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Resumen

istéricamente, los mapas celestes han sido la principal fuente de datos as-

tronémicos, utilizados para explorar y comprender el Universo. Este trabajo
estd dedicado al estudio de uno de ellos, Lockman—SpReSO, un seguimiento espec-
troscopico Optico cartografico de fuentes seleccionadas por su emisién infrarroja, a
partir de observaciones previas con el Telescopio Espacial Herschel. Las observa-
ciones del cartografiado se llevaron a cabo utilizando el intrumento OSIRIS instalado
al Gran Telescopio de Canarias.

En particular, el trabajo de investigacién desarrollado en esta tesis se ha centrado
en determinar las propiedades Opticas de las galaxias infrarrojas. Para ello se han
obtenido medidas como la tasa de formacién estelar (SFR, por sus siglas en inglés),
la metalicidad del gas, la extincion del polvo interestelar, la masa estelar (M.) y la
luminosidad infrarroja total (Ltr). Estas propiedades se han comparado con las
obtenidas para muestras de galaxias no seleccionadas por su emision infrarroja para
comprobar posibles similitudes o diferencias entre ambos casos.

Durante esta tesis, se ha llevado a cabo la reduccién completa desde cero de
los datos de Lockman—SpReSO. Esto supuso un proceso complejo y delicado que
requirié multiples iteraciones y de el diseflo de procedimientos especificos, como el
realizado para la sustraccion de la emision del cielo en los espectros. A su vez, se
elabor6 el catdlogo al completo del cartografiado, incluyendo toda la informacién
disponible sobre los objetos del proyecto en la bibliografia. La siguiente etapa
del proceso consistié en el andlisis de los espectros, con el objetivo de detectar y
medir las lineas espectrales y determinar el desplazamiento al rojo espectroscopico
de los objetos. Ademds, a partir del desplazamiento al rojo y de todos los datos
fotométricos recopilados en el catdlogo, se realizaron ajustes a las distribuciones de
energia espectral, de los que se derivaron pardmetros como la M, o la Ltr.

Posteriormente, se seleccioné una muestra de galaxias con formacién estelar
(SFGs, por sus siglas en inglés) a partir del los objetos del catdlogo de Lockman-
SpReSO. Ademas, se analizaron en detalle las lineas espectrales medidas para corregir
la extincidn producida por el polvo interestelar y se utilizaron para determinar la SFR
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y la metalicidad de las SFG. En este punto, la investigacién se centré en el andlisis de
las relaciones globales mostradas por las SFGs. Por un lado, se estudi6 la secuencia
principal de las SFGs, donde se analizé conjuntamente la M, y la SFR. Esto mostré
que las SFGs del catdlogo poblaban la regién de galaxias con intensos estallidos
de formacién estelar. También se estudi la relacién entre la M, y la metalicidad
de las galaxias. Esto demostré que la muestra de SFGs seleccionada por la emisién
infrarroja tendia a presentar metalicidades mds bajas de lo esperado a partir de su M., y
desplazamiento al rojo. Por tiltimo, se analizd la relacion en el espacio tridimensional
formado por la M,, la SFR y la metalicidad. Se comprob6 que las SFG estan
bien representadas por las calibraciones existentes de esta relacion tridimensional,
apoyando asi la idea de la universalidad de la relacién.

Ademds, la tesis aborda el estudio de los flujos de material observados en una
pequeiia fraccién de los objetos del catdlogo. Este material puede ser expulsado de
la galaxia por eventos como estallidos de formacién estelar, muertes estelares por
supernovas o nucleos galacticos activos, o puede ser capturado por la galaxia debido a
su potencial gravitatorio. El andlisis de las lineas de absorcion en el rango ultravioleta,
como la lineas de Mg 11 y Fe 11, permite investigar las correlaciones entre la velocidad
del viento y la anchura equivalente de las lineas con las propiedades de la galaxia
anfitriona, incluyendo la M., la SFR y la tasa especifica de formacién estelar.



Abstract

istorically, celestial maps have been the main source of astronomical data used to

H explore and understand the Universe. This work is dedicated to the study of one

of them, Lockman—SpReSO, an optical spectroscopic follow-up of sources selected

for their infrared emission, obtained from previous observations with the Herschel

Space Telescope. The observations of the survey were carried out with the OSIRIS
instrument at the Gran Telescopio de Canarias.

In particular, our research has focused on determining the optical properties of
infrared galaxies. This has involved obtaining measurements such as the star formation
rate (SFR), the gas metallicity, the interstellar dust extinction, the stellar mass (M..),
and the total infrared luminosity (Ltr). These properties have been compared with
those shown by samples of galaxies not selected as infrared galaxies to check for
possible similarities or differences between the two cases.

In this thesis, the complete reduction of the Lockman—SpReSO data from scratch
has been carried out. This involved a complex and delicate process that required
multiple iterations and the design of specific procedures, such as the subtraction of the
sky emission from the spectra. In addition, the complete catalogue of the survey was
elaborated, including all the information available in the bibliography of the objects
of the survey. The subsequent stage of the process involved the analysis of the spectra,
with the objective of detecting and measuring the spectral lines and determining the
spectroscopic redshift of the objects. Furthermore, using the redshift and all the
photometric data collated, fits were made to the spectral energy distributions, from
which parameters such as the M, or the Ltr were derived.

Subsequently, a sample of star-forming galaxies (SFGs) was selected from the
Lockman-SpReSO catalogue. In addition, the measured spectral lines were analysed
in detail to correct for dust extinction and used for the determination of the SFR and
metallicity of the SFGs. At this point, the investigation focused on the analysis of the
global relations that the SFGs showed. On the one hand, the main sequence of the
SFGs was studied, where the M, and SFR were analysed together. This showed that
the SFGs in the catalogue populated the region of galaxies with intense bursts of star
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formation. Also, the relationship between the M, and the metallicity of the galaxies
was studied. This showed that the infrared-selected SFGs sample tended to have lower
metallicities than expected from their M, and redshift. Finally, the relationship in the
three-dimensional space formed by the M., the SFR and the metallicity was analysed.
It was found that the SFGs are well represented by the existing calibrations of this
three-dimensional relationship, thereby supporting the idea of the universality of the
relation.

