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Chapter 1

Introduction



IN THE BEGINNING

The story of galaxy formation begins with the birth of the universe itself
13.8 billion years ago. At that moment the seeds for galaxy formation were
planted as tiny quantum fluctuations.

Only 300 million years later, these tiny fluctuations had already grown
into the first galaxies which are already surprisingly luminous and de-
tectable by our most sensitive telescopes. Moreover, just another 400 mil-
lion years later we observe galaxies that are chemically already quite similar
to the galaxies we observe in the local universe today.

The aim of this thesis is to explore this early epoch of rapid galaxy
formation from a sub-mm perspective, ranging from the detection of oxy-
gen in one of the most distant galaxies currently known at z > 14 to a
comprehensive study of the strikingly evolved galaxies we see at z ~ 7.

In this introduction we will briefly review the theoretical framework of
galaxy formation, how we observe these galaxies in the early universe and
finally the processes in the interstellar medium (ISM) driving emission in
the far infrared (FIR) and the key observables of high redshift galaxies.
We conclude with the main questions that this thesis attempts to address
and give an overview of the results.

1.1 SETTING THE STAGE

This section broadly outlines the theoretical framework at the basis of
galaxy formation, from the underlying cosmology to the linear collapse of
dark matter halos. This part of galaxy formation is very well understood
and analytically tractable and sets the stage on which galaxy formation
takes place, with the complicated and messy physics of baryons that actu-
ally make up the galaxies we observe.

1.1.1 The ACDM Universe

Our current best description of the universe is the standard model of cos-
mology, known as the Lambda-Cold Dark Matter (ACDM) model. This
framework has proven remarkably successful for understanding the origin
and evolution of the universe. Within this model, the energy density of
the present-day universe is dominated by two enigmatic components: dark
energy (Qx0 ~ 0.7) and cold dark matter (Qpam,o ~ 0.25). The famil-
iar baryonic matter that makes up gas, stars and planets only constitutes
about 1/20 of the cosmic inventory (Qparyon,0 ~ 0.05) (Planck Collabora-
tion et al. 2020).



For each component X, Qx is the ratio of its energy density, px, to the
critical density, pcrit. The critical density is the natural density to compare
to as it determines the shape of the universe. Current measurements agree
that the sum of all components is unity (2 = 1), which implies that the
universe does not have curvature.

These constituents, together with the assumption of isotropy and homo-
geneity, determine the expansion history of the universe. This expansion
history is captured in the Friedmann equations, which are derived from
the Einstein field equations for the Friedmann-Lemaitre-Robertson-Walker
metric. Solving the Friedmann equation gives the scale factor a(t) as a
function of time. The scale factor can be interpreted as the ratio between
the size of the universe at time t relative to its present size. It furthermore
is related to redshift as a = 1/(1 + z) and can thus be directly be inferred
through spectroscopy by measuring z. Interestingly, this implies that at
z = 1 the universe was only half the size of the current universe and at
z = 14 the universe was much more compact at only ~7% of its current
size.

Because the energy density of each of the components in the universe
scales differently with the scale factor, cosmic history can be divided into
different epochs in which different components were dominant. In the
current universe, dark energy became dominant around z = 0.7. Before
the current epoch, the universe was matter dominated until very early
in the universe (z > 3400), when radiation was the principal component.
This means that most of cosmic structure formation and galaxy evolution
took place in the matter dominated epoch.

1.1.2 Collapse of Haloes

The previous section described the evolution of a perfectly homogeneous
and isotropic universe. However, the observed universe is filled with a
rich hierarchy of structure. As mentioned before, these structures are the
result of tiny fluctuations, set by the primordial power spectrum. Over long
enough time these tiny fluctuations collapsed and formed the structures we
observe today.

This collapse is governed by the interplay between self-gravity of these
fluctuations, which seeks to amplify them, and the overall cosmic ex-
pansion, which works to dilute them (“Hubble friction”). The strength
of a fluctuation is generally quantified in terms of the density contrast,

o(x,t) = %, which measures the fractional overdensity at a given



point in space relative to the cosmic mean density, p(¢) at time ¢ and
location x.

Conveniently, in the regime of tiny fluctuations (6 < 1), the evolution
of the overdensity can be calculated analytically. In a static universe,
the collapse would be exponential, however in our expanding universe the
collapse is generally power-law shaped. The precise rate of the growth
depends critically on the dominant component of the universe’s energy
density at any given time. Specifically, during the matter dominated epoch,
which is the epoch relevant for galaxy formation, structures grew as § o
(1+2)7L.

As fluctuations become more overdense, their evolution enters a highly
non-linear phase. The gravitational collapse becomes a complex, multi-
stream process that is analytically intractable, so numerical methods be-
come necessary, such as cosmological N-body simulations.

Although linear theory cannot describe the nonlinear collapse itself, the
spherical-collapse model establishes a useful correspondence between col-
lapse and the linearly extrapolated density contrast. In this model, a
perturbation is considered to have collapsed once its linearly extrapolated
overdensity reaches the critical value d;3, . = 1.686 (e.g. Gunn & Gott 1972;
Press & Schechter 1974). This value does not represent the true overden-
sity of the perturbation, but rather it is the value that linear theory would
predict at the time when the spherical perturbation formally collapses. By
that stage the perturbation is already highly nonlinear and the process of
virialization is underway.

1.1.3 The Halo Mass Function

The description of how fluctuations grow over time, cross d;;, . and col-
lapse, can be combined with the initial distribution of the fluctuations as
given by the primordial power spectrum. This gives an accounting of the
number of collapsed halos of a certain mass in a fixed (comoving) volume
at any point in time. The resulting distribution is known as the halo mass
function (HMF).

The Halo Mass Function is shown in Figure 1.1 and exhibits a charac-
teristic shape: a power-law at the low-mass end with a sharp exponential
cutoff at the high-mass end. The sharp exponential cutoff is driven by
the increasing rarity of massive haloes, which require a high sigma fluc-
tuation in the primordial density field to be able to collapse early. In a
fixed volume, there are not many such high-sigma fluctuations, causing the
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exponential cutoff. At the low mass end, the variance of the density con-
trast is much larger and crossing ;. is not a rare event. The power-law
shape of this part of the HMF is predominantly driven by the shape of the
primordial power spectrum.

For reference, in Figure 1.1 we show the number of halos that would
be expected in a fixed survey volume of 1x1 deg? field of view, which
is roughly typical for deep extragalactic surveys. Strikingly, this reveals a
notable discrepancy between the predicted halo distribution and the galaxy
populations we actually observe.

If we compare the number of galaxies spectroscopically confirmed at
z = 14 and z = 12, the counts are roughly similar (~ 5—10) (e.g. Harikane
et al. 2023; Carniani et al. 2024). However, from the figure it is clear
that for a given halo mass the expected number of halos increases by
approximately an order of magnitude between z=14 and z=12. If galaxies
simply traced the underlying halo population, we would expect a similar
dramatic increase in galaxy counts, which is not supported by observations.

This discrepancy introduces what has been widely discussed in the lit-
erature as the “early galaxy tension” or the “early galaxy crisis” following
the launch of the James Webb Space Telescope (JWST). Standard galaxy
formation models, calibrated to match the galaxies we observe at lower red-
shifts, predicted a rapid, exponential decline in the UV luminosity function
of galaxies at z>10. Instead, JWST has uncovered a surprisingly abundant
population of exceptionally luminous, spatially extended, and chemically
enriched systems.

The complicated connection between the underlying population of haloes
and the galaxies we observe becomes even more apparent in the right panel
of Figure 1.1. This figure shows the galaxy stellar mass function (GSMF) at
z = 7 together with the HMF under the assumption that different fractions
of the available baryons in each halo are converted to stars, i.e. a fixed
star formation efficiency. Interestingly, there does not seem to be a fixed
star formation efficiency that can explain the stellar masses we observe
in galaxies across the full mass range and a mass-dependent efficiency is
necessary to explain the data.

Both examples illustrate the stark differences between the predicted
abundance of dark matter halos derived from beautiful analytic theory,
and the complex real world of actual observed galaxy populations. In-
deed, explaining both requires mechanisms that depend on (halo) mass
and cosmic time. This is where baryonic processes take over, governing
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Figure 1.1. Left panel: The evolution of the dark matter halo mass function from
z =14 to z = 0.1. Instead of the usual counts per unit comoving volume it is shown in
terms of number of halos per decade of mass in a 1x1 deg? field in a redshift interval
of Az = 1. The horizontal dashed line at y=1 indicates the threshold for expecting at
least one halo per mass decade in such an area. Right panel: The halo mass function
compared with the observed galaxy stellar mass function (GSMF) at z = 7 (Weibel et al.
2024). The grey lines illustrate the predicted GSMF under the simple assumption that
a fixed fraction of the available baryons in every halo is converted into stars.

how gas cools and how different components of galaxies interact with this
gas through feedback processes. How exactly these processes work is the
most important open question in galaxy formation and evolution, and will
be the focus of the next sections.

1.2 FROM DARK MATTER HALO TO GALAXY

The transformation of baryons within a dark-matter halo into an observ-
able galaxy involves processes central to galaxy formation and evolution.
Practically, to form a galaxy in a dark matter halo, large amounts of gas
must undergo runaway collapse and form stars. This results in a compe-
tition between the self-gravity of the gas and its internal pressure. For
gravity to win and form the stars we observe, the internal pressure must
be sufficiently low and therefore the gas must become dense and cold.

However, there is a complication. As gas falls into the potential wells
set by the dark matter, it converts potential energy into kinetic energy
and is heated significantly. At high redshift, however, gas accretion is
generally dominated by “cold mode accretion”, where gas from the cosmic
web flows directly into a developing galaxy along narrow, high-density
filaments rather than spreading out into a spherical halo (Dekel et al. 2009).
This bypasses the formation of a stable, hot atmosphere of gas enveloping



the halo commonly found around massive halos at lower redshift. The
inflowing gas is still heated to the halo’s virial temperature, typically tens
of thousands of Kelvin, through shocks where these streams converge at
the halo’s center. This high temperature causes the gas pressure to be
far too high to allow the runaway gravitational collapse required to form
stars. It is therefore crucial to cool the gas by radiating away this thermal
energy.

1.2.1 The Cooling Function

This cooling is achieved when particles in the gas interact and convert
their kinetic energy into radiation, which subsequently escapes and carries
away thermal energy. There are several types of interactions that con-
tribute to this and these processes depend on both temperature and the
chemical composition of the gas. The combined efficiency of all processes
is captured by the cooling function, denoted as A(T,Z)!. The cooling
function for different metallicities is shown in Figure 1.2.

From the figure, two things can be noted. First, the presence of metals
significantly enhances the ability of gas to cool. This is because metals open
up numerous transitions in addition to those from hydrogen to radiate away
energy. Second, there is a rapid drop in the cooling function below ~ 10
K. This is because at this temperature the hydrogen cooling channel shuts
off catastrophically, both due to a lack of free electrons and insufficient
thermal energy to excite hydrogen’s lowest energy level (10.2 eV). Because
hydrogen is the dominant component of any gas, the cooling rate drops by
>4 orders of magnitude.

The precipitous drop in the cooling function creates a critical bottleneck,
as gas would be unable to cool further were it not for mechanisms other
than atomic hydrogen. This is where fine-structure line cooling and molec-
ular cooling become paramount. Heavy elements like carbon and oxygen
possess low-lying fine-structure energy levels that can be excited by col-
lisions even in gas with temperatures of just a few hundred Kelvin. The
same applies to molecules, which have rotational and vibrational excita-
tions that can be excited at low temperatures.

Radiative de-excitation from these levels, producing far-infrared photons
from lines such as [CII]158um, allows the gas to bypass the 10.000 K

1 1t should be noted that the total cooling rate per unit of volume (C) also strongly depends
on the density C = nen;A(T,Z), where n. and n; are the number densities of electrons and
ions, respectively. This is because the radiative processes are two-body interactions involving
an electron and an ion.
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Figure 1.2. Left panel: The cooling function versus temperature for gas of different
metallicities ([Fe/H]). Note the sharp increase in cooling above 10K and the strong
dependence on metallicity. (Adapted from: Revaz et al. 2009) Right panel: The critical
boundary for effective cooling (tcool = tg) in the density-temperature plane for pri-
mordial and solar metallicity gas. Above this boundary cooling is effective, enabling
catastrophic collapse. The dashed diagonal lines correspond to constant gas mass. The
horizontal dotted lines indicate the characteristic density of virialized halos (200X perit )-
Because halos at higher redshift are intrinsically denser, gas within them is more likely
to be in the effective cooling regime. For example, a gas mass of 10% Mg, resides in the
inefficient region at z=0 but can cool effectively at z=5. (Adapted from: Mo et al. 2010)

temperature floor and continue its collapse. In the absence of metals, the
only significant coolant below 10.000 K is molecular hydrogen (Hsg), which
is fragile and easily destroyed by UV radiation. The presence of metals
therefore provides a far more robust and efficient cooling pathway in the
low-temperature regime with cooling rates orders of magnitude higher than
for primordial gas. These fine-structure cooling lines are at the core of the
work presented in this thesis.

1.2.2 Cooling FEffectiveness

To understand whether gas can collapse to form stars, we must compare
two critical timescales: the cooling time (fco01) and the free-fall time (¢g).

The cooling time is the timescale over which the gas can radiate away
its internal thermal energy (in the absence of heating), and it is defined as
the ratio of the gas’s thermal energy density to its cooling rate per unit
volume. The cooling time scales as teo0 & T'/n. Notably, the cooling time
decreases with increasing density. In contrast, the free-fall time represents
the characteristic timescale for a cloud to collapse under its own gravity,
which scales as tg o< n/2 (e.g. Mo et al. 2010).



Cooling is considered “effective” when the cooling time is shorter than the
free-fall time (teoo1 < t). In this regime, the gas loses its pressure support
faster than it can dynamically respond to the change. This triggers a
runaway process known as catastrophic cooling: as the gas cools and loses
pressure, it gets compressed by gravity. Its density increases, which in
turn shortens both the cooling time and the free-fall time, accelerating the
collapse until stars are formed. The redshift of the universe plays a critical
role here. The characteristic density of a virialized halo is tied to the critical
density of the universe at that epoch, which scales as (1 + z)3. Halos at
high redshift are therefore intrinsically much denser, which dramatically
shortens their free-fall times and makes the condition for effective cooling
much easier to satisfy.

Figure 1.2 provides a powerful visualization of this concept, plotting gas
density against temperature. The solid lines delineate the critical bound-
ary where t.o0 = tg for both primordial (Z=0) and solar-metallicity gas
(Z=Z&). The region to the upper-left of these lines is where cooling is ef-
fective. The dashed diagonal lines show the virial temperature and density
for halos of a given mass. The figure shows that at high redshifts, virtually
all halos massive enough to form stars reside in this catastrophic cooling
regime.

This leads to an interesting and well-known issue: the “overcooling prob-
lem” (Benson et al. 2003). A naive interpretation of the physics above
predicts that nearly all the baryonic gas accreted onto dark matter ha-
los should have cooled, collapsed, and been converted into stars long ago.
However, observations reveal a starkly different picture, where only a small
fraction of the available baryons in a typical halo have actually formed
stars. This discrepancy implies that heating and momentum injection must
counteract cooling and regulate collapse. These processes are collectively
known as feedback.

1.2.3 Feedback Processes and the Need for Numerical methods

Feedback processes inject the energy and momentum into the ISM that
is necessary to regulate the formation of stars to match the galaxies we
observe. These processes can either enhance star formation (positive feed-
back) or suppress it (negative feedback).

Observations indicate that the integrated efficiency with which halos con-
vert their available baryons into stars varies strongly with halo mass (e.g.
right panel of Figure 1.1). In the local universe this is most clearly observed



in the relation between the halo mass and stellar mass of galaxies. This
efficiency peaks at a halo mass of approximately 10'2 M and decreases
toward both higher and lower masses. (e.g. Moster et al. 2013). Differ-
ent feedback mechanisms are generally invoked to explain the declining
efficiencies below and above this characteristic halo mass.

Unfortunately, these processes are highly nonlinear and have complex
interactions between themselves. This makes the problem too complex to
solve analytically and numerical models are necessary. Two principal mod-
eling approaches are used: semi-analytic models (SAMs) and cosmological
hydrodynamical simulations.

Semi-analytical models are built on dark-matter-only simulations. These
dark-matter simulations provide the underlying foundation of dark matter
haloes and how they evolve. The baryonic physics is then implemented us-
ing different “recipes” that describe the gas cooling, star formation, chem-
ical enrichment and feedback processes. This is computationally very effi-
cient, but generally provides limited spatial information and significantly
simplifies all the complex processes happening in a galaxy.

In contrast, (Cosmological) hydrodynamical simulations directly solve
the equations of gravity, hydrodynamics, and thermodynamics on Eulerian
grids, moving mesh methods or using Lagrangian particle methods (e.g.,
Smoothed Particle Hydrodynamics or moving-mesh codes). Modern suites
such as IllustrisTNG and EAGLE (Vogelsberger et al. 2014; Schaye et al.
2015) allow for a much more detailed look at the processes happening
inside galaxies.

However, because the physical scales of the relevant processes that im-
pact star formation are separated by orders of magnitude, both approaches
ultimately rely on assumptions and “subgrid” recipes that determine how
they model the formation and evolution of galaxies. Moreover, these
recipes need to be calibrated on observed data and cannot be derived
from first principles.

Currently, most models implement two primary modes of feedback?. The
first mode is driven by stellar sources, both stellar winds and radiation from
massive stars, but most importantly energy injected by supernova explo-
sions. Stellar feedback is especially influential in low-mass halos because,
in sufficiently low-mass systems, the energy released by even a small num-

2 This is in addition to feedback driven by environment (e.g. ram-pressure stripping and
strangulation) and galaxy-galaxy interactions.
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ber of supernovae can become comparable to the binding energy of the
interstellar gas (e.g. Mo et al. 2010).

For massive haloes, however, supernova feedback is insufficient to pre-
vent overcooling and it is expected that a different mechanism becomes
dominant. This second mode of feedback is driven by Active Galactic
Nuclei (AGN), which are fueled by the accretion of gas onto the Super
Massive Black Holes (SMBHs) that are expected to be in the nucleus of
every galaxy. The infall of gas onto an SMBH converts a substantial frac-
tion of the accreted rest-mass energy into radiation, winds, and jets, which
can happen in either short-lived extreme bursts (quasar mode) or a slower
sustained mode (radio-mode).

However, both for supernova feedback and AGN feedback, the exact way
in which they couple to the gas and drive the feedback is still unknown
and remains one of the major open questions in galaxy formation. This is
where simulations provide useful guidance, as each simulation implements
these feedback mechanisms and other subgrid physics in unique ways and
they can subsequently be compared to observations across cosmic history.
Testing these models requires observational constraints on gas density, tem-
perature, ionization, and chemical enrichment, many of which are obtained
through spectroscopy of the high-redshift ISM.

1.3 PROBING THE ISM AT HIGH REDSHIFTS
1.3.1 Emission Lines as tracers of the ISM

To understand which mechanisms are responsible for this critical regula-
tion of star formation, it is essential to characterize the physical conditions
in the ISM of galaxies. This perspective is enabled through the study of
emission lines.

The conditions in the ISM, such as chemical abundance, temperature,
density and properties of the ionizing spectrum drive the strength of dif-
ferent emission lines and the continuum. Therefore, by measuring and
comparing the strength of emission lines and the continuum, and testing
these against models for the ISM, it is possible to gain critical insights into
the physical conditions inside galaxies.

In the FIR, there is a large variety of detectable emission lines origi-
nating from all phases of the ISM that are relevant for star formation, as
illustrated in Figure 1.3. This can be complemented with strong emission
lines from the rest-frame UV and optical parts of the spectrum. How-
ever, because of the higher energies of optical and rest-UV photons, these

11
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Figure 1.3. A schematic overview of some of the strongest emission lines available in
the far-infrared. All phases of the ISM surrounding a star-forming region can be studied
with several emission lines. These lines enable a unique view of the physical processes
that dominate these regions.

lines predominantly originate from the hottest phases of the ISM (210.000
K). Therefore, in normal galaxies, optical and UV lines mostly originate
from HII regions, which means that FIR lines offer a unique perspective on
other colder/neutral phases of the ISM such as PDR regions and molecular
clouds.

This thesis is focused on two of the strongest FIR lines that we can
detect with current facilities, the [CII]158m line and the [OIII]88um. In
the next sections, we will explore the physics governing these lines as well
as the underlying dust continuum.

1.3.2 The [CII]158um line
1.3.2.1 Where does [CII] originate in the ISM?

Due to its low ionization potential compared to hydrogen (11.3 eV versus
13.6 eV) and low critical density (n. ~ 10 — 45 cm ™2 at 100K and 8000K
respectively (e.g. Goldsmith et al. 2012)), [CII] can be emitted from all
major phases of the ISM. In particular the ionized phase (HII regions and
diffuse ionized gas), the warm and cold neutral medium (WNM, CNM),
photon-dominated regions (or photodissociation regions; PDRs (Hollen-
bach & Tielens 1999)) and the edges of molecular clouds® (Pineda et al.
2013) all contribute to the total [CII] luminosity. We discuss the relative
contribution of these phases to the total [CII] luminosity in the context of
high redshift galaxies below.

3 In particular those regions where neutral hydrogen (HI) has already been transformed into
Hs (protected by self-shielding), but the column densities are low enough for that C* has not yet
transitioned to C° and CO (e.g. Madden 2000; Langer et al. 2010) (also referred to as CO-dark
Hs gas (Pineda et al. 2013)).
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For the [CII] luminosity originating in the WNM and CNM, the CNM
dominates (>95%) due to the low density of the WNM (Wolfire et al. 2010;
Vallini et al. 2013). Large-scale Herschel surveys have found that for the
Milky Way, the contribution of the CNM to the total [CII] luminosity is
about 21% (Pineda et al. 2013), however this contribution is expected to be
substantially lower in high redshift galaxies (z > 4.5) due to the increasing
temperature of the CMB background. When CMB temperature becomes
similar to the spin temperature of [CII] in the CNM, the [CII] emission
from the CNM is attenuated by >80-90% (Vallini et al. 2013; Lagache
et al. 2018). Tt is thus expected that the CNM and WNM only contribute
a negligible amount to the total [CII] luminosity of high redshift galaxies.

In the Milky Way it has been found that the ionized component con-
tributes only 4% to the total [CII] luminosity (Pineda et al. 2013), however,
studies of a broader sample of local galaxies have found average contribu-
tions of ~ 20 — 30% (Parkin et al. 2013; Hughes et al. 2017; Diaz-Santos
et al. 2017; Croxall et al. 2017; Cormier et al. 2015, 2019). Studies at higher
redshifts give similar results (e.g. Stacey et al. 2010; Decarli et al. 2014;
Gullberg et al. 2015). This is corroborated by simulations of high redshift
galaxies, which also find that ionized gas can contribute around ~ 20—40%
to the total [CII] luminosity (Accurso et al. 2016; Olsen et al. 2017). Cur-
rently observational constraints at z > 5 are unfortunately nonexistent, so
it cannot be ruled out that a substantial fraction of the total [CII] lumi-
nosity of high redshift galaxies originates from ionized regions. However,
it is probably quite low. In particular, studies of local galaxies found that
the fraction coming from ionized regions in local (U)LIRGs anti-correlates
with dust temperature (Diaz-Santos et al. 2017). In local dwarf galaxies,
it was found that the contribution from ionized regions is lower at lower
metallicities and higher ionization parameters (Cormier et al. 2019), some-
thing that has also been corroborated in simulations (e.g. Lupi & Bovino
2020). Hotter dust temperatures, lower metallicities and higher ionization
parameters are precisely the conditions we expect in high-redshift galaxies
(e.g. Stark et al. 2016; J. Bouwens et al. 2016; Sommovigo et al. 2020).
It is therefore likely that the contribution from ionized regions to the to-
tal [CII] luminosity in high redshift galaxies most likely is quite limited
(<10%). However, more observations are essential to properly constrain
this, for example using the [NII]122,,, and/or [NII]ogs,, lines (Oberst et al.
2006; Hughes et al. 2017).
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This means that most likely the majority of [CII] emission (>60%—90%)
in high redshift galaxies originates from PDRs and the edges of molecular
clouds. This is already the case in the Milky Way, where ~75% of the
total [CII] luminosity originates from these regions: ~47% originates from
dense PDR regions and ~28% from CO-dark Hs clouds (Pineda et al.
2013), consistent with observations in a broad range of local galaxies (Diaz-
Santos et al. 2017; Croxall et al. 2017; Parkin et al. 2013; Hughes et al. 2017;
Cormier et al. 2015, 2019). This is also seen in simulations of high redshift
galaxies, for which the majority of [CII] emission comes from the PDR and
molecular phases (Accurso et al. 2016; Olsen et al. 2017; Pallottini et al.
2019). Hence, modeling the physical processes in PDR regions is essential
to understanding the origin of [CII] (Ferrara et al. 2019).

1.3.2.2 Primary physical processes influencing [CII] from PDR regions

The luminosity of the [CII] line from PDR regions is subject to a complex
interplay of physical effects. Below we give a brief review of the parameters
which are most often discussed in the literature in the context of high-z
galaxies.

One of the primary parameters often used to explain a possible evolution
in the luminosity of [CII] compared to the ongoing star formation, is the
metallicity. Carbon abundance scales linearly with metallicity and sub-
sequently does the [CII] luminosity at a fixed (hydrogen) column density
(L x Z). Lower metallicities would thus result in lower [CII] luminosities.
However, if the total column density is large and shielding is dominated by
dust (and assuming a fixed dust-to-metal ratio), the PDR column density
scales inversely proportional to the metallicity (L o« 1/Z). In that case,
both effects cancel each other and the [CII] luminosity is independent of
metallicity (L o< Z x 1/Z  constant) (Pallottini et al. 2019; Ferrara et al.
2019; Harikane et al. 2020). Whether this is the case for high redshift galax-
ies depends on their metallicity and the total gas column densities of their
PDR regions. For lower metallicities, the column densities will need to
be increasingly large to compensate for the decreasing carbon abundance.
This only works until the dust opacity at the total column density becomes
smaller than unity (7445t < 1) and PDR becomes density bounded, after
this point you run out of gas before running out of photons and [CII] be-
comes sensitive to metallicity (e.g. Vallini et al. 2015; Olsen et al. 2017;
Lagache et al. 2018; Pallottini et al. 2019; Ferrara et al. 2019).
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A lower dust-to-metals ratio (at fixed metallicity) can also impact the
[CII] emission. In most cases, the outer boundary of PDR regions is pri-
marily determined by the dust opacity. Decreasing the dust-to-metals ratio
increases the size of PDR regions, which in turn increases the [CII] lumi-
nosity. It has been found that the dust-to-metals ratio decreases for lower
metallicities (e.g. De Cia et al. 2016; Wiseman et al. 2017; De Vis et al.
2019), possibly due to more efficient dust destruction in those conditions
(e.g. Triani et al. 2020). The same reasoning applies to a lower dust-to-gas
ratio at fixed metallicities. Lower dust-to-metal or dust-to-gas ratios can
increase the [CII] emission from high redshift galaxies.

The ionization parameter can also have a large impact on the [CII] lumi-
nosity. Increasing the ionization parameter increases the size of HII regions,
but does not impact the outer boundary of the PDR regions, since that
is determined by the dust opacity. For a gas cloud or galaxy with a total
fixed column density, this effectively shrinks the size of the PDR region
and this consequently decreases the [CII] luminosity (e.g. Ferrara et al.
2019). One of the main drivers of a higher ionization parameter is bursty
star formation, which is abundant in the early universe (e.g. Stark et al.
2016).

Geometric effects can also impact the [CII] emission. Normally, models
often assume that the complete HII region is surrounded by a PDR region
(and ultimately embedded in a molecular cloud), but this is not necessarily
the case in actual galaxies. One way to model the effects of a more complex
geometry is through the PDR coverage factor. A low PDR coverage factor
could, for example, be caused by outflows that blow away neutral gas or
when the HII regions are primarily density bounded, in particular when the
whole galaxy becomes ionized. Decreasing the PDR coverage factor can
drastically lower the [CII] emission of high redshift galaxies (e.g. Cormier
et al. 2019; Harikane et al. 2020).

Particle density is another parameter that impacts [CII] luminosities. In-
creasing the density at a fixed ionizing photon flux decreases the ionization
parameter, which increases the [CII] luminosity. However, it also changes
the size of HII regions and the outer boundary of PDR regions at different
rates. In addition, collisional de-excitation also starts playing a role when
the density approaches the critical density (n. = 3000cm =2 for HY at 100K
(Goldsmith et al. 2012)). Finally, carbon chemistry is also important as
carbon is stored away in CO with increasing efficiency at higher densities
(e.g. Popping et al. 2019). Harikane et al. (2020) modeled these effects for
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ionization-bounded PDR regions using CLOUDY and found that increas-
ing the density results in lower [CII] luminosities. This is consistent with
other studies (e.g. Popping et al. 2019), which also find that increasing the
external ISM pressure surrounding molecular clouds (which increases their
density) decreases the [CII] emission.

Finally, the CMB background can also have a significant effect on some
regions that emit [CII], like the CNM as discussed above. However, for
regions with 7" > 100K and n. 2 100, where we expect the majority
of the [CII] emission to originate, the CMB effects are negligible (e.g.
Pallottini et al. 2019; Laporte et al. 2019). Lastly, more exotic effects
like thermal saturation of the upper quantum level, grain charging, and
X-ray ionization from AGN activity might play an important role in more
extreme conditions (e.g. Smith & Edge 2017; Rybak et al. 2019).

1.3.3 The [OIIT]88um and [OIII]5007A lines

In contrast to singly ionized carbon (C+; [CII]), doubly ionized oxygen
(O+4+; [OIII]) requires a significantly higher energy of 35.1 eV to form
from O+, an energy level substantially greater than the 13.6 eV needed
to ionize hydrogen. Consequently, [OIII] emission is exclusively produced
in the ionized phases of the ISM. These phases primarily consist of dense
HII regions surrounding young, massive star clusters and the more diffuse
Warm Ionized Medium (WIM). However, the contribution from the WIM
to the total [OIII] luminosity is generally considered negligible. This is due
to the WIM’s very low density compared to HII regions and the scarcity of
photons with sufficient energy to doubly ionize oxygen far from their stellar
sources. Therefore, both the rest-frame optical [OIIT]5007A nebular line
and the far-infrared [OIII|88um fine-structure line are generally accepted
to originate almost entirely from the dense, ionized gas within HII regions
(e.g. Tielens 2005).

