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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

Este documento incorpora firma electronica, y es copia auténtica de un documento electrdnico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

Identificador del documento: 1451276 Caodigo de verificacion: tk9jwHqt

Firmado por: RUI JOSE MARQUES COELHO CHAVES Fecha: 23/07/2018 18:48:14
UNIVERSIDAD DE LA LAGUNA

16 /191



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2018/53666
N° reg. oficina: OF002/2018/49198
Fecha: 23/07/2018 18:59:57

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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Figure 1.11: Top panel: schematic model of a spherical galactic outflow with a high covering fraction
(figure taken from Erb 2015). Bottom panel: the resulting asymmetric Lya profile (from an object
analyzed in chapter 3), with a blueshifted absorption component due to the absorption of the outflowing
foreground neutral gas, and a redshifted emission from the scattered Ly« photons from the receding
outflows.

1.4 Strong Gravitational Lensing

Even the most outstanding high redshift galaxies are faint'® and have small angular
sizes (S 1”), thus difficult to resolve spatially and obtain high S/N spectra even for
current 8 — 10m class telescopes. Fortunately, the strong gravitational lensing effect
(see Treu 2010, for a review) acts as a natural telescope by boosting the observed

0With exceptions for luminous quasi stellar objects, QSOs.
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1.4 Strong Gravitational Lensing 23

flux of a high-z galaxy, allowing its characterization with S/N and spatial resolutions
approaching those accessible for local galaxies (see Figure 1.12). Such phenomenon
occurs under rare circumstances, when a distant object (source) is sufficiently aligned
with a foreground massive object(s) (lens or deflector), creating multiple images or
arcs of the distant light source. Strong lensing occurs when the lens equation (derived
in the following paragraphs) has multiple solutions, which correspond to multiple im-
ages, as opposed to weak gravitational lensing, in which the lens equation has only
one solution.!!

Figure 1.12: Two examples of strong gravitational lensed galaxies at high-z. Left: HST color composite
image of the Cosmic Horseshoe LBG galaxy at z = 2.38 (image taken from James et al. 2018). Right:
ALMA (red) and HST (blue) composite image of SDP.81, a sub-millimeter galaxy at z = 3.04 (Credit:
ALMA (NRAO/ESO/NAOJ); B. Saxton NRAO/AUI/NSF; NASA/ESA Hubble, T. Hunter (NRAO)).

Although strong gravitational lensing was predicted almost one century ago
(Zwicky 1937a,b), only in 1979 the first strong gravitational lensed extragalactic
object was reported, a QSO at z = 1.406 showing two lensed images (Walsh et al.
1979). Over the past decades, the number of confirmed strong gravitationally lensed
objects has exponentially increased (to few hundreds)!? by employing sophisticated
selection techniques in large photometric and spectroscopic datasets, from the optical
(e.g., Bolton et al. 2006; Oguri et al. 2006; More et al. 2012; Sonnenfeld et al. 2018,
see also chapter 2) to sub-mm and radio (e.g., Negrello et al. 2010; Bussmann et al.
2013; Vieira et al. 2013; Wardlow et al. 2013; Negrello et al. 2017). These findings
have led to detailed studies of strong gravitational lensed LBGs, LAEs, QSOs, and

!See Refregier (2003) and references therein for week gravitational lensing.
2based on the Master Lens Database (http://admin.masterlens.org/index.php?).
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24 Chapter 1. Introduction

SMGs at very high-z (e.g., Smit et al. 2017; Zavala et al. 2018), but also of an
individual supernova (Kelly et al. 2015) and star (Kelly et al. 2018) at z ~ 1.5.

In the following paragraphs I will describe briefly some basic principles of gravi-
tational lensing.

Image plane _-" Source plane

Observer o~ |\ | e
Yl

Y

A

D,

Figure 1.13: Illustration of the geometric angles and angular diameter distances involved in the lens
equation (figure adapted from Treu 2010).

Figure 1.13 shows a schematic illustration of a gravitational lens system. The
foreground massive object (deflector) is at redshift zq, which corresponds to an angular
diameter distance Dy, defined as:

Si(r)
Dy = , 1.15
4= T (1.15)
where r is the comoving distance and Si(r) is the coordinate of the FLRW metric

defined as:

Sil’l(\/TQkHQV)/(HO\/m Q<0

r Q=0 (1.16)
sinh(@Hor)/(Hom Q> 0,
where ) is the curvature density and Hy is the value of the Hubble parameter
today. In a similar way, the background object (source) is at zg, corresponding

Se(r) =
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1.4 Strong Gravitational Lensing 25

to a distance Ds. The angular diameter distance between the lens and the source
is Dgs.'> We define planes perpendicular to the observation axis that include the
deflector and the source, the image and source plane, respectively. A certain
position of the source in the source plane is given by 7 = SDs. The deflection an-
gle is given by « and is a function of the angle of the source seen in the image plane, 6.

Lens Equation

For small intervening angles a, 3, and 6, we can write the relation between angular
diameter distances as:

0Ds = D+ o (0)Dys. (1.17)
By defining the angular diameter distance between the deflector and source as:

_ Dy
Dy

a(0) a(0), (1.18)

one can rewrite Equation 1.17 in the so-called lens equation:

0=B+a(0). (1.19)

In strong gravitational lensing, 6 has multiple solutions, indicating the angular
positions of each lensed image of the background source. If we define ¢ as the two-
dimensional Newtonian lensing potential, we can write the deflection angles in the
form:

D
a= D—Sw, which gives 6=+ Va, (1.20)
ds
meaning that the number of lensed images and their positions depend on the profile
of mass distribution of the deflector and the relative positions between the deflector
and the source. Moreover, for a given foreground mass distribution at a fixed zq, the
deflector will produce higher deflections for sources at higher zs.

Magnification Factor
For a point-source approximation, the magnification factor produced by the de-

flector is given by the Jacobian matrix, A, between the source plane and image plane
two-dimensional coordinates, which in turns is given by:

"Note that Das # Dg — Ds. Assuming € ~ 0 (Planck Collaboration et al. 2016), Das ~ = (S} — S{)-
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_ 851 o5 8ai o5 82¢
=96, o6, ~ " ogon, (120

‘We now define the convergence of the image, &, as:

A

Y (Dgb
() = =L (122)
Z)cril
where, Y is the critical surface mass density:
2 Dy
it = —— 1.23
it = 12 DaDae (1.23)

that defines the occurrence of strong lensing features (e.g., multiple images or arcs).
Finally, by adding the term to account for the source distortion (shear components

71 and 72):

Y=y +iv = |y]e??, (1.24)

the Jacobian matrix (Equation 1.21) can be written as a function of the convergence
and the shear:

l—k=m - )
A= . 1.25
( -7 1=K+ (12
The magnification of the source, y, is then given by the inverse of the determinant

of the Jacobian matrix:

R 1
TdetA  (1—r)2— |2

The spatial locations that satisfy 1 — x = £y (i.e. detA = 0) have infinite magni-
fications. These positions are called critical curves in the image plane. The caustics
are the corresponding curves obtained by mapping the critical curves into the source
plane via the lens equation (Equation 1.19).

However, for cases with extended sources, the magnification factor also depends
on the distribution of the surface brightness of the background source. In such
cases, the surface brightness of the source will enter in the calculation of the local
magnification factor in each line-of-sight.

s (1.26)

Typical Configurations of Strong Lens Systems

The configuration of the observed multiple images depends on the location of the
source relative to the caustic in the source plane. The caustic of a typical lens is shown
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1.4 Strong Gravitational Lensing 27

in red in Figure 1.14, and commonly comprises four folds (the smooth portions of
the caustic) and four cusps (regions where the folds intersect). Examples of the most
common configurations of strong gravitationally lensed galaxies are shown in Figure

1.14.
source plane image plane
@]
Cusp
Fold
Cross

Figure 1.14: Illustration of three common configurations of quad lenses: cusp (top), fold (middle), and
cross (bottom). On the left, it is shown the caustic (red) and the source position in the source plane. On
the right, it is shown the critical curve (blue) and the lensing image positions in the image plane (figure
adapted from Chu et al. 2016).

For a source located close to a cusp (upper panel in Figure 1.14), three close
images (A, B, and C) will be produced near the critical line in the image plane (blue),
whereas if the source is located close to a fold (middle panel in Figure 1.14), only two
images (A and B) appear near the critical line. If the source is placed in the center
(bottom panel in Figure 1.14) of the caustic, the lensed images will form a cross
configuration.

Este documento incorpora firma electronica, y es copia auténtica de un documento electrdnico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

Identificador del documento: 1451276 Caodigo de verificacion: tk9jwHqt

Firmado por: RUI JOSE MARQUES COELHO CHAVES Fecha: 23/07/2018 18:48:14
UNIVERSIDAD DE LA LAGUNA

37/191



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2018/53666
N° reg. oficina: OF002/2018/49198
Fecha: 23/07/2018 18:59:57
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Einstein Radius

The Einstein radius, 6. , indicates the angular separations between the multiple
lensed images, and defines the projected area in the image plane enclosing a surface
density equal to the critical surface density. The mass within . can then be written as:

M(re) = T8 eitf?. (1.27)

As shown in Equation 1.23, the critical surface density is a function of the angular
distances between source, lens, and observer, and therefore, 6. depends not only on
the lensing mass, but also on the redshifts of the source and image planes.

The Einstein radius can be reduced to a simple expression by considering the lens-
ing mass concentrated on a single point. In this assumption, the deflection angle is:

4GM
c2r’

a(r) =

with for small angles, r ~ Dgf. If the background source is strictly aligned with the
lens, i.e. n = BDs = 0, Equation 1.17 can be re-written as:

(1.28)

AGM
0Ds = 20D, X Dys, (1.29)
in which 6 is equal to 6. in this configuration. Therefore, the gravitational image
formed by the mass M (assumed concentrated on a single point) is a Einstein ring
centered on the lens and with radius:

4GM Dgs
0o =/ s 1.30
¢ 2 DyD (1.30)

1.5 Thesis Outline

In this Thesis, I will present the results of the rest-frame UV analysis of high redshift
galaxies (2 < z < 3), and on a multi wavelength study of a Herschel-selected, lensed
galaxy merger.

In Chapter 2 I will introduce the Baryon Oscillation Spectroscopic Sur-
vey Emission-Line Lens Survey for the GALaxy-Lya EmitteR sYstems (BELLS
GALLERY) survey, which discovered 187 strong gravitational lens candidate systems
with high-redshift LAEs as the background sources. I will also report the discovery of
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one of the most brightest galaxy-scale lensed LAE known so far. Next, in Chapter 3,
I will present an imaging and spectroscopic survey from the BELLS GALLERY sam-
ple, conducted with the Gran Telescopio Canarias and William Herschel Telescope.
The main physical properties of these LAEs are derived and put in context with other
unlensed LAEs. Chapter 4 presents a very high S/N spectroscopic study of a bright
sub-millimeter galaxy. We found that this system is a merger composed of a SMG and
a LBG, with large scale gas motions, including evidence of outflowing and inflowing
gas. Chapter 5 presents the discovery and the first physical and morphological analysis
of a high-z luminous Ly« nebulae, physically unrelated, but very close in projection
to the lensed Herschel source discussed in Chapter 4. This object is one of the most
luminous Ly« nebulae known so far, and shows extended C 1v and He 11 emission over
~ 100 kpc. The final conclusions of this Thesis are provided in Chapter 6. I further
discuss my plans for future direction of research in the last section.
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The BELLS GALLERY Survey:
Discovery of BG1429+1202

In this Chapter I introduce the Baryon Oscillation Spectroscopic Survey Emission-
Line Lens Survey for the GALaxy-Lyo EmitteR sYstems (BELLS GALLERY)
survey, which led to the discovery of 187 galaxy-scale strong gravitational lens can-
didate systems with high-redshift Ly« emitting galaxies as the background sources.
I also report the discovery of BG1429+1202, a very bright, highly magnified, and
yet intrinsically very luminous Ly« emitting galaxy, based on Director Discretionary
Time imaging and spectroscopic observations using the Gran Telescopio Canarias
and the William Herschel Telescope.

This Chapter is part of the publication:

R. Marques-Chaves, 1. Pérez-Fournon, Y. Shu, P. I. Martinez-Navajas, A. S.
Bolton, C. S. Kochanek, M. Oguri, Z. Zheng, S. Mao, A. D. Montero-Dorta, M. A.
Cornachione, and J. R. Brownstein, 2017, ApJL, 834, L18 “Discovery of a Very Bright
and Intrinsically Very Luminous, Strongly Lensed Lya Emitting Galaxy at z =2.82 in
the BOSS Emission-Line Lens Survey”

2.1 Introduction
Lyman-« emitters (LAEs) are young star-forming galaxies that show a prominent Ly«
emission. They are typically faint at high-redshift (mg ~ 25.4 AB at z ~ 3; Ouchi et al.

2008), but hold important clues to the formation and evolution of galaxies at the time

31
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32 Chapter 2. The BELLS GALLERY Survey: Discovery of BG1429+1202

when the universe was still young (e.g., Bouwens et al. 2007, 2011, 2015; Finkelstein
et al. 2009; Laporte et al. 2017). LAEs are usually selected by narrow-band imaging
of their strong Ly emission line (typically defined with rest-frame equivalent widths
EW, > 20 A) from the photoionization of neutral hydrogen by young hot stars (e.g.,
Ajiki et al. 2003; Ouchi et al. 2005, 2008). They show very compact morphologies
(~ 1 kpc; e.g., Bond et al. 2009; Taniguchi et al. 2009; Bond et al. 2012), with low
stellar masses (~ 10° — 10° M), and in general have a small dust content (Ono et al.
2010).

However, the study of the physical properties of these high-redshift galaxies has
been limited by their faintness, even for 8/10 m class telescopes. Such characterization
has been only achievable using stacking techniques over large samples of hundreds to
thousands of individual spectra or images (e.g., Shapley et al. 2003; Ono et al. 2010;
Steidel et al. 2011, 2016; Wardlow et al. 2014; Momose et al. 2016). Although these
techniques have been very successful, they require a large amount of observing time
and only probe the average physical properties of these galaxies.

Another way to study high-redshift galaxies in detail is to use the fortuitous align-
ments with foreground massive structures, which provide natural magnification and
associated amplification produced by strong gravitational lensing. Hundreds of strong
lensed star-forming galaxies have been discovered by employing various observa-
tional techniques. These include the use of spectroscopic selection techniques in large
datasets (e.g., Bolton et al. 2004, 2006, 2008a,b; Brownstein et al. 2012; Shu et al.
2015, 2016b,c, 2017), automatic lens finding algorithms in large area imaging (e.g.,
Cabanac et al. 2007; More et al. 2012; Sonnenfeld et al. 2018), using Principal Com-
ponent Analysis or neural network gravitational arc finders (e.g., Paraficz et al. 2016;
Bom et al. 2017; Jacobs et al. 2017), with the contribution from citizen scientists (e.g.,
More et al. 2016), or by serendipitous discoveries (e.g., Yee et al. 1996; Allam et al.
2007; Belokurov et al. 2007; Smail et al. 2007). However, only a handful of optically
very bright (mg ~ 20), strongly magnified high-redshift galaxies have been discov-
ered so far (Allam et al. 2007; Belokurov et al. 2007; Smail et al. 2007; Lin et al.
2009; Dahle et al. 2016), allowing detailed spectroscopic studies of their individual
properties, such as their stellar populations, chemical composition, and kinematics
of the interstellar medium (e.g., Pettini et al. 2000, 2002; Quider et al. 2009, 2010;
Dessauges-Zavadsky et al. 2010; Rigby et al. 2018b; James et al. 2018).

In this chapter, I introduce the BELLS GALLERY survey, which discovered, for
the first time, a large sample of galaxy-scale strong gravitationally lensed LAE candi-
date systems (Shu et al. 2016b). From the total sample of 187 lensed LAE candidates,
21 were imaged with the Hubble Space Telescope (HST) and the results presented in
Shu et al. (2016¢) and Cornachione et al. (2018). I also report the discovery of a very
bright (R ~ 20, AB), quadruply gravitationally lensed LAE, based on GTC and WHT
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2.2 The BELLS GALLERY Survey 33

Director Discretionary Time imaging and spectroscopic observations. I provide the
first physical and morphological analysis of the lensing galaxy and the lensed LAE.
Throughout this Chapter, a cosmology with Qy, = 0.274, Qx = 0.726, and Hy = 70
km s~! Mpc~! is adopted. All quoted magnitudes are in the AB system.

2.2 The BELLS GALLERY Survey

2.2.1 Lens Candidate Identification

The selection of high-z lensed LAEs candidates from the BELLS GALLERY Survey
is based on spectroscopic techniques, similar to the ones already employed in pre-
vious surveys, such as the Sloan Lens ACS Survey (SLACS: Bolton et al. 2006),
the Baryon Oscillation Spectroscopic Survey (BOSS) Emission-Line Lens Survey
(BELLS: Brownstein et al. 2012), and the SLACS for the Masses Survey (S4TM:
Shu et al. 2015). However, in the case of the BELLS GALLERY survey, the selection
method was substantially modified to specifically select lensed high-redshift LAEs.
The methodology is fully described in Shu et al. (2016b). Here, I briefly summarize
the methodology of the selection.

The principle of the selection technique is the detection of a secondary and asym-
metric emission line (Lya A1215 emission redshifted to the optical: high-z back-
ground source) in the spectra of lower-redshift massive galaxies (lens galaxy: lower-z
foreground source). Figure 2.1 shows an example of this procedure.

The BELLS GALLERY project uses a parent sample of ~ 1.5 x 10° optical spectra
obtained with the 2.5m Sloan telescope from the Data Release 12 (DR12) of the BOSS
(Dawson et al. 2013) of the Sloan Digital Sky Survey III (SDSS-III: Eisenstein et al.
2011). The BOSS optical spectra have a wavelength coverage from 3500 to 10,000 A
and a spectral resolution R ~ 2000 (or §v =~ 150 km s~ ).

From the almost 1.4 x 10° optical spectra with confident redshifts (and classifi-
cation as galaxies), the individual best-fit galaxy template (which is provided by the
SDSS automated analysis pipeline) is subtracted to each optical spectrum, in order
to obtain the galaxy-subtracted residual spectrum. A Gaussian kernel of 150 km s~!
dispersion is then applied to detect emission lines with a significance > 60. However,
this search is confined only to the wavelength window between 3600 to 4800 A (i.e.,
Lya emission at 2 < z < 3) to avoid the detection of both low-redshift interlopers (Ha
A6564, [O 111] A4960,5007, and HS A4862 at lower redshift) and spurious detections
from strong airglow features (e.g., [O 1] A5577) associated with bad sky subtraction.
Low-redshift [O 11] A3727,3729 interlopers are rejected by checking the correspond-
ing Ha, [O 111], and HB emission. Finally, a pixel-integrated skewed normal profile
is fitted to the remaining emission lines in order to quantify the line flux, line width,
and most importantly, its skewness, as the Ly« line usually presents an asymmetric
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Figure 2.1: Example of the selection procedure showing one of the sources in the BELLS GALLERY
sample. A massive galaxy at redshift z = 0.58 is lensing a background LAE galaxy at z = 2.40. The
zoom-in view of the Ly« emission (green) shows the asymmetric profile characteristic of LAEs at high-z.

profile at high-z (e.g., Dijkstra et al. 2007), due to absorption by neutral hydrogen.
This procedure yielded a final sample of 187 candidates systems.

2.2.2 Hubble Space Telescope Observations

From the final sample of 187 gravitational lensed LAE candidates, 21 highest-quality
systems were selected to be observed with the V-band F606W filter of the Wide Field
Camera 3 (WFC3) instrument onboard the Hubble Space Telescope (HST) under the
Cycle 23 program ID 14189 (PI: A. Bolton).

The main goal of this project was to confirm the lensing nature of these LAEs and
carry out a lensing modeling of each system. Furthermore, studies of dark substruc-
tures in these galaxy-scale systems can be achieved by combining the strong lensing
magnification with the unmatched spatial resolution and sensitivity provided by the
HST in order to deliver new constraints on the nature of dark matter. Once the lensing
nature of the background LAEs is confirmed, further analysis of the physical prop-
erties of these galaxies can be achieved with much detail thanks to the boost in the
apparent flux produced by gravitational lensing.

The 21 highest-quality lensed LAEs candidates were selected to have a detection
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Table 2.1: 21 lensed LAE candidates with HST observations.
Target Zlens ZLAE R.A. Dec.

(J2000.0) (J2000.0)
BG002927.38+254401.7 0.5869 2.4504 00:29:27.38 +25:44:01.78
BG005409.97+294450.8 0.4488 2.7176 00:54:09.97 +29:44:50.88
BGO11300.57+025046.2  0.6230 2.6088 01:13:00.57 +02:50:46.20
BG020121.39+322829.6  0.3957 2.8209 02:01:21.39 +32:28:29.66
BG023740.63—064112.9 0.4859 22491 02:37:40.63 —06:41:12.99
BG074249.68+334148.9 04936 23633 07:42:49.68 +33:41:48.98
BG075523.52+344539.5 0.7224 2.6347 07:55:23.52 +34:45:39.59
BG085621.59+201040.5 0.5074 2.2335 08:56:21.59 +20:10:40.55
BG091807.86+451856.7 0.5238 2.3440 09:18:07.86 +45:18:56.76
BG091859.21+510452.5 0.5811 2.4030 09:18:59.21 +51:04:52.59
BG111027.11+280838.4 0.6073 2.3999 11:10:27.10 +28:08:38.46
BG111040.42+364924.4 07330 2.5024 11:10:40.42 +36:49:24.39
BG111634.55+091503.0 0.5501 2.4536 11:16:34.55 -+09:15:03.04
BG114154.71+221628.8 0.5858 2.7624 11:41:54.71 +22:16:28.89
BG120159.02+474323.2  0.5628 2.1258 12:01:59.02 +47:43:23.19
BG122656.45+545739.0 0.4980 2.7322 12:26:56.45 +54:57:39.04
BG151641.22+495440.7 0.5479 2.8723 15:16:41.22 +49:54:40.77
BG152926.41+401548.8 0.5308 2.7920 15:29:26.41 +40:15:48.84
BG222825.76+120503.9 0.5305 2.8324 22:28:25.76 +12:05:03.95
BG224505.93+004018.3  0.7021 2.5413 22:45:05.93 +00:40:18.35
BG234248.68—012032.5 0.5270 22649 23:42:48.68 —01:20:32.53

significance of the Ly« emission line > 150, observed emission line flux > 2 x 10~1¢
erg cm~2 s~!, and positive skewness relative to the best-fit symmetric Gaussian pro-
file. Table 2.1 summarizes the main properties of the 21 lensed LAE candidates se-
lected for HST observations.

Out of the 21 highest-quality candidates observed with the HST, 17 systems are
confirmed to be definite gravitational lenses with unambiguous evidence of Einstein
rings, arcs, or quadruple or double images of the high-z background LAEs (see four
examples in Figure 2.2 and Shu et al. 2016c, for more details). This represents a
80% success rate of finding strong gravitational lenses (17 lenses from 21 candidates),
much higher than in other previous surveys using similar spectroscopic selection tech-
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niques (SLACS, BELLS, and S4TM surveys, all with ~ 50% success rate).

Figure 2.2: This figure is taken from Shu et al. (2016c) and shows HST F606W-band images of four
gravitational lensed LAEs with unambiguous evidence of arcs and multiple images (left panels). Their
lens models are shown in the right panels (parameterized source model on the top and the pixelized
source model on the bottom). The caustics of the lens model are marked with white lines in the source
plane. The images are oriented such that north is up and east is to the left. The color bars indicate the
intensity levels in units of electrons per second per pixel®. The source plane images are zoomed with
respect to the observers’ plane by the factor indicated in the figure.
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2.2.3 UV continuum structure of LAEs down to 100-parsec scales

In the analysis of the HST images, Shu et al. (2016c) found lensing magnifications
of the background high-z LAEs ranging from 4 — 26 (with an average of 13), after
modeling the systems with a smooth lens model consisting of singular isothermal
ellipsoid (SIE) models for the mass distribution of the lens, and, in some cases, an
additional external shear to model the higher-order effect from the environment. The
background high-z LAEs are resolved into individual star-forming knots, with sizes
from less than 100 pc to several kpc and typical separations of 500 pc to 2 kpc in the
source plane.

Later on, Cornachione et al. (2018) presented a more detailed morphological anal-
ysis of the 17 confirmed BELLS GALLERY lensed LAEs. By using lens-model recon-
structions of the LAE rest-frame UV morphology in the source plane, they found 1 —9
clumps per LAE (see Figure 2.3). This gives a clumpiness fraction of ~ 88%, signif-
icantly higher than that found in previous studies of unlensed LAEs (e.g., ElImegreen
& Elmegreen 2005; Guo et al. 2015). Such large clumpiness fraction in the BELLS
GALLERY LAEs is the result of the enhanced spatial resolution provided by the grav-
itational lensing effect in the BELLS GALLERY survey, as well as the improved flux
detection limit.

These clumps have characteristic sizes of 350 pc (half-light radius), far beyond the
typical physical resolution of ~ 80 pc provided by the combination of the gravitational
lensing and the HST resolution in the BELLS GALLERY. The high-z star-forming
knots found in the BELLS GALLERY LAEs are significantly larger than most H 11
regions in local star-forming galaxies which have typical characteristic half-light radii
of 200 pc (e.g., Gallagher & Hunter 1983; Kennicutt et al. 2003).

2.3 Discovery and Confirmation of the most luminous LAE known

2.3.1 Discovery and follow-up

By visual inspection of SDSS and DECaLS' color images of the remaining 166 lensed
LAEs candidates not observed with the HST, we found one candidate showing blue
emission features roughly 3.3” from the z = 0.5531 massive early-type galaxy, SDSS
J142954.80+120235.6 (hereafter ETG). Its BOSS spectrum (Plate-MJD-Fiber: 5463-
56003-121) shows a secondary emission line at 4652 A (likely Ly« at z = 2.8253).
The positions of the blue emission features with respect to the ETG are consistent
with a fold lensing configuration: a bright lensed image pair, A and B (with a sep-
aration of ~ 1.5”), and two fainter images, C and D (see Figure 2.4). The lensed
image pair, A and B, is identified in the SDSS photometric catalog as a single source,

"Dark Energy Camera Legacy Survey: http://legacysurvey.org/decamls/
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SDSSJ002927 SDSSJ011300
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Figure 2.3: Lens-model reconstruction of the rest-frame UV morphology in the source plane of several
BELLS GALLERY LAEs (data: left, model: middle, and residuals: right panels). Several LAEs show
multiple clumpls (white circles) in the source plane with characteristic sizes of 350 pc (figure is taken
from Cornachione et al. 2018).

SDSS J142954.88+120238.3 (hereafter BG1429+1202 for the lensed LAE, where BG
stands for BELLS GALLERY), showing blue colors in DECaLS and SDSS photom-
etry (Table 2.2). The lensed images A and B are also detected in the UKIRT Infrared
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Deep Sky Survey (UKIDSS: Lawrence et al. 2007) Large Area Survey (LAS), only in
Y-band with 21.06 £0.19 mag and 21.12 +0.20 mag (in the AB system), respectively.

—
—

—

B
e -

A
- C

ETG
D (Lens)

DECaLS QI z

| | | |

6 3 0O -3 -6
A R.A. (arcsec)

Figure 2.4: DECaLS grz color image of BG1429+1202 showing the orientation of the WHT/ACAM and
GTC/OSIRIS long slits (white dashed lines). The four lensed images of the background LAE are labeled
A, B, C, and D. The position of the spectroscopic 1”-radius BOSS fibre is marked with a white circle.
The image is centered on the lensing galaxy and oriented such that North is up and East is to the left.

We carried out Director Discretionary Time (DDT) optical imaging and long-slit
spectroscopic observations in visitor mode on 2016 June 29 using the Auxiliary-port
Camera (ACAM: Benn et al. 2008) at the William Herschel Telescope (WHT) to con-
firm the lensing nature of this LAE. The ACAM long-slit was oriented at a sky position
angle (PA) = 103°.35, and positioned so as to encompass the two brightest lensed im-
ages, A and B, as shown in Figure 2.4. Despite the poor seeing conditions that night
(~ 4" FWHM), we could confirm the lensing nature of this system with the detection
in the long-slit spectrum of strong rest-frame UV continuum (with Si 1v and C 1V in
absorption) and Ly« emission at a redshift z = 2.823 £ 0.008, in agreement with the
redshift of the Ly« line detected in the BOSS fiber spectrum, likely from the lensed
image D (see Figure 2.4).

Additional observations of BG1429+1202 were carried out on 2016 July 29, this
time in very good seeing conditions (~ 0.75” FWHM, measured in the 330 s g-
band acquisition image), using the Optical System for Imaging and low-Intermediate-
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Table 2.2: Properties of the system
ID RA.(D Dec.(D g® O] 4
(J2000.0) (J2000.0)
ETG 14:29:54.806  +12:02:35.53 22.88 20.51 19.00
+0.12  4+0.07 40.10

A® 14:29:54.936  +12:02:38.23 2148 2123 2132

+0.08 £0.03 +0.04

B®) 14:29:54.831  +12:02:38.48 21.64 2134 2131

+0.08 =+0.03 +0.04

C 14:29:54.570  +12:02:36.69 2227 2222 22.02

+0.09 £0.08 £0.09

D 14:29:54.848  +12:02:34.24 2257 2230 21.85

+0.11  +£0.10 40.11

Total LAE 2040 20.16 20.07

NOTE. — (1) positions with 0.11” astrometric r.m.s. using GAIA DRI (Gaia

Collaboration et al. 2016);

(2) photometry and 1o errors from the GTC/OSIRIS g-band image;

(3) and (4) photometry and 1o errors from the DECaLS DR2 Tractor catalog, except
for the lens which were taken from the SDSS DR12 photometric catalog due to image
artifacts in DECaLS co-adds;

(5) the lensed images A and B were deblended using GALFIT (Peng et al. 2002,
2010). The magnitudes listed have not been corrected for the Galactic dust extinction,
which is 0.104, 0.072, and 0.040 mag for g, r, and z, respectively, in the direction of
BG1429+1202. (Schlafly & Finkbeiner 2011).

