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Las “reuniones” de los viernes a medio dı́a y su posterior adaptación a telecervezas,
las reuniones gastro-cientı́fico-culturales, ... solo me apena no haber podido disfrutar
de más reuniones de esas. En mi memoria están muchos momentos estupendos pero,
sin duda, siempre recordaré ese karaoke en La Palma.
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Resumen

H istóricamente, los mapas celestes han sido la principal fuente de datos as-
tronómicos, utilizados para explorar y comprender el Universo. Este trabajo

está dedicado al estudio de uno de ellos, Lockman–SpReSO, un seguimiento espec-
troscópico óptico cartográfico de fuentes seleccionadas por su emisión 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 investigación desarrollado en esta tesis se ha centrado
en determinar las propiedades ópticas de las galaxias infrarrojas. Para ello se han
obtenido medidas como la tasa de formación estelar (SFR, por sus siglas en inglés),
la metalicidad del gas, la extinción del polvo interestelar, la masa estelar (𝑀∗) y la
luminosidad infrarroja total (𝐿TIR). Estas propiedades se han comparado con las
obtenidas para muestras de galaxias no seleccionadas por su emisión infrarroja para
comprobar posibles similitudes o diferencias entre ambos casos.

Durante esta tesis, se ha llevado a cabo la reducción completa desde cero de
los datos de Lockman–SpReSO. Esto supuso un proceso complejo y delicado que
requirió múltiples iteraciones y de el diseño de procedimientos especı́ficos, como el
realizado para la sustracción de la emisión del cielo en los espectros. A su vez, se
elaboró el catálogo al completo del cartografiado, incluyendo toda la información
disponible sobre los objetos del proyecto en la bibliografı́a. La siguiente etapa
del proceso consistió en el análisis de los espectros, con el objetivo de detectar y
medir las lı́neas espectrales y determinar el desplazamiento al rojo espectroscópico
de los objetos. Además, a partir del desplazamiento al rojo y de todos los datos
fotométricos recopilados en el catálogo, se realizaron ajustes a las distribuciones de
energı́a espectral, de los que se derivaron parámetros como la 𝑀∗ o la 𝐿TIR.

Posteriormente, se seleccionó una muestra de galaxias con formación estelar
(SFGs, por sus siglas en inglés) a partir del los objetos del catálogo de Lockman-
SpReSO. Además, se analizaron en detalle las lı́neas espectrales medidas para corregir
la extinción 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 investigación se centró en el análisis de
las relaciones globales mostradas por las SFGs. Por un lado, se estudió la secuencia
principal de las SFGs, donde se analizó conjuntamente la 𝑀∗ y la SFR. Esto mostró
que las SFGs del catálogo poblaban la región de galaxias con intensos estallidos
de formación estelar. También se estudió la relación entre la 𝑀∗ y la metalicidad
de las galaxias. Esto demostró que la muestra de SFGs seleccionada por la emisión
infrarroja tendı́a a presentar metalicidades más bajas de lo esperado a partir de su 𝑀∗ y
desplazamiento al rojo. Por último, se analizó la relación en el espacio tridimensional
formado por la 𝑀∗, la SFR y la metalicidad. Se comprobó que las SFG están
bien representadas por las calibraciones existentes de esta relación tridimensional,
apoyando ası́ la idea de la universalidad de la relación.

Además, la tesis aborda el estudio de los flujos de material observados en una
pequeña fracción de los objetos del catálogo. Este material puede ser expulsado de
la galaxia por eventos como estallidos de formación estelar, muertes estelares por
supernovas o núcleos galácticos activos, o puede ser capturado por la galaxia debido a
su potencial gravitatorio. El análisis de las lı́neas de absorción en el rango ultravioleta,
como la lı́neas de Mg ii y Fe ii, permite investigar las correlaciones entre la velocidad
del viento y la anchura equivalente de las lı́neas con las propiedades de la galaxia
anfitriona, incluyendo la 𝑀∗, la SFR y la tasa especı́fica de formación estelar.



Abstract

H istorically, celestial maps have been the main source of astronomical data used to
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 (𝐿TIR). 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 𝐿TIR 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 ii and Fe ii, 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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1
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)

T his chapter provides a concise overview of the historical development about
extra-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’Étoiles (Messier, 1781).
Approximately one hundred objects constituted the initial and tangible benchmark
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2 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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Figure 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-Lemaı̂tre 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 (Λ) 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 Lemaı̂tre (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 II (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 (NUV) 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 structure1. 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
[N ii] 𝜆6584/H𝛼 against [O iii] 𝜆5007/H𝛽, to distinguish between star-forming galax-
ies (SFGs), composite galaxies, and narrow-line active galactic nuclei (AGNs).

The [N ii]𝜆6584 line is a forbidden line that is produced by low-density gas,
while the H𝛼 line is produced by ionized hydrogen, which is a sign of ongoing

1This 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 iii] 𝜆5007/H𝛽 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 ii] 𝜆6584 flux
in the BPT diagram by the doublet [S ii] 𝜆𝜆6717, 31 flux. Additionally, the use
of bluer line ratios, such as [O ii]/H𝛽 (Lamareille et al., 2004), has been studied
because the H𝛼, [N ii], and [S ii] 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; Stasińska 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 ii] 𝜆6584/H𝛼 ratio against the
H𝛼 equivalent width (EW) at rest-frame to discriminate between SFGs and AGNs.

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 H𝛼/H𝛽, 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
𝑘 (𝜆H𝛽) − 𝑘 (𝜆H𝛼)

log
( (H𝛼/H𝛽)obs
(H𝛼/H𝛽)th

)
, (1.1)

where 𝑘 (𝜆H𝛽) and 𝑘 (𝜆H𝛼) are the values of the reddening curve evaluated at H𝛽

and H𝛼 wavelengths, respectively. In this thesis we have adopted the reddening
curve established by Calzetti et al. (2000). (H𝛼/H𝛽)obs is the observed Balmer
decrement, and (H𝛼/H𝛽)th 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 (H𝛼/H𝛽)th = 2.86 is
defined for an electron temperature 𝑇 = 104 K and an electron density 𝑛𝑒 = 102 cm−3.
Other ratios of Balmer lines are also used using the same reasoning, for example the
H𝛽/H𝛾 ratio, that in the same conditions, the quantum theory predicts a value of
(H𝛽/H𝛾)th = 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 (𝐹int) at a given wavelength (𝜆) can be
obtained as follows

𝐹int(𝜆) = 𝐹 (𝜆) 100.4 𝐴(𝜆) = 𝐹 (𝜆) 100.4 𝑘 (𝜆) 𝐸 (𝐵−𝑉 ) , (1.2)
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where 𝐹 (𝜆) is the observed flux at that wavelength, 𝐴(𝜆) is the extinction at that
wavelength, 𝑘 (𝜆) 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 (𝑇𝑒) of
the ionised gas from auroral lines such as [O iii]𝜆4363 or [N ii]𝜆5755. 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 the𝑇𝑒 were
developed. These calibrations were made by fitting direct measurements of the 𝑇𝑒 and
ratios of intense lines in the H ii regions of galaxies. The commonly used ratios in this
context are optical line ratios, such as [N ii] 𝜆6584/H𝛼 and ( [O ii]/H𝛽)/([N ii]/H𝛼)
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 𝑁2 = [N ii] 𝜆𝜆6548, 84/H𝛽. The metallicity equation is:

12 + log (O/H) = 8.589 + 0.022 log (𝑅3/𝑅2) + 0.399 log (𝑁2)
+ (−0.137 + 0.164 log (𝑅3/𝑅2) + 0.589 log (𝑁2)) log (𝑅2) . (1.3)

The lower branch definition is log (𝑁2) > −0.6 and the metallicity equation is:

12 + log (O/H) = 7.932 + 0.944 log (𝑅3/𝑅2) + 0.695 log (𝑁2)
+ (0.970 − 0.291 log (𝑅3/𝑅2) + 0.19 log (𝑁2)) log 𝑅2. (1.4)

Where, in both equations, the coefficients are 𝑅2 = [O ii] 𝜆𝜆3727, 29/H𝛽 and 𝑅3 =

[O iii] 𝜆𝜆4959, 5007/H𝛽.
On the other hand, some methods rely on theoretical models of photoionisation of

H ii regions to obtain metallicity measurements from ratios of spectral lines. Obtaining
the𝑇𝑒 directly in highly metallic H ii 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 the𝑇𝑒, 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 𝑅23 calibrator, where
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𝑅23 = ( [O ii] 𝜆𝜆3727, 29 + [O iii] 𝜆𝜆4959, 5007) /H𝛽, which is calculated using the
following equation:

12 + log (O/H) = 9.185 − 0.313 𝑥 − 0.264 𝑥2 − 0.321 𝑥3 (1.5)

where 𝑥 = log (𝑅23) and is valid only for the upper branch of the double-valued 𝑅23-
abundance relation. Kobulnicky and Kewley (2004) also used the 𝑅23 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 ii]𝜆5684, H𝛼 and the [S ii]𝜆𝜆6717, 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 H𝛼 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 ii]𝜆𝜆3726, 29 or [O iii]𝜆5007, 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 ii] 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 (𝐿TIR). 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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Table 1.1— SFR calibrations using spectral lines and photometric bands. Adapted from Kennicutt
and Evans (2012) and Figueira et al. (2022).

log[SFRband(𝑀⊙ yr−1)] = 𝐴 × log [𝐿band(units)] − log𝐶band

Band Age Range (Myr) 𝐿band units 𝐴 log𝐶band
FUV𝑎 0-10-100 erg s−1 1 43.35
NUV𝑎 0-10-200 erg s−1 1 43.17
[O ii] 𝜆3727𝑏 0-10 erg s−1 0.96 39.69
H𝛽𝑏 0-3-10 erg s−1 0.94 38.34
[O iii] 𝜆5007𝑏 0-10 erg s−1 0.89 35.94
H𝛼𝑎 0-3-10 erg s−1 1 41.27
24 𝜇m𝑎 0-5-100 erg s−1 1 42.69
𝐿TIR

𝑎 0-5-100 erg s−1 1 43.41
1.4 GHz𝑎 0-100 erg s−1 Hz−1 1 28.20
𝑎 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 ∼ 105 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 (108.5 to 1011.5 𝑀⊙) and redshifts (0 < 𝑧 < 6), whose mathematical expression
is:

log SFR (𝑀∗, 𝑡) = 𝑎0 + 𝑎1𝑡 − log
(
1 +

(
𝑀∗/10𝑎2+𝑎3𝑡

)−𝑎4 ) (1.6)

where 𝑡 is the cosmic time elapsed from the Big Bang in yr, 𝑀∗ is the stellar mass
in solar masses, 𝑎0 = 2.693, 𝑎1 = −0.186 yr−1, 𝑎2 = 10.85, 𝑎3 = −0.0729 yr−1, and
𝑎4 = 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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Figure 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-
López et al. (2010) and Mannucci et al. (2010), discovered and described the re-
lationship between 𝑀∗, SFR and metallicity. In the study by Lara-López 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 (𝑁H = 5.8 × 1019 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 × 24 arcmin2) 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 (𝑁H ∼ 1020 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 deg2. The comprehensive SDSS mapping has greatly increased
the spectroscopic information, although not to a very deep level (𝑖 ∼ 22 mag), leaving
a lack of spectroscopy for faint objects, especially in the central 24×24 arcmin2 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) 10h 52m 43s +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 5𝜎 at 100 and 160 𝜇m. 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 58

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 Å), with a nominal
dispersion of 3.54 Å pixel−1. For the red part of the spectrum, two grisms were used:
R500R and R1000R, both covering the range 5000–10000 Å and a dispersion of 2.62
Å pixel−1. 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 Å) at the William Herschel Telescope (WHT) with a dispersion
∼ 4 Å pixel−1 and HYDRA (316@7, 4400–9600 Å) with a dispersion ∼ 3 Å pixel−1

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 a remarkable 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.

• 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 𝐿TIR.

• 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

Gonzalez-Otero et al. 2023 Published A&A 669 A85
Description, target selection,
observations, and catalogue
preparation

2

González-Otero et al. 2024a Accepted A&A – – Main properties of infrared
selected star-forming galaxies 3

González-Otero et al. 2024b Published A&A 684 A31 Galactic flows in a sample of
far-infrared galaxies 4



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 The Star Formation Rate Evolution of Low-mass
Galaxies OTELO

Pilyugin et al. 2021 Published A&A MaNGA galaxies with off-centered spots of
enhanced gas velocity dispersion Other

Navarro Martı́nez et al. 2021 Published A&A Low-luminosity active star-forming galaxies at
𝑧 ∼ 0.9 OTELO

de Diego et al. 2021 Published A&A Nonsequential neural network for galaxy
classification and photometric redshifts OTELO

Cedrés et al. 2024 Accepted A&A The mass–metallicity relationship and the effect
of the environment GLACE

de Diego et al. In prep. A&A Galaxy morphology with spectral data and
unsupervised techniques Other

Cedrés et al. In prep. A&A The SFR, sSFR and 𝑀∗ functions of low-mass
galaxies at 0.38 < 𝑧 < 1.43 OTELO
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The Lockman–SpReSO project.

Description, target selection,
observations, and catalogue

preparation

T 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 at the WHT and HYDRA
at the 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 𝐿TIR. The results
indicated that the 𝑀∗ of the galaxies in the sample is within the range of 7.65 <

log (𝑀∗/𝑀⊙) < 12.07, while the 𝐿TIR is within the range of 8.12 < log (𝐿TIR/𝐿⊙) <

21
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CHAPTER 2. Description, target selection, observations, and catalogue

preparation

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 formation rate, and gas metallicity. In this article, we introduce and provide an in-
depth description of the Lockman-SpReSO project and of its early results.
Methods. We selected FIR sources from Herschel observations of the central 24 arcmin ×24 arcmin of the LH field with an optical
counterpart up to 24.5 RC(AB). The sample comprises 956 Herschel FIR sources, plus 188 additional interesting objects in the field.
These are point X-ray sources, cataclysmic variable star candidates, high-velocity halo star candidates, radio sources, very red quasi-
stellar objects, and optical counterparts of sub-millimetre galaxies. The faint component of the catalogue (RC(AB) ≥ 20) was observed
using the OSIRIS instrument on the 10.4 m Gran Telescopio Canarias in multi-object spectroscopy (MOS) mode. The bright component
was observed using two multi-fibre spectrographs: the AF2-WYFFOS at the William Herschel Telescope and the HYDRA instrument
at the WYIN telescope.
Results. From an input catalogue of 1144 sources, we measured a secure spectroscopic redshift in the range 0.03 ≲ z ≲ 4.96 for
357 sources with at least two identified spectral lines. In addition, for 99 sources that show only one emission or absorption line, a
spectroscopic redshift was postulated based on the line and object properties, and photometric redshift. In both cases, properties of
emission and absorption lines were measured. Furthermore, to characterize the sample in more depth with determined spectroscopic
redshifts, spectral energy distribution (SED) fits were performed using the CIGALE software. The IR luminosity and the stellar mass
estimations for the sample are also presented as a preliminary description.

Key words. surveys – galaxies: statistics – galaxies: fundamental parameters – techniques: imaging spectroscopy

1. Introduction

A fundamental contribution to our understanding of galaxy for-
mation and evolution is the availability of samples of objects as
large and as deep as possible. These censuses, or surveys, may
be broadly classified as either photometric or spectroscopic.

Photometric surveys observe an area of the sky by integrat-
ing a range of wavelengths, commonly referred as photometric
bands, pass-bands, or filters. It is common practice to perform
observations of the same field in several filters, thus making the
spectral coverage as complete as possible. We can differentiate
several types of photometric surveys according to the wave-
length range integrated during the observations or the resolving
power (R ≡ λ/δλ, δλ being the full width at half maximum
(FWHM) of the filter’s transmission curve) of the used fil-
ters. Thus, broad-band surveys have the lowest resolution power
(R ∼ 5); the Sloan Digital Sky Survey (SDSS; York et al. 2000)

and the Dark Energy Spectroscopic Instrument (DESI) Legacy
Imaging Surveys (Dey et al. 2019) are some examples. In the
case of intermediate-band surveys, the power resolution usually
ranges between 20 and 40; examples of such surveys are the
ALHAMBRA (Moles et al. 2008) and the COMBO-17 (Wolf
et al. 2003) surveys. Narrow-band surveys have the highest
resolving power (R ≥ 60); the PAUS survey (Eriksen et al. 2019),
the J-PAS survey (Benitez et al. 2014), and the OTELO survey
(Bongiovanni et al. 2019), using 40, 54, and 36 narrow-band
filters, respectively, are examples.

This photometric information allows us to construct the
spectral energy distribution (SED) and fit it using empirical or
theoretical spectral templates. A good coverage of photometric
information using different filters over a wide spectral range is
crucial for obtaining the best possible fits and to accurately deter-
mine the physical properties of objects (e.g. stellar mass and IR
luminosity), together with their photometric redshift (zphot).
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On the other hand, for each object, spectroscopic surveys
yield the spectrum over a wavelength range determined by the
instrumental configuration. These spectroscopic surveys gen-
erally have brighter flux limits, determined by the achievable
resolution. Nevertheless, the multi-object spectroscopy (MOS)
mode used in spectroscopic surveys has improved the efficiency
of these studies, making it possible to obtain the spectra of
tens, hundreds (e.g. the Near-Infrared Spectrograph on the James
Webb Space Telescope; Ferruit et al. 2022), or thousands (e.g.
the DESI spectroscopic study; Abareshi et al. 2022) of objects
simultaneously. Spectroscopic surveys allow us to obtain more
reliable and more accurate spectroscopic redshifts (zspec) thanks
to the possibility of very precise measurements of spectral lines
in absorption and emission, both intense and weak, which in turn
allow us to determine physical properties of the objects (e.g. stel-
lar ages, star formation rate (SFR), extinction, ionization, and gas
metallicity).

Numerous spectroscopic surveys of vast numbers of objects
have scanned huge areas of the sky; for example, SDSS/BOSS
(Dawson et al. 2013) has scanned ∼10 000 deg2 in the i-band
down to 19.9 mag. Other surveys have analysed smaller areas,
but in greater depth. For example, the z-COSMOS survey (Lilly
et al. 2007) conducted studies of the COSMOS field for a total of
30 000 objects in the redshift range zero to three. The VANDELS
ESO public spectroscopic survey (McLure et al. 2018) performed
a spectroscopic study of sources in the central part of the CAN-
DELS Ultra Deep Survey and the Chandra Deep Field South
with a redshift range between one and seven.

Surveys that analyse small areas of the sky in great depth
generally tend to do so in sky regions of high Galactic latitude
with plenty of broad-band multi-wavelength data. One of these
areas that is of great interest is known as the Lockman Hole
(hereafter LH) extragalactic field. The LH field is a galactic area
with a minimal amount of neutral hydrogen column density (NH)
on the sky (Lockman et al. 1986). This quality makes it one of
the best Galactic windows for detecting distant and nearby weak
sources, and a perfect target for developing high-sensitivity sur-
veys. The central part of the LH field has a hydrogen column
density value of NH = 5.8 × 1019cm−2 (Lockman et al. 1986;
Dickey & Lockman 1990). This value is moderately lower than
that found at the Galactic poles, where NH ∼ 1020cm−2 (Dickey
& Lockman 1990). Lower latitudes are unsuitable for this kind
of study, given their high extinction.

Because of this exceptional quality, the LH field is of great
interest to the scientific community and has been observed over
virtually the entire range of the electromagnetic spectrum. In
high-energy regimes, missions such as Chandra, XMM-Newton
and ROSAT have targeted the field in a quest for deep data
per unit observed solid angle. Furthermore, the GALEX tele-
scope observed the LH in its two UV photometric bands. Sloan,
the Large Binocular Telescope (LBT), Subaru, and UKIRT are
examples of telescopes that have observed the LH field at optical
wavelengths. In addition, the low-IR background of the LH field
(0.38 mJy sr−1 at 100 µm, Lonsdale et al. 2003) has prompted
deep IR observations such as those carried out with the Spitzer
and Herschel space telescopes. However, despite the wealth of
existing data and even though the LH field has been observed
from the X-ray to the radio region, there is a surprising lack of
deep optical spectroscopic data, which presents an unresolved
challenge.

The Lockman Spectroscopic Redshift Survey using OSIRIS
(Lockman-SpReSO) aims to address the shortage of spectro-
scopic information on the LH field by performing a deep spec-
troscopic follow-up, up to magnitude RC = 24.5, in the optical

and near-IR (NIR) ranges, of a sample of galaxies selected from
far-IR (FIR) source catalogues. This survey not only determines
the spectroscopic redshifts but also estimates the principal prop-
erties of the selected galaxies. To this aim, we took advantage of
the large collecting surface of the 10 m class Gran Telescopio de
Canarias (GTC) telescope and the excellent performance of the
MOS mode of the OSIRIS instrument.

This is the first paper of a series that aims to present the
Lockman-SpReSO project and it is structured as follows. In
Sect. 2, we outline the main features and scientific motivations
of the survey. In Sect. 3, we detail the target selection and the
development of the source catalogue. In Sect. 4, we describe the
planning of the observations and their main properties for the
elaboration of the survey. In Sect. 5, we explain how the data
reduction was carried out. In Sect. 6, we describe the first results
of the spectral line measurements, the determination of the spec-
troscopic redshift, and the SED-fitting procedure. In Sect. 7, we
summarize the main content of the paper and establish a time-
line for the next data release of the survey. Throughout the paper,
magnitudes in the AB system (Oke & Gunn 1983) are used. The
cosmological parameters adopted in this work are: ΩM = 0.3,
ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1.

2. Lockman-SpReSO

Lockman-SpReSO is a deep optical spectroscopic survey of a
sample of mainly FIR-selected objects over the LH field. The
region studied is the central 24 × 24 arcmin2 of the LH field
with equatorial coordinates (J2000) 10h52m43s +57◦28′48′′ at
the centre (north-eastern region).

One of the first studies of optical counterparts of IR sources
was that of Armus et al. (1989), who carried out spectroscopic
observations of 53 IR galaxies to determine the nature of the
emission from these sources. Another relevant study is that of
Veilleux et al. (1995), who performed a spectroscopic survey of
200 luminous IRAS galaxies in order to discern when the IR
emission is due to nuclear activity in the galaxy and when it
is due to intense starbursts. In their work, they found that the
probability of the ionization source coming from nuclear activity
increases for cases of higher IR luminosity. More recent stud-
ies have consisted of spectroscopic follow-ups of Spitzer (Berta
et al. 2007) and Herschel (Casey et al. 2012) sources using the
Keck observatory. The work by Berta et al. (2007) focused on
the study of 35 luminous infrared galaxies (LIRGs) with z > 1.4
and has determined that 62% of the objects with a measurable
spectroscopic redshift have an active galactic nucleus (AGN)
component. Casey et al. (2012) studied 767 Herschel sources by
performing a detailed study and estimating luminosity functions
for z < 1.6. Other studies, using the large statistical database
of SDSS, have carried out analyses of IR sources detected with
SDSS in the local low-redshift (z < 0.15) universe (Rosario et al.
2016, Maragkoudakis et al. 2018).

Many spectroscopic studies have observed the whole LH
field in different ranges of the electromagnetic spectrum. From
LH observations in the X-ray range made with XMM-Newton,
a series of papers were published explaining the data obtained
(Hasinger et al. 2001), the spectral analysis performed (Mainieri
et al. 2002), with a total of 61 spectroscopic redshift identifica-
tions, and a catalogue with the fluxes of the sources (Brunner
et al. 2008). The ROSAT deep survey also published a series of
papers studying LH sources: optical identifications, photometry,
and spectroscopy with 43 redshifts measured by Schmidt et al.
(1998) and 86 by Lehmann et al. (2001), among others.
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Rovilos et al. (2011) made an optical and IR analysis of the
properties of AGNs in the LH field detected in the X-ray data
described above, and they found 401 optical counterparts to the
409 AGNs detected by XMM-Newton. Patel et al. (2011), using
the WYFFOS instrument on the William Herschel Telescope,
carried out observations in the optical range of the XMM-LSS
and LH-ROSAT X-ray fields and measured a total of 278 and
15 spectroscopic redshifts, respectively.

Many other studies have performed optical/NIR spectro-
scopic follow-ups of X-ray sources, given their good quality.
Zappacosta et al. (2005), using the DOLORES instrument in
its MOS mode at the Telescopio Nazionale Galileo (TNG),
observed 215 sources down to R = 22 mag, obtained spec-
troscopic redshifts for 103 objects, and found evidence of a
superstructure at z = 0.8. Henry et al. (2014) postulated that
one of the most distant X-ray clusters at z = 1.753 in the LH
field (Henry et al. 2010) could actually be a large-scale struc-
ture at z = 1.71. SDSS has also scanned the entire LH field
and obtained spectroscopic redshifts for ∼115 k objects, where
only 140 objects down to r = 21.8 mag lie within the central
24 × 24 arcmin2 of the field (Abdurro’uf et al. 2022).

Of particular relevance to our work is that carried out by
Fotopoulou et al. (2012, hereafter FT12), which we describe
in more detail in Sect. 3.2. The authors collected all the avail-
able photometric and spectroscopic information on the LH field
at the time of publication from the UV (GALEX) to NIR
(Spitzer/IRAC) in a single catalogue, including publicly avail-
able good-quality spectroscopic redshifts and the photometric
redshifts calculated by themselves.

More recently, Kondapally et al. (2021) has produced another
multi-wavelength catalogue of the radio sources detected by
the LOw-Frequency ARray (LOFAR; van Haarlem et al. 2013)
Two Metre Sky Survey (LoTSS; Shimwell et al. 2017), which
observed (among other fields) the LH field at 150 MHz down
to an RMS of 22 µJy beam−1. The multi-wavelength catalogue
contains photometric information from the UV (GALEX) to the
NIR (Spitzer/IRAC) and identifies the multi-wavelength counter-
parts to the radio sources detected by LoTSS. Since it is a more
recent work than FT12, the photometric information is more up
to date, including measurements in the optical range from the
Spitzer Adaptation of Red-sequence Cluster Survey1 (SpARCS;
Wilson et al. 2009) and the Red Cluster Sequence Lensing Sur-
vey (RCSLenS; Hildebrandt et al. 2016). The merging of FT12
and the multi-wavelength catalogue of Kondapally et al. (2021)
ensures that we have the most complete multi-wavelength (from
UV to NIR) photometric coverage to perform accurate SED
fittings (see Sect. 6.3).

Other studies have been carried out at longer wavelengths.
Swinbank et al. (2004), for example, used imaging and NIR
spectroscopy to study 30 (four in the LH field) LIRGs pre-
selected from sub-millimetre and radio surveys (Chapman et al.
2003, 2005). Another example is the work of Coppin et al.
(2010), who analysed AGN-dominated sub-millimetre galaxy
(SMG) candidates using the Spitzer/IRAC spectrograph. The
northern region of the LH field was studied as part of the
SCUBA-2 Cosmology Legacy Survey at 850 µm and a depth
reached at 1σ of 1.1 mJy beam−1 using the James Clerk Maxwell
Telescope (JCMT, Geach et al. 2017).

All previous studies have covered different areas and sizes
of the LH field for which there were, until the release of SDSS
spectroscopic data, ∼600 good-quality spectroscopic redshifts
for the whole LH field (∼15 deg2). Although the number was

1 http://www.faculty.ucr.edu/~gillianw/SpARCS/

significantly increased thanks to the contribution of SDSS, the
number of spectroscopic redshifts in the central 24 × 24 arcmin2

has barely increased with ∼150 new values but with a limiting
magnitude i ∼ 22.

To address the lack of spectroscopic information and also
study specific families of optical counterparts, the main objec-
tive of the Lockman-SpReSO project is to obtain deep optical
spectroscopy of a selected sample of objects in the LH field
to complement the deepest observations of the XMM-Newton,
Spitzer and Herschel space telescopes, and radio data (Ciliegi
et al. 2003). The primary sample of objects (>80% of the total
sample) to be observed with the Lockman-SpReSO project con-
sists of sources observed in the Herschel/PACS Evolutionary
Probe (PEP) programme by Lutz et al. (2011) with robust opti-
cal counterparts down to a magnitude of ∼24.5 in the Cousins
RC band. They observed the central 24 × 24 arcmin2 region of
the field with a depth of 6 mJy (at 5σ) at 100 and 160 µm
within the framework of the time-guaranteed Herschel/PACS
key project PEP. These observations enabled sampling near the
maximum of the SED of active star-forming galaxies (SFG)
at high redshifts (z < 3). This enables the bolometric lumi-
nosities to be estimated more accurately. Moreover, the typical
spatial resolution of PACS allows us to perform a reliable
cross-correlation with optical sources depending on the spectral
band. In order to optimize the use of MOS mode observations,
the primary catalogue of FIR sources was supplemented with
other types of sources in the field under study, as explained
in Sect. 3.5.

Redshifts were obtained by optical spectroscopy using
various instruments (OSIRIS, Cepa et al. 2000; WYFFOS,
Domínquez Palmero et al. 2014 and HYDRA2), which are
described in Sect. 4. Spectroscopic observations of selected
targets in the NIR domain are planned for the near future.

Panchromatic studies (from the X-ray to the radio region) of
galaxies have been shown to be a valuable strategy for studying
the evolution and properties of these objects. The obtained spec-
tra for selected Lockman-SpReSO objects, complemented with
ancillary data, were used to derive the stellar masses, SFRs, gas
metallicites, and extinctions. Furthermore, using ratios of spec-
tral lines, we were able to separate SFGs from AGNs using a
BPT diagram (Baldwin et al. 1981; Stasińska et al. 2006). This
segregation is also possible using different IR or X-ray emission
(Ramón-Pérez et al. 2019, and references therein). Among other
parameters, SED-fitting techniques allow us to estimate stellar
masses, while SFRs can be obtained via either FIR luminosities
or optical lines (Kennicutt 1998). Gas metallicities can be mea-
sured using different optical relations, the aforementioned R23
and N2 methods, and also FIR relations (Pereira-Santaella et al.
2017; Herrera-Camus et al. 2018, for example). Finally, FIR over
UV luminosities are considered the best method for determining
extinctions (Viaene et al. 2016).

Several studies have shown that LIRGs lie below the mass–
metallicity relation for SFGs (Pereira-Santaella et al. 2017, and
references therein), although the offset could depend on the
selection criteria used. However, these studies are limited to local
samples. Ideally, they should be extended in order to ascertain
whether this relation depends on FIR luminosity or redshift, or
on both. Moreover, the study should encompass the possible dif-
ferences of the fundamental plane of SFG (Lara-López et al.
2010) for LIRGs and ultra-luminous infrared galaxies (ULIRGs).
For example, studies at higher redshifts have shown that spectral

2 https://noirlab.edu/science/programs/kpno/
telescopes/wiyn-35m-telescope/overview
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lines are more attenuated than the continuum (Buat et al. 2020),
whereas Eales et al. (2018), using Herschel data, make a claim
for rapid galaxy evolution in the very recent past.

Some of the scientific objectives of the Lockman-SpReSO
project, which are developed in forthcoming papers, include
studying the possible evolution of the relation of the masses,
extinctions, different SFR indicators, and gas metallicities of
Herschel galaxies with respect to FIR colours, masses, and FIR
and radio luminosities.

Compared to other deep spectroscopic surveys, the
Lockman-SpReSO project reaches a depth parameter
(Djorgovski et al. 2012) 1.2 times greater than that achieved
by the VVDS/ultra-deep survey (Le Fèvre et al. 2013). It is
also more advantageous in terms of continuum sensitivity
and spectral coverage than z-COSMOS (Lilly et al. 2007) and
AEGIS-DEEP (Davis et al. 2007) respectively. These advan-
tages are largely due to the possibility of using the collecting
surface of a 10-metre class telescope and a powerful instrument
such as OSIRIS. The sensitivities achievable are higher than
those attainable by surveys with smaller collecting surfaces
(i.e. the SDSS survey), even considering the later releases. In
addition, our study is, to date, the most complete, extensive
and statistically significant of the optical counterparts of the
Herschel IR sources.

