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Résumé : Le jour de Noél 2021, le télescope
spatial le plus puissant jamais construit par
'humanité a été envoyé dans l'espace. Ce
télescope, le James Webb, avec son immense
miroir et sa grande sensibilité dans l'infrarouge,
promettait de révolutionner notre compréhen-
sion de I'Univers. Dans le cadre de la collabo-
ration CEERS dirigée par S. Finkelstein, et afin
d'étre préts dés la réception des premiéeres im-
ages du télescope, j'ai construit un catalogue
de sources brillantes dans l'infrarouge lointain
(24mum - 1.1mm). Pour ce faire, jai appliqué
la méthode de pointe du "super-débruitage"
développée par E. Daddi, D. Liu et S. Jin. Cette
méthode repose sur une sélection active des
sources a fitter basée sur des prédictions is-
sues du fit de la distribution spectrale d'énergie
(SED) de chaque galaxie. Ainsi, en mesurant
des flux dans des images de plus en plus con-
fuses, j'ai pu sélectionner les sources que je
savais étre les plus brillantes. Afin de mesurer
les flux les plus réalistes possible, jai effec-
tué des simulations de type Monte-Carlo pour
corriger les biais de mesure et obtenir des in-
certitudes quasi-gaussiennes. Pour constru-
ire ce catalogue, j'ai exploité toutes les images
prises par différents télescopes IR spatiaux et
terrestres, a savoir Spitzer, Herschel, JCMT, LMT
etle VLA, ce dernier permet une meilleure sélec-
tion des sources, en particulier a grand red-
shift. Sur la base de ce catalogue, qui est le cat-
alogue infrarouge lointain le plus profond ex-
istant dans le champ EGS, jai sélectionné les
sources les plus brillantes afin de les étudier
a travers I'ceil du JWST. J'ai étudié la morpholo-
gie et les propriétés physiques d'un échantil-
lon de 22 galaxies poussiéreuses formant ac-
tivement des étoiles (DSFG) sélectionnées dans
'R au midi cosmique (z ~ 2), en utilisant
les images de la caméra proche infrarouge du
JWST obtenues dans le champ EGS pour CEERS.
La résolution des images NIRCam m’'a permis
de résoudre spatialement ces galaxies jusqu’a

Formation d'etoiles

4.4um et d'identifier leur bulbe/noyau méme
lorsqu’elles étaient tres éteintes par la pous-
siere. Sur la base dimages rouge-vert-bleues
utilisant les filtres F115W, F200W et F444W, jai
divisé chaque galaxie en plusieurs régions uni-
formément colorées, fitté leur SED respective
et mesuré leur atténuations due a la poussiére,
leur masses stellaires, leur taux de formation
d'étoiles et leur ages. Apreés avoir classé chaque
région comme étant active ou passive, jai ré-
partis les galaxies en trois classes, selon que
la formation active d'étoiles était située dans le
noyau, dans le disque ou dans les deux. Les
principaux résultats sont les suivants : (i) ~
70% de mes DSFGs ont un noyau actif compact
fortement atténué par la poussiere et qui peut
contenir jusqu'a 80% de la formation d'étoiles
de la galaxie mais seulement 20-30% de sa
masse stellaire, et qui est toujours entouré d'un
disque massif plus grand et moins atténué ; (ii)
64 % (27 %) des disques sont significativement
(fortement) désaxés, probablement en raison
d'une accrétion asymétrique de gaz froid, de
fusions majeures et/ou d'instabilités a grande
échelle; (iii) 23 % des galaxies ont un coeur actif
au sein d'un disque éteint, elles subissent une
extinction de l'extérieur vers lintérieur, sou-
vent facilitée par leur forte asymétrie qui in-
duit des instabilités a petite et a grande échelle
; (iv) certaines galaxies abritent des disques
trés hétérogenes en termes de couleurs RVB
: ces disparités sont le résultat d'une atténu-
ation in-homogene de la poussiere ; et (v) jai
trouvé des preuves surprenantes de 'existence
de sous-structures en forme d'amas globul-
laire dans des régions éteintes. Le travail réal-
isé dans le cadre de cette thése démontre
I'incroyable puissance du JWST ainsi que sonim-
pact, puisqu'il permet pour la premiere fois de
sonder les galaxies lointaines dans l'infrarouge
et de les résoudre spatialement, permettant
ainsi de révéler la complexité de leur formation
et de leur évolution.
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Abstract: On Christmas Day 2021, the most
powerful space telescope ever built by mankind
was sent into space. This telescope, the James
Webb, with its huge mirror and high sensi-
tivity in the infrared promised to revolution-
ize our understanding of the distant Universe.
Within the framework of the CEERS collabora-
tion led by S. Finkelstein, and in order to be
fully prepared for the reception of the first im-
ages of the telescope, | built a catalog of bright
sources in the far infrared (24pum - 1.1mm).
To achieve this, | applied the state-of-the-art
"super-deblending" method developed by E.
Daddi, D. Liu and S. Jin. This method relies
on an active selection of priors to fit based on
predictions from spectral energy distribution
(SED) fitting of each galaxy. Thus, by measur-
ing fluxes in more and more confused images,
I was able to select only the sources that | knew
would be the brightest. In order to measure the
most realistic fluxes, | performed Monte-Carlo
simulations to correct the measurement bias
and obtain Gaussian uncertainties. To build
this catalog, | exploited all the images taken
by different space-based and ground-based IR
telescopes, namely Spitzer, Herschel, JCMT, LMT
and the VLA for the radio allowing a better
selection of priors, especially at high redshift.
Based on this catalog, which is the deepest ex-
isting far-infrared catalog in the EGS field (which
is the field of interest in this manuscript), |
selected the brightest sources around cosmic
noon (1.5 < z < 3) in order to study them
through the eye of the James Webb Space Tele-
scope. | investigated the morphology and phys-
ical properties of a sample of 22 IR-selected
dusty star-forming galaxies (DSFGs) at Cosmic
Noon (z ~ 2), using JWST Near Infra-Red Cam-
era images obtained in the EGS field for the

CEERS survey. The exceptional resolution of
the NIRCam images allowed me to spatially re-
solve these galaxies up to 4.4um and identify
their bulge/core even when very extinguished
by dust. Based on red-green-blue images us-
ing the F115W, F200W and F444W filters, | di-
vided each galaxy in several uniformly colored
regions, fitted their respective SED and mea-
sured dust attenuations, stellar masses, star
formation rates and ages. After classifying
each region as star-forming or quiescent, | as-
signed galaxies to three classes, depending on
whether active star-formation was located in
the core, in the disk or in both. The main re-
sults are: (i) ~ 70% of my DSFGs have a compact
highly dust attenuated star-forming core that
can contain up to 80% of the star-formation of
the galaxy but only 20-30% of its stellar mass,
and is always surrounded by a larger, less at-
tenuated massive disk (no blue nuggets); (ii)
64% (27%) of disks are significantly (strongly)
lopsided, likely due to asymmetric cold gas ac-
cretion, major mergers and/or large scale insta-
bilities; (iii) 23% of galaxies have a star-forming
core embedded in a quiescent disk, they are un-
dergoing outside-in quenching, often facilitated
by their strong lopsidedness inducing small and
large scale instabilities; (iv) some galaxies host
highly heterogeneous disks in terms of RGB col-
ors: these are driven by in-homogeneous dust
attenuation; and (v) | found surprising evidence
for clump-like substructures being quiescent
and/or residing in quiescent regions. The work
carried out as part of this thesis demonstrates
the incredible power of the JWST and its impact,
as it enables for the first time to probe distant
galaxies in the infrared and resolve them spa-
tially, revealing the complexity of their forma-
tion and evolution.
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1- INTRODUCTION

1.1 . A BRIEF OVERVIEW

For a very long time, we thought that our Universe wasn't larger than the
Milky Way, our galaxy. The first hint that the universe was larger than the most
distant stars one can see with the naked eye on a clear night came with the in-
vention of the first telescopes. They allowed astronomers to observe strange
fuzzy objects that were then called nebulae. The first nebulae were observed
by C. Huygens in the mid-17"" century. Already in 1750 and 1755, T. Wright
and I. Kant respectively explained that these objects could be at much larger
distance than the stars and that the Milky Way could actually be one of these
objects among many others. There fuzziness would then be explained by the
great distance separating them from the observer. Many of these nebulae
were catalogued by Messier in 1771 followed by the Herschel family. The de-
bate about the nature of these nebulae would not be settled until 1925 when
Edwin Hubble identified Cepheids in some of the nebulae and deduced that
they were extremely distant objects. Hence, nebulae and spiral nebulae be-
came galaxies and spiral galaxies. A few years later was established the so
called Hubble-Lemaitre law which states that galaxies systematically move
away from us and that the farther they are, the higher the velocity. This law
is the experimental proof that the universe is expanding. The fact that the
universe is expanding would then lead G. Lemaitre to deduce that the uni-
verse must have been more compact in the past, leading him to propose the
hypothesis of the primeval atom in 1931. We know this hypothesis today has
the Big Bang theory.

At the beginning of galaxy observations, as astronomers rapidly observed
that there was a large diversity of galaxies, they decided to classify them based
on their morphology. Some galaxies have clear spiral arms and/or bars, oth-
ers are much more elliptical and some presenting exotic features are classi-
fied asirregular. The main issue with this kind of classification is that the mor-
phology of the galaxy depends on its orientation relative to the line of sight,
but also on the wavelength we are looking at. This is why galaxies were then
classified depending on an intrinsic parameter which is their capacity at form-
ing stars. While elliptical galaxies are mostly passive or quiescent, meaning
populated by old stars, most of the others are active or star-forming, mean-
ing that they produce new stars.

To study the formation and evolution of galaxies, it is necessary to have a
broader cosmological framework. This framework relies on the observation
of the expansion of the universe and of the cosmic microwave background
(CMB) in 1965 by A. Penzias and R. Wilson. The CMB is considered as the af-
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terglow of the Big Bang; just as the Yucatan crater is a signature of an asteroid
hitting the Earth a long time ago, the CMB implies the Big Bang. Based on this
two observations, astronomers have developed a model called standard cos-
mology. This model relies on the Big Bang theory and the so-called ACDM
cosmological framework. In this scenario, the Universe is homogeneous and
isotropic on large scales and is made of ordinary (baryonic) matter, neutri-
nos, photons and cold dark matter (CDM). CDM is a mysterious component
representing 84% of the matter in the Universe, it interacts only through the
gravitational force. Moreover, to explain today’'s acceleration of the expan-
sion of the Universe, astrophysicists had to add another mysterious element,
the dark energy. Dark energy is assumed to be a constant form of energy
density indicated by A, its nature remains unknown to this day. Globally, the
dark matter represents ~ 70% of the matter-energy budget of the Universe,
the CDM ~ 25% and the ordinary matter, meaning all the stars, planets, black
holes, the gas, the dust, everything we see, only represents ~ 5% of the Uni-
verse matter-energy budget.

There are two main approaches to the study of the formation and evolu-
tion of galaxies. The first approach is through simulations based on the stan-
dard cosmology and the laws of physics. There are two kinds of simulations,
the hydrodynamical simulations which follow with high consistency the evo-
lution of gas, stars and dust in the galaxies. It is very time consuming, hence
not adapted for large scale simulations. The other kind of simulations are
semi-analytic simulations which are based on a set of hypothesis tuned to re-
produce the galaxies observed in the nearby Universe. These simulations are
less computationally expensive, hence practical for large scale simulations.
The two methods are complementary.

The other approach to study galaxy evolution is simply direct observation
of galaxies. Here again there are two types of observations; the archaeologi-
cal approach consist in observing local galaxies and consider them as fossils
and astronomers try to reconstruct their history. The other approach is the
look-back approach. This approach uses the fact that the light travels at a fi-
nite speed, the light from an extremely distant galaxy takes millions of years to
reach us. Hence, if astronomers are able to collect this light, they will observe
such a galaxy as it was millions of years ago. This approach implies to observe
large sample of galaxies and extract their properties based on statistics, and
strongly relies on the assumption that the Universe is homogeneous, hence
the properties of galaxies are assumed to not depend on their position on
the sky but only on their cosmological distance which is a tracer of the cosmic
time at which astronomers are observing them. To measure the cosmological
distance of an object, i.e. to measure for how long the light has been travelling
since it was emitted, astronomers use the fact that the Universe is expanding:
as the light travels the wavelength broadens. The ACDM model gives a direct
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link between the change in wavelength, called the redshift (indicated by the
letter z) and defined as: A\pps = (1 + 2) X Apest With A5 the observed wave-
length and A, the rest-frame (i.e. emitted) wavelength and the cosmic time
of emission from the observed object. Hence, by analysing the light from an
object, especially recognizable spectral lines, astronomers can precisely mea-
sure the distance of an object and the cosmic time at which it is located. This
approach also justifies the constant need to build more sensitive telescopes
able to reach deeper and deeper into space. This is the approach | chose for
my study.

The main object of this study is the evolution of star forming galaxies, |
describe in the next section the general properties of such galaxies.

1.2 . WHAT IS A STAR FORMING GALAXY ?

Most of star-forming galaxies (SFG) have a spiral morphology, some of
them can have a central bulge, and/or a bar. Some galaxies have a more com-
plex morphology. Figure 1.1 shows a sample of SFG with various morpholo-
gies. Typically, SFG in the local Universe have a half-light radius of 3 — 4kpc,
it can be as low as 1kpc for dwarf galaxies and up to ~ 10kpc. More massive
galaxies tend to be wider than less massive galaxies (Cebrian & Trujillo 2014).

From theory and simulations, astronomers have access to models of the
emission of galaxies. By comparing these models with the observations, they
canretrieve physical properties of galaxies. The luminosity of a galaxy through
the electromagnetic spectrum is called the spectral energy distribution (SED).
Figure 1.2 shows the typical SED of a star-forming galaxy, it is the sum of three
main components:

1. Radiation from stars. Mostly black-body emission from stars (in blue in
the Figure). The shape is mostly affected by the ages (young stars emit in the
UV while older stars emit in the near-IR), by the metal abundances (introduc-
ing absorption or emission lines) and by dust extinction (hatched region in the
Figure illustrates the effect of dust).

2. Radiation from interstellar gas. Gas radiation can originate from several
processes depending on its temperature, density and ionisation. It is mostly
responsible for the strong emission lines observed in SFG. Gas emissions are
shown in green in the Figure.

3. Radiation from dust grains. Dust emission originates from three pro-
cesses, polycyclic aromatic hydrocarbons (PAHs) emitin the mid-IR (3—13m),
small dust grains (size ~ 0.01um) absorb the UV light from young stars and
emit grey body radiation in the mid-IR. Bigger dust grains (up to 0.25xm), in
equilibrium with stellar radiation field emit in the far-IR. Dust emission ap-
pears in red in Figure 1.2.

As illustrated by the SED, a normal SFG is composed of three main compo-
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Figure 1.1: Cutouts of star-forming galaxies observed in the near-IR with the WISE
space telescope presenting various morphologies (Jarrett et al. 2013).
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Figure 1.2: Spectral energy distribution (SED) of a typical star-forming galaxy. The
blue hatched area shows the power absorbed by dust. This Figure was taken from
Galliano et al. 2018.

nents: stars, interstellar gas and dust. Some galaxies host a central supermas-
sive black hole surrounded by an accretion disk with strong radiation called
an active galactic nucleus (AGN):

STARS The distribution of stars in a typical SFG can be divided in two compo-
nents: a disk and a bulge. In both components, the surface brightness
(or flux) follows a Sérsic profile:

LV(R) = Iy, x ea:p{—b(n) X [(}i)wq] } (1.1)

where R is the radius, I, . is the surface brightness at the wavelength
A and the effective radius R., n is the Sérsic index, b(n) = 2n — 1/3 +
4/(405n). Usually most of the star-formation occurs in the disk (mainly
in the spiral arms) that is populated by both very young stars and older
stars and has a typical Sérsic index of 1. The disk is rotating, its rota-
tion velocity ranges from a few tens to a few hundreds of kilometers
per second. The disk rotation is coherent, hence the velocity disper-
sion inside the disk is smaller than the rotation velocity, usually by a
factor of ~ 10 for large spiral galaxies. In that case, the disk is thin,
if the factor is smaller and closer to 1, the disk can be thicker. At the
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center of the SFGs, there usually is a spheroidal component called stel-
lar bulge, with a higher Sérsic index. We observe two kinds of bulges,
the classical bulges (2 < n < 4) dominated by random motion of stars
and high central surface brightness and the pseudobulges (n < 2) that
are rotating bulges, less concentrated and more actively star-forming.
The difference of Sérsic index makes it necessary to make a bulge-disk
decomposition when fitting the surface brightness profile of a SFG by
using a two component function. Sometimes, large scale instabilities in
the disk lead to the formation of a bar mostly populated by old stars,
hence more visible in the near-IR, 60% of local SFGs have a bar (galaxy
M83, first column third row in Figure 1.1 has a bar). A fundamental prop-
erty of SFGs is their capacity of forming new stars. This is probed by the
star formation rate (SFR) defined as the stellar mass (usually given in
terms of solar masses) produced each year by the galaxy and the star
formation history (SFH) which describes the evolution of the SFR with
time.

INTERSTELLAR GAS The interstellar medium (ISM) of SFGs is filled with gas in
different forms. The neutral atomic gas, mostly composed of hydrogen
(noted H I) and detected through the hydrogen emission line at 21cm.
The neutral gas interacts via collision, affecting the velocity of particles,
hence their temperature. Neutral gas is the most abundant component
of the ISM, and the H | distribution can be up to two times larger than
the optical size of the stellar distribution. There also is photoionised
gas, which is neutral gas that has been ionised by close young massive
O and B stars emitting UV photons. These regions are usually called H
Il regions and are responsible for the Balmer and Lyman series recom-
bination lines in the spectrum. Ha: emission can be used to trace spiral
arms or gas outflows. The photoionised gas is mostly concentrated in
the inner star-forming regions and is often used as a SFR estimator.
It is also responsible for the emission of the radio continuum of SFGs
via the process of bremsstrahlung. Some gas is ionised by collision if
the velocity is high enough, this happens when a shock wave travels
through the ISM. Finally, there is the molecular gas, sitting usually in
big clouds made of Hy molecules at low temperatures (~ 10K). Most of
the stars in SFGs are formed in these clouds. The high density of the
clouds allow to easily block the UV light from young stars, protecting
the molecular gas. As Hs is nearly undetectable because of its sym-
metry and the absence of emission lines, molecular clouds are usually
detected using carbon monoxide (CO) which has emission lines, hence
is much easier to detect. CO detections can be used to measure the
mass of the molecular gas. The presence of gas in the galaxy is closely
related to star-formation, to measure the time a galaxy can continue

16



forming stars at the current rate given the present gas supply, we de-

fine the depletion time ¢4, = ]gFL‘}% The SFR surface density is directly
linked to the gas density via the Schmidt-Kennicut law:
M a
Ssrr = B (¢) Moyr=kpe2 1.2
SFR X 1M@pc_2 oyr pc -, ( )

where X ., is the total gas surface density corrected for the helium frac-
tion, B~ 1x 10~*and o ~ 1.4.

INTERSTELLAR DUST Dust represent about 1% of the total ISM mass. How-

AGN

ever, it has an impact on the SED in a very large range of wavelength as
it absorbs the UV and optical light and re-emit it in the IR. We define the
dust extinction at a specific wavelength as:

Ay =-25x log(ﬂ)z 1.086 x 7y, (1.3)
Fyo
where F) and F) o are the measured and intrinsic fluxes of the source
respectively, and 7, is the optical depth due to dust extinction assum-
ing an exponential decrease of the flux (F\ = F) o x exp(—7y)). A(\) is
called the extinction curve, it is specific to each galaxy, but generally is
close to Ay o A~L. This means that the bluer wavelength are much
more attenuated than redder wavelength. This is why astronomers
usually refers to the dust extinction effect as reddening of the SED. For
a complete overview of the dust effect in the UV and optical, see Draine
(2003).

A great number of the SFGs have activities at their core incompatible
with normal stellar activity. These SFGs are said to host an active galactic
nucleus (AGN). The most accepted picture is that the AGN energy is pow-
ered by accretion onto a supermassive black hole (SMBH) at the center
of the galaxy. The accreted matter forms an accretion disk around the
SMBH. AGN are known to be extremely luminous, obscure in the UV and
optical but brightin IR, X-ray, gamma-ray and radio. AGN broaden emis-
sion lines and emit relativistic plasma jets with a velocity close to the
speed of light. Figure 1.3 summarizes this model. Several kinds of AGN
exist depending mainly on the light of sight: the quasars (or quasi stel-
lar objects, QSOs) are the brightest type of AGN, they are very compact,
some are radio-loud, the radio emission originates from synchrotron
emission. The Seyfert galaxies are like QSOs but with a disk and less
luminous. The radio galaxies are similar to QSOs but have a larger host
galaxy that can be studied. Finally, the blazars which are AGNs with the
jets close to the line of sight making these galaxies fluxes highly vari-
able, they also are very bright in the X-ray. Usually Type 1 AGN are AGN
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with broad emission lines, when they are not visible, we have Type 2
AGN. According to theory, the broad lines come from the central region
of the AGN, called broad line region while the narrow lines originates
from the dusty torus, called narrow line region (see Figure 1.3). It is im-
portant to assess the presence of an AGN in a galaxy as it emits in the IR,
just like the dust re-emitting the stellar light, hence, ignoring the pres-
ence of an AGN could lead to overestimate the dust luminosity and SFR
of the galaxy. For more details on AGN, see Padovani et al. (2017).

" Narrow Line
Region

Broad Line
Region

Accretion
Disk

Obscuring
Torus

Figure 1.3: A picture of the most accepted active galactic nuclei model. Credit: C.M.
Urry & P. Padovani.

All the SFGs are very different, they come with different morphologies,
SFR, stellar masses. However, astronomers have been able to find some scal-
ing relations, there is some consistency in the way stars are formed. Here |
will only present three of these scaling relations:

MASS-METALLICITY RELATION Observations showed that the more massive
galaxies also had higher metallicity. The metallicity of a galaxy can be
expressed as the stellar metallicity Z or as the gas abundances (in unit
of 12 + log(O/ H)) tracing the metallicity of the ISM. Both definition are
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notindependent. | show in Figure 1.4 the mass metallicity relation using
both indicators, this is taken from Ma et al. (2016). The relation is linear
in log space up to M, ~ 10'°M and flattens at higher masses. In the
linear part, the mass-metallicity relation is:

Z M,
log(Z—®>: F+nx l09<71010M®>’ (1.4)

wheren ~ 0.35 and F' ~ —0.1.
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Figure 1.4: Upper panel: Stellar mass-stellar metallicity relation at z = 0. The
red solid and dashed curves are the median and 1o dispersion of the SDSS mass-
metallicity in the local Universe. Lower panel: Stellar mass-gas-phase oxygen abun-
dance relation at z = 0. The red solid and dashed curves represent the median and
20 dispersion of the SDSS mass-metallicity relation at z ~ 0.1. Both plots are from
Ma et al. (2016).
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STAR FORMATION MAIN SEQUENCE Observations showed that the stellar
mass of SFGs correlates with their SFR. There has been many attempt
to make an accurate model of the star-formation main sequence. For
my thesis, | decided to use the main sequence from Schreiber et al.
(2015):

log(SFRMS[M@yT_l]) = m—mo+agr—aq [ma:z:(O,m—ml—agT)]z, (1.5)

where r = log(1 + 2), m = log(M,/10°Mg), mg = 0.5 + 0.07, ay =
1.5+ 0.15, a3 = 0.3 +0.08, m; = 0.36 + 0.3 and ay = 2.5 £ 0.6. The
main sequence is illustrated in Figure 1.5 for different redshift range.
The total scatter of the main sequence is about 0.6dex (Rodighiero et al.
2011). The galaxies that are passive or quiescent don't form stars, they
fall below this main sequence. A way to study the evolution of the main
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Figure 1.5: Evolution of the average SFR of SFGs with mass and redshift. The results
from stacking are shown as colored filled circles, the colors corresponding to the
different redshifts as indicated in the legend. In the background, the light gray curves
are the best-fit relation for the main sequence. This plotis from Schreiber et al. (2015).

sequence with redshift is to calculate the specific star-formation rate

(SSFR) defined as sSFR = S£1.

20



MASS-SIZE RELATION The galaxies follow a correlation between their stellar
mass and optical size. The scatter is narrow and was fitted by Schreiber
et al. (2015):
M., “
Re =Ax (5)(1010]\4®> [k’pC], (16)
where A and « depend on the redshift (see Table 1 of Schreiber et al.
(2015)).

Most of the SFGs follow these scaling relation. However, a small number
are outliers. Most of the time the outliers are also irregular galaxies, meaning
that they do not necessarily have a bulge and a disk. Most of the time, star-
bursts are the results of a major merger that completely disrupt the galaxies
involved. They are SFGs with a much higher SFR than expected for their stellar
mass. These galaxies are called starburst galaxies. Usually the excess of star-
formation is concentrated in the core of the galaxy and last less than 100Myr.
The intense burst of star formation causes important dust thermal emission
making starburst bright in the IR. Starbursts can then be selected via their IR
luminosity (Lrg), if log(L1r/Le) > 11, they are called luminous IR galaxies, if
log(L1r/Ls) > 12 they become ultra-luminous IR galaxies. One of the most
important thing when fitting the SED of an IR galaxy is to be sure to decipher
the luminosity from a potential starburst from the luminosity coming from a
potential AGN. Multi-wavelength data is then crucial to discriminate AGN from
starburst.

Now that we have a good idea of what is a SFG, | decided to make a recap
of whatis the current knowledge on the formation and evolution mechanisms
of SFGs.

1.3 . GALAXY FORMATION

Before diving into the theories of galaxy formation and evolution, it is im-
portant to have an idea of the different physical processes at play in SFGs.
This is what | do in the first section.

1.3.1. MAIN INGREDIENTS

The main driver of the formation and evolution of galaxies is the gas. To
efficiently form stars, the gas needs to be cold. Gases can heat and cool by
different mechanisms.

One way the gas can cool is through emission, if the gas is optically thin,
the emitted photons will escape and the gas will loose energy. Two different
processes are responsible depending on the temperature. For gases at tem-
perature higher than 10K, the hydrogen gas is ionised and the radiative cool-
ing mechanisms are Bremsstrahlung, recombination, radiative de-excitation
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and collisional ionisation or excitation. To simplify, we usually consider a col-
lisional ionisation equilibrium. For gases at lower temperature, the hydrogen
is neutral, making the radiative cooling inefficient as there are no free elec-
trons. For the neutral gas to cool below 10K requires metals or molecules
which can radiate at these temperatures.

The gas can be heated via absorption of radiation, the process is called
photoheating. It happens in presence of an ultraviolet background radiation
field which is mainly produced by massive stars and AGN. The gas is heated
through collisions with ionised free electrons.

The gas can also be heated or cooled via Compton scattering, this happens
when the gas is in a radiation field. Depending on the energy difference be-
tween the photons (hv) of the field and the electrons in the gas (kgT). In one
case, the photons will transfer their energy to the gas, it's Compton heating,
it mostly occurs near AGN in X-ray or gamma-ray radiation fields. In the other
case, the photons will absorb the energy of the electrons, it's Compton cool-
ing (or inverse Compton scattering). It happens mostly when hot gas interacts
with the CMB at low redshift.

In the case of gas accretion in a dark matter halo, there are two main
possibilities, the infalling gas can be shock heated and is hot when reaching
the center of the halo, it's the hot mode accretion. It is also possible that the
gas is efficiently cooled and is still cold when reaching the center of the halo,
triggering star formation, it's the cold mode accretion. There is a critical halo
mass above which the cold mode is no longer possible. This means that there
is a maximum mass above which it is impossible to form more stars. Above
this limit, the gas is shock heated and galaxies cannot form new stars unless
they are at a sufficiently high redshift, then accretion through cold gas streams
should be possible. This is a result of simulations, the critical halo mass is
~ 5 — 7 x 10" M. Figure 1.6 summarize the different accretion scenarios
(Dekel & Birnboim (2006)).

Another key ingredient is star formation, the transformation of gas into
stars. This requires a very cold gas (T < 30K) at high densities. Such low tem-
perature is achievable in metal or molecules rich gas. When the density is high
enough, there is a gravitational collapse. A star is born. | will not detail here
the complex chemistry of star formation as it is not the object of the thesis.
Star formation consumes the available gas from the ISM, but when old stars
die and explode, they return part of the gas, enriched with heavier metals to
the ISM allowing new generations of stars to be formed.

Star formation mainly occurs in giant molecular clouds (GMCs). These
clouds are local overdensities compared to the ISM and are formed by gravita-
tional instabilities in the disk of SFGs, also called Toomre instabilities (Toomre
1964). The Toomre criterion Q compares the kinetic energy linked to the ve-
locity dispersion inside the disk to the gravitational potential of the gas. If
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Figure 1.6: Cold streams and shock-heated medium as a function of halo mass and
redshift. The nearly horizontal curve is the typical threshold mass for a stable shock
in the spherical infall below which the flows are predominantly cold and above which
a shock-heated medium is present. The inclined solid curve is the upper limit for cold
streams; this upper limitis valid at redshifts higher than z.,;; ~ 1—2. The hot medium
in M > Mgpocr, haloes at z > z..;; hosts cold streams which allow disc growth and
star formation, while haloes of a similar mass at z < z..;+ are all hot, shutting off gas
supply and star formation. This plot is from Dekel & Birnboim (2006).

the kinetic energy is dominant, the clouds cannot form or are immediately
destroyed by the velocity dispersion inside the disk. However, if the velocity
dispersion is too low to counteract the gravitational potential, then the disk
will fragment into GMCs, triggering star formation. Spiral arms can also fa-
vor the formation of GMCs as they rotate at a constant velocity usually slower
than the gas, producing shocks and compression when the gas hits the spiral
arm.

Another key ingredient in galaxy evolution is feedback processes. There
are mainly two different feedbacks: the stellar or supernova feedback and
the AGN feedback. The main stellar feedback is the shock happening when
an old star explodes into a supernova. The shockwave, or supernova remnant
is slowed down by the surrounding ISM that accumulates in its shell. However,
most of the energy from the supernova is not transmitted to the ISM trough
kinematics but through emission in the X-ray, UV/optical as it cools down but
also in the radio. O and B stars lose there outer layer of mass due to strong
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stellar winds eventually forming a bubble that will transfer kinetic energy to
the ISM. Most of O and B star are in cluster, this can lead to a superbubble that
is first driven by the winds and then by the supernova of the stars in the cluster
exploding one after another (for more details see Dyson & Williams (1997)).
Some winds can also be driven by momemtum, the gas would acquire the
momentum through radiation pressure from massive stars onto dust grains
(Murray et al. 2005). These feedback processes are negative feedback as they
tend to suppress star-formation, however, by inducing compression of gas,
stellar feedback can also be positive, meaning enhancing star formation.

AGN feedback can take several forms. In the quasar mode feedback, the
AGN is extremely luminous, the radiative feedback is dominant, ionising the
ISM and heating it. It also create AGN-driven winds leading to gas outflows.
These are negative feedback as they suppress the star formation. There is
also the radio mode feedbacks that are jets and radio lobes produced by the
central SMBH. These mechanical feedbacks can be responsible for halting the
cooling of the core of a galaxy.

Finally, one of the most important processes of galaxy evolution is merg-
ers. Galaxies do not evolve isolated, they merge with one another. A merger
does not necessarily happen between two galaxies, multiple merging is pos-
sible. When the galaxies are gas-rich, it's called a wet merger, if the merging
galaxies are gas-poor, it's a dry merger, the energy won't be dissipated. The
merging of galaxies is mostly collisionless due to the low density. Only the
gas which is dissipative can be compressed during the merging triggering en-
hanced star-formation. The resulting galaxy is virialized via collisionless relax-
ation. Merging galaxies can also induce dynamical friction that will heat the
gas and suppress star formation. If two galaxies are close enough but not
merging, a tidal force might be at play leading to so-called tidal tails made
from material stripped from one of the galaxies. If both galaxies have gas,
then there also is ram-pressure stripping depriving the galaxies of their gas

Now that we have all the ingredients, let's try to understand how SFGs are
formed and what possible processes can cause them to quench.

1.3.2. THEORY OF GALAXY FORMATION

Galaxies are way too complex objects to be understood only using theory
and calculation. The only way to try and understand the formation of such
complex objects is through numerical simulations.

The origin of galaxies is found in the collapse of matter overdensities in
the early Universe. These overdensities are mostly made of dark matter, but
also contain a fraction of primordial gas. As the dark matter halos grows hier-
archically, meaning that small halos merge to form bigger halos, the gas starts
to turn into stars, leading to the galaxies we know today. The fact that every
galaxy is singular, has its own morphology and properties can let us believe
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that the formation of galaxies is somewhat chaotic. However, the existence of
the tight scaling relations demonstrates that there must be some dominant
physical mechanisms driving the formation of galaxies.

Let's first focus on the formation of the disk of SFGs. The disks are ratio-
nally supported. The baryonic matter making the disk gets its angular mo-
mentum from the rotating dark matter halo. The dark matter halo get its
own angular momentum via interactions with the tidal field of the surround-
ing density distribution. The intensity of the angular momentum will set the
size of the disk. At the end, the disk will have the same specific angular mo-
mentum as the dark matter halo. This implies that the stars in the disks are
formed from gas that acquired its angular momentum from tidal torques and
conserved it during the formation of the disk.

Several theories exists to explain the exponential profile of the surface
brightness of disks. One of them is hydrodynamical, the presence of shear
viscosity could lead to an exponential profile. An other states that disks are
not intrinsically exponential, they become it via the formation of spiral arms
invoking radial stellar migration. However astrophysicists still ignore what
mechanisms drives the formation of these spiral arms despite numerous sim-
ulations.

In most disks, the vertical distribution of stars needs to be modeled by
a double exponential linked to a thick and a thin disk. Observations shows
that the stars in the thick disk are older than those in the thin disk. There
are two possible scenarios to explain this, either the first stars formed at a
more perturbed epoch, higher velocity dispersion leading to thicker disk. The
perturbations could originate from mergers, accretion, denser environment
at earlier epochs. Or the first stars formed in a thin disk that got thicker later
because of an increase of vertical velocity dispersion.

In most galaxies at z < 1, we observe a bar. The bar is thought to form via
a large scale, or global gravitational instability. A lot of simulations have been
carried out, the main findings are that the bar is easy to form especially when
the disk is thin and has low gas fraction, but seems to appear in all cases,
sometimes with a delay in the least favorable cases. The bar rotates as a rigid
object, but could be destroyed by an instability leading to the formation of a
pseudobulge, by a major merger or other processes. The stars inside the bar
are not fixed, they can travel through the bar either parallel or perpendicular
to the long axis. Bars facilitate the transportation of matter to the center of
the galaxy by creating strong gas inflows.

1.3.3. QUENCHING OF STAR FORMATION

All galaxies are not SFGs, some are passive galaxies, they are populated by
old stars and don't form any new stars. This galaxies usually have an elliptical
morphology, the star-forming disk is gone in favor of a large massive bulge.
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One of the most important questions in the study of the evolution of galaxies
is what event could be so dramatic as to completely stop the star-formation
of a galaxy and virtually kill it ?

Today we have five main hypothesis on the quenching mechanisms:

MASS QUENCHING As the galaxy evolves, it gets more and more massive.
At some point, the galaxy mass will reach the mass limit authorized by
the dark mater halo and the accretion of cold gas will be prevented (see
Figure 1.6). This will lead to a mass quenching.

ENVIRONMENTAL QUENCHING Sometimein adense environment, the cen-
tral massive galaxy can induce quenching of star formation in a satellite
galaxy. It can happen via tidal forces or ram pressure stripping, that will
remove the cold gas from the satellite galaxies. It can remove all the
ISM cold gas leading to a rapid quenching or only remove the outer gas
leading to a much slower quenching also called starvation.

NEGATIVE FEEDBACK This can happen because of negative feedback from
supernova and AGN which can heat and/or push the gas away trigger-
ing an inside-out quenching.This scenario can be favored after a ma-
jor merger and/or a starburst episode. It won't necessarily quench the
galaxy forever, rejuvenation events are possible if there is new inflows
of cold gas.

PREVENTING THE COOLING OF GAS Even if a galaxy reaches the mass limit
preventing cold gas accretion, the hot gas inside the galaxy can undergo
radiative cooling and keep the star formation going. We have never
observed star formation in a cooling region of a massive galaxy. This
means that there must be some source of heating preventing the cool-
ing. The best candidates for heating the gas are stellar and AGN feed-
backs.

INSIDE-OUT QUENCHING Observations suggest that the central part of SFGs
at z ~ 2 can experience a process leading to a rapid consumption of its
gas reservoir, resulting in the formation of a bulge. Then, the quenching
propagates toward the outer part of the galaxy that is still star-forming
through cold gas accretion. Mass or environmental quenching will then
induce the complete quiescence of the galaxy.

At the end of this section, we have a broad understanding of what are
SFGs, how they were formed and what is the current knowledge on their evo-
lution and possible death via several quenching mechanisms. In the next sec-
tion we will see how to do practically to observe and study SFGs.
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1.4 . OBSERVING GALAXIES

1.4.1 . MAIN OBSERVABLES

In this section we review the main physical properties one can probe by
observing distant galaxies

REDSHIFT There are two main possibilities to measure the redshift of a galaxy.
If we have access to a spectrum, we can measure the redshift based on
the observed wavelength of a specific emission line. This method is the
most accurate, it's the spectroscopic redshift. If we do not have access
to a spectrum, we can measure a photometric redshift. It relies on the
photometry, a measure of the flux of the source in several bands, then
by fitting the SED with several templates, we can estimate the redshift of
the galaxy. Usually the photometric redshift has large uncertainties and
comes with a probability density function allowing to estimate these un-
certainties.

STAR FORMATION RATE The SFR is estimated based on the SED, several in-
dicators exist to measure it. The SFR is usually defined as SFR = C x
Lindicator Where C'is a conversion factor and L;ngicator the luminosity
in the corresponding band. One of these indicator is Ha which traces
the H Il regions which exist only if O and B stars are present. Since
these stars have a very short lifetime (< 30Myrs), it's a good tracer of
recent star-formation. Another indicator is the UV continuum luminos-
ity which originates mostly from young stars. However the UV contin-
uum is strongly affected by dust extinction. That is why we usually also
use the infrared luminosity as an indicator of the star-formation under-
going in dusty regions. The total SFR will then be defined as SF R, =
SFRyy+SFRrr. The radio emission is correlated to IR luminosity and
hence can also be used as an indicator, the radio is not affected by dust.
Finally, X-ray being linked to massive stars and supernova could also be
used as an indicator.

STELLAR MASS The measure of the stellar mass is based on the assumption
made on the stellar population when fitting the SED.

INTERSTELLAR GAS The properties of the gas are derived from spectroscopic
observations. Metallicity can be estimated by measuring flux ratios.
Some properties of the galaxy can be constrained based on diagnos-
tic diagrams.

INTERSTELLAR DUST The dust emission in the FIR can be used to measure
its temperature, its mass as well as obtain constraints on the size of
the grains. Spectroscopic observations allow to have information on

27



the chemical composition of the dust. By assuming a dust-to-gas ratio,
we can use the dust mass as a probe of gas mass. The dust extinc-
tion can be estimated by two methods, the first method is based on
the measurement of the flux ratio of recombination lines, the second
one is based on the measure of the spectrum slope in the UV. Both of
these methods require a lot of assumption, hence there usually is non
negligible uncertainties on the estimation of the dust attenuation. The
measurement of the dust extinction is necessary as it allows to lift some
degeneracy with old stars emission and high metallicity.

MORPHOLOGY AND STRUCTURE When looking at distant galaxies, the pri-
mary limitation is the diffraction limit linked to the fact that the galaxies
we observe are small on the sky (~ 17) and the telescopes mirror are
finite. The finite size of the mirror determines the spatial resolution we
will be able to reach as it is linked to the point spread function (PSF).
The first step to reach better spatial resolution was to move into outer
space to avoid the atmosphere perturbations. From there the only way
to improve is to get bigger mirrors to reduce the PSF full width half max-
imum. When we succeed to spatially resolve galaxies, we can extract
useful information from the images like the morphology (spiral arms,
bars, bulges..), we can count the clumps, measure the asymmetry or
the compactness of the galaxy (Conselice 2003).

This list is non exhaustive, there are many more properties that we could
probe, however, for this manuscript, it is not necessary to present them all.

1.4.2 . OBSERVING DISTANT GALAXIES

Observing distant galaxies rapidly becomes a challenge as they are very
faint. Itis nearly impossible to observe them from the ground because of the
airglow producing a high sky background.

Several surveys have been conducted to observe large parts of the sky
with long exposure time with several telescopes with the hope to observe
distant galaxies. However, when looking at the distant galaxies, the surveys
are strongly biased as we only detect the most luminous galaxies (Malmquist
bias), as we look at a small portion of the sky, we could be looking at an under-
dense or over-dense region compared to the rest (cosmic variance bias). An
other possible bias is statistical, linked to the fact that if we have a very low
number of faint sources, it can introduce a bias when estimating the error
bars on statistically derived properties (Eddington bias).

Despite these biases, some efficient selection methods have been devel-
oped at different wavelength to construct sample of high redshift galaxies:

SELECTION IN THE OPTICAL Atz > 1,the observed optical light corresponds
to the rest-frame UV light meaning that here, we will select young SFGs
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with low dust attenuation. The selection method consists in using the
Lyman-break. Indeed, the UV continuum is brutally stopped below Ly«
(Arest < 1216A). As the spectrum is redshifted, it becomes easy to have
a redshift selection as the highest redshift sources will be invisible at
shorter wavelength and become bright when we probe over Lya. The
selection is illustrated in Figure 1.7 (Finkelstein et al. 2015). These galax-

Wavelength (pm)
0.4 0.6 0.8 1.0 1.2 1.4 1.6

Byas 1775 Igis Zgsn Yis  Jios Hq

Figure 1.7: Upper panel: filter transmission curves for the filter set used in to observe
the galaxies. The vertical lines denote the relative position of the Lya break (rest
1216A) in a given filter for galaxies at the center of the three redshift bins. Lower
panel: negative image stacks of galaxies in the three redshift bins. This plot is from
Finkelstein et al. (2015).

ies are known as Lyman break galaxies (LBGs), they are SFGs with low
attenuation, as expected from the selection. They have quite high sSFRs
(~ 1—6x 10%r~1), have rotating disks fragmented in clumps, signature
of minor mergers and instabilities.

SELECTION IN THE NEAR-IR Selecting SFGs in the near-IR is better than in
the optical since we are less affected by dust extinction, which allows
to select dusty galaxies. The near-IR is a good tracer of the stellar mass
as it correlates with the integrated light of evolved stars and not UV
radiations emitted by short-lived stars. To select only SFGs, we use a
color-color diagram comparing the B — z and z — K observed colors
where the plane can be divided between SFGs and quiescent galaxies
(see Figure 1.8, Daddi et al. 2004). The near-IR selected galaxies are not
all star-forming, some of them are quiescenteven at z ~ 1—2. The SFGs
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Figure 1.8: Two color (z — K) vs (B — z) diagram. Galaxies at high redshifts are
highlighted: solid triangles represent galaxies at z > 1.4 with features typical of
young star forming systems; solid circles are for z > 1.4 galaxies with old stel-
lar populations; empty squares are objects with no measured spectroscopic red-
shift and zppoe > 1.4. Sources detected in the X-ray are circled. Stars show spec-
troscopically identified galactic objects. The diagonal solid line defines the region
BzK = (» — K) — (B — z) 2 —0.2 that is efficient to isolate z > 1.4 star forming
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galaxies. The horizontal dashed line further defines the region z — K > 2.5 that con-
tains old galaxies at z > 1.4. The error bar located in the top-left part of the diagram
shows the median error in the (2 — K) and (B — z) colors of objects at z > 1.4. The
dotted diagonal defines the region occupied by stars. This plot is from Daddi et al.

(2004).

are more star-forming and more massive and dustier than the optically
selected galaxies. In the IR a central bulge-like component appears. The
quiescent galaxies at high redshift are spheroids with a Sérsicindexn >
2. There are similar to local quiescent galaxies except a few sample that
have a disk and are rotating. Star-forming and quiescent galaxies have
different colors mostly because of the difference of stellar population.
The bimodality observed in the BzK diagram persist up to z ~ 2

SELECTION IN THE IR-MM Dusty star forming galaxies emit in the far-IR and
sub-mm, by selecting them in the mm, we directly select the most mas-
sive and dusty galaxies. The galaxies at higher redshift are brighter in
the sub-mm than low redshift galaxies due to the broad peak of dust
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emission. The selected galaxies are sub-millimeter galaxies (SMGs). SMGs
are extremely luminous object with a SFR that can go up to SFR;r >
1000Moyr~!. Less luminous galaxies tend to have warmer dust. Most
of them are starbursts triggered by major merger, they have a disturbed
morphology.

SELECTION IN THE RADIO The radio allows to select high-redshift AGN that
are radio-loud but invisible in the optical/NIR because of the orienta-
tion. This selection allows to study and select QSOs.

SELECTION IN THE X-RAYS These surveys are efficient to select high redshift
AGN.

Based on all these surveys at different wavelengths, astrophysicists have
been able to compare high redshift galaxies to local galaxies, and put empiri-
cal constraints on galaxy evolution.

1.4.3 . OBSERVATION OF GALAXY EVOLUTION

Many properties evolve with redshift, | decided to present here the most
relevant with my work:

GALAXY MORPHOLOGIES AND SIZES Until ayear ago, the only telescope hav-
ing the necessary spatial resolution to investigate the morphologies of
galaxies in the UV/optical was the HST. But for a year now we have the
JWST that completely outdated HST in terms of morphology. Kartaltepe
et al. (2023) studied the morphologies of galaxies with JWST, their main
conclusions are that galaxies with a disk make up a large fraction of
their sample at all redshifts, from ~ 60% at z = 3 —4 to ~ 30% at z > 6.
While the fraction of irregular galaxies stays constant around ~ 45%.
Most of the galaxies that HST didn't resolve or classified as irregular
where actually disk affected by dust extinction making it hardly visible
with HST. They confirm that the Sérsic index is not enough to classify
a galaxy as disk-dominated or spheroid-dominated. However, smaller
galaxies tend to be rounder. A surprise is the observation of a lot of
compact galaxies that were not predicted by the simulations. What this
study demonstrates is that the Hubble Sequence was already in place
atz > 3.

GALAXY MERGERS Observations shows that mergers were more frequentin
the past. This evolution is consistent with the idea that the structures
grow hierarchically.

THE STAR FORMATION RATE The SFRis estimated from the luminosity func-
tion. Observations show that at higher redshifts, the galaxies are much
more IR-luminous (See Figure 1.9, Gruppioni et al. 2013), meaning that
in the past, galaxies had greater SFR.
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Figure 1.9: The evolution of the IR luminosity function of SFGs as derived by the
Herschel surveys. This plot is from Gruppioni et al. (2013).

STAR FORMATION RATE DENSITY The star formation rate density (SFRD) is
defined as the SFR per unit of comoving volume. The SFRD increases
exponentially between z ~ 10 and z ~ 2. The SFRD reaches a peak
at z ~ 2 and then decreases exponentially until today. As of today we
do not have a clear explanation as to why the SFRD as been decreasing
these last 10 billion years. The epoch at z ~ 2is defined as‘Cosmic Noon’
as itwas the moment in the history of the Universe when the most stars
were forming. This mysterious epoch is subject to a lot of investigations,
my work being one of them. Figure 1.10 shows the evolution of the SFRD
with redshift (for more info see Madau & Dickinson (2014)). When we
only have an estimate of the SFR from the UV, it has to be corrected to
take into account the SF R;g.

