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Abstract

Dust Attenuation in Dusty Star-Forming Galaxies Using Spectral Energy Distribution

Mahmoud HaMED

Despite its low contribution to the total mass of the interstellar medium (ISM), dust plays a
crucial role in the evolution of galaxies, and it has the biggest impact on the shape of their to-
tal spectral energy distribution (SED). Dust attenuates the stellar light by absorbing the short
wavelength photons incoming from the newly-formed stars, and emits them thermally in the
infrared (IR). The affluence of IR and radio detections of millions of galaxies, provided by
powerful instruments such as Herschel and ALMA, has allowed us to study the cold dust in
galaxies over a wide range of redshift.

To account for dust attenuation in models, one should assume a dust attenuation law which
describes how stellar emission is absorbed by dust. Attenuation laws are representative of dif-
ferent distribution of dust relative to the stellar population, and they vary from simple screen
models to more complex dust-stars geometries. These laws are represented by “curves” of
attenuation, the slope of which dictates how much attenuation is dust causing on a specific
wavelength range. Recent studies show a non-universality of dust attenuation curves when
reconstructing galaxy SEDs. Moreover, assumed dust attenuation slopes can strongly alter
the estimation of main physical properties of galaxies obtained by fitting the observed SED
through theoretical models, such as the stellar masses. Therefore, dust attenuation slopes
have a direct implication on our understanding of how galaxies build up their stellar masses
through the cosmic times. Despite the growing knowledge in the field of extragalactic astron-
omy, key questions remain unanswered: What dust attenuation law one should use at high
redshift? What are the physical conditions on which dust attenuation curves depend?

In this thesis, I aim at answering the aforementioned questions by analyzing the SEDs of
galaxies and study the correlations between dust attenuation and various physical properties
of these galaxies. First, I study a complex system of two galaxies around the cosmic noon
(z ~ 2), one of these galaxies is a massive ultra dusty galaxy, detected by ALMA. I analyze
the role of dust attenuation in these galaxies and most importantly, the importance of their
morphology in determining their physical characteristics, such as their loci from the main
sequence of star-forming galaxies.

To generalize the peculiar aspect of morphological extension of dust emission in dusty
star-forming galaxies, I study the effect of star-to-dust spatial extension on the preferred dust
attenuation law in these galaxies. For this, I build one of the largest ALMA-detected sample
that is studied from the aspect of dust attenuation (122 galaxies in total), and derive the
effective radii of these galaxies. With careful SED modeling of these galaxies, I derive key
physical parameters that govern galaxy evolution and investigate the correlation between the
relative compactness of stellar emission and dust emission on the one hand, and on the other
hand the dust attenuation law preferred for these galaxies.

Lastly, I conduct a large study of dust attenuation relation at intermediate redshift, with a
large sample of ~ 1 000 galaxies from VIMOS Public Extragalactic Redshift Survey (VIPERS)
that do not possess ALMA detection, therefore their dust continuum is inaccessible. How-
ever, | study the effect of their stellar continuum spatial distribution with the dust attenuation
(in the IRX-g plane, where g is the UV slope and IRX is the IR excess). I also investi-
gate the role of gas phase metallicity, the inclination of galaxies, and most importantly the
environments in which they reside.
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The results of these works show that the morphological properties of galaxies at different
redshift ranges are highly important, and they should be taken into account as a prior for SED
fitting, to accurately estimate the stellar masses and other quantities. Moreover, important
correlations were found between dust attenuation and other physical properties, such as the
metallicity, galaxy compactness, and the relative spatial extension of star-to-dust continua. I
found that galaxies with relatively compact stellar emission preferred a steeper attenuation
law, while galaxies with larger stellar emission preferred a shallow attenuation curve.

I found a strong dependence of the IRX-S dust attenuation relation on gas-phase metal-
licity, and also strong dependencies on stellar ages, stellar masses, specific star formation
rates and the compactness of the sources characterized by the Sérsic indexes. Metallicity is
one of the drivers of the dust attenuation scatter, this also results from the older stars and
higher masses at higher 8 values. The correlation with specific dust mass is strong in shifting
the galaxies away from the IRX-S relation towards lower 8 values. I find that more compact
galaxies witness a larger amount of attenuation than less compact galaxies. There is a subtle
variation in the dust attenuation scatter between edge-on and face-on galaxies, but the dif-
ference is not statistically significant. Galaxy environments do not significantly affect dust
attenuation in star-forming galaxies at intermediate redshift.

These results are promising in the era of big surveys, with the James Webb Space Tele-
scope (JWST) which is allowing us to expand our knowledge of high redshift galaxies, and
the upcoming Legacy Survey of Space and Time (LSST) which will allow to detect a large
number of galaxies with high resolution optical/UV maps. This will allow us to quantify
compactness of millions of galaxies, and study their dust attenuation and emission.
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Streszczenie

Dust Attenuation in Dusty Star-Forming Galaxies Using Spectral Energy Distribution

Mahmoud HamMED

Pomimo niewielkiego udzialu w catkowitej masie oSrodka migdzygwiazdowego, pyl od-
grywa kluczowa rolg w ewolucji galaktyk. Ma on tez znaczacy wptyw na ksztatt widmowego
rozktadu energii galaktyk. Pyl thumi §wiatto gwiazdowe poprzez absorbowanie fotonéw
o krétkiej dlugosci fali pochodzacych od nowo powstalych gwiazd i emituje je termicznie
w podczerwieni. W ostatnich latach, dzigki teleskopom podczerwonym oraz submilime-
trowym, takim jak Kosmiczne Obserwatorium Herschela czy The Atacama Large Millime-
ter/submillimeter Array (ALMA), mozliwe bylo zaobserwowanie zimnego pytu w milionach
galaktyk, w szerokim zakresie przesuni¢é ku czerwieni.

Aby uwzglednic istnienie pytu podczas modelowania widma elektromagnetycznego ga-
laktyk, nalezy zatozy¢ prawo tlumienia pytu, ktére opisuje, w jaki sposéb emisja gwiazdowa
jest absorbowana przez pyt. Prawa ttumienia sa reprezentatywne dla réznych rozktadéw
pytu w stosunku do populacji gwiazd i réznia si¢ od prostych modeli ekranowych do bar-
dziej ztozonych geometrii pyt — gwiazdy. Prawa te sa reprezentowane przez krzywe ttumie-
nia, ktérych nachylenie okresla jak silna jest absorpcja pytu w danym zakresie dlugosci fal.
Ostatnie badania pokazuja niejednorodnos$¢ charakterystyk krzywych thumienia pytu przy re-
konstrukcji SED galaktyk. Co wigcej, zalozone nachylenie thumienia pytu w funkcji dlugosci
fali moze silnie zmienié oszacowanie gtéwnych wiasnosci fizycznych galaktyk uzyskanych
przez dopasowanie obserwowanego SED do modeli teoretycznych. W szczegdlnosci bardzo
silny jest wptyw zatozonej funckji thumienia pytu na oszacowane masy gwiazdowe galaktyk.
Dlatego tez, nachylenie ttumienia pytu ma bezposredni wplyw na nasze zrozumienie tego,
jak galaktyki buduja swoje masy gwiazdowe w czasie kosmicznym.

Pomimo ciagle rosnacej wiedzy w dziedzinie astronomii pozagalaktycznej, kluczowe py-
tania pozostaja bez odpowiedzi: Jakie prawo ttumienia pytu nalezy stosowac dla galaktyk
znajdujacych si¢ na wysokim przesunigciu ku czerwieni? Jakie sa warunki fizyczne galaktyk
iich otoczenia, od ktérych zaleza krzywe ttumienia pylu? W niniejszej pracy staram si¢ od-
powiedzie¢ na powyzsze pytania analizujac widma energetyczne galaktyk i badajac korelacje
pomigdzy tlumieniem pytu, a podstawowymi wilasnoSciami fizycznymi tych galaktyk. Naj-
pierw badam zlozony uktad dwéch galaktyk w okolicach kosmicznego potudnia (z~2, czyli
w okresie, kiedy tempo tworzenia gwiazd w galaktykach byto najsilniejsze). Jedna z tych
galaktyk jest masywna ultra pytowa galaktyka, wykryta przez teleskop ALMA. Analizuj¢
rol¢ ttumienia pylu w tych galaktykach, a przede wszystkim znaczenie ich morfologii w
okreslaniu ich cech fizycznych, takich jak ich potozenie wzglgdem gléwnego ciagu galaktyk
gwiazdotworczych.

Aby uogdlni¢ osobliwy aspekt wptywu morfologii na absorpcj¢ i emisje pytu w py-
towych galaktykach gwiazdotwoérczych badanych w pierwszej czgSci pracy, rozszerzytem
swoja analiz¢. W tym celu zbudowalem najwigksza probke galaktyk na wysokim przesunieciu
ku czerwieni (z~2) badana pod katem ttumienia pytu, dla ktérej dostepne sa obserwacje
ALMA (122 galaktyki). Dla tych galaktyk zmierzylem promienie efektywne w zakresie ul-
trafioletowym i podczerwonym. Dzigki doktadnemu modelowaniu widm energetycznych,
wyprowadzam kluczowe parametry fizyczne rzadzace ewolucja galaktyk i badam korelacjg
pomigdzy nimi. Skupiam si¢ na emisji pochodzacej z widma czgsci gwiazdowej i pylowe;j
z jednej strony, a z drugiej strony prawem ttumienia pytu preferowanym dla tych galaktyk.


HTTP://WWW.NCBJ.GOV.PL

viii

W ostatnim kroku mojej analizy przeprowadzam badanie relacji ttumienia pytu dla ga-
laktyk znajdujacych si¢ w potowie wieku istnienia Wszech§wiata (z~0.7). Dla tej prébk i nie
sa dostepne obserwacje submilimiterowe pochodzace z teleskopu ALMA, jednak prébka ta,
pochodzaca z VIMOS Public Extragalactic Redshift Survey (VIPERS) posiada obserwacje
spektroskopowe, w tym tez linie emisyjne. Badam wptyw rozkladu przestrzennego konti-
nuum gwiazdowego na ttumienie pytu (w ptaszczyznie IRX-g, gdzie IRX zdefiniowane jest
jako stosunek jasno$ci w podczerwonym zakresie widma galaktyki do jasnosci w zakresie
ultrafioletowym, natomiast S jest nachyleniem widma w zakresie ultrafioletu i jest wskaZni-
kiem ttumienia) dla tych galaktyk. Analizuj¢ rowniez rol¢ metalicznoSci gazu, kata nachyle-
nia w stosunku do obserwatora, a przede wszystkim $rodowiska, w ktérym przebywaja.

Wyniki tych prac pokazuja, ze wlasnoSci morfologiczne galaktyk sa niezwykle istotne
w réznych zakresach przesunieé ku czerwieni. Podczas modelowania widm energetycznych
galaktyk wtasnosci te powinny zosta¢ uwzglednione aby prawidlowo dobra¢ prawo ttumie-
nia pylu i w sposéb poprawny oszacowaé masy gwiazdowe i inne wielko$ci fizyczne. Co
wigcej, znalaztem wazne korelacje pomigdzy ttumieniem pytu a innymi wtasciwos$ciami fi-
zycznymi, takimi jak metaliczno$é, zwartos¢ galaktyk i wzgledne przestrzenne potozenie
obszar6w gwiazdowych i pylowych. Wykazalem, ze galaktyki o stosunkowo zwartej emi-
sji gwiazdowej preferowaty silniej nachylone (w funkcji dlugosci fali) prawo ttumienia, niz
galaktyki o rozleglejszym obszarze emisji gwiazdowe;.

Stwierdzitem silng zalezno$¢ pomigdzy relacja IRX-S a metaliczno$cia gazu oraz para-
metrami opisujacymi populacje gwiazdowe: ich wiek, masa gwiazdowa, czy tempo formo-
wania si¢ gwiazd znormalizowane do masy gwiazdowej galaktyki. Réwniez ksztatt fizyczny
populacji gwiazdowej mierzony przez indeks Sersica ma wptyw na relacj¢ IRX-8. Metalicz-
nos¢ jest jednym z motoréw zmiennoSci ttumienia pylu. Wyzsza metaliczno$¢ oznacza, ze
w galaktyce znajduja si¢ starsze populacje gwiazdowe, a co za tym idzie, takze masa gwiaz-
dowa jest wigksza - ma to silny wptyw na parametr 5. Z moich analiz wynika, ze im wyzsza
masa pytu (normalizowana do masy gwiazdowej) tym wigcej mtodych populacji gwiazdo-
wych znajduje si¢ w galaktyce. Ich emisja powoduje przesunigcie galaktyk o wyzszej masie
pytu w kierunku nizszych wartosci galaktyk od relacji IRX-8 w kierunku nizszych wartosci 8.
Z moje analizy wynika, ze bardziej zwarte galaktyki sa Swiadkami wigkszego tlumienia niz
galaktyki mniej zwarte. Istnieje subtelna réznica w rozproszeniu ttumienia pytu w zaleznosci
od nachylenia kata galaktyki w stosunku do obserwatora, ale réznica ta nie jest statystycznie
istotna. Réwnoczesnie, otoczenie w jakim znajduje si¢ galaktyka nie wptywa znaczaco na
ttumienie pytu dla galaktyk znajdujacych si¢ okoto 7 miliardéw lat od nas (z~0.7).

Wyniki te sa obiecujace w erze wielkich przegladéw, takich jak James Webb Space Tele-
scope (JWST), ktéry pozwala nam poszerzy¢ wiedzg o galaktykach o wysokim przesunigciu
ku czerwieni i jeszcze doktadniej zbadaé relacje pyt - populacje gwiazdowe. Réwniez Le-
gacy Survey of Space and Time (LSST) - nadchodzacy wielki przeglad optyczny, bedzie ob-
serwowat setki tysiecy galaktyk za pomoca map optycznych/UV o wysokiej rozdzielczoSci.
Badania nad zaleznoScia ttumienia pylu od czynnikéw zwiazanych z koncentracja gwiazd,
rozmiarami obszaréw gwiazdowych, metalicznoS$cia i innymi wtasciowoSciami fizycznymi
galaktyk pozwoli na wilasciwe oszacowanie ttumienia pytu i prawidtowa analizg¢ fizyczna
tych obiektow.
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Introduction

Since the advent of modern astronomy in the last few decades, the number of observed galax-
ies has proliferated. This has led to a realization that these objects are not merely ordinary
entities inhabiting the rapidly expanding universe. In fact, galaxies possess characteristics
comparable with living organisms, undergoing a life cycle that involves birth, growth, and
death. The field of extragalactic astrophysics has undergone exponential growth, owing pri-
marily to the multiplication of advanced astronomical facilities equipped with powerful tele-
scopes. This has enabled us to explore the universe beyond the boundaries of our own Milky
Way. With the aid of these sophisticated instruments, we have acquired a wealth of knowl-
edge pertaining to the processes underlying star formation and evolution within galaxies.

The baryonic matter represents around 5% of the total content of the Universe today
(Planck Collaboration et al., 2020). Within this small fraction, it was estimated that only a
few percent of the baryonic mass in the Universe is contained in galaxies (Carlstrom et al.,
2002; Shull et al., 2012; Nicastro et al., 2018). This mass is mainly made of stars, gas, and
dust. Interstellar dust accounts for a mere 1% of the total baryonic mass in the interstellar
medium (ISM) (Popping et al., 2017; Galliano et al., 2018).

Despite this small contribution to the overall mass of the baryonic matter within galax-
ies, interstellar dust plays a crucial role in galaxy evolution. These dust particles are typi-
cally small, with sizes ranging from a few nanometers to a few micrometers (Weingartner
et al., 2001; Draine et al., 2007). Interstellar dust particles are made of complex compounds
comprising various elements such as oxygen, carbon, iron, silicon, and magnesium. These
elements are synthesized by stars during their lifetime and then ejected to the ISM during
supernova explosions. In the ISM, dust grains undergo different physical and chemical pro-
cesses. Part of this dust will eventually end up in dense and cold molecular clouds, where it
acts like a radiation shield from the stars, cooling down the molecular gas in these clouds.
This in turn allows the gas to remain cool and dense enough to undergo gravitational collapse
and form future stars (Slavin et al., 2020).

Besides the cooling effect that dust grains provide in the dense molecular clouds, dust
within these clouds provides a surface onto which atomic hydrogen gas can assimilate and
form molecular hydrogen, which is the primary fuel of star formation (Wakelam et al., 2017).
Therefore, interstellar dust is vital in the most important baryonic event in galaxies, i.e. star
formation. The dynamic presence of dust in every aspect of star formation, makes it a driving
force of the evolution of galaxies.
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Interstellar dust does not only contribute to the stellar formation process, but it also com-
pletely reshapes the spectral energy distribution (SED) of galaxies. It absorbs and scatters
light efficiently, especially that of the young stars emitting in the ultraviolet (UV) (Draine,
2003a), making the stellar light appear dimmer. This dimming can make it harder to detect
young, blue stars that are indicative of recent star formation (e.g., Kennicutt et al., 2007).
On the other side of the electromagnetic spectrum, dust predominantly re-emits thermally in
the infrared (IR). This thermal emission of interstellar dust can be in the wavelength range
of a few micrometers to several hundred micrometers. The exact range depends a lot on
the temperature of the dust, which in turn depends on its distance from the stellar radiation
field. In general, warmer dust emits at shorter wavelengths, while cooler dust emits at longer
wavelengths (Dale et al., 2002).

The complex dynamics of interstellar dust and its consequences on galaxies’ spectra, are
of high importance at higher redshifts, when the Universe was younger. In fact, the young
Universe was much dustier than it is today (Dwek et al., 2007; Hirashita et al., 2014; Béther-
min et al., 2015; Hirashita et al., 2017; Shen et al., 2022). This is due to a number of factors,
including the abundance of heavy elements produced by the first generation of stars, and the
high star formation rate (SFR), and supernova explosions in the early Universe (Michatowski
et al., 2012; Madau et al., 2014; Schreiber et al., 2015; Béthermin et al., 2017). Therefore,
higher redshift SFR is largely more obscured by dust (Takeuchi et al., 2005; Whitaker et al.,
2017). To have a complete picture of the evolution of galaxies accross cosmic time, it is
therefore necessary to understand how dust behaves in the ISM.

Today, we are witnessing an unprecedented technological advancement in extragalactic
astronomy. With new observational facilities and telescopes, we are able to gain a panchro-
matic view of galaxies at different epochs of the Universe. For instance, with the James
Webb Space Telescope (JWST), The Large Synoptic Survey Telescope (LSST), and the At-
acama Large Millimeter Array (ALMA), observational data are becoming more and more
robust. This opens a new era of observational astrophysics, where a parallel improvement in
modeling is required, in order to understand the physics of the earlier galaxies.

1.1 Spectral energy distribution: Panchromatic view of galaxies

Galaxies emit photons across the whole electromagnetic spectrum. Short wavelength UV
photons are mostly incoming from the young stars. However, the determination of the SFR
of galaxies at high redshift is not straightforward. To compute the instantaneous SFR, one
should model the star formation history (SFH), and evidently dimming of starlight, i.e. dust
attenuation.

The SFH describes the rate at which stars formed in a galaxy over its lifetime, as well as
the duration and intensity of periods of enhanced or reduced star formation. The SFH can
be determined through a variety of methods, including analyzing the color-magnitude dia-
grams of resolved stellar populations (Cook et al., 2019), studying the spectral features of
integrated light (Ruiz-Lara et al., 2015), and modeling the chemical abundances of stars in
nearby galaxies (Snaith et al., 2015). However, SFHs of high redshift galaxies are hard to de-
termine due to lower resolutions. This can be overcome by models that account for different
types of SFHs, which are described in section 1.1.1.

Interstellar dust will dim the young, recently-formed stars, by absorbing a significant
fraction of their emission, and re-emit it in the IR. This means that the IR emission contains
information about the hidden SFR. Therefore, accurately accounting for this reprocessed
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energy will provide a more accurate determination of SFR. In the following subsections, the
most important aspects of the SED will be covered. An example of an SED of a galaxy is
shown in Figure 1.1.

10% uv Visible+NIR MIR FIR Submm
Young Stars Evolved stars Dust, PAH Hot dust Cold dust
Direct SFR Stellar mass Linked to metallicity Hidden SFR Dust mass

1077

1026

Luminosity [arbitrary units]

1025

102 10% 10* 10°
Wavelength [nm]

Ficure 1.1: SED of a mock galaxy highlighting the most important physical
observables in each wavelength range. The background images show the
M31 galaxy at different wavelengths. Images are credited to ESA.

1.1.1 Stellar emission

Stars are the main source of light in galaxies, whether it is direct or indirect. The vast ma-
jority of the UV to optical light in star-forming galaxies is incoming from the stars (Sparke
et al., 2007). Other less significant light sources are gas clouds and active galactic nuclei
(AGN) if present. The UV photons in the ISM are directly traced back to the young stellar
continuum emission, and therefore can be regarded as a direct indicator of the SFR. In normal
star-forming galaxies, stars younger than 200 Myr contribute to 90% of the UV emission of
these galaxies (Hao et al., 2011; Murphy et al., 2011; Kennicutt et al., 2012).

Older stars constitute the majority of the stellar mass in galaxies because they have more
time to form and accumulate over the course of galaxies’ evolution. Thus, estimating stellar
masses of galaxies can be done by integrating their optical to near-infrared (NIR) spectra
(Bell et al., 2003; Taylor et al., 2011; Meidt et al., 2014). However, the determination of the
stellar mass of galaxies strongly depends on the assumed models of the initial mass function
(IMF), SFH, and dust attenuation. The IMF of galaxies describes the relative number of stars
that form with different masses in a population of stars. The shape of the IMF was deter-
mined empirically by studying the distribution of stellar masses in a given stellar population
(Salpeter, 1955; Kroupa, 2002; Chabrier, 2003). Although the choice of the IMF can affect
the results of SED fitting of galaxies to some extent, the magnitude of the effect is not very
large (Pforr et al., 2012; McGee et al., 2014; Clauwens et al., 2016).

The choice of a SFH on the other hand, leaves a strong impact on the determination of the
stellar masses and the SFR of galaxies. Stellar mass is typically estimated by comparing
the observed SED of a galaxy to a set of theoretical models that describe the luminosity and
colors of stars at different ages and metallicities (e.g., Bruzual et al., 2003). The SFH deter-
mines the relative contributions of stars of different ages. Therefore, the choice of SFH can
affect the inferred stellar mass by changing the assumed mix of stellar populations. At high
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redshift, however, it is often difficult to describe the SFH of unresolved galaxies (Pacifici
et al., 2016; Zhang et al., 2017). To overcome this challenge, many models are available to
describe past episodes of star formation. Generally speaking, a delayed version of exponen-
tially declining SFH can describe the star formation activity in normal star-forming galaxies.
This type of SFH is more physical than constant SFHs. It assumes that the majority of the
stars in galaxies were formed early during their formation, followed by a decline as galaxies
grow more massive and lose their gas reservoirs (Ciesla et al., 2017; Chevallard et al., 2019).
However, at higher redshift, to account for the boosted SFRs that we observe in e.g., dusty
star-forming galaxies (DSFGs), an additional recent burst in SFH is required. This flexible
SFH can limit the degeneracies with other physical properties that occur in the short wave-
length range (Ciesla et al., 2018; Aufort et al., 2020).

Attenuating the stellar emission by interstellar dust when constructing an SED of a galaxy,
affects the derivation of its physical properties like no other SED component. Therefore the
treatment of dust attenuation in galaxies should be performed carefully. Dust attenuation is
discussed in the following section, where many attenuation recipes are presented along with
their effect on observables that govern galaxy evolution.

1.1.2 Dust attenuation

Figure 1.2: A comparison of the Barnard 68 molecular cloud in a color
composite of visible and near-infrared on the left and infrared on the right.
Credits: ESO.

With the strong effect that dust plays in the lifecycle of galaxies and their ISM, dust at-
tenuation is the leading aspect to consider when performing SED fitting. Dust attenuation
is the process in which interstellar dust particles absorb and scatter stellar light, leading to a
reduction in the observed intensity of light from distant objects, such as galaxies. The history
of dust attenuation of galaxies is a fascinating story that spans over a century, as astronomers
tried to study the nature and effects of dust on our observations of the Universe. Histori-
cally, astronomers in the early 20th century noticed that the light from distant stars appeared
redder than expected (e.g., Russell, 1922; Eddington, 1926). This phenomenon, known as
reddening, was later explained as the result of the absorption and scattering of blue light by
interstellar dust grains. Figure 1.2 shows the Barnard 68 molecular cloud, as seen with optical
bands (left) and in IR (right). While these early observations and discussions of reddening
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did not explicitly mention galaxies, they laid the groundwork for the later development of
the concept of dust attenuation and its effects on astronomical observations. However, it was
not until the 1930s that astronomers began to consider the impact of dust on the observations
of galaxies ("obscuring clouds" in Hubble 1934). These works and other consequent ones,
marked the beginning of a more systematic study of dust attenuation in galaxies, and laid the
foundation for later developments in the field.

Nowadays, dust remains an important area of research in astronomy. With the advent of
telescopes such as the Hubble Space Telescope and the Atacama Large Millimeter/Submillimeter
Array (ALMA), astronomers are able to study dust in galaxies with unprecedented detail and
resolution. Sophisticated models were developed that take into account the interplay between
dust and stars in galaxies. These models are based on a combination of theoretical calcula-
tions and observations of dust, from the local Universe to distant galaxies. Attenuation is
a complex phenomenon that is influenced not only by the geometry of stars and dust, but
also by the properties of dust grains and the scattering of light (Trayford et al., 2020). Ra-
diative transfer models are also needed to accurately model this process (Weingartner et al.,
2001; Narayanan et al., 2015). The attenuation curves are constructed based on the extinc-
tion curves. Loss of light due to absorption or scattering along the line of sight is referred
to as extinction, whereas attenuation encompasses both extinction and the effects of obscure
stars and scattering back into the line of sight. The geometrical arrangement of stars and dust
within a galaxy plays a significant role in determining the extent of attenuation (Salim et al.,
2020). In this section, some of the widely used attenuation laws will be presented.

The Calzetti et al. (2000) dust attenuation law

The dust attenuation law proposed by Calzetti et al. (2000, herafter C00) is a widely used
model that describes the effects of dust on the observed spectra of galaxies. It is one of
the most used attenuation laws today and is a standard tool for analyzing the properties of
galaxies across a wide range of wavelengths. This law was developed in response to earlier
observations of galaxies that suggested that the effects of dust on their spectra were more
complex than had been previously thought. In particular, astronomers had noticed that the
SEDs of some galaxies exhibited features that could not be explained by simple models of
dust attenuation, such as the screen model that assumes a uniform distribution of dust along
the line of sight.

The CO0 law was derived empirically through the analysis of a sample of 40 nearby
starburst galaxies. This analysis was based on the comparison of the observed UV fluxes
of these galaxies with theoretical models that predicted the expected UV flux in the absence
of dust attenuation. The derivation of the attenuation law was then achieved by assuming
a functional form for the attenuation curve. The choice of local starburst galaxies is ideal,
since they are UV-bright. COO then derived the dust attenuation of these galaxies by using the
observed UV spectral slope and correcting it for the effects of dust absorption. The method
involved calculating the intrinsic UV spectral slope of a galaxy, which represents the UV
radiation emitted by stars before it is absorbed or scattered by dust. They used an extinction
curve based on the properties of individual stars to correct for the effects of dust attenuation.
This curve describes how the light from stars is attenuated as it passes through the interstellar
medium. By applying this curve to the observed UV spectral slope, COO were able to derive
the dust attenuation of galaxies.

