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Resumen

Esta tesis se centra en el estudio de las propiedades fisicas de galaxias con desplaza-
mientos al rojo entre 2.3 y 3.3, un perfodo de tiempo donde las galaxias forman activa-
mente estrellas y evolucionan rapidamente. El trabajo estudia diferentes poblaciones
de galaxias, desde galaxias jovenes emisoras en la linea de Ly« (LAEs) y con salto de
Lyman (LBGs), hasta otras mas evolucionadas detectadas en el rango submilimétrico
con el Observatorio Espacial Herschel (SMGs). Debido al bajo brillo aparente de es-
tas galaxias, se emplea el efecto de lente gravitatoria en estudios de alta sefial a ruido
(S/N) para explorar en profundidad sus propiedades en una perspectiva pancromatica,
con un énfasis particular en la emisién del ultravioleta (UV) en el sistema en reposo.

Primero, se presenta el proyecto BELLS GALLERY, un cartografiado dedicado
a identificar sistemas de lentes gravitatorias con galaxias emisoras de Lya a 2 < z <
3 como fuentes de fondo. Dentro de este proyecto, el trabajo de la tesis presenta
el descubrimiento de dos nuevas LAEs, de las més brillantes e intrinsecamente méas
luminosas conocidas hasta la fecha. Ademas, se lleva a cabo un estudio fotométrico y
espectroscépico con el Gran Telescopio Canarias y el Telescopio William Herschel de
seis de estas LAEs amplificadas por lente. Se derivan las propiedades principales de
estas galaxias, como las luminosidades en la linea Lya y el UV, las tasas de formacién
de estrellas y la atenuacion del polvo. También se emplean varios diagndsticos en el
UV en sus espectros para estudiar la cinemética del medio interestelar y la distribucion
espacial observada del continuo UV y la emisién Lya.

En segundo lugar, se presenta una andlisis detallado de HLockO1 a z=2.96, una de
las SMGs amplificadas por lente mds brillantes conocidas. Se muestra que HLockO1
es un sistema en fusion compuesto por una galaxia SMG masiva y una LBG satélite,
separadas por 3.3 kpc en proyeccién. Ademds, el espectro UV de la LBG eviden-
cia movimientos de gas a gran escala, incluyendo gas que sale a alta velocidad de la
LBG, caida de gas sobre la SMG, y un reservorio de gas a 110 kpc en proyeccién.
Estos resultados constituyen una de las primeras confirmaciones observacionales de
que la acrecién de gas, junto con las fusiones continuadas de galaxias, son los princi-
pales mecanismos responsables de las tasas de formacion de estrellas extremadamente
grandes que se observan en muchas SMGs.

Por dltimo, se presenta el descubrimiento y primer anélisis de una gran regioén de
emissién de Ly a z = 3.325, no relacionada con HLock01, pero cercana en proyec-
cién. La nebulosa presenta emision en la linea de Ly« con un tamaifio de 110 kpc y
una luminosidad Lyy, = (6.0040.08) x 10* erg s~!, siendo una de las nebulosas de
Lya mds luminosas conocidas hasta la fecha. También presenta emisién extendida
en lineas metdlicas, tales como C 1V, He 11, y C III] con tamaiios de ~ 90, 50 y 35
kpc, respectivamente. El origen de esta nebulosa estd probablemente asociado con
una galaxia activa de tipo 2 y su emisién en radio contenida en los ~ 8 kpc centrales.
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Summary

This thesis focus on understanding the physical properties of galaxies at redshifts
2.3 <7< 3.3, atime period called Cosmic Noon when galaxies were actively forming
stars and evolving rapidly. The work involves the study of different galaxy popula-
tions, from young Ly« emitters (LAEs) and Lyman break galaxies (LBGs), to more
evolved, and very actively star forming submillimeter galaxies (SMGs) detected with
the Herschel Space Observatory. Because of the faintness of these high redshift galax-
ies, this work employ the power of the gravitational lens effect in high signal-to-noise
(S/N) studies to probe deeply into their physical properties in a multi-wavelength ap-
proach, with particular emphasis to the rest-frame ultra-violet (UV) emission.

First, the BELLS GALLERY project is presented, a dedicated survey aimed to
search for strong gravitationally lensed systems with 2 < z < 3 LAEs as background
sources. Within this project, the thesis work reports the discovery of two very bright
lensed LAEs, that are within the brightest and intrinsically most luminous LAEs
known so far at any redshift. In addition, results from a deep optical imaging and
spectroscopic survey with the Gran Telescopio Canarias and the William Herschel
Telescope targeting six of this new type of strong galaxy-scale lensed LAEs are de-
scribed and discussed. The main properties of these lensed LAEs are derived, such
as their Lya and UV luminosities, star formation rates, and dust attenuation. Several
rest-frame UV diagnostics are also employed on their high S/N spectra to study the
kinematics of the interstellar medium and the observed spatial distribution of the UV
continuum and Ly« emission.

Second, a detailed imaging and spectroscopic analysis of one of the brightest grav-
itationally lensed SMG, HLockO1 at z = 2.96, is presented. It is shown that HLockO1
is a merger system composed of a massive Herschel-selected SMG and an optically
bright, satellite LBG, separated by only 3.3 kpc in projection. The high S/N rest-frame
UV spectrum of the LBG also shows evidence of large scale gas motions, including
gas outflows from the LBG, inflowing gas falling onto the Herschel SMG, and an
extended reservoir of neutral gas at an impact parameter of 110 kpc. These results
are one of the first observational confirmation that gas accretion, along with on-going
mergers, are the main mechanisms responsible for the extremely large star formation
rates seen in many SMGs.