3. Target selection

As already mentioned, the main objective of the Lockman-
SpReSO project is to provide a high-quality optical spectro-
scopic follow-up of the FIR sources from the Herschel-PEP
survey (Lutz et al. 2011) with robust optical counterparts in
images from OSIRIS in the SDSS r band, up to RC = 24.5
mag. This limiting magnitude was originally chosen to reach an
S/N ∼ 3 in the continuum with the OSIRIS instrument in MOS
mode at resolution R ∼ 500 and an integration time of about 3 h,
according to the GTC/OSIRIS Exposure Time Calculator3 (ETC,
version 2.0).

After selecting the FIR sources and studying which of them
have optical counterparts, it was necessary to collect all the
good-quality information available in the literature to accurately
study the redshifts and physical properties of those sources. Data
such as photometric redshifts or magnitudes in various bands are
essential for this study.

After an exhaustive search of the literature, three catalogues
were used to create the bulk of the sample. The first of these is
the catalogue of FIR objects from the PEP Survey Data Release4

(DR1) but limited to the central 24 × 24 arcmin2 of the LH
field. The second catalogue is that of FT12, in which the avail-
able information from the LH field was collected (see Sect. 3.2).
Finally, the third catalogue was obtained from the broad-band
optical images made with OSIRIS (see Sect. 3.3). The fusion of
these three catalogues makes up the primary source catalogue of
the Lockman-SpReSO project.

In addition, X-ray emitting counterparts of the FIR sources
were identified by using the XMM-Newton and Chandra mis-
sion catalogues. Other secondary catalogues were added to
the project to optimize the use of the masks and observation
times. The following sections describe the sample selection and
creation of the final catalogues.

3 http://www.gtc.iac.es/instruments/osiris/Osiris_ETC.
php
4 www.mpe.mpg.de/ir/Research/PEP/public_data_releases

3.1. Far-infrared sources

As a starting point, we used the data from the DR1 of the
PEP survey (Lutz et al. 2011) to select the FIR objects. The
PEP programme is a Herschel guaranteed time extragalactic sur-
vey focused on deep PACS (Poglitsch et al. 2010) 70, 100, and
160 µm observations of blank fields and lensing clusters. One of
them is the LH field, of which complementary observations were
made within the HerMES survey (Oliver et al. 2010) using the
Herschel/SPIRE (Griffin et al. 2010) photometer and its channels
at 250, 350, and 500 µm.

For the purposes of our study, we adopted the catalogue
based on the 24 µm priors from Spitzer/MIPS, which includes
the positions and fluxes as measured by Egami et al. (2008),
and the Herschel/PACS photometer fluxes detected by the PEP
project at these positions at 100 and 160 µm. This information is
also available in the published PEP DR1 data.

After applying the constraint imposed by the coordinates
and discarding MIPS sources with no fluxes at 100 and 160µm,
1181 sources in total were obtained for the FIR catalogue (here-
after PEP-catalogue).

3.2. Multi-wavelength catalogue

One of the most complete studies carried out on the LH field
is that of FT12, whose authors collected photometric and spec-
troscopic information available in the literature. They published
a catalogue with all the data, including the photometric red-
shifts for the sources in our field. Specifically, Tables 5 and
10 from FT12 provide the data for photometric information
and photometric redshifts respectively. Table 5 in FT12 con-
tains photometric information from the far-UV (FUV) to the
mid-IR, in the best case reaching up to 21 bands. Furthermore,
spectroscopic redshifts are also included for those objects with
high-quality spectroscopic information analysed in 27 studies
and compiled in Table 4 of FT12.

All these data from FT12 were compiled and limited to mag-
nitude RC ≤ 24.5 and coordinates within the 24 × 24 arcmin2

of the field of study. A multi-wavelength catalogue (hereafter
the FT-catalogue) of 28 956 sources was obtained with an astro-
metric precision better than 0.2 arcsec (Rovilos et al. 2011).
The merging of the FT-catalogue and the PEP-catalogue made
it possible to limit the FIR sources in RC magnitude.

3.3. Pre-images of the Lockman Hole field from OSIRIS

A total of 64 images were taken to map the central region of the
LH field (J2000 equatorial coordinates: 10h52m43s +57◦28′48′′)
using OSIRIS in broad-band mode with the SDSS r filter. Those
images were meticulously reduced and astrometrically calibrated
with RMS < 0.15 arcsec. The outcome was a mosaic of the
studied field with dimensions of approximately 24 × 24 arcmin2.

The purpose of the mosaic was to find the optical positions
and calibrated magnitudes of the optical counterparts of the FIR
sources in the PEP-catalogue in agreement with the imposed
flux limit of RC ≤ 24.5. The observations were thus designed
to achieve a limiting magnitude for the mosaic of rlim = 25.6 at
3σ. This limit ensured that all the optical counterparts of the FIR
sources were detected. The optical positions determined in this
process were those used in the design of the masks for the MOS
observation mode.

The extraction of the list of objects and photomet-
ric information from the mosaic was implemented using
SExtractor (Bertin & Arnouts 1996). A total of 33 942 sources
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Fig. 1. 24 × 24 arcmin2 OSIRIS mosaic (north up, east left) of the studied region of the Lockman-Hole field with equatorial coordinates (J2000)
10h52m43s +57◦28′48′′ at the centre. Objects from the Lockman-SpReSO project input catalogue are highlighted on the mosaic: the blue squares
represent objects in the faint subset, the yellow stars are objects in the bright subset, the green circles are objects in both sub-samples, and the red
triangles are objects in the catalogue that were left unobserved.

were extracted with RMS < 0.38 arcsec, which defines the
OSIRIS-catalogue. The resulting mosaic of the OSIRIS pre-
image constitutes the background of the map represented in
Fig. 1. The fusion of the OSIRIS-catalogue and the PEP-
catalogue allowed the IR sample to be limited to those objects
with optical counterparts in the OSIRIS mosaic.

3.4. X-ray counterparts of far-infrared sources

The X-ray observations in the LH field are the deepest and
most complete in the field. These data give us an opportunity to

identify the FIR sources with X-ray emission, in addition to opti-
cal counterparts up to RC ≤ 24.5, which are useful for AGN host
classification (e.g. Pović et al. 2009a, 2009b; Mahoro et al. 2017
and references therein). In particular, we analysed data from the
XMM-Newton and Chandra missions because of the high qual-
ity of their data in the LH field, looking for which sources in the
PEP-catalogue have X-ray emission.

The XMM-Newton satellite provides the deepest observations
in the LH field (Brunner et al. 2008), with a total of 409 sources
detected. We matched this catalogue with the PEP-catalogue
with a search radius of 2 arcsec, as recommended by Pović et al.
(2009a), and found that 64 were objects in common.
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From the Chandra Source Catalogue (Evans et al. 2010),
we selected the sources in our field under the same condi-
tions as imposed on XMM-Newton data. We identified a total of
106 Chandra objects, of which only 19 were matched with the
PEP-catalogue, within a search radius of 2 arcsec.

Finally, we matched both catalogues. We found a total of
66 X-ray sources without redundancies, that is to say 66 FIR
sources with emission in the X-ray domain detected by either
the XMM-Newton or Chandra telescopes. All selected objects
are also in the FT-catalogue with RC ≤ 24.5 mag and in the
OSIRIS-catalogue, so the objects are part of the final catalogue
as selected objects with IR emission and X-ray counterparts.

3.5. Additional targets

The possibility of working with the GTC’s large collecting sur-
face and the efficiency of OSIRIS allows us to complement the
Lockman-SpReSO project scientifically with secondary studies.
We added interesting complementary targets to take full advan-
tage of the OSIRIS MOS mode and to optimize the design of
masks.

Since none of the secondary catalogues impose the criteria
of IR emission in their objects, redundancies may arise among
the secondary catalogues, and even with the main catalogue. A
study of the existence and correction of redundancies was carried
out as the last step in the compilation of the final catalogue of the
Lockman-SpReSO project.

Two studies on secondary objects are proposed. For those
objects whose nature has been determined in previous stud-
ies, further information is expected to be added through optical
spectroscopy. This is the case for galaxies studied in the sub-
millimetre and radio domains. On the other hand, for those
objects whose nature is indeterminate, spectroscopy helps us
reveal the type of object being analysed and its properties, an
example being the very red quasi-stellar object (QSO) candi-
dates. The following subsections describe each of the additional
catalogues in detail.

3.5.1. X-ray point sources and cataclysmic variable star
candidates

A new cross-match was made between the OSIRIS-catalogue
and the catalogue of FT12 in order to assign the photometric
information, but with a search radius of 5 arcsec. Two different
search methods were applied. The first, looking for point sources,
imposed the CLASSSTAR> 0.95 constraint and an X-ray detec-
tion (a flag in the catalogue of FT12). The result was a list of
45 objects. The second method was the colour criteria of Drake
et al. (2014) (−0.5 < u − g < 0.5 and −0.5 < g − r < 0.5) to
identify possible cataclysmic variable (CV) stars. This yielded
a total of 21 objects, but eight of these were in common with
the point sources. Therefore, this catalogue of secondary objects
comprises a total of 58 objects. The spectroscopic study of these
objects help us to determine whether or not their nature is stellar,
together with a study of the degree of contaminants suffered in
the colour-based selection method.

3.5.2. High-velocity halo star candidates

Another secondary scientific objective focused on the study of
high-velocity halo stars. Considering as a first criterion the stel-
larity given by the photometry, we selected 94 sources from the
Initial Gaia Catalogue (Smart & Nicastro 2014) with high proper

motion (>10 mas yr−1) and RC > 18 as the sample of stars in the
Lockman-SpReSO project.

Our interest was centred on spectroscopically sampling the
halo while focusing on stars with high proper motion, which
could include Galactic runaway stars. The spectra of the objects
may provide rough radial velocity information, but good enough
to classify them as halo or disc stars. On the other hand, this
sampling could provide us with a better classification between
stars, galaxies, and quasars, while indicating the degree of con-
tamination of the stellar sample defined only by the stellarity
parameter.

3.5.3. Radio-source population

Deep radio surveys (for more information see de Zotti et al. 2010
and Padovani 2016) at levels of a few µJy show that there is an
excess of sources with respect to the population of powerful radio
galaxies. Radio sources above ∼1 mJy are typically classical
radio sources powered by AGNs and hosted by elliptical galaxies.
Below 1 mJy, radio-source counts start to be dominated by SFGs,
similar to the nearby starburst population; in other words, radio
emission in these galaxies is directly related to the SFR. Thus,
deep radio surveys are relevant to the study of the history of star
formation in galaxies. One of these surveys in the LH field is the
6 cm (5 GHz) Very Large Array survey by Ciliegi et al. (2003),
who studied 63 radio sources at a depth of ∼11 µJy. We selected
objects from this survey with no spectroscopic information in the
bibliography and matched them with the FT-catalogue to add the
photometric information. The result was a sample with 24 radio
sources with optical counterparts up to RC = 24.5 mag in FT12.

3.5.4. Very red quasi-stellar object candidates

As in the case of the optical spectroscopy of radio galaxies, the
scope and possibilities of Lockman-SpReSO give us the oppor-
tunity to study other obscured sources that are interesting in their
own right. We selected a sample of candidates of very red QSOs
by following two different selection processes. The first, pro-
posed by Glikman et al. (2013), consists in searching for optical,
not necessarily point-like objects, counterparts of radio sources
from the Faint Images of the Radio Sky at Twenty5 (FIRST;
Becker et al. 1995) survey using the criteria R − KVega > 4.5
and J − KVega > 1.5. In this way, we found seven very red QSO
candidates.

An alternative selection was based on the work of Ross et al.
(2015), where the colour selection criterion was r′ −W4 > 7.5,
with W4 the 22.19 µm channel of Wide-field Infrared Survey
(WISE; Wright et al. 2010). As a reference to W4, they used a
relation with MIPS 24µm −W4 = 0.86 (Brown et al. 2014). For
the r band, they used r′ − RC = −0.2 (Ovcharov et al. 2008). In
terms of this criterion, 63 sources were classified as potential
very red QSOs, yielding a total of 70 by merging both methods.

3.5.5. Optical counterparts of sub-millimetre galaxies

As is known, surveys with the Herschel Space Observatory have
identified an increasing number of SMGs (Negrello et al. 2010,
Mitchell-Wynne et al. 2012). The study of these sources is of
paramount importance for understanding the formation and evo-
lution of massive, dusty galaxies, which could explain the origin
of present-day massive ellipticals (e.g. Ivison et al. 2013). For
these reasons, analysis of its spectroscopic properties in the

5 http://sundog.stsci.edu
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Table 1. Summary of the classes in which the 1144 LH catalogue objects have been detected or for which they are candidates.

FIR X-ray FIR X-ray point sources High-velocity Radio Very red sub-millimetre
sources counterparts and cataclysmic stars halo stars sources QSOs galaxies

956 66 58 94 24 70 16

Notes. It should be noted that there are redundancies between the different classes.

optical and NIR can be both exciting and challenging, and the
Lockman-SpReSO project provides an excellent opportunity to
do that at a minimum cost.

The catalogue that was used as a starting point can be found
in Table B3 of Michałowski et al. (2012), which contains the
LH field objects detected with JCMT/AzTEC at 1.1 mm as part
of the SCUBA HAlf Degree Extragalactic Survey (SHADES;
Mortier et al. 2005). This survey has a resolution of ∼18 arcsec
and reaches a depth of ∼1 mJy. To determine source identifica-
tions, they used the catalogues of Austermann et al. (2010), thus
exploiting deep radio (1.4 GHz) and 24 µm (0.61 GHz) data,
complemented by flux density based methods at 8 µm and i − K
colour.

To ensure a fair identification of SMG candidates, only
objects with very good detection (bID = 1 in Table B1 of
Michałowski et al. 2012) were selected. We then cross-matched
them with those in the PEP-catalogue with a search radius of
5 arcsec and selected those with RC ≤ 24.5. We obtained a
sample of 16 sources with good identification in AzTEC and sub-
millimetre emission with optical and FIR counterparts. These
SMG sources were also selected as FIR sources with optical
counterparts in the OSIRIS mosaic, so they are included in
the main object catalogue but flagged regarding that distinctive
feature for future studies.

3.5.6. Fiducial stars

One of the requirements for quality pointing using the OSIRIS
MOS mode is that we have at least three reference points in the
field with good accuracy. In this case, these reference points are
fiducial stars in the LH field, which help us to point the telescope
with accuracy and repeatability.

Each observation had between three or four fiducial stars
to guarantee accurate telescope pointing. Thus, we chose 171
sources in the LH field from SDSS-DR12 (Alam et al. 2015).
The sample has a coordinate accuracy of 0.3 arcsec and R-band
magnitudes between 16 and 19. According to this, the selected
fiducials are bright enough to align the mask in a few minutes,
but not so bright that they could saturate the acquisition frames
when a MOS mask is observed.

3.6. The final input catalogue

To compile the final sample, the three main catalogues (the PEP-,
FT- and OSIRIS-catalogues) were merged to obtain a final pri-
ority target catalogue. Coordinates from Egami et al. (2008)
were used as reference in the cross-match process because of
their high astrometric accuracy. We tested the best value of the
maximum allowed distance between the different catalogues. We
found that 1.5 arcsec was the best compromise. This is slightly
greater than the most significant error of the coordinates in the
PEP-catalogue (∼1.22 arcsec).

We started by joining the target list from the OSIRIS mosaic
and the PEP-catalogue. We matched a total of 991 targets within

a distance of 1.5 arcsec. After this, we merged the PEP-catalogue
with the FT-catalogue to obtain a list of 1063 common objects.
The final step was to bring these two previous matches together
into a single catalogue. After the correction for multiplicities,
the definitive catalogue of primary sources was made up of a
total of 956 objects (the primary catalogue). The whole process
is described more schematically in Fig. 2 (up to the green box).
The last step was to check for possible redundancies between
the additional catalogues and the primary catalogue, namely to
see if there were objects that appeared in both the primary cat-
alogue and any of the secondary catalogues, while skipping the
SMGs that had already been taken into account. The lower half
of Fig. 2 represents the merge of the primary and the secondary
catalogues (see the ‘Preliminary Object Type’ and ‘Catalogue’
columns in Table 4 to check where the redundancies were found
and in what quantity, respectively).

The final target selection from the FIR counterparts in the
primary catalogue and complementary sources present in the
OSIRIS mosaic, making up the LH-catalogue, includes 1144
sources. The final composition of objects in the LH-catalogue
is summarized in Table 1. Each value in the table indicates the
number of sources in that category that have become part of
the LH-catalogue. However, it is important to note that there are
redundancies between the different classes; for example, all the
SMGs are part of the FIR objects.

4. Spectroscopic observations

Our survey used the guaranteed time of the OSIRIS instru-
ment team and the Instituto de Astronomía of the Universidad
Nacional Autónoma de México (IA-UNAM). The first observa-
tions were carried out over the first semester of 2014 (run 2014A
in Table 2) and were used to create the OSIRIS mosaic image of
the study region of the LH field (Fig. 1).

As mentioned above, our quality requirement was to reach
a S/N ≥ 3 in the continuum for all the objects in the survey.
Considering the ETC predictions for the different RC magnitude
intervals of the survey, as well as the spatial distribution of the
objects by RC magnitude in the 24 × 24 arcmin2 field, it was
determined that, in order to achieve this S/N, it would take of
the order of 1 to 1.4 h per mask with RC < 20.6 mag, and up to
3 h per mask for sources with RC ≥ 20.6 mag. Figure 3 shows the
RC magnitude distribution for all the objects in the catalogue.

Consequently, to avoid problems in merging bright and faint
objects, and with the aim of optimizing the number of masks that
needed to be used, the sample was divided into two parts using
the magnitude criterion RC = 20 mag as the separation value.
We denominated objects with RC ≥ 20 mag as the faint subset
(993 sources) and objects with RC < 20 mag as the bright subset
(151 sources), where each of them was observed with a differ-
ent telescope. However, there is a slight overlap (up to RC =
20.6 mag, 93 sources in the magnitude range 20 < RC < 20.6)
between the sub-samples for comparing the results obtained
with the different telescopes and checking that they are in good
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Fig. 2. Merger schedule for the elaboration of the LH-catalogue.

A85, page 8 of 22



M. González-Otero et al.: The Lockman-SpReSO project

Table 2. Schedule and details of the observing runs over the faint subset observed with OSIRIS/GTC.

Run Masks OB/Mask Grisms Slits length Req. night Exp. time
(#) (arcsec) (s)

2014A – – – – – 10 304
2014B 10 3 (1) R500B(2) and R1000R(1) 10 Gray 105 600
2015A 7 3 (2) 10 Gray 87 400
2015B 6 3 10 Gray 71 400

2016A 3 3 R500B(1) and R500R(2) 10 Dark 24 000
2016B 6 3 10 Dark 50 400

2017B 10 4 R500B(2) and R500R(2) 3 Dark 10 8000
2018B 6 4 3 Dark 64 800

Notes. All the essential information is collected for each run. The number in parentheses in the ‘Grisms’ column represents the number of times
that the observations with the grism were made. The first row corresponds to the observation of the images used to elaborate the mosaic. (1) Two
masks had 2 OBs (R500B(1) and R500R(1)). (2) One masks had 4 OBs (R500B(2) and R500R(2)).
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Fig. 3. Distribution of RC magnitude for the whole Lockman-SpReSO
sample (grey), highlighting the objects with zspec measured in this study
(blue) and objects with zsup (red, see Sect. 6.1 for details).

agreement. Figure 1 shows the spatial distribution of the objects
in each of the subsets, as well as those that are common and those
not observed.

4.1. The faint subset

The observations of the faint subset were carried out using
the OSIRIS instrument at the GTC telescope in MOS-mode6.
The first run started in the second semester of 2014 (2014B in
Table 2), just after the OSIRIS mosaic observations. In addition,
spectroscopic MOS mode observations for Lockman-SpReSO
also began shortly after the technical commissioning of the
OSIRIS MOS mode (Vaz Cedillo et al. 2018). The schedule
and essential information on the runs can be seen in Table 2.
The masks were designed using the telescope’s software, the
OSIRIS Mask Designer (MD; González-Serrano et al. 2004,
Gómez-Velarde et al. 2016).

Each mask was observed using two different grisms covering
the blue and red part of the optical spectrum at an intermediate
resolution. The blue region was observed with the R500B grism,

6 www.gtc.iac.es/instruments/osiris/osirisMOS.php

which provides a wavelength coverage of 3600–7200 Å and a
nominal dispersion of 3.54 Å pixel−1. The red part was covered
with two grisms (R500R and R1000R). The former has a wave-
length coverage of 4800–10000 Å and a dispersion of 4.88 Å
pixel−1, while the latter has a range of 5100–10000 Å and a
dispersion of 2.62 Å pixel−1.

The observing strategy changed because of differences in the
sample brightness. In this way we could optimize the design of
the masks to attain our quality objective of S/N > 3. The first
runs were dedicated to observing the brightest objects in the
faint subset (20 ≲ RC ≲ 22, 403 objects), which have a lower
density in the field. It was requested that these observations be
done on grey nights and the masks were designed using slits
with a length of 10 arcsec. This slit length allowed us to select a
region in the 2D spectra where the contribution due to emission
sky lines could be obtained in order to subtract them from the
object spectra (Sect. 5.1.1). The slit width was set at 1.2 arcsec,
as recommended in the official literature for the instrument. This
width did not result in a noticeable loss of resolution in the spec-
trum, and was also in line with the 0.1 arcsec precision of the
slit positioning in the OSIRIS MOS mode and the 10% accuracy
requirement in positioning.

Three observing blocks (OBs) were scheduled for each mask.
Two were observed with the R500B grism and one with the
R1000R grism. The former had two scientific images per OB,
while the latter had three. Table 2 gives detailed information
about the configuration of the runs.

Sky emission subtraction was difficult for faint objects.
Moreover, the increase in the number of faint objects in the field
implied changing the run’s configuration after the 2016B run,
when we started to observe the faintest objects in the faint sub-
set (22 ≲ RC ≤ 24.5, 535 objects). Each OB was observed in
the ON-OFF-ON mode (Sect. 5.1.1), where the ON-frame is an
actual image and the OFF-frame is a consecutive image but with
a slight telescope displacement that makes all the slits point to a
blank region of the sky. Therefore, each OB had two frames with
the spectra of the objects plus sky emission (ON-frames) and
one frame with only sky emission spectra (OFF-frame). With
this technique, the sky correction for faint objects was greatly
improved. Additionally, the sky emission was taken from the
OFF-frame to enable the slit length to be smaller (3 arcsec) and
to allow more slits to be introduced in a given mask design.

The object selection for each mask was made in an effort to
minimize the number of masks needed by selecting a field of
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view with greater object density where possible, but taking care
not to merge objects with a very large difference in magnitude
and so fit the exposure time in agreement with this. Each mask
also had to have some slits for the fiducial stars. These slits were
circular with a radius of 2 arcsec. In the masks designed for the
faint subset, we also introduced special slits that were pointed
to empty regions of the sky in both the ON- and OFF-frames.
These slits were used in the sky correction (see Sect. 5.1.1).

In total, 48 masks, covering 92% of the objects, were
designed to perform observations of the faint subset. All the
observations were designed to achieve an S/N better than three
in order to obtain good quality spectral lines, even for the faintest
objects. In addition to the type of night set for each observation,
both airmass and seeing were always requested to be below 1.2.
All observations were made in compliance with the required see-
ing, 60% with seeing better than 1 arcsec. For the airmass, the
constraint was less strict according to the seeing value of that
same observation; in other words, if the airmass exceeded the
value of 1.2 by never more than 1.35, but the seeing value was
good (seeing < 1arcsec), the observation was accepted. In total,
12 OBs were earmarked for repetition because the conditions in
which they were performed failed to meet requirements, either
because of high airmass and seeing or because the type of night
was not as requested.

4.2. The bright subset

The bright subset of targets selected for the LH field, 16.8 ≤
RC ≤ 20.6, were observed using two medium-resolution multi-
fibre spectrographs, A2F-WYFFOS (AF2) of the WHT at Roque
de Los Muchachos Observatory in La Palma, and HYDRA from
the WYIN telescope at Kitt Peak Observatory in Tucson.

The selected targets were divided into a ‘blue sample’
(16.8 < rSDSS < 20.0) and a ‘red sample’ (20.0 < rSDSS < 20.6).
Three fibre configurations were prepared for the blue sample and
two for the red sample, to be observed with AF2/WHT. In total,
96 targets were allocated for the blue sample and 50 for the red
sample, ∼60% of the total bright sample plus the overlap with
the faint subset, but not all the scheduled observations could be
completed.

To complete the observations of the bright subset, we used
the HYDRA spectrograph on the WYIN telescope. The sample
designed for WYIN was composed of objects not observed with
the WHT and some were observed to compare results between
telescopes in order to make the most of the observations. Finally,
134 sources with 16.8 < RC < 20.6 were observed with WYIN.

Regarding the bright part of the catalogue, these objects were
expected to be at a lower redshift than in the faint part. Still, as
for the faint subset, all observations were set to reach an S/N of
better than five to obtain quality measurements of the spectral
lines.

Figure 1 also shows the spatial distribution of the objects
in the bright part. The yellow stars represent the objects in the
bright subset, and the green circles represent common objects in
both the bright and faint catalogues.

4.2.1. Multi-fibre optical spectroscopy with AF2-WYFFOS

We conducted multi-fibre medium-resolution spectroscopy with
the AF2 wide-field multi-fibre spectrograph. The AF2 spectro-
graph contains 150 science fibres of a diameter of 1.6 arcsec, and
ten fiducial fibres dedicated to acquiring and tracking guide stars.
The AF2 spectrograph has a nominal field of view of 1 deg2,
but because of optical distortion and the restriction to avoid the

region beyond 25 arcmin, to prevent vignetting of the telescope
system and instrument, the configuration file was designed to
consider only the area within the central 20 arcmin2. Despite
these restrictions, three optimized AF2 pointings were planned
to cover the central 24 × 24 arcmin2 of the LH field. With
AF2, it is necessary to use the special software af2-configure7

(from the Isaac Newton Group) to create the map of targets
to be observed. This software allowed us to optimally place,
beforehand, between 50 and 70 fibres per observation on the
selected targets. After allocating all the objects in the best way,
the remaining fibres were used to observe blank areas in the
observation field to obtain sky spectra.

Observations were performed in three configurations over
seven nights in 2016 and 2017 in service mode. More details of
the observations are listed in Table 3. The R600R and R300B
gratings were used with a spectral resolution of 4.4 and 3.6 Å,
respectively. The spectra were centred at wavelength ∼5400 Å
and covered the range from 3800 to 7000 Å, using a 2× 2 binning
of the CCD camera.

4.2.2. Multi-fibre optical spectroscopy with HYDRA

Owing to the decommissioning of AF2 before the planned obser-
vations of the bright subset were completed, we had to conduct
our observations using a similar instrument. The HYDRA spec-
trograph on the WYIN telescope was chosen. The Lockman
sample for HYDRA had 134 sources with 16.8 < RC ≤ 20.6.

The HYDRA spectrograph has 90 active fibres. The targets
were observed down to a spectrograph configuration of λstart =

4400 Å, to λend = 9600 Å, using the the grism 316@7 with a
resolution of R ∼ 900 and δλ ∼ 3 Å, the lowest resolution but
the largest available spectral range.

The images were taken with 3 × 1800 s exposures for each
configuration, adding two series of arcs, and were taken over a
total of 8 h with overheads. We needed four configurations in
two half nights. The observations were carried out during the
first half of the nights of 8 and 9 May 2018, with a clear sky and
a seeing of ∼1 arcsec. A summary of the observations is given in
Table 3.

5. Data reduction

Since the survey data have been obtained using different instru-
ments and telescopes, the nature of the data of each subset is
different. Thus, although some procedures are common, the data
reduction is described separately for each group of data.

5.1. Faint subset reduction

Basic data reduction tasks were carried out using the IRAF-
based pipeline GTCMOS (see Gómez-González et al. 2016)
developed by Divakara Mayya of the Instituto Nacional de
Astrofísica, Óptica y Electrónica (INAOE), Mexico. For each
OB, the first step was to couple the image of the two OSIRIS
CCDs into a single one to make it more manageable. We created
a master bias and subtracted it from science images, and cor-
rected it for flat-field. The wavelength calibration was performed
using Hg, Ar, Xe, and Ne lamp spectra for each grism and mask
with a median RMS of ∼0.05.

The correction for cosmic rays was carried out using our
own python code. To this aim, we relied on the fact that each
7 https://www.ing.iac.es/Astronomy/instruments/af2/
af2_documentation.html
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Table 3. Schedule and details of the observations over the bright subset.

Telescope Name Date Configuration Grisms Exp. time
(sec)

AF2/WHT data 1 15/05/2016 blue1 R600R 2 × 1000
data 2 02/06/2016 blue1 R300B 3 × 1000
data 3 19/01/2017 blue1 R600R 3 × 2000
data 4 20/01/2017 red1 R600R 4 × 1800+1 × 1100
data 5 05/02/2017 red1 R300B 5 × 1800
data 6 21/02/2017 blue1 R300B 2 × 1000
data 7 30/05/2017 blue2 R600R, R300B 2 × 2000,3 × 1000

HYDRA/WYIN blue1 07/05/2018 blue1 R316R 3 × 1800
blue2 07/05/2018 blue2 R316R 3 × 1800
red1 08/05/2018 red1 R316R 3 × 1800
mixed 08/05/2018 mix1 R316R 3 × 1800

observation block had at least two science images. This allowed
us to compare the same column in both 2D spectra, while looking
for pixels more than 3σ of the median. These pixels are classified
as cosmic rays.

5.1.1. Sky subtraction and flux calibration

The sky emission subtraction of an object’s spectrum is both
necessary and challenging. The line strength variation of the
emission of OH over time is significant, making it painstaking
work. As set out above, we performed two different kinds of sky
emission subtraction, one for each slit length.

For the 10-arcsec slits, the subtraction was more direct as we
could select regions in the 2D spectra where there was only sig-
nal from the sky. To separate the contribution of the observed
object in the slit and the sky signal, iterative sigma-clipping was
applied column by column. Then, once we obtained the contri-
bution of the sky, we applied a linear fit and finally subtracted
it from the original column. The linear fit was implemented to
improve the correction because there is a slight curvature in the
outer parts of the CCDs that introduces a distortion in the 2D
spectra. The difference between the sky over the column when
averaging the sky signal causes the value obtained to diverge
from the sky emission and the subtraction fails.

A potential problem with this method occurs when the
observed object has a faint continuum because it could be erro-
neously selected as a sky contribution by the sigma-clipping
algorithm, thus resulting in a loss of object information. Further-
more, since the density of faint objects in the field is higher than
that of bright objects, the adopted solution was to use 3-arcsec
slits observed with the already mentioned ON-OFF-ON strategy.

The length limits of the 3-arcsec slits constrained the possi-
bility of selecting sky signal in the 2D spectra. Observing with
the ON-OFF-ON strategy, we had available direct sky emis-
sion spectra (OFF-frame) that could be subtracted directly from
the images of the objects (ON-frames). However, the residuals
obtained with direct subtraction are considerable. This differ-
ence in the sky signal between two consecutive frames is due
to the significant variability of the sky emission over the time of
the exposures. The solution to this problem was to introduce slits
pointing to a region without objects (sky-slits), even in the ON-
frames, in such a way that the sky-slits collected sky emission in
both ON- and OFF-frames. Thus, if we compare the sky spec-
tra obtained by the sky-slit in one of the ON-frames with the
spectra obtained by the same slit, the result in the OFF-frame

is a matrix of sky variation coefficients that can be applied to
the OFF-frame spectra to correct the variation of the sky emis-
sion over time. Each mask should have at least one sky-slit per
OSIRIS CCD to deal with the existing spatial variation of the
sky emission, in addition to the time variation.