STAR FORMATION MAIN SEQUENCE The Main Sequence observed inthe lo-
cal universe seem to hold even at high redshift. The slope of the Main
Sequence remains constant but, as the galaxies SFRis higher in the past,
the normalisation increases with redshift. The fact that across cosmic
time the Main Sequence evolves smoothly is a sign that there is a domi-
nant process of star formation: accretion via streams of cold gas. How-
ever, it has been proven that galaxies in the Main Sequence do not nec-
essarily evolve quietly (see Chapter 5.1).

SPECIFIC STAR FORMATION RATE The sSFR increases rapidly with redshift.
Galaxies in the past were much more efficient at forming stars than
today. This is consistent with the idea that the most massive galaxies
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Figure 1.10: The history of cosmic star formation from far-UV+IR rest-frame mea-
surements. The data points with symbols are given in Table 1 of Madau & Dickinson
(2014). This plot is from Madau & Dickinson (2014).

formed earlier and faster than less massive galaxies.

This concludes the brief overview of SFGs and their formation and evolu-
tion. I will now focus more on my work.

1.5 . THESIS MOTIVATIONS

1.5.1. THE JAMES WEBB SPACE TELESCOPE

The James Webb Space Telescope (JWST) is a brand new near-IR space tele-
scope. Its main scientific goals are searching for the first galaxies that formed
in the early universe, studying galaxies at different redshifts to probe the
evolution of galaxies, observing the life cycle of stars, from the first stellar
nurseries to the formation of planetary systems and measuring physical and
chemical properties of planetary systems, including our own solar system,
and investigating the potential for life on planets that orbit other stars.

The telescope was launch on Christmas Day 2021, and delivered its first
images in July 2022, just a year ago. | was lucky enough to be among the firsts
to play with these incredible images.

For this thesis, | used only the Near-IR camera NIRCam. NIRCam can probe
from 0.5um to 6m and offers an unmatched spatial resolution with PSF FWHM
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ranging from 0.040” to 0.145" for the F115W and F444W filters respectively. In
Figure 1.11, | show a comparison between the NIRCam view of a field and the
same field viewed with the Spitzer telescope at the same wavelength. The im-
provement is impressive, NIRCam will resolve all the blending problems we
had with IRAC. It also is much more sensitive, a tremendous amount of faint
galaxies previously invisible with IRAC are popping up.

When in comes to SFGs, NIRCam will be able to probe the near-IR, and be
able to observe all the dusty SFGs at least up to z ~ 3, and probe the central
bulge-like component that was observed for these galaxies. We will also be
able to resolve SMGs and study these galaxies completely, their dusty central
component and their unobscured larger disk if they have one.

1.5.2. OPEN QUESTIONS

The main objective of this thesis is to better understand the evolution of
massive SFGs at Cosmic Noon. To do so | will select them in the far-IR and
study them with NIRCam. With this thesis | want to shed some light on open
questions.

First, for the first time we will have access to resolved images of DSFGs at
z ~ 2, that will allow to probe their morphology. Are there disks already at
Cosmic Noon ? Are we witnessing mergers, interactions ? What processes are
responsible for their starbursting nature ? Do they look like what we expect
from theory and simulation ?

Second, we know that around z ~ 2, something happened causing the
SFRD to decrease exponentially, by looking at these SFGs, | hope to be able to
find some clue on what could cause the general quenching of galaxies in the
last 10 billion years

Third, due to their high density of dust, these galaxies are nearly invisi-
ble with HST which probe the optical. The dust column density makes these
galaxies mysterious, the JWST should be able to reveal them to us.

Finally, thanks to ALMA, we have some high resolution images of SMGs,
these galaxies appear compact in the mm, but are they also compact in the
near-IR ? Are they main sequence galaxies or starburst ? Are they compact or
just the obscured part of a larger system ?

The JWST is opening a new era, in just a year it changed the way we look
at galaxy formation and evolution and will probably continue to do so. If |
had the incredible opportunity to work with these images, it's because | am
member of an international collaboration that | present briefly in the next
section.

1.5.3 . CEERS COLLABORATION

The Cosmic Evolution Early Release Science (CEERS) survey is an interna-
tional collaboration lead by Steve Finkelstein (P.l.), Mark Dickinson and Casey
Papovitch of about ~ 100 scientist all over the globe. As an early science
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Figure 1.11: Upper panel: Spitzer/IRAC cutout of a portion of the EGS field observed
with the Channel 4. Lower panel: Same field observed with JWST/NIRCam F444W
filter, the white segment is 10arcsec long.
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project (ERS), CEERS was assured to get telescope time in the first year of op-
eration. Luckily, the EGS field that we observe was visible exactly when the
telescope started its science observations, making of CEERS one of the very
first observations.

One of the main goals of CEERS was, as an ERS, to demonstrate, test, and
validate efficient extra-galactic surveys with coordinated, overlapping parallel
observations with the JWST instrument suite.

CEERS will also address key JWST science goals, including constraining the
abundance and physical nature of galaxies at z ~ 9 — 13; constraining the
physical conditions of star-formation and black hole growth via line diagnos-
tics of galaxies at z > 3; quantifying the first bulge and disk structures at
z > 3; and characterizing galaxy mid-IR emission to study dust-obscured star-
formation and supermassive black hole growth at z ~ 1 — 3.

As a new member | was happy to learn to collaborate within such a im-
portant collaboration.
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2 - LAYING THE FOUNDATIONS OF THE SUPER-
DEBLENDED CATALOG

In this first chapter, | will explain and recall why it is necessary to look at
galaxies in the far-IR and why we need to use this specific “super-deblending"
technique in this part of the sky. | will continue with how | gathered data and
prepared a complete list of potentially far-IR bright galaxies.

2.1. WHY BUILDING A FAR INFRARED CATALOG ?

When looking at galaxies in the UV/optical part of the spectrum, we ob-
serve the light from young stars and use that information to estimate the star
formation rate of the galaxies. However, the most star-forming regions of
galaxies are known to be dusty, i.e. a great number of young stars are hidden
behind a curtain of dust, making them invisible in the UV/optical. As the dust
absorbs most of the UV and optical light, it gets warmer and emits light in the
IR. This effect is illustrated in Figure 2.1 where the dust absorption is showed
in the blue hatched area (Figure taken from Galliano et al. 2018). Hence, the
FIR emission is a good tracer of the young stellar population and SFR. The
efficiency of the FIR luminosity to trace SFR depends on the contribution of
young stars to the heating of the dust, and on the optical depth of the dust in
the star-forming regions. The simplest model is assuming that emission from
young stars dominate in the UV-optical, and that the dust opacity is high ev-
erywhere. In that case the FIR luminosity measures the total luminosity of the
starburst and is the ultimate SFR tracer, providing what is essentially a calori-
metric measure of the SFR. Such conditions existin the starbursting cores that
power many IR-luminous galaxies. Hence, by tracing the light emitted in the
FIR, we are able to detect the dusty star-forming regions and measure their
star-formation rate with a much better accuracy than what we would mea-
sure by only probing UV-optical light (Draine & Li (2007); Aretxaga et al. (2011);
Magdis et al. (2012); Karim et al. (2013); Ciesla et al. (2014); Tan et al. (2014); Ar-
avena et al. (2016); Oteo et al. (2016); Cowie et al. (2017); Dunlop et al. (2017);
Elbaz et al. (2018); Puglisi et al. (2017)). However, old stars and Active Galactic
Nuclei (AGN) can also participate to the FIR emission making the connection
between FIR luminosity and SFR less straight forward. That is why it is nec-
essary to have information on the full spectrum, as young stellar population
should still be visible in the UV-optical if the region is not too dusty and the
AGN can result in strong radio and/or X-ray emissions, to have the best esti-
mates of SFR.

In this work, | chose the Extended Groth Strip (EGS). This field has been the
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Figure 2.1: Spectral energy distribution (SED) of a typical late-type galaxy. The blue
hatched area shows the power absorbed by dust. This Figure was taken from Galliano
et al. 2018.

site of several surveys from the X-ray to the radio, notably the All-wavelength
Extended Groth Strip International Survey (AEGIS; Davis et al. 2007) and the
Cosmic Assembly Near-infrared Deep Extra-galactic Legacy Survey (CANDELS;
Grogin et al. 2011; Koekemoer et al. 2011). It as also been observed with the
Herschel Space Observatory (hereafter Herschel; Pilbratt et al. 2010) and other
ground-based (sub-)millimeter telescopes like JCMT 15m and the ASTE 1om
telescopes. More importantly, the EGS field has been observed by the James
Webb Space Telescope (JWST) for the Cosmic Evolution Early Realease Science
(CEERS?, PI: Steve Finkelstein) collaboration.

Unfortunately, the FIR and (sub-)millimeter have a very large point spread
function (PSF), introducing colossal blending. Each galaxy emitting in the FIR
appears as a large blob in the image. This is an issue as it leads to a high
uncertainty on the galaxy at the origin of the FIR emission, most of the time
we can find 10 to 30 galaxies resolved with HST or JWST inside such FIR blobs.
Moreover, if more than one galaxy among these 10 to 30 emit in the FIR, they
will be completely blended, making it nearly impossible to re-distribute the
FIR flux among them. The confusion makes the photometric measurements
for individual galaxies hardly possible. We show in Figure 2.2 a comparison of
the same field of view observed both with JWST in the near-IR and Herschel in

'https://ceers.github.io/
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the FIR where one can clearly see the difficulties we face when dealing with
FIR images.

Figure 2.2: Left panel: JWST/NIRcam cutout of a 40” x 40" field of view at 200um,
the white circle is the FIR PSF size. Right panel: same field of view observed by Her-
schel/SPIRE at 350um, the black circle is the 350um PSF (FWHM = 25.15"). The blending
problem appears clearly.

As a consequence, the constraints on the SED in the FIR are light due to
high uncertainties on FIR fluxes, making the SFR estimations complicated. To
tackle this problem, the widely used technique is to use priors from high res-
olution UV-optical bands to fit lower resolution images. The idea is to reverse
the process, instead of blindly looking for bright FIR emission, one uses all the
information in hand from high-resolution imaging in shorter wavelength and
try to have a guess on which galaxies have a higher probability to be FIR bright
and then PSF-fitting the FIR image at the position of these expected FIR-bright
galaxies. Using this method, one can hope to reduce the blending from 10 to
30 to 2 to 5. The main issue being how to objectively choose the priors to fit.
Indeed, some bright galaxies in the UV-optical bands will be faint in the FIR
while faint UV-optical galaxies can be FIR bright.

In an attempt to go further and have a more efficient way to deblend
highly-confused images, Liu et al. (2018) (hereafter L18) developed an innovat-
ing method called “super-deblending" to obtain prior-fitting multi-band pho-
tometry for FIR/(sub-)millimeter data sets in the GOODS-North field. Jin et al.
(2018) (hereafter)18) used the same “super-deblending" approach but adapted
it for the 2deg? wide COSMOS field where the MIPS 24um, radio and PACS data
are shallower. The main idea behind the “super-deblending" was to not fit all
the FIR bands independently but to use the information they learnt at each
band to help deblend the next one. This technique relies on flux predictions:
by fitting the SED of each prior between each IR band, they were able to pre-

39



dict which prior should be FIR bright in the next band and which shouldn't.
Based on this, they built adapted prior catalogs for each band but also re-
moved from the image the flux from faint sources that were not fitted so that
they didn't bias the measurements of neighbouring brighter sources. By mov-
ing from high-resolution images to lower and lower resolution images, they
were able to shrink the catalog of prior positions in a consistent and effec-
tive way. Finally, they also used extensive Monte-Carlo simulations to mea-
sure quasi-Gaussian uncertainties and correct both fluxes and uncertainties
to take into account biases linked to the residual fluxes, the local noise varia-
tions or the crowding. This method produced the deepest FIR catalog in these
two fields. This is the reason why, despite already existing individual FIR cat-
alogs, | decided to apply this technique in the EGS.

2.2. HOW TO BUILD THE CATALOG

As aforementioned, a critical step in the deblending is the selection of pri-
ors to fit. We have to deal with a dilemma: (1) the necessity to be as complete
as possible as ignoring potentially FIR-bright sources could result in a bias
when measuring fluxes of nearby sources; (2) the necessity to have reliable
flux extraction, which require to have a low density of priors, ideally close to
1.source per beam.

The “super-deblending" technique has been developed precisely to tackle
this dilemma. The first step is to build a prior catalog of all the potentially
bright FIR sources that will be the starting point of the catalog for each band.
To this aim, | used an existing complete catalog in the UV/optical (Stefanon
et al. 2017) combined with the most recent JWST/NIRCam data from CEERS
as prior to measure fluxes in deep Spitzer/MIPS 24um and radio images. |
explain in detail in Section 2.3 how | buildmy prior catalog based on these
measurements.

Once | had a prior catalog of FIR bright source candidates, | applied the
“super-deblending" technique which is a multi step technique meant to op-
timize the pool of priors fitted at each band. The aim is to reach a balance
between the number of priors fitted, the quality of the fit, and the achievable
deblending given the PSF size. | started with the most resolved image (Her-
schel/PACS 100pm with a 7.2" PSF FWHM) and fitted band after band toward
more confused images (until Herschel/SPIRE 500um with a 36.3" PSF FWHM).

The key step of the technique is to run SED fitting with the available pho-
tometry for each prior at each step in wavelength, and actively exclude exces-
sively faint priors from the fitting and have their flux removed from the origi-
nal images. In this way, the remaining priors can be fitted with less crowding
(< 1 prior per beam), and the emission of fainter sources can also be better
constrained. Also, as an indispensable feature of this technique, Monte Carlo
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simulations are used to precisely correct flux biases of various kinds and ob-
tain calibrated and quasi-Gaussian flux uncertainties for the photometry in
all bands. Furthermore, sources extracted in the residual images are also in-
cluded in the prior list and fitted, further improving the completeness of the
prior sample. Figure 2.3 summarizes the “super-deblending" technique, this
flow chart was taken from L18 who first developed this method.
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| emphasize that the “super-deblended” photometry technique was de-
scribed in full in L18. | refer readers interested in the details of the method
to that crucial reference if required for a better understanding of the techni-
cal parts, here | limit the detailed description only to specific variations with
respect to L18; J18.

As mentioned in the previous section, the EGS field has been observed by
alarge number of facilities. The measurements used to makemy catalog were
realized on imaging data sets from disparate surveys. MIPS 24;;m data is from
the second public data release of The Far-Infrared Deep Extragalactic Legacy
Survey (FIDEL), a Spitzer Space Telescope Legacy Science program (Dickinson
2007). | used Herschel/PACS 100 and 160um from the public data release of
the PACS Evolutionary Probe PEP (Lutz et al. 2011). The SPIRE 250, 350 and
500pm are nested maps from the Herschel Multi-tiered Extra-galactic Survey
(HerMES, Oliver et al. 2012). | used the SCUBA2 850um map from the S2CLS
program (Geach et al. 2017) and the SCUBA2 450 and 850um matched-filtered
deeper maps from Zavala et al. (2017). The AzTEC 1.1mm matched-filtered im-
age is from Aretxaga (2015). | used the radio VLA 1.4GHz imaging from lvison
et al. (2007) and the 3GHz imaging from a new VLA observation for the CEERS
collaboration. These new VLA observation were taken primarily to aid this ef-
fort (PI: M. Dickinson, see Section 2.3.1 for more details). As some images did
not cover the whole area of the prior catalog, in Figure 2.4, | show the coverage
of the different images | extracted fluxes from. In the first “super-deblended"
catalog produced by Liu et al. (2018) in the the GOODS-North field, they had
much deeper FIR images. However, Jin et al. (2018) showed with their own ver-
sion of the catalog in the COSMOS field that it could be adapted for shallower
images. As | had, in the EGS field, comparable FIR depth as in the COSMOS
field, | was confident that this technique was suited for my case. However, |
made some adjustment to adapt it to the EGS field and improved it.

In the following Section, | detail how | built the prior catalog (Section 2.3).

2.3 . PREPARING THE BASIS OF THE CATALOG

Usually, for Herschel deblending works (Lee et al. 2013, Hurley et al. 2017),
priors are blind-extracted detections from the less confused 24;m and/or ra-
dio bands because of their known correlation to the IR luminosity (Yun et al.
2001, Dale & Helou 2002, Delhaize et al. 2017). An efficient way to include
fainter detections while reducing spurious ones is to use the prior-extraction
method, where one fits the PSF at the position of known sources.

In the “Super-deblended" GOODS-N and COSMOS catalog, L18 and J18 se-
lected Spitzer IRAC and K, sources as priors for the 24m and radio images.
In the EGS field, | have a highly complete UV/optical catalog, published by Ste-
fanon et al. (2017) listing 41457 objects along with their photometry from UV
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New VLA/3GHz
EGS obs. (B conf.)

Figure 2.4: Left panel: Coverage of the super-deblended catalog: In white, the cov-
erage of the prior catalog (based on HST observations). In cyan, the 850um map cov-
erage from the S2CLS program. In magenta, the SCUBA2 450um and 850um maps
coverage from Zavala et al. (2017). In yellow, the AzTEC 1.1mm image coverage from
Aretxaga (2015). The MIPS, PACS, SPIRE and radio maps cover the full prior field. The
background image is IRAC CH2, the catalog coverage is ~ 8” x 33”. Right panel: Radio
science image at 3GHz in the VLA/B-configuration covering the EGS field observed pri-
marily to improve the super-deblending of the EGS field, the white contours delimits
the “super-deblended" catalog coverage.
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to IRAC channels, their photometric redshifts and their stellar mass. To get
accurate redshift estimates, | used the more recent redshift compilation pro-
duced by Kodra et al. (2022), which includes photometric redshifts based on
CANDELS (Grogin et al. 2011; Koekemoer et al. 2011) as well as grism-based red-
shifts from 3D-HST (Momcheva et al. 2016) and spectroscopic redshifts from
the MOSDEF survey (Kriek et al. 2015). | have 2540 spectroscopic redshifts, 539
solid grism-based redshifts and 38378 photometric redshifts. This is impor-
tant as the redshift plays an important role in the design of the prior catalog.

The use of the radio data is necessary, as | show in Figure 2.5 where | com-
pare the expected flux density at 24m and 3GHz for different redshift for the
faintest 350um detectable source in EGS. A source with the faintest 350um
detectable flux density would be expected to be bright enough at 24um to be
detected up to redshift ~ 4. Above this redshift, the 24um flux would be too
faint. This means that if | only based my prior selection on 24um fluxes, this
source would not have been selected, leading to a selection bias. To ensure
that I did not miss any high redshift FIR sources, | looked at the radio con-
tinuum emission. The figure shows that whatever the redshift, if a source is
detectable at 350um, it should be bright enough in the radio to be detected at
3GHz. The radio image is then necessary to ensure the completeness of my
catalog toward high redshift.

| also received the JWST/NIRCam data from the CEERS collaboration and
decided to exploit them to improve the prior selection, indeed NIRCam is
sensible to wavelength similar to HST/WFC3 and the first two channels of
Spitzer/IRAC, but with a greater sensibility and better spatial resolution, al-
lowing to detect deeply attenuated sources or high-redshift sources. As a
member of the CEERS collaboration, | have access to a NIRCam photometric
catalog produced by the collaboration (Finkelstein et al. in preparation). From
this catalog | decided to use two pieces of information, the first one being the
redshifts. | matched the Kodra et al. (2022) redshift catalog with the NIRCam
catalog. For all the sources that had a redshift from Kodra et al. (2022) below
3, | kept it, as the UV and near-IR from HST are good enough to measure a
reliable photometric redshift. When ziogrq100 > 3, | looked at the NIRCam
counterpart, if the NIRCam redshift was better constrained (lower fffz) and
consistently above 3 (z + dz > 3), then | adopted the NIRCam photometric
redshift along with the stellar mass estimated from SED fitting using the EASY
(Brammer et al. 2008) and FAST (Kriek et al. 2018) softwares (Barro et al. in
preparation). This led me to update the photometric redshift of 843 priors
(2% of the full catalog).

The other piece of information | used was the better completeness of the
NIRCam catalog compared to the Stefanon et al. (2017) catalog. | decided
to add some new priors from the NIRCam catalog. To be added, a NIRCam
source had to respect the following criteria:
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Figure 2.5: Flux density expected at 24um (red) and 3GHz (blue) in the EGS field as
a function of redshift for the faintest detectable source at 350um. Red and blue hor-
izontal lines show the 30 detection limits at 24um and 3GHz respectively. The SED
template adopted is a Main Sequence template from Magdis et al. (2012) with red-
shift evolving ¢;r (Magnelli et al. 2015) normalized to a 30 detection at SPIRE 350um
(S350um = 12m.Jy).

* no counterpart in the Stefanon et al. (2017) catalog in a 1" radius

a redshift lower than 8 and 1‘fz < 0.09

at least a 20 detection in the F356W and F444W filters, corresponding
to the IRAC channel 1and 2

and log(M,) > 1.8 x log(1+4 x (2 — dz)) + 8, see Section 2.3.5 for more
details on this threshold.

| decided to apply strong criteria to be conservative and make sure that | did
not add spurious detections. Following this selection, | add 127 new priors
(+0.3%) to the Stefanon et al. (2017) catalog.

| applied the prior-extraction method in the VLA 3G H z (Section 2.3.1), VLA
1.4G H z (Section 2.3.3) and MIPS 24.m (Section 2.3.4) images using my com-
plete catalog of 41584 sources as prior.

2.3.1. VLA 3GHz PHOTOMETRY

The correlation between radio and FIR emissions (Yun et al. 2001) makes
the radio continuum emission an important tracer since high-redshift star-
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forming galaxies are expected to be bright in the radio while falling under the
detection limit at 24um (Jin et al. 2018; Magnelli et al. 2015; Delhaize et al. 2017,
Figure 2.5). Radio emission is a tracer of star-formation at high redshift but
can also be used to assess the presence of a so called radio loud AGN if we
observe a radio excess compared to the expected continuum emissions.

The CEERS collaboration obtained two observations of the EGS field us-
ing the A and B configurations of VLA at 3GHz (Proposal IDs: VLA/21B-292 and
VLA/22A-400, Pl: M. Dickinson). These observations constitute the first deep
radio mapping of the EGS field, and thus, are crucial to ensure the complete-
ness ofmy catalog toward high-redshift. The data reduction was done through
the default pipeline.

| had access to two images, with the A configuration image, | had a PSF
FWHM of 0.7" and a 30 detection threshold of 4u)y. With the B configuration
image, | had a PSF FWHM of 2.3" and a 30 detection threshold of 6.J)y. The PSF
of the A configuration allowed to resolve the most extended sources. This
could become a problem as in my approach | considered all the sources as
point-like. Extracting radio fluxes only from the A configuration would then
be biased by a flux loss due to the spatial extension of the sources. The PSF
of the B configuration being larger, it ensured that | didn't loose flux. However,
it was shallower than the A configuration. For these reasons, | decided to fit
both images. The PSFs being small, the prior density was low (0.03—to—0.34
sources/beam for A and B array respectively). Thus no blending problem for
this band.

Both images were fitted using Galfit (Peng et al. 2002, 2010) and a 2D-
Gaussian for PSF fitting. Galfit was not built to fit thousands of sources at the
same time, so | divided the image in sub-images so that each sub-image had
a size ~ 10x larger than the PSF FWHM. This allowed to have a reasonable
number of prior in each box. To avoid any bias, the priors present in a buffer
around the box were also taken into account. All the boxes are fitted together
in parallel, this procedure allowed to save computational time. At the end, all
the boxes were put back together to form the final output image for both the
model and residuals. This technique was applied for all the images | fitted.
This method has been developed and tested by Liu et al. (2018).

After fitting the 41584 prior positions, | obtained 1173 3¢ detections in the
A configuration and 1087 3¢ detections in the B configuration. The fit was per-
formed in two runs, the second run was used to improve the flux extraction
of bright sources by allowing their position to vary up to 1 pixel. | used the
Source Extractor (SExtractor) software (Bertin & Arnouts 1996) to extract any
remaining sources from the residual. Each residual was visually checked to
ensure that it was not a jet. | added 6 radio sources, detected in both con-
figuration. The fluxes and uncertainties bias were carefully calibrated using
extensive Monte-Carlo simulations. The simulations were also used to quan-
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tify the uncertainties and make them quasi-Gaussian, see Section 2.3.2 for
more details.

To produce the final 3GHz radio catalog, | merged the results of both con-
figuration. For all the priors with a 30 detection in the B configuration (with
the large PSF) | used the B flux as the real flux. For the remaining sources, |
used a weighted average of the A and B extracted fluxes. After this procedure,
| had 1722 30 detections at 3GHz and a 1o detection limit of 1.78 )y and a prior
catalog of 41590 positions.

My catalog was compared with a blind-extraction catalog using PyBDSF
(private communication). | show the comparison in Figure 2.6, the fluxes are
consistent within error bars, the flux difference stays below 10%. One can see
on the right panel that my method allows to have much better constrained
fluxes than with a simple blind extraction method. | reached a 30 detection
level of 5.34u)y and only 8.43u)y with the PyBDSF blind extraction. The dou-
ble distributions of uncertainties illustrate the method | chose to merge the
A and B configuration measurements. | emphasize that the fact that | care-
fully calibrated the uncertainties using simulations let me believe that | do not
underestimate them.
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Figure 2.6: Comparison ofmy radio flux extraction using PSF-matching with a blind
extraction using PyBDSF. Left panel: comparison of the fluxes at 3GHz, the red mark-
ers are median in bins with the median error in the bin and the black dotted line is
the 1:1 correlation. The red lines are the 3o detection limits. Right panel: comparison
of the uncertainties on 3o detections, the dotted lines are the median uncertainties
(1.78uJy for this work and 2.81u.Jy for the PyBDSF blind-extraction).

2.3.2. MONTE CARLO SIMULATIONS

In this Section | describe the Monte-Carlo simulations | performed to es-
timate the flux biases and obtain quasi-Gaussian uncertainties for all the im-
ages | fitted. These simulations were also used to estimate the correct level
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of background for each image, except for the radio images because they are
obtained via interferometry. | take the band PACS/100um as an example here
as it is in the far-IR images that the measurement biases are the strongest.

The Monte Carlo simulations for the super-deblended catalog have been
developed and tested by Liu et al. (2018) and updated by Jin et al. (2018). |
refer to those papers for a detailed presentation of the simulations. Here |
am summarizing the method.

lidentified three main parameters that could bias the flux measurements:
the local noise, the local residuals and what | define as the crowdedness, in
other words, the number of sources inside the beam. The crowdedness is
defined as:

N
crowd; = Ze(—dii/d%;SF), (2.1)
j=1
where d;; is the angular distance from source j to current source ¢ and dpgr
is the FWHM of the PSF, they both are in arcseconds.

The simulations were performed by adding on top of the original image
mock sources. | chose the position randomly and the flux was randomly cho-
sen between 30 and 200. There were produced using the PSF with galfit. After
fitting the image with the mock source, | compared the flux and error returned
by galfit and the input flux value. This procedure was repeated 5000 times. |
stress that for a mock source to be taken into account for the corrections, the
simulated source had to be at a distance greater than 0.7" from any prior.
This 0.7" was chosen because the minimal distance between two priors of my
catalog is greater than 0.7" for 98.5% of priors, meaning that simulating two
sources closer than this would have been unrealistic. The median minimal dis-
tance between 2 priorsin my catalogis 2.1". This additional constraint avoided
the creation of artificially over-blended regions that would have increased the
uncertainties. | point out that this last criterion was new compared to L18; J18.

To correct the flux biases, | divided the mock sources into several bins on
the three parameters and for each bin, the median value of (S;,, — Sout) gave
us the bias in each bin, the medians were fitted with a degree 2 polynomial.
| started by estimating the flux bias due to the local noise estimated by galfit
and corrected the fluxes accordingly by adding the corresponding bias esti-
mated with the polynomial fit. The median of (S;,, —S,.:) Was corrected to zero
by adding a normalization bias if needed. The same method was repeated for
the two other parameters, | estimated the flux bias due to the residual flux
and corrected the fluxes accordingly. Finally, | corrected flux bias linked to
the crowdedness. Both the local noise and the residuals were normalized by
the RMS noise taken from the noise map, it allowed to take into account the
fact that the depth of the image is not necessarily flat. Figure 2.7 illustrates
the three steps for PACS/100um.
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Figure 2.7: Flux bias estimation in PACS/100um simulations. | first estimate the bias
due to the galfit errors in the upper panel, then to the residuals in the middle panel
and lastly to the local crowdedness in the lower panel.
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Figure 2.8: Errors bias corrections in PACS/100um simulations. The original distribu-
tion is shown in blue and the corrected one in red. We go from a quasi-Gaussian with
a standard deviation of 1.5, signature of under-estimated errors, to 1 after correction,
signature of well-calibrated errors.

To make the errors quasi-Gaussian, | used a similar approach. | used
the same bins based on the three parameters and estimated the difference
between the galfit errors and the actual errors given by the RMS of (S;, —
Sout). Practically, | calculated the RMS of (S;;, — S,ut) in each bin and | fitted
a degree 2 polynomial to the RMS/o 447 and corrected the errors accord-
ingly by multiplying them by the factor given by the polynomial. The RMS of
(Sin — Sout)/ 0 fiug 1S corrected to one by multiplying by a normalization factor
if needed. Having a Gaussian distribution with a RMS of 1 ensured us that | did
not either overestimate or underestimate the errors. The same method was
repeated for the two other parameters, | estimated the errors bias due to the
residual flux and corrected the errors accordingly. Finally, | corrected error
bias linked to the crowdedness. Just like for the flux, both the local noise and
the residuals were normalized by the RMS noise taken from the noise map.
Figure 2.8 illustrates the evolution of the distribution of (S, — Sou:)/df before
and after the correction of the errors. The original distribution (in blue) had
a width greater than 1, this typically means that the galfit errors were gener-
ally underestimated. On the contrary, the corrected distribution (in red) had
a width of 1, the uncertainties were well calibrated.

These simulations allowed us to calculate the fluxes biases and correction
factor | needed to apply the the errors for all the flux and errors | extracted
from the original images, depending on the three aforementioned parame-
ters.

2.3.3. VLA 1.4GHz PHOTOMETRY
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Before the VLA 3GHz observations of the EGS, the only other radio cov-
erage of that field was at 2ocm (1.4GHz) using also VLA (lvison et al. 2007).
This observations was shallower, with a 3¢ detection level of 40u.Jy and had
a larger PSF FWHM of 4.1" compared to the 3GHz imaging. | decided to still fit
this image as detections or upper limits could confirm a detection, or a radio
excess, thus the presence of a radio loud AGN.

| built a gaussian circular PSF with FWHM of 4.1". | extracted the flux at the
positions of my 41590 priors. | had a density of ~ 1 source per beam, so | was
able to extract fluxes for all sources without huge blending problems. | fitted
the image using galfit. Just like for 3GHz | ran a second pass to allow bright
sources (at least 100) to vary position up to a pixel. | also used SExtractor to
extract any remaining sources from the residual map, | didn't find any. | got
213 30 sources with a median flux uncertainty o = 13.5u)y. The fluxes bias and
uncertainties were corrected using extensive Monte-Carlo simulations (see
Section 2.3.2 for more details).

In Figure 2.9 | compare my results to lvison et al. (2007). They searched
Signal/Noise images using the SAD detection algorithm (Biggs & Ivison 2006)
and their catalog only contains 30 sources. My measurements are consis-
tent within errors, the difference is below 5% at all flux. On the right panel |
show that my extraction method allowed us to better constrain the measured
fluxes.
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Figure 2.9: My 20cm photometry vs. measurements in lvison et al. (2007). Left panel:
2ocm fluxes comparison, red dotted lines are the 3¢ detection limits, the black dotted
line is the 1:1 correlation and the red markers are median in bins with the median
error in the bin. Right panel: Comparison of the uncertainties on 3¢ sources, vertical
dotted lines are the median uncertainties (13.5uJy for this work and 16uJy for lvison
et al. (2007)).

2.3.4 . MIPS 24;m PHOTOMETRY
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The last photometric data needed to make my prior catalog was the Spitzer/MIPS
24p/m. The fitting was performed on an image from the second public data re-
lease of The FIDEL Survey, a Spitzer Space Telescope Legacy Science program
(Dickinson 2007) with a 30 detection threshold of 21uJy. | used a PSF made
with StarFinder (Diolaiti et al. 2000), manually selecting isolated, bright objects.

The PSF has a 5.7" FWHM.

The density of prior was ~ 2 source per beam. To have the most reliable
flux extraction, | need to stay around 1 source per beam. The way | chose to
tackle this problem was to make a two run procedure. | emphasize that this
was not an issue for Liu et al. (2018) or Jin et al. (2018) as they add a less dense
prior catalog. | first fitted the complete catalog using galfit, this allowed us to
have upper limits on the faintest galaxies. These were useful as | showed in
Figure 2.5 that some radio detected galaxies could be faint at 24um, having
upper limits on these galaxies helped constrain the SED. Like the radio map,
the image was fitted by dividing it into smaller boxes that contained only a
handful of priors, to prevent any bias, the priors that are in a buffer around the
box are also taken into account. After this first run, | had 2418 30 detections
with the median uncertainty being 9.2uJy. Just as for the radio, the fitting
procedure was the same as in L18; J18: | used the first-pass results to get flux
estimations and with the second-pass | allowed the position of the brightest
objects (at least 100) to vary up to 1 pixel (1.2"). This two pass method lead
to a cleaner residual map, hence improving the flux measurements of bright
sources. The flux biases and uncertainties were corrected based on extensive
Monte-Carlo simulations (see Section 2.3.2 for more details).

The most reliable fluxes are extracted at low density (around ~ 1 source
per beam). This is why | decided to make a second run with less prior posi-
tions. | used a mass and redshift dependent cut to reduce the pool of priors.
The threshold was following the same empirical trend from J18 : log(M,) >
1.8 x log(1+4 x z) + a, with a being the offset allowing to choose the number
of priors | wanted to keep in the pool : a = 7.12 to have (ppeam) = 1. This
priors selection was relevant because of the well known correlation between
FIR luminosity and stellar masses in star-forming galaxies, also known as the
Main-Sequence (Daddi et al. 2007; Elbaz et al. 2007; Noeske et al. 2007; Pan-
nella et al. 2009; Karim et al. 2011; Rodighiero et al. 2011; Schreiber et al. 2015).
| also decided to keep the 30 detections from the first run that fell under the
threshold. The selection of priors to keep for the second run is illustrated in
Figure 2.10.

The second run was performed in the same way as the first one, but ex-
tracting fluxes in 19964 positions instead of 41590. At the end of the pro-
cedure, | had 2782 30 detections with a median uncertainty of 6.94u)y. Just
like for the radio, | ran SExtractor on the residuals to extract any additional
sources. | found 5 of them. After re-fitting the image with the 5 additional
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Figure 2.10: Selection of priors for the 24um PSF-fitting photometry for (ppeam) = 1
using a M, — z dependant threshold (blue dashed line). Blue circle markers are 3o
sources from the first run kept in the second run despite being below the threshold.

prior positions, | had 2773 30 detections. The change in the number of de-
tected sources was mostly driven by spurious detections.

A major difference with the radio is that the 24um was not obtained via
interferometry. This means that the background emissions could lead to a
bias when extracting the fluxes. To tackle this problem, that was not raised
in the previous super-deblended catalogs, | chose to explore the impact of
the uniform background level required as an input parameter for galfit when
PSF-fitting the image. Usually, the background is measured in the image, and
then used as galfit input. Here, | decided to check if the quality of the fit was
affected by the level of background. To do so, | ran Monte-Carlo simulations
as described in Section 2.3.2. After each simulation, | got calibrated quasi-
Gaussian uncertainties on the measured fluxes of the simulated sources. |
ran several simulations, the only difference being the background level. | ob-
served that changing the background level could change the median uncer-
tainty by up to ~ 15%. Hence, for all the images | fitted, | decided to systemat-
ically check which level of background allowed the lowest uncertainties. The
risk here would have been that the level of background was not the ‘real’ back-
ground anymore, introducing a bias in the flux measurement. However, the
Monte-Carlo simulations were also used to correct for such flux bias (see Sec-
tion 2.3.2). The starting point to choose the background was the background
measured in the image, and | explored around it keeping an eye on the bias
| introduced as to achieve a balance between getting smaller error bars and
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introducing flux bias as illustrated in Figure 2.11.
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Figure 2.11: Effect of the background on the goodness of the fit for the MIPS/24m
image at 1 source per beam. Via Monte-Carlo simulations, | estimate the median un-
certainty o and the flux bias for several background level. This study allows us to
chose the background level leading to the best performances. Each point is a dif-
ferent simulation, the error-bars were obtained by re-running the same simulation
several time and measuring the standard deviation of the estimated bias and o.

In Figure 2.12 | compare my 24um photometry to the publicly available
catalog from Magnelli et al. (2009). It is a catalog from the same image using
IDL-based SVD+DAOPHOT type routine based on IRAC prior positions®. The
two catalogs are consistent up to ~ 100uJy. For fluxes higher than 100u.Jy,
Magnelli et al. (2009) fluxes are on average 15% brighter than mine. This can be
explained by the fact that my prior catalog is 3 times denser than theirs, thus
they are sensible to blending, they did not take into account the fact that the
light from bright sources could have several contributor. There is also the fact
that | did not use the exact same PSF, and there could be a background effect.
On the left panel of Figure 2.12, | compare the uncertainties of 30 detected
sources, our results are compatible, Magnelli et al. (2009) find a median error
smaller than mine (5.24)y vs 6.94p)y). | recall that Magnelli et al. (2009) doesn't
take blending into account when estimating his uncertainties, which can be an
important source of error, the PSF FWHM being 5.7".

2.3.5. PRIOR SELECTION

2For more information on the catalog please contact B. Magnellii ben-
jamin.magnelli@cea.fr
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Figure 2.12: My 24um photometry vs. measurements in Magnelli et al. (2009). Left
panel: 24um fluxes comparison, red dotted lines are the 30 detection limits, the black
dotted line is the 1:1 correlation and the red markers are median in bins with the me-
dian errorinthe bin. Right panel: Comparison of the uncertainties on 3¢ sources, hor-
izontal dotted lines are the median uncertainties (6.94u.Jy for this work and 5.24uJy
for Magnelli et al. (2009)).

| obtained 3339 sources with S/N > 3 24m and/or radio flux based on the
41595 prior positions. As | went toward larger wavelength, the beam size got
larger. If | had used the full catalog, the source density would have reached
20 — 85 sources per beam for the SPIRE bands. The density would then be far
too important to make any consistent flux extraction. | needed to reduce the
pool of prior.

As the depth of the images | were using were comparable to the ones
used in the COSMOS field, | decided to adopt the same selection process as
described in Jin et al. (2018). The selection was based on the existing rela-
tion between star-formation, hence FIR luminosity for dusty galaxies, and the
stellar mass, known as the Main Sequence (Daddi et al. 2007; Elbaz et al. 2007;
Noeske et al. 2007; Pannella et al. 2009; Karim et al. 2011; Rodighiero et al. 2011;
Schreiber et al. 2015). | decided to add to the 3339 MIPS and radio sources all
the priors with a M, and z such as log(M,) > 1.8 x log(1 +4 x z) + 8. In total,
| had 7032 sources in my prior catalog for the FIR fitting. | show in Figure 2.13
the M, vs z distribution of the MIPS/radio sources in blue, and the threshold
| used to select the 3693 additional mass-selected priors.

The remaining 34563 sources were considered too faint to participate in
the flux of the FIR images. They constitute the background, that was carefully
estimated using extensive Monte-Carlo simulations. In the following, | call the
prior catalog the catalog of 7032 24um+-radio+mass-selected sources.

At the end of this chapter, we have a clear idea of why it is necessary to
build the most possibly accurate far-IR catalog. | now have a robust catalog
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Figure 2.13: Selection of the priors for the FIR/sub-mm deblending. The blue dots
are the 24um and/or radio 30 detections, the green dotted line is the threshold for
the mass-selected (log(M,) = 1.8 x log(1+4 x z) 4+ 8) additional priors. The grey dots
are the sources from the full opt/NIR catalog.

of prior sources that have a high probability of being FIR bright, or at least
having non-negligible FIR emission. In the next chapter, based on this catalog,
| apply the next step of super-deblending technique: extracting FIR fluxes for
each prior.
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3 -BUILDING THE SUPER-DEBLENDED CATALOG

In this chapter, | detail the bulk of the making of the “super-deblended"
catalog step by step, highlighting the my contributions to adapt and improve
the method.

| had 9 images to fit, the order of fitting was chosen based on the beam
size as it was easier to extract fluxes on images with a smaller beam thus more
resolved. In Table 3.11 show the list of images with their corresponding beam
size and pixel scale as well as their coverage of the prior catalog. Based on this
Table, the order of fitting was chosen to be: PACS/100, PACS/160, AZTEC/1.1,
SCUBA2/850 (both images), SCUBA2/450, SPIRE/250, SPIRE/350 and | finished
with the most confused image SPIRE/500. The detailed information about the
origin of these images is mentioned in Section 2.2.

Table 3.1: Images used during the super-deblending procedure.

Band Instrument  Beam size® Pixel size Areat
(arcsec) (arcsec) (arcmin?)
100pm  Herschel/PACS 7.2 1.2 200.5 (100%)
160um  Herschel/PACS 12 2.4 200.5 (100%)
250pm  Herschel/SPIRE 18.15 6.0 200.5 (100%)
350um  Herschel/SPIRE 25.15 8.33 200.5 (100%)
450pum  JCMT/SCUBA2 11.4 2.0 66.0 (32.9%)
500um  Herschel/SPIRE 36.3 12.0 200.5 (100%)
850um*  JCMT/SCUBA2 11.0 2.0 177.4 (88.5%)
850um'  JCMT/SCUBA2 14.5 2.0 66.0 (32.9%)
1.1 mm LMT/AzTEC 8.0 1.0 38.9 (19.4%)
Notes.

§ Full width half maximum of the beam.

! In parenthesis is the fraction of the prior catalog covered by each image (see
Figure 2.4).

* Image from Geach et al. (2017).

T Image from Zavala et al. (2017), deeper than Geach et al. (2017).

The density of priors is computed by

Nprior ™ 2
— x40 A
AEGS % ln2 % beam> (3 )

<pbeam>

where N0 is the number of priors, Aggs is the area of the catalog (200.5
arcmin?) and Opeqm is the beam size (FWHM) in arcmin. Our prior catalog of
7032 sources had a density of ~ 0.6 sources per beam at 100um, this density
was ideal to extract fluxes as it was below 1 source per beam.
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3.1. 100um PHOTOMETRY

To extract fluxes from the PACS/100um image, | used the same method as
for the MIPS/24m. For the FIR images, | divided the images in boxes so that
they were 2 to 5 x larger than the PSF FWHM, this was necessary because of
the low resolution and blending. Starting here, the buffer becomes extremely
important as a sources just outside the be could largely spreading in the box
due to the large PSF. This has been tested via extensive simulations and was
proven to be the optimal method to achieve the best photometric measure-
ments (Liu et al. 2018). | extracted fluxes for all the 7032 priors. | made exten-
sive Monte-Carlo simulations to measure the background level and fitted the
image using Galfit.

Just as for 24pm, | used a two-run procedure, the second run was used to
let the brightest sources (> 100) vary their position up to 1 pixel (1.2"). After
these two runs, | had 294 detections.

| used SExtractor to extract any additional sources from the residual that
was not in my prior catalog. To be conservative and not risk to add spurious
detections, | added only the sources with a 30 peak estimated by Sextractor.
| found 29 additional sources, 23 of them were actually in the Stefanon et al.
(2017) catalog but were not selected when building the prior catalog, they were
not detected at 24;m or in the radio and were below the mass limit (see Sec-
tion 2.3.5. | added them to the priors list. The 6 other extracted sources were
also added to the catalog.

After adding these sources, | needed to re-run the fitting as the presence
of these priors could affect the flux extraction of the nearby sources. | show
in Figure 3.1 the original image in the upper panel, the galfit model in the mid-
dle and the residuals in the lower panel, the residuals are clean, there is no
sources left. After the second run, | had 305 detections and an updated prior
catalog of 7061 priors.

However, Galfit is known for not necessarily reflecting real errors (Peng
et al. 2002). To have a reliable estimation of the errors and correct possible
flux biases, | decided to run Monte-Carlo simulations.

3.2. 100xm SOURCE CATALOG

Once the simulations had been performed, | applied the correction to the
fluxes and errors from galfit. Each prior had a different correction that de-
pended on the three parameters: the galfit uncertainty, the local residual flux
and the crowdedness. | precise that due to the high-pass-filtering processing,
| had to scale up the fluxes by a factor of ;< for 100um fluxes and &5 for
160um fluxes (using data from the public data release of the PACS Evolution-

ary Probe PEP (Lutz et al. 2011)). After correcting the flux and errors, | obtained
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Figure 3.1: Fitting of the PACS/100um image. Upper panel: Original image. Middle
panel: model from PSF-fitting using galfit. Lower panel: residual map after subtrac-
tion of the model from the real image. The white contour delimits the perimeter of
the prior catalog | used.

for PACS/100um a total of 305 30 sources with median uncertainty of 1.29mJy.
The detection rate was ~ 4 — 5%, this was similar to the detection rate of Jin
et al. (2018) at 100um with a similar depth.

3.3. COMPARISON TO LITERATURE

Now that | had a robust 100um catalog, | needed to asses its quality. To
do so, | compared my catalog with a publicly available catalog from PACS Evo-
lutionary Probe (PEP, Lutz et al. 2011). The PEP catalog is a blind catalog, they
did not use any prior. | matched my catalog with theirs, using a 2" constraints.
| show in Figure 3.2 the comparison. The fluxes are consistent, the flux dif-
ference was on average less than 5%. My uncertainties were also similar to
PEP, demonstrating that they were well calibrated. The fact that the median
of my uncertainties was ~ 6% larger can be explained by the fact that Lutz
et al. (2011) did not take into account the blending. The blending also explains
the orange markers in the left panel of Figure 3.2 that are above the 30 detec-
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Figure 3.2: My 100um photometry vs. measurements in Lutz et al. (2011). Left panel:
100pm fluxes comparison, blue markers are sources with S/N > 3 in both catalogs,
orange markers are sources with S/N < 3in atleast one catalog, red dotted lines are
the 30 detection limits, the black dotted line is the 1:1 correlation and the red markers
are median in bins with the median error in the bin. Right panel: Comparison of
the uncertainties on 3o sources, vertical dotted lines are the median uncertainties
(1.29uJy for this work and 1.21uJy for Lutz et al. (2011)).

tion limit of the PEP catalog (red vertical dotted line) but not detected in my
catalog.

With the additional priors from the residual map, my updated prior cat-
alog had 7061 positions. For the 160um image, | then had a density of 1.6
sources per beam. The density was too high and needed to be reduced to
perform efficient flux extraction. To select which priors to keep and which
one to discard, | did not use the same method | used for 24;m (see Section
2.3.4). The super-deblending method consisted here in using all the available
information | had on the priors to be sure to keep only the ones where | could
be certain that there was a non-negligible emission at 160um. | describe how
to achieve this in the following Sections.