In addition, the thesis addresses the study of the flux of material observed in a
small fraction of the objects in the catalogue. This material may be ejected from
the galaxy by events such as burst of star formation, supernova explosions, or active
galactic nuclei, or it may be captured by the galaxy due to its gravitational potential.
The analysis of absorption lines in the ultraviolet range, such as Mg 11 and Fe 11, allows
the investigation of the correlations between wind velocity and equivalent width of the
lines with host galaxy properties, including M., SFR and the specific star formation
rate.
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Introduction

“I checked it very thoroughly,” said the computer, “and that quite
definitely is the answer. I think the problem, to be quite honest with
you, is that you’ve never actually known what the question is.”

The Hitchhiker’s Guide to the Galaxy - Douglas Adams (1979)

his chapter provides a concise overview of the historical development about
Textra—galactic astronomy and galaxy surveys, along with a discussion of the
analysis of spectral lines to derive galaxy properties. Furthermore, the chapter covers
objects with infrared (IR) emission and their properties. Finally, the Lockman-
SpReSO project is introduced, and the thesis objectives, motivation, and overview are
summarised.

1.1 Introduction to extra-galactic astronomy and surveys

Extra-galactic astrophysics is a captivating field of astronomy that explores the uni-
verse beyond our galaxy, the Milky Way. It aims to investigate the properties, forma-
tion, and evolution of galaxies in the cosmos. Galaxies are the fundamental building
blocks of the universe’s large-scale structure, and studying them is crucial to under-
standing the cosmos. They act as the basic units on the vast cosmic canvas.

During the 17th century, the invention of the telescope was an important step in the
knowledge of the universe because it allowed us to surpass the limits imposed by our
own eye and reach beyond our own galaxy. A century later, Charles Messier created
his emblematic catalogue of celestial objects, in the second half of the 18th century,
which is The Catalogue des Nébuleuses et des Amas d Etoiles (Messier, 1781).
Approximately one hundred objects constituted the initial and tangible benchmark
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CHAPTER 1. Introduction

for ascension to the systematic exploration of celestial objects and the universe. The
Messier’s catalogue consisted of deep sky objects in which galaxies can be found, but
also star clusters, planetary nebulae, and supernova remnants.

A few decades after, William Herschel and his sister, Caroline Herschel, created
a new catalogue, which included thousands of deep sky objects (Herschel, 1786).
Their labour laid the first and modest, but the absolute establisher of a more profound
knowledge about the deep sky. Son of William Herschel, John Herschel, expanded
this catalogue with the addition of several thousand more deep sky objects, which
considerably enriched the knowledge about the night sky (Herschel, 1864). This
catalogue was used by John Ludwig and Emil Dreyer as a basis for New General
Catalogue described in Dreyer (1888), and which is still widely used worldwide by
astronomers on which galaxies, star clusters, nebulae, and other celestial objects can
be found.

Astronomers have been looking at the stars up in the sky for hundreds of years,
never having recorded the images of the stars. Though, thanks to the discovery of
the photographic plates in the 19th century, astronomers began recording the images
of the skies in permanent forms. This made it easier to compare new images with
previous ones, detect changes, make long exposures, measure stellar motions, and
record transient events such as supernovae, asteroids, and comets. This technology is
a significant breakthrough in accurately and permanently documenting the cosmos,
transforming the way astronomers study and understand the universe. The plates
allow covering greater and larger areas of the sky, which provide more objects to be
identified. The Henry Draper catalogue made use of the plates for star classification,
which Annie Jump Cannon and Edward C. Pickering compiled with the help of the
Harvard College observatory telescope. The first publication of the catalogue was
in 1890 (Pickering, 1890) and it was expanded from 1918 to 1924 (Cannon and
Pickering, 1918, 1924) to finally comprise 225 300 stars and provide their spectrum
type and luminosity.

One of the most famous contributions to astronomy was the Edwin Hubble’s work
at the Mount Wilson Observatory, using the 2.5-metre Hooker telescope to capture
photographic plates. The results were compiled in Hubble (1936). By observing
Cepheid variable stars in the Andromeda spiral and others nebulae, he was able to
calculate distances and prove that this nebulae were actually distant galaxies (Hubble,
1925a,b). These result were of great importance to the astronomical community
at the time, as it put an end to the “Great Debate” between Harlow Shapley and
Heber Doust Curtis that took place in 1920. In that debate, Shapley was arguing
that the spiral nebulae and star clusters observed in the sky were relatively small
and part of our own galaxy. This view would have reduced the entire universe to
our galaxy. Curtis, however, espoused an opposing viewpoint, contending that the
spiral nebulae were, in fact, distant galaxies that were larger than the size proposed by
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FiGuURE 1.1— Diagramn from Hubble (1929) showing the radial velocity of galaxies as a function of
their distance, measured from involved stars and mean luminosities of nebulae in a cluster. This constant
relationship between the two properties is known as the Hubble-Lemaitre law and was the first evidence
for the known expansion of the universe.

Shapley. It is also pertinent to note that the initial models of the Universe proposed
by Einstein (1917) and de Sitter (1917) were developed without the knowledge of
the extra-galactic nature of spiral nebulae and, of course, the accelerated expansion
of the Universe. This would subsequently lead Einstein to introduce the well-known
cosmological constant (A) into the field equations of the General Theory of Relativity
(GTR). Few years later, Einstein and de Sitter (1932) published the first expanding
cosmological model devoid of a cosmological constant based on the GTR.

The work of Hubble at the Mount Wilson was also significant in detecting the
redshift of galaxies, finding a clear relation between the radial velocity and the
distance of the galaxies getting an observational probe about the expansion of the
Universe (Figure 1.1), previously theoretically predicted by Lemaitre (1927) on basis
of the GTR and also experimentally using the radial velocities obtained by Stromberg
(1925) and the distances obtained by Hubble (1926). Moreover, a morphological
classification system for galaxies was developed by Hubble. It remains in use and is
commonly referred to as Hubble’s tuning fork and it was developed after an exhaustive
examination of photographic plates. The great investigation that Hubble done in the
astrophysics field revolutionised the understanding of the cosmos at the time.

