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Abstract

We compare the morphologies of dust, molecular gas, and stars in 30 star-forming galaxies at 0.5 <
z < 3.5, selected from the Atacama Large Millimetre/submillimetre Array (ALMA) archive of
CO, [CI] and [CII]. Using public photometric catalogues, we perform spectral energy distribution
fitting to recover their stellar masses and star formation rates, and we classify 27 of the galaxies
in our sample according to the main sequence relation at their respective redshifts. About 37%
of our sample lie > 0.6 dex above the main-sequence, and we classify them as starburst galaxies.
We classify the remaining galaxies in our sample as main sequence galaxies. We analyse spatially
resolved ALMA and Hubble Space Telescope (HST) data to study how the morphologies and sizes
of our sample changes as a function of wavelength. We use sub-arcsecond ALMA observations
of CO, [CI] and [CII] line emission to probe the molecular gas, and we extract the dust continua
from the spectral cubes. We have auxiliary sub-arcsecond observations in rest-frame near-infrared
to near-ultraviolet from HST, probing the stellar population. We find that the the gas line emission
and dust continuum emission have similar spatial extents, which is consistent with the commonly
adopted assumption that the dust continuum traces the underlying molecular gas. We find that the
stellar emission is more extended than the gas line emission and the dust continuum by a factor
of 1.61:1):% and 1.61*8:22 respectively. However, we find that the relative extent of the stellar
emission to that of the gas line emission is very sensitive to the gas conditions probed by the
emission line. Specifically, we find that the stellar emission is more extended than the emission
coming from CO(2-1) and CO(3-2) by a factor of 1.1110-20 and 2.077 5] respectively. Finally, for
the stellar emission, gas line emission and dust continuum, we find no systemic trends in the relative
shape of the Sérsic surface brightness profiles with respect to their degree of central concentration,
given by the Sérsic index.
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1 Introduction

Only a century ago, Edwin Hubble discovered these so-called “island universes” distributed across
the entire sky and far beyond our Milky Way. Today we know, that galaxies are islands of stars,
gas and dust that acts as fundamental building blocks of our Universe. However, for most of the
last century, our study of galaxies has been limited to those in the nearby Universe. Albeit, we
have developed a great understanding of the galaxies around us, the evolution of galaxies across
cosmic time has been left to conjecture.

That is, until the 90’s with the launch of the Hubble Space Telescope (HST) providing sub-kilo-
parsec resolution of galaxies billions of light years away. Probing observations with HST have
opened up the early Universe, the undiscovered land of the Cosmos, in a way no other telescope had
done or could have done. With HST we have gained a significant understanding of how the stellar
population of galaxies evolve across cosmic time. However, auxiliary observations of galaxies
targeting the dust and gas component has been challenging, and thus the complete picture has
eluded us.

That is, until the Atacama Large Millimetre/submillimetre Array (ALMA) became fully opera-
tional in 2013. It allows us to study the missing parts, and to empirically test or formulate com-
plete theories of cosmic evolution of galaxies. Recently, we have discovered that distant galaxies,
at redshift ~ 2 — 3, produced stars at a rate that is tremendous compared to their present-day
counterparts, and that the Star Formation Rate (SFR) has been steadily decreasing since then. This
period of cosmic time is now commonly known as the cosmic noon. Furthermore, with the onset
of sub-kilo-parsec resolution imaging of gas and dust in galaxies across the cosmic noon, we can
now gain insight into the physical mechanisms shaping galaxies at important cosmological epochs.

1.1 Galaxy formation in the ACDM Model

The present day Universe, as described by the A Cold Dark Matter (ACDM) cosmological model,
consists of ~ 70% dark energy, ~ 25% Cold Dark Matter (CDM) and < 5% baryonic matter.
Baryonic matter is the regular type of matter, that we all know of. It makes up our bodies, the air
that we breathe, the sun that we depend on, and so on. Additionally, it bends space-time, causing
the effects of gravity, it interacts with electro-magnetic radiation, allowing us to observe it, and it
interacts with itself through pressure. However, from observations of the gravitational effects of
matter in our Universe, it has become clear, that the baryonic matter only makes up about 20% of
the matter content of our Universe. Thus, a CDM component has been postulated to make up the
remaining 80% of the matter. Similarly to baryonic matter, it bends space time around it, causing
the effects of gravity. However, it is dark, meaning that it interacts weakly with baryonic matter and
itself, such that it in essence is pressureless. Moreover, it does not interact with electromagnetic
radiation, meaning that we cannot observe it directly. Additionally, it is cold, meaning that it moves
slowly with respect to the speed of light.

If we go back in time, to immediately after the Big Bang, the ACDM model postulates that the
Universe was a hot and dense fluid of coupled photons, baryons and CDM. It is known as the
initial primordial density field, and in the hierarchical structure formation scenario, galaxies and
large scale structures are thought to form from the overdensities of the field (Kravtsov and Borgani
2012). During the inflationary paradigm, quantum fluctuations of the field grew to macroscopic
sizes. The resulting field is usually modelled as an isotropic Gaussian random field.

As the Universe kept expanding, the density of the radiation field decreased, and eventually the
matter component decoupled from the radiation field. At that point in time, the CDM dominated the
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expansion history of the Universe, and the baryonic matter fell freely into the CDM overdensities.
Eventually, the CDM overdensities began to evolve non-linearly and collapsed into haloes, which
are an approximately stable state in which the random motions of the constituents balance out
gravity. Structures continued to grow in a bottom-up scenario, i.e. small haloes form first and
merge into ever larger haloes (Joachimi et al. 2015).

As a CDM halo grows, so does its gravitational potential. In turn, baryonic matter accretes in to the
gravitational well. As conditions evolve, the baryonic matter collapses into stars and gas clouds,
which make up the early galaxies.

1.2 Baryons in Galaxies

The three major components of a galaxy’s observational characteristics, are stars, gas and dust.
The interplay between these components define the intrinsic Spectral Energy Distribution (SED)
emitted by the galaxy, but the components also form, grow or change due to each other. Stars
form from the molecular gas, which is shielded by the dust. When massive stars die, they enrich
the Interstellar Medium (ISM) with heavier species, changing the observational characteristics.
Additionally, the Ultraviolet (UV) radiation emitted by stars break apart dust and molecules and
ionises atoms.

1.2.1 Stars

Stars form from the gravitational collapse of dense cores in molecular clouds (Stahler and Palla
2004). They are essentially factories for converting hydrogen into richer species in turn for hy-
drostatic equilibrium. Newly formed protostars evolve onto the main sequence of stars on the
Hersprung-Russel (HR) diagram main sequence, and are in turn referred to as Zero Age Main Se-
quence (ZAMS). Stars on the main sequence convert hydrogen into helium, and their time on the
main sequence is referred to as their lifetime. The more massive the star is, the more pressure
is applied to its core. In turn, the density and temperature of the core is higher. Consequently,
the thermonuclear fusion reaction is effective to a greater degree, which in turn means, that the
star empties its reservoir of core-hydrogen quicker. As a result, more massive stars have shorter
lifetimes. In essence, the evolutionary track of stars are set by their mass.

Additionally, the more heat that the star produces in the core, the more heat is transported to the
surface and radiated away. As a result, the temperature and the spectrum of the star also changes.
Stars approximately emit as black-bodies, according to Planck’s law. In Fig. 1.1 we explore how
the spectrum of a black-body changes with surface temperature. It is evident that warmer stars,
corresponding to more massive stars, emit at shorter wavelengths. Additionally, they also emit
more energy, than their low mass counterparts. This is expected, since they produce more energy
from thermonuclear processes in their cores. Additionally, it is apparent that the radiation emitted
by stars primarily set the shape of the UV and optical part of the SED. However, stars also indirectly
affect the rest of the galaxy spectrum, due to being the most dominant source of heating for the
ISM.

1.2.2 The Interstellar Medium

The ISM is a complex medium that consists of interstellar gas in a number of different phases and
interstellar dust. In the following section, we describe the detailed properties of the ISM, mainly
based on studies of local star-forming galaxies. A schematic of the ISM is illustrated in Fig. 1.2.
As is evident from the schematic, there are four dominant phases of interstellar gas with different
properties.

1. Hll-regions and the Warm lonized Medium (WIM)
2. The Warm Neutral Medium (WNM)
3. The Cold Neutral Medium (CNM)
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Figure 1.1: Exploring the intrinsic properties of black body emission. Top: SED of black body emission,
as given by Planck’s law, at different effective temperatures. Bottom: Temperature of black body given by
Wien’s displacement law.

4. Molecular clouds and Photo-Dissociation Regions (PDRs)

The Hll-regions and the WIM are regions of interstellar ionised hydrogen. The former, also known
as emission nebulae, are regions around newly exposed O-type stars, where the dominant Far
Ultraviolet (FUV) emission photoionise the constituents, resulting in rich recombination spectra.
The latter contain most of the total mass of interstellar HII. The typical temperature of HII are of
the order 10*K, and it makes up about 10% of the volume of the ISM (Draine 2011, Wolfire et al.
2003).

The WNM primarily consists of atomic gas heated to temperatures of the order of ~ 5000K and
is quite diffuse with typical densities of about 0.6cm—>. However, it is the largest component by
volume fraction, making up about 40% of the ISM by volume (Draine 2011).

The Cold Neutral Medium (CNM) primarily consists of atomic gas at temperatures of the order of
102 K. At those temperatures, the CNM is about 50 times denser than the WNM. In turn, it only
makes up about 1% of the volume of the ISM in nearby galaxies (Draine (2011)).

Lastly, the molecular gas of the interstellar medium is located in molecular clouds and PDRs. In
the outer PDR the gas is more diffuse at densities of order 102 cm™3 and temperatures of the order
~ 50K while in the densest regions can have temperatures down to 10K and densities of the order
103-10% cm™3. In turn, the molecular gas only makes up about 0.01% of the volume of the ISM
(Draine 2011).

The largest component, by mass, of the ISM is the CNM, closely followed by the WNM (Draine
2011), which permeates the space between the bulk of the stars of the galaxy, and which primar-
ily consists of HI. The pressure, density, temperature and observational characteristics of a gassy
medium is set by heating and cooling processes. Thus, we will now investigate the heating and
cooling processes of the ISM.
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Figure 1.2: A schematic representation of the ISM components (Goldsmith et al. 2022, Fig. 2).

1.3 Heating and Cooling of the ISM

Radiation observed from the gaseous and dusty distribution of interstellar material relates to the
cooling process of interstellar matter. The cooling of the ISM is naturally related to the heating,
thus, to understand the observational characteristics of the ISM, we need to figure out how it is
heated.

1.4 Interstellar Heating Sources

Firstly, the ISM is heated by cosmic rays, which mostly consist of relativistic protons, with a mix-
ture of heavy elements and electrons. If the cosmic ray proton collides with Ho, two different
outcomes can come about. Firstly, the proton scatters inelastically, exciting the Ho molecule to a
higher electronic state. From the excited state, the Ho molecule de-excites by dissociation. Sec-
ondly, and more commonly, the Hy molecule is simply ionised by the impact of the cosmic ray
proton (Stahler and Palla 2004, ch. 7), and additional energy is supplied as thermal kinetic energy.

Additionally, cosmic ray protons can collide with the diffuse interstellar protons of atomic hydro-
gen. When the protons collide, the most common result is ionisation (Stahler and Palla 2004, ch.
7). The free electron is ejected with an energy typically in the order of about 35 keV, and can
secondarily scatter, consequently injecting the kinetic energy into the ambient cloud. The typical
heating rate of atomic hydrogen and molecular hydrogen, due to cosmic rays, are (Stahler and Palla
2004, ch. 7),

T'cr(HI) =1 x 1071 __ eVem ™3 s_l, 1.1
103 -3
cm
Tcr (Hy) =2 x 1071 _ Mz ) evem™3 s71, 1.2
103 -3
cm

where, nyy is the density of atomic hydrogen, HI, and np, is the density of molecular hydrogen,
Hs. Another important source of heating is the Interstellar Radiation Field (ISRF). It is a diffuse
field of radiation that permeates the interstellar space of a galaxy. An example of an ISRF is shown
in Fig. 1.3.

The ISRF can heat the ISM in various ways. Firstly, it can ionise hydrogen, carbon or other atoms
by UV or X-ray photons.
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Figure 1.3: The mean intensity, over all solid angles in the sky, of the ISRF in the solar neighbourhood,
expressed as a function of frequency, with the main constituents overlaid (Stahler and Palla (2004), Fig.
7.4).

The UV component of the ISRF is too weak to significantly ionise HI, with an ionisation potential
of 13.6 €V, in the diffuse ISM. However, a number of heavier elements have lower ionisation
potentials. Of these, CI is the most abundant, with a typical number density relative to HI of
na/ny = 3 x 1074, Additionally, with an ionisation potential of 11.2 €V, it is not shielded by
the abundant HI. Moreover, the CII in the diffuse ISM is not further ionised due to the fact that
the UV component of the ISRF is too weak at its ionisation potential of 24.4 eV, and that any UV
photons with these energies would ionise the much more abundant HI. As a result, any photon
more energetic than 11.2 eV will ionise CI in the diffuse ISM, ejecting an electron. Since the
kinetic energy of this electron quickly disperses to surrounding atoms through collisions, carbon
ionisation is an effective heating mechanism.

The UV photons in the ISRF can also liberate electrons from Ha. The heating mechanism of this
process is similar to how cosmic rays heat the gas by releasing a free electron. The free electrons
are ejected with a kinetic energy relative to the ionising photon, and the electron can then inject
the kinetic energy into the ambient medium.

Secondly, the interstellar radiation can be absorbed by dust. The simplest way is the classical
irradiation of the dust, where the photon is absorbed. A typical heating rate from irradiation of
dust grains is (Stahler and Palla 2004, ch. 7),

ng
103 cm—3
However, if the photon is energetic enough, it can heat the ISM through the photo-electric effect.
The UV and FUV photons release an electron from the surface of a dust grain through the photo-

electric effect. A typical heating rate from the photo-electric effect is (Stahler and Palla 2004, ch.
7),

T =2 x 1072 ( ) eVem 3571, (1.3)

_ —11 ng -3 1
Tpe = 3 % 10 (W) eVem 3 51 (1.4)
The electron then heats the surrounding gas. Especially small dust grains and Polycyclic Aromatic
Hydrocarbon (PAH)s have large photo-electric efficiencies, and are the source of most of the photo-

electric heating.

The main driver of the heating processes of the ISM are the stars. Especially the massive stars
provide an important source of energy, which heats the interstellar matter through stellar winds,
shocks and ionising photons. The bulk of the stars instead mainly provide heating through the
irradiation of dust grains in the diffuse ISM, which is then propagated to the ambient medium.
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1.5 Cooling of the ISM

Fine structure emission lines are the major coolants within the CNM and WNM. While hydro-
gen itself does not have fine-structure splitting of its ground electronic state, many species in the
CNM and WNM does. Fine structure levels are easily excited by collisions with hydrogen. After
collisionally exciting the fine-structure levels, the heat is then removed from the gas through the
spontaneous emission of a photon, especially in environments where the density is lower than the
critical density of the transition between the two fine-structure states. Especially OI and CII have
fine-structure levels of their electronic ground state that can be excited through collisions at rela-
tively low densities and temperatures. As discussed earlier in this chapter, we expect the ISRF to
1onise CI to CII in the diffuse ISM. In turn, the CII content of the ISM must trace the diffuse atomic
and ionised gas (Carilli and Walter 2013). The typical sub-critical cooling rates of the transition
between the %P5 /2 = 2p, /2 fine-structure splits of the electronic ground states of CII at 158um
(hereafter [CII]), in the diffuse atomic medium is (Stahler and Palla 2004, ch. 7),

_ ny 2 92K 2
A[CH} =3x10 9 (W) eXp <—1_jg> eVem 3 S 1. (15)

Note that while the heating rates, discussed in section 1.4, were proportional to the density, the
cooling is proportional to the square of the density and the temperature of the gas T;,. Thus, the
balance between the heating and cooling sets the temperature and density of the medium, and con-
sequently, the pressure. Additionally, we can see from the temperature dependence of the cooling
rates, what part of the neutral medium they trace. In general the [CII] fine structure emission plays
a role for conditions where 10 < T, < 10* K, while the [OI]63um plays a role for the neutral
medium at conditions 7 2 100K (Draine 2011). Additionally, the critical density of the [CII]
emission line is ~ 4 x 103cm™3. In turn, there is no significant collisional de-excitation of the
upper levels. Moreover, warmer gas will have significantly populated n = 2 atomic hydrogen,
and thus, it can also cool the gas directly by spontaneous emission through Lya.

Moving on, molecular hydrogen, Ho, holds the key to accessing the star-forming reservoir of gas
in galaxies. Ho cannot exist in the diffuse ISM due to its dissociation energy of about 4.52 eV. As
a result, the Ho reservoirs of galaxies exist in conditions with high extinction of the ISRF. This is
also seen in Fig. 1.2, where a PDR is located in the interface between the molecular cloud and the
HII region caused by the O- and B-type ZAMS stars, that have been freed from their dust envelope.
A PDR is illustrated in Fig. 1.4.

As mentioned in section 1.4, photons of the ISRF irradiate dust grains, that is, dust grains absorb
the photons. As such, dust acts as an important extinction mechanism, and is one of the primary
drivers of creating conditions for Hy, and thus Star Formation (SF). While the dust is irradiated by
FUYV photons on the surface of a PDR the conditions leads to bright emission from [CII], [OI]63um,
and HI recombination lines.

As is illustrated on Fig. 1.4, as we go deeper into the cloud, less radiation penetrates, and a sig-
nificant fraction of the HI is converted into Hy. The dominant process of Hy formation is grain
catalysis (Draine 2011). In essence, a hydrogen atom is bound to the surface of a grain. At first
it is a weak binding, enabling the H atom to diffuse across the surface, until it encounters a site
in which it can be strongly bound. Subsequent H atoms that encounter the grain are also weakly
bounded and can diffuse across the surface until they escape or encounter the strongly bound hy-
drogen atom, causing them to react, form Hy and in the process, become freed from the grain.
However, this process is more important at low temperatures within the cloud. At the edge, Hs is
primarily formed through gas phase formation. Because of the symmetry between two incident H
atoms, there are no electric dipole moment, meaning that there are no electric dipole radiation that
could leave the system and cause the atoms to be bound together. For this process to take place, the

6 Investigating the morphologies of stars, gas and dust in star-forming galaxies at cosmic noon
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Figure 1.4: A schematic of a PDR (Bolatto et al. 2013, Fig. 1). It shows the calculated cloud structure as
a function of optical depth. The top panel shows the fractional abundance of HI, Hy, C*, C, and CO. The
middle panel shows their integrated column densities from the cloud edge. The bottom panel shows the
emergent line intensity for [CII], [CI](1-0), and CO(1-0). The grey vertical bar shows where the CO(1-0)
emission becomes optically thick.

hydrogen atom must first undergo radiative association in an encounter with a free electron. Next
the negatively charged hydrogen ion can encounter a neutral hydrogen atom and form Hy through
associative detachment (Draine 2011).

The conversion to Hy takes place quite quickly. As the first molecules form from the gas-phase,
they begin to exhibit a phenomenon know as as self-shielding. In essence, the outermost Hs is
easily dissociated by the radiation, but it dissociates through the process of spontaneous radiative
dissociation. Thus only a small band of photon energies can actually photo-dissociate Ha, meaning
that the shielding of the population of Hy does not require the extinction of the entire UV spectrum
of the ISRF. As the extinction of photons that can dissociate Hy decreases, the population grows
with the density of the cloud. And at low temperatures the grain catalysis of Hs kicks in.

The electric quadrupole transitions of Hy ensure that emission is optically thin up to high densities
(Dionatos 2015). However, Ho has a large rotational constant, causing its rotational energy levels
to be widely spaced. In turn, even the lowest energy levels require high temperatures (~ 300 K) to
be significantly collisionally populated. In turn, Hs is a really inefficient coolant, in the conditions
that it exists in within galaxies, meaning that we cannot observe it directly within the cloud. Inside
the PDR, we also see that conditions evolve for CII to recombine into CI, and that the dominant
coolant becomes the the CI 3P, — 3P, ground state fine structure transition line. In general the
3P, — 3Py (hereafter [CI](1-0)) and 3P, — 3 P; (hereafter [CI](2-1)) fine structure transitions of
the atomic carbon ground state are widely used for tracing Hy (Carilli and Walter 2013). In the
review by Carilli and Walter (2013), it is also mentioned that the CI properties of high-redshift
galaxies does not seem to differ significantly from that of the low-redshift galaxies, including the
Milky Way. Studies from the local universe show that [CI] traces the same conditions as carbon
mono-oxide, CO, especially considering that the [CI](1-0) and the CO(1-0) emission lines have
similar critical densities (Carilli and Walter 2013, Papadopoulos et al. 2004).

Further into the cloud we even reach conditions where the carbon and oxygen can combine into CO.
It should be noted that CO also dissociates through spontaneous radiative dissociation, meaning
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that it also exhibits the phenomenon of self-shielding. The CO molecule has permanent dipole
moment (d,(CO) = 0.11 Debye) that is more than an order of magnitude lower than the other
common species in the ISM. It also has a ground rotational transition with a low excitation energy
of hv/k =~ 5.53K (Bolatto et al. 2013). With the low excitation energy and critical density, its ro-
vibrational levels are excited even at very low temperatures, causing CO to become an effective
coolant within the dense and cold molecular cloud. This is also seen in Fig. 1.2, where the CO(1-
0), at 2600um, line becomes the most dominant coolant in the inner region of the cloud, where the
J =1 level is significantly populated, due to the fact that the density n, is larger than the critical
density of CO(1-0) at 2600pum of ~ 2200cm 3 (Bolatto et al. 2013).

If we treat diatomic molecules under the assumption of a rigid rotor with a fixed equilibrium sep-
aration, the angular momentum of the molecule can be described in the following way (Dionatos
2015, Carilli and Walter 2013),

h

2
ﬁ:Ju+U<%>. (1.6)

The levels are dictated by the rotational quantum number J. Using the classical equation for the
energy of a rigid rotor, we get that the energy levels, of the discrete set of angular momentum, are,

2
B = J(J + 1) (2’;) . (1.7)
— hBJ(J + 1), (1.8)
2 (1.9)

The selection rule for electric dipole transitions state that AJ = +1 (Dionatos 2015), and that
allows us to easily describe the frequencies of photons emitted or absorbed by rotational transitions.
In the case where the transition is between J — (J — 1), we find that

o Eup(J) - Elow(J — 1)

= 1.10
v - , (1.10)
= 2BJ, (1.11)
x J. (1.12)

In this treatment, we ignored vibrational levels, but if we relax the assumption of a rigid rotor with
a fixed equilibrium separation, the diatomic molecules can also vibrate. Additionally, we get the
effect that the separation distance increases with J due to centrifugal forces, causing the moment
of inertia I, to increase with J, and in turn the rotational constant B to decrease with J. This effect
leads to frequencies that are slightly lower than those predicted by the linear relation above (Carilli
and Walter 2013).

However, to a first approximation, we can now investigate the conditions that are traced by differ-
ent J-transitions. For example, for CO in conditions in which the density is much larger than the
critical density, n > n., s, and for temperatures larger than the excitation temperature T¢, ; >
Er/k ~ 5.53 (J(J+1)/2) K, the upper level of the J — (J — 1) transition will be populated and
the molecule will emit brightly (Bolatto et al. 2013). In Fig. 1.5 we illustrate the strength of the
emission from different rotational transitions of CO, with respect to the CO(1-0), for different tem-
peratures and densities. Note that increased temperatures leads to broader CO emission ladders,
as a result of more and more high—J levels being populated according to the Boltzmann distribu-
tion. It is apparent, that different rotational transitions trace different physical conditions. When
temperatures and densities increase, the upper levels are more significantly populated, and since
their Einstein A coefficients are larger (4 o< > o J3), they become better coolants, and in turn
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Figure 1.5: The CO emission ladder as a function of temperature and density (Carilli and Walter 2013, Fig.
3). Left: The CO ladder as a function of density, with a fixed temperature (7ii, = 40K). Right: The
CO ladder as a function of temperature, with a fixed density (log (n(Hz)) = 3.4). Both panels have been
normalised to the CO(1-0) transition.

tracers of those conditions. Consequently, different gas components are traced with different rota-
tional transitions. Low-J transitions trace cold and dense gas, while high J transitions trace a gas
component of higher kinetic temperatures and densities.

To sum it up, the bulk of the Hy is found in molecular clouds where the density is high, but the
temperature is very low. We expect the low-J rotational transitions of CO (Jy,=1,2,3,4), the fine-
structure [CI](1-0), and potentially the fine structure [CII] emission to trace the bulk of the Ho
reservoirs. Each tracer has their trade-offs. The CO emission is most prominent within the cloud,
but a certain fraction of Hs is formed before the CO is formed, causing it to be CO-faint. The
ionised carbon far-infrared fine structure [CII] is expected to trace the Hy at low Ay. In turn, this
emission line has the potential to trace the CO-faint Ha, while it could have difficulties tracing the
densest parts of the molecular clouds. CII has been found to trace to Ho in PDRs in both the local
Universe (e.g. Pineda et al. 2013, Velusamy and Langer 2014) and at high-redshift (e.g. Zanella
et al. 2018, Vizgan et al. 2022).

Stars are created in cores of molecular clouds that have much higher densities than the bulk of
the gas (Carilli and Walter 2013). As temperatures increase in areas of ongoing SF within the
molecular clouds, the temperature increases, and in turn the higher J transitions of CO and the fine
structure CI(2-1) line become more prominent coolants, and in turn tracers of the distribution of
Ho.

1.5.1 Dust

Dust plays a central role in the physical and chemical processes of the ISM. In addition, dustis akey
driver in shaping the spectra of galaxies. Radiation at short wavelengths is absorbed or scattered,
and the absorbed energy is re-radiated in the Infrared (IR) regime. It is estimated that > 30% of
the energy emitted as starlight in the Universe is re-radiated by dust (Bernstein et al. 2002).

Interstellar dust consists of small solid particles, which are mainly less than ~ 1um in size (Draine
2011). The composition of interstellar dust is a controversial topic (Draine 2003). While meteorites
provide some genuine specimens, these cannot be considered representative of the interstellar pop-
ulation. The most direct information on the composition that we have comes from spectral features
in extinction and emission. In general, dust particles are described as poly-cyclic aromatic hydro-
carbon molecules (e.g. Allamandola et al. 1989, Puget and Leger 1989) that at least display what
appears to be graphite and silicate features (Clayton et al. 2003).
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The basic interactions of photons and dust are sketched out in Fig. 1.6. The interaction is of-
ten called extinction. To describe the extinction caused by interstellar dust, we first distinguish

. tgl seattering § p
WP O ;
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1 As !

absorption thermal
emission

I,+AlL,

Figure 1.6: Schematic of the passage of light through an ensemble of dust grains (Stahler and Palla 2004,
Fig, 2.9). Radiation with specific intensity I,, enters an area A A at the left. By the time it travels a distance
As, the intensity changes to I, + A[, through absorption, scattering and thermal emission by the grains.

between the properties of a single grain, and the properties of an ensemble of grains. A single in-
dividual grain is optically thick, if the size of the grain is larger than the wavelength of the incident
radiation. However, an ensemble of grains can be optically thin, even though the individual grains
are optically thick (Emerson 1996).

Individual grains interact with radiation according to their absorption cross section, oaps,

Oabs = UQabs()\)a (1.13)

Where o is the physical cross section of the grain, and Q,ps(\) is the absorption efficiency. Let
us assume, that the grain is immersed in an isotropic radiation field of black body radiation set
by a temperature T;,4. Then, the power absorbed by the grain per unit frequency, per unit second,
per unit solid angle is 0 B, (T1aq) Qabs(A). By summing over the entire field of 4 sr, we get the
absorbed power per unit frequency, Phys,

Pyps = dmo B, (Trad) Qabs()‘)' (1.14)

Now, Assume that the radiation field produced by the grain is that of a black body, I, = B, (T),
with a certain efficiency, given by the emissivity QJe,. Moreover, the emergent flux of the perfect
black body radiator, closely related to the second-order moment of the specific intensity, is simply,

Fj:/ I, cos0d) =71, (1.15)
2w

Because black body radiation is isotropic. Given the above, the emittance, S, , is simply

Sy, = QemTrBV(TG)' (1.16)

Thus, the emissivity, Qem, is defined as the ratio of the emission of the grain surface to that of a
perfect black body radiator. Assume, for simplicity’s sake, that grains are spherical with a radius
a, then the geometrical cross section of the grain is o = ma? and the surface area of the grain is
4ma®. Now, the emitted power per unit frequency, P.p,, of a grain is the product of the emittance
and the surface area,

Pon = 470?Qem7 B, (1) - (1.17)
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Now, we switch our attention to that of ensembles of dust grains. To do this, we consider a special
case where we ignore scattering, such that ks = 0, for a case that obeys the equation of radiative
transfer under steady state in the plane-parallel approximation,

dI. '
cos 0V = I, — [J” v /I,,(I)dﬂ’] , (1.18)
dr Kk A4z
Where the single scattering albedo, w, is defined as,
KRs
w= , 1.19
PR (1.19)
and the differential length along the line of sight is defined as,
d
ds = —— (1.20)
Kpcosf
Using eq. (1.20), we find that,
-1 dI '
cosf—— v v (1.21)
Kqpcosf ds Ka
dr, .
df; = —kaply + pju. (1.22)

The first term, —kq,pl,, addresses the absorption, and the second term, pj,, takes care of the
emission. Additionally, let us consider a case, where a cavity is filled with an emitting ensemble
of dust, that is in thermal equilibrium with the cavity itself, then % = (. Since there is thermal
equilibrium, the intensity everywhere should be I, = B, (T'), where T is the temperature of the

cavity. In turn, we find that the emission coefficient is given by,
Jv = kaBu(T), (1.23)

meaning that the emission coefficient of a material in thermal equilibrium is defined only by the
mass absorption coefficient and the temperature. Also, thermal equilibrium requires that the power
emitted and absorbed by the grains are equal, and from eqs. (1.14) and (1.17) it is apparent that

Qabs()\) = Qem = Qu.
Now, the emission coefficient per unit volume for an ensemble of grains, if there are N grains per

unit volume, is given by (Emerson 1996),

1 . . . .
Jup = —— (number of grains per unit volume)(emission per grain) ,

T
= g V) (Fem) (1.24)
= & (N) (47a*nQ, B, (T)).
= N7ma®Q,B,(T).
Using eq. (1.23) we find that the absorption coefficient per unit volume is,
kap = NTa’Q, (1.25)
If the grain material has a density of pg, then we can describe the density of the cavity as,
p = (Fraction of unit volume occupied by grains) (density of grain material) , (1.26)
= (volume of single grain) (grains per volume) (density of grain material) , (1.27)
_ (gmiﬂ) (V) (pa) (1.28)
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Now, we can describe the mass absorption coefficient as,

N7a’Q,
L= , 1.29
o = [Tna®) (V) (v) (22
_3Q,
= o (1.30)
x Quat. (1.31)

Given a constant emissivity, the mass absorption coefficient decreases with increasing size. Essen-
tially, the opacity of the ensemble of grains increases as the size of the grains decreases. However,
in reality, the emissivity decreases when the wavelength of the incident radiation becomes larger
than the size of the grain. With this in mind, we conclude that grains are most efficient at absorb-
ing radiation from the ISRF, when the size of the grains are of the same order of magnitude as the
wavelength of the incident radiation.