This law was modified by several consequent works when applied to different samples of
galaxies, giving a flexible approach to the original law.
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In general, the COO attenuation law can be written as:

k() = (EL/U))X( 1 )6, (1.1)

B-v)) \ay

with & being the slope of attenuation, k() is the attenuation curve at a given wavelength A,
A(A) is the extinction curve, and E(B-V) is the difference between the observed B and V color
index and the intrinsic value for a given stellar population. In the original CO0 law, 6=0.
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Ficure 1.3: Variation attenuation as a function of wavelength, normalized
to the V band attenuation. The dotted line shows the COO attenuation. The
dashed line shows the extinction curve of the Large Magellanic Cloud super-
shell. The dot-dashed line shows the extinction of the Small Magellanic
Cloud. The black bold line shows the mean attenuation of a sample of galax-
ies around z = 2 from Buat (2013). This plot was taken from Buat (2013).

Figure 1.3 shows the attenuation law of CO0 along with other well-studied extinction
curves of the nearby Magellanic clouds. In the literature, many recipes of the original CO0
law exist, e.g., modifying it with a UV bump at 217.5 nm (e.g., Buat et al., 2011, 2012).
In Equation 1.1, the term (1/1y)? allows for modifications of the CO0 law by varying the
obscuration with different slopes ¢.

In the treatment of star-to-dust geometry, the CO0O law assumes a foreground dust screen
model, replicating the fact that the starburst regions of the UV-bright galaxies are encom-
passed by dust (Calzetti et al., 1994; Calzetti, 2001). This attenuation law is flatter than that
of the Milky Way and the Magellanic Clouds (Figure 1.3).

Despite its relative simplicity, the COO attenuation curve succeeds in reproducing the
observed UV spectra of different types of galaxies (e.g., star-forming galaxies, AGNs) at
different redshift ranges (e.g., Ciesla et al., 2015; Buat et al., 2019; Decleir et al., 2019).
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The Charlot et al. (2000) dust attenuation law

Besides the empirical attenuation law given by C00, another very commonly used attenuation
law is that of Charlot et al. (2000, hereafter, CF00). This model is different in its approach to
the stellar light dimming problem, as it assumes different attenuation for the young and old
stellar populations, therefore introducing a more complex dust-to-star mixing geometry.

Ficure 1.4: Simple illustration depicting the birth clouds and surrounding

ambient ISM of stars. In the inner regions of dense molecular clouds, young

stars are born. The ambient ISM contains the old stars. Dust is in both the

Hyr and Hj regions of the birth clouds, and within the ambient ISM. Arrows

represent the light traveling through the birth clouds and the ISM, depending
on its origin. Illustration taken from Charlot et al. (2000).

The different attenuation for the young and older stars reflects the fact that younger stars
are typically found in more dusty environments than older stars. This difference in attenuation
can be attributed to the way in which dust is distributed within galaxies, with younger stars
being born in regions where the dust is still concentrated. This law distinguishes between the
demographics of a given stellar population, with the classification of stars as old or young
determined by the duration fy of escaping the birth clouds (BC). Young stars are assumed to
disperse from the birth clouds within #y. The fg is typically assumed to be 10 Myr.
to summarize the concept of CF00, The attenuation experienced by stars in the birth cloud is
caused by both the ISM and the birth cloud itself, whereas stars in the ISM are only affected
by the dust contained in their ambient surrounding, as depicted in Figure 1.4. Following this
law, the attenuation in the BC and that in the ISM can be expressed as follows:

—01SM
AR = Avasw) (1)

(1.2)

>

—0BC
AR = Avso) (1)

where dism and opc are the power-law exponents of the ISM and the BC respectively.

This makes the young stars experience an attenuation equal to A}&C) + AI(%VI while the older
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stellar population will undergo an attenuation worth AI(%VI In its original form, CF00 found

that a slope value of d;spm = 0pc = 0.7 being consistent with the observed SEDs of a large
sample of nearby galaxies.

Additionally, the V band attenuation that acts upon the young stars and the old ones is
expressed through a ratio u, given by:
ISM
Ay

A AR (1.3)
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Ficure 1.5: Different attenuation laws are shown with different power-law

slopes for both the ISM and the BC. The original CF0O0 recipe is shown in

green, both 615y and dpc are set to the initial value of the CF0O recipe. The

CO00 law is shown in a red dash-dotted line. The CF0O0 law can be modified

with different slopes, making the total attenuation curve shallower or steeper.
This Figure was taken from Lo Faro et al. (2017).

Many studies using this attenuation law kept the original value of the slope of 6=0.7 for
both the ISM and the BC (e.g., Buat et al., 2019; Villa-Vélez et al., 2021; Figueira et al.,
2022; Carnall et al., 2023). However, other works changed these slopes either by keeping the
slope parameters free (e.g., Lo Faro et al., 2017; Wang et al., 2020), or by adopting 63¢ = 1.3
(da Cunha et al., 2008; Battisti et al., 2019). This was done to better fit their samples.

In general, a higher slope value is often referred to in the literature as "grayer" or "shal-
lower" version of the attenuation law. Having a shallower attenuation slope will result in a
more significant older stellar population fraction that is attenuated. Depending on the redshift
and the type of galaxies, the slopes of this law can be modified in order to better reproduce
the observed spectra Lo Faro et al. (e.g., Lo Faro et al. 2017, found that 6"™M = 0.48 is most
adapted for ultra-luminous IR galaxies (ULIRGs) around the cosmic noon). This is due to
the higher attenuation they exhibit in the NIR range, which makes the shallower version of
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CFOO0 account for the dimmed older stellar population.

The variation of both the ISM and BC slopes in the CF00 law, along with the C00 law
are shown in Figure 1.5. One could see the effect shallower curves (e.g., 6 = — 0.1) are
efficiently attenuating at higher wavelengths in the NIR range, which can be traced largely to
the old stars in the ISM.

The values initially adopted in CF0O for ¢, fy, and u were determined by fitting the same
sample of starburst nearby galaxies that CO0 used, initially from Meurer et al. (1999). Al-
though these values can fit a large variety of galaxies, shallower curves and a large variation
of the u parameter are needed to model dust attenuation in other types of objects, e.g., in
ULIRGs at high redshift.

1.1.3 Dust emission

After interstellar dust absorbs and scatters light, leading to obscuration and reddening of
starlight, it primarily emits thermal radiation in the IR regime (Figure 1.6). This dust radiation
can provide crucial insights into the physical conditions and processes occurring in galaxies,
such as star formation and the heating mechanisms of the ISM. In this section, the current
understanding of dust emission in galaxies will be reviewed.

108

Luminosity [arbitrary units]

10¢
Wavelength [nm]

Figure 1.6: Exemplary SED of a galaxy is shown. The violet region shows

the initial stellar light that is lost by dust absorption. The red region shows

the total SED with a big part of it being in the IR domain, which is emitted
by dust.

Dust grains in galaxies are typically composed of silicates, carbonaceous materials, and
polycyclic aromatic hydrocarbons (PAHs). The size distribution of dust grains follows a
power-law distribution with a peak at around 0.1 microns, although larger grains can also be
present in varying proportions (Masaki et al., 2012; Asano et al., 2013; Hirashita et al., 2013).
The size distribution affects the absorption and emission properties of dust, with larger grains
being more efficient at absorbing and re-emitting radiation in the mid-IR and far-IR regimes.
In these regimes, dust emission can be typically observed in galaxies, with a peak in the SED
at around 100 um. Dust temperature can be inferred from the shape of the SED, with warmer
dust emitting more strongly at shorter wavelengths.

PAH emission is a prominent feature observed in many galaxies. These complex organic
molecules are excited by ultraviolet and optical photons and emit in the mid-IR region of



10 Chapter 1. Introduction

the electromagnetic spectrum. This emission is widely used as a tracer of star formation
activity in galaxies. The strength of the PAH emission correlates with the amount of dust
and the SFR in galaxies (Kennicutt et al., 2009; Takagi et al., 2010; Shipley et al., 2016; Xie
et al., 2019; Zhang et al., 2023), making it a valuable tool to estimate the SFR in galaxies
that are too distant or too faint to be resolved. Furthermore, the PAH emission is sensitive
to the ionization state of the gas, and it has been used to study the ionizing radiation field in
galaxies (Lebouteiller et al., 2007; Wenzel et al., 2020; Xie et al., 2022).

The origins of PAH emission in galaxies remain a hot topic in astrophysics. They are
thought to form in the atmospheres of carbon-rich stars (Gielen et al., 2011; Seok et al.,
2014; Guzman-Ramirez et al., 2015). Once injected into the ISM, the PAHs are processed
by a variety of physical and chemical processes, like heating by interstellar radiation.
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Ficure 1.7: Examples of IR emission templates with different PAH fractions

(qraH), and radiation field U. The Figure was obtained by simulating the

dust emission with the Code Investigating GALaxy Emission, using Draine
et al. (2014) models.

To account for all of the known and unknown composites of interstellar dust is a chal-
lenging task. However, models of dust emission based on the known composites and their
abundances and sizes, along with observational features of dust, do exist (e.g., Draine et al.,
1984; Desert et al., 1990; Dale et al., 2002; Draine et al., 2007, 2014). Though, a unique dust
emission model does not exist due to observational limitations. Most of the proposed models
consist of grains of silicate, graphite, and PAHs. These grains dictate the spectrum of dust
emission, after they absorb the energy of the radiation field in galaxies. This radiation field
consists mainly of the radiation emitted by stars, especially the hot young stars in normal
star-forming galaxies.

Generally, dust emission shows the features of PAHs at around ~10 um. As we move at
longer wavelengths, the emission is increasingly dominated by the presence of small, warm
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dust grains that are typically heated by radiation fields. For wavelengths beyond 100 um, the
emission is predominantly due to large, comparatively colder dust grains. The heating mech-
anisms of these various dust species, as well as their composition and metallicity, collectively
influence the dust SED. Figure 1.7 shows examples of dust SEDs with different PAH frac-
tions, and different minimal radiation fields incoming from the young stars. High fractions of
PAHs add prominent features at the beginning of the IR emission. A stronger radiation field
shifts the peak of the dust SED to the shorter wavelengths, showing higher dust temperatures.

1.2 The IRX-S dust attenuation relation

The effect of an attenuation law can be characterized by the UV slope 8, which is obtained
by fitting the observed flux F(1) in the UV range as:

F(A) o« A, (1.4)

Calzetti et al. (1994) found that this UV slope correlates with the ratio in the optical depth
between H, and Hg, known as the Balmer optical depth:

M) (1.5)

Ty =Tg—Tq :ln( 588

which measures the extinction of H,, relative to Hg. This correlation is seen in Figure 1.8
where different UV ranges were used in order to obtain . This finding has important impli-
cations for future research, such as the work of Meurer et al. (1999), which aimed to leverage
the linearity between the UV slope 5 and dust extinction, to gain a deeper understanding of
dust attenuation in galaxies.

8 (1250-2600 A)
8 (1250-1700 A)

-2

Ficure 1.8: UV power-law slope S variation with the Balmer optical depth

Ty in a sample of nearby galaxies (taken from Calzetti et al. (1994)). Left
panel: B is obtained by fitting a wavelength range of 0.125 to 0.260 ym.
Right panel: B is obtained by fitting a wavelength range of 0.125 to 0.170

qm.

Using the same sample of nearby starburst galaxies that Calzetti et al. (1994) used,
Meurer et al. (1995) and Meurer et al. (1999) found a strong relation between the UV slope 8
and the infrared excess of galaxies (IRX). This connection was defined by the dust luminosity
over the UV luminosity. As 8 was found to be directly proportional to attenuation (Calzetti
et al., 1994), IRX was found to have a linear relationship with the attenuation of the FUV
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band, making IRX a useful indicator of dust attenuation as well (Meurer et al., 1999; Gordon
et al., 2000).

The Infrared excess (IRX) is commonly expressed as the ratio of the IR luminosity to the
UV luminosity. Mathematically, this ratio can be expressed as:

IRX = ﬂ. (1.6)
Lyy

The IRX-8 dust attenuation relation is based on the idea that the amount of dust in a
galaxy will absorb and scatter the UV light emitted by young, massive stars, and re-emit it in
the IR part of the spectrum. This is done by conserving the total spectral energy. The IRX-S
can be seen as being shaped by dust attenuation. Although this relationship is expected, it is
still unclear what causes the variation and whether it is universal.
Despite the fact that this relation was well investigated in different galaxy types and redshift
ranges, its universality is debated. Many outliers were found in this relation, such as galaxies
with high dust attenuation and high IRX values. These galaxies may have undergone unusual
or extreme star formation, such as ULIRGs at high redshift (Casey et al., 2014; Alvarez-
Marquez et al., 2016; McLure et al., 2018). Figure 1.9 shows two examples of the IRX-8
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Ficure 1.9: IRX-g relation of different galaxy samples. In the left panel:

galaxies at redshift ranges varying from the local Universe to z = 3.5. These

galaxies have detections in the FIR. This Figure is from Casey et al. (2014).

In the right panel: high redshift galaxies with IR detections, taken from
Alvarez-Marquez et al. (2016).

scatter from Casey et al. (2014) and Alvarez—Mérquez et al. (2016). The UV-selected galax-
ies from Casey et al. (2014) follow the relation, while the ULIRGs and the dust-obscured
galaxies (DOGs) are above the fit from Meurer et al. (1999). Similarly, in Alvarez—Mérquez
et al. (2016), IR-detected galaxies are above the relation of Meurer et al. (1999).

1.3 Estimating physical properties of galaxies

In this section, I will present some of the methods to estimate key physical properties that
govern galaxy evolution. Although there are many physical quantities that affect the life-
cycle of a galaxy, here the most important ones will be presented. These quantities that are
essential for this thesis are the stellar mass, SFR, dust luminosity, mass, and temperature.
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1.3.1 Stellar mass

Stellar mass, or My, is a crucial characteristic of galaxies. Estimating it, allows us to un-
derstand how galaxies evolve and gives us an idea about the cosmic assembly of mass. The
simplest technique in estimating the stellar mass of galaxies is by studying the stellar mass-
to-light ratio (M,/L) (Bell et al., 2001, 2003). This technique is based on the idea that the
Iuminosity emitted from stars is correlated to their masses. This is typically done assum-
ing a simple stellar population model such as Bruzual et al. (2003), and measuring colors
of galaxies in optical-near IR bands. Being a simple technique, also makes it uncertain, as
color-based stellar mass-to-light ratio estimations do not involve correcting for dust atten-
uation. Even when correcting for dust attenuation (such as in Zibetti et al. 2009), derived
stellar masses are found to be sensitive towards assumed SFHs and metallicities of the stellar
population (Maraston et al., 2006; Cimatti et al., 2008; Muzzin et al., 2009).

Another technique for estimating the stellar mass of a galaxy is the broadband photome-
try fitting. This technique relies on detections in the UV to NIR bands, and fitting the SED
of the observed fluxes. Deriving the stellar mass is achieved by assuming a SFH and stellar
population model, and attenuating the stars with dust (e.g., Shapley et al., 2001; Taylor et al.,
2011). Although estimating M, using SED fitting is sensitive towards the assumed dust at-
tenuation (this will be discussed in detail further on in this thesis), the mass can be sensitive
towards the assumed SFH.

A general flexible SFH model can be written as:

™"/ T(main) fort<ty—1t

(1.7)
e_l/T(main) + k X e_t/T(b“rSt) for r2 to - tl’

SFR(I) o {

where Tain and Tyyse are the e-folding times for the main stellar population and the burst
respectively. k is the strength of the recent variation of the SFR. 7 and #; are the times of old
star formation, and the recent burst respectively. Following this form, which is used widely
in the literature (e.g., Boquien et al., 2019; Aufort et al., 2020; Donevski et al., 2020; Hamed
et al., 2021), one can assume different models of SFHs. For example, a delayed SFH model
(defined in section 1.1.1) is when the majority of stars are assumed to be formed in the very
early stage of a galaxy’s life, followed by a rapid decrease in SFR (in this case, 7 (pyrs) = 0
in equation 1.7). A delayed SFH coupled with a recent burst will add a recent enhancement
in the SFR by assuming 7,5y > 0, reproducing a starburst or an increase in the recent SFR.
While a constant SFH is modeled by assuming that a galaxy is forming stars at the same rate
since its formation until now (can be achieved with 7(,,) = 0, and a very large 7(pain),
e.g., older than the age of the Universe). Figure 1.10 shows the comparison in derived stellar
masses of a sample of galaxies using different SFH models. A large difference in M, is
obtained when using a constant SFH and a delayed one.

1.3.2 Star formation rate

Another crucial measurement in the context of galaxy evolution is the SFR. It is the most
important baryonic event in galaxies, since stellar evolution is required in order to form the
building blocks of galaxies. Measuring the SFR is challenging, and in this section, I will
present some of the most important and very different estimations of this quantity.

In order for a star to be formed, the process begins with a cloud of gas that is mostly
molecular hydrogen (H) collapsing. As a result, it is reasonable to assume that there is a



14 Chapter 1. Introduction

7]
/
12 irametri 7 - Delayed 7
) & bias: -0.39 dex
7 ® scatter: 0.12 dex
~ 114 Delayed 7+ burst
EG bias: -0.34d ex
scatter: 0.11 dex
~~
= 104
<
o]
s
% 9T
=
8_
7 I 1 I 1 1
7 8 9 10 11 12

log(Mtrue / M@)

Ficure 1.10: Comparison between different SFHs in deriving stellar masses
of a sample of simulated galaxies with known (true) stellar masses. From
Lower et al. (2020).

strong connection between the density of molecular gas and the SFR (Schmidt, 1959; Kenni-
cutt, 1998). The relation between the SFR and the H; gas surface density is usually referred
to as the Schmidt-Kennicutt law. This correlation is shown in Figure 1.11.

Unfortunately, detecting H, is not straight-forward'. But astrophysicists rely on molecu-
lar tracers for the H, molecule density, such as the CO emission” whose studied abundance
with respect to H; allows for an estimation of the molecular gas in galaxies (e.g., Glover
et al., 2011; Garilli et al., 2014; Clark et al., 2015). Figure 1.11 shows correlations between
the CO emission of different J transitions and the IR luminosities of galaxies at high redshift.
The IR luminosity is indicative of the SFR (Kennicutt, 1998).

Another indicator of the SFR is the H, since its origins are the massive short-lived stars,
with the mean age of the stellar emission contribution to H, emission are < 10 Myr (Hao
et al., 2011; Murphy et al., 2011). Some of the other molecular tracers of the SFR, when
available, are Hg (Kennicutt, 1998), [O II] (Kennicutt, 1998; Rosa-Gonzilez et al., 2002;
Gilbank et al., 2010), and [O I11] (Villa-Vélez et al., 2021).

One can also estimate the SFR in galaxies using calibrators of photometric bands, such
as from the UV bands (Salim et al., 2007; Davies et al., 2016; Brown et al., 2017), and from
the IR bands (Kennicutt, 1998; Zhu et al., 2008; Rieke et al., 2009). A systematic study of
these SFR calibrators was reported in Figueira et al. (2022).

Another very commonly used method to estimate the SFR of a galaxy is through the SED
fitting (e.g., Burgarella et al., 2005; Noll et al., 2009; Boquien et al., 2019). The power of this

'H, lacks a permanent dipole moment, and the selection rules are limited to AJ = 0, +2. As a result, the
first transition that corresponds to the lowest energy is J = 2 — 0, which necessitates an excitation potential of
roughly 510 Kelvins. However, since star-forming regions are quite cold (of the order of a few tens of Kelvins),
H, in star-forming regions is virtually undetectable.

2The first excitation potential of the CO molecule is of the order of few tens of Kelvins.
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Ficure 1.11: Correlation between CO luminosity and IR luminosity from

Valentino et al. (2020). The left panel shows the low J transitions CO (2-1),

correlating to the IR luminosities and indicative of the gas mass of galaxies.

The center and right panels show higher J transitions of CO (5-4) and (7-6)
respectively, versus the IR luminosities.

method is the ability to combine different photometric observations in order to estimate the
direct SFR and the SFR hidden by dust. In fact, the majority of the SFR is hidden by dust up
to at least z ~ 2 (Takeuchi et al., 2005; Gruppioni et al., 2015). This renders the composite
SFR indicators highly important in estimating this physical quantity. For example, a galaxy
at z = 2 with UV-IR detections, will be modeled by assuming a stellar population model
with a specific SFH, then these stars will be attenuated by interstellar dust. This deals with
the UV-near IR part of the spectrum. Additionally, using IR dust emission templates one
can fit the IR fluxes of this galaxy, and by doing so, the hidden SFR is estimated (Boquien
et al., 2019). Additionally to the instantaneous SFR, the SFR over the past epochs of bursts
or quenches3 can also be estimated, however, this estimation is sensitive towards the assumed
SFH (Ciesla et al., 2018).

1.3.3 Dust properties

Effects of interstellar dust span across a very wide wavelength domain. Therefore, dust has
intensive (e.g., temperature) and extensive (e.g., mass) properties. Here I will provide a sum-
mary of the most important observables of dust in galaxies. To measure dust luminosity, the
simplest way is to integrate the IR luminosity, which is typically done between 8 um and
1000 pum (Schreiber et al., 2018b; Boquien et al., 2019). Dust emission libraries should be
assumed in order to best describe dust emission. These libraries are based on observations
and theoretical assumptions (e.g., Dale et al., 2002; Draine et al., 2007, 2014). Another im-
portant dust observable is its temperature, since it gives hints about dust grain types and dust
distribution in the ISM. To derive the average dust temperature of a galaxy, it is sufficient to
know the wavelength at which dust emission peaks. This is done by assuming a modified
blackbody as a representation of dust emission (as in e.g., Casey, 2012; Casey et al., 2014;
Schreiber et al., 2018b).

Dust mass is a more delicate quantity to estimate, as it requires assumptions on grain
compositions. To estimate the dust mass, one can start by calculating the IR Iuminosity (8-
1000 um), and relate it to the dust mass by assuming a dust emission model (e.g., Dale et al.,
2002; Draine et al., 2014; Schreiber et al., 2018b). Most of the models assume that the dust
grains are in thermal equilibrium with the radiation field of the young stars. Dust emission

3 A quenched galaxy is a galaxy that is no longer actively forming new stars.



16 Chapter 1. Introduction

models calculate the emission spectrum of the dust as a function of the dust temperature,
the grain size distribution, and the dust composition. Fitting these models to the observed
IR photometry allows one to obtain the dust mass of a given galaxy. Additionally, several
calibrations exist in the literature in order to estimate dust mass. Such methods include prior
knowledge of the gas mass and metallicity (Magdis et al., 2012), or assuming cold and warm
dust components to the observed flux (Dunne et al., 2001).

All of the aforementioned observables depend on the assumed dust models, with the
underlying assumptions of the type of grains and their sizes. The quality of the IR detections,
especially at high redshift, allows for a better estimation of these properties.

1.4 Physical observables in the context of galaxy evolution

The physical observables discussed in previous sections - such as stellar mass, SFR, dust
mass, and gas content - are all intimately connected in the context of galaxy evolution. The
interplay between these properties determines the rate at which galaxies grow and evolve
over cosmic time. For example, the SFR is directly related to the amount of gas available for
star formation, while the dust content influences the efficiency of star formation by shielding
gas from UV radiation and enhancing cooling. The stellar mass of a galaxy reflects its his-
tory of star formation and chemical enrichment, while the metallicity provides clues about
the sources of chemical enrichment. Together, these properties paint a picture of a galaxy’s
past and present, and can help to predict its future evolution. By studying these physical
properties and their interrelationships, we can better understand the processes that shape the
diversity of galaxies we observe in the Universe today.
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Ficure 1.12: Evolution of the main sequence of star-forming galaxies with
redshift. The colors represent different redshift ranges. From Schreiber et al.
(2015).

Observationally, SFRs of most galaxies seem to follow a tight correlation with their stel-
lar masses. This is typically referred to as the main sequence of star-forming galaxies (e.g.,
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Daddi et al., 2007; Noeske et al., 2007; Rodighiero et al., 2011; Schreiber et al., 2015), as
shown in Figure 1.12. Galaxies can generally be classified into three types based on their
SFRs relative to their stellar masses: main sequence or normal star-forming galaxies, star-
burst galaxies with very high SFRs compared to their stellar masses, and passive or dead
galaxies with low to no star formation. At higher redshift, galaxies formed stars at a higher
rate for a given mass compared to today’s galaxies, translating into an increasing main se-
quence. This trend can be attributed to the higher gas fractions of galaxies at high redshifts,
which may result in increased SFRs (Tacconi et al., 2010). Additional contributors to the
increased SFRs at high redshift are the higher abundance of dust (Ferrara et al., 2016), which
facilitates the cooling of gas clouds. Higher galaxy merging rates are also observed in the
early Universe, which encouraged gas inflows and mass assembly (Perret et al., 2014).

A fundamental empirical relation also correlates the stellar mass of galaxies with their
metallicities*. This is referred to as the mass-metallicity relation (MZR) (e.g., Gallazzi et al.,
2006; Panter et al., 2008; Zahid et al., 2017). The physical interpretation of the MZR is that
galaxies with higher stellar masses have higher metallicities because they have been able to
retain and enrich their gas reservoirs more efficiently than lower mass galaxies. This enrich-
ment is thought to occur through a combination of in-situ star formation and gas accretion
from the intergalactic medium (Sdnchez Almeida et al., 2014). At the same time, feedback
processes such as supernova explosions, galactic winds (Hopkins et al., 2012), and AGN ac-
tivity can expel gas from galaxies (Matsuoka, K. et al., 2018), reducing their metallicity and
slowing down their star formation. This relation is portrayed in Figure 1.13.
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Ficure 1.13: The stellar mass-metallicity relation from Curti et al. (2020).

Gas-phase metallicity is denoted by 12+log(O/H). Different fits represent the

fits from different samples studied in the literature. The references to these
fits are given in the legend.

Dust mass is also found to be correlated with the stellar mass of galaxies at low redshift
(Beeston et al., 2018) and at high redshift (Pantoni et al., 2019). The stellar-to-dust masses
relation is thought to arise due to a combination of factors related to galaxy evolution. Dust is
produced in the ISM by the same processes that produce heavy elements, such as supernovae

4Stellar metallicities and gas-phase metallicities both correlate with the stellar masses.
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and asymptotic giant branch stars (Michatowski, 2015; Le$niewska et al., 2019), which are
more prevalent in higher mass galaxies (Li et al., 2019b). Additionally, higher mass galaxies
are expected to have higher gas fractions, and hence more raw material from which dust can
form. A correlation between the dust mass and the stellar mass is shown in Figure 1.14. The
dust-to-stellar mass ratio, however, is not constant across redshift (Béthermin et al., 2015;
Donevski et al., 2020). This ratio can be expressed as in Béthermin et al. (2015):

M gyt o« Z X Mgqs
M, M,

, (1.8)

where Z is gas metallicity and Mg, is the mass of the molecular gas. The dust-to-stellar mass
ratio is influenced by two opposing factors; the increasing SFR at higher redshifts and the
decreasing Z (Béthermin et al., 2015).
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Ficure 1.14: The dust mass to stellar mass ratio for galaxies in the local
Universe from Beeston et al. (2018). The various fitted data represent the
samples from the literature, which are denoted in the legend.

