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"[S]ince every piece of matter in the Universe is in some way affected by every other piece of
matter in the Universe, it is in theory possible to extrapolate the whole of creation - every sun,
every planet, their orbits, their composition and their economic and social history from, say,

one small piece of fairy cake.”
in The Restaurant at the End of the Universe, Douglas Adams
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Résumé

Les propriétés globales des galaxies montrent une forte évolution du taux de formation stel-
laire et de la densité de masse stellaire & ’époque de 'assemblage des galaxies précédent le
pic de formation stellaire dans 'univers, produite par plusieurs processus physiques concur-
rents (fusion, accrétion, rétroaction, environnement, ...). Les propriétés morphologiques des
galaxies ont aussi fortement évolué a la méme époque. Dans cette thése, j’étudie comment
I’évolution des propriétés morphologique est reliée aux propriétés spectrophotométriques des
galaxies depuis z ~ 6. Les données spectroscopiques obtenues au sein du VIMOS Ultra Deep
Survey (VUDS), un nouveau sondage spectroscopique unique de ~ 10000 galaxies entre red-
shift z ~ 2 et 2z ~ 6 menée & 'ESO-VLT, combinée avec I'imagerie du télescope spatial Hubble
des sondages COSMOS et CANDELS, fournissent un excellent moyen de sonder ’évolution
galactique & travers cette époque cosmique. Ce manuscrit est globalement divisé en 4 sujets
abordant I’évolution des galaxies et sa morphologie.

Un premier sujet est lié a I’évolution de la taille des galaxies & haut redshift. J’ai développé
un nouvel algorithme qui mesure la taille des galaxies d’'une maniére non-paramétrique en
calculant la superficie totale couverte par la galaxie a une brillance de surface fixée. Je com-
pare mes nouvelles mesures avec celles utilisées en standard dans la littérature et trouve une
évolution différente. Je trouve que les galaxies ont une méme taille typique constante dans
Iintervalle 2 < z < 4.5 contrairement & I’évolution modérée vers des petites tailles trouvé
pour la méme population pendant la méme période lors de I'utilisation d’'une mesure de taille
standard. J’attribue cette différence a la morphologie irréguliére pré dominante a ces époques.
Je trouve une grande dispersion dans la taille des galaxies avec, au méme redshift, des galaxies
compactes et non résolues avec HST, et de trés grandes galaxies avec des tailles totales au dela
de 10 kpc. Je discute 'implication de ces résultats et conclu que cette dispersion doit étre le
résultat de plusieurs chemins d’évolution distincts pour assembler les galaxies.

Le deuxiéme sujet concerne I’analyse des super-amas d’étoiles et de gaz (clumps) et leur im-
portance dans l'assemblage des galaxies. Sur la base de l'algorithme utilisé pour calculer la
surface totale des galaxies, j’ai développé un nouveau module pour détecter ces super-amas
dans un isophote de luminosité fixée. Je trouve que la fraction des galaxies avec des super-amas
est élevée & 2 < z < 6 (~ 35 — 55%) et augmente a plus grands redshifts. Une observation
intéressante est que la classe dominante est celle des galaxies avec deux super-amas, et ceux-ci
se trouvent souvent étre plus brillants et plus grands que les autres. Ces résultats indiquent
un scénario ou nous assistons a la fusion de galaxies dans sa phase finale, en accord avec la
fraction de fusions mesurée a partir d’études de paires de galaxies. Les super-amas petits et les
moins lumineux sont quand & eux similaires & ceux observés dans les simulations numériques de
disques galactiques, avec des instabilités dynamiques produisant des super-amas qui migrent
au centre de la galaxie et fusionnent pour former un proto-bulbe.

Ensuite, aprés un bref résumé de notre compréhension de I’évolution de la séquence de Hubble
au cours du temps cosmique je décris 'application d’un systéme de classification morphologique
visuelle & un échantillon de galaxies a formation d’étoiles & grands redshifts. Je constate une
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prévalence de galaxies irréguliéres sur tout U'intervalle 2 < z < 6 avec une fraction d’environ
~ 40 — 50% de I’échantillon. En ce qui concerne leurs propriétés physiques globales, je trouve
un scénario diversifié ou les différents types morphologiques couvrent une large gamme de
masses stellaires, de taux de formation d’étoiles, de contenu en poussiére, et d’ages. Je conclus
qu’il n’y a pas de correspondance univoque entre un type morphologique et un chemin unique
de formation.

Enfin, j’examine les mécanismes physiques qui sont proposés pour expliquer I’émission de
photons Ly-a dans les galaxies a grands redshifts et je présente une étude sur les conditions
typiques qui permettent aux photons Ly-a des s’échapper dans ces galaxies. Avec ’aide de
plusieurs membres de la collaboration de VUDS j’ai produit un catalogue de galaxies émetteurs
de la raie Ly-a classés visuellement en fonction de la forme de la raie dans les spectres 2D. Nous
identifions une classe d’émetteurs avec la raie spatialement étendue (par rapport a 1’émission
du continuum UV) qui correspond aux émetteurs Ly-a (LAESs) identifiés classiquement dans
la littérature en raison de leur grande largeur équivalente. Ces objets se trouvent étre plus
petits, moins poussiéreux, moins massifs et avec une formation d’étoiles plus faible que d’autres
catégories d’émetteurs ou de galaxies sans émission Ly-a. Je conclus que cette classe d’objets
explique en partie les différences constatées dans la littérature entre les LAEs et les galaxies a
formation d’étoiles normales.

A partir des résultats présentés ci-dessus, je conclus que les différentes propriétés morphologiques
de galaxies a formation stellaire aux redshifts 2 < z < 6 montrent qu’il existe plusieurs fagons
pour les galaxies de se former. La grande diversité de tailles, la fraction importante de super-
amas d’étoiles et de gaz trés lumineux indiquant des fusions et ceux moins lumineux résul-
tant probablement d’instabilités dans la formation des disques galactiques, avec la prévalence
de galaxies irréguliéres couvrant un grand domaine de masse stellaire et formation stellaire,
pointent ensemble un scénario ou l'assemblage des galaxies procéde de différents mécanismes
physiques. La formation des galaxies apparait ainsi plus complexe qu’un scénario simple im-
pliquant la formation d’un disque avec de l'accrétion de gaz froid pourrait le faire croire.
Je présente des arguments observationnels qui identifient plusieurs chemins de formation et
d’assemblage des galaxies dans lesquels les principaux mécanismes physiques, principalement
les fusions, I'accrétion et les instabilités dans les disques, ainsi que les effets de rétroaction dus
aux vents stellaires ou des noyaux actifs, contribuent de fagon radicalement différente.

Mots clés: Galaxies: morphologie; Galaxies: évolution; Galaxies: haut redshift; Galaxies:
Ly-a
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Abstract

The global properties of galaxies show a strong evolution of the star formation rate and stellar
mass density at the epoch of galaxy assembly, driven by several competing physical processes
(merging, accretion, feedback, environment,...). The morphological properties of galaxies are
also strongly evolving over the same timescales. I investigate how the evolution of the mor-
phological properties is connected to the spectrophotometric properties of galaxies since z~6.
The spectroscopic data obtained within the VIMOS Ultra Deep Survey (VUDS), a new unique
spectroscopic survey of ~10000 galaxies between redshifts z ~ 2 and z ~ 6 conducted at the
ESO-VLT, combined with the available Hubble Space Telescope imaging surveys such as COS-
MOS or CANDELS provide a great opportunity of probing galactic evolution across this cosmic
epoch. This thesis is broadly divided in 4 topics tackling galaxy morphology evolution.

A first topic is related to the evolution in galaxy sizes at high redshift. I have developed a new
algorithm that measures galaxy sizes in a non-parametric way by computing the total area
covered by the galaxy above a fixed luminosity isophote. I compare my new measurements with
those standardly used in the literature and find that in terms of typical evolution they differ
substantially. I find that galaxies have the same typical size across 2 < z < 4.5 contrary to a
moderate evolution found for the same population in the same period when using a standard
size measurement. I attribute this difference to the often irregular shape of galaxies at these
epochs. Importantly, I find that the dispersion of sizes is very large, with, at the same redshift,
compact galaxies that are basically unresolved with HST, and very large galaxies with total
sizes over 5 kpc. I discuss the implications of these findings and conclude that the wide range
of galaxy sizes must be the result of several different paths for galaxy assembly.

The second topic provides context for the search of galactic clumps at high redshift and the
importance it has for galaxy assembly studies. Based on the algorithm used to compute the
total extent of galaxies, I developed a new code to detect clumps within a given isophote. I
find that the fraction of clumpy galaxies is high at 2 < z < 6 (~ 35 — 55%) and increases at
higher redshifts. An interesting finding is that the predominant class of clumpy galaxies has
two clumps, and these are often found to be the brightest and largest of all clumps. I argue
that these results point to a scenario where we are witnessing merging of galaxies in its final
stages, and that it complements the merger fraction derived from pair finding studies. The
faint and small clumps are more akin to the clumps produced in the simulation of discs, where
violent disc instabilities produce several clumps migrating to form a central proto-bulge.

Then I move to a brief summary on our understanding of the evolution of the Hubble sequence
across cosmic time and an extension of a visual classification scheme to a high-redshift sample
of star-forming galaxies. I find a prevalence of irregular galaxies at all redshifts 2 < z < 6 that
amount to around ~ 40—50% of the star-forming sample. With respect to their global physical
properties I find a diverse scenario where different morphological types span a wide range in
stellar masses, star formation rates, dust content and ages. I argue that star-forming galaxies
at these redshifts show diverse paths of galaxy formation and that no single morphological
type corresponds univocally to a single path for formation.
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Finally I provide some context about the physical mechanisms that are thought to power
the emission of Ly-a photons in high redshift galaxies to introduce a study on the typical
conditions for Ly-a emission in high redshift galaxies. With the help of several members of
the VUDS collaboration I have produced a catalog of visually classified Ly-a emitters based
on the shape of the line on the 2D spectra. I identify a class of spatially extended line emitters
(with respect to the UV continuum emission) that is the typical object corresponding to Ly-«
emitters (LAEs) due to its large equivalent width. These objects are found to be smaller, less
dusty, less massive and less star-forming than other classes of line emitters and also objects
with no emission at all. I argue that this class of objects is partially the explanation for
the differences found between LAEs and normal star-forming galaxies that are found in the
literature.

From the results that I have obtained, I conclude that the different morphological properties
of star-forming galaxies at 2 < z < 6 show that there are several mechanisms that take part
in galaxy formation. The great diversity in galaxy sizes, the high number of bright two clump
systems as well as faint multi-clump systems indicating merging and disk instabilities processes,
respectively, and the wide range in physical properties that are populated by irregular galaxies
all point to a diverse history for galaxy formation. This suggests that forming galaxies is
far more complex than a scenario involving cold gas accretion alone. I present observational
evidence in favor of several different path for galaxy formation and assembly, for which the
contribution of key physical processes like merging, accretion and disc instabilities, as well as
stellar and AGN feedback, are very different.

Keywords: Galaxies: morphology; Galaxies: evolution; Galaxies: high redshift; Galaxies:
Ly-a
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1 | Introduction: morphology as a tracer

of galaxy evolution
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Galaxies are ubiquitous in the Universe and current scientific research, both in observations
and theoretical models, span most of the cosmic time since the formation of the first galaxies.
The farthest object spectroscopically confirmed as of yet is at z ~ 11 (observed as it was 13.3
billion years ago Oesch et al., 2016). Although we are far from understanding the intricacies
of the complex Universe we live in, we have made substantial advances on our understanding
of how galaxies evolve throughout cosmic time and on which physical mechanisms govern such
evolution (e.g. books and reviews by Sparke & Gallagher, 2007; Mo et al., 2010; Maiolino,
2013; Madau & Dickinson, 2014; Conselice, 2014; Somerville & Davé, 2015).

The standard cosmological model is now globally constrained by the latest observations, in-
cluding the cosmic microwave background (CMB, e.g. Planck Collaboration et al., 2015). It
states that we live in a Universe in accelerated expansion composed mostly of non-baryonic
components: dark energy and dark matter. This model predicts that the Universe began in
a very hot and dense state approximately ~ 13.8 billion years ago and, from these initial
conditions, the expansion led the material to cool down until electrons eventually combined
with protons and the photons were permitted to roam free, allowing us to witness the first
picture of the early Universe (the CMB, see Mather et al., 1990; Bennett et al., 2013; Planck
Collaboration et al., 2015). The small scale perturbations that we observe in the CMB are the
structural seeds of all that we observe today.

As time moved forward, perturbations grew to a point where the self-gravity surpassed the
strength of the expansion and the first astrophysical objects formed - first stars and black
holes, primitive galaxies (see Bromm & Yoshida, 2011, for a review). Objects form once gas
clouds inside dark matter halos collapse under their own gravity. As it collapses, a cloud
fragments into smaller cores which through effective cooling become dense and hot enough to
start nuclear reactions known to power all stars in the Universe. Large groups of stars bound
by gravity and embedded in large gas reservoirs assemble to form the first galaxies in the
Universe. There is currently no confirmed observations of such entities (some candidates have
been proposed e.g. Sobral et al., 2015b) and it is still unclear how these first stars and galaxies
actually formed, but it is generally accepted that this is the way first galaxies come to be.

Fast-forwarding to the beginning of the 20th century, the first photographs of galaxies led
to the first classification of galaxies into groups according to their properties - their shape
at that time (Hubble, 1926, 1936, see also Sandage 1961). Galaxies with spiral, elliptical or
irregular morphology were identified and specific attributes were found in each, which allowed
a classification in sub-classes, identifying bars or the relative contribution of a bulge and a
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Figure 1.1. Modern depiction of the Hubble sequence of morphology classification. Elliptical galaxies are
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spirals grouped into barred and ordinary and classified from a to ¢ according to the tightness of the spiral arms.
In the right end we have the irregular galaxies (from Kormendy & Bender, 1996).

disc component. It was proposed to organize these classes into what is called now the Hubble
sequence of galaxies (figure 1.1). Since then many attempts have been made to find a physical
motivation for this sequence, linking galaxies of each class to some peculiar evolution history.
To explain the existence of different galaxy types, an early explanation owed the difference
in structure to the difference in the cooling time (Eggen et al., 1962). In the case of short
cooling times, the gas would collapse very rapidly and monolithically and form an elliptical
galaxy. Whereas a long cooling time would allow som gravitational energy to be radiated away
through radiative cooling and shocks until the original cloud became rotationally supported
and formed a galactic disk. There is an additional important process that was identified early
on to help shape galaxies, galaxy interactions, from tidal forces to merger events (e.g. Toomre
& Toomre, 1972; Toomre, 1977). The merger process between two disk galaxies is thought to
be a way to form elliptical galaxies (although there was some controversy, see Ostriker, 1980,
and Hopkins et al. 2008, 2009). More recently, there are new models that call for the presence
of cold gas inflow into dark matter halos which may also produce elliptical /bulges and galactic
disks depending in the properties of the stream (e.g., smoothness or clumpiness, Dekel et al.,
2009).

Once a galaxy forms there are a number of processes that help shape its structure (e.g. see
review Kormendy & Kennicutt, 2004). These processes can be broadly grouped into external
and internal processes, and also in short and long timescales mechanisms. These processes
include in-situ star formation that drives secular structural evolution through instabilities in
the gaseous disk and ez-situ star formation that refers to stellar components that were formed
elsewhere and later aggregated by the galaxy via galaxy harassment and merger events. During
a galaxy lifetime, we expect that gas in the intergalactic medium will infall onto the disk
due to their gravitational potential and eventually form new stars. If gas was able to cool
efficiently, then all gas would be converted into stars. However, we observe that only ~ 10%
of the baryonic matter is in the form of stars (Somerville & Davé, 2015). Thus, one or more
mechanisms that prevents gas from cooling and renders star formation inefficient is necessary
to explain observations. It is now recognized that stellar and active galactic nuclei feedback,
in the form of winds or supernovae explosions or an active central super massive black hole
(e.g. Kormendy & Ho, 2013), is likely the explanation for the suppression of star formation in
galaxies (e.g. Hopkins et al., 2012a).
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To identify the processes and timescales forging the morphology of galaxies, one important
development since the mid 80s is the ability to measure the properties of galaxies at different
epochs, using the redshift time machine, directly following evolution by looking at galaxies
at increasingly large look-back times. Our knowledge on how galaxies have evolved has then
increased significantly (see reviews by Maiolino, 2013; Madau & Dickinson, 2014). One key
observable is the number of stars formed per unit volume and per unit time as a function of
cosmic history (star formation rate density, SFRD, pspr). This quantity has been thoroughly
explored in different galaxy surveys starting with the Canada-France Redshift Survey (CFRS
Lilly et al., 1996) and deep HST imaging building the now classical 'Lilly-Madau diagram’
(Madau et al., 1996), and constantly improved since then (e.g. Madau & Dickinson, 2014)
and it is now established that the SFRD has increased since the early Universe and peaked
at around z ~ 1.5 — 2, to then decrease by a factor ~ 10 to the present time. Another tracer
of galaxy evolution is the rate at which galaxy assembled their stellar masses, the stellar
mass density (SMD, p,), that has seen a strong rise from z ~ 4 to z ~1 (e.g. Ilbert et al.,
2013). Theoretical models and simulations have been attempting to reproduce and explain the
evolution of the SFRD and SMD, with only partial success, despite the continuously refined
numerical models (e.g. Genel et al., 2014; Furlong et al., 2015; Henriques et al., 2015). Linked
with the stellar mass growth is the rate at which galaxy merge This quantity is also rising
or peaking during the same epoch (e.g. Le Févre et al., 2000; de Ravel et al., 2009; Lopez-
Sanjuan et al., 2013; Tasca et al., 2014b; Rodriguez-Gomez et al., 2015). When combined,
these observations imply that at z 2 2 galaxies are undergoing a rapid assembly of stellar
mass and a likely morphological change.

1.1 OVERVIEW ON GALAXY MORPHOLOGY

In the beginning of the 20th century the existence of objects outside our own galaxy was the
subject of intense debate (see Shapley & Curtis, 1921). In 1925 Hubble (1925), using the
100m inch Hooker Telescope at Mount Wilson, measured the distance to Andromeda using
variable Cepheid and confirmed the existence of extragalactic nebulae due to its distance.
Soon after, the first classification scheme was born. From a collection of 400 images of nearby
galaxies, Hubble (1926) divided the objects into three main categories: ellipticals, spirals
and irregulars. This scheme became later know as the Hubble Sequence and it was updated
regularly to include more and more details on the exact shape seen in galaxies. One of the
extensions was proposed by de Vaucouleurs (1959) that aim to include galactic rings and bars
in the classification. Later, van den Bergh (1960) also added a classification system based on
the spiral pattern regularity.

This classification scheme was purely based on the observed shape of galaxies. However,
the regularity with which galaxies could be classified raised the idea that different physical
mechanisms were likely associated with the different galaxy types. In fact, we do observe that
galaxy morphology correlates with several physical parameters (Conselice, 2014, for a review,
see also Buta et al. 2015) and with the galaxy density around them (e.g. Dressler, 1980). I
summarize the main characteristics of each galaxy type in the following paragraphs.

Elliptical galaxies are characterized by a smooth stellar distribution, usually ellipsoidal forms
and rarely display any morphological features like dust lanes or spiral arms. The dominant
old stellar population and the lack of gas and dust are the reasons behind its shape and color.
They span several orders of magnitude in stellar mass being found at the massive end in the
center of galaxy clusters supported by random stellar motions. In the low mass end ellipticals
usually have some rotation support.

Spiral galaxies have prominent spiral arms in the galactic disk that are populated by blue
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young stars. It is also in the arms regions that large amounts of dust and gas are found to fuel
the formation of new stars. Often, the central regions of spirals have a spheroidal component
(the bulge) or a central bar. There is a relation between age and bulge prominence, with the
younger galaxies having little or no bulge component.

Between ellipticals and spirals, there is an intermediate morphological type - the lenticular
galaxies. These objects are usually prominent bulgy systems with a large rotating disk with
no special features. They have a fast rotating disk as found in spiral galaxies but usually have
little gas and dust and are red as elliptical galaxies. The last major class of galaxies are those
which show no obvious symmetry from which they got their name of irregular. Commonly
young and low mass systems in the local Universe, these are thought to be analogs to the
galaxies that we may find in the early phases of galaxy assembly.

Apart from these main classes, there are a number of strange shapes that are found in galaxy
surveys. These include the presence of large tails of stars and dust, asymmetric rings, stellar
shells. Due to their peculiar nature, these systems are found to be dynamically perturbed
systems due to merger events or tidal interactions and are in the process of morphological
transformation.

Despite its usefulness, the visual classification method remains subjective to individual inter-
pretations. On top of that, galaxies in the younger Universe resemble less and less those that
observed in the local Universe and the morphological discrimination of galaxies is harder (e.g.
Driver et al., 1995; Glazebrook et al., 1995; Abraham et al., 1996; Lilly et al., 1998; Con-
selice et al., 2005; Delgado-Serrano et al., 2010; Mortlock et al., 2013; Buitrago et al., 2013;
Huertas-Company et al., 2015b). Throughout the years several attempts at quantifying the
structure of galaxies have been put forward. These methods help improve our views on galaxy
morphology across cosmic time. One of the most common methods relies on the modeling of
the surface brightness distribution of galaxies (e.g. de Vaucouleurs, 1948; Sérsic, 1968; King,
1978; Simard, 1998; Peng et al., 2002, 2010). Another approach assumes no empirical model
and tries to directly quantify the light distribution in galaxies from the images (e.g. Abraham
et al., 1994; Conselice, 2003; Lotz et al., 2004; Law et al., 2007; Freeman et al., 2013). These
morphological quantifiers have been subject to numerous studies and found to correlate with
the stellar mass, star formation, and stellar populations of galaxies (e.g. Roberts & Haynes,
1994; Kauffmann et al., 2003; Conselice, 2003; Blanton et al., 2003; Blanton & Moustakas,
2009; Tasca & White, 2011; Wuyts et al., 2011; Whitaker et al., 2016).

For instance, star-forming galaxies are known to be more asymmetric, often composed of sev-
eral knots of star formation, clumpy spiral arms, and correlate with galaxy structural param-
eters (e.g. Conselice, 2003). They are also likely to have smaller morphological k-corrections
(differences in structure between optical and UV rest-frame observations) than passive ellipti-
cal galaxies (e.g. Windhorst et al., 2002; Taylor-Mager et al., 2007). Highly disturbed systems
as probed with non-parametric measurements have also been used to probe the merger activ-
ity of galaxies across cosmic time (e.g. Conselice, 2003; Conselice & Arnold, 2009; Lotz et al.,
2004, 2008; Freeman et al., 2013). Another underlying correlation exists between the galaxy
size and its stellar mass which is seen both in the local Universe (e.g. Shen et al., 2003; Guo
et al., 2009) and at high-redshift (e.g. Trujillo et al., 2006b; Franx et al., 2008; Mosleh et al.,
2011, 2012; Ichikawa et al., 2012; van der Wel et al., 2014; Morishita et al., 2014).

First studies on the evolution of galaxy morphology focused on the relative abundance of
Hubble types across time. All results on this topic agree that the fraction of irregular (or
peculiar) galaxies increases rapidly with cosmic time up to z ~ 3 (e.g. Driver et al., 1995;
Glazebrook et al., 1995; Abraham et al., 1996; Lilly et al., 1998; Conselice et al., 2005; Delgado-
Serrano et al., 2010; Mortlock et al., 2013; Buitrago et al., 2013; Huertas-Company et al.,
2015b, see also figure 1.2). At higher redshifts there have been studies about the fraction of
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irregular systems up to z ~ 7 that confirm that these types of galaxies remain the dominant
population of UV bright galaxies, but the fraction is reported to remain constant at 30 — 60%
(e.g. Conselice & Arnold, 2009; Jiang et al., 2013; Curtis-Lake et al., 2016; Bowler et al., 2016).

A particular population of irregular galaxies that has been subject of scientific scrutiny have
been galaxies with star-forming clumps (e.g. Elmegreen et al., 2004; Elmegreen & Elmegreen,
2006; Elmegreen et al., 2007, 2013; Gengzel et al., 2008; Bournaud et al., 2008; Wuyts et al.,
2012; Guo et al., 2012). In particular there have been reports on the fraction of these clumpy
systems among the star-forming population that suggest a rapid rise up to z ~ 2 and then a
possible decline at higher redshifts (e.g. Guo et al., 2015; Shibuya et al., 2016). However there
are still a lot of uncertainties on this fraction at z 2 3 and there is an active discussion on
the physical origin of these clumpy systems with arguments supporting merger events (e.g. Di
Matteo et al., 2008) or disk instabilities (e.g. Genzel et al., 2008; Elmegreen et al., 2008, 2009;
Dekel & Krumholz, 2013; Perez et al., 2013; Bournaud et al., 2014; Bournaud, 2016), with the
latter currently being favored in the literature (see e.g. Shibuya et al., 2016).

One of the most studied aspects of galaxy morphology evolution is linked to the evolution
in galaxy sizes. It is generally accepted that galaxies were smaller at higher redshift (up to
z ~ 10, e.g. Bouwens et al., 2003; Ferguson et al., 2004; Bouwens et al., 2004; Daddi et al.,
2005; Ravindranath et al., 2006; Trujillo et al., 2006c¢; Akiyama et al., 2008; Franx et al.,
2008; van der Wel et al., 2014; Morishita et al., 2014; Hathi et al., 2008; Jiang et al., 2013;
Ono et al., 2013; Kawamata et al., 2015; Holwerda et al., 2015; Shibuya et al., 2015) and
that the size evolution depends on the population we are probing with star-forming galaxies
experiencing smaller growth when compared to passive galaxies, which are always smaller
(e.g. Trujillo et al., 2006b; van der Wel et al., 2014; Straatman et al., 2015, see also figure
1.2). But when using different methodologies or statistics behind the measurements of galaxy
sizes can still provide different evolution scenarios with results showing little to no evolution
from z ~ 2 -3 to z ~ 4 —6 in UV rest-frame sizes of typical star-forming galaxies (e.g. Law
et al., 2007; Curtis-Lake et al., 2016, see also Stott et al. 2013 for rest-frame optical sizes
in Ha-selected galaxies). There are also results pointing to the prevalence of small galaxies
with no size evolution (when compared to normal star-forming galaxies) among Ly-« emitters
(LAEs) at 2 < 2z < 7 (e.g. Malhotra et al., 2012, for a compilation), although there are reasons
to believe that these differences are caused by the different mass-regimes that are probed by
the two populations (e.g. Hagen et al., 2016b). In what concerns the evolution of the surface
brightness profile of galaxies, star-forming galaxies are found to have disk-like profiles at all
times (e.g. Ravindranath et al., 2006; Buitrago et al., 2013; Morishita et al., 2014) up to z ~ 3
in the optical rest-frame, and this trend seems to be found up to higher redshifts (z ~ 3 — 10
e.g. Shibuya et al., 2015) although this picture is made more complex by the existence of
compact star-forming galaxies (e.g. Barro et al., 2014; Nelson et al., 2014; Williams et al.,
2014; van Dokkum et al., 2015).

To summarize, the preferred scenario for the evolution of galaxies consists of a Universe with
cold dark matter on which galaxies form and live within dark matter halos (see summary by
Efstathiou & Silk, 1983; Blumenthal et al., 1984). We have access to large and diverse surveys
(e.g. Giavalisco et al., 2004; Rix et al., 2004; Scoville et al., 2007; Lilly et al., 2007; Grogin
et al., 2011; van Dokkum et al.; 2011; Ahn et al., 2012; McCracken et al., 2012; Le Févre et al.,
2013, 2015; Sobral et al., 2015a) that help narrow the number of accepted explanations and
also to large numerical simulations (e.g. Vogelsberger et al., 2014; Schaye et al., 2015) which
are able to globally reproduce the observed properties of the galaxy population at z =~ 0.
However we still debate the rate of growth of star-forming galaxies, and what is the impact
of the assumption of symmetry on the measurement of galaxy sizes at high redshift. It is still
unclear how many galaxies are found to be clumpy at z 2 2 and whether the observed clumps
are formed via merger or disk instabilities. The relative abundance of irregular galaxies at
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Figure 1.2. Left: Evolution of the main morphological types of the Hubble sequence up to z ~ 3 (from
Huertas-Company et al., 2015b). Right: Size evolution of star-forming galaxies (in blue) and passive galaxies
(in red) since z ~ 3 (from van der Wel et al., 2014).

high redshift is known to be high but several studies report fractions ranging from 30 — 70%
and the evolution of this fraction at z = 3 is still largely unknown.

1.2 OUTLINE

The goal of this thesis is to explore the morphological properties and quantify their evolution
from a large sample of star forming galaxies during the phase of major galaxy assembly (2 <
z < 6). During my PhD I have developed new algorithms to quantify the evolution of galaxy
sizes and for the identification of clumps in high-redshift galaxies and attempted at establishing
a visual classification scheme on galaxy morphology and also on the extent of the Ly-« line
(with respect to the UV continuum) to answer some on the current open questions of galaxy
evolution.

In chapter 2 I detail the current knowledge on galaxy morphology evolution by reviewing
recent results that contextualize the analysis that will be done in the following chapters. In
chapter 3 I present the VIMOS Ultra Deep survey (VUDS, Le Févre et al., 2015) from which
the sample of high-redshift star-forming galaxies that is subject of analysis is selected. I detail
more specifically the VUDS public data release and a new tool that I developed to tackle
data reduction issues. I end this chapter by giving an overview of the VUDS sample and the
particular sample selections that were put in place.

In chapter 4 I give an overview on all the methodology that I developed during the course of
my PhD. This chapter is divided in several topics that include parametric and non-parametric
morphology methods that have been adapted from the literature, the description of the new
algorithms for computing galaxy sizes and for the detection of clumps in high-redshift galaxies,
and the tools and classification schemes used for the visual characterization of galaxies and
the Ly-a line.

In chapter 5 I present the main results of my PhD, done in collaboration with the VUDS
team, in the 4 different topics that I studied in detail. In chapter 6 I discuss the implications
of my results to the current paradigm of galaxy formation and then summarize my findings in
chapter 7. Papers accepted or submitted to refereed journals are presented in Appendix A.
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All results on this thesis assume a cosmology with Hy = 70 km s~ Mpc™*, Qo = 0.7 and
Qo,m = 0.3. All magnitudes are given in the AB system. I assume a Chabrier (2003) Initial
Mass Function (IMF) in my results.
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2.1 PHYSICAL DRIVERS OF MORPHOLOGY EVOLUTION

In this section I will give a general overview on the physical mechanisms that are thought to
play an important role in the current paradigm of galaxy formation and evolution and their
expected morphological signatures. A summary of all these processes is found in figure 2.1.

2.1.1 OVERVIEW OF PHYSICAL MECHANISMS DRIVING GALAXY
EVOLUTION

Galaxy formation, and early stage evolution, is believed to be a turbulent process where gas
inflows, strong winds, and galaxy-galaxy interactions give rise to the intricate shapes we have
found since the first deep high-z HST observations (e.g. Driver et al., 1995; Glazebrook et al.,
1995; Abraham et al., 1996; Lilly et al., 1998).

The main driver for structure formation in the Universe is the force of gravity. It plays a crucial
role in the determination of the the number of collapsed regions (dark matter halos) in the
Universe. In the standard paradigm, all galaxies form within such regions. Gravity also governs
the rate at which different halos merge and how they cluster in space. When different halos
merge the galaxies residing within will lose angular momentum through dynamical friction
causing them to eventually coalesce in a single larger galaxy.
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Figure 2.1. Morphology box of transformation processes grouped into external and internal processes, and
rapid and secular mechanisms (from Kormendy & Kennicutt, 2004).

Galaxies are formed through the collapse of gas clouds within the dark matter halos first
set by gravity. During the collapsing process, we may witness the formation of large shocks
and the rising of gas temperature. In order to form stars we require the condensation of gas
into small regions which is only possible through effective cooling processes. At different gas
temperatures, there are different efficient methods for gas cooling. At the highest temperatures
the gas cools mostly via the bremsstrahlung effect. When the gas is cool enough for the
hydrogen atoms to form and survive, gas cools by the recombination process where electrons
and protons bound to form hydrogen atoms. At lower temperatures the cooling is either done
by molecular or metal cooling where particles loose energy in electron level transitions caused
mainly by collisions. During the cooling process we may either form a pressure-supported
hot halo, if the cooling is inefficient, or cold gas flows, if the cooling time is shorter than the
dynamical timescale (e.g. Birnboim & Dekel, 2003; Keres et al., 2005). An alternative scenario
for the formation of galaxies, that is considered to be important as the origin of massive
ellipticals is a monolithic collapse of gas clouds (e.g. Eggen et al., 1962; Collins et al., 2009).

Once the gas effectively cools into small dense cores they potentially become self-gravitating
entities. At this point, the gas density rises and cooling is carried out more effectively until the
extreme densities required to ignite nuclear fusion are reached. At this point, stars are forming
within the initially collapsed dark matter halos. This process is still poorly constrained as
both observations and simulations lack the required resolution to pinpoint the exact physics
happening at these scales in the distant Universe. However we can assume some empirical
star formation laws derived from observations in the local Universe (e.g. Kennicutt & Evans,
2012). At the same time, the first seeds of super massive black holes are forming either by
direct collapse of large gas clouds or of massive stars (e.g. Volonteri, 2010).

As soon the first stars and black holes form there is an additional process that impacts and
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drives galaxy evolution which is related to feedback processes. For example, massive stars and
supernovae can produce strong large-scale winds and heat the surrounding gas (e.g. Hopkins
et al., 2012b). On the other hand AGN feedback can induce large scale winds and hot bubbles
that have impact on the evolution of its host galaxy (e.g. Heckman & Best, 2014). These
processes render star formation inefficient and are the accepted explanation for the low fraction
of baryons that is found in the form of stars.

The combination of all these processes set the stage for a turbulent gas medium in and around
galaxies where gas infall through cold streams, merge events and stellar, and AGN feedback all
contribute to define the evolution of every single galaxy. In the early phases of galaxy assembly,
when the gas fraction in galaxies is high and can fuel star formation steadily through large infall
rates. If a steady flow of gas is fueled to the galactic disk through cold streams simulations
show that large instabilities are produced in the disk leading to the formation of large star-
forming clumps (e.g. Dekel et al., 2009; Bournaud, 2016). This disk instabilities scenario is
also thought to be important to the formation of compact star-forming galaxies observed at
z 2 2, by merging of giant clumps into a compact spheroidal object (e.g. Dekel & Burkert,
2014; Barro et al., 2014).

On top of all physical mechanisms that act on a galactic scale, galaxies do not live in isolated
bubbles and we can find several regions that are overdense in galaxies, galaxy groups and
clusters, that enhances the rate of interactions between galaxies. On these environments
galaxies experience a number of physical processes that act on the morphology, stellar mass,
star formation activity, and gas fractions. These include ram pressure stripping (e.g. Gunn
& Gott, 1972), gas removal (e.g. Larson et al., 1980), galaxy harassment (e.g. Moore et al.,
1996), and eventual galaxy mergers (e.g. Burke & Collins, 2013).

This picture is based on standard theory and enriched by the results of numerical simulations.
It is essential for this picture to be confronted to the best observations to help validate or
revise a coherent scenario for galaxy formation and evolution.

2.1.2 PHYSICAL PROCESSES AFFECTING GALAXY MORPHOLOGY

Morphological-k correction is the term used to define the different appearances of the same
galaxy when observed at different observed wavelength. This effect is particularly important
when comparing galaxies at z > 1.5 with the local Universe because of the scarcity of rest-frame
optical images with high spatial resolution. At z > 3, due to the lack of high resolution coverage
in the mid-infrared bands, direct rest-frame comparisons are impossible. These differences are
mainly caused by two effects. On one hand, different stellar populations shine in different
wavelength intervals and old stellar populations characteristic of elliptical galaxies can be
significantly fainter at wavelengths lower than the Balmer break (e.g. Bruzual & Charlot,
2003). On the other hand, dust absorption is stronger in the UV than it is in the optical rest-
frame (e.g. Calzetti et al., 2000) and it can make galaxy morphology significantly different if
prominent dust lanes are found in galaxies. However, this effects do not necessarily changes
the classification of galaxies (e.g. Windhorst et al., 2002). In fact, for star-forming galaxies
both in the local Universe and at high-redshift it is found that morphological-k correction
affects only a small percentage of the population (e.g. Windhorst et al., 2002; Taylor-Mager
et al., 2007; Law et al., 2012a; Lee et al., 2013). This is also found to be true in terms of the
structural parameters of galaxies with little star formation at z ~ 1 — 2 (e.g. Trujillo et al.,
2007; Cassata et al., 2010, 2011). In terms of galaxy sizes at z ~ 2, van der Wel et al. (2014)
find that late-type galaxies are typically smaller at longer wavelengths and that this effect is
stronger for the most massive galaxies. For z 2 2 — 3 sizes measured in the rest-frame in
star-forming galaxies using I and H bands (~ 2000 — 2700A and ~ 4000 — 5300A rest-frame)
are statistically the same (e.g. Ribeiro et al., 2016). Nonetheless, the observations of smaller
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sizes at larger wavelengths has been argued as evidence of an inside-out growth of galaxies (e.g.
van den Bosch, 1998) where galaxy centers are dominated by old and red stellar populations
and the outskirts by young blue stars (e.g. Nelson et al., 2013; Patel et al., 2013; Lang et al.,
2014; van der Wel et al., 2014; Tacchella et al., 2015; Hagen et al., 2016a; Paulino-Afonso
et al., 2016). This effect gets more pronounced along cosmic time when galaxy populations
have had enough time to differentiate between an old bulge and a disc dominated by recent
star formation.

On the topic of size growth of galaxies there has been a recent focus on a particular set of
massive compact and quiescent galaxies that have been found at z ~ 1 — 2 (e.g. Daddi et al.,
2005; Trujillo et al., 2006a; van Dokkum et al., 2008; Cimatti et al., 2008; Cassata et al., 2011;
Szomoru et al., 2012; Patel et al., 2013; Ikarashi et al., 2014; Ma et al., 2014; Marsan et al.,
2014). The population of massive quiescent galaxies is found to grow much faster that the
star-forming population (e.g. Trujillo et al., 2007; Franx et al., 2008; van der Wel et al., 2014).
While the growth of disks is thought to be linked to the growth of dark matter halos (see section
2.1.3), the mechanism through which these compact objects grow with time is yet subject of
discussion. Proposed scenarios include dry mergers (e.g. Naab et al., 2007, 2009; Hopkins
et al., 2009, 2010), adiabatic expansion (e.g. Fan et al., 2008, 2010) or simply an observational
effect (progenitor bias, e.g. Cassata et al., 2011; Newman et al., 2012; Carollo et al., 2013).
Also intriguing is the formation mechanism of these objects with proposed mechanisms being
either merger remnants of gas-rich galaxies (Mihos & Hernquist, 1996; Hopkins et al., 2008;
Wuyts et al., 2010) or the end result of rapid and dissipative accretion of giant star-forming
clumps migrating to the galaxy center (e.g. Dekel et al., 2009; Dekel & Krumholz, 2013). In
a recent study using cosmological simulations, Wellons et al. (2015) followed the evolution
of a sample of massive compact and quiescent galaxies at z ~ 2 and found two main paths
of evolution. One is consistent with gas-rich galaxy merges and the other invokes the higher
density of the Universe at early times to explain the formation of compact objects that stayed
compact until z ~ 2 (see also e.g. Barro et al., 2014). They show that most of these galaxies
grow in size and stellar mass by accretion of ex-situ stars through mergers (Wellons et al.,
2016).

Galaxy mergers are the physical mechanisms that lead to the largest disruptions of galaxy
morphology (e.g. Conselice, 2014, and references therein). And in early studies on the assembly
of galaxies morphological transformations were associated with major merger events, namely
the transformation of disk galaxies into ellipticals (e.g. Toomre, 1977; Gonzélez-Garcia &
Balcells, 2005; Naab et al., 2007; Bournaud et al., 2007a). However, the exact effect on
morphology (and other physical parameters) depends on a number of factors such as impact
parameters, gas fractions and stellar masses (e.g. Hopkins et al., 2009, 2010). For instance,
gas-rich merges are expected to maintain a galactic disk while dry mergers are more likely to
build a bulge or lead to the formation of elliptical galaxies (e.g. Springel & Hernquist, 2005;
Robertson et al., 2006; Hopkins et al., 2010). As for minor merging events (normally associated
with satellite accretion) they have small impact in the morphology of the central galaxy but
may contribute to the build-up of central bulge-like components (e.g. Eliche-Moral et al.,
2006). In terms of observations it is also not clear how to define a complete sample of merging
galaxies based on structure alone. Considering extreme asymmetric objects has been used
as a method to select merging events (e.g. Lotz et al., 2004, 2008; Conselice, 2003; Conselice
et al., 2014; Freeman et al., 2013) which complements pair finding techniques which aim to find
pre-merger events (e.g. Le Févre et al., 2000; Lopez-Sanjuan et al., 2011, 2013; Tasca et al.,
2014b). However such irregular structures may be mimicked by clumpy morphologies induced
by disk instabilities in the galaxy (e.g. Bournaud et al., 2008; Genzel et al., 2011) which may
explain why galaxies selected trough irregular shapes may be similar to non-merging systems
in terms of their physical properties (e.g. Law et al., 2012a).
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One common mechanism to produce irregular shapes in galaxies, namely clumpy structures is
the formation of violent disk instabilities (VDI). This occurs when massive gas disks in high
redshift galaxies reach high surface densities and fragment under their own self-gravity (e.g.
Genzel et al., 2006, 2008; Elmegreen et al., 2007; Bournaud & Elmegreen, 2009; Bournaud,
2016). To maintain the clumpy morphology of these systems a continuous stream of infall gas
is required so that the gas fraction remains high for a large period of time (e.g. Bournaud
& Elmegreen, 2009). Such mechanism can be provided by a coherent stream of cold gas
inflowing into the galaxy disk (e.g. Birnboim & Dekel, 2003; Dekel et al., 2009). However
not all simulations agree that such cold streams are able to feed directly into the galaxy (e.g.
Nelson et al., 2015b). Nevertheless it is expected that a large fraction of galaxies have gone
through VDI at some point in their lifetimes and this process can be the precursor to the
appearance of spiral galaxies and even contribute to the formation of galactic bulges (e.g.
Genzel et al., 2008; Elmegreen et al., 2008, 2009; Dekel & Krumbholz, 2013; Perez et al., 2013;
Bournaud et al., 2014; Bournaud, 2016).

2.1.3 THEORETICAL EXPECTATIONS ON SIZE ESTIMATES

In the past years there have been some proposed models for the size evolution of dark matter
(DM) halos and the formation of disks from collapsing gas within. Fall & Efstathiou (1980)
laid the foundations for models on the formation of galactic disks from collapsing gas inside a
DM halo. Such considerations imply that correlations between the galaxy and the DM halo
exist, and can be used to test the hierarchical picture of galaxy evolution within such halos.
One simple idea is that the radius of galaxies should scale with the virial radius of the host
halo. This, in turn, depends on the expansion of the Universe as (Ferguson et al., 2004)

Mvir 1/3 Uvir
vir — == 2.1
" (G100H2(z)> 10H (2) (2.1)

where, r,M and v are the radius, mass, and velocity of the virialized system and H(z) describes
the evolution of the Hubble parameter with cosmic time. More recently, Mo et al. (1998)
derived the scaling relation of effective radius of the galaxy with the virial radius of its host
for a self-gravitating disk inside a Navarro-Frenk-White halo (NFW profile, Navarro et al.,
1996) which is described in (Kawamata et al., 2014)

Te .7703 fR
L C =167 <md)\> o (2.2)

where r./rqy = 1.678 (rq is the disc scale length of a exponential profile which is a Sérsic
profile with n = 1 and k(1) ~ 1.678 that can be derived from equation 4.8), m4 and j4 are the
fractions of mass and angular momentum ascribed to the galactic disk, A is the spin parameter
of the DM halo, and f., fr are functions described as (Mo et al., 1998)
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where V, is the sum in quadrature of the rotation velocity of the disk and DM components (see
Mo et al., 1998, for more details). From an observational point of view I can rewrite equation

2.2 as
Te 1.678

Tvir \/i

N (2.5)
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and constrain the value of ). Since A and ¢ are well constrained from N-body simulations
(Davis & Natarajan, 2009; Prada et al., 2012, and references therein) one can constrain the
ratio jg/mg for given values of my which enter in the computation of fr as seen in figure
6 of Kawamata et al. (2014). Even more recently, Stringer et al. (2014) proposes that the
evolution of collapsed cosmic structures should follow a well determined mass-size relation as
an instantaneous virialization trend at any given epoch

oM, G\ /3
R, ~ (A H2> (2.6)

using the same reasoning of equation 2.1. Here, A, represents the ratio of a given region density
with respect to the critical density of the Universe. To account for the non-instantaneous
virialization of entire populations at the same instant, it is interesting to explore for a given
redshift the relation between size and mass parameterized by

B
R(M, 2) ~ ufom (ﬁ)) (2.7)

where Ry represents the offset with respect to the idealized scenario of equation 2.6 at a given
mass My. For a fixed redshift the mass-size relation scales with the expected slope 5 ~ 1/3 and

this relation evolves with time through the slope . The evolving offset Ry o A;l/ 0 z 2/3 shall
correspond to a value of v = 1 at early epochs evolving into slightly smaller lower values of v as
we reach the current time. Observations of the effective radius (which can be scaled with the
virial radius of the DM halo) can be used then as a first approximation to verify such trends in
real galaxies (even comparing different populations) as shown by Stringer et al. (2014) and try
to contextualize their evolution with respect to the expected average background evolution.

The size distribution of galaxies should have a lognormal distribution (Ferguson et al., 2004)
that is proportional to the dimensionless spin parameter of the halo

PN = —— exp [—

oV 2

52 3 (2.8)

1n2(>\/)\)} dX
where A is a parameter dependent on the total angular momentum of the galaxy, their total
energy and mass. This functional form is observed on present-day disk galaxies, but for
elliptical ones that is not so clear (see, e.g. de Jong & Lacey, 2000; Shen et al., 2003; Courteau
et al., 2007; Huang et al., 2013; Curtis-Lake et al., 2016).

2.1.4 SUMMARY

In summary there are several mechanisms that contribute to the evolution in galaxy morphol-
ogy through cosmic time.

e Monolithic collapse where galaxies form from the collapse of a single cloud and either
form a compact spheroidal object or a disk supported by angular momentum.

e Mergers where violent interactions shape the end-result of galaxy encounters leading
to the formation of massive ellipticals and large bulges in spiral galaxies. The effect
of merging is more or less dramatic if the merger is major (mass ratio between the
components < 4) or minor (> 4).

e Disk instabilities where high gas densities lead to the formation of giant galactic clumps
that induce irregular and clumpy morphologies. Migration of clumps can contribute to
the formation of compact galaxies or central bulges in extended disks.
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e Galaxy interactions are the softer version of galaxy mergers where morphological
disturbances are seen in the form of large tails, rings, lopsided stellar distributions, to
name a few. These shapes may indicate an on-going merger event or a galactic collision.

e Dust and age gradients can affect galaxy morphology depending on the wavelength
of the observations by providing different classifications for the same galaxy based on
the distribution of stellar populations and dust lanes.

e Stellar and AGN feedback can effectively quench star-formation activity and change
the morphological appearance of a galaxy.

2.2 METHODS FOR THE QUANTIFICATION OF GALAXY MORPHOLOGY

2.2.1 PARAMETRIZATION OF GALAXY LIGHT PROFILES

The spatial distribution of the stellar light in galaxies can tell us about their history. With the
first recorded images of galaxies, models that describe the radial dependence of the luminosity
were created. At first, the Reynolds-Hubble model (Reynolds, 1913; Hubble, 1930) was a
common method to describe that. However, that model failed to properly adjust the outer
regions of elliptical galaxies. de Vaucouleurs (1948) showed that the light profile of elliptical
galaxies was well fit by I(r) o exp(—r'/4) at all radii. Galaxy disks in spiral galaxies were
typically fit with a exponential profile (I(r) o< exp(—r)). This model was generalized by Sérsic
(1968) when he proposed that all light profiles of galaxies could be described by the functional
form I(r) o< exp(—r'/™). By adding a new parameter, the Sérsic index n, it could adjust to
both ellipticals with n = 4 and disks with n = 1. But some spiral galaxies have a spheroidal
component in their center and a single profile fails to reproduce the full radial range. For
those sources, a combination of a exponential disk with a de Vaucouleurs elliptical profile
for the central region is found to reproduce better the light distribution (Freeman, 1970).
Nowadays, the Sérsic model is the preferred for using in both local and high redshift galaxies
(e.g. Kormendy et al., 2009; Graham, 2013; van der Wel et al., 2014) since it can generally
reproduce the shape of most galaxies. For special classes of galaxies there are other profiles
that can be used like the King profile (e.g. King, 1978) for globular clusters, the Nuker profile
(Lauer et al., 1995) and the core-Sérsic profile (Graham et al., 2003) for the nucleus of nearby
galaxies.

To simplify the process of fitting a radial model to the light distribution often the images are
azimuthally averaged in elliptical apertures to produce one-dimensional surface brightness pro-
files. This method is very simple but fails to use the total amount of information that we have
at our disposal. It is also shown that multiple solutions can be fit on the same galaxy depending
on the type of apertures used to collapse the information (Peng et al., 2010). Furthermore, the
asymmetric sub-structures are often diluted in the extracted profile. An alternative method
consists in producing two dimensional analytical models that can be directly compared to the
galaxy image (Simard, 1998; Simard et al., 2011; Peng et al., 2002, 2010; de Souza et al.,
2004). These have the advantage of exploiting all the information encoded in the images and
have been shown to more faithfully recover the structural parameters of model galaxies in a
general scenario (e.g. Guo et al., 2009). They also allow for the accurate representation of
the intrinsic values due to a better PSF-modeling technique. It also automatically produces
a residual image on which we may find hidden substructures that are often created by past
interactions that the galaxy experienced. They are however limited to azimuthal symmetry
and assume constant ellipticity at all radii.
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2.2.2 NON-PARAMETRIC GALAXY MORPHOLOGY

The parametrization of the light profile requires that galaxies are on average symmetric and
that one empirical model is to be used. In order to directly measure structural properties
with a minimum of assumptions, a new approach has gained momentum in recent years.
The idea is to directly quantify a specific aspect of galaxy shape (concentration, asymmetry,
smoothness) from the image without parameterizing the light distribution of galaxies. These
non-parametric measurements were commonly used since the first deep HST images were
available (e.g. Abraham et al., 1994, 1996).

Although being first designed for high-redshift systems, they have also been applied to local
samples and found to be correlated with galaxy color and its peculiar features, often indicat-
ing galaxy interactions or mergers (Conselice, 1997; Bershady et al., 2000; Conselice et al.,
2000). In the following years several new non-parametric schemes have been defined and used
to automatically classify galaxies in a completely model independent way (Takamiya, 1999;
Conselice et al., 2000; Bershady et al., 2000; Abraham et al., 2003; Conselice, 2003; Lotz et al.,
2004; Papovich et al., 2003, 2005; Law et al., 2007; Matsuda et al., 2011; Freeman et al., 2013).

One of the widespread non-parametric methods is the CAS system (Conselice, 2003) that
can be used to select highly disturbed systems in comparison to the more common Hubble
types. It also provides a way to distinguish between spirals and ellipticals and typical values
for several galaxy populations may be found in the review by Conselice (2014). Another very
popular method, the Gini-Msy system, was developed by Lotz et al. (2004) and attempts to
automatically select merging and starburst galaxies, distinguishing them from normal Hubble
type galaxies in a similar way as the CAS system (Lotz et al., 2004, 2008).

With the increase of irregular galaxies at high redshift, a number of other non-parametric
measurements was developed. They include the T* ¥ parameters defined by Law et al. (2007)
which aim at computing the total observed area and a proxy for the potential energy associated
with the galaxy light distribution, respectively. These have the objective of defining a new size
measurement for highly irregular galaxies and a way to distinguish between compact objects
from irregular and peculiar ones. The MID system proposed by Freeman et al. (2013) was
designed to maximize the potential to distinguish merging systems from smoother regular
galaxies at high redshift. It computes the relative importance of the clumps found (if any)
compared to the total light distribution of the galaxy. Another non-parametric measurement,
the filamentarity, F', was proposed by Matsuda et al. (2011) to measure the deviation from a
round shape for a sample of extended Ly-« halos but that can be used to distinguish compact
round objects from more disturbed and elongated ones.

2.3 TRACING MORPHOLOGICAL EVOLUTION ACROSS COSMIC TIME

Early studies at low redshifts started to show some correlations between the shape of a galaxy
and some of its physical properties. For instance, and based on the Hubble sequence classifi-
cation, ellipticals tend to have redder colors and thus older stellar populations and low current
star formation activity, and lower percentage of gas content. In opposition, spiral galaxies show
bluer colors, younger stellar populations, higher star formation activity and higher fraction of
neutral hydrogen. In what concerns dynamics, ellipticals are mostly supported by random
motion whereas spirals present coherent rotational velocities. Irregular galaxies are thought
to be galaxies in formation which are in general smaller, have high fraction of gas, and young
stellar populations accompanied by high star formation rates (e.g. Roberts & Haynes, 1994;

Lin this thesis I use the symbol T instead of the original I to distinguish from the intensity parameter of
the MID system (Freeman et al., 2013)
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Kauffmann et al., 2003; Conselice, 2003; Blanton et al., 2003; Blanton & Moustakas, 2009;
Tasca & White, 2011; Wuyts et al., 2011; Whitaker et al., 2015).

As we move towards higher redshifts, the Hubble sequence tends to lose its values as distant
galaxies have more and more peculiar shapes and thus do not fall in the classical scheme of
morphological classification. Several studies indicate that the fraction of elliptical galaxies and
disc galaxies has increased from out to z = 3 till today mainly at the expense of high redshift
irregular galaxies which show a dramatic decrease in their population from high redshifts to
z ~ 0 (Driver et al., 1995; Glazebrook et al., 1995; Abraham et al., 1996; Lilly et al., 1998;
Conselice et al., 2005; Delgado-Serrano et al., 2010; Buitrago et al., 2013; Mortlock et al., 2013;
Talia et al., 2014; Huertas-Company et al., 2015a,c, 2016).

Delgado-Serrano et al. (2010) have proposed a scenario for the Hubble sequence at z ~ 1. By
selecting galaxies above the same absolute magnitude threshold, they present a link between
local and distant galaxies. Their results include no evolution in the number of ellipticals and
lenticulars. More than 50% of the distant galaxies have peculiar morphologies. There were
~ 2 times less spirals at that time. Thus, almost all evolution must be from irregular galaxies
evolving into regular spiral galaxies. This result is supported by Huertas-Company et al.
(2016, see also Lilly et al. 1998) where they find that the majority of stellar mass density of
star-forming galaxies at z ~ 3 is in irregular galaxies and that they gradually transform into
normal spirals without any abrupt interruption of the star formation activity. The irregular
galaxy population is dominant at z 2> 2 whereas disk galaxies are rare. However there is
still a significant fraction of compact spheroids (Buitrago et al., 2013; Mortlock et al., 2013;
Huertas-Company et al., 2015¢). In terms of their properties, peculiar and disk galaxies are
bluer and have higher star formation rates than spheroidal galaxies (Mortlock et al., 2013;
Talia et al., 2013; Lee et al., 2013). Spheroidal galaxies are typically compact and also show
very little evidence for AGN activity (Weinzirl et al., 2011).

The evolution in galaxy structure is also evident for galaxies of the same type. For instance,
Buitrago et al. (2013) finds that the Sérsic index increases at lower redshifts, and that change
is stronger for disks than it is for spheroidals. By comparing galaxies at the same rest-frame,
and in the size-n plane, Weinzirl et al. (2011) finds a real evolution when comparing real
with artificially redshifted galaxies from z ~ 2 — 3 to z &~ 0. The evolution in galaxy sizes is
discussed in more detail in section 2.4.1. As it happens at lower redshift, spheroidal galaxies
which have typically higher Sérsic indexes show little star formation activity and are found
mainly at the higher stellar masses (log M, /Ms 2 10 Wuyts et al., 2011; Whitaker et al.,
2015).

At z 2 3 we are limited to observations of UV rest-frame morphologies and large samples
are based on color selections or narrow-band imaging to pick Ly-a emitters at a particular
redshift. There are studies reporting on the fraction of irregular galaxies that show that UV
bright sources have typical irregular morphologies for 30 — 60% (Conselice & Arnold, 2009;
Oesch et al., 2010; Jiang et al., 2013; Curtis-Lake et al., 2016; Bowler et al., 2016) suggesting
a constant fraction from z ~ 3 up to z ~ 7. There are also several studies attempting to
measure galaxy sizes up to z ~ 10 where they find that galaxies become increasingly compact
reaching effective radius smaller than 1 kpc at z 2 3 — 5 (e.g. Hathi et al., 2008; Jiang et al.,
2013; Ono et al., 2013; Kawamata et al., 2015; Holwerda et al., 2015; Shibuya et al., 2015). At
these redshifts, there is a proxy for the stellar mass-size relation by studying the size-luminosity
relation in the UV. Results point to an underlying correlation but there are large discrepancies
in the observed slope of the correlation for z 2 3 (e.g. Grazian et al., 2012; Huang et al., 2013;
Jiang et al., 2013; Shibuya et al., 2015; Curtis-Lake et al., 2016). On the nature of clumpy
galaxies there is a study extending to z ~ 8 reporting a peak in the clumpy fraction at 60%
z ~ 2 — 3 (compatible with the findings of Guo et al., 2015, at z < 3) and then a rapid decline
down to ~ 20% at z ~ 4 that remains constant up to z ~ 8 (Shibuya et al., 2016).
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In terms of the environmental impact on galaxy morphology, Dressler (1980) reported on the
first observations of the morphology density relation in 55 local galaxy clusters by finding an
excess of elliptical and red galaxies in the center of clusters, and a dominance of blue spiral
disks in the less dense regions in the outskirts (see also, e.g. Goto et al., 2003; Kauffmann
et al., 2004; Skibba et al., 2009). This relation has been found to persist out to intermediate
redshifts (z < 1, e.g. Dressler et al., 1997; van der Wel et al., 2007; Tasca et al., 2009) and
hints from size evolution studies try to establish this dichotomy at z 2 1 (e.g. Bassett et al.,
2013; Strazzullo et al., 2013). By comparing the different structures of galaxies observed in
both field and cluster we can pinpoint the epoch of morphological diversification within denser
environments with respect to that of the field population that seems to fade at z ~ 2 (e.g.
Peter et al., 2007; Mortlock et al., 2015; Mei et al., 2015; Allen et al., 2015).

2.4 TOPICS IN THIS THESIS

2.4.1 SIZE MEASUREMENTS AT HIGH REDSHIFT FOR STAR-FORMING
GALAXIES

A simple, yet fundamental, shape parameter is the galaxy size. This quantity, together with
other physical parameters like stellar mass and star formation rate, is one of the basic ingre-
dients that can help to elaborate a galaxy evolution scenario.