The luminosity of the [OIII] lines is governed by the physical conditions
within these HII regions. On a fundamental level, the strength of oxygen
emission lines is tied to the abundance of oxygen. For a given ionizing
radiation field, a higher gas-phase metallicity provides more oxygen atoms
available for ionization, thus leading to potentially more luminous [OIII]
emission. The detection of a bright oxygen line in galaxies at cosmic dawn
can therefore indicate that rapid chemical enrichment has already occurred
in the early universe.
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Figure 1.4. The dependence of the [OII1]5007A /[OI11]88um line ratio on the dominant
ISM properties from Cloudy modelling, ionization parameter (log(U)), density (log(N))
and metallicity (Z/Zs). The line ratio is most sensitive to the density, as visible from
the center panel. The metallicity also has some impact, due to its impact on electron
temperature. (Figure is based on CLOUDY models from Witstok et al. 2023.)

Due to its high energy requirement, the production of O++ is also sensi-
tive to the ionization parameter (U), as well as the hardness of the incident
radiation field. Environments with high ionization parameters and hard
ionizing spectra, typically produced by very young (<10 Myr), massive
stellar populations, create larger zones of doubly ionized oxygen, thereby
boosting [OIII] emission.

Finally, the density also impacts the line emission of O++; specifically
the strength of the [OITI]88um is suppressed compared to [OITI]5007A
at higher densities. This makes the [OITI]5007A /[OIT1]88um line ratio a
uniquely useful diagnostic of electron density (e.g. Fujimoto et al. 2024).

1.3.3.1 The [OIII]5007A /[OIII]88um Line Ratio

The ratio of the [OII]5007A and [OIIT]88pum emission lines serves as
a powerful diagnostic of the physical conditions within HII regions, pri-
marily due to their significantly different critical densities for collisional
de-excitation. The far-infrared 88pm fine-structure line has a critical den-
sity of approximately 500 cm ™2, whereas that of the optical 5007A nebular
line is much higher, around 7 x 10°> cm 3. Below its critical density, a line’s
emissivity scales with the square of the electron density (n?), as nearly ev-
ery collision leads to a radiative decay. Above the critical density, however,
collisional de-excitations become dominant, and the emissivity scales only
linearly with density (n) (e.g. Tielens 2005). Consequently, in the density
regime between these two values (~10? - 10° cm™3), the 5007A emission
grows more rapidly with increasing density than the 88um emission. This
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makes their ratio a sensitive probe of the electron density, as illustrated in
the central panel of Figure 1.4.

As is also evident from the figure, the line ratio exhibits secondary de-
pendencies on both the gas-phase metallicity and the ionization parameter.
Both of these are a consequence of the ratio’s dependence on electron tem-
perature (Te) within the HII regions. A lower metallicity gas contains
fewer heavy elements, which are the primary coolants in ionized gas. This
results in less efficient cooling and therefore higher equilibrium electron
temperatures. Similarly, a higher ionization parameter is also associated
with elevated electron temperatures.

This impacts the resulting line ratio because the collisional excitation of
the upper energy level for the 5007A transition requires significantly more
energy (2.5 eV) than that of the 88um transition (0.016 ¢V). Consequently,
the emissivity of the 5007A is much more sensitive to the electron temper-
ature than the 88um line. In hotter, lower-metallicity environments, the
[OTIT]5007A line is preferentially enhanced relative to the [OIT1)88um line,
resulting in a higher overall line ratio.

1.3.4 Dust Continuum

Beyond the gaseous components, dust is a crucial ingredient of the ISM.
Dust consists of solid, often sub-micron sized particles, primarily com-
posed of heavy elements (metals) such as silicates and carbon, which can
condense in various environments. Dust grains are highly effective at ab-
sorbing short-wavelength ultraviolet (UV) and optical radiation, which is
subsequently re-radiated as thermal emission at longer, far-infrared (FIR)
wavelengths. This process of absorption and re-emission significantly im-
pacts what we observe in different parts of the spectrum. On one hand,
it means that dust obscures star formation at rest-frame UV and optical
wavelengths, necessitating corrections to derive the total star formation
rate. On the other hand, the thermal FIR emission provides a direct
tracer of this obscured star formation, offering a complementary window
into the star-forming activity of galaxies.

Dust is not merely a passive screen, however; it plays an active role
in governing the physical processes within the ISM. The surfaces of dust
grains act as crucial catalysts for the formation of molecular hydrogen (Hs),
the primary fuel for star formation, a process that is otherwise highly in-
efficient in the gas phase. Furthermore, dust can be an important coolant
in dense gas, aiding in the fragmentation of molecular clouds and thereby
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directly influencing the formation of stars. Perhaps its most critical role in
the context of FIR diagnostics is in heating the neutral ISM. Far-ultraviolet
(FUV) photons (between 6.0 and 13.6 ¢V) can strike dust grains and eject
energetic electrons via the photoelectric effect. These photoelectrons then
heat the surrounding neutral gas through collisions. This heating mech-
anism is the primary energy source for photodissociation regions (PDRs)
and is essential for powering the strong far-infrared cooling lines, especially
the [CII] 158um line (e.g. Tielens 2005).

The production of dust is governed by a few key formation channels. The
primary stellar sources are broadly divided into two categories, operating
on vastly different timescales. The first, and most rapid, channel is through
core-collapse supernovae (SNe). These explosions mark the end of the lives
of massive, short-lived stars, injecting newly synthesized dust into the ISM
on timescales of just a few tens of millions of years. Given the short
timescales involved, SNe are expected to be the dominant dust production
mechanism in the early universe (e.g. Michalowski 2015). However, the net
dust yield from SNe is still a subject of significant debate, as a substantial
fraction of the newly formed grains could be destroyed by the supernova’s
own reverse shock as it propagates through the surrounding medium.

The second stellar channel involves the stellar winds of asymptotic giant
branch (AGB) stars. These are lower-mass, longer-lived stars that enrich
the ISM on much longer timescales, typically hundreds of millions of years
or more. Consequently, while AGB stars are a major source of dust in
the local universe, they are not expected to be a significant contributor to
the dust budget of galaxies at the high redshifts explored in this thesis,
because at those high redshifts the universe is sufficiently young that not
enough time has passed for AGB stars to be a major contributor to the
dust budget (e.g. Michatowski 2015).

Finally, in addition to direct stellar production, dust mass can also in-
crease through grain growth within the interstellar medium itself. This
process, which involves the accretion of gas-phase metals onto the sur-
faces of pre-existing ‘seed’ grains, can operate on either short or very long
timescales depending on the local ISM conditions (e.g. Dayal & Ferrara
2018). It could potentially be an important channel for dust mass buildup
in the dense, metal-enriched environments of early star-forming galaxies.

A complete understanding of the cosmic dust budget requires consider-
ing not only these formation sources but also the processes that remove
or destroy dust. Grains can be shattered or sputtered by energetic super-
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nova shocks propagating through the ISM, or they can be permanently
removed from a galaxy via powerful galactic outflows. The net amount of
dust observed in any galaxy is therefore a complex balance between these
sources and sinks, a balance that is crucial for interpreting the properties
of high-redshift galaxies.

1.3.5 Observing the ISM with ALMA and JWST

The previous sections highlighted how studying the dust continuum emis-
sion and emission lines, either in the FIR or UV /optical, is invaluable to
gain insight into the properties of galaxies. To study this emission in prac-
tice, only a few facilities are sensitive enough and have the wavelength
coverage to detect these faint features from distant galaxies.

For the FIR, the Atacama Large Millimeter/submillimeter Array
(ALMA) is the most capable instrument, being able to detect the [CI]]
line in less than an hour in bright z~7 galaxies and [OIII] in a few hours in
the brightest z~14 galaxy. It should be noted, however, that detecting the
dust continuum is generally more difficult than detecting emission lines.

For rest-frame optical lines, at higher redshifts (z226), the atmospheric
absorption increasingly becomes a problem. For these lines, observations
from space are essential, which have become possible with the launch of
the James Webb Space Telescope (JWST). This facility has rapidly become
the most important tool to study galaxies in the early universe.

1.4 THIS THESIS

The overarching goal of studying galaxies at cosmic dawn and the Epoch
of Reionization is to understand how the first dark matter haloes were
populated with baryonic matter, how they formed stars, and how they
subsequently enriched their interstellar media. Within this broad con-
text, several key open questions continue to drive observational efforts:
What fraction of early star formation is obscured by dust? How do we
robustly identify and characterize galaxies in an increasingly neutral uni-
verse? And what are the specific physical conditions—such as ionization
state, chemical abundance, and feedback efficiency—within the first gener-
ation of galaxies? While a single thesis cannot resolve these fundamental
questions, the work presented here provides pieces to this puzzle by lever-
aging the unique capabilities of ALMA.

Chapter 2 of this thesis addresses the first of these challenges, focusing
on early dust buildup and obscured star formation. We utilized the dust
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continuum to uncover the star formation activity hidden from rest-frame
UV view. We targeted a sample of 15 luminous Lyman-break galaxies
at z~7-8 with sensitive ALMA continuum observations, detecting dust
emission in six sources and effectively doubling the number of known dust-
detected galaxies at z>6.5 at the time. By combining these measurements
with deep optical photometry, we constrained the relationship between
infrared excess and the UV-continuum slope (IRX-3), finding that these
early systems favor a steeper attenuation curve consistent with rapid dust
production mechanisms such as supernovae; we also explore the impact
of the assumed dust temperature on this result. Crucially, these results
demonstrated that even among UV-selected populations, approximately
one-third of the star formation is obscured by dust, necessitating significant
corrections to the cosmic star formation rate density during the Epoch of
Reionization.

Chapter 3 is focused on confirming and characterizing galaxies in the
Epoch of Reionization. Before JWST was available, one of the critical
bottlenecks in studying high-redshift galaxies was the sheer difficulty of
obtaining spectroscopic redshifts. This was made difficult by the lack
of strong lines available to ground-based spectroscopy, which at z>6.5 is
mostly limited to Lyman-a. Unfortunately, the increasingly neutral uni-
verse at these redshifts strongly absorbs this line. Despite its relatively
small instantaneous redshift coverage, especially compared to optical spec-
troscopy, we demonstrate the efficacy of blindly searching for redshifts with
ALMA by stitching together multiple observations. Building on the work
of Smit et al. (2018), we targeted a sample of six luminous Lyman-break
galaxies at z~7, selected from the COSMOS/UltraVISTA field based on
tight photometric redshift constraints derived from Spitzer /IRAC colors.
By scanning for the [CII] 158um line, we achieved reliable detections for
50% of the sample, confirming that this method was highly efficient for
UV-bright sources. Beyond providing precise redshifts, these observations
enabled a characterization of the ISM and kinematics of these early sys-
tems, revealing a surprisingly diverse mix of dynamical states ranging from
ordered rotation to complex mergers. These findings confirmed that the
[CII] properties of z~7 galaxies are largely consistent with local scaling re-
lations and validated the observational strategy that laid the groundwork
for the REBELS Large Program.

The launch of JWST has spectacularly shifted the observational fron-
tier to the cosmic dawn (z>10), allowing us to directly probe the physical
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conditions of the very first galaxies. Chapter / presents the ALMA detec-
tion of [OIII] 88um in JADES-GS-z14-0. This observation yields a robust
spectroscopic redshift of z=14.179, making it the most distant confirma-
tion achieved with ALMA to date. The detection reveals a surprisingly
chemically enriched system (Z~0.1-0.2 Zg) just 300 million years after
the Big Bang, while the non-detection of the dust continuum places strict
constraints on early dust production mechanisms. These results demon-
strate that even in the JWST era, ALMA remains an indispensable tool for
characterizing the physical state and rapid evolution of the earliest known
galaxies.

Finally, addressing the open question of how feedback regulates early
galaxy formation, Chapter 5 delves deeper into the physical state of this
primordial galaxy through deep ALMA observations targeting the [CII]
158pm line. In contrast to the bright [OIII] emission, [CII] remained unde-
tected, placing a lower limit on the [OIII]/[CII] ratio (>3.5) consistent with
an interstellar medium characterized by extreme ionization conditions and
surprisingly low gas densities. By using the [CII] limit as a tracer for the
neutral gas reservoir, we inferred a relatively low gas fraction (fzas <0.77),
which stands in contrast to the gas-rich nature expected at these redshifts.
When combined with the absence of dust continuum, these results suggest
that strong feedback from a recent starburst may have efficiently expelled
much of the fuel from the galaxy, painting a picture of JADES-GS-z14-0
as a rapidly evolving system caught in a violent “post-outflow” phase.
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Chapter 2

Significant Dust-Obscured Star
Formation in Luminous Lyman-
break Galaxies at z ~ 7 — 8

We make use of ALMA continuum observations of 15 luminous Lyman-
break galaxies at z ~ 7-8 to probe their dust-obscured star-formation.
These observations are sensitive enough to probe to obscured SFRs of 20
Mg/yr (30). Six of the targeted galaxies show significant (>3c) dust
continuum detections, more than doubling the number of known dust-
detected galaxies at z > 6.5. Their IR luminosities range from 2.7 x 10!
L to 1.1 x 1012 L, equivalent to obscured SFRs of 25 to 101 Mg /yr.
We use our results to quantify the correlation of the infrared excess IRX
on the UV-continuum slope Byy and stellar mass. Our results are most
consistent with an SMC attenuation curve for intrinsic UV -slopes Buv,intr
of —2.63 and most consistent with an attenuation curve in-between SMC
and Calzetti for Syv intr slopes of —2.23, assuming a dust temperature 7
of 50 K. Our fiducial IRX-stellar mass results at z ~ 7-8 are consistent with
marginal evolution from z ~ 0. We then show how both results depend
on Ty. For our six dust-detected sources, we estimate their dust masses
and find that they are consistent with dust production from SNe if the
dust destruction is low (<90%). Finally we determine the contribution of
dust-obscured star formation to the star formation rate density for UV
luminous (H<—-21.5 mag: 21.7L};,) z ~ 7-8 galaxies, finding that the
total SFR density at 2 ~ 7 and z ~ 8 from bright galaxies is 0.207019
dex and 0.2375-05 dex higher, respectively, i.e. N% of the star formation
in 21.7L};,, galaxies at z ~ 7-8 is obscured by dust.

Schouws, Stefanon, Bouwens, Smit, Hodge, Labbé, Algera,
Boogaard, Carniani, Fudamoto, Holwerda, Illingworth,
Maiolino, Maseda, Oesch, and van der Werf

ApJ, 928, 31 (2022)
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2.1 INTRODUCTION

One major uncertainty in our understanding of galaxy formation during
the Reionization Epoch concerns the role of early dust build-up. Deep
surveys in the rest-frame UV with both ground and space-based facilities
have enabled the identification of large samples of galaxies at z > 2 and
measurement of their UV -based star formation rates up to redshift z ~11
(e.g., Bouwens et al. 2011, 2014, 2015, 2016a, 2017; Ellis et al. 2012;
Laporte et al. 2012; McLure et al. 2013; Schenker et al. 2013; Finkelstein
et al. 2015; Kawamata et al. 2018; Oesch et al. 2014, 2015, 2018; McLeod
et al. 2016). The rest-frame UV view only accounts for unobscured star
formation and could be significantly impacted by the presence of dust in
galaxies. Fortunately, accurate measurements of the dust-obscured star
formation rates in galaxies to z < 3 have been available for the past ten
years, thanks to deep and wide-field far-infrared (FIR) observations from
Herschel and Spitzer (Reddy et al. 2006; Daddi et al. 2007; Magnelli et al.
2009, 2013, 2020; Karim et al. 2011; Cucciati et al. 2012; Schreiber et al.
2015; Alvarez—l\lérquez et al. 2016).

Less is known however about star formation in z > 3 galaxies that might
be obscured by dust (e.g., Bouwens et al. 2016b; Dunlop et al. 2016; Casey
et al. 2018; Wang et al. 2019; Williams et al. 2019). Because of the lim-
ited sensitivity and increasing source confusion suffered by Herschel and
Spitzer, the obscured star formation in z > 3 galaxies could initially only
be studied in the most luminous systems (e.g. Riechers et al. 2013; Oteo
et al. 2016; Marrone et al. 2018). Consequently, studies of the star forma-
tion rate density at z > 3 often account for the impact of obscured star
formation based on the UV light alone. Especially useful in this regard
has been the empirical relation between the UV continuum slope Syy and
the infrared excess (IRX=L;r/Lyy). In the local universe, the IRX has
been found to show a good correlation with By for star forming galaxies
(Meurer et al. 1999; Takeuchi et al. 2010; Overzier et al. 2010; Casey et al.
2014). Moreover, this same correlation seems to hold up to at least z ~ 3
(Reddy et al. 2006, 2010, 2011; Daddi et al. 2009; Overzier et al. 2010;
Sklias et al. 2014; Pannella et al. 2015; Bouwens et al. 2016b; Alvarez-
Marquez et al. 2016; Whitaker et al. 2017; Fudamoto et al. 2017, 2019a;
Fudamoto et al. 2020; McLure et al. 2018).

The availability of new observations from sub-millimeter facilities like the
Atacama Large Millimeter/submillimeter Array (ALMA) and the NOrth-
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ern Extended Millimeter Array (NOEMA) which have much better sen-
sitivity and resolution than previous facilities, have had an especially im-
portant impact on studies of obscured star formation and dust in z > 3
galaxies (e.g. Hodge & da Cunha 2020). Most importantly, these facilities
have enabled the detection of obscured star formation in normal main se-
quence star forming galaxies at z >3 by utilizing deep field observations
(Aravena et al. 2016, 2020; Bouwens et al. 2016b; Bouwens et al. 2020;
Dunlop et al. 2016; McLure et al. 2013) and targeted studies (e.g. Capak
et al. 2015; Willott et al. 2015; Knudsen et al. 2017; Laporte et al. 2017;
Bowler et al. 2018; Hashimoto et al. 2019; Tamura et al. 2019; Fudamoto
et al. 2020), but the majority of observed high redshift sources remain un-
detected in the dust continuum (e.g Maiolino et al. 2015; Bouwens et al.
2016b; Carniani et al. 2017, 2018; Smit et al. 2018; Bowler et al. 2018;
Matthee et al. 2017, 2019; Hashimoto et al. 2018). This indicates that star
formation in normal z > 3 galaxies may be less obscured than in the local
universe, especially in normal and small galaxies, and previous corrections
to the UV derived star formation rates to determine the cosmic star for-
mation history may be overestimated (e.g. Bouwens et al. 2016b; Capak
et al. 2015; Willott et al. 2015; Barisic et al. 2017; Faisst et al. 2017, 2020;
Fudamoto et al. 2017, 2019a,b). This is corroborated by recent findings
from Fudamoto et al. (2020), who find that the infrared excess of z ~ 4-6
galaxies from ALPINE (Le Fevre et al. 2020) can be much better explained
with a steeper attenuation curve like SMC than with greyer attenuation
curves like Calzetti.

Despite the significant amount of progress in detecting obscured star
formation in galaxies to redshifts z ~ 6.5, much less is known about the
dust properties and obscured star formation rates of galaxies at z > 6.5,
with only 4 dust-continuum detections thus far identified in normal star-
forming galaxies at z ~ 7-8 (Watson et al. 2015; Knudsen et al. 2017;
Laporte et al. 2017; Bowler et al. 2018; Hashimoto et al. 2019; Tamura et al.
2019). Additionally, there have also been a modest number of prominent
dust continuum detections in more extreme ULIRG-type (Ultra-Luminous
InfraRed Galaxy: defined as Ly > 1012L) sources (Marrone et al. 2018)
and QSOs at z > 6.5 (Venemans et al. 2012, 2015a,b, 2017, 2018; Banados
et al. 2015; Mazzucchelli et al. 2017).

Further insight can be obtained into the dust properties of luminous
z > 6 galaxies by increasing the number of such galaxies targeted with
sensitive dust-continuum observations. In this spirit, we successfully pro-
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posed for ALMA continuum observations on a significant sample of lumi-
nous z ~ 8 galaxies to study the dust-continuum emission from luminous
high-redshift galaxies. In addition, we also obtained sensitive ALMA-
continuum observations on seven other bright z ~ 7 galaxies as part of
two other programs aimed at probing the 157.74um [CII] line (hereafter
[CI}158m )- Eight of these galaxies were identified as part of the Stefanon
et al. (2017, 2019) study of bright star-forming galaxies at z 2 8 in the
COSMOS/UltraVISTA field, while the z ~ 7 galaxies were primarily part
of a similar selection of bright galaxies at z ~ 7 (Schouws et al. in prep).
Focus on the brightest and most massive galaxies in the early universe is
especially promising for the study of obscured star formation and dust,
given the prevalence of dust in such galaxies at lower redshift (e.g., Hodge
& da Cunha 2020), and the observability of such sources with ALMA and
NOEMA.

In this paper, we make use of these new ALMA continuum observations
to characterize the dust properties of some of the most massive galaxies in
the z ~ 7-8 universe. Our new observations significantly add to the ALMA
continuum observations currently available for galaxies at z > 6, allowing
us to quantify in much more detail both the dust emission and obscured
star formation in these massive sources. In addition, the new observations
allow us to constrain the dust attenuation law for high-redshift sources
more accurately and increase the sample of sources where we have estimates
of dust masses, which is essential for studying the build-up of dust early
after the Big Bang.

The layout of this paper is as follows. In §2, we describe both the selection
of our sources and the ALMA observations. In §3, we present our new
ALMA-continuum results and then combine these results with the available
UV observations to derive the IR luminosities and infrared excesses for
individual sources. In §4, we use our new measurements to constrain the
form of IRX-M, and IRX-S relations, look at spatial offsets between UV
and dust-continuum light, and consider dust build-up in galaxies to z ~
7. In §5, we briefly discuss our results, and finally, in §6, we summarize
our conclusions. Throughout this paper we assume a standard cosmology
with Hy = 70 km s~! Mpc~!, Q,, = 0.3 and Q4 = 0.7. Magnitudes are
presented in the AB system (Oke & Gunn 1983). For star formation rates
and stellar masses we adopt a Chabrier IMF (Chabrier 2003).
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Table 2.1. Observational parameters of the ALMA observations

Beamwidth® Integration  Achieved  Central -
Source S o Project
RA DEC time Sensitivity Frequency
Name _ Code
(arcsec) (min.) (wJy: 1)  (GHz)

z ~ 7 Sample

UVISTA-Z-001 10:00:43.36 02:37:51.3 1.47” x1.21” 78.36 17.9 234.0 2018.1.00085.8
UVISTA-Z-007 09:58:46.21 02:28:45.8 1.40” x1.19” 65.52 17.4 245.7 2018.1.00085.S
UVISTA-Z-009 10:01:52.30 02:25:42.3 1.38” x1.20” 65.52 19.0 245.7 2018.1.00085.8
UVISTA-Z-010 10:00:28.12 01:47:54.5 1.44” x1.18” 78.36 14.7 234.0 2018.1.00085.S
UVISTA-Z-013 09:59:19.35 02:46:41.3 1.45” x1.18” 78.36 15.0 234.0 2018.1.00085.S
UVISTA-Z-019 10:00:29.89 01:46:46.4 1.39” x1.18” 65.52 18.0 245.7 2018.1.00085.8
COs-3018 10:00:30.19 02:15:59.8 1.63” x1.497¢ 766.08 7.0 233.5 2017.1.00604.8
z ~ 8 Sample
UVISTA-Y-001 09:57:47.90 02:20:43.7 1.17”x0.96” 37.50 13.4 203.1 2018.1.00236.S
UVISTA-Y-002 10:02:12.56 02:30:45.7 1.177x0.96” 37.50 13.3 203.1 2018.1.00236.S
UVISTA-Y-003 10:00:32.32 01:44:31.3 0.60” xX0.52” 33.26 19.1 230.4 2017.1.01217.8

2017.1.01217.S &

UVISTA-Y-004 10:00:58.49 01:49:56.0 1.03” x0.94” 91.73 9.3 231.3

2018.A.00022.5
UVISTA-Y-005 10:00:31.89 01:57:50.2 1.17” x0.96” 37.50 12.9 203.1 2018.1.00236.8
UVISTA-Y-OUGf 10:00:12.51 02:03:00.5 1.17”x0.96” 37.50 13.2 203.1 2018.1.00236.S
UVISTA-Y-0079  09:59:02.57 02:38:06.1 0.60” X0.53”" 34.78 17.9 230.4 2017.1.01217.8
UVISTAfY—O(JQCf 09:59:09.62 02:45:09.7 0.60” X0.53” 34.78 17.9 230.4 2017.1.01217.8

NoTE— ®Beamsize as measured in the naturally weighted continuum images. P Corresponds to the total integration
time in case of multiple tunings. In total, 25.7 hours of integration time on source is included in this analysis.
CFor this dataset we use a 1.5 arcsecond tapered continuum image, the full ~0.25 arcsecond resolution data
will be presented in Smit et al. (in prep). 9Source name in ALMA observations is Y8. ©Source name in ALMA

observations is Y10. fUVISTA-Y—OOG and UVISTA-Y-009 are estimated to be magnified by a factor ~0.27 dex and
~0.29 dex respectively due to lensing from foreground galaxies (Stefanon et al. 2019). Given the large uncertainty
in the lensing magnification factor, the luminosities and fluxes for these sources are not corrected for lensing.

2.2 TARGETS AND ALMA OBSERVATIONS

The purpose of this Section is to provide a brief summary of the deep
ALMA continuum observations and bright z ~ 7-8 targets we analyze in
this study as part of five separate ALMA programs. A summary of the
observations we describe in this Section is provided in Table 2.1.

2.2.1 ALMA Continuum Observations of Bright z ~ 7 Galazies

As part of an effort to better characterize the physical properties of
very luminous galaxies at z ~ 7, we used an ALMA cycle-6 program
(2018.1.00085.S: P.I. Schouws) to observe six luminous z ~ 7 galaxies.
The observations were designed to use spectral scans to search for the
[CII}158.m line, while simultaneously probing the dust-continuum emission
from sources. This paper focuses on the dust-continuum properties of
these sources, while we defer the discussion on the [CII];58,, emission to a
companion study (Schouws et al. (in prep.)). That paper also details the
manner in which six bright z ~ 7 sources were selected for targeting and
our identification of [CII] (SNR>9) in three of them.
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The six sources in the program were identified using the very deep op-
tical, near-IR, and Spitzer /IRAC observations obtained over the 2 deg?
COSMOS/UltraVISTA field from significant survey programs within COS-
MOS (Scoville et al. 2007; Capak et al. 2007), CFHT-LS (Erben et al. 2009;
Hildebrandt et al. 2009), UltraVISTA (McCracken et al. 2012), SPLASH
(Capak et al. 2013), and SMUVS (Caputi et al. 2017; Ashby et al. 2018).

Each of the sources was selected to show a strong break across the Y
and z filters (z — Y > 2 mag), show blue UV -continuum slopes, and show
moderately blue or red Spitzer /IRAC [3.6]-[4.5] colors, i.e., < —0.3 or >0.3.
Significantly red or blue Spitzer /TRAC colors not only provide evidence for
substantial [OIII];,,,4+HpA line emission in the sources (e.g., equivalent
widths EW ([OIMT] 5074 +HB)2500A Smit et al. (2015)), but also indicate
to which IRAC band the line emission contributes. By combining this
information with that available from the Lyman break, accurate redshift
constraints can be derived Az<0.15 (see also Smit et al. 2015; Roberts-
Borsani et al. 2016) on the six targeted galaxies, making it possible for
us to efficiently scan for [CII]is8,m . A more extensive description of the
source selection is included in Schouws et al. (in prep.).

All six targets were observed in band-6 as part of ALMA program
#2018.1.00085.S using the most compact configuration for maximal sensi-
tivity (C43-1: ~1.3 arcseconds resolution). The spectral setup was chosen
to enable a scan for [CII] 58, over essentially the full frequency range ex-
pected on the basis of our precise redshift constraints. We were able to
execute this scan using just two separate tunings with three spectral win-
dows each. The full bandwidth for each scan was therefore 10.75 GHz in
total. Approximately 40 minutes were required in each tuning to reach a
sensitivity of 0.25 mJy per 66 km/s, which was chosen to ensure detection
of [CII]158,m based on previous studies (e.g., Smit et al. 2018). The pre-
cipitable water vapor during the executed observations ranged from 1.6 to
3.5 mm. We refer to Table 2.1 for a detailed overview of the parameters
of our observations.

Additionally, we also utilize the sensitive, higher spatial resolution band-
6 observations we obtained of z = 6.853 source COS-3018555981 (Smit
et al. 2018) (hereafter abbreviated to COS-3018). The purpose of those
observations was to characterize in detail the kinematics of a z ~ 7 galaxy
with relatively luminous [CII]158,, line and to determine if the kinematics
were more consistent with simple rotation or a merging system. COS-3018
was one of two z ~ 6.8 sources featured in Smit et al. (2018) and found to
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show prominent differential motion across the detected [CII]58;m, profile.
Thanks to the depth of the band-6 observations on this source, these ob-
servations can also used to characterize the IRX in this source.

In interpreting the ALMA results obtained for our z ~ 7 galaxy targets,
it is worthwhile asking whether our selection criteria for our targets might
bias our results. After all, our selection of z ~ 7 targets required that their
[OI11] 5407 4 +HPB nebular emission lines be sufficiently strong to narrow the
redshift likelihood distribution for sources. As we will discuss in Schouws
et al. (in prep), the median source in our z ~ 7 selection only had a
[OI11] 5474 +HB EW of ~1000A. Since this is roughly consistent with the
median EW (7591113 A) derived by Endsley et al. (2021) for the z ~ 7
population of luminous galaxies, we can conclude that our z ~ 7 results
appear to be representative.

2.2.2 ALMA Continuum Observations of Bright z ~ 8 Galazies

We additionally targeted the eight most luminous Lyman Break Galaxies
at z ~ 8 in UltraVISTA to obtain sensitive continuum constraints on their
far-IR emission and obscured star formation. The targeted sources were
identified as part of a search for bright Lyman-break galaxies at z ~ 8
(Stefanon et al. 2017, 2019), where sources were required to have Y — (J +
H)/2 colors redder than 0.75 mag, to show a blue UV-continuum slope
redward of the Balmer break, and a low-probability of being a low-redshift
galaxy based on SED fits.

The eight sources were targeted as part of two ALMA programs
#2017.1.01217.S (P.I. Stefanon) and #2018.1.00236.S (P.I. Stefanon) and
observed for ~35 minutes each. To optimize the probability for detec-
tion for [CII]is58um , we used band-6 to obtain continuum observations of
those sources whose best-fit photometric redshifts were z < 8 and band-5
to obtain continuum observations for those whose best-fit redshifts were
z > 8. As a result of the relatively large photometric redshift uncertain-
ties on the Stefanon et al. (2019) z ~ 8 sources and the cost of pursuing
spectral scans, we elected to use a single spectral setup to maximize the
continuum sensitivity. We also obtained 58 minutes of follow-up observa-
tions (#2018.A.00022.S: P.I. Schouws) on one source from ALMA program
#2017.1.01217, UVISTA-Y-004, in an effort to confirm a tentative 2.50
dust-continuum detection of that source.