Lastly, the serendipitous discovery of a large, extended Ly« nebula at z = 3.325
is presented. The nebula shows Lya emission extended over 110 kpc with a total
luminosity Liyo = (6.00=£0.08) x 10* erg s~!, being one of the most luminous Ly«
nebula known so far. It also shows extended emission of C 1v, He 11, and C 111] over
~ 90, 50, and 35 kpc, respectively. The origin of this nebula is likely associated with
a massive type 2 active galaxy and the two faint radio lobes or jets contained within
its central ~ 8 kpc.
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Introduction

The history of the Universe is a complex chain of events starting with the Big Bang
13.8 billion years ago, and ending with the structures that we observe. 380 000 years
after the Big Bang (at a redshift z ~ 1100), the temperature of the pre-existing hot
plasma had cooled sufficiently (to 7 ~ 3000 K), so that free electrons became bound
to protons to form the first hydrogen and helium atoms, in a process called “recom-
bination.” Because the neutral Hydrogen is transparent to light, these photons could
propagate freely with little scattering, and were able to travel long distances. Due to
the expansion of the Universe, this primordial radiation, known as the Cosmic Mi-
crowave Background (CMB), can be observed today at long wavelengths (1 —2 mm),
equivalent to that emitted by a black body at a temperature of 7 = 2.73 K (Penzias &
Wilson 1965).

The A cold dark matter (ACDM) cosmology model is now widely accepted as the
one that best explains our Universe. This model, known also as the standard model
of Big Bang cosmology, contains a gravitationally repulsive effect (the cosmological
constant A), associated with the so-called dark energy, inducing an observed accelerat-
ing expansion of the Universe (Riess et al. 1998; Perlmutter et al. 1999). Observations
indicate that galaxies are distributed in a filament-dominated web-like structure (e.g.,
Joeveer et al. 1978; Geller & Huchra 1989), commonly known as the “cosmic web.”
The large scale structure consists of early over-dense regions, the “nodes,” which grav-
itationally pull more material from the surroundings.

The baryonic material that evolves within these structures is attracted and trapped
by the strong potential wells of dark matter halos (Silk 1977). The gas can then col-
lapse and contract to form the first stars and galaxies, the still elusive Population III
(Pop III). Pop III stars mark the end of the cosmic dark ages, leading to a fundamental

1
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2 Chapter 1. Introduction

transformation of the early Universe through the production of the first hydrogen-
ionizing photons and the initial enrichment with chemical elements heavier than the
hydrogen and helium. It is believed that the first generation of stars and galaxies had
formed around 250 million years after the Big Bang (Hashimoto et al. 2018), begin-
ning the so-called epoch of “reionization” (EoR), when young stars' within these early
galaxies ionize hydrogen atoms in the neutral intergalactic medium (IGM). Th epoch
of reionization ends when the IGM is fully ionized, about 1 Gyr after the Big Bang
(z~6).

1.1 Cosmic Star Formation History

Understanding how galaxies form and evolve throughout cosmic time is one of the
most fundamental questions in observational cosmology today. Over the past decades,
observational measurements of star formation rates (SFRs) of galaxies, from the EoR
at z ~ 8 to the present time, show a consistent picture of the cosmic star formation
history (see Lilly et al. 1996; Madau et al. 1996; Madau & Dickinson 2014, and ref-
erences therein). Measurements of the total, comoving volume-normalized SFR, a
quantity referred to as SFR density (SFRD), show that typical galaxies build up their
mass with time from z = 8 to z = 3 in a rising phase, scaling as oc (1 +z)~%%, until
the SFRD peaks at around z ~ 2. After z = 1, when the Universe was ~ 6 Gyr old, the
SFRD declines toward present times, roughly as o (14 z)>7 (see Figure 1.1; Madau
& Dickinson 2014).

This Thesis focus on the specific epoch of the Universe when the star formation
rate density reaches its peak, the cosmic “noon” around z = 2 — 3. Half of the present-
day cosmic stellar mass density was already in place by z ~ 2 (Dickinson et al. 2003).
Probing the formation mechanisms at this epoch is crucial to constrain the rapid phase
of mass assembly in early galaxies and their overall evolution, having direct influence
on the stellar populations and overall properties of galaxies seen in present times.

1.2 Different types of galaxies at high redshift

Over the past decades, several multi-wavelength surveys have been used to find galax-
ies at high redshift. Since these surveys select galaxies via different parts of their
electromagnetic spectrum, from the X-ray to the sub-millimeter and radio, they probe
a diverse population of galaxies. In the following subsections I will summarize the
most common galaxies found in the high-z Universe, with particular emphasis to the
type of galaxies studied in this Thesis.

! Although see Madau & Haardt (2015) for other alternative sources contributing to the reionization.
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1.2 Different types of galaxies at high redshift 3
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Figure 1.1: The cosmic evolution of the star formation rate density, obtained from a compilation of
multiple surveys (selected from the rest-frame ultraviolet or the infrared). The best-fitting model is
plotted as a black line and shows a strong peak at z ~ 2 (figure adapted from Madau & Dickinson 2014).

1.2.1 Lyman break galaxies

Lyman break galaxies (LBGs) are star-forming galaxies selected through multi-band
imaging across the rest-frame 912 A Lyman-continuum discontinuity. This technique
exploits the effects of both the neutral hydrogen opacity within a galaxy and IGM
absorption along the line of sight.

At high redshift, the 912 A Lyman limit is redshifted into the optical, being ac-
cessible to ground-based broad-band observations. The Lyman break technique was
originally explored 25 five years ago by Steidel & Hamilton (1993) and Steidel et al.
(1995) using three optical bands U, GR to select LBGs at z ~ 3 (see Figure 1.2). The
selection of LBGs at z ~ 3 of those studies was:

(Un—G)>1.0+(G—R); (G—R)<12, (1.1)

where the U,, G, and R optical bands (in the AB system Oke & Gunn 1983) probe
respectively the rest-frame 870, 1120, and 1550A at z ~ 3, i.e., on either side of the
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4 Chapter 1. Introduction

redshifted break. These z ~ 3 galaxies are also called U,-band dropouts, since they
are fainter in the U, band than in the R band. An additional requirement of R < 25.5 is
usually imposed to select relatively bright galaxies for spectroscopic follow-up (e.g.,
Giavalisco et al. 1994; Steidel et al. 1996; Shapley et al. 2003).

Since the selection is based on the rest-frame UV, these techniques select galaxies
with ongoing star formation and are not sensitive to passive galaxies. For the same
reason, the selection criteria may exclude galaxies with significant dust reddening.

