 dex and in log(U) from —4.0 to
1.5 in bins of 0.25 dex.

The lines accepted by the code in the input include HiA4.05um, [ Aru]A6.99um, HIA7.46um,
[Arm|A8.99um, HiA12.4um, [Neu]A12.8um, [Ne v]A14.3um, [Nem|A15.6pm, [Ne v]A24um,
[O1v]A26pm, [O1m|]A52um, [N m]A57um, [O m|A88um. As compared to previous versions of the
code employed for other samples of SFGs (Ferndndez-Ontiveros et al., 2021) or AGNs (Pérez-Diaz
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et al., 2022), we introduce two modifications (version 3.1). The first modification is that the input
now accepts argon emission lines, which behave in the same way as neon emission lines. Secondly,
the code no longer uses sulfur emission lines to derive the oxygen abundance ratio as they are used
instead to estimate the sulfur content independently from the oxygen estimation. Some authors
(Diaz & Zamora, 2022; Pérez-Montero et al., 2006) have pointed that sulfur-to-oxygen ratios might
deviate from the Solar ratio in the low- and high-metal regime, implying that the use of sulfur
emission lines to estimate the oxygen content might introduce a bias. The code finds solutions for
12+log(O/H), log(N/O) and log(U) as the average of the y2-weighted distribution of all models,
x? being the quadratic differences between the observed and the predicted emission-line ratios
sensitive to the above chemical ratios built upon the emission lines cited above. Instead of solely
taking into account the model with the minimum deviation from the observations (minimum x?),
the code performs a weighted sum (with the weights 1/x?) for all considered models, which helps
in providing a continuous solution although the models covered a discrete space in the estimated
parameter. The code performs an independent estimation of log(IN/O) and 12+log(O/H), although
if N/O cannot be constrained due to the lack of key emission lines, a relation (Pérez-Montero et al.,
2013) between O/H and N/O is assumed by the code. By default, this relation is the one obtained for
star-forming regions using chemical abundances based on optical emission-lines (Pérez-Montero,
2014; Pérez-Montero & Contini, 2009). In this work, as N/O can be estimated independently from
far-IR emission lines, this relation is not used.

7.3.3 Ancillary data

To perform our study, we have retrieved almost all properties that are key in understanding the
chemical evolution of the galaxies, i.e. the stellar mass, the star-formation rate or the merger state. In
this section, we describe how these values were obtained from the literature and the methodologies
followed in the mentioned works to estimate them.

7.3.3.1  Stellar mass and star formation rates

For 30 galaxies, we retrieved their stellar masses and star formation rates from the Great Obser-
vatories All-sky LIRG Survey (GOALS; Armus et al., 2009; Howell et al., 2010). Particularly, the
SFR was estimated from the IRAS L;r and from GALEX FUV, which provides an estimation of the
unobscured and obscured SFR respectively (Howell et al., 2010). The stellar mass was estimated
from photometry using IRAC 3.6ym and Two Micron All Sky Survey (2MASS) K-band photometry.

For 21 galaxies, we retrieve their stellar masses and SFRs from the GALSPEC Data Release 8
(Brinchmann et al., 2004; Kauffmann et al., 2003; Tremonti et al., 2004). Particularly, these quantities
were retrieved following a Bayesian technique to match two stellar absorption indices, the D,, (4000)
break (Balogh et al., 1999) and the Hé 4 Balmer absorption-line index (Worthey & Ottaviani, 1997),
from a library of different star formation histories from Monte Carlo realizations (Kauffmann et al.,
2003).

For ten galaxies, we retrieved their stellar masses (Parkash et al., 2018) derived from WISE bands
W1 and W2 following the GAMA-derived stellar mass-to-light ratio relation (Cluver et al., 2014).
Their SFRs were obtained from WISE bands W1 and W3 to estimate the Balmer-decrement-corrected
Ha luminosity (Brown et al., 2017; Cluver et al., 2017; Parkash et al., 2018).

For seven galaxies, we retrieved their stellar masses from the S*G (Mufioz-Mateos et al., 2013,
2015; Querejeta et al., 2015; Sheth et al., 2010) sample, which were estimated from the 2MASS
photometry (Bell et al., 2003). For these seven galaxies, we could not retrieve their SFRs. For another
four galaxies, we obtained their stellar masses from the catalog published for a subsample of
galaxies from the CASSIS database whose stellar masses and SFRs were obtained after applying
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the photometric SED fitting code CIGALE (Boquien et al., 2019; Ciesla et al., 2015) to their UV and
near-IR observations (Vika et al., 2017).

7.3.3.2 Merger stage

The GOALS sample also offers (Stierwalt et al., 2013) an estimation of the merger stage based on
observations via IRAC 3.6um images. By visual inspection, the authors provide a classification in
the following categories: nonmergers when there is no sign of merger activity or its neighborhood
lacks massive galaxies; pre-mergers, if the images reveal a pair of galaxies prior to the first encounter;
early-stage mergers, pair of galaxies after the first encounter; mid-stage mergers, if they show amorphous
disks, tidal tails and/or other signs of merger activity; and late-stage mergers, if they show a common
envelope.

7.3.4 Inflow models

7.3.4.1  Simulations of merging galaxies

According to simulations of merging massive galaxies, a decrease in the metal content of galaxies
happens shortly after the first pericentre passage (Rupke et al., 2010). When star-formation and
metal enrichment from supernovae are included (Montuori et al., 2010), the dilution is reported to
be correlated to the star formation enhancement, and as the merger advances, the dilution is reduced
and chemical enrichment becomes dominant. From this last model, the variations in metallicity
as well as SFR are considered relative to the initial conditions on the galaxies (see Figure 4 from
Montuori et al., 2010). In this work, we considered the trends followed by galaxies in interaction
with different initial conditions: Z;,;, = 0.8 Z,, Z;,,; =04 Zyand Z;,,; = 0.2 Z,.

7.3.4.2  Inflow model within galaxy evolution

Another model that we consider to reproduce the drop of metallicity in some of the ULIRGs is
based on basic equations of chemical evolution. For a standard galaxy, with original stellar mass
M, o, SFR, metallicity Z and with a being the fraction in mass of long-lived stars and p the yield of
metals (mainly oxygen), we can describe the evolution of gas mass (G), mass of long-lived stars (S)
and mass of metals (Z) following the equations (Képpen & Edmunds, 1999):

G = —aSFR (7.1)
S = aSFR (7.2)
Z = —ZaSFR + paSFR (7.3)

If a flow A of gas (in either direction) is introduced in the above equations, following the prescrip-
tions (Koppen & Edmunds, 1999), then Equation (7.1) is modified as:

G = A — aSFR (7.4)
Thus, we can express Equation (7.3) in terms of the metal content (Z) as:
GZ = paSFR — AZ (7.5)

For our model, we considered that both A and SFR present constant values for most of the evolving
time of the galaxy, although to reproduce the massive inflow, we consider that they experience a
peak (parameterized as a gaussian distribution), separated by 200 Myr (i.e. the inflow A occurs
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before the peak in SFR), which is similar to the characteristic dynamical time of the galaxy disk
(Elmegreen & Burkert, 2010), and within the range observed in simulations (< 500 Myr Di Matteo
et al. 2007, 2008; Renaud et al. 2014), and we consider that the duration of the infall phase is
bigger than the peak of star formation rate (which corresponds to 100 My -yr~!, while the peak
of infall rate is ~ 200 M -yr~1). After 1 Gyr of the process, we assume that the effects of outflows
are significantly higher, changing the sign of A (from positive to negative). We show in Fig. 7.2
how these parameters evolve over time. The value of « is computed from the Initial Mass Function
(Kroupa, 2001) (@ ~ 0.22), and considering long-lived stars those whose masses range from 0.01
M, to 3 M,,. Finally, we assume a conservative yield p = 0.003 (Pilyugin et al., 2007). As initial
conditions, we assume a galaxy with stellar mass 10'! M, mass gas according to the observed ratio
(Parkash et al., 2018), and metallicity Z = 0.84 Z according to the obtained plateau in this study
for massive galaxies.
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Figure 7.2: Evolution of the different quantities involved in our inflow model from Section 4.2. The blue
vertical dashed line separates the inflow and outflow regimes. The magenta vertical dotted line
represents the maximum of the inflow rate (A), while the green dotted line represents the

maximum of the star formation rate (SFR). (a) Inflow (or outflow) rate (A) as a function of time.

(b) Star formation rate (SFR) as a function of time. (c) Mass loading factor for the inflow (7;,,) as
a function of time. Since both outflow rate and star formation rate are mostly constant in the
outflow-dominated regime, the mass loading factor for the outflow (7,,,) is essentially constant
(~ 5). (d) Evolution of the outflow metal loading factor (,,;) as a function of time for the
outflow-dominated regime.

Overall, according to this model, the process lasts for 2 Gyr: during which secular evolution is
considered only in the first 200 Myr (i.e. both A and SFR show low and constant values). From 300
Myr to 900 Myr, the infall of gas dilutes the metallicity and increases the stellar mass. Finally, after
1 Gyr, the combination of stars polluting the ISM with metals and outflows contribute to enrich
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the metal content, while stellar mass shows little increase as the peak of star formation has already
occurred. The infall process involves a total gas mass of 2.6 - 10° M, which is equivalent to 3% of
the stellar mass of a 10'! M, galaxy and 15% of its gas reservoirs (~ 1.6 - 1010 M, assuming the
relation between gas mass-stellar mass reported for galaxies by Parkash et al. 2018).

7.4 RESULTS AND DISCUSSION
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Figure 7.3: Scaling relations for log(N/O). (a) Relation between stellar mass and nitrogen-to-oxygen ratio
for our sample of galaxies. The local relation found for SFGs (Andrews & Martini, 2013) (with a
10% uncertainty) is shown as “A&M+13”. (b) Relation between the oxygen abundance and
nitrogen-to-oxygen abundance ratio for our sample of galaxies. Error bars show the uncertainties
associated with the corresponding quantities. "A&M+13" (Andrews & Martini, 2013) stands for
the local relation reported for SFGs, represented with 10% of uncertainty.