Resolution Integrated Spectroscopy camera (OSIRIS?) on the Gran Telescopio Ca-
narias (GTC). We used the R1000B grism, which provides a spectral coverage of 3630
-7500 A (950 - 1960 ;A, rest-frame at the redshift of the lensed LAE) and a dispersion
of 2.12 A px~!. The OSIRIS 1.2 wide long-slit was oriented in the same PA used in
the WHT/ACAM spectroscopic observations (Figure 2.4). Given this configuration,
the corresponding spectral resolution is >~ 8 A (or ~ 500 km s~' FWHM). The total
integration time was 44 minutes, split into 4 x 660 s. The data were reduced with IRAF
and PYTHON tasks (see chapter 3 for more details on the imaging and spectroscopic
reductions).

http://www.gtc.iac.es/instruments/osiris/
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2.3.2 Source Properties

The rest-frame UV spectrum of the brightest lensed images A and B, is shown in
Figure 2.5. Despite the relatively short exposure time, the high S/N GTC/OSIRIS
spectrum (~ 25 in the continuum) shows a strong Ly« emission, and a series of strong
absorption lines, similar to those seen in the composite spectrum of hundreds of z ~ 3
Lyman break galaxies (LBGs) (Shapley et al. 2003). The strongest absorption features
are associated to the interstellar medium and stellar winds in a variety of ionization
states, from neutral (O I) to highly ionized species (Si IV or C 1v). High ionization
features with a strong P-Cygni profile are seen both in C 1v A1548,1550 and Al 111
A1854,1862 doublets, which is indicative of stellar winds from very young massive
stars. We identify also additional absorption features unrelated to BG1429+1202 (nine
absorption features associated to an intervening metal-line system at zy,s = 2.179 +
0.001, and one broad absorption line at 5183 A with an observed equivalent width
EWgps = 6.95£0.2 A that remains unidentified). Analysis of the spectra for the
individual lensed images A and B shows no differences in the profiles of Ly« and the
absorption features neither evidence for velocity offsets between them, as expected if
they are both images of the same, non variable, background source.

The same happens to their rest-frame UV continuum slope, Syy, which is essen-
tially flat in F,,. Adopting a simple power-law approximation for the UV spectral
continuum shape Fy o< %0V, the UV slope can be estimated using the following equa-
tion:

_ mem
2.510g10(Am, /Am,)

and using the observed r (mj, A\; = 6231 /0%) and z (mp, A = 9134 &) bands (which
correspond to ~ 1600 - 2400 A in the rest frame), we measure B =-2.1+£0.1 (how-
ever, see chapter 3 for a new measurement of the slope based on new imaging data).
Following Calzetti et al. (2000), Suyy is related with the UV dust attenuation Ayy in
the form:

Puv = 2, 2.1

Ayy = 2.31(Bobs — Ho), (2.2)

where () is the intrinsic UV spectral slope of the stellar population. The value of /3 is
assumed to be —2.1 when 5 > —1.4, and —2.35 otherwise. This implies an effective
UV extinction Ajgpp ~ 0.6 or E(B—V) ~ 0.13, reflecting a modest dust content in
BG1429+1202.

In the absence of strong nebular emission lines (C 11] A1906,1908 doublet is
detected, but with low significance), we use faint stellar photospheric lines, formed
in the photospheres of massive O and B stars, to derive the systemic redshift of
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Figure 2.5: GTC/OSIRIS spectrum of BG1429+1202 (black solid line) and its 1o error (grey solid line).
Ticks mark the positions of the strong interstellar absorption features (solid lines) and photospheric lines
(dashed lines) of BG1429+1202, as well as other absorption features related to intervening systems at
lower redshifts (black solid arrows). The 2D spectrum is also shown on the top. In the inset panel
we show the BOSS and WHT spectra with the positions of the Lya emission as well as the absorption
features related to the ETG at z = 0.5531 from the BOSS fiber spectrum.

BG1429+1202. Using the cleanest photospheric lines in the GTC spectrum, O 1V
A1343, and a close blend of C 11 and N 111 at A\1324 10%, we measure the systemic
redshift zgys = 2.8224 40.0013.

The Lyo emission line has an observed (A + B) flux of Fiy, = (2.140.3) x
10715 erg s=! cm™2, ~ 10 times higher than the Lya flux measured within the 1”-
radius BOSS fibre (nygss =0.256x 1071 erg s~! cm~2). The measured rest-frame

equivalent width of Ly is EW(Lyar) = 3915 A. The errors reflect the uncertainty in
the determination of the stellar continuum redward of Lya. Although the line appears
unresolved in our low resolution spectrum (FWHM ~ 500 km s~ 1), it is resolved in
the BOSS spectrum. Fitting a Gaussian to the BOSS Ly« line, we measured a FWHM
of 382450 km s~!, after accounting for the instrumental broadening. The nebular
C 111] A1906,1908 doublet is also detected in emission but with low significance (40)
and not resolved in our GTC/OSIRIS spectrum. This galaxy can be classified as a
LAE, given the rest-frame equivalent width and the velocity width of the Ly« line
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(e.g., Ouchi et al. 2008). From our spectrum and available photometric data we do not
find any evidence of an active galactic nucleus (AGN).
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Figure 2.6: Left: Spectral profiles of the Ly« emission (upper panel) and interstellar absorption features
(lower panel) on rest velocity. The Ly« emission appears to be redshifted, viyo ~ 4200 km s~!, while
the interstellar absorption lines are blueshifted by vaps ~ —150 km s~' (mean profile in black with the
standard deviation in grey shadow). Right: 2D Ly« emission in the position-velocity plane (upper panel)
where a spatial gradient of velocity is seen in both A and B images. In the lower panel we show the
normalized spatial profiles of the rest-frame UV continuum (green line) and the Ly emission (blue
line). The shaded regions show the 1o errors of the spatial profiles. The Ly« emission appears more
extended (large spatial FWHM) between A and B than the rest-frame UV continuum.

The relatively high S/N of the GTC/OSIRIS spectrum allows us to find differ-
ences in the kinematics of the Ly« emission and interstellar features, despite the low
spectral resolution provided by the GTC R1000B grism (chapter 3 presents new GTC
spectroscopic observations of BG1429+1202 with higher spectral resolution). Figure
2.6 (left panel) shows velocity plots of the Ly« emission line and several normalized
interstellar absorption lines, relative to zsys. The Lya emission profile has its peak
redshifted (with respect to the systemic redshift using photospheric lines) with a ve-
locity viyq ~ +200 km s~!, while the interstellar absorption lines appear blueshifted
by ~ —150 km s~'. This is consistent with galaxy-scale outflows of material from the
galaxy in the form of a wind, similar to those seen in other star-forming galaxies at
z~ 3 (Shapley et al. 2003; Steidel et al. 2010).

We also notice that a spatial gradient of the Ly« velocity is present in the 2D
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spectrum (Figure 2.6, right upper panel). This velocity structure is seen both in A and
B but appears mirrored, as expected for those images in this system as A and B images
straddle the fold critical curve (see Figure 2.7). We checked carefully the 2D spectrum
to see if this pattern is present in other lines, but we found none with this signature.
The 1D spatial distribution of Ly« is also compared with that of the rest-frame UV
continuum (Figure 2.6, right lower panel). The Ly« emission appears more extended
in the inner region between A and B than the UV continuum.

2.3.3 Lens Model

To interpret the properties of the lensed system in more detail, we used the 330 s
GTC/OSIRIS g-band image obtained in ~ 0.75” FWHM seeing for accurate lens
modeling. As shown in Figure 2.7, the lens system comprises four images forming
a so-called fold configuration, when the source lies very close to a fold caustic.

The lens modeling is performed using a non-linear optimizer (similar to previous
works: Bolton et al. 2008b; Brownstein et al. 2012; Shu et al. 2015, 2016a,c), con-
sisting on minimizing a x? function (where the observational data is compared to the
model) using the Levenberg-Marquardt algorithm with the LMFIT package (Newville
et al. 2014). The foreground-light is modeled using an elliptical Sérsic profile and its
subtraction is performed jointly with the lens modeling. The lens model includes a
mass distribution of the foreground lens, parameterized as a singular isothermal ellip-
soid (SIE), and an additional external shear is included to model the higher-order effect
from the environment. The surface brightness distribution of the background source
is reconstructed parametrically using an elliptical Sérsic model. The foreground-light
model is combined with the predicted lensed images and convolved with the point-
spread function (PSF), which was modeled with a star in the GTC/OSIRIS g-band
field-of-view.

The best fit lens model (x?/dof = 3494 /3709) determines for the lens an Einstein
radius bsig = 2.95” +0.10”, minor-to-major axis ratio ¢ = 0.34 and a position angle
P.A. =165.5 deg. The strength and position angle of the external shear is v = 0.059 +
0.008 and ¢, = 89.9 deg, respectively. The characteristic lensing galaxy velocity
dispersion, defined as:

bsie DL

—_— 23
4 DLS ’ ( )

OSIE = C
is 39046 km s~!, where Dig and Ds are the angular diameter distances from the
lens and the observer to the source, respectively. We also find a minor-to-major axis

ratio of the SIE component (0.34), smaller than that of the light distribution from
the g-band model result (0.85). The large lensing velocity dispersion suggests that
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Figure 2.7: Lens model of BG1429+1202. Upper left: GTC/OSIRIS g-band image; Upper right: mod-
eled lensed and foreground images with the critical line (white contour); Bottom left: final residuals from
the best-fit model; Bottom right: the position of the LAE in the source plane relative to the caustic. All
the images are centered on the lensing galaxy and oriented such that north is up and east is to the left.

cluster or line-of-sight structures also contribute a substantial fraction of convergence.
There is no clear evidence of a crowded environment around the ETG, either by visual
inspection of color images or in the SDSS photometric redshifts, but ~ 1’ to the North
there is a galaxy, SDSS J142953.71+120333.9, with a BOSS spectroscopic redshift
z = 0.5527+0.0002, very close to the lensing ETG, indicating that a cluster or group
of galaxies at z ~ 0.55 may be present, as suggested by the external shear field.

For the source, the lens model gives local magnifications of 3.2, 3.1, 1.8 and 0.7 for
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images A, B, C and D, respectively, which means that the total magnification is 8.8 &
0.4. The source has an effective radius Regr = 0.159” +20.007”, which corresponds to
Regr = 1.28 +£0.06 kpc for the adopted cosmology. The source has a minor-to-major
axis ratio ¢ = 0.56 and Sérsic index n = 3.9. It is centered at AR.A. = —0.43" and
ADec. = 0.56" relative to the center of the lensing galaxy.

2.3.4 Intrinsic Properties

Having determined the magnification of BG1429+1202 we can estimate its intrinsic
properties. From the total DECaL.S DR2 r-band magnitude, we determine a rest-frame
1600 A luminosity Ligoo = (6.12+0.48) x 103 erg s~! Hz~!. Using the Kennicutt
(1998) conversion, this rest-frame UV luminosity translates into an intrinsic star for-
mation rate (SFR) of ~ 90 Mz yr~!, when corrected for magnification, reddening and
the lower proportion of low-mass stars in the Chabrier (2003) stellar IMF relative to
the standard Salpeter (1955) adopted by Kennicutt (a factor of 1/1.8).

Turning to Lya, assuming the space distribution of Ly« in the source plane and
its lensing magnification are similar to those of the rest-frame UV continuum, and
applying the correction for the magnification and the slit losses (the GTC/OSIRIS slit
captured a fraction ~ 0.60 of the total light of BG1429+1202), we derive an intrinsic
Lya luminosity Ly yo = (2.80£0.39) x 10* erg s~

Assuming case-B recombination and the Kennicutt (1998) conversion, this lumi-
nosity translates in a SFR(Lya) ~ 25 Mo yr—!. Comparing the estimates of SFR from
the rest-frame UV and Lyc, we measure fou ~ 0.3, consistent with that estimated
from LAEs at z ~ 3 (e.g., Verhamme et al. 2008; Zheng et al. 2016). However, we
should note that the measured felgyca results from the assumption that the spatial dis-
tribution of Lya (and its magnification) follows the rest-frame UV continuum. Ly«
halos are hard to be resolved in individual LAEs, and have been studied mainly by us-
ing stacking techniques (Steidel et al. 2011; Momose et al. 2016; Sobral et al. 2017),
or in nearby high-redshift analogs (e.g. Yang et al. 2017). However, for a few cases,
strong gravitational lensing allows spatially resolved studies of high-redshift galaxies
(e.g., Patricio et al. 2016).

In order to establish how typical are the intrinsic properties of this galaxy, we com-
pare it with other UV-selected z ~ 3 LBGs and LAEs. BG1429+1202 is intrinsically
more luminous in the rest-frame UV by factors of 7 and 19, relatively to L* from the
luminosity functions of Reddy & Steidel (2009) for z ~ 3 LBGs and z ~ 3.1 LAEs
selected by narrow-band imaging by Ouchi et al. (2008), respectively. It is also intrin-
sically very luminous in the Ly« line, when compared with L]tya from the luminosity
functions of LAEs at z ~ 3.1 (factor of ~ 5; Ouchi et al. 2008) and LAEs at z= 2.8 in
CDFS (factor of ~ 5 —9; Zheng et al. 2016).

A comparison is also presented in Table 2.3 with other well known, exceptionally
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Table 2.3: Intrinsic properties of BG1429+1202 and other bright galaxy-galaxy lenses

Object Z myv w Lyv LLya

)] @ 6 @& 6

BG1429+1202 2.822 20.16 88 699 28.0
MS 1512-cB58*®  2.726 20.64 30 1.16 -
Cosmic Eye© 3.073 20.30 28  2.08 -

8 o’clockd 2.735 19.22 123 10.55 -
Cosmic Horseshoe®t 2.381 19.70 24 2.74 3.3
LBGs? ~3 2461 - 1.06 -
LAEsh ~31 2584 - 036 58

NOTE. — 1) redshift;

2) rest-frame UV apparent magnitudes (~ 1500 — 1700 A) using r- or i-bands,
depending on the redshift;

3) total magnification factor;

4) and 5) intrinsic rest-frame UV and Ly« luminosities in units of 10?° erg s~! Hz ™!
and 10*? erg s~ !, respectively, corrected for the lensing magnification;

References — @) Ellingson et al. (1996); ) Seitz et al. (1998); ©) Smail et al. (2007);
9 Allam et al. (2007); © Belokurov et al. (2007); ' Quider et al. (2009); & Reddy &
Steidel (2009); ™ Ouchi et al. (2008).

bright in the optical, galaxy-galaxy z ~ 3 lenses: the Cosmic Eye (Smail et al. 2007),
MS 1512-cB58 (Yee et al. 1996), the 8 o’clock (Allam et al. 2007), and at lower
redshift the Cosmic Horseshoe (Belokurov et al. 2007). BG1429+1202 has similar
brightness, but is intrinsically very luminous in the rest-frame UV continuum and
Lyc. It is also the only one which can be classified as Lya emitter (the Lya emission
of the Cosmic Horseshoe galaxy shares many of the properties of the Ly« emitters,
but its EWy(Ly«) is below the threshold generally adopted to define it as Ly« emitter;
Quider et al. 2009). This puts BG1429+1202 in the small group of very bright z ~ 3
galaxies that, due to the high magnification and its high intrinsic luminosity, provides
the unique opportunity to obtain high S/N spectroscopy to study in detail its physical
properties. Additional studies of this lensed LAE using higher spectral resolution
OSIRIS spectroscopy as well as narrow band imaging are presented in Chapter 3.

2.4 Conclusion

In this Chapter I introduced the BELLS GALLERY Survey (Shu et al. 2016b,c),
which identified 187 high-probability lensed LAE candidates systems at 2 < z1Ag < 3
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48 Chapter 2. The BELLS GALLERY Survey: Discovery of BG1429+1202

through the detection of a secondary and asymmetric emission line (Lyc emission)
in the spectra of massive galaxies at redshift of approximately 0.5. Among these, 21
of the highest quality candidates were observed with HST/WFC3 confirming their
lensing nature (Shu et al. 2016¢), and providing a detailed characterization of their
rest-frame UV continuum surface brightness profiles and substructure down to scales
of 100 pc (Cornachione et al. 2018).

I also reported the discovery of a bright quadruply lensed LAE at z = 2.8224.
BG1429+1202 is one of the brightest and most luminous galaxy-scale lensed LAEs
known so far. The very bright apparent magnitude results partially from gravita-
tional lensing by a z = 0.5531 luminous red galaxy, which provides a magnification
of 8.8 £0.4. After accounting for the lensing magnification, BG1429+1202 is also
intrinsically very luminous in the rest-frame UV and Ly« emission by about 19 and 5
times the typical Ly and Lfya of LAEs at z ~ 3, respectively, showing low dust con-
tent and indications of massive recent star formation. Compared with the few other
bright strongly lensed galaxies known, BG1429+1202 is the most luminous one in the
Ly« line. This makes this source another good laboratory for further detailed stud-
ies of the physics of star formation and Lya emission in galaxies in the epoch of the
Universe when the star formation rate density reached its peak. The new method pre-
sented in Shu et al. (2016b) opens a new window to the study of high redshift galaxies
by the combination of massive spectroscopic surveys, large-area multi-band imaging,
gravitational lensing and follow-up with 10m telescopes like GTC.
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Imaging and Spectroscopic Study of
the BELLS GALLERY LAEs

In this Chapter, I present the results of the recent follow-up observations of six strong
gravitationally lensed LAEs discovered within the BELLS GALLERY survey. This
survey is conducted using Gran Telescopio Canarias (GTC) and William Herschel
Telescope (WHT) imaging and spectroscopic data to study several rest-frame UV
physical properties of these LAEs.

3.1 Introduction

In addition to the morphological characterization of the HST BELLS GALLERY sam-
ple presented in Shu et al. (2016¢) and in Cornachione et al. (2018), we have carried
out imaging and spectroscopic observations with the GTC and the WHT, both in the
Observatorio del Roque de los Muchachos. This Chapter presents an imaging and
spectroscopic study of several rest-frame UV properties of BELLS GALLERY LAEs.
The natural burst in the flux produced by strong gravitational lensing offers the unique
opportunity to carry out higher S/N studies than otherwise achievable, providing a
close-up look of LAE’s properties during the epoch when cosmic star formation activ-
ity was at its peak.

3.1.1 Sample Selection

Shu et al. (2016c) presented HST observations of 21 BELLS GALLERY LAEs. From
these, 17 systems were confirmed to be gravitationally lensed, showing multiple im-

49
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50 Chapter 3. Imaging and Spectroscopic Study of the BELLS GALLERY LAEs

ages or Einstein rings of the high-z background LAEs.

We restricted the GTC spectroscopic follow-up to LAEs showing large HST V-
band flux densities, since even with the magnification provided by gravitational lens-
ing, some of these LAEs appear to be relatively faint for high S/N spectroscopic stud-
ies. In addition, since these observations are seeing-limited, we selected those LAEs
showing larger background image separations, avoiding the contamination of fore-
ground lens galaxies in their spectra. The best candidates for GTC spectroscopy
are the LAEs SDSS J020121.39+322829.6, SDSS J074249.68+334148.9, SDSS
J075523.52+344539.5, and SDSS J091859.21+510452.5 (hereafter BG0201+3228,
BG0742+3341, BG0755+3445, and BG0918+5104, where “BG” stands for BELLS
GALLERY). Figure 3.1 shows the HST images of these 4 lensed LAEs (with false
color for visual purpose).

BG0742+3341 BG0918+5104

BG0755+3445 BG0201+3228

Figure 3.1: HST images of four lensed LAEs analyzed in this chapter. Multiple images and arcs of the
background high-z LAEs (bluish color) are seen and represent an unambiguous evidence of the lensing
nature in these systems. All the images are centered on the lensing ETGs (reddish color) and oriented
such that north is up and east is to the left.

We also re-observed BG1429+1202 (already discussed in chapter 2), this time with
higher spectral resolution and deeper imaging. In addition, by visual inspection of the
color images (SDSS SkyServer and DECaLS SkyViewer) of the parent sample com-
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3.2 Introduction 51

posed of 166 BELLS GALLERY lensed LAE candidates, we found another promising
candidate, hereafter BG1501+3042, showing bluish features ~ 3.7" SE from the ETG
SDSS J150114.60+304230.8 (zjens = 0.638). Its BOSS spectrum (Plate-MJD-Fiber:
3875-55364-935) shows a secondary emission line at ~ 4438 A, likely Ly emis-
sion at z >~ 2.65. Figure 3.2 shows the SDSS color images of BG1429+1202 and
BG1501+3042 where clear bluish features are visible around the ETGs. In Table 3.1
we summarize the properties of these six lensed systems.

BG1429+1202 BG1501+3042

Figure 3.2: 20” x20” DECaLS color images of the lens systems SDSS J142954.80+120235.6 (left panel,
hereafter BG1429+1202) and SDSS J150114.60+304230.8 (right panel, hereafter BG1501+3042). Mul-
tiple bluish features are seen around the massive early-type galaxies (reddish color), suggesting a lensing
nature of these systems. The images are centered on the lensing ETGs and oriented such that north is up
and east is to the left.

Table 3.1: Properties of the lensed LAEs.
LAE RA.(D Dec.() @

Zens LAE
(J72000.0)  (J2000.0)

BG0201+3228 02:01:21.39 +32:28:29.7 0.396 2.821
BG0742+3341 07:42:49.68 +33:41:49.0 0.494 2.363
BGO0755+3445 07:55:23.52 +34:45:39.6 0.722 2.635
BG0918+5104 09:18:59.21 +51:04:52.6 0.581 2.403
BG1429+1202 14:29:54.80 +12:02:35.6 0.553 2.825
BG1501+3042 15:01:14.61 +30:42:30.8 0.638 2.649

Notes. — (1) positions of the lens galaxy; (2) redshift of the lens; (3) redshift of the
LAE measured using the Lya line.
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3.2 Follow-up Observations

3.2.1 GTC Spectroscopic Observations

The spectroscopic survey was conducted with the GTC OSIRIS instrument. Details of
these observations are listed in Table 3.2. The observations were obtained in service
mode over ten different nights, between 2017 January 26 and 2018 February 16, as
part of several GTC programs (GTC47-16B, GTC67-17A, and GTCMULTIPLE2F-
17B; PI: Marques-Chaves).

Table 3.2: OSIRIS spectroscopic observations.

LAE PA Grism Time Seeing

) (sec) (arcsec)
BG0201+3228 —47  R2000B; R2500R  2100; 2800 0.8
BG0742+3341 63 R2000B 3600 0.8

BGO0755+3445 —30;75 R2000B; R2500R  7200; 3600 0.8
BG0918+5104 10.8 R2000B; R2500R  7200; 3600 0.7
BG1429+1202 —76.7 R2500V; R2500R  3600; 3600 0.8
BG1501+3042 29.8 R1000B 3000 1.1

The data were reduced using IRAF. For each individual 2D dimensional spectrum,
the bias were subtracted using calibration data provided by the GTC staff for each
observing block. The characterization of the lamp shape’s flats is done using the IRAF
task apnormalize from the NOAO twodspec package. Two-dimensional spectra
are then corrected from flat-fielding (i.e. normalized) using the ccdproc task from
the ccdred package. Wavelength calibrations are done for every observing night
using arc lamps provided by the GTC staff. To do so, we add wavelength solutions
to each spectrum using identify and reidentify tasks from the onedspec
package. We calculated the 2D wavelength solution using the £itcoords task from
the longslit package, and then applied those corrections to our scientific data using
the t ransform task. The background subtraction is performed for each individual
2D spectrum using the background task. We use a two order Chebyshev function
to fit two or more sky regions on both sides of the object spectrum. The 1D spectra
were then extracted using the apall task from the apextract package, and were
corrected for the instrumental response using observations of standard stars provided
for each observation. The individual 1D spectra are then median combined and pixels
exceeding a specific threshold (e.g., cosmic rays) are rejected. This is done using the

Este documento incorpora firma electronica, y es copia auténtica de un documento electrdnico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

Identificador del documento: 1451276 Caodigo de verificacion: tk9jwHqt

Firmado por: RUI JOSE MARQUES COELHO CHAVES Fecha: 23/07/2018 18:48:14
UNIVERSIDAD DE LA LAGUNA

62/191



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2018/53666
N° reg. oficina: OF002/2018/49198
Fecha: 23/07/2018 18:59:57

3.2 Follow-up Observations 53

scombine task.

3.2.2 Imaging Observations

In addition, we carried out imaging observations with the GTC and WHT of five of
these lensed LAEs:

® BG0201+3228 was observed on 2015 September 16 in the g- and i-bands using
the Auxiliary-port Camera (ACAM: Benn et al. 2008) at the WHT. ACAM has a
circular field of view of 8 diameter with a plate scale of 0.254” pixel~!. The total
integration time was 500 and 300 seconds for g- and i-bands respectively, under
sub-arsec seeing conditions (= 0.85” full width at half maximum, FWHM).

o BG0755+3445 was observed on 2015 April 24 in the r-band using ACAM.
The total integration time was 300 seconds under ~ 0.55” FWHM seeing. We
later observed this object on 2017 February 17 in the g-, i-, and z-bands using
the OSIRIS instrument on the GTC as part of the GTC program GTC47-16B (PI:
R. Marques-Chaves). OSIRIS has a field of view of 7.8’ x 8.5’ with a plate scale
of 0.254” pixel~!. The total exposure time was 900 s for each band, split into 9
individual exposures of 100 s. The seeing of the final images was ~ 0.9”, 0.7”, and
0.8"” FWHM for the g-, i-, and z-bands, respectively.

® BG0918+5104 was observed on 2017 February 17 in the g- and z-bands using
OSIRIS on GTC (same program as BG0755+3445). The total exposure time was
900 s for each band, split into 9 individual exposures of 100 s. The seeing of the
final images was ~ 0.9” and 0.8” FWHM for the g- and z-bands, respectively.
Additionally, we have used archival R and / wide-field images from MEGACAM
on the Canada-France-Hawaii Telescope (CFHT), processed and stacked using the
MegaPipe image staking pipeline (Gwyn 2008), and downloaded from the Canadian
Astronomy Data Centre (CADC!). Total exposure times are 3200 and 2560 s in R and
I bands, with an average seeing of 0.85” and 0.55” FWHM, respectively.

® BG1429+1202 was first observed on 2016 July 29 in the g-band using OSIRIS
on the GTC as part of the GTC DDT program GTC09-16ADDT (already presented in
chapter 2). Later on, we observed this system again on 2017 April 24 in the r-, i-, and
z-band on the GTC as part of the program GTC67-17A (PI: Rui Marques Chaves).
The total exposure time was 540 s for each band, split into 9 individual exposures of
60 s. The seeing of the final images was ~ 0.8”, 0.7”, and 0.8” FWHM for the r-, i-,

"http://www.cadc-ccda.hia-iha.nrc—cnrc.gc.ca/en/cfht/
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and z-bands, respectively.

e BG15014+3042 was observed on 2017 May 22 in the g-, r-, and i-bands
using OSIRIS on GTC (same GTC program as BG1429+1202). The total exposure
time was 420 s for each band, split into 7 individual exposures of 60 s. The seeing
of the final g-, r-, and i-band images are respectively ~ 0.9”,0.77”, and 0.85” FWHM.

For all imaging observations, each frame was reduced individually following stan-
dard reduction procedures in IRAF. These include subtraction of the bias and further
correction of the flat-field using, when possible, skyflats from low crowded fields. The
registration and combination were done using SCAMP (Bertin 2006) and SWARP
(Bertin 2010), and the astrometry was improved using Gaia stars from the first data
release DR1 (Gaia Collaboration et al. 2016), yielding a typical r.m.s of ~ 0.07”.
Finally, the images were flux-calibrated against SDSS (Data Release 9 catalog, Ahn
et al. 2012) using stars in the field of view (i.e. CLASS STAR ~ 1 in the SExtractor
output; Bertin & Arnouts 1996).

3.3 Imaging analysis

3.3.1 Photometry

The morphology of the LAEs in this sample consists of complex arc-like features
and/or multiple lensed images seen in the observer plane (see Figure 3.3).

Given the typical ~ 0.8” FWHM seeing of the GTC and WHT images, there is
light contamination from the foreground lens galaxies. In order to perform a clean
photometry of the lensed images of these LAEs, we use the two-dimensional fitting
program GALFIT (Peng et al. 2002, 2010) to model the light distribution of the fore-
ground lens (and in some cases additionally nearby objects). We use Sérsic profiles
centered at the centroids of each ETG light emission allowing only two pixels free-
dom (~ 0.5”). For the four lensed LAEs with HST imaging, we use the models of
the foreground lens (i.e. effective radius, minor-to-major axis ratio, and major-axis
position angle) presented in Shu et al. (2016c¢) as priors in our modeling. Nearby stars
were used as PSF models.

We further use SEXTRACTOR (Bertin & Arnouts 1996) to measure the magni-
tudes in each band. To do so, we use aperture photometry using effective aper-
tures with diameters of 2.5 times the FWHM of the PSF. Aperture photometry
was performed for compact lensed morphologies, such as the lensed images of
BGO0755+3445, BG1429+1202 and the faint lensed counter-images of BG0201+3228
or BG1501+3042. For more complex morphologies, such as bright extended arcs seen
in BG0201+3228, BG0918+5104 and BG1501+3042, we derived total magnitudes us-
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BG0201+3228 BG0742+3341 BG0755+3445

HST F606W

Ay

BG0918+5104 BG1429+1202 BG1501+3042

Figure 3.3: 13”x13” color images of the 6 lensed LAEs analysed in this work using GTC, WHT, and
CFHT imaging as indicated. The orientations of the GTC/OSIRIS long slit are marked with grey dashed
lines, as well as the position of the spectroscopic 1”-radius BOSS fiber (red dashed circles). The images
are centered on the lensing ETGs and oriented such that north is up and east is to the left.

ing the corresponding SEXTRACTOR’s MAG AUTO output. Table 3.3 summarizes the
photometric measurements for each lensed LAE.

3.3.2 Lens Model

In addition to the lens models presented in Shu et al. (2016c) for the four lensed
LAEs imaged with the HST, BG0201+3228, BG0742+3341, BG0755+3445, and
BG0918+5104, and in chapter 2 for BG1429+1202, we also performed a new lens
modeling for BG1501+3042.

We use the 420 s GTC r-band image (=~ 0.9” FWHM) for accurate lens modeling
of BG1501+3042. We assume the same methodology already discussed in chapter 2
and in previous works (Bolton et al. 2008a; Brownstein et al. 2012; Shu et al. 2015,
2016a,c), consisting in a nonlinear optimizer, which minimizes a x> function using
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Table 3.3: Integrated magnitudes of the lensed LAEs.