This method of sky emission subtraction gives even better
results than the sky subtraction obtained in the case of 10-arcsec
slits, where the sky can be selected in the 2D spectra. With the
ON-OFF-ON strategy, the 2D spectra to be corrected for sky
contribution and the 2D sky spectra used have the same shape
because they come from the same slit with precisely the same
characteristics (i.e. slit irregularities, CCD curvature, and differ-
ential refraction of the light). In Fig. 4, we can see an example
of the sky subtraction for a 3-arcsec-long slit. The top panel is
a slice of the 2D raw spectrum, where the sky emission com-
pletely hides the emission from the observed object. The central
panel shows the result after applying the previous sky emis-
sion subtraction. It can be seen how the emission of the object
is now fully visible owing to the good correction applied. The
lower panel shows the 1D spectrum for that object with really
strong spectral lines. The spectroscopic redshifts of the objects
are determined from the observed lines in the spectra. In this
case, the redshift obtained is zspec = 0.275.

Flux calibration is the last step when working with 2D spec-
tra, just before obtaining the 1D spectra. For each OB, at least
one standard star was observed to perform that task. Calibration
was applied using the standard IRAF procedure.

5.1.2. 1D spectra obtained

Once the results of the previous data reduction steps were
deemed satisfactory, we proceeded to obtain the final 1D spectra,
which allowed us to know the nature of the observed objects and
their main physical characteristics in the optical domain.

As we have mentioned, each object was observed at least
twice per OB. Furthermore, each mask was observed between
three and four times with different grisms, as scheduled in
Table 2. Each object should finally have between three and eight
observations per grism. The latter scenario is possible because
an object could be observed more than once, just to fill in
possible free spaces in the masks.

The desired outcome was a single 1D spectrum per grism. An
‘average-sigma-clipping’ algorithm was applied to achieve this
goal. The algorithm runs through each wavelength, discarding
the flux points more than 2 σ from the median and averaging the
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Fig. 4. Example of the sky emission correction process for an object
of the faint subset. Top: slice of the observed 2D raw spectrum with a
3-arcsec slit using OSIRIS in MOS mode. The intensity of the emission
from the sky makes it impossible to appreciate the contribution of the
observed object. Mid: result obtained by applying the sky subtraction
described in the text. This allowed us to recover the emission of the
observed object. Bottom: final 1D spectrum obtained for this object.
The redshift obtained is zspec = 0.275 using the observed emission lines.

remaining points into a single point. The most common problems
occurred when the object was observed in more than one mask
and some of the observations were taken with a bright moon
or a zero-order from a nearby slit with a bright target contam-
inating the spectrum. All these problems were managed using
the average-sigma-clipping algorithm. In Fig. 5 we can see an
example of the final 1D spectrum of an object at zspec = 0.421,
observed with the R500R and R500B grisms, represented by
blue and red lines, respectively. The individual observations of
this object with each grism, on which the average-sigma-clipping
algorithm was applied, are plotted in grey. It can be seen how
the algorithm has managed to correct for residuals from sky
emission or cosmic ray detection.

5.2. Bright subset reduction

The reduction of the bright part was carried out using IRAF and
the hydra.dohydra8 package. This package was specifically
developed for the reduction of data obtained with the HYDRA
instrument. However, it allowed us to change its configuration
and adapt it to the observations made with AF2. In this way,
just by changing the parameters related to each instrument, this
same tool was used for the different observing instruments of the
bright part of our sample.

The hydra.dohydra task was used for scattered light sub-
traction, extraction, fibre throughput correction and wavelength
calibration. It is a command language script that collects and
combines the functions and parameters of many general-purpose
tasks to provide a single complete data reduction path. The tool
also allowed us to do a sky correction, but in this case, we only
used the result of the combination of the fibres associated with

8 https://astro.uni-bonn.de/∼sysstw/lfa_html/iraf/noao.
imred.hydra.dohydra.html

the sky to obtain the average sky spectrum that we latter used
as a final correction with the Skycorr 9 tool (Noll et al. 2014),
which gave us better results in terms of the S/N quality of the
final spectrum than those given by dohydra.

Before obtaining the final spectrum, the He and Ne lamp
spectra were used for the wavelength calibration by employing
an third-order Legendre polynomial for most of the objects in the
range 0.03 ≤ RMS ≤ 0.07. Flux calibration of fibre instruments
is complicated to apply, as it depends directly on the quantum
efficiency of each fibre at the time of measurement and its rela-
tionship with the others; that is, it is a function that depends
directly on time and is internally variable fibre to fibre in the
same way. Adding to this the fact that the observing routine of
the bright subset was also very complicated, we decided that
it was not necessary to apply this correction. Thus, these data
are used to determine properties that do not require flux cal-
ibration such as spectroscopic redshifts, line widths, and flux
ratios.

We likewise removed cosmic rays from individual images
using the IRAF lacos-spec task (van Dokkum 2001). We
obtained the average spectrum of each of the objects observed
in the R600R and R300B networks for AF2-WYFFOS and the
R316R network in HYDRA with the same reduction method.
Figure 6 shows an example of a 1D spectrum for a source in
the bright subset observed with WYIN/HYDRA and the R316R
grism.

6. Lockman-SpReSO catalogue

In this section, we present the first results obtained from the
reduction of the Lockman-SpReSO data. Once the 1D spectra
were acquired, the treatment was the same for objects in the
bright part and those in the faint part, so the results shown in
this section come from both subsets.

The whole process of obtaining a final spectrum per grism
was executed automatically by the software infrastructure devel-
oped for this task described above. Although each component
was tested and analysed, it was decided to conduct a visual
inspection of all the results to look for possible errors in the pro-
cess. Other important reasons for the visual inspection were to
determine the spectroscopic redshifts of the objects by looking
for the main spectral features, checking which spectra showed a
stellar continuum and which did not, giving an initial quality flag
of the spectral lines, and taking note of the objects with uncom-
mon properties. In addition, further rounds of visual inspection
were carried out after the fitting and measuring of the lines to
make sure that everything worked correctly. The ‘Object cont.’
column in Table 4 shows the number of objects in which the
stellar continuum was detected by the object category within
Lockman-SpReSO.

The quality criterion imposed on the spectral lines in the
visual inspection helped us to filter the objects according to that
criterion. Possible values for the flag are: (1) no line appears
in the spectrum; (2) the line has some error or is difficult to
measure, or both (e.g. lines partially or totally under strong sky
emission); (3) the line is weak but detectable; (4) the line is
clearly visible with a moderate signal; and (5) an intense line
with a high signal. This criterion defined the quality of the
lines until we performed the line fits and obtained the equivalent
widths (EWs) and S/N values.

9 https://www.eso.org/sci/software/pipelines/skytools/
skycorr
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6.1. Redshift determinations

To determine the spectroscopic redshifts, we imposed the condi-
tion that the spectrum should have at least two spectral features.
The reason for doing so was to minimize, as much as possible,
cases of false determinations due to ambiguous detection. It was
also decided that, for objects with spectroscopic redshift in the
literature, the presence of one line coinciding with the redshift
would be the only condition. In total, 357 spectroscopic redshifts
were obtained using both criteria and these are shown in Table 4,
where they are split up by the object category and the subset to
which they belong.

We verified how many of these objects had a previous spec-
troscopic redshift determination. To do so, we used Table 5
of FT12, which lists the works with spectroscopic studies that

existed up to the date of publication for the LH field. In addi-
tion, we updated this information with those objects for which
the SDSS survey provided redshifts, and finally we searched the
NASA/IPAC Extragalactic Database10 (NED) for the available
information of the objects for which the redshift was determined
in this work. A total of 89 objects already had their redshifts
determined and coincided with those determined in this study.
Hence, for 268 objects (∼75%), the spectroscopic redshift was
determined for the first time.

Figure 7 shows the comparison between the spectroscopic
redshifts (zspec) measured in this study and the photometric
redshifts (zphot) from FT12. The error bars plotted for zphot

10 https://ned.ipac.caltech.edu
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the RC magnitude. In the bottom left panel, the difference between zphot and zspec divided by zspec against zspec is plotted. Dashed lines represent the
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beyond the range of visualization. In the bottom right panel, the distribution of zsup is shown.

represent the range of 90% significance reported by LePhare
code (Arnouts et al. 1999; Ilbert et al. 2006). The errors in zspec
are also plotted, but are smaller than the data-point size, with a
median value of 3 × 10−4. The bottom panel shows the scatter
of the difference between photometric and spectroscopic red-
shifts. The dashed grey lines represent the limit value defined

by Hildebrandt et al. (2010) for flagging an outlier, defined by

|∆z|
1 + zspec

≥ 0.15,

where |∆z| = |zphot − zspec|. Applying this criterion, we found 4%
of outliers in the spectroscopic redshift range zspec < 0.5, 2% at
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Table 4. Summary of the observed objects and the spectroscopic redshifts measured in this study, sorted by the preliminary categories described
in Sect. 3.5.

CAT Preliminary object
Type Catalogue Observed Observed

faint
Observed

bright
Object
cont. zspec

zspec
faint

zspec
bright zsup

1 X-rayPoint + CatVarStars 45 43 41 6 39 30 28 4 3
2 High-Velocity Stars 93 85 14 80 80 1 – 1 –
3 Radio Galaxies 17 13 13 1 7 5 5 1 1
4 FIR 902 838 772 106 503 305 258 76 90
5 1 + 4 12 11 11 1 11 7 7 1 3
7 3 + 4 4 4 3 1 4 3 2 1 1
12 1 + 2 1 1 1 1 1 1 1 – –
20 RedQSOs(W4) 23 21 21 – 2 2 2 – –
21 RedQSOs(FIRST) 5 5 5 – 1 – – – –
23 20 + 3 2 1 1 – 1 – – – –
24 20 + 4 38 33 33 – 5 1 1 – 1
25 21 + 2 1 1 – 1 1 1 – 1 –
26 21 + 3 1 1 1 – 1 1 1 – –

TOTAL 1144 1057 916 197 656 357 305 85 99

Notes. The ‘Catalogue’ column represents all objects in Lockman-SpReSO. The ‘Object cont.’ column indicates how many objects per category
have the stellar continuum detected in their spectra. The ‘zsup’ column indicates the number of objects for which the redshift has been determined
from a single spectral line. It should be noted that an object could be observed in the faint and the bright subset so that the sum may be greater than
the total. The same happens to the columns with the spectroscopic redshift.

0.5 < zspec < 1.0 and 34% for zspec > 1. Outliers were marked
with empty red circles in the Fig. 7. As expected, the determina-
tion of photometric redshifts is problematic for distant objects,
even considering one out of three of the more distant objects
as an outlier. Nevertheless, this result can be useful when using
the photometric redshift to derive other quantities; for exam-
ple, when the determination of the spectroscopic redshifts is not
very clear because the spectral lines are not intense enough, or
in cases where only one line is present in the spectrum, as we
discuss below.

There are 105 objects in the LH-catalogue for which we
detected only one emission-line feature in their spectra without
any complementary information in the literature. An attempt was
made to give a redshift value (zsup) based on the properties of the
line found (intensity, observed wavelength, photometric redshift,
object magnitudes, and credibility). This preliminary analysis
made it possible to give a reliable redshift for 99 objects with
only one spectral line. The bottom right panel of Fig. 7 shows
the distributions obtained for zsup, where 71% of the objects have
zsup < 1.0 and the fraction of outliers in the photometric distri-
bution are less than 3%, so a redshift based on the line found in
the spectra is very helpful. For all other objects, the photometric
redshift was used with care, more weight being given to the other
information available for that object. The last column in Table 4
shows how the objects with zsup are distributed among the differ-
ent categories and their number. Figure 3 shows the distribution
of the RC magnitude for the objects with zspec (blue) and zsup (red)
values measured in this study.

In some cases, the determination of the spectroscopic red-
shift allowed us to clarify the nature of the objects under study.
For example, for some of the candidate CV stars we, determined
a range of values for zspec (0.5263 ≤ zspec ≤ 1.9387), which made
it clear that they cannot be stars, but distant compact sources.

Although we already had zspec measured, the final value for
each object was calculated as a weighted mean of each of the
redshifts obtained for each line after fitting. This is discussed
further in the next section.

6.2. Line measurement

To measure the lines, we fitted them with a non-linear least-
squares minimization routine implemented in Python (LMFIT11,
Newville et al. 2014). Each line was fitted with a Gaussian pro-
file plus a linear model to take into account possible continuum
variations, all of which resulted in a total of five parameters to be
determined: the position of the centre, the sigma, the amplitude
for the Gaussian component, and the slope and intercept for the
linear model.

The parameters were set free, but initial values were needed.
The initial values were adapted and certain constraints were
imposed for minimizing the computing time for each fitted spec-
tral line. For example, as we knew zspec, the centre of the line
could be obtained and used as the initial value for the centre of
the Gaussian component in the fitting process. One of the restric-
tions applied concerned the value for the amplitude of Hβ when
the Hα line was available in the object’s spectrum. The lines
were usually fitted from the most intense to the least intense so
that the value of the Hβ amplitude could not be greater than
the calculated Hα amplitude, thus restricting the space of val-
ues that the fitting programme had to explore. The same was
applied to the other lines of the Balmer series and even for for-
bidden lines pairs such as [O III] λ4959 Å and [O III] λ5007 Å
and [N II] λ6548 Å and [N II] λ6583 Å among others. Another
constraint applied was related to the σ of the Gaussians for the
spectral lines that came from the same regions of the galaxy,such
as the abovementioned forbidden line pairs. The initial σ value
of the Gaussian with which we fitted their line profiles should
be almost identical because their nature is the same. Another
important parameter that remained fixed during the fitting and
was external to it, was the wavelength window used for each line
fit. The size of this region depended on the line type, the redshift,
and the object type.

With the spectral resolution used in our observations, there
were spectral lines very close in wavelength that could not be
11 https://lmfit.github.io/lmfit-py/index.html#
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panels.
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Fig. 9. Distribution of the rest-frame EWs for some of the most intense
lines in the optical range for all the objects in the LH-catalogue with a
measured spectroscopic redshift.

one for each line plus a linear model. Even in cases where the
resolution was sufficient to separate the components, they were
so close that a separate fit was difficult to perform. One example
is shown in Fig. 8, where the emission feature corresponds to a
group of three spectral lines: Hα + [N ii] λ6548,6583 Å. In the
left panel, the grism used to observe the objects is the R500R,
which has approximately half the resolution of the grism used
on the right (the R1000R grism). In both cases, the blue dots are
the observed flux, the red line is the best fit, and the bottom pan-
els represent the residuals of both fits. It is important to note that,

when observed with the lowest resolution, the components were
blended into the same feature but that, when performing a fit, the
three components were well recovered. In the right panel, the im-
provement of resolution allowed us to separate the [N ii] λ6583
Å line from the Hα line, but not enough to perform independent
fits. Another case in which multiple Gaussians were fitted simul-
taneously concerned objects with broad lines. As usual in these
situations, we fitted one Gaussian for the narrow component and
another for the broad component.

Figure 9 shows the rest-frame EWs obtained for some of the
strongest lines in the optical range. By definition, emission lines
have a negative EW, and absorption lines have a positive EW.
For this reason, only the Hα and Hβ lines have positive values in
Fig. 9 because the forbidden lines [O ii] λ3726,3729 Å and [O iii]
λ5007 Å cannot be in absorption. Finally, in Table 5 a sample of
the information available in the database is presented. Principal
information for both the FT and PEP-catalogues is included.

6.3. Stellar-mass and IR luminosity distributions

In order to further characterize the scope of Lockman-SpReSO,
basic parameters such as stellar mass and luminosity are essen-
tial. One of the most common ways to obtain them is by using
SED fits to derive the physical properties of the objects from
best-fit models. In the work of Shirley et al. (2019), the au-
thors performed a unification of the fields studied by Herschel
(1270 deg2 and 170 million objects) and produced a general cat-
alogue (HELP). In addition, they carried out SED-fitting studies
on this catalogue (Małek et al. 2018) to determine the properties
of the objects using a previously determined photometric red-
shift (Duncan et al. 2018).

Spectroscopic redshift gives us the advantage that, for a cho-
sen cosmology, we know the distance of the object, which is very
important for SED fitting and accurate translation of rest-frame
models to the observed wavelength. Thus, a SED-fitting process
was carried out to take advantage of the good photometric cov-
erage collected in FT12, plus the FIR information at 24, 100 and
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Fig. 9. Distribution of the rest-frame EWs for some of the most intense
lines in the optical range for all the objects in the LH-catalogue with a
measured spectroscopic redshift.

resolved because they were blended into a single feature. In these
cases, we had to fit more than one Gaussian model at same time,
one for each line plus a linear model. Even in cases where the
resolution was sufficient to separate the components, they were
so close that a separate fit was difficult to perform. One example
is shown in Fig. 8, where the emission feature corresponds to a
group of three spectral lines: Hα + [N II] λ6548,6583 Å. In the
left panel, the grism used to observe the objects is the R500R,
which has approximately half the resolution of the grism used
on the right (the R1000R grism). In both cases, the blue dots
are the observed flux, the red line is the best fit, and the bottom

panels represent the residuals of both fits. It is important to note
that, when observed with the lowest resolution, the components
were blended into the same feature but that, when performing a
fit, the three components were well recovered. In the right panel,
the improvement of resolution allowed us to separate the [N II]
λ6583 Å line from the Hα line, but not enough to perform inde-
pendent fits. Another case in which multiple Gaussians were
fitted simultaneously concerned objects with broad lines. As
usual in these situations, we fitted one Gaussian for the narrow
component and another for the broad component.

Figure 9 shows the rest-frame EWs obtained for some of the
strongest lines in the optical range. By definition, emission lines
have a negative EW, and absorption lines have a positive EW.
For this reason, only the Hα and Hβ lines have positive values
in Fig. 9 because the forbidden lines [O II] λ3726,3729 Å and
[O III] λ5007 Å cannot be in absorption. Finally, in Table 5 a
sample of the information available in the database is presented.
Principal information for both the FT and PEP-catalogues is
included.

6.3. Stellar-mass and IR luminosity distributions

In order to further characterize the scope of Lockman-SpReSO,
basic parameters such as stellar mass and luminosity are essen-
tial. One of the most common ways to obtain them is by
using SED fits to derive the physical properties of the objects
from best-fit models. In the work of Shirley et al. (2019), the
authors performed a unification of the fields studied by Herschel
(1270 deg2 and 170 million objects) and produced a general cat-
alogue (HELP). In addition, they carried out SED-fitting studies
on this catalogue (Małek et al. 2018) to determine the properties
of the objects using a previously determined photometric redshift
(Duncan et al. 2018).

Spectroscopic redshift gives us the advantage that, for a cho-
sen cosmology, we know the distance of the object, which is very
important for SED fitting and accurate translation of rest-frame
models to the observed wavelength. Thus, a SED-fitting pro-
cess was carried out to take advantage of the good photometric
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Fig. 10. Example of the best SED fit from CIGALE for a galaxy with
zspec = 0.628 measured in this work. The best model is plotted as a solid
black line, the photometric information of the object is plotted as empty
violet circles, and the red filled circles are the fluxes obtained by the best
model. The individual contributions of the models used are also plotted
where the yellow line represents the attenuated stellar component, the
blue dashed line is the unattenuated stellar component, the red line is
the dust emission, and the green line illustrates the nebular emission.
The relative residuals of the flux for the best model are plotted at the
bottom.

coverage collected in FT12, plus the FIR information at 24, 100
and 160 µm, together with the spectroscopic redshift determined
in this study.

As explained in Sect. 2, the Kondapally et al. (2021, hereafter
K21) multi-wavelength catalogue includes recent observations
of the LH field in the optical range. The SpARCS and RCSLenS
surveys observed the LH field using both the CFHT/MegaCam
instrument and the broad-band filters u, g, r, i, and z, also
included in the FT12 catalogue from observations made with
SDSS. The SpARCS and RCSLenS bands were therefore added
to the Lockman-SpReSO catalogue by cross-matching both cata-
logues. The process was restricted to a maximum distance of 1.5
arcsec, the same as that used when we merged the PEP-catalogue
with the FT- and OSIRIS-catalogues. It was found that 97% of
the objects had a counterpart in K21 at an angular distance of
less than 1.5 arcsec. Another reason for the fusion of catalogues
was the completeness of the K21 sample with respect to the
Lockman-SpReSO catalogue; in other words, for the u, g, r, i,
and z bands, we have information for 30, 38, 40, 40, and 39% of
the objects, respectively, within SDSS observations from FT12.
In SpARCS and RCSLenS, we have information for 97, 97, 97,
86, and 94% of the objects. This effect is also present within the
GALEX data in the FUV and NUV bands, with information for
13 and 27% of the objects, respectively, in the FT12 catalogue,
and in K21 we have information for 74 and 74% of the objects,
respectively.

To try to cover the FIR range as well as possible, the
Lockman-SpReSO catalogue was cross-matched with the HELP
catalogue in order to get the flux in the 250, 350, and 500 µm
Herschel/SPIRE bands. These photometric points helped to
model the IR emission on the red side of the peak for the vast
majority of objects in our spectroscopic sample. We found that
98.9% of our objects have a HELP counterpart at an angular
distance of less than 1.5 arcsec and 96.6% have a HELP counter-
part at less than 0.7 arcsec. The maximum separation was chosen

to be 1.5 arcsec. Also, for the SMGs in the LH-catalogue, the
JCMT/AzTEC 1.1 mm band value of Michałowski et al. (2012)
was taken into account. Table A.1 compiles all the filters used in
the SED fittings.

Therefore, for objects in the LH-catalogue with a calculated
spectroscopic redshift, we fitted their SEDs using the CIGALE
software (Code Investigating GALaxy Emission, Burgarella
et al. 2005, Boquien et al. 2019). This code allowed us to perform
SED fits from the UV to the radio (X-ray regimes are included
in the latest update; we do not, however, use them in this study,
Yang et al. 2020, 2022). The code is based on the assumption
of energy balance, that is to say that UV, optical and NIR light
attenuated by dust is re-emitted in the redder ranges of the IR
region. For each of the components involved in the SED fit-
ting, CIGALE allowed us to choose between different models
incorporated in the software. CIGALE performs a minimization
of the χ2 statistic to select the best-fitting model. In addition,
CIGALE also performs a Bayesian-based study to obtain a prob-
ability distribution of the physical parameters derived from the
SED fit using all the models and their errors. Thus, using the
available photometric and the spectroscopic redshift, we were
able to obtain essential information about the objects in the
LH-catalogue.

For the stellar component, we used the sfhdelayed model,
a star formation history (SFH) model with a nearly linear growth
until a certain time (τ), after which it drops smoothly, plus
an exponential starburst. This model allowed us to fit both
late-type galaxies (small τ) and early-type galaxies (large τ;
Boquien et al. 2019). As in our study we are working with
mostly infrared-emitting galaxies, we adopted a recent starburst
to model the young population of stars ( i.e. SFGs). The intrin-
sic component of the stars was computed using the library of
(Bruzual & Charlot 2003, model bc03) with infra- and supra-
solar metallicities and the IMF of Chabrier (2003). Nebular
emission was also taken into account by adding the model to
the CIGALE calculation. Extinction was incorporated using the
dustatt_modified_starburst model, which is based on the
extinction law of Calzetti et al. (2000), to which the curve of
Leitherer et al. (2002) between the Lyman break and 150 nm
was added; in addition, both the slope and the UV bump could
be modified. For the dust contribution, we used the Dale et al.
(2014) templates (dale2014 model) based on nearby SFGs that
also added an AGN component. More sophisticated AGN mod-
els were not used because the purpose of these SED fits was the
characterization of the Lockman-SpReSO sample as a whole,
while assuming the AGN fraction-free parameter provided by
the models of Dale et al. (2014) were adequate. Future studies
of the Lockman-SpReSO project will carry out detailed inves-
tigations on object classification, and more individualized SED
fits will study each type of object more precisely. A summary of
the selected models and the set of values used for the parameters
of the models are given in Table B.1. An example of the SED-
fitting process is shown in Fig. 10, where the best fit obtained for
a source in the Lockman-SpReSO catalogue is plotted together
with the contribution of each of the models used. The lower part
of Fig. 10 shows the relative residuals of the flux obtained in the
fit.

Most of our objects were selected for their emission in
the Herschel bands (i.e. they are FIR emitters). Therefore, one
of the first parameters to determine and describe the sample
is the total IR luminosity (LTIR). There are different methods
for obtaining the IR luminosity. Some of them derive LTIR by
using a monochromatic proxy (Chary & Elbaz 2001), and oth-
ers, as in the work developed by Galametz et al. (2013, see
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Fig. 11. Distribution of the total IR luminosity of the objects in the LH-catalogue derived from the SED fit using CIGALE (left). Objects with zspec
are in blue, and the sample with zsup is in red. The distribution of the stellar mass for the same objects was also derived from SED fitting (right).
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The median error on both axes is shown in red. The colour code indi-
cates the fraction of AGN we obtained from the SED fits using the IR
templates of Dale et al. (2014). The boundary lines on which the LIRG,
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also the references therein), the IR luminosity is obtained from
an analytic expression based on Spitzer and Herschel data.
These studies are usually designed to use the rest-frame bands,
which means that when we study distant galaxies, the bands are
redshifted, and a correction is needed.

To surmount this difficulty, as we had the SED fits available,
we could integrate the luminosity of the best fit in the IR range

(usually between 8 and 1 000 µm) and directly obtain the LTIR.
CIGALE already returns this luminosity and its error both from
the best-fitting model and from the Bayesian approach. The left
panel of Fig. 11 shows the IR luminosity distribution obtained for
the zspec sample in blue and for the zsup sample in red. We find
that most of our objects (55%) are in the LIRG regime (LTIR >
1011L⊙), 6% are ULIRGs (LTIR > 1012L⊙), and less than 1% are
hyper-luminous infrared galaxies (HLIRGs,LTIR > 1013L⊙).

Another parameter of importance for the general description
of the sample is the stellar mass (M∗) of the objects. As for the
IR luminosity, we used the value derived from the SED fit with
CIGALE. Figure 11 (right panel) shows the mass distribution
obtained for the zspec objects in blue and for the zsupsample in red.
Considering both distributions, 75% of the objects have stellar
masses greater than log(M∗/M⊙) = 9.93, 25% of them have a
stellar mass greater log(M∗/M⊙) = 10.54, and the median value
is log(M∗/M⊙) = 10.28.

Figure 12 plots M∗ versus LTIR obtained from the SED fit-
tings by colour coding the AGN fraction derived from the IR
templates used (Dale et al. 2014). It can be seen that the AGN
fraction increases for the most luminous galaxies, which in turn
are the most massive. This would be in agreement with the find-
ings of Veilleux et al. (1995), who showed that the probability of
the source of ionization being due to nuclear activity increases
with IR luminosity.

The information studied in this section will be used in forth-
coming papers of the Lockman-SpReSO series. Stellar mass,
IR luminosity, line measurements, and SED fits will play a key
role in studying the physical properties of both FIR sources and
secondary catalogue objects.

7. Summary and timeline

This paper presents the Lockman-SpReSO project and focuses
on its scientific motivation, target selection, observational design
and the first results from the reduction of the spectra. Lockman-
SpReSO was created to try to fill the notable lack of spec-
troscopic information in one of the best large-scale fields, the
Lockman Hole field, for high depth studies owing to its low
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hydrogen column density. In this way, spectroscopic redshifts
and the main physical parameters such as gas metallicity, extinc-
tions, SFR, and even SED fits can be studied for a specific
selection of targets.

The Lockman-SpReSO catalogue contains 1144 sources of
various kinds. All Lockman-SpReSO observations were car-
ried out from 2014 to 2018, and all data have been satis-
factorily reduced. The spectroscopic data obtained have been
analysed and have produced spectroscopic redshifts for a total of
357 objects, from zspec = 0.0290 to zspec = 4.9671. For 99 objects
with only one characteristic feature in their spectra, an attempt
was made to determine the redshift and resulted in a redshift
range from zsup = 0.0973 to zsup = 1.4470. Furthermore, for
those objects whose redshift was determined, only ∼25% have
a spectroscopic redshift available in the literature. Finally, the
spectral lines of the objects were measured in order to establish
the initial database of Lockman-SpReSO.

We performed an SED-fitting process using the spectro-
scopic redshift and CIGALE software, taking advantage of the
wide photometric spectral coverage from the FUV to the FIR.
The fit results allowed us to derive the IR luminosities and
the stellar masses of the sources. Based on the LTIR values
derived from the SED fitting, about 55% of the objects are
LIRGs, 6% are ULIRGs and less than 1% are HLIRGs. The stel-
lar mass distribution has a minimum and a maximum value of
log(M∗/M⊙) = 7.65 and log(M∗/M⊙) = 12.07, respectively, with
a median value of log(M∗/M⊙) = 10.28.

A data release is expected for late 2022 or early 2023, where
the results of the type classification, extinction, gas metallicity
and SFR determinations for the objects on which we have suffi-
cient information will be presented. Studies will also be carried
out in order to analyse the different classes of sources in the sec-
ondary catalogues. We shall try to perform observations in the
NIR using other facilities for the objects with known redshifts
that have emission lines in that wavelength range.
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12 ISDEFE for European Space Astronomy Centre (ESAC)/ESA, PO
Box 78, 28690 Villanueva de la Cañada, Madrid, Spain

13 Space Science and Geospatial Institute (SSGI), Entoto Observa-
tory and Research Center (EORC), Astronomy and Astrophysics
Research Division, PO Box 33679, Addis Abbaba, Ethiopia

14 Physics Department, Mbarara University of Science and Technol-
ogy (MUST), Mbarara, Uganda

15 Centro de Estudios de Física del Cosmos de Aragón (CEFCA),
Plaza San Juan 1, 44001 Teruel, Spain

A85, page 21 of 22



A&A 669, A85 (2023)

Appendix A: Photometric information

Table A.1. Photometric filters used in the SED-fitting process and the number of objects with information in each of them.

Telescope Instrument Filter

GALEX GALEX FUV NUV
842 842

LBT
LBCB U B

1072 1040

LBCR V Y z
1011 1011 1028

Subaru Suprime Rc Ic z
1144 1081 1134

SLOAN SLOAN u g r i z
350 442 470 470 454

CFHT MegaCAM u g r i z
1102 1118 1105 980 1069

UKIRT WFCAM J K
1106 1107

Spitzer
IRAC 3.6 µm 4.5 µm 5.8 µm 8 µm

972 931 952 909

MIPS 24 µm
956

Herschel
PACS 100 µm 160 µm

760 606

SPIRE 250 µm 350 µm 500 µm
889 889 889

JCMT AzTEC 1.1 mm
18

Appendix B: CIGALE input parameters

Table B.1. Schedule of the parameters and models used in the CIGALE SED fitting.

Model used Parameter information Values
SFH: e-folding time main population 250, 500, 1000, 2000, 4000, 6000, 8000 [Myrs]

delayed SFH with age of the main population 250, 500, 1500, 4000, 8000, 10000 [Myrs]
optional exponential burst e-folding time of late burst 25, 50 [Myrs]

age of the late burst 10, 20, 50 [Myrs]
mass fraction late burst 0.0, 0.01, 0.05

SSP: IMF Chabrier (2003)
Bruzual & Charlot (2003) metallicity 0.0001, 0.0004, 0.004, 0.008, 0.02, 0.05

Dust attenuation: E(B-V) lines 0, 0.1, 0.2, 0.3, ..., 2.4, 2.5
power law modified E(B-V) factor (line to continuum) 0.44
Calzetti et al. (2000) UV bump wavelength 217.5 [nm]

UV bump FWHM 35
UV bump amplitude 0, 1.5, 3

Power law modification slope -0.2, 0
RV 3.1

Dust emission AGN fraction 0, 0.1, 0.3, 0.5, 0.8, 0.9
Dale et al. (2014) Alpha slope 0.125, 0.625, 1.0, 1.25, 1.5, 1.75, 2.0, 2.5, 3.0, 3.5, 4.0

A85, page 22 of 22



3
The Lockman–SpReSO project.

Main properties of infrared selected
star-forming galaxies.