Moreover, in reality, the grains in the ensemble will not all have the same size. In reality, the
grain sizes follow a distribution, and the classical distribution used throughout literature is the
MRN (Mathis et al. 1977) distribution. It describes the number of grains as a function of size as a
power-law that roughly has a power-law index of —3.5,

dno<a??da  [50A < a < 2500A] (1.32)

Using such a grain size distribution, and taking into account the shape and composition of the dust,
one can create a so-called dust-opacity law, which describes the mass absorption coefficient as a
function of wavelength. An example of dust opacity laws are shown in Fig. 1.7, which is taken
from Webb et al. (2017), where they plot the absorption coefficient as a function of wavelength,
for several dust models.
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Figure 1.7: Dust extinction curves for different dust models (Webb et al. 2017, Fig. 2)

In general, dust opacity laws show a decline in the absorption coefficient as a function of wave-
length. In the long-wavelength regime, this relationship approaches that of a power-law. With this
in mind, we can conclude that interstellar dust grains are much more effective at absorbing short
wavelength radiation. Referring to the description of the ISRF in Fig. 1.3, it becomes apparent that
the absorption of dust mostly affects the stellar contribution to the ISRF. As a reference number,
a modest optical attenuation of Ay, = 0.9 produces a factor ten reduction in the UV continuum at
0.13um, if the Calzetti et al. (2000) dust attenuation law is applied (Falcon-Barroso and Knapen
2013).
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Scattering has been ignored in the above treatment of dust opacity. However, as mentioned, the
dust extinction is also caused by scattering of light on dust grains. The cross section for scattering
is given by ogca = 0Qsca(A), Where Qsca(A) is the scattering efficiency. Thus the overall effect of
extinction is given by the mass extinction coefficient (Emerson 1996),

Kextf = KabsP + Kscaf = NUQext()\) = No [(Qsca()‘) + Qabs()\)] (1-33)

In Emerson (1996), it is described that the framework of Mie Theory gives that strongly absorbing
materials have refractive indices that are strongly dependant on wavelength, with shorter wave-
lengths being more efficiently scattered. Additionally, the theory states that at long wavelengths,
the scattering and absorption efficiencies scale in the following way,

Qubs o (1.34)
Qa 4
Qua o< () (1.35)

When the wavelength becomes larger than the grain size, the scattering decreases in effectiveness
much faster than the absorption, and both of them tend to zero at very long wavelengths.

1.6 Observations of Galaxies

In this thesis, we study galaxies across the cosmic noon, by investigating the radiation that they
emit. When radiation arrives, from an astronomical source, at a detector, the situation can be
schematised as illustrated in Fig. 1.8. From the schematic, it is hinted that, the energy carried by

Detector

Source

Figure 1.8: Radiation passing through a surface element of an astronomical source, picked up by a surface
element of the detector.

the radiation through the detector surface element, dF,, is proportional to the solid angle of the
detector surface element, d2, that the signal is recorded through, and the area that the source surface
element subtends on the sky, dA cos §. The cosine enters to account for the source surface element
inclination with respect to the detector. It comes from the dot product of the unit normal vector
of the source plane, n, and the unit vector describing the direction of propagation, £2. Moreover,
the energy is also proportional to the frequency interval, dv, and the integration time, dt. The
proportionality factor between the energy carried by the radiation and these above properties is the
specific intensity, I,,, of the radiation,

dE, = I, cos 0 dA dt dv d (1.36)

Thus, the specific intensity is the energy emitted during the time d¢, with a frequency between v
and v + dv, emitted at an angle 0, from the area dA, within solid angle d2.
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From an observing point of view, one is more interested in the specific flux density, F},, of the
source surface element, which is the power emitted per unit area. In turn, the flux density takes
the entire surface of the detector into account,

1
F,=— E,= | I, Q 1.
dAdudt/Sd /S cosfd (1.37)

Observations of radiation emitted by baryons in galaxies used in this thesis will in general contain
the flux density. Additionally, for observations of galaxies outside the local group, we do not re-
solve the individual stars, gas and dust particles. Instead, we observe the superposition of emission
from all stars, gas species and dust particles in the galaxy.

1.6.1 The Initial Mass Function

The spectrum of the collection of stars in a galaxy, can be described by the superposition of all the
spectra of all the stars within the galaxy, with their mass number distribution being the determining
factor. Since we can already correlate their life time with their mass, we only need to know the mass
distribution of newly formed stars, to model the entirety of the stellar spectrum. The combination
of those factors is an empirical relationship describing the relative number of stars as a function of
their mass in star forming regions, and it is called the Initial Mass Function (IMF). Many problems
in modern astrophysics can be solved by invoking an IMF and a Star Formation History (SFH).
However, the informative power of those solutions are rather poor without observational evidence
for the invoked IMF (Bastian et al. 2010).

The IMF was originally modelled to empirical data of sun-like stars and giants, from the solar
neighbourhood, as a steep power law in Salpeter (1955) on the form,

®(logm) = dN/dlogm ox m™ T, (1.38)

where m is the mass of a star, IV is the number of stars in a logarithmic mass range log;,(m) +
dlog,o(m) and I is the slope of the power law, which was originally modelled to be I' ~ 1.35.
There is no direct observational determination of the IMF. Instead, the integrated light of objects,
the Luminosity Function (LF), is observed. Transforming that quantity into an IMF thus relies
on theories of stellar evolution, namely the relation between mass, age and luminosity (Chabrier
2003).

By integrating the IMF and properly normalising it, we extract the number of stars within a log-
arithmic mass interval (Bastian et al. 2010). It is evident that the IMF is not constant with mass.
Instead, lower mass stars are more easily formed, which can be attributed to the fact that lower
mass stars require less Ho. Later on, in the 1970s, it was recognised that SF had a preferred mass,
the characteristic mass, meaning the IMF was not simply a power-law. Different modern IMFs is
compared to the Salpeter (1955) IMF in Fig. 1.9.

Additionally, modern IMFs take into account the full stellar population all the way down to the
M-dwarfs at the bottom of the main sequence of stars (Chabrier 2003). It is also shown that the
characteristic mass of SF is subject to cosmic evolution, meaning that the characteristic mass has
been decreasing with time (e.g. Chabrier 2003, Dokkum 2008).

With this in mind, we can now review the spectral fingerprint of galaxies, induced by all its con-
stituents.

1.6.2 Spectral Energy Distribution

Together, the emission coming from the stars, gas and dust of a galaxy makes up the spectrum
of a galaxy. The SED explains the power emitted with respect to wavelength or frequency. The
reduced brightness is very useful when one wants to describe the SED of a source, as it allows one
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Figure 1.9: Functional forms of the IMF proposed by various authors from fits to galactic stellar data (Offner

etal. 2014, Fig. 1). Except for the Salpeter slope, the curves are normalised such that the integral over mass
is unity.

to easily identify at which wavelength or frequency a source emits most of its energy. This is a
consequence of the following equation (Léna et al. 2012, ch. 3.1),

/ vI(v)dlnv = / I(v)dv (1.39)
Av Av

The integral of the reduced brightness over a logarithmic frequency unit in a given frequency range,
is equal to the integral of the intensity integrated over that same frequency range. The SED is most
often plotted as the reduced brightness against the frequency or wavelength. The area under the

SED is thus directly related to the fraction of power emitted by the radiation at the given wavelength
interval.

An illustration of a galaxy SED is given in Fig. 1.10. It is evident, that radiation from the youngest
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Figure 1.10: Typical SED of a nearby star-forming galaxy (Galliano 2017). The black curve represents the
total superimposed SED, while the other curves represents modelled contributions from different compo-
nents. Only the most widely observed gas lines have been shown. The hatched areas in the stellar spectra
represent the fraction of light that has been absorbed by the ISM. This absorbed light is re-emitted by the
dust component.

and most massive stars are primarily dominant in UV. Additionally, radiation coming from the bulk
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of the stars are primarily dominant in optical and Near Infrared (NIR). Moreover, it is apparent that
the gaseous component itself is not a dominant source of radiation, but must instead be observed
through emission lines. Also, the radiation emerging from the warmest, and thus largest, brightest
and youngest, stars, are most affected by absorption caused by interstellar dust. Thus the warm dust
black-body emission primarily stems from the dust extinction of the O- and B-type stars and, thus
traces ongoing SF. Moreover, it is apparent from Fig. 1.10, that the the curves become almost linear
towards their truncation in the log-log plot, meaning that they obey power laws. The complete
spectrum exhibits this feature in the low energy Rayleigh—Jeans Tail (hv < kgT), where cold
diffuse dust, heated by the old stellar population (Kokorev et al. 2021), dominates the spectrum.
This in turn means that a large part of the low energy continuum can be modelled by measurements
in two separate energy bands. Furthermore, the same amount of power that is absorbed, represented
by the hatched area, is re-emitted by the dust in IR. Thus there is an energy balance between these
components, that allows for reconstruction of the hatched areas. This is indeed useful, when trying
to infer the SFR of galaxies.

1.6.3 Star Formation Rate Indicators

In the Milky Way, the most common way to measure SFRs in resolved regions, are to count in-
dividual objects, or events like supernovae, that trace the recent SFR. However, for unresolved
systems, we measure SFR through emission related to the stellar ensemble. Consequently, invok-
ing an IMF is necessary, to make measurements of SFRs, such that the number of inferred massive
stars, can be extrapolated to the total number of stars formed (Falcon-Barroso and Knapen 2013).
Additionally, to make the conversion, we must also require that the observed SF has been constant
over a certain period of time.

As mentioned, newly formed stars are the dominant sources of UV in galaxy SEDs. Therefore,
UV emission (< 0.3um) is widely used to infer SFRs. However, since they’re very short-lived,
the time-scale for constant SF, 7, in the UV relations are typically of the order ~ 10 — 100Myr
(Falcon-Barroso and Knapen 2013).

Another important and widely used method to infer SFRs are related to HII regions. The FUV
radiation emitted by newly formed stars ionise the surrounding medium, and usually dominates
over shock-ionisation (e.g. Calzetti et al. 2004, Hong et al. 2011). As a result, HlI-regions display
a wealth of recombination cascade lines. In turn, the Ha line has been commonly used as way to
infer SFR. However, only stars more massive than ~ 20M, produce a significant flux of ionising
FUV photons (Falcon-Barroso and Knapen 2013). Additionally, after the burst of instantaneous
massive SF, the ionising photon flux deceases by orders of magnitude in timescales as short as
~ 5 — 10 Myr. Consequently, the assumed timescale 7, of the Ha relations, must be on the same
order (Falcon-Barroso and Knapen 2013).

Dust heavily obscures SF across the cosmic noon (e.g. Elbaz et al. 2011, Reddy et al. 2012),
meaning that the SFRs inferred from UV and Ha relations would be only a fraction of the total
SFR. Consequently, the IR luminosity related to the re-emission by dust, can be used to infer the
SFR. However, the IR luminosity will depend not only on the heating rate provided by the newly
formed stars, but also on the bulk of the stars. Essentially, due to dust emitting as a black-body
following the Planck function, hotter dust in thermal equilibrium has higher emissivity in IR than
cooler dust. Furthermore, the cross-section of the dust grains for stellar light is higher in UV than
in optical. Consequently, the dust heated by UV-luminous young stars, produce an IR SED that
is more luminous and peaks at shorter wavelengths, than the dust heated by the bulk of the stars.
Therefore, the mid- to far-IR dust continuum emission (~ 5—1000pm), induced by dust absorption
of UV radiation, is used to infer SFRs. In reality, due to dust emitting as a Planck function, one
would need to integrate over the entire UV-heated dust continuum to map the stellar photons.
Additionally, to acquire the SFR, one would need to know, or make a qualified assumption of, the
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dust grain size distribution and dust grain chemical composition. Furthermore, timescales of the
IR inferred SFRs can be much longer, depending on the part of the spectrum that is used, ranging
from 2Myr all the way up to 10Gyr (Falcon-Barroso and Knapen 2013).

Over the last ~ 20 years another approach have been gaining traction, due to the ever growing
amount of photometric observations across a wide range of wavelengths. SED fitting entails fitting
stellar templates, AGN templates and dust templates to photometric data from FUV to radio. The
power of these techniques are related to the global galaxy parameters of the template libraries.
Essentially, the templates are created assuming global properties, and by fitting the templates to
photometric observations, the global properties can be scaled and retrieved. For a more detailed
description, we refer to section 3.1.

1.6.4 Galaxy Morphology
Galaxies have canonically been divided into two types: Early-Type Galaxy (ETG) & Late-Type
Galaxy (LTG). The naming scheme was originally devised by Edwin Hubble, and is quite counter-
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Figure 1.11: The Hubble Sequence, also known as the Tuning Fork Diagram (Strobel 2022). It is a classi-
fication scheme devised by Edwin Hubble for galaxies based on their morphologies, and the postulate that
galaxies evolve from elliptical ETGs to spiral LTGs. In reality, this is not an evolutionary sequence.

intuitive, since our current understanding of galaxy evolution entails that galaxies mainly evolve
from LTGs to ETGs.

LTGs refer to disky galaxies that at low redshift often have spiral arms. They are often blue due
to ongoing SF in the disk, and they are typically larger than ETGs of similar mass. On the other
hand, ETGs are often quescient and as a result their stellar spectra are made up of old stars, making
them much redder than their LTG counterparts.

Galaxies are overall thought to contain a disk and bulge structure. Since the ISM is a dissipative
medium, that are affected by magneto-hydrodynamics, it is expected to have an exponential disk
shape. However, since this is not the case for the stellar distribution, its distribution is expected to
be more sharply peaked, corresponding to a central concentration.

The common way to model surface birghtness profiles of bulges and disks are the De Vaucouleurs
profile and the exponential luminosity profile respectively. Both of which are subsets of the Sérsic
profiles (Padmanabhan 2002, ch. 1.6-1.7), given on the following form,

I(r) = L exp {—bn [(:) e 1] } , (1.40)

where I, is the intensity of the radiation emitted by the galaxy at the effective radius » = r.. The
effective radius r, is the radius that encapsulates half the intensity of the model. The discrete index
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n is known as the Sérsic index, and it is shown by Graham and Driver (2005), that the constant b,,
is correlated to the Sérsic index by the following relation,

['(2n) = 2v(2n;by) (1.41)

The relation includes the gamma function and the lower incomplete gamma function.

I'(n)=(n—1)! v(s,z) = /OZ t5te~tdt (1.42)

According to Voigt and Bridle (2010), b,, can analytically be approximated by the following rela-
tion,
by, = 1.9992n — 0.3271 [0.5 <n < 10] (1.43)

The parameters defining the Sérsic profile are thus the effective radius, the intensity at the effec-
tive radius and the Sérsic index. Furthermore, the Sérsic index sets the central concentration, with
higher values of the index corresponding to higher concentration. Fig. 1.12 illustrates the depen-
dency of the Sérsic profile on the Sérsic index. It is apparent, that for a source with a given intensity,
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Figure 1.12: The Sérsic profile for different values of the Sérsic index, and in turn, the constant b,, as
explained by eq. (1.43). The profiles are normalised such that folore I(r)dr =1.

the surface brightness profile is significantly different, for different values of the Sérsic index, n.
Moreover, we see that n = 1 corresponds to an exponential profile and that n = 4 corresponds to
a De Vaucouleurs profile. Additionally, well resolved local galaxies, containing a wide variety of
bulge-to-disk ratios, are often modelled by at least two Sérsic profiles However, for high-redshift
galaxies the resolution of an observed galaxy are often too poor to separate the bulge and disk
components, and they’re consequently often well-modelled by a single Sérsic profile (Graham and
Driver 2005).

1.7 High Redshift Galaxies

The structure of star-forming galaxies change with cosmic time and they grow inside-out, such that
their size gradually increases as stars are formed over cosmic time (e.g. Wuyts et al. 2011, Nelson
etal. 2016, Suess et al. 2021). In the canonical description, inside-out growth is a consequence of
the properties of the galaxy CDM halo. As galaxies accrete gas from the cosmic web, and form
galaxy mergers, it is assembled into a disk structure. As the gas cools in the disk, the galaxy forms
stars with a radial distribution set by the angular momentum distribution of the halo (van den Bosch
2001, Nelson et al. 2016). As a result, a Star Forming Galaxy (SFG) will continuously grow in
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stellar mass and size over cosmic time as long as there’s ongoing SF and an inflow of gas to the
central bulge to replenish the molecular gas reservoirs.

However should the inflow stop, or another mechanism trigger the complete consumption or re-
moval of the molecular reservoir, the SF of the galaxy will be quenched, and it will stop growing
inside-out. We believe that those galaxies become spheroid ETGs (e.g. Wuyts et al. 2010).

Consequently, we arrive at the conclusion that galaxies do not grow in a self-similar way. While the
inside-out growth might provide some similarity between the SFGs, the addition of merger-driven
growth makes the properties of the global galaxy population vary a lot. Anyhow, lets take a look
at some of the relations between galaxy properties and how they evolve with cosmic time.

1.7.1 Evolution of the Main Sequence

Galaxies can be categorised by their SF state. A SFG is a galaxy that actively form stars, while
a quiescent galaxy is a galaxy where SF has been quenched. In turn SFGs and quiescent galaxies
are closely related to their morphologies. Spheroid galaxies are typically quiescent, and they have
red colours due to their old stellar population. Additionally, they have limited amounts of cold gas
and dust, and as a result no active SF. On the other hand, SFGs are typically disk galaxies, with
large reservoirs of molecular gas and dust. Consequently, they typically have blue colours due to
their population of young massive stars (Renzini 20006).

For SFGs, there exists a correlation between their SFR and stellar mass, M,, the so-called Main
Sequence (MS) relation. Most SFGs fall within an observed scatter of 0.3 dex of the MS (e.g.
Rodighiero et al. 2011, Sargent et al. 2012, Speagle et al. 2014, Schreiber et al. 2015). Conse-
quently, it is conjectured that SFGs will secularly evolve along the MS with cosmic time (e.g.
Genzel et al. 2015), until some mechanism quench the active SF. Additionally, the MS moves to
lower SFRs at lower redshifts (e.g. Speagle et al. 2014, Schreiber et al. 2015), corresponding to
the SFR decreasing with cosmic time, which is illustrated in Fig. 1.13. As a reference number,
Speagle et al. (2014) found that the average SFR has decreased by a factor ~ 20 from z ~ 2 to
z=0.

log SFR (M_solar/yr)

9.8 100 10.2 104 10,6 10.8 1.0
log Mass (M_solar)

Figure 1.13: Empirical MS-relation between SFR and stellar mass at different redshifts, derived by fitting
observations from literature (Speagle et al. 2014). The displayed widths of the distribution is set at the true
0.2 dex scatter, rather than the observed 0.3 dex scatter.

The SFR of a galaxy has been shown to correspond with the amount of gas available in the galaxy
(Schreiber et al. 2015). Consequently, the decreasing SFR with cosmic time can potentially be
explained by the fact that gas fractions at a given stellar mass slowly decrease with time because the
cosmic inflow rate diminishes and the consumption rate increases (e.g. Davé etal. 2011, Cochrane
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et al. 2021). As evidence towards that hypothesis, measurements of galactic gas reservoirs yield
gas fractions evolving from about 10% in the local Universe up to 60% at z =~ 3 (Schreiber et al.
2015). Furthermore, as illustrated in Fig. 1.14, recent studies have shown that the gas density
has decreased since the cosmic noon. It is apparent, that the molecular mass content per volume
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Figure 1.14: Empirical and theoretical estimates of the evolution of total molecular mass (Hz and helium)
(Tacconi et al. 2020, Fig. 7)

increases with increasing redshift, and it reaches a broad peak at zpeac ~ 1.44:0.3, and slowly drops
toward higher redshift (Tacconi et al. 2020). When a SFG empties its molecular gas reservoirs the
SF will effectively be quenched, causing the galaxy to move off of the MS.

Another hypothesis related to evolution from SFG to quescient galaxy, is related to another mode
of star formation. Galaxies can undergo Star Burst (SB) periods, where they have a significantly
increased SFRs, much larger than the SFR expected from the MS relation and scatter. Such galaxies
are grouped together and referred to as SB galaxies (SBG). In turn, the SBGs are much more
efficient at converting gas into stars than they should be, leading to the swift consumption of their
molecular gas reservoirs, quickly shooting the galaxy down to quiescent. The cause of SBGs are
still debated in literature. However, there seems to be a theoretical and empirical agreement, that
the SB mode is related to compact SF regions. As a result, it is theorised that SBGs are related to
stochastic processes like major mergers, where the compression of the gas content of the galaxies,
result in an intense period of SF (e.g. Silverman etal. 2015, Cibinel et al. 2019). This explanation is
also supported by the fact that SB galaxies only represent a small percentage of the SFG population,
and they seem to have a minor impact on the cosmic SFH (Rodighiero et al. 2011, Schreiber et al.
2015). However, they are more easily selected at high redshift due to being very luminous in the
warm dust continuum at rest-frame mid IR, and in cases of dust poor conditions, the rest frame UV.
However, studies have found that not all SBGs are mergers (e.g. Conselice et al. 2000, Blasco-
Herrera et al. 2013). For those objects, their compact SF regions are explained by large cosmic
inflows to the central region, which could be triggered by gravitational interactions (Moorwood
1996).

In this thesis, we parameterise the MS relation using eq. (9) of Schreiber et al. (2015):
102, (SFRys [Mo /y1]) = m — mg + agr — ay [max (0,m — my — agr)]?, (1.44)
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Where,

r =log;o(1+ 2), (1.45)
m = log,o (M,/10°Mo) , (1.46)

with mg = 0.5+ 0.07, a9 = 1.5 £0.15, a1 = 0.3 £0.08, m; = 0.36 £ 0.3 and ag = 2.5 £ 0.6.

Many studies has found that SFGs on the MS had much larger SFRs in the distant universe than
they do today. In Fig. 1.15 we show the evolutionary track of SFGs assuming that they stay on
the MS relation. It is clear that the cosmic SFR peaks at around z = 2 — 3, and that a subsequent
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Figure 1.15: Creditto G. Magdis. The coloured lines indicate the MS relation of SF galaxies for the indicated
redshifts. Additionally, three SFG SFHs has been illustrated by incremental calculations of their stellar mass
and SFR over cosmic time, assuming they stay on the MS relation.

rapid quelling takes place down to z = 0.2. As a result, in the literature, the cosmic epoch at
z ~ 1 — 3 for which the cosmic star formation history peaked has been coined the cosmic noon
(Forster Schreiber and Wuyts 2020).

SFGs that follow the evolutionary track should evolve in a self-similar due to active SF, triggered
by cold cosmic inflows. Additionally, some degeneracy is introduced with the addition of non-
linear growth, due to the mergers. Consequently, we would expect that SFGs display a relation
between size and stellar mass, albeit a scatter is to be expected.

1.7.2 Evolution of the Mass-Size relations

As a consequence of the inside-out growth, the stellar disk scale length of SFGs increase with
stellar mass, which gives rise to the stellar mass-stellar size relation. In essence, galaxies with
larger stellar masses have larger stellar radii (e.g. van der Wel et al. 2014, Shibuya et al. 2015,
Pillepich et al. 2019). Consequently, a SFG, which grows its stellar mass over cosmic time, has a
stellar size which also grows over cosmic time. Additionally, the size-mass relation indicates that
galaxies with M, > 10'°M,, at a given stellar mass, are larger with decreasing redshift. However,
the size of galaxies with M, < 10'°M, show a weak redshift evolution between z = 4and z = 0.5
for constant stellar mass (e.g. van der Wel et al. 2014, Shibuya et al. 2015, Pillepich et al. 2019).

Moreover, when galaxies stop forming stars, their stellar sizes appear to keep growing with time.
It is suggested that this is caused by minor dry mergers (Suess et al. 2021). It has been shown that
minor mergers fall onto the outskirts of massive compact galaxies, in turn causing their perceived
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stellar size to grow alongside the addition of extra stellar mass. As a result, we see different size-
mass relations of quiescent galaxies and SFGs. An empirical size-mass relation over cosmic time
is presented in Fig. 1.16.

Median Size of Early—Type Galaxies Median Size of Late—Type Galaxies

log(M/Mg)=11-11.5

S log(M/M)=11-115

Reﬂ’.maj (kpC)
Reﬂ.mnj (kpc)

0.8 | | ‘
0 1 2 3
Redshift Redshift
Figure 1.16: Median size as a function of stellar mass and redshift in black for quiescent spheroid galaxies
(left) and for disky SFGs (right) (van der Wel et al. 2014, Fig. 9). Additionally, the relations are compared
with Sloan Digital Sky Survey results, shown as open points. Fits to the median sizes are shown as dotted
and solid lines.

We can interpret Fig. 1.16 by following an evolutionary track of a galaxy. Imagine a galaxy at
z = 2 with log;, M«/Me > 10. As time goes by, meaning the redshift decreases, the galaxy can
only increase its stellar mass, since there are no mechanisms to significantly strip away the stellar
population of a galaxy, and because the bulk of the stellar mass is made up of long-living low mass
stars. The quiescent galaxies grow their stellar mass through minor mergers, while the SFGs also
increase their stellar mass through SF. As we reach z = 1, the stellar mass has increased, and as
a result the relation indicates that the stellar size of the galaxy should also be larger (van der Wel
etal. 2014).

The major issue with the stellar mass-stellar size relation is the so-called progenitor bias. In
essence, the selection criteria of quiescent galaxies and SFGs respectively trace different popu-
lations at different cosmic times. For example, the population of ETGs at z = 0 will contain
most of the quiescent galaxies at z = 2, but additional quiescent galaxies would have been formed
in between, from a universe in which conditions like temperature and density was very different
from which the initial old population of quiescent galaxies at z = 2 were formed. This is called
the progenitor bias due the fact that it is concerned with the difficulty of tracing observations of
populations of objects across cosmic time.

To sum it up, there are two main scenarios to account for the size-mass relation of quiescent galax-
ies. The first being the actual growth through a series of minor dry merger events, and the second
is ascribed to the continuous addition of larger, recently formed quenched galaxies at later epochs
of cosmic history. In turn, the latter means that the size-mass relation of quiescent galaxies does
not account for physical growth, but instead traces the change in population membership (Fagioli
et al. 2016). In reality, both effects probably play a role in setting the slope of the relation.

1.7.3 Compact Molecular Gas Reservoirs

High-redshift galaxies have larger SFRs than their present day counterparts of equal stellar mass.
However, to get more clues on the assembly mode of galaxies and their SFHs, it is important to
study spatially resolved high-redshift galaxies. For instance, over the last few years, the enhanced
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SFR has been observed to correlate with compact molecular gas reservoirs (e.g Magnelli et al. 2020,
Tadaki et al. 2020). The current paradigm suggests that compactness is caused by cosmic inflows
to the central region of galaxies at z ~ 2. However, measurements of the gas size distribution are
challenging as they require long integration times, even with ALMA. One way to overcome these
limitations is to use the RJ tail of the dust continuum and assume that the thermal dust emission is
spatially correlated with the Hs (e.g. Genzel et al. 2015, Scoville et al. 2016, Tadaki et al. 2020).

Recent studies (Tadaki et al. 2017, Tadaki et al. 2020) investigated the dust continuum at 850pum
of 85 massive (> 1011]\/[@) galaxies at 1.9 < z < 2.5 with ALMA at a resolution of 0.2”. They
found that the effective radius of the Far Infrared (FIR) emission is smaller by a factor of 2.3ﬂ:8
than the effective radius of the optical emission.

Recent extended configuration observations with ALMA have been used to compare the sur-
face brightness distribution of various emission line tracers of Hs in galaxies. Kaasinen et al.
(2020) resolve the CO(2-1) or the CO(3-2) and the 870um dust-continuum for three SFGs at
z = 1.4, 1.6, 2.7 using ALMA. They find that the molecular gas size, traced by the CO emis-
sion, is 2 30% more compact than the stellar emission and that the dust continuum emission is
more compact by 2 50% for two of the three galaxies. They explain the compactness as a com-
bination of poor resolution and the central starburst scenario. Chen et al. (2017) investigate the
CO(3-2) emission and the 870pum dust continuum emission of a z = 2.12 sub-mm galaxy using
ALMA. They find that the dust continuum is 4-6 times more compact than the CO(3-2) emission.
Calistro Rivera et al. (2018) examine the CO(3-2) emission and the rest-frame 250pum dust con-
tinuum emission of four galaxies at z ~ 2 — 3 with ALMA. They find that the cool molecular gas
emission is more extended than the dust continuum emission by a factor of > 2. Consequently,
they state that morphological properties of the molecular gas phase is not easily derived from the
dust continuum. Furthermore, Calistro Rivera et al. (2018) found that molecular gas sizes, traced
by CO emission, was comparable to the stellar emission sizes.

From the theoretical perspective, recent studies have applied the radiative transfer code SKIRT
(Camps and Baes 2015) on simulated galaxies, to simulate galaxy emission from UV to sub-mm.

Using high-redshift galaxies from the FIRE (Hopkins et al. 2014) simulations, Cochrane et al.
(2019) predict that there is a clear difference between the morphologies in rest frame UV/optical,
being more clumpy and extended, and for the dust in rest frame FIR, being more regular. Conse-
quently, the rest frame UV/optical morphologies trace the holes in the dust distribution. In line with
observations, they predict that the 870um dust continuum emission is extremely compact, while
being more extended than the physical stellar component. Moreover, they predict that the dust
continuum has different sizes at different rest-frame wavelengths, with shorter wavelengths be-
ing more compact. Consequently comparing the observed 870um dust continuum emission across
increasing redshift, should naturally lead to more compact measurements.