The Palomar Observatory Sky Survey I (POSS-I) was a pioneering astronomical
project carried out at the Palomar Observatory in California. First conceived in the
1950s and completed in the 1990s with Palomar Observatory Sky Survey Il (POSS-
II), it used photographic plates to essentially survey the entire visible sky in the
northern hemisphere. The main goal of the project was to construct a catalog of
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stars, galaxies, nebulae, and other celestial bodies. It mainly used the Samuel Oschin
1.2-metre telescope equipped with a wide-field camera. It obtained approximately
2000 photographic plates in each version of the project.

Digitisation and Charge-Couple Device (CCD) detector are a crucial technical de-
velopment in observational astronomy. These were introduced in the 1960s. Initially
invented for use in photography and television, this semiconductor component soon
came to be invaluable in astronomy as it has the property of turning light into electric
signals which readily can be processed and stored. They were much more sensitive
to the light and also offered a linear response compared to the older technology of
photographic plates. With the help of this device, more accurate and detailed images
of the fainter objects in the night sky were possible. The mass use of CCDs in observa-
tional astronomy opened a new epoch of scientific developments and breakthroughs.
The advent of enhanced image processing and data analysis tools made possible the
automation of observatories and the completion of large digital databases of astro-
nomical objects. The process is synchronized with the rise in computation power, a
significant factor for analyzing the huge amount of data that is being gathered. The
Two-degree Field Galaxy Redshift Survey (2dFGRS) was a redshift survey conducted
using the 3.9-meter Anglo-Australian Telescope between 1997 and 2002 (Colless
et al., 2001). The survey observed approximately 250 000 objects, resulting in the
first density map of the optical Universe to a depth of approximately z ~ 0.2. This
map illustrates the large-scale structure of the Universe. Another notable example
is the Sloan Digital Sky Survey (SDSS), which has become one of the most popular
surveys. It developed an all-sky survey with the use of a 2.5-m telescope at the Apache
point Observatory in New Mexico(York et al., 2000). The Sloan Digital Sky Survey
(SDSS) has been characterized by unmatched amount of astronomical data. With its
images of hundreds of millions of galaxies, stars and other celestial objects, it also
offers the spectra of millions of these. Moreover, this project was able to obtain three
dimensional maps of the distribution of the nearby galaxies in the universe which led
to the valuable information about the clustering galaxy evolution of over the cosmic
time. The Data Release 18 (Almeida et al., 2023) has been recently released, making
it one the most detailed projects in modern astronomy currently.

Around the same time as the aforementioned events, observations in other electro-
magnetic ranges began to explore the cosmos. Systematic study of the IR range began
in the 1950s, using detectors sensitive to IR radiation at Mount Wilson Observatory.
These initial efforts uncovered stars and star-forming regions that were not visible in
visible light due to cosmic dust opacity. The Two Micron All-Sky Survey (2MASS,
Skrutskie et al., 2006) is one of the most comprehensive works in the near-IR (NIR)
range. It was conducted between 1997 and 2001 with the main objective of mapping
the sky using two 1.3-metre telescopes, one located in each hemisphere. The survey
produced the most complete catalogue of celestial objects in the NIR, including stars,
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galaxies, nebulae, and other objects. It is estimated to have catalogued around 300
million individual sources across the sky, representing a significant advance in under-
standing the distribution and nature of celestial objects. Radio astronomy emerged
by accident in 1932, when Karl Jansky, while investigating interference in radio com-
munications, identified mysterious signals from outer space. His discovery, together
with the first radio telescope built by Grote Reber in 1937, laid the foundations for
future research in the field. This radio telescope was nine metres long and marked
the beginning of the observation of the universe through radio waves. It was not
long before interferometry began to be used for astronomical observations. By using
two or more radio telescopes, astronomers were able to obtain unprecedented angular
resolutions, giving rise to the radio-source object catalogues. An example of these is
the numbered series of catalogues that make up the Cambridge Radio Surveys (Ryle
et al., 1950). The third edition of this catalogue, the Third Cambridge Catalogue (3C,
Edge et al., 1959), is famous for being the catalogue in which the first quasar, known
as 3C273, was identified. In time, large interferometers such as the VLA, NOEMA
or ALMA would revolutionise the field of radio astronomy.

Observations of the universe in the more energetic regions of the spectrum, such
as ultraviolet (UV), X-rays or gamma rays, which are difficult to analyse from ground-
based telescopes, flourished during the Cold War and the Space Race. The chance of
mounting instruments on satellites in the near-Earth orbit allows for a broad spectrum
of opportunities not only in energetic bands, but also both in optical and IR ones,
since the atmosphere contribution is eliminated. The Infrared Astronomical Satellite
(IRAS) space telescope, dedicated to the IR astronomy, launched in 1983 was the
first observatory to map the entire sky for sources of far-IR (FIR) heat sources and
found thousands of previously unknown stars, galaxies and solar system objects.
The Hubble Space Telescope (HST), which was launched in 1990 and is still in
operation, is one of the most important devices in the history of the optical and near-
UV (NUYV) astronomy. It has provided images of unprecedented clarity of the distant
universe, allowing astronomers to study star formation, the evolution of galaxies and
the structure of the cosmos as a whole. In recent times, more contemporary telescopes,
such as James Webb Space Telescope (JWST) and Euclid, have been placed in orbit
at the L2 Lagrange point. Their observations are now reaching us, extending our
understanding of the cosmos to unprecedented depths. These observations are set to
revolutionise astrophysics in the coming years.

From the brief history of extra-galactic astronomy and the object surveys we have
reviewed, it is clear that there is a wide variety of approaches. There are surveys that
scan the whole sky in a particular spectral range, such as the SDSS or 2MASS. There
are also surveys that focus on small regions of the sky in order to reach greater depths.
Two notable examples are the Hubble Ultra Deep Field project (Beckwith et al., 2006)
and the OTELO project (Bongiovanni et al., 2019). Moreover, the surveys are able
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to be conducted from the Earth’s surface or from space, and can be photometric or
spectroscopic. Some do not involve any selection criteria, while others are carried out
to observe particular kinds of objects. Besides, they can cover different wavelengths
or not depending on science goals. These extensive studies have helped us to obtain
the information about the formation and distribution of galaxies in the Universe. A
more profound historical review on the evolution of extra-galactic astronomy along
with surveys can be found in Smith (2008, 2009) and Djorgovski et al. (2013), among
others.