In the ISM, dust is a key player that affects galaxy evolution through cosmic time. SFR
is found to be more attenuated in the younger Universe, therefore its recovery necessitates
an understanding of dust attenuation. Improved methods for estimating dust content and cor-
recting for its effects on observations will continue to be a major focus of research in the
extragalactic astrophysics field. Our view of galaxy evolution is distorted by interstellar dust,
as can be seen in Figure 1.15. The SFR density peaks at z ~ 2 (Hopkins et al., 2006; Madau
et al., 2014), an epoch often referred to as the cosmic noon. The present evaluations of the
SFR density at redshifts higher than 4 are affected by limited data (compared to lower red-
shifts) and a greater uncertainty. However, we live in an era of large surveys and powerful
instruments such as the JWST and LSST, that will allow us to extend our view to previ-
ously unvisited redshifts (e.g., Adams et al., 2023). Measuring the SFR from the UV bands
of high redshift galaxies requires the correction for dust attenuation, as no such correction,
will strongly underestimate the SFR and hence impact our understanding of the evolution of
galaxies.
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Ficure 1.15: Left panel: Cosmic SFR density derived from IR and UV, un-

corrected for dust attenuation in the case of UV. Right panel: Cosmic SFR

density, corrected for dust attenuation. Both Figures are from Madau et al.
(2014).

1.5 Challenges in understanding dust attenuation in galaxies

Despite the advances in modern astronomy, the dust attenuation problem remains a major
challenge in extragalactic astrophysics. A big challenge is a degeneracy between dust atten-
uation and other galaxy properties, such as metallicity and age (e.g., Pozzetti et al., 2000;
Papovich et al., 2001; Scoville et al., 2015; Li et al., 2020; Qin et al., 2022). Because dust
attenuation affects the observed fluxes of different filters in different ways, it can be difficult
to disentangle the effects of dust attenuation from other galaxy properties.

Another big remaining uncertainty is the spatial distribution of dust in galaxies. While we
have some knowledge of the global dust content of galaxies, we know very little about the
distribution of dust within individual galaxies, which can vary significantly from galaxy to
galaxy (Draine, 2003b; Guo et al., 2015; Hodge et al., 2016). We also lack a complete under-
standing of what is the role of dust distribution and dust compactness in affecting attenuation.

Perhaps the biggest problem concerning dust attenuation in galaxies would be its uni-
versality. That is, is dust attenuation universal across all types of galaxies and in different
epochs of the Universe? Or whether it varies depending on the physical properties of galax-
ies? Several studies have investigated this question using both observational and theoretical
approaches (e.g., Wild et al., 2011; Narayanan et al., 2018; Ferreras et al., 2021). Observa-
tional studies have found evidence for variations in the dust attenuation curve with galaxy
properties, such as a steeper slope in low-metallicity galaxies (Shivaei et al., 2020). How-
ever, we still do not know what governs the curve of dust attenuation, and what role dust and
stellar morphology play in this.

Despite these variations in dust attenuation curves (Boquien et al., 2012; Kriek et al.,
2013; Buat et al., 2014; Matek et al., 2018; Salim et al., 2018), most of extragalactic as-
tronomers typically use a single and simple functional form to describe attenuation in large
samples of galaxies. This represents a major issue in deriving the physical observables of
galaxies, especially the stellar masses. In fact, shallow attenuation laws will assume a dim-
mer older stellar population, increasing the stellar masses of galaxies (e.g., Matek et al., 2018;
Buat et al., 2019). The choice of a functional form (e.g., Calzetti et al., 2000; Charlot et al.,
2000) to treat dust attenuation in galaxies, strongly affects the observables. This may result
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in a distorted view of galaxy evolution, especially since we still lack knowledge of whether
the attenuation curve varies with redshift.

These questions are particularly important when studying DSFGs. These objects were a ma-
jor contributor to the cosmic SFR, and dust is a key ingredient of their ISM, allowing a deeper
study of their dust attenuation law variations. An important question is whether the variations
in attenuation of DSFGs are the same as observed in normal star-forming galaxies.

In this thesis, I try to answer these questions through three papers that deal exactly with
dust attenuation and physical observables of galaxies at different redshift ranges. The thesis
is organized as follows:

In Chapter 2, I present Hamed et al. (2021) in which I investigate SFR, dust, gas, and stellar
masses in a pair of peculiar galaxies at the cosmic noon (z ~ 2). One of these galaxies is an
ultra-massive ULIRG, in which dust attenuation plays a big role in its "starburstiness". I also
analyze the morphological differences between its dust continuum (detected by ALMA) and
the stellar component.

In Chapter 3, I present Hamed et al. (2023), in which I study a large sample of DSFGs de-
tected by ALMA, and investigate the variation of dust attenuation slopes with the star-to-dust
compactness in these galaxies.

In Chapter 4, I study the IRX-8 dust attenuation relation at a redshift range of (0.5 < z < 0.8),
usually referred to as intermediate redshift’, and investigate the potential drivers of dust at-
tenuation in normal star-forming galaxies.

Each Chapter will be followed by a page of take-away points, to facilitate the reading.
And at the end of the thesis, I summarize my work in conclusion, and discuss future perspec-
tives.

5 An often unvisited redshift range in studies that deal with dust attenuation. Of course, the local Universe is
highly resolved, and high redshift is & la mode, but what is in between is important to grasp the full evolutionary
view of galaxies.
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Summary of the first chapter

o Interstellar dust absorbs and scatters light, causing reddening and dimming effects that
can obscure and alter our observations of galaxies. The impact of dust attenuation on
measurements of galaxy properties, such as stellar masses and star formation rate, can
be significant.

e Spectral energy distribution is a powerful tool, allowing us to have a panchromatic
view of physical mechanisms that govern galaxy evolution. Dust attenuation plays a
crucial role in the SED modeling, despite the dust accounting for a negligible amount
of the total baryonic mass in the interstellar medium (ISM).

o Different models and assumptions are used to correct for dust attenuation, leading
to varying results. Generally, two often used attenuation laws are that of Calzetti et
al. (2000) and Charlot et al. (2000). The former is based on observations of nearby
starburst galaxies, while the latter is a model developed to explain the observations.

o Although many advances were achieved in the past to link dust attenuation with other
physical properties, such as gas metallicity, little is known about the role of the spatial
distribution of dust and stars on attenuation in galaxies.

e The main drivers of the IRX-8 dust attenuation relation are not fully investigated.
Though many literature exists studying this relation at high redshift and in the local
Universe, the intermediate redshift (0.2 < z < 1) is still poorly studied. Investigating
this redshift range will allow us to understand the evolutionary paths of the dust atten-
uation dependencies.

e Dusty star-forming galaxies are believed to be the progenitors of present-day massive
elliptical and quiescent galaxies, and are among the most luminous galaxies in the Uni-
verse. They are primarily detected in the far-IR regime due to their high dust content,
and are thought to contribute significantly to the cosmic SFR density during the cosmic
noon.
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Multiwavelength dissection of a
heavily dust-obscured galaxy and its
blue companion at z~2

This chapter originally appeared as ‘Multiwavelength dissection of a massive heavily dust-obscured galaxy and

its blue companion at z~2’ by M. Hamed et al. 2021, Astronomy & Astrophysics, (Hamed et al., 2021)

2.1 Abstract

We study a system of two galaxies, Astarte and Adonis, at z ~ 2. At this time, the Uni-
verse was undergoing the peak of its star formation activity. Astarte is a dusty star-forming
galaxy at the massive end of the main sequence (MS), and Adonis is a less massive com-
panion galaxy that is bright in the ultraviolet and has an optical spectroscopic redshift. We
investigate whether this ultramassive galaxy is quenching, and whether it has always been
on the MS of star-forming galaxies. We used the code CIGALE to model the spectral en-
ergy distribution. The code relies on the energetic balance between the ultraviolet and the
infrared. We derived some of the key physical properties of Astarte and Adonis, mainly their
star formation rates (SFRs), stellar masses, and dust luminosities. We inspected the vari-
ation of the physical parameters depending on the assumed dust-attenuation law. We also
estimated the molecular gas mass of Astarte from its CO emission, using different «CO and
transition ratios (r31), and we discuss the implication of the various assumptions on the gas-
mass derivation. We find that Astarte exhibits a MS-like star formation activity, and Adonis
is undergoing a strong starburst phase. The molecular gas mass of Astarte is far lower than
the gas fraction of typical star-forming galaxies at z = 2. This low gas content and high SFR
result in a depletion time of 0.22+0.07 Gyr, which is slightly shorter than expected for a MS
galaxy at this redshift. The CO luminosity relative to the total infrared luminosity suggests
a MS-like activity when we assume a galactic conversion factor and a low transition ratio.
The SFR of Astarte is on the same order when different attenuation laws are used, unlike
its stellar mass, which increases when shallow attenuation laws are used (~ 1 x 10! My)
assuming a Calzetti relation, versus (~ 4 X 10" Mp) assuming a shallow attenuation law).
We discuss these properties and suggest that Astarte might be experiencing a recent decrease
in star formation activity and is quenching through the MS following a starburst epoch.
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2.2 Introduction

Studying galaxy evolution throughout cosmic time is a key element of modern astrophysics
and is crucial for our understanding of the life cycle of the progenitors of passive elliptical
galaxies that we observe in the local Universe. Evidence suggests that the star formation rate
(SFR) density has peaked around a redshift of z ~ 2 (e.g., Hopkins et al., 2006; Madau et
al., 2014; Béthermin et al., 2017; Gruppioni et al., 2020), making this epoch (cosmic noon)
particularly interesting. Moreover, at cosmic noon, dusty star-forming galaxies (DSFGs)
(e.g., Smail et al., 1997; Blain et al., 2002; WeiB} et al., 2013b; Casey et al., 2014; Donevski
et al., 2020) contributed significantly to the star formation activity of the Universe (e.g.,
Chapman et al., 2003, 2005). Furthermore, dust-obscured star formation activity plays an
important role at higher redshifts (e.g., Takeuchi et al., 2005; Murphy et al., 2011; Béthermin
et al., 2015; Bourne et al., 2017; Whitaker et al., 2017). It is therefore crucial to study the
massive DSFGs at higher redshift.

The plethora of multiwavelength data, especially the infrared (IR) detections from Her-
schel, played a central role in our understanding of the evolution of DSFGs as a function of
redshift. However, there are still controversies regarding how these galaxies build up their
stellar masses. These controversies arise from the systematic uncertainties caused by the
heavy dust attenuation in this type of object (e.g., Hainline et al., 2011; Michatowski et al.,
2012). This is caused by the sensitivity of the stellar mass estimate to the type of star for-
mation history (SFH), the choice of the synthetic stellar population (SSP), and the assumed
initial mass function (IMF). The accuracy of the derived stellar masses of DSFGs was also
discussed in detail in Casey et al. (2014).

On the other hand, the growing number of Atacama Large Millimeter Array (ALMA)
observations in the recent years provides unparalleled help in constraining the evolution of
DSFGs. These data allow us to build a comprehensive view of the role of these giant IR-
bright sources by tracing their molecular gas and dust content (e.g., Donevski et al., 2020).
The wealth of multiwavelength data also contributed to significantly improve the estimation
of physical properties that govern such galaxies by modeling their spectral energy distribution
(SED, e.g., Burgarella et al., 2005; da Cunha et al., 2008; Noll et al., 2009; Conroy, 2013;
Ciesla et al., 2014).

To build an SED, different aspects of a galaxy must be considered, most importantly,
the star formation history (SFH), the change of which strongly affects the derived SFR (e.g.,
Buat et al., 2014; Ciesla et al., 2017), stellar populations of varied ages and metallicities, dust
emission with different dust grain sizes and temperatures, nebular and synchrotron emissions,
etc. Extinction caused by dust is critically important in any spectrum fitting of a galaxy be-
cause it changes the shape of the SED the most by absorbing a significant number of the
ultraviolet (UV) photons and thermally reemits them in the IR. This behavior can be mod-
eled by assuming that dust absorbs the shorter wavelength spectrum of galaxies following
attenuation laws that are typically described by simple power laws with varying complexi-
ties, and it can reproduce the observed extinction in galaxies of different redshifts and types.
However, dust attenuation laws are not universal (e.g., Wild et al., 2011; Buat et al., 2018;
Matek et al., 2018; Salim et al., 2020). The need of different attenuation recipes is inevitable
in order to reproduce the spectra of galaxies of different masses, IR luminosities, and the red-
shift. This makes it challenging to interpret some of the physical features, especially when
different attenuation laws can reproduce a good SED of a galaxy (Buat et al., 2019).

A non-negligible fraction of galaxies exhibits nonalignment and sometimes a total dis-
connection between the dust continuum and the stellar population (Dunlop et al., 2017; Elbaz
et al., 2018). This directly challenges SED fitting techniques that rely on the energetic bal-
ance between the UV and the IR because the key assumption for these techniques is that any
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physical property derived from one part of the spectrum should be valid for the entire galaxy.
Several approaches have been investigated to test the validity of this strategy. Buat et al.
(2019) suggested the decoupling of the stellar continuum from the IR emission by modeling
their fluxes in addition to comparing the derived parameters such as the SFRs, dust lumi-
nosities, and stellar masses with those derived using full SEDs. Statistical samples of such
massive and dusty galaxies (e.g., Dunlop et al., 2017; Elbaz et al., 2018; Buat et al., 2019;
Donevski et al., 2020) offers an important insight into the evolution of dust and gas mass
through cosmic time. However, the nature of these giants is not fully understood.

The interstellar medium (ISM) is the most important element in understanding the phys-
ical processes of star formation because it contains the building materials for future stars,
most importantly, hydrogen. The hydrogen density was found to be tightly correlated with
the SFR, as suggested by Schmidt (1959) and investigated by Kennicutt (1998). This corre-
lation is known as the Schmidt-Kennicutt law, and it takes the gas in its molecular and atomic
forms into account, even though molecular gas has the strongest effect. The mass of this gas
can be estimated based on the emission of the easily excited CO molecules (e.g., Carilli et al.,
2013; Weil et al., 2013a; Decarli et al., 2019; Riechers et al., 2020). Tracing the molecular
gas with CO emission relies entirely on already established abundances in galaxies of the lo-
cal Universe. Large interferometers such as ALMA offer unique opportunities for detecting
these emission lines with unprecedented accuracy. The luminosity of the lines can give an
estimate of the molecular hydrogen mass of a galaxy, typically using a conversion factor. On
the other hand, conversion factors in high-redshift galaxies are highly debated (see Bolatto
et al., 2013 for a comprehensive review).

Nonetheless, an estimate of the molecular gas reservoir of galaxies at the high-mass end
of the main sequence (MS) is crucial for characterizing their star formation activity. For
instance, Elbaz et al. (2018) showed that some galaxies exhibit a starburst (SB)-like gas
depletion timescale although they reside on the MS.

Despite the growing number of detections of these heavily dust-obscured ultramassive
objects at high redshift, the progress of SED modeling, and the better comprehension of the
high-redshift ISM, we still lack a full picture of how these galaxies form and quench. They
might always have steadily formed stars throughout the MS, or they might be former SBs
transiting to the red sequence through the MS.

To answer these questions, it is essential to understand how the star formation is fueled
by the gas in massive objects, and why this activity ceases. Quenching mechanisms are still
not fully understood, and they might be caused by active galactic nuclei (AGN) feedback or
outflows (e.g., Cattaneo et al., 2009; Dubois et al., 2013; Combes, 2017) to environmental
effects that can lead to gas-stripping (e.g., Coil et al., 2008; Mendez et al., 2011).

Motivated by these questions, we analyze and interpret the multiwavelength observa-
tions of a pair of galaxies at z~2 with the original COSMOS2015 catalog (Laigle et al.,
2016 IDs: 647980 and 648299, hereafter Astarte and Adonis). Astarte is an ultramassive
(M, > 10'"'M,), IR-bright galaxy whose CO emission is serendipitously detected with
ALMA. Adonis is a low-mass galaxy bright in near-UV and optical bands.

The structure of this paper is as follows: in Section 2.3 we describe the data of the two
galaxies. In Section 2.4.1 we probe the molecular gas of Astarte using its ALMA-detected
CO emission line, and in Section 2.4.1 we investigate the morphology of this line compared
to multiwavelength detections. In Section 2.4.2 we derive the physical properties of the two
galaxies using SED fitting. The discussion and conclusion are presented in Sections 4.7 and
2.6, respectively.

Throughout this paper, we adopt the stellar IMF of Chabrier (2003) and ACDM cosmology
parameters (WMAP7, Komatsu et al., 2011), Hy = 70.4 km s! Mpc~!, Oy =0.272, and Qp
=0.728.
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2.3 Observations

The system of Astarte and Adonis was initially part of a selection of z~2 galaxies at the
high-mass end (M, > 10'! M) of the MS of star-forming galaxies (e.g., Noeske et al., 2007;
Daddi et al., 2010; Rodighiero et al., 2011; Schreiber et al., 2015) detected by Herschel/PACS
observations of the COSMOS field (PEP survey, Lutz et al., 2011). In the COSMOS2011
catalog from which the system was selected, the system is not deblended even in the optical
and near-IR and appears as a single source. This is probably caused by the fact that this early
catalog is mainly built using the i band, in which Astarte is particularly faint. The zZCOSMOS
survey (Lilly et al., 2009) measured the spectroscopic redshift at the position of the HST/ACS
source from zCOSMOS and found z;,,. = 2.140. In the more recent COSMOS catalog
(Laigle et al., 2016), both z- and near-IR bands were used to detect and deblend the object.
Adonis and Astarte thus have individual flux measurements in the optical bands of Subaru,
the near-IR bands of VISTA, and the mid-IR with Spitzer/IRAC. Astarte is detected at 250
and 350 um with Herschel/SPIRE using a 24 um prior (Oliver et al., 2012). The deblending,
coupled with the far-IR detection of Astarte, results in a low-mass low-SFR object (SFR = 37
Mo yr~! with a stellar mass of 9.46x10° M), and a dust-obscured ultramassive object (SFR
= 131 My yr~! with a stellar mass of 1.41x10'" M), as initially estimated using LePhare
(Arnouts et al., 2011).

Astarte and Adonis were observed by ALMA as part of a program (2013.1.00914.8S, PI:
Béthermin) targeting a pilot sample of four massive z~2 main-sequence galaxies in band-7
continuum and their CO emission. The goal was to measure their gas and dust content and
to compare their short-wavelength morphology with their CO and continuum morphologies.

2.3.1 Near-UYV to IR observations

The near-UV (rest-frame far-UV) detections of our two galaxies are provided by the Canada
France Hawaii Telescope (CFHT) in the u# band. Visible and near-IR detections (rest-frame
near-UV) are obtained via the broad band Suprime-Cam of Subaru in the B, V, 1, i* bands
and the mid-IR data (rest-frame near-IR) are from the IRAC camera of Spitzer. The IR-bright
Astarte has a MIPS detection at 24 yum with a signal-to-noise ratio (hereafter S/N) > 20 and
is very bright (S/N ~ 20) in IR detections of Herschel, where the beam size is large. The
100 um observation from PACS did not detect the two galaxies, but provided an upper limit,
which is taken into account in the SED fitting because it constrains the far-IR part of the
spectrum.

The radio continuum of Astarte was tentatively detected with the Karl G. Jansky Very
Large Array (VLA) in the S band at v =3 GHz (Smolci¢ et al. (2017). This tentative detection
was not included in the initial catalog of Smolci¢ et al. (2017) because it falls just below their
detection threshold of 50~ (S/N=4.3). Adonis has not been detected with the VLA at 3 GHz.
We thus estimated a 30~ upper limit from the standard deviation in the cutout image around
our two sources. The beam width of the VLA detection is 0.75/7, and the continuum is shown
in Figure 2.1.

The Jin et al. (2018) catalog provides the JCMT fluxes at 850um for both our galaxies
(244042519 wly for Astarte and 3910+2516 ulJy for Adonis). We refrain from using these
highly deblended fluxes because of the high uncertainties, which are probably caused by the
degeneracies in the deblending of this close pair and because most of the flux is unexpectedly
attributed to the smaller and less IR-bright Adonis. Table 3.1 presents a summary of the
available photometric data from different instruments of the two galaxies.
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Ficure 2.1: Integrated flux of ALMA-detected CO emission (green contours)
along with the VLA-detected radio continuum at 3 GHz (magenta contours)
in the RGB image (VISTA Ks, H, and J) of Astarte and Adonis. The beam
size of ALMA is 0.78” x 0.50” (lower left beam). The beam FWHM of VLA
is 0.75”. The outermost contour of the CO integrated flux (green) is at 20
significance. The subsequent contours are in steps of 1o, and the innermost
contour shows 5o. The magenta contours show 2 and 30 significance. The
blue cross is centered on Adonis, and the red cross is centered on Astarte.

2.3.2 ALMA observation

Astarte was observed at 2.7 mm with ALMA (band 3) with a time on source of 45 minutes
using 32 antennas on September 5, 2015, cycle-2 (P.I. M.Béthermin). We used the Common
Astronomy Software Applications package and pipeline (CASA) v5.4' (McMullin et al.,
2007) to flag and reduce the visibility data. The deconvolution was performed with the
CLEAN algorithm using natural weighting for an optimal S/N. The multifrequency synthesis
mode of the line-free channels showed an insignificant continuum emission of the spectrum,
therefore we did not need to subtract it. In the deconvolution process, the cell size was set
to 0.177. The achieved synthesized beam size is 0.7877 X 0.56/+, the velocity resolution of the
cube is 21.36 kms~! | and the rms is 0.47 mJy beam™! km s~! per channel.

lhttps://casa.nrao.edu/
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Astarte Adonis
COSMOSI15ID 647980 648299
redshift Zphot = 2.153  Zgpee = 2.140
Telescope/ Filter A Sy Sy
Instrument (um) (dy) (dy)
CFHT/ u 0.383  0.104 +0.032 0.492 +0.032
MegaCam
Subaru/ B 0.446  0.127 +£0.018 0.596 +0.032
Suprime-Cam v 0.548  0.252+0.033 0.938 +£0.049
r 0.629  0.246+0.029 0.904 +0.041
it 0.768  0.331+0.035 0.973 +£0.042
ztt 0910 0.719+0.062 1.329 +0.063
VISTA/ Y 1.02 0.836 £0.155 1.519+0.162
VIRCam J 1.25 2.691 +£0.175 2.682 +0.181
H 1.65 4234 +0.241 3.243+£0.254
Ks 2.15 9.536 £ 0.351 4.776 +0.362
Spitzer IRACI1 3.6 18.60 = 0.07 3.70+£0.10
IRAC2 4.5 25.10+0.10 2.80+£0.13
IRAC3 5.8 25.10 +2.00 3.60 +2.60
IRAC4 8.0 15.30 +3.30 -
Spitzer MIPS1 24 351 +17
Herschel PACS 100 <6734
Herschel SPIRE 250 17792 + 744 -
SPIRE 350 16058 + 1026 -
VLA S 1.3x10°  9.9+23 <73

TaBLE 2.1: Summary of the data of the two sources observed through the
different instruments. S, is the flux in (uJy). A is the center of the specific
filter band.

2.4 Results

2.4.1 Probing the molecular gas of Astarte

In the data cube we find only one significant line and no significant continuum source in the
field of view. The line extraction procedure along with the derivation of the luminosity and
the gas mass are described in the following subsections.

Line extraction

The ALMA-detected emission line of Astarte corresponds to the CO(3-2), with a peak at an
observed frequency of vops = 109.65 GHz, implying zcp(3-2) = 2.154, which agrees with

the photometric redshift z,po1,starre = 2. 153f8'(§)55; Laigle et al. (2016). This confirms Astarte
as the origin of the detected-CO emission. We do not detect Astarte in the continuum and
measured a 30~ upper limit from the map of 0.117 mJy. The expected flux densities from the
SED modeling discussed in Sect.2.4.2 are 0.007 mJy and 0.049 mJy for Adonis and Astarte,
respectively. It is thus not surprising that none of our two sources are detected. The flux
uncertainty was determined by deriving the standard deviation in the source-free pixels in
the map that was not corrected for the primary beam because it has similar noise levels in

the emission-free pixels (the noise in the central region is ~ 2% higher than in the outermost
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region of the map). The achieved S/N is 5.2 for the brightest channel of the CO(3-2) of
Astarte. The emission line was extracted by fitting a Gaussian to the profile. The goodness
of the Gaussian fit was verified with a y? test. Its properties are summarized in Figure 2.2
along with the redshifted CO(3-2) line. The full width at half maximum (FWHM) of the
Gaussian is found to be 152.74+33.21 km s~!. The spectroscopic redshift of the system at

Velocity (km /s)
1 848 1593 1338 1062 785

Gau55|an fit:
3 1 Amplitude = 1.69+0.27 m)y

FWHM = 152.74+33.21 km s~} 3
Center = 109.653+0.004 GHz

2 4 Reduced x? = 0.28

nll ”H”LFHJU JHM J'llﬂ
I ]

Flux density (m]y)
(-
1

T T ll T T
109.45 109.55 109.65 109.75 109.85
Frequency (GHz)

Ficure 2.2: Spectral profile of Astarte with the redshifted CO(3—2) line
(dashed vertical gray line) and the Gaussian fit (red) with its properties.

the position of HST detection found by by the zZCOSMOS survey Lilly et al. (2009) is zspec =
2.140. This zp,. corresponds to that of Adonis because only this UV-bright galaxy is detected
with HST/ACS. When the redshift difference of Astarte and Adonis is taken into account,
the corresponding radial velocity difference AV is 1335km s~'. This velocity difference is
greater than what is found in interacting pairs of galaxies, which is typically AV < 350 km s~
(Lambas et al., 2003; Alonso et al., 2004). Outflows and absorption in the UV lines could
account for few hundred kms~! (Cassata et al., 2020), or a division of the Hubble flow and
peculiar motions, which could account for a significant velocity contribution if it is along
the line of sight. Therefore this does not rule out a possible interaction between Astarte and
Adonis.

Line-integrated flux and luminosity

The intensity is calculated by integrating over the Gaussian fit of the line, which is then con-
verted into the apparent line luminosity (L") using the expression from Solomon et al., 1997,
which expresses L’ with the integrated source brightness temperature in units of K km s~! pc?,

—325><107><1><L (2.1)
lme (1 +Z)3V2 ’ ’
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where Dy is the luminosity distance in Mpc, [ is the intensity in Jy km/s, and v, is the
observed frequency in GHz. As a consistency test, we also estimated the integrated flux of
the line using the moment-zero map, which was obtained by summing the channels in which
the emission line is detected. The line flux is measured in the moment-zero map using a 2D
Gaussian fit of the source. As shown in Béthermin et al. (2020), there is no significant dif-
ference between this method and a fit in the uv plane for faint compact sources observed by
ALMA. The resulting flux densities of the two methods are presented in Table 4.2. There is
1.2 o significant difference between the intensities derived by each methods. The spectrum is
extracted at a single point assuming a point source, while the 2D fit can recover the flux from
an extended source. This small difference in flux suggests that our source was marginally re-
solved. Hereafter, we use the flux from the moment-zero map, which takes this into account.
However, we cannot formally exclude another faint and diffuse component at larger scale
considering the depth of our data. Figure 2.1 shows the flux-integrated moment-zero map of
Astarte represented by confidence levels contours. The size of the CO disk is ~ 74 kpc.

spec mom /
Peak flux 100(372) 100(3_2) LCO(3—2)

density (mJy) (Jykms™) (10° K km s~! pc?)
1.690 +0.277 0.251 £0.062 0.328 +0.047 8.508 +1.219

TaBLE 2.2: Summary of the CO(3-2) emission line properties of Astarte.