Although it is a simple concept, obtaining galaxy sizes is not an easy task and is subject to a
number of assumptions. The most common way to derive galaxy sizes is by performing light
profile fitting assuming a given shape for the surface brightness profile using a x? minimization
(e.g. Simard et al., 1999; Peng et al., 2002; Ravindranath et al., 2004; Daddi et al., 2005;
Ravindranath et al.; 2006; Trujillo et al.; 2006¢c; Akiyama et al., 2008; Franx et al., 2008;
Tasca et al., 2009; Cassata et al., 2010; Williams et al., 2010; Mosleh et al., 2011; Cassata
et al., 2013; Huang et al., 2013; Ono et al., 2013; Stott et al., 2013; Morishita et al., 2014;
van der Wel et al., 2014; Straatman et al., 2015; Shibuya et al., 2015). Another method
assumes circular or elliptical apertures around a pre-defined galactic center and computes the
size enclosing a given percentage of the total galaxy flux (e.g. Ferguson et al., 2004; Bouwens
et al., 2004; Hathi et al., 2008; Oesch et al., 2010; Ichikawa et al., 2012; Curtis-Lake et al.,
2016). A third approach, involving counting the number of pixels belonging to the galaxy to
derive its size, was also explored in Law et al. (2007).

Studies of galaxy sizes at z > 2 became possible with the deep imaging obtained with HST.
The first reports on size evolution found that galaxy sizes as observed in the UV rest-frame
were becoming smaller at the highest redshifts (Bouwens et al., 2003; Ferguson et al., 2004;
Bouwens et al., 2004). We have now access to the size evolution up to z ~ 10 from the deepest
HST imaging data (e.g. Hathi et al., 2008; Jiang et al., 2013; Ono et al., 2013; Kawamata
et al., 2015; Holwerda et al., 2015; Shibuya et al., 2015). With the multi-wavelength and
near-infrared coverage of CANDELS (Grogin et al., 2011; Koekemoer et al., 2011) optical
rest-frame measurements are reported up to z ~ 3 for a large collection of galaxies in diverse
populations (e.g. Bruce et al., 2012; van der Wel et al., 2014; Morishita et al., 2014). At z ~ 2
the size of SFGs is, to first order, independent of the observed rest-frame bands (Shibuya et al.,
2015). It is generally accepted that galaxy sizes tend to decrease with increasing redshift (e.g.
Bouwens et al., 2003, 2004; Ferguson et al., 2004; Mosleh et al., 2012) and that galaxy sizes
depend on stellar mass (e.g. Franx et al., 2008; van der Wel et al., 2014; Morishita et al.,
2014) and luminosity (e.g. Grazian et al., 2012; Huang et al., 2013). However some results
point to a scenario consistent with no size evolution as seen in UV rest-frame from HST data
(Law et al., 2007; Curtis-Lake et al., 2016) and, at a fixed stellar mass, from optical rest-frame
ground-based data (Ichikawa et al., 2012; Stott et al., 2013).
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Most samples in the literature that are used to measure sizes at high redshift are composed
of galaxies selected through the dropout technique (Steidel et al., 1999) or photometric red-
shifts. Typical 1o errors in photometric redshift measurements of dz~0.2-0.3 add an error of
~5% (increasing from z = 2 to z = 4.5) to angular diameter measurements. This is a small
but sizable error that can be reduced when measuring sizes for galaxy samples with known
spectroscopic redshifts. Moreover, having a precise knowledge of the redshift of the galaxy
minimizes the ambiguity on which rest-frame bands are observed and allows an accurate esti-
mate of surface brightness dimming effects which are important to reduce measurement scatter
for a consistent analysis in a large redshift range. The knowledge of the spectroscopic redshift
and the availability of spectra also allow to better characterize the physical properties of the
galaxies for which sizes are measured. Uncertainties on stellar masses, star formation rates,
and ages, are reduced (Thomas et al., 2016) and spectral features like Lyman—a emission can
be correlated with galaxy sizes.

In this thesis I present in sections 4.1, 4.3 and 5.1 the evolution of the size and size distribution
of a sample of ~1200 star-forming galaxies with spectroscopic redshifts 2 < zg,e. < 4.5 selected
from the VIMOS Ultra-Deep Survey (VUDS, Le Févre et al., 2015). In addition to using
standard profile fitting to derive effective radii, I develop and apply a non-parametric method
(adapted from Law et al., 2007) to compute galaxy sizes which takes into account the surface
brightness dimming effect and does not require any assumption on the symmetry of the studied
sources. I test the impact of using different rest-frame bands (for a subset of my galaxies) and
different methods when deriving size evolution. I then probe the evolution of light profiles of
galaxies using image stacks and comparing the concentration of light across the redshift range
studied.

2.4.2 THE ORIGIN OF GALACTIC CLUMPS DURING THE ASSEMBLY
PHASE OF GALAXIES

The morphology of galaxies is a visible outcome of all processes at work when galaxies are
assembling along cosmic time (e.g. Conselice, 2014). While at lower redshifts galaxies are
predominantly regular and symmetric in the form of elliptical or spiral galaxies, the situation
at redshifts higher than the peak in star formation z~1.5-2 is very different with galaxies mostly
having irregular shapes (e.g. Buitrago et al., 2013; Mortlock et al., 2013; Huertas-Company
et al., 2015b).

Quantitative morphology allows to follow the evolution of the two main components of galaxies,
disks and bulges, and studies have focused on understanding the evolutionary paths of these
fundamental components (e.g. Bruce et al., 2012, 2014b,a; Lang et al., 2014; Tasca et al., 2014a;
Margalef-Bentabol et al., 2016).  Observational studies and numerical simulations seem to
support a picture where disk galaxies build from the original collapse of baryonic matter in
a dark matter halo. Several studies point to a scenario where gas gains angular momentum
leading to rotation support system, with violent disk instabilities (VDI) forming large star-
forming clumps. These large clumps may then migrate to the disk center to form the bulges
of spiral galaxies (e.g. Genzel et al., 2008; Elmegreen et al., 2008, 2009; Dekel & Krumbholz,
2013; Perez et al., 2013; Bournaud et al., 2014; Bournaud, 2016). Alternatively, considerable
effort has been invested in studying the development of elliptical galaxies along cosmic time.
On this scenario, bulges would form from violent dissipative events, going through a stage of
compact quiescent objects at z~2. Such objects would then grow into massive ellipticals after
star formation quenching and a succession of merging events (e.g. Hopkins et al., 2008; Oser
et al., 2012; Lopez-Sanjuan et al., 2012; Porter et al., 2014). Two major physical processes are
thought to play a key role in the evolution of different types of galaxy galaxies: gas accretion
mostly in cold form and flowing along the cosmic web and/or smoothly distributed (e.g. Dekel
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et al., 2009; Rodriguez-Gomez et al., 2016), and major or minor merging (e.g. Hopkins et al.,
2008; Di Matteo et al., 2008), each leading to different morphological signatures.

An important morphological property related to these processes is the number of large clumps
of gas and stars present within a galaxy. Clumps may have either an in-situ or an ez-situ
formation history depending on which physical processes are at play (e.g. Shibuya et al., 2016).
Clumps forming from disk instabilities are mostly the result of in-situ dynamical processes,
while major and minor merging events are driving clumps of ex-situ material into a galaxy in
assembly phase. The properties and fate of these clumps has been extensively studied in the
literature both from observations (e.g. Elmegreen et al., 2004; Elmegreen & Elmegreen, 2006;
Elmegreen et al., 2007, 2013; Genzel et al., 2008; Bournaud et al., 2008; Wuyts et al., 2012;
Guo et al., 2012) and in hydrodynamical simulations (e.g. Bournaud et al., 2007b; Dekel et al.,
2009; Genel et al., 2012; Bournaud et al., 2014; Mandelker et al., 2014; Oklopcic et al., 2016).
They report clumps with typical stellar masses of 107 — 10° M, and with lifetimes spanning
short to long periods with timescales of < 1 Gyr. Some studies suggest that short-lived clump
are destroyed by internal feedback before migrating to the center of the galaxy (e.g. Genel
et al., 2012).

The measurement of clumps at redshifts beyond the peak of cosmic star formation are notori-
ously difficult. The identification of clumpy galaxies in the dominant population of irregular
galaxies at high redshift dates back to the first deep Hubble Space Telescope (HST) images (e.g.
Williams et al., 1996), superseded with each deeper survey following new instrumentation, with
the Advanced Camera for Surveys (ACS) then Wide Field Camera 3 (WFC3) bringing larger
areas and samples. Detailed studies at z ~ 1 — 3 have revealed that clumpy galaxies are more
numerous than in the local Universe (e.g. Cowie et al., 1995; Abraham et al., 1996; van den
Bergh et al., 1996; Giavalisco et al., 1996; Elmegreen et al., 2004; Elmegreen & Elmegreen,
2006; Elmegreen et al., 2007, 2008, 2009, 2013; Kubo et al., 2013, 2016; Glazebrook, 2013;
Tadaki et al., 2014; Murata et al., 2014; Guo et al., 2015; Garland et al., 2015; Bournaud,
2016) . The fraction of clumpy galaxies has been studied from z=0 up to the most distant
galaxies identified today at z~10 (Ravindranath et al., 2006; Guo et al., 2012, 2015; Shibuya
et al., 2016). In the sample of galaxies with 0.5 < z < 3 in the CANDELS survey, Guo et al.
(2015) find that galaxies with low mass log(Mstqr/M,) < 9.8 have a high fraction of off-center
clumps fejumpy ~ 60% constant over the observed redshift range, while for intermediate and
massive galaxies feumpy decreases from ~40% at z~3 to ~15% at z~0.5. Combining deep
HST imaging from the 3D-HST, CANDELS, HUDF and HFF surveys Shibuya et al. (2016)
claim that fngmpy follows a similar evolution to the star formation rate density (e.g. Madau &
Dickinson, 2014), increasing from z~8 to z~~ 1 — 3 and decreasing from z~1 to z~0. In com-
paring these observed trends with the predictions of simulations, Guo et al. (2015) conclude
that VDI are likely responsible for fiumpy at high mass and that minor mergers are a viable
explanation for fgympy at intermediate mass for z<1.5, while Shibuya et al. (2016) conclude
that VDI is the main origin of the clumps. Both these studies exclude major mergers as a
possible contribution to the evolution of the fraction of clumps. This is somewhat surprising
as the major merger fraction for star-forming galaxies is observed to increase up to ~ 20% at
z~ 1 —2 (e.g. Lotz et al., 2011; Lopez-Sanjuan et al., 2011, 2013), staying high at least to
z~ 3 —4 (e.g. Conselice et al., 2008; Tasca et al., 2014b), and one would therefore expect that
a fraction of the clumps is related to ez-situ mergers.

When deriving volume average quantities like fejympy it is critical to observe samples represen-
tative of the general star-forming population, with well defined physical parameters including
luminosity, stellar masses and sizes. The size of irregular high redshift galaxies is very different
when using the effective radius or a total size (Ribeiro et al., 2016), and searching for clumps
using one or the other of these sizes to define a search area may lead to significantly different
results on feumpy. Moreover, the issue of the clump definition is quite tricky and one must
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be aware of the impact of specific definitions and sample selection, for subsequent analysis
to have a statistically robust meaning in a representative volume of the Universe at a given
redshift.

In this thesis (sections 4.4 and 5.2) I use a sample of 1242 galaxies with secure spectroscopic
redshifts from VUDS and HST imaging in the COSMOS and ECDF'S fields to measure fejumpy-
I use a clump definition expanded from Guo et al. (2015), counting all clumps within the
isophote defining the total size r7 100 and in a 20 kpc physical radius.

2.4.3 LY-a EMISSION AND GALAXY MORPHOLOGY

The Ly-a emission line is the intrinsically brightest feature in a hot source spectrum (e.g.
Schaerer, 2003). Combined with the fact that it redshifts into the optical and near-infrared
rest-frame for a broad redshift range (2 < z < 12), it is one of the most used tracers of galaxies
at high redshift. However, due to its resonant nature it is easily scattered by gas clouds (HI)
and its emission can be suppressed by the presence of dust.

The radiative transfer process that eventually lead the Ly-a photons to escape its emitting
region give rise to a number of line profiles that have been already reported in observations:
asymmetric line profiles (e.g. Kunth et al., 1998; Rhoads et al., 2003; Shapley et al., 2003;
Shimasaku et al., 2006; Tapken et al., 2007; Vanzella et al., 2010; Lidman et al., 2012; Wofford
et al., 2013), double peak profiles (e.g. Shapley et al., 2006; Quider et al., 2009; Kulas et al.,
2012; Yamada et al., 2012) as well as spatially extended emission surrounding galaxies (e.g.
Fynbo et al., 2001; Steidel et al., 2003, 2011; Rhoads et al., 2005; Hayes et al., 2005, 2007; Rauch
et al., 2008; Ostlin et al., 2009; Matsuda et al., 2012; Wisotzki et al., 2016). In an attempt to
explain such diversity of profiles theoretical and numerical models have been proposed (e.g.
Harrington, 1973; Neufeld, 1990, 1991; Loeb & Rybicki, 1999; Ahn et al., 2000; Zheng &
Miralda-Escudé, 2002; Dijkstra et al., 2006; Hansen & Oh, 2006; Tasitsiomi, 2006; Verhamme
et al., 2006, 2012; Laursen et al., 2009; Duval et al., 2014; Gronke et al., 2015).

Being a very successful method to identify high-redshift galaxies using large narrow band
surveys in the optical (e.g. Ouchi et al., 2008, 2010; Sobral et al., 2016) and to spectroscopically
detect or confirm high-redshift candidates (e.g. Martin & Sawicki, 2004; Ono et al., 2012; Bacon
et al., 2015; Le Fevre et al., 2015), large samples of such galaxies have been collected to date.
From these samples, the study of their rest-frame UV morphologies at z > 2 is also widely
covered (Pirzkal et al., 2007; Taniguchi et al., 2009; Bond et al., 2009, 2011, 2012; Gronwall
et al., 2011; Kobayashi et al., 2016). When considering the local Universe and due to the
impossibility of obtaining rest-frame UV observations from ground observatories, the Ly-«
Reference Sample (LARS Ostlin et al., 2014) is the only statistical study that focus on the
morphology of these sources (Guaita et al., 2015).

Ly-a emission is often found to be more extended (in a diffuse halo) than the stellar UV
continuum emission (e.g. Rauch et al., 2008; Matsuda et al., 2012; Momose et al., 2014; Matthee
et al., 2016; Wisotzki et al., 2016). The process responsible for such observations is thought
to be the scattering of photons by neutral HI gas around galaxies at high redshift (e.g. Zheng
et al., 2011). Galaxies with observed Ly-a emission are found to be small compact objects
at all observed redshifts (e.g. Venemans et al., 2005; Malhotra et al., 2012). Such findings
are contrary to the stronger evolution in galaxy sizes seen for other populations (Lyman-break
galaxies and star-forming galaxies, e.g. Ferguson et al., 2004; Bouwens et al., 2004; van der Wel
et al., 2014; Shibuya et al., 2016). Additionally, there are evidences for a correlation between
line luminosity and galaxy UV continuum size (e.g. Hagen et al., 2014) as well as a correlation
between the extent of Ly-ov with the extent of the UV emission (e.g. Wisotzki et al., 2016).
However, one must be cautious of how representative of the general star forming population
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these studies are before drawing strong conclusions.

The mechanisms through which Ly-a photons escape into inter-galactic space are complex and
photons can travel for several kpc in random walks before free-roaming towards our line of sight
(e.g. Zheng et al., 2011; Dijkstra & Kramer, 2012; Lake et al., 2015). Such large excursions
increase the chance of dust absorption corresponding to photon destruction (e.g. Neufeld, 1991;
Laursen et al., 2013). And there are simulations that show that the escape fraction is linked
to the galaxy inclination with respect to the line of sight (Verhamme et al., 2012; Behrens
& Braun, 2014). Observationally, the escape fraction of Ly-a photons is correlated to dust
attenuation and SFR but large scatter is observed (e.g. Hayes et al., 2010, 2011; Atek et al.,
2014; Matthee et al., 2016). Other studies show that a key quantity in determining Ly-«
emissivity is the column density of neutral hydrogen (e.g. Shibuya et al., 2014a,b).

The comparison of Ly-a emitters (LAEs) with galaxies with weak or no Ly-a emission is
ubiquitous in the literature (e.g. Shapley et al., 2001; Erb et al., 2006; Gawiser et al., 2006,
2007; Pentericci et al., 2007; Lai et al., 2008; Reddy et al., 2008; Finkelstein et al., 2009;
Kornei et al., 2010; Nilsson et al., 2011; Acquaviva et al., 2012; Hathi et al., 2016). While
some studies indicate that LAEs are low mass dusty galaxies and likely the early stage of
galactic evolution others point to a scenario where LAEs are older and more massive and
dusty galaxies. Some find even marginal differences between LAEs and the normal star-
forming population. Emission line galaxies detected at z ~ 2 are also found to be similar to
LAEs but less massive and star-forming than color-selected galaxies at the same redshifts and
stellar mass range (e.g. Hagen et al., 2016b).

In this thesis (sections 4.6 and 5.4) I report a taxonomy study on the shape of the 2D Ly-«
emission line analyzed in > 4000 galaxies of the VUDS survey. I divide our sample into different
classes according to the Ly-a 2D shape with respect to the UV continuum and then report
on the abundance of each class as a function of redshift and several key physical parameters
derived from SED fitting. I also attempt at corresponding each class to an underlying 3D
model of line emission and compare the typical properties of each class. I use the acronym
LAGs for Ly-a emitting Galaxies instead of LAEs for Ly-a emitters to avoid confusion with
the standard definition of LAEs in the literature.

22



3 | Data and sample selection

Contents

3.1 The VIMOS Ultra Deep Survey . . . . .. .. ... ... .... 23
3.1.1 Redshift flag system . . .. ... ... ..o 0oL 25
3.1.2 VUDSdatarelease 1 . . . . . .. .. ... ... ... 27
3.2 Imaging surveys in the optical and NIR . . . . . . . .. ... .. ... ... 27
3.2.1 Space Observations . . . . . . . . . . v v i v it 27
3.2.2  Ground observations . . . . ... ..o oo 28
3.3 Methods for data analysis . . . . . . .. ... L oL 29
3.3.1 Preparing the data for the interface . . . . . . . .. ... ... ... 30
3.3.2  SPVT graphical interface features . . . . . . . ... ... ... ... 32
3.3.2.1  Adapting the color and size scales . . . . . ... ... .. 32
3.3.2.2  Manipulating 1D spectra and Stamp orientation . . . . . 32
3.3.23 Top Level Menu . . . . . ... ... ... .. 33
3.3.2.4  Navigation and Other Tools . . . ... ... ... .... 34
3.3.2.5  Display related options . . . . .. ... ... 34
3.4 Selection function . . . . . .. ... 35
3.4.1 A sample with reliable redshifts to study Ly-a«. . . . . . . . . . .. 36

3.4.2 High image resolution sample to study galaxy morphology at high
redshift . . . . . . oL 36
3.4.3 A stellar mass-selected sub-sample . . . ... ... ... .. .... 37

3.1 THE VIMOS ULTRA DEEP SURVEY

One key aspect of a successful census of galaxies in Astronomy is having a well controlled and
defined sample from which conclusions on the general properties of the galaxy population at
a given epoch may be derived. Largely successful in obtaining large samples of high redshift
galaxies, broad band color selection (e.g. Steidel et al., 2003; Daddi et al., 2004; Beckwith
et al., 2006; Bouwens et al., 2007; Ellis et al., 2013) or narrow-band techniques (e.g. Taniguchi
et al., 2005; Ouchi et al., 2008, 2010) have provided much of our current knowledge for galaxy
formation and evolution in the early Universe. However, these techniques are quite crude and
prone to degeneracy in redshift space with contamination and completeness issues hard to
quantify over a broad redshift range. Spectroscopic redshifts are required to properly define a
clean sample at any given period (e.g. Le Févre et al., 2013, 2015).

VUDS is a large spectroscopic survey with the VIsible Multi-Object Spectrograph on the
ESO-VLT, that targeted ~ 10000 objects covering an area of 1deg? on three separate fields:
COSMOS, ECDFS and VVDS-02h (see figure 3.1 and 3.2). With the objective to observe

galaxies in the redshift range 2 < z < 6+, targets were mostly (~85%) selected based on the
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Figure 3.1. Overlay of the 64 quadrants of the VUDS survey (in blue) on top of an I band imaging from DSS
in the COSMOS (top) and ECDFS (bottom) fields. The HST ACS survey footprint is shown in black on the
COSMOS field. The CANDELS coverage is shown in red (for the H band) and green (for the I band) in both
fields.
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Figure 3.2. Overlay of the 64 quadrants of the VUDS survey (in blue) on top of an I band imaging from DSS
in the VVDS field.

first or second photometric redshift peaks being at zpnot + 1o > 2.4, adding objects selected
in the same redshift range from their color based on the spectral energy distribution (SED)
when not selected by photometric redshifts, and with a color selection criteria based on the
SED and with flux limits 22.5 < i4p < 25. To fill in the remaining available space on the
VIMOS slit-masks, a randomly flux selected sample with 23 < i4p < 25 is added to the target
list. The spectra were obtained combining observations in two low resolution grisms (R=230),
a wavelength range of 3650 < A < 9350. The total integration is of ~ 14h for all galaxies in a
given VIMOS pointing, and for each grism.

Data processing is performed within the VIPGI environment (Scodeggio et al., 2005), and is
followed by extensive redshift measurements campaigns using the EZ redshift measurement
engine (Garilli et al., 2010). At the end of this process each galaxy has flux and wavelength
calibrated 2D and 1D spectra, a spectroscopic redshift measurement and associated redshift
reliability flag. For more information on this process I refer to Le Févre et al. (2015). The
redshift reliability flag system is described in section 3.1.1.

3.1.1 REDSHIFT FLAG SYSTEM

The difficulty of obtaining reliable redshift estimates from automated algorithms required
manual intervention for roughly half of the sample in VUDS. Each galaxy was measured inde-
pendently by two observers and then a single measurement was produces upon discussion and
agreement on an object per object basis. In this process, the reliability of the redshift estimate
is then provided by the perceived quality of the spectra. This led to the implementation of a
redshift flag system that was first developed for the Canada France Redshift Survey (CFRS
Le Fevre et al., 1995) and later refined in successive redshift surveys (VVDS - Le Feévre et al.
2005, 2013, zCOSMOS - Lilly et al. 2007, and VIPERS Guzzo et al. 2014). The reliability flag
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Figure 3.3. Five of the most massive objects included in the VUDS DR1. For each object I show the color
image made from IJH CANDELS stamps, the extracted 1D spectra, some corresponding spectral lines and
information on the redshift, stellar mass, star formation rate and CANDELS ID.
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Value Meaning
0 No redshift assigned to the object
1 50-75% probability of being correct
2 75-85% probability of being correct
3 95-100% probability of being correct
4
9

100% probability of being correct
single line emission spectra. ~ 80% probability of being correct

Table 3.1. Redshift reliability flags used in VUDS.
may take the values shown in table 3.1.

3.1.2 VUDS DATA RELEASE 1

In summer 2015, the VUDS collaboration provided the community with its first data release
(see Tasca et al., 2016). This release contains all measured redshifts for galaxies that have
coverage in the CANDELS survey in the COSMOS and ECDFS fields (see figure 3.4). This
combines a total of 698 objects of which ~ 500 galaxies with zspec > 2.48 spanning a area of

276.9 arcmin?.

All these objects were checked for mis-identification and wrong or bad extractions using the
tool described in section 3.3. I actively participated in the preparation of this data release by
providing the aforementioned tool as well as processing the results to provide ready to use lists
where all required changes were compiled for batch use. I have also worked on the material
used in the implementation of the public website and user interface that is available there. The
current database interface includes a global overview of the observations by displaying each
object as an interactive button on top of the field images that were produced by me. When
clicking on any object, a new panel with specific information on the object pops-up in a new
window. These include color images combining IJH images from CANDELS and the spectra,
both elements for which I contributed. An example of massive objects in this data release
with reliable spectroscopic redshifts and corresponding color images may be seen in figure 3.3
(see also Tasca et al., 2016).

Future public releases are planned where redshifts, spectra and physical parameters will be
made available to the research community for further exploration of the large dataset produced
from this large observation program.

3.2 IMAGING SURVEYS IN THE OPTICAL AND NIR

3.2.1 SPACE OBSERVATIONS

To conduct a morphological study of high-redshift galaxies, one should use the deepest, best
resolution images coming from Hubble Space Telescope imaging surveys. Covering the largest
contiguous sky region, the COSMOS (Scoville et al., 2007; Koekemoer et al., 2007) survey
has ~ 2deg? of ACS F814W coverage down to a limiting magnitude of 27.2 (50 point-source
detection limit). As it covers the entirety of the VUDS COSMOS pointings it is the most
complete image set to undertake morphological studies with my sample albeit only covering
the UV rest-frame.

The more recent CANDELS survey (Grogin et al., 2011; Koekemoer et al., 2011) covers five
different sky regions, including the COSMOS and ECDFS fields with a large overlap with
VUDS fields (see Le Feévre et al., 2015, and figure 3.1). The area covered is smaller than
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Figure 3.4. Subset of VUDS sources that matches the COSMOS (left) and ECDFS(right) CANDELS cover-
age. In green I show the position of VUDS quadrants, in red the overlay of the CANDELS survey and in blue
squares the position of each source that is now public.

VUDS but near-infrared coverage (namely F125W and F160W) is important because it allows
us to probe optical rest-frame morphologies for the majority of my sample in this field. It
reaches depths at 50 of 28.4,27.0 and 26.9 at F814W, F125W and F160W respectively, deeper
in the F814W band than the aforementioned COSMOS observations. The typical spatial
resolution of these images ranges from 0.09” (0.6, 0.8 kpc, at z = 4.5,2.0) for the F814W band
up to 0.18” (1.2,1.5 kpc, at z = 4.5,2.0) in the F160W band. The pixel scale of the mosaics
used in this paper are of 0.03”/pixel for F814W images and 0.06” /pixel for F125W /F160W
images.

In addition to the CANDELS observation in ECDF'S, there are also publicly available F850LP
observations from GEMS (Rix et al., 2004). However, the VUDS pointings were designed to
maximize the overlap with the CANDELS area in ECDFS, thus, adding GEMS observations
leads only to a small increase in the number of sources in the sample (68 additional sources to
the stellar mass selected sample defined in section 3.4.3). For that reason I exclude data from
these surveys from the size analysis presented in this thesis. The GOODS survey (Giavalisco
et al., 2004) covers a similar area as the CANDELS observations and thus I have opted to
not include those images in my analysis since they reach shallower depths and are limited to
optical observations providing little added value to my study (see table 3.2).

3.2.2 GROUND OBSERVATIONS

As the multi-wavelength coverage with HST of the large area covered by VUDS is scarce, |
also use deep ground based imaging covering the entire VUDS area on the COSMOS field for
a control check on the wavelength dependence of my measurements. From the CFHT Legacy
Survey (CFHTLS) data release 7' I use the deep i’ and z’ band imaging which reach an 80%
completeness limit in AB of 25.4 and 25.0 for point sources, respectively. I use the WIRCam
Deep Survey (WIRDS, Bielby et al., 2012) data release 2 covering 1 square degree in COSMOS.
The J, H and Ky WIRDS images reach a 50% completeness limit for point sources of 23.4, 24.1
and 24.0 AB magnitudes in COSMOS/VVDS suitable only for the brightest objects in VUDS.
Extensive near infrared ground-based imaging is also available on the COSMOS field. The

"http://www.cfht .hawaii.edu/Science/CFHTLS/
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Survey Band Pixel Scale |”/pix] PSF FWHM [”] Sensitivity
COSMOS I 0.030 ~0.09 27.0
I 0.030 0.09 28.4
CANDELS J 0.060 0.12 27.0
H 0.060 0.18 26.9
GEMS Z 0.030 0.09 27.27
I 0.186 0.719 26.13
CFHTLS Y? 0.186 0.693 26.20
Z 0.186 0.657 25.86
MUSYC BVR 0.267 0.93 26.82
J 0.186 1.09 24.25
WIRDS H 0.186 0.86 24.54
Ks 0.186 0.80 24.32
Y 0.150 0.82 24.6
ULTRA J 0.150 0.79 24.7
VISTA H 0.150 0.76 23.9
Ks 0.150 0.75 23.7

8The Y in this case is not representative of the Y band redwards of the SDSS z band
but instead it is the nomenclature of the new I band filter that was installed at MEGAPRIME

Table 3.2. Summary of characteristics of the surveys from which the images were taken. For CFHTLS and
WIRDS the sensitivity value represents the 50% completeness limit for point-sources and for the others it
represents the 50 limit detection of point-sources.

UltraVISTA survey covers 1.5 square degree of the field and provides the deepest observations
in the near-infrared bands. The Y, J, H and K, UltraVISTA DR2 images reach 50 limiting
magnitudes of 24.8 (25.4), 24.6 (25.1), 24.7 (24.7) and 23.98 (24.8) AB in the deep (ultra-deep)
regions (McCracken et al., 2012) (see also table 3.2).

3.3 METHODS FOR DATA ANALYSIS

Processing a large dataset of spectroscopic observations with automated algorithms is prone
to errors in the object identification and attribution of redshifts to a significant number of
sources. For the case of the VUDS survey all objects were inspected by at least two people
and a double check on the redshift measurements was performed by a team of selected experts
to ensure that proper redshifts were provided (see Le Févre et al., 2015, section3.3, for details).

This visual inspection of the data allowed for the identification of bad redshift cases and
prompted people to identify new extractions and bad extractions from the automated reduction
pipeline and manually adding new spectral traces whenever necessary. One important step of
the data reduction of slit spectroscopic observations is to match any given spectral trace to
its corresponding photometric counterpart. The tool used to inspect and measure redshifts
provided only with the spectroscopic information from the reduced VIMOS data and any image
correspondence was done separately using an image search tool centered on the primary target.
After the first stage of measurements a small percentage of cases (< 10%) still had problematic
identifications and some cases of spectral pairs, faint or single line emission spectra had yet to
be properly handled.

This prompted me to develop a new user interactive tool, the SpectroPhotometric Visualiza-
tion Tool (SPVT), that simultaneously provided the user with photometric and spectroscopic
information and allowed for the real-time correspondence between any position in the VIMOS
slit data to a sky position in the imaging data. This tool is fully implemented in PYTHON
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using the tkinter environment. The main objective of this tool is to look for cases on which
the automated pipeline and the manual extraction failed. The main classes of situations to be
identified by the user of the tool include:

e Not Extracted: when an object is in the slit in addition to what as already been
extracted. In this category there are still two subclass of such objects. Faint/Single
Line for standard non-extracted objects. Double Spectra for cases where the extraction
window encompasses two traces and one wants to re-extract the traces separately.

¢ Wrongly Extracted when the same object is extracted on the wrong place or has a
small /large extraction window with respect to what it should be.

e Wrong Flag/ID when an object as a wrong redshift reliability flag or ID. This is mainly
to address the issue of fake detections/problematic extractions (flags -99,-10,0) but can
be used for other cases. If there is a problem with the ID given to the selected extraction
a new ID is to be indicated to that particular object without changing the flag.

e AY mismatch: whenever a re-extraction is to be done, If the 2D joining of the blue
and red spectrograms failed to match to a reasonable extent the traces in the red and
blue grism, it is noted here the approximate number of pixels between the center of the
two traces (always with respect to the blue grism) with positive meaning upward of the
trace, and negative meaning downward of the trace.

e Additional Comments since, as it is normal for any large dataset, I cannot predict all
the possible failures induced by machine or human error, if there is anything strange or
interesting that cannot be accounted for with the available options it is possible to type
it in the provided box.

3.3.1 PREPARING THE DATA FOR THE INTERFACE

To increase the processing speed of all VUDS observations, several key aspects related to the
observations had to be carried out prior setting up a user interface. This includes compil-
ing a list of slit positions, preparing image cutouts from different bands/surveys along with
photometric and spectroscopic information that I had in hands.

All VUDS low-resolution observations were taken with a North-East orientation where the
spatial coordinate of the imaged slit goes from west to east (from down up) in a corresponding
photometric image. To ensure that all slits were positioned correctly I did not use the absolute
values for the slit position as reported in the observation files. Instead I used the relative
difference in right ascension and declination between the slit center and the primary target
position and then applied that offset to the position of the primary target in the photometric
parent catalog to obtain a correct slit overlay.

Since the primary selection on the VUDS sample was done with a magnitude limit in the
7 band I have created image stamps for each primary target using both space and ground
surveys. Due to memory performance, each ground based image had a total 15” by 15" size
while HST images had only 10” by 10”. In case of multiple HST observations (CANDELS vs.
COSMOS) it was always the deepest image from CANDELS that was used.

The tool is also accompanied by the photometric magnitude measurements and the VUDS
full spectroscopic catalog to provide some general information such as the magnitudes for all
identified sources in the image and the spectroscopic measurements for the VUDS targets that
have been processed.

This tool then works on a quadrant by quadrant basis, following the data structure of VIMOS
observations, to go through all ~ 11000 identified traces, manually or automatically, in the
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2D spectra. Despite being specifically designed to work with VUDS data, the tool is ready to
be ported to different surveys once the required information stated above is provided in the
requested format.

3.3.2 SPVT GRAPHICAL INTERFACE FEATURES

As with any tool that requires user interaction, there are a number of features that have to
be available to make most of the information useful. Below I list some of the most important
aspects of the Graphical User Interface (GUI) that I have developed to help tackle the issues
with data mis-handling stated in the previous section.

e Slit position overlaid in the image to locate each object in the sky with respect to the
actual observed 2D spectra;

e A way of mapping the position in the slit into the position in the photometric image by
moving the mouse up and down the 2D spectra;

e A zoom in on the 2D spectrum that follows the movement of the mouse while moving
on top of the 2D spectra;

e Entries of the parent photometric catalog overlaid in the images;
e Extraction windows overlaid on the 2D spectra for each spectra that was extracted;

e Direct Visualization of 1D spectra and known lines (with matched wavelength through
the source redshift) and possibility for smoothing the 1D spectra;

e Contrast manipulation in the images and 2D spectra;

e Check for entries in the window table and of some columns of the photometric parent
catalog;

e Adapt the color schemes to your preferences;
e Quick re-extraction of the 2D spectra for visualization only;

e Quick inspection of the extraction profile for visualization only;

I provide a more detailed description on how to use this capabilities is explained in the following
subsections (these are also included in a user manual that was provided for optimum use of
the tool) .

3.3.2.1 ADAPTING THE COLOR AND SIZE SCALES

The first tab Scale Spectra is meant to let the user have a better control over the contrast
on the visualization of the 2D spectra. Setting the minimum and maximum values allows to
stretch the color map across the pixels which have number counts in between. The scaling
regime can be switched by choosing the appropriate option: linear, logarithmic, squared or
root squared. The second tab Stamp Size allows the user to adjust the default stamp size
to be shown on the interface (default is 4 arcseconds). The changes in the stamp radius and
spectral minimum will persist after changing the object displayed.

3.3.2.2 MANIPULATING 1D SPECTRA AND STAMP ORIENTATION

On the bottom left part of the main window you can find some buttons/sliders to adapt the
visualization of the 1D spectra. There is also a check button there that allows you to switch
the orientation of the image stamps (see bottom left options in figure 4.22). The effect of
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Figure 3.6. Examples of the two possible orientations of the image stamps. Left: the original orientation of
standard astronomical image mosaics. Right: Orientation to match the spatial direction of the slit.

rotating the stamps will result on a slit orientation change that matches the one displayed on
the 2D spectra (see figure 3.6)

3.3.2.3 TOP LEVEL MENU

File: In here you only have two options. Either open a new seq file from the system dialog or
quit the tool saving the results you have checked so far.

Color Management: This menu relates to every color that can be customized inside the
GUI. It also has an option to toggle on/off the full-screen. The colors that one can customize
include

1. GUI background - This will affect all the backgrounds of the interface (note that for Mac
OS X the background of the buttons remains unchanged due to a theme incompatibility.

2. Extraction Line Colors - To change the color of a given extraction line (those overlaid
on the 2D spectra) just choose the object number that you prefer. There are up to 5
extraction colors, one per object in the slit. (If there are more than 5 objects in the slit,
the extra lines’ colors cannot be changed).

3. Slit Rectangle Color - Change the color of the slit

4. Slit Mapper Color - Change the color of the vertical line that connects the 2D spectra
to the imaging.

5. Annotations Color - Change the color of the crosses and IDs overlaid in the image (this
change affects immediately the color of the IDs but not the color of the crosses, they will
change to the chosen color after clicking on any of the navigation buttons)

6. Spectrum Colormap - change the colormap of the 2D spectra. Note that names appended
with 7 correspond to the reversed colormap.

7. Image Colormap - same as the item above but applied to the stamp images.

Scale Management: The two options here correspond to setting a new minimum value for
each of the displayed images. A minimum value is that for which all pixels in the image that
have lower values than that will be displayed with the first color of the colormap. On each
option, a small window will pop up. To update the value, click on the Update button, to reset
to the original click on the Reset button.

Help: Here you can find a link to a manual and some information regarding the version of
the tool you are using (by choosing the sub-option Help — > About...).
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Figure 3.7. Window for close inspection of the 2D spectra. The extraction window is shown on top of the
imaged spectrum and the histogram of the collapsed information along the spectral direction is displayed on
the right panel.

3.3.2.4 NAVIGATION AND OTHER TOOLS

The displayed graphics can be manipulated in several ways. There are four buttons (right of
the quit button in figure 4.22). By order of appearance, the function of each button is

1. Home - Restore the original view

2. Pan - move the images/plots around with your mouse when activated
3. Zoom - rectangular zoom defined with the mouse when activated
4

. Save - Save current figure to a file

To navigate between objects there are multiple choices available for the user (see bottom left
of figure 4.22). The previous and next buttons allow the user to go through each object
sequentially. The number of the object currently being displayed on the interface is displayed
in between those two buttons alongside the total number of objects of the loaded seq file. To
skip to a given object/slit, write the desired number and then click Enter or the associated
button. Finally there are additional options that may help the user throughout the process.

The inspect 2D button will trigger a new window where one can inspect more closely the 2D
spectra (accompanied by the 2D sky spectra) and the extraction profile (see figure 3.7). You
can turn on/off the extraction window for the selected object. Note that the extraction profile
that is displayed is the sum of each line of the 2D spectra directly. It is to be used with caution
if there is not a good enough alignment between the red and blue grism spectra. The quick
extraction will trigger a new window where one can re-extract (in a very quick manner) the
2D spectra. For that, one as simply to drag the mouse between the desired locations of the
beginning and end of the extraction window (see figure 3.8). The extraction window size will
be displayed via the cyan lines on top of the 2D spectrum. The re-extracted spectra will be
displayed on the bottom panel. You can then adjust the zoom to have a better look at the
extracted spectrum.

Then you have the option to open the magnitudes table which is simply a subset of columns
of the parent catalog associated with the sources displayed on the stamp file. The columns
that are displayed cannot be changed (for now). The last extra option is to open the window
table associated with the loaded seq file.

3.3.2.5 DISPLAY RELATED OPTIONS

As for the graphics themselves, besides being able to navigate through them by using the
navigation tool bar (see above) it is also possible to change a few other things. There are
individual contrast sliders to adjust the level of contrast in each of the displayed images.
There is a chance to toggle on/off all the layers (parent catalog, slit, slit mapper, extraction
windows, spectral lines) by clicking on the desired check button. There is also an additional
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Figure 3.8. Window for interactive extraction of a 1D spectra (bottom panel) from user defined limits in the
2D display (on the top panel)

option to smooth (with a Gaussian filter) the extracted 1D spectra. This can be done by
moving along the slider on the bottom left of the graphics window.

3.4 SELECTION FUNCTION

With the knowledge of the spectroscopic redshift, SED fitting was performed on the VUDS
sample using Le Phare (Arnouts et al., 1999; Ilbert et al., 2006) applied to the extensive
photometric data available in the COSMOS, VVDS2h and ECDFS fields. The SED fitting
procedure closely follows the method described in Ilbert et al. (2013), and the specifics for
VUDS are detailed in Tasca et al. (2015). To fit the photometric data we use templates derived
from Bruzual & Charlot (2003) models and assuming a Chabrier (2003) IMF. To model the
star formation histories we use an exponentially declining parameterization SFR o exp —t/7
(7 in the range 0.1Gyr to 30Gyr), and an additional two models with delayed SFH peaking at
1 and 3Gyr. The templates are created for a grid of 51 ages (in the range 0.1 Gyr to 14.5 Gyr).
We apply a Calzetti et al. (2000) dust extinction law to the templates, using F(B — V') in the
range 0 to 0.5. Models with two different metallicities are used. The two main parameters
of interest in this paper are the stellar mass, M,, and the star formation rate (SFR) for
which the median values of the probability density function are used. I refer to Ilbert et al.
(2013); Thomas et al. (2016) for typical uncertainties on these quantities (see also Tasca et al.,
2015). In summary, I expect a statistical uncertainty of ~ 0.1 dex in stellar masses and of
~ 0.15 dex in SFR. These are relative uncertainties given a set of reference models allowing a
quite accurate relative comparison between different populations, but systematic uncertainties
coming from a change in the parameter space of reference models (e.g. SFH or IMF) are larger,
up to the 0.2-0.3 dex level (e.g. Pforr et al., 2012).

I also use the physical parameters derived from the simultaneous SED fitting of the VUDS
spectra and all multi-wavelength photometry available for each galaxy, using the code GOS-
SIP+ as described by Thomas et al. (2016). This method expands the now classical SED fitting
technique to the use of UV rest-frame spectra in addition to photometry, further improving
the accuracy of key physical parameter measurements (see Thomas et al., 2016, for details).
It also provides measurements of physical quantities such as galaxy ages as well as the IGM
transmission along the line of sight of each galaxy, an improvement compared to using a fixed
transmission at a given redshift (Thomas et al., 2014).

The sample selection and color correction detailed in section 4.3.5 rely on the parameters
derived from LePhare. All the comparisons with physical parameters described throughout
this thesis use the results from GOSSIP+. I stress that the results presented in this thesis are
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Figure 3.9. The number of galaxies per redshift bin for the entire VUDS sample considering all galaxies
with a redshift measurement in light gray and those with a redshift reliability flag corresponding to a > 75%
certainty in dark gray. In blue colors I present the distribution for the COSMOS+ECDFS, stellar mass selected
and 2 < z < 4.5 sample (all flags in light blue and reliable flags in darker blue). The results shown in sections
5.1 and 5.2 are based on the darker blue histogram which contains 1242 galaxies.

robust against the method used to derive the stellar mass selection of my sample.

3.4.1 A SAMPLE WITH RELIABLE REDSHIFTS TO STUDY LY-«

To conduct a classification on the shape of Ly-a emission in 2D spectra (see sections 4.6 and
5.4) T selected all galaxies in the VUDS survey for which we have the most reliable redshift
measurements, i.e. galaxies with redshift flags 2 and 9 (~80% probability to be correct), and
flags 3 and 4 (95 to 100% probability to be correct). I refer to Le Févre et al. (2015) for more
details. This constraint led to a total of 4360 galaxies (2100 in COSMOS, 1743 in VVDS and
517 in ECDFS) to be visually inspected for the presence and morphology of the Ly—a line.

Despite having classifications for the entire sample, I restrict the interpretation of my results
to a stellar-mass selected sub-sample with log;q (M,/Mg) > 9.5.

3.4.2 HIGHIMAGE RESOLUTION SAMPLE TO STUDY GALAXY MOR-
PHOLOGY AT HIGH REDSHIFT

To conduct a morphological classification of high-redshift sources (see sections 4.5 and 5.3) I
restrict the classifications to galaxies in the COSMOS and ECDFS fields where images from
HST are available (see e.g. section 3.2). This corresponds to a total of 2506 galaxies with
reliable spectroscopic redshifts of which 2100 are in COSMOS and 406 are in ECDFS.

Despite having classifications for a larger sample, I restrict the interpretation of my results to
a stellar-mass selected sub-sample with log,q (M, /Mg) > 9.5.
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3.4.3 A STELLAR MASS-SELECTED SUB-SAMPLE

To follow the evolution of galaxy sizes in a similar population as a function of redshift, I
define the sample by imposing an evolving lower stellar mass limit. This choice implies that
stellar masses of galaxy populations at different redshifts follow the general stellar mass growth
of star-forming galaxies, broadly representing the same coeval population. With this simple
evolving stellar mass cut one could possibly miss galaxies if their properties make them fall
out from the VUDS selection function, i.e. if galaxies selected at the high redshift end of my
sample become quiescent by the time they reach z ~ 2. The average size I report would then
be biased against these galaxies at the lower redshift end of the survey. The other possible
choice that could be made is to opt for a constant stellar mass limit at all redshifts. In this
condition, the sample would contain more lower stellar mass star-forming galaxies at lower
redshifts. If the stellar mass-size relation is not evolving with redshift (see e.g. van der Wel
et al., 2014; Morishita et al., 2014) then this would add galaxies with lower sizes in the lower
redshift bins of my study, complicating the comparisons of size distributions. I define a lower
stellar mass limit in my sample anchored at z = 4.5 as log,o(M,/Mg) > 9.35 (below which
the VUDS sampling drops). I then use the stellar mass function evolution from Ilbert et al.
(2013) together with the typical sSFR of VUDS galaxies (Tasca et al., 2015) to follow the
typical stellar mass growth of VUDS galaxies, and define the stellar mass selection threshold
at different redshifts using

log (M, /Mg) > —0.204(z — 4.5) + 9.35. (3.1)

In figure 3.9 one can see the redshift distribution of the entire VUDS sample and that of the
stellar mass-selected sample in the redshift range considered defined for the purpose of this
study. Such selection translates into 1645 galaxies in the COSMOS and ECDFS fields with
a spectroscopic redshift measurements and with stellar masses obeying equation 3.1 of which
1242 have spectroscopic redshift flags that have a reliability of > 75% (flags X2,X3,X4 and X9
with X=0,1,2 see Le Feévre et al., 2015, for more details).

I show the stellar mass-SFR relation of my sample divided in four redshift bins in figure 3.10.
It shows that my sample probes galaxies with typical median stellar masses of 10'°Mg, and
ranging from log, (M, /M) 2 9.35 and up to 101'My. In terms of SFR, galaxies are in the
range 0.5 < log;o(SFR) < 3.0 at all redshifts with median values of log,o(SFR) ~ 1.4.

To further characterize my galaxy population I plot in figure 3.11 the position of each galaxy
with respect to the quiescent region as defined in Ilbert et al. (2013). The lack of galaxies in
the upper right part of the panels in the NUVrJ diagram indicates that I am missing dusty
star-forming galaxies. I also lack the quiescent population (only 4 galaxies fall in the quiescent
region of the diagram). This confirms that my sample is probing the bulk of the massive, low
dust star-forming population at the redshifts considered.
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Figure 3.10. Range in stellar masses and SFRs for the sample studied in sections 4.5 and 5.3. In each panel,
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of the 1242 galaxies in the selected stellar mass range and with reliable spectroscopic flags (correct redshift
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Figure 3.11. NUVrJ diagram (Ilbert et al., 2010, 2013) for the sample studied in sections 4.5 and 5.3 in
different redshift bins. In each panel the colors have the same meaning as in figure 3.10.
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Figure 4.1. Sérsic profiles for several values of n with fixed central intensity and effective radius.

4.1 PARAMETRIC FITTING

One of the most widespread ways of measuring galaxy sizes at all redshifts is by parameterizing
their surface brightness profiles with a given functional form (e.g. Simard et al., 1999; Peng
et al., 2002; Ravindranath et al., 2004; Daddi et al., 2005; Ravindranath et al., 2006; Trujillo
et al., 2006¢; Akiyama et al., 2008; Franx et al., 2008; Cassata et al., 2010; Williams et al., 2010;
Mosleh et al., 2011; Cassata et al., 2013; Huang et al., 2013; Morishita et al., 2014; van der
Wel et al., 2014; Straatman et al., 2015; Shibuya et al., 2015). One common parametrization
used for studying galaxy morphology both at low and high redshift is the Sérsic (1968) profile
which is generally described in the next section.

4.1.1 THE SERSIC PROFILE

This profile is characterized by the functional form
I(r) = L exp[—r(r/re) /™ + k] (4.1)

where the Sérsic index n describes the shape of the light profile, r,. is the effective radius of
the profile, I, is the surface brightness at radius r = r. and k is a parameter coupled to n
(see for example Ciotti & Bertin 1999) such that half of the total flux is enclosed within 7.
An index of n = 1 corresponds to a typical pure disk galaxy, whereas n = 4 corresponds to
the de Vaucouleurs profile associated to elliptical galaxies. On 2D images, each Sérsic model
has potentially seven free parameters: the position of the center, given by x. and y., the total
magnitude of the model, my,, the effective radius, re, the Sérsic index, n, the axis ratio of the
ellipse, b/a and the position angle, Op 4, which refers to the angle between the major axis of
the ellipse and the vertical axis and has the sole purpose of rotating the model to match the
galaxy’s image.

The projected intensity within a region S is defined as the surface integral:

H&:LMW$ (4.2)

Since the light profile has only a dependence in the distance to the center it is convenient
to express this integral in terms of polar coordinates where dS = rdrdf. Thus, for a given
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circular aperture, the flux of the object is

27 T T
F(<r)= / d«9/ I(r")r'dr’ = 27TIO/ exp[—k(r' /re) Y™ + K]r'dr, (4.3)
0 0 0
which can be written in terms of the incomplete left gamma function (see Ciotti & Bertin
1999):
2T . 9 r]m
F(<r)= Wlee riy | 2n, K - , (4.4)
where
. 1/n H[i] 1/n
v 2n,k [} = / et lar. (4.5)
Te 0
That becomes, for r = 0o, the total flux of the galaxy
2
Fiot = ,:Tglee“rgf@n), T'(2n) = 7(2n, o). (4.6)

Imposing the condition that the effective radius is that for which the flux within is equal to
half of the total flux I get

I'(2n)

Fiot o (om, k) = iy (@)

2

F(<re) =

Therefore, I can now get the value of  for a given n by inverting the equation

k=71 <2n, F(;”)> . (4.8)

Ciotti & Bertin (1999) derived an approximation for this last expression that performs very
well for values of n from 1 up to 10

1 4 46

~2n — -
RAE =5 105n T 25515027

(4.9)

which can be compared to the solution of equation (4.8) computed numerically in this work us-
ing the implementation of I'-related functions from the package scipy.special. The comparison
of the obtained values may be seen in figure 4.2. It is noticeable the rapid rise on the absolute
relative error for values of n < 1. As for the performance, the evaluation of the analytical
expression takes / 0.03 milliseconds in an 3.5GHz Intel Core i7 processor with 16GB of RAM,
which amounts to 15% of the time to compute the numerical solution (= 0.2 milliseconds).

4.1.2 GENERATION OF 2D IMAGES FROM MODELS

For testing purposes I devised an algorithm to generate 2D images from one-dimensional
surface brightness profiles. The first step to perform this method consists on creating a model
galaxy based on the set of morphological parameters necessary: xc, yc, Iy, re, q, 8. To do so, first
one has to compute the distance to the galaxy center based on the ellipse equation (normalized

to the major axis).
2 2 2
x Yy r
—+ 5 = — 4.10
a2 b a? (4.10)
where a and b are the major and minor axis respectively. However, in order to reproduce a
ellipse not centered at the origin and with the axis of the ellipse rotated with respect to the
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Figure 4.2. Comparison of the exact (numerical) solution of equation (4.8) to the expression by Ciotti &
Bertin (1999).

coordinate system I have to perform two transformations: a translation between the coordinate
system origin and the galaxy center and a rotation around the center of the galaxy of the given
angle 6. That is performed by the set of equations:

xpt = (x — x.) cos(0) — (y — y.) sin(f) (4.11)

yrt = (z — z¢) sin(0) + (y — ye) cos(6) (4.12)

Now, the distance to the center of the galaxy in this new coordinate system (in elliptical form)
is simply

y2
r=y[a + 2 (4.13)
q
where ¢ = b/a. Using this definition of r in equation (4.1) I can generate a 2D model of the

galaxy from the set of parameters given. With the created image now one can convolve with
an instrumental PSF and add a noise image to create a realistic observation of the profile.

4.1.3 GALFIT

To measure the effective radius of my objects I use the 2D surface brightness fitting tool
GALFIT (Peng et al., 2002, 2010). For each galaxy I choose to fit a single Sérsic profile with
no constraint in the parameters. To remove the effect of the ellipticity of each source, the final
size value as measured from GALFIT is computed as the circularized radius via

Te,circ = Te\/@ (414)

where ¢ is the axis ratio (b/a) of the elliptical isophotes that best fit the galaxy. In this sense,
a comparison with r7 defined in section 4.3.1 is also more immediate, as both are circularized
forms of size measurements. The initial parameters were retrieved from running SExtractor
(Bertin & Arnouts, 1996).
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Figure 4.3. A pre-selection on the sources to be considered as stars for PSF construction. On the left panel
I show the full distribution (in blue points) of all sources detected in the image with SExtractor. The red
and black lines delimit the region from which the candidates are selected. On the right I show the selected
candidates color coded with the class star parameter from SExtractor which is to be 1 for point sources and 0
for extended sources.

4.1.4 PSF CONSTRUCTION

In order to provide accurate size measurements it is crucial to have a good image representing
the point spread function (PSF) of the data. For that purpose a list of individual, bright,
non-saturated, field stars were pre-selected based on their position in the stellar locus of the
lmax — mag diagram (see figure 4.3). This procedure was applied to all the CANDELS,
UltraVISTA and CFHTLS mosaic images. Then, I selected by visual inspection the stars to
be used for the stack. Thus, I built a high S/N image of the PSF for each image by stacking
~ 40 stars in each CANDELS field. For COSMOS I have used the models built with TinyTim
! described in Rhodes et al. (2007).

4.1.5 MASKING BAD PIXELS

For space based imaging, I fed GALFIT with 6” x 6” image cutouts around the galaxy. As for
the masking procedure, I used the segmentation map produced by SExtractor and flagged all
companion objects for which all pixels associated with it are at a distance greater than 1”of
the VUDS target. The flagged pixels are not taken into account when doing the x? fitting
by GALFIT. Based on deep galaxy counts (Capak et al., 2007) I estimate the fraction of
companions at a distance smaller than 1”and brighter than iag = 25.5 is 6%. This reassures
us that [ am getting size measurements for sources that fall within the slits, i.e. it is unlikely
that GALFIT will lock on a companion object.

4.1.6 IMAGE SIMULATIONS

Simulations of 15000 galaxies using GALFIT Sérsic profiles convolved with the observed PSF
are performed to test the reliability of the obtained values for the effective radius of the
galaxies in the sample. To do so, I use the computed SExtractor source catalog to select

http://www.stsci.edu/hst/observatory/focus/TinyTim
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Figure 4.4. Variance of the value of r. for a set of 15 000 galaxies as a function of input magnitude (left) and
effective radii (right). Only galaxies where GALFIT convergence was attained are included in this figure. The
large dark blue points represent the median sizes per bin, the error bar in the y-axis is O‘/\/N. The shaded
region delimits the 16th and 84th percentiles and includes 68% of the sample of each bin.

Table 4.1. Interval of simulated values of artificial galaxies. All parameters were randomly selected from a
uniform distribution within the reported range.

mag  r[pixel] n q Opa |degrees|
22-27 05-30 05-10 0.1-1.0 -90 - 90

200x200 pixel sky regions on which the simulated galaxies are dropped. The sky regions
are randomly selected so that I do not introduce artificial bias by using hand picked regions.
However, since the selection of pure sky regions in a random way is very time consuming a
method is devised to select the required size regions in a faster way while still taking cautions
not to overlap simulated and real sources and to avoid bright sources within the region. This
method selects random regions where: there are no pixel detections within a 50 pixel radius
from the center of the sky region; the neighboring sources allowed in the stamp image must
not be brighter than 20 mag; the number of SExtractor detected sources within the stamp
is limited to 10; all pixels have a non-zero value. Then the simulated galaxies have Sérsic
profiles that are randomly generated from a set of values drawn from uniform distributions
in the intervals defined in table 4.1. The profiles are subsequently convolved with the PSF
and dropped on extracted regions. Finally all the simulated objects are fed onto the same
pipeline as the real images to get their output parameters from GALFIT. The results of these
simulations (see figure 4.4) show that one can retrieve the input effective radius value within
10-20% for 68% of the simulated galaxies that have a total magnitude < 25. There is also
a slight trend with the input effective radii in the sense that galaxies with higher input 7.
tend to have slightly higher dispersion (up to ~ 20 — 30%) of the difference one gets. I note
however that 93% of the galaxies in my sample have measured radii smaller than 20 pixels
for which T obtain a radius within ~ 15% of the input value. I have tested this simulation by
using different background images from which to extract the sky regions (COSMOS F814W
tiles and CANDELS F814W, F125W, F160W mosaics) and found no significant differences in
the simulation results. Similar conclusions were found by, e.g. Mosleh et al. (2011); Morishita
et al. (2014).

An additional test is carried out to test the robustness of GALFIT results against the choice of
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first guess parameters. In this case, for each galaxy, I run GALFIT fifty times, each of which
with a set of Gaussian randomly deviated values centered on the SExtractor input guesses
and with widths that include at least a 50% deviation from the input value within 1o. I then
compare the median value of the fifty runs with the results from the single run with SExtractor
first guesses and find that no more than ~ 9% of the galaxies for which GALFIT converge
have median values offset by more than 3¢ and that most of the galaxies (~ 90%) are within
lo. The outliers tend to happen for cases where GALFIT does not converge for one or more
of the fifty tries. Nonetheless, the majority of the galaxies for which I have GALFIT results
(around ~ 74%) allow the convergence more than 40 (out of 50) times.

4.2 NON-PARAMETRIC FITTING

In this section I will detail the implementation of non-parametric measurements that have
been defined in the literature in the past years and for which I have developed a comprehensive
algorithm that computes all the described quantities for a faint galaxy population.

4.2.1 THE PETROSIAN RADIUS.

This radius, (Petrosian, 1976), is defined as the distance for which the ratio between the surface
brightness at that radius and the average surface brightness within that aperture is equal to
a fixed value n (usually taken as n = 0.2)

(4.15)

It is straightforward to note that the average surface brightness within a certain circular
aperture can be derived from the total flux on that aperture divided by its area:

F(<r)
mr2

(I(<r)) = (4.16)

For the sake of clarity I will define a new variable

u=r <T> " (4.17)

Te

Now, with the help of equations (4.4) and (4.17) I can write equation (4.16) as

1 2mn 2n /re\2
(I(< 1) = —5 T ey (2n,u) = L™~ (7) +(2n, w). (4.18)

Using now the surface brightness equation for a Sérsic profile - equation (4.1) - n is described
by
2n 2 —u
K r e
=——)] ——. 4.19
n(r) 2n <re) v(2n, u) (4.19)

For the computation of the petrosian radius on a 2D image, G, of a given object I take
advantage of the distance definition in elliptical form to construct a distance matrix R where
each entry [4, j] is computed from equation (4.13). Then I determine 7 using the methods

1
I(ri) = > Gij, if 0.9, < Ry < 11rg, (4.20)
Z’Mj
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where N is the number of pixels that enter the computation of I(r), and

1
(I(<m) =5 > Gy, if Rij <y, (4.21)

1]

and then, by iterating over increasing values of r; until the value of n = 0.2 is reached, I get
the numerical value of 7).

4.2.2 CAS
THE CONCENTRATION PARAMETER

This parameter, designed to measure the light concentration of a galaxy and studied by several
authors (e.g. Abraham et al. 1994, Bershady et al. 2000, Conselice 2003) is defined in terms
of the ratio of the radii at which the flux within reaches specific values in terms of the total
flux. The case adopted here follows the definition of Conselice (2003)

C = 5logyg (:ZE) : (4.22)

where 7, is the radius which encloses a flux F/(< r) = (a/100)F(< 1.5r,). The amount of
flux above the defined threshold at 1.57,, is dependent on the Sérsic index, and is higher in the
case of the exponential disk than that of the classical bulge profile.