4

G-R

Figure 1.2: This figure is taken from Steidel et al. (2004) and shows the two-colour (U, — G versus
G — R) diagram demonstrating the Lyman break technique. Yellow and green shaded regions are the
z~ 3 LBG color select windows (the green shaded region selects “robust” z ~ 3 candidates, avoiding
less contamination from low-z objects than the original selection criteria from Equation 1.1), whereas
the cyan and magenta regions select galaxies at z >~ 2 — 2.5 and z ~ 1.5 — 2.0, respectively.

The Lyman break or dropout technique is one of the most efficient methods to se-
lect high-z galaxies.> Moreover, thanks to the improvement in the efficiency of near-IR

Note that these techniques have also been applied to select lower-z (~ 0.5 — 1.5) LBGs using mainly
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1.2 Different types of galaxies at high redshift 5

detectors, and in particular to the advent of the high sensitivity provided by the Hubble
Space Telescope (HST) WFC3 near-infrared (near-IR) instrument, these techniques
have also been successfully employed to select thousands of galaxies (candidates) up
toz~ 12 (e.g., Bouwens et al. 2013; Ellis et al. 2013; Oesch et al. 2013; Bouwens et al.
2014; Laporte et al. 2014; Bouwens et al. 2015; Laporte et al. 2015, 2016), although
only very few have been spectroscopically confirmed to be at z ~ 7 — 9 through the
detection of Ly« emission (see: Oesch et al. 2015; Zitrin et al. 2015; Roberts-Borsani
et al. 2016; Laporte et al. 2017; Hashimoto et al. 2018).

Large and deep multi-wavelength surveys using rest-frame UV colors have pro-
vided an almost complete census of these star-forming galaxies by measuring their
luminosity functions (LFs) to constrain the overall abundance of these galaxies and
the integrated luminosity density (e.g., Steidel et al. 1999; Bouwens et al. 2007;
Reddy et al. 2008; Reddy & Steidel 2009; Bouwens et al. 2015). Due to the faint-
ness of LBGs in all the spectral range, even in their rest-frame UV where they are
selected (myv ~ 24.5 AB at z ~ 3, e.g., Reddy et al. 2008), they have been studied
mainly by collecting large amounts of imaging and spectroscopic datasets (e.g., Shap-
ley et al. 2003; Magdis et al. 2010a,b,c; Steidel et al. 2010; Jones et al. 2012; Talia
et al. 2012; Du et al. 2018). These UV-selected galaxies are roughly characterized
by star formation rates of 10 — 100 Mg, yr~', moderate amounts of dust extinction
(E(B—V) ~0.1—-0.2), and stellar masses M, ~ 10'© M, (see e.g., Shapley et al.
2003; Erb et al. 2006). They also show relatively compact morphologies, with typical
sizes (half-light radius) of 2 kpc at z >~ 2 to 1 kpc at z ~ 4 (see: van der Wel et al. 2014;
Curtis-Lake et al. 2016; Ribeiro et al. 2016).

1.2.2 Lyman-alpha emitters

Lyman-« emitting galaxies, or simply Lyman-« emitters (LAEs), are young, dwarf,
star-forming galaxies that emit Ly« radiation from the photoionization of neutral hy-
drogen by young hot stars.

LAEs have been detected mainly with narrow-band imaging of their strong Ly«
emission line (with large rest-frame equivalent widths, EW, > 20 10%), with additional
galaxies detected in spectroscopy (for example by using the 1’ x 1’ wide Multi Unit
Spectroscopic Explorer, MUSE; see: Wisotzki et al. 2016; Leclercq et al. 2017).

Over the past decades, deep narrow-band surveys over small areas have routinely
detected LAEs over a wide range of redshifts. Originally, LAEs were detected by
Cowie & Hu (1998) and Hu et al. (1998) at z ~ 3.4 in the Hubble Deep Field and
the Hawaii Deep Field SSA 22. More recently, other surveys, such as the Large Area
Lyman Alpha Survey (LALA: Rhoads et al. 2000; Malhotra & Rhoads 2004) and, in

UV space observatories such as the Galaxy Evolution Explorer (GALEX) or Swift (e.g., Burgarella
et al. 2006; Ly et al. 2009; Basu-Zych et al. 2011; Oteo et al. 2013).
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6 Chapter 1. Introduction

particular, the Subaru deep field surveys (e.g., Ajiki et al. 2003; Ouchi et al. 2003;
Kashikawa et al. 2004; Ouchi et al. 2005; Taniguchi et al. 2005; Iye et al. 2006; Mu-
rayama et al. 2007; Ouchi et al. 2010; Matthee et al. 2015; Ouchi et al. 2018; Songaila
et al. 2018), have used specific narrow-band filters centered in regions of low con-
tamination of OH nigh sky emission to extend the detection of LAEs to much higher
redshifts (e.g., at z=15.7, 6.6 or 7.0, see Figure 1.3). They have also allowed the dis-
covery of galaxies at the epoch of reionization (z > 6) with extreme luminosities in the
Lya line (up to 4 X Ly, where Ly, =2 X 10% erg s~! is the typical Ly« luminosity
at z ~ 6.6, Santos et al. 2016), such as the Himiko galaxy (Ouchi et al. 2009), the Cos-
mic Redshift 7 galaxy (CR7: Sobral et al. 2015), and few others (e.g., Kashikawa et al.
2011; Sobral et al. 2015; Hu et al. 2016; Matthee et al. 2017; Shibuya et al. 2018).
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Figure 1.3: This figure is taken from Ouchi et al. (2008) and shows five narrow-band filters specifically
designed to select Lya emission at several redshifts, between z = 3.1 and z = 6.6. Note that the passbands
of the narrow-band filters do not include a strong sky emission.

Moreover, these surveys have provided statistical properties of LAEs up to z ~
7, including the evolution of Ly« LFs (e.g., Malhotra & Rhoads 2004; Ouchi et al.
2008, 2010; Zheng et al. 2016, 2017; Ota et al. 2017). Multi-wavelength follow-up
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1.2 Different types of galaxies at high redshift 7

imaging and spectroscopy have revealed that typical (L*) LAEs, with Ly« luminosities
ranging between Ly yq ~ 10%=4 erg s~ at z ~ 2 — 3, respectively, have relatively low
stellar masses (M, ~ 108 —10° M); e.g., Gawiser et al. 2007; Ono et al. 2010; Hagen
et al. 2014), show modest star-formation rates (SFR ~ 10 M, yr~!, e.g., Nakajima
et al. 2012; Sobral et al. 2018b), and present, on average, low gas-phase metallicity
(~0.1Zz, e.g., Finkelstein et al. 2011b; Kojima et al. 2017).