LAE g r i F606W
(AB) (AB) (AB) (AB)
BG0201+3228 20.94+0.09 20.62+0.08 20.47+020% 20.56+0.05
BG0742+3341 - - - 22.18+0.05

BGO0755+3445 21.68+£0.10 21.16+0.08 21.04+0.06 21.11£0.05
BG0918+5104 21.69+0.09 21.01+£0.09 20.91+0.09 20.87+0.05
BG1429+1202 20.40+£0.08 20.14+£0.05 20.08+0.05 -
BG1501+3042 21.324+0.10 21.00£0.05 20.98+0.07 —

Notes.
4 The ACAM/WHT i band data of BG0201+3228 are affected by a high background.

the Levenberg-Marquardt algorithm with the LMFIT package (Newville et al. 2014)
(see Shu et al. 2016c, for details).

Briefly, the lens model assumes a mass distribution of the foreground lens param-
eterized as a singular isothermal ellipsoid (SIE). The surface brightness distribution
of both lens and background source is reconstructed parametrically using an elliptical
Sérsic model. The foreground-light model is combined with the predicted lensed im-
ages and convolved with the point-spread function that was modeled with stars in the
field of view of the GTC/OSIRIS image.

Figure 3.4 shows the r-band image of BG1501+3042. The lensed system is com-
posed of two bright and close lensed images, “A” and “B”, and another one, “C”, par-
tially blended with the lens galaxy “G” (in section 3.4 we show that “A”, “B”, and “C”
are lensed images of the same background LAE). Such configuration with three lensed
images is uncommon in galaxy-scale lensed systems, which typically present two or
four lensed images (see, however, other lensed configurations produced by groups or
clusters of galaxies: e.g., Oguri et al. 2008; Dahle et al. 2013, and chapter 4).

Our best-fit lens model, assuming a simple SIE for the mass distribution of the lens
(bottom left panel in Figure 3.4), is able to recover reasonably well the light emission
of the lensed images, but fails to reproduce the two different lensed images “A” and
“B”. This may suggest that an additional deflecting structure may be present and is
perturbing the lensed image 3.7” SE from the lens, splitting it in two pieces, “A” and
“B”. To take into account this, we add to our model an additional sub-halo modeled
with a NFW profile, and, for simplicity, assume that it is at the redshift of the lens (i.e.
Zlens = 0.638). Our best-fit lens model (shown in the bottom right panel in Figure 3.4),
now involving an extra NFW sub-halo, is able to reproduce the three lensed images of
BG1501+3042. We find that this NFW sub-halo, with a mass of =~ 2.6 x 10°Mgh~",
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is located ~ 26 kpc SE from the lens, very close to the lensed image “B” (marked with
a red circle in Figure 3.4). No extra light emission is visible at this position on the
available images.

The lens model (top right panel of Figure 3.4) gives local magnifications of 2.2,
2.2, and 1.4 for the lensed images A, B, and C, respectively, compared with the mod-
eled flux of the source, which means that the total magnification is ~ 5.8. The source
has an effective radius Regr = 0.21” £0.02", which corresponds to Regr = 1.74+0.1 kpc
at z ~ 2.65 for the adopted cosmology.

Table 3.4 summarizes the main source properties and lensing magnification fac-
tors derived for the six LAEs studied in this Thesis. Note, however, that the lensed
LAEs modeled with HST data presented in Shu et al. (2016¢) and Cornachione et al.
(2018) show multiple components in the source plane due to the improved high spatial
resolution provided by HST imaging.

Table 3.4: Source LAE properties and lensing magnification.
LAE AR.A.  ADecl. Regr I Reference

(arcsec) (arcsec) (pc)
BG0201+3228  40.25 —0.25 1066+89 15% Shuetal. (2016c)
+0.24 —0.10 1756+£223
+0.21 —0.30 821+5
BG0742+3341 —0.22 +0.15 115+6 162 Shuetal. (2016c)
—0.17 +0.15 162+4444
—0.23 +0.13 980 + 64
BG0755+3445 40.07 —-0.36 1058+ 10 142 Shuetal. (2016c)
—0.01 —0.28 264 +2
+0.65 +0.48 1170+ 50
BG0918+5104  40.08 —0.27 86+ 35 182 Shuetal. (2016¢)
+0.27 —0.15 90+5
+0.17 —-0.22 1232436
BG1429+1202 —0.43 0.56 1280+60 8.8 Chapter 2
BGI1501+3042 +1.01 —0.64 1700+£100 5.8 This Chapter

Notes.
# The lensing magnification factor refers to the combination of all sub-components
derived in the Shu et al. (2016¢) models.
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Figure 3.4: Lens model of BG1501+3042. Upper left: GTC/OSIRIS r-band image; Upper right: the
position of the LAE in the source plane showing the caustic line; In the bottom panels we show the two
best-fit models assuming a simple singular isothermal ellipsoid (left) and with an additional NFW sub-
halo (right). The latter is able to reproduce the three lensed images of BG1501+3042. All the images are
centered on the lensing galaxy and oriented such that north is up and east is to the left.
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3.3.3 UV Luminosity

Knowing the total magnification of these galaxies, we can now determine their in-
trinsic luminosities in the rest-frame UV (Myy), which is typically defined at ~
1500 — 1700 A. The UV luminosity (in units of erg s~! Hz~!) can be determined
using the formula:

_ A x D x9.5214 x 1073 o L 1g-040n+48.6)
(I+2) I ’
where m is the apparent AB magnitude in the closest observed band to rest-frame
1700 A, Dy is the luminosity distance in pc at a given redshift z, and p is the total
magnification factor. In a similar way, apparent magnitudes can be converted into in-
trinsic absolute UV magnitudes, Myy, in units of AB magnitudes, using the following
formula:

Lyy 3.1)

Myy =m—5log,,(DpL(pc)) +5+2.510g,4(1+2) +2.5logo (1), (3.2)

Table 3.5: Corrections for the Galactic dust extinction following Schlafly & Finkbeiner (2011).
LAE g r i F606W

(AB) (AB) (AB) (AB)
BG0201+3228 0.229 0.158 0.117  0.137
BG0742+3341 — — — 0.093
BG0755+3445 0.174 0.120 0.089  0.104
BG0918+5104 0.051 0.035 0.026  0.030
BG1429+1202 0.104 0.072 0.054  0.063
BG1501+3042 0.061 0.042 0.031 0.036

We use the HST F606W band (\er = 5778 A) to trace the rest-frame 1700 A of
BG0742+3341 (z = 2.363) and BG0918+5104 (z = 2.400), whereas for the highest-
redshift LAEs we use the ground-based r-band apparent magnitudes (\efr = 6231 10\).
However, the magnitudes listed in Table 3.3 have not been corrected for the Galactic
dust extinction. To do so, we use the values from Schlafly & Finkbeiner (2011) to
correct them (Table 3.5).

The intrinsic absolute magnitudes of the LAESs in this sample are found to be in
the range of —20 > Myy > —23. Considering the UV luminosity of typical z ~ 2.3
star-forming galaxies as M{jy, = —20.70 (Reddy & Steidel 2009), the galaxies in this
sample span a wide range of luminosities, from 0.5L}y, to 10L{y .
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Table 3.6: Physical properties of the lensed LAEs.

LAE My, r—i® 8% Al SERD)
(AB) (AB) (AB) (Moyr™")
BG0201+3228 —22.00+0.08 0.11 —1.50+0.98 1.45 81
BG0742+3341 —19.98 +0.05 — — — 3
BG0755+3445 —-21.374+0.08 0.09 —1.59+045 1.26 38
BG0918+5104 —20.994+0.05 0.09 —1.58+0.58 1.28 27
BG1429+1202 —22.984+0.05 0.04 —1.81£0.32 0.83 113
BGI1501+3042 —22.434+0.05 0.01 —1.96+0.39 0.53 53
Notes. — (1) UV absolute magnitudes of the LAEs; (2) rest-frame UV colors

(1600 — 2200 f&); (3) stellar UV continuum slope (equation 3.3); (4) UV dust ex-
tinction (equation 3.4); (5) UV star formation rate (equation 3.5).

3.3.4 Beta Slope and Dust Attenuation

The stellar UV continuum slope Syy is a useful indicator of the dust content in star-
forming galaxies, in the sense that larger quantities of dust produce redder UV SEDs.
Assuming a simple power law fy o< AP0V, the slope can be estimated as:

. Mm=m
2.510g6(Amy / Amy)

In all cases we use the r (m;, A\ = 6231 108) and i (my, \» = 7625 &) bands, which
at z = 2.4 — 2.8 correspond to a wavelength coverage of about 1600 — 2200 A.
Following Meurer et al. (1999), Suy is correlated with the UV dust extinction Ayy

Puv = 2. (3.3)

in the form:

Ayv = 1.99(Buv — Bo), (34
where 5y = —2.23 and represents the intrinsic UV spectral slope in the absence of dust
absorption.

Finally, using the Kennicutt’s conversion (Kennicutt 1998), the rest-frame UV lu-
minosity (already corrected for the lensing magnification) can be translated into an
intrinsic UV star formation rate (SFRyy in units of Mg yr=h):

SFRyy = 1.48 x 10728 x Lyy x 1004A0) (3.5)

Note that, however, this expression assumes the standard Salpeter (1955) stellar
initial mass function (IMF). In order to correct for the lower proportion of low-mass
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stars (e.g., Chabrier 2003, IMF), we divide the SFR by 1.8. The measurements of 3,
UV dust attenuation, and SFRyy are listed in Table 3.6.

3.4 Rest-frame UV spectroscopic analysis

3.4.1 Individual Source Spectral Properties

In this Section we analyze each individual rest-frame UV spectrum of these lensed
LAE systems. All spectra, shown in Figure 3.5, have relatively high S/N per pixel in
the continuum, despite the short exposure time, ranging from ~ 7 for the faintest LAE
(BG0742+3341) to ~ 20 for the brightest ones.

These spectra show a prominent Lya emission spatially consistent with the lensed
images of the background LAEs. The achieved S/N is also sufficient to detect a wealth
of other absorption/emission features associated with interstellar medium gas (ISM),
ionized nebular gas, and stars (see appendix A for the measurements of these features).

* BG0201+3228: This object is the brightest BELLS GALLERY lensed LAE
observed with the HST, with mpgoew = 20.56 +0.05. The OSIRIS/GTC long
slit was oriented in order to include the bright arc & 2” SW from the z ~ 0.40
lens galaxy to maximize the flux captured in the slit. Its spectrum shows
several faint stellar photospheric absorption lines including C 111 A1247, Si 111
A1294,1298, C 111 A\1426, and S v A1501, which are useful to determine the
systemic redshift of the galaxy, since they are formed in the photospheres of the
stars. We use the mean of them to define the systemic redshift of BG0201+3228
as 7z =2.8174 +0.0007. Nebular O 111] A1666 and C 111] A1906,1908 emission
lines are barely detected, although they fall in regions of relatively strong
night sky lines, making it difficult their measurements. Low-ionization ISM
absorption lines are detected (e.g., Si 11 A1260,1304, C 11 A1334, Al 11 A\1670)
and all of them appear slightly blueshifted by —110 470 km s~ ! relative to
the systemic redshift of the galaxy. High-ionization ISM absorption lines,
such as Si 1v A1393,1402 , C 1v A1548,1550, and Al 111 A1854,1862, are also
detected and share the same velocity offset as the low-ionization ISM lines.
The Lya emission line has a rest-frame equivalent width EWp(Lya) =21+6
A, where the error reflects the uncertainty in the determination of the stellar
continuum on both sides of the Ly« line. The Ly« line is spectrally resolved
with a FWHM = 395450 km s~!, by fitting a Gaussian and correcting it for
the instrumental broadening (FWHM;,s. =~ 215 km s~!). The Lya observed
flux is found to be Fyo = (6.6+0.3) x 1070 erg s~1.
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Figure 3.5: Portions of the rest-frame UV spectra of the 6 LAEs observed with OSIRIS. From top to bot-
tom we show respectively the spectra of BG0201+3228, BG0742+3341, BG0755+3445, BG0918+5104,
BG1429+1202, and BG1501+3042. Their redshifts are given in the right top corner. The 1o uncertainties

are plotted in red. For more details, see appendix A.
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* BG0742+3341: This object shows similar lensing morphology as the lensed
LAE BG0201+3228 discussed above, but with a smaller Einstein radius. It
shows an extended arc 1” SW from the z ~ 0.49 lens galaxy and a relatively
compact counter-image on the other side of the lens. However, BG0742+3341
is relatively faint compared to the other five lensed LAEs analyzed in this work.
In addition, the bright lens galaxy is relatively close (= 1”) to the lens arc, and
as a result, the OSIRIS spectrum of BG0742+3341 is noisy and shows a redder
UV slope, likely due to foreground light contamination from the lens galaxy.
The limited wavelength range of the spectrum of BG0742+3341 (it was not
observed with the R2500R grism), from 1180 to 1700 A in the rest-frame,
does not cover the nebular C 111] A1906,1908 emission. Nevertheless, despite
the relatively modest S/N (~ 7) we detect three fine-structure emission lines,
Sir* A1197, Sir* A1264, and Si 11* 1533, at a redshift z = 2.3625 £ 0.0009.
Although the origin behind these fine-structure emission lines is still not well
understood (see Shapley et al. 2003; Jones et al. 2012), it has been showed
that these lines are at the galaxy rest velocity when observed with significant
high spectral resolution (e.g., France et al. 2010; Steidel et al. 2016).2 The
close blend of the stellar phostospheric line C 11 and N 111 A1324 is also barely
detected at z = 2.3626 = 0.0009, consistent with the redshift derived from the
fine-structure emission lines. We thus assume the redshift of the fine-structure
emission lines as the systemic redshift of BG0742+3341. The spectrum
also shows ISM low-ionization absorption lines, including Si 11 A1260, O 1
A1302, Si 11 A1304, C 11 A1334, and Si 11 A1526, as well as high-ionization
absorption lines such as Si 1V A1393,1402. These lines appear to be at the
systemic redshift of the galaxy, with Av = —20 450 km s~!. The galaxy
shows a prominent emission in the Ly« line, with a rest-frame equivalent width
of EWp =38+7 A. It presents a narrow profile with FWHM = 251 430
km s~!. The measured total observed flux is Fiyq = (7.1£0.1) x 10~ ergs~1.

* BG0755+3445: This LAE is composed of four bright lensed images in the im-
age plane (A to D in Figure 3.3), forming an Einstein-cross-like configuration.
Observations were obtained in two different slits, oriented in order to include
the four lensed images. We do not find any differences in the profiles of the
emission and absorption features and no evidence for velocity offsets between
the individual spectra of each lensed image, as expected, since they are images
of the same background source. The combined spectrum shows a prominent
and resolved C 111 A1906,1908 nebular emission at zpe, = 2.6345 + 0.0005,

2 Avoiding the contamination from the neighboring red component of resonance absorption features
(Si1rA1193, Si 11 A1260, and Si 1T A1526).
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as well as faint stellar photospheric absorption lines, C 111 A1247 and Si 111
A1298, at Zgars = 2.6340 +0.0007. We use both nebular emission and stellar
absorption lines to measure the systemic redshift zgys = 2.6342 4 0.0008.
Fine-structure emission lines Si 11* A1197 and Si I11* \1264 are also detected
at zps = 2.6348 +0.0007, very close to the systemic velocity of the galaxy.
Both low- and high-ionization ISM lines appear to share the same global
kinematics, with the minimum intensity blueshifted by ~ —1704 60 km s~!
relative to the H II regions and stars. On the other hand, the peak of the Ly«
emission line is redshifted by ~ +150 km s~!. We measured a total Ly« flux
of Fiya = (5.2£0.2) x 1071 erg s™!, a rest-frame equivalent width of Lya

EWy=2546A, and a FWHM = 440+ 50 km s~ .

BG0918+5104: The GTC long slit was oriented to include the two bright knots
of the lensed LAE = 1.5” East from the lens galaxy (see Figure 3.3). From
the lens modeling presented in Shu et al. (2016c¢), these two knots are the same
lensed images of a compact and almost unresolved clump (86 & 35 pc) seen in
the source plane. The spectrum of BG0918+5104 only shows one photospheric
stellar absorption line, Si 11T A1294, barely detected at zgars = 2.3993 4 0.0009.
However, several nebular emission lines are detected with high significance
(0 5), including the O 111] A1661,1666, and Si 111] A\1882,1892 doublets, for
which we derive the systemic redshift of zsys = 2.400040.0003 (see Figure 3.6).
The nebular C 111] A1908 emission is also detected with high significance, but
not the corresponding C 111] A1906 line, which is highly affected by the absorp-
tion of the Mg 11 A\2796,2803 doublet from an intervening absorption system
at z = 1.312£0.001 (see Section 3.4.3 for more details). He 11 A1640 emis-
sion appears to be also present, but unfortunately falls in the spectral region of
the strong airglow feature at ~ 5578 A. In addition, the fine-structure emission
line Si 11* A\1533 is also detected at zgs = 2.4004 4 0.0006, consistent with the
systemic redshift from H 11 regions.

The kinematics of interstellar lines, both in low- and high-ionization state,
appear to be consistent with the systemic velocity of the galaxy, only slightly
blueshifted by —30+40 km s~'. The Ly emission line has a relatively low
rest-frame equivalent width EWy(Lya) = 16 +3 A, and its spectral profile is
quite narrow (FWHM = 284 + 30 km s~!). We measured a total Lya flux of
Fiya = (2.540.1) x 107! erg s~!, similar than the one measured within the
BOSS fiber (FLBygSS ~23x10 0 ergs!).

* BG1429+1202: This lensed LAE is the brightest galaxy in this sample and was
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Figure 3.6: Nebular emission lines in BG0918+5104 for which the systemic redshift of z = 2.4002 £
0.0006 was measured. Note that the C 111] A1906 emission line is highly affected by the absorption of
the Mg 11 A2796,2803 doublet from an intervening absorption system at z = 1.312 +0.001.

already discussed in chapter 2. It comprises four images in the observer plane,
forming a fold configuration: a bright lensed image pair, A and B (with a sep-
aration of ~ 1.5”), and two fainter images, C and D. The GTC long slit was
positioned so as to encompass the two brightest lensed images A and B. The
new spectroscopic observations, with higher spectral resolution than the data
discussed in chapter 2, allow us to identify several photospheric absorption fea-
tures, C 111 A1247, Si 111 \1294,1298, the close blend of C 11 and N 111 A1324,
S v A1501, and N 1v A1718. Using these stellar absorption lines, we derive
the systemic redshift of BG1429+1202 as zgys = 2.8244 +0.0004, with much
better precision than the one measured in chapter 2 using lower-resolution spec-
troscopic observations. Nebular emission in the lines of O 111] A1666 and in
C 1] A1906,1908 is also detected, but with low significance. Fine-structure
emission lines Si IT* A\1264, Si 11* A1309, and Si 11* A1533 are clearly detected
and their peak lie at zrg = 2.8243 £ 0.0008, consistent with the systemic veloc-
ity of the galaxy. Low-ionization interstellar absorption lines are blueshifted by
—180+450 km s~!. The same velocity offset is also present in high-ionization
ISM features such as in C 1V A\1548,1550 and Al 111 A\1854,1862 doublets, al-
though in these cases their profiles show additional stellar P-Cygni features in-
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dicative of stellar winds from very young massive stars. The Lya emission line
has an observed flux of Fiyo = (11.8+0.2) x 10716 erg s~!. The measured rest-
frame equivalent width of Ly« is EWy = 37+4 A, where the errors reflect the
uncertainty in the determination of the stellar continuum redward of Lya. We
measured a FWHM = 310+ 50 km s~ !, after accounting for the instrumental
broadening.

BG1501+3042: This system is composed of three lensed images in the observer
plane, two of them very bright, A and B, located = 3.7” SE from the lens galaxy
(see Figure 3.3 and 3.4). Another lensed image, C, is almost blended with the
foreground lens galaxy (=~ 0.5” separation) and is likely the source of the Lya
emission detected in the BOSS fiber. The GTC long slit was oriented to include
the two lensed images A and B. Despite the relatively modest S/N continuum
and the low spectral resolution provided by the R1000B grism (~ 400 km s~ 1),
the spectrum of BG1501+3042 shows both stellar absorption lines (Si 11 A1294,
C 11 and Si 111 A\1296, and Si 111 A1298), and nebular emission lines in O III
A1666 and in C 111 A1906,1908 at z5ys = 2.64540.001. Fine-structure emission
lines of Si 11* A\1264 and Si 11* A\1309 are also detected at z =2.643+0.001. A
careful analysis of the kinematics of this LAE goes beyond this work given the
low spectral resolution of the data. However, there are clear differences in the
kinematics of the Ly emission and interstellar features. The Ly« emission has
its peak redshifted with a velocity vy, ~ +330 km s~!, while the interstellar
absorption lines appear blueshifted by ~ —190 km s~'. The Lya emission line
has a low rest-frame equivalent width EWy(Ly) = 1342 A, and its profile is
almost unresolved in our spectrum with FWHM ~ 300 km s~!. The observed
Lya flux is Fyo = (2.6£0.2) x 1076 erg s~

In all cases, the Ly« emission has its peak redshifted relative to the systemic red-
shift, which was determined using nebular emission lines, stellar photospheric ab-
sorption lines, and, in some cases (BG0742+3341) fine-structure emission lines (see
Figure 3.7). On the other hand, the interstellar absorption lines appear blueshifted
in almost all LAEs, which is consistent with galaxy-scale outflows of material from
the galaxy in the form of a wind, similar to those seen in other star-forming galaxies
at z ~ 3 (e.g., Shapley et al. 2003; Steidel et al. 2010). The exceptions are the LAEs
BG0742+3341 and BG0918+5104, where the ISM absorption lines have the minimum
intensity very close to the systemic velocity of these galaxies, although they show a
slightly asymmetric profile with a pronounced blueshifted absorption tail. Figure 3.8
shows velocity plots of the Ly« emission line and several normalized interstellar ab-
sorption lines, relative to the systemic redshift of each lensed LAE.
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Figure 3.7: Kinematics of different spectral features observed in the BELLS GALLERY lensed LAEs:
photospheric absorption lines from OB stars (yellow), ionized gas from H II regions (green), fine-
structure emission (purple), low- and high-ionization lines from the ISM (orange and red, respectively),
and the Ly« emission (blue). The systemic velocities were determined using stellar photospheric absorp-
tion lines, nebular emission, and fine-structure emission lines (indicated with a green horizontal line).

3.4.2 Spatial Distribution of the Ly« emission

In this Section the 1D spatial distribution of Ly« is compared with that of the rest-
frame UV continuum. To do so, spatial profiles of Lya and UV continua were ex-
tracted along the slit direction by summing the spectra in specific wavelength ranges
along the dispersion direction: ~ 1210 — 1224 A rest-frame for the Ly« line, and sev-
eral tens Angstroms redward and blueward of Ly« for the UV continuum. Both Ly«
and UV continuum profiles are then normalized to their maximum. Figure 3.9 shows
the normalized spatial profiles of the UV continuum and Ly« line.

The peaks of the Lya emission in three lensed LAEs, BG0201+3228,
BG1429+1202, and BG1501+3042, are found to be spatially offset with respect to
the peaks of their UV continua. Furthermore, the Ly« emission in the lensed LAEs
BG0201+3228 and BG1501+3042 presents a more extended profile than the UV con-
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Figure 3.8: Ly« emission (upper panels) and interstellar absorption features (lower panels) on systemic
velocity derived using either nebular emission lines, stellar photospheric features, or fine-structure lines.
The Ly« line appears to be redshifted, while the interstellar absorption lines are blueshifted (mean profile
in black with the standard deviation in gray shadow), which is consistent with galaxy-scale outflows of
material from these galaxies in the form of a wind, similar to those seen in other star-forming galaxies
at z ~ 3 (e.g., Shapley et al. 2003; Steidel et al. 2010). The interstellar absorption lines in the LAEs
BG0742+3341 and BG0918+5104 show, however, a minimum intensity very close to the systemic ve-
locity of these galaxies.
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Figure 3.9: Normalized spatial profiles of the rest-frame UV continuum (green) and Lya emission (blue).
Shaded regions show the 1o errors of the spatial profiles.

tinuum, while for BG1429+1202 the Ly emission appears brighter in the inner re-
gion between A and B than its UV continuum. It is also worth to note that the Ly«
and UV continuum emission of the lensed images B and C in BG075543445 show
different Ly to UV continuum ratios compared with the lensed images A and D.
Finally, the spatial distribution of Ly« in BG0742+3341 and BG0918+5104 appears
to follow the UV continuum, although we stress that the orientation of the long slit
in BG0742+3341 is not ideal to look for extended Ly emission, since it was placed
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perpendicular to the extended arc.

3.4.3 Lower-z Intervening Metal-Line Systems

In addition to the absorption lines associated with the interstellar medium gas and stars
of each lensed LAE, we also detect other absorption lines from intervening metal-
systems at lower redshifts. In total we find 5 intervening metal-systems at redshifts
between 1.31 and 2.70. None of these systems is associated to the LAEs or their
corresponding lens, but originates in intervening systems along the line of sight to the
LAEs. Table 3.7 lists the identified intervening metal-absorption lines for each lensed
LAE with their redshifts and rest-frame equivalent widths.

3.4.4 Absolute Flux Calibration and Lyc Luminosity

Our GTC spectra are subject to variable slit-losses, since the observations were carried
out through narrow slits (1.0” and 1.2” wide) covering only a fraction of the total flux
of these LAEs. In order to put our spectra on an absolute flux scale, the extracted
fluxes are compared to the photometry listed in Table 3.3. The PYTHON package
PYSYSP 1.0.1% was used to compute synthetic photometry from the GTC extracted
spectra. The comparison is done using the g band (Ap;, =~ 4000 A, Amax == 5350 /O\)
in order to avoid strong contamination of the stellar light redward the rest-frame 4000
A break of the foreground lens, which is redshifted to the optical i-band in all cases.

Having the GTC spectra on an absolute flux scale, it is now possible to get an
estimate of the intrinsic Ly« luminosity of these LAEs. This is done by using the
following formula:

Liyo = 47D} Fiyy, % ! X 1, (3.6)
wof
where Lyy, is given in units of erg s~!, Dy in cm, and f is the correction factor to
account for slit-losses (see Table 3.8). Assuming case-B recombination and the Ken-
nicutt (1998) conversion, the Lya luminosity can be translated into a star formation
rate (SFRpye):

SFRyyq = 9.1 x 107 Ly, x 100:4A0v) (3.7)

§7

assuming the Chabrier (2003) IMF. Comparing the measurements of SFRs from the
rest-frame UV (Section 3.3.4) and Lya, we found Ly« escape fractions, defined as

‘https://pypi.python.org/pypi/pysysp
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Table 3.7: Intervening Metal-Absorption Line Systems.

Aobs (A)  Line zbs  EWo (A)
BG0201+3228 — System 1: z,ps = 2.705
5164.45 Si1v 139375  2.7055 0.47
5197.65  Si1v 1402.77  2.7050 0.45
5734.79° C1v 1548.19  2.7042*  0.38"
5734.79*° C1v 1550.77  2.7040°  0.57°
6872.02° Almm1854.71 2.7052>  0.89°
6900.53 Al 1862.79  2.7044 0.94
BG0918+5104 — System 1: z,ps = 1.3121
5419.80 Fe11234421 1.3120 0.47
5490.11 Fe112374.46 13121 0.09
5508.68 Fe112382.76  1.3119 0.72
6011.78 Fe112600.17  1.3121 0.65
6465.10 Mg112796.35 13120 0.86
6482.65° Mg 112803.53 1.3123¢  0.29°
BG1429+1202 — System 1: zgp = 2.1804
485553 Si1 152670  2.1804 0.75
492325 C1v 1548.19  2.1800 0.75
493190 C1v1550.77  2.1803 0.38
5115.58 Fe111608.45  2.1804 0.49
5313.99  Al11670.78  2.1805 0.88
7455.35 Fel1234421  2.1803 0.70
7551.81 Fe112374.46  2.1804 0.50
7578.35 Fe112382.76  2.1805 1.04
BG1429+1202 — System 2: zahs = 2.3472
5182.16 C1v 1548.19  2.3472 1.37
5190.61 C1v 1550.70  2.3473 0.92
BG1502+3042 — System 1: z,ps = 2.269
4556.67 Si1v 139375 2.2694 1.67
4584179 Si1v 1402.77 2.26809  1.224
5064.80° C1v 1548.19 2.2687¢  1.84°
5064.80° C1v 1550.70 2.2687°  1.84¢

Notes.

2 Blended with the stellar photospheric absorption S V A1501 of BG0201+3228. ®
This intervening absorption line falls in the region of a telluric absorption line (B-
band). ¢ Blended with the nebular emission C 111] A1906 of BG0918+5104. ¢ Blended
with the absorption from Si 11 A1260 of BG1502+3042. ¢ The measured values refer
to the C 1v A\1548,1550 doublet given the low spectral resolution of the GTC R1000B
grism.
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Table 3.8: Absolute flux calibration and Lyc luminosity.

LAE myn  f Liya o
(AB) (x10% ergs™1)
BG0201+3228 21.14 0.83 3.52 0.08
BG0742+3341 — — 1.93 0.31
BGO0755+3445 21.81 0.89 2.36 0.10
BG0918+5104 22.41 0.52 1.20 0.07
BG1429+1202 20.96 0.59 28.05 0.21
BGI1501+3042 22.08 0.50 5.20 0.08
Lya _ SFR1ya/SFRyy, between 0.07 and 0.21.* All quantities are summarized in
Table 3.8.

3.5 Discussion

3.5.1 Ly« and UV Luminosities

Figure 3.10 shows rest-frame UV and Lyq intrinsic luminosities of the six BELLS
GALLERY LAEs studied in this chapter (already corrected for gravitational lensing).
These galaxies present rest-frame UV luminosities in the range of 0.5 x Ly to 10 x
Ly, where Ly is the UV luminosity of typical z ~ 2.3 star-forming galaxies (L{;y =
8.3 x 10?8 erg s~! Hz™!: Reddy & Steidel 2009). In the Ly« line, five of the BELLS
GALLERY LAEs present Ly luminosities bellow L,’jya , which is defined as the Ly«
luminosity of typical z ~ 2.5 LAEs (L{,,, = 5.8 x 10* erg s™": Sobral et al. 2018a).
The exception is BG1429+1202, which is very luminous in the Ly« line, 5 times
higher than Ly ,.

