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Introduction

T he investigation of the evolution of high-redshift galaxies is a crucial field of
research in modern astronomy. In fact, distant galaxies offer us a glimpse back

into the cosmic history of our Universe, allowing us to study the early stages of
structure formation and evolution. In this thesis, I explore the intricate landscape
of high-redshift galaxy evolution, focusing on the physical properties of z > 4
galaxies and their interaction with the surrounding environment, with the aim of
understanding the chemical maturity of such galaxies.

Our understanding of the primordial Universe has been revolutionized in the
last decades thanks to technological advancements and the availability of advanced
instrumentation such as HST, ALMA, and, more recently, JWST. In particular, the
combination of multi-band observations from the above facilities has provided us
with a more comprehensive picture of the evolution of high-redshift galaxies, not only
allowing us to study in detail their physical integrated properties (e.g. stellar mass,
dust mass, metallicity, etc.), but also their star formation and interaction with the
surrounding environment. In fact, galaxies can be considered as complex ecosystems
whose evolution is governed by the interplay of physical mechanisms involving both
their Interstellar and Circumgalactic Media. Key processes such as the accretion
of external cold gas, star formation, chemical enrichment, gas recycling in the ISM
and the ejection of processed material through starburst/quasar-driven outflows
constitute the building blocks of the so-called "baryon cycle" governing the evolution
of galaxies. In addition, models and simulations are of paramount importance to
lead our interpretation of the observations from telescopes. In fact, cosmological
simulations play a pivotal role in helping us understand the aforementioned baryon
cycle, its role in galaxy evolution, and the properties of our Universe at different
epochs.

In this thesis, I employ both observations and simulations, highlighting their in-
terplay in exploring and interpreting the primordial Universe. Generally, simulations
have assisted us in predicting potential scenarios of galaxy evolution by reproducing
the interplay among various feedback mechanisms and by interpreting observational
data. Conversely, observations have been of vital importance for validating our
models and providing evidence of the phenomena characterising the early Universe
(z ≥ 4).

The contents of the thesis are organized as follows.
In Chapter 1 I provide an overview of the cosmological context in which the

work is situated, giving a basic description of the cosmic evolution of the large-scale
structure and its assembly.

In Chapter 2 I give an introduction of the observational tools and techniques
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adopted to identify high-z galaxies. Then, I discuss the two telescopes relevant to
this thesis: ALMA (Section 2.2) and JWST (Section 2.3), specifically focusing on
the main results obtained from the ALMA-ALPINE and ALMA-REBELS Large
Programs as well as the early observations and questions about the high-z Universe
posed by JWST.

In Chapter 3, I explore the numerical methods adopted in modern state-of-the-
art simulations to model galaxy formation and evolution. Moreover, in Section
3.2 I introduce the cosmological simulation dustyGadget that has been adopted
throughout this work, highlighting the simulation strategy and the novelty introduced
by this simulation (i.e. the implementation of dust formation and evolution ensuring
consistency with the metal content of galaxies).

The investigation of the build-up of galaxies stellar mass and the relations among
the integrated physical properties of galaxies at 4 ≤ z ≤ 10 is presented in Chapter
4. Specifically, I started studying the cosmic evolution of the star formation and
cosmic stellar mass density. Then, I present numerous galaxy scaling relations that
link the stellar mass of collapsed objects with various galaxy or dark matter halo
properties. These include the main sequence of galaxy formation and the specific star
formation rate evolution. Finally, I delve into the relation between stellar and dust
mass which gives us hints about the chemical maturity of the interstellar medium of
galaxies at z > 4. Through this chapter, I make use of dustyGadget predictions for
high-z galaxies and I compare them with available observational data from both the
ground-based telescope ALMA and the space telescope JWST.

More insights about the interaction between galaxies and their environment
are given in Chapter 5, where I discuss the [CII] 158 µm line emission coming
from the medium surrounding merging galaxies at z ∼ 4.5. In this chapter, I first
present the analysis conducted on observations of major merging systems from the
ALMA-ALPINE survey giving insights into their properties and the relation between
the [CII] 158 µm emission from their diffuse envelope and their integrated physical
properties. Then, I adopt the cosmological simulation dustyGadget to search for the
synthetic analogues of the observed objects to investigate the nature of such diffuse
emission. This is possible due to the higher resolution we achieved in simulations
compared to the ALMA-ALPINE observations.

Through this research work, I aim to contribute to the understanding of high-
redshift galaxy evolution, providing new insights into the fundamental processes that
have shaped the primordial Universe and influenced its evolution to the present day.
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Frequently used acronyms

AGB(s): Asymptotic Giant Branch (stars)

AGN: Active Galactic Nuclei

ALMA: Atacama Large Millimeter/submillimeter Array

CMB: Cosmic Microrwave Background

CGM: Circumgalactic Medium

DM: Dark Matter

FIR: Far Infra-Red

FWHM: Full Width Half Maximum

HST: Hubble Space Telescope

IMF: Initial Mass Function

IGM: Intergalactic Medium

IR: Infra-Red

ISM: Interstellar Medium

MS: Main Sequence

NIR: Near-IR

SED: Spectral Energy Distribution

SFH: Star Formation History

SFR: Star Formation Rate

SFRD: Cosmic Star Formation Rate Density

SMD: Cosmic Stellar Mass Density

SMF: Stellar Mass Function

SN(e): Supernova(e)

sSFR: Specific Star Formation Rate
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Chapter 1

Cosmological context

Cosmology is the domain of physics that investigates the global characteristics
of the Universe, defining the space-time structures on large scales where galaxy
formation and evolution take place. Modern cosmology has its roots in (i) the
cosmological principle, the hypothesis that the Universe is spatially homogeneous
and isotropic, and (ii) Einstein’s theory of General Relativity (GR), according to
which the structure of space-time is determined by the mass distribution in the
Universe. As we are going to see in the following, these two assumptions together
lead to a cosmology that is completely defined by the curvature of the Universe,
k, and the scale factor, a(t), which describes how length scales of the Universe
change with time. One of the most important observations in cosmology is that the
Universe is expanding (see Section 1.2), i.e. the scale factor increases with time,
implying that a(t) must have been smaller in the past. Together with the observation
that the Universe is filled with microwave photons, the so-called Cosmic Microwave
Background, this time evolution of the scale factor determines the thermal history
of the Universe. Being denser in the past, the Universe must have also been hotter
compared to the present day. High density and high temperature lead to higher
collisional probabilities among particles. The application of particle, nuclear and
atomic physics to the thermal history of the Universe leads to predictions on the
current matter content of the Universe, providing the basis for calculating relations
between the components of the Universe. This chapter is only meant to be an
introduction to the cosmological context in which galaxies evolve; the interested
reader can find more details about modern cosmology in Kolb and Turner (1990);
Peebles (1993); Peacock (1999); Coles and Lucchin (2002); Padmanabhan (2002);
Mo et al. (2010).

1.1 The Cosmological Principle

The cosmological principle is at the basis of our understanding of the Universe
and it affirms that, on sufficiently large scales (102 Mpc, Peebles 1993), the Universe
is homogeneous and isotropic. Homogeneity means uniform conditions everywhere
and at every given time, and isotropy means the same conditions in all directions
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for any observers. The last one being also the strongest condition:
isotropy for every observer ⇒ homogeneity
homogeneity ⇏ isotropy for every observer

indeed, the Universe can be homogeneous but not isotropic (e.g. the expansion rate
could vary according to the direction), but also isotropic and not homogeneous (e.g.
we could be at the center of a spherically symmetric mass distribution). However, if
it is isotropic for every observers, then it must also be homogeneous.

Because of the cosmological principle, a unique time coordinate throughout space
can be established by distributing synchronised clocks all around the Universe, so that
each clock would measure the same time t since the Big Bang i.e. clocks are moving
along (comoving) with the expanding Universe (cosmic time). In this scenario, the
space-time (4-dimensional) line element ds is described by the Friedmann-Lemaître-
Robertson-Walker (FLRW) metric (Robertson, 1935):

ds2 = c2dt2 − dl2 (1.1)
where c is the speed of light and dl is the line element. The space-time interval ds
is real if two events are separated in time, zero if they are on the same light-path
(null geodesic), and imaginary if they are separated in space.

The expansion of the Universe (see Section 1.2) can be parameterised by the
dimensionless parameter a(t), known as the scale factor which is defined as

a(t) = D(t)/D(t0) (1.2)
where D(t) is the proper distance at some time t and D(t0) is the proper distance
at some reference time t0. This definition assures that a(t0) = 1, and the present
epoch is generally considered as the reference time, thus a = 1 today. Also, the scale
factor is linked to the redshift (see Section 1.2 for the definition) by the relation
a(t) = 1/(1 + z(t)).

Once we introduce a(t), consider a spatially homogeneous and isotropic Universe
and adopt spherical coordinates (r, θ, ϕ) Equation 1.1 becomes:

ds2 = c2dt2 − a(t)
[

dr2

1 − k r2 − r2dΩ2
]

(1.3)

where dΩ2 = dθ2 + sin2θdϕ2 and k is the space curvature. If k > 0, the Universe is
positively curved and therefore is closed; if k > 0 it is negatively curved and then
open; if k = 0 the Universe is flat. The k = 0 curvature of the Universe is the
favoured one by recent observations (see for example Planck Collaboration et al.
2016).

Naturally, in an expanding Universe, we need to define different types of distance
indicators. On one hand, two points whose distance changes in time only because
of the expansion are said to be at a constant comoving distance. Thus comoving
distance is defined as the distance measured in a coordinate system that follows
the so-called Hubble flow. On the other hand, proper distance is measured with a
coordinate system that does not take into account the expansion of the Universe,
thus the distance between the two points will change according to the scale factor
variation, i.e. proper distance is the distance between two regions of space at a
constant cosmological time.
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1.2 Hubble-Lemaître law and lookback time
Another ingredient of paramount importance in modern cosmology is the adher-

ence of every cosmological model to cosmic expansion. In 1927-1929 based on galaxy
samples for which radial velocities and distances were available, G. Lemaître and E.
Hubble performed the first direct observations of the expansion of the Universe (see
Hubble 1929), showing that local galaxies are receding from us. In particular, their
radial velocity, v, is proportional, following a linear relation, to their distance from
us, D: the farther away the galaxies, the higher the velocity at which they move
away from us. Specifically, the Hubble-Lemaître 1 law is defined as:

v = H0D (1.4)

where H0 is the Hubble constant and it is usually expressed in km/sMpc−1. Measur-
ing the Hubble constant is one of the most important open problems in Cosmology
and observations from early-time and late-time probes give statistically incompati-
ble results, the so-called Hubble tension (see Di Valentino et al. 2021 for a recent
review and, van Putten 2023; Lovell et al. 2023 for example, for observations with
JWST). In this work, we use the reduced dimensionless Hubble constant defined as
h = H0/(100 km s−1 Mpc−1) and assume h = 0.6774 following the results from the
Planck mission (Planck Collaboration et al., 2016).

The Hubble-Lemaître law can be rewritten in terms of the scale factor, a(t),
by introducing one of the most important and used quantities in astrophysics: the
redshift z, defined as:

z = λobs − λem

λem
(1.5)

where λobs and λem are respectively the observed and emitted wavelength. The
shift between the observed and emitted wavelength can be caused by different
factors, for example, the relative peculiar velocity of the source, the presence of
a gravitational potential or by the expansion of the Universe which increases the
radiation wavelength (hence decreases its energy). From special relativity, in the
approximation of small v/c (see Hogg 1999) we have:

z =
√

1 + v/c

1 − v/c
≈ v

c
(1.6)

which leads to:
z ≃ H0D

v
. (1.7)

Keeping in mind the relation between z and the scale factor, we can write:

aobs

aem
= 1

a
= λobs

λem
= 1 + z (1.8)

with aobs ≡ a(tobs) and aem ≡ a(tem). This relation makes redshift, which is directly
observable, a key quantity in cosmology. Indeed, the radiation coming from distant

1In 2018, the members of the International Astronomical Union (IAU) voted to rename the
Hubble law as the Hubble-Lemaître law (https://www.iau.org/news/pressreleases/detail/
iau1812/).

https://www.iau.org/news/pressreleases/detail/iau1812/
https://www.iau.org/news/pressreleases/detail/iau1812/
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galaxies carries an imprint/information about the scale factor at the time of the
signal emission. In an expanding Universe, a(tobs) > a(tem) thus, from Equation 1.8,
z > 0 and the spectral features of galaxies are shifted redwards (redshift). On the
other hand, in a contracting Universe, a(tobs) < a(tem), thus z < 0, and spectral
features are shifted bluewards (blueshift). Distant galaxies in the Universe are all
observed to have redshifted spectra, indicating that the Universe is expanding.

Because of the expansion of the Universe and of the finite value of the speed of
light, the distance between two cosmological events is not a trivial concept. Indeed,
being on Earth today (z = 0) an looking for objects which are far from us means that
we are looking back in time. This introduces the concept of lookback time, which is
a backward time in the history of the Universe, defined as as the difference between
the age of the Universe today (∼ 13.8 Gyr) and the age of the Universe at the time
of signal emission (e.g. λem). Redshift and lookback time are two conceptually
equivalent ideas to define the distance of a source, as both imply a measure of the
separation between two events (emission of an electromagnetic wave) along the
direction of photon propagation. The lookback time is linked to the redshift via the
relation (Hogg, 1999):

tL = 1
H0

∫ z

0

dz′

(1 + z′)E(z′) (1.9)

where E(z) embeds the cosmology and it is defined as

E(z) =
√

Ωm,0(1 + z)3 + Ωk,0(1 + z)2 + ΩΛ,0 (1.10)

where the cosmological parameters Ωm,0, Ωk,0, ΩΛ,0, are derived from the Friedmann
equations and introduced in Section 1.3.1 Here we assume Ωr,0 = 0 (see Section
1.4). Using the definition of E(z), from the Hubble-Lemaître law it follows that H0
measured from an observed at redshift z is

H(z) = H0E(z). (1.11)

Thus, the term dz/E(z) in Equation 1.10 is proportional to the flight time of a
photon traveling at c through the dz element of the Universe. Furthermore, through
the function E(z), the lookback time exhibits a strong dependence on the assumed
cosmology (H0, Ωm,0).

1.2.1 Distances in cosmology

In an expanding universe, the concept of distance is a very delicate topic as
distances themselves don’t have a universal definition. In this section, we are going
to introduce different definitions of distance that are common in Astrophysics and
that will be used in the present work.

Proper distance and comoving distance We already introduced the proper
distance and its relation to the scale factor a(t) in Section 1.1. The proper distance
is the distance, as we intend it in everyday life, between two objects. However, in
an expanding universe, the distance between two objects that are subject to the
Hubble flow is not constant, as these objects are moving apart from each other.
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The comoving distance, on the other hand, is the distance between two systems
co-moving with the Hubble-flow.

The comoving distance is defined as a function of the scale factor or, equivalently,
of the redshift:

Dc = c

H0

∫ z

0

dz′

E(z′) . (1.12)

Defining D as the proper distance among the two sources, the relation between
proper and comoving distance is

Dc = D(1 + z) (1.13)

so that today Dc ≡ D.

Transverse comoving distance As in astronomy we look at objects in the sky,
it is useful to define the transverse comoving distance between objects, intended as
the separation projected on the sky plane between two objects. This distance is
defined for sources at the same redshift and separated in the sky by δθ, so that:

Dc = DM δθ (1.14)

with Dc the comoving distance. In a flat universe, with null curvature (Ωk = 0),
Dc ≡ DM .

Comoving volume After defining the comoving distance, it is possible to introduce
the concept of comoving volume as the region of the Universe contained in a constant
comoving space, meaning that it expands with the Hubble flow. This corresponds to
the volume that contains a fixed total mass. Thus, if we use a comoving distance
to define the side of the comoving volume, the average comoving density inside
the volume remains constant (none of the galaxies/objects exits the unit volume
while the Universe expands). Any variation in the density indicates a change in the
population under study and cannot be attributed to the geometry of the Universe.
The comoving volume at redshift dz can be expressed as:

dVc = c

H0

D2
M

E(z)dωdz (1.15)

function of the solid angle dω, of the comoving distance Dc via DM and cosmology
via E(z).

Angular distance Given the image of a source, the angular diameter distance,
DA, is defined as the ratio between the actual dimension of the object to the angular
dimension under which it is projected in the sky, that is:

size = DAδθ (1.16)

Using DA, it is possible to convert the angular separation between two images
detected by the telescope into the proper distance between the two sources. The
relation between DA and DM and, as a consequence, Dc is:

DA = DM

1 + z
(1.17)
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which decreases above a certain redshift threshold established by the assumed
cosmology. This means that DA does not increase as z → ∞, but rather shows
a turnover beyond which it starts decreasing. This occurs because after a certain
redshift threshold, the universe becomes smaller, looking back in time (high-z),
means observing a younger universe of smaller dimensions.

Luminosity distance The luminosity distance is defined as a function of the flux
from the source as

DL =

√
L

4πF
(1.18)

with L being the bolometric (i.e. integrated over all frequencies) luminosity of the
object. DL is linked to the transverse comoving distance and to the angular diameter
distance via

DL = (1 + z)DM = (1 + z)2DA . (1.19)

1.3 Friedmann equations
Our expanding Universe can be described using the FLRW metric together with

Einstein equation of GR. In fact, in the standard model of cosmology the geometry
of space-time is fully determined by the matter and energy content of the Universe
through the Einstein field equation:

Gµν = 8πG
c4 Tµν (1.20)

where G is the Newton gravitational constant, Gµν is the Einstein tensor, and Tµν

is the so-called stress-energy tensor, which describes the influence of matter and
energy on the dynamics of space-time. Gµν is defined as:

Gµν = Rµν − 1
2 R gµν − Λ gµν (1.21)

where Rµν is the Ricci tensor, that describes the local curvature of the space-time, R
is the curvature scalar, gµν is the metric tensor2 and Λ is the cosmological constant.
The cosmological constant was initially introduced by Einstein to obtain a static
solution (i.e. a solution describing a static Universe) to his equation. After Hubble
and Lemaître discovery of an expanding Universe, Einstein discarded the constant
Λ which has, nowadays, been reintroduced as representative of a uniform energy
density (dark energy) that might explain the accelerated expansion of the Universe
(Perlmutter et al., 1999). As already introduced, the stress-energy tensor Tµν acts as
the source term in Equation 1.20, dictating how energy and momentum contribute
to the curvature of the space-time. If we consider an isotropic and homogeneous

2In GR the metric tensor is the mathematical object used to describe the space-time, which
allows us to measure an infinitesimal interval ds between two events in space-time. Using the metric
tensor, Equation 1.1 can be written as

ds2 = gµν dxµ dxν (1.22)

.
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Universe, the mass and energy can be described as a perfect fluid. In this scenario,
the energy-momentum tensor takes the form of:

Tµν = (ρ + P/c2) uµ uν − P gµν (1.23)

with ρ c2 the energy density, P is the pressure, and uµ = cdxµ/ds is the 4-velocity of
the fluid. In a homogeneous and isotropic universe, the density and pressure depend
only on the cosmic time, and the 4-velocity is uµ = (c, 0, 0, 0) - no peculiar motion
is allowed.

If we write the FLRW metric as ds2 = gµν dxµ dxν and keep in mind the FLRW
metric in spherical coordinates (Equation 1.3), we obtain for the metric tensor:

gµν = diag(1 , −a(t)2 1
1 − k r2 , −a(t)2 r2 , −a(t)2 r2 sin2θ) (1.24)

which becomes gµν = diag(1, a2, a2, a2) when we consider a flat Universe with a
curvature k = 1 and Cartesian coordinates.

By using Equation 1.24 it is possible to compute the Ricci tensor and, as a
consequence, to calculate the left-hand side of Equation 1.20. Then, by combining
this result with the definition of Tµν , it is possible to derive a more explicit form
of the components of the Einstein field tensor equation (Equation 1.20). The two
non-null scalar equations are the so-called Friedmann equations. The first one
describes the evolution of the homogeneous Universe, in the form of a differential
equation for the scale factor:( ˙a(t)

a(t)

)2

= 8 π G
3 ρ(t) − k c2

a(t)2 + Λ c2

3 (1.25)

and the second one is
¨a(t)

a(t) = −4 π G
3

(
ρ(t) + 3 P

c2

)
+ Λ c2

3 . (1.26)

The continuity equation for a perfect fluid in an expanding Universe is given by the
conservation of the energy-momentum tensor which leads to:

dρ

da
+ 3

(
ρ + P/c2

a

)
= 0 . (1.27)

Equation 1.27, together with the first Friedmann equation (Equation 1.25) and
an equation of state (EoS) which provides pressure as a function of density (i.e.
P = P (ρ)), defines a system of three equations with three variables ρ, P and a;
which allows us to determine the time evolution of the scale factor and, therefore, to
compute the expansion of the Universe along cosmic time.

We assume cosmological fluids to be described by a simple EoS of the form

P = wρc2 , (1.28)

parametrised by w. Combining this EoS with the continuity equation we obtain

ρ ∝ a−3(1+w) (1.29)
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which gives the evolution of density as a function of the scale factor a(t) under the
assumption of a parameter w. In our Universe, the total amount of the mass-energy
density ρ ≡ ρ(t) is made of three constituents: matter, radiation, and dark energy.
Thus, it can be expressed as:

ρ = ρm + ρr + ρΛ (1.30)

with ρm is the non-relativistic matter energy density (baryonic and dark matter), ρr

is the radiation energy density and ρΛ is dark energy which can be considered as a
form of energy connected to the cosmological constant3.

These three components have different dependencies on the scale factor, thus it
is possible to identify three different epochs. In each epochs there is one component
dominating over the others which makes up for most of the total amount of mass-
energy density.

Radiation dominated era During this era, the dominant energy density source
was radiation i.e. photons and relativistic particles. From statistical mechanics, the
EoS for a generic relativistic component is P = 1/3 ρc2, thus the continuity equation
(Equation 1.27) becomes

dρ

ρ
= −4da

a
(1.31)

leading to a solution for ρr ∝ a−4. The physical interpretation of the dependence of
ρr on a(t) can be explained as (i) the factor a−3 is due to the geometrical dilution
of the volume (number density of photons) and (ii) the additional factor a−1 is due
to the elongation of particles wavelength, associated with their energy (E = hν). If
we combine ρr ∝ a−4 with the first Friedmann equation (Equation 1.25) we derive
the time dependence of a(t) during the radiation era:

a(t) ∝ t1/2 (1.32)

this holds if we consider a flat Universe k = 0.

Matter dominated era During the matter-dominated era, the mass-energy
density is dominated by baryonic and (cold) dark matter, whose velocities are much
smaller than c. For this reason, we can neglect the net amount of pressure, P ∼ 0.
The continuity equation (Equation 1.27) becomes

dρ

ρ
= −3da

a
(1.33)

leading to ρm ∝ a−3. Again, substituting it into the first Friedmann equation we
obtain:

a(t) ∝ t2/3 (1.34)
which is the time dependence of the scale factor during the matter-dominated era.

3The nature of the dark energy component is still debated, but it is thought to be responsible
for the accelerated expansion of the Universe (ä > 0), filling up the Universe with energy as it
expands. The accelerated expansion of the Universe has been recently observed by measuring the
luminosity distance of Type Ia SNe (SNeIa) at z ∼ 1 (Riess et al., 1998; Garnavich et al., 1998;
Perlmutter et al., 1999; Betoule et al., 2014), suggesting that we live in the Λ-dominated era.
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Table 1.1. The equation of state parameter w, the dependence of the energy density on
the scale factor, and the time evolution of a(t) in each era.

radiation w = 1/3 ρr ∝ a−4 a(t) ∝ t1/2

matter w = 0 ρm ∝ a−4 a(t) ∝ t2/3

λ w = −1 ρΛ ∝ const a(t) ∝ et

Λ dominated era The cosmological constant Λ is, by definition, a time-independent
constituent of the total energy density budget. Thus, it can be written as ρΛ ∼
constant. Taking this assumption into account, the continuity equation (Equation
1.27) becomes

P = −ρc2 (1.35)

yielding a time evolution for the scale factor during the Λ-dominated era of:

a(t) ∝ et . (1.36)

In Table 1.1 we summarise the EoS parameters w, the energy density dependence
on the scale factor, and the time evolution of a(t) in each era.

1.3.1 Evolving space-time in the standard cosmological model

So far, we introduced the Friedmann equations and defined the different eras
of the Universe, obtaining the time evolution of the scale factor in each epoch.
Now, we are going to introduce the Hubble parameter (as a function of a(t)), the
critical density, and the density parameters to re-write the first Friedmann equation
(Equation 1.25) and obtain the space-time evolution of the Universe.

We define the Hubble parameter as a function of the scale factor as

H ≡ ȧ

a
(1.37)

the critical density ρcr = 3H2/8πG and we introduce the density parameters, Ωi,
re-scaling each ρi for the critical density,

Ωm = ρm

ρcr
; Ωr = ρr

ρcr
; ΩΛ = ρΛ

ρcr
. (1.38)

By using the density parameters, the first Friedmann equation becomes :(
ȧ

a

)2
= H2(Ωr + Ωm + ΩΛ) − kc2

a2 = H2Ωtot − kc2

a2 . (1.39)

If we rescale the quantities in Equation 1.39 to the Ωi at the present time we obtain

H(t)2 = H2
0

(Ωr,0
a4 + Ωm,0

a3 + ΩΛ,0 − Ωtot − 1
a2

)
(1.40)

which provides the dependence of the Hubble parameter, i.e. the expansion rate
of the Universe, on the energy density parameters at the present time, which are
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Table 1.2. Cosmological parameters by Planck Collaboration et al. (2016).

Ωm,0 ΩΛ,0 H0

0.308 ± 0.012 0.629 ± 0.012 67.81 ± 0.92

measurable quantities. The sum of the density parameters give information about
the curvature of the space-time:

Ωk = 0 → Ωtot = 1 → flat geometry (1.41)
Ωk > 0 → Ωtot < 1 → open geometry (1.42)
Ωk < 0 → Ωtot > 1 → closed geometry , (1.43)

having defined Ωtot = 1 − Ωk,0 = Ωm,0 + Ωr,0 + ΩΛ. Current observations and
theoretical models tend to favor a flat geometry of the space-time Ωk = 0.

The Planck satellite, which is an ESA/NASA mission designed to map the
anisotropies of the CMB at microwaves and IR frequencies, was launched into space
in May 2009 and used to orbit in the second Lagrangian point of the Earth-Sun
system4. It provided a detailed map of the CMB field over a large portion (∼ 95%)
of the sky, allowing for high-precision measurements of the cosmological parameters
(Table 1.2, Planck Collaboration et al. 2016)5. Planck’s results clearly show that
dark energy currently dominates the Universe’s dynamics, accounting for around
70%, while matter, primarily in the form of Cold Dark Matter (CDM), constitutes
the majority of the remaining 30%. Given this prevailing influence of dark energy
and CDM over other mass-energy components, the widely accepted cosmological
model is commonly referred to as the ΛCDM model.

1.4 The evolution of the Universe
The homogeneity and isotropy of the expanding Universe allow us to examine

its thermodynamic characteristics. If we consider a uniform, perfect gas confined
within a (small) comoving volume V ∝ a(t)3 - expanding along with the Universe -
because of the homogeneity and isotropy of the Universe, there should be no net
heat flow (dQ = 0) across the boundaries of V . This allows us to treat that volume
as an adiabatic system.

According to the first law of thermodynamics, we can link a variation of the
internal energy of a system (U) to dQ, the heat transferred into the system, and dW ,
the work done on the system, via dU = dQ+dW . The second law of thermodynamics
states that dS = dQ/T with S being the entropy and T the temperature. In an
adiabatic system of volume V we have

dU + PdV = 0 dS = 0 (1.44)

with P the pressure. This indicates that the entropy per comoving volume is
conserved, and the expansion of the Universe leads to a change in its internal energy,

4For more information visit https://www.esa.int/Science_Exploration/Space_Science/
Planck

5In this thesis we are going to adopt the cosmological parameters by Planck Collaboration et al.
(2016), however, more recent estimates can be found in Planck Collaboration et al. (2020b).

https://www.esa.int/Science_Exploration/Space_Science/Planck
https://www.esa.int/Science_Exploration/Space_Science/Planck
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with a decrease or increase depending on whether P > 0 or P < 0, respectively.
From the previous equation, we obtain PV γ = const that combined with the ideal
gas law leads to

TV γ−1 = const (1.45)
where T is the temperature in the volume V and γ is the adiabatic index (4/3 for
relativistic particles and 5/3 for non-relativistic particles). As the volume expands
under the effect of the evolving scale factor, we can write T as a function of a

T ∝ 1
a

(1.46)

for relativistic particles. Equation 1.46 tells us that: (i) the younger the Universe
(i.e. the smaller the scale factor), the higher the temperature and (ii) during its
expansion the Universe cools down. At its birth, when a(0) = 0, the Universe was
infinitely hot and dense, this is the so-called Big Bang singularity, predicted by the
ΛCDM model which occurred ∼ 13.8 Gyr ago.

The initial moments following the birth of the Universe, often referred to as the
Planck era, constitute the most enigmatic phase in its history. Currently, there is
no available physical theory capable of describing the Universe before the Planck
time, tP ∼ 5 × 10−44 s. During this time scale, quantum effects of gravity played
a dominant role in physical interactions, thus a self-consistent theory of quantum
gravity is needed for a comprehensive understanding of this period (see Rovelli 2004).
The Planck era was then succeeded by the epoch of the Great Unification Theory
(GUT; Witten 1981), where gravity finally separated from the unified force of the
Standard Model6.

Following the GUT epoch, at approximately 10−36 s from the Big Bang, the
so-called inflation (Guth, 1981) commenced. During this epoch (presumed to have
concluded around t ∼ 10−32 s), the Universe underwent a sudden and nearly
instantaneous exponential expansion, increasing its linear dimensions by a factor of
at least 1026. Inflation provides an explanation for several critical issues in ΛCDM
models, including the so-called cosmological paradoxes (e.g. Linde 1982), addressing
perplexing aspects such as the remarkably high degrees of flatness, isotropy, and
homogeneity observed in the Universe.

As introduced in Section 1.3 the three constituents of the mass-energy density
(matter, radiation and dark energy) scale differently with a(t), therefore they in turn
dominate the Universe at different epochs (see Figure 1.1). From Equations 1.32,1.34
and 1.36 it is clear that at very early cosmological times (a(t) → 0), the Universe
was dominated by radiation. In this period, at about 3 minutes after the Big Bang,
nucleosynthesis commenced, giving rise to the so-called primordial abundances of
light elements (e.g. Boesgaard and Steigman 1985). Within less than 1 hour, the
Universe cooled sufficiently to cease nucleosynthesis, consequently, only the fastest
and simplest reactions took place (see Cyburt et al. 2016 for a comprehensive review),
resulting in our Universe containing roughly 75% hydrogen (H), 24% helium (He) by
mass (92% H and 8% He in number density), and trace amounts of other elements
such as Lithium (Li) and deuterium (2H).

6The Standard Model is the commonly accepted theory in particle physics that explains how the
basic building block of matter (particles) interact. These interactions are of four types: the strong,
weak, electromagnetic and gravitational interactions (see Patrignani et al. 2016 for a review).
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Figure 1.1. The density evolution of the main components of the Universe (i.e. radiation,
matter and dark-energy) as a function of the scale factor a(t). The Universe is radiation-
dominated until teq, then it becomes matter-dominated, and, finally, dark energy became
dominant at z ∼ 0.5 until today. Taken from Debono and Smoot (2016).

The radiation dominated era lasted until Ωr,0
a4 = Ωm,0

a3 (see Equation 1.40), thus
until the so-called equivalence age a(teq) = Ωr,0

Ωm,0
with teq ∼ 50000 years after the

Big Bang, zeq ∼ 3600 (see Planck Collaboration et al. 2016, 2020b). During this
new epoch (matter-dominated era) for several hundred thousand years, atoms were
completely ionized because of the high temperature, matter and radiation coexisted
in an opaque thermal bath dominated by photons-ions scattering. Only when the
temperature decreased significantly did Thomson scattering become inefficient in
balancing the electromagnetic attraction between protons and electrons, leading to
hydrogen recombination at zrec ∼ 1100 − 1300 (Gott and Rees, 1975; Eisenstein
et al., 2005). Once photons finally decoupled from matter, they started traversing
the Universe without interacting with anything, constituting what we observe today
as the CMB7. The CMB represents the last scattered radiation by ionized hydrogen,
offering a primordial snapshot of the mass-energy distribution across the Universe
(see Figure 1.2). The CMB spectrum, with an average present-day temperature of
TCMB ∼ 2.725 K, adheres to the expected thermal black-body spectrum across more
than 5 orders of magnitude in intensity.

During the matter-dominated era, minor fluctuations in the gravitational poten-
tial, primarily governed by DM (refer to Section 1.5), began to grow, even though
baryonic structures had not yet emerged. This stage is referred to as the Dark
Ages, which ended when baryons collapsed to give rise to the first stars, galaxies,
and quasars. Indeed, the emitted light from these structures started ionising the
surrounding atoms, marking the start of the Epoch of Reionization (Barkana and
Loeb, 2001).

7The existence of the CMB was postulated on theoretical grounds in the late 1940s by G. Gamow,
R. Alpher, and R. Herman and then, accidentally discovered in 1964 by two Bell Laboratory radio
astronomers Penzias and Wilson (1965) while they were trying to detect sources of radiation that
may harm satellites - this discovery awarded them with the Nobel Prize in Physics in 1978.
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Figure 1.2. CMB seen by the Planck mission (see Planck Collaboration et al. 2020a for an
overview). It shows the last scattered radiation by ionized hydrogen before recombination
took place, giving us a picture of the primordial mass-energy distribution of the Universe
at that time. Before Planck there were other space missions dedicated to the CMB: the
first one specifically designed to study the CMB was the Cosmic Background Explorer
(COBE), launched by NASA in 1989 (Bennett et al., 1993), NASA’s second generation
space mission, the Wilkinson Microwave Anisotropy Probe (WMAP) was launched in
2001 to study these very small fluctuations in much more detail (see for example Bennett
et al. 2013) and, finally, ESA’s Planck was launched in 2009 to study the CMB in even
greater detail than ever before.

In the end, at z ∼ 0.5, the energy dominated era begun (Frieman et al., 2008)
initiating the accelerated expansion (Equation 1.36) of the Universe we measure
today (e.g. Perlmutter et al. 1999).

1.5 Structure formation in a nutshell

As outlined in the previous sections, the ΛCDM model assumes the Universe to
be homogeneous and isotropic. However, the current state of the Universe deviates
significantly from the ideal FLRW metric, particularly on scales smaller than tens
of Mpc: large-scale galaxy surveys have shown a complex structure of galaxies and
matter organized in clusters, voids, and filaments (the cosmic web). Hence, the
large-scale matter distribution breaks the assumption of isotropy and homogeneity:
the widely accepted scenario is that these structures originated from small initial
density perturbations, which seeds might derive from quantum fluctuations in the
Planck era, and have expanded under the influence of gravity.

DM can be modeled as a pressure-less fluid, and for slight deviations from
homogeneity, the growth of perturbations can be effectively described using the
linear perturbation theory (see Section 1.5.1). This approach yields results in good
agreement with observations of large-scale structures. However, on smaller scales,
such as galactic scales, the assumption of minor deviations in local density from the
background becomes inappropriate. In these cases, a complete Newtonian theory
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of gravity - together with a set of fluid dynamics equations to depict the evolution
of baryons - must be incorporated in what is known as the non-linear regime (see
Section 1.5.2).

1.5.1 Linear growth

In this section, we describe the evolution of small-density perturbation employ-
ing a Newtonian approximation for gravity. Considering a fluid with a uniform
distribution where small density fluctuations exist on every scale, and concentrating
on a spherical overdensity, its dynamics is governed by the interplay between two
processes: (i) gravitational instability (which makes the perturbation grow) and
(ii) pressure or free streaming (which tends to downsize the perturbation). The
evolution of density fluctuations in this framework is studied by the Jeans theory
(Jeans, 1902). In this theory, the two regimes in which gravitation or pressure/ free
streaming are dominant are separated by a characteristic length the so-called Jeans
wavelength (λJ).