To compute C from a given 2D image one defines the flux within a given radius r; as:

F(< Tk‘) = ZGi,ja if Rl,] < Tk, (423)

1,J

where R as the same meaning as before (in the determination of the petrosian radius). With
that algorithm I then iterate over increasing values of ry until I reach the predefined values of
20% and 80% of the total flux within 1.5r).

To test the recovery of the value of the concentration parameter I generated 200 galaxies with
linearly spaced values of n ranging from 1 to 8 for three distinct values of r. = 10,20 and 30
pixel giving a total of 600 test galaxies. Then I computed the concentration parameter using
a step of Ar, = 0.05 pixel for both the petrosian radius and the Concentration determination.
The results are displayed on figure 4.5. One can see that the retrieved value of C' depends not
only on n, as expected from the analytical solution, but also on the value of r.. Models with
lower values of r. tend to depart from the true value at lower values of n (left panel, figure 4.5).
That figure also presents two kinds of plateaus: one of constant values of C' which corresponds
to the case where rop and rgg are constant with n (thus their relative error increases as seen
in the right panel of figure 4.5) and another where C' is decreasing with n that happens when
only 7o is constant with n but rgg decreases with n. In addition to these plateaus, there is also
a systematic increase in the relative error of bothroy and rgg with n. The case of rog is worse
since it becomes very small for increasing values of n (for example, in the case of r. = 10, 799
becomes smaller than two pixels at n &~ 4 and smaller than one pixel at n ~ 7).

THE ASYMMETRY PARAMETER

The asymmetry index is based on the subtraction of a given galaxy image by its rotation
of 180 degrees and then sum all the intensities of the subtraction map as compared to the
total intensity of the original image. This parameter measures the amount of non-asymmetric
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Figure 4.5. The values of the concentration parameter (left) as a function of Sérsic index for the simulated
galaxies (filled circles). The analytical values are plotted as the solid curves. The relative errors on the radii
that are used to compute C' are shown in the right panel.

features an object has and so it is a proxy for the star formation and merger activities. In
practice it is computed via (Conselice et al., 2000; Conselice, 2003; Lotz et al., 2004)

180
Zi,j |Ii,j - Ii,j
Zi,j Ii,j

where I; ; is the intensity at the pixel (i,j), the 180 index denotes the rotated image intensities,
and Bigg is the total intensity of the background asymmetries. The center definition around
which the image is rotated is a very important set to define as the final value of A strongly
depends on the definition of the galaxy center. Due to this factor, Conselice et al. (2000)
devised a way to disregard a fixed center definition that might influence the posterior analysis.
This method consists in computing the asymmetry index using the center for which A is of
minimum value. The minimization consists in computing the value of A in a sub-region of
pixels and select the pixel for which the value of A is minimal. Then I define a new region
centered on that pixel and compute the values of A on the new adjacent pixels. The procedure
is repeated until the center of the sub-region has the minimum value of A. This method may
be trapped in a local minimum or in a constant valued region. To prevent that from happening
one defines the size of the sub-region to be big enough to allow jumps between two different
local minimum if they exist. Of course that it is a compromise between computation time (as
to compute the value of A for every pixel is very time-consuming) and the recovery of the true
value A. Nevertheless, if the starting pixel position is close to the center of the object, these
effects are largely minimized and one can choose a fast small region to compute the minimum
value of A.

A=

— Biso, (4.24)

To test the recuperation of the true value of A one image with two non-intersecting shapes
with the same constant intensity value is generated. From that image is is possible to define
the analytical value of the asymmetry as:

A 2|A; — A

A + Az
where A; and As are the area values of each of the intervening shapes. From a set of 1000
combinations of two shapes chosen from circles, ellipses, squares and rectangles with randomly
selected integer sizes (between 40 and 50) I recovered the true value of A for most of the cases
(see figure 4.6). The interval of sizes chosen is to prevent that a combination between a big

(4.25)
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Figure 4.6. Comparison between input and output values of A from shape simulations.

and a small shape would result in a mis-computation of A in its analytical form since it would
be favored the case of a rotation of the biggest shape over itself. The discretization of the
values of A observed are a direct result of the constraints on the shape generation (from a
limited set of integer sizes).

THE CLUMPINESS PARAMETER

This parameter measures the amount of clumps a given object possesses by analyzing high
frequency variations within an image. To do so, it firsts performs a convolution of the original
image with a smooth kernel (usually a Gaussian with parameter o) and then subtract it to
the original Image. The aftermath of this operation is a residual map with high frequency
components of the object in study. The index S is then computed via (Conselice, 2003)

iy —1I7;) — Bij
Zi,j Iz}j 7

where the indices have the same meaning as before.

S =10 x (4.26)

4.2.3 GINI-My
THE GINI PARAMETER

This morphological coefficient based on an economic curve devised by Lorenz (1905) used to
describe the wealth distribution among a certain population was first applied to astronomy
by (Abraham et al., 2003). In its astronomical use, it is a measure of the flux is distributed
among the pixels that belong to a galaxy. In its mathematical form it is written as

L(p) = )1_{/010 F~(u)du, (4.27)

where L(p) is the integral of the cumulative distribution function F'(z) up to the percentage p
of the fainter pixels normalized to the mean pixel flux, X. The Gini coefficient is the ratio of
the curve defined by L(p) and the equality curve L(p) = p. For an analytical Sérsic profile the

48



RIBEIRO, Bruno Morphology as a tracer of galaxy evolution

0.7

0.6

O 0.5

0.4

0.3

10

n

Figure 4.7. The n dependence of the Gini coefficient.

cumulative distribution function as also an analytical form given by equation (4.4). However,
there is no simple way to define the inverse (r(F)) of that function in terms of an analytical
form. Nonetheless it is easy to construct such a function using root finding techniques applied
to

F(<r)—F; =0, (4.28)

which, for any given value of F;, returns the value of r corresponding to that flux thus providing
a simple way of knowing r(F'). With this in hands one can perform the computation of the
Lorenz curve for the given profile and then compute the Gini coefficient as

p/d/_ pL Ndo'
G:fopppfo w')dp' (4.20)
fopldp’

but, since [ p'dp’ = 1/2 this simplifies to
P
G=1- 2/ L(p")dp'. (4.30)
0

Performing this evaluation for different Sérsic profiles it is possible to establish a direct relation
between G and n that can be seen in figure 4.7 and which, as expected, relates high values
of n to high values of G since profiles with greater values of Sérsic index are steeper and thus
concentrate their light in a smaller area thus increasing the computed value of G.

In a discrete population (such as a discrete sampling of a galaxy profile in a pixel grid) it can
be computed as

2Xn Z X — X, (4.31)

where n is the number of pixels of the galaxy. G = 0 if all the pixels have the same nonzero
flux and G = 1 if all the flux is contained in one pixel. An efficient way to compute this
coefficient is to first sort the pixels of the galaxy in increasing order of flux an then compute
simply

n

G = Tt =) > @i-n—-1)X; (4.32)

i
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Due to the scattering of low surface brightness pixels below the sky level (negative values
of flux) it is applied a first order correction by computing the Gini coefficient based on the
absolute values of the flux at each pixel.

THE My PARAMETER

The light moments of t-th order of any surface brightness profile distribution are given by

My(r) = /S P I(r)dS = 2 /0 (. (4.33)

Each moment has is own simple definition. For instance, for ¢ = 0 we have the cumulative
flux distribution given in equation (4.4). This integral is a generalization of that one and can

be seen as y
t+2 n
My(r) = 2n1,¢" (Ln) 7 ((t +2)n, & [T} ) . (4.34)
K

Te

The second-order light moment of the profile, hereafter named simply M, is that for which
t = 2. Then, the total second order moment of light is simply the integral up to » = co and
is given by

4
Mg = 21 1,¢" (%) T'(4n). (4.35)

It is also easy to see that, using 79y as the radius for which one has enclosed 20% of the total
galaxy flux, that M (ry) is given by

Te

4 1/n
M(r) = 21t (22)'y <4n, o2 ) , (4.30

leading to he wanted Mo statistic being computed in terms of y-related functions:

M20 == logl[} < 1—\(4n) )

tot
which is a decreasing function of n (see figure 4.8).

In its discrete form, the total second order moment My, is the flux in each pixel I; multiplied
by the squared distance to the center of the galaxy, summed over all the galaxy pixels assigned
by the segmentation map. The center of the galaxy is that which minimizes My,

Moy = Z Ll(zi — 2e)? + (i — ye)?)- (4.38)

Then, My can be defined as when computed for a intensity sorted values in a descending
order:

Sop Lil(wi — e)® + (yi — o)’
Mot

Moy = loglo < ) , while I; < 0.21;, (439)

where I;,; is the total flux of the galaxy within the segmentation map. The normalization
by M;.: is done so that there is no dependence of this parameter either on galaxy size or
total flux and so galaxies from different types can be compared with one another. The main
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n

Figure 4.8. The n dependence of Myg.

difference between C' and My is that the latter does not depend on a specific definition of center
nor depends on elliptical /circular apertures and so it is independent of other morphological
information. This translates into a better sensitivity of Moy to the presence of multiple bright
spots in a galaxy.

424 TV
SIZE (T) PARAMETER ?

This parameter takes advantage of the spectroscopic information o redshift to estimate the
projected galaxy area in square physical kpc. It is computed by Law et al. (2007)

T =NL? (2 x 10711 T 2) D3, (4.40)
arcsec

where N is the number of pixels of size L (in arcsec/pixel) in the segmentation map of the

galaxy and D4 is the angular diameter distance as given by cosmology. The first test to make

sure that this is working as expected is to check the behavior of D 4. From the standard model

of cosmology, the angular diameter distance is given by:

14z

Dy (4.41)

where D, is the comoving distance from the observer to the object and is given, in its general
form, by:
z dZ/
o H()

D,=c (4.42)
and H(z) is the function that defines the dependence of the Hubble parameter with redshift.
In a general case for an isotropic and homogeneous Universe with matter, radiation and a dark
energy components (this last one with equation of state p/p = w) plus non-zero curvature it

2to avoid confusion with intensity parameter or clumpiness parameter I will use the letter T
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Figure 4.9. Testing the algorithm that computes the value of D4 as a function of z. Three cases are plotted
as solid curves. The dashed lines represent the analytical expressions for the radiation and matter dominated
scenarios respectively.

becomes:

H(Z(i)m - \/Qr(l +2)1 + Qo (1 + 2)% + Qi(1 4 2)? + Qy (1 + 2)30+w) (4.43)

For the simple cases where only one component exists, the equation for the angular diameter
distance has an analytical solution. For instance, in a flat radiation dominated scenario (€2, =1

and Q,, = Q, = Q, =0),
c 1
D= 1— 4.44
A Ho(l—i—z)( 1+z> (444)

and in a flat matter dominated scenario (2,, = 1 and Q, = Q,, = Q = 0)

2c 1
Pa=mats <1 VIt z) 44

So, the solution of equation (4.41) can be tested against these simple cases (see figure 4.9). As
an additional curve it was plotted the variation of the angular diameter distance for a standard
ACDM scenario (2, =0.3,Q24 =0.7,w = —1 and Q, = Q = 0) as the green solid curve.

MULTIPLICITY (¥) PARAMETER

This parameter is used to discern how many apparent components there are in the light
distribution of an object. Similar in practice to A and Msy due to their sensitivity on the
presence of multiple clumps, it performs better than those two because it does not need the
definition of the object center nor a conventional normalization. By using the light distribution
as a proxy for mass, it is possible to compute the potential energy associated with a given object
as projected onto the line of sight as (Law et al., 2007)

N N I I
ik,
Vg = § § % (4.46)
i j=1kl#ij Y

Then, the intensity map is rearranged in the most compact possible configuration (a circular
form with decreasing intensity with radius) and then I can calculate

N N

Ye= Y Y % (4.47)

i j=1kl#ij Y
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Then I can compute the multiplicity parameter as the ratio of those two quantities

¥ = 100 x logo <Z> . (4.48)

The values of W vary from 0 up to ~ 30 where ¥ ~ (0 — 2 means a strong single nucleated
object, ¥ ~ 5 for a weak second nucleated source and ¥ ~ 10 for a strong double nucleated
source. For values ¥ > 10 it increases as the number of separated nucleus or distance between
two nucleus increase and only at ¥ = 25 the sources become low surface brightness nebulous
objects.

4.2.5 MID
MULTI-MODE (M)

To compute this statistic I first have to define intensity quantiles denoted by ¢; where [ is the
percentage of pixels I want below a given intensity ¢;. Then, for a fixed value of [ I can define
a group map listing all contiguous pixels above that intensity threshold defined as:

o 1, if[m‘ > q
Jid 0, otherwise

After selecting all the pixels obeying the rule I proceed to quantify the number of groups that
I have and for each group the number of contiguous pixels it has. Defining A; ,,, as the number
of pixels for the quantile ¢; and group m, where m represents the rank of the group in terms
of its area (i.e. m = 1 represents the largest group, m = 2 the second largest group...) I can
compute the ratio:

(4.49)

2
A
A

)

Ry (4.50)

Performing this calculation for a sufficiently large number of intensity quantiles I can now
define the multi-mode statistic as the maximum value of all the computed ratios:

M = mlale (4.51)

INTENSITY (I)

To take into account pixel intensities (which do not enter in the computation of M) there
is a different statistic. To define groups of pixels for which to compute the total intensity
the method used consists on two simple steps. First, the image is smoothed via a Gaussian
kernel with a given o (usually o = 1pixel). Then, for each pixel in the segmentation map, I
compute the corresponding local maximum via maximum gradient paths (i.e., for each pixel
I compute the intensities of the 8 adjoint pixels and then move to the pixel with maximum
intensity; the process stops when a local maximum is reached and none of the neighbor pixels
have higher intensities than the one I am considering). So, a group is defined as the collection
of pixels linked to a particular local maximum. Once I have all the intensity groups I sum all
the intensities for all the groups and then compute I as the ratio between the total intensities
of the brightest and the second brightest group:

=22
I

(4.52)
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DEVIATION (D)

Since I have defined the intensity groups in the previous calculation it is straightforward to
obtain the local maximum coordinates associated with the brightest group of pixels (xr,,yr, ).
Then I can define the intensity centroid as the mean pixel position as averaged by the flux
within the segmentation map.

1 .

Toen = 7— D ix I (4.53)
tot i
1 .

Yecen = T Z] X I@j (454)
tot i

With that information I can compute the D statistic (normalized to an approximated galactic
radius Nyeq/7) as:

™

Nseg

D= \/(xeen - .%'[1)2 + (ycen - y]1)2 (4.55)

4.2.6 OTHERS
FILAMENTARITY (F) PARAMETER

Inspired by the idea of Matsuda et al. (2011) I devised a new parameter that quantifies the
covering fraction of a given object with respect to a circular aperture.

F = Ny, /772 (4.56)

min

where r,,in is the minimum radius of the circle which encloses all the pixels of the segmentation
map which has a total area A = N,;;. In practice, i, is half the maximum of the distances
between every set of two pixels from the segmentation map.

AXIS RATIO @ AND POSITION ANGLE 6

To measure this two quantities it is useful to first define the barycenter of a given object within
the segmentation map (which is defined on a sky threshold basis). Then, one has z and 7 as
defined in equations (4.53) and (4.54). Then, one may define the second order moments of the
profile as:

1
22'2 x I;; — ©° (4.57)
Itot -
Z] x I j — (4.58)
Itot
Ty = 1 X Jx I ;i —Zxy 4.59
Toor Z Jx i ( )
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Then, it is possible to show that (see Bertin & Arnouts 1996):

W, sien(my)
72 — o2

tan20 = 2

arctan (2xy> (4.60)
22 — 2

Which is then corrected according to the quadrant it is referring in order to span the entire

range from -90 to 90 degrees. It is also possible to define directly the semi-major and semi-
minor axis of the corresponding ellipse as:

— — —  —\ 2
2 2 2 2
a?="7 ;y + (‘T ;y> + Ty? (4.61)
a2 +y? RN
v = 5~ 5 + zy? (4.62)
(4.63)

which in turns makes it easier to compute ¢ = b/a.

4.3 BEYOND SYMMETRIC MODELS FOR SIZE ESTIMATES

While the local Universe is dominated by galaxies with symmetric shape in the form of discs and
bulges, the distribution of galaxy shapes becomes more complex as redshift increases. By red-
shift z ~ 1—2 irregular galaxies make up to 52% of the population of galaxies (Delgado-Serrano
et al., 2010; Huertas-Company et al., 2015b). By redshift z ~ 3 galaxies with irregular shapes
dominate as they represent ~ 65(40)% of the population of massive, log;,(M,) > 10(11),
galaxies (Mortlock et al., 2013; Buitrago et al., 2013). These irregular shapes often come in
the form of clumpy galaxies representing ~ 60% of the star-forming galaxies at 2 < 2z < 3
(e.g. Elmegreen et al., 2007, 2009; Wuyts et al., 2012; Guo et al., 2015; Huertas-Company
et al., 2015b). This fraction might be higher when going to higher redshifts (Conselice &
Arnold, 2009). Irregular shapes can take very diverse forms, including objects with one single
asymmetric component, with multiple components, with a tadpole shape, extended with low
surface brightness, and can be confused in the presence of close projected or physical compan-
ions. Some examples of galaxies in my sample are shown in figure 4.11. The fit with GALFIT
gives an effective radius which highly depends on the relative brightness of each clump of
the galaxy, but the residuals after fitting show how difficult it is to fit such an object with a
symmetric profile.

These considerations prompted us to use other ways to derive sizes of galaxies than parametric
fitting. A non-parametric definition removes the need for assuming a surface brightness profile.
Measuring the half-light radius based on SExtractor and/or Curve of Growth methods is also
widely used (e.g. Ferguson et al., 2004; Bouwens et al., 2004; Hathi et al., 2008; Oesch et al.,
2010; Curtis-Lake et al., 2016). However, these non-parametric methods require a center and
an aperture definition to be computed. Such quantities can, again, be misleading in cases of
highly disturbed morphology.

With this in mind I developed a simple size estimator based on the total area covered by a
galaxy above a given surface brightness threshold. In the following sections I define a non-
parametric size measurement independent of any assumption related to a symmetric light
distribution. This method is more affected by PSF broadening and noise when going towards
low surface brightness in contrast to parametric fitting. Nonetheless it has the advantage
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of being independent of the shape of the galaxy, and nicely complements the standard .
measurements. The other advantage of this method is that it does not depend on initial
guesses and does not require a fit to converge

4.3.1 TOTAL EXTENT OF GALAXIES

I define the area of a galaxy by counting the number of pixels above a given surface brightness
threshold that belong to it. This approach has the advantage of being completely independent
of any asymmetries that the galaxy may have and does not require any centroid/aperture
definition. As most of the objects in my sample show irregular morphology I define physical
sizes using the total area T, as (adapted from Law et al., 2007)

t
T, = N,L? (2 x 10—118“2> D2, (4.64)
arcsec

where N, is the number of pixels of size L (in arcsec/pixel) that sum up to % of the galaxy
measured flux and D, is the angular diameter distance derived using cosmological parameters.
From this one can define the area equivalent radius, 7,

Iy (4.65)

In the following I use T7gg and T%OO’ the area and the equivalent circularized radius that enclose

100% of the measured flux above a given surface brightness threshold. The quantity r%o, the
radius equivalent to the area that sums up to 50% of the total galaxy light, is similar to the
effective radius derived from the GALFIT profile fitting, but taking into account irregular and
asymmetric morphology. I also use the values of 7“5}0 and 7‘%0 enclosing 80% and 20% of the
flux, respectively.

In practice, the method works as follows.

1. I smooth an image stamp of 6” x 6” centered on the VUDS galaxy with a Gaussian kernel
with 1 pixel sigma width, truncated at 4 pixels;

2. I compute the segmentation map of the smoothed image based on a given surface bright-
ness threshold;

3. From the segmentation map I select the area of connected pixels which contains the
brightest pixel within a 0.5 arc-second radius from the target coordinates;

4. Using the pixels selected, I compute the total flux of the galaxy by summing up the flux
in each pixel;

5. Finally, I iterate (using 1000 steps) f; from the maximum to the minimum flux detected
within the segmentation map. At each step I compute the summed flux from the pixels
for which fpixer > fi. When the summed flux corresponds to 2% of the galaxy total
flux, I store the number of pixels that have fluxes greater than f; at that step and then
compute T, using equation 4.64.

I smooth the original image so that one improves the sensibility to faint surface brightness
features of galaxies. I choose a Gaussian kernel smoothing of 1 pixel sigma width since it
provides a compromise between a boost in the S/N of the faint features and prevents a large
degradation of the image resolution necessary to properly trace the asymmetries in the shape
of the object.
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Figure 4.10. Illustration of the size measurement process for VUDS 510799304 at z = 2.4281. From left
to right: 1) The original F814W image from COSMOS (Koekemoer et al., 2007). 2) The same image after
smoothing by a Gaussian kernel of 1 pixel width and extending over 4 times the width. This kernel ensures an
improvement of the signal to noise for low surface brightness levels while preventing a significant boost of noisy
pixels which would incidentally increase the measured radius if the kernel was too large. 3) The segmentation
map obtained after running the detection algorithm including all pixels greater than ko. 4) The selection of
the target galaxy. All panels have 1.77"by 1.77”and the orange circle has a radius of 0.5”. The total size is
computed from the number of pixels in the last panel.

The selection method chosen for the purpose of this project has the main goal of minimizing
the effect of neighbor contamination and of not imposing any size constraints on the derived
measurements. | have tested two other different methods: selecting the largest area or the
brightest area (by summing the fluxes of all its pixels) for which a subset of its pixels is inside
the 0.5” radius. Both methods yield similar results.

I have tested the contamination by neighbors dropping simulated galaxies in random regions
of the images with and without a constraint on the presence of sources within 2.0 arcsec of the
simulated galaxy. When no constraints are imposed sizes are sometimes artificially increased by
the area occupied by a neighboring source. Still, the rate of contamination does not dominate
the measurements. I find that the percentage of simulated galaxies with recovered sizes twice
as big as the input is of 8% for the random clean regions and 17% for the purely random
regions. I expect that the contamination rate of my galaxies will be closer to the first reported
value since, due to the data processing for a spectroscopic survey, galaxies with large bright
companions are excluded from the sample due to problematic redshift estimation.

4.3.2 COSMOLOGICAL DIMMING AND LUMINOSITY EVOLUTION

Tolman (1930) demonstrated that in an expanding Universe the relation between the flux and
angular size of a nebula should follow the relation (adapted from his equation 30)

% x (142)77. (4.66)
At the time (see Lubin & Sandage, 2001) it was the only observational test that was proposed
to confirm the reality of the expansion of the Universe, which is now well established. This
dimming effect, independent of the cosmological model, has to be taken into account if one
wants to measure galaxy sizes (by means of counting pixels) at the same surface brightness
level at different redshifts.

However, when one is analyzing the image recorded with the detector, one is looking at the
number of detected photons arriving from the observed source, and not at an integrated flux.
Let us consider a square region of the emitting source corresponding to the pixel size at the
location of the object. The monochromatic energy emitted is given by

Lpz/AI(a:,y)dacdy (4.67)
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Figure 4.11. F814W imaging in COSMOS (Koekemoer et al., 2007) and CANDELS (when available, Koeke-
moer et al., 2011) of the measured sizes for three galaxies in each of four increasing redshift bins from z ~ 2.4 to
z ~ 4.1 (top to bottom) in my sample. The green contours show a smoothed version of the segmentation map
of the galaxy at the defined threshold which translates to Tigo from equation 4.64 measured at k, = 1.0. The
black ellipses are constructed from the values of 7., b/a and 0pa derived from GALFIT for those galaxies. The
parametric and symmetric 2D profile fitting with GALFIT fails to properly account for the complex irregular
morphology when deriving the size of galaxies at these redshifts, while the non-parametric method presented
in this paper is able to derive more realistic sizes.
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which, for a source emitting at constant brightness inside that pixel simplifies as
L,=Tx1, (4.68)

where T is the physical size of that pixel. Considering a pixel size p, the physical size, in
kiloparsec, is proportional to

T o (p x Dy)>. (4.69)
At a distance Dy, the observed light is
Ly
= ) 4.70
P 4rD? (4.70)
The number of observed photons is?
F hv,
N, nso = ———, E no = hv, = . 4.71
photons,o Ephoton,o photon,o Vo 1+ 2 ( )
Combining the equations above I get
Ix(pxDy)?(1+2)
Nphotons,o X 47‘(’D% hl/e . (472)
With Dy = D4(1 + 2)?, the number of observed photons per unit area is
21 1
N, P +z o (14 2)73. (4.73)

photons,o X E o, m

The factor I/(hv.) represents the number of emitted photons per unit area. The same redshift
dependence was found by Giavalisco et al. (1996) and used in Law et al. (2007).

On top of the dimming effect, the average evolution in luminosity of a population of galaxies
has an impact on the typical threshold defined at any given redshift. This means that a galaxy
with a fixed size but with an increased luminosity because of luminosity evolution will appear
larger above a fixed luminosity threshold. The average luminosity evolution from z ~ 4.5 to
z ~ 2 as reported in the literature is 0.4 magnitudes in the UV rest-frame Reddy & Steidel
(2009); Bouwens et al. (2015).

I take this effect into account by parameterizing the evolution of the characteristic luminosity
L, within the redshift range I am considering. Taking the L, values in Reddy & Steidel (2009)
at z < 3 and those from Bouwens et al. (2015) at z > 4 I define a broken luminosity evolution
which is steeper below z < 3 and flattens at z > 4:

10—0-4(—0.362) <
() = { 0 2<3

4.74
2.25 x 1070-4(=0.072)  , ~ 3 (4.74)

4.3.3 DETECTION THRESHOLD

The dimming effect described in the previous subsection relates to an important tuning param-
eter for this non-parametric size measurement which is the detection threshold above which a
pixel is classified as a detection and may be assigned to the galaxy. This detection threshold is
defined as a multiple k of the standard deviation of the sky emission, o, computed globally. To
be sure that I am fairly comparing galaxies imaged at different depths, the value of ¢ is taken
as the median standard deviation of the image noise computed from 100 different regions in

3a special thanks to James Dunlop for help in the clarification of this issue
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Figure 4.12. Value of k as a function of redshift for different choices of k,. The vertical dotted line shows the
upper redshift limit I assume in this paper. The black solid line shows the depth limit above which the noise
correction is larger than 100 pixels.
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the shallowest survey. In my case, 0 = 1.1 x 10~ ergss~'cm~2arcsec™2 is computed from the

COSMOS images.

The choice of k£ plays an important role on the size estimates that one gets. The simplest
assumption is to define a constant value kg across all redshifts. Another approach consists
in taking into account the effect of cosmological dimming and typical luminosity evolution
(described above) and choose k as a function of the galaxy redshift following

k=k, <11i;p>_3 « L) (4.75)

where k), is the value of k at the pivot redshift z, and L(z) is defined in equation 4.80. To use
this method, the availability of spectroscopic redshifts is even more important as errors in the
redshift would affect the threshold used and consequently impact the final size measurements
of the galaxies.

Such drastic evolution of the detection threshold (see figure 4.12) led us to restrict the redshift
interval of my study to 2 < z < 4.5. In this range I probe the total extent of galaxies down
to a lower surface brightness level at lower redshift while avoiding to overestimate galaxy
sizes at the high redshift end due to random sky background noise detection. To obtain a
size measurement corresponding as closely as possible to the total physical area covered by a
galaxy, the choice of the threshold is based on the average number of connected sky pixels as
a function of the threshold. I find that it is at the level of 1.0c that I start to detect connected
pixels (4-6 pixels) only due to random sky noise fluctuations. Based on that, and on the average
galaxy color which I discuss in section 4.3.5, I define k such that at z = 2 it has a value of
1.0 to probe galaxies down to their fainter regions. This corresponds to a detection limit of
~ 0.250 per pixel at z = 4.5. I discuss the contamination from random fluctuations and the
correction made to the size measurements measured down to these thresholds in section 4.3.6.

the galaxy sizes that I measure are tied to the choice of k, and/or the depth of the image which
determines the value of 0. By setting the value of k£ x o at higher/lower values, the absolute
value for the galaxy size will decrease/increase. I therefore report total size measurements
indexed to a specific choice of &, i.e. to a specific limiting isophote defined at z = z,. For the
sake of simplicity I shall refer hereafter to my non-parametric size as the total size.
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4.3.4 CORRECTING FOR PSF BROADENING

Since I am measuring sizes directly on images we are affected by the broadening of the profile
by the instrumental PSF. To correct for this effect I simulate with GALFIT a PSF image re-
scaled to match the magnitude of the galaxy. I then run the simulated PSF through the same
detection algorithm and obtain the size of the PSF at the object magnitude and same surface
brightness level. I then compute the galaxy size by correcting from the PSF broadening using
the following formula

2 2 T, — Ty psr
T%,PSF—COI‘I‘ = \/(T%) - (T’?PSF) = \/H (476)

™

4.3.5 DEPENDENCY WITH COLOR

The method of measuring galaxy sizes presented above is dependent of individual pixel detec-
tion, and it is therefore more sensitive to the galaxy spectral energy distribution than other
methods relying on a given surface brightness profile. Even in the absence of color gradients,
the simple fact that one object could have a wavelength-dependent brightness leads the num-
ber of selected pixels to vary due to relative brightness change of the galaxy within a given
filter with respect to the detection threshold.

To correct for this I apply a simple color correction to the detection threshold taking into
account the different brightness at different rest-frame wavelengths:

ke = k x 107 0-4Bobs =NUVrewt) (4.77)

where k is that of equation 4.79 and (Bops — NUViest) is the color term. The color is defined
to be the observed band, B, minus the rest-frame NUV band derived from SED fitting with
Le Phare. The choice of the NUV band was done such that, for the majority of my galaxies,
the color term is minimal since it overlaps with the observed band.

I compare the PSF-corrected values of T%«OO derived in the F814W, F125W and F160W bands in
figure 4.13 (see also figure 4.14). I report a small offset in the median values of r; —rg ~ —0.08
kpc and r; — rjy = 0.51 kpc. The dispersion on the size measurements across different bands
is 0.27 dex and 0.22 dex for F814W-F160W and F814W-F125W comparisons respectively. |
stress that part of the scatter observed in this figure is due to the color correction described
above which is sensitive to the objects’ magnitude in each of the bands. This in turns impacts
the final isophote threshold and therefore the final measurements. Nonetheless, I highlight
that I observe no large systematic offsets in the comparison between the I and H bands.

4.3.6 CORRECTING FOR SKY PIXELS DETECTION

In the presence of uncorrelated Gaussian noise, the probability of a sky pixel being above
the detection threshold defined above is not negligible. To estimate the level of contamination
produced by random sky noise, I compute the Njgg area (equation 4.64, size of the segmentation
map) on a search radius of 0.5 arc second (the same as when computing Tjgg for the real
galaxies) randomly selected on 500 300” x 300" regions.

For each search radius, I compute the area defined for surface brightness thresholds ranging

from 0.050 to 2.050 using steps of 0.025. This provides the median area of sky connected

pixels for a given threshold value. I use this to correct the value of 73% following

2
e = A (8 c) ~ Tun 0/ 479
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Figure 4.13. Comparison of T%”?OP SF—corr Size measurements for a subset of VUDS galaxies at 2 < z < 4.5 with
available F814W and F160W /F125W images from CANDELS. Results are split in two bands: F160W on the
top panel and F125W on the bottom panel. Circles and squares refer to COSMOS and ECDFS respectively.
The dashed black line is showing where both radii are equal. The symbols are color coded according to their
spectroscopic redshift and the mapping is shown in the colorbar on top of the plots.

VUDS 530032957 @ 7 = 2. 4380 VUDS 511245444 @ 7 = 3. 0385
F814W F160W F8I4W

.|
e

100 ’ X T
T, corr g TN = 1. 4:41(1)(‘

# e

fo ljpf - 20 00 vm C
1 corr = 2. 04Kpe T'T corr = 2. 20kpC

VUDS 511025693 @ z = 3. 2562 VUDS 510285782 @ z = 3. 3360
FS14W. Y F160W F814W .

. T S s '

i)

(5]

el -
= B

®

PO o & Q1. ~100F° B . s} OB - 100 0 \
PT core = 2. ()bl\p(’ T torr = 4+ TT corr = T, corr. = L 441{})6

VUDS 530017949 @ z = 3. 3502 VUDS 530036055 @Q z = 4. 1608
F814W N '_dF16OW' F814W  F160W

A4 [arcsec]
o

-
.

L |

|
-

= ,)Il“fjgc:l'r - iI QOkPC

-1 0 1 -1 0 1 -1 0 1 -1 0 1
A [arcsec] Aa [arcsec] A [arcsec] A [arcsec]

00 L
T corr = 4. 19kpe

Figure 4.14. F814W (in blue) and F160W (in red) imaging in CANDELS (Koekemoer et al., 2011) of 6
example galaxies in VUDS. The green contours show the isophote used to derive 7% prior to the PSF and
sky correction. The black ellipses are constructed from the values of r., b/a and 0pa derived from GALFIT
for those galaxies in each band. I refer to figures 5.3 and 4.13 where comparison of derived sizes is shown for
the full set covered by CANDELS.
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where Ty (k) is the median number of connected sky pixels at a threshold k. In figure 4.15 I
show the impact of this correction on a set of simulated galaxies. I stress that this correction
is only applied to the value of T%FOO. I note however that the impact of the noise is greater
when increasing the fraction of the flux used to derive sizes. Sky noise effects are negligible

for sizes computed using 10% of the total flux.

4.3.7 Tig0 IN SIMULATED GALAXIES

I have used the same set of simulated galaxy images described in section 4.1.6 to compute
the value of Tipg and assess the impact of the noise on the retrieved values. To compute the
value of the expected total area, I have used the noise free simulated models, convolved with a
PSF, and applied the same thresholding method as explained in section 4.3.2. To ensure that
I would probe different thresholds, for each galaxy, a random redshift was attributed taken
from a uniform distribution between the limits I have defined for this paper. This, in practice,
translates to mapping the thresholds used in the computation of sizes in real data.

In figure 4.15 one can see the output results from the simulation. As it should be straightfor-
ward to understand, brighter galaxies have larger sizes simply because more pixels are found
above the threshold that I defined. The scatter that I find increasing for smaller galaxies
(fainter magnitudes) is explained by the increasing contamination of the sky connected pixels
that are detected close to the galaxy and gain importance as I lower the flux of simulated
galaxies which produces an overestimation of the galaxy size. Additionally, since I am drop-
ping galaxy models on top of a real background, with potentially other sources in image area,
some large scatter is expected at all magnitudes where sizes are consistently overestimated. It
is somehow unexpected the underestimation of galaxy sizes at the largest simulated sources.
However, since ~ 90% of the galaxies in my sample have 100 < Tigp < 2000pixels I find it a
negligible correction with no impact in my findings.

I have also applied the same correction method for the contamination of sky connected pixels
and the results are found in the right panel of figure 4.15. I find that it increases somehow the
scatter at the lower input sizes and overall approximates the retrieved value from the input
one. Being far from perfect, I believe that my sky corrections estimates are good enough for
an approximation on the derived galaxy sizes of my sample.

4.4 A SEARCH FOR HIGH-REDSHIFT CLUMPS

There are various methods described in the literature with the goal of detecting and char-
acterizing galactic clumps at high redshift ranging from visual classification to automated
algorithms (e.g. Elmegreen et al., 2007; Puech, 2010; Guo et al., 2012; Wuyts et al., 2012;
Tadaki et al., 2014; Guo et al., 2015; Shibuya et al., 2016). Usually, the algorithms involve the
subtraction of a smoothed version of an image from the original and then search for positive
detections in the residual image that can be considered as galactic clumps. I follow a slightly
different approach. My clump search is based on the assumption that clumps are locally the
brightest region within a larger isophote which defines the total extent of the galaxy it resides
in. I summarize my method in the steps below.

1. I smooth the image of 6” x 6” centered on the VUDS galaxy with a Gaussian kernel with
1 pixel (0.03") width;

2. I compute the segmentation map of the smoothed image based on a given surface bright-
ness threshold;
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Figure 4.15. Results of the computation of Tigo for a set of 15 000 galaxies. The points are color coded by
their input magnitude and the size of each point is determined by the input 7. of the GALFIT model. The solid
red line denotes the one-to-one relation. The left panel refers to the size measurement without any correction
and the right panel presents the same results but after applying the same sky correction as described in section
4.3.6. The large red points represent the median sizes per bin, the error bar in the x-axis represents the bin
width, and in the y-axis represents the median absolute dispersion of the bin.
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Figure 4.16. Exemplification of the method for detecting galaxy clumps. On the left I show the number of
disconnected regions with more than 10 pixels as a function of flux level cut. When f = 1 the isophote limit
represents the limiting area of the galaxy. On the right I show the contours corresponding to three different
flux level cuts at 20%, 50% and 100% of total flux that are identified in the same color as the vertical lines in
the left panel.
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3. From the segmentation map I select the area of connected pixels above the adopted
surface brightness threshold which contains the brightest pixel within a 0.5 arc-second
radius from the target coordinates;

4. Using the selected pixels, I compute the total flux of the galaxy by summing up the flux
in each pixel;

5. T iterate (using 1000 steps) a flux level f; from the maximum to the minimum flux
detected. At each step I compute the number of disconnected regions (defined from all
pixels with fluxes greater than f;) within the segmentation map and store the position
of local maximum associated with each disconnected region (see Fig. 4.16).

6. I define the number of clumps as the number of disconnected regions detected above
the isophote level corresponding to 80% of the total galaxy flux, which are associated
with the different local maximums.

I repeat this process for all galaxies found in the image stamp. I note that I only consider
clumps with a detection area greater that 10 pixels. This minimum area for clump detection
ensures that I am excluding the contribution from random fluctuations of photon counts and
also imposes a lower limit of ~ 3 pixels (roughly the FWHM of the PSF) on the separation of
any given two clumps that I can detect.

4.4.1 ISOPHOTAL THRESHOLD

One of the key elements of this algorithm is the limiting isophote at which I define the total
extent of a single galaxy. For my method, it is defined as

-3
k =k, <1 Tz > < 1004 Brer) o L1Z) (4.79)
1+ 2,

which is composed by three different terms.

The dimming correction which accounts for the fact that due to the expansion of the
Universe the observed number of photons of a source with constant intrinsic luminosity scales
with (1 4+ 2)73.

The color correction which accounts for the fact that I am not exactly observing at the
same rest-frame wavelengths and corrects for the relative brightness based on the slope of the
SED close to the band I am observing. To be consistent in the large redshift range I choose
to use rest-frame FUV magnitudes to compute the color correction term since it is the central
wavelength where I have the peak of the redshift distribution.

The luminosity correction which accounts for the average luminosity evolution in galaxies.
L(z) is derived from the L, values in Reddy & Steidel (2009) at z < 3 and those from Bouwens
et al. (2015) at z > 4. I define a luminosity evolution which is steeper below z < 3 and flattens

at z > 3:
{10—0.4(—0.36z) 2<3

L(z) = (4.80)

2.25 x 10704(=0:072) 5 > 3~

In equation 4.79 there are two parameters that are correlated. The value k, represents the
detection threshold, in units of o, at z = z;,. In this study I set z, = 2 and I use several values
of k, throughout the paper. In particular I use k, = 1.5,2.0 for 2 < z < 4.5 and k, = 5.0
for 4.5 < z < 6. Since the value of k can vary by a factor of (1+ 2)/(1 + 6)~2 ~ 0.009 from
z = 2 to z = 6 based only on surface brightness dimming I choose different values of &, to
allow for an estimate of the total extent of galaxies at the lower limit while preventing noise
contaminated detections at the high redshift end. All these factors are explained in detail in
sections 4.3.2, 4.3.3 and 4.3.5.
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4.4.2 RESULTING CLUMPS COUNTS

At the end of this process a list of galaxies is identified within a 20 kpc radius (search radius
defined to be equal to Lopez-Sanjuan et al., 2013; Tasca et al., 2014b). This value is defined
from dynamical considerations, as two clumps of mass at a distance of 20 kpc are expected to
merge within a timescale of 1-2 Gyr (e.g. Kitzbichler & White, 2008). Then, a list of clumps is
identified in each galaxy. Myalgorithm may identify several galaxies within the search radius
of 20 kpc, as pixels groupings isolated from other pixel groupings, i.e. these groups of pixels
are not connected to each other at the isophote considered. It is well possible that if deeper
images were available, allowing to lower the search isophote, some of these pixel groupings
could be connected and possibly associated to a single galaxy.

To provide a cleaner interpretation, all my results on galactic clumps take only into account
clumps that are associated with the VUDS target. I choose to do this because it is only for
these sources that I have spectroscopic information (important to compute k in equation 4.79)
as well as physical parameters from SED fitting. However I keep information about other
galaxy detections within 20 kpc to compute the pair fraction at the same redshifts. Several
examples of detected clumps in VUDS galaxies are shown in Figs. 4.17, 4.18 and 4.19.

[ attempt to correct for line of sight contamination, to transform the pair fraction into a merger
fraction, by using a simple statistical argument. Starting with the expected number of galaxies
within a square degree, as derived by Capak et al. (2007), I compute the probability of a galaxy
of magnitude m to be found at a distance r of the VUDS target. The total number of galaxies
brighter than magnitude m in one square degree is computed integrating the number counts,
N(< m) computed by Capak et al. (2007). Then I estimate how many galaxies I expect to
find within 7 x r2. This is summarized by

2 m

L — N(< m')dm'. 4.81
3600 x 3600 < J,, V(< m)dm (4.81)

p
In the end, each galaxy of magnitude m counts as 0 < p < 1, and this quantity gives the
contaminating counts when later considering galaxy pairs.

4.4.3 LUMINOSITY AND SIZES

In order to obtain further information on the physical characteristics of clumps I adapted the
method defined by Freeman et al. (2013) to compute the intensity parameter I giving the
luminosity of each clump.

This algorithm defines groups of pixels associated with a local maximum inside a segmentation
map. First, the image is smoothed via a Gaussian kernel with a given o (I use o = 1 pixel).
Then, for each pixel in the segmentation map, I compute the corresponding local maximum
via maximum gradient paths. This means that for each pixel I compute the intensities of the 8
surrounding pixels and then move to the pixel with maximum intensity. I continue this process
until a local maximum is reached and none of the neighbor pixels have higher intensities than
the one I am considering. So, a pixel group is defined as the collection of pixels linked to a
particular local maximum.

Once I have all the pixel groups defined, I match the local maximum of each group to the local
maximum of the detected clumps in the previous algorithm. Then I compute the luminosity
and area associated with each clump by counting all the light and pixels in each group, re-
spectively. It is important to stress that since I am stopping at the border of two contiguous
groups of pixels, the derived areas and luminosities are lower limits to the real values. This
happens since I am not considering flux from pixels with a contribution coming mostly from
a neighbor clump rather than the clump being considered.
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Figure 4.17. Twelve examples of galaxies for which only one clump was detected. The white circle shows the
20 kpc projected search radius. The contours represent the detection isophote of each galaxy identified within
this search radius. Each circle shows the position of a detected clump within the isophote of the same color.
VUDS targets are identified with red contours and circles.
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Figure 4.18. Twelve examples of galaxies with two clumps detected. The top six examples show cases for
which at least one bright clump was detected whereas the bottom six examples show pairs of faint clumps.
The white circle shows the 20 kpc projected search radius. The contours represent the detection isophote of
each galaxy identified within this search radius. Each circle shows the position of a detected clump within the
isophote of the same color. VUDS targets are identified with red contours and circles.
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Figure 4.19. Twelve examples of galaxies with more than two clumps detected. The white circle shows the
20 kpc projected search radius. The contours represent the detection isophote of each galaxy identified within

this search radius. Each circle shows the position of a detected clump within the isophote of the same color.
VUDS targets are identified with red contours and circles.
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With the knowledge of the spectroscopic redshift from VUDS, I can then compute physical
areas in kpc?. Absolute magnitudes are computed using the flux measured from the F814W
images. I correct the magnitudes to FUV rest-frame using the k-correction derived for the
galaxy from SED fitting. This means that the clump magnitude is derived as

Mclump,FUV = Mclump,F814W + kcorr,FUV~ (482)

4.4.4 FALSE CLUMP DETECTIONS

To estimate the impact of false detections on the inferred distributions of areas and luminosities
I perform a simple test. I run my clump detection algorithm using the same threshold as before
on the negative image of each galaxy and compute the area and magnitude of each negative
clump which is, by its nature, a false peak detection. I can see in Fig. 4.20 that the inferred
distribution of false clumps is found at small areas (peaking at ~1 kpc?) and faint luminosities
(peaking at Mygi4w ~ —17.4 mag) as expected.

Most of the negative detections are found at Mcjump > —18 which is fainter than the peak
for the fainter clumps that is observed in the magnitude distribution (see figure 5.17). This
indicates that the smaller clumps with Mump < —18 are mostly real physical clumps.

4.4.5 MORPHOLOGICAL K-CORRECTION

I test my assumption that clumps are evenly detected across the rest-frame wavelength range
that I probe at different redshifts by computing the same quantities on a degraded version
of the F814W images and on a subsample of galaxies for which I have H-band imaging from
CANDELS. In terms of the clumpy fraction I detect a lower fraction of clumpy galaxies in the
degraded version of the I band by a factor of 2 and a little lower when using the measurements
in the H band. I argue that my measurements might be more affected by the spatial resolution
of the images since the fraction of clumpy galaxies in the degraded version of the I band images
is closer to that reported in the H band than what I report for the normal resolution I band
images. I note that the spatial resolution of the H band is even poorer than the degraded I
band image due to the larger PSF (which is 3 times that of the I band) and I expect a lower
fraction on the H band simply due to that effect.

I have also attempted to compute the area-luminosity distribution of clumps detected in the
H band and I am only able to detect clumps in the large and bright regime (see Fig. 4.20).
Again I believe that the resolution in the H band images is the main reason for the differences
that I find. However I cannot exclude the existence of morphological k-correction.

4.5 VISUAL CLASSIFICATION

Due to the peculiar nature of galaxy morphologies at high redshift it is not always simple
to establish automated methods for classification of galaxies. Usually such methods involve
only the identification of galaxy mergers (e.g. Conselice, 2003; Lotz et al., 2004; Conselice &
Arnold, 2009; Law et al., 2012a) and fail to account for the diversity of galaxy shapes that
may be found at high redshift. Additionally, these methods need to be calibrated through
visual inspection to establish the basis on which the morphological discrimination is done.
Studies based on visual classification applied out to z ~ 3 usually define classes close to what
is found in the local Universe to establish the evolution of the Hubble sequence across time
(e.g. Lilly et al., 1998; Delgado-Serrano et al., 2010; Buitrago et al., 2013; Mortlock et al., 2013,;
Kartaltepe et al., 2015). These visual classifications are also crucial for the establishment of

70



RIBEIRO, Bruno Morphology as a tracer of galaxy evolution

160

80

1010 (L etumyp) [kpc?]

30 =23 0 80 160

M, clump

M
—18

[
-16

Figure 4.20. The black points and histograms show the distribution in areas and magnitudes for the negative
clumps detected applying the same method on the inverted galaxy image. Most of the negative detections are
found at Mciump > —18 which is fainter than the peak for the fainter clumps that is observed in the magnitude
distribution (see figure 5.17). This indicates that the smaller clumps with Mcump < —18 are mostly real
physical clumps.
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Primary Class Secondary Class Identifier
Compact Point-like 0
Compact 1
Round Shape 2
Extended/Symm. 2 centered components 3
Elliptical Shape 5
Cometary /Tadpole 7
Irregular/ Elongated 8
Pair Multicore/Clumpy 10
Pair -
Diffuse Symmetric 13
Asymmetric 14
Too Faint - 16

No Image - -

Table 4.2. The grouping of primary and secondary morphological classes defined for the purpose of this
study. The third column shows the scalar identifier associated with each sub-class that will be used for the
establishment of a linear classification scheme. The adopted linear scheme is missing integers on the separation
between primary classes. The exception is the distinction between extended round galaxies and compact
galaxies which is subtler than other transitions (e.g. from extended elliptical to irregular).

unsupervised classification that will be required when future surveys produce datasets too
large to be humanly processed (e.g. Huertas-Company et al., 2015a). I attempted to establish
an adapted classification scheme better suited to the typical shapes I found at these redshifts
which I will detail in the next section.

To perform this visual classification I developed a convenient graphical user interface (GUI)
so that users could go quickly and classify large numbers of galaxies. This GUI is fully
implemented in PYTHON using the tkinter (see figure 4.22). The code has been tested in both
Linux and Mac OS X operative systems and since it is written in pure PYTHON should work
under Windows as well.

4.5.1 MORPHOLOGICAL CLASSES

The main goal of this interface is to provide a simple, fast and reliable way to visual classify
galaxies and systematize the information in a consistent manner. To do so, one will have
available a set of images, in different photometric bands whenever possible, on which to decide
which category best fits what one is seeing. The current objective is to do visual classification
separately in the I and H bands using the information on other available bands to help assess
the structure of the objects. The classification scheme that shall be used is a two step process
based on primary general classes and secondary (see table 4.2).

Examples and description of what one means by each class/subclass are stated below. The
primary classes are mutually exclusive, meaning that you can only choose one of the available
options. As for the secondary classes you may, in principle chose more than one item. However,
this should not be the general case as most of these classes are opposite of one another. The
most common case where you may find useful to choose two secondary classifiers is related
to the elongated-+multicore/clumpy combination that resembles the chain morphological class
defined in other studies. For two cases, pair and multicore/clumpy, there will be an additional
parameter that you should input to better classify the galaxy. Whenever you choose one of
them, a window pops up for you to enter the value you deem appropriate. Further details may
be found on the subsection of each classifier.
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Figure 4.21. Different examples of morphological classes defined for visual classification.
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e Compact - essentially small objects that are usually round in shape and have no hints
of substructure. Point-like objects are a special subclass of compact objects due to their
higher brightness and almost perfectly round shape resembling the image one would
expect from a faint star in these surveys.

¢ Extended/Symm - Slightly more extended than compact objects, these galaxies should
indicate the presence of a larger diffuse emission around the center resembling a local
face-on disk. This class shall also be used for objects with extended emission that
are symmetrical and can be approximated by an ellipse. They should resemble mildly
inclined disks up to full edge on disks with no evident bulge. A rare but interesting
class comprises the objects that appear to be a combination of a central light clump
surrounded by large, diffuse and symmetrical emission. These are the objects that look
like face-on disks with a central bulge component.

e Irregular - General class for irregular galaxies. A first subclass includes irregular elon-
gated emission with no clear presence of more that one clump or even with no visible
clumps at all. Cometary/Tadpole objects are elongated but lopsided leading to a shape
resembling that of a comet or a tadpole. There should be a bright clump of light with
one faint tail with no other clumps in it. Another class is objects clumpy in nature of
with visible clumps embedded in a diffuse light. The clumps should be included in the
same region of the segmentation map to be considered multicore. If the clumps seem to
follow a single line you should choose the elongated+multicore/clumpy subclasses.

e Diffuse - This class subtends any diffuse objects with some degree of symmetry or not
in their shape that do not fit any other of the previous classes.

If something remarkable about the object to be classified that does not fit well with any of
the classifications above, or if anything of relevance to be added for posterior analysis the user
is free to comment in the input box provided for the effect. There is also an additional set
of predefined comments that one may want to choose whenever appropriate. It is possible to
select more than one of the following options.

e Tidal Tail(s) - to select if you think that some of the faint features that you observe may
be of tidal nature.

o Galazxy Group - To select if you see more than two large interacting members on the
stamp file.

e Slight Asymmetry - To select if even though it may fit the Extended /Symmetrical class
it presents a small asymmetry that is worth of notice.

e [rreqular Disk - To select if it appears to be an extended disk with a patchy appearance.

e Non-interacting companion - In the case you see more than one source in the stamp of
which one is clearly centered and no signs of interactions are present you should classify
only the centered galaxy and select this option on the comments.

THE SPECIAL CASE OF PAIRS

Pairs are identified essentially as two (or more) distinct blobs of light separated in the segmen-
tation map and at a distance of < 2” from each other. However if the object seems composed
of two merging galaxies, even if they are close enough to be extracted in the same region of the
segmentation map, this subclass is to be chosen. After choosing this subclass a new window
opens for further information on the particular object and on the morphology of the two main
members of the system (see figure 4.23). The separation between those members and a simple
classification for each of them should be provided. The meaning of each class is the same as
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Figure 4.23. GUI pop up window after selecting the pair subclass. This window includes contrast sliders
form the manipulation of images and a simplified version of the classification system presented in section 4.5.1
and table 4.2.

the main classification scheme. This allows one to trace the morphological type of the VUDS
target while keeping the information on the existence of a neighbor source.

4.5.2 CLASSIFICATION PROCEDURE

The visual classification of galaxies was a two stage process. In the first stage, 9 volunteers from
the VUDS collaboration contributed to classify 297 galaxies taken from the VUDS-CANDELS
area where deep and multi-band imaging was available for all sources. In the second stage,
2507 galaxies with HST imaging (most from the COSMOS ACS survey) were individually
classified by 12 volunteers. This classification was done using an interactive tool developed for
that purpose (see figure 4.22) and in a way that each object was independently classified by
two people.

4.6 CLASSIFYING THE LY-o EMISSION IN 2D SPECTROGRAMS

The physical processes involved in the escape of Ly-a photons from their emitting region is
not simple (e.g. Neufeld, 1991; Zheng et al., 2011; Dijkstra & Kramer, 2012; Verhamme et al.,
2012; Laursen et al., 2013; Behrens & Braun, 2014; Lake et al., 2015). From observations there
are evidences that the escape fraction of Ly-a photons is correlated to dust attenuation and
SFR (e.g. Hayes et al., 2010, 2011; Atek et al., 2014; Matthee et al., 2016), and also correlated
with the column density of neutral hydrogen (e.g. Shibuya et al., 2014a,b). To pinpoint the
mechanisms which favor the observation of Ly-« in distant galaxies I take advantage of the
VUDS large spectroscopic sample and aim to classify different type of emitters according to
the spatial profile of the Ly-a line in 2D spectrograms with respect to the UV continuum
emission. These classes will then be matched to the wealth of spectrophotometric data to
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shed some light on the topic of Ly-a escape mechanisms.

I have devised a classification scheme that aims to divide galaxies with Ly-a in emission with
respect to the spatial properties observed on the 2D spectra obtained with the VIMOS spectro-
graph. After data processing sky subtracted, wavelength and flux calibrated, 2D spectrograms
are available for each galaxy in the form of an image, with one axis being the dispersion di-
rection, with wavelengths in Angstroms, and the other axis being the spatial direction of the
slit on the sky, crossing each galaxy in an East-West direction centered on the galaxy position
as measured on ground based multi-band imaging catalogs (see Le Févre et al., 2015). The
property of a spectrum can therefore be explored along the slit in the spatial direction to give
indications on the distribution of line or continuum emission along the slit. For most objects
a continuum emission trace is readily visible and its position along the slit easy to identify.
At the position in wavelength corresponding to Ly-a the distribution of emission can be fol-
lowed along the slit. Single emission line galaxies, and in the case of interest here Ly-a, is the
only category of galaxies for which no continuum emission is visible and only the line can be
observed. From these considerations I have defined the following Ly-« classes:

e Class 1: No emission, where there is no line emission found in the 2D spectra.

e Class 2: Coincident, where the total extent of the emission line coincides with the
extent of the galaxy continuum

e Class 3: Extended, where the total extent of the emission line is more extended than
that of the galaxy continuum

e Class 4: Offset, where there is an offset between the center of the emission line and
the center of the continuum emission.

There are two more classes that are defined in the classification. Single Line emitters (Class
5), where there is only an emission line and no flux continuum is seen. Faint emitters (Class
6), where there is an hint of an emission line and continuum emission, but the line is too faint
to be properly classified in one of the above classes. Examples of each of the classes with line
emission are shown in figure 4.24.

Each class can be schematically represented by different modes of Ly-a escape from the galaxy.
Coincident emission occurs when there is little to no scattering of the radiation and one is ob-
serving the emission from its original regions. Extended emission is when there is significant
scatter on the surrounding gas and we observe the halo around the galaxy. Offset emission
can happen for one of two reasons, either there are two clumps/galaxies spatially offset and
one is emitting and the second is not or there is a single galaxy with an asymmetric gas/dust
distribution (potentially cause from stellar winds and/or supernovae explosions) from where
the Ly-a photons preferentially escape from one side of the galaxy. If no emission is observed
there is likely high dust contents or high density of neutral hydrogen preventing Ly-a from
being observed in emission. Faint and Single line emitters are low S/N in the line and contin-
uum, respectively, and thus are purely observational classes. These are summarized in figure
4.25.

4.6.1 CLASSIFICATION PROCEDURE

To perform this visual classification I developed a new graphical user interface (GUI) inspired
by what I described in section 3.3. This GUI is also fully implemented in PYTHON using the
tkinter (see figure 4.26). The code has been tested in both Linux and Mac OS X operative
systems and since it is written in pure PYTHON should work under Windows as well.
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Figure 4.24. Examples of each of the main classes that are defined for the purpose of this study. The
dispersion direction is along the horizontal axis while the spatial direction goes from West to East (from
bottom to top) in the vertical axis. Each panel is identified with the typical class and I show the typical
window on the continuum as dashed white lines. Each frame is centered at the rest-frame of the Ly-« line.

In order to carry on with the individual visual classification of the 4360 galaxies I had a total of
10 volunteers. The sample was divided in 20 data packages of 218 galaxies each and then each
volunteer was assigned 4 different data packages. The package distribution was done so that
no pair of volunteers is repeated and for each set of 218 spectra I have results from a different
pair of classifiers. This was done in order to minimize personal bias in the final classification.

Each person used the interactive tool that I developed within the VUDS collaboration (see
figure 4.26) that allows the user to see and interact with both 1D and 2D spectra, imaging
centered on the VIMOS slit and allow for a instantaneous visual mapping between the photom-
etry and the spectroscopy by moving the mouse along the spatial direction of the slit. Then,
each classifier had to choose one of the main classes defined above whenever an emission line
was seen on the 2D and 1D spectra.

4.6.2 DEPENDENCY OF THE CLASSIFICATION ON THE FLUX LIMIT
AND GEOMETRY OF THE SPECTROGRAMS

The classification described in section 4.6 relies uniquely on the visual appearance of the con-
tinuum and Ly-a emission on the 2D spectrograms. The person performing the classification
has access to the wavelength and flux values along the spectrogram, and color stretch ma-
nipulation, and can forge a judgment based on this. This qualitative assessment works well
for a classification along the broad classes identified above. It is however dependent on the
depth of the spectra. The average surface brightness reached by the VUDS observations is
~ 10718 erg cm~2s~larcsec 2, and my classification scheme is directly linked to this depth.
Deeper observations may uncover emission regions with a different spatial distribution which
may then lead to change the classification of a given object. This would affect mainly classes
two and three only if the spatial distribution of line emission versus continuum emission would
be significantly different than at the levels probed here.