Using high-redshift galaxies from the TNG50 (Nelson et al. 2019) simulations, Popping et al. (2021)
predict that the 850pum dust continuum half light radius is up to ~ 75% larger than the stellar half-
mass radius, but significantly more compact than the observed 1.6um optical emission. This is
driven by obscuration of stellar emission at the galaxy centres, in turn increasing the apparent
1.6um sizes relative to that of the 850um dust continuum emission. They find that the differ-
ence in relative extents increase with redshift, because the observed 1.6um corresponds to shorter
wavelength stellar emission with increasing redshift. As a result, they suggest that the compact
dust-continuum emission observed in high-redshift galaxies is not necessarily evidence of com-
pact star formation.

It is also predicted that the dust continuum emission is more compact than the actual dust mass
component (Cochrane et al. 2019, Popping et al. 2021). This in turn means, that the dust continuum
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emission is not a robust tracer of the spatial distribution of the underlying dust mass, because dust
in the outer regions are not emitting. Additionally, it is predicted that the dust continuum size
does not correlate very well with the Ho size either. Instead, the dust continuum emission is more
closely related to the ongoing star formation (Popping et al. 2021) or the recently formed stars
(Cochrane et al. 2019). This is because the dust that emits strongly in the FIR is predominantly
heated by young massive stars. Furthermore, Cochrane et al. (2019) observes, that measuring the
dust continuum emission at a fixed observed wavelength, with increasing redshift, naturally leads
to more compact size measurements, due to tracing further up the RJ tail, corresponding to warmer
dust.

In conclusion, recent observations of high-redshift SFGs find that the dust continuum emission in
more compact than the optical emission (e.g. Calistro Rivera et al. 2018, Magnelli et al. 2020,
Tadaki et al. 2020, Kaasinen et al. 2020). However, it is suggested that these measurements are
subject to systematic effects caused by poor resolution (Kaasinen et al. 2020). Recent simulations
support the finding that the dust continuum is more compact than the optical emission, but finds
that it does not necessarily correlate with compact star formation. It is suggested, that observed
dust continuum compactness at the cosmic noon could be explained by dust continuum observa-
tions of warmer dust and changes in apparent stellar emission observations caused by tracing more
dust obscured emission at shorter wavelengths. Furthermore, recent simulations find that the ob-
served ~ 850um dust continuum primarily traces the on-going star formation at high redshifts.
Additionally, a few recent high-resolution observations with ALMA, targeting Hs emission line
tracers, find that the dust continuum is more compact than the Hy tracers, and that the optical stellar
emission is only slightly larger than the Hy gas size distribution.

1.8 This Thesis

The foundation of this thesis is laid out by the How to Use Measurements of Bright Line Emis-
sion (HUMBLE) project of Rizzo et al. (In preparation). HUMBLE is a large project based on
the systematic mining of the ALMA public archive. The HUMBLE sample consists of 30 galax-
ies at z = 0.5 — 3.5 with ALMA observations of CO, [CI], or [CII] at high angular resolution.
Furthermore, we have auxiliary data from HST in rest-frame optical for most of the targets. The
aim of this thesis is first and foremost to parameterise the morphology of the superimposed light
coming from stars, gas and dust of the HUMBLE galaxies. Secondly, we investigate how the sizes
of molecular hydrogen varies across the cosmic noon with respect to the rest-frame optical emis-
sion and the dust continuum emission, and compare it to recent studies of empirical observations
and simulations. Finally, we want to correlate those results with SFR and the MS of star-forming
galaxies, by employing SED fitting to photometry in the literature.

The structure of this thesis is as follows. In chapter 2 we present our sample of HUMBLE galaxies.
Additionally, we present the photometry and spatially resolved maps of our targets. In chapter 3 we
present a detailed description on how we recover global galaxy parameters and parameterise mor-
phologies. In chapter 4 we present our results and a detailed analysis of how our results compare
to the literature. Finally, in chapter 5 we summarise our results.
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2  Sample

We collected the sample of galaxies at 0.5 < z < 3.5 by selecting from the ALMA public archive
observations of CO, [CI] and [CII], with angular resolution < 0.5”, spectral resolution < 50kms ™!

and SNR 2 3. These criteria guarantees that a robust kinematic analysis can be performed on

the HUMBLE sample, but consequently, we have selected galaxies for which the emission line
tracing the molecular gas is bright, and as such should be biased towards SFGs and SBGs. The

sample consists of 30 galaxies, and all our targets have spectroscopic redshifts based on optical or
FIR/sub-mm spectroscopic campaigns. We present their assigned IDs, celestial coordinates and

spectroscopic redshifts in Tbl. 2.1.

Table 2.1: An overview of the sample.

ID  Name Reference R.A. DEC. z
° [ICRS]
1 CDFS3Ks 1353 Olsen et al. (2006) 53.082 00 —27.83987 0.561
2 COSMOS 2989680 Skelton et al. (2014) 150.43192 2.80261 0.625
3 COSMOS 1648673 Skelton et al. (2014) 149.98145 2.25320 1.448
4 ALMAO.3 Hayashi et al. (2018) 333.99387 —17.62993 1.453
5  ALMAO.10 Hayashi et al. (2018) 333.98853 —17.63151 1.454
6 ALMAO.8 Hayashi et al. (2018) 333.992 66 —17.63950 1.457
7 ALMAO.1 Hayashi et al. (2018) 333.99229 —17.633 30 1.466
8 ALMAO0.6 Hayashi et al. (2018) 333.998 79 —17.633 06 1.467
9 ALMAO.13 Hayashi et al. (2018) 333.999 04 —17.63797 1.471
10  SHiZELS-19 Gillman et al. (2019) 149.799 88 2.38840 1.484
11 SpARCS J0225-371 Noble et al. (2017) 36.44199 —3.92438 1.590
12 SpARCS J025545 Noble et al. (2017) 36.43983 —3.92880 1.590
13 COSMOS 3182 Skelton et al. (2014) 150.07597 2.21183 2.000
14 Q2343-BX610 Schreiber et al. (2006) 356.53932 12.82201 2.210
15  XMMOI N Fuetal. (2013) 35.06922 —6.028 65 2310
16  XMMO1 S Fuet al. (2013) 35.069 22 —6.028 65 2310
17 HATLAS J084933-W  Ivison et al. (2013) 132.38991 2.45720 2.409
18 HATLAS J084933-T Ivison et al. (2013) 132.387 36 2.24435 2.407
19 CLJ1001-131077 Muzzin et al. (2013) 150.23729 233811 2.494
20  CLJ1001-130949 Muzzin et al. (2013) 150.23692 233575 2.503
21 CLJ1001-130901 Muzzin et al. (2013) 150.239 12 2.33633 2.507
22 CLJ1001-130891 Muzzin et al. (2013) 150.239 83 2.33644 2.512
24 Gal3 Cassata et al. (2020) 150.33144 2.16237 2.934
25  XMMO5 Leung et al. (2019) 36.44943 —4.29744 2.980
26 ADF22.1 Umehata et al. (2017) 33438513 0.29322 3.089
27  ADF22.7 Umehata et al. (2017) 334.384 17 0.29322 3.094
28  ADF22.5 Umehata et al. (2017) 334.38117 0.299 45 3.089
29  Gal5s Cassata et al. (2020) 149.877 18 2.283 88 3.329
30 Gal4 Cassata et al. (2020) 150.278 34 2.258 82 3.400

ID: the identification number of the target in this work.

Name: The name of the target in the referenced piece of work.
Reference: The reference to the work containing the name of the target.
R.A.: The right ascension of the target in degrees in the ICRS.

DEC.: The declination of the target in degrees in the ICRS.

z: The spectroscopic redshift of the target.

In this thesis, we work with four distinct types of data for each target. The availability for each
type of data is presented in Tbl. 2.2. Furthermore, in section 2.1, the photometric catalogue is
presented, while the high angular resolution data from ALMA and HST are described in section
2.2.
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Table 2.2: An overview of the available data for our sample.

1D HST ALMA Photometry
Filter Line Continuum
1 Fl60w CO(3-2) v
2 F8l4w CO(3-2) X v
3 F8l4w CO(5-4) v v
4  Fl60w CO(2-1) V)
5 Fl60w CO(2-1) V)
6 Fl160w CO(2-1) )
7  Fl160w CO(2-1) V)
8 Fl60w CO(2-1) )
9 Fl60w CO(2-1) V)
10  Fl60w CO(2-1) X v
11 Fl160w CO(2-1) X ce
12 Fl160w CO(2-1) X B
13 Fl60w [CT](2-1) v v
14 Fl40w CO(4-3), [CI](1-0) v v
15  Fllow [CT](1-0) v v
16 Fll10w [CT](1-0) v v
17  Fllow CO(4-3) v v
18 X CO(®4-3) v v
19  Fl60w CO(3-2) v v
20  F160w CO(3-2) X v
21  Fl60w CO(3-2) X e
22 Fl60w CO(3-2) X v
24 F160w CO(5-4) v v
25 X [CIT](1-0) v v
26 X CO(3-2) v v
27  Fl60w CO(3-2) v v
28 X CO(3-2) v e
29 X CO(5-4) v v
30 X CO(5-4) v v

HST: The HST filter (see Appendix A) used to image the stellar

emission.

ALMA Line: The emission line imaged by ALMA.
ALMA Continuum: Availability of the ALMA dust continuum

image.

Photometry: Availability of photometry in the literature.
(v Private photometry is included which is not tabulated in this

thesis.

" Missing data.
X Target is not detected in the image.

2.1 Photometry

We have collected photometric observations for our targets from UV to radio, using public multi-
wavelength catalogues and data from the literature. Ten of the galaxies are located in the COSMOS
survey area, and have good coverage from optical to FIR. For the rest of the sample we use photo-
metric data from public catalogues and the literature. In Tbl. 2.2 the photometry column indicates
for each source whether we could acquire photometric data. All the photometric data can be found
in Appendix C, but an example is presented in Tbl. 2.3

Table 2.3: Photometric data collected for source 2. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [ Jy | Uncertainty [ Jy] Code  Reference

Value  Order Value Order
CFHT/MegaCam/u* 3.105 1077 2047 1078 352 Weaver et al. (2022)
CFHT/MegaCam/u 2840 10°7 1277 1078 353 Weaver et al. (2022)
Subaru/HSC/g 1.114 10=% 1.624 108 314 Weaver et al. (2022)
Subaruw/HSC/r 4441 1076 2979 1078 315 Weaver et al. (2022)
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Subaru/HSC/i 1.057 107° 4133 10°8 316  Weaver et al. (2022)

Subaruw/HSC/z 1.609 10~° 5968 108 317 Weaver et al. (2022)
Subaru/HSC/y 2020 107° 7884 10°8 318 Weaver et al. (2022)
VISTA/VIRCAM/Y 2260 107® 5379 10~8 256  Weaver et al. (2022)
VISTA/VIRCAM/J 3372 107° 6.781 10~8 257  Weaver et al. (2022)
VISTA/VIRCAM/H 5758 107° 9454 10°8 258 Weaver et al. (2022)
VISTA/VIRCAM/Ks 8213 107® 1357 1077 259  Weaver et al. (2022)
Subaru/Suprime-Cam/IB427 5802 10~7 6.580 10~8 181 Weaver et al. (2022)
Subaru/Suprime-Cam/IB464  8.739  10—7 1.050 107 183  Weaver et al. (2022)
Subaru/Suprime-Cam/IA484  1.175 10=% 4982 10-8 184  Weaver et al. (2022)
Subaru/Suprime-Cam/IB505 1297 10=6 6.713 10~8 185  Weaver et al. (2022)
Subaru/Suprime-Cam/IA527  1.644 10=6 5579 108 186 Weaver et al. (2022)
Subaru/Suprime-Cam/IB574 2322 1076 9.8 10°8 188 Weaver et al. (2022)
Subaru/Suprime-Cam/I[A624 4220 10~6 5241 10~8 190  Weaver et al. (2022)
Subaru/Suprime-Cam/IA679 ~ 7.082 10-% 8870 10~8 192 Weaver et al. (2022)
Subaru/Suprime-Cam/IB709 ~ 8.082 10~6 8.020 10~8 193 Weaver et al. (2022)
Subaru/Suprime-Cam/IA738  9.715 10=6 7.852 108 194  Weaver et al. (2022)
Subaru/Suprime-Cam/IA767 1078 107° 1.147 1077 195 Weaver et al. (2022)
Subaru/Suprime-Cam/IB827 1250 10~5 1.027 1077 197  Weaver et al. (2022)
Subaru/Suprime-Cam/NB711 8327 10~% 1.121 10°7 322 Weaver et al. (2022)
Subaru/Suprime-Cam/NB816 1237 10~° 1.017 10~7 319 Weaver et al. (2022)
VISTA/VIRCAM/NB118 3.053 107% 3543 1077 321  Weaver et al. (2022)
Subaru/Suprime-Cam/B 7200 10~7 1498 10°8 114 Weaver et al. (2022)
Subaru/Suprime-Cam/V 1916 1076 2926 108 115  Weaver et al. (2022)
Subaru/Suprime-Cam/r+ 4669 1076 2213 108 116  Weaver et al. (2022)
Subaru/Suprime-Cam/i+ 1.040 107° 3478 10°8 117 Weaver et al. (2022)
Subaru/Suprime-Cam/z++ 1.747 1075 1653 1077 118  Weaver et al. (2022)
Spitzer/IRAC/ch1 8675 1075 4332 1077 18  Weaver et al. (2022)
Spitzer/IRAC/ch2 6272 10~° 2318 107 19  Weaver et al. (2022)
GALEX/GALEX/NUV 2527 1078 7.035 1078 121 Weaver et al. (2022)
SPITZER/MIPS/24 3642 107% 2221 10°° 325 Jinetal. (2018)

JCMT/SCUBA2/850GHz 2.871 1073 2038 1073 324  Jinetal. (2018)

VLA/3GHz 2950 107° 2800 10~ Jin et al. (2018)

Meerkat/1.3GHz 1912 10~* Jin et al. (2018)

Herschel/PACS/100 1.193 1072 1867 1073 329  Liuetal. (2019)

Herschel/PACS/160 2580 1072 3.688 1073 330 Liuetal. (2019)

Herschel/SPIRE/250 1.870 10~2 3543 1073 331  Liuetal (2019)

For each observation we list the corresponding filter curve used for the SED fitting with STARDUST!.

2.2 Spatially Resolved Images

For the targets in our sample, we have spatially resolved image maps imaged by HST and ALMA
respectively.

2.2.1 HST

The images are mosaics, produced by Brammer (2022), of HST observations, which have their
background emission subtracted. For each source we select the reddest HST filter, in which the
source is detected, to perform the data analysis”. The selected HST filter is presented in the HST
column of Tbl. 2.2. Alternatively, if the source is not detected by HST in any of the filters, it is
marked with an ’X” in the HST column of Tbl. 2.2. In Fig. 2.1 we illustrate the targeted rest-frame
wavelengths of the selected HST filters. It is apparent, that most of the observations fall within
rest-frame optical. However, for a few annotated cases the HST observations fall within rest-frame
NIR and NUV.

"For more information on the transmission filters in STARDUST, we refer to Appendix B on page 71.
2Filter wavelengths are presented in Appendix A on page 70.
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Figure 2.1: Rest-frame wavelengths targeted by the HST filters as a function of redshift in red to blue. The
solid line refers to the central wavelength of the filter, and the shaded region displays the width of the filter,
as described by The SVO Filter Profile Service (Rodrigo and Solano 2020). The black points represent the
targeted rest-frame frequency for each of the targeted sources. The labelled targets fall outside the optical
range and into either the NIR or the NUV.

Consequently, were targeting the stellar emission of our targets with HST. And from Fig. 2.1 we
in generally target shorter rest-frame wavelengths at larger redshifts.

2.2.2 ALMA

For most targets, we have CO(1-0), CO(2-1), CO(3-2), CO(4-3), [CI](1-0) or [CII] maps, which we
expect to trace the molecular content of the galaxies. In some cases we have CO(5-4) and [CI](2-1)
for which we expect to trace the high density molecular gas. Furthermore, In dust heavy systems,
we extract the dust continuum. Images of the dust continuum and gas emission lines continuum
were produced using the standard ALMA pipelines (Rizzo et al. in preparation, for details).

Targets for which the dust continuum could be extracted from the emission line spectral window,
and the target is detected in the dust continuum map, are marked with a ’v"” in the ALMA contin-
uum column of Tbl. 2.2. Alternatively, sources, that are not detected in the dust continuum map,
are marked with a ’X’.

In Fig. 2.2 to 2.6, we present the maps from HST and ALMA. We display the number of standard
deviations. The coloured image illustrates the HST map. Moreover, the contours show the emis-
sion from the stellar population (black, HST data) and dust continuum (green, ALMA data) and
the spectrally integrated gas emission lines (red, ALMA data). The lowest contour level is anno-
tated in the top left, and each subsequent contour level is double the previous. Furthermore, the
plot scale is displayed in the bottom left of each map. Also, the HST PSF and the ALMA beams
are displayed in the bottom right of each map. However, since HST PSFs for the mosaics are not
trivial, we instead show the half-maximum contour of a cubic interpolation of a point source in the
HST mosaics. Finally, targets with red axes show galaxies that are classified as merging systems
based on the analysis of their kinematics (Rizzo et al. in preparation).

28 Investigating the morphologies of stars, gas and dust in star-forming galaxies at cosmic noon



D1 — F160w D 2 — F8l4w | F|‘|‘D - . — F8l4w
— Co(2-1) — C0(3-2) g 4 — Co(5-4
= = ) =]
Omin 3 Omin 33. — Cont & 3 — Cont
©
— F160w Y6} — F160w
— Co(2-1) — Co(2-1)

e
1//

Figure 2.2: Data maps for source 1-6. The background shows the HST map in the filter indicated in Table ??.
The black, red and green contours show the emission from stellar, gas and dust maps. The lowest contour
level is annotated in the top left, and each subsequent contour corresponds to an increase by a factor of 2.
The scale is shown in the bottom left. In the inset on the bottom right, the contours display the half maximum
of the PSF and beams of HST and ALMA respectively. A red axis is used to mark merger systems.
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Figure 2.3: Same as Fig. 2.2, but for source 7-12.
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Figure 2.5: Same as Fig. 2.2, but for source 19-24.
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3 Methods & Analysis

In this chapter, we present the methods and tools that we used to derive the SFRs, stellar masses
and morphologies of our target galaxies.

3.1 SED fitting

Using the photometry that we have collected for the targets in our sample, we recover the stellar
mass and SFR of each of our targets using SED fitting.

SED fitting codes widely used in the literature includes energy-balance routines such as CIGALE
(Recently Boquien etal. 2019), MAGPHYS (da Cunha et al. 2008), SED3FIT (Bertaetal. 2013). How-
ever, the informative power of these techniques are poor without proper template libraries and well
established energy balance between the stellar and dust components of the SEDs. Recently, codes
like STARDUST (Kokorev et al. 2021) employ an approach where the spectral templates of stellar
population, dust continuum and AGNs are fitted independently, and then combined to reproduce
the entire SED.

3.1.1 Stardust

STARDUST is a SED fitting algorithm that fits spectral templates to photometric observations. The
code performs multi-component fits that linearly combines stellar libraries, AGN torus templates
and IR models of dust emission arising from SF (Kokorev et al. 2021). Galaxies fitted in this thesis
are assumed to not have AGNs, so we will only make use of the stellar- and dust templates.

The components are fit simultaneously, but independently from each other, without assuming an
energy balance between the stellar population emission and the dust continuum emission.

In STARDUST, the stellar population is fitted with an updated version of the Stellar Population
Synthesis (SPS) templates described in Brammer et al. (2008). SPS is a method of describing the
stellar population as it evolves, by prescribing a SFH, through constant SFR in bins of cosmic time,
under assumption of an IMF!. Consequently, at each bin of cosmic time, the global SFR and stellar
population is known. Additionally, the un-attenuated spectra of the entire stellar population can
be extracted by keeping track of stellar evolution using stellar isochrones, and by assuming how
the metallicity evolves over cosmic time. Furthermore, by assuming a dust attenuation law, an
extra dimension is added to the template library, representing the amount of dust extinction, A,.
Consequently, the fitted template will carry information about the extinction, without having to
derive it from the IR SED under the assumption of perfect energy balance (Brammer et al. 2008).

The stellar population templates in STARDUST are spectra of stellar populations ranging from rest-
frame UV to NIR. The spectra are extracted from SPS models, and they represent a multivariate grid
of stellar masses, SFRs, metallicities and dust extinction (Brammer et al. 2008). The templates have
physical units of flux density, meaning that they can be directly fitted to photometric observations
of galaxies. Consequently, the normalisation of that fitted template will scale the global stellar
mass and SFR of the template.

However, galaxies can rarely be fitted adequately with a single stellar template. We know from the
Milky Way that different components (i.e. the bulge and disk) have different stellar populations,
SFHs, and metallicities. We also discussed in sec. 1.6 that while galaxies can evolve self-similarly,
they are often subject to interactions with other galaxies. When we perform photometric measure-
ments of distant galaxies, we essentially cover the whole galaxy with an aperture. Consequently,
the observed emission is a coming from the sum of the different components with different SFHs.

' STARDUST assumes a Chabrier (2003) IMF.
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STARDUST solves this issue by having the stellar template library represent an optimised basis-set
of models from a much larger parent template catalogue (Kokorev et al. 2021, Brammer et al.
2008). Consequently, non-negative linear combinations of the basis-set can reproduce any of the
templates in the parent catalogue. This gives a much larger flexibility in fitting observed SEDs,
and the global parameters like stellar mass and SFR can also be linearly combined.

Additionally, STARDUST fits not only the stellar population templates to the observed rest-frame
UV-NIR photometry, but also fits the observed IR photometry to templates from an IR dust library.

To fit the rest-frame IR photometry, STARDUST uses the dust templates of Draine and Li 2007, with
the addition of the updates described in Draine et al. (2014), hereafter DLO7. These models describe
the combined spectral contribution from warm dust and PAHs in PDRs, and the cold dust in the
diffuse ISM heated by the bulk of the stellar population (Kokorev et al. 2021). Thus, the models
explain a bimodal dust distribution, with the entire distribution being relevant for the dust mass,
and the warm distribution being relevant for the SFR. The templates assume that the bulk of the
dust mass is being heated by a radiation field of constant intensity Up,;,. Additionally, a fraction
of the total dust, v, is being exposed to a gradient of radiation intensities ranging from Up, to
Umax. Finally, they assume that a fraction of the dust, gpan, is locked in PAHs. STARDUST limits
the templates to those having Upax = 10° and a power-law index of the high-intensity regions of
« = 2. Consequently, there are three free parameters (Upin, v and gpag) for each dust continuum
template in STARDUST, and the dust mass, M., is retrieved from the normalisation of the template
to the photometry®. Moreover, from the parameterisation in Draine and Li (2007), we can relate
the Upin and -y parameter to the the average intensity of the radiation field, (U) of the STARDUST
DLO7 templates, in the following way,

6 ) -1
<U> = (1 _/7) Umin + (’7 : Umin In |:éo :|> . (1 - [{Iggl> (31)

(3.2)

By integrating the SED of the fitted dust continuum template from 8 — 1000 pm, and if present,
removing the AGN contribution, the IR luminosity is retrieved. Finally, it is converted to a SFR us-
ing the relation of Kennicutt 1998. Consequently, the IR SFR is only reliable if one can adequately
constrain the location, peak and width of the dust continuum.

The uncertainties on the derived parameters are calculated by adding in quadrature the uncertainties
coming from the linear combination fit of the SPS templates fit and the uncertainties coming from
selecting the best DLO7 template due to the uncertainty of the photometric data.

The linear combination uncertainties are calculated by a Monte Carlo (MC) simulation, re-sampling
the best-fitted coefficients of the linear combination 10* times. for each iteration the global prop-
erties are calculated, and the upper and lower limit is defined as the 84™ and 16™ percentile re-
spectively.

The uncertainties on the IR properties are calculated by considering all templates that fall within
the 68% confidence interval range of the best fit DLO7 template. The uncertainty on each IR global
parameter is simply the width of that distribution with respect to the global parameter.

Consequently the uncertainties on the stellar mass is only estimated from the MC simulation. In
cases where the algorithm is really certain of the linear combination of the SPS templates, the
uncertainties will be very underestimated. However, we adopt a minimum uncertainty of 25% as
described in Sorba and Sawicki (2015).

2 Assuming a flat ACDM cosmology with Qo0 = 0.3, Qa0 = 0.7 and Hyo = 70 km s~ Mpc~!.
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3.1.2 Fitting

To convert our photometric observations collected from the literature into data sets that STARDUST
can interpret, we have built the tool Cataloguer For Stardust (C4S)>. We use the tool to construct
our photometric catalogue.

We divide our sample of galaxies into four groups, when fitting with STARDUST, as illustrated in

Fig. 3.1

Start

Can the
available photometry
constrain the dust
continuum?

No PN
2<z<2.5 o

DT
z~3

N

Figure 3.1: Illustration of how targets were divided into groups based on the available photometry, in prepa-
ration for the SED fitting with STARDUST.

For galaxies in group 2-4, we have to make assumptions about them to constrain the parameters,
such that we get reasonable fits. In essence, it is not reasonable to fit four free parameters with < 5
data points. Recent studies have shown that for MS galaxies, the average intensity of the radiation
field (U), or in this case equivalently Up, (Schreiber et al. 2018), which is strongly correlated
with the temperature of the dust, increases with redshift all the way up to z ~ 4 (e.g. Magdis et al.
2012, Béthermin et al. 2015, Béthermin et al. 2017, Schreiber et al. 2018, Kokorev et al. 2021).
This is illustrated in Fig. 3.2. Consequently, we can restrict the template space when fitting with

— Main sequence (our model)
100 F E

- - — - Starbursts (our model)

<U>

Bethermin et al. 2015 (main sequence)
Bethermin et al. 2015 (starbursts) [J 1
Magdis et al. 2012 (main sequence) <

Ciesla et al. 2013 (Herschel reference survey) O ]
1 1 1

0 1 2 3 4
4
Figure 3.2: The evolution of the mean intensity of the radiation field, (U), as a function of redshift, z
(Béthermin et al. 2017, Fig. 3). SBGs and MSGs are separated and plotted in red and blue respectively.

>The tool and the documentation pertaining to its usage can be found here: https://github.com/skrrrlev/
Cataloguer-4-Stardust.
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inadequate data, to match typical values of Uy, to that of MS galaxies at the given redshift or SB
galaxies.

In Kokorev et al. (2021), SB galaxies are fitted by fixing (U) = 40. However, it has been found
that the (U') of SBGs can vary substantially to higher and lower values (e.g. Magdis etal. 2012, Tan
etal. 2014, Béthermin et al. 2015). Consequently, we have assumed the range of (U) illustrated in
Fig. 3.3. For all assumed SBGs in group 2-4, we derive the assumed (U) by selecting templates

— SBGs MSGs at 2<z<2.5
— MSGs at z~1 — MSGs at z~3

60 A
50
—~ 401

301

20 /

/

10 15 20 25 30 35 40 45 50
Umin
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Figure 3.3: Assumptions of (U) as a function of Uy, and ~y for galaxies in group 2-4. For SBGs v = 0.03
and for MSGs v = 0.01.

with Upin > 25 and with v = 0.03.

Furthermore, for all MSGs in group 2-4 we derive the assumed (U) ranges, illustrated in Fig. 3.3,
by selecting templates with v = 0.01 and 8 < Upyjn < 10, 10 < Upin < 12 and 12 < Upiy < 15
respectively. Essentially, we’re assuming increasing dust temperatures with increasing redshift,
corresponding to increased IR luminosity and in turn increased IR SFR. We have compared our
assumptions with other studies (Magdis et al. 2012, Béthermin et al. 2015), and find that our narrow
range of assumed (U) values of MSGs are within their uncertainties.

Based on the values of SFRs and stellar masses from the literature, we fitted targets 15 and 16
under the assumption that they are SB galaxies and targets 13, 14, 19, 20, 22, 26 and 27 under the
assumption that they are MS galaxies. Additionally, Targets 4, 5, 6, 7, 8 and 9 are all in the same
galaxy cluster with limited amount of dust. We fit them as MSGs, but for those targets we retrieve
the SFR from the optical photometry.

Finally, targets 1, 2, 3, 10, 17, 18, 24, 25, 29 and 30 are categorised as group 1 galaxies. In
Béthermin et al. (2015), (U) = 6 for all galaxies with z > 0.5. Consequently, it does not make
sense to fit the entire (U) parameter space, even when we have adequate data. Thus, for group
1 galaxies, we fit them assuming that Uy, > 1.70, corresponding to (U) > 2 for v = 0.01.
However, we also keep v as a free parameter, as the data is adequate to find a good fit.

3.2 Analytical Surface Brightness Profiles

As mentioned in section 1.6.4, the spatial light profile of a galaxy can be analytically modelled by
the Sérsic profile, which is defined by three free parameters; the effective radius, the intensity at
the effective radius and the Sérsic index. In this thesis, we employ GALFIT to fit Sérsic profiles to
the spatially resolved surface brightness images.
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3.2.1 Galfit

GALFIT is a tool for extracting information about galaxies, stars, globular cluster, stellar disks, etc.,
by using parametric functions to model objects as they appear in two-dimensional digital images
(Peng et al. 2002). GALFIT employs the Levenberg-Marquardt (LM) non-linear least-squares fit-
ting algorithm. Least-squares fitting algorithms determines the goodness of fit by calculating y?,
and computing how to adjust the parameters to minimise x2. In GALFIT, the reduced x? (x2) is
used, which is x? normalised to the degree of freedom v,

V= Npixe]s - Nargs (3.3)
= (nz - ny) — Nargs, 34
where Ngpgs is the number of free paramters in the fit. In the GALFIT fit of the Sérsic surface

brightness profiles, the centre pixel position, the axes ratio and the postion angle are also fitted,
adding 4 free parameters to the Sérsic profile.

X12/ — % ii (fdata (l‘a y) — [fmode;((le;’ygbargs) ® fPSF(SC/, y/)] ) 2 (3'5)
r=1y=

From eq. (3.5), it is obvious that GALFIT needs three types of input. First, fgaa (z,y) is the two-
dimensional digital image of the galaxy, where x and y are discrete values used to identify each
pixel. Secondly, fpsp(z’,%’) is the PSF or beam of the instrument that created the data. Lastly,
o(x,y) is an image that contains the standard deviation for each of the pixels in the data image.
Also, from eq. (3.5), it is obvious that x2 is a function of the arguments that parameterises the
analytical model(s).