Let’s assume the Universe is a perfect fluid with density ρ, pressure P , velocity
v⃗ and gravitational potential Φ. Its evolution is described by:

(i) the continuity equation (conservation of mass)

∂ρ

∂t
= −∇ · (ρv⃗) ; (1.47)

(ii) the Euler equation (conservation of momentum):

∂v⃗

∂t
+ v⃗ · (∇v⃗) = −1

ρ
∇P − ∇Φ ; (1.48)

(iii) the Poisson equation (Newtonian gravity equation):

∇2Φ = 4πGρ . (1.49)

Let’s consider small perturbations around the mean value of density (ρ = ρ0 + δρ),
pressure (P = P0 + δP ), velocity (v⃗ = v⃗0 + δv⃗) and gravitational potential (Φ =
Φ0 + δΦ). Then, let’s substitute these quantities in the previous equations and
define the dimensionless density contrast (also known as over-density) δ ≡ δρ/ρ0.
By ignoring terms higher than the first order, we obtain:

−dδ

dt
= ∇ · (δv⃗) ; (1.50)

∂δv⃗

∂t
+ (δv⃗ · ∇)v⃗0 = − 1

ρ0
∇δP − ∇δΦ ; (1.51)

∇2δΦ = 4πGδρ . (1.52)

We have three equations with four variables, thus we need to add a fourth equation
to solve the system: the EoS. This equation typically is of the form P = P (ρ, S)
with S the entropy, assuming an adiabatic perturbation the EoS does not depend on
entropy anymore, and we can relate pressure and density via c2

s = ∂P/∂ρ with cs

the speed of sound. Equations 1.50, 1.51 and 1.52 describe the evolution of small
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perturbations in a static Universe. If we re-write these equations in the Fourier
space, where each field f can be written as a combination of plane waves as

f(r⃗, t) =
∑

k

fkei(k⃗·r⃗+ωt) (1.53)

with fk the amplitude, k⃗ the wave vector and ω the angular frequency, the system
of linear differential equations becomes a system of algebraic equations. We can also
define the dispersion relation of the system8:

ω2 = k2c2
s − 4πGρ0 (1.54)

for λ < λJ the pressure term dominates and the solution for the density contrast
is given by two acoustic waves propagating in opposite directions. For λ > λJ the
gravitational instability dominates and we have a growing and decaying mode for
the density contrast δ.

The Jeans theory can be easily extended to the case of an expanding Universe
(Gamow and Teller, 1939; Lifshitz, 1946). In order to take into account cosmic
expansion, a straightforward approach involves formulating the aforementioned
equations in terms of the so-called comoving coordinates. The comoving position r⃗
is defined as a generalization of the Eulerian position x⃗, scaled by the cosmic scale
factor a(t):

x⃗ = a(t)r⃗ . (1.55)

In this coordinate system, the perturbed position is written as δx⃗ = r⃗δa(t) + a(t)δr⃗,
while the velocity is made of two terms v⃗ = ∂x⃗/∂t = ˙a(t)r⃗+a(t)dr⃗/dt. The first term
depends on the space-time expansion and the second term is the physical deviation
from the expansion, defined as δv⃗ = a(t)u⃗, where u⃗ = dr⃗/dt is the comoving peculiar
velocity. The mathematical operator is also affected by the change of coordinates as
∇x⃗ = ∂/∂x⃗ = ∂/a∂r⃗ = ∇r⃗/a.

Using the comoving coordinates, the equations describing the evolution of small
perturbations in a homogeneous, expanding Universe become:

∂

∂t
δρ + ρ0

a
∇r⃗ · v⃗ + 3Hδρ = 0 , (1.56)

∂

∂t
v⃗ + Hv⃗ = −c2

s

a
∇r⃗δ − 1

a
∇r⃗Φ , (1.57)

1
a2 ∇2

r⃗Φ = 4πGρ0δ . (1.58)

To solve the above equations we can re-write them in Fourier space and look for
solutions as a combination of plane waves. In general, we look for a solution f which
can be written as f(x⃗, t) = fk(t)eik⃗x⃗ where k⃗ is the wave-number. This time we
consider an amplitude fk which is a function of time, thus it incorporates the term
eiωt (see Equation 1.53). In Fourier space, the time and spatial derivatives become:

∂f

∂t
= ˙fk(t)eik⃗x⃗ ; ∇f = ik⃗fk(t)eik⃗x⃗ . (1.59)

8We have employed the fact that δP = c2
sδρ, where c2

s = ∂P/∂ρ is the square of the speed of
sound for a collisional fluid.
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Hence, in the Fourier space, the continuity, Euler and Poisson equations are:

δ̇k + ik⃗v⃗

a
= 0 (1.60)

˙⃗vk + ȧ

a
v⃗k = − ik⃗

a
(c2

sδs + Φk) (1.61)

Φk = −4πGρ0δka2

k2 . (1.62)

Rearranging these equations and their time derivative, we obtain

δ̈k + 2
(

ȧ

a

)
δ̇k + δk

[
kc2

s

a2 − 4πGρ0

]
= 0 (1.63)

which describes the evolution of density perturbations in an expanding Universe
that is filled with a homogeneous density field ρ0. The term 2

(
ȧ
a

)
δ̇k is due to

the expansion of the Universe. Indeed, if a = const Equation 1.54 is recovered,
while the terms kc2

sδk and −4πGρ0δk are respectively the pressure/ free streaming
and gravitational instability. Finally, as the mass-energy density has different time
dependencies according to the epoch we are considering (see Section 1.3). Using
Equation 1.63, we can calculate the evolution of mass-density fluctuations among
any era as long as δ ≪ 1 is true.

It is important to highlight that, owing to the collisionless nature of DM particles,
when assessing the evolution of DM, we must disregard the pressure term kc2

s/a2 in
Equation 1.63. Consequently, the density perturbations of DM evolve according to
the equation

δ̈k + 2
(

ȧ

a

)
δ̇k − 4πGρ0δk = 0 . (1.64)

By solving Equation 1.63 and Equation 1.64 at various cosmic epochs, we can
investigate the patterns and regimes governing the density contrast of baryons, dark
matter, and radiation (δb, δDM , δr):

• for t < teq the Universe is dominated by radiation, thus ρ0 = ρr. On scales
where the Jeans length scale is larger than the Hubble radius, λJ > dH , the
density contrast grows as δ ∝ a2. The Jeans-length scale is the minimum
wavelength above which a perturbation can collapse under its own gravity and
it is defined as λJ = cs

√
π/Gρ0. While the Hubble radius is the distance of

the observer at which the recession velocity of a galaxy would equal the speed
of light; roughly speaking, it is the radius of the observable Universe and it is
defined as dH = c/H. On smaller scales, where λJ < dH , δr and δb oscillate
as acoustic waves and do not amplify their size, while δDM grows very slowly
("stagnation" or "Meszáros effect", Meszaros 1974) and structure formation
does not take place. Baryons are coupled to radiation by Thompson scattering
as the Universe is still very hot and heavily ionised.

• for teq < t < trec the Universe is dominated by matter and, in particular, dark
matter, ρ0 ∼ ρDM . Baryons are still coupled with radiation. Thus, the general
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trend is that δr and δb oscillate while DM particles, which do not interact with
photons, collapse. The density perturbations can grow as δDM ∝ a initiating
the assembly of cosmic structures.

• for t > trec the primary contribution to the mass-energy budget remains the one
from dark matter (ρDM ). However, this time, baryons are no longer coupled
with radiation, thus they can freely track the growth of dark matter pertur-
bations (catch-up). This catch-up phenomenon is of paramount importance,
as without this phase of accelerated growth baryonic perturbations would not
have enough time to grow from the highly homogeneous scenario observed
at z ∼ 1100 to the overdensities observed today in galaxies and clusters. In
summary, δDM and δb are ∝ a, while δr oscillates.

1.5.2 Non-linear growth

So far, we delved into the evolution of small perturbations in the linear regime,
δ ≪ 1. However, the presence of current collapsed objects such as galaxies, which
exhibit densities one or two orders of magnitudes higher than ρ0, cannot be accounted
for by a linear growth of perturbations. Indeed, once gravitational instability initiates
the formation of structures, and the density contrast approaches δ ∼ 1, the linear
theory loses its validity, and we enter the so-called non-linear regime. In this regime,
the evolution of δ cannot be fully treated analytically. In a weakly non-linear regime,
some conclusions can be drawn by using the so-called "Zel’dovich approximation"
(Zel’dovich, 1970), but in a fully non-linear regime one either has to:

1. study the evolution of perturbations with ad hoc assumptions and in a very
simplified scenario (e.g. spherical collapse)

2. rely on results of N-body simulations.
In the following, we introduce and briefly focus on the spherical collapse approach
(first addressed by Gunn and Gott 1972), while N-body simulations will be discussed
in detail in Chapter 3.

Spherical collapse model

The analytical solution to the formation of gravitationally bound structures
is feasible only in the simplified, albeit illustrative, scenario of spherical collapse
(Hernquist, 1990; Cole and Lacey, 1996; Pace et al., 2010). Consider a flat, matter-
dominated, expanding Universe that contains a homogeneous, spherically symmetric
region. The initial density contrast associated with the sphere is δsph. Assuming
that the mass inside the sphere, Msph, remains constant, the structure evolves under
the influence of the Newtonian force:

d2r

dt2 = −GMsph

r2(t) (1.65)

where r(t) is the time-evolving radius of every shell inside the sphere. By integrating
the previous equation, we obtain:

1
2

(
dr

dt

)2
− GMsph

r
= E (1.66)
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where the integration constant E is the specific energy of a shell at radius r.
For E = 0, the solution of Equation 1.66 is

r(t) =
(9GM

2

)1/3
t2/3 . (1.67)

During the matter-dominated epoch, a(t) ∝ t2/3 thus r ∝ a(t): the mass shell grows
at the same rate as the Universe, δsph ∝ δ, the sphere does not collapse.

For E < 0 we can write the solution in a parametric form as r = A(1 − cosθ)
and t = B(θ − sinθ) with A = GM/2 |E|, B = GM/(2 |E|)3/2 and θ = [0, 2π]. For
θ = π we find the turn-around radius rta = 2A, which is defined as the radius at
which expansion stops and the collapse phase begins. The interval between the start
of the perturbation, tin, and the point of collapse is defined as the turnaround time:

tta = π

√
A

GMsph
∼ 1.095 tin

δsph
(1.68)

which shows that the higher the initial density contrast of the spherical region, the
sooner the collapse begins.

After reaching the non-linear regime at a certain time, there are three character-
istic timescales for structure formation in an expanding Universe:

1. the time of turn-around tta, when the maximum expansion is reached and the
overdensity begins the collapse;

2. the time of collapse tcoll = 2 tta when an ideal perturbation would finally fall
into a singularity;

3. the time of virialization tvir ∼ 3 tta when the perturbation reaches its actual
minimum radius.

Dark matter Halos

As we already discussed, the above spherical collapse model is overly simplified
and does not accurately represent the real Universe. In reality, density fluctuations
are unlikely to be spherically symmetric or isolated. Also, after the collapse, there is
typically a relaxation process known as virialization, where the collapsing material
settles into an equilibrium configuration called halo. Once virialized, a halo of mass
Mh can be characterized using the virial radius Rvir, the circular velocity vh, and
the virial temperature Tvir (for a more detailed derivation of these quantities, refer
to Barkana and Loeb 2001):

Rvir = 0.784
(

Mh

108h−1M⊙

)1/3 [ Ωm∆c

18π2Ωm(z)

]−1/3 (1 + z

10

)−1
h−1 kpc (1.69)

vh = 23.4
(

Mh

108h−1M⊙

)1/3 [ Ωm∆c

18π2Ωm(z)

]1/6 (1 + z

10

)1/2
km/s (1.70)

Tvir = 2 × 104
(

µ

0.6

)(
Mh

108h−1M⊙

)2/3 [ Ωm∆c

18π2Ωm(z)

]1/3 (1 + z

10

)−1
K (1.71)
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where µ is the mean molecular weight9 and ∆c is the final overdensity relative to
the critical density at the redshift of collapse defined as

∆c = 18π2 + 82(Ωm(z) − 1) − 39(Ωm − 1)2 . (1.72)

Press and Schechter (1974) (PS) were the first to derive a prediction for the
mass function of dark matter halos, based on the gravitational collapse of an initial
Gaussian distribution of density fluctuations (for a comprehensive description of the
full non-linear treatment, see Coles and Lucchin 2002). They derived the comoving
number density of halos, dn, with mass between M and M + dM :

M
dn

dM
=
( 2

π

)1/2 −d(lnσ)
d(lnM)

ρ(0)
lnM

νce
−ν2

c /2 (1.73)

with ρ(0) the mean mass density today, σ the standard deviation of the density
contrast smoothed through a specific window, and νc is the minimum number of
standard deviations for a collapsed fluctuation. According to the PS theory, during
very early times, the Universe is sparsely populated with gravitationally bound
objects. Then, as time passes/redshift decreases, the number of dark matter halos
increases, and the maximum halo mass grows through mergers of smaller halos.
Conversely, the abundance of low-mass halos decreases with redshift, as a result
of their mergers to build up larger halos. This constitutes the concept behind the
hierarchical assembly of dark matter halos and galactic discs.

1.6 Brief overview of galaxy formation and evolution
The first ingredient to study galaxy formation and evolution requires the definition

of a cosmological framework (ΛCDM model, Section 1.3) within which galaxies form
and evolve; the second ingredient is to include the formation and evolution of DM
halos which will host the first luminous objects and galaxies (Section 1.4), that
we observe with our modern telescopes. In this section, we briefly introduce the
assembly and evolution of galaxies (i.e. baryons) in our Universe.

The standard theoretical model of galaxy formation was outlined in the paper by
White and Rees (1978) and predicts that baryons are accreted onto DM potential
wells. In fact, while baryonic perturbations cannot grow until Recombination at
z ∼ 1100, DM perturbations are allowed to grow right after the equivalence time
(teq) at z ∼ 3000, therefore forming the potential wells in which baryonic matter
falls after decoupling from radiation.

Throughout the accretion process, the infalling gas undergoes a thermal shock
at Rvir (Equation 1.69) and is heated to the virial temperature Tvir (Equation
1.71) — the temperature characteristic of dark matter in the halo (see Binney 1977).
The gaseous baryonic halo, nested within the dark matter halo, operates within a
quasi-hydrostatic regime, counteracting gravitational collapse with pressure support.
Over time, hot gas halos cool due to radiative processes, leading to a loss of pressure.

9In general, the value of µ depends on the ionization fraction and composition of the gas. Thus,
for a primordial gas composition, it only depends on the ionization fraction of the gas resulting in:
µ = 0.59 for a fully ionized primordial gas and µ= 0.61 for a gas with ionized hydrogen but only
singly ionized helium.
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Figure 1.3. Cooling functions
Λ(Tvir, Zgas) for gas in colli-
sional ionization equilibrium are
shown as a function of tem-
perature, for different metallici-
ties. Λ(Tvir, Zgas) increases with
increasing metallicity, reducing
the cooling time of metal-rich
gaseous halos. The cooling func-
tion for the primordial compo-
sition of the gas (bottom line)
is shown in Figure 1.4 as well.
Adapted from Sutherland and
Dopita (1993).

Consequently, the gas descends toward the center of gravitational potential wells,
giving rise to the formation of disks10. The cooling efficiency of the gas depends
on its temperature (Tgas, which determines its ionisation state) and its chemical
composition. In particular, the main processes contributing to gas cooling are:

• line cooling, which is due to de-excitation emission of atoms recombining
in an excited state from a collisionally ionised medium, or simply decaying
radiatively to the ground state after a collisional excitation;

• roto-vibrational de-excitation emission of molecules, particularly H2 molecules.
This process is of paramount importance in a pristine medium to allow the
formation of the first population of stars, at T ≲ 104 K, so that the electronic
levels of H are not efficiently excited/ionised by collisions, as it is the only
available cooling channel;

• Bremsstrahlung or free-free emission, from the deceleration of electrons de-
flected in the field of atomic nuclei. Particularly efficient when the medium is
almost entirely ionised;

• inverse Compton scattering, related to the Sunyaev Zel’dovich (SZ) effect in
which CMB photons are scattered by hot electrons in the gas phase (e.g. in the
intracluster medium). This process is only efficient at high redshifts (z ≥ 6).

We can define the cooling timescale (tcool) for the gas as:

tcool = 3
2

(
ρgas k Tvir

µ mp

)
·
[
ρ2

gas Λ(Tvir, Zgas)
]−1

(1.74)

with ρgas the density of the gas and Λ(Tvir, Zgas) the cooling function, first introduced
by Sutherland and Dopita (1993), which depends on the gas metallicity defined as
Zgas = MZ,gas/Mgas

11.
10A key requirement for galaxy formation is that gas cooling prevails overheating.
11With MZ,gas the total mass of metals in the gas phase.
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Figure 1.4. Cooling rates as a func-
tion of T for a primordial gas
composed of H, He, and H2. The
assumed hydrogen number den-
sity is nH = 0.045cm−3, however
the quantity Λ/n2

H is roughly in-
dependent of density. The solid
line is the cooling function for
an atomic gas and the dashed
line shows the additional contri-
bution of molecular cooling as-
suming a molecular abundance
equal to 0.1% of nH. Taken from
Barkana and Loeb (2001).

Figure 1.3 shows that the cooling function is strongly dependent on the metallicity
of the gas: at high metallicity there are more channels available for line cooling,
implying that metal-rich gas will cool more efficiently than metal-poor gas. Also,
it can be seen that at any metallicity, the function drops at T ≤ 104 K (see
also Figure 1.4), as most of the electrons have recombined. Hence, collisional
excitations/ionizations occur at much lower rates and, if molecules (e.g. H2 and
CO) are present in the gas, collisional excitations of their rotational and vibrational
levels contribute to gas cooling. At T ≤ 106 K, line cooling is dominant, as shown
by the two peaks due to HI and HeII for a pristine gas, and the peak due to metals
at T ∼ 105 K for an enriched medium. Finally, at T ≥ 106 K for a pristine medium
and T ≥ 107 K for an enriched one Bremsstrahlung dominates.

The importance of cooling can be understood by comparing tcool with the free-fall
timescale τff ∼ 1/

√
Gρ which expresses the characteristic duration of gravitational

collapse in the absence of pressure. In fact, if tcool > τff the gas becomes pressure
supported, the contraction slows down and proceeds quasi-statically forming a hot
atmosphere within the DM halo and undergoing a gradual cooling process over an
extended period (hot mode accretion) (Rees and Ostriker, 1977; White and Rees,
1978; Fall and Efstathiou, 1980). However, if tcool < τff the gas can cool rapidly and
collapse proceeds roughly in a free-fall time: cold gas from the IGM directly accrete
onto the galaxy (cold mode accretion). This mode of gas accretion prevails in the
case of less massive dark matter halos (MDM ≤ 1012 M⊙) and at high redshifts,
progressing through cold, dense filaments (Birnboim and Dekel, 2003; Dekel and
Birnboim, 2006; Ocvirk et al., 2008; Brooks et al., 2009; Kereš et al., 2009; Stewart
et al., 2011). As the gas cools and condenses within DM halos, star formation has to
occur in galaxies to produce the stellar light we observe. Gravitational instabilities
within cold, dense gas clouds initiate the collapse of these clouds, eventually leading
to the birth of stars (Schmidt, 1959; Kennicutt, 1998; McKee and Ostriker, 2007;
Krumholz et al., 2012).

The cosmic epoch before the formation of the first collapsed objects (so-called
first stars or Population III stars) is named Dark Ages because the Universe was
completely dark, made only of neutral gas and luminous sources were completely
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absent. Population III (PopIII) stars are thought to be formed about 100 million
years after the Big Bang from the collapse of pristine gas (H, He, Li) within dark
matter halos with masses around ∼ 106 M⊙ (see Klessen and Glover 2023 for a
recent review). At these early epochs, the main gas coolants were roto-vibrational
de-excitation emissions from primordial molecules. This collapse led to the formation
of the first protostellar objects (i.e. PopIII) and subsequently of thermonuclear
reactions in their cores. PopIII stars were very massive objects (stellar masses from
∼ 10 M⊙ up to > 100 M⊙, see Bromm and Larson 2004; Klessen and Glover 2023),
thus they ended their life very rapidly exploding as supernovae and clearing most
of the gas from their DM halos12. Since these halos lost most of their gas because
of the SN explosions, they are not able to host future episodes of star formation.
Therefore, it is thought that the formation of the first galaxies (and Population II
stars) occurred later, few hundred million years after the Big Bang, and in larger
DM halos (MDM ∼ 108 M⊙).

After this early phase, galaxy formation continued following a wide range of
evolutionary scenarios depending on the local conditions, the properties of the gas
and the interactions with other systems (e.g. merging) and with their surrounding
environment. The evolution of galaxies is thought to be driven by the so-called
baryon cycle, where galaxies accrete gas from the surrounding environment and then
gradually convert this gas into stars. The cooling and condensation of H, and its
conversion into H2 to fuel star formation, are key processes driving galaxy evolution.
Once the gas is accreted from outside the galaxy (inflows) and converted into stars,
feedback mechanisms and gas ejections (outflows) come into play and pollute the
environment (circumgalactic medium) around the galaxy with heavy elements that
have been produced by stellar nucleosynthesis.

To fully understand galaxy formation and evolution a self-consistent treatment
of the physical processes of baryonic matter (gas, stars, dust), their kinematics,
their evolution within an expanding Universe and their gravitational interactions
is required. The study of these processes requires both direct observations (done
with cutting-edge space and ground-based telescopes, see Chapter 2) and theoretical
models (e.g. hydrodynamical codes, see Chapter 3). The interplay between models
and observations to study the evolution of galaxies and the relation with their
surrounding medium have a crucial role in this thesis.

12So far PopIII stars have been studied using theoretical models and, only recently, thanks to
the JWST there have been some tentative HeII line observations that can suggest the presence of
these first stars (see for example Wang et al. 2022; Maiolino et al. 2023b; Vanzella et al. 2023).
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Chapter 2

High-z galaxies: observations

In this Chapter we deal with the observations which are fundamental for the
investigation of galaxy formation and evolution. In particular, we focus our attention
on some state-of-the-art instruments and their results which are relevant for the
aims of this thesis.

We are particularly interested in multi-wavelength observations, needed to obtain
a complete view of galaxy properties and their evolution. Indeed, galaxies are multi-
component systems that emit radiation in different regions of the electromagnetic
spectrum through diverse processes. Ground-based telescopes, such as ALMA (see
Section 2.2), can access millimeter and sub-millimeter wavelength windows1 giving
us information about the gaseous component and dust properties of early galaxies
(z ≥ 4). On the other hand, the information gained from ground-based telescopes
has to be complemented with space telescopes (such as HST/ Spitzer and JWST,
see Section 2.3) which are able to observe the UV, optical, and near-infrared thus
the light mainly coming from the stellar component of galaxies at high-z.

2.1 Observational tools

Telescopes can be divided in two main categories: ground-based telescopes and
space telescopes. The limits and strengths of one or the other category are due
to our atmosphere and its emission and/or absorption. In fact, because of poor
atmospheric transmission or strong atmospheric emission, observations in the X-ray
(λ ∼ 0.1 − 10 nm), UV (λ ∼ 120 − 300 nm) and IR (λ ∼ 3 − 600 µm) requires space
telescopes. Optical (λ ∼ 300 − 800 nm) and NIR (λ ∼ 0.8 − 2.5 µm) observations
can be performed from Earth, despite the presence of atmospheric OH line-emission,
thermal emission (in K-band and mid-IR bands) and atmospheric absorption add
some background to the NIR observations and turbulence in the atmosphere blurs
images. In general, ideal locations for observations are high mountain peaks, above
the atmospheric inversion layer (mountains in Chile), or in the vicinity of large
oceans, because of their stabilising capability (e.g. Hawaii, USA and Canary Island,

1Here we only highlight the portion of the electromagnetic spectrum which is relevant for the
investigation of the high-z Universe.
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Spain). Millimeter and sub-mm (λ ∼ 0.5 − 3.5 mm) observations2 together with
radio (λ ∼ 0.7 − 1000 cm) observations can be performed using single dishes or
interferometers.

To date, optical instruments are the most sensitive, being able to reach the lowest
flux density noise levels, but interferometric (radio and sub-mm) observations can
reach higher spatial resolutions. For the purpose of this thesis, we mainly deal with
observations from the ground-based telescope ALMA (Section 2.2) and results from
the space telescope JWST (Section 2.3).

2.1.1 Introduction to astronomical observations

Almost all the information we can obtain from galaxies is derived from the
radiation (either in emission or absorption) we receive from them. The radiation
emitted from a source is characterized by its SED, fλ dλ, which is the total energy
of emitted photons with wavelengths in the range λ to λ + dλ.

Photometry

Photometric observations are generally carried out at specific wavelengths, thus
the observed flux from an object is related to its SED by

fX =
∫

fλFX(λ)R(λ)T (λ)dλ (2.1)

with FX(λ) the transmission of the filter that defines the waveband (X), T (λ) is the
atmospheric transmission and R(λ) incorporates both the telescope’s transmission
and the efficiency with which the instrument detects photons 3. Note that, from
Equation 2.1, the observed flux only depends on the spectral energy distribution
and the chosen filter. In every photometric system, each filter is associated with a
filter function which is characterised by an effective wavelength λeff and a bandwidth
usually assumed as the FWHM, defined as |λ1 − λ2| with FX(λ1) = FX(λ2) = half
of the peak value of FX(λ). Depending on the FWHM of the filters, we talk about
"broad-band photometry" when the FWHM are all ≥ 10% of the corresponding λeff ,
and this is particularly useful to characterise the overall shape of the SED. On the
other hand, "narrow-band photometry" with much narrower filters is adopted to
image objects in a specific emission line, or to study detailed properties of the SED.
Medium and narrow-band filters deliver more detailed spectral information at the
expense of costing more observing time to cover the full wavelength range.

Magnitudes

The flux of an astronomical object is usually referred to based on its apparent
magnitude:

mX = −2.5 log(fX/fX,0) (2.2)
2These observations require low humidity levels, thus millimeter and sub-millimeter instruments

are located on the driest places on Earth.
3In general fX has to be corrected for atmospheric absorption and telescope efficiency. This is

usually done by calibrating the data using standard objects with known fλ.
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with fX,0 is a reference flux defined as the one in the X band of the bright star Vega.
While for the ’AB-magnitudes’ it is defined as:

fX,0 = 3.6308 × 10−20 erg s−1 cm−2 Hz−1. (2.3)

Similarly, the luminosity is often expressed in terms of absolute magnitude MX =
−2.5 log(LX) + CX with CX the zero-point value.

Spectroscopy

Spectroscopic observations provide the source spectrum, i.e. its SED fλ or fν

defined so that fλdλ = fνdν is the flux received in the elemental wavelength range
dλ at λ and in the elemental frequency range dν at ν.

Spectroscopic observations give us a lot of information about the galaxy we are
observing that photometry cannot; spectroscopic techniques disperse the light over a
range of spectral resolution elements, allowing for detailed measurements of specific
features such as emission and/or absorption lines. Typical spectroscopic instruments
can either observe a single target (through a slit) with high spectral resolution, or
multiple targets at moderate spectral resolution. Another technique is adopted by
integral field unit spectrographs (IFUs) where imaging is combined with spectroscopy
and a spectrum is delivered for each pixel in the spatial coverage. This is particularly
useful to study spatially resolved galaxies, but also to identify objects for which the
line emission is offset from the continuum emission (hence possibly missed by slit
spectroscopy) and objects which are very faint in the continuum, but with strong
emission lines. The downsides are that the spatial coverage is smaller than that from
imaging cameras, and the spectral resolution and wavelength coverage are limited
compared to that attainable by slit spectroscopy.

By looking at a spectrum of an astronomical object, we not only have information
about the continuum (thus the stellar contribution), but also on the emission and
absorption features that are associated with the atoms and molecules present in
the ISM and CGM of the galaxy. By analysing a spectrum and its characteristic
emission/absorption features we can infer the physical properties of the galaxy,
such as its metal content, dust mass budget, star formation activity etc. and its
environment.

2.1.2 Selection techniques for distant galaxies

To understand galaxies in the distant Universe, one would need to construct
a complete sample of galaxies, with minimal contamination, for example using
spectroscopy. In fact, with a deep and wide spectroscopy surveys we can construct
a galaxy sample with high-confidence redshifts, particularly when the continuum
and/or emission lines are observed. This has been accomplished in the low-redshift
Universe (e.g. Sloan Digital Sky Survey, Strauss et al. 2002), but because of the
faintness of distant galaxies it has been more difficult to obtain wide-field, blind
spectroscopic surveys for the z ∼ 6 universe. JWST is opening a new window on
the early universe as it makes it possible to perform these surveys to the high-z.

We can classify all the techniques needed to obtain samples of galaxies in the
distant Universe, in three categories: identification of spectral breaks in the rest-
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frame UV or optical continuum, emission line selection and infrared continuum
selection.

Spectral break selection

The intrinsic spectra of star-forming galaxies exhibit two spectral breaks, (i) the
Lyman break at 912 Å and (ii) the Balmer break at 4000 Å. The first one is due
absorption of photons with λ < 912Å by neutral gas (HI) in the ISM of galaxies,
while the second one is the result of absorption by the higher order Balmer series
lines down to the Balmer limit (3646 Å). This break can become strong in galaxies
dominated by older stellar populations, but it is typically much weaker than the
Lyman break.

The neutral gas along the line-of-sight (either in the cosmic web or in the CGM
of galaxies) absorbs the escaping ionising radiation (with rest-frame λ < 912 Å)
enhancing the Lyman break. Additionally, the continuum of galaxy spectra between
912 and 1216 Å is attenuated by Lyα absorption lines (Lyman-α forest). This last
effect depends on the redshift we are considering, as in high-z systems more opacity
is encountered along the line-of-sight. In fact, by z ≥ 5 the region of the spectrum
between the Lyman continuum edge and the Lyα is essentially absorbed, such that
no flux is received below 1216 Å, compared to 912 Å at lower redshifts.

While, the Lyman break is the primary spectral feature typically used in modern
searches up to z ∼ 10 galaxies (Bouwens et al., 2015), it is susceptible to contaminants
such as extremely dust-obscured galaxies and brown dwarf stars in the Milky Way
(Bowler et al., 2014). Moreover, another caveat is that the Lyman-break selection is
biased against dust-obscured galaxies.

Emission line selection

Another method to select high-z galaxies is via strong emission lines. For example
the Lyman-α (λrest = 1216 Å) can be recognised using narrow-band filters: a galaxy
with a line at a specific wavelength covered with a narrow band filter will appear
brighter than in a broadband filter covering the same wavelengths. The most common
lines that are used to select galaxies are Lyα, [OII]3727, [OIII]5007 and Hα lines, but
also the FIR [CII] line and other rest-frame UV lines. Emission lines selection is
biased towards star-forming galaxies or galaxies with AGN activity, and it is not
sensitive to passive galaxies. Similarly to Lyman-break selection, the rest-frame UV
emission line samples may miss heavily obscured galaxies (Oteo et al., 2015).

Infrared selection

The previously discussed methods rely either on the detection of stellar continuum
emission or of nebular gas emission. Another method to select galaxies is based on
the FIR or sub-mm emission coming from the UV radiation that is re-processed
by dust grains in the ISM (e.g. Hughes et al. 1998; Draine 2011). This method is
less sensitive than optical surveys and source confusion, because of limited spatial
resolution, is significant; sub-mm is particularly useful to characterise sources with a
high dust mass content for which the Lyα is easily attenuated. The two strategies
are therefore highly complementary.
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2.2 ALMA telescope

ALMA is located in Chajnantor plateau (Chilean Andes), 5000 m high, and
operated by the European Southern Observatory (ESO) together with the National
Radio Astronomy Observatory (NRAO) and the National Astronomical Observa-
tory of Japan (NAOJ). It is a state-of-the-art telescope, composed of 66 antennas
which work together as a unified machine and that can be arranged in different
configurations, where the maximum distance (baseline) between antennas can vary
from 150 m to 16 km, going from a more compact to broader configuration. As the
distance between the antennas increases, the resolution capacity of the interferometer
increases, enabling it to capture more subtle details. The possibility of combining
signals from antennas4 separated by several kilometers of baseline is crucial to
obtaining an extremely fine resolution and very detailed images.

ALMA operates in the wavelength range that goes from 0.32 to 3.6 mm, studying
the building blocks of stars, planetary systems, galaxies and life itself, providing
scientists with detailed images of stars and planets being born in gas clouds near our
Solar System, and detecting distant galaxies forming at the edge of the observable
Universe. It has recently opened a window to explore the cold neutral and molecular
gas in early galaxies with unprecedented levels of detail (Capak et al., 2015; Le Fèvre
et al., 2020; Bouwens et al., 2022b), topics that will be further addressed in this
thesis. In the following sections, we are going to present two ALMA Large Programs
which are relevant for our research and which help us investigate the early Universe
and galaxies build up using large samples of z > 4 sources.

2.2.1 ALMA-ALPINE survey at 4 < z < 6

The ALMA Large Program to INvestigate [CII] at Early times (ALPINE) features
118 normal star-forming galaxies (SFGs) observed in the [CII] 158 µm line and FIR
continuum emission during the period of rapid mass assembly, right after the end
of the HI reionization at redshifts of 4 < z < 6. This redshift range is particularly
interesting as it represents the transition phase between primordial galaxy formation
(Epoch of Reionization, z > 6) and more mature galaxy evolution (z ∼ 2 − 3),
providing a crucial link between early galaxies and late galaxies (see Figure 2.1).

In this context, out of the sample of 118 galaxies, ALPINE detected 75 (∼ 64%) in
[CII] 158 µm with S/N > 3.5 and 23 (∼ 20%) in dust continuum. A full description
of line and continuum measurements can be found in Béthermin et al. (2020c).
The complete ALPINE source list can be found in Table 1 of Le Fèvre et al.
(2015), together with (RA,DEC) positions, spectroscopic redshift and [CII] S/N
when detected above 3.5σ (95% purity, where purity ≡ Nreal/(Nreal + Nspurious), see
Béthermin et al. 2020c).

The main science goals of the ALPINE survey can be summarised as follows:

• investigate the relation, if present, between [CII] 158 µm luminosity and star-
formation in the early Universe. In fact, a correlation between [CII] 158 µm
luminosity and total SFR is expected from studies at z = 0 − 2, and ALPINE
has been conceived to study this relation at z ∼ 5 using the largest sample of

4This can be done using a supercomputer called the Correlator.



32 2. The assembly of galaxies at z > 4 : observations

Figure 2.1. Cosmic SFR density as a function of cosmic time and redshift. It increases
during primordial galaxy assembly and evolution, until it reaches a peak at z ∼ 2 − 3.
Then, it declines because of the emergence of quiescent galaxies during the mature
galaxy evolution phase. ALPINE galaxies sit in the Early Growth Phase at z ∼ 4 − 6
(red shaded area), which connects primordial and mature galaxy evolution. The data
points are from Madau and Dickinson (2014a) and Bouwens et al. (2015), and the gray
images show the change in galaxy structure across cosmic time. Taken from Faisst et al.
(2022).

[CII] emitters to date and compare it to observations at lower redshifts as well
as to theoretical models (e.g. Schaerer et al. 2020);

• use the dust continuum and [CII] emission to study the total SFR density
at z > 4, including the contribution of dust-obscured star formation (e.g.
Fudamoto et al. 2020; Gruppioni et al. 2020; Khusanova et al. 2021);

• investigate gas dynamics and merger statistics from [CII] kinematics and
quantification of UV-faint companion galaxies (e.g. Le Fèvre et al. 2020; Jones
et al. 2021; Romano et al. 2021);

• study the gas fraction and dust properties for z > 4 galaxies (e.g. Pozzi et al.
2021; Sommovigo et al. 2022a);

• characterise the ISM properties using LFIR/LUV and [CII]/FIR continuum
diagnostics for a large sample of galaxies (e.g. Dessauges-Zavadsky et al. 2020);

• quantify outflows and feedback processes in z > 4 galaxies from [CII] line
profiles, in particular from the width and broad component of the emission
line (e.g. Ginolfi et al. 2020d).
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Figure 2.2. Redshift distribution
of the ALPINE sample using
spectroscopic redshifts from the
UV-rest frame spectra (Le Fèvre
et al., 2020; Hasinger et al., 2018).
The red hatched part is for those
sources with [CII] S/N > 3.5σ,
while the empty histogram is for
all the observed sources. Taken
from Le Fèvre et al. (2020).