3.4.SED FITTING

From the prior catalog based on Stefanon et al. (2017), | had Kg and IRAC
measurement for all the priors. For the priors | decided to add based on NIR-
Cam, | used NIRCam/F356W and NIRCam/F444W as proxy for IRAC channels
1 and 2. Based on these photometric data and the fluxes | extracted in the
radio and at 24um and 100um, | could fit the SED of each prior. By fitting the
SED, | could predict the flux that | expected for each prior in the 160um PACS
band.
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| used the SED fitting recipes and parameters from Liu et al. (2018) and Jin
et al. (2018). The SED fitting procedure was based on four components:

* (1) a stellar component (Bruzual & Charlot 2003) with a Small Magellanic
Cloud attenuation law;

* (2) a mid-infrared active galactic nuclei (AGN) torus component (Mul-
laney et al. 2011);

* (3) dust continuum emission from the Magdis et al. (2012) library with
the more updated L;r/Mg,st — redshift evolution taken from Béther-
min et al. (2015);

* (4) a power-law radio continuum with an evolving ¢;r = 2.35 x (1 +
2)7912 1 1og(1.91) (Magnelli et al. 2015; Delhaize et al. 2017).

For sources with a spectroscopic redshift, the fitting was performed at
fixed redshift. When | only had a photometric redshift, | allowed redshift vari-
ations within £10% x (1 + Zphot)-

In addition to these four components, the SED fitting was adapted to each
priors based on three parameters, that were estimated after a first run of the
procedure:

* At the end of the SED fitting procedure, | could estimate the SFRr
for each prior from their integrated L;r, assuming SEFR;r = Lir/(1 x
10'° L) Meyr—! (Daddi et al. 2010). | also had the stellar mass of each
galaxy from Stefanon et al. (2017). | could then classify each prior as
Main Sequence or starburst by measuring the distance to the Main Se-
quence from Sargent et al. (2014) at the fitted redshift. Sources were
considered to be pure starbursts if log(SFR/SFRy;s) > 0.6 dex and
SFR/osrr > 3 and to be pure Main Sequence if log(SFR/SFRps) <
0.4 dex and SFR/osrr > 3. In the second run of the SED fitting, | fit-
ted them with the appropriate templates. When a clear classification
couldn’t be obtained, they were fitted with all templates. At this stage,
| obtained 365 pure starburst (~ 5%) and 1182 pure Main Sequence
(~ 17%).

+ Asldid notwant the dustfitting to be biased by the presence of an AGN,
if the observed radio fluxes were 2x higher than the prediction from
the FIR-radio correlation with a > 3¢ significance, | did not include the
radio photometry in the fit. These sources were classified as radio-loud
AGNSs, at this stage | identified 138 of them (~ 2%).

+ Finally, | knew that the presence of PAHs features at 24m and the scat-
ter of the FIR-radio correlation could bias the FIR fitting. This was why |
decided, for sources with a combined S/N > 5 over the 100um—1.1mm
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range, to not fit the 24um and radio photometry. At this stage, | had 103
such cases (~ 1.5%).

After the second run using the proper templates and fluxes based on the
aforementioned parameters, | extracted fluxes predictions for each priors
with an associated uncertainty allowing to evaluate the quality of the predic-
tion. In the next Section, | explain what criteria | use to select the priors to fit
at 160um.

3.5. SELECTING PRIORS FOR 160um

I now had for all 7061 priors a prediction of their flux at 160um. | wanted to
keep as priors the priors with the brightest predicted flux. To choose where
to put the threshold, | had to achieve a balance between two criteria. | wanted
to be as complete as possible, in that case the selection limit had to be 1o, the
detection limit of the image. But, as already mentioned, to extract fluxes ac-
curately, | must keep a density of priors below 1 source per beam. The thresh-
old was selected as to respect both of these criteria. To be conservative, the
threshold was not applied on the predicted fluxes, but on Fsgp + 2 X osgp.
In Figure 3.3, | show the evolution of the density of priors in the PACS/160m
image with the selection threshold. Choosing a threshold so that the den-
sity is close to 1 source per beam would lead to have priors with a predicted
flux below the detection limit. Thus | decided to choose a higher threshold,
corresponding to the detection limit at 160um (o160 = 2.77mJy).

| only kept the priors with a predicted flux such that Fsgp + 2 X osgp >
3mJy. Thus, the prior catalog was reduced from 7061 to 2769 for the PACS/160um
band reducing the prior density from 1.57 to 0.61 sources per beam.

The result of this selection was that | was going to ignore the presence of
a lot of low luminosity sources that could perturb the measurement of the
bright sources. The faintest ones will be taken into account by using exten-
sive simulations to measure the background and estimates the flux biases as
| did for 100um. However, some rejected priors had a non negligible flux and
couldn’t be ignored. To ensure that this weak sources did not bias the mea-
surement at 160um, | decided to use the predicted flux to remove them from
the original PACS/160mum image using a PSF convolution and galfit. To be
conservative, | only removed priors from the map if Fsgp > 2 X oggp, follow-
ing this criteria, | removed 1963 weak sources from the image. In Figure 3.4, |
show the original image on the upper panel, the model of the weak sources in
the middle panel and the weak sources subtracted image on the lower panel,
that was used to extract 160um fluxes. The subtracted flux represent nearly
30% of the total flux in the area delimited by the white contour.

Now that | had the image and the list of priors to fit, | re-did everything |
did for PACS/100um for this band. In the next section, | summarize all the fol-
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Figure 3.3: Density of priors at 160um vs. selection threshold on predicted fluxes. On
the right side of the panel, | show the total number of priors corresponding to each
density. The fluxes are predicted using SED fitting based on available photometry. To
be conservative, | apply the threshold on Fsgp+2 X osgp. The red dotted lines show
the two criteria to respect when selecting priors: Having a density below 1 source per
beam (horizontal line) and selecting only bright sources (vertical line). The orange
dotted line is the chosen threshold (F,,; = 3.0mJy).

lowing steps of the super-deblending, | only detail the parts that are different
from the procedure | used for the PACS/100mum band.

3.6 . THE SUPER-DEBLENDING CYCLE

In this Section, | summarize the remaining steps of the super-deblending
technique. As they were very similar to what is described in the previous Sec-
tions, | do not give many details. | summarize the results in Table 4.1.

EXTRACTING PACS/160m FLUXES Based on the image | produced after re-
moving the weak sources (see previous Section), | fitted the image using
the same method as described in Section 3.1. | also performed extensive
Monte-Carlo simulations as described in Section 2.3.2. From the resid-
ual images, he added 9 sources to the list of priors. At the end of the
procedure, | had 217 3¢ detections at 160xm with a median uncertainty
of 2.77mJy.

COMPARING 160um FLUXES TO SED PREDICTIONS The “super-deblending"
technique relies on fitting the SED of a source using known fluxes to
predict the flux in a new band. It was then important to verify that the
prediction | made were meaningful, that is to say, the actual measured
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PACS 160pym
Weak sources model

Figure 3.4: Removing weak sources from the PACS/160um image. Upper panel: Orig-
inal image. Middle panel: model of weak sources from PSF-convolution using galfit.
Lower panel: Resulting image from the subtraction of the faint sources that will be
used for flux extraction. The white contour delimits the perimeter of the prior catalog
| used. The colorbar is the same for all panel.

flux should not be far from the predicted value. That is why, at each
band, after measuring the fluxes and correcting them for bias, | com-
pared them to the SED predictions. | compared the measured fluxes at
160m with the predicted fluxes in Figure 3.5. Globally, the measured
fluxes were consistent with the SED predictions with a median x? ~ 0.3.
When looking into more details, | also had a relatively good agreement
between the fluxes of the 30 detected sources that were also predicted
bright (bright meaning a predicted flux greater than the 30 detection
limit: 8.31mJy, median x? ~ 1.3, in red in Figure 3.5). | also noted the
presence of two outlier populations showed in green and blue in the
Figure 3.5. The green markers are sources predicted bright but not de-
tected leading to a positive difference in the right panel, either because
of higher local noise, or possibly deboosted by the subtraction of faint
sources. The blue markers are detected sources that were predicted
fainter than the 30 detection limit leading to a negative difference in
the right panel, either because of lower local noise, isolated sources, or
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possible spurious detection. Globally, | had ~ 5.5% of priors for which
x? > 4 meaning that the SED failed to predict the correct flux. The failed
cases split nearly equally between predicted too faint or too bright. This
justified the need to select the threshold on F,,.cq + 2 x 0pcq to €NSure
that | did not miss underestimated sources. The fact that the distribu-
tions in the right panel of Figure 3.5 are quite large is not surprising at
this stage as the predictions were made based on a few measurements
and depended a lot on the assumptions. However the fact that globally |
had ~ 94.5% success rate on predicting the 160um fluxes demonstrated
the efficiency of the procedure.
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Figure 3.5: Comparison between measured fluxes and fluxes predicted by the SED
fitting and used for the selection of priors to fit. Left panel: Flux comparison, the red
dashed lines are the 3¢ detection limits (8.31mJy), the orange, green, blue and red
markers are fitted priors that were predicted fainter than 8.31mJy and not detected,
predicted brighter than 8.31mJy but not detected, predicted fainter than 8.31mJy but
detected and predicted brighter than 8.31mJy and detected respectively. Right panel:
histogram of the difference normalized by the noise combining the error on the flux
mesurements and on the SED prediction (o = /02, ., + ngjred)’ the color-code is
the same as for the left panel, the orange unfilled histogram encompasses all the
priors (green, blue and red markers included), lighter dashed lines are corresponding

medians.

COMPARING 160um FLUXES TO LITERATURE Just like for 100um, to assess
further the quality of or flux extraction, | compared it to the literature
(PEP, Lutz et al. 2011). | matched my catalog with the PEP catalog, us-
ing a 2" constrain. The fluxes were consistent, the flux difference was
on average less than 8% and | had consistent uncertainties. Just like
for 100um, the median of my uncertainties was slightly larger (~ 7%)
probably because | took the blending noise into account.
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PREDICTING 1.1mm FLUXES Based on the results of both PACS bands, | ran
the SED fitting following the procedure described in Section 3.4. The
next band was AzTEC/1.1mm. After the SED fitting procedure, | chose a
threshold 0.6mJy driven by the depth of the map. It lead to a density
of 0.1 source per beam and 1130 priors to fit. | subtracted 2269 weak
sources from the image.

EXTRACTING AzTEC/1.1mm FLUXES Usingthe same methods | extracted fluxes
from the weak-sources subtracted AzZTEC/1.1mm image. However, due
to the fact that the noise was not flat for this image and that | only had
a filtered image, | did not fit the science image but the signal-to-noise
ratio image. This is also a novelty of my version of the super-deblended
catalog as all the previous version did not meet this issue, or delt with
it in a different way. This allowed to get better results with galfit and to
easily calibrate the uncertainties. After running SExtractor, | added 24
sources to the list of priors. | obtained 32 30 detections at 1.1mm with
a median uncertainty of 0.54mJy. The number of detections can seem
small, but | recall that the AZTEC map only covers a small part of the
EGS field (see Figure 2.4 and Table 3.1). | did not compare my fluxes
extracted from this map to the literature as it hasn't been done before.

PREDICTING 850um FLUXES | ran the SED fitting on the updated catalog of
7094 priors. For the SCUBA2/850um band, | had two distinct images,
one that covered most of the EGS field from Geach et al. (2017) but that
was relatively shallow and a smaller one, but 3x deeper from Zavala
et al. (2017) (see Figure 2.4 and Table 3.1). Based on the predictions, |
chose a threshold for each map: 0.4mJy for the Zavala et al. (2017) image
corresponding to a density of priors of 0.8 sources per beam and 1.0mJy
for the Geach et al. (2017) map corresponding to 0.3 sources per beam.

EXTRACTING SCUBA2/8504m FLUXES For the Zavala et al. (2017) map, | se-
lected 2107 priors to fit and subtracted 5001 weak sources. After fitting
with galfit, correcting the biases with extensive Monte-Carlo simulations
and extracting additional sources from the residual image, | obtained
126 30 detections with a median uncertainty of 0.33mJy. | added 13 pri-
ors from the Zavala et al. (2017). | ran the same analysis for the Geach
et al. (2017) image, | selected 1251 priors and subtracted 5871 weak pri-
ors. After fitting, running simulations and extracting additional sources,
| obtained 53 30 detections with a median uncertainty of 1.04mJy. |
added 15 sources from the Geach et al. (2017) image. For the same rea-
son as for the AZTEC/1.1mm image, | fitted the SNR images at 850um
instead of the science image.

COMPARING 850m FLUXES TO LITERATURE | compared the fluxes | mea-
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sured in the Zavala et al. (2017) image with the blind catalog they pro-
duced. My fluxes were consistent within the error bars, the difference
was less that 1o for all fluxes, however, my fluxes tended to be 10 —20%
brighter. This could be a sign that the Zavala et al. (2017) fluxes were
too de-boosted since | am confident that my fluxes were well calibrated
based on extensive simulations. My method makes sure that | mea-
sure the fluxes of individual sources. | had consistent uncertainties,
| achieved a median uncertainty 15% smaller than Zavala et al. (2017)
(0 = 0.33mJy vs 0.39mJy). Similarly | compared the fluxes of the larger
but shallower image to the blind one extracted by Geach et al. (2017).
My fluxes were consistent with a difference below 8% at all fluxes. My
uncertainties were also consistent even if with My method, | was able
to reach a median uncertainty 13% smaller (1.04mJy for my work vs
1.19mJy for Geach et al. (2017)).

COMBINING THE 850:m CATALOGS Before going to the next step, | needed
to combine the two 850um catalogs | built based on the two images |
had. For each prior, if they were in only one of the catalog, | used the
only flux I had, if they were in both catalog, then | combined them:

Fz x (1)o7)* + Fa x (1/0¢)?

0 T (12 P (100 52
1
70 2P + (1oaP 33

with Fz and oz (respectively F; and o) being the flux and error and
measured in the Zavala et al. (2017) map (resp. Geach et al. (2017)). Af-
ter this procedure, my final SCUBA2/850um catalog contained 172 3o
detections with a median uncertainty of 0.38mJy.

PREDICTING 450pm FLUXES Based on the 850um and all the previous pho-
tometry, | ran a new SED fitting for the updated catalog of 7122 priors to
predict the fluxes at 450um. | chose a threshold at 2.05mJy, correspond-
ing to ~ 0.7 sources per beam. | had 1598 weak sources to remove from
the image and 2899 to fit.

EXTRACTING SCUBA2/450um FLUXES Just as for the 850um images, | fitted
the SNR image rather than the science image. After fitting with gal-
fit, running the extensive Monte-Carlo simulations and extracting ad-
ditional sources in the residuals, | obtained 99 30 detections with a me-
dian uncertainty of 1.62mJy. | added 14 sources from the residuals to
the catalog.

COMPARING 450m FLUXES TO LITERATURE | compared my measurements
with Zavala et al. (2017). The result of the comparison was similar to
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the comparison for the 850um fluxes. My fluxes were consistent within
error-bars, with a difference between 4 — 20%, but always less than
lo. My fluxes also tended to be brighter. This confirmed what | had
observed at 850um, while | was in agreement with Geach et al. (2017)
de-boosted flux, | had brighter fluxes than Zavala et al. (2017). | also
achieved to go deeper, with a median uncertainty 30% smaller (1.62mJy
vs 2.30mJy). This demonstrates the power of the super-deblending tech-
nique to select the correct priors to fit and the efficiency of my Monte-
Carlo simulations to calibrate the errors.

PREDICTING 250m FLUXES Based on the available fluxes, | re-ran the SEDs
and predicted the fluxes at 250um. The three remaining SPIRE bands
were the most confused ones. The limiting factor when choosing the
threshold to select which prior to fit was not the detection limit but the
prior density. For SPIRE/250um, the threshold was 4.7m)y, correspond-
ing to a density of 1 source per beam. | had 2065 priors to fit and 2364
weak sources to remove from the map.

EXTRACTING SPIRE/250:m FLUXES The noise was relatively flat in the SPIRE
images, so | directly fitted the science image. However, due to the large
beam, | made only 1 run. | did not allow the bright sources to vary, the
confusion was too important for it to have any effect. After running the
Monte-Carlo simulations and extracting additional priors, | obtained 441
30 detections with a median uncertainties of 2.13mJy. | added 6 sources
to the list of priors, the prior catalog had then 7142 positions.

COMPARING 250m FLUXES TO LITERATURE | compared my measurements
with the publicly available catalog from Shirley et al. (2021). They mea-
sured the fluxes using XI D™ based on prior selected using IRAC and
MIPS/24m photometry. They did not have any 30 detections, hence |
compared my detected fluxes With Fspiriey+0 Shiriey if Fshiriey/ 0 Shirley >
1.5. | found that | had consistent fluxes within errors. My fluxes are
6 —20% fainter than the Shirley et al. (2021) upper limits. | compared the
error bar for 1.50 sources, | was able to have better constraints with a
median uncertainty 33% smaller (2.38mJy vs 3.56mJy). | also compared
the extracted flux with the prediction from the SED, they were consis-
tent with a mean difference ~ 0.30, confirming my results.

PREDICTING 350uxm FLUXES | ran the SED fitting for the 7142 priors. Here
again, the limitation came from the large beam. | chose a threshold of
8.7mJy corresponding to 1source per beam for SPIRE/350um. | then had
1153 priors to fit and 2767 weak-sources to remove from the original
image.
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EXTRACTING SPIRE/350m FLUXES | proceeded exactly like for 250um. After
a single galfit run on the weak-sources subtracted science image, the
Monte-Carlo simulations and the extraction of additional priors using
SExtractor, | had 159 detections with a median uncertainty of 3.95m)y.
For this map, | had no additional priors to add to the catalog as none of
the SExtractor sources were detected.

COMPARING 350um FLUXES TO LITERATURE Like 250um, | compared to the
Shirley et al. (2021) XI D™ fluxes. | adopted the same method and com-
pared my 30 detections with Shirley et al. (2021) upper limits for 1.50
sources. My fluxes were consistent with the upper limit with a less than
10% difference at all fluxes on average. | also compared the 1.50 error
bars of the two catalogs. They were mainly consistent, my median un-
certainty was 20% higher (4.51mJy vs 3.76mJy). | knew that my error-bars
had been carefully calibrated with extensive simulations. Shirley et al.
(2021) probably underestimated the errors due to the blending of faint
sources. | also compared the extracted flux with the prediction from
the SED, they were consistent with a mean difference ~ 0.8¢, confirm-
ing my results.

PREDICTING 500uxm FLUXES Using all the photometry | extracted, | ran the
SED fitting to predict the fluxes in the last band: SPIRE/500um. Once
again, | was limited by the large PSF. | chose a threshold of 6.4mJy cor-
responding to a density of 1 source per beam. | then had 542 sources to
fit and 2938 weak-sources to remove from the image.

EXTRACTING SPIRE/500um FLUXES Just like for the 2 other SPIRE bands, |
ran galfit only once, without allowing a position variation for bright sources
because of the large beam. | ran extensive Monte-Carlo simulations and
ran SExtractor. | found no sources to add in the residuals. After the flux
extraction, | had 48 30 detections with a median uncertainty of 5.65mJy.

COMPARING 500.m FLUXES TO LITERATURE Like the other SPIRE bands, |
compared to the Shirley et al. (2021) XID™ fluxes. | adopted the same
method and compared my 3¢ detections with Shirley et al. (2021) upper
limits for 1.50 sources. My fluxes were consistent with the upper limit
with a less than 15% difference at all fluxes on average. | also compared
the 1.50 error bars of the two catalogs. My uncertainties are higher,
with my median uncertainty being 77% higher (6.54m]y vs 3.70mJy). |
knew that my error-bars had been carefully calibrated with extensive
simulations. Shirley et al. (2021) probably underestimated the errors
due to the blending of faint sources. | also compared the extracted flux
with the prediction from the SED, the measured fluxes were consistent
with a mean difference ~ 0.80, confirming my results.
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The “super-deblended" catalog is now finished. However, | still need to
measure its performances to make sure that the catalog can be use do derive
properties of galaxies or of the Universe at different epochs. This is the object
of the next chapter.
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4 - RESULTS AND ACHIEVEMENTS OF THE SUPER-
DEBLENDED CATALOG

In this chapter, | explain how | evaluated the performances of my “super-
deblended" catalog, and what impact it already had on within the scientific
community.

The “super-deblended" catalog contains photometry from Spitzer, VLA, Her-
schel, SCUBA2 and AzTEC for up to 7142 prior galaxies in the EGS field. Table 4.1
gives a summary of the relevant photometric information in each band. For
the labels, | decided to keep the CANDELS IDs when possible, ID 1to 41457 are
the sources from the Stefanon et al. (2017) catalog. The sources added based
on NIRCam imaging have ID 50000 to 50126. For the sources added from the
residual images using SExtractor, |D 50127 to 50132 are from the 3GHz im-
age, ID 50133 to 50137 are from the 24um map, ID 50138 to 50143 are from
the PACS/100um image, ID 50144 to 50152 are from the PACS/160m map, ID
50153 to 50176 are from the 1.1mm image, the ID 50177 to 50189 are from the
SCUBA2/850pm image from Zavala et al. (2017), the ID 50190 to 50204 are from
the SCUBA2/850pum image from Geach et al. (2017), the ID 50205 to 50218 are
from the SCUBA2/450um and the ID 50219 to 50224 are from the SPIRE/250um
image.

4.1. AN ILLUSTRATED EXAMPLE

| show in Figures 4.1, 4.2 and 4.3 an example of deblending around the
prior ID12502. The first figure shows cutouts around the source in near-IR
bands, 24um and radio. One can see that some sources clearly identifiable in
the HST and/or IRACimages were not selected as prior for the super-deblending
(not circled in dashed white), this means that these sources were not detected
at 24um or in the radio and had a stellar mass below the limit defined in Sec-
tion 2.3.5. | also note the importance of the 3GHz deep image as | clearly
identify the central prior as a radio emitter, which is not clear at 1.4GHz.

In Figure 4.2, | show the super-deblending process between 100um and
1.1mm centered on the same prior. The cutouts have the same size, the blend-
ing appears clearly. In each cutout, | show in white circles the priors position
not selected at the current band, the filled one being those subtracted based
on the SED fitting. The yellow circles are the fitted priors with their size being
proportional to the measured fluxes. Dotted lines are sources with SNR < 2.
The SPIRE images are the one with the less yellow circles as they are the most
confused ones, yet, thanks to the efficient selection process, | was able to de-
tect a few sources with SNR > 2. In this cutout there are two main FIR sources,
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Table 4.1: EGS “Super-deblended"” Photometry Results

Band Fcut ,Ofita Nfitb Nezcl.c Ndetectd 1o° Nadd.f
(mJy)  (beam™1) (mJy)
24um 2.08 41595 0 2773 6.93e73 )
1.4GHz 1.08 41595 0 213 13.5¢73 0
3GHz 0.03 —0.34 41595 0 1722 1.78¢73 6
100pum 0.56 7061 0 305 1.29 6
160um 3.0 0.61 2791 1959 217 2.77 9
250pum 4.7 1.05 2065 2364 441 2.13 6
350pum 8.7 1.12 1153 2767 159 3.95 0
450pum 2.5 0.67 996 15987 98 1.62 14
500um 6.4 1.1 542 2938 48 5.65 0
850um9 1.0 0.27 1117 58757 53 1.04 15
850m” 0.4 0.8 707 50017 125 0.33 13
850um’ 1466 172 0.38 (28)
1.Imm 0.6 0.11 255 22697 32 0.54 24
Notes.

¢ prie is the number density of prior sources fitted at each band, normalized by the
Gaussian approximation beam area, see Table 3.1 for image coverage and Equation
3.1 for a definition of py;;.

b Ny, is the number of prior sources fitted at each band.

¢ Nezer. i the number of prior sources excluded from fitting at each band. These
sources are subtracted from the original image with their SED-predicted flux density
at each band.

4 Nyeteer IS the number of prior sources with S/N > 3 (i.e. detected) at each band.

F N,qq. is the number of additional sources that are not in the prior source catalog
but blindly extracted from the intermediate residual image product at each band.

¢ 17 is the median of the flux density uncertainties of all detected sources in each
band.

f N,qq is the number of additional priors that were added in each band. They are
extracted from the residual map using SExtractor and have at least a 20 detection.
¢ Shallower, Non Matched-filtered map from Geach et al. (2017).

h Deeper, Matched-filtered map from Zavala et al. (2017).

 Combination of measurements from both maps, see Equations 3.2 and 3.3.

J Total number of sources to subtract if the image was covering all the prior
positions. The actual number of weak sources removed is smaller.
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the central source ID12502 at z ~ 2 and the source ID13658 at z ~ 2.5 in the
upper right corner. In the SPIRE bands, these two sources are blended and
look like a single source in the middle, thanks to my “super-deblending" pro-
cess, | was able to split this blob between the two main contributor (plus 1 or
2 other minor contributors). In the SCUBA2/450u:m, the flux can seem to not
be coming from the selected prior in the upper right corner, however, the po-
sitions plotted here are the HST-based position, but when fitting the images,
| allowed the bright source to vary position. For SCUBA2/450um, | allowed a
variation up to 1.5 pixel (3") which allowed to associate this emission to the
prior ID13658. | am confident that the emission at 450um comes from this
prior as itis consistent when looking at the SED across all FIR bands and there
is no other priors visible in HST/IRAC/JWST images that could explain this.

Finally, in Figure 4.3, | show the final SED fitting of the central source
ID12502 and the upper right source 1D13658 and there RGB cutout made us-
ing the filters F115-F200-F444 of JWST/NIRCam. For ID12502, the SED is very
well fitted with a photometric redshift ~ 1.9 and a SFR ~ 186M¢, yr—!. This
galaxy was classified as a Main Sequence galaxy. The blue line is the stellar
component, fitting the K¢ and IRAC fluxes from Stefanon et al. (2017), the red
line is the AGN torus, the green line is the dust continuum emission and the
black line is the total. In this galaxy, the AGN torus represents only 4% of the
IR-luminosity. For ID13658, the SED is well fitted with a spectroscopic redshift
Zspee = 2.47 and a SFR ~ 364Mg, yr—1. This galaxy was classified as a Main
Sequence galaxy hosting a radio loud AGN. In this galaxy, the AGN torus rep-
resents ~ 8% of the IR-luminosity. The position of the peak in the FIR emis-
sion seem to be a bit shifted, this is probably due to the dust temperature,
that is not taken into account in the simple SED model used in the “super-
deblending" process. Similarly, the two points from the channel 2 and 3 of
IRAC are not correctly fitted, they fall between the end of stellar component
and the beginning of the dust and AGN components, which might explain the
difficulty to retrieve these fluxes.

These galaxies sit in a crowded and blended environment, yet | was able
to retrieve their fluxes in each band and obtained a consistent SEDs, demon-
strating the high efficiency of the super-deblending technique.

4.2 . CATALOG PERFORMANCES

In this catalog, | have 2749 priors detected with S/N > 3 at the 24um and/or
radio bands, it is 35x less than the 24ym+radio detections in the COSMOS
super-deblended catalog (Jin et al. 2018), for an area that is 31x smaller. So |
have a similar density of detected priors in 24um and/or radio. Just like in L18;
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Figure 4.1: Example of the “super-deblending" process. | fit the source |D12502 to-
gether with other sources in an image box at each band (see Figure 4.2) and show
its finalized SED in Figure 4.3. Here, | show multiband cutouts in a 50” x 50” box of
images used to make the prior catalog, the white circles are the priors of the super-
deblended catalog, the yellow circle is ID12502. | show the HST H-band instead of the
K band that is used for the SED fitting. The K and IRAC photometry is taken from
Stefanon et al. (2017).

J18 1 defined a FIR signal-to-noise ratio:

1.1mm

(S/N)btppmm = » (S/N)3 (4.1)
A=100pum

| had 480 galaxies detected with (S/N)prr+mm > 5 among 7142 priors,
leading to a 6.7% detection rate. In comparison, Jin et al. (2018) super-deblended
catalog in the COSMOS field (~ 30x larger than EGS) contains 11220 detec-
tions for 192249 priors (5.8% detection rate). Hence, | had a prior catalog
slightly denser (~ 10%) and a detection rate 15% more efficient.

As | show in Figure 4.4, | was able to reach possibly z ~ 6 — 8. To compare
my catalog with the last super-deblended catalog produced by Jin et al. (2018),
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Figure 4.2: Example of the “super-deblending" process. | fit the sources ID12502
and ID13568 together with other sources in an image box at each band and show its
finalized SED in Figure 4.3. Here | show multiband cutouts in a 50” x 50” box of the
super-deblended maps between 100um and 1.1mm. The white circles are the priors
that are not fitted, the filled one are removed from the map. The yellow circles are the
fitted priors, with solid contour if S/N > 2, their radius is proportional to the their
flux or the 20 upper-limit for the solid or dashed markers respectively. The yellow
and blue crosses mark the position of ID12502 and 1D13568 respectively.

| calculated the number of starburst galaxies adopting Rodighiero et al. (2011)
criterion; a starburst is an abject with sSFR > 4x sSFRsg, | used the MS from
Schreiber et al. (2015). | found 96 starbursts galaxies at z < 4, representing
a fraction of 20% of all IR detections. This fraction was larger than the one
fromJin et al. (2018) mainly because | had shallower FIR Herschel/SPIRE images,
hence | didn't probe the lower part of the MS (at lower SFR) as efficiently as
they did.

The fact that overall | detected more IR galaxies than Jin et al. (2018) is
mainly driven by high redshift galaxies. Indeed, | had 48 detected galaxies at
z > 3, this was a detection rate nearly 2x more important than from Jin et al.
(2018). This higher efficiency came from the mass-selected galaxies from the
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Figure 4.3: Left panels: Example of the “super-deblending" process. | fit the sources
ID12502 (left) and ID13658 (right) together with other sources in an image box at each
band (See Figures 4.1 and 4.2). Here, | show their finalized SED fitting. Blue, red and
green curves show the stellar component (Bruzual & Charlot 2003), the AGN torus
emission (Mullaney et al. 2011) and the dust continuum emission (Magdis et al. 2012).
The z, is the near-IR photometric redshift from the Stefanon et al. (2017) catalog;
these galaxies were classified as Pure Main Sequence with a SFR;r = 185.7Mg yr—!
and SFRrr = 364.0My, yr—!, ID13658 is a radio-loud AGN. The downward arrows
show the 20 upper limit at a given wavelength. Right panels: RGB cutouts of the two
sources produced using JWST/NIRCam images from filters F115W, F200W and F444W.
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Figure 4.4: SFR vs. redshift for the S/Nprr+mm > 5 sources. The SFRs are com-
puted from the integrated 8 — 1100um infrared luminosities derived from FIR+mm
SED fitting, assuming a Chabrier IMF (Chabrier 2003). Colors indicate the combined
S/N over the FIR+mm bands (> 5 for blue and > 10 for red). The colored curves show
the empirical tracks of the MS galaxy SFR as a function of redshift at three main se-
quences in specific stellar masses (Sargent et al. 2014).

highly complete Stefanon et al. (2017) catalog (10% of the z > 3 detections) and
also to the NIRCam additional sources representing 8% of the =z > 3 galaxies.
NIRCam additional sources were crucial as 80% of IR detected sources were
at z > 3, allowing a better completeness of the catalog toward the highest
redshifts.

In Figure 4.5, | show the redshift distribution of the S/Nrrgimm > 5
sources from my catalog. The distribution of the number of detections is
nearly flat up to z < 2, followed by an exponential decrease between z ~ 2
to z ~ 7. To take into account the uncertainties on the photometric redshift
estimations, | convolved the redshift distribution with its uncertainty. Practi-
cally, | perturbed the photometric redshifts based on their uncertainty taking
a random value following a normal distribution centered on the best redshift
and with a width equal to the associated uncertainty. By doing that a hundred
times, | obtained the mean cumulative number of detected sources in each
redshift bin. From this cumulative distribution, shown in red in Figure 4.5, |
have 4 — 5% of detected sources at z > 4 and only a handful of them are
predicted with z > 6.
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Figure 4.5: Redshift distribution of S/Nprgtmm > 5 sources. The black histogram
shows the distribution of the best-fit redshifts from SED fitting. The blue histogram
shows the uncertainty-convolved redshift distribution, and the red line shows its cu-
mulative distribution N (> z)

More quantitatively, in the pool of 480 sources with S/Ngrr+mm > 5, | had
25 sources with z > 4. Among them, 18 were from the Stefanon et al. (2017)
priors and had an optical photometric redshift, 2 being mass-selected (i.e. not
detected at 24um or in the radio), 1 was an additional source from NIRCam,
1 was added from the residual of the PACS/160 image and 5 were from the
residual image at 1.1mm. None were from the 850um images, this was be-
cause the 850um image were fitted after the 1.1mm, hence taking advantage
of the 1.1mm additional sources, the larger map from Geach et al. (2017) being
too shallow to detect any high z additional sources. The FIR-based photomet-
ric redshifts were extracted from the SED fitting based on the model giving
the lowest x2 and | applied the Ax? = 2.5 criterion (corresponding to 90%
probability confidence) to estimate the uncertainty of the redshift (Avni 1976).
For more details on the SED fitting procedure and on the redshift estimation,
| refer the reader to Section 3.4 and to Jin et al. (2018).

We can look for dusty star-forming galaxies (DSFG) at high redshift, fol-
lowing the selection criteria of Ivison et al. (2016). | selected them with Her-
schel/SPIRE colors (5500Hm > 30mJy, SO SE)OO,um/SZE)O,um >1.5 and SBOOum/S?;E)O,um >
0.85). lvison et al. (2016) detected 35 DSFGs in a 600deg? survey with z = 4 — 6.
Jinetal. (2018) made a similar selection in the COSMOS field and found a higher
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space-density thanks to the “super-deblended" catalog, they detected 64 DS-
FGs in a 2deg? survey with z = 4 — 6. In my catalog, | was able to detect only
1 such DSFGs in the same redshift range (1D28834 at z = 5.0), for a 0.06deg?
survey, leading to a density 50% less important than Jin et al. (2018), this was
expected as the Herschel/SPIRE images are deeper in the COSMOS field than
in the EGS field of view getting smaller, the probability to find a high z DSFG
was getting small too.

4.3 . FINAL SED FITTING

At the end of the super-deblending cycle described in the previous sec-
tion, | applied a final SED fitting to get an optimal estimation of several pa-
rameters (fluxes, SFRs, redshifts). To make sure that the extracted informa-
tion was reliable, | looked at the x? distributions. Since the part of the spec-
trum that is most affected by blending is the FIR and that the mid-IR could
be affected by the level of PAH, which is not taken into account in my SED
models, | calculated the x? over the 100 — 1100pm range. | had a median
reduced x? of 1.7 for galaxies with (S/N)ririmm > 10 and of 1.8 for galax-
ies with 5 < (S/N)prr+mm < 10. Overall, | had ~ 19% of galaxies with
(S/N)Frrimm > 5 that had a x? > 4, hence where the SED fit was not of
good quality. Different possibilities could explain this high level of failure:
first the uncertainties could be underestimated, but the errors have been
carefully tuned via extensive Monte-Carlo simulations and compared to lit-
erature. It was then highly improbable that error-bars could be responsible
of high x2 values, moreover, | limited the SNR to 5 at best for all individual
bands. Another reason could be that the deblending didn't work correctly for
some crowded regions and the fluxes haven't been associated to the right
prior, but when comparing individual bands to the literature, | never found
numerous outliers. On the contrary, we are always consistent. In GOODs-
North, Liu et al. (2018) explain that their 2% of failed SED fit were mainly due
to a problem of redshift or blending between high and low redshift sources.
It is highly probable that | am affected by the same problem here especially
since | have shallower images. However, it would not explain why my number
was much higher than the one from Liu et al. (2018).

To try and find the origin of the fit failures, | looked at the x? value for each
band to see if a specific band was responsible for a systematic effect on the 2
values. For each sources in my catalog, | calculated the x? at each band band.
By looking at all the x2 values of a single band, | hoped to detect a systematic
effect. In Figure 4.6 | show a box plot. For each band, the box illustrates its
x? distribution, the orange horizontal line is the median, the box delimits the
first and third quartiles, hence contains 50% of the points and the whiskers
delimit the standard deviation of the distribution. The two PACS bands have
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Figure 4.6: Study of x? evolution with the wavelength. For each source, | calculated
the x?2 at all bands, | plot here the distribution of all the individual x? value for single
bands. The orange line is the median, the edges of the box represents the first and
third quartiles (25% and 75% respectively) and the whiskers correspond to the 1o
distribution. | also plot the x2 = 1 line in blue representing the ideal value and the
x? = 4 line in red representing the critical value above which the fit is considered a
failure.

a median < 1 (blue line in Figure 4.6), which is expected for a good fit. That is
also the case for the 250um and 450um images. For the other FIR bands, the
median oscillates between 2 and 3 with, on average ~ 70 — 75% of points with
a x? < 4 (red line in Figure 4.6). The two bands with the largest x? are the
SPIRE/500um and the 1.1mm bands. This is somewhat expected as this two
bands are shallow, especially the SPIRE/500 which also is the most blended. Fi-
nally, I noticed that the x? associated to the radio bands was much larger, this
was expected as the SED model didn't take into account radio emission from
AGNSs, hence, the fact that most radio data points are not consistent with the
dust SED means that they probably have an AGN component. This figure does
not show a particular FIR band that would be responsible for the failed SED fit.
The main difference between Liu et al. (2018) and my catalog is that they use
much deeper FIR images, hence, their SED predictions and prior selection wer
more accurate than mine, due to the shallowness of my images, especially in
the SPIRE bands, there is a possibility, despite extensive Monte-Carlo simula-
tions that my fluxes are boosted. Having all of this in mind, | considered that
having ~ 80% of successful SED fit was a success, understanding better the
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reason why ~ 20% of fit failed would require at individual cases and see if |
can see a common issue. Due to time constraints, | didn't have time to dig
deeper into this.

This study of x? shows that the SED fitting procedure was efficient, and val-
idates the interest of using SED fitting to predict fluxes. | can also be confident
with the fitted fluxes and SFR. For the redshift, it is more delicate because of
the degeneracy between redshift and dust temperature. For a detailed anal-
ysis of the consequences of this degeneracy, | refer the reader to Section 7.2
of Jin et al. (2018).

All of these convinced us that | probed the FIR images as much as | possibly
could and the super-deblending process matched the goal of producing the
deepest FIR catalog in the EGS field with a little help from newly acquired VLA
and NIRCam images.

4.4 . NUMBER COUNT

Finally, it is important to clarify that | did not embark in a direct study
of the completeness of my IR photometric catalog. Given the large PSFs in
the FIR/(sub-)millimeter bands, the probability of detecting a galaxy of a given
flux largely depends on the properties and densities of surrounding galax-
ies. Estimating this probability would thus require extended simulations to
be performed simultaneously in all bands. However, | decided to calculate
differential number counts and to compare them to the literature to make
sure that we were consistent and not too incomplete. | highlight three bands
here, PACS 160um, SPIRE 350um and SCUBA2 850um, this is because both
PACS bands gave similar results and so did the three SPIRE bands. The num-
ber counts can be found in Table 4.2.

These number counts were calculated from the fitted fluxes. The errors
were calculated by perturbing the fluxes to get the uncertainty on the number
of sources per flux bin. The shot noise was also taken into account and a
small (5%) error was added to take into account the uncertainty on the area
coverage of the catalog.

In Figure 4.7, | compare my number counts to the number counts from lit-
erature measured in deeper fields. For the PACS band, my differential number
counts are in agreement with the literature. For the SPIRE band, my number
counts seem to be slightly above previous results but in agreement within
error bars. The difference could come from the fact that using my “super-
deblending" method, | am able to resolve fainter sources, hence having a bet-
ter completeness especially around 20 —30m)y. Finally, the shallowness of the
SCUBA2 image from Geach et al. (2017) makes it difficult to compare it with the
literature because of the large scatter, but my results seem to be in general
agreement with previous studies.
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Table 4.2: Differential Number Counts

Band Bincenter  S%*%dN/dS Error Bin width
(1m) (mly) (mJy'°deg™®) (mJy'>deg™®)  (m)y)
160 7.52 38067 7341 2.26
160 10.18 91454 14332 3.06
160 13.78 132596 21360 4.14
160 18.64 159301 28838 5.60
160 25.23 153982 34845 7.58
160 34.14 157000 43657 10.25
160 46.20 137330 01376 13.87
160 62.53 131861 60626 18.78
160 84.62 99989 70025 25.41
350 8.89 25757 7729 1.98
350 11.13 60626 14092 2.48
350 13.92 104142 21919 3.11
350 17.42 164461 32524 3.89
350 21.80 225061 44788 4.87
350 27.28 215459 50835 6.09
350 34.13 157223 51027 7.62
350 42.70 137189 26071 9.53
350 53.44 91801 53751 11.93
850 0.99 1916 299 0.58
850 1.81 4986 728 1.06
850 3.30 9436 1515 1.93
850 6.02 7839 1914 3.52

These number counts comparison allow us to be confident about the com-
pleteness of my “super-deblended" catalog, especially for fluxes higher than
5. However, for fluxes lower than 5o my measurements are incomplete in
comparison to other studies in deeper fields. This is a logic consequence of
the “super-deblending" prior selection process where | select only the sources
that are predicted to be above a certain level of flux and subtract the fainter
sources. The fact that my number counts are in agreement with those from
deeper studies in other fields demonstrates the solidity of the “super-deblending"
technique to retrieve fluxes in highly blended images.

4.5 . LOOKING FOR THE MAIN SEQUENCE

In Figures 4.8 and 4.9, | plot for several redshift bins between z = 0.2to z =
8.0, the SF'R;R versus the logio(M./Mg). | choose to plot only the sources
that satisfy SNR;r > 5and SFRrr > 3 X ogrgr, SO a total of 391 sources. |
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Figure 4.7: Comparison of my differential number counts with the literature. In the
upper left panel for 160um, | compare my results with Berta et al. (2011); Béthermin
et al. (2010); Magnelli et al. (2013). In the upper right panel for 350um, | compare my
results with Béthermin et al. (2012); Clements et al. (2010); Oliver et al. (2010). And in
the lower panel for 850um, | compare my results with Casey et al. (2013); Chen et al.
(2013); Geach et al. (2017). The black dotted line correspond to the 50 detection level
at the corresponding band in my “super-deblended" catalog.

add the Schreiber et al. (2015) Main Sequence and a color code (green for pure
main sequence objects: SFR — SFRys < 0.3dex, red for pure starbursts:
SFR — SFRy;s > 0.6dex and blue for unclassified, see Section 3.4). The
distribution of my data shows that it is dominated by main sequence galaxies,
they represent 50% of the sample, and 74% if | add the unclassified objects
above the main sequence but not enough to be classified as pure starburst.
Schreiber et al. (2015) Main Sequence is in Salpeter IMF (Salpeter 1955), while
my data is in Chabrier IMF (Chabrier 2003), to stay consistent, | multiply the M,
by 1.23 to convert it to Salpeter IMF, then calculate the corresponding SF Ry
and convert it back to Chabrier IMF by dividing it by 1.58.

These Figures show that the population of detected sources (SN Ry > 5)
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Figure 4.8: SFR;r vs M, for some of the 391 resolved sources (SNR;r > 5) with
SFR;r > 3 x osrr for several redshift bins. Red dots are sources classified as pure
starburst, green dots are sources classified as pure Main Sequence and blue dots
are unclassified sources (see Section 4.5). The magenta line and shaded region cor-
respond to the Main Sequence and its scatter as described in Schreiber et al. (2015).

with SFR;r > 3 X ogrp is biased. Indeed, in this sample, | have 196 pure
Main Sequence galaxies, 100 pure starburst galaxies and 95 that remain un-
classified. The fact that the fraction of pure starburst galaxies in the sample
(~ 26%) is so high is linked to the selection bias. Due to the confusion of the
FIR bands, especially the SPIRE bands, the strongest detections correspond at
the highest level of SFR for a given redshift, this mean that the starburst galax-
ies are over-represented compared to normal MS star-forming galaxies. The
sample is also biased in stellar mass, the detections correspond to the most
massive galaxies (M, > 10'' M) and most of them have z < 3. Nevertheless,
| still have some detections at lower masses and higher redshift. Probing less
massive galaxies at high redshift would have required higher spatial resolu-
tion and longer exposures in the FIR bands. That explain why | didn't have
source below M, /M = 10° or with a SF R less than a few tens of Mg.yr—1
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Figure 4.9: SFRgr vs M, for some of the 391 resolved sources (SNRrr > 5) with
SFR;r > 3 x osrr for several redshift bins. Red dots are sources classified as pure
starburst, green dots are sources classified as pure Main Sequence and blue dots
are unclassified sources (see Section 4.5). The magenta line and shaded region cor-
respond to the Main Sequence and its scatter as described in Schreiber et al. (2015).

It is important to highlight the fact that for sources with SNR;r < 3, the
SED fitting can be erroneous, and so the computed SFR. Hence, the classifica-
tion in Main Sequence or starburst must be taken with precaution. Most of
the SNRrr < 3 sources classified as starburst are badly classified because
the computed SFR is more likely to be an upper-limit than the actual SFR.

4.6 . USE OF THE CATALOG

The “super-deblended" catalog has been shared within the CEERS collab-
oration and appeared to be useful. Indeed, several CEERS papers lean on my
work to assert their results (Kocevski et al. 2023, Zavala et al. 2023, Finkelstein
etal. (2022)). The super-deblending technique is particularly efficient to detect
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DSFGs masquerading as high redshift galaxies as it has been proven that they
are or could be (Zavala et al. 2023,Fujimoto et al. 2022), and so, is a manda-
tory sanity check for any high redshift (z > 9) candidates. This is especially
true in the EGS field as their is no sub-mm coverage from ALMA or NOEMA.
The “super-deblended" catalog was also used in Kirkpatrick et al. (submitted
to ApJL) where they compare the Spitzer/MIPS and JWST/MIRI performances
as they probe the same wavelength range. The “super-deblending” technique
was also used to deblend LOFAR images for the NICE collaboration (Pls: E.
Daddi, T. Wang).

This catalog is also a good tool to select high-z DSFGs, like Cosmic Noon
galaxies as | will see in the next chapter.

As a final remark on the catalog, | emphasize that | will publicly release
the photometric catalog for all 24m+radio priors and the additional sources
extracted from the residual images in an upcoming publication.

This concludes the making and studying of the “super-deblended" catalog.
Based on this far-IR catalog, we can easily gather a list of dust-rich galaxies
as they will be among the brightest in the far-IR detections. In the following
chapters | explain how, using this catalog and the exquisite images of the JWST,
| studied dusty star-forming galaxies around Cosmic Noon.
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5- DUSTY STAR FORMING GALAXIES AT COS-
MIC NOON

In the remaining of this manuscript, | will study dusty star-forming galax-
ies, it is then important to establish what is the current understanding of
them. This is what | present in the following section. | also explain in this
chapter how | selected the galaxies that | decided to study in detail.