In order to understand the properties and the evolution of these distant galaxies,
the knowledge of the spectra observed is very important. The spectral lines embedded
in these spectra are a rich source of knowledge, furnishing the information about the
chemical composition, temperature, velocity as well as the other physical parameters
of the galaxies.

In the next section, we explore how these spectral lines lead us to the secrets hidden
in starlight, and how their meticulous analysis allows us to unravel the mysteries of
our vast universe.

1.2 Spectral lines, the cosmic fingerprints

In this section we explore how these spectral lines, like cosmic fingerprints, give us
crucial information about the physics, chemical composition and dynamical processes
in distant galaxies.

Spectral lines are produced by the atoms and molecules found in galaxies. When
a photon is absorbed or emitted by an atom, it occurs at specific frequencies that
are determined by the electronic transitions within its structure!. This results in
each chemical element having its own unique set of spectral lines. By analysing the
spectral lines of a galaxy’s spectrum, we can deduce fundamental properties of the
galaxy (Cepa, 2008). This section discusses the applications of the study of spectral
lines that will be useful throughout this thesis.

1.2.1 Galaxy classification

Spectral line ratios are frequently used to classify galaxies, with the BPT diagram
(Baldwin et al., 1981) being one of the most popular methods. This diagram utilises
the ratio of intense lines generated from different excitation mechanisms, typically
[N11] 16584 /Ha against [O 111] 45007 /Hp, to distinguish between star-forming galax-
ies (SFGs), composite galaxies, and narrow-line active galactic nuclei (AGNs).

The [N 1] 16584 line is a forbidden line that is produced by low-density gas,
while the He line is produced by ionized hydrogen, which is a sign of ongoing

IThis work focuses solely on the examination of spectral lines generated by electron transitions.
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FiGURE 1.2— The BPT diagram from Lamareille (2010). It displays 90,000 objects, with SFGs
represented in blue, composite galaxies in magenta, LINERs in cyan, and Seyfert 2 in green. The
red lines indicate various criteria for galaxy classification, with the dashed red line representing the
criteria of Kauffmann et al. (2003), the red line representing the criteria of Kewley et al. (2001), and the
horizontal line representing the criteria of Veilleux and Osterbrock (1987).

star formation. The ratio between these two lines can tell us whether the gas in
a galaxy is being ionized by stars or by some other mechanism, such as an AGN.
Meanwhile, the ionization parameter, which is a measure of the ionizing flux per unit
volume, is higher in AGN-dominated galaxies compared to star-forming galaxies.
The [O 1] 45007 /Hp ratio is sensitive to the ionization parameter, and it increases
with increasing ionization parameter.

Figure 1.2 displays an example from Lamareille (2010) where they use 90 000
objects from the SDSS survey where the power of spectral lines in object classification
and the significance of galaxy surveys in enabling this work through object statistics
is highlighted.

Other line ratios have been studied, for example replacing the [N 1] 16584 flux
in the BPT diagram by the doublet [S11] 446717,31 flux. Additionally, the use
of bluer line ratios, such as [Ou]/HB (Lamareille et al., 2004), has been studied
because the Ha, [N 11], and [S 11] lines are out of the optical range at redshifts z > 0.4.
Furthermore, various calibrations have been developed to define the regions occupied
by each type of objects in the different versions of the BPT diagram (Veilleux and
Osterbrock, 1987; Kewley et al., 2001, 2013; Kauffmann et al., 2003; Lamareille et al.,
2004; Lamareille, 2010; Stasiriska et al., 2006, among others).

Sometimes multiple spectral lines are not available in the spectra. Therefore,
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alternative methods based on the use of only two spectral lines have been developed.
Cid Fernandes et al. (2010) postulated the use of the [N 11] 16584 /Ha ratio against the
Ha equivalent width (EW) at rest-frame to discriminate between SFGs and AGNss.

1.2.2 Attenuation by interstellar dust

Comprehending the spectral line is quite frequently difficult because of the extinction
effects attributed to the existence of interstellar dust inside galaxies. The extinction
phenomena happen when the light is absorbed and scattered by the dust particles in
the interstellar medium, and the reddened light appears in the spectra. The reddening
effect could be systematic since it leads to errors in the measured emission lines,
thereby the physical properties of a galaxy like start-formation rates (SFRs) and
metallicity are not properly determined. Hence, the correction for dust extinction
effect is a mandatory task.

To produce the accurate correction of extinction, one of the most useful methods
is to study the ratios of the Balmer series lines. The line ratios can be derived
theoretically from quantum physics. The values are then compared to the ratios
observed at spectral lines to determine how high the extinction is. Therefore, when
using the ratio Ha/HS, we can parameterise the colour excess E(B — V), which
represents the variation of the colour B — V due to extinction, as:

E(B-V) =

2.5 log ( (Ha'/HIB)obs) ’ (1.1)

k(Ang) — k(AHa) (Ha/HB)y,

where k(Ang) and k(Ay,) are the values of the reddening curve evaluated at HB
and Ha wavelengths, respectively. In this thesis we have adopted the reddening
curve established by Calzetti et al. (2000). (Ha/HpB)., is the observed Balmer
decrement, and (Ha/Hp)y, is the quantum-physical value of the Balmer decrement
in the case of non-extinction. The standard case adopted in the study of SFGs is the
recombination Case B described by Osterbrock (1989), where (Ha/HpB)y, = 2.86 is
defined for an electron temperature 7 = 10* K and an electron density 7, = 10? cm™3.
Other ratios of Balmer lines are also used using the same reasoning, for example the
HpB/Hy ratio, that in the same conditions, the quantum theory predicts a value of
(HB/Hy)y, = 2.13. These ratio allows to correct objects that are at higher redshifts
using optical spectroscopy.

Finally, to correct for dust extinction the flux of the spectral lines, the most
common method is to use the empirical relationships established by Calzetti et al.
(1994), who established that the intrinsic flux (Fj,) at a given wavelength (1) can be
obtained as follows
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where F(A) is the observed flux at that wavelength, A(1) is the extinction at that
wavelength, k(1) is the reddening curve evaluated at that wavelength.

1.2.3 Chemical abundances and metallicities

The study of spectral emission lines enables us to determine the gas-phase metallicity
of the galaxies. Typically, metallicity is calibrated based on the abundance of oxygen
relative to hydrogen, expressed as 12 + log (O/H).