We also add to Figure 3.10 the remaining 13 BELLS GALLERY LAEs imaged
with HST'. To do so, we used the HST F606W magnification-corrected rest-frame UV
magnitudes calculated from the best-fit source model presented in Shu et al. (2016c¢).
On their Ly« luminosities we use the Lya flux measured from the 1”-radius BOSS
fibers (see Shu et al. 2016b) and correct them for the lensing magnification (assuming
again that the spatial distribution of Ly« emission in the source plane and the corre-
sponding lensing magnification are similar to those of the rest-frame UV continuum).
However, the plotted Ly« luminosities are only lower limits, since no corrections on

4 Assuming that the spatial distribution of Lyc emission in the source plane and its lensing magnifi-
cation are similar to that of the rest-frame UV continuum, which is not necessarily true, as discussed in
Section 3.4.2.
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the flux-losses from the BOSS fibers were applied. These galaxies present relatively
fainter UV luminosities than those from the GTC survey, with UV absolute magni-
tudes ranging from —17.6 to —21.0 (AB magnitudes), or 0.05 to 1.2 X L{}y.
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Figure 3.10: Relation between rest-frame UV and Lya luminosities. The six BELLS GALLERY LAEs
studied in this chapter are marked with red stars. Other z ~ 2 — 3 LAEs selected from dedicated narrow-
band surveys with spectroscopic follow-up are shown with different colors, as indicated (Ouchi et al.
2008; Zheng et al. 2016; Sobral et al. 2018b).

Figure 3.10 also includes other z ~ 2 — 3 LAEs selected from dedicated narrow-
band surveys with spectroscopic follow-up. These include 41 z ~ 3.1 LAEs within
the 1 deg? Subaru/XMM-Newton Deep Survey Field (Ouchi et al. 2008), 50 z ~ 2.8
LAEs in the 2.23 deg? Extended Chandra Deep Field South (Zheng et al. 2016), and
21 additional LAEs at z ~ 2.2 and z ~ 3.1 selected from several wide-field (up to 4.53
degz) Lya surveys (including UDS, COSMOS, GOODS-N, SA22, and Bodtes fields,
see: Sobral et al. 2018b). From these surveys, a significant fraction of LAEs have been
found to be AGNs (see Ouchi et al. 2008; Zheng et al. 2016; Sobral et al. 2018b), by
the detection of broad (FWHM > 1000 km s~ ') emission lines (e.g., Ly A1215, C 1V
A1550, or C 111 A1908), or slightly narrow high-ionization lines (such as N v A\1242,
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C 1v A1550, and He 11 A1640) with N V/Lya« ratios > 0.1, which are typically seen in
AGN:s (e.g., Hainline et al. 2011a).

Very recently, Sobral et al. (2018b) showed that the fraction of AGN-dominated
sources increases strongly with high UV and Lyo luminosities, reaching to about
100% for LAEs with luminosities above 2 X L{jy, or Lf:ya (i.e., Myy < —21.5 or
Liya > 1043 erg s~1). They argued that the dust formed in very luminous, purely
star-forming galaxies prevents such galaxies being observed in the UV and Ly« if
they are more luminous than this limit, which is equivalent to a SFR ~ 20 M, yr~'.
Since in principle, AGNs do not create dust (or their high ionization radiation may
destroy it), it was suggested that the very bright-end of the UV and Ly« luminosity
function is fully populated by AGNS, rather than purely star-forming galaxies.

However, as shown in Figure 3.10, there are several LAEs with luminosities larger
than 2 x L*, including three out of the six BELLS GALLERY LAEs observed with the
GTC. Their spectra (see Section 3.4.1) exhibit stellar photospheric absorption lines
and stellar wind features (P-Cygni profiles), showing that the strong UV continuum
is dominated by stellar emission, rather than an AGN component. Furthermore, the
lens modeling shows that all of them present resolved structure, removing most of the
evidence for an AGN component.

Dust formed in actively star-forming galaxies and the consequent obscuration of
their stellar continua may provide a natural explanation for the lack of UV-luminous
LAEs detected in these surveys. Such examples are the galaxies selected in the sub-
millimeter, SMGs, which show extremely obscured luminosities in the rest-frame UV
and optical (Ayy ~ 8 and Ay ~ 4; e.g. see chapter 3), despite their intense ionizing
flux from a young, massive stellar population that dominates the rest-frame UV, with
intrinsic (i.e. dust corrected) absolute magnitudes of Myy ~ —25.

The luminous BELLS GALLERY LAEs BG0201+3228, BG1429+1202, and
BG1501+3042 show large star formation rates, up to ~ 110 Mg, yr~! for the most
luminous one (BG1429+1202), yet present steeper rest-frame UV slopes, in the range
of —1.5 to —2.0, suggesting low dust attenuation (following the Ay — § correlation of
Meurer et al. 1999). However, the Meurer et al. (1999) correlation assumes an intrin-
sic UV spectral slope (i.e. UV slope in the absence of dust absorption) Sy = —2.23
inferred from models with continuous star-formation histories with age > 100 Myr.
Such considerations may probably be invalid for some luminous high-z star-forming
galaxies (see Figure 3.11), since they may have a younger stellar population and non-
uniform star-formation histories (e.g., bursts of star formation). Since 3y probes the
rest-frame UV region, 1300 — 2200 A, it is strongly affected by the nature of young
and hot stars that dominate the UV (mainly O and B stars). Such massive stars evolve
quickly and are prominent in young star-forming galaxies. As a result, 8y decreases
for lower ages of the stellar population, in particular for instantaneous star-formation
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histories (reaching slopes as steep as Sy = —3; e.g., Wilkins et al. 2012; Stanway
et al. 2016). The shape of the stellar UV continuum also depends on the metallicity of
galaxies, since stars formed by gas of lower metallicity will be bluer (e.g., Poplll-like
stars Schaerer & Pell6 2002; Schaerer 2003). Furthermore, the IMF may also play
an important role in shaping the UV continuum, since a top-heavy IMF will provide
many more massive stars, decreasing [y (e.g., Weidner et al. 2011).

1 Mgyr

Instant Starburst

0.001 0.001
-~ 0002 -~ 0.002
-~ 0.003 0f=.-. 0003 £ g
24— 0.004 . 0004

0.040 0.040

Intinsic UV Slope, B

Tog (Age/yr) Tog (Age/yr)

Figure 3.11: Intrinsic stellar UV slope as a function of age and metallicity for continuous (left) and
instantaneous (right) star formation models (Figure adapted from Stanway et al. 2016).

It is interesting to note that for the few intrinsically’ UV-luminous high-z star-
forming galaxies known with high S/N spectra, the 8 o’clock galaxy (= 10 X L{y;
Allam et al. 2007), FORJ0332-3557 (=~ 2 x L{jy; Cabanac et al. 2005), SGAS
J105039.6+001730 (= 3 x L{;y; Bayliss et al. 2014), and HLockO1-B (= 10 x L{jy;
see chapter 4 or Marques-Chaves et al. 2018), a broad line emission was found in
He 11 A1640 (Cabanac et al. 2008; Dessauges-Zavadsky et al. 2010; Bayliss et al.
2014), which is believed to be associated with very massive stars, in particular Wolf-
Rayet (WR) stars. These features are present only in the first 10 Myr after the burst
(e.g., Schaerer & Vacca 1998; Brinchmann et al. 2008). Furthermore, analysis of their
star-formation histories are better explained by young bursts of star-formation, rather
than using continuous star formation scenarios.

It is possible that Lya- and UV-luminous star-forming galaxies, such as the three
luminous BELLS GALLERY LAEs analyzed in this chapter, had experienced recent
burts of star formation. Their steep UV slopes may suggest that they have only had
time to form small amounts of dust, and/or their intrinsic slopes are lower than the ones
assumed in standard Ayy — 3 correlations due to non-uniform star-formation histories.
It is, therefore, necessary to probe the dust content of these galaxies in the far-IR and
sub-millimeter (e.g., with ALMA, NOEMA, or SMA), to better constrain the early
phase of dust growth in luminous starburst galaxies and determine their total SFRs

SBecause these galaxies are magnified by gravitational lensing.
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(SFRyy + SFRR).

3.5.2 Ly« Spatial Distribution

The Lya line is intrinsically the most luminous spectral feature in astrophysical neb-
ulae, and has long been recognized as key to studying high-z star-forming galaxies.
Although the bulk of the Ly« photons are produced in central star-forming regions
of galaxies®, the scattering by neutral hydrogen makes a significant fraction of the
photons escape far from the center.

Extended Lya emission has been frequently observed on scales larger than 100
kpc around some high-z QSOs (e.g., Cantalupo et al. 2014), radio galaxies (e.g., Nes-
vadba et al. 2006; Villar-Martin et al. 2007a; North et al. 2012), and in the so-called
Ly« blobs (e.g., Steidel et al. 2000; Matsuda et al. 2004, 2011, see also chapter 5).
However, in normal star-forming galaxies, such as in LAEs or LBGs, the morpholog-
ical characterization of the Ly« emission has been performed mainly using stacking
techniques because of sensitivity (and resolution) limitations (e.g., Rauch et al. 2008;
Finkelstein et al. 2011a; Steidel et al. 2011; Matsuda et al. 2012; Momose et al. 2014,
2016; Sobral et al. 2017). These results show that the Ly« emission in star-forming
galaxies is more spatially extended than the rest-frame UV stellar emission, with Ly«
halos exceeding several 10 kpc or more (e.g., Steidel et al. 2011; Momose et al. 2014).
These Lya halos were recently detected in individual LAEs (e.g., Wisotzki et al. 2016;
Leclercq et al. 2017) through very deep IFU MUSE observations (reaching a surface
brightness sensitivity of ~ 5.5 x 10720 erg s~! em™2 A1 arcsec™). A high frac-
tion (80%) of objects showing Ly« emission more extended than the rest-frame UV
continuum was found, with typical scale length of 4.5 kpc.

The strong gravitational lensing effect aids in the observation of the Lya emis-
sion in star-forming galaxies through the magnification of the apparent flux and size,
since the surface brightness is conserved. In Section 3.4.2 we analyzed the 1D spa-
tial distribution of Ly« and found spatial offsets between the peaks of the Ly« emis-
sion and the UV continuum in three lensed LAEs, BG0201+3228, BG1429+1202,
and BG1501+3042 (see Figure 3.9). The Lya emission in BG0201+3228 and
BG1501+3042 presents a more extended profile than the UV continuum, while for
BG1429+1202 the Lya emission appears brighter (relative to the UV continuum) in
the inner region between the lensed images A and B, than its UV continuum. We
also detected different ratios of Lya/UV intensities in the lensed images B and C in
BGO0755+3445.

®Note, however, that other processes may produce Ly photons in the outer regions of a galaxy, such
as cooling radiation from cold-mode accretion (e.g. Haiman et al. 2000; Fardal et al. 2001), shock-heated
gas by galactic superwinds (e.g., Taniguchi & Shioya 2000), or by reprocessed emission from the cool
circumgalactic medium (CGM).
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Although these data alone are insufficient for further conclusions on the intrinsic
morphology and extension of Ly, our results show that the Ly« emission in some of
these LAEs presents different spatial morphology than their rest-frame UV continuum.
Note that, however, this may also lead to differential magnification, and the intrinsic
properties of Lya (e.g, luminosity and escape fraction, see Section 4.5) may be dif-
ferent than the ones calculated using the UV continuum magnification. The BELLS
GALLERY LAEs are thus ideal targets for further IFU spectroscopic observations or
narrow-band imaging of their Ly« emission. In particular, the BELLS GALLERY
LAEs BG0201+3228, BG0755+3445, BG1429+1202, and BG1501+3042 are priority
targets, since the GTC long-slit spectra already show evidence of different spatial mor-
phology of the Ly« emission relative to their rest-frame UV continua. Furthermore,
these LAEs are the ones that show high Ly« observed fluxes (in part due to magnifica-
tion, but see the case of BG1429+1202) and present large image separations, making
high S/N studies of faint Ly« surface brightness accessible with moderate observing
time.

Such an example is shown in Figure 3.12, that shows very recent, yet prelimi-
nary results from a 2.5m Nordic Optical Telescope (NOT) deep image of the Ly«
emission of BG1429+1202 with the Stromgren b medium-band filter (Acens = 4670,
FWHM = 180 A). Our lens model shows that the Ly distribution is spatially offset
by ~ 0.25” (or ~ 2 kpc) with respect to the rest-frame UV continuum. Resolving dif-
ferent components with such small angular separations would be impossible without
the lensing effect with seeing-limited observations.

3.6 Conclusion

In this chapter I have presented the results of a GTC and WHT imaging and spectro-
scopic follow-up of six BELLS GALLERY lensed LAEs. They were chosen to have
large image separations and flux densities in optical bands in order to perform high
S/N studies of their properties. These LAEs, with redshifts between 2.36 and 2.82,
are lensed by massive early type galaxies at z ~ 0.39 — 0.72, providing total magnifi-
cations of ~ 9 — 18. From the analysis of these data we obtain the following results:

1. We spectroscopically confirmed the lensing nature of these systems through the
detection of emission/absorption spectral features in several lensed images of
each LAE. One of these, BG1501+3042, is a new confirmed lensed LAE and
shows three lensed images in the observer plane, quite uncommon in galaxy-
scale lensed systems (which typically show two or four lensed images). Addi-
tional follow-up observations are needed to investigate the presence of sub-halos
of dark matter in this system.
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Figure 3.12: Recent NOT medium-band observations of the Ly« emission in BG1429+1202. Left: color
image of BG1429+1202 using the NOT Ly« emission (blue) and the rest-frame UV continuum from
the GTC r- and i-bands (green and red, respectively). Right: Source plane reconstruction of the Lyo
emission. Orange contours represent the UV continuum source plane reconstruction from the GTC g-
band (discussed in chapter 2).

2. We could measure the systemic redshifts of BG0201+3228, BG0742+3341,
BG0755+3445, BG0918+5104, BG1429+12020, and BG1501+3042 as 2.817,
2.362, 2.634, 2.400, 2.824, and 2.645, respectively. We used either nebular
emission from H 11 regions, stellar absorption from the photospheres of massive
OB stars, and fine-structure emission lines. We showed that fine-structure emis-
sion lines can also be used to recover the systemic redshift of a galaxy when
observed with significant spectral resolution (with uncertainties lower than 100
kms™).

3. On the ISM, we found that both low- and high-ionization lines of the ISM
share the same global kinematics. For some of these LAEs (BG0201+3228,
BG075543445, BG1429+1202, and BG1501+3042) the ISM absorption lines
appear blueshifted up to 200 km s~! relative to their systemic redshift, which is
indicative of large galaxy-scale outflows due to radiation pressure of the most
massive and luminous stars and/or SNe feedback. These LAEs are the ones that
present larger UV luminosities, and, therefore, larger star formation rates.

4. In all cases, the Ly« line shows an asymmetric spectral profile with its peak
redshifted by ~ 70 — 250 km s~!, consistent with Lyc photons being scat-
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tered by receding outflowing gas. Assuming case-B recombination, we find
Lya escape fractions of 0.07 —0.31 by comparing the estimates of star for-
mation rates from the UV and Lya. However, such measurements require
the assumption that the spatial distribution of Ly« follows the UV continuum.
Our analysis of the 1D spatial distribution of Ly« shows that Ly« emission in
BG0201+3228, BG0755+3445, BG1429+1202, and BG1501+3042 present dif-
ferent spatial morphologies than their rest-frame UV continua. Our results are
insufficient for definitive conclusions on the intrinsic morphology and extension
of Lya. IFU and/or narrow-band imaging observations of the Ly« emission are
required to better constrain the morphology of Ly« and investigate possible dif-
ferential magnification.

5. These LAEs span a wide range of star formation rates, SFRyy ~ 3 — 110 M,
yr~!, and appear relatively blue (Gyy ~ —1.6 to —1.9) showing evidence of little
dust attenuation. They present rest-frame UV and Ly intrinsic luminosities in
the range of (0.5 — 10) x Liry and (0.5 —5) x Lj,,, respectively, where L{;y,
and Ly, , are the UV and Lya luminosities of typical z ~ 2.5 LBGs and LAEs.
Recently, it has been suggested that LAEs more luminous than 2 x L* are AGN-
dominated, since the dust formed in very UV-luminous, purely star-forming
galaxies prevents such galaxies from being observed if they are more luminous
than this limit. However, three BELLS GALLERY LAEs show luminosities
larger than this limit, and their spectral and morphological properties exclude
the presence of an AGN component. These LAEs may be particular cases of
very young and luminous starburst galaxies that have only had time to form
small amounts of dust.
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Rest-frame UV properties of the
submillimeter galaxy HLockO1

This Chapter presents the spectroscopic analysis of the submillimeter galaxy (SMG)
HERMES J105751.1+573027 (hereafter HLockO1) at z =2.9574 +0.0001, one of the
brightest gravitationally lensed sources discovered in the Herschel Multi-tiered Extra-
galactic Survey. Based on deep spectroscopic observations with the Gran Telescopio
Canarias of the optically bright lensed images of HLockOl1, it is shown that HLockO1
is a merger system composed of the Herschel-selected SMG and an optically bright
Lyman break-like galaxy (LBG), separated by only 3.3 kpc in projection. Detailed
analysis of the high signal-to-noise (S/N) rest-frame UV spectrum of the LBG shows
complex kinematics of the gas, exhibiting large-scale high-velocity gas motions with
both outflow and inflow absorption components. This Chapter is part of the publica-
tion:

R. Marques-Chaves, 1. Ismael Pérez-Fournon, R. Gavazzi, P. I. Martinez-Navajas,
D. Riechers , D. Rigopoulous, A. Cabrera-Lavers, D. L. Clemenst, A. Cooray, D.
Farrah, R. J. Ivison, C. JiméneZ—AngeL H. Nayyeri, S. Oliver, A. Omont, D. Scott,
Y. Shu, and J. Wardlow, 2018, ApJ, 854, 151 “The Strong Gravitationally Lensed
Herschel Galaxy HLockO1: optical spectroscopy reveals a close galaxy merger with
evidence of inflowing gas”.

81
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4.1 Introduction

High-z submillimeter galaxies (SMGs) represent a population of the most massive and
luminous galaxies in the early Universe. They are characterized by dust-enshrouded
vigorous star formation, assembling their mass very rapidly over short time scales, the
so-called starburst phase (see Blain et al. 2002; Casey et al. 2014, for reviews).

Whatever the mechanisms responsible for such extremely large SFRs are, this
active phase of SMGs is a clear indication of intense ionizing flux from a young,
massive stellar population that dominates the rest-frame ultra-violet (UV). It is thus
important to provide detailed characterization of the physical properties of the early
episodes of star formation in these galaxies, via spectral diagnostics in the rest-frame
UV. However, such studies are limited by the faintness of these galaxies at short wave-
lengths, with the massive stars giving rise to the UV continuum being embedded in
large quantities of dust. Considerable effort has been successfully put to obtain accu-
rate spectroscopic redshifts, probe for signs of active galactic nucleus (AGN) activity,
and investigate properties of the ionized gas in SMGs, mainly by using rest-frame op-
tical nebular emission lines (e.g, Chapman et al. 2004, 2005; Swinbank et al. 2004,
2005, 2006; Alaghband-Zadeh et al. 2012; Olivares et al. 2016; Casey et al. 2017;
Danielson et al. 2017). However, the typical faintness of high-z galaxies and the dust
obscuration of SMGs make it almost impossible with current facilities to obtain high
signal-to-noise (S/N) spectra, a requirement for properly studying the properties of the
young stars, and to look for signatures of outflowing/inflowing gas.

4.2 The submm galaxy HLock01

One exception to this principle is the galaxy discussed in this paper, the strong grav-
itationally lensed SMG HERMES J105751.1+573027 (hereafter HLockO1), that is
unusually bright in both the optical (R ~ 19.7 mag) and in the far-IR (S250,m == 400
mly). HLockO1 was identified with Herschel/SPIRE in the Herschel Multi-tiered Ex-
tragalactic Survey (HerMES; Oliver et al. 2012), and investigated in a series of papers
(Conley et al. 2011; Gavazzi et al. 2011; Riechers et al. 2011; Scott et al. 2011; Buss-
mann et al. 2013; Wardlow et al. 2013). Here I give a summary of the main results from
those papers. The discovery and its lensing nature was first presented by Conley et al.
(2011), based on 880 4m Submillimeter Array (SMA) interferometry and near-IR K,
adaptive optics (AO) observations using NIRC2 on the Keck II telescope, in which the
Herschel source was resolved into four components with a large separation of around
9" (see Figure 4.1). Using the Plateau de Bure Interferometer (PdBI), the Combined
Array for Research in Millimeter-wave Astronomy (CARMA), and the Green Bank
Telescope (GBT), Riechers et al. (2011) and Scott et al. (2011) established the redshift
of HLockO1 from several CO molecular emission lines as zco = 2.9574 +0.0001. By
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Figure 4.1: Left panel: g, I, and K; color image of HLock01 from GTC, Subaru, and WHT, respectively.
Dashed lines show the positions of OSIRIS long-slit spectroscopic observations, all centered on the
brightest lensed image A, and oriented so as to encompass the other bright lensed images B, C, and D.
Right panel: near-IR high-resolution HST/WFC3 F110W image with labeled multiply lensed images at
7~ 2.95 (blue) and foreground galaxies at z ~ 0.65 (green). G4 is massive enough to split the lensed
image B into two pieces on both sides (B1 and B2, see more details in Gavazzi et al. 2011). Orange
contours show VLA data at 1.4GHz and its beam is shown on the bottom right. A spatial offset of the
bright lensed images is seen between the short (HST F110W, HLock01-B) and long wavelengths (VLA,
HLock01-R). Each image is 16" x 16", centered on the brightest lensing galaxy, G1, and oriented such
that north is up and east is to the left.

studying the kinematics of the gas reservoir, Riechers et al. (2011) found a resolved
velocity structure in the CO (J = 5 — 4) emission, similar to what is observed in gas-
rich mergers, but the low spatial resolution did not allow a definitive conclusion. The
lens modeling was performed by Gavazzi et al. (2011) using NIRC2 K, and IRAM
CO(J =5 — 4) imaging, as well as deep optical /-band imaging with the Subaru
Telescope. They showed that the rest-frame UV and optical emission is magnified by a
factor of ¢4 = 10.9£0.7 by a small group of galaxies at zphor = 0.6. However, an offset
of 2.4 kpc in the source plane was found between the stars that emit at visible/near-IR
wavelengths and the gas distribution traced by the molecular gas.

Later on, Bussmann et al. (2013), and Wardlow et al. (2013) presented new imag-
ing data for this system, using Hubble Space Telescope (HST) WFC3 F110W, new
880 um SMA observations with higher spatial resolution than the data presented in
Conley et al. (2011), and Very Large Array (VLA) 1.4GHz data (at 1.1” resolution).
The new images show the same spatial offsets of the bright lensed images seen be-
tween the short and long wavelengths (see Figure 4.1), noticed by Conley et al. (2011)
and Gavazzi et al. (2011). A new lens model was determined by Bussmann et al.
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84 Chapter 4. Rest-frame UV properties of the submillimeter galaxy HLockO1

(2013) using the SMA 880 um data, showing a large dust distribution, magnified by
9.2 £ 0.4 with an effective radius of 4 kpc in the source plane. Its centroid matches
the position of the gas distribution traced by the molecular gas, which we attribute to
the source of the luminous far-IR emission, but both are offset with respect to the stars
that are seen in the visible/near-IR (UV/optical in the rest-frame). Finally, Rigopoulou
et al. (2018) discuss the applicability of the [O 111]88/[N 11]122 line ratio as a metallic-
ity indicator in high redshift submillimeter luminous galaxies and found that the gas
metallicity of HLockO1 is 0.6 < Zgas/Zs < 1.0.

Due to the high dust content of HLock01, one could expect that its rest-frame UV
and optical light are heavily obscured by dust, as in most SMGs. However, HLockO1
is unusually bright in its rest-frame UV, and its blue colors suggests low dust atten-
uation, similar to those of z ~ 3 Lyman break galaxies (LBGs; Steidel et al. 1996)
with (G—R) =0.5 and (U — G) = 1.4. In the following sections, I will present a
detailed analysis of the optically bright lensed images of HLockO1, based on deep
spectroscopic observations with the 10.4m Gran Telescopio Canarias (GTC). These
observations, combined with multi-band imaging and a new analysis of the spectral
energy distribution (SED), reveal that HLockO1 is actually a close merger composed
of the Herschel-selected submm galaxy and an optically bright LBG, separated by
only 3.3 kpc in projection. Throughout this chapter, I adopt the name “HLock01-B”
for the optically bright LBG-like galaxy, and “HLock01-R” for the Herschel-selected
SMG (where “B” and “R” stand for blue and red galaxies, respectively). Thanks to
the large collecting area of the GTC, to the lensing magnification of the source, and to
the small obscuration towards HLockO1-B, we can perform a detailed analysis of its
physical properties.

A concordance cosmology with matter and dark energy density 2, = 0.3, Qp =
0.7, and Hubble constant Hy = 70 km s~! Mpc~! is assumed throughout this work.
All magnitudes are given in the AB system.

4.3 Observations

4.3.1 GTC/OSIRIS spectroscopic and imaging observations

Rest-frame UV spectroscopic observations were obtained with the Optical System
for Imaging and low-Intermediate-Resolution Integrated Spectroscopy instrument
(OSIRIS!) on the 10.4m GTC. The data used in this Chapter were obtained in ser-
vice mode over seven different nights, between 2015 April 26 and 2015 June 21 in
dark and gray Moon conditions as part of the GTC program GTCMULTIPLE2A-15A
(PI: R. Marques-Chaves). We used the R2500V and R2500R grisms, with dispersions

"http://www.gtc.iac.es/instruments/osiris/
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4.3 Observations 85
Table 4.1: OSIRIS spectroscopic observations of HLock01-B.
Lensed images PA Grism Date Time Seeing  Moon
) (sec)  (arcsec)

A/B —39.5 R2500V 2015 May 09 5 x900 0.7 dark
—39.5 R2500R 2015 May 09 5x900 0.8 dark

A/C —82.2 R2500V 2015 May 08 3 x 900 1.0 gray
—82.2 R2500V  2015Jun07 2x900 0.9 gray

—82.2 R2500R 2015 Apr26 3 x900 0.8 gray

—82.2 R2500R  2015Jun 07 2x900 0.9 gray

A/D 44.0 R2500V 2015 May 09 3 x900 0.8 gray

44.0 R2500V  2015Jun 11 2 x900 0.8 dark

44.0 R2500R 2015 Apr26 3 x900 0.7 gray

440 R2500R 2015Jun 11 2 x900 0.8 dark

of 0.80 and 1.04 A px !, respectively. These two grisms provide a full spectral cov-
erage of 4500 — 7700 A, which corresponds to 1150 — 1950 A in the rest-frame at
72~ 2.95. The OSIRIS 1.2” wide slit was centered on the brightest lensed image of
HLock01-B (image A), and oriented so as to encompass the other lensed images B,
C, and D, at sky positions angles (PA) of —39°.4, —82°.9, and 44°, respectively (see
Figure 4.1, left panel). Given this configuration, the corresponding instrumental reso-
lution for the R2500V and R2500R grisms is ~ 180 km s~!. In total, 15 exposures of
900 s were acquired with each grism, equally split between different PAs. A summary
of the rest-frame UV spectroscopic observations of HLockO1-B used in this work is
shown in Table 4.1.

The data were processed with standard IRAF> and PYTHON tasks. Each indi-
vidual two-dimensional spectrum was bias-subtracted, and flat-field corrected. The
wavelength calibration was done for every observing night using HgAr+Ne+Xe arc
lamps. Finally, individual 2D spectra were background subtracted. The 1D spectra
were then extracted and corrected for the instrumental response using observations of
the standard stars Ross 640 and GD 153.

Additional spectra were obtained for the galaxies in the group responsible for
the gravitational lensing of HLockO1, with two additional long-slit spectra to encom-
pass G1 — G4, and G3 — G5, respectively. For this, a lower spectral resolution grism,

*http://iraf.noao.edu/
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86 Chapter 4. Rest-frame UV properties of the submillimeter galaxy HLockO1

R1000R, were used, providing a wider spectral range (5100 — 10000 /O\), which with a
1.2 wide slit gives a spectral resolution of ~ 400 km s~ !. The other lensing galaxies
G2, and G6 are covered by the long-slit spectra discussed before to study the lensed
images of HLockO1-B.

Additionally, broad-band imaging with the Sloan g’ filter was obtained with
OSIRIS on 2017 January 24, as part of the GTC program GTCMULTIPLE3A-16B
(PI: 1. Pérez-Fournon). The total exposure time was 2160 s, spit into 12 individual ex-
posures of 180 s each. Each frame was reduced individually following standard reduc-
tion procedures in IRAF. The registration and combination were done using SCAMP
(Bertin 2006) and SWARP (Bertin 2010). The seeing of the final image is ~ 0.8"" (full
width at half maximum, FWHM).

4.3.2 WHT/LIRIS near-IR imaging

Near-IR broad-band imaging was obtained on 2011 March 22 in the K filter (PI: I.
Pérez-Fournon), using the Long-slit Intermediate Resolution Infrared Spectrograph
instrument (LIRIS) mounted at the William Herschel Telescope (WHT). LIRIS has a
field of view of 4.27 x 4.27’ with a plate scale of 0.25" pixel~!. The total integration
time was 60 minutes, spit into 180 individual exposures of 20 s, adopting a random
dither pattern in 15 different positions. The data reduction was carried out using the
IAC’s IRAF LIRISDR? task. The seeing of the final image was 0.63” FWHM. The
astrometric and flux calibrations were performed using 2MASS stars in the field.

4.3.3 Ancillary data

Additional data used in this work consist of a combination of shallow and deep images.
Archival U and R wide-field images and catalogs from MEGACAM on the Canada-
France-Hawaii Telescope (CFHT), processed and stacked using the MegaPipe image
staking pipeline (Gwyn 2008), were downloaded from the Canadian Astronomy Data
Centre (CADC?). Total exposure times are 4200 and 3300 s in U and R bands, with an
average seeing of 0.83” and 0.73” FWHM, respectively. HLockO1 was also imaged
with WFC3 on HST under the snapshot program 12488 (PI: Negrello). The source
was observed in the broad-band filter F110W with a total exposure time of 276.1 s.
The HST imaging was initially presented in Bussmann et al. (2013) and Wardlow et al.
(2013). Spitzer/IRAC images and catalogs in the 3.6 um and 4.5 ;sm bands from the
Spitzer Extragalactic Representative Volume Survey (SERVS; Mauduit et al. 2012)
were obtained from the IRSA archive.> We also used the IRAC and MIPS imaging

*http://www.iac.es/galeria/jap/lirisdr/LIRIS_DATA_REDUCTION.html
‘http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/cfht/
Shttp://irsa.ipac.caltech.edu/data/SPITZER/SERVS/
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4.4 Rest-frame UV spectrum of HLock01-B 87

from the Spitzer Wide-Area InfraRed Extragalactic survey data (SWIRE; Lonsdale
et al. 2003).