5.1. WHAT IS THE CURRENT LEVEL OF UNDERSTANDING OF DS-
FGSAT:=27?

Until recently, the existence of the so-called galaxy Main-Sequence, which
| recall is a correlation that the majority of star-forming galaxies observe in
the stellar mass (M,) versus star formation rate (SFR) plane up to redshift 3
(MS, e.g., Daddi et al. 2007; Elbaz et al. 2007; Noeske et al. 2007; Schreiber et al.
2015) and its tight scatter has been interpreted as evidence that star formation
in most galaxies is a fairly ordered process (Schreiber & Wuyts 2020). The
‘consensus’ is that galaxies on the MS are forming stars in a quasi steady state
inside gas-rich stellar disks (e.g., Sancisi et al. 2008; Dekel et al. 2009) whereas
galaxies above the MS undergo a starburst, driven by stochastic processes
such as major mergers, whose typical signature is compact star formation
(e.g., Tacconi et al. 2008).

However, recent studies at z ~ 1 — 3 have shown that some massive
(M, > 10' M) MS galaxies have a stellar distribution typical of late type
galaxies but where the star formation only occurs in a compact nucleus (Elbaz
et al. 2018; Puglisi et al. 2019, 2021; Tadaki et al. 2017, 2020; Franco et al. 2020;
Gbémez-Guijarro et al. 20223; Jiménez-Andrade et al. 2019, 2021). The origin of
these compact SF sub-mm galaxies (SMGs) observed with the Atacama Large
Millimeter Array (ALMA) is yet to be fully understood. Three main scenarios to
form the compact sub-mm nucleus are : (1) gas fueled to the core via violent
disk instabilities (VDI) and clump migration, (2) a starburst induced by a ma-
jor merger or (3) accretion and/or minor mergers (e.g. Gomez-Guijarro et al.
2022b). These compact SF nuclei could be an indication of an early quenching
phase (Puglisi et al. 2019; Franco et al. 2020; Puschnig et al. 2023).

Besides the compact nucleus, high-z SF galaxies are observed to have gi-
ant SF clumps (radius ~ 1kpc). The origin of these clumps has been investi-
gated by many studies (Puschnig et al. 2023; Fensch & Bournaud 2021; Hodge
et al. 2019; Rujopakarn et al. 2019; Mandelker et al. 2014; Wuyts et al. 2012;
Elmegreen 1994, 1989). Mandelker et al. (2014) suggests that they can either
be in-situ clumps, originating from VDI (e.g. ElImegreen 2011), in this case they
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are young and star-forming, or they can be ex-situ clumps, originating from
minor mergers, in that case they will be older and with a low gas fraction and
low specific star-formation rate (sSFR). A recent simulation showed that the
formation of such long-lived giant clumps is only possible with a gas fraction
of at least 50% (Fensch & Bournaud 2021). This large gas fraction is necessary
to induce VDI that will produce clumps that will migrate toward the center,
creating strong gas nuclear inflow and triggering an evolution of the struc-
ture of the galaxy, leading to a morphological evolution (Fensch & Bournaud
2021). This scenario is also favored by some observations (Forster-Schreiber
et al. 2011; Guo et al. 2012). More recently, Puschnig et al. (2023) studied a local
galaxy as proxy for high-z galaxies, confirming that the giant SF clumps mostly
originate from a fragmentation of the disk, induced by VDI and not accretion
or minor mergers. With its high spatial resolution, the James Webb Space Tele-
scope's (JWST) near-IR Camera (NIRCam) is able to better resolve such giant SF
clumps and could help constraining this scenario. It is thus becoming clear
that the galaxies within the MS scatter are not all largely unperturbed gas-
rich disks. The compact SF cores, as well as the giant clumps, independently
of their formation history, imply complex phenomenology at play, much dif-
ferent than local SF galaxies in the MS that are typically well behaved spirals.

Recently, emphasis has been brought onto other kind of asymmetries
characterising high redshift SF galaxies. Kalita et al. (2022) discovered strong
lopsidedness affecting the three massive SF galaxies in a z = 2.91 group core.
They suggested a link between the lopsidedness of a galaxy in a dense envi-
ronment to gas accretion and minor mergers. The lopsidedness would then
be a marker of the point of impact of the accretion stream, following Bour-
naud et al. (2005) who investigated the origins of lopsidedness in simulated
galaxies. Their conclusion is that it is very unlikely that the lopsidedness is the
result of internal mechanisms but is more likely to be linked to the assembly
history and the environment of the galaxy, to asymmetric gas accretion and
to minor merger and interactions with neighbouring galaxies. This is also the
conclusion of studies on lopsidedness of galaxies in the local universe (Jog &
Combes 2009; Zaritsky et al. 2013). Rujopakarn et al. (2023) studied a galaxy
in a dense environment with SF off-center substructures. They interpreted it
as either forming spiral arms following a minor merger, an interaction with
a neighbouring galaxy or a lopsided structure resulting from the point of im-
pact of the cold gas accretion stream. Colina et al. (2023) reported JWST MIRI
observations of GN20, an extremely luminous sub-mm galaxy residing in a
z = 4.05 protocluster (Daddi et al. 2009). They reveal a massive extended disk
surrounding the sub-mm compact nucleus, displaying strong lopsidedness.
As of today, the lopsidedness has only been studied in dense environments
and serendipitously. Observing lopsided disk in less crowded environment
and inferring their prevalence in complete samples could shed further light
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on their presumed origin from interactions and accretion, and clarify whether
a massive hosting dark matter halo is, or not, required.

By probing the rest-frame optical to near infrared (near-IR) at Cosmic Noon,
JWST/NIRCam has a unique ability to fill the gap between the sub-mm com-
pact nucleus observed with ALMA and the larger galactic disk observed in the
optical and will help critically examining the competing scenarios. As an ex-
ample, Rujopakarn et al. (2023) recently studied substructures within a dusty
star forming galaxy (DSFG) at z ~ 3 imaged with both ALMA and JWST. From
NIRCam images, they showed that the ALMA substructures are also visible at
4pm, demonstrating the direct link that one can draw between near-IR and
sub-mm emissions. This suggests that the long wavelength channel of NIR-
Cam might be a good tracer of compact obscured star formation in MS DSFGs.

The present study is part of the Cosmic Evolution and Epoch of Re-ionization
Survey (CEERS"; ERS 1345, PI: S. Finkelstein) which is one of the Early Release
Science (ERS) programs of the JWST (Gardner et al. 2023) that observed a part
of the EGS Hubble Space Telescope (HST) field with NIRCam (Rieke et al. 2023).
EGS is too far North to be observed with ALMA and there is no high resolution
imaging with the Northern Extended Millimeter Array (NOEMA) yet. However,
the high sensitivity and exquisite spatial resolution of NIRCam towards 5um
can be used as a surrogate to identify the most obscured and massive regions
within galaxies, hence those most likely vigorously star-forming.

Understanding how DSFGs are formed and evolve is crucial to get the
larger picture of galaxy formation and evolution, and it could be a key ele-
ment to explain the quenching of galaxies at and after Cosmic Noon. To this
aim, JWST/CEERS allows a major step forward. Indeed Kartaltepe et al. (2023)
already showed that JWST reveals the diversity of morphologies of galaxies
at high redshift. JWST high spatial resolution and sensitivity is able to detect
faint disks that were previously undetectable with HST. Moreover, a recent
study by Kamieneski et al. (2023) uses JWST/NIRCam to probe the dust atten-
uation and sSFR of a lensed DSFG at z = 2.3. They demonstrate the power
of JWST/NIRCam to precisely measure these properties at sub-galactic scales,
allowing them to conclude that despite a more dust attenuated bulge, the
color gradient of this galaxy is mainly driven by an early stage of inside-out
quenching. This makes JWST/NIRCam the best instrument to investigate the
morphological evolution of DSFGs around Cosmic Noon, in terms of compact
star formation, giant clumps and galaxy structure.

The study is organized as follows. In Section 5.2 | present the data used in
this study and the sample selection process. In Chapter 6, | detail the meth-
ods used to analyse each galaxy individually. In Chapter 7, | outline the main
results of the analysis. Finally, in Chapter 8, | discuss the possible implications
of the results in terms of formation and evolution of DSFGs at Cosmic Noon.

"https://ceers.github.io
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In this work, | adopted Hy = 70km s—! Mpc~!, Q7 = 0.3, Ag = 0.7, and a
Chabrier IMF (Chabrier 2003). When necessary, | converted stellar masses and
SFR from Salpeter IMF (Salpeter 1955) to Chabrier IMF by multiplying the M,
by 1.23 to convert it to Salpeter IMF and calculating the corresponding SF Ry s
and converting it back to Chabrier IMF by dividing it by 1.58.

5.2 . USING THE JWST AND THE SUPER-DEBLENDED CATALOG TO
STUDY DSFGs

5.2.1. CEERS IMAGING

For the purpose of this study, | used the NIRCam imaging of CEERS, re-
duced using a customized pipeline by the CEERS collaboration (Bagley et al.
2022). It includes images in 7 filters: F115W, F150W, F200W, F277W, F356W,
F410M and F444W for an average 50 depth of 28.6 AB mag (See Table 3 of
Bagley et al. (2022) for more details, each filter/pointing as a slightly different
depth). The Point-Spread-Function (PSF) Full-Width at Half-Maximum (FWHM)
of those filters range from 0.040" to 0.145" for F115W and F444W respectively?.
For this study, | used the CEERS imaging from the June 2022 pointings, which
represent 40% of the total area covered by NIRCam for CEERS between June
and December 2022. | used the background subtracted images as | wanted to
measure precise photometry. As | needed to extract galaxy properties based
on spectral energy distributions (SEDs), | decided to complement shorter wave-
lengths by taking advantage of the existing HST imaging in the field. | used
the publicly available HST data products version 1.9, available through CEERS.
These mosaics were derived from HST archival data, but with improved cali-
bration compared to the default pipeline products, and have astrometry tied
to Gaia-EDR3 (Lindegren et al. 2021). As described in the accompanying data
release, the mosaics were created from the combination of HST programs
10134, 12063, 12099, 12167, 12177, 12547, 13063, and 13792, and the reduction
and calibration followed a similar procedure to those described in Koekemoer
et al. (201). | used two filters; F6o6W and F814W with a PSF FWHM of 0.115”
and 0.110” respectively (Koekemoer et al. 2011). | did not use the HST/WFC3
images as these bands are redundant for bright galaxies, as they are covered
by JWST/NIRCam images which are deeper and with better spatial resolution.

5.2.2. THE “SUPER-DEBLENDED" FAR-IR CATALOG

My goal here is to study the morphology and SF activity of DSFGs. | select
galaxies based on their IR detection in the state-of-the-art super-deblended
far-IR (FIR) catalog of the EGS field (see Chapter 3 and 4). FIR emission is a se-
cure tracer of star formation (once the AGN components are removed), while

2https://jwst-docs.stsci.edu/jwst-near-infrared-camera/
nircam-performance/nircam-point-spread-functions

92


https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-performance/nircam-point-spread-functions
https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-performance/nircam-point-spread-functions

optical/near-IR classification of SF galaxies is subject to larger uncertainties es-
pecially in the presence of dust. Hence, my FIR selection ensures the galaxies
under scrutiny are truly highly SF.

I recall that the super-deblending is based on a well-established technique
(Liu et al. 2018; Jin et al. 2018). It is a multi-wavelength fitting technique meant
to optimize the number of priors fitted at each band to extract the deep-
est reachable information. | used images from Spitzer, Herschel, SCUBA2 and
AzTEC. The key was to obtain an adaptive balance as a function of wavelength
between the density of priors fitted, the quality of the fit, and the achievable
deblending given the PSF sizes. | started with the deepest images and fit-
ted band after band toward shallower images. Extensive Monte-Carlo simu-
lations ensured that the uncertainties associated to the flux measurements
were “quasi-Gaussian” (for more details see Chapter 3 and 4 as well as Liu
et al. 2018; Jin et al. 2018).

5.2.3. SAMPLE DEFINITION

| selected all sources securely detected in the FIR catalog (see Section 5.2.2)
that fell in the CEERS/NIRCam regions observed in June 2022. Since short
wavelength channels have a slightly different field of view than long wave-
length channels, | checked that the sources are observed in all of them and
that they were not too close to the edge of the images so that there were
not partially cut. In detail, | require the galaxies to have SNRrrr > 5, where
SNRp;R is the signal-to-noise ratios (SNR) added in quadrature from 100um to
1.1mm (see Chapter 4, Equation 4.1) and have at least one detection (SNR> 3)
in a Herschel/SPIRE band after deblending (required to reliably measure SF
components in case of AGNs). The implication of the IR selection is that |
don't have a stellar mass complete sample of SF galaxies (e.g., complete above
some mass threshold), and | have instead something closer to a (redshift-
dependent) SFR limit. | am aware that | am missing SF galaxies below my IR
detection threshold, as | wish to focus to highly (and securely) star-forming
galaxies.

| also limited the sample to galaxies within 1.5 < z < 3.0, as | am willing to
focus on galaxies at “Cosmic Noon”, as recalled in the Introduction. To get ac-
curate redshift estimates, | used the recent redshift compilation produced by
Kodra et al. (2022), which includes photometric redshifts based on CANDELS
(Grogin et al. 2011; Koekemoer et al. 2011) as well as grism-based redshifts from
3D-HST (Momcheva et al. 2016) and spectroscopic redshifts from the MOSDEF
survey (Kriek et al. 2015).

This sample comprised a total of 26 IR-detected sources. From these, 4 had
to be rejected after a clean up. After close inspection, three galaxies were in a
blended region and/or close to a much brighter IR source, making the Herschel
measurements less reliable. The last rejected source hosted an AGN (clear
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radio excess, ~ 10x brighter than what is expected for the radio continuum
based on IR emissions, and X-ray detected: ID15327, RA = 215.82825, Dec =
52.80844, zphor = 1.61, logio(Laan/Le) 2 11.3), hence the majority of its IR
luminosity does not come from SF regions which are the main objects of this
study.

This left us with a clean sample of 22 FIR-bright DSFGs around Cosmic
Noon. | illustrate in Figure 5.1 the distribution of the sample in terms of stel-
lar mass estimated in the pre-JWST era (Stefanon et al. 2017) and total IR lu-
minosity from my super-deblended catalog (calculated based on the equa-
tions in Press et al. (1992)) versus redshift (Kodra et al. 2022). | also show
the distance from the MS (Schreiber et al. 2015) with a 0.6 dex total scatter
(Rodighiero et al. 2011) defined as Ay ¢ = SFRir/SFRys. Schreiber et al.
(2015) uses a Salpeter IMF (Salpeter 1955), | converted stellar masses and SFRs
from Salpeter IMF to Chabrier IMF by subtracting 0.24 dex. The red shaded
region corresponds to the pure starburst region as defined in Liu et al. (2018)
(log1o(SFRir/SFRys) > 0.6 dex), | have two galaxies in my sample classi-
fied as pure starburst. The rest is mostly either within the scatter of the MS,
but above its average trend, i.e. above the MS but below the starburst regime.

In Figures 5.2, 5.3 and 5.4, | show RGB cutouts of my sample of galaxies
using the F115W, F200W and F444W filters of NIRCam. The galaxies are sepa-
rated in three classes, as discussed in detail in the next Section.

We have now a sample of DSFGs ready to be studied. | explain in the next
chapter how | probed their properties.
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Figure 5.1: Stellar Mass (upper-left panel), total IR luminosity from the super-
deblended catalog (upper-right panel) and distance from the Main Sequence
(MS, lower panel) of the galaxies in the selected sample versus their redshift.
The colors on the upper-right panel delimits the luminous IR galaxies (LIRG,
in yellow) and ultra-LIRG (ULIRG, in red) local regimes for information. On the
lower panel, the yellow shaded region illustrates the MS from Schreiber et al.
(2015) while the red shaded region illustrates the pure starburst regime (Liu
et al. 2018).
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Figure 5.2: Type |: SF disks with a red SF core (see Section 6.7). RGB (F115W,
F200W, F444W) non PSF-matched cutouts. In each cutouts the white bar de-
fines the scale of the image. The dotted regions correspond to the different
studied components, the core/bulges are shown in red, the rest are the dif-
ferent parts of the disks (blue or green show patches when present, magenta
is the remaining of the disk) see Section 6.5. The galaxies with a circled L are
the most lopsided galaxies of my sample, see Section 7.1.3.
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Figure 5.3: Type II: Quenched disks with a SF core (see Section 6.7). Similar to
Figure 5.2.
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Figure 5.4: Type IlI: SF disks with a quenched buige (see Section 6.7). Similar to
Figure 5.2 and 5.3.
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6 - PROBING THE PROPERTIES OF DSFGs AT COS-
MIC NOON

In this chapter, | detail the methods used to analyze each galaxy, taking
one of the objects (ID15371) as an example, to better clarify the procedure that
| applied to all galaxies. For each galaxy, | started by creating cutouts in each
band (HST/ACS F606W, F814W and JWST/NIRCam F115W, Fi50W, F200W, F277W,
F356W, F410M, F444W). | show the cutouts of a DSFG in Figure 6.1 where one
can already see by eye a difference between the disk visible in all bands and
the center of the galaxy invisible in the HST images but getting brighter at
longer wavelengths, justifying the need to study each component individually
rather than the galaxy as a whole. One of the first steps was to see if | could
identify a bulge and a disk in each galaxies just like for ID15371, as discussed
below.

JWST/NIRCam images have a spatial resolution ranging from 0.040" at 1.15um
up to 0.145” at4.4um. The larger 4.4um PSF allows a resolution in physical size
down to 1.23 (1.12) kpc for a galaxy at redshift 1.5 (3). This means that | was
able to spatially resolve galaxy substructures down to a radius ~ 0.6kpc. This
made the resolution of F444W perfect for this study as we know the sizes of
compact SF regions and giant clumps to be ~ 1kpc (Gomez-Guijarro et al.
20223a; Rujopakarn et al. 2019; Forster-Schreiber et al. 2011).

6.1. MEASURING GALAXY SIZES

Several studies have shown that the regions of star-formation, either traced
by the dust emission at 1.1mm observed with ALMA or by the radio continuum
emission detected by the Very Large Array (VLA), are more compact than the
optical size of the galaxy (Puglisi et al. 2019; Gomez-Guijarro et al. 2022a; Fuji-
moto et al. 2017; Jiménez-Andrade et al. 2019, 2021).

JWST, with its sensitivity of the near and mid-IR, can detect both the ob-
scured star-forming central part of each galaxy invisible with HST and the less
obscured larger system, invisible with ALMA or VLA and bridge the gap.

To investigate this, | measured the total near-IR half-light radius (R. n1r)
of each galaxy in the closest band to 1.6um rest-frame (F410M or F444W filter
depending on the redshift). This rest-frame wavelength was chosen as it is a
known tracer of the stellar mass of galaxies and is not affected by dust atten-
uation (Hainline et al. 2011; Casey et al. 2014). Moreover a recent study using
NIRCam/CEERS data showed the excellent agreement between the near-IR
size and the stellar mass size of galaxies around Cosmic Noon (van der Wel
et al. 2023). | measured R. nrr from a curve of growth method, given that
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Figure 6.1: Cutouts of HST/ACS and JWST/NIRCam images of the DSFG ID15371
at zgpec = 1.921. Cutout size: 3.6”x 3.6”. | also indicate the rest-frame wave-
length corresponding to each filter (white label). The filled circle in the white
box illustrate the PSF size for each filter.

in all cases the PSF has a negligible effect (much smaller than any R, n1r).
The R, nrr Was defined as the radius of a circular aperture, centered at the
center of mass (barycenter) of the galaxy, which encompassed half of the to-
tal flux density of the galaxy at the considered wavelength. To estimate the
uncertainty, | used the fact that | typically have a 5% uncertainty on the mea-
surement of the total flux of the galaxy (see Section 6.5 for more details on the
photometry measurements). | also measured the bias introduced when using
a circular aperture for edge-on galaxies (like ID23510 in Figure 5.2) by compar-
ing the fluxes encompassed in an elliptical aperture and a circular aperture.
The difference is about 5%. Hence, by changing the total flux of the galaxy
within 10% | can estimate the uncertainty on R yrr for which 50% of the to-
tal flux is encompassed.
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| also measured the total optical half-light radius (R, o) of each galaxy in
the closest band to 550nm rest-frame following the same procedure to com-
pare it with R. n1R.

6.2. IDENTIFICATION OF CORES/BULGES

Depending on the redshift, the F444W filter of NIRCam probes the rest
frame near-IR between 1.1um and 1.8um which is a good tracer of stellar mass
(van der Wel et al. 2023). Hence, inspection of galaxy morphologies in this fil-
ter allowed us to search for the center of mass of each galaxy in my sample, or
lack there-of, as a well defined peak in the F444W images. | was able to clearly
identify a peak in the flux distribution of this filter for every galaxy. Depending
on the galaxy, the peak was more or less pronounced, but always confidently
there. | then defined a region in each galaxy encompassing the peak, as the
core or the bulge of the galaxy. The regions are defined by eye as the peak
is easily identifiable in every galaxies, the limit of the core is where the flux
coming from the red F444W filter doesn't dominate anymore the RGB (F115W,
F200W, F444W) color. Generally, a bulge is often defined in the literature as
a quiescent central component with a high Sersic index (e.g., n ~ 4), and is a
common component in local massive galaxies. In my study | did not attempt
obtaining Sersic fits of separate components, and, more importantly, | antici-
pated that in many cases the central concentrations would not be quiescent,
actually, most of them were highly SF and attenuated. | decided thus to call
the central concentrations as cores when they were SF and bulges when they
were quiescent. They are represented by the regions delimited by the red
dotted lines in all galaxies in Figure 5.2, 5.3 and 5.4.

| emphasize that for most of my sample, it would not have been possible
to identify the center of mass only based on HST images (see e.g. ID15371in
Figure 6.1 as an obvious example). This demonstrates once again the power
of JWST when it comes to studying high-z DSFGs.

6.3. LOPSIDEDNESS

Having defined the core/bulge of each galaxy, | considered the rest to be
the disk. Hence, | could obtain an evaluation of the lopsidedness for each
galaxy. | considered it to be an important property to investigate because a
lot of galaxies in my sample are obviously highly lopsided already by visual
inspection (see for example ID11887, ID13776, 1D18278, 1D18694 in Figure 5.2
and 5.3). To quantitatively study this phenomenon, | defined two parameters:
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the eccentricity, defined as:

E— \/(Xcore - Xdisk)2 + (YvCOT‘e _ YdiSk)2 (6'])

2 )
Rdisk

where (X core, Yeore) aNd (Xgisk, Yaisk) are the coordinates of the central core of
the galaxy and of its disk respectively, while R is the radius of the disk. The
center of the core was simply defined as the pixel with the maximum flux den-
sity in the F444W filter. The center of the disk was defined as the barycenter
of the disk measured in the rest-frame optical band (F150W or F200W depend-
ing on redshift). | measure it in the optical and not in the near-IR because the
disk is less attenuated than the core, hence brighter than the core at these
wavelengths. To not be biased by the core, | applied a circular mask centered
on (Xcore, Yeore) With a radius defined by the closest pixel to the center that
has a F444W flux density less than half the core center flux density. Finally,
Rgisk, Was calculated using a circular aperture centered on (Xg;sk, Yaisk) €n-
compassing half of the disk flux density. This quantifies the eccentricity of the
disk with respect to the core/bulge compared to its size and is a-dimensional.

The other quantity that | defined to probe the lopsidedness of the galaxies
is the asymmetry. The asymmetry was calculated for the F444W NIRCam filter
as | am trying to probe the mass distribution asymmetries and, as previously
mentioned, F444W is the best tracer of the stellar mass distribution. | calcu-
lated the asymmetry by rotating each image by 180° and subtracting it from
the original image, the center of rotation was (X ore, Yeore) from Equation 6.1.
The asymmetry is defined as:

N o
A T |F = |
Ftot ’

(6.2)

where F; and F'8%° are the flux of the i-th pixel and its 180° symmetric coun-
terpart with respect to the center of the central core/bulge as defined in Equa-
tion 6.1. Fy, is the total flux of the galaxy. Since | worked on background
subtracted images, | considered the background asymmetry to be negligi-
ble. This quantity describes how smoothly and how symmetrically the stellar
mass is distributed around the central core/bulge of the galaxy and is also
a-dimensional. Usually, the lopsidedness is probed using a Fourier decompo-
sition (e.g. Dolfi et al. 2023; Kalita et al. 2022; Jog & Combes 2009; Bournaud
et al. 2005). | decided to use a different, simpler method; the asymmetry, that
has already been used in gas velocity space and was found to correlate well
with the Fourier analysis of stars (Bournaud et al. 2005; Matthews et al. 1998).

6.4 . CLUMPINESS

102



After identifying the core or bulge of each galaxy, | investigated the sur-
rounding disk-like structures. Some of the galaxies have a smooth disk, oth-
ers have a much more perturbed/complex disk morphology showing a large
number of clumps (see Figure 5.2, 5.3 and 5.4).

| did not embark in a physical study of the clumps in this work. My goal for
this paper is to assess the presence or not of clumps in the disks and have an
idea of how fragmented the disks are. Hence, | did not try to derive any phys-
ical properties of the individual clumps. | decided to measure a clumpiness
index, defined as the number of clumps in the disk of each galaxy. | counted
the number of clumps visually identifiable in the RGB (F115W, F200W, F444W)
image, making sure that the bulge/central concentration was not counted as
a clump. This number varies from 0 up to 7 for the clumpiest galaxy. To be
counted as a clump, the feature had to be compact compared to the galaxy
size, and either had to have a different RGB color from the surroundings
and/or appear as a local brighter spot. The clumps appear most clearly at
the shortest wavelength (F115W or F200W filters), as expected (Wuyts et al.
2012). For ID15371, I identify 4 clumps, there are shown by the white ellipses in
the left panel of Figure 6.2.

6.5 . SPATIALLY RESOLVED PHOTOMETRY

To quantitatively study my galaxies, | needed photometry measurements.
| decided to divide my galaxies in several components. For the simplest cases |
only had the core/bulge and the disk, and when the disk had several clump/patches
with different colors in the RGB image, | broke it down to several circular or
elliptical regions. Each region was designed so that it had, qualitatively, a ho-
mogeneous (F115W, F200W, F444W) color. The division of the disk is once again
done by visual inspection. | emphasize that | seek to study each region that
has a different color, hence, if several clumps are close and with a similar RGB
color, | consider them to be part of the same disk component. Moreover, due
to the spatial resolution of the PSF-matched images, | did not want to design
too small regions that could lead to biased flux measurements. | tried to re-
spect a balance between the size of the component | defined (not too close
to the PSF size) and the homogeneity of the RGB color inside it. | emphasize
that the components are not necessarily concentric as most of the galaxies
are not radially symmetric and are not limited in number. If | observed, for
example, two blue disconnected patches in a galaxy, | defined them as two
different components and fitted them individually. In the case of ID15371, |
divided the galaxy in three regions, the red central core/bulge, the bluer disk
and an intermediate region, that is still part of the disk but close to the red
core and with intermediate colors (see Figure 6.2).

In terms of rest-frame colors, since my sample of galaxies is distributed
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across z ~ 1.5 to z ~ 3, F115W probes the rest-frame near-UV/blue (300 —
460nm), F200W probes the rest-frame green/red (500 — 800nm) and F444W
probes the rest-frame near-IR (1110 — 1780nm). The scatter in rest-frame
wavelength is less or equal to the band-width of each filter. This means that |
globally probed consistent colors between galaxies.

By dividing each galaxy in sub-galactic regions, there was a risk that small
regions get close to the PSF FWHM of some filters. Hence, leading to an under-
estimation of the flux at the longest wavelengths, and an artificial deforma-
tion of the SED. To avoid this, | decided to work on PSF-matched images using
the broader PSF of the F444W filter. In Figure 6.2, | show RGB images of the
DSFG ID15371 using (F115W, F200W, F444W) before and after PSF-matching. To
make sure that | didn't underestimate stellar masses and SFR when running
the SED fitting, | chose regions larger than the PSF FWHM (0.145"). In Figure
5.2, 5.3 and 5.4, for each galaxy | overlay the delimitation of the different com-
ponents | decided to study separately based on their color (those RGB images
are showed before PSF-matching).

Figure 6.2: RGB (F115W, F200W, F444W) image of the galaxy ID15371 (3.6” X
3.67) at zspec = 1.921 before (left panel) and after (right panel) PSF-matching.
In the left panel, the white ellipses show the features | identified and counted
as clumps. In the right panel, the colored dotted lines correspond to the di-
vision of the galaxy in homogeneously colored regions and the white filled
circle to the PSF size.

After having defined the regions to study, | measured the flux in each band
for each region. To do so, | summed the value of each pixel in each region of
the science image. The pixels were counted only once, meaning that the flux
in the smaller regions (like the red ellipse for ID15371) was not included when
calculating the flux of larger regions (like the green ellipse for ID15371, see
Figure 6.2).
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Our goal was to fit the SED of the different components of each galaxy.
For the properties that | later extracted from these SEDs to be reliable, it was
crucial that | had reliable uncertainties on the fluxes. To estimate the flux un-
certainties, | re-normalized the errors propagated via the Root Mean Square
(RMS) images. The uncertainty was defined as:

df = fan % (6.3)

where the sum was made on all pixels in the region, o; is the RMS of the pixel
i, and N the total number of pixel in the region. | decided to define f) y, a nor-
malisation factor that takes into account extra noise, e.g. from the correlated
signal between pixels that is particularly important for the long wavelength
filters that were drizzled from a pixel size of 63mas to 3omas. To calculate
this factor, | measured the flux dispersion in ~ 20 empty regions of the sci-
ence image for several apertures in each band. | then compared this value
to the RMS calculated from the RMS image in apertures of the same size and
the normalisation factor is defined as their ratio. To be conservative, | never
applied a factor leading to lower uncertainties. These factors are generally
small, (fy n ~ 1.5 at most).

6.6 . SED FITTING

To characterize my sample of galaxies, | needed to have access to their
resolved M, and SFR. To this aim, | fitted each galaxy component SED using
the Code Investigating GALaxy Emission (CIGALE, Boquien et al. 2019). | used
a single declining exponential model also known as “r model" to model the
star formation history of each galaxy. | adopted the Bruzual & Charlot (2003)
model for computing the spectral evolution of single stellar populations with
a fixed solar metallicity of Z = 0.02 which is reasonable for M, ~ 101912/
DSFGs following the Mass-Metallicity relation (Ma et al. 2016). After testing
with and without including nebular emissions, | decided not to include them
as, for my sample, they lead to higher x? with no noticeable effect on the
extracted properties (Ay, SF R, M, and redshift).

Some galaxies showed possible signature of strong emission lines, visible
as green patches/clumps in Figures 5.2, 5.3 and 5.4. However, including them
had a negligible effect on the estimation of the SFR since it usually had a 50%
uncertainties. | discuss this in more detail in Section 8.1.

| used a modified Charlot & Fall (2000) dust attenuation law and the Draine
et al. (2007) dust emission models update from 2014 to predict FIR flux den-
sities. The idea behind the modification of Charlot & Fall (2000) model is that
young stars embedded in their birth cloud suffer from additional attenuation
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compared to stars that have broken out and escaped into the ISM, and that
the attenuation curves associated to the birth cloud and the ISM must be dif-
ferent. In practice, this is modelled by assuming two different power-law at-
tenuation curves of the form A()\) o \: one for the birth cloud with a slope
of dpc = —1.3, and one for the ISM with a slope of §;5py = —0.7. Because
radiation from young stars has to travel through both the birth cloud and the
ISM to escape the galaxy, the spectrum of stars younger than 10Myr are at-
tenuated by both the birth cloud and ISM curves. Stars older than 10Myr are
only attenuated by the ISM curve (Boquien et al. 2019).

For the redshift, | used the Stefanon et al. (2017) catalog, as well as the
latest redshift catalog published by Kodra et al. (2022). | encountered three
different cases:

+ If I had a high-quality spectroscopic redshift, then | used it and fixed it.
| have 5 galaxies with a spectroscopic redshift.

+ If I had a grism-based redshift from 3D-HST, | downloaded the spec-
trum and examined its quality, actual features detected, the redshift
probability distribution and defined the redshift and its uncertainty ac-
cordingly. | have 10 galaxies for which | find a high-quality grism-based
redshift.

« If  only had photometric data, | allowed (1 + z) to vary within £10%. |
have 7 galaxies with a photometric redshift.

In Figure 6.3, | show the best SED models corresponding to each region of
my example galaxy defined in Figure 6.2.

To be able to extract reliable information from the SED fit, it was crucial
to check the fit quality. To be conservative and have reasonable x?, | decided
to limit the photometric accuracy of each band to S/N = 20. However, if the
CIGALE fit returns high x? values, there is a possibility that the input flux un-
certainties are still underestimated. In that case, | increased the uncertainties
by adding up 10% of the flux to the error in each band. To consider the fit
acceptable, | want the reduced x? such as x?%,, < 1.67, which is the reduced
critical value corresponding to a significance level of 10% in the x? test for 8
degrees of freedom.

To estimate the robustness of the best model, | studied the x? distribu-
tions associated to the 3 main free input parameters: the dust attenuation,
the age of the stellar population and the e-folding time. In Figure 6.4, the
upper-left panel shows the x? distribution associated with the different val-
ues of the dust V-band attenuation Ay of the stellar continuum used to fit
the SED of the red core of the DSFG ID15371. The upper-right panel shows
the same information for ¢/7 with ¢ and 7 being the age of the oldest stars
and e-folding time of the stellar population used to define the star formation
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Figure 6.3: Best SED models computed by CIGALE (Boquien et al. 2019) for
the red core (in red), the blue disk (in blue) and the intermediate region (in
green) of the DSFG ID15371 at zgpe. = 1.921 (the same example galaxy shown
in Figures 6.1and 6.2). | show in the legend the value of the reduced x? (x2,,)
for each SED fit.

history of the galaxy. Taking the width of these distribution at x2,,, + 1 and
Xfmn+2.7 give us the 68% and 95% confidence interval respectively (Avni1976),
illustrated by the horizontal thick and thin dashed lines in Figure 6.4. The fact
that | see only a portion of the distribution for ¢/7 comes from the fact that
the age is getting close to the age of the Universe, allowing larger ¢ would not
make physical sense.

| can use the same reasoning for the properties extracted from the SED
like the M, or the SFR averaged over the last 10Myrs. | show an example in
the lower panels of Figure 6.4.

Just by looking at Figure 6.4, | can already conclude that the red core of
the DSFG ID15371is dusty (Ay ~ 2.73) and weakly star-forming (SFR ~ 18 — 40
Mg /yr and t/T > 1).

As a sanity check, | estimated the SED of the whole galaxy by summing
up the SEDs of all the components. | then compared this SED with the near-
IR and FIR flux densities measured in my super-deblended catalog (Ks and
IRAC fluxes are from Stefanon et al. 2017, see Chapter 3 for the far-IR flux ex-
traction) to make sure that they were consistent. If the FIR flux densities are
brighter than predicted by the SED fitting, it can be a hint that this galaxy is in
a starburst episode and/or that there is a deeply attenuated component that
is not visible even at 4.44um. It can also be due to the presence of an AGN
that boosts the FIR flux, this can be confirmed by a radio excess detected in
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Figure 6.4: x? distributions associated with the dust attenuation (upper-left
panel), t/T (upper-right panel), the stellar mass (lower-left) panel and SFR av-
eraged over the last 10Myrs (lower-right panel) produced by CIGALE (Boquien
et al. 2019) for the fit of the red core SED of the galaxy ID15371 at zgpe. = 1.921.
The thick and thin black dashed lines corresponds to the 68% and 95% confi-
dence interval respectively.
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my super-deblended catalog or an X-ray detection (Stefanon et al. 2017; Nan-
dra et al. 2015). | recall that | removed from the sample only one galaxy where
| knew that the FIR luminosity was dominated by the AGN luminosity (see Sec-
tion 5.2.3) but kept those where the AGN luminosity didn't dominate the FIR
luminosity. On the contrary, if the SED predicts a FIR flux density brighter
than the one measured, it means that there is a problem in the fitting possibly
linked to the grid of the input parameters. In Figure 6.5, | show the compar-
ison between the total SED of the galaxy ID15371 and the FIR flux densities.
For this galaxy, the flux densities are consistent with the predicted FIR SED
meaning that there is no hidden component. This is the case for all the galax-
ies in my sample except one (ID13107 for which | have a FIR detection brighter
than the SED model, pointing toward either a deeply attenuated component
or an AGN even though there is no AGN signature in X-ray or radio). How-
ever for 3 galaxies (ID13098, ID13776 and 1D31281), the measured 100um flux
is boosted compared to the SED predicted flux, possibly a signature of a hot
AGN, 2 of them have an X-ray detected AGN (Nandra et al. 2015). By observing
Figure 6.5, one can notice that the predicted IRAC fluxes are fainter than the
actual measurement. This observation is not true for every galaxy, | measure
the flux in the NIRCam F356W and F444W which probe the same wavelength
as IRAC channel 1 and 2 to be fainter for this galaxy. This is mostly a sign of
blending in the earlier IRAC imaging.

A caveat of this SED fitting method is that | used the same SFH and param-
eters for all regions, some with very different properties. | chose to use the
simple tau model because of the meaning of ¢t/7 regarding the star-forming
activity of the galaxy. | decided to make a two-pass SED fitting, in the first
pass, the goal was to separate the star-forming from quiescent regions. In
the second pass, | fitted the star-forming regions with a nearly constant SFR
(by imposing 7 > t). This allowed to have a good estimate of the recent SFR.
Moreover, by comparing it to the far-IR SFR from my super-deblended catalog
and to the relative position of each component with respect to the Main Se-
guence or the quiescent quadrant of the UV) color-color diagram (see Section
6.7 for more detail on these last two points), | had a confirmation of the star-
forming activity of each galaxy component. For the quiescent regions, there
can be a degeneracy between the age and the dust attenuation, to tackle this,
| imposed t > 7. | estimated that the good quality of the photometry in the
rest-frame near-IR and the two-pass SED fitting procedure allowed us to get
robust estimates of both the stellar mass and the SFR of each component.

To tackle the great diversity of galaxies, | decided to divide them into sev-
eral classes as defined in the next Section.

6.7 . CLASSIFICATION
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Figure 6.5: Total SED of the galaxy ID15371 at z4,.c = 1.921 in red. It was
calculated by adding up the CIGALE best SED model of each component. The
black points are the near-IR and FIR fluxes with their uncertainties or upper
limits (arrows) from my super-deblended catalog. From the FIR data points,
| have SFRrr = (150 £ 15)Mg, yr—!, the CIGALE fits give a consistent total
SF Rionmyrs = (197 £125)Mg yr— 1. Given its stellar mass (M, = 10" M), this
galaxy is on the main sequence.
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From the CIGALE SED fitting, | derived an estimation of the M,, the SFR
and the dust attenuation (Ay) of each component of the galaxies. For the
galaxy ID15371, in the upper panel of Figure 6.6, one can see the three com-
ponents respective M, and SFR plotted on the MS (Schreiber et al. 2015; Huang
et al. 2023). All the components of the DSFG ID15371 have some ongoing star-
formation, with the red core being on its way to quenching but still slowly
star-forming.

Using the best SED models provided by CIGALE, | also estimated the rest-
frame U, Vand ) AB magnitudes. | used Apellaniz (2006) U and V filters, and for
the ] band, | used the 2MASS ] relative spectral response curve. In Figure 6.7, |
display all the regions of my galaxies on the (V —J, U —V) plane. | recover the
SSFR effect: when moving from the lower right corner to the upper left corner,
the sSFR decreases (Wang et al. 2017). This makes the UV] color-color diagram
ideal to separate SF galaxies from quiescent galaxies. | note that the galaxies
with sSFR < 0.1Gyr~! are all in the quiescent region defined by Whitaker et al.
(2011) and delimited by the black dashed line in the Figure. The colored dotted
lines delimit the regions defined by Zick et al. (2018).

For the DSFG ID15371, | have confirmation in the UV] diagram that all the
components are star-forming (lower panel of Figure 6.6). Moreover, the three
components are aligned on the diagonal of the diagram which is the signature
of a gradient of dust attenuation from the center towards the outer parts
(Calzetti et al. 2000). Indeed, from the SED fitting, | had Ay ;.. = 2.70+0.11 >
Ay green = 2.09 4 0.23 > Ay e = 0.75 £ 0.11.

Generally, to estimate if a region was SF or quiescent, | used the UVJ color-
color diagram (is the component in the quiescent quadrant or not ?), the po-
sition relative to the MS (is the component on/above the MS or well below
it ?, what is its position compared to the other regions of the same galaxy
?) and, as | used a simple exponential model for the star-formation history,
the value of ¢/7 is also an indicator of the star-formation activity. If t/7 > 1,
then the peak of star-formation is firmly in the past, and the component is
on its way to quenching. On the contrary, if t/7 < 1, the galaxy is still ac-
tively star-forming. Based on these three pieces of information, | was able to
discriminate between SF and quiescent regions. Here, | defined a region as
quiescent if below the Main Sequence and the other galaxy components (by
~ 0.6dex). Hence, some regions that | classified as quiescent are not com-
pletely passively evolving and could still be slowly star forming. Most of the
time, the three indicators are in agreement, however, in some cases the re-
sults were ambiguous: the regions where all three indicators where not in
agreement represent less than 5% of all the studied regions. In that case, |
first looked at their position relative to the MS to see if it was consistent with
the t/7 values from the best models and it always was. The inconsistency of
the UVJ color-color diagram can be explained in several ways: the UV] dia-
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Figure 6.6: Upper panel: Galaxy ID15371 components plotted over the Main
Sequence (Schreiber et al. 2015; Huang et al. 2023). Lower panel: Galaxy
ID15371 components in the UV] color-color diagram, the black dotted line de-
limits the quiescent region (Whitaker et al. 2011) and the colored ones, the
regions defined by Zick et al. (2018). See Figure 6.2 for the definition of the

components.
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Figure 6.7: UV] color-color diagram. Each marker represents a region of a
galaxy. The star-shaped markers are cores/bulges and circular markers are
disk components. The color of the marker depends on the sSFR of the con-
sidered region. The error-bar in the lower right corner shows the average un-
certainty. The black dotted line delimits the quiescent region (Whitaker et al.
2011) and the colored ones, the regions defined by Zick et al. (2018). The or-
ange region corresponds to Post-starbursts, the yellow one to Quiescent, the
green one to /low sSFR DSFG, the magenta one to DSFG and the blue one to
Star-forming galaxies.

gram uses only a part of the information (3 rest-frame bands) contrary to the
other probes that uses the full SED. More importantly, real situations exist
where the UV) diagram characterizes correctly the presence of star formation
but this star formation is suppressed as exemplified by the sub-MS location
(suppressed with respect to the ensemble average given the mass) and by the
t/T (suppressed with respect to the past star formation history of this galaxy).
That is the case for the central region of ID15371 (see Figures 6.4 and 6.6). In
the rare cases where the ¢/7 value didn't allow any conclusion (t/7 ~ 1), |
decided based on the MS and the UV] color-color diagram that were consis-
tently pointing either toward star-formation or quiescence. In all the cases, |
was able to classify the regions as quiescent or star-forming.

As a result of this analysis, | had 22 vastly different galaxies with various
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morphologies, colors (see Figures 5.2, 5.3 and 5.4) and star-formation activity.
| found that the variety of features could be meaningfully re-conducted to
three galaxy groups:

« Type I: SF disks with a red SF core, characterized by the fact that all their
regions are SF. Some have a complex multi-color clumpy disk morphol-
ogy in the RGB (F115W, F200W, F444W) image. They all have a dust at-
tenuated red SF core.

+ Type ll: Quenched disks with a SF core, characterized by a dust attenuated
red SF core and a quenched disk (in one case, partially quenched).

« Type llI: SF disks with a quenched bulge, characterized by a quenched
central bulge while the disk is still star-forming. These are similar to
local spirals.

For the disks with several components, they usually were all either SF of
quiescent. There was only one galaxy (ID18278) where only a fraction of the
disk was quiescent (green region in Figure 5.3), | decided to include it to the
Type Il as the quiescent part encompasses 16% of the disk stellar mass and
could be considered as an early stage of quenching. 4 galaxies hosts X-ray
AGNs that do not dominate the FIR emissions; 1 is a Type | galaxy (ID30186), 2
are Type Il galaxies (ID13098 and ID13776) and the last one is a Type Ill galaxy
(ID23205) (Nandra et al. 2015).

After having classified my sample of 22 galaxies, | had 10 Type | galaxies, 5
Type Il and 7 Type lll. The RGB cutouts of my sample are separated following
the three Types, with Figures 5.2, 5.3 and 5.4 showing the Type |, Il and Il galax-
ies respectively. This is summarized in the top panel Figure 6.8 where each
wedge size is proportional to the number of galaxies of the considered Type. |
illustrate each Type with a pictogram, the color red representing quiescent re-
gions and the color blue representing star-forming regions. The color of each
wedge is linked to the Type, in all Figures in the rest of this manuscript, the red
markers will represent Type | galaxies, green markers Type Il and blue mark-
ers Type Ill. The lower panels of Figure 6.8 summarize the properties of each
Types by looking at the connection between sSFR and Ay and color (in mag
AB) gradients. The first observation is that cores/bulges are systematically
redder than disks and there is a strong correlation between Ay, gradient and
color gradient (Pearson coefficient = 0.83, p-value = 2e—6) while there is no cor-
relation between sSFR gradient and color gradient (Pearson coefficient = 0.27,
p-value = 0.23). This means that the color differences that | observe in Figures
5.2, 5.3 and 5.4 trace dust density in-homogeneities and not older/younger
stellar population. The Type | galaxies (in red) do not have a noticeable sSFR
gradient (sSF Reore ~ 1.2 X sSF Ry;1), but have a strong Ay gradient, hence,
the fact that the cores of Type | galaxies appear much redder than the disks
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in Figure 5.2 is due to their high dust density; the blue regions are low Ay re-
gions. For the Type Il galaxies, | observe the sSFR gradient | expected, the core
is star-forming while the disk is quenched (sSF Reore ~ 6.5 X sSF Ry;sr), they
have the strongest dust gradient because of their highly dust attenuated core
and their quenched disk that has low level of dust attenuation. | note that the
SSFR gradient should make the core appear bluer than the disk (because of the
younger stellar population in the core), however | observe the exact opposite.
The color gradients | observe in Figure 5.3 are dominated by the dust attenu-
ation gradient. Eventually, Type Ill galaxies have low attenuation both in their
quenched bulge and star-forming disk, hence have a weak Ay gradient. Their
SSFR gradient is however strong, as expected of the opposite sign compared
to Type Il (quenched bulge and star-forming disk, sSF Rcore ~ 0.2Xx sSF Rg;sk)-
In Figure 5.4 the color gradients mostly trace the age difference between the
stellar populations of the (redder) bulge and the (bluer) disk.

| note that, the strong gradients | observe, both in sSFR and Ay justify the
need to divide my galaxies in three Types to illustrate the three possible sSFR
gradient and to divide them in several sub-galactic regions because of the
huge dust gradient. Moreover, as expected by the selection criteria detailed
in Section 5.2.3, | did not have any fully quiescent galaxy in my sample.

In this chapter, | detailed all the properties | decided to study to attempt
to better understand DSFGs at Cosmic Noon. In the next chapter, | present
the main results of this analysis.
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Figure 6.8: Upper panel: Distribution of the galaxy sample in the different
groups based on their resolved SF activity. Each region size is proportional to
the number of galaxies in the group, written in white. The pictograms illus-
trate the properties of each Type, the blue and red colors representing SF and
quiescent regions respectively. | link each Type of galaxy to a color as defined
by the wedges color. Middle panel: Ay gradient vs color gradient (in AB mag),
red, green and blue markers are linked to the Types defined in the top panel.
Lower panel: sSFR gradient vs color gradient (in AB mag), red, green and blue
markers are linked to the same Types as in the middle panel. Circular mark-
ers are individual galaxies, star markers are the mean value for each Type of
galaxy with their associated error bar indicating the error of the mean.
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7 - PROPERTIES OF DSFGs AT COSMIC NOON

In this chapter, | present the results of the analysis of the 22 galaxies in my
sample, distinguishing among the three classes | just defined in the previous
Chapter. | first looked at the properties of the whole galaxies in Section 7.1
and then at the resolved properties at a sub-galactic level in Section 7.2. In
Table 8.1, | give the main properties of my sample of 22 galaxies.