I n this chapter a comprehensive study is conducted using galaxy data from the
Lockman–SpReSO project, which comprises a sample of galaxies observed

through optical spectroscopy after being FIR selected. Specifically the study focuses
on star-forming galaxies (SFGs), mainly within the domain of LIRGs. For these
galaxies parameters like extinction, star formation rate (SFR), and metallicity are
studied.

The idea is to examine how these properties evolve with respect to each other and
compare them to those of low-redshift FIR and non-FIR-selected galaxy samples. In
order to minimise contamination from AGN, distinct selection criteria are applied.
Various methods are employed to estimate the dust extinction, SFR, and gas-phase
metallicity for the SFGs. We investigate correlations between SFRs and 𝑀∗, as well
as how metallicity evolves based on 𝑀∗. Furthermore, the analysis encompasses the
investigation of the three-dimensional relationship between 𝑀∗, SFR, and metallicity.

Out of the initial spectroscopic data set of 409 objects, we are able to identify and
remove 69 AGNs which finally brings us down to a sample of 340 SFGs. The study
reveals that the FIR-selected SFGs from Lockman–SpReSO show signs of evolution
at redshifts 𝑧 > 0.4, deviating above the MS, particularly within the starburst galaxy
region. In addition, the expected behaviour of sSFR with redshift, flattening with
increasing redshift, is barely observed, especially for log 𝑀∗(𝑀⊙) ≥ 10.5. Further-
more, FIR-selected SFGs exhibit lower metallicities than expected based on their 𝑀∗

45
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and redshift. Finally, the investigation of the three-dimensional 𝑀∗–SFR–metallicity
relation indicates consistency with existing literature.

The contents of this chapter have been published as González-Otero et al. (2024a).
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ABSTRACT

Aims. In this article we perform a comprehensive study using galaxy data from the Lockman–SpReSO project, a far-infrared (FIR)
selected sample of galaxies observed using optical spectroscopy. We analysed a sub-sample of star-forming galaxies (SFGs) with
secure spectroscopic redshifts, mostly in the luminous infrared galaxies domain. From these galaxies, parameters such as extinction,
star formation rate (SFR), and metallicity were derived. The present paper examines how these properties evolve in relation to each
other, and in comparison with low-redshift FIR and non-FIR-selected samples of galaxies.
Methods. We applied distinct selection criteria to attain an SFG sample with minimal AGN contamination. Multiple approaches were
used to estimate the intrinsic extinction, SFR and gas-phase metallicity for the SFGs. In conjunction with findings in the literature,
we examined the correlation between SFRs and stellar masses (M∗), as well as the metallicity evolution depending on M∗. Finally, the
3D relationship between M∗, SFR and metallicity, is also studied.
Results. From the initial spectroscopic sample of 409 FIR-selected objects from the Lockman–SpReSO catalogue, 69 (17%) AGNs
have been identified and excluded, which is nearly double the percentage found in local studies, leaving a sample of 340 SFGs. The
analysis of the M∗–SFR relationship revealed that Lockman–SpReSO IR-selected SFGs show signs of evolution at redshifts z > 0.4,
shifting above the main sequence, with a mean value of ∼ 0.4 dex. They are located within the starburst galaxy region since 78%
of the galaxies fall into this category. In addition, no evident flattening was found in the relation to specific SFR with redshift for
log M∗(M⊙) ≳ 10.5. In line with the M∗–metallicity relation (MZR) outcomes published in previous studies for optically selected
SFGs, however, during the analysis of the MZR, it was found that IR-selected SFGs exhibit lower metallicities than those anticipated
on the basis of their M∗ and redshift. During the investigation of the 3D M∗–SFR–metallicity relation (FP), it was established that the
research sample is consistent with relations in the existing literature, with an average scatter of ∼ 0.2 dex. However, a re-calibration
of the FP when using the SFR obtained from the IR luminosity is required and, in this case, no attenuation in the correlation for
log M∗(M⊙) ≳ 10.5 is observed. This result points to a possible evolution of the more massive fraction of the sample in the sense of
decreasing the present-day star formation with respect to the averaged star formation in the past.

Key words. galaxies: fundamental parameters – galaxies: evolution – galaxies: star formation – techniques: spectroscopic

1. Introduction

Studying the evolution of galaxies is challenging, since it in-
volves possible variations with redshift of relationships involv-
ing global indicators, such as star formation rate (SFR), metal-
licity (Z), stellar mass (M∗) and other related parameters. Esti-
mating these indicators, each with its specific uncertainties and

intrinsic limitations, is a difficult task, as is shown later in this
paper.

Extensive research on the evolution of the main sequence
(MS), comparing star formation rate (SFR) and stellar mass
(M∗), has been undertaken. Numerous studies, such as those of
Brinchmann et al. (2004); Speagle et al. (2014); Popesso et al.
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(2023), have investigated this indicator, including Cedrés et al.
(2021), who found no evolution of this indicator, even for low-
mass galaxies below z ≃ 1.43.

The mass–metallicity relationship (MZR), which reflects
the enrichment of galactic gas compared to the mass within
stars, serves as an additional observational indicator of evolu-
tion (Duarte Puertas et al. 2022, and references therein). The
results so far obtained indicate that metallicity rises with M∗
and cosmic time (for example, Sanders et al. 2021), and is in-
versely correlated with SFR, as evidenced by the fundamental
mass–metallicity–SFR (FP or FMR) relationship (Lara-López
et al. 2010; Mannucci et al. 2010). The MZR definition suggests
that gas accretion, outflows and metal astration probably influ-
ence it, but it could also be affected by factors such as downsiz-
ing or infrared (IR) luminosity. However, its possible evolution
remains uncertain. For instance, at the lower redshift (z ∼ 0.4)
and low-mass end

(
log (M∗) < 8

)
, Nadolny et al. (2020) found no

evidence of MZR evolution. This was also confirmed at higher
redshifts up to z = 2.3 by Cresci et al. (2019) and up to z = 3.3
by Sanders et al. (2021), including the low-mass end. However,
according to Pistis et al. (2022), the MZR is subject to biases re-
sulting from S/N ratio and quality flags in the spectra, leading to
overestimated metallicities or to the selection of high-metallicity
galaxies. These authors, however, observed that the relationship
between metallicity and specific SFR (sSFR) is relatively insen-
sitive to such biases. Nevertheless, Henry et al. (2021) found
evolution in MZR and FMR at redshifts 1.3 < z < 2.3 using
a larger sample than those of previous authors, and extended to
low mass galaxies. In addition, these authors confirmed this evo-
lution for a sub-sample of galaxies with high S/N spectra.

The situation described above is even more complex for far-
IR (FIR) selected galaxies. Luminous infrared galaxies (LIRGs)
and ultra-luminous infrared galaxies (ULIRGs) are galaxies with
total infrared luminosities (LTIR, from 8 to 1000 µm) between
1011–1012 and 1012–1013 solar luminosities (L⊙), respectively.
Both LIRGs and ULIRGs are considered interacting/merging
or post-merger galaxies (see for example, Kilerci Eser et al.
2014; Pereira-Santaella et al. 2019; Nadolny et al. 2023, and
references therein). From a sample of nine (U)LIRGs at red-
shifts 0.2 < z < 0.4, Pereira-Santaella et al. (2019) concluded
that 10–25% are isolated discs and the rest interacting or merg-
ing systems, with SFR(Hα) ∼ SFR(LTIR) but with interstellar
medium (ISM) conditions different from those in local galax-
ies. From a sample of 20 LIRGs at low–intermediate redshifts
(0.25 < z < 0.65) that were classified to be in the regime be-
tween normal and starburst galaxies, however, Lee et al. (2017)
concluded that only 10% show signs of interaction. From a sam-
ple of 118 local ULIRGs with mean redshift z ≃0.18 selected
from SDSS DR10, Kilerci Eser et al. (2014) found that SFR(Hα)
is in mean 8 times lower that SFR(LTIR), and that Z determined
from optical lines using R23 (see Section 5.2) is on average about
0.3 dex lower with respect to local SDSS galaxies. From a study
of five local ULIRGs, however, Chartab et al. (2022) claim that
the lower metallicity observed in ULIRGs is an artefact origi-
nating from metallicity determinations using optical instead of
FIR lines. Nevertheless, determining metallicity using FIR lines
remains controversial. Herrera-Camus et al. (2018) still reports
lower metallicity in (U)LIRGs, even when using FIR lines. This
is in contrast to Chartab et al. (2022), who used different lines.

The objective of this paper is to study the relations among
different determinations of SFR, M∗ and metallicity for a statis-
tically significant sample of star-forming galaxies(SFGs) at in-
termediate redshifts, selected according to their IR emission and
having a robust redshift determination. The study will further

analyse possible differences with respect to optically selected
samples, other LIRG-selected samples and their possible evo-
lution.

This paper is organized as follows. In Section 2 the data
available for this work are presented. The different methods of
discriminating SFGs with respect to active galactic nuclei (AGN)
are described in Section 3. The extinction correction adopted is
explained in Section 4. Sections 5 and 6 explain the different gas
metallicity and SFR estimators, respectively. Section 7 presents
the results of the global indicators MS, MZR and FP. Finally, our
conclusions are given in Section 8. Throughout the paper, mag-
nitudes are given in the AB system (Oke & Gunn 1983). The
cosmological parameters adopted are: ΩM = 0.3, ΩΛ = 0.7, and
H0 = 70 km s−1 Mpc−1. We assume a Chabrier (2003) initial
mass function (IMF) for the estimation of both SFR and M∗.

2. Data selection

The data used in this paper are drawn from the Lockman–
SpReSO project described in Gonzalez-Otero et al. (2023), to
which the reader is referred for a detailed description of the ob-
servations, reduction and catalogue compilation. Further details
on the optical and FIR wavelength coverage, fluxes, optical spec-
tral resolution, area covered and ancillary data available are also
explained in Gonzalez-Otero et al. (2023).

In summary, the Lockman–SpReSO project involves an opti-
cal spectroscopic follow-up of 956 sources selected by their FIR
flux using Herschel Space Observatory data. In addition, 188 ob-
jects of interest, with a limiting magnitude in the Cousins R band
(RC) of RC < 24.5 mag and all located in the Lockman Hole
field were included in the sample. The spectroscopic observa-
tions were conducted using the WHT/A2F-WYFFOS1 (Domín-
quez Palmero et al. 2014) and WYIN/HYDRA2 instruments for
objects within the brighter subset of the catalogue (RC < 20.6
mag). While for objects in the fainter subset (RC > 20 mag),
GTC/OSIRIS3 (Cepa et al. 2000) was used.

Of the 1144 sources of Lockman–SpReSO, spectroscopic
analysis allowed the determination of spectroscopic redshift for
456 objects, where 357 come from objects with at least two iden-
tified spectral lines and 99 were obtained using only one spec-
tral line secured using all available photometric information. To
ensure a robust determination, we have used the available pho-
tometric bands information, generally from FUV to FIR (see ap-
pendix A in Gonzalez-Otero et al. 2023), the photometric red-
shifts available in the literature, and the intensity and shape of the
spectral line. In this paper we analyse the 456 regardless of how
the redshift was obtained. Furthermore, with the spectroscopic
redshifts obtained, Gonzalez-Otero et al. (2023) conducted spec-
tral energy distribution (SED) fitting using the available photo-
metric data spanning from the ultraviolet to the FIR wavelength
range. This was carried out using the CIGALE software (Code
Investigating GALaxy Emission, Burgarella et al. 2005, Boquien
et al. 2019). In particular, this SED fitting method provides more
accurate measurements of M∗ and LTIR than previous determi-
nations also derived from SED fittings but based on photometric
redshifts.

The Lockman–SpReSO project catalogue includes a set of
sources that were not selected based on their infrared emis-
sion. These objects were added to complement the observational
masks and are also of interest. The selection comprises radio

1 https://www.ing.iac.es/Astronomy/instruments/af2
2 https://www.wiyn.org/Instruments/wiynhydra.html
3 http://www.gtc.iac.es/instruments/osiris/osiris.php
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Fig. 1. Distributions of the spectroscopic redshift, LTIR and M∗. In grey the sample of 409 objects collected from the Lockman–SpReSO catalogue
with a determined spectroscopic redshift is represented. The objects selected as SFG are represented in red (see Sect. 3 for details).

galaxies, obscured quasars, and distant galaxies that were ini-
tially thought to be X-ray binaries and cataclysmic star candi-
dates (for more details see Gonzalez-Otero et al. 2023) Out of
the 456 objects with determined spectroscopic redshift in the
catalogue, 47 belong to this sample of non IR selected objects.
Therefore, for the purpose of this work, they must be removed
from the studied sample.

Thus, for the development of this work we selected 409 ob-
jects for which the spectroscopic redshift had been determined,
spanning the range 0.03 ≲ z ≲ 4.96 with a median redshift of 0.6.
In this sample, 54% of the sources are LIRGs, 6% ULIRGs and
1% hyper-luminous infrared galaxies (HLIRGs, LTIR > 1013 L⊙)
with a median value log LTIR(L⊙) = 11.1. The M∗ of this sample
lies in the range 8.23 ≲ log M∗(M⊙) ≲ 12.1 with a median value
log M∗(M⊙) = 10.26. The distributions of these properties are
shown in Fig. 1, where the sample of 409 objects is represented
by the grey distribution. In addition, a signal-to-noise ratio (S/N)
greater than 3 was applied to all spectroscopic lines used in the
subsequent sections.

3. Star-forming galaxies and AGN discrimination

The sample selected in the previous section did not differentiate
between SFGs and AGNs. However, for the study proposed in
this article, it is essential to distinguish between AGNs and SFGs
in order to calculate accurately the extinction, SFR and metallic-
ity. The investigation of the AGN population in the Lockman–
SpReSO project will be presented in separate papers scheduled
for imminent publication.

To classify the objects as AGNs or SFGs, we used a combina-
tion of photometric, spectroscopic, and SED fitting data gathered
from Gonzalez-Otero et al. (2023), as described below. Photo-
metric criteria, based on X-ray and IR information of the objects,
were utilized, along with spectroscopic criteria, which involved
analyzing spectral lines to perform this classification.

3.1. Photometric criteria

3.1.1. X-ray discrimination criteria

The use of X-ray data to differentiate between SFG and active
galactic nuclei is common practice. The strong X-ray emission
from the accretion disc regions surrounding the central black
holes serves as a robust indicator of the nature of the objects.
One of the initial studies in this area was conducted by Maccac-
aro et al. (1988), who used the ratio of X-ray-to-optical flux (X/O

ratio) as a means of distinguishing AGN from other sources of X-
ray emission. Subsequent studies have also used the X/O ratio to
differentiate AGN from other X-ray sources (Stocke et al. 1991;
Lehmann et al. 2001; Szokoly et al. 2004; Xue et al. 2011; Luo
et al. 2017; Chen et al. 2018; Ramón-Pérez et al. 2019; Elías-
Chávez et al. 2021).

In our study, we adopted the criterion described by Luo et al.
(2017), who conducted research within the spectroscopic red-
shift range of 0 ≲ z ≲ 5. In their work the X/O ratio is given
by:

log X/O = log FX + 0.4 RC + 4.77 > −1,

where FX is the X-ray flux within the range 0.2–12 keV and
RC is the magnitude in the RC band, which is used as a tracer
for the optical flux. The X-ray data of the sample were obtained
from observations made by the XMM-Newton space telescope
over the Lockman field and the 4XMM-DR10 catalogue (Webb
et al. 2022).

The left panel of Fig. 2 shows the X-ray flux versus the RC
magnitude. The dashed lines mark the regions where log X/O >
−1 and log X/O > 1. Using the above criterion, we have clas-
sified objects above the log X/O > −1 threshold as AGN. The
colour code in the figure represents the spectroscopic redshift
of the objects. This diagnostic diagram classified 21 objects as
AGN.

The ratio between the X-ray flux and the near-IR flux (X/NIR
ratio), using the Ks band as an indicator of the NIR (Luo et al.
2017), could also be used to separate AGN from SFGs. The cri-
terion for this separation is defined as:

log X/NIR = log FX + 0.4 Ks + 5.29 > −1.2

The outcome after applying this criterion is shown in the right
panel of Fig. 2, where the X-ray flux is plotted against the Ks
magnitude. The dashed lines represent the limits in the X/NIR ra-
tio, and the colour code in the figure represents the spectroscopic
redshift. Following the definition in Luo et al. (2017), the objects
in the range log X/NIR > −1.2 were categorised as AGN. A total
of 21 objects were classified as AGN using this criterion.

The final criterion applied using X-ray information is that de-
fined by Xue et al. (2011), who defined a threshold for the X-ray
luminosity (LX) to distinguish AGN from other X-ray sources.
According to this criterion, any source with LX ≥ 3 × 1042 erg/s
is classified as an AGN. In Fig. 2 this criterion is represented
by red circles over the points. The application of this criterion
resulted in the classification of 24 objects as AGN. A total of
25 unique objects were classified as AGN by at least one of the
above criteria based on X-ray information.
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Fig. 2. AGN classification based on X/O and X/NIR ratios. The left panel illustrates the relationship between X-ray flux (0.2 to 12 keV) and RC
magnitude. Dashed lines represent the thresholds for log (X/O) > −1 and log (X/O) > 1, with objects above log (X/O) > −1 classified as AGN.
Red circles highlight points meeting the AGN criterion LX > 3 × 1042 erg s−1 of Xue et al. (2011). Colour coding indicates the spectroscopic
redshift of the objects. The right panel displays the X-ray flux plotted against Ks magnitude. Objects above the log (X/NIR) > −1.2 threshold are
categorised as AGN. Red circles and colour coding remain consistent with the left panel.

3.1.2. Infrared discrimination criteria

One of the characteristics of AGN that helps us to distinguish
them from SFGs is the fact that they tend to be redder in the
NIR and MIR. This is because the SED of AGN from the UV
down to ∼ 5 µm is usually dominated by a power-law continuum,
whereas SFGs show a black-body continuum with a peak above
∼ 1.6 µm due to the underlying stellar population (Stern et al.
2005).

Using the above information, investigations have been car-
ried out using the IR information to separate AGN from SFGs.
Donley et al. (2012) used the four Spitzer/IRAC bands (3.6, 4.5,
5.8, and 8.0 µm) to distinguish AGN from SFGs, by updating the
Lacy et al. (2004) and Stern et al. (2005) criteria, which suffer
from contamination by normal SFGs in deep IRAC data. They
defined an empirical region where AGN lie in the Spitzer/IRAC
colour space:

x ≥ 0.08; y ≥ 0.15

y ≥ 1.21 x − 0.27

y ≤ 1.21 x + 0.27

f4.5 µm > f3.6 µm; f5.8 µm > f4.5 µm; f8.0 µm > f5.8 µm

where x = log
(

f5.8 µm/ f3.6 µm
)

and y = log
(

f8.0 µm/ f4.5 µm
)
. The

definition of this criterion is independent of the redshift within
the sample under study. In Fig. 3 we plot the above flux ratios
and the region defined by Donley et al. (2012) where the objects
are classified as AGN. Based on the results of this diagnostic
diagram, 19 objects were classified as AGN.

The criterion developed by Messias et al. (2012) has been
further applied to the sample. This criterion is a classification
method that uses information from the Spitzer/IRAC 4.5 and 8.0
µm bands, and the 24 µm Spitzer/MIPS band to define a region
where the AGN would be found, called the IRAC-MIPS criterion
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Fig. 3. Criteria for separating AGN from SFGs, using Spitzer/IRAC
bands, updated by Donley et al. (2012). The x-axis represents the ra-
tio of fluxes in the 5.8 µm and 3.6 µm bands, while the y-axis represents
the ratio of fluxes in the 8.0 µm and 4.5 µm bands. The area bounded
by the black dashed lines corresponds to the selection criterion defined
by Donley et al. (2012). The colour coding represents the spectroscopic
redshift of the objects. The average 1σ size is shown in red at the bottom
right.

(“IM” criterion), with an additional criterion based on the Ks
band (“KIM” criterion):

[8.0] − [24] > −2.9 ([4.5] − [8.0]) + 2.8

[8.0] − [24] > 0.5

Ks − [4.5] > 0

where [4.5], [8.0], [24], and Ks are the AB magnitudes in the
4.5 and 8.0 µm IRAC bands, the 24 µm MIPS band, and the Ks
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Fig. 4. Separation criteria from Messias et al. (2012) using the
Spitzer/IRAC 4.5 and 8.0 µm bands, the Spitzer/MIPS 24 µm band,
and the Ks band. The dashed line outlines the area where AGN could
be found based on the IM criteria. The red empty circles indicate the
objects that also met the KIM criteria. The colour coding represents the
spectroscopic redshift of the objects. The average 1σ size is shown in
red at the bottom left.

band, respectively. This criterion minimizes the contamination
of the selected AGN sample by normal and SFGs at low red-
shifts thanks to the addition of the criterion using the Ks band,
while it strongly separates SFGs from AGN at high redshifts.
The fact that it is independent of redshift fits perfectly with the
Lockman–SpReSO data, since the sample is not constrained by
redshift. In Fig. 4 we plot the colour between the 4.5 and 8.0 µm
bands against the colour between the 8.0 and 24 µm bands. The
dashed line represents the area defined by the IM criterion and
the objects with and empty red circle are those that also satisfied
the KIM criterion. Thus, using the Messias et al. (2012) criterion,
a total of 17 objects were classified as AGN. This leaves a total
of 26 unique objects classified as AGN using the IR photometric
discrimination criteria.

3.2. Spectroscopic criteria

Spectral emission lines emanating from intricate interactions be-
tween photons and ionized atoms serve as diagnostics of the ion-
ization sources, chemical composition and physical conditions
within galaxies. In the context of distinguishing between AGN
and SFGs, the precise identification of ionization mechanisms
becomes particularly crucial.

One of the most widely used diagrams for this purpose,
based on spectral emission lines, is the well-known Baldwin,
Phillips & Terlevich (BPT) diagram (Baldwin et al. 1981). This
diagram uses the ratios of optical emission lines to distinguish
between SFGs and AGN, where the most common ratios are
[O iii]λ5007/H β and [N ii]λ6584/Hα. AGN exhibit a higher
[O iii]λ5007/H β ratio owing to intense radiation from the ac-
cretion disc whereas SFGs have a lower [O iii]λ5007/H β ra-
tio, as their emission lines are mainly influenced by ionization
from young stars. Similarly, the [N ii]λ6584/Hα ratio is higher
in AGN compared to SFGs, a result of stronger emission lines
from the ionized gas around the black hole, leading to distinc-
tive regions occupied by AGN and SFGs in this diagram.
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Fig. 5. Representation of the BPT diagram defined by Baldwin et al.
(1981) to separate SFGs from AGN. The orange, blue and black dashed
lines represent the Stasińska et al. (2006), Kauffmann et al. (2003) and
Kewley et al. (2001) selection criteria, respectively. The red solid lines
represent the Kewley et al. (2013) selection criteria for redshifts 0, 0.15,
0.3, and 0.5. The colour coding represents the spectroscopic redshift of
the objects. The average 1σ size is shown in red at the bottom left.

Figure 5 shows the BPT diagram for the sample of objects
from Lockman–SpReSO used in this paper. The criteria from
Kewley et al. (2001), Kauffmann et al. (2003), Stasińska et al.
(2006), and Kewley et al. (2013) to separate SFGs from AGN are
shown. The Kewley et al. (2001) criterion is the least restrictive
for SFGs, allowing composite galaxies to be included in the se-
lection. Criteria such as those of Stasińska et al. (2006) or Kauff-
mann et al. (2003) are more restrictive and filter out SFGs more
efficiently. We decided to use the Kewley et al. (2013) selection
criterion, since it takes into account the evolution of the line ra-
tios with redshift. This is especially important for our sample,
which extends up to a z ∼ 0.5, and the Kewley et al. (2013) cri-
terion allowed us to better separate SFGs from AGN. According
to this diagnostic diagram, 26 objects were classified as SFGs
and 19 objects were classified as AGN or composite galaxies.

As a complement to the BPT diagram, the classification di-
agram developed by Cid Fernandes et al. (2010), named the
EWαn2 diagram, is very valuable for objects with a limited num-
ber of emission lines available. This method uses only the Hα
line and the [N ii] line. Using these two lines, a degeneracy ap-
pears between Seyfert and AGNs which the authors solved by
adding the Hα rest-frame equivalent width (EW). The separa-
tion between SFGs and AGNs is established by criteria based
on the [N ii] / Hα ratio (Kewley et al. 2001; Kauffmann et al.
2003; Stasińska et al. 2006). In this case, we adopted the more
restrictive criteria of Stasińska et al. (2006), which define SFGs
to occupy the region with log [N ii]/Hα ≤ −0.4, and AGN are
defined to be in the region with log [N ii]/Hα ≥ −0.2. Figure
6 shows the sample objects on the EWαn2 diagram, where the
different separation criteria mentioned above have been marked.
The application of this diagnostic diagram resulted in the classi-
fication of 31 objects as not being SFGs.

In summary, compiling all the results, we have obtained 25
objects classified as AGN using X-ray-based criteria, 26 using
IR-based criteria, and an additional 33 AGN based on spectro-
scopic criteria. This yields a total of 69 unique objects classi-
fied as not SFGs from the sample of 409 objects taken from
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Fig. 6. EWαn2 criterion defined by Cid Fernandes et al. (2010) for the
classification of SFGs and AGN. The Stasińska et al. (2006) criterion
(blue dashed line) has been adopted for the separation, as it is the most
restrictive for SFGs. The Kauffmann et al. (2003, red dashed line) and
Kewley et al. (2006, black dashed lines) criteria are also shown. The
colour coding represents the spectroscopic redshift of the objects. The
average 1σ size is shown in red at the bottom right.

the Lockman–SpReSO catalogue, representing 17% of the sam-
ple. This value is slightly higher than the values of 11.4% and
11.5% found by Lara-López et al. (2013a) for the SDSS and
GAMA surveys, respectively. However, this result is highly de-
pendent on the selection criteria of the initial sample. Sabater
et al. (2019) revealed that 20% of their radio-galaxy sample with
a counterpart in SDSS were AGN, whilst Magliocchetti et al.
(2018) found for the VLA-COSMOS catalogue that 33% of the
galaxies were AGN. The spectroscopic redshift, that spans the
range 0.03 ≲ z ≲ 1.52 with a median value ∼ 0.6, LTIR, and M∗
distributions of the SFG selected are shown in the Fig. 1, where
they are marked in red.

4. Extinction correction

In the study of galaxies, spectral lines serve as invaluable tools,
providing crucial information about their physical properties,
chemical composition, and ionization processes. Nonetheless,
accurate interpretation of spectral lines can be significantly hin-
dered by the presence of extinction effects caused by interstellar
dust within the galaxies themselves. Extinction occurs when dust
particles in the interstellar medium absorb and scatter light, lead-
ing to a reddening of the observed spectra. This reddening effect
can introduce systematic biases in the measurements of emission
lines, potentially misleading the derived physical parameters of
galaxies, such as SFR and metallicities.

Correcting for extinction effects therefore becomes of
paramount importance in obtaining reliable and precise measure-
ments of emission lines. In this section, we present our method-
ology for correcting extinction in the spectral lines of galaxies.

4.1. Stellar absorption of underlying older components

Before tackling the task of extinction correction, we need to con-
sider the contribution of the old stellar population to line mea-
surements. One of the properties of this type of stellar population
is absorption in the Balmer series lines, which is often superim-

posed on the emission lines produced by the excitation of gas by
the hotter, younger stars.

To correct for this effect, we have adopted the criterion of
Hopkins et al. (2003, 2013), using a constant value of 2.5 Å for
the EW correction, EWc, to account for the absorption contri-
bution arising from the underlying stellar population. It is im-
portant to note that this form of correction is recommended pri-
marily for cases where it is desired to study the properties of a
large sample of objects as a whole. For detailed analyses of in-
dividual objects, more refined measurements of the underlying
absorption should be preferred.

Correction of the Balmer line fluxes for the effect of the un-
derlying stellar absorption has been performed using:

F = Fobs

(
1 +

EWc

EW

)
, (1)

where F is the underlying absorption-corrected flux, Fobs is the
observed flux of a Balmer line, EWc is the applied correction of
2.5 Å, and EW is the equivalent width of the line.

4.2. Extinction calculation

To perform the extinction correction on the emission lines of
SFGs, we have made use of the empirical relationships estab-
lished by Calzetti et al. (1994), who state that the intrinsic flux
(Fint) at a given wavelength (λ) can be obtained as follows

Fint(λ) = F(λ) 100.4 A(λ) = F(λ) 100.4 k(λ) E(B−V), (2)

where F(λ) is the observed flux at that wavelength corrected for
the underlying stellar absorption, A(λ) is the extinction at that
wavelength, and k(λ) is the reddening curve evaluated at that
wavelength. In this work we have used the reddening curve de-
fined by Calzetti et al. (2000). Finally, E(B − V) is the colour
excess; that is, the variation that the B − V colour suffers due to
the effect of the dust.

The estimation of the extinction from the Balmer decrement
of the emission lines observed in the spectra of the objects is
one of the most reliable methods because, for a fixed electronic
temperature, quantum physics gives the theoretical values for the
ratios of the lines. Thus, the colour excess is obtained using the
Hα/Hβ ratio:

E(B − V) =
2.5

k(λHβ) − k(λHα)
log10

(
(Hα/Hβ)obs

(Hα/Hβ)th

)
, (3)

where k(λHβ) and k(λHα) are the values of the reddening curve
evaluated at Hβ and Hα wavelengths, respectively; (Hα/Hβ)obs
is the observed Balmer decrement, and (Hα/Hβ)th 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 (Hα/Hβ)th = 2.86 is defined for an electron temperature
T = 104 K and an electron density ne = 102 cm−3.

The sample of SFGs has a redshift distribution with a me-
dian value of ∼ 0.6, which means that more than half of the
sample does not have the Hα line available because it is outside
the spectral range covered for objects at redshifts ≳ 0.5. Other
orders of the Balmer decrement are proposed to calculate the ex-
tinction; for example, the ratio Hβ/Hγ. The theoretical value for
this ratio, defined under the recombination Case B of Osterbrock
(1989), is (Hβ/Hγ)th = 2.13. Subsequent orders of the Balmer
decrement were not considered because the lines are weaker and
usually have a low S/N ratio.
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Figure 7 shows the distributions and the relation for the E(B−
V) obtained using the Hα/Hβ and Hβ/Hγ ratios. The number
of sources for which the E(B − V) can be obtained is limited.
Therefore, we have considered other ways of calculating E(B −
V) for the extinction correction.

From the SED fits performed by Gonzalez-Otero et al.
(2023) using CIGALE (the CIGALE configuration is depicted in
their appendix B), the E(B−V) of the nebular lines was obtained
for each source. CIGALE also performs a parameter determina-
tion by Bayesian inference, taking into account all the models
with which an attempt has been made to fit the SED of an object.
This value obtained from Bayesian inference is the one we have
taken as E(B − V). The relation with the other tracers and the
distribution obtained for the E(B − V) provided by the SED fits
using CIGALE can be seen in Figure 7.

The ultimate method to measure E(B − V) is based on the
IR/UV ratio. By investigating the balance between the IR and
UV wavelengths, one can gain an understanding of the extinc-
tion phenomenon as the dust absorbs the UV radiation from hot
stars and re-emits it in the IR spectrum. We adopt the parameter-
isation method developed by Hao et al. (2011) to determine the
colour excess, and this is accomplished by using the IR/UV ra-
tio. This method provides a colour excess for the continuum and
for comparing it with the one obtained previously, a commonly
used conversion factor is applied:

E(B − V)c = 0.44 × E(B − V), (4)

where E(B − V)c represents the colour excess of the continuum.
Figure 7 shows the distribution obtained and the comparison
with the other tracers studied. The E(B−V) value obtained from
the SED fits with CIGALE is the one used to correct for the ex-
tinction of the line fluxes (Eq. 2) used in the following sections
of the paper. Moreover, it is in good agreement with the IR/UV
tracer, as shown in Fig. 7.

5. Gas phase metallicities estimation

In this section, we examine the calibrations used to determine
the gas-phase metallicity of the SFGs in our sample. This deter-
mination is based on the oxygen abundance, 12 + log (O/H).