In this study, we determine the chemical abundances of the ISM in a sample of 77 (U)LIRGs
dominated by star-formation activity, and we use a sample of 55 HII extragalactic regions and star-
forming dwarf galaxies as a control sample. Thus, a total sample of 132 galaxies with IR observations
is analysed. We use spectroscopic observations of nebular emission lines in the near-, mid- and
far-IR ranges acquired with Spitzer /IRS, Herschel /PACS, and AKARI for measurements of the Bra
emission. To estimate 12+log(O/H), log(IN/O) and the ionization parameter log(U) we use HII-
CHI-MistrY-IR (Ferndndez-Ontiveros et al., 2021; Pérez-Diaz et al., 2022), a code that employs a
bayesian-like comparison between the results predicted by large grids of photoionization models
with specific observed emission-line ratios. This code allows us to independently estimate these
three quantities without assuming any underlying relation between any of them. However if the
set of emission lines used as input is reduced (e.g. when no previous estimation of N/O can be
provided), the code assumes certain relations that can be changed by the user to find an estimation
of the chemical content. For our sample, we use IR emission lines from H114.05ym to [O m]A88um
as input for the code (see Sec. 7.3.2 for more details). Despite that some degree of depletion of the
gaseous abundance (e.g. iron, oxygen) on dust is expected, the methodology of this work to derive
abundance is robust since it makes extensive use of lines from non depletion (e.g. neon) or at most
mildly (e.g. sulfur) affected elements. Overall, we find that most galaxies in our sample have a
nearly solar metallicity 12+log(O/H)~ 8.6 (0.85 Z), which is consistent with previous studies
from IR (Pereira-Santaella et al., 2017) emission lines. We find a median N/O value for our sample
of ~ —1.0, which is consistent with the expected values for their stellar masses (see Figure 7.3
(a)). Moreover, Fig. 7.3 (b) shows that some galaxies, especially (U)LIRGs, deviate from the local
behavior in the N/O-O/H diagram, reinforcing our statement that these two chemical abundances
must be estimated independently to ensure a robust analysis of the gas-phase ISM chemical content.



7.4 RESULTS AND DISCUSSION

Considering the physical size of the Spitzer/IRS (Houck et al., 2004) slit (~ 4 —11”) and the median
distance in our sample (~ 40 Mpc), we are analyzing the central region of (U)LIRGs (r < 1.1kpc),
which is not affected by shocks as those are reported in the external parts of galaxies (Monreal-Ibero
et al., 2006; Rich et al., 2015). As we are using ionic species whose ionizing potentials are as low
as 21.5eV (Net) and 23.3 eV (S**), no significant contribution from Diffuse Ionized Gas (DIG) is
expected to be contaminating our estimations, since its major contribution affects species with even
lower ionization potentials (Blanc et al., 2009) such as S* (10.4 eV) and N* (14.5 V).
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Figure 7.4: Mass-metallicity relation for our sample of SFGs. The colorbar shows different properties for
their host galaxies: (a), the star-formation rate (SFR) as retrieved from the literature; (b), the
merger stage as estimated from IRAC 3.6pm images; (c) the N/O chemical ratio. For all plots,
blank points are associated with galaxies with no estimations of the colored properties. For plot
(a) we show on the right a zoom with tracks (red line) of an inflow model within the standard
evolution of a galaxy (Képpen & Edmunds, 1999) (see Sec. 7.3.4.2 for more details on this
model). Error bars show the uncertainties associated with the corresponding quantities.
“A&M+13” (Andrews & Martini, 2013) stands for the local relation reported for SFGs,
represented with 10% of uncertainty.

We present in Figure 7.4 the MZR for 77 galaxies, including 41 (U)LIRGs, using the oxygen
abundances estimated in this work. We compare our results with the MZR previously reported for
SFGs (“A&M+13" track, Andrews & Martini, 2013). We find that the large majority of our sample
follows the same trend as the rest of SFGs. However, the most massive ULIRGs (log(M,[Mg]) >
10.5) tend to lie towards the low side of the MZR, indicating that they have slightly lower metallicity
as compared to the expected value for their stellar mass, confirming what has been also reported in
previous studies (Pereira-Santaella et al., 2017), although the deviations that we find are smaller
than the values found by other studies (Rupke et al., 2008). Interestingly, four galaxies namely
Harol1, IRAS12112+40305, IRAS20551-4250 and IRAS23128-5919 strongly deviate from the MZR
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showing metallicities lower by a factor of > 2 than expected for these deep-diving (U)LIRGs stellar
masses according to the MZR. While Harol11 is not a ULIRG galaxy, this star-forming galaxy is
reported to be a well known merger dominated galaxy that shared many of properties (Ostlin
et al., 2015; Ostlin et al., 2021) observed in (U)LIRGs. Notably, IRAS121124-0305 was previously
reported to have a super-solar abundance (~ 2Z; Chartab et al., 2022), while IRAS20551-4250
and IRAS23128-5919 were reported to have abundances close to the values expected from the MZR
considering their masses (Herrera-Camus et al., 2018). These high estimations of O/H are driven by
the nearly solar N/O values obtained here. However, our O/H estimation — independent of N/O-
is significantly lower, thus suggesting a more complex mixing process of the gas affecting their
chemical composition. These deviations from the local relation between N/O-O/H found in SFGs
have been also reported for other types of galaxies such as Green Pea Galaxies (Amorin et al., 2010).

We show in Figure 7.4 that these deep-diving (U)LIRGs have the highest SFR values in our sample
(> 100 Mg -yr~!) and they are in the final stages of their mergers. Additionally, we find that the N/O
ratios for these four galaxies are similar to the Solar ratio, which suggests that they have reached a
relatively mature stage of their chemical enrichment history (e.g. Amorin et al., 2010). As galaxy
interactions trigger large-scale gas accretion (Howell et al., 2010; Joseph & Wright, 1985; Kennicutt
& Evans, 2012), these results imply that during the merging process of (U)LIRGs, metal-poor gas is
accreted towards the central region of the galaxies, which dilutes the metal abundances relative to
hydrogen, fuels star formation, but keeps the N/O ratio unaffected because it is independent of the
effects of a massive infall of hydrogen. Additionally, intermediate-mass stars of these galaxies do not
have enough time to boost the nitrogen production from CNO cycles (e.g. Vincenzo & Kobayashi,
2018). As also shown in Figure 7.5 (a), these deep-diving (U)LIRGs also deviate from the FMR
relation, implying that these (U)LIRGs are likely out of the self-regulated equilibrium between gas
accretion and star formation.
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Figure 7.5: Relations between SFR, stellar mass and metallicity. (a) shows the FMR relation for log(M,
[Mg]) - alog(SFR [Mg-yr~!]) assuming a = 0.55 (Curti et al., 2020). (b) shows the relation
between O/H and SFR for our sample of galaxies, while semi-transparent lines represent tracks
obtained in simulations of mergers of galaxies with the same stellar mass (Montuori et al., 2010),
considering different initial conditions. Error bars show the uncertainties associated with the
corresponding quantities.

To strengthen the case for massive infall of gas in these deep-diving (U)LIRGs, we discuss two
models that reproduce the behaviour of these inflows. In Figure 7.4 (a), we present a basic infall
model (Képpen & Edmunds, 1999), in which the analyzed galaxy (or common envelope of two
galaxies) experiences a drop of metallicity over a period of time between 100 to 1000 Myr. These
timescales further support our scenario and explain why only four galaxies (deep-diving (U)LIRGs)
in our sample were captured in the process, as these timescales are really short for a ~12 Gyr old-like
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galaxy. Once the merger process is completed and stars begin to pollute the ISM again, the resulting
galaxy increases its metallicity. According to this model, enriched gas removal from outflows is
necessary for the merger to recover the metallicity expected from the MZR for a galaxy of that
stellar mass. While mass loading factors measured in ULIRG outflows typically show moderate
values (Arribas et al., 2014; Cazzoli et al., 2016; Pereira-Santaella et al., 2018), a high metal-loading
factor in massive galaxies can still be expected if the outflowing gas is enriched and the gas-phase
ISM metallicity drops significantly due to metal-poor gas accretion (Sanders et al., 2021). Assuming
that the outflow is characterized by solar metallicity, then the metal loading factor needed in the
model ranges in ~ 2 — 10, which is consistent with the reported values for local SFGs (Sanders et al.,
2021). In Figure 7.5 (b) we present tracks that correspond to different stages in a merger process
between two galaxies of similar masses, as inferred from simulations (Montuori et al., 2010) in
the SFR-O/H relation which is known to play an important role in the MZR. While these trends
are dependent on the initial conditions of the involved galaxies, they all point towards a drop in
metallicity which corresponds to a period of time of 600 — 850 Myr during the merger process
(Montuori et al., 2010), consistent with the times derived for our infall model. While preliminary
analysis of chemical abundances with spatially-resolved optical data (Rich et al., 2012) supports the
gas flow scenario driven by the merger, further studies using spatially-resolved IR data following
the methodology here described will provide more information on the scenario that deep-diving
(U)LIRGs are undergoing.

Taking into account the whole sample, there are 17 galaxies with high SFRs (> 60Mgyr™1),
implying that deep-diving galaxies represent about 24% of this high SFR subsample. However,
regarding the number of galaxies that currently are in later stages of the merger phase, we find 35
galaxies, meaning that deep-diving (U)LIRGs represent about 11% of this subsample, consistent with
the ratio between the time scale for our model and the life time of the galaxy. Taking into account
the characteristics of deep-diving galaxies (high SFR and late merger stages), only 11 galaxies share
similar properties. These results suggest that, while the merger interaction is likely triggering this
scenario, we should bear in mind that some galaxies might have already experienced the deep-diving
phase (i.e. late merger stage but low SFR) while others might have not experienced a massive inflow
of metal-poor gas.

7.5 CONCLUSIONS

In summary, our study reveals that (U)LIRGs exhibit loops in the MZR due to the rapid infall
of massive clouds of metal-poor gas that promote violent star formation in these galaxies (e.g.
Armus et al.,, 2009). This scenario explains several observed properties of (U)LIRGs, including the
discrepancy among different chemical models in reproducing the dust content of these galaxies
(e.g. Calura et al., 2008; Herrero-Illana et al., 2019), the required fuel to sustain their high star
formation rates (e.g. Bustamante et al., 2018), and the anomalous low metal content of mid- and
late-merger stage galaxies despite their high N/O ratios indicative of an advanced chemical stage.
Both simulations and simple inflow models can reproduce this scenario, and once the infall phase
is complete, the role of outflows (e.g. Arribas et al., 2014; Cazzoli et al., 2016; Pereira-Santaella
et al., 2018) is crucial for the galaxy to regain its initial metal content. Under these conditions, the
build up of heavy elements and the stellar mass growth are not self-regulated (e.g. Sharda et al.,
2021) by the gas equilibrium prescription applied to main-sequence galaxies. Overall, due to the
short timescales during which the infall phase can be captured, only a few galaxies in our sample
demonstrate clear evidence of this scenario.
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8.1 sSuUMMARY

The research carried out throughout this thesis has demonstrated that a proper understanding
and modeling of the physical and chemical properties of the ISM are invaluable tools to constrain
chemical evolution of galaxies. Our aim in this work was to provide plasma diagnostics from
infrared emission lines, demonstrating the limitations of optical studies and developing techniques
that can provide robust and self-consistent estimations of chemical abundances for heterogeneous
samples of galaxies. In this section, we briefly review the main conclusions from this research,
starting from specific ones (Sec. 8.1.1) and concluding with the general remarks that summarize
this thesis as a whole (Sec. 8.1.2)