In the following, | compared the behaviour of the different Types of galax-
ies. To assess the significance of the trends, | compared the difference be-
tween the mean of a property for each Type with the error on the mean. |
emphasis that | also checked the median value and that it doesn't affect the
observed trends. In the Figures, each star-shaped marker is the mean and the
error bar is the error of the mean (defined as err;ean = rms/\/N with rms
the root mean square of the distribution and N the number of galaxy in each

Type).

7.1. GENERAL PROPERTIES

7-1.1. MAIN SEQUENCE GALAXIES

To characterize the different Types of galaxies, | first looked at their typical
redshift, M, and sSF R;r. The redshifts and M, were extracted from the SED
fitting procedure described in Section 6.6 while the sSF R;r was computed by
dividing the SF R of each galaxy by the sum of the M, of each component
with the SF Ry taken from my super-deblended catalog.

In Figure 7.1, a redshift trend is appearing: the Type | galaxies with their
SF core and SF disk are on average at higher redshift (z = 2.32 4+ 0.15) than
the Type Il galaxies with their SF core and quiescent disk (z = 1.94 4+ 0.11),
that are themselves at a slightly higher redshift than the Type Ill galaxies (z =
1.80+0.09), analogs to the spiral galaxies | observe in the local universe with a
quiescent bulge within a SF disk. The difference in redshift is 20 between the
Types | and Il and 30 between Type | and lll. This suggests that this redshift
trend is real and opens the possibility of an evolutionary link between class |
and /111,

All of my galaxies have a M, > 10'°M, with an average of M, = 8.2772 x
10'°M, (left panel of Figure 7.1). There is no correlation between the Types
and the M,, all Types have a similar average M.,. By comparing the sSFRr
of my galaxies with the MS of Schreiber et al. (2015) (right panel of Figure 7.1), |
confirmed that typically these galaxies are MS galaxies, consistently with Fig-
ure 5.1 and Section 5.2.3. The MS sSFR at a fixed redshift was calculated by
taking the mean M, of my sample which is < M, > = 10'%92M.. Moreover,
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the typical sSFR;R is observed to decrease at lower redshift, as expected
from the cosmic trend.

The Type Il galaxies, which have a quenched bulge, have the weakest
sSFRrr on average (sSFR;r = 0.757)13Gyr~! for quenched bulges versus
sSFRip = 2.017) 8 Gyr~! for SF cores). They also are at lower redshift than
the others. This suggests that they are more evolved than other classes.
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Figure 7.1: Left panel: M, versus redshift. Right panel: sSF R;r versus red-
shift, the yellow shaded region is the MS (Leslie et al. 2020; Huang et al. 2023). |
show the error-bars for individual galaxies, when not visible, they are smaller
than the marker. Circular markers are individual galaxies, star markers are
the mean value for each Type of galaxy with their associated error bar indi-
cating the error of the mean.

7.1.2 . GALAXY NEAR-IR SIZES

The presence of highly obscured cores at the center of galaxies, like for
ID15371 (see Figure 6.1), can let us believe that | am studying the counterparts
of the ALMA compact SF SMGs. Indeed, SMGs are known to be compact, dust
obscured and with a high star formation efficiency.

The galaxies hosting a SF region at their center (Type | and 1) tend to be
slightly more compact in the near-IR, with R, nrr = 2.34 & 0.37kpc, than the
galaxies with a quenched bulge (Type Ill), with R nrr = 2.93 £0.42kpc (this is
tentative as there only is a 1o difference, see Figure 7.2). The Type Il galaxies
and their quiescent disk are on average the most compact galaxies in the near-
IR with a typical size of 2.19 4+ 0.30kpc.

In Figure 7.2, | compare the R. yrr to the M, — R, relation from van der
Wel et al. (2014) based on rest-frame optical measurements. Most of my 22
galaxies are more compact in the near-IR than in the optical, with ~ 40% being
below the M, — R, relation scatter. | also checked that the optical sizes of my
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galaxies are compatible with the M, — R, relation. This demonstrates than in
my galaxies, the dust, traced by the near-IR emissions, is more concentrated
than the stellar light, traced by the optical emissions. This is a confirmation of
an already well established fact (van der Wel et al. 2023; Gomez-Guijarro et al.
20223; Jiménez-Andrade et al. 2021; Puglisi et al. 2019; Jiménez-Andrade et al.
2019; Fujimoto et al. 2017).

However, | note that the Type | galaxies have very comparable optical and
near-IR sizes (~ 15% difference in size on average), their star-forming core is
not as concentrated as for the other galaxies of the sample.

| discuss in Section 8.4 how the Type | and Il galaxies might relate to the
ALMA SMGs.
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Figure 7.2: Optical (R, 0, left panel) and near-IR (R n1r, right panel) half-light
radius measured in the closest band to 55onm and 1.6um rest-frame respec-
tively versus the total M, of the galaxy. Circular markers are individual galax-
ies, star markers are the mean value for each Type of galaxy with their as-
sociated error bar indicating the error of the mean. The yellow and orange
shaded regions illustrate the Mass-Size relation derived by van der Wel et al.
(2014) at the redshift of my sample.

However, studying the half-light radius is not enough as a large fraction of
the galaxies in my sample are not symmetric (see Figures 5.2, 5.3 and 5.4).

7.1.3 . WIDESPREAD LOPSIDEDNESS
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As one can see in Figures 5.2, 5.3 and 5.4, some galaxies are strongly lop-
sided (marked with a circled L). They are asymmetric and/or their red central
region is off-centered with respect to the disk. This lopsidedness appears to
be quite common among Type | and Il galaxies. In Figures 5.2, 5.3 and 5.4,
the marked galaxies are the 6 most lopsided galaxies, 3 are Type | (30% of the
sample) and 3 are Type Il (60% of the sample). The Type Il galaxies look much
more symmetric, these galaxies have a quenched bulge and are on average
at lower redshift, they had presumably more time to evolve and stabilize their
disk. To verify this, | investigate the lopsidedness of each galaxy.

As explained in Section 6.3, for each galaxy | calculated its asymmetry (A)
and eccentricity (F). Type lll galaxies appear to be much less lopsided, they
have a low eccentricity (9.8 & 2.5%) and asymmetry (22.8 + 3.0%) while Type |
and Il galaxies, which show comparable lopsidedness, tend to be much more
asymmetric (33.0 + 3.5%) and off-centered (30.3 + 4.0%) (see upper panel of
Figure 7.3). The difference has a 4.30 and 2.2¢ significance for the eccentric-
ity and asymmetry respectively. In the upper panel of Figure 7.3, | show the
eccentricity vs the asymmetry. | considered the Type Il galaxies as not lop-
sided, and used their typical eccentricity and asymmetry as a proxy for mea-
surement errors and systematic effects. The thin black dotted line shows the
threshold to define a galaxy as weakly lopsided (A+ E > 0.37, this value corre-
sponds to the average [A+ E| + 1o of Type Il galaxies). | have 14 galaxies that
are at least weakly lopsided, representing 64% of the sample. If the galaxies
are above the thick black dashed line, meaning that A + E > 0.70 (this value
corresponds to the average 2 x [A + E| + 1o of Type Ill galaxies), | consider
them as strongly lopsided, | encircled them in Figure 7.3 and they are visible in
Figures 5.2, 5.3 and 5.4 with a circled L. | have 6 strongly lopsided galaxies, rep-
resenting 27% of the sample. Usually, a strong asymmetry is linked to a strong
eccentricity, however | have galaxies with a low level of asymmetry but with
a highly off-centered disk. All the strongly lopsided galaxies (circled in black)
have high eccentricity. In other words, | observe a lack of strong asymmetry
with low eccentricity.

The position of the average lopsidedness of Type | and Il galaxies in Figure
7.3, indicates that being lopsided might be a typical property of these galaxies.

In the lower panels of Figure 7.3, Type Ill galaxies, which are more evolved
and have a quiescent bulge have low level of asymmetry. On the contrary,
Type | and Il galaxies have a higher level of asymmetry. | observe (1) a lack of
galaxies with a compact disk and high asymmetry and vice-versa, (2) a lack of
galaxies with a high core mass fraction and high asymmetry and vice-versa
and (3) the galaxies with a quiescent bulge with high mass fraction have low
asymmetry. This is consistent with the observation of galaxies in the local uni-
verse, indeed, present-day late-type galaxies with more extended disks and
lower central stellar mass density are typically more lopsided than early-type
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galaxies with smaller disks and higher central stellar mass density (Dolfi et al.
2023; Varela-Lavin et al. 2023). It seems that as the core grows in mass from
accretion, the disk gets smaller and loses its lopsidedness, leading to Type |
spiral-like galaxies.

Thanks to the spatial resolution of JWST, | had access to sub-galactic scales,
which is crucial to understand the morphology and evolution of DSFGs.

7.2 . RESOLVED PROPERTIES

For each galaxy, each component has been classified either as star-forming
or quiescent (see Section 6.7). In Figure 7.4, | show that the quiescent regions
are massive (M, 2 1010M@) and have a relatively low dust attenuation with
an average of Ay ~ 1.6 and maximum at Ay ~ 3 while SF regions have an
average of Ay ~ 2.3 maximum at Ay ~ 5.4. The SF regions follow a corre-
lation (with a Pearson coefficient of 0.62, p-value = 9¢ — 8), the more massive
components are more attenuated. This is consistent with the idea that the
stellar mass is the main driver of dust attenuation in SF galaxies (Lorenz et al.
2023).

In the following Sections, | present the results regarding the core/bulge
and disk of my galaxies.

7.2.1. CORES AND BULGES PROPERTIES

| first looked at the red central region of each galaxy, as defined in Figures
5.2, 5.3 and 5.4. In the left panel of Figure 7.5, | show the dust attenuation
versus the M, of the red star-forming cores (in red and green) and quiescent
bulges (in blue). As mentioned above, the dust attenuation of SF cores (Type
| and Il) correlates with its M.: the more massive the core, the more dust at-
tenuated (with a Pearson coefficient of 0.75, p-value = 0.001). Also, the bulges
are less attenuated than SF cores, consistent with the fact that they are quies-
cent and host an evolved stellar population where the dust might have been
consumed/destroyed.

Figure 7.5 also shows a trend in redshift. On average, the bulges are
slightly more massive (MP) than the SF cores (MC) but with only a 1.5¢ sig-
nificance. The SF cores of Type Il galaxies (M!?) and those of Type | galaxies
(Mf) are consistent within errors.

MP = 3757300 x 101°My > ME = 1.817542 x 10100, (7.1)

M =2.60721% x 101°Mg, ~ M! = 1267022 x 10'°M, (7.2)

The weak trend between the M, of higher-z SF cores and lower-z bulges is con-
sistent with the idea of a bulge that grows in mass with time, fed by accretion
from the disk, clump migration or minor/major mergers.
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Figure 7.3: Eccentricity and Asymmetry. Upper panel: Eccentricity versus
Asymmetry, markers with a black circle are the strongly lopsided galaxies
(see Figures 5.2, 5.3 and 5.4), thin black dotted line delimits weakly lopsided
galaxies, thick black dashed line delimits strongly lopsided galaxies. Lower
left panel: Asymmetry versus Disk half-light radius as defined in Section 6.3.
Lower right panel: Asymmetry versus mass fraction in the core/bulge of the
galaxy, asymmetry is calculated using the F444W filter. Circular markers are
individual galaxies, star markers are the mean value for each Type of galaxy
with their associated error bar indicating the error of the mean.
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Figure 7.4: Ay versus M, for each regions identified in Figures 5.2, 5.3 and
5.4. Quiescent regions are in orange and Star-forming regions in blue. At
fixed stellar mass, star-forming regions are more attenuated, on average.

| compared the M, and SFR fraction of the red cores and bulges with re-
spect to the host galaxy (right panel of Figure 7.5). For Type | galaxies, the red
core M, represents only 21.6 + 4.0% of the M, of the galaxy. This fraction is
smaller than for the other galaxies of the sample where the red core repre-
sent 34.44+6.2% for Type Il (~ 20 difference) and 35.9 4 3.6% for Type Ill (~ 3o
difference) of their total M.,. This can be linked to the redshift trend, the Type
| galaxies being at higher redshift, their core could still be at an early stage of
growth. It also explains their lowest R rr/Rc. 0 = 0.89 £ 0.14, as their M, is
much less concentrated in the central region that the other two Types.

As expected from the definition of my Types of galaxies, the Type Il galax-
ies have a red core with a SFR fraction (64 & 18%) significantly greater than the
M, fraction (34.4 + 6.2%) since the disk is mostly quenched, while the Type IlI
galaxies have a red bulge M, fraction (35.9 + 3.6%) significantly more impor-
tant than the SFR fraction (9.8 & 3.4%) as the bulge is quenched.

Some of these cores/bulges appeared to be compact, | decided to investi-
gate them further in the next Section.

7.2.2.. COMPACT CORES AND BULGES
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Figure 7.5: Red regions properties. Left panel: Dust attenuation versus Stellar
Mass. Right panel: SFR fraction versus M, fraction in the red region. The black
dotted lines is the 1:1 correlation. Circular markers are individual galaxies,
star markers are the mean value for each Type of galaxy with their associated
error bar indicating the error of the mean.

All of my galaxies have a central core/bulge appearing in the near-IR (fil-
ter F410M or F444W). For some galaxies, the core/bulge has a clear clump-like
morphology, is much brighter than the surroundings and is clearly delimited
(e.g. ID13776 and ID23205 in Figure 7.6). | identified compact cores in 17 galax-
ies out of 22: 6 Type | galaxies with a compact core (60% of my sample), 4 Type
I1 (80% of my sample) and all 7 Type Ill galaxies of my sample have a compact
bulge. | decided to investigate further these compact cores/bulges by divid-
ing the in two categories, the SF cores (from Type | and Il) and the quiescent
bulges (from Type IlI).

To do so, | measured the half-light radius of the compact cores and bulges
defined as the radius of a circular aperture encompassing half of the flux of
the core, | applied a similar technique as described in Section 6.1. The SF cores
tend to be slightly more compact than the quiescent bulges (0.76 +0.03kpc vs
0.84 £ 0.04kpc, with a ~ 1.5¢0 significance, see Figure 7.7). The markers with a
black circle are the compact core with an X-ray detection, possibly tracing an
AGN. 3 of them are found in SF cores, and 2 are in the most massive galaxies
with the largest SF cores. Even if the definition of the compact core is some-
how arbitrary, and that there could be some level of contamination from the
disk, this goesin the same direction as Cochrane et al. (2023) simulations. They
found that without AGN feedback, the SF core would undergo a compaction
event while the presence of AGN winds would prevent such compaction by
evacuating the gas and precipitate the quenching of the core.

| also note that the quiescent bulge tends to be larger in more massive
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1D18278 | ID13776 Type II

F444W (1.41um RF)

Figure 7.6: Cutouts of a galaxy of each Type with the F444W filter. While a
central clump-like core is clearly apparent for the ID13776 and ID23205, it is
less clear in ID18278. | indicate the rest-frame central wavelength of the filter
in parenthesis.

galaxies. lkarashi et al. (2017) found that the most compact cores of SMGs are
those where there is both star formation and an AGN. This is not what | ob-
serve for two of the SF cores hosting an X-ray AGN (showed with the encircled
markers in Figure 7.7), it is possible that in these galaxies the AGN has strong
feedback and the system is quite evolved and ready to quench. The third SF
core hosting an X-ray AGN is however compact and the presence of the AGN
could facilitate this compaction.

The sizes of the SF compact cores are compatible with those measured in
the sub-mm (See Section 8.4 for more details).

After analyzing the cores of my galaxies, | decided to investigate their dif-
ferences with respect to the disk, especially the reasons of the redness of the
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Figure 7.7: Compact red cores and bulges half-light radius versus the stellar
mass of the galaxy. Circular markers are individual galaxies, star markers are
the mean value for each group of galaxy with their associated error bar indi-
cating the error of the mean. Markers with a black circle are cores hosting an
X-ray AGN (Nandra et al. 2015).

core compared to the surroundings.

7.2.3 . NIRCAM COLOR VARIATIONS WITHIN THE DISK

In Section 6.7, | showed that the main driver of the color gradient between
the cores and disks is the dust attenuation.

When looking at Figures 5.2, 5.3 and 5.4 | noticed that some disks are also
highly in-homogeneous in terms of color. To investigate the physical pro-
cesses responsible for the color variations | observed in the disks, | compared
the color variations with the dust attenuation and sSFR variations in a similar
way | did in Section 6.7 when | investigated the gradients between the cores
and the disks. When measuring the variations, | always measured the dif-
ferences between a redder part of the disk and a bluer part (in other words
A(F115W — F444W) > 0 in AB mag). | compared all the components of the
disks, meaning that if a disk was divided in 3 patches, there are 3 markers in
Figure 7.8 comparing the first and second, second and third and first and third
component respectively. In the two upper panels of Figure 7.8, | first clearly
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identify a correlation between the color variations and the dust extinction vari-
ations (Pearson coefficient = 0.78, p-value = 6e — 11) consistent with the expec-
tation that the redder regions are those with the greatest Ay (Calzetti et al.
2000). However, | do not identify any correlation between color variations and
sSFR variations (Pearson coefficient = 0.16, p-value = 0.29), some color varia-
tions are even inconsistent as when sSF R, cqder > $SF Rpjyer, | am comparing
a red patch hosting a younger stellar population (more star-forming) with a
bluer patch hosting an older stellar population (less star-forming), hence the
colors should be the other way around. This two observations demonstrate
that the color variations | observe within the disks in Figures 5.2, 5.3 and 5.4
are driven by dust. NIRCam colors at z ~ 2 trace dust, red spots are highly
extinct while blue spots are weakly dust attenuated. This is consistent with
previous studies based on NIRCam images (e.g. Miller et al. (2022)) .

As the clumps could play an important role in the color variations, it is
important to investigate their abundance.

7.2.4 . CLUMPY DISKS

As one can see in Figures 5.2, 5.3 and 5.4, some galaxies are very clumpy.
The clumpiness does not seem to be linked to a particular Type of galaxy.
Most of the clumps are observed in the shortest wavelength, consistent with
Wouyts et al. (2012) who state that the number of clumps decrease when mov-
ing toward longer wavelength. In Figure 7.9, | investigate the the possible link
between the clumpiness and the disk and the core of the galaxy. In the left
panel,| show the distribution of the number of clumps observed in each disk
versus the SFR of the disk (defined as the sum of the SFR of the regions de-
limited in Figures 5.2, 5.3 and 5.4) separating the SF disks from the quiescent
disks. There is no apparent correlation between the star-forming activity of
the disk and the number of clumps. The fact that | observe clumps in quies-
cent disks is quite surprising as they usually are supposed to be place of local
starburst (Wuyts et al. 2012). | discuss the implication of this result in Section
8.3.

In the left panel of Figure 7.9, | study the impact of the fraction of stellar
mass in the core (in blue) or bulge (in red) on the number of clumps. The
galaxies with a quiescent bulge, that | know to be at lower redshifts (see Sec-
tion 7.1.1 and Figure 7.1), have a higher fraction of their mass in their bulge
(35.9% + 3.6%) than the galaxies with a star-forming core have in their core
(25.8% =+ 3.7%) with a ~ 20 significance. They also tend to have a smaller
number of clump: 1.7 + 0.8 clumps on average for a galaxy with a bulge and
2.8 £ 0.6 clumps on average for a galaxy with a star-forming core (1.10 sig-
nificance). The plot also shows that by looking at galaxies with a star-forming
core (in blue in Figure 7.9), the ones with the smallest M, fraction at their core
are also the clumpiest. | see here both the effects of the redshift, lower red-
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Figure 7.8: Top panel: Comparison between the Ay and the F115W - F44W
AB mag color between redder and bluer patches within the disks (if the disk
has been divided in at least two components in Section 6.5). Middle panel:
Comparison between the sSFR and the F115W - F44W AB mag color between
redder and bluer patches within the disks. Lower panel: Comparison between
the Ay and the sSFR between redder and bluer patches within the disks. Only
variations are probed, not gradients, | do not look for radial effects has my
galaxies have highly asymmetrical disks.
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shift galaxies have less clumps and of the central M, fraction, higher fraction
leads to less clumps.

One could argue that the fact that galaxies with a star-forming core are at
higher redshift than those with a quiescent bulge (Type Ill) means that | probe
shorter rest-frame wavelength, hence, | have a higher probability of observing
clumps in their disk (Wuyts et al. 2012). However, the range of redshift that |
am probing here is quite narrow, and the clumps that | count are the brightest
and visible in several filters. These galaxies actually are clumpier.
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Figure 7.9: Number of clumps in the disk versus its SFR. Circular markers are
individual galaxies, star markers are the mean value for each Type of galaxy
with their associated error bar indicating the error of the mean.

In this chapter, | presented the results of my analysis of DSFGs at Cosmic

Noon. These interesting results raised some important scientific questions
that | decided to address in the next chapter.
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8 - ON THE EVOLUTION OF DSFGs AT COSMIC
NOON

In this Chapter, | first discuss the green patches/clump that are visible in
the RGB cutouts in Figures 5.2, 5.3 and 5.4 in Section 8.1. Then, | discuss the
presence of blue clumps inside quiescent disks in Section 8.3. l investigate the
possible link between the compact SMGs observed with ALMA and my DSFGs
in Section 8.4. In Section 8.6, | discuss the origin and consequences of lopsid-
edness and its abundance. Eventually, in Section 8.7, | discuss two possible
evolutionary paths that could lead to the formation of Type Il galaxies.

8.1. BRIGHT EMISSION LINES

When looking at Figures 5.2, 5.3 and 5.4, one can notice that some of the
disks have different colors, with a blue and a green part. The green clumps/patches
are visible in all Types of galaxies. Considering their redshift, they probably
are due to bright H,, or [O;;] emission lines which are known tracer of star-
formation. The H, line will fall in the green filter (F200W) for galaxies with
a redshift between 1.67 and 2.39 and the [O;;7] emission line will fall in the
green filter for galaxies with a redshift between 2.52 and 3.47. On the 7 galax-
ies where | identify green patches, 2 are consistent with H, emission from
a star-forming region (ID15371 and 1D29608) and 3 are consistent with [O;;7]
emission from a star-forming region (ID18694, ID23510 and 1D23581). For the
2 remaining galaxies, it is more surprising, as the green patches/clump are
observed in the quiescent disks of Type Il galaxies.

For the ID13107 galaxy (z = 2.21 %+ 0.02), the green patch is close to the
center of the galaxy, it is then possible that the H,, line is produced by the ac-
cretion disk of an AGN sitting at the center of the galaxy that becomes brightin
this region because of a much weaker dust attenuation than in the core. Even
though | have no radio or X-ray signature of an AGN in this galaxy, as men-
tioned before, the predicted SFR from the SED fitting is not enough to explain
the FIR flux density observed with Herschel for this galaxy. This convinced us
that there could be an AGN at the core of this galaxy.

For the ID18278 galaxy (z = 1.805), the situation is different, the green
patch is in the outer region and composed of clumps. These clumps could
have actually been ionized by the hot evolved low-mass stars (Cid Fernandes
et al. 2011; Belli et al. 2017) with an enhanced H,, line due to shocks from the mi-
nor merger. Indeed, these clumps are old (age of oldest stars = 2.5+ 0.5Gyr)
and have a very low sSFR, consistent with the ex-situ clumps defined in Man-
delker et al. (2014).
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8.2. ORIGIN OF DUSTY PATCHES WITHIN DISKS

In Section 6.7, | demonstrated that the color gradient is linked to the strong
Ay gradient. The fact that the core is much more attenuated than the disk is
expected because the SFR surface density is higher in the core than the disk,
hence is the dust surface density and the dust column density.

However, the patchy distribution of dust within the disks is more surpris-
ing. From the lower panel of Figure 7.8, | observe a correlation between dust
density and sSFR for Type Il and Type Il galaxies (Pearson coefficient = 0.62
and 0.83 with p-value = 0.04 and 0.01 respectively). Meaning that for these
galaxies, the patches could be linked to not yet quenched regions in the disks
of Type Il galaxies and partly quenching disk for Type lll. The patches could
then find their origin in internal instabilities, or interactions with the local en-
vironment. For Type | galaxies, | do not observe this correlation (Pearson co-
efficient = 0.35, p-value = 0.07). For these galaxies, the patches could be cor-
related either to metallicity, higher metallicity leading to higher dust column,
or to geometry.

| investigated the origins of the patchy distribution by looking for cor-
relations between the greatest difference in Ay in each disk and the red-
shift, the fraction of stellar mass in the core/bulge, the fraction of SFR in the
core/bulge, the lopsidedness and the environment. | found no correlation
(all p-value > 0.2). | then looked for a correlation between the number of
patches/components of each disk (as defined in Figures 5.2, 5.3 and 5.4) and
the same parameters. The only correlation | found, that is visible in Figure
8.1, is with the mass fraction in the core (Pearson coefficient of —0.60, p-value
= 0.003), the number of patches/components gets smaller when the mass is
more concentrated in the core of the galaxy. This is especially true for the
galaxies with a star-forming core (Type | and Il, with a Pearson coefficient
of —0.67 and a p-value of 0.006, while Type Il have a Pearson coefficient of
0.14 with p-value of 0.76). This correlation is expected from Hopkins et al.
(2023); when the central gravitational potential well is deep enough, it stabi-
lizes and homogenizes the disk. This correlation is consistent with the one |
observed for the clumps (See Section 7.2.4 and Figure 7.9). However, if this
(anti-)correlation justify why | do not see patches in Type Il galaxies, it doesn't
clear up the mystery of their origin.

| would need spectroscopy to understand better what is happening in
those disks, and even there the mystery would remain of why the disks are
so in-homogeneous in dust attenuation, whether it is due to metallicity or ge-
ometry differences (and why these would persist over homogeneous patches
within a disk, as opposed e.g. to simple radial gradients).

8.3. CLUMPS IN DSFGs
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Figure 8.1: Number of patches/component of each disk versus the stellar mass
fraction in the core/bulge. In the lower left corner, | show the average error
bar for individual galaxies. Circular markers are individual galaxies, star mark-
ers are the mean value for each Type of galaxy with their associated error bar
indicating the error of the mean.

In all the Types of galaxies, | identified the presence of clumps. | observed
that galaxies at lower redshift tend to have less clumps, this suggests that
the clumps either get destroyed within the disk and are not replaced by new
clumps, or migrate toward the core and participate to its mass growth possi-
bly triggering enhanced star formation. They might also be lower mass/less
luminous, hence below my detection threshold. | do not see any evidence of
recent major mergers in my galaxies, suggesting that most of the clumps |
observe are originating from a fragmentation of a gas rich unstable SF disk,
consistently with Puschnig et al. (2023) and Fensch & Bournaud (2021) that
showed that large scale instabilities in gas-rich galaxies can create such star-
forming giant molecular clumps.

| also noted that the most clumpy high-redshift galaxies also have the least
concentrated cores, with less than 20% of their stellar mass at the center of
the galaxy (see Figure 7.9) and, on the contrary, the least clumpy galaxies at
lower redshift have nearly 40% of their stellar mass in the quiescent bulge. |
also showed in Figure 7.5 that galaxies at later times have higher core mass
fractions. This suggests that either, as the clumps migrate through the disk,
they feed the central core, making it grow in mass or that, as the central gravi-
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tational potential well gets deeper, the disk is stabilized, the VDI are destroyed,
and the galaxy can have a smoother spiral-like disk. My observation are con-
sistent with the simulations from Hopkins et al. (2023) that showed a well de-
fined dynamical center is necessary to stabilize the disk and put an end to
bursty star-formation. Also, my results are in agreement with the new JWST
results from Kalita et al. (2022), pointing to an increased galaxy fragmentation
with decreasing bulge/core mass fraction.

When looking at Figure 5.3, one can clearly identify clumps in the Type
Il galaxies. The blue clumps of these quiescent disks (ID13107, ID18278 and
ID13776 in Figure 5.3) are due to a low dust attenuation and not a high sSFR.
Indeed, the disk has Ay, = 1.0+0.2 while the central SFcore has Ay, = 3.54+0.2.
| recall that the blue colors in NIRCam color cutouts for these redshifts are
typically a signature of low dust attenuation. This could indicate that clumps
are not only formed in highly star-forming regions.

8.4 . AM | OBSERVING COMPACT SMGs COUNTERPARTS ?

In most of my IR-luminous galaxies, a central compact clump-like highly
dust attenuated SF red core is present. While it is nearly invisible in the opti-
cal rest-frame, it becomes bright in the near-IR (see Figures 6.1 and 7.6). As |
showed in Section 7.2.3, they are surrounded either by a SF (Type I) or a qui-
escent (Type Il) disk with much lower dust attenuation. | identify 10 of those
(see Table 8.1 and Section 7.2.2) in my sample.

When | measured the size of these red compact SF cores, | found that the
average R. nrr was about 0.76kpc (Figure 7.7). This size is compatible with
the sizes measured with ALMA for the compact SMGs : 0.6 + 0.2kpc in Zavala
et al. (2022), ~ 0.73kpc in Gémez-Guijarro et al. (2022b) or 1 — 2kpc across in
Rujopakarn et al. (2019). The NIRCam sizes tend to be slightly larger than the
ALMA sizes, this is not due to a spatial resolution issue, but to the heavy dust
obscuration of the core.

Moreover, compact SMGs at z ~ 2—3 are characterized by a SFR > 100M,
yr*1 (Gdmez-Guijarro et al. 2022b; Jiménez-Andrade et al. 2021, 2019; Hodge
et al. 2019). 7 out of the 10 galaxies where | identified a compact star-forming
core have a total SFR compatible with this criteria (see Table 8.1). 5 of them
having SFR > 100M, yr—! in the core alone, 1 has SFR > 50M, yr—! in the core
and the remaining galaxy has a lower SFR in their core.

To confirm the possibility of SMGs counterpart, | can use my FIR super-
deblended catalog in the EGS. 6 out of the 10 galaxies are detected at 20 in
SCUBA2/850um among which 3 are 30 detected. 3 out of the 4 undetected
galaxies at 850um are in the shallower part of the FIR catalog. Moreover, if |
look at the predicted flux at 1.1mm for these galaxies, the mean predicted flux
is 0.80mJy, and 4 of them are predicted to be brighter than ImJy at 1.1mm. A
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total of 5 galaxies have either a 30 detection in SCUBA2/850um or a prediction
> 1.1mJy at 1.1mm (ID13776 and ID21190 from the Type Il class and 1D16544,
ID29608 and ID30186 from the Type | class). They correspond to the 5 galaxies
measured with a SFR> 100Mg, yr—! in their core.

All these elements convinced us that | have at least 5 or 6 galaxies that are
good candidates of compact SMGs counterparts, they are equally distributed
between Type | and Il.

Contrary to what is observed with ALMA, these compact cores are not iso-
lated, they all are surrounded by a larger disk. The fact that their is a huge
dust gradient between the core and the disk, as | showed in Section 6.7 might
explain why | do not this the latter in sub-mm surveys: the core is bright in
the rest-frame near-IR while the disk is bright in the rest-frame optical. The
presence of a disk confirms Hodge et al. (2019) and Puglisi et al. (2019) who
both stated that the compact SMGs are obscured part of a larger system.

The fact that some galaxies in my sample have highly extinct cores could
link them the so-called HST-dark galaxies. | compared my sample with the
HST-dark and HST-faint galaxies in the same field from Pérez-Gonzalez et al.
(2023). My galaxies are in general agreement with the SFG at z < 4 in Pérez-
Gonzalez et al. (2023), especially with the fact that | observe highly dusty patches
out to large radii. Four of the galaxies in my sample are classified as HST-faint
(ID16544, ID18694, ID23581 and 1D26188). All are Type | galaxies, which seems
logical because quiescent regions have lower Ay, hence are brighter in HST.
One of them (ID23581) has Ay, > 3, hence expected to be HST faint/dark,
while the remaining three galaxies have Ay,,:, ~ 1.5, which is the average
Av.min Of the sample. It is more surprising that those three galaxies are HST
faint/dark. However, these 4 galaxies are actually the galaxies at the highest
redshift of the sample (2.7 < z < 2.9), with photometric redshift from my
SED fitting procedure consistent with the ones from Kodra et al. (2022) and
the ones from my super-deblending catalog. There is a chance that their HST
faintness comes more from their higher redshift than their high level of dust
(at least for 3 of them).

8.5. RELATION TO BLUE NUGGETS SIMULATIONS

In the cosmological simulations from Lapiner et al. (2023), the typical high-
redshift and low-mass galaxy is a gas-rich, star-forming, highly perturbed, and
possibly rotating system, fed by intense streams from the cosmic web. When
the stellar mass is in the ballpark of ~ 10'°M, the galaxy undergoes a maijor,
last, wet compaction into a ‘Blue Nugget', starting with a compact gaseous
star-forming system that rapidly turns into a compact stellar system. The
galaxies that | observe are all above this ~ 101M, threshold. However, non
of them look like a blue nugget except possibly ID13098. | discuss the specific
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case of ID13098 in Section 8.7. The other ones that are in the range of mass
where the wet compaction should happen do have a compact dusty star form-
ing core, but they also have a much larger star-forming disk. Moreover, the
more massive galaxies could be undergoing a rejuvenation event after blue
nugget phase as it is suggested by Lapiner et al. (2023). However, when com-
paring the t5q of the disk and core, | find no evidence that the star-forming
disks are younger than the cores. The fact that | do not observe any blue
nuggets (or a single one) might be due to their low-mass, or low SFR, or that
the previous observations were not deep enough to detect the low-luminosity
disks. It may be possible that the most massive galaxies undergo a different
qguenching mechanism that lower-mass galaxies.

8.6 . INVESTIGATING THE LOPSIDEDNESS

Galaxy lopsidedness has not so far attracted much attention at high red-
shift, probably because of a lack of spatial resolution and/or incomplete data
since the most obscured part of the galaxies are not visible with pre-/WST tele-
scopes. However, the spatial resolution of NIRCam shows that itis a common
features of DSFGs around the Cosmic Noon. Indeed, | showed in Section 7.1.3
that being lopsided seem to be the typical morphology of Type | and Il galaxies
(see Figures 5.2, 5.3 and 7.3). Bournaud et al. (2005) investigated the origins of
lopsidedness in field galaxies and concluded that it is very unlikely the result
of internal mechanisms but rather linked to the history and environment of
the galaxies. With the NIRCam images, | have access to the spatially resolved
morphology of these galaxies, and can try to better understand the causes of
the lopsidedness.

Among the lopsided galaxies showed in Figures 5.2 and 5.3, some have
a clear compact central core and a rather homogeneously colored disks (e.g.
ID11887, ID13776), others are mostly clumpy galaxies with a less compact core
(e.g. ID18694, ID18278).

For the first category, even if | don't have the kinematics to confirm it, it
seems that the galaxies have a stable disk, with no major merger features.
This means that the lopsidedness of these galaxies, is probably due to ac-
cretion and minor mergers. This accretion would be happening via streams
of cold gas that asymmetrically feed more generously one side of the galaxy
making it grow larger than the opposite side. Moreover, the fact that these
galaxies are clumpy (see Section 7.2.4) and that their disk is highly heteroge-
neous (see Section 7.2.3) favors the idea of accretion or minor mergers that
could create clumps or patches in the disks with different SFRs or Ay. How-
ever, the fact that Type | galaxies have a star-forming disk and Type Il a qui-
escent disk means that the properties of gas transport in Type | and Type |
galaxies are different.
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In Type | galaxies, the disk acquires its gas via accretion streams or minor
mergers and forms stars, but the gas also goes to the core, which is SF as well.
Bournaud et al. (2005) showed via simulations that the strong lopsidedness
could be the result of gas accretion if it as asymmetric enough and that the
lopsidedness from accretion is relatively long-lived (~ 3Gyr), hence easily ob-
servable. This has also been confirmed by a recent study based on the TNG50
simulation (Dolfi et al. 2023) where they conclude that the lopsidedness in lo-
cal galaxies originates from accretion over several Gyr while symmetric galax-
ies formed earlier and within a shorter timescale.

In Type Il galaxies, on the other hand, while the gas keeps going to the
core and keeps it SF, the disk is quenched. This would seem to suggest that
the gas does not stay in the disk, but goes straight to the center. A possible
explanation would be that Type Il galaxies have larger inflows or very pow-
erful outflows that blow away and/or shock the gas in the disk (confirming
this would require spectroscopy). It could also be that in Type Il galaxies the
accreted gas has a more radial accretion, with little angular momentum and
goes straight into the central regions. Or, for some reason, the gas rapidly
looses its angular momentum and abandon the disk and falls into the center.
This would, depending on the direction of accretion, feed the lopsidedness.
This effect has already been suggested by Kalita et al. (2022) where they were
able to link the lopsidedness of 3 galaxies at z ~ 3 in a dense environment
to cold gas accretion using Lyman-a emissions. The strong lopsidedness of
these galaxies, would then be a tracer of the point of impact of the accretion
streams.

For the clumpier galaxies, the disk is star-forming and not homogeneous.
Kannan et al. (2015) showed with simulations that gas-rich disks are able to
survive major mergers and that the following enhanced star-formation is not
entirely happening in the core of the galaxy, but a substantial fraction takes
place in the disk too. This is compatible with my Type | galaxies, the fact that
their SF disks are clumpy and heterogeneous in terms of dust and sSFR could
be a signature of a recent major merger (Calabro et al. 2019). Moreover, Kan-
nan et al. (2015) mention that the presence of a gas-rich disk contributes to
reducing the efficiency of bulge formation, which is compatible with the non-
compact core observed in some of these galaxies. Usually major mergers
features are short lived, but the clumps | observe could be preserved due to
Toomre instabilities. Indeed Fensch & Bournaud (2021) showed, via simula-
tions, that a galaxy with a gas fraction greater than 50% will have strong disk
instabilities leading to the formation of long-lived giant clumps and strong
nuclear inflow affecting the structure of the galaxy and possibly introducing
lopsidedness. It has already been observed in a local galaxy used as proxy for
high redshift galaxies (Puschnig et al. 2023). A major merger could then result
in a clumpy galaxy with a perturbed structure, which is what | have in Figure
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5.2 for some Type | galaxies. The color variations between clumps/regions in
the galaxies could be tracers of the original galaxy they were a part of before
the merging as they trace the dust attenuation. However, a major merger is
not necessarily required, indeed, Rujopakarn et al. (2023) studied a lopsided
galaxy at z ~ 3 and concluded that its lopsidedness did not originate from
interaction with the environment but from internal, large scale instabilities,
that could, in the end, form bars or spiral arms.

The lopsidedness of these galaxies could also be the signature of the bulge
angular momentum build-up. Indeed, either via accretion, minor mergers,
major mergers, internal instabilities and tidal effects, the lopsidedness will
break the disk balance, consequently creating a torque on the bulge of the
galaxy resulting in an angular momentum loss.

The significance of the difference of lopsidedness between Type Il galax-
ies and the rest of the sample means that, by some mechanism, the galaxies
become much more symmetric after the Cosmic Noon. Indeed, | recall that my
Type Il galaxies have z = 1.80 +0.09 while Types | and Il have z = 2.19+0.14.
This could be due to increasing virialization with passing of time, also due to
the stabilising effect of the larger bulge mass fraction (see lower right panel
of Figure 7.3).

8.7 . WHERE DO TYPE Il GALAXIES COME FROM ?

The Type Il galaxies (see Section 6.7 and Figure 5.3) have an unusual be-
havior. They have a compact star-forming core embedded in a quiescent disk,
and represent ~ 23% of the galaxies of my sample, so are relatively common.
Kalita et al. (2022) studied such galaxies in a crowded environment at z ~ 3
and linked the quiescence of the disk to its strong lopsidedness which rapidly
fuels the gas to the core of the galaxy. In my sample of Type Il galaxies, 3 have
a strong lopsidedness, 1 is only weakly lopsided and has an off-center core
while 1 is not lopsided at all. This means that even if lopsidedness can be a
driver of outside-in quenching, it is not the only one.

Based on my observations, | have three possible scenarios that could ex-
plain the observed suppression of star-formation in the disk.

The first scenario is the one developed by Kalita et al. (2022) with the lop-
sidedness either coming from a major merger strong enough to result in this
off-centered core or from asymmetric accretion of gas via streams and minor
mergers, feeding the disk preferentially on one side. The strong lopsidedness
resulting from this is enough to explain the quenching of the disk as it greatly
facilitates the transportation of the gas toward the core (Fensch & Bournaud
2021).

The second scenario is a wet compaction event leading to an apparent
outside-in quenching. ID13098 is in the correct range of stellar mass and red-
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shift to be in a ‘blue nugget’ phase (Lapiner et al. 2023; Dekel et al. 2009; Tac-
chella et al. 2016) where the galaxy undergo a wet compaction caused by gas-
rich mergers or smoother gas streams, leading to an episode of high central
star-formation and outside-in quenching. The presence of the low-luminosity
quiescent disk might indicate that the compaction is not completely done yet.
Ifitis a blue nugget, the outside-in quenching may not be final as when the gas
has been consumed at the center and the bulge has grown, a star-forming ring
can form in the disk via accretion of new gas-reach material from the inter-
galactic medium leading to an inside-out quenching in the post-blue nugget
phase.

The last scenario is an actual outside-in quenching linked to the strong
lopsidedness but not resulting from a major merger. In Figure 7.1, | show
that the Type | galaxies are the most star-forming and at the higher redshift
on average. They also have a stellar mass consistent with the Type Il galaxies.
This means that there could be an evolutionary path between Type | and Type
Il galaxies driven by VDI and lopsidedness. The idea is that the star-forming
clumps of the Type | galaxies will migrate toward the center of mass of the
galaxy (Mandelker et al. 2014). By doing so, they will fuel strong gas nuclear
inflow creating a compact SF core (Fensch & Bournaud 2021). On their way to
the center of the galaxy, the clumps will accrete the gas of the disk and could
leave a completely gas deprived disk and a compact SF core. When growing,
the SF core will prevent the formation of new clumps in the disk by stabilizing
it (Hopkins et al. 2023) while the lopsidedness could be conserved due to the
large scale instabilities. In this scenario, Type Il galaxies are observed in a
process of outside-in quenching.

Chandar et al. 2023 demonstrated that the local ULIRG Arp220 is com-
posed of a central starburst and a larger quiescent disk. The starburst has
been triggered by a major merger. The galaxy is classified as shocked post-
starburst galaxy which is a stage prior to post-starburst. In that case, it ap-
pears that shocks induced by the merger forced the outer disk in this galaxy
to turn quiescent. This is close to first scenario | described with the outside-in
quenching originating from a major merger.

In my case, in the four remaining galaxies, two have clumpy heteroge-
neous disks (ID13107 and ID18278, see Figure 5.3), the different properties of
the patches, either linked to dust or sSFR (see Section 7.2.3) favors the idea
of asymmetric accretion streams and minor mergers as the source of lop-
sidedness for these two galaxies. The ID13776 has a clumpy but more ho-
mogeneous disk, but highly off-centered. The eccentricity of this galaxy can
both originate from asymmetric accretion making the disk grow on one side
or from a major merger strong enough to shift the disk. In the same way, it is
hard to conclude for the last galaxy (ID21190) which is not lopsided and seem
to have a smooth homogeneous disk.
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8.8. THE ROLE OF ENVIRONMENT

A way to discriminate between the scenarios of outside-in quenching and
the origin of the lopsidedness of galaxies is to look at their local environ-
ment. To this aim, | use the environment density measurements from Chartab
et al. (2020). They measure the density contrast of galaxies with a magnitude
brighter than 26 AB mag in the H-band. The density contrast is defined as
the number density enhancement with respect to the average density in the
vicinity of the galaxy (local density/background density). In Figure 8.2, | com-
pare the local density contrast of my sample with the general population of
galaxies in the EGS field.

The star markers in Figure 8.2 are the Type |l galaxies. They do notsitin any
particular kind of environment, they are relatively close to the median of the
general population showed by the blue dotted line. This suggest that outside-
in quenching can happen both in dense environment via major mergers but
also in lighter environment via internal effects. The galaxy at lower density
is ID13098 that | discuss in Section 8.7. The fact that this galaxy is relatively
isolated favors the scenario of wet compaction as the origin of its outside-in
quenching. For the other galaxies, the local density is insufficient to discrim-
inate between scenarios as they do not sit in strongly over/under crowded
environments but show that they all are likely.

The color of the markers trace the lopsidedness of the galaxies. There
is no obvious difference between the lopsided galaxies and the general pop-
ulation. | do not see any signature that could link the environment to the
lopsidedness. The fact that | see lopsided galaxies not only in dense envi-
ronment and that most of them have a regularly looking disk favors the idea
that lopsidedness originates from accretion and/or VDI. However, this is only
a tentative explanation, these measurements are not strong enough to say if
environment could be a driver of lopsidedness. The circular marker showing
aweakly lopsided galaxy in a high density environment is ID30186. This galaxy
is the brightest galaxy of a group of ~ 16 members at z,,.. = 1.85, is undergo-
ing a major merger and is surrounded by quiescent intra-halo light (Coogan
et al. 2023).

Discriminating further between the different scenarios would require spa-
tially resolved spectroscopy to study the kinematics of each of these galaxies,
and especially of the disk of each of them, to see if their disk is rotating, which
would favor accretion and minor mergers, or if they are dominated by disper-
sion velocity favoring the scenario of major mergers and VDI.
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Figure 8.2: Density contrast of galaxies versus their redshift. Density contrast
is defined as the number density enhancement with respect to the average
density in the vicinity of the galaxy (Chartab et al. 2020). Grey scatter is the
general population of H-band mag AB < 26, the black dotted line is 1, the blue
dashed line is the median density contrast of the general population in red-
shift bins. Star-shaped markers are galaxies undergoing outside-in quenching
(Type ). Circular marker are the Type | and Ill galaxies. The colors of the mark-
ers trace the lopsidedness.
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9 - CONCLUSIONS AND PERSPECTIVE

During this thesis, | have brought together years of observations in the far-
IR and the newest images for the James Webb Space Telescope in an attempt to
understand to a deeper level the formation and evolution of galaxies at the
Cosmic Noon. This was achieved by producing the deepest far-IR catalog in
the EGS field. In the following sections, | summarize the main results of these
three years of work and open some perspective for continuing this work.

9.1. THE DEEPEST FIR CATALOG IN THE EGS FIELD

In the first half of this manuscript, | presented a detailed “super-deblended"
photometry catalog for FIR-to-(sub-)millimeter imaging data sets in the EGS
full 209arcmin? field. In an attempt to overcome the blending problem due to
the large PSF in the SPIRE bands especially, | adopted the “super-deblending"
technique that has been developed by Liu et al. (2018) in the GOODS-North
field and improved by Jin et al. (2018) in the COSMOS field. My images have
a similar depth as the images from Jin et al. (2018), nonetheless, | still had to
improve and adapt the method to the EGS field.