The ALPINE sample is drawn from large spectroscopic samples of normal
SFGs in the Cosmic Evolution Survey (COSMOS, Scoville et al. 2007a,b) and
Extended Chandra Deep Field South (E-CDFS, Giacconi et al. 2002; Giavalisco et al.
2004; Cardamone et al. 2010). Its selection is based on galaxies having a reliable
spectroscopic redshift in 4.4 < zspec < 5.9 (<zspec> ∼ 4.7), excluding 4.65 < z <
5.05 where the [CII] 158 µm line falls in a low transmission atmospheric window (see
Figure 2.2). Accurate redshift determinations come from spectroscopic campaigns
at the Very Large Telescope (VUDS, Le Fèvre et al. 2015; Tasca et al. 2017) and
Keck (DEIMOS, Hasinger et al. 2018).

The campaign lasted for ∼ 70 hours, and the observations were carried out in
Band 7 (275-373 GHz) during Cycles 5 and 6. Each target was observed for about
30 minutes and up to one hour of integration time, with the phase centers pointed at
the UV rest-frame positions of the sources. The availability of spectroscopic redshifts
allows to accurately set the main spectral window on the expected [CII] frequency.

Galaxies are UV-selected (Le Fèvre et al., 2015) with LUV > 0.6 L∗ to include
most of the star formation traced by the UV and excluding type I AGN identified from
broad spectral lines. The absolute UV luminosity cut (MUV < −20.2) is equivalent
to SFR > 10 M⊙ yr−1. Assuming the relation between the [CII] luminosity and the
SFR proposed by De Looze et al. (2014a), the star formation rate limit is equivalent
to a minimum [CII] 158 µm luminosity of L[CII] > 1.2 ×108 L⊙

5. The cut in UV
magnitude has been chosen in order to maximize the number of [CII] 158 µm line
detections according to the L[CII] - MUV relation found in Capak et al. (2015) based
on 10 z ∼ 5.5 galaxies with similar observations. Although naturally biased to
the brightest galaxies, this diverse selection function makes ALPINE an exemplary
panchromatic survey that enables the study of a representative high-z galaxy sample

5Some galaxies with SFR below ∼ 1 solar masses per year were included when made possible
by the observational setup.
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Figure 2.3. The diagram shows the multi-wavelength data products that are available
for all the ALPINE galaxies. The spectrum sketch is based on a typical z = 5 galaxy.
Adapted from Faisst et al. (2020) (see also Béthermin et al. 2020a).

at UV, optical, and FIR wavelengths.
To summarize, the ALPINE team combined ALMA observations in the far-

infrared with ancillary imaging and spectroscopy products at the rest-frame UV and
optical wavelengths. Figure 2.3 shows an example spectrum of a galaxy at z = 5
with an illustration of the various features probed by ALPINE and ancillary data.

The ALPINE sample is representative of the overall SFG population, meaning
that most of its galaxies are positioned on or near the so-called main sequence in the
SFR versus M⋆ plane observed at these redshifts. Figure 2.4 taken from Faisst et al.
(2020), shows the ALPINE galaxies on the z = 5 main sequence. The galaxies are
color-coded according to their [CII] emission measured by ALMA (in Jy km s−1) 6.
In order to be consistent with other studies on the COSMOS field, the SED fitting
code LePhare 7 (Arnouts et al., 1999; Ilbert et al., 2006) has been adopted to derive
e.g. stellar masses, SFRs, absolute magnitudes, optical dust reddening and UV
continuum slopes for the ALPINE galaxies. Stellar masses and SFRs are compared
to all galaxies (with photometric redshifts) at 4 < z < 6 in the COSMOS catalog
(Laigle et al. 2016, blue points) as well as the main-sequence parameterization by
Speagle et al. (2014) at z = 5. The comparison to the COSMOS parent sample

6This time the [CII] emission is measured combining the flux of the line (in Jy) together with
the width of the line (in km/s) providing a measure of the total amount of energy emitted over a
certain velocity range.

7http://www.cfht.hawaii.edu/~arnouts/lephare.html. Note that in Faisst et al. (2020), the
authors compared the stellar mass, SFRs and absolute UV magnitudes derived using two SED-fitting
codes. They concluded that most suitable code among the two was the LePhare one (see discussion
in Section 4.1 of Faisst et al. 2020).

http://www.cfht.hawaii.edu/~arnouts/lephare.html
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Figure 2.4. Relation between stellar mass and SFR (main-sequence) of ALPINE galaxies
compared to all COSMOS galaxies at 4 < z < 6 (blue points) and the main-sequence
parameterization at z = 5 by Speagle et al. (2014) (gray band with ±0.3 dex width).
Galaxies with contaminated Spitzer photometry are marked with squares (their stellar
mass is likely an upper limit) and mergers (classification by Le Fèvre et al. 2020) are
shown as stars. The color denotes the [CII] flux in Jy km s−1 measured by ALPINE.
Galaxies that are not detected at the 3.5 σ level are shown with white face color. Taken
from Faisst et al. (2020).

indicates that the ALPINE one is a fair representation of the overall population of
star-forming z > 4 galaxies. At higher stellar masses, it also includes galaxies that
lie 2 − 3 σ below the main-sequence. Note that two of these galaxies at Log(M⋆/M⊙)
∼ 10.3 and 10.7 are upper limits8 and the other two galaxies at Log(M⋆/M⊙) ∼ 10.6
and 10.9 do not show [CII] emission, which is expected if they are systems of low
SFR below the main-sequence. Moreover, there are galaxies with a SFR of less than
∼ 10 M⊙ yr−1, below the threshold adopted in the initial selection. We emphasize
that the initial selection was based on the observed absolute UV magnitude and not
on any property derived from SED fitting (such as the SFR). This discrepancy is
therefore expected within the uncertainty of measuring SFRs from SED fitting.

The ALPINE sample has been employed to study the dust mass content of
main sequence galaxies at z > 4 with a statistically robust dataset for the first
time. Before diving into the results obtained by the analysis of ALPINE sources,
it is important to introduce how dust masses (Mdust) are estimated. In general,

8This is due to their contaminated Spitzer photometry. Indeed, ALPINE galaxies are also
covered by four Spitzer channels from 3.6 µm to 8.0 µm from the SPLASH survey (Capak et al.,
2013; Steinhardt et al., 2014; Laigle et al., 2016) and the large point spread function (PSF) sizes
of Spitzer observations may lead to an overestimation of the flux, hence of the stellar masses. See
Faisst et al. (2020) for more details on the photometry and SED fitting.
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as dust absorbs the light in the optical/UV wavelengths and ri-emit (via thermal
emission) in the IR/sub-mm part of the spectrum, in order to have a complete
view of its role and abundance in the ISM of high-z galaxies we ideally need to
cover both these wavelength ranges. When multi-wavelengths observations of dust
continuum are available it is possible to fit a physical model to the dust emission in
order to constrain dust grains properties (such as the dust mass and temperature,
and IR luminosity). The modifies black body is adopted for the fitting procedure
and it depends on three parameters: the dust temperature (Tdust), the dust mass
(Mdust) and the dust emissivity (β). Moreover, the dust can be optically thick at
short wavelengths (λ ≲ 100 − 200 µm; see for example Casey 2012) introducing the
additional parameter λthick = c/νthick where the optical depth (τν) equals unity. The
optical depth is defined as the integral over the line of sight using τν =

∫
κν ρdust ds

where κν is the dust mass absorption coefficient 9 and ρdust is the dust mass density.
The most general form for an optically thick modified black body can be written as:

Sνobs
=
(

1 + z

d2
L

)(
1 − e−τν

τν

)
MdustκνBν(Tdust) (2.4)

with ν and νobs the frequencies in the source rest-frame and observed frame, dL the
luminosity distance at redshift z.

In Pozzi et al. (2021), the authors used the rest-frame FIR fluxes of the 23
continuum individually detected galaxies and stacks of continuum images to measure
the dust content of the ALPINE galaxies concluding that they show dust masses and
SFR values typically consistent with intermediate- and low-mass proto-spheroids
which result in present-day bulges of spiral or elliptical galaxies. While, galaxy
discs, such as that of the Milky Way, show at high-z SFR values smaller than 10
M⊙/yr and dust masses much lower than the ones measured in ALPINE galaxies.
Particularly relevant for this thesis is the analysis done by Pozzi et al. (2021) on
the estimate of dust masses in ALPINE galaxies and its variation according to the
assumed dust temperature. The authors derived the dust masses using a modified
black body fit and under the optically thin approximation (Bianchi, 2013), thus
τν ≪ 1 and (1 − e−τν )/τν ∼ 1. In this approximation, Equation 2.4 can be written
as:

Mdust = d2
LSνobs

(1 + z)κνBν(Tdust)
(2.5)

with ν and νobs the rest-frame and observed frequencies, Bν(Tdust) is the Planck
function, dL the the luminosity distance, κν the grain absorption cross section per
unit mass and Sν is the observed flux corresponding to a rest-frame frequency at
which the dust can be considered optically thin. Figure 2.5 shows the dust mass
of ALPINE galaxies as a function of redshift, in particular, the authors report the
dust mass values for two different assumed dust temperatures: 25 K and 35 K. Pozzi
et al. (2021) considered the fiducial temperature value to be T = 25 K, highlighting
that T = 20 K would increase the dust masses by a factor of 20%, while T = 35 K
would produce a decrease of the order of 60%. This temperature dependence of dust
mass estimates is further investigated in Chapter 4 of this thesis, where we analyse
the dust mass stellar mass relation at high-z.

9This coefficient is defined as κν = κ0(ν/ν0)β and it is normalized to ν0.
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Figure 2.5. Dust masses of the ALPINE continuum selected galaxies as a function of
redshift. Filled circles are the dust masses estimated assuming T = 25 K, while empty
circles are those with T = 35 K. Blue and red colors show detections respectively in
4 < z < 5 and 5 < z < 6. Observations from Mancini et al. (2015) and Leśniewska and
Michałowski (2019) are shown for comparison. Taken from Pozzi et al. (2021).

In addition, ALPINE also provides the first morpho-kinematic classification of
galaxies, which allows us to study the build-up of structure in galaxies as well as
the emergence of "disk galaxies" (i.e. smooth rotators). In fact, based on visual
inspection (qualitative information) of the [CII] 3D (i.e. RA, DEC, velocity) data
cubes, Le Fèvre et al. (2020) found a surprisingly wide range of galaxy types which
define the morpho-kinematic classes of i) Rotator; ii) Interacting systems (mergers);
iii) Extended Dispersion dominated; iv) Compact Dispersion dominated; v) too weak
to be classified. This first qualitative classification leads to a galaxy sample which
is composed of 40% of systems which are mergers, 20% extended and dispersion-
dominated, 13% compact, and 11% rotating disks, with the remaining 16% too faint
to be classified. Later on, Jones et al. (2021) expanded this initial classification
characterizing in a quantitative way the ALPINE sample, applying to these data a
tilted ring model fitting code 3DBarolo (3D- Based Analysis of Rotating Objects from
Line Observations, Di Teodoro and Fraternali 2015), a quantitative morphological
classification (Lotz et al., 2004) and disk identification criteria (Wisnioski et al.,
2015). From this analysis they robustly classified 14 out of 29 fitted sources10

with the remaining sources showing a complex behaviour. This new quantitative
analysis confirmed the morpho-kinematic diversity of the ALPINE galaxies found by
Le Fèvre et al. (2020), but resulted in a somewhat different statistics with 43% of
rotators, 36% of mergers and 21% of dispersion-dominated galaxies. Finally, Romano
et al. (2021) performed an in-depth morpho-kinematic investigation of the ALPINE
[CII]-detected galaxies based on the same classification criteria used in Le Fèvre
et al. (2020) and on the results by Jones et al. (2021) to compute the contribution
of mergers to galaxy assembly in the early Universe. They found a major merger

10Of the 75 [CII] detected, 29 have high enough significance and with sufficient spatial resolution
to allow for tilted model fitting and the derivation of morpho-kinematic parameters.



38 2. The assembly of galaxies at z > 4 : observations

Figure 2.6. Cosmic evolution of the major merger fraction from the local to the early
Universe. Colored squares are literature data (Conselice and Arnold, 2009; de Ravel et al.,
2009; Xu et al., 2012; López-Sanjuan et al., 2013; Tasca et al., 2014; Ventou et al., 2017;
Duncan et al., 2019), while blue stars are fMM estimates from the ALPINE sample. The
solid black line and the shaded region are the best-fit to data with a combined power-law
and exponential function and the associated 1σ error, respectively. Finally, the solid
brown line illustrates the parameterized redshift evolution (up to z = 4) of the major
merger fraction from the Evolution and Assembly of Galaxies and their Environments
(EAGLE, Schaye et al. 2015; Qu et al. 2017) simulation for galaxies with Log(M⋆/M⊙)
> 9.5. The dashed line is an extension of that curve towards higher redshifts. Taken
from Romano et al. (2021).

fraction (fMM) of 0.44 (0.34) at z ∼ 4.5 (5.5). Moreover, by combining these results
with merging rates at lower redshift, they computed the cosmic evolution of the
merger fraction which is described by a rapid increase from the local Universe to
higher redshifts, with a peak at z ∼ 3 (see Figure 2.6). All these findings together
indicate a striking diversity in the ALPINE sample, consequence of a wide range of
physical processes at work during this epoch of galaxy assembly, first and foremost,
galaxy mergers.

In Chapter 5 we discuss major merging systems in the ALPINE sample, with a
particular focus on the connection between galaxies and their environment (CGM,
IGM). Indeed, an extended dust continuum and [CII] 158 µm halo around high-z
galaxies suggests chemical enrichment of the CGM. This [CII] envelope has been
found in multiple z > 4 galaxies (Carniani et al., 2018b; Fujimoto et al., 2019) and
the ALPINE sample allows, for the first time, a statistical study of these extended
halos. In Fujimoto et al. (2020) the authors show that the extent of [CII] halos
commonly exceeds the UV size of the galaxies by a factor 2-3 or more for galaxies
with increasing stellar mass. Moreover, about 30% of isolated galaxies have [CII]
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halos extending more than 10 kpc, at typical UV sizes of 1-2 kpc (Fujimoto et al.,
2019). This trend of increasing [CII] to UV size ratio with increasing stellar mass
and SFR can be explained by star-formation-driven outflows (e.g. Pizzati et al. 2020;
Ginolfi et al. 2020d). In addition, galaxy interactions can contribute to the chemical
enrichment of the CGM and IGM around galaxies (see Chapter 5; Jones et al. 2020;
Ginolfi et al. 2020b).

2.2.2 ALMA-REBELS at z > 6.5

The Reionization Era Bright Emission Line Survey (REBELS) is an ALMA
Cycle 7 Large Program (LP) which observes 40 of the brightest UV-selected and star-
forming galaxies known in the z > 6.5 Universe. In particular, it targets [CII] 158 µm
, [OIII] 88 µm (ISM cooling lines) and dust-continuum emission from these galaxies
in order to characterise their ISM properties. The main science goals of REBELS
can be summarised as follows:

• characterisation of the ISM properties using cooling lines such as [CII] 158 µm
and [OIII] 88 µm emission and dust continuum (e.g. Inami et al. 2022; Aravena
et al. 2023; Palla et al. 2023; Algera et al. 2024a);

• investigation of the galaxy stellar mass build-up and the properties of massive
and dusty galaxies at z > 6.5 (e.g. Topping et al. 2022; Algera et al. 2023a;
Sommovigo et al. 2022c; Bowler et al. 2024).

In constructing a sample of 40 UV-bright galaxies to follow up with the REBELS
LP, the team made use of deep wide-area optical + NIR observations over the
∼ 2 deg2 COSMOS/UltraVISTA field (Scoville et al., 2007a; McCracken et al.,
2012), the ∼ 5 deg2 UKIDSS/UDS + VIDEO/XMM-LSS fields (Lawrence et al.,
2007), and a wide range of HST search fields, including CANDELS, CLASH, and
the BoRG/HIPPIES pure parallel fields (see Bouwens et al. 2022b for a detailed
description of the sample selection). Thus, these galaxies were drawn from a variety
of well-studied extragalactic fields, spanning a total area of ∼ 7deg2. Specifically,
the selection according to which only UV-bright galaxies are considered originates
from the fact that two pilot programs + other programs (Smit et al., 2018; Schouws
et al., 2022a; Capak et al., 2015; Matthee et al., 2019) have demonstrated that a
significant part of galaxies at z ∼ 5 − 7 with especially large UV SFRs also emit
brightly in the dust continuum and in various ISM cooling lines like [CII] 158 µm
and [OIII] 88 µm .

Figure 2.7 shows the observed [CII] luminosity versus the observed SFR in the
UV-rest frame (SFRUV) for galaxies at z ∼ 4 − 7. Blue circles are the results from
the ALPINE survey (see Section 2.2.1 and references therein) and Capak et al.
(2015) at z = 4 − 6 as well as REBELS pilot programs (Smit et al., 2018; Schouws
et al., 2022a). Red circles are other z > 6 sources from Matthee et al. (2019) and
black solid line shows the [CII] 158 µm - SFR relation at z ∼ 0 (De Looze et al.,
2014a). Particularly interesting is the increase in the [CII] luminosity as the SFRUV
increase from 5 to 30 M⊙ yr−1. REBELS sources are those in the shaded area with
rest-UV SFRs larger than 11 M⊙ yr−1 (vertical line), the horizontal dotted line
shows the adopted 5σ sensitivity limit. In Bouwens et al. (2022b) the authors show
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Figure 2.7. Observed luminosity
of the [CII] 158 µm cooling line
seen in galaxies at z ∼ 4 − 7 ver-
sus the observed star formation
rate of galaxies in the rest-UV.
Shaded area highlight the part of
the plane where REBELS galax-
ies are. Adapted from Bouwens
et al. (2022b).

Figure 2.8. Redshift distribution of
the REBELS targets. Adapted
from Bouwens et al. (2022b).

that a significant fraction of galaxies with SFRUV > 10 M⊙ yr−1 and especially > 20
M⊙ yr−1 have [CII] luminosity in excess of 2 × 108 L⊙ (REBELS sensitivity limit);
these high SFR sources at z > 6.5 are those the REBELS LP particularly targets in
scanning for bright ISM-cooling lines.

All the observations were carried out in one of two compact ALMA configurations,
resulting in a typical angular resolution of 1.2” − 1.6”. The final REBELS targets set
is presented in Table 1 of Bouwens et al. (2022b) together with their R.A. and DEC.,
UV luminosities and photometric redshifts. UV-continuum slopes β, stellar mass
estimates, [O III] 4959,5007 µm + Hβ equivalent widths, and SFRs are presented in
their Table 2 and here we report Figure 2.8 which shows the redshift distribution of
the 40 REBELS galaxies.

Apart from exploring target selection criteria and redshift distribution for
REBELS galaxies, it is interesting to investigate the redshift distribution of UV
luminosities for targets in the REBELS program. Figure 2.9 shows that REBLES
and ALPINE probe objects with consistent MUV, -23 < MUV < -21.5 and -22.7 <
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Figure 2.9. UV luminosity and photometric redshifts of REBELS galaxies (red pentagons),
sources with spectroscopic redshifts from Lyα (dark blue circles), sources from pilots to
REBELS (light red pentagons) all at z > 6.5. Galaxies from various HST legacy fields
(Bouwens et al. 2021a; light blue circles), and sources with the ALPINE survey (green
circles). Taken from Bouwens et al. (2022b).

MUV < - 20.2 respectively. In addition to this, they span a compatible range of stellar
masses (from ∼ 108.5 M⊙ to ∼ 1011 M⊙, see Figure 17 of Bouwens et al. 2022b) and
target the same ISM cooling lines. Thus, these two surveys can be considered as
complementary, allowing us to build a coherent view of galaxy evolution at early time.
The evolution of galaxies and their properties at 4 ≤ z ≤ 10 have been extensively
studied in Di Cesare et al. (2023) (see also Chapter 4) by employing observations
from ALPINE and REBELS programs and cosmological simulations, specifically the
hydrodynamical code dustyGadget (Section 3.2).

Among the many results which have been obtained using REBELS galaxies,
particularly interesting for this work are those concerning the ISM properties (e.g.
dust content, chemical maturity), the mass build up of REBELS galaxies and the
[CII] 158 µm halos around these systems.

As already mentioned, the REBELES LP targets UV-bright galaxies looking for
[CII] 158 µm , [OIII] 88 µm and dust continuum (generally harder to detect compared
to the lines) providing for the first time a statistical insights into the dust and ISM
properties of z ≥ 6.5 galaxies. In Section 2.2.1 we already introduced how to infer
dust masses from observations (see Equation 2.4), however, before presenting the
results obtained by the analysis of REBELS sources, it is fundamental to define
the UV SFR (SFRUV) and IR SFR (SFRIR) as well. In general, the SFRUV is
computed as SFRUV/(M⊙ yr−1) = 7.1 × 10−29 × (LUV/(erg/s/Hz)) and SFRIR as
SFRIR/(M⊙ yr−1) = 1.2×10−10 × (LIR/L⊙). These values are obtained from Madau
and Dickinson (2014a) assuming a constant star formation rate for 100 Myr and a
fixed metallicity of Z = 0.002 11.

Inami et al. (2022) report 18 dust continuum detections in the REBELS sample
11In general, precise conversion factors between SFR and IR (UV) luminosity depends on the

assumed star formation history. However, the results we present in the following (e.g. Algera et al.
2023b) are, for simplicity, based on fixed value for the SFH (see also Topping et al. 2022; Whitler
et al. 2023).
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Figure 2.10. Constraints on the dust-obscured cosmic star formation density at z ∼ 7 from
the REBELS survey, using different approaches (purple and orange points, see Algera
et al. 2023b for a detailed description) and the lower limits obtained considering only
the REBELS galaxies with 8.8 ≲ Log(M⋆/M⊙) ≲ 10.8 (purple and orange triangles).
The authors compare their results with SFRD measurements and compilations from
literature. At z ≲ 1.5 they show the unobscured SFRD from Moutard et al. (2020) (M20)
and at z ≳ 2 from Bouwens et al. (2022a) (B22) in blue. Overplotted in orange is the
dust-obscured SFRD from Zavala et al. (2021) and in grey is the combined UV+IR SFRD.
The REBELS measurements obtained in their work suggest significant dust-obscured
star formation is already in place in the epoch of reionization. Taken from Algera et al.
(2023b).

and its pilot programs increasing the number of dusty star-forming galaxies in
the Epoch of Reionization by a factor of more than 3 and showing that dust is
common even in the ISM of these high-redshift systems. Additionally, Algera et al.
(2023b) use the dust continuum observations of a statistical sample of 45 galaxies
from REBELS (36 sources Bouwens et al. 2021b) and its pilot surveys (9 sources,
Smit et al. 2018; Schouws et al. 2022b,a) with the aim of understanding the dust-
obscured star formation properties of galaxies in the EoR. The authors found that
dust-obscured star formation contributes to ∼ 30% of the total star-formation rate
density, highlighting the importance of dust even within the first billion years of
the Universe (Figure 2.10) - see also Fudamoto et al. (2021) where the authors
found two heavily dust-obscured galaxies from the REBELS survey (REBELS-29-2
and REBELS-12-2) at z ∼ 7 suggesting that these sources give a non-negligible
contribution to the total cosmic SFR density at high-z. Algera et al. (2023b), by
disentangling continuum detections and non-detections, estimated that the fraction
of obscured star formation, defined as fobs = SFRIR/(SFRIR + SFRUV), is ∼ 0.70
and ∼ 0.25, respectively. These results indicate a large variety in the dust properties
of z ∼ 7 galaxies, even across a sample uniformly selected based on rest-frame UV.

Finally, in Algera et al. (2024b) the authors studied in details three REBELS
sources (REBELS-12, REBELS-25, REBELS-38) for which [CII] 158 µm , [OIII] 88 µm
and dust continuum are available. Their analysis highlights that these three galaxies
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Figure 2.11. Dust-to-stellar mass ratios for three REBELS galaxies (REBELS-12, REBELS-
25, REBELS-38) and their comparison with other observations and simulations of high-z
galaxies. The authors show a compilation of z ∼ 7 sources with robust temperature
measurements (Witstok et al., 2022) and models from Dayal et al. (2022a) and Di Cesare
et al. (2023). The dust masses inferred from REBELS massive galaxies at z ∼ 7 can
be reproduced by state-of-the-art models and simulations. Taken from Algera et al.
(2024b).

are characterized by low dust temperatures (T ∼ 30 − 35 K), high dust and stel-
lar masses (Mdust ∼ 108M⊙ and M⋆ ∼ 109.9−10.5M⊙ respectively, see Figure 2.11)
and low [OIII]/[CII] ratios (lower by 2-8× compared to the previously observed
populations at 6 ≤ z ≤ 9). All these results seem to point toward evolved star-
forming galaxies at z ∼ 7, with the low line ratios suggesting that these targets are
forming stars in a less bursty way than expected, resulting into longer depletion
timescales and a low heating efficiency per unit dust mass, thus in lower overall dust
temperatures.

In Topping et al. (2022) the authors investigate the mass build-up in REBELS
galaxies, in particular, the redshift evolution of the sSFR, (i.e. the SFR per unit
stellar mass) at z ∼ 7 − 8. For each source in the sample, they estimated the total
SFR as the sum of both obscured (UV) and unobscured (FIR) components, and
the stellar masses using SED fitting codes, assuming both a constant SFH with
BEAGLE (Chevallard and Charlot 2016) and a non-parametric one with Prospector
(Johnson et al. 2021) but identical initial assumptions12. As a result, they inferred a
sSFR median value of ∼ 18 Gyr−1 in the first case and of ∼ 7 Gyr−1 in the second.
Moreover, by complementing data from the Reionization era with literature data
at lower redshifts they found that the sSFR computed under the assumption of a
constant SFH increases with redshift as (1 + z)1.7, while, assuming non-parametric
star formation histories at z ∼ 7 it increases as (1 + z)1.6. In both cases, the power

12They found that the main difference in stellar mass estimates resides in the assumption of the
SFH, which leads to over one order of magnitude difference, being more significant for the youngest
galaxies with age ≤ 10 Myr which populate the lower mass end of the REBELS sample.
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law increase in sSFR is only modestly shallower than the power law expected from
evolving baryon accretion rates (see discussion Chapter 4).

Another relevant piece of information which comes from the study of REBELS
sample, concerns [CII] 158 µm halos around high-z galaxies. Indeed, in Fudamoto
et al. (2022) the authors performed a stacking analysis of the [CII] 158 µm emission
lines and dust continua observed by ALMA for the REBELS LP finding that the
average [CII] emission at z ∼ 7 has an effective radius of re ∼ 2.2 ± 0.2 kpc. This
radius is two times larger than the dust continuum and the rest-frame UV emission,
in agreement with what has been found for z ≤ 6 galaxies (for example ALPINE
galaxies, see Section 2.2.1). Furthermore, the authors also compare their average
[CII] size with 4 < z < 6 galaxies observed by the ALPINE survey, finding that on
average there is not an evident evolution in the size of the [CII] 158 µm emitting
regions in star-forming galaxies in the redshift range z = [4, 7]. If confirmed with
further (and deeper) observations, the constant [CII] size could be in contrast with
UV size evolution (increasing going towards lower-z) found by Shibuya et al. (2015)
(see also Fujimoto et al. 2020; Fudamoto et al. 2022). Also, it would suggest that
[CII] emitting gas dominates high-z star-forming galaxies while star formation might
occupy a progressively smaller fraction of size in galaxies going towards higher-z.
[CII] halos have been already introduced in Section 2.2.1 when talking about ALPINE
galaxies, and their nature in major merging systems will be explored in Chapter 5.

2.3 JWST contribution at z > 4

The launch of JWST prompts several questions e.g. What are the physical
properties of high redshift galaxy population? What do we know about the impact
of galaxies on the cosmic reionization process that transitioned the neutral IGM
to an ionized state by z ∼ 6? But also, how can JWST improve our knowledge of
the Universe letting us ask new questions previously unanswerable? Moreover, it
will - and already is - testing the understanding of the Universe we have built so
far using other facilities, i.e. HST, Spitzer Space Telescope, ALMA, the Very Large
Telescope (VLT) and the Keck Telescope to mention few of them, and simulations, i.e.
Semi-analytical models, hydrodynamical simulations13 and semi-numerical models.

JWST was launched on December 25th, 2021. It is a 6.5 m diameter cold
space telescope with cameras and spectrometers covering 0.6-27.9 µm wavelengths,
orbiting in the second Lagrangian point (L2) of the Sun-Earth system and enabling
observations of the early Universe. JWST is the result of the international partnership
between NASA, ESA and the Canadian Space Agency (CSA).

2.3.1 JWST instruments

In the following, we briefly introduce the four science instruments on board of
JWST: NIRCam, NIRSpec, NIRISS and MIRI14 which make it possible to capture

13An extensively description of the hydrodynamical simulation adopted in this these is given in
Chapter 3, while in Chapter 4 we compare JWST first results with available high-z simulations.

14More details on the instruments and their observational modes can be found in
Gardner et al. 2023 and https://webbtelescope.org/news/webb-science-writers-guide/
webbs-scientific-instruments

https://webbtelescope.org/news/webb-science-writers-guide/webbs-scientific-instruments
https://webbtelescope.org/news/webb-science-writers-guide/webbs-scientific-instruments
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Figure 2.12. The JWST four science instruments and their sensitivity to a specific range
of wavelengths. NIRCam, NIRSpec, and NIRISS all observe visible red to near-infrared
light, while MIRI observes longer-wavelength mid-infrared light. Credits to STScI.

the light in the wavelength range from 0.6 to 27.9 µm (see Figure 2.12).

NIRCam

The Near Infrared Camera (NIRCam, Rieke et al. 2003; Horner and Rieke 2004;
Rieke et al. 2023) provide imaging in broad-band, medium-band and narrow-band
from 0.6 to 5.0 µm (red to NIR), and it has a wide-field slitless spectroscopy capability
from 2.5 to 5.0 µm. NIRCam is designed with two identical modules (A and B)
which observe parallel fields of view, with each module containing a dichroic at 2.4
µm to get simultaneous data in the filters longward and shortward of the dichroic.
The total field of view (FoV) is 2.2×4.4 arcmin2 and there are eight detectors in the
short-wavelength channel and two in the long-wavelength channel.

NIRSpec

The Near Infrared Specrograph (NIRSpec, Jakobsen et al. 2022; Böker et al.
2023) offers spectroscopy across the wavelength range of 0.6 to 5.3 µm with varying
resolutions of R ∼ 100, R ∼ 1000, and R ∼ 3000. This is achieved through the use
of fixed slits, a microshutter assembly (MSA) (Ferruit et al., 2022), or an Integral
Field Unit (IFU) (Böker et al., 2022). The pixels of the detector (made of mercury
cadmium telluride) arrays, measuring 18 µm×18 µm, correspond to an average of
0.103” in the dispersion direction and 0.105” in the spatial direction. Dispersion
is done using either a prism (R = 30–300) or gratings (R = 500–1343 or R =
1321–3690), which are combined with filters to control the bandwidth and length
of the resulting spectra on the detectors. NIRSpec’s FoV covers a total area of
∼ 3.3 × 3.3 arcmin2.

NIRISS

The Near Infrared Imager and Slitless Specrograph (NIRISS, Doyon et al. 2012,
2023) offers three specialized scientific capabilities alongside redundant broad-band
imaging, covering wavelengths from 0.7 to 5.0 µm. Packaged with the Fine Guidance
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Sensor (FGS), NIRISS utilizes the signal to the fine-steering mirror and the attitude
control system for target locking and precise guiding. With a FoV matching one of
the two NIRCam channels at 2.2′×2.2′.

MIRI

The Mid Infrared Instrument (MIRI, Wright et al. 2015, 2023) offers a compre-
hensive suite of capabilities, including broad-band imaging and Integral Field Unit
(IFU) spectroscopy spanning the wavelength range of 4.9 to 27.9 µm (mid-IR). Ad-
ditionally, it provides low-resolution slit spectroscopy from 5.0 to 12.0 µm, although
sensitivity is constrained by the zodiacal light background, along with a corona-
graphic function. It has two detectors (made of Arsenic-doped silicon) designated
for medium-resolution spectroscopy, while the third serves imaging, low-resolution
spectroscopy, and coronagraphy purposes. MIRI operates at an actively cooled
temperature of 6.0 K, facilitated by a hybrid mechanical cooler. Its main FoV covers
an area of 1.2 × 1.9 arcmin2.

2.3.2 High-z Universe with JWST

On July 12th, 2022 JWST has delivered the deepest and sharpest infrared image
of the distant Universe to date, showing the galaxy cluster SMACS 0723 teeming
with thousands of galaxies – including the smallest, faintest objects ever observed
(Figure 2.13). The mass of this galaxy cluster acts as a gravitational lens, magnifying
more distant galaxies, including some of them belonging to when the Universe was
less than a billion years old (z > 6). This deep field, obtained by NIRCam, is a
composite made from images at different wavelengths (totaling 12.5 hrs) achieving
depths at infrared wavelengths beyond the HST’s deepest fields and bringing distant
galaxies into sharp focus – they have tiny, faint structures that have never been
seen before, including star clusters and diffuse features. This field was also imaged
by MIRI, which observes mid-infrared light, being able to highlight the presence of
galaxies embedded in thick layers of dust (in red) or dust free (in blue), thus giving
us information about the chemical maturity of the ISM of these early galaxies.

As a result of the giant leap in sensitivity, JWST has already started to revolu-
tionize the field pushing our understanding of the Universe back beyond Epoch of
Reionization to the eras when the very earliest galaxy forms and questioning the
how galaxies form and evolve in the first billion years of cosmic evolution. With is
unprecedented sensitivity, JWST is revolutionising the field.

JWST/NIRCam observations made it possible to detect galaxies at z ≳ 10
(Castellano et al., 2022; Labbe et al., 2022; Naidu et al., 2022a; Adams et al., 2022;
Tacchella et al., 2022, 2023; Robertson et al., 2023) providing the first observational
constraints on the UV luminosity function and and star formation history in the
first 500 Myr of the Universe (Donnan et al., 2022; Harikane et al., 2022b) showing
a lack of evolution in the number density of bright galaxies at z ≳ 10 galaxies. We
have to bear in mind that some of these sources must be interpreted with caution
as they can be mistaken with dusty, star-forming galaxies at z ∼ 5 (Zavala et al.,
2022; Naidu et al., 2022b; Arrabal Haro et al., 2023). However, JWST is showing
that galaxies in the early Universe are characterized by diverse properties (Barrufet
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Figure 2.13. JWST’s first released image, the lensing cluster SMACS 0723, which was the
deepest infrared image ever taken. Image credits: NASA, ESA, CSA, and STScI.

et al., 2022; Whitler et al., 2023), such as strong dust obscuration at 8 < z < 13
(Rodighiero et al., 2023), massive quiescent objects at 3 < z < 5 (Carnall et al.,
2023) and low mass quenched galaxies out to z ∼ 7 (Looser et al., 2023).

JWST/NIRSpec observations have spectroscopically confirmed several galaxies
(see for example Nakajima et al. 2023 and references therein), including objects at
10 ≤ z ≤ 13.2 (Bunker et al., 2023; Curtis-Lake et al., 2023; Robertson et al., 2023;
Arrabal Haro et al., 2023). Many of these galaxies show strong nebular emission
lines, suggesting extreme excitation conditions, with high ionization parameters and
low-metallicities (Curti et al., 2023; Cameron et al., 2023c,b; Sanders et al., 2023,
2024).

Before JWST, the most remote galaxy observed with spectroscopic confirmation
was GN-z11 detected using grism spectroscopy with HST and with emission lines from
ground-based Keck observations (Oesch et al., 2016; Jiang et al., 2021). Nowadays,
not only has GN-z11 been observed with JWST (both in imaging and spectroscopy,
Tacchella et al. 2023; Bunker et al. 2023), but it has also been argued that, apart
from being a possible host of PopIII stars (Maiolino et al., 2023b), this galaxy hosts
a nuclear black hole with mass MBH ∼ 2 × 106M⊙ accreting at super-Eddington
rates (Maiolino et al., 2023a), that it has a dust poor nature (Fudamoto et al., 2023),
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and that shows a nitrogen enhanced feature suggesting yields from runaway stellar
collisions in a dense stellar cluster or a tidal disruption event as a promising solutions
(Cameron et al., 2023a).