8.1.1 Conclusions

e In Chapter 3 we have analyzed a sample of galaxies hosting LINER activity from MaNGA,
focusing our study on the nuclear regions dominated by the LINER-like emission. First of all,
we have obtained that classical optical diagnostics, despite their usefulness in large samples
of galaxies, cannot entirely rule out some feasible combinations of chemical and physical
conditions of the ionized gas for different ionizing sources. Therefore, we have tested three
different scenarios: standard AGN activity, inefficient AGN activity and pAGB emission. The
analysis of the chemical composition of the gas-phase ISM reveals that the nitrogen-to-oxygen
[log(N/O)] abundance ratio can be estimated with very little uncertainty, as the different
tested ionizing scenarios lead to similar estimations. On the contrary, the derivation of oxygen
abundance [12+log(O/H) | is extremely affected by the assumed ionizing source. Overall,
nuclear regions of LINER-like galaxies are characterized by solar and supra-solar N/O ratios
and by a wide range (from sub- to suprasolar) of O/H abundances. We have also concluded
that the AGN nature is the the most adequate for these objects.

e In Chapter 4 we have combined the analysis of a sample of LINER-like galaxies from MaNGA
with the analysis, for the first time, of their gas-phase metallicity radial gradients. We have ob-
tained that the great majority of our sample of galaxies show departures from the single linear
radial gradient for both O/H and N/O chemical abundance ratios, which do not necessarily
follow the same trend, and that the metallicity radial gradient shape is not correlated with
the stellar mass. We have proposed a model in which AGN-driven feed (inflows) and feed-
back (outflows) together with star formation, might be responsible for the hydrodynamical
processes that shape gas-phase metallicity gradients in galaxies hosting AGN activity.

o In Chapter 5 we have presented an updated version of the HII-CHI-Mistry code, which allows
us to estimate chemical abundances from infrared emission lines in both SFGs and AGNss.
We have demonstrated the potential of this tool to provide, whenever possible, independent
estimations for N/O, O/H and ionization parameters [log(U)]. Our test sample reveal that
AGN’s are mainly characterized by solar and subsolar metallicities, with log(N/O) ratios
clustering around solar values. The analysis of their optical counterparts have revealed a
discrepancy between optical and infrared estimations that does not correlate with electron
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density, the ionization parameter or the estimation itself, implying that they might be asso-
ciated to cold regions traced only by infrared emission lines that might be characterized by
subsolar metallicities.

In Chapter 6 we have performed, for the first time, an independent estimation of oxygen,
sulfur and nitrogen abundances based on infrared emission lines in an heterogeneous sample
of SF- and AGN-dominated galaxies. While oxygen and nitrogen estimations are consistent
with previous determinations, we have obtained that sulfur-to-oxygen [log(S/O) | abundance
ratios are mainly solar in the case of SFGs, there are large deviations mainly found in (Ultra)-
Luminous Infrared Galaxies [ (U)LIRGs] and Seyfert galaxies. In the first case, we have
obtained that neither density nor stellar mass are responsible for these deviations, implying
that it might be associated to complexity on how sulfur is produced by stellar nucleosynthesis.
In the case of AGNs, although we have found a similar result, we have not detected any galaxy
with suprasolar S/O ratios (contrary to the case of SEGs).

In Chapter 7 we have analyzed chemical abundances in a sample of (U)LIRGs whose main
active mechanism is star formation. By means of infrared emission lines, which peer through
the dusty environments that characterize these objects, we have obtained that (U)LIRGs
remain close to the mass-metallicity relation, in contrast with previous studies based on
optical estimations. As HII-CHI-MistrY-IR allows us to perform an independent estimation
of N/O and O/H, we obtain that a small group of these galaxies exhibit heavily depressed
oxygen abundances (O/H~ 7.7 — —8.1), whereas N /O ratios are mainly solar, indicative of gas
mixing processes and suggesting that massive infalls of metal-poor gas are fueling the intense
star formation in these objects. We have also detected that systems are mainly in interaction,
implying that the merger processes might be the driver of such inflows. We have also shown
that this scenario, according to a simple chemical evolution model, happens in relatively
short-time scales, explaining the low number of galaxies in this particular phase. Overall, we
have demonstrated that chemical enrichment and stellar mass growth in (U)LIRGs occurred
out-of-equilibrium.

General remarks

As we have obtained throughout this research, it is important to analyze the chemical enrich-
ment in galaxies hosting AGN. If all galaxies have undergone or are undergoing the AGN
phase at some points of their evolution, then the analysis of the chemical conditions of the
gas-phase ISM can provide us clues with the initial conditions under which the AGN might
start. If not all galaxies undergo the AGN phase, then the chemical footprints of their ISM can
reveal which mechanisms have not taken place yet. In both cases, it is necessary a robust and
consistent methodology to simultaneously analyze AGN-hosting and star-forming galaxies.
As the direct method is only feasible in very specific conditions, a tool such as HII-CHI-Mistry,
which is consistent with the direct method and has been tested in both AGNs and SFGs, has
been demonstrated to be useful for increasing the statistics of galaxy evolution studies. For
example, we have shown in Chapter 4 that AGN activity might affect the chemical abundance
distribution across the galaxy disks, and, hence, the chemical content of the Narrow Line
Region seems to be more representative of the chemical footprints within the innermost parts
of galaxy disks.

Photoionization models are essential in the estimation of chemical abundances. For objects
from which auroral lines can be retrieved from optical observations, the ionization correction
factors (ICFs) are mainly calibrated by means of photoionization models. For objects whose
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ionizing source is unknown, photoionization models can be used to constrain the physical and
chemical properties, and provide predictions that can be revised in follow-up observations.
However, as these detailed analyses are not feasible in large samples of galaxies, the use of
already computed grids of models is helpful to provide a first approximation to the conditions
of the ISM in large samples of galaxies. From them, we can select from that initial study the
interesting outliers, and then perform more detailed and specific studies for those objects that
deviate from the general trends.

Chemical evolution studies targeting abundances in the gas-phase ISM should be performed
simultaneously analyzing the oxygen and nitrogen content, but without any prior assumption
between them. As we have shown in all of our works, an independent estimation of N/O
is key in assessing whether the resulting oxygen abundances are the result of the intrinsic
stellar nucleosynthesis enrichment or rather they reflect changes due to the hydrodynamical
processes that affect the distribution of metals. For example, in Chapter 7 we demonstrated
the infall scenario as nitrogen abundances were in concordance to what was expected for their
stellar masses. Moreover, in Chapter 3 we also demonstrated that the estimation of log(N/O)
can be done without the need of having a prior knowledge on the ionizing source. Essentially,
the same recipes for estimating log(N/O) can be blindly applied to large samples of galaxies,
providing a good approximation on how chemically mature they are.

The previous three remarks highlighted from our study naturally converge to the use of
infrared emission lines in chemical evolution studies. First of all, infrared emission lines
have been proven to provide the best diagnostics for the AGN activity in galaxies, as highly-
excited emission lines can be retrieved in the infrared regime (see Chapters 2 and 5). Second,
the infrared regime is not affected by dust extinction and the observed lines show little to
no dependence on electron temperature, allowing us to study dusty-embedded and cool
regions, which are associated to the star forming activity that contributes to galaxy evolution
(see Chapter 7). Third, the infrared regime is very rich in emission lines from non-depleted
elements such as neon and argon, allowing for robust determination of the metal content
of the gas-phase ISM without the need of quantifying the dust depletion effect. Fourth, the
nitrogen-to-oxygen abundance ratio is estimated in the infrared from emission lines from
ions whose fraction dominate across most of the gaseous nebulae size, allowing a robust
estimation.

FUTURE LINES OF RESEARCH

Throughout this research we have made use of archival data from past missions, showing the
potential of our methodology and allowing us to obtain remarkable results such as the detection of
deep-diving (U)LIRGs. However, with the launch on JWST, and the future planned missions such as
METIS at the ELT, there is a bright future for infrared spectroscopic studies. As both, quantity and
quality of the data increase, we might be able to deepen our knowledge in some of the still-standing
issues that this thesis highlights:

e Diagnostic diagrams built upon metallicity estimations: The use of diagnostics diagrams is a

key partin the analysis and modeling of galaxy spectra. Whereas IR diagrams provide unbiased
constraints on the dominant source of ionization, optical diagnostic diagrams assumed average
conditions of the metallicity for the observed ISM. The use of optical diagnostic diagrams
is in most cases the only available option for high-redshift galaxies (such as those observed
in JWST deep surveys) or for the search of AGN activity within dwarf galaxies. As we have
highlighted in this thesis, the nitrogen-to-oxygen content can be estimated without much
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bias, and upon that estimation, empirical constraints can be provided. Thus, providing a
classification of the regions in diagnostic diagrams (BPT and WHAN) based on the estimated
values of N/O can significantly improve galaxy spectra classification.

Interplay between AGN and SF activity: Chemical evolution studies mainly target one
of the two group of galaxies, but in both cases, it is assumed that one dominates over the
other. Indeed, we still lack refinery in how to create photoionization models that actually
simultaneously mimic the conditions for galaxies where star formation and AGN activity are
both relevant. Besides very simple approaches (as the one offer in this work by means of pure
linear combinations), the realm of photoionization models accounting simultaneously for both
scenarios is little explored. By means of infrared IFS data (such as that from JWST), we can
trace up to which extent highly-excited emission lines are traced, providing a quantification
to the extent of AGN activity, and allowing us to refine composite models of AGN and SF in
those regions.

Infrared radial metallicity gradients: Infrared IFS data is not only helpful to disentangle
AGN and SF activity, but also to revisit radial metallicity gradients in galaxies whose central
regions are dominated by AGN activity. First of all, by means of infrared emission lines, we
can have a better understanding on whether regions located close to the nuclear parts are HII
regions or part of the so-called extended narrow line region. Second, dusty and cold regions
(which are expected to be also characterized by high-metallicities) are traceable through IR
emission lines whereas they remain unseen in most of the optical IFS studies. Third, infrared
estimations of chemical abundances can be easily performed even in SF-dominated regions
characterized by extremely high metallicities, relying on non-depleted elements that might
provide a better understanding on whether radial metallicity gradients present breaks or not.

Dust attenuation effects in the infrared regime: Throughout this work we have assumed that
dust attenuation effects are negligible when analyzing IR spectroscopic data. Whereas this
statement is true in absolute terms, recent studies have shown that IR emission lines might
suffer different effects due to the impact of silicate features (e.g. Gordon et al., 2023), being
the silicate feature at 10 ym the most important. Our preliminary study in Chapter 6 shows
that this silicate feature, affecting [S1v] emission line, is not a driver of the deviations from
the S/O solar ratio. Nevertheless, a proper characterization of the dust attenuation curve in
the IR regime is beyond the scope of this work. The spectral coverage and performance of the
JWST would substantially help in determining whether the dust content might responsible
for some of the discrepancies observed in this work, such as the optical-infrared abundance
discrepancy or the deviations from the S/O solar ratio.