Iépoe(c%z) is achieved by integrating over the Gaussian of the emission line.
I’C’,’(‘;’Z’?’_z) is the intensity derived from the moment-zero map.

Deriving the molecular gas mass

To derive the total mass of the molecular gas in a galaxy, we assumed that the H, mass is
proportional to the CO(1-0) line luminosity, which is the commonly used tracer of the cold
star-forming molecular clouds because only a small excitation potential is required. The H;
mass can be derived using a conversion factor aco (e.g., Downes et al., 2003; Greve et al.,
2005; Tacconi et al., 2006; Bothwell et al., 2013a; Carilli et al., 2013),

MHz = aco L,CO(I—O), (22)
where My, is the mass of the molecular hydrogen in Mo, aco is the conversion factor, and
L{ (1o s the line luminosity in K km 57! pc?. The practice of deriving the H, mass with
this method is very common, especially for galaxies at high redshifts, for which information
and spatial resolution is often limited. Our CO(3-2) line luminosity has to be converted
into CO(1-0) luminosity using a luminosity line ratio r3; = L, 0(3-2) / Ly, 0(1-0)" We used
r31 = 0.42 £ 0.07, which is the average ratio found for z = 1.5 SFGs by Daddi et al. (2015).
This resulted in

L = (2.03+0.59) x 10" K km 57! pc?.

Cco(1-0)
To convert this luminosity into hydrogen mass, we used two conversion factors: acp =
0.8, and a galactic conversion factor of @co = 4.36. The first recovered the molecular gas
mass in SBs and submillimeter galaxies, where the gas is efficiently heated by dust. The
galactic conversion factor is suitable for normal MS galaxies (Downes et al., 1998; Bolatto
et al., 2013; Carilli et al., 2013). For acpo = 0.8, the mass of the molecular hydrogen is
M, (a=0s) = (1.62+0.47) x 10'° Mo. aco = 4.36 results in My, = (8.85+2.57) x
10'9 Mg, which is a five times larger gas reservoir than we derived with aco = 0.8.
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Dynamical mass

With the velocity FWHM of the CO(3-2) line, we used the method described in Bothwell
et al. (2013b) to estimate the dynamical mass of Astarte. Assuming that a rotating disk is the
origin of the detected line, the dynamical mass can be written as in Neri et al. (2003),

May, (M) = 4 x 10* AV? R/ sin® (i), (2.3)

where AV is the FWHM of the line velocity, 7 is the inclination angle of the disk, and R is the
radius of the disk in kiloparsec. For a random inclination of (i) = 57.3° (Law et al., 2009),
the dynamical mass is found to be (1.11 £0.23) x10'! M. The ratio of gas mass to dynamical
mass for a galactic conversion factor is therefore My, / Mgy, = 0.76 +0.33. For aco = 0.8,
Mp, /Mgy, = 0.15+0.07. The hydrogen mass derived assuming a galactic conversion factor
is able to trace the dynamical mass of Astarte, despite the relatively low FWHM of the CO
line, as it is for similar FWHM values in Bothwell et al. (2013a).

CO emission morphology

We investigated the morphology of the CO(3-2) emission line of Astarte in relation to other
wavelength detections of the system to closely study the association of the CO component
with the UV, optical, and IR components, as shown in Figure 2.3. HST’s observation in
the I band (rest-frame mid-UV) do not show Astarte because it is heavily obscured by dust.
However, the young stellar population of the less-dusty Adonis is visible in the HST I band
and is bright in the u-band detection of CFHT (rest-frame far-UV) and in the J band of VISTA
(rest-frame near-UV). In the Ks bands of CFHT and VISTA, which correspond to rest-frame
visible light, Adonis becomes less bright and is very faint at higher wavelength observations
of ALMA and VLA.

The dusty Astarte is not visible in the u band of CFHT (rest-frame far-UV). It is detected
in the Ks bands of VISTA and CFHT, however, showing a bright stellar population in the
visible rest-frame wavelengths. A spatial offset (of ~ 0.39") is visible between the ALMA-
detected CO emission and the emission of the stellar population (observed in the Ks bands)
of Astarte. Faisst et al. (2020) found an average offset between the COSMOS2015 catalog
and the Gaia reference frame of A(RA) = —63.9f678'27 milliarcsec and A(Dec) = —1.41?7()"3“
milliarcsec. This systematic offset cannot explain the visible offset between the CO emission
and the rest-frame optical counterparts of Astarte. Moreover, we show that the continuum
detected by the VLA at 3 GHz of Astarte and its CO emission detected by ALMA are aligned,

eliminating the possibility of a systematic error due to the synthesized beam size of ALMA.

Although the original spectroscopic redshift of 2.140 (for both sources) found by zCOS-
MOS (Lilly et al., 2009) was derived from the visible range of the HST observation, in which
Astarte is not observed, ALMA offers a spectroscopic redshift for the latter (zazpa = 2.154).
This shows the importance of long-wavelength detections especially for dust-obscured galax-
ies where the UV to near-IR emission is heavily attenuated (Schreiber et al., 2018a; Wang
etal., 2019).

2.4.2 SFRs, stellar masses, and dust luminosities

SED modeling

We used the SED modeling code CIGALE? (Boquien et al., 2019) to derive the physical
properties of our sources. The code allows modeling galaxy SED from the UV to the radio

http://cigale.lam. fr
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Ficure 2.3: ALMA-detected CO(3-2) emission line contour map (red con-
tours) of Astarte overlaid on detections from different telescopes and instru-
ments at different bands as specified in every panel. From upper left to lower
right: CFHT U band at 0.383 pm. HST I band at 0.805 um. VISTA J band
at 1.252 um. CFHT Ks band at 2.146 um. VISTA Ks band at 2.147 pm and
for the VLA detection at 3GHz. The outermost contour is 307, and the sub-
sequent contours are in steps of 1o~ with red innermost contour showing 5o
The beam size is 0.78"% 0.50". The white bar shows the 1 arcsecond scale.

wavelengths, taking the energetic balance between the emission absorbed by dust in the UV-
visible range and the IR emission into account. CIGALE offers a variety of modules for
each physical process a galaxy may undergo. The modules that we used in our SED fitting
procedures are described below.

Stellar component

To model the stellar component of Astarte and Adonis, we used the SSP of Bruzual et al.
(2003). This stellar library computes the direct stellar contribution to the spectrum (UV to
near-IR range) by populating the galaxy with young and old stars of different masses, as well
as the required gas mass that will produce such population. This model was developed based
on observations of nearby stellar populations, and it describes the various stellar emissions
that are expected in encounters within any galaxy. These models depend on the metallicity
and the separation age’. We used a solar-like metallicity and took nebular emission into
account because they contribute to the total SED model from the UV to near-IR.

Different stellar demographics must be modeled with an appropriate SFH in any SED
modeling because it is critical to estimate the contribution of the young and old stars to the
total flux. An appropriate SFH is key to deriving the SFR of a galaxy because it strongly de-
pends on the assumptions made (Ciesla et al., 2017). CIGALE offers different SFH scenarios
that vary from the simple delayed SFH to more complex scenarios containing episodes of
bursts or sudden drops in SFRs. We used the SFH proposed by Ciesla et al. (2017), which is

3 Age of the separation between the young and old stellar population.
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Ficure 2.4: Best fits of the constructed SEDs of Astarte and Adonis along
with their relative residuals. The SED of Astarte (left) is produced using
the LF17 attenuation law. The SED of Adonis (right) is produced using the
CF00 attenuation law. The best fit is shown in black. The unattenuated stellar
emission is shown with the blue line. The filled region shows the difference
between the unattenuated and the attenuated stellar emission, absorbed by
dust. Red dots are the best-fit values of the observations, which are shown
with the purple boxes. Upper limits are shown as purple triangles.

a combination of a smooth delayed buildup of the stellar population to model the long-term
SFH of a galaxy, and a recent flexibility in the past few hundred million years to allow for re-
cent and drastic SFR variations (burst or quench). This SFH model has been proven to limit
biases by decoupling the estimations of the stellar mass, which are mainly constrained by
rest frame near-IR data, from the SFR, which is constrained by UV and IR data (e.g., Ciesla
et al., 2016, 2018; Schreiber et al., 2018a,b). This type of SFH was used in the study of
high-redshift (z < 3) passive galaxies to model their SED (e.g., Merlin et al., 2018; Schreiber
etal., 2018a,b). We limited the recent burst or quench episodes to the last 100 Myr of the life
of our sources. The recent burst is motivated by the ALMA detection, but it is important to
note that this burst makes it difficult to constrain the past SFH. The burst part of the SFH is
usually responsible for fitting the UV data, whereas the previous SFH (delayed) is driven by
the older stellar population, manifested in the visible part of the SED.

Attenuation laws

Two prominent attenuation laws are those of Calzetti et al. (2000) (hereafter CO0) and Char-
lot et al. (2000) (hereafter CF00). They are widely used in the literature, and along with their
alternations, they can describe the behavior of the extinction in the UV to near-IR caused by
dust.
CO00 and their recipes are at their core equivalent to reducing the short-wavelength flux from
a stellar population by an opaque screen, with the opacity being dependent on the total ex-
tinction of the stellar emission at the B and V bands.
Another approach is the CFO0 power law, which is fundamentally different from that of C00:
it attributes a different attenuation to the ISM and to the birth clouds (hereafter BC). This
makes the dust more effective at absorbing the UV light because the young stellar emission
has to pass through the dust in the BC and the ISM. Stars that are older are only attenuated
by the ISM dust. The CF0O0 approach is slightly more complex and physical than that of CO0
for high-redshift ultradusty galaxies, embodying different dust distributions and densities
throughout a galaxy.

C00 and CFOO relied for their efficiency of attenuating the stellar population on power
laws for their slopes. The power-law slopes for BCs and ISM in CF00 were originally fixed
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Parameter Values
Star formation history Ciesla et al. (2017)
Stellar age(?) ageman 0.8 - 3.2 Gyr by a bin of 0.2 Gyr
e-folding time(*) Tomain 0.8, 1,3, 5, 8 Gyr
Age of burst/quench episode flex 5, 10, 50, 100 Myr
SFR ratio after/before T'SFR 1072, 1074, 0, 10", 102, 10°
Stellar synthesis population (Bruzual et al., 2003)
Initial mass function IMF (Chabrier, 2003)
Metallicity Z 0.02
Separation age 10 Myr

Dust attenuation laws
(Calzetti et al., 2000)

Colour excess of young stars E(B-V) 0.1-1byabinof 0.1
Reduction factor(##) £ 0.3,0.5,0.8, 1.0
(Charlot et al., 2000), (Lo Faro et al., 2017)
V-band attenuation in the ISM ADM 0.3 - 3 by abin of 0.1
AVISM [ (ABC 4 AISM) 7 0.3,0.5,0.8, 1
Power law slope of the ISM -0.7, -0.48
Power law slope of the BC -0.7
Dust emission model (Draine et al., 2014)
Mass fraction of PAH qpPAH 1.77, 2.50, 3.19
Minimum radiation field U in 10, 25, 30, 40
Power law slope 1% 2
Synchrotron emission
far-IR/radio correlation coefficient 2.3-2.9byabin of 0.1
Power law slope slope synchrotron 0.4 - 0.9 by a bin of 0.1

TasLE 2.3: Input parameters used to fit the SEDs of Astarte and Adonis with

CIGALE. (i) The stellar age is the age of the main stellar population. (ii)

The e-folding time is the time required for the assembly of the majority of

the stellar population. (iii) The reduction factor f, is the color excess in old
relative to young stars.

at -0.7 each. The recipe of Lo Faro et al. (2017) (hereafter LF17) of CFO0O was tuned by
assuming a power law for the slope of the attenuation in the ISM equal to -0.48. This recipe
provides a steeper attenuation curve at shorter wavelengths. We used these three attenuation
laws and compared their best fits and their effects on deriving the physical properties of our
sources.

To assess which attenuation laws to use when different modules can produce good and
comparable fits, we employed the Bayesian information criterion (BIC), defined as the y* +
k1nn, where /\(2 is the unreduced goodness of the fit, & is the degree of freedom of the model,
and n is the total number of photometric fluxes used in the fit of the galaxy. We then evaluated
the preference of a model over another by calculating the difference between their BICs:
ABIC > 2 translates into a notable difference between the two laws, and the fit with the
lowest x? is preferred. This method was used by Ciesla et al. (2018) to choose successful
scenarios of SFHs of quenching galaxies, and by Buat et al. (2019) to assess SEDs of z ~ 2
ALMA-detected galaxies.
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Attenuation law  y? reduced y> BIC

C00 43.22 2.12 73.18
Astarte CF00 18.34 0.97 51.30
LF17 16.06 0.84 49.01

C00 16.28 1.10 46.78

Adonis CF00 10.51 0.70 41.01
LF17 13.99 0.93 44.49

TaBLE 2.4: Comparison between the quality of fits of Astarte and Adonis
produced with CIGALE with the three attenuation laws.

Dust emission

To model the dust emission, we used the Draine et al. (2014) IR emission models, which were
calibrated using high-resolution observation of the Andromeda galaxy. Draine et al. (2014)
considered a variety of dust grains heated by different intensities coming from the stars and
the photodissociation regions, and this is an improved version of the previous Draine et al.
(2007) model by varying the dust opacity across the radius of a galaxy. This IR model was
successful in reproducing dust emissions of millions of Herschel-detected galaxies as a part
of the HELP project (Malek et al., 2018).

Synchrotron emission

The VLA detection at 3 GHz of Astarte and Adonis allowed us to model the synchrotron
emission of our objects, taking a nonthermal power law of the synchrotron spectrum and the
ratio of the far-IR/radio correlation into account. The different parameters we used to build
our SEDs are shown in Table 4.3.

SED fitting results

In the case of Astarte, the CFOO and LF17 attenuation laws result in best SED fits over C00.
The BIC of every model was calculated and is shown in Table 2.4 along with the other quality
of fit assessments. ABIC coo,croo) = 21.88 and ABIC croo,rr17) = 2.29, this privileged the
best fit produced with the LF17 attenuation law and therefore was taken into account in
deriving the physical properties. Despite the uncertainties on any assumed SFH model, the
adopted SFH here fit the short wavelength data best.

For the less-massive Adonis, CFO0 gave overall better fits than CO0 and LF17, with
ABIC 1r17,cro0) = 3:48 and ABIC coo,croo) = 5.77. The best SEDs of Astarte and Adonis
are shown in Figure 2.4. The signature of dust attenuation is clear in the two SEDs, where
the heavily dust-obscured Astarte has more attenuation of its overall stellar mass than is the
case with Adonis. The derived properties of both galaxies are shown in Table 2.5. The L;g of
Astarte of about 10'? qualifies it to be an ultraluminous IR galaxy (hereafter ULIRG), while
the low dust content of Adonis is manifested in the weaker IR luminosity and lower dust
mass.

To closely inspect the visible dissociation of the gas and the stellar population in Astarte,
we followed the method used in Buat et al. (2019) by dissecting the stellar continuum and
the IR emission and comparing their derived properties with those obtained using full SEDs.
Taking the UV to near-IR data (0.3 - 8 um) into account, the best fit for the stellar continuum
was obtained with the CO0 law, with ABIC cpgo,co0y = 8.3 and ABIC 117,000y = 2.7.
The better quality fit of the stellar continuum produced using C00 is expected because this
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Physical property Astarte Adonis
redshift z2co = 2.154 Zspec = 2.140
Lz (102 L) 3.16 +0.06 0.62 + 0.04
SFR (My/yr) 395 + 20 129 + 59

M, (M) (3.74+0.19) x 10" (9.37 £ 1.76) x 10°
Muus: (100 M) 1.01+0.11 0.86 +0.13

TaBLE 2.5: Summary of the physical properties obtained for Astarte and Ado-
nis obtained with CIGALE.

power law effectively attenuates the young stellar population, while the other two laws can
be equally efficient in attenuating the older stars, a behavior that translates into a rise in
the near-IR absorbed light and therefore a rise in the total IR emission. The IR luminosity
derived from the stellar continuum gives Lg,; = (2.43 £ 1.01) x 102 Lo, relatively close
to Lgyus derived from the full SED. The stellar mass derived from the stellar emission gives
(1.3£0.2) x 10" Mg and the SFR(yyy_peqr—1r) = 430 Moyr™'. From the IR data (MIPS -
ALMA continua), we obtain Ly, = (3.25 +0.08) x 10'2 L, consistent with the luminostiy
derived with the full SED. This result agrees with the results of Buat et al. (2019), who they
found consistent dust luminosities derived from both the full SED and the IR data, while
Ly deduced from the stellar continuum was underestimated.

2.5 Discussion

Figure 2.5 shows the relative position of our galaxies to the MS of Schreiber et al. (2015).
Adonis lies on 10xMS, qualifying it to be a strong SB, despite its relatively low SFR. While
being a SB, this type of source cannot be detected even by the deepest 3 mm ALMA survey
(expected flux of 7 uJy), which have a 10 noise of 9.7 uJy Gonzélez-Lépez et al. (2020).
Astarte is a MS galaxy with all the different attenuation recipes used. However, there is a
clear difference concerning the position of Astarte relative to the MS as a result of the three
attenuation laws. This is attributed to the significant difference in the derived stellar masses,
with CFO0 and LF17 attenuation laws resulting in a higher stellar mass than C0O as a result of
the highest attenuation in near-IR. This contributes to a lower specific SFR (sSFR = SFR/M,,)
because SFRs do not differ significantly with the three laws.

The host halo masses of z~2 Herschel-detected massive MS galaxies were investigated
in Béthermin et al. (2014) using clustering and X-ray stacking and were found to reside in
halos of >10'*> M. These halo masses are also expected from the relation of stellar mass
to halo mass (Behroozi et al., 2013; Durkalec et al., 2018; Behroozi et al., 2019). Astarte is
about four times less massive than the average central galaxies at z~1 of Hilton et al. (2013)
and van der Burg et al. (2013), which indicates that these MS giant galaxies continue to grow
either through in situ star formation or accretion of other galaxies throughout cosmic time
until lower redshifts.

We compared Astarte with CO-detected samples of the same redshift range from Genzel
et al. (2010) (labeled G10) and Tacconi et al. (2013) (labeled T13). These samples of SFGs
have constrained CO detections and well-investigated physical parameters (in Sargent et al.,
2014).

We compared the molecular gas mass of Astarte derived from the CO emission line with
that of G10 and T13 galaxies in Figure 2.6. G10 used a galactic conversion factor for SFGs
and acp = 1 for ULIRGs, while T12 adopted a galactic conversion factor for all their
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Ficure 2.5: Relative position of the sSSFR (SFR/M,) and stellar mass of

Astarte using the three attenuation laws to the main sequence of Schreiber et

al. (2015) at z=2. The yellow star shows the relative position of Adonis to the

MS. Magenta squares denote PHIBSS CO-detected SFGs at zx~ 2 (Tacconi

et al., 2013). Turquoise circles are ULIRGs at 2<z<2.5 from Genzel et al.

(2010). The solid line shows the MS of Schreiber et al. (2015). The dashed
and dotted lines are MS x4 and MS X 10, respectively.

sources. Our choice of acp = 0.8 underestimates the molecular gas mass of Astarte com-
pared to the galaxies of G10 and T13. However, acpo = 4.36 produces a higher molecular
gas mass with respect to its sSFR.

In Figure 2.7 we show the correlation between CO luminosities and the total IR luminosi-
ties. IR luminosities were derived from the SFRs of all the sources (G10, T13, and Astarte)
using the Kennicutt relation (Kennicutt, 1998). The initial choice of r3; = 0.42 = 0.07 (the
average in Daddi et al., 2015) places Astarte on the SB line from Sargent et al. (2014), con-
tradicting its SED result. We therefore investigated the lowest excitation ratio from Daddi
et al. (2015) of r3; = 0.27 = 0.07. This lower ratio moves Astarte closer to the MS within
the error bars.

Using the total molecular gas mass of Astarte derived with the least excited CO(3-2)
from Daddi et al. (2015) (r3; = 0.27 £ 0.07), and assuming a galactic conversion factor,
we estimate a gas fraction foqs = Mgas/ (Mgas + M) = (0.27 £0.07). Although this falls
within the lower limits of typical molecular gas fractions found in SFGs at z=2 in Santini et
al. (2014) and Béthermin et al. (2015), an a¢o adapted for SB with a higher r3; ratio reduces
the gas fraction significantly.

The gas mass derived with a galactic conversion factor gives Astarte a rather short deple-
tion time of 0.22 + 0.07 Gyr, making it very efficient at forming stars (for comparison, SBs
have a depletion time of ~ 100 Myr, see Fig. 10 in Béthermin et al. 2015). Recently, Elbaz
et al. (2018) found that compact SFGs on the MS with a relatively short depletion time are
common. These active ultramassive objects can be hidden at the higher end of the tail of the
MS. The average depletion time for the Elbaz et al. (2018) galaxies is about 0.25 Gyr, and
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FiGure 2.6: Molecular gas masses derived with the CO conversion factor vs.

the sSFR. The magenta squares are from T13. Turquoise circles are ULIRGs

at 2<z<2.5 from G10. The red circle shows the position of Astarte with

aco = 0.8, and the associated error bar shows the variation of the molecular

gas mass using 0.3<aco<1. The blue triangle shows the molecular gas of
Astarte for a galactic CO conversion factor of 4.36.

although we do not detect the continuum of Astarte with ALMA, its CO emission is compact,
as it is the case for the continuum of ALMA-detected galaxies from Elbaz et al. (2018). This
is also confirmed in Puglisi et al. (2019), where compact massive galaxies at the top of the
MS exhibit high SFRs at their cores following their SB epoch.

2.6 Conclusion

We analyzed two galaxies, Astarte and Adonis, at the peak of the SFR density using multi-
wavelength dissection combining ALMA observations with UV-submillimeter SED model-
ing. We investigated the molecular gas content of Astarte through the ALMA detection of its
CO(3-2) emission, relying on different excitation ratios of L. , (3-2) /L., (1-0) and different
CO conversion factors. A galactic conversion factor when used along with the least excita-
tion ratio from Daddi et al. (2015) confirmed the relative position of Astarte to the MS, as
found from its SED modeling. Although the obtained gas fraction is at the lower limits of the
fraction in MS galaxies (Santini et al., 2014; Béthermin et al., 2015), a possible explanation
might be that the CO(3-2) instantaneous emission does not fully recover the molecular mass
and the dynamics of Astarte because the excitation is weak (Daddi et al., 2015). Detections
of other transition levels of CO would be helpful to better constrain the molecular mass of
Astarte, and therefore its physical characteristics.

The physical dissociation of the CO line and the rest-frame stellar population in Astarte

was also investigated, as was done in Buat et al. (2019), by deriving physical properties from
the stellar emission (UV to near-IR) and the IR emission apart. As in Buat et al. (2019),
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Figure 2.7: Correlation between CO(1-0) luminosities and the total IR Tumi-
nosity. The filled magenta squares are from T13 and filled turquoise circles
are the sources from G10. The solid black line is the linear regression for
MS galaxies (Sargent et al., 2014), and the dashed line is that for SBs (the
regression lines are from the complete sample in Sargent et al. 2014).

the dust luminosity derived from the full SED agrees with the luminosity derived from the
the IR emission, while Ly, derived from the stellar emission is slightly underestimated.
Furthermore, the COO0 attenuation law was preferred when the stellar continuum alone was
fit. This is consistent with the results of Buat et al. (2019) for galaxies with the same radial
extension of rest-frame stellar emission and ALMA-detected emission. The LF17 attenuation
law, which was tuned for ULIRGs at z ~ 2, succeeds best in mimicking the dust attenuation
of Astarte when the whole UV-submillimeter SED was fit; this results in a higher stellar mass,
however.

The molecular mass of Astarte, obtained with a galactic conversion factor and the lowest
excitation ratio from Daddi et al. (2015), contributes to ~ 0.9 of its total dynamical mass,
which is a larger contribution than what was found in ULIRGs by Neri et al. (2003). SFRs
and stellar masses derived from the SED fittings show that Adonis is a SB galaxy, while
Astarte is on the MS of SFGs. However, the small gas fraction makes Astarte very efficient
in forming stars; its depletion time is an order of magnitude lower than what is expected in
typical MS galaxies (Béthermin et al., 2015). This SB-like star formation activity on the MS
was found for massive compact SFGs in Puglisi et al. (2019) in their post-SB phase. Short
depletion times of MS massive galaxies were also found by Elbaz et al. (2018), confirming
that Astarte is caught in the middle of quenching following an earlier SB activity.

Central galaxies at z~1 from Hilton et al. (2013) and van der Burg et al. (2013) are
about four times more massive than Astarte. This indicates that even massive objects that are
at the high end of the MS, when the Universe was undergoing its peak in the star formation
rate density, continue their mass assembly down to lower redshifts.
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Summary of the second chapter

In this work, I studied a system of two galaxies around the cosmic noon, when the peak
of star formation rate density took place. I used multiwavelength observations, includ-
ing ALMA, VLA, and HST, to investigate the physical properties of these galaxies.

The heavily obscured galaxy has a large stellar mass of 3.74+0.19 x 10'! solar masses
and a high star formation rate of 395+20 solar masses per year. This galaxy has a
compact, clumpy structure with a relatively low gas fraction (derived using the CO
emission line). Additionally, it is not visible in the HST bands.

The blue companion galaxy has a much lower mass (9.37+1.76 x 10° solar masses)
and a star formation rate that qualifies it to be a strong starburst.

The low depletion time (0.22+0.07 Gyr) of the massive infrared-bright galaxy suggests
a strong starburst activity. However, the location of this galaxy with respect to the main
sequence of star-forming galaxies, suggests a normal star formation activity.

This starburst-like star formation activity on the main sequence was found for mas-
sive compact galaxies in post-starburst episodes, confirming that the massive ALMA-
detected IR galaxy is caught in the middle of quenching following an earlier starburst
activity.

Assumed dust attenuation laws play a key role in deriving the physical properties of
massive star-forming galaxies. Steeper attenuation curves produced less stellar mass
while shallower curves resulted in larger stellar mass.

A careful choice of dust attenuation law is crucial in studying dusty star-forming galax-
ies. The understanding of galaxies’ morphological extensions in determining the most
likely attenuation law, is needed.