The LM algorithm is combination of the The Gauss-Newton Method and the The Gradient Descent
Method, and is based on a dampening parameter (Gavin 2019). By calculating the gradients with
respect to the model parameters, these parameters can be changed towards the direction, which has
the steepest decline in the value of 2. This is what happens for large values of the dampening pa-
rameter, and the parameter is initialised at a large value. As the solution approaches a minimum, the
dampening parameter decreases, which makes the algorithm work like the Gauss-Newton Method.
This method presumes that the solution to x2 function is approximately quadratic near the optimal
solution. Thus it makes a Taylor expansion of the model of a function of the parameters and a
perturbation, and finds the value of the perturbation which yields the minimum of the quadratic x?2
function.

In GALFIT, the formal uncertainties of the reported fitting parameters are closely related to the co-
variance matrix. However, the formal uncertainties are only representative when the fluctuations
in the residual map are caused by Poisson noise (Peng et al. 2010). Consequently, the uncertain-
ties are representative only in idealised situations, such as image simulations. In real images, the
residuals are caused by the structure of the galaxies and the PSFs, causing imperfect matches of
analytical models to the data. These factors cause the formal uncertainties reported by GALFIT to
be only lower estimates (Peng et al. 2010).

3.2.2 Data Preparation

As discussed, GALFIT takes at least three input. However, to ensure accurate results and low
computational time, we make full use GALFIT’s features. To prepare the data for fitting, we have
developed a semi-automatic data preparation pipeline that builds all input to GALFIT for multiple
data maps in parallel.

3.2.2.1 HST Images

Our HST images are wide Field Of View (FOV) mosaics made from multiple observations. They
contain an image, which is a map where every pixel is represented by the flux density and a weight
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map where every pixel contains O pixs with o, being the standard deviation for that pixel. An

example is illustrated in Fig. 3.4
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Figure 3.4: Illustration of the HST F160w mosaic for target 22 of our sample. On the left is the map
containing the flux densities, and on the right is the weight map.

To save computational resources, we crop the flux-density image around the source. The resulting
map acts as fqaa in eq. (3.5). In Fig. 3.5 we illustrate the cropping of the flux-density map of Fig.
3.4. Additionally, we use the header of the fits file to reconstruct the AB magnitude zero-point, in
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Figure 3.5: The left image is a plot of the cropped HST F160w mosaic for target 22 of our sample which,
when fitting with GALFIT, corresponds to fya, in eq. (3.5). The right image is an illustration of the mask
that we build for the left image. All pixels in red are non-zero values in the binary mask map.

the following way, depending on the available keywords.

ZP ABmag = —2.5log, (PHOTOFNU) + 8.9 (3.6)
= —2.5log,, (PHOTFLAM) — 21.10 — 5log,, (PHOTPLAM) + 18.6921  (3.7)
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Next, we build a mask for the fq., map. Essentially, the mask is a binary map that instructs GALFIT
to ignore any pixel in the fqa, map that has a non-zero pixel-value in the mask map. We use it to
mask out nearby sources in the FOV and dead pixels in the mosaic.

To build that map, we first build a binary dead pixel map for which a non-zero pixel value is
assigned to every pixel that have value zero in the weight map. Then, we extract all astronomi-
cal sources in the image by building a segmentation map using SExtractor (Bertin and Arnouts
2010). Principally, a segmentation map is a map where every astronomical source is assigned a
unique pixel value. Consequently, all pixels that have value zero in the segmentation map corre-
sponds to pixels that do not contain significant emission from astronomical sources.

Finally we construct the mask in the following way. We apply the same crop that we applied to
get fqata to the segmentation map and the dead pixel map. Next, we remove the target source from
the segmentation map by identifying the unique value of the source in the segmentation map, and
setting all pixels with that value to zero. Then we extract all non-zero pixels in the segmentation
map. We apply a median filter* to smooth the binary source mask. Lastly, we add all pixels in the
dead pixel mask to the mask, so that galfit does not include dead pixels in the fitting procedure.
An example of a binary mask is illustrated in Fig. 3.5.

Next, we construct the o map that goes into GALFIT. The process is fairly simple: For all pixels in
the weight map, that are not in the dead pixel map, we apply the following operation,

1

Where K is a scaling constant that ensures the proper normalisation of the ¢ map. Additionally, all
pixels that are marked by the dead pixel mask is set to an arbitrarily large value 10°. To derive the
scaling constant K, we start out by constructing a noise pixel mask, which is a binary map, where
all non-zero values correspond to pixels only influenced by noise. We start from the segmentation
map, and we apply a binary dilation®. Essentially, the resulting binary mask has non-zero values
for all pixels that are no further than 7 pixels away from a pixel containing significant contribution
for astronomical sources. Consequently, the resulting binary map covers with high certainty all
of the pixels influenced by astronomical sources in the image. Additionally, we add all the dead
pixels to the binary map. Finally, we invert the map, so that all non-zero pixels are noise pixels.
Then we extract all noise pixels from the full mosaic. In Fig. 3.6 we show the histogram of all
noise pixel flux densities divided by the standard deviation.

If the mosaic is constructed correctly, the distribution should have a standard deviation of 1. Con-
sequently, we extract the scaling constant as K = 0;/2 where o s is the standard deviation of the
fitted Normal distribution. Finally, we crop the o map, to match that of the f4a, map. We show an
illustration of the derived o map derived for source 22 in Fig. 3.6.

The final map that goes into eq. (3.5) is fpsr, representing the PSF of the HST mosaic. The PSF of
a mosaic is not a easy to model as a trivial analytical probability distribution. Instead, we represent
the PSF by using a point source in the mosaic FOV, due to the fact that the resulting distribution
of the point source is a discrete model of the PSF. We’ve gone through the mosaics of all our
targets and identified sources displaying the classical airy disk and spike diffraction patterns. We
select a point source as near the target galaxy as possible, and without other sources in the nearby
FOV. This is illustrated in Fig. 3.7. We crop a region around the point source and use that map to
construct the PSF. If there are any contribution not coming from the point source in the map, we
manually mask it out. Additionally, we apply the same crop to the dead pixel mask and the full

*Using the ndimage .median_filter method from the SciPy package (Virtanen et al. 2020).
>Using the ndimage .binary_dilation method from the SciPy package (Virtanen et al. 2020).
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Figure 3.6: Illustration of the creation of the o map for target 22 of our sample. The left figure shows the
density histogram of the noise distribution. with a fitted Normal distribution used to derive the scaling factor
K. Note that the weight map contains values of zero for all dead pixels and o~2 for all other pixels. The
right image shows the ¢ map created according to eq. (3.8).

FOV o map. We use the dead pixel mask, to identify missing pixels in the point source map. In
case there are any, we apply a linear interpolation® to recover the missing pixel values. Next, we
mask out the contribution coming from the noise. We create a simple binary mask by selecting all
pixels that have SNR < 3. To avoid rough edges, we apply a median filter’ to smooth the binary
mask. We select a pixel smoothing size of 3 pixels, and we further investigate the consequence of
that decision in section 3.2.2.2. Next, we normalise the point source map, and centre it according to
the requirements of GALFIT. The final result is the discrete map fpsr which represents the discrete
PSF of the mosaic, and it is illustrated in Fig. 3.8.

Now, we have constructed all the input files for GALFIT, however, we cannot quite proceed with the
fitting yet. Since GALFIT is a x? based least-squares fitting algorithm it is prone to local minima
in the x? distribution. Consequently, we will need to provide proper estimates of the parameters
of the analytical Sérsic model to recover the best fit. First, we estimate the centre of the analytical
model by selecting the pixel with the largest value from the fj., map. Secondly, we estimate the
brightness of the target source in the fq4., map. We do this by first creating a rough source mask
by selecting all pixels with SNR > 3 in the fg,1, map and removing all pixels with non-zero values
in the mask map. Next, we sum all the pixels in the rough source mask and use the calculated
zero-point to calculate the estimated brightness of the target. Thirdly, we estimate the effective
radius of the semi-major axis of the target source. From the centre defined above, we go along an
array of pixels set by an angle from the positive x-axis. For an array of angles, we estimate the
half-light radius by calculating the amount of pixels between the centre and the pixel with a value
closest to half of the value of the centre pixel. Our estimate of the half-light radius is the average
across the array of angles. For circular face-on sources this should be a good approximation, and
for inclined sources we should slightly underestimate the actual half-light radius. Lastly, for the
remaining parameters, the Sérsic index, the axis ratio and the position angle, we put 2, 0.5 and 0°
respectively, and let GALFIT fit the proper values.

With that in mind, we can apply GALFIT to our HST mosaics. The first order of business is to
estimate the effect of smoothing the binary mask used to create the PSF.

3.2.2.2 PSF Smoothing

As mentioned in section 3.2.1, the uncertainties outputted by GALFIT are not representative of the
uncertainties coming from fitting empirical observations of galaxies with estimated PSFs. Conse-

SUsing the interpolate.griddata method from the SciPy package (Virtanen et al. 2020).
"Using the ndimage .median_filter method from the SciPy package (Virtanen et al. 2020).
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Figure 3.7: An illustration of how we manually selected a point source in the mosaic containing target 22,
to act as a discrete representation of the PSF.

quently, we set out to estimate the uncertainties coming from fitting with different realisations of
the discrete fpsr with respect to the smoothing of the binary mask used to define fpsr.

We adopt a Monte Carlo (MC)® approach build around the point-source that we use for creating
the PSF. We first create 7 realisations of the fpsr map using different pixel sizes for the median
filter smoothing of the binary mask. For each iteration, we create three analytical models of 2D
Sérsic profiles by sampling the model parameter space. One model samples a space of unresolved
effective radii (~ 0.4 - FWHMpgr), and a space of Sérsic indices around n ~ 4. Another model
samples a space of resolved effective radii (~ 1.5- FWHMpgr) and a space of Sérsic indices around
n ~ 1. The last model samples the space of extended effective radii (~ 5 - FWHMpgr) and Sérsic
indices around n ~ 1. For each of the three 2D Sérsic models, we then convolve them with the
non-smoothed PSF.

For each of the three models we add two realisations of noise, such that for each model we get a map
in which the noise is low, corresponding to a high source SNR, and one in which the noise level is
high, corresponding to a low source SNR. The high SNR and low SNR case are created by drawing
noise samples from a Normal distribution for which the standard deviation is set dividing the peak
flux density of the model with 100 and 25 respectively. As a result we have six different synthetic
galaxy sources. We fit each of them with all realisations of the smoothed PSF, and we calculate
the residual between the analytical parameters of the synthetic maps and the parameters retrieved
by GALFIT. Finally, we average our results over every iteration, and we illustrate it Fig. 3.9. The
plot shows the typical orders of uncertainties caused by fitting with PSFs that are not completely
representative for the observed fyu,. This will be the case for all of our fitting regardless, due
to the fact that we use discrete representations of the PSF extracted from the mosaic. In general,
uncertainties increase with smoothing factor, corresponding to uncertainties increasing with the
applied PSF differing from the actual PSF. Consequently, we adopt a smoothing factor of 3 pixels,
that will make sure the edges of the fpsr map is not rough, and also does not differ too much from

8For more information on the MC method, we refer to Appendix D on page 169.

40 Investigating the morphologies of stars, gas and dust in star-forming galaxies at cosmic noon



RA: 150° 14' 32.2352"
2 DEC: 2° 19'41.4616" 24
1 1
S >
3 0
s @ >
< )
-1 1
2 Y
FWHM ~ 0.19"
20 0 0.0 O.I!
e’/s A (arcsec) A (arcsec) Density
-1 0 2 7‘2 -1 0 1 2

1
0 - - . - - 0.0
)
Q 207 0.1

Figure 3.8: From point-source to PSF. Left: The map displays the source used to create the PSF in a
logarithmic colour scale. The left and bottom panels shows the profile through the pixel of the highest
value. The annotated coordinates are the coordinates of the centre of the map. Right: The map displays
the PSF created from the left figure. The annotated FWHM along each axis are calculated by fitting a two-
dimensional Gaussian to the map. The right and bottom panel shows the profile through the highest value
pixel in black and the profile of the fitted two-dimensional Gaussian in red. The annotated angle describes
the position angle of the fitted two-dimensional Gaussian counterclockwise from the positive x-axis.
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the original discrete representation.

3.2.2.3 ALMA Images
Our ALMA images are single observation images, that contain a map where every pixel is repre-

sented by the velocity integrated flux density per beam. Consequently, an AB magnitude zero-point
cannot be simply constructed to allow GALFIT to appropriately calculate the brightness.

For the ALMA maps we start by modelling the synthetic beam. Essentially, for each image we
have the FWHM of the beam semi-major and semi-minor axis, and the position angle of the beam
with respect to celestial north. We model the beam as a multivariate Normal distribution using
that,

FWHM = 2,/(2In2)0o. (3.9)

Additionally, we centre the map according to the requirements of GALFIT. We use the resulting
map as fpsr in eq. (3.5). Additionally, we apply a crop to our data image, such that the width of
the image is ~ 20 times the FWHM of the beam semi-major axis. We use that map as fg,t, in eq.
(3.5). In Fig. 3.10 we show an example of a data map and a PSF map.

Next, we construct a noise pixel mask using an iterative approach. As for the HST images, we first
construct a segmentation map using SExtractor and apply a binary dilation to all non-zero pixels.
We invert the map to acquire a mask of all noise pixels. For all the noise pixels, we calculate the
global mean and standard deviation. We then recompute the segmentation map, inputting the mean
and standard deviation as the lower limit for source detection. Finally, we apply a binary dilation
and invert the map to get the noise pixel mask.

Since we do not have a weight map for the ALMA data, we approximate the sigma image as a
flat image with a value of the standard deviation of the noise pixel distribution. Additionally,
we can construct the mask from the created segmentation map, by deselecting the source in the
segmentation map, selecting all non-zero pixels and then inverting the map. With that in mind,
we have all the input that we need to run GALFIT. Finally, we must estimate the parameters of the
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Figure 3.9: Average residuals between the analytical parameters of noisy synthetic 2D Sérsic models and the
parameters recovered from fitting with GALFIT with different realisations of smoothed PSFs, for different
size and noise realisations. The smoothing factor indicates the amount of pixels used by the median filter to
smooth the binary mask which selects the pixels of the point source that goes into the discrete representation
PSF.

analytical model, to get a good fit.

Instead of estimating the brightness of our source, we instead create a fake magnitude zero-point.
Essentially, GALFIT only fits sources if the brightness of the source is < 30 mag,, S0 we construct
a zero-point that will make GALFIT fit the brightness to ~ 25mag. By selecting the source in the
segmentation map we create a binary mask of the source. We smooth that mask using a median
filter, to avoid rough edges. We select all pixels in fg,¢, within the mask, and sum them. Then we
calculate the fake zero-point in the following way,

ZPgke = 25 + 2.5logy (Z source pixels) . (3.10)

For the remaining parameters of the Sérsic model, we estimate them in the same way we did for
the HST models.

3.2.3 Fitting

When fitting our sources we simply run GALFIT with the previously defined input and parameter
estimates, corresponding to fitting seven free parameters. We then calculate a normalised residual
map in the following way,

Jresiduals (7, y) = M (3.11)
fdata

We visually inspect the map, to ensure that the fit is good. If not, we fix model parameters to better
estimates, re-fit, and retrieve updates for the remaining parameters from the fitting. We iteratively
apply this approach until we reach a solution that represents a good fit.
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Figure 3.10: Input for GALFIT for the CO(3-2) emission line for target 22 of our sample. Note that the scale
of the two images are different. Left: The cropped map representing fyai, in eq. (3.5). Right: The synthetic
beam representing fpsr in eq. (3.5)

Since in some cases, there are systematic residuals in the central regions for HST maps, we add an
unresolved co-spatial bulge with r. < opsp, n = 4, b/a = 1 and § = 0. Consequently, we add a
single free parameter, the brightness of the unresolved co-spatial bulge, to the model. We fit that
model and extract the x2. Finally, we perform an F-test for additional parameters, to investigate
whether the surface brightness profile is statistically better represented with a co-spatial unresolved
bulge. We discuss the F-test for additional parameters in detail in sec. 3.3. Moreover, we adopt a
99.9% significance level for discarding the null-hypothesis.

For ALMA maps we additionally lock the Sérsic index to n = 1/2, corresponding to fitting a 2D
Gaussian, and re-fit the map. Again, we perform an F-test for additional parameters, to investigate
whether we have the resolution to properly model the shape of the surface brightness profile.

3.3 F-test for Additional Parameters

When carrying out the fitting of analytical surface brightness models to the data maps, it will be of
interest whether or not it is statistically significant to fix a model parameter or add another model
to the fit. However, since the degree of freedom changes between the two fits, the x2’s cannot be
directly compared. Instead, we will carry out an F-test for additional parameters.

The F-test for additional parameters is based upon the fact that the ratio, f, of two x2 distributed
statistics follows an F-distribution (Bevington and Robinson 2003, ch. 11.4).

f= X%/Ul
X%/Uz’

(3.12)

where X? is the 2 statistic of distribution i with a degree of freedom of v;. The ratio f follows the
F-distribution, which has a probability density function,

T [(v1 +02) /2] (m)“l/ S G
[ (01/2) T (v2/2) \v2 (1 + foy Jvg) /2 ortee)”

py (fiv1,v2) = (3.13)

In turn, the probability of getting a value of F' or above from the null-hypothesis is given by,
[e.e]
Pe (Fiovw) = [y (fron o) df. (3.14
F
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Due to the nature of the y? distribution, one can form a new 2 distribution by taking the difference
between two other x? distributions (Bevington and Robinson 2003, ch.11.4). So, if one fits a data
map for which the fit has a degree of freedom v. The goodness of fit can then be described as x2(v).
Next, if k free parameters are added to the fit, then the degree of freedom for that fitis v, = v — k
and the goodness of fit can be designated as x%(v — k) = x2(vx). Because of the additive nature
of %2 distributions, the difference between those distribution yields a x? distribution with a degree
of freedom k.

X2 (k) = x*(v) = x* () (3.15)

From that distribution, we can construct a null-hypothesis that states that the k£ added free param-
eters should be zero, corresponding to the fact that they should not be added. This is done by
calculating the F-distributed ratio,

2(k)/k
F, = xé(ik%vk (3.16)
0RW) — X — k) Jk
= vk k) G147

which allows us to calculate the probability for which the null-hypothesis cannot be rejected by
substituting ' = F,, v; = k and v = v — k into eq. (3.14). However, in practice, it can be
difficult to calculate this statistic when a large v, is involved, which is the case for data maps that
has thousands of pixels. Instead, critical F-values are pre-calculated for different realisations of
Pr, v1 and v5. In this theses, we use tables and figures from Appendix C.5 in Bevington and
Robinson (2003) to evaluate whether or not a computed F; means that we can reject the null-
hypothesis. In essence, if the computed F), is larger than the critical F'-value, the probability of
getting [, is lower than the probability, P, associated with the critical F'-value, meaning that the
null-hypothesis can be rejected with a significance level of 1 — Pr
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4 Results & Discussion

In this chapter we present the results of our analysis. For detailed results of every target galaxy,
we refer to Appendix C. We first present an indicative case, by displaying the results of the SED
and morphological fitting for target 22.

4.1 Indicative case

This section will present results of the analysis of source 22. Using STARDUST, we fit the pho-
tometry of the source using the stellar- and dust templates. The result of the fitting is illustrated
in Fig. 4.1. As a result of the fitting, we get the SFR and stellar mass of 294 + 38 Mo/yr and

103

—— Total
107 4 |D 22 = Stellar
{ P Dust

102 101 100 10! 102 103 104 10°
Aobs [um]

Figure 4.1: The SED of source 22 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 30 upper
limits of observations with SNR< 3 or non-detections.

log;y M+/Mz = 11.3 £ 0.11 respectively.

Using the relations describing the SFR of MSG from Schreiber et al. (2015), we can calculate the
empirical SFR that a galaxy of this stellar mass and redshift would have, given that it is a main
sequence galaxy.

SFRys = 346 + 166 Mo /yr (4.1)

The uncertainties of the empirical MS SFR are primarily driven by the uncertainties of the param-
eterisation of the MS relation. Now, we can calculate the deviation from the main sequence, AMS,
which simply describes the ratio of the measured SFR to the empirical MS SFR.

AMS = SFR/sFRys (4.2)
AMS = 0.85 £ 0.4 (4.3)

Given the true scatter of the SFR-M,, relation of 0.3 dex, corresponding to a 0.5 < AMS < 2, the
galaxy is designated as a MSG.
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Figure 4.2: The results of fitting with GALFIT. Data: A cutout of the source. The colour scale for the Data,
Model and Mask panels are defined from this map, using a linear scale. The direction towards celestial north
and east are displayed by the arrows. An approximation of the FWHM of the PSF is displayed in the inset at
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.

For source 22, we fitted the HST F160w map, corresponding to an observed wavelength of 1.544pum.
Consequently, we are investigating the spatial structure of the bulk of the stars in the galaxy. Fig.
4.2 illustrates the results of fitting, and compares the model to the original data.

The parameters extracted from the fit can be found in the tables of section 4.3. Here, we highlight
that the fitted effective radius of the disk r. = 0.23” 4= 0.014” and the fitted Sérsic index of the
disk is n = 2.22 4 0.28. Next, we want to compare the size of the bulk of the stars with the size
of the gas and dust.

In Fig. 4.3 we present the results of modelling the surface brightness profile of the image of the
CO(3-2) emission line for target 22. The parameters extracted from the fit can be found in the
tables of section 4.3. Here, we highlight that the fitted effective radius is r. = 0.44” 4+ 0.021”
and the fitted Sérsic index is n = 2.99 4 0.16. Thus, the ratio of the effective radius of the stellar
emission, to that of the gas emission line tracer, is ~ 0.5. Additionally, from the Sérsic indices,
we find that the stellar component is more disky than the molecular gas.

In the remainder of this chapter, we will focus on the trends of the sample as a whole. We will start
by presenting the results of the SED-fitting, and classify our galaxies according to the MS relation.

4.2 SED-Fitting

The stellar masses and SFRs derived with STARDUST are presented in Tbl. 4.1. For all galaxies
in the table, except target 25, we have enough photometric data to constrain the stellar masses.
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Figure 4.3: The results of fitting the CO(3-2) ALMA map for source 20 with GALFIT. Data: A cutout of
the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a linear
scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the beam
is displayed in inset in the lower right corner. Mask: Masked out sources and dead pixels are displayed
in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel in blue.
Contours of the Model panel in black. Contour levels start at 3oy, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.

Additionally, we calculate the empirical SFR of MSGs for each derived stellar mass and spectro-
scopic redshift. In turn, we can calculate the deviation from the MS, AMS, for each target. We
also present those results in Tbl. 4.1.

Table 4.1: Global galaxy parameters derived from SED fitting.

SED fitting Schreiber et al. (2015)

1D Stellar mass SFR MS SFR AMS
[logio Mo]  [Mo/yr] [Mo/yr]

1 10.2+ 0.11 8+ 1 9+ 3 0.86+ 0.3
2 10.8+ 0.11 28 3 23+ 11 1.23+ 0.6
3 10.6+ 0.11 281+ 6 42+ 14 6.68+ 2.2
4* 11.1£ 0.11 54+ 8 96+ 45 0.56+ 0.3
5* 10.5+ 0.11 59+ 2 40+ 13 1.49+ 0.5
6* 10.8+ 0.11 53+ 4 66+ 24 0.80+ 0.3
7 10.8+ 0.11 51+ 1 65+ 24 0.79+ 0.3
8* 11.0+ 0.11 31+ 5 87+ 37 036+ 0.2
9* 10.6+ 0.11 20+ 4 46+ 15 043+ 0.2
10 10.7+ 0.11 229+ 6 55+ 19 413+ 1.4
13t 11.1+ 0.11 220+ 28 164+ 69 1.34+ 0.6

14f 10.8+ 0.11 441+ 78 102+ 35 432+ 1.7
15% 11.3+ 0.11 1350+ 137 282+ 136 478+ 2.3
16 11.1£ 0.11 1870+ 111 215+ 88 8.72+ 3.6
17 11.2+ 0.11 3480+ 141 265+ 115 13.12+ 5.7
18 11.1+ 0.11 1760+ 1010 243+ 100 726+ 5.1
191 10.8+ 0.11 379+ 15 132+ 46 2.86+ 1.0
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Table 4.1 continued from previous page

SED fitting Schreiber et al. (2015)
1D Stellar mass SFR MS SFR AMS
[logio Mo ] [Mo/yr] [Mo/yr]
20t 114+ 0.11 128+ 170 380+ 196 0.34+ 0.5

22f 11.3+ 0.11 294+ 38 346+ 166 0.85+ 0.4
24 10.8+ 0.11 804+ 313 155+ 57 5.18+ 2.8
25 4370+ 51

261 12.1+ 0.11 887+ 32 1161+ 986 0.76+ 0.6
271 10.7+ 0.11 276+ 13 125+ 50 220+ 0.9
29 11.0+ 0.11 983+ 20 306+ 112 321+ 1.2
30 11.0+ 0.11 2150+ 35 285+ 105 7.54+ 2.8

The empirical SFRs of main sequence galaxies, MS SFR, are cal-
culated using the fitted stellar mass and the MS parameterisation
in Schreiber et al. (2015). The uncertainties of the MS SFRs and
the deviation from the main sequence, AMS, are primarily driven
by the uncertainties of the parameterisation of the MS relation.

T DLO7 templates are constrained to match MS galaxies.

¥ DLO7 templates are constrained to match SB galaxies.

* SFRs are estimated from the optical photometry.

25 We only had upper limits for the optical photometry for this target,
and consequently could not fit the stellar mass.

For targets 11, 21 and 25, photometric data were not publicly available. For these, we supplement
our sample with stellar masses and SFRs from the literature in Tbl. 4.2. Note that we have corrected
for any difference in redshift and assumed cosmology between the literature and this work, such

that,
2
M* = M, (D o (ZtW)> (1 + Zl”) : (4.4)

Dlﬁ(zlit) 1+ 2w

where M* is the stellar mass, D’ is the luminosity distance, z is the redshift, the “tw” subscript
refers to this work, and the “lit” subscript refers to the literature.

Table 4.2: Stellar masses and SFRs adopted from literature.

Literature Schreiber et al. (2015)
ID Reference Stellar mass SFR MS SFR AMS
[log;o Mo ] [Mo/yr] [Mo/yr]

11 Noble etal. (2017)  10.80 + 0.11 174 £ 78 74+ 24 23 £ 13
21 Xiao et al. (2022) 11.30 £ 0.15 300 + 179 354 + 181 0.8 + 0.7
25 Leungetal. (2019) 11.86 £ 0.36 911 + 659 4.8 £ 3.5

The empirical SFRs of main sequence galaxies, MS SFR, are calculated using the fitted
stellar mass and the MS parameterisation in Schreiber et al. (2015). The uncertainties of
the MS SFRs and the deviation from the main sequence, AMS, are primarily driven by the
uncertainties of the parameterisation of the MS relation.

25 The SFR of this target is given in Tbl. 4.1.

For targets 12 and 28 we could not find stellar masses and SFRs and consequently, we exclude
them from our sample in this section. We also compare our derived global parameters to those in
the literature, to investigate whether there is any systemic bias. We present those results in Fig.
4.4. When needed, we have converted the results to the Chabrier (2003) IMF using the conversion
factors described in Madau and Dickinson (2014) Sec. 3.1. It is evident from Fig. 4.4 that there’s
no systemic bias in our results with respect to those from the literature. The scatter observed
between the global parameterisations of this work and global parameterisations of the literature
can be attributed to different photometric data and SED fitting techniques.

Now, we can finally classify our targets according to the MS. In Fig. 4.5 we present visualisations
of our targets with respect to the MS for the parameterisations of Schreiber et al. (2015).
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Figure 4.4: Comparing fitted global galaxy parameters to values from the literature. The full line indicates
the 1-1 relation. The dashed line indicates an offset of factor two. The dashed and dotted line indicates an
offset of factor ten.
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References to literature values: Straatman et al. (2016): 1, 13. Liu et al. (2019): 2, 3, 10. Hayashi et al. (2018): 4, 5, 6,
7,8,9. Noble et al. (2017): 11. Bolatto et al. (2015): 14. Fu et al. (2013): 15, 16. Ivison et al. (2013): 17, 18. Xiao
etal. (2022): 19, 20, 21, 22. Cassata et al. (2020): 24, 29, 30. Leung et al. (2019): 25. Umehata et al. (2017): 26, 27.

In this thesis, following the approach of Rodighiero et al. (2011), we only classify galaxies as
SBGs, if they are above 0.6 dex of the MS relation, corresponding to a SFR of ~ 4 times the
expected empirical SFR of a MSG.

We classify targets 3, 10, 14, 15, 16, 17, 18, 24, 25 and 30, corresponding to ~ 37% of our sample,
as SBGs. Of those, 3/5 are merger systems. The rest of our sample is classified as MSGs. Of those,
targets 1, 2,4, 5, 6, 7, 8, 13, 21, 22 and 26, corresponding to ~ 41% of our sample, fall within
the observed 0.3 dex scatter of the MS. Furthermore, /s of them are merger systems. Moreover,
targets 11, 19, 27 and 29, corresponding to ~ 15%, fall within the [ 0.3 dex, 0.6 dex | scatter range.
Interestingly, 3/4 of these targets are mergers. Lastly, targets 9 and 20 fall below the 0.3 dex scatter
of the MS. None of those are merger systems.

As described in sec. 1.7.1, SBGs has been theorised to be related to stochastic processes like major
mergers, where the compression of the gas content of the galaxies, result in an intense period of SF
(e.g. Silverman et al. 2015, Cibinel et al. 2019). In our sample, we conclude that 3/5 of SBGs are
related to merger events. In our limited sample we find 3 galaxies above the MS that does not have
significant enough SF to be classified as SB galaxies, but they are all merger events. Additionally,
2 of our 12 MS galaxies are merger systems. If large merger events always cause SB periods, then
we find that ~ 19% of our sample corresponds to galaxies transitioning into or away from a SB
period.

4.3 Surface brightness profiles

We’ve fitted all the available data maps with GALFIT. For completeness, we first present the fitted

centres in Tbl. 4.3. Previous studies have noticed that there are sometimes offsets between the dust
continuum and stellar emission, causing issues with the energy balance assumption employed by

some SED fitting techniques (e.g. Chen et al. 2017, Calistro Rivera et al. 2018). However, since
STARDUST does not work under that assumption, we do not investigate our results further.
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Figure 4.5: Overview of the SFR-M, relation for the targets in our sample, where the MS, illustrated as
a thick full line, is parameterised by the relation in Schreiber et al. (2015). The dashed line indicates the
observed 0.3 dex scatter, and the dashed and dotted line indicates the 0.6 dex scatter that we use for SB
classification. Dots are used for non-merging targets and squares are used for merger systems, as identified
from the kinematic analysis in Rizzo et al. (In preparation).