Typical LAEs show also compact morphologies (effective radius s =~ 1 kpc) with
little to no evolution with redshift (e.g., Bond et al. 2009; Taniguchi et al. 2009; Bond
et al. 2012; Paulino-Afonso et al. 2018). Since LAEs have low stellar mass and present
strong Ly« emission, which is indicative of a young starburst, they have been used as
probes of the very first galaxies in the Universe.

Although LAEs may share several of its physical properties with those of LBGs
(in particular with LBGs showing strong Ly« emission, e.g., Shapley et al. 2003;
Verhamme et al. 2008), given the nature of the search strategy, narrow-band selected
LAEs are typically much fainter in the continuum than the UV broad-band selected
LBGs. LAEs present, in general, lower metallicity and younger stellar population
than LBGs. Furthermore, LAEs appear to have bluer UV continua than non-emitters,
with little or no dust content. LAEs present also much higher [O 111]/[O 11] line ratios,
indicative of the high ionization state of the interstellar medium (ISM) originated by
intense ionizing radiation from young massive stars (e.g., Nakajima & Ouchi 2014;
Nakajima et al. 2016).

Another important observable feature of LAE:s is the spatially extended Ly« emis-
sion, which can exceed several 10 kpc (e.g., Steidel et al. 2011; Momose et al. 2014;
Wisotzki et al. 2016; Sobral et al. 2017). Because of the resonant nature of the Ly«
line, Ly« photons are scattered by H T gas, both in the ISM and in the circumgalactic
medium (CGM), allowing them to be directly observed at high redshift. Furthermore,
the combination of the emergent Ly« flux (line profile) and radiation transfer models
provide important information about the ISM and the CGM (e.g., Verhamme et al.
2008; Schaerer & Verhamme 2008; Hashimoto et al. 2015; Momose et al. 2016).

1.2.3 Sub-millimeter galaxies

Dusty, star-forming galaxies at high redshift selected at sub-millimeter wavelengths
(commonly referred to as submm galaxies, SMGs) represent a population of the most
massive and luminous galaxies in the early Universe (see Blain et al. 2002; Casey et al.
2014, for reviews).

Since their discovery two decades ago (Smail et al. 1997; Barger et al. 1998;
Hughes et al. 1998; Ivison et al. 1998, see Figure 1.4), their study has revolution-
ized our understanding of the cosmic history of star formation and galaxy evolution
(e.g., Lagache et al. 2005). The first estimates of their star formation rates were of
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8 Chapter 1. Introduction

the order of several 100 M, yr—!, implying that SMGs significantly contribute to star

formation history at high redshift. One decade later, the launch of the Herschel Space
Observatory (Pilbratt et al. 2010) has provided, for the first time, a systematic study
of these galaxies at far-infrared and sub-millimeter wavelengths (~ 55 — 500 pm),
enhancing dramatically the ability to use this information in the context of multiwave-
length studies of galaxy evolution.

Figure 1.4: This figure is taken from Smail et al. (1997) and shows the first detection reported of high-z
SMGs using the Sub-mm Common-User Bolometer Array (SCUBA). Panels a) and c) show respectively
the 850 and 450 pm maps of the massive cluster A370 at z = 0.37, whereas panels b) and d) refer to the
cluster C12244-02 at z = 0.33.

The 250, 350, and 500 pm bands of the SPIRE instrument (Griffin et al. 2010)
onboard the Herschel Space Observatory have been extensively used to select high-z
SMGs (e.g., Bussmann et al. 2013; Asboth et al. 2016; Nayyeri et al. 2016). The peak
of the rest-frame spectral energy distribution of the dust emission in galaxies lies at
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1.2 Different types of galaxies at high redshift 9

approximately 100 zm?, and is redshifted through the 250, 350 and 500 m bands. In
addition, observations of SMGs at high redshift benefit from the negative K-correction
(see Figure 1.5), which becomes very effective at wavelengths probed by the SPIRE
instrument and longer wavelengths, leading to an almost constant observed flux for
galaxies of the same total infrared luminosity between 1 < z < 5 (see Casey et al.
2014). Many efforts have been made to discover the most distant SMGs by selecting
sources with “red” colors in the SPIRE bands, with Sso0.m > S350um > S250um (€.2.,
Dowell et al. 2014; Ivison et al. 2016). These techniques have led to the discovery of
SMG:s into the epoch of reonization at z > 6 (Riechers et al. 2013; Strandet et al. 2017;
Marrone et al. 2018; Zavala et al. 2018), challenging theoretical models of galaxy for-
mation and evolution that predict much less far-IR luminous galaxies at high redshift.
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Figure 1.5: Negative K-correction: the far-IR continuum emission of the ultra luminous infrared galaxy
Arp220 is plotted at various z. The negative K-correction compensates the luminosity distance term at
high redshifts.

Although relatively rare, with typical space densities of 107> —10~% Mpc 3 peak-
ing around z ~ 2 — 3, SMGs were confirmed to be among the bolometrically most
luminous galaxies, showing infrared luminosities of Ljg > 1012713 Lo. They host

*Note, however, that the shape and the peak of the SED far-infrared dust emission also depends on
the dust temperature, Ty, the emissivity index, (3, and the rest-frame wavelength, Ao, where the optical
depth reaches unity.
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10 Chapter 1. Introduction

the most intense bursts of star formation known, in excess of 1000 M, yr~! in some

extreme cases, that emerge from compact regions of only few kpc in diameter (e.g.,
Riechers et al. 2014; Hodge et al. 2016; Oteo et al. 2016). Because of their rarity,
it is believed that SMGs represent fairly short lasting episodes of star formation (the
so-called starburst phase, with duration ~ 100 — 200 Myr; e.g., Greve et al. 2005),
yet with star formation rates enhanced by more than an order of magnitude over typ-
ical galaxies of the same mass (e.g., Daddi et al. 2007). However, due to the high
dust content, originated by their intense star formation, the stellar light in SMGs seen
at short wavelengths (mainly in the rest-frame UV and optical) is severely obscured.
Due to variation in opacity of the dust (i.e. non-uniform screen of dust) and the non
uniform galaxies’ temperature, the infrared spectral energy distribution is modeled as
a modified blackbody of the form:

(1 _ e—‘r(l/) )1/3

S(v,T) T 1

(1.2)
where S(v,T) is the flux density at a given frequency v and temperature 7', £ is the
Boltzmann constant, % is the Planck constant, and 7(v) is the optical depth, commonly
represented as:

m(v) = (v/m)"’, (1.3)

where [ is the spectral emissivity index and vy is the frequency where optical depth
equals unity (Draine 2006).