41

Correlation of dust attenuation laws
with star-to-dust compactness since
z=4

This chapter originally appeared as ‘The slippery slope of dust attenuation curves: Correlation of dust attenuation
laws with star-to-dust compactness since z = 4’ by M. Hamed et al. 2023, Astronomy & Astrophysics, (Hamed
et al., 2023)

3.1 Abstract

We investigate the dust attenuation of 122 heavily dust-obscured galaxies detected with the
Atacama Large Millimeter Array (ALMA) and Herschel in the COSMOS field. We search
for correlations between dust attenuation recipes and the variation of physical parameters,
namely, the effective radii of galaxies, their star formation rates, and stellar masses. We aim
to understand which of the commonly used laws best describes dust attenuation in dusty star-
forming galaxies (DSFGs) at high redshift. We made use of the extensive photometric cover-
age of the COSMOS data combined with highly resolved dust continuum maps from ALMA.
We used CIGALE to estimate various physical properties of these dusty objects, namely: their
star formation rates (SFR), their stellar masses, and their attenuation at short wavelengths. We
inferred the effective radii (Re) of galaxies using GALFIT in the Y band of HSC and ALMA
continuum maps. We used these radii to investigate the relative compactness of the dust con-
tinuum and the extension of the rest-frame UV/optical Re(y)/Re(ALMA). We find that the
physical parameters calculated from our models strongly depend on the assumption of the
dust attenuation curve. As expected, the most impacted parameter is the stellar mass, which
leads to a change in the "starburstiness" of the objects. We find that taking into account the
relative compactness of star-to-dust emission prior to SED fitting is crucial, especially when
studying dust attenuation of dusty star-forming galaxies. Shallower attenuation curves do not
show a clear preference of compactness with attenuation, while the Calzetti attenuation curve
is shown to prefer a comparable spatial extent of unattenuated stellar light and dust emission.
The evolution of the R,(UV)/R,(ALMA) ratio with redshift peaks around the cosmic noon
in our sample of DSFGs, showing that this compactness is correlated with the cosmic SFR
density of these dusty sources.
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3.2 Introduction

In its earliest phases of evolution, the Universe not only experienced higher star formation
rates (SFRs), but a significant fraction of this SFR was obscured by dust (e.g., Blain et al.,
2002; Chapman et al., 2005; Takeuchi et al., 2005; Bouwens et al., 2012; Madau et al.,
2014; Magnelli et al., 2014; Bourne et al., 2017; Whitaker et al., 2017; Gruppioni et al.,
2020; Khusanova et al., 2020). Dusty star-forming galaxies (DSFGs, e.g., Viero et al., 2013;
Weil} et al., 2013b; Casey et al., 2014; Béthermin et al., 2015; Strandet et al., 2016; Casey
et al., 2017; Reuter et al., 2020), which are heavily attenuated in the ultraviolet (UV), have
contributed notably to the cosmic SFR, making them crucial to our general comprehension
of galaxy evolution. These dust-rich galaxies have managed to stack up their stellar masses
across relatively short timescales, while efficiently depleting their gas reservoirs. Therefore,
they may in fact be the direct progenitors of ultramassive passive red galaxies that are often
encountered at high redshift (e.g., Daddi et al., 2005; Whitaker et al., 2013; Nayyeri et al.,
2014; Toft et al., 2014; Carnall et al., 2020).

Our understanding of the nature of DSFGs has benefited from the plethora of multiwave-
length photometry over the last two decades. With a decade’s worth of observation programs
carried out by the Atacama Large Millimeter/submillimeter Array (ALMA), it has become
possible to enrich our datasets of infrared (IR) galaxies at higher redshifts via the multiplic-
ity based on their blended, lower resolution detections with Spitzer and Herschel. This has
recently made modeling dust attenuation at high redshifts a hot topic (e.g., Popping et al.,
2017; Wang et al., 2017; McLure et al., 2018; Buat et al., 2019; Salim et al., 2019; Fudamoto
et al., 2020).

Interstellar dust is highly efficient in absorbing the short wavelength photons, predomi-
nantly originating from young UV-bright massive stars, rendering the star-forming cold re-
gions of the DSFGs virtually inaccessible. This attenuated light can be successfully repro-
duced by assuming a dust attenuation law (e.g., Burgarella et al., 2005; Buat et al., 2012,
2014; Lo Faro et al., 2017; Salim et al., 2018, 2020). In reality, however, a single attenuation
law cannot mimic dust extinction in the interstellar medium (ISM) of a large and diverse
sample of galaxies (e.g., Wild et al., 2011; Kriek et al., 2013; Buat et al., 2018; Malek et al.,
2018; Salim et al., 2020). Different approaches appear to work when modeling dust attenua-
tion with the aim of reproducing the spectral energy distributions (SEDs) of galaxies. Calzetti
et al. (2000) derived a universal effective attenuation law that is used as a screen model by
measuring the extinction in local starburst galaxies. The attenuation curve of Calzetti et al.
(2000) succeeds in modeling dust reddening even at high-redshift metal-poor galaxies with
a bright cold dust component. The double component dust attenuation law of Charlot et al.
(2000) assumes a more complex, physical mixing of dust and stars. With this approach,
newly formed stars are placed in the cold molecular clouds and experience double attenua-
tion by the dust of the molecular clouds and the ISM. Older stars are attenuated by the dust
grains of the ISM alone.

These attenuation laws, together with their different recipes, are often used in the literature
when modeling the SED of galaxies. Such recipes include a steeper curve than that of Calzetti
et al. (2000), with a UV bump around 0.217um (Buat et al., 2011, 2012) and a shallower ISM
attenuation than that of Charlot et al. (2000) (e.g., Lo Faro et al., 2017). However, when it
comes to DSFGs, a proper dust attenuation curve that is able to accurately mimic the ab-
sorbed photons is crucial for any SED analysis, especially given that for these objects, dust
plays a massive role in their evolution and is an important agent for their SEDs.

On the other side of the SED, the long-wavelength cutoff of the Rayleigh-Jeans-approximated
tail is extensively covered by ALMA. Therefore, its cold dust continuum provides a vital
element in the far-infrared (FIR) SEDs of DSFGs. However, ALMA-detected cold dust-
emission maps at high resolution were often found to disagree spatially with detections at
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shorter wavelengths, such as in the case of the UV-emitting star-forming regions or the stel-
lar populations of DSFGs (e.g., Dunlop et al., 2017; Elbaz et al., 2018; Buat et al., 2019).
This disagreement can either take the form of different levels of dust compactness relative to
the higher energy detections or, in some cases, a complete physical dissociation of these two
components. Such offsets are often found to be more significant than the systematic offsets
that arise from instrumental uncertainties or large beam sizes (Faisst et al., 2020). In most
cases, radio detections with the Karl G. Jansky Very Large Array (VLA) has confirmed the
ALMA-detected physical dissociation (e.g., Rujopakarn et al., 2016; Dunlop et al., 2017;
Elbaz et al., 2018; Hamed et al., 2021). This separation challenges a local energy balance,
which could be an issue for SED modeling that takes into account a global conservation of
energy. This problem was recently highlighted in Buat et al. (2019), since such an energy
balance is at the core of widely used SED fitting tools (e.g., da Cunha et al., 2008; Noll et al.,
2009; Boquien et al., 2019).

Reverse engineering the spectral distribution of DSFGs does not come without obstacles, de-
spite the advent in current understanding of the physical and chemical processes that such
galaxies undergo. The most commonly confronted obstacle in SED fitting is the degeneracy
problem. Such a degeneracy arises from overlapping different physical contribution in one
specific wavelength domain, such as the dust and stellar age degeneracy (e.g., Hirashita et al.,
2017). Although this can be overcome by assuming an energetic balance and using the FIR
emission as an additional constrain for dust attenuation and by choosing an appropriate star
formation history (SFH, see Ciesla et al., 2016), a well-constrained attenuation curve will
help limit such degeneracies, leading to better estimated physical parameters.

Dust attenuation curves significantly alter the stellar mass determination of galaxies (in gen-
eral) and of DSFGs (in particular). As flatter and geometrically complex attenuation curves
can dim the light coming from the older stellar populations in the ISM more efficiently than
steeper ones, they naturally result in a significant hidden older stellar population in the opti-
cal to near-infrared (NIR) range. This, along with other assumptions such as the initial mass
function (IMF) and the SFH, leads to large differences in the resulting stellar masses (e.g.,
Zeimann et al., 2015; Matek et al., 2018; Buat et al., 2019).

The uncertainty in the stellar mass determination of DSFGs (see the stellar mass controversy
in Hainline et al., 2011; Michatowski et al., 2012; Casey et al., 2014) remarkably influences
the position of these objects along the commonly named main sequence (MS) of star-forming
galaxies (e.g., Brinchmann et al., 2004; Noeske et al., 2007; Daddi et al., 2010; Rodighiero
et al., 2011; Lo Faro et al., 2015; Schreiber et al., 2015; Hamed et al., 2021). Most galax-
ies seem to follow the tight scatter of the MS independently of the redshift, whose outliers
are typically referred to as starbursts. However, the strong dependence of the stellar mass
estimation from SED fitting techniques on the assumed attenuation curve, varies massively
this scatter and affects the "starburstiness” of already active DSFGs. It is therefore crucial to
choose suitable attenuation laws in order to limit biases on the stellar mass determination.
Recently, Donevski et al. (2020) investigated the dust and gas contents of a large sample of
DSFGs, linking dust abundance to other physical characteristics such as their SFRs. Despite
the growing understanding of these objects, we still lack a complete picture of how dust at-
tenuates their stellar radiation. Properly quantifying dust attenuation of DSFGs is crucial for
quantifying the cosmic SFR and get a better grip on galaxy evolution. To achieve this goal,
we study closely the dust attenuation curves in DSFGs and investigate the possible physical
properties that they might depend on. With the constant improvements in our understanding
of the nature of these dusty galaxies, many works have recently studied the relation between
dust attenuation and other physical properties (e.g., Fudamoto et al., 2020; Lin et al., 2021;
Boquien et al., 2022; Lower et al., 2022). In these works, links between dust attenuation
properties and other physical observables were studied, such as the dust grain sizes, star-dust
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geometry, and the star formation activity in these galaxies. The most widely used attenua-
tion laws are that of Calzetti et al. (2000) and Charlot et al. (2000). Both of these laws are
used interchangeably when modeling galaxies’ photometry at high redshifts. However, we
still lack a complete knowledge of the preference of attenuation laws in DSFGs at different
redshift ranges.

In this paper, we aim to answer the question of which of the commonly used laws best de-
scribes dust attenuation in DSFGs at high redshift. Measuring the slopes of attenuation is
beyond the scope of this paper. We make use of a large statistical sample with available dust
continuum maps and their UV/optical counterparts. We study the effect of UV/optical to dust
continuum compactness on the preferred attenuation law for our sample.

This paper is structured as follows. In Section 3.3, we describe the data analyzed in this work,
both in terms of the photometry and the images. In Section 3.4.1, we detail the method we use
to estimate the circularized effective radii of our sources. Section 4.4 provides a description
of the SED fitting procedures we used to achieve the physical properties of our sources. The
results and their respective discussions are presented in Section 3.5. Our summary and con-
clusions are given in Section 5. Throughout this paper, we adopt the stellar IMF of Chabrier
(2003) and a ACDM cosmology parameters (WMAP7, Komatsu et al., 2011): Hy = 70.4 km
s~ Mpc~!, Oy = 0.272, and Q1 = 0.728.

3.3 Sample selection

The large two-square-degree COSMOS field, centered on R.A., Dec. = (10h00m27.9171s,
+02d12m35.0315s) (Scoville et al., 2007; Ilbert et al., 2013; Laigle et al., 2016), has been
observed with an unmatched commitment from different instruments, covering a wide range
of wavelength observation of galaxies up to redshift of six. This unique survey design offers
rich data sets of millions of identified galaxies, allowing for deep investigations of galaxy
evolution at various redshifts. The choice of COSMOS field galaxies in this work is motivated
by the abundance of multiwavelength data spanning across a wide range of redshifts and the
significant number of ALMA detections that this field enjoys. This set of optical, infrared,
and submillimeter detections have allowed us to build a statistical sample of DSFGs. This
sample is ideal for investigating the evolution of DSFG properties and the crucial role that
dust attenuation plays in their evolution.

3.3.1 ALMA data

Since the main science objective in this study is to quantify the effect of the distribution
of dust emission relative to the stellar continuum at different redshift ranges, the core of
our sample was built around ALMA detections. For that purpose, we used ALMA fluxes and
continuum maps from the A>COSMOS automated ALMA data mining in the COSMOS field
(Liu et al., 2019). This data set assembles hundreds of identified galaxies from the ALMA
archive into a single catalogue. In our work, we use the primary beam-corrected ALMA
maps.

The main advantage in our work is having access to dust continuum morphology relative
to the spatial distribution of the star formation region and the stellar population in our sample.
For this reason, we carefully selected a sample of galaxies characterized by good-quality
detections.

For the submillimeter images, we use the A’COSMOS-generated maps (Liu et al., 2019).
These images were deconvolved using a robust cleaning with a Brigg’s parameter of 2,
namely, a natural weighting of visibilities. This results in significantly better signal-to-noise
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TaBLE 3.1: Summary of available photometric data in each band with its
centered wavelength, the mean of S/N, and the number of detections in our
sample. The detections of different ALMA bands (6 and 7) concern different

galaxies.
Telescope/ Band A Median N2 of
instrument (um) S/N detections

CFHT/MegaCam u 0.38 25.13 107
g 0.49 32.56 117
r 0.62 66.10 122
i 0.75 58.59 122
Z 0.89 38.01 122
Subaru/Suprime-Cam B 0.437 28.00 122
v 0.544 28.38 117
Y 0.98 25.61 122
VISTA J 1.25 81.01 122
H 1.64 93.16 122

Ks 2.15 100.82 122

Spitzer/IRAC chl 3.56 146.06 122
ch2 4.50 157.26 122

ch3 5.74 12.97 122

ch4 7.93 10.12 122

Spitzer/MIPS MIPS1 23.84 47.76 122
Herschel/PACS 100 pm 102.61 541 122
160 um 167.13 2.68 122

Herschel/SPIRE 250 um 251.50 12.62 122
350 um 352.83 7.19 122

500 pum 511.60 3.63 122

7 947 12.47 85

ALMA 6 1255 12.89 37

total = 122
JVLA S(3GHz) 13x10° 14.10 122

(S/N) of the innermost regions of a source in the uv plane, thus defining its outermost "bor-
ders" in the image plane (see Section 2.1 in Liu et al. 2019 for a more detailed description
of produced ALMA continuum images). To study dust attenuation through cosmic time, we
select ALMA-detected galaxies with S/N higher than 5. Our preliminary sample is composed
of 1,335 individual ALMA-detected galaxies.

3.3.2 Ancillary maps

For the shorter wavelength (rest-frame UV and optical) images, we used the third data release
of the deep field continuum maps detected with the y band of the Hyper Suprime-Cam (HSC)
of Subaru (Miyazaki et al., 2018; Aihara et al., 2022). These images have high angular
resolution (0.64), which allows for a physical comparison with their ALMA counterparts.
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Ficure 3.1: Comparison between the photometric redshifts of 43 galaxies

from the final sample, for which spectroscopic redshifts are available from

the literature (Liu et al., 2019). The Spearman’s rank correlation coefficient

is shown as p, with the photometric redshift accuracy given by oy4p (Ilbert

et al., 2009). The red dotted lines correspond to z, = zy = 0.15(1 + zy)
(Ilbert et al., 2009).

3.3.3 Auxiliary photometric data

We used the photometric data from the Herschel Extragalactic Legacy Project (HELP) panchro-
matic catalog (Shirley et al., 2019). This catalog was compiled while taking into account
visible to mid-infrared (MIR) range surveys as priors, homogenizing them, and extracting
fluxes from Herschel maps, whose angular resolution is significantly lower than their short-
wavelength counterparts.

To build the HELP catalogue, Herschel fluxes were extracted using the probabilistic de-
blender XID+ (Hurley et al., 2017), used on SPIRE maps, taking into into account the po-
sitions of sources observed with the high-resolution detections from Spitzer at 24um. This
technique was shown to increase the accuracy of photometric redshift estimations (Duncan
et al., 2018).

We performed a positional cross-match between ALMA catalogue and the HELP cata-
logue with a rather conservative 1 search radius. Although galaxies whose dust continuum
or molecular gas emission is significantly dissociated from the shorter wavelength continua
are not uncommon (e.g., Elbaz et al., 2018; Hamed et al., 2021), due to various factors such
as astrometry problems, positional errors as a result of the beam size, or physical factors,
this timid search radius avoids false matches (e.g., Buat et al., 2019; Liu et al., 2019). This
cross-matching procedure resulted in 383 individual galaxies ranging from z=0.3 to z=5.5.

To better constrain the physical properties of our statistical sample through SED model-
ing, we discarded galaxies that have fewer than three detections in the UV-NIR wave range.
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This requirement rejected 30% of the sources. Additionally, we required minimum six de-
tections in the MIR-FIR bands (8—1000 um) out of which at least five detections would have
a S/N>3. As a result of these selection criteria, the finally-selected sources have at least 10
detections in the UV to NIR (0.3-8 um) range with S/N>5. For objects that had detections
in similar bandpass filters, we used the detections coming from the deeper survey. This has a
high importance in SED fitting procedures especially because measurements at similar wave-
lengths may be several orders of magnitude different from each other, which will negatively
affect the quality of their fitted spectrum. Moreover, dense coverage of a very short part
of the SED could add too much weight during the SED fitting process and bias the final fit
(Matek et al., 2018). Our UV=-NIR photometric data as well as the FIR counterparts have
overall high S/N (mean of 60 for the former and 13.23 for the latter), while in the IR side of
the spectrum, MIPS measurements at 24 um, as well as SPIRE detections at 250 and 350 ym
(and evidently all ALMA detections) have high S/N values (mean of 12.68 for all bands). All
Herschel’s SPIRE fluxes (at 250, 350 and 500 um) are essential since they cover the thermal
part of the total SED up to z ~ 4, which contains the Rayleigh-Jeans dust emission tail. To
constrain the IR—submilimiter part of the SED fits even better, we appended our sources with
VLA detections at 3 GHz from Smolci¢ et al. (2017).

3.3.4 Final sample

The above-described selection yields a final sample of 122 galaxies with panchromatically
high S/N, covering a redshift range of 1 < z < 4. A total of 43 galaxies of our sample have
spectroscopic redshifts from Liu et al. (2019), and for the rest of the sample, we used the
reliable photometric redshifts provided by the HELP catalogue. Figure 3.1 shows a compar-
ison between the spectroscopic and photometric redshifts of the galaxies in our sample that
possess both measurements. We calculated the photometric redshift accuracy (Ilbert et al.,
2009) as opap = 1.48 x median(|z, — z5/ (1 + z,) ), where MAD is the mean absolute de-
viation. This redshift accuracy resulted in reliable photometric redshifts of our sample with
O MAD — 0.014.

Table 3.1 shows the photometric bands and the associated S/N for the final sample of 122
DSFGs. Almost half of the final sample, 60 galaxies, have a S/N of Y band detection higher
than 5, and all of the sources had a VLA detection. We want to stress that only 15 DSFGs
from our sample (12%) do not have u band detection and we are missing five detections in the
g and V bands. With the exception of those galaxies, the rest of the sample has a full set of
23 photometric bands, assuring excellent spectral coverage, which is essential for a detailed
SED fitting.

3.4 Methods

3.4.1 Size measurements

To study the spatial extent of dust emission and that of the stellar populations and the star-
forming regions in our sample, we derived homogeneous effective radii (R,) of the dust con-
tinuum maps and their short (UV-optical) wavelength counterparts. To achieve this, we used
GALFIT (Peng et al., 2002), parametrically fitting two-dimensional (2D) Sérsic profiles in
the primary-beam-corrected images of our sample. With the Sérsic index (n5¢"i®), obtained
from the fitting procedure, it is possible to quantify the concentration of light in a galaxy,
which can provide important information about its morphology. Moreover, GALFIT provides
the values of the ratio between the minor and major axis, and this allows for calculating the
effective circularized radii (hereafter simply effective radii or R,). With spectroscopic and
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(reliable) photometric redshift information, we can convert the data into the real sizes of our
objects. In this work, we analyzed the evolution of IR radii between redshift four and one,
but also simultaneously changes in the rest-frame UV-optical.

For our analysis, we used the Y band of HSC, and ALMA (bands 6 and 7) images to
compute physical sizes of our final sample of DSFGs. The mean angular resolution of the
ALMA detections in our sample is 0.75 and, equivalently, 0.64 for the HSC Y band detection.
This renders a comparison between sizes estimated from each of these bands directly valid,
without the need to degrade them in terms of resolution.
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Ficure 3.2: Example of GALFIT fitting of a galaxy from our sample

(HELP-J095953.305+014250.922) with its modeled light profiles (second

column) and its subsequent residuals (third column) at two different wave-

lengths shown from top to bottom. 7op: HSC-Y band detection. Middle:

ALMA band 6 detection. The left side of each row shows the scientific

primary-beam-corrected image, with the beam size and the corresponding 1
arcsecond scale.

In computing the Sérsic profiles, we adopted a similar approach to Elbaz et al. (2018), by
leaving (n5¢™%°) free. For the sake of comparison, we also fixed n5¢™'¢ = 1 (e.g., Hodge et al.,
2016; Elbaz et al., 2018). While 5% of galaxies in our sample did not reach convergence
when fixing n3¢i¢, R, was found to be in good agreement in both cases (on average, 7%
larger when fixing n5¢%¢ for ALMA detections) and we found an agreement within 23% for
the resulting 75 with a fixed and a free nS¢sic,

In our profile fittings, we initially used an automated computation with GALFIT and we
carefully checked the resulting models and their residuals. This was performed to get a gen-
eral understanding of our sample’s range of effective radii in each of the two used wavelength
domains. This also allowed us to test different input values of n5%¢, including a Gaussian
model — an important step when using this tool, since it alows us to validate the initial param-
eters needed for GALFIT. We found that varying n5¢™'¢ between an exponential disk profile
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TaBLE 3.2: Summary of the derived effective radii of our sample from the
available detections at two different wavelengths.

redshift RAEMA [kpc] Rg V=opt [kpc] ‘
1<z<?2 2.59+0.25 5.75+0.18
2<z<3 2.12+0.32 5.03+0.22
3<z<4 2.54+0.15 3.54+0.26

(n5si¢ = 1) and a Gaussian profile (n5¢si¢ = (.5) leads to a slight change in the models and
their consequent effective radii, with R, ZZ(\)/}Z being 26% smaller than R, ;’i}l A

After the aforementioned tests, we individually fit Sérsic profiles to each of our sources
in the two bands (UV/optical and IR), while monitoring the resulting models, residuals, and
profile parameters. This individual fitting was especially required for galaxies that did not fit
in the automated computation (~ 5% of the total sample), in the case of which a simple and
slight parameter adaptation was enough to fit these sources. The distribution of the computed
nS¥i¢ was rather narrow, ranging between 0.4 and 1.6 for ALMA detections and between 0.5
and 1.4 for the Y band.

Our technique in fitting Sérsic profiles in two bands of our sample was performed homo-
geneously in the same methodical approach. This is important to accurately quantify ratios
of different R, at varying wavelengths. Our primary effort was to calculate our effective cir-
cularized radii in a homogenized method with the same tool and approach, which reduces
possible biases for the final physical interpretation. To test the reliability of our size mea-
surements, we also computed the minimum possible size that can be accurately measured
using the formula by Marti-Vidal et al. (2012) and Gémez-Guijarro et al. (2022):

9
Opyiny = 0.88 x —2eam_

VS/N’

where the minimum size for each source (8,,;,) is given in units of the synthesized beam
FWHM (0peam), depending on the S/N of the source. All size measurements of our sample
were above that limit.

Figure 3.2 shows an example of a galaxy HELP-J095953.305+014250.922 at redshift
z=2.15 seen in the HSC Y and ALMA band 6. Figure 3.2 shows the original image of that
galaxy at two different wavelengths, with their light profiles fitted with GALFIT, and their
subsequent residuals. The median radii and their errors (the median absolute deviation) at
different redshift ranges are presented in Table 3.2, while the redshift evolution of these
derived sizes along with the evolution of their star-to-dust compactness are shown in Figure
3.11 (left panel). This latter figure shows the change in the radii sizes (also related to the
sample selection of DSFGs) of ALMA and HSC y, as well as a comparison with similar
work done by Buat et al. 2019 based on galaxies at z~2. The evolution of these derived radii
with the dust luminosity and stellar mass of our sample are shown in Appendix 3.7.2.
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Ficure 3.3: Average attenuation curves of our sample using three different
attenuation laws/recipes (Calzetti et al., 2000; Charlot et al., 2000; Lo Faro et
al., 2017) shown on the left. In the case of CFO0 and LF17 curves, we show
the combined curve of the ISM and the BC. Stellar masses of our sample are
shown on the right, which were derived using the three attenuation curves as
in the left panel. The arrows show the mean of the specific distribution.

3.4.2 SED fitting method

To derive the physical properties of our well-constrained multiwavelength sample, we used
the Code Investigating GALaxy Emission CIGALE', an energy balance technique of the SED
fitting (Noll et al., 2009; Boquien et al., 2019). This technique of SED fitting takes into
account the balance between the energy absorbed in the rest-frame UV-NIR part of the total
galaxy emission, and its rest-frame IR emission. The mediator agent in this energy balance
is the dust, since it will absorb a significant part of the short wavelength photons emitted by
the stars and emanate in the form of thermal emission in the FIR.

Reverse-engineering the total spectrum of a galaxy is not an easy feat. Some physical
processes are completely unrelated, such as the synchrotron emission of accelerated elec-
trons, which dominates the radio part of the SED, and the UV photons whose origins are
traced directly back to the young stars. However, some physical processes release photons of
the same frequency range, such as the MIR range which can have different contributors, such
as active galactic nuclei (AGN) and polycyclic aromatic hydrocarbons (PAHs), resulting in
degeneracies. Therefore, carefully choosing physically-motivated templates and parameters
is crucial in order to deduce the key physical properties characterizing galaxies, since these
parameters depend on the assumptions made (e.g., Ciesla et al., 2015; Carnall et al., 2018;
Leja et al., 2018).

In the following subsections, we describe the different aspects of our SED fitting strategy,
and motivate our choice of certain laws and parameters. The SED module description used
in our work is presented below, with both the stellar part and the dust part.

Stellar SED

To forge the SED of a galaxy, we first assume a stellar population that is behind its direct and
indirect emission. This means that we should take into account a stellar population library

1https://cigale.lam.ﬁr/
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TasLe 3.3: Input parameters used to fit the SEDs of our sample.

Parameter Values

Star formation history
delayed with a recent burst

Stellar age (a) redshift-dependent (0.5, 1, 2, 3, 5, 6, 8 Gyr)
e-folding time 1, 3, 6 Gyr
Age of recent burst 5, 10, 50, 100, 200, 300 Myr
Strength of the burst 0.001,0.005,0.01,0.2,0.3

Dust attenuation laws
(Calzetti et al., 2000)

Colour excess of young stars E(B-V) 0.1-1byabinof 0.1
fae(b) 0.3,0.5,0.8, 1.0

| (Charlot et al., 2000), (Lo Faro et al., 2017) \
V-band attenuation in the ISM A ¥ 0.3 - 6 by a bin of 0.1
AVISM [ (ABC 4 ASM) 0.3,0.5,0.8, 1
Power law slope of the ISM -0.7, -0.48(c)
Power law slope of the BC -0.7

Dust emission
(Draine et al., 2014)

Mass fraction of PAH 1.77, 2.50, 3.19

Minimum radiation field U,,;, 10, 25, 30, 40

Power law slope a 2
’ Synchrotron emission

FIR/radio correlation coeflicient 2.2,2.4.2.6

Power law slope slope 0.3,0.6,0.9

a) The age of the main stellar population.
b) Color excess of old stars.
¢) Power law slope of LF17.

and its spectral evolution, stars with different ages and a certain metallicity. In this work, we
used the stellar population library of Bruzual et al., 2003, along with the solar metallicity and
an initial mass function (IMF) from Chabrier, 2003, which takes into account a single star
IMF as well as a binary star systems.

The stellar population models were then convoluted with an assumed star formation his-
tory (SFH). These SFHs are sensitive to many complex factors including galaxy interac-
tion, merging, gas accumulation, and depletion (e.g., Elbaz et al., 2011; Ciesla et al., 2018;
Schreiber et al., 2018b; Pearson et al., 2019). The SFHs have a significant effect on the fit-
tings of the UV part of the SED and, consequently, affect the derived physical parameters
such as the stellar masses and the SFRs. Ciesla et al. (2016, 2017) showed that simple SFH
models (such as a delayed model) are not enough to reproduce a precise fit of the UV data,
especially for galaxies that are undergoing a starburst or quenching activity.