Using Stefanon et al. (2017), | built a highly complete set of 7061 priors for
deblending the images. | have 2773 detections in the MIPS/24m image and
1722 in the VLA/10cm one.

In the deblending of the FIR/(sub)mm images, | made a few changes, |
added a systematic analysis of the effect of the background level chosen when
running GALFIT (Peng et al. 2010) allowing to choose the level that will minimize
the uncertainties. In the simulations, | also made sure that a simulated source
would be at a reasonable distance from an actual prior, this allowed to avoid
unrealistic outliers and bias.

Unfortunately, some images do not cover the full EGS field, it is the case
for the SCUBA2 and AzTEC maps. For SCUBA2, | fitted two images, one deeper
but covering a smaller area than the other.

A total of 480 galaxies are individually detected with a combined S/N > 5
over the FIR/(sub)mm wavelengths, including 48 detections at z > 3 (mostly
photometric). | compared my results with publicly available catalogs for each
wavelength. My results are in agreement with the literature, my estimations
of uncertainties are mostly in agreement. For the SPIRE bands, | find that
some uncertainties may have been under-estimated in previous work as they
don't take the blending into account as well as | did. Overall, this catalog is the
deepest far-IR catalog in the EGS field.

This catalog will be published and publicly released soon but has already
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proven to be useful to confirm the possibility of very high photometric redshift
candidates detected with JWST.

9.2 . JWST SHEDS LIGHT ON DSFGs

In the other half of this manuscript, | used the new set of images in the
near-IR from JWST/NIRCam in the EGS field from the CEERS collaboration to
investigate the formation and evolution of DSFGs at Cosmic Noon. To start
with, | selected a sample of DSFGs based on their FIR emissions and around
Cosmic Noon (1.5 < z < 3.0) using my super-deblended catalog. | ended up
with 22 galaxies in the CEERS field.

| studied each galaxy on a sub-galactic scale by dividing them in different
regions based on their NIRCam (F115W, F200W, F444W) colors, taking advan-
tage of the spatial resolution. Using the available photometry from HST and
JWST, I ran SED fitting and derived physical parameters for each galaxy compo-
nent and classified them as star-forming or quiescent. | classified the galaxies
in different Types based on the star-forming activity in their core and disk.
The Type | have a star-forming disk with a red star-forming core, the Type Il
are quiescent disks with a SF core and the Type Il are star-forming disks with
a quenched bulge. The main results of my study are:

« ~ T0% of the DSFGs in my sample have a red deeply dust attenuated
compact star-forming core that can represent up to 80% of the total SFR
of the galaxy but only 20-30% of its stellar mass. Contrary to the sim-
ulations that predict blue nuggets, these compact red cores are sur-
rounded by large less obscured disks. Most of these cores are mea-
sured or predicted to be SMGs. However, telescopes like ALMA or NOEMA
would only be sensitive to the most obscured part of the galaxy. This
study demonstrates the necessity to combine near-IR imaging to sub-
mm data to fully grasp the nature of DSFGs.

* 64% of my galaxies are at least weakly lopsided, and 27% strongly lop-
sided. The lopsidedness could be caused by asymmetric cold gas ac-
cretion and minor mergers feeding preferentially one side of the disk,
which would, depending on the orientation of the accretion favor a
star-forming or quiescent disk. Lopsidedness could also be triggered
by a major merger disrupting the disk, and/or via large scale instabili-
ties even if my study favors accretion. The fact that lopsidedness is so
common among my sample means that most DSFGs have a complex
SFH and do not calmly evolve without any interaction with their envi-
ronment.

+ 23% of the galaxies of my sample have a quiescent disk but a star-
forming core. If one of them is compatible with a blue nugget, the
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others are not. Their observed outside-in quenching could then find
its origins in their strong lopsidedness that favors VDI and rapid trans-
portation of gas towards the center or from large scale instabilities and
clump migration accreting the gas from the disk to feed it to the core.

* Most of the galaxies have a disk with patches/clumps of different RGB
color that are not radially symmetric. The color variations within the
disks are mostly driven by dust attenuation. These variations are an-
other indicator that Main Sequence DSFGs have a complex SFH.

* Interestingly, among the quiescent disks, | find evidence of clump-like
structures. These clumps are not (or very weakly) star-forming, they
are mostly populated by old stars but seem to be to massive to be com-
pared to the globular clusters we observe in the local universe.

This work demonstrates the power of the JWST in probing for the first time
spatially resolved galaxies in the near-IR at Cosmic Noon, where the only avail-
able data was the unresolved images from Spitzer/IRAC. This allows reliable
studies of quenching and dust attenuation at sub-galactic scales in DSFGs,
facilitating the understanding of their morphologies and formation and evo-
lution mechanisms that appear to be more complex than previously thought.

9.3 . PERSPECTIVE AND FOLLOW-UP

Thiswork is the first step toward a deeper understanding of massive galaxy
evolution, however, these results are extrapolated from a small population of
galaxies. In order to confirm them, it could be useful to exploit the remain-
ing part of the CEERS field observed in December 2022 that | didn't used. To
go further, the “super-deblended" catalog in the COSMOS field could be used
Jin et al. (2018) to select DSFGs to study using the JWST COSMOS-Web sur-
vey (PI: Jeyan S. Kartaltepe & Caitlin M. Casey, Casey et al. (2023)). Having a
much larger area (about 30x larger than the EGS field), it would allow to have
enough statistics to confirm the trend | observed, as well as discover new
more subtle trends that are undetectable at low statistics. To analyze such a
great number of galaxies would require to render the analysis automatic, the
division of galaxies in regions could be made by defining sections in a NIRCam
color-color plots for instance, it also could be done using machine learning.
It could also be possible to improve the SED fitting, either by using a more
physically driven model or a non-parametric fitting. Using the exquisite NIR-
Cam spatial resolution, it could also be possible to fit pixel by pixel instead of
patches, this would allow to build attenuation maps, age maps or SFR maps
that could be used to better understand what is driving the evolution of the
DSFGs, evidence could be found in these maps that could favor a evolution
scenario (major merger, cold gas accretion, disk instabilities).
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9.3.1. NOEMA PROPOSALS

Since the EGS field is too North to be observable with ALMA, the only way
to get spatially resolved sub-mm maps of my sample of DSFGs would be to use
NOEMA. The prime objective of the NOEMA observations would be to probe
with a high resolution the star forming region inside these galaxies by localiz-
ing the position of the sub-mm emissions in the galaxies accurately (1 — 2kpc
accuracy) and by measuring the size of the sub-mm emission to the same ac-
curacy. The JWST/NIRCam observations allowed us to have a high resolution
view of the galaxies by probing stellar emissions. Having these two sets of
images, in the near-IR and millimeter wavelengths would allow to accurately
compare the distribution of stellar mass in the IR luminous galaxies (includ-
ing the very obscured mass that shows up towards 4 — 5um in NIRCam) to
the SFR spatial distribution, to unveil if they come from the same regions. The
same exercise could be done for dust attenuation distributions (from NIRCam
colors) and young stars distributions (from 1xm NIRCam imaging and HST al-
ready existing). Also, the very large wavelength range at exquisite spatial res-
olution could allow to classify pixel-by-pixel the stellar emission as quiescent
or star forming. All these spatially resolved observations would give a unique
opportunity to understand how these sub-mm compact sources are formed,
what physical processes could lead to such morphology and test the validity
of existing theories on their formation and evolution. In recent work, a direct
connection between accretion streams and the morphological transforma-
tion of galaxies driving compact star-formation has already been observed in
a dense environment (Kalita et al. 2022). This connection shows that galax-
ies can build-up compact highly star-forming cores without major-mergers,
therefore preserving their stellar disks. The aim of the sub-mm observations
would be to understand if a similar evolutionary pathway is possible for field
galaxies. How could these compact hidden star-forming cores formed ? What
processes could drive the apparent ‘outside-in’ quenching of those galaxies ?
Being able to accurately trace the star-forming regions with NOEMA is crucial
to answer these questions.

| submitted two proposals, the first one during the summer 2022 Cycle,
the proposal was rated B and was not observed due to lack of available tele-
scope time. The other proposal was a re-submission of the the first one, for
the winter 2022, it was also rated B, but | got the time and the 14 galaxies in
the proposal were observed. | will work on this data in the near future. The
proposals can be found in the Appendix 10.2.

9.3.2. JWST/NIRSpec PROPOSAL

As mentioned previously, spatially resolved spectroscopy would allow to
discriminate between the several evolution scenarios. NIRSpec is a perfect
candidate for the job, this why | decided to submit a proposal for the Cycle 2
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of JWST.

| proposed to use the NIRSpec in the Multi-Object Spectroscopy (MOS)
mode with the G235H disperser to probe and spatially resolve the Ha emis-
sion lines of 9 of the galaxies in my sample that could all be observed in a
single pointing. The idea was to scan each of these galaxies in order to get
a spatially resolved 3D spectrum for each of them. To do that, | would have
used large slitlet to cover the disks, and scanned over 5 x 0.2) = 1j in the
direction of dispersion by step of 0.1j, to obtain full, 3D spectroscopy of each
galaxy. | preferred MOS rather than IFU spectroscopy because MOS has a lim-
iting sensitivity 2x lower than IFU spectroscopy. Moreover, the latter can only
observe 1target at a time.

The main goals of my proposal were:

(i) From the Ha Equivalent Width (EW), | could probe the sSFR and spatially
resolve it for each galaxy. This is crucial to confirm the star-forming activity
or the quiescence of the galaxies as inferred by NIRCam imaging. All of these
galaxies are in the upper part of the MS or above it, meaning they are ac-
tively star-forming. However, when fitting the SED of different components
based on NIRCam imaging, | noticed that some galaxies seem to have quies-
cent regions. Some of them in the classical inside-out quenching mode, ie a
star-forming disk and a quiescent nucleus. Others, as mentioned above are
the other way around, with what looks like an outside-in quenching mode.
Having access to a spatially resolved direct tracer of star formation would al-
low me to confirm or not the activity of each component of each galaxies.
Hence, confirming the existence of field galaxies having high star-forming ac-
tivity in a compact nucleus within a quiescent disk, validating the possibility of
an outside-in quenching mechanism for field galaxies.

(ii) From the Ha line, | could have access to the kinematics, allowing a
better understanding of the morphology and dynamics of each galaxy. The
spectral resolution of NIRSpec would make it possible to study the kinemat-
ics of these galaxies. Most of the targets have a complex morphology, often
lopsided. However, they all seem to have a disk. The kinematics would be
able to confirm the presence of a rotating disk, or, in the contrary, kinematic
distortions would signal the effect of an ongoing merger, presumably at co-
alescence (e.g. Shapiro et al. 2008). If there is a rotation, | would be able to
see if the center of rotation coincides with the peak in the mass surface den-
sity distribution, located at the position of the central starburst, traced by the
F444W flux density. This kinematic analysis would be the key to deeply un-
derstand the possible formation of these lopsided galaxies with a compact
nucleus, possibly lifting the veil on a new quenching mechanism.

(iii) From the detected lines in the spectra, | could put constraints on the
metallicity of each galaxy. This information is important for the SED fitting and
the accuracy of the derived quantities. Moreover, using the [N;;|/Ha ratio, |
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could also probe the presence of an AGN in the nucleus of each galaxy that
would be a useful complement to the information | have from radio and X-
ray surveys. With the IR catalog, | have access to the IR luminosity of these
galaxies, with NIRSpec, | would be able to resolve the degeneracy between
star-formation and AGN activity.

To put it in a nutshell, NIRSpec observations of these dusty star-forming
galaxies would be a milestone in the understanding of FIR-bright field galaxies
evolution in terms of morphology and star forming activity.

Unfortunately, the proposal was rejected. However it could be improved
and re-submitted for a later Cycle.

148



10 - APPENDIX

10.1. CONTRIBUTIONS TO OTHER PAPERS AS CO-AUTHOR

During the course of my thesis, | had the opportunity to participate to
several papers as a co-author. My contributions are mainly linked to my work
on the super-deblending catalog that | shared within the CEERS collaboration.
| list here these papers and summarize my contributions.

A Long Time Ago in a Galaxy Far, Far Away: A Candidate z ~ 12 Galaxy in Early
JWST CEERS Imaging. This paper describes one of the most distant galax-
ies ever observed. | used the Super-deblending to check that there was
no FIR emission for this galaxy, hence excluding the possibility of a lower
redshift DSFG. Finkelstein et al. 2022, The Astrophysical Journal Letters.

Dusty starburst masquerading as an ultra-high redshift galaxy in JWST CEERS
observations. As the title implies, this paper demonstrates how galaxies
observed with NIRCam were believed to be at z > 10 while they actually
were DSFGs at z ~ 5 with a similar SED. Sub-mm emission were used to
demonstrate this. | used the super-deblending technique to extract FIR
fluxes, hence helping proving the point of the paper. Zavala et al. 2023,
The Astrophysical Journal.

A z = 1.85 galaxy group in CEERS: evolved, dustless, massive intra-halo light and
a brightest group galaxy in the making. This paper studies the properties
of galaxies and inter-galactic medium of a group of galaxies in the EGS
field. The study is based on both JWST/NIRCam imaging and my super-
deblending catalog. | provided the necessary data and far-IR SED fit.
Coogan et al. 2023, Astronomy & Astrophysics.

CEERS Key Paper I: An Early Look into the First 5ooMyr of Galaxy Formation with
JWST. This paper focuses on studying galaxy candidates at z > 10. |
used the super-deblending technique to check that there was no FIR
emission for these galaxies, for the same reason as above. Finkelstein
et al. 2023, The Astrophysical Journal Letters.

CEERS Key Paper IlI: A First Look at the Resolved Host Properties of AGN at 3 <
z < b with JWST. This paper is using the NIRCam images from CEERS
to study the properties of galaxies hosting an AGN. In this paper | in-
vestigated whether any of these sources were dusty starburst galaxies
masquerading as quiescent systems by examining their far-IR emission
using the super-deblending technique. Kocevski et al. 2022, Ap).
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10.2 . ACCEPTED PROPOSALS

| insert here the two NOEMA proposals that were accepted, even if only
one of them was observed. The two proposal are linked as the second one is
a re-submission of the first one.

| decided not to insert the NIRSpec proposal as it was rejected.

See Section 9.3.1 and 9.3.2 for more details on these proposals.

150



IRAM

300, rue de la Piscine

38406 Saint-Martin-d'Héres (France)

Fax: (33/0) 476 42 54 69

PROPOSAL FOR THE NOEMA INTERFEROMETER

Registration n°: P416057
Date: 17-MAR-2022

Title: JWST and NOEMA unveil the nature of submm-compact galaxies in the distant Universe

PIs: Aurelien Le Bail (FR)

Cols: Mark Dickinson (US), David Elbaz (FR), Emanuele Daddi (FR), Steven Finkelstein (US), Carlos
Gomez-Guijarro (FR), Shuowen Jin (DK), Boris Sindhu Kalita (FR), Lucas Leroy (FR), Benjamin Magnelli

(FR), Casey Papovich (US), Qinghua Tan (CN-PMO)

Proposal category: Standard

Scientific category: Surveys of galaxies, Merging and interacting galaxies, Luminous and Ultra-Luminous

Infra-Red Galaxies (LIRG & ULIRG)

Total requested time: 14.0 (PolyFiX)

Abstract:
In the last few years it has been revealed that a large fraction of IR-luminous sources in the distant
Universe (many of which typical Main Sequence galaxies) are ultra-compact (<1lkpc size) in their submm
emission (hence SFR) but relatively extended in the optical (hence stellar mass). The reason for this
dichotomy remains enigmatic as it might be linked to mergers, dynamical instabilities due to cold accretion
or pre-quenching phases. We will be obtaining some of the earliest JWST observations, which hold the key
to unveil the nature of these galaxies, in the EGS field as part of the CEERS survey. Unfortunately the EGS
field lacks high-resolution submm observations as it cannot be seen by ALMA. We propose a pilot project to
observe 7 mm-bright sources with NOEMA at 1.25mm in order to measure their SFR sizes, verify their
compactness and identify the spatial location of the SFR. The timely NOEMA allocation would enable

critical science to for french-led team ahead of competition.

Sources:

Id Epoch RA DEC z (redshift) Setups
9333 J2000 14:19:42.643 52:50:52.656 1.68 1
11526 J2000 14:19:47.299 52:52:34.104 1.87 1
11800 J2000 14:19:24.187 52:48:34.668 4.24 1
11903 J2000 14:20:26.086 52:59:33.936 4.61 1
13088 J2000 14:19:07.670 52:45:58.068 1.79 1
14789 J2000 14:20:22.726 52:59:53.664 3.88 1
31125 J2000 14:19:16.675 52:52:22.404 2.15 1

Summer 2022 - NOEMA

Proposal Management System
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Aurelien Le Bail, JWST and NOEMA unveil the nature of submm-compact galaxies in the distant Universe

Technical sheet "Continuum 1.25mm":

Summary

Point source detection with only continuum on 7 source(s).
Total observing time: 14.00(2.00 * 7) hours

Track fractions:

C: 100.0%

Instrumental tuning

Spectral windows:
Odf = 2000.0 kHz
[Odf = 62.5 kHz

0/128 flexible chunks used LSR Frequency (GHz)
REST: 240.000 GHZ (LSR: 240.000, RF: 240.000) IF1: 6000 MHz USB
225 230 235 240

REDSHIFT
z = .000
245

Band 3

225 230 235 240
Rest Frequency (GHz)

Half the most narrow SPW is equivalent to an offset of 2418,326 km/s in source LSR velocity

Source properties for continuum

Expected signal: 1.1 mJy/beam
Sensitivity: 111.2microJy/beam
(15488.0 MHz x 2 polar)

- SNR: 10

245

PI note:

CEA Paris-Saclay (2020-2023).

The proposed observations are an essential part of the PhD thesis of the PI, Aurelien Le Bail, carried out at

Justification for NOEMA time:

overlapping sources and complementary objectives

The EGS field at 52deg declination cannot be observed by ALMA. Timely observing our targets would
enable critical science for our NOEMA project with the CEERS JWST observations.
We are aware of an other proposal from the CEERS collaborations (PI: Zavala J.), but we have no

Summer 2022 - NOEMA Proposal Management System

2/2



JWST and NOEMA unveil the nature of
submm-compact galaxies in the distant Universe

P.I.: Aurélien LE BAIL

1 Scientific context

The majority of star-forming galaxies are observed to follow a correlation in the stellar mass versus star
formation rate plane (e.g., Schreiber et al. 2015). Until recently, the existence of this so-called Main-
Sequence (e.g., Daddi et. al. 2007) and its tight scatter was interpreted as evidence that star formation
in most galaxies is a fairly ordered process. The ‘consensus’ had that galaxies on the main sequence are
forming stars in a quasi steady state inside gas-rich stellar disks (e.g., Dekel et al. 2009) whereas galaxies
above the main sequence undergo a starburst mode driven by stochastic processes such as major mergers,
which the typical signature is compact start formation (e.g., Tacconi et al. 2008).

Recent studies at z &~z 1-3 have shown that some massive (M, > 101! M) Main-Sequence galaxies have
a stellar distribution typical of late type galaxies but where the star formation only occurs in a compact
nucleus (Elbaz et al. 2018; Puglisi et al. 2019, 2021; Tadaki et al. 2017a, 2020; Franco et al. 2020;
Gomez-Guijarro et al. 2022a; Jimenez-Andrade et al. 2019,2021). In fact, these compact submm galaxies
comprise the majority of submm-luminous galaxies (e.g., Puglisi et al. 2021). This is incompatible with
the ‘consensus’ expectations for MS galaxies and opens up the mystery of the nature of these galaxies,
which could be a crucial phase in galaxy formation and evolution (Puglisi et al. 2021; Gomez-Guijarro et
al. 2022b).

This implies that the galaxies within the main sequence scatter are not all largely unperturbed gas-
rich disks. The diversity can be associated with the compactness of the gas reservoir which traces the
interstellar medium properties of the galaxy. An hypothesis is that sub-mm/mm compact massive galaxies
within the main sequence represent transient objects in an early post-starburst phase, following a merger
driven starburst episode. We are part of the JWST/CEERS Early Release Science (ERS) observations
that will be observed as one of the very earliest JWST projects in June targeting the EGS field. JWST
NIRCAM will provide imaging of the 1-5um galaxy continuum to unprecedented sensitivity and resolution
(2.5% better than HST at fixed wavelenhgth). CEERS can provide essential information on the nature of
submm-compact galaxies. The only problem is that no sub-arcsec imaging in the submm is available in the
EGS (too north to be observed by ALMA), and we are starting to remedy this with this proposal that also
builds on the construction, by our team, of a superdeblended IR catalog in EGS (Le Bail et al. in prep).

2 Targets selection

Because sub-mm-compact galaxies are widespread in IR-luminous sources at high-z, our primary selection
is a bright flux at Imm to make NOEMA observations easy and rewarding. Still, this require accurate
mm photometry. We have embarked in a 1.5-yr project (as part of the PhD project of the PI) to build a
state of the art superdeblended catalog to have the best IR photometry for galaxies in the JWST/CEERS
survey field (EGS). This effort is now completed. The targets have been selected in the photometric
catalog, including MIPS 24pm, PACS 100pum and 160pm, SPIRE 250pm, 350pum and 500um, SCUBA-2
450pum and 850um, AzTEC 1.1mm and VLA 20cm bands. The photometry is measured using the super-
deblending technique (Liu et al. 2018; Jin et al. 2018) which is based on a SED fitting of each source
between each band to predict the flux in the next band, Figure 1 shows an example of one SED at the end
of the procedure while Figure 2 shows cutouts at each band around the same source. To be selected, the
targets must fulfill several criteria. (1): the target must have a flux at 1.1lmm greater than 1mJy with a
signal-to-noise ratio (SNR) greater than 10 (hence, highly secure). If no observation is available at 1.1mm
for a target, we use predicted values using SED fitting for the flux and SNR. Previous work show that
above this threshold, the compactness can be considered quasi-systematic (Gomez-Guijarro et al. 2022a).
(2): the target is required to have an IR signal-to-noise ratio (calculated as the square root of the sum of
the signal-to-noise ratios of fluxes measured between 100um to 1.1mm squared) greater than 5. At the end,
we selected 7 targets probing redshifts from 1.7 to 4.6 (Figs.1, 2, 3), Table 1 details the properties



of these targets. We are confident that at least half of the targets are on the Main Sequence, although
starburst galaxies are equally relevant. The photometric redshifts are from Stefanon et al. 2017. The error
on these redshifts is estimated to be around 5 to 7 percent.

3 This proposal

The prime objective of the NOEMA observations is to probe with a high resolution the star formation
region inside these galaxies by localizing the position of the sub-mm emissions in the galaxies accurately,
to better than 1-2kpc and by measuring the size of the sub-mm emission to the same accuracy (or a
comparably stringent upper limit). In parallel, we will have JWST/CEERS observations in the near-IR
between 1pum and 5pum. The JWST observations we allow us to have a high resolution view of the galaxies
by probing stellar emissions. Having these two set of images, in the near-IR and millimeter wavelengths
will allow us to accurately compare the distribution of stellar mass in the IR luminous galaxies (including
the very obscured mass that will show up towards 4-5um in NIRCam) to the SFR spatial distribution, to
unveil if they come from the same regions. We will also be able to do the same exercise for dust attenuation
distributions (from NIRCam colors) and young stars distributions (from 1pm NIRCam imaging and HST
already existing). Also, the very large wavelength range at exquisite spatial resolution will allow to classify
pixel-by-pixel the stellar emission as quiescent or star forming. All these spatially resolved observations will
give us a unique opportunity to understand how these sub-mm compact sources are formed, what physical
processes could lead to such morphology and test the validity of existing theories on their formation
and evolution. Figure 4 illustrates the improvement in terms of spatial resolution that we can expect
from JWST/NIRCam observations between 1.4um and 4.5um. It appears clearly that we should be able
to resolve the galaxy and study its morphology in detail while being able to differentiate it from any
foreground-galaxy contamination. In recent work, a direct connection between accretion streams and the
morphological transformation of galaxies driving compact star-formation has already been observed in
a dense environment (Kalita et al. 2022). This connection shows that galaxies can build-up compact
highly star-forming cores without major-mergers, therefore preserving their stellar disks. The aim of our
observations is to see if a similar evolutionary pathway is possible for field galaxies.

One important point is that the CEERS observations are planned in June if everything goes smoothly
with the telescope. If something goes wrong and the science observations are delayed, there is a second
window in December for EGS field observations. In this case, the JWST/CEERS configuration is different
with the June and December configurations having 50% of their field in common. In any case, we will
know which configuration will be chosen soon enough (before the NOEMA observations are executed)
which means that if we have to swap to December configuration, we will be able to adapt the NOEMA
targets to stay consistent with the CEERS observations.

4 Technical justification

The primary aim of these observations is to detect our targets in their mm dust continuum with sufficiently
high SNR to allow an accurate size measurement and their precise spatial position. In case of very compact
sources, following Puglisi et al. 2021, we need to have a 1o uncertainty in the size of about 1 kpc (0.13"),
so that the relative 1o upper limit for unresolved sources will be of the same order. The implied positional
accuracy will be of the same order of magnitude, that is of order of 1 pixel in HST WFC3, fully sufficient
for our science. We will be observing at 240 GHz where the dust continuum is brightest, with fluxes
> 1mJy. Using simulations, we find that observing in Configuration C (0.8” beam) we can reach the
required precision with an rms sensitivity of 110uJy/beam. Observing the seven targets in track sharing
we can substantially reduce overheads, and we find that 14hrs of total time request are sufficient to reach
our goal. Some of our targets are brighter than the limit and the detection and size measurement accuracy
will be even higher (Table 1).

We are aware that 1 mm observations are better suited for the winter semesters. However, our relatively
short request can be accommodated in the summer during C-configuration, and we believe that the urgency
of these NOEMA observations being available when JWST observes our field in order to enable the described
crucial science investigations, warrant the effort. If this pilot project is successful, we will be able to request
observations of fainter sources in the coming winter semester to enlarge the sample.
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Figure 1: SED of one of the target from the superdeblended
catalog. Blue and red curves show the stellar component
and AGN torus emission, and the dust continuum emission
is shown in green. Umean = 101 is a code to mark that the
source was fitted by a starburst-like template. z is the
redshift obtained from the fit while zp is the photometric

redshift from Stefanon et al. (2017) Figure 2: Multi-wavelength cutouts centered on the source 11526 in the

bands use for the photometric superdeblending, the field of view is 80”

.

Figure 4: Multi-wavelength cutouts centered on the source 11526

Figure 3: Multi-wavelength cutouts centered on the source 11526  in different HST and IRAC bands. The red circle is the current
in different CANDELS bands. Field of view is 8” PSF and the green circle is the expected PSF for JWST/NIRCam
filters. White circle is the source 11526 position



ID  zppot  log(My) SFR F1.95mm SNR

log(Ms)]  [Moyr—']  [mJy]
9333 1.68 11.0 530 1.29 £+ 0.05 ~ 12
11526 1.87 10.5 409 1.057 £0.015 =10
11800 4.24 9.88 648 2.3+0.2 ~ 21
11903 4.61 9.55 1500 5.40 +£0.43 ~ 49
13088 1.79 10.9 263 1.21 +0.07 ~ 11
14789 3.88 11.2 1263 25+0.2 ~ 23
31125  2.15 11.2 368 1.24 +0.10 ~ 11

Table 1: List of the 7 selected targets and their properties.
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Ultra-Luminous Infra-Red Galaxies (LIRG & ULIRG), Merging and interacting galaxies

Total requested time: 14.0 (PolyFiX)

Abstract:

In the last few years it has been revealed that a large fraction of IR-luminous sources in the distant
Universe (many of which typical Main Sequence galaxies) are ultra-compact (<1lkpc size) in their submm
emission (hence SFR) but relatively extended in the optical (hence stellar mass). The reason for this
dichotomy remains enigmatic as it might be linked to mergers, dynamical instabilities due to cold accretion
or pre-quenching phases. We obtained some of the earliest JWST observations, which hold the key to unveil
the nature of these galaxies, in the EGS field as part of the CEERS survey. Unfortunately the EGS field
lacks high-resolution submm observations as it cannot be seen by ALMA. We propose to pursue the pilot
project S22BY to observe 15 mm-bright sources with NOEMA at 1.25mm in order to measure their SFR
sizes, verify their compactness and identify the spatial location of the SFR. The timely NOEMA allocation
would enable critical science to for french-led team ahead of competition.

Resubmission: S22BY

Proposal history:

This is a resubmission of the B-rated S22BY proposal from summer 2022, for which no observations have
been taken yet. We re-defined and somewhat enlarged the sample using the JWST NIRCAm data already in
hand in the CEERS survey.
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Sources:

Id Epoch RA DEC z (redshift) Setups
2579  J2000 14:19:26.846 52:45:54.072 2.44 1
4581 J2000 14:20:29.515 52:57:39.528 1.51 1
6118 J2000 14:19:27.804 52:47:22.164 6.12 1
6422 J2000 14:20:30.329 52:58:31.692 5.42 1
9333 J2000 14:19:42.643 52:50:52.656 1.68 1
11526 J2000 14:19:47.299 52:52:34.104 1.87 1
13776 J2000 14:19:35.724 52:51:09.036 2.27 1
16017 J2000 14:19:39.082 52:52:32.664 2.58 1
18278 J2000 14:19:17.450 52:49:21.612 2.0 1
18307 J2000 14:19:39.972 52:53:26.772 2.78 1
20341 J2000 14:19:26.359 52:51:38.376 6.36 1
24433 J2000 14:19:04.361 52:48:59.580 4.22 1
30186 J2000 14:19:00.271 52:49:48.180 1.92 1
31125 J2000 14:19:16.675 52:52:22.404 2.15 1
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Technical sheet "1":
Summary

Point source detection with only continuum on 14 source(s) in track sharing mode.
Total observing time: 14.00hours

Track fractions:

Any: 100.0%

from: B, C

Instrumental tuning

Spectral windows:
Odf = 2000.0 kHz
Odf = 250.0 kHz

REDSHIFT
z = .000
0/0 flexible chunks used LSR Frequency (GHz)
REST: 230.000 GHZ (LSR: 230.000, RF: 230.000) IF1: 6000 MHz USB
215 220 225 230 235
—— —
o) E A L
" L L H
C
o
8 .
V 13 l.l‘ l." V
R . A
215 220 225 230 235

Rest Frequency (GHz)
Half the most narrow SPW is equivalent to an offset of 2523,470 km/s in source LSR velocity

Source properties for continuum

Expected signal: 0.8 mJy/beam Sensitivity: 79.1microJy/beam (15488.0 MHz x 2 polar) - SNR: 10

PI note:

The proposed observations are an essential part of the PhD thesis of the PI, Aurelien Le Bail, carried out at
CEA Paris-Saclay (2020-2023).

Justification for NOEMA time:

The EGS field at 52deg declination cannot be observed by ALMA. Timely observing our targets would
enable critical science for our NOEMA project with the CEERS JWST observations.
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JWST and NOEMA unveil the nature of
submm-compact galaxies in the distant Universe

P.I.: Aurélien LE BAIL

1 Scientific context

The majority of star-forming galaxies are observed to follow a correlation in the stellar mass versus star
formation rate plane (e.g., Schreiber et al. 2015). Until recently, the existence of this so-called Main-
Sequence (e.g., Daddi et. al. 2007) and its tight scatter was interpreted as evidence that star formation
in most galaxies is a fairly ordered process. The ‘consensus’ had that galaxies on the main sequence are
forming stars in a quasi steady state inside gas-rich stellar disks (e.g., Dekel et al. 2009) whereas galaxies
above the main sequence undergo a starburst mode driven by stochastic processes such as major mergers,
which the typical signature is compact start formation (e.g., Tacconi et al. 2008).

Recent studies at z &~z 1-3 have shown that some massive (M, > 101! M) Main-Sequence galaxies have
a stellar distribution typical of late type galaxies but where the star formation only occurs in a compact
nucleus (Elbaz et al. 2018; Puglisi et al. 2019, 2021; Tadaki et al. 2017a, 2020; Franco et al. 2020;
Gomez-Guijarro et al. 2022a; Jimenez-Andrade et al. 2019,2021). In fact, these compact submm galaxies
comprise the majority of submm-luminous galaxies (e.g., Puglisi et al. 2021). This is incompatible with
the ‘consensus’ expectations for MS galaxies and opens up the mystery of the nature of these galaxies,
which could be a crucial phase in galaxy formation and evolution (Puglisi et al. 2021; Gomez-Guijarro et
al. 2022b).

This implies that the galaxies within the main sequence scatter are not all largely unperturbed gas-
rich disks. The diversity can be associated with the compactness of the gas reservoir which traces the
interstellar medium properties of the galaxy. An hypothesis is that sub-mm/mm compact massive galaxies
within the main sequence represent transient objects in an early post-starburst phase, following a merger
driven starburst episode. We are part of the JWST/CEERS Early Release Science (ERS) observations that
have partially been observed (40%) as one of the very earliest JWST projects in June targeting the EGS
field. The 60% remaining will be observed in December 2022. JWST/NIRCAM will provide imaging of
the 1-5um galaxy continuum to unprecedented sensitivity and resolution (2.5x better than HST at fixed
wavelenhgth). CEERS can provide essential information on the nature of submm-compact galaxies. The
only problem is that no sub-arcsec imaging in the submm is available in the EGS (too north to be observed
by ALMA), and we are trying to remedy this with this follow-up proposal (after the S22BY proposal that
was B-rated for the Summer 2022) that also builds on the construction, by our team, of a superdeblended
IR catalog in EGS (Le Bail et al. in prep).

2 Targets selection

Because sub-mm-compact galaxies are widespread in IR-luminous sources at high-z, our primary selection
is a bright flux at 1.25mm to make NOEMA observations easy and rewarding. Still, this require accurate
mm photometry. We have embarked in a 1.5-yr project (as part of the PhD project of the PI) to build a
state of the art superdeblended catalog to have the best IR photometry for galaxies in the JWST/CEERS
survey field (EGS). This effort is now completed. The targets have been selected in the photometric catalog,
including MIPS 24pm, PACS 100pm and 160pm, SPIRE 250pm, 350pm and 500pm, SCUBA-2 450pm and
850pm, AzTEC 1.1mm and VLA 20cm bands. The photometry is measured using the super-deblending
technique (Liu et al. 2018; Jin et al. 2018) which is based on an active selection of priors at each band
using predictions from the SED fitting of each individual source, Figure 1 shows an example of an SED at
the end of the procedure. To be selected, the targets must fulfill several criteria. (1): The target must be
detected in Herschel (combined Signal-to-Noise ratio > 5 for SPIRE+Herschel). (2): The target must be
in the NIRCam field of view (June or December). (3): The target must have a predicted upper limit (flux
+ 2*error with the error being the prediction uncertainty) at 1.25mm greater than 0.8mJy. Previous work
show that above this threshold, the compactness can be considered quasi-systematic (Gomez-Guijarro et
al. 2022a). (4): The target must have SFRr/SF Rop: > 3 and t/7 > 1.5. Based on the NIRCam images



we already have, we add that SFRrr/SFRo, < 50 and ¢t/7 < 3. At the end, we selected 14 targets
probing redshifts from 1.7 to 6.4. This selection, based on the data we have at hand gives us confidence
that those targets are main sequence galaxies that should be mainly quiescent but with a hidden compact
star forming core as illustrated in Figure 3 and 4. Table 1 details the properties of these targets. The
photometric redshifts are from Stefanon et al. 2017.

3 This proposal

The prime objective of the NOEMA observations is to probe with a high resolution the star formation region
inside these galaxies by localizing the position of the sub-mm emissions in the galaxies accurately, to better
than 1-2kpc and by measuring the size of the sub-mm emission to the same accuracy (or a comparably
stringent upper limit). In parallel, we will have JWST/CEERS observations in the near-IR between 1um
and 5um. The JWST observations we allow us to have a high resolution view of the galaxies by probing
stellar emissions (Fig. 2). Having these two set of images, in the near-IR and millimeter wavelengths
will allow us to accurately compare the distribution of stellar mass in the IR luminous galaxies (including
the very obscured mass that will show up towards 4-5um in NIRCam) to the SFR spatial distribution,
to unveil if they come from the same regions. We will also be able to do the same exercise for dust
attenuation distributions (from NIRCam colors) and young stars distributions (from 1pm NIRCam imaging
and HST already existing). Also, the very large wavelength range at exquisite spatial resolution will allow
to classify pixel-by-pixel the stellar emission as quiescent or star forming. All these spatially resolved
observations will give us a unique opportunity to understand how these sub-mm compact sources are
formed, what physical processes could lead to such morphology and test the validity of existing theories
on their formation and evolution. In recent work, a direct connection between accretion streams and
the morphological transformation of galaxies driving compact star-formation has already been observed
in a dense environment (Kalita et al. 2022). This connection shows that galaxies can build-up compact
highly star-forming cores without major-mergers, therefore preserving their stellar disks. The aim of our
observations is to understand if a similar evolutionary pathway is possible for field galaxies. How could
these compact hidden star-forming cores formed ? What processes could drive the apparent ‘outside-in’
quenching of those galaxies ? Being able to accurately traces the star-forming regions with NOEMA is
crucial to answer these questions.

4 Technical justification

The primary aim of these observations is to detect our targets in their mm dust continuum with sufficiently
high SNR to allow an accurate size measurement and their precise spatial position. In case of very compact
sources, following Puglisi et al. 2021, we need to have a 1o uncertainty in the size of about 1 kpc (0.13"),
so that the relative 1o upper limit for unresolved sources will be of the same order. The implied positional
accuracy will be of the same order of magnitude, that is of order of few pixel in JWST NIRCAm, fully
sufficient for our science. This will be achieved with the beams from B or C configurations (0.5” to 0.9”).
We will be observing at 230 GHz where the dust continuum is brightest, with target fluxes > 0.8mJy
ensuring SNR> 10. Using PMS, we find that we can reach the required precision with an rms sensitivity
of 80uJy/beam with 1h per target on average, observing the fourteen targets in track sharing. We find
that 14hrs of total time request are sufficient to reach our goal. Some of our targets are brighter than the
0.8mJy limit and the detection and size measurement accuracy will be even higher (Table 1).
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Figure 3: SEDs fitted using HST and NIRcam data of different
region of the same galaxy. The regions are defined in the top-right
RGB NIRCam image. The other panel shows the relative position

of the regions in the UVJ diagram

Figure 4: Position of the targets in comparison to the Main
Sequence, the red dots use the FIR SFR from the Super-deblended
catalog while the blue dots use the Opt/NIR SFR based on 2
models detailed in Stefanon et al.



ID  zpot log(Mi)  SFRprr Frosmm  SNRpreq

log(Mo)]  [Moyr—l]  [mly]
2579 2.44 10.3 338 0.89 +£0.13 ~ 11
4581  1.51 10.7 209 0.85+0.19 ~ 11
6118 6.12 11.1 581 2.36 £0.15 ~ 30
6422  5.42 11.5 1100 3.324+0.23 ~ 42
9333  1.68 11.0 488 1.16 £ 0.02 ~ 15
11526 1.87 10.5 411 0.99 £+ 0.02 ~ 12
13776 2.27 11.1 365 0.96 £ 0.03 ~ 12
16017 2.58 10.8 459 1.34 +£0.28 ~ 17
18278 2.00 11.2 352 1.09 +0.15 ~ 14
18307 2.78 10.4 597 1.80 £+ 0.42 ~ 23
20341 6.36 11.3 903 2.70 £0.07 ~ 34
24433  4.22 10.9 667 1.82 £+ 0.54 ~ 23
30186 1.92 11.4 1810 4.57 £0.63 ~ b7
31125 2.15 11.2 374 1.00 £0.11 ~ 13

Table 1: List of the 14 selected targets and their properties.
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10.3 . FIRST AUTHOR PAPER

| insert here my first author paper, it has been submitted to Astronomy
& Astrophysics on July 14", 2023 and is under review. This paper present my
study of DSFGs at Cosmic Noon and is entitled: JWST/CEERS Sheds Light on Dusty
Star-Forming Galaxies: Forming Bulges, Lopsidedness and Outside-In Quenching
at Cosmic Noon

A paper presenting and publicly releasing the “super-deblending" catalog
is at the draft stage and should be submitted in the coming weeks/months.
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ABSTRACT

Context. We investigate the morphology and physical properties of a sample of 22 IR-selected dusty star-forming galaxies at Cosmic Noon (z ~ 2),
using James Webb Space Telescope Near Infra-Red Camera images obtained in the Extended Groth Strip field for the Cosmic Evolution Early
——Release Science survey.
Aims. The exceptional resolution of the NIRCam images allows us to spatially resolve these galaxies up to 4.4um and identify their bulge/core

even when very extinguished by dust.

Methods. Based on red-green-blue images using the F115W, F200W and F444W filters, we divide each galaxy in several uniformly colored
_C regions, fit their respective Spectral Energy Distribution and measure dust attenuations, stellar masses, star formation rates and ages. After clas-
() _sifying each region as star-forming or quiescent, we assign galaxies to three classes, depending on whether active star-formation is located in the

core, in the disk or in both.

Results. (i) ~ 70% of our DSFGs have a compact highly dust attenuated star-forming core that can contain up to 80% of the star-formation of
the galaxy but only 20-30% of its stellar mass, and is always surrounded by a larger, less attenuated massive disk (no blue nuggets); (ii) 64%
(27%) of disks are significantly (strongly) lopsided, likely due to asymmetric cold gas accretion, major mergers and/or large scale instabilities;
(iii) 23% of galaxies have a star-forming core embedded in a quiescent disk, they are undergoing outside-in quenching, often facilitated by their
' strong lopsidedness inducing small and large scale instabilities; (iv) some galaxies host highly heterogeneous disks in term of RGB colors: these
are driven by in-homogeneous dust attenuation; and (v) we find surprising evidence for clump-like substructures being quiescent and/or residing

in quiescent regions.

Conclusions. This work demonstrates the major impact JWST/NIRCam has on understanding the complexity of the evolution of distant massive

galaxies.

Key words. Galaxies: Bulges — Formation — Evolution — Star-formation — Structure

1. Introduction

Until recently, the existence of the so-called galaxy Main-
Sequence, a correlation that the majority of star-forming galaxies
observe in the stellar mass (M, ) versus star formation rate (SFR)
plane up to redshift 3 (MS, e.g., Daddi et al. 2007; Elbaz et al.
2007; Noeske et al. 2007; Schreiber et al. 2015) and its tight scat-
ter has been interpreted as evidence that star formation in most
galaxies is a fairly ordered process (Schreiber & Wuyts 2020).
The ‘consensus’ is that galaxies on the MS are forming stars in a
quasi steady state inside gas-rich stellar disks (e.g., Sancisi et al.
2008; Dekel et al. 2009) whereas galaxies above the MS undergo
a starburst, driven by stochastic processes such as major mergers,
whose typical signature is compact star formation (e.g., Tacconi
et al. 2008).

However, recent studies at z ~ 1 — 3 have shown that some
massive (M, > 10" M) MS galaxies have a stellar distribution
typical of late type galaxies but where the star formation only
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occurs in a compact nucleus (Elbaz et al. 2018; Puglisi et al.
2019, 2021; Tadaki et al. 2017, 2020; Franco et al. 2020; Gomez-
Guijarro et al. 2022b; Jiménez-Andrade et al. 2019, 2021). The
origin of these compact SF sub-mm galaxies (SMGs) observed
with the Atacama Large Millimeter Array (ALMA) is yet to be
fully understood. Three main scenarios to form the compact sub-
mm nucleus are : (1) gas fueled to the core via violent disk in-
stabilities (VDI) and clump migration, (2) a starburst induced
by a major merger or (3) accretion and/or minor mergers (e.g.
Goémez-Guijarro et al. 2022a). These compact SF nuclei could
be an indication of an early quenching phase (Puglisi et al. 2019;
Franco et al. 2020; Puschnig et al. 2023).

Besides the compact nucleus, high-z SF galaxies are ob-
served to have giant SF clumps (radius ~ lkpc). The origin of
these clumps has been investigated by many studies (Puschnig
et al. 2023; Fensch & Bournaud 2021; Hodge et al. 2019; Ru-
jopakarn et al. 2019; Mandelker et al. 2014; Wuyts et al. 2012;
Elmegreen 1994, 1989). Mandelker et al. (2014) suggests that
they can either be in-situ clumps, originating from VDI (e.g.
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Elmegreen 2011), in this case they are young and star-forming,
or they can be ex-situ clumps, originating from minor mergers,
in that case they will be older and with a low gas fraction and low
specific star-formation rate (sSFR). A recent simulation showed
that the formation of such long-lived giant clumps is only pos-
sible with a gas fraction of at least 50% (Fensch & Bournaud
2021). This large gas fraction is necessary to induce VDI that
will produce clumps that will migrate toward the center, creating
strong gas nuclear inflow and triggering an evolution of the struc-
ture of the galaxy, leading to a morphological evolution (Fensch
& Bournaud 2021). This scenario is also favored by some ob-
servations (Forster-Schreiber et al. 2011; Guo et al. 2012). More
recently, Puschnig et al. (2023) studied a local galaxy as proxy
for high-z galaxies, confirming that the giant SF clumps mostly
originate from a fragmentation of the disk, induced by VDI and
not accretion or minor mergers. With its high spatial resolu-
tion, the James Webb Space Telescope’s (JWST) near-IR Cam-
era (NIRCam) is able to better resolve such giant SF clumps and
could help constraining this scenario. It is thus becoming clear
that the galaxies within the MS scatter are not all largely unper-
turbed gas-rich disks. The compact SF cores, as well as the giant
clumps, independently of their formation history, imply complex
phenomenology at play, much different than local SF galaxies in
the MS that are typically well behaved spirals.

Recently, emphasis has been brought onto other kind of
asymmetries characterising high redshift SF galaxies. Kalita
et al. (2022) discovered strong lopsidedness affecting the three
massive SF galaxies in a z = 2.91 group core. They suggested
a link between the lopsidedness of a galaxy in a dense envi-
ronment to gas accretion and minor mergers. The lopsidedness
would then be a marker of the point of impact of the accretion
stream, following Bournaud et al. (2005) who investigated the
origins of lopsidedness in simulated galaxies. Their conclusion
is that it is very unlikely that the lopsidedness is the result of in-
ternal mechanisms but is more likely to be linked to the assembly
history and the environment of the galaxy, to asymmetric gas ac-
cretion and to minor merger and interactions with neighbouring
galaxies. This is also the conclusion of studies on lopsidedness
of galaxies in the local universe (Jog & Combes 2009; Zarit-
sky et al. 2013). Rujopakarn et al. (2023) studied a galaxy in a
dense environment with SF off-center substructures. They inter-
preted it as either forming spiral arms following a minor merger,
an interaction with a neighbouring galaxy or a lopsided struc-
ture resulting from the point of impact of the cold gas accretion
stream. Colina et al. (2023) reported JWST MIRI observations
of GN20, an extremely luminous sub-mm galaxy residing in a
z = 4.05 protocluster (Daddi et al. 2009). They reveal a massive
extended disk surrounding the sub-mm compact nucleus, dis-
playing strong lopsidedness. As of today, the lopsidedness has
only been studied in dense environments and serendipitously.
Observing lopsided disk in less crowded environment and in-
ferring their prevalence in complete samples could shed further
light on their presumed origin from interactions and accretion,
and clarify whether a massive hosting dark matter halo is, or not,
required.