Despite the huge progress made over the past decades in understanding the prop-
erties of SMGs (e.g., Greve et al. 2005; Magnelli et al. 2012; Riechers et al. 2013;
Dowell et al. 2014; Ivison et al. 2016; Michatowski et al. 2017; Oteo et al. 2018),
the main mechanism that drives the intense star formation responsible for the high
far-IR luminosities is still a matter of debate (e.g., Swinbank et al. 2008; Gonzalez
et al. 2011; Michatowski et al. 2012; Hayward et al. 2013; Narayanan et al. 2015).
On one hand, almost all ultraluminous galaxies in the local Universe are interacting
galaxies and mergers (e.g., Farrah et al. 2001, 2002; Bridge et al. 2007; Haan et al.
2011). At high redshift, a considerable number of SMGs are also found to be galaxy
mergers (e.g., Capak et al. 2008; Ivison et al. 2008, 2013; Tacconi et al. 2008; Fu
et al. 2013; Messias et al. 2014; Rawle et al. 2014; Oteo et al. 2016; Marrone et al.
2018; Riechers et al. 2017), although isolated, clumpy, gas-rich disk galaxies can also
reach extremely large SFRs (e.g., Tacconi et al. 2010; Bournaud et al. 2014). On the
other hand, some authors suggest, based on simulations, that high star-formation rates
(SFRs Z 1000 Mg, yr~!) in some SMGs are difficult to explain by a merger scenario
alone (e.g., Keres et al. 2005; Dekel et al. 2009; Narayanan et al. 2015). These stud-
ies propose that the predominant mechanism of the sub-millimeter luminous phase is
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1.3 Rest-frame UV spectroscopic features 11

smooth accretion of cold gas or infall of gas previously ejected via stellar feedback at
earlier times, not through major mergers. These models predict massive gaseous in-
flows and clumps of gas infalling into the central regions. Recent observations support
these models by the detection of molecular gas on large scales (several tens of kpc) in
proto-cluster galaxies (e.g., Emonts et al. 2016, 2018).

1.2.4 Active galactic nuclei

Active galactic nuclei (AGN) are among the most powerful sources in the Universe.
They produce very high luminosities over all the electromagnetic spectrum. It is
widely accepted that such higher than normal luminosity is not produced by stars,
but results from the accretion of matter onto a supermassive black hole (SMBH) at the
center of the host galaxy (Rees 1984).

The study of AGNss started with the identification of nearby galaxies having bright
nuclei with unusually broad emission lines (Seyfert galaxies Seyfert 1943) and the first
high redshift quasi stellar objects (QSOs: Greenstein & Matthews 1963; Matthews
& Sandage 1963). AGNs can be classified based on the properties of their optical
and ultraviolet spectra. AGNs showing broad emission lines are classified as Type
1, whereas the ones showing narrow emission lines are classified as Type 2. Within
the two classifications, AGNs can also be sub-classified based on their radio emission
(radio-loud or radio-quiet), rapid variability and strong continuum emission (Blazars:
OVV and BL Lac objects), or the presence of broad absorption lines (BAL QSOs).

Antonucci (1993) presented an unified AGN model (see also: Rowan-Robinson
1977; Lawrence & Elvis 1982; Antonucci & Miller 1985; Urry & Padovani 1995), in
which the central SMBH activity is common to all AGNs, and the observed differences
results in different viewing angles of the SMBH and its accretion disk. Apart from the
viewing angle of the SMBH, other properties of an AGN may change the observed
characteristics, such as the rate of gas accretion onto the SMBH (and its mass), the
degree of obscuration by dust in the nucleus, and the presence or absence of jets.

1.3 Rest-frame UV spectroscopic features

The (rest-frame) UV spectrum of a typical star-forming galaxy is dominated by the
continuum emission from massive, hot, and luminous stars. The dust content inherent
to the galaxy (or in the line of sight) may also change the overall slope of the spectrum,
making it “redder” when high dust extinction is present. Superposed to the stellar
continuum there are several absorption and emission features associated to the photo-
spheres and winds of massive stars, neutral and ionized gas associated with large-scale
outflows, and ionized gas in H I1 regions where star formation is taking place. A com-
prehensive compilation of the four types of absorption/emission lines can be found in
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12 Chapter 1. Introduction

Leitherer et al. (2011) from HST observations of several local starburst galaxies (see
also, e.g., Conti et al. 1996; Gonzalez Delgado et al. 1998; Heckman et al. 1998).

The characterization of these spectral features requires, however, significant
signal-to-noise ratio (S/N) in the continuum, which is severely limited by the faintness
of typical star-forming galaxies at high redshift, even for 8 — 10m-class telescopes. To
overcome this limitation, the study of UV spectral features in high-redshift galaxies
has been achieved by building large samples of hundreds to thousands of individual
spectra to construct high S/N composite spectra (e.g., Shapley et al. 2003; Steidel et al.
2010; Talia et al. 2012; Du et al. 2018; Rigby et al. 2018b; Nakajima et al. 2018a,
see Figure 1.6). Alternatively, high S/N studies have been performed in individual
high redshift galaxies (e.g., Pettini et al. 2000, 2002; Quider et al. 2009; Dessauges-
Zavadsky et al. 2010; Quider et al. 2009; James et al. 2014; Marques-Chaves et al.
2017; James et al. 2018; Marques-Chaves et al. 2018), by taking advantage on the flux
magnification produced by strong gravitational lensing, such as the ones studied in
this Thesis.