4.4 Rest-frame UV spectrum of HLock(01-B

As in other star-forming galaxies, the rest-frame UV spectrum of HLockO1-B, shown
in Figure 4.2 is characterized by the integrated light from the hot young stellar popu-
lation with superimposed resonant strong absorption lines produced by the interstellar
medium (ISM) and stellar winds. These spectral features can provide detailed infor-
mation on dynamical, physical, and chemical properties of the atomic and ionized gas
in the galaxy, as well as insights on the properties of the young OB stars responsible
for the bright continuum (e.g., Pettini et al. 2000, 2002; Shapley et al. 2003; Jones
et al. 2012; Steidel et al. 2016; Rigby et al. 2018a,b). Large-scale outflows of inter-
stellar gas, resulting from the kinetic energy deposited by the star formation activity,
are a common feature in these galaxies (e.g., Shapley et al. 2003; Steidel et al. 2010).

Despite the differences in the S/N of the spectra of the different lensed images,
there are no differences in the profiles of the absorption features and no evidence for
velocity offsets between them, as expected. Spectra of the lensed images B and D
show redder UV slopes (), likely due to differential extinction from the proximity of
their light path to the foreground galaxies. Thus, this work will focus on the spectrum
of the lensed image A, which has higher S/N (~ 20 — 40, depending on the wavelength
range) and is less affected by absorption in the interstellar medium of the foreground
galaxies.

The rest-frame UV spectrum of the lensed image A of HLock01-B, shown in Fig-
ure 4.3, is remarkably similar to the high S/N composite spectrum from Rigby et al.
(2018b) constructed from 11 strong gravitational lensed galaxies. It shows a damped
Ly absorption line, and a series of strong absorption lines associated either with
stellar winds from massive stars (e.g., C IV AA1548,1550), and ISM lines of several
species. However, there are significant differences between the expected wavelengths
and velocities (Av ~ 500 km s~!) of the ISM in the z ~ 3 template (in orange in
Figure 4.3) and in our spectrum (discussed in Section 4.4.2). The OSIRIS spectrum
also shows several narrow absorption lines produced by intervening systems at lower
redshifts along the line of sight to HLockO1-B. At least two intervening metal systems
were identified at z = 1.4583 +0.0008, and z = 2.1889 4+ 0.0007. Some of these ab-
sorption lines may contaminate the profiles of lines of HLockO1-B, and hence they are
taken into account in our analysis (in Section 4.4.2).
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Figure 4.2: GTC/OSIRIS rest-frame UV spectrum of the lensed images A, B, C and D (offset for clarity).
Vertical lines identify strong absorption lines. There are no differences in the profiles of the absorption
features and no evidence for velocity offsets between the spectra of the lensed images, as expected.
Spectra of the lensed images B and D show redder UV slopes (3), likely due to differential extinction
from the proximity of their light path to the foreground galaxies.

4.4.1 Systemic redshift of HLock01-B

Stellar photospheric features are formed in the photospheres of hot stars, and although
much weaker than the ISM lines, they can provide a measurement of the systemic
redshift of the galaxy. Within the wavelength range covered by our data, several pho-
tospheric absorption features are identified (marked with dotted lines in Figure 4.3),
but some of them are blends from multiple transitions. Using the cleanest among
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Figure 4.3: Combined GTC/OSIRIS rest-frame UV spectrum of the lensed image A of HLock0O1-B.
Vertical dotted lines identify the best defined photospheric absorption lines used to derive the systemic
redshift of HLockO1-B (zsys = 2.9546 +0.0004). Strong absorption lines associated with interstellar
gas and stellar winds are marked with vertical dashed lines. The C 111] A\1906,1908 nebular emission
doublet and fine-structure emission lines of Si II are marked with dash-dotted lines. For comparison,
the high S/N composite spectrum from Rigby et al. (2018b) constructed from 11 strong gravitational
lensed galaxies is shown at the systemic redshift of HLockO1-B (orange, downshifted for clarity). The
wavelength windows of four metallicity indices (e.g., F1370, etc.), used to derive the metallicity of young
stars in HLockO1-B, are also marked. Short vertical blue and green lines mark the positions of absorption
lines of intervening systems at z ~ 1.458 and z ~ 2.189, respectively. The sky emission is also plotted in
red, showing the locations of strong sky emission lines.
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90 Chapter 4. Rest-frame UV properties of the submillimeter galaxy HLockO1

these, listed in Table 4.2 and shown in Figure 4.4, the mean redshift of the stars is
Zstars = 2.9546 £0.0004.

Table 4.2: Stellar photospheric lines in HLock01-B.
Ton /\?ab (A) )‘gbs (A) Zstars

Simr 129454 5119.71  2.9548 +0.0003
Cu 132393 5235.54° 2.9543£0.0006°
Numr 132435 5235.54° 2.9543 £0.0006°
O1v 134335 531272 2.9546+0.0010
Simr 141724 5604.64  2.9546£0.0010
Sv 1501.76  5939.25  2.9548 £0.0003
Ni1v 171855 679637 2.9548 £0.0004

Notes.

# Vacuum wavelengths.

b Values measured from the centroid for the individual photospheric line.
¢ Value refers to the blended C 11 and N 111 photospheric lines.

The nebular C III] AX1906,1908 emission is weakly detected (30) at zcim =
2.954 £0.002, in agreement with zg,ys, but the doublet is not resolved in our spec-
trum, and the existing data are too noisy for a reliable measurement of this feature.
Therefore, throughout this Chapter the redshift of stellar photospheric lines is adopted
as the systemic redshift of HLock01-B, zsys = 2.9546 4= 0.0004.

The difference of Av = 210 kms~! between the systemic redshift of HLockO1-
B zsys = 2.9546, and the redshift of HLockO1-R from the molecular gas lines zco =
2.9574 (Riechers et al. 2011; Scott et al. 2011) cannot be explained by errors in redshift
measurements. The velocity offset derived here and the complex dynamical struc-
ture of the molecular gas reservoir discussed in Riechers et al. (2011) suggest that
HLockO1-B is a separate galaxy, different from the Herschel SMG (HLockO1-R), but
both forming a close merger. Nevertheless, similar velocity offsets, interpreted as ro-
tational velocities in some cases, have been found in a few massive galaxies at high-z
(e.g., Law et al. 2012; Jiménez-Andrade et al. 2017; Toft et al. 2017). A more detailed
discussion is presented in Section 4.8.1.

4.4.2 Kinematics of the ISM

Within our spectral range, 11 strong absorption features are identified, including low-
ionization lines (Si 11 AA1260, O 1 AA1302, Si 11 AA1304, C 11 A1334, Si 11 AA1526,
Fe 11 AA1608, and Al 11 AA1670) and high-ionization lines associated with a hot gas
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Figure 4.4: Portions of the spectrum of HLock01-B encompassing faint stellar photospheric absorption
lines used for the determination of the systemic redshift of the galaxy as zys = 2.9546 4 0.0004 (see
Table 4.2) Blue ticks mark the position of the centroids of each line. In orange is shown the high S/N
composite spectrum from Rigby et al. (2018b) constructed from 11 strong gravitational lensed galaxies
at the systemic redshift of HLockO1-B.

phase (Si 1v A\1393,1402, and C 1v AA1548,1550). In low-ionization lines, the in-
terstellar component usually dominates over the stellar contribution, thus these lines
are useful for studying the kinematics of the ISM (Shapley et al. 2003; Steidel et al.
2010). High-ionization lines are associated with strong winds from young stars, and
predominantly trace gas at higher temperatures (T’ > 10* K).

For the kinematic analysis of the ISM, the GTC/OSIRIS spectrum of HLockO1-
B was firstly normalized using the pseudo-continuum windows that are free of ab-
sorption and emission features identified by Rix et al. (2004). Figure 4.5 shows the
normalized profiles of the strongest absorption lines seen in our spectrum.
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Figure 4.5: Normalized profiles of low- and high-ionization absorption lines associated with the ISM and stellar winds, as indicated. The x axis is the
velocity (in km s ') relative to the stars of HLock01-B, Zsys = 2.9546, and the y axis is the normalized flux. Almost all ISM and wind lines present an
unusual velocity profile, with two distinct absorption components on either side of systemic velocity (negative and positive velocities shaded in blue
and red, respectively, for visual purpose only). The absorption component with the maximum intensity is located at v =~ 4370 km s ' (shaded in red).
Another broader component is also detected in high-ionization lines, like C 1V AX1548,1550 and Si 1v AX1393,1402, and in some ISM lines (shaded
in blue). Dotted lines indicate spectral features in HLockO1 other than those to which the label in each plot refers. Short vertical blue and green solid
lines mark the expected positions of absorption lines from intervening metal systems at lower redshift.
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4.4 Rest-frame UV spectrum of HLock01-B 93

All ISM lines present an unusual velocity profile with the maximum optical depth
located at a mean v = (43704 30) km s~ ! relative to the stars of HLock01-B, or
v = (+170£30) km s~ relative to the Herschel SMG at zco = 2.9574. This can be
understood as gas apparently moving towards the young stars, since all the interstellar
lines are seen against the UV stellar continuum. This absorption is strong in the low-
ionization lines (the first three columns in Figure 4.5), likely with saturated profiles,°
but it is also present, although notably weaker in high-ionization ones, like C 1V and
Si 1V (the last two columns in Figure 4.5). The spectrum of HLockO1-B also shows a
secondary, but broader absorption component centered at a mean v = (—220+60) km
s~ relatively to its systemic redshift, which is a characteristic of large-scale outflows
of material in HLockO1-B. This blueshifted component is stronger in high-ionization
lines than in low-ionization ones (it is detected in C 11 AA1334, Si 11 AA1260, and Si 11
AA1526, but is not detected in O I AA1302, Fe 11 AA1608 or Al 11AA1670), suggesting
that the outflowing gas is mostly ionized, or the neutral gas has a lower covering factor
than the ionized gas.

The absorption profiles resulting from these two components extend over a veloc-
ity range Av ~ 1700 km s~!, from ~ —1000 to ~ +700 km s~!, much larger than
in other high-z lensed LBGs (Pettini et al. 2000, 2002; Cabanac et al. 2008; Quider
et al. 2009, 2010; Dessauges-Zavadsky et al. 2010). The C 1v doublet is even broader
than the ISM lines, with Av > 3000 km s~!, indicative of a strong contribution from
winds due to radiation pressure of the most massive, and luminous stars of HLockO1-
B. The velocity profile of the C 1V doublet shows a strong P-Cygni profile, with the
red-emission wing being attenuated by the two narrow, redshifted (v ~ +370 km s~ 1)
interstellar absorption components of C Iv.

In order to understand the blueshifted and redshifted ISM absorption components,
we simultaneously fit two Gaussians to the low- and high-ionization lines. Figure 4.6
shows an example of our fit to the low-ionization C 11 AA1334, and high-ionization Si
IV AA1393 lines, and Table A.2 summarizes the results for all strong absorption lines,
except for the ones that are affected by the proximity of other lines (O I AA1302,
Si 11 AA1304, and Fe 11 AA1608). In C 1V AA1548,1550 we only fit the redshifted
component, as the blueshifted is affected by strong winds.

®We test if some of these lines are saturated, by considering the linear part of the curve of growth.
In this case, the ratios of the rest-frame equivalent widths (EWy) of different transitions of a given ion
can be related through their oscillator strengths. For example, for the Si II lines in the unsaturated
case we would expect EW((1260) / EW((1526) ~ 5, EW,(1260) / EW((1304) ~ 10, and EW,(1304)
/ EW((1526) ~ 0.5. Our spectrum shows ratios of ~ 1.0,2.5, and 0.4, respectively, suggesting that at
least Si 1T AA1260 may be saturated.

Este documento incorpora firma electronica, y es copia auténtica de un documento electrdnico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

Identificador del documento: 1451276 Caodigo de verificacion: tk9jwHqt

Firmado por: RUI JOSE MARQUES COELHO CHAVES Fecha: 23/07/2018 18:48:14
UNIVERSIDAD DE LA LAGUNA

103/191



2018/53666

Entrada

Table 4.3: Strong Interstellar Absorption Features in the Spectrum of HLockO1-B.

Universidad de La Laguna
N° registro:

Oficina de Sede Electréonica
Fecha: 23/07/2018 18:59:57

104 /191

Fecha: 23/07/2018 18:48:14

N° reg. oficina: OF002/2018/49198

Ton Alab Ay mgwos_ Blue (Outflowing) Red (Inflowing)
Zb EW, FWHM Zr EW, FWHM
(A) (kms~") (A) (A) (kms~1) (A) (kms~")
(1 (2 3) 4 (5) (6) Q) ()] ) (10)
Sinm 126042  —9504750 1.9440.23 29503 0.6940.20 900 2.9596 1.32+0.26 309
O1 1302.17 —950+750 2.524+0.21 — — — 2.9598 1.614+0.24 373
Siir 1304.37 —950+750 2.5240.21 — — — 29597 0.76+0.12 244
Cn 133453  —10004£900 2.5940.26 2.9520 1.404+0.20 898 2.9599 1.26+0.12 310
Siinr 1526.71 —900 4700 1.824+0.27 2.9531 0.76+0.15 740 2.9596 1.09+0.16 230
Fe1r 1608.45 —8004950 1.27+0.36% — — — 2.9607* 1.07£0.212 4682
Al 1670.79  —800+750 1.584+0.44 29510 0.434+0.20 554 29599 1.1640.13 198
Sitv 139376  —10004+£650 2.254+0.25 2.9520 1.714+0.19 798 2.9592  0.50£0.10 104
Sitv  1402.77 —1000=+ 650 1.644+0.27 29514 1.45+0.15 859 2.9599 0.29+0.08 <180
Civ 154820 —2600+1000 5.76+0.40 — — — 2.9593  1.07+0.40 <180
Civ 1550.78 —2600+1000 5.764+0.40 — — — 2.9596 0.544+0.20 <180
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94

Notes. — Columns are as follows: (1) and (2) ion and the corresponding vacuum wavelength; (3) velocity range for the
measurements of the total rest-frame equivalent width (blueshifted and redshifted components); (4) total rest-frame
equivalent width and 1o error; (5), (6) and (7) redshift, rest-frame equivalent width, and full width half maximum
(FWHM = 2v/2In20) of the blueshifted absorption component from the Gaussian fit; (8), (9), and (10) are the same as (5),
(6), and (7), but in this case applied to the redshifted absorption component from the Gaussian fit.

4 The profile of Fe 11 AA1608 is affected by other absorption lines from an intervening system at z = 1.4583 4= 0.0005.
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Figure 4.6: Example of the double-Gaussian fit of the low- (C 11 AA1334) and high-ionization lines (Si 1V
AX1393). Lower and upper x axes are the velocity (in km s~") relative to the stars of the LBG (HLock01-
B) and to the molecular gas of the SMG (HLock01-R), respectively. The y axis is the normalized flux.
The redshifted (red color) and blueshifted (blue color) components represent outflowing and inflowing
gas along the line of sight of HLockO1-B, respectively. The sum of the two components is also shown
in gray. Black dashed and green dot-dashed vertical lines mark the zero velocity position with respect to
Zsys = 2.9546 (HLock01-B) and zco = 2.9574 (HLockO1-R), respectively.

The fitted blueshifted component (blue dashed lines in Figure 4.6) has its peak
located at zppe = 2.9519 +0.0009 (or Ve ~ —220 km s~ ! relative to the systemic
redshift of HLock01-B), and shows a broad profile (FWHM =~ 900 km s~ 1 after ac-
counting for the instrumental broadening) extended over a velocity range from about
—1000 to +600 km s~!. Despite the fact that a potentially large contribution from
stellar winds may be present in the high-ionization lines, for the low-ionization lines,
this effect is negligible. Thus, the broadness of the blueshifted component in the low-
ionization line C II (as well as in others like Si 11 AA1260, Si I1 A\1526, see Figure
4.5) suggests highly turbulent kinematics of the outflowing gas. As a comparison, the
velocity profile of the low-ionization interstellar lines in the z ~ 3 LBGs composite
spectrum of Shapley et al. (2003) shows an average FWHM = (560 & 150) km s~
Despite the broadness of the outflowing low-ionization lines in HLockO1-B, they show
smaller rest-frame equivalent widths (by a factor of two) than in typical LBGs.

The fitted redshifted component (red dashed line in Figure 4.6) has its peak located
at Zreg = 2.9596 +0.0003, and shows a narrow profile (FWHM = 310 and 104 km s71,
for C 11 and Si 1v, respectively). If dynamically related to HLockO1, its positive ve-
locity relatively to both HLockO1-B (v ~ +370 km s~!) and HLockO1-R (v ~ +170
km s~!) is indicative of gas moving towards the system. This narrower component
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96 Chapter 4. Rest-frame UV properties of the submillimeter galaxy HLockO1

is seen in all absorption lines, but appears almost unresolved in the high-ionization
lines, suggesting that these lines are dominated by the interstellar component. More-
over, the differences in the FWHM between the redshifted component in low- and
high-ionization lines (see Table A.2) also suggests that cold and warm gas may have
different kinematics and origins. A more clear picture of the origin of this redshifted
component of the ISM may come from deeper and higher spectral resolution observa-
tions. In particular, fully resolved ISM components of HLockO1-B with unsaturated
profiles may be used to derive chemical abundances, using the apparent optical depth
method, as has been done in other studies of strongly lensed star-forming galaxies
(e.g., Pettini et al. 2002; Quider et al. 2009; Dessauges-Zavadsky et al. 2010).

4.4.3 Stellar metallicity and age of HLock(01-B

Leitherer et al. (2001), Rix et al. (2004), and, later on, Sommariva et al. (2012) showed
that several blends of stellar UV photospheric absorption lines can be used to trace the
metallicity of young stars, by measuring equivalent widths of these blends in specific
wavelength windows. These metallicity indicators have been successfully applied in
several works using high S/N spectra due to the faintness of these absorption lines
(e.g., Quider et al. 2009, 2010; Patricio et al. 2016). These indicators are defined as
the F1370, F1425, F1460, F1501, and F1978 indices, and their wavelength windows
are shown in Figure 4.3 (except for the latter one which is not covered by our data).

We measured the equivalent width of features in each of these spectral windows
using our normalized spectrum. We then applied the calibrations of Sommariva et al.
(2012) to obtain the corresponding metallicity. Table 4.4 summarize our measure-
ments. All indices agree in a sub-solar metallicity, and we use the mean value to
derive the metallicity of the UV stars in HLock01-B as Zgs = (0.4 £0.1)Zg.

Table 4.4: Metallicity estimates following Sommariva et al. (2012).
Index Range(A) EW(A) Z/Z,

F1370 1360-1380 1.4+0.2 0.35
F1425 1415-1435 0940.1 0.28
F1460 1450-1470 1.0£0.1 0.39
F1501 1496-1506 0.6+0.1 0.59

The derived metallicity can also be qualitatively observed, when we compare the
synthetic stellar spectra of Rix et al. (2004) with our HLockO1-B spectrum, after
smoothing it to the 2.5 A resolution of the Rix et al. models. Figure 4.7 shows the
comparison for the F1370 and F1425 indexes of our smoothed OSIRIS spectrum and

Este documento incorpora firma electronica, y es copia auténtica de un documento electrdnico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

Identificador del documento: 1451276 Caodigo de verificacion: tk9jwHqt

Firmado por: RUI JOSE MARQUES COELHO CHAVES Fecha: 23/07/2018 18:48:14
UNIVERSIDAD DE LA LAGUNA

106/191



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2018/53666
N° reg. oficina: OF002/2018/49198
Fecha: 23/07/2018 18:59:57
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the Rix et al. (2004) models, for metallicities ranging from 0.001 to 0.4 (0.05 —2Z).
A good match is seen for Z = 0.4Z), particularly in the F1425 index, in agreement
with the metallicity derived above.
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Figure 4.7: Comparison of the smoothed GTC spectrum of HLock01-B (black solid lines) with Rix et al.
(2004) model spectra (red solid lines) in the regions including the F1425 (left panels) and F1370 (right
panels) indexes, for metallicities ranging from 1/20 to twice of solar, as indicated. A good match is
seen for Z = 0.4Z, in particular in the F1425 index, in agreement with the metallicity derived using the
method of Sommariva et al. (2012).

The strength of any P-Cygni features formed in the expanding winds of the most
massive stars is also sensitive to the metallicity, along with the age and the initial mass
function (IMF) of the stellar population. In order to study the P-Cygni stellar wind
features in HLockO1-B we use model spectra computed with the spectral synthesis
code STARBURST99 (Leitherer et al. 1999, 2001) and perform X2 minimization to our
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normalized data. In generating the STARBURST99 spectra, we assumed both contin-
uous and instantaneous star-formation scenarios. We adopt a Salpeter slope for the
IMF between 1 and 100 Mg, and ages ranging from 1 to 100 Myr. STARBURST99
models were generated using libraries of empirical UV spectra from Large and Small
Magallenic Cloud stars (LMC/SMC, which correspond to a metallicity Zyic ~ 0.4Z)
and Galactic stars (~ 1Zy).

Figure 4.8 shows two high-ionization lines associated with stellar winds used in
this fit: N v A\1238,1242 (left panels); and C 1v AA1548,1550 (middle panels).
STARBURST99 models are plotted for continuous (upper panels) and instantaneous
(lower panels) star-formation scenarios. We excluded in the fit the region encom-
passing the interstellar absorption in C 1v, between 1543 and 1553 A, which is not
associated with the stellar P-Cygni profile.

The x? (Ngot = 38) as a function of the age of the stellar population for all models
is shown in the right panel of Figure 4.8. The model using LMC/SMG stars (0.4Z)
with a ~ 6 Myr old burst matches the data better (x2/Naof = 39/38), reproducing quite
well both the line profiles of N v and C 1v, in particular the regions of the blueshifted
absorption wind component of the C 1V P-Cygni profile and its red-emission wing
(regions of 1536 to 1542 and 1554 to 1563 A, respectively). Bursts over sightly longer
periods (< 25 Myr) can also recover the stellar blueshifted absorption of C 1V, but fail
to reproduce the red emission wing of HLock01-B (see lower panels of Figure 4.8 for
an example of a 15 Myr old burst). However, our results should be treated with care,
since the P-Cygni profile of N v AA1238,1242 could be affected by the red wing of
the damped Ly« absorption line (see Section 4.4.4).

All methods used in this work to derive the metallicity of the young stars in
HLock01-B point to a Z,s ~ 0.4Z¢ value. Our metallicity measurements are slightly
different from the measurement of gas metallicity in HLockO1-R (0.6 < Zg,s/Zo <
1.0) by Rigopoulou et al. (2018), using the [O 111]88/[N 11]122 line ratio as a metal-
licity indicator. This provides additional evidence that the bright Herschel-SMG
(HLockO1-R) and the bright LBG-like galaxy (HLockO1-B) are likely different galax-
ies with distinct enrichment histories.

4.4.4 The damped Lyo profile

The Lya line in the spectrum of HLockO1-B shows a strong, damped Ly« profile,
with the minimum lying in the range from ~ 4809 to 4815 A (or v~ 4100 to +500
km s~! relative to zyys, see Figure 4.9). We used the software PYASTRONOMY’ to
generate theoretical Voigt profiles and perform x? minimization to the Lyc profile.
However, we noted differences in the absorption profile in the blue and red damping

"https://github.com/sczesla/PyAstronomy
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Figure 4.8: Comparison of the normalized spectrum of HLockO1-B (black solid lines) with empirical
models from STARBURST99 for high-ionization lines associated with stellar winds: N v A\1238,1242
(left panels); and C 1V AA1548,1550 (middle panels). Upper panels show models for continuous star
formation with a stellar population age t+ = 100 Myr, and for metallicities of 0.4Z, (LMC/SMG stars,
blue solid lines) and 1Z; (Galactic stars, red solid lines). Lower panels show the comparison of the
spectrum of HLockO1-B with models for an instantaneous burst with Z = 0.4Z, and ages of 4 (blue), 6
(green), and 15 (red) Myr. The wavelength windows used to perform the x> minimization are marked in
gray. Note that we exclude in this fit the region of strong interstellar absorption in C 1v (between 1543
and 1553). The right panel shows the x* (Naor = 38) as a function of the age of the stellar population for
continuous and instantaneous star formation models, and metallicities of 0.4Z5 and 1Z), as indicated.
A good fit is seen for models using LMC/SMG stars (0.4Z) with around 6 Myr old burst.

wings, with the absorption being more pronounced in the latter. The blue wing is
more noisy and less constrained than the red one, likely due to additional absorption
from the intergalactic medium in the line of sight towards HLockO1-B. The red wing
is well fitted with a neutral hydrogen column density N(H 1) = (5.83 + 1.24) x 10%
cm~2 centered at ~ 4813A or v =~ +370 km s~! with respect to zgys. Therefore, we
interpret that most of the damped absorption is due to the redshifted component of
the ISM seen in the spectrum of HLock01-B, which consists primarily of neutral gas,
and presents a large optical depth. Our derived column density of H I is in the range
of typical values measured in other lensed galaxies (e.g., Pettini et al. 2000; Cabanac
et al. 2008; Dessauges-Zavadsky et al. 2010).
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Figure 4.9: Portion of the spectrum of HLock01-B encompassing the region of the Lya absorption line.
The x axis is the observed wavelength and the y axis is the normalized intensity. Overlaid is the best
Voigt profile fit (red solid line) for N(H 1) = (5.83 4 1.24) x 10 cm™2 centered at ziyo = 2.9594, as
well as the 1o error (red filled area).

4.4.5 Weak emission lines

As discussed in Section 4.4.1, the nebular C 111] AA1906,1908 emission is barely de-
tected in our OSIRIS spectrum, and the doublet is not resolved. Despite the low sig-
nificance of the detection (30) we fit a Gaussian to the unresolved C 111] doublet. We
derive zemm = 2.954+0.002 and EWS™ = (1.040.3) A. Other semiforbidden transi-
tions often detected in the spectra of star-forming galaxies are the O 111] AA1661,1666
lines, but these are not detected in our spectrum, despite the high continuum S/N in
this spectral region (around 25). The absence of these nebular lines in HLock01-B
may be due to their faintness or to contamination with the overlapping blueshifted
component of the Al 11 AA1670 interstellar line.

In addition to C 111], we also detect emission features from the excited fine-
structure transitions Si II* AA1264, 1309, and 1533. Their profiles appear slightly
asymmetric (see Figure 4.3), with the centroids redshifted with respect to zgys by a
mean of ~ 120450 km s~!. This velocity offset may be due to the neighboring red
component of resonance absorption features (Si 11 AA1260, O 1 + Si 11 AA1303, and
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4.4 Rest-frame UV spectrum of HLock01-B 101

Si 11 AA1526), that attenuates the blue edges of the fine-structure emission profiles.
‘We measure rest-frame equivalent widths of 0.32+0.06, 0.22+£0.09, and 0.26 £0.14
A for Si IT* AX1264, 1309, and 1533, respectively. In the left panel of Figure 4.10 are
the normalized profiles of S 11* fine-structure emission lines.
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Figure 4.10: Left panel: normalized profiles of S 11* AA1265, 1309, 1533 fine-structure emission lines
seen in the spectrum of HLock01-B. The x axis is the velocity (in km s™') relative to Zsys = 2.9545,
and the y axis is the normalized intensity of each line. The S 11* AA1533 emission line was normalized
considering also the broad wind component of C 1v. All profiles appear slightly asymmetric and are
redshifted relative to the zys with a mean of ~ +130450 km s~'. Right panel: Normalized profile
of the stellar He 11 AA1640 emission line. The HelI line has stellar origin and indicates a significant
presence of WR stars (e.g., Schaerer 2003).

The spectrum of HLock01-B also shows an emission line (barely detected with a
significance of 2 —30) at = 6500 /o\, consistent with He IT AA1640 line. This line (right
panel of Figure 4.10) shows a broad profile (FWHM ~ 3000 km s~!, after accounting
for the instrumental broadening), it is redshifted by ~ 640 km s~! with respect to the
systemic redshift, and has a rest-frame equivalent width of 2.2 +0.9 A. Given the
width of the emission profile, it is likely that this line has stellar origin, rather than
nebular origin. Bringing together the young age (= 6 Myr) of the stellar population
of HLockO1-B derived in Section 4.4.3, this stellar feature is indicative of significant
presence of Wolf-Rayet (WR) stars (e.g., Schaerer 2003; Brinchmann et al. 2008;
Cassata et al. 2013), as WR features disappear within ages ~ 10 Myr after the burst.
Following Schaerer & Vacca (1998), the ratio of the total number of WR stars to O
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stars is related with the equivalent width of He 11 AA1640 in the form:

WR
log {wmo] = (=1.3140.03) + (1.52+0.05) log[EWo (Hem)] , 4.1

which for EWq(He 11) = 2.2+ 0.9 A implies a ratio O/WR ~ 5.

4.5 Lensing galaxy group and enviroment

We have also carried out long-slit spectroscopic observations to measure the redshifts
of the galaxies responsible for the gravitational lensing of HLockO1 (G1 to G6 in
Figure 4.1). Apart from G2, G4, and G6, which are covered by the slits defined to
observe the lensed images of HLockO1, we obtained additional long-slit spectra for
the images, with OSIRIS using the lower spectral resolution grism R1000R, with a
total wavelength coverage of 5100 — 10000 A.