We note that two sources from in sample, UVISTA-Y-006 and UVISTA-
Y-009, are estimated to be magnified by a factor ~0.27 dex and ~0.29 dex
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Table 2.2. Physical and Measured Characteristics of the Bright z ~ 7-8 Galaxies
Targeted with ALMA Observations

Sourcename Redshift myy 85y Luv Tog( M=) T Al LIIIR‘
(10°"Lg) (M) (pdy) (o'lrg)
UVISTA-Z-001 7.0611% 23.9 £0.1  —1.887022 20707 9587002 104798 50737
UVISTA-Z-007 6.7498% 24.5 0.1 —2.0270-22 15102 9.5719-35 <522 <22
UVISTA-z-000  6.0070-10 246 x01 —1.88F0-21 16702 9.4010-32 < 57.0 <24
UVISTA-z-010  7.0770-09 246 01 2307035 14702 8.88T028 < a4 <21
UVISTA-Z-018  7.0275-905 249 402 —2.24%038 1atdd 1072t )9% <aso <22
UVISTA-Z-019 6.7544% 251 0.2 —1.51F029 1o+t 9517019 6623 27109
COS-3018 6.8540% 249 +0.1  —1.2210-81 13101 914008 6511 3.0106
UVISTA-Y-001 8587033 248 x01 —1.377036 21703 10.070-9 73720 35710
UVISTA-v-002 8217050 248 +02 —2060703% 10702 9.079-3 < 39.9 <23
UVISTA-Y-003  7.6278-3% 250 x0.1  —1.8810-80 13102 9.910-¢ 2130 10.7F18
UVISTA-Y-004 7.4270-19 240 +02 —1.80F02% 15704 9.970-5 6517 29108
UVISTA-v-005  8.6070-38 240402 —150F828 18707 9.0794 < 38.7 <25
UVISTA-Y-006 8327000 253 +03 —1.70%0-7T0  12%0-2 o7tit < 39.6 <25
UVISTA-Y-007 8477073 255 +0.3 —200f070 11704 e < 53.7 <25
UVISTA-Y-000  7.6070-99 254 +03 —2607090 10704 —e < 53.6 <25
Stack at z~7¢ 6957000 24.6 £0.2 —1.99702% 15702 9.675-% 332} 1ati9
Stack at z~8¢  7.8770-20 251 x02  —213F021 15707 9.370-% a7t 1.370-¢
Stack of 772049 249 202 -2167822 14193 9.270-3 < 23.5 <12

non-detections

Nore—T Quoted redshifts are based on the photometric redshift estimates given in Schouws et al. (in prep) or

Stefanon et al. (2019). FUV-continuum slopes By and stellar masses are from Stefanon et al. (2019) or
use the methodology described in Stefanon et al. (2019) for these estimates, assuming a 0.2 Zg metallicity, a

constant star formation prescription, and a Calzetti et al. (2000) dust law. ®Spectroscopic redshifts are from
the [CIT]158,,, line (Schouws et al. in prep and Smit et al. 2018 for COS-3018). PIntegrated flux derived with
UVMULTIFIT (not corrected for CMB effects: see §2.3.1). Upper limits on non detections are 3o. ©Stack

fluxes and errors are determined using a bootstrapping analysis (see section 2.3.2). 9Total infrared luminosity
integrated from 8-1000um assuming a modified black body SED with a dust temperature of 50K and a dust
emissivity index B, ¢4 =1.6 after correcting for CMB effects (see §2.3.1). ®Due to the challenges in measuring
the flux of these sources in the Spitzer/IRAC data caused by

confusion from bright neighbouring sources (Stefanon et al. 2019), no stellar masses are estimated for these sources.

respectively due to lensing from foreground galaxies (Stefanon et al. 2019).
However, the exact value of the magnification factor is relatively uncertain
and model dependent. We also note that lensing does not impact our
measurement of IRX because this is defined as a ratio of two luminosities
which are magnified by the same factor. The impact of differential lens-
ing is likely minimal due to the minimal offsets we observe between the
dust-continuum and rest-frame UV emission (typically <0.2”; see section
2.3.3), which are much smaller than the distances to the lensing galaxies
(>37; Stefanon et al. (2019)). Moreover, both sources are not detected in
the continuum and therefore do not impact our discussion on the mech-
anisms of dust build-up (see section 2.3 and 2.4). We therefore do not
explicitly correct the fluxes and luminosities of these sources to account
for the magnification.
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Figure 2.1. An overlay of band-6 dust-continuum observations (1.2pm) with ALMA
on the available near-IR imaging observations for 6 z ~ 7-8 sources detected in the dust
continuum. For UVISTA-Z-001, UVISTA-Y-003 and COS-3018, near-IR imaging obser-
vations are from l-orbit HST F140W, F160W, and F160W exposures, respectively, and
for the remaining sources, from stacked J+H+K, imaging from UltraVISTA. Contours
are drawn at (2, 3, 4, 5, 6) X0 using the sensitivities from Table 2.1 (typically o =~ 15uJy
beam™!). The ALMA contours presented here are from the natural weighted imaging
except for COS-3018 where a 1.5” taper is used (see Section 2.2.3). The synthesized
beam for the dust-continuum observations is indicated in the lower-left corner of each
panel. The significance of the dust detections for each source is stated below the source-
name (peak-S/N). In Figure 2.12, we show the continuum results for sources lacking a
clear detection.

33



2.2.3 ALMA Data Reduction

The ALMA data were reduced and calibrated using CASA version 5.4.1
following the standard ALMA pipeline procedures. The imaging was per-
formed using the TCLEAN task in CASA, applying natural weighting to
maximize signal to noise. Any channels containing line emission from the
[CII}158.m line were carefully excluded from the continuum imaging. All
significant continuum sources in the field were masked and cleaned con-
servatively to 30. A range of (u,v)-tapers from 1.0 to 2.0 arcseconds were
applied, but it was found that the images without any (u,v)-tapering had
the highest SNR. Therefore we use the setup without any (u,v)-tapering
for the remainder of this paper unless specified otherwise. We reduce the
observations for COS-3018 in a similar way except applying a 1.5 arcsec-
ond taper to the visibility data; the full resolution results will be presented
in Smit et al. (in prep).

To examine in more detail the relative morphologies of galaxies in terms
of their far-IR dust-continuum emission and in the rest-frame UV, we also
re-imaged the sources using Briggs-weighting with robustness parameter
0.3, where a robustness parameter of —2 corresponds to uniform weighting
(which maximizes the spatial resolution of the continuum signal) and 2
to natural weighting (which maximizes the S/N). Our choice of 0.3 for
the robustness parameter was made as a compromise between resolution
and S/N. In particular, for the most luminous source (UVISTA-Y-003) we
used Briggs weighting to decrease the size of our beam from 0.60” x0.52”
beam to a 0.45” x0.37”. This is useful to constrain the physical alignment
between the UV and FIR, which will be further discussed in Section 2.3.3.

2.2.4 Near-IR Imaging Observations

In interpreting the dust-continuum observations for our z ~ 7-8 sources,
it is helpful to compare against the sensitive imaging observations that are
available for these targets in the near-IR. All 14 of our targets have avail-
able sensitive Y JH K, imaging observations from the UltraVISTA pro-
gram, albeit with limited (FWHM pgpr ~0.8") spatial resolution. For a few
sources, higher spatial resolution imaging observations exist from HST,
in particular for UVISTA-Z-001 (1-orbit in F140W: Bowler et al. 2017),
UVISTA-Y-003 (1-orbit in F160W, DASH: Momcheva et al. 2016) and
CO0S-3018 (1.3-orbits in F160W, CANDELS: Grogin et al. 2011).

To ensure good registration of the available near-IR observations with our
new ALMA-continuum observations, we took advantage of the high astro-
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metric accuracy of the GAIA DR2 catalog (Gaia Collaboration et al. 2018)
to make minor (<0.1”) adjustments to the astrometry of the near-infrared
imaging observations available for the COSMOS field from UltraVISTA
or HST (if available). As a further check on the astrometric accuracy of
the near-IR imaging data, we compared the position of eight lower-redshift
dust-continuum detections in our ALMA data with their position in the
near-IR imaging data and found good agreement (<0.2”).

2.3 RESULTS
2.3.1 Individual Detections

The new ALMA observations we have obtained on a significant sample
of 15 bright z ~ 7-8 galaxies provide us with essential new information on
the obscured star formation and dust-continuum emission in these sources.

Using naturally-weighted reductions of the continuum observations, we
performed a systematic search for 30 peaks within 1”7 of the rest-frame UV
positions of our 15 targeted sources. We find a significant dust continuum
detection for six of the sources, as is illustrated in Figure 2.1, which shows
the 2, 3, 4, 5, 60 dust-continuum contours overlaid on the rest-frame UV
emission. The continuum detections show <0.5” spatial offsets from the
UV positions. We note that allowing for large spatial offsets (e.g., to 3”)
does not increase the number of detected sources.

To measure continuum fluxes for the detected sources, the complex visi-
bilities were fitted using UVMULTIFIT (Marti-Vidal et al. 2014), applying
a 2D Gaussian model with a single component. By fitting in the (u,v)-
plane, the results are independent of the imaging parameters. The fluxes
measured in this way are consistent with measurements in the image plane
and measured fluxes range from 75J_r?0 udy to 302J_r§g 1y, comparable with
previous studies at z 27 (Watson et al. 2015; Willott et al. 2015; Laporte
et al. 2017; Knudsen et al. 2017; Bowler et al. 2018; Tamura et al. 2019;
Hashimoto et al. 2019). In the case of non-detections, we provide 3o upper
limits derived from the noise measured in the natural weighted imaging.
For convenience, we summarize the results in Table 2.2. The fluxes in
this Table have not been corrected for effects arising from the Cosmic Mi-
crowave Background (CMB). For derived quantities (L;g, Mgyst €tc.) we
correct the measured fluxes for the reduced contrast due to the higher tem-
perature of the CMB at high redshifts using Eq. (18) of da Cunha et al.
(2013).
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Figure 2.2. IR luminosities and redshifts for z ~ 7 and z ~ 8 galaxies detected in
ALMA continuum observations analyzed here (blue and red stars, respectively). The
redshifts at which sources are shown are either from detected [CII]i58,m lines (Schouws
et al. in prep) or from the computed photometric redshifts. The blue and red plotted
downward pointing triangles correspond to 30 upper limits on the IR luminosities for
the four z ~ 7 and five z ~ 8 sources undetected in our ALMA observations. Also shown
are previous dust-continuum detections from the literature at z > 6 (solid grey circles:
Watson et al. 2015; Laporte et al. 2017; Bowler et al. 2018; Tamura et al. 2019)) and
upper limits (grey arrows: Bradac et al. 2017; Ota et al. 2014; Matthee et al. 2017, 2019;
Pentericci et al. 2016; Maiolino et al. 2015; Hashimoto et al. 2018). The thick blue and
red lines show the 3o-limiting IR luminosities we probe given the integration times for
our ALMA observations.

For comparison with other results in the literature and lower redshift
studies, it is convenient to estimate the total infrared luminosities for the
sources in our sample. Following previous studies, we adopt a modified
single-temperature black body dust spectral energy distribution and inte-
grate the SED between 8-1000um to calculate L;r. For the dust emissivity
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Figure 2.3. A comparison of the un-obscured (SFRyv) and obscured (SFR;gr) star
formation rates inferred from our observations of luminous z ~ 7 and z ~ 8 galaxies
(blue and red colored stars and upper limits, respectively). Previous results for z > 6.5
galaxies are shown with the gray symbols and upper limits (see Figure 2.2 for references).
Upper limits are 30. For reference, the typical UV star formation rate of L™ galaxies
at z = 7 (Bouwens et al. 2015) is indicated with the blue arrow. For the UV luminous
sources we analyzed here, the obscured SFRs appear to be comparable to the unobscured

SFRs.

index we assume [3=1.6, which is the best-fitting value for local infrared
luminous galaxies (Casey et al. 2014).

Dust temperatures in typical star-forming galaxies in the local universe
are around ~35K (Casey et al. 2014; Rémy-Ruyer et al. 2015), but it has
been shown using stacking of Herschel observations that dust temperatures
increase with redshift (Béthermin et al. 2015; Schreiber et al. 2015, 2018;
Faisst et al. 2017, 2020). Other observational (e.g., Bouwens et al. 2016b;
Coppin et al. 2014; Knudsen et al. 2017; Capak et al. 2015; Watson et al.
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Figure 2.4. Left: Median stacking of all non-detections (number of sources in the
stack; N=9) does not result in a significant detection of the dust continuum. Contours
are drawn at (1, 2, 3, 4, 5, 6)xo where o = 7.8uJy beam™'. Middle and Right: Median
stacks combining the ALMA observations for all z~7 (middle, N=7) and z~8 (right,
N=8) galaxies from our sample (including detections and non-detections) to study the
typical properties of our sample. These stacks are marginally detected at 3.00 (o =
8.5uJy beam™') and 3.80 (¢ = 6.9uJy beam™!) respectively (peak-SNR). See Section
2.3.2 and 2.4.2 for a discussion of these results.

2015; Bouwens et al. 2020) and theoretical (Behrens et al. 2018; Liang et al.
2019; Sommovigo et al. 2021) studies also suggest such a trend. We note
however that there seems to be a large scatter in the dust temperatures
at high redshift, with evidence for very hot (T>80K) (Bakx et al. 2020;
Laporte et al. 2019) and relatively cold temperatures (T~25K) (Harikane
et al. 2020) in individual sources. We therefore adopt a dust temperature of
50K for our analysis (this is the dust temperature after any CMB heating).

To put our dust continuum detections in context, we show the IR lumi-
nosities we have inferred for the sources in our samples against redshift in
Figure 2.2 and then compare these detections with IR luminosities inferred
for other dust-detected galaxies at z > 6. Interestingly enough, one of our
z > 7 galaxies has an IR luminosity in excess of 10'? L, which places the
source in the ULIRG category and is the most IR-luminous galaxy known
at z > 7. For context, we have also estimated the limiting luminosities
to which we would have succeeded in detecting bright z ~ 7 and 2z ~ 8
galaxies, given the integration times for sources in the two samples.

We estimate SFRyy and SFRpr for sources following Madau &
Dickinson (2014), with conversion factors SFRyy = kyv - Lyy and
SFRir = krr - Lir where kyy = 2.5 - 10_10M@yr_1L51 and kKip =
1.73 - 10_10M@yr_1L51 and we convert from a Salpeter IMF to Chabrier
IMF with SFRcp, = 0.63 - SFRgsy (Madau & Dickinson 2014). We
compare these SFR estimates for our sources to previous detections and
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Figure 2.5. Higher spatial resolution image of the dust-continuum emission from the
bright z ~ 8 galaxy UVISTA-Y-003 shown relative to the rest-frame UV imaging we
have of the source with HST in the F160W band (1.6m; ~1900A rest-frame) (3.5” x3.5”
FOV). The presented imaging of UVISTA-Y-003 used a Briggs weighting with robustness
parameter 0.3 to bring out the high-spatial resolution structure (Beam: 0.45”x0.37”).
Contours are drawn at (2.0, 2.5, 3.0, 3.5) xo where o = 23uJy. Interestingly enough, the
UV -continuum emission from UVISTA-Y-003 appears to be divided into three separate
clumps (see Stefanon et al. 2019). All of these rest-frame UV clumps show a clear spatial
offset from the dust-continuum emission. It therefore seems very likely that there is a
high star-formation region in UVISTA-Y-003, which is entirely obscured in the rest-
frame UV, much like one commonly observes in ULIRGs at both z ~ 0 and z ~ 1-3.
It is unclear whether the multiple rest-frame UV components are indicative of merger
activity or clumpy star forming regions.

upper limits at z >6.5 (Ota et al. 2014; Maiolino et al. 2015; Watson et al.
2015; Pentericci et al. 2016; Inoue et al. 2016; Knudsen et al. 2017; Bradac
et al. 2017; Laporte et al. 2017; Bowler et al. 2018; Carniani et al. 2018;
Hashimoto et al. 2018; Smit et al. 2018; Hashimoto et al. 2019; Tamura
et al. 2019; Matthee et al. 2019) in Figure 2.3.

Interestingly enough, we find that the obscured star formation rates
SFR;r for sources are fairly similar to the unobscured star formation
rates SF Ryy, in cases where the dust is detected. This is consistent with
previous results in the literature which include a few prominent detec-
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tions where SFRrp > SFRyy (Knudsen et al. 2017; Laporte et al. 2017;
Bowler et al. 2018; Hashimoto et al. 2019; Tamura et al. 2019) and many
sources which lack prominent dust detections and SFRrr < SFRyy (Ota
et al. 2014; Maiolino et al. 2015; Watson et al. 2015; Pentericci et al. 2016;
Matthee et al. 2017, 2019).

The infrared excess (IRX = Ljr/Lyv) is discussed in detail in sections
2.3.4 and 2.3.5, but we note here that for equal obscured and un-obscured
SFRs (SFRyv = SFRiR), logig(IRX)=0.10. The derived log;o(IRX)
increases or decreases by 1.0 for corresponding factors of 10 increases and
decreases, respectively, in the obscured SFR relative to the un-obscured

SFR.

2.3.2 Stacking analysis

Nine of the bright z ~ 7-8 galaxies targeted by our ALMA programs
are not individually detected in our continuum observations. To bet-
ter characterize dust-continuum emission and obscured star formation in
these sources, we can combine the continuum observations on these sources
to obtain an average constraint through median-stacking. In addition to
stacking those sources which are individually undetected, we repeat the
stacking analysis using our entire z ~ 7 and z ~ 8 samples separately
(i.e. both detections and non-detections), to constrain the properties of
the hypothetical average galaxy in each sample.

For the stacking, we center sources according to their apparent position
in the available HST or UltraVISTA rest-frame UV observations and coadd
the ALMA continuum observations after tapering the continuum images
with a 1-arcsec taper and and weighting the sources equally. We use ta-
pered images to ensure that we capture all of the dust-continuum flux and
to decrease the impact of both (1) the varying resolutions of the ALMA
beam and (2) possible offsets between the dust continuum and UV emis-
sion on the stack. This is most relevant for the sources that were observed
with a smaller beam, i.e., < 17.

The results of the stack of the nine non-detections are presented in
both Table 2.2 and Figure 2.4 (left panel). No significant (<20 where
o = 11.8uJy) detection is found, which translates to a 30 upper limit of
1.2x10M" L, (assuming T=50 K and 34=1.6) on the IR luminosities of the
undetected sources (the stack is also not detected when stacking using a
noise-weighted mean). In Table 2.2 and Figure 2.4, we also present our
stack results for our z ~ 7 and z ~ 8 samples. A stack of our z ~ 7 sam-
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ple shows a 3.0c detection and a stack of our z ~ 8 sample shows a 3.8¢0
detection. The mean IR luminosities we infer for bright z ~ 7 and z ~ 8
is 1.4t%:8x1011 Lg and 1.3f8:g><1011 Lg, respectively. These results and
those presented in Table 2.2 are derived based on a bootstrap resampling
procedure, re-stacking sub-sets with replacement of our sources 10.000x
and using the median peak flux measured in the stacked images. The
uncertainties are based on the derived 68% spread in the stack results.

2.3.3 Physical alignment between UV and FIR

An important longstanding question regards the possible presence of spa-
tial offsets between the dust-continuum emission and the rest-frame UV
emission, as have frequently been found when considering IR luminous
galaxies (Smail et al. 2014; Dunlop et al. 2016; Aravena et al. 2016; Laporte
et al. 2019). Indeed, one would expect significant spatial offsets between
rest-frame UV and I R-continuum emission in galaxies with a non-uniform
dust covering fraction, especially when the optical depths become non-
negligible. Such offsets can complicate the interpretation of the infrared
excess (IRX) which assumes co-spatial emission and impact SED fitting
codes that assume energy-balancing. Cormier et al. (2019) found evidence
for such non-uniform covering fractions in local dwarf galaxies, which are
often considered to be good analogues for high-redshift galaxies.

To investigate whether similar spatial offsets are found amongst the
bright z ~ 7-8 galaxies we observe with ALMA, we reimage the sources
using Briggs weighting, as described in §2.3, with a beam of 0.45” x0.37”
to examine sources at higher spatial resolution. Figure 2.5 illustrates how
our most prominent dust-continuum detection UVISTA-Y-003 compares
to the available rest-frame UV imaging from HST. We show the results for
the remaining detections in appendix B (with the exception of COS-3018,
which will be presented in a seperate paper (Smit et al. in prep.)).

For the majority of our sources, the UV and FIR continuum seem well
aligned, with no major offsets between the UV and IR positions (typically
smaller than <0.2”). However, UVISTA-Y-003 is a notable exception,
showing an offset of ~0.3” (~2 kpc: see Figure 2.5). Furthermore, for this
source the rest-frame UV emission seems to be divided into three separate
clumps, each of which are offset from the dust emission. The UV clumps
are discussed in more detail in Stefanon et al. (2019), who performed sim-
ulations to assess the robustness of the clumps and also confirmed high-z
solutions for the clumps based on deblended photometry. Because of these
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offsets between the UV clumps and the dust continuum emission, it seems
likely that there is a strongly star-forming region in UVISTA-Y-003, which
is almost entirely obscured in the rest-frame UV, similar to what is ob-
served in ULIRGs at z ~ 0 and z ~ 1-3. It is unclear whether the three
rest-frame UV components indicate the presence of merging activity or
not. It is worth emphasizing the value of the high resolution space-based
imaging for UVISTA-Y-003 in revealing both the clumpy nature of this
source and the offset between the UV and dust continuum emission.

2.3.4 Infrared Excess versus UV continuum Slope

The measured infrared excess in galaxies (IRX = Lig/Lyy) is well
established to show a correlation with the UV -continuum slope Sy (where
fr o< Auv). Meurer et al. (1999) showed that the correlation between the
infrared excess and Sy could be expressed as follows:

dA
Arso0 = —2 - (Byv — Buv,intr) (1)
dBuv
TRX = 1.7 (10%4Aw00 _ 1) (2)

where dAyy /dSyy expresses the steepness of the attenuation law, Suv intr
represents the unattenuated UV -continuum slope of star-forming galaxies
and Aqgoo is the UV attenuation at 1600A (Meurer et al. 1999). The IRX-
[ relation has been used as a constraint on the dust attenuation curve of
galaxies. In the local universe, starburst galaxies have been shown (Meurer
et al. 1999) to be well described by a Calzetti attenuation law (Calzetti
et al. 2000), with dAUv/dﬂUV = 1.99 with ﬁUV,intr = —2.23. However,
subsequent studies have found that some galaxies at higher redshifts do
not follow Calzetti dust law and tend to favour a steeper attenuation curve,
similar to the Small Magellanic Cloud (SMC) for which dAyv /dfyy = 1.1
and Buv.iner=—2.23 (Reddy et al. 2006, 2018; Siana et al. 2008; Capak
et al. 2015; Bouwens et al. 2016b; Barisic et al. 2017; Fudamoto et al.
2020).

In Figure 2.6, we present our measurements for the infrared excess versus
the UV continuum slope (8yy) for z > 6.5 sources with new measurements
from our ALMA programs. For this Figure we assume that the rest-frame
UV and dust-continuum emission are co-spatial, which is consistent with
the lack of significant spatial offsets that can be constrain based on the
current data as discussed in section 2.3.3. An exception is UVISTA-Y-
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Figure 2.6. The inferred infrared excess of z > 6.5 galaxies against their UV -continuum
slope fuv. The three blue and three red stars show the infrared excesses inferred for
the z ~ 7 and z ~ 8 galaxies that are detected in the dust continuum. The blue and red
downward-pointing triangles show the 30 upper limits on the inferred infrared excess in
the eight z ~ 7 and z ~ 8 galaxies, respectively, lacking dust-continuum detections. The
orange downward pointing triangle shows the 30 upper limit we infer on the infrared
excess stacking the individually undetected z ~ 7-8 galaxies considered here. The grey
circles and downward pointing triangles correspond to dust-continuum detections from
the literature (see Figure 2.2 for references). For reference, the Calzetti and SMC IRX-
B relations are shown with the cyan solid and dashed line, respectively (assuming an
intrinsic UV-continuum slope Syv of —2.23).

003, which seems to have a clumpy structure and we note that treating
these clumps individually could significantly impact the interpretation of
the IRX-f relation. While the current data are not ideal for constraining
the properties of individual clumps, future high-resolution studies with
ALMA (project code: 2021.1.01603.S, PI: Hodge) and JWST (Stefanon
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et al. 2021) of this source should enable a more detailed investigation of
the individual clump properties.

In determining the best-fit value for dAyy /dByy, we consider two dif-
ferent values for Byvintr: (1) Buvint = —2.23, as used in modeling the
IRX-f3 relation at z ~ 0 (Meurer et al. 1999) and (2) Buv,ine = —2.63, as
expected for a younger, lower-metallicity stellar population (Reddy et al.
2018) seen at higher redshift. For these two values of Syv ine we deter-
mine the best-fit value for dAyy /dByy for a dust temperature of 50 K and
dust emissivity index S5 = 1.6. For these fits we use the detections and
non-detections described in this paper and a compilation from the liter-
ature (Myy <—21.5; Maiolino et al. 2015; Pentericci et al. 2016; Inoue
et al. 2016; Matthee et al. 2017, 2019; Hashimoto et al. 2019) assuming
the same temperature (T=50K) for every source in the sample. We de-
termine the best fit value and errors using a total least squares method
which takes account of errors in both dependent and independent param-
eters. To account for non-detections we measure the maximum peak flux
in a 1”7 radius around the UV-centroid position following Béthermin et al.
(2020) and use those flux measurement in the minimalization routine. To
test the robustness of our treatment of upper-limits we furthermore use a
monte-carlo bootstrap method where we draw random flux measurements
from the completeness function. We model the completeness with an error
function with p=40image and 0=20;mage Where oiymage is the RMS mea-
sured from the continuum image, consistent with Béthermin et al. (2020)
and Inami et al. (in prep.). With these random flux measurements we
repeat the fit 10.000x for each temperature. We find that both methods
give consistent results within the uncertainties.

In Figure 2.7, we generalize the fit results presented in Figure 2.6 for
dAyy /dBuy to allow for an arbitrary dust temperature, given the current
uncertainties in establishing the typical dust temperatures for z > 6 galax-
ies. The slopes (dAyy /dByy) of the SMC and Calzetti attenuation curves
are shown with horizontal blue lines. The error on the dAyy /dByy fit is
derived from the formal uncertainties from the covariance matrix of the
minimalization. On Figure 2.7, we indicate with a black arrow (and dot-
ted vertical line) the fiducial dust temperature we assume 50 K, this is the
luminosity-weighted dust temperature. We also indicate with an orange
arrow the Ty,s determination of 54.3+1.6 K that Bouwens et al. (2020)
derived by extrapolating the results from Béthermin et al. (2015), Stran-
det et al. (2016), Knudsen et al. (2017), Schreiber et al. (2018), Hashimoto
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et al. (2019), Bakx et al. (2020), Béthermin et al. (2020), Harikane et al.
(2020), and Faisst et al. (2020). Also shown in Figure 2.7 are where other
high-redshift SED templates would lie (Béthermin et al. 2015; Schreiber
et al. 2018; Faisst et al. 2020; Michalowski et al. 2010; Rossi et al. 2018), in-
cluding Harol11, which has been argued by Rossi et al. (2018) to be a good
low redshift analogue for LBGs and has a relatively high dust temperature,
and the ALPINE SED template (Béthermin et al. 2020), which is based on
a stacking analysis of the ALPINE target and analogue galaxies fitted to
models from Béthermin et al. (2017). The Michatowski et al. (2010) tem-
plate is based on the average SED from a sample of submillimeter galaxies
(SMGs). Finally we also indicate the approximate conversion factor and
dust temperatures found by Faisst et al. (2020) analyzing a small sample
of z ~ 5.5 galaxies using the Casey et al. (2018) models.

For our fiducial z ~ 7 dust temperature of 50 K and assuming By iner =
—2.63, the current results appear to be more consistent (3¢ significance)
with a SMC-like attenuation law than a Calzetti-like attenuation law, while
for a Byvintr = —2.23, current results lie somewhere between a Calzetti
and SMC-like attenuation law. For much hotter dust temperatures, as
suggested by recent observations (Laporte et al. 2019; Bakx et al. 2020),
dAyy /dByy would be to be more consistent with a Cazetti attenuation
law. We also explored the impact of scatter (0.1 dex) on the dust tempera-
tures of the sample, instead of assuming a uniform temperature, and found
minimal changes (<0.05 dex) to the results. The present results are similar
to earlier z > 6.5 results by Watson et al. (2015), Laporte et al. (2017),
Knudsen et al. (2017), Bowler et al. (2018), and Tamura et al. (2019) who
also found greater consistency with a Calzetti-like attenuation law when
assuming Byv.ing = —2.23.

2.3.5 IRX-Stellar Mass relation

The infrared excess is also known to show a strong correlation with the
stellar mass of sources, with an approximately linear power-law dependence
on stellar mass (e.g., Bouwens et al. 2016a; Dunlop et al. 2016; McLure
et al. 2018). Interestingly enough, little evolution is observed between
z ~ 3 and z ~ 0 in the relationship between the infrared excess and the
stellar mass (Pannella et al. 2015; Bouwens et al. 2016b; Whitaker et al.
2017; McLure et al. 2018).