The most reliable technique involves calculating the electron temperature (7, ) of
the ionised gas from auroral lines such as [O111] 14363 or [N11] A5755. However,
these lines are challenging to observe due to their weak signal, requiring high signal-
to-noise (S/N) ratios for detection.

To overcome this difficulty, methods based on empirical calibrations of the 7, were
developed. These calibrations were made by fitting direct measurements of the 7, and
ratios of intense lines in the H 11 regions of galaxies. The commonly used ratios in this
context are optical line ratios, such as [N 11] 16584 /Ha and ([O ] /HB) /([N 1] /Ha)
as described in Pettini and Pagel (2004). Pilyugin and Grebel (2016) demonstrated
the usefulness of more complex relationships with dependencies on multiple lines.
They calibrated metallicity by using combinations of line ratios, which allowed them
to separate the two branches observed in metallicity. The upper branch is thus defined
as log (N2) < —0.6, where N, = [N 11] 116548, 84/HB. The metallicity equation is:

12 +log (O/H) = 8.589 + 0.022 log (R3/R>) + 0.399 log (N3)
+ (—=0.137 +0.164 log (R3/R») + 0.589 log (N>)) log (R2) . (1.3)

The lower branch definition is log (N;) > —0.6 and the metallicity equation is:

12 +log (O/H) = 7.932 + 0.944 log (R3/R>) + 0.695 log (N»)
+(0.970 — 0.291 log (R3/R>) +0.19 log (N2)) log R>.  (1.4)

Where, in both equations, the coefficients are R, = [O11] 143727,29/HB and R3 =
[O 1] 2114959, 5007 /HB.

On the other hand, some methods rely on theoretical models of photoionisation of
H 1 regions to obtain metallicity measurements from ratios of spectral lines. Obtaining
the 7, directly in highly metallic H 11 regions can be challenging due to the weakness of
auroral lines. However, this difficulty is solved by theoretical models because they do
not require measurements of the 7., unlike models based on empirical calibrations. For
instance, Tremonti et al. (2004) developed models that combined SSPs models from
Bruzual and Charlot (2003) with photoionisation models from CLOUDY (Ferland
et al., 1998). The metallicity parameterisation was based on the R;3 calibrator, where
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Ry3 = ([O11] 443727,29 + [O 1] 124959, 5007) /HB, which is calculated using the
following equation:

12 +log (O/H) =9.185 — 0.313x — 0.264 x> — 0.321 x* (1.5)

where x = log (R»3) and is valid only for the upper branch of the double-valued R»3-
abundance relation. Kobulnicky and Kewley (2004) also used the R;3 calibrator and
developed an iterative method to recursively determine the ionisation parameter and
metallicity. Dopita et al. (2016) obtained a metallicity calibration using redder lines
in the optical spectra [N 11] 15684, Ha and the [S 1] 116717, 31 doublet, also based
on theoretical models of photoionisation. The use of lines with similar wavelengths in
this calibration obviates the need for extinction correction. For more information on
metallicity and its calibrators, please refer to the work of Kewley and Ellison (2008).

1.2.4 Star formation rate determinations

Another important property of galaxies that can be inferred from emission lines is the
star formation rate (SFR). The most common method is to assume that the flux of the
spectral lines (and also flux in photometric bands) is produced directly by high-mass
stars.

The He line is commonly used to trace the SFR. Different calibrations exist to
derive the SFR from this spectral line, with the most widely used being the one
developed by Kennicutt (1983, 1998), Kennicutt et al. (1994), and Kennicutt and
Evans (2012). This line is intense in the optical range and enables the analysis of
time scales up to 10 Myrs (Kennicutt and Evans, 2012) and it is insensitive to the gas
metallicity. However, for objects at redshift z > 0.5, the line is redshifted out of the
optical range.

The Balmer series offers alternative orders that can be used with the same cali-
brations, assuming Case B of recombination from Osterbrock (1989). However, these
lines are weaker and more susceptible to extinction and underlying stellar absorp-
tion. Other spectral lines, such as [O 11] 113726, 29 or [O 111] 45007, have also been
calibrated for determining the SFR with acceptable results (Figueira et al., 2022).
However, these lines are subject to extinction, particularly the [O 11] line, and are also
strongly dependent on the metallicity of the gas and the ionisation parameter.

As we have seen, SFR calibrations use various tracers, including photometric
bands in the UV range and total IR luminosity (Ltr). The former directly analyses
the continuum emitted by high-mass stars, while the latter indirectly traces their
emission by absorbing their UV emission and re-emitting it in the IR range. These
tracers analyse longer timescales up to 100 or 200 Myr (Kennicutt and Evans, 2012).
Table 1.1 shows the SFR calibrations for different tracers obtained from the works of
Kennicutt and Evans (2012) and Figueira et al. (2022).
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TaABLE 1.1— SFR calibrations using spectral lines and photometric bands. Adapted from Kennicutt
and Evans (2012) and Figueira et al. (2022).

log[SFRband(MG yr_l)] =AX IOg [Lband (units)] - IOg Cband

Band Age Range (Myr)  Lpang Units A log Coand
FUV¢ 0-10-100 ergs~! 1 43.35
NUV¢ 0-10-200 ergs”! 1 43.17
[On] 237277 0-10 ergs”! 0.96  39.69
HpBP 0-3-10 ergs”! 0.94  38.34
[O 1] 15007 0-10 ergs™! 0.80 3594
Ha“ 0-3-10 ergs”! 1 41.27
24 pm? 0-5-100 erg s~! 1 42.69
Ltr® 0-5-100 ergs”! 1 43.41
1.4 GHz* 0-100 ergs”'Hz! 1 28.20

¢ Calibrations obtained from Kennicutt and Evans (2012).

b Calibrations obtained from Figueira et al. (2022).

1.3 Global relations of the properties of galaxies and its
evolution

The analysis of parameters obtained from the study of spectral lines in galaxies spec-
trum, such as E (B — V), SFRs, and metallicities, provides valuable information about
their chemical composition and evolution. Therefore, these parameters are crucial
for understanding astrophysical processes. Exploring the correlation of these proper-
ties with stellar mass (M.,) can reveal underlying mechanisms in galactic evolution,
enriching our cosmic understanding. Therefore, this section describes some of these
correlations and shows the important role they play in the study of galaxy evolution.