For the galaxies G1 and G2 we detect several absorption lines (e.g., K and H
of Ca 11 AA3934,3969, Hs AA4102, and Mgb A\5176) as well as prominent Balmer
breaks at redshift zg; = 0.6464 £ 0.0007, and zgy = 0.6492 £ 0.0009, respectively.
The spectra of G3, G4, and G5 are too noisy for a reliable measurement of their red-
shifts, but we marginally detect a jump at 6500 — 6600 A, compatible with a Balmer
break at z ~ 0.65. Thus, it appears that these galaxies belong to a group at z 2~ 0.65,
slightly larger than the previously assumed redshift (zpnot = 0.6 3= 0.04; Oyaizu et al.
2008). For the brightest member of the group, G1, we measure a large velocity disper-
sion o = (438 430) km s~!, in agreement with the velocity dispersion of the deflector
found in the lens model presented in Gavazzi et al. (2011) (o =473 £ 15 km s,
indicating that the background sources (both the LBG and the SMG) are lensed by a
galaxy group-scale dark matter halo. A more detailed analysis of this group of galax-
ies, based on recent observations with the Oxford-SWIFT integral-field spectrograph
(Thatte et al. 2006), will be presented in Foster et al. (private communication).

Additionally, we serendipitously detected in two of our 1.2”-wide GTC long-slit
spectra (PA = —39°.5 and 44°) three strong, asymmetric lines that we interpret as
Lyo emission at z = 2.721 £0.001, z = 3.145 £0.001, and z = 3.327 £0.001, at
2.37', 435, and 14" from the lensing galaxy G1, respectively. Figure 4.11 shows
the profiles of the Lya emission, as well as the coordinates and magnitudes of the
associated objects seen in CFHT R-band data.

In particular, the broad Ly« emission at z = 3.327 (a more detailed analysis of
this object is presented in Chapter 4) shows an unusual and unresolved (FWHM <
180 km s~ ) absorption line at 5281.24+0.9 A (see Figure 4.11, right panel), which is
not related to this galaxy. This could be an absorption system at any lower redshift,
but surprisingly it is consistent with C II A\1334 absorption at z = 2.9574 +0.0008,
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Figure 4.11: CFHT R-band showing the spatial distribution of the z ~ 2.96 BAL QSO SDSS

J105715.48+573324.3 (top right corner, green dashed square), and three high-redshift galaxies (LAEs)
serendipitously detected in two of our GTC long-slit spectra (red dashed squares). The position of
HLockO1 is marked in blue. The redshift of the Ly« lines, as well as the coordinates and R-band
magnitudes of the associated objects, are labeled in each panel. In particular, the z = 3.327 Ly«
emission (bottom right corner) shows an unresolved absorption line at 5281 in its red wing. This ab-
sorption is consistent with the low-ionization line C 11 AA1334 at z = 2.9574 4+ 0.0008 (inset panel),
very close (Av = —8+76 km s™') to the redshift of HLockO1-R measured from the molecular gas

(zco = 2.9574 £ 0.0001; Riechers et al. 2011; Scott et al. 2011).

very close (Av = —8 £76 km s~1) to the redshift of HLockO1-R measured from the
molecular gas (zco = 2.9574 +0.0001; Riechers et al. 2011; Scott et al. 2011). If
this absorption is physically related with HLockO1, it may suggest a substantial gas

reservoir in its halo, at an impact parameter b = 110 kpc.
We also report on a z = 2.961 quasar, SDSS J105715.48+573324.3, at 5.5 NW

from HLockO1 (see Figure 4.11 at the top right corner). This object was cataloged as a
broad absorption line quasar (BAL QSO) by Trump et al. (2006) from the third edition

Este documento incorpora firma electronica, y es copia auténtica de un documento electrdnico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/
Caodigo de verificacion: tk9jwHqt

Identificador del documento: 1451276
Fecha: 23/07/2018 18:48:14

Firmado por: RUI JOSE MARQUES COELHO CHAVES

UNIVERSIDAD DE LA LAGUNA
113/191




Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2018/53666
N° reg. oficina: OF002/2018/49198
Fecha: 23/07/2018 18:59:57

104 Chapter 4. Rest-frame UV properties of the submillimeter galaxy HLockO1

of the Sloan Digital Sky Survey (SDSS: York et al. 2000) Quasar Catalog (Schneider
et al. 2005). The redshift of this BAL QSO is very close to the one of HLockO1-R
(Av ~ 300 km s~!) and is located at a projected distance of 2.5 Mpc.

4.6 Lens modeling

In this section we use the high S/N and high spatial resolution #S7T/F110W imaging
data to update the lens model already described in Gavazzi et al. (2011). The procedure
is identical and uses the dedicated code SL_FIT (for more details see also: Gavazzi
et al. 2007, 2008, 2011, 2012). We fit model parameters of simple analytical lensing
potentials and model background galaxies as simple elliptical Sérsic profiles. The
lensing potential is primarily constrained by the HST data, with the highest resolution
and S/N. The mass distribution is then held fixed in order to fit for the parameters
defining the light distribution in the other channels. We assume the deflector to be
made of an isothermal elliptical mass distribution centered on the galaxy G1 and we
also include the perturbing galaxies G2, G3 and G4 as point masses centered on the
substructure light emission. We allow for the presence of a core radius that softens
the inner mass distribution in each case. Unlike in Gavazzi et al. (2011) we do not
place masses at G5 and G6, since they have a negligible impact on the mass model
and their masses are essentially unconstrained. GI1, being by far the most massive
galaxy in the vicinity, is assumed to be at the center of the group-scale total mass
distribution. The collective effect of a few possible perturbing galaxies 10-20” South
of G1 may induce some external shear, which will contribute to the quadrupole of the
mass distribution, but having too few constraints spanning too small a radial range
around G1, we assume that the ellipticity of the mass distribution centered on G1 will
absorb the total quadrupole. Higher order effects (like m = 1 or m = 3 multipoles)
would also be hard to constrain with the current data.

The lensed features exhibiting a cross-like (or barely fold-like) configuration re-
quires a source relatively close to the optical axis, and thus, relatively far for a widely
opened main astroid caustic. We do not expect much magnification nor huge spatial
variations of the magnification over the extent of the source. This contrasts with a
cusp configuration (see e.g. the cluster MS 0451.6-0305 MacKenzie et al. 2014).

Modeling the HST F110W data first, we assume the background source is made of
one single elliptical exponential profile for which we adjust source plane position, el-
lipticity, orientation, effective radius, and flux. Before fitting the lensed light emission,
we performed a fit to the foreground light emission (i.e., G1 to G5) in order to subtract
it off. The result is shown in the top row panels of Figure 4.12. The formal uncertainty
on the recovered Einstein radius (i.e. lens amplitude) is unrealistically small (~ 0.2%
relative), given the high signal-to-noise ratio of the widely extended lensed images.
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However, large-scale structure mass fluctuations along the line of sight, as well as
unaccounted for substructures in the lensing mass distribution, should place a lower
limit of order 1-2% on the accuracy to which the Einstein radius can be measured. By
artificially increasing the pixel rms errors in the F110W imaging data by a factor of
10, we are able to mimic this additional source of noise. As a result, we achieve a one
percent accuracy on the recovered Einstein radius as 4”08 - 005, consistent with the
previous model of Gavazzi et al. (2011). The core radius is found to be 171 +0”1,
and the mass distribution is very elongated, with an axis ratio b/a = 0.38 +0.03. The
total mass of perturbing galaxies is poorly constrained: Mg, = (6.03:;) x 10'°M,
Mgz < 4.4 x 10'°M,, except the case of G4 which induces a splitting of one of the
multiple images (B1-B2), yielding Mgs = (9.1752) x 10'°M,. We find a total magni-
fication i = 8.5£0.5 in the HST F110W band. The formal errors on magnification do
not account for the mass-sheet degeneracy (related to a strong assumption about the
mass density slope), which is responsible for the differences with the magnification
we reported in Gavazzi et al. (2011). Channel-to-channel differential magnifications
are, on the other hand, more robust and do not depend on the assumed mass distri-
bution. From the best-fit mass model inferred from HST F110W data, we extract
for the position, ellipticity, size, and flux of an exponential disk in the GTC, VLA,
PdBI CO(J =5 — 4), and SMA continuum data. We find magnification factors of
p=28.3=£0.3for GTC, p = 8.2Jj8:g for VLA, 1 =9.2+0.8 for PABICO (J =5 — 4),
and p = 9.240.5 for the SMA dust continuum. There is thus little evidence for dif-
ferential magnification between wavebands.

The output of the modeling in all the channels is shown in Figure 4.12. From
top to bottom, each row represents the results of HST F110W, GTC g band, 880 um
SMA, PdBICO (J =5 — 4), and VLA 1.4 GHz observations. The overall aspect does
not change much with respect to the model of Gavazzi et al. (2011). The geometry
of the source at long wavelengths is poorly determined and the elongated shape of the
best-fit sources in the lower panels is not significant. In Figure 4.13 we show the mean
positions and ellipses characterizing the galaxy shapes in the source plane for all the
channels. Stellar emission in the Optical/NIR is coincident and slightly offset from the
mutually coincident VLA, CO, and dust emission. The relative offset between HST
F110W and VLA in the source plane is 0742 £ 0”07, which corresponds to 3.3+ 0.6
kpc for the adopted cosmology, in line with the results of Gavazzi et al. (2011). The
posterior mean shape of long wavelength sources is much less elongated than in the
right panels of Figure 4.12
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Figure 4.12: Lens inversion results in several bands. Top to bottom: HST F110W; GTC g band; 880 um
SMA; PdBICO (J =5 — 4); and VLA 1.4 GHz observations. From left to right: input image (foreground
deflectors are preliminarily subtracted off for HST); reconstructed image plane model; residual of input
— reconstructed image; and finally the source-plane reconstruction. All the images are centered on the
lensing galaxy G1 (o = +10:57:50.959, § = +57:30:25.66, J2000) and oriented such that north is up
and east is to the left. At long wavelengths, the limited spatial resolution induces large fluctuations in
the shown reconstructed maximum a posteriori sources (right panels), which can get very elongated (see
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Figure 4.13, for a comparison of more realistic posterior mean sources).
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Figure 4.13: Source plane reconstruction of HLockO1. The posterior mean effective ellipses of the recon-
structed components of HLock01-B (LBG) from HST F110W and GTC g-band are represented by blue
colored ellipses. Pink, yellow and red colored ellipses represent the effective radius of the reconstructed
components of CO, VLA and dust emission associated with HLockO1-R (SMG), respectively. A relative
offset of 042 +0'07 is seen between HST F110W and VLA, which corresponds to 3.3 £ 0.6 kpc. Un-
like for the best-fit maximum a posteriori reconstructed source shown in the right panels of Figure 4.12,
posterior means are less elongated at long wavelength and their overall orientation is quite consistent
between SMA, JVLA and PdBI data.

4.7 Physical Properties

4.7.1 Broad-band photometry

In addition to the photometry presented in Conley et al. (2011) and Wardlow et al.
(2013), we also performed photometry on the new imaging data. These measurements
are summarized in Table 4.5.

We use aperture photometry in the U band from the corresponding
CFHT/MEGACAM catalog, which contains detections of all four lensed images, since
the light contamination from the red lensing galaxies is negligible in U-band. For GTC
g-band, we applied aperture photometry on the lensed images A, C, and D. We exclude
photometry of the lensed image B, as it is strongly blended with the lens galaxy G4,
but we use the lens model to correct for the omitted light from image B (a roughly
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15% correction).

Despite the short exposure time of the HST F110W data, faint emission is seen
close to the radio and submm lensed images A and C (see Figure 4.14). K-band imag-
ing from WHT/LIRIS and NIRC2/Keck-II (the latter discussed in Gavazzi et al. 2011;
Calanog et al. 2014) also reveal faint emission at these positions. The red color regions
in the optical to 2.2 pm image (seen in Figure 4.14 left panel and Table 4.5) suggest
that this faint emission corresponds to the obscured rest-frame UV and optical light
of the Herschel SMG. Associating this faint emission to HLock01-R, we measure the
flux in a small aperture (0.77” diameter) at the position of the faint near-IR source
detected close to the radio and submm lensed image C. For HLock01-B, we use larger
apertures (2" — 3") on the lensed images A, C, and D, and then subtract the contribu-
tion of HLockO1-R, which in any case is less than 5%. The lens model was used again
to add the light from the lensed image B.

HST/F110W
T

Galfit model/Ks
T —T

Residuals/K
T T — T

Image A

Image C

Figure 4.14: 4" x 4" cutouts of the lensed images A (upper panels) and C (lower panels) of HLockO1.
From left to right we show: a g, I, and K; color image; high-resolution HST/WFC3 F110W; near-
IR WHT/K;; GALFIT model of the K data; and finally the resulting residuals after subtracting the K
GALFIT model. 1.4GHz VLA contours are in orange and correspond to the positions of two of the lensed
images of the Herschel SMG. Blue and red crosses mark, respectively, the positions of the LBG and the
SMG in our GALFIT model.

Near-IR WHT/K; photometry of the individual components (SMG and LBG of
HLock01) was obtained after modeling the light distribution of each component in
the lensed images A and C, using the two dimensional fitting program GALFIT (Peng
et al. 2002, 2010). We use Sérsic profiles centered at the centroids of the HST/F110W
emission, allowing only one pixel freedom (~ 0.254”). A nearby star was chosen as
a point-spread function (PSF) model. Note that we only perform the fit in the lensed
images A and C, the only ones that show detections of the faint, obscured counterparts
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of the SMG 8. The lens model of Gavazzi et al. (2011) was used again to add the light
from the lensed images B and C. Figure 4.14 shows our GALFIT model, as well as the
resulting residuals after subtracting the Ky GALFIT model.

This field has been observed by the SWIRE survey (Lonsdale et al. 2003) in the
cryogenic phase of Spitzer and to deeper levels in the two first bands of IRAC (3.6
and 4.5um) by the SERVS survey (Mauduit et al. 2012) in the post-cryogenic phase.
In the Spitzer Enhanced Imaging Products (SEIP) catalog® of this area (based on the
SWIRE data) the individual lensed images A and C are the only ones resolved and de-
tected. However their fluxes appear relatively large and inconsistent (fa/fc < 1) with
the expected values from the individual magnifications provided by the lens model
of Gavazzi et al. (2011) (fa/fc ~ 1.7). Given the limited spatial resolution of IRAC
(=~ 2"), the cataloged fluxes of the lensed images A and C are likely contaminated
by foreground light, mainly due to the G1, G4, and G6 lensing galaxies. To perform
better photometry on HLockO1, we use GALFIT to model the light distribution of both
foreground and background components in the SERVS images (see the results of the
modeling in Figure 4.15). We use Sérsic profiles centered at the positions of the de-
tected HST/F110W counterparts, and a nearby star was chosen as a PSF model. We
then measure the flux density of our best-fit model of the lensed images A and C, and
use the lens model to add the expected light from the other lensed images to obtain the
total observed flux.

Modeling the light distribution using GALFIT to separate the fluxes from the SMG
and the LBG does not help and will introduce significant uncertainties in their mea-
surements, since the spatial separation of the SMG and the LBG in the lensed images
A and C is substantially lower (~ 0.9”) than the intrinsic PSF in IRAC data (~ 2"
FWHM). Finally, in the 8.0 um IRAC band the foreground light contamination ap-
pears to be much lower than in the other IRAC bands, thus we use the 3.8” aperture
photometry for the lensed images A and C provided in the SEIP catalog, with the ap-
propriate aperture corrections. Again we use the lens model to add the expected light
of the lensed images B and D.

4.7.2 Analysis of the Spectral Energy Distribution

Conley et al. (2011) analyzed the SED of HLockO1, considering only a single lensed
background source. They simultaneously fitted the emission in the optical/near-IR
with longer wavelength data (far-IR and submm), but the fit did not explain the IRAC
fluxes and overestimated the K, and MIPS 70um flux densities by a factor of 2 or

8This can be explained through the lensed images A and C being less affected by foreground contam-
ination and their lensing magnifications are higher than the ones of images B and D (see Gavazzi et al.
2011).

‘http://irsa.ipac.caltech.edu/data/SPITZER/Enhanced/SEIP/
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Figure 4.15: 16" x 16" Spitzer/IRAC cutouts of HLockO1. From left to right we show the three IRAC
channels, I1, 12, and I3, respectively. From top to bottom we show the IRAC data, our best GALFIT
model, and the resulting residuals after subtracting the models.

more. We now know that HLockO1 is composed of two different, spatially and spec-
trally offset sources, and thus the energy balance method (between dust-absorbed
stellar continuum and the reprocessed dust emission in the far-IR), which was pre-
viously invoked, cannot be applied to the integrated photometry by considering a
single source. The SEDs of the components are well defined at short (HLock01-B)
and long wavelengths (HLock01-R), where these two components dominate, respec-
tively. HLockO1-B is very bright in the rest-frame UV and optical, but faint (or un-
detected) in the current VLA and SMA data. On the other hand, HLockO1-R shows
a very red and obscured counterpart in the rest-frame UV and optical, but is very
bright in the submm. However, to deblend the emission from the two components
in the IRAC bands is challenging, given the limitation of the low spatial resolution.
The centroids of the bright lensed images A and C seen in the IRAC 3.6 and 4.5 um
bands are slightly offset (~ 0.7") with respect to the bright counterparts in the optical
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Table 4.5: Photometry of HLockO1.

Telescope/Detector A HLock01-B* HLockO1-R?*  Units
(pm) (LBG) (SMG)
CFHT/MEGACAM (U) 0.38 8.2+0.6 — wly
GTC/OSIRIS (g) 0.48 29.7+0.8 — wly
INT/WFC (R) 0.63 46.5+0.6 — wly
Subaru/SuprimeCam (/) 0.76 47.94+0.04 — wly
HST/F110W 1.16 53.5+2.5 2.3+0.6 wly
WHT/LIRIS (K;) 2.20 608447  1634+3.8"  uly
Spitzer/IRAC (I1) 3.6 744 9° 82+9¢ wly
Spitzer/IRAC (12) 4.5 75+11°¢ 113+11¢ uly
Spitzer/IRAC (13) 5.8 76 +£20°¢ 219 +204 uly
Spitzer/IRAC (14) 8.0 63 +20°¢ 341 +20¢ wly
Spitzer/MIPS 24 — 1.24+£0.02 mly
Spitzer/MIPS 72 — 16.1+0.3 mly
Spitzer/MIPS 160 — 2444+14 mly
Herschel/SPIRE 250 — 403 £7 mly
Herschel/SPIRE 350 — 377+10 mly
Herschel/SPIRE 510 — 249 +7 mly
SMA 880 — 52.8+£0.5 mly
CSO/Z-Spec 1000 — 1100 — 27.5+0.6 mly
CSO/Z-Spec 1100 — 1200 — 20.4+0.5 mly
CSO/Z-Spec 1200 — 1300 — 16.2+0.5 mly
CSO/Z-Spec 1300 — 1400 — 12.04+0.5 mly
CSO/Z-Spec 1400 — 1500 — 9.94+0.6 mly
CARMA 3400 — 0.61+0.19 mly
VLA 214000 — 0.97+£0.05 mly
Notes.

2 Total flux densities of the four lensed components, uncorrected for lensing mag-
nification. ® Obtained by modeling the light profiles using GALFIT. © Expected
Spitzer/IRAC fluxes of HLock01-B, extrapolated from the best fit SED using flux
measurements from 0.38 to 2.20 um (see Section 4.7.2). 9 Refers to the difference
between the total flux densities measured in Section 4.7.1 (156, 188, 295, and 404
pJy for the Spitzer/IRAC bands 11, 12, I3, and 14, respectively) and the expected flux
densities of HLockO1-B from the best-fit SED.
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112 Chapter 4. Rest-frame UV properties of the submillimeter galaxy HLockO1

and submm, suggesting a contribution of both to the total flux density in IRAC bands.
However, the low Balmer/4000 A break color (F110W — K = 0.15 mag) and the small
rest-frame UV spectral slope 8 = —1.9 0.1 of HLock01-B, measured from the ob-
served R (Megr = 6231 f&) and I (\egr = 7625 A) bands, and assuming a simple power
law F\ = )P so that

. log(fa,/fa,) _ 04X (my—mi)
lOg(/\1/>\2) 10g(>\1/)\2)

suggest that the contribution of the LBG in the mid-IR is modest compared with the
emission from the SMG. Also, typical LBGs are faint in the mid-IR (S24;,m ~ 20 — 30
1Jy; Magdis et al. 2010c; Reddy et al. 2012), even those showing a redder UV /3 slope
(Reddy et al. 2006; Coppin et al. 2007; Siana et al. 2008, 2009; Reddy et al. 2010;
Magdis et al. 2017), which are on average more massive and show larger infrared
luminosities.

Additionally, in strong gravitational lensing, the finite extend of one or multiple
background sources can lead to significant differential magnification, and their intrin-
sic properties, derived from photometric or spectroscopic diagnostics, can be incorrect
if this effect is not taken into account (e.g., Hezaveh et al. 2012; Serjeant 2012). Of
particular importance in treating differential magnification are the cases with multi-
ple background sources with significantly different SEDs and positions in the source
plane. Such as an example is the z ~ 2.9 gravitational lensed system analyzed in
MacKenzie et al. (2014) behind the massive galaxy cluster MS 0451.6-0305. This
system consists of several background sources, some of them bright in the UV, and
others bright in the far-IR and radio, in a way similar to HLockO1. However, in the
case of HLockO1, the differential magnification appears to be small, since the bulk of
the source emission of the LBG and SMG stands relatively far from the caustics with-
out crossing them (see Figure 4.13), and thus changes of magnification as a function
of source plane position vary very little. We thus assume, for simplicity, lensing mag-
nifications of ugst = 8.5+ 0.5 and usma = 9.2+ 0.5 to be the same in the spectral
range in which the LBG and the SMG are well detected, respectively.

We firstly used the SED-fitting code FAST (Fitting and Assessment of Synthetic
Templates; Kriek et al. 2009) to derive the stellar population properties of HLock01-
B. Optical U, g, R, and I, and near-IR F110W and K; flux measurements were used
in this fit. We excluded fluxes from IRAC from this fit, given the uncertainties of
the contribution of HLockO1-B in these bands. However, the 2.2 ym K band cor-
responds to rest-frame emission at 5600 1()%, above the Balmer/4000 A break, which
is sensitive to the age of the stellar population. We assume stellar population syn-
thesis models of Bruzual & Charlot (2003), the Chabrier (2003) IMF, and an expo-
nentially declining star-formation history (o< e~"/7). We adopt a grid for the age of
the stellar population, ranging from 20 Myr to the maximum age of the Universe at

4.2)
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z~~2.95, and star-formation histories with 7 between 0.3 and 10 Gyr, both in steps
of 0.1 dex. The attenuation curve of Calzetti et al. (2000) was adopted, and the al-
lowed Ay range was 0 — 3 mag in steps of 0.05 mag. We also fixed the metallicity to
Z/Zz = 0.4, the value measured in Section 4.4.3 for the young O and B stars. The
best-fit model (x?/Nyor = 1.6/3) gives an intrinsic (i.e., corrected for the lensing mag-
nification ppst = 8.5£0.5 and assumed to be the same in the spectral range in which
the LBG is well detected) stellar mass log(M,./Mg)= lollfng, and an attenuation of
the stellar light of Ay = 0.84f8:;§, with age log(agey/yr~!) = 7.3f8jg. Errors refer
to 68% confidence intervals derived using 500 Monte Carlo simulations. After cor-
rection for the lensing magnification, the star-formation rate of the best fit model is
SFR = 7107150 Moyr—.

We further performed a multi-band SED fit of HLockO1-R using the high-z ex-
tension of MAGPHYS (Multi-wavelength Analysis of Galaxy Physical Properties; da
Cunha et al. 2008, 2015) to explore its SFR, and stellar and dust mass (M4). MAG-
PHYS uses the Bruzual & Charlot (2003) stellar populations with a Chabrier (2003)
IMF and assumes the attenuation model of Charlot & Fall (2000). We used the
flux measurements from 1.1um to radio. In the Spirzer/IRAC bands, we used the
difference between the total fluxes (measured in Section 4.7.1) and the expected
flux of HLockO1-B from the best-fit SED, as indicated in Table 4.5. The best-fit
model (reduced x? = 3.1) gives a lensing corrected (jgma = 9.2 4 0.5) stellar mass
log(M,./Mg)= 11.7‘:8:%, a mass weighted age log(agem/yr) = 8.6 £0.1, and a large
attenuation Ay = 4.26f8ﬁ(5) mag. We find a dust mass log(Mq/Mg)= 8.8 £0.1, with
a dust temperature 7y = (53.6 £0.2) K. The uncertainties are derived from the 16th
and 84th percentiles. The best-fit SED also yields an intrinsic total infrared lumi-
nosity Lir = (1.540.1) x 103Lg, which is defined as the luminosity from 8 — 1000
pm in the rest frame. Using the Kennicutt relation (Kennicutt 1998) with a Chabrier
IMF (Chabrier 2003), the total infrared luminosity implies a star-formation rate of
1500 £200 M yr~!. All values were corrected for the lensing magnification derived
from the SMA 880 um data (usma = 9.2 £0.5, see Section 4.6), which for simplicity,
we assume to be the same from the observed near-IR to submm bands for HLockO1-R.

We followed Delvecchio et al. (2017) and Miettinen et al. (2017) to look for a
possible AGN contribution in HLock01-R. We use the three-component fitting code
SED3FIT (Berta et al. 2013), which accounts simultaneously for stellar, dust, and AGN
emission. However, the stellar and dust components of SED3FIT use the model li-
braries of da Cunha et al. (2008), rather than the ones used in the new high-z extension
of MAGPHYS (da Cunha et al. 2015), which are expected to be better suited for high-z
SMGs. We found a poor fit to our data with a x> = 15.4 for the best fit model, which is
much higher than the x? of the standard MAGPHYS fit. Nevertheless, the mean AGN
contribution to the total Lig was found to be 1%, and less than 20% in the IRAC bands.
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Our analysis does not completely exclude the possibility that HLockO1-R may harbor
an AGN (see also Conley et al. 2011; Riechers et al. 2011; Scott et al. 2011; Magdis
et al. 2014, for a discussion of the presence of an AGN in HLockO1), but its contribu-
tion to the total Lig and M, is not substantial, as also pointed out by Rigopoulou et al.
(2018).

Figure 4.16 shows our best-fit SED models for HLock01-B (FAST) and HLockO1-
R (MAGPHYS). Our results show that both galaxies are undergoing simultaneous
episodes of star-formation activity (unobscured, nearly dust-free in HLockO1-B, and
dust-enshrouded star formation in HLockO1-R), but they are physically very dis-
tinct. While HLockO1-R is a very massive galaxy with an evolved stellar population,
HLock01-B appears to be a young, lower-mass satellite of HLockO1-R, as we discuss
in the next section.
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Figure 4.16: Best-fit model of the spectral energy distribution of HLock01-B (LBG, blue solid line) using
FAST (Kriek et al. 2009), and HLockO1-R (SMG, red solid line) using MAGPHYS (da Cunha et al. 2008,
2015) The LBG fit uses photometry from CFHT U to WHT K bands, whereas for the SMG the fit uses
photometry from the rest-frame UV (HST WFC3 F110W) to radio. We also used the estimated fluxes in
the Spitzer bands (3.6, 4.5, 5.8, and 8.0 pum) as explained in the text. The unattenuated SED of the SMG
is plotted as a red dashed line.
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4.8 Discussion

4.8.1 Close merger or a large rotational disk?

Our high S/N GTC/OSIRIS spectrum of the optically bright lensed images of
HLockO1 (HLock01-B) shows several well-defined UV photospheric absorption lines,
for which we secured the systemic redshift zgys = 2.9546 4-0.0004. This value differs
by —210 km s~! from the redshift of HLockO1-R measured from the molecular gas
lines zco = 2.9574 £0.0001 (Riechers et al. 2011; Scott et al. 2011). A spatial off-
set of 3.3 kpc (in projection) has also been found in the source plane between the
bulk of the stars that emit at rest-frame UV/optical wavelengths (HLock01-B), and
the molecular gas and dust distribution associated with the luminous far-IR emitting
source HLockO1-R.

Although similar or even larger rotational velocities have been found in massive
disk SMGs at high-z (e.g., Carilli et al. 2010; Daddi et al. 2010; Jiménez-Andrade
et al. 2017; Jones et al. 2017), a scenario with HLockO1-B being a dust-free region,
that is part of a large rotational disk of HLock01-R, is unlikely. Such asymmetry in the
dust distribution, with the lack of dust attenuation in HLock01-B, would be difficult
to explain. Additionally, despite the large errors, the differences in the metallicity
measured in the stars of HLock01-B and in the gas of the Herschel SMG HLockO1-R
(Rigopoulou et al. 2018) suggest they are different galaxies with different enrichment
histories.

Therefore, bringing together our GTC spectroscopic results and the complex ve-
locity structure seen in the molecular gas reservoir in HLockO1-R (Riechers et al.
2011), we argue that HLockO1 comprises two close but different sources forming a
pair of merging galaxies (HLockO1-B and HLockO1-R) separated by 3.3 kpc in pro-
jection. The merger scenario is also sustained by the broadness of the blueshifted
ISM absorption lines seen in the spectrum of HLock01-B, suggesting highly turbulent
gas likely produced by the close merger. While HLock01-R appears to be an evolved
massive galaxy with a very large obscured star-formation rate, HLock01-B is a young
lower-mass satellite galaxy with photometric properties similar to those of LBGs, yet
undergoing a young burst (> 6 Myr) of star formation, likely triggered by the gravita-
tional interaction with the nearby massive SMG.

It is worth mentioning that without the gravitational lensing effect our results could
easily be mistaken. Firstly, without the magnification in the apparent flux of HLock01-
B, the systemic redshift, measured from faint stellar photospheric lines, would be dif-
ficult to obtain. In the absence of strong UV nebular emission lines, as is the case
of HLockO1-B, a significant continuum S/N is required to detect faint photospheric
absorption lines. Secondly, the projected 3.3 kpc spatial offset seen between the two
different objects in the source plane would correspond to only 0.4” without the lens-
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ing distortion, which is challenging to observe due to the limitation on the spatial
resolution and sensitivity of current instruments.

It is thus no surprise that most high-z close mergers (< 10 kpc projected sep-
aration) have been discovered through the gravitational lensing effect (e.g., Ivison
et al. 2010a; MacKenzie et al. 2014; Messias et al. 2014; Rawle et al. 2014; Wuyts
et al. 2014; Spilker et al. 2015; Marrone et al. 2018), with a few exceptions of un-
lensed, well separated, SMG-SMG, SMG-QSO or SMG-LBG bright interacting pairs
resolved with interferometric observations (e.g., Ivison et al. 2002, 2008; Smail et al.
2003; Salomé et al. 2012; Oteo et al. 2016; Lu et al. 2017; Riechers et al. 2017).