To model the SEDs of our IR-bright sample, we used a delayed SFH with a recent expo-
nential burst (e.g., Buat et al., 2018; Malek et al., 2018; Donevski et al., 2020). This recent
burst is motivated by the ALMA detection, which makes a scenario of numerous populations
of young stars manifesting their presence through dust very likely. Furthermore, in such a



52 Chapter 3. Dust attenuation laws and star-to-dust compactness since 7 = 4

0 1 20fF 7 T ]

3 8 .

e ®R [CFS)

8 10 ] 8 10+ E <’T 00 :.;‘ i%&:‘;‘;wm@s!,,

= 5 N IR ARN

2 2 OfF----- .‘————'—.——-o----!_o _____
2 3 4 1 2 3 4 5 1 9 3 4

redshift reduced z

Ficure 3.4: Redshift distribution of our sample of SFGs (left). Reduced 2 of

the best fits of the galaxies in our sample using CIGALE (middle). Variation

of AMS (distance to the main sequence of SFGs of Speagle et al. 2014) of

the sample with redshift (right). The red dotted line shows the area above
which a galaxy is considered a starburst.

scenario, a galaxy builds up the majority of its stellar population in its earlier evolutionary
phase, then the star formation activity slowly decreases over time. This is followed by a
recent burst of SFR. The SFR evolution over time is hereby modeled with:

t ’ ’
SFR(t) o = T4t (3.1)

where the first term translates into a delayed SFH slowed by the factor of 72, which is the
e-folding time of the main stellar population, extended over the large part of the age of the
galaxy. The second term is the exponential decrease of recent SFR, where 7 and 7 are the
age of the burst and the e-folding time of the burst episode, respectively. This SFH provided
better fits compared to the simpler delayed SFH, especially for non-quiescent galaxies. We
varied 7 (as shown in Table 4.2) to give a comprehensive flexibility of the delayed formation
of the main stellar population. We discuss the choice of this SFH over a truncated version in
Appendix 3.7.1.

Dust SED

The dust content of our sample of DSFGs is presumed to be the driving component of the
shape of their SEDs. This makes the modeling of dust attenuation important to extract accu-
rate physical properties.

To model the effect of dust, we use two different attenuation laws for our SED fitting: the
approach of Calzetti et al. (2000, henceforth, COO)and that of Charlot et al. (2000, henceforth,
CFO00). While these two attenuation laws are relatively simple, they differ in how to attenuate
a given stellar population.

The attenuation curve of CO0 was tuned to fit a sample of starbursts in the local Universe.
This curve attenuates a stellar population assuming a screen model:

A1)
E(B-V)’

k(A) = (3.2)
where k(1) is the attenuation curve at a given wavelength A, A(A) is the extinction curve, and
E(B-V) is the color excess, which is the difference between the observed B-V color index
and the intrinsic value for a given population of stars. Despite its simplicity, this attenuation
curve, with its modifications, is widely used in the literature (e.g. Burgarella et al., 2005;

Buat et al., 2012; Malek et al., 2014, 2017; Pearson et al., 2017; Buat et al., 2018; Elbaz
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Ficure 3.5:

Computed SEDs of a galaxy from
(HELP - J095849.961 + 014604.130) fitted with three different atten-
uation laws, shown from left to right: Calzetti et al. (2000), Charlot et al.
(2000), and Lo Faro et al. (2017). The y? of every fit is shown on the figures.

Red-filled area represents the attenuated stellar light.

our

et al., 2018; Ciesla et al., 2020). However, it does not always succeed in reproducing the UV
extinction of galaxies at higher redshifts (Noll et al., 2009; Lo Faro et al., 2017; Buat et al.,

2019).

Another approach is to also consider dust present in birth clouds. This is the core of the
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attenuation curve of CF00. In this approach, dust is considered to attenuate the dense and
cooler molecular clouds (hereafter MCs) differently than ambient diffuse interstellar media
(ISM). This configuration is expressed by the following analytical expression:

omc
A ) s (3.3)

O1sM
A(/I)ISM o (—) and A(/I)MC oC (—
Ay Ay
where 0;5)s and dyc are the slopes of attenuation in the ISM and the MCs, respectively.
Young stars that are in the MCs will therefore be attenuated twice: first by the surrounding
dust and additionally by the dust in the diffuse ISM. A ratio of Aviy / (ASC + AT M) s also
believed to account for the attenuation of young stars residing in the birth clouds, and the
older stars residing in the ISM.
In CFO0, it was found that d;5y = dyc = -0.7 satisfied dust attenuation in nearby galaxies,
however, this curve is frequently used at higher redshifts (e.g., Buat et al., 2018; Matek et al.,
2018; Pearson et al., 2018; Salim et al., 2020). By attenuating at higher wavelengths (until
the NIR) more efficiently than COO, this approach considers a more attenuated older stellar
population.

Lo Faro et al. (2017, henceforth, LF17) have found that a shallower attenuation curve
reproduces the attenuation in ultra-luminous and luminous IR galaxies (ULIRGs and LIRGs)
at z~2. For their sample, LF17 found ;5 = -0.48. This curve was used in Hamed et al.
(2021) for a heavily dust-obscured ALMA-detected galaxy at z~2. It provides an overall
better fit than other steeper attenuation laws.

To model dust attenuation of the galaxies of our sample, we used the aforementioned
laws, with the parameters presented in Table 4.2. The mean normalized attenuation of our
sample as a result of the three attenuation curves are shown in Fig. 3.3 (left panel). To obtain
the results shown in the left panel of Fig. 3.3, we computed the attenuation values in the
UV-NIR bands. Then we averaged the attenuation in each band for the whole sample. The
curve of C00 is steeper than the double-component power-laws of CF00 and LF17, especially
in the NIR domain.

Hot and cold dust components

Dust grains heated by AGN, along with the vibrational modes of polycyclic aromatic hy-
drocarbons (PAHs), dominate the MIR part of the SED of a galaxy. Thus, it is important
to include AGN modeling in our SED fitting procedures, as well as to take into account
PAH’s contribution to the overall dust emission. Our initial analysis of the IRAC photometry
of Spitzer did not suggest AGN candidates. We also included AGN-heated dust templates
of Fritz et al. (2006) in our SED fitting procedure, but found no AGN contribution in our
sample.

To model the IR emission in our SED models, we use the templates of Draine et al. 2014.
These templates take into consideration different sizes of grains of carbon and silicate, thus
allowing for different temperatures for the dust grains. These templates rely on observations
and are widely used in the literature to fit FIR SEDs.

3.4.3 SED quality, model assessment

In assessing which SED provides the best fit for modeling the galaxies of our sample, we
adopted a similar methodology to that of Buat et al. (2019). We compare the reduced y? of
the resulting fits with the three attenuation recipes used, and in the case of different attenu-
ation laws providing a good reduced y?, we checked the Bayesian inference criterion (BIC)
defined as BIC = x? + k x In(N), where k is the number of free parameters and N is the
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FiGURE 3.6: Comparison between reduced y? of the mock sample obtained
with CF00, C00, and LF17 attenuation laws.

number of data points. The mean reduced y> was found to be 2.4 for our sample (Fig. 3.4
left panel, where we show the reduced y? for the best fits of our sample).

To test the robustness of the method we use to select the best attenuation law for each
galaxy, we performed the following test: We first fit all galaxies of our sample with the
attenuation law of CF00. We then take the best fit values for each filter of each galaxy. Next,
we perturb these “best” fluxes (obtained from the fit) using the initial photometry errors to
obtain a mock catalog.

This mock catalog was then fitted with: Calzetti law, CFOO law, and LF17 law, in the same
way, that the initial real photometry was treated. The reduced y? obtained from those fits are
then compared for each source. We show this comparison in Fig. 3.6. The obtained reduced
x? for CF0O fits of the mock sample are consistently smaller than that obtained using the two
other attenuation recipes. Precisely, 93% of mock galaxies preferred CFOO attenuation law
using this test. The other 7% had a reduced y? of ~0.1 lower using the other attenuation laws.

The choice of the best attenuation law that better describes the observed fluxes is crucial
for our study. Therefore we used an additional method to reliably attribute the best attenua-
tion law for each galaxy. We introduced perturbations to the fluxes by applying a Gaussian
distribution with a standard deviation that corresponds to the uncertainties of each band. To
make the calculation time faster — and since the main task was to check the reliability of the
best attenuation law for each galaxy — we generated mock fluxes until the mid-IR bands of
IRAC. We created ten mock catalogues with this method, and applied the same approach of
SED fitting for our original sample to the mock samples. Figure 3.7 shows the ratio of mock
fluxes to real fluxes of our sample.

The results of these tests are presented in Table 3.4, where the vast majority of our mock
galaxies (> 94%) preferred the same attenuation law of the initial real galaxies. This shows
that the usage of the reduced y? in assessing the best attenuation law in our case is valid. This
is directly linked with the good S/N ratios of our photometric data, which were shown in Tab
3.1.
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Ficure 3.7: Ratio of mock fluxes to real fluxes of our sample. The mock

fluxes were obtained with perturbations to the initial fluxes of our sample by

employing a Gaussian distribution with the standard deviation equal to the

errors associated with each flux of every source. This process was repeated

ten times to generate ten mock galaxy samples. This figure shows the ratio
of the average perturbed fluxes to the fluxes of the real sample.

TaBLE 3.4: Summary of the results of the best fits using the same SED method
on the fluctuated photometry preferring the same attenuation law (average of
ten realizations) and the best attenuation laws for the real galaxies.

RealMock || €00 CF00 LF17 |
C00 94% 5% 1%
CF00 0% 97% 3%
LF17 0% 3% 97%

An example of a computed SED of our sample is given in Fig. 3.5, where we attenuated
the same galaxy in three different ways. In this example, the shallower attenuation of Lo Faro
et al., 2017 was preferred since it provided a significantly better fit. To test the reliability of
our SED models, using CIGALE we generated a mock galaxy sample and fitted SEDs with
the same methods applied to our sample. We show the comparison between the real physical
properties that we derived for our sample and its mock equivalent in Fig. 4.4.

3.5 Results and discussion

3.5.1 Galaxy properties and dust attenuation

We applied a broad range of attenuation slopes in fitting our sample of DSFGs. The atten-
uation curve of COO results in lower stellar masses compared to the ones obtained with the
shallower double component attenuation laws of CFOO and LF17 (with a mean stellar mass
of 10'987 Mg, for C00, 10''?> M, and 10''2 M, for CF00 and LF17, respectively). The
distribution of the obtained stellar masses was shown in Fig. 3.3 (right panel), with the mean
M. for the whole sample portrayed for every attenuation law used. Stellar masses computed
using shallower attenuation slopes are higher than the one produced with steeper curves.

Star formation rates computed from the panchromatic SED fitting using the three afore-
mentioned attenuation laws do not change, which is similar to what was found by Matek
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et al. (2018). The mean values of the log;o(SFR) of the sample fitted with C00, CF00, and
LF17 are 2.75, 2.63, and 2.60 My, yr~!, respectively, which is of a similar range of galaxies
studied in Buat et al., 2019. The dust masses computed with the three attenuation laws are
invariant (with a mean of 1.80x10° My, for the whole sample). This is mainly due to the
strong constrain of the FIR part of the SED provided by the ALMA detections as well as the
good fitting of the spectrum.

The significant difference in produced stellar masses using the different attenuation law
slopes result in a clear distinction in the “starburstiness” of galaxies and also affects the quies-
cent systems (Lo Faro et al., 2015). In our sample, the number of starburst galaxies decrease
with a shallower attenuation curve (60% for C00, 25% for CF00, and 14% for LF17). De-
spite its simplicity, the attenuation law given by Calzetti et al. (2000) provided good fits in
building the SEDs and was favored over the shallower curves of Charlot et al. (2000) and Lo
Faro et al. (2017) in 49% of the whole sample, that is, 61 sources (by comparing the result-
ing reduced y?). This was mainly noticed below redshift of z = 2. The attenuation curve
adapted by Lo Faro et al. (2017) provided better fits for 38 galaxies in total, but 79% of these
galaxies fell in the redshift range of 1.5 < z < 2.5, which supports the initial tuning of the
ISM attenuation at -0.48 (Lo Faro et al., 2017).

We show the preference of the attenuation laws for our sample based on the V band atten-
uation and the SFR in Figs. 3.8 and 3.9, respectively. We find no clear correlation between
the attenuation in the V band and the preference of the attenuation laws in our sample. We
also checked the correlation with the stellar masses. However, since these masses are di-
rectly a byproduct of the attenuation law used (as shown in Fig. 3.3), we cannot tell if this
correlation is physical. Galaxies that are preferring CFOO double-component attenuation law
and its shallower version LF17, by construction, result in a significantly higher older stellar
population, therefore increasing the stellar mass (e.g., Matek et al., 2018; Buat et al., 2019;
Hamed et al., 2021; Figueira et al., 2022).

We also checked the preference of attenuation laws used with SFR for our galaxies. This
is shown in Fig. 3.9. We found that towards higher SFRs, there are no preferences in at-
tenuation laws for our sample. However, in the lower limit of SFR, a double-component
attenuation was slightly preferred, but still within the error bars. In the sample, we had only
18 galaxies with log(SFR)< 2.4 and 38% of them were fitted with COO while the rest preferred
CFOO/LF17. The small statistics at this lower end of SFR for our sample does not allow us to
make a strong statement about the correlation of the attenuation laws for low-SFR galaxies.

3.5.2 Stellar vs. dust components

To analyze the energy balance of our sample of DSFGs, especially taking into consideration
the available dust and stars emission and images, we followed the method introduced in
Matek et al. (2018) and Buat et al. (2019), namely, by dissecting the stellar continuum of our
sample of galaxies without taking into account the FIR detections. Equivalently, we also fit
the FIR continua of our SFGs.

To model the stellar continuum, we use the photometric bands of CFHT, Subaru, VISTA,
and available IRAC bands. This was done in order to ensure the attenuation curve require-
ments without adding the energy balance constraint to the global SED fitting method. As
shown in, for instance, Buat et al., 2019 and Hamed et al., 2021, the dichotomy between the
stellar SED and its dust counterpart is important in testing the validity of the energy balance
concept that is the basis of most of panchromatic SED fitting tools. Moreover, this method is
critical in cases where the dust continuum maps are not centered on their short-wavelength
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Ficure 3.8: Preference of attenuation laws of our sample according to the
attenuation in the V band. To facilitate the reading of this plot, we shifted
the bins of CFO0/LF17 slightly to the right (+0.1).

counterparts. When fitting the short wavelength part of the SEDs, we model the stellar light
taking into account the delayed SFH boosted by a recent burst, a stellar population library of
Bruzual et al. (2003), and dust attenuation laws that (discussed in Sect. 4.4). We also mod-
eled the IR emission using Draine et al. (2014) dust emission templates, but without taking
into account the IR photometry, allowing the energy balance to dictate dust luminosities and
masses based on the amount of the stellar light that is attenuated. Overall, 61% of our sam-
ple (75 sources) provided better fits with the simple power law of C00, whereas a shallower
attenuation was needed to reproduce the spectra with the lowest y? for the rest (14% with
CFO00 and 25% with an even grayer LF17 slope).

The steep law of CO0 provided better fits for more galaxies when taking into account the
stellar emission only. This result was also found in Buat et al. (2019) for a smaller sample.
This tendency will be confirmed in future studies based on the new generation of IR datasets
from JWST and well-constrained short-wavelength counterparts from LSST.

Equivalently, we estimated dust luminosities based on the rest frame UV to NIR photom-
etry of our sample, assuming an energy balance between dust absorption and dust emission.
We compared these IR luminosities with the ones calculated from the IR photometric points
with templates from Draine et al. (2014) . The results are shown in Fig. 3.10.

We confirm the scatter initially found in Buat et al. (2019) and Hamed et al. (2022) with
dust-rich galaxies, which significantly differs from the normal SFGs found in Matek et al.
(2018). We find that the dust emission evoked from a pure energy balance based on the short
wavelength does not always explain the one calculated from the FIR photometry. Galaxies
that are fitted with COO attenuation law are found to inhibit more attenuation and they produce
higher Lir from their dust content rather than the stellar parts. The star-to-dust compactness
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Ficure 3.9: Preference of attenuation laws of our sample according to the
SFR. To facilitate the reading of this plot, we shifted the bins of CF00 and
LF17 slightly to the right (+0.1).
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Ficure 3.10: Infrared luminosities of our sample produced from the IR data

alone using the Draine et al. (2014) dust emission templates (y-axis) with

respect to the IR luminosity evoked indirectly through the energy balance
based on the short wavelength data only.
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did not seem to play a role in this trend. This shows that the dust luminosity values drawn
from the direct and attenuated UV photons based on the energy balance are not enough to
reproduce the dust luminosity observed from the actual IR photometry.

3.5.3 Dust attenuation and sizes

We studed the effects of star-to-dust compactness of the unobscured star-forming regions and
the stellar population emission to the extent of dust emission detected by ALMA. We defined
the ratio of the short wavelength radii to their FIR counterparts as R,(UV)/R,(ALMA),
where R, (UV) is the circularized effective radii measured from the HSC Y bands of our
sources. The UV radii of our sample decrease with redshift, while the ALMA counter-
parts are rather constant across the studied redshift range in this work. This is shown in
Fig. 3.11 and is explained by the bright IR ALMA-selected sources, and their active star-
forming/stellar population regions.
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Ficure 3.11: Redshift evolution of the derived effective radii at two different
wavelengths of our sample. The dashed line represents the redshift at which
the Y band starts to probe the restframe UV (left). Hexagons show the binned
sample of 17 galaxies from Buat et al. (2019) around z ~ 2, taken from Elbaz
et al. (2018) and Dunlop et al. (2017). Empty hexagons show the rest-frame
UV radii while the filled ones show the ALMA detection. The dashed line
shows the minimal size that can be measured with ALMA (Gémez-Guijarro
et al., 2022). The evolution of R,(UV)/R,(ALMA) ratio with redshift in
our sample of DSFGs is shown on the right.

Despite the fact that the attenuation curve of Calzetti et al. (2000) managed to fit the
largest sub-sample of our DSFGs around the cosmic noon and at lower redshift ranges, the
distribution of these galaxies for which a steeper attenuation curve provided the best fit is
relatively compact. A relative star-to-dust compactness was found to have an average of 1.7,
while for the shallower attenuation curve recipes were found to not follow a specific prefer-
ence and they are rather scattered across all the studied redshift bins. We show the redshift
distribution of the preferred attenuation laws in Appendix 3.7.2. The range of the resulting
(n5i¢) was too small (0.4 to 1.6), and in that narrow range we did not find any correlation
with other observables. We find that the ratio of R,(UV) to R,(ALMA) changes accross
the redshift in our sample of ALMA-detected DSFGs. This distribution is found to peak at
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Ficure 3.12: Preference of attenuation laws of our sample according to the
star-to-dust compactness. To facilitate the reading of this plot, we shifted the
bins of CFOO/LF17 slightly to the right (+0.1).

z = 2 around the cosmic noon (as shown in the right panel of Fig. 3.11). This change is more
prominent at higher redshift with the decrease of the star-to-dust compactness is directly
connected to the rapidly decreasing rest-frame UV sizes of these DSFGs at higher redshift.
This might be explained by the more intense star formation around that cosmic epoch, espe-
cially that DSFGs contributed significantly to the total star formation activity in the Universe.
Moreover, this peak is found to be stronger for galaxies that require a shallower attenuation
curve. This might correlate with the higher need of cold star forming regions in these galax-
ies to explain the higher SFRs. This result shows that dust attenuation and the star-to-dust
compactness of dust in DSFGs might be correlated with the cosmic SFR density.

These findings partly agree with the smaller sample size studied in Buat et al. (2019).
However, our statistically larger sample size allows for an extrapolation of this correlation
not only at different redshift ranges, but also showed that shallower attenuation curves do
not favor higher star-to-dust compactness, but rather a scattered trend was found, unlike the
steeper curves which clearly preferred relatively smaller R,(UV)/R.(ALMA) (~ 2) at dif-
ferent redshift ranges. One possible explanation for this can be the fact that for galaxies with
relatively smaller sizes of their unobscured star-forming regions and their dust content might
be translated by a screen model of attenuation, due to a non-effective mixing of stars and
dust. On the other hand, a very compact dust emission requires a more complex mixing of
dust and stars which is translated in a shallower attenuation curve. A correlation is visible
between the fraction of our sample that is fitted with a specific attenuation law and the rela-
tive compactness, as we show in Fig. 3.12.

We find that the galaxies with smaller optical and UV sizes relative to dust radii largely
prefer the COO attenuation law in our sample. For larger R.(Y)/R.(ALMA) ratio (>3) only
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CFO0O0 and its shallower modification LF17 fitted the galaxies better. This shows that taking
relative compactness into account is highly important when performing SED fitting. We can
infer the most likely attenuation law for a given galaxy by taking into account its sizes in the
unattenuated SF region and the dust continuum. This, in turn, enables a reliable procedure
for fitting its SED.
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Figure 3.13: Variation in the V band attenuation (left) and in the SFR (right)
with star-to-dust compactness.

3.6 Summary

In this paper, we studied a statistical sample of 122 DSFGs that are not host to AGN, across
a wide range of redshift (1 < z < 4). We derived their circularized effective radii in two dif-
ferent bands, HSC’s Y band when available, and, equivalently, their dust components’ radii
with ALMA detections. On the other hand, we carefully analyzed their SEDs, modeling them
with varied dust attenuation laws, particularly that of Calzetti et al. (2000) and the shallower
curves of Charlot et al. (2000) as well as their recipes.

We also dissected the stellar SEDs alone and their IR counterparts (as in, e.g., Buat et al.,
2019; Hamed et al., 2021) to investigate the validity of the energy balance when taking into
account the ALMA detections of our sources. We found that even if most of our sources
seem to produce the same dust emission when relying on an energetic balance from the short
wavelengths (and when fitting the IR photometry separately), some galaxies expressed dim-
mer star formation when the Calzetti et al. (2000) attenuation law was favored. This was
translated into an under-supply of dust emission from the stellar population alone.

We found that knowing the information of the sizes of DSFGs (especially their stellar
and dust contents) in the analysis constrains the used attenuation curves to fit the photometry
of these galaxies. We found that a starburst curve of Calzetti et al. (2000) was favored in
the reproduction of the SEDs of DSFGs with comparable star-to-dust radii ratios, precisely
at 1.2 < R,(UV)/R.(ALMA) < 2.5. However, despite the seemingly irrelevant star-to-dust
ratios with the attenuation curves of Charlot et al. (2000) and the shallower version (Lo Faro
et al., 2017), we found that compact dust emission and extended stellar radii needed shallow
curves and double exponential attenuation laws to account for the missing photons absorbed
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by dust. This shows that when fitting SEDs using broad band photometry, a careful analysis
of the radii of different components should be taken into account, before using a unique at-
tenuation law which will result in wrongly estimated stellar masses.

We stress that recent ALMA studies of smaller samples of z~2 galaxies suggested that
compact IR sizes could be connected to rapid growth of supermassive black holes during
the SMG star formation phase (Ikarashi et al., 2017). Semi-analytical models (i.e., Lapi et
al. 2018) have predicted that such sources would experience ongoing or forthcoming AGN
feedback, which is thought to trigger the morphological transition from star-forming discs to
early-type galaxies. However, our galaxies do not show AGN activity, and are suggestive of
SF galaxies caught in the compaction phase characterized by clump or gas migration toward
the galaxy center, where highly intense dust production takes place and where most of the
stellar mass is accumulated (Pantoni et al. 2021b and Pantoni et al. 2021a). Interestingly, the
dust compaction phase is suggested to play role in metallicity enrichment efficiency, which
further affects dust growth in ISM (Pantoni et al., 2019; Donevski et al., 2020). We expect
that our dusty galaxies have relatively wide range of gas metallicities and dust growth effi-
ciencies, which would reflect on different attenuation slopes, rather than favoring the single
one. This expectation is also in line with results from recent cosmological simulations that
found dependence of attenuation on dust compactness and/or geometry (e.g., Schulz et al.,
2020) as well as on the ratio between the small and large dust grains (e.g., Hou et al., 2019).

In our sample, we have observed that the C0OO attenuation law is mostly favored by galax-
ies with opt/UV sizes that are two times as large than the dust radii. However, for galaxies
with R.(Y)/R.(ALMA) >3 the CF0O (and its shallower modification LF17) was found to
provite a better fit. These findings suggest significant importance of considering the relative
compactness when conducting SED fitting. By taking into account the sizes of a galaxy in
the unattenuated SF region and the dust continuum, we can deduce the most probable atten-
uation law for that galaxy, thus providing a dependable approach for fitting its SED.

We conducted a test to ensure that the trend observed between the preferred attenuation
law and relative compactness is not influenced by other physical properties. Specifically,
we investigated the potential relationship between the relative compactness and two other
properties: attenuation in the V band and SFR (Figs. 3.8 and 3.9). Figure 3.13 presents
the results of this analysis. We find no significant correlation between these properties and
relative compactness. This finding supports the conclusion that the observed trend between
relative compactness and preferred attenuation law can be robust and not influenced by these
physical properties.

We find that the star-to-dust compactness of the unobscured star-forming regions and
stellar population regions to dust emission of these DSFGs peaks around the cosmic noon
(z~2). This is especially notable at higher redshifts. A possible correlation might be with
the cosmic SFR density for which the DSFGs were a major contributor in the early Universe.
These results are promising in the era of highly resolved deep-field detections with the LSST
and JWST, where dust attenuation and size measurements are becoming more precise. Com-
bining these detections with the FIR information, especially with ALMA, is unparalleled
when dealing with the dust attenuation curve problem at different redshift ranges.
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3.7 Appendices

3.7.1 Choice of SFH and its parameters

We tested several SFH models in order to find a proper set of templates that are not only
able to fit the data, but that also are physically motivated. Those models include the simple
delayed SFH, which did not succeed in fitting the photometry of the majority of our sample.
We therefore added an exponential recent burst. This delayed SFH with an exponential burst
fitted the UV part of our SEDs the best (provided significantly better reduced y?). We also
tested the need to include a recent quench episode in our models, by using a truncated SFH
(Cieslaet al., 2017) that allows a recent burst or a recent quench episode. This was motivated
by previous studies that suggested that SFGs can have significantly low molecular gas masses
and therefore might be experiencing a drop in their star formation activity (e.g., Elbaz et
al., 2018; Falkendal et al., 2019; Hamed et al., 2021) and rapidly transitioning to the red
sequence.

The truncated SFH did not provide any improvement of the SEDs nor did it change the
estimated stellar masses and the SFRs, and there was no evidence of recent quenching episode
for the whole sample. Our analysis suggests a strong dependence of the instantaneous SFR
on the choice of the age of recent burst episodes. This was characterized in extremely huge
values of derived SFRs (>10000 Mgyr~!) for some of our galaxies when a lower value of
burst age was preferred (<5 Myr). Hence, we chose a lower limit of the recent burst of 5+1
Myr.

3.7.2 Redshift distribution of attenuation preference

In Fig. 3.14, we show the distribution of the relative compactness distribution of our sample
based on the preferred attenuation law for each galaxy — even though the COO attenuation
curve seems to fit the sample better when the R.(Y)/R.(ALMA) ~ 2. However, shallow
attenuation curves do not seem to have a redshift preference. Despite the fact that we have
a large sample that covers a wide redshift range, our sample did not cover a wide range
statistically in terms of star-to-dust compactness.