In Figure 2.8 (upper panel), we present the infrared excess we derive for
our sources against their inferred stellar masses. The blue and red stars
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Figure 2.7. Dependence of the slope parameter of the IRX-3 relation (dAyv /dSBuv)
on (luminosity-weighted) dust temperature for two different values for the intrinsic UV-
continuum slope Suv,intr (solid and dash-dotted black lines). The grey regions show the
slopes dAyv /dBuv preferred at 68% confidence. The fit uses all detections and upper
limits presented in this paper and the literature (z > 6.5 and Myy <—21.5: 21.7L{y ).
The blue lines indicate a reference to slope of the SMC and Calzetti relations, while
the orange arrow shows the expected dust temperature of LBG galaxies at z ~ 7-8
extrapolating dust temperature results in the literature (Bouwens et al. 2020). The
grey arrows shown along the top x-axis indicate the Lir/ fissum conversion factors (at
z=T) for a variety of high-redshift dust SED templates from the literature and at the
corresponding temperature of the modified black body that has the same conversion
factor. Here M10 denotes the FIR-SED model from Michatowski et al. (2010), ALPINE
the model from Béthermin et al. (2020), F20 from Faisst et al. (2020), Harol1 from Rossi
et al. (2018), and S18 from Schreiber et al. (2018). The black arrow and vertical dotted
line indicate the fiducial 50 K temperature we adopt for our analysis. For Buv,intr =
—2.23, we find a much better fit of the observational results for an attenuation curve
between Calzetti and SMC, and for a Suv,intr = —2.63, we find a much better fit to a
SMC-like attenuation curve.
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Figure 2.8. (upper) IRX-stellar mass relation for a sample of sources at z > 6.5,
including the detections and non-detections presented in this paper and a compilation
of sources from the literature (see Figure 2.2 for references). The local relation (Whitaker
et al. 2017) is shown with the dotted line and our best-fit is shown with the black solid line
and the grey shaded uncertainty. (lower) Fraction of the star formation that is obscured
by dust as a function of stellar mass for our sample and sources from the literature.
For a modified black body with a dust temperature of 50 K and a dust emissivity of
Baust=1.6 (Casey 2012), the z = 0 relation (Whitaker et al. 2017) is broadly consistent
with the detections seen at high redshift.
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Figure 2.9. Similar to Figure 2.7, this Figure shows the dependence on (luminosity-
weighted) dust temperature of the offset with respect to the local IRX stellar mass
relation fitted to the detections and upper limits presented in this paper and the litera-
ture (z >6.5 and Myv <—21.5 mag: 21.7L{;y ). The black line shows the best-fit offset
while the grey-shaded area shows the offsets preferred at 68% confidence. The blue line
is a visual reference corresponding to no evolution. For fit values below this line, the
implied IRX at z > 6.5 is lower than the local relation at a fixed stellar mass. For the
current data, this would be the case for dust temperatures below <54K. The top x-axis
and the black, grey, and orange arrows are as in Figure 2.7. For dust temperatures of
~50-55 K, the present IRX-stellar mass results appear to be broadly consistent with the
z ~ 0 relation (Whitaker et al. 2017).

correspond to z ~ 7 and z ~ 8 galaxies, respectively, detected in the dust-
continuum, while the light blue and light red upper limits correspond to
sources which are not detected in the dust continuum (< 3¢). The grey
circles show dust-continuum detections from the literature. Stellar masses
for bright z ~ 8 sources in our selection are from Stefanon et al. (2019).
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Stellar masses for bright z ~ 7 sources are inferred using the same SED-
fitting assumptions as Stefanon et al. (2019) use at z ~ 8, i.e., with a
0.2 Z metallicity, constant star formation rate, and Calzetti et al. (2000)
dust curve. The lower panel in Figure 2.8 shows fraction of obscured star
formation against stellar mass. Our results seem broadly consistent with
the z ~ 0 relation presented in Whitaker et al. (2017) given the sizable
uncertainties and large number of upper limits.

Similar to Figure 2.7, we illustrate in Figure 2.9 how the normalization
in the IRX-stellar mass relation depends on the assumed dust temperature
of z ~ 7-8 galaxies. We quantify the normalization in terms of an offset
(in dex) from the low-redshift relation (Whitaker et al. 2017) and fit this
offset as a function of dust temperatureusing the same fitting procedure
as described in Section 2.3.4. As in Figure 2.7, the vertical orange line
indicates the expected temperature for z ~ 7-8 galaxies when extrapolating
lower redshift results. At this temperature, the offset we derive is consistent
with no evolution from z ~ 0. Not surprisingly, for lower and higher values
of the dust temperature, the IRX is lower and higher respectively than the
z ~ 0 relation.

2.4 DISCUSSION
2.4.1 Constraints on Dust Evolution Models

Our new observations provide constraints on the build-up of dust in early
high-redshift galaxies. In addition to the significant impact dust has on the
fraction of UV light seen from star-forming galaxies and that re-emitted
in the far-infrared, dust can play a critical role in galaxy evolution (Salim
& Narayanan 2020). Significantly, the surfaces of dust grains serve as the
main production sites of many molecular species and can catalyze the for-
mation of molecular clouds in which star formation (SF) takes place (e.g.,
Gould & Salpeter 1963; Cazaux & Tielens 2004; Hirashita & Ferrara 2002;
Yamasawa et al. 2011; Chen et al. 2017). Additionally, dust cooling induces
fragmentation inside molecular clouds, which has a significant impact on
the stellar initial mass function (IMF; Omukai 2000; Omukai et al. 2005;
Schneider et al. 2006).

In Figure 2.10, we show estimates for the dust masses of our sources
as a function of temperature, and a strong dependence on the assumed
dust temperature can be clearly seen. We derive our estimates for the
dust masses of our sources following the procedure described in Ota et al.
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Figure 2.10. (upper) Dust masses as a function of dust temperature. The impact of
uncertainties on the flux measurements for the z ~7 and z ~8 samples are indicated
with the blue and red shaded regions, respectively. An indicative systematic uncertainty
resulting from the choice of dust mass absorption coefficient is shown with the black
arrow. The dotted vertical line indicates the fiducial dust temperature adopted here.
(lower) Constraint on the dust yield per SNe (left azis) or AGB star (right azis) as a
function of temperature for our sources. We highlight COS-3018 which provides the most
demanding constraints on the yields, where the blue shaded region shows the error from
the flux measurement and the uncertainty in stellar mass. The black arrow indicates the
systematic uncertainty resulting from the choice of dust mass absorption coefficient. The
maximum theoretical dust yield from SNe without any dust destruction and after 90%
dust destruction are indicated with the solid and dashed black lines respectively. The
maximum yield per AGB star is indicated with the green solid line. Note that if the dust
yield constraint for a source is above any of these lines, that particular dust production
mechanism alone cannot explain the amount of dust we observe. In particular, for dust
temperatures below T~40K and our assumed value of k153, SNe, even without dust
destruction, cannot explain the observed dust masses (indicated with the red hatched
region).
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Figure 2.11. The SFR density inferred for especially bright (Myv,ap < —21.5 mag:
21.7L%y) galaxies at z ~ 4-9, based on the rest-frame UV light (blue circles and squares)
alone and including the contribution of dust obscured SF at z ~ 7 and z ~ 8 (red points).
The shaded grey region indicates the best-fit trend in UV luminosity density (68%
confidence intervals) for UV-bright (<—21.5 mag: >1.7L7;y) galaxies against redshift
(Stefanon et al. 2019). Our ALMA results suggest that ~25-50% of the star formation
activity in such bright z ~ 7-8 galaxies is obscured by dust.

(2014):
Su'r‘f:.s’t ‘D%

(1 + Z) “d(Vrest)Bu,»eS,, (Tdust)

where S, is the observed flux density after correction for contrast with the
CMB (da Cunha et al. 2013, equation 18), Dy, is the luminosity distance,
B, (Tust) is the Planck function at a rest-frame frequency v.s and dust
temperature Tyg,st, and finally £q(vpest) is the dust mass absorption coeffi-
cient, which scales as £q(Vrest) = ko (Vrest/Vre f)deW‘. Here we assume kg =
8.94 em? g~ at 158 um which is appropriate for dust ejected from SN after
reverse shock destruction (Hirashita et al. 2014), since it is expected that
the majority of dust is produced by SN (Michatowski 2015; Le$niewska &
Michatowski 2019). Alternatively, values ranging from kg = 28.4 cm? g~!
at 158 pum for dust consisting of amorphous carbon to kg = 5.57 em? g1
at 158 um for dust condensed in SN before reverse shock destruction (Hi-

Mdust = (3)
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rashita et al. 2014) could be considered, leading to an additional ~0.7 dex
systematic uncertainty. Moreover, studies constraining kg directly from
observations span a full 3.6-dex range with 0.8 dex scatter (Clark et al.
2019). The impact of these systematic uncertainties (assumed to be 0.7
dex) is shown with the black arrow on Figure 2.10.

Because our data are observed at ~158 um rest-frame, which is the same
as the reference wavelength of the dust mass absorption coefficient we use
from the literature, our choice of By, introduces minimal uncertainty in
the derived dust masses. While most of our galaxies appear consistent
with dust masses of ~ 10" My, the large systematic uncertainty limits us
to inferring that the dust mass lies somewhere in the range ~ 107 M, to
108 M, for our sources (assuming 30 < T, < 65).

In the bottom panel of Figure 2.10 we use these dust masses in combi-
nation with the stellar mass from SED fitting to derive the required dust
yields per SNe or AGB star following the method described by Michatowski
(2015). The stellar mass is translated to the number of SNe or AGB stars
that could have contributed to the formation of dust assuming a Chabrier
(2003) IMF and a maximum age of 500 Myr (corresponding to a maxi-
mum formation redshift of z 2 18; Michalowski 2015). This number is
subsequently divided by the dust mass to obtain the required yields. We
compare the required yields for our observed dust masses to the maximum
yield from a single AGB star (~0.004 Mg: Morgan & Edmunds 2003; Fer-
rarotti & Gail 2006; Ventura et al. 2012; Nanni et al. 2014; Schneider et al.
2014) and a single supernova without any dust destruction (approximately
~1.3 Mg: Todini & Ferrara 2001; Nozawa et al. 2003). However, it is likely
that a large portion of the dust produced by supernovae is destroyed by
internal shocks, releasing only <0.1Mg into the ISM (Bianchi & Schnei-
der 2007; Cherchneff & Dwek 2010; Gall et al. 2011; Lakié¢evié et al. 2015;
Ferrara & Peroux 2021).

From this Figure it is clear that for our sources dust production from
supernovae alone could explain the majority of the observed dust, but
only when dust destruction is low (less than ~90%). Production from
AGB stars by itself (green line) is insufficient to explain the observed
dust masses for all dust temperatures. For low dust temperatures T<40 K
even dust production from supernovae without any dust destruction would
be insufficient and other mechanism like grain growth (Michalowski 2015;
Lesniewska & Michatowski 2019) would be necessary to explain the ob-
served dust masses. Alternatively it is possible that the stellar masses are
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underestimated, which would lower the required dust yields. Specifically,
stellar masses are difficult to measure for sources without a spectroscopic
redshifts because the rest-frame optical emission as measured from Spitzer
IRAC is contaminated by strong nebular emission lines. This contribution
is redshift dependent, leading to a 0.6-1.0 dex change in the stellar mass
for Az ~ 0.2 at z ~ 7 (e.g., Schaerer & de Barros 2009; Roberts-Borsani
et al. 2020, Topping et al., in prep). Even with spectroscopic redshifts,
the contribution of older populations of stars to the stellar mass are dif-
ficult to constrain. Rest-frame near infrared data would be invaluable to
accurately constrain such contributions, however unfortunately there are
currently no instruments that can observe this part of the spectrum with
sufficient sensitivity.

2.4.2 Impact on Measurements of the SFR Density and the IR
luminosity function at z > 6

The ALMA observations from our programs have particular value in
determining the quantity of the star formation from UV bright galaxies at
z ~ 7-8 that is obscured by dust. This is particularly useful for gaining
a handle on the likely build-up of mass that occurs in the brightest and
most massive galaxies with cosmic time.

To estimate the approximate correction that we need to make to the
SFR. density of bright z ~ 7-8 galaxies to correct for the impact of dust,
we compute an effective infrared excess for the entire population of bright
z ~ T and z ~ 8 we have targeted as part of multiple programs by dividing
the mean SFR;g by the mean SFRyy. Using our bootstrap stacking results
from section 2.3.2, we can compute the median ratio and errors (68%) on
the obscured and UV luminous star formation rates to be 0.6f8:§ and
0.71’8:3, respectively. This suggests that unobscured SFRs measured from
the rest-frame UV data should be corrected by factors of 1.61‘8:3 (0.201‘8118
dex) for z ~ 7 and 1.7f8:§ (0.231'8:88 dex) for z ~ 8.

We can illustrate the impact these corrections have on the estimated
SFR densities at z ~ 7-8 from UV bright galaxies based on the UV LFs
derived by Bouwens et al. (2015) and Stefanon et al. (2019) integrated
down to —21.5 mag (~1.7 L;,). Applying these corrections to the UV
luminosity density, Bouwens et al. (2015)) derive at z ~ 7 and Stefanon
et al. (2019) derive at z ~ 8, we show the impact of these corrections on
the computed SFR densities at z ~ 7-8 in Figure 2.11. Our ALMA results
suggest that N% of the SFR density in 21.7L* galaxies is obscured by dust.
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This is consistent with the 20-25% fraction of the cosmic star formation
rate density that Zavala et al. (2021) infer to be obscured at z ~ 6-7, but it
is worth emphasizing that the fraction we infer is for the UV-bright z ~ 7
population and the fraction Zavala et al. (2021) derive is with respect to
the total.

Finally, we can combine the present constraints on the IR luminosities
of sources with the z ~ 7-8 rest-frame UV luminosity function results of
Bowler et al. (2017) and Stefanon et al. (2019) to place constraints on the
IR LF at z > 3 such as discussed in Koprowski et al. (2017), Casey et al.
(2018), Gruppioni et al. (2020), and Zavala et al. (2021). We find that the
number density of galaxies with Lz > 1011 — 102 L, is > 2 x 1076 Mpc ™3
dex~!. This value is insensitive to the assumed dust temperature, because
changing the dust temperature does not change the number of detected
galaxies in the range L;g > 10" — 1012 L.

The > 2 x 1075 Mpc™3 dex™! lower limit is fairly consistent with the
dust poor model described in Casey et al. (2018), which is only ~0.5 dex
higher (~ 6 x 1076 Mpc™3 dex! at 2 = 7.5 and L;gr = 3 x 10" L), while
the dust rich model is ~1.7 dex higher (~ 1x10™* Mpc™> dex ! at z = 7.5
and Ly = 3x 10" L). Our lower limit is ~0.3 dex higher than the model
presented in Zavala et al. (2021) (~ 9 x 10~7 Mpc=3 dex™! at z = 7.5 and
Lig =3 x 10" Ly). Better agreement with our observational results could
be obtained by increasing the volume density of L;p ~ 10" — 10'2L,
galaxies in this model by =>2x (see also Fudamoto et al. 2021). Finally,
our lower limit is significantly higher (~4.5 dex) than the evolution of the
IR luminosity function presented in Koprowski et al. (2017) (~ 7 x 10711
Mpc=3 dex™! at z = 7.5 and L;g = 3 x 10" Le). The significant tension
with our results primarily derives from the model only be constrained by
observations to z ~ 5 and the assumption of an exponential decline of the
normalization parameter (®,) of the model luminosity function to higher
redshifts.

2.5 SUMMARY

We describe the analysis of sensitive ALMA continuum observations we
have obtained over 15 bright Lyman-break galaxies at z ~ 7-8. The ALMA
continuum observations we consider (in total 25.7 hours on source) are
drawn from five distinct ALMA programs (Table 2.1) and allow us to assess
the contribution of obscured star formation to the build-up of stellar mass
in these galaxies. The observations are sensitive enough to probe down to
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obscured SFRs of ~20 My /yr (30). The bright Lyman-break galaxies we
have targeted were drawn from a selection of the brightest z ~ 7-8 galaxies
identified over the UltraVISTA (Stefanon et al. 2017, 2019, Schouws et al.
in prep) and CANDELS COSMOS field (Smit et al. 2015; Smit et al. 2018).

Out of the 15 z ~ 7-8 galaxies we target, we detect six in the dust
continuum, with inferred IR luminosities ranging from 2.7 x 10'! Ly to
1.1x10'2 L, with a median of 3.5x10'! L. This is equivalent to obscured
SFRs of 25 to 101 Mg /yr (Figure 2.1). These dust detections more than
double the number of normal star-forming galaxies at z > 6.5 which are
detected in the IR continuum from four (Watson et al. 2015; Laporte et al.
2017; Tamura et al. 2019; Bowler et al. 2018; Hashimoto et al. 2019) to
10 (Figure 2.2). We find the spatial position of dust-continuum detections
to be approximately cospatial with the rest-frame UV light (median offset
<0.2”), with UVISTA-Y-003 being a notable exception. For UVISTA-Y-
003, the dust-continuum detection is offset by ~0.3” from three distinct
star-forming clumps seen in the rest-frame UV (Figure 2.5).

Using the new dust-continuum detections, we can quantify the rela-
tive contribution that obscured and unobscured star formation provide
to bright galaxies at z ~ 7-8. For the 6 bright galaxies in our sample
which show ALMA continuum detections, we find that obscured SFR. in
these galaxies is comparable to the unobscured SFR in the median (Fig-
ure 2.3). The relation between SFR and [CII]i58,, luminosity, for those
sources with a [CII]158,m, detection, will be explored in Schouws et al. (in
prep).

We also use our observations to look at the measured infrared excess IRX
(Lrr/Lyv) in these galaxies and quantify how the infrared excess depends
on the UV -continuum slope By and the stellar mass. The infrared excess
IRX is well known to correlate with both quantities, but there continues to
be significant debate regarding the precise trend at z > 6 with both Sy
and stellar mass.

Our IRX against Byy results show a significant dependence on what we
assume for the dust temperature of z ~ 7-8 galaxies as well as what we
assume for the unreddened UV slope Byv.ins for star-forming galaxies at
z ~ 7-8. If we adopt a modified blackbody SED with a dust temperature
of 50 K and an opacity index § = 1.6 as our fiducial far-IR SED, we find
current IRX against (8 results are most consistent with an SMC dust curve
if Buvintr = —2.63 and lie somewhere between a Calzetti and SMC dust
curve if SByy.ine = —2.23 (Figure 2.6). Adopting the same fiducial SEDs
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for interpreting IRX trends with stellar mass, we find results (Figure 2.8)
which are consistent with no evolution in IRX-stellar mass relation from
z ~ 0 (Whitaker et al. 2017).

Additionally, we use our new dust detections to estimate the total mass in
dust in bright z ~ 7-8 galaxies, for dust ejected from SN after reverse shock
destruction. The dust masses we derive are dependent on the assumed dust
temperature and range from ~ 10% Mg, for low dust temperatures (T~30K)
to ~ 107 Mg, for high temperatures (T~60K) (Figure 2.10). Combining
these dust masses with the estimates for the stellar mass from SED fitting
enable constraints on dust formation mechanisms (following Michalowski
(2015)). This shows that the our observed dust masses could be most likely
be explained by dust production from SNe with low dust destruction (less
than ~90%: see bottom panel of Figure 2.10).

The new measurements we make of the obscured SFRs in bright z ~ 7-
8 allow us to improve our estimates of the contribution very luminous
bright galaxies make to the SFR density at z ~ 7-8. Incorporating the
contribution from obscured star formation for both our bright Myy, ap <
—21.5 (Z1.7L};y,) z ~ 7 and z ~ 8 sample to the unobscured SFRs in
these galaxies, we measure correction factors of 1.6703 (0.207910 dex) and
1.7J_r8:§ (0.23f8:88 dex), respectively. These results clearly illustrate the
important role that obscured star formation can play in the early stellar
mass build-up of galaxies at z > 7.

Finally, we use these results to set a lower limit on the IR luminosity
function of z ~ 7-8 galaxies, finding > 2 x 1076 Mpc=3 dex~! for galaxies
with Lrg > 10" —10'2 Ly, /yr. This limit is most consistent with the dust
poor model of Casey et al. (2018), which is ~0.5 dex higher.

In the future, we expect a significant increase in the number of dust
detected galaxies in normal star-forming galaxies at z ~ 7-8 from the
ongoing ALMA observations from the REBELS ALMA Large program
(2019.1.01634.L). This should allow us to look at the build-up of dust in
massive galaxies in much more detail, while allowing for a much more
detailed look into how the measured IRX depends on both stellar mass
and the UV slope.
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APPENDIX
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Figure 2.12. Dust-continuum observations (1.2um) overlaid on the available near-IR
imaging observations from UltraVISTA (stacked J+H+K;). Shown are the 9 z ~ 7-8
sources that were not detected in the dust continuum. Contours are drawn at (1, 2, 3,
4, 5, 6)xo where o ~ 15uJy beam™'. The synthesized beam for the dust-continuum
observations is indicated in the lower-left corner of each panel.

A. ALMA OBSERVATIONS OF BRIGHT Z ~ 7-8
GALAXIES THAT ARE UNDETECTED IN THE
DUST CONTINUUM

Nine of the 15 bright z ~ 7-8 galaxies (60%) targeted by the ALMA
programs considered here did not show 30 detections in the dust contin-
uum. Figure 2.12 shows rest-frame UV images of those nine sources along
with (1, 2, 3, 4, 5)o contours showing the IR dust continuum emission.
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Figure 2.13. The Briggs weighted dust continuum imaging (orange contours) overlaid
on the rest-frame UV imaging (HST F140W for UVISTA-Z-001, ground-based J+H+K
for the others) for four targets from our programs with continuum detections. The
robust parameter we utilize for the imaging is also indicated for each source. We see
no significant offset between the dust continuum and rest-frame UV emission. The
apparent offset (0.28” or ~1.5 Kpc) between the UV and IR peaks for UVISTA-Y-004
is not significant, being comparable to the SNR-based astrometric accuracy (~0.2”).

Interestingly enough, in the observations we obtain of UVISTA-Y-006, one
foreground galaxy in our ALMA beam shows a clear dust-continuum de-
tection (lowest row in Figure 2.12; left panel).

B. BRIGGS WEIGHTED IMAGING OF THE
CONTINUUM DETECTED SOURCES

Figure 2.13 shows the Briggs weighted imaging of those targets from our
programs with a continuum detection. Briggs weighting changes the rela-
tive contributions of long baselines and shorter baselines in the (u,v)-plane,
which affects the point spread function and subsequently the effective reso-
lution and signal to noise of our observations. The trade-off for increasing
the resolution is a decrease in signal to noise. The Briggs weighting is
parameterized using the robust parameter (R), which varies from —2.0 to
+2.0. A value of R=—2.0 is equivalent to a uniform weighting, which has
the highest resolution but lowest SNR and R=+2.0 which is equivalent
to natural weighting, corresponding to the lowest resolution and highest
SNR.

In the Figure below we use the lowest robust parameter that still re-
sults in a >30 peak flux (in steps of AR=0.2). Note that due to the loss
in signal-to-noise caused by the Briggs weighting, the contours only show
the location of the peak of the dust emission, not its extent. For all de-
tections, clear overlap is seen between the dust continuum and rest-frame
UV emission.
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Chapter 3

ALMA as a Redshift Machine:
Using [CII] to Efficiently Confirm
Galaxies in the Epoch of Reion-
ization

The [CH]i58,m line has long been proposed as a promising line to spec-
troscopically confirm galaxies in the epoch of reionization. In this paper
we present the results of new ALMA observations spectral scanning for
[CII] in six particularly luminous Lyman Break Galaxies at z ~ 7. The six
sources were drawn from a sample of bright z ~ 7 galaxies identified us-
ing the wide-area optical, near-IR, and Spitzer /IRAC data over the COS-
MOS/UltraVISTA field and were targeted on the basis of tight constraints
on their redshifts from their IRAC [3.6]-[4.5] colors. We detect significant
(> 90) [CII] lines in three of our six targets (50%) co-spatial with the rest-
UV emission from the ground/space-based near-IR imaging. The lumi-
nosities of the [CII] lines lie in the range 5.6 to 8.8 x 108 L, consistent with
the local [CII]-SFR relation. Meanwhile, their [CII]/L;p ~ 1 —3 x 1073
ratios are slightly elevated compared to local (U)LIRGS. This could be
due to lower dust-to-gas or dust-to-metal ratios. We also find that our
sources display a large kinematic diversity, with one source showing signs
of rotation, one source a likely major merger and one dispersion domi-
nated source that might contain a bright star-forming clump. Our results
highlight the effectiveness of spectral scans with ALMA in spectroscopi-
cally confirming luminous galaxies in the epoch of reionization, something
that is being be applied on a significantly larger sample in the on-going
REBELS large program.

Schouws, Bouwens, Smit, Hodge, Stefanon, Witstok,
Hilhorst, Labbé, Algera, Boogaard, Maseda, Oesch,
Rottgering, and van der Werf

ApJ, 954, 103 (2023)
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3.1 INTRODUCTION

Exploring the build-up of galaxies in the z > 6.5 universe just a few
hundred million years after the Big Bang is a key frontier in extragalactic
astronomy. Though 100s of UV-bright galaxy candidates at redshifts z >
6.5 (e.g., McLure et al. 2013; Bouwens et al. 2015; Finkelstein et al. 2015;
Ishigaki et al. 2018; Bouwens et al. 2021; Harikane et al. 2021) are known,
characterization of their physical properties has been difficult. Deriving
these properties from optical and near-IR photometry is complicated by
uncertainties in the redshifts (e.g., Bouwens et al. 2022; Robertson 2021),
dust extinction (e.g., Fudamoto et al. 2020; Schouws et al. 2022; Bowler
et al. 2021), and rest-frame optical nebular emission line properties (e.g.,
Smit et al. 2015; Endsley et al. 2021; Stefanon et al. 2022) of z > 6 galaxies.

Fortunately, with ALMA, it is possible to make great progress on the
characterization of galaxies at z > 6 (e.g.,, Hodge & da Cunha 2020;
Robertson 2021). The [CII]158um line is especially interesting as it is
the strongest cooling line of warm gas (T’ < 10* K) in galaxies. This line
has already been detected in a significant number of galaxies out to z ~ 7-8
(e.g., Walter et al. 2009; Wagg et al. 2010; Riechers et al. 2014; Willott
et al. 2015; Capak et al. 2015; Maiolino et al. 2015; Pentericci et al. 2016;
Knudsen et al. 2016; Bradac et al. 2017; Smit et al. 2018; Matthee et al.
2017, 2019; Harikane et al. 2020; Carniani et al. 2020; Le Fevre et al. 2020;
Béthermin et al. 2020; Venemans et al. 2020; Fudamoto et al. 2021). In ad-
dition to the immediate utility of [CII] to spectroscopically confirm galaxies
in the reionization era and obtain a precise measurement of their redshift,
the strength of this line makes it one of the prime features for studying the
kinematics of high-z galaxies (e.g., Smit et al. 2018; Hashimoto et al. 2019;
Jones et al. 2021). Dynamical masses are particularly interesting in that
they give some handle on the masses of galaxies, which can be challenging
to do from the photometry alone (e.g., Schaerer & de Barros 2009).

Despite the great utility of [CII] and the huge interest from the commu-
nity, only a modest number of z > 6.2 galaxies had been found to show
[CII] emission in the first six years of ALMA operations (e.g., Maiolino
et al. 2015; Pentericci et al. 2016; Bradac et al. 2017; Matthee et al. 2017;
Smit et al. 2018; Carniani et al. 2018; Hashimoto et al. 2019). Additionally,
even in cases where the [CII] line was detected, only modest luminosities
were found, i.e., LicrS 2x10% Lo. One potentially important factor in
the limited success of earlier probes for [CII] at z > 6 may have been the
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almost exclusive targeting of sources with redshifts from the Lya emis-
sion line. At lower redshifts at least, Lya emission seems to be much
more prevalent in lower mass galaxies than it is in higher mass galaxies
(e.g., Stark et al. 2010). Additionally, Ly« emitters have been found to be
systematically low in their [CII] luminosity-to-SFR ratios (Harikane et al.
2018; Matthee et al. 2019). Both factors would have caused early ALMA
observations to miss those galaxies with the brightest [CII] lines.

In a cycle 4 pilot, Smit et al. (2018) demonstrated the effectiveness of
spectral scans for the [CII] line in z > 6 galaxies which are particularly
luminous and which also have well constrained photometric redshifts. One
aspect of the z ~ 7 galaxies from Smit et al. (2018) that allowed for partic-
ularly tight constraints on their redshifts were the high EWs of their strong
[OIIT]+HpS emission lines in the Spitzer/IRAC bands. This is due to the
particular sensitivity of the Spitzer/IRAC [3.6]—[4.5] colors to redshift of
galaxies for high-EW [OIII]4+HS emitters (Smit et al. 2015). Remarkably,
despite just ~1 hour of observations becoming available on these targets,
the results were nevertheless striking, with 6-8¢ [CII] lines found in two
targeted sources, with redshifts z = 6.8075 and z = 6.8540. Additionally,
the [CII] luminosities of the two sources were relatively high, being brighter
in [CII] than all ALMA non-QSO targets by factors of ~2-20.

Encouraged by the high efficiency of the Smit et al. (2018) spectral scan
results, we successfully proposed for similar observations for 6 other lu-
minous z ~ 7 galaxies (2018.1.00085.S: PI Schouws) to add to the results
available from the Smit et al. (2018) program and further refine the spec-
tral scan strategy. The purpose of this paper is to present results from
this second pilot. Results from this pilot program and an earlier program
from Smit et al. (2018) served as the motivation for the Reionization Era
Bright Emission Line Survey (REBELS) ALMA large program (Bouwens
et al. 2022) in cycle 7. The REBELS program significantly expanded the
strategy employed in these pilot programs to a much larger set of targets,
while extending the scan strategy to even higher redshift.

The paper is structured as follows. In §2, we detail the selection of
targets for this second pilot program, while also describing the set up and
reduction of our spectral scan observations. In §3, we describe the [CII]
line search and present our new [CII] detections. We place our detections
on the [CII]-SFR relation and examine the [CII]/L;g of our sources. We
conclude the Section by examining their kinematics. In §4, we discuss the
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prospect of deploying the described spectral scan observations to a much
larger set of z > 6 galaxies. Finally in §5, we summarize our conclusions.

Throughout this paper we assume a standard cosmology with Hy = 70
km s~! Mpc™!, Q,, = 0.3 and Qp = 0.7. Magnitudes are presented in
the AB system (Oke & Gunn 1983). For star formation rates and stellar
masses we adopt a Chabrier IMF (Chabrier 2003). Error-bars indicate the
68% confidence interval unless specified otherwise.

3.2 HIGH-REDSHIFT TARGETS AND ALMA
OBSERVATIONS

3.2.1 UltraVISTA Search Field and Photometry

Our source selection is based on ultradeep near-infrared imaging over
the COSMOS field (Scoville et al. 2007) from the third data release (DR3)
of UltraVISTA (McCracken et al. 2012). UltraVISTA provides imaging
covering 1.4 square degrees (McCracken et al. 2012) in the Y, J, H and
Ks filters to ~24-25 mag (50), with DR3 achieving fainter limits over 0.7
square degrees in 4 ultradeep strips. The DR3 contains all data taken
between December 2009 and July 2014 and reaches Y = 26.2, J = 26.0,
H = 258, K = 25.5 mag (50 in 1.2"”-diameter apertures). The nominal
depth we measure in the Y, J, H, and Ks bands for the UltraVISTA DR3
release is ~0.1-0.2 mag, ~0.6 mag, ~0.8 mag, and ~0.2 mag, respectively,
deeper than in UltraVISTA DR2 release.

The optical data we use consists of CFHT/Omegacam in g, r, i, z (Er-
ben et al. 2009) from the Canada-France-Hawaii Legacy Survey (CFHTLS)
and Subaru/SuprimeCam in Bj+V j+g+r+i+z imaging (Taniguchi et al.
2007). This analysis uses Spitzer/IRAC 3.6pum and 4.5um observations
from S-COSMOS (Sanders et al. 2007), the Spitzer Extended Deep Survey
(SEDS: Ashby et al. 2013), the Spitzer-Cosmic Assembly Near-Infrared
Deep Extragalactic Survey (S-CANDELS: Ashby et al. 2015), Spitzer
Large Area Survey with Hyper-Suprime-Cam (SPLASH, PI: Peter Capak),
and the Spitzer Matching survey of the UltraVISTA ultra-deep Stripes
(SMUVS, PI: K. Caputi: Ashby et al. 2018). Compared to the original
S-COSMOS IRAC data, SPLASH provides a large improvement in depth
over nearly the whole UltraVISTA area, covering the central 1.2 square
degree COSMOS field to 25.5 mag (AB) at 3.6 and 4.5um. SEDS and
S-CANDELS cover smaller areas to even deeper limits. We also make use
of data from SMUVS, which provides substantially deeper Spitzer/IRAC
data over the deep UltraVISTA stripes.
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Source catalogs were constructed using SExtractor v2.19.5 (Bertin &
Arnouts 1996), run in dual image mode, with source detection performed
on the square root of a x? image (Szalay et al. 1999) generated from the
UltraVISTA YJHK, images. In creating our initial catalog of z ~ 7 can-
didate galaxies, we started from simply-constructed catalogs derived from
the ground-based observations. Prior to our photometric measurements,
images were first convolved to the J-band point-spread function (PSF) and
carefully registered against the detection image (mean RMS~0.05"). Color
measurements were made in small Kron (1980) like apertures (SExtractor
AUTO and Kron factor 1.2) with typical radius ~0.35-0.50").