In the following, we highlight some of the main questions that have been posed by
JWST which have started challenging the predictions from state-of-the-art models
and simulations, and our understanding of the galaxy formation and evolution in
the early Universe.

UV Luminosity Function

The bright end of the UV LF can be used to estimate the efficiency of star-
formation and feedback mechanisms in the early Universe (Bowler et al., 2014;
Tacchella et al., 2018; Bowler et al., 2020). It has been observed that the number
density of fainter galaxies continue to decline with redshift, while the most UV
luminous galaxies - that are also easier to follow-up with spectroscopic studies - seem
to have formed rather early in the evolution of the Universe (see for example Stefanon
et al. 2019; Bowler et al. 2020; Harikane et al. 2022b; Finkelstein et al. 2023). Figure
2.14 shows the UV LF at z > 10 from Naidu et al. 2022a where the authors analysed
luminous galaxies from public JWST Early Release Science programs (CEERS and
GLASS) and compared them with previous UV LF determination and extrapolations
from lower redshifts. In particular, the authors show that the extrapolation of the
Schechter function trends estimated at z = 3 − 10 results in a LF at MUV = −21
that is a factor > 10× lower than their observed estimates. On the other hand,
Naidu et al. (2022a) found a good agreement when extrapolating the trends in
the double-power law LFs from Bowler et al. (2020) to z ∼ 11.5. In addition to
this, the comparison with models, UniverseMachine (Behroozi et al., 2019) and
Delphi (Dayal et al., 2014, 2022a), shows that the model LFs evolve very rapidly
at this early epochs such that the LF at z ∼ 12 is > 30× below their estimate. If
the candidates analysed in Naidu et al. (2022a) are spectroscopically confirmed as
galaxies at z = 10 −12 and together with GN-z11 (Oesch et al., 2016), this may start
giving evidences that the star-formation efficiency in the early Universe is much
higher than expected (Tacchella et al., 2013; Mason et al., 2015; Tacchella et al.,
2018) resulting in the early appearance of UV-luminous galaxies with stellar masses
as high as ∼ 109 M⊙ already a few hundred Myrs after the Big Bang. The existence
of these massive galaxies at such early times raises interesting questions about how
early such galaxies began forming, potentially earlier than current expectations.
Diverse possible answers have been proposed by models suggesting that explanations
for these very bright galaxies may reside in a disproof of the ΛCDM cosmological
model (Boylan-Kolchin, 2023; Lovell et al., 2023; Gong et al., 2023; Haslbauer et al.,
2022; Steinhardt et al., 2023; Menci et al., 2022; Desprez et al., 2023), in the need for
a top-heavy IMF at high-z (see for example Riaz et al. 2022; Cameron et al. 2023b;
Trinca et al. 2023; Zackrisson et al. 2023; Yung et al. 2024; Harikane et al. 2024;
Ventura et al. 2024, but also Rasmussen Cueto et al. 2023 15), in dust clearing by
radiation-driven outflows (see Ferrara et al. 2023; Ziparo et al. 2023; Fiore et al. 2023;
Ferrara 2023) or, finally, in high star star formation efficiency in the high-z Universe,

15For a discussion on how top-heavier IMF alone is unlikely to explain the higher abundance of
bright z > 10 sources.
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Figure 2.14. Constraints on the
bright end of the UV LF at z ∼
10 − 13. Comparison between
JWST data (stars), an extrap-
olation of Schechter function at
z = 11.5 Bouwens et al. (2021a)
(black dashed), a double-power
law LFs from Bowler et al. (2020)
(black solid line) and other LF
estimates and upper limits at
z ∼ 10 (see legend for refer-
ences). Adapted from Naidu et al.
(2022a).

with implications on the UV LF (Dekel et al., 2023; Li et al., 2023b; Mason et al.,
2023; Mirocha and Furlanetto, 2023; Muñoz et al., 2023; Pallottini and Ferrara, 2023;
Shen et al., 2023; Sun et al., 2023; Kobayashi and Ferrara, 2024).

Faint AGN

In addition to the luminosity function at high-z, JWST also made it possible to
observe faint AGN at z ≥ 5 (Matthee et al., 2023; Kocevski et al., 2023; Kokorev
et al., 2024; Pérez-González et al., 2024) that are key for understanding the formation
of supermassive black holes and determine their role in cosmic reionization. Before
the advent of JWST, samples of AGN at these redshifts were mainly restricted
to relatively bright systems, with luminosities greater than or equal to ≳ 5 × L⋆

(MUV ≲ −22), which allowed for ground-based rest-UV spectroscopy (see for example
Kulkarni et al. 2019; Niida et al. 2020; Shin et al. 2022). Constraining the abundance
and characteristics of these faint AGN, which is uncertain by more than two orders
of magnitude (Parsa et al., 2018; Giallongo et al., 2019; Morishita et al., 2020; Shen
et al., 2020; Finkelstein and Bagley, 2022), holds significant implications for various
aspects of extragalactic astronomy as these sources could play a crucial role in the
final stages of hydrogen reionization in the Universe (Madau and Haardt, 2015;
Finkelstein et al., 2019), particularly if they exist in environments conducive to
the escape of ionizing photons. Additionally, understanding the number density
and properties of black holes with masses in the range of MBH ∼ 106−7 M⊙ can
provide insights into scenarios of black hole seeding and growth, shedding light on
the presence of extreme supermassive black holes at z ≳ 6 (e.g. Volonteri 2010) that
formed within a billion years of evolution of the Universe (Ricarte and Natarajan,
2018; Trinca et al., 2022; Li et al., 2023a; Schneider et al., 2023).

Cosmic Reionization

The cosmic reionization is the epoch in the evolution of the Universe when the
hydrogen in the IGM transitioned from being nearly completely neutral to ionized.
We know that this transition was driven by the Lyman continuum (LyC; λ < 912 Å)
photons emitted by the first luminous sources in the Universe. However, the nature
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of these sources remain elusive, in fact, star-forming galaxies can account for the
photon budget to complete reionization only if a substantial fraction of the UV
photons produced by their stellar populations escape from the ISM and CGM of the
galaxies. Taking into account the density of star-forming galaxies in the EoR, it has
been shown that on average a LyC escape fraction (fesc) of 10% across all galaxies
is needed (see for example Robertson et al. 2015; Finkelstein et al. 2019; Yung
et al. 2020b,a) to reionize the Universe by z = 6, and match the Thomson optical
depth of electron scattering in the CMB (Planck Collaboration et al., 2016). In this
evolutionary scenario, the relative importance of massive and low-mass galaxies in
driving reionization is still a matter of great debate as it is intrinsically related to
its timeline and topology. If faint and low mass galaxies are considered to be the
main drivers of such process, dominating over bright galaxies with higher fesc, then
we expect reionization to start earlier and perhaps proceed in a more homogeneous
manner (Ferrara and Loeb, 2013; Finkelstein et al., 2019). Conversely, a delayed
reionization is predicted if the contribution from faint galaxies (M1500 ≥ −18) can be
considered as subdominant compared to that of brighter systems (Robertson et al.,
2015; Naidu et al., 2020). While both types of galaxies are likely to contribute to the
ionizing budget, the balance and interplay between them remain uncertain. JWST
enable observations of galaxies in the EoR, making the characterisation of this epoch
and its drivers possible. So far, it seems to indicate that faint and low-mass galaxies
potentially play a dominant role in the reionization process (see for example Saxena
et al. 2023; Mascia et al. 2023b,a). However, to explore significantly large samples of
such faint galaxies, it will be necessary to conduct ultra-deep observations in galaxy
cluster fields, where gravitational lensing serves as an essential tool. This approach
is exemplified by Atek et al. (2023), which extends observations to galaxies as faint
as MUV = −15.

2.4 Synergy among telescopes

In this Section, we briefly discuss the synergy among telescopes, focusing specif-
ically on that between JWST and ALMA, which is of particular interest for the
study conducted in this thesis

The cooperation of different telescopes, such as ALMA and HST, and - currently
- ALMA and JWST, has always been of paramount importance to obtain a com-
prehensive understanding of galaxy evolution during cosmic history. Indeed, the
complementarity of telescopes like HST/JWST and ALMA enables us to gather
information not only on the stellar component of galaxies, but also on the gas and
dust distribution in their ISM and CGM. In fact, the multi-wavelength view of
JWST and ALMA allow us to better constrain the SED of high-z galaxies leading,
for example, to a better understanding of the ISM properties and conditions in
galaxies (see for example Valentino et al. 2024, A&A (in press), Fujimoto et al. 2022)
helping us to better track the build-up of heavy elements in the distant Universe.

Moreover, ALMA has been also used to spectroscopically confirm the redshift of
high-z galaxies via ISM coolants such as [OIII] 88 µm and [CII] 158 µm lines. One
example is the object MACS0416-Y1 identified in the HST Frontier Fields (Zheng
et al., 2012) which was spectroscopically confirmed at z = 8.312 with ALMA via
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detections of [OIII] 88 µm , [CII] 158 µm lines and dust emission (Tamura et al.,
2019; Bakx et al., 2020). More recently, Bakx et al. (2023) and Popping (2023) used
ALMA observations to spectroscopically confirm the redshift of GHZ2/GLASS-z13
(identified in the GLASS-JWST Early Release Science Program, Treu et al. 2022)
through the [OIII] 88 µm emission line finding no obvious line emission. In general,
we must be very careful in interpreting line detections (or non-detections) with
ALMA. In this regard, in Kaasinen et al. (2023) we analysed the galaxy HD1, which
was proposed to be a z ∼ 13.27 (Harikane et al., 2022a) based on its potential Lyman
break and tentative [OIII] 88 µm detection with ALMA. In this paper, we made use
of ALMA Band 4 observations16 and re-analyse the existing ALMA Band 6 data to
determine the proposed redshift. Our analysis suggested that we are more likely to
be detecting noise features rather than both [OIII] 88 µm and [CII] 158 µm emissions
from a source at z ∼ 13.27. Although we had not found compelling evidence of a
very high-z galaxy, we cannot completely dismiss this possibility. Non-detections
may also occur for a z ∼ 13 source with a low interstellar gas-phase metallicity or
ionization parameter and/or high gas density. JWST/NIRSpec follow-up is needed
to identify the precise nature and redshift of this object.

16This Band is where we expect the [CII] 158 µm emission be if HD1 is a z ∼ 13.27 galaxy.
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Chapter 3

High-z galaxies: simulations

In this Chapter we dive into the available numerical methods used in modern
astronomy to model galaxy formation and evolution in a cosmological context. Over
the past decades, advances in numerical methods and computing capabilities have
allowed enormous progresses in our ability to simulate the formation and evolution
of galaxies ab initio, and to make predictions for the expected observable properties
of galaxies.

3.1 Cosmological simulations

3.1.1 N-body simulations

The DM large scale structure of our Universe is the back bone for any galaxy
formation model, as DM forms the potential wells in which baryons fall and start
collapsing to form, in the end, galaxies and stars (Section 1.6). In Section 1.5 we
introduced the PS formalism that was initially adopted to make predictions on the
halo mass function and DM halos merger trees (Lacey and Cole, 1993). However,
as anticipated, in order to describe the non-linear regime of structure formation
and to recover the complex structure of the Cosmic Web N-body simulations are
needed. In general, the idea behind cosmological N-body simulations of the large
scale structure is to simulate the gravitational evolution of the DM component in a
representative portion of the Universe, by tracing single mass elements of the DM
fluids (discretized into particles) with a given mass resolution. The force on each
mass elements is computed by solving the classical N-body problem with N point
masses mi interacting via gravitational interaction in a comoving frame, and by
adopting periodic boundary conditions for the volume. This gravitational potential
can be computed using different techniques, for example, particle-based, mesh-based
or hybrid methods that we introduce in the following. For a more detailed description
of N-body simulations, we refer the interested reader to Gnedin et al. (2016).

Particle-based method

The most straightforward method is to compute the force acting on each particle
i as a consequence of all the other particles j with a direct summation, by solving
a system of N differential equations composed of the gravitational force, initial
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positions and velocities (i.e. equations of motion for a system in a Newtonian
approximation). This technique is very expensive as for each particle we have to
calculate N-1 interactions for a total of N(N-1) computations to recover the force.
Indeed, because of the long-range nature of the gravitational interaction, each particle
interacts with every other particle in the volume. Therefore, the high accuracy of
this method scales as O(N2), rapidly becoming computationally unmanageable. A
workaround in particle-based approaches is to use tree codes (Barnes and Hut, 1986),
where the force from groups of particles distant from the i-th is approximated via
their multipole moments. Specifically, the comoving volume is recursively split in
many sub-boxes until each of them only contains one particle: the force acting on
the i-th particle is exactly computed only for the nearest neighbours, while only the
global effect for the farthest mass elements is considered. The number of operations
required for this algorithm is of the order O(N LogN), significantly less expensive
than O(N2), but the main drawback of this technique is the memory consumption
as together with position and velocity of each particle it has to store an arbitrary
number of multipoles for each group of particles.

Mesh-based method

In particle-mesh (PM) methods the potential is computed on a Cartesian grid
composed of Ng points using a Fourier transform of the density field and the particles
are moved according to potential gradients. Firstly, the mass density ρ(x⃗, t) is
calculated on the grid starting from the masses and positions of the particles1, then,
the solution of Poisson equation for the gravitational potential in Fourier space

Φ̂(k⃗, t) = −4πGa2 ρ̂(k⃗, t)
k2 (3.1)

is computed. In this Equation, ρ̂ and Φ̂ are the discrete Fourier transforms of the
mass and density potential, respectively, and k⃗ is the wave vector. The gravity field
is obtained by transforming the potential back to the spatial domain, the gravity is
interpolated from the grid back to the particles with the same interpolation scheme
used in the beginning (mass assignment). On the one hand the PM method requires
O(N) + O(Ng LogNg) operations to evaluate the forces on all the particles, being
faster than the tree algorithm. On the other hand, it approximates poorly the inverse
law for pair separations smaller than the grid spacing, while in particle-based codes
the forces can be accurately represented down to a chosen softening length.

Hybrid method

In the particle-particle-particle-mesh (P3M) method, which is a hybrid between
the particle and mesh based ones, the forces are accurately computed with a direct
sum or a tree code for pairs separated by less than two or three grids spacing
(small-range forces), while long-range forces are computed using faster PM methods
(see Bertschinger 1998 for a review on this technique).

1This first step is called mass assignment.



3.1 Cosmological simulations 55

In general, the raw outputs from N-body simulations are given in term of positions
and velocities of all the particles, thus, the identification of gravitationally bound
systems, i.e. DM halos, is done in post-processing (or on-the-fly when needed) by
halo finder algorithms. Either Friends-of-Friends (FoF) methods, where only the
position of the particles is used to group those spatially closed, or 6D phase-space
methods, which make also use of the particle velocity information, or spherical
overdensity, which identify spherical regions with an average density corresponding
to that of a virialised region, can be used. In the work by Knebe et al. (2011)
the authors compared the performances of different halo finders for a set of mock
halos; they found an overall agreement on the halo mass functions and on halo
properties (for example mass and peak circular velocity), while for the identifications
of substructures, collapsed at earlier epochs, a better performance by 6D phase-space
methods is found.

Currently the largest N-body simulation of the Universe is the Millennium
XXL (MXXL, Angulo et al. 2012) - extending and complementing the previous
Millennium (Springel, 2005) and Millennium-II simulations (Boylan-Kolchin et al.,
2009) - representative of a 3 h−1 cGpc volume by means of 67203 DM particles.

3.1.2 Hydrodynamical simulations

Baryonic physics

Modelling the DM component with N-body simulations is not enough if we
want to simulate the behaviour of standard, i.e. baryonic, matter in our Universe.
Hydrodynamical simulations are thus essential for this purpose. In hydrodynamical
codes, the gas component is computed by solving the Navier-Stokes equations
simultaneously to the gravitational component. Usually, for simplicity, the Euler
equations for an ideal fluid are considered and the effects of discontinuities and
shocks are simulated using an artificial viscosity term. There are two methods that
have been developed for hydrodynamical simulations:

1. a Lagrangian method, which is a particle-based one;

2. an Eulerian method, which is a grid-based one.

The most popular method to study galaxy formation so far is the Lagrangian one
(Lucy, 1977; Gingold and Monaghan, 1977), called Smoothed Particle Hydrodynamics
(SPH), where the baryonic fluid is traced by particles (see for examples reviews by
Monaghan 1992; Price 2005; Springel 2010; Price 2012). The information about
the fluid is then recovered using a kernel-weighted sum over the particles close to j
inside a given smoothing length h. For example, if we consider the field Xi we have:

Xi =
∑

j

mjXj

ρj
W (rij , hi, hj), (3.2)

where W is the kernel or smoothing function, that takes into account the distance
between particles in units of smoothing length.
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Some examples of SPH methods applied to cosmological scales simulations are
Gadget (Springel et al., 2001; Springel, 2005), Gizmo (Hopkins, 2015) and Gasoline
(Wadsley et al., 2017), while on smaller scales there are Phantom (Price et al., 2018)
and Bonsai-SPH (Bedorf and Portegies Zwart, 2020).

On the other hand, in Eulerian methods the fluid is discretised into grid cells, and
the fluid equations are solved in the frame of the grid, rather than in the fluid frame
as it is done in the Lagrangian approach. To deal with the wide dynamical range
covered by cosmological simulations the Adaptive Mesh Refinement (AMR), in which
high-density regions are sampled with increased resolution, has been implemented.
This can be realised either by splitting cells down according to some local criteria
(cell-based AMR, see for example Ramses, Teyssier 2002, 2010) or by superimposing
a finer grid compared to the first one that does not have any correlation with it
(patch-based AMR, see for example Enzo, Baldry et al. 2012). Apart from AMR
codes, there are also the so-called Moving Mesh Refinement (MMR) codes, which
adopt a deformable mesh that follows the fluid in a Lagrangian-like fashion. An
example is Arepo (Springel, 2010) where a Voronoi tassellation is adopted.

The main advantage about the Lagrangian methods is that they have a high
adaptivity and dynamic range for a given computational time (i.e. SPH codes
can adjust their spatial resolution according to the clustering of matter). This
makes them particularly suitable for cosmological simulations. Another advantage
is that every particles movements is directly tracked (e.g. in galactic outflows,
interactions among galaxies) by the code, allowing to follow the evolution of the
galaxy components. On the other hand, Eulerian methods perform very well in the
description of the small-scale behaviour of gaseous fluids and in modeling strong
shocks and surface instabilities. This is a direct consequence of a more natural and
coherent definition of volumes, defined by the size of each cell, in these methods.
The gas density in a given cell is derived from the gas mass contained into a cell
divided by its volume, while in SPH models the definition of volume relies on the
assumptions made on smoothing length (i.e. range of action) of the kernel function.
This inconsistency when considering different scales using a fixed kernel, has been
addressed with two different approaches. The first one consists of considering
adaptive softening lengths, depending on the relative positions of gas particles (an
example is the code Gasoline), while the second one is to adopt an auxiliary mesh
to recover the volume occupied by each SPH particle, the so-called Voronoi Particle
Hydrodynamics (VPH, see for example Gadget-3 Heß and Springel 2010 and Gizmo
Hopkins 2015).

The definition of volumes and, as a consequence, of densities is important as
they enter in the identification of star-forming regions. In fact, the prescriptions for
star formation usually rely on density thresholds, meaning that an overestimation
(underestimation) of the gas density can lead to an overproduction (underproduction)
of stars. Apart from density, also a detailed implementation of the chemical,
mechanical and radiative feedback plays a major role in star formation.

Radiative and chemical feedback and sub-grid physics

As hydrodynamical simulations model baryonic physics, they also have to deal
with radiative transfer processes. Generally, radiative cooling and photo-ionization
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heating are implemented in most hydro codes, while only some of them evolve the
ionizing field together with baryons in a self consistent way (see for example Wise
and Abel 2011). Another approach is to apply radiative transfer codes (such as
CRASH, Maselli et al. 2003; Graziani et al. 2013) in the post-processing phase (see
for example Graziani et al. 2018).

In addition to radiative processes, a model for the chemical enrichment of galaxies
needs to be taken into account in hydrodynamical simulations. Indeed, chemical
enrichment is not only important for cooling processes, thus for star formation activity,
but also for the chemical evolution of galaxies themselves - the so-called galactic
chemical evolution (GCE, see Gibson et al. 2003 and Prantzos 2008 for a review).
Specifically, metal yields from Type II SNe (SNeII) are needed to track track Oxygen
abundance, while Carbon and Iron are mainly produced by the delayed feedback
from Type Ia SNe (SNeIa) and AGB stars. Usually, the Instantaneous Recycling
Approximation (IRA)2 is relaxed in codes that follow the chemodynamics of the gas,
accounting for stellar lifetimes (see Padovani and Matteucci 1993). Hydrodynamical
simulations, which have the advantage of accessing spatially resolved environments
and their dynamics, have the obvious drawback of requiring a lot of computational
resources and time as a consequence of the increased complexity of these environments.
Moreover, processes happening on small scales, that cannot be directly followed in
a cosmological context, require sub-grids prescriptions. This is the case for star
formation and feedback processes which span a range of about 11 orders of magnitude
in mass and 24 in density - individual galaxies can reach masses of ∼ 1011 M⊙ with
densities of ∼ 10−24 g cm−3 while the typical masses and densities of stars are of
the order of ∼ 1 M⊙ and ∼ 1 g cm−3 respectively.

In simulating galaxy evolution it is important to take into account feedback
processes, fundamental for the star formation regulation and also the interaction
between the galaxy and its environment. Feedback processes can be divided in two
classes: (i) preventive feedback, which inhibits the star formation by stopping the
gas from accreting into the ISM; (ii) ejective feedback, which removes the gas from
the ISM after it has been accreted. This is needed to explain the stellar and baryonic
fraction within galactic-sized halos (≤ 20%, much lower than the universal value)
and it has been ascribed to large-scale galactic outflows powered by massive stars,
SNe and AGN.

In simulations, the first type of feedback is usually taken into account in the
normalisation of the star formation recipes - the efficiency is nearly universal, as
suggested by Krumholz et al. (2012) - while the second type, thus the modelling of
galactic outflows, is far from being trivial. Different approaches have been suggested
to model outflows (see for example Katz et al. 1996 or Navarro and White 1993).
These models are usually implemented by mean of two free parameters: the mass
loading factor η = Ṁwind/SFR (where Ṁwind is the mass-loss rate that goes into the
wind), and the wind velocity vwind. Detailed information on how the feedback physics
has been implemented in the Gadget code is discussed in Springel and Hernquist
(2003).

2In the IRA scenario stars release their metals right after being formed.
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3.2 The dustyGadget simulation

In this Section we describe in more detail the hydrodynamical simulation
dustyGadget (Graziani et al., 2020; Di Cesare et al., 2023; Venditti et al., 2023b,a)
that has been employed throughout this work.

3.2.1 The code

To perform our simulations we adopt the hydrodynamical code dustyGadget,
which is an extension of Gadget-2/3 (Springel, 2005) and accounts for self-consistent
dust production and evolution on top of the chemo-dynamical extensions of the
original code (Tornatore et al., 2007b; Maio et al., 2010). An overview on the star
formation receipt, metal enrichment schemes and the implementation of feedback
processes adopted in dustyGadget can be found in Section 4.2 and Section 5.4.1.
While, the dust model implemented in the simulation is detailed in the following.

Dust production by stars, AGB and SNe, is described using mass and metallicity
dependant stellar yields, ensuring consistency with the gas phase metal enrichment.
Specifically, yields for AGB stars are derived from Ferrarotti and Gail (2006) and
Zhukovska et al. (2008), while yields from PISNe and SNeII are adopted from
Schneider et al. (2004) and Bianchi and Schneider (2007) respectively. The effect of
reverse shock, which leads to the fact that only a fraction among 2-20% of the dust
is able to survive, is taken into account by considering an effective dust yield (see
Schneider and Maiolino 2023 for a review). In Schneider and Maiolino (2023), the
authors explore the relative importance of SNe and AGBs on dust masses assuming
a Salpeter IMF in [0.1-100] M⊙ and a single stellar population model. In Figure 3.1
different colors are different models of SN and AGB dust yields with the shaded
regions representing the metallicity variation (Z = [10−4-1] Z⊙) 3, while the top and
bottom panels show the results of SN dust production with and without reverse
shock, respectively. As shows from Figure 3.1, in the first 3-5 Myr of evolution,
before the explosion of the first SN progenitors, there is not any dust released in the
ISM. Then, SNe dominate the dust production for the first 35-50 Myr, until the most
massive AGBs start to contribute (dotted line at t = 35 Myr). On longer timescales
the contribution of AGBs and SNe depends, for example, on dust destruction by the
reverse shock, the adopted set of yields, and the initial metallicity of the stars.

In the current implementation we follow four classes of dust species: Carbon,
Silicates, Aluminia and Iron; but it is also possible to implement alternative dust
yields and to include different grain types. Once formed, dust is spread in the gas
surrounding evolving stars together with metals4. After being produced, dust grains

3In general, the dust mass release from a star depends on the initial metallicity. However, the
extent of this dependence varies among models, see for example Bianchi and Schneider (2007);
Marassi et al. (2019) for SN dust yields and the ATON models (Ventura et al., 1998) for AGB dust
yields.

4The wind prescription in Gadget follows that of Springel and Hernquist (2003) where a constant
mass loading factor η is assumed. On top of that, by assuming that the wind carries a fixed fraction
χ of the SN energy ϵSN and by equation the kinetic energy of the wind with the energy input by
SNe, one can obtain the velocity of the wind vwind when it leaves the disk. In dustyGadget galactic
winds are modelled with a constant initial velocity of 500 km/s, comparable with outflows observed
in ALMA-ALPINE galaxies (Ginolfi et al., 2020d).
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Figure 3.1. Relative importance of SNe and AGBs as stellar sources of dust. Different
colors are different models for SN and AGB dust yields: SN dust yields from Bianchi
and Schneider (2007) (BS07) are in orange, from Marassi et al. (2019) (M19) in cyan
and from Galliano et al. (2021) (G21) in black. While, AGB dust yields from Zhukovska
et al. (2008) (ZG08) are in gray, those from the COLIBRI (Marigo et al., 2013) and
ATON (Ventura et al., 1998) models are respectively in green and red. The shaded
regions take into account the variation of the initial stellar metallicity (Z = [10−4-1]
Z⊙). Top and bottom panels compare the results of SN dust yields with and without
reverse shock destruction. The vertical dotted lines mark the lifetimes of a 8 M⊙ (35
Myr) and a 3 M⊙ (300 Myr) star, which correspond to the maximum mass of AGBs
and the transition mass from carbpn to silicate dust production. Taken from Schneider
and Maiolino (2023).

are followed in their evolution through the hot and cold phases of the ISM, where
they undergo a number of transformations regarding their chemical composition,
charge and temperature and also they could be destroyed or grow by accretion of
metals. At the moment, our simulation does not explicitly follow the evolution of
the grain size distribution: it assumes that all the grains are spherical with a static
average size of 0.1 µm. However, it considers physical processes which can directly
alter the dust mass, in particular:

1. astration, i.e. the incorporation of matter into a stellar interior during star
formation;

2. destruction by interstellar shocks from SNe;

3. grain sputtering, i.e. mass lost because of thermal collisions with He nuclei
and protons in the hot phases of the ISM;

4. grain growth, i.e. the growth of dust grains in the cold ISM phase by means
of metals sticking onto the grain surface5.

5Note that while grain growth is not entirely justified from a physical viewpoint (e.g. Ceccarelli
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The ISM dust is modelled by following the evolution of the dust mass in the
cold (Md,c) and hot (Md,h) phases of the ISM for each star-forming particle using
the equations: Ṁd,c = ṀD

c − SFR(t)Dc + Md,c(t)
τgg

Ṁd,h = −ṀD
c + Ẏd(t) − Md,h(t)

τd

(3.3)

where D = Md/Mgas is the dust to gas mass ratio, τd and τgg are respectively the
dust destruction and accretion timescales, Yd is the dust yield from stellar sources
and ṀD

c is the dust mass exchange between the hot and cold gas phases. The
evolution of the total dust mass density for each SPH gas particle is then:

Ṁd = −SFR(t)Dc + xcMd
τgg

− (1 − xc)Md

(
1
τd

+ 3
τsp

)
+ Ẏd(t) (3.4)

with xc the cold gas fraction and τsp the typical timescale of grain sputtering. This
equation is a composition of the diverse processes that cause the SPH particle to
lose - via astration, grain destruction and sputtering - or gain dust mass - through
stellar evolution or grain growth - during a single time step dt.

Evolution of the dust density parameter

Figure 3.2 shows the cosmic dust density parameter Ωd in the redshift range
4 ≤ z ≤ 10. This parameter is defined as Ωd(z) = ρd(z)/ρcr,0(z) with ρd(z) the
density of cosmic dust in the cosmological volume and ρcr,0 is the critical mass
density of the Local Universe6. In the figure, blue lines shows the reference run
which includes dust production and evolution (RefRun), while red lines are from
a run where dust is produced only by stellar sources (ProdOnly). The increasing
difference between these two lines for z ≲ 9 can be ascribed to the role played by
grain growth in the ISM of the most massive and metal enriched galaxies (Mancini
et al., 2015), which leads to a Ωd parameter at z ∼ 4 which is almost one order
higher in the RefRun than in the ProdOnly one. The dustyGadget prediction for
this parameter at z = 4 is very close to that of Aoyama et al. (2018) (green) which
use a similar Gadget based simulation, while it differs from the values computed by
McKinnon et al. (2017) - mainly because of the τgg adopted. Also, the comparison
between solid and dashed blue lines shows that the largest amount of dust mass
can be attributed to the cold phase of the ISM (see also Aoyama et al. 2018). In
Péroux and Howk (2020) the authors put observational constraints on the dust
density parameter for z ≤ 5.5 (see their Figure 12). In particular, they find that
Ωd increases by a factor of ∼ 7 going from z ∼ 5 to z = 0 and peaks at around
z ∼ 1. At z = 4 they estimate Ωd ∼ 5 × 10−6 in agreement with the results shown
by Graziani et al. (2020) (Figure 3.2).

The role of grain growth in the dust mass budget of massive galaxies has been also
highlighted when investigating the dust mass-stellar mass relation and dust-to-stellar

et al. 2018), at the current stage is needed to match observations (see for example Section 4.3.8).
6The critical mass density at z = 0 was taken in accordance with the WMAP-7 cosmology

(ρcr,0 ∼ 2.775 × 1011 h2 M⊙ cMpc−3, Komatsu et al. 2011) as these results from Graziani et al.
(2020) are obtained using a different dustyGadget setup from the one adopted in this work.
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Figure 3.2. Logarithm of Ωd as a
function of redshift. The solid
blue line shows the reference run
including dust production and
evolution (RefRun, total), the
blue dashed line shows the value
deriving from the cold dust phase
environment in RefRun and the
red solid line is computed from a
run where dust is produced only
by stellar sources (ProdOnly).
Black asterisks are values ex-
trapolated from McKinnon et al.
(2017), while green squares refer
to Aoyama et al. (2018). Taken
from Graziani et al. 2020.

mass ratio (see Section 4.3.8). In fact, in Di Cesare et al. (2023) we found that
according to our simulations - compared with the available observations at that
time - dust enrichment at z > 4 is driven by stellar dust production (AGB and
SNe) together with grain growth in the ISM of galaxies, with the latter mechanism
providing a growing contribution at the high-mass end (see the interpretation of
s-shape of the dust mass stellar mass relation shown in Figure 4.9).

3.2.2 Simulation strategy

The dustyGadget simulations adopted in the present work is made of eight
cosmological volumes, each with a side length of 50 cMpc/h (∼ 74 cMpc) and a mass
resolution of 8.2 × 106 M⊙ for baryonic particles and 5.2 × 107 M⊙ for DM particles,
with 2 × 6723 being the total number of particles. The box size and mass resolution
have been chosen in order to reach a good compromise between an adequate statistics
and a good mass resolution, in a reasonable computational time. In fact, a good
statistics is required to reproduce the cosmic star formation history, stellar mass
density and stellar mass function (see Section 4.3.1) together with the main scaling
relations such as the MS of galaxy formation (Section 4.3.4), halo mass-stellar mass
and dust mass-stellar mass relations (Section 4.3.7 and Section 4.3.8 respectively).
On the other hand, the ability to resolve star-forming environments and the inner
CGM (i.e. immediately outside the ISM of galaxies) has been fundamental for the
interpretation of observations (see Chapter 5).

The simulation of eight independent cosmic volumes is useful to exclude the
dependence of our result on the cosmic variance (see Section 4.3.5), which is important
especially at high redshifts (z ≥ 10). Moreover, multiple independent volumes
compared to a single, larger cube, help to further increase the statistics and explore a
wider variety of star-forming environments. All the simulations are carried out from
z = 100 down to z = 4 - where the first relaxed, disk structured Milky-Way galaxies
start to set. Finally, to ensure consistency across simulations, all the volumes share
common assumptions from the ΛCDM cosmology, with Ωm = 0.3089, Ωb,0 = 0.0486,
ΩΛ,0 = 0.6911 and h = 0.6774, consistent with Planck 2015 (Planck Collaboration
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et al., 2016).

3.2.3 Halo Finder

In dustyGadget, DM halos and their substructures are identified in post-processing
by running the Amiga Halo Finder (AHF, Knollmann and Knebe 2009). Indeed, the
simulation only follows the evolution of DM particles and gas particles, but it does
not provide any information on the gravitational assembly properties. In AHF, a tree
of nested grids is built by covering the whole simulation box with a regular grid that
is progressively refined according to the density in each cell. Then, isolated regions
in the finest level are marked as possible halos and the process continues inside-out,
stepping in density contour levels from high density regions to the background
density7. Note that, in general, there is not a one-to-one correspondence between
galaxies and DM halos, as these are identified looking at the gravitational potential,
essentially determined by the dominant DM component, while galaxies require a
more in depth study of the gas and stellar components to be identified. In particular
at high redshift, galaxies are often very complex systems with a central, irregular
component surrounded by many smaller satellites.

7The classification of substructures is instead performed starting from the more coarse level
going down to the finest.
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Chapter 4

High-z scaling relations

This Chapter is based on

"The assembly of dusty galaxies at z ≥ 4: the build-up of stellar mass
and its scaling relations with hints from early JWST data"

Di Cesare C., Graziani L., Schneider R., Ginolfi M., Venditti A., Santini P., Hunt
L. K. - March 2023, MNRAS, Volume 519, Issue 3, pp.4632-4650

and, in particular, Section 4.3.2 is adapted from

"A needle in a haystack? Catching Population III stars in the epoch
of reionization: I. Population III star-forming environments"

Venditti A., Graziani L., Schneider R., Pentericci C., Di Cesare C., Maio U.,
Omukai K. - July 2023, MNRAS, Volume 522, Issue 3, pp.3809-3830.

Apart from weekly discussions with Venditti A. on the topic, my main contribution
to this publication resides in the comparison between simulations and observations,
particularly for the SFRD and MS relations (Section 3.1 and Section 3.2), and in
their interpretation.

The increasing number of distant galaxies observed with ALMA by the ALPINE
and REBELS surveys and the early release observations of the JWST promise to
revolutionize our understanding of cosmic star formation and the assembly of normal,
dusty galaxies. Here we introduce a new suite of cosmological simulations performed
with dustyGadget to interpret high-redshift data. We investigate the comoving star
formation history, the stellar mass density and a number of galaxy scaling relations
such as the galaxy main sequence, the stellar-to-halo mass and dust-to-stellar mass
relations at z > 4. The predicted star formation rate and total stellar mass density
rapidly increase in time with a remarkable agreement with available observations,
including recent JWST ERO and DD-ERS data at z ≥ 8. A well defined galaxy
main sequence is found already at z < 10 following a non evolving power-law, which
- if extrapolated at high-mass end - is in agreement with JWST, REBELS, and
ALPINE data. This is consistent with a star formation efficiently sustained by gas
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accretion and a specific star formation rate increasing with redshift, as established
by recent observations. A population of low-mass galaxies (8 < Log(M⋆/M⊙) < 9)
at z ≤ 6 − 7 that exceeds some of the current estimates of the stellar mass function
is also at the origin of the scatter in the stellar-to-halo mass relation. Future JWST
observations will provide invaluable constraints on these low-mass galaxies, helping
to shed light on their role in cosmic evolution.