Another important element is that I sample an object spatially along one random direction
(in the objects’ frame), and this spatial slice may not be representative of the whole galaxy.
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Figure 4.25. Schematic view of four of the main classes and its relation to the spectral observations. From
top I show no line emission, coincident line emission, extended line emission and offset line emission. The
blue circles represent Ly-a emitting regions. The red vertical lines represent the dust and/or HI gas columns
that absorb or destroy Ly-a photos. In green amorphous regions I show gas clouds surrounding the emitting
regions.
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However, this study analyses for the first time a large sample of galaxies and these number
statistics are giving a robust estimate of the fraction of galaxies in different classes. It is
evident that more detailed observations of the geometry of the Ly-a emission with respect to
the continuum can be obtained using integral field spectroscopy, but is currently available only
for a limited number of objects (e.g. Wisotzki et al., 2016). My study offers the possibility
to pursue more detailed studies by selecting specific classes of galaxies from a large sample
representative of the star-forming galaxy population at the high redshifts 2 < z < 6.
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5.1 A DIFFERENT LOOK ON GALAXY SIZES

In this section I present my results on the measurement of galaxy sizes through standard
parametric fitting which is fully described in section 4.1 and through the new non-parametric
method that was defined in section 4.3.

5.1.1 RESULTS: r. MEASUREMENTS

I fit all galaxies in the stellar mass selected sample defined in section 3.4.3 using the automated
GALFIT procedure described in section 4.1 to obtain effective size measurements r.. After
fitting all galaxies, a subset of 19.5% of those GALFIT failed to converge. These galaxies
are analyzed on an object-per-object basis and a manual re-fitting is attempted by tuning
the initial set of parameters. After this manual try, of the 1242 galaxies in the stellar mass
selected sample, 263 (15.7%) objects have no structural parameters because GALFIT failed to
converge These objects are usually very low surface brightness or highly concentrated galaxies.

The distribution of effective radii presented in figure 5.1 show similar shapes at all redshifts
showing a slow monotonic decrease in their median sizes as redshift increases. Each distribution
is fitted with a normal function (in log space) and the derived sigma values from the fit are
similar at all redshifts (0.23,0.26,0.29 and 0.24 with growing redshift).

The overall evolution of sizes across the redshifts considered here is shown in figure 5.2. 1
find that the effective radius of galaxies continuously decreases over the redshift range of my
sample. Galaxies with 2 < z < 2.5 have (r¢ cire) = 1.67 £ 0.09 kpc, while in 4 < z < 4.5 the
median effective radius is a factor of 1.6 smaller, (¢ circ) = 1.05 £ 0.05 kpc. In every redshift
bin a large dispersion in the effective radii is measured amongst the galaxy population and for
all redshift bins ~9% of the population has measured radii which are large (7 cire > 3 kpc)
and some extremely so (7 — 10 kpc) in all redshift bins save the last. These features of the
distribution are discussed together with other measurements in sections 5.1.4 and 6.1.

5.1.1.1 DEPENDENCY WITH COLOR

To study size evolution across a large redshift range one should use common rest-frame mea-
surements whenever possible. When not possible some approximations must be made. The
simplest one consists on using the observed band closest to the rest-frame one wants to con-
sider (e.g. Morishita et al., 2014; Shibuya et al., 2015). A more evolved approach is presented
by van der Wel et al. (2014) where a wavelength dependence of the measured radii is observed
and fitted. A correction is then applied to each galaxy to obtain the value of the radius at
exactly the wavelength one chooses. However, such approaches require a multi-wavelength
coverage of the targets which is not available for the majority of my sample.

For those galaxies which are in the CANDELS area (roughly 10% of my sample), I did compute
their effective radii in three different bands: F814W, F125W and F160W. Doing a simple inter-
wavelength comparison one finds that the derived sizes are similar in all three bands (see figure
5.3). I report a small offset in the median values of r; — rg ~ —0.04 kpc and r; —r; ~ —0.01
kpc. The dispersion on the size measurements across different bands is 0.21 dex and 0.20
dex for F814W-F160W and F814W-F125W comparisons respectively. For further inspection,
I used the wealth of multi-wavelength observations on the COSMOS field (space and ground
based imaging) with a variety of instruments from three different surveys (CFHTLS in the
optical, and WIRDS and UltraVISTA in the near-infrared) to obtain size measurements up to
the Ks band which, at the highest redshifts considered here, still probes the regions above the
Balmer/D,,4000 break. Then, for each galaxy in my sample, I plot its size value as a function

84



RIBEIRO, Bruno

Morphology as a tracer of galaxy evolution

60[

T
2.0<2<2.5]

<Te, circ> =1.67 kpc
c=0.23

2.5<2<3.0]

<Te, circ> =1.48 kpc
oc=0.26

3.0<2<3.5]

<Te, circ> =1.23 kpc
c=0.29

3.5<z<4.5]

<Te, circ> =1.06 kpc
c=0.24

1.0
're, circ [kpC]

Figure 5.1. Effective radius distribution for different redshift bins. The vertical dashed line indicates the
median value for each bin. The black line is the fit of the distribution using a normal function in log space.

85



RIBEIRO, Bruno

Morphology as a tracer of galaxy evolution

®  logio(M, /My)> —0.204(z—4.5) +9.35
¢  Stacks
10.0} J
o
o
=,
§ ¢
< 1.0F 1
L L Il L L L
0155 2.5 3.0 3.5 4.0 4.5

z

Figure 5.2. Effective radius evolution with redshift. Each galaxy with a good size measurement is plotted
with a small blue point (squares for redshift confidence 2 and 9, circles for 3 and 4). The median values (in
redshift and size for each bin) and respective error (o/v/N) per redshift bin are shown by the large blue points
with the error bars. The shaded region delimits the 16th and 84th percentiles including 68% of the sample
in each redshift bin. The red diamonds are the effective radii of stacked images computed from the method
described in section 5.1.3 and are plotted at the center of the redshift bin.

of the observed wavelength computed using the knowledge of the spectroscopic redshift and
the filter wavelength, Ap.

142z
Size measurement results at different wavelengths obtained from my galaxies are presented
in figure 5.4. The overall trend is that, at the redshifts considered here, measurements of
circularized effective radii are independent on wavelength to first order. This result tells us
that circularized effective radii computed from F814W observations are not much affected by
the rest-frame wavelength at which the galaxies are observed. To quantify the wavelength
dependence I have opted to fit the relation

o (5.1)

log(r) = B + axlog(Ao) (5.2)

to all the data points considering space based imaging and ground based imaging separately.
I find that for ground based data (covering from I to Ks bands) the slopes measured are
all consistent with no wavelength dependence (a) = 0 is within 1o at all redshift intervals).
For space based data (covering from I to H bands) I find slightly positive slopes indicating
slightly larger sizes in the redder bands, but only marginally significant 1.90 away from a flat
slope a) = 0. Using my fit values in equation 5.2 I estimate that the ratio ranges within
T1700/’I“2500 = 0.89 — 1.01.

In a complementary test, I fit the size-wavelength relation for all individual galaxies which
have measurements in three or more bands. The median slope is a) = 0.03 & 0.27 and
ay = —0.12 4+ 0.34 for space and ground based observations, respectively. This translates into
a ratio r1700/72500 = 0.99(1.05) for space (ground) based data. This supports the fact that
the wavelength dependence of galaxies in my sample is very shallow and consistent with no
dependence at all for the ensemble of the galaxies in my sample. I note however that there is a
large dispersion amongst my galaxies, which means that the wavelength dependence requires
a different treatment when considering a case by case basis.

I show in figure 5.4 that I can measure sizes from ground-based data for the galaxies in my
sample. This would allow for the use of the entire VUDS sample, including galaxies in the
VVDS-2h field. However, since the convergence success of GALFIT is much less (~ 30%)
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Figure 5.4. Measured Sizes as a function of wavelength for galaxies with log,,(M.) > 9.5 at 2 < z < 4.5 in
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and the fact that the method described in section 4.3.1 is PSF dominated preventing us from
getting galaxy sizes (sizes are systematically overestimated when compared to those obtained
with HST images) I opt to conduct my analysis on space-based data only.

5.1.1.2 THE IMPACT OF COSMOLOGICAL DIMMING ON 7,

A key point to take into account in this analysis is that GALFIT-based measurements do
not take into account the surface brightness (SB) dimming effect which is a strong function
of redshift. Parametric modeling works well even under low S/N conditions !, recovering the
right parameter values, although with larger uncertainties. This should, in principle, deal with
the increased SB dimming of galaxies at higher redshift. The dimming effect, if significant,
would act in the sense of getting smaller sizes at higher redshifts that would in turn impact the
derived evolution into having a steeper slope. Thus, a correction for the cosmological dimming
could lead to a weaker size evolution.

I have tested this scenario by masking the pixels that are below the surface brightness threshold
that I use (see section 4.3.3) and then run GALFIT to obtain the size measurements from this
pixel set reduced to the brightest regions of galaxies. I find that GALFIT finds similar sizes for
both cases with and without masking those low surface brightness pixels and that the trend
in evolution is not affected.

5.1.2 RESULTS: rr MEASUREMENTS

I now turn to the results obtained on using the total size measurements that I described in
section 4.3. This is designed to avoid the limitation of computing effective radii based on the
assumption that galaxies have symmetric shapes. Of the 1242 galaxies in my stellar mass
selected sample, 67 objects have no measured value of rp. These failures are due to the lack
of pixel fluxes above the selection threshold defined in equation 4.77 for 17 objects and due to
the lack of color information for 5 objects. The other 45 objects are on the edge of the image
mosaic and thus no sufficient information is available to derive a size.

The distribution of total sizes is presented in figure 5.5 for the four redshift bins previously
defined. The shape of the distribution remains roughly the same with redshift. The Gaussian
fit on each sub-sample yields sigma values of (0.154, 0.141, 0.168, 0.154 kpc) with increasing
redshift.

I compare the total size measurements to the circularized effective radius obtained in section
5.1.1 in figure 5.6. Galaxies with the larger 7. circ are also larger in total size. However, this
trend deviates from the linear relation and there is a large scatter in the relation. The scatter
is somewhat expected as I am dealing with highly irregular morphology. While GALFIT gives
a heavier weight to the brightest pixels (which can be locked into a single bright clump in a
large galaxy), 7 measures the whole galaxy extent. GALFIT can pick up fainter buried flux of
a galaxy by extrapolation of the profile measured on the bright pixels, which is not picked up
when computing the total size using my method which explains why some galaxies have ¢ circ
larger than rp. It is interesting to note that the T%OPSF_COH is nicely correlated with re circ,
as shown in figure 5.6, with a dispersion of 0.23 dex which is a consequence of the frequent
asymmetric shapes in my sample.

The evolution of total sizes across the redshifts considered here is shown in figure 5.7. 1
find that total sizes are staying roughly constant over the redshift range 2 < z < 4.5, with
T%?SOW ~ 2.2 kpc. The dispersion around the mean is o ~ 0.9 kpc (0.21 dex), and I find galaxies
that are as large as ~ 5.5 kpc and as small as ~ 0.5 kpc at all redshifts in this range. Size

!See http://users.obs.carnegiescience.edu/peng/work/galfit/TFAQ.html#size_and_noise
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Figure 5.5. Total size distribution for different redshift bins. The vertical dotted line indicates the median
value for each bin. The black line is the fit of the distribution using a normal function in log space.
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Figure 5.6. Comparison of the two size estimates computed in this thesis. In dark blue points I show the
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T = \/T2 e T FWHM? for the limit redshifts 2 and 4.5 (top and bottom lines respectively).

measurements using this definition are consistently larger than sizes provided by the effective
radius r.. This is discussed in sections 5.1.4 and 6.1.

I show the dependence of the absolute value of the measured sizes as a function of the chosen
value of k,, in figure 5.8. As expected when using different limiting isophotes over a range of 2.5
in luminosity changes the size values. It is therefore essential to quote the absolute luminosity
of the isophote used to compute galaxy sizes. I note that at all times, the observed trends
as a function of redshift are consistently different from those observed with GALFIT, with
approximately constant sizes as a function of redshift while the effective radius is observed to
strongly decrease.

5.1.3 AVERAGE GALAXY PROFILES AND LIGHT CONCENTRATION

Since the total sizes of galaxies, measured at the same surface brightness level, seem to not
evolve much with redshift, I investigate if the same pattern applies to the light profiles. I do this
by looking at the stacked profiles and at the individual measurements of light concentration
in galaxies.

5.1.3.1 IMAGE STACKS

In order to investigate the evolution of the light profiles I stack images of the large number
of sources in my sample to follow the profile at larger radii than from individual images. The
stacking procedure starts by collecting a 10” x 10” stamp image for each galaxy in the sample.
Then, one runs SExtractor to find the light-weighted center of each source. I shift the image by
the difference between the light-weighted center and the physical image center, using a cubic
spline interpolation to re-scale the image onto a common grid. After processing the entire
sample for a given redshift bin, I take, at each position, the median pixel value as the flux of
the stacked image. I also produced a stack based on the straightforward sum to the images
normalized by the total galaxy flux. The results of both methods give the same qualitative
answers.

Stacking within a redshift bin, smears the rest-frame light over the interval. Also, when
comparing different redshift bins I am effectively looking at different rest-frame light. This
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computed from the method described in section 5.1.3.
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Figure 5.9. Normalized surface luminosity profiles of the median stacked F814W band images of galaxies in
my sample at four different redshift bins (normalized at r=0.3 kpc). The width of each profile encodes the
surface luminosity error. This profile comparison shows the increased light concentration at higher redshifts.

ranges from ~ 2500 in the lowest redshift bin down to ~ 1600 in the highest redshift bin. As
shown in section 5.1.1.1, sizes derived are roughly the same across this wavelength range. This
difference in rest-frame wavelengths has no effect on the comparison of the profiles discussed
in the next section.

5.1.3.2 LUMINOSITY PROFILES

The redshift dependency of the light profile derived from the stacked images is presented in
figure 5.9. I convert the median stacked profiles into surface luminosity profiles and show these
profiles normalized at » = 0.3 kpc. The light profiles change smoothly across redshift starting
from a highly peaked, concentrated profile at the higher redshifts z ~ 4 and becoming less
concentrated as one moves towards the lower redshifts z ~ 2.25.

5.1.3.3 LIGHT CONCENTRATION OF INDIVIDUAL GALAXIES

To further investigate the change in light profiles with redshift I use a different but quite
commonly used way to quantify the light concentration. The concentration parameter was
originally defined by Bershady et al. (2000) as the ratio of the 80% and 20% light radius derived
from elliptical apertures centered on the galaxy. This measurement assumes symmetrical
isophotes to derive the galaxy concentration, which makes it difficult to apply to irregular
and asymmetric galaxies at high redshifts as it is the case of my sample. To overcome this
limitation I derive the concentration parameter Cp, using r%o and r%o as defined in section
4.3.1, generalizing the computation of C' to the case of irregular and asymmetric galaxies

150
CT =5 X ].Oglo TTO . (53)
T

I plot the evolution of Cr in figure 5.10. In that figure I show the fit of the equation
Cr =acz+ fe (5.4)

and find a value of ag = 0.23 £ 0.02 and B¢ = 1.64 + 0.06. Thus, Cr strongly evolves
with redshift, light being more concentrated going to higher redshifts. The concentration Cp
increases by ~ 25% from z ~ 2 to z ~ 4.5.
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Figure 5.10. Evolution of light concentration in galaxies computed from the ratio of the non-parametric
radii enclosing 80% and 20% of the total flux, as defined in section 4.3.1. The solid line is a linear fit to all
the small blue points.Each galaxy is plotted with a small blue point (squares for redshift confidence 2 and 9,
circles for 3 and 4). The median values and respective error (o/+/N) per redshift bin are shown as large blue
points with error bars. The shaded region delimits the 16th and 84th percentiles including 68% of the sample
in each redshift bin. The orange diamonds are the values obtained from the stacked images computed from
the method described in section 5.1.3. On the right panel I show the same measurements using a standard
definition of light concentration measured in symmetric apertures.

Using the standard definition of concentration with symmetric apertures (see section 4.2.2 for
details on the computation) leads to an different trend (¢ = 0.01+0.04 and § = 2.82+0.13)
with light concentration being rather constant within my redshift interval. This difference is
easily explained because of the impact of defining a galaxy center for irregular morphology.
For instance, on a galaxy composed by several same-brightness level clumps, the center of light
would be defined somewhere in between the clumps leading to a lower concentration as the
radius containing 20% of the total light would be larger to include the clumps.

The concentration values derived for the median stack images report the same trend as those
derived from the full sample (figure 5.10). While the concentration value for the stacked images
is sensitive to the threshold definition (average color and k, from equation 4.79) the evolution
trend remains unaffected and the slope is rather stable.

5.1.4 SIZE EVOLUTION WITH REDSHIFT

On sections 5.1.1 and 5.1.2 I have mentioned that I could not obtain galaxy sizes for the
entirety of my sample for each of the measurements presented and for different reasons in
each case. I have tested a scenario where I remove from the sample all galaxies without both
size measurements which comprise 238 (19%) of the stellar mass selected sample. I find that
the results do not change due to the removal of those objects and thus I kept them in the
final sample for the individual analysis of rp and r. to reduce the statistical errors in my
measurements.

To quantify the redshift evolution of sizes I fit the data points with a commonly used parame-
terization (e.g. Shibuya et al., 2015; Straatman et al., 2015; van der Wel et al., 2014; Morishita
et al., 2014):

logyo(r) = Br + - logyo(1 + 2) (5.5)

I fit this relation to all galaxies with a size measurement weighted equally due to the lack of
individual errors on 7. The sample variance of the parameters 3, and «, is obtained from
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20<2<25(125<2<30(30<2<35|35<z<45b

Te 1.67 +£0.09 | 1.49+0.07 | 1.23+£0.08 | 1.05+ 0.06
59 1.28 4+ 0.03 | 1.26 £0.02 | 1.16 £0.03 | 1.27 4+ 0.03
ra0 o1 217 £0.06 | 221 +0.04 | 213 +0.05 | 2.34 + 0.06

Table 5.1. Median size values (for F814W, in kiloparsecs) per redshift bin considered here. The value of r. is
the circularized effective radius from GALFIT, 73° corresponds to the PSF corrected values and r}?gon to the
PSF+sky corrected values.

F814W F160W
Size estimate Q. By Q. Oy

Te -1.29 £ 0.18  0.89 + 0.11 | -1.40 £ 0.34 1.01 + 0.20
a9 -0.36 &£ 0.10 -0.16 £ 0.06 | -0.22 £ 0.19 -0.16 & 0.12
29 -0.31 £0.10 -0.03 £ 0.06 | -0.18 & 0.22 -0.04 + 0.13
739 -0.26 +£ 0.10 0.06 + 0.06 | -0.09 + 0.24 -0.01 + 0.15
49 -0.19 £ 0.10 0.11 +0.06 | 0.03 £ 0.26 -0.01 + 0.16
a9 -0.12 4+ 0.10 0.14 +£0.06 | 0.13 £ 0.20 0.01 £ 0.12
99 -0.02 +£0.10 0.15+0.06 | 0.24 +£0.22 -0.02 £+ 0.14
10 0.08 +£0.10 0.15+ 0.06 | 0.41 £ 0.25 -0.08 + 0.16
789 0.21 £0.10 0.13+0.06 | 0.56 + 0.27 -0.14 £+ 0.17
9 0.32+0.10 0.12+0.06 | 0.67 +£0.28 -0.19 £+ 0.17
7490 0.48 £0.11  0.06 = 0.07 | 0.34 +£0.28  0.07 + 0.17
Tooorr 0.15 £+ 0.12  0.22 £ 0.07 | 0.02 £0.24 0.24 £ 0.14

Table 5.2. Best fit slope and normalization factor for equation log(r) = a,log(1 + z) + 3, for the different
size estimates used throughout the paper. Values for both F814W and F160W, valid for 2 < z < 4.5, are given
here. The size measurements used to derive the slope for each r7 correspond to PSF corrected sizes.

bootstrapping the data 5000 times using 80% of the full sample each time. The resulting fit
through the data are plotted in figures 5.2 and 5.7. I also compute the same evolutionary
trend for different values of x of equation 4.64 ranging form 10% up to 100% with a 10% step
value. All the fit results are given in Tables 5.1 and 5.2 and summarized in figure 5.11.

The figure 5.11 encodes the information on the slope of the size evolution as a function of
the flux level and compares to the effective radius evolution derived from GALFIT. There are
three main points to be taken from this figure. First, there is a clear trend of the slope as a
function of the flux cut level: the brightest regions (10% brightest pixels) evolve faster than
the total size with a smooth trend towards slower evolution when going from the brightest
regions to the total area of the objects. This differential trend is again a hint on the evolution
of light concentration as a function of redshift where the brightest regions of the galaxy tend to
become larger with time while the total size remains constant effectively suggesting that light
becomes less concentrated with time. Second, the evolution in sizes is far from that reported
from the effective radii r¢cire. For the size measurements including the brightest pixels that
amount to 50% of the total flux (comparable to r.) the derived evolution slopes are separated
by more than 30 (figure 5.11) indicating that the choice of method to compute sizes can have
a very significant impact on the observed evolution. I note that the points in figure 5.11
indicate the lower limits on the slope. At the highest redshifts a galaxy size will be more often
overestimated as lower flux thresholds increase noise contamination. I attempt to correct for
that using the prescription described in section 4.3.6, but it applies only to 7'%90. However, this
effect can not explain the observed difference between r. and rp as the size evolution slope
after the said correction still differs by more that 3o from that derived from 7, circ and it is
where the impact of the noise affects the slope the most.
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Figure 5.11. Slope of the evolution of PSF corrected galaxy sizes as a function of the flux level considered.
The light colored symbols corresponds to the slope computed from sky-corrected r2°° sizes. The dashed lines
and shaded regions are the value and error derived in « for the GALFIT size measurements. Blue and red
colored symbols/regions correspond to F814W and F160W measurements respectively.

5.1.4.1 EFFECTIVE RADIUS r. EVOLUTION

the galaxy size evolution derived from the circularized effective half-light radius shows strong
size evolution across the redshift range probed. Assuming that galaxy sizes evolve according
to the parametrization of equation 5.5 I derive a slope of a, = —1.29 4+ 0.18.

Values reported in the literature range from o, = —0.56 £ 0.09 for a sample of star-forming
spectroscopically confirmed galaxies at 0.5 < z < 3.0 with log;o(M./Mg) > 10 (Morishita
et al., 2014) up to o, = —1.32 £ 0.52 for a sample of LBGs with (0.12 - 0.3)L, at z ~ 4 —6
(Oesch et al., 2010). The differences between these results (see also Ferguson et al., 2004;
Bouwens et al., 2004; Trujillo et al., 2006¢c; Franx et al., 2008; Williams et al., 2010; Mosleh
et al.; 2011, 2012; Ono et al., 2013; van der Wel et al., 2014; Morishita et al., 2014; Curtis-
Lake et al., 2016; Shibuya et al., 2015; Straatman et al., 2015) can be traced to different likely
sources: 1) the samples are selected in different ways; 2) there are two different methods for
measuring sizes, both relying on a certain degree of symmetry; and perhaps most importantly
3) samples with different stellar masses yield different sizes (Franx et al., 2008; van der Wel
et al., 2014).

5.1.4.2 TOTAL SIZE rr EVOLUTION

The typical total size of a SFG, corrected for sky noise contamination as computed in section
4.3.1 )is T%OO ~ 2.2kpc and shows negligible evolution of galaxy sizes across the redshifts probed
here (see the light color points of figure 5.11). This is markedly different from what is observed
using the standard effective radii measurement. The 7‘%00
the results of Law et al. (2007) who report only a small increase in the the total area from
z~2toz~3 (T =150%£0.7 and 17.4 + 0.9 kpc?, respectively). This corresponds to an
equivalent radius of rp = 2.19 £ 0.47kpc at z ~ 2 and rp = 2.35 & 0.54kpc at z ~ 3.

measurements are consistent with

5.1.5 SIZE RELATIONS WITH PHYSICAL PARAMETERS

To further explore the properties of galaxies with different sizes I compare galaxy sizes to sev-
eral key physical parameters characterizing galaxies including stellar mass, SFR, age, metallic-
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ity and dust extinction. I also investigate any possible relation between sizes and inter-galactic
medium (IGM) transmission towards the galaxies. These parameters are derived from the si-
multaneous SED fitting of the VUDS spectra and all multi-wavelength photometry available
for each galaxy, using the code GOSSIP+ as described by Thomas et al. (2016). This method
expands the now classical SED fitting technique to the use of UV rest-frame spectra in addi-
tion to photometry, further improving the accuracy of key physical parameter measurements
(see Thomas et al., 2016, for details).

The distributions of 7¢ ¢irc and r%p?gorr sizes versus M, SFR, age, Ay, and IGM transmission are

presented in figure 5.12. Several interesting trends can be observed. To quantify the degree of
correlation of each parameter with size, I use the Pearson (1896) correlation coefficient. In my
sample, the null hypothesis (i.e. no correlation) is excluded at the 3o level if |r(Pearson)| >
0.12

My data shows a correlation between galaxy size and M, with larger galaxies having on
average higher stellar masses. This supports the correlation reported from other samples (e.g.
Franx et al., 2008; Ichikawa et al., 2012; van der Wel et al., 2014; Morishita et al., 2014) at
redshifts z > 2 and extending it up to z ~ 4.5. This correlation is of similar strength for
T%F?SOH as is for r.. I obtain r(Pearson) = 0.08 for r%?gorr against r(Pearson) = 0.13 for r..
Interestingly, the most massive galaxies in my sample show a break at stellar masses higher
than logo (M, /Mg) > 10.5 in this correlation. While, when considering ¢ circ, sizes are getting
smaller, sizes computed from r%p?gorr increase as one moves towards higher stellar masses. This
supports in part my analysis that low surface brightness regions in massive galaxies with
complex morphology are not taken into account by parametric fitting like done in GALFIT

resulting in artificially smaller effective radius (by a factor of ~ 2).

I find that the SFR is strongly related to galaxy sizes. For sizes measured with r%{]gorr I find
that larger galaxies have higher star formation rates, with a positive correlation (r(Pearson) =
0.29). The correlation is not significant with r(Pearson) = 0.03 for 7 circ. Considering the
M,—SFR main-sequence of star-forming galaxies in VUDS (Tasca et al., 2015), this correlation

may be partly reflecting the underlying stellar mass-size relation described above.

Galaxies appear to be older when they are smaller when looking at the relation between age
(as defined by the start of star formation, see Thomas et al., 2016) and 3% (r(Pearson) =
—0.21). From the hierarchical assembly scenario one would expect that lalrger galaxies have
older stellar populations. On the other hand the less significant relation between 7 circ and
age (r(Pearson) = —0.10) may also mean that the derived age is dominated by the age of the
last major burst of star formation washing out underlying older stellar populations that may
exist in the central brightest clumps from previous starburst episodes.

Galaxies with lower extinction values have smaller median sizes than galaxies with higher dust
extinction. This trend is more significant for 7%  (r(Pearson) = 0.13) than it is for 7 circ

(r(Pearson) = 0.03). This hints that extended regions of galaxies have a higher dust content
than smaller ones.

The projected stellar density computed as the ratio of the stellar mass to the projected area of a
galaxy is shown in figure 5.13. I observe a strong correlation for both r2%  (r(Pearson) = 0.59)
and 7 cire (r(Pearson) = 0.36). Galaxies with higher stellar masses having higher stellar mass

densities.

I do not observe any significant correlation between galaxy sizes and metallicity or IGM trans-
mission for any of my measurements.
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Figure 5.12. Correlation of the measured galaxy sizes with parameters derived from GOSSIP-+ SED fitting
for my stellar mass selected sample (using the stellar masses derived with GOSSIP+ and equation 3.1). Only
galaxies with good and excellent spectrophotometric fits are included. From top to bottom I show the stellar
mass, SFR, age and dust extinction. On the right panels I show the results for GALFIT derived 7e¢,circ and
in the left panels I show the results for the value of T%?gorr‘ The solid colored symbols represent the median
values in bins of the physical parameter in question. The error bar in the y-direction shows the bin size and in
the x-direction shows the error on the median (¢/v/N).The open black symbols represent the median values in
bins of radii. In this case, error bars have the same meaning as before, in the inverted directions. Small points
represent individual measurements.
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Figure 5.13. Stellar mass surface density as a function of stellar mass. On the right panels I show the results
for GALFIT derived 7e¢,circ and in the left panels I show the results for the value of r}?&,rr. The color and
symbols have the same meaning as in figure 5.12.

5.2 THE PREVALENCE OF CLUMPS IN ASSEMBLING GALAXIES

In this section I present the results I obtained after applying a new algorithm to detect galactic
clumps at high redshift using an isophote evolving with redshift (described in section 4.3.3)
and which I fully describe in section 4.4. This method was designed to account for surface
brightness dimming effects on the distribution of detected clumps in a wide redshift interval.

5.2.1 THE DISTRIBUTION OF THE NUMBER OF CLUMPS PER GALAXY

I compare in Fig. 5.14 the number of galaxies as a function of the number of detected clumps
per galaxy in two different redshift ranges. I consider only clumps that reside inside the
isophote belonging to the VUDS target when showing this histogram. I find that the fraction
of multi-clump systems decreases as the number of clumps increases. Systems with only one
clump (i.e. a single clump in a smooth galaxy at the observed resolution) are the dominant
population (~ 55% at 2 < z < 4.5 and ~ 61% at 4.5 < z < 6.0). I find that the fraction of
galaxies with only two clumps dominates the distribution of clumpy galaxies with ~ 25+2.7%
double clumps galaxies at 2 < z < 4.5 and ~ 21 + 7.7 % at 4.5 < z < 6.0. Galaxies with 3
clumps are about ~ 11 +1.6% at 2 < z < 4.5 and ~ 8 £ 4.1 % at 4.5 < z < 6.0. Galaxies
with four or more clumps amount to only ~ 7+ 1.2% at 2 < z < 4.5 and ~ 9 + 4.5% at
4.5 < z < 6.0. Several examples of galaxies with one, two, or more clumps may be found in
Figs. 4.17, 4.18 and 4.19, respectively.

5.2.2 THE FRACTION OF CLUMPY GALAXIES

I define as a clumpy galaxy any source that has more than one clump detected within its
isophote. To compute this fraction as a function of redshift, I consider only clumpy (and
non-clumpy galaxies) within the VUDS galaxies for which I have reliable information on the
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Figure 5.14. Number of galaxies as a function of the number of clumps detected within the selected isophote.
Note that I include in this plot single clump galaxies which correspond to galaxies with no substructure or a
single central clump. I plot this quantity for two redshift intervals each with its respective value of k, = 1.5
for 2 < z < 4.5 in gold (left panel) and kp, = 5 for 4.5 < z < 6.0 in purple (right panel). On each panel I show
the number of clumps for the VUDS targets.

spectroscopic redshift. This ensures that I am not smearing my results between redshift bins
by including galaxies with uncertain or incorrect redshifts. I have compared the stellar mass
distribution of clumpy and non-clumpy galaxies and find that they are indistinguishable from
one another. The clumpy fraction evolution with redshift is shown in figure 5.15.

I stress that the clumpy fraction with my method depend on the selected isophote (value of
kp) which in turns depends on the color correction I choose to use, as allowed by the depth
of available images. Nonetheless, I find a rising trend with redshift of the clumpy fraction at
all values of k, that I have tested as well as when using NUV as the base rest-frame band.
Due to the asymmetric nature of most galaxies at high redshift (e.g. Huertas-Company et al.,
2015b; Curtis-Lake et al., 2016) and since deriving a center and a size can lead to different
results when using different assumptions (e.g. Ribeiro et al., 2016). I am not including in my
sample of clumpy galaxies any source with an off-center clump as defined by, e.g. Guo et al.
(2015); Shibuya et al. (2016). The clumpy fraction evolution with redshift is shown in figure
5.15.

At 2 < z < 4.5 T observe that the clumpy fraction remains in the range 35 to 55% at all
redshifts. This fraction is observed to be rising from low to high redshift. I also report the
clumpy fraction for two different values of k, for 2 < z < 4.5 showing that the absolute value
does indeed depend on the isophote used. I note that increasing the value of &, lowers the
probability of detecting faint clumps and it is no surprise that the fraction of clumpy systems
decreases as the value of k, increases. However changing £, does not change the observed
evolution of the clumpy fraction with redshift. = The rising evolution with redshift of the
clumpy fraction observed using my method is different from results obtained in other studies
(e.g. Guo et al., 2015; Shibuya et al., 2016). A possible explanation for the lower fraction of
clumpy galaxies that I observe at z ~ 2 — 3 could be connected with the evolving threshold
defined in section 4.4, including luminosity evolution. By imposing a higher threshold at
lower redshifts, I am effectively reducing the are within I search clumps which is likely to
prevent us from detecting faint clumps if they are located in the outskirts of the galaxy.

At z > 4.5 the depth of the data only allows the use of a higher value of k,, as shown in
figure 5.15. In this redshift range I observe a slightly lower clumpy fraction of 20 — 40%. At
these redshifts it is necessary to use a brighter isophote limit for the clumps detection to avoid
excessive contamination from noise. It is clear from my results at lower redshifts that if the
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depth of the data was enabling to use a fainter isophote I would likely observe a higher clumpy
fraction also in this redshift bin.

Since I have computed the clumpy fraction at all redshifts for all values of k;,, shown in figure
5.15 I attempted to compute a correction to estimate the clumpy fraction at high redshift as if
it was measured with k, = 1.5. To do that I fitted a linear curve to the quantity J;fcf (z) which

quantifies the underestimation of the clumpy fraction measured at k, = 5 with respect to that
measured at k, = K. I then apply this correction factor measured at z = 5.25 to correct
the measured clumpy fraction k, = 5.0. In doing so, I estimate that the clumpy fraction at
4.5 <z < 6.0 is ~ 64 £ 19% when corrected for k, = 1.5.

5.2.2.1 COMPUTING THE CLUMPY FRACTION USING A DIFFER-
ENT METHODOLOGY

I have attempted to mimic the method used by Guo et al. (2015) and Shibuya et al. (2016) to
test the impact of the method and selection on the derived values for the clumpy fraction. A
short description of the method and results can be found in appendix 5.2.2.1. I show that I get
clumpy fractions within the error bars of the measurements made with my proposed algorithm
when I use this alternative method. At z < 3 my results obtained using this method are closer
in their trends to those reported Guo et al. (2015) and Shibuya et al. (2016). However, I still
observe a rising trend on the clumpy fraction with redshift contrary to the decreasing trend
reported by Shibuya et al. (2016) at z > 3, although my error bars are large because the
number of galaxies satisfying the criteria of this method is reduced. The alternative method
that I use summarizes as follows

1. T run SEXTRACTOR on a 7” by 7" image to obtain the segmentation map.

2. I dilate the segmentation map using a binary operation that effectively smooths and
enlarges by a maximum of 3 pixels the outer edge of the segmentation map.

3. I select a small cutout of the original image that adapts to the size of the created
segmentation map.

I apply a boxcar filter (10 pixels width) to the new cutout.
I create a residual image by subtracting the filtered image to the original one.
I measure the residual background flux using a 3o-clipping method.

I mask all pixels that have fluxes smaller that 20 of the calculated background.

o N o ot e

Run a new detection algorithm on the masked residual image to detect clumps.

All regions in the masked residual image that have more than 5 connected pixels are counted
as single clumps. I also compute the magnitude of each clump using a 3 pixel aperture.

To compute then the final clump fraction, I select only galaxies for which I have GALFIT
results (see Ribeiro et al., 2016) and that have effective radius r, > 0.2”, and axis ratio ¢ > 0.5.
I apply the same intermediate mass selection (9.8 < logo(M,/Mg) < 10.6). Finally, I only
consider clumps which contain more than 8% of the galaxy light. The result is found as the red
squares of Fig. 5.16. I compare to my clumpy fraction computed at k, = 2.0 to be comparable
with the 20 detection limit that is imposed when finding clumps using this alternative method.
In this exercise I have also included off-center clumps as defined above when computing the
clumpy fraction using the method presented in this thesis. It is possible that the differences
in the clumpy fraction are caused by sample selection and not the methodology, although my
errors cannot confirm this hypothesis.
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Figure 5.15. Fraction of clumpy galaxies within the VUDS sample as a function of spectroscopic redshift.
Different large colored circles (gold, green and purple) represent different values of the normalization kp. The
smaller gray symbols represent values from the literature for clumpy galaxies: circles (Shibuya et al., 2015);
squares (Guo et al., 2015); and for asymmetric galaxies: inverted triangles (Ravindranath et al., 2006); triangles
(Conselice & Arnold, 2009); octagons (Law et al., 2012a); pentagons (Curtis-Lake et al., 2016).
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Figure 5.16. Clumpy fraction in the VUDS sample as computed using the method described by Guo et al.
(2015) (red squares) when compared to that defined in this paper with the inclusion of off-center clumps (see
text) as green/purple circles, and the studies by Guo et al. (2015) as blue diamonds and Shibuya et al. (2016)
as gray circles which use the same methodology.
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5.2.3 PHYSICAL PROPERTIES OF CLUMPS

As stated in Sect. 4.4.3, I derive areas and absolute magnitudes for each clump by computing
the flux and area within each group of pixels associated with the local maximum that defines
the clump. I show in Figs. 5.17 and 5.18 the tight correlation that I observe between clump
magnitude and clump area. This is expected by construction since the larger the area (i.e. the
number of pixels of the clump) the more likely it is for it to be brighter. In this figure I am
excluding galaxies with a single clump detection.

In the same figure I can observe that there appears to be a bimodal distribution in the clump
area distribution, also hinted by the asymmetric shape in the magnitude distribution. I fitted
each distribution with a two Gaussian model with six free parameters: two amplitudes, two
centers and two widths, one for each Gaussian curve. The fit was done using the Levenberg-
Marquardt minimization algorithm implemented in scipy. For clumps at 2 < z < 4.5 I observe
two peaks in the magnitude distribution at Myyy = —18.14£0.1 and Myyy = —19.7£0.1. In
the area distribution the two peaks are found at log(7") = 0.25+0.05 and log(7") = 0.78 £0.03,
which correspond to ~ 1.8 and ~ 6.0 kpc?, respectively. At 4.5 < z < 6.0 the bimodality is
not so evident and due to the low number of detected clumps I opt not to fit any model to the
two distributions at this redshift. (see Fig. 5.18)

This bimodal hypothesis is likely linked to the different processes of clump formation where
large and bright clumps are likely associated with merger events and the small and faint clump
population is associated with disk instabilities. I further discuss this in section 6.2. I test the
statistical significance of this bimodality using the Hartigan’s dip test (Hartigan & Hartigan,
1985). While a bimodal distribution is favored I find that the unimodal distribution hypothesis
cannot be rejected for either of the distributions. Larger samples are required to confirm or
reject this bimodal hypothesis.

5.2.3.1 BRIGHT AND LARGE CLUMPS ARE IN TWO-CLUMP GALAX-
IES

A key information shown in Fig. 5.17 is the number of clumps in the galaxy that each clump
belongs to. The larger and brightest clumps are most likely to be found in two-clump galaxies
and as [ move towards fainter and smaller clumps I observe that they are more commonly found
in galaxies with a larger number of clumps. This information is summarized in the contour
lines of Fig. 5.17 showing the distribution of the fraction of clumps in two-clump systems as a
function of clump area and absolute magnitude. More than 50% of the brightest and largest
clumps are found in two-clump systems and the probability of finding two clumps in a galaxy
decreases for fainter clump magnitudes and smaller areas (down to ~ 10%, respectively).

The information on how the fraction of clumps in two-clump systems evolves with redshift is
found in Tab. 5.3. I see that this fraction evolves with redshift in the sense that it is more
likely to find two-clump systems at lower redshift (~ 40+6.1% at 2 < z < 2.75) than at higher
redshift (~ 12 £ 2.5% at 4.5 < z < 6.0). Imposing a magnitude cut (Mcump < —19.1) the
fraction of clumps in two-clump systems is larger at all redshifts, confirming that the largest
and brightest clumps are more likely to reside in two-clump systems than their fainter smaller
counterparts.

I have computed the average luminosity that is locked in the UV clumps by comparing the
total luminosity in clumps to that of its host galaxy. I find that for clumpy galaxies (with
two or more clumps) 46 + 1.5% of all light is found to be in clumps. If I further divide the
sample into two-clump systems and multi-clump systems I find that the light fraction locked
in clumps is virtually the same with 46 & 2% for both cases.
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Figure 5.17. Absolute magnitude in the rest-frame FUV and area distribution for clumps found in galaxies
with N. > 2 detected at 2 < z < 4.5 with k, = 1.5. Each clump is color coded by the number of clumps found
in its parent galaxy. The color scheme is found at the bottom right of the main panel. The black solid line
in each of the auxiliary panels shows a fit of a two Gaussian model to the observed distribution of areas and
magnitudes of the clumps. There is a bimodality present in both distributions and I observe that it is more
probable to find the brightest and largest clumps in two clump systems. The contours show the smoothed
distribution of the fraction of 2 clump-systems at levels of 10, 25 and 50%. It is clear that the majority of
two-clump systems (with respect to all clumpy systems) is found in brighter and larger clumps.
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Figure 5.18. Absolute magnitude in rest-frame FUV and area distribution for clumps found in galaxies with
N > 2 detected at 4.5 < z < 6.0 with k, = 5. Each clump is color coded by the number of clumps found in
its parent galaxy. The color scheme is found at the bottom right of the main panel. The contours shows the
distribution of fraction of 2 clump-systems at levels of 10 and 25%.

redshift f2c [%] f2c,bright [%] fmajor,bright [%] fminor,bright [%] fgal,pair [%]
20<2<2.75|40+£6.1 60 £ 154 77+ 22.8 23+9.9 154+4.5
275 < 2<35|38x39 60 £9.0 64 + 14.0 36 +9.4 21 +5.1
35<z<4b5 | 19£24 37+6.3 43+ 13.8 57+ 17.0 39+ 11.6
45<2z<6.0 [12£25 15+34 53 + 32.6 47+ 29.7 38 +24.0

Table 5.3. Fraction of 2 clump systems in 4 redshift intervals. The second column represents the total fraction
of two-clump systems. The third column represents the fraction of clumps in two-clump-systems with at least
one of them being brighter than Mciump < —19.1. The fourth and fifth columns represent the fraction of bright
two-clump systems that are in major (1/4 < Ly/Ly < 1) and minor (Ly/Ly < 1/4) systems. The luminosities
are measured in FUV rest-frame. The last column shows the pair fraction corrected for projection effects (see
Sect. 4.4.2) considering pairs of iap < 24.5 VUDS targets with fainter galaxies.
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5.2.3.2 LUMINOSITY RATIOS

To classify each two-clump group I have computed the luminosity ratio between the two
clumps, Ly /Ly, with Ly being the luminosity of the fainter clump and Ly that of the brighter of
the two. The resulting fractions as a function of redshift may be found in Tab 5.3. The fraction
of two-clump galaxies is classified in major (1/4 < Ly/Ly < 1) and minor (Ly/Ly < 1/4)
systems, for galaxies which have at least one clump with Mump < —19.1, although statistical
uncertainties get large because of the reduced number of galaxies for which I am able to
compute this quantity.

5.2.3.3 CLUMP STELLAR MASSES

I aim to describe the clumps in term of their stellar-mass by assuming that the mass to light
ratio of clumps is the same as its hot galaxy. This hypothesis allows us to estimate the stellar
mass of each clump by computing the clump to galaxy luminosity ratio and applying that
factor to the total stellar mass of the galaxy. However my estimate is just an approximation
and I might overestimate the stellar masses of clumps since they should be on average more
star-forming that the galaxy as a whole and I am measuring the luminosities in UV rest-frame.

In Fig. 5.19 I show the distribution of stellar masses in clumps for three samples. A first
sample considering clumps that are in clump systems with at least 3 clumps (hereafter multi-
clump-systems). I also show the sample of clumps in two-clump-systems. I compare that
sample to the distribution of the stellar masses in single clumps. I note that for single clump
systems, a clump can correspond the entire galaxy. This explains why I find clumps with
stellar masses up to log;q(M,/Mg) ~ 11.

It is interesting to see that the clumps that are found in two-clump-systems have stellar-masses
that peak at higher values (around log;,(M,./Mg) ~ 9.4) when compared to clumps in multi-
clump-systems. It is also interesting to note that their stellar masses are higher than what is
expected for giant molecular clumps from simulations/observations (see e.g. Elmegreen et al.,
2009; Genzel et al., 2011; Guo et al., 2012; Bournaud, 2016). They show that clumps have
stellar masses in the 8 < logo(M,/Mg) < 9 range which is consistent with the bulk (~ 55%)
of the stellar mass distribution I see in multi-clump-systems. I have tested the similarity
between the two distributions using a Kolmogorov-Smirnov test and the null hypothesis (that
both distributions are the same) is discarded at a 95% confidence level.  This difference
persists when considering higher values of k.

5.3 MORPHOLOGY VISUAL CLASSIFICATION

I show in this section the results of morphological classification based on the scheme and the
GUI described in section 4.5. My results on the morphological classification of VUDS galaxies
are excluding explicitly the contribution of galaxy pairs. For galaxies with multiple secondary
selections that include the pair sub-classification I simply ignored the pair identification. For
galaxies exclusively classified as pairs I attempt to get the classification of the brighter and/or
central component as identified with the VUDS identification number. These objects amount
to 7% of the sample with the same classification from different people.

5.3.1 AGREEING ON A CLASSIFICATION

I show in figure 5.20 the frequency on which a given number of classifiers agreed on the primary
class. I find that on only ~ 10% of all galaxies all people agreed on the primary class.However,
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Figure 5.19. The distribution of stellar masses in clumps for three different samples In the black solid line
histogram I show the distribution considering single clump galaxies. In the filled brown histogram I show the
distribution of stellar masses of clumps in galaxies with 3 or more clumps. The golden hatched histogram
shows the stellar mass of clumps in galaxies with 2 clumps.
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Figure 5.20. Typical agreement between different classifiers on the primary class. In blue I show the results
from classifications based on the I and in orange for the H band.

for the majority of galaxies I do find that I get a majority (> 5) of classifiers agreeing on the
same primary class (2 80% in both bands). These results portray the difficulty of defining
a successful classification scheme in the characterization of the morphology of high redshift
sources. Nonetheless, I can get a majority of agreement on 4/5 of my sample.

Since the agreement among different people seems hard to attain for a majority of sources, I
aimed to design an algorithm to account for the dispersion in the classification. To do so, for
each galaxy I computed the fraction of people that classified in each class and noting that for
any galaxy

Nelass
Y =1, (5.6)

where f,, is the fraction of people that classify a single galaxy as the n-th class. Then, I
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compute the total fraction of galaxies per class by doing

1 Ngal
F, = ; 5.7
" Ngal;fn,l, (5.7)

where F, now represents the weighted fraction of objects in my sample that were classified
in the n-th class. This method will account for all the dispersion in each classification while
still providing statistical information on the distribution of morphologies within my sample.
However, it fails to produce a single classification for every galaxy which is required to study
any distinction in physical parameter space between different morphological classes.

To circumvent this problem there are different approaches to define single classification to
every galaxy. A straightforward way to do it is by assigning to each galaxy the class on which
most people agree upon (the modal class). A different approach is to map each classification
into a scalar scheme (see table 4.2) and then compute the mean or median class based on
the individual classifications by different people. While the first method is robust against
individual biases, by picking the majority vote, it looses any information about the intrinsic
dispersion in the classification of each object. The second method allows for the use of the
full information on each object but if not done right might produce classifications that fail to
be representative of the object’s nature. I have tested three different methods and I find that
using the median class provides the best compromise between accounting for class dispersion
while not loosing information and maximizing the sampling of the population by including all
objects that would otherwise be missed due to disagreements at the secondary classification
level preventing it to reach a minimum number of agreements for a modal classification.

5.3.2 CLASS DISTRIBUTION IN CANDELS

One of the first results that I can derive from my classification on multi-band imaging is to
know which classes are more common in my sample. Since the agreement is not perfect each
galaxy is classified according to the weight it has in each class. This means that the final
distribution encodes the information on the dispersion of the classification by weighting each
galaxy in each class according to the fraction of people that classified it as such. I show in
figure 5.21 that for the I band there is a clear dominance of irregular galaxies (with more than
40% of the sample being classified as such). In the I band ~ 20% of the objects are classified
as compact and ~ 17% as extended/symmetrical. In the H band I find that the irregular
and extended /symmetrical classes have roughly the same fraction of objects (~ 35%) while
compact objects represent ~ 14% of the sample.

To investigate the differences of classifications between different bands I took an alternative
approach. I computed the fraction of objects (selected from those who at least 5 different
people agree on the primary class) for which the primary classes where different from one
band to the other. Then, I also computed the fraction of objects for which only the secondary
classification was different. I compare those values to the fraction of objects for which both
primary and secondary classes are exactly the same. I find (see figure 5.22) that for ~ 60% of
the sample, no morphological k-correction was found as both primary and secondary classes
were the same in I and H band. Nevertheless, there is a non-negligible fraction of ~ 25%
objects for which there is a disagreement on the primary class.

I argue that the main cause for the differences found in classifying the different bands is linked
to the spatial resolution of each image. I note that the spatial scale in the I band is half of
the H band and that the PSF is three times wider in the H band. This effect is particularly
important when thinking of clumpy or elongated galaxies as defined in the I band since due to
the poorer spatial resolution are more likely to be found as extended and symmetrical sources
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Figure 5.21. Weighted frequency of each morphological primary class (left panel) and each secondary irregular
class (right panel) 1 for the VUDS-CANDELS sample. Blue bars correspond to I band classifications whereas
orange bars correspond to H band classifications.

in the H band. This is supported by the fact that the largest different in the final classification
that I find is that the number of these extended and symmetrical sources is much higher in
the H band when compared to the I band (38% to 12%, respectively).

Regarding the use of a scalar classification scheme (see table 4.2), I show in figure 5.23 the
distribution of morphological classes after attributing a single class per object based on its
median value classification. As with the weighted classification I find the same relative fractions
where the irregular class dominates the I band classification whereas in the H band I have the
irregular and extended/symm. classes to have the same fraction of objects. This provides
evidence that in the statistical description of the morphological types of galaxies that are
found in VUDS is well represented by this method for selecting an individual classification for
each galaxy.

I computed the probability that for any pair of 2 classifiers they would agree on the primary
classification by randomly taking and comparing 2 primary classifications for all galaxies clas-
sified in CANDELS. I find that, in the I band of CANDELS, that happens for only 55% of the
cases. In the H band the fraction is practically the same at 54% of agreement between any
pair of 2 classifiers.

5.3.3 EXTENDING THE CLASSIFICATION TO COSMOS

I show in figure 5.24 a summary of the rate of agreement on the primary classification for a total
of 1861 galaxies for which the classification by two different people was completed. Overall
I get an agreement rate of ~ 50% which is lower to what I find from random realizations of
classification pairs from my control sample in CANDELS. This lower agreement rate is likely
explained due to the lower image depth of the COSMOS ACS survey which induces more
confusion between different morphological classes. I also show that the rate of agreement on
the secondary class is valid for ~ 60% (563 objects) of the sample for which the primary class
was the same. In the same figure I explore in more detail which is the major cause for class
disagreement among different people. I find that there is confusion between the compact and
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Figure 5.22. Morphological k-correction from visual classification for galaxies where at least 5 people agree
on the primary classification. Eztreme corresponds to cases where primary classes are different in I and H.
Moderate corresponds to cases where the primary class is the same but the secondary class is different. Finally
Inexistent is for cases where both primary and secondary classes are exactly the same.
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Figure 5.23. Median classification distribution for the VUDS-CANDELS sample by primary class (left panel)
and by secondary irregular class (right panel). Blue bars correspond to I band classifications whereas orange
bars correspond to H band classifications.
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Figure 5.24. Class agreement statistics for the extended sample. On the left panel I show the overall number
of objects with primary and secondary class agreement. On the right panel I show in detail which class
discrepancies are found to be more common.

extended /symm. class where ~ 10% of objects were classified as both. The most common
case for disagreement is found for ~ 12% of the objects were classified differently as either
extended /symm. or irregular.

I have conducted the same exercise to quantify the distribution in morphological class for
this extended sample and show my findings in figure 5.25. Consistent with the results from
the CANDELS subsample in the I band, I find that most galaxies are classified as irregular
(~ 48%). When contrasted to the results from the CANDELS subsample, I find a larger
fraction of faint galaxies (consistent with the lower survey depth of COSMOS) and a larger
fraction of compact galaxies (~ 15%) with respect to extended/symm. galaxies (~ 12%). In
terms of the secondary classification within irregular galaxies, I find that only 210 galaxies
have agreement between the two different classifiers. I show in the right panel of figure 5.25
the distribution of these subset with respect to each secondary class. I find that half of the
irregular sample is classified as being clumpy, followed by ~ 32% of that subset being classified
as cometary /tadpole galaxies. Elongated and chain galaxies make up ~ 12% and ~ 6% of this
subset, respectively. I stress however that I only get agreement for the secondary classification
for less than half (210 out of 448 galaxies) of the irregular sample.

5.3.4 EVOLUTION WITH REDSHIFT

Using a weighted classification I computed the fraction I find for each primary class (also
including a discrimination among secondary classes) in three redshift binds spanning the entire
redshift range in VUDS 2 < z < 6. In the I band I find that irregular galaxies are dominant
at all redshifts with fractions around 35 — 45% of all sources. I do find that there is a rising
trend on identified compact sources from redshift z ~ 2.5 (~ 17%) to redshift z ~ 5 (~ 30%).
All the other classes have almost constant fractions across this period. In the H band I find
a clearly decreasing trend on extending/symm. galaxies from ~ 40% at z ~ 2.5 to ~ 22% at
z ~ 5. At the same time I see an almost constant fraction of irregular galaxies and a rising
trend in the fraction of compact galaxies as seen in the I band. among the irregular sub-classes
there is no strong evolution observed in the H band.

I would like to point out that irregular galaxies seem to have a lower fraction at z ~ 3.5 than
in the lower and higher redshift bins. This trend is mainly driven by the dip observed in the
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Figure 5.25. Left: frequency of each morphological class for the extended sample. Right: secondary class
distribution among 210 irregular galaxies with agreement on the secondary identifier. All classifications are
based on I band images.

fraction of clumpy galaxies in the same redshift bin. Despite not being significantly strong
(error bars within 1o) this is observed both in the H and I bands.

I show in figure 5.27 the evolution of the main morphological classes for the 929 galaxies that
have primary agreement on the extended sample. I first show the redshift evolution for the
entire sample, where I observe that irregular galaxies are dominant at 2 < z < 4.5 with roughly
constant fraction of ~ 50% and it drops to ~ 30% in the higher redshift bin, 4.5 < z < 6.0. I
find a rise on the fraction of compact galaxies that is more evident for z > 3.5 reaching almost
30% of the sample at the highest redshift bin. A similar trend is found for the extended /symm.
galaxies but they remain at lower fractions that compact galaxies at all redshifts. I find little
evolution in the fraction of diffuse galaxies with redshift. I explore the evolution in different
bins of stellar mass in the right panel of the same figure where no significant differences are
found in the low (9.5 < log;q (M,/Mg) < 10.0) and high (10 < log,q (M, /Mg) < 12) stellar

mass subsamples.

5.3.5 AUTOMATED MORPHOLOGICAL DISCRIMINATION

One useful tool to pave the way towards an automated morphological classification is to es-
tablish morphological descriptors that will allow for establishing boundaries between different
classes. This has been done locally and at high redshift to distinguish between different types
of galaxy morphologies based on some non-parametric diagrams (e.g. Conselice et al., 2000;
Conselice, 2003; Conselice & Arnold, 2009; Lotz et al., 2004, 2008; Freeman et al., 2013). Ex-
tending on top of this simple definitions several studies attempted at establishing automated
classification machines that make use of several morphological descriptors to successfully re-
cover morphologies for large samples at 0 < z < 3 (e.g. Ball et al., 2004; Huertas-Company
et al., 2009, 2011, 2015a; Shamir & Wallin, 2014).

I have computed a number of morphological non-parametric quantities that I show in figures
5.28 and 5.29. I color code each galaxy according to their primary class as defined from the
median classification. There are some regions where I can obtain clean (but not complete)
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Figure 5.26. Redshift evolution of each weighted morphological class. Each color and symbol represents a
different class: compact as light blue circles, extended as light green squares, cometary as red inverted triangles,
elongated as gold diamonds, chain as purple left triangles, clumpy as orange right triangles, diffuse as black
triangles and irregular as dark blue hexagons.
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Figure 5.27. Redshift evolution of each primary morphological class in the extended sample. On the left 1
show the full sample of 929 galaxies and on the right two panels divided in different stellar mass bins. Each
color and symbol represents a different class: compact as light blue circles, extended as light green squares,
irregulars as red inverted triangles, diffuse as gold diamonds and faint as purple left triangles.
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Figure 5.28. Non-parametric class discrimination in the I band using the morphological descriptors defined in
section 4.2. Each panel corresponds to a specific set of parameters as defined in the literature: CAS (Conselice,
2003), GM2o (Lotz et al., 2004), UT (Law et al., 2007), and MID (Freeman et al., 2013). Each morphological
class is plotted with a different color and symbol: compact as red circles, extended as golden squares, irregulars
as blue diamonds, and diffuse as green triangles.

samples of a given morphological type as defined in this study. I would like to highlight the
G — My diagram (especially that defined in the I band) where compact galaxies clearly stand-
out as having high values of G and low values of My which is also common for spheroidal
galaxies in the lower redshift Universe (e.g. Lotz et al., 2004). In this diagram there also seems
to be a sequential segregation (although with large overlap) of the 4 major classes defined with
diffuse and irregular galaxies occupying the high My, low G region, extended /symm. galaxies
are found in the intermediate region and then the compact galaxies are found at the low Mo,
high G, region.

In other several diagrams there are regions where one can extract clean samples of irregu-
lar+diffuse galaxies using for instance M > 10, ¥ > 5, C, < 2.2, or F' < 0.4. However, in all
these diagrams I often see that there is an overlap between several classes and that clean sep-
arations are hard to define. This work will be complemented in the future with an automated
classification system based on a combination of all parameters and several machine learning
techniques that are now available in public python packages like scikit-learn. However, I need

to build larger samples in order to obtain a reliable estimator that will work at these redshifts.

5.3.6 PHYSICAL DESCRIPTION OF MORPHOLOGICAL CLASSES

I show the typical morphology of galaxies in the star-forming main sequence (e.g. Tasca et al.,
2015) in figure 5.34. There is no obvious locus for a particular morphological class as they
all span several orders of magnitude both in stellar mass and in SFR. When looking at pop-
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Figure 5.29. Non-parametric class discrimination in the H band using the morphological descriptors defined in
section 4.2. Each panel corresponds to a specific set of parameters as defined in the literature: CAS (Conselice,
2003), GMgo (Lotz et al., 2004), ¥T (Law et al., 2007), and MID (Freeman et al., 2013). Each morphological
class is plotted with a different color and symbol: compact as red circles, extended as golden squares, irregulars

as blue diamonds, and diffuse as green triangles.
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Figure 5.30. Morphological discrimination in the stellar mass-SFR main sequence. Each morphological class
is plotted with a different color and symbol: compact as red circles, extended as golden squares, irregulars as
blue diamonds, and diffuse as green triangles.
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Figure 5.31. Median age and dust extinction for different morphological classes. Each morphological class
is plotted with a different color and symbol: compact as red circles, extended as golden squares, irregulars as
blue diamonds, and diffuse as green triangles.
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Figure 5.32. The median size as measured from r5° and ri°° (left, section 4.3.1) and light concentration

(right, section 5.1.3.3) for each defined morphological class. This sample is limited to 2 < z < 4.5 and
log,o(M,/Mg) > 9.35.

ulation extremes I find that the most star-forming galaxies are typically irregular or diffuse,
representing large disks with a clumpy structure. On the lower mass end, I do find an excess
of compact sources. However this is likely due to survey limitations rather than motivated by
any physical mechanism actuating at lower masses since at the faint end VUDS is more likely
to pick high surface brightness galaxies, hence their compactness.