We also consider color measurements made in fixed 1.2”-diameter aper-
tures when refining our selection of z ~ 7 candidate galaxies. For the
latter color measurements, flux from a source and its nearby neighbors
(12" x12" region) is carefully modeled; and then flux from the neighbors is
subtracted before the aperture photometry is performed. Our careful mod-
eling of the light from neighboring sources improves the overall robustness
of our final candidate list to source confusion. Total magnitudes are de-
rived by correcting the fluxes measured in 1.2"”-diameter apertures for the
light lying outside a 1.2”-diameter aperture. The relevant correction fac-
tors are estimated on a source-by-source basis based on the spatial profile
of each source and the relevant PSF-correction kernel. Photometry on the
Spitzer /IRAC (Fazio et al. 2004) observations is more involved due to the
much lower resolution FWHM = 1.7” compared to the ground-based data
(FWHM = 0.7”). The lower resolution results in source blending where
light from foreground sources contaminates measurements of the sources of
interest. These issues can largely be overcome by modeling and subtract-
ing the contaminating light using the higher spatial resolution near-IR
images as a prior. Measurements of the flux in the Spitzer/TIRAC obser-
vations were performed with the mophongo software (Labbé et al. 2006,
2010a,b, 2013, 2015). The positions and surface brightness distributions of
the sources in the coadded JHKSs image are assumed to appropriate mod-
els and, after PSF matching to the IRAC observations, these models are
simultaneously fit to the IRAC image leaving only their normalization as
a free parameter. Subsequently, light from all neighbors is subtracted, and
flux densities were measured in 2” diameter circular apertures. The IRAC
fluxes are corrected to total for missing light outside the aperture using
the model profile for the individual sources. The procedure employed here
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Figure 3.1. Measured [3.6]—[4.5] colors for the bright z ~ 7 galaxy candidates we have
identified within UltraVISTA. The [3.6]—[4.5] color is largely driven by how high the
EWs of the emission lines ([OIII]+HfA, Ha) that fall in the [3.6] and [4.5] bands are,
with the blue colors at z ~ 6.6-6.9 driven by the [OIII]+Hg lines falling in the [3.6]
band, and at z > 7 the [OIII]4+H} lines falling in the [4.5] band. The most promising
z ~ 7 follow-up targets are indicated by the red squares and correspond to the brightest
H < 25 mag sources over COSMOS and show red or blue [3.6]—[4.5] colors, significantly
narrowing the width of the redshift likelihood distribution over which [CII] searches
are required. The filled magenta circles show the [3.6]—[4.5] colors measured for the
two z ~ 7 galaxies with [CII] detections reported in Smit et al. (2018), while the solid
orange triangles are for sources with [CII] detections in the literature (Matthee et al.
2017; Pentericci et al. 2016; Hashimoto et al. 2019). The blue triangles correspond to
those bright (H < 24.5 mag) z ~ 7 galaxies from Appendix A where the redshift is less
well constrained based on the [3.6]—[4.5] colors (UVISTA-Z-002, 003, 004, 005, 008).
The cyan shaded region shows the expected [3.6]—[4.5] colors for star-forming galaxies
vs. redshift assuming a rest-frame equivalent width for [OIII]+Hg in the range 400Ato
2000A.

is very similar to those of other studies (e.g., Skelton et al. 2014; Galametz
et al. 2013; Guo et al. 2013; Stefanon et al. 2017; Weaver et al. 2022).

3.2.2 Bright z ~ 7 Selection

In effort to identify a robust set of z ~ 7 galaxies from the wide-area
UltraVISTA data set for follow-up with ALMA, we require sources to be
detected at >60, combining the flux in J, H, Ks, [3.6], and [4.5]-band im-
ages (coadding the S/N’s in quadrature). The combined UltraVISTA +
IRAC detection and SNR requirements exclude spurious sources due to

72



noise, detector artifacts, and diffraction features. We construct a prelim-
inary catalog of candidate z ~ 7 galaxies using those sources that show
an apparent Lyman break due to absorption of UV photons by neutral
hydrogen in the IGM blueward of the redshifted Ly« line. This break is
measured using simple color criteria. At z > 6.2, the z-band flux is signif-
icantly impacted by this absorption of rest-UV photons, while at z > 7.1,
the Y-band flux is impacted. The following criteria were applied:

(z=Y >05)A (Y — K <0.7)

where A is the logical AND operator. In case of a non-detection, the z or
Y-band flux in these relations is replaced by the equivalent 1o upper limit.

It is worth emphasizing that our final sample of z > 6 bright galaxies
shows little dependence on the specific limits chosen here. For each candi-
date source the redshift probability distribution P(z) is then determined us-
ing the EAZY photometric redshift software (Brammer et al. 2008), which
fits a linear combination of galaxy spectral templates to the observed spec-
tral energy distribution (SED).

The template set used here is the standard EAZY v1.0 template set,
augmented with templates from the Galaxy Evolutionary Synthesis Mod-
els (GALEV: Kotulla et al. 2009) which include nebular continuum and
emission lines. The implementation of nebular lines follow the prescription
of Anders & Fritze-v. Alvensleben (2003), assuming 0.2 Zg, metallicity and
a large rest-frame EW of Ha = 1300A. These extreme EW reproduce the
observed [3.6]—[4.5] colors for many spectroscopically confirmed z ~ 7-9
galaxies (e.g., Ono et al. 2012; Finkelstein et al. 2013; Oesch et al. 2015;
Zitrin et al. 2015; Roberts-Borsani et al. 2016; Stark et al. 2017). A flat
prior on the redshift is assumed.

To maximize the robustness of candidates selected for our z ~ 7 samples,
we require the integrated probability beyond z = 6 to be >70%. The use
of a redshift likelihood distribution P(z) is very effective in rejecting faint
low-redshift galaxies with a strong Balmer/4000A break and fairly blue
colors redward of the break.

The available optical observations are used to reject other low redshift
sources and Galactic stars by imposing x2,; < 4. X2 is defined as x2,, =
YiSGN(f;)(fi/0:)? where f; is the flux in band i in a consistent aperture,
o; is the uncertainty in this flux, and SGN(Jf;) is equal to 1 if f; > 0
and —1if f; < 0. Xgpt is calculated in both 0.8”-diameter apertures and in
scaled elliptical apertures. Xgpt is effective in excluding z = 1-3 low-redshift
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Table 3.1. Main parameters of the ALMA observations used for this study.

RedshifeT

- =

Source iA ppe  Beamwidth® Im:,graz’on PWV of the Spectral Scan

Name (arcsec) (1]:;‘:) (mm) Percentage of p(z)%

(GHz)

UVISTA-Z-001 10:00:43.36 02:37:51.3 1.47'/x1.21"/ 39.31 3.3  228.62 - 239.37 (z = 6.94-7.31) (71%)
UVISTA-Z-007 09:58:46.21 02:28:45.8 1.40"/ x1.19"/ 32.76 1.9 240.28 - 251.02 (2 = 6.57-6.91) (82%)
UVISTA-Z-009 10:01:52.30 02:25:42.3 1.38"/x1.20"/ 32.76 1.9 240.28 - 251.02 (z = 6.57-6.91) (65%)
UVISTA-Z-010 10:00:28.12 01:47:54.5 1.44’/x1.18"/ 39.31 3.3 228.62 - 239.37 (z = 6.94-7.31) (90%)
UVISTA-Z-013 09:59:19.35 02:46:41.3 1.45"/x1.18"/ 39.31 3.3 228.62 - 239.37 (z = 6.94-7.31) (99%)
UVISTA-Z-019 10:00:29.89 01:46:46.4 1.39"/ x1.18"/ 32.76 1.9 240.28 - 251.02 (= = 6.57-6.91) (95%)

Note— # Beamsize for the naturally weighted moment-0 images. P Corresponds to the average on-source integration

time for the two tunings. ¢ Average precipitable water vapour during the observations. 9 Percentage of the redshift
probability distribution that is covered by the spectral scan.

star-forming galaxies where the Lyman break color selection is satisfied by
strong line emission contributing to one of the broad bands (e.g. van der
Wel et al. 2011; Atek et al. 2011). Sources which show a 20 detection in the
available ground-based imaging bands (weighting the flux in the different
bands according to the inverse square uncertainty in f,) are also excluded
as potentially corresponding to lower-redshift contaminants. Finally, to
minimize contamination by low-mass stars, we fit the observed SEDs of
candidate z ~ 7 galaxies both with EAZY and with stellar templates
from the SpecX prism library (Burgasser et al. 2004). Sources which are
significantly better fit (Ax? > 1) by stellar SED models are excluded.
The SED templates for lower mass stars are extended to 5um using the
known J — [3.6] or J — [4.5] colors of these spectral types (Patten et al.
2006; Kirkpatrick et al. 2011) and the nominal spectral types of stars from
the SpecX library. The approach we utilize is identical to the SED-fitting
approach employed by Bouwens et al. (2015) for excluding low-mass stars
from the CANDELS fields. Combined, these selection requirements result
in very low expected contamination rates.

Using the above selection criteria, we select 32 z ~ 7 potential candidates
for spectral scans over a 1.2 square degrees area in the UltraVISTA field.
The sources have an H-band magnitude ranging from 23.8 mag to 25.7
mag and redshifts 6.6 to 7.1. We include a list of the sources we select in
Table 3.3 from Appendix A.

3.2.3 Target Selection for the ALMA Observations

In an effort to further demonstrate the potential of spectral scans with
ALMA to characterize massive star-forming galaxies at z ~ 7, we elected
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to target six sources from the z ~ 7 galaxy sample constructed in the
previous Section (and which is presented in Appendix A).

We focused on those galaxies which are brightest in the rest-frame UV
and have the tightest constraints on their photometric redshifts. UV-
bright galaxies are particularly useful to target since those sources have
the highest apparent SFRs and should contain particularly luminous [CII]
lines, assuming the De Looze et al. (2014) relation holds out to z > 6 as
Schaerer et al. (2020) find. If there is an additional contribution from ob-
scured star formation, the luminosity of [CII] should be further enhanced.

Additionally, it is useful to target sources with tight constraints on their
redshifts from photometry to minimize the number of spectral scan win-
dows that need to be utilized. For this purpose, a useful set of sources to
target are those with particularly strong constraints on their photomet-
ric redshifts from their Spitzer /IRAC colors. One particularly interesting
opportunity exists for sources where the broad-band Lyman-break places
sources around a redshift z ~ 7, as Smit et al. (2015) and Smit et al.
(2018) have already demonstrated. This is due to the fact that at z ~ 7,
the Spitzer /IRAC color can reduce the width of the redshift likelihood
window for a source by as much as a factor of 2. Due to the dramatic
impact the [OIII]+H} lines have on the [3.6]—[4.5] colors for star-forming
galaxies at z ~ 7, the Spitzer /TRAC color places robust constraints on
the redshift of a source. For sources with a robustly red Spitzer /IRAC
[3.6]—[4.5] color, we can eliminate the z < 7 solution, while for sources
with a robustly blue Spitzer /IRAC [3.6]—[4.5] color, we can eliminate the
z > 7 solution.

Following from these arguments, the best targets for the detection of
luminous [CII] line emission at z > 6 are those sources (1) which are
bright (H < 25), (2) have photometric Lyman breaks around z ~ 7, and
(3) have robustly red or blue colors (|[3.6]—[4.5]] —1o > 0.0). We highlight
these sources in a Spitzer/TIRAC [3.6]—[4.5] color vs. redshift diagram in
Figure 3.1 as the large red squares.

The [OIII]+HS equivalent widths derived from the IRAC colours of our
selected sources are shown in table 3.2. Because of the color requirement,
the average EW of our sources (1155A) is significantly higher than the
median EW (759fﬂ§ A) of the population of luminous z ~ 7 derived by
Endsley et al. (2021).

It should be noted that red rest-frame optical colours could also be
driven by strong Balmer breaks resulting from the presence of older stellar

75



Frequency (GHz)
250 245 24() 235 230

— e T2,

MMWWwMM@WMWNWWWM UVISTA-Z-007 (z=6.750)

ettt s At Ao e A ntribely - UVISTA-Z-009

wmwwm UVISTA-Z-019 (z=6.754)

UVISTA-Z-001 (2=7.060) WWMWMNAMMNW@WWWNMMMW

Extracted spectrum + offset

UVISTA-Z-010
UVISTA-Z-013 Sommpinagifemypspitnaist b Amr-fosomgos bl
T1, T2,
) Z-007* Z-019% 7-009 Z-001* Z7-013 7-010
g 1079 — i —
s
£
205 /_/'
. ~
—~ R ~
E’:" r \\~~§~* = detected
0.0 r T T . r T . .
6.6 6.7 6.8 6.9 7.0 71 7.2 73

Redshift

Figure 3.2. (Top) Full spectral scans as observed for the six galaxies targeted in this
study. The targets are divided in two samples of three galaxies which were observed
with different ALMA tunings. For both samples the ALMA tunings are shown above
or below the spectral scans. We detect an emission line for 3 targets, indicated with
a red line below the location of the emission line in the scans. For clarity, the spectra
are binned combining 5 spectral channels. (Bottom) Photometric redshift probability
distributions for the galaxies targeted in this study (on the same scale as the spectral
scans). Galaxies for which an emission line is detected are indicated with an asterisks.
The two samples with different ALMA tunings are distinguished with blue and green
colors.

populations (Hashimoto et al. 2018; Roberts-Borsani et al. 2020; Strait
et al. 2020). However, the presence of a possible Balmer break (rest-frame
3646A) starts impacting the observed IRAC color from z > 7.6 after it
moves into the 3.6um channel. Because our galaxies have photometric red-
shifts below this, we will assume that observed IRAC colours are driven
by [OIII]4+H/ emission.

3.2.4 ALMA Observations and Data Reduction

A summary of the ALMA data collected for this second pilot program
is presented in Table 3.1. ALMA observations were obtained over a con-
tiguous 10.75 GHz range (2 tunings) to scan for [CII] line. For the three
targets with photometric redshifts z < 7, the redshift range z = 6.57 to
6.91 was scanned (240.28 to 251.02 GHz). For the targets with photomet-
ric redshifts z 2 7, the redshift range z = 6.94 to 7.31 was scanned (228.62
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Table 3.2. Results - UV and ALMA derived properties of the galaxies targeted in this study.

Gurce Ty Tog M=1 EW OIITHBT LR ey TlC11] FWHMY
Zphot Zspec . i1 S
Name (aresec) Mg (A) (101 L) (Jy km/s) (108Lg) (km/s)
T0.05 Fo.1 F0.09 442 2.1
UVISTA-Z-001 7'0070.06 7.0599(3) 2,970.1 9.5870.’35 100472'06 5.072-1 0.574+0.08 6.7 + 1.2 256 + 27
UVISTA-2-007 6.727519 6.7496(5) 1.5702 9.5770:3% 7614339 < 2.2¢  0.51£0.09 5.6 + 1.4 301 + 42
y 1007 102 10.32 +677 d
UVISTA-Z-009 6»86;3_89 - 1-6;8'5 9.40;8.53 1012;’?2g < 2.4 - <1.6 -
: : ; d
UVISTA-Z-010 7.0618.8Z - 1,1<18.Z 8.881%.%9‘5 1706£4%%1 < 2.1 - <1.7 -
) g : .03 36 d
UVISTA-Z-013 7.02_8‘89 - 1.4;8.% 10,72;0011{;0 1821_%%812 <f629 - <1.9 -
. +0.05 ; . i X
UVISTA-2-019 6.8070-0% 6.7534(2) 1.070-1 0517019 628122 27709 0.80£0.06 8.8 £ 0.9 184 + 15

NoTE t UV-Luminosities and stellar masses are taken from Schouws et al. (2022) and were derived using the method-
ology described in Stefanon et al. (2019), assuming a metallicity of 0.2 Z), a constant star formation history and a

Calzetti et al. (2000) dust law. ¥ [OIIT]4+HB equivalent widths are taken from Bouwens et al. (2022) and Stefanon
et al. (2022, in prep). @ Total infrared luminosity integrated from 8-1000um assuming a modified black body SED
with a dust temperature of 50 K and a dust emissivity index Bgy54=1.6 after correcting for CMB effects (we refer

to Schouws et al. 2022, for details). P Observed FWHM of the [CII] emission line as measured in the 1d spectrum.
¢ UVISTA-Z-007 shows dust continuum emission at a level of 2.50 (corresponding to Lyp ~ 1.8 x 1011 Lg), but we

use the 30 upper limit on the luminosity for the remainder of our analysis to be conservative. d These non-detections
are either caused by a [CII] luminosity below our detection limit or because their redshift falls outside of the range
scanned in this study (see table 3.1). Denoted is the average limiting luminosity over the scanned redshift range
(<5.20, assuming 350km/s FWHM?), but atmospheric absorption can increase this limiting luminosity with a factor
~2x, see Figure 3.7.

2The limiting luminosity scales with the square root of FWHM, i.e. broader lines are more
difficult to detect. We have verified that the assumed FWHM does not significantly impact the
results presented in this paper.

to 239.37 GHz). This observing set-up utilizing the same scan windows for
multiple targets was chosen to enable a significant reduction in calibration
overheads from ALMA by targeting multiple sources in the same science
goal. The scan windows utilized are presented in Figure 3.2, along with the
redshift likelihood distribution inferred from our photometry. These scan
windows cover between 71% to 99% of the estimated redshift likelihood dis-
tribution (Table 3.1). The required integration times for the observations
were set assuming a similar [CII] luminosity and line width for sources as
in pilot program observations of Smit et al. (2018), i.e., ~4x10% L and
200 km/s for the FWHM of [CII]. To detect this line at >50, we required
achieving a sensitivity of 300 uJy per 66 km/s channel. To achieve this
sensivitity, we require ~ 33 to 39 minutes of integration time with ALMA.

The ALMA data were reduced and calibrated using CASA version 5.4.1
following the standard ALMA pipeline procedures. To reduce the data-
size of the visibility measurement set, we averaged the data in bins of 30
seconds after carefully calculating that this bin-size does not impact our
data through time-average smearing (e.g. Thompson, Moran & Swenson
2017). We then performed initial imaging of the full data-cube using the
TCLEAN task with natural weighting. We clean to a depth of 3o per channel
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Figure 3.3. Overview of the galaxies detected in [CII] in this study. (left panel) 1d
extracted spectra of the [CII] line (blue) and a Gaussian fit (red) for UVISTA-Z-001
(top), UVISTA-Z-007 (middle) and UVISTA-Z-019 (bottom). (right panels) The spatial
distribution of the [CII] line emission (blue contours) relative to rest-UV images of the
sources from HST (F140W: background image) and dust continuum emission (orange
contours). Contours correspond to 2, 3, 4, and 5x the noise level. The dust continuum
is significantly detected in UVISTA-Z-001 and UVISTA-Z-019 and marginally detected
in UVISTA-Z-007 (at 2.50) (see also Schouws et al. 2022, for an extensive discussion of
the continuum properties of these galaxies).

and use automasking' to identify regions that contain emission. This initial
data-cube was used to do an inital search for [CII] line candidates, details
of our line-search procedure are described in the next Section.

If a significant emission line candidate is identified, we use the line prop-
erties to carefully mask the channels containing line emission to produce a
continuum subtracted visibility data-set using the UvCONTSUB task. This
continuum subtracted measurement set is then used to re-image the full
data cube, after which we repeat the line search and verify that the same
line candidates are obtained.

For each emission line candidate we produce an initial moment-0 image,
including channels that fall within 2x the initial FWHM estimate of the
line candidate?. Using this moment-0 map, we produce a 1d spectrum
where we include all pixel-spectra that correspond to > 3¢ emission in
the moment-0 map and we weigh the contribution of each pixel-spectrum
by their signal-to-noise level. We then fit a Gaussian line model to this
spectrum to extract the central frequency and the FWHM. Next, using this
updated estimate for the FWHM, we update the moment-0 image and its
associated signal-to-noise weighted 1d spectrum. We perform this 10 times

1 For the automasking we use the recommended settings for the 12-meter array with compact
baselines from the CASA automasking guide: . We verified that the automasking identifies the
same emission regions that we would have selected when masking by hand.

2 Collapsing over all channels that fall within 2x the FWHM captures ~98% of the flux for
lines with a Gaussian line-profile.
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and note that it converges to a stable solution within a few iterations. The
line parameters that we derive with this method are also used to carefully

exclude line emission from the continuum imaging used in Schouws et al.
(2022).

3.3 RESULTS
3.3.1 [CII] Line Search

We performed a systematic search for emission line candidates using
the MF3D line search algorithm (Pavesi et al. 2018). MF3D finds line
candidates using Gaussian template matching, which accounts for both
spectrally and spatially extended emission lines. We used MF3D with 10
frequency templates with line-widths ranging from 50 to 600 km/s and 10
spatial templates ranging from 0 to 4.5 arcseconds. To be considered a
reliable detection, we require line candidates to be within 1.5” of the rest-
frame UV position of our sources and have SNR>5.2¢0. This criterion was
found to result in >95% purity (Schouws et al. in prep.)?.

We require this high purity because our sources lack a prior spectroscopic
redshift. A correct determination of the spectroscopic redshift is of partic-
ular importance for potential follow-up studies looking at other emission
lines, which would be misguided if the spectroscopic redshift turns out to
be incorrect. This strict signal to noise limit however comes at the cost of
completeness, missing potential lines that are (just) below the detection
limit.

Based on this search, we find reliable emission lines for UVISTA-Z-001
at 12.80 at 235.80 GHz, for UVISTA-Z-007 at 9.40 at 245.24 GHz and
for UVISTA-Z-019 at 18.30 at 245.12 GHz. The other datacubes did not
contain any line candidates that meet the SNR requirements discussed
above. For these non-detections, it is possible that their [CII] luminosity
falls below our detection limit (~ 2x10%Le,), see Figure 3.7) or their redshift
falls outside of the range scanned in this study. The results of the line-
search are summarized in Figure 3.2, which shows the layout of the full
spectral scan and corresponding P(z)’s for all six sources in this study.

For the sources that are not detected in this study, we note that UVISTA-
7-009 has been detected just outside the scan-rage presented in this paper

3 With a 95% purity we mean that for every 20 detected lines above the SNR threshold, at
most one of the line candidates is actually a random noise feature. This threshold is directly
derived from the noise statistics of the observed datacubes by comparing the occurrence of
negative and positive features at different SNR values (e.g. Béthermin et al. 2020).
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at z=6.984 in the REBELS survey (Bouwens et al. 2022, Schouws et al. in
prep.). The remaining two non-detections (UVISTA-Z-010 and UVISTA-
Z-013) are the sources with the highest [OIII]+Hf equivalent widths (see
Table 3.2). Their high [OIII|+HB EWs indicate that these galaxies have
a high ionization parameter, which could reduce the abundance of singly
ionized carbon to more highly ionized states (e.g. Ferrara et al. 2019). How-
ever, studies of [CII] emission from dwarf galaxies in the local universe show
that the covering fraction of PDRs and the fraction of [CII] emission from
neutral regions increases with ionization parameter (Cormier et al. 2019).
Further studies are necessary to explore this for the objects presented in
this paper.

For the detected sources we show the contours from the [CII] and dust
continuum emission compared to the rest-frame UV morphology and their
1d spectra in Figure 3.3. The rest-frame UV images are in the F140W band
at 1.39um and are from GO-13793 (UVISTA-Z-001, PI:Bowler: Bowler
et al. 2017) and GO-16506 (UVISTA-Z-007, UVISTA-Z-019, PI: Witstok;
Witstok et al. 2022, in prep). For a detailed description of the procedure
we used to produce the moment-0 images and 1d spectra we refer to Section
3.2.4. For the non-detections only ground-based rest-frame UV imaging is
available (available in Figure 12 in Schouws et al. (2022) or Figure Al in
Inami et al. (2022).

We measure the integrated flux of the [CII] emission lines from the
moment-0 images by fitting the data with a 1-component Gaussian model
using the IMFIT task. The resulting flux measurements are shown in Table
3.2. We double-check the measurements from IMFIT with UVMULTIFIT
(Marti-Vidal et al. 2014), which we use to fit a Gaussian model in the (u,v)-
plane instead of the image-plane. We reassuringly find that both methods
produce results consistent within their errorbars. Finally, we convert these
[CII] fluxes to luminosities following Solomon et al. (1992) and Carilli et al.
(2013):

Licrn/Le = 1.04 x S,Av X vgps x D3 (1)

with S, Av the integrated flux density in mJy km/s, v,s the observing
frequency and Dy, the luminosity distance.

3.3.2 The [CII]-SFR Relation

The large luminosity and favourable atmospheric opacity of [CII] enable
detection up to very high redshifts. Local galaxies studies have found a
tight correlation between the [CII] luminosity and SFR (De Looze et al.
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Figure 3.4. [CII]-SFR relation for the galaxies in this study (solid blue stars). Our
results are consistent with the results from De Looze et al. (2014) for local HII/Starburst
galaxies within the scatter (solid black line and grey shaded region). For context we
show results from previous z>6.5 detections and non-detections (from the compilation
by Matthee et al. 2019) (green data-points and upper-limits). We also show some fits
to the Licry)-SFR relation from the literature for observations (Schaerer et al. 2020;
Harikane et al. 2020), semi-analytic models (Lagache et al. 2018, at z = 7), and zoom-in
simulations by Olsen et al. (2017) and Vallini et al. (2015) (with Z = 0.2Z). All SFRs
have been scaled to a Chabrier IMF (Chabrier 2003) and IR luminosities are calculated
assuming a modified black body curve with T'= 50K and B4 = 1.6 (as described in
Schouws et al. 2022).

2011, 2014; Kapala et al. 2014; Cormier et al. 2015; Herrera-Camus et al.
2015; Diaz-Santos et al. 2017), [CII] has therefore been proposed as an
efficient and unbiased probe of the SFR at high redshift.

In past few years, this correlation between SFR and Ljcr; has been
observed out to z ~ 8 with an increasing number of detections and upper-
limits. Of particular note are the results from the ALPINE large program,
which finds little to no evolution in the [CII]-SFR relation in a large sample
of normal galaxies at 4.4 < z < 5.9 (Schaerer et al. 2020). At even higher
redshifts the current samples are less uniform, but still seem to be con-
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Figure 3.5. Ratio of the observed [CII] luminosity Licy) to the IR luminosity Lir as a
function of L for our small z ~ 7 galaxy sample (solid blue stars, 1o uncertainties). IR
luminosities Lrr are estimated assuming a modified blackbody SED with dust tempera-
ture 50K and an emissivity index S4 of 1.6. With the grey arrows in the top-right corner
we show the effect of changing the assumed dust temperature by £10K. For context, we
also show results from the z = 0 GOALS sample (Diaz-Santos et al. 2013, 2017, grey
circles), the z ~ 4-6 ALPINE sample (Le Fevre et al. 2020; Béthermin et al. 2020; Faisst
et al. 2020, yellow squares), and other results from the literature (green circles). Lower
limits on L[CH]/LIR and upper limits on Lrr are 30. On the right vertical axis, the
ratio of integration times required to detect [CII]i5s at 5o to the time required to detect
sources in the dust continuum at 3o is indicated. Our new measurements show slightly
higher L[C”]/LIR ratios than the z = 0 GOALS results at a given L;r and appear to
be qualitatively very similar to the z ~ 4-6 results obtained by ALPINE.

sistent with the local relation, albeit with a larger scatter (e.g., Carniani
et al. 2018; Matthee et al. 2019).

Nevertheless, there has been an increasing number of observations of
galaxies that fall well below the local relations (e.g., Ota et al. 2014;
Matthee et al. 2019; Laporte et al. 2019; Bakx et al. 2020; Binggeli et al.
2021; Uzgil et al. 2021; Rybak et al. 2021; Jolly et al. 2021). Currently, it
is not clear what is the driver of this deficit in [CII] luminosity for some
high redshift galaxies.
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Figure 3.6. (left three panels) Low-resolution [CII] kinematics of our sources overlaid
on the rest-UV imaging with the [CII] and dust continuum contours, as in Figure 3.3.
The velocity gradients for all sources are shown on the same scale, starting at —60
km/s (blue) to 60 km/s (red). (rightmost panel) Zoom-in on the central pixel-spectra
of UVISTA-Z-019. The spectrum consists of a narrow component (FWHM ~ 70km/s)
responsible for ~ 20% of the total flux and a broad component (FWHM ~ 220km/s)
that accounts for ~ 80% of the total flux.

We show the position of our sources on the [CII]-SFR relation in Figure
3.4, and find that the galaxies targeted in this study are also consistent with
the local relation from De Looze et al. (2014) within the expected scatter.
The three sources where [CII] remains undetected are not shown on this
Figure, since it is unclear whether the [CII] line is below our detection
threshold (i.e., Licry < 2 x 108Le) or whether the true redshift is outside
the range of our spectral scan. Because these sources have SFRs between
15 and 25 Mgyr~' our detection limit falls within the scatter of the local
relation (De Looze et al. (2014)). From this Figure, it is clear that most of
the z > 6.5 galaxies with SFR> 20Mgyr~! are consistent with the local
relation, while at lower SFRs a significant fraction of currently observed
galaxies seems to fall below the relation.

3.3.3 [CII] vs. FIR

It has been found that [CII] can account for up to ~ 1% of the total
infrared luminosity of galaxies, however it has also been found that this
fraction decreases by ~ 2 orders of magnitude with increasing L;g, lead-
ing to a [CII]-deficit in luminous galaxies (e.g., Genzel & Cesarsky 2000;
Malhotra et al. 2001; Hodge & da Cunha 2020). Specifically, observed
[CII]/FIR ratios range from ~10~2 for normal z~0 galaxies to ~10~* for
the most luminous objects, with a large scatter (e.g., Diaz-Santos et al.
2013).

The reason for this observed [CII]-deficit remains a topic of discussion in
the literature, with a large range of possible explanations including opti-
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cally thick [CII] emission, effects from AGN, changes in the IMF, thermal
saturation of [CII], positive dust grain charging and dust-dominated HII
region opacities (e.g., Casey et al. 2014; Smith et al. 2016; Ferrara et al.
2019; Rybak et al. 2019; Hodge & da Cunha 2020).