3.7.3 Size evolution with physical properties

Here, we show the evolution of the derived effective radii of DSFGs with the physical prop-
erties of DSFGs, in particular, their dust luminosities and the stellar masses. The calculated
radii using the two measured bands (when available) seem to be constant at different L;g
(Fig. 3.15) and stellar masses (Fig. 3.16) These results agree with Fujimoto et al. (2017),
although the mean value of FIR effective radii of our sample are ~16% higher than that of
Fujimoto et al. (2017). This difference is due to the different method in calculating these
radii in the uv planes, the angles of their fits are similar to the values given the literature at
different redshift ranges. Our results also show that Re( are smaller than Re( ) for SFGs
(Ichikawa et al., 2012; Fujimoto et al., 2017).

FIR) UV,opt
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Ficure 3.15: Effective radii of the UV and ALMA detections of our sources,
with respect to the IR luminosities obtained from the best fits using CIGALE.
The yellow line shows the trend found in Fujimoto et al. (2017).
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Ficure 3.16: Effective radii of the UV and ALMA detections of our sources,
with respect to the stellar masses obtained from the best fits using CIGALE.

3.7.4 CIGALE mock analysis

In Fig. 4.4, we show the mock analysis of the physical parameters generated by CIGALE, as
well as the input parameters that we used in the SED fitting technique.
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Ficure 3.17: Comparison between the true parameters of the mock SEDs
and the results from the SED modeling with CIGALE (from top left panel)
for the SFR, stellar mass (M..), dust luminosity (L), dust mass Mgys),
attenuation in the V band (Atty) of the birth clouds and the ISM, color ex-
cess (B-V), age of the main stellar population (age,), and the attenuation
in the FUV (Attryy). A parameter is considered to be well estimated and
constrained when there is a one-to-one relation between the two.
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Summary of the third chapter

In this work, the largest sample of dusty star-forming galaxies was studied from the
aspect of dust attenuation. These galaxies have ALMA detections of their dust continua
and their rest-frame UV/optical wavelengths detected with HSC Y band. This makes
it the perfect sample to study dust attenuation and morphological extensions of dusty
star-forming galaxies.

This study analyzed the spectral energy distributions of dusty galaxies and modeled
them with different dust attenuation laws. The attenuation laws used were that of
Calzetti et al. (2000) and Charlot et al. (2000), along with the shallower version of the
latter, as proposed by Lo Faro et al. (2017).

This study found that knowing the sizes of dusty star-forming galaxies is important
for selecting the appropriate attenuation curve to fit their photometry. More pre-
cisely, knowing the relative spatial extent of the emission coming from the stellar
population/star-forming regions, to that of the dust, is crucial in determining the dust
attenuation curve.

A starburst curve of Calzetti et al. (2000) was favored for galaxies with relatively com-
pact star-to-dust radii ratios. Compact dust emission and extended stellar radii needed
shallow curves and double exponential attenuation laws to account for the missing pho-
tons absorbed by dust.

The star-to-dust compactness of the unobscured star-forming regions and stellar pop-
ulation regions to dust emission of these dusty star-forming galaxies peaks around the
cosmic noon (z ~ 2).

The study investigated the energy balance between the stellar emission and their in-
frared counterparts. Most of the sources produced the same dust emission when rely-
ing on an energetic balance from short wavelengths. Some galaxies expressed dimmer
star formation when the Calzetti et al. (2000) attenuation law was used.

These results are promising in the era of large surveys of deep field observations of
JWST and the upcoming LSST. With highly-resolved high redshift observations in the
short and mid infrared wavelengths, one could generalize these findings over a larger
statistical sample of galaxies.
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Decoding the IRX-5 dust attenuation
relation in star-forming galaxies at
intermediate redshift

This chapter was submitted to Astronomy & Astrophysics as ‘Decoding the IRX-8 dust attenuation relation in

star-forming galaxies at intermediate redshift’ by M. Hamed et al.

4.1 Abstract

We aim to understand what drives the IRX-f dust attenuation relation at intermediate redshift
(0.5 < z < 0.8) in star-forming galaxies. We investigate the role of various galaxy properties
in shaping this observed relation. We use robust [O 1] 23727, [O m] 214959, 5007, and HB
line detections of our statistical sample of 1049 galaxies to estimate the gas-phase metallici-
ties. We derive key physical properties that are necessary to study galaxy evolution such as
the stellar masses and the star formation rates using the spectral energy distribution fitting
tool CIGALE. Equivalently, we study the effect of galaxy morphology (mainly the Sérsic in-
dex n and galaxy inclination) on the observed IRX-S scatter. We also investigate the role of
the environment in shaping dust attenuation in our sample. We find a strong dependence of
the IRX-g relation on gas-phase metallicity in our sample, and also a strong correlation with
galaxy compactness characterized by the Sérsic indexes. A less strong correlation is seen
with stellar masses, specific star formation rates, and the stellar ages of our sources. Metal-
licity is one of the drivers of the dust attenuation scatter, this also results from the older stars
and higher masses at higher 8 values. The correlation with specific dust mass is strong in
shifting the galaxies away from the IRX-f relation towards lower § values. We find that more
compact galaxies witness a larger amount of attenuation than less compact galaxies. There
is a subtle variation in the dust attenuation scatter between edge-on and face-on galaxies, but
the difference is not statistically significant. Galaxy environments do not significantly affect
dust attenuation in our sample of star-forming galaxies at intermediate redshift.

4.2 Introduction

Extragalactic astronomy witnessed major development in the last few decades with regard to
observation and understanding of the physical and chemical processes that control the evo-
Iution of galaxies. This understanding was a result of interpreting the ever-growing plethora
of panchromatic data, that provided unprecedented constraints on the interplay between the



Chapter 4. Decoding the IRX- dust attenuation relation in star-forming galaxies at

70 intermediate redshift

different components that galaxies exhibit. With powerful infrared (IR) telescopes such as
the Herschel Space Observatory, it has become possible to better constrain the direct and
indirect stellar emission of galaxies at higher redshifts, expanding our knowledge beyond the
highly-resolved local Universe.

In complex systems like galaxies, different components interact with each other on dif-
ferent timescales. Such interaction includes the interplay between stars and dust, which
influences the total spectra of galaxies. Dust affects the shape of the spectral energy distri-
bution (SED) like no other component, despite its low contribution to the overall mass of the
baryonic matter. Interstellar dust absorbs a significant amount of the ultraviolet (UV) and
optical radiation, heats up and re-emits it at longer wavelengths, mostly in the far-infrared
(FIR). As a consequence, part of the stellar UV emission gets extinct, making it necessary to
account for the missing radiation especially when estimating key properties that describe the
evolution of galaxies such as star formation rates (SFRs). The derivation of SFR should rely
on both UV-optical measurements and on the FIR emission (e.g., Blain et al., 2002; Chapman
et al., 2005; Takeuchi et al., 2005; Hopkins et al., 2006; Madau et al., 2014; Magnelli et al.,
2014; Bourne et al., 2017; Whitaker et al., 2017; Gruppioni et al., 2020). Dust attenuation
laws are used to correct the absorption of the short wavelength photons in order to recover
fundamental properties of galaxies. This is typically done by assuming certain dust distribu-
tion relative to the dimmed stellar populations. Attenuation laws rely on the well studied dust
extinction in nearby galaxies (e.g., Calzetti et al., 1994, 2000; Charlot et al., 2000; Johnson
et al., 2007), and they are widely applied when reproducing the UV-optical spectra at differ-
ent redshifts (for an extensive review on attenuation laws see Salim et al., 2020).

At higher redshifts, the challenging measurements of FIR emission are overpowered by
the easily available rest-frame UV emission (e.g., Burgarella et al., 2007; Daddi et al., 2007;
Bouwens et al., 2012). This in turn limits the wavelength range from which the physical
properties are inferred, therefore, a correct understanding of physical processes that prevail
in short wavelength domain, like dust attenuation, becomes critical. Calzetti et al. (1994)
showed a correlation between the UV spectral slope 8, which is indicative for attenuation,
measured with different spectral windows, and the Balmer optical depth of local starburst
galaxies. Using the same sample, Meurer et al. (1995) and Meurer et al. (1999) found a
tight relation between the heavily-attenuated 8 and the IR excess (IRX) of galaxies defined
as the ratio between the IR and UV luminosities (Lir/Lyv). This became known as the IRX-8
relation and it was well observed subsequently in numerous studies at low and high redshift
(e.g., Overzier et al., 2011; Boquien et al., 2012; Buat et al., 2012; Takeuchi et al., 2012;
Cullen et al., 2017; Calzetti et al., 2021; Schouws et al., 2021).

Ideally, such a relation can be used to infer the FIR luminosity and affiliated properties
of galaxies from lone UV observations. However, outliers of the IRX-£ relation were found
in several samples at different redshift ranges (e.g., Casey et al., 2014; Alvarez-Marquez et
al., 2016; McLure et al., 2018). These outliers are typically Ultra Luminous IR Galaxies
(ULIRGS) and populate the region of higher IRX and lower S values. Moreover, in older
works [ tends to be biased towards lower values due to the underestimated UV fluxes from
the small aperture of International Ultraviolet Explorer (IUE), and this relation was there-
fore revisited using the fluxes from the Galaxy Evolution Explorer (GALEX) (Takeuchi et
al., 2010; Takeuchi et al., 2012), moving it to higher S. Furthermore, the interpretation of
this relation is not fully understood, despite the numerous attempts that tried to unveil the
factors upon which it relies. The attenuation curve used to reproduce the observed short
wavelengths, as well as the dust geometry model used to attenuate, were found to strongly
affect the IRX-S scatter (Boquien et al., 2009; Casey et al., 2014; Salmon et al., 2016). This
non-universality of dust attenuation laws is a known feature of dust obscuration at different
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redshift ranges (e.g., Kriek et al., 2013; Buat et al., 2018, 2019; Hamed et al., 2021). Other
dependencies of the IRX-g relation are the age of stellar populations (Popping et al., 2017;
Reddy et al., 2018), the molecular gas mass (Ferrara et al., 2017), and on gas-phase metallic-
ity (Reddy et al., 2018; Shivaei et al., 2020).

The IRX-S relation was well studied in the local Universe and at high redshift. In this
work, we aim to answer the key question of what drives the IRX-g relation at intermedi-
ate redshift for star-forming galaxies, putting the evolution of such relation in the context
of galaxy evolution. We make use of robust metallicity estimations, galaxy morphological
quantities, and other physical properties such as stellar mass, in order to understand the at-
tenuation scatter and therefore better understanding this relation at intermediate redshift, an
area that otherwise remains poorly studied.

This paper is structured as follows: in Section 4.3 we describe the data used in this
work. In section 4.4 we discuss the SED fitting procedure and the derivation of key physical
properties that govern galaxy evolution. In section 4.4.4 we discuss the quality of our SED
fitting procedure. In section 4.6 we show the IRX-g relation of our sample with its fit. We
derive the gas-phase metallicities of our sample and discuss its effect on the IRX-8 scatter
in section 4.5. In section 4.7 we discuss different physical properties that drive the IRX-8
scatter, with the dependence on the galaxy environment in section . The conclusions are
presented in section 4.9. Throughout this paper, we adopt the stellar IMF of Chabrier (2003)
and a ACDM cosmology parameters (WMAP7, Komatsu et al., 2011): Hy = 70.4 km s~!
Mpc~!, Oy = 0.272, and Q5 = 0.728.

4.3 Data

4.3.1 Spectroscopic data

The data used in this work are from the VIMOS Public Extragalactic Redshift Survey (VIPERS,
Garilli et al., 2014; Guzzo et al., 2014; Scodeggio et al., 2018). VIPERS used the VIMOS
spectrograph at the Very Large Telescope to measure redshifts for a statistical number of
galaxies (~90000) in a large field of a total of ~ 24 deg® at 0.5 < z < 1.2. The VIPERS
sample has a limiting magnitude of isp < 22.5 mag to maximize the signal-to-noise of the
spectra and to select galaxies below z = 1.2 (Le Fevre et al., 2003). Moreover, a color selec-
tion based on the u,g,ri bands allowed the survey to focus on removing the galaxies below
z = 0.5, with median redshift 0.7 (Guzzo et al., 2014).

Spectroscopic observations of VIPERS were collected using the low-resolution red (LR-Red)
grism (~ 5500-9500A) and a spectral resolution R ~ 220 (Scodeggio et al., 2018). VIPERS
data reduction was performed via a fully automated pipeline (Garilli et al., 2014). Redshifts
were estimated using the EZ code (Garilli et al., 2010) based on the software and the visual
inspection. The redshift quality flag, described in detail in Garilli et al., 2014 and Guzzo et
al., 2014, has tentative (flag 1) to highly secure (flags 2 to 4, with at least 95% of confidence)
redshift measurements.

For reliable redshift estimations (Scodeggio et al., 2018), we selected galaxies for which
the redshift flag was 3.0 < zs4,, < 4.5, where the decimal part of the flag indicates the
consistency with photometric redshifts. We also selected the VIPERS sample with a flag that
provides measurements with high S:N the quality of the measurement of emission lines. This
flag is a goodness of fit assessment (a thorough description is detailed in Figueira et al., 2022;
Pistis et al., 2022). The flags of emission lines are well-checked to deliver good estimations
of the line profile. This is done through certain criteria such as minimizing the distance
between the peak of the fit and the brightest pixel, and constraining the fit amplitudes to not
differ significantly from the observed emission (Pistis et al., 2022).
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FiGure 4.1: Spectrum of a source from our sample (VIPERS ID: 105161086;
HELP ID: J021747.792-055145.509) at zspee = 0.766, highlighting the
[O 1] 23727, [O | 14959, 15007, and Hp lines.

TaBLE 4.1: Signal-to-noise ratios of detected lines of our sample.

Line Median S:N
[O 1] 23727 21.79
HB 9.26
[O 1] 14959 8.12
[0 m] 25007 3.38

Finally, the HS line was corrected for stellar absorption following Hopkins et al. (2003):

EW + EW,

W , 4.1

where S is the stellar-absorption-corrected line flux, EW is the equivalent width of the line,
EW¢ is the correction for stellar absorption, and F' is the extinction-corrected line flux. We
adopted an EW¢ value of 2A, which is commonly used in the literature (i.e., Goto et al.,
2003).

We used the penalized pixel fitting code (pPXF) (Cappellari et al., 2004) to model the
VIPERS spectra by fitting stellar and gas templates from the MILES library (Vazdekis et al.,
2010), as described in Pistis et al. (in prep.). A single Gaussian was used to fit each emission
line of the gas component, yielding integrated fluxes and errors. Table 4.1 shows the median
signal-to-noise ratios (S:N) of the resulting four emission lines of our sample of galaxies. An
example of the spectrum of a galaxy from our sample is shown in Fig. 4.1. Equivalent widths
(EWs) and their errors were also computed.
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4.3.2 Photometric data

The fields surveyed by VIPERS were previously mapped by the Canada-France-Hawaii Tele-
scope Legacy Survey (CFHTLS), in the optical range, with the Wide photometric catalog
TO0007 release (Hudelot et al., 2012). The TO007 catalog with ugriz detections is an improve-
ment of the initial TO0O0S and TO006 catalogs (Guzzo et al., 2014). In this newer catalog,
the apparent magnitudes are given in the AB system, and were corrected for Galactic ex-
tinction, with an extinction factor derived at the position of each galaxy using the dust maps
of Schlegel et al. (1998). Near-infrared magnitudes come from the Ks band detection of
CFHT/WIRCam.

We required our sample to have detections in the FUV and NUV bands of the GALEX
deep imaging survey. In the catalog of Moutard et al. (2016), GALEX data towards the
CFHTLS-VIPERS fields were gathered, to measure the physical properties (e.g., SFR, stellar
masses) of all galaxies in the VIPERS spectroscopic survey. The CFHTLS-T0007 maps were
used as a reference to measure the Ks-band photometry, and the u band-selected sources were
used as priors in estimating the redshift, as well as the FUV and NUV photometry.

Additionally, we extended the wavelength coverage to the FIR by cross-matching with
the Herschel Extragalactic Legacy Project (HELP, Shirley et al., 2021) catalog, which pro-
vides unique statistical data of IR detection of millions of galaxies detected at long wave-
lengths with Herschel, constructed homogeneously. To achieve the HELP catalog, Herschel
fluxes were estimated using XID+ pipeline (Hurley et al., 2017), a probabilistic deblender
of SPIRE maps which takes into account the positions of sources detected with Spitzer at 24
um (Duncan et al., 2018) from the Multiband Image Photometer (MIPS, Rieke et al., 2004).
Detections from IRAC at its four channels from Spitzer were added to our data. We used data
from the PACS instrument at 100 and 160 um, and from SPIRE at 250, 350, and 500 yum.

4.3.3 Final sample

Apart from the redshift flag selection, as discussed in Section 4.3.1, we also restrain our
sample to star-forming galaxies using the modified Baldwin, Phillips & Terlevich diagrams
(BPT, Baldwin et al., 1981) by Lamareille (2010). This modified BPT diagram allows us to
use the lines available in VIPERS, to discard active galactic nuclei (AGNs), low ionization
nuclear emission regions (LINERs), and Seyfert sources.

The above-described selection yields a sample of 1049 galaxies, with their photometric
S:N described in Table 4.2, covering a redshift range of 0.5 < z < 0.8. A total of 592 galaxies
in our sample have FIR detections from the HELP catalog. All of the galaxies in our sample
have spectroscopic redshifts. Table 4.2 shows the photometric bands used for our data and
the associated S:N for our final sample.

4.4 Estimating physical properties from spectral energy distribu-
tion

To model the spectra of our galaxies, we first assumed a stellar population. We then atten-
uated this stellar population with dust, assuming different dust and stars distribution. Also,
we included the line measurements from the [Ou] 23727, [O m] 14959, 25007, and Hp lines
in the SED fitting procedure in CIGALE as done in Villa-Vélez et al. (2021). In the following
subsections, we describe the different aspects of our SED fitting strategy and the motivation
of our choice of certain templates and parameters.
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TaBLE 4.2: Summary of photometric data in each band with its centered
wavelength, the mean of S:N, and the number of detections in our sample.

Telescope/ Band A Median N of
Instrument (um) S:N detections
GALEX FUV 0.15 5.45 1049
NUV 0.23 9.78 1049
CFHT/ u 0.38 31 1049
MegaCam g 0.49 61.69 1049
r 0.63 50.62 1049
i 0.76 78.69 1049
Z 0.89 40.90 1049
CFHT/WIRCam Ks 2.14 25.25 1049
Spitzer/ chl 3.56 27.66 710
IRAC ch2 4.50 19.56 471
ch3 5.74 10.43 112
ch4 7.93 13.25 112
Spitzer/MIPS MIPS1 24 15.90 116
MIPS2 70 10.23 18
MIPS3 160 6.19 3
Herschel/ 100 pym 102.62 1.30 592
PACS 160 ym 167.14 1.38 592
Herschel/ 250 um 251.50 2.63 592
SPIRE 350 um 352.83 1.51 592
500 um 511.60 1.05 592

4.4.1 Stellar population and its formation history

To model the stellar emission and the spectral evolution of galaxies, we considered stars with
different ages and a certain metallicity. In this work, we use the stellar population library
of Bruzual et al., 2003, a solar metallicity and an IMF of Chabrier, 2003, which takes into
account a single star IMF as well as a binary star system. In terms of modeling, star formation
histories (SFH) are very sensitive to many complex factors including galaxy environments,
merging, gas accretion and its depletion (e.g. Elbaz et al., 2011; Ciesla et al., 2018; Schreiber
et al., 2018b; Pearson et al., 2019). The SFHs have a significant effect on fitting the UV part
of the SED, consequently affecting the derived physical parameters such as the stellar masses
and the SFRs. Initially, we tested different SFH models to fit the observed short-wavelength
photometry of our sources. These include a simple exponentially decreasing star formation
characterized by an e-folding time 7, and a similar delayed model with a recent exponential
burst or quench episode (Ciesla et al., 2017). In our models, we gave the e-folding time of
the main stellar population (7,,4i,) @ wide range of variation. Our initial results did not favor
a recent burst in our sample, therefore we proceeded to use the simpler delayed SFH. In such
a star formation scenario, a galaxy has built the majority of its stellar population in its earlier
evolutionary phase, then the star formation activity slowly decreases over time. The SFR
evolution over time is hereby modeled with:

t
SFR(7) o ze—f” (4.2)
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TaBLE 4.3: Input parameters of the important physical models used to fit the
SEDs of our sample with CIGALE.

Parameter Values

Star formation history

delayed

Stellar age [Gyr] equally-spaced 32 values in [0.5, 8]
e-folding time (1) [Gyr] equally-spaced 22 values in [0.5, 6]

Dust attenuation laws(a)

(Calzetti et al., 2000)

Colour excess of young stars E(B-V) mag 10 values in [0.1, 1]
Color excess of old stars (f;) 0.1,0.3,0.5,0.8, 1.0
(Charlot et al., 2000)

V-band attenuation in the ISM (A{;9 M) mag 30 values in [0.3 - 3]
AVISM [ (ABC 4 AISM) 0.1,0.3,05,0.8,1
Power law slope of the ISM -0.7
Power law slope of the BC -0.7

Dust emission

(Draine et al., 2014)

Mass fraction of PAH 1.12, 2.50, 3.90, 5.26, 6.63
Minimum radiation field (U,,;;,) 1,5,15,25,35
Power law slope (@) 2
Dust fraction in PDRs (y) 5 values in [0.01, 0.2]

a) One attenuation law was used at a time in the SED fitting procedures. Both approaches were used
in order to derive accurate physical properties.

where it translates into a delayed SFH slowed by the factor of 72, the e-folding time of the
main stellar population, and extended over the large part of the age of the galaxy. This
SFH provided better fits compared to the one with the recent burst. We vary 7 as shown in
Table 4.3, to give a comprehensive flexibility of the delayed formation of the main stellar
population.

4.4.2 Dust attenuation

Modeling dust attenuation is an indispensable priority in any panchromatic SED fitting in
order to reproduce the short wavelength photometry and therefore to extract accurate physical
properties.

In this work, we used two contrasting approaches of attenuation laws for our SED fitting:
the approach of Calzetti et al. (2000) and that of Charlot et al. (2000). While these two
attenuation approaches are relatively simple, they differ in how to attenuate a given stellar
population. Recently, Buat et al. (2019) and Hamed et al. (2021) showed that for statistical
samples, it is necessary to use these two attenuation laws in order to recover the physical
properties of galaxies, and chose the best-fit model among the two.

The attenuation curve of Calzetti et al. (2000) is a screen dust model. It was tuned to fit a
sample of starbursts in the local Universe, which represent high redshift UV-bright galaxies.
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This curve attenuates a stellar population with a simple power-law:

K = - AW “3)

(B-V)

where k(1) is the attenuation curve at a certain wavelength, A(A) is the extinction curve, and
E(B-V) is the color excess between the B and V bands.

Despite its simplicity, this attenuation curve is widely used in the literature (e.g. Bur-
garella et al., 2005; Buat et al., 2012; Matek et al., 2014, 2017; Pearson et al., 2017; Buat
et al., 2018; Elbaz et al., 2018; Ciesla et al., 2020). However, it does not always succeed
in reproducing the UV extinction of galaxies at higher redshifts (Noll et al., 2009; Lo Faro
etal., 2017).

Another approach is to consider the dust spatial distribution relative to the stellar pop-
ulation. This is the core of the attenuation curve of Charlot et al. (2000). In this approach,
dust is considered to attenuate the dense and cooler stellar birth clouds (hereafter BCs) differ-
ently than ambient diffuse interstellar media (ISM). This configuration is expressed by two
independent power-laws:

O1sm Spc
A(/l)ISM o (—) and A(/l)BC o (—) , (4.4)
/lV /1V

where ;57 and 0 pc are the slopes of attenuation in the ISM and the BCs respectively. Young
stars that are in the BCs will therefore be attenuated twice: by the surrounding dust and
additionally by the dust in the diffuse ISM. CF0O found that 6;5 s = dpc = -0.7 satisfied dust
attenuation in nearby galaxies, however, this curve is frequently used at higher redshifts (e.g.
Buat et al., 2018; Matek et al., 2018; Donevski et al., 2020; Salim et al., 2020; Hamed et al.,
2021). By attenuating at higher wavelengths (until the NIR) more efficiently than the recipe
of Calzetti et al. (2000), this approach considers a more attenuated older stellar population.
To model dust attenuation of the galaxies of our sample, we use the aforementioned laws,
with the parameters presented in Table 4.3.

4.4.3 Dust emission

Modeling dust emission of our sample is not only crucial to derive the key observables that
govern galaxy evolution such as the SFRs, but it is a cornerstone in correctly deriving IR
luminosities which in turn might affect the estimation of the IRX. To reproduce the IR emis-
sion in our SED models, we use the templates of Draine et al. 2014. These templates take
into consideration different sizes of grains of carbon and silicate, hence, allowing different
temperatures of dust grains. They rely on observations and are widely used in the literature
to fit FIR SEDs (e.g., Buat et al., 2019; Burgarella et al., 2020; Hamed et al., 2021).

Given that ~56% of our sample possess FIR data from the HELP catalog, we fit these IR-
detected galaxies with Draine et al. (2014) dust templates, with and without IR data. That
is, in one fitting, we used the full available panchromatic photometric coverage from FUV
to 500 um, using a stellar population library, SFH, dust attenuation, and dust emission tem-
plates. In another fitting procedure, we fit with the same templates only the selected range of
photometry from FUV to IRAC4 band (8 um). We then compare dust luminosities estimated
using these two techniques, this comparison is provided in Figure 4.2.

The obtained IR luminosities with the aforementioned techniques correlated with a Pearson
coeflicient of p = 0.96. We then proceeded with fitting the photometry of galaxies that do
not possess IR observations in the HELP catalog (457 galaxies out of 1049) with the same
input parameters of Draine et al. (2014) templates, computing the IR luminosities based on
the energy balance applied in the SED fitting using the short wavelength data. This allows for
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Ficure 4.2: Dust luminosities estimated for the IR-detected sub-sample (592

galaxies out of 1049), with and without IR data. The solid black line shows

the one-to-one relation. The dashed red line shows the best fit of this com-
parison, and p is the Pearson coefficient.

a reliable estimation of IR luminosities. We show the star-forming galaxy main sequence of
our sample in Figure 4.3. Our fitting technique provided overall low uncertainty of physical
properties, such as the stellar masses and the SFR.

4.4.4 SED quality, model assessment

To test the reliability of our SED models, with CIGALE we generated a mock galaxy sample
and fitted SEDs with the same methods applied to our sample. We build the mock catalog
by perturbing the fluxes of our best SEDs with errors sampled from a Gaussian distribution
with a standard deviation equivalent to the uncertainty observed in the real fluxes. We show
the mock analysis of the important estimated quantities in Figure 4.4, where we show the
comparison between the real physical properties that we derived for our sample and its mock
equivalent. The mean ,\/fe Juceq OF OUr sample was 8.6. For each galaxy, we selected the at-

tenuation law that best describes its observed photometry by comparing their 2, as in Buat
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Ficure 4.3: Star formation rates of our sample fitted with the best attenuation

curve against stellar masses. The red line shows the main sequence of star-

forming galaxies from Schreiber et al. (2015) at z = 0.6 (the median of our
sample).

et al. (2019) and Hamed et al. (2021).