The direct method of estimating the electron temperature
(Te) of the ionized gas requires achieving high resolution and
S/N ratio. However, this method uses weak auroral lines such
as [O iii] λ4363 or [N ii] λ5755, which are difficult to observe,
so other methods have been proposed. Some of them are em-
pirical calibrations of the Te method, while others are based on
photoionisation models. This variety of methods leads to a lack
of universality in the metallicity calibrator. In addition, the dis-
crepancies introduced by the variations between methods lead to
deviations in the fundamental metallicity relation and its associ-
ated projections, adding complexity to the study.

5.1. Empirical methods

One of the empirical methods analysed in this study is the Pilyu-
gin & Grebel (2016, hereafter P16) calibration, which derives
the abundance of oxygen using the intensities of strong emission
lines in H ii regions. They separated the calculation of the metal-
licity for the upper and lower branches characteristic of the meth-
ods based on oxygen determination. The upper branch is thus
defined as log (N2) < −0.6, where N2 = [N ii] λλ6548, 84/Hβ.

The metallicity equation is

12 + log (O/H) = 8.589 + 0.022 log (R3/R2) + 0.399 log (N2)
+

(−0.137 + 0.164 log (R3/R2) + 0.589 log (N2)
)

log (R2) .
(5)

The lower branch definition is log (N2) > −0.6 and the metallic-
ity equation is:

12 + log (O/H) = 7.932 + 0.944 log (R3/R2) + 0.695 log (N2)
+

(
0.970 − 0.291 log (R3/R2) + 0.19 log (N2)

)
log R2. (6)

In both equations the coefficients are R2 = [O ii] λλ3727, 29/Hβ
and R3 = [O iii] λλ4959, 5007/Hβ. The distribution of the metal-
licity obtained is plotted in the left panel in the upper row in Fig.
8.

The relationship derived by Pettini & Pagel (2004, hereafter
PP04) is the second empirical tracer we studied based on the
O3N2 estimator. It is particularly useful because it can be ap-
plied to high-redshift galaxies, as it employs spectral lines that
are in close proximity to one another, eliminating the need for
complex procedures such as extinction corrections or flux cal-
ibrations, which are challenging when observing high-redshift
galaxies in the infrared. Their parameterisation of the metallic-
ity is:

12 + log (O/H) = 8.73 − 0.32 × O3N2, (7)

where O3N2 = log
[
([O iii] λ5007/Hβ) / ([N ii] λ6584/Hα)

]
and

is valid only for galaxies with O3N2 < 2. The result is plotted in
the middle panel of the upper row in Fig. 8.

5.2. Theoretical photoionisation models-based methods

Tremonti et al. (2004, hereafter T04) developed an objec-
tive calibration of oxygen abundance by fitting the most in-
tense emission lines in the optical range with theoretical
model approaches. The fitting models were created by com-
bining single stellar population (SSP) models from Bruzual &
Charlot (2003) with photoionisation models from CLOUDY
(Ferland et al. 1998). The parameterisation of the oxygen
abundance is based on the R23 estimator, where R23 =
([O ii] λλ3727, 29 + [O iii] λλ4959, 5007) /Hβ. The metallicity is
calculated using the following equation:

12 + log (O/H) = 9.185 − 0.313 x − 0.264 x2 − 0.321 x3 (8)

where x = log (R23) and is valid only for the upper branch of
the double-valued R23-abundance relation. The previous defini-
tion of the upper branch is not applicable to objects with redshift
z ≳ 0.45, as the [N ii] lines lie outside the Lockman–SpReSO
spectra. To differentiate between the upper and lower branches,
we have set the criteria defined by the region log R23 > 0.85 and
log M∗ < 9.3 for the upper branch. The motivation for these cri-
teria can be found in Appendix A. The right panel in the upper
row in Fig. 8 shows the metallicity distribution obtained.

The metallicity estimates derived from the R23 estimator,
enable the calculation of metallicity for a larger number of
Lockman–SpReSO objects, owing to the use of shorter wave-
length spectral lines that are still visible in the optical, for objects
at higher redshifts.

The Kobulnicky & Kewley (2004, hereafter KK04) param-
eterisation is an iterative technique for determining the oxygen
abundance that also relies on the R23 estimator. The R23 calibra-
tor is sensitive to the ionization state of the gas, characterized by
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the ionization parameter (q), which is the number of hydrogren-
ionizing photons passing through a unit area per second divided
by the hydrogen density of the gas. The ionization parameter is
determined through the [O ii]/[O iii] ratio of lines, which is in
turn influenced by the metallicity of the gas, through the subse-
quent equation:

log q =
[
32.81 − 1.153 y2

+
[
12 + log (O/H)

] (−3.396 − 0.025 y + 0.1444 y2
)]

×
[
4.603 − 0.3119 y − 0.163 y2

+
[
12 + log (O/H)

] (−0.48 + 0.0271 y + 0.02037 y2
)]−1
,

(9)

where y = log ([O iii] λ5007/ [O ii] λ3727). An initial metallic-
ity value is required for the ionization parameter calculation.
To determine it, we analyse which branch the object belongs
to, according to the already established criteria, and assign an
initial value of 12 + log (O/H)= 8.2 for the lower branch and
12 + log (O/H)= 8.7 for the upper branch. The obtained ioniza-
tion parameter value is then used to determine the metallicity via
the following parameterisation:

12 + log (O/H)lower = 9.40 + 4.65 x − 3.17 x2

−
(
0.272 + 0.547 x − 0.513 x2

)
log q, (10)
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12 + log (O/H)upper = 9.72 − 0.777 x − 0.951 x2 − 0.072 x3

− 0.811 x4 −
(
0.0737 − 0.0713 x − 0.141 x2

+0.0373 x3 − 0.058 x4
)

log q, (11)

where x = log R23, and upper and lower sub-indices indicate the
branch. This process is repeated until 12 + log (O/H) converges.
The obtained distribution is shown in the left panel in the bottom
row of Fig. 8.

Finally, we implemented the Dopita et al. (2016, hereafter
D16) criterion to determine the oxygen abundance. This method-
ology utilizes lines which are redder than those used in the pre-
viously mentioned techniques, namely Hα, [N ii]λ6484 and the
[S ii] λλ 6717,31 doublet. These lines are also similar in wave-
length, hence extinction correction can be neglected. The com-
putation of metallicity is thus established by the following rela-
tion:

12 + log (O/H) = 8.77 + y + 0.45 (y + 0.3)5, (12)

where y = log ([N ii]/[S ii]) + 0.264 log ([N ii]/Hα). The left
panel in the bottom row in Fig. 8 shows the distribution obtained.

6. Star Formation rate

6.1. Spectral lines

The Hα line is the primary SFR indicator in the optical range of
the local universe. The emission of the Hα line originates from

the H ii regions, wherein massive newly formed stars ionize the
gas, resulting in the production of Balmer and other emission
lines. The Hα emission is moreover uninfluenced by the metal-
licity of the gas or the star formation history. There are many
calibrations that use the Hα flux to determine the SFR. One of
the most commonly used methods, and the one adopted in this
paper, is the calibration proposed by Kennicutt & Evans (2012):

log
[
SFR

(
M⊙ yr−1

)]
= log

[
LHα

(
erg s−1

)]
− 41.27. (13)

However, the Hα line falls outside the optical spectrum for ob-
jects with redshifts z ≳ 0.5. The majority of objects in the
Lockman–SpReSO sample have higher redshifts, so we have to
rely on other spectral lines to calculate the SFR. The Hβ line,
available for objects up to redshift z ∼ 1, can be used as a tracer
of SFR. Assuming a relation with the Hα line, typically under
the recombination Case B of Osterbrock (1989), the same used
for extinction correction, the SFR derived using Hβ is:

log
[
SFR

(
M⊙ yr−1

)]
=

log
[
LHβ

(
erg s−1

)]
− 41.27 + log 2.86, (14)

where the 2.86 factor is the theoretical value for the Hα/Hβ ratio
in the supposed recombination Case B.

Under the same considerations, the SFR can be determined
from the Hγ line flux. This line is observable for objects with a
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redshift of up to z ∼ 1.3; however, it is comparatively fainter,
more affected by extinction and less detectable in the Lockman–
SpReSO spectra. The equation for determining the SFR is:

log
[
SFR

(
M⊙ yr−1

)]
=

log
[
LHγ

(
erg s−1

)]
− 41.27 + log 2.86 + log 2.13, (15)

where 2.13 is the theoretical values for the Hβ/Hγ ratio in the
supposed recombination Case B.

Another spectral line that can be utilized to determine the
SFR is the [O ii] λλ3726, 29 doublet, which appears in the same
regions as Hα and represents similar star formation timescales.
However, it is less correlated with the emission created by the
ionization of gas from massive stars. On the other hand, extinc-

tion in the region where this doublet is located is significant and
depends greatly on the metallicity and the ionization parame-
ter. Nevertheless, there are parameterisations that use the [O ii]
flux to determine the SFR with good results. For this research,
we have adopted the parameterisation obtained by Figueira et al.
(2022), who took into account the metallicity of their SFG sam-
ple for their study. The equation is:

log
[
SFR

(
M⊙ yr−1

)]
= 0.96 log

[
L[O ii]

(
erg s−1

)]
− 39.69. (16)

6.2. CIGALE data products

Indicators based on photometric luminosity in selected bands are
also used as tracers for SFR. One of the most commonly used is
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LTIR, based on energy balance studies: UV emission from the
hottest stars, absorbed by dust, is re-emitted in the IR regime
of the electromagnetic spectrum. It should be noted that the
timescale of the SFR studied using LTIR is greater (∼ 100 Myr)
than that derived from the optical spectral lines (∼ 10 Myr).

In this paper we use the relationship between SFR and LTIR
described by Kennicutt & Evans (2012). The mathematical ex-
pression is:

log
[
SFR

(
M⊙ yr−1

)]
= log

[
LTIR

(
erg s−1

)]
− 43.41, (17)

where LTIR was obtained from the paper of Gonzalez-Otero et al.
(2023). They performed a SED-fitting process on the Lockman–
SpReSO objects, from which, among other parameters, LTIR was
obtained.

Among the results given by CIGALE there is also an esti-
mate of the SFR. CIGALE provides the estimate of the instanta-
neous SFR and the SFR averaged over 10 and 100 Myr. For com-
parison with the results obtained with the spectral lines and the
LTIR, we have selected the SFR averaged over 10 and 100 Myr,
respectively.

Figure 9 shows the results obtained for the SFR with the dif-
ferent methods analysed in this section. The histograms repre-
sent the distributions obtained by each method, while the plots
show the relationships between the different tracers. As we have
already mentioned, we need to bear in mind that the SFR de-
rived from spectral lines study very similar time ranges (0–10
Myr), whereas the SFR derived from LTIR studies longer times
(0–100 Myr), so the comparison between these tracers is purely
indicative.

Table 1 presents an excerpt from the Lockman–SpReSO SFG
catalogue. The table displays the quantities obtained in this work
for the galaxy properties studied in Sects. 4, 5, and 6.

7. Global relations

7.1. Main sequence in star-forming galaxies

In this section, we examine the relationship between M∗ and the
SFR of galaxies, as well as its possible evolution with redshift.
There is a well-established positive correlation between M∗ and
SFR, meaning that galaxies with higher stellar masses form stars
at a higher rate than low stellar mass galaxies (see, for example,
the comprehensive work of Speagle et al. 2014 or more recently
Popesso et al. 2023, and references therein). Likewise, its evolu-
tion with redshift is widely acknowledged. For a given M∗ value,
galaxies at higher redshifts form stars at a faster rate compared to
galaxies at lower redshifts. This correlation is widely recognized
as the main sequence of SFGs. The MS has been a subject of
intense study, covering approximately five orders of magnitude
in M∗ and spanning a redshift range from 0 to 6 (see table 4 of
Speagle et al. 2014 and table 1 of Popesso et al. 2023).

In this paper, we adopt the MS model developed by Popesso
et al. (2023), whose work involves a comprehensive synthesis
of results from 28 studies focusing on the MS, aimed at investi-
gating how this relation evolves over an extensive span of mass
values, ranging from 108.5 to 1011.5 M⊙, and redshifts within the
range 0 < z < 6. The mathematical relationship they derived is
as follows:

log SFR (M∗, t) = a0 + a1t − log
(
1 +

(
M∗/10a2+a3t

)−a4
)

(18)

where t is the cosmic time elapsed from the big bang in yr, M∗
is the stellar mass in solar masses, a0 = 2.693, a1 = −0.186,
a2 = 10.85, a3 = −0.0729, and a4 = 0.99.

In Fig. 10, we present the SFR derived through line fluxes
and LTIR plotted against M∗. As the MS described by Popesso
et al. (2023) depends on cosmic time, that is redshift,we have
divided the sample into subsets by redshift ranges. For each of
these subsets, we have overlaid the MS evaluated at the redshift
of the subset. The MS is depicted with lines that match the colour
of their respective subsets. The colour bands indicate the 0.09
dex scatter as determined by Popesso et al. (2023). For each sub-
set, we have shown the minimum detectable SFR with a horizon-
tal dashed line using the same colour code by redshift bin. The
lowest SFR detectable using spectral line fluxes was obtained
using the average EW for each line from Reddy et al. (2018), in
combination with the 1σ level continuum limit RC < 24.5 mag
set out in the Lockman–SpReSO project description (Gonzalez-
Otero et al. 2023). For the calculation of the minimum detectable
SFR based on LTIR, we set the limit values of 0.6 mJy and 2 mJy
for the 100 µm and 160 µm bands from the Herschel/PACS in-
strument, respectively, as described by the PEP team4 and con-
verted to LTIR using the Galametz et al. (2013) calibrations. Ad-
ditionally, the inset histograms provide insights into the redshift
distribution within each of the subsets.

Irrespective of the method employed to derive the SFR, it
is evident that the MS from Popesso et al. (2023) fits well for
objects at low redshifts (z < 0.4) where the mean shift showed
by these objects from the MS is ∼ 0.03 dex. Table 2 displays
the mean shift values and corresponding errors for each of the
SFRs analysed in this study. The SFR derived from Hγ exhibits
the largest distance. This is because there are not enough ob-
jects with z < 0.4 to provide sufficient statistics for this SFR
tracer. However, as we examine samples at higher redshifts, the
trend shows that objects tend to be above the MS. A significant
fraction of the total sample (78%) populates the starburst regime
when the SFR derived from the LTIR flux is examined, that is the
region above the MS, and showing a mean shift from the MS of
∼ 0.4 dex for objects at z > 0.4. Table 2 shows the mean shift val-
ues for objects at z > 0.4 based on the studied SFR tracers. The
table also includes mean values for the full samples. The mean
shift for Hα, which is mainly populated by low redshift objects,
is very low. However, the other SFR determinations show a big-
ger median shifts from the MS as they compile objects at higher
redshifts.

The objects in the sample with redshifts z > 0.4 tend to be lo-
cated near the starburst galaxy region. That is, they exhibit higher
SFRs than that expected based on their M∗ and redshift, show-
ing shifts of up to ∼ 2 dex, although Lee et al. (2017) found
that galaxies departing from the MS by less than 0.6 dex may
still be considered normal, not starburst. The SFRs obtained ex-
ceed the minimum detectable SFR by 1 to 2 orders of magni-
tude, proving that there is no noise-induced selection bias in our
results. It is worth noting that the detection of galaxies heavily
obscured by dust would be limited (up to 40% of the initial sam-
ple), given that (Fig. 1) most of our sample are LIRG or even
FIR galaxies. Local ULIRGs are known to be outliers of the MS
relation (Elbaz et al. 2007), as are starbursts (Rodighiero et al.
2011; Guo et al. 2013). For instance, it was found by Kilerci
Eser et al. (2014) that local ULIRGs with M∗ ∼ 1010.5−11.5 are
more than an order of magnitude higher than the MS, and that
the majority of ULIRGs are interacting pairs or post-mergers.
However, the present study reveals that the intermediate redshift
LIRGs exceed the MS, in average, by 0.5 dex, even at lower stel-
lar masses than those examined by the authors. In contrast, the
FIR and LIRGs at low redshift do not demonstrate this trait fol-

4 https://www.mpe.mpg.de/ir/Research/PEP/DR1/
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Fig. 10. SFR–M relation for different SFR determination methods. From left to right and top to bottom, the SFR determined using Hα, Hβ, Hγ,
[O ii], and LTIR fluxes is displayed. Inside each panel the sample was divided into redshift ranges. The solid lines represent the MS from Popesso
et al. (2023) evaluated at the mean redshift of each subsample, denoted by the points, using the same colour as the MS. The shaded areas and
dashed lines represent 0.09 dex of scatter obtained by Popesso et al. (2023). The horizontal dashed lines designate the minimum detectable SFR
for each redshift bin and SFR tracer, using the same colour scheme. The inset histograms show the redshift distribution for the complete sample
in each panel. The vertical thick black dashed line indicates the redshift mean, and the vertical thin lines indicate the sample division boundaries.
The numbers at the top indicate the total number of objects in each panel.

Table 2. Mean values and errors of the shifts found with respect to the
MS, obtained for the different SFR tracers. The mean values have been
tabulated for objects with z=0.4 as separator, as well as the mean value
for the whole sample.

SFR Mean shifts (dex)
tracer z < 0.4 z > 0.4 All z
Hα -0.05 ± 0.06 0.20 ± 0.10 0.04 ± 0.06
Hβ -0.02 ± 0.06 0.49 ± 0.06 0.35 ± 0.05
Hγ 0.12 ± 0.12 0.65 ± 0.06 0.60 ± 0.06

[O ii] 0.01 ± 0.08 0.38 ± 0.04 0.29 ± 0.04
LTIR 0.10 ± 0.03 0.40 ± 0.02 0.32 ± 0.02

lowing the MS with a low scatter, as we have seen before. This
indicates an evolutionary tendency of LIRGs, which has unique
features compared to that of ULIRGs.

In the same way as the SFR–M∗ relation increases with red-
shift, the sSFR increases steadily up to z ∼ 2 and then tends to

flatten out (Speagle et al. 2014; Popesso et al. 2023, and refer-
ences therein). In Fig. 11 we have plotted the sSFR, using the
SFR derived by LTIR, against redshift and coloured by M∗ for
the Lockman–SpReSO and Oi et al. (2017) objects. The galax-
ies from Oi et al. (2017) are a sample of AKARI-detected mid-IR
SFG at z ∼ 0.88 with Subaru/FMOS spectroscopic observations.
The MS defined by Popesso et al. (2023) is also plotted with
log M∗(M⊙) set to the median value of the sample (10.28), and
9, 10 and 11, showing the evolution with redshift and M∗. The
relationship of Elbaz et al. (2011) shown in Fig. 11 was produced
by examining infrared SEDs for a sample of objects in the red-
shift range 0 < z < 2.5. For the study, they assumed a slope of
1 in the SFR–M∗ relation and constant over the whole redshift
range; that is, independent of mass:

sSFR (yr−1) = 26 · 10−9 × t−2.2 (19)

where t is the cosmic time. They mark as starbursts those galax-
ies which, for the same redshift, have an sSFR twice that of the
MS, represented by the upper edge of the grey-shaded area. As
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Fig. 11. Redshift and M∗ evolution of the sSFR for SFG. The circles
represent the Lockman–SpReSO galaxies, colour coded by M∗. The
MS defined by Popesso et al. (2023) is shown in magenta for the mean
M∗ and in blue, red and brown for log M∗(M⊙) set to 9, 10 and 11, re-
spectively. The black line is the MS defined by Elbaz et al. (2011) for
IR galaxies, assuming independence with M∗. The grey shaded region
marks the area above which the galaxies are classified as starbursts.
The Lockman sample tends to populate this region regardless of the MS
used. The galaxies from Oi et al. (2017), shown as red triangles, follow
the behaviour of the Lockman–SpReSO objects.

for the case of the SFR–M∗ relation, the Lockman–SpReSO ob-
jects have sSFRs that tend to be higher than the MS shown in the
figure, so we are studying galaxies with very intense outbursts of
star formation; that is, starburst galaxies. However, although the
data follow the general trend of decreasing sSFR with increasing
M∗, no evident flattening can be observed with redshift, and only
the most massive galaxies seem to fit the Popesso et al. (2023)
and Elbaz et al. (2011) relations, while for galaxies with stellar
mass values that are below the median, sSFR is higher than the
models showing a median scatter of 0.31 dex and 0.56 dex from
Popesso et al. (2023) and Elbaz et al. (2011), respectively.

7.2. Mass–metallicity relation for infrared galaxies

The existence of a relation between M∗ and metallicity of galax-
ies is well known in a wide range of spectroscopic redshifts
(0 < z < 3), with lower-mass galaxies having lower metallicity
and more massive galaxies having higher metallicity. However,
the evolution of this relation with redshift is still a matter of de-
bate. This discussion also extends to the analysis of IR objects
and the evolution of the M∗–metallicity relation for these objects
and the differences with optically selected ones.

As a benchmark to low redshift (z ∼ 0.1), we have used
the OSSY catalogue (Oh et al. 2011), an improved and quality-
assessed set of emission and absorption line measurements in
SDSS galaxies. The M∗ of these objects were taken from SDSS
Data Release 10 (Ahn et al. 2014), obtained by SED fits using
the Sloan photometric bands5. In addition, to make the com-
parison between IR-selected samples of galaxies, we matched
the OSSY catalogue with the Herschel Extra-galactic Legacy
Project (HELP) database (Shirley et al. 2019). The HELP group

5 The IMF used by Ahn et al. (2014) in the SED fitting process is that
of Kroupa (2001). To transform from Kroupa (2001) to Chabrier (2003)
a multiplicative factor of 0.94 or -0.02 in dex must be applied.

has merged the information from the various fields observed by
Herschel to create a general catalogue in which, in addition to
the IR information of the objects, they have added all the infor-
mation in other photometric bands obtained by other surveys,
from UV to FIR. Using this information, they performed a SED
fit analysis of the sources catalogued in the HELP database us-
ing CIGALE software, providing new measurements of M∗, LTIR
and extinction, among other parameters (Małek et al. 2018).

To analyse the MZR, we used the metallicity obtained by the
iterative method of KK04 and T04, both based on the R23 tracer,
since it provides the most complete set in terms of number of
objects and is widely used in the literature, together with the
M∗ obtained by the SED fitting process in Gonzalez-Otero et al.
(2023). Figure 12 shows the MZR diagram obtained for both
metallicity estimators. The metallicity of Oi et al. (2017) was
calculated using the N2 tracer calibrated by PP04. For compar-
ison with the Lockman–SpReSO sample, the metallicities have
been converted from N2 to R23 by performing a calibration us-
ing the full OSSY sample and a second-order polynomial fit,
see Appendix B for details. It can be seen, from both panels,
that the metallicities derived for the Lockman–SpReSO and Oi
et al. (2017) samples are compatible, and tend to be lower than
those of the OSSY sample, with the exception being the highest
M∗, which corresponds to the area with the densest concentra-
tion of OSSY galaxies. Moreover, this result agrees with that
obtained by Oi et al. (2017), who find that the metallicities for
their IR-selected objects are compatible with those obtained by
T04 for normal SFGs in the local Universe (z ∼ 0.1) and higher
than those of Zahid et al. (2011) for a sample of DEEP2 galaxies
with z ∼ 0.78. However, the Oi et al. (2017) data represent the
highest redshift and the highest stellar mass of the Lockman–
SpReSO sample. At lower stellar masses the metallicity is lower
by ∼ 0.25 dex. Both properties show a positive Spearman’s rank
correlation coefficient of 0.36 at a significance of 3.5σ for the
metallicity of KK04 and 0.34 at a significance of 2.9σ for the
metallicity of T04. In addition, we proceeded to test whether IR
objects behave differently from optical objects when studying
the MZR. To this end, we analysed the behaviour of the IR prop-
erties in MZRs obtained from samples of objects not selected
according to their IR flux.

In Fig. 13 we show the MZR diagram using the metallici-
ties from KK04 upper branch, and from T04 for the Lockman–
SpReSO and Oi et al. (2017) objects. In addition, we have binned
the M∗ for the OSSY catalogue, for both the full catalogue and
the catalogue merged with HELP, considering the median metal-
licity in each bin (only bins those with more than 40 galaxies are
represented). This reveals that the metallicity of the bins with an
IR detection is lower than that obtained for the full catalogue in
the two metallicity tracers studied, as can be seen in the two pan-
els of Fig. 13. For a sample of nearby LIRGs and ULIRGs at a
redshift of around 0.1, Rupke et al. (2008) also found that these
types of galaxies exhibited a median metallicity offset of 0.4 dex
from the MZR discovered T04.

The Zahid et al. (2014) model, originally computed using an
IMF of Chabrier (2003) and the metallicity calibration of KK04,
is also included in Fig. 13 for local SDSS galaxies (z ∼ 0.08) and
distant galaxies from the SHELS (z ∼ 0.29), DEEP2 (z ∼ 0.78)
and COSMOS (z ∼ 1.55) surveys. The linear relationship ob-
tained by Savaglio et al. (2005) for the MZR is also shown in Fig-
ure 13. They studied 60 SFGs in the redshift range 0.4 < z < 1.0
using the metallicity calibration of KK04 and an IMF Baldry
& Glazebrook (2003, 1.13 times that of Chabrier 2003). As a
benchmark for high redshift we have shown the MZR from the
Erb et al. (2006) paper, an analysis of 87 rest-frame UV-selected
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Fig. 13. MZR diagram using the Kobulnicky & Kewley (2004, left) and Tremonti et al. (2004, right) metallicity calibrations. The blue dots
represent our Lockman–SpReSO data at a median redshift ∼ 0.6 and the red triangles represent the Oi et al. (2017) IR galaxies at a median redshift
∼ 0.8. The magenta line represents the median metallicity for each mass binning of the whole OSSY catalogue, while the brown line represents
the same binning but only for the OSSY objects with IR information in HELP. The green lines represent the MZR model from Zahid et al. (2014)
applied to galaxies from the SDSS (z ∼ 0.08), SHELS (z ∼ 0.29), DEEP2 (z ∼ 0.78) and COSMOS (z ∼ 1.55) surveys. The black dashed line
represents the linear MZR model obtained by Savaglio et al. (2005) for 60 galaxies with an average redshift of z ∼ 0.7. In both the OSSY catalogue
and the Lockman objects, it can be seen that, except at the higher masses of the sample, IR objects tend to be less metallic than optical objects at
the same redshift. The blue dashed line shows the MZR obtained by Erb et al. (2006) for a sample of UV-selected SFGs at z ∼ 2.3.

SFG with a mean redshift z ∼ 2.23 from Keck/LRIS observa-
tions that also confirms the evolution of the MZR with cosmic
time. The KK04 to T04 metallicity transformation was calibrated
in the same way as was done previously for the metallicity from
Oi et al. (2017), as shown in Appendix B. It can be seen that
the result obtained by Zahid et al. (2014) for their SDSS sample
and our result for the full OSSY sample are in good agreement,
while again the OSSY IR objects have lower metallicities than

the full OSSY sample. The MZR model at z ∼ 1.55 is the best
fit for the lower-mass Lockman–SpReSO data (M∗ ≲ 1010.2 M⊙)
showing a median dispersion from the MZR of 0.04 dex, while
for Oi et al. (2017) and the Lockman–SpReSO data of similar
masses both models z ∼ 1.55 and z ∼ 0.78 fit the behaviour
of the data well, showing the same absolute dispersion from
both MZRs (0.07 dex). This is due to the short evolution of the
MZR and the dispersion of the data in this range of M∗. This
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again indicates that the metallicities of Lockman–SpReSO data
at M∗ ≲ 1010.2 M⊙ are lower than predicted by the models, es-
pecially when we analyse the MZR using the T04 metallicity
calibration, where the Lockman–SpReSO objects show a me-
dian dispersion of 0.02 dex with respect to the MZR at z ∼ 1.55.
At higher M∗, the redshift evolution of the MZR is smaller. It is
evident in the displayed MZRs in Fig. 13 that the most massive
galaxies attain almost their current metallicity at redshift z ∼ 1
(Zahid et al. 2014; Maiolino & Mannucci 2019).

7.3. The M∗–SFR–metallicity relation

As we have seen above, there is a strong relationship between
M∗ and SFR, as well as between M∗ and metallicity, both of
which have been extensively studied in the literature. However,
it is only relatively recently that a clear dependence between SFR
and metallicity has become evident. The initial hints of this re-
lationship were discovered by Ellison et al. (2008), who found
a slight connection between sSFR and metallicity. Shortly af-
terwards, almost simultaneously and independently, Lara-López
et al. (2010) and Mannucci et al. (2010) found and described the
mutual relationship between SFR, M∗, and metallicity.

Lara-López et al. (2010) used a complete magnitude-limited
sample of SFGs, with the r-band falling in the range 14.5 to
17.77 mag, sourced from the SDSS-DR7 catalogue. This sam-
ple spanned a redshift range of 0.04 < z < 0.1. Using the M∗
as the dependent variable on SFR and metallicity, they fitted a
plane to the distribution formed in the 3D space of these param-
eters. With a scatter of 0.16 dex in their fit, they found the exis-
tence of a clear relationship between the three galaxy properties,
which they named the Fundamental Plane (FP). Furthermore,
when Lara-López et al. (2010) compared their findings with data
from studies at higher redshifts, extending up to z ∼ 3, they
ascertained that the FP exhibited no evolution with redshift. In
subsequent papers Lara-López et al. (2013a,b), revisited the FP.
This revision involved expanding the studied sample by adding
data from the GAMA survey, which is two orders of magnitude
deeper than the SDSS (up to z ∼ 0.35). They also applied prin-
cipal component analysis (PCA) in their investigation, resulting
in a reduction in the scatter within the Fundamental Plane. The
FP offers the ability to estimate the M∗ of SFGs using both SFR
and metallicities, with a dispersion of 0.2 dex, as demonstrated
by Lara-López et al. (2013a).

Using the SDSS–DR7 sample for the redshift range 0.07 <
z < 0.3, Mannucci et al. (2010), and the Mannucci et al. (2011)
application for a low-mass sample, they determined that SFGs
delineate a surface in 3D space defined by M∗, metallicity, and
SFR. This relation was designated the Fundamental Metallicity
Relation (FMR). The scatter they identified was ∼ 0.05 dex, a
value in line with the uncertainties inherent in the galaxy prop-
erties analysed. Mannucci et al. (2010) used metallicity as the
dependent variable in relation to M∗ and SFR.

The findings from both the FP and the FMR point to a robust
connection for SFGs among SFR, M∗, and metallicity. Equally
significant is the observation that this connection remains un-
altered with redshift, persisting up to z ∼ 3, which is also con-
firmed by several independent works (see for example Hunt et al.
2012; Cresci et al. 2019; Sanders et al. 2021, among many oth-
ers).

In this paper, to study the relationship between SFR, M∗ and
metallicity, we used the plane described by Lara-López et al.
(2010), where M∗ is studied as a function of SFR and metallicity
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Fig. 14. Projection of the FP onto the M∗ coordinate against the ob-
served M∗. In the top panel we have used the SFR derived from the
Hβ flux, the metallicity using the Tremonti et al. (2004) calibration and
the Lara-López et al. (2013a) parameterisation. The orange dots are the
Lockman–SpReSO SFGs, the red crosses are the Oi et al. (2017) data
and the blue contours at the bottom are the OSSY data. The middle
panel shows the same, but with the IR-derived SFR. In the lower panel
we show the recalibration of the FP using the OSSY data with IR in-
formation to obtain a calibrated FP with the LTIR-derived SFR. A more
detailed discussion is given in the text.
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using the following expression:

log M∗ = α [12 + log (O/H)] + β [log SFR] + γ (20)

where α = 1.3764, β = 0.6073, and γ = −2.5499 obtained from
the revision of the FP by Lara-López et al. (2013a).