Table 4.3: Centres of models fitted with GALFIT in the ICRS coordinate system. Values are presented in the
unit of degrees and uncertainties are presented in the unit of arcseconds.

50

R.A.
[o + ”}

DEC.
[o :t ”}

1D Target

1 CO(2-1)
1 F160w

2 CO(3-2)
2f F8l4w

3 CO(5-4)
3 Continuum
3 F814w

4 CO(2-1)
4 F160w

5 CO(2-1)
5 F160w

6 CO(2-1)
6 F160w

7 CO(2-1)
8 CO(2-1)
8 F160w

9 CO(2-1)
9 F160w
10 CO(2-1)
10 F160w
11 CO(2-1)
11 F160w
12 CO(2-1)
12 F160w
13 CI(2-1)
13 F160w
13 Continuum
14 CI(1-0)
14 F140w
14 CO(4-3)
14 Continuum
15 CI(2-1)
15 Continuum
15 Briggs
15 Fl110w
16 CI(2-1)
16  Continuum
16 Briggs
16 Fl110w
17 CI(1-0)

17 Continuum

53.08206190+ 0.0031
53.08203653+ 0.0011
150.43185894+ 0.0016
150.43186398
149.98144023 + 0.0008
149.98144315+ 0.0009
149.98140023 + 0.0018
333.99393973 + 0.0025
333.99392301 + 0.0034
333.98854464 + 0.0034
333.98849267+ 0.0042
333.99269262 + 0.0043
333.99263481 + 0.0024
333.99235290+ 0.0036
333.99881727+ 0.0031
333.99878982+ 0.0032
333.99910536+ 0.0058
333.99910593 + 0.0087
149.79819061 + 0.0025
149.79817247 + 0.0044
36.44192856+ 0.0051
36.44190950+ 0.0020
36.43974416+ 0.0048
36.43969502 = 0.0064
150.07595343 + 0.0035
150.07598155+ 0.0027
150.07595603 + 0.0024
356.53932526+ 0.0015
356.53929997+ 0.0034
356.53933174+ 0.0006
356.53932951+ 0.0015
35.06939347+ 0.0008
35.06937953 + 0.0003
35.06939363 = 0.0005
35.06936771+ 0.0069
35.06907520+ 0.0011
35.06906145+ 0.0005
35.06907309 = 0.0008
35.06908825+ 0.0075
132.38995557+ 0.0029
132.38995373 + 0.0007

-27.83993020+ 0.0026
-27.83993796 + 0.0006
2.80260681 + 0.0022
2.80262180
2.25320137+ 0.0007
2.25319923 + 0.0008
2.25317525+ 0.0011
-17.62990542 + 0.0020
-17.62987443 + 0.0042
-17.63150585+ 0.0025
-17.63147795 + 0.0049
-17.63951902 + 0.0038
-17.63951386+ 0.0029
-17.63738673 + 0.0027
-17.63307444+ 0.0027
-17.63303131+ 0.0039
-17.63800002 + 0.0034
-17.63796256 + 0.0070
2.39006221 + 0.0024
2.39007875+ 0.0035
-3.92439517+ 0.0054
-3.92439454+ 0.0019
-3.92887820+ 0.0046
-3.92885703 + 0.0053
221179188+ 0.0043
2.21180849+ 0.0032
221180768+ 0.0018
12.82201451 + 0.0020
12.82195522 + 0.0056
12.82200795 + 0.0009
12.82201177+ 0.0016
-6.02832257+ 0.0017
-6.02830395+ 0.0005
-6.02831268+ 0.0008
-6.02825890+ 0.0226
-6.02905929+ 0.0017
-6.02905388 + 0.0006
-6.02906587+ 0.0010
-6.02928764 + 0.0105
2.24572996 + 0.0024
2.24573820+ 0.0008
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Table 4.3 continued from previous page

ID

Target

R.A.
[o + ”}

DEC.
[o :l: ”}

17
18
18
19
19
19
20
20
21
21
22
22
24
24
24
25
25
26
26
27
27
27
28
28
29
29
30
30

Fl110w
CI(1-0)
Continuum
CO(3-2)
Continuum
F160w
CO(3-2)
F160w
CO(3-2)
F160w
CO(3-2)
F160w
CO(5-4)
F160w
Continuum
Ccl
Continuum
CO(3-2)
Continuum
CO(3-2)
Continuum
F160w
CO(3-2)
Continuum
CO(5-4)
Continuum
CO(5-4)
Continuum

132.38994031 + 0.0083
132.38730555+ 0.0030
132.38728471 + 0.0026
150.23727173 + 0.0013
150.23730403 + 0.0065
150.23728234+ 0.0139
150.23691250+ 0.0031
150.23691409+ 0.0016
150.23916140+ 0.0076
150.23918039+ 0.0030
150.23986787+ 0.0022
150.23985529+ 0.0032
150.33139722+ 0.0011
150.33138240+ 0.0102
150.33138634 + 0.0024
36.44934291+ 0.0012
36.44934022+ 0.0010
334.38506904 + 0.0054
334.38505634+ 0.0021
334.38416592+ 0.0021
334.38416553 + 0.0030
334.38413992+ 0.0091
334.38121335+ 0.0050
334.38117902= 0.0141
149.87724904 + 0.0011
149.87723284 + 0.0012
150.27828889+ 0.0013
150.27826143 + 0.0017

2.24576504 = 0.0081
2.24437646+ 0.0019
2.24433583 + 0.0017
2.33813759+ 0.0014
2.33816261+ 0.0055
2.33817340+ 0.0119
2.33576711+ 0.0024
2.33578037+ 0.0019
2.33630530+ 0.0052
2.33639082+ 0.0027
2.33644111+ 0.0017
2.33646850+ 0.0033
2.16239302+ 0.0010
2.16233445+ 0.0049
2.16239439+ 0.0019
-4.29747788+ 0.0012
-4.29747578 + 0.0006
0.29550681 + 0.0022
0.29550362+ 0.0018
0.29321710+ 0.0035
0.29323772+ 0.0029
0.29321409+ 0.0154
0.29946161+ 0.0018
0.29946440+ 0.0039
2.28386801 + 0.0009
2.28387692+ 0.0009
2.25884715+ 0.0013
2.25885470+ 0.0023

T Fitted with fixed centre.
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In Tbls. 4.4 and 4.5 we show the best-fit parameters obtained by fitting HST and ALMA maps
using GALFIT.

Table 4.4: Sérsic surface brightness profiles fitted to HST maps.

1D Target ~ Component Magnitude Effective radius  Sérsic index Axes ratio Position angle
[AB] ("] [°]
1 F160w Bulgef 22.99+ 0.040
1 F160w Disk 19.93+ 0.003 0.71 £ 0.002 0.86+ 0.01  0.57+ 0.002 73.5+ 0.2
2 F814w System 21.17+ 0.009 0.58+ 0.007 127+ 0.02  0.43+ 0.003 373+ 03
3 F814w System 22.89+ 0.022 0.33+ 0.012 231+ 0.10 0.47+ 0.010 614+ 0.9
4 F160w System 21.63+ 0.030 0.50+ 0.020 1.46+ 0.07  0.73+ 0.016 154+ 2.6
5 F160w System 21.69+ 0.025 0.48+ 0.016 125+ 0.06  0.85+ 0.017 1.8+ 49
6 F160w System 21.94+ 0.019 0.33+ 0.008 126+ 0.08 0.71+ 0.018 36.0+ 2.5
8 F160w System 21.49+ 0.035 0.56+ 0.027 1.61+ 0.08  0.75+ 0.017 284+ 2.9
9 F160w System 22.57+ 0.042 0.52+ 0.029 1.04+ 0.08  0.65+ 0.027 525+ 3.6
10 F160w System 21.41+ 0.032 0.25+ 0.010 1.56+ 0.17  0.68+ 0.030 -76.8+ 4.0
11 F160w Bulge’ 22.56+ 0.020
11 F160w Disk 21.15+ 0.012 0.74 % 0.009 0.58+ 0.03  0.88+ 0.014 672+ 3.8
12 F160w Bulgef 24.82+ 0.149
12 F160w Disk 21.17+ 0.046 1.07+ 0.041 1.13+£ 0.07  0.78+ 0.015 76.1% 2.6
13 F160w System 21.71+ 0.130 1.14+ 0.211 3.57+ 035  0.83+ 0.014 159+ 4.4
14 F140w System 22.16+ 0.010 0.57 = 0.007 0.49+ 0.02  0.56+ 0.006 14.0+ 0.8
15 Fllow System 22.98+ 0.050 0.52+ 0.030 0.50 0.19+ 0.018 168+ 1.4
163 Fllow System 22.13+ 0.102 0.88+ 0.126 4.00 0.40+ 0.044 -6.9+ 3.3
17*  Fll0w System 21.80+ 0.018 0.03 0.50 1.00 0.0

19 F160w System 23.55+ 0.083  0.80% 0.075 1.19+ 0.13  0.63+ 0.035  -49.8+ 4.2
20 F160w Bulge’ 23.88+ 0.052

20 F160w Disk 22,16+ 0.176 138+ 0.293 290+ 0.61 070+ 0.018  -259+ 2.1
21 F160w Bulgef 23.69+ 0.274
21 F160w Disk 22,62+ 0243 155+ 0375 1.90+ 0.51  0.67+ 0.024 82.0

22 F160w System 23.70+ 0.041 0.23+ 0.014 222+ 0.28 0.86+ 0.041 13.6+ 11.4
24 F160w System 22.98+ 0.023 0.47+ 0.016 0.62+ 0.07 0.37+ 0.013 =737+ 1.3
27 F160w System 23.92+ 0.046 0.48+ 0.032 0.86+ 0.11 0.50+ 0.027 -5.7+ 3.1

Position angle is measured counterclockwise from celestial north.
Effective radius is measured along the semi-major axis.
16 Rizzo et al. (in preparation) finds that this is two separate galaxies that are interacting. We only fit the southern.
T Unresolved co-spatial bulge fitted with re < opsp, n = 4,8/a = 1and 6 = 0.
¥ Fitted with fixed n = 1/2 due to the fact that n — 0 in the fit.
 Fitted with fixed n = 4 due to the fact that n — oo in the fit.
* Unresolved source fitted with r. < opsp, n = 0.5, 8/a = 1 and § = 0.

Table 4.5: Sérsic surface brightness profiles fitted to ALMA maps.

ID Target Effective radius ~ Sérsic index Axes ratio Position angle

1 CO(2-1) 0.83+ 0.015 1.35+£ 0.03  0.62+ 0.007 45.59+ 0.89
2 CO(3-2) 0.23+ 0.004 0.67+ 0.04  0.64= 0.011 24.54+ 1.50
3 CO(5-4) 0.23+ 0.004 1.52+ 0.03  0.87=+ 0.008 -48.08+ 2.54
3 Continuum 0.14+ 0.003 1.59+ 0.06  0.93+ 0.017 -14.19+ 7.77
4 CO(2-1) 0.25+ 0.005 1.71+ 0.12  0.99=+ 0.024 27.14+ 54.34
5 CO(2-1) 0.38+ 0.010 1.44+ 0.07 0.77+ 0.016 -58.79+ 2.94
6 CO(2-1) 0.58+ 0.071 4.08+ 0.50  0.58=+ 0.032 2797+ 2.70
7 CO(2-1) 0.26+ 0.006 0.81+ 0.09 0.80+ 0.019 -74.16 + 4.15
8 CO(2-1) 0.48+ 0.008 1.14+ 0.03  0.83+ 0.012 49.24+ 2.75
9 CO(2-1) 0.53+ 0.021 1.55+ 0.10  0.50+ 0.015 -68.57+ 1.42
10 CO(2-1) 1.08+ 0.032 2.18+ 0.05  0.93+ 0.011 5191+ 6.12
11 CO(2-1) 0.89+ 0.024 141+ 0.04 0.88+ 0.015 -10.08 £ 4.85
12 CO(2-1) 0.57+ 0.014 1.01+ 0.05 0.92=+ 0.019 16.18+ 9.36

13 CI(2-1) 0.43+ 0.006 0.53+ 0.02  0.79+ 0.009 1.29+ 2.17
13 Continuum 0.41+ 0.006 0.89+ 0.02  0.71+ 0.007 60.28+ 1.30
14 CI(1-0) 0.20+ 0.005 098+ 0.04 0.76+ 0.013 -23.36+ 2.77
14 CO®4-3) 0.29+ 0.004 1.51+ 0.02  0.67=+ 0.006 9.78+ 0.77
14 Continuum 0.29 220+ 0.07  0.97+ 0.029 35.22+ 30.00
15 CI(2-1) 0.31+ 0.004 1.00+ 0.03  0.25=+ 0.005 11.94+ 0.30
15 Continuum 0.25+ 0.001 0.94+ 0.02  0.29+ 0.003 15.83+ 0.15
16 CI(2-1) 0.47+ 0.017 247+ 0.09 037+ 0.007 -1.14+ 0.53
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Table 4.5 continued from previous page

1D Target Effective radius  Sérsic index Axes ratio Position angle

16 Continuum 0.44+ 0.011 4.25+ 0.10  0.40= 0.005 -0.90+ 0.32

17 CI(1-0) 0.35+ 0.005 0.68+ 0.02  0.85+ 0.009 -75.60+ 3.15
17 Continuum 0.20+ 0.003 1.86+ 0.06  0.71= 0.011 521+ 1.38
18 CI(1-0) 0.52+ 0.008 0.82+ 0.02  0.46=+ 0.005 5531+ 0.54

18 Continuum 0.33+ 0.009 1.24+ 0.05 0.48+ 0.011 53.98+ 1.06
19 CO(3-2) 0.49+ 0.018 3.13+£ 0.12  0.65+ 0.012 -8.39+ 1.24
19f  Continuum 0.49 2.17+ 0.25 0.65 -42.40+ 3.84
20 CO(3-2) 0.34+ 0.006 0.72+ 0.04  0.76+ 0.011 -66.76 £ 2.16
21 CO(3-2) 0.57+ 0.012 0.66+ 0.03  0.66+ 0.011 88.28+ 1.79
22 CO(3-2) 0.44+ 0.021 299+ 0.16  0.66+ 0.015 83.40+ 1.72
24 CO(5-4) 0.26+ 0.007 1.77+ 0.06 0.78+ 0.014 35.84+ 2.57
24 Continuum 0.15+ 0.006 1.88+ 0.25  0.65+ 0.034 67.72+ 3.74
25 CII 0.45+ 0.002 0.54+ 0.01 0.84+ 0.004 4248+ 1.13
25 Continuum 0.32+ 0.002 0.60+ 0.01 0.58+ 0.002 77.08+ 0.32
26 CO(3-2) 0.66+ 0.011 0.82+ 0.03  0.34+ 0.004 84.48+ 0.44
26 Continuum 0.43+ 0.055 436+ 042  0.63+ 0.027 80.40+ 2.63
27 CO(3-2) 0.26+ 0.007 1.00+ 0.07 0.43+ 0.015 11.82+ 1.22
27 Continuum 0.79+ 0.524 875+ 2.76  0.51+ 0.051 -59.74+ 3.96
28t CO(3-2) 0.40+ 0.006 0.50 0.23+ 0.007 75.38+ 0.48
28" Continuum 047+ 0.017 0.50 0.18+ 0.012 89.48+ 0.84
29 CO(5-4) 0.19+ 0.007 2.59+ 0.16  0.80+ 0.017 -51.10+ 3.29
29 Continuum 0.11+ 0.003 1.81+ 0.22  0.69+ 0.022 -45.73+ 2.98
30 CO(5-4) 0.36+ 0.005 1.22+ 0.03  0.42+ 0.005 -40.85+ 0.46
30f  Continuum 0.36 147+ 0.07 0.38+ 0.010 -32.41+ 0.75

Position angle is measured counterclockwise from celestial north.
Effective radius is measured along the semi-major axis.

16 Rizzo et al. (in preparation) finds that this is two separate galaxies that are interacting.
We only fit the southern galaxy.

T Fitted with fixed n = 1/2 due to the fact that n — 0 in the fit.

¥ Source is barely resolved.

As discussed in sec. 3.2.1, we note that the formal uncertainties reported by GALFIT and presented
in Tbl. 4.3, 4.4 and 4.5 are underestimated.

4.4 Discussion

Finally, we compare our results to recent findings in the literature. In sec. 1.7.3 we discussed that
recent observations and simulations of high redshift galaxies have compact molecular reservoirs.
Additionally, we discussed that simulations predict that the dust continuum traces ongoing star
formation, contrary to the assumption that it traces the molecular reservoirs.

Thus, we first compare our derived sizes of respective galaxy components. We adopt the approach
of circularising the effective radius (e.g. Ricciardelli et al. 2010, Smith et al. 2019).

Tgirc — r(siemi—major (b/a) (4‘5)
We present our results in Fig. 4.6, where we compare the stellar emission size to the gas line tracer
size, the stellar emission size to the dust continuum size and the gas line tracer size to the dust con-
tinuum size. To distinguish between the rest-frame targets of our observations, we plot rest-frame
NIR and optical observations of the stellar emission in red, and rest-frame NUV observations in
blue. Additionally, we plot low-J! gas line tracers with circles and high-J > with squares. Ad-

ditionally, we show merging systems, for which the analytical surface brightness profiles are not
physically meaningful, as transparent data points. To discuss the results, we define the following

1CO(1-0), CO(2-1), CO(3-2), CO(4-3), [CI](1-0), [CIT]
2CO(5-4), [CT](2-1)
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Figure 4.6: Comparison between derived circularised observed sizes of emission from the stellar ensem-
ble, dust continuum and gas lines. The stellar emission sizes are plotted in red, when targeting rest-frame
NIR/Optical and in blue when targeting rest-frame NUV. The gas line tracer emission sizes are plotted with
circles when corresponding to CO(1-0), CO(2-1), CO(3-2), CO(4-3), [CI](1-0) or [CII] and with squares
when corresponding to CO(5-4) and [CI](2-1). The 1-1 relation is illustrated as a full line. Transparent data
points correspond to merger systems, for which the surface brightness modelling is not physically meaning-
ful.

ratios,
Stellar emission 7
RZ = . < 4.6
¢ Gas line tracer 7, (4.6)
Stellar emission 7
= : € 4.7)
Dust continuum r,
Gas line tracer r
G _
Rp = . (4.8)

Dust continuum 7,

Additionally, we quantify the global ratios of our sample, of galaxies that are not classified as
merging systems (Rizzo et al. in preparation), using the median, and we denote them as R. For
uncertainties, we add in quadrature the 84" percentile and the weighted average of the errors for
the upper limit, and we add in quadrature the 16™ percentile and the weighted average of the errors
for the lower limit. The spread of the distribution is the primary driver of the uncertainties.

For our sample, we find that 7@% = 1.61%:%‘, meaning that the stellar emission is more extended

than the gas line tracer, with unity being within the uncertainties. Interestingly, we recover gas
line emission that is less extended, with respect to the stellar emission, than other recent empirical
studies (Calistro Rivera et al. 2018, Kaasinen et al. 2020). Calistro Rivera et al. (2018) find 7%% ~
1, where the gas line emission size is measured using CO(3-2), and Kaasinen et al. (2020) find
’/ég 2 1.4, also using CO(3-2) as a tracer for the gas. We have 15 targets for which we have
measurements of Rg Interestingly, for seven out of fifteen, we target CO(2-1), corresponding
to lower densities and kinetic temperatures than CO(3-2). Additionally, for five out of fifteen
we target the CO(3-2) line and for the remaining three, we target emission lines tracing higher
densities and kinetic temperatures than CO(3-2). As most of our sample targets gas emission
at lower densities and kinetic temperatures than CO(3-2), one would naturally assume that our
estimate of 7@% would also be biased to lower values than those targeting CO(3-2). However,
this is not the case. Therefore, we investigate the effects of targeting different gas conditions, by
splitting our sample into observations of CO(2-1) and CO(3-2) respectively. We find the following
result,
1.11792%  for CO(2-1)
RE = 2.077L99 for CO(3-2) (4.9)

2.451018  for CO(4-3), CO(5-4) and [CI](2-1)}
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Intuitively, we find that 7@% increases, when targeting higher densities and kinetic temperatures.
Additionally, we find a higher value of 7@% than the previously mentioned studies, when consid-
ering the same gas conditions (Calistro Rivera et al. (2018), Kaasinen et al. 2020). Consequently,
we show that the measurement of Rg is very sensitive to the conditions of the gas that the emis-
sion line traces. Additionally, we note that our observations of CO(3-2) are typically at higher
redshift than our observations of CO(2-1). Furthermore, we in general target shorter rest-frame
wavelengths of the stellar emission with increasing redshift (i.e. Fig. 2.1). One would assume that
the decrease of observed rest-frame stellar emission would similarly correspond to a decrease in the
observed stellar size, due to targeting fewer stars at higher stellar masses. However, a recent study
into simulated galaxies suggest that tracing shorter wavelengths® of the stellar emission will make
it appear to be more extended (Popping et al. 2021). Consequently, it is hard to evaluate how the
difference in the targeted rest-frame stellar emission affects our measurements of Rg Nonethe-
less, we do note that we have ALMA resolution that is ~ 4 times better than Calistro Rivera et al.
(2018) and ~ 3 times better than Kaasinen et al. (2020) at the given redshifts of their observations.
Additionally, we cover 15 targets, while those studies only cover 4 and 3 targets respectively.

For our sample, we find that 7%% = 1.111“8:28, meaning that we essentially recover that the size of
the emission coming from gas line tracers and the dust continuum respectively, are similar in size.
In turn, we find that the dust continuum is a robust tracer of the underlying molecular gas as traced
by emission lines.

Interestingly, recent results suggest that the dust continuum®* in general is less extended than the
molecular gas traced by CO(3-2) (Chen et al. 2017, Calistro Rivera et al. 2018 Kaasinen et al.
2020). Chen et al. (2017) find Rg ~ 4 — 6, Calistro Rivera et al. (2018) find ﬁg 2 2, and
Kaasinen et al. (2020) find 7%% ~ 1.4. For our results 4/9 of our data points are targeting the
same gas emission line tracer, CO(3-2), and the dust continuum at ~ 870pum. The remainder of
our data targets higher-J gas emission line tracers, corresponding to higher densities and kinetic
temperatures, and dust continuum at shorter wavelengths. More specifically, we target the dust
continuum at ~ 610—650um together with gas traced by CO(4-3) and [CI](1-0), ~ 430pum together
with CO(5-4), and 158um together with [CII]. Curiously, our highest values of R%, comes from
the observations at < 430pum, while our ~ 870pum dust continuum measurements together with our
CO(3-2) observations have R% ~ 1, meaning that the dust continuum size in general is comparable
to the gas line emission. That trend is in line with a recent study of simulated galaxies across the
cosmic noon (Cochrane et al. 2019). They find that when tracing further up the Rayleigh—Jeans
Tail of the dust continuum, the apparent size of the dust continuum decreases, which would make
RY increase. However, we also expect the molecular gas to appear more compact, when probing
higher densities and kinetic temperatures. But there might be a degeneracy between the decrease of
size across the gas and dust components, when moving to hotter dust and gas, such that the apparent
dust continuum size decreases more than the apparent gas emission line size, corresponding to the
increase in Rg.

Finally, in line with the above results, we find R?, = 1.6170-33, meaning that the stellar emission is

more extended than the dust continuum emission. In recent observations of high-redshift galaxies,
the dust continuum® has been shown to be more compact than the stellar emission (e.g. Calistro
Rivera et al. 2018, Tadaki et al. 2020, Kaasinen et al. 2020). Interestingly, Kaasinen et al. (2020)
find R7) > 2, Calistro Rivera et al. 2018 find R, > 2, and Tadaki et al. (2020) find R3, = 2.37]
While unity between our result and the results from the literature is within the uncertainties, we
do on average find a lower value of RS, corresponding to the fact that the dust continuum is

T Note that we only have a single measurement of R2. for each of the three cases.
3based on an observed wavelength of 1.6pum
4at 870pm, 250pm, 870pm respectively
Sat 250pum, 850pum, 870um respectively
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less extended, with respect to the stellar emission. We have two data points also targeting the
~ 870um dust continuum, and one data point each targeting ~ 650pm, ~ 430pum, ~ 370um dust
continuum respectively. As mentioned above, Cochrane et al. (2019) predicted that the apparent
dust continuum size would decrease when tracing shorter rest-frame wavelengths, so one would
naturally assume that we find higher values of ﬁ% than in the studies mentioned above. However,
as discussed above, we also in general target shorter rest-frame wavelengths of the stellar emission,
when targeting shorter rest-frame wavelengths of the dust continuum. Additionally, with only
five data points, we cannot identify any degeneracy between the decrease in apparent relative
size between the stellar emission and the dust continuum, caused by tracing shorter rest-frame
wavelengths.

Next, we investigate how our measurements of Rg for our sample correlate with redshift. We
present our results in Fig. 4.7. From visual inspection, it seems that there is a positive monotonic

10t
@ Low ) I NIR/Optical
W High ) I NUV
20
13 21
g L 2 + [)
S|% ° 12 14 [
als ) ¢ 27
= 5 19
o |Y ®9
[ 10° 5].
38 e °
% 1G] 1 11
1l 6*
nO
&
107! T T T
1 2 3
Redshift

Figure 4.7: Comparison between the observed circularised sizes of emission from the stellar ensemble and
gas emission line tracers across the cosmic noon. The stellar emission sizes are plotted in red, when targeting
rest-frame NIR/Optical and in blue when targeting rest-frame NUV. The gas line tracer emission sizes are
plotted with circles when corresponding to CO(1-0), CO(2-1), CO(3-2), CO(4-3), [CI](1-0) or [CII] and
with squares when corresponding to CO(5-4) or [CI](2-1). The 1-1 relation is illustrated as a full line.
Transparent data points correspond to merger systems, for which the surface brightness modelling is not
physically meaningful.

trend between Rg and redshift, meaning that the gas emission line appears to be more compact
with respect to the stellar emission, with increasing redshift across the cosmic noon. To quantify it,
we perform a MC simulation performing the Spearman’s rank order correlation in each iteration®.
For each R?, we draw values from a Normal distribution with a mean set by the derived Rg
value, and a standard deviation set by the uncertainty. From the analysis, we find a Spearman’s
rank order correlation of p = 0.6 4= 0.04 with a p-value of p = 0.02 £ 0.01. Consequently, we can
say with a 2 97% significance level, that there is a moderate positive monotonic relation between
Rg and redshift. This is in line with recent results suggesting that compactness of molecular gas
reservoirs increase with redshift due to cosmic inflows, in turn explaining why galaxies at cosmic
noon have enhanced SFRs with respect to present-day galaxies (e.g. Magnelli et al. 2020, Tadaki
et al. 2020). However, the relation might not correspond to a physical evolution. As discussed,
we showed that Rg is very sensitive to the conditions of the gas that is traced, and in general,
we trace higher densities and kinetic temperatures with increasing redshift. Additionally, we trace

SFor more information on the MC method and Spearman’s rank order correlation, we refer to Appendix D
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shorter rest-frame stellar emission at higher redshift, but as discussed above, we cannot concretely
measure how that affects our results. To gather concrete empirical evidence, future studies should
target the same rest-frame wavelength for both the stellar emission and dust continuum emission,
and the same conditions of the gas, with increasing redshift .

In sec. 1.7.1 we discussed that non-merging SBGs are associated with large cosmic inflows of gas
into the central region of the galaxy, in turn forming very compact SF regions. Additionally, we
discussed that SFR should increase with the compactness of the SF regions, for all SFGs. Thus,
we investigate the relation between our measured size ratios, and the deviation from the MS. We
present our results in Fig. 4.8, where we show the relation between the deviation from the MS,
AMS, with respect to R, R% and R% respectively. To distinguish between the rest-frame targets
of our observations, we plot rest-frame NIR and optical observations of the stellar emission in red,
and rest-frame NUV observations in blue. Additionally, we plot low-J7 gas line tracers with circles
and high-J® with squares. Moreover, we show merging systems, for which the analytical surface
brightness profiles are not likely to be physically meaningful, as transparent data points. At first
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Figure 4.8: Comparison between the observed circularised sizes of emission from the stellar ensemble,
gas emission line tracers and the dust continuum with respect to the deviation from the main sequence,
AMS. The stellar emission sizes are plotted in red, when targeting rest-frame NIR/Optical and in blue when
targeting rest-frame NUV. The gas line tracer emission sizes are plotted with circles when corresponding to
CO(1-0), CO(2-1), CO(3-2), CO(4-3), [CI](1-0) or [CII] and with squares when corresponding to CO(5-4)
or [CI](2-1). The 1-1 relations are illustrated as full lines. The 0.3 dex scatter is illustrated with a dashed
line. The 0.6 dex SB classification line is illustrated as a dashed and dotted line. Transparent data points
correspond to merger systems, for which the surface brightness modelling is not physically meaningful.

glance, there does not seem to be any meaningful correlations. To quantify this, we once again
calculate Spearman’s rank order correlation in a MC simulation. For the non-merging systems
in Fig. 4.8 from left to right, we find Spearman’s rank order correlation p-values of 0.6 4 0.2,
0.7 & 0.2 and 0.3 £ 0.3 respectively. Consequently, we do not find any significant statistical
correlations between the deviation from the MS and RZ,, R7 and R respectively.

In sec. 1.6, we discussed that we would expect different morphology of galaxy components. The
dissipative ISM is expected to be more disky, while the non-disspative stellar ensemble is expected
to have emission that is more bulgy. However, we do not find any trends of this in our results.
Moreover, if the compactness of the molecular reservoirs scale with enhanced SF, then we would
expect less disky emission from galaxies above the MS. We investigate that in Fig. 4.9, where
we compare the deviation of the main sequence, AMS, with the fitted Sérsic indices of our fitted
analytical surface brightness profiles. Interestingly, for our sample of non-merging galaxies, we
find Spearman’s rank order correlations p < 0, however, the p-values are 0.5 + 0.2, 0.3 + 0.2 and

7CO(1-0), CO(2-1), CO(3-2), CO(4-3), [CI](1-0) and [CII]
8CO(5-4) and [CI](2-1)
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Figure 4.9: Comparison between the Sérsic indices, n, of our fitted surface brightness profiles on emission
from the stellar ensemble, gas emission line tracers and the dust continuum with respect to the deviation from
the main sequence, AMS. The stellar emission is plotted in red, when targeting rest-frame NIR/Optical and in
blue when targeting rest-frame NUV. The gas line tracer emission is plotted with circles when corresponding
to CO(1-0), CO(2-1), CO(3-2), CO(4-3), [CI](1-0) or [CII] and with squares when corresponding to CO(5-4)
or [CI](2-1). The AMS = 1relation is illustrated as full lines. The 0.3 dex scatter is illustrated with a dashed
line. The 0.6 dex SB classification line is illustrated as a dashed and dotted line. Transparent data points
correspond to merger systems, for which the surface brightness modelling is not physically meaningful.