1.3.1 Mass-SFR relation

There is a well-established correlation between the M, of galaxies and their SFR,
named as main sequence (MS) of SFG. This correlation is positive, meaning that
galaxies with higher M., also have higher SFR. This relationship was first identified
by Gavazzi and Scodeggio (1996) in a sample of ~ 103 galaxies and later confirmed
by Brinchmann et al. (2004) in a much larger sample of ~ 10° galaxies from the
SDSS.

Moreover, this relation evolves with redshfit. For the same M., the more distant
a galaxy is the higher the SFR it shows, or, in other words, galaxies at higher redshfit
form stars at a higher rate. In the recent paper by Popesso et al. (2023), they make an
exhaustive study compiling information from a total of 28 previous papers between
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FiGURE 1.3— From the paper of Popesso et al. (2023). The upper panel displays the MS derived
by Popesso et al. (2023), represented by continuous lines, applied to different cosmic time ranges,
represented by different colours. For clarity in the plot, each MS was shifted 0.4 dex from each other.
The lower panel shows the residuals obtained from these fits.

2014 and 2022, including the paper by Speagle et al. (2014) which is also a compilation
of 65 papers between 2007 and 2014 (see table 1 from Popesso et al. (2023) and table
4 from Speagle et al. (2014)).

Popesso et al. (2023) obtains a relation for the MS that covers a wide range of
masses (103 to 10" M) and redshifts (0 < z < 6), whose mathematical expression
is:

log SFR (M., 1) = ag + ait —log (1 + (M, /10%+%") %) (1.6)

where ¢ is the cosmic time elapsed from the Big Bang in yr, M. is the stellar mass
in solar masses, ag = 2.693, a; = —0.186yr™!, a; = 10.85, a3 = —0.0729 yr~!, and
as = 0.99. Figure 1.3 displays the Popesso et al. (2023) result, demonstrating the
fit of its expression for various redshift ranges. The lower panel shows the obtained
residuals.

1.3.2 Mass—metallicity relation

The analysis of gas-phase metallicity revealed a direct correlation with the M, of
galaxies, known as the mass—metallicity relation (MZR). This relation has been ex-
tensively studied in the literature (Lequeux et al., 1979; Garnett, 2002; Tremonti
et al., 2004; Pilyugin et al., 2004; Lee et al., 2006; Zahid et al., 2014; Sanders et al.,
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F1GURE 1.4— From the paper of Huang et al. (2019). The clear evolution of the MZR can be observed
when analysing samples of objects at different redshifts. It is observed that the lower redshift samples
show higher metallicities than the higher redshift samples, for a fixed M.

2021, among many others). It is observed that more massive galaxies have higher
metallicities than less massive galaxies, i.e. galaxies with higher M, have a more
metallic interstellar medium (ISM) than galaxies with lower M,. The MZR is not a
simple one-to-one correspondence, it is influenced by the balance between the inflow
of pristine gas, which is a gas without or with a minimal portion of heavier elements
than helium, from the intergalactic medium (IGM) and the outflow of enriched gas
from the galaxy due to supernova explosions, star formation burst and AGN feed-
back (Matsuoka et al., 2009, 2018; Thomas et al., 2019; Hamel-Bravo et al., 2024;
Ibrahim and Kobayashi, 2024, among others). Other factors like the IR emission or
the downsizing could also play a role in the MZR (for example Spitoni et al., 2020).

The MZR relation has been successfully confirmed up to redshift z ~ 3 (Sanders
et al., 2021), but new findings with the JWST have extended the range of validity up
to redshift z ~ 10 (Curti et al., 2024). Furthermore, it has been demonstrated that
the MZR evolves with redshift (for example Huang et al., 2019; Sanders et al., 2021;
Pistis et al., 2022), such that for a fixed M., galaxies at higher redshift exhibit lower
metallicities than those at lower redshift. This evolution may be attributed to the
higher gas fractions and SFR observed in high-redshift galaxies, as well as the higher
rate of poorly processed gas to the ISM.

Figure 1.4, from the research of Huang et al. (2019), illustrates the evolution of
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the MZR with redshift by analysing samples of objects situated at varying distances.

1.3.3 Mass—metallicity—-SFR relation

The Mass—metallicity—SFR relation represents an extension of the MZR, in which the
SFR is taken into consideration. Although the MZR and the MS have been known for
a long time, the relation between these three properties has recently been discovered.
The first evidence for this correlation was obtained by Ellison et al. (2008), where
they observed a slight correlation between metallicity and specific star formation rate
(sSFR).

Subsequently, and practically simultaneously, two independent papers, Lara-
Loépez et al. (2010) and Mannucci et al. (2010), discovered and described the re-
lationship between M., SFR and metallicity. In the study by Lara-L6pez et al. (2010),
using a complete magnitude-limited SFG sample from the SDSS-DR7 catalogue,
they fitted a plane to the space formed by M., SFR and metallicity. The scatter of
0.16 dex in their fit indicated a clear correlation between the parameters, which they
named as the Fundamental Plane (FP). Using M, as the dependent variable, their
parameterisation provides a powerful way to derive the M., of galaxies from the SFR
and metallicity. Furthermore, using samples of objects at redshift z ~ 3, they found
that the FP is universal, i.e. it does not evolve with redshift at least in the studied
range.

Concurrently, Mannucci et al. (2010) also employed a sample of SDSS-DR7
to demonstrate that SFGs represent a surface in three-dimensional space generated
by M., SFR and metallicity. They designated this relationship the Fundamental
Metallicity Relation (FMR), for which they obtained a scatter of 0.05 dex and in
which the independent parameter is the metallicity.

The results of the FP and FMR analysis indicate a robust relationship in the SFGs
for their M., SFR and metallicity. Furthermore, the non-evolution of this relation with
redshift up to z 3 has been confirmed by several independent works (see for example
Cresci et al., 2019; Sanders et al., 2021). However, recent results obtained by Curti
et al. (2024) analysing galaxies up to z ~ 10 with JWST show that their objects do
not follow the FMR, reopening the debate on the universality of the relation between
M., SFR and metallicity.