Occurrence of the deep-diving phase: As we have reviewed in Chapter 7, the deep-diving
phase usually lasts for ~ 600 Myr, allowing us to explain the statistics observed in our sample
of (U)LIRGs. However, there are still some caveats. First of all, we have only observed the
deep-diving phase in massive > 100> M galaxies, but this scenario can also be applied to
other less massive systems. Second, we have pointed to a merger-driven scenario as galaxies
are in their late merger stages, allowing us to explain why hydrodynamics within the galaxy
has been perturbed, but other non-interacting systems display similar behaviors (e.g. Green
Pea galaxies, Amorin et al. 2010). Third, at redshifts ~ 1 — 4, most of the star formation occurs
in dusty embedded environments (e.g. Forster Schreiber & Wuyts, 2020), therefore rest-frame
IR diagnostics are essential to determine whether star formation at Cosmic Noon happens
more frequently in infall dominated scenarios that drive galaxies out of equilibrium or not.
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e Lower and upper ends of the mass-metallicity relation: The characterization of relations
such as MZR, FMR and MNOR obtain from low-redshift galaxies (offering the largest statistics
for galaxy evolution studies) are not fully established at all mass ranges. In the upper end,
depending on the methodology used for the estimation of chemical abundances, the turn-off
point and plateau for the relations (in the MZR and FMR cases) might change. Moreover,
given the properties of AGN-host galaxies (see Chapters 3 and 5), the analysis of statistically
significant samples of these galaxies might help in understanding what happens in massive
galaxies. Regarding the lower end, local analogs (Green Peas, Blueberry galaxies, ...) of
high-redshift galaxies (for which the fraction of these less massive systems is expected to
significantly increase) have been extensively used to understand what happens in this regime
(e.g. Amorin et al., 2010; Yang et al., 2017a, 2017b), but there is still no consensus on whether
there is a change or not in these relations for low-mass galaxies, specially when analyzing the
possible evolution at higher redshifts (e.g. Chemerynska et al., 2024; Curti et al., 2024). As
shown by Amorin et al. (2010), the picture of chemical enrichment in these systems must
be study not only by means of the oxygen content of the gas-phase ISM, but also through
nitrogen.

Enrichment of the ISM at different cosmic epochs: The Early Data Release from the Dark
Energy Spectroscopic Instrument (DESI EDR; DESI Collaboration et al., 2024) has already
demonstrated its potential for the analysis of chemical abundances in galaxies at redshifts > 0.2
(e.g. Zinchenko et al., 2024). With the new data releases such as DR1 (DESI Collaboration
et al., 2025) and future ones, our understanding of chemical enrichment across different
epochs will be benefited by the significant increase in the statistics. Together with studies
from JWST (e.g. Nakajima et al., 2023), although limited to a significantly lower number
of galaxies, the possible cosmic evolution of local relations such as the MZR or the N/O vs
O/H relations can be analyzed offering us the opportunity to test its validity and refined our
chemical evolution models.

Influence of the environmental context: Several studies have pointed out that galaxy envi-
ronment might introduce changes in how galaxies chemically evolve (e.g. Peluso et al., 2023;
Rowntree et al., 2025). Therefore, studies of chemical enrichment in clusters of galaxies (e.g.
Petropoulou et al., 2011, 2012), for which a flexible tool such as HII-CHI-Mistry is essential
to account for the great variety of ionizing scenarios in the different cluster members, might
provide more insights on how to quantify the environmental influence in galaxy evolution.
The new instrument for the 3.5m telescope at Calar Alto Observatory, the Tetra-ARm Super-Ifu
Spectrograph (TARSIS), and the CATARSIS legacy survey of galaxy clusters will provide an
excellent laboratory to perform studies of chemical enrichment in clusters.
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DATA TABLES

A.1 ATOMIC COEFFICIENTS FOR THE CALCULATION OF IONIC ABUNDANCES

In this section we provide some useful values of the atomic coefficients needed for the calculation
of ionic abundances. Due to the high dependence on both electron density (7,) and temperature
(T,), we encourage the reader to compute them from software managing atomic databases (e.g.
PYNEB) or by means of useful relations as those presented in Pérez-Montero (2017).

Table A.1: Atomic coefficients (D) for the determination of oxygen ionic abundances. Computed from pYNEB
(Luridiana et al., 2015).

0 D (n,, T, Ay = 6300A, Ay = 4681A)
T,=75-10K T,=1-10*K T,=15-10*K T,=25-10*K
#, = 100 cm—3 1568.55 5273.20 19876.64 44171.85
1, = 500 cm—3 1566.41 5268.46 19864.61 44144.63
1, = 1000 cm=3 1565.84 5266.86 19857.58 44123.94
1, = 5000 cm 3 1563.30 5256.11 19795.92 43959.99
o+ D (n,, T, Ay = 3726A,Ay; = 4681A)
T,=75-103K T,=1-10*K T,=15-10*K T,=25-10*K
n, = 100 cm=3 2880.53 11692.56 51083.95 113048.95
1, = 500 cm=3 3138.43 12668.14 54645.35 119494.48
1, = 1000 cm=3 3203.42 12977.77 55885.22 121547.90
1, = 5000 cm=3 2472.92 10362.40 45501.41 98633.71
o+ D (n,, T, Ay = 5007A, Ay = 4681A)
T,=75-10K T,=1-10*K T,=15-10*K T,=25-10*K
n, = 100 cm=3 9242.02 28316.39 93818.97 180348.98
1, = 500 cm—3 9345.91 28563.10 94394.41 181202.44
1, = 1000 cm=3 9399.14 28692.47 94703.16 181905.70
1, = 5000 cm~3 9439.96 28790.71 94883.18 181905.68
ot D(n,, T, Ay =52um, Ay = 4.05um)
T,=75-10K T,=1-10*K T,=15-10*K T,=25-10*K
n, = 100 cm=3 69780.17 91259.85 138045.26 188594.52
1, = 500 cm—3 66337.93 87781.26 133594.91 182456.61
n, = 1000 cm=3 55845.42 75096.92 116319.14 160436.65
1, = 5000 cm 3 22569.09 31521.02 51231.89 72921.66
O3+ D(n, T, A =259um, Ay = 4.05um)
T,=75-103K T,=1-10*K T,=15-10*K T,=25-10*K
n, = 100 cm™3 552569.99 742670.68 1082297.43 1393188.25
1, = 500 cm=3 497095.28 671723.30 989912.70 1285604.58
n, = 1000 cm™3 439591.83 597650.66 891842.39 1169737.74
n, = 5000 cm=3 228488.48 317473.50 497290.52 679244.92
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Table A.2: Same as Tab. A.1 but for the sulfur coefficients.

S+

D (n,, T, Ay = 67174, Ay = 4681A)

T.,=75-10°K T,=1-10*K T,=15-10*K T,=25-10*K

n, = 100 cm=3 101337.30 229730.72 548978.96 883746.94

#, = 500 cm—3 84594.18 193808.44 468644.53 760579.41

n, = 1000 cm=3 71575.77 164762.00 400527.37 653003.68

1, = 5000 cm=3 36686.10 84135.15 202337.85 329104.5
S+ D (n,, T, A = 67314, A}, = 4681A)

T,=75-103K T,=1-10*K T,=15-10*K T,=25-10%K

n, =100 cm™3

e

n, = 500 cm™3

e

n, = 1000 cm ™3

e

n, = 5000 cm™3

e

75319.47 170030.11 406899.55 656253.68
79871.35 178403.96 419656.88 669332.45
80967.76 180290.70 420733.77 667271.08
63572.26 142566.14 331884.60 526148.00

G+

D (n,, T, Ay = 9530A, A, = 4681A)

T,=75-103K T,=1-10*K T,=15-104K T,=25-10*K

n, = 100 cm™3
n, = 500 cm™3
n, = 1000 cm~—3
n, = 5000 cm™3

85528.38 162057.11 334637.06 506669.19
86792.78 163706.48 336556.87 508511.13
87732.41 164967.60 338099.82 510049.70
89769.80 167654.45 341152.09 512875.35

G++

D (n,, T, Ay = 18.7um,A;; = 4.05um)

T,=75-103K T,=1-10*K T,=15-10*K T,=25-10*K

n, = 100 cm™3
n, = 500 cm™3
n, = 1000 cm—3
n, = 5000 cm~3

995720.51 1257137.17 1817908.77 2371164.47
1147529.45 1425327.20 1987904.15 2533776.93
1172965.38 1467063.98 2042739.75 2592727.26
822188.76 1088426.80 1613956.66 2124496.78

S3+

D(n, T, A =10.5um,Ap; = 4.05um)

T,=75-103K T,=1-10*K T,=15-104K T,=25-10%K

n, = 100 cm™3
n, = 500 cm™3
n, = 1000 cm™3
1, = 5000 cm™3

e

3549916.13 4586248.17 6520410.25 8336150.61
3503383.68 4530404.33 6446960.27 8248540.66
3424556.80 4438094.66 6332978.16 8117769.79
2873826.95 3781538.59 5512211.05 7167803.23
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Table A.3: Same as Tab. A.1 but for the nitrogen coefficients.

N+ D (n,, T, A = 6584A, A}y = 4681A)
T,=75-10K T,=1-10*K T,=15-10*K T,=25-10*K
n, = 100 cm=3 20698.14 48170.14 120489.85 200833.25
n, = 500 cm™3 20922.54 48620.96 121716.60 202964.00
1, = 1000 cm3 20880.79 48561.94 121731.07 203147.72
1, = 5000 cm=3 19900.46 46558.96 117445.30 196780.13
N+ D(n,, T, Ay =122um,Ap; = 4.05um)
T,=75-103K T,=1-10*K T,=15-10*K T,=25-10*K
n, = 100 cm=3 21566.90 29698.24 47391.11 66514.68
1, = 500 cm—3 7884.22 11147.11 18381.22 26373.04
1, = 1000 cm=3 4351.07 6189.32 10293.55 14862.45
1, = 5000 cm=3 955.40 1362.10 2274.29 3295.67
N+ D (n,, T,,A; = 57.3um, Ay = 4.054m)
T,=75-10K T,=1-10*K T,=15-10*K T,=25-10*K
n, = 100 cm™3 134626.81 178071.91 267839.75 361379.35
1, = 500 cm—3 79745.61 108654.97 169700.74 234563.44
1, = 1000 cm=3 52802.61 73016.15 116329.22 162964.39

n, = 5000 cm™3 14387.59 20285.34 33242.92 47515.11




196

DATA TABLES

Table A.4: Same as Tab. A.1 but for the neon coefficients.