4.1 Introduction

Since ALMA 1 started observing the Universe at the highest redshifts, our view
of the first stages of cosmic star formation and galaxy assembly has significantly
improved, and we discovered that within the first 1.5 billion years of galaxy evolution
(z > 4) the process of cosmic star formation had a profound and immediate impact
on the chemical evolution of young galaxies (Bromm and Yoshida, 2011).

Although deep observations of single, high-redshift dusty galaxies at the EoR
significantly increased in the last decade (Cooray et al., 2014; Watson et al., 2015;
Capak et al., 2015; Hashimoto et al., 2018; Laporte et al., 2017; Tamura et al., 2019;
Bakx et al., 2020), as already mentioned, the advent of high-redshift surveys such
as the ALMA-ALPINE 2 (see Section 2.2.1, Le Fèvre et al. 2020; Faisst et al. 2020;
Béthermin et al. 2020c) and the ALMA-REBELS (see Section 2.2.2, Bouwens et al.
2021b) has opened up the possibility to build a coherent view of the early stages
of galaxy evolution and to explore the early evolution of galaxy scaling relations,
observationally well established at lower redshifts (see for example Zahid et al. 2013;
Cresci et al. 2019; Ginolfi et al. 2020a; Hunt et al. 2020; Casasola et al. 2020; Kumari
et al. 2021; Tortora et al. 2022; Hayden-Pawson et al. 2022). The combined dataset
of the above surveys covers in fact two complementary redshift ranges: 4.4 ≤ z ≤ 5.9
(ALPINE) and 6.5 ≤ z ≤ 9.4 (REBELS), and already revealed the presence of
chemically evolved, highly interacting galaxies in the early universe, with hints
on an unexpected population of dusty, obscured star-forming objects (Fudamoto
et al., 2021). Even more intriguing, a recent analysis of a limited sample of galaxies
available at even higher redshifts (z ≥ 9, Tacchella et al. 2022) provides indications
of efficient metal production at the early stages of cosmic reionization.

The exciting, early release observations of the JWST have already provided
evidence of a significant star formation activity at z > 11 (Adams et al., 2022; Atek
et al., 2022; Castellano et al., 2022; Donnan et al., 2022; Harikane et al., 2022b;
Naidu et al., 2022a; Yan et al., 2022; Zavala et al., 2022), with candidate galaxies
showing a variety of physical properties (Leethochawalit et al., 2022; Santini et al.,
2022). Another interesting candidate is found at z ∼ 14 with Log(M⋆/M⊙) ∼ 8.5
(Finkelstein et al., 2022), in addition to 7 massive objects with Log(M⋆/M⊙) > 10
at 7 < z < 11, including two galaxies with a surprisingly high stellar mass of
Log(M⋆/M⊙) ∼ 11 at these early epochs (Labbe et al., 2022), then questioned
by Steinhardt et al. (2022). Although preliminary and still not spectroscopically
confirmed, these early results suggest an early onset of galaxy evolution, consistent
with the picture outlined at longer wavelengths by the ALPINE and REBELS

1http://www.almaobservatory.org
2http://alpine.ipac.caltech.edu

http://www.almaobservatory.org
http://alpine.ipac.caltech.edu
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surveys.
As mentioned in Section 2.2.1, the ALPINE collaboration provided the first

comprehensive, statistically significant, multi-wavelength (from rest-frame UV to
the far-infrared) sample of 118 spectroscopically selected main sequence galaxies
evolving at the end of the Epoch of Reionization. The ALPINE sample targets the
emission of single ionised carbon [CII] at 158µm, which traces both emission from
star-forming regions and molecular hydrogen gas-clouds; the thermal continuum from
dust emission is also available for a wide set of galaxies observed in the redshift range
4.4 < z < 5.9. Using the ALPINE sample, both scaling relations and single objects
properties have been deeply investigated: the star formation rate density (computed
from the UV+IR emission), the main sequence and the specific star formation
rate relations are discussed in Khusanova et al. (2021), while Pozzi et al. (2021)
investigated the dust-to-stellar mass relation; the star formation rate density from the
total IR luminosity function is finally estimated by Gruppioni et al. (2020). A careful
analysis of the kinematic diversity and rotation of massive star-forming objects can
be found in Jones et al. (2021); Ginolfi et al. (2020b) focused on the pollution of the
circumgalactic medium of a merging system, while an interesting case of a triple
merger at z ∼ 4.56 is discussed in Jones et al. (2020). The aim here is just to mention
few among the many works published by the ALPINE collaboration, and should not
be considered as an exhaustive and complete list. Finally, ALPINE observations
first revealed that a significant fraction of star formation in the post-reionization
epoch is already hidden by dust clouds (Béthermin et al., 2020b).

The REBELS survey (Bouwens et al., 2021b) complements the ALPINE sample
by dramatically increasing the number of spectroscopically confirmed galaxies and
dust-continuum detections at z > 6.5. REBELS observations tripled the number
of ISM cooling lines ([CII]158µm, [OIII]88µm, Schouws et al. 2022b) and dust
continuum detections of galaxies found in the Epoch of Reionization (Inami et al.,
2022), allowing us to explore the nature of dust-rich galaxies, to characterise their
dust properties, and to study the dust buildup at these early cosmic epochs (e.g.
Dayal et al. 2022b; Ferrara et al. 2022; Sommovigo et al. 2022b, Schneider et al., in
prep., Graziani et al., in prep.). Detections of a strong Lyα line associated with the
largest [CII] line widths present in some candidates at z ∼ 7 is discussed in Endsley
et al. 2022. Finally, for an extended discussion on the sSFR of all the galaxies in the
sample, the interested reader is referred to Topping et al. (2022).

Interestingly, both surveys probe objects with clear detections of common lines
and dust continua as well as consistent absolute UV magnitudes (from -21.3 to -23
in REBELS and -20.2 to -22.7 in ALPINE). Compatible ranges of stellar masses are
also found, allowing us to trace galaxy properties across the redshift range 4 ≤ z ≤ 7
and to extensively compare with galaxy formation models.

During the past few years, many studies which were based on data constrained
models (Imara et al., 2018; Behroozi et al., 2019), classical semi-analytic methods
(Popping et al., 2017; Somerville et al., 2018; Yates et al., 2021; Trinca et al., 2022),
semi-numerical models running on halo merger histories extracted from N-body
simulations (Mancini et al., 2015; Graziani et al., 2017a; Ginolfi et al., 2018a; Ucci
et al., 2021; Wang et al., 2021), or hydrodynamical simulations (Sarmento et al., 2018;
Pallottini et al., 2019, 2022a; Graziani et al., 2020; Kannan et al., 2022; Wilkins et al.,
2022) investigated the high-redshift Universe. This has been done with the purpose
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of either interpret datasets based on limited observational samples or to provide
forecasts for JWST observations (Yung et al., 2019; Behroozi et al., 2020). The
availability of coherent observational samples from surveys certainly offers remarkable
advantages to cosmological models as they allow (i) to constrain the properties of a
wide range of simulated galaxies discovered in models at progressively high-mass
resolution; (ii) to assess the impact of feedback processes on galaxy evolution, (iii)
to discover a possible redshift evolution in scaling relations well known at lower
redshift. Although at low redshift (z ≤ 5) the evolution of stellar mass functions
is relatively consolidated (Baldry et al., 2012; Tomczak et al., 2016; Adams et al.,
2021; Leslie et al., 2020), at higher redshifts disagreements emerge (Oesch et al.,
2014; Bhatawdekar et al., 2019; Kikuchihara et al., 2020; Stefanon et al., 2021b;
Harikane et al., 2022b). In addition, dust obscuration complicates the measurement
of the SFR, leading to an uncertain picture of the cosmic SFRD above z ≥ 2 (Casey
et al., 2018; Gruppioni et al., 2020; Zavala et al., 2021; Barrufet et al., 2022). Such
discrepancies suggest that at early times, the physical processes that regulate galaxy
evolution are still not completely understood. Simulations and their comparison
with observations provide an effective path forward, in order to better constrain
galaxy properties and their evolution in the early Universe.

In this chapter we introduce a new suite of eight statistically independent
hydrodynamical simulations evolving cosmic volumes of 50h−1 cMpc / side length
with a common chemical and mechanical feedback model; all runs are performed
with the dustyGadget code (Graziani et al., 2020) improving the mass resolution
and statistical significance of the original work. The new simulation suite provides
then a large sample of dusty galaxies suitable to: (i) investigate fundamental galaxy
scaling relations (e.g the galaxy main sequence, the stellar mass function, the specific
star formation rate evolution, the dark matter halo mass-to-stellar mass etc...) at
z ≥ 4; (ii) have access to a rich set of dusty halo environments in which different
galaxy populations assemble and evolve (Schneider et al., in prep; Graziani et al., in
prep); (iii) explore the nature of the stellar populations and star-forming regions
hosted by the brightest systems at z > 6 (Venditti et al., 2023b) - see also Section
5.4.1 for more information on the simulation.

In this work, we use the new dustyGadget simulation suite to investigate galaxy
scaling relations at z ≥ 4 as probed by current data at different wavelengths,
including the early JWST observations. The redshift evolution of all the above
objects and their placement on scaling relations allow to firmly connect the core
data of the REBELS and ALPINE samples in a coherent evolutionary model and
will serve to disentangle odd and more rare galaxy evolution histories (Di Cesare et
al., in prep.).

The chapter is organized as follows: in Section 4.2 we introduce the dustyGadget
model and the new simulation suite, while Section 4.3 discusses the results of our
analysis. In Section 4.3.1 we discuss predictions of the cosmic star formation rate
density and the stellar mass density, in Section 4.3.3 we explore the stellar mass
functions. The canonical galaxy scaling relations are also investigated: the galaxy
main sequence is discussed in Section 4.3.4 and 4.3.5, the specific star formation
rate evolution in Section 4.3.6, the relation between dark matter halo mass and
stellar mass in 4.3.7 and the Mdust − M⋆ relation in Section 4.3.8. Finally, Section
4.4 draws our conclusions.
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4.2 Galaxy formation simulations

The hydrodynamical code dustyGadget (Graziani et al., 2020) has been already
introduced in Section 5.4.1. In the following, we complement its description and
focus on the features of the simulation that are relevant for the aims of this particular
project. The hydrodynamical code dustyGadget extends the original implementation
of Gadget (Springel, 2005) and its successive improvements (Tornatore et al., 2007b,a;
Maio et al., 2009a) by implementing a model of dust production and evolution in
the ISM of the simulated galaxies, consistent with the two-phase model of Springel
and Hernquist (2003). The code also follows the spreading of grains and atomic
metals through galactic winds at the scales of both CGM and IGM.

The chemical evolution model of dustyGadget for the gaseous components
derives from the original implementation of Tornatore et al. (2007a): the model
relaxes the Instantaneous Recycling Approximation (IRA) and follows the metal
release from stars of different masses, metallicity and lifetimes. Different mass and
metallicity-dependent yields are implemented for PopII/I stars: coming either from
core-collapse SNe or SNIa. Stars with masses ≥ 40 M⊙ are assumed to collapse into
black holes and do not contribute to metal enrichment. PopIII stars with masses
140 M⊙ ≤ M⋆ ≤ 260 M⊙ are expected to explode as PISNe, according to mass
dependent yields from Heger and Woosley (2002). PopIII stars which masses lie
outside the PISN mass range are assumed to collapse into black holes. The chemical
network in dustyGadget also includes the evolution of both atomic and ionized
hydrogen, helium, and deuterium by relying on the standard Gadget implementation
of the cosmic UV background, first introduced in Haardt and Madau (1996a). The
interested reader can find more details in Graziani et al. (2020) and references
therein.

Cosmic dust is introduced in the previous chemical network consistently with
the ISM cold and hot phases. As already mentioned, dust production by stars is
implemented to ensure consistency with gas phase metal enrichment: mass and
metallicity-dependent dust yields (Bianchi and Schneider, 2007; Marassi et al., 2019)
are computed for different stellar populations (PopII, PopI and core-collapse SNe,
PopIII and PISN) and eventually corrected for the effects of the reverse shock
process occurring at unresolved scales (Bocchio et al., 2014, 2016a). Following
Graziani et al. (2020), four grain species are modelled: Carbon (C), Silicates
(MgSiO3, Mg2SiO4, SiO2), Aluminia (Al2O3) and Iron (Fe) dust. However, the
chemical evolution model is flexible enough to include other grain types and to
explore combinations of stellar yields and different assumptions on the shape of the
stellar IMF. Once the grains produced by stars are released into the ISM, according
to the properties of the environment in which they evolve, they experience different
physical processes altering their mass, relative abundances, chemical properties,
charge, and temperature. It is generally assumed that the dust-to-light interactions
(e.g. photo-heating, grain charging) change the thermodynamic and electrical
properties of the grains (see for example Glatzle et al. 2019a, 2022a) but have a
negligible impact on the total dust mass unless the grain temperatures reach the
sublimation threshold (Td,s ≳ 103 K). Other physical processes (i.e. sputtering
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and grain growth3) can alter, on the other hand, both the total dust mass and
the grain size distribution (Draine, 2011; Aoyama et al., 2020). The last version
of dustyGadget does not take into account the evolution of grain sizes, but it only
considers physical processes which directly alter the dust mass e.g. grain growth,
destruction by interstellar shocks, and grain sputtering in the hot ISM phase (see
Graziani et al. 2020 for more technical details on their numerical implementation).

Finally, at the end of stellar evolution metals and dust are spread in the sur-
roundings of star-forming regions. The dust distribution follows the atomic metal
spreading without accounting for any momentum transfer through dust grains. At
the same time, dusty particles associated with galactic winds evolve in their hot
phase through sputtering. Therefore, the dust-to-metal ratio will be modulated
depending on the environment, obtaining different values for the galactic ISM, CGM
and IGM.

In Section 3.2.2 we introduced the suite of eight statistically independent cos-
mological simulations adopted in the present thesis. The eight cosmological simula-
tions have an equal mass resolution of 3.53 × 107h−1 M⊙ for DM particles and of
5.56 × 106h−1 M⊙ for gas particles, setup with 2 × 6723 total number of particles4.
The cubic volume and SPH resolution are chosen to guarantee a good compromise
between an adequate statistics in each run and an acceptable number of galaxies
resolved with a total stellar mass Log(M⋆/M⊙) ≥ 8 by N⋆ > 54 stellar particles of
individual mass 1.3 × 106h−1 M⊙. In addition, all the above requirements ensure
a reasonable computational time for eight runs performed in the redshift range
4 ≤ z ≤ 100. A good statistics of galaxy candidates is required in fact to repro-
duce a reliable trend of cosmic star formation history and the main galaxy scaling
relations, while the ability to resolve the most massive star-forming environments
is fundamental to perform a first exploration of the internal properties of some of
these candidates and their circumgalactic environments and compare with possible
observational counterparts (see Section 5).

To ensure consistency across the simulations, all the volumes share common
assumptions on star formation prescriptions, mechanical, chemical and radiative
feedback processes as described in Graziani et al. (2020); in the following paragraph
we briefly recap the main physical setup of the simulation. The simulations start
at z = 100 assuming neutral pristine gas and evolve all particle components down
to z = 4 with 40 outputs at intermediate redshifts. For a better comparison with
previous work, and to assess the statistical convergence of the previously studied
relations, we adopted a chemical network accounting for molecules and atomic
metals (see Maio et al. 2010 for more details). Star formation occurs in the cold
phase of gas particles once their density exceeds a value of nth = 132 h−2cm−3

(physical)5. The IMF of the stellar populations, each represented by a single stellar
particle, is assigned according to their metallicity Z⋆, given a gas critical metallicity

3Note that a subtle interplay between grain charging and grain growth process could alter the
efficiency of the latter, as discussed in Glatzle et al. (2022a).

4Note that both volume and the mass resolution of the present simulation is increased with
respect to the one discussed in Graziani et al. (2020).

5This choice allows to capture all the relevant phases of cooling until the onset of runaway
collapse, as discussed in Maio et al. (2009b).
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Zcrit = 10−4 Z⊙
6. When Z⋆ < Zcrit we adopt a Salpeter IMF (Salpeter, 1955) in the

mass range [100 − 500] M⊙. Otherwise, the stars are assumed to form according to
a Salpeter IMF in the mass range [0.1 − 100] M⊙. Galactic winds are modelled with
a constant velocity of 500 km s−1, in line with outflows observed in ALPINE normal
galaxies (Ginolfi et al., 2020d). Radiative feedback is implemented instead as in the
original version of Gadget, i.e. by adopting a cosmic UV background (Haardt and
Madau, 1996b). Apart from the aforementioned calibrations (i.e. galactic winds,
radiative feedback), our model is not calibrated on any particular observational set
or survey. We warn the reader that our simulations do not model the formation
of AGN7 and do not account for mechanical or radiative feedback of formed black
holes.

Finally, a common post-processing setup is adopted as well, in order to identify
DM halos and their substructures through the AMIGA halo finder (see Section 3.2.3
for more information about the halo finder).

4.3 Results

Here we discuss the results of our simulations. Section 4.3.1 investigates cosmic
star formation and the galaxy stellar mass function is derived in Section 4.3.3. Then
we introduce many galaxy scaling relations connecting the stellar mass of collapsed
objects (M⋆) with other galaxy or DM halo properties, including the main sequence
of galaxy formation in Section 4.3.4 and the specific star formation rate (sSFR-z) in
Section 4.3.6. Finally, the relation connecting stellar and DM halo mass is discussed
in Section 4.3.7, while the connection with the dust mass (Md−M⋆) is investigated
in Section 4.3.8.

4.3.1 Cosmic star formation history and cosmic stellar mass density

The history of cosmic star formation, i.e. the redshift evolution of the total
CSFRD (Ψ) and/or the total SMD (ρ⋆) are discussed in this section, comparing the
predictions of dustyGadget with available observations and recent theoretical models
at z ≥ 4. The relations investigated here account for quantities directly inferred from
gas and stellar particles integrated into a comoving volume VC = (50h−1)3 cMpc3

without requiring any halo/galaxy definitions.
For each cube at a given redshift z, Ψ(z) is computed as:

Ψ(z) =
∑

i SFRi(z)
VC

, (4.1)

where SFRi is inferred from the i-th star-forming gas particle in the cube. While
ρ⋆(z) is defined as:

ρ⋆(z) =
∑

i M⋆,i(z)
VC

, (4.2)

6Here, we assume Z⊙ = 0.02 (Grevesse and Anders, 1989).
7The AGN feedback is presumed to be responsible for the bending at the high mass end of the

main sequence and, since we do not model the formation of AGN, we find a different shape for such
relation if compared to models in which the AGN feedback is taken into account (see Appendix 4.6).
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Figure 4.1. Cosmic SFRD Ψ (top panels) and SMD ρ∗ (bottom panels) as a function
of redshift z in the range 4 ≤ z ≤ 19 and averaged through U6-U13. Left panels: mean
value of Ψ and ρ∗ (blue dots) and their spread between min/max found in the eight cubes
(blue shaded areas). Observed points are taken from Madau and Dickinson (2014a) (black
pentagons), Madau and Fragos (2017) (sienna pentagons), Bouwens et al. (2020) (purple
dots), Gruppioni et al. (2020) (orange squares), Khusanova et al. (2021) (green dots),
Merlin et al. (2019) (magenta triangles), Robertson et al. (2023) (green shaded areas),
Stefanon et al. (2021b) (green squares), Duncan et al. (2014) (yellow dots), Bhatawdekar
et al. (2019) (sky-blue triangles), Song et al. (2016) (pink triangles), Donnan et al.
(2022) (black stars), Harikane et al. (2022b) (cyan stars), Santini et al. (2022) (orange
stars), Navarro-Carrera et al. (2024) (purple stars) and Harvey et al. (2024) (magenta
stars). The data constrained best-fit functions from Madau and Dickinson (2014a) are
shown as black solid lines, while the fits from Madau and Fragos (2017), Matthews
et al. (2021) and Harikane et al. (2021) are shown as sienna/dark orange/pink dashed
lines; notice that from z = 10 these are extrapolations. Right panels: Comparison
with the results from other models and simulations, when available: Sarmento et al.
(2018) (numeric simulation, coral solid line), Johnson et al. (2013) (FiBY simulation,
violet lines - the simulations with and without LW flux are shown respectively in solid
and dotted line styles), Davé et al. (2019) (SIMBA simulation, cyan solid line), Pillepich
et al. (2017) (IllustrisTNG simulation, light green solid line), Trinca et al. (2023) (CAT
semianalytic model brown lines - intrinsic and observable models are respectively in
solid and dashed-dotted line styles), Somerville et al. (2018), (semianalytic model, golden
dashed dotted line), Behroozi et al. (2019) (UNIVERSEMACHINE semianalytic model, olive
dash dotted line).
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where M⋆,i is the total mass of the i-th stellar particle in the cube. Both quantities
are shown in Figure 4.1 in the redshift range 4 ≤ z ≤ 19. Blue, filled dots indicate
the mean values at any given redshift among the volumes (U6 - U13), while the
shaded areas show the minimum-maximum spread found across the whole simulation
sample. Ψ(z) rapidly increases with decreasing z, from Ψ ∼ 10−6 − 10−7 M⊙ yr−1

cMpc−3, up to Ψ ∼ 10−2 − 10−1 M⊙ yr−1 cMpc−3 by z ∼ 4; this trend is mirrored
by ρ⋆(z) in all the volumes, as the stellar mass accumulates across cosmic time. In
the same redshift range in fact, ρ⋆(z) increases by more than 6 orders of magnitude,
starting from ρ⋆ ∼ 10 M⊙ cMpc−3.

To better understand the scatter across the eight cubes, we investigate the values
relative to each individual simulation finding a tight convergence starting at z ∼ 12.
Their spread becomes relevant instead at z ≳ 12, certainly because of the cosmic
variance. At z ≳ 12, the number of star-forming systems is too scarce to collect
detailed statistics from a single simulated volume, therefore their quantities hardly
reflect the cosmological mean value. For this reason, having more than one cube
is effective in increasing the global statistics at Cosmic Dawn. Despite the above
improvement, star formation at these early times is not yet robustly structured and
its evolution remains strongly dependent on both different initial conditions and
assembly histories of each cube. In addition, our mass resolution does not allow us
to resolve the first star-forming regions in minihalos, and the CSFRD and SMD are
likely to be underestimated at the highest redshifts.

To verify the above predictions, in Figure 4.1 we compare them with the expec-
tations of the data-constrained model of Madau and Dickinson (2014a) and Madau
and Fragos (2017), and with other estimates of the SFRD based on IR (Khusanova
et al., 2021; Gruppioni et al., 2020; Matthews et al., 2021; Merlin et al., 2019), rest
frame UV (Donnan et al., 2022) and UV+dust corrected (Bhatawdekar et al., 2019;
Bouwens et al., 2020; Duncan et al., 2014; Harikane et al., 2021; Harikane et al.,
2022b) observations (top left panel). The JWST results are those from Donnan et al.
(2022), Harikane et al. (2022b) and Robertson et al. (2023). The SMD is compared
instead with Madau and Dickinson (2014a); Stefanon et al. (2021b); Song et al.
(2016); Duncan et al. (2014); Grazian et al. (2015); Bhatawdekar et al. (2019) and
the latest JWST estimates by Santini et al. (2022); Navarro-Carrera et al. (2024);
Harvey et al. (2024) (bottom left panel). Our results for both SFRD and SMD
relations are in overall agreement with Madau and Dickinson (2014a) at z ≲ 8,
even though our trends appear slightly steeper at decreasing redshifts, but still in
excellent agreement with Duncan et al. (2014) and recent ALPINE estimates in
Gruppioni et al. (2020) and Khusanova et al. (2021).

At higher redshifts (z ≥ 8) the values predicted by dustyGadget are remarkably
consistent with the recent results from JWST Early Release Observations (ERO),
Early Release Science Program (ERS) and the JWST Advanced Deep Extragalactic
Survey (JADES; Eisenstein et al. 2023) for the SFRD (Donnan et al., 2022; Harikane
et al., 2022b; Robertson et al., 2023) and the estimates of the observed SMD (Santini
et al., 2022; Navarro-Carrera et al., 2024; Harvey et al., 2024). This points to a
higher rate of star formation at high-redshift than previously indicated by the ALMA
Spectroscopic Survey Large Program (Bouwens et al., 2020), Harikane et al. (2021)
(top left panel, in purple dots and pink dashed lines) and by Stefanon et al. (2021b)
(bottom panel, green squares).
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In the right panels of Figure 4.1, we compare our results with some predictions of
other semi-analytic models and simulations i.e. Sarmento et al. (2018); Johnson et al.
(2013); Davé et al. (2019); Pillepich et al. (2017); Somerville et al. (2018); Behroozi
et al. (2019); Trinca et al. (2023). In particular, for the Cosmic Archaeology Tool
(CAT, described in Trinca et al. 2022) we show the estimates for the intrinsic and
observable SFRD and SMD: this last estimate has been obtained using a threshold
at MUV < −17.5. Unlike CAT, dustyGadget simulations are not able to resolve
low-mass galaxies which have a non-negligible impact on the SFRD at high-z (see
Venditti et al. 2023b for a discussion on the consequences it has on the PopIII star
formation). In addition to this, it is important to keep in mind that dustyGadget
and CAT adopt different feedback models and IMF which impact the evolution of the
SFRD and SMD. To summarise, all the models presented in Figure 4.1 predict quite
different trends, especially at high redshifts (z > 8), indicating that star formation at
very early times is strongly dependent on the analysed cosmological volume and/or
the adopted feedback model.

4.3.2 PopII and PopIII cosmic star formation history

Differently from Di Cesare et al. (2023), in Venditti et al. (2023b) we investigate
the relative contributions of PopII (ΨII) and PopIII (ΨIII) stars to the cosmic SFRD
predicted using dustyGadget suite of simulations. Specifically, the SFR is derived
by discretizing the time in temporal steps (∆t) smaller than those adopted from the
hydrodynamical simulation. We start a z ∼ 20 and compute ∆M⋆ in each ∆t by
looking at the birth time of all the stellar particles. As an example, the SFRD of
the i-th cube at time t is given by:

Ψi(t) = 1
Vc

∆M⋆(t, t − ∆t)
∆t

, (4.3)

where ∆ M⋆(t, t − ∆t) i computed by summing over the masses of all the stellar
particles with age between t and t − ∆t and Vc is the comoving volume (Vc = 503

cMpc3/h3). The redshift evolution of SFRD is investigated by adopting two values
for the time interval: ∆t = 1 Myr (i.e. smaller than the average time of PopIII stars
τ ∼ 3 Myr) and ∆t = 10 Myr. This is done considering that the star formation
processes occurring on time steps smaller than the hydrodynamical simulation are
stochastic, lower ∆t result in more significant fluctuation of Ψ, and also choosing an
appropriate time interval suitable to capture the formation of massive, short-lived
PopIII stars.

In Figure 4.2 we show Ψ = ΨIII + ΨII with Ψ, ΨIII and ΨII respectively in
blue, green and red. The left hand panels shows the predicted Ψ fro dustyGadget
adopting a ∆t = 10 Myr and averaging across diverse universes (U6, U8, U10, U12,
U13). Predictions are compared with observations from Bouwens et al. (2020), data
constrained estimates (Madau and Dickinson, 2014b; Madau and Fragos, 2017) and
ERS JWST data (Donnan et al., 2022; Harikane et al., 2022b; Bouwens et al., 2022b).
While, on the right-hand side is the SFRD predicted in U12, which is the universe
with the earliest onset of star formation, and assuming ∆t = 1 Myr.

The right-hand panel of Figure 4.2 shows that in the redshift range 15 ≤ z ≤ 19
the first episodes of star formation mix PopII and PopIII stars in U12, while for
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Figure 4.2. The SFRD for PopII (ΨII), PopIII (ΨIII) and their sum as a function of redshift
in the range 6.5 ≤ z ≤ 19. Left panel: the SFRD is computed with a time step ∆t =
10 Myr, averaged through the simulated cubes U6, U8, U10, U12, U13. In particular,
red solid (green dashed) line are the mean value of Ψ for Pop III (Pop II) stars, while
the red (green) shaded area is the spread between the minimum and maximum values
across the cubes; the mean value of the total SFRD is shown by a blue dotted line. We
also show observations from Madau and Dickinson (2014b) (black, filled pentagons),
Madau and Fragos (2017) (sienna, empty pentagons), Bouwens et al. (2020) (purple,
filled circles), Donnan et al. (2022) (black, empty stars), Harikane et al. (2022b) (cyan,
empty stars) and Bouwens et al. (2021b) (hotpink, filled/empty stars). Right panel:
evolution of Ψ in the simulated cube U12, computed with a time step ∆t = 1 Myr, using
the same color legend adopted in the left panel.

z ≤ 15 there is an increase for both the populations. The ratio ΨII/ΨIII rapidly
grows at z ≤ 13, reaching ΨII/ΨIII ∼ 30 at z = 6.5. In this case, ΨIII exhibits
fluctuations - up to one order of magnitude - among consecutive time intervals.
Then, towards the end of EoR, when PopIII star formation is disfavoured because
of the increased metal pollution, the average ΨIII flattens around ΨIII ∼ 10−3.2

M⊙ yr−1 cMpc−3, with oscillations of 10%. On the other hand, looking at the left
panel (∆t = 10 Myr and averaging across simulations), the fluctuations of Ψ are
suppressed in both populations and a global statistical trend emerges. It is evident
that the first episodes of star formation occur, across universes, in the redshift range
16 ≤ z ≤ 19 and are dominated by PopIII stars. At these redshifts PopIII star
formation is confirmed to be highly stochastic in all the simulated volumes across
cosmic time, because of the inhomogeneous nature of cosmic metal enrichment. The
PopII contribution to the SFRD increased with time overcoming that of PopIII stars
around z ∼ 13, however, even if subdominant, the ΨIII continues to persist with
ΨIII ≤ 10−3 M⊙ yr−1 cMpc−3 in all cubes during the EoR. By z = 6.5 the evolution
of ΨIII has significantly flattened without showing a decline.

In conclusion, even if going towards lower redshifts PopIII star formation is
suppressed by cosmic metal enrichment and, locally, by thermal feedback from
supernova explosions, a late PopIII star formation is still occurring down to the end
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of EoR (z ∼ 6−8)8. Moreover, from this work emerges that even in some of the most
massive galaxies, already hosting a persistent PopII star formation, PopIII stars can
survive in isolated pristine clouds in the outskirts of the halo potentially allowing
their direct detection. Indeed, in this case, their signal may be less contaminated by
Pop IIs, although its detectability will strongly depend on the specific line-of-sight
to the source, due to the complex morphology of the host galaxy and its highly
inhomogeneous dust distribution (see Venditti et al. 2023b for details).

4.3.3 The stellar mass function

The growth of stellar mass (M⋆) during galaxy assembly is often investigated
with the SMF (Φ) as it provides important hints on how the total stellar mass
present in a cosmic volume (see the previous section) distributes across different
luminous structures. Φ is usually defined as the number density of galaxies as a
function of their M⋆, collected in a fixed redshift interval.

Here we investigate the evolution of Φ(z) in the redshift range z = 10 − 4 as
predicted by dustyGadget runs computed as:

Φ[dex−1Mpc−3] = dNi
dLogM⋆

1
VC

, (4.4)

where Ni is the number of galaxies in the i-th Log(M⋆/M⊙) bin and VC = 503h−3 cMpc3

is the simulated comoving volume. In each simulated universe, galaxies are extracted
from available catalogs at common, fixed redshifts and are selected in the mass
interval Log(M⋆/M⊙) ∈ [8 − 11]9, then binned within 0.2 dex. The resulting value
in each bin is finally divided by the size of the bin and VC.

From top left to bottom right, the panels of Figure 4.3 compare Φ in different
redshift intervals10 with available observations. The mean value of Φ in each mass
bin is shown as magenta solid lines, the min-max spread found across the simulated
sample as pink-shaded areas, while the Poissonian errors are shown as gray-shaded
areas. Furthermore, we apply the proper conversion factors (Madau and Dickinson,
2014a) to stellar masses that were originally computed with an IMF different from
the Salpeter (1955) one.

In recent years, predictions of the high-redshift SMF both from observed data
samples and theoretical models have been published, complementing the estimates
available in the Local Universe (see for example the GAMA survey, Baldry et al.
2012). Grazian et al. (2015) reconstructed the galaxy stellar mass function in the
redshift range 3.5 ≤ z ≤ 7.5 by collecting data from the CANDELS/UDS, GOODS-
South, and HUDF fields also providing a careful analysis of the many sources of
uncertainty when deriving Φ: stellar masses of observed galaxies, assumptions on the
star formation histories and on the evolution of their metallicity. Random errors and
discrepancies originating from the adopted statistical methods and their assumptions

8These redshifts are well within the reach of deep photometric and spectroscopic survey with
JWST.

9The lower bound of the mass interval is set to properly resolve low-mass objects and the upper
bound is linked to the size of the simulated volume.

10Each panel assumes the mid point of each specified interval as the reference redshift at which
the analysis has been conducted.
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Figure 4.3. Mass Function obtained from our simulated galaxies in the range z = 10 − 4:
magenta solid lines show mean values of our sample, pink-shaded areas the min-max
spread of the simulations and gray-shaded areas the Poissonian error associated with our
sample. The SMF from observed galaxies are also reported in each panel: Stefanon et al.
(2021b); Song et al. (2016); Duncan et al. (2014); Bhatawdekar et al. (2019); Kikuchihara
et al. (2020); Grazian et al. (2015); Davidzon et al. (2017); Caputi et al. (2011); Harvey
et al. (2024) and Santini et al. (in prep) are respectively in orange circles, blue triangles,
black pentagons, yellow triangles, green diamonds, brown triangles, red hexagons, green
empty squares, purple stars and magenta squares. Finally, observational constraints at
z ∼ 0 (gray squares) from Baldry et al. (2012) are shown at z < 6 to guide the eye.

are also carefully discussed, such as the impact of nebular lines and the modelled
continuum, the effects of cosmic variance and the possible contamination by AGN
sources. The predicted SMF is represented in the figure panels as brown triangles
and shows a good agreement with the simulated Φ at Log(M⋆/M⊙) > 9.5, while
providing lower values for smaller objects observed at 4 < z ≤ 5 (see bottom right
panel). Recently Santini et al. (in prep.) extended this analysis by combining all
CANDELS fields and the parallel fields from the Hubble Frontier Fields program
(Lotz et al., 2017), whose depth is crucial to probe the highest redshift galaxies.
Details on the adopted technique can be found in Santini et al. (2021) and Santini
et al. (2022, subm.). The results, shown in the figure as magenta squares, confirm
the previous considerations for Log(M⋆/M⊙) > 9.5. To extend the comparison at
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higher redshifts and provide a more precise indication on the scatter among different
observations, we complement the above dataset with estimates from Duncan et al.
(2014) (black pentagons11), Song et al. (2016) (sky blue triangles), Bhatawdekar
et al. (2019) (yellow triangles), Kikuchihara et al. (2020) (green diamonds), Stefanon
et al. (2021b) (orange dots) and recent JWST/NIRCam publicly available data
(Harvey et al. 2024, purple stars). Finally, and as a reference, we show observational
constraints obtained in the Local Universe (gray squares) by analysing the results of
the Galaxy And Mass Assembly (GAMA) survey (Baldry et al., 2012).

As shown in Figure 4.3 an overall general agreement between the simulation
and the observed samples can be found in the explored redshift range. At the
highest redshifts, (9 < z ≤ 10, top left panel) the simulation predicts a number
density of faint objects that exceeds recent estimates provided by Stefanon et al.
(2021b), but note that the statistical sample of simulated and observed systems
with Log(M⋆/M⊙) > 8 in this redshift range is less significant than at lower redshift
and more data is necessary to consolidate the trends. While at 8 < z ≤ 9 (top
middle panel) dustyGadget seems to predict a lower number of objects compared
with observations of Kikuchihara et al. (2020); Bhatawdekar et al. (2019) and
Santini et al. (in prep.), it agrees with the estimates by Stefanon et al. (2021b)
and Harvey et al. (2024). In the redshift range 4 < z ≤ 7 the low-mass end
(Log(M⋆/M⊙) < 9.5) appears to be overestimated when compared with data in Song
et al. (2016) and Santini et al. (in prep.), while the agreement improves when all the
other observational estimates are accounted for. An opposite trend is found instead
in the high-mass end (Log(M⋆/M⊙) > 9.5) where the number of objects predicted
by our simulations is lower than estimates from observations. This can be due to the
adopted volume in dustyGadget simulations which limits the number of high-mass
(Log(M⋆/M⊙) > 10.5) galaxies. Finally, the interested reader is referred to Figure
4.11 in Appendix 4.5 for a comparison between our predictions and other available
theoretical models.