By probing the rest-frame optical to near infrared (near-IR)
at Cosmic Noon, JWST/NIRCam has a unique ability to fill the
gap between the sub-mm compact nucleus observed with ALMA
and the larger galactic disk observed in the optical and will help
critically examining the competing scenarios. As an example,
Rujopakarn et al. (2023) recently studied substructures within a
dusty star forming galaxy (DSFG) at z ~ 3 imaged with both
ALMA and JWST. From NIRCam images, they showed that the
ALMA substructures are also visible at 4um, demonstrating the
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direct link that one can draw between near-IR and sub-mm emis-
sions. This suggests that the long wavelength channel of NIR-
Cam might be a good tracer of compact obscured star formation
in MS DSFGs.

The present study is part of the Cosmic Evolution and Epoch
of Re-ionization Survey (CEERS 1. ERS 1345, PI: S. Finkelstein)
which is one of the Early Release Science (ERS) programs of
the JWST (Gardner et al. 2023) that observed a part of the Ex-
tended Groth Strip (EGS) Hubble Space Telescope (HST) field
with NIRCam (Rieke et al. 2023). EGS is too far North to be ob-
served with ALMA and there is no high resolution imaging with
the Northern Extended Millimeter Array (NOEMA) yet. How-
ever, the high sensitivity and exquisite spatial resolution of NIR-
Cam towards Sum can be used as a surrogate to identify the most
obscured and massive regions within galaxies, hence those most
likely vigorously star-forming.

Understanding how DSFGs are formed and evolve is cru-
cial to get the larger picture of galaxy formation and evolution,
and it could be a key element to explain the quenching of galax-
ies at and after Cosmic Noon. To this aim, JWST/CEERS al-
lows a major step forward. Indeed Kartaltepe et al. (2023) al-
ready showed that JWST reveals the diversity of morphologies
of galaxies at high redshift. JWST high spatial resolution and
sensitivity is able to detect faint disks that were previously unde-
tectable with HST. Moreover, a recent study by Kamieneski et al.
(2023) uses JWST/NIRCam to probe the dust attenuation and
sSFR of a lensed DSFG at z = 2.3. They demonstrate the power
of JWST/NIRCam to precisely measure these properties at sub-
galactic scales, allowing them to conclude that despite a more
dust attenuated bulge, the color gradient of this galaxy is mainly
driven by an early stage of inside-out quenching. This makes
JWST/NIRCam the best instrument to investigate the morpho-
logical evolution of DSFGs around Cosmic Noon, in terms of
compact star formation, giant clumps and galaxy structure.

The paper is organized as follows. In Sect. 2 we present the
data used in this study and the sample selection process. In Sect.
3, we detail the methods used to analyse each galaxy individ-
ually. In Sect. 4, we outline the main results of the analysis.
Finally, in Sect. 5, we discuss the possible implications of the
results in terms of formation and evolution of DSFGs at Cosmic
Noon.

In this work, we adopt Hy = 70km s~! Mpc™!, Qy = 0.3, Ag
= 0.7, and a Chabrier IMF (Chabrier 2003). When necessary, we
converted stellar masses and SFR from Salpeter IMF (Salpeter
1955) to Chabrier IMF by subtracting 0.24dex.

2. Data
2.1. CEERS Imaging

For the purpose of this study, we used the NIRCam imaging of
CEERS, reduced using a customized pipeline by the CEERS col-
laboration (Bagley et al. 2022). It includes images in 7 filters:
F115W, F150W, F200W, F277W, F356W, F410M and F444W
for an average So- depth of 28.6 AB mag (See Table 3 of Bagley
et al. (2022) for more details, each filter/pointing as a slightly
different depth). The Point-Spread-Function (PSF) Full-Width at
Half-Maximum (FWHM) of those filters range from 0.040” to
0.145” for F115W and F444W respectively”. For this study, we
used the CEERS imaging from the June 2022 pointings, which

! https://ceers.github.io

2 https://jwst-docs.stsci.edu/
jwst-near-infrared-camera/nircam-performance/
nircam-point-spread-functions
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represent 40% of the total area covered by NIRCam for CEERS
between June and December 2022. We used the background sub-
tracted images as we wanted to measure precise photometry. As
we needed to extract galaxy properties based on spectral energy
distributions (SEDs), we decided to complement shorter wave-
lengths by taking advantage of the existing ST imaging in the
field. We used the publicly available HST data products version
1.9, available through CEERS. These mosaics were derived from
HST archival data, but with improved calibration compared to
the default pipeline products, and have astrometry tied to Gaia-
EDR3 (Lindegren et al. 2021). As described in the accompany-
ing data release, the mosaics were created from the combination
of HST programs 10134, 12063, 12099, 12167, 12177, 12547,
13063, and 13792, and the reduction and calibration followed a
similar procedure to those described in Koekemoer et al. (2011).
We used two filters; F606W and F814W with a PSF FWHM of
0.115” and 0.110” respectively (Koekemoer et al. 2011). We did
not use the HST/WFC3 images as these bands are redundant for
bright galaxies, as they are covered by JWST/NIRCam images
which are deeper and with better spatial resolution.

2.2. The "Super-deblended" FIR catalog

The goal of this paper is to study the morphology and SF ac-
tivity of DSFGs. We select galaxies based on their IR detection
in the state-of-the-art super-deblended far-IR (FIR) catalog of
the EGS field (Le Bail et al., in preparation). FIR emission is a
secure tracer of star formation (once the AGN components are
removed), while optical/near-IR classification of SF galaxies is
subject to larger uncertainties especially in the presence of dust.
Hence, our FIR selection ensures the galaxies under scrutiny are
truly highly SF.

The super-deblending is based on a well-established tech-
nique (Liu et al. 2018; Jin et al. 2018). It is a multi-wavelength
fitting technique meant to optimize the number of priors fitted
at each band to extract the deepest reachable information. They
used images from Spitzer (24um (FIDEL, Dickinson 2007)),
Herschel (100um and 160um (PEP, Lutz et al. 2011), 250um,
350um, 500um (HerMES, Oliver et al. 2012)), SCUBA?2 (850um
(S2CLS, Geach et al. 2017), 450um and 850um from Zavala
et al. (2017)) and AzTEC (1.1mm from Aretxaga (2015)). The
key was to obtain an adaptive balance as a function of wave-
length between the density of priors fitted, the quality of the
fit, and the achievable deblending given the PSF sizes. They
started with the deepest images and fitted band after band to-
ward shallower images. Extensive Monte-Carlo simulations en-
sured that the uncertainties associated to the flux measurements
were “quasi-Gaussian” (see Liu et al. 2018; Jin et al. 2018; A.
Le Bail et al. in preparation).

2.3. Sample definition

We selected all sources securely detected in the FIR catalog (see
Sect. 2.2) that fell in the CEERS/NIRCam regions observed in
June 2022. Since short wavelength channels have a slightly dif-
ferent field of view than long wavelength channels, we checked
that the sources are observed in all of them and that they were not
too close to the edge of the images so that there were not partially
cut. In detail, we require the galaxies to have SNRgz > 5, where
SNRF is the signal-to-noise ratios (SNR) added in quadrature
from 100um to 1.Imm (Le Bail et al. in preparation) and have
at least one detection (SNR> 3) in a Herschel/SPIRE band after
deblending (required to reliably measure SF components in case

of AGNs). The implication of the IR selection is that we don’t
have a stellar mass complete sample of SF galaxies (e.g., com-
plete above some mass threshold), and we have instead some-
thing closer to a (redshift-dependent) SFR limit. We are aware
that we are missing SF galaxies below our IR detection thresh-
old, as we wish to focus to highly (and securely) star-forming
galaxies.

We also limited the sample to galaxies within 1.5 < z < 3.0,
as we are willing to focus on galaxies at “Cosmic Noon”, as re-
called in the Introduction. To get accurate redshift estimates, we
used the recent redshift compilation produced by Kodra et al.
(2022), which includes photometric redshifts based on CAN-
DELS (Grogin et al. 2011; Koekemoer et al. 2011) as well as
grism-based redshifts from 3D-HST (Momcheva et al. 2016) and
spectroscopic redshifts from the MOSDEEF survey (Kriek et al.
2015).

This sample comprised a total of 26 IR-detected sources.
From these, 4 had to be rejected after a clean up. After close
inspection, three galaxies were in a blended region and/or close
to a much brighter IR source, making the Herschel measure-
ments less reliable. The last rejected source hosted an AGN
(clear radio excess, ~ 10x brighter than what is expected for
the radio continuum based on IR emissions, and X-ray detected:
ID15327, RA = 215.82825, Dec = 52.80844, 7,5, = 1.61,
logio(Lagn/Le) 2 11.3), hence the majority of its IR luminosity
does not come from SF regions which are the main objects of
this study.

This left us with a clean sample of 22 FIR-bright DSFGs
around Cosmic Noon. We illustrate in Fig. 1 the distribution
of the sample in terms of stellar mass estimated in the pre-
JWST era (Stefanon et al. 2017) and total IR luminosity (Le
Bail et al. in preparation, calculated based on the equations
in Press et al. (1992)) versus redshift (Kodra et al. 2022). We
also show the distance from the MS (Schreiber et al. 2015)
with a 0.6 dex total scatter (Rodighiero et al. 2011) defined as
Ays = SFRir/S FRys. Schreiber et al. (2015) uses a Salpeter
IMF (Salpeter 1955), we converted stellar masses and SFRs from
Salpeter IMF to Chabrier IMF by subtracting 0.24 dex. The red
shaded region corresponds to the pure starburst region as defined
in Liu et al. (2018) (log1o(S FRir/S FRys) > 0.6 dex), we have
two galaxies in our sample classified as pure starburst. The rest is
mostly either within the scatter of the MS, but above its average
trend, i.e. above the MS but below the starburst regime.

In Figs. 2.1, 2.2 and 2.3, we show RGB cutouts of our sample
of galaxies using the F115W, F200W and F444W filters of NIR-
Cam. The galaxies are separated in three classes, as discussed in
detail in the next Section.

3. Methods

In this Section, we detail the methods used to analyze each
galaxy, taking one of the objects (ID15371) as an example,
to better clarify the procedure that we applied to all galax-
ies. For each galaxy, we started by creating cutouts in each
band (HST/ACS F606W, F814W and JWST/NIRCam F115W,
F150W, F200W, F277W, F356W, F410M, F444W). We show the
cutouts of a DSFG in Fig. 3 where one can already see by eye
a difference between the disk visible in all bands and the center
of the galaxy invisible in the HST images but getting brighter
at longer wavelengths, justifying the need to study each compo-
nent individually rather than the galaxy as a whole. One of the
first steps was to see if we could identify a bulge and a disk in
each galaxies just like for ID15371, as discussed below.
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Fig. 1. Stellar Mass (upper-left panel), total IR luminosity (upper-right
panel) (Le Bail et al. in preparation) and distance from the Main Se-
quence (MS, lower panel) of the galaxies in the selected sample versus
their redshift. The colors on the upper-right panel delimits the luminous
IR galaxies (LIRG, in yellow) and ultra-LIRG (ULIRG, in red) local
regimes for information. On the lower panel, the yellow shaded region
illustrates the MS from Schreiber et al. (2015) while the red shaded re-
gion illustrates the pure starburst regime (Liu et al. 2018).

JWST/NIRCam images have a spatial resolution ranging
from 0.040” at 1.15um up to 0.145” at 4.4um. The larger 4.4um
PSF allows a resolution in physical size down to 1.23 (1.12) kpc
for a galaxy at redshift 1.5 (3). This means that we were able to
spatially resolve galaxy substructures down to a radius ~ 0.6kpc.
This made the resolution of F444W perfect for this study as we
know the sizes of compact SF regions and giant clumps to be
~ lkpc (Gémez-Guijarro et al. 2022b; Rujopakarn et al. 2019;
Forster-Schreiber et al. 2011).

3.1. Measuring galaxy sizes

Several studies have shown that the regions of star-formation, ei-
ther traced by the dust emission at 1.1mm observed with ALMA
or by the radio continuum emission detected by the Very Large
Array (VLA), are more compact than the optical size of the
galaxy (Puglisi et al. 2019; Gémez-Guijarro et al. 2022b; Fu-
jimoto et al. 2017; Jiménez-Andrade et al. 2019, 2021).

JWST, with its sensitivity of the near and mid-IR, can detect
both the obscured star-forming central part of each galaxy invis-
ible with HST and the less obscured larger system, invisible with
ALMA or VLA and bridge the gap.

To investigate this, we measured the total near-IR half-light
radius (R, nir) of each galaxy in the closest band to 1.6um rest-
frame (F410M or F444W filter depending on the redshift). This
rest-frame wavelength was chosen as it is a known tracer of the
stellar mass of galaxies and is not affected by dust attenuation
(Hainline et al. 2011; Casey et al. 2014). Moreover a recent
study using NIRCam/CEERS data showed the excellent agree-
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ment between the near-IR size and the stellar mass size of galax-
ies around Cosmic Noon (van der Wel et al. 2023). We measured
R, nir from a curve of growth method, given that in all cases the
PSF has a negligible effect (much smaller than any R, y;z). The
R. nir was defined as the radius of a circular aperture, centered
at the center of mass (barycenter) of the galaxy, which encom-
passed half of the total flux density of the galaxy at the consid-
ered wavelength. To estimate the uncertainty, we used the fact
that we typically have a 5% uncertainty on the measurement of
the total flux of the galaxy (see Sect. 3.5 for more details on
the photometry measurements). We also measured the bias intro-
duced when using a circular aperture for edge-on galaxies (like
1D23510 in Fig. 2.1) by comparing the fluxes encompassed in an
elliptical aperture and a circular aperture. The difference is about
5%. Hence, by changing the total flux of the galaxy within 10%
we can estimate the uncertainty on R, y;g for which 50% of the
total flux is encompassed.

We also measured the total optical half-light radius (R, o) of
each galaxy in the closest band to 550nm rest-frame following
the same procedure to compare it with R, ;.

3.2. Identification of cores/bulges

Depending on the redshift, the F444W filter of NIRCam probes
the rest frame near-IR between 1.1xm and 1.8um which is a good
tracer of stellar mass (van der Wel et al. 2023). Hence, inspec-
tion of galaxy morphologies in this filter allowed us to search for
the center of mass of each galaxy in our sample, or lack there-of,
as a well defined peak in the F444W images. We were able to
clearly identify a peak in the flux distribution of this filter for ev-
ery galaxy. Depending on the galaxy, the peak was more or less
pronounced, but always confidently there. We then defined a re-
gion in each galaxy encompassing the peak, as the core or the
bulge of the galaxy. The regions are defined by eye as the peak
is easily identifiable in every galaxies, the limit of the core is
where the flux coming from the red F444W filter doesn’t dom-
inate anymore the RGB (F115W, F200W, F444W) color. Gen-
erally, a bulge is often defined in the literature as a quiescent
central component with a high Sersic index (e.g., n ~ 4), and is
a common component in local massive galaxies. In our study we
did not attempt obtaining Sersic fits of separate components, and,
more importantly, we anticipated that in many cases the central
concentrations would not be quiescent, actually, most of them
were highly SF and attenuated. We decided thus to call the cen-
tral concentrations as cores when they were SF and bulges when
they were quiescent. They are represented by the regions delim-
ited by the red dotted lines in all galaxies in Fig. 2.1, 2.2 and
2.3.

We emphasize that for most of our sample, it would not have
been possible to identify the center of mass only based on HST
images (see e.g. ID15371 in Fig. 3 as an obvious example). This
demonstrates once again the power of JWST when it comes to
studying high-z DSFGs.

3.3. Lopsidedness

Having defined the core/bulge of each galaxy, we considered the
rest to be the disk. Hence, we could obtain an evaluation of the
lopsidedness for each galaxy. We considered it to be an important
property to investigate because a lot of galaxies in our sample are
obviously highly lopsided already by visual inspection (see for
example ID11887, ID13776, ID18278, ID18694 in Fig. 2.1 and
2.2). To quantitatively study this phenomenon, we defined two
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Fig. 2.1. Type I: SF disks with a red SF core (see Sect. 3.7). RGB (F115W, F200W, F444W) non PSF-matched cutouts. In each cutouts the white
bar defines the scale of the image. The dotted regions correspond to the different studied components, the core/bulges are shown in red, the rest
are the different parts of the disks (blue or green show patches when present, magenta is the remaining of the disk) see Sect. 3.5. The galaxies with
a "@©" are the most lopsided galaxies of our sample, see Sect. 4.1.3.

parameters: the eccentricity, defined as: where (Xcore, Yeore) and (Xyisk, Yaisk) are the coordinates of the
central core of the galaxy and of its disk respectively, while
Ryig is the radius of the disk. The center of the core was sim-
= \/ Keore = Xaisk)? + Yeore = Yaisk)? ) ply defined as the pixel with the maximum flux density in the

Rfli\_k F444W filter. The center of the disk was defined as the barycen-
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Fig. 2.2. Type II: Quenched disks with a SF core (see Sect. 3.7). Similar to Fig. 2.1.
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Fig. 2.3. Type I1I: SF disks with a quenched bulge (see Sect. 3.7). Similar to Fig. 2.1 and 2.2.

ter of the disk measured in the rest-frame optical band (F150W
or F200W depending on redshift). We measure it in the optical
and not in the near-IR because the disk is less attenuated than the
core, hence brighter than the core at these wavelengths. To not
be biased by the core, we applied a circular mask centered on
(Xcores Yeore) With a radius defined by the closest pixel to the cen-
ter that has a F444W flux density less than half the core center
flux density. Finally, Ry was calculated using a circular aper-
ture centered on (Xgis, Yaisk) encompassing half of the disk flux
density. This quantifies the eccentricity of the disk with respect
to the core/bulge compared to its size and is a-dimensional.

The other quantity that we defined to probe the lopsidedness
of the galaxies is the asymmetry. The asymmetry was calculated
for the F444W NIRCam filter as we are trying to probe the mass
distribution asymmetries and, as previously mentioned, F444W
is the best tracer of the stellar mass distribution. We calculated
the asymmetry by rotating each image by 180° and subtracting it

from the original image, the center of rotation was (Xcore, Yeore)
from Eq. 1. The asymmetry is defined as:

SN o |Fi— FBO

A= R
th‘

@

where F; and Fi180° are the flux of the i-th pixel and its 180°
symmetric counterpart with respect to the center of the cen-
tral core/bulge as defined in Equation 1. F,,, is the total flux
of the galaxy. Since we worked on background subtracted im-
ages, we considered the background asymmetry to be negligible.
This quantity describes how smoothly and how symmetrically
the stellar mass is distributed around the central core/bulge of
the galaxy and is also a-dimensional. Usually, the lopsidedness
is probed using a Fourier decomposition (e.g. Dolfi et al. 2023;
Kalita et al. 2022; Jog & Combes 2009; Bournaud et al. 2005).
We decided to use a different, simpler method; the asymmetry,
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Fig. 3. Cutouts of HST/ACS and JWST/NIRCam images of the DSFG ID15371 at zy,,. = 1.921. Cutout size: 3.6”x 3.6”. We also indicate the
rest-frame wavelength corresponding to each filter (white label). The filled circle in the white box illustrate the PSF size for each filter.

that has already been used in gas velocity space and was found to
correlate well with the Fourier analysis of stars (Bournaud et al.
2005; Matthews et al. 1998).

3.4. Clumpiness

After identifying the core or bulge of each galaxy, we investi-
gated the surrounding disk-like structures. Some of the galaxies
have a smooth disk, others have a much more perturbed/complex
disk morphology showing a large number of clumps (see Fig.
2.1,2.2 and 2.3).

We did not embark in a physical study of the clumps in this
work. Our goal for this paper is to assess the presence or not
of clumps in the disks and have an idea of how fragmented the
disks are. Hence, we did not try to derive any physical proper-
ties of the individual clumps. We decided to measure a clumpi-
ness index, defined as the number of clumps in the disk of each
galaxy. We counted the number of clumps visually identifiable
in the RGB (F115W, F200W, F444W) image, making sure that
the bulge/central concentration was not counted as a clump. This
number varies from O up to 7 for the clumpiest galaxy. To be
counted as a clump, the feature had to be compact compared
to the galaxy size, and either had to have a different RGB color
from the surroundings and/or appear as a local brighter spot. The
clumps appear most clearly at the shortest wavelength (F115W
or F200W filters), as expected (Wuyts et al. 2012). For ID15371,
we identify 4 clumps, there are shown by the white ellipses in the
left panel of Fig. 4.

3.5. Spatially resolved photometry

To quantitatively study our galaxies, we needed photometry
measurements. We decided to divide our galaxies in several com-
ponents. For the simplest cases we only had the core/bulge and
the disk, and when the disk had several clump/patches with dif-
ferent colors in the RGB image, we broke it down to several
circular or elliptical regions. Each region was designed so that
it had, qualitatively, a homogeneous (F115W, F200W, F444W)
color. The division of the disk is once again done by visual in-
spection. We emphasize that we seek to study each region that
has a different color, hence, if several clumps are close and with a
similar RGB color, we consider them to be part of the same disk
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component. Moreover, due to the spatial resolution of the PSF-
matched images, we did not want to design too small regions
that could lead to biased flux measurements. We tried to respect
a balance between the size of the component we defined (not too
close to the PSF size) and the homogeneity of the RGB color
inside it. We emphasize that the components are not necessar-
ily concentric as most of the galaxies are not radially symmetric
and are not limited in number. If we observed, for example, two
blue disconnected patches in a galaxy, we defined them as two
different components and fitted them individually. In the case of
ID15371, we divided the galaxy in three regions, the red central
core/bulge, the bluer disk and an intermediate region, that is still
part of the disk but close to the red core and with intermediate
colors (see Fig. 4).

In terms of rest-frame colors, since our sample of galaxies
is distributed across z ~ 1.5 to z ~ 3, F115W probes the rest-
frame near-UV/blue (300 — 460nm), F200W probes the rest-
frame green/red (500—800nm) and F444W probes the rest-frame
near-IR (1110 — 1780nm). The scatter in rest-frame wavelength
is less or equal to the band-width of each filter. This means that
we globally probed consistent colors between galaxies.

By dividing each galaxy in sub-galactic regions, there was
a risk that small regions get close to the PSF FWHM of some
filters. Hence, leading to an underestimation of the flux at the
longest wavelengths, and an artificial deformation of the SED.
To avoid this, we decided to work on PSF-matched images using
the broader PSF of the F444W filter. In Fig. 4, we show RGB
images of the DSFG ID15371 using (F115W, F200W, F444W)
before and after PSF-matching. To make sure that we didn’t un-
derestimate stellar masses and SFR when running the SED fit-
ting, we chose regions larger than the PSF FWHM (0.145”). In
Fig. 2.1, 2.2 and 2.3, for each galaxy we overlay the delimita-
tion of the different components we decided to study separately
based on their color (those RGB images are showed before PSF-
matching).

After having defined the regions to study, we measured the
flux in each band for each region. To do so, we summed the value
of each pixel in each region of the science image. The pixels
were counted only once, meaning that the flux in the smaller
regions (like the red ellipse for ID15371) was not included when
calculating the flux of larger regions (like the green ellipse for
ID15371, see Fig. 4).
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Fig. 4. RGB (F115W, F200W, F444W) image of the galaxy ID15371
(3.6”% 3.6”) at zgp. = 1.921 before (left panel) and after (right panel)
PSF-matching. In the left panel, the white ellipses show the features we
identified and counted as clumps. In the right panel, the colored dotted
lines correspond to the division of the galaxy in homogeneously colored
regions and the white filled circle to the PSF size.

Our goal was to fit the SED of the different components
of each galaxy. For the properties that we later extracted from
these SEDs to be reliable, it was crucial that we had reliable un-
certainties on the fluxes. To estimate the flux uncertainties, we
re-normalized the errors propagated via the Root Mean Square
(RMS) images. The uncertainty was defined as:

3

where the sum was made on all pixels in the region, o is the
RMS of the pixel i, and N the total number of pixel in the re-
gion. We decided to define f y, a normalisation factor that takes
into account extra noise, e.g. from the correlated signal between
pixels that is particularly important for the long wavelength fil-
ters that were drizzled from a pixel size of 63mas to 30mas. To
calculate this factor, we measured the flux dispersion in ~ 20
empty regions of the science image for several apertures in each
band. We then compared this value to the RMS calculated from
the RMS image in apertures of the same size and the normalisa-
tion factor is defined as their ratio. To be conservative, we never
applied a factor leading to lower uncertainties. These factors are
generally small, (f; 5 ~ 1.5 at most).

3.6. SED Fitting

To characterize our sample of galaxies, we needed to have ac-
cess to their resolved M, and SFR. To this aim, we fitted each
galaxy component SED using the Code Investigating GALaxy
Emission (CIGALE, Boquien et al. 2019). We used a single de-
clining exponential model also known as “r model" to model the
star formation history of each galaxy. We adopted the Bruzual
& Charlot (2003) model for computing the spectral evolution of
single stellar populations with a fixed solar metallicity of Z =
0.02 which is reasonable for M, ~ 10'9-12M, DSFGs follow-
ing the Mass-Metallicity relation (Ma et al. 2016). After testing
with and without including nebular emissions, we decided not to
include them as, for our sample, they lead to higher y* with no
noticeable effect on the extracted properties (Ay, S FR, M, and
redshift).

Some galaxies showed possible signature of strong emission
lines, visible as green patches/clumps in Figs. 2.1, 2.2 and 2.3.
However, including them had a negligible effect on the estima-
tion of the SFR since it usually had a 50% uncertainties. We
discuss this in more detail in Sect. 5.1.

We used a modified Charlot & Fall (2000) dust attenuation
law and the Draine et al. (2007) dust emission models update
from 2014 to predict FIR flux densities. The idea behind the
modification of Charlot & Fall (2000) model is that young stars
embedded in their birth cloud suffer from additional attenuation
compared to stars that have broken out and escaped into the ISM,
and that the attenuation curves associated to the birth cloud and
the ISM must be different. In practice, this is modelled by as-
suming two different power-law attenuation curves of the form
A(Q) « A%: one for the birth cloud with a slope of §zc = —1.3,
and one for the ISM with a slope of d;5 = —0.7. Because
radiation from young stars has to travel through both the birth
cloud and the ISM to escape the galaxy, the spectrum of stars
younger than 10Myr are attenuated by both the birth cloud and
ISM curves. Stars older than 10Myr are only attenuated by the
ISM curve (Boquien et al. 2019).

For the redshift, we used the Stefanon et al. (2017) catalog,
as well as the latest redshift catalog published by Kodra et al.
(2022). We encountered three different cases:

— If we had a high-quality spectroscopic redshift, then we used
it and fixed it. We have 5 galaxies with a spectroscopic red-
shift.

— If we had a grism-based redshift from 3D-HST, we down-
loaded the spectrum and examined its quality, actual features
detected, the redshift probability distribution and defined the
redshift and its uncertainty accordingly. We have 10 galaxies
for which we find a high-quality grism-based redshift.

— If we only had photometric data, we allowed (1 + z) to vary
within +£10%. We have 7 galaxies with a photometric red-
shift.

In Fig. 5, we show the best SED models corresponding to
each region of our example galaxy defined in Fig. 4.

1072
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Fy Imjy]
TR |

—— Red core (x%4=1.61)
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—— Bluer outer disk (x2, = 0.58)
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Fig. 5. Best SED models computed by CIGALE (Boquien et al. 2019)
for the red core (in red), the blue disk (in blue) and the intermediate
region (in green) of the DSFG ID15371 at z,,. = 1.921 (the same ex-
ample galaxy shown in Figs. 3 and 4). We show in the legend the value
of the reduced x* (x2,,) for each SED fit.

To be able to extract reliable information from the SED fit, it
was crucial to check the fit quality. To be conservative and have
reasonable y2, we decided to limit the photometric accuracy of
each band to S /N = 20. However, if the CIGALE fit returns high
x? values, there is a possibility that the input flux uncertainties
are still underestimated. In that case, we increased the uncer-
tainties by adding up 10% of the flux to the error in each band.
To consider the fit acceptable, we want the reduced x> such as
,\(fe o < 1.67, which is the reduced critical value corresponding to
a significance level of 10% in the y? test for 8 degrees of free-
dom.
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To estimate the robustness of the best model, we studied the
x? distributions associated to the 3 main free input parameters:
the dust attenuation, the age of the stellar population and the
e-folding time. In Fig. 6, the upper-left panel shows the y? dis-
tribution associated with the different values of the dust V-band
attenuation Ay of the stellar continuum used to fit the SED of the
red core of the DSFG ID15371. The upper-right panel shows the
same information for #/7 with ¢ and 7 being the age of the oldest
stars and e-folding time of the stellar population used to define
the star formation history of the galaxy. Taking the width of these
distribution at x2, + 1 and x?,, + 2.7 give us the 68% and 95%
confidence interval respectively (Avni 1976), illustrated by the
horizontal thick and thin dashed lines in Fig. 6. The fact that we
see only a portion of the distribution for #/7 comes from the fact
that the age is getting close to the age of the Universe, allowing
larger ¢ would not make physical sense.

We can use the same reasoning for the properties extracted
from the SED like the M, or the SFR averaged over the last
10Myrs. We show an example in the lower panels of Fig. 6.

Just by looking at Fig. 6, we can already conclude that the
red core of the DSFG ID15371 is dusty (Ay ~ 2.73) and weakly
star-forming (SFR ~ 18 - 40 My /yr and t/7 > 1).
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Fig. 6. x? distributions associated with the dust attenuation (upper-left
panel), ¢/t (upper-right panel), the stellar mass (lower-left) panel and
SFR averaged over the last 10Myrs (lower-right panel) produced by
CIGALE (Boquien et al. 2019) for the fit of the red core SED of the
galaxy ID15371 at zy,,. = 1.921. The thick and thin black dashed lines
corresponds to the 68% and 95% confidence interval respectively.

As a sanity check, we estimated the SED of the whole galaxy
by summing up the SEDs of all the components. We then com-
pared this SED with the near-IR and FIR flux densities measured
in the super-deblended catalog (Stefanon et al. 2017, Le Bail et
al. in preparation) to make sure that they were consistent. If the
FIR flux densities are brighter than predicted by the SED fitting,
it can be a hint that this galaxy is in a starburst episode and/or that
there is a deeply attenuated component that is not visible even at
4.44um. It can also be due to the presence of an AGN that boosts
the FIR flux, this can be confirmed by a radio excess or an X-ray
detection (Le Bail et al. in preparation, Stefanon et al. 2017). We
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recall that we removed from the sample only one galaxy where
we knew that the FIR luminosity was dominated by the AGN
luminosity (see Sect. 2.3) but kept those where the AGN lumi-
nosity didn’t dominate the FIR luminosity. On the contrary, if the
SED predicts a FIR flux density brighter than the one measured,
it means that there is a problem in the fitting possibly linked to
the grid of the input parameters. In Fig. 7, we show the com-
parison between the total SED of the galaxy ID15371 and the
FIR flux densities. For this galaxy, the flux densities are consis-
tent with the predicted FIR SED meaning that there is no hidden
component. This is the case for all the galaxies in our sample
except one (ID13107 for which we have a FIR detection brighter
than the SED model, pointing toward either a deeply attenuated
component or an AGN even though there is no AGN signature
in X-ray or radio). However for 3 galaxies (ID13098, ID13776
and ID31281), the measured 100um flux is boosted compared to
the SED predicted flux, possibly a signature of a hot AGN, 2 of
them have an X-ray detected AGN (Nandra et al. 2015). By ob-
serving Fig. 7, one can notice that the predicted IRAC fluxes are
fainter than the actual measurement. This observation is not true
for every galaxy, we measure the flux in the NIRCam F356W
and F444W which probe the same wavelength as IRAC chan-
nel 1 and 2 to be fainter for this galaxy. This is mostly a sign of
blending in the earlier IRAC imaging.
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Fig. 7. Total SED of the galaxy ID15371 at 7, = 1.921 in red. It
was calculated by adding up the CIGALE best SED model of each
component. The black points are the near-IR and FIR fluxes with their
uncertainties or upper limits (arrows) from the super-deblended cata-
log (Le Bail et al. in preparation). From the FIR data points, we have
SFRjg = (150+ 15)M,, yr~! (Le Bail et al. in preparation), the CIGALE
fits give a consistent total S FRiopyrs = (197 £ 125)Mo yr~'. Given its
stellar mass (M, = 10''M,), this galaxy is on the main sequence.

A caveat of this SED fitting method is that we used the same
SFH and parameters for all regions, some with very different
properties. We chose to use the simple tau model because of the
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meaning of ¢/7 regarding the star-forming activity of the galaxy.
We decided to make a two-pass SED fitting, in the first pass, the
goal was to separate the star-forming from quiescent regions. In
the second pass, we fitted the star-forming regions with a nearly
constant SFR (by imposing 7 > f). This allowed to have a good
estimate of the recent SFR. Moreover, by comparing it to the
far-IR SFR from the super-deblended catalog (Le Bail et. al, in
preparation.) and to the relative position of each component with
respect to the Main Sequence or the quiescent quadrant of the
UVJ color-color diagram (see Sect. 3.7 for more detail on these
last two points), we had a confirmation of the star-forming activ-
ity of each galaxy component. For the quiescent regions, there
can be a degeneracy between the age and the dust attenuation, to
tackle this, we imposed ¢ > 7. We estimated that the good qual-
ity of the photometry in the rest-frame near-IR and the two-pass
SED fitting procedure allowed us to get robust estimates of both
the stellar mass and the SFR of each component.

To tackle the great diversity of galaxies, we decided to divide
them into several classes as defined in the next Section.

3.7. Classification

From the CIGALE SED fitting, we derived an estimation of the
M., the SFR and the dust attenuation (Ay) of each component
of the galaxies. For the galaxy ID15371, in the upper panel of
Fig. 8, one can see the three components respective M, and SFR
plotted on the MS (Schreiber et al. 2015; Huang et al. 2023). All
the components of the DSFG ID15371 have some ongoing star-
formation, with the red core being on its way to quenching but
still slowly star-forming.

Using the best SED models provided by CIGALE, we also
estimated the rest-frame U, V and J AB magnitudes. We used
Apelldniz (2006) U and V filters, and for the J band, we used
the 2MASS J relative spectral response curve. In Fig. 9, we dis-
play all the regions of our galaxies on the (V — J, U — V) plane.
We recover the sSFR effect: when moving from the lower right
corner to the upper left corner, the sSFR decreases (Wang et al.
2017). This makes the UVJ color-color diagram ideal to separate
SF galaxies from quiescent galaxies. We note that the galaxies
with sSSFR < 0.1Gyr™! are all in the quiescent region defined by
Whitaker et al. (2011) and delimited by the black dashed line in
the Figure. The colored dotted lines delimit the regions defined
by Zick et al. (2018).

For the DSFG ID15371, we have confirmation in the UV]J
diagram that all the components are star-forming (lower panel
of Fig. 8). Moreover, the three components are aligned on the
diagonal of the diagram which is the signature of a gradient of
dust attenuation from the center towards the outer parts (Calzetti
et al. 2000). Indeed, from the SED fitting, we had Ay,.q = 2.70+
0.11 > Aygreen = 2.09 £0.23 > Ayppe = 0.75 £ 0.11.

Generally, to estimate if a region was SF or quiescent, we
used the UVJ color-color diagram (is the component in the qui-
escent quadrant or not ?), the position relative to the MS (is the
component on/above the MS or well below it ?, what is its posi-
tion compared to the other regions of the same galaxy ?) and, as
we used a simple exponential model for the star-formation his-
tory, the value of #/7 is also an indicator of the star-formation
activity. If ¢/t > 1, then the peak of star-formation is firmly
in the past, and the component is on its way to quenching. On
the contrary, if #/7 < 1, the galaxy is still actively star-forming.
Based on these three pieces of information, we were able to dis-
criminate between SF and quiescent regions. Here, we defined
aregion as quiescent if below the Main Sequence and the other
galaxy components (by ~ 0.6dex). Hence, some regions that we
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Fig. 8. Upper panel: Galaxy ID15371 components plotted over the Main
Sequence (Schreiber et al. 2015; Huang et al. 2023). Lower panel:
Galaxy ID15371 components in the UVJ color-color diagram, the black
dotted line delimits the quiescent region (Whitaker et al. 2011) and the
colored ones, the regions defined by Zick et al. (2018). See Fig. 4 for
the definition of the components.

classified as quiescent are not completely passively evolving and
could still be slowly star forming. Most of the time, the three
indicators are in agreement, however, in some cases the results
were ambiguous: the regions where all three indicators where
not in agreement represent less than 5% of all the studied re-
gions. In that case, we first looked at their position relative to
the MS to see if it was consistent with the /7 values from the
best models and it always was. The inconsistency of the UVJ
color-color diagram can be explained in several ways: the UVJ
diagram uses only a part of the information (3 rest-frame bands)
contrary to the other probes that uses the full SED. More impor-
tantly, real situations exist where the UVJ diagram characterizes
correctly the presence of star formation but this star formation is
suppressed as exemplified by the sub-MS location (suppressed
with respect to the ensemble average given the mass) and by the
t/T (suppressed with respect to the past star formation history of
this galaxy). That is the case for the central region of ID15371
(see Figs. 6 and 8). In the rare cases where the #/7 value didn’t
allow any conclusion (¢/t ~ 1), we decided based on the MS
and the UV]J color-color diagram that were consistently pointing
either toward star-formation or quiescence. In all the cases, we
were able to classify the regions as quiescent or star-forming.
As a result of this analysis, we had 22 vastly different galax-
ies with various morphologies, colors (see Figs. 2.1,2.2 and 2.3)
and star-formation activity. We found that the variety of features
could be meaningfully re-conducted to three galaxy groups:

— Type I: SF disks with a red SF core, characterized by the fact
that all their regions are SE. Some have a complex multi-
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Fig. 9. UVJ color-color diagram. Each marker represents a region of a
galaxy. The star-shaped markers are cores/bulges and circular markers
are disk components. The color of the marker depends on the sSFR of
the considered region. The error-bar in the lower right corner shows the
average uncertainty. The black dotted line delimits the quiescent region
(Whitaker et al. 2011) and the colored ones, the regions defined by Zick
et al. (2018). The orange region corresponds to Post-starbursts, the yel-
low one to Quiescent, the green one to low sSFR DSFG, the magenta
one to DSFG and the blue one to Star-forming galaxies.

color clumpy disk morphology in the RGB (F115W, F200W,
F444W) image. They all have a dust attenuated red SF core.

— Type II: Quenched disks with a SF core, characterized by a
dust attenuated red SF core and a quenched disk (in one case,
partially quenched).

— Type III: SF disks with a quenched bulge, characterized by
a quenched central bulge while the disk is still star-forming.
These are similar to local spirals.

For the disks with several components, they usually were all
either SF of quiescent. There was only one galaxy (ID18278)
where only a fraction of the disk was quiescent (green region in
Fig. 2.2), we decided to include it to the Type II as the quies-
cent part encompasses 16% of the disk stellar mass and could
be considered as an early stage of quenching. 4 galaxies hosts
X-ray AGNs that do not dominate the FIR emissions; 1 is a
Type I galaxy (ID30186), 2 are Type II galaxies (ID13098 and
ID13776) and the last one is a Type III galaxy (ID23205) (Nan-
dra et al. 2015).

After having classified our sample of 22 galaxies, we had 10
Type I galaxies, 5 Type II and 7 Type III. The RGB cutouts of
our sample are separated following the three Types, with Figs.
2.1, 2.2 and 2.3 showing the Type I, II and III galaxies respec-
tively. This is summarized in the top panel Fig. 10 where each
wedge size is proportional to the number of galaxies of the con-
sidered Type. We illustrate each Type with a pictogram, the color
red representing quiescent regions and the color blue represent-
ing star-forming regions. The color of each wedge is linked to
the Type, in all Figures in the rest of this paper, the red mark-
ers will represent Type I galaxies, green markers Type II and
blue markers Type III. The lower panels of Fig. 10 summarize
the properties of each Types by looking at the connection be-
tween sSFR and Ay and color (in mag AB) gradients. The first
observation is that cores/bulges are systematically redder than
disks and there is a strong correlation between Ay gradient and
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color gradient (Pearson coefficient = 0.83, p-value = 2e-6) while
there is no correlation between sSFR gradient and color gradi-
ent (Pearson coefficient = 0.27, p-value = 0.23). This means that
the color differences that we observe in Figs. 2.1, 2.2 and 2.3
trace dust density in-homogeneities and not older/younger stel-
lar population. The Type I galaxies (in red) do not have a no-
ticeable sSFR gradient (sS FRcore ~ 1.2 X sS FRyis), but have
a strong Ay gradient, hence, the fact that the cores of Type I
galaxies appear much redder than the disks in Fig. 2.1 is due to
their high dust density; the blue regions are low Ay regions. For
the Type II galaxies, we observe the sSFR gradient we expected,
the core is star-forming while the disk is quenched (sS FR oo ~
6.5 X $S FRyis), they have the strongest dust gradient because
of their highly dust attenuated core and their quenched disk that
has low level of dust attenuation. We note that the sSFR gra-
dient should make the core appear bluer than the disk (because
of the younger stellar population in the core), however we ob-
serve the exact opposite. The color gradients we observe in Fig.
2.2 are dominated by the dust attenuation gradient. Eventually,
Type III galaxies have low attenuation both in their quenched
bulge and star-forming disk, hence have a weak Ay gradient.
Their sSFR gradient is however strong, as expected of the oppo-
site sign compared to Type II (quenched bulge and star-forming
disk, sS FRore ~ 0.2 X S FRyi). In Fig. 2.3 the color gradients
mostly trace the age difference between the stellar populations
of the (redder) bulge and the (bluer) disk.

We note that, the strong gradients we observe, both in sSSFR
and Ay justify the need to divide our galaxies in three Types to
illustrate the three possible sSFR gradient and to divide them in
several sub-galactic regions because of the huge dust gradient.
Moreover, as expected by the selection criteria detailed in Sect.
2.3, we did not have any fully quiescent galaxy in our sample.

4. Results

In this section, we present the results of the analysis of the 22
galaxies in our sample, distinguishing among the three classes
we just defined in the previous Section. We first looked at the
properties of the whole galaxies in Sect. 4.1 and then at the re-
solved properties at a sub-galactic level in Sect. 4.2. In Table 1,
we give the main properties of our sample of 22 galaxies.

In the following, we compared the behaviour of the differ-
ent Types of galaxies. To assess the significance of the trends,
we compared the difference between the mean of a property
for each Type with the error on the mean. We emphasis that
we also checked the median value and that it doesn’t affect the
observed trends. In the Figures, each star-shaped marker is the
mean and the error bar is the error of the mean (defined as
€rFmean = rms/ YN with rms the root mean square of the dis-
tribution and N the number of galaxy in each Type).

4.1. General properties
4.1.1. Main Sequence galaxies

To characterize the different Types of galaxies, we first looked
at their typical redshift, M, and sS FR;g. The redshifts and M.
were extracted from the SED fitting procedure described in Sect.
3.6 while the sS FR;g was computed by dividing the S FRz of
each galaxy by the sum of the M, of each component with the
S FR;g taken from the super-deblended catalog (Le Bail et al., in
preparation).

In Fig. 11, a redshift trend is appearing: the Type I galaxies
with their SF core and SF disk are on average at higher redshift
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Fig. 10. Upper panel: Distribution of the galaxy sample in the different
groups based on their resolved SF activity. Each region size is propor-
tional to the number of galaxies in the group, written in white. The pic-
tograms illustrate the properties of each Type, the blue and red colors
representing SF and quiescent regions respectively. We link each Type
of galaxy to a color as defined by the wedges color. Middle panel: Ay
gradient vs color gradient (in AB mag), red, green and blue markers are
linked to the Types defined in the top panel. Lower panel: sSFR gradient
vs color gradient (in AB mag), red, green and blue markers are linked to
the same Types as in the middle panel. Circular markers are individual
galaxies, star markers are the mean value for each Type of galaxy with
their associated error bar indicating the error of the mean.

(z = 2.32+0.15) than the Type II galaxies with their SF core and
quiescent disk (z = 1.94 +0.11), that are themselves at a slightly
higher redshift than the Type III galaxies (z = 1.80 = 0.09),
analogs to the spiral galaxies we observe in the local universe
with a quiescent bulge within a SF disk. The difference in red-
shift is 20~ between the Types I and II and 30 between Type I
and III. This suggests that this redshift trend is real and opens
the possibility of an evolutionary link between class I and II/II1.

All of our galaxies have a M, > 10'°M, with an average
of M, = 82722 x 10'"°M, (left panel of Fig. 11). There is no
correlation between the Types and the M., all Types have a sim-
ilar average M.. By comparing the sS FR; of our galaxies with
the MS of Schreiber et al. (2015) (right panel of Fig. 11), we
confirmed that typically these galaxies are MS galaxies, consis-
tently with Fig. 1 and Sect. 2.3. The MS sSFR at a fixed redshift
was calculated by taking the mean M, of our sample which is
< M, > = 10'992M,. Moreover, the typical sS FRyy is observed
to decrease at lower redshift, as expected from the cosmic trend.

The Type III galaxies, which have a quenched bulge, have
the weakest sS FRg on average (sS FRig = 0.757018Gyr™" for
quenched bulges versus sS FRg = 2.01f8:§éGyr‘l for SF cores).
They also are at lower redshift than the others. This suggests that
they are more evolved than other classes.
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Fig. 11. Left panel: M, versus redshift. Right panel: sS FRx versus red-
shift, the yellow shaded region is the MS (Leslie et al. 2020; Huang et al.
2023). We show the error-bars for individual galaxies, when not visible,
they are smaller than the marker. Circular markers are individual galax-
ies, star markers are the mean value for each Type of galaxy with their
associated error bar indicating the error of the mean.

4.1.2. Galaxy near-IR sizes

The presence of highly obscured cores at the center of galax-
ies, like for ID15371 (see Fig. 3), can let us believe that we are
studying the counterparts of the ALMA compact SF SMGs. In-
deed, SMGs are known to be compact, dust obscured and with a
high star formation efficiency.

The galaxies hosting a SF region at their center (Type I and
1I) tend to be slightly more compact in the near-IR, with R, y/r =
2.34 + 0.37kpc, than the galaxies with a quenched bulge (Type
III), with R, g = 2.93 + 0.42kpc (this is tentative as there only
is a lo difference, see Fig. 12). The Type II galaxies and their
quiescent disk are on average the most compact galaxies in the
near-IR with a typical size of 2.19 + 0.30kpc.

In Fig. 12, we compare the R, yz to the M, —R, relation from
van der Wel et al. (2014) based on rest-frame optical measure-
ments. Most of our 22 galaxies are more compact in the near-IR
than in the optical, with ~ 40% being below the M, — R, relation
scatter. We also checked that the optical sizes of our galaxies are
compatible with the M, — R, relation. This demonstrates than in
our galaxies, the dust, traced by the near-IR emissions, is more
concentrated than the stellar light, traced by the optical emis-
sions. This is a confirmation of an already well established fact
(van der Wel et al. 2023; Gémez-Guijarro et al. 2022b; Jiménez-
Andrade et al. 2021; Puglisi et al. 2019; Jiménez-Andrade et al.
2019; Fujimoto et al. 2017).

However, we note that the Type I galaxies have very com-
parable optical and near-IR sizes (~ 15% difference in size on
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average), their star-forming core is not as concentrated as for the
other galaxies of the sample.