Ne*

D (n,, T, A, = 12.8um, A;; = 4.05um)

T.,=75-10°K T,=1-10*K T,=15-10*K T,=25-10*K

n, = 100 cm=3 72866.03 94728.54 138114.71 180030.66

#, = 500 cm—3 73408.92 95314.00 138690.22 180578.17

1, = 1000 cm=3 73583.34 95496.87 138850.61 180711.69

1, = 5000 cm=3 73868.62 95705.88 138886.85 180564.80
Net++ D (n,, T, A = 3868A,Ap; = 4861A)

T,=75-103K T,=1-10*K T,=15-10*K T,=25-10%K

n, =100 cm™3

e

n, = 500 cm™3

e

n, = 1000 cm ™3

e

n, = 5000 cm™3

e

2384.95 9191.57 37702.82 80192.73
2381.50 9183.09 37685.44 80163.72
2380.63 9180.96 37681.15 80155.23
2380.91 9181.96 37673.59 80148.15

Ne++

D(n,, T, Ay =15.5um, Ay = 4.05um)

T,=75-103K T,=1-10*K T,=15-104*K T,=25-10*K

n, = 100 cm™3
n, = 500 cm™3
n, = 1000 cm~3
n, = 5000 cm—3

151409.03 194935.44 274969.45 353513.07
151872.49 195377.21 275215.18 353567.03
151420.76 194817.00 274427 .46 352571.50
146169.66 188458.84 266369.69 342968.21

Ne4+

D (n,, T, A; = 14.3um,A;; = 4.05um)

T,=75-103K T,=1-10*K T,=15-10*K T,=25-10*K

n, = 100 cm™3 1729475.12 1984098.45 2345912.43 2568549.49

n, = 500 cm™3 1714200.25 1971666.92 2336331.56 2562103.93

n, = 1000 cm™3 1678384.41 1940627.39 2312105.87 2544079.15

n, = 5000 cm~3 1364618.59 1647584.32 2067376.84 2348886.96
Ne#+ D (n, T, Ay = 24.3um, Ay = 4.05um)

T,=75-103K T,=1-10*K T,=15-104K T,=25-10%K

n, = 100 cm™3
n, = 500 cm™3
1, = 1000 cm™3

e

n, = 5000 cm—3

e

1940573.15 2239681.45 2678162.10 2975859.09
1708798.61 2019681.30 2484689.18 2808095.14
1473792.13 1786179.27 2268073.76 2614051.03
656597.05 879401.36 1288761.31 1640733.11
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We present in this appendix the full dataset used for the work presented in Chapters 3 and 4. Tab.
A.5 contains all ancillary data for our sample of galaxies. Tab. A.6 lists all optical spectroscopic
properties of the nuclear regions of our sample of LINER-like galaxies. Tab. A.7 - A.g list all the
estimations of chemical abundances and ionization parameters for the nuclear regions of our sample.
All tables are available in electronic form at the CDS".

Table A.5: List of galaxies and host galaxy properties in our sample of LINER-like galaxies. MaNGA ID (1)
is assigned following the convention “[PLATE]-[IFUDESIGN]”. Redshift (2) is directly taken
from the data reduction processed files. Classifications based on the BPT diagrams (3) and
WHAN diagrams (4) are obtained using non-corrected from reddening emission line fluxes. The
Rgq petrossian isophote (5) and the stellar (6) and H1 (7) masses are taken from the NASA-Sloan
Atlas (NSA) catalog. The complete version of this table is available at the CDS.

MaNGA ID z Class. BPT Class. WHAN  Rjq [arcsec] logM, [Mgy] logMp; [My]
(1) (2) (3) 4) 5) (6) (7)
10215 -3703 0.0320 LIN RG 3.2158 10.1102 -
10498 — 6104 0.0507 LIN RG 3.0719 10.2670 -
10504 — 3703 0.0230 LIN RG 3.6443 10.0380 -
10510 — 6103 0.0195 LIN wAGN 12.2742 10.6460 -

Table A.6: Optical spectroscopic information for our sample of LINER-like galaxies. Column (1): MaNGA
ID. Column (2): equivalent width of Ha. Column (3): extinction coefficient based on Howarth
(1983) extinction law. Columns (4)-(10): optical emission line ratios [Ou|A A3727, 37294,
[Neur]A3868A, [Om]A4959A, [Omr]A5007A, [N 1u]A6548A, [N 11]A6584A, and
[S1]AA6717,6731A corrected from reddening and referred to HB. The complete version of this
table is available at the CDS.

MaNGAID Wy [A] c(Hpg) [On]AA3727,3729A [Su]A6717A  [Su]A6731A
(1) (2) (3) (4) (9) (10)
10215 -3703  2.74  0.1197 +0.0871 3.146 + 0.283 1.407 +0.144 0.865 + 0.100
10498 — 6104 2.5 0.4298 + 0.1100 2.844 4 0.357 1.028 +£0.133  0.761 + 0.108
10504 — 3703  2.18 -~ 2.858 + 0.327 0.985 +0.154  0.943 + 0.153
10510 — 6103  3.87  1.4050 + 0.1157 14.617 + 1.595 1.458 +0.183 1.529 +0.193

Table A.7: Estimated oxygen abundances in the nuclear region of our sample of LINER-like galaxies based
on different grids of photoionization models. Column (1): MaNGA ID. Columns (2)-(12): oxygen
abundances for each grid considered. The complete version of this table is available at the CDS.

MaNGAID  12+log(O/H) AN apy=—0.8 12+108(O/H) acN apy=-1.0 12+log(O/H)pacB T,/=150kK
(1) (2) (3) (12)
10215 - 3703 8.73+0.12 8.56 + 0.10 8.32 + 0.08
10498 — 6104 8.72+0.24 8.66 + 0.22 8.24 + 0.09
10504 — 3703 8.71 +0.21 8.64 + 0.20 8.28 + 0.08
10510 — 6103 8.73 + 0.06 8.70 + 0.06 8.82 + 0.05

1 https://cdsarc.cds.unistra.fr/viz-bin/cat/]/A+A/694/A18.
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Table A.8: Estimated nitrogen-to-oxygen abundance ratios in the nuclear region of our sample of LINER-like
galaxies based on different grids of photoionization models. Column (1): MaNGA ID. Columns
(2)-(12): nitrogen-to-oxygen abundance ratios for each grid considered. The complete version of
this table is available at the CDS.

MaNGAID  10g(N/O) 46N apx=-0.8 108(N/O)acN apx=-10 - 10g(N/O)pacs T, =150kK
(1) (2) €) (12)
10215 - 3703 —-0.80 + 0.15 —-0.74 +0.13 —-0.63 +0.11
10498 — 6104 —-0.67 + 0.11 —-0.67 +0.12 —-0.55+0.10
10504 — 3703 —-0.68 + 0.14 —-0.64 + 0.10 —-0.57 +0.10
10510 — 6103 -1.20+0.13 -1.14 + 0.09 —-1.06 + 0.11

Table A.9: Estimated ionization parameters in the nuclear region of our sample of LINER-like galaxies based
on different grids of photoionization models. Column (1): MaNGA ID. Columns (2)-(12):
ionization parameters for each grid considered. The complete version of this table is available at

the CDS.
MaNGA ID log(U) acn wox=—08 108(U) AN apy=—1.0 - log( u)pAGB T py=150kK
(1) (2) (3) (12)
10215 - 3703 -3.59 + 0.08 -3.71+0.04 —3.66 + 0.08
10498 — 6104 -3.46 + 0.08 -3.53 +0.07 -3.50 + 0.07
10504 — 3703 -3.45+0.11 -3.53+0.12 -3.52 +0.08

10510 — 6103 —-3.74 4 0.05 —-3.78 £ 0.04 —3.81 +0.04




A.3 DATABASE FOR CHAPTER §

A.3 DATABASE FOR CHAPTER §

We present in this appendix the full dataset of mid- to far-IR spectroscopy of our sample of 58 AGN
(Tab. A.10) and optical spectroscopic information retrieved from the literature (Tab. A.12). Tab.
A.11 and A.13 show our estimations (infrared and optical respectively) of chemical abundances and
ionization parameters for our sample. All tables are available in electronic form at the CDS>.

Table A.10: List of IR fluxes for our sample of AGN. Column (1): name of the galaxy. Columns (2) and (3):

coordinates. Column (4): redshift. Column (5): spectral type. Columns (6)-(21): IR emission
line fluxes and their errors in 1071 erg/s/cm?. Column (22): references for hydrogen
recombination line fluxes. References: ALOoo (Alonso-Herrero et al., 2000), ARMo7 (Armus
etal., 2007), B-Sog (Bernard-Salas et al., 2009), BELo3 (Bellamy et al., 2003), BELo4 (Bellamy &
Tadhunter, 2004), BENo4 (Bendo & Joseph, 2004), BRA08 (Brauher et al., 2008), DANo5
(Dannerbauer et al., 2005), FO16 (Ferndndez-Ontiveros et al., 2016), GOLg5 (Goldader et al.,
1995), HC18 (Herrera-Camus et al., 2018), IMAo4 (Imanishi & Wada, 2004), IMA10 (Imanishi
etal., 2010), INA13 (Inami et al., 2013), INA18 (Inami et al., 2018), LAM17 (Lamperti et al.,
2017), LANg6 (Lancon et al., 1996), LUTo2 (Lutz et al., 2002), MAR10 (Martins et al., 2010),
MUE11 (Miiller-Sénchez et al., 2011), MURo1 (Murphy et al., 2001), PEN21 (B. Peng et al., 2021),
PIQ12 (Piqueras Lopez et al., 2012), PS17 (Pereira-Santaella et al., 2017), REUoz (Reunanen
etal., 2002), REUo3 (Reunanen et al., 2003), RIFo6 (Riffel et al., 2006), SEVo1 (Severgnini et al.,
2001), SMA12 (Smaji¢ et al., 2012), SPI21 (Spinoglio et al., 2021), VEIg7 (Veilleux et al., 1997),
VElog (Veilleux et al., 2009), YAN21 (Yano et al., 2021), TW (This work). The complete version

of this table is available at the CDS.

Name Type [Sv]A10.5um [NujA122um [N u]A205pm Ref.
(1) (5) (8) (20) (21) (22)
IRAS00198 — 7926 S2 81+04 - - FO16,TW
NGC185 S2 - - - FO16,TW
MCG-01 —24 - 012 52 2.33+0.39 - - FO16, TW
NGC4593 51.0 39+0.6 21403 - FO16,TW
NGC5506 S1h 73.5+1.6 141412 - FO16,TW
IRAS08572 + 3915 ULIRG - 0.74+0.15 - ARMoy,VEIog,
HC18,YAN21
Arp299A LIRG 552+1.11 10.05 +0.78 - ALOoo,INA13,
PEN21,SPI21
NGC6240 LIN 2.6 +0.27 23.154+2.22 18.46 + 0.39 INA18,FO16

Table A.11: Chemical abundances estimated from HCwm-IR, using the grid of AGN models for a5y = 0.8 and
the stopping criteria of 2% of free electrons- Column (1): name of the galaxy. Columns (2)-(4):
chemical abundances and ionization parameters with their corresponding uncertainties. The

complete version of this table is available at the CDS.