0.3 £ 0.3 respectively for the stellar emission, gas emission line tracer and dust continuum with
respect to the deviation from the MS. Thus, we once again find no statistical significant correlations

for our sample of non-merging galaxies.

58

Investigating the morphologies of stars, gas and dust in star-forming galaxies at cosmic noon



5 Conclusion

In this thesis, we investigated the morphologies of stars, gas and dust in a sample of 30 star-forming
galaxies at cosmic noon (0.5 < z < 3.5). Using public photometric catalogues, we perform
Spectral Energy Distribution (SED) fitting to derive the Star Formation Rate (SFR) and stellar
mass for our targets. We found that our sample consist of 17/27 main sequence galaxies and 10/27
starbursts. We could not classify the remaining three due to the lack of good estimates of their
stellar masses.

We traced the stellar emission in rest-frame near-infrared to near-ultraviolet using spatially resolved
images from the Hubble Space Telescope (HST). Additionally, we traced the molecular gas using
images from the Atacama Large Millimetre/submillimetre Array (ALMA) of gas emission line
tracers of CO, [CI] and [CII]. Finally, we investigated the dust continuum, from images of the dust
continuum extracted from the spectral cubes of the images containing the emission lines.

We fit the surface brightness profiles of our targets using Galfit. We found that the size of the stellar
emission of our sample was 1.617593 and 1.6175-33 times that of the molecular gas emission line
tracers and the dust continuum respectively. The fact that the stellar emission is more extended
than the dust continuum is in line with recent observations of galaxies at cosmic noon. However,

we found that the stellar emission is less extended than other recent studies.

Recent studies comparing the stellar emission size to the size of the gas emission as traced by
CO(3-2) find that the stellar emission is either comparable to the size of the gas emission line or
slightly more extended. For our subsample targeting the same emission line, we find that the stellar
emission is more extended than the gas emission line by a factor of 2.07"_%:83. We additionally find,
that the relative extents of the stellar emission and the gas emission lines are very sensitive to the
conditions traced by the emission line.

Furthermore, we found that the size of the gas emission lines of our sample was 1.1170-%° times

that of the dust continuum. This is in line with the commonly adopted assumption that the dust
continuum traces the underlying molecular gas.

The results obtained using this sample may be biased because of the following reasons: (i) there
is no homogeneous coverage of the stellar emission, because we trace different rest-frame near-
infrared to near-ultraviolet emission with HST; (ii) there is no homogeneous coverage of gas den-
sities and kinetic temperatures, because we trace the molecular gas emission using different gas
emission line tracers with ALMA,; (iii) Our sample is not representative of star-forming galaxies,
as it is subject to selection bias, resulting from selecting galaxies with high Signal-To-Noise Ratio
(SNR) in the ALMA archive of CO, [CI] and [CII]; (iv) In the future, better constraints should be
obtained by ensuring homogeneous stellar emission coverage with the James Webb Space Tele-
scope and gas conditions by observing the same gas emission line tracers with ALMA.
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Acronyms

ACDM A Cold Dark Matter. 1, 33

ACS Advanced Camera for Surveys. 70

AGN Active Galactic Nucleus. 32, 69, 78, 81, 84, 88, 91, 94, 97, 99, 102, 105, 112, 116, 121,

125,129, 133, 136, 140, 145, 148, 152, 155, 158, 164, 167

ALMA Atacama Large Millimetre/submillimetre Array. iii, 1, 23-29, 41, 43, 47, 52, 55, 59, 79,
82, 85, 86, 89, 92, 95, 97, 100, 103, 106, 108, 110, 113, 114, 117-119, 122, 123, 126, 127,
130, 131, 133, 134, 137, 138, 141, 143, 146, 149, 150, 152, 153, 155, 156, 159-162, 164,

165,167, 168

CDM Cold Dark Matter. 1, 2, 18
CNM Cold Neutral Medium. 3, 6

DEC. Declination. 25, 50, 51
ETG Early-Type Galaxy. 17, 19, 22

FIR Far Infrared. 23, 24, 26
FOV Field Of View. 36, 38, 39
FUV Far Ultraviolet. 3, 5, 6, 16, 17

FWHM Full Width at Half-Maximum. 41, 46, 47, 78, 79, 81, 82, 84-86, 88, 89, 91, 92, 94, 95,
97,99, 100, 102, 103, 105-110, 112-114, 116-119, 121-123, 125-127, 129-131, 133, 134,

136-138, 140-143, 145, 146, 148-150, 152, 153, 155, 156, 158-162, 164, 165, 167, 168

HST Hubble Space Telescope. iii, 1, 24-29, 36-39, 41-43, 46, 52, 59, 70
HUMBLE How to Use Measurements of Bright Line Emission. 24, 25

ICRS International Celestial Reference System. 25
IMF Initial Mass Function. 14-16, 32, 48

IR Infrared. 9, 16, 17, 32, 33, 35, 69

ISM Interstellar Medium. 2-6, 8,9, 17, 33, 57
ISRF Interstellar Radiation Field. 4-7, 12

LF Luminosity Function. 14
LM Levenberg-Marquardt. 36
LTG Late-Type Galaxy. 17

MC Monte Carlo. 33, 40, 56, 57, 170
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MS Main Sequence. 19-21, 24, 34, 35, 45-50, 57, 58

NIR Near Infrared. 16, 27, 32, 33, 53, 54, 56-58
NUV Near Ultraviolet. 27, 53, 54, 56-58

PAH Polycyclic Aromatic Hydrocarbon. 5, 33
PDR Photodissociation regions. 3, 6, 7,9, 33

R.A. Right Ascension. 25, 50, 51
RJ Rayleigh—Jeans. 23, 24, 69

SB Star Burst. 20, 25, 34, 35, 48-50, 57, 58

SED Spectral Energy Distribution. 2, 3, 14-17, 24, 32-34, 45,47, 49, 59, 69, 71, 77, 78, 81, 84,
88, 91, 94, 97, 99, 102, 105, 112, 116, 121, 125, 129, 133, 136, 140, 145, 148, 152, 155,
158, 164, 167

SF Star Formation. 6, 14, 16, 17, 19-22, 32,49, 57

SFG Star Forming Galaxy. 18-25, 57

SFH Star Formation History. 14, 20-22, 32

SFR Star Formation Rate. 1, 16, 17, 19-24, 32, 33, 35, 45-50, 56, 57, 59
SNR Signal-To-Noise Ratio. 39, 40, 59

SPS Stellar Population Synthesis. 32, 33

sub-mm sub-millimetre. 23

SVO Spanish Virtual Observatory. 28, 70, 72—76
UV Ultraviolet. 2,4, 5,7, 12, 15, 16, 20, 23, 26, 32, 33

WFC3 Wide Field Camera 3. 70
WIM Warm Ionized Medium. 3
WNM Warm Neutral Medium. 3, 6

ZAMS Zero Age Main Sequence. 2, 6
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Glossary

[CII] Referring to the 2Py /2 = 2p, /2 fine structure transition of the singly ionised carbon ground
state at 158um. 6, 7, 9, 28, 53-58

[CI](1-0) Referring to the 2P, — 3P, fine structure transition of the atomic carbon ground state
at 610um. 7,9, 28, 53-58

[CI](2-1) Referring to the 3P, — 3Py fine structure transition of the atomic carbon ground state
at 370um. 7, 28, 53, 54, 56-58

C4S Cataloguer For Stardust is a tool for easily and automatically building catalogues for SED
fitting algorithms, and in case of STARDUST and EAZY, linking the photometric observations
with internal transmission filter curves. The tool and documentation for the tool can be found
here: https://github.com/skrrrlev/Cataloguer-4-Stardust. 34

COSMOS The Cosmic Evolution Survey (COSMOS) is an astronomical survey. The survey cov-
ers a 2 square degree equatorial field with spectroscopy and X-ray to radio imaging by most
of the major space-based telescopes and a number of large ground based telescopes. 26

DLO07 Refers to the Draine and Li (2007) dust templates, with the addition of the Draine et al.
(2014) update, employed by STARDUST in the rest-frame IR regime. 33, 48

Galfit GALFIT is a tool for parameterising the spatial structure of galaxies, stars, globular cluster,
stellar disks, etc., by using parametric functions to model objects as they appear in two-
dimensional digital images (Peng et al. 2002). 35-43, 46, 47, 49, 50, 52, 53, 59, 78, 79,
81, 82, 84-86, 88, 89, 91, 92, 94, 95, 97, 99, 100, 102, 103, 105-110, 112-114, 116-119,
121-123, 125-127, 129-131, 133, 134, 136138, 140-143, 145, 146, 148-150, 152, 153,
155, 156, 158-162, 164, 165, 167, 168, 170

PSF The Point Spread Function characterises how radiation, from a point source, incident on an
imaging system, is spread over the detector area. 28, 29, 36, 38-42, 46, 47, 78, 79, 81, 82,
84-86, 88, 89, 91, 92, 94, 95,97, 99, 100, 102, 103, 105-110, 112-114, 116-119, 121-123,
125-127, 129-131, 133, 134, 136-138, 140-143, 145, 146, 148-150, 152, 153, 155, 156,
158-162, 164, 165, 167, 168, 170

Rayleigh—Jeans Tail The RJ tail of a black body distribution is in the region where the inequality
hv < KT holds true. In this regime, the Planck function can be simplified by allowing
exp (hv/kpT) ~ 14+hv/kpT, which in turn means that the specific intensity is proportional
to 2. Consequently, this corresponds to the linear regime of a SED plot. 16, 55

Stardust STARDUST is a panchromatic galaxy SED fitting algorithm, that models the emission
from stars, AGN, and dust, without relying on energy balance assumptions. It is designed
to extract galaxy properties by fitting their multi-wavelength photometry data to a set of
linearly combined templates (Kokorev et al. 2021). 26, 27, 32-34, 45, 46, 49, 69, 71, 77,
78, 80, 81, 83, 84, 87, 88,90, 91, 93, 94, 96-99, 101, 102, 104, 105, 111, 112, 115, 116, 120,
121, 124, 125, 128, 129, 132, 133, 135, 136, 139, 140, 144, 145, 147, 148, 151, 152, 154,
155, 157, 158, 163, 164, 166, 167
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A HST Filters

In this appendix we list the observed wavelengths of the HST instrument+filters used for the spa-
tially resolved data.

Table A.1: Wavelengths of the HST filters used in this section

Filter Aref Amean Aeff  Instrument

[A] [A] [A]

Fo06w 5887.08 6000.37 5776.43  ACS, HRC
F8l4w 8029.30 8117.36 7954.84  WFC3, UVIS2
F850Ip 9169.95 9207.49 9148.57  WFC3, UVIS2
F105w  10550.25  10651.00  10430.83  WFC3, IR
Fl110w 1153446  11797.14  11200.52 WFC3, IR
F125w  12486.07 12576.18 12363.55 WFC3, IR
Fl40w  13923.21 1406191 13734.66 WFC3, IR
Fl60w  15370.34  15436.30 1527847 WFC3, IR

Data provided by the SVO (Rodrigo and Solano 2020).
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B Extra Transmission Filters

The complete list of STARDUST transmission filters used in this thesis can be found at https://
github.com /VasilyKokorev/stardust at commit 026d7ee. For any observation with a STARDUST
code that are > 351, the filter transmission curve is manually added to STARDUST. This appendix
chapter contains the transmission filters that were used for SED fitting but was not included in the
default version of STARDUST.

Transmission Filter 352

0.35

0.30 A

0.25 A

0.20 A

0.15 A

0.10

0.05 -

0.00 -

3250 3500 3750 4000 4250 4500 4750 5000 5250
Wavelength [A]

Figure B.1: Transmission filter with code 352: Canada France Hawaii Telescope (CFHT) MegaCam update
for filter u* found in EAZY (Brammer et al. 2008)

Transmission Filter 353
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0.6 A

0.4 -

0.2 A

0.0

3000 3200 3400 3600 3800 4000
Wavelength [A]

Figure B.2: Transmission filter with code 353: Canada France Hawaii Telescope (CFHT) MegaCam update
for filter u found in EAZY (Brammer et al. 2008)
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Transmission Filter 354
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Figure B.3: Transmission filter with code 354: The William Herschel Telescope (WHT) LRIS J-band pro-
vided by the SVO (Rodrigo and Solano 2020)
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Figure B.4: Transmission filter with code 355: The William Herschel Telescope (WHT) LRIS Ks-band
provided by the SVO (Rodrigo and Solano 2020)
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Transmission Filter 356
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Figure B.5: Transmission filter with code 356: Eurpoean Southern Observatory’s Cerro Paranal Observatory
Vista Z-band provided by the SVO (Rodrigo and Solano 2020)
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Figure B.6: Transmission filter with code 357: Subaru Hyper Suprime-Cam (HSC) NB497 provided by the
SVO (Rodrigo and Solano 2020)
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Transmission Filter 358
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Figure B.7: Transmission filter with code 358: Palomar Observatory Wide-Field Infrared Camera (WIRC)
J-band provided by the SVO (Rodrigo and Solano 2020)
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Figure B.8: Transmission filter with code 359: Palomar Observatory Wide-Field Infrared Camera (WIRC)
Ks-band provided by the SVO (Rodrigo and Solano 2020)
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Transmission Filter 360
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Figure B.9: Transmission filter with code 360: Cerro Tololo Inter-American Observatory (CTIO) Mosaic
U-band provided by the SVO (Rodrigo and Solano 2020)
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Figure B.10: Transmission filter with code 361: Eurpean Southern Observatory (ESO) HAWK-I Ks-band
provided by the SVO (Rodrigo and Solano 2020)
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Figure B.11: Transmission filter with code 362: Subaru Suprime-Cam IB767 provided by the SVO (Rodrigo
and Solano 2020)
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C Datasheets

This appendix chapter contains data sheets for each of the targets in our sample. Each data sheet
contains available photometry, the SED, and analytical fits of the surface brightness profile of the
stellar emission, gas line emission and dust continuum.

Source 1

Table C.1: Photometric data collected for source 1. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [ Jy ] Uncertainty [ Jy] Code  Reference

Value Order Value Order

CTIO/Mosaic/U 3226 1076 2226 1078 360  Guoetal 2013
VLT/VIMOS/U 3425 1076 1873 108 103 Guoetal. 2013
HST/ACS/F435W 4606 10~% 6889 10°8 1 Guoetal 2013
HST/ACS/F606W 9960 1076 4609 108 4  Guoetal. 2013
HST/ACS/F775W 1.820 1075 9.848 10~8 5  Guoetal 2013
HST/ACS/F814W 1928 10~5 5115 108 6 Guoetal. 2013
HST/ACS/F850LP 2278 10~5 1.088 107 7  Guoetal. 2013
HST/WFC3/F125W  3.051 10=% 4584 10~8 203  Guoetal. 2013
HST/WEC3/F160W  4.024 10~5 5390 10~8 205  Guoetal. 2013
ESO/ISAAC/Ks 5451 107° 1394 107 37  Guoetal. 2013
ESO/HAWK-I/Ks 5445 1075 4983 108 361  Guoetal 2013
IRAC/chl 5030 10~° 6.081 108 18  Guoetal. 2013
IRAC/ch2 3.748 1075 7.855 108 19  Guoetal 2013
IRAC/ch3 3841 107% 3.025 107 20  Guoetal. 2013
IRAC/ch4 3.708 1075 3244 107 21 Guo et al. 2013
Herschel/PACS/70 1.060 10-3 3.000 104 328 Lutz et al. 2011
Herschel/PACS/100  4.430 10~3  2.000 10—* 329  Elbazetal. 2011
Herschel/PACS/160  8.190 10~3  7.600 10—* 330  Elbazetal. 2011
SPITZER/MIPS/24  1.720 10~* 2.000 106 325  Elbazetal. 2011
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Figure C.1: The SED of source 1 as fitted with STARDUST, assuming that there’s no significant AGN con-
tribution. The squares are marked around observations with a SNR> 3. Arrows indicate 3o upper limits of
observations with SNR< 3 or non-detections.
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Figure C.2: The results of fitting source 1 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a logarithmic scale. The direction
towards celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in
the inset in the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The
fitted model convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model
panel in black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two
for each subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals:
The Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis
of the Model.
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Figure C.3: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 1, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.4: The results of fitting the CO(2-1) ALMA map for source 1 with GALFIT. Data: A cutout of
the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 2

Table C.2: Photometric data collected for source 2. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [ Jy | Uncertainty [Jy ] Code  Reference

Value Order Value Order

CFHT/MegaCam/u* 3.105 10~7 2047 108 352 Weaver et al. 2022
CFHT/MegaCam/u 2.840 1077 1277 10-8 353 Weaver et al. 2022
Subaru/HSC/g 1.114 10=% 1.624 108 314  Weaver et al. 2022
Subaru/HSC/r 4.441 106 2979 10~8 315 Weaver et al. 2022
Subaru/HSC/i 1.057 1075 4133 1078 316  Weaver et al. 2022
Subaru/HSC/z 1.609 10~° 5968 10-8 317 Weaver et al. 2022
Subaru/HSC/y 2,020 1075 7884 108 318  Weaver et al. 2022
VISTA/VIRCAM/Y 2260 1075 5379 108 256  Weaver et al. 2022
VISTA/VIRCAM/J 3372 107° 6781 108 257  Weaver et al. 2022
VISTA/VIRCAM/H 5758 10~5 9454 108 258  Weaver et al. 2022
VISTA/VIRCAM/Ks 8213 10~° 1357 107 259  Weaver et al. 2022
Subaru/Suprime-Cam/IB427 5802 10~7 6.580 10~ 181 Weaver et al. 2022
Subaru/Suprime-Cam/IB464 8739  10~7 1.050 10~7 183 Weaver et al. 2022
Subaru/Suprime-Cam/IA484 1.175 1076 4982 108 184 Weaver et al. 2022
Subaru/Suprime-Cam/IB505 1297 10°% 6713 108 185  Weaver et al. 2022
Subaru/Suprime-Cam/IA527 1.644 1076 5579 10°8 186 Weaver et al. 2022
Subaru/Suprime-Can/IB574 2322 10=6 9.186 108 188  Weaver et al. 2022
Subaru/Suprime-Cam/IA624 4220 1076 5241 1078 190 Weaver et al. 2022
Subaru/Suprime-Cam/IA679  7.082 10—6 8870 108 192 Weaver et al. 2022
Subaru/Suprime-Cam/IB709 8.082 107% 8020 1078 193 Weaver et al. 2022
Subaru/Suprime-Cam/IA738 9.715 10-% 7852 10°8 194 Weaver et al. 2022
Subaru/Suprime-Cam/IA767  1.078 10=° 1.147 107 195  Weaver et al. 2022
Subaru/Suprime-Cam/IB827 1250 10~° 1.027 10~7 197  Weaver et al. 2022
Subaru/Suprime-Cam/NB711 8327 10=6 1121 107 322 Weaver et al. 2022
Subaru/Suprime-Cam/NB816 1237 10~% 1.017 10~7 319 Weaver et al. 2022
VISTA/VIRCAM/NB118 3.053 107° 3543 1077 321  Weaver et al. 2022
Subaru/Suprime-Cam/B 7200 10~7 1.498 108 114 Weaver et al. 2022
Subaru/Suprime-Cam/V 1916 1076 2926 108 115  Weaver et al. 2022
Subaru/Suprime-Cam/r+ 4669 10°6 2213 108 116 Weaver et al. 2022
Subaru/Suprime-Cam/i+ 1.040 107% 3478 1078 117 Weaver et al. 2022
Subaru/Suprime-Cam/z++ 1.747 1075 1.653 1077 118  Weaver et al. 2022
Spitzer/IRAC/ch1 8.675 10~° 4332 107 18  Weaver et al. 2022
Spitzer/IRAC/ch2 6272 107% 2318 107 19  Weaver et al. 2022
GALEX/GALEX/NUV 2527 10~8 7.035 108 121 Weaver et al. 2022
SPITZER/MIPS/24 3642 107% 2221 10°° 325  Jinetal 2018

JCMT/SCUBA2/850GHz 2871 10~3 2038 1073 324 Jinetal 2018

VLA/3GHz 2950 10~° 2800 10=6 Jin et al. 2018

Meerkat/1.3GHz 1912 10¢ Jin et al. 2018

Herschel/PACS/100 1.193 1072 1.867 103 329  Liuetal. 2019

Herschel/PACS/160 2.580 102 3.688 1073 330  Liuetal. 2019

Herschel/SPIRE/250 1.870 10~2 3543 1073 331  Liuetal. 2019
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Figure C.5: The SED of source 2 as fitted with STARDUST, assuming that there’s no significant AGN con-
tribution. The squares are marked around observations with a SNR> 3. Arrows indicate 3o upper limits of
observations with SNR< 3 or non-detections.
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Figure C.6: The results of fitting source 2 with GALFIT. Data: A cutout of the source. The colour scale for
the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.7: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 2, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.8: The results of fitting the CO(3-2) ALMA map for source 2 with GALFIT. Data: A cutout of
the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 3

Table C.3: Photometric data collected for source 3. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [Jy ] Uncertainty [Jy] Code  Reference

Value Order Value Order

CFHT/MegaCam/u* 1.030 1076 8369 107° 352 Weaver et al. 2022
CFHT/MegaCam/u 9.507 1077 1348 10°8 353 Weaver et al. 2022
Subaru/HSC/g 1344 1076 1682 10°8 314  Weaver et al. 2022
Subaru/HSC/r 1.846 106 1.924 10~8 315 Weaver et al. 2022
Subaru/HSC/i 2687 107% 2113 1078 316  Weaver et al. 2022
Subaru/HSC/z 4072 1076 3.080 10-8 317 Weaver et al. 2022
Subaru/HSC/y 5587 10=6 4455 108 318 Weaver et al. 2022
VISTA/VIRCAM/Y 6294 10=6 1.002 107 256  Weaver et al. 2022
VISTA/VIRCAM/J 9.032 10=% 1193 1077 257  Weaver et al. 2022
VISTA/VIRCAM/H 1,533 1075 1730 1077 258  Weaver et al. 2022
VISTA/VIRCAM/Ks 1.831 1075 1.094 10~7 259  Weaver et al. 2022
Subaru/Suprime-Cam/IB427 1.152  107% 6.053 108 181  Weaver et al. 2022
Subaru/Suprime-Cam/IB464 ~ 1.445 10=% 1.105 107 183 Weaver et al. 2022
Subaru/Suprime-Cam/IA484 1312 10=6 4314 108 184  Weaver et al. 2022
Subaru/Suprime-Cam/IB505 ~ 1.469 10~6 6.704 10~8 185  Weaver et al. 2022
Subaru/Suprime-Cam/IA527 1596 10-% 4876 10°8 186 Weaver et al. 2022
Subaru/Suprime-Cam/IB574 1.841 10°% 8977 108 188  Weaver et al. 2022
Subaru/Suprime-Cam/IA624 2,017 10=% 4727 10-8 190  Weaver et al. 2022
Subaru/Suprime-Cam/IA679 2170 10=% 8051 108 192 Weaver et al. 2022
Subaru/Suprime-Cam/IB709 2578 1076 8416 1078 193 Weaver et al. 2022
Subaru/Suprime-Cam/IA738 2699 10-6 7211 10°8 194 Weaver et al. 2022
Subaru/Suprime-Cam/IA767 2612 10=6 1.134 107 195  Weaver et al. 2022
Subaru/Suprime-Cam/IB827 3245 10=% 1.099 107 197  Weaver et al. 2022
Subaru/Suprime-Cam/NB711 2445 10=6 1.000 107 322 Weaver et al. 2022
Subaru/Suprime-Cam/NB816 ~ 3.144 10~6 8423 10~8 319 Weaver et al. 2022
Subaru/Suprime-Cam/B 1313 1076 1479 108 114  Weaver et al. 2022
Subaru/Suprime-Cam/V 1.646 1076 2678 108 115  Weaver et al. 2022
Subaru/Suprime-Cam/r+ 2015 1076 2282 108 116  Weaver et al. 2022
Subaru/Suprime-Cam/i+ 2830 10~ 2557 108 117 Weaver et al. 2022
Subaru/Suprime-Cam/z++ 4768 10=6 1255 1077 118 Weaver et al. 2022
Spitzer/IRAC/ch1 2.802 1075 4388 108 18  Weaver et al. 2022
Spitzer/IRAC/ch2 4.067 10~° 6.404 10~8 19  Weaver et al. 2022
GALEX/GALEX/FUV 3561 1078 4269 108 120 Weaver et al. 2022
GALEX/GALEX/NUV 1215 1077 8303 10°8 121 Weaver et al. 2022
SPITZER/MIPS/24 1201 107% 1513 10°° 325  Jinetal 2018
JCMT/SCUBA2/850GHz 3908 1073 4378 1073 324 Jinetal 2018
VLA/3GHz 5.850 10~° 3900 10-6 Jin et al. 2018
VLA/1.5GHz 8551 107° 1453 1075 Jin et al. 2018
Meerkat/1.3GHz 3978 104 Jinetal. 2018
Herschel/PACS/100 2794 1072 3.646 1073 329  Liuetal. 2019
Herschel/PACS/160 1.640 10~8 7.675 1073 330  Liuetal 2019
Herschel/SPIRE/250 2520 1072 4258 103 331  Liuetal. 2019
Subaru/Suprime-Cam/IB679 2270 10-%  7.000 10~8 192 Laigle etal. 2016
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Figure C.9: The SED of source 3 as fitted with STARDUST, assuming that there’s no significant AGN con-
tribution. The squares are marked around observations with a SNR> 3. Arrows indicate 3o upper limits of
observations with SNR< 3 or non-detections.

10

[arcsec]
o
[#0] s|enpisay

-10

[arcsec]
[#¥0]

[arcsec] [arcsec] [arcsec]

Figure C.10: The results of fitting source 3 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.11: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 3, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.12: The results of fitting the CO(5-4) ALMA map for source 3 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.

Investigating the morphologies of stars, gas and dust in star-forming galaxies at cosmic noon 85



Residuals

[arcsec]
o
[#°0] s|enpisay

-0.5

[arcsec]

[40)

-0.5

0.0 0.5 05 00 05 05 00 05
[arcsec] [arcsec] [arcsec]

-0.5

Figure C.13: The results of fitting the dust continuum ALMA map for source 3 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Mode! panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 4

Table C.4: Photometric data collected for source 4. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [ Jy | Uncertainty [Jy] Code  Reference

Value Order Value Order

MegaCam/u 353 Private
Subaru/Suprime-Cam/B 114 Private
MegaCam/g 89  Private
Subaru/Suprime-Cam/Rc 285 Private
Subaru/Suprime-Cam/i’ 82 Private
Subaru/Suprime-Cam/z’ 83 Private
Subaru/Suprime-Cam/NBB921 320 Private
HST/WFC3/F125W 203 Private
HST/WFC3/F140W 204 Private
HST/WFC3/F160W 205 Private
WIRCam/J 220 Private
WIRCam/H 221 Private
WIRCam/Ks 222 Private

IRAC/chl 18 Private

IRAC/ch2 19 Private

IRAC/ch3 20 Private
ALMA/870um 2580 1073 2300 104 Hayashi et al. 2018
WISE/band-1 5030 107® 5100 10~ 244  Lasker et al. 2008
WISE/band-2 7370  107° 1.130 107® 245  Lasker et al. 2008
WISE/band-3 5030 107° 5100 1076 244 Lasker et al. 2008
WISE/band-4 7370 107° 1.130 107° 245  Lasker et al. 2008
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Figure C.14: The SED of source 4 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 3o upper
limits of observations with SNR< 3 or non-detections.

Resideels

[arcsec]
o e
o
[®0] sjenpisay

Conftours

[40]

[arcsec]

-1 0 -1 0 1 1 0 1
[arcsec] [arcsec] [arcsec]

Figure C.15: The results of fitting source 4 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.16: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 4, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.17: The results of fitting the CO(2-1) ALMA map for source 4 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 5

Table C.5: Photometric data collected for source 5. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [ Jy | Uncertainty [Jy ] Code  Reference

Value Order Value Order

MegaCam/u 353 Private
Subaru/Suprime-Cam/B 114 Private
MegaCam/g 89  Private
Subaru/Suprime-Cam/Rc 285 Private
Subaru/Suprime-Cam/i’ 82 Private
Subaru/Suprime-Cam/z’ 83 Private
Subaru/Suprime-Cam/NBB921 320 Private
HST/WFC3/F125W 203  Private
HST/WFC3/F140W 204  Private
HST/WFC3/F160W 205  Private
WIRCam/J 220 Private
WIRCam/H 221 Private
WIRCam/Ks 222 Private
IRAC/chl 18 Private
IRAC/ch2 19 Private
IRAC/ch3 20  Private
ALMA/870um 1.080 10—2 1300 1074 Hayashi et al. 2018
ALMA/24um 1250 10~* 1.000 10~° Hayashi et al. 2018
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Figure C.18: The SED of source 5 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 3o upper
limits of observations with SNR< 3 or non-detections.
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Figure C.19: The results of fitting source 5 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.20: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 5, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.