We discuss in Sect. 5.4 how the Type I and II galaxies might
relate to the ALMA SMGs.
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Fig. 12. Optical (R, ¢, left panel) and near-IR (R, sz, right panel) half-
light radius measured in the closest band to 550nm and 1.6um rest-
frame respectively versus the total M. of the galaxy. Circular markers
are individual galaxies, star markers are the mean value for each Type of
galaxy with their associated error bar indicating the error of the mean.
The yellow and orange shaded regions illustrate the Mass-Size relation
derived by van der Wel et al. (2014) at the redshift of our sample.

However, studying the half-light radius is not enough as a
large fraction of the galaxies in our sample are not symmetric
(see Figs. 2.1, 2.2 and 2.3).

4.1.3. Widespread Lopsidedness

As one can see in Figs. 2.1, 2.2 and 2.3, some galaxies are
strongly lopsided (marked with a ‘©’). They are asymmetric
and/or their red central region is off-centered with respect to the
disk. This lopsidedness appears to be quite common among Type
I and II galaxies. In Figs. 2.1, 2.2 and 2.3, the marked galaxies
are the 6 most lopsided galaxies, 3 are Type I (30% of the sam-
ple) and 3 are Type II (60% of the sample). The Type III galax-
ies look much more symmetric, these galaxies have a quenched
bulge and are on average at lower redshift, they had presumably
more time to evolve and stabilize their disk. To verify this, we
investigate the lopsidedness of each galaxy.

As explained in Sect. 3.3, for each galaxy we calculated its
asymmetry (A) and eccentricity (E). Type III galaxies appear to
be much less lopsided, they have a low eccentricity (9.8 +2.5%)
and asymmetry (22.8+3.0%) while Type I and II galaxies, which
show comparable lopsidedness, tend to be much more asymmet-
ric (33.0+3.5%) and off-centered (30.3 +4.0%) (see upper panel
of Fig. 13). The difference has a 4.30" and 2.20 significance for
the eccentricity and asymmetry respectively. In the upper panel
of Fig. 13, we show the eccentricity vs the asymmetry. We con-
sidered the Type III galaxies as not lopsided, and used their typ-
ical eccentricity and asymmetry as a proxy for measurement er-
rors and systematic effects. The thin black dotted line shows the
threshold to define a galaxy as weakly lopsided (A + E > 0.37,
this value corresponds to the average [A + E] + 1o of Type III
galaxies). We have 14 galaxies that are at least weakly lopsided,
representing 64% of the sample. If the galaxies are above the
thick black dashed line, meaning that A + £ > 0.70 (this value
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corresponds to the average 2 X [A + E] + 1o of Type III galax-
ies), we consider them as strongly lopsided, we encircled them
in Fig. 13 and they are visible in Figs. 2.1, 2.2 and 2.3 with a ©.
We have 6 strongly lopsided galaxies, representing 27% of the
sample. Usually, a strong asymmetry is linked to a strong eccen-
tricity, however we have galaxies with a low level of asymme-
try but with a highly off-centered disk. All the strongly lopsided
galaxies (circled in black) have high eccentricity. In other words,
we observe a lack of strong asymmetry with low eccentricity.

The position of the average lopsidedness of Type I and II
galaxies in Fig. 13, indicates that being lopsided might be a typ-
ical property of these galaxies.

In the lower panels of Fig. 13, Type III galaxies, which are
more evolved and have a quiescent bulge have low level of asym-
metry. On the contrary, Type I and II galaxies have a higher level
of asymmetry. We observe (1) a lack of galaxies with a compact
disk and high asymmetry and vice-versa, (2) a lack of galaxies
with a high core mass fraction and high asymmetry and vice-
versa and (3) the galaxies with a quiescent bulge with high mass
fraction have low asymmetry. This is consistent with the ob-
servation of galaxies in the local universe, indeed, present-day
late-type galaxies with more extended disks and lower central
stellar mass density are typically more lopsided than early-type
galaxies with smaller disks and higher central stellar mass den-
sity (Dolfi et al. 2023; Varela-Lavin et al. 2023). It seems that as
the core grows in mass from accretion, the disk gets smaller and
loses its lopsidedness, leading to Type I spiral-like galaxies.
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Fig. 13. Eccentricity and Asymmetry. Upper panel: Eccentricity versus
Asymmetry, markers with a black circle are the strongly lopsided galax-
ies (see Figs. 2.1, 2.2 and 2.3), thin black dotted line delimits weakly
lopsided galaxies, thick black dashed line delimits strongly lopsided
galaxies. Lower left panel: Asymmetry versus Disk half-light radius as
defined in Sect. 3.3. Lower right panel: Asymmetry versus mass frac-
tion in the core/bulge of the galaxy, asymmetry is calculated using the
F444W filter. Circular markers are individual galaxies, star markers are
the mean value for each Type of galaxy with their associated error bar
indicating the error of the mean.



Le Bail et al.: JWST View of DSFGs at Cosmic Noon

Thanks to the spatial resolution of JWST, we had access to
sub-galactic scales, which is crucial to understand the morphol-
ogy and evolution of DSFGs.

4.2. Resolved properties

For each galaxy, each component has been classified either as
star-forming or quiescent (see Sect. 3.7). In Fig. 14, we show
that the quiescent regions are massive (M, 2 10'°M) and have
arelatively low dust attenuation with an average of Ay ~ 1.6 and
maximum at Ay ~ 3 while SF regions have an average of Ay ~
2.3 maximum at Ay ~ 5.4. The SF regions follow a correlation
(with a Pearson coefficient of 0.62, p-value = 9e-8), the more
massive components are more attenuated. This is consistent with
the idea that the stellar mass is the main driver of dust attenuation
in SF galaxies (Lorenz et al. 2023).
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Fig. 14. Ay versus M, for each regions identified in Figs. 2.1, 2.2 and
2.3. Quiescent regions are in orange and Star-forming regions in blue.
At fixed stellar mass, star-forming regions are more attenuated, on av-
erage.

In the following Sections, we present the results regarding
the core/bulge and disk of our galaxies.

4.2.1. Cores and bulges properties

We first looked at the red central region of each galaxy, as de-
fined in Figs. 2.1, 2.2 and 2.3. In the left panel of Fig. 15, we
show the dust attenuation versus the M, of the red star-forming
cores (in red and green) and quiescent bulges (in blue). As men-
tioned above, the dust attenuation of SF cores (Type I and II)
correlates with its M, : the more massive the core, the more dust
attenuated (with a Pearson coefficient of 0.75, p-value = 0.001).
Also, the bulges are less attenuated than SF cores, consistent
with the fact that they are quiescent and host an evolved stellar
population where the dust might have been consumed/destroyed.

Figure 15 also shows a trend in redshift. On average, the
bulges are slightly more massive (M%) than the SF cores (M)
but with only a 1.50 significance. The SF cores of Type II galax-
ies (M!") and those of Type I galaxies (M) are consistent within
erTors.

MB =375408 x 10'°M, 2 M = 1.81%42 x 10'°M, 4

M = 2,601 x 10°M ~ M1 = 1.26*72 x 10'M, 5)
The weak trend between the M, of higher-z SF cores and lower-z
bulges is consistent with the idea of a bulge that grows in mass
with time, fed by accretion from the disk, clump migration or
minor/major mergers.

We compared the M, and SFR fraction of the red cores and
bulges with respect to the host galaxy (right panel of Fig. 15).
For Type I galaxies, the red core M., represents only 21.6 +4.0%
of the M, of the galaxy. This fraction is smaller than for the
other galaxies of the sample where the red core represent 34.4 +
6.2% for Type 1I (~ 20 difference) and 35.9 + 3.6% for Type
III (~ 30 difference) of their total M,. This can be linked to the
redshift trend, the Type I galaxies being at higher redshift, their
core could still be at an early stage of growth. It also explains
their lowest R, jg/R.0 = 0.89 £ 0.14, as their M, is much less
concentrated in the central region that the other two Types.

As expected from the definition of our Types of galaxies, the
Type II galaxies have a red core with a SFR fraction (64 + 18%)
significantly greater than the M, fraction (34.4 + 6.2%) since
the disk is mostly quenched, while the Type III galaxies have a
red bulge M. fraction (35.9 +£3.6%) significantly more important
than the SFR fraction (9.8 + 3.4%) as the bulge is quenched.
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Fig. 15. Red regions properties. Left panel: Dust attenuation versus Stel-
lar Mass. Right panel: SFR fraction versus M, fraction in the red region.
The black dotted lines is the 1:1 correlation. Circular markers are indi-
vidual galaxies, star markers are the mean value for each Type of galaxy
with their associated error bar indicating the error of the mean.

Some of these cores/bulges appeared to be compact, we de-
cided to investigate them further in the next Section.

4.2.2. Compact cores and bulges

All of our galaxies have a central core/bulge appearing in
the near-IR (filter F410M or F444W). For some galaxies, the
core/bulge has a clear clump-like morphology, is much brighter
than the surroundings and is clearly delimited (e.g. ID13776 and
ID23205 in Fig. 16). We identified compact cores in 17 galax-
ies out of 22: 6 Type I galaxies with a compact core (60% of
our sample), 4 Type II (80% of our sample) and all 7 Type III
galaxies of our sample have a compact bulge. We decided to in-
vestigate further these compact cores/bulges by dividing the in
two categories, the SF cores (from Type I and II) and the quies-
cent bulges (from Type III).

To do so, we measured the half-light radius of the compact
cores and bulges defined as the radius of a circular aperture en-
compassing half of the flux of the core, we applied a similar
technique as described in Sect. 3.1. The SF cores tend to be
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Fig. 16. Cutouts of a galaxy of each Type with the F444W filter.
While a central clump-like core is clearly apparent for the ID13776 and
ID23203, it is less clear in ID18278. We indicate the rest-frame central
wavelength of the filter in parenthesis.

slightly more compact than the quiescent bulges (0.76 + 0.03kpc
vs 0.84 + 0.04kpc, with a ~ 1.50 significance, see Fig. 17). The
markers with a black circle are the compact core with an X-ray
detection, possibly tracing an AGN. 3 of them are found in SF
cores, and 2 are in the most massive galaxies with the largest
SF cores. Even if the definition of the compact core is somehow
arbitrary, and that there could be some level of contamination
from the disk, this goes in the same direction as Cochrane et al.
(2023) simulations. They found that without AGN feedback, the
SF core would undergo a compaction event while the presence
of AGN winds would prevent such compaction by evacuating the
gas and precipitate the quenching of the core.

We also note that the quiescent bulge tends to be larger in
more massive galaxies. Ikarashi et al. (2017) found that the most
compact cores of SMGs are those where there is both star for-
mation and an AGN. This is not what we observe for two of
the SF cores hosting an X-ray AGN (showed with the encircled
markers in Fig. 17), it is possible that in these galaxies the AGN
has strong feedback and the system is quite evolved and ready
to quench. The third SF core hosting an X-ray AGN is however
compact and the presence of the AGN could facilitate this com-
paction.

The sizes of the SF compact cores are compatible with those
measured in the sub-mm (See Sect. 5.4 for more details).

After analyzing the cores of our galaxies, we decided to in-
vestigate their differences with respect to the disk, especially the
reasons of the redness of the core compared to the surroundings.

4.2.3. NIRCam color variations within the disks

In Sect. 3.7, we showed that the main driver of the color gradient
between the cores and disks is the dust attenuation.

‘When looking at Figs. 2.1, 2.2 and 2.3 we noticed that some
disks are also highly in-homogeneous in terms of color. To in-
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Fig. 17. Compact red cores and bulges half-light radius versus the stellar
mass of the galaxy. Circular markers are individual galaxies, star mark-
ers are the mean value for each group of galaxy with their associated
error bar indicating the error of the mean. Markers with a black circle
are cores hosting an X-ray AGN (Nandra et al. 2015).

vestigate the physical processes responsible for the color varia-
tions we observed in the disks, we compared the color variations
with the dust attenuation and sSFR variations in a similar way
we did in Sect. 3.7 when we investigated the gradients between
the cores and the disks. When measuring the variations, we al-
ways measured the differences between a redder part of the disk
and a bluer part (in other words A(F115W — F444W) > 0 in
AB mag). We compared all the components of the disks, mean-
ing that if a disk was divided in 3 patches, there are 3 mark-
ers in Fig. 18 comparing the first and second, second and third
and first and third component respectively. In the two upper pan-
els of Fig. 18, we first clearly identify a correlation between the
color variations and the dust extinction variations (Pearson coef-
ficient = 0.78, p-value = 6e-11) consistent with the expectation
that the redder regions are those with the greatest Ay (Calzetti
et al. 2000). However, we do not identify any correlation be-
tween color variations and sSFR variations (Pearson coefficient
= 0.16, p-value = 0.29), some color variations are even incon-
sistent as when sS FR cqder > S FRpjyer, We are comparing a red
patch hosting a younger stellar population (more star-forming)
with a bluer patch hosting an older stellar population (less star-
forming), hence the colors should be the other way around. This
two observations demonstrate that the color variations we ob-
serve within the disks in Figs. 2.1, 2.2 and 2.3 are driven by
dust. NIRCam colors at z ~ 2 trace dust, red spots are highly ex-
tinct while blue spots are weakly dust attenuated. This is consis-
tent with previous studies based on NIRCam images (e.g. Miller
et al. (2022)) .

As the clumps could play an important role in the color vari-
ations, it is important to investigate their abundance.

4.2.4. Clumpy disks

As one can see in Figs. 2.1, 2.2 and 2.3, some galaxies are very
clumpy. The clumpiness does not seem to be linked to a particu-
lar Type of galaxy. Most of the clumps are observed in the short-
est wavelength, consistent with Wuyts et al. (2012) who state
that the number of clumps decrease when moving toward longer
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Fig. 18. Top panel: Comparison between the Ay and the F115W - F44W
AB mag color between redder and bluer patches within the disks (if the
disk has been divided in at least two components in Sect. 3.5). Middle
panel: Comparison between the sSFR and the F115W - F44W AB mag
color between redder and bluer patches within the disks. Lower panel:
Comparison between the Ay and the sSFR between redder and bluer
patches within the disks. Only variations are probed, not gradients, we
do not look for radial effects has our galaxies have highly asymmetrical
disks.

wavelength. In Fig. 19, we investigate the the possible link be-
tween the clumpiness and the disk and the core of the galaxy. In
the left panel,we show the distribution of the number of clumps
observed in each disk versus the SFR of the disk (defined as the
sum of the SFR of the regions delimited in Figs. 2.1, 2.2 and 2.3)
separating the SF disks from the quiescent disks. There is no ap-
parent correlation between the star-forming activity of the disk
and the number of clumps. The fact that we observe clumps in
quiescent disks is quite surprising as they usually are supposed
to be place of local starburst (Wuyts et al. 2012). We discuss the
implication of this result in Sect. 5.3.

In the left panel of Fig. 19, we study the impact of the frac-
tion of stellar mass in the core (in blue) or bulge (in red) on the
number of clumps. The galaxies with a quiescent bulge, that we

know to be at lower redshifts (see Sect. 4.1.1 and Fig. 11), have
a higher fraction of their mass in their bulge (35.9% + 3.6%)
than the galaxies with a star-forming core have in their core
(25.8% +3.7%) with a ~ 20 significance. They also tend to have
a smaller number of clump: 1.7 + 0.8 clumps on average for a
galaxy with a bulge and 2.8 0.6 clumps on average for a galaxy
with a star-forming core (1.10 significance). The plot also shows
that by looking at galaxies with a star-forming core (in blue in
Fig. 19), the ones with the smallest M, fraction at their core are
also the clumpiest. We see here both the effects of the redshift,
lower redshift galaxies have less clumps and of the central M.,
fraction, higher fraction leads to less clumps.

One could argue that the fact that galaxies with a star-
forming core are at higher redshift than those with a quiescent
bulge (Type III) means that we probe shorter rest-frame wave-
length, hence, we have a higher probability of observing clumps
in their disk (Wuyts et al. 2012). However, the range of redshift
that we are probing here is quite narrow, and the clumps that we
count are the brightest and visible in several filters. These galax-
ies actually are clumpier.
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Fig. 19. Number of clumps in the disk versus its SFR. Circular markers
are individual galaxies, star markers are the mean value for each Type of
galaxy with their associated error bar indicating the error of the mean.

5. Discussion

In this Section, we first discuss the green patches/clump that are
visible in the RGB cutouts in Figs. 2.1, 2.2 and 2.3 in Sect. 5.1.
Then, we discuss the presence of blue clumps inside quiescent
disks in Sect. 5.3. We investigate the possible link between the
compact SMGs observed with ALMA and our DSFGs in Sect.
5.4.In Sect. 5.6, we discuss the origin and consequences of lop-
sidedness and its abundance. Eventually, in Sect. 5.7, we discuss
two possible evolutionary paths that could lead to the formation
of Type II galaxies.

5.1. Bright emission lines

When looking at Figs. 2.1, 2.2 and 2.3, one can notice that some
of the disks have different colors, with a blue and a green part.
The green clumps/patches are visible in all Types of galaxies.
Considering their redshift, they probably are due to bright H, or
[Oy;7] emission lines which are known tracer of star-formation.
The H, line will fall in the green filter (F200W) for galaxies
with a redshift between 1.67 and 2.39 and the [Oy;] emission
line will fall in the green filter for galaxies with a redshift be-
tween 2.52 and 3.47. On the 7 galaxies where we identify green
patches, 2 are consistent with H, emission from a star-forming
region (ID15371 and ID29608) and 3 are consistent with [Oy]
emission from a star-forming region (ID18694, ID23510 and
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ID23581). For the 2 remaining galaxies, it is more surprising,
as the green patches/clump are observed in the quiescent disks
of Type II galaxies.

For the ID13107 galaxy (z = 2.21 + 0.02), the green patch is
close to the center of the galaxy, it is then possible that the H,
line is produced by the accretion disk of an AGN sitting at the
center of the galaxy that becomes bright in this region because
of a much weaker dust attenuation than in the core. Even though
we have no radio or X-ray signature of an AGN in this galaxy, as
mentioned before, the predicted SFR from the SED fitting is not
enough to explain the FIR flux density observed with Herschel
for this galaxy. This convinced us that there could be an AGN at
the core of this galaxy.

For the ID18278 galaxy (z = 1.805), the situation is dif-
ferent, the green patch is in the outer region and composed of
clumps. These clumps could have actually been ionized by the
hot evolved low-mass stars (Cid Fernandes et al. 2011; Belli
et al. 2017) with an enhanced H, line due to shocks from the
minor merger. Indeed, these clumps are old (age of oldest stars
= 2.5 £ 0.5Gyr) and have a very low sSFR, consistent with the
ex-situ clumps defined in Mandelker et al. (2014).

5.2. Origin of dusty patches within disks

In Sect. 3.7, we demonstrated that the color gradient is linked to
the strong Ay gradient. The fact that the core is much more atten-
uated than the disk is expected because the SFR surface density
is higher in the core than the disk, hence is the dust surface den-
sity and the dust column density.

However, the patchy distribution of dust within the disks is
more surprising. From the lower panel of Fig. 18, we observe a
correlation between dust density and sSFR for Type II and Type
III galaxies (Pearson coefficient = 0.62 and 0.83 with p-value =
0.04 and 0.01 respectively). Meaning that for these galaxies, the
patches could be linked to not yet quenched regions in the disks
of Type II galaxies and partly quenching disk for Type III. The
patches could then find their origin in internal instabilities, or in-
teractions with the local environment. For Type I galaxies, we do
not observe this correlation (Pearson coefficient = 0.35, p-value
= 0.07). For these galaxies, the patches could be correlated either
to metallicity, higher metallicity leading to higher dust column,
or to geometry.

We investigated the origins of the patchy distribution by
looking for correlations between the greatest difference in Ay
in each disk and the redshift, the fraction of stellar mass in the
core/bulge, the fraction of SFR in the core/bulge, the lopsided-
ness and the environment. We found no correlation (all p-value
> 0.2). We then looked for a correlation between the number of
patches/components of each disk (as defined in Figs. 2.1, 2.2 and
2.3) and the same parameters. The only correlation we found,
that is visible in Fig. 20, is with the mass fraction in the core
(Pearson coefficient of -0.60, p-value = 0.003), the number of
patches/components gets smaller when the mass is more con-
centrated in the core of the galaxy. This is especially true for the
galaxies with a star-forming core (Type I and II, with a Pearson
coefficient of -0.67 and a p-value of 0.006, while Type III have
a Pearson coefficient of 0.14 with p-value of 0.76). This corre-
lation is expected from Hopkins et al. (2023); when the central
gravitational potential well is deep enough, it stabilizes and ho-
mogenizes the disk. This correlation is consistent with the one
we observed for the clumps (See Sect. 4.2.4 and Fig. 19). How-
ever, if this (anti-)correlation justify why we do not see patches
in Type III galaxies, it doesn’t clear up the mystery of their ori-
gin.
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Fig. 20. Number of patches/component of each disk versus the stellar
mass fraction in the core/bulge. In the lower left corner, we show the
average error bar for individual galaxies. Circular markers are individ-
ual galaxies, star markers are the mean value for each Type of galaxy
with their associated error bar indicating the error of the mean.

We would need spectroscopy to understand better what is
happening in those disks, and even there the mystery would re-
main of why the disks are so in-homogeneous in dust attenu-
ation, whether it is due to metallicity or geometry differences
(and why these would persist over homogeneous patches within
a disk, as opposed e.g. to simple radial gradients).

5.3. Clumps in DSFGs

In all the Types of galaxies, we identified the presence of clumps.
We observed that galaxies at lower redshift tend to have less
clumps, this suggests that the clumps either get destroyed within
the disk and are not replaced by new clumps, or migrate toward
the core and participate to its mass growth possibly triggering
enhanced star formation. They might also be lower mass/less lu-
minous, hence below our detection threshold. We do not see any
evidence of recent major mergers in our galaxies, suggesting that
most of the clumps we observe are originating from a fragmen-
tation of a gas rich unstable SF disk, consistently with Puschnig
et al. (2023) and Fensch & Bournaud (2021) that showed that
large scale instabilities in gas-rich galaxies can create such star-
forming giant molecular clumps.

We also noted that the most clumpy high-redshift galaxies
also have the least concentrated cores, with less than 20% of their
stellar mass at the center of the galaxy (see Fig. 19) and, on the
contrary, the least clumpy galaxies at lower redshift have nearly
40% of their stellar mass in the quiescent bulge. We also showed
in Fig. 15 that galaxies at later times have higher core mass frac-
tions. This suggests that either, as the clumps migrate through
the disk, they feed the central core, making it grow in mass or
that, as the central gravitational potential well gets deeper, the
disk is stabilized, the VDI are destroyed, and the galaxy can have
a smoother spiral-like disk. Our observation are consistent with
the simulations from Hopkins et al. (2023) that showed a well
defined dynamical center is necessary to stabilize the disk and
put an end to bursty star-formation. Also, we are in agreement
with the new JWST results from Kalita et al. (2022), pointing
to an increased galaxy fragmentation with decreasing bulge/core
mass fraction.

When looking at Fig. 2.2, one can clearly identify clumps in
the Type II galaxies. The blue clumps of these quiescent disks
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(ID13107, ID18278 and ID13776 in Fig. 2.2) are due to a low
dust attenuation and not a high sSFR. Indeed, the disk has Ay =
1.0 + 0.2 while the central SF core has Ay = 3.5 + 0.2. We
recall that the blue colors in NIRCam color cutouts for these
redshifts are typically a signature of low dust attenuation. This
could indicate that clumps are not only formed in highly star-
forming regions.

5.4. Are we observing compact SMGs counterparts ?

In most of our IR-luminous galaxies, a central compact clump-
like highly dust attenuated SF red core is present. While it is
nearly invisible in the optical rest-frame, it becomes bright in the
near-IR (see Figs. 3 and 16). As we showed in Sect. 4.2.3, they
are surrounded either by a SF (Type I) or a quiescent (Type II)
disk with much lower dust attenuation. We identify 10 of those
(see Table 1 and Sect. 4.2.2) in our sample.

When we measured the size of these red compact SF cores,
we found that the average R, y;r Was about 0.76kpc (Fig. 17).
This size is compatible with the sizes measured with ALMA
for the compact SMGs : 0.6 + 0.2kpc in Zavala et al. (2022),
~ 0.73kpc in Gémez-Guijarro et al. (2022a) or 1 —2kpc across in
Rujopakarn et al. (2019). The NIRCam sizes tend to be slightly
larger than the ALMA sizes, this is not due to a spatial resolution
issue, but to the heavy dust obscuration of the core.

Moreover, compact SMGs at z ~ 2 — 3 are characterized by
a SFR > 100M, yr~' (Gémez-Guijarro et al. 2022a; Jiménez-
Andrade et al. 2021, 2019; Hodge et al. 2019). 7 out of the 10
galaxies where we identified a compact star-forming core have a
total SFR compatible with this criteria (see Table 1). 5 of them
having SFR > 100M,, yr! in the core alone, 1 has SFR > 50M,,
yr~! in the core and the remaining galaxy has a lower SFR in
their core.

To confirm the possibility of SMGs counterpart, we can use
the FIR super-deblended catalog in the EGS (Le Bail et al., in
preparation.). 6 out of the 10 galaxies are detected at 20 in
SCUBA?2/850um among which 3 are 30~ detected. 3 out of the
4 undetected galaxies at 850um are in the shallower part of the
FIR catalog. Moreover, if we look at the predicted flux at 1.1mm
for these galaxies, the mean predicted flux is 0.80mlJy, and 4 of
them are predicted to be brighter than 1mJy at 1.Imm. A total
of 5 galaxies have either a 30 detection in SCUBA?2/850um or
a prediction > 1.1mJy at 1.Imm (ID13776 and ID21190 from
the Type II class and ID16544, ID29608 and ID30186 from the
Type I class). They correspond to the 5 galaxies measured with
a SFRx 100M,, yr~! in their core.

All these elements convinced us that we have at least 5 or
6 galaxies that are good candidates of compact SMGs counter-
parts, they are equally distributed between Type I and II.

Contrary to what is observed with ALMA, these compact
cores are not isolated, they all are surrounded by a larger disk.
The fact that their is a huge dust gradient between the core and
the disk, as we showed in Sect. 3.7 might explain why we do
not this the latter in sub-mm surveys: the core is bright in the
rest-frame near-IR while the disk is bright in the rest-frame op-
tical. The presence of a disk confirms Hodge et al. (2019) and
Puglisi et al. (2019) who both stated that the compact SMGs are
obscured part of a larger system.

The fact that some galaxies in our sample have highly ex-
tinct cores could link them the so-called HST-dark galaxies. We
compared our sample with the HST-dark and HST-faint galaxies
in the same field from Pérez-Gonzilez et al. (2023). Our galax-
ies are in general agreement with the SFG at z < 4 in Pérez-
Gonzdlez et al. (2023), especially with the fact that we observe

highly dusty patches out to large radii. Four of the galaxies in our
sample are classified as HST-faint (ID16544, ID18694, ID23581
and ID26188). All are Type I galaxies, which seems logical be-
cause quiescent regions have lower Ay, hence are brighter in
HST. One of them (ID23581) has Ay,,;, > 3, hence expected
to be HST faint/dark, while the remaining three galaxies have
Avymin ~ 1.5, which is the average Ay,,;, of the sample. It is more
surprising that those three galaxies are HST faint/dark. However,
these 4 galaxies are actually the galaxies at the highest redshift
of the sample (2.7 < z < 2.9), with photometric redshift from
our SED fitting procedure consistent with the ones from Kodra
et al. (2022) and the ones from the super-deblending (Le Bail
et. al, in preparation). There is a chance that their HST faintness
comes more from their higher redshift than their high level of
dust (at least for 3 of them).

5.5. Relation to Blue Nuggets simulations

In the cosmological simulations from Lapiner et al. (2023), the
typical high-redshift and low-mass galaxy is a gas-rich, star-
forming, highly perturbed, and possibly rotating system, fed by
intense streams from the cosmic web. When the stellar mass is
in the ballpark of ~ 10'°My, the galaxy undergoes a major, last,
wet compaction into a ‘Blue Nugget’, starting with a compact
gaseous star-forming system that rapidly turns into a compact
stellar system. The galaxies that we observe are all above this
~ 10'"M,, threshold. However, non of them look like a blue
nugget except possibly ID13098. We discuss the specific case
of ID13098 in Sect. 5.7. The other ones that are in the range of
mass where the wet compaction should happen do have a com-
pact dusty star forming core, but they also have a much larger
star-forming disk. Moreover, the more massive galaxies could
be undergoing a rejuvenation event after blue nugget phase as
it is suggested by Lapiner et al. (2023). However, when com-
paring the 5o of the disk and core, we find no evidence that the
star-forming disks are younger than the cores. The fact that we
do not observe any blue nuggets (or a single one) might be due
to their low-mass, or low SFR, or that the previous observations
were not deep enough to detect the low-luminosity disks. It may
be possible that the most massive galaxies undergo a different
quenching mechanism that lower-mass galaxies.

5.6. Investigating the lopsidedness

Galaxy lopsidedness has not so far attracted much attention at
high redshift, probably because of a lack of spatial resolution
and/or incomplete data since the most obscured part of the galax-
ies are not visible with pre-JWST telescopes. However, the spa-
tial resolution of NIRCam shows that it is a common features of
DSFGs around the Cosmic Noon. Indeed, we showed in Sect.
4.1.3 that being lopsided seem to be the typical morphology of
Type I and II galaxies (see Figs. 2.1, 2.2 and 13). Bournaud et al.
(2005) investigated the origins of lopsidedness in field galax-
ies and concluded that it is very unlikely the result of internal
mechanisms but rather linked to the history and environment of
the galaxies. With the NIRCam images, we have access to the
spatially resolved morphology of these galaxies, and can try to
better understand the causes of the lopsidedness.

Among the lopsided galaxies showed in Figs. 2.1 and 2.2,
some have a clear compact central core and a rather homo-
geneously colored disks (e.g. ID11887, ID13776), others are
mostly clumpy galaxies with a less compact core (e.g. ID18694,
1D18278).
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For the first category, even if we don’t have the kinematics to
confirm it, it seems that the galaxies have a stable disk, with no
major merger features. This means that the lopsidedness of these
galaxies, is probably due to accretion and minor mergers. This
accretion would be happening via streams of cold gas that asym-
metrically feed more generously one side of the galaxy making it
grow larger than the opposite side. Moreover, the fact that these
galaxies are clumpy (see Sect. 4.2.4) and that their disk is highly
heterogeneous (see Sect. 4.2.3) favors the idea of accretion or
minor mergers that could create clumps or patches in the disks
with different SFRs or Ay. However, the fact that Type I galaxies
have a star-forming disk and Type II a quiescent disk means that
the properties of gas transport in Type I and Type II galaxies are
different.

In Type I galaxies, the disk acquires its gas via accretion
streams or minor mergers and forms stars, but the gas also goes
to the core, which is SF as well. Bournaud et al. (2005) showed
via simulations that the strong lopsidedness could be the result
of gas accretion if it as asymmetric enough and that the lopsided-
ness from accretion is relatively long-lived (~ 3Gyr), hence eas-
ily observable. This has also been confirmed by a recent study
based on the TNGS50 simulation (Dolfi et al. 2023) where they
conclude that the lopsidedness in local galaxies originates from
accretion over several Gyr while symmetric galaxies formed ear-
lier and within a shorter timescale.

In Type II galaxies, on the other hand, while the gas keeps
going to the core and keeps it SF, the disk is quenched. This
would seem to suggest that the gas does not stay in the disk, but
goes straight to the center. A possible explanation would be that
Type II galaxies have larger inflows or very powerful outflows
that blow away and/or shock the gas in the disk (confirming
this would require spectroscopy). It could also be that in Type
II galaxies the accreted gas has a more radial accretion, with lit-
tle angular momentum and goes straight into the central regions.
Or, for some reason, the gas rapidly looses its angular momen-
tum and abandon the disk and falls into the center. This would,
depending on the direction of accretion, feed the lopsidedness.
This effect has already been suggested by Kalita et al. (2022)
where they were able to link the lopsidedness of 3 galaxies at
z ~ 3 in a dense environment to cold gas accretion using Lyman-
« emissions. The strong lopsidedness of these galaxies, would
then be a tracer of the point of impact of the accretion streams.

For the clumpier galaxies, the disk is star-forming and not
homogeneous. Kannan et al. (2015) showed with simulations
that gas-rich disks are able to survive major mergers and that
the following enhanced star-formation is not entirely happening
in the core of the galaxy, but a substantial fraction takes place
in the disk too. This is compatible with our Type I galaxies, the
fact that their SF disks are clumpy and heterogeneous in terms
of dust and sSFR could be a signature of a recent major merger
(Calabro et al. 2019). Moreover, Kannan et al. (2015) mention
that the presence of a gas-rich disk contributes to reducing the
efficiency of bulge formation, which is compatible with the non-
compact core observed in some of these galaxies. Usually ma-
jor mergers features are short lived, but the clumps we observe
could be preserved due to Toomre instabilities. Indeed Fensch &
Bournaud (2021) showed, via simulations, that a galaxy with a
gas fraction greater than 50% will have strong disk instabilities
leading to the formation of long-lived giant clumps and strong
nuclear inflow affecting the structure of the galaxy and possibly
introducing lopsidedness. It has already been observed in a local
galaxy used as proxy for high redshift galaxies (Puschnig et al.
2023). A major merger could then result in a clumpy galaxy with
a perturbed structure, which is what we have in Fig. 2.1 for some
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Type I galaxies. The color variations between clumps/regions in
the galaxies could be tracers of the original galaxy they were
a part of before the merging as they trace the dust attenuation.
However, a major merger is not necessarily required, indeed,
Rujopakarn et al. (2023) studied a lopsided galaxy at z ~ 3 and
concluded that its lopsidedness did not originate from interaction
with the environment but from internal, large scale instabilities,
that could, in the end, form bars or spiral arms.

The lopsidedness of these galaxies could also be the signa-
ture of the bulge angular momentum build-up. Indeed, either via
accretion, minor mergers, major mergers, internal instabilities
and tidal effects, the lopsidedness will break the disk balance,
consequently creating a torque on the bulge of the galaxy result-
ing in an angular momentum loss.

The significance of the difference of lopsidedness between
Type III galaxies and the rest of the sample means that, by some
mechanism, the galaxies become much more symmetric after the
Cosmic Noon. Indeed, we recall that our Type III galaxies have
z = 1.80 + 0.09 while Types I and II have z = 2.19 + 0.14. This
could be due to increasing virialization with passing of time, also
due to the stabilising effect of the larger bulge mass fraction (see
lower right panel of Fig. 13).

5.7. Where do Type Il galaxies come from ?

The Type II galaxies (see Sect. 3.7 and Fig. 2.2) have an unusual
behavior. They have a compact star-forming core embedded in a
quiescent disk, and represent ~ 23% of the galaxies of our sam-
ple, so are relatively common. Kalita et al. (2022) studied such
galaxies in a crowded environment at z ~ 3 and linked the quies-
cence of the disk to its strong lopsidedness which rapidly fuels
the gas to the core of the galaxy. In our sample of Type II galax-
ies, 3 have a strong lopsidedness, 1 is only weakly lopsided and
has an off-center core while 1 is not lopsided at all. This means
that even if lopsidedness can be a driver of outside-in quenching,
it is not the only one.

Based on our observations, we have three possible scenarios
that could explain the observed suppression of star-formation in
the disk.

The first scenario is the one developed by Kalita et al. (2022)
with the lopsidedness either coming from a major merger strong
enough to result in this off-centered core or from asymmetric
accretion of gas via streams and minor mergers, feeding the
disk preferentially on one side. The strong lopsidedness result-
ing from this is enough to explain the quenching of the disk as
it greatly facilitates the transportation of the gas toward the core
(Fensch & Bournaud 2021).

The second scenario is a wet compaction event leading to an
apparent outside-in quenching. ID13098 is in the correct range
of stellar mass and redshift to be in a ‘blue nugget’ phase (Lap-
iner et al. 2023; Dekel et al. 2009; Tacchella et al. 2016) where
the galaxy undergo a wet compaction caused by gas-rich merg-
ers or smoother gas streams, leading to an episode of high cen-
tral star-formation and outside-in quenching. The presence of
the low-luminosity quiescent disk might indicate that the com-
paction is not completely done yet. If it is a blue nugget, the
outside-in quenching may not be final as when the gas has been
consumed at the center and the bulge has grown, a star-forming
ring can form in the disk via accretion of new gas-reach material
from the inter-galactic medium leading to an inside-out quench-
ing in the post-blue nugget phase.

The last scenario is an actual outside-in quenching linked to
the strong lopsidedness but not resulting from a major merger.
In Fig. 11, we show that the Type I galaxies are the most star-



Le Bail et al.: JWST View of DSFGs at Cosmic Noon

forming and at the higher redshift on average. They also have a
stellar mass consistent with the Type II galaxies. This means that
there could be an evolutionary path between Type I and Type II
galaxies driven by VDI and lopsidedness. The idea is that the
star-forming clumps of the Type I galaxies will migrate toward
the center of mass of the galaxy (Mandelker et al. 2014). By do-
ing so, they will fuel strong gas nuclear inflow creating a com-
pact SF core (Fensch & Bournaud 2021). On their way to the
center of the galaxy, the clumps will accrete the gas of the disk
and could leave a completely gas deprived disk and a compact
SF core. When growing, the SF core will prevent the formation
of new clumps in the disk by stabilizing it (Hopkins et al. 2023)
while the lopsidedness could be conserved due to the large scale
instabilities. In this scenario, Type II galaxies are observed in a
process of outside-in quenching.

Chandar et al. 2023 demonstrated that the local ULIRG
Arp220 is composed of a central starburst and a larger quiescent
disk. The starburst has been triggered by a major merger. The
galaxy is classified as shocked post-starburst galaxy which is a
stage prior to post-starburst. In that case, it appears that shocks
induced by the merger forced the outer disk in this galaxy to
turn quiescent. This is close to first scenario we described with
the outside-in quenching originating from a major merger.

In our case, in the four remaining galaxies, two have clumpy
heterogeneous disks (ID13107 and ID18278, see Fig. 2.2), the
different properties of the patches, either linked to dust or sSSFR
(see Sect. 4.2.3) favors the idea of asymmetric accretion streams
and minor mergers as the source of lopsidedness for these two
galaxies. The ID13776 has a clumpy but more homogeneous
disk, but highly off-centered. The eccentricity of this galaxy can
both originate from asymmetric accretion making the disk grow
on one side or from a major merger strong enough to shift the
disk. In the same way, it is hard to conclude for the last galaxy
(ID21190) which is not lopsided and seem to have a smooth ho-
mogeneous disk.

5.8. The role of environment

A way to discriminate between the scenarios of outside-in
quenching and the origin of the lopsidedness of galaxies is to
look at their local environment. To this aim, we use the en-
vironment density measurements from Chartab et al. (2020).
They measure the density contrast of galaxies with a magni-
tude brighter than 26 AB mag in the H-band. The density con-
trast is defined as the number density enhancement with respect
to the average density in the vicinity of the galaxy (local den-
sity/background density). In Fig. 21, we compare the local den-
sity contrast of our sample with the general population of galax-
ies in the EGS field.

The star markers in Fig. 21 are the Type II galaxies. They do
not sit in any particular kind of environment, they are relatively
close to the median of the general population showed by the blue
dotted line. This suggest that outside-in quenching can happen
both in dense environment via major mergers but also in lighter
environment via internal effects. The galaxy at lower density is
ID13098 that we discuss in Sect. 5.7. The fact that this galaxy
is relatively isolated favors the scenario of wet compaction as
the origin of its outside-in quenching. For the other galaxies, the
local density is insufficient to discriminate between scenarios as
they do not sit in strongly over/under crowded environments but
show that they all are likely.

The color of the markers trace the lopsidedness of the galax-
ies. There is no obvious difference between the lopsided galax-
ies and the general population. We do not see any signature that

could link the environment to the lopsidedness. The fact that we
see lopsided galaxies not only in dense environment and that
most of them have a regularly looking disk favors the idea that
lopsidedness originates from accretion and/or VDI. However,
this is only a tentative explanation, these measurements are not
strong enough to say if environment could be a driver of lopsid-
edness. The circular marker showing a weakly lopsided galaxy
in a high density environment is ID30186. This galaxy is the
brightest galaxy of a group of ~ 16 members at zypec = 1.85,
is undergoing a major merger and is surrounded by quiescent
intra-halo light (Coogan et al. 2023).

Discriminating further between the different scenarios would
require spatially resolved spectroscopy to study the kinematics
of each of these galaxies, and especially of the disk of each of
them, to see if their disk is rotating, which would favor accre-
tion and minor mergers, or if they are dominated by dispersion
velocity favoring the scenario of major mergers and VDI.
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Fig. 21. Density contrast of galaxies versus their redshift. Density con-
trast is defined as the number density enhancement with respect to the
average density in the vicinity of the galaxy (Chartab et al. 2020). Grey
scatter is the general population of H-band mag AB < 26, the black
dotted line is 1, the blue dashed line is the median density contrast of
the general population in redshift bins. Star-shaped markers are galax-
ies undergoing outside-in quenching (Type II). Circular marker are the
Type I and IIT galaxies. The colors of the markers trace the lopsided-
ness.

6. Summary

In this paper, we used the new set of images in the near-IR from
JWST/NIRCam in the EGS field from the CEERS collaboration
to investigate the formation and evolution of DSFGs at Cosmic
Noon. To start with, we selected a sample of DSFGs based on
their FIR emissions and around Cosmic Noon (1.5 < z < 3.0).
We ended up with 22 galaxies in the CEERS field. We studied
each galaxy on a sub-galactic scale by dividing them in differ-
ent regions based on their NIRCam (F115W, F200W, F444W)
colors, taking advantage of the spatial resolution. Using the
available photometry from HST and JWST, we ran SED fitting
and derived physical parameters for each galaxy component and
classified them as star-forming or quiescent. We classified the
galaxies in different Types based on the star-forming activity in
their core and disk. The Type I have a star-forming disk with
a red star-forming core, the Type II are quiescent disks with a
SF core and the Type III are star-forming disks with a quenched
bulge. The main results of this study are:
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Table 1. Main properties of our sample of 22 DSFGs. See Sect. 3.7 for Type definitions.

1D Redshift Mass Mass ore SFR SFR.,. Type Morphology
(CANDELS) logio(M./Mo)  logio(M./Ms) Mo yr™! Mg yr’!
11887 1.539% 10.5 £ 0.1 9.59 +0.07 38 +24 5+3 Type I c¢SFC+Lop
13098 1.720¢ 10.6 £ 0.1 10.22 £ 0.04 73 £ 63 62+9 Type I  ¢SFC +wLop
13107 2.21 £0.02 10.1 £ 0.1 9.43 +0.06 29 +21 10+£2 Type II c¢SFC+Lop
13776 2.297° 11.4+£0.1 10.86 £0.05 340+214 114+64 Typell cSFC* +Lop
13932 2.48 £0.02 10.2 £ 0.1 8.91 £0.07 35+20 3+1 Type I wLop
14559 2.020 + 0.004¢ 10.2 £ 0.1 9.59 +0.07 44 + 25 10+3 Type I cSFC*
15036 1.60 + 0.01¢ 10.5 + 0.1 10.02 £ 0.03 36 +22 3+2 Type 1T
15371 1.921° 11.0 £ 0.1 10.61 £0.03 197 +125 26+13 Typelll wLop
16544 2.73 £ 0.03¢ 11.4+£0.1 10.89 £0.03 269+186 97 +31 Typel  ¢SFC¢+wLop
18278 1.805¢ 11.5+0.1 10.84 £0.06 254+ 168 72+23  Typell Lop
18694 2.80 +0.01 11.1 £ 0.1 1022 +£0.05 415+244 52+9 Type I Lop
21190 1.68 +0.01¢ 11.0 £ 0.1 10.48 £ 0.07 106 =95 94+20 Typell c¢SFC*
23205 2.14 £ 0.01¢ 11.40 £ 0.05 10.78 £ 0.03 138 + 87 21+10 Type 1l
23510 2.51 £ 0.02¢ 104 £ 0.2 9.51 +0.15 141+£106 27+6 Type I wLop
23581 2.83 £0.02 11.3+0.1 11.01 £0.06 259 +152 87+38 Type I Lop
25604 1.673° 11.1+£0.1 10.75 £ 0.02 24 + 18 3+4 Type 111
26188 2.87 £0.02 10.8 £ 0.1 10.10+£0.05 257+178 34+11 Type I c¢SFC+wLop
29608 1.64 + 0.03 10.7 £ 0.1 9.72 + 0.09 342+ 181 84 +11 Typel  cSFC¢+wLop
30012 1.53 £ 0.01¢ 11.0 £ 0.1 10.62 + 0.03 49+ 42 6+3 Type 11T
30186 1.85¢ 11.7 £ 0.1 11.29£0.03 550+436 136+57 Typel cSFC‘+wLop
31125 2.08 £ 0.02 11.60 + 0.05 1090 +£0.03 237+156 25+18 Typelll
31281 1.634% 10.80 + 0.05 10.35+0.03 36 + 35 0.9+0.5 Typell
Notes.
@ Grism based redshift.

®) Spectroscopic redshift.
© SMGs analog candidate (see Sect. 5.4).

‘cSFC’ and ‘(w)Lop’ stand for compact star-forming core and (weakly) lopsided respectively.

— ~ 70% of the DSFGs in our sample have a red deeply dust
attenuated compact star-forming core that can represent up
to 80% of the total SFR of the galaxy but only 20-30% of
its stellar mass. Contrary to the simulations that predict blue
nuggets, these compact red cores are surrounded by large
less obscured disks. Most of these cores are measured or
predicted to be SMGs. However, telescopes like ALMA or
NOEMA would only be sensitive to the most obscured part of
the galaxy. This study demonstrates the necessity to combine
near-IR imaging to sub-mm data to fully grasp the nature of
DSFGs.

— 64% of our galaxies are at least weakly lopsided, and 27%
strongly lopsided. The lopsidedness could be caused by
asymmetric cold gas accretion and minor mergers feeding
preferentially one side of the disk, which would, depending
on the orientation of the accretion favor a star-forming or qui-
escent disk. Lopsidedness could also be triggered by a major
merger disrupting the disk, and/or via large scale instabilities
even if our study favors accretion. The fact that lopsidedness
is so common among our sample means that most DSFGs
have a complex SFH and do not calmly evolve without any
interaction with their environment.

— 23% of the galaxies of our sample have a quiescent disk but
a star-forming core. If one of them is compatible with a blue
nugget, the others are not. Their observed outside-in quench-
ing could then find its origins in their strong lopsidedness
that favors VDI and rapid transportation of gas towards the
center or from large scale instabilities and clump migration
accreting the gas from the disk to feed it to the core.
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— Most of the galaxies have a disk with patches/clumps of dif-
ferent RGB color that are not radially symmetric. The color
variations within the disks are mostly driven by dust atten-
uation. These variations are another indicator that Main Se-
quence DSFGs have a complex SFH.

— Interestingly, among the quiescent disks, we find evidence of
clump-like structures. These clumps are not (or very weakly)
star-forming, they are mostly populated by old stars but seem
to be to massive to be compared to the globular clusters we
observe in the local universe.

This work demonstrates the power of the JWST in probing
for the first time spatially resolved galaxies in the near-IR at Cos-
mic Noon, where the only available data was the unresolved im-
ages from Spitzer/IRAC. This allows reliable studies of quench-
ing and dust attenuation at sub-galactic scales in DSFGs, facil-
itating the understanding of their morphologies and formation
and evolution mechanisms that appear to be more complex than
previously thought.
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