4.8.2 Outflow/Inflowing gas

Turning to the rest-frame UV spectral features, the internal kinematics of HLock01-B
are very complex and different from what is observed in typical LBGs, showing two
distinct components of the ISM. The blueshifted component of the ISM is centered at
vism =~ —220 kms™! relative to the stars, which we associate with galaxy-scale out-
flows of material via stellar and supernova-driven winds, as seen in many other high-z
star-forming galaxies (e.g. Shapley et al. 2003; Steidel et al. 2010). This component
is stronger (i.e., larger equivalent widths) in high ionization lines, like Si 1v and C
IV, similar to what is found in other young, low-metallicity galaxies (e.g., Erb et al.
2010; James et al. 2014). It is also detected in some low-ionization lines, but with
a much broader profile (FWHM =~ 900 kms™") than in typical LBGs (=~ 560 kms™!;
Shapley et al. 2003; Steidel et al. 2010), extending over a large velocity range from
approximately —1000 to +600 km s~'. We interpret that the width of the blueshifted
absorption lines in HLock01-B is the result of a combination of strong winds of mas-
sive stars in the LBG and a complex velocity structure due to the close gravitational
interaction with the massive SMG.

On the other hand, the redshifted component seen in all strong absorption lines
(see Figures 4.5 and 4.6) is highly unusual and not seen in the many high-z galaxies
studied (e.g., Shapley et al. 2003; Steidel et al. 2010). This component can be under-
stood as gas apparently moving towards the young stars of HLockO1-B, because the
absorbing gas must lie in front of the LBG. We relate this component with the large
column density of foreground neutral gas (N(H 1)= (5.83 £1.24) x 10%° cm~?) giving
rise to the damped Ly« absorption seen in the spectrum of HLockO1-B (see Section
4.4.4). The detection of this absorption in both low- and high-ionization ISM lines
also suggests that the gas has a broad range of temperatures, from cold, mostly neutral
(e.g., O 1) to warmer and ionized gas (e.g., Si 1v, and C 1V).

The origin and nature of the redshifted component seen in all strong absorption
lines in the spectrum of HLockO1-B is unclear, and with the available data we cannot
arrive at a definite conclusion. Interpreting the redshifted component also depends
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strongly on the spatial location of the SMG and LBG along our line of sight. The
relatively low dust attenuation in HLockO1-B (Ay = O.ngé) may suggest that the
SMG is located in the background, otherwise the stellar continuum of the LBG would
be highly attenuated by the foreground dust content of HLockO1-R (see Figure 4.13).
Therefore, it is unlikely that the redshifted component is associated with outflows from
HLockO1-R or rotating gas in its disk seen from the background HLockO1-B.

In this sense, the redshifted component could be associated with a dwarf galaxy
or a damped Ly system falling towards HLockO1. Gas ejected by a previous episode
of star formation or AGN activity in HLockO1 would not easily escape its intense
gravitational pull. If cooled enough, these reservoirs of gas would provide additional
fuel to prolong the star-formation activity (e.g., Davé et al. 2011; Hopkins et al. 2014;
Narayanan et al. 2015; Wang et al. 2015; Emonts et al. 2016). Assuming that the gas
is dynamically linked and collapsing towards HLockO1, it is more likely that the gas is
falling into the massive SMG with v ~ 4170 km s~!, instead of falling to HLock01-B
with v ~ +370 km s~!, which seems too high for a 10'° M, galaxy.

Evidence of accretion of cool, metal-enriched gas has been found in only a few
spectra of star-forming galaxies at moderately low-z (e.g., Sato et al. 2009; Coil et al.
2011; Rubin et al. 2012; Martin et al. 2012), and is more elusive at high-z (e.g., Bouché
et al. 2013; Wiseman et al. 2017) due to the faintness of individual high-z galaxies.
Some authors suggest that the low detection rate of infalling gas is due to the geometry
and alignment of the streams, which can only be detected in absorption if favorably
aligned with our line of sight (Kimm et al. 2011; Martin et al. 2012). Nevertheless,
accretion of cold gas, either in the form of cold flows, mergers or recycled gas from
stellar feedback, plays an important role in star-formation histories and galaxy growth.

Deriving the metallicity of the inflowing gas could, in principle, rule out some
of the possible scenarios. However, higher spectral resolution observations are need
to fully resolved the absorption components of the inflowing gas in order to derive
chemical abundances (e.g., using the apparent optical depth method).

4.8.3 Extended gas reservoir?

We showed in Section 4.5 a detection of an unusual absorption line at ~ 5281 A in
the red-wing of a bright Ly« emission at z ~ 3.327, associated with an object 14” SW
of HLockO1. This absorption is consistent with C 11 AA\1334 at z = 2.9574 +0.0008,
very close by Av = (—8+76) km s~ to the redshift of HLock01-R measured from
the molecular gas (zco = 2.9574 +0.0001). The limited spectral coverage of the Ly«
emission line and the faintness of the continuum associated with the z >~ 3.327 galaxy
does not let us unambiguously confirm if the absorption line is C II at the redshift
of HLockO1-R, or a different absorption line system at a lower redshift. If related
with HLockO1-R, it may suggest a substantial gas reservoir in the halo at an impact
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parameter of 110 kpc. It is worth noting that Fu et al. (2016) used QSO absorption
line spectroscopy in three high-z SMG-QSO close pairs, with the QSO at a larger
redshift than the SMG, to probe the circumgalactic medium (CGM) at similar impact
parameters. However, they did not find evidence of optically thick H I gas or strong
neutral absorbers in the CGM. Our results suggest that at least massive SMGs, such
as HLockO1-R, may have prominent cool gas reservoirs in their halos, that could fuel
a prolonged star formation phase.

4.8.4 Physical Properties

The intrinsic physical properties (corrected for lensing magnification) derived from
multiband SED fitting reveal that HLockO1-R is a far-IR luminous SMG (as already
discussed in earlier papers, e.g., Conley et al. 2011; Wardlow et al. 2013), with an
ongoing SFR =~ 1500 Muyr~!, but yet heavily obscured at short wavelengths. Our
new analysis reveals a large, highly obscured stellar mass, similar to the most mas-
sive and extreme SMGs during the peak of star formation (e.g., Hainline et al. 2011b;
Ma et al. 2015; Schinnerer et al. 2016; Miettinen et al. 2017; Nayyeri et al. 2017).
However, as already discussed in Conley et al. (2011) and Wardlow et al. (2013),
HLockO1-R has a moderately low gjr = 1.8 £ 0.4 (which is the logarithmic ratio of
Lir and the rest-frame 1.4GHz flux density), compared with the mean value for Her-
MES sources (gir = 2.40 +0.12; Ivison et al. 2010b). This may indicate a hidden,
radio emitting AGN, but from our SED analysis in Section 4.7.2, we have shown that
if HLockO1-R harbors an AGN, its contribution to the total Lig and SFR is modest
(~ 1%), as also noted by Rigopoulou et al. (2018), and even assuming a maximum
of 20% of an AGN contribution to the IRAC fluxes, the stellar mass of HLockO1-R
will be lower only by 0.1 dex, which is within our measurement errors. Moreover,
Hayward & Smith (2015) have also shown that the physical properties derived us-
ing MAGPHYS are robust even when the AGN contributes 25% of the total UV to
IR luminosity. Our deep GTC/OSIRIS rest-frame UV spectroscopy does not show
any line or continuum emission at the positions of the lensed images of HLockO1-
R, as some of them are included in the regions covered by our long-slit spectra (see
Figure 4.1, left panel). However, follow-up observations are required to constrain
the presence of an AGN in HLock(O1-R. Nevertheless, even assuming a small AGN
contribution, our results show that HLockO1-R has already formed the majority of
its stellar content, with a gas mass fraction of fyas = Mas/M, = 0.07 £0.02 (for
Mgas = 3.3 x 1010 Mg, as measured in Riechers et al. 2011), a specific star formation
rate sSSFR = SFR/M,, = 2.76! 2% Gyr~!, and a depletion time scale (74 = Mg,s/SFR)
of only 22 Myr (assuming no gas input). Moreover, it is plausible that additional gas
input from the ongoing merger and inflows of material from a substantial gas reservoir
in the halo will extend the starburst phase of HLock01 for a prolonged time, becoming
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an even more massive elliptical galaxy in the local Universe.

On the other hand, HLock(01-B appears to be a young, lower-stellar mass galaxy
with very different properties than HLockO1-R. In the optical, it is one of the bright-
est gravitationally lensed high-z star-forming galaxies known so far (e.g., Yee et al.
1996; Allam et al. 2007; Belokurov et al. 2007; Smail et al. 2007; Lin et al. 2009;
Wauyts et al. 2010; Bayliss et al. 2011; Dahle et al. 2016; Marques-Chaves et al. 2017),
with an apparent total magnitude of R = 19.73 £0.01. Even after accounting for the
magnification produced by the lensing group of galaxies (upst = 8.5 +0.5), it is still
very luminous in the rest-frame UV with an absolute magnitude Myy = —23.4, two
and a half magnitudes more luminous than typical LBGs (Lg;y) at a similar redshift
(Reddy & Steidel 2009). The stellar mass and SFR derived in Section 4.7.2 yield a
specific star formation rate of 55 Gyr~—!, well above the main sequence at that redshift
(e.g., Mannucci et al. 2009; Magdis et al. 2010b; Alvarez-Mérquez et al. 2016). The
nature and properties of this kind of UV ultra-luminous galaxies (i.e., Myv < —23)
are still poorly understood, given the lack of examples reported in the literature (e.g.,
Allam et al. 2007; Bian et al. 2012; Le Fevre et al. 2013; Ono et al. 2017; Marques-
Chaves et al. 2017). This is due in part to the fact that this kind of galaxy is extremely
rare, and finding them requires wider-field surveys with deep, multi-band observa-
tions. The high UV luminosities also place these sources in the transition between
luminous galaxies and faint AGNs, needing either extensive multi-wavelength imag-
ing (e.g., X-ray, mid-IR, and radio) or spectroscopic follow-up. However, we stress
that the unusual kinematics of the ISM and its high UV luminosity and SFR are not
representative of the z ~ 3 LBG population. Our results suggest that the gravitational
interaction with the massive SMG may have triggered the larger UV luminosity and
SFR. The interaction may also be the origin of the large obscured SFR and far-IR
luminosity in the SMG. Despite this, HLockO1-B shares many of its properties with
the population of z ~ 3 LBGs. Its UV colors, (G—R) ~ 0.5, and (U — G) ~ 1.4, are
consistent with the standard color selection criteria of z ~ 3 LBGs (Steidel et al. 1996,
2003). However, HLock01-B presents (R — K) = 0.29+0.07, bluer than typical z ~ 3
LBGs ((R—K) ~ 1.0; Shapley et al. 2001) and Ly« emitting galaxies ((R— K) ~ 0.4;
Ono et al. 2010).

Table 4.6 summarizes the main physical properties of both components of
HLockO1.

4.9 Summary and Conclusions

We have presented a detailed study of HLock01, one of the first gravitational lensed
sources discovered in the HerMES survey. Unlike other SMGs, HLockO1 is appar-
ently very bright in all observed spectral bands, even in the optical. It is magnified
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Table 4.6: De-magnified Physical Properties of HLockO1.

Quantity HLock01-B HLock0O1-R Unit
z 2.9546+0.0004 2.9574 +0.0001 -
log(M,) 10. 1%8;6? 11.7753 log(Mo)
log(Age) 7.3t8;? 8.6+ &1 log(yr)
Ay O'St‘ffo 43707 mag
SFR 710* 320 1500 ilzzgo Mgyr™!
sSFR 55723 2.76" )53 Gyr™!
V4 0.4+0.1 0.8+0.2 Zo

by a factor of around 9 by a galaxy group-scale dark matter halo at z = 0.645 and
comprises four images in the observed plane. We have used OSIRIS on the GTC
to secure a high S/N (=~ 30) rest-frame UV spectrum of the optically bright lensed
images of HLockO1, with an intermediate-resolution (~ 180 km s~!), covering the
wavelength interval 1150 — 1950 A in the rest-frame. From the analysis of these data
together with other existing observations of HLockO1, we arrive at the following main
results.

1. We measured the systemic redshift of the optically bright lensed images of
HLock01 (HLock01-B) zsys = 2.9546 £0.0004 using weak stellar photospheric lines.
This value is offset by —210 km s~! from the redshift measured previously from
the molecular gas lines zco = 2.9574 £ 0.0001 associated with the luminous far-IR
source of HLockO1 (HLockO1-R). Our results show that the dust-obscured, far-IR
emitting source HLockO1-R, and the optically bright source HLockO1-B, are most
likely different galaxies undergoing a close merger or an interacting pair separated by
only 3.3 kpc in projection.

2. We find a stellar metallicity for the stars in HLockO1-B Zg,s >~ 0.4Z based on
two independent methods: blends of stellar photospheric lines; and P-Cygni profiles
from the most luminous O and B stars. This value differs slightly from that measured
for the gas in HLockOI-R (0.6 < Zgy /Zs < 1.0), based on far-IR fine-structure
line ratios. A young (> 6 Myr) starburst model with a Salpeter IMF, stellar masses
from 1 to 100 Mg, and an LMC/SMC metallicity explains well the properties of the
high-ionization lines in HLock01-B.

3. The interstellar absorption lines in the spectrum of HLockO1-B exhibit two
distinct components. One is blueshifted by —220 km s~! relative to the stars of
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HLock01-B, which we associate with galaxy-scale outflows via stellar and supernovae
driven winds. However, it also shows a broader profile (FWHM =~ 900 km s~ 1) than
in most star-forming galaxies at z = 2 — 3, indicating highly turbulent kinematics of
the outflowing gas likely due to the close merger. This component is stronger in high
ionization lines, suggesting that the gas is mostly ionized or the neutral gas has a
lower covering factor than the ionized gas.

Another absorption component is seen in the spectrum of HLockO1-B, but is
redshifted relative to either HLockO1-B and HLockO1-R by 4370 and +170 km s~
respectively, which can be understood as gas moving towards both galaxies. We
relate this component with the strong damped Ly line seen in HLockO1-B, with a
column density of N(H )= (5.83 £ 1.24) x 10?° cm~2. Although with the available
data we cannot arrive at a definitive conclusion on its nature and origin, we interpret
this absorption feature as gas falling towards HLockO1-R, which is more massive,
with v ~ 170 km s~ !, but viewed in absorption along a favorable line of sight towards
HLock01-B. This component is detected in both low- and high-ionization interstellar
lines, but with slightly different absorption line profiles, suggesting that the gas has a
broad range of temperatures, and possibly different origin.

4. Three strong and asymmetric Ly« lines at z = 2.72, 3.15, and 3.27 were
serendipitously detected in two of our GTC long-slit spectra associated with Ly«
emitting galaxies at 2.37" NW, 4.35' NE, and 14” SW from the lensing galaxy G1,
respectively. In particular, the red wing of the bright Lya emission at z ~ 3.327
shows an unusual absorption line, that we tentatively associate with C 11 AA1334 at
the redshift of HLockO1-R. If this absorption is related with HLockO1-R and not with
an absorbing system at a different redshift, it indicates a substantial gas reservoir in
the halo of HLockOl1 at a projected distance of 110 kpc. Additionally, we report a
broad absorption line QSO at a projected distance of 2.5 Mpc from HLockO1, with a
redshift very close to HLockO1-R (Av ~ 300 km s~ !).

5. Our revised SED fitting with two different galaxies, one very bright in the
optical and the other in the far-IR, implies that both are physically very distinct.
HLock01-B appears to be a young, lower-mass satellite galaxy of HLockO1-R,
undergoing an intense episode of star formation activity likely triggered by the
interaction. HLockO1-R shows an already evolved stellar population, and its high
stellar mass in combination with the low gas fraction suggests that the SMG has
already assembled most of its stellar mass. However, additional gas input from the
satellite galaxy HLockO1-B and from the reservoir of gas around HLockO1-R may
extend the starburst phase of the SMG, eventually forming one of the most massive
galaxies in the local Universe.
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Discovery of a 100 kpc luminous
Lya nebula at z = 3.33

This Chapter reports the discovery of a large, extended Ly« nebula at z = 3.33 likely
associated with a type 2 active galaxy. I present results from follow-up observa-
tions using Gran Telescopio Canarias (GTC) OSIRIS medium-band imaging and spec-
troscopy and derive the main physical properties of this nebula and compare with other
Lya nebulae from the literature.

5.1 Introduction

Extended regions of Lya emission, also called as Lya blobs (LABs), were initially
discovered around high redshift powerful radio sources (Chambers et al. 1990; Heck-
man et al. 1991a,b). Later on, dedicated narrow-band imaging surveys have discovered
similar Lya nebulae in regions of high galaxy density with no clear association to ra-
dio galaxies (e.g., Francis et al. 1996; Fynbo et al. 1999; Keel et al. 1999; Steidel et al.
2000).

These spectacular objects are characterized by high Ly« luminosities (~ 1074
erg s~ 1) with sizes of up to a few hundred kpc (e.g., Matsuda et al. 2004). Ly neb-
ulae have been found associated with a diverse population of galaxies, from powerful
high-z radio galaxies (HzRGs; e.g., Chambers et al. 1990; Kurk et al. 2002; Reu-
land et al. 2003; Villar-Martin et al. 2003; Venemans et al. 2007; Villar-Martin et al.
2007a), quasi stellar objects (QSOs; e.g., Heckman et al. 1991a,b; Bunker et al. 2003;
Weidinger et al. 2004; Christensen et al. 2006; Cantalupo et al. 2014; Borisova et al.

123
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2016; Arrigoni Battaia et al. 2018), Lyman-break galaxies (LBGs; e.g., Matsuda et al.
2004), and sub-millimetre galaxies (SMGs; e.g., Chapman et al. 2001; Geach et al.
2005; Matsuda et al. 2007; Geach et al. 2014). Many others have been found with-
out any clear galaxy counterpart (e.g, Nilsson et al. 2006), although deep data have
revealed that the majority of them are associated with highly obscured active galactic
nuclei (type 2 AGNs; e.g, Dey et al. 2005; Geach et al. 2009; Overzier et al. 2013;
Hennawi et al. 2015; Ao et al. 2017). For all these reasons, there is a consensus that
these extended regions of Lya emission are expected to occupy the dense dark mat-
ter regions of the Universe, tracing large-scale mass overdensities (e.g., Steidel et al.
2000; Matsuda et al. 2004; Prescott et al. 2008; Saito et al. 2015; Cai et al. 2017; Oteo
et al. 2018).

There are possible explanations for the origin of circumgalactic Ly« emission.
These include (1) photoinization radiation powered by strong UV ionizing sources
(e.g., Cantalupo et al. 2005; Geach et al. 2009; Kollmeier et al. 2010), (2) radiation
from shock-heated gas, powered by relativistic winds or jets resulting from gas ac-
cretion onto supermassive black holes and/or supernovae events (e.g. Taniguchi &
Shioya 2000; Villar-Martin et al. 2007a), (3) resonant scattering of Ly« (e.g., Hayes
etal. 2011; Cantalupo et al. 2014), and (4) cooling radiation when the gas falls towards
galaxies (e.g., Fardal et al. 2001; Dijkstra & Loeb 2009).

In this chapter, I present the discovery of a large (~ 110 kpc) and luminous (Lyya ~
6 x 10* erg s~!) Ly nebula at z = 3.33, nicknamed “HLock01-LAB” hereafter, close
in projection, but physically unrelated to HLockO1 discussed in chapter 4. Throughout
this chapter, a cosmology with Q,, = 0.274, Q = 0.726, and Hy = 70 km s~! Mpc~!
is adopted. All quoted magnitudes are in the AB system.

5.2 Discovery of an Extended Ly« Emission

In section 4.5 of chapter 4 we have reported a serendipitous detection of a bright Ly«
emitting region at 5264 A (i.e. at z=3.33) close to the strong gravitational lensed sys-
tem HLockO1 (z >~ 2.95). The Ly« emission is detected in different spatial positions
with two long-slit spectroscopic observations with OSIRIS at GTC (slits #1 and #2 in
Figure 5.1) ~ 14 — 15” SW from HLockO1. The approximate locations of the peaks of
the Lya emission at z = 3.327 found in slit #1 and #2 are spatially separated by ~ 2"
and are marked with circles in Figure 5.1. The total Ly« flux within the two slits is
~ 1.8 x 10715 erg cm~2 s~!, which corresponds to a Lya luminosity of ~ 1.9 x 10+4
erg s~ at z=3.33. This Ly« luminosity is much higher (40 x Lﬁya) than those found
in typical Ly« emitting galaxies at similar redshifts (L]’:ya ~5x 10t ergs7!, eg.,
Ouchi et al. 2008; Sobral et al. 2018a, see also chapters 2 and 3). The Ly« emis-
sion seen in two different spatial locations and its large luminosity suggests that this
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emission comes from a more extended region, similar to what is found in high-z LABs.
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Figure 5.1: Top panel: CFHT g-band showing the locations on the sky of the OSIRIS long slits (dashed
lines) used in the analysis of HLockO1 (chapter 4), and the positions where bright Lya emission was
serendipitously detected (circles). The bright gravitational lensed galaxy HLockO1 discussed in chapter
4 is located in the top left corner. Bottom panel: 2D (up, for the slit #1) and 1D (down) spectra en-
compassing the region of the Ly« emission detected in both long-slit spectra. The dashed line shows
the transmission of the SHARDS U534/17 medium-band filter used to measure the extension of the Lya
nebula.
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5.3 Follow-up Observations

5.3.1 Lya imaging with medium-band SHARDS filters

In order to better understand the origin of the Ly« emission seen in two different
spatial locations, we obtained OSIRIS deep imaging of the Ly« line using the
SHARDS (Pérez-Gonzilez et al. 2013)! medium-band filter U534/17 (Acent = 5340
A; FWHM ~ 177 ,3\). Additional observations with the consecutive filter, U551/17
(Acent = 5510 f&; FWHM ~ 138 10%), were obtained to perform the continuum
subtraction of sources not related with the Ly emission. These observations were
obtained in service mode in 2017 April 24 in dark conditions as part of the GTC
program GTC61-17A (PI: R. Marques-Chaves). The total exposure time was 3000
and 3750 s for U534/17 and U551/17, respectively, split into 10 individual exposures
adopting a 5” dither pattern. The registration and combination of the individ-
ual images was done using SCAMP (Bertin 2006) and SWARP (Bertin 2010) (see
section 3.2.1 of chapter 3 for details). The seeing of the final images was 0.9” FWHM.

5.3.2 Long-slit spectroscopic observations

We also obtained additional GTC spectroscopic observations of HLockO1-LAB.
These were carried out in service mode in 2017 May 19 (Program: GTC61-17A).
We used the 1.5”-wide long slit centered on a bright reference star ~ 40" SE of
HLock0O1-LAB and oriented so as to encompass the brightest region of the Ly«
emission, at a sky position angle PA = —69.9°. The GTC grism R1000R was used,
providing a spectral coverage of 5100 — 10000 A. The total exposure time was 4650
s, split into 6 individual exposures of 760 s each. In addition, we obtained a spectrum
of the Ly« emission with a wider long-slit (5.0”-wide), in an attempt to measure and
calibrate the total flux of the Ly« emission. The data were processed with standard
IRAF and PYTHON tasks (see again section 3.2.1 for details). Table 5.1 summarizes
the new GTC spectroscopic observations.

5.3.3 Ancillary data

Since this object lies very close to the HLockO1 system (see chapter 4), we use the
ancillary data available in this field that was already discussed in the previous chapter.
These consist of optical imaging from OSIRIS/GTC (g-band), MEGACAM (r-band)
on the Canada-France-Hawaii Telescope (CFHT), Subaru Telescope (/-band), and

"https://guaix.fis.ucm.es/~pgperez/SHARDS/
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Table 5.1: OSIRIS spectroscopic observations of HLockO1-LAB
Date Grim  Slit width  Time PA Seeing
@) ® @)
2017 May 19 R1000R 1.2 6x760 —69.9 0.6
2017 Feb 03  R2500V 5.0 3x600 —69.9 0.9

near-IR imaging from Hubble Space Telescope (HST) Wide Field Camera 3 F110W
(1.1 pm), and LIRIS on the William Herschel Telescope (WHT) (K 2.2 pum). We also
use mid-IR Spitzer/IRAC images and catalogs from the Spitzer Extragalactic Repre-
sentative Volume Survey (SERVS; Mauduit et al. 2012) and the Spitzer Wide-Area
InfraRed Extragalactic survey (SWIRE; Lonsdale et al. 2003). In addition, sub-mm
imaging from the Submillimeter Array (SMA) at 880 pm and radio data from the Very
Large Array (VLA) at 1.4 GHz were also used. The details of these data can be found
in section 4.3 of chapter 4 and in the references therein.

5.4 Analysis

5.4.1 Morphology and total flux of the nebula

In Figure 5.2 we show the images of HLockO1-LAB in the SHARDS medium-band
filters, U534/17 and U551/17, that have similar depths, probing respectively the Ly«
+ continuum emission and only continuum emission redward of Lyca. The U534/17
image shows a clear flux excess due to the strong Lya emission. We also overplot the
GTC/OSIRIS spectral slits.

In the same Figure, the continuum subtracted Ly« image is also shown. We
smooth the image using a Gaussian kernel with o = 1”7, as done in others studies
(e.g., Cantalupo et al. 2014; Hennawi et al. 2015; Cai et al. 2017). The Ly« nebula
shows an elongated morphology (PA = —68°) and extends over ~ 11” within the 2o
detection limit.

In Figure 5.3 we show 2D GTC spectra (with the 1.5”-wide slit) encompassing the
regions of the Lya A1215, C 1v A1548,1550, and He 11 A1640. The integrated Ly«
flux above a 3¢ level (8 x 107!8 erg s~! cm™2) in the 2D spectrum is detected over a
significantly larger region, about 15”, that at z = 3.33 corresponds to ~ 110 kpc. C 1v
emission appears to have the same extension, although much fainter, whereas He 11
emission is only detected in the NW component.
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Figure 5.2: Top panel: SHARDS medium-band imaging of the Ly« (U537/17 filter, left) and nearby
continuum emission (U551/17 filter, right) of HLockO1-LAB. The size of the images is 30" x 30" cen-
tered on the Ly« nebula. The orientation of the long slits are also plotted with dashed lines. Bottom
panel: Continuum-subtracted, smoothed (with a Gaussian kernel with o = 1”") image of HLockO1-LAB
(16" x 16"). The white contour indicates the area above the 20 detection limit for the Lyc emission, and
it extends over ~ 11" x 5”. In all panels, North is up and East is to the left.

Since the SHARDS medium-band filter only probes the high level of the observed
surface brightness of the Ly« emission, we use the wide (5”, displayed with red dashed
lines in Figure 5.2) GTC long-slit spectrum to measure the total Ly« flux. Using a
large aperture of 15” we measure a total Lya flux F g = (6.044:0.08) x 10~ ergs~!
cm™2. Atz =3.33 this corresponds to a Lya luminosity Ly y, = (6.0040.08) x 1074
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Figure 5.3: Upper panel: Subaru / band image (16" x 16”") with labeled multiply sources (orange) within
the 20 detection of the Ly« emission (blue contour). VLA 1.4 GHz contours are also plotted in red (3
and 4o levels). The orientation of the GTC 1.5”-wide long slit is also plotted with grey dashed lines.
Bottom panels: 2D spectra of Lya A1215 (up), C 1v A1548,1550 (middle), and He 11 A1640 (down)
from the RIOOOR grism (the right panels show smoothed spectra). Ly« is detected over ~ 15", which at
z =3.33 it corresponds to ~ 110 kpc. C 1V emission appears to have the same extension, whereas He 11
emission is mainly detected in the NW component.

ergs™!.
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5.4.2 The central galaxy: source “A”
UV spectral properties

Figure 5.3 shows the Subaru / band image in the region of HLockO1-LAB. It shows
several sources within the Lya nebula. In particular, the peak of the Lya emission
lies very close (=~ 0.6”), but not coincident, to the source labeled as “A” in Figure 5.3.
Source “A” is compact, but is slightly resolved in the ground-based Subaru / band and
in the high spatial resolution HST F110W image. A radial profile fitting with a Gaus-
sian function of source “A” in the HST WFC3 F110W image gives a FWHM ~ 0.3” or
~ 2.3 kpc at z = 3.33, after correcting it for the intrinsic F110W point spread function
(PSF) FWHM (=~ 0.23") measured using several stars in the field. Moreover, VLA
1.4 GHz data shows faint emission on both sides of source “A” with similar intensi-
ties, with flux densities of 0.136 +0.03 and 0.139 +0.03 mJy for the West and East
component, respectively, suggestive of faint radio jets or lobes (red contours in Figure
5.3). However, we do not detect any emission in SMA 880 pm at a significance level
30 = 2.5 ml]y. Following Magnelli et al. (2015), we use the empirical far-IR/radio
correlation to study the radio excess in HLockO1-LAB. The ¢r parameter is defined
as:

Lir[W]

—1log [ ——RL™L
iR =108 (3.75 1012

) —log(Ly 4G [WHz']), (5.1)
where Lig is the integrated luminosity from the rest-frame 8 to 1000 pm, and L; 4G,
is the 1.4 GHz radio luminosity. By re-scaling the far-IR spectral energy distribution
of ALESS galaxies (da Cunha et al. 2015) to the SMA 880 pm lower limit, we find a
IR luminosity Lig < 2.1 x 10712 L, (30) yielding to a g < 1.5. This suggest a radio
excess, indicative of the presence of an AGN (e.g., Ao et al. 2017).

We extract the OSIRIS 1D spectrum of source “A” using the 1.5”-wide, R1000R
long-slit spectrum and a small aperture of 6 pixels in the spatial direction, which cor-
responds to ~ 1.5”. Figure 5.4 shows the 1D spectrum of source “A”. It shows a strong
Lya emission with an observed flux ny"; =(1.6940.06) x 10~ erg s~' cm™2.

We detect other emission lines, including C 1v A1548,1550, He 11 A1640, and
C 111] A1906,1908. These lines are much weaker than the Ly« line, with observed
fluxes of FZX = (3.24£0.4) x 10717, F$% = (2.8 +£0.8) x 10~'7, and F((:)Ibﬁ] =(1.1+
0.4) x 10717 erg s~ em~2, for C 1v, He 11, and C 111], respectively.