In the top panel of Fig. 14 we have plotted the fundamen-
tal plane (Eq. 20) for the metallicity calibration obtained by T04
and SFR obtained using the Hβ luminosity. It can be seen that the
fundamental plane reproduces very well both the sample of local
OSSY objects, represented by the background contours, and the
sample of IR-selected Lockman–SpReSO galaxies when using
the SFR derived from the Hβ flux, obtaining an average scatter
of the plane of 0.20 dex, which is only slightly larger than the av-
erage uncertainty found for the M∗ determined by SED fits (0.1
dex). However, when using LTIR, the Fundamental Plane does
not reproduce the behaviour of the data, as can be seen in the
middle panel of Figure 14. This is due to the definition of the FP
by Lara-López et al. (2013a), which specifically uses the Hα flux
and the T04 metallicity for its construction. In order to carry out
a fair comparison, it is necessary to recalibrate Eq. 20, because
we have to take into account that when analysing LTIR and the
Balmer lines, we are studying not only different star formation
timescales, but also different regions of the galaxies, although
they are related. Assuming that the metallicity derived using op-
tical lines is representative of the whole galaxy, and using the
OSSY sample with IR information, we have refitted Eq. 20. We
have used the SFR derived from the IR luminosity and M∗ ob-
tained by the HELP team using SED fits with CIGALE (Małek
et al. 2018; Shirley et al. 2019). The new parameters obtained are
α = 0.3640, β = 0.9071 and γ = 6.1029. The result is shown in
the lower panel of Fig. 14, where we have plotted the recalibra-
tion of the Fundamental Plane with the IR derived SFR and T04
metallicity calibrator. It can be seen that the FP now reproduces
very well the behaviour of the Lockman–SpReSO data with an
average scatter of 0.17, although for the Oi et al. (2017) data
there seems to be a wider scatter, mainly owing to the metallic-
ity transformation used for comparison. This result shows that
the Fundamental Plane makes it possible to calculate the M∗ of
galaxies with a low level of uncertainty.

Salim et al. (2014) re-analysed the SDSS galaxies and found
that for M∗ ≳ 10.5 M⊙ the relationship between sSFR and metal-
licity appears to be weak or non-existent, a result also found in
simulations by Matthee & Schaye (2018), who argue that it is
due to contamination by AGN. Although in this paper the FP
study using the SFR from Hβ flux (top panel in Fig. 14) seems
to support this trend, the FP study using the SFR from LTIR flux
(bottom panel in Fig. 14) does not support this trend; and neither
does our sample include AGN.

From the previous two subsections, we have shown that
Lockman–SpReSO SFGs tend to have lower metallicities than
normal galaxies and SFRs above the MS for redshifts z > 0.4,
typical of starburst galaxies. Despite these unusual properties,
the Fundamental Plane remains valid, although it was formu-
lated using samples of objects very different from those studied
here. Moreover, neither do we find any difference in the observed
trends between the different SFR tracers. This also supports the
non-evolutionary theory of the Fundamental Plane, since no red-
shift trends are evident. This result is in agreement with that
found by Hunt et al. (2012) for a sample of ∼ 1000 extreme
and rare objects. They selected local quiescent SFGs and blue
compact dwarfs, luminous compact emission line galaxies at
z = 0.3 and Lyman-break galaxies spanning a redshift range of
1 < z < 3. In plots such as MZR or MS, these objects appear

as outliers owing to their extreme properties. However, these ob-
jects follow the FP with good accuracy, a result that extrapolates
the relationship between SFR, M∗ and metallicity to extreme
class objects.

The most accepted explanation for the non-evolution of the
FP lies in the balance between SFR and metallicity at different
stages of galaxy evolution (see the review by Maiolino & Man-
nucci 2019, and references therein). In general, galaxies at high
redshift are composed of stars formed from poorly processed gas
(that is of low metallicity), which is also associated with high
SFR, as observed at these evolutionary stages. On the other hand,
if we look at galaxies in the local Universe, stars are formed from
highly processed material (that is, of high metallicity). More-
over, the availability of gas to form stars in local galaxies is more
limited than in high-redshift galaxies, which implies lower SFR.
This shows the balance, with high redshift galaxies having high
SFRs at low metallicities, and local galaxies having low SFRs
at higher metallicities. The fact that the evolution of SFR and
metallicity with redshift go in opposite directions, helps to ex-
plain the non-evolution of the Fundamental Plane, although the
parameterization can vary depending on the timescale of the SFR
indicator used, as can be seen in the bottom panel of Figure 14.

8. Summary and conclusions

In this paper, we present the first study of the SFGs of the
Lockman–SpReSO project. This project is an optical spectro-
scopic follow-up of Herschel FIR-selected sources with optical
counterparts of RC < 24.5 mag. The scope of the present work
was to determine fundamental parameters such as extinction,
metallicity, and SFR, and to study the relationships among them.
To this aim, we used the FIR-selected galaxies for which the
spectroscopic redshift was determined by Gonzalez-Otero et al.
(2023), with the result that, in a total of 409 objects, the redshifts
lay in the range 0.03 < z < 4.96. The objects in the Lockman–
SpReSO catalogue have photometric information over a wide
spectral range, from X-ray to FIR bands. Apart from the optical
spectroscopy, the derived redshifts and line fluxes, SED fits were
also performed, from which, among other properties, M∗ and
LTIR of the galaxies were obtained. These results have yielded
a spectroscopic study with a higher number of carefully FIR-
selected SFGs.

For the study, 69 objects (17%) identified as AGN based on
the criteria outlined in Sec. 3 were excluded from the sample.
This percentage is notably higher than that of local samples but
is dependent largely on the selection criteria used. Finally, the
resulting sample consists of 340 SFGs, with almost half of the
sample being LIRGs.

From the analysis of the relationship between M∗ and SFR,
it resulted that SFGs at low redshifts, z < 0.4, follow the MS
defined by Popesso et al. (2023), with a shift of ∼ 0.1 dex, based
on the emission line fluxes and LTIR SFRs. However, at higher
redshifts, the sample presents significant evolution by increasing
the fraction of starburst galaxies, with 78% of the galaxies falling
into this classification using the SFR derived from LTIR. The shift
from the MS is approximately 0.4 dex for each object. There-
fore, SFGs from Lockman–SpReSO exhibiting significant burst
of star formation, as would be expected for a FIR-selected sam-
ple. This result can also be observed when analysing the sSFR
and its evolution over cosmic time, even when compared to the
MS, such as that of Elbaz et al. (2011), which is designed for IR
objects, although they assume that the MS is independent of M∗.
However, in the present sample, no apparent flattening of sSFR
with redshift for log M∗(M⊙) ≳ 10.5 is observed.
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The MZR relationship, derived using T04 and KK04 metal-
licity calibrators, compared with data from Oi et al. (2017),
shows that both samples are compatible. The comparison with
the OSSY sample (Oh et al. 2011) containing IR information in
the HELP database (Shirley et al. 2019) shows that Lockman–
SpReSO galaxies have lower metallicities. Moreover, comparing
with MZR from the literature Tremonti et al. (2004); Savaglio
et al. (2005); Erb et al. (2006); Zahid et al. (2014), Lockman–
SpReSO FIR-selected SFGs exhibit lower metallicities than an-
ticipated for their redshift and M∗, since the MZR defined by
Zahid et al. (2014) at z ∼ 1.55 fits Lockman–SpReSO galaxies
with a scatter of 0.1 dex. This result is particularly evident for
masses M∗ ≲ 1010.2 M⊙. At higher masses, where the Lockman–
SpReSO and Oi et al. (2017) data overlap, due to the dispersion
of the data and the short range of evolution of the MZRs at those
M∗, the metallicity is equally fit by the MZR at z ∼ 1.55 and at
z ∼ 0.78, closer to the mean redshift of the sample. Nonetheless,
there is a limited number of Lockman–SpReSO galaxies in this
region, while the majority of Oi et al. (2017) galaxies are present
in this area. The present study also conducted the MZR compari-
son using both OSSY galaxies with IR photometric information,
as well as the entire OSSY sample, showing that local galax-
ies with IR information also showcased decreased metallicities.
This finding confirms the notion that IR galaxies have a tendency
to show lower metallicities than optical galaxies.

Finally, by incorporating the SFR as an additional parame-
ter in the MZR, which then becomes the FP, the dispersion is
substantially reduced. The 3D correlation has been investigated
following the work of Lara-López et al. (2010), who established
the FP, where M∗ is the dependent variable on both SFR and
metallicity. Based on our analysis of the T04 metallicity and
the SFR derived from Hβ flux, we have concluded that the FP
is valid for the Lockman–SpReSO LIRG sample, despite the
objects exhibiting strong SFR outbursts and lower metallicities
compared to optical galaxies, showing a median scatter about
the FP of ∼ 0.20 dex. However, a recalibration of the FP is re-
quired to be able to use the SFR derived from LTIR. It has been
established, then, that the FP is valid for LIRG objects. Nev-
ertheless, when using LTIR the known saturation of the relation
log M∗(M⊙) ≳ 10.5 is not observed, contrary to the findings of
Salim et al. (2014) and Matthee & Schaye (2018), for non-IR-
selected galaxies. This could point towards an evolution of the
more massive fraction of the sample, in the sense of decreas-
ing present-day star formation with respect to the averaged star
formation in the past. The balance between the SFR excess and
the metallicity deficit justifies the applicability of the FP (Lara-
López et al. 2010, 2013b; Maiolino & Mannucci 2019, among
many others), further supporting the reasoning behind its non-
evolution.
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Appendix A: Branch selection criteria

P16 use the value of the N2 parameter ([N ii] λλ6548.84/Hβ) as a method of separating the upper and lower branches, with objects
with log N2 < −0.6 belonging to the lower branch and objects with log N2 > −0.6 belonging to the upper branch. However, for
objects with a redshift z ≳ 0.45, the [N ii] is no longer visible, so this method is not applicable. To separate the higher redshift
objects into branches, we have used the OSSY data and analysed how the two branches behave in different plots to obtain a
separation criterion. In the left panel of Fig. A.1, where we plot the metallicity obtained with the P16 calibration against M∗, we
can see that the objects in the lower branch do not exceed M∗ values around log M∗(M⊙) ∼ 9.3. In the middle panel, we plot the
parameter R23 against the same metallicity to check the regime of the objects as a function of branch. It can be seen that in this plot
the objects in the lower branch tend to be in the R23 ≳ 0.8 region. On the right we have plotted the two previous variables that we
could use to constrain the branches. It is clear that by using a value of R23 > 0.85 and M∗ of log M∗(M⊙) < 9.3 we could separate
between the branches objects at higher redshifts where the [N ii] lines are not visible.
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Fig. A.1. Criteria for separating galaxies into the upper and lower branches. On the left we have plotted the metallicity obtained with the Pilyugin
& Grebel (2016) calibration against M∗. In orange we have plotted the OSSY data that meet the log N2 < −0.6 criterion, defined by Pilyugin &
Grebel (2016) as the branch separation. The blue contours in the background represent the OSSY objects in the upper branch, and the vertical
dashed line marks a M∗ value of log M∗(M⊙) = 9.3, which seems to mark a limit for the objects in the lower branch. In the middle panel we show
the relationship between the same metallicity and the parameter R23. In the right panel we have plotted the parameter R23 against M∗. The vertical
line at log M∗(M⊙) = 9.3 and the horizontal line at R23 = 0.85 mark the region where the lower branch objects tend to be.

Appendix B: Metallicity calibrations

In order to compare the metallicities obtained with different parameterisations, we have performed calibrations between different
methods using the OSSY database.

The calibration for the transformation from PP04 metallicity, based on the N2 tracer, to the metallicities of KK04 and T04 is
shown in the Fig. B.1. The calibrations obtained in the fits are:
[
12 + log (O/H)

]
KK04 = −83.91818785 + 20.37854882 × [

12 + log (O/H)
]
PP04−N2 − 1.11361199 × [

12 + log (O/H)
]2
PP04−N2 (B.1)

[
12 + log (O/H)

]
T04 = −58.34509817 + 14.154599852 × [

12 + log (O/H)
]
PP04−N2 − 0.7367259 × [

12 + log (O/H)
]2
PP04−N2 (B.2)

The calibration for the transformation from KK04 metallicity to T04 metallicity is shown in the left panel of Fig. B.2. The
inverse transformation is also shown in the right panel of Fig. B.2. The calibrations obtained in the fits are:
[
12 + log (O/H)

]
T04 = 86.72778038 − 18.61508955 × [

12 + log (O/H)
]
KK04 + 1.10771049 × [

12 + log (O/H)
]2
KK04 (B.3)

[
12 + log (O/H)

]
KK04 = −48.25364669 + 12.06139695 × [

12 + log (O/H)
]
T04 − 0.63255371 × [

12 + log (O/H)
]2
T04 (B.4)
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Fig. B.1. Cross-calibration of metallicity determination methods. On the left, we illustrate the transformation from metallicities following the
Tremonti et al. (2004) method to those based on Kobulnicky & Kewley (2004). On the right, we depict the conversion from Kobulnicky & Kewley
(2004) metallicities to those derived using the Tremonti et al. (2004) method. The blue circles represent data points sourced from the OSSY
catalogue, while the orange line represents a third-order polynomial fit to the OSSY data.
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4
The Lockman–SpReSO project.

Galactic flows in a sample of
far-infrared galaxies

I n this chapter, we analyse Lockman–SpReSO sources with galactic flows by
examining the Fe ii and Mg ii absorption lines in their spectra. Among the 456

objects with determined spectroscopic redshifts, Fe ii and Mg ii lines were observed
in 21 objects, with redshifts in the range 0.5 ≲ 𝑧 ≲ 1.44.

This study aims to explore material ejection from star-forming regions and material
infall into galaxies through analysis of Fe ii and Mg ii absorption lines. It also
investigates correlations between galactic wind velocities, EWs, and galaxy properties
such as 𝑀∗, SFR, and sSFR for a sample of FIR-selected objects. The analysed
objects have 𝑀∗ spanning 9.89 < log(𝑀∗/𝑀⊙) < 11.50 and SFRs in the range
1.01 < log(SFR) < 2.70.

Measurements of spectral lines including Mg ii 𝜆𝜆2796, 2803, Mg i 𝜆2852, Fe ii
𝜆𝜆2374, 82, Fe ii 𝜆𝜆2586, 2600, and Fe ii 𝜆2344 are conducted to determine EW and
velocity of flows in SFGs. Bootstrap simulations using Spearman’s rank correlation
coefficient (𝜌𝑠) are performed to explore the correlations with galaxy properties.
Additionally, the covering factor, gas density, and optical depth for the measured Fe ii
doublets were calculated for the sample.

The analysis reveals strong correlations between the EW of Mg ii lines and both
𝑀∗ (𝜌𝑠 = 0.43, 4.5𝜎) and SFR (𝜌𝑠 = 0.42, 4.4𝜎). For Fe ii lines, strong correlations
are observed with SFR (𝜌𝑠 ≈ 0.65, > 3.9𝜎), with weaker correlations for 𝑀∗ (𝜌𝑠 ≈
0.35, > 1.9𝜎). No notable correlations are found between velocity measurements of

69
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Mg ii lines and galaxy properties. However, a strong negative correlation is found
between the velocity of Fe ii lines and the SFR of galaxies (𝜌𝑠 ≈ −0.45,≈ 3𝜎). The
results are consistent with previous studies, although focusing solely on FIR-selected
objects. Finally, a candidate “loitering outflow”, a recently discovered sub-type of
FeLoBAL quasars, is detected at a redshift of 𝑧 = 1.4399, exhibiting emission in C iii]
and low line velocities (|𝑣 | ≤ 2000 km s−1)

The contents of this chapter have been published as González-Otero et al. (2024b).
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ABSTRACT

Context. The Lockman–SpReSO project is an optical spectroscopic survey of 956 far-infrared (FIR) objects within the Lockman
Hole field limited by magnitude RC(AB) < 24.5. Fe ii and Mg ii absorption lines have been detected in 21 out of 456 objects with a
determined spectroscopic redshift in the catalogue. The redshifts of these objects are in the range 0.5 . z . 1.44.
Aims. The aim of this study is to investigate material ejection from star-forming regions and material infall into galaxies by analysing
the Fe ii and Mg ii absorption lines. Additionally, we explore whether the correlations found in previous studies between these galactic
wind velocities, line equivalent widths (EWs), and galaxy properties such as stellar mass (M∗), star formation rate (SFR), and specific
star formation rate (sSFR) are valid for a sample with FIR-selected objects. The objects analysed span an M∗ range of 9.89 <
log (M∗/M�) < 11.50 and an SFR range of 1.01 < log (SFR) < 2.70.
Methods. We performed measurements of the Mg ii λλ2796, 2803, Mg i λ2852, Fe ii λλ2374, 82, Fe ii λλ2586, 2600, and Fe ii λ2344
spectral lines present in the spectra of the selected sample to determine the EW and velocity of the flows observed in the star-forming
galaxies. Subsequently, we conducted 107 bootstrap simulations using the Spearman’s rank correlation coefficient (ρs) to explore
correlations with galaxy properties. Furthermore, we calculated the covering factor, gas density, and optical depth for the measured
Fe ii doublets.
Results. Our analysis reveals strong correlations between the EW of Mg ii lines and both M∗ (ρs = 0.43, 4.5σ) and SFR (ρs = 0.42,
4.4σ). For the Fe ii lines, we observed strong correlations between the EW and SFR (ρs ∼ 0.65, >3.9σ), with a weaker correlation for
M∗ (ρs ∼ 0.35, >1.9σ). No notable correlations were found between velocity measurements of the Mg ii line and M∗, SFR, or sSFR
of the objects (ρs ∼ 0.1). However, a strong negative correlation was found between the velocity of the Fe ii lines and the SFR of
the galaxies (ρs ∼ −0.45, ∼3σ). Our results align with those of previous studies, although only FIR-selected objects are investigated
here. Finally, we detect a candidate ‘loitering outflow’, a recently discovered subtype of the iron low-ionisation broad absorption line
(FeLoBAL) quasars, at a redshift of z = 1.4399, exhibiting emission in C iii] and low line velocities (|v| . 200 km s−1).

Key words. techniques: spectroscopic – galaxies: evolution – galaxies: starburst – galaxies: statistics

1. Introduction

To understand how galaxies evolve, we need to study the pro-
cesses that galaxies undergo over time. Galactic winds are

one of the mechanisms that play a fundamental role in their
evolution. When giant stars explode as supernovae, they eject
material enriched in heavy elements into the galactic halo,
enriching the intergalactic medium through a mechanism known
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as galactic winds (Veilleux et al. 2005). Subsequently, this
ejected material can be reaccreted by the gravitational poten-
tial of the host galaxy, leading to a ‘reinjection’, or inflow, of
enriched material to refuel the galaxy and trigger the birth of
the new generation of stars. The study of this material cycle is
a major challenge in cosmology (Péroux & Howk 2020). Inves-
tigation of the frequency with which this cycle occurs, its char-
acteristics, and its dependence on host galaxy properties, such
as stellar mass (M∗) or star formation rate (SFR), will help us
to better understand the dynamical and chemical evolution of
the galaxies, the circumgalactic medium, and the intergalactic
medium (Tumlinson et al. 2017; Veilleux et al. 2020).

Studies of galactic outflows have shown that this phe-
nomenon is a common feature of star-forming galaxies (SFGs)
across cosmic time. In the local Universe, Chen et al. (2010)
showed the ubiquity of outflows in galaxies with a high SFR.
Martin et al. (2012) found winds in about half of their sam-
ple of approximately 200 objects with redshifts between 0.4
and 1.4. These authors found no relationship between the rate
of detection of outflows and the physical properties of galax-
ies, but reported a strong relationship with the viewing angle,
strengthening the idea of the presence of biconical outflows in
SFGs.

The kinematics of galactic winds allow them to be stud-
ied in the spectrum of their host galaxy. The spectral lines
produced by the flow itself are blueshifted (redshifted) in
cases where the material is ejected (captured) by the galaxy.
Studies were therefore carried out on individual objects to
look for properties of the flows and their possible disper-
sion (Martin et al. 2012; Erb et al. 2012; Rubin et al. 2014;
Chisholm et al. 2015; Finley et al. 2017a,b; Prusinski et al.
2021; Xu et al. 2022; Davis et al. 2023, among others), and
on coadded spectra of similar objects to look for general
properties of galactic flows (Weiner et al. 2009; Rubin et al.
2010; Erb et al. 2012; Zhu et al. 2015; Prusinski et al. 2021,
among others). This latter approach is useful for distant objects
where the signal-to-noise ratio is poor, as it enables the
acquisition of generalised information from the whole sample,
although unique properties of each individual object may be
forfeited.

Many studies have focused on the analysis of low-ionisation
resonant absorption spectral lines. Optical features such as Ca ii
λλ3933, 69 or Na i λλ5890, 96 (Martin 2005; Chen et al. 2010)
are useful because of their presence in low-redshift SFGs. There
are other interesting low-ionisation absorption lines in the UV
range that are becoming available to ground observations for
objects at redshifts z & 0.3. The Mg ii λλ2796, 2803 doublet
is one of the most widely used (Weiner et al. 2009; Erb et al.
2012; Rubin et al. 2014; Zhu et al. 2015; Finley et al. 2017a;
Prusinski et al. 2021) because it is the most common ionised
state of magnesium under a wide range of environmental con-
ditions and also has a large oscillator strength. At bluer wave-
lengths, the Fe ii lines (Fe ii λ2344, Fe ii λλ2586, 2600, Fe ii
λλ2374, 82) are found to confer an advantage in that they are
less sensitive to emission filling (Erb et al. 2012; Martin et al.
2012; Rubin et al. 2014; Zhu et al. 2015; Finley et al. 2017a;
Prusinski et al. 2021). For the study of more distant objects,
far-UV transitions such as Si ii, Al ii, C ii, C iv, and Lyα,
are commonly used to the study of outflows (Shapley et al.
2003; Steidel et al. 2010; Jones et al. 2012; Leclercq et al. 2020,
among others).

One of the properties of the outflows derived from the anal-
ysis of the spectral lines is the velocity difference between the
outflow and the host galaxy. Some studies have found that the

velocity of the outflows tends to increase with M∗ and the SFR of
the host galaxy (Martin 2005; Rupke et al. 2005a; Weiner et al.
2009; Chisholm et al. 2015), implying that galaxies with higher
SFRs have more energy to eject material via supernovae and also
contain a greater amount of material. However, this correlation
has not been found in other studies, where the outflow veloc-
ity is found to be independent of M∗ or the SFR of the host
galaxy (Rupke et al. 2005b; Chen et al. 2010; Martin et al. 2012;
Rubin et al. 2014; Prusinski et al. 2021). These correlations
show a significant intrinsic scatter (σ ∼ 0.2 dex, Chisholm et al.
2015; Heckman et al. 2015), meaning that large samples of
objects must be studied with a wide range of analysed param-
eters. Davis et al. (2023) discovered a scatter that is half of
that obtained by these latter, previous studies, resulting in a
large sample that spans almost three orders of magnitude in M∗
and SFR. In their study of a sample with a wide range of M∗
(log M∗ ∼ 6−10 M�) and SFR (log SFR∼ 0.01−100 M� yr−1),
Xu et al. (2022) found a correlation of high significance between
outflow velocity and both SFR and M∗.

Most studies that investigate the correlations between galaxy
properties and outflow properties tend to focus on normal SFGs.
Furthermore, for distant objects (z > 0.5), SFGs are selected
based on the UV emission observed in the optical range, which
introduces a bias towards a specific type of object. Therefore, it
is crucial to conduct studies on objects selected using different
criteria. In the paper of Banerji et al. (2011), the authors anal-
yse a sample of 19 submillimetre galaxies and 21 submillimetre
faint radio galaxies with an average redshift of z ∼ 1.3. A corre-
lation was found between the velocity of the outflows and SFR,
which is consistent with the results seen for lower redshift Ultra-
Luminous Infrared Galaxies (ULIRGs).

In the present paper, we describe how we identified and
analysed the galactic flows of objects within the framework of
the Lockman–SpReSO project Gonzalez-Otero et al. (2023). We
used a sample of IR-selected SFGs with Fe ii and Mg ii absorp-
tion lines in their spectra. We fitted these lines to determine the
EW and the velocity of the flow relative to that of the system.
We explore the correlation between these line properties and
the physical parameters of the host galaxies using the flow data
from Lockman–SpReSO, Rubin et al. (2014, hereafter RU14)
and Prusinski et al. (2021, hereafter PR21) together. In addi-
tion to creating a statistically significant set of objects (∼200),
we include SFGs chosen for their far-infrared (FIR) brightness,
which complements the sample. This is important, as studies of
flow in IR-selected distant objects are limited, and such stud-
ies are usually carried out on a composite spectrum that lacks
the individual properties of the objects. We also determine the
covering factor, optical depth, and ion densities for the Fe ii
doublets.

This is the second paper in the Lockman–SpReSO project
series and is structured as follows. In Sect. 2, we describe the
sample, the selection criteria, and the comparison samples. In
Sect. 3, we describe the flow properties and Sect. 3 shows the
line-fitting process. In Sect. 4, we describe the analysis of the
correlations between flow and galaxy properties. In Sects. 4.1
and 4.2, we describe our analysis of the EWs and velocities of
the flows, respectively, and in Sect. 4.3, we describe our study
of the local covering factor, optical depths, and ion densities.
Our results and conclusions are summarised in Sect. 5. Magni-
tudes in the AB system (Oke & Gunn 1983) are used through-
out the paper. The cosmological parameters adopted in this work
are: ΩM = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1. Both
the SFR and M∗ assume a Chabrier (2003) initial mass function
(IMF).
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2. Sample selection and description

2.1. Lockman–SpReSO data

The galaxies studied in this paper have been selected from the
Lockman–SpReSO project object catalogue. Detailed descrip-
tion of the observations, reduction and catalogue compilation
can be found in the presentation paper Gonzalez-Otero et al.
(2023). In summary, the Lockman–SpReSO project focuses on a
spectroscopic follow-up of 956 objects selected from FIR obser-
vations of the Lockman Hole field with the Herschel Space
Observatory, plus a sample of 188 interesting objects in the
field, with a sample limiting magnitude in the Cousins R band
of RC < 24.5. The spectroscopic observations were made with
the WHT/A2F-WYFFOS1(Domínquez Palmero et al. 2014) and
WYIN/HYDRA2 instruments for the bright subset of the cat-
alogue (RC < 20.6 mag) and with the GTC/OSIRIS3 instru-
ment (Cepa et al. 2000) for the faint subset (RC > 20 mag).
The objects studied here belong to the faint subset, where the
resolving power used (R ≡ λ/δλ, δλ being the spectral resolu-
tion at wavelength λ) was R = 500 (∼4 Å pix−1) for the blue
grism with a FWHM resolution at the central wavelength of
560 km s−1, covering the electromagnetic spectra from 3600 Å
to 7200 Å. Two different red grisms were used with R = 500 and
R = 1000 (∼3 Å pix−1) and a FWHM resolution at the central
wavelength of 511 km s−1 and 267 km s−1, respectively, covering
from ∼5000 Å to 10 000 Å. The spectral analysis made it possi-
ble to determine the spectroscopic redshift for 456 objects.

The objects for this work were selected by visual inspec-
tion among those with a spectroscopic redshift obtained in the
framework of the Lockman–SpReSO project, and which also
had the Mg ii λλ2796, 2803 doublet in emission or absorption
along with some of the Fe ii lines in the near-UV range. The
observations cover a wavelength that establishes the minimum
redshift of the objects we could study. Objects having these prop-
erties can only be studied at redshifts greater than 0.4.. A total of
21 objects were selected in which both the Mg ii λλ2796, 2803
doublet and the Fe ii lines were found. In all of them, the absorp-
tion Fe ii λλ2586, 2600 doublet was detected; in 19 of them, the
Mg ii λλ2796, 2803 doublet was found in absorption, and in the
remaining two, one (ID 206641), showed a total emission com-
ponent and the other (ID 120237) both emission and absorption
components. Other UV absorption lines were also measured in
this study; the Mg i λ2852 was detected in 15 objects, the Fe ii
λλ2374, 82 doublet was detected in 11 objects, and the Fe ii
λ2344 line was detected in seven of them.

The sample spans the spectroscopic redshift range between
0.5 and 1.44 (see Table 1). For the determination and study of
the galactic flows, it is important to have a good determination
of the velocity of the object or, in essence, a good determination
of the redshift. All the selected objects show strong emission in
the [O ii] λλ3726, 29 doublet. This emission is normally pro-
duced in the photoionised gas near the star-forming regions, so
this is a good determinant of the velocity of the system. Other
emission lines, such as the most intense Balmer lines (Hα, Hβ
and Hγ), available for the lower redshift objects, or the [O iii]
λλ4959, 5007, were also used to determine the systemic veloc-
ity (or redshift).

Using the selection criteria described above, the selected
sample could be contaminated by AGNs, because this type of
object can also show emission or absorption in both Mg ii and
1 https://www.ing.iac.es/Astronomy/instruments/af2
2 https://www.wiyn.org/Instruments/wiynhydra.html
3 http://www.gtc.iac.es/instruments/osiris/osiris.php

Fe ii lines. We used the classification performed by Gonzalez-
Otero et al. (in prep.), in which the objects in the Lockman–
SpReSO project catalogue were divided into SFGs and AGNs,
using different photometric and spectroscopic criteria. For the
former, the X-ray-to-optical flux ratio (Szokoly et al. 2004), the
X-ray total luminosity (Luo et al. 2017), near-infrared (NIR)
and FIR data (Donley et al. 2012; Messias et al. 2012) were
used. For the spectroscopic ones, the BPT (Baldwin et al. 1981),
the Cid Fernandes et al. (2011) diagrams, and visual inspection
were used. With these criteria, objects 120237, 206641, and
206679 were classified as AGNs.

Basic properties of the galaxies were retrieved from the
work of Gonzalez-Otero et al. (2023) and compiled here in
Table 1. They used their spectroscopic redshift determinations
to perform SED fits of the UV to FIR photometric data using
the CIGALE software (Code Investigating GALaxy Emission,
Burgarella et al. 2005, Boquien et al. 2019), providing more
accurate measurements of M∗ and the total infrared luminosity
(LTIR) of the objects than that provided by conventional photo-
metric redshifts. The CIGALE parameter configuration is shown
in the Appendix B of Gonzalez-Otero et al. (2023). The M∗ of
the objects samples the range 9.89 < log (M∗/M�) < 11.50
and the LTIR values are in a range value between 10.84 <
log (LTIR/L�) < 12.53, with 18 objects compatible with Lumi-
nous Infrared Galaxies (LIRGs) and two others compatible with
ULIRGs. The individual cutouts of the objects and their SED fit-
tings obtained in the framework of Gonzalez-Otero et al. (2023)
are compiled in Appendix A.

The SFR and metallicity of these objects were also obtained
from the work of Gonzalez-Otero et al. (in prep.). The SFR of
the Lockman–SpReSO project galaxies were studied using the
flux of the Balmer lines, LTIR, and the [O ii] doublet flux as
tracers. In Fig. 1 we have compared the complete Lockman–
SpReSO sample with the spectroscopic redshift determined by
Gonzalez-Otero et al. (2023) with the sample of objects selected
in this paper with absorption in Mg ii and Fe ii and classified as
SFG.

The metallicity was analysed following several criteria,
although because of the redshift range of the objects stud-
ied in this paper only four of them have a metallicity mea-
surement available. Studies such as Pettini & Pagel (2004) and
Pilyugin & Grebel (2016), which use spectral lines over the
whole optical range, can be applied to only one of the objects in
the sample (ID 123207). Studies based on the R23 method, such
as Tremonti et al. (2004) and Kobulnicky & Kewley (2004),
which use the blue lines in the optical spectrum, can be applied
to four of the objects studied. The SFRs collected in Table 1
were obtained using LTIR, the calibration of Kennicutt & Evans
(2012) and the IMF of Chabrier (2003). The metallicities given
in Table 1 were obtained using the calibration of Tremonti et al.
(2004) and the errors are estimated using Monte Carlo
simulations.

In Fig. 2 we show the basic properties (M∗, redshift, SFR,
and sSFR) of the objects from Lockman–SpReSO (blue data),
together with data from papers that have also carried outflow
studies in SFG (see Sect. 2.2 for a detailed description).