Additional constraints from JWST observations on the population of luminous
galaxies having Log(M⋆/M⊙) < 9 will be crucial for theoretical models in order to
assess the properties of their metal/dust enriched ISM through emission lines, as
well as their relevance to cosmic Reionization. dustyGadget simulations at present
predict, in fact, that these systems contribute 80% of the total M⋆ in a cosmic volume
of 50h−1 cMpc at z ∼ 7.5, decreasing to 40% at z ∼ 4.5. Assessing the statistical
relevance of these galaxies with observations will be then crucial to characterise their
properties and correctly model these environments in future simulations (Venditti et
al., in prep.).

4.3.4 Main sequence of galaxy formation

The galaxy MS of star formation indicates that there is a strong correlation
between the SFR and the stellar mass (M⋆) of samples of galaxies observed at a given
redshift. The MS encapsulates information on the mechanisms and the efficiency
of gas conversion into stars at a fixed redshift; while robustly established at low

11These data are based on deep near-infrared observations that were available in the CANDELS
GOODS South field.
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redshift where large galaxy samples are available, several works suggest that it also
holds up to the first couple of Gyr (Speagle et al., 2014).

In this section we investigate the redshift evolution of the MS, in the redshift
range 4 < z ≤ 10, by comparing dustyGadget predictions with samples of isolated
galaxies collected in Graziani et al. (2020) and Tacchella et al. (2022), the new
datasets offered by the REBELS (Bouwens et al., 2022b; Topping et al., 2022) and
ALPINE (Faisst et al., 2020; Khusanova et al., 2021) surveys, the analysis of HST
Frontier Fields (Santini et al., 2017), the galaxies observed at 6 < z ≤ 7 by Witstok
et al. (2022), and with the recent determinations based on JWST ERO and ERS
(Barrufet et al., 2022; Curti et al., 2023; Leethochawalit et al., 2022; Rodighiero
et al., 2023; Sun et al., 2022; Trussler et al., 2022). For comparison, we also show
extrapolations of the MS based on low redshift observations (Speagle et al. 2014,
dotted lines). Figure 4.4 shows galaxies found in U6 with Log(M⋆/M⊙) > 8 as
grey dots, while their linear fits are indicated as magenta solid lines. Here and in
the following figures, vertical gray dashed lines indicate the maximum stellar mass
(M⋆,max) found in the simulation at each redshift, thus, the fit above M⋆,max has
to be interpreted as extrapolation based on Log(M⋆/M⊙) < Log(M⋆,max/M⊙). At
4 < z ≤ 6 the galaxy MS has been reliably measured over a large range of stellar
masses by the analysis of HST Frontier Fields (Santini et al. 2017, black crosses)
and by the ALPINE sample (Faisst et al. 2020, orange squares). Before JWST early
results, the available constraints at z > 6 were limited at the high-mass end, for
galaxies with Log(M⋆/M⊙) > 9. When needed, we multiply the stellar masses and
star formation rates for the conversion factors by Madau and Dickinson (2014a) to
convert them from others IMF to the Salpeter (1955) one. The first four panels show
the results obtained by Tacchella et al. (2022) with a sample of 11 bright galaxy
candidates12 (green empty triangles), together with additional observations of single
galaxies collected in Graziani et al. (2020) (red crosses) and the 5 bright Lyman-break
galaxies at z ∼ 7 by Witstok et al. (2022) (magenta diamonds). At z > 6.5 a very
important improvement has been achieved by the REBELS collaboration (Bouwens
et al., 2022b), which boosted by a factor of 3 the number of bright ISM-cooling lines
discovered, significantly extending the number of available objects observed during
the Epoch of Reionization (EoR). Here we show the results obtained by Topping
et al. (2022) (blue pentagons), where M⋆ are computed using a non-parametric
SFH. Given the limited range in the stellar mass, Topping et al. (2022) fixed the
slope of the main sequence to the values determined by Schreiber et al. (2015)
at z = 7 and constrained the MS normalization for the REBELS sample, finding
Log(SFR/M⊙yr−1) = Log(M⋆/M⊙) − 8.12 (see the dash-dotted line in the top-right
panel of Figure 4.4).

A collection of data obtained by independent studies based on JWST ERO
and ERS is also reported in Figure 4.4 (empty stars). Although the spectroscopic
confirmation is available only for a small number of sources, this figure shows the
enormous potential of JWST in constraining the slope of the galaxy MS at z > 6.
The dustyGadget fit at 7 < z ≤ 9 appears very consistent with some JWST data at

12Note that among these galaxies, previously selected in the CANDELS fields by Finkelstein et al.
(2021), only three are spectroscopically confirmed so far: EGS-6811, EGS-44164 and GOODSN-35589,
respectively at z = 8.68, 8.66 and 10.96 (filled green triangles).
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Figure 4.4. MS of star formation in the redshift range between 10 (top left) and 4 (bottom
right): comparison between simulated galaxies with Log(M⋆/M⊙) ≥ 8 from U6 (gray
points), their linear fit in log-scale (magenta solid line), and observed galaxies found
in the literature. Green triangles are the galaxies from the work by Tacchella et al.
(2022) - filled triangles are for the sources that have been spectroscopically confirmed,
while empty ones are for those which have not been confirmed yet (see the text for
more details), red crosses are respectively single observations and upper limits collected
in Table 2 of Graziani et al. (2020). Blue pentagons are the observations obtained by
the REBELS survey described in Topping et al. (2022), empty stars with cyan, purple,
orange, black, green and pink borders are the preliminary results from JWST respectively
by Barrufet et al. (2022); Rodighiero et al. (2023); Curti et al. (2023); Leethochawalit
et al. (2022); Sun et al. (2022); Trussler et al. (2022). Magenta diamonds are the recent
observations by Witstok et al. (2022) and the orange squares show the ALPINE sample
by Faisst et al. (2020) at 4.4 < z < 5.9. Finally black crosses are the average values from
the analysis of the HST Frontier Field by Santini et al. (2017).Dotted brown lines are
the fitting functions by Speagle et al. (2014), dash-dotted green lines are from Schreiber
et al. (2015) and the fitting functions of the ALPINE objects obtained by the Khusanova
et al. (2021) are the orange dashed lines.

the low-mass end (Rodighiero et al., 2023; Trussler et al., 2022; Leethochawalit et al.,
2022) and, when extrapolated at the high-mass end, with JWST data from Barrufet
et al. (2022) and with the REBELS sample, favouring a steeper slope compared
to Speagle et al. (2014); it is also in good agreement with the extrapolation of
Schreiber et al. (2015) done by Topping et al. (2022) (see also Section 4.3.5 for the
fitting functions based on dustyGadget predictions). While our simulation lacks a
significant statistics at the extreme SFR and stellar mass end (see however Figure 4.5,
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where we show the results for all our simulated cosmic volumes), we point out that
some studies find a piecewise fit to the star-forming sequence at high-redshift (Lovell
et al., 2021), to account for the bending seen in the sequence (Popesso et al., 2022;
Sandles et al., 2022). A comparison with independent model results is illustrated in
Figure 4.12 and a discussion of the evolution of the MS slope is presented in Section
4.3.5.

In the last two redshift panels, we show that our simulated sample is consistent
with a number of ALPINE galaxies found in the post-EoR epoch (6 < z < 4),
i.e. we find that 77% of the simulated candidates in the bottom mid panel and
73% in the bottom right panel are consistent with the ALPINE galaxies. In these
redshift windows, a good agreement is also found with the trend suggested by the
estimates of Santini et al. (2017), particularly at 4 < z ≤ 5, although the large
standard deviations associated with the mid-points of mass bins do not allow to
place stringent constraints. JWST early results allows us to constrain both the
high-mass end (i.e. Log(M⋆/M⊙) ≥ 9.5, see for example the data from Barrufet
et al. 2022 and Rodighiero et al. 2023), as well as the low-mass end (Rodighiero
et al., 2023) of the relation.

Finally, we compare the linear fit of our simulated universe (magenta solid line)
with the fitting function of the MS by Speagle et al. (2014) (brown dotted line) and
the fitting functions obtained from the ALPINE data by Khusanova et al. (2021)
(dashed orange lines). In the redshift range 4 < z ≤ 6 our fit seems to predict a
steeper MS compared to Speagle et al. (2014), while at 4 < z ≤ 5 a shallower slope
is found compared to Khusanova et al. (2021)13. In the next section we provide a
more in-depth analysis of our results.

4.3.5 Additional properties of the galaxy main sequence

In this section we discuss the impact of simulated cosmic variance and a possible
redshift evolution of the slope of our fits. A comparison with the findings of other
simulations adopting different simulated cosmic scales and numerical schemes is
presented in Appendix 4.6.

Impact of simulated cosmic variance

To understand the impact of cosmic variance in our predictions, in Figure 4.5 we
compare the linear fits of the predicted MS across the eight simulated volumes in
the same redshift bins of Figure 4.4. We limit to the higher three redshift intervals,
as at z ∼ 7 all the predictions tightly converge. Due to fewer statistics, the largest
deviation is found at the highest redshifts, with a deviation in the slope of ∆m = 0.11,
while it reduces to ∆m = 0.04 in the lowest redshift bin. Within the above variations,
our simulations confirm an even better agreement between the trends followed by
simulated and observed galaxies. Note, for example, that in the redshift range
7 < z ≤ 10 a better consistency is found with the galaxies analyzed in Tacchella

13We remind the reader that the results are sensitive to the way the data is binned/aggregated
in redshift. For example, in the work done by Faisst et al. (2020) the ALPINE collaboration finds
that the entire galaxy sample 4 < z < 5.9 (orange squares) is compatible with the relation found by
Speagle et al. (2014) at z = 5 within a ±0.3 dex width.
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Figure 4.5. Here we explore the variance among our 8 independent simulations by comparing
the linear fit of each universe from U6 to U13. The solid lines indicate the linear fit of
each universe, each one with a different color, while the points are the simulated galaxies
with M⋆ ≥ 108M⊙. For z > 7 different universes have different slopes, while at lower z
the 8 simulations converge to a common trend.

et al. (2022); Graziani et al. (2020); Bouwens et al. (2022b); Leethochawalit et al.
(2022); Curti et al. (2023); Trussler et al. (2022); Barrufet et al. (2022). As already
mentioned, vertical gray dashed lines indicate M⋆,max found in each simulation.
Notice how, once we take into account all the available simulated cubes14 , there
is an increase in the statistics of the simulated objects resulting in higher upper
limits for the stellar masses (i.e. vertical lines move towards higher mass values once
compared to those in Figure 4.4).

Redshift evolution of the main sequence

There is a general consensus about the increasing normalization of the MS with
redshift, which may be associated with a higher rate of gas accretion onto galaxies
in the early Universe. However, a possible evolution in the slope of the MS is hard
to constrain because of its dependence on the sample selection and the SFR tracer
adopted (Speagle et al., 2014). At z < 4, observations seem to suggest that the
MS is characterized by a constant slope that is close to unity when considering
M⋆ < 1010.5M⊙ (Whitaker et al., 2014; Tasca et al., 2015; Schreiber et al., 2015;
Tomczak et al., 2016; Santini et al., 2017), suggesting a similarity in the gas accretion
histories of galaxies. At higher redshifts Khusanova et al. (2021) investigated the
MS using the ALPINE sample, finding no evidence for a change in the MS slope
between z ∼ 4.5 and z ∼ 5.5. Very recently Popesso et al. (2022); Daddi et al.
(2022) investigated the MS evolution in the redshift ranges 0 < z < 6 and 0 < z < 4
respectively. In both cases, they find that at the faint-end the MS has a linear
slope that does not change with time, while at large stellar masses the MS bends,
with a turn-over mass that is evolving with time. They interpret this result as
an indication of a transition between a regime where star formation is efficiently

14In this work we usually consider U6 as our reference run (RefRun), unless otherwise specified.
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sustained by gas accretion to a regime where star formation is suppressed by the
interplay between the hot gas in massive halos and central black hole feedback
(Popesso et al., 2022). However their turn-over mass is Log(M⋆/M⊙) ∼ 10.9 at z ∼ 6
and Log(M⋆/M⊙) ∼ 10.6 at z ∼ 4. As it can be seen from the two bottom right
panels of Fig. 4.4, our simulation predicts zero or very few galaxies with masses
above the turn-over mass and, as a consequence, our fit is sensitive to lower mass
objects. Because of this, our simulation can only sample the regime of stellar masses
where observations do not expect a significant evolution in the MS slope and galaxies
are found to evolve with a constant SFR per unit stellar mass.

In order to study the main sequence slope at higher redshift (z > 6) and to
have a significant number of simulated candidates, we restrict our analysis to the
redshift range 6 < z ≤ 9 to explore if our simulations predict any evolution in the
MS slope. Figure 4.6 shows the linear fit (green) we performed on our simulations
when considering galaxies with Log(M⋆/M⊙) ≥ 8 and the standard error associated
with the value of the angular coefficient at each z (shaded region). In particular,
solid lines correspond to the linear fit in the redshift range 8 < z ≤ 9, dashed lines
to 7 < z ≤ 8 and dashed-dotted lines to 6 < z ≤ 7.

The best fits we obtained for each of the following redshift bins 6 < z ≤ 7,
7 < z ≤ 8, 8 < z ≤ 9 are respectively:

Log SFR = (0.948 ± 0.004)Log M⋆ − (7.83 ± 0.03) (4.5)
Log SFR = (0.951 ± 0.007)Log M⋆ − (7.73 ± 0.06) (4.6)

Log SFR = (0.98 ± 0.01)Log M⋆ − (7.8 ± 0.1) (4.7)

where Log SFR = Log(SFR/M⊙yr−1) and Log M⋆ = Log(M⋆/M⊙).
Both slope and normalization of the simulated MS appear to be constant, within

the errors.
In Figure 4.6 we also compare our results with the best fit functions by Popesso

et al. (2022) and Speagle et al. (2014) respectively in orange and blue. Both relations
are calibrated on lower redshifts observations (0 < z < 6 and 0 < z < 4) but they
can be exploited to assess the MS evolution at higher z.

As expected, we are not able to reproduce the bending found by Popesso et al.
(2022), whereas our predicted slope at 6 < z ≤ 9 is steeper than the extrapolation of
Speagle et al. (2014) and favoured by JWST early results, as discussed above.

4.3.6 Redshift evolution of the specific star formation rate

The sSFR, i.e. the SFR per unit stellar mass, is often used as an additional
diagnostic of how SFR and M⋆ are related. Observational determinations of the
sSFR at high-z have largely benefit from improved constraints on dust-obscured
star formation coming from dust continuum detections with ALMA (Khusanova
et al., 2021; Topping et al., 2022). This section investigates the redshift evolution
of the median values of the sSFR in our simulations15. Figure 4.7, (adapted from
Topping et al. 2022), shows dustyGadget predictions (magenta hexagons) and its
comparison with theoretical models and observations. Theoretical models in which
the growth of galaxies is mainly regulated by gas accretion through cold streams

15The sSFR is derived accounting for galaxies with masses in the range Log(M⋆/M⊙) = [8 − 11].
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Figure 4.6. Linear fits of the
data (magenta) from our simu-
lations, considering galaxies with
Log(M⋆/M⊙) ≥ 8. Each fit has
been performed in three differ-
ent redshift bins 6 < z ≤ 7,
7 < z ≤ 8, 8 < z ≤ 9 considering
all the available cubes at these
redshifts, Together with the lin-
ear fit we also show here the stan-
dard error associated with the
angular coefficient (pink-shaded
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light-blue we report respectively
the best fits obtained by Popesso
et al. (2022) at z = 6, Schreiber
et al. (2015) at z = 7 and Spea-
gle et al. (2014) at z = 6.5 and
z = 7.5.

(Dekel et al., 2009a; Davé et al., 2011; Sparre et al., 2015), predict a sSFR rapidly
rising toward higher redshifts, with a dependence proportional to (1 + z)2.25 (gray
dotted line). Deviations from this estimate could arise from a different behaviour of
feedback processes in the high-z Universe. For example, a different efficiency in gas
accretion could significantly alter the rate of star formation, and JWST data will
certainly provide clues on how fast gas is converted into stars within the EoR.

At lower redshift, larger samples of galaxies with highly reliable spectroscopic
redshift are available from: (i) the VIMOS Ultra-Deep Survey (VUDS) (yellow
crosses, Tasca et al. 2015), (ii) the deep COSMOS-2015 and 3D-HST rest frame UV-
IR photometric catalogs (turquoise points, Leja et al. 2019, 2021), clearly showing a
redshift dependence of the sSFR.

The above evolution, on the other hand, is not confirmed by all data, especially
at the highest redshifts. Observations from the first four HST Frontier Field
clusters (orange triangles) collected with a fixed mass bin 9.5 ≤ Log(M⋆/M⊙) ≤ 10
and an average value of Log(M⋆/M⊙) ∼ 9.7 (Santini et al., 2017) confirm a mild
evolution up to z ∼ 6, while the ALPINE sub-sample analyzed by Khusanova et al.
(2021) (green pentagons), with candidates in the mass bin 9.6 ≤ Log(M⋆/M⊙) ≤
9.8, shows little to no evolution at 4.5 ≤ z ≤ 5.5. The REBELS collaboration
(Topping et al. 2022) provided a power-law fitting of the REBELS galaxies and other
available measurements adopting a fixed mass bin of Log(M⋆/M⊙) = 9.6 − 9.8 and a
constant SFH, finding that the sSFR increases with redshift ∝ (1 + z)1.7±0.3 over the
redshift range z ∼ 1 − 7. Using a non-parametric SFH for REBELS galaxies, which
significantly affects the stellar mass derivation at the low-mass end, the evolution
at a fixed stellar mass of Log(M⋆/M⊙) = 9.7 is only mildly affected16, with sSFR

16The difference between stellar masses derived assuming a constant SFH or a non-parametric SFH
is particularly significant for young and low-mass galaxies (i.e. Age < 10 Myr and Log(M⋆/M⊙) < 9
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Figure 4.7. The redshift evolution of the sSFR, we show in magenta the results from our
simulations in the redshift range z = 4−10 - the statistical errors for our data are smaller
than the symbols - and in the mass range 8 < Log(M⋆/M⊙) < 11. In magenta with
black borders we show the sSFR in the mass range 9.6 < Log(M⋆/M⊙) < 9.8, compatible
with the median mass value of Log(M⋆/M⊙) ∼ 9.7 present in observed samples. We
compare our results with the models by Dekel et al. (2009b); Davé et al. (2011); Sparre
et al. (2015) (gray dotted line), Topping et al. (2022) (black dashed line) and Dayal et al.
(2022a) (blue solid line), and with the observations by the REBELS survey Topping
et al. (2022) (blue stars), Tasca et al. (2015) (yellow squares), Santini et al. (2017)
(orange triangles), Stefanon et al. (2021a) (red squares), Khusanova et al. (2021) (green
pentagons), Leja et al. (2021) (turquoise points) and the empty square with black border
is the estimate of the sSFR at z=0 by Hunt et al. (2020).

∝ (1 + z)1.6±0.3 in the same redshift range (black dashed line). Note, however, that -
among the low-redshift observations - only the Leja et al. (2019, 2021) derivations
are based on a non-parametric SFH, and this would favor a steeper evolution with
redshift.

A non-parametric SFH increases the M⋆, reducing the sSFRs to sSFR =
7.1+2.8

−2.2Gyr−1 when considering the entire REBELS sample, or to sSFR = 6.2+2.4
−1.8Gyr−1

when considering the mass range 9.6 < Log(M⋆/M⊙) < 9.8, consistent with the
ALPINE sample, at z ∼ 7 (Topping et al., 2022). Finally, Stefanon et al. (2021a)
(red squares) derived the sSFRs for a sample of Lyman-Break galaxies at z ∼ 8 with
MUV similar to that of REBELS showing even higher sSFR at z ∼ 8, compatible
with the original trend (gray dotted line).

Recently, semi-analytic models provided theoretical estimates of the sSFR pre-
dicted by the REBELS collaboration (see Topping et al. 2022) as shown in Figure
4.7. The DELPHI model (Dayal et al., 2014, 2022a) for example, predicts a power-law

respectively). A detailed comparison of stellar masses derived by the two methods applied to the
REBELS sample can be found in Topping et al. (2022).
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evolution at z ≥ 4 (solid blue line), consistent with REBELS power-law fitting up to
a normalization factor. dustyGadget predictions are in agreement with the smooth
evolution (black dashed) proposed by Topping et al. (2022). However, to guarantee
consistency across observed and simulated data samples, a uniform stellar mass range
is required. For the above reason we first computed the sSFR on the full galactic
sample discussed in this chapter (Log(M⋆/M⊙) ≥ 8) (magenta hexagons), and then
we made the same estimates considering the mass range 9.6 < Log(M⋆/M⊙) < 9.8,
compatible with the median mass value of Log(M⋆/M⊙) ∼ 9.7 present in observed
samples. These results are shown in Figure 4.7 as magenta hexagons with black
borders. More specifically, we find sSFR = 2.5 Gyr−1 at z = 4.5 and 3.9 Gyr−1

at z = 5.5, respectively, where a sufficiently large number of simulated galaxies
is available. When restricting to the aforementioned stellar mass bin, our results
increase by ∼ 3 − 8% and we find sSFR = 2.7 Gyr−1 at z = 4.5 and 4.0 Gyr−1 at
z = 5.5. Overall, our simulation suggests an increase of the sSFR with redshift in
the range 4 < z < 10, consistent with current observations and with theoretical
expectations based on increased baryon accretion rates at high redshifts. As a
comparison with the Local Universe, in Fig. 4.7 we also show the sSFR at z = 0
estimated by Hunt et al. (2020)17. Assuming the mid point of the observed mass
range to be Log(M⋆/M⊙) = 9.5 and using Equation 1 of Hunt et al. (2020), we
obtain a sSFR of 0.12 Gyr−1.

4.3.7 Halo-Stellar mass relation

The relation between the dark matter mass of a halo (Mhalo) and the stellar
mass of its galaxies is often assumed by semi-analytic or data-constrained models
which do not explicitly model baryonic processes with a hydrodynamical approach.
Accordingly, to these theoretical schemes Rees and Ostriker (1977); White and Rees
(1978); Fall and Efstathiou (1980), the assembly of the stellar mass is driven by
the large-scale process of dark matter accretion either through mergers or smooth
accretion from filaments, prompting the flow of cold gas into the central galaxy. As
a result, the stellar-to-halo mass relation (SHMR) is a proxy of the star formation
efficiency. The same scaling relation is often adopted by observers to provide lower
limit constraints on DM overdensities associated with luminous objects. We multiply
by a factor 1.7 (Madau and Dickinson, 2014a) the stellar masses to convert them
from a Chabrier (2003a) to a Salpeter (1955) IMF.

Figure 4.8 shows results from our simulations (gray dots) and their median
trends (magenta solid lines). Vertical and horizontal dashed lines show respectively
the maximum halo mass (Mhalo,max) and M⋆,max found in the RefRun. We also
report recent constraints on the SHMR from abundance matching techniques by
Stefanon et al. (2021b) (orange circles) and Finkelstein et al. (2015) (red hexagons).
Estimates by Harikane et al. (2016), which rely on the two-point correlation function
of LBGs, are shown as light blue diamonds, while the recent estimates based on
the COSMOS2020 catalog from Shuntov et al. (2022) are in orange dash-dotted
lines. We also show the redshift dependent SHMR predicted by the data-constrained

17In estimating the sSFR we considered the mass range 8 < Log(M⋆/M⊙) < 11 in order to be
consistent with the one analysed in the present work. Notice that even at z = 0, where the data
sample is larger, the sSFR changes by ∼ 0.5 dex depending on the mass range considered.
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Figure 4.8. Redshift evolution of the stellar mass (M⋆) and halo mass (Mhalo) relation.
Here we compare our simulated galaxies (gray points) and their median trends (magenta
solid lines) with the observations by Stefanon et al. (2021b) (orange circles), Harikane
et al. (2016) (light blue diamonds), Finkelstein et al. (2015) (red hexagons), Shuntov
et al. (2022) (dash-dotted orange line) and the predictions obtained by Behroozi et al.
(2019); Tacchella et al. (2018); Sun and Furlanetto (2016) (respectively in red dotted
lines, dash double dotted blue lines and loosely dashed green lines). The behaviour of
the Mhalo − M⋆ relation at z ∼ 0 (Behroozi et al., 2019) (dashed black lines) has been
shown to guide the eye.

model of Behroozi et al. (2019)18 (red dotted lines and shaded areas) and additional
theoretical models which either assume a constant SHMR above z > 4 (Tacchella
et al., 2018), or introduce a redshift dependent conversion efficiency between the
halo accretion rate and the star formation rate (Moster et al. 2018, dashed-dotted
light blue lines, Sun and Furlanetto 2016, loosely dashed green lines). Finally, as a
reference to predictions in the Local Universe, we also show the behaviour of the
SHMR relation at z ∼ 0 by Behroozi et al. (2019).

At all redshifts, our simulations indicate the expected monotonic increase of
M⋆ with Mhalo. The simulated systems show a significant scatter in the relation,
particularly at the low-mass end, where we have larger statistics. At 5 < z ≤ 6, DM
halos with mass Log(Mhalo/M⊙) = 10.5 are predicted to host galaxies with stellar
masses 8 ≤ Log(M⋆/M⊙) < 9, likely reflecting the ongoing process of galaxy assembly
and the large variety of SFHs experienced by these systems. When compared to

18For this comparison, we considered the average halo masses as a function of observed stellar
masses found in the database of Behroozi et al. (2019).
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other models and observations, our median trends are generally consistent with
previous results.

However, at z ≤ 6 our simulated galaxies appear to grow in mass more efficiently,
with a deviation in the median trend at Log(Mh/M⊙) < 11 that progressively
increases with time. This is consistent with the estimated low-mass end of the
SMF, which appears to predict a larger number density of systems compared to
some observational determinations (see Section 4.3.3) and model predictions (see
Appendix A) at z ≤ 6, while being in agreement with other observational and
theoretical studies. This may suggest that in low-mass galaxies feedback may be
more effective than modeled by dustyGadget (see for example Graziani et al. 2015,
2017b), despite the encouraging agreement between our predicted galaxy MS and
JWST early results in the mass range 108 − 1011 M⊙ at z = 4 − 9.

4.3.8 Dust-to-stellar mass scaling relation

This section updates our predictions on the relation between dust (Md) and
stellar mass content in high-z galaxies. In Graziani et al. (2020) the same relation
was shown for the first time as predicted by a lower mass resolution simulation
performed on a 30h−1 cMpc cosmological volume. The highest mass resolution of the
new simulations allows to (i) better model processes occurring in the ISM of galaxies
with Log(M⋆/M⊙) ≥ 9, (ii) investigate in more detail systems in the intermediate
mass range (8 ≤ Log(M⋆/M⊙) ≤ 9), and (iii) collect a larger number of assembly
histories from the eight simulations, thanks to the increased statistics, particularly
at the high-mass end. Here the simulations are also compared with the REBELS
sample (dust mass estimates provided by Sommovigo et al. 2022c), with ALPINE
galaxies (estimated in Pozzi et al. 2021 and Sommovigo et al. 2022a) and with a
recent dataset provided in Witstok et al. (2022). Also in this case, we multiply by a
conversion factor 1.7 the stellar masses to convert them from a Chabrier (2003a) to
a Salpeter (1955) IMF.

Figure 4.9 shows the redshift evolution of the Md − M⋆ relation for galaxies with
Log(M⋆/M⊙) ≥ 8 found in our RefRun (U6, gray points), while vertical dashed
lines show the M⋆,max value at each redshift. We also show predictions from the
empirical model by Imara et al. (2018) (green dotted lines), the semi-analytic model
of Popping et al. (2017) (purple dash-dotted lines), and the median/maximal relation
of Vijayan et al. (2019) (pink solid/dashed lines, respectively).

The new simulation confirms the s-shape trend found in Graziani et al. (2020)
with increased statistics, extending it towards larger stellar masses. The Md − M⋆

relation that we find confirms the good agreement with the predictions by Popping
et al. (2017) in the redshift range 4 < z ≤ 9, and lies in between the median and
the maximum relations of Vijayan et al. (2019). However, we systematically predict,
both at 9 < z ≤ 10 and at 5 < z ≤ 6, less dust-enriched systems compared to Imara
et al. (2018).

The observational dataset relies on single dusty galaxies (including the sample of
ALESS galaxies) collected in Graziani et al. (2020) (red, Table 2 of their paper), on
ALPINE continuum detection (orange, Pozzi et al. 2021) on the recent estimates of
the dust mass budget in the ALPINE sample by Sommovigo et al. (2022a) (green)
and on dust masses derived from dust continuum detection of REBELS galaxies
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Figure 4.9. Dust mass (Md) as a function of the stellar mass (M⋆) both in units of
M⊙ for simulated galaxies with Log(M⋆/M⊙) > 8 extracted from simulation U6 (gray
points). The evolution is investigated in the redshift range 4 < z ≤ 10. Red crosses
are observations from the compilation by Graziani et al. (2020) (see their Table 2),
blue pentagons are from the REBELS survey Sommovigo et al. (2022c) and magenta
diamonds are observations from Witstok et al. (2022).Orange squares and crosses are
the dust masses obtained within the ALPINE survey by Pozzi et al. (2021) assuming
respectively Td = 25 K and 35 K, while green triangles are the recent estimates, for some
of the ALPINE galaxies, by Sommovigo et al. (2022a) where < Td > = 48 ± 8 K. We
also compare our results with other independent studies: dash-dotted violet lines are
the averaged trends computed by Popping et al. (2017), pink solid and dashed lines are
respectively the fiducial and maximum models of Vijayan et al. (2019), and green dotted
lines show predictions by Imara et al. (2018).

(Inami et al., 2022) by Sommovigo et al. (2022c) (blue) assuming a Small Magellanic
Cloud (SMC) dust model19.

Dust mass estimates strongly depend on the assumed cold dust temperature:
Pozzi et al. (2021) investigated this dependence for the ALPINE sample, finding
that going from Td = 25 K (fiducial value) to Td = 35 K results in a decrease of the
dust mass by 60% (these estimates are respectively shown as orange squares and
crosses in Figure 4.9). Using the method described in Sommovigo et al. (2021), very
recently Sommovigo et al. (2022a) derived new dust mass estimates of some of the

19Similarly to what we showed in the previous sections, the stellar masses considered here for
REBELS galaxies are computed using a non-parametric SFH as in Topping et al. (2022).
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ALPINE galaxies already analysed by Pozzi et al. (2021). The new analysis leads
to warmer dust temperatures < Td > = 48 ± 8 K and, as a consequence, to Md up
to 7 times lower than those previously reported. The same analysis technique has
been applied to a subsample of REBELS galaxies with [CII] and dust-continuum
detections (Sommovigo et al., 2022c), finding a Td that varies in the range between
39 − 58 K, with an average dust temperature of < Td >= 47 ± 6 K. The red
circles (ALESS galaxies from Table 2 of Graziani et al. 2020) are estimates with
a Td around 45 K, while the dust mass upper limits, since the dust temperature
anti-correlates with the dust mass, are estimated using Td ∼ 25 K. As in Graziani
et al. (2020), the gray points of simulated galaxies are in good agreement with
estimates or compatible with upper limits of Md obtained for singly detected objects.
Despite the large uncertainties in the M⋆ of galaxies observed in the EoR, we are in
agreement with REBELS galaxies with masses Log(M⋆/M⊙) ≲ 9.5, while objects
with Log(M⋆/M⊙) > 9.5 have estimated dust masses systematically lower than our
predictions, indicating that either our high-mass objects are too dusty or that the
dust temperature for some of these sources may have been over-estimated. Radiative
transfer simulations performed with SKIRT (Baes and Camps 2015) on dustyGadget
simulated galaxies, and a close comparison with photometric properties of the
REBELS sample will help to shed some light on the above discrepancy (Schneider
et al., in prep.). Interestingly enough, we find that at lower redshift the simulated
sample is globally compatible with ALPINE/ALESS estimates found in Pozzi et al.
(2021) and Graziani et al. (2020) for galaxies with Log(M⋆/M⊙) > 9.5, with only a
few exceptions that lie above or below the trend followed by the simulated systems.
Conversely, when compared to dust masses derived by Sommovigo et al. (2022a) for
a subsample of ALPINE systems, our simulation predicts higher dust masses.

A further comparison with Witstok et al. (2022), provides us with five more
observed galaxies in the redshift interval 6 < z ≤ 7. These galaxies have stellar
masses in the range Log (M⋆/M⊙) = 9.1 − 9.9 and their FIR SED fits favour the
following dust temperatures: Td = 59+41

−20 K for UVISTA-Z-001, Td = 47+40
−17 K for

UVISTA-Z-019, and the extremely low value of Td = 29+9
−5 K for COS-3018555981.

For the two additional sources, dust continuum was not confidently detected in any
ALMA band, and they assumed a Td = 50 K. The resulting dust masses are shown
as magenta dots. With the exception of COS-3018555981 for which the low dust
temperature favoured by the FIR fit suggests a very high dust mass, all the other
sources appear to be consistent with the simulated galaxies, at least within the error
bars. When interpreted at face value, the fact that COS-3018555981 is well above
the simulated galaxies may imply a very efficient dust production mechanism in
this system (Witstok et al., 2022), beyond what is predicted by dustyGadget for
galaxies of comparable stellar mass and redshift when accounting for stellar dust
production and ISM grain growth.

The dust-to-stellar mass ratio can give us some hints on how much dust per
unit stellar mass survives the various destruction processes in galaxies. Also, it
is a useful quantity to study the evolution of different types of galaxies (see for
example Calura et al. 2017). Figure 4.10 shows the Md/M⋆ ratio as a function
of stellar mass for the simulated galaxies from 4 independent simulated volumes
(U6, U7, U12 and U13) at 6 < z ≤ 7. The inferred ratios from observational data
points of Witstok et al. (2022) presented in the bottom left panel of Figure 4.9 are
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Figure 4.10. The dust-to-stellar mass ratio in the redshift range 6 < z ≤ 7 for the simulated
galaxies (gray dots) in the RefRun (U6) and in simulations U7, U12 and U13. We also
show the values reported by Witstok et al. (2022) as magenta points. The horizontal
solid bands represent the value expected for a population age t⋆ = 650 Myr (see the
text on how this value has been computed), with upper and lower bounds corresponding
to assuming Z⋆ = 1 Z⊙ and Z⋆ = 0. While the horizontal hatched bands represent the
yields assuming a stellar population age of 15 (18.7) Myr, corresponding to the age of a
minimum star that evolves as a core-collapse SN for a stellar metallicity of Z⋆ = 1 Z⊙,
upper bound (Z⋆ = 0, lower bound). Here we assume the same dust yields adopted in
the present dustyGadget simulations with (pink) and without (green) the SN reverse
shock (RS) destruction. For comparison, we also report the dust-to-stellar mass ratio
for the Milky Way (dashed black line and black cross).

shown again, together with the estimated Milky Way value (dashed black line and
black filled point, Graziani et al. 2017a; Ginolfi et al. 2018a). We also show the
yields expected for stellar sources assuming a maximum population age of 650 Myr
(computed as the difference between the Hubble time at z = 6.85, the measured
redshift of COS-3018555981, and the Hubble time at z = 25, assumed to be the onset
redshift of star formation). Here we assume the same dust yields implemented in the
current simulations (see Section 4.2) and a maximally efficient SN dust production,
assuming no reverse shock (RS) destruction. For each of these two cases, represented
respectively by pink and green horizontal shaded bands, the minimum (maximum)
value corresponds to assuming a fixed stellar metallicity of Z⋆ = 0 (Z⋆ = 1 Z⊙).
To appreciate the contribution of SNe to early dust production, we also show the
same predictions but assuming a stellar population age of 15 (18.7) Myr, which
corresponds to the age of the progenitor star with the minimum mass that evolves as
a core-collapse SN (12 M⊙ in our chemical evolution model) for a stellar metallicity
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of Z⋆ = 0 (Z⋆ = 1 Z⊙). These two additional cases are shown as horizontal hatched
bands, with the same colour coding of the previous two cases. For the same set of
yields (pink and green areas), the difference between the dust-to-stellar mass ratio
for a t⋆ = 650 Myr population and the latter cases is due to the contribution of the
most massive AGB stars (with masses between ∼ 2 − 2.4 M⊙ and ∼ 8 M⊙).