1.3.1 Photospheric Absorption

Stellar absorption lines are generated in the photospheres of stars, i.e. the deepest re-
gion of a star that is transparent to photons (e.g., Prinja 1990). There are a handful
of well-developed photospheric absorption features, such as C 111 A\1176, O 1v A1342,
Sir A1417, or S v A1501, although many of them are comprised of groups of neigh-
boring lines. These absorption features are typically very weak (< 1 A) and appear
only detectable in significantly high signal-to-noise (S/N > 15) continuum spectra.
On the other hand, these features are of interest because they can be used to define
the rest-velocity of the galaxy (systemic redshift). Moreover, they can be also used
to trace the metallicity of the young stellar population. By using theoretical stellar
models, Leitherer et al. (2001), Rix et al. (2004), and Sommariva et al. (2012) showed
that the strength (equivalent width) of several weak photospheric features are corre-
lated with the metallicity. These studies focus on modeling the strongest photospheric
absorption blends near 1370, 1425, 1460, 1501 and 1978 IQA, whose metallicity depen-
dence is well correlated with the measured equivalent widths in these regions. These
methods have been applied to determine the stellar metallicity of star-forming galax-
ies at redshift z ~ 2 —3.5 (e.g., Halliday et al. 2008; Quider et al. 2009, 2010; Patricio
et al. 2016, see also chapter 4).

1.3.2 Wind P-Cygni Profile

In addition to the photospheric absorption lines, the most massive and hottest stars
(M, > 10 Mg and T > 25000 K) also produce strong outflows of material from
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on board HST (figure taken from Conti et al. 1996).
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Figure 1.6: Top panel: Stacked composite rest-frame UV spectrum of 30 galaxies with z ~ 2.4 (figure
taken from Steidel et al. 2016). Emission and absorption features are identified with different colors:
stellar photospheric absorption (red), interstellar absorption (both low- and high-ionization state, dark
green), nebular emission (blue), and excited fine-structure emission (dark violet). Bottom panel: UV
spectrum of the nearby starburst galaxy NGC 1741 observed with the Faint Object Camera instrument
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14 Chapter 1. Introduction

powerful stellar winds and expanding shells of gas, resulting in a spectroscopic feature
called as P-Cygni profile (see Kudritzki & Puls 2000, for a review). This spectral
profile (see an example in Figure 1.7) is characterized by a strong emission with a
corresponding blueshifted absorption line produced by material moving away from
the star (reaching velocities up to ~ 1000 km s~ ).
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Figure 1.7: Spectrum of a Galactic Wolf-Rayet (WR) star (WR24) showing P-Cygni profiles in the UV
lines C 1V A\1548,1550, He 11 A1640, and N 1v A\1719 (figure taken from Hamann et al. (2011)).

L | L L
1500 16

The most prominent resonance lines showing P-Cygni profiles are the N v 11240,
Si1v A1393,1400, and C 1v A1548,1550. The absorption component of the P-Cygni
profile is usually very broad (~ 2000 km s~! or even more, see: Pettini et al. 2000,
2002, and chapter 4) and can also be very strong, in particular for C 1v, with equivalent
widths up to =~ 15 A.

P-Cygni profiles have been extensively studied by combining stellar evolution
models and libraries of empirical and synthetic spectra generated by codes such as
STARBURST99* (Leitherer et al. 1999, 2010, 2014) or BPASS (Binary Population
and Spectral Synthesis code: Eldridge & Stanway 2009, 2016; Eldridge et al. 2017).
The line strength and shape of the P-Cygni profile vary with the stellar population
properties. Both emission and absorption components are stronger for a young stellar
population (~ 2 — 6 Myr) and stabilizes over ~ 20 Myr. The strength of the emission
component increases with the number of massive stars (i.e., with a flat slope of the
IMF or high upper mass cutoff), and decreases at low stellar metallicities. On the
other hand, as the winds are driven by metal lines, the strength of the absorption com-
ponent depends on the density of the stellar wind and therefore on the mass loss rate.
Since mass loss rates are lower at lower metallicities, the absorption components are

‘nttp://www.stsci.edu/science/starburst99/docs/default.htm
Shttp://bpass.auckland.ac.nz/
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1.3 Rest-frame UV spectroscopic features 15

weaker at lower metallicities.

However, apart from the dependence on the stellar metallicity, age, and the slope of
the IMF, P-Cygni profiles can be affected by other external factors that are not related
with stellar origin. High-ionization interstellar absorption in Si1v and C IV are usually
present in the spectra of star-forming galaxies and must be carefully taken in consid-
eration. Moreover, relatively strong nebular emission in C IV may also be detected in
star-forming galaxies with very low metallicity (e.g., Amorin et al. 2017), although its
spectral profile is typically much narrower (FWHM ~ 100 km s~!) than the emission
component of the stellar P-Cygni profile, thus distinguishable with sufficient spectral
resolution observations.

1.3.3 Interstellar Medium

Interstellar (ISM) lines are generally the strongest absorption features seen in the UV
spectra of typical high redshift star-forming galaxies (e.g., Pettini et al. 2000, 2002;
Shapley et al. 2003, but see also Gonzdlez Delgado et al. (1998); Heckman et al.
(1998) for low-z starburst galaxies). They are produced by the resonance transition of
several ionic species (e.g., H, C, O, Al, Si, Fe, among others) in a variety of ionization
stages, from neutral (e.g., H 1, O 1), to highly ionized species (e.g., C 1V, Si 1V), which
predominantly trace gas at higher temperatures (T > 10* K).

Since ISM absorption lines are seen against the continuum provided by the inte-
grated light of O and B stars in a galaxy, they offer a unique probe of the kinematics of
the gas. In nearly all star-forming galaxies, their spectra show interstellar absorption
lines blueshifted with respect to the systemic redshift of the galaxy, i.e. the gas on the
near side of the galaxy is moving towards the observer. Such kinematics were reported
in several studies of high redshift star-forming galaxies,® both in large statistical sam-
ples (e.g., Shapley et al. 2003; Steidel et al. 2010) or individual strong gravitational
lensed systems (e.g., Pettini et al. 2002; Quider et al. 2009; Dessauges-Zavadsky et al.
2010; Quider et al. 2010). The model invoked to explain such kinematics is of a nearly
spherical, large-scale outflows caused by the mechanical energy input from supernova
explosions and strong stellar winds (e.g., Shapley et al. 2003). However, for a few
star-forming galaxies (e.g., Sato et al. 2009; Coil et al. 2011; Rubin et al. 2012; Martin
et al. 2012, but see chapter 4), ISM absorption lines have been found redshifted with
respect to the systemic redshift, interpreted as gas being accreted into the galaxy (see
Figure 1.8).