I study as well the mean values for age and dust content as measured from SED fitting (Thomas
et al., 2016). I show the median values since for these two parameters there was only available
a grid of models and the mean is a statistic that weights on the number of galaxies in each grid
value. I tend to find extended/symm. galaxies to be more dusty and compact galaxies to be
the youngest of the morphological classes. However there is a large spread in both directions
meaning that no single morphological class has a typical physical interpretation able to explain
the entire population.

I extend my analysis to the sample that has been classified in the COSMOS field where 929
galaxies were visually classified independently by two different people. In figure 5.47 I show the
typical median sizes for each morphological class computed as explained in section 4.3.1, for a
sample limited to 2 < z < 4.5 and log(M,/Mg) > 9.35. As expected, the compact class has
the smallest sizes in both T%«O ~ 0.7 kpc and T%FOO ~ 1.5 kpc. I find that the largest galaxies are
classified in the irregular, diffuse and faint classes with total extent 73% ~ 2.4 — 2.7 kpc. The
class of extended /symm. galaxies shows intermediate sizes of T%O ~ 1.1 kpc and Tilpoo ~ 2.1 kpc.
In the same figure I show in the left panel the median concentration as computed using the
method defined in section 5.1.3.3. It is evident that this parameters strongly correlates with
morphological class. I find that compact galaxies are the ones where light is more concentrated
(Cr ~ 2.48) closely followed by the extended/symm. objects (Cr ~ 2.42). Then I find that
irregular galaxies have typical light concentration values around Cr ~ 2.27. Finally, diffuse
and faint galaxies are found to be low concentration galaxies with Cp ~ 2.0 — 1.9, respectively.

I show in figure 5.33 the distribution of galaxies in the UVJ color diagram (e.g. Williams
et al., 2009; Whitaker et al., 2012) as a function of morphological class. As somehow hinted
by the z > 2 panels produced by Kartaltepe et al. (2015) and Huertas-Company et al. (2015a)
there are no substantial differences in color among different morphological types. This is
further exaggerated in VUDS since the sample is UV-selected and is picking preferentially star
forming galaxies among which the morphological distinction is less pronounced.
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Figure 5.33. UVJ color diagram for the extended sample divided in three redshift bins (from left to right)
and in different morphological classes (from top to bottom). The selection box of quiescent galaxies is the
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Figure 5.34. The main sequence of star formation divided in three redshift bins (from left to right) for the
different morphological classes (from top to bottom). Each class occupies essentially the same star-forming
region of the plot, but there are hints that some populations (namely compact and faint galaxies) are dominant
in the high mass and low SFR regime. 118
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In terms of stellar mass and star formation rates, I can see in figure 5.34 the distribution of
each morphological class in the main sequence of star formation for three different redshift
slices from 2 < z < 6. At first glance, there is no real disparity between different galaxy
types as they all span various orders of magnitude in both stellar mass and star formation
rate, at all redshifts. This picture is similar as to what I found for the subset in the VUDS-
CANDELS sample (see figure 5.34). Nonetheless, there seems to be more frequent to faint
faint or compact galaxies in the high stellar mass and low star formation region of the plot
(log1o(M,/Mg) > 10.5 and logo(SFR) < 1).

I inspect differences more closely in the stellar mass and SFR by looking in the top panels
of figure 5.35, where restrict the sample to log,o(M./Mz) > 9.35. On this subset I find
that galaxies that have typically symmetric shapes (compact and extended-+symmetric) are
less massive (logq(My/Mgs) ~ 9.76 £ 0.05) than the irregular galaxies (log,q(M,/Mg) ~
9.8240.02). Interestingly, the galaxies with the highest median mass are the ones classified as
diffuse and faint with log;o(M,./Mg) ~ 9.88+0.04, 9.9+£0.1, respectively. In what concerns the
SFR of galaxies, they have roughly the same typical median values with log,,(SFR) ~ 1.4—1.5
(within the errors). Nonetheless, the least star-forming galaxies are found to be the ones
classified as faint with log;q(SFR) ~ 1.4 £ 0.1 despite not being statistically significant and
a large dispersion is observed. On the other hand, irregular and diffuse galaxies are the ones
with the highest values of SFR with logo(SFR) ~ 1.52 +0.02, 1.51 &+ 0.05, respectively.

When looking at these trends in three different redshift slices (left panel of figure 5.35), I see
that faint or diffuse galaxies galaxies are the most massive at any redshift. At the highest
redshift bin, there are three (out of six) very massive galaxies, with log;,(M,/Mg) > 11,
classified as faint (see also left panel of figure 5.34). these galaxies have the lowest redshift
confidence flag (2,9 and 29) that is included in my sample and for the two most massive,
only when using GOSSIP+ I am able to get a stellar mass estimates. The other galaxy
has a consistent stellar mass value both from LePhare and GOSSIP+ with log,q(M,/Mg) ~
11.1, 11.4, respectively. However, I also find that in the lower redshift bin, 2 < z < 3, faint
galaxies are the ones with the highest median stellar mass. In term of their SFR, there is no
obvious differences between different redshift bins as the median values are always within the
error vars for all classes. Th exception is the lowest redshift bin where the trend is similar to
what is found for the entire sample in the right panel, which may be expected since it contains
more than half of the entire sample (508 out of 929 galaxies).

I further explore the mean dust extinction and mean galaxy age (defined as the onset of
star formation in the galaxy Thomas et al., 2016) in figure 5.35. When looking at the full
sample (left panel) I see that compact galaxies have lower dust extinction values (E(B—V) ~
0.16 = 0.01) while all other morphological classes show higher values of 0.17 2 E(B — V) <
0.19.However this is only true for z < 4, since for the highest redshift bin compact galaxies are
the ones found to have the higher dust extinction values (E(B —V) ~ 0.13+0.01), whereas all
other classes show average values of 0.01 =2 E(B — V) < 0.12. In the highest redshift bin I see
a strong trend of morphological class with dust extinction with extended/symm. galaxies an
irregular galaxies having F(B—V') ~ 0.07 and diffuse galaxies having the lower dust extinction
with E(B — V) ~ 0.01 +0.01.

In terms of age, I find that faint galaxies are the ones that show the oldest population of stars
(t ~ 0.6440.06 Gyr) while all other morphological populations show ages 0.50 Gyr = ¢t < 0.55
Gyr. This picture becomes more intricate as I look to the different redshift bins shown in
the left bottom panel of figure 5.35. In the lower redshift bin, compact and faint galaxy
populations show the oldest age and in the intermediate redshift bin this trend is reversed and
they are among the youngest populations, albeit within 1o of the other classes. In the highest
redshift bin I see a strong trend of morphological class with age where compact galaxies have
t ~ 0.47 £ 0.08 Gyr, followed by extended symm. galaxies with ¢t ~ 0.52 4+ 0.06 Gyr, then
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Figure 5.35. Summary of the main class physical properties for the galaxies with log,,(M./My) > 9.5 secure
classifications for the full sample in the range 2 < z < 6 on the left panels, and in three redshift bins in the
right panel. Filled circles represent median values whereas empty circles represent mean values. Blue circles,
red squares, and green pentagons correspond to redshifts 2 < z < 3, 3 < z < 4, and 4 < z < 6, respectively.
From top to bottom I show the class depended on stellar mass, star formation rate, dust extinction, and age.
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Figure 5.36. Summary of the agreement between different observers performing the classification. The
number of galaxies on which both classifiers agreed (divided in emitting and non-emitting galaxies) is shown
as the blue bar. In the red bar I have the number of galaxies on which the classifiers disagree. The dark red
portion of this bar indicates the fraction of galaxies which was classified with faint or no emission and the
orange portion indicates the fraction of cases for which one classifier chose an emission line (classes 2, 3, 4 or
faint) and the other chose the no emission line class 1. The white fraction of the bar indicates the cases were
both classifiers agree on the existence of a line, but disagree on the line classification. Out of this exercise
I have a total of 1022 Ly-a emitting galaxies with secure classification. On the right panel I show the full
classification analysis where the reasons for non-agreement among two different people are identified. Each
square is color coded according to the number of objects and the corresponding object fraction is shown in
white text.

irregular galaxies with ¢t ~ 0.61 & 0.03 Gyr and finally diffuse galaxies with ¢t ~ 0.70 £ 0.05
Gyr. This trend seems to be anti-correlated with what I find for the dust-extinction values
where the oldest population is also the one with the lowest dust extinction.

5.4 EXTENDING MORPHOLOGY TO LY-a STUDIES

I show in this section the results from the Ly-a classification in the 2D spectrograms which
uses the scheme and was carried out using the GUI described in section 4.6.

5.4.1 CLASSIFIER AGREEMENT

After the classification was done, I checked for the overall agreement between each pair of
classifiers for my entire sample. I have classifications for a total of 4133 objects since out of
the 4360 objects some of them were double observations of the same target and thus I have 4
classifications for those objects (2 per each observation). The summary of these results is shown
in figure 5.36. I note that I have agreement in the classification for 2820 (~ 68%) galaxies of
which 1022 have Ly-a in emission and 1798 have no line in emission. For 1313 galaxies I have
no agreement for more than 50% of the classifiers (for the case of double observations, three
out of the 4 people had to agree on the main class). Of those 1313 galaxies, 729 (~ 54%)
have their classifiers disagree on the existence of line emission and in most of the cases that
happens when one chooses the Faint class and the other chooses no class, an indication of
the low signal to noise of these spectra. There are also a total of 607 galaxies for which the
classifiers disagree of the primary class. On this subset of galaxies I can see in the left panel
of figure 5.36 that the majority of disagreements report to the confusion between coincident
and extended classes (165 galaxies), between coincident and faint classes (136 galaxies) and
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Figure 5.37. Summary of the main class distribution for the 1022 LAGs with secure classifications.

Selection 20<2<2b5 25<2<30 30<2z<35 35<z<4b5 45<2z<6.0| Total

All 209 378 219 143 73 1022

—23.0 < Mpyy < —21.0 27 86 74 97 46 330
—21.0 < Myyv < —20.5 50 121 94 32 8 305
—20.5 < Myyy < —19.5 110 142 38 5 2 297
9.3 < logyo (M,/Mg) < 9.7 64 113 52 50 10 289
9.7 < logo (M, /Mg) < 10.1 57 95 69 42 15 278
10.1 < logyo (M, /M) < 12.0 41 76 53 34 25 229
—800.0 < Wry_o < —50.0 29 57 49 28 24 187
—50.0 < Wry_q < —25.0 33 57 31 33 10 164
—25.0 < Wry—o < —10.0 44 96 50 47 19 256
—19.0 < logyo (Fiy_a) < —18.0 31 78 72 45 41 267
—18.0 < logyo (Fiy_a) < —17.5 67 117 52 37 11 284
—17.5 <logg (FLy—a) < —16.0 61 114 53 40 7 275

Table 5.4. Number of LAGs in each redshift bin and for each selection used in this study.

between coincident and offset classes (95 galaxies).

In the end, I have a sample of 1022 galaxies at 2 < z < 6 with Ly-a in emission and for
which I a have a high degree of certitude in the visual classification since the majority of the
observers agreed on the same class. I use the acronym LAGs for these Ly-a emitting Galaxies,
presenting Ly-« emission down to equivalent width of a few angstroms, to avoid confusion with
strong Ly-a emitters (e.g. with Wry_q <—25A) for which the acronym LAE (Ly-a Emitters)
is usually used for in the literature. I discuss the properties of this sample of 1022 LAGs in
the following.

5.4.2 LY-a SHAPES

I show in figure 5.37 the distribution of classes for the 1022 objects with secure classifications.
I find that half of my sample (= 52%) shows Ly-a in emission that is consistent with the
extent of the UV continuum. I find that one fifth (~ 21.2%) of my sample has extended Ly-«
emission, ~ 10.9% have only an emission line and the continuum is not seen, =~ 9.8% show
an emission offset with respect to the UV continuum, and finally ~ 6.2% are too faint to be
classified. The number statistics of each sub-sample that I discuss in the following paragraphs
as a function of redshift, stellar mass and line properties is summarized in Tab. 5.4.

I show how these class fractions vary with redshift in figure 5.38. I find that the class with
coincident continuum and Ly-« emission dominates at z < 4.5, with fractions always above
50%. At z > 4.5 the most common cases are single line emitters. These show a strong increase
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Figure 5.38. The redshift dependence of each Ly-a line morphology class, considering all 1022 LAGs identified
during the classification at 2 < z < 6. Coincident class is shown as blue circles, extended is shown as green
squares, offset is shown as red triangles, single line emitters are shown as gold diamonds, and faint line emitters
are shown as dark violet pentagons.

in their fraction at high redshift, rising from ~ 4% at z ~ 2.25 to 46% at z ~ 5 — 6. The
fraction of extended emission is the second most frequent case at z < 4.5 and it shows an
almost constant fraction around ~ 15 — 25 at all redshifts. Faint and offset line emitters
observe a decrease in their fractions as a function of redshift and are never above ~ 10%.

I divide further the sample in sub-sets based on their stellar-mass, line equivalent width and
line flux in figure 5.39, 5.40 and 5.41. When considering stellar masses I observe the same
general trends as in the entire sample where the coincident Ly-a emission dominates at all
stellar masses and at all redshifts (with the exception of the highest bin in the intermediate
stellar mass bin where extended Ly-a emission is more common). Other interesting trend is
that at the higher stellar masses the fraction of extended Ly-a emitters is smaller than the
two lower stellar mass bins.

When dividing my sample based on the absolute FUV magnitude I see in figure 5.42 that
single line emitters dominate the faintest galaxies at the highest redshifts. This results imply
that the rising fraction of single line emitters as a function of redshift seen in almost all panels
is dominated by UV continuum faint galaxies that are in my sample.

I observe a strong dependency of the derived class fractions on the equivalent width of Ly-a.
The larger equivalent width galaxies are dominated by extended emission at lower redshifts and
single line emitters at the highest redshifts. As I move progressively to lower equivalent widths
the population of coincident line emission starts to be the most common. A similar trend is
observed for line fluxes where the extended emission lines dominate at higher luminosity and
coincident emission is the most common at lower luminosity.

5.4.3 PHYSICAL PROPERTIES OF THE DIFFERENT LY-a LINE MOR-
PHOLOGY CLASSES

I show in the left panel of figure 5.43 the median values for stellar masses, star formation
rates, dust extinction and stellar age for the four main classes defined in section 4.6. When
looking at the stellar masses of each class it is clear that galaxies with no emission and co-
incident emission are slightly more massive (log;q (M./Mg) ~ 9.90) than galaxies with off-
set or extended emission (log;, (M./Mg) ~ 9.75). In terms of SFR, there is an interesting
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Figure 5.39. The impact of redshift on each of the main classes of Ly-a line morphology, in three stellar
mass bins. Coincident class is shown as blue circles, extended is shown as green squares, offset is shown as
red triangles, single line emitters are shown as gold diamonds, and faint line emitters are shown as dark violet
pentagons.
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Figure 5.40. The impact of redshift on each of the main classes of Ly-a line morphology, in three line
equivalent width bins. Coincident class is shown as blue circles, extended is shown as green squares, offset is
shown as red triangles, single line emitters are shown as gold diamonds, and faint line emitters are shown as
dark violet pentagons.
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Figure 5.41. The impact of redshift on each of the main classes of Ly-a line morphology, in three line flux
bins. Coincident class is shown as blue circles, extended is shown as green squares, offset is shown as red
triangles, single line emitters are shown as gold diamonds, and faint line emitters are shown as dark violet
pentagons.
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Figure 5.42. The impact of redshift on each of the main classes of Ly-a line morphology, in three absolute
FUV magnitude bins. Coincident class is shown as blue circles, extended is shown as green squares, offset is
shown as red triangles, single line emitters are shown as gold diamonds, and faint line emitters are shown as
dark violet pentagons.
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Figure 5.43. Summary of the main class physical properties for the 1022 LAGs with secure classifications
for the full sample in the range 2 < z < 6 on the left panels, and in three redshift bins in the right panel.
Filled circles represent median values whereas empty circles represent mean values. Blue circles, red squares,
and green pentagons correspond to redshifts 2 < z < 3, 3 < z < 4, and 4 < z < 6, respectively. From top to
bottom I show the class depended on stellar mass, star formation rate, dust extinction, and age.
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trend where the most star-forming galaxies, with log;,(SFR) ~ 1.57 4+ 0.02, have no Ly-
« emission. Coincident emission line galaxies are the second most star-forming population
(log1o(SFR) ~ 1.49 4+ 0.03) followed by offset (log;o(SFR) ~ 1.46 £ 0.07) and extended
emission lines (log;o(SFR) ~ 1.39 £ 0.05). The latter is the population with the lowest star
formation rate.

Since the values for dust extinction and stellar age are derived from a grid of models, the
median value is fixed at one of this grid values. Thus, I opt to use the mean value for these
two quantities in my interpretation. Dust extinction is observed to be significantly lower with
E(B —V) =0.1 for extended emission line galaxies than the other classes for which the dust
extinction is similar at E(B — V) ~ 0.2. In terms of stellar age I find that coincident line
galaxies are the oldest population with ¢ ~ 0.64 £0.01 Gyrs and galaxies with no emission are
on average the younger population with ¢ ~ 0.40 + 0.06 Gyrs . Extended line emitters are as
old as the coincident line emitters with ¢t ~ 0.51 Gyrs.

On the right panel of figure 5.43 I do the same exercise but diving my sample in three different
redshift bins to identify evolutionary trends. The trend in stellar mass for the 4 populations
remains the same at all redshifts: stellar masses are found to be higher on average for the non
emitters than for the offset or extended classes. The relative mass ratios between coincident
and extended line emitters remain roughly constant with the latter being the least massive
population. When looking at the median SFRs, the trends are broadly the same as found
for the full redshift range with extended line emitters being the least star-forming population
whereas galaxies with no line emission are the most star-forming.

I find again that at z < 4 the extended line emitters have the least dust content and that
dust content increases gradually to the offset, coincident and no line populations. I find a
similar trend at z > 4, although the dust attenuation is limited to E(B —V) < 0.15 and errors
are larger, with the extended line emitters having the lower amount of dust. Coincident line
emitters remain the oldest population over the redshift range 2 < z < 4.

5.4.3.1 STACKED SPECTRA

I have stacked the spectra for all the classes using a flux-weighted average (each spectra
is normalized to the continuum flux measured at 1250-1500A rest-frame) onto a common
wavelength baseline with 2A resolution. I restricted the wavelength range to 900-2000A to
probe the region around the Ly-a emission line and up to [CIII]. I only keep wavelength bins
for which more than 90% of all spectra contributed. Spectrum that were identified as AGN
during the VUDS data processing are excluded from the stacks. I show my results in figures
5.44 and 5.45.

I fit the absorption lines with a single Gaussian model with three free parameters (amplitude,
width, line center). The exception is the fit to the Ly-a line which is done using a half
Gaussian model (with the same three free parameters) to the emission line. I do this on spectra
normalized on the continuum as derived from the spectra by extreme smoothing (Gaussian
filter with 8A kernel) of a spectrum masking 16A around each marked line (see figure 5.46).
From each fit I compute the line equivalent width (see Tab. 5.5) and line velocity offsets (see
Tab. 5.6). Line equivalent widths are equal to the negative integral of the Gaussian model,
and velocity offsets are computed through the difference between the line center as measured
in the Gaussian model and the average redshift of the sample. I report my measurements in 4
absorption lines (2 Sill, [OI], and CII marked in blue in figure 5.46) that trace low ionization
regions in the interestellar medium (e.g. Shapley et al., 2003).

One of my findings is that for Ly—«, as expected from what [ show in figure 5.40, the extended
line emitters show the largest equivalent width (in emission) of all the classes (Wry, = —37 &
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Figure 5.44. Stacks of spectra grouped by its Ly-a class. Each spectra is normalized to the continuum flux
measured at 1250-1500A rest-frame and added to a common wavelength baseline with 2A resolution. In each
panel I show the more prominent spectral lines that are observed. In blue dash-dotted lines I show the location
of the low ionization interstellar medium lines.
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panel I show the more prominent spectral lines that are observed. In blue dash-dotted lines I show the location
of the low ionization interstellar medium lines.
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Figure 5.46. Example of the fitting routine on each of the lines marked on the plot. On the top panel I show
my derived continuum level (red solid line) from smoothing a masked version of the original spectrum (black
solid line). On the bottom panel I show the normalized spectra (black solid line) and the combination of all
Gaussian models used to adjust each line (green solid line).
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Line None Coincident Offset Extended
Ly —aio15 | 664+1.4 —-103+28 —-13.3+3.3 —-37.2+84
[CIT]1909 | —1.5£03 —-1.5+0.2 —-1.6+05 —3.5+0.3
Hell 640 N/A —-06+£04 —-06+£05 —-1.3+£0.5
Sill 260 1.4+£0.8 1.0£+0.4 0.5+0.5 0.8+0.4
Sill 596 12+1.1 0.8+ 0.6 0.94+0.8 0.7+0.7
ClIli334 1.6 £0.7 1.2+0.4 1.0+0.6 0.8+0.3
[OI]1303 2.3+£0.8 1.6 £0.7 2.14+0.9 1.44+0.6
Alll 479 1.8£0.5 0.6 +0.2 0.6 0.4 0.4+0.5

Table 5.5. Equivalent width, in A, for 3 emission lines and 5 low ionization interstellar absorption lines found
in the stacked spectra. For each line I show the values obtained for the four main classes in each of the four
columns.

8). The offset emitters have slightly stronger equivalent widths than the coincident emitters
(Wiya = —13 £ 3. — 10 % 3, respectively) but none of them are above the -20 to -25A
limit which is often used to define LAEs (e.g. Cassata et al., 2015; Hathi et al., 2016). The
extended emitters are also the ones with stronger Hell and [CIII| emission lines. Regarding
the equivalent width of low ionization interstellar lines (Wig), I always find that the stack of
non-emitting galaxies has stronger absorption features than all emitters classes. I also observe
that the equivalent width of this low ionization absorption lines is anti-correlated with Wi _,.
This has already been found (e.g. Shapley et al., 2003) and is thought to be linked to the
covering gas fraction of galaxies. Alternatively, it may be linked to the amount of dusty gas
clouds that permeate the interstellar medium as if I compare with the results of the correlation
between F(B — V') with class, they follow a similar trend as Wis (e.g. Shapley et al., 2003).

For Ly-a, the line center in the emission cases corresponds to the red peak in emission while
for the no line sample it corresponds to the dip in the absorption feature. In order to compare
velocity offsets in the different classes I compute the offset relative to the measured rest Ly-«
line center.

Since the only difference that is consistent to all low ionization lines is that the non-emitters
have the positive offsets on the absorption lines, and that is dependent on the definition
of reference redshift, I need to refine these numbers in order for a coherent interpretation
extending to the non-emitting class. Considering only the cases for which the velocity offset
is computed with respect to the red emission peak of Ly-a I see that the average velocity
offset are within the computed errors. However, for the extended line emitters I am able to
pinpoint a velocity offset that is 3.40 away from Ly-cgest. For the offset and coincident line
emitters the null hypothesis (that low ionization ISM lines are at rest with respect to Ly-«
emission) is at 1.020 from the measured velocity offsets for both cases. I speculate that the
presence of outflows is certainly more likely to be observed in the extended line emitters but I
cannot exclude the possibility that there are similar outflow velocities for the other line emitter
classes.

5.4.3.2 THE UV SIZE OF LY-a EMITTING GALAXIES.

I use the size measurements described in sections 4.1 and 4.3. In summary I use GALFIT on
F814W images from COSMOS (Koekemoer et al., 2007) and CANDELS (Koekemoer et al.,
2011) to derive effective radii and use the total extent measurement ri" which defines the
radius of a circle with the same area as the total extent of the galaxy above a limiting isophote.
I also use T%O which is derived from the area containing 50% of the galaxy light above the same
isophote.
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Line None Coincident Offset Extended
Ly — aq015 | —1320 £ 147 201 £ 263 223 £ 252 223 £+ 223
[CIIT] 1909 —245 + 63 —120 + 38 —84 + 62 —41 £ 23
Hell 640 N/A 41 4232 599 + 155 190 £ 127

Silli260 1012 £250 =513 £293 —624+321 —323£240
Sill;506 1371 £248 —137+£323 —-293+327 —250+£297
CIlIi334 1322 +£192 247 £283 —354 £268 —421 4242
[OI]1303 1188 £183 =501 £296 —612+£289 —631 £ 256
AllT;479 1302 £182 —121+£279 —-92+279 —11+326
Average LIS | 1239 +£211 —304+295 —395+297 —327£272

Table 5.6. Velocity offsets, in km s™!, for 5 low ionization interstellar lines found in the stacked spectra.
For each line I show the values obtained for the four main classes in each of the four columns. For Ly-a, the
measurement correspond to the red emission peak for the offset, coincident and extended classes and to the
absorption dip for the none class. For the other lines the velocity offset is computed with respect to the Ly-a
peak (or dip) rest frame. In the last line I show the average velocity offset of the low ionization lines for each
class.

I restrict my sample of Ly—a« emitters to have stellar masses log(M,/Mg) > 9.5 and to be in
the redshift range 2 < z < 4.5 where my measurements of total extent are the most robust
(see Ribeiro et al., 2016, for more details). The median size, both effective radius r, and total
radius rp, for each class is shown in figure 5.47. Interestingly I do find that the extended line
emitters have smaller UV extent than the other classes with typical sizes of r. = 0.7 £ 0.1
kpc, r%o =0.90+0.07 kpc and 7’%00 = 1.940.1 kpc. The non-emitters are the largest in terms
of the 50% light radius (both 7. = 1.36 £ 0.06 and r3 = 1.29 & 0.02 kpc) but are within the
same size as the coincident and offset line emitters (ri’° = 2.28 + 0.4 kpc).

I further explore the dependence of Ly-a emission on the UV rest-frame size in figure 5.48
with the fraction of LAEs, defined trough their line equivalent width, as a function of the total
extent of the UV rest-frame emission. I find that there is a rising trend in this fraction where
the smaller galaxies show the highest fraction of LAEs. This fraction is < 5% for galaxies with
r3% > 3.5 kpc and rises to > 15% for galaxies with ri% < 1.0 kpe. This results explains why
galaxies in the extended line emitters class have the smaller UV-continuum sizes since they

are also the ones with the stronger Ly-« equivalent widths.
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Figure 5.47. Median size of galaxies measured in the rest-frame UV as a function of classification. I show
values for the effective radius (light blue square), total extent (dark blue circle) and 50% light radius (light
green pentagon) for galaxies with stellar mass log(M,/Mg) > 9.5. In all cases the extended line emitters have
smaller UV sizes.
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Figure 5.48. Fraction of LAEs as a function of total extent for galaxies with stellar mass log(M,/Mg) > 9.5.
The blue circles line is the result considering size measurements from F814W images, and the red squares shows
the results from considering size measurements from F160W images. I see on both cases that the occurrence
of Ly-a in emission is more common in smaller galaxies. All size bins have at least 5 galaxies.
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6.1 SIZE MEASUREMENTS IN THE CONTEXT OF GALAXY EVOLUTION

As stated in chapter 2, galaxy size is a fundamental parameter linked to the way galaxies form
and evolve. It is a relatively straightforward parameter to measure when one takes care of
several possible caveats (see sections 4.1 and 4.3). I summarize my measurements of the size
evolution of star-forming galaxies with 2 < z < 4.5 in the VUDS survey, and compare them
with the literature in figure 6.1.

In the context of the hierarchical assembly of dark matter halos one can consider that the size
of a disk galaxy scales with the virial radius of its host halo. In this scenario, the redshift
evolution of galaxy sizes has a slope a,, = —1 for halos with fixed mass and a slope of a,, = —1.5
for halos with fixed circular velocity (see Ferguson et al., 2004; Stringer et al., 2014, and
references therein). When considering the effective radius I obtain a slope o, = —1.29 £+ 0.18
which lies between the values expected for those two scenarios. However, my computation of
the evolution of the total size of each galaxy (measured at the same surface brightness level),
leads to a slope a, = 0.13 & 0.12 inconsistent with either of these two hypotheses. This likely
happens because the VUDS sample, representative of the population of star-forming galaxies,
contains a majority of galaxies that do not resemble disks (i.e they are highly irregular) and,
without any constraint on the profile shapes, the size measurements cannot be compared to any
of those scenarios. This suggests that to correlate the size growth of galaxies with that of its
host dark matter halo, more complex analytical models or more realistic numerical simulations
are required to understand the evolution of galaxy sizes in dark matter halos.

I find that the effective radius recirc decreases with increasing redshift, indicating effective
radii 7¢ cire ~ 2kpc at z ~ 2, and a value twice smaller at z ~ 4 at r¢ circ > 1 kpc. The effective
radius measured on my galaxies is comparable to other 7. ;e measurements in the literature
for galaxies at close or similar redshifts, particularly when comparing to samples with similar
stellar masses (figure 6.1). In such samples, as in my own, this leads to the conclusion that
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Figure 6.1. A compilation of size measurements at different redshifts for a number of different studies. First,
in blue I show the measurements of this thesis. Circles are taken from the GALFIT effective radius, and the
triangles and inverted triangles are from r3° and r%(?gorr respectively. The blue solid lines and respective shaded
regions show the derived evolution for re circ and r}?gorr. Each other color represents a different sample selection
(green for luminosity selected samples, red for stellar mass selected samples and purple for a different selection)
and each symbol represents a different study. They are: squares (Shibuya et al., 2015), 0.3L. < L < 1L.;
diamonds (Morishita et al., 2014), 10.0 < log,y(M«/Mg) < 10.5; pentagons (van der Wel et al., 2014) ,
10.0 < log,o(M./Mp) < 10.5; hexagons (Curtis-Lake et al., 2016), 0.3L. < L < 1L.; stars (Mosleh et al.,
2011, 2012), 9.5 < log,,(M./Mg) < 10.4; octagons (Law et al., 2007), spectroscopic sample, no mass or
luminosity selection.
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galaxies are getting smaller at higher redshifts (e.g. Mosleh et al., 2011, 2012; van der Wel
et al., 2014; Morishita et al., 2014; Shibuya et al., 2015). However, I argue that the use of
this metric making an a priori assumption of symmetry is not appropriate to constrain the
redshift evolution of galaxy sizes when asymmetric and multi-component shapes are common
occurrences.

When measuring sizes based on the total area covered by a galaxy I find that the evolution of
size with redshift is strikingly different. This size measured at an isophote with an absolute
luminosity logio(L.—2) = 6.1Lspc?, after correction for the effects of surface brightness dim-
ming with redshift and luminosity evolution, remains approximately constant with redshift
with r%pogorr ~ 2.2kpc (figure 6.1). In addition, galaxies selected using an evolving stellar mass
cut-off iog(M*) > —0.204(z — 4.5) 4+ 9.35, have a higher concentration index Cr indicating a
more peaked light distribution when going to the highest redshifts, with a significant change

of Cr by ~ 20% over only ~ 2 Gyr of evolution.

While it is expected that the effective radius should be smaller than a radius defined from
the total size of a galaxy at a much fainter isophote level, the strong observed differential
evolution between the two is likely to be resulting from important physical processes working
at a cosmic time when galaxies are still early in their assembly process. The fact that the size
r%p?gorr remains large at all redshifts indicates that galaxies in their early assembly phase are
quite extended with a constant characteristic size, and that the initial collapse that led to star

formation seems to have been spread-out in quite a large volume of ~ 10kpc3.

The large dispersion observed around the mean size value may indicate quite a diversity of
initial assembly conditions. Indeed I find a large spread of sizes in my sample with galaxies
as small as r%pogorr = 0.3kpc, and galaxies as large as r%pogorr = 5.5kpc. The smallest galaxies
could be the sijgnature of the first collapse of a small to medium mass cloud when the universe
was very dense or a more evolved dynamical state later in the life of a galaxy as indicated by
larger ages for smaller galaxies, while the most extended ones could indicate on-going early
merging of a few small size objects following the hierarchical assembly picture or the result
of the multi-component collapse of a massive gas cloud. As the timescale of these processes
is currently unknown, we may be witnessing the combined effects of different key physical

processes each at different evolution stages.

The evolution in light concentration with redshift that I find may be understood in a scenario
of compact bright clumps merging together to create a more smooth light distribution by
z = 2 (e.g. Guo et al., 2015). This could be extended to merger events of compact galaxies
redistributing angular momentum and leading to a less concentrated luminosity profile. Inside-
out growth with stellar mass building-up in the outskirts of galaxies (e.g. Wuyts et al., 2011;
Nelson et al., 2013, 2015a; Tacchella et al., 2016) is also compatible with the evolution of the
light concentration and the absence of evolution of total sizes.

6.2 A MERGER ORIGIN FOR THE BRIGHT AND LARGE CLUMPS IN
TWO-CLUMP GALAXIES

The physical mechanisms through which galaxies assemble their stellar mass and change their
morphology is still subject of debate with galaxy mergers and disk instabilities fed by cold gas
accretion being the proposed scenarios (see chapter 2). My study brings to light two important
morphological properties of high redshift galaxies and their evolution from z ~ 6 to z ~ 2:
the fraction of clumpy galaxies as well as the distribution of the number of clumps per galaxy
(see sections 5.2). Both of these properties are a direct consequence of the evolutionary path
followed by galaxies, and the physical processes driving this evolution at these early cosmic
times.
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Defining clumps is a delicate process. At these high redshifts, and with the spatial resolution
and depth of HST ACS or WFC3 imaging, only the brightest clumps separated by = 1kpc can
be identified. I opted to apply an evolving cut in the isophotal threshold used to define the
area of a galaxy where to look for clumps, following the luminosity evolution observed in the
star-forming galaxy population at these redshifts. I find the different local maxima, apply a
minimum area of 10 connected pixels, and retain groups of pixels which are disconnected down
to a level of 80% of the total galaxy flux, to identify clumps within this isophote. The isophote
definition has an impact on the number of clumps identified: as the area covered by a brighter
isophote gets smaller, the number of clumps within the isophote also gets smaller. I measure
the area and absolute luminosity of the clumps and estimate that I am able to reliably identify
clumps larger than ~ 1.5 kpc? and with a luminosity brighter than Meump < —18. This
process differs from previous attempts at clump identification algorithms (Guo et al., 2015;
Shibuya et al., 2016) mainly by the definition of the evolving isophotal cut and the procedure
of identifying clumps as local maximum groups detected within such an isophote.

I find that the fraction of clumpy galaxies rises from ~ 34+8% at z ~ 2.25 to 54+9% at z ~ 4.
I observe a trend for a higher clumpy fraction going to higher redshifts, more pronounced when
I use a fainter isophote to define the clump search area. I find a slightly lower (39 + 11%)
clumpy fraction in the higher redshift bin 4.5 < z < 6, but with an increasing trend with
redshift when compared to the bin immediately below at the same isophote level. The depth
of the data does not allow to use a comparable isophote when taking into account luminosity
evolution between the low redshift and high redshift samples. Nevertheless, the trend suggests
that when measured at the same isophote level the clumpy fraction would be the highest at
4.5 < z < 6.

These results are at odds with the decreasing fraction of clumpy galaxies reported by Guo
et al. (2015) and Shibuya et al. (2016). Differences in the definition of what a clumpy galaxy
is and in the sample used to compute the clumpy fraction may be the main reasons for this
discrepancy. I define a clumpy galaxy as a galaxy with 2 or more detected clumps within its
isophote, whereas Guo et al. (2015) and Shibuya et al. (2016) define it when at least one off-
center clump is identified. Another important difference resides in my sample selection which
does not a priori exclude galaxies because of their morphology (Guo et al., 2015; Shibuya et al.,
2016, impose an effective radius r. > 0.2” and axis ratio ¢ > 0.5 cut). As I include in my
sample small compact sources, this might further increase the number of non-clumpy galaxies
and decrease the clumpy fraction, while including galaxies with low values of ¢ like elongated
clump chain galaxies (see e.g. Elmegreen et al., 2004, 2008) would rather increase it.

In summary, I find that the fraction of clumpy galaxies in the star-forming population as
selected in the UV rest-frame with stellar masses logy,, /a7, > —0.204 x (2 — 4.5) +9.35, and
identifying clumps brighter than Mumpnuv < —18 and larger than ~ 2 kpc2 remains at
35-55% over the redshift range 2 < z < 6, with a trend for an increasing clumpy fraction with
redshift. As expected, this fraction does depend on the luminosity threshold and minimum
clump area that I impose (see Fig. 5.15), and hence on the depth and spatial resolution of the
images used. It is therefore likely that the clumpy fraction reported here is a lower value to
the real clumpy fraction.

Now turning to the analysis of the distribution of the number of clumps per galaxies, there is
a large fraction ~ 21 — 25% of galaxies with only two clumps and the clumps in these galaxies
are the brightest and largest as shown in figures 4.18, 5.14, 5.17 and 5.18. I can identify a
few possibilities to form the clumps in these two-clumps galaxies: they could be either (1) the
result of disc fragmentation and VDI, (2) two individual galaxies in the final merging process of
a galaxy pair, or (3) the chance projection of a galaxy on the line of sight, physically unrelated.

Galaxies with VDI induced clumps have been studied in detailed hydrodynamical simulations
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which show how fragmentation in a proto-galactic disc produces several clumps, visible over
timescales < 1 Gyr, before migrating and merging in a galaxy central core (e.g. Bournaud
et al., 2007b; Dekel et al., 2009; Genel et al., 2012; Bournaud et al., 2014; Oklopcic et al.,
2016). I note that I am able to detect clumps that are 1 to 2 magnitudes fainter than what I
find for bright clumps in two clump systems. This implies that if additional clumps were to be
found with deeper imaging they would be much fainter than what I find and thus I would still
observe a large fraction of two clump systems detected above a given luminosity limit. It seems
unlikely that a physical scenario following disc fragmentation and VDI would preferentially
produce only two bright clumps (F. Bournaud, private communication). Cloud fragmentation
due to disk instabilities are more likely to give rise to a higher number of clumps, with the
number of clumps reducing over the dynamical timescale of clump merging, as shown in
simulations (Mandelker et al., 2014). If VDI is the only process capable of producing clumps
one would rather expect to observe more galaxies with 3 or more clumps than two-clumps
systems, opposite to what I find (Fig. 4.20). It is possible that some two-clump systems are
the end result of clumps formed through VDI after migration and merging of smaller clumps.
The typical timescale for clump migration to the galaxy center is of 500Myr (e.g. Forster
Schreiber et al., 2011b; Guo et al., 2012; Bournaud, 2016) which is typically one fourth of the
redshift interval I probe from 2 < z < 4.5. However, the period on which I would observe
two clumps at the same time should be shorter than that. Additionally, I would need to take
into account the survival rate of large clumps for which some simulations suggest even shorter
lifetimes (e.g. Genel et al., 2012). I would need spatially resolved information from multi-band
high resolution observations or IFU data to compute velocity offsets and stellar ages of the
different clumps to confirm or not this scenario against the possibility of it being the final
stages of a merging pair of galaxies (e.g. Forster Schreiber et al., 2011a,b; Guo et al., 2012).

Another interpretation is that these two-clumps systems are indicative of on-going merger
events. Major or minor mergers do indeed produce a bi-modal light distribution with each of
the merging galaxy counted as a clump. merging is observed to be a significant process with a
high fraction of ~ 15 — 20% of galaxies involved in major mergers at redshifts z ~ 1 and up to
z ~ 4 (e.g. Le Févre et al., 2000; de Ravel et al., 2009; Lopez-Sanjuan et al., 2013; Tasca et al.,
2014b). The bright clumps in two-clumps systems and Ly/Lj, > 1/4 have absolute magnitudes
—19 > Myyy > —22, producing together a total luminosity equivalent to that of the median
of the star-forming population I am probing. Two-clumps systems with one bright clump and
Ly/Ly < 1/4 may include minor merger events participating to the build-up of stellar mass
with time. If I assume that clumps which have Ly/Ly, > 1/4 are representative of major galaxy
mergers I find that 24 — 40% of two-clump systems are then classified as major merger events,
remaining roughly constant at z = 3. This fraction is the same whether I consider VUDS
targets only or if I include neighboring two-clump systems found within the 20 kpc search
radius. As two-clump systems represent ~ 25% of the total population, using the fraction of
bright two-clump systems (Tab. 5.3) I find a total merger fraction slightly decreasing with
redshift from ~ 18% at z ~ 3 to ~ 10% at z ~ 5.

The derived fraction of merging systems is considering merging of clumps alone. To expand it
to a total merger fraction one would also need to account for the fraction of galaxy pairs within
a 20 kpc search radius. I find a rising pair fraction corrected for line of sight contamination
(see Sect. 4.4.2), of ~ 15% at z ~ 2.3 which rises to ~ 38% at z ~ 5. One interesting trend
is that while the pair fraction is increasing at higher redshifts, the contrary trend is observed
for the merger fraction derived from clumps statistics. One may naively expect that I am
observing an evolving merger rate measured in two stages, the first, which is more common
at the higher redshifts, where galaxies have yet to merge and the second, as observed from
bright clumps counts, representing the final phases of merging before coalescence, which is
more common at lower redshifts.
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There is a low probability that the observations of two-clumps systems might be consequence
of line of sight contamination from lower redshift galaxies which might then be confused
with high redshift clumps. I observe that these two-clump systems with at least one bright
MumpNnuv < —19.1 element have a median clump separations of ~ 3 kpc (~ 0.4 7). At such
small separations, even when dealing with faint objects with iap ~ 27 — 28, the probability of
random line of sight contamination is very small, at less than 3% (see Sect. 4.4.2 for details).
Thus, I conclude that most of these two-clump systems are real physical systems at the same
redshift.

As a conclusion, a straightforward interpretation of galaxies with two bright clumps is that
this population predominantly includes galaxies caught in the act of a merging event. This
interpretation is further reinforced when looking at the typical stellar masses of clumps. I find
that for these two clumps systems with at least one bright component, the majority of them
(~ T7%) has stellar masses greater than log(M,/Mg) > 9 which is the typical upper limit on
the stellar mass of clumps induced by VDI (see e.g. Elmegreen et al., 2009; Guo et al., 2012;
Bournaud, 2016) and therefore are unlikely to be the result of this process. On the other hand,
~ 55% of clumps in multi-clump systems have stellar masses lower than log(M,/Mg) < 9,
which might likely result from VDI as well as minor mergers. The typical masses of the two
clumps are more alike the masses of galaxies observed in merging pairs with larger separations
(e.g. Lopez-Sanjuan et al., 2013; Tasca et al., 2014b).

6.3 TRACING EVOLUTION WITH VISUAL MORPHOLOGY

Galaxy morphology has the imprints of the physical mechanisms that governed the evolution
history of galaxies (see chapter 2). I have defined a new visual classification system for galax-
ies at high redshift in section 4.5. With the help of collaborators, I carried out the visual
classification for a sample of ~ 1800 objects with 2 < z < 6 on the VUDS survey and present
the results in section 5.3. I find that the majority of galaxies are classified as irregular in the
I band (40 — 50%). When compared to the classification in the H band I find that there is
a comparable fraction of irregular and extended+symmetrical galaxies at ~ 40% of the pop-
ulation in VUDS-CANDELS that I believe is mainly due to the poorer spatial resolution of
the H band. I stress that the classification at these redshifts is highly subject to individual
bias and I can only get agreement between two different individuals on 50-55% of the objects.
When compared to the results presented by Kartaltepe et al. (2015) I find a lower fraction
of agreement of any set of two people. They get a majority agreement (>3/5 people) that
depends on the magnitude of the objects and reaches 75-85% for galaxies fainter than H<23.
This is consistent with the fraction of majority classifications (more than half the classifiers
agree on the primary class) that I obtain for the VUDS-CANDELS sample which is around
~ 80%.

In what concerns the fraction of irregular galaxies at high redshift my results show that at
2 < z < 4.5 and log(M, /Mg) > 10, I find a constant fraction of ~ 55+ 15%. This fraction
is consistent to that reported by Huertas-Company et al. (2015b) of ~ 70 & 10% at z ~ 2.75
for a slightly higher stellar mass selection log(M,/Mg) > 10.5. Other studies on the peculiar
fraction up to z ~ 3 report ~ 42 + 8% (Mortlock et al., 2013, for log(M,/Mz) > 10) and
~ 37 £ 10% (Buitrago et al., 2013, for log(M,/Mg) > 11). The fraction of disturbed systems
remains high up to z ~ 4 — 7 with results ranging from ~ 40 — 60% for UV bright galaxies
(Mpyv < —20, e.g. Jiang et al., 2013; Curtis-Lake et al., 2016; Bowler et al., 2016).

In light of my findings in the global properties of different galaxy morphological populations,
I tend to conclude that morphology as a global evolution tracer is not cleanly working at
these redshifts. I do believe that the higher percentage of irregular galaxies and the different
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mechanisms for galaxy formation are eluding my proposed classification system in terms of
isolating clear paths of galaxy formation based solely on a morphological type. For instance,
compact galaxies can be either low mass and low star-forming dwarfs that are in their initial
stages of formation (Amorin et al, submitted ) or being massive and evolved objects, likely on
their way to become the massive quiescent compact galaxies found at z ~ 2 (e.g. Daddi et al.,
2005; Trujillo et al., 2006a; van Dokkum et al., 2008; Cimatti et al., 2008; Szomoru et al., 2012;
Patel et al., 2013; Tkarashi et al., 2014; Ma et al., 2014; Marsan et al., 2014). As for irregular
galaxies they can also be composed of large irregular and clumpy disks (e.g. Elmegreen et al.,
2009; Guo et al., 2012), merging systems (see section 6.2) or even lower mass systems that are
in a dynamically active state and are high-redshift analogs to the irregular galaxies found in
the local Universe.

I believe that the class of diffuse, low surface brightness objects is mainly composed by fainter
extended or clumpy disks that can also be the result of several different physical processes, in
the same way as for irregular galaxies. On the other hand, faint and diffuse galaxies as seen in
UV rest-frame can be massive galaxies with an old stellar population for which the morpho-
logical k-correction is strong (e.g. Law et al., 2012a). This result is partially supported when I
look at the median stellar masses, ages and SFRs of the faint class which is the most massive,
oldest and least star-forming of all classes. Another hint to a morphological k-correction on
this class of objects is that when considering the most massive galaxies (log(M,/Mg) > 10)
classified as diffuse objects in the I band of VUDS-CANDELS subsample, 6 out of 10 were
classified as extended and symmetrical sources and 3 out of 10 as irregular sources in the

H-band. )

6.4 THE PHYSICAL NATURE OF LY-a EMITTERS

I have defined a new classification system based on the extent of the Ly-« emission as compared
to that of the UV continuum in section 4.6 to study the mechanisms through which Ly-
« photons escape galaxies. With the help of VUDS collaborators, I carried out the visual
classification for a sample of ~ 4360 objects with 2 < z < 6 on the VUDS survey (see section
5.4) and compiled a sample of 1022 galaxies with Ly-« in emission and 1798 with no emission
line that have been identified in the same class by two different people. I find that the most
common case for line emitters is having coincident line and UV continuum emission (~ 52%)
followed by extended line emitters (~ 21%) and then offset line emitters (~ 10%). Other
emitters have either too faint continuum or line to be classified.

I find that extended line emitters are the least massive, least star-forming and have the lowest
amount of dust extinction from all the main classes. At the same time, it is the class for
which the line equivalent width is the largest and the only one for which the stacked spectrum
has an equivalent width high enough to be classified as LAE. They also amount to 43.4%
of all line emitting galaxies with Ly-a equivalent width Wi,_, < —25A making them the
likely population (along with single line emitters which amount to ~ 21%) to be detected with
narrow band surveys.

In what concerns the derived trend that larger galaxies have lower fraction of Ly-a emitters,
there is a possibility of biased measurements due to slit losses. This happens since Wisotzki
et al. (2016) found that the Ly-a extension scales with UV continuum size and therefore,
larger galaxies are more likely to have extended Ly-a emission beyond the 1”aperture of the
slits. However I do not believe that our measurments are biased since the effect of slit loss
would impact both continuum and line fluxes and therefore does not substantially affect the
equivalent width measurements.

Another problem that may affect my results is the surface brightness limit of the observations
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(~ 10718 erg cm—2?s~tarcsec™2) that can prevent lower surface brightness emission halos to be

seen in the 2D spectra and thus bias the classifications towards a higher fraction of coincident
line emitters. However, the qualitative separation into the different four classes effectively
works at the limiting surface brightness limit. This implies that bright and extended Ly-«
emitters in VUDS, the class of line emitters closer to typical LAEs in the literature, being
a sub-class of the global extended emitters, have underlying physical conditions that differ
from lower surface brightness emitters which are included in the coincident class in this study.
Wisotzki et al. (2016) found that when restricted to emission matching the spatial extent of the
continuum, lower equivalent width galaxies have most of their flux in the surrounding halos.
If that is the case (and combined with the UV-Ly-« size correlation) then one may expect
that the coincident line emitters are in fact the galaxies with the more extended Ly-a halos
but at surface brightness lower than the VUDS detection limit. One caveat to consider when
comparing my sample to that presented by Wisotzki et al. (2016) is that they are probing
galaxies with stellar masses ~ 10 — 100 times lower (~ 10® — 10°M) than the typical stellar
mass of VUDS galaxies (> 10%). It is possible that by simply probing different stellar mass
regimes, I am finding different properties (e.g. Hagen et al., 2016b).

In terms of the physical properties of LAEs, one may expect that part of the difference with
my sample is explained due to the physical conditions that render their detection possible.
Selecting stronger equivalent width galaxies (as done in all narrow band surveys) is biased to
galaxies with bright extended Ly-a emission which I showed are the class of galaxies that have
the largest differences compared to the population of no line emitters (similar to those already
reported by Hathi et al., 2016). Nonetheless, my sample is primarily comprised of UV-selected
objects and thus the observed differences are not as large as pure emission line surveys which
can probe down to lower masses (e.g. Gawiser et al., 2007; Finkelstein et al., 2007; Guaita
et al., 2011; Vargas et al., 2014; Hagen et al., 2016b). Nonetheless, Hagen et al. (2016b) have
shown that when selected in the same typical mass range, galaxies with Ly-a emission have
similar properties as star-forming galaxies selected through their emission lines.

My findings that galaxies with Ly-a emission are smaller than their non-emitting counterparts
are consistent with most studies in the literature (e.g. Malhotra et al., 2012). However, I am
able to show that there is a smooth trend with the fraction of strong line emitters increasing
from large to small galaxies. This is similar to the trend found by e.g. Law et al. (2012b), even
though they are using the effective radius from GALFIT rather than the total size that I use.
Again, this trend includes mostly bright extended line emitters in VUDS due to the imposed
equivalent width cut and therefore samples only the subset of the stronger line emitters which
are indeed biased towards smaller UV continuum sizes.

Linking to models, there is an association with smaller and less massive galaxies where stellar
winds, supernovae and AGN feedback are more likely to produce windows/holes in the HI,
with little dust content, allowing for an easier path towards photon escape and back scattering
from large-scale HI clouds surrounding these objects. However, since the VUDS sample is
typically an UV continuum selected sample, we are probing similar ranges in stellar masses
for galaxies with and without Ly-« in emission and I can only hint at a small effect of stellar
mass on the emission of Ly-a photons.

6.5 OVERVIEW ON GALAXY EVOLUTION AS TRACED BY MORPHOL-
OGY AT 2<Z7<6

The results that were discussed in the previous sections highlight some key properties that
define the morphology of the star forming population at 2 < z < 6 that one observes with
VUDS. I argue that the ubiquitous diversity in the relationships between galaxy morphology
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Figure 6.2. Evolution of compact galaxies in the Illustris simulations in size, stellar mass and star formation
rates observed in 4 different redshifts (from Wellons et al., 2015).

and physical properties are hinting to different tracks in the formation and evolution of galaxies.

One population that can be compared to current cosmological simulations is the evolution of
compact galaxies. By looking at the top panel of figure 5.34 one can see that compact galaxies
tend to follow the stellar mass-SFR main sequence at lower masses and then fall off the main
sequence at log;o(M,/Mg) 2 10 (especially at 2 < z < 3). This is in agreement with the
picture portrayed by Wellons et al. (2015, see figure 6.2) where the progenitors of massive
compact galaxies selected at z ~ 2 follow the stellar mass-SFR relation at earlier times and
then drop off the relation. Additionally, the dominance of compact galaxies in the high stellar
mass and low-star formation regime points to a scenario where this class of objects are the
first to start quenching among the star-forming population. This might explain the existence
of compact and massive quiescent galaxies that are observed at z ~ 2 (e.g. Daddi et al., 2005;
Trujillo et al., 2006a; van Dokkum et al., 2008; Cimatti et al., 2008; Szomoru et al., 2012;
Patel et al., 2013; Ikarashi et al., 2014; Ma et al., 2014; Marsan et al., 2014). But I would
require sampling of the quiescent population at these redshifts to concluded that in fact most
of the quiescent population is compact in morphology which is hinted by size evolution studies
(e.g. van der Wel et al., 2014). However I cannot still discriminate among different scenarios
(compacting star bursts or monolithic collapse formation Wellons et al., 2015) of the formation
of these galaxies but is likely possible that my sample of compact SFGs is the progenitor of
such a population (see also e.g. Barro et al., 2014).

On the other hand I observe populations with large sizes (up to a factor of ~ 100 larger than
my smallest sources) . This population shows a diversity of irregular morphologies. I find a
significant fraction of ~ 25% of galaxies with two bright clumps that are likely galaxies in
the final stages of merging. A number of large galaxies also exhibit multi-clump systems akin
to the clump formation observed in the simulation of large forming disks. The large galaxies
therefore require different paths of formation and evolution, strongly linked to key physical
processes like galaxy merging or to the formation of a disk subject to violent instabilities and
fed by cold gas accretion.

In terms of the typical size evolution I find a scenario of no-evolution in terms of the total
extent. This is in contrast with theoretical expectations of disk scale length evolution that is
linked to the growth of dark matter halos with cosmic time (e.g. Mo et al., 1998). T argue that
this observation is linked to the irregular nature of galaxies at these redshifts and the high
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merger activity (e.g. high fraction of two bright clump systems) that prevents the gas from
achieving a state of dynamical equilibrium supported by its angular momentum that would
then scale with the typical growth of dark matter halos. On the other hand, the evolution of
the brightest regions, as traced by the effective radius through GALFIT, is probably connected
to the halo growth since one expects that the brightest clumps are more dynamically evolved
than the entire galaxy.

The irregular nature of galaxies is dominated by clumpy systems and I find that there are
numerous clumpy systems in the VUDS sample and that these are dominated by bright two-
clump systems. The existence of a large population of bright clumps in two clump systems
points to a direct evidence of the final stages of galaxy mergers whereas the existence of a
population of multi-clump systems points to the existence of violent disk instabilities. Again
these observations point to different paths for galaxy evolution where I am observing two
distinct physical processes at play in the redshift range 2 < z < 6. I am also presenting
evidence of the existence of monolithic collapse to form compact galaxies at very high-redshift.
And when I link the galaxy morphology to the properties derived by the Ly-a line emission
I also show that I have a large diversity of objects which further emphasizes the underlying
diversity in the distribution of gas, stars and dust in galaxies.

Starting from simple, yet fundamental, quantitative measurement of morphological properties
of galaxies at 2<<z<(6, my results point to a striking diversity of galaxy properties at a time of
galaxy assembly. As we are observing galaxies only 1 to 3 Gyr after the Big Bang it means
that this diversity is taking place quite early in the life of the universe. To be able to witness
the existence of galaxy populations as diverse as the very compact galaxies and the very large
galaxies that I observe, each with a range of properties, likely requires that several different
paths of galaxy formation and evolution co-exist. Key physical processes likely to play a major
role include merging and violent disc instabilities in proto-discs possibly fed by accretion. My
observational constraints offer a wealth of properties that will have to be reproduced by next
generation numerical simulations. This picture will need to be further clarified by observations
with future facilities like JWST and the ELTs.
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7.1 CONCLUSIONS FROM THIS THESIS WORK

The results presented in this thesis on a sample of star-forming galaxies observed 10.5 to 12.9
Gyr ago and shortly after the end of the reionization at z ~ 6 emphasize the diversity of galaxy
morphological properties at a time of intense galaxy assembly.

I use two different methods to compute sizes: a parametric profile fitting using the GALFIT
tool to derive the effective radius r¢ circ, and I define and use a non-parametric size measure-
ment based on the area defined as enclosing 100% of the measured flux of a galaxy above a
given surface brightness threshold, 7‘%100. While the former makes a strong hypothesis on the
symmetry of a galaxy shape, the latter can be applied on galaxies with irregular and asym-
metric morphology. I find that the total size of a galaxy is observed to remain approximately
constant with a radius r%?gorr ~ 2.2 kpc over the redshift range 2 < z < 4.5, while the effec-
tive radius 7 cir. decreases from ~2 kpc at z ~ 2 to ~1 kpc at z ~ 4.5. The evolution of
galaxy sizes is therefore drastically different when using parametric methods with a symmetry
prior or a non-parametric method with no a priori assumption of symmetry. This difference
between the total radius and the effective radius is more important at the highest redshifts,
with a factor ~ 2 difference at z ~ 4, likely due to the increasing fraction of irregularly shaped
galaxies. The observation of galaxies with total sizes ranging from less than 1 kpc to ~10 kpc
seems to require several different processes driving mass assembly, and may represent different

snapshots in the early life history of the dominant population of galaxies at these redshifts.

In quantifying the properties of clumps in star-forming galaxies with 2 < z < 6, I conclude
that I am witnessing the effects of two different galaxy assembly processes working in parallel.
First I report that the majority of clumpy galaxies are found to have only two clumps. I
also observe a bimodality in the clump size-luminosity distribution where bright and large
clumps are predominantly found to be in two-clump systems. I conclude that the large and
bright clumps in two-clumps systems are likely evidence for pairs of galaxies in the late stages
of a merging process. This population of large and bright merging clumps formed ez-situ is
important because even if they are less numerous they contribute the most to the stellar mass of
a galaxy (Lopez-Sanjuan et al., 2013; Tasca et al., 2014b; Mandelker et al., 2014). The fainter
and smaller clumps are likely the result of gas accretion which is expected to feed the buildup
of discs which then become unstable and produce clumps that will build galaxy bulges (e.g.
Dekel et al., 2009; Bournaud et al., 2009; Dekel & Krumholz, 2013; Bournaud, 2016). These
two processes are therefore important in building a galaxy formation and evolution scenario
both from the point of view of the evolution of the cosmic star formation rate and the build-
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up of stellar mass of galaxies throughout cosmic time, and explaining key observables like the
evolution of the specific star formation rate, and its possible flattening at redshifts z > 2 (e.g.
Dekel & Mandelker, 2014; Tasca et al., 2015; Faisst et al., 2016; Marmol-Queralté et al., 2016).

In terms of the visual classification of high-z star -forming galaxies I have defined 4 different
main classes of star-forming galaxies based on the spatial distribution of the rest-frame UV
light and find that 40-50% of all star-forming galaxies in my sample with log;,(M./Mg) > 9.5
are classified as irregular systems. I find that the second most common morphological type
corresponds to compact galaxies (with a rising fraction from ~ 10% to ~ 25% from z ~ 2
to z ~ 5). Galaxies with extended and symmetric morphologies are found to be around
~ 10—15% of all galaxies. The remainder are either diffuse objects or too faint to be classified.
I explore the physical properties of each sub-sample linked to a single morphological class
and find that they all span wide ranges in stellar mass, star formation rates, ages and dust
extinction values. I argue that there are several physical mechanisms at play that provide a
variety of formation scenarios (or formation stages) for the same morphological class and that
no single morphological population is univocally linked to a single formation scenario (see e.g.
Wellons et al., 2015).