The comparison between the dust yields and the simulated systems shows that
the dust content of each galaxy is the result of a complex interplay between dust
production/destruction mechanisms and that grain growth in the ISM contributes
to the enrichment of high-mass galaxies (Valiante et al., 2014; Mancini et al., 2015;
Graziani et al., 2020). While the other sources reported by Witstok et al. (2022) are
consistent with this picture, COS-3018555981 stands out, requiring a substantially
more efficient dust production mechanism, an upward revision of the estimated dust
temperature, a higher dust emissivity, or a mix of the above.

4.4 Conclusions

The present work investigates the build-up of the stellar mass of galaxies at
z ≥ 4 and the scaling relations of their integrated physical properties. We selected
observationally well-established correlations in the Local Universe, and thanks to a
wealth of new data provided by recent high-redshift ALMA Large Programs, such
as REBELS (Bouwens et al., 2022b) and ALPINE (Faisst et al., 2020), we were
able to benchmark numerical predictions of the dustyGadget model (Graziani et al.,
2020) with updated observations, including some of the early release observations of
JWST.

With this aim in mind, we performed a new set of eight statistically independent
cosmological simulations on a scale of 50h−1 cMpc in order to increase the statistical
sample of predicted galaxies, to account for a larger scatter in their predicted
properties and to have access to a wider sample of dusty environments produced
by stellar feedback, dynamical encounters, and mergers as well as hydrodynamical
effects. The resulting integrated dataset provides a statistically robust sample of
dusty galaxies in the stellar mass range 8.0 ≤ Log(M⋆/M⊙) < 11.0 suitable to
investigate the build-up of stellar mass and the redshift evolution of some galaxy
scaling relations at z ≥ 4. In particular, we find that:

• the total stellar build-up, both in terms of total star formation rate and total
stellar mass density, rapidly increases from the onset of star formation occurring
around z ∼ 20, down to z ∼ 4 with a remarkable agreement with available
observations, including JWST ERO and ERS at z ≥ 8;

• at 4 < z ≤ 9 the stellar mass function predicted by the simulation shows a broad
agreement with observations and with independent theoretical predictions.
At z < 8, dustyGadget predicts fewer massive objects compared to observed
samples, due to the limited statistics of massive systems in the simulated
volume at these redshifts.

• at 7 < z ≤ 9 we find that the simulated galaxy main sequence is in very
good agreement with available data, including some of the first JWST ERO
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and ERS which extends to lower stellar masses the observational constraints
placed by REBELS on brighter and more massive systems. The fit to our
simulated galaxies is consistent with a non-evolving linear slope. Our results
are consistent with recent studies on the evolution of the galaxy main sequence
at z < 4 − 6 (Popesso et al., 2022; Daddi et al., 2022), in that dustyGadget
simulations sample the low-mass end of the MS, below the time-dependent
turn-over mass that defines the transition between efficient and relatively
inefficient star formation;

• a similarly good agreement is found when comparing the redshift evolution
of the specific star formation rate predicted by the simulation with a recent
analysis that includes REBELS sources out to z ∼ 7;

• the relation between stellar and dark matter halo mass predicted by the
simulations shows a large scatter, particularly at the low-mass end, likely
reflecting the large variety of galaxy assembly histories. We find a broad
agreement with some observational determinations (Finkelstein et al., 2015;
Stefanon et al., 2021b), and with models that assume a redshift independent
relation (Tacchella et al., 2018), indicating a constant star formation efficiency
for a given halo mass across the redshift range we have investigated. However,
at z ≤ 6 the simulated galaxies appear to have stellar masses that grow more
efficiently than predicted by abundance matching methods (Behroozi et al.,
2019; Sun and Furlanetto, 2016), particularly at the low-mass end. This
resonates with the large number density of galaxies at the faint end of the
stellar mass function, at Log(M⋆/M⊙) < 9. Assessing the statistical relevance
of these galaxies with JWST observations will be fundamental to characterise
their properties and correctly model these environments in future simulations
(Venditti et al., in prep.);

• dust and stellar mass are confirmed to be related with the s-shape relation found
in Graziani et al. (2020) which changes its derivative for objects with stellar
masses Log(M⋆/M⊙) ≥ 8.5. According to our simulations, dust enrichment at
z > 4 is driven by stellar dust production and ISM grain growth, with the latter
mechanism providing a growing contribution at the high-mass end. Overall,
we find a good agreement with dust mass determinations for ALPINE galaxies
by Pozzi et al. (2021) at 4 ≤ z ≤ 6 and with REBELS galaxies with stellar
masses Log(M⋆/M⊙) ≤ 9.5 at 6 < z ≤ 8 (Sommovigo et al., 2022c), while more
massive REBELS galaxies appear to have dust masses systematically lower
than our predictions, indicating that either our simulated high-mass galaxies
are too dusty or that the dust temperature for some REBELS sources may
have been over-estimated. Similar conclusions apply when the comparison is
made with a subsample of ALPINE galaxies recently analysed by Sommovigo
et al. (2022a). Interestingly, the recent detection of dust continuum from 3
galaxies at 6 < z ≤ 7 by Witstok et al. (2022) provides additional indications
on their dust-to-stellar mass relation, with two galaxies being consistent with
dustyGadget predictions and one galaxy showing a very large dust-to-stellar
mass ratio, implying a very efficient dust production mechanism in this system,
beyond what is predicted by dustyGadget for galaxies with comparable stellar
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mass.

In summary, the stellar mass assembly and related scaling relations investigated
in this manuscript indicate that on the cosmological scale dustyGadget prescriptions
are in reasonable global agreement with current high-redshift data, including JWST
ERO and ERS. The new set of simulations reveals, on the other hand, an interesting
population of evolving galaxies with stellar masses in 8.0 ≤ Log(M⋆/M⊙) ≤ 9.0. The
number density of these galaxies exceeds some of the current observational estimates
and model predictions for the stellar mass function at z ≤ 6, and are at the origin of
the large scatter found in the halo mass-stellar mass relation. This indicates that
galaxies hosted in DM halos with similar mass may experience different SFHs and
chemical enrichment timescales, as also reflected in the dust-to-stellar mass relation,
where galaxies with Log(M⋆/M⊙) ∼ 8.5 at z ≤ 6 − 7 are characterized by a broad
range of dust masses, with differences of up to 1.5 dex. We plan to explore some of
these aspects in a forthcoming publication.

The impressive capabilities of the JWST already revealed by the early release
observations will certainly shed some light on the relevance and physical properties of
these low-mass objects, providing invaluable constraints to future theoretical models
investigating the details of their ISM and their impact on cosmic reionization.

4.5 Appendix B: SMF comparison with other simula-
tions

In this Section we compare dustyGadget results with independent model pre-
dictions20. The results are illustrated in Figure 4.11, where we have applied the
proper conversion factors (Madau and Dickinson, 2014a) to stellar masses that were
originally computed with an IMF different from the Salpeter (1955) one.

Semi-analytic forecasts from Yung et al. (2019)21 are shown as purple dashed
lines, while similar estimates based on the GALFORM code combined with a large
DM simulation provided by Cowley et al. (2018) are shown as blue dash-dotted
lines. Dotted red lines and loosely dashed green lines are respectively the predictions
from the UNIVERSEMACHINE22 (Behroozi et al., 2019) and from the CAT semi-analytic
model by Trinca et al. (2022). Dashed olive lines are from the phenomenological
model JAGUAR (Williams et al., 2018). This model is based on observed stellar
mass and UV luminosity functions that have been measured in the redshift range
0 < z < 10. The red dashed lines are from the N-body/hydrodynamical Illustris-1
simulation by Genel et al. (2014), brown solid and dash-dotted light-blue lines are
from cosmological zoom-in simulations, respectively from FIRE-2 (version 2.0 of
the FIRE project; Hopkins et al. 2018) by Ma et al. (2018) and FLARES (Lovell

20Some of the relevant data has been taken from the public repository at https://github.com/
stephenmwilkins/flags_data

21https://www.simonsfoundation.org/semi-analytic-forecasts-for-jwst/
22The UNIVERSEMACHINE (https://www.peterbehroozi.com) applies simple empirical models of

galaxy formation to dark matter halo merger trees. It keeps track of two stellar masses: the "true"
M⋆ given by the integral of past star formation minus stellar mass loss, and the "observed" M⋆ which
includes systematic offsets and scatter as a function of redshift. Here we consider the "observed"
stellar mass.

https://github.com/stephenmwilkins/flags_data
https://github.com/stephenmwilkins/flags_data
https://www.simonsfoundation.org/semi-analytic-forecasts-for-jwst/
https://www.peterbehroozi.com
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Figure 4.11. Mass Function obtained from our simulated galaxies in the range z = 10 − 4:
magenta solid lines show mean values of our sample, pink-shaded areas the min-max
spread of the simulations and gray-shaded areas the Poissonian error associated with our
sample. The results of the semi-analytic model by Yung et al. (2019) are shown as purple
dashed lines and those of the CAT (Trinca et al., 2022) semi-analytic model are in green
loosely dashed, the results of the UNIVERSEMACHINE model by Behroozi et al. (2019) are
in dark-red dotted lines and the predictions by Cowley et al. (2018) in dash-dotted blue
lines. Olive dashed lines are the predictions from the JAGUAR model by Williams et al.
(2018), red dashed lines are from the work by Genel et al. (2014) (Illustris) and the
dashed-dotted lightblue lines are the predictions from the FLARES model (Lovell et al.,
2021; Wilkins et al., 2022). Finally, solid brown lines are predictions from the FIRE-2
simulation Ma et al. 2018, black dotted lines are from the EAGLE simulation by Furlong
et al. (2015) and orange solid lines are from the DRAGONS simulation by Mutch et al.
(2016).

et al., 2021; Wilkins et al., 2022). Predictions from the EAGLE hydrodynamical
simulations (Furlong et al., 2015) are in black dotted lines, while those from the
DRAGONS semi-analytic galaxy formation model (Mutch et al., 2016) are in orange
solid lines.

The comparison among the SMFs predicted by different models shows a large
scatter, which is mostly due to different star formation conditions/feedback imple-
mentations in each model. The scatter is particularly evident at high redshifts (top
three panels) while it decreases at z < 6 − 7 (bottom three panels). At 7 < z ≤ 10
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dustyGadget simulations are in better agreement with the predictions by Yung
et al. (2019) and Genel et al. (2014), while they foresee a higher (lower) number of
objects compared to Cowley et al. (2018) (UNIVERSEMACHINE, Behroozi et al. 2019,
and CAT, Trinca et al. 2022). At z ≤ 7, our predictions at the low-mass end are in
excellent agreement with the results of Mutch et al. (2016), and converge to the
number densities predicted by CAT at z ≤ 5, but exceed the other model predictions.
At all redshifts, the high-mass end (Log(M⋆/M⊙) > 10) of the relation shows a
large scatter between the models, and our simulations can not constrain the SMF
for Log(M⋆/M⊙) > 10, due to the limited number of galaxies predicted within the
simulated volumes in this mass range.

Figure 4.3 shows that current observations start to constrain the SMF at z < 7,
and future JWST data will provide invaluable indications on the physics of star
formation and feedback to be implemented in galaxy evolution models.

4.6 Appendix B: MS comparison with other simulations
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Figure 4.12. Comparison between the MS predictions from our work and other simulations.
Magenta lines are our MS linear fit, green dots show galaxies from the FirstLight
project (Ceverino et al., 2017, 2018), dash-dotted orange lines show the predictions
from the FLARES simulation (Lovell et al., 2021) and dashed black lines are from the
semi-analytic model of Yung et al. (2019).



4.6 Appendix B: MS comparison with other simulations 95

To strengthen the reliability of our results, dustyGadget results are also com-
pared with predictions from independent semi-analytical and numerical simulations.
Wherever necessary, we use the conversion factors by Madau and Dickinson (2014a)
to convert results based on different IMF assumptions to the Salpeter IMF (Salpeter,
1955) adopted in our simulations. In particular, we compared our predictions with
the zoom-in simulations by the FLARES (Lovell et al., 2021) and FirstLight (Cev-
erino et al., 2017, 2018) projects. We also compare our results with the semi-analytic
predictions by Yung et al. (2019), based on a slightly modified version of the Santa
Cruz model to sample halos over a wide mass range. Yung et al. (2019) adopt a
merger tree algorithm based on the Extended Press-Schechter formalism and, at
each redshift, they set up a grid of root halos spanning a certain range in virial
velocity and assign them their expected volume-averaged abundances. Finally, for
each root halo in the grid, they generated one hundred Monte Carlo realizations of
the merger histories. Comparing the predictions of different simulations is certainly
not a straightforward task because of the different strategies each simulation adopts.
Vertical dashed lines in Figure 4.12 show the M⋆,max found in our RefRun (U6),
meaning that the fit above this mass has to be interpreted as an extrapolation.
Despite their different physical assumptions and simulation techniques, a good agree-
ment is found among model predictions at Log(M⋆/M⊙) ≤ Log(M⋆,max/M⊙), as
already discussed by Graziani et al. (2020). At larger masses, FLARES simulations
find a piecewise fit to the star-forming sequence (Lovell et al., 2021), and Yung et al.
(2019) find a change in slope at the high-mass end, to account for the bending seen
in the sequence (Popesso et al., 2022; Sandles et al., 2022). Our simulations do not
sample these high masses, and our extrapolated fit does not predict a change of
slope (see also the discussion in Section 4.3.5).
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Chapter 5

Carbon envelopes around
merging galaxies at z ∼ 4.5

This Chapter is based on

"Carbon envelopes around merging galaxies at z ∼ 4.5"

Di Cesare C., Ginolfi M., Graziani L., Schneider R., Romano M., Popping G. -
submitted to Astronomy&Astrophysics

Galaxies evolve through a dynamic exchange of material with their immediate
surrounding environment, the so-called CGM. Understanding the physics of gas
flows and the nature of the CGM is thus fundamental to studying galaxy evolution,
especially at 4 ≤ z ≤ 6 (i.e. at post-Reionization Epoch) when galaxies rapidly
assembled their masses and reached their chemical maturity (see Péroux and Howk
(2020) for a review on the baryon and metal cycles in galaxies). Galactic outflows
are predicted to enrich the CGM with metals, although gas stripping in systems
undergoing a major merger has also been suggested to play a role.

In this work, we explore the metal enrichment of the medium around merging
galaxies at z ∼ 4.5, observed by the ALMA-ALPINE survey. To do so, we study
the nature of the [CII]158 µm emission in the CGM around these systems, using
simulations to help disentangle the mechanisms contributing to the CGM metal
pollution.

By adopting an updated classification of major merger systems in the ALPINE
survey, we select and analyse merging galaxies whose components can be spatially
and/or spectrally resolved in a robust way. In this way, we can distinguish between the
[CII] emission coming from the single components of the system and that coming from
the system as a whole. We also make use of the dustyGadget cosmological simulation
to select synthetic analogues of observed galaxies and guide the interpretation of the
observational results.

We find a large diffuse [CII] envelope (≳ 20 kpc) embedding all the merging
systems, with around 50% of the total [CII] emission coming from the medium
between the galaxies. Using predictions from dustyGadget we suggest that this
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emission has a two-fold nature: it is due to both dynamical interactions between the
galaxies which result in tidal stripped gas and the presence of star-forming satellites
(currently unresolved by ALMA) that enrich the medium with heavy elements.

5.1 Introduction

The CGM is a buffer medium between interstellar and intergalactic media. It
regulates gas flows, stellar feedback and, consequently, star formation activity and
galaxy growth. Generally, one refers to the CGM as the gas outside the galaxy,
but indicatively within one virial radius Rvir of its dark matter halo. However, it
is important to keep in mind that some of the processes involving the CGM, for
example, galactic outflows, can reach larger radii (Tumlinson et al., 2017; Faucher-
Giguère and Oh, 2023). The CGM is a fundamental component in galaxy evolution,
and studying it, both in emission and absorption provides hints on how galaxies
assemble their masses through cosmic time. To understand the cycle of baryons
between the ISM and the CGM we need observations of the stellar component and
of the multiple gas phases both within and around galaxies. In this context, ALMA
has recently opened a window to explore the cold neutral and molecular gas in early
galaxies with unprecedented levels of detail (Capak et al., 2015; Le Fèvre et al., 2020;
Bouwens et al., 2022b). On the other hand, we need simulations able to resolve the
characteristic scales of CGM/ISM, which usually adopt zoom-in refinement schemes1

(see Pallottini et al. 2017; Lupi and Bovino 2020; Lupi et al. 2020; Pallottini et al.
2022b), or cosmological boxes with a moderate (∼ 100 pc) spatial resolution (see, for
example, Katz et al. (2017) where the authors include on-the-fly radiative transfer
and detailed non-equilibrium chemistry, to self-consistently modelling the ISM of high
redshift galaxies). Finally, see Faucher-Giguère and Oh (2023) for a recent general
review of the key physical processes that operate in the CGM from a theoretical
point of view.

In the last decades, theories of galaxy evolution and cosmological numerical
simulations have predicted that high-z galaxies assemble their masses via both cold
gas accretion from the IGM (Dekel et al., 2009a; Topping et al., 2022) and major
mergers i.e. dynamical interactions between galaxies of nearly equal stellar masses
(Hopkins et al., 2010; Schaye et al., 2015; Duncan et al., 2019; Romano et al., 2021).
In particular, dynamical interactions between galaxies can drive a significant amount
of gas towards the center of the interacting system boosting the efficiency of star
formation - up to a factor 2 for major mergers - and also trigger starburst and AGN
activity (Oser et al. 2012; López-Sanjuan et al. 2012; Kaviraj et al. 2014; Behroozi
et al. 2015; Reeves and Hudson 2023). Moreover, ongoing and post-mergers episodes
can disturb and change the morphology of the galaxies involved, leading to tails of
stripped material (i.e. tidal tails), irregular shapes, and disturbed velocity fields
(Conselice et al., 2003, 2008; Casteels et al., 2014). Tidal tails are challenging to
observe at high redshift because of the diffuse and faint nature of the stripped
gas. However, thanks to ALMA we can study the efficiency of gas stripping and
circumgalactic gas mixing in the early Universe, by mapping the morphology and

1Such as Adaptive Mesh Refinement Hummels et al. 2019; Peeples et al. 2019 and moving mesh
codes van de Voort et al. 2019.



5.1 Introduction 99

the kinematics of the CGM around merging galaxies using bright FIR lines such as
the singly ionised carbon (hereafter [CII]) at 158 µm, which is generally the brightest
FIR emission line for star-forming galaxies (Carilli and Walter, 2013).

[CII] 158 µm is an important tracer of the ISM in the local and high-z galaxies
and, thanks to the low ionization potential (11.26 eV) of the neutral carbon, it is
abundant in both the cold and warm ISM, as well as in the molecular one. Via its
fine structure emission line at 158 µm (2P0

3/2 → 2P0
1/2), it acts as a coolant in the

cold ISM, then, it is considered as one of the main tracer of cold gas in galaxies,
star-forming regions and molecular clouds. As a consequence, many studies focused
on the investigation of the [CII] emission and, in particular, the [CII] - SFR relation
in the local Universe and at high-redshift, using both observations (De Looze et al.,
2014b; Herrera-Camus et al., 2015, 2018; Carniani et al., 2018a; Schaerer et al., 2020;
Romano et al., 2022) and simulations (Katz et al., 2017; Popping et al., 2019; Ferrara
et al., 2019; Lupi and Bovino, 2020; Vallini et al., 2020; Schimek et al., 2023).

Observations of [CII] in early main-sequence galaxies led to the discovery of
extended [CII] halos (up to 10 kpc) around these systems. [CII] halos were first
found by stacking the [CII] emission in 18 ALMA-detected star-forming galaxies
at 5 < z < 7 (Fujimoto et al., 2019) and in a large sample of normal star-forming
galaxies at 4 < z < 6 (Ginolfi et al., 2020b), and later confirmed, on an individual
basis, by Fujimoto et al. (2020). Moreover, there is evidence of these extended halos
up to z ∼ 7, see for example Herrera-Camus et al. (2021); Fudamoto et al. (2022);
Akins et al. (2022).

In this chapter, we present a study on the properties of [CII] emission around
major merging systems at z ∼ 4.5, with the aim of characterising the metal enrich-
ment of their CGM and investigating how this depends on the dynamical interaction
between the galaxies. Our target systems are drawn from the ALMA-ALPINE survey
(see Section 2.2.1). The analysis of the [CII] emission has revealed a diverse distri-
bution of morphological and kinematical properties in the ALPINE sample (Faisst
et al., 2020; Jones et al., 2021), with the detection of signatures of metal-enriched gas
outflows powered by star formation activity in the high-velocity tails of the stacked
[CII] emission spectrum (Ginolfi et al., 2020d). Also, a detailed morpho-spectral
decomposition analysis in one of the ALPINE systems undergoing major merging has
revealed the presence of a widespread [CII] emission component, extending to scales
of a few tens of kpc, which has been interpreted as a possible signature of processed
ISM stripped by the strong gravitational interaction, suggesting that mergers could
be an efficient mechanism of metal enrichment and gas mixing in the CGM around
high-z galaxies (Ginolfi et al., 2020c; Jones et al., 2020).

Motivated by these findings, we apply a similar morpho-spectral decomposition
analysis on additional systems classified as mergers in the ALPINE sample. To
this aim, we make use of the merger classification of ALPINE galaxies carried out
by Romano et al. (2021). The observational part of this work is complemented
with predictions from cosmological simulations run with the hydrodynamical code
dustyGadget (Graziani et al., 2020), which guide our interpretation of the results.

The chapter is organised as follows: in Section 5.2 we describe the selected
observational sample and the analysis we carried out; Section 5.3 presents the [CII]
diffuse emission that we find in the observed candidates, and its interpretation;
in Section 5.4 we introduce the hydrodynamical code (dustyGadget), explain the
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Table 5.1. Physical parameters of the major merging galaxies selected for this work.
Together with the source ID and redshift estimates for both the components of the
merger (z1 and z2), we also include the velocity offset (∆v) and projected distance
(rp) between the merger components and the [CII] flux ratio (µ[CII]) and Ks band flux
ratio (µK) (Romano et al., 2021). The last two columns include the estimates for stellar
masses and star formation rates for the entire merging system as estimated by Faisst
et al. (2020) (see their paper for details on the photometry and SED fitting procedure),
once we converted the IMF from Chabrier (2003b) to Salpeter (1955).

source ID z1 z2 ∆v [km/s] rp [kpc] µ[CII] µK Log(M⋆/M⊙) Log(SFR/M⊙yr−1)

DC_818760 4.5626 4.5609 92.3 9.9 1.3 2.6 10.85+0.11
−0.10 2.88+0.19

−0.25

DC_873321 5.1545 5.1544 4.5 6.5 1.2 3.1 10.18+0.13
−0.16 2.16+0.22

−0.17

vc_5100541407 4.5628 4.5628 1.9 13.8 1.6 1.4 10.33+0.14
−0.15 1.74+0.26

−0.23

vc_5100822662 4.5210 4.5205 22.3 10.9 1.6 1.7 10.39+0.13
−0.14 2.02+0.23

−0.24

vc_5101209780 4.5724 4.5684 217.3 10.8 4.1 2.5 10.27+0.12
−0.12 1.79+0.25

−0.21

vc_5180966608 4.5294 4.5293 8.9 7.2 3.0 3.7 11.04+0.12
−0.13 2.35+0.27

−0.25

adopted procedure to identify synthetic major mergers, their time evolution, and
their gas distribution. Finally, we exploit the predictions from dustyGadget to
interpret the observed [CII] diffuse emission, in Section 5.5. Our conclusions are
drawn in Section 5.6.

Throughout this work, we assume a flat ΛCDM cosmology with cosmological
parameters from Planck Collaboration et al. (2016) consistent with that assumed
by dustyGadget simulation (see Section 5.4) and adopt a Salpeter (1955) IMF. All
the stellar masses and star formation rates in this chapter have been converted to a
Salpeter (1955) IMF following the conversion factors from Madau and Dickinson
(2014b). At z ∼ 4.6 - that is the mean redshift of our sample - 1 arcsecond corresponds
to 6.69 proper kpc.

5.2 Observational sample and data processing

In this section we first briefly introduce the ALPINE survey and the properties
of the target galaxy sample; and then discuss the classification done by Romano
et al. (2021) on merging systems, and how we selected - among these - major mergers
needed for the aim of this work. Finally, we describe the ALMA data reduction
procedure and the analysis we performed on our sample of major merging galaxies.

5.2.1 Targets selection

ALPINE is an ALMA large program designed to detect the [CII] line at 158 µm
rest-frame and the surrounding FIR continuum emission for a sample of 118 normal
galaxies at 4.4 < z < 5.9. ALPINE targets are selected from the Cosmic Evolution
Survey (COSMOS; Scoville et al. 2007a,b) and Extended Chandra Deep Field South
(E-CDFS; Giavalisco et al. 2004; Cardamone et al. 2010) fields. In the following, we
use "vc" and "DC" to respectively refer to vuds_cosmos and DEIMOS_COSMOS
sources. Since these fields have been targeted by several observational campaigns, a
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wealth of ancillary multi-wavelength photometric data (from rest-frame UV to FIR)
is available, which made it possible to recover physical properties such as stellar
masses and SFRs through SED-fitting; these estimates have been performed adopting
a Chabrier IMF (Chabrier 2003b, see Faisst et al. 2020 for a detailed description).
With stellar masses in the range 9 ≤ Log(M⋆/M⊙) ≤ 11 and star formation rates of
1 ≤ Log(SFR/M⊙yr−1) ≤ 3, ALPINE galaxies lie on the so-called main sequence
of star-forming galaxies (Rodighiero et al., 2011; Tasca et al., 2015), being thus
representative of the underlying galaxy population at z ∼ 5 (Speagle et al., 2014) - a
detailed description of the survey and its main results can be found in Section 2.2.1.

To study the metal enrichment of the CGM around high-z merging galaxies we
exploit the work of Romano et al. (2021), who combined the morpho-kinematic infor-
mation provided by the [CII] emission with archival multi-wavelength photometry to
identify merging systems in the ALPINE sample, and the fraction of major mergers
within this subset (see also Le Fèvre et al. 2020; Jones et al. 2021). According to
their classification criteria, Romano et al. (2021) found that the ALPINE sample is
composed of 31% of mergers (23 out of 75 2), leading to a major merger fraction
of MM ∼ 0.44 (0.34) at z ∼ 4.5 (5.5). This result is in good agreement with mor-
phological studies by Conselice and Arnold (2009) at the same redshift and, when
combined with other works down to the Local Universe, suggests a rapid increase in
the cosmic merger fraction from z = 0 to z ∼ 2, a peak at z ∼ 2 − 3 and a possible
slow decline for z ≥ 3.

For the aim of this study, starting from the classification by Romano et al. (2021),
we selected major merging systems that are spatially and/or spectrally separated in
a robust way. In particular, we looked for merging systems with:

1. a velocity separation ∆v ≤ 500km/s, so that the two systems can be considered
as gravitationally bound (see Patton et al. 2000; Lin et al. 2008; Ventou et al.
2017);

2. a projected distance rp > 4 kpc, where rp = θ × dA(zm), θ is the angular
separation in arcsec in the sky between the two galaxies, and dA(zm) is the
angular diameter distance (in kpc arcsec−1) calculated at the mean redshift
zm of the two sources (see Romano et al. 2021 for more details). With this
condition, the projected distance between the merging systems is larger than
the typical [CII] size of individual galaxies, which on average is estimated to
be ∼ 2.1 kpc for ALPINE galaxies at these redshifts (Fujimoto et al., 2020;
Romano et al., 2021). Indeed, closer components could just be clumps of star
formation within the same galaxy, affecting the morphology and kinematics of
[CII] emission;

3. a relative stellar mass ratio of 1 < µK < 4. Here µK is defined as the ratio
between the UltraVista Ks-band fluxes of the merging components3, which is

2Among the 118 main sequence galaxies of the ALPINE sample, 75 are detected in [CII] at S/N
> 3.5 (Béthermin et al., 2020c)

3In general, µ can be defined as :
µ = Xi

1/Xi
2 (5.1)

where Xi
1 and Xi

2 are the physical properties (Xi = stellar mass; [CII] fluxes; Ks-band fluxes) of
the primary and secondary galaxy, with Xi

1 > Xi
2.



102 5. Carbon envelopes around merging galaxies at high-z

used as a proxy for the mass ratio of galaxies (hereafter, µK ≡ µ⋆) since the
Ks-band flux is a good tracer of the stellar mass of galaxies up to z ∼ 4 (Laigle
et al., 2016).

We shall note that the Ks-band ratio is available for 9 out of 23 merging systems;
for the other 14 systems, only the [CII] flux ratio, µ[CII], is available, from which
Romano et al. (2021) cannot draw conclusions about the nature of the merger (see
their Section 4 for more details). By taking this into account and applying the
previously mentioned criteria to the merging systems with Ks-band ratio estimates,
for which the nature of the merger is known, we end up with a sample of six targets.

Table 5.1 lists the 6 observational targets selected for our study, and summarizes
their merging properties (∆v, rp, µ[CII], Ks; Romano et al. 2021) and their stellar
masses and SFRs as estimated by Faisst et al. (2020).

5.2.2 Observational analysis

In this section, we describe processing and analysis performed on the major
merging systems whose properties have been reported in Table 5.1.

Firstly, we reduce the ALMA data for these targets using the Common Astronomy
Software Applications (CASA; McMullin et al. 2007) pipeline. Each data cube is
continuum-subtracted using the CASA task uvcontsub over the line-free visibilities
in all spectral windows to obtain line-only cubes. The [CII] datacubes are generated
from the continuum-subtracted visibilities using the task tclean until we reach
a S/N < 2 for the residuals. We choose a natural weighting of the visibilities to
maximize the sensitivity, a common pixel size of 0.15", and a common spectral bin
of 25 km s−1 (beam size of ∼ 1”).

Secondly, we visually inspect ALMA datacubes, looking for [CII] emissions
coming from the components of each merging system. Every time we find such
an emission, we adopt a 1” aperture centered on the emitting galaxy to extract a
preliminary [CII] spectrum, which is then fitted using a single 1D Gaussian model.

Finally, we consider the 2σ confidence interval of the Gaussian fit to get the
min-max frequency range that we collapse to generate the moment-0 (i.e. velocity
integrated) maps of each merging component (dubbed as #A, #B, etc) using the
CASA immoments task. The moment-0 map of the entire system is then obtained by
collapsing the absolute minimum and maximum of the previously obtained frequency
(i.e. min[minA

freq, minB
freq] and max[maxA

freq, maxB
freq]).

Figure 5.1 shows the total velocity-integrated [CII] maps for our sample; white
contours indicate the 2σ 4 region and black crosses are the centers of each emitting
component (see procedure described in the following), and all the S/N are consistent
with those of the ALPINE survey (Béthermin et al., 2020c). Having the moment-0
maps we then fit a single 2D Gaussian model to each merging component, masking it,
and retrieving morphological information such as the coordinates of the [CII] emission
peak, the FWHM of the major and minor axis of the Gaussian and its position
angle (PA). For one system, DC_873321, we had to perform a two 2D Gaussian
components fit, because of the little spatial separation and similar [CII] luminosity
(µ[CII] ∼ 1; see Table 5.1) of the merging galaxies, which prevent us from fitting single

4computed as the standard deviation in the total moment-0 map once we mask the source.
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Figure 5.1. Total velocity integrated [CII] map of the six selected systems. On top of each
panel is the ID of the source. White contours indicate the positive significant level at 2σ
of [CII] emission. Black crosses mark the center of each galaxy (see the text for more
information). The ALMA beam size is given in the bottom-left corners.

2D Gaussian models. Once we estimate the coordinates of the [CII] emission peaks
of each source, we use it to center different size apertures. In particular, we employ a
1” aperture, a 2x2 pixel square aperture (hereafter "peak"), and FWHMx × FWHMy
aperture (hereafter "optimal") - with x and y being respectively the major and
minor axis of the 2D Gaussian model. From these apertures, we extracted the [CII]
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emission fluxes in mJy km s−1. In doing this analysis we assume that all the [CII]
emission coming from these apertures is associated with the merging galaxies, while
that coming from the 2σ contour is the total emission (galaxies + diffuse [CII] halo).
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Figure 5.2. Upper panel: Same as Figure 5.1, but for two specific systems: (a) DC_818760
(left) and (b) vc_5101209780 (right). The white contour indicates the positive significant
level at 2σ of [CII] flux, where σ[CII] = 84 mJy km/s in (a) and σ[CII] = 95 mJy km/s
in (b). The dashed black ellipses indicate the FWHMx × FWHMy regions obtained by
2D Gaussian models and correspond to the apertures used to extract the optimal [CII]
spectra of (a) and (b); finally, the black crosses mark the center of each ellipse (i.e. the
center of each galaxy). The ALMA beam size is given in the bottom-left corners. Lower
panel: [CII] spectra for each component of the merging system (different line styles)
extracted using 1" (orange), optimal (FWHM, green), and peak apertures (pink).

Figure 5.2 shows, in the upper panels, the total velocity-integrated [CII] maps for
two systems highlighting the optimal apertures for each merging component (dashed
black lines), the center of each galaxy (black crosses) and the 2σ regions (white
contours) and, in the lower panels, the [CII] flux density. In particular, different
line styles correspond to each merging component, while different colors (orange,
green, and pink) to line spectra extracted considering 1”, optimal and peak apertures
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respectively. Looking at the spectra we note that the brightest emission is the
one coming from the peak aperture (pink) i.e. the center of each galaxy, while 1”
and optimal apertures in some cases have comparable emissions (see for example
component #A of both DC_818760 and vc_5101209780).

The merging system DC_818760 is the only triple merger in our sample. The
bottom left panel of Figure 5.2 shows that the emission coming from component
#C is ∼ 4 and 5 times dimmer than the one coming from components #A and #B
respectively. The major merger is indeed happening between galaxies #A and #B,
which are closely associated both spatially and in velocity, while #C is identified
as an upcoming minor merger (see Jones et al. 2020 for a detailed discussion about
this system).

Finally, Figure 5.3 shows the [CII] emission arising from the total system (black)
together with the sum of the emissions arising from each component of the merging
system when we adopt an optimal aperture (green). The difference between these
two emissions (green hatched area) can be interpreted as due to the diffuse [CII]
envelope around the galaxies. Already in Ginolfi et al. (2020c) the authors analysed
in detail the merging system vc_5101209780, finding that about 50% of the total
[CII] emission arises from a gaseous envelope distributed between the individual
components of the system.

From the analysis of the observational sample used in this work we not only
confirm the conclusion by Ginolfi et al. (2020c), but also extend this result to a larger
sample of 5 additional ALPINE major merging systems, finding that an important
fraction of the total [CII] emission arises from the diffuse gas between the galaxies,
as qualitatively shown in Figure 5.3.

Notice that DC_873321 is the system with the least [CII] emission associated
with the diffuse component, according to Figure 5.3 (top right panel), and it is also
the only system where we had to perform a two components 2D Gaussian fit instead
of two single component 2D Gaussian models (see previous discussion). Because of
the difficulty in separating the emission from the galaxies and that of the surrounding
medium, it is likely that part of the [CII] emission from the diffuse halo is instead
wrongly associated with the individual components of the system. Also, note that
systems in which is more difficult to separate the components may be in a more
advanced phase of the merger (i.e. a closer interaction).