2.2. The comparison samples

In order to have a frame of reference with which to compare, we
have included in our work samples from other papers that have
studied the galaxy winds produced in SFG.

The numerous sample of 105 galaxies from RU14 was used.
They selected objects from existing spectroscopic catalogues for
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Table 1. Basic information on the objects selected from the Lockman–SpReSO catalogue, ordered by increasing redshift.

ID RA Dec zspec RC AV log (M∗) log (LTIR) log (SFR) 12 + log (O/H)
(deg) (deg) (mag) (mag) (M�) (L�) (M� yr−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

123207 163.15606 57.58581 0.4914 20.39 1.8 10.38± 0.12 10.98± 0.06 1.15± 0.06 8.77+0.06
−0.07

96864 163.51695 57.43780 0.5870 20.83 1.9 10.11± 0.10 11.15± 0.02 1.32± 0.02 8.94+0.06
−0.08

101926 163.18977 57.46801 0.6049 21.20 1.2 9.89± 0.07 10.84± 0.03 1.01± 0.03 –
120080 163.08320 57.56991 0.6108 21.22 2.7 10.29± 0.08 11.30± 0.05 1.47± 0.05 9.03+0.04

−0.05
118338 163.51918 57.55793 0.6153 21.01 2.7 10.78± 0.07 11.35± 0.05 1.52± 0.05 –
95738 162.89970 57.43148 0.6165 21.15 2.1 10.25± 0.14 11.15± 0.05 1.32± 0.05 8.85+0.07

−0.10
109219 163.54524 57.50826 0.6443 21.09 2.8 10.79± 0.06 11.40± 0.03 1.58± 0.03 –
94458 162.78952 57.42330 0.6708 21.29 3.6 10.77± 0.08 11.73± 0.02 1.91± 0.02 –
92467 162.96713 57.41357 0.6908 20.90 2.7 10.57± 0.06 11.59± 0.06 1.76± 0.06 –
120257 163.33868 57.56994 0.7204 21.41 2.0 10.12± 0.12 11.26± 0.06 1.44± 0.06 –
95958 163.43787 57.43224 0.7800 21.56 2.1 10.51± 0.12 11.42± 0.06 1.59± 0.06 –
116662 162.97753 57.54978 0.8053 22.29 1.9 9.95± 0.18 10.99± 0.08 1.17± 0.08 –
133957 162.94574 57.64587 0.8116 21.74 3.0 10.49± 0.17 11.56± 0.05 1.73± 0.05 –
186820 163.25419 57.67225 0.8146 21.86 3.2 10.41± 0.04 11.54± 0.02 1.71± 0.02 –
97778 163.41833 57.44325 0.8194 22.11 3.1 10.64± 0.13 11.36± 0.09 1.53± 0.09 –
77155 162.95000 57.32068 0.8683 21.33 2.5 10.43± 0.17 11.85± 0.04 2.03± 0.04 –
102473 163.50675 57.47030 0.8881 22.42 2.9 10.25± 0.10 11.56± 0.06 1.73± 0.06 –
120237 (a) 163.44230 57.56971 1.0810 21.05 1.2 10.19± 0.13 11.75± 0.04 1.92± 0.04 –
206641 (a) 163.31984 57.59742 1.2023 18.96 1.2 11.50± 0.04 11.81± 0.03 – –
78911 162.92261 57.33095 1.2124 22.13 4.1 10.81± 0.06 12.53± 0.04 2.70± 0.04 –
206679 (a) 163.12537 57.65379 1.4399 20.54 2.9 11.29± 0.04 12.52± 0.03 – –

Notes. Column (1) is the unique identification number for each object in the Lockman–SpReSO main catalogue (Gonzalez-Otero et al. 2023).
Columns (2) and (3) give the optical coordinates (J2000) of the object. Column (4) is the spectroscopic redshift of the objects determined by
Gonzalez-Otero et al. (2023). Column (5) is the AB magnitude in the RC band. Column (6) is the extinction obtained from the SED fits using the
CIGALE and the Calzetti et al. (2000) extinction law. Column (7) is the stellar mass obtained from the SED fits using CIGALE. Column (8) is
the total IR luminosity derived from the SED fits using CIGALE. Column (9) is the SFR derived using the IR calibration from Kennicutt & Evans
(2012) and the IMF from Chabrier (2003). Column (10) is the gas phase metallicity derived using the calibration from Tremonti et al. (2004).
(a)Objects classified as AGN by González-Otero et al. (in prep).
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Fig. 1. SFR versus M∗ of the SFGs selected for this study (red) com-
pared to the Lockman–SpReSO sample (grey). The galaxies exhibiting
Mg ii and Fe ii absorption lines populate the region with the highest
density of objects in the parent sample.

which HST deep observations are available in order to study the
morphology, orientation, and spatial distribution of the star for-
mation. They selected objects with redshifts z > 0.3 to ensure
Mg ii coverage and with B-band magnitude <23. The M∗ and the
SFRwereobtained fromaSEDfittingprocedure in thewavelength
range between 2400 Å and 24 µm assuming the IMF of Chabrier
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Fig. 2. Main properties of the studied objects. The blue bars represent
the objects from Lockman–SpReSO survey, the orange bars represent
the objects from PR21 and the green bars are the objects from RU14.
The top left panel shows the M∗ of the objects, the top right shows the
spectroscopic redshift, the bottom left shows the SFR and, the bottom
right shows the sSFR.

(2003). The EW of the lines were derived using the feature-finding
algorithm outlined in Cooksey et al. (2008). To normalise the
line doublets for the study, the authors used continuum windows
located in proximity to the lines region. To determine the flow
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velocity, two models were used to fit the lines: one with a single
component per line and another with two components per line to
separate the systemic component at zero velocity from the flow
component. The profile of the lines was fitted using a Voigt shape.
Additionally, the maximum flow velocity was also determined.
To compare with the data obtained from the Lockman–SpReSO
objects, we used the results from their one-component fit for con-
sistency (see Sect. 3). The distributions of the main properties of
the sample are shown in Fig. 2 in green.

In addition, we also used the data from PR21, a sample of 22
galaxies from the Skelton et al. (2014) data of the CANDELS
and COSMOS surveys. These were selected based on their SFR
(>1 M� yr−1), with photometric redshift range 0.7 . zphot . 1.5
at 99% confidence and magnitude RC ≤ 24. The SFR was com-
puted from the Hubble Space Telescope (HST) Hα emission-
line maps using the Kennicutt (1998) recipe and the M∗ was
retrieved from the 3D-HST catalogue (Skelton et al. 2014). This
SFR has been multiplied by the correction factor (0.68) given
in Kennicutt & Evans (2012) to make the used IMF consistent.
To study the outflows, they examined the bluest line of the
Mg ii λλ2796, 2803 doublet, along with the Fe ii absorption lines
present in the spectra of the sample. The outflow velocity was
estimated from the centroids of the lines, and the EW was mea-
sured by directly integrating the lines. Weighted averages of the
velocity and EW for the Fe ii lines of each object were obtained
due to their saturation. The distributions of the main properties
of the sample are shown in Fig. 2 in orange.

The M∗ distribution is similar for three samples, unlike the
SFR distribution where a larger difference is found, as can be
seen in Fig. 2. The Lockman–SpReSO sample populates the
highest SFR region, which is understandable given the selec-
tion criterion for objects with FIR emission. The range of SFRs
between the samples presented allows us to cover a much wider
range of parameters. In Fig. 3 we can see the relationship
between SFR and M∗ for the objects in the three data sets. The
dashed line represents the Murray et al. (2011) limit for the pro-
duction of winds in galaxies, adapted from the Eq. (3) of RU14.
It can be seen that the full sample agrees well with the theoretical
limit, filling the upper right region in the diagram. The solid lines
represents the main sequence developed by Popesso et al. (2023)
for the minimum, average, and maximum redshifts of the sample
(z ∼ 0.3, 0.8, 1.5, respectively) and the shaded area represents
a scatter of 0.09 dex. Almost 85% of the sample is located over
the MS, that is the region of starburst galaxies.

3. Inflow and outflow study

To determine whether our objects have inflows or outflows we
need to know the velocity difference, if any, between the selected
absorption lines and the velocity of the system. To do this, the
redshift of the object and the centre of the lines are required. The
redshift was retrieved from Gonzalez-Otero et al. (2023) (see the
paper for details) and is given in Table 1. The properties of
the Mg ii and Fe ii lines were derived for this paper by fitting
the spectral lines (see the Sect. 3 for details).

As we have already seen, the Fe ii and Mg ii lines are use-
ful for studying the galactic flows. Some studies have described
the UV lines and their main properties in detail (Erb et al. 2012;
Martin et al. 2012; Zhu et al. 2015, and references therein). As
with UV lines, their analysis with ground-based telescopes is
limited to objects with redshifts & 0.4 owing to the attenuation
of the UV component by the atmosphere; otherwise, it is neces-
sarily to observe with space telescopes. Another major problem
with these lines is the resonant emission that occurs in some of
them, which fills in the absorption and makes it difficult to accu-
rately measure the line. In Fig. 5 of Zhu et al. (2015) and their
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Fig. 3. Diagram of M∗ versus SFR of the sample studied, colour
coded according to the spectroscopic redshift. The data from Lockman–
SpReSO are represented by circles, PR21 data are represented by dia-
monds, and RU14 data are represented by squares. The dotted line rep-
resents the Murray et al. (2011) limit for producing winds in galax-
ies. The blue, red, and green solid lines and shaded areas are the
Popesso et al. (2023) fit for the main sequence and its scatter of 0.09 dex
calculated at the minimum, median, and maximum redshift of the sam-
ple, respectively.

Appendix A are gathered the energy-level diagrams of the Fe ii,
Mg ii, and Mg i atoms for the transitions that we studied for this
paper. Lines that do not produce fluorescent emission (those that
can only be de-excited to the ground state) are more affected
by emission filling. When this happens, the line profile may be
modified.

Absorption is produced by the gas between the observer
and the galaxy while emission can come from other parts of
the galaxy, leading to a difference between the centres of the
absorption and emission components. Among the lines used in
our study, the one most affected by this effect is the Fe ii λ2382
line, since the only way to de-excite it is by resonant emission.
In addition, the Fe ii λ2344 line produces a fluorescent emission
at 2381.49 Å, which also affects the Fe ii λ2382 line. Even the
Fe ii λ2600 line could suffer from emission filling as the fluores-
cent emission it produces at 2626 Å has a very low probability
of occurring. Lines such as Fe ii λ2373 and Fe ii λ2586 suffer
very little from this effect because the fluorescent emission de-
excitation channels have high probabilities of occurrence (high
Einstein A coefficient), so the lines suffer very little from emis-
sion filling.

However, when analysing the spectral lines of our sample,
we found no emission filling effect. Figure 4 shows examples
where both Fe ii and Mg ii lines are detected with no apparent
emission filling effect. This was also seen in analyses of nearby
galaxies, where the Na i λλ 5890,96 lines showed little emis-
sion filling (Heckman et al. 2000; Martin 2005, 2006; Chen et al.
2010). This has been attributed to the presence of regions of
high gas density and high neutral sodium concentration where
the long path length of the scattered photons leads to a high
probability of absorption by dust. The Lockman–SpReSO sur-
vey objects are selected for their IR emission, in other words they
are dusty, as indicated by a mean extinction of AV ∼ 2.7 mag.

A31, page 5 of 25



González-Otero, M., et al.: A&A, 684, A31 (2024)

0.4

0.6

0.8

1.0

1.2

1.4
No

rm
al

ise
d 

flu
x M
gI

I 
27

96
M

gI
I 

28
03

M
gI

 
28

52

spectra
MgII 2796
MgII 2803
best fit

Fe
II 

25
86

Fe
II 

26
00

spectra
FeII 2796
FeII 2803
best fit

Fe
II 

23
74

Fe
II 

23
82

Fe
II 

23
44

CI
I] 

23
25

spectra
FeII 2374
FeII 2382
best fit

2700 2730 2760 2790 2820 2850 2880
rest (Å)

0.2

0.0

0.2

Re
sid

ua
ls

2500 2550 2600 2650 2700
rest (Å)

2320 2340 2360 2380 2400 2420 2440
rest (Å)

ID: 77155

Fig. 4. Example fit for the doublets studied in this study for source 77155. On the left is the Mg ii λλ2796, 2803 fit with the residuals at the bottom.
The Mg i λ2852 line is also visible in this slice of the spectrum. In the centre, the fit for Fe ii λλ2586, 2600, also with the residuals of the fit at the
bottom. On the right, using the same schedule, the case of Fe ii λλ2374, 82 with a low S/N ratio. You can also see the C ii] λ2325 in emission and
Fe ii λ2344 in absorption.

Furthermore, as we have discussed previously (see Table 1), we
see that most of the objects are LIRGs or even ULIRGs, which
favours the non-production of emission filling according to the
above reasoning. In the work of Prochaska et al. (2011), they
find that the Fe ii fluorescence lines scale with the amount of
emission filling. As they are not detected in the spectra of our
sample, this supports the fact that no emission filling effect is
found in the spectral lines.

Fitting of absorption lines

The lines were measured using the same procedure as that
used by Gonzalez-Otero et al. (2023) where the Python package
LMFIT4 (Newville et al. 2014) was used for the measurement
of the most intense spectral lines. LMFIT allows us to perform
a non-linear least-squares minimisation line fitting routine with
the desired model. The lines were fitted using a Gaussian model
for the absorption component and a linear zero-slope contin-
uum model. As we have seen, in the work of Rubin et al. (2014)
and others (Chen et al. 2010; Xu et al. 2022, for example), each
line is also fitted with a two component model: one fixed zero
velocity component representing the ISM of the galactic region
and a variable velocity component representing the galactic flow.
However, the resolution of our study does not allow this type of
component decomposition. The normalisation of the spectra was
performed only in the analysis windows of each line or doublet
line. The flat continuum model obtained in the fitting was used
to normalise by the continuum.

Mg ii λλ2796, 2803, Fe ii λλ2374, 82, and Fe ii λλ2586,
2600 are doublets of spectral lines whose components are very
close in wavelength. This implies that at the dispersion used
(∼3–4 Å pix−1), depending also on the redshift, these doublets
can appear blended. Therefore, in the case of these doublets, we
fitted the two lines together with the continuum at the same time,
that is two Gaussian components (one for each line) plus a linear
model. In order to reduce the computational time, we have used
the known relations of the lines as initial parameters of the mod-
els, but allowed them to fluctuate. As each doublet line is pro-

4 https://lmfit.github.io/lmfit-py/index.html

duced in the same region and under the same conditions in the
galaxy, in the absence of emission filling or other phenomena,
the width should be the same, that is, the same initial sigma value
for the two Gaussian components. The same reasoning applies
to the central wavelength of the line, where the length between
peaks is known, although it is a free parameter in the fit. None
of the fit parameters were fixed, so they were all allowed to vary
during the fitting process. Finally, as the redshift is known, the
spectra were transferred to rest-frame to measure the lines.

Figure 4 shows an example of the line fit for ID 77155. The
different degrees of blending found in this particular source are
representative for our sample. Each panel shows the fit of one
of the doublets studied in this paper. Upper panels represent the
fit performed and lower panels represent the residuals of the fit
itself. The fit results of Mg ii λλ2796, 2803, Fe ii λλ2586, 2600
and Fe ii λλ2374, 82 (with the lowest S/N ratio) are shown from
left to right.

In addition, from the line-fitting procedure we determined
the rest-frame equivalent width (EW) of the lines to be analysed
in relation to the physical properties of the galaxies. The val-
ues obtained and its errors are collected in Table 2. The error in
the EW was calculated by propagating the error obtained for the
Gaussian component and the continuum of each line when the
EW was calculated (both errors were calculated in the line fitting
process). As can be seen, the values of the EW are biased towards
higher values, mainly due to the resolution of the Lockman–
SpReSO spectra.

Finally, using the centre of the Gaussian components
obtained in the fit, we determined the velocity of the lines and
hence the velocity difference between the material wind and
the system. The errors in velocity have been propagated from
the central wavelength error obtained in the fit of each line. In
Table 3 we list the velocities obtained and its errors for the lines
analysed.

4. Galactic flows properties analysis

4.1. Equivalent width analysis

There are studies in the literature that has led to claims of corre-
lations between EW and certain galaxy properties. RU14 found
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Table 2. Rest-frame EW of the absorption lines measured for the objects from the Lockman–SpReSO catalogue.

ID Fe ii λ2344 Fe ii λ2374 Fe ii λ2382 Fe ii λ2586 Fe ii λ2600 Mg ii λ2796 Mg ii λ2803 Mg i λ2852
(Å) (Å) (Å) (Å) (Å) (Å) (Å) (Å)

123207 – – – 3.9± 1.2 3.5± 1.1 6.1± 1.1 4.5± 1.2 0.6± 0.8
96864 – – – 5.7± 1.7 5.2± 1.7 6.5± 1.8 6.0± 1.9 1.9± 0.5
101926 – 1.8± 1.4 1.8± 1.4 9.1± 2.2 1.8± 1.4 4.4± 1.2 4.2± 1.3 0.8± 0.6
120080 – – – 2.6± 1.4 3.6± 1.4 4.3± 1.2 2.9± 1.4 0.8± 1.3
118338 – – – 3.5± 1.3 4.3± 1.4 6.8± 1.6 5.9± 1.7 1.2± 0.6
95738 – – – 4.6± 1.2 4.6± 1.2 5.1± 1.3 6.3± 1.1 1.1± 0.7
109219 – – – 3.5± 1.2 1.3± 1.2 3.9± 1.7 7.3± 1.3 –
94458 – – – 1.6± 1.2 4.6± 1.0 3.5± 1.4 3.4± 1.4 1.4± 1.1
92467 – – – 2.2± 1.8 5.3± 1.1 3.2± 1.4 2.8± 1.4 0.5± 1.4
120257 3.0± 1.2 1.5± 1.9 6.3± 1.5 5.7± 1.7 5.6± 1.2 7.9± 1.3 4.4± 2.0 1.7± 0.7
95958 – 2.3± 0.9 2.1± 0.9 2.2± 1.4 4.2± 1.0 5.1± 1.6 6.5± 1.2 1.7± 0.9
116662 – 1.8± 1.3 2.2± 1.3 2.8± 1.3 5.6± 1.1 3.6± 1.4 5.0± 1.4 2.1± 1.0
133957 – – – 9.3± 1.3 5.1± 1.4 7.6± 1.4 3.3± 1.9 –
186820 – – – 2.7± 1.1 1.7± 1.1 3.7± 1.3 3.9± 1.2 –
97778 – 1.3± 1.2 1.6± 1.1 2.5± 1.4 4.8± 1.2 3.5± 1.2 4.5± 1.1 1.5± 1.1
77155 2.6± 1.8 3.5± 1.6 5.1± 1.5 5.3± 1.6 7.5± 1.4 6.7± 1.2 6.8± 1.2 2.2± 0.6
102473 1.6± 1.3 3.5± 1.2 3.5± 1.2 6.3± 1.2 6.3± 1.0 5.5± 1.3 5.1± 1.3 4.3± 0.6
120237 (a) 4.0± 1.0 2.6± 1.1 2.3± 1.1 3.7± 0.9 5.1± 0.7 – – –
206641 (a) 0.3± 0.1 0.2± 0.2 0.9± 0.1 0.4± 0.3 1.8± 0.2 – – –
78911 5.6± 1.3 2.1± 1.5 5.2± 1.3 9.6± 1.9 9.0± 1.9 9.4± 2.0 9.9± 1.9 6.5± 1.3
206679 (a) 5.1± 0.4 4.4± 1.5 7.1± 0.9 5.9± 1.0 7.1± 1.0 7.4± 1.4 7.0± 1.5 –

Notes. (a)Objects classified as AGN by González-Otero et al. (in prep.).

that the EW of the absorption of Mg ii is correlated with M∗ with
a significance of 3.2σ under a parameter of the Spearman’s rank
correlation coefficient5 (ρs) of ρs = 0.44 and with the SFR at a
significance of 3.5σ (ρs = 0.48). For the EW of Fe ii they found
a correlation with SFR at a significance of 2.4σ (ρs = 0.46)
while for M∗ they found no correlation, claiming that this may
be because of the small M∗ range of their sample. PR21 per-
formed a similar analysis with other data and found a similar
correlation between the EW of Mg ii λ2796 (ρs = 0.67 at 3.2σ)
and Fe ii (ρs = 0.65 at 2.9σ) with the SFR. However, they found
no significant correlation between EW and M∗.

As we have seen, our objects are dusty and the effect of
emission filling is not very important. Nevertheless, we focus
our analysis on the Mg ii λ2796, the blue line of the doublet,
which is less affected by this phenomenon. In Fig. 5, from left to
right, we have plotted the EW of the Mg ii λ2796 line against M∗,
SFR, and specific SFR (sSFR) for the objects together from the
Lockman–SpReSO, PR21 and RU14 samples. It can be seen that
the Lockman–SpReSO galaxies populate regions of the plots
that the Rubin and Prusinski objects barely do. The Lockman
objects have larger EWs than the other samples, while the prop-
erties of the galaxies are comparable (see Fig. 2). The EW of
the Lockman objects is biased towards higher values due to the
low resolution of the observations, with values close to 10 Å and

5 Spearman’s correlation coefficient is a statistical method used to
measure the strength and direction of the relationship between two vari-
ables. It assesses if there is a consistent monotonic relationship between
the ranks of the variables, without assuming a linear association. The
correlation coefficient ranges from −1 to 1, with positive values indicat-
ing a direct relationship, negative values indicating an inverse relation-
ship, and 0 indicating no monotonic relationship. The test provides a
p-value to determine the statistical significance of the observed correla-
tion. It is commonly used when dealing with non-linear or non-normally
distributed data.

minimum values around 2 Å. However, this allows us to sample
other regions of the parameter space and to study in more detail
how the galaxy properties relate to the EW of the lines.

To test whether there is a correlation between the EW and
the properties of the galaxies, Spearman tests were performed by
grouping the three data sets. To estimate the confidence intervals
of the correlation, the bootstrap method was applied 107 times.
The blue histograms in the inset of each panel of Fig. 5 repre-
sent the probability distribution function (PDF) of the Spearman
parameter obtained in the bootstrap simulations and the dashed
lines mark the mode of the PDF. The expected distribution for
the case where there is no correlation between the variables6 is
plotted in orange and the mode of Spearman parameter distribu-
tion and the significance are typed. It can be seen that for M∗
the data suggest a positive correlation with the EW, a mode of
ρs = 0.43 being obtained at a significance of 4.5σ, indicating
that the greater the mass of the object, the greater the capacity
to generate material winds. This result differs from that obtained
in the framework of PR21, but confirms that found by RU14,
mainly owing to the joint study of all the data, which adds more
statistics to the entire range of values, both EW and M∗. A posi-
tive correlation was also found when examining the SFR with a
mode of ρs = 0.42 at a significance of 4.4σ. As we have already
discussed, Lockman data add more statistic significance in the
high SFR area of the graph, thus better defining the behaviour
in this area. The correlation found is not as strong as the one
discovered in the work of PR21 and RU14, but the significance
is higher owing to the larger data set. In the case of sSFR, no
correlation was found with the EW of Mg ii. The distribution
obtained from the bootstrap simulations and that expected in the

6 For large samples (n ≥ 30), the expected distribution of the Spearman
parameter tends to be a normal one N

(
0, 1/

√
n − 1

)
.
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Table 3. Absorption line velocities measured for the objects from the Lockman–SpReSO catalogue.

ID Fe ii λ2344 Fe ii λ2374 Fe ii λ2382 Fe ii λ2586 Fe ii λ2600 Mg ii λ2796 Mg ii λ2803 Mg i λ2852
(km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

123207 – – – −177± 144 2± 85 −131± 293 −226± 296 −161± 364
96864 – – – −192± 110 −122± 119 18± 85 131± 92 −46± 33
101926 – 131± 100 −18± 89 59± 170 −148± 84 −322± 5 −269± 68 −210± 88
120080 – – – 107± 53 −43± 95 −199± 70 −118± 109 67± 159
118338 – – – 61± 59 1± 165 −24± 53 25± 61 9± 127
95738 – – – −232± 93 −147± 108 −305± 235 −220± 219 −210± 34
109219 – – – 463± 207 −134± 150 −322± 39 −316± 723 –
94458 – – – 23± 169 −382± 173 −62± 149 −16± 155 −217± 78
92467 – – – −467± 70 −202± 76 −114± 92 −166± 105 −159± 496
120257 −222± 92 379± 511 321± 111 −224± 249 −31± 73 89± 63 286± 119 151± 134
95958 – −233± 148 −54± 164 −317± 139 −238± 83 −279± 116 −232± 98 78± 110
116662 – −499± 215 −303± 173 −178± 154 −199± 118 −322± 416 −98± 390 331± 143
133957 – – – −171± 289 −228± 99 −90± 87 97± 213 –
186820 – – – 315± 227 −23± 124 −214± 75 −34± 88 –
97778 – −478± 252 −295± 208 −346± 132 −430± 213 −214± 225 −36± 172 −420± 247
77155 −131± 117 −363± 222 −186± 147 −99± 46 −296± 50 −201± 98 −214± 18 −170± 93
102473 63± 100 306± 117 378± 60 −232± 12 68± 154 −141± 63 −78± 67 −210± 42
120237 (a) −343± 133 −130± 234 −378± 182 −297± 95 −312± 60 – – –
206641 (a) −384± 55 −379± 147 −327± 30 −313± 51 −170± 52 – – –
78911 −256± 27 −13± 190 258± 76 116± 17 89± 95 12± 63 93± 59 15± 47
206679 (a) −54± 33 −75± 39 35± 23 3± 18 −166± 23 −44± 32 −66± 34 –

Notes. (a)Objects classified as AGNs by González-Otero et al. (in prep.).
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Fig. 5. Plot of the Mg ii λ2796 EW versus M∗, SFR, and sSFR (from left to right). The empty blue circles are the results obtained here, the empty
orange diamonds are the results of PR21 and the green empty squares are the results of RU14. The inset graph in each panel contains the probability
distribution of the Spearman parameter from the bootstrap procedure in blue (see the text for more details) and the expected distribution in the
uncorrelated case is shown in orange. The value of the mode of the obtained distribution and the significance in sigmas for the obtained correlation
are also included. See the Sect. 4.1 for a discussion of correlation.

case of non-correlation are very close with a mode of ρs = 0.11
at a significance of 1.1σ.

In Fig. 6 we plot the EW of Fe ii λ2586 with respect to the
properties of the galaxies in our study, together with the RU14
data, using the same procedure and symbols as in Fig. 5. It is
observed that the EW correlates with M∗ in a similar way to
that found for Mg ii, with ρs = 0.43 at 3.3σ of significance.
This result differs from that of RU14, who found no correlation
between the parameters (ρs = 0.07 at 0.4σ). The significant dif-
ference in the EW between the data from RU14 and Lockman–
SpReSO, mainly due to the different nature of the objects accord-
ing to the selection criteria, coupled with the increase in the
statistics, means that we can further populate the diagram and

recover the correlation found between the EW of Mg ii and M∗.
The correlation between the SFR and the EW of Fe ii is the
strongest found in this study, with a positive correlation where
a mode of ρs = 0.69 was found in the bootstrap simulations at
5.3σ of significance. Once more, galaxies with higher SFRs can
produce stronger winds. For the sSFR, there is still no significant
correlation with the EW (ρs = 0.33 at 2.5σ).

PR21 carried out the study of the Fe ii lines using an EW-
weighted average because they found the Fe ii lines to be saturated
in their spectra. In order to compare our data with their results, we
calculated an EW-weighted average of the Fe ii lines present in our
objects and we show the results found in Fig. 7. The correlation
with M∗ is very weak (ρs = 0.31) with a significance of 1.9σ. In
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Fig. 7. Weighted EW average of the Fe ii lines versus M∗, SFR, and sSFR (from left to right). The empty blue circles are the results of this paper
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this comparison, the bootstrap distribution and the expected dis-
tribution are wider than in the previous cases, mainly because of
the smaller data set used. For the SFR we find a significant corre-
lation (ρs = 0.62) at 3.9σ. This result is consistent with the results
of PR21 and with the previous comparison with what RU14 found.
This correlation supports the hypothesis that Fe ii lines are more
intense at higher SFRs of galaxies. The sSFR also shows a slight
correlation (ρs = 0.52) at 3.2σ with the average EW, which we
did not find in the previous comparisons. This relation may be due
to the smaller statistics we have for log (sSFR) < −9.5, with only
two sources in this region.

4.2. Velocity analysis

As we show above, the spectral resolution of the Lockman–
SpReSO spectra is not the commonly used resolution for the
analysis of outflows. It can lead to large errors in the mea-
surement of properties derived from spectral lines, such as the
velocity of the ejected material, as can be seen from Table 3.
Despite this severe limitation our sample increases the number of
objects that can be studied in this still investigated topic. The ini-
tial results provide a fundamental basis for future research with
higher resolution, which will help to reduce the margin of error
and provide more accurate knowledge about the physical condi-
tions of our sample. Using the velocities obtained we have esti-

mated which objects are receiving an inflow of material, which
are ejecting material from the galaxy star-forming regions, and
which have velocities compatible with zero (no wind).

Following the criteria used for the EW analysis, we studied
the Fe ii λ2586 and Mg ii λ2796 lines to distinguish between
galaxies with outflows, inflows, and gas at the systemic veloc-
ity. Analysing the Fe ii λ2586 line, of the 18 objects retrieved
from Lockman–SpReSO, nine show material outflows, five show
material inflows, and four show velocities compatible with zero,
namely absorption only. In the analysis of the Mg ii λ2796 line,
ten objects show outflows, one shows an inflow, and seven have
velocities compatible with zero. Considering the three objects
classified as AGN, two (120237 and 206641) show an out-
flows in the Fe ii λ2586 line and object 206679 has velocities
compatible with zero. The Mg ii λ2796 line is available only
in pure absorption for the object 206679, and has an outflow-
compatible velocity. The discrepancy between the Fe ii and Mg ii
results can be attributed to the high degree of blending of the
Mg ii doublet lines with respect to the Fe ii doublet lines, mainly
because of the small wavelength separation between the centres
of the Mg ii lines (∼7 Å) and the resolution at which they are
observed in Lockman–SpReSO. Furthermore, object 206679, at
redshift ∼1.44, could be a Fe ii low-ionisation broad absorption-
line quasar (FeLoBALQ) candidate that shows an AGN-type
nature by the presence of C iii] emission, also noticed by
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Fig. 8. Mg ii λ2796 velocity versus M∗, SFR, and sSFR (from left to right). The symbols and colour coding are the same as for Fig. 5. See Sect. 4.2
for a discussion of correlation analysis.
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Fig. 9. Fe ii λ2586 velocity versus M∗, SFR, and sSFR (from left to right). The symbols and colours are as in Fig. 5. See Sect. 4.2 for a discussion
of correlation.

Schmidt et al. (1998), and might be an example of a loitering
outflow representing a new class of FeLoBALQs described by
Choi et al. (2022). The peculiarity of these FeLoBALQs is that
they have low flow velocities and high column density winds
located at log (Rd) . 1 pc where Rd is the distance to the centre.

In Fig. 8 we plot the Mg ii λ2796 velocities using the data
from Lockman–SpReSO, PR21, and RU14 against the phys-
ical parameters of the galaxies, where the possible existence
of a correlation is analysed in the same way as the EW (see
Sect. 4.1). To investigate the correlation between outflow veloc-
ity and galaxy properties, we restrict the sample to objects that
satisfy δv < 50 km s−1, excluding inflows from the study while
accounting for measurement errors. The result is that the Mg ii
λ2796 velocity is not correlated with M∗, SFR, or sSFR as the
distributions obtained from the bootstrap simulations are similar
to those expected in the uncorrelated case. The same analysis is
carried out for the Fe ii λ2586 line using the RU14 and Lockman
data and is shown in Fig. 9. Examining the distributions of the
bootstrap simulations, we find that there is no significant corre-
lation between the Fe ii λ2586 velocity and the M∗. However,
there is a negative correlation between velocity and SFR with
ρ = −0.34 at 3.6σ of significance. The study on sSFR shows a
weaker negative correlation (ρ = −0.27) at 2.9σ.