On a last topic I have shown how different observed spatial line emission profiles of Ly-«
correlate with the physical properties of the host galaxy. I have defined 4 different main classes
of star-forming galaxies based on the spatial properties of the Ly-a emission as compared to
the UV continuum emission. I find a total of 1022 galaxies with line emission of which 51%,
21% and 10% have coincident, extended and offset line emission, respectively. I also identified
a sample of 1798 galaxies with no Ly-a emission line at all. I find that extended line emitters
show the strongest equivalent widths. In fact, when considering all galaxies with Wr,_, < —25
43.4% of them are extended and ~ 21% are single line emitters. In terms of physical properties,
extended line emitters distinguish themselves from the other classes by being the least massive,
least star-forming, lower dust content and smaller UV continuum sizes. I conclude that this
class of Ly-a emission is likely the population analog to LAEs found in narrow-band imaging
surveys or deep integral field spectroscopy observations.

The overall result that I obtained during the course of this work is that the large diversity in
morphological properties I observe in star-forming galaxies at at 2 < z < 6 are indicative of
the variety of physical mechanisms that drive evolution in the early phase of galaxy assembly.
The large range in galaxy sizes, from a few hundred to ten thousand parsecs, the high number
of clumpy systems, with a significant population of systems with two bright clumps, and the
non distinctive physical properties associated with several morphological classes all point to a
complex picture of galaxy formation which goes beyond a simple scenario of cold gas accretion
driving the evolution of all galaxies.

7.2 FUTURE PERSPECTIVES

The future of galaxy morphology studies will be fruitful in terms of new data, especially in the
optical rest-frame regime, with the launch of JWST in 2018 which will extend quantitative
morphology studies such as presented in this thesis up to the onset of the first objects in
the universe at z >> 10. This will be complemented by large samples of bright and massive
galaxies out to the reionisation assembled with the Euclid and WFIRST space missions. New
morphological classes well suited to the irregular shapes found at high redshift need to be
further established and pushed towards automated and unsupervised methods that rely on
well defined training sets (e.g. Huertas-Company et al., 2015a). At the same time, similar
morphological analysis will be possible at higher redshifts from cosmological scale simulations
as is now possible for the local Universe (e.g. Snyder et al., 2015). Combining efforts on
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new observations and models we will be able to detail the different stages of evolution in the
multiple paths of galaxy formation and morphological transformation and link them to the
main physical mechanisms (be it merging, accretion, feedback or environment) that shape the
evolution of different galaxy types into the observed Hubble sequence that is found locally.

More detailed investigations connecting size and morphology analyses to different properties
from multi-wavelength observations complementary to the UV that is available in VUDS (e.g.
by computing gas fractions, kinematics, Ha emission) are needed to further understand the
diversity of galaxy shapes in the early phases of galaxy assembly. And certainly the upcoming
EELT (the European one) or ELTs (the future generation of ELTs worldwide) with adaptive
optics will provide improved resolution in both imaging and spectroscopy to target typical
examples of morphological populations, and large surveys like Euclid, WFIRST and LSST
will be needed to provide robust statistical studies.

Another interesting prospect is to focus onto particular subsets of galaxies, like large diffuse
objects, small and low mass compact objects, or the massive compact galaxies that are found
below the star-forming main sequence, and through a dedicated analysis pinpoint the exact
mechanisms and properties that define their evolution.

With respect to the nature of Ly-a emission, it is likely that forthcoming observations either
from large and deep spectroscopic surveys like VANDELS and Integral Field Unit observations
from MUSE/KMOS/JWST will shed more light on the underlying physical motivation for the
differences that I find. Additionally, doing a similar analysis on a large sample of galaxies with
spectroscopically resolved maps would provide improved constraints on the spatial distribution
of the Ly-« emission.

From the work presented in this thesis, I can predict that the quantitative study of the mor-
phology of galaxies up to the highest possible redshifts will remain a fundamental tool to
understand the intricacies of the formation and evolution of galaxies.
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ABSTRACT

Context. The size of a galaxy encapsulates the signature of the different physical processes driving its evolution. The distribution of
galaxy sizes in the universe as a function of cosmic time is therefore a key to understand galaxy evolution.

Aims. We aim to measure the average sizes and size distributions of galaxies as they are assembling before the peak in the comoving
star formation rate density of the universe to better understand the evolution of galaxies across cosmic time.

Methods. We use a sample of ~ 1200 galaxies in the COSMOS and ECDFS fields with confirmed spectroscopic redshifts 2 < z,,. <
4.5 in the VIMOS Ultra Deep Survey (VUDS), representative of star-forming galaxies with ixg < 25. We first derive galaxy sizes
applying a classical parametric profile fitting method using GALFIT. We then measure the total pixel area covered by a galaxy above
a given surface brightness threshold, which overcomes the difficulty of measuring sizes of galaxies with irregular shapes. We then
compare the results obtained for the equivalent circularized radius enclosing 100% of the measured galaxy light 71® to those obtained
with the effective radius r, ¢, measured with GALFIT.

Results. We find that the sizes of galaxies computed with our non-parametric approach span a large range but remain roughly constant
on average with a median value r;”° ~ 2.2 kpc for galaxies with 2 < z < 4.5. This is in stark contrast with the strong downward
evolution of r, with increasing redshift, down to sizes of < 1 kpc at z ~ 4.5. We analyze the difference and find that parametric
fitting of complex, asymmetric, multi-component galaxies is severely underestimating their sizes. By comparing r;*° with physical
parameters obtained through SED fitting we find that the star-forming galaxies that are the largest at any redshift are, on average,
more massive and more star-forming. We discover that galaxies present more concentrated light profiles as we move towards higher
redshifts. We interpret these results as the signature of several, possibly different, evolutionary paths of galaxies in their early stages

©ESO 2016

of assembly, including major and minor merging or star-formation in multiple bright regions.

Key words. high redshift universe — galaxy morphology — galaxy evolution — galaxy formation

1. Introduction

Galaxy formation, and early stage evolution, is believed to be a
turbulent process where gas inflows, strong winds and galaxy-
galaxy interactions give rise to the intricate shapes we en-
counter in deep, high-z, HST observations (e.g. Law et al. 2007,
Delgado-Serrano et al. 2010; Buitrago et al. 2013; Mortlock et al.
2013; Talia et al. 2014; Guo et al. 2015). A simple, yet fun-
damental, shape parameter is the galaxy size. This quantity, to-
gether with other physical parameters like stellar mass and star-
formation rate, is one of the basic ingredients that can help to
elaborate a galaxy evolution scenario.

* Based on data obtained with the European Southern Observatory
Very Large Telescope, Paranal, Chile, under Large Program 185.A—
0791.

Although it is a simple concept, obtaining galaxy sizes is
not an easy task and is subject to a number of assumptions. The
most common way to derive galaxy sizes is by performing light
profile fitting assuming a given shape for the surface brightness
profile using a y* minimization (e.g. Simard et al. 1999; Peng
et al. 2002; Ravindranath et al. 2004; Daddi et al. 2005; Ravin-
dranath et al. 2006; Trujillo et al. 2006; Akiyama et al. 2008;
Franx et al. 2008; Tasca et al. 2009; Cassata et al. 2010; Williams
et al. 2010; Mosleh et al. 2011; Cassata et al. 2013; Huang et al.
2013; Ono et al. 2013; Stott et al. 2013; Morishita et al. 2014; van
der Wel et al. 2014; Straatman et al. 2015; Shibuya et al. 2015).
Another method assumes circular or elliptical apertures around
a pre-defined galactic center and computes the size enclosing a
given percentage of the total galaxy flux (e.g. Ferguson et al.
2004; Bouwens et al. 2004; Hathi et al. 2008; Oesch et al. 2010;
Ichikawa et al. 2012; Curtis-Lake et al. 2016). A third approach,
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involving counting the number of pixels belonging to the galaxy
to derive its size, was also explored in Law et al. (2007). Studies
of galaxy sizes at z > 2 became possible with the deep imaging
obtained with the Hubble Space Telescope. The first reports on
size evolution found that galaxy sizes as observed in the UV rest-
frame were becoming smaller at the highest redshifts (Bouwens
et al. 2003; Ferguson et al. 2004; Bouwens et al. 2004). We have
now access to the size evolution up to z ~ 10 from the deepest
HST imaging data (e.g.- Hathi et al. 2008; Jiang et al. 2013; Ono
et al. 2013; Kawamata et al. 2015; Holwerda et al. 2015; Shibuya
et al. 2015). With the multi-wavelength and near-infrared cover-
age of CANDELS (Grogin et al. 2011; Koekemoer et al. 2011)
optical rest-frame measurements are reported up to z ~ 3 for
a large collection of galaxies in diverse populations (e.g. Bruce
et al. 2012; van der Wel et al. 2014; Morishita et al. 2014). At
z ~ 2 the size of SFGs is, to first order, independent of the ob-
served rest-frame bands (Shibuya et al. 2015). It is generally ac-
cepted that galaxy sizes tend to decrease with increasing redshift
(e.g. Bouwens et al. 2003, 2004; Ferguson et al. 2004; Mosleh
et al. 2012) and that galaxy sizes depend on stellar mass (e.g.
Franx et al. 2008; van der Wel et al. 2014; Morishita et al. 2014)
and luminosity (e.g. Grazian et al. 2012; Huang et al. 2013).
However some results point to a scenario consistent with no size
evolution as seen in UV rest-frame from HST data (Law et al.
2007; Curtis-Lake et al. 2016) and, at a fixed stellar mass, from
optical rest-frame ground-based data (Ichikawa et al. 2012; Stott
et al. 2013).

Most samples in the literature that are used to measure
sizes at high redshift are composed of galaxies selected through
the dropout technique (Steidel et al. 1999) or photometric red-
shifts. Typical 1o errors in photometric redshift measurements
of dz~0.2-0.3 add an error of ~5% (increasing from z = 2 to
z = 4.5) to angular diameter measurements. This is a small
but sizable error that can be reduced when measuring sizes for
galaxy samples with known spectroscopic redshifts. Moreover,
having a precise knowledge of the redshift of the galaxy min-
imizes the ambiguity on which rest-frame bands are observed
and allows an accurate estimate of surface brightness dimming
effects which are important to reduce measurement scatter for a
consistent analysis in a large redshift range. The knowledge of
the spectroscopic redshift and the availability of spectra also al-
low to better characterize the physical properties of the galaxies
for which sizes are measured. Uncertainties on stellar masses,
star formation rates, and ages, are reduced (Thomas et al. 2016)
and spectral features like Lyman—« emission can be correlated
with galaxy sizes.

In this paper we present the evolution of the size and size dis-
tribution of a sample of ~1200 star-forming galaxies with spec-
troscopic redshifts 2 < zyp.. < 4.5 selected from the VIMOS
Ultra-Deep Survey (VUDS, Le Fevre et al. 2015). In addition
to using standard profile fitting to derive effective radii, we de-
velop and apply a non-parametric method (adapted from Law
et al. 2007) to compute galaxy sizes which takes into account
the surface brightness dimming effect and does not require any
assumption on the symmetry of the studied sources. We test the
impact of using different rest-frame bands (for a subset of our
galaxies) and different methods when deriving size evolution.
We then probe the evolution of light profiles of galaxies using
image stacks and comparing the concentration of light across
the redshift range studied here.

This paper is organized as follows. In section 2 we give an
overview of the sample we are working with, how galaxies are
selected and describe the imaging data. In sections 3 and 4 we
describe the methods used to obtain size measurements and their
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inherent assumptions, and present results on effective radii and
non-parametric sizes, respectively. In section 5 we present re-
sults based on stacked images/profiles. We discuss the redshift
evolution of galaxy sizes in section 6. Section 7 is dedicated
to the relation between some physical parameters derived from
SED fitting and the sizes of our galaxies. We discuss and sum-
marize our results in sections 8 and 9.

We use a cosmology with Hy = 70 km s™! Mpc™!, Qo =
0.7 and Qg ,,, = 0.3. All magnitudes are given in the AB system.
For this paper we assume a Chabrier (2003) initial mass function
(IMF).

2. Data and Sample Selection

VUDS is a large spectroscopic survey that targeted ~ 10000 ob-
jects covering an area of 1deg® on three separate fields: COS-
MOS, ECDFS and VVDS-02h. With the objective to observe
galaxies in the redshift range 2 < z < 6+, targets were se-
lected based on the first or second photometric redshift peaks
being at zppoe + 1o- > 2.4, combined with a color selection cri-
teria based on the spectral energy distribution (SED) and with
flux limits 22.5 < isp < 25. To fill in the remaining avail-
able space on the masks, a randomly flux selected sample with
23 < isp < 25 is added to the target list. The spectra were ob-
tained using the VIMOS spectrograph on the ESO-VLT cover-
ing, with two low resolution grisms (R=230), a wavelength range
of 3650A < 1 < 9350A. The total integration is of ~ 14h per
pointing and grism.

Data processing is performed within the VIPGI environment
(Scodeggio et al. 2005), and is followed by extensive redshift
measurements campaigns using the EZ redshift measurement en-
gine (Garilli et al. 2010). At the end of this process each galaxy
has flux and wavelength calibrated 2D and 1D spectra, a spec-
troscopic redshift measurement and associated redshift reliabil-
ity flag. For more information on this process we refer the reader
to Le Fevre et al. (2015).

2.1. Imaging data in the COSMOS and ECDFS fields

To conduct a morphological study of high-redshift galaxies, one
should use the deepest, best resolution images coming from
Hubble Space Telescope imaging surveys. Covering the largest
contiguous sky region, the COSMOS (Scoville et al. 2007;
Koekemoer et al. 2007) survey has ~ 2deg? of ACS F814W cov-
erage down to a limiting magnitude of 27.2 (5o point-source de-
tection limit). As it covers the entirety of the VUDS COSMOS
pointings it is the most complete image set to undertake mor-
phological studies with our sample albeit only covering the UV
rest-frame.

The more recent CANDELS survey (Grogin et al. 2011;
Koekemoer et al. 2011) covers five different sky regions, includ-
ing the COSMOS and ECDFS fields with a large overlap with
VUDS fields (see Le Fevre et al. 2015). The area covered is
smaller than VUDS but near-infrared coverage (namely F125W
and F160W) is important because it allows us to probe optical
rest-frame morphologies for the majority of our sample in this
field. It reaches depths at 50 of 28.4,27.0 and 26.9 at F§14W,
F125W and F160W respectively, deeper in the F§14W band than
the aforementioned COSMOS observations. The typical spatial
resolution of these images ranges from 0.09” (0.6,0.8 kpc, at
z = 4.5,2.0) for the F814W band up to 0.18” (1.2, 1.5 kpc, at
z = 4.5,2.0) in the F160W band. The pixel scale of the mo-
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Fig. 1. The number of galaxies per redshift bin for the entire VUDS
sample considering all galaxies with a redshift measurement in light
gray and those with a redshift reliability flag corresponding to a > 75%
certainty in dark gray. In blue colors we present the distribution for the
COSMOS+ECDFS, stellar mass selected and 2 < z < 4.5 sample (all
flags in light blue and reliable flags in darker blue). Our results are based
on the darker blue histogram which contains 1242 galaxies.

saics used in this paper are of 0.03” /pixel for F§14W images
and 0.06” /pixel for F125W/F160W images.

As the multi-wavelength coverage with HST of the large
area covered by VUDS is scarce, we also use deep ground
based imaging covering the entire VUDS area on the COS-
MOS field for a control check on the wavelength dependence
of our radii measurements. From the CFHT Legacy Survey
(CFHTLS) data release 7' we use the deep i’ and z’ band imag-
ing which reach an 80% completeness limit in AB of 25.4
and 25.0 for point sources, respectively. Extensive near infrared
ground-based imaging is also available on the COSMOS field.
The UltraVISTA survey covers 1.5 square degree of the field and
provides the deepest observations in the near-infrared bands. The
Y, J, H and K UltraVISTA DR2 images reach 50 limiting mag-
nitudes of 24.8 (25.4), 24.6 (25.1), 24.7 (24.7) and 23.98 (24.8)
AB in the deep (ultra-deep) regions (McCracken et al. 2012).

In addition to the CANDELS observation in ECDFS, there
are also publicly available F850LP observations from GEMS
(Rix et al. 2004). However, the VUDS pointings were designed
to maximize the overlap with the CANDELS area in ECDFS,
thus, adding GEMS observations cause only a small increase in
the number of sources in the sample (68 additional sources to the
stellar mass selected sample defined in the next section). For that
reason we exclude data from these surveys from the size analy-
sis presented in this paper. The GOODS survey (Giavalisco et al.
2004) covers a similar area as the CANDELS observations and
thus we have opted to not include images in our analysis.

2.2. A stellar mass-selected sub-sample from the VUDS
spectroscopic survey

With the knowledge of the spectroscopic redshift, SED fitting
was performed on the VUDS sample using Le Phare (Arnouts

! http://www.cfht.hawaii.edu/Science/CFHTLS/

et al. 1999; Ilbert et al. 2006) applied to the extensive photo-
metric data available in the COSMOS and ECDFS fields as de-
scribed in Sect. 2.1.

The SED fitting procedure closely follows the method de-
scribed in Ilbert et al. (2013), and the specifics for VUDS are
detailed in Tasca et al. (2015). To fit the photometric data we
use templates derived from Bruzual & Charlot (2003) models
and assuming a Chabrier (2003) IMF. To model the star forma-
tion histories we use a exponentially declining parameterization
SFR « exp —¢/7 (7 in the range 0.1Gyr to 30Gyr), and an addi-
tional two models with delayed SFH peaking at 1 and 3Gyr. The
templates are created for a grid of 51 ages (in the range 0.1 Gyr
to 14.5 Gyr). We apply a Calzetti et al. (2000) dust extinction law
to the templates, using E(B — V) in the range O to 0.5. Models
with two different metallicities are used. The two main parame-
ters of interest in this paper are the stellar mass, M, and the star
formation rate (S F'R) for which the median values of the proba-
bility density function are used. We refer the reader to Ilbert et al.
(2013); Thomas et al. (2016) for typical uncertainties on these
quantities (see also Tasca et al. 2015). In summary, we expect an
uncertainty of ~ 0.1 dex in stellar masses, ~ 0.15 dex in SFR. We
also use the physical parameters derived from the simultaneous
SED fitting of the VUDS spectra and all multi-wavelength pho-
tometry available for each galaxy, using the code GOSSIP+ as
described by Thomas et al. (2016). This method expands the now
classical SED fitting technique to the use of UV rest-frame spec-
tra in addition to photometry, further improving the accuracy of
key physical parameter measurements (see Thomas et al. 2016,
for details). It also provides measurements of physical quantities
such as galaxy ages as well as the IGM transmission along the
line of sight of each galaxy, an improvement compared to using
a fixed transmission at a given redshift (Thomas et al. 2014). The
sample selection (discussed below) and color correction detailed
in section 4.5 rely on the parameters derived from LePhare. The
comparison of sizes with physical parameters described in sec-
tion 7 uses the results from GOSSIP+. We stress that the results
presented in this paper are robust against the method used to de-
rive the stellar mass selection of our sample.

To follow the evolution of galaxy sizes in a similar popu-
lation as a function of redshift, we define our sample imposing
an evolving lower stellar mass limit. This choice implies that
stellar masses of galaxy populations at different redshifts follow
the general stellar mass growth of star-forming galaxies, broadly
representing the same coeval population. With this simple evolv-
ing stellar mass cut we could possibly miss galaxies if their prop-
erties make them fall out from the VUDS selection function, i.e.
if galaxies selected at the high redshift end of our sample become
quiescent by the time they reach z ~ 2. The average size we re-
port would then be biased against these galaxies at the lower
redshift end of our survey. The other possible choice that could
be made is to opt for a constant stellar mass limit at all red-
shifts. In this condition, the sample would contain more lower
stellar mass star-forming galaxies at lower redshifts. If the stel-
lar mass-size relation is not evolving with redshift (see e.g. van
der Wel et al. 2014; Morishita et al. 2014) then this would add
galaxies with lower sizes in the lower redshift bins of our study,
complicating the comparisons of size distributions. We define
a lower stellar mass limit in our sample anchored at z = 4.5
as log,o(M,/Mp) > 9.35 (below which the VUDS sampling
drops). We then use the stellar mass function evolution from II-
bert et al. (2013) together with the typical sSFR of VUDS galax-
ies (Tasca et al. 2015) to follow the typical stellar mass growth of
VUDS galaxies, and define the stellar mass selection threshold
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Fig. 2. Range in stellar masses and SFRs for the sample studied here. In each panel, the light gray points refer to the entire VUDS sample in each
redshift bin. The colored points represent each of the 1242 galaxies in the selected stellar mass range and with reliable spectroscopic flags (correct
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Fig. 3. NUV1J diagram (Ilbert et al. 2010, 2013) for the sample studied here in different redshift bins. In each panel the colors have the same

meaning as in figure 2.

at different redshifts using
ey

In figure 1 one can see the redshift distribution of the entire
VUDS sample and that of the stellar mass-selected sample in the
redshift range considered defined for the purpose of this study.
Such selection translates into 1645 galaxies in the COSMOS and
ECDEFS fields with a spectroscopic redshift measurements and
with stellar masses obeying equation 1 of which 1242 have spec-
troscopic redshift flags that have a reliability of > 75% (flags
X2,X3,X4 and X9 with X=0,1,2 see Le Fevre et al. 2015, for
more details).

We show the stellar mass-SFR relation of our sample divided
in four redshift bins in figure 2. It shows that our sample probes
galaxies with typical median stellar masses of 10'°M, and rang-
ing from log,o(M,/Mg) 2 9.35 and up to 10''M,,. In terms of
SFR, our galaxies are in the range 0.5 < log,,(S FR) < 3.0 at all
redshifts with median values of log,,(S FR) ~ 1.4.

To further characterize our galaxy population we plot in fig-
ure 3 the position of each galaxy with respect to the quiescent
region as defined in Ilbert et al. (2013). The lack of galaxies in
the upper right part of the panels in the NUVrJ diagram indicates
that we are missing dusty star-forming galaxies. We also lack the
quiescent population (only 4 galaxies fall in the quiescent region
of the diagram). This confirms that our sample is probing the
bulk of the massive, low dust star-forming population at the red-
shifts considered.

log,o(My/Mg) > —0.204(z — 4.5) + 9.35.
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3. Parametric size measurements: Effective radius
Te

One of the most widespread ways of measuring galaxy sizes at
all redshifts is by parameterizing their surface brightness profiles
with a given functional form (e.g. Simard et al. 1999; Peng et al.
2002; Ravindranath et al. 2004; Daddi et al. 2005; Ravindranath
et al. 2006; Trujillo et al. 2006; Akiyama et al. 2008; Franx et al.
2008; Cassata et al. 2010; Williams et al. 2010; Mosleh et al.
2011; Cassata et al. 2013; Huang et al. 2013; Morishita et al.
2014; van der Wel et al. 2014; Straatman et al. 2015; Shibuya
et al. 2015). The Sersic (1968) profile is the preferred choice for
fitting galaxy photometry and it is given by
I(r) = L expl[~«(r/r) " + &] 2
where the Sérsic index n describes the shape of the light profile,
r. is the radius enclosing 50% of of the total flux, [, is the sur-
face brightness at radius r = 7, and « is a parameter coupled to n
(see for example Ciotti & Bertin 1999) such that half of the total
flux is enclosed within r,. An index of n = 1 corresponds to a
typical pure disk galaxy, whereas n = 4 corresponds to the de
Vaucouleurs profile which is associated to elliptical galaxies and
spiral bulges (although indices n > 4 are very common, espe-
cially at low redshift). On 2D images, each Sérsic model has po-
tentially seven free parameters: the position of the center, given
by x. and y., the total magnitude of the model, m,,,, the effective
radius, r., the Sérsic index, n, the axis ratio of the ellipse, b/a
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and the position angle, 6p4, which refers to the angle between
the major axis of the ellipse and the vertical axis and has the sole
purpose of rotating the model to match the galaxy’s image.

3.1. Method

To measure the effective radius of our objects we use the 2D sur-
face brightness fitting tool GALFIT (Peng et al. 2002, 2010). For
each galaxy we choose to fit a single Sérsic profile with no con-
straint in the parameters. To remove the effect of the ellipticity
of each source, the final size value as measured from GALFIT is
computed as the circularized radius via

Yecirc = Te \/55 (3)

where ¢ is the axis ratio (b/a) of the elliptical isophotes that
best fit the galaxy. In this sense, a comparison with rr defined in
section 4 is also more immediate, as both are circularized forms
of size measurements. The initial parameters were retrieved from
running SExtractor (Bertin & Arnouts 1996).

3.2. PSF and masks

In order to provide accurate size measurements it is crucial to
have a good image representing the point spread function (PSF)
of the data. For that purpose a list of individual, bright, non-
saturated, field stars were pre-selected based on their position in
the stellar locus of the pm,x — mag diagram. This procedure was
applied to all the CANDELS, UltraVISTA and CFHTLS mosaic
images. Then, we selected by visual inspection the stars to be
used for the stack. Thus, we built a high S/N image of the PSF
for each image by stacking ~ 40 stars in each CANDELS field.
For COSMOS we have used the models built with ZinyTim 2
described in Rhodes et al. (2007).

For space based imaging, we fed GALFIT with 6" x6” image
cutouts around the galaxy. As for the masking procedure, we
used the segmentation map produced by SExtractor and flagged
all companion objects for which all pixels associated with it are
at a distance greater than 1”of the VUDS target. The flagged
pixels are not taken into account when doing the y? fitting by
GALFIT. Based on deep galaxy counts (Capak et al. 2007) we
estimate the number of companions at a distance smaller than
1”and brighter than ixg = 25.5 is 6%. This reassures us that
we are getting size measurements for sources that fall within the
slits, i.e. it is unlikely that GALFIT will lock on a companion
object.

3.3. Image simulations

Simulations of 15000 galaxies using GALFIT Sérsic profiles
convolved with the observed PSF are performed to test the relia-
bility of the obtained values for the effective radius of the galax-
ies in the sample. To do so, we use the computed SExtractor
source catalog to select 200200 pixel sky regions on which the
simulated galaxies are dropped. The sky regions are randomly
selected so that we do not introduce artificial bias by using hand
picked regions. However, since the selection of pure sky regions
in a random way is very time consuming a method is devised to
select the required size regions in a faster way while still tak-
ing cautions not to overlap simulated and real sources and to
avoid bright sources within the region. This method selects ran-
dom regions where: there are no pixel detections within a 50

2 http://www.stsci.edu/hst/observatory/focus/TinyTim

Table 1. Interval of simulated values of artificial galaxies. All param-
eters were randomly selected from a uniform distribution within the
reported range.

mag
22-27

re[pixel] n q
05-30 05-10 0.1-1.0

Opa [degrees]
-90 - 90

pixel radius from the center of the sky region; the neighboring
sources allowed in the stamp image must not be brighter than
20 mag; the number of SExtractor detected sources within the
stamp is limited to 10; all pixels have a non-zero value. Then the
simulated galaxies have Sérsic profiles that are randomly gener-
ated from a set of values drawn from uniform distributions in the
intervals defined in table 1. The profiles are subsequently con-
volved with the PSF and dropped on extracted regions. Finally
all the simulated objects are fed onto the same pipeline as the
real images to get their output parameters from GALFIT. The
results of these simulations (see figure A.2) show that one can
retrieve the input effective radius value within 10-20% for 68%
of the simulated galaxies that have a total magnitude < 25. There
is also a slight trend with the input effective radii in the sense
that galaxies with higher input r, tend to have slightly higher
dispersion (up to ~ 20 — 30%) of the difference one gets. We
note however that 93% of the galaxies in our sample have mea-
sured radii smaller than 20 pixels for which we obtain a radius
within ~ 15% of the input value. We have tested this simula-
tion by using different background images from which to extract
the sky regions (COSMOS F814W tiles and CANDELS F814W,
F125W, F160W mosaics) and found no significant differences in
the simulation results. Similar conclusions were found by, e.g.,
Mosleh et al. (2011); Morishita et al. (2014).

An additional test is carried out to test the robustness of
GALFIT results against the choice of first guess parameters. In
this case, for each galaxy, we run GALFIT fifty times, each of
which with a set of Gaussian randomly deviated values centered
on the SExtractor input guesses and with widths that include at
least a 50% deviation from the input value within 1o. We then
compare the median value of the fifty runs with the results from
the single run with SExtractor first guesses and find that no more
than ~ 9% of the galaxies for which GALFIT converged have
median values offset by more than 30~ and that most of the galax-
ies (~ 90%) are within 1o. The outliers tend to happen for cases
where GALFIT does not converge for one or more of the fifty
tries. Nonetheless, the majority of the galaxies for which we have
GALFIT results (around ~ 74%) allow the convergence more
than 40 (out of 50) times.

3.4. Dependency with color

To study size evolution across a large redshift range one should
use common rest-frame measurements whenever possible. When
not possible some approximations must be made. The simplest
one consists on using the observed band closest to the rest-frame
one wants to consider (e.g. Morishita et al. 2014; Shibuya et al.
2015). A more evolved approach is presented by van der Wel
et al. (2014) where a wavelength dependence of the measured
radii is observed and fitted. A correction is then applied to each
galaxy to obtain the value of the radius at exactly the wave-
length one chooses. However, such approaches require a multi-
wavelength coverage of the targets which is not available for the
majority of our sample.

For those galaxies which are in the CANDELS area (roughly
10% of our sample), we did compute their effective radii in three
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Fig. 4. Comparison of size measurements derived with GALFIT for
a subset of 153 (118) VUDS galaxies at 2 < z < 4.5 with available
F814W and F160W (F125W) images from CANDELS. Results are split
in two bands: F160W on the top panel and F125W on the bottom panel.
Circles and squares refer to COSMOS and ECDEFS respectively. The
dashed black line is showing where both radii are equal. The symbols
are color coded according to their spectroscopic redshift and the map-
ping is shown in the colorbar on top of the plots. Less galaxies are avail-
able in the J-band comparison because there is no such data available in
ECDFS.

different bands: F814W, F125W and F160W. Doing a simple
inter-wavelength comparison one finds that the derived sizes are
similar in all three bands (see Figure 4). We report a small offset
in the median values of r; — ry = —0.04 kpc and r; — r; = —0.01
kpc. The dispersion on the size measurements across different
bands is 0.21 dex and 0.20 dex for F§14W-F160W and F814W-
F125W comparisons respectively. For further inspection, we
used the wealth of multi-wavelength observations on the COS-
MOS field (space and ground based imaging) with a variety of
instruments from three different surveys (CFHTLS in the opti-
cal, and WIRDS and UltraVISTA in the near-infrared) to ob-
tain size measurements up to the Ks band which, at the high-
est redshifts considered here, still probes the regions above the
Balmer/D,4000 break. Then, for each galaxy in our sample, we
plot its size value as a function of the observed wavelength com-
puted using the knowledge of the spectroscopic redshift and the
filter wavelength, Ap.

Ap
Ao = 4
Ul B €]

Size measurement results at different wavelengths obtained from
our galaxies are presented in figure 5. The overall trend is that, at
the redshifts considered here, measurements of circularized ef-
fective radii are independent on wavelength to first order. This
result tells us that circularized effective radii computed from
F814W observations are not much affected by the rest-frame
wavelength at which the galaxies are observed. To quantify the
wavelength dependence we have opted to fit the relation

&)

to all the data points considering space based imaging and
ground based imaging separately. We find that for ground based

log(r) = 81 + aalog(Ao)
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data (covering from I to Ks bands) the slopes measured are all
consistent with no wavelength dependence (o, = 0 is within
lo at all redshift intervals). For space based data (covering
from I to H bands) we find slightly positive slopes indicating
slightly larger sizes in the redder bands, but only marginally
significant 1.90- away from a flat slope a; = 0. Using our fit
values in equation 5 we estimate that the ratio ranges within
17004/ T25004 = 0.89 — 1.01.

In a complementary test, we fit the size-wavelength relation
for all individual galaxies which have measurements in three
or more bands. The median slope is @, = 0.03 + 0.27 and
a, = —0.12 + 0.34 for space and ground based observations, re-
spectively. This translates into a ratio 7,904 /F25004 = 0.99(1.05)
for space (ground) based data. This supports the fact that the
wavelength dependence of galaxies in our sample is very shal-
low and consistent with no dependence at all for the ensemble
of the galaxies in our sample. We note however that there is
a large dispersion amongst our galaxies, which means that the
wavelength dependence requires a different treatment when con-
sidering a case by case basis.

We have shown in figure 5 that we can measure sizes from
ground-based data for the galaxies in our sample. This would al-
low for the use of the entire VUDS sample, including galaxies in
the VVDS-2h field. However, since the convergence success of
GALFIT is much less (~ 30%) and the fact that the method de-
scribed in section 4 is PSF dominated preventing us from getting
galaxy sizes (sizes are systematically overestimated when com-
pared to those obtained with HST images) we opt to conduct our
analysis on space-based data only.

3.5. Results: r, measurements

We fit all galaxies in the stellar mass selected sample using the
automated GALFIT procedure described in the previous sections
to obtain effective size measurements r,. After fitting all galax-
ies, a subset of 19.5% of those GALFIT failed to converge. These
galaxies are analyzed on an object-per-object basis and a man-
ual re-fitting is attempted by tuning the initial set of parameters.
After this manual try, of the 1242 galaxies in our stellar mass
selected sample, 263 (15.7%) objects have no structural parame-
ters because GALFIT failed to converge. These objects are usu-
ally very low surface brightness or highly concentrated galaxies.

The size distributions presented in Figure 6 show similar
shapes at all redshifts showing a slow monotonic decrease in
their median sizes as redshift increases. Each distribution is fit-
ted with a normal function (in log space) and the derived sigma
values from the fit are similar at all redshifts (0.23,0.26,0.29 and
0.24 with growing redshift).

The overall evolution of sizes across the redshifts considered
here is shown in figure 7. We find that the effective radius of
galaxies continuously decreases over the redshift range of our
sample. Galaxies with 2 < z < 2.5 have (r, ) = 1.67 £ 0.09
kpc, while in 4 < z < 4.5 the median effective radius is a factor
of 1.6 smaller, (r,ci) = 1.05 = 0.05 kpc. In every redshift bin
a large dispersion in the effective radii is measured amongst the
galaxy population and for all redshift bins ~9% of the population
has measured radii which are large (7, ;. > 3 kpc) and some ex-
tremely so (7—10 kpc) in all redshift bins save the last. These fea-
tures of the distribution are discussed together with other mea-
surements in Sections 6 and 9.
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Fig. 5. Measured Sizes as a function of wavelength for galaxies with log,,(M,) > 9.5 at 2 < z < 4.5 in the COSMOS field. Different symbols
correspond to different surveys (symbol coding on the bottom panel) and different colors to different observed bands (color coding in the top
panel). Each point represents the size of a given galaxy at the rest-frame wavelength of the pivot of the filter.

3.6. The impact of cosmological dimming on r,

A key point to take into account in this analysis is that GALFIT-
based measurements do not take into account the surface bright-
ness (SB) dimming effect which is a strong function of redshift.
Parametric modeling works well even under low S/N conditions
3, recovering the right parameter values, although with larger
uncertainties. This should, in principle, deal with the increased
SB dimming of galaxies at higher redshift. The dimming effect,
if significant, would act in the sense of getting smaller sizes at
higher redshifts that would in turn impact the derived evolution
into having a steeper slope. Thus, a correction for the cosmolog-
ical dimming could lead to a weaker size evolution.

We have tested this scenario by masking the pixels that are
below the surface brightness threshold that we use (see section
4.3) and then run GALFIT to obtain the size measurements from
this pixel set reduced to the brightest regions of galaxies. We find
that GALFIT finds similar sizes for both cases with and without
masking those low surface brightness pixels and that the trend in
evolution is not affected.

4. Galaxy area and equivalent radius rr

While the local universe is dominated by galaxies with sym-
metric shape in the form of discs and bulges, the distribution
of galaxy shapes becomes more complex as redshift increases.

3 See http://users.obs.carnegiescience.edu/peng/work/
galfit/TFAQ.html#size_and_noise

By redshift z ~ 1 — 2 irregular galaxies make up to 52% of the
population of galaxies (Delgado-Serrano et al. 2010; Huertas-
Company et al. 2015). By redshift z ~ 3 galaxies with irregular
shapes dominate as they represent ~ 65(40)% of the population
of massive, log,,(M,) > 10(11), galaxies (Mortlock et al. 2013;
Buitrago et al. 2013). These irregular shapes often come in the
form of clumpy galaxies representing ~ 60% of the star-forming
galaxies at 2 < z < 3 (e.g. Elmegreen et al. 2007, 2009; Wuyts
et al. 2012; Guo et al. 2015; Huertas-Company et al. 2015). This
fraction might be higher when going to higher redshifts (Con-
selice & Arnold 2009). Irregular shapes can take very diverse
forms, including objects with one single asymmetric compo-
nent, with multiple components, with a tadpole shape, extended
with low surface brightness, and can be confused in the pres-
ence of close projected or physical companions. Some examples
of galaxies in our sample are shown in Figure 9. The fit with
GALFIT gives an effective radius which highly depends on the
relative brightness of each clump of the galaxy, but the residuals
after fitting show how difficult it is to fit such an object with a
symmetric profile.

These considerations prompted us to use other ways to derive
sizes of galaxies than parametric fitting. A non-parametric defi-
nition removes the need for assuming a surface brightness pro-
file. Measuring the half-light radius based on SExtractor and/or
Curve of Growth methods is also widely used (e.g. Ferguson
et al. 2004; Bouwens et al. 2004; Hathi et al. 2008; Oesch et al.
2010; Curtis-Lake et al. 2016). However, these non-parametric
methods require a center and an aperture definition to be com-
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Fig. 6. Size distribution for different redshift bins. The vertical dashed
line indicates the median value for each bin. The black line is the fit of
the distribution using a normal function in log space.

puted. Such quantities can, again, be misleading in cases of
highly disturbed morphology.

With this in mind we developed a simple size estimator based
on the total area covered by a galaxy above a given surface
brightness threshold. In the following sections we define a non-
parametric size measurement independent of any assumption re-
lated to a symmetric light distribution. This method is more af-
fected by PSF broadening and noise when going towards low
surface brightness in contrast to parametric fitting. Nonetheless
it has the advantage of being independent of the shape of the
galaxy, and nicely complements the standard r, measurements.
The other advantage of this method is that it does not depend on
initial guesses and does not require a fit to converge.

4.1. Method

We define the area of a galaxy by counting the number of pixels
above a given surface brightness threshold that belong to it. This
approach has the advantage of being completely independent of
any asymmetries that the galaxy may have and does not require
any centroid/aperture definition. As most of the objects in our
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Fig. 7. Size evolution with redshift. Each galaxy with a good size mea-
surement is plotted with a small blue point (squares for redshift con-
fidence 2 and 9, circles for 3 and 4). The median values (in redshift
and size for each bin) and respective error (o-/ VN) per redshift bin are
shown by the large blue points with the error bars. The shaded region
delimits the 16th and 84th percentiles including 68% of the sample in
each redshift bin. The red diamonds are the effective radii of stacked im-
ages computed from the method described in section 5 and are plotted
at the center of the redshift bin.

sample show irregular morphology we define physical sizes us-
ing the total area T, as (adapted from Law et al. 2007)

{
T, = NI (2 x 1071 2)Df,,
arcsec

(6

where N, is the number of pixels of size L (in arcsec/pixel) that
sum up to x% of the galaxy measured flux and Dy, is the angular
diameter distance derived using cosmological parameters. From
this one can define the area equivalent radius, 7.,

T,
o

@)

ry =

In the following we use 7oy and r190 the area and the equiv-
alent circularized radius that enclose 100% of the measured flux
above a given surface brightness threshold. The quantity roO, the
radius equivalent to the area that sums up to 50% of the to-
tal galaxy light, is similar to the effective radius derived from
the GALFIT profile fitting, but taking into account irregular and
asymmetric morphology. We also use the values of 3 and r2’
enclosing 80% and 20% of the flux, respectively.

In practice, the method works as follows.

1. We smooth an image stamp of 6" X6 centered on the VUDS
galaxy with a Gaussian kernel with 1 pixel sigma width, trun-
cated at 4 pixels;

2. We compute the segmentation map of the smoothed image
based on a given surface brightness threshold;

3. From the segmentation map we select the area of connected
pixels which contains the brightest pixel within a 0.5 arc-
second radius from the target coordinates;

4. Using the pixels selected, we compute the total flux of the
galaxy by summing up the flux in each pixel;
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5. Finally, we iterate (using 1000 steps) f; from the maximum
to the minimum flux detected within the segmentation map.
At each step we compute the summed flux from the pixels
for which fixel > f;. When the summed flux corresponds to
x% of the galaxy total flux, we store the number of pixels
that have fluxes greater than f; at that step and then compute
T, using equation 6.

We smooth the original image so that we improve our sensibil-
ity to faint surface brightness features of galaxies. We choose a
gaussian kernel smothing of 1 pixel sigma width since it pro-
vides a compromise between a boost in the S/N of the faint fea-
tures and prevents a large degradation of the image resolution
necessary to properly trace the asymmetries in the shape of the
object.

The selection method chosen for the purpose of this project
has the main goal of minimizing the effect of neighbor contam-
ination and of not imposing any size constraints on the derived
measurements. We have tested two other different methods: se-
lecting the largest area or the brightest area (by summing the
fluxes of all its pixels) for which a subset of its pixels is inside
the 0.5” radius. Both methods yield similar results.

We have tested the contamination by neighbors dropping
simulated galaxies in random regions of the images with and
without a constraint on the presence of sources within 2.0 arc-
sec of the simulated galaxy. When no constraints are imposed
sizes are sometimes artificially increased by the area occupied
by a neighboring source. Still, the rate of contamination does
not dominate the measurements. We find that the percentage of
simulated galaxies with recovered sizes twice as big as the input
is of 8% for the random clean regions and 17% for the purely
random regions. We expect that the contamination rate of our
galaxies will be closer to the first reported value since, due to the
data processing for a spectroscopic survey, galaxies with large
bright companions are excluded from the sample due to prob-
lematic redshift estimation.

4.2. Cosmological dimming and Luminosity Evolution

Tolman (1930) demonstrated that in an expanding universe the
relation between the flux and angular size of a nebula should
follow the relation (adapted from his equation 30)

% o (1+2)7". (8)
At the time (see Lubin & Sandage 2001) it was the only ob-
servational test that was proposed to confirm the reality of the
expansion of the universe, which is now well established. This
dimming effect, independent of the cosmological model, has to
be taken into account if one wants to measure galaxy sizes (by
means of counting pixels) at the same surface brightness level at
different redshifts.

However, when one is analyzing the image recorded with the
detector, one is looking at the number of detected photons arriv-
ing from the observed source, and not at an integrated flux. Let
us consider a square region of the emitting source corresponding
to the pixel size at the location of the object. The monochromatic
energy emitted is given by

L, =fl(x,y)dxdy
A

which, for a source emitting at constant brightness inside that
pixel simplifies as

L,=TxI,

€))

(10)

where T is the physical size of that pixel. Considering a pixel
size p, the physical size, in kiloparsec, is proportional to:

T o (p X Da)’. (11)
At a distance Dy, the observed light is
Ly
. (12)
47rDi
The number of observed photons is
F hv,
Npholons,o = ) Epholon,o =hyv, = —. (13)
photon,o +2Z
Combining the equations above we get
IX(pxDy)?(1+72)

Nphotons,o & 4 . (14)

47TD% hv,

With D, = D4(1 + z)?, the number of observed photons per unit
area is

PPl 1+z

— 1+2)72.
“ oy A

Npholons,a (15)

The factor I/(hv,) represents the number of emitted photons
per unit area. The same redshift dependence was found by Gi-
avalisco et al. (1996) and used in Law et al. (2007).

On top of the dimming effect, the average evolution in lumi-
nosity of a population of galaxies has an impact on the typical
threshold defined at any given redshift. This means that a galaxy
with a fixed size but with an increased luminosity because of
luminosity evolution will appear larger above a fixed luminos-
ity threshold. The average luminosity evolution from z ~ 4.5 to
z ~ 2 as reported in the literature is 0.4 magnitudes in the UV
rest-frame Reddy & Steidel (2009); Bouwens et al. (2015). We
take this effect into account by parameterizing the evolution of
the characteristic luminosity L, within the redshift range we are
considering. Taking the L, values in Reddy & Steidel (2009) at
z < 3 and those from Bouwens et al. (2015) at z > 4 we define
a broken luminosity evolution which is steeper below z < 3 and
flattens at z > 4:

10—0.4(—0.362)
L(z) = { —0.4(-0.072)
2.25 x 10777000z

z<3

z>3 (16)

4.3. Detection threshold

The dimming effect described in the previous subsection relates
to an important tuning parameter for this non-parametric size
measurement which is the detection threshold above which a
pixel is classified as a detection and may be assigned to the
galaxy. This detection threshold is defined as a multiple k& of
the standard deviation of the sky emission, o, computed glob-
ally. To be sure that we are fairly comparing galaxies imaged
at different depths, the value of o is taken as the median stan-
dard deviation of the image noise computed from 100 differ-
ent regions in the shallowest survey. In our case, o = 1.1 X
1074 ergs s~ cm2arcsec 2 is computed from the COSMOS im-
ages.

The choice of k plays an important role on the size estimates
that one gets. The simplest assumption is to define a constant
value ky across all redshifts. Another approach consists in taking
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Fig. 8. Illustration of the size measurement process for VUDS 510799304 at z = 2.4281. From left to right: 1) The original F814W image from
COSMOS (Koekemoer et al. 2007). 2) The same image after smoothing by a Gaussian kernel of 1 pixel width and extending over 4 times the
width. This kernel ensures an improvement of the signal to noise for low surface brightness levels while preventing a significant boost of noisy
pixels which would incidentally increase the measured radius if the kernel was too large. 3) The segmentation map obtained after running the
detection algorithm including all pixels greater than ko 4) The selection of the target galaxy. All panels have 1.77”by 1.77”and the orange circle
has a radius of 0.5”. The total size is computed from the number of pixels in the last panel.

into account the effect of cosmological dimming and typical lu-
minosity evolution (described above) and choose k as a function
of the galaxy redshift following

-3
k =k, (—1 i ) x
1+z,
where k), is the value of k at the pivot redshift z, and L(z) is
defined in equation 16. To use this method, the availability of
spectroscopic redshifts is even more important as errors in the
redshift would affect the threshold used and consequently impact
the final size measurements of the galaxies.

Such drastic evolution of the detection threshold (see fig-
ure 10) led us to restrict the redshift interval of our study to
2 < z < 4.5. In this range we probe the total extent of galax-
ies down to a lower surface brightness level at lower redshift
while avoiding to overestimate galaxy sizes at the high redshift
end due to random sky background noise detection. To obtain
a size measurement corresponding as closely as possible to the
total physical area covered by a galaxy, the choice of the thresh-
old is based on the average number of connected sky pixels as a
function of the threshold. We find that it is at the level of 1.00
that we start to detect connected pixels (4-6 pixels) only due to
random sky noise fluctuations. Based on that, and on the average
galaxy color which we discuss in section 4.5, we define k such
that at z = 2 it has a value of 1.0 to probe galaxies down to their
fainter regions. This corresponds to a detection limit of = 0.250
per pixel at z = 4.5. We discuss the contamination from random
fluctuations and the correction made to the size measurements
measured down to these thresholds in section 4.6.

The galaxy sizes that we measure are tied to the choice of k,
and/or the depth of the image which determines the value of o
By setting the value of k X o at higher/lower values, the absolute
value for the galaxy size will decrease/increase. We therefore
report total size measurements indexed to a specific choice of
ky,, i.e. to a specific limiting isophote defined at z = z,,. For the
sake of simplicity we shall refer hereafter to our non-parametric
size as the total size.

L(2)
L(zp)’

a7)

4.4. Correcting for PSF broadening

Since we are measuring sizes directly on images we are affected
by the broadening of the profile by the instrumental PSF. To cor-
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rect for this effect we simulate with GALFIT a PSF image re-
scaled to match the magnitude of the galaxy. We then run the
simulated PSF through the same detection algorithm and obtain
the size of the PSF at the object magnitude and same surface
brightness level. We then compute the galaxy size by correcting
from the PSF broadening using the following formula

o = SV (e Vo T, — TxpsF
T,PSF—corr T T.PSF T

4.5. Dependency with color

(18)

The method of measuring galaxy sizes presented above is depen-
dent of individual pixel detection, and it is therefore more sensi-
tive to the galaxy spectral energy distribution than other methods
relying on a given surface brightness profile. Even in the absence
of color gradients, the simple fact that one object could have a
wavelength-dependent brightness leads the number of selected
pixels to vary due to relative brightness change of the galaxy
within a given filter with respect to the detection threshold.

To correct for this we apply a simple color correction to the
detection threshold taking into account the different brightness
at different rest-frame wavelengths:
kc = kX 1070.4(Bnb57NUV,es[)’ (19)
where k is that of equation 17 and (Bops — NU Viest) 1s the color
term. The color is defined to be the observed band, B, minus the
rest-frame NUV band derived from SED fitting with Le Phare.
The choice of the NUV band was done such that, for the majority
of our galaxies, the color term is minimal since it overlaps with
the observed band.

We compare the PSF-corrected values of r} derived in
the F814W, F125W and F160W bands in figure 11 (see also
figure 12). We report a small offset in the median values of
rp —ry =~ —0.08 kpc and r; — r; = 0.51 kpc. The dispersion
on the size measurements across different bands is 0.27 dex and
0.22 dex for F814W-F160W and F814W-F125W comparisons
respectively. We stress that part of the scatter observed in this
figure is due to the color correction described above which is
sensitive to the objects’ magnitude in each of the bands. This
in turns impacts the final isophote threshold and therefore the fi-
nal measurements. Nonetheless, we highlight that we observe no
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Fig. 9. F814W imaging in COSMOS (Koekemoer et al. 2007) and CANDELS (when available, Koekemoer et al. 2011) of the measured sizes for
three galaxies in each of four increasing redshift bins from z ~ 2.4 to z ~ 4.1 (top to bottom) in our sample. The green contours show a smoothed
version of the segmentation map of the galaxy at the defined threshold which translates to T'jo9 from equation 6 measured at k, = 1.0. The black
ellipses are constructed from the values of r,, b/a and ps derived from GALFIT for those galaxies. The parametric and symmetric 2D profile
fitting with GALFIT fails to properly account for the complex irregular morphology when deriving the size of galaxies at these redshifts, while

the non-parametric method presented in this paper is able to derive more realistic sizes. Atticle number, page 11 of 24
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correction is larger than 100 pixels.
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Fig. 11. Comparison of r;’¢ . . size measurements for a sub-

set of VUDS galaxies at 2 < z < 4.5 with available F814W and
F160W/F125W images from CANDELS. Results are split in two bands:
F160W on the top panel and F125W on the bottom panel. Circles and
squares refer to COSMOS and ECDFS respectively. The dashed black
line is showing where both radii are equal. The symbols are color coded
according to their spectroscopic redshift and the mapping is shown in
the colorbar on top of the plots.

large systematic offsets in the comparison between the I and H
bands.

4.6. Correcting for sky pixels detection

In the presence of uncorrelated Gaussian noise, the probability of
a sky pixel being above the detection threshold defined above is
not negligible. To estimate the level of contamination produced
by random sky noise, we compute the Noy area (equation 6, size
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of the segmentation map) on a search radius of 0.5 arc second
(the same as when computing Tgo for the real galaxies) ran-
domly selected on 500 300" x 300" regions.

For each search radius, we compute the area defined for sur-
face brightness thresholds ranging from 0.050 to 2.05¢0 using
steps of 0.025. This provides the median area of sky connected
pixels for a given threshold value. We use this to correct the value
of rlTO0 following

2
100 _ 100 _
I'Tcorr = \/(rT,PSF—corr)

where Ty (k) is the median number of connected sky pixels at a
threshold k. In figure A.1 we show the impact of this correction
on a set of simulated galaxies. We stress that this correction is
only applied to the value of rITOO. We note however that the impact
of the noise is greater when increasing the fraction of the flux
used to derive sizes. Sky noise effects are negligible for sizes
computed using 10% of the total flux.

Tay(k)/m (20)

4.7. Results

Of the 1242 galaxies in our stellar mass selected sample, 67 ob-
jects have no measured value of r. These failures are due to
the lack of pixel fluxes above the selection threshold defined in
equation 19 for 17 objects and due to the lack of color informa-
tion for 5 objects. The other 45 objects are on the edge of the
image mosaic and thus no sufficient information is available to
derive a size.

The distribution of total sizes is presented in Figure
13 for the four redshift bins previously defined. The shape
of the distribution remains roughly the same with redshift.
The Gaussian fit on each sub-sample yields sigma values of
(0.154,0.141,0.168,0.154) with increasing redshift.

We compare the total size measurements to the circularized
effective radius obtained in Section 3.5 in Figure 14. Galaxies
with the larger r, ¢, are also larger in total size. However, this
trend deviates from the linear relation and there is a large scat-
ter in the relation. The scatter is somewhat expected as we are
dealing with highly irregular morphology. While GALFIT gives
a heavier weight to the brightest pixels (which can be locked
into a single bright clump in a large galaxy), r; measures the
whole galaxy extent. GALFIT can pick up fainter buried flux of
a galaxy by extrapolation of the profile measured on the bright
pixels, which is not picked up when computing the total size us-
ing our method which explains why some galaxies have r, g
larger than rr. It is interesting to note that the r;?PSF_ cory 18 Micely
correlated with r, ¢, as shown in Figure 14, with a dispersion
of 0.23 dex which is a consequence of the frequent asymmetric
shapes in our sample.

The evolution of total sizes across the redshifts considered
here is shown in figure 15. We find that total sizes are stay-
ing roughly constant over the redshift range 2 < z < 4.5, with
rre ., = 2.2 kpc. The dispersion around the mean of o™ =~ 0.9 kpc
(0.21 dex), and we find galaxies that are as large as ~ 5.5 kpc
and as small as ~ 0.5 kpc at all redshifts in this range. Size mea-
surements using this definition are consistently larger than sizes
provided by the effective radius r,. This is discussed in Sections
6 and 8.

We show the dependence of the absolute value of the mea-
sured sizes as a function of the chosen value of &, in figure 16.
As expected when using different limiting isophotes over a range
of 2.5 in luminosity changes the size values. It is therefore es-
sential to quote the absolute luminosity of the isophote used to
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Fig. 12. F814W (in blue) and F160W (in red) imaging in CANDELS (Koekemoer et al. 2011) of 6 example galaxies in VUDS. The green contours

show the isophote used to derive r}%°

prior to the PSF and sky correction. The black ellipses are constructed from the values of r,, b/a and Gpa

derived from GALFIT for those galaxies in each band. We refer the reader to figures 4 and 11 where comparison of derived sizes is shown for the

full set covered by CANDELS.

compute galaxy sizes. We note that at all times, the observed
trends as a function of redshift are consistently different from
those observed with GALFIT, with approximately constant sizes
as a function of redshift while the effective radius is observed to
strongly decrease.

5. Average galaxy profiles and light concentration

Since the total sizes of galaxies, measured at the same surface
brightness level, seem to not evolve much with redshift, we in-
vestigate if the same pattern applies to the light profiles. We do
this by looking at the stacked profiles and at the individual mea-
surements of light concentration in galaxies.

5.1. Image stacks

In order to investigate the evolution of the light profiles we stack
images of the large number of sources in our sample to follow

the profile at larger radii than from individual images. The stack-
ing procedure starts by collecting a 10” x 10" stamp image for
each galaxy in the sample. Then, one runs SExtractor to find the
light-weighted center of each source. We shift the image by the
difference between the light-weighted center and the physical
image center, using a cubic spline interpolation to re-scale the
image onto a common grid. After processing the entire sample
for a given redshift bin, we take, at each position, the median
pixel value as the flux of the stacked image. We also produce a
straightforward sum to the images normalized by the total galaxy
flux. The results of both methods give the same qualitative an-
SWers.

Stacking within a redshift bin, smears the rest-frame light
over the interval. Also, when comparing different redshift bins
we are effectively looking at different rest-frame light. This
ranges from ~ 2500A in the lowest redshift bin down to ~
1600A in the highest redshift bin. As shown in section 3.4, sizes
derived are roughly the same across this wavelength range. This
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Fig. 13. Total size distribution for different redshift bins. The vertical
dotted line indicates the median value for each bin. The black line is the
fit of the distribution using a normal function in log space.

difference in rest-frame wavelengths has no effect on the com-
parison of the profiles discussed in the next section.

5.2. Luminosity profiles

The redshift dependency of the light profile derived from the
stacked images is presented in Figure 17. We convert the median
stacked profiles into surface luminosity profiles and show these
profiles normalized at » = 0.3 kpc. The light profiles change
smoothly across redshift starting from a highly peaked, concen-
trated profile at the higher redshifts z ~ 4 and becoming less
concentrated as we move towards the lower redshifts z ~ 2.25.

5.3. Light concentration of individual galaxies

To further investigate the change in light profiles with redshift
we use a different but quite commonly used way to quantify the
light concentration. The concentration parameter was originally
defined by Bershady et al. (2000) as the ratio of the 80% and
20% light radius derived from elliptical apertures centered on
the galaxy. This measurement assumes symmetrical isophotes to
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Fig. 15. Total size evolution with redshift. Each galaxy is plotted with
a small blue point (squares for redshift confidence 2 and 9, circles for
3 and 4). The median values and respective error (o/ VW) per redshift
bin are shown by the large blue points with the error bars. The shaded
region delimits the 16th and 84th percentiles including 68% of the sam-
ple in each redshift bin. The red diamonds are from the stacked images
computed from the method described in section 5.

derive the galaxy concentration, which makes it difficult to apply
to irregular and asymmetric galaxies at high redshifts as it is the
case of our sample. To overcome this limitation we derive the
concentration parameter Cr, using r2 and r5° as defined in Sec-
tion 4, generalizing the computation of C to the case of irregular

and asymmetric galaxies

30
Cr=5x loglo rTO . (2])

T
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Fig. 17. Normalized surface luminosity profiles of the median stacked
F814W band images of galaxies in our sample at four different redshift
bins (normalized at r=0.3 kpc). The width of each profile encodes the
surface luminosity error. This profile comparison shows the increased
light concentration at higher redshifts.

We plot the evolution of Cr in figure 18. In that figure we
show the fit of the equation

Cr =acz+fc (22)

and find a value of ¢ = 0.23 +£0.02 and B¢ = 1.64 +0.06. Thus,
Cr strongly evolves with redshift, light being more concentrated
going to higher redshifts. The concentration Cr increases by ~
25% from z ~ 2 to z ~ 4.5.

Using the standard definition of concentration with symmet-
ric apertures (see appendix B for details on the computation)
leads to an different trend (a¢ = 0.01 £0.04 and 8 = 2.82+0.13)
with light concentration being rather constant within our red-
shift interval. This difference is easily explained because of the
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Fig. 18. Evolution of light concentration in galaxies computed from the
ratio of the non-parametric radii enclosing 80% and 20% of the total
flux, as defined in Section 4. The solid line is a linear fit to all the small
blue points.Each galaxy is plotted with a small blue point (squares for
redshift confidence 2 and 9, circles for 3 and 4). The median values and
respective error (o/ VN) per redshift bin are shown as large blue points
with error bars. The shaded region delimits the 16th and 84th percentiles
including 68% of the sample in each redshift bin. The orange diamonds
are the values obtained from the stacked images computed from the
method described in section 5.

impact of defining a galaxy center for irregular morphology. For
instance, on a galaxy composed by several same-brightness level
clumps, the center of light would be defined somewhere in be-
tween the clumps leading to a lower concentration as the radius
containing 20% of the total light would be larger to include the
clumps.