1.4 The Lockman-SpReSO project

The Lockman Spectroscopic Redshift Survey using OSIRIS (Lockman—SpReSO)
project is an optical spectroscopic follow-up of a sample of mainly FIR-selected
objects in the Lockman Hole (LH) field. The LH field is notable for its low hydrogen
column density (Ng = 5.8 X 10" cm~2, Lockman et al., 1986), which is lower than
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FiGURE 1.5— From Gonzalez-Otero et al. (2023). The image depicts the central region of the LH deep
field (24 x 24 arcmin?) on which objects from the Lockman—SpReSO catalogue have been highlighted.
The blue square indicates the objects observed with OSIRIS/GTC (the faint sample, Rc > 20 mag), the
yellow stars indicate the objects observed with AF2-WYFFOS/WHT and HYDRA/WIYN (the bright
sample,Rc < 20.6 mag), the green circles indicate the objects observed in both cases, and the red

triangles indicate the unobserved objects in the catalogue.
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that observed in the Galactic poles (N ~ 10%° cm~2, Dickey and Lockman, 1990).

This characteristic makes the LH field a suitable region for study across the
entire electromagnetic spectrum, with observations in the most energetic ranges made
possible by telescopes such as XMM-Newton and ROSAT. The GALEX telescope also
observed the LH field in its two UV bands. In the optical range, the LH field was
observed by multiple telescopes, including the Sloan telescope, the Large Binocular
Telescope (LBT), the Subaru telescope and the United Kingdom Infrared Telescope
(UKIRT). The IR regime was studied by the Spitzer and Herschel space telescopes.
Even at longer wavelengths, the LH was observed by the Low-Frequency Array
(LOFAR) and Very Large Array (VLA) observatories.

As mentioned above, there are numerous studies of the LH field that have been
carried out over a range of areas and depths, allowing the creation of a large multi-
wavelength database of information and properties of the objects in the field (Fo-
topoulou et al., 2012; Kondapally et al., 2021). However, few have focused on the
deep spectroscopy of the LH field. Prior to the release of the SDSS data, only ~ 600
high-quality spectroscopic redshifts had been recorded for the entire LH field, which
covers an area of ~ 15 deg®. The comprehensive SDSS mapping has greatly increased
the spectroscopic information, although not to a very deep level (i ~ 22 mag), leaving
alack of spectroscopy for faint objects, especially in the central 24 x 24 arcmin? region
of the field, where the deepest observations of XMM-Newton, Spitzer, and Herschel
are available. Covering this lack of spectroscopic information is one of the main
objectives of the Lockman—SpReSO project: to study spectroscopically a remarkable
sample of objects located in the central region of the LH field with equatorial coordi-
nates (J2000) 10" 52™ 435 +57° 28’ 48" (Fig. 1.5). A more detailed examination of
this topic is presented in Chapter 2.

In the selection of the objects to be observed within the Lockman-SpReSO project,
preference was given to those that exhibited the greatest depth of observation of the LH
field. The most comprehensive study was conducted with Herschel, so the majority of
the sample (> 80%) was drawn from the guaranteed-time Herschel/PACS Evolution-
ary Probe (PEP) programme (Lutz et al., 2011) with a robust optical counterpart in
the Cousins Rc band down to a magnitude Rc = 24.5. The PEP programme observed
the central region of the LH field with a depth of 6 mJy at 5o at 100 and 160 um. This
characteristic selection leads to another major objective of the Lockman—SpReSO
project: the study of the optical properties of a statistically significant sample of
galaxies selected for their emission in the IR range. This study is described in detail
in the Chapter 3.

In order to provide a more comprehensive scientific foundation for the Lockman-
SpReSO project, a number of additional objects were incorporated. These in-
clude point X-ray sources candidate cataclysmic stars, high-velocity halo stars, radio
sources, very red QSOs, and sub-millimetre galaxies. Table 1.2 provides a detailed
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TaBLE 1.2— Adapted from Gonzalez-Otero et al. (2023). Summary of the classes of objects that
comprise the Lockman—SpReSO catalogue. It should be noted that there are redundancies between the
different classes.

Object Class Count
FIR sources 956
High-Velocity Halo Stars 94
Radio Sources 24
Very red QSOs Candidates 70
Sub-millimetre Galaxies 16

X-ray Point Sources and
Cataclysmic Stars Candidates

overview of the number of objects that are part of the Lockman—SpReSO catalogue.
The construction of the catalogue is discussed in detail in Chapter 2.

The majority of the Lockman—SpReSO observations were conducted with the
OSIRIS (Cepa et al., 2000) instrument at the Gran Telescopio de Canarias (GTC)
telescope using the multi-object spectroscopy (MOS) mode. The observations were
designed in such a way that all objects were observed across the entire optical range.
To achieve this, each object was observed with at least two grisms. One grism was
dedicated to the blue region of the spectrum (R500B, 3600-7200 A), with a nominal
dispersion of 3.54 A pixel~!. For the red part of the spectrum, two grisms were used:
R500R and R1000R, both covering the range 5000-10000 A and a dispersion of 2.62
A pixel™!. From the OSIRIS observations, the brightest Lockman-SpReSO objects
in the catalogue (Rc < 20 mag) were omitted, thus observing only the faintest objects
(faint sample). The brightest objects in the catalogue (bright sample) were observed
with two medium-resolution multi-fiber spectrographs: AF2-WYFFOS (R300B and
R600R, 3800-7000 A) at the William Herschel Telescope (WHT) with a dispersion
~ 4 A pixel~! and HYDRA (316@7, 4400-9600 A) with a dispersion ~ 3 A pixel~!
at Wisconsin, Indiana, Yale, and National optical astronomy observatory (WIYN)
telescope. The detailed description of the observing strategy is given in Chapter 2.

In conclusion, the Lockman—SpReSO project was designed to study spectroscopi-
cally aremarkable sample of objects selected for their IR emission. The spectroscopic
redshift assessment and property measurements such as M., SFR, or metallicity are
important when it comes to researching the global relations such as MS, MZR, and
FP or FMR of the IR objects and to the comparison of the results with those obtained
from the literature for otherwise selected objects.
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1.5 Aims and outline of the thesis

The aim of this thesis is to exploit the data from the Lockman—SpReSO project in
order to study the optical properties of IR selected galaxies in the LH field. In order
to achieve this, we list and comment on the main points set for this thesis.