Ausuaq

Residuals a

[arcsec]
o
[“°0] s|enpisay

-0.5

-1.0

r17.5
r15.0
r12.5
r10.0
Fr7.5
r5.0

r2.5

-1.0 1 =—loo

[arcsec]
[#0]

-0.5

Fr—2.5

-1.0 0.5 0.0 0.5 1.0 -1.0 =05 0.0 05 1.0 -1.0 =05 0.0 05 1.0
[arcsec] [arcsec] [arcsec]

Figure C.21: The results of fitting the CO(2-1) ALMA map for source 5 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 6

Table C.6: Photometric data collected for source 6. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [ Jy ] Uncertainty [ Jy] Code  Reference

Value Order Value Order

MegaCam/u 353 Private
Subaru/Suprime-Cam/B 114 Private
MegaCam/g 89 Private
Subaru/Suprime-Cam/Rc 285 Private
Subaru/Suprime-Cam/i’ 82 Private
Subaru/Suprime-Cam/z’ 83 Private
Subaru/Suprime-Cam/NBB921 320 Private
HST/WFC3/F125W 203 Private
HST/WFC3/F140W 204  Private
HST/WFC3/F160W 205 Private
WIRCam/J 220 Private
WIRCam/H 221 Private
WIRCam/Ks 222 Private
IRAC/chl 18 Private
IRAC/ch2 19 Private
IRAC/ch3 20 Private
ALMA/24um 8.800 10~% 1.000 10°° Hayashi et al. 2018
WISE/band-1 3570 1075 2400 106 244 Marocco et al. 2021
WISE/band-2 5090 1075 4300 1076 245 Marocco et al. 2021
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Figure C.22: The SED of source 6 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 3o upper
limits of observations with SNR< 3 or non-detections.
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Figure C.23: The results of fitting source 6 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.24: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 6, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.25: The results of fitting the CO(2-1) ALMA map for source 6 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 7

Table C.7: Photometric data collected for source 7. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [ Jy | Uncertainty [Jy ] Code  Reference

Value Order Value Order

MegaCam/u 353 Private
Subaru/Suprime-Cam/B 114 Private
MegaCam/g 89  Private
Subaru/Suprime-Cam/Rc 285 Private
Subaru/Suprime-Cam/i’ 82 Private
Subaru/Suprime-Cam/z’ 83 Private
Subaru/Suprime-Cam/NBB921 320 Private
HST/WFC3/F125W 203  Private
HST/WFC3/F140W 204  Private
HST/WFC3/F160W 205  Private
WIRCam/J 220 Private
WIRCam/H 221 Private
WIRCam/Ks 222 Private
IRAC/chl 18 Private
IRAC/ch2 19 Private
IRAC/ch3 20  Private
ALMA/24um 1250 10—% 1.000 10~5 Hayashi et al. 2018
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Figure C.26: The SED of source 7 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 3o upper
limits of observations with SNR< 3 or non-detections.
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Figure C.27: The results of fitting the CO(2-1) ALMA map for source 7 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 8

Table C.8: Photometric data collected for source 8. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [ Jy | Uncertainty [Jy ] Code  Reference

Value Order Value Order

MegaCam/u 353 Private
Subaru/Suprime-Cam/B 114 Private
MegaCam/g 89  Private
Subaru/Suprime-Cam/Rc 285 Private
Subaru/Suprime-Cam/i’ 82 Private
Subaru/Suprime-Cam/z’ 83 Private
Subaru/Suprime-Cam/NBB921 320 Private
HST/WFC3/F125W 203  Private
HST/WFC3/F140W 204  Private
HST/WFC3/F160W 205  Private
WIRCam/J 220 Private
WIRCam/H 221 Private
WIRCam/Ks 222 Private
IRAC/chl 18 Private
IRAC/ch2 19 Private
IRAC/ch3 20  Private
ALMA/24um 1.800 10~% 1.100 10°° Hayashi et al. 2018
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Figure C.28: The SED of source 8 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 3o upper
limits of observations with SNR< 3 or non-detections.
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Figure C.29: The results of fitting source 8 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.30: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 8, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.31: The results of fitting the CO(2-1) ALMA map for source 8 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 9

Table C.9: Photometric data collected for source 9. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [Jy ] Uncertainty [Jy] Code  Reference

Value Order Value Order

MegaCam/u 353 Private
Subaru/Suprime-Cam/B 114 Private
MegaCam/g 89  Private
Subaru/Suprime-Cam/Rc 285 Private
Subaru/Suprime-Cam/i’ 82 Private
Subaru/Suprime-Cam/z’ 83 Private
Subaru/Suprime-Cam/NBB921 320 Private
HST/WFC3/F125W 203 Private
HST/WFC3/F140W 204  Private
HST/WFC3/F160W 205  Private
WIRCam/J 220 Private
WIRCam/H 221 Private
WIRCam/Ks 222 Private
IRAC/chl 18 Private
IRAC/ch2 19 Private
IRAC/ch3 20  Private
ALMA/24um 6.000 10—° 1.000 10—° Hayashi et al. 2018
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Figure C.32: The SED of source 9 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 30 upper
limits of observations with SNR< 3 or non-detections.
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Figure C.33: The results of fitting source 9 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.34: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 9, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.35: The results of fitting the CO(2-1) ALMA map for source 8 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 10

Table C.10: Photometric data collected for source 10. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [Jy ] Uncertainty [ Jy] Code  Reference

Value Order Value  Order

WISE/band-1 2230 107% 2300 106 244 Marocco et al. 2021
WISE/band-2 2400 10~° 4100 106 245  Marocco et al. 2021
Herschel/SPIRE/250 2210 1072 8000 10~* 331 Laigleetal. 2016
Herschel/SPIRE/350 1590 10=2  9.000 10~* 332 Laigleetal. 2016
Herschel/PACS/100 1220 1072 1400 1073 329  Laigleetal. 2016
GALEX/GALEX/NUV 1.000 10=8 7.000 108 121 Laigle etal. 2016
SPITZER/MIPS/24 2060 10~* 1300 10°° 325  Laigleetal. 2016
CFHT/WIRCAM/Ks 1590 10~% 4.000 107 222 Laigle etal. 2016
CFHT/WIRCAM/H 1.150 1075 4.000 107 221  Laigle etal. 2016
VISTA/VIRCAM/Y 6.030 10~6 4000 108 256 Laigle etal. 2016
VISTA/VIRCAM/J 8350 10=% 6.000 10-% 257  Laigleetal. 2016
VISTA/VIRCAM/H 1330 1075 1.000 107 258  Laigle etal. 2016
VISTA/VIRCAM/Ks 1.700 10~% 1.000 107 259  Laigle etal. 2016
Subaru/Suprime-Cam/B 8810 10~7 2500 108 78  Laigle etal. 2016
Subaru/Suprime-Cam/V 1450 1076 5000 108 79 Laigle et al. 2016
Subaru/Suprime-Cam/r 1.790 10=% 4000 108 81  Laigle et al. 2016
Subaru/Suprime-Cam/i 2,510 10~ 5000 108 82  Laigleetal. 2016
Subaru/Suprime-Cam/z 4150 10~ 4.000 108 83  Laigle et al. 2016
Subaru/Suprime-Cam/IB827 ~ 2.870 10~6 8.000 108 197  Laigle etal. 2016
Subaru/Suprime-Cam/NB816 2270  10~6  8.000 108 319 Laigle et al. 2016
Subaru/Suprime-Cam/IB767 2170 1076  1.000 107 362 Laigle et al. 2016
Subaru/Suprime-Can/IB738 2480 10=6 1.000 107 194  Laigle etal. 2016
Subaru/Suprime-Cam/NB711  1.890 10~% 1.600 107 322 Laigleetal. 2016
Subaru/Suprime-Cam/IB709 2.110 10=% 7.000 108 193 Laigle et al. 2016
Subaru/Suprime-Cam/IB624 2170 10-6 8.000 108 190 Laigle et al. 2016
Subaru/Suprime-Cam/IB574 1.050 10=% 7.000 108 188 Laigle et al. 2016
Subaru/Suprime-Cam/IB527 1260 10~% 6.000 10~8 186  Laigle etal. 2016
Subaru/Suprime-Cam/IB505 ~ 1.040 10~% 8.000 108 185  Laigle etal. 2016
Subaru/Suprime-Cam/IB484 1250 1076 6.000 108 184  Laigleetal. 2016
Subaru/Suprime-Cam/IB464 9230 10=7 6.000 108 183 Laigle et al. 2016
Subaru/Suprime-Cam/IB427 7.040 1077 5500 108 181 Laigle et al. 2016
Spitzer/IRAC/ch1 3.190 10~% 2000 107 18  Laigle etal. 2016
Spitzer/IRAC/ch2 4150 105 2.000 107 19 Laigle et al. 2016
Spitzer/IRAC/ch3 3950 10~° 3800 106 20  Laigle etal. 2016
Spitzer/IRAC/ch4 2650 107% 5100 106 21  Laigle etal. 2016
CFHT/MegaCam/u 6380 10~7 2000 108 72 Laigle et al. 2016
VLA/3GHz 2540 10~° 2700 106 Smolgi¢ et al. 2017
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Figure C.36: The SED of source 10 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 30 upper
limits of observations with SNR< 3 or non-detections.
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Figure C.37: The results of fitting source 10 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.38: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 10, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.39: The results of fitting the CO(2-1) ALMA map for source 10 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.40: The results of fitting source 11 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.41: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 11, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise

from the positive x-axis.
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Figure C.42: The results of fitting the CO(2-1) ALMA map for source 11 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.43: The results of fitting source 12 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.44: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 12, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise

from the positive x-axis.
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Figure C.45: The results of fitting the CO(2-1) ALMA map for source 12 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.

110 Investigating the morphologies of stars, gas and dust in star-forming galaxies at cosmic noon



Source 13

Table C.11: Photometric data collected for source 13. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [ Jy | Uncertainty [Jy ] Code  Reference

Value Order Value Order

CFHT/MegaCam/u* 8941 10~7 8919 107Y 352 Weaver et al. 2022
CFHT/MegaCam/u 8982 10~7 1.666 108 353 Weaver et al. 2022
Subaru/HSC/g 1.004 1076 1710 108 314  Weaver et al. 2022
Subaru/HSC/r 1466 10~ 2036 10-8 315 Weaver et al. 2022
Subaru/HSC/i 2467 10% 2374 10°8 316  Weaver et al. 2022
Subaru/HSC/z 3.828 1076 3531 108 317 Weaver et al. 2022
Subaru/HSC/y 4522 1079 5003 108 318  Weaver et al. 2022
VISTA/VIRCAM/Y 4839 1076 4342 108 256  Weaver et al. 2022
VISTA/VIRCAM/J 6973 10~ 5209 108 257  Weaver et al. 2022
VISTA/VIRCAM/H 1.070 10~5 7.614 108 258  Weaver et al. 2022
VISTA/VIRCAM/Ks 1.767 10~5 1.082 10~ 7 259  Weaver et al. 2022
Subaru/Suprime-Cam/IB427  6.964 10~7 8466 108 181  Weaver et al. 2022
Subaru/Suprime-Cam/IB464 ~ 9.642 10~7 1252 10~7 183 Weaver et al. 2022
Subaru/Suprime-Cam/IA484 9.773 10~7 5644 108 184 Weaver et al. 2022
Subaru/Suprime-Cam/IB505 1.051 10~% 7359 108 185  Weaver et al. 2022
Subaru/Suprime-Cam/IA527 1.091 1076 5998 10-8 186 Weaver et al. 2022
Subaru/Suprime-Cam/IB574 1209 10-% 1.061 10°7 188  Weaver et al. 2022
Subaru/Suprime-Cam/IA624 1393 1076 5910 10°8 190 Weaver et al. 2022
Subaru/Suprime-Cam/IA679 1,517 1076  1.025 10~ 7 192 Weaver et al. 2022
Subaru/Suprime-Cam/IB709 1699 1076 9177 1078 193 Weaver et al. 2022
Subaru/Suprime-Cam/IA738 1.881 10°6 8436 10°8 194 Weaver et al. 2022
Subaru/Suprime-Cam/IA767  2.574 10=6 1368 107 195  Weaver et al. 2022
Subaru/Suprime-Cam/IB827 3234 10~6 1226 10°7 197  Weaver et al. 2022
Subaru/Suprime-Cam/NB711 1.655 1076 1292 1077 322 Weaver et al. 2022
Subaru/Suprime-Cam/NB816 ~ 2.869 10~6 1.150 10~7 319 Weaver et al. 2022
VISTA/VIRCAM/NB118 6454 10=6 2042 1077 321  Weaver et al. 2022
Subaru/Suprime-Cam/B 8747 10~7 1.809 108 114  Weaver et al. 2022
Subaru/Suprime-Cam/V 1.130 1076 3825 108 115  Weaver et al. 2022
Subaru/Suprime-Cam/r+ 1445 1076 3550 108 116  Weaver et al. 2022
Subaru/Suprime-Cam/i+ 2304 1076 3.838 108 117 Weaver et al. 2022
Subaru/Suprime-Cam/z++ 3638 1076 1741 1077 118  Weaver et al. 2022
Spitzer/IRAC/ch1l 4161 10~° 5050 10-8 18  Weaver et al. 2022
Spitzer/IRAC/ch2 5196 107° 698 10~8 19  Weaver et al. 2022
GALEX/GALEX/FUV 8737 10=8 4294 108 120 Weaver et al. 2022
GALEX/GALEX/NUV 9.846 10~% 5923 108 121 Weaver et al. 2022
SPITZER/MIPS/24 5023 10~* 5153 10°° 325  Jinetal 2018
JCMT/SCUBA2/850GHz 4120 10~3% 1.099 10~3 324  Jinetal 2018
VLA/3GHz 2990 1075 2600 10~ Jin et al. 2018
VLA/1.5GHz 2747 1075 1302 10°° Jin et al. 2018
Meerkat/1.3GHz 5995 105 Jin et al. 2018
VLA/3GHz 2990 10~° 2600 10~ Smol¢i¢é et al. 2017
ALMA/1.3mm 8920 10~* 1.000 10—% Zavala et al. 2019
IRAC/ch3 6350 107° 5590 10~ 20  Nayyeri et al. 2017
IRAC/ch4 3490 10~° 6.090 106 21  Nayyerietal. 2017
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Figure C.46: The SED of source 13 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 3o upper
limits of observations with SNR< 3 or non-detections.
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Figure C.47: The results of fitting source 13 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.48: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 13, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.49: The results of fitting the [CI](2-1) ALMA map for source 13 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.50: The results of fitting the dust continuum ALMA map for source 13 with GALFIT. Data: A
cutout of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using
a linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Mode! panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 14

Table C.12: Photometric data collected for source 14. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [ Jy ] Uncertainty [ Jy] Code  Reference
Value  Order Value Order
IRAM/PdBI/150GHz 4100 10~%* 9.000 105 Brisbin et al. 2019
IRAM/PdBI/250GHz 2390 1073 3.100 10—% Brisbin et al. 2019
HST/NICMOS2/F160W 5432 10=6 3.002 107 110 Schreiber et al. 2011
Palomar/WIRC/Ks 1380 1075 2672 1077 359 Erb et al. 2006
Palomar/WIRC/J 4089 106 1365 107 358 Erb et al. 2006
SPITZER/MIPS/24 5610 104 1400 105 325 Spitzer Science Center (SSC) and Infrared Science Archive (IRSA) 2021
SPITZER/IRAC/4.5 3.060 1073  4.000 10~7 19 Spitzer Science Center (SSC) and Infrared Science Archive (IRSA) 2021
WISE/band-1 1.640 107> 2100 1076 244 Marocco et al. 2021
WISE/band-2 2630 10~° 4.000 106 245 Marocco et al. 2021
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Figure C.51: The SED of source 14 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 3o upper
limits of observations with SNR< 3 or non-detections.
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Figure C.52: The results of fitting source 14 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.53: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 14, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.54: The results of fitting the [CI](1-0) ALMA map for source 14 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.55: The results of fitting the CO(4-3) ALMA map for source 14 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Mode! panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.56: The results of fitting the dust continuum ALMA map for source 14 with GALFIT. Data: A
cutout of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using
a linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 15

Table C.13: Photometric data collected for source 15. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [Jy] Uncertainty [ Jy] Code  Reference

Value Order Value Order

WHT/LIRIS/KS 2250 10~° 3400 106 355  Fuetal. 2013
GALEX/NUV/0.23um 5.000 10~7 121  Fuetal. 2013
CFHT/u* 2.000 107 352 Fuetal. 2013
CFHT/g 2.000 107 74  Fuetal. 2013
CFHT/r 2000 10~7 1.000 107 75  Fuetal. 2013
CFHT/i 5.000 10~7 76  Fuetal. 2013
CFHT/z 6.000 10~7 3.000 107 77  Fuetal. 2013
HST/wfc3/F110W/1.16um  1.600 10~ 2.000 10~7 241  Fuetal. 2013
WHT/LIRIS/J 1700 10~% 5000 10°7 354  Fuetal. 2013
WHT/LIRIS/Ks 7.600 10~% 2000 10-¢ 355  Fuetal. 2013
Spitzer/IRAC/3.6 2220 10~%° 5000 106 18  Fuetal. 2013
Spitzer/IRAC/4.5 2940 10~5 5000 10-¢ 19  Fuetal 2013
Spitzer/IRAC/5.8 5150 10~° 6.800 106 20  Fuetal. 2013
Spitzer/IRAC/8.0 4110 1075 6700 10-¢ 21 Fuetal. 2013
SMA/880um 9300 10~3 1.200 103 Fuetal. 2013
VLA/1.4GHz 4200 104 Fu et al. 2013
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Figure C.57: The SED of source 15 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 30 upper
limits of observations with SNR< 3 or non-detections.
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Figure C.58: The results of fitting source 15 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.59: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 15, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.60: The results of fitting the [CI](2-1) ALMA map for source 15 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.61: The results of fitting the dust continuum ALMA map for source 15 with GALFIT. Data: A
cutout of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using
a linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 16

Table C.14: Photometric data collected for source 16. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [Jy] Uncertainty [ Jy] Code  Reference
Value  Order Value Order

GALEX/NUV/0.23um 5.000 10~7 121  Fuetal. 2013
CFHT/u* 5000 10~7 1.000 107 352 Fuetal. 2013
CFHT/g 1200 107% 1.000 107 74  Fuetal 2013
CFHT/r 2.100 10~% 2,000 10°7 75  Fuetal 2013
CFHT/i 2300 1076  3.000 107 76  Fuetal. 2013
CFHT/z 3200 1079 6.000 107 77 Fuetal. 2013
HST/wfc3/F110W/1.16um 4700 10=% 3.000 10~7 241  Fuetal. 2013
WHT/LIRIS/J 5100 10=% 6.000 107 354  Fuetal. 2013
WHT/LIRIS/Ks 1490 10~5 2700 10-¢ 355  Fuetal. 2013
Spitzer/IRAC/3.6 2640 107° 2800 10~6 18  Fuetal. 2013
Spitzer/IRAC/4.5 3470 10~° 2900 106 19  Fuetal 2013
Spitzer/IRAC/5.8 6.040 10~5 9.600 10=¢ 20  Fuetal. 2013
Spitzer/IRAC/8.0 4580 1075 1.060 10°° 21  Fuetal. 2013
SMA/880um 8300 103 1.100 1073 Fuetal. 2013
VLA/1.4GHz 4200 104 Fuetal. 2013
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Figure C.62: The SED of source 16 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 30 upper
limits of observations with SNR< 3 or non-detections.
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Figure C.63: The results of fitting source 16 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.64: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 16, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.65: The results of fitting the [CI](2-1) ALMA map for source 16 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.66: The results of fitting the dust continuum ALMA map for source 16 with GALFIT. Data: A
cutout of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using
a linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 17

Table C.15: Photometric data collected for source 17. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [ Jy ] Uncertainty [ Jy] Code  Reference

Value Order Value Order

VISTA/Z 8.160 10-6 1370 106 356  Ivisonetal. 2013
VISTA/Y 1.050 10=5 1800 10°¢ 256  lvison etal. 2013
HST/wfc3/F110W 1360 10~% 2300 106 241  Ivison etal. 2013
VISTA/J 1.680 105 2.800 106 257 Ivison et al. 2013
VISTA/H 2350 107° 4.000 10-¢ 258  Ivisonetal. 2013
VISTA/Ks 3810 10~° 6400 106 259  Ivison etal. 2013
IRAC/3.6 6.710 10~5 1.860 105 18  Ivisonetal. 2013
IRAC/4.5 7.660 10~° 2010 10°° 19 Ivison etal. 2013
Herschel/PACS/100 2300 102 7.000 103 329  Ivisonetal. 2013
Herschel/PACS/160  9.100 10=2 1200 102 330  Ivisonetal. 2013
SMA/870 2,500 10~2 2,000 103 Ivison et al. 2013
IRAM/PdBI/1360 8.300 10~3 5000 10—* Ivison et al. 2013
IRAM/PdBI/2210 1.100 10~3 1.000 10—¢ Ivison et al. 2013
CARMA/3000 3300 10~% 1400 10~* Ivison et al. 2013
TVLA/8800 4300 10~° 1.000 107° Ivison et al. 2013
JVLA/59000 1.770  10~% 1500 10~° Ivison et al. 2013
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Figure C.67: The SED of source 17 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 30 upper
limits of observations with SNR< 3 or non-detections.
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Figure C.68: The results of fitting source 17 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.69: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 17, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.70: The results of fitting the [CI](1-0) ALMA map for source 17 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.71: The results of fitting the dust continuum ALMA map for source 17 with GALFIT. Data: A
cutout of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using
a linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 18

Table C.16: Photometric data collected for source 18. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [ Jy ] Uncertainty [ Jy] Code  Reference

Value Order Value Order

VISTA/Z 5800 10=6 95800 107 356  Ivisonetal. 2013
VISTA/Y 8650 10=6 1450 106 256  lvison etal. 2013
HST/wfc3/F110W 1.120  10~° 1.900 106 241  Ivison etal. 2013
VISTA/J 1300 10~° 2200 10-¢ 257  Ivisonetal. 2013
VISTA/H 1920 10=5 3200 106 258  Ivisonetal. 2013
VISTA/Ks 2,610 10~° 4400 106 259  Ivison etal. 2013
IRAC/3.6 4770 10~5 1740 10°° 18  Ivisonetal. 2013
IRAC/4.5 4580 1075 1.520 10°° 19 Ivison etal. 2013
Herschel/PACS/100  1.900 10—2  7.000 103 329  Ivisonetal. 2013
Herschel/PACS/160  4.000 10=2 1200 102 330  Ivisonetal. 2013
SMA/870 1.900 10—2 2000 10~3 Ivison et al. 2013
IRAM/PdBI/1360 7.500 10~3  5.000 10—* Ivison et al. 2013
IRAM/PdBI/2210 8.000 10~* 1.000 10—¢ Ivison et al. 2013
CARMA/3000 4200 104 Ivison et al. 2013
TVLA/8800 3.000 105 Ivison et al. 2013
JVLA/59000 6.500 10~% 1.500 10° Ivison et al. 2013
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Figure C.72: The SED of source 18 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 30 upper
limits of observations with SNR< 3 or non-detections.
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Figure C.73: The results of fitting the [CI](1-0) ALMA map for source 18 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.74: The results of fitting the dust continuum ALMA map for source 18 with GALFIT. Data: A
cutout of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using
a linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Mode! panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 19

Table C.17: Photometric data collected for source 19. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [Jy ] Uncertainty [ Jy] Code  Reference

Value Order Value  Order

CFHT/MegaCam/u* 4008 1077 2539 1078 352 Weaver et al. 2022
CFHT/MegaCam/u 3358 1077 3787 10°8 353 Weaver et al. 2022
Subaru/HSC/g 5262 1077 2413 108 314  Weaver et al. 2022
Subaru/HSC/r 8510 10~7 2964 1078 315 Weaver et al. 2022
Subaru/HSC/i 1.120 10~% 3328 108 316  Weaver et al. 2022
Subaru/HSC/z 1.544 1076 508 10~8 317 Weaver et al. 2022
Subaru/HSC/y 3469 1076 9506 108 318 Weaver et al. 2022
VISTA/VIRCAM/Y 1.960 1076 1592 1077 256  Weaver et al. 2022
VISTA/VIRCAM/J 3570 1076 1907 1077 257  Weaver et al. 2022
VISTA/VIRCAM/H 6972 10~ 2818 1077 258  Weaver et al. 2022
VISTA/VIRCAM/Ks 1260 107° 2833 1077 259  Weaver et al. 2022
Subaru/Suprime-Cam/IB427 4909 10~7 1.998 107 181 Weaver et al. 2022
Subaru/Suprime-Cam/IA484 5650 10~7 1355 107 184  Weaver et al. 2022
Subaru/Suprime-Cam/IB505 3482 1077 1.831 1077 185 Weaver et al. 2022
Subaru/Suprime-Cam/IA527 5498 10~7 1495 10~7 186 Weaver et al. 2022
Subaru/Suprime-Cam/IB574 8166 10~7 2751 1077 188 Weaver et al. 2022
Subaru/Suprime-Cam/IA624 7683 1077 1565 1077 190 Weaver et al. 2022
Subaru/Suprime-Cam/IA679 5951 10~7 2560 107 192 Weaver et al. 2022
Subaru/Suprime-Cam/IB709 5760 10~7 2320 107 193 Weaver et al. 2022
Subaru/Suprime-Cam/IA738 1.140 10=% 2038 1077 194 Weaver et al. 2022
Subaru/Suprime-Cam/IA767 7262 10°7 3181 1077 195 Weaver et al. 2022
Subaru/Suprime-Cam/IB827 1302 1076 3374 1077 197  Weaver et al. 2022
Subaru/Suprime-Cam/NB711 ~ 6.699 10~7 3.614 107 322 Weaver et al. 2022
Subaru/Suprime-Cam/NB816 1295 10=6 2713 107 319 Weaver et al. 2022
VISTA/VIRCAM/NB118 2367 1076 7762 107 321  Weaver et al. 2022
Subaru/Suprime-Cam/B 4203 10~7 3957 10~8 114  Weaver et al. 2022
Subaru/Suprime-Cam/V 4519 107 8931 1078 115 Weaver et al. 2022
Subaru/Suprime-Cam/r+ 7407 10°7 8517 1078 116  Weaver et al. 2022
Subaru/Suprime-Cam/i+ 1.018 1076 1389 10°7 117 Weaver et al. 2022
Subaru/Suprime-Cam/z++ 1729 1076 4195 1077 118 Weaver et al. 2022
Spitzer/IRAC/chl 1.658 10~5 1.08 10~7 18  Weaver et al. 2022
SPITZER/MIPS/24 2941 107* 3243 10°° 325  Jinetal. 2018
VLA/3GHz 3950 10~%° 3100 106 Jin et al. 2018
VLA/1.5GHz 4083 107> 7486 10-¢ Jin etal. 2018
Meerkat/1.3GHz 2.198 104 Jinetal. 2018
ALMA/870um 5260 1073  2.600 10~% Bussmann et al. 2015
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Figure C.75: The SED of source 19 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 30 upper
limits of observations with SNR< 3 or non-detections.
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Figure C.76: The results of fitting source 19 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.77: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 19, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.78: The results of fitting the CO(3-2) ALMA map for source 19 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.79: The results of fitting the dust continuum ALMA map for source 19 with GALFIT. Data: A
cutout of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using
a linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 20

Table C.18: Photometric data collected for source 20. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [Jy ] Uncertainty [ Jy] Code  Reference

Value  Order Value  Order

CFHT/MegaCam/u* 1350 1077 1.735 10~8 352 Weaver et al. 2022
CFHT/MegaCam/u 1.172 107 2622 10°8 353 Weaver et al. 2022
Subaru/HSC/g 3.794 1077 1.684 108 314  Weaver et al. 2022
Subaru/HSC/r 7.509 107 2,194 10~8 315 Weaver et al. 2022
Subaru/HSC/i 1.047 106 2482 1078 316  Weaver et al. 2022
Subaru/HSC/z 1,531 106 3.791 10°8 317 Weaver et al. 2022
Subaru/HSC/y 2439 106 6.590 10~8 318 Weaver et al. 2022
VISTA/VIRCAM/Y 2301 10°6 1.093 107 256  Weaver et al. 2022
VISTA/VIRCAM/I 5.084 106 1315 107 257  Weaver et al. 2022
VISTA/VIRCAM/H 1446 1075 1.955 1077 258  Weaver et al. 2022
VISTA/VIRCAM/Ks 2.184 1075 1.958 107 259  Weaver et al. 2022
Subaru/Suprime-Cam/IB464 ~ 3.368 10~ 7 2203 1077 183  Weaver et al. 2022
Subaru/Suprime-Cam/I1A484 4791 1077 9.380 10~8 184 Weaver et al. 2022
Subaru/Suprime-Cam/IB505 5283  10~7 1259 1077 185  Weaver et al. 2022
Subaru/Suprime-Cam/IA527 ~ 2.095 10~7 1.030 1077 186 Weaver et al. 2022
Subaru/Suprime-Cam/IB574 4156 1077 1910 1077 188 Weaver et al. 2022
Subaru/Suprime-Cam/IA624 5790 10~7 1.103 107 190  Weaver et al. 2022
Subaru/Suprime-Cam/IA679  7.361  10~7 1.751 1077 192 Weaver et al. 2022
Subaru/Suprime-Cam/IB709 6.927 1077 1.624 107 193 Weaver et al. 2022
Subaru/Suprime-Cam/IA738 ~ 8.714 10~7 1403 1077 194  Weaver et al. 2022
Subaru/Suprime-Cam/IA767 7132 1077 2170 1077 195 Weaver et al. 2022
Subaru/Suprime-Cam/IB827 ~ 9.661  10~7 2.115 1077 197  Weaver et al. 2022
Subaru/Suprime-Cam/NB711 ~ 5.763 10~7 2483 10~ 7 322 Weaver et al. 2022
Subaru/Suprime-Cam/NB816 1269  10—6 1.853 107 319 Weaver et al. 2022
VISTA/VIRCAM/NB118 4227 1076 5402 1077 321  Weaver et al. 2022
Subaru/Suprime-Cam/B 2701 1077 2731  10~8 114  Weaver et al. 2022
Subaru/Suprime-Cam/V 4081 1077 5910 108 115  Weaver et al. 2022
Subaru/Suprime-Cam/r+ 6.615 107 5870 10~8 116  Weaver et al. 2022
Subaru/Suprime-Cam/i+ 1.120 1076 9545 10~8 117 Weaver et al. 2022
Subaru/Suprime-Cam/z++ 1458 106 2806 107 118 Weaver et al. 2022
Spitzer/IRAC/chl 3364 1070 4987 10°8 18  Weaver et al. 2022
Spitzer/IRAC/ch2 4.002 10° 2.894 1077 19  Weaver et al. 2022
SPITZER/MIPS/24 1.896 10~% 2106 10°° 325  Jinetal 2018

JCMT/SCUBA2/850GHz 2282 10~13 3298 1073 324  Jinetal. 2018

VLA/3GHz 9.978 106 3212 1076 Jin et al. 2018

VLA/1.5GHz 2538 10~° 6.020 106 Jinetal. 2018

Meerkat/1.3GHz 1.116 10—4 Jin et al. 2018

Herschel/PACS/100 1.669 10~8 3871 1073 329  Liuetal. 2019

Herschel/PACS/160 3.554 1073 6.406 103 330  Liuetal 2019

Herschel/SPIRE/250 1311 1072 1.194 102 331  Liuetal. 2019
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Figure C.80: The SED of source 20 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 3o upper
limits of observations with SNR< 3 or non-detections.
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Figure C.81: The results of fitting source 20 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.82: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 20, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.83: The results of fitting the CO(3-2) ALMA map for source 20 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.84: The results of fitting source 21 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.85: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 21, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.86: The results of fitting the CO(3-2) ALMA map for source 21 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 22

Table C.19: Photometric data collected for source 20. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [ Jy | Uncertainty [ Jy] Code  Reference

Value  Order Value  Order

CFHT/MegaCam/u* 6.401 10°7 1.961 10~8 352 Weaver et al. 2022
CFHT/MegaCam/u 6.094 107 2952 108 353  Weaver et al. 2022
Subaru/HSC/g 7353 1077 2266 1078 314  Weaver et al. 2022
Subaru/HSC/r 9204 1077 2.558 10~8 315 Weaver et al. 2022
Subaru/HSC/i 1.161 106 2.799 108 316  Weaver et al. 2022
Subaru/HSC/z 1.681 106 4255 108 317 Weaver et al. 2022
Subaru/HSC/y 1.706 10—6 6.993 10~8 318 Weaver et al. 2022
VISTA/VIRCAM/Y 1.698 106 1353 1077 256  Weaver et al. 2022
VISTA/VIRCAM/J 3.004 10°6 1.612 107 257  Weaver et al. 2022
VISTA/VIRCAM/H 6415 10=6 2392 1077 258  Weaver et al. 2022
VISTA/VIRCAM/Ks 1.133  10~° 2278 1077 259  Weaver et al. 2022
Subaru/Suprime-Cam/IB427 ~ 7.258 10~7 1.540 107 181  Weaver et al. 2022
Subaru/Suprime-Cam/IB464 2273 10~7 2483 10~7 183 Weaver et al. 2022
Subaru/Suprime-Cam/IA484 6.947 1077 1.061 107 184 Weaver et al. 2022
Subaru/Suprime-Cam/IB505 ~ 7.037  10~7 1427 1077 185  Weaver et al. 2022
Subaru/Suprime-Cam/IA527 6894 10°7 1.167 1077 186 Weaver et al. 2022
Subaru/Suprime-Cam/IB574  6.842 107 2.125 1077 188  Weaver et al. 2022
Subaru/Suprime-Cam/[A624  7.905 10~7 1220 1077 190  Weaver et al. 2022
Subaru/Suprime-Cam/IA679 9.510 10~7 1.980 107 192 Weaver et al. 2022
Subaru/Suprime-Cam/IB709 1.075 10~ 1.788 107 193 Weaver et al. 2022
Subaru/Suprime-Cam/IA738 1.060 10~ 1.585 1077 194 Weaver et al. 2022
Subaru/Suprime-Cam/IA767 1250 106 2461 1077 195  Weaver et al. 2022
Subaru/Suprime-Cam/IB827 ~ 8.767 10~7 2387 10~ 7 197  Weaver et al. 2022
Subaru/Suprime-Cam/NB711 1.176  10—6 2.813 107 322 Weaver et al. 2022
Subaru/Suprime-Cam/NB816  1.193 106 2.180 1077 319 Weaver et al. 2022
VISTA/VIRCAM/NB118 2740 10~6 6.778 107 321  Weaver et al. 2022
Subaru/Suprime-Cam/B 6.559 107 3.095 10-8 114 Weaver et al. 2022
Subaru/Suprime-Cam/V 6.613 107 6.661 108 115  Weaver et al. 2022
Subaru/Suprime-Cam/r+ 8.530 107 5066 10~8 116 Weaver et al. 2022
Subaru/Suprime-Cam/i+ 1.099 106 6.984 10~ 117 Weaver et al. 2022
Subaru/Suprime-Cam/z++ 1476 106 3.116 1077 118  Weaver et al. 2022
Spitzer/IRAC/ch1l 3.102 105 4.627 108 18  Weaver et al. 2022
Spitzer/IRAC/ch2 4374 1075 7.172  10~8 19  Weaver et al. 2022
GALEX/GALEX/NUV 1.985 107 7.858 108 121 Weaver et al. 2022
SPITZER/MIPS/24 2261 107% 2640 10°° 325  Jinetal 2018

JCMT/SCUBA2/850GHz 2282 10713 1016 1073 324 Jinetal 2018

VLA/3GHz 2.060 10° 2.500 10~° Jin et al. 2018

VLA/1.5GHz 2512 1075 6.153 106 Jin et al. 2018

Meerkat/1.3GHz 7.921 105 Jinetal. 2018

Herschel/PACS/100 1.669 108 3.635 1078 329  Liuetal. 2019

Herschel/PACS/160 1.694 102 6.137 103 330  Liuetal 2019

Herschel/SPIRE/250 1342 102 1.571 10738 331  Liuetal. 2019
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Figure C.87: The SED of source 22 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 30 upper
limits of observations with SNR< 3 or non-detections.