The systemic redshift of source “A” is determined from the central wavelength of
a Gaussian fit to the He 11 emission line (we do not use the C 1V line, because of its
scattering behaviour), yielding a za = 3.326 +0.002. The spectrum does not show
emission in N v A\1240, although we note that the continuum emission of source “A”
in this region is barely detected due to the low efficiency of OSIRIS and its R1000R
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Figure 5.4: Left: OSIRIS/GTC 1D spectrum of source “A”. The spectrum shows a strong Ly« line
(ny”; = (1.9340.05) x 1072 erg s~ cm™2) and faint emission in C 1v, He 11, and C 111] (marked with
vertical dashed lines). Right: Gaussian fit (blue dashed lines) to the spectral profiles of C 1v, He 11, and
C m1].

grism at short wavelengths.

To gain insight into the physical conditions of the ionized gas traced by C 1v, He 11,
and C 111], we use rest-frame UV emission-line diagnostics to identify the source of
photoionization (ionization by stars or by AGN). Following Nakajima et al. (2018b),
the line ratios of C 1V/C 111] (C4C3) and (C 11]+C 1v)/He 11 (C34) can be used to
distinguish star-forming galaxies from AGNs. From our GTC spectrum, we find line
ratios of C4C3=3.0£0.7 and C34= 1.6 £0.3. These ratios show that the ionized gas
in source “A” is powered by an AGN (see Figure 5.5). Moreover, these lines appear
relatively narrow with FWHM ~ 1000 km s~!, after accounting for the instrumental
broadening. Given this, and the weak continuum emission (m; = 23.25+0.08), source
“A” can be classified as a type-II AGN (e.g., Zakamska et al. 2003; Alexandroff et al.
2013).

We also extracted 1D spectra of the NW and SE components of HLockO1-LAB. In
this case, two large apertures of ~ 6.6” and ~ 6.4”, separated by ~ 0.8" of source “A”,
were extracted along the slit for the NW and SE components, respectively. The line
ratios C4C3 and C34, listed in Table 5.2, also show that the extended emission of C 1V,
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Figure 5.5: Positions of source “A”, and NW and SE components of HLockO1-LAB in the diagram of

C4C3 vs. C34. The line ratios of C 1v/C 111] (C4C3) and (C 111]+C 1v)/He 11 (C34) clearly show that the
gas is powered by an AGN.

Table 5.2: Emission-line ratios of HLockO1-LAB.

Components  Aperture Lya/C1v Lya/Henn (Cui]+Ci1v)/He1r C1v/C1ii]

™ (C34) (C4C3)
Source “A” 1.5 53+3 60+3 1.6+£0.3 3.0+0.7
NW comp. 6.6 10+1 5243 32407 35+14
SE comp. 6.4 7.6£0.9 > 45 >5.4 48+£1.2

He 11, and C 111] in the NW and SE components of HLockO1-LAB are likely powered
by an AGN (Figure 5.5), although the non detection of He 11 in the SE component
cannot rule out photoionization by star formation.

Multi-wavelength properties

In Figure 5.6, we show broad-band continuum images in the region of HLockO1-LAB,
including Subaru 7, HST WFC3 F110W, WHT/LIRIS Kj, Spitzer IRAC 3.6, 4.5, 5.8,
and 8.0 pm, and MIPS 24 pm.
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Figure 5.6: Top panel: cutout images (16" x 16" centered on the source “A”) of HLockO1-LAB in the
Subaru / band, HST WFC3 F110W, WHT K;-band, Spitzer IRAC 3.6, 4.5, 5.8, and 8.0 pzm, and MIPS
24 pm. The Lyo emission from the continuum-subtracted SHARDS medium-band image is plotted in
blue contour. VLA 1.4 GHz contours are also plotted in red (3 and 40 levels). All images are oriented
such as North is up and East is to the left. Bottom panel: best-fit model of the spectral energy distribution
of source “A” using FAST (Kriek et al. 2009). The fit uses photometry from CFHT R to IRAC 5.8 ym
(see Table 5.2). The non detection in the Spitzer IRAC 8.0 ym and MIPS 24 ;sm bands excludes a strong
emission from an AGN dusty torus (a power law F, o< v with & = —3, marked with a dashed line,

represents an upper limit of the thermal dust emission; see also: Villar-Martin et al. 2006).
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Table 5.3: Photometry of source “A”

Band Aobs Flux
(pm) (1dy)
g 0.48 2.1£0.2
R 0.62 1.6+0.1
1 0.77 1.84+0.1

FIIOW 112 33404
K, 216 142409
IRACI1 36 28.0+0.3
IRACI2 45 32.6+0.6
IRACI3 58 3749
IRACI4 8.0 <38 (50)
MIPS MI 240 <118 (50)
SMA  880.0 <4100 (50)
VLA 214000 0.28+0.04

We performed photometry of source “A” using the broad-band imaging data.
These measurements are summarized in Table 5.3. We use aperture photometry in
the GTC g, Subaru I/, HST WFC3 F110W, and WHT K| bands. To do so, we measure
the flux in a small aperture with a diameter of 2.5 the PSF FWHM of each image.
For R band, we use the photometry from the corresponding CFHT/MEGACAM cata-
log downloaded from the Canadian Astronomy Data Centre (CADC?). In the Sptizer
IRAC bands, we use the 3.8” aperture photometry provided by the Spitzer Enhanced
Imaging Products (SEIP) catalog?, which includes catalogs from deeper imaging in
the two first IRAC bands (3.6 and 4.5 pm), and shallower IRAC (5.8 and 8.0 zm) and
MIPS (24 pm) imaging from the Spitzer Wide-Area InfraRed Extragalactic survey
(SWIRE: Lonsdale et al. 2003). However, source “A” is not detected in the IRAC 8.0
pm and MIPS 24 m bands at 50 confidence level, which correspond to upper limits
of 38 and 118 ulJy, respectively.

It is interesting to note that the spectral energy distribution (SED) of source “A”
shows a clear rise between optical and IRAC 5.8 pum, but then falls at longer wave-
lengths, supported by the 8.0 and 24 pm upper limits. We thus argue that the emission
from the optical to, at least, IRAC 5.8 pm is dominated by stellar emission of the

20http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/cfht/
35nttp://irsa.ipac.caltech.edu/data/SPITZER/Enhanced/SEIP/
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galaxy associated with the LAB, rather than a thermal dust contribution of the AGN,
otherwise source “A” should be detected in the 8.0 um IRAC and 24 pm MIPS bands.

We then use the SED Fitting and Assessment of Synthetic Templates code (FAST:
Kriek et al. 2009) to derive the stellar population properties of source “A”. We use in
this fit optical R and /, near-IR F110W and Kj, and mid-IR Spitzer 3.6, 4.5, and 5.8
pm flux measurements. We exclude the photometry in the GTC g band in this fit,
given the large contribution of the Lya emission to the flux measured in this band.

Similar to the model performed in chapter 4 we assume stellar population synthesis
models of Bruzual & Charlot (2003), the Chabrier (2003) initial mass function, and
an exponentially declining star formation history (i.e., o e~'/7). We use a grid for the
age of the stellar population ranging from 20 Myr to the maximum age of the universe
at z = 3.33, and star formation histories with 7 between 0.3 and 100 Gyr, both in steps
of 0.1 dex. We also use the attenuation curve of Calzetti et al. (2000), and the allowed
Ay range was 0 — 4 mag in steps of 0.1 mag. We assume that the redshift is the same
as the one measured from the LAB emission lines, i.e. z = 3.326.

The best-fit model (x> = 1.1, shown in Figure 5.6) gives a stellar mass
log(M./Mg) = 11.53*_'8:(1){, and an attenuation of the stellar emission of Ay =
0.10*_'8:88, with age log(agey/yr!) = 9.lf8:i. The star formation rate (SFR) of the
best-fit model is found to be SFR = 33350 M, yr~ . Errors refer to 68% confidence
intervals derived using 500 Monte Carlo simulations.

5.4.3 Kinematics of the ionized gas

Despite the low spectral resolution of the RIO00R grism (/ 600 km s~ 1), the visual
inspection of the 2D spectra reveals variations of the kinematics of the gas along, and
well beyond the radio structures.

Figure 5.7 shows how the kinematics of the Lya, C 1v, and He II emission varies
spatially along the slit (we do not show the kinematics of C 111] because of the low
S/N). The emission lines were fitted with Gaussian profiles using one dimensional
spectra extracted from different apertures with widths along the slit of 3 pixels (for
Lya emission) and 6 pixels (for C 1v, and He 11), which correspond to ~ 0.76” and
1.5”, respectively. FWHM and velocities are plotted at each location along the slit
only where emission lines are detected with significance of > 5¢. Values of FWHM
have already been corrected for the instrumental broadening in the form of:

FWHMinginsic = \/FWHMng —FWHM? (5.2)

instrumental

where FWHM;pstrumental =~ 600 km s~!. The velocities refer to the velocities relative
to the systemic redshift of source “A” using the He II emission line.
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Figure 5.7: Spatial variation of the Lyc, C 1v, and He 11 emission lines (left to right, respectively) along
the slit (PA = —69.9, with 6 being negative/positive for SE/NW, respectively). From top to bottom
we show the spatial distribution of the normalized flux, FWHM (already corrected for the instrumental
broadening), and the velocity relative to the systemic redshift of source “A”. The spatial zero marks the
location of source “A”, whereas spatial locations of the VLA radio emission components are marked with
red dashed lines.

Perturbed kinematics, i.e. FWHM i 1000 km s~ !, are detected almost exclusively
in the regions around source “A” (black dashed line) and the VLA radio emission
(red dashed lines). At locations far from this region, the emission lines are narrower
profiles with FWHM of about 500 km s~

Turning to the velocities, Figure 5.7 shows a clear change in the relative velocity
of Ly around the central region of HLockO1-LAB, roughly around source “A” and
the radio emission. The variation in velocity of the Ly« line between the two radio
components is Av ~ 300 km s~ from ~ 400 km s~ ! for the SE component, to 100 km
s~! for the NW component. Such kinematic behavior, along with the large FWHM,
may suggest that the gas traced by the Ly« emission is expanding in an outflow, with
the SE component moving away and the NW component moving towards the observer.
C 1V appears to share the same kinematic pattern as the Lya emission in the central
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Table 5.4: Properties of HLockO1-LAB.
Value Unit

RAY 10:57:49.74 12000
Dec.9) +57:30:15.0 12000

z 3.326+0.002
Extension ~ 110 kpc
Liya 6 x 1014 ergs”!
LY <21x10M2 L
M 34x 1071 My

Notes: @) refers to source “A”.

region of the nebula (despite the offset in velocity), although the low signal-to-noise
ratio in this line does not allow us to confirm it unambiguously.

5.5 Discussion and Conclusions

We have presented the serendipitous discovery of HLockO1-LAB, a bright Ly« nebula
at z = 3.326. Table 5.4 summarizes the main properties of this Ly« nebulae.

HLock01-LAB shows Ly« emission extended over ~ 15" x 5", or ~ 110 x 40 kpc
at z = 3.3. The observed Ly« extension should, however, be regarded as a lower limit,
since the efficiency of the OSIRIS and the R1000R grism at 5250 Ais roughly 7%,
and the exposure times were relatively short. We detect Ly« emission at a significance
level of 30 ~ 2 x 107 erg s~' em~2, that corresponds roughly to a surface bright-
ness flux of SBry, ~ 1.5 x 10717 erg s—1 cm™~2 arcsec~2. However, by comparison
with other studies, we expect to find a larger extension if the source is observed with
lower limit of surface brightness similar to those achieved in Arrigoni Battaia et al.
(2018), Cai et al. (2018), or Ginolfi et al. (2018) with VLT/MUSE and Keck/KCWI
deep observations (SBryq ~2—6 x 10-18 erg s~ cm~2 arcsec™2). A more detailed
characterization of the real extension, luminosity, and excitation conditions of the gas
of HLock01-LAB should be possible with deeper observations with MEGARA®*, the
new GTC integral field unit and multi-object spectrograph.

From the GTC wide slit spectroscopic observations, we measured a total Ly
luminosity Ly = (6.00£0.08) x 1074+ erg s~!. In Figure 5.8 we compare the maxi-

*http://www.gtc.iac.es/instruments/megara/megara.php
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mum projected size of Ly« emission and the total luminosity of HLock01-LAB with a
compilation of other giant Ly« nebulae presented in Overzier et al. (2013).> This com-
pilation includes LABs (blue diamonds; the majority associated with type-II AGNss;
e.g., Overzier et al. 2013), radio-quiet and radio-loud QSOs (green circles and yellow
squares, respectively), high-z powerful radio galaxies (black crosses), and Lya emit-
ters (red pentagons; CR7 and Himiko galaxies Ouchi et al. 2009; Sobral et al. 2015,
respectively). The Ly« luminosity places HLockO1-LAB as one of the most luminous
Ly« nebulae known without strong radio emission.

T T T T T T T

500 Y HLock-LAB (this work) ° ]
¢ LABs (type-Il AGN)
QSOs (radio loud) ¢
_ 400} ® QSOs (radio quiet) 1
g + HzRGs
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Figure 5.8: Lya luminosity and maximum projected extension of HLockO1-LAB compared to other Ly«
nebula (see Overzier et al. 2013, and references therein).

At the center of the nebula, close to the peak of the Lya emission, there is a
massive (M, = 3.4 x 101! M) galaxy (source “A”), whose emission line spectrum is
consistent with excitation by a hidden AGN rather than by star formation. Our deep
VLA 1.4 GHz radio data also reveal two faint (~ 0.14 mJy) sources on both sides of
source “A” (at ~ 1”), compatible with radio jets or lobes originated in a central, ob-
scured AGN associated with the massive galaxy “A”. However, our multi-wavelength
analysis reveals that the AGN within this galaxy presents very weak thermal dust con-

SWe updated the collection reported in Overzier et al. (2013) with additional giant Lyc nebulae asso-
ciated with radio-quiet QSOs (Bergeron et al. 1999; Barrio et al. 2008; Cantalupo et al. 2014; Hennawi
et al. 2015; Borisova et al. 2016), type-II AGNs (Cai et al. 2017), and Ly« emitters (Ouchi et al. 2009;
Sobral et al. 2015).
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tribution supported by its non detection in the mid-IR Spitzer 8.0 and 24 pm bands.

It is interesting to note that the Lya morphology probed by the medium-band
SHARDS image is apparently aligned with the radio faint axis. Giant and luminous
Lya nebulae have been found surrounding high-z radio galaxies and, in general, they
are often aligned with the radio source axis (e.g., McCarthy et al. 1987, 1995; Villar-
Martin et al. 2003, 2007b; Morais et al. 2017). It is well accepted that the interaction
between powerful radio structures and the ambient gas may distort the morphological
and kinematic properties of the surrounding gas (e.g., Bicknell et al. 2000). Our kine-
matic analysis of the HLockO1-LAB (Figure 5.7) shows that the gas within the radio
structures has higher surface brightness and broad FWHM (> 1000 km s~ 1), likely as
a consequence of jet-gas interactions. Moreover, apart from the perturbed kinematics
of the gas, there is a clear change in the velocity of the Lya emission between the
two radio structures, suggesting an outflowing gas (although there are other possible
interpretations of the velocity field, such as a rotating gas disk). On the other hand,
the gas beyond the radio emission shows low surface brightness with quiescent kine-
matics with FHWM < 500 km s~!and velocity shifts (Av ~ 100 km s~ 1) that could
be consistent with gravitational motion around the massive galaxy (e.g., Villar-Martin
et al. 2002, 2003).

Despite the general similarities between HLockO1-LAB and other giant and lu-
minous Ly« nebulae around powerful HzZRGs, such as the alignment of the nebula
and the radio structures, its large Ly luminosity, and the detection of extended emis-
sion in metal lines, there are striking differences that should be discussed. First of
all, the radio emission seen in HLockO1-LAB is much weaker (total flux density
S1.461, = 0.27 +£0.04 mJy) than those found in HzZRGs, showing typically very strong
radio emission with flux densities up to hundreds of mJy (e.g., Roettgering et al. 1994;
De Breuck et al. 2000, 2004). Secondly, Ly« emission has been found beyond the ra-
dio structures in some HzRGs (e.g., Maxfield et al. 2002; Villar-Martin et al. 2002,
2003; Humphrey et al. 2008), although the relative extension of the ionized gas and
the extremities of the radio structures rarely exceeds a factor of two. In the case of
HLockO1-LAB, the Lya emission extends over ~ 110 kpc, whereas the radio compo-
nents are contained within the central ~ 8 kpc (although we note this can be due to the
low flux limit of our VLA radio data). Moreover, since extended emission in metal
lines is also detected, such as in C 1v, He 11, and C 111] the material within the nebula
is not primordial. The pressure in the radio jets may have polluted the intergalactic
medium with metals. Since these metal lines are detected well beyond the radio struc-
tures (over ~ 90, 50, and 35 kpc for C 1v, He 11, and C 111], respectively), our data
may indicate that the AGN activity (as well as the radio jets) has been more intense in
the past than what we observe today.
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Conclusions

In this Thesis I have presented a detailed study of the properties of different galaxy
populations at 2.3 < z < 3.3. These include young Ly« emitting galaxies, a very active
dust-enshrouded SMG detected with the Herschel Space Observatory, and a giant and
luminous Lya nebula. Given the typical faintness of these high-z galaxies, I have
employed the strong gravitational lensing effect in high signal-to-noise (S/N) studies,
with particular emphasis on their rest-frame UV properties. The Thesis presented
here highlights the power of gravitational lensing in probing deeply into the physics
of high-z star-forming galaxies in the epoch of the Universe when the star formation
rate density reaches its peak.

6.1 Summary of the main results

BELLS GALLERY Ly emitting galaxies

We tackled our work to search for strong gravitationally lensed Ly« emitting galaxies
from the BELLS GALLERY survey. This survey consists in the search for secondary
and asymmetric emission lines, i.e. redshifted Ly« emission, in a sample of ~ 1.5 x
10° optical spectra of massive early type galaxies at z ~ 0.5 obtained with the 2.5m
Sloan telescope.

In addition, in chapters 2 and 3 I report the discovery of two very bright (R ~
20 —21, AB) lensed LAEs with large image separations (> 4.5"), BG1429+1202 and
BG1501+3042. The lensing nature of these systems were confirmed with imaging and
spectroscopic observations with the GTC and WHT, and the main properties of both
the background lensed LAEs and the lensing galaxies were derived. Our principal

141
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conclusions are as follows.

* BG1429+1202 is a quadruply lensed LAE at z = 2.824, magnified by an early
type galaxy at z = 0.552. This LAE is one of the brightest galaxy-scale lensed
LAE known so far at any redshift, and even accounting for the lensing magnifi-
cation (¢ ~ 9) it is intrinsically very luminous in the rest-frame UV and Ly« by

about 19 and 5 times the typical Ly, and Ly, of LAEs at similar redshifts.

BG1501+3042 is a z = 2.643 LAE lensed by a z = 0.638 early type galaxy pro-
ducing a magnification of ~ 6. This LAE presents an uncommon lensing con-
figuration showing three lensed images in the image plane. Our results show
that a possible sub-halo of dark matter with M ~ 3 x 10°M, h~! in the outer
part of the early type galaxy (=~ 3.8” SE, or ~ 25 kpc at z = 0.638) is likely re-
sponsible for this odd lensing configuration, splitting the brightest lensed image
in two pieces (A and B, see Figure 3.3).

Then, in chapter 3, I presented the results of the first detailed study of this new type
of strong galaxy-scale lenses. To do so, we have carried out imaging and spectroscopic
observations with the GTC and WHT of six BELLS GALLERY LAEs. We arrive at
the following main results.

» These LAEs span a wide range of UV and Ly« luminosities, Myy ~ —20 to —23
(AB) and Liyq ~ (0.1 —2.8) x 10+% erg s~1. Our spectral and morphological
analysis show that these LAEs are purely star-forming galaxies without any
evidence for an AGN.

+ Some of them show prominent star formation rates, up to 110 M, yr—!, despite
their low dust content. We show that purely star forming LAEs have luminosi-
ties brighter than Myy < —21.5 (AB) and Liy, > 2 x 107# erg s=! without
appeal to an AGN component, as opposed to the recent claim by Sobral et al.
(2018b) that all UV- and/or Lya-bright galaxies are AGNs.

* We determined the systemic redshifts of these LAEs by measuring nebular emis-
sion from H 11 regions, stellar absorption from the photospheres of massive stars,
or fine-structure emission lines. We showed that fine-structure emission lines
can also be used to recover the systemic redshift of a galaxy with uncertainties
lower than 100 km s~! when observed with significant spectral resolution.

* Our kinematic analysis shows that the profiles of the ISM absorption lines in
luminous LAEs are more blueshifted (up to 200 km s~!) than in low luminosity
LAEs. These results evidence that LAEs with large star formation rates present
stronger outflows due to the radiation pressure of the most luminous and massive
stars.
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* These LAEs show Lya escape fractions of 7 —30%. However, we found that
for some of these LAEs, the spatial Ly« spatial distribution presents different
structure than the rest-frame UV continuum.

The Herschel-selected Submillimeter Galaxy HLock01

In chapter 4 I presented a detailed study of one of the first and brightest gravitational
lensed sources discovered in the HerMES survey, the SMG HLockO1 at z = 2.957.
Our results, based on the highest S/N spectroscopic studies of this type of galaxies
performed so far, show that:

* HLockO1 is a merger system composed of the Herschel-selected SMG and an
optically bright LBG, separated by only 3.3 kpc in projection. While the SMG
appears very massive (M, = 5 x 10''M), with a highly extinguished stellar
component (Ay = 4.3), the LBG is a young, lower-mass (M, = 1 x 1010M®),
but still luminous (10 x L) satellite galaxy.

The spectrum of the LBG shows complex kinematics of the gas, exhibiting both
blueshifted and redshifted absorption components. While the blueshifted com-
ponent is associated with strong galactic outflows from the massive stars in the
LBG, as is common in most star-forming galaxies, the redshifted component
may be associated with gas inflow seen along a favorable sightline to the LBG.
These results are one of the first observational confirmations' that gas accretion,
along with on-going mergers, are the main mechanisms responsible for such ex-
tremely large SFRs seen in many SMGs such as HLock0O1 (SFR = 1500 £ 200
Meyr—1), as suggested by simulations (e.g., Narayanan et al. 2015).

We also find evidence of an extended gas reservoir around HLockO1 at an impact
parameter of 110 kpc, through the detection of C 11 A1334 absorption in the red
wing of a bright Lyo emission line from a Ly« nebula at z = 3.325.

Ly nebula HLock01-LAB

Finally, in chapter 5 I have presented the serendipitous discovery and first analysis of
a large, extended Ly« nebula at z = 3.325. Our principal results are as follows.

* The nebula shows Ly« emission extended over 110 kpc with a total luminos-
ity Liya = (6.000.08) x 107# erg s~1. Tt also shows extended emission of

'At the time of writing this Thesis Falgarone et al. (2017) also found evidence of inflowing gas in
two gravitational lensed SMGs, through the detection of redshifted methylidyne cation (CH™) absorption
lines in the far-IR.
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C 1v A1548,50, He 11 A1640, and C 111] A1906,08 over ~ 90, 50, and 35 kpc,
respectively.

* The origin of the nebula is likely associated with a massive (M, = 3.4 x
10''M) type 2 active galaxy that shows two faint radio lobes or jets con-
tained within the central ~ 8 kpc. The jet-gas interaction in the central re-
gion of the nebula may explain the very perturbed kinematics of the gas, with
FWHM > 1000 km s~

* The pressure of the radio jets may have polluted the intergalactic medium with
metals. However, C 1V, He 11, and C 111] are also detected well beyond the radio
structures, suggesting that we are only probing the brightest part of the radio
emission, or that the AGN activity has been more intense in the past than the
currently observed fluxes, supported by the non detection of strong emission
from an AGN dusty torus.

6.2 Future Perspectives

The BELLS GALLERY is the first, and still unique, dedicated survey aimed to search
for strong gravitational lensed systems with LAEs as background sources. Consider-
ing the high success rate (80%) of finding strong gravitational lenses in the 21 BELLS
GALLERY LAEs observed with the HST, we expect more than 100 galaxy-LAE lens
systems among the remaining 166 candidates from the parent sample. Such examples
are the two lensed LAEs discovered and analyzed in this Thesis, BG1429+1202 and
BG1501+3042, that are among the brightest LAEs known so far. Therefore, observa-
tional efforts should be made in the follow-up of these systems, preferentially in the
entire sample, to confirm their lensing nature and to perform high S/N studies of their
properties by using, e.g., multi-band optical imaging in good seeing conditions, with
adaptive optics instruments, or additional HST observations.

In the near future, many aspects of LAEs properties can be studied with addi-
tional follow-up observations. Given the faintness of typical high-z LAEs, the strong
magnification in the BELLS GALLERY LAEs (< p >~ 13 on average) offers a rare
opportunity to study individually each LAE in a broad spectral range, from the rest-
frame UV to the far-IR and sub-mm. For instance, the spatial distribution of the Ly«
emission can be studied with narrow-band imaging or IFU spectroscopic observations
(see an example in Figure 3.12). Complementary optical/near-IR imaging and spec-
troscopy can also be used to study the kinematics of the ISM, the properties of the ion-
ized gas, and to infer other global properties of these galaxies, such as stellar masses,
star formation rates, and star formation histories through spectral energy distribution
fitting. Moreover, far-IR and sub-mm follow-up observations with ALMA, NOEMA,
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or SMA may probe the dust and molecular gas content in this young star-forming
galaxies, and derive quantities such as dust masses and IR luminosities, important to
determine total SFRs and Ly« escape fractions.
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Spectroscopic Features in the BELLS
GALLERY LAEs

This appendix shows the GTC OSIRIS spectra of the six BELLS GALLERY lensed
LAEs analyzed in chapter 3 (Figure A.1 to A.6). It presents also the measurements of
the spectroscopic features associated to the low- and high-ionization ISM. These are
presented in Tables A.1 and A.2, respectively.
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Figure A.1: Combined GTC/OSIRIS rest-frame UV spectrum of the lensed LAE BG0201+3228. Vertical
lines identify absorption and emission features associated with: stellar photospheric absorption (yellow),
low- and high-ionization ISM absorption (orange and red, respectively), nebular emission from H 11
regions (green), Ly« emission (blue), and fine-structure emission (violet).
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Figure A.2: Same as Figure A.1, but for BG0742+3341.
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Figure A.3: Same as Figure A.1, but for BG0755+3445.
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Figure A.4: Same as Figure A.1, but for BG0918+5104.
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Figure A.5: Same as Figure A.1, but for BG1429+1202.
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Figure A.6: Same as Figure A.1, but for BG1501+3042.
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Table A.1: Low-ionization Interstellar Absorption Features.

LAE Sin o1 Sin Cu Sin Fe 11 Al
Ao = 1260.42 Ao = 1302.17 Ao = 1304.37 Ao =1334.53 Ao = 1526.71 Ao = 1608.45 Ao = 1670.79

EW, FWHM EW, FWHM EW, FWHM EW, FWHM EW, FWHM EW, FWHM EW, FWHM
A &kmsH A &kmsH A &msH A *msH A &msH @A) kmsH @A) kmshH

BG0201+3228 234  478.18 230 51054 1.57 43671 3.01 53638 1.62 41488 048 <220 1.13  284.92
BG0742+3341 098 272,19 0.57 300.64 0.57 31669 1.04 377.19 029 204.79 - - - -
BGO0755+3445 1.62  416.65 091 36528  0.65 <220 1.81 43157 1.25 479.70 - - - -
BG0918+5104 1.32 34476 0.82 40220 0.63 <220 1.20 24552 083 29230 036 <220 043 <220
BG1429+1202 1.09 476.02 0.80 39624 0.70 325.11 192 776.08 1.14 508.17 - - 0.62  471.99
BG1501+3042 1.82* 81690 131 76195 131 76195 161 681.44 - - - - 080 <450

Notes. — * The profiles are affected by other absorption lines from intervening systems at lower redshifts.

Este documento incorpora firma electronica, y es copia auténtica de un documento electrdnico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

Caodigo de verificacion: tk9jwHqt

Identificador del documento: 1451276

Firmado por: RUI JOSE MARQUES COELHO CHAVES

Fecha: 23/07/2018 18:48:14

UNIVERSIDAD DE LA LAGUNA

190/191



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada

2018/53666
N° reg. oficina: OF002/2018/49198

N° registro:
Fecha: 23/07/2018 18:59:57

181

"191qnop OSST'SYSTY ALD

Y3 0} SIBJAY ¢ ‘SHIYSPAT JOMO] JE SWAISAS Suruaatajul woly sulf uondiosqe 1oyl Aq pajodgge dxe sa[yoid Ay, , — "SAJON

- - - - Q60 T6TT  qLSY 601611 LST  €8°0CF 09T 9¥'€69 PP'C THOLHIOSIODY
96'0cy  0L0 8°C9¢ 08°0 qBOCITT ¢85V o8O°CIIl o8SY  OFV'1CS T1€T  «CE€TPL 90T TOTI+6TPIDd
- - - - 0ce > 6L0 88°6¢9 £€9°C YeETIE €'l 86°9C¢ 651 v0IS+8160Dd
- - - - 00°6LT 290 60°S9 Syl S'09¢ 9I'1 SO'18% 9¢'T  ShPe+6SL0Dd
- - - - 0T > 810 6591¢ LSO 089r¢  S9°0  LET0T ¢S50 IveeterL0Dd
0ce > LT0 6'€8C 090  €9°6LT 811 9098 91T LOYLE TSI YL'8¥E 09'T  8TTE+102004
(Sw) (V) (sw) (v) Gsw) (v (sw) (Y (sw) (W) (s (y)
WHMA °MH WHMA °M3 WHMA °Ad WHMA  °AAd WHMA  °AAH IWHMA °MdF
087981 = 0y TL¥S8T = 0y LLOSST = Oy 0T'8%ST = 0Y LLTOVT = O} 9L'€6€T = 0Y
mv v ALD ALD ALLS ALIS dv1

'samyed,] uondiosqy uoneziuol-ysiy 7'V °[qeL

Este documento incorpora firma electronica, y es copia auténtica de un documento electrdnico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccion https://sede.ull.es/validacion/

Caodigo de verificacion: tk9jwHqt

Identificador del documento: 1451276

Firmado por: RUI JOSE MARQUES COELHO CHAVES

Fecha: 23/07/2018 18:48:14

UNIVERSIDAD DE LA LAGUNA

191/191