 To perform the complete data reduction of the survey observations by applying
the corresponding calibrations and corrections: BIAS, dark, wavelength, and
flux calibration.

* To carry out a study on the possibilities for the subtraction of the sky emission
in the observations and to apply it.

* To compile a database with all available information on the survey objects in
the literature to create a catalogue as comprehensive as possible.

» To inspect the obtained spectra to create a quality index and to determine the
spectral lines present and, from them, the spectroscopic redshifts of the objects.

e To carry out a spectral energy distributions (SED) fitting process using the
available photometric information and the spectroscopic redshift determined in
the previous point, in order to determine properties of the galaxies such as the
M. or the L1ig.

» To measure the spectral lines present in the spectra in order to derive properties
such as E(B-V) and to correct the observed flux for dust extinction. This also
enable SFR and metallicity to be determined.

* To classify the galaxies in the catalogue into SFGs and AGNs using different
criteria, both photometric and spectroscopic, using all the available information.

* To study the global relations (MS, MZR, and FP) of the Lockman-SpReSO
SFGs and compare the results with those found in the literature for objects not
selected for their infrared emission.

* To study the correlations between the EW and velocity of the galactic flows
with the host galaxy properties for the sample of Lockman-SpReSO objects
with galactic flows.

The thesis is organised as follows. Chapter 2 provides a comprehensive description of
the Lockman-SpReSO project. This includes a discussion of the sample selection, ob-
serving strategies, data reduction, redshift determination, spectral line measurement,
and SED adjustment processes.
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In Chapter 3, we present the criteria employed for the classification of the objects
into SFGs and AGNs, the extinction correction process of the spectral lines, the
determination of the SFR and the different tracers used, the determination of the
metallicity and the calibrations used, the study of the MS of the SFGs, the study of
the MZR, and the universality of the FP.

In Chapter 4, we present a description of the sample of galaxies that present galac-
tic flows within the project. We then proceed to describe the process of determining
the velocity of the flows and the EW of the lines. Finally, we study the correlation
between these parameters and galaxy properties such as M*, SFR and sSFR.

Finally, in Chapter 5, we present a summary of the main conclusions of the thesis.

The thesis consists of a compendium of three published articles. Table 1.3 includes
all the relevant information on the published articles.

As part of the research group responsible for the thesis, we were afforded the
opportunity to collaborate directly with the OSIRIS Tunable Emission Line Object
Survey (OTELO) project and the GaLAxy Cluster Evolution Survey (GLACE) project.
As part of these collaborations, we have participated as co-authors in the list of works
reflected in Table 1.4.

TaBLE 1.3— Information of the articles that comprise the compendium of this thesis.

Reference Status Journal ~ Volume  Number Title Chapter

Description, target selection,
Gonzalez-Otero et al. 2023 Published A&A 669 A8S5 observations, and catalogue 2
preparation

Gonzdler-Otero ctal. 20242 Accepted A&A - - Main properties of infrared 3
selected star-forming galaxies

Gonzdlez-Otero etal. 2024b  Published A&A 684 A3l Galactic flows in a sample of 4
far-infrared galaxies




TABLE 1.4— List and information on co-authored articles.

Reference Status Journal Topic Project
de Diego et al. 2020 Published A&A Galaxy classification: deep learning OTELO
Cedrés et al. 2021 Published ApJ ghe Star Formation Rate Evolution of Low-mass OTELO

alaxies
. - . MaNGA galaxies with off-centered spots of

Pilyugin et al. 2021 Published A&A enhanced gas velocity dispersion Other

Navarro Martinez et al. 2021~ Published ~ A&A I;o:vgu;111n051ty active star-forming galaxies at OTELO

de Diego et al. 2021 Published ~ A&A  omsequential neural network for galaxy OTELO

g : classification and photometric redshifts

Cedrés et al. 2024 Accepted A&A The mass—metallicity relationship and the effect GLACE
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The Lockman—-SpReSO project.
Description, target selection,
observations, and catalogue

preparation

his chapter provides a detailed account of the characteristics of the Lockman—

SpReSO project. The survey is designed to conduct a spectroscopic follow-up
in the optical range of a sample of objects selected for their FIR emission in the LH
field. The spectroscopic study anables the analysis of properties derived from spectral
lines in the optical range, including extinction, SFR, and metallicity.

This paper describes in detail the whole process for the elaboration of the final
catalogue of objects. The project selected 956 Herschel FIR sources and 188 other
interesting objects in the field for the optical spectroscopic follow-up. In addition, the
techniques and strategies used for the observations, for which the OSIRIS spectrograph
at the GTC telescope has been used, are discussed. However, for a small fraction of
objects, the brightest ones, the spectrographs AF2-WYFFOS atthe WHT and HYDRA
atthe WIYN telescopes were used. The data reduction and corresponding calibrations
are detailed in this chapter.

Consequently, the spectroscopic redshift was determined for a total of 456 objects
through the analysis of their spectral lines, with a redshift range of 0.03 < z < 4.97.
Additionally, the study conducted SED fits to estimate M. and Ltr. The results
indicated that the M, of the galaxies in the sample is within the range of 7.65 <
log (M./Mg) < 12.07, while the Ltr is within the range of 8.12 < log (LTir/Le) <

21
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13.06. We found that 55% of the objects are in the LIRG regime, 6% are ULIRGs,
and 1% are HLIRGs.
The contents of this chapter have been published as Gonzalez-Otero et al. (2023).
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ABSTRACT

Context. Extragalactic surveys are a key tool for better understanding the evolution of galaxies. Both deep and wide-field surveys serve
to provide a clearer emerging picture of the physical processes that take place in and around galaxies, and to identify which of these
processes are the most important in shaping the properties of galaxies.

Aims. The Lockman Spectroscopic Redshift Survey using Osiris (Lockman-SpReSO) aims to provide one of the most complete optical
spectroscopic follow-ups of the far-infrared (FIR) sources detected by the Herschel Space Observatory in the Lockman Hole (LH) field.
The optical spectroscopic study of the FIR-selected galaxies supplies valuable information about the relation between fundamental FIR
and optical parameters, including extinction, star format