Name 12+log(O/H) log(N/O) log(U)

(1) (2) (3) (4)
IRAS00198 — 7926 8.16 + 0.34 - -1.82+0.32

NGC185 - - -
MCG-01 —24 - 012  7.87 + 0.37 - ~1.59 + 0.39
NGC4593 7.85 +0.39 -0.9+0.27 -1.73+0.35
NGC5506 7.94+033 -0.71+0.14 -1.77+0.39
IRAS08572 + 3915 7.97 +0.38 -0.83+03 -3.17+0.22
Arp299A - -0.88+0.27 —3.53 +0.07
NGC6240 8.34 +0.31 -0.84+0.31 -3.14+0.1

2 https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/666/A115.
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Table A.12: List of optical fluxes for our sample of AGN. Column (1): name of the galaxy. Columns (2) and
(3): coordinates. Column (4): redshift. Column (5): spectral type. Columns (6)-(11): optical
emission line fluxes and their errors relative to Hg emission and reddening-corrected. Column
(12): sum of emission lines [S1u]A6717A and [Su]A6731A relative to Hg emission and
reddening-corrected. Column (13): Flux of hydrogen line Hg and its error in 10~'* erg/s/cm?
and reddening-corrected. Column (13): References for optical emission lines. References:
BOK75 (Boksenberg et al., 1975), BUC06 (Buchanan et al., 2006), BUTog (Buttiglione et al.,
2009), CON12 (Contini, 2012), COSy7 (Costero & Osterbrock, 1977), DUCg97 (Duc et al., 1997),
DURS8 (Durret & Bergeron, 1988), ERK97 (Erkens et al., 1997), GARo6 (Garcfa-Marin et al.,
2006), GOO83 (Goodrich & Osterbrock, 1983), GUo6 (Gu et al., 2006), HO93 (Ho et al., 1993),
HOg7 (Ho et al., 1997), KIMg5 (D. .-. Kim et al., 1995), KIM9g8 (D. .-. Kim et al., 1998), KOS78
(Koski, 1978), KOS17 (Koss et al., 2017), KRA9g4 (Kraemer et al., 1994), LUMo1 (Lumsden et al.,
2001), MAL86 (Malkan, 1986), MAL17 (Malkan et al., 2017), MORS88 (Morris & Ward, 1988),
MOOg6 (Moorwood et al., 1996), MOUo6 (Moustakas & Kennicutt, 2006), OLIg4 (Oliva et al.,
1994), OST75 (Osterbrock & Miller, 1975), OST76 (Osterbrock & Koski, 1976), OST93
(Osterbrock & Martel, 1993), PASyg (Pastoriza, 1979), PHIZ8 (Phillips, 1978), PHI83 (Phillips
etal.,, 1983), RUP0o8 (Rupke et al., 2008), SHA07 (Shang et al., 2007), SHU80 (Shuder, 1980),
SIMg8 (Simpson & Meadows, 1998), STO97 (Storchi-Bergmann et al., 1997), VAC97 (Vaceli
etal., 1997), VEIgg (Veilleux et al., 1999), WES85 (Westin, 1985), WIL79 (Wilson & Penston,
1979), WIN92 (Winkler, 1992), WU98 (Wu et al., 1998). The complete version of this table is

available at the CDS.
Name .. Type [Ou]A3727A .. [Su]A3727A F(Hp) Ref.
(1) ~ (5 (6) (11) (12) (13)
IRAS00198 — 7926 ...  S2 - .. 0.96+0.30 4.42 +1.83 LUMot
NGC185 w2 - 4.54+1.0 0.09 +0.24 HOgy
MCG-01-24-012 .. S2 456 +0.08 .. 1.86+0.03 1.04 4+ 0.21 KOS17
NGC4593 . S1.0 0104003 .. 0.023+0.007 367 +57  MORS8MAL1y
NGC5506 .. Slh 80+22 .. 1924042 139 + 23 MAL17,SHUSo,
DURSS8
IRAS08572 + 3915 .. ULIRG 2.707 +0.49 .. 1.2240.18 1.11 4 0.47 RUP08
Arp299A .. LIRG - . 0.6940.10 21.242.1 GAR06
NGC6240 .. LIN 4594125 .. 3434106 89.99+1555 MAL17,CON12

Table A.13: Chemical abundances estimated from optical emission lines. Column (1): name of the galaxy.
Columns (2)-(4): chemical abundances and ionization parameters with their corresponding
uncertainties derived from HCwm using the grid of AGN models for a5y = 0.8 and the stopping
criteria of 2% of free electrons. Column (5): oxygen abundances and their uncertainties derived
with the calibration proposed by Flury and Moran (2020) (Eq. (5.12)). Column (6): oxygen
abundances and their uncertainties derived with the calibration proposed by Carvalho et al.
(2020) (Eq. (5.13)). The complete version of this table is available at the CDS.

Name 12+log(O/H) log(N/O) log(U) 124+10g(O/H) rprr00  12+10g(O/H) cpr20

(1) (2) (3) (4) (5) (6)
IRAS00198 — 7926 8.28+0.24 -0.51+0.26 -1.87+0.10 7.65 +0.20 8.45+0.13
NGC185 8.55+ 0.2 -0.97+0.25 -1.47+0.1 7.78 +0.18 8.51+0.12
MCG-01-24-012 8.82+0.07 —-098+0.14 -1.73+0.01 8.36 + 0.01 8.52 + 0.1

NGC4593 8.04 + 0.53 - -1.97 + 0.06 - -
NGC5506 8.59+0.16 —-1.114+0.32 -1.71+0.06 8.17 + 0.16 8.54+0.12
IRAS08572 + 3915 8.17+033 -0.85+0.14 —-3.58+0.08 - 8.36 + 0.09
Arp299A 8.00+0.26 —-0.63+0.13 —-3.26+0.06 - 8.33 + 0.06

NGC6240 8.25 4+ 0.34 —-1.28 +0.20 —-3.89 +0.02 7.96 + 0.20 8.724+0.11
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We present in this appendix the full dataset of mid- to far-IR spectroscopy of our samples of SFGs
(Tab. A.14) and AGNSs (Tab. A.16) analyzed in Chapter 6. Database for Chapter 7 are tables for
SFGs. Tab. A.15 and Tab. A.17 show our estimations from IR emission lines (for SFGs and AGNSs,
respectively) of chemical abundances and ionisation parameters for our sample. All tables are

available in electronic form at the CDS3.

Table A.14: List of IR fluxes and stellar properties for our sample of SFGs. Column (1): Name of galaxy.
Columns (2) and (3): Coordinates. Column (4): Redshift. Column (5): Spectral type. Columns
01 erg/s/cm?. Column (20): Stellar
masses. Column (21): SFRs. Column (22): References for IR line fluxes. Column (23): References
for stellar properties. References IR fluxes. ARMo7 (Armus et al., 2007), B-Sog (Bernard-Salas
etal., 2009), BRE1g (De Breuck et al., 2019), COR15 (Cormier et al., 2015), DANos
(Dannerbauer et al., 2005), FARo7 (Farrah et al., 2007), FER15 (Ferkinhoff et al., 2015), FO16
(Ferndndez-Ontiveros et al., 2016), FO21 (Ferndndez-Ontiveros et al., 2021), G+Ao9 (Goulding
& Alexander, 2009), HC18 (Herrera-Camus et al., 2018), IMA10 (Imanishi et al., 2010), INA13
(Inami et al., 2013), LAM18 (Lamarche et al., 2018), NOV1g (Novak et al., 2019), PS17
(Pereira-Santaella et al., 2017), RIG18 (Rigopoulou et al., 2018), TAD19 (Tadaki et al., 2019),
UZG16 (Uzgil et al., 2016), VEIog (Veilleux et al., 2009). Stellar properties. GalDR8 Galspec
Data Release 8. HOW10 (Howell et al., 2010), PAR18 (Parkash et al., 2018), SHE10 (Sheth et al.,
2010), VIK17 (Vika et al., 2017). The complete version of this table is available at the CDS.

(6)-(19): IR emission line fluxes and their errors in 1

Name .. Type Br, .. log(M,[Mg]) SFR[M,-yr!] Ref. Ref. ste.
(1) (5) 6) .. (20) (21) (22) (23)
Haro11 ... Dwarf - .. 10.67 37.02 COR15 HOW1o0
IRAS00397 — 1312 ... ULIRG - 10.7 + 0.2 369.5 VElog,PS17 VIK1y
NGC253 HII — 10.4 +0.1 4.7+0.9 B-Sog PAR18
HS0052 + 2536 ... Dwarf — 9.09 + 0.06 25+0.3 COR15 VIK1y
UM311 ... Dwarf — 6.69 + 0.07 0.040 + 0.012 COR15 GalDR8
NGC625 ... Dwarf — 8.67 +0.1 0.0562 + 0.007 COR15 PAR18

Table A.15: Chemical abundances estimated from HCwm-IR, using the grid of POPSTAR for our sample of
SFGs. Column (1): Name of galaxy. Columns (2)-(5): Chemical abundances and ionisation
parameters with their corresponding uncertainties. The complete version of this table is

available at the CDS.
Name 12+log(O/H) 12+log(S/H) log(N/O) log(U)
(1) (2) (3) (4) (5)

Harol1l 8.15 + 0.09 6.39 +0.16 —-1.07 £ 0.07 -2.62+0.08
IRAS00397 — 1312 8.42 4+ 0.19 6.79 +0.11 - —-293+0.13
NGC253 8.72 +0.23 - -0.92+0.25 -3.27+0.22
HS0052 + 2536 8.08 +0.22 6.29 +0.29 - —2.65+0.12
UM311 8.12+0.18 6.51+0.19 - —2.68 + 0.09
NGC625 8.03 +0.16 6.4 +0.2 - -2.53+0.1

3 https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/685/A168.
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Table A.16: List of IR fluxes for our sample of AGNs. Column (1): Name of galaxy. Columns (2) and (3):
Coordinates. Column (4): Redshift. Column (5): Spectral type. Columns (6)-(23): IR emission
line fluxes and their errors in 1071 erg/s/cm?. Column (24): References for IR line fluxes.
References: ALOoo (Alonso-Herrero et al., 2000), ARMo7 (Armus et al., 2007), B-Sog
(Bernard-Salas et al., 2009), BELo3 (Bellamy et al., 2003), BELo4 (Bellamy & Tadhunter, 2004),
BENo4 (Bendo & Joseph, 2004), BRA08 (Brauher et al., 2008), DANos (Dannerbauer et al.,
2005), FO16 (Fernandez-Ontiveros et al., 2016), GOLg5 (Goldader et al., 1995), HC16
(Hernén-Caballero et al., 2016), HC18 (Herrera-Camus et al., 2018), IMAo4 (Imanishi & Wada,
2004 ), IMA10 (Imanishi et al., 2010), INA13 (Inami et al., 2013), INA18 (Inami et al., 2018),
KIMz15 (D. Kim et al., 2015), LAM17 (Lamperti et al., 2017), LAN96 (Lancon et al., 1996), LUTo2
(Lutz et al., 2002), MAR10 (Martins et al., 2010), MUE11 (Miiller-Sdnchez et al., 2011), MURo1
(Murphy et al., 2001), PD22 (Pérez-Diaz et al., 2022), PEN21 (B. Peng et al., 2021), PIQ12
(Piqueras Lopez et al., 2012), PS17 (Pereira-Santaella et al., 2017), REUo2 (Reunanen et al.,
2002), REUo3 (Reunanen et al., 2003), RIFo6 (Riffel et al., 2006), SEVo1 (Severgnini et al., 2001),
SMA12 (Smaji¢ et al., 2012), SPI21 (Spinoglio et al., 2022), SPO22 (Spoon et al., 2022), VEIgy
(Veilleux et al., 1997), VEIog (Veilleux et al., 2009), YAN21 (Yano et al., 2021). The complete
version of this table is available at the CDS.