Residusls 10

[arcsec]
o
[#0] s|enpisay

-10

Conftours

35

[arcsec]
[#¥0]

-1 0 -1 0 1 41 0 1
[arcsec] [arcsec] [arcsec]

Figure C.88: The results of fitting source 22 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.89: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 22, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.90: The results of fitting the CO(3-2) ALMA map for source 22 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 24

Table C.20: Photometric data collected for source 24. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [Jy ] Uncertainty [Jy] Code  Reference

Value Order Value Order

CFHT/MegaCam/u* 2121 1007 8260 107° 352 Weaver et al. 2022
CFHT/MegaCam/u 1240 1077 1257 10-8 353 Weaver et al. 2022
Subaru/HSC/g 7.198 10-7 1312 1078 314  Weaver et al. 2022
Subaru/HSC/r 1272 106 1.683 10~8 315 Weaver et al. 2022
Subaru/HSC/i 1445 107% 1.681 108 316  Weaver et al. 2022
Subaru/HSC/z 1535 1076 2219 108 317 Weaver et al. 2022
Subaru/HSC/y 1585 1076 3335 108 318 Weaver et al. 2022
VISTA/VIRCAM/Y 1635 1076 1.098 107 256  Weaver et al. 2022
VISTA/VIRCAM/J 2013 1076 1242 1077 257  Weaver et al. 2022
VISTA/VIRCAM/H 3264 1076 1764 107 258  Weaver et al. 2022
VISTA/VIRCAM/Ks 4113 1076 1175 1077 259  Weaver et al. 2022
Subaru/Suprime-Cam/IB427 5414 1077 6320 10°8 181 Weaver et al. 2022
Subaru/Suprime-Cam/IB464 4320 1077 9342 1078 183 Weaver et al. 2022
Subaru/Suprime-Cam/IA484 4246 10~7 3.663 10~8 184 Weaver et al. 2022
Subaru/Suprime-Cam/IB505 9247 1077 5415 108 185 Weaver et al. 2022
Subaru/Suprime-Cam/IA527 1073 1076 4087 10°8 186 Weaver et al. 2022
Subaru/Suprime-Cam/IB574 1229 1076 7874 108 188  Weaver et al. 2022
Subaru/Suprime-Cam/IA624 1224 1076 4133 10°8 190 Weaver et al. 2022
Subaru/Suprime-Cam/IA679 1521 1076  7.024 108 192 Weaver et al. 2022
Subaru/Suprime-Cam/IB709 1469 1076 6.767 1078 193 Weaver et al. 2022
Subaru/Suprime-Cam/IA738 1439 1076 5509 10°8 194 Weaver et al. 2022
Subaru/Suprime-Cam/IA767 1480 10=6 8226 108 195  Weaver et al. 2022
Subaru/Suprime-Cam/IB827 ~ 1.405 10~% 9262 10~8 197  Weaver et al. 2022
Subaru/Suprime-Cam/NB711 1347 1076 1.063 10°7 322 Weaver et al. 2022
Subaru/Suprime-Cam/NB816 ~ 1.522  10-6 7855 10~8 319 Weaver et al. 2022
Subaru/Suprime-Cam/B 4767 107 1215 108 114  Weaver et al. 2022
Subaru/Suprime-Cam/V 1.167 10~ 2581 108 115 Weaver et al. 2022
Subaru/Suprime-Cam/r+ 1313 107% 1797 10°8 116  Weaver et al. 2022
Subaru/Suprime-Cam/i+ 1492 1076 2454 108 117  Weaver et al. 2022
Subaru/Suprime-Cam/z++ 1.544 1076 1.042 1077 118 Weaver et al. 2022
Spitzer/IRAC/ch1 9238 1076 1.890 108 18  Weaver et al. 2022
Spitzer/IRAC/ch2 1405 1075 3602 10-8 19  Weaver et al. 2022
SPITZER/MIPS/24 1719 10~* 1514 10°° 325  Jinetal. 2018
VLA/3GHz 3380 10~° 2900 106 Jin et al. 2018
Meerkat/1.3GHz 2739 10~* Jin et al. 2018
Herschel/PACS/100 6276 1073 1.625 1073 329  Liuetal 2019
Herschel/PACS/160 1.142 1072 4362 1073 330  Liuetal. 2019
Spitzer/IRAC/ch3 1241 107% 2330 10°F 20  Laigleetal. 2016
Spitzer/IRAC/ch4 1293 1075 4.020 106 21  Laigle etal. 2016
Herschel/SPIRE/200 2496 1072 7400 10~* 331 Laigle et al. 2016
Herschel/SPIRE/350 3328 1072  1.110 1073 332 Laigleetal. 2016
Herschel/SPIRE/500 2390 1072 1.090 1073 333 Laigleetal. 2016
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Figure C.91: The SED of source 24 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 30 upper
limits of observations with SNR< 3 or non-detections.
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Figure C.92: The results of fitting source 24 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.93: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 24, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.94: The results of fitting the CO(5-4) ALMA map for source 24 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.95: The results of fitting the dust continuum ALMA map for source 24 with GALFIT. Data: A
cutout of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using
a linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 25

Table C.21: Photometric data collected for source 24. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [Jy ] Uncertainty [ Jy] Code  Reference

Value Order Value  Order

Spitzer/IRAC/5.8 8.610 1076 1540 10~ 20  Leungetal. 2019
Spitzer/IRAC/8.0 8140 106 4480 1076 21  Leungetal. 2019
Spitzer/MIPS/24um 1.080 10~3 2000 10°° 325  Leungetal. 2019
Herschel/PACS/160um 8.630 1072 1.790 1072 330  Leungetal. 2019
Herschel/SPIRE/250um 1.060 10~' 7.000 103 331  Leungetal. 2019
Herschel/SPIRE/350um 1200 10~' 1.000 10~2 332 Leung et al. 2019
Herschel/SPIRE/500um 9210 1072 7.600 10~3 333 Leungetal. 2019
ALMA/635um 5250 1072 5900 1073 Leung et al. 2019
ALMA/870um 1.800 1072 4.000 10~* Leung et al. 2019
SMA/870um 2150 1072 3.100 1073 Leung et al. 2019
ALMA-ACA/1037um 1.180 1072 8.000 1074 Leung et al. 2019
IRAM/MAMBO/1200um 8900 10—2 9.000 10~* Leung et al. 2019
CARMA/3000um 5000 10=% 1.100 10~* Leung et al. 2019
VLA/9586.8um 1.840 107% 3.140 10~ Leung et al. 2019
GALEX/FUV 2290 106 120 Leung et al. 2019
GALEX/NUV 2290 1076 121 Leungetal. 2019
CFHT/MegaCam/u* 1900 107 352 Leung et al. 2019
CFHT/MegaCam/g’ 1400 1077 89 Leung et al. 2019
CFHT/MegaCam/r’ 2000 1077 90  Leungetal. 2019
CFHT/MegaCam/i’ 2400 1077 91  Leungetal. 2019
CFHT/MegaCam/z’ 3.500 1077 92 Leung et al. 2019
VISTA/VIRCAM/Z 1.100 107 356  Leungetal. 2019
VISTA/VIRCAM/Y 3.100 1077 256 Leung et al. 2019
VISTA/VIRCAM/J 3.500 1077 257  Leungetal. 2019
VISTA/VIRCAM/H 5500 107 258  Leungetal. 2019
VISTA/VIRCAM/Ks 7.800 1077 259  Leungetal. 2019
Spitzer/IRAC/3.6 1250 106 18 Leung et al. 2019
Spitzer/IRAC/4.5 1250 106 19 Leung et al. 2019
WISE/band-1 2000 10* 244 Leungetal. 2019
WISE/band-2 1900 10—* 245  Leungetal. 2019
WISE/band-3 5200 104 245  Leungetal. 2019
WISE/band-4 3240 1073 246 Leung et al. 2019
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Figure C.96: The SED of source 24 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 3o upper
limits of observations with SNR< 3 or non-detections.
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Figure C.97: The results of fitting the [CII](1-0) ALMA map for source 25 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.98: The results of fitting the dust continuum ALMA map for source 25 with GALFIT. Data: A
cutout of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using
a linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 26

Table C.22: Photometric data collected for source 26. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [Jy] Uncertainty [ Jy] Code  Reference

Value Order Value  Order

ALMA/1140um 5600 10—3 1300 10~¢ Umehata et al. 2017
VLA/200000 4200 1075 1200 10°° Tamura et al. 2010
ASTE/AZTEC/1100/db 8200 10—3  1.000 103 Tamura et al. 2010
SMA/860 1220 10~2 2700 103 Tamura et al. 2010
SPITZER/MIPS/24 1420 10~% 1800 10°° 325  Tamura et al. 2010
SPITZER/IRAC/8.0 3259 10~° 2270 106 21  Tamura et al. 2010
SPITZER/IRAC/5.8 2224 1075 1870 1076 20  Tamura et al. 2010
SPITZER/IRAC/4.5 1446 1075 7.600 10~7 19  Tamura et al. 2010
SPITZER/IRAC/3.6 7.800 10~% 5000 10°7 18  Tamuraetal. 2010
Subaru/MOIRCS/Ks 2.710 10-6 6.300 10~7 226 Tamura et al. 2010
Subaru/MOIRCS/H 2130 1079 7100 107 225  Tamura et al. 2010
Subaru/MOIRCS/J 1.680 106 224  Tamuraetal. 2010
Subaru/S-CAM/z’ 1.200 107 199 Tamura et al. 2010
Subaru/S-CAM/i’ 6.300 108 195 Tamura et al. 2010
Subaru/S-CAM/R 4.800 10-8 162 Tamura et al. 2010
Subaru/S-CAM/V 5250 1078 187 Tamura et al. 2010
Subaru/HSC/NB497 7.500 108 357 Tamura et al. 2010
Subaru/S-CAM/B 5.700 108 182 Tamura et al. 2010
ALMA/3mm 1.170  10~* 1.400 10°° This work
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Figure C.99: The SED of source 26 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 30 upper
limits of observations with SNR< 3 or non-detections.
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Figure C.100: The results of fitting the CO(3-2) ALMA map for source 26 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.101: The results of fitting the dust continuum ALMA map for source 26 with GALFIT. Data: A
cutout of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using
a linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Mode! panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 27

Table C.23: Photometric data collected for source 27. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [ Jy ] Uncertainty [ Jy] Code  Reference
Value Order Value Order

ALMA/1140um 1.650 102 7.000 1075 Umehata et al. 2017

SPITZER/IRAC/8.0  1.230 10=5 8.000 10~7 21 Spitzer Science Center (SSC) and Infrared Science Archive (IRSA) 2021
SPITZER/IRAC/5.8 7.760 106 4400 107 20 Spitzer Science Center (SSC) and Infrared Science Archive (IRSA) 2021
SPITZER/IRAC/4.5 6770 10=6 9.000 108 19 Spitzer Science Center (SSC) and Infrared Science Archive (IRSA) 2021
SPITZER/IRAC/3.6 5460 106 6.000 10—8 18 Spitzer Science Center (SSC) and Infrared Science Archive (IRSA) 2021
HST/wfc3/F160W  9.908 10=7 1.091 1076 205  This work

HST/wfc3/F814W 1086 10°7 1316 1077 217 This work
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Figure C.102: The SED of source 24 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 3o upper limits
of observations with SNR< 3 or non-detections.
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Figure C.103: The results of fitting source 27 with GALFIT. Data: A cutout of the source. The colour scale
for the Data, Model and Mask panels are defined from this map, using a linear scale. The direction towards
celestial north and east are displayed by the arrows. The fitted FWHM of the PSF is displayed in the inset in
the bottom right. Mask: Masked out sources and dead pixels are displayed in red. Model: The fitted model
convolved with the PSF. Contours: Contours of the Data panel in blue. Contours of the Model panel in
black. Contour levels start at the value annotated in the bottom left, and increase by a factor of two for each
subsequent level. The shaded region indicates where the 1D profile was extracted from. Residuals: The
Data subtracted by the Model. Profile: A one-dimensional profile extracted along the semi-major axis of
the Model.
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Figure C.104: From point-source to PSF. Left: The map displays the source used to create the PSF, for the
mosaic containing source 27, in a logarithmic colour scale. The left and bottom panels shows the profile
through the pixel of the highest value. The annotated coordinates are the coordinates of the centre of the
map. Right: The map displays the PSF created from the left figure. The annotated FWHM along each
axis are calculated by fitting a two-dimensional Gaussian to the map. The right and bottom panel shows the
profile through the highest value pixel in black and the profile of the fitted two-dimensional Gaussian in red.
The annotated angle describes the position angle of the fitted two-dimensional Gaussian counterclockwise
from the positive x-axis.
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Figure C.105: The results of fitting the CO(3-2) ALMA map for source 27 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.106: The results of fitting the dust continuum ALMA map for source 27 with GALFIT. Data: A
cutout of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using
a linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.107: The results of fitting the CO(3-2) ALMA map for source 28 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.

Investigating the morphologies of stars, gas and dust in star-forming galaxies at cosmic noon 161



Residuals H

[arcsec]
o
[##0] s|enpisay

[arcsec]
=
[#¥0]

51 0 1
[arcsec] [arcsec] [arcsec]

Figure C.108: The results of fitting the dust continuum ALMA map for source 28 with GALFIT. Data: A
cutout of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using
a linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 29

Table C.24: Photometric data collected for source 29. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [Jy ] Uncertainty [Jy] Code  Reference

Value Order Value Order

CFHT/MegaCam/u* 3588 1077 9.609 10~° 352 Weaver et al. 2022
CFHT/MegaCam/u 3493 1077 1416 10-8 353 Weaver et al. 2022
Subaru/HSC/g 4727 107 1270 1078 314  Weaver et al. 2022
Subaru/HSC/r 9498 107 1.647 10~8 315 Weaver et al. 2022
Subaru/HSC/i 1442 107% 1865 108 316  Weaver et al. 2022
Subaru/HSC/z 1.623 1076 2534 108 317 Weaver et al. 2022
Subaru/HSC/y 1.675 10~ 3859 108 318 Weaver et al. 2022
VISTA/VIRCAM/Y 1.866 10=% 9.064 10~8 256  Weaver et al. 2022
VISTA/VIRCAM/J 2504 1076 1.075 1077 257  Weaver et al. 2022
VISTA/VIRCAM/H 4066 1076 1602 10°7 258  Weaver et al. 2022
VISTA/VIRCAM/Ks 5155 1076 1279 107 259  Weaver et al. 2022
Subaru/Suprime-Cam/IB427 2867 1077  6.621 10~ 181 Weaver et al. 2022
Subaru/Suprime-Cam/IB464 3961 1007  1.043 1077 183 Weaver et al. 2022
Subaru/Suprime-Cam/IA484 4910 10~7 4473 108 184  Weaver et al. 2022
Subaru/Suprime-Cam/IB505 4653 1077  6.056 1078 185 Weaver et al. 2022
Subaru/Suprime-Cam/IA527 5715 1077 4830 10°8 186 Weaver et al. 2022
Subaru/Suprime-Cam/IB574 6732 1077 8696 10~8 188 Weaver et al. 2022
Subaru/Suprime-Cam/IA624 8923 10~7 4912 108 190 Weaver et al. 2022
Subaru/Suprime-Cam/IA679 1.189 10~6 7548 108 192 Weaver et al. 2022
Subaru/Suprime-Cam/IB709 1.102 1076 7320 10°8 193 Weaver et al. 2022
Subaru/Suprime-Cam/IA738 1362 1076 6423 10°8 194 Weaver et al. 2022
Subaru/Suprime-Cam/IA767  1.437 10=6 1.005 107 195  Weaver et al. 2022
Subaru/Suprime-Cam/IB827  1.623 10~% 1.045 107 197  Weaver et al. 2022
Subaru/Suprime-Cam/NB711 1468 10=6 1.071 107 322 Weaver et al. 2022
Subaru/Suprime-Cam/NB816  1.415 10~6 9416 1078 319 Weaver et al. 2022
VISTA/VIRCAM/NB118 1520 1076 5985 10~7 321  Weaver et al. 2022
Subaru/Suprime-Cam/B 4159 1077 1354 1078 114 Weaver et al. 2022
Subaru/Suprime-Cam/V 6517 1077 2725 1078 115  Weaver et al. 2022
Subaru/Suprime-Cam/r+ 9.874 10~7 2207 108 116 Weaver et al. 2022
Subaru/Suprime-Cam/i+ 1446 1076 2877 1078 117 Weaver et al. 2022
Subaru/Suprime-Cam/z++ 1468 10~6 1325 1077 118  Weaver et al. 2022
Spitzer/IRAC/ch1 9335 1076 1.648 108 18  Weaver et al. 2022
Spitzer/IRAC/ch2 1350 107% 1.004 1077 19  Weaver et al. 2022
GALEX/GALEX/NUV 3244 1007 7990 108 121 Weaver et al. 2022
SPITZER/MIPS/24 8.167 10~° 1313 105 325  Jinetal 2018

JCMT/SCUBA2/850GHz 5419 1073 1392 1073 324 Jinetal 2018

VLA/3GHz 1.900 10=5 2400 106 Jinetal. 2018

VLA/1.5GHz 2945 107° 1330 10°° Jin et al. 2018

Meerkat/1.3GHz 1430 104 Jin et al. 2018

Herschel/PACS/100 1.828 1073 1.680 103 329  Liuetal. 2019

Herschel/PACS/160 1.126 102 3352 1073 330  Liuetal 2019

Herschel/SPIRE/250 2532 1072 245 1073 331  Liuetal. 2019
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Figure C.109: The SED of source 29 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 3¢ upper limits
of observations with SNR< 3 or non-detections.

Residuals

[arcsec]
o
[#°0] sjenpisay

[arcsec]
[#¥0]

[arcsec] [arcsec] [arcsec]

Figure C.110: The results of fitting the CO(5-4) ALMA map for source 29 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.111: The results of fitting the dust continuum ALMA map for source 29 with GALFIT. Data: A
cutout of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using
a linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Source 30

Table C.25: Photometric data collected for source 30. The observation column lists the facility, instrument
and filter used to make the observation. The code column connects the filter transmission curve with the
correct one in Stardust. The reference column lists references to the works from which the observations
were collected. Observations without an uncertainty corresponds to 3o upper limits.

Observation Flux [ Jy | Uncertainty [Jy ] Code  Reference
Value Order Value  Order

CFHT/MegaCam/u* 1377 10-8 8815 107° 352 Weaver et al. 2022
CFHT/MegaCam/u 1952 10~% 1371 108 353 Weaver et al. 2022
Subaru/HSC/g 4309 10~7 1.079 108 314  Weaver et al. 2022
Subaru/HSC/r 8.118 10~7 1399 108 315 Weaver et al. 2022
Subaru/HSC/i 1.028 107% 1489 108 316  Weaver et al. 2022
Subaru/HSC/z 1.109 10~ 2004 108 317 Weaver et al. 2022
Subaru/HSC/y 1.126 10~ 3211 108 318  Weaver et al. 2022
VISTA/VIRCAM/Y 9520 10~7 1.121 107 256  Weaver et al. 2022
VISTA/VIRCAM/J 1411 1076 1317 1077 257  Weaver et al. 2022
VISTA/VIRCAM/H 2694 1076 1858 10~7 258  Weaver et al. 2022
VISTA/VIRCAM/Ks 3806 10=% 1179 107 259  Weaver et al. 2022
Subaru/Suprime-Cam/IB427 2744  10~7  6.149 10~8 181  Weaver et al. 2022
Subaru/Suprime-Cam/IB464 ~ 3.740  10~7 1.018 10~7 183 Weaver et al. 2022
Subaru/Suprime-Cam/IA484 4735 10~7 5148 108 184 Weaver et al. 2022
Subaru/Suprime-Cam/IB505 4155 1077 5743 108 185 Weaver et al. 2022
Subaru/Suprime-Cam/IA527 5530 10°7 5512 1078 186 Weaver et al. 2022
Subaru/Suprime-Cam/IB574 6969 10~7 8799 10°8 188 Weaver et al. 2022
Subaru/Suprime-Cam/IA624 8384 107 4432 108 190 Weaver et al. 2022
Subaru/Suprime-Cam/IA679  8.685 10~7 7.796 108 192 Weaver et al. 2022
Subaru/Suprime-Cam/IB709 9372 10=7 7436 108 193 Weaver et al. 2022
Subaru/Suprime-Cam/IA738 1.005 1076 6381 10°8 194 Weaver et al. 2022
Subaru/Suprime-Cam/IA767  1.040 10=6 9757 108 195  Weaver et al. 2022
Subaru/Suprime-Cam/IB827 ~ 9.035 10~7 9.998 10~8 197  Weaver et al. 2022
Subaru/Suprime-Cam/NB711 ~ 8.728 10~7 1.034 107 322 Weaver et al. 2022
Subaru/Suprime-Cam/NB816  1.078 10-6 8815 10~8 319 Weaver et al. 2022
Subaru/Suprime-Cam/B 2812 1077 1.159 108 114 Weaver et al. 2022
Subaru/Suprime-Cam/V 6.884 10~7 2521 1078 115  Weaver et al. 2022
Subaru/Suprime-Cam/r+ 8308 10~7 2.154 1078 116  Weaver et al. 2022
Subaru/Suprime-Cam/i+ 1.049 10-6 258 10-8 117 Weaver et al. 2022
Subaru/Suprime-Cam/z++ 1.078 1076 1336 1077 118 Weaver et al. 2022
Spitzer/IRAC/chl 6.790 10~ 2202 108 18  Weaver et al. 2022
Spitzer/IRAC/ch2 1.100  10~5 2.032 108 19  Weaver et al. 2022
SPITZER/MIPS/24 2852 10~% 4161 10°° 325  Jinetal 2018
JCMT/SCUBA2/850GHz 4340 1073 8235 10% 324 Jinetal. 2018
VLA/3GHz 3410 1075 2900 10~¢ Jin et al. 2018
VLA/1.5GHz 4276 1075 1.680 10~° Jin et al. 2018
Meerkat/1.3GHz 2.276 104 Jinetal. 2018
Herschel/PACS/100 1.579 1073 2590 1073 329  Liuetal 2019
Herschel/PACS/160 2969 1072 4544 1073 330  Liuetal. 2019
Herschel/SPIRE/250 3268 1072 1.528 1073 331  Liuetal. 2019
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Figure C.112: The SED of source 29 as fitted with STARDUST, assuming that there’s no significant AGN
contribution. The squares are marked around observations with a SNR> 3. Arrows indicate 3o upper limits
of observations with SNR< 3 or non-detections.
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Figure C.113: The results of fitting the CO(5-4) ALMA map for source 30 with GALFIT. Data: A cutout
of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using a
linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Model panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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Figure C.114: The results of fitting the dust continuum ALMA map for source 30 with GALFIT. Data: A
cutout of the source. The colour scale for the Data, Model and Mask panels are defined from this map, using
a linear scale. The direction towards celestial north and east are displayed by the arrows. The FWHM of the
synthetic beam is displayed in the inset on the lower right. Mask: Masked out sources and dead pixels are
displayed in red. Model: The fitted model convolved with the PSF. Contours: Contours of the Data panel
in blue. Contours of the Mode! panel in black. Contour levels start at the value annotated in the bottom left,
and increase by a factor of two for each subsequent level. The shaded region indicates where the 1D profile
was extracted from. Residuals: The Data subtracted by the Model. Profile: A one-dimensional profile
extracted along the semi-major axis of the Model.
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D Statistical Analyses

D.1 Spearman’s Rank Order Correlation

In the discussion section of this thesis, we compare different fitted variables for our entire sample.
Additionally, we want to calculate whether there’s a statistical significant relation between those
variables. For that purpose, we apply Spearman’s rank order correlation.

Spearman’s rank order correlation is a non-parametric version of the Pearson Product-Moment
Correlation. It measures how well the relationship between two variables can be described by a
monotonic function. A monotonic function is a function for which the increase in one variable will
always result in either an increase or decrease in the other variable. Essentially, the function is either
entirely increasing or decreasing. Consequently, Spearman’s rank order correlation essentially
measures the association between the paired variables.

The correlation, p, between two variables, X and Y/, is calculated by first ranking the data inde-
pendently for each variable. Each of the IV data points are ranked from 1 (highest) to N (lowest)
in each variable. We represent the ranking algorithm with an R. For example,

R ([10,30,50,20,40]) = [5,3,1,4, 2] (D.1)
The rank order correlation between the two variables are then given by,
cov (R(X), R(Y))

p= ) (D.2)
OR(X)OR(Y)

where 0 r(x) is the standard deviation of the ranking of the K th variable. Additionally, the covari-
ance is calculated in the following way for two variables I and J,
;N
cov(l,J) = — ) (i = p1) - (Ji = ), (D.3)
7

where i represents the i pair of data points and jux represents the mean of the K™ variable. The
rank order correlation takes on a range of values p € [—1, 1]. A value close to zero indicates no
monotonic association between the variables. Additionally, a positive value indicates a positive
monotonic association while a negative value indicates a negative monotonic association. More-
over, we adopt the following interpretation of the rank order correlation,

* Very weak correlation: 0 < |p| < 0.2
« Weak correlation: 0.2 < |p| < 0.4

* Moderate correlation: 0.4 < |p| < 0.6
« Strong correlation: 0.6 < |p| < 0.8

* Very strong correlation: 0.8 < |p| < 1

The rank order correlation is accompanied by a p-value, which roughly describes the probability
of an uncorrelated dataset having a rank order correlation at least as extreme as the one calculated
from the dataset. The p-value is calculated from the t-distributed statistic,

1%
t=p|+— D.4

by integrating from the calculated rank order correlation to infinity. In the above equation, v =
N — 2, is the degree of freedom.
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D.2 Monte Carlo Method

In this thesis, we use the MC method to estimate how uncertainties propagate through a non-trivial
operation. For example, we use it to investigate how the choice of PSF affects the uncertainties
of the parameters recovered from fitting the surface brightness profile with GALFIT. Additionally,
we will be using it to estimate the uncertainty of the median of an uncertain variable in chapter 4.

In short, the MC method estimates the output distribution by randomly sampling the input variable,
assuming a Normal distribution centred on the actual variable of the input variable. The standard
deviation of that Normal distribution is then set to reflect the uncertainty of the variable. By it-
eratively sampling the input space and calculating the output, we build an output distribution of
variables.

The uncertainty on the output variable can then be calculated by finding the upper and lower limit
of the output distribution, as defined by the 84" and 16™ percentile respectively.
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