The concentration values derived for the median stack im-
ages report the same trend as those derived from the full sample
(figure 18). While the concentration value for the stacked im-
ages is sensitive to the threshold definition (average color and k,
from equation 17) the evolution trend remains unaffected and the
slope is rather stable.

6. Size evolution with redshift

On sections 3.5 and 4.7 we have mentioned that we could not
obtain galaxy sizes for the entirety of our sample for each of the
measurements presented and for different reasons in each case.
We have tested a scenario where we remove from the sample all
galaxies without both size measurements which comprise 238
(19%) of the stellar mass selected sample. We find that the results
do not change due to the removal of those objects and thus we
kept them in the final sample for the individual analysis of rr
and r, to reduce the statistical errors in our measurements.

To quantify the redshift evolution of sizes we fit the data
points with a commonly used parameterization (e.g. Shibuya
et al. 2015; Straatman et al. 2015; van der Wel et al. 2014; Mor-
ishita et al. 2014):
log,o(r) = B + a,logo(1 +2) (23)
We fit this relation to all galaxies with a size measurement
weighted equally due to the lack of individual errors on r;.. The

Article number, page 15 of 24



A&A proofs: manuscript no. Final_SizeEvolutionAtVUDS_BRibeiroEtAI2016_V1

20<z<25|25<z<30[30<z<35|35<z<45

T, 1.67 + 0.09 1.49 + 0.07 1.23 £ 0.08 1.05 + 0.06
r0 1.28 £0.03 1.26 = 0.02 1.16 £ 0.03 1.27 £ 0.03
r;{om 2.17 £ 0.06 2.21 £0.04 2.13 £0.05 2.34 + 0.06

Table 2. Median size values (for F814W, in kiloparsecs) per redshift bin considered here. The value of r, is the circularized effective radius from
GALFIT, r3° corresponds to the PSF corrected values and rlr(,)g)rr to the PSF+sky corrected values.

F814W F160W
Size estimate a, B a, Br
re -1.29+0.18 0.89+0.11 | -1.40+0.34 1.01 £0.20
rl0 -0.36 £0.10 -0.16 +0.06 | -0.22+0.19 -0.16 +0.12
rzo -0.31 £0.10 -0.03 +£0.06 | -0.18 £0.22 -0.04 +0.13
,50 -026 £0.10 0.06 =0.06 | -0.09 = 0.24 -0.01 +0.15
r§0 -0.19+0.10 0.11+0.06 | 0.03+0.26 -0.01 +0.16
0 -0.12+0.10 0.14+0.06 | 0.13+0.20 0.01 +£0.12
rgo -0.02+0.10 0.15+0.06 | 024 +022 -0.02+0.14
r% 0.08+0.10 0.15+0.06 | 041025 -0.08+0.16
r£0 021 £0.10 0.13+0.06 | 0.56 +0.27 -0.14 +0.17
rgo 0.32+0.10 0.12+0.06 | 0.67+0.28 -0.19 +0.17
rf)o 048 +£0.11 0.06+0.07 | 0.34+028 0.07 +0.17
r}?fm 0.15+0.12 022+0.07 | 0.02+024 0.24+0.14

Table 3. Best fit slope and normalization factor for equation log(r) = a, log(1 + z) + 3, for the different size estimates used throughout the paper.
Values for both F814W and F160W, valid for 2 < z < 4.5, are given here. The size measurements used to derive the slope for each r3. correspond

to PSF corrected sizes.

sample variance of the parameters S, and «, is obtained from
bootstrapping the data 5000 times using 80% of the full sample

each time. The resulting fit through the data are plotted in figures B fmsmmmmmmmmmmmmemmamec--ao-ai--2-------- [N ]
7 and 15. We also compute the same evolutionary trend for dif- [ B - B
ferent values of x of equation 6 ranging form 10% up to 100% _10L ]
with a 10% step value. All the fit results are given in Tables 2 '
and 3 and summarized in Figure 19.

«—0.5F s

The Figure 19 encodes the information on the slope of the
size evolution as a function of the flux level and compares to the
effective radius evolution derived from GALFIT. There are three
main points to be taken from this figure. First, there is a clear
trend of the slope as a function of the flux cut level: the brightest
regions (10% brightest pixels) evolve faster than the total size
with a smooth trend towards slower evolution when going from
the brightest regions to the total area of the objects. This differ-
ential trend is again a hint on the evolution of light concentration
as a function of redshift where the brightest regions of the galaxy
tend to become larger with time while the total size remains con-
stant effectively suggesting that light becomes less concentrated
with time. Second, the evolution in sizes is far from that reported
from the effective radii 7, cir.. For the size measurements includ-
ing the brightest pixels that amount to 50% of the total flux (com-
parable to r,) the derived evolution slopes are separated by more
than 30 (Figure 19) indicating that the choice of method to com-
pute sizes can have a very significant impact on the observed
evolution. We note that the points in figure 19 indicate the lower
limits on the slope. At the highest redshifts a galaxy size will be
more often overestimated as lower flux thresholds increase noise
contamination. We attempt to correct for that using the prescrip-
tion described in Section 4.6, but it applies only to r;°°. However,
this effect can not explain the observed difference between 7, and
rr as the size evolution slope after the said correction still differs
by more that 30" from that derived from r, ci; and it is where the
impact of the noise affects the slope the most.
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Fig. 19. Slope of the evolution of PSF corrected galaxy sizes as a func-
tion of the flux level considered. The light colored symbols corresponds
to the slope computed from sky-corrected 1% sizes. The dashed lines
and shaded regions are the value and error derived in @ for the GALFIT
size measurements. Blue and red colored symbols/regions correspond

to F814W and F160W measurements respectively.

6.1. Effective radius r, evolution

The galaxy size evolution derived from the circularized effective
half-light radius shows strong size evolution across the redshift
range probed. Assuming that galaxy sizes evolve according to
the parametrization of equation 23 we derive a slope of @, =
-1.29 £ 0.18.

Values reported in the literature range from a, = —0.56+0.09
for a sample of star-forming spectroscopically confirmed galax-



B. Ribeiro et al.: Size evolution of star-forming galaxies with 2 < z < 4.5 in the VIMOS Ultra-Deep Survey

ies at 0.5 < z < 3.0 with log,,(M«/My) > 10 (Morishita et al.
2014) up to @, = —1.32 + 0.52 for a sample of LBGs with
(0.12-0.3)L, at z ~ 4—6 (Oesch et al. 2010). The differences be-
tween these results (see also Ferguson et al. 2004; Bouwens et al.
2004; Trujillo et al. 2006; Franx et al. 2008; Williams et al. 2010;
Mosleh et al. 2011, 2012; Ono et al. 2013; van der Wel et al.
2014; Morishita et al. 2014; Curtis-Lake et al. 2016; Shibuya
etal. 2015; Straatman et al. 2015) can be traced to different likely
sources: 1) the samples are selected in different ways; 2) there
are two different methods for measuring sizes, both relying on
a certain degree of symmetry; and perhaps most importantly 3)
samples with different stellar masses yield different sizes (Franx
et al. 2008; van der Wel et al. 2014).

6.2. Total size r,,; evolution

The typical total size of a SFG, corrected for sky noise contam-
ination as computed in Section 4 is 7]% ~ 2.2kpc and shows
negligible evolution of galaxy sizes across the redshifts probed
here (see the light color points of figure 19). This is markedly
different from what is observed using the standard effective radii
measurement. The 71% measurements are consistent with the re-
sults of Law et al. (2007) who report only a small increase in the
the total area fromz ~2toz ~3 (T =15.0+ 0.7 and 17.4 = 0.9
kpc?, respectively). This corresponds to an equivalent radius of
rr =2.19 £ 0.47kpc at z ~ 2 and rr = 2.35 + 0.54kpc at z ~ 3.

7. Size relations with physical parameters

To further explore the properties of galaxies with different sizes
we compare galaxy sizes to several key physical parameters
characterizing galaxies including stellar mass, SFR, age, metal-
licity and dust extinction. We also investigate any possible rela-
tion between sizes and inter-galactic medium (IGM) transmis-
sion towards the galaxies. These parameters are derived from
the simultaneous SED fitting of the VUDS spectra and all multi-
wavelength photometry available for each galaxy, using the code
GOSSIP+ as described by Thomas et al. (2016). This method
expands the now classical SED fitting technique to the use of
UV rest-frame spectra in addition to photometry, further improv-
ing the accuracy of key physical parameter measurements (see
Thomas et al. 2016, for details).

The distributions of 7, . and rlT(?C()OH sizes versus M,, SFR,
age, Ay, and IGM transmission are presented in Figure 20. Sev-
eral interesting trends can be observed. To quantify the degree
of correlation of each parameter with size, we use the Pearson
(1896) correlation coefficient. In our sample, the null hypothesis
(i.e. no correlation) is excluded at the 30 level if |r(Pearson)| >
0.12

Our data show a correlation between galaxy size and M,
with larger galaxies having on average higher stellar masses.
This supports the correlation reported from other samples (e.g
Franx et al. 2008; Ichikawa et al. 2012; van der Wel et al. 2014;
Morishita et al. 2014) at redshifts z > 2 and extending it up
to z ~ 4.5. This correlation is of similar strength for r1%

T,corr
as is for r,. We obtain r(Pearson) = 0.08 for rlTOCOO . against

r(Pearson) = 0.13 for r,. Interestingly, the most massive galax-
ies in our sample show a break at stellar masses higher than
log,o(M./Mg) > 10.5 in this correlation. While, when consid-
ering r, circ, Sizes are getting smaller, sizes computed from rlT?gorr
increase as we move towards higher stellar masses. This sup-
ports in part our analysis that low surface brightness regions in
massive galaxies with complex morphology are not taken into

account by parametric fitting like done in GALFIT resulting in
artificially smaller effective radius (by a factor of ~ 2).

We find that the SFR is strongly related to galaxy sizes.
For sizes measured with r}% =~ we find that larger galaxies
have higher star-formation rates, with a positive correlation
(r(Pearson) = 0.29). The correlation is not significant with
r(Pearson) = 0.03 for r,cj. Considering the M,—SFR main-
sequence of star-forming galaxies in VUDS (Tasca et al. 2015),
this correlation may be partly reflecting the underlying stellar
mass-size relation described above.

Galaxies appear to be older when they are smaller when
looking at the relation between age (as defined by the start of
star formation, see Thomas et al. 2016) and ;% (r(Pearson) =
—0.21). From the hierarchical assembly scenario one would ex-
pect that larger galaxies have older stellar populations. On the
other hand the less significant relation between 7, and age
(r(Pearson) = —0.10) may also mean that the derived age is
dominated by the age of the last major burst of star formation
washing out underlying older stellar populations that may exist
in the central brightest clumps from previous starburst episodes.

Galaxies with lower extinction values have smaller median
sizes than galaxies with higher dust extinction. This trend is
more significant for r}?fm (r(Pearson) = 0.13) than it is for 7, circ
(r(Pearson) = 0.03). This hints that extended regions of galaxies
have a higher dust content than smaller ones.

The projected stellar density computed as the ratio of the
stellar mass to the projected area of a galaxy is shown in Figure
21. We observe a strong correlation for both r}?c()orr (r(Pearson) =
0.59) and r, . (r(Pearson) = 0.36). Galaxies with higher stellar
masses having higher stellar mass densities.

We do not observe any significant correlation between
galaxy sizes and metallicity or IGM transmission for any of our
measurements.

The analysis of spectral properties like the strength of the
Lyman—a line as a function of size will be the subject of a forth-
coming paper (Ribeiro et al., in preparation).

8. Discussion

We summarize our measurements of the size evolution of star-
forming galaxies with 2 < z < 4.5 in the VUDS survey, and
compare them with the literature in Figure 22.

In the context of the hierarchical assembly of dark matter ha-
los one can consider that the size of a disk galaxy scales with the
virial radius of its host halo. In this scenario, the redshift evolu-
tion of galaxy sizes has a slope @, = —1 for halos with fixed mass
and a slope of @, = —1.5 for halos with fixed circular velocity
(see Ferguson et al. 2004; Stringer et al. 2014, and references
therein). We find that when considering the effective radius we
obtain a slope @, = —1.29 + 0.18 which lies between the values
expected for those two scenarios. However, our computation of
the evolution of the total size of each galaxy (measured at the
same surface brightness level), leads to a slope @, = 0.13 + 0.12
inconsistent with either of these two hypotheses. This likely hap-
pens because we are looking at a majority of galaxies that do not
resemble disks (i.e they are highly irregular) and, without any
constraint on the profile shapes, the size measurements cannot
be compared to any of those scenarios. This suggests that to cor-
relate the size growth of galaxies with that of its host dark matter
halo, more complex analytical models or more realistic numeri-
cal simulations are required to estimate galaxy and halo sizes.

We find that the effective radius r, ¢ decreases with increas-
ing redshift, indicating effective radii r, ¢ ~ 2kpc at z ~ 2, and
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Fig. 20. Correlation of the measured galaxy sizes with parameters derived from GOSSIP+ SED fitting for our stellar mass selected sample (using
the stellar masses derived with GOSSIP+ and equation 1). Only galaxies with good and excellent spectrophotometric fits are included. From top
to bottom we have the stellar mass, SFR, age and dust extinction. On the right panels we show the results for GALFIT derived r, . and in the
left panels we show the results for our value of r}?forr. The solid colored symbols represent the median values in bins of the physical parameter in

question. The error bar in the y-direction shows the bin size and in the x-direction shows the error on the median (¢/ VN).The open black symbols
represent the median values in bins of radii. In this case, error bars have the same meaning as before, in the inverted directions. Small points
represent individual measurements.
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a value twice smaller at z ~ 4 at r,circ = 1 kpc. The effective
radius measured on our galaxies is comparable to other r, circ
measurements in the literature for galaxies at close or similar
redshifts, particularly when comparing to samples with similar
stellar masses (Figure 22). In such samples, as in our own, this
leads to the conclusion that galaxies are getting smaller at higher
redshifts (e.g. Mosleh et al. 2011, 2012; van der Wel et al. 2014;
Morishita et al. 2014; Shibuya et al. 2015). However, we argue
that the use of this metric making an a priori assumption of sym-
metry is not appropriate to constrain the redshift evolution of
galaxy sizes when asymmetric and multi-component shapes are
common occurrences.

However when measuring a size based on the total area cov-
ered by a galaxy we find that the evolution of size with redshift
is strikingly different. This size measured at an isophote with
an absolute luminosity log o(L.—2) = 6.1Lopc?, after correc-
tion for the effects of surface brightness dimming and luminos-
ity evolution, remains approximately constant with redshift with
rre. ~ 2.2kpe (Figure 22). In addition, galaxies selected using
an evolving stellar mass cut-off log(M,) > —0.204(z—4.5)+9.35,
have a higher concentration index Cr indicating a more peaked
light distribution when going to the highest redshifts, with a sig-
nificant change of Cy by ~ 20% over only ~ 2 Gyr of evolution.

While it is expected that the effective radius should be
smaller than a radius defined from the total size of a galaxy at a
much fainter isophote level, the strong observed differential evo-
lution between the two is likely to be resulting from important
physical processes working at a cosmic time when galaxies are
still early in their assembly process. The fact that the size r;?c()orr
remains large at all redshifts indicates that galaxies in their early
assembly phase are quite extended with a constant characteristic

The color and symbols have the same meaning as in figure 20.

size, and that the initial collapse that led to star formation seems
to have been spread-out in quite a large volume of ~ 10kpc?.
The large dispersion observed around the mean size value
may indicate quite a diversity of initial assembly conditions. In-
deed we find a large spread of sizes in our sample with galaxies

100 _ ; 100 _
as small as r; . = 0.3kpc, and galaxies as large as r =

T corr
5.5kpc. The smallest galaxies could be the signature of the first
collapse of a small to medium mass cloud or a more evolved dy-
namical state later in the life of a galaxy as indicated by larger
ages for smaller galaxies, while the most extended ones could in-
dicate on-going early merging of a few small size objects follow-
ing the hierarchical assembly picture or the result of the multi-
component collapse of a massive gas cloud. As the timescale of
these processes is currently unknown, we may be witnessing the
combined effects of different key physical processes each with
different evolution stages.

The evolution in light concentration with redshift that we ob-
serve may be understood in a scenario of compact bright clumps
merging together to create a more smooth light distribution by
z = 2 (e.g. Guo et al. 2015). This could be extended to merger
events of compact galaxies redistributing angular momentum
and leading to a less concentrated luminosity profile. Inside-out
growth with stellar mass building-up in the outskirts of galax-
ies (Wuyts et al. 2011; Nelson et al. 2013, 2015; Tacchella et al.
2016) is also compatible with the evolution of the light concen-
tration and the absence of evolution of total sizes.

9. Summary

In this paper we study the evolution of the sizes of star-forming
galaxies obtained from a detailed analysis of ~1200 galaxies
with 2 < z < 4.5 and stellar masses 9.5 < log(M,) < 11.5 in

Article number, page 19 of 24



A&A proofs: manuscript no. Final_SizeEvolutionAtVUDS_BRibeiroEtAI2016_V1

3.0F

2.0}

1.5}

r [kpc]

i ‘ re, circ
L A Y

100
v TT, corr
I L L L L l L L L L I

1
S15
Morl4
Vdw14
CL15
Mosl11,12
LawO7 7]

o *+xoo0odH

1 2 3

Fig. 22. A compilation of size measurements at different redshifts for a number of different studies. First, in blue we have the measurements of this

paper. Circles are taken from the GALFIT effective radius, and the triangles and inverted triangles are from r3° and r.

10 respectively. The blue

T.corr
100

solid lines and respective shaded regions show the derived evolution for r, . and r;, . Each other color represents a different sample selection

(green for luminosity selected samples, red for stellar mass selected samples and purple for a different selection) and each symbol represents a
different study. They are: squares (Shibuya et al. 2015), 0.3L, < L < 1L,; diamonds (Morishita et al. 2014), 10.0 < log,,(M./M,) < 10.5;
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2011, 2012), 9.5 < log,y(M, /M) < 10.4; octagons (Law et al. 2007), spectroscopic sample, no mass or luminosity selection.

the VIMOS Ultra Deep Survey. We use two different methods
to compute sizes: a parametric profile fitting using the GALFIT
tool to derive the effective radius r, i, and we define and use
a non-parametric size measurements based on the area defined
as enclosing 100% of the measured flux of a galaxy above a
given surface brightness threshold, r;oo_ While the former makes
a strong hypothesis on the symmetry of a galaxy shape, the latter
can be applied on galaxies with irregular and asymmetric mor-
phology.

Our results on size measurements can be summarized as fol-
lows:

e The total size of a galaxy is observed to remain approxi-
mately constant with a radius r}% =~ 2.2 kpc over the red-
shift range 2 < z < 4.5, while the effective radius r, ;.. de-
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creases from ~2 kpc at z ~ 2 to ~1 kpc at z ~ 4.5. The evo-
lution of galaxy sizes is therefore drastically different when
using parametric methods with a symmetry prior or a non-
parametric method with no a priori assumption of symmetry.
This difference between the total radius and the effective ra-
dius is more important at the highest redshifts, with a factor
~ 2 difference at z ~ 4, likely due to the increasing fraction
of irregularly shaped galaxies.

There is a large scatter in galaxy sizes observed at all red-
shifts. We observe galaxies as large as ~ 11kpc (total extent)
outto z = 4.5.

The projected luminosity density of galaxies is higher at the
highest redshifts. Using stacking analysis as well as indi-
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vidual measurements we find that the light concentration of
galaxies is ~ 20% higher at z ~ 4 than at z ~ 2.

e On average, larger SFGs have higher stellar masses, SFRs
and stellar mass densities.

e These correlations between size and physical properties de-

pend on the size measurement method. We find a stronger

correlation between sizes and star-formation rates for rlTOCOOIT

than for r, circ Whilst it is of similar strength when consider-
ing the stellar mass-size relations.

The results presented in this paper on a sample of star-
forming galaxies observed 10.5 to 12.5 Gyr ago and 0.5 Gyr
after the end of re-ionization et z ~ 6 emphasize the diversity of
galaxy size properties at a time of intense galaxy assembly. The
observation of galaxies with total sizes ranging from less than 1
kpc to ~10 kpc seems to require several different processes driv-
ing mass assembly, and may represent different snapshots in the
early life history of the dominant population of galaxies at these
redshifts.

More detailed investigations connecting size and morphol-
ogy analyses to different spectral properties from the UV (e.g.
Ly—a emission, S—slope) to the optical domain are needed to
further understand the diversity of sizes in the early phases of
galaxy assembly (Ribeiro et al., in preparation).

Future observations with next generation facilities like the
James Webb Space Telescope and extremely large telescopes will
be necessary to further investigate the nature of large and irregu-
lar galaxies at these high redshifts and well into the re-ionization
epoch.
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Appendix A: Ty in simulated galaxies

We have used the same set of simulated galaxy images described
in section 3.3 to compute the value of 7'jop and assess the impact
of the noise on the retrieved values. To compute the value of the
expected total area, we have used the noise free simulated mod-
els, convolved with a PSF, and applied the same thresholding
method as explained in section 4. To ensure that we would probe
different thresholds, for each galaxy, a random redshift was at-
tributed taken from a uniform distribution between the limits we
have defined for this paper. This, in practice, translates to map-
ping the thresholds used in the computation of sizes in real data.

In figure A.1 we can see the output results from the simu-
lation. As it should be straightforward to understand, brighter
galaxies have larger sizes simply because more pixels are found
above the threshold that we defined. The scatter that we find in-
creasing for smaller galaxies (fainter magnitudes) is explained
by the increasing contamination of the sky connected pixels
that are detected close to the galaxy and gain importance as we
lower the flux of simulated galaxies which produces an over-
estimation of the galaxy size. Additionally, since we are drop-
ping galaxy models on top of a real background, with potentially
other sources in image area, some large scatter is expected at
all magnitudes where sizes are consistently overestimated. It is
somehow unexpected the underestimation of galaxy sizes at the
largest simulated sources. However, since ~ 90% of the galax-
ies in our sample have 100 < Tjpp < 2000pixels we find it a
negligible correction with no impact in our findings.

We have also applied the same correction method for the
contamination of sky connected pixels and the results are found
in the right panel of figure A.1. We can see that it increases some-
how the scatter at the lower input sizes and overall approximates
the retrieved value from the input one. Being far from perfect,
we believe that our sky corrections estimates are good enough
for an approximation on the derived galaxy sizes of our sample.

Appendix B: The Concentration parameter

This concentration index is defined as the ratio of the 80% to the
20% curve of growth radii within 1.5 times the Petrosian (1976)
radius for a parameter 7 = 0.2:

= _H& (B.1)
a(r <rp)

where r), is the computed petrosian radius for a given value of .
With that radius we can compute the flux within circular aper-
tures (or elliptical ones) up to which 20% and 80% of the light is
contained. But first, it is necessary to define a light center and the
axis ratio and position angle so that we can define the elliptical
apertures.

To measure this quantities we shall first define the barycen-
ter of the galaxy. The intensity centroid is computed as the mean
pixel position, averaged by the flux, within the segmentation
map:

(B.2)

1 .
Xeen = _ZlXIi’j

tot ij

1
Ycen i ;J J i,j

(B.3)
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Once one has x and ¥ it is possible to compute the second order
moments of the profile as:

= 1
¥ = — iz XIl"j - )_Cz (B4)
]tot i
S _ 1 . -
Vo= )X i (B.5)
tot ij
1
Xy = — iXjxli—Xx (B.6)
= DXk

From there, it is possible to show that (see Bertin & Arnouts
1996):

xy

X2 —y2

arctan (Zi] B.7)

X2 —y2

sign(xy)

tan26 = 2 6=

Which is then corrected according to the quadrant it is referring
in order to span the entire range from -90 to 90 degrees. It is also
possible to define directly the semi-major and semi-minor axis
of the corresponding ellipse as:

- — — —2
2 2 2 2

2= ;y +\(x ;’y) + 52 (B.8)
) Z2+2)

b = - 5 + Xy (B.9)

which in turns makes it easier to compute g = b/a.

Finally, we can compute the total flux within an elliptical
aperture defined by the shape parameters above and a semi-
major axis of 1.57,. From there, we iterate over different aper-
tures with an increasing major-axis to define the radius enclos-
ing 20% and 80% of the total flux defined before. Once we have
those values it is straightforward to use equation 21 to compute
the light concentration of the object.

In figure B.1 it is possible to confirm that for the same sample
defined in this paper, the standard light concentration measure-
ment yields different results and trends. This is most likely due
to the fact that using the elliptical apertures fails to give a actual
insight onto how concentrated is the light inside a galaxy that is
highly irregular.
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Fig. A.1. Results of the computation of T’y for a set of 15 000 galaxies. The points are color coded by their input magnitude and the size of
each point is determined by the input r, of the GALFIT model. The solid red line denotes the one-to-one relation. The left panel refers to the size
measurement without any correction and the right panel presents the same results but after applying the same sky correction as described in section
4.6. The large red points represent the median sizes per bin, the error bar in the x-axis represents the bin width, and in the y-axis represents the
median absolute dispersion of the bin.
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Fig. B.1. The redshift dependence of the standard concentration mea-

surement describe in this section. The symbols and regions have the
same meaning as in figure 18.
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ABSTRACT

The properties of stellar clumps in star forming galaxies and their evolution over the redshift range 2 < z < 6 is presented. We use
HST/ACS images of galaxies with spectroscopic redshifts from the VIMOS Ultra Deep Survey (VUDS) to identify clumps within a 20
kpc radius. We find that the population of galaxies with more than one clump is dominated by galaxies with two clumps, representing
~ 21 = 25% of the population, while the fraction of galaxies with 3, or 4 and more, clumps is 8-11 and 7-9%, respectively. The
fraction of clumpy galaxies is in the range ~ 35 — 55% over 2 < z < 6, increasing at higher redshifts, indicating that the fraction
of irregular galaxies is high up to the highest redshifts. The large and bright clumps (M, ~ 10° up to ~ 10'°M,) are found to
reside predominantly in galaxies with two clumps. Smaller and lower luminosity clumps (log(My,,,/Ms) < 9) are found in galaxies
with three clumps or more. We interpret these results as evidence for two different modes of clump formation working in parallel. The
small low luminosity clumps are likely the result of disc fragmentation, with violent disc instabilities (VDI) forming several long-lived
clumps in-situ, as suggested from simulations. A fraction of these clumps is also likely coming from minor mergers. The clumps in the
dominating population of galaxies with two clumps are significantly more massive than those observed in VDI numerical simulations,
and rather have properties akin to those in merging pairs observed at similar redshifts. We therefore infer that the bright and large
clumps are most likely the result of major mergers bringing-in ex-situ matter, and we derive a high major merger fraction of ~20%.
These results suggest that the assembly of star-forming galaxies at z~ 2 — 6 is more complex than a simple cold accretion picture
would suggest and rather proceeds from several different dissipative processes including an important contribution from major and

minor mergers.

Key words. high redshift Universe — galaxy morphology — galaxy evolution — galaxy formation

1. Introduction

The morphology of galaxies is a visible outcome of all processes
at work when galaxies are assembling along cosmic time (e.g.
Conselice 2014). While at lower redshifts galaxies are predom-
inantly regular and symmetric in the form of elliptical or spiral
galaxies, the situation at redshifts higher than the peak in star
formation z~1.5-2 is very different with galaxies mostly having
irregular shapes (e.g. Buitrago et al. 2013; Mortlock et al. 2013;
Huertas-Company et al. 2015).

Quantitative morphology allows to follow the evolution of
the two main components of galaxies, disks and bulges, and
studies have focused on understanding the evolutionary paths of
these fundamental components (e.g. Bruce et al. 2012, 2014a,b;
Lang et al. 2014; Tasca et al. 2014b; Margalef-Bentabol et al.
2016). Observational studies and numerical simulations seem

* Based on data obtained with the European Southern Observatory
Very Large Telescope, Paranal, Chile, under Large Program 185.A—
0791.

to support a picture where disk galaxies build from the original
collapse of baryonic matter in a dark matter halo. Several studies
point to a scecario where gas gains angular momentum leading
to rotation support system, with violent disk instabilities (VDI)
forming large star-forming clumps. This large clumps may then
migrate to the disk center to form the bulges of spiral galaxies
(e.g. Genzel et al. 2008; Elmegreen et al. 2008, 2009; Dekel &
Krumholz 2013; Perez et al. 2013; Bournaud et al. 2014; Bour-
naud 2016). Alternatively, considerable effort has been invested
in studying the development of elliptical galaxies along cosmic
time. On this scenarios, bulges would form from violent dissi-
pative events, going through a stage of compact quiescent ob-
jects at z~2. Such objects would then grow into massive ellipti-
cals after star formation quenching and a succession of merging
events (e.g. Hopkins et al. 2008; Oser et al. 2012; Lépez-Sanjuan
et al. 2012; Porter et al. 2014). Two major physical processes are
thought to play a key role in the evolution of different types of
galaxy galaxies: gas accretion mostly in cold form and flowing
along the cosmic web and/or smoothly distributed (e.g. Dekel
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et al. 2009; Rodriguez-Gomez et al. 2016), and major or minor
merging (e.g. Hopkins et al. 2008; Di Matteo et al. 2008), each
leading to different morphological signatures.

An important morphological property related to these pro-
cesses is the number of large clumps of gas and stars present
within a galaxy. Clumps may have either an in-situ or an ex-situ
formation history depending on which physical processes are at
play (e.g. Shibuya et al. 2016). Clumps forming from disk in-
stabilities are mostly the result of in-situ dynamical processes,
while major and minor merging events are driving clumps of ex-
situ material into a galaxy in assembly phase. The properties and
fate of these clumps has been extensively studied in the literature
both from observations (e.g. Elmegreen et al. 2004; Elmegreen
& Elmegreen 2006; Elmegreen et al. 2007, 2013; Genzel et al.
2008; Bournaud et al. 2008; Wuyts et al. 2012; Guo et al. 2012)
and in hydrodynamical simulations (e.g. Bournaud et al. 2007;
Dekel et al. 2009; Genel et al. 2012; Bournaud et al. 2014; Man-
delker et al. 2014; Oklopcic et al. 2016). They report clumps
with typical stellar masses of 10’ — 10° M, and with lifetimes
spanning short to long periods with timescales of < 1 Gyr. Some
studies suggest that short-lived clump are destroyed by internal
feedback before migrating to the center of the galaxy (e.g Genel
et al. 2012).

The measurement of clumps at redshifts beyond the peak of
cosmic star formation are notoriously difficult. The identifica-
tion of clumpy galaxies in the dominant population of irregu-
lar galaxies at high redshift dates back to the first deep Hubble
Space Telescope (HST) images (e.g. Williams et al. 1996), super-
seded with each deeper survey following new instrumentation,
with the Advaced Camera for Surveys (ACS) then Wide Field
Camera 3 (WFC3) bringing larger areas and samples. Detailed
studies at z ~ 1 — 3 have revealed that clumpy galaxies are more
numerous than in the local Universe (e.g. Cowie et al. 1995;
Abraham et al. 1996; van den Bergh et al. 1996; Giavalisco et al.
1996; Elmegreen et al. 2004; Elmegreen & Elmegreen 2006;
Elmegreen et al. 2007, 2008, 2009, 2013; Kubo et al. 2013, 2016;
Glazebrook 2013; Tadaki et al. 2014; Murata et al. 2014; Guo
etal. 2015; Garland et al. 2015; Bournaud 2016) . The fraction of
clumpy galaxies has been studied from z=0 up to the most distant
galaxies identified today at z~10 (Ravindranath et al. 2006; Guo
et al. 2012, 2015; Shibuya et al. 2016). In the sample of galaxies
with 0.5 < z < 3 in the CANDELS survey, Guo et al. (2015)
find that galaxies with low mass log(M, /Ms) < 9.8 have a
high fraction of off-center clumps fejumpy ~ 60% constant over
the observed redshift range, while for intermediate and massive
galaxies fempy decreases from ~40% at z~3 to ~15% at z~0.5.
Combining deep HST imaging from the 3D-HST, CANDELS,

HUDF and HFF surveys Shibuya et al. (2016) claim that C%any

follows a similar evolution to the star formation rate density (e.g.
Madau & Dickinson 2014), increasing from z~8 to z~ 1 — 3 and
decreasing from z=~1 to z=~0. In comparing these observed trends
with the predictions of simulations, Guo et al. (2015) conclude
that VDI are likely responsible for fmpy at high mass and that
minor mergers are a viable explanation for fi,,,, at intermediate
mass for z<1.5, while Shibuya et al. (2016) conclude that VDI is
the main origin of the clumps. Both these studies exclude major
mergers as a possible contribution to the evolution of the frac-
tion of clumps. This is somewhat surprising as the major merger
fraction for star-forming galaxies is observed to increase up to
~ 20% at z= 1 — 2 (e.g. Lotz et al. 2011; Lépez-Sanjuan et al.
2011, 2013), staying high at least to z~ 3 — 4 (e.g. Conselice
et al. 2008; Tasca et al. 2014a), and one would therefore expect
that a fraction of the clumps is related to ex-situ merging.
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When deriving volume average quantities like fejmpy it is
critical to observe samples representative of the general star-
forming population, with well defined physical parameters in-
cluding luminosity, stellar masses and sizes. The size of irregu-
lar high redshift galaxies is very different when using the effec-
tive radius or a total size (Ribeiro et al. 2016), and searching for
clumps using one or the other of these sizes to define a search
area may lead to significantly different results on fejmpy. We
show that total extent sizes are larger by a factor of ~ 1.5—2 than
what previous findings report and that this difference is larger
at higher redshifts (comparing z ~ 2 to z ~ 4, Ribeiro et al.
2016). Moreover, the issue of the clump definition is quite tricky
and one must be aware of the impact of specific definitions and
sample selection, for subsequent analysis to have a statistically
robust meaning in a representative volume of the Universe at a
given redshift.

In this paper we use a sample of 1242 galaxies with se-
cure spectroscopic redshifts from the VIMOS Ultra-Deep Sur-
vey (VUDS) and HST imaging in the COSMOS and ECDFS
fields to measure fepmpy. We use a clump definition expanded
from Guo et al. (2015), counting all clumps within the isophote
defining the total size r7 100 and in a 20 kpc physical radius. The
sample and the data used are described in Sect. 2. We present
our method for identifying and characterizing clumps in Sect.3.
The evolution of the fraction of clumps is presented in Sect. 4.
We analyze the statistical properties of clumps in star-forming
galaxies in Sect. 5 where we explore the distribution of clumps
in galaxies, their areas and luminosities and their spatial distri-
bution. The results are discussed in Sect.6 and summarized in
Sect.7.

We use a cosmology with Hy = 70 km s™! Mpc™', Qo = 0.7
and Q,, = 0.3. All magnitudes are given in the AB system.

2. Data and Sample Selection
2.1. The VIMOS Ultra Deep Survey sample

VUDS is a large spectroscopic survey that targeted ~ 10000
objects covering an area of 1deg? on three separate fields: COS-
MOS, ECDFS and VVDS-02h (Le Fevre et al. 2015). With the
objective to observe galaxies in the redshift range 2 < z < 6+,
targets were predominantly selected based on the first or sec-
ond photometric redshift peaks being at z,po + 10~ > 2.4, adding
objects satisfying Lyman break galaxies (LBG) criteria in color-
color diagrams and not in the zp, selection, with flux limits
22.5 < iap < 25. To fill in the remaining available space on the
masks, a randomly flux selected sample with 23 < isp < 25
is added to the target list. The spectra were obtained using the
VIMOS spectrograph on the ESO-VLT (Le Fevre et al. 2003)
covering, with two low resolution grisms (R=230), a wave-
length range of 3650A < A < 9350A. The total integration is
T,y ~ 14h per pointing and grism.

Data processing is performed within the VIPGI environment
(Scodeggio et al. 2005), and is followed by extensive redshift
measurements campaigns using the EZ redshift measurement en-
gine (Garilli et al. 2010). At the end of this process each galaxy
has flux and wavelength calibrated 2D and 1D spectra, a spectro-
scopic redshift measurement, and associated redshift reliability
flag. For more information on this process we refer the reader to
Le Fevre et al. (2015).

In the following we analyze exclusively VUDS galaxies with
the most reliable redshift measurements, i.e. galaxies with red-
shift flags 2 and 9 (~80% probability to be correct), and flags 3
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and 4 (95 to 100% probability to be correct), see Le Fevre et al.
(2015) for more details.

2.2. Imaging data in the VUDS-COSMOS and
VUDS-ECDFS fields

For this study, we use deep high resolution images from HST
surveys. Covering the largest contiguous sky region, the COS-
MOS (Scoville et al. 2007; Koekemoer et al. 2007) survey has
~ 2deg? of HST ACS F814W coverage down to a limiting mag-
nitude of 27.2 (5o point-source detection limit). As it covers the
entirety of the VUDS COSMOS area (Le Fevre et al. 2015) it is
the most complete image set to undertake morphological studies
with our sample. These images cover the UV rest-frame from
~2700A at z~2 to ~1500A at z~4.5.

The more recent CANDELS survey (Grogin et al. 2011;
Koekemoer et al. 2011) covers five different sky regions, includ-
ing the COSMOS and ECDFS fields with a large overlap with
VUDS fields (see Le Fevre et al. 2015; Tasca et al. 2016). The
area covered is smaller than VUDS but near-infrared coverage
(with the F125W and F160W bands) is important because it al-
lows us to probe the rest-frame optical morphology for the ma-
jority of our sample in this field. It reaches depths at 50 of 28.4,
27.0 and 26.9 at F814W, F125W and F160W, respectively. These
observations are deeper in the F814W band than the aforemen-
tioned COSMOS observations. The typical spatial resolution of
these images ranges from 0.09”(0.8, 0.6 kpc, at z = 2.0,4.5) for
the F814W band up to 0.18"”(1.5,1.2 kpc, at z = 2.0,4.5) in the
F160W band.

2.3. Spectral Energy Distribution

The SED fitting procedure closely follows the method described
in Ilbert et al. (2013), and the specifics for VUDS are detailed in
Tasca et al. (2015). To fit the photometric data we use templates
derived from Bruzual & Charlot (2003) models and assuming a
Chabrier (2003) IMF. To model the star formation histories we
use an exponentially declining parameterization SFR o exp —t/7
(7 in the range 0.1Gyr to 30Gyr), and an additional two models
with delayed SFH peaking at 1 and 3Gyr. The templates are cre-
ated for a grid of 51 ages (in the range 0.1 Gyr to 14.5 Gyr).
We apply a Calzetti et al. (2000) dust extinction law to the tem-
plates, using E(B — V) in the range 0 to 0.5. Models with two
different metallicities are used (Z=). The main parameter of in-
terest in this paper is the stellar mass, M, for which the median
values of the probability density function are used. We refer the
reader to Ilbert et al. (2013) and Thomas et al. (2016) for typi-
cal uncertainties on these quantities (see also Tasca et al. 2015).
We expect a statistical uncertainty of ~ 0.1 dex in stellar masses.
Systematic uncertainties due to choice of IMF can be as high as
a factor of ~ 1.7, if we use the Salpeter (1955) instead of the
Chabrier (2003) IMF. The sample selection (discussed below),
color correction detailed in Sect. 3.1 and the k-correction used
in Sect. 3.3 rely on the parameters derived from LePhare. Using
the stellar masses from GOSSIP+ to perform our sample selec-
tion has no impact on the results we present in this paper.

2.4. Sample selection

To follow the evolution of galaxy sizes in a similar popula-
tion as a function of redshift, we define our sample imposing
an evolving lower stellar mass limit. This choice implies that
stellar masses of galaxy populations at different redshifts fol-

low the general stellar mass growth of star-forming galaxies,
broadly representing the same coeval population. We define a
lower stellar mass limit in our sample anchored at z = 4.5
as log;o(M4/Mg) > 9.35 (below which the VUDS sampling
drops). We then use the stellar mass function evolution from II-
bert et al. (2013) together with the typical sSFR of VUDS galax-
ies (Tasca et al. 2015) to follow the typical stellar mass growth of
VUDS galaxies, and define the stellar mass selection threshold
at different redshifts using

logy, jm, > —0.204 X (z — 4.5) + 9.35. (1)
We refer to Ribeiro et al. (2016) for more details on the choice
of this mass selection in the context of the VUDS survey. In the
higher redshift interval we select all galaxies with spectroscopic
redhift and stellar masses log,, ,,, > 9 to have a statistical sam-
ple to compute the quantities on the clumpy fraction and clump
properties.

We identify a total of 1242 galaxies with 2 < z < 4.5 that
satisfy the mass-selection and the redshift quality criteria in the
VUDS survey with ACS F814W images, of which 1087 are in
the COSMOS field and 155 are in the CANDELS-ECDFS field.
We also examine a higher redshift sample of 96 galaxies with
4.5 < z < 6, however the available imaging data is not as deep
as needed to search for clumpy galaxies at the same luminosity
limit.

3. Defining clumps in galaxies

There are various methods described in the literature with the
goal of detecting and characterizing galactic clumps at high
redshift ranging from visual classification to automated algo-
rithms (e.g. Elmegreen et al. 2007; Puech 2010; Guo et al. 2012;
Wuyts et al. 2012; Tadaki et al. 2014; Guo et al. 2015; Shibuya
et al. 2016). Usually, the algorithms involve the subtraction of a
smoothed version of an image from the original and then search
for positive detections in the residual image that can be consid-
ered as galactic clumps. We follow a slightly different approach.
Our clump search is based on the assumption that clumps are lo-
cally the brightest region within a larger isophote which defines
the total extent of the galaxy it resides in. We summarize our
method in the steps below.

1. We smooth the image of 6” x 6” centered on the VUDS
galaxy with a Gaussian kernel with 1 pixel (0.03”) width;

2. We compute the segmentation map of the smoothed image
based on a given surface brightness threshold;

3. From the segmentation map we select the area of connected
pixels above the adopted surface brightness threshold which
contains the brightest pixel within a 0.5 arc-second radius
from the target coordinates;

4. Using the selected pixels, we compute the total flux of the
galaxy by summing up the flux in each pixel;

5. We iterate (using 1000 steps) a flux level f; from the maxi-
mum to the minimum flux detected. At each step we compute
the number of disconnected regions (defined from all pixels
with fluxes greater than f;) within the segmentation map and
store the position of local maximum associated with each
disconnected region (see Fig. 1).

6. We define the number of clumps as the number of discon-
nected regions detected above the isophote level correspond-
ing to 80% of the total galaxy flux, which are associated with
the different local maximums.
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Fig. 1. Exemplification of the method for detecting galaxy clumps. On the left we show the number of disconnected regions with more than 10
pixels as a function of flux level cut. When f = 1 the isophote limit represents the limiting area of the galaxy. On the right we show the contours
corresponding to three different flux level cuts at 20%, 50% and 100% of total flux that are identified in the same color as the vertical lines in the

left panel.

We repeat this process for all galaxies found in the image stamp.
We note that we only consider clumps with a detection area
greater that 10 pixels. This minimum area for clump detection
ensures that we are excluding the contribution from random fluc-
tuations of photon counts and also imposes a lower limit of ~ 3
pixels (roughly the FWHM of the PSF) on the separation of any
given two clumps that we can detect.

3.1. Isophotal threshold

One of the key elements of this algorithm is the limiting isophote
at which we define the total extent of a single galaxy. For our
method, it is defined as

L(2)
L(zp)’

which is composed by three different terms.

The dimming correction which accounts for the fact that
due to the expansion of the Universe the observed number of
photons of a source with constant intrinsic luminosity scales with
(1+z)73.

The color correction which accounts for the fact that we are
not exactly observing at the same rest-frame wavelengths and
corrects for the relative brightness based on the slope of the SED
close to the band we are observing. To be consistent in our large
redshift range we choose to use rest-frame FUV magnitudes to
compute the color correction term since it is the central wave-
length where we have the peak of our redshift distribution.

The luminosity correction which accounts for the average
luminosity evolution in galaxies. L(z) is derived from the L, val-
ues in Reddy & Steidel (2009) at z < 3 and those from Bouwens
et al. (2015) at z > 4. We define a luminosity evolution which is
steeper below z < 3 and flattens at z > 3:

10—0.4(—0.362)
L(z) = {2.25 % 10-0-4(-0.072)

1+2\7 0 dtamBe
k=l | x 10708t ?)

+2,

z<3
z>3"

3
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In equation 2 there are two parameters that are correlated. The

value k, represents the detection threshold, in units of o, at
Z = zp. In this study we set z, = 2 and we use several values
of k, throughout the paper. In particular we use k, = 1.5, 2.0 for
2 <z<45and k, = 5.0 for 4.5 < z < 6. Since the value of
k can vary by a factor of (1 +2)/(1 + 6)™3 ~ 0.009 from z = 2
to z = 6 based only on surface brightness dimming we choose
different values of k), to allow for an estimate of the total extent
of galaxies at the lower limit while preventing noise contami-
nated detections at the high redshift end. All these factors are
explained in detail in Ribeiro et al. (2016).

3.2. Resulting clumps and pair counts

At the end of this process a list of galaxies is identified within
a 20 kpc radius (search radius defined to be equal to Lopez-
Sanjuan et al. 2013; Tasca et al. 2014a), and a list of clumps
is identified in each galaxy. Our algorithm may identify several
galaxies within the search radius of 20 kpc, as pixels groupings
isolated from other pixel groupings, i.e. these groups of pixels
are not connected to each other at the isophote considered. It is
well possible that if deeper images were available, allowing to
lower the search isophote, some of these pixel groupings could
be connected and possibly associated to a single galaxy.

To provide a cleaner interpretation, all our results on galactic
clumps take only into account clumps that are associated with
the VUDS target. We choose to do this because it is only for
these sources that we have spectroscopic information (important
to compute k in equation 2) as well as physical parameters from
SED fitting. However we keep information about other galaxy
detections within 20 kpc to compute the pair fraction at the same
redshifts. Several examples of detected clumps in VUDS galax-
ies are shown in Figs. 2, 3 and 4.

We attempt to correct for line of sight contamination, to

transform our pair fraction into a merger fraction, by using a
simple statistical argument. Starting with the expected number
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contours represent the detection isophote of each galaxy identified within this search radius. Each circle shows the position of a detected clump
within the isophote of the same color. VUDS targets are identified with red contours and circles.
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the detection isophote of each galaxy identified within this search radius. Each circle shows the position of a detected clump within the isophote
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of galaxies within a square degree, as derived by Capak et al.
(2007), we compute the probability of a galaxy of magnitude m
to be found at a distance » of the VUDS target. The total number
of galaxies brighter than magnitude m in one square degree is
computed integrating the number counts, N(< m) computed by
Capak et al. (2007). Then we estimate how many galaxies we
expect to find within 7 x 2. This is summarized by

= mr X f " N(< m"dm'’
P = 3600 % 3600~ J,s '

“
In the end, each galaxy of magnitude m counts as 0 < p <
1, and this quantity gives the contaminating counts when later
considering galaxy pairs.

3.3. Luminosity and Sizes

In order to obtain further information on the physical character-
istics of clumps we adapted the method defined by Freeman et al.
(2013) to compute the intensity parameter / giving the luminos-
ity of each clump.

This algorithm defines groups of pixels associated with a
local maximum inside a segmentation map. First, the image
is smoothed via a Gaussian kernel with a given o (we use
o = lpixel). Then, for each pixel in the segmentation map, we
compute the corresponding local maximum via maximum gra-
dient paths. This means that for each pixel we compute the in-
tensities of the 8 surrounding pixels and then move to the pixel
with maximum intensity. We continue this process until a local
maximum is reached and none of the eight neighbor pixels have
higher intensities than the one we are considering. So, a pixel
group is defined as the collection of pixels linked to a particular
local maximum.

Once we have all the pixel groups defined, we match the lo-
cal maximum of each group to the local maximum of the de-
tected clumps in the previous algorithm. Then we compute the
luminosity and area associated with each clump by counting all
the light and pixels in each group, respectively. It is important to
stress that since we are stopping at the border of two contiguous
groups of pixels, the derived areas and luminosities are lower
limits to the real values. This happens since we are not consid-
ering flux from pixels with a contribution coming mostly from a
neighbor clump rather than the clump being considered.

With the knowledge of the spectroscopic redshift from
VUDS, we can then compute physical areas in kpc?. Abso-
lute magnitudes are computed using the flux measured from the
F814W images. We correct the magnitudes to FUV rest-frame
using the k-correction derived for the galaxy from SED fitting.
This means that the clump magnitude is derived as

&)

Merump.Fuv = Metump F814w + keorrFUv-

3.4. False clump detections

To estimate the impact of false detections on the inferred distri-
butions of areas and luminosities we perform a simple test. We
run our clump detection algorithm using the same threshold as
before on the negative image of each galaxy and compute the
area and magnitude of each negative clump which is, by its na-
ture, a false peak detection. We can see in Fig. 5 that the inferred
distribution of false clumps is found at small areas (peaking at ~1
kpcz) and faint luminosities (peaking at Mpgj4w ~ —17.4 mag)
as expected.
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Fig. 5. The black points and histograms show the distribution in ar-
eas and magnitudes for the negative clumps detected applying the same
method on the inverted galaxy image. Most of the negative detections
are found at M y,mp > —18 which is fainter than the peak for the fainter
clumps that is observed in the magnitude distribution (see figure 8).
This indicates that the smaller clumps with Mm, < —18 are mostly
real physical clumps.

Most of the negative detections are found at Mcymp > —18
which is fainter than the peak for the fainter clumps that is ob-
served in the magnitude distribution (see figure 8). This indicates
that the smaller clumps with Mjump < —18 are mostly real phys-
ical clumps.

3.5. Morphological k-correction

We test our assumption that clumps are evenly detected across
the rest-frame wavelength range that we probe at different red-
shifts by computing the same quantities on a degraded version of
the F814W images and on a subsample of galaxies for which we
have H-band imaging from CANDELS. In terms of the clumpy
fraction we detect a lower fraction of clumpy galaxies in the de-
graded version of the I band by a factor of 2 and a little lower
when using the measurements in the H band. We argue that our
measurements might be more affected by the spatial resolution
of the images since the fraction of clumpy galaxies in the de-
graded version of the I band images is closer to that reported
in the H band than what we report for the normal resolution I
band images. We note that the spatial resolution of the H band
is even poorer than the degraded I band image due to the larger
PSF (which is 3 times that of the I band) and we expect a lower
fraction on the H band simply due to that effect.

We have also attempted to compute the area-luminosity dis-
tribution of clumps detected in the H band and we are only able
to detect clumps in the large and bright regime (see Fig. 5).
Again we believe that the resolution in the H band images is the
main reason for the differences that we find. However we cannot
exclude the existence of morphological k-correction.
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4. The evolution of the clumpy fraction with redshift
4.1. The distribution of the number of clumps per galaxy

We compare in Fig. 6 the number of galaxies as a function of the
number of detected clumps per galaxy in two different redshift
ranges. We consider only clumps that reside inside the isophote
belonging to the VUDS target when showing this histogram. We
find that the fraction of multi-clump systems decreases as the
number of clumps increases. Systems with only one clump (i.e.
a single clump in a smooth galaxy at the observed resolution)
are the dominant population (~ 55% at2 < z < 4.5 and ~ 61%
at 4.5 < z < 6.0). We find that the fraction of galaxies with
only two clumps dominates the distribution of clumpy galaxies
with ~ 25 + 2.7% double clumps galaxies at 2 < z < 4.5 and
~21+7.7 % at 4.5 < z < 6.0. Galaxies with 3 clumps are about
~11x1.6%at2 <z<45and ~8+4.1%at4.5 <z < 6.0.
Galaxies with four or more clumps amount to only ~ 7+1.2% at
2<z<45and ~9+4.5% at4.5 < 7 < 6.0. Several examples
of galaxies with one, two, or more clumps may be found in Figs.
2, 3 and 4, respectively.

4.2. The fraction of clumpy galaxies

We define as a clumpy galaxy any source that has more than one
clump detected within its isophote. To compute this fraction as a
function of redshift, we consider only clumpy (and non-clumpy
galaxies) within the VUDS galaxies for which we have reliable
information on the spectroscopic redshift. This ensures that we
are not smearing our results between redshift bins by including
galaxies with uncertain or incorrect redshifts. We have com-
pared the stellar mass distribution of clumpy and non-clumpy
galaxies and find that they are indistinguishable from one an-
other. The clumpy fraction evolution with redshift is shown in
figure 7.

We stress that the clumpy fraction with our method depend
on the selected isophote (value of k,) which in turns depends on
the color correction we choose to use, as allowed by the depth
of available images. Nonetheless, we find a rising trend with red-
shift of the clumpy fraction at all values of k, that we have tested
as well as when using NUV as the base rest-frame band. Due
to the asymmetric nature of most galaxies at high redshift (e.g
Huertas-Company et al. 2015; Curtis-Lake et al. 2016) and since
deriving a center and a size can lead to different results when us-
ing different assumptions (e.g. Ribeiro et al. 2016) we are not in-
cluding in our sample of clumpy galaxies any source with an off-
center clump as defined by, e.g., Guo et al. (2015); Shibuya et al.
(2016). The clumpy fraction evolution with redshift is shown in
figure 7.

4.2.1. Clumpy fractionin2 < z < 4.5

At 2 < z < 4.5 we observe that the clumpy fraction remains in
the range 35 to 55% at all redshifts. This fraction is observed to
be rising from low to high redshift. We also report the clumpy
fraction for two different values of k, for 2 < z < 4.5 showing
that the absolute value does indeed depend on the isophote used.
We note that increasing the value of k, lowers the probability
of detecting faint clumps and it is no surprise that the fraction
of clumpy systems decreases as the value of k, increases. How-
ever changing k, does not change the observed evolution of the
clumpy fraction with redshift. The rising evolution with red-
shift of the clumpy fraction observed using our method is differ-
ent from results obtained in other studies (e.g. Guo et al. 2015;

Shibuya et al. 2016). A possible explanation for the lower frac-
tion of clumpy galaxies that we observe at z ~ 2 — 3 could be
connected with the evolving threshold defined in section 3, in-
cluding luminosity evolution. By imposing a higher threshold
at lower redshifts, we are effectively reducing the are within we
search clumps which is likely to prevent us from dteceting faint
clumps if they are located in the outskirts of the galaxy.

We have attempted to mimic the method used by Guo et al.
(2015) and Shibuya et al. (2016) to test the impact of the method
and selection on the derived values for the clumpy fraction. A
short description of the method and results can be found in ap-
pendix A. We show that we get clumpy fractions within the
error bars of the measurements made with our proposed algo-
rithm when we use this alternative method. At z < 3 our results
obtained using this method are closer in their trends to those re-
ported Guo et al. (2015) and Shibuya et al. (2016). However, we
still observe a rising trend on the clumpy fraction with redshift
contrary to the decreasing trend reported by Shibuya et al. (2016)
at z > 3, although our error bars are large because the number of
galaxies satisfying the criteria of this method is reduced.

4.2.2. Clumpy fraction4.5 <z <6

At z > 4.5 the depth of the data only allows the use of a higher
value of k,, as shown in figure 7. In this redshift range we ob-
serve a slightly lower clumpy fraction of 20 — 40%. At these
redshifts it is necessary to use a brighter isophote limit for the
clumps detection to avoid excessive contamination from noise.
It is clear from our results at lower redshifts that if the depth of
the data was enabling to use a fainter isophote we would likely
observe a higher clumpy fraction also in this redshift bin.

Since we have computed the clumpy fraction at all redshifts
for all values of k, shown in figure 7 we attempted to compute
a correction to estimate the clumpy fraction at high redshift as

if it was measured with k, = 1.5. To do that we fitted a linear

curve to the quantity ’;’: (z) which quantifies the underestima-

tion of the clumpy fraction measured at k, = 5 with respect to
that measured at k, = K. We then apply this correction factor
measured at z = 5.25 to correct the measured clumpy fraction
k, = 5.0. In doing so, we estimate that the clumpy fraction at
4.5 <z<6.0is ~ 64 £ 19% when corrected for k, = 1.5.

5. Physical properties of clumps
5.1. The relation between clump luminosity and area

As stated in Sect. 3.3, we derive areas and absolute magnitudes
for each clump by computing the flux and area within each group
of pixels associated with the local maximum that defines the
clump. We show in Figs. 8 and 9 the tight correlation that we
observe between clump magnitude and clump area. This is ex-
pected by construction since the larger the area (i.e. the number
of pixels of the clump) the more likely it is for it to be brighter.
In this figure we are excluding galaxies with a single clump de-
tection.

In the same figure we can observe that there appears to be a
bimodal distribution in the clump area distribution, also hinted
by the asymmetric shape in the magnitude distribution. We fit-
ted each distribution with a two Gaussian model with six free
parameters: two amplitudes, two centers and two widths, one
for each Gaussian curve. The fit was done using the Levenberg-
Marquardt minimization algorithm implemented in scipy. For
clumps at 2 < z < 4.5 we observe two peaks in the magnitude
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Fig. 6. Number of galaxies as a function of the number of clumps detected within the selected isophote. Note that we include in this plot single
clump galaxies which correspond to galaxies with no substructure or a single central clump. We plot this quantity for two redshift intervals each
with its respective value of k, = 1.5 for 2 < z < 4.5 in gold (left panel) and k, = 5 for 4.5 < z < 6.0 in purple (right panel). On each panel we

show the number of clumps for the VUDS targets.
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Fig. 7. Fraction of clumpy galaxies within the VUDS sample as a
function of spectroscopic redshift. Different large colored circles (gold,
green and purple) represent different values of the normalization k,,. The
smaller gray symbols represent values from the literature for clumpy
galaxies: circles (Shibuya et al. 2015); squares (Guo et al. 2015); and
for asymmetric galaxies: inverted triangles (Ravindranath et al. 2006);
triangles (Conselice & Arnold 2009); octagons (Law et al. 2012); pen-
tagons (Curtis-Lake et al. 2016). We note that for k, = 5, the isophote
at z < 4 is very high and we are only probing the brightest regions of
galaxies and thus miss a large fraction of clumpy galaxies. The empty
purple circle at z ~ 5 is the extrapolation of the clumpy fraction as if it
was measured at k, = 1.5 (see Sect. 4.2.2 for details).

distribution at Myyy = —18.1 £ 0.1 and Myyy = —19.7 £ 0.1.
In the area distribution the two peaks are found at log(T) =
0.25+0.05 and log(T") = 0.78 + 0.03, which correspond to ~ 1.8
and ~ 6.0 kpc?, respectively. At 4.5 < z < 6.0 the bimodality is
not so evident and due to the low number of detected clumps we
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opt not to fit any model to the two distributions at this redshift.
(see Fig. 9)

This bimodal hypothesis is likely linked to the different pro-
cesses of clump formation where large and bright clumps are
likely associated with merger events and the small and faint
clump population is associated with disk instabilities. We fur-
ther discuss this in section 6. We test the statistical significance
of this bimodality using the Hartigan’s dip test (Hartigan & Har-
tigan 1985). While a bimodal distribution is favored we find that
the unimodal distribution hypothesis cannot be rejected for ei-
ther of the distributions. Larger samples are required to confirm
or reject this bimodal hypothesis.

5.2. Bright and large clumps are in two-clump galaxies

A key information shown in Fig. 8 is the number of clumps in
the galaxy that each clump belongs to. The larger and brightest
clumps are most likely to be found in two-clump galaxies and
as we move towards fainter and smaller clumps we observe that
they are more commonly found in galaxies with a larger num-
ber of clumps. This information is summarized in the contour
lines of Fig. 8 showing the distribution of the fraction of clumps
in two-clump systems as a function of clump area and absolute
magnitude. More than 50% of the brightest and largest clumps
are found in two-clump systems and the probability of finding
two clumps in a galaxy decreases for fainter clump magnitudes
and smaller areas (down to ~ 10%, respectively).