Name .. Type .. [Om]A88um [Nu]Al22um [Nu]A2054 m Ref.

(1) . (5) . (21) (22) (23) (24)
IRAS00198 —-7926 .. S2 .. 1251+4.5 - - FO16,PD22
NGC185 .52 . - - - FO16,PD22
MCG-01-24-012 .. S2 .. - - - FO16,PD22
NGC4593 .. S51.0 .. 4.09+0.48 2.11+0.25 - FO16,PD22
NGC5506 .. Slh .. 10226+3.31 14.14+1.15 - FO16,PD22
Mrk1383 .. S1O0 .. — — — FO16,PD22

Table A.17: Chemical abundances estimated from HCwm-IR, using the grid of AGN models for aox = 0.8 and
the stopping criteria of 2% of free electrons for our sample of AGNs. Column (1): Name of
galaxy. Columns (2)-(5): Chemical abundances and ionisation parameters with their
corresponding uncertainties. The complete version of this table is available at the CDS.

Name 12+1log(O/H) 12+log(S/H) log(N/O) log(U)

(1) (2) (3) (4) (5)
IRAS00198 — 7926 8.18 + 0.34 6.76 + 0.35 - -1.81+0.33
NGC185 - - - -
MCG-01-24-012 7.86+0.36 6.35 + 0.45 - —-1.6+0.42
NGC4593 8.07 + 0.36 6.41 + 0.51 -0.91+0.22 -1.78+0.34
NGC5506 8.15+0.3 6.68 + 0.39 -0.74+0.15 -1.88+0.37

Mrk1383 7.83 4+ 0.38 6.240.47 — —-1.58 + 0.4
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IR OBSERVATORIES: ARCHIVAL DATA AND ONGOING MISSIONS

B.1 CHRONOLOGICAL LIST

Although IR observations of extragalactic sources were performed (see G. H. Rieke & Lebofsky,
1979, for a review of the pre-IRAS legacy) decades before, the launch of the space mission Infrared
Astronomical Satellite (IRAS) in 1983 made a clear revolution in our understanding of the Universe.
Using just four bands at 12um, 25um, 60pm and 100um, IRAS provided an unbiased scan of almost
the entire sky through IR emission (Neugebauer et al., 1984). The invaluable legacy from IRAS
motivates the subsequent missions that were, are and will be performed to retrieve IR information.
As our interest focus on emission lines, we present a review those missions with instruments capable
of performing spectroscopic observations.

B.1.1 Infrared Space Observatory

The Infrared Space Observatory (ISO) launched in 1995, was the first space mission after IRAS targeting
the IR regime from 2.5um to 240um (Kessler et al., 1996). Equipped with a 60 cm Ritchey-Chrétien
telescope, ISO incorporated two key instruments to perform spectroscopic IR analysis: the short-
and long-wavelength spectrometers (SWS and LWS, respectively; Clegg et al., 1996; de Graauw et al.,
1996; Kessler et al., 1996). The SWS covered the 2.38 — 45.2m regime, with a resolution ranging
from 1000 to 2000 and the possibility of enhanced the resolution by a factor ~20 if Fabry-Perot filters
were inserting (de Graauw et al., 1996; Schaeidt et al., 1996). The LWS covered the 43 — 196.9um
regime, with two different resolution modes: medium (~ 150 — 200) and high (~ 6800 — 9700)
(Clegg et al., 1996; B. M. Swinyard et al., 1996).

Although a great advantage as for the first time IR spectroscopic information from a space
observatory was retrieved, numerous problems raised from the uncertainties in the calibration,
which were specially notorious with the LWS instrument (Decin et al., 2000; Sloan et al., 2003;
B. Swinyard et al., 2000). As ISO-legacy, Sloan et al. (2003) provided an atlas of SWS spectra treated
uniformly with the same pipeline and calibration®.

B.1.2  Spitzer Space Telescope

The Spitzer Space Telescope was launched in 2003, containing a 85 cm telescope (Werner et al., 2004).
The instrument incorporated to perform spectroscopic operations was the Infrared Spectrograph
(IRS), covering the range of 5.3 — 38um with both low (~ 64 — 128) and high (~ 600) resolutions
(Houck et al., 2004; Werner et al., 2004 ) . The low-resolution mode was composed by two modules:
the short-low module, with a slit size of 3.7 x 57 arcsecs, covering the 5.2 — 14.5ym and the long-low
module, with a slit size of 10.5 x 16.8 arsecs, covering the 14 — 38um. The high-resolution mode
was also composed by two modules: the short-high module, with a slit size of 4.7 x 11.3 arcsec,
covering the range 9.9 — 19.6ym and the long-high, with a slit size of 11.1 x 22.3 arscec, covering
the 18.7 — 37.2um range.

1 This database is accessible through https://irsa.ipac.caltech.edu/data/SWS/overview.html.
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Spitzer /IRS archival data is available from two archives, the Spitzer Heritage Archive* (HSA)
and the Combined Atlas of Sources with Spitzer IRS Spectra3 (CASSIS). Additionally, Spoon et
al. (2022) published a database with all observables measured from the available high-quality
spectra from CASSIS, the Infrared Database of Extragalactic Observables from Spitzer4 (IDEOS;
Hernén-Caballero et al., 2016; Spoon et al., 2022).

B.1.3 AKARI

The infrared astronomical mission AKARI was launched in 2006, and it contains a 68.5 cm Ritchey-
Chrétien telescope together with two imaging instruments, the Far-Infrared Surveyor (FIS) and the
Infrared Camera (IRC) (Murakami et al., 2007). The IRC instrument operated in the 1.8 — 26.5ym
and allowed low-resolution (~ 20 — 120) near- to mid-IR spectroscopy replacing the imaging filters
with transmission-type dispersers (Ohyama et al., 2007).

All archival data from AKARI is available from the Data Archive and Transmission System5
(DARTS), although there are additional datasets with spectroscopic information available in the
literature, such as the catalogs from Imanishi et al. (2010), Inami et al. (2018) or Lai et al. (2020).

B.1.4 Herschel Space Observatory

The Herschel Space Observatory was launched in 2009, containing a 3.5 m Cassegrain telescope and
three different instruments that provide spectroscopic and/or photometric observations (Pilbratt
et al., 2010). The Heterodyne Instrument for Far Infrared (HIFI) was a heterodyne spectrometer
pixel-size field-of-view that provide a wavelength coverage in two ranges [157um, 212um] and
[240pm, 625um], with a resolving power of ~ 10° (de Graauw et al., 2010). The Spectral and
Photometric Imaging REceiver (SPIRE) provided a three band imaging photometer and an imaging
Fourier-transform spectrometer covering the range 194 — 671um with high (~ 370 — 1300) and low
(~ 20 — 60) resolution (Griffin et al., 2010). The Photodetector Array Camera and Spectrometer
(PACS) provided also a three band photometer and a spectrometer fed by an integral field unit that
captures the emission in the range 55 — 210ym with high (~ 1000 — 4000) resolution (Poglitsch
et al., 2010).

Archival data from Herschel is available from both the Infrared Science Archive® (IRSA) and
directly from the Herschel Science Archive? (HSA).

B.1.5 Stratospheric Observatory for Infrared Astronomy

The Statrospheric Observatory for Infrared Astronomy (SOFIA) an IR mission consisting of a 2.7 m
telescope onboard a Boeing 747Sp aircraft that operates between 11.23 km and 13.72 km of altitude
(Young et al., 2012). Given the flexibility of the mission, several instruments have been incorporated
to the telescope allowing spectroscopic observations. The First Light Infrared Test Experiment
CAMera (FLITECAM) operated in the 1.0 — 5.5um regime, allowing spectroscopic observations
with a selection of three grisms providing a medium (~ 1500) resolution (McLean et al., 2006). The
Faint Object infraRed CAmera for the SOFIA Telescope (FORCAST) provided an spectrograph based
on a suite of grisms that covers the range 5 — 40pm with moderate (~ 200) resolution (Herter et al.,

2 This database is accessible through https://irsa.ipac.caltech.edu/applications/Spitzer/SHA.

3 This database is accessible through https://cassis.sirtf.com/.

4 More information on the data processing and products can be found at http://ideos.astro.cornell.edu/.
5 Several databases can be found at https://darts.isas.jaxa.jp/missions/akari.

6 The Herschel Data Search might be access through https://irsa.ipac.caltech.edu/applications/Herschel/.
7 HSA catalogs are available at https://archives.esac.esa.int/hsa/whsa/.
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2018). The German REceiver for Astronomy at Terahertz Frequencies (GREAT) was a heterodyne
instrument covering the 63.2 — 611um range with extremely high (> 10”) resolution (Heyminck
et al., 2012; Risacher et al., 2018). The Echelon-cross-echelle Spectrograph (EXES) covered the
range 5 — 28m with moderately-low (~ 300), medium (~ 1000) and high (up to 10°) resolution
modes (Richter et al., 2018). Finally, the Field-Imaging Far-Infrared Line Spectrometer (FIFI-LS)
was a legacy instrument from PACS at Herschel, since its design its identical and covered the range
51 — 203pm with a medium (~ 500 — 2000) resolution (Fischer et al., 2018).

Given the number of science cases and projects carried out while SOFIA was operating, it is
advisable to search for the archival data at IRSAS.