The strength of the ISM absorption lines depends on the ion column densities, N,
and the covering fraction of the outflowing/inflowing gas. Thus, ISM absorption lines
can be also used to derive the metallicity of the gas (e.g., Spitzer 1978; Savage &

®Blueshifted ISM absorption lines are frequently observed in lower-z star-forming galaxies as well
(e.g., Martin 2005; Rupke et al. 2005a,b; Chisholm et al. 2017; Finley et al. 2017).
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Figure 1.8: Two galaxies at z ~ 0.5 showing evidence of inflows (with inflowing velocities ~ 50 — 160
kms™h), by the detection of redshifted low-ionization ISM absorption lines (Fe 11 A2586,2600 and Mg 11
A2796,2803). Velocities are measured relative to the systemic velocities (red dashed lines). This figure
is taken from Rubin et al. (2012).

Sembach 1991; Pettini et al. 2002), when used together with the H 1 column density
(e.g., derived by the characterization of a damped Ly« absorption). For resolved’ ISM
absorption lines with unsaturated profiles, the apparent optical depth method (Savage
& Sembach 1991) can be used to derive values of column density for ions of interest,
by relating the apparent column density of an ion in each velocity bin, N,(v) in units of
em~2 (kms~1)~!, to the optical depth in that bin, 7,(v) using the following expression:

_ TaM)mee _ (V) 5 560 g0 (1.4)

o

o A me? 7f/\(A)

Ny(v)

where ) is the wavelength in A, c the speed of light, f the transition oscillator strength,
and m, the electron rest mass. The apparent optical depth can be measured directly
from the observed line intensity at velocity v, Iobs(Vv), by:

Ta(V) = *ln[]obs/IO(V)]v (1.5)

"Relatively high spectral resolution, < 50 km s™', is needed to resolve the profiles of the ISM ab-
sorption lines.
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1.3 Rest-frame UV spectroscopic features 17

where, Ip(v) is the intensity in the continuum. Alternatively, one can assume that
the gas is optically thin, i.e. in the linear part of the curve of growth, to infer lower
limits to the column density and abundances. This is done by taking the optically thin
approximation:

log(N) < 19.053 + log {EW (1.6)

70}
X2f )7
where EWj is the rest-frame equivalent width of the ISM line.

The strength of ISM lines depends strongly on the evolutionary state of the galaxy.
The average absorption equivalent width of ISM lines (in particular the low-ionization
ones) decreases with decreasing metallicity and dust attenuation. Moreover, the av-
erage strength of low-ionization ISM lines, decreases dramatically as the Ly« lines
varies from strong absorption to strong emission (see Figure 1.9: Shapley et al. 2003).
For this reason, ISM lines appear stronger in UV-selected LBGs than in LAEs, which,
on average, present a younger stellar population with lower metallicity and dust con-
tent.

1.3.4 Nebular emission

The most massive and youngest stars produce photoionising radiation that ionize the
surrounding interstellar atomic gas, in which star formation has recently taken place.
This leads to the production of nebular emission lines.

Since H 11 regions are gravitational bound to the galaxy by gravity, nebular emis-
sion lines are commonly used to determine the systemic redshift of a galaxy, in par-
ticular in the cases where photospheric absorption lines are not detected in low S/N
spectra.Moreover, the characterization of the emission line profile allows to determine
the velocity dispersion of the ionized gas (typically less than 100 km s~!; e.g., Hain-
line et al. 2009; Dessauges-Zavadsky et al. 2010; Richard et al. 2011).

The most prominent nebular emission lines in the rest-frame UV are O III]
A1661,1666, Si 111] A1882,1892, and C 111] A1906,1908, with the later being usu-
ally the strongest of the three. Other nebular emission lines may be present, such
as N v A1240, C 1v A1548,1550, or He 11 A1640, but they require a hard-ionizing
spectrum, and if present they may be associated with AGN activity (e.g., Feltre et al.
2016; Nakajima et al. 2018b). UV nebular lines are relatively weaker (EWcnr < 5 A;
e.g., Maseda et al. 2017; Nakajima et al. 2018b) than those found in the rest-frame
optical ([O 111] A4960,5008, H5 A\4862, Hor A6564), although they can be very strong
(EWcnm ~ 25 108) in low-metallicity star-forming galaxies (e.g., Erb et al. 2010; Rigby
et al. 2015; Maseda et al. 2017).

Nebular emission can also provide valuable information on the nature of the ion-
izing radiation and the physical conditions in the ISM in a galaxy. They can be used to
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Figure 1.9: This figure is taken from Shapley et al. (2003) and shows the four quartiles of LBGs grouped
according to Ly« strength. The average strength (equivalent width) of low-ionization ISM lines, de-
creases dramatically as the Ly« lines varies from strong absorption (red) to strong emission (blue).

identify the source(s) of photoionization (star formation and/or AGN; e.g., Feltre et al.
2016; Nakajima et al. 2018a,b), or to derive carbon and oxygen gas-phase abundances
(see: Pérez-Montero & Amorin 2017).8

1.3.5 Ly« line

The Ly« line is intrinsically the most luminous spectral emission line in astrophysical
nebulae, and has long been predicted as a good tracer of star forming galaxies at large
cosmological distances (Partridge & Peebles 1967). Indeed, the Ly« line has proved

*https://www.iaa.csic.es/~epm/HII-CHI-mistry-UV.html
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1.3 Rest-frame UV spectroscopic features 19

the way to find the highest redshift galaxies, currently as distant as z = 9 (Zitrin et al.
2015; Hashimoto et al. 2018).