If we examine the mean velocity of all Fe ii lines weighted
by the error, we can use the PR21 and Lockman–SpReSO data

in conjunction. As can be seen in Fig. 10, there is a strong
correlation of the velocity with the M∗ (ρ = −0.43) and SFR
(ρ = −0.57) . The significance identified is lower due to the lim-
ited statistics available in this case and the narrow range of val-
ues that can be studied for the parameters. These results differ
from that obtained in the framework of PR21, where no corre-
lations were found with a significance greater than 1.4σ. They
argue that the lack of correlation is due to the short range of SFR
in their objects, which, when combined with the intrinsic scat-
ter of the relationship between SFR and velocity, makes it diffi-
cult to find a correlation. Additionally, the study may be affected
by a systemic component of the ISM that scales with the SFR,
as expected from the Schmidt-Kennicut law (Kennicutt & Evans
2012). This component may have a greater impact on studies that
use a single component fit of the spectral lines.

In contrast of our results, Rupke et al. (2005b) studying
78 starburst-dominated LIRGs and analysing the Na i absorp-
tion, found that the outflow velocity and properties of these
galaxies are independent. However, Martin (2005), analysing
18 ULIRGs, found that the Na i velocity follows a relation
∆v ∼ SFR0.35. Weiner et al. (2009), studying a coadded spec-
tra of 1406 galaxies at z ∼ 2 from the DEEP2 redshift sur-
vey, also found that Mg ii absorption in outflows is stronger
and reaches higher velocities for more massive galaxies; they
obtained a similar relationship for the velocity ∆v ∼ SFR0.3.
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Fig. 10. Average Fe ii velocity versus M∗, SFR, and sSFR (from left to right). The symbols and colours are as in Fig. 5. See the Sect. 4.2 for a
discussion of correlation.

Heckman et al. (2015), studying the UV absorption lines of 39
low-redshift starburst galaxies, found that there is a strong cor-
relation of the velocity they measured with the SFR and SFR sur-
face density (ΣSFR), but a weak correlation with M∗. This result
is supported by Chisholm et al. (2015), who analysed the Si ii
absorption lines in 48 nearby SFGs. They found a correlation
with a significance of 3–3.5σ between the outflow velocity and
galaxy properties such as SFR and M∗. Davis et al. (2023) cre-
ated a sample with a wide range in M∗ and SFR. They studied
46 late-stage galaxy mergers in conjunction with data from ten
other papers about outflow winds and discovered a significant
correlation between outflow velocities and SFR.

As can be seen, our results are inn good agreement with those
found in other studies. The Lockman-SpReSO data is crucial for
this study. Figures 8–10 demonstrate that the FIR-selected galax-
ies occupy regions in the charts where there were previously few
objects, particularly in the higher SFR regions. This provides a
more comprehensive sampling of the parameter space, allowing
for a more detailed analysis of the general properties of galactic
flows. In addition to higher SFRs, the velocities of the Fe ii line
tend to be higher than those of PR21 and RU14 sample (Figs. 9
and 10), increasing the available range of velocities in the corre-
lation study.

4.3. Local covering factor and optical depth

The observed depth of an absorption line depends on the optical
depth (τ) of an absorbing cloud, and also on the fraction of the
background source which the cloud covers, C. For a continuum-
normalised spectrum, the residual intensity I of the absorption
feature is given by

I = (1 −C) + Ce−τ.

If two absorption lines are observed closely in wavelength, for
example two components of a multiplet of the same ion, for
which the ratio of the optical depth is known (α), we can solve
for C and τ. The ratio of optical depths is the ratio of the oscilla-
tor strengths f of the lines which can be found, for example, in
Morton (2003) and references therein. If fb = α fr then τb = ατr,
and the residual intensities in the red and blue components of the
line are:

Ir = (1 −C) + Ce−τb/α

and

Ib = (1 −C) + Ce−τb .

These equations must be solved numerically. See a more detailed
discussion in Benn et al. (2005).

In our case, we observe the pairs of absorption lines Mg ii
λλ2796, 2803, Fe ii λλ2374, 82, and Fe ii λλ2586, 2600. By
measuring the residual intensities and knowing the oscillator
strengths, we then estimate the covering factors (C), optical
depths (τ0) and ionic column densities (N). As our spectral res-
olution is not high enough, covering factors should be taken as
lower limits.. Results are shown in Table 4 where we show only
the results for the Fe ii absorption lines, because in most cases
blending of the Mg ii doublet makes it impossible to obtain a
physical solution or is unreliable. In some cases it is also very
difficult even for Fe ii lines.

From the above we have estimated ion column densities
(see Table 4). Our data, limited by low spectral resolution and
the lack of other ionised species, do not allow us to constrain
ionisation parameters or electron densities. We can, however,
crudely estimate hydrogen column densities by assuming solar
metallicity, no depletion of Fe, and 100% of ionisation for the
singly ionised iron (Eq. (13) in Martin et al. 2012). For our out-
flows, H i column densities are estimated to be in the range
log (N (H i)) ∼ 19.7–20.5 cm−2, and in some cases can be up
to log (N (H i)) = 21. These large values seem unlikely, so we
would expect higher than solar metallicities. Alternatively, for
a control test, we can estimate H i column densities using the
relationship defined in Ménard & Chelouche (2009) between H i
column densities and rest frame Mg ii EW. We measured Mg ii
EWs to be on average ∼5 Å, giving log (N (H i)) ∼ 20.7 cm−2,
consistent with our previous estimate.

Ionic densities and covering factors are similar to those in
the literature (Martin et al. 2012). Also, average densities are
log (N) . 16 cm−2 so that we could conclude that we observed
similar galactic outflows as in previous studies; that is, typical
mass flux in the low-ionisation outflows can be of the order of
∼23 M� yr−1 (Eq. (12) from Martin et al. 2012).

5. Summary and conclusions

In this paper, we present a study of the galactic flows in objects
from the Lockman–SpReSO project (Gonzalez-Otero et al.
2023). The objects were selected for having Fe ii lines in
absorption, and Mg ii lines in absorption and emission. We find
21 objects with redshift in the range 0.5 . z . 1.45, of which three
are classified as AGN (González-Otero, in prep.). The objects in
the sample span an M∗ range of 9.89 < log(M∗/M�) < 11.50 and
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Table 4. Covering factor, optical depth, and ionic column density obtained in the analysis of the Fe ii doublet lines.

ID Fe ii λ2374 Fe ii λ2382 Fe ii λ2586 Fe ii λ2600

C τ0 log N (cm−2) C τ0 log N (cm−2) C τ0 log N (cm−2) C τ0 log N (cm−2)

123207 – – – – – – 0.33 1.2 15.7 0.33 4.2 15.4
96864 – – – – – – 0.3 ∞ >16 0.3 ∞ >15.7
101926 0.31 2.5 16.0 0.31 2.7 15.7 0.3 ∞ >16 0.3 ∞ >15.8
120080 – – – – – – 0.33 ∞ >16 0.33 ∞ >16.2
118338 – – – – – – 0.20 ∞ >16 0.20 ∞ >15.6
95738 – – – – – – 0.28 4.8 16.2 0.28 16.6 16.0
109219 – – – – – – 0.19 1.8 15.9 0.19 6.3 15.7
94458 – – – – – – 0.24 1.2 15.4 0.24 4.1 15.6
92467 – – – – – – 0.30 1.3 15.4 0.30 4.4 15.5
120257 0.54 0.25 15.3 0.54 2.6 15.2 0.43 0.7 15.7 0.43 2.3 15.3
95958 0.17 3 16.4 0.17 31 16.1 0.35 0.7 15.3 0.35 2.5 15.2
116662 0.20 1.6 16.0 0.20 17 15.8 0.32 1.1 15.5 0.32 3.5 15.5
133957 – – – – – – 0.38 1.3 15.9 0.38 4.5 15.5
186820 – – – – – – 0.19 1.5 15.8 0.19 5.3 15.3
97778 0.15 1.8 16.0 0.15 19 15.8 0.25 2.5 15.7 0.25 8.6 15.8
77155 0.34 1.1 16.0 0.34 12 15.8 0.43 2.9 15.9 0.43 10 15.8
102473 0.26 3.2 16.3 0.26 34 16.1 0.34 0.7 15.8 0.34 2.2 15.5
120237 (a) 0.17 4.4 16.5 0.17 47 16.3 0.30 1.0 15.7 0.30 3.4 15.5
206641 (a) 0.08 0.2 15.2 0.08 2.2 15.1 0.08 0.8 15.2 0.08 2.9 15.6
78911 0.41 0.5 15.6 0.41 5.6 15.5 0.53 1.8 15.9 0.53 6.2 15.7
206679 (a) 0.41 0.9 16.0 0.41 10 15.8 0.60 1.3 15.6 0.60 4.5 15.4

Notes. (a)Objects classified as AGN by González-Otero et al. (in prep.).

Table 5. Summary of the Spearman rank correlation coefficient and the
significance found in the study of the Mg ii λ2796 line.

Mg ii λ2796

ρs PR21 RU14 This work

EW ∆v EW ∆v EW ∆v

M∗ – – 0.443.2σ – 0.434.5σ 0.060.7σ
SFR 0.673.2σ – 0.483.5σ – 0.424.4σ −0.111.1σ
sSFR – – – – 0.111.1σ −0.161.6σ

are (U)LIRGs (10.84 < log(LTIR/L�) < 12.53) with relatively
high log(SFR) between 1.01 and 2.70. We determined the
systemic velocities of the objects and measured the EW and
velocities of the Fe ii λλ2374, 82, Fe ii λλ2586, 2600, Fe ii
λ2344, Mg ii λλ2796, 2803, and Mg i λ2852 spectral lines.

The EWs and line velocities were used to explore possible
correlations with the M∗, SFR, and sSFR values of the galaxies.
In order to obtain statistically significant results, we performed
a joint analysis of our sample of 18 objects with an additional
22 and 105 galaxies from PR21 and RU14, respectively. Boot-
strap simulations were performed on the Spearman rank test to
check for the existence of correlations between the properties.
The inclusion of Lockman–SpReSO objects, selected for their
FIR emission, adds great value to the sample, because to the
best of our knowledge there are very few such studies based on
LIRGs in the literature (e.g. Banerji et al. 2011). This helps us to
validate whether the results obtained with other types of objects
are also valid for the FIR-selected objects.

Using the three samples as a whole, we find the EW of
Mg ii λ2796 to correlate strongly, ρs = 0.43 (ρs = 0.42) and

significantly at 4.5σ (4.4σ) with M∗ (SFR). This result is in
good agreement with the findings of RU14, but is only in agree-
ment with those of PR21 with respect to the SFR relationship;
these latter authors found no correlation of EW with M∗. The
Lockman–SpReSO sample enables a more in-depth examination
of the correlations between EW and galaxy properties. The EWs
of these objects occupy regions of the parameter space where
object density is very low, with higher values than in the RU14
and PR21 samples. This enables us to expand the boundaries
of the relationships. The Mg ii λ2796 line velocity has no cor-
relation (ρs ∼ −0.1) with the properties of the galaxies in the
sample. Davis et al. (2023) find a positive correlation between
velocity and SFR for the Mg ii line. The discrepancy observed
could be attributed to the effect of emission-line infilling, which
dilutes the lines and introduces errors. Table 5 contains a sum-
mary of the Spearman coefficient obtained in the analysis of the
Mg ii λ2796 line.

For the analysis of the Fe ii lines, separate studies were
carried out for the PR21 and RU14 samples. In the sample
with Lockman–SpReSO and RU14 data, a positive correlation
ρs = 0.43 (ρs = 0.69) and a significant one at 3.3σ (5.3σ) were
found with the M∗ (SFR) and the EW of Fe ii λ2586. With the
sSFR, the correlation found is not very strong (ρs = 0.33) and of
marginal significance (2.5σ). The velocity has no significant cor-
relation with M∗, but a strong correlation (ρ = −0.34) with high
significance (3.6σ) is found with SFR. This result implies that
the velocity of Fe ii spectral lines remains decoupled from M∗
but not from SFR; in other words, the energy to which the mate-
rial is exposed depends more on SFR than on M∗. A summary of
the correlations can be seen in Table 6. To study the Lockman–
SpReSO and PR21 sample as a whole, we performed weighted
averages of the EW and velocities of the Fe ii lines measured in
the Lockman–SpReSO objects. We find that EWavg is strongly
correlated with the SFR (ρs = 0.62) at 3.9σ and more marginally
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Table 6. Summary of the Spearman rank correlation coefficient and the
significance found in the study of the Fe ii λ2586 line.

Fe ii λ2586

ρs RU14 This work

EW ∆v EW ∆v

M∗ 0.070.4σ – 0.433.3σ 0.020.2σ
SFR 0.462.4σ – 0.695.3σ −0.343.6σ
sSFR – – 0.332.5σ −0.272.9σ

Table 7. Summary of the Spearman rank correlation coefficient and the
significance found in the study of the weighted average of the Fe ii lines.

Fe iiavg

ρs PR21 This work

EWavg ∆vavg EWavg ∆vavg

M∗ ≤1.4σ ≤1.4σ 0.311.9σ −0.432.3σ
SFR 0.652.9σ ≤1.4σ 0.623.9σ −0.573.1σ
sSFR ≤1.4σ ≤1.4σ 0.523.2σ −0.251.3σ

correlated with the M∗ (ρs = 0.31) and sSFR (ρs = 0.52) at 1.9σ
and 3.2σ, respectively. The average velocity also shows strong
correlations with M∗ (ρ = −0.43) and SFR (ρ = −0.57). This
is consistent with the results above that show that the velocity
is dependent on the properties of the SFR. In general, thanks to
the inclusion of the Lockman–SpReSO objects selected for their
FIR emission – of which little is known compared to galactic
flows in distant FIR objects –, we can confirm the results of pre-
vious studies and find discrepancies with others. A summary of
the correlations obtained for the weighted average of Fe ii lines
is provided in Table 7.

Although the spectral resolution and dispersion used in the
Lockman–SpReSO observations (R ∼ 500, ∼4 Å pix−1) are not
commonly used for outflow analysis, where higher resolutions
are usually required, we were able to detect the existence of
nine (ten) galactic outflows, five (one) inflows, and four (seven)
absorption-only objects based on the velocities obtained for the
Fe ii λ2586 (Mg ii λ2796) line. In addition, of the three objects
classified as AGN, object 206679 was found to be a clear candi-
date ‘loitering outflow’, a new class of iron low-ionisation broad
absorption (FeLoBAL) quasar characterised by low flow veloci-
ties (v . 2000 kms−1) and high-column-density winds located at
log (Rd) . 1 pc.

Finally, it is important to highlight that this study was not
initially planned, but rather emerged from the serendipitous dis-
covery of these objects in the Lockman–SpReSO data. Despite
the unplanned nature of the study, the findings provide valuable
insights into the characteristics and behaviour of these objects.
Higher-resolution observations will help us to better constrain
and study the velocities of the objects with increased accuracy,
and will provide more information about the FeLoBAL quasar
candidate. However, this study undoubtedly sheds more light on
the study of galactic flows by adding objects of a different nature
compared to those studied so far, as they are objects selected for
their FIR emission.
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Appendix A: Cutouts and SED fits of the Lockman–SpReSO objects
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Fig. A.1. Cutouts (top left), SED fits (top right), and spectra slices (bottom) for the object ID 123207 studied in this paper. The cutouts are made on
the GTC image of the Lockman-SpReSO survey field (see Gonzalez-Otero et al. 2023 for details). The green dot represents the optical coordinates
of the object. The blue circle marks nearby objects in the Lockman-SpReSO catalogue. The red rectangle represents the position and size of the slit
used to observe the object. There are two types of slit: a small slit of 3 arcsec and a large slit of 10 arcsec (see Gonzalez-Otero et al. 2023 for more
details). The red circle represents the position of the fibre. In the SED fits the best model is plotted as a solid black line, the photometric information
of the object is plotted as empty violet circles, and the red filled circles are the fluxes obtained by the best model. The individual contributions of
the models used are also plotted where the yellow line represents the attenuated stellar component, the blue dashed line is the unattenuated stellar
component, the green line illustrates the nebular emission, and the red line is the dust emission. The relative residuals of the flux for the best model
are plotted at the bottom. The spectral slices show the absorption lines studied in this paper. The spectra have been normalised to the continuum.
The grey vertical dashed lines represent the rest-frame wavelength of the lines.
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Fig. A.2. Same as Fig. A.1 but for object ID 96864.
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Fig. A.3. Same as Fig. A.1 but for object ID 101926.

A31, page 16 of 25



González-Otero, M., et al.: A&A, 684, A31 (2024)
10

h 5
2m

21
s

20
s

19
s

57°34'00" 05" 10" 15" 20"
DEC (J2000)

RA
 (J

20
00

)

N

E

120478

Obj. Coord Near Obj Slit
ID: 120080

10 3

10 2

10 1

100

101

102

S
 (m

Jy
)

Stellar attenuated
Stellar unattenuated
Nebular emission
Dust emission
Model spectrum
Model fluxes
Observed fluxes

100 101 102 103 104 105

Observed  ( m)

1

0

1

Re
la

tiv
e

re
sid

ua
l (Obs-Mod)/Obs

Best model for 120080
 (z=0.61, reduced ²=1.3)

2570 2580 2590 2600 2610 2620
rest (Å)

0.7

0.8

0.9

1.0

1.1

1.2

No
rm

al
ise

d 
flu

x

FeII 2586,2600

2760 2780 2800 2820
rest (Å)

0.6

0.7

0.8

0.9

1.0

1.1

1.2
No

rm
al

ise
d 

flu
x

MgII 2796,2803

Fig. A.4. Same as Fig. A.1 but for object ID 120080.
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Fig. A.5. Same as Fig. A.1 but for object ID 118338.
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Fig. A.6. Same as Fig. A.1 but for object ID 95738.
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Fig. A.7. Same as Fig. A.1 but for object ID 109219.
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Fig. A.8. Same as Fig. A.1 but for object ID 94458.
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Fig. A.9. Same as Fig. A.1 but for object ID 92467.
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Fig. A.10. Same as Fig. A.1 but for object ID 120257.
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Fig. A.11. Same as Fig. A.1 but for object ID 95958.
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Fig. A.12. Same as Fig. A.1 but for object ID 116662.
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Fig. A.13. Same as Fig. A.1 but for object ID 133957.
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Fig. A.14. Same as Fig. A.1 but for object ID 186820.
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Fig. A.15. Same as Fig. A.1 but for object ID 97778.
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Fig. A.16. Same as Fig. A.1 but for object ID 77155.
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Fig. A.17. Same as Fig. A.1 but for object ID 102473.
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Fig. A.18. Same as Fig. A.1 but for object ID 120237.
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Fig. A.19. Same as Fig. A.1 but for object ID 206641.
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Fig. A.20. Same as Fig. A.1 but for object ID 78911.
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Fig. A.21. Same as Fig. A.1 but for object ID 206679.
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5
Summary & Conclusions

All that is gold does not glitter,
Not all those who wander are lost;

The old that is strong does not wither,
Deep roots are not reached by the frost.

From the ashes a fire shall be woken,
A light from the shadows shall spring;

Renewed shall be blade that was broken:
The crownless again shall be king.

Bilbo at the Council of Elrond, The Fellowship of the Ring
J. R. R. Tolkien (1954)

T his thesis presents the first findings of the analysis of the data from the Lockman–
SpReSO project which is a spectroscopic survey in the optical range dedicated to

the follow-up of IR galaxies previously observed with the Herschel Space Telescope.
The initial phase of the thesis involved the comprehensive reduction of the survey

data. This process entailed the application of exquisite corrections to the raw obser-
vations, resulting in the generation of the final spectra of the objects. From these, the
spectral line measurements and the spectroscopic redshifts of the objects were derived.
Furthermore, a comprehensive compilation of all available information pertaining to
the objects was undertaken, with the objective of creating a comprehensive survey
catalogue. Finally, using the redshift and the available photometric information, the
SED of the objects were fitted to derive the 𝑀∗ and 𝐿TIR.

The subsequent phase of the thesis focused on the investigation of the character-
istics of the SFGs. To this end, we initially distinguished the SFGs from the AGNs
through the application of both photometric and spectroscopic criteria. Subsequently,
the spectral lines were corrected for the extinction caused by the interstellar dust in
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order to determine the SFR and metallicity of the SFGs. This approach enabled us to
examine the relations between their properties. On the one hand, the MS was studied
by analysing the 𝑀∗ in conjunction with the SFR. On the other hand, the MZR of the
SFGs was studied, analysing the behaviour of 𝑀∗ and metallicity together. Finally,
the three-dimensional relationship between 𝑀∗, SFR and metallicity was analysed.

In the final part of the thesis, the galactic flows present in a small sample of objects
in the catalogue were studied. For this purpose, the ultraviolet absorption lines of
Mg ii and Fe ii were analysed. The EW of the lines and the velocities of the flows
were analysed with respect to the host galaxy properties such as the 𝑀∗, SFR and the
sSFR.

To conclude this thesis, a synopsis of the principal results and conclusions derived
from the study is presented below.

• At the outset of the thesis, the observations of the survey were completed in
their entirety, commencing in 2014 and concluding in 2018. The observations
of the central region of the LH field (24 × 24 arcmin2) were mainly conducted
with the OSIRIS spectrograph attached to the GTC telescope. The sample
of objects comprises 956 FIR-selected galaxies and 188 additional objects of
interest in the field. A satisfactory reduction of all survey observations was
achieved. For this purpose, established routines in IRAF and own-designed
Python programs were employed. In particular, the subtraction of the sky
contribution in the spectra represents a challenging and pivotal aspect of the
data reduction process. This was satisfactorily achieved by the use of both
an innovative strategy of observations and own-designed Python programs.
Taking the final spectra of the objects as a starting point, the following results
were obtained:

– The spectroscopic redshift was determined for 357 objects in the range
0.0290 < 𝑧 < 4.9671, using two or more spectral lines available in the
spectra. Additionally, for 99 objects for which only one spectral line could
be found, an in-depth study was conducted to provide a reliable redshift
value. In order to achieve this, all available photometric information,
including magnitudes and photometric redshifts, was utilised, resulting in
a redshift range of 0.0973 < 𝑧 < 1.4470. Of the 456 objects for which
we were able to provide a redshift value, less than the 25% had a value
in the literature. In addition, the redshift determination allowed us to
clarify the nature of some of the complementary objects in the catalogue.
For instance, sources that were identified as potential cataclysmic star
candidates were observed to exhibit redshifts within the range 0.5263 <

𝑧 < 1.9387. This indicates that they are not stars, but rather distant
compact objects.
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– The most significant spectral lines within the ultraviolet-optical range were
measured. The LMFIT routine, implemented in Python, was employed
for this purpose. Each line was fitted using a Gaussian and a linear
component.

– The survey database was fully described and constructed. It included all
available information on the survey objects in the literature and comprised
observations from more than 10 different telescopes and data from more
than 30 photometric bands, spanning the electromagnetic spectrum from
X-ray to submillimetre wavelengths.

– The SEDs of the objects were fitted using the CIGALE software, which
took advantage of the extensive photometric coverage available for the
objects, from FUV to FIR, and the obtained spectroscopic redshift. This
allowed us to derive galaxy properties such as 𝑀∗ and 𝐿TIR. The 𝑀∗ of the
galaxies is distributed in the range 7.65 < log(𝑀∗/𝑀⊙) < 12.07 with a
mean value of log(𝑀∗/𝑀⊙) = 10.28. Conversely, the 𝐿TIR encompasses a
range of 8.12 < log(𝐿TIR/𝐿⊙) < 13.06, with 55% of the objects classified
as LIRGs, 6% as ULIRGs, and 1% as HLIRGs.

• In order to study the properties of the SFGs, we have based ourselves on the
catalogue of FIR-selected objects with the spectroscopic redshift determined in
the previous section. To do so, we segregated the sample in order to remove the
AGNs and keep only the SFGs. Furthermore, we corrected the extinction of the
spectral lines using the E(B-V) derived from the SED fittings with CIGALE.
In this manner, a number of different calibrations for the determination of SFR
and gas-phase metallicity were studied. The principal findings are presented
below:

– The distinction between SFGs and AGNs was made on the basis of pho-
tometric and spectroscopic criteria. Of the 409 FIR-selected objects with
determined redshift, 69 were classified as AGNs, representing 17% of
the initial sample. This value is slightly higher than that observed in
local galaxies, where ∼ 11% has been obtained for SDSS and MANGA.
However, this result is highly dependent on the selection criterion of the
analysed sample. The sample of star-forming galaxies (SFGs) obtained
exhibited a spectroscopic redshift range of 0.03 < 𝑧 < 1.52, with a mean
value of 𝑧 ∼ 0.6.

– The 𝑀∗ and the SFR were analysed to investigate the MS of the SFGs.
In order to gain a more comprehensive understanding, the SFR derived
from the flux of the H𝛼, H𝛽, H𝛾, and [O ii] lines, as well as the SFR
derived from the 𝐿TIR, were also analysed. We observed that objects
at low redshift (𝑧 < 0.4) are well represented by the MS described by
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Popesso et al. (2023), exhibiting a mean shift of 0.03 dex. However,
objects at higher redshifts tend to populate regions above the MS, which
encompasses the regime of starburst galaxies, regardless of the SFR tracer
employed and showing a median shift of ∼ 0.4. It has been demonstrated
that FIR-selected SFGs at 𝑧 > 0.4 exhibit higher SFRs than would be
expected for a given 𝑀∗ and redshift, with shifts of up to 2 dex with
respect to the MS.

– The MZR of the FIR-selected SFGs was investigated utilising the metal-
licity calibrations of Kobulnicky and Kewley (2004) and Tremonti et al.
(2004), both of which employed 𝑅23 as a tracer. This study revealed
that the FIR-selected SFGs exhibited lower metallicities than anticipated
for their 𝑀∗ and redshift, both for objects in the OSSY catalogue (low
redshfit, ∼ 0.1) and for Lockman-SpReSO objects (intermediate redshift,
∼ 0.6).

∗ A comparison of the metallicities of galaxies in the OSSY catalogue
that exhibit IR information in the HELP database with those of non-
IR emitting OSSY galaxies revealed that the former exhibited lower
metallicities.

∗ The MZR for Lockman-SpReSO galaxies, with a mean redshift of
0.6, is more closely aligned with higher redshift models, such as that
of Zahid et al. (2014) for galaxies at 𝑧 ∼ 1.55, which exhibits a mean
dispersion of 0.04 dex for galaxies with 𝑀∗ < 1010.2 𝑀⊙. At higher
masses, the range of evolution of the MZR is more limited, with the
most massive galaxies achieving their current metallicity at redshfit
𝑧 ∼ 1. Nevertheless, the observed metallicity for Lockman-SpReSO
galaxies is lower than expected.

– The three-dimensional relationship between 𝑀∗, SFR and metallicity of
FIR-selected SFGs was investigated by applying the FP calibration that
is described by Lara-López et al. (2010). The SFR derived from H𝛽

flux and 𝐿TIR was studied together with the metallicity obtained from the
calibration of Tremonti et al. (2004) in order to analyse the universality
of the FP.

∗ The SFR derived from H𝛽 flux revealed that both the OSSY sample
and the FIR-selected SFGs are well represented by the FP, thereby
supporting the non-evolution and universality of the FP. This is ev-
idenced by the fact that the FP reproduces the behaviour of objects
well, regardless of their redshift or nature. The dispersion observed
was 0.2 dex, which is only slightly larger than the mean uncertainty of
the 𝑀∗ (0.1 dex) used as the independent variable in the calibration.
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∗ The FP was re-calibrated to be applied with the SFR derived from
𝐿TIR, as its definition is based on the SFR derived from H𝛼, which
analyses smaller timescales and different, but related, regions of
galaxies. The obtained mean dispersion was 0.17 dex.

• Finally, in the sample of 456 objects with a determined redshift, 21 objects
(three of which were classified as AGNs and retrieved from the correlation
analysis) were found to have galactic flows in the redshift range 0.5 < 𝑧 < 1.44.
In works such as those by Rubin et al. (2014) and Prusinski et al. (2021), re-
lationships were found between the EW of the ultraviolet Mg ii and Fe ii lines
and the flow velocity, with properties of the host galaxies such as the 𝑀∗, SFR,
and sSFR. Therefore, measurements of these available lines were performed
to check whether these relations are also valid in FIR-selected samples. Al-
though the emission filling factor in dusty galaxies such as Lockman-SpReSO
is not important, we have studied the blue lines of the Mg ii𝜆𝜆2796, 2803,
Fe ii𝜆𝜆2374, 82, and Fe ii𝜆𝜆2586, 2600 doublets. The correlations were stud-
ied in conjunction with the Lockman-SpReSO, Prusinski and Rubin galaxies,
by 107 bootstrap simulations using Spearman’s rank correlation coefficient.

– The EW of the Mg ii𝜆2796 line was found to have a strong correlation
(𝜌𝑠 = 0.43) at a significance of 4.5𝜎 with the 𝑀∗. With the SFR,
the correlation is equally strong (𝜌𝑠 = 0.42) at a significance of 4.4𝜎.
Although the properties of Lockman-SpReSO galaxies are consistent with
those of Rubin or Prusinski, the EWs measured in Lockman-SpReSO
objects are larger, mainly due to a bias caused by the resolution of the
observations. Consequently, Lockman-SpReSO galaxies permit a more
comprehensive investigation of these relationships by populating regions
of parameter space that other samples do not. With respect to the line
velocity, no correlations with galaxy properties were identified in the
analysis of the Mg ii𝜆2796 line.

– The analysis of the EW of the Fe ii𝜆2586 line revealed a strong correlation
between the EW and 𝑀∗ (𝜌𝑠 = 0.43) at a significance of 3.3𝜎. Similarly,
SFR exhibited an even stronger correlation (𝜌𝑠 = 0.69) at a significance
of 5.3𝜎. The velocity of the flow has a strong correlation (𝜌𝑠 = 0.34) and
a high significance of 3.6𝜎 with the SFR, while the correlation with 𝑀∗ is
negligible. This indicates that the Fe ii𝜆2586 line velocity is decoupled
from the 𝑀∗, but strongly depends on the SFR of the galaxy. That is, the
energy with which the material is ejected from the galaxies depends more
on the SFR than on the 𝑀∗.

– One of the three objects classified as AGNs was identified as a clear
candidate for the recently proposed class of “loitering outflow”, a new
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category of FeLoBAL quasars. These objects are distinguished by low
outflow velocities (𝑣 ≲ 2000 km s−1) and high-column-density winds
located at log 𝑅d < 1 pc.

In conclusion, this thesis has carried out the data reduction of the Lockman-
SpReSO project and has also performed the first scientific exploitation of its data.
This demonstrates the quality of the project, which is one of the most comprehensive
works carried out in the LH field, and shows the importance of the optical study of
distant galaxies for understanding galaxy evolution.
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giovanni, Á., Cepa, J., Navarro Martı́nez, R., Nadolny, J., Lara-López, M. A.,
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vanni, Á., Pérez Garcı́a, A. M., González-Serrano, J. I., Alfaro, E., Avila-Reese,
V., Benı́tez, E., Binette, L., Cerviño, M., Cruz-González, I., de Diego, J. A.,
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fundamental plane for field star-forming galaxies. A&A, 521:L53, October 2010.
doi: 10.1051/0004-6361/201014803.

Lee, H., Skillman, E. D., Cannon, J. M., Jackson, D. C., Gehrz, R. D., Polomski, E. F.,
and Woodward, C. E. On Extending the Mass-Metallicity Relation of Galaxies by
2.5 Decades in Stellar Mass. ApJ, 647(2):970–983, August 2006. doi: 10.1086/
505573.

Lemaı̂tre, G. Un Univers homogène de masse constante et de rayon croissant ren-
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