The galaxies in this study have far infrared luminosities of Lyp = 1 —
5 x 10" Lo*, which puts them in the Luminous Infrared Galaxy (LIRG)
classification. Comparing their infrared to their [CII] luminosity we find
ratios of [CII]/L;gr ~ 1 —3 x 1073 (see Figure 3.5). Compared to local
(U)LIRGS from the GOALS survey (Diaz-Santos et al. 2013, 2017), we
find that our galaxies are less deficient in [CII] by a factor ~0.3 dex. This
result has a minor dependence on the assumed dust temperature as shown
with the grey arrows on Figure 3.5. When assuming higher or lower dust
temperatures the data-points move mostly parallel to the trend. Only for
substantially higher dust temperatures (2 70K) would our measurements
be consistent with the local results.

Our measured [CII]/FIR ratios are consistent with other studies at high
redshifts, which also find that high redshift galaxies tend to be less [CII]
deficient (e.g., Capak et al. 2015; Schaerer et al. 2020). A possible ex-
planation for this lack of [CII]-deficit in high redshift galaxies could be
different dust conditions. Specifically, a lower dust-to-gas ratio at a fixed
far infrared luminosity could increase the [CII] luminosity with respect to
the infrared (Capak et al. 2015).

3.3.4 [CII] Kinematics

Due to its high intrinsic luminosity, [CII] is an efficient tracer of the kine-
matics of high redshift galaxies (e.g., Neeleman et al. 2019). To investigate
the kinematics of our sources, we derive the velocity maps of our galaxies
by fitting Gaussians to the pixel-spectra in our cube, including all pixels for
which the uncertainty on the velocity is less than 50 km/s. The resulting
velocity fields are shown in Figure 3.6. Despite the low (~1.3", see Table
3.1) resolution of our observations, some of our sources show significant
velocity gradients.

In particular, we find that both UVISTA-Z-001 and UVISTA-Z-
007 display a significant velocity gradient, with velocity amplitudes of
Vamp sin(i) = 108735 km/s and vgmpsin(i) = 11975 km/s respectively®.

4 To calculate the far infrared luminosities we assume a modified black body dust-SED with
T = 50K and 8 = 1.6, see Schouws et al. (2022) for details.

5 We derive vamp sin(i) by fitting a rotating thin disk model to the 3D datacube using forward
modeling with our kinematics fitting code SKITTER (Schouws et al., in prep.). The maximum
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If we compare the observed rotational velocities assuming no correction
for inclination (i = 0, hence vops = Vamyp sin(é)) to the total line-width of
the 1d spectrum (oups) (see Table 3.2 and Figure 3.6), we find that the
Uobs/Tobs Are 1.01’8:2 and O.9f8:g respectively. This would mean that both
sources should most likely be classified as rotation dominated (defined
as Vops/0ops > 0.8 as utilized in e.g. Forster-Schreiber et al. 2009). This
calculation does not assume a correction for the inclination of the system,
which would increase vops/0ops- The observed velocity gradient could how-
ever also be caused by close mergers. At the current resolution, rotating
disks are indistinguishable from mergers (e.g. Jones et al. 2021, Schouws
et al., in prep).

In particular, we find indications that UVISTA-Z-007 could be a merger.
The HST F140W imaging (Witstok et al. in prep.) shows clearly that this
source consists of two distinct components (see Figure 3.3). The observed
velocity gradient is in the same direction as the two UV components (as
shown in Figure 3.6), making it likely that the observed velocity gradient
in the [CII] is in fact due to the merger of these two components.

The HST F140W imaging of UVISTA-Z-001 also consists of 2 compo-
nents with consistent photometric redshifts (Bowler et al. 2017). However,
for this source the observed velocity gradient is perpendicular to the direc-
tion of the two components. Moreover, it seems that the [CII] emission,
as well as the dust continuum emission primary originate from the north-
ern most component. This is despite the similarity of their rest-frame UV
properties (Bowler et al. 2017). The reason for this discrepancy between
the FIR properties of both components will require more detailed obser-
vations.

For UVISTA-Z-019 we do not observe a significant velocity gradient and
constrain the maximum rotation velocity to vampsin(i) < 50 km/s, imply-
ing that this system is either dominated by dispersion or a face-on system
(i = 0). A more detailed look at the pixel-spectra within the cube in-
dicates that in the central part of this source, the [CII] emission seems
to break down into two distinct components (rightmost panel on Figure
3.6), consisting of a narrow component (FWHM ~ 70 km/s) responsible
for ~ 20% of the total flux and a broad component (FWHM ~ 220 km/s)
that accounts for ~ 80% of the total flux.

velocities on the kinematics maps shown in Figure 3.6 are lower than the actual vamp sin(i) due
to beam-smearing effects.
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This interesting spectral feature could be caused by several processes,
such as the effect of an outflow. However, this would imply that the ma-
jority of the [CII] luminosity originates from the outflow and that the
emission from the galaxy would have a very narrow FWHM, implying a
low dynamical mass, lower than the stellar mass (Mgy, ~ 9 X 108 My°
versus M, ~ 3 x 10° My). An alternative explanation for the spectral
feature could be a minor-merger, where the narrow component originates
from an in-falling galaxy. However, this would mean that the LOS veloc-
ity is rather small at only AV ~ 50 km/s, despite this likely being one
of the final stages of the merger. Indeed, HST morphology tentatively
shows two close components separated by ~1.5 kpe (see also Figure 3.3).
Finally, the kinematics could also be evidence for a bright clump of intense
star formation within a larger system, indicating the complex structure of
high redshift sources (e.g., Kohandel et al. 2019, 2020). Hence an alterna-
tive interpretation of the clumps in HST imaging could be the presence of
multiple star-forming regions in a larger system. Higher spatial resolution
ALMA observations or deep rest-frame optical observations with JWST
would be invaluable to definitively distinguish between these scenarios.

3.4 THE EFFICIENCY OF SPECTRAL SCANS AND
FUTURE PROSPECTS

In this study we have obtained redshifts for three galaxies without a prior
spectrocopic redshift. In particular by targeting UV-luminous galaxies
with high SFRs, the [CII] lines we detect are also luminous. In Figure 3.7
we show that the [CII] emission of our sources could have been detected
at >50 in only ~ 20 minute integrations per tuning with ALMAT.

Our sources benefit from very tight constraints on the photometric red-
shift due to the large break in the IRAC colors (see Figure 3.1), which
enables us to cover a significant fraction of the P(z) with only 2 tunings.
For sources that lack this additional constraint, 3 or 4 tunings would be
necessary to cover the P(z) appropriately. Nevertheless, this would still
mean that galaxies like the ones targeted in this study could be spectro-
scopically confirmed in less than < 1.5 hours per source.

6 We derive dynamical masses following Wang et al. (2013): % = 1.94x% 105~(%)2-

Tklzf where FW HM is the full width half maximum of the [CII] line in km/s and /5 the [CII]

half light radius in kpc. Because the narrow [CII] component is unresolved, we assume a size of
r1/2 ~1 kpc (consistent with Bowler et al. 2017).

7 Based on the ALMA sensitivity calculator: https://almascience.eso.org/proposing/sensitivity-
calculator and the ALMA Cycle 8 Technical Handbook:
https://almascience.nrao.edu/documents-and-ggpls/cycle8 /alma-technical-handbook
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Figure 3.7. In this study we have presented a method to identify and efficiently spec-
troscopically confirm the redshifts of luminous [CII] emitting galaxies (solid (this study)
and open (Smit et al. 2018) red stars). We compare the derived luminosities of our
sources to the literature (grey datapoints and upper-limits). The present compilation is
from Matthee et al. (2019) and Bakx et al. (2020). The newly discovered lines are more
luminous than most previous detections. The luminosities of those sources without [CI]]
detections are less clear, but for those sources where our scans cover the full likelihood
distribution, it is likely that the lines are fainter and more in line with the typical sources.
For context we show the expected limiting luminosities (for a 5.20 detection and 350
km/s FWHM) that can be achieved with ALMA with 20, 60 and 180 minute integra-
tions (red dashed lines) and find that our targets could have been detected in as little as
20 minutes per scan-window. We also indicate the achieved depth of our observations
(30-40 minutes) with the solid blue lines. This demonstrates the great potential to use
ALMA for spectral scans to obtain spectroscopic redshifts of UV-luminous galaxies in
the epoch of reionization.

It should be noted though that for sources with a lower SFR (and hence
lower [CII] luminosities), spectral scanning becomes expensive quickly. A
spectral scan targeting an L, galaxy (SFRyy ~ 8Mg/yr at z = 7) would
cost ~ 12 hours on source adopting the De Looze et al. (2014) Licp-SFR
relation. Therefore, to study the [CII] emission from L < L, galaxies,
either targeting lensed galaxies for spectral scans or following-up galax-
ies with a prior spectroscopic redshift (e.g. from JWST or ground-based
Lyman-«) remain the most suitable options.
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One significant advantage of using a spectral scan strategy is the time
spent integrating in regions of the spectra not containing prominent ISM
cooling lines. These integrations allow us to probe continuum emission
from our targets. This is important — since the continuum is much harder
to detect than [CII], as one can see from the [CII]/L;p ratios of our sources.
This is illustrated in Figure 3.5 (right vertical axis), on which we show the
ratio of the integration time needed to detect the dust continuum versus
the [CII] line. We find that it is necessary to integrate up to ~ 20x
longer to obtain a 30 detection of the dust continuum. This means that
the time spent observing tunings that do not contain a spectral line is not
wasted, but contributes to the necessary sensitivity to detect the faint dust
continuum.

Based on the results presented in this paper and Smit et al. (2018), we
proposed and were awarded the time to apply the spectral scan method to
a significantly larger sample of galaxies, covering a much larger range in
galaxy properties and redshift. The result was the on-going Reionization
Era Bright Emission Line Survey (REBELS) large program, in which we
pursue spectral scans for [CII] or [OIII] in a sample of 40 z > 6.5 galaxies
(Bouwens et al. 2022).

3.5 SUMMARY

In this paper we present the results of new ALMA spectral scan obser-
vations targeting [CII] in a small sample of six luminous Lyman Break
Galaxies at z ~ 7. The targeted sources were identified from deep, wide-
area near-IR, optical, and Spitzer /TIRAC observations and are particularly
luminous. The targeted sources also feature tight constraints on their red-
shifts leveraging the abrupt changes that occur in the IRAC colour around
z ~ 7 (where strong line emission from [OIII]4+H/ shifts from the [3.6]
to [4.5] band). This improves the efficiency of the spectral scans by ~2x
based on a small number of tunings required to cover the inferred P(z).
The present results build on the exciting results from Smit et al. (2018),
who previously demonstrated the potential of spectral scans for [CII] with
just two sources.

Our main results are summarized below:

e We detect (> 90) [CII] lines for three of the six galaxies we target
with our spectral scans (shown in Figure 3.2). The [CII] lines are

strong with luminosities between 5.6 x 108L¢ and 8.8 x 10%Ls. We
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also observe that the [CII], dust and rest-frame UV emission are well
aligned within the resolution of our observation (see Figure 3.3).

e Placing our new detections on the [CII]-SFR relation shows that our
sources are consistent with the local relation from De Looze et al.
(2014) (for HII/starburst galaxies) (shown in Figure 3.4), and we find
slightly higher [CII]/L;r ~ 1—3x 1073 compared to local (U)LIRGS
(see Figure 3.5), which is consistent with previous studies of high
redshift galaxies.

e Although our observations are taken at a relatively low resolution
(~1.3"), we find that our sources display a broad spectrum of kine-
matic diversity. One of our sources seems to be rotation dominated,
one source is most likely a major merger and one source is dominated
by dispersion. We also find possible kinematic evidence for a bright
star forming clump within the dispersion dominated source (see Fig-
ure 3.6). However, higher resolution observations are necessary to
confirm our interpretation of the kinematics of our sources.

e We discuss the lack of evolution of the [CII]-SFR relation found for
luminous high redshift galaxies by reviewing the literature on the
physical effects that drive the [CII] emission in high redshift galaxies.
While one would naively expect a trend towards lower [CII]/SFR
values with redshift based on the higher ionization parameter, lower
metallicities and higher densities of high redshift galaxies, this is not
observed. We speculate that a lower dust-to-gas or dust-to-metal
ratio, which increases the [CII] emission, could compensate for those
effects.

These new results illustrate the tremendous potential spectral scans with
ALMA have for characterizing luminous galaxies in the epoch of reioniza-
tion (see Figure 3.7), including deriving spectroscopic redshifts for sources,
and probing the kinematics and dynamical masses of sources, as well as
the dust continuum (Schouws et al. 2022). Results from this data set
showed the potential (§3.4) and were important in successfully proposing
for the REBELS large program in cycle 7 (Bouwens et al. 2022). Future
studies (Schouws et al. 2022, in prep) will significantly add to the current
science using that considerable data set.
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APPENDIX

A. BRIGHT SAMPLE OF Z ~ 7 GALAXIES USED FOR
SELECTING OUR SIX FOLLOW-UP TARGETS
For completeness, we provide the coordinates, magnitudes, [3.6]—[4.5]
colors, and photometric redshifts for the full selection of bright z ~ 7
candidate galaxies we identified (§3.2.2) within the UltraVISTA field in
Table 3.3.
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Table 3.3. Candidate z ~ 7 galaxies in the UltraVISTA DR3 observations

1D R.A. Dec map® [3.6]-[4.5] zp;wtb zspec  References®
Current Selection of Bright Candidate z ~ 7 Galaxies

UVISTA-Z-001 10:00:43.361 2:37:51.33 23.8+0.1 0.3+0.2 7.007055 7.060% 2]
UVISTA-Z-002° 10:02:06.469 2:13:24.18 24.1£0.1 —0.2+0.1 6.7415 55 [1,10]
UVISTA-Z-003¢ 10:02:06.701 2:34:21.42 24.24+0.1 —0.1£0.1 6.8810 58

UVISTA-Z-004¢ 10:01:36.850 2:37:49.10 24.3+0.1 0.0+0.1 6.841059 (2,10]
UVISTA-Z-005° 10:01:58.501 2:33:08.22 24.3£0.1 —0.4+0.1 6.611510 [1,10]
UVISTA-Z-006 10:01:40.688 1:54:52.37 24.4+0.1 0.5+0.2 7.097055 7.152* 2,9]
UVISTA-Z-007 09:58:46.214 2:28:45.75 24.440.1 —0.4+0.2 6.7275-10  7.7507
UVISTA-Z-008 09:58:39.762 2:15:03.27 24.4£0.1 0.1+0.2 6.4415 53

UVISTA-Z-009¢ 10:01:52.304 2:25:42.27 24.5+0.1 —0.3£0.2 6.8670 57 2]
UVISTA-Z-010 10:00:28.121 1:47:54.47 24.5+0.1 0.640.2 7.067057 2]
UVISTA-Z-011° 10:00:42.125 2:01:57.10 24.6£0.1 —0.1+0.1 6.5515-53 (2,10]
UVISTA-Z-013° 09:59:19.353 2:46:41.31 24.8+£0.2 0.4+0.1 7.0270%3 [10]
UVISTA-Z-014 09:57:35.723 1:44:56.40 24.8£0.1 -4 7134073

UVISTA-Z-015 10:00:23.772 2:20:36.98 24.8+0.1 0.8+0.1 7.07700% 7.154** [2,3,4,5,6,7]
UVISTA-Z-016 10:01:54.562 2:47:35.79 24.940.2 —1.1£0.9 6.771024

UVISTA-Z-017 10:00:30.188 2:15:59.71 24.940.1 —1.3+0.2 6.78705% 6.854*** [1,2,3,4,8,10]
UVISTA-Z-018° 10:02:03.811 2:13:25.06 25.0£0.2 —0.6+0.3 6.811512 2]
UVISTA-Z-019 10:00:29.892 1:46:46.37 25.04£0.2 —0.5+0.1 6.8075-35  7.753"
UVISTA-Z-020 10:01:57.140 2:33:48.76 25.0+£0.2 —0.640.3 6.737013

UVISTA-Z-021 09:57:36.994 2:05:11.28 25.1£0.2 —0.3+0.3 6.7315 15 [10]
UVISTA-Z-022 09:59:13.206 2:21:52.51 25.1+0.2 —0.1£0.6 6.52701%

UVISTA-Z-023 09:58:45.961 2:39:05.94 25.140.2 —3.447.3 6.767013

—0.13
UVISTA-Z-024 09:59:04.558 2:11:38.10 25.240.2 —0.8+0.4 6.8975 15
UVISTA-Z-025 09:58:49.216 1:39:09.70 25.3+0.3 —1.6£0.6 6.7070 13 [10]
UVISTA-Z-026 10:02:05.967 2:06:46.13 25.3£0.2 —1.4+0.4 6.7410 50 [10]
UVISTA-Z-027 09:59:22.426 2:31:19.45 25.3+0.2 0.1£0.7 6.69701] [10]
UVISTA-Z-028 10:00:54.819 1:50:05.28 25.3+0.2 —0.1£0.2 6.6710 15 [10]
UVISTA-Z-029 10:00:41.097 2:29:31.13 25.3+0.2 —0.140.1 6.72F018

UVISTA-Z-030 10:02:22.458 2:04:45.72 25.3£0.3 —0.1£0.2 6.6115 12
UVISTA-Z-031 09:59:01.407 2:28:02.13 25.4+0.2 —0.9+0.4 6.6170 37
UVISTA-Z-032 10:00:22.482 1:45:32.62 25.4+0.2 —1.0+£0.4 6.7110 7}

NoTE— ® UVISTA H-band magnitude. P 68% confidence intervals derived by EAzY using
the SED template set presented in §3.2.2. © References: [1] Tilvi et al. (2013), [2] Bowler
et al. (2014); Bowler et al. (2017), [3] Bouwens et al. (2015), [4] Smit et al. (2015), [5]
Roberts-Borsani et al. (2016), [6] Pentericci et al. (2016), [7] Stark et al. (2017), [8] Smit
et al. (2018), [9] Hashimoto et al. (2019), [10] Endsley et al. (2021). 9 This source fell out-
side the footprint of the IRAC mosaics used for the source selection in this manuscript. ©
These sources are targeted in the REBELS program (Bouwens et al. 2022). T This pa-
per (ADS/JAO.ALMA 2018.1.00085.S). ™ Detected in dust continuum, [CII] and [OIII] by
Hashimoto et al. (2019) (ADS/JAO.ALMA 2016.1.00954.S) and dust continuum by Bowler
et al. (2018) (ADS/JAOQ.ALMA 2015.1.00540.S) (Big Three Dragons/ B14-65666). ™~ Detected
in [CII] by Pentericci et al. (2016) (ADS/JAO.ALMA 2015.1.01105.S) and Lyman-a by Stark
et al. (2017). ™ Detected in [CII] by Smit et al. (2018) (ADS/JAO.ALMA 2015.1.01111.S).
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Chapter 4

Detection of [OIlI]gs,,, in JADES-
GS-z14-0 at z=14.1793

We report the first successful ALMA follow-up observations of a secure
z > 10 JWST-selected galaxy, by robustly detecting (6.60) the [OII]ggm,
line in JADES-GS-214-0 (hereafter GS-z14). The ALMA detection yields
a spectroscopic redshift of z = 14.1793 4+ 0.0007, and increases the pre-
cision on the prior redshift measurement of z = 14.3270-0% from NIR-
Spec by 2180x. Moreover, the redshift is consistent with that previ-
ously determined from a tentative detection (3.60) of CIII]1907,1900 (2 =
14.178 £0.013), solidifying the redshift determination via multiple line de-
tections. We measure a line luminosity of Ljomss = (2.1£0.5) x 108 L,
placing GS-z14 at the lower end, but within the scatter of, the local
Liomgs-star formation rate relation. No dust continuum from GS-z14
is detected, suggesting an upper limit on the dust-to-stellar mass ratio of
< 2x 1073, consistent with dust production from supernovae with a yield
yqa < 0.3 M. Combining a previous JWST/MIRI photometric measure-
ment of the [OITI]AN4959,5007A and Hf lines with CLOUDY models, we
find GS-z14 to be surprisingly metal-enriched (Z ~ 0.05 — 0.2 Z5) a mere
300 Myr after the Big Bang. The detection of a bright oxygen line in GS-
z14 thus reinforces the notion that galaxies in the early Universe undergo
rapid evolution.

Schouws, Bouwens, Ormerod, Smit, Algera, Sommovigo,
Hodge, Ferrara, Oesch, Rowland, van Leeuwen, Stefanon,
Herard-Demanche, Fudamoto, Réttgering, and van der Werf
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4.1 INTRODUCTION

The discovery and spectroscopic confirmation of galaxies at z > 10 has
recently become possible due to the groundbreaking capabilities offered by
the James Webb Space Telescope (JWST) (e.g. Curtis-Lake et al. 2023;
Robertson et al. 2023; Bunker et al. 2023; Carniani et al. 2024; Finkelstein
et al. 2024; Zavala et al. 2024). In particular JADES-GS-2z14-0 (hereafter
GS-z14) was recently spectroscopically confirmed to be the most distant
known galaxy at zgpec = 14.32f8:2§, less than 300 Myr after the Big Bang
(Carniani et al. 2024). Notably GS-z14 is also very luminous with My =
—20.81 + 0.16, which makes it the second most luminous z > 8 galaxy
with a spectroscopic redshift; only GN-z11 (Oesch et al. 2016; Bunker
et al. 2023) is more luminous by a factor ~2x.

Moreover, in contrast to other z > 10 galaxies, the rest-frame UV mor-
phology of GS-z14 is extended and not highly concentrated. This implies
that the luminosity is dominated by a spatially extended stellar population
as opposed to an active galactic nucleus (AGN). The existence of objects
like GS-z14 suggests a much more rapid build-up of galaxies in the very
early universe than previously expected (Carniani et al. 2024). GS-z14 en-
ables a unique opportunity to study this rapid build-up in detail (Ferrara
2024).

The high luminosity of GS-z14 makes it an exceptional target for multi-
wavelength follow-up observations capable of revealing its physical con-
ditions. Here we present new observations of GS-z14 targeting the lu-
minous [OIII]gg,, far-infrared line with the the Atacama Large Millime-
ter /submillimeter Array (ALMA).

The [OIII] 88-micron fine-structure line is one of the dominant coolants
of the ISM. It originates from ionized gas in HII regions (Cormier et al.
2015), where ionizing radiation from young, massive stars has stripped
electrons from oxygen atoms. Both semi-analytical models (Yang & Lidz
2020; Vallini et al. 2021, 2024) and radiative transfer post-processed large
box (Moriwaki et al. 2018), cosmological zoom-in (Katz et al. 2017; Arata
et al. 2020; Katz et al. 2022; Pallottini et al. 2022; Kohandel et al. 2023;
Nakazato et al. 2023) hydrodynamical simulations have been employed to
predict and interpret [OII]gg,, emission in high redshift sources. The con-
sensus is that bright [OIII]gg,., emission is generally associated with hard
ionisation fields (Yang & Lidz 2020; Pallottini et al. 2022), high ionization
parameters (Moriwaki et al. 2018; Arata et al. 2020; Vallini et al. 2024;
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Nakazato et al. 2023), and low metallicities (Katz et al. 2019; Vallini et al.
2024). These physical properties are likely to be ubiquitous in very actively
star-forming galaxies at high redshifts, making this line the ideal target for
ALMA follow-up observations of JWST-selected z > 10 galaxies.

In the last two years, ALMA follow-up observations have been performed
for several high-redshift galaxy candidates. GHZ2 (Castellano et al. 2022;
Naidu et al. 2022; Donnan et al. 2022; Harikane et al. 2023; Bouwens
et al. 2023), with a photometric redshift of z = 11.96 — 12.42, was tar-
geted with an ALMA Band 6 search for [OIIl]gg,m, by Bakx et al. (2023),
who determined a 50 upper limit of log(Ljomm/Le) < 1.7 X 10® (see also
Popping 2023). GHZ2 was later spectroscopically confirmed at z = 12.34
(Castellano et al. 2024), with Zavala et al. (2024) estimating an SFR of
943 Mg yr~! from the Ha line. Following its spectroscopic confirmation,
Zavala et al. (2024) re-examined the ALMA observations of GHZ2 pre-
sented in Bakx et al. (2023), but were not able to identify a plausible >5¢
[OI1I]gg,m detection at the expected frequency.

An ALMA line scan was also performed on GHZ1, with a photometric
redshift of z ~ 10.6 (Treu et al. 2023), SFR of 36.37553 M, yr~! and stellar
mass log(M,/Mg) = 9.11503 (Santini et al. 2023), yielding a marginal
[OI1I]8g,m signal near its JWST position (Yoon et al. 2023) and an upper
limit of Ljory < 2.2 x 10® Le (50). Another high-redshift candidate, HD1
at z = 13.3 (Harikane et al. 2023) was observed in ALMA Bands 4 and
6 targeting [CII]158,m and [OIII]gg,m, respectively, but the lines were not
detected (Kaasinen et al. 2023). HD1 was later shown to be a low-redshift
interloper at z = 4.0 (Harikane et al. 2024). Finally, S5-z17-1, identified
in JWST ERO data, showed a potential 5.10 detection at 338.726 GHz,
possibly corresponding to [OIl]soum at z = 16 (Fujimoto et al. 2023),
suggesting an SFR < 120 M, yr~—!. However, the high-redshift nature of
this galaxy has not been conclusively established.

Overall, these upper limits and non-detections indicate possible lower
redshift solutions or insufficient sensitivity in the requested observations
(Bakx et al. 2023; Furlanetto & Mirocha 2023; Kaasinen et al. 2023). How-
ever, the burstiness of SF in such high-redshift galaxies, as well as the
impact of feedback processes on galaxy spectra and visibility, have also
been suggested as physical motivations for the lack of ALMA detections
at z > 10 (Nakazato et al. 2023; Kohandel et al. 2023).

Throughout this paper we assume a standard ACDM cosmology with
Hy = 70 km s~ Mpc™!, Q,, = 0.3 and Qp = 0.7. Magnitudes are pre-
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Figure 4.1. Left Panel: The ALMA observations cover 98% of the redshift probability
distribution derived from the Lyman break as observed by NIRSpec PRISM. We use
two tunings with three spectral windows each, tuning 1 and 2 cover 83% and 15% of
the probability distribution respectively. Right Panel: Flux constraints extracted at the
position of GS-z14 (blue histogram) vs. frequency from the 2023.A.00037.S spectral scan
observations. The grey contours indicate the 1o uncertainties. For context we show the
expected redshift from the tentative CIII]1907,1909 line from NIRSpec as well as the 5,
16, 50, 86 and 95th percentiles of the P(z) distribution. There is only one feature in the
line scan that can be confidently identified as [OIlI]ss;m line emission and it occurs at a
frequency of 223.5284+0.009 GHz.

sented in the AB system (Oke & Gunn 1983). For star formation rates and
stellar masses we adopt a Chabrier IMF (Chabrier 2003). Error-bars indi-
cate the 68% confidence interval unless specified otherwise. All measured
and derived physical quantities are corrected for gravitational lensing by
a factor of 1.17x (Carniani et al. 2024). Logarithms use base 10 unless
specified otherwise.

4.2 OBSERVATIONS AND DATA-REDUCTION

4.2.1 JWST

GS-z14 was discovered in deep imaging of the GOODS-South field ob-
tained by the JWST Advanced Deep Extragalactic Survey (JADES; Eisen-
stein et al. 2023a) and the First Reionization Epoch Spectroscopic COm-
plete Survey (FRESCO; Oesch et al. 2023). GS-z14 was initially flagged
as a likely low redshift interloper (Hainline et al. 2024; Williams et al.
2024) due to a nearby foreground galaxy at z = 3.475 with a separation of
only 0.4” and due to its high luminosity. However, further analysis includ-
ing additional medium-band observations favored a high redshift solution
(Robertson et al. 2023).

Deep follow-up spectroscopy with NIRSpec presented in Carniani et al.
(2024) shows a strong break at ~1.85um, consistent with a Lyman break
at z ~ 14. The profile of the Lyman break is sensitive to absorption of
hydrogen along the line of sight, neutral gas in the galaxy and environment,
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velocity offsets, the presence of Lyman alpha emission and possible ionized
bubbles. Accounting for these effects, Carniani et al. (2024) determined a
spectroscopic redshift of z = 14.321‘8:38.

In contrast to other z > 10 sources, the spectrum of GS-z14 does not
contain strong rest-frame UV emission lines. Only CHI])\)\lQO?,QA is ten-
tatively detected with a significance of 3.60 at z = 14.178 4+ 0.013, con-
sistent with the redshift obtained from the Lyman Break. Carniani et al.
(2024) discuss a number of mechanisms that could be responsible for the
lack of strong emission lines in the rest-frame UV, ranging from a sudden
quenching of the star formation, very low or high metallicities (Z<0.05Z¢
or Z~Zg), a high escape fraction of ionizing photons and a difference in
the dominant ionizing flux.

Interestingly, GS-z14 is also detected by MIRI in the F770W filter (Hel-
ton et al. 2024). This filter covers the rest-frame optical emission of GS-z14,
corresponding to wavelengths of 4.4 to 5.7um. This part of the spectrum
contains the strong [OHI])\)\4959,5007A and HB emission lines, and indeed
the observed flux is significantly stronger than observed in the adjacent
F444W filter, implying a significant contribution from the emission lines
(constituting about 1/3 of the total F770W flux).

SED fitting of GS-z14 performed by Helton et al. (2024) shows that
the photometry is consistent with a stellar mass of log(M, /Mg )=8.7705.
The models estimate that most of this stellar mass was formed relatively
recently, with a mass-weighted age of ~20 Myr. Helton et al. (2024) de-
termine the current (< 10 Myr) star formation rate of GS-z14 to be 251¢
Mg, yr~!-—consistent with the measurement of 22 + 6 My, yr~! from Car-
niani et al. (2024). Combined with the measured size of 260420 pc, this
implies a high star formation rate surface density of ~64 Mg yr—! pc=2,
comparable to intense starbursting galaxies in the local universe (Genzel
et al. 2010). The UV slope Syy = —2.20 £0.07 indicates the presence of a
moderate amount of dust in addition to the very young stellar population,
with a visual extinction of Ay=0.317042 (Carniani et al. 2024). Finally,
the metallicity is poorly constrained owing to a lack of detected emission
lines but is expected to be low (Z = 0.014f8:8?§ Z; Carniani et al. 2024).

4.2.2 ALMA
The ALMA Band 6 follow-up observations targeting the [OIII]gg,,m, line
were obtained as part of a Cycle 10 Director’s Discretionary Time (DDT)
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program (#2023.A.00037.S, PI: Schouws). An observing set-up using two
tunings with three spectral windows each was utilized to maximize the cov-
erage of the redshift likelihood distribution derived from the spectroscopic
Lyman break. This results in a continuous frequency coverage ranging from
218.70 GHZ to 229.45 GHz, corresponding to a redshift range of z = 13.79
to 14.51. We show in Figure 4.1 that the observing strategy covers 98% of
the P(z).