B.1.6 James Webb Space Telescope

The James Webb Space Telescope (JWST) was launched in 2021, and it is the only dedicated IR ob-
servatory not ground-based operating at the moment of this thesis. It contains a 6.5 m telescope,
composed of 18 hexagonal beryllium primary mirror segment assemblies, and four instruments
each of them with at least one observing mode allowing IR spectroscopy. The Near Infrared Camera
(NIRCam) allows for high (~ 1600) resolution wide-field slitless spectroscopy in the range of
2.5 —5.0um (M. ]. Rieke et al., 2023). The Near Infrared Imager and Slitless Spectrograph (NIRISS)
allows either single-object slitless spectroscopy between 0.6ym and 2.8um at low (~ 70) resolution
or wide-field slitless spectroscopy between 0.8 — 2.2ym at medium (~ 150) resolution (Doyon
et al., 2023). The Near Infrared Spectrograph (NIRSpec) provides low (100), medium (1000) and
high (3000) resolution in the range [0.6pm, 5.3uym|] under three different spectroscopic modes:
multi-object, fixed slit and integral field unit spectroscopy (Boker et al., 2023). Finally, the Mid-
Infrared Instrument (MIRI) provides integral field unit spectroscopy at two resolutions: low (~ 100)
between 5um and 12pm and medium (~ 1300 — 3300) between 5um and 28um in four channels
(Wright et al., 2023).

JWST is an ongoing mission, but publicly available data (including raw and processed files) can
be either retrieved from the Mikulski Archive for Space Telescopes® (MAST) or the JWST Science
Archive'.

B.1.7 Ground-based observations

Space observatories provide the best capabilities for large spectroscopic surveys, as the background
noise is significantly reduced. However, there is also archival and ongoing data from ground-based
observatories.

For example, the NASA Infrared Telescope Facility (IRTF) is still operating as observatory located
at Mauna Kea, Hawai’i, equipped with a 3.2m telescope and three instruments allowing IR spec-
troscopy. The instrument SpeX is a low-to-medium (~ 50 — 2500) cryogenic spectrograph operating
in the range 0.8 — 5.5um. The Texas Echelon Cross Echelle Spectrograph (TEXES) operates in the
range 5 — 25ym at medium-high (~ 15,000) and high (~100,000) resolutions (Lacy et al., 2002).
Finally, the iSHELL is a high (~ 75,000) resolution spectrograph operating in [1.1ym, 5.3ym] range
(Rayner et al., 2016). Archival data is available for the observing nights since the second semester
2000™.

8 An overview on the data available from SOFIA is found in https://irsa.ipac.caltech.edu/Missions/sofia.html.
9 Data and observing proposals available through https://mast.stsci.edu/search/.
10 https://jwst.esac.esa.int/archive/.
11 Prior to 2016 (second semester), data is available at https://irtfdata.ifa.hawaii.edu/browse/, whereas after that it is
located at https://irsa.ipac.caltech.edu/applications /irtf/.
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Table B.1: Summary of the IR spectroscopic instruments for different observatories.

Observatory | Instrument Mode Range Resolution
SWS Medium-mode 2.38 — 45.2um ~ 1000 — 2000
SO High-mode ~2-10*—4.10*
LWS Medium-mode 43 - 196.9um ~ 150 — 2000
High-mode ~ 6800 — 9700
Short-low 5.2 —14.5um ~ 64— 128
Spitzer IRS Long—lc.)w 14 — 38um
Short-high 9.9 —19.6um ~ 600
Long-high 18.7 — 37.2um
AKARI IRC Dispersers 1.8 —26.5um ~20-120
HIFI Heterodyne | 1°7 = 212pm ~10°
240 — 625um
Herschel SPIRE FTS 194 — 671um ~20-60
~ 370 — 1300
PACS Spectrometer 55 - 210pum ~ 1000 — 4000
FLITECAM Grisms 1.0 - 5.5um ~ 1500
FORCAST Grisms 5 —40um ~ 200
GREAT Heterodyne 63.2 —611ym = 107
SOFIA Low-mode ~ 300
EXES Medium-mode 5—28um ~ 1000
High-mode < 10°
FIFI-LS Spectrometer 51 —203um ~ 500 — 2000
NIRCam WE-Slitless 2.5-5.0um ~ 1600
NIRISS SO-slitless 0.6 —2.8um ~ 70
WE-slitless 0.8 —2.2um ~ 150
MOS ~ 100
WST
J NIRSpec Fixed slit 0.6 —5.3um ~ 1000
IFU ~ 3000
MIRI Low-mode 5—12um ~ 100
Medium-mode 5—28um ~ 1300 — 3300
SpeX - 0.8 —5.5um ~ 50 — 2500
. . ~ . 4
IRTE TEXES Medium-mode 5 25um 1.5-10
High-mode ~ 105
iSHELL - 1.1 -53um ~7.5-10%

It is also important to note that radio observatories such as the Atacama Large Millimeter Array
(ALMA) can also be used for far-IR spectroscopic observations for high-redshift (z> 3) galaxies
(e.g. Mordini et al., 2021). Indeed, over the recent years several studies have been published on the
detection and analysis of far-IR lines from galaxies up to z~ 12 (see Harikane et al., 2020; Sugahara
etal., 2021; Wong et al., 2022; Zavala et al., 2024, among many others).

B.2 SUMMARY TABLE OF IR SPECTROSCOPIC INSTRUMENTS

We offer in Tab. B.1 a summary of all IR spectroscopic instruments and their main properties.
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C.1 SUPPLEMENTARY FIGURES FOR CHAPTER 2
c.1.1 Comparison of the chemical abundance estimations from the direct method and HII-CHI-MisTry

From the sample of SFGs from SDSS DR9 GALSPEC (Ahn et al., 2012) (see Sec. 2.5.1), we select
a subsample of 806 galaxies that present reliable measurements of the [O nr)A4363A auroral line
(i.e. their relative error is less than 20%). For that sample, chemical abundances [12+1log(O/H) and
log(N/O)] are estimated by three different ways from the reddening-corrected emission lines:

e The T,-method: We estimate electron densities (11,) from the sulfur [Su]A,A6717,6731A
doublet using pynEs (Luridiana et al., 2015) and assuming an electron temperature of T, = 10*
K. We then compute from pynes the T([Omur]) from the ratio between [Omr]A5007A and
[OIII]/\4363A, assuming the electron density derived from the sulfur doublet. The other
temperatures, T([Ou]) and T([N1u]) are obtained from T([Ou1]) assuming the model-based
relations reported by Pérez-Montero (2014). Ionic abundances are estimated then from the
brightest emission lines for each ion, assuming the electron density estimated from the sulfur
doublet and the corresponding temperature for each ion. The final abundances are estimated

as:
O O+ O++
N N+ O++
0~ o7 Famn (W) (C2)

using the ICF from Amayo et al. (2021).

e HCwm including the [Om]A4363A auroral line as input. In this case, together with the auroral
line, the input lines are [O 1 ]A3727A, [Ne m1]A3868A, [O m]A5007A, [N n]A6584A, [Su]A6717A
and [Su]A6731A. We select the POPSTAR grid of models, which offers the best performance
for estimating chemical abundances in SFGs.

e HCwmwithout [O m]A4363A auroral line. The input set only contains [O n]A3727A, [Ne m]A3868A,
[Our]A5007A, [N1]A6584A, and [S1]A6717A+[S1u]A6731A. We again select the POPSTAR

grid of models, which offers the best performance for estimating chemical abundances in
SFGs.

We show a comparison of the results from these three methods in Fig. C.1 (for N/O) and C.2 (for
O/H). Regarding N/O, it can be seen that in general there is an good agreement between the esti-
mations of the T,-method and those from HCm. We also note that, outside the range [—1.35, —0.85]
(which encompasses most of our sample) there are few galaxies that clearly show a discrepancy,
specially at low N/O ratios. Regarding O/H, we obtain that there is also a good agreement between
the estimations from the T,-method and those from HCm when oxygen auroral lines are included
(see Fig. C.2 (a)). When the auroral line is not introduced, we observe a significant increase in the
scatter when compared to the direct method (see Fig. C.2 (b)).

Overall, we can conclude that there is a good agreement between the optical estimations of chem-
ical abundances (both O/H and N/O) from the T,-method and HCm. We note that discrepancies
arises when the auroral line is not included in the code, but the effect in N/O is mostly negligible.
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Figure C.1: Comparison between the chemical abundance ratios log(N/O) estimated from the T,-method
(y-axis) and from HCwm (x-axis). (a) Auroral line [Our]A4363A is included in the input set of
lines for HCwm. (b) Input set of lines for HCm does not include oxygen auroral line. The offsets are
given using the median value (dashed line) and RMSE (dot-dashed lines).
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Figure C.2: Same as Fig. C.1 but for 12+log(O/H).
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c.2.1  Comparison of estimations of chemical abundances from different grids of photoionization models
We show in Fig. C.3 the comparison among the oxygen abundances estimated in the nuclear region of

our sample of LINER-like galaxies based on different grids of photoionization models. Despite there
is a little discrepancy when AGN models with a5y = —1.2 are considered, we can conclude that

changes in the slope («px) of the AGN SED do not induce changes in the estimation of 12+log(O/H).

In the same way, very little change is found when switching from pAGB models characterized
by Torp =1 10° K to Terr = 15- 10° K. When comparing AGN models and pAGB models, we
observed that from 12+log(O/H) = 8.1 to 12+log(O/H) = 8.7 (solar value), pAGB models predict
systematically lower chemical abundances than AGN models. Fig. C.3 also highlights the problem
of assuming pAGB models with low effective temperatures (Tor =5 - 10* K).

On the contrary, Fig. C.4 shows the excellent agreement among the estimations of log(N/O).

Omitting pAGB models characterized by T,er = 5 - 10* K, which have been already probed to be
inappropriate for this analysis, there is correlation one-to-one correlation for all photoionization
models considered. We also noticed that there is a small offset between AGN models and ADAF or
pAGB models, although the correlation one-to-one still holds.
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Figure C.3: Comparative plot of oxygen abundances in the nuclear regions of our sample of LINERs for each
grid of photoionization models considered in this work.
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Figure C.4: Same as Fig. C.3 but for the nitrogen-to-oxygen abundance ratio.
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C.3 SUPPLEMENTARY FIGURES FOR CHAPTER 4
c.3.1  Radial metallicity gradients

We present in this section the abundance radial gradients, as traced by 12+log(O/H) and log(N/O),
for our sample of LINER-like galaxies. We only display those regions classified as HII regions
according to the diagnostic diagrams (Baldwin et al., 1981; Kauffmann et al., 2003; Kewley et al.,
2006), and we normalized their distances to the galaxy center by R,. For the nuclear estimations,
we show the values discussed in Paper I.

The results are showed in Fig. C.5, where we show all HII regions considered (gray dots) and
the median value (blue) at a given distance considering 15 different intervals in distance and
ensuring that each segment contains at least 10 HII regions. We also represent the fit (solid black
line) obtained from the piecewise algorithm.

c.3.2 Relation between log(N/O) and 12+1Iog(O/H)

We present in this section the log(N/O) vs 12+log(O/H) diagram (Fig. C.6) for the HII regions
selected in each galaxy in our sample. We also present the estimations of the chemical abundances
of the nuclear region that comprehends the LINER-like emission.
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Figure C.5: Radial metallicity gradients, 12+log(O/H) and log(N/O), in our sample of LINER-like galaxies.
Nuclear estimations of the corresponding chemical abundance ratio are represented as follows:
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Belfiore et al. (2015).
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