To estimate S for each galaxy in our sample, we fit a power-low function to the SED

of each galaxy between the rest-frame ranges 0.126 ym and 0.260 yum. IRX was estimated
directly from the SED fitting process, by dividing the IR luminosity by the FUV luminosity
for each source, that is, IRX =log(L;z/Lryv).
We also compared the SFRs derived using the spectroscopic lines, notably the HS and [O 1]
lines, with the ones obtained using SED of the photometry. We show this comparison in Ap-
pendix 4.10.1. This ensures a coherent interpretation of the SFR using the different methods.
Overall, the mock analysis showed that our estimations of the physical observables, such as
dust luminosities, SFRs, stellar masses, and IRX and g, are reliable.

4.5 Estimating the metallicity

Different calibrations are often used in the literature to measure the gas phase metallicity
based on different line ratios (Pilyugin, 2001; Tremonti et al., 2004; Nagao et al., 2006; Curti
etal., 2016). Making use of the robust oxygen emission lines along the HS line, we measured
the gas phase metallicity using the ratio

R [O 1] 23727 + [O 1] 244959, 5007

23 = .
Hp

The Rj3 ratio was initially proposed in Pagel et al. (1979), and since then its tuning to

oxygen abundance was improved by various photoionization models (Nagao et al., 2006).
To derive the metallicity of our galaxies, we used the calibration proposed by Tremonti et

4.5)
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Ficure 4.4: Comparison between some of the true parameters of the mock
SEDs and the results from the SED modeling with CIGALE. The "exact"
values are from mock models. p is the Pearson coefficient.

al. (2004), which is based on the Rj3 ratio of star-forming galaxies of double-valued Rj3-
abundance ratios. Following Nagao et al., 2006 we verified if our sample is in the upper
branch ([O m] 25007/ [O 1} 23727 < 2), and found that all data of our sample belong to the
upper branch. Additionally, we removed all the sources that fall below the calibration limit of
12 + log (O/H) < 8.4, since this metallicity calibration is valid for values above that thresh-
old. This discarded 47 galaxies, and left a total of 1002 galaxies for which valid metallicity
estimation was calculated.
The calibration proposed by Tremonti et al. (2004) estimates the metallicity from theoretical
model fitting of emission-lines. The model fits are calculated combining SSP synthesis mod-
els from Bruzual et al., 2003 and CLOUDY photoionization models (Ferland et al., 1998). The
relation between metallicity and R;3 is given by :

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

where x = log R»3.

(4.6)
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4.6 IRX-S relation of our sample

We show the scatter of IRX-S of our sample of star-forming galaxies in Figure 4.5. This scat-
ter is observed to be higher than the relation fitted on the sample of local starburst galaxies
by Meurer et al. (1999). We fit the scatter of our sample in the IRX-8 diagram following the
same method presented in Hao et al. (2011) and used similarly in Boquien et al. (2012).

To separate the influence of the SFH from the attenuation, we connect the attenuation to
B:
Aruy = (B~-Po) X cgs 4.7

where Apyy is the attenuation in the FUV band, Sy is the intrinsic UV slope (without dust),
and cg is the attenuation constant connecting both sides of the equation. The former can be
seen as the degree to which the attenuation in the FUV band is influenced by the reddening
caused by dust. On the other hand, IRX can be linked with dust attenuation via:

Apyv = 2.5 % log(l + CIRxlOIRX), (4.8)

where cjry is the proportion of emission in the FUV band relative to the attenuation observed
in other bands (Meurer et al., 1999; Boquien et al., 2012). Equations 4.7 and 4.8 can be
integrated as in Hao et al. (2011):

100.4X(ﬂ—ﬂ0)c/3 -1
IRX = log . 4.9)
CIRX
which, for our sample, gives the following equation:
IRX = log[(10°91A+292 _1)/0.67]. (4.10)

4.7 Results & Discussion: What drives the IRX-S relation?

4.7.1 Dependence on metallicity

A correlation between dust reddening and gas-phase metallicity is expected, as metals in the
ISM will be depleted onto the same dust grains that attenuate the young stars and their emis-
sion lines. This means that the more metal content there is in the ISM, the more dust grains
will be formed. Our findings suggest that metallicity is a significant contributing factor to the
variability observed in the IRX-g relation, as shown in Figure 4.6. Metallicity is indicative
of the characteristics of small dust particles that affect the attenuation curve (Zelko et al.,
2020). Lower gas-phase metallicity results in stronger UV radiation in the ISM, leading to
the breaking down of larger dust grains into smaller particles, assuming the conservation of
the mass of dust. This results in an increase of the overall attenuation (Shivaei et al., 2020).
Other works (e.g., Conroy et al., 2010; Wild et al., 2011) have also found that higher gas-
phase metallicity is indicative of higher dust attenuation.

Dust-to-metal ratio (e.g., Wiseman et al., 2017; Li et al., 2019a) can also affect the scatter
of galaxies in the IRX-8 diagram. However, we did not find a strong correlation between
the dust mass and the position of our sample with respect to the IRX-g relation. Although
higher dust-mass galaxies occupied the upper part of the scatter, the correlation was not net
as with the metallicity. Therefore dust mass was not found to be a key factor in the diagram.
However, we found that dust-to-star geometry was strongly responsible for moving the scatter
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Ficure 4.5: IRX-S scatter of our sample. The original Meurer et al. (1999)
fit is shown in a dotted line. We also compare with fits from Overzier et
al. (2011), Takeuchi et al. (2012), and Casey et al. (2014), denoted with
grey dash-dotted, red dashed, and dash-double dotted lines, respectively. The

solid black line shows Equation 4.10, describing our sample.

to the right (Popping et al., 2017). Galaxies that preferred the attenuation curve of CFO0 were

located towards redder 8 (higher 8 values).

4.7.2 Dependence on galaxy properties

We show the dependence of the IRX-g relation with the physical properties of our sample in
Figure 4.7. Higher mass galaxies with older stellar populations occupy the higher IRX and 8
values of the diagram. The Pearson coefficients between the stellar mass and IRX and g are
found to be p = 0.96 and p = 0.98 respectively for our sample, signifying a strong corre-
lation. This almost linear scaling between the stellar mass and IRX and 8 was also found at

different redshift ranges (e.g., Koprowski et al., 2018; Shivaei et al., 2020).
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On the other hand, the specific SFR (sSFR = log SFR/M,) is found to decrease at higher
B. This decrease is found to be stronger with g rather than IRX. The sSFR can be seen as a
competition between the SFR and the stellar mass. At higher 8 values, the sharper increase
of the stellar mass overcomes the slow increase in the SFR of our sample. Generally, high
SFR in galaxies, with higher dust masses, results in a larger fraction of young massive stars
in the stellar population, which increases the UV radiation. This UV radiation is absorbed by
dust, which re-emits in the IR causing a higher IRX value.

The attenuation in the V band shows a strong trend in the diagram, with more optically
attenuated galaxies located in the higher IRX and high 8 values. The specific dust mass
(Mgust/My) correlation with IRX-S is shown in Figure 4.7 (middle right panel). With higher
specific dust mass, galaxies move away from the fitted relation towards lower 8 values.

4.7.3 Dependence on morphology

The morphological parameters of our sample were estimated using GALFIT in Krywult et al.
(2017) where they applied Sérsic profiles fitting over the i-band of CFHT in their sample
of VIPERS galaxies. A full description of the methodology used in deriving morphological
parameters is detailed in Krywult et al. (2017). We notice a strong correlation between the
Sérsic index (n) and the distribution of our sample in the IRX-8 diagram. the Sérsic index
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FiGure 4.6: IRX-S scatter of our sample color-coded with metallicity. Points

denote the VIPERS sample binned by 3, every bin contains the same number
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represents the trend of the metallicity, based on the scattered distribution.
The angle is between the arrow and the x-axis.
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the trend of the physical properties, describing the direction of their scattered
evolution. *In the lower right Figure with the Sérsic index, a total of 823
galaxies (instead of 1049) are binned, due to GALFIT flag selection, based on
Krywult et al. (2017). The angles are between the arrows and the x or y-axis.
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gives a Pearson coefficient of 0.95 with both IRX and 8 separately. We show the correlation
with the Sérsic index in Figure 4.7 (lower right panel). The number of sources in this par-
ticular plot is less than the other plots of IRX-83, because we applied the most secure flag of
Sérsic profiles fitting. This flag discards the galaxies for which GALFIT reported converge
problems and keeps galaxies that had 0.2 < n < 10. Our results show a strong correlation
between the loci of our galaxies in the IRX-f diagram with galaxy compactness in the optical
band.

Equivalently, we studied the dependence of the scatter we observe with galaxy inclina-
tion as in Wang et al. (2018). We use the same definition of disk galaxy inclinations as in
the literature: galaxies for which the ratio of minor to major axis (b/a) > 0.5 are classified
as face-on galaxies. On the other hand, galaxies whose b/a < 0.5 are considered edge-on
galaxies. These definitions are valid for disk sources (n < 2). In our analysis, we also adopt
the same notion of compact galaxies, as those for which n > 2 (Wang et al., 2018). We show
the IRX-S distribution of our sample based on galaxy morphology in Figure 4.8, where every
bin contains the same number of galaxies (~ 110 galaxies).

We find that compact galaxies (n > 2) occupy the higher IRX values relative to the
less compact ones. This is shown using the whole sample in Figure 4.7 (lower right panel).
However, for the disk galaxies, we find a subtle spread in the IRX-f scatter between the
edge-on and face-on galaxies. Even though edge-on galaxies are found to have higher IRX
with respect to the face-on galaxies, the difference was not found to be significant taking into
account the large error bars. The slightly higher IRX values for edge-on galaxies, might be
caused by the increase of the optical depth in these sources compared to the face-on galaxies
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Ficure 4.8: Our sample binned by 3. Yellow circles represent compact galax-
ies (n > 2). Blue squares show face-on disks (b/a > 0.5 and n < 2). Red
diamonds represent edge-on disk galaxies (b/a < 0.5 and n < 2).
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FiGure 4.9: Variation of the attenuation in FUV with 8, color-coded with
log(IRX). Edge-on disks have b/a < 0.5 and n < 2, while face-on disks
have b/a > 0.5 and n < 2. Compact galaxies are those for which n > 2.

(Wang et al., 2018).

In Figure 4.9 we show the variation of the attenuation in FUV with S for the different
morphological classifications. For a fixed 8 value, we find no difference in attenuation be-
tween edge-on and face-on galaxies. This suggests that the inclination of galaxies does not
affect the IRX-g scatter. A similar conclusion was also found in Wang et al. (2018).

4.8 Dust attenuation and galaxy environment

The density field of VIPERS data was computed by Cucciati et al. (2017), where they esti-
mated the local environment around the galaxies. In their work, they computed the galaxy
density contrast between the local density at a comoving distance around each source, and
the mean density at a given redshift. The mean density was achieved using mock catalogs.
The local density of each galaxy was measured based on its fifth nearest neighbor.

The local density contrast is defined as (e.g., Siudek et al., 2022):

RA,DEC.7) -
§(RA, DEC,z) = (RA, DEC,z) ~plz) @.11)

p(2)

where p(RA, DEC, 7) is the local density of a given galaxy, and p(z) is the mean density at a
redshift z.

We separate galaxies that reside in overdense and under-dense regions, defined as the 5
and 95 percentiles of the log(1+6) distribution, respectively (shown in Fig. 4.10, left panel).
We do this in order to see the subtle difference in the IRX-8 diagram (Figure 4.10 right panel).



Chapter 4. Decoding the IRX- dust attenuation relation in star-forming galaxies at

86 . . .
intermediate redshift
T E T i T
5% percentile i 195”‘ percentile Iover—dense
200 | (Under-dense) i 1 (Over-dense) 15F iundor—dense

—
(<]
g 150
=S
e
)
© 100
=}
o]
n

50

— Best fit
S e Meurer+99
0 L L
-1 0 1 —2.0 15 1.0 —0.5

log(0+1) B

FiGure 4.10: Left panel: Distribution of galaxy overdensity log(6+1). In the
blue region we show the selection of the 5" percentile of the overdensity
(the galaxies residing in less-dense environments), and in the red region the
selection of the 95 percentile of the distribution (galaxies residing in over-
dense regions). Right panel: The 5 percentile and the 95" percentile of the
selection from the left panel of this figure, in the IRX-g scatter.

We find no significant correlation with the IRX-g relation. Even though the galaxies that re-
side in less dense environments are slightly shifted towards the higher S values, for a given
B, IRX is similar in the two galaxy groups within the error bars.

We analyzed the attenuation in FUV bands of the galaxies from our sample with their
environment overdensities. We show this in Figure 4.11. We find no relation between the en-
vironmental overdensities and dust attenuation. Galaxies’ environments strongly affect their
physical properties (e.g., Peng et al., 2010), however, it is not understood how it might affect
dust attenuation in galaxies. Shivaei et al. (2020) concluded similarly that environment does
not seem to correlate with dust attenuation and consequently with the IRX-S relation. We
extend this conclusion from the high redshift in their work down to intermediate redshift,
showing that the variation of the Aryy with galaxy overdensities is absent.

To quantify the degree of correlation in the IRX-8 diagram, we show in Figure 4.7 the
angles of the distribution of each physical property. We find that the most correlated quanti-
ties with the IRX-g plane, are the metallicities, galaxy compactness, and stellar mass.

4.9 Conclusions

In this work, we dissected the IRX-S dust attenuation relation for a large sample of 1049
galaxies at intermediate redshift (0.5 < z < 0.8). Having robust emission lines measure-
ments, specifically the HB, [On] and the double [OIII] lines, we estimated the gas-phase
metallicities of 1002 sources in our sample using Tremonti et al. (2004) calibration. Addi-
tionally, having full FUV to FIR detections of ~ half of our sample, we computed reliably
the SEDs of the galaxies. We showed that for galaxies that do not possess FIR detections, we
can reliably estimate the dust luminosity based on the SED energy balance principle.
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Ficure 4.11: Attenuation in the FUV band, as a function of galaxy overden-
sities. The scatter represents the galaxies color-coded with IRX. We show
the binned values for the whole sample (170 galaxies per bin).

Among the tested physical properties of our sample in the IRX-S relation, gas-phase
metallicity correlated the most with the loci of the galaxies within this diagram, as was shown
in Figure 4.6. A strong trend was also found with the stellar masses of our galaxies, and the
age of their main stellar population. We conclude that metallicity is one of the drivers of the
dust attenuation scatter, which is translated by the older stars and higher masses. The sSFR
was found to decrease at lower 8 values, due to the competition between SFR and stellar
mass where the SFR was not high enough to compensate for the clear increase of the stel-
lar mass at higher IRX values. Similar results were achieved in the literature (e.g., Boquien
et al., 2012; Koprowski et al., 2018; Shivaei et al., 2020). Our results suggest that at in-
termediate redshift, where earlier star-forming galaxies evolve, the dependence of the IRX-
scatter on these physical properties remains a key factor in shaping the dust attenuation curve.

We notice that the correlation with the specific dust mass is strong in shifting the galax-
ies farther away from the IRX-g relation towards lower g values. This is due to the strong
increase in the relative mass of dust compared to the stellar mass, leading to higher IR lumi-
nosities.

Having the morphological parameters of our sample (Krywult et al., 2017), we analyzed
the effect that certain morphological properties have on the location of galaxies in the IRX-3
plane. We find a strong correlation with the Sérsic index n, that is, with higher IRX and S
values, galaxy compactness seems to increase at the same rate. Morphologically, we find that
more optically-compact objects (compact stellar population regions), witness a larger amount
of attenuation than less compact galaxies.

We also tested the effect of galaxy inclination in the observed IRX-g scatter, by separat-
ing our sample into edge-on disks, face-on disks, and compact galaxies. There is a subtle
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variation in the dust attenuation scatter between the edge-on and face-on galaxies. Although
the edge-on galaxies show slightly higher IRX values than the face-on galaxies at a given
B, this difference was not statistically significant considering the large error bars. The slight
increase in IRX values for edge-on galaxies could be attributed to the higher optical depth
in these galaxies as compared to the face-on galaxies, as suggested by Wang et al. (2018).
Checking the variation of the attenuation in the FUV band with 8, we found no difference in
the amount of attenuation and 8 with IRX, as was shown in Figure 4.9.

We studied the effect of galaxy environments on dust attenuation in Section 4.8. To
do so, we took the 57 percentile and the 95" percentile of the distribution of our sample’s
overdensities (computed in Cucciati et al. 2017). By this, we checked the loci of galaxies
that most reside in less-dense environments and overdense ones. We found subtle differences
in this relation, galaxies in over-dense environments were above the fitted IRX-S relation
(Equation 4.10), and galaxies in under-dense regions were below this fit. However, given
the large error bars, this difference was not robust. Similarly, we tested the attenuation in
the FUV bands of our galaxies depending on the overdensity of their environments in Figure
4.11. We conclude that the environment does not affect dust attenuation of our sample of
star-forming galaxies at intermediate redshift, despite the known effect the environment has
on main galaxy properties such as the SFRs (Peng et al., 2010). Similar results were found
by Shivaei et al. (2020) around the cosmic noon.
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4.10 Appendices

4.10.1 Comparison of SED-computed SFRs with tracers

We show in Figure 4.12 the comparisons between the SFRs computed using CIGALE and
those computed using the emission lines HB and [O1]. The correlation between all these
estimators demonstrate the effectiveness of the derived SFRs using panchromatic SED fitting.
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FiGure 4.12: Star formation rates derived with (a): HB and (b): [O 1], com-
pared with the SFRs derived with the full SED.
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Ficure 4.13: IRX-S scatter of our sample. The original Meurer et al. (1999)

fit is shown in dotted line. We also compare with fits from Overzier et al.

(2011), Takeuchi et al. (2012), and Casey et al. (2014), denoted with grey

dash-dotted, red dashed, and dash-double dotted lines, respectively. The

solid black line shows Equation 4.12, describing our mass-complete sam-
ple.

4.10.2 Mass-complete sub-sample

We also derive the IRX-g relation for our mass-complete sub-sample. To achieve the mass-
complete sub-sample, we select galaxies for which log(M,) > 10.18 M, for z < 0.6, and
log(M,) > 10.47 Mg, for z < 0.8, following Davidzon et al. (2016) selections for VIPERS.

These selections result in only 258 galaxies from our initial sample. The IRX-g fit for
this sub-sample is then given by:

IRX = log[(10>%%¥195 _ 1) /0.64]. (4.12)

We show the fit for the mass-complete sub-sample in Figure 4.13. The mass-complete sample
is statistically less important than our full sample, and it lacks data in the lower IRX and
values, therefore it must be considered with caution.
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Summary of the fourth chapter

o In this work, the IRX-£ dust attenuation relation was achieved at intermediate redshift
(0.5 < 0.8) with a large sample of more than 1 000 star-forming galaxies. Gas-phase
metallicity was estimated for this sample, having the emission lines of HB, [O 1], and
[Om]. Spectral energy distributions of these galaxies were also achieved.

o Almost half of the sample had detections in the far infrared range of Herschel. Dust
luminosity for the whole sample was estimated, but for the galaxies without far infrared
detections, dust luminosity was estimated based on the energy balance principle of the
spectral energy distribution.

o Gas-phase metallicity was found to be the strongest correlate with the loci of the galax-
ies in the IRX-S diagram.

e Strong trends were also found with the galaxies’ stellar masses and the age of their
main stellar population. Metallicity is one of the drivers of the dust attenuation scatter,
which is translated by the older stars and higher masses.

o The specific star formation rate was found to decrease at lower S values due to the
competition between star formation rates and stellar mass. Specific dust mass was
found to be strongly correlated with shifting galaxies away from the IRX-3 relation
towards lower g values. Morphological parameters of the sample were analyzed, and
a strong correlation was found with the Sérsic index. More optically-compact objects
witness a larger amount of attenuation than less compact galaxies. The effect of galaxy
inclination on the observed IRX-8 scatter was tested, but no statistically significant
difference was found.

e No difference in the amount of attenuation and § with IRX was found in the far ultra-
violet band. The effect of galaxy environments on dust attenuation was studied, but no
significant difference was found. Galaxies in overdense environments were above the
fitted IRX-g relation, while galaxies in under-dense regions were below it, but this dif-
ference was not robust. The environment does not affect dust attenuation of the sample
of star-forming galaxies at intermediate redshift.

e The study supports the idea that at intermediate redshift, the dependence of dust at-
tenuation on physical properties, especially metallicity and morphology, remains a key
factor in shaping the dust attenuation curve.
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Summary and perspectives

In this thesis, and through three interconnected complementary works, I investigated dust
attenuation in different galaxies at different redshifts, with varied characteristics. Several im-
portant results were achieved. This chapter is a summary of these works, accompanied by
some perspectives.

Galaxies are the key to understanding the evolution of the Universe. To understand the
evolution of galaxies, it is essential to study the dust component of the ISM, since dust is a
main driver of the star formation in the Universe. Observations of galaxies have revealed that
their properties, such as stellar masses and SFRs, are affected by interstellar dust. Interstellar
dust absorbs and scatters light, causing reddening and dimming effects that can obscure and
alter our observations of galaxies. Therefore, it is crucial to correct dust attenuation to obtain
accurate measurements of galaxy properties. To account for dust absorption of the stellar
light, it is necessary to use a dust attenuation law in order to reproduce the observed pho-
tometry of galaxies. Many works that use attenuation laws do not apply different attenuation
recipes, despite the fact that it is known already that dust attenuation curves are not univer-
sal. We still lack complete knowledge of what is the main driver of the attenuation curve in
galaxies at different redshifts.

In my first work (i.e., Hamed et al., 2021), I investigated a system of galaxies at the
cosmic noon (z ~ 2). During this epoch, the star formation rate density peaked in the Uni-
verse. One of the galaxies I investigated is a supermassive extremely attenuated by dust, star-
forming galaxy. The ALMA detection of its CO molecule emission allowed us to estimate
its molecular hydrogen reservoir. Having the full panchromatic coverage of this object, the
SFR was reliably estimated. The gas reservoir of this galaxy was found to be not enough to
sustain the current rate of the star formation activity, giving it a depletion time of 0.22 + 0.07
Gyr, which is similarly found in extreme starburst galaxies. However, this galaxy is residing
in the main sequence of star-forming galaxies. This starburst-like star formation activity on
the main sequence was found for massive compact galaxies in post-starburst episodes, con-
firming that the massive ALMA- detected IR galaxy is caught in the middle of quenching
following an earlier starburst activity. The less massive companion of this galaxy was found
to be dust-poor and exhibiting a starburst phase in its star formation. This work highlighted
the importance of the assumed dust attenuation law when building the SED of galaxies, es-
pecially since different attenuation laws might result in significantly different derived stellar
masses. Additionally, I found that the morphological aspects of DSFGs are equivalently cru-
cial and interesting when dissecting galaxies in different wavelengths and deriving physical
parameters.
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In the second work (i.e., Hamed et al., 2023), I generalized what I found in the first work
and in previous recent literature, with regards to dust attenuation. These older works have
dealt with low samples of galaxies. In this work, I sampled high signal-to-noise panchromatic
coverage of 122 galaxies detected from the UV band to the FIR bands of Herschel, including
ALMA detections of all my samples. This has allowed us to investigate the effect of the
morphology of dusty star-forming galaxies on dust attenuation. Effective radii in HSC’s Y
band and ALMA-detected dust continuum maps were calculated for the sample in this study.
Additionally, having full panchromatic coverage, SEDs were computed.

This work presents the largest statistical work done on a large sample of galaxies exam-
ining dust attenuation and morphological extensions. The most widely used attenuation laws
in the literature were used in this work. These laws include the simple Calzetti et al. (2000)
law and that of Charlot et al. (2000). The results showed that the relative spatial extent of the
emission from the stellar population and star-forming regions compared to that of the dust
was crucial in determining the appropriate dust attenuation curve. Galaxies with relatively
compact star-to-dust radii ratios were best fit by the starburst curve of Calzetti et al. (2000),
while those with compact dust emission and extended stellar radii required shallow curves
and double exponential attenuation laws. The study also found that the star-to-dust compact-
ness of the unobscured star-forming regions and stellar population regions to dust emission
of these galaxies peaked around the cosmic noon (z ~ 2). Additionally, the energy balance
between the stellar emission and their infrared counterparts was investigated, revealing that
most sources produced the same dust emission when relying on an energetic balance from
short wavelengths, but some galaxies expressed dimmer star formation when the Calzetti et
al. (2000) attenuation law was used. Overall, these findings are promising for future surveys
of deep field observations, such as the JWST and LSST, where highly-resolved high redshift
observations in the short and mid-infrared wavelengths could generalize these findings over
a larger statistical sample of galaxies.

In my last work of this thesis, I focused on investigating the IRX-f dust attenuation re-
lation at intermediate redshift. On the one hand, I needed a large sample to generalize the
previous findings of the morphological role in dust attenuation in galaxies. On the other
hand, intermediate redshift is often left unvisited by large studies, where most of the works
focus either on the local Universe or very high redshifts. Therefore, I constructed a large
sample of more than 1000 galaxies at a redshift range of 0.5 < z < 0.8, with detections of
their HB, [O 1], and [O m] lines. Additionally, this sample’s morphological parameters were
estimated previously by Krywult et al. (2017), along with the environments they reside in
(Cucciati et al., 2017). These galaxies did not have detections by ALMA and therefore their
dust continua were not observed. However, it was found that gas-phase metallicity is one
of the strongest properties to correlate with the loci of the galaxies in the IRX-f3 diagram.
Strong trends were also found with the stellar masses and the age of their main stellar pop-
ulation. The specific star formation rate was found to decrease at lower § values due to the
competition between star formation rates and stellar mass. Specific dust mass is strongly
correlated with shifting galaxies away from the IRX-g relation towards lower g8 values. The
morphological parameters of the sample were analyzed, and a strong correlation was found
with the Sérsic index, where more optically-compact objects are witnessing a larger amount
of attenuation than less compact galaxies. Galaxy inclination was found not to affect the
scatter of this dust attenuation relation significantly. Additionally, one of the most important
results was the insignificance of the environments in which galaxies reside in playing a role
in the attenuation that these galaxies exhibit. At intermediate redshift, the dependence of dust
attenuation on physical properties, especially metallicity and galaxy morphology, remains a
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key factor in shaping the dust attenuation curve.

These combined works highlight the strong importance of dust attenuation at intermedi-
ate and high redshifts. One important finding was the crucial aspect of galaxy morphology,
especially the relative spatial extent of the star-forming regions and that of dust emission.
This relative compactness should be considered prior to SED fitting. This is a generalization
of the previous work of Buat et al. (2019) in which they studied the effect of the spatial distri-
bution of stars and dust on attenuation. However, their sample was statistically insignificant
and not complete, and their galaxies were around the cosmic noon. In my study, I found a
similar correlation in a wide redshift range. Moreover, having a large statistical sample of
galaxies at intermediate redshift, with robust estimations of physical properties, I find the
IRX-S relation for star-forming galaxies.

This thesis, with the works presented in it, is a starting point for future works that will
complement and complete these findings. The aspect of galaxies’ compactness and its link to
estimated other properties such as the SFR and dust properties will greatly benefit from the
plethora of high redshift observations of new powerful instruments. This answers the ques-
tion of what attenuation law to use at high redshift. Moreover, as a complementary follow-up
for my third work (presented in chapter 4), I will investigate the star formation history of the
sample that I achieved, and I will reverse-engineer the episodes of star formation using the
observed metallicities. To achieve this, I will include models of stellar evolution (e.g., Coté
et al., 2017; Nanni et al., 2020).
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