The observations for Tuning 2 were carried out between 15 and 16 August
2024 in good weather conditions (PWV=0.67mm), achieving the requested
sensitivity in 2.8 hours. Tuning 1 was observed between 7 and 8 September
2024 for 2.8 hours in excellent conditions (PWV=0.30mm). Both tunings
were observed with different array configurations due to scheduling con-
straints. Tuning 1 was observed in C-4 and Tuning 2 in C-5 with baselines
of 15—500 and 15—919 m, resulting in synthesized beams of 1.09” x 0.81”
and 0.57” x 0.49” respectively when using natural weighting.

The ALMA data were reduced and calibrated following the standard
ALMA pipeline procedures with the Common Astronomy Software Appli-
cations (v6.5.4-9) (Casa; Hunter et al. 2023). The amplitude and phase
calibrations were performed using J0334-4008 and J0348-2749, respec-
tively. Both calibrators are part of the ALMA Calibrator Source Catalogue
and are therefore considered reliable for Band 6 observations. Under typi-
cal conditions, the absolute flux calibration accuracy for Band 6 is 5-10%
(ALMA Technical Handbook 2024). The data were well behaved, with no
bad antennas or channels requiring flagging.

The resulting calibrated measurement sets were time-averaged in bins
of 30 seconds to reduce the data-size, after carefully verifying that time-
average smearing does not impact our results (e.g. Thompson et al. 2017).

Imaging of the calibrated visibilities was performed with natural weight-
ing using the TCLEAN task in CASA, cleaning to a depth of 20 using au-
tomasking (Kepley et al. 2020). We use a pixel scale of 0.076” to properly
sample the synthesized beam, which has a FWHM of 1.08” x 0.80" at the
frequency of the [OIII]gg,,m, line.

4.2.3 Line Search

We perform a blind search for emission lines using an algorithm similar to
the one used by Béthermin et al. (2020) for the ALPINE survey (Le Fevre
et al. 2020; Faisst et al. 2020) and Schouws et al. in prep. for the REBELS
survey (Bouwens et al. 2022). The algorithm loops over all channels and
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Figure 4.2. Detection of [OIll]ggum in GS-z14 at z = 14.1793 4+ 0.0007. Left Panel:
Contours showing the [OIll]ss,m emission (2, 3, 4 and 50) overlaid on an RGB image
based on F150W, F200W and F444W imaging (Eisenstein et al. 2023a,b). The object
with a bluer colour to the left of GS-z14 is a z=3.475 foreground galaxy (Carniani
et al. 2020). The [OIII]ssum emission is detected at a peak significance of 6.60 in the
collapsed data-cube and well centered on GS-z14. Right Panel: The spectrum of the
[OI]sspm line (blue bars) extracted from the >30 emission region in the moment-0
map. The red line shows the Gaussian fit used to measure the spectroscopic redshift
and FWHM of the line. The grey shaded region indicates the 1o uncertainties.

collapses moment maps over a range of 75 to 350 km s~! in steps of 1
channel (~10 km s~!). For each moment map, we identify the significant
(>30) peaks and add the results to a large list of features. This list is then
pruned by removing duplicates within 2xFWHM and 1.5x the beamsize.
We also perform the search on the negative moment map, which is useful to
characterize the noise properties. In Figure 4.1, we show a blind extraction
of the ALMA spectrum at the location of GS-z14 using a 0.5” aperture.
The most significant line candidate we extract within a 0.5” radius of the
JWST position of GS-z14 is detected with a peak significance of 6.60 and
separation of 0.12”. The candidate line is consistent with being spatially
coincident with GS-z14 in the JWST /NIRCam observations given expected
0.18” positional uncertainties following from a 6.6¢ line detection and 1.08”

beam.!

! https://help.almascience.org/kb/articles/what-is-the-absolute-astrometric-accuracy-of-alma
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Figure 4.3. The luminosity of [OII]ss.m in GS-z14 is consistent with the local relation
for metal-poor dwarf galaxies found by De Looze et al. (2014). For context we also show
the local relation for starburst galaxies (De Looze et al. 2014) as well as a compilation of
z > 6.5 galaxies (Bakx et al. 2020; Carniani et al. 2020; Harikane et al. 2020; Akins et al.
2022; Witstok et al. 2022; Algera et al. 2024; Fujimoto et al. 2024). Even as early as
z = 14.17934+0.0007 and for high redshift galaxies in general, the relation for metal-poor
dwarf galaxies seems to be a good fit (at SFR < 100 Mg yr™1).

4.3 RESULTS
4.3.1 [OIlljgg;m in GS-z14

We have identified an emission line with a signal-to-noise of 6.60 within
0.12” of GS-z14 at 223.528+0.009 GHz. This corresponds to [OIII]gg,m, at
z = 14.1793 + 0.0007, consistent with both the redshift derived from the
Lyman break observed by JWST and also the tentative 3.60 detection of
CII]1907,1909 at 2.89um (Carniani et al. 2024). In particular, the consis-
tency of our new redshift determination from [OIIl]gg,, with the earlier
redshift estimate z = 14.178 £ 0.003 from the tentative CIII]1907,1909 dou-
blet (Carniani et al. 2024) greatly increases our confidence in the robust-
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Figure 4.4. The ALMA and MIRI observations constrain the emission line ratios of
GS-z14 to the dark shaded region in the figure highlighted by the 1 and 20 contours.
ISM modeling as shown by the coloured grid highlights the dependence on metallicity
and density. This indicates that GS-z14 is consistent with a relatively high metallicity
(Z>0.1 Zo) and moderate to low density log(N)< 3.0cm™%. There is a further minor
dependence on the ionization parameter that shifts and deforms the grid, but does not
impact the conclusions. For context, SED fitting of GS-z14 finds log(U) = —2.5 £ 0.5
(Helton et al. 2024).

ness of the current redshift determination given the availability of multiple
line detections. We show the contours of the [OIII]gg,, emission overlaid
on an RGB image based on F150W, F200W and F400W imaging and a
S/N-optimized extraction of the spectrum in Figure 4.2.

We measure the integrated line flux using the moment-zero map of the
emission line, including all channels that fall within 2x the FWHM of the
line. The FWHM is determined in an iterative process; starting from an
estimate of the FWHM we collapse a moment-zero map and extract a 1d
spectrum, which is extracted by including all pixels with S/N>3c on the
moment-zero map. A new FWHM is then measured using this 1d spectrum
by fitting a Gaussian. This new FWHM is then used to collapse a new
moment-zero map for the next iteration. A stable FWHM is achieved in
less than 10 steps (Schouws et al. 2022).

The final FWHM we measure is 136431 km s~!. Assuming that GS-z14
is dispersion-dominated and rory = re = 260 pc, this implies a dynamical
mass of (1.040.5)x10% Mg (sini)?. At the current resolution we do not see
evidence for a velocity gradient.
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We measure an integrated flux of 39410 mJy-km s~! this corresponds to
a [OI1gs,m luminosity of (2.140.5) x 10% L, (Solomon et al. 1992) (after
correction for lensing magnification; Carniani et al. 2024). This places GS-
z14 a factor of ~ 2x below the local relation between Ljory and SFR for
metal-poor dwarf galaxies from De Looze et al. (2014), albeit nearly within
the scatter (Figure 4.3). The general consistency with the z = 0 relation
for a galaxy a mere ~ 300 Myr after the Big Bang suggests that GS-z14
has undergone rapid evolution, as discussed in detail in Section 4.4.1.

4.3.2 Dust Continuum

We do not detect the dust continuum from GS-z14, with a formal 90um
continuum limit of < 15.1 uJy beam™! (30). We provide an upper limit
on its dust mass assuming an optically thin modified black body with a
dust temperature of Ty = 60K and Sig = 2.03 for the dust SED. The
assumed temperature is consistent with extrapolations from theoretical
models (e.g., Liang et al. 2019; Sommovigo et al. 2022a) and observational
trends (e.g., Schreiber et al. 2018; Faisst et al. 2020; Sommovigo et al. 2021,
2022a,b; Witstok et al. 2023a) to z = 14. We note that the precise evo-
lution of dust temperature is still uncertain and debated (e.g. Sommovigo
et al. 2022b). However, our assumption of a relatively high dust tem-
perature is also supported by the inverse correlation between metallically
and dust temperature noted by Sommovigo et al. (2022b) and increasing
temperature of the CMB background at high redshift.

We follow Ferrara et al. (2024) by adopting the Weingartner & Draine
(2001) dust model with kgg = 34.15cm~2g~! at rest-frame 88 ym. This
yields a (lensing-corrected) upper limit on the dust mass and infrared
luminosity (integrated across 8 — 1000 um) of log(My/Mg) < 6.0 and
log(Lir/Le) < 11.1, respectively. The latter corresponds to an obscured
SFR of SFRig < 14 M yr~! which, combined with the unobscured SFR
of GS-z14 inferred by Carniani et al. (2024), implies an obscured fraction
of fobs < 0.66. Finally, using the stellar mass of GS-z14 inferred by Helton
et al. (2024), we infer a dust-to-stellar mass ratio &g = My /M, < 1.9x1073.

The above estimates require the assumption of a dust temperature. As-
suming a lower temperature of Ty = 45 K, which would imply no significant
evolution of the dust temperature from z ~ 4 (e.g. Faisst et al. 2020), re-
sults in a dust mass of log(My/Mg) < 6.8. Meanwhile, a significantly

2 For context, the CMB background at z = 14.2 has a temperature of Tcyp = 41.4K.
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higher temperature temperature of Ty = 100K would result in a dust
mass of log(My/Mg) < 5.3. In Section 4.4.2, we discuss this in further
detail, focusing on the Attenuation Free Model by Ferrara et al. (2024)
which self-consistently predicts a dust temperature for GS-z14 based on
the observed V-band attenuation and the spatial extent of the dust.

4.4 DISCUSSION
4.4.1 Constraints on the ISM of GS-z14

Luminosity ratios of emission lines are invaluable diagnostic tools to
probe the conditions of the ISM in galaxies. Although the NIRSpec
spectroscopy of GS-z14 does not show significant emission lines, its de-
tection in the MIRI F770W band places a constraint on the combined
[OTIT]AN4959,5007A+H3 flux. Following Helton et al. (2024) we assume
that the flux excess in F770W is 27.545.6 nJy based on a flat underlying
continuum emission.

The [OIIIJA5007A luminosity (hereafter [OIII]) can subsequently be cal-
culated based on an assumed [OIII]/Hf ratio and be compared to the lu-
minosity of OIII as measured by ALMA. We repeat this calculation 10%x,
drawing random [OIII]/Hf ratios from probability distribution from the
SED fitting by Helton et al. (2024), where we combine the probability
distributions from the three star formation history assumptions. This dis-
tribution has a median ratio of 2.5732. As noted by Helton et al. (2024),
this is lower than the median [OITI]/HB at z ~ 8.0 which is 6.07275 in
JADES (Helton et al. 2024), 6.44-0.9 in FRESCO (Meyer et al. 2024) and
7.212% in PRIMAL (Heintz, K. E. et al. 2025).

In this process we also account for the uncertainty in the line luminosities
from ALMA and JWST by drawing random values from a Gaussian error
distribution.

The resulting constraints on the [OIII]/[OI1I]gg,.m, versus [OIII]/HS line
ratios are shown in Figure 4.4. For context we show a grid of ISM models
for a large range of conditions based on CLOUDY models (Ferland et al.
2017). The models consist of an HII region that smoothly transitions to a
Photo Dissociation Region (PDR) until a fixed optical depth (Ay=10) in a
plane parallel geometry. For more details on the model we refer to Witstok
et al. (2022). We note that the ionization parameter of GS-z14 has been
loosely constrained by Helton et al. (2024) to be log(Uion) = —2.5 £+ 0.5,
and we therefore show two sets of CLOUDY models bracketing this range, at
a fixed log(Uion) € (—3.0,—2.0). We focus on the grid with an ionization

109



parameter log(Uion) = —2, as Kohandel et al. (2023) predict the most
[OI1T]gg,m -luminous galaxies at z 2 10 have high ionization parameters.
Moreover, if the assumed [OIII]/HA is underestimated, the observed line
ratios can only be reproduced by higher values of the ionization parameter.

While the uncertainties are substantial, given the existence of only a
photometric detection of the [OIIT]AN4959,5007A line, the Witstok et al.
(2022) models suggest a relatively high metallicity of Z ~ 0.1 Zg), in combi-
nation with a moderate-to-low electron density (log N < 10%5). This is on
the low end of, albeit still consistent with, the distribution of electron den-
sities found for z 2 5 galaxies, which typically show values of log(N) ~ 2—3
(e.g., Isobe et al. 2023). However, for more accurate constraints on the ISM
conditions of GS-z14, direct spectroscopic detections of additional oxygen
lines are crucial, for example through MIRI spectroscopy.

Intriguingly, the detection of [OIIl]gg,m at z = 14.1793 4 0.0007 is con-
sistent within 1o with the tentative detection of CIII]/\/\1907,9A reported
by Carniani et al. (2024) at z = 14.178 £ 0.013. Carniani et al. (2024)
derive a CTIT]AN1907,9A rest-frame equivalent width (EWp) of 8.042.3 A,
which is relatively high compared to the EWq([OITI+Hp) of 370735 A
estimated by Helton et al. (2024), albeit consistent with the distribution
found for galaxies at z ~ 0 — 4 (e.g. Maseda et al. 2017; Ravindranath
et al. 2020; Tang et al. 2021), see Figure 4.5. The measured equivalent
widths are in agreement with predictions from CLOUDY at a metallicity of
Z ~0.05 - 0.2 Zg, and with an ionization parameter of log(U) ~ —2.5, in
agreement with Helton et al. (2024).

Moreover, Jones et al. (2020) derive a calibration for the oxygen abun-
dance using the [OIIl]gg,, line and star-formation rate. Using their cali-
bration we derive 12 + log Ot /H*=7.66"53] (~6-14% solar metallicity,
using the solar abundance from Asplund et al. (2009)). In Figure 4.6 we
use a CLOUDY grid with a 1Myr old input stellar population to estimate
the [OIlI]gg,m /SFR ratio as a function of ionisation parameter, for mod-
els with different metallicity and gas density. For modest gas density the
measurements are consistent with 10% solar oxygen abundance, however,
higher gas densities or older ages for the input stellar population will give
higher metallicity estimates (up to solar metallicity).

The detection of both carbon and oxygen lines thus reinforce the notion
that GS-z14 is already moderately chemically enriched. Adopting a fiducial
Z ~0.05—-0.2 Z in combination with the stellar mass from Helton et al.
(2024), GS-z14 falls onto the high-redshift mass-metallicity relation, which
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has been mapped out to z ~ 10, and appears to show only mild evolution
beyond z 2 3 (e.g., Curti et al. 2024).
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Figure 4.5. The rest-frame equivalent width of CIII])\)\1907,9A as a function of
EW, ([OIII]+Hp) (Carniani et al. 2024; Helton et al. 2024). GS-z14-0 is broadly consis-
tent with measurements from the literature at z = 1 — 3 (grey, purple and orange points;
Maseda et al. 2017; Ravindranath et al. 2020; Tang et al. 2021).

4.4.2 Constraints on Dust Formation Processes

The build-up of dust in galaxies is a complex process involving mul-
tiple mechanisms of dust production and destruction, operating on dif-
ferent timescales. Supernova explosions (SNe) produce dust quickly, on
timescales similar to the lifecycle of massive stars (~10 Myr), whilst
Asymptotic Giant Branch (AGB) stars contribute to dust production on
significantly longer timescales (~300 Myr, Schneider & Maiolino 2024).
The contribution from grain growth in the ISM depends on the physical
conditions, but is expected to be sub-dominant at extremely high redshifts
and low gas-phase metallicities (Ferrara et al. 2016; Dayal et al. 2022;
Witstok et al. 2023a; Markov et al. 2024).

At lower redshifts it is difficult to disentangle the impact of different
contributions (e.g., De Looze et al. 2020; Galliano et al. 2021), but GS-
z14 has formed sufficiently early in cosmic history that dust production
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Figure 4.6. CroUDY modelling of the [OIll]ssum /SFR as a function of ionisation
parameter for a range of metallicities and densities ~50-100 cm™. Our model gives
a lower limit on the metallicity of ~10% Zg, with higher gas densities and older ages
preferring higher metallicity estimates.

through SNe is likely the dominant formation process. This makes GS-z14
an ideal test-bed for dust formation models in the early universe.

The efficiency of dust production from SNe can be inferred by measuring
the dust-to-stellar mass ratio (§;). This parameter is hard to interpret as
it depends on both the expected number of SNe per unit of formed stellar
mass (v), which in turn depends on the assumed Initial Mass Function
(IMF), and on the net dust yield per SN event (y4), {4 = yq X v. In local
SN remnants y; values varying in the wide range from 0.01 to 1.1 Mg
have been directly measured (Milisavljevic et al. 2024). Such values are
broadly in agreement with most indirect high-z measurements based on
dust-to-stellar mass ratios (Sommovigo et al. 2022a,b).

Utilizing the continuum non-detection of GS-z14, we can attempt to
place an upper limit on y4. Following Michalowski (2015) and adopt-
ing a Salpeter IMF, the limit of £ < 2 x 1073 suggests a yield of
yqg < 0.24 Mg /SN. This is consistent with a commonly adopted yield of
yqg ~ 0.1 Mg /SN (e.g., Sommovigo et al. 2022a; Dayal et al. 2022). If we
rely on such a value for y4 ~ 0.1 Mg /SN and assume that dust follows
a similar spatial distribution as the stellar component, GS-z14 should be
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Table 4.1. Properties of GS-z14

Parameter Value
RA 03:32:19.9049
Dec —27:51:20.265
Redshift z = 14.1793(7)
Myv —20.81+0.16
Stellar Mass (log(Mg)) 8.79%
Star Formation Rate (Mg /yr) 2518
[OTM]ssm Luminosity (10% L) 2.140.5
FWHM [OII1)ss . (km s1) 136+31
Dynamical Mass (Mg (sini)?) (1.0£0.5) x10°
90-pm continuum flux (pJy/beam) < 15.1 (30)
Dust Mass (log(Mg)) < 6.0

Notes: Myvy from Carniani et al. (2024); stellar mass and SFR from Helton et al. (2024).
Values have been corrected for a lensing magnification of 1.17x (Carniani et al. 2024).

largely obscured (Ay ~9.5, see also Ferrara et al. 2024) and would not have
been detected with JWST. However, the JWST data only reveal a rela-
tively low visual extinction of Ay=0.31, implying a much (1 dex) lower
dust mass of 5x10* Mg with & < 10~ and y4 < 0.015 Mg, /SN (Ferrara
et al. 2024).

Clearly, SNe (and later on growth in the ISM) do produce tangible
amounts of dust, as less than 500 Myr later, at z ~ 7, dust appears
widespread (Inami et al. 2022; Schouws et al. 2023; Witstok et al. 2023a;
Algera et al. 2023) — both puzzlingly high dust-to-stellar mass ratios
(Mq/M, ~ 0.01; Algera et al. 2024) and fully dust-obscured sources (Fu-
damoto et al. 2021) are observed at this epoch. In addition, features of the
attenuation curve associated with the carbonaceous dust grains produced
by SNe are observed at z ~ 6.7 (Witstok et al. 2023b).

The discrepancy between what is observed by JWST versus what is ex-
pected based on dust production from past SNe can be resolved by as-
suming that the majority of the dust has been removed from star-forming
regions by radiation pressure-driven outflows. Such a scenario had been
suggested in the Attenuation Free Model (AFM) presented in Ferrara et al.
(2024).

In their fiducial model, Ferrara et al. (2024) suggest the dust in GS-
z14 to have a typical extent of 1.4kpc, as a more compact size would
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be inconsistent with the visual extinction measured by JWST. We note
that, given the resolution of our data, dust of this extent would not be
resolved across multiple ALMA beams. Combined with a fiducial yield
of 0.1 My /SN, the AFM predicts a continuum flux density for GS-z14 of
Fgg = 14.9 uJy. This is just below the sensitivity limit of our observations,
which yield an upper limit of Fys < 15.1 uJybeam™!. However, if the
assumed dust yield is 0.5 dex lower (0.1 Mg /SN), then the expected flux
density would be Fgg ~ 8uJy, well below the current limit. As such, a
conclusive investigation of the dust content of GS-z14, as well as further
testing of the AFM model predictions, requires deeper and high-resolution
ALMA continuum observations.

4.5 SUMMARY

We report the robust detection of a 6.60 [OIll]gg,, line of JADES-
GS-z14-0 at 223.528+0.009 GHz, providing us with a precise spectro-
scopic redshift measurement of z = 14.1793 + 0.0007. This represents
a substantial jump in redshift over the previous high-redshift [OIII]gg,m, -
detection from MACS1149-JD1 at z = 9.1096 (Hashimoto et al. 2018). The
[OI1I]g8;m line was identified using data from an ALMA Cycle-10 DDT pro-
gram (2023.A.00037.S, PI: Schouws) providing a spectral scan from 218.70
to 229.45 GHz (10.75 GHz baseline), covering the redshift range z=13.79
to 14.51. The precision of the current redshift measurement represents
2 180x gain over the prior redshift measurement of z = 14.32f8:g§ from
NIRSpec.

The redshift we find for the source is consistent with the redshift Carni-
ani et al. (2024) derive (z = 14.178 £ 0.013) based on their tentative 3.6c
detection of CIII]ig07,1909 doublet at 2.89um, providing strong evidence
the earlier line detection is real. As such, we now have multiple line detec-
tions of GS-214-0, CIII]1907,1909 (3.60) with JWST and [OIIl]gg,m, (6.60)
with ALMA, providing rather definitive evidence for the robustness of the
redshift determination of GS-z14-0. Of note, the detection of [OIlI]ggm
with ALMA was achieved with less integration time (2.8 hours) than was
required for the 3.60 tentative detection of CIII]i997,1909 with JWST (9.3
hours), providing a rather dramatic illustration of the discovery potential
of ALMA.

We find no detection of the dust continuum from JADES-GS-z14-0 based
on the DDT observations, with a < 3¢ upper limit of <15.1 uJy beam™!.
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This suggests a low dust-to-stellar mass ratio of Mq/M, < 1.9 x 1073,
consistent with supernova dust production yields y4 < 0.24 Mg /SN.

Combining a previous JWST/MIRI photometric measurement of the
[OIIT]AN4959,5007A and HJ lines with CLOUDY models, we find GS-z14
to be surprisingly metal-enriched (Z ~ 0.05-0.2 Zg) a mere 300 Myr after
the Big Bang, with moderate to low density log(N) < 3.0 cm 3.

Thanks to the precise spectroscopic redshift measurement and
[OI1I]gg;um line detection we now have for GS-14-0 using just 2.8 hours, it
is clear that additional follow-up of GS-z14-0 with ALMA would be highly
fruitful and should include (1) higher spatial resolution observations of
[OI1I]gg,m to improve constraints on dynamical masses and state of GS-
z14-0 and deeper constraints on the dust continuum, (2) observations of
the [CII]158,m line in band 4, lying just 0.2 GHz above the low-frequency
boundary, to better probe the ionization parameter U and build-up of met-
als, and (3) JWST/MIRI observations of [OIIT]AN4959,5007A and Hf to
place tighter constraints on the electron density and metallicity of GS-z14-

0.
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Chapter 5

Deep Constraints on [CII]55,,
in JADES-GS-z14-0:

Further Evidence for a Galaxy
with Low Gas Content at z—=14.2

We present deep ALMA observations targeting the [CII]i58,, line in JADES-
GS-z14-0, the most distant known galaxy at z=14.1793. We do not de-
tect the [CII]158,m line in our deep observations, implying a luminosity
of <6x107 L (30) for the target. Comparing this with the detected
[OI11]38,m, line, we constrain the [OIII]/[CII] ratio to be >3.5, significantly
improving our probe of the ionization parameter U. The observed ratio is
higher than analogues in the local universe, but consistent with galaxies
at z = 6-9. Through ISM modeling, we infer extreme ionizing conditions
with log(U)> —2.0, likely requiring a young stellar population. Our mod-
eling also indicates a relatively low gas density (51f§§6 cm™?), significantly
lower than expected from lower redshift trends. We infer a relatively high
gas-phase metallicity (16+6% solar) consistent with previous results and
implying a rapid build-up of metals. Finally, using [CII] as a molecu-
lar/cold gas mass tracer, we infer a low gas fraction (fgas,mol < 0.77),
consistent with previous estimates of the dynamical mass from [OIII]gg,,.
Combined with the low observed gas density, lack of dust and high ion-
ization parameter, this suggests strong feedback processes are playing an
important role in the evolution of this galaxy. Our observations show that
JADES-GS-z14-0 is a rapidly evolving galaxy with extreme ISM condi-
tions, shedding light on the earliest phases of galaxy formation.

Schouws, Bouwens, Algera, Smit, Kumari, Rowland,
van Leeuwen, Sommovigo, Ferrara, Oesch, Ormerod, Stefanon,
Herard-Demanche, Hodge, Fudamoto, Rottgering, and van der Werf
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5.1 INTRODUCTION

The discovery and spectroscopic confirmation of galaxies at z > 10 has
recently become possible due to the groundbreaking capabilities offered by
the James Webb Space Telescope (JWST) (e.g., Curtis-Lake et al. 2023;
Zavala et al. 2024a). While initial follow-up with the Atacama Large Mil-
limeter/submillimeter Array (ALMA) of bright JWST targets was largely
unsuccessful (e.g. Bakx et al. 2023; Popping 2023; Yoon et al. 2023; Fuji-
moto et al. 2023; Kaasinen et al. 2023), this changed with the detection of
[OI1I]ggm in JADES-GS-214-0 (hereafter GS-z14) at z = 14.1793+0.0007
(Carniani et al. 2024a; Schouws et al. 2024) and GHZ2/GLASSz12 at
z = 12.33274+0.0035 (Zavala et al. 2024b). This has provided a new and
unique view of these galaxies, revealing a rapid build-up of metals, rel-
atively low densities and potentially a low gas fraction (Carniani et al.
2024a; Schouws et al. 2024; Zavala et al. 2024b) and has opened the door
for further studies of z > 10 galaxies with ALMA.

These developments have provided a glimpse into the physical condi-
tions of the interstellar medium (ISM) for the earliest galaxies, which has
been a longstanding goal in high redshift astronomy (e.g., Robertson 2022).
FEmission lines provide us with key information to constrain these physical
conditions. The advent of JWST has revolutionized the detection of rest-
frame optical emission lines that have traditionally been essential to char-
acterize the ISM. However, this becomes much more challenging at z > 9.5
when strong rest-frame optical emission lines like [OITI]AA4959,5007A and
HpB move out of the spectral coverage of NIRSpec. While these lines can
still be targeted by MIRI (Zavala et al. 2024a; A,lvarez—l\/lérquez et al.
2024), the cost is much higher due to the lower sensitivity of MIRI and
lack of multiplexing. In this regime, ALMA can provide competitive and
complementary insights that rival or exceed those possible with JWST
(Schouws et al. 2024; Carniani et al. 2024a).

The aim of this study is to report on new deep [CII]i58,, observations
of GS-z14, currently the most distant spectroscopically-confirmed galaxy
known. GS-z14 has measurements of [OIMT|gs,m , CIII]AA1907,9A, and
a photometric constraint on [OIII]AN959,5007A+ HB (Carniani et al.
2024b,a; Schouws et al. 2024; Helton et al. 2024). Although this makes
GS-z14 one of the best characterized z > 10 galaxies, this suite of emis-
sion lines is insufficient for an unambiguous characterization of its ISM,
with sizable uncertainties in key parameters, particularly the ionization
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parameter (Carniani et al. 2024a; Schouws et al. 2024). Fortunately, with
sensitive observations of [CII];5g,m, we can substantially reduce many ex-
isting uncertainties in our modeling of the ISM conditions of GS-z14.

Of particular relevance is the [OIll]gg,m /[CII]158.m ratio (hereafter
[OIII]/[CII]), which provides us with invaluable constraints on the ion-
ization conditions in the ISM (e.g. Arata et al. 2020; Harikane et al. 2023;
Katz et al. 2022). This ratio also has been a key focus of study both in the
local universe and galaxies at z ~ 6-9, facilitating direct comparisons to
our observational results (Inoue et al. 2016; Hashimoto et al. 2019; Laporte
et al. 2019; Bakx et al. 2020; Carniani et al. 2020; Harikane et al. 2020;
Akins et al. 2022; Witstok et al. 2022; Algera et al. 2024; Bakx et al. 2024;
Fujimoto et al. 2024).

Throughout this paper we assume a standard ACDM cosmology with
Hy = 70 km s~" Mpc™', Q,, = 0.3 and Q) = 0.7. Magnitudes are
presented in the AB system (Oke & Gunn 1983). For star formation
rates (SFR) and stellar masses, we adopt a Chabrier initial mass function
(Chabrier 2003). Error-bars indicate the 68% confidence interval unless
specified otherwise. All measured and derived physical quantities are cor-
rected for gravitational lensing by a factor of 1.17x (Carniani et al. 2024b).
Logarithms use base 10 unless specified otherwise.

5.2 OBSERVATIONS AND DATA-REDUCTION

5.2.1 Previous Observations

GS-z14 is the most distant galaxy currently known and simultaneously
the second most luminous z > 8 galaxy with a spectroscopic redshift (only
GN-z11 is more luminous by a factor ~2x: Oesch et al. 2016; Bunker
et al. 2023). In contrast to other bright z > 10 galaxies (e.g., GN-z11 or
GHZ2: Castellano et al. 2024), GS-z14 has a relatively extended morphol-
ogy (FWHM~0.16"), indicating that its luminosity is primarily driven by
star formation as opposed to an active galactic nucleus (AGN).

It was initially discovered in deep imaging of the GOODS-South field ob-
tained by the JWST Advanced Deep Extragalactic Survey (JADES; Eisen-
stein et al. 2023a), the First Reionization Epoch Spectroscopic COmplete
Survey (FRESCO; Oesch et al. 2023), and JADES Origins Field (JOF)
program (Eisenstein et al. 2023b) and subsequently targeted for follow-up
spectroscopy with NIRSpec.

The NIRSpec spectroscopy showed a strong break at ~1.85um, consis-
tent with a Lyman break at z ~ 14, but also a lack of strong rest-frame
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Figure 5.1. Sensitive constraints just obtained on [CII]15s,m emission from GS-z14
with ALMA (2024.A.00007.S: PI Schouws). Left Panel: Moment-0 map collapsed over
130 km/s at the expected frequency of [CII]158,m . To provide a sense of the noise levels,
a 10”7 x10” area is presented, with contours drawn at the —3, —2, 2 and 3-o levels, where
dashed contours are used for the negative significance levels. The ALMA beam-size is
shown as a red ellipse in the lower left corner. The position of GS-z14 is highlighted by
the red cross-hairs at the center. Right Panel: Spectrum extracted within a 0.5 aperture
centered on the position of GS-z14 (blue bars). A small amount of smoothing (bin size
of 2-spectral elements) is applied. The spectral coverage is limited due to its proximity
of [CII]158,m to the edge of ALMA Band 4 at 125 GHz. For context, emission from
[OI1I]ssum line is also using a similar aperture and extraction scheme (red bars). The
red-dashed line shows the Schouws et al. (2024) fit to the [OIlI|sgum line. It is clear
that [CII]158.m is not detected. (We note that equal flux in both lines would result in
a ratio [OIII]/[CII]~1.8 due to the dependence of the derived luminosity on frequency,
e.g., Solomon et al. 1992).