Ly« photons are emitted from hydrogen atoms by the decay from the first excited
state, (2p-state, i.e., n =2, [ = 1, where n is the principle quantum number or the
excitation state, and / is the quantum state) to the ground state 1s (n = 1, / = 0). The
energy levels of the hydrogen atom are quantized as:

mee*

Wn?
where m, is the mass of the electron, e is the charge of the electron, and 7 is the
reduced Planck constant (A = h/2m where h is the Planck constant). To excite an

hydrogen atom from an initial state n = 2 to the ground state n = 1, the energy to be
supplied is:

E, =

) 1.7

h -
En:lenzzzAE:huzjc, (1.8)
where v is the frequency of the radiation, A is wavelength, and c is the speed of the
light. The energy difference between 2p and 1s levels dictates a photon energy of
10.2eVor A=1215.67A. A hydrogen atom can emit Ly« in two different ways (see:
Dijkstra 2017, for details):

¢ Recombination. The recombination of free electrons with protons results in a
hydrogen atom in an excited state (n, /). As shown in Figure 1.10, atoms in
any state with n > 1 radiatively cascade back down to the ground state 1s and
produce Ly photons via intermediate states (#’, I).?

>T 4s 4p 4d af
2
9] 3s d
3
ol| 2s P . .
f= optically thick gas
® ‘case-B'
g Lya =1
v =
£ 1s
Figure 1.10: Allowed transitions (|Al| = 1) where atoms in any state with n > 1 radiatively cascade back

down to the ground state 1s originating a Ly photon. In case-B recombination, higher order of Lyman
series are re-absorbed (e.g., LyS, Ly~, ... , which correspond to 3p — 1s, 4p — 1s, ...).

Because of quantum mechanical selection rules, only transitions where |Al] =1 are permitted.
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The probability that a radiative cascade from the state (n, /) results in a Ly«
photon is:

P(n,l = Lya) = > P(n,l —n'l'\P('l - Lya), (1.9)

n'l’

where n > n’ and |/ — I’ = 1. Recombination of a free proton and electron
generally results in a hydrogen atom in an excited state (n, /). Radiative cascades
from an excited state (n, /) to the ground state 1s (n = 1, [ = 0) can then produce
a Lya photon. The probability that recombination event results in a Lya photon
is given by summing all the quantum states and weighting the probability that a
combined electron-proton pair ended up in state (n, [):

oo n—1

P(Lya) =33 ) bt s 1y, (1.10)

Nmin [=0 aa(T)

where oy is the total recombination coefficient, and ay, (T') is the temperature-
dependent state specific recombination coefficient, so that:

oo n—l1

ot =YY au(T). (1.11)

Nmin (=0

Assuming that recombination takes place in a medium that is opaque to all Ly-
man series photons (i.e. Lya, Ly, Ly~), the so-called ‘case-B’ approxima-
tion (Baker & Menzel 1938), so that direct recombination to the ground state
produces an ionizing photon that is immediately absorbed by a nearby neutral
H atom, we can set np;, = 2 and the temperature dependence comes entirely
through o, (T). For gas temperatures in the range 100K < T < 10°K, the prob-
ability P(Lyc«) for case-B recombination is given by Cantalupo et al. (2008):

Pease—p (Lycr) = 0.686 — 0.106log Ty — 0.009(T) ~*4, (1.12)

where Ty = T /10* K. For gas at T = 10*, P(Lya) = 0.68.

Collisions. This occurs when an electron and a hydrogen atom interact, leaving
the atom in an excited state. This can produce a Ly« photon with the kinetic
energy of the free electron. This process is also referred to as Lya production via
cooling radiation. The efficiency of this process depends on the relative velocity
of both the free electron and the hydrogen atom, and the number density of both
species. The total Ly production rate through collisional excitation is:
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1.4 Rest-frame UV spectroscopic features 21

R=nenuqip [em s, (1.13)

where n, and ny are the number density of the electron and hydrogen atoms,
and g1, is the rate coefficient which quantifies the velocity dependence of this
process. Assuming a Maxwellian distribution for the velocity distribution of
electrons, this coefficient becames a function of the temperature 7, so that:

h2 <Qlu> AEIM
. - : 1.14
a (27m,)3/2(kgT)1/2 g xp ( rkgT (114

where [ and u refer to the lower and upper energy states, respectively, xp is
the Boltzmann constant, g; is the statistical weight of lower level of a radiative
transition, and (€2;,) is the velocity averaged collision strength.

In the context of galaxies, Ly« photons are mostly produced by the UV radiation
from young massive stars, leading to the hydrogen recombination following ionization
of the surrounding neutral hydrogen (see: Hayes 2015, for a review). Ly radiation
can also be produced in the outer regions of a galaxy by gravitational cooling. If
intergalactic medium (IGM) or circumgalactic (CGM) gas is being accreted onto the
strong potential wells of the galaxies, the gas may radiate away their gravitational
potential energy in the Ly« line (e.g., Fardal et al. 2001; Dijkstra & Loeb 2009). In
addition, powerful galactic-scale winds from starbursts and supernovae may produce
ionizing photons by strong shocks (e.g., Taniguchi & Shioya 2000).

As a resonant transition, Ly« photons undergo a radiative transfer process and
are only observed from the location where their last scattering took place (Osterbrock
1962), if not completely absorbed before. The path taken by the Ly photon until it
escapes from the galaxy is thus regulated by the distribution of neutral gas. Moreover,
since H I gas has its own kinematics (outflows/inflows), the emitted Ly« line depends
not only of the H I spatial distribution, but also on its kinematics.

Since outflows are present in many (if not all) star-forming galaxies, Lya photons
are likely to escape the galaxy (in the direction of the observer) when they are back-
scattered from the receding side of the outflowing neutral gas. These Lya photons
may acquire the necessary frequency shift (from the outflowing gas) that allows them
to pass through the gas in the galaxy unimpeded. For this reason, Ly« emission is fre-
quently seen with an asymmetric profile, comprising a blueshifted absorption compo-
nent (outflowing foreground neutral gas) and a redshifted emission, i.e., Lya photons
back-scattered from the receding outflows (see Figure 1.11). For a few cases, when the
covering fraction of the gas is lower, Ly« can escape throughout holes in the neutral
gas, resulting in a spectral profile with both blueshifted and redshifted emission.
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