The information on how the fraction of clumps in two-clump
systems evolves with redshift is found in Tab. 1. We see that
this fraction evolves with redshift in the sense that it is more
likely to find two-clump systems at lower redshift (~ 40 + 6.1%
at 2 < z < 2.75) than at higher redshift (~ 12 + 2.5% at
4.5 < z < 6.0). Imposing a magnitude cut (Mcjump < —19.1)
the fraction of clumps in two-clump systems is larger at all red-
shifts, confirming that the largest and brightest clumps are more
likely to reside in two-clump systems than their fainter smaller
counterparts.
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Fig. 8. Absolute magnitude in the rest-frame FUV and area distribution for clumps found in galaxies with N, > 2 detected at 2 < z < 4.5 with
k, = 1.5. Each clump is color coded by the number of clumps found in its parent galaxy. The color scheme is found at the bottom right of the main
panel. The black solid line in each of the auxiliary panels shows a fit of a two gaussian model to the observed distribution of areas and magnitudes
of the clumps. There is a bimodality present in both distributions and we observe that it is more probable to find the brightest and largest clumps
in two clump systems. The contours show the smoothed distribution of the fraction of 2 clump-systems at levels of 10, 25 and 50%. It is clear that
the majority of two-clump systems (with respect to all clumpy systems) is found in brighter and larger clumps.

We have computed the average luminosity that is locked in  and multi-clump systems we find that the light fraction locked in
the UV clumps by comparing the total luminosity in clumps to  clumps is virtually the same with 46 + 2% for both cases.
that of its host galaxy. We find that for clumpy galaxies (with
two or more clumps) 46 + 1.5% of all light is found to be in
clumps. If we further divide the sample into two-clump systems
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redshift f20 [%] ch,bright [%] fmajor,bright [%] fminor,brighl [%] fgal,pair [%]
20<z<275]140+6.1 60154 77 +£22.8 23+99 15+4.5
275<z<35|38+39 60+9.0 64 + 14.0 36+94 21 +£5.1
35<z<45 | 19+£24 37+6.3 43 +13.8 57+17.0 39+ 11.6
45<z<60 | 12+£25 15+34 53 +£32.6 47 +£29.7 38 +£24.0

Table 1. Fraction of 2 clump systems in 4 redshift intervals. The second column represents the total fraction of two-clump systems. The third
column represents the fraction of clumps in two-clump-systems with at least one of them being brighter than M jymp < —19.1. The fourth and
fifth columns represent the fraction of bright two-clump systems that are in major (1/4 < L;/L, < 1) and minor (L;/L;, < 1/4) systems. The
luminosities are measured in FUV rest-frame. The last column shows the pair fraction corrected for projection effects (see Sect. 3.2) considering

pairs of ixg < 24.5 VUDS targets with fainter galaxies.
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Fig. 9. Absolute magnitude in rest-frame FUV and area distribution for
clumps found in galaxies with N, > 2 detected at 4.5 < z < 6.0 with
k, = 5. Each clump is color coded by the number of clumps found in
its parent galaxy. The color scheme is found at the bottom right of the
main panel. The contours shows the distribution of fraction of 2 clump-
systems at levels of 10 and 25%.

5.3. Luminosity ratios

To classify each two-clump group we have computed the lumi-
nosity ratio between the two clumps, Ly/L;, with Ly being the
luminosity of the fainter clump and L, that of the brighter of
the two. The resulting fractions as a function of redshift may be
found in Tab 1. The fraction of two-clump galaxies is classified
in major (1/4 < Ly/L, < 1) and minor (L;/L; < 1/4) systems,
for galaxies which have at least one clump with Mcjymp < —19.1,
although statistical uncertainties get large because of the reduced
number of galaxies for which we are able to compute this quan-
tity.

5.4. Clump stellar masses

We aim to describe our clumps in term of their stellar-mass by
assuming that the mass to light ratio of clumps is the same as its
hot galaxy. This hypothesis allows us to estimate the stellar mass
of each clump by computing the clump to galaxy luminosity ra-
tio and applying that factor to the total stellar mass of the galaxy.
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However our estimate is just an approximation and we might
overestimate the stellar masses of clumps since they should be
on average more star-forming that the galaxy as a whole and we
are measuring our luminosities in UV rest-frame.

In Fig. 10 we show the distribution of stellar masses in
clumps for three samples. A first sample considering clumps
that are in clump systems with at least 3 clumps (hereafter
multi-clump-systems). We also show the sample of clumps in
two-clump-systems. We compare that sample to the distribution
of the stellar masses in single clumps. We note that for sin-
gle clump systems, a clump can correspond the entire galaxy.
This explains why we find clumps with stellar masses up to
log,o(M,/Mg) ~ 11.

It is interesting to see that the clumps that are found in two-
clump-systems have stellar-masses that peak at higher values
(around log;,(M4/Ms) ~ 9.4) when compared to clumps in
multi-clump-systems. It is also interesting to note that their stel-
lar masses are higher than what is expected for giant molecular
clumps from simulations/observations (see e.g. Elmegreen et al.
2009; Genzel et al. 2011; Guo et al. 2012; Bournaud 2016). They
show that clumps have stellar masses in the 8 < log,,(M4 /M) S
9 range which is consistent with the bulk (~ 55%) of the stellar
mass distribution we see in multi-clump-systems. We have tested
the similarity between the two distributions using a Kolmogorov-
Smirnov test and the null hypothesis (that both distributions are
the same) is discarded at a 95% confidence level. This difference
persists when considering higher values of k,,.

6. Discussion: a merger origin for the bright and
large clumps in two-clump galaxies

Our study brings to light two important morphological properties
of high redshift galaxies and their evolution from z ~ 6 to z ~ 2:
the fraction of clumpy galaxies as well as the distribution of the
number of clumps per galaxy. Both of these properties are a di-
rect consequence of the evolutionary path followed by galaxies,
and the physical processes driving this evolution at these early
cosmic times.

Defining clumps is a delicate process. At these high redshifts,
and with the spatial resolution and depth of HST ACS or WFC3
imaging, only the brightest clumps separated by > lkpc can be
identified. We opted to apply an evolving cut in the isophotal
threshold used to define the area of a galaxy where to look for
clumps, following the luminosity evolution observed in the star-
forming galaxy population at these redshifts. We find the dif-
ferent local maximums, apply a minimum area of 10 connected
pixels, and retain groups of pixels which are disconnected down
to a level of 80% of the total galaxy flux, to identify clumps
within this isophote. The isophote definition has an impact on the
number of clumps identified: as the area covered by a brighter
isophote gets smaller, the number of clumps within the isophote
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Fig. 10. The distribution of stellar masses in clumps for three different
samples. In the black solid line histogram we show the distribution con-
sidering single clump galaxies. In the filled brown histogram we show
the distribution of stellar masses of clumps in galaxies with 3 or more
clumps. The golden hatched histogram shows the stellar mass of clumps
in galaxies with 2 clumps.

also gets smaller. We measure the area and absolute luminosity
of the clumps and estimate that we are able to reliably identify
clumps larger than ~ 1.5 kpc? and with a luminosity brighter
than Mcump < —18. This process differs from previous attempts
at clump identification algorithms (Guo et al. 2015; Shibuya
et al. 2016) mainly by the definition of the evolving isophotal
cut and the procedure of identifying clumps as local maximum
groups detected within such an isophote.

We find that the fraction of clumpy galaxies rises from
~ 34 +8% atz ~ 2.251t0 54 + 9% at z ~ 4. We observe a
trend for a higher clumpy fraction going to higher redshifts, more
pronounced when we use a fainter isophote to define the clump
search area. We find a slightly lower (39 + 11%) clumpy fraction
in the higher redshift bin 4.5 < z < 6, but with an increasing
trend with redshift when compared to the bin immediately be-
low at the same isophote level. The depth of the data does not
allow to use a comparable isophote when taking into account
luminosity evolution between the low redshift and high redshift
samples. Nevertheless, the trend suggests that when measured at
the same isophote level the clumpy fraction would be the highest
at4.5<z<6.

These results are at odds with the decreasing fraction of
clumpy galaxies reported by Guo et al. (2015) and Shibuya et al.
(2016). Differences in the definition of what a clumpy galaxy is
and in the sample used to compute the clumpy fraction may be
the main reasons for this discrepancy. We define a clumpy galaxy
as a galaxy with 2 or more detected clumps within its isohopote,
whereas Guo et al. (2015) and Shibuya et al. (2016) define it
when at least one off-center clump is identified. Another impor-
tant difference resides in our sample selection which does not
apriori exclude galaxies because of their morphology (Guo et al.
2015; Shibuya et al. 2016, impose an effective radius r, > 0.2”
and axis ratio ¢ > 0.5 cut). As we include in our sample small
compact sources, this might further increase the number of non-
clumpy galaxies and decrease the clumpy fraction, while includ-
ing galaxies with low values of ¢ like elongated clump chain

galaxies (see e.g. Elmegreen et al. 2004, 2008) would rather in-
crease it.

In summary, we find that the fraction of clumpy galaxies in
the star-forming population as selected in the UV rest-frame with
stellar masses log,, ;) > —0.204 X (z — 4.5) + 9.35, and iden-
tifying clumps brighter than Mjumpnuv < —18 and larger than

~ 2 kpc? remains at 35-55% over the redshift range 2 < z < 6,
with a trend for an increasing clumpy fraction with redshift. As
expected, this fraction does depend on the luminosity threshold
and minimum clump area that we impose (see Fig. 7), and hence
on the depth and spatial resolution of the images used. It is there-
fore likely that the clumpy fraction reported here is a lower value
to the real clumpy fraction.

Now turning to the analysis of the distribution of the number
of clumps per galaxies, there is a large fraction ~ 21 — 25 of
galaxies with only two clumps and the clumps in these galaxies
are the brightest and largest as shown in figures 3, 6, 8 and 9.
We can identify a few possibilities to form the clumps in these
two-clumps galaxies: they could be either (1) the result of disc
fragmentation and VDI, (2) two individual galaxies in the final
merging process of a galaxy pair, or (3) the chance projection of
a galaxy on the line of sight, physically unrelated.

Galaxies with VDI induced clumps have been studied in de-
tailed hydrodynamical simulations which show how fragmenta-
tion in a proto-galactic disc produces several clumps, visible over
timescales < 1 Gyr, before migrating and merging in a galaxy
central core (e.g. Bournaud et al. 2007; Dekel et al. 2009; Genel
et al. 2012; Bournaud et al. 2014; Oklopcic et al. 2016). We
note that we are able to detect clumps that are 1 to 2 magnitudes
fainter than what we find for bright clumps in two clump sys-
tems. This implies that if additional clumps were to be found
with deeper imaging they would be much fainter than what we
find and thus we would still observe a large fraction of two clump
systems detected above a given luminosity limit. It seems un-
likely that a physical scenario following disc fragmentation and
VDI would preferentially produce only two bright clumps (F.
Bournaud, private communication). Cloud fragmentation due to
disk instabilities are more likely to give rise to a higher number
of clumps, with the number of clumps reducing over the dynam-
ical timescale of clump merging, as shown in simulations (Man-
delker et al. 2014). If VDI is the only process capable of pro-
ducing clumps one would rather expect to observe more galax-
ies with 3 or more clumps than two-clumps systems, opposite
to what we find (Fig. 5). It is possible that two-clump systems
are the end result of clumps formed through VDI after migra-
tion and merging of smaller clumps. The typical timescale for
clump migration to the galaxy center is of 500Myr (e.g. Forster
Schreiber et al. 2011; Guo et al. 2012; Bournaud 2016) which
is typically one fourth of the redshift interval we probe from
2 < z < 4.5. However, the period on which we would observe
two clumps at the same time should be shorter than that. Addi-
tionally, we would need to take into account the survival rate of
large clumps for which some simulations suggest even shorter
lifetimes for clumps (e.g. Genel et al. 2012). We would need
spatially resolved information from multi-band high resolution
observations or IFU data to compute velocity offsets and stel-
lar ages of the different clumps to confirm or not this scenario
against the possibility of it being the final stages of a merging
pair of galaxies (e.g. Forster Schreiber et al. 2011; Guo et al.
2012).

Another interpretation is that these two-clumps systems are
indicative of on-going merger events. Major or minor mergers
do indeed produce a bi-modal light distribution with each of
the merging galaxy counted as a clump. Merging is observed
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to be a significant process with a high fraction of ~ 15 — 20%
of galaxies involved in major mergers at redshifts z ~ 1 and up
to z ~ 4 (e.g. Le Fevre et al. 2000; de Ravel et al. 2009; Lopez-
Sanjuan et al. 2013; Tasca et al. 2014a). The bright clumps in
two-clumps systems and Lg/L, > 1/4 have absolute magni-
tudes —19 > Myyy > —22, producing together a total luminosity
equivalent to that of the median of the star-forming population
we are probing. Two-clumps systems with one bright clump and
L¢/L, < 1/4 may include minor merger events participating to
the build-up of stellar mass with time. If we assume that clumps
which have L;/L, > 1/4 are representative of major galaxy
mergers we find that 24 — 40% of two-clump systems are then
classified as major merger events, remaining roughly constant at
z 2 3. This fraction is the same whether we consider VUDS tar-
gets only or if we include neighboring two-clump systems found
within our 20 kpc search radius. As two-clump systems represent
~ 25% of the total population, using the fraction of bright two-
clump systems (Tab. 1) we find a total merger fraction slightly
decreasing with redshift from ~ 18% atz ~ 3to ~ 10% at z ~ 5.
Using those systems with Ly/L, > 1/4 we find a major merger
fraction in the range 6.5 to 11%. Similarly, using the fraction of
two-clump systems with Ly/L, < 1/4 we find a minor merger
fraction of 2.7 to 10.5%.

The derived fraction of merging systems is considering
merging of clumps alone. To expand it to a total merger frac-
tion one would also need to account for the fraction of galaxy
pairs within a 20 kpc search radius. We find a rising pair frac-
tion corrected for line of sight contamination (see Sect. 3.2), of
~ 15% at z ~ 2.3 which rises to ~ 38% at z ~ 5. One inter-
esting trend is that while the pair fraction is increasing at higher
redshifts, the contrary trend is observed for the merger fraction
derived from clumps statistics. One may naively expect that we
are observing an evolving merger rate measured in two stages,
the first, which is more common at the higher redshifts, where
galaxies have yet to merge, and the second, as observed from
bright clumps counts, representing the final phases of merging
before coalescence, which is more common at lower redshifts.

There is a low probability that our observations of two-
clumps systems might be consequence of line of sight contam-
ination from lower redshift galaxies which might then be con-
fused with high redshift clumps. We observe that these two-
clump systems with at least one bright McympNuv < —19.1 el-
ement have a median clump separations of ~ 3 kpc (~ 0.4 ”).
At such small separations, even when dealing with faint objects
with iag ~ 27 — 28, the probability of random line of sight con-
tamination is very small, at less than 3% (see Sect. 3.2 for de-
tails). Thus, we conclude that most of these two-clump systems
are real physical systems at the same redshift.

As a conclusion, a straightforward interpretation of galaxies
with two bright clumps is that this population predominantly in-
cludes galaxies caught in the act of a merging event. This inter-
pretation is further reinforced when looking at the typical stel-
lar masses of clumps. We find that for these two clumps sys-
tems with at least one bright component, the majority of them
(~ 77%) has stellar masses greater than log(M, /M) > 9 which
is the typical upper limit on the stellar mass of clumps induced
by VDI (see e.g. Elmegreen et al. 2009; Guo et al. 2012; Bour-
naud 2016). On the other hand, ~ 55% of clumps in multi-clump
systems have stellar masses lower than log(M, /M) < 9, which
might likely result from VDI as well as minor mergers. The typi-
cal masses of the two clumps are more alike the masses of galax-
ies observed in merging pairs with larger separations (Ldpez-
Sanjuan et al. 2013; Tasca et al. 2014a).

Article number, page 14 of 16

We are therefore likely witnessing two different modes of
clump formation happening in parallel. The overall fraction of
clumps is dominated by small and faint clumps, likely the result
of both VDI clumps production and minor mergers. However, we
do observe an important fraction (in ~ 10 — 25% of all galaxies)
of large bright clumps in two-clump systems that are most likely
major mergers.

7. Summary

The results presented in this paper can be summarized as fol-
lows:

e The search for clumps in distant galaxies with images at a
given depth critically depends on how clumps are defined, on
the search area, whether clumps must be embedded within
a common isophote limit, and on a priori selection of the
galaxy population tested for clumps. We use a new algorithm
for detecting clumps, where clumps are defined as groups of
connected pixels associated with the same local maximum
within the galaxy isophote.

e We compute the number of clumps per galaxy in a sample
of 1242 galaxies with 2 < z < 4.5 and 96 galaxies with
4.5 < z < 6 with confirmed spectroscopic redshifts from the
VIMOS Ultra Deep Survey and in the COSMOS and ECDFS
areas where deep HST imaging in the F814W filter is avail-
able from the COSMOS and CANDELS surveys. We find
that, at 2 < z < 4.5, the dominant population of clumpy
galaxies has two clumps (~ 25%) followed by galaxies with
3, and more than 3 clumps (~ 11,~ 7% respectively). The
same trend is found at higher redshifts (4.5 < z < 6 ) which
is dominated by two clump galaxies (~ 21%) followed by
galaxies with 3, and more than 3 clumps (~ 8, ~ 9% respec-
tively).

e The fraction of clumpy galaxies, with > 2 clumps and cor-
rected for line of sight chance projections, is found to remain
in the range 35 to 55% over 2 < z < 6, with a trend of an
increasing fraction with redshift.

e We find a continuous, possibly bi-modal, distribution of the
luminosity and area of clumps with a population of large and
bright clumps separated in luminosity and area from a pop-
ulation of small and less luminous clumps. The population
of large and bright clumps has typical absolute magnitudes
Mgyy ~ —19.7 and areas T ~ 6.0 kpc?. In contrast, the pop-
ulation of small and less luminous clumps has typical ab-
solute magnitudes Mryy ~ —18.1 and areas T ~ 1.8 kpc?.
We associate the bimodality to the existence of two physi-
cal processes, mergers and disk instabilities, that explain the
observed properties of clumps.

o The faint and small clumps are preferentially found in mul-
tiple clump galaxies. They are comparable in luminosity and
stellar mass (10% — 10° M) to the large star clusters forming
in large numerical simulations from violent disc instabilities,
consistent with findings from other studies (e.g. Elmegreen
et al. 2009; Guo et al. 2012; Bournaud 2016). It is also possi-
ble that a fraction of these clumps is related to minor merging
events.

e The bright and large clumps are preferentially found in
two-clumps systems. These bright clumps have luminosities
and stellar masses ~ 10° — 10'°M,, larger than expected
from VDI processes. It appears as unlikely that, if clumps
were solely produced by VDI, two-clumps systems would
strongly dominate the population of clumpy galaxies. We
rather conclude that the bright and large clumps in two clump
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systems have properties similar to those of galaxies in merg-
ing pairs (L6pez-Sanjuan et al. 2013; Tasca et al. 2014a).
Using the fraction of galaxies with bright clumps we infer
a major merger fraction going from 18% at z ~ 3 to 10%
at z ~ 5. When combined with the pair fraction of galaxies
that are not embedded in the same isophote, we find a major
merger rate at ~ 20% comparable to other estimates at simi-
lar redshifts (Lépez-Sanjuan et al. 2013; Tasca et al. 2014a).

In quantifying the properties of clumps in star-forming
galaxies with 2 < z < 6 we therefore conclude that we are wit-
nessing the effects of two different galaxy assembly processes
working in parallel. Clumps are likely the result of both vi-
olent disc instabilities with an in-situ clump formation mode,
as well as from major and minor merging of galaxies with an
ex-situ assembly of matter. On the one hand gas accretion is
expected to feed the buildup of discs which then become un-
stable and produce clumps that will build galaxy bulges (e.g.
Dekel et al. 2009; Bournaud et al. 2009; Dekel & Krumholz
2013; Bournaud 2016). The population of large and bright merg-
ing clumps formed ex-situ is important because even if they are
less numerous they contribute the most to the stellar mass of
a galaxy (L6pez-Sanjuan et al. 2013; Tasca et al. 2014a; Man-
delker et al. 2014). Both processes are therefore important in
building a galaxy formation and evolution scenario both from
the point of view of the evolution of the cosmic star formation
rate and the build-up of stellar mass of galaxies throughout cos-
mic time, and explaining key observables like the evolution of
the specific star formation rate, and its possible flattening at red-
shifts z > 2 (e.g. Dekel & Mandelker 2014; Tasca et al. 2015;
Faisst et al. 2016; Marmol-Queralto et al. 2016).

Testing the evolution of the number of clumps from larger
simulations of galaxies in complete cosmologically representa-
tive volumes would bring further insight into these processes.
As the clumpy fraction and the number of clumps identified
strongly depend on the spatial resolution and depth of images,
and as galaxies with large sizes are observed up to large red-
shifts (Ribeiro et al. 2016), it is likely that future facilities like
JWST and extremely large telescopes with adaptive optics may
well identify more clumps. Taken together with the high fraction
of bright two-clumps galaxies, the wide range of clump proper-
ties reported here must be taken into account when planning for
future surveys aimed at a complete census of the properties of
clumps in the high redshift population.
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Appendix A: Computing the clumpy fraction using
a different methodology

To contextualize our results with those that are available through
recent studies (e.g. Guo et al. 2015; Shibuya et al. 2016) we
have attempted to implement the same methodology and com-
pare what we obtain against the results we get from the algo-
rithm described in Sect. 3. The alternative method that we use
summarizes as follows

1. We run SExTrAcTOR On a 7” by 7" image to obtain the seg-
mentation map.

2. We dilate the segmentation map using a binary operation that

effectively smooths and enlarges by a maximum of 3 pixels

the outer edges of the segmentation map.

We select a small cutout of the original image that adapts to

the size of the created segmentation map.

We apply a boxcar filter (10 pixels width) to the new cutout.

We create a residual image by subtracting the filtered image

to the original one.

We measure the residual background flux using a 3o-

clipping method.

7. We mask all pixels that have fluxes smaller that 20~ of the
calculated background.

8. Run a new detection algorithm on the masked residual image
to detect clumps.

e

AN

All regions in the masked residual image that have more than 5
connected pixels are counted as single clumps. We also compute
the magnitude of each clump using a 3 pixel aperture.

To compute then the final clump fraction, we select only
galaxies for which we have GALFIT results (see Ribeiro et al.
2016) and that have effective radius r, > 0.2”, and axis ra-
tio ¢ > 0.5. We apply the same intermediate mass selection
(9.8 < log;y(M,/Mo) < 10.6). Finally, we only consider clumps
which contain more than 8% of the galaxy light. The result is
found as the red squares of Fig. A.1. We compare to our clumpy
fraction computed at k, = 2.0 to be comparable with the 20
detection limit that is imposed when finding clumps using this
alternative method. In this exercise we have also included off-
center clumps as defined above when computing the clumpy
fraction using the method presented in this paper. It is possible
that the differences in the clumpy fraction are caused by sample
selection and not the methodology, although our errors cannot
confirm this hypothesis.
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Fig. A.1. Clumpy fraction in the VUDS sample as computed using the
method described by Guo et al. (2015) (red squares) when compared
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diamonds and Shibuya et al. (2016) as gray circles which use the same
methodology.
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ABSTRACT

This paper describes the first data release (DR1) of the VIMOS Ultra Deep Survey (VUDS). The DRI includes all low—resolution
spectroscopic data obtained in 276.9 arcmin? of the CANDELS—COSMOS and CANDELS-ECFDS survey areas, including accurate
spectroscopic redshifts z,,.. and individual spectra obtained with VIMOS on the ESO-VLT. A total of 698 objects have a measured
redshift, with 677 galaxies, two type-I AGN and a small number of 19 contaminating stars. The targets of the spectroscopic survey
are selected primarily on the basis of their photometric redshifts to ensure a broad population coverage. About 500 galaxies have
Zspec > 2, 48 with z,,.. > 4, and the highest reliable redshifts reach beyond z,.. = 6. This dataset approximately doubles the number
of galaxies with spectroscopic redshifts at z > 3 in these fields. We discuss the general properties of the sample in terms of the
spectroscopic redshift distribution, the distribution of Lyman—a equivalent widths, and physical properties including stellar masses
M, and star formation rates (SFR) derived from spectral energy distribution fitting with the knowledge of the knowledge of zc..
We highlight the properties of the most massive star-forming galaxies, noting the large range in spectral properties, with Lyman—« in
emission or in absorption, and in imaging properties with compact, multi-component or pair morphologies. We present the catalogue
database and data products. All data are publicly available and can be retrieved from a dedicated query—based database available at
http://cesam.lam. fr/vuds.

Key words. Galaxies: distances and redshifts — Galaxies: high redshift — Cosmology: observations — Astronomical data bases: surveys
— Astronomical data bases: catalogs




1. Introduction

Deep uniformly targeted galaxy surveys are reliably uncover-
ing the average properties of distant galaxy populations, a pri-
mary source of information to consolidate a galaxy formation
and evolution scenario. Spectroscopic surveys play a key role as
they provide accurate redshifts together with a wealth of spec-
tral properties including continuum, emission or absorption line
features and indexes, which allow to fully characterize the phys-
ical properties of galaxies. An important goal of these surveys
is to provide robust properties of galaxy populations and their
distributions around mean values from volume—complete sam-
ples, and also enable serendipitous discoveries and studies of
rare populations.

A number of spectroscopic galaxy surveys were performed
in the past years, reaching increasingly higher redshifts and
larger volumes. The local universe is well surveyed by the staged
Sloan Digital Sky Survey (SDSS) with more than a million
galaxies observed at redshifts z ~ 0.1 — 0.7, as presented in the
latest DR12 data release (Alam et al. 2015; Reid et al. 2016). At
redshifts ~ 1 several spectroscopic surveys have sampled large
volumes of the universe with ~10000 to ~100000 galaxies,
VVDS-Wide (Le Fevre et al. 2005, 2013), DEEP2 (Davis et al.
2003), zCOSMOS (Lilly et al. 2007), VIPERS (Guzzo et al.
2014), providing a reliable description of the galaxy properties
in relation to their local environment. At redshifts z > 2 spec-
troscopic surveys have been more limited in scope with sev-
eral thousand galaxies identified at z ~ 2 — 4 (Steidel et al.
2003; Bielby et al. 2011; Le Fevre et al. 2013; Kriek et al. 2015;
Momcheva et al. 2015), and only a few hundred at z > 4
(Vanzella et al. 2009; Stark et al. 2009; Le Fevre et al. 2013;
Pentericci et al. 2014). At these high redshifts the main refer-
ence samples discussed in the literature are mostly based on pho-
tometric redshift estimates obtained from SED fitting of a set
of broad and medium band filters (e.g. Ilbert et al. 2006, 2009,
2010, 2013), are selected using the Lyman-break technique (e.g.
Bouwens et al. 2015), or result from the identification of excess
flux in narrow band filters selecting high-z Lyman—a emitters
(e.g. Rhoads et al. 2003; Ouchi et al. 2008).

Data releases from spectroscopic surveys are a fundamen-
tal step to provide access to a documented data set for a wide
community. They enable a wide range of science investigations
and provide a basis to establish a galaxy evolution scenario that
needs to be accurately reproduced by theoretical predictions and
numerical simulations. The availability of a documented refer-
ence for such data releases greatly aids this process. The galaxy
samples accessed from data releases provide an observational
reference upon which our view of the universe is built. SDSS has
produced 12 data releases (DR12; Alam et al. 2015; Reid et al.
2016), and data release papers can be found for most major
spectroscopic surveys including VVDS (Le Fevre et al. 2013),
DEEP2 (Newman et al. 2013), zCOSMOS-bright (Lilly et al.
2009a), and VIPERS (Garilli et al. 2014). The interactions of
users with large datasets are easily facilitated by the availabil-
ity of databases, where query-based interfaces allow advanced
data mining.

In this paper we present the first data release (DR1) of the
VIMOS Ultra Deep Survey (VUDS). VUDS is conceived to al-
leviate some of the limitations related to photometric samples
by assembling a large sample of galaxies with spectroscopic red-
shifts up to some of the highest redshifts that can be reached with

* Based on data obtained with the European Southern Observatory
Very Large Telescope, Paranal, Chile, under Large Program 185.A—
0791.

an 8m-—class telescope (Le Fevre et al. 2015). The primary goal
of VUDS is to provide an accurate view of star—forming galaxies
in the distant universe at redshifts z > 2 and up to z ~ 6, as seen
from a UV rest-frame perspective. With a large sample assem-
bled over a large volume and star—forming galaxies dominating
galaxy counts it becomes possible to build a robust statistical de-
scription of the galaxy population at a key time in galaxy evolu-
tion, leading to an improved understanding of galaxy assembly
at early cosmic times. Targets in VUDS are selected based on
their photometric redshifts supplemented with colour selection
and then observed with long integrations with the VIMOS multi—
slit spectrograph on the VLT. With ~10000 objects targeted in
one square degree built from three separate fields to minimize
cosmic variance, VUDS is today the largest spectroscopic sur-
vey of the universe at these high redshifts (Le Fevre et al. 2015).

The availability to a broad community of spectra of high red-
shift galaxies in well studied extragalactic fields is essential for
an improved knowledge of galaxy evolution. The VUDS-DR1
presented in this paper consists of 698 spectroscopic redshift
measurements and calibrated one—dimensional spectra in 276.9
arcmin® of the COSMOS and ECDFS areas of the CANDELS
survey (Grogin et al. 2011; Koekemoer et al. 2011a), as well as
associated physical quantities including stellar masses and star—
formation rates. The VUDS data in the COSMOS and ECDFS
regions of the HST-CANDELS survey offers the opportunity
to couple the exquisite HST imaging data with the largest deep
spectroscopy sample available to date.

We present the VUDS survey in CANDELS in Section 2, and
the observations in Sect.3. The general properties of the sample
are discussed in Sect.4, and some remarkable galaxies in this
sample are presented in Sect.5. The content of the VUDS data
release number 1 is described in Sect.6. A summary is provided
in Sect.7.

When quoting absolute quantities we use a cosmology with
Hy=70km s~ Mpc™', QoA = 0.7 and Qy,, = 0.3. All magni-
tudes are given in the AB system.

2. The VUDS survey in the CANDELS fields

VUDS is a spectroscopic survey targeting ~10000 galaxies to
study galaxy evolution in the redshift range 2 < z < 6+. We
provide a summary of the survey below and the reader is referred
to Le Fevre et al. (2015) for a detailed description.

Prior to spectroscopy, targets are primarily selected from
their photometric redshifts. Photometric redshifts z,,; are com-
puted using available broad—band visible and infrared photome-
try, as well as medium—band photometry in the COSMOS field,
and fitting the spectral energy distribution (SED) using the Le
Phare software (Ilbert et al. 2006). We retain as primary targets
all objects at iyp < 25 which satisfy zpu,, + 1o > 2.4, rep-
resenting more than 90% of the sample. Objects which verify
Lyman-break galaxy colour selection criteria in the ugr, gri and
riz colour—colour diagrams (see criteriain Bouwens et al. 2007),
and which are not already selected by their photometric redshift,
are added to the target list; this concerns about 10% of the final
targets.

The VIMOS field of view is 224 arcmin® covered by four
spectrograph channels with external dimensions 14 x 16 arcmin?
and a typical footprint as identified in Le Fevre et al. (2005),
with the four channels separated by sky areas without VIMOS
field coverage. We define the area of this data release as the area
in common between the area covered by the CANDELS H-band
observations with the WFC3 camera on—board the Hubble Space
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Telescope (Koekemoer et al. 2011b), and the different VUDS
pointings.

The VUDS-CANDELS data release concerns two of the
most observed extragalactic fields: COSMOS at ajp =
101’10011128.28, 52000 = 02 deg21’36” and ECDEFS at @2000 =
03h32m30s, d2000 = —27 deg48’00”.

The COSMOS field is rooted on the original HST-COSMOS
survey covering about 2 square degrees (Scoville et al. 2007;
Koekemoer et al. 2007) with a wealth of multi-wavelength
optical and infrared photometry (e.g. Taniguchietal. 2007;
Ilbert et al. 2009; McCracken et al. 2012). The COSMOS field
has been the focus of extensive redshift survey campaigns
with the VLT (e.g. zZCOSMOS survey, Lilly et al. 2007, 2009b,
& Lilly et al. in prep.), Keck (P. Capak, PI.) and Subaru
(Silverman et al. 2015). In the 163.4 arcmin? CANDELS area
of the COSMOS field, about 1000 galaxies have spectroscopic
redshifts from the literature prior to VUDS, mainly at low red-
shifts but including about 300 galaxies with 2 < z < 3.

The ECDFS covers 30 x 30 arcmin® and has been the tar-
get of a number of spectroscopic observations at the VLT (e.g.
Le Fevre et al. 2004; Vanzella et al. 2008; Balestra et al. 2010)
as well as Magellan (Cooper et al. 2012), totalling over 7000
spectroscopic redshifts at various depths and in various redshift
ranges. In the CANDELS 113.5 arcmin? area of the ECDFS
about 2400 spectroscopic redshifts are available from the litera-
ture prior to VUDS, including about 500 with z > 2.

The VUDS-CANDELS release presented here significantly
increases the number of available spectroscopic redshifts at z >
2 in two of the most observed extragalactic fields as described
below.

3. Observations

Multi-slit spectroscopy is conducted with the VIsible Multi—
Object Spectrograph (VIMOS) on the ESO-VLT unit number
3 ”Melipal” (Le Fevre et al. 2003). Each VIMOS pointing is ob-
served for about 14 hours in the LRBLUE grism with a wave-
length coverage from 3600 to 6700A, and another 14 hours
with the LRRED grism covering 5500 to 9350A. Each of the
LRBLUE and LRRED observations cumulate about 40 individ-
ual exposures of ~ 20min integrations each. To remove most of
the small scale detector pattern, the telescope is offset between
each exposure to move objects along the slits with a repeated off-
set pattern -1.0, -0.5, 0, +0.5, +1.0 arcsecond from the nominal
pointing position.

The VIMOS pointings relevant for this release and associ-
ated observing conditions are listed in Table 1. In the COSMOS
field eight VIMOS quadrants in four separate VIMOS pointings
fall in the CANDELS area (Figure 1 and Table 1). The total
area in common between VUDS-COSMOS and CANDELS-
COSMOS is 163.43 arcmin?, excluding the regions where
VIMOS did not observe (i.e. in the sky area which is blocked
from view between the four channels of the VIMOS focal plane
Le Fevre et al. 2005). The CANDELS area in ECDFS was ob-
served with seven quadrants coming from two VIMOS point-
ings and include 113.49 arcmin? of the CANDELS—ECDFS area
(Figure 2 and Table 1). All observations were executed in the
ESO-VLT service mode, requesting excellent observing condi-
tions with seeing less than 1 arcsec FWHM, photometric qual-
ity, and dark time with moon distance larger than 60 degrees if
present. The process of quality control associated to the service
mode observations resulted in an excellent and homogeneous set
of observations with seeing in the range FWHM=0.5-1 arcsec.

Data reduction follows well established protocols for multi—
slit observations (e.g. Le Fevre et al. 1995; Le Fevre et al. 2005,
2015). Each observed slit of the multi—slit masks and each of
the individual ~ 40 exposures is processed in the following way
using the VIPGI environment (Scodeggio et al. 2005). First, 2D
spectrograms are extracted, wavelength calibrated using He+Ar
spectra, and sky subtraction is performed at each wavelength us-
ing a low—order polynomial fit along the slit profile. The spec-
tra are registered to the same relative position in the slit to take
into account the offsets applied during the observations, and then
stacked using a sigma—clipped average which removes most of
the instrumental signatures. Spectra are then placed in the FK5
celestial coordinates grid. The spectrum associated to the pri-
mary target on which the slit has been positioned is identified,
and other spectra traces or single emission lines objects (e.g.
faint Ly emitters) are associated to photometric catalogue en-
tries (secondary target, spectroscopic flag 2X, see Sect. 6.1), or
categorized as spectroscopic emitters without photometric coun-
terpart (flag -2X).

One—dimensional spectra are then extracted using optimal
weighting based on a Gaussian fit of the 1D profile of each ob-
ject projected along the dispersion axis, and are sky—corrected
as well as flux calibrated using calibrations performed at regu-
lar intervals on spectrophotometric standards. The flux calibra-
tion assumes that each observing sequence (observing block) is
obtained under photometric conditions, which is generally the
case for observations in service mode forced to comply to strict
observations requirements. This sequence is applied to both the
LRBLUE and LRRED grating observations. The LRBLUE and
LRRED spectra are then joined to build the final 1D spectrum
for each object covering the wavelength range 3600 to 9350A
after scaling based on the average flux in the overlap wavelength
range 5500 < A < 6700A in common between the LRBLUE and
LRRED. Each 1D spectrum is associated with the nearest ob-
ject in (a2000, 02000) coordinates in the parent target catalogue. A
further joint visual examination of photometric images and 2D-
spectra is performed to sort out any ambiguity in associating a
photometric image to a trace in a 2D—spectrum.

All 1D and 2D spectra are visually examined to assign
a redshift, following a method extensively used for high red-
shift galaxy surveys as described in Le Fevre et al. (2005),
Lilly et al. (2007), Le Fevre et al. (2013), and Le Fevre et al.
(2015). The method makes use of the EZ redshift measuring
package (Garilli et al. 2010) which cross—correlates observed
spectra with empirical galaxy, AGN, and stellar templates.

At the end of this process each object observed has flux and
wavelength calibrated 2D and 1D spectra associated to it and
gets assigned a spectroscopic redshift z .. and a reliability flag
Zflag (see Section 6.1 and Table 3 for a description of the spec-
troscopic flag system).

4. General properties of galaxies in
VUDS-CANDELS

4.1. Redshift distribution

The redshift distribution in each of the VUDS-CANDELS
COSMOS and VUDS-CANDELS ECDES fields is shown in
Figure 3. The redshift distributions show a number of signifi-
cant peaks as the lines of sight in each of the fields crosses over
the large—scale structure distribution.

Several peaks in the N(z) distribution are associated with
documented structures in the literature and support the exis-
tence of these over—densities. In the COSMOS field the two most



Table 1. List of VUDS pointings covering the CANDELS-ECDFS and CANDELS-COSMOS

Declination (J2000)

prominent peaks in the VUDS N(z) are at z ~ 2.45 and z ~ 2.9.
The strong over—density at z ~ 2.45 was recently pointed out
by Chiang et al. (2015) and identified by Casey et al. (2015)
as a proto—cluster including seven star—bursting submillimeter—
luminous galaxies and five AGN. In the COSMOS-CANDELS
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Field @2000 62000
COSMOS-P0O5  10h00m04.08s  +02deg 12'41.4”
COSMOS-P06  10h01m05.76s  +02deg 12'41.4”
COSMOS-P0O7  10h00m04.08s  +02deg 30°'46.7”
COSMOS-P08  10h01m05.76s  +02deg 30'46.7”

ECDFS-PO1 03h32m25.99s  —27deg41'59.9”
ECDFS-P02 03h32m34.00s  —27deg 53’59.9”

2°30'0.00% .

2024|0.00||7,: . ‘_~{ e

2°18'0.00"t

2°12'0.00}+

N
Right Ascension

Fig. 1. The VUDS coverage of the CANDELS H-band F160W area in the COSMOS field. The CANDELS area is indicated by
the red polygon, and the 4—quadrant footprint of the 4 overlapping VIMOS pointings is overlaid as the green rectangles with the
pointing number identified. Because of the geometry of the VUDS footprint on the sky, regions corresponding to the ~2 arcmin gap
between VIMOS channels did not receive spectroscopic observations as it is apparent in the lower and upper parts of the CANDELS
area. The 384 galaxies with VUDS redshifts falling in the area in common between CANDELS and VUDS are plotted as the blue
squares.

(J2000)

area alone we find 22 galaxies with 2.45 < zg,,. < 2.5. This
appears to be a massive and complex structure comprised of
two or three main components which will be further investigated
in Lemaux & al. (2016). The peak at z ~ 2.9 corresponds to a
surrounding structure associated to the proto—cluster identified
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Fig. 2. The VUDS coverage of the CANDELS H-band F160W area in the ECDFS field. The CANDELS area is indicated by the red
polygon, and the 4—quadrant footprint of the 2 overlapping VIMOS pointings is overlaid as the green rectangles with the pointing
number identified. Because of the geometry of the VUDS footprint on the sky, regions corresponding to the ~2 arcmin gap between
VIMOS channels did not receive spectroscopic observations as it is apparent in the lower and upper parts of the CANDELS area.
The 314 galaxies with VUDS redshifts falling in the area in common between CANDELS and VUDS are plotted as the blue squares.

from the full VUDS data in COSMOS by Cucciati et al. (2014)
who claim a possible signature of the intra—cluster medium (Ly«
absorption at the redshift of the proto—cluster in the spectra of
background galaxies). In the ECDFS two peaks are identified
beyond z = 2 at z ~ 2.9 and z ~ 3.5, this latter peak possi-
bly connected to the overdensity reported in Kang & Im (2009).
From the redshift distributions in the CANDELS areas and the
full VUDS survey area it appears that VUDS does sample a large
number of over—dense regions as a result of the large volume
sampled and target selection strategy.

A complete search and 3D characterization of large—scale
structures in the full VUDS sample will be presented elsewhere.

4.2. Synthetic model fitting

To derive associated physical parameters for all spectroscopic
objects encompassed in VUDS-DRI, e.g., stellar masses, mean
luminosity—weighted stellar ages, SFRs, and rest-frame absolute

magnitudes, we utilized the package Le Phare! (Arnouts et al.
1999; Ilbert et al. 2006, 2009).

The FUV,NUV,u*,B,V,g+,r+,1,i+,z+,J, K, [3.6], [4.5]
photometry in the COSMOS field was drawn from a
variety of surveys covering the field (Capaketal. 2007;
Sanders et al. 2007; Taniguchi et al. 2007; Zamojski et al. 2007;
McCracken et al. 2012). The process of PSF-homogenizing all
UV/optical/ground-based NIR images, source detection, the in-
clusion of the Spitzer/IRAC data, and the conversion of all mag-
nitudes to ’pseudo—total’ magnitudes is described in detail in
Ilbert et al. (2013). The [5.8] and [8.0] cryogenic Spitzer/IRAC
channels were not included in this fitting because offsets of 1—
2.5 mags were noticed relative to the best-fit templates excluding
these bands for ~40% of the objects in VUDS-DRI irrespective
of redshift or model. As the original targeting for VUDS used
an official COSMOS photometric catalogue (v1.7), the cross-
matching of this catalogue with the photometric catalogue used
for the fitting process is straightforward.

! http://cfht.hawaii.edu/~arnouts/LEPHARE/lephare.html
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For ECDFS, in VUDS-DR1 we provide two differ-
ent SED-fitting results based on two different photomet-
ric catalogues. The first fitting was performed on the
ground-based U, B,V,R,1,z,J, H, K MUSYC photometry and
Spitzer/IRAC [3.6],[4.5],[5.8],[8.0] photometry presented in
Cardamone et al. (2010), which was, in turn drawn from a vari-
ety of different surveys (see Table 3 of Cardamone et al. 2010).
Details of detection, PSF-homogenization, and correction of
aperture magnitudes to close—to—total magnitudes is described in
detail in Cardamone et al. (2010). The Cardamone et al. (2010)
photometric source catalogue was used to select targets for
VUDS and thus no additional astrometry mapping was needed.
The second set of fitting on ECDFS was performed on the U,
F435W, F606W, FT75W, F814W, F850LP, FO98M, F105W,
F125W, F160W, K;, [3.6], [4.5], [5.8], [8.0] mostly space-
based photometry presented in Guo et al. (2013). For further de-
tails on the properties and creation of this catalogue as well as
how the CANDELS sources were matched and consistently pho-
tometered with the ancillary data see Guo et al. (2013). VUDS-
DRI objects were mapped to the CANDELS catalogue through
nearest—neighbour matching. We did not notice any systematic
offset of the derived physical parameters between the results of
the SED fitting on the CANDELS photometry and the MUSYC
photometry, and the scatter of estimated physical parameters be-
tween the two sets of fits was consistent with Gaussian statistics.
While both photometric catalogues resulted in a large percent-
age of converging SED fits using Le Phare (> 97% for objects
with measured magnitudes), we adopt for the presentation of
VUDS-DRI here the fitting based on the MUSYC photometry
as it more closely matches the depth and filter set currently used
in the COSMOS fitting.

For all sources in VUDS-DRI1 with a measured spectro-
scopic redshift, these redshifts were used as a prior for the
SED-fitting process. In the fitting we employed seven different
Bruzual & Charlot (2003; hereafter BC03) models, five with star
formation histories (SFHs) characterized by an exponentially de-
caying tau model of the form y(r) o« 7'¢™"/7 and two delayed
exponentially decaying tau models of the form y(z) oc 7-2te™"/7.
All templates are considered at 43 possible ages between 50 Myr
and 13.5 Gyr with the constraint that the age of the model fit to a
given galaxy cannot be older than the age of the universe 7 at the
redshift of that galaxy. The delayed tau models are included as it
has been suggested that high-redshift galaxies have SFHs which
may deviate considerably from the simple exponentially decay-
ing tau models (e.g. Maraston et al. 2010; Schaerer et al. 2013).
Values of 7 range from 0.1 to 30 Gyr in roughly logarithmically
equal time steps and delay times are set to 1 and 3 Gyr. Each
BCO03 model employs a Chabrier (2003) initial mass function
and two values of stellar—phase metallicity, 0.4Z and Z. Stellar
extinction is allowed to vary between E (B — V) = 0 and 0.5 in
steps of 0.05, with the prescription also allowed to vary between
the Calzetti et al. (2000) starburst law and a Small Magellanic
Cloud-like law (Prevot et al. 1984; Arnouts et al. 2013). Several
prominent nebular emission lines are also added to the templates
following the methodology of Ilbert et al. (2009).

4.3. UV luminosity, stellar masses and star formation rates

Galaxies in the VUDS DRI show a range of physical properties
(e.g. stellar mass, SFR, dust extinction) comparable to that of the
complete VUDS sample (Le Fevre et al. 2015). This indicates
that the VUDS DRI1 forms a representative sample of the UV—
selected star—forming galaxy population.
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Fig.3. Redshift distribution in the VUDS-CANDELS
COSMOS (bottom) and in the VUDS-CANDELS ECDEFS
(top) fields. All galaxies with a spectroscopic redshift mea-
surement available in these two fields are presented. The light
grey histograms are for VUDS sources while the blue diagonal
shaded histograms are for measurements obtained by other
surveys.

4.4. Lyman—-a EW

The equivalent width (EW) of the Lya line was measured man-
ually using the splot tool in the noao.onedspec package in
IRAF, similarly to Tresse et al. (1999). We first put each galaxy
spectrum in its rest—frame according to the spectroscopic red-
shift. Then, two continuum points bracketing the Lya are man-
ually marked and the rest—frame equivalent width is measured.
The line is not fitted with a Gaussian, but the flux in the line is
obtained integrating the area encompassed by the line and the
continuum. This method allows the measurement of lines with
asymmetric shapes (i.e., with deviations from Gaussian profiles),
which is expected to be the case for most Ly« lines. The interac-
tive method also allows us to control by eye the level of the con-
tinuum, taking into account defects that may be present around
the line measured. It does not have the objectivity of automatic
measurements, but, given the sometimes complex blend between
Ly emission and Ly absorption, it does produce reliable and
accurate measurements.

The distribution of rest—frame Lyman—«o EW as a function
of redshift is presented in Figure 4. The VUDS-DR1 sample,
like the full VUDS sample, is dominated by galaxies with Ly«
in absorption for z<3.5 and Ly« in emission for z>3.5.

5. Individual objects of interest

The VUDS sample in the CANDELS areas is rich of a number of
interesting objects. We mentioned several over—dense regions in
Sect. 4.1. Following Tasca et al. (2014) a number of galaxy pairs
are identified from the secure spectroscopic redshift measure-
ments of each component in a pair and will be used to calculate
the pair fraction at these redshifts (Le Fevre & al. 2016).
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Fig.4. Lyman-a rest—frame equivalent widths as a function of
spectroscopic redshift. Negative EW values indicate Lya in
emission. Galaxies in the VUDS-DRI1 sample show predomi-
nantly Ly in absorption up to z~3.5, and Ly« in emission at
z>3.5 (see Cassata et al. 2015, for the full VUDS sample).

To illustrate the content of the VUDS-DRI1, we choose to
present the 10 most massive galaxies verifying a redshift de-
pendent stellar mass log(M,) > —0.204 X (z — 5) + 10.15. The
evolution of this mass selection is based on the evolution of the
characteristic mass as measured from the stellar mass function
of Ilbert et al. (2013), and our selection uses only the most reli-
able spectroscopic flags 3 and 4 (see Section 6.1 and Table 3 for
a description of the spectroscopic flag system).

The properties of these ten most massive galaxies are listed
in Table 2. The VUDS spectra of these galaxies are presented
together with the CANDELS images in Figure 5 and 6. We find
massive galaxies at all redshifts from z ~ 2.5 to z ~ 5. The di-
versity of galaxy types at these masses is well illustrated in these
examples with a large range of morphologies and spectral prop-
erties. Images show both very compact objects, and extended or
multiple component objects, as well as pairs possibly indicative
of mergers. The spectra of these objects include galaxies with
only absorption lines as well as galaxies with strong Lyman—a
emission. Their SFRs are generally large, ranging from ~ 7 to
more than 100 Mg/yr.

6. Description of the VUDS-DR1 content
6.1. VUDS-DR1 data

The VUDS-DRI1 includes the VUDS spectroscopic data in
the CANDELS—-COSMOS and CANDELS-ECDEFS, as well as
matched photometric data and derived quantities, as described
below.

The primary catalogue information concerns the VIMOS
spectroscopic data. The fundamental advance provided by this
release is the spectroscopic redshift zg,... These measure-
ments result from the data reduction described in Sect.3 (see

Le Fevre et al. 2005, 2013, 2015, for more details). From re-
peated observations of VUDS galaxies, as well as duplicate
observations using the same configuration as in the VVDS
(Le Fevre et al. 2013), the velocity accuracy of redshift measure-
ments is about oy = 200 km/s. A flagging scheme is associated
to each redshift measurements. Originated with the Canada—
France Redshift Survey (CFRS, Le Fevre et al. 1995), this flag
system indicates the reliability of the redshift being accurate
based on repeatability of the measurements on re-observed tar-
gets and does not speak to metrics of “quality” of the spectrum
from which the redshift is measured, a term which may man-
ifest itself in a variety of definitions across different surveys
(see, e.g., discussion in Le Fevre et al. 2013). Besides VUDS,
this flag system, or slight variants of it, have been used by the
VVDS, zCOSMOS and VIPERS surveys (Le Fevre et al. 2013;
Lilly et al. 2007; Guzzo et al. 2014). The VUDS flag system
inspired from this is described in Le Fevre et al. (2015) and a
complete list with the meaning of the spectroscopic flags in the
VUDS-DRI is given in Table 3.

Associated to the spectroscopic redshift and reliability flag,
the 2D and 1D object spectra and corresponding noise are made
available (in FITS format). The 2D spectra are the result of the
data processing described in Sect.3, after sky subtraction, stack-
ing of the individual exposures, wavelength and flux calibration.
Given a 2D spectrum,we can compute sky subtraction residuals
as

Y jeNRegion({C) — C)?

kyResidual); = :
(skyResidual) NRegion — 1

ey

where NRegion is the number of pixels in the sky region on one
side of the object, (C) is the mean of the counts in the sky region
and C; are the counts in pixel j, at wavelength i. This computa-
tion is done on both sides of the object (resL and resR), taking
into account slit borders and possible second objects in the slit.
From such residuals, a mean noise spectrum is computed, the
noise in the i-th pixel being given by

resL; + resR;

noise; = >

+ §; = (skyResidual); + S, 2)
where S ; are the source counts at wavelength i.

The 1D spectra are produced from joining the 1D spectra ex-
tracted from the LRBLUE and LRRED 2D spectrograms, and
are calibrated in wavelength and flux. To join the VIMOS blue
and red grism spectra which have a slightly different spectra dis-
persion (5.3 and 7.5 A/pixel), the red spectrum is re-sampled
to the same dispersion as the blue one. The overlapping region
between 5600 and 6700 A is used to compute the flux normal-
ization factor between the two spectra. The S/N ratio of the final
joined spectrum is the the S/N weighted mean of the two spectra
in the overlapping region. The 1D spectra are corrected for atmo-
spheric effects (refraction and extinction) comparing with broad
band photometry from the u-band to the i—band. The pseudo—
spectrum produced by atmospheric refraction at the elevation of
the observations, made available in the VIMOS spectra head-
ers, is computed in combination with an elliptical geometrical
model of each galaxy image to estimate the fraction of the light
lost through the one-arcsecond wide slit (Thomas et al. 2014).
This correction concerns mostly the bluer spectral data with
A < 4500A. After this process we find that the agreement be-
tween the spectra flux and the broad band photometry is accu-
rate to better than 10% r.m.s for 4 < 4500A and 5% r.m.s. for
A > 4500A.
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Table 2. The 10 most massive galaxies with log(M,) > —0.204 X (z — 5) + 10.15 in the VUDS-DR1

VUDS-ID CANDELS-ID Q2000 (52000 iAB Zspec T Zf[,,g2 Age (Gyr)3 lOg(M* )4 lOg(SFR)S
5100998496 6868 150.20502  2.26216  24.48 3.8979 4 0.44 10.39 1.92
5101228787 19351 150.15880  2.41091 23.89 2.6592 3 0.95 10.79 2.04
5101232355 17264 150.18970  2.38569  24.17 4.2685 4 0.37 10.33 1.95
5101233539 16657 150.18010  2.37834  24.66 4.9077 4 0.71 10.53 1.81

511236742 14299 150.08801  2.35036  23.80 2.5558 4 1.42 10.71 1.76
5131463678 24389 150.19586  2.48250 25.18  4.032 3 1.17 10.79 0.87

530019471 2736 53.12201  -27.9387 2426 4.7591 4 0.35 10.29 1.93

530034129 6780 53.07440  -27.8473 24.09 34723 4 1.28 11.20 1.99

530040423 11335 53.06850  -27.8071 24.73 3.38 3 1.31 10.51 1.41

530052480 20659 53.18285  -27.7349 24.10 2.4267 4 1.27 10.89 1.56

Zgpec: SPectroscopic redshift

Zfiqg: SPectroscopic redshift reliability flag

Age, in Gyr: obtained from SED fitting at z,.

log(M,): stellar mass (in log) obtained from SED fitting at ..

[= Y T N VS S

6.2. Cross—match with the HST-CANDELS catalogue

Each of the VUDS catalogue entries were cross—matched to the
CANDELS source list in each of the COSMOS and ECDFS
fields as kindly provided by the CANDELS collaboration. For
each VUDS target the coordinates based on the original VIMOS
targeting scheme were cross—matched to the CANDELS cata-
logue using a matching radius of 0.5”. As aresult of this process,
all of the VUDS entries are associated to a CANDELS identifica-
tion number. This facilitates data searches across different cata-
logues. When a source is resolved in the HST images with mul-
tiple components identified in the CANDELS catalogue, only
the closest match to the VUDS catalogue is chosen. Therefore
while a single VUDS source can have several counterparts in
CANDELS, the reverse should not happen, and we estimate that
this concerns 1.4% of objects for a 0.5 arcsecond search radius
(this would rise to 12.3% for a 1 arcsecond search radius). Such a
resolution effect may have important implications e.g. in count-
ing faint galaxies, and we mention it here to alert the reader.

All spectroscopic data and parameters derived from SED fit-
ting are available in the VUDS-DRI1. We list the main parame-
ters of interest in Table 4.

7. Summary

The VIMOS Ultra Deep Survey first Data Release (VUDS—
DR1) gives full access to low-resolution spectroscopic data
of 698 sources in the CANDELS-COSMOS and CANDELS—
ECDFS fields, covering a total area of 276.9 arcmin®. The key
new information provided by this release is the spectroscopic
redshifts z,p.., and associated reliability flag, as well as the
full 1D flux, the wavelength calibrated VIMOS spectra, and the
Liman—a rest—frame equivalent widths. We release also SED—
derived quantities at the spectroscopic redshift value, including
stellar mass M, and star formation rate. Out of the 677 galax-
ies identified about 500 are at a redshift z,,.c > 2 and up to
Zspec ~ 6, with ~ 50 with zyp,. > 4. The VUDS-DRI therefore
approximately doubles the number of high redshift galaxies with
spectroscopic redshifts measured at z > 3 in the COSMOS and
ECDFS fields.

All the 698 objects in the CANDELS-COSMOS and
CANDELS-ECDEFS are publicly released from the CESAM
data center at http://cesam.lam. fr/vuds/DR1.

log(SFR): star formation rate (in log) obtained from SED fitting at zy,,.
Identified as an AGN with an X-ray counterpart by Giallongo et al. (2015)

Future VUDS data releases will follow this VUDS-DRI to
give complete access to the spectra and associated measurements
of ~8 000 objects in the full ~1 square degree of the VUDS sur-
vey.
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DR1. The CANDELS ID number is indicated on each of the left panels, while the ID, the spectroscopic redshift from VUDS and
the stellar mass M, and SFR are indicated for each galaxy on the right panels.
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Table 3. VUDS redshift reliability flags summary

Zsqy  Reliability

Comments

4 100%
3 95-100%
2 70-80%
1 40-50%
9 80 %

1X -

2X -
3X -
4X -

High S/N with many absorption and/or emission lines; strong cross—correlation signal with excellent
continuum match to templates

Moderate to high S/N with several absorption and/or emission lines; strong cross—correlation signal with good to
excellent continuum match to templates

Moderate S/N with matching absorption and/or emission lines;

good cross—correlation signal

Low S/N lines or continuum; weak to moderate cross—correlation signal

Single emission line spectrum; the line has moderate to high S/N.

Redshift is assigned based on the exclusion of alternative solutions

in the absence of other expected key features

Like flag X but spectral features indicate the presence of an AGN

Like flag X but for a secondary target falling in the slit of a primary

Like flag X but the spectrum shows two line systems at different redshifts, the highest of the two redshifts is given as z;pe.

Like flag X but the two spectra are close in velocity indicative of a physical pair

Table 4. VUDS-DRI1 database parameters

Parameter Description Comments
VUDS-ID VIMOS Ultra-Deep Survey Identification number
CANDELS-ID CANDELS Identification number
Zgpec Spectroscopic redshift measured with VIMOS Typical accuracy: Az=0.0007, <200 km/s
Zflag Spectroscopic redshift reliability
EW(Lya) Rest—frame Lya—1215A equivalent width
M, Stellar mass From SED fitting at zy,.
SFR Star formation rate From SED fitting at zy,,.
Age Mean age of the stellar population corresponding to the best fit From SED fitting at zy,.
E(B-V) Galactic extinction From SED fitting at zy,,.
Lyuv Absolute luminosity at 1500A rest—frame From SED fitting at zy,,.
Myuna Absolute magnitudes in band From SED fitting at zy,,.

Vanzella, E., Cristiani, S., Dickinson, M., et al. 2008, A&A, 478, 83
Vanzella, E., Giavalisco, M., Dickinson, M., et al. 2009, ApJ, 695, 1163
Zamojski, M. A., Schiminovich, D., Rich, R. M., et al. 2007, ApJS, 172, 468
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