UV emission lines, resulting in considerable uncertainty in the spectro-
scopic redshift estimate (z = 14.327008) (Carniani et al. 2024b).

GS-z14 was subsequently targeted in an ALMA DDT programme
(#2023.A.00037.S: PI Schouws) to scan for the luminous [OIII]ggm, line.
These observations were successful, resulting in a 6.60 detection of the
[OI]gg,m line at z=14.179340.0007 in only 2.3 hours on-source inte-
gration (Carniani et al. 2024a; Schouws et al. 2024). The discovered
[OI1I]gg,m line detection further confirmed the reality of the tentative 3.7c
CIII]/\/\1907,9A line candidate that was previously identified in the NIR-
Spec spectroscopy.

Finally, GS-z14 is also detected by MIRI in the F770W filter (Helton
et al. 2024). This filter covers the rest-frame optical emission of GS-z14,
corresponding to wavelengths of 4.4 to 5.7um, enabling a constraint on the
luminosity of the strong [OIIT]AN4959,5007A and HfB emission lines.
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Figure 5.2. Comparison of the limiting [CII]i58um luminosity (downward arrow) in-
ferred from GS-z14 against its SFR. The horizontal line associated with the upper limit
extends over the full range in SFR derived for GS-z14 from Carniani et al. (2024b) and
Helton et al. (2024). Previous studies have revealed a tight correlation between the SFR
and Licyy in local galaxies (De Looze et al. 2014) and at high-redshift (e.g. Carniani
et al. 2017; Schaerer et al. 2020, Schouws et al. in prep.) GS-z14 lies below the relation
over the full range of SFRs.

5.2.2 ALMA /CII/mgum Follow-up

The observations presented in this work were obtained as part of a Cycle
11 Director’s Discretionary Time (DDT) program (#2024.A.00007.S, PI:
Schouws). We target the [CII]i58,, line, which is expected at 125.20 GHz
and falls just within ALMA Band 4 (i.e. within 0.2 GHz from the edge of
the band). We use a standard observing set-up with a single tuning and
two spectral windows in each of the side-bands.

The observations were carried out between 11 and 19 January 2025 with
an average PWV of 2.38mm (ranging from 1.67mm to 2.98mm), achieving
the requested sensitivity in 8.15 hours on-source (12.2 hours including over-
heads). The target was observed with a moderately compact configuration
with baselines ranging from 15m to 783m, resulting in a natural-weighted
synthesized beam with a resolution of 1.35x0.99” at the expected fre-
quency of [CII]i58,m . At this resolution, we expect that all [CII] 58, flux
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from GS-z14 lies within a single beam, preventing signal dilution and loss
of S/N (e.g. Carniani et al. 2020). The resolution is furthermore similar
to the previous observations targeting the [OIIl|gg,, line (Schouws et al.
2024).

For the imaging, we use reduced and calibrated measurement sets ob-
tained through the ALMA archival data service. The individual measure-
ment sets are combined and time-averaged in bins of 30 seconds to reduce
data-volume and we carefully verify that time-average smearing does not
impact fluxes even at the edge of the field of view (e.g. Thompson et al.
2017).

Imaging of the calibrated visibilities was performed with natural weight-
ing using the TCLEAN task in CASA (v6.6.1-17) (CAsA; Hunter et al.
2023). We clean to a depth of 30 using automasking with the recom-
mended settings for low-resolution ALMA data (Kepley et al. 2020). At
the expected [CII]58,m frequency, we generate a moment-0 map including
channels within 130 km/s, to approximately match the inferred FWHM of
the [OIII]gg.m line (126 km/s). The resulting moment-0 map has a rms of
7.2 mJy-km/s.

We do not detect continuum emission from GS-z14, constraining the
flux to < 9.5 uJybeam ™' (30). This is slightly deeper than the previous
constraints from the ALMA Band 6 observations (< 15.1 uJy beam™!),
but does not improve constraints on the dust content of GS-z14 due to the
shape of the dust SED. We therefore refer to Schouws et al. (2024) for a
more detailed discussion on the dust content of GS-z14.

5.3 RESULTS

5.3.1 Non-detection of [CII]i58.m

We do not detect significant emission at the location and expected
[CI]158,m frequency of GS-z14. This is illustrated in Figure 5.1, where
we show the moment-0 map and spectrum as extracted within an aperture
with a diameter of 0.5” centered on GS-z14. We do not even find evi-
dence for tentative (~1-20) [CII]158,m emission from GS-z14. For context,
we also include the extracted spectrum of [OIII]gg,,m, for GS-z14 using the
same method.
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Figure 5.3. [OIII]/[CII] ratio as a function of [OIll]49s9 5007+HB equivalent width.
GS-z14 is shown as a lower limit (maroon), and its EW probability distribution from
Helton et al. (2024) is overlaid via the dotted line. High-z galaxies from the literature
are overplotted as black markers (Witstok et al. 2022; Algera et al. in preparation).
Moreover, low-redshift galaxies from the Dwarf Galaxy Survey are shown as grey symbols
(Kumari et al. 2024).

Based on the rms of the moment-0 map, we therefore constrain the ap-
parent [CII]58,m flux to be below <22 mJy-km/s (3¢). This corresponds
to a limiting luminosity of <6x107 Lg, (corrected for lensing)®.

-

The impact of the cosmic microwave background (CMB) on [CII]158um (assuming optically thin

transmission) can be estimated by n=F%*/Fi*"=1 — B, (TCMB)/BL,(TS[SZ.;”) (e.g. Kohandel
et al. 2019). The CMB temperature at this redshift is Tcarp = 41.4K and the [CII]158um spin
temperature depends strongly on the ISM conditions of the emitting gas. At high redshifts
[CII]158um primarily originates from photo-dissociation region (PDR) (e.g. Gullberg et al. 2015;
Novak et al. 2019; Cormier et al. 2019), which have relatively high densities (log(ne) ~ 2 — 4).
Given the extreme nature of GS-z14, the kinetic temperature is likely to be high (Tkin ~
500 — 1000K). Based on this, we estimate a spin temperature of TigiInI] = 100 — 1000K (Gong
et al. 2012). This gives n &~ 0.60 —0.96, implying a potentially modest suppression of signal from
the CMB. Given the large uncertainty in the physical properties of the [CII]158,m emitting gas
in GS-z14, the reported [CII]158,m luminosities in the paper are not corrected for the impact of
the CMB
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Galaxies in the local and high redshift universe show a moderately tight
correlation between their SFRs and [CII};58,,, luminosities (De Looze et al.
2014; Herrera-Camus et al. 2015; Schaerer et al. 2020). In Figure 5.2, we
show that the [CII]158,, luminosity of GS-z14 lies below this relation. The
estimated SFR of GS-z14 ranges from 1072 Mg, /yr (Carniani et al. 2024b)
to 2578 M /yr (Helton et al. 2024). Depending on the assumed SFR, GS-
z14 falls either well below the relation or is marginally consistent, given the
observed 0.3dex scatter in the local relation (De Looze et al. 2014). For
the lower SFR estimates, the [CII] 58, deficit in GS-z14 would be a good
match to the deficiency seen in other high redshift galaxies (e.g. Harikane
et al. 2020; Binggeli et al. 2021; Glazer et al. 2024). This may therefore
indicate that the SFR estimate of Helton et al. (2024) for GS-z14 is too
high.

Leveraging our earlier determination of the [OIII]gg,, luminosity
(2.1x10% Lg:  Schouws et al. 2024) for GS-z14, we constrain the
[OI1I]ggm to [CII]158,m ratio to be >3.5. This is consistent with what
is typically observed for z~6 - 9 galaxies, which show line ratios of
[OIII]/[CIT] ~ 2 — 10 (e.g. Harikane et al. 2020; Carniani et al. 2020;
Witstok et al. 2022; Algera et al. 2024).

ISM modelling has shown that the [OIII]/[CII] ratio correlates with the
ionization parameter, which can be elevated by bursts of recent star for-
mation (e.g. Ferrara et al. 2019; Algera et al. 2024). Observationally, re-
cent bursts in star formation result also enhance the equivalent width of
[OIII]AN4959,5007A+HS (hereafter EW o1+ 13) due to an increased con-
trast between enhanced emission lines driven by recent star formation and
the underlying stellar continuum.

These effects result in a tight correlation between EW oy pms and
[OIII]/[CII] as shown in Figure 5.3, we also show our constraint on
[OIII]/[CII] for GS-z14 in this figure together with the estimate for
EWorn+mp from Helton et al. (2024) (370135 A). Our constraint im-
plies that [OIII]/[CII] in GS-z14 is be higher than expected based on its
EWomn+ms, but could also imply that EW o4 g might be underesti-
mated by Helton et al. (2024).

We discuss the physical implications of the [OIII]/[CII] ratio of GS-z14
in the context of the known high-redshift galaxy population in the next
section.
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Figure 5.4. Constraints on the ISM of GS-z14. Each panel shows constraints on two
ISM properties while we marginalize over the remaining parameter. We show 1, 2 and
30 constraints for fits both with and without the constraints on [CII]1s8.m (red and gray
dashed contours, respectively). The inclusion of [CII]iss.m significantly improves the
constraints on the ISM properties, particularly the ionization parameter. For reference
we also indicate previous estimates on the ISM properties of GS-z14 from Carniani et al.
(2024a) and Schouws et al. (2024) (with log(U) estimated by Ferrara 2024).

5.4 DISCUSSION
5.4.1 Constraints on the ISM of GS-z14

The detection of line emission from galaxies (or physically meaningful
limits) provides us with a powerful way to constrain the ISM conditions
in galaxies. In the case of GS-z14, flux measurements are available for
[OI1T]8gm and CIIT]AA1907,9A lines, an upper limit is now available on
[CTT)158m , and finally [OITI]AN4959,5007A+ Hp fluxes have constraints
thanks to deep MIRI photometry on the source (Carniani et al. 2024b,a;
Helton et al. 2024; Schouws et al. 2024).

To enable a constraint on the ISM properties of GS-z14 based on these
measurements, we use Bayesian inference on an extensive grid of photo-
ionization models made with CLOUDY (v17.02; Ferland et al. 2017). In
particular, the models consist of an HII region that smoothly transitions
into a PDR until a fixed optical depth (Ay=10) in a plane parallel ge-
ometry. The models have three main parameters to describe the ISM, the
ionization parameter (U), density (n) and metallicity (Z). For more details
on the models, we refer to Witstok et al. (2022).

In Figure 5.4, we show the results of our fitting, both with and without
our new constraints on the [CII]i58,, luminosity of GS-z14. The current
emission line constraints are well described by models with a high ioniza-
tion parameter, low density, and moderate metallicity (see Table 5.1).

This is consistent with previous modeling efforts of the ISM of high
redshift galaxies (e.g. Harikane et al. 2020; Katz et al. 2022; Nakazato et al.
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2023), showing that high ionization parameters are necessary to explain
the high observed [OIII]/[CII] ratios at z > 6. Our analysis suggests
that GS-z14 has a high log(U) > —2, which is consistent with the range
of ionization parameters found by Reddy et al. (2023) and Tang et al.
(2023) for a sample of z ~ 3-9 galaxies observed with JWST/NIRSpec
(=3 <logU < —1.5). Moreover, the inferred value for GS-z14 is consistent
with the ionization parameter of GHZ2, for which Calabro et al. (2024)
infer log(U) = —1.7540.16. This suggests that high ionization parameters
are ubiquitous in the early Universe.

On the other hand, earlier estimates preferred lower values for the ion-
ization parameter for GS-z14. For instance, Helton et al. (2024) measured
log(U) =~ —2.5 from NIRCam and MIRI F770W photometry, with the lat-
ter band containing the photometric signature of the [OIII]4g59 5007 and
Hp lines. Similarly, Carniani et al. (2024a) inferred a fiducial value of
log(U) = —2.391‘8:?3 by also including the ALMA [OIIl]gg,, detection in
GS-z14. The higher log(U) > —2 we infer here highlights the value of
our current probe of [CII]i58,m has for breaking the degeneracy between
ionization parameter, density and metallicity.

While a high ionization parameter is a possible driver of the high
[OIII] /[CII] ratios of distant galaxies (e.g., Harikane et al. 2020), other
interpretations exist in the literature. For example, a low PDR covering
fraction is also expected to result in a high [OIII]/[CII] ratio (Harikane
et al. 2020), and is qualitatively consistent with the low inferred gas frac-
tion for GS-z14, which may suggest it hosts an outflow (Section 5.4.2).

Finally, the production of carbon is thought to lag behind that of oxygen,
which is also expected to result in elevated [OIII]/[CII] ratios (e.g., Katz
et al. 2022; Fujimoto et al. 2024; Nyhagen et al. 2024). However, leveraging
the CITIJAN1907,9A detection for GS-z14, Carniani et al. (2024a) do not
find evidence for an elevated C/O abundance in the galaxy, although the
uncertainties on the abundance ratio are large.

5.4.2 Low Gas Content in GS-z1/: Evidence for A Post Outflow Phase?

In recent years, the [CII]is8,m line has seen frequent use as a molecu-
lar gas mass tracer at high redshift (e.g., Zanella et al. 2018; Dessauges-
Zavadsky et al. 2020; Aravena et al. 2024), owing to the faintness of canon-
ical cold gas tracers such as CO at this epoch. While the precise conversion
from [CII]58,m luminosity to molecular gas mass remains debated (e.g.,
Casavecchia et al. 2024; Algera et al. 2025), we use the commonly adopted
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Table 5.1. Properties of GS-z14

Parameter Value
RA 03:32:19.9049
Dec —27:51:20.265
Redshift 14.1793(7)
Myv* —20.81+0.16
Stellar Mass(log(M))® 8792
Star Formation Rate (Mg /yr) 10+2 (@) ; 95%6
CIII] Luminosity (10% Lg)® 2.0+0.5¢
[OIM]+HAB Luminosity (10%Lg)? 22+10°
[O1]ssm Luminosity (10% Lg)? 2.140.5
[CI]158m Luminosity (10% L) < 0.6°
[O111]/[CT]) > 3.5°
log(U)? > —2.07
log(n) (cm™?)7 L7155
7/7o* 0.1619:00

Notes: All values have been corrected for a lensing magnification of 1.17x (Carniani et al.
2024b). @ Value from Carniani et al. (2024b); ® Value from Helton et al. (2024); ¢ Corrected
for extinction; ¢ Value from Schouws et al. (2024); ¢ 3¢ limit; / Based on the ISM fitting
presented in this work; 9 95% confidence interval.

value from Zanella et al. (2018) of My /M = 31L(c,,,,,. /Lo to place
an upper limit on the molecular gas mass of GS-z14 of log(Mye1/Mg) < 9.2
(30).

Adopting the stellar mass from Helton et al. (2024) (Table 5.1), the
[CI]158m -based gas mass estimate implies a gas fraction of feasmol =
Mo/ (Mol + M) < 0.77 for GS-z14. This is significantly below what
is expected for a galaxy with a metallicity of Z/Z5 ~ 0.1 — 0.2 (c.f.,
feasmol 2 0.9; e.g., De Vis et al. 2019; Algera et al. 2025), which may
suggest the gas in GS-z14 is efficiently expelled through outflows.

The low [CII]i58,m based gas mass estimate is consistent with the low
dynamical mass of GS-z14 based on the line width of the [OIII]gg,, line
of log(Mayn/Me) ~ 9.0 (Carniani et al. 2024a; Schouws et al. 2024). After
subtracting the stellar mass, this dynamical estimate would imply a gas
fraction of only ~30% (Carniani et al. 2024a).

Further evidence for feedback comes from the lack of dust in GS-z14 as
implied by the low Ay=0.31 (Carniani et al. 2024b) and non-detection of
the dust continuum by ALMA (Carniani et al. 2024a; Schouws et al. 2024;
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Algera et al. 2025). Dust enrichment is expected to follow rapidly after the
onset of star formation as a consequence of production by Supernovae and
for the observed stellar mass, GS-z14 should consequently be detectable
with ALMA if all the dust was still present.

Detailed modeling of GS-z14 by Ferrara (2024) and Ferrara et al. (2024)
suggests that the galaxy recently experienced an outflow, causing its dust
to be blown out to large radii. Such an extended dust distribution is
subject to a less intense radiation field, enabling it to efficiently cool, and
rendering it undetectable at the current depth of the ALMA observations
while also explaining the low Ay as observed by JWST. Following this
previous outflow event, Ferrara et al. (2024) suggest that GS-z14 currently
resides in a ‘post-outflow’ phase, characterized by a low current SFR, and
little obscuration. In other words, the observable properties of GS-z14
appear to be shaped by strong feedback from the galaxy.

Finally, this would also be qualitatively consistent with the high ioniza-
tion parameter and low density we infer from our observations. The same
star-bursting phase would not only produce a young stellar population and
high ionization parameter (e.g. Reddy et al. 2023), but also drive strong
feedback in the galaxies, expelling or otherwise puffing up its gas reservoir,
leaving the source with the low gas density we infer (n ~ 50cm™3: well
below the typical densities observed for z 2> 6 galaxies, e.g., Isobe et al.
2023).

5.5 SUMMARY

We presented new results based on sensitive ALMA observations of the
[CI}158um line in JADES-GS-z14-0, the most distant galaxy currently
known at z = 14.1793 + 0.0007 (Carniani et al. 2024b,a; Schouws et al.
2024). Our main conclusions are as follows:

e We do not detect the [CII]i58,m line in GS-z14 down to a (lensing-
corrected) luminosity of Licry,,,,,, < 6 X 107 L at 30 (Figure 5.1).
This places the galaxy below the [CII]is8um-SFR relation (Fig-
ure 5.2), which is qualitatively consistent with what has been observed
for low-SFR galaxies at z &~ 6 —9 (Harikane et al. 2020; Binggeli et al.
2021; Glazer et al. 2024).

e Combined with a previous detection of the [OIlI]gg,m, line in GS-z14
(Carniani et al. 2024a; Schouws et al. 2024), we infer a lower limit on
its [OIII]/[CII] ratio of > 3.5 (Figure 5.3). While larger than what
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is typically seen in galaxies in the local Universe, this elevated line
ratio is consistent with that seen in many z~6-9 galaxies (e.g. Inoue
et al. 2016).

e Leveraging the sensitive constraints on the [CII]i5g,,, luminosity, we
investigate the ISM conditions of GS-z14 (Figure 5.4). In agree-
ment with analyses by Carniani et al. (2024b,a) and our own anal-
ysis (Schouws et al. 2024), we find that GS-z14 is already signifi-
cantly metal-enriched, with Z/Zs = 0.16 + 0.06. Crucially, our new
[CI]158m observations allow us to break a previously existing degen-
eracy between the ionization parameter U and density of GS-z14. We
find an ionization parameter of log(U) > —2, higher than what was
previously inferred for the galaxy. Moreover, we infer a low density
for log(n/cm=3) of 1.710.

o Using [CII]is8,m as a gas mass tracer, we infer a low molecular gas
fraction of fgasmol < 0.77 for GS-z14, consistent with that obtained
via a dynamical estimate from the previously detected [OIII]gg,m, line
(Carniani et al. 2024a). This is lower than expected for galaxies at a
metallicity similar to GS-z14 (e.g., see Algera et al. 2025), suggesting
the efficient removal of its gas through outflows.

Overall, the high ionization parameter, low gas density, lack of dust, and
low gas fraction of GS-z14 suggest the galaxy is subject to strong feedback
effects, likely driven by its star-bursting nature. These extreme physical
conditions highlight the complex nature of galaxy formation in the early
Universe.
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Nederlandse Samenvatting

Een reis terug in de tijd

Wanneer we ’s nachts naar de hemel kijken, zien we de sterren niet zoals
ze nu zijn, maar zoals ze in het verleden waren. Omdat licht een vaste
snelheid heeft (bijna 300.000 kilometer per seconde), kost het tijd voordat
het licht van verre objecten ons bereikt. Hoe verder we het heelal in kijken,
hoe verder we terugkijken in de tijd. Het heelal is ongeveer 13,8 miljard
jaar oud. Met de huidige generatie telescopen kunnen we z6 ver kijken, dat
we sterrenstelsels waarnemen die al bestonden toen het heelal nog maar
een fractie van zijn huidige leeftijd had: slechts een paar honderd miljoen
jaar na de oerknal. Dit tijdperk markeert de ‘kosmische dageraad’, de
periode waarin de allereerste sterren en sterrenstelsels het heelal begonnen
te verlichten.

Het bestuderen van deze allereerste stelsels is echter een enorme uitdag-
ing. Doordat het heelal uitdijt, wordt de ruimte zélf opgerekt. Hierdoor
wordt het licht van verre stelsels uitgerekt terwijl het naar ons toe reist.
De golflengte van het licht verschuift hierdoor naar het rodere, onzichtbare
deel van het spectrum. Dit fenomeen noemen we roodverschuiving. Om
sterrenstelsels in het vroege heelal te bestuderen, hebben we daarom tele-
scopen nodig die heel gevoelig zijn voor infraroodstraling en radiogolven.

In de afgelopen jaren heeft de James Webb Space Telescope (JWST)
spectaculaire ontdekkingen gedaan door het infrarode licht van vroege ster-
renstelsels vast te leggen. In dit proefschrift maken we echter gebruik van
een heel ander instrument: de Atacama Large Millimeter /submillimeter
Array (ALMA). ALMA is een netwerk van meer dan vijftig radioschotels,
gelegen op een hoogvlakte in Chili. In plaats van naar het licht van de
sterren zelf te kijken, vangt ALMA submillimeterstraling op. Hiermee ob-
serveren we niet de sterren, maar de grondstoffen waaruit sterren worden
geboren: de ijskoude wolken van gas en stof die de ruimte tussen de ster-
ren vullen, en het gas dat door jonge sterren wordt verhit. Dit stof en gas
maken deel uit van het Interstellaire Medium (ISM).

Het Interstellaire Medium en het Mysterie van ’Feed-
back’

Sterrenstelsels vormen zich in zogeheten ‘halo’s’ van donkere materie. De
zwaartekracht van deze donkere materie trekt oergas (voornamelijk water-
stof en helium) naar zich toe. Terwijl het gas naar binnen valt, warmt het
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op. Om nieuwe sterren te kunnen vormen, moet dit hete gas afkoelen en
samentrekken. Dat afkoelen gebeurt doordat atomen en moleculen in het
gas energie uitstralen.

Theoretische modellen voorspelden lange tijd dat bijna al het gas in
een halo snel zou moeten afkoelen en in sterren zou veranderen. In werke-
lijkheid observeren we dat sterrenstelsels veel minder efficiént zijn in het
vormen van sterren. Er moet dus een proces zijn dat het gas verhit, uit
het stelsel verdrijft of verhindert af te koelen, zodat stervorming wordt
afgeremd. In de sterrenkunde noemen we dit proces feedback. Deze feed-
back kan afkomstig zijn van de intense straling van jonge sterren, ontplof-
fende sterren (supernova’s) of superzware zwarte gaten. De grote open
vraag is hoe deze feedbackprocessen precies werken en hoe ze de allereer-
ste sterrenstelsels vormgaven.

Om de fysieke omstandigheden in deze vroege stelsels te meten, bestud-
eren we specifieke specificke emissielijnen en kosmisch stof. Kosmisch stof
bestaat uit piepkleine vaste deeltjes van zware elementen, zoals koolstof
en silicaten, die voornamelijk geproduceerd worden tijdens supernova-
explosies. Emissielijnen zijn als de vingerafdrukken van specificke gassen
(zoals geloniseerd koolstof ([CII]) en zuurstof ([OIII])). Door de helder-
heid van deze lijnen met ALMA te meten, kunnen we de temperatuur,
gasdichtheid en de chemische samenstelling (metalliciteit) van de stelsels
bepalen.

Kosmisch stof en verborgen stervorming (Hoofdstuk 2)

In hoofdstuk 2 onderzoeken we een groep van vijftien zeer heldere ster-
renstelsels toen het heelal ongeveer 700 tot 800 miljoen jaar oud was (een
roodverschuiving van z~ 7—8). Voor de komst van telescopen zoals ALMA
werd de mate van stervorming in het vroege heelal vooral gemeten aan de
hand van ultraviolet (UV) licht van jonge sterren. UV-licht wordt echter
heel makkelijk geabsorbeerd door kosmisch stof. Het stof warmt hierdoor
op en straalt de energie weer uit als ver-infrarode straling, wat wij met
ALMA kunnen detecteren.

Voorheen werd aangenomen dat er zo vroeg in de geschiedenis van het
heelal nog niet veel stof zou zijn. Uit onze diepe ALMA-waarnemingen
blijkt echter dat we in maar liefst zes van deze stelsels grote hoeveelheden
stof waarnemen. Door het UV-licht (zichtbare stervorming) te combineren
met de ALMA-data (verborgen stervorming), toonden we aan dat zelfs in
de vroegste tijdperken ongeveer één derde van de stervorming in zware
stelsels door stof aan het zicht wordt onttrokken. Omdat deze stelsels zo
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jong zijn, betekent dit dat het stof in een extreem hoog tempo moet zijn
geproduceerd, zeer waarschijnlijk door vroege supernova’s.

ALMA als ‘roodverschuivingsmachine’ (Hoofdstuk 3)

Om de eigenschappen van vroege sterrenstelsels goed te kunnen bestud-
eren, is het cruciaal om hun exacte afstand te weten. Dit gebeurt door
hun precieze roodverschuiving te bepalen. Véo6r de lancering van JWST
was dit enorm lastig, omdat we vanaf de aarde het benodigde licht door
de blokkerende werking van de aardatmosfeer vaak niet konden zien.

In hoofdstuk 3 demonstreren we een innovatieve methode: we gebruik-
ten ALMA om zonder vooraf bekende spectroscopische roodverschuiving
een frequentiebereik af te zoeken naar de emissielijn van geioniseerd kool-
stof ([CII]). We selecteerden hiervoor zes extreem heldere stelsels op basis
van hun specifieke kleuren in archiefdata van de Spitzer-ruimtetelescoop.
Dit bleek een efficiénte strategie: in 50% van de gevallen vonden we exact
de gezochte koolstoflijn.

Deze waarnemingen gaven ons niet alleen de exacte roodverschuiving,
maar onthulden ook de interne dynamiek van deze stelsels. Het koolstofsig-
naal is zo sterk dat we konden zien hée het gas beweegt (kinematica). We
ontdekten een verrassende diversiteit: één stelsel vertoonde de kalme, geor-
dende rotatie van een schijf, een ander bleek de chaotische nasleep van twee
op elkaar botsende sterrenstelsels (een merger), en een derde leek gedomi-
neerd te worden door wilde interne turbulentie met lokaal extreem heldere
klonters van stervorming.

Naar de Grens van het Heelal: GS-z14 (Hoofdstuk 4 &
5)

Hoofdstukken 4 en 5 richten zich op slechts één object, maar wel een hele
speciale: JADES-GS-z14-0. Dit stelsel werd onlangs met de JWST ontdekt
en was tot voor kort het verste sterrenstelsel dat de mensheid kende. We
zien dit stelsel zoals het was op een roodverschuiving van z=14.2, wat
betekent dat het heelal op dat moment slechts 300 miljoen jaar oud was
(ongeveer 2% van de huidige leeftijd). Desondanks is dit stelsel bijzonder
helder en groot.

In hoofdstuk 4 presenteren we de succesvolle ALMA-waarneming van
geloniseerde zuurstof ([OIII]) in dit stelsel. Dit was een opmerkelijke ont-
dekking. Om zuurstof te kunnen waarnemen, moesten eerdere generaties
sterren in het stelsel (die nagenoeg volledig bestonden uit waterstof en
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helium) al in de kern zuurstof hebben geproduceerd, geéxplodeerd zijn, en
dit zuurstof door het stelsel hebben verspreid. Onze detectie laat zien dat
dit stelsel al opvallend rijk is aan “metalen” (astronomisch jargon voor el-
ementen zwaarder dan helium). Dit bevestigt dat de evolutie van de eerste
sterrenstelsels veel sneller verliep dan we voorheen voor mogelijk hielden.

In hoofdstuk 5 presenteren we vervolgonderzoek om nég dieper naar
de geheimen van GS-z14 te kijken. We scanden met ALMA langdurig naar
de koolstoflijn [CII] (net als hoofdstuk 3) en koud stof, om zo te bepalen
hoeveel koud gas (brandstof voor toekomstige sterren) er in het stelsel
aanwezig is. Tot onze verbazing vonden we... niets. We registreerden
uiterst lage bovengrenzen voor de hoeveelheid van dit koolstof.

Deze 'non-detectie’ vertelt echter een cruciaal verhaal. De verhouding
tussen de grote hoeveelheid zuurstof enerzijds, en het gebrek aan koolstof,
koud stof en koud gas anderzijds, wijst op extreme omstandigheden in het
stelsel. Uit onze modellen blijkt dat het gas in het stelsel niet alleen heel
ijl is, maar ook blootstaat aan extreem intense, "harde” straling.

Dit is een interessante indicatie voor de feedback die we in de inlei-
ding bespraken. Een mogelijke interpretatie is dat we GS-z14 waarne-
men in een dynamische “post-outflow” fase. Er heeft onlangs een extreem
heftige stervormingspiek (een starburst) plaatsgevonden. De energie en
straling van deze pasgeboren, hete sterren, samen met de vele supernova’s,
is z6 krachtig geweest dat het koudere gas en het stof het stelsel uit zijn
geblazen. Het lijkt er dus op dat dit sterrenstelsel een deel van zijn eigen
stervormingsbrandstof aan het verdrijven of ioniseren is.

Conclusie

Dit proefschrift toont aan dat het vroege heelal allesbehalve een rustige
plek was waar structuren langzaam vormkregen. Door vanuit een submil-
limeter perspectief te kijken, met ALMA als ons voornaamste instrument,
zien we een uiterst dynamisch plaatje. De allereerste sterrenstelsels ont-
wikkelden zich in een ongekend hoog tempo, verrijkten zichzelf in korte
tijd met zware elementen, produceerden massaal grote hoeveelheden kos-
misch stof, én bliezen zichzelf leeg door de ongekende kracht van hun eigen
ontluikende sterren. Deze ontdekkingen helpen ons te begrijpen hoe een
oersoep van koud waterstofgas uiteindelijk evolueerde tot de majestueuze,
gestructureerde sterrenstelsels — inclusief onze eigen Melkweg — die we
vandaag de dag in het lokale heelal om ons heen zien.
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