5.3 [CII] emission from the CGM

In this section, we investigate the amount of [CII] emission arising from the
diffuse halo in a more quantitative way, in order to identify possible trends between
the diffuse emission and the physical properties of the merging galaxies, such as
their [CII] luminosity (L[CII]), stellar mass (M⋆) and SFR. We also explore possible
trends between the fraction of [CII] emission associated with the diffuse component,
or inner CGM of the galaxies, and the relative properties of the merging systems,
such as the projected distance between the centers of merger components (rp), mass
ratio (µ⋆), and [CII] luminosity ratio (µ[CII]). Indeed, these trends can give us hints
about the nature of the diffuse [CII] halo we observe, helping us to understand if this
originates from metal-enriched gas outflows, from tidally stripped material during
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Figure 5.3. The [CII] flux density in mJy as a function of frequency (GHz) for the galaxies
in our sample. Black lines are the total [CII] emission arising from the full system
(galaxy + diffuse [CII] halo) and green solid lines are the sum of the emissions coming
from each component of the merging system when we consider the optimal aperture,
FWHMx × FWHMy. Green hatched areas show the emission coming from the diffuse
[CII] halo and the [CII] fraction is in green boxes (see Section 5.3 for the definition of
this quantity and discussion).

the gravitational interaction between the merging galaxies, and/or it pertains to
small satellites lying around the merging galaxies (see discussion in Ginolfi et al.
2020c).
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In order to estimate the total [CII] fluxes in Jy km/s we extract the spectrum
from the 2σ region and fit it using a single Gaussian model. We then convert the
measured fluxes in [CII] luminosity following the relation (Solomon et al., 1992;
Carilli and Walter, 2013):

L[CII] = 1.04 × 10−3 F[CII] D2
L(z) νobs(z) (5.2)

where L[CII] is in L⊙, DL(z) is the luminosity distance (in Mpc) at the redshift
of the merging system and νobs(z) is the observed frequency of the [CII] line (in
GHz). We dub the total luminosity of the merging system L2σ

[CII], and we estimate
the error associated with this luminosity as

√
N × rms of the moment-0 map, where

N is the number of ALMA beams enclosed in that region. To quantify the emission
associated with the individual merging galaxies, we extract the spectra of each
component using three different apertures centered on each galaxy (see Section 5.2.2
for a description of the adopted method). For a fixed aperture, we sum together the
spectrum of each component and integrate it into the 2σ confidence interval found
before. Using Equation 5.2, we obtain the luminosity coming from the galaxies for
each of the three apertures, Li

[CII], where i = 1”, optimal, peak; the error associated
with the luminosity coming from these apertures is the rms of the moment-0 map,
since the apertures are comparable to the ALMA beam.

Having estimated the total [CII] luminosity of the merging system and the
luminosity coming from the galaxies, we compute the [CII] emission coming from
the diffuse halo as:

Ldiffuse,i ≡ L2σ − Li (5.3)

where we have dropped the subscript [CII]. We also define the fraction of [CII]
emission coming from the inner CGM of the merging system (hereafter, f[CII]) as:

f i
[CII] ≡ Ldiffuse,i

L2σ
. (5.4)

Figure 5.4 shows the relation between Ldiffuse and some integrated properties of the
system, such as the total [CII] luminosity, star formation rate, and stellar mass of the
entire merging system listed in Table 5.1 (see Faisst et al. 2020 for the discussion on
photometry and SED fitting procedure). For each of these relations, we compute the
Spearman coefficient, ρ, to see how reliable the suggested trend is: if ρ ∼ 1 a strong
correlation between the quantities is present, while for ρ ∼ −1 there is a strong
anti-correlation. Finally, although we report the results obtained for each of the
three apertures, we mainly draw our conclusions by looking at the trends suggested
when the emission from the galaxies is computed in the optimal case, which provides
the cleanest separation between the galaxy and the diffuse components.

The figure shows that there is a strong positive correlation (ρ = 1) between the
[CII] luminosity of the diffuse halo and the total [CII] luminosity of the system,
suggesting that the diffuse component is an important component of the total
luminosity of the merging systems. We shall note that this conclusion depends
on the chosen aperture used to estimate the luminosity of the galaxy, and the
above interpretation applies when the optimal aperture is adopted. Indeed, for the
peak aperture, one would infer that the diffuse component provides 100% of the
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Figure 5.4. Trends between the [CII] luminosity coming from the diffuse halo around
merging systems, Ldiffuse, and their integrated physical properties. Different colors refer
to different apertures adopted to extract the emission from the merging galaxies, Li,
with i = 1” (orange), optimal (FWHM, green), and peak (pink). In each panel, the
green solid line and shaded areas are respectively the linear fit and the associated error
when adopting the optimal aperture, and we also report the Spearman coefficient (ρ)
of the analysed relation. Left: Ldiffuse is shown as a function of the total luminosity
coming from the 2σ region, L2σ. The black dot-dashed line is the 1:1 relation. Middle
and Right: Ldiffuse as a function of the total SFR and total stellar mass of the merging
systems (see Table 5.1). Highlighted in gray is DC_873321, see the main text for the
discussion on this candidate, and the gray dashed line is the linear fit without taking
into account DC_873321.

total luminosity of the system, see the pink data points in the left panel and their
proximity to the gray diagonal lines which shows the 1:1 relation. This result is a
direct consequence of the definition of the peak case.

We also find a tentative (ρ = 0.3) relation between the diffuse [CII] luminosity
and the SFR of the system, and a stronger positive correlation (ρ = 0.5) between
Ldiffuse and the stellar mass of the system (see the middle and right panels of Figure
5.4). These results provide some tentative indications of the origin of the metal-
enriched gas powering the diffuse [CII] luminosity. In fact, stronger gas outflows are
expected in more star-forming systems (Ginolfi et al., 2020c), while more massive
galaxies trace the possible presence of small unresolved satellite galaxies and/or a
stronger dynamical interaction between the merging components and are associated
with more SF galaxies resulting in a greater outflows activity. The tentative trends
found so far suggest that the inner CGM is polluted with heavy elements by means
of outflows, dynamical interactions, and small star-forming satellites. In particular,
we can assume that stripping mechanisms have a dominant role in this scenario
as we observe a more extended [CII] halo in interacting systems compared to non-
interacting galaxies with similar SFRs - thus with comparable outflows activity. This
conclusion is also supported by the relation between f[CII] and µ⋆ (see Figure 5.5
and its discussion) which suggests that systems with the strongest gravitational
interaction, i.e. µ⋆ closer to unity, have a higher fraction of [CII] emission coming
from the diffuse halo.

In Figure 5.5 we further explore the dependence of the fraction of [CII] emission
coming from the inner CGM of the merging systems, f[CII], and the properties of
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Figure 5.5. Trends between the fraction of [CII] emission coming from the inner CGM
(f[CII], see Equation 5.4) and the properties of the merging systems, such as the projected
distance (rp) between the galaxies (Left), the stellar mass ratio (µ⋆, Middle), and the
[CII] emission ratio (µ[CII], Right). We show the results obtained when adopting different
apertures (1" in orange, and optimal in green) needed to define the [CII] emission
associated with each component of the merger. In each panel, the green solid line and
shaded areas are respectively the linear fit and the associated error when adopting the
optimal aperture, and we specify the Spearman coefficient (ρ) of the corresponding
relation. The horizontal dot-dashed black line indicates the 0.5 value, the system
DC_873321 is highlighted in gray (see text for discussion on it) and the gray dashed
line is the linear fit without DC_873321.

the merging pairs, such as the projected distance (rp) between the galaxies, the
stellar mass ratio, and the [CII] emission ratio. In each panel, the green solid
line and shaded areas are respectively the linear fit and the associated error when
adopting the optimal aperture, and we specify the Spearman coefficient (ρ) of the
corresponding relation. In Figure 5.5 we do not include the peak aperture as we
obtain f[CII] ∼ 0.95 in all the systems given that, in this case (i.e. unresolved merging
galaxies), most of the [CII] emission is associated with the inner CGM.

From this figure, we note that the fraction of [CII] emission coming from the
inner CGM of the merging system is in the range f[CII] ≃ 0.3 − 0.7 for the systems
we have analysed, the black horizontal line corresponds to f[CII] = 0.5. On average,
we find that ≃ 55 % of the [CII] emission of the merging systems comes from the
inner CGM, confirming what was previously found by Ginolfi et al. (2020c) for the
system vc_5101209780 alone, and quantifying the emission we found looking at the
spectra in Figure 5.3 (green hatched area). The left panel of Figure 5.5 indicates
that there is a strong positive correlation (ρ = 0.9) between f[CII] and rp, meaning
that merging systems with larger projected separations appear to have a larger
f[CII] compared to systems with smaller rp, where a clean separation between the
emission coming from the diffuse component and that coming from the galaxies is
more challenging. However, it could also be that galaxies that are interacting for
a longer period of time result in a more carbon-rich envelope (see Appendix 5.8).
Note that to investigate this possibility we need to have information on the time
evolution of the system, which is beyond the scope of the present work.

We also find an anti-correlation (ρ = −0.8) between the fraction of [CII] emission
coming from the inner CGM and the mass ratio of the galaxies: the larger µ⋆ the
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smaller f[CII]. This may suggest that the dynamical interaction between mergers
where galaxies have similar masses (µ⋆ ∼ 1) results in stronger tidal stripping and, as
a consequence, in a more polluted CGM. Finally, we analyzed the relation between
f[CII] and µ[CII] (right panel), finding a mild correlation, ρ = 0.5, which suggests that
the fraction of [CII] emission from the diffuse halo does not depend on the ratio
between the L[CII] associated with the galaxies.

We shall note that the system that appears to be an outlier and is highlighted in
gray in Figure 5.4 and Figure 5.5, is DC_873321. This system is the only one for
which we had to perform a two 2D Gaussian components fit instead of two single
2D Gaussian models (see Section 5.2.2), because of the difficulty in separating the
emission from the galaxies and that of the diffuse halo; hence, it might be that part
of the [CII] emission from the diffuse halo is wrongly associated with the galaxies,
and this could partially explain the fact that DC_873321 does not follow the trends
that we infer for the rest of the sample. To investigate if this different procedure
changes our results, we perform the same analysis as before excluding DC_873321.
We find that in this case the mean [CII] fraction goes up to ∼ 60 %, suggesting a
larger [CII] emission from the diffuse medium between galaxies. Also, in Figure 5.4
and Figure 5.5 we show in gray dashed lines linear fits once we exclude DC_873321
from the analysis. Looking at these figures we notice that we recover very similar
trends in all the panels, with the exception of the relation with SFR and M⋆, where
we find a shallower trend. In addition, Spearman coefficients in this case suggest a
stronger correlation between Ldiffuse and SFR (ρ = 0.5), while milder correlations
- ρ ∼ 0.15 - for both Ldiffuse - M⋆ and f[CII] - µ[CII]. We can conclude that even
taking into account the different procedures we apply in the analysis of one observed
system, the interpretation and conclusions drawn so far still stand.

To summarize, our observational analysis shows that a consistent part (≳ 55%)
of the [CII] emission of major merging galaxies identified in the ALPINE survey
originates from a diffuse gas envelope around the merging galaxies or inner CGM.
Also, we find tentative trends between the emission arising from the diffuse halo and
the physical properties of the merging systems, which provide some indication of the
possible mechanisms that are responsible for the presence of a diffuse metal-enriched
cold gas component surrounding these galaxies, such as small satellite companions,
gravitational interaction resulting in tidal stripping and outflows activity.

In the next section, we compare the above findings and observational sample
with synthetic merging systems at similar redshift selected from a cosmological
hydrodynamical simulation, to gain a more in-depth understanding of the physical
processes shaping the origin and metal enrichment of their CGM.

5.4 Comparison with simulations

5.4.1 dustyGadget

In this section, we provide a synthetic summary of the key features of the
cosmological hydrodynamical code dustyGadget, and we refer the interested reader
to Graziani et al. (2020) and Chapter 3 for a detailed description of the code, as well
as Chapter 4, Di Cesare et al. (2023); Venditti et al. (2023a,b) for its latest results.

dustyGadget is an extension of the particle-based SPH code Gadget-2/3 (Springel,
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2005; Springel et al., 2021) which provides a self-consistent implementation of dust
production and evolution, on top of the improvements to the chemical evolution
module by Tornatore et al. (2007b,a), and to molecular chemistry and cooling by
Maio et al. (2009a). In particular, the gas chemical evolution scheme is inherited
from Tornatore et al. (2007b): it follows the metal release from stars of different
masses, metallicity, and lifetimes. Yields depending on mass and metallicity are
implemented for both PopII and PopI stars and stars with masses ≥ 40 M⊙ are
assumed to collapse into black holes and do not contribute to metal enrichment.
PopIII stars with masses inside the range 140 M⊙ ≤ M⋆ ≤ 260 M⊙ are expected to
explode as PISN, while those with masses outside the PISN range are assumed to
collapse into black holes. We warn the reader that the formation of AGN is not
modeled in our simulations, thus we do not account for mechanical or radiative
feedback from accreting nuclear black holes. Following Maio et al. (2009a), the
chemical network in dustyGadget also includes the evolution of both H and H+,
He, D, and primordial molecules by relying on the standard Gadget implementation
of the cosmic UV background as a photo-heating mechanism, first introduced by
Haardt and Madau (1996a). The IMF of the stellar populations, each represented
by stellar particles, is assigned according to their metallicity Z⋆, given a gas critical
metallicity Zcrit = 10−4 Z⊙, where Z⊙ = 0.02 (Grevesse and Anders, 1989). When
Z⋆ < Zcrit we adopt a Salpeter IMF (Salpeter, 1955) in the mass range [100−500]M⊙;
otherwise, the stars are assumed to form according to a Salpeter IMF in the mass
range [0.1 − 100] M⊙.

The production of dust grains by stars in SN explosion and AGB stellar winds is
described by means of a set of mass- and metallicity-dependent yields (Bianchi and
Schneider, 2007; Marassi et al., 2014, 2015; Bocchio et al., 2016b; Ginolfi et al., 2018b;
Graziani et al., 2020; Pizzati et al., 2020; Romano et al., 2023), which closely follow
the chemical network adopted for metal yields Tornatore et al. (2007b). Once the
grains produced by stars are released in the ISM, they can undergo diverse physical
processes that can alter their mass, relative abundances, chemical properties, charge,
and temperature. Generally, it is assumed that the dust-to-light interactions (e.g.
photo-heating, grain charging) change the thermodynamic and electrical properties
of the grains (see for example Glatzle et al. 2019b, 2022b), but these processes have
a negligible impact on the total dust mass unless the grain temperatures reach the
sublimation threshold (Td,s ≳ 103 K). Other physical processes (i.e. sputtering and
grain growth) can alter the total dust mass and the grain size distribution (Draine,
2011; Aoyama et al., 2020). The spreading of dust grains and atomic metals in the
ISM, CGM, and IGM is done through galactic winds, which are modeled with an
initial velocity of 500 km/s, following typical outflow velocities observed in main
sequence galaxies at z ≳ 4 (Gallerani et al., 2018; Sugahara et al., 2019; Ginolfi
et al., 2020d). Finally, the identification of DM halos and their substructures is
performed in post-processing with the AMIGA halo finder (see Section 3.2.3).

In this work we make use of one of the eight statistically independent cosmological
simulations (U6-U13) which have been analysed in Di Cesare et al. (2023), where
we have investigated the redshift evolution of the SFR, stellar mass density, stellar
mass function, and galaxy scaling relations, at z ≥ 4, comparing our results with
observational data.

The physical setup of the runs and simulated cosmic volumes are the same as in
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Figure 5.6. Illustration of an exam-
ple of merger tree reconstruction.
Starting from galaxy "a" at z =
4.5 (snap = 041), its progenitors
at the previous snapshot are "b"
and "c". Merger trees have been
reconstructed for each of all sim-
ulated galaxies at z = 4.5 with
masses M⋆ ≥ 1010M⊙, up to z =
5.1 (snap = 035). This allows us
to reconstruct the mass assembly
history of the simulated galaxies,
identifying those systems that un-
dergo major mergers, defined as
galaxy interactions where the rel-
ative stellar mass ratio of the
merging pair is 1 < µ⋆ < 4 (see
text).

Di Cesare et al. (2023); in particular, we consider a cubic volume with 50h−1 cMpc
(∼ 74 cMpc) side length, with 2 × 6723 particles, corresponding to a mass resolution
of 5.2 × 107 M⊙ for DM particles, and of 8.2 × 106 M⊙ for gas particles. Using the
current version of dustyGadget we can resolve down to the scale of a giant molecular
cloud (a few tens up to hundreds pc), but for the purpose of this work, we are only
interested in scales of the order of tens kpc.

In the following, whenever we refer to units we mean physical one, unless otherwise
stated.

5.4.2 Identifying galaxy mergers

In Di Cesare et al. (2023) we already compared the integrated properties (SFR,
M⋆, Mdust) of our synthetic galaxies with those observed in the ALPINE survey,
finding a remarkable agreement between the two (see for example their Figure 3 and
Figure 8).

In this work, we start from the galaxy catalogues generated by the simulation
and select synthetic merging galaxies whose physical, integrated properties resemble
the observed ones, as described in Section 5.2.1. We analyse the simulation snapshots
(hereafter referred as snap) from snap = 041 (z = 4.495) to snap = 035 (z = 5.098),
which encompass the redshift range of the observed systems (z = 4.5 − 5.1, see Table
5.1), and a physical time interval of ∆tH = (1.338 − 1.145) Gyr = 193 Myr, for our
assumed cosmology. Hence, we end up having six galaxy catalogues, with ∆z =
0.1, containing simulated systems with masses in the range M⋆ ∼ 108 − 1011 M⊙
(∼ 14000 objects at snap = 041, and ∼ 9400 at snap = 035). Among these, we
consider only galaxies with stellar mass M⋆ ≥ 1010 M⊙, to match the properties of
the observed systems (see Table 5.1), ending up with ∼ 40 galaxies at snap = 041
and ∼ 15 galaxies at snap = 035. Within these smaller samples of objects, which
match the observed systems in terms of redshift and stellar mass, we must identify
possible galaxy mergers. Mergers are identified considering galaxies at z ≃ 4.5 and
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Table 5.2. Properties of the 8 simulated systems classified as major mergers. For each
redshift, z, we show the system ID, the distance obtained averaging over distances
between merging galaxies on the x,y,z projections, rm [kpc], the carbon mass ratio, µC ,
the relative mass ratio of the merging pair, µ⋆, the total stellar mass, M⋆ [M⊙] and SFR
[M⊙ yr−1]. In the last two rows, we report integrated properties for non-interacting
systems which we use together with merging systems, see discussion in Section 5.5.

system ID z rm [kpc] µC µ⋆ Log(M⋆/M⊙) Log(SFR/M⊙yr−1)
merging galaxies

H2 4.495 11.3 2.0 4.1 10.44 1.84
H4 4.495 16.3 2.3 1.5 10.55 1.96
H5 4.495 6.3 1.3 1.9 10.49 1.83
H6 4.495 5.3 1.3 1.9 10.43 1.81
H10 4.495 10.3 3.2 1.3 10.51 1.90
H25 4.495 40.3 2.8 2.3 10.30 1.70
H28 4.495 32.3 3.6 4.1 10.27 1.74
H0 4.988 13.3 4.6 1.5 10.58 2.17

single galaxies
H7 4.495 - - - 10.43 1.84
H29 4.495 - - - 10.58 1.85

reconstructing their merger trees (i.e. their past assembly histories in gas, dark
matter, and stellar particles) up to z ≃ 5.1. Figure 5.6 shows a schematic view of a
merger tree reconstruction: we start at z = 4.495 (snap = 041) with a galaxy dubbed
"a", and go backward in time up to z = 5.1 (snap = 035); at each intermediate
redshift step, we identify the ancestors of "a" (i.e. halos "b" and "c" contributing
particles to "a" at z = 4.6). Once we have reconstructed the merger tree of each
galaxy, we can then follow its evolution forward in time and characterise the origin
of its mass assembly, whether this is the result of a major merger, smooth accretion,
or minor mergers.

In particular, we follow the same criterion adopted for the observed systems, and
we assume that two ancestors undergo a major merger when their relative stellar
mass ratio (defined as the ratio between the most massive and the least massive) is
1 < µ⋆ < 4.

After applying this condition and checking that we are not double counting
merging episodes5, we end up with 8 unique candidates (7 at z ≃ 4.5 and one at
z ≃ 5.0), which undergo major mergers during their history. In Table 5.2, we provide
a summary of their physical properties, where each row corresponds to one of these
synthetic major mergers. In particular, we report their IDs, redshift, the mean
projected (rm)6 distance in kpc, the relative carbon mass ratio of the merging pair
(µC), the relative stellar mass ratio of the merging pair, µ⋆, the total stellar mass
(M⋆) in M⊙ and the SFR in M⊙ yr−1.

5Notice that double counting can happen if we count as different mergers those happening
during the evolution of the same galaxy among the same ancestors across different redshift steps of
its merger tree.

6This distance has been calculated averaging over the projected distances between the merging
galaxies on the x,y,z planes.
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Compared to the observed sample (see Table 5.1), the simulated systems appear
to span a similar range of properties and can be considered as good synthetic
analogues of the systems that we have analysed in Section 5.2. This sample of
synthetic galaxies can help us interpret the observed trends that we presented in
Section 5.3. As an illustrative example, in the next section, we discuss the time
evolution of the simulated system H4 at z = 4.495, which provides the best synthetic
analogue of vc_5100822662.

5.4.3 Time evolution of a representative merger

The simulated system H4 at z = 4.495 and the observed system vc_5100822662
(hereafter, vc_662) at z = 4.5210 have stellar mass and SFR which are consistent
within the errors: Log(M⋆/M⊙) = 10.6 (H4) and Log(M⋆/M⊙) = 10.4+0.1

−0.1 (vc_662);
Log(SFR/M⊙ yr−1) = 2.0 and Log(SFR/M⊙ yr−1) = 2.0+0.2

−0.2, respectively. Moreover,
H4 and vc_662 have similar stellar mass ratios µH4=1.5 and µvc_662=1.7, and
projected distance of 16 kpc and 11 kpc respectively. It is important to keep in mind
that from the simulation, we not only have information on projected distances but
also on the physical (3D) distance between the merging galaxies, which we compute
to be r = 21 kpc for this synthetic system.

Figure 5.7 shows the merger tree reconstruction for H4 (see Table 5.2 for its
integrated physical properties) from z = 4.5 to z = 5.1, together with maps (80 ×
80) kpc and (60 × 60) kpc showing respectively the (x,y) projection of the dark
matter particles and stellar particles. These maps are centered respectively in the
center of mass of the dark matter halo and of the baryonic component. Here we
dubbed the merging galaxies H4 and H98 at z = 4.5 as "a" and "b", respectively, so
that it is easier to follow their past history along the merger tree reconstruction. In
the illustration provided, we connect with solid black lines each component of the
merging pair to its main galaxy progenitor at the preceding redshift7: as an example,
the galaxy dubbed as "a" at z = 4.6 (H3) is considered as the main progenitor
of galaxy "a" at z = 4.5 (H4). At each redshift, we also indicate the stellar mass
ratio (µ⋆) of the galaxies undergoing the major merger. For the sake of clarity, the
projections of the dark matter and baryonic components in the middle and right
panels of Figure 5.7 are shown only at four redshifts, and particles belonging to each
merging component are color-coded to match those in the corresponding merger
tree. In the following section, we discuss how the spatial distribution of the gaseous
component is generated.

Looking at the dark matter and baryonic matter visualisations in the middle and
right panels of Figure 5.7, it is interesting to notice how dark matter halos merge
and coalesce in a shorter time compared to galaxies themselves (i.e. to the baryonic
components). Indeed, by z = 4.5, the dark matter halos of the two systems can
be considered as a single virialised object, while the baryonic components are still
largely spatially segregated, and undergoing the merger. Moreover, notice that as
soon as the gravitational interaction between galaxies becomes stronger (i.e. they
move closer), galaxies appear to be more clumpy and rich in satellites, and undergo
disruption events which lead to filamentary structures by z = 4.5. In addition to

7Main progenitor is the galaxy which contributes the most, in terms of stellar mass, to the
descendant at the subsequent redshift.
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Figure 5.7. Left: History of two merging galaxies, H4 and H98 (dubbed as "a" and "b"),
reconstructed along their past merger tree, starting from z = 4.5 up to z = 5.1. At each
redshift, we show both the main progenitor (black solid line) and secondary progenitor
(black dashed lines), we also report the stellar mass ratio µ⋆ of the primary (green)
and secondary (magenta) merging galaxies. In the Middle and Right panels we show
the projection on the (x,y) plane of the merging galaxies as seen in dark matter and
baryonic matter components, respectively. For the sake of clarity, we only show the
maps at four redshift steps (z = 5.1, 4.9, 4.7, and 4.5, from top to bottom) and galaxies
are color-coded as in the merger tree.
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this, we also have to consider that the merger between the dark matter halos of the
galaxies may lead to the formation of overdense regions which result in dense clouds
where star formation can be triggered.

All this qualitative information coming from the simulation provides us with
fundamental indications on the evolution of merging pairs, inaccessible using only
observations, and helps us interpret the results from the observational part of this
work. In fact, simulated galaxies have higher spatial resolution compared to ALPINE
observations, and we are able to resolve small satellite galaxies and filamentary
structures. This allows us to infer the origin of the enriched diffuse gas surrounding
the galaxies, which powers the observed [CII] emission coming from the inner CGM
of merging galaxies: whether this is due to unresolved satellites galaxies, filamentary
structures, outflows or maybe a combination of the three. In the following, we will
explore these options in a more quantitative way.

5.4.4 Dependence of galaxy properties and their CGM on the mass
ratio of merging pairs

In this section, we focus on two synthetic candidates (H2 and H10) at z = 4.5
which have been selected as their merging pairs are characterised respectively by the
highest (µ⋆ = 4.1) and lowest (µ⋆ = 1.3) stellar mass ratios in our sample. Our aim
is to investigate whether systems with extreme µ⋆ may be characterised by different
morphological properties of the stellar and gas components, on scales comparable to
the diffuse [CII] emission component quantified in Section 5.3.

Figure 5.8 shows the stellar particle distributions (first row) and carbon surface
density maps (ΣC, second and third rows) for H2 and H10 projected on the plane
perpendicular to the line-of-sight along the x-axis. Specifically, in orange/violet
tones is the carbon in regions with gas temperature T < 5 × 104 K, used as a proxy
for L[CII] - see following discussion.

In general, to characterise the gas and metals spatial distributions we project gas
and metals particles onto Cartesian grids with 256 or 512 cells/side and each particle
contribution is weighted with the SPH kernel adopted in dustyGadget. These maps
are centered either in the halo mass center (H2, H4, H5, H6, H10, H0) or in the
center of mass of the merging system (H25, H28), depending on how diverse these
two values are, while the side of the Cartesian grid is chosen to capture the whole
merging system. Specifically, we chose a box side of 60 kpc (256 cells/side) for all
the synthetic candidates but for H25 and H28 for which we adopted a side length of
100 kpc (512 cells/side). Both grids have a spatial resolution (pixel dimension) of
∼0.2 kpc, thus a factor of ∼ 20-30 more resolved than the ALMA-ALPINE beam.

As for the panels showing stellar particles (scatter plots), color-coded in red
are the ages of such particles, while, we highlight in dark blue stellar populations
with ages ≤ 10 Myr and in light blue those with ages ≤ 100 Myr. This is done
in order to characterise younger populations and star-forming regions (blue) in
contrast to more mature stellar populations in red. Observations interpreted with
photo-ionization models suggest that the bulk of [CII] emission is coming from
neutral atomic gas clouds in photo-dissociation regions (PDRs) surrounding young
stars (Hollenbach and Tielens, 1999), thus we expect that a consistent part of the
carbon mass predicted by dustyGadget simulations will be associated with young
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Figure 5.8. Properties of two examples of synthetic merging systems with high (µ⋆ = 4.1,
H2, left panels) and low (µ⋆ = 1.3, H10, right panels) stellar mass ratios at z = 4.5.
First row: maps of the stellar surface density projected along a line-of-sight parallel
to the x-axis. Stellar particles are color-coded according to their age, with age ≤ 10
Myr in dark blue, age ≤ 100 Myr in light blue, and 100 Myr < age ≤ 1 Gyr in red
colour scale. Second row: same as before but for the carbon surface density distribution
of H10 (µC = 3.6) and H2 (µC = 1.5), respectively. The green color map shows the
total carbon surface density distribution and overplotted on that, in orange tones, is the
carbon distribution in the cold gas phase (i.e. with T< 5 × 104 K). Third row: carbon in
the cold gas phase surface density distribution once we convolve the original simulated
map with the ALMA PSF. Black ellipses indicate the optimal apertures used to extract
the carbon content associated with each merging galaxy. In the bottom left corner is a
beam of ∼ 1” as a reference.
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stellar populations (ages ≤ 10 Myr) - see discussion in Section 5.5.
In the second row of Figure 5.8, we color in blue/green tones the total carbon

surface density, while in orange/violet the carbon surface density found in regions
with gas temperature T < 5 × 104 K 8. This cut has been done as the [CII] emission
is expected to be associated with cold-warm gas phases, and at higher temperatures
we expect the C atoms to be in higher ionization states.

The third row of Figure 5.8 shows the surface density distribution of the carbon
associated with gas at a temperature below the adopted cut (hereafter "cold" gas
phase) once it is convolved with the ALMA PSF (i.e. we applied a Gaussian
smoothing with FWHM = 1”). This step is needed since we want to compare the
results from simulations with those from observations (see Section 5.4.5). The black
crosses mark the center of the two interacting galaxies and the gray circle in the
bottom left corner shows a reference beam of ∼ 1”.

The comparison between the two systems presented in Figure 5.8 shows that
the two merging pairs appear to be in very different environments, with the H2
system being characterised by a dominant component and several smaller satellites
(µ⋆ ∼ 4), and the H10 system being characterised by an almost equal mass merging
pair (µ⋆ ∼ 1). This translates into different stellar and metal-enriched gas spatial
distributions in the two cases.

Also, it is interesting to notice how diverse the scenarios appear when comparing
carbon maps with and without the convolution with ALMA PSF, with the latter
lacking the detailed spatial distribution inferred from the simulation.

5.4.5 Statistical properties

Here we analyse in a more quantitative way the relations between the carbon
mass - in the cold phase - present in the diffuse halo around merging galaxies and the
integrated properties of such systems, to identify possible trends. The aim is to derive
scaling relations that can be compared to the observational ones (see Figure 5.4 and
Figure 5.5) using the carbon in the cold gas phase as a proxy for [CII] luminosity.
In fact, once similar relations are recovered, predictions from dustyGadget can help
us interpret the observations.

From now on, whenever we talk about the carbon mass we refer to the MC in
the cold phase, T < 5 × 104 K, orange/violet tones in Figure 5.8. As previously
stated, this cut in temperature is necessary in order to highlight the regions from
which we expect [CII] emission to be more likely. Briefly, we generate the gas and
carbon 3D distributions, apply the cut in temperature to these cubes, and then
project this result on planes perpendicular to the lines of sight parallel to the z, y,
and x-axis. We repeat this procedure to all our selected synthetic galaxies (see Table
5.2) and, once we have an image for each candidate and its three plane projections,
we convolve the image with the ALMA PSF and fit a 2D Gaussian model to it,
retrieving morphological information such as the coordinate of the main MC clumps
that are associated with the major merging galaxies. Then, we use the mean value of
all the optimal apertures adopted for the observational part as the standard aperture

8This temperature is the hydrodynamical one, thus it does not take into account cooling effects
which may arise once we apply radiative transfer codes.
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to be used in simulations (black dashed circles in Figure 5.8, last row) and associate
all the carbon inside the aperture as belonging to the galaxy.

Knowing the coordinates of the center and the dimensions of all the apertures, for
each 2D projection (lines of sight, i = z, y, x), we can distinguish between the carbon
mass associated with the galaxies - sum of the carbon mass inside the apertures
- and the total one - sum over the entire plane projection. At this point, we can
define the MC associated with the diffuse halo as :

Mdiffuse,i ≡ Mtotal − Mi (5.5)

where we dropped the subscript C. The fraction of MC in the envelope around
merging systems (hereafter, fC) is :

f i
C ≡ Mdiffuse,i

Mtotal . (5.6)

Figure 5.9 shows the relation between Mdiffuse and some integrated properties of
the systems, such as the total carbon mass, SFR, and stellar mass. For each relation,
we calculate the Spearman coefficient (ρ) to understand how reliable the suggested
trend is. Moreover, different colors correspond to projected quantities along lines of
sight parallel to the z (blue), y (pink), and x (red) axis, and projections associated
with the same system are connected by gray vertical lines quantifying the variation
of Mdiffuse.
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Figure 5.9. Trends between the carbon mass in the cold gas phase (T < 5 × 104K) coming
from the diffuse halo around merging systems, Mdiffuse, and their integrated physical
properties. Different colors refer to projected quantities along different lines of sight
parallel to the z (blue), y (pink), and x (red) axis. In each panel, white dots are Mavg

(i.e. the average among the three projections), the black dashed line is the linear fit
once we consider Mavg, and ρ is the Spearman coefficient corresponding to the analysed
relation. Left: Mdiffuse is shown as a function of the total carbon mass in the cold gas
phase (Mtotal). Middle and Right panels: Mdiffuse as a function of the total SFR and
total M⋆ of the merging systems. Highlighted in gray are H2 and H6, which have peculiar
structures, and for this reason, they have not been included in the fit. Green triangles
are single non-interacting galaxies, see the end of this section for discussion.

The black dashed line is the result of the linear fit once we consider the carbon
mass value in the diffuse halo averaged on the three projections (hereafter, Mavg
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shown using a gray cross in the figures) and the corresponding x-axis quantity.
Finally, highlighted in gray are H2 which has a peculiar morphological structure rich
in clumps and satellites, and H6 whose galaxies are closely interacting (see Appendix
5.7). For these reasons, they are considered as not belonging to the fiducial simulated
sample and have not been included in the fit.

The figure shows positive ρ = 0.4 and strong positive ρ = 0.8, 0.9 correlations
respectively in the first, second, and third panels, adding some information to the
analysis done with observations. In fact, as discussed in Section 5.3 and shown in
Figure 5.4, from observations we were only able to find a tentative trend between
diffuse [CII] emission and star formation rate/stellar mass of merging systems.
The results obtained for the simulated galaxies suggest that their inner CGM is
characterised by a significant carbon mass, which appears to be well correlated with
the SFR and stellar mass of the systems, indicating the important role that current
and past star formation activity has in enriching the CGM with outflows from the
merging pairs and smaller satellite systems.

In Figure 5.10 we explore the dependence between the fraction of carbon mass
in the diffuse halo (fC) and the mean9 projected distance between the galaxies (rm),
the stellar mass ratio (µ⋆) and the carbon mass ratio (µC). In the middle and right
panels, different colors correspond to different projections, with those associated
with the same system connected by gray vertical lines. In each panel we specify
the Spearman coefficient of the corresponding relation and the black dashed line
is the linear fit once we consider the fraction of carbon in the diffuse envelope
averaged on the three projections (favg) and the corresponding x-axis quantity. favg

is shown with a violet square/star in the left panel and with white dots in the middle
and right panels. The synthetic galaxy H2 has not been included in these plots
being considered an outlier with fC ∼ 0.8, then out of scale; H6, instead, has been
highlighted in gray and not considered in the fits and computation of the Spearman
coefficients.

On average, we find that, when considering the entire simulated sample, ∼ 59% of
carbon mass resides in the envelope around merging systems, while if we exclude H2
as being an outlier, particularly rich in carbon, it becomes ∼ 57%. In both cases, we
find an agreement between the prediction from dustyGadget and the observations,
thus between the carbon mass in the diffuse halo and the [CII] luminosity. In the
left panel of Figure 5.10 we show favg as a function of the mean projected distance
(violet square) and physical distance (violet stars) between merging galaxies, with
the physical distance being larger than the projected one in all the systems. The
Spearman coefficient for the favg - rm relation is ρ = −0.5 suggesting a correlation
with negative trend between these two quantities. This result seems to disagree
with what has been found in observations, but we have to keep in mind that in
simulations we are considering systems with mean distances rm up to ∼ 50 kpc,
while in the ALPINE sample, the projected distance goes up to ∼ 16 kpc. This is
further discussed in Appendix 5.8.

The middle panel suggests an anti-correlation between the fraction of carbon
mass in the diffuse halo and the stellar mass ratio of the merging galaxies, indicating
that systems with µ⋆ closer to unity have stronger interactions which result in more

9We perform the average between the distance found on the three projected maps.
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Figure 5.10. Trends between the fraction of carbon mass in the cold gas phase (T < 5×104K)
in the diffuse halo (fC) and the distance (r) between the galaxies (Left), the stellar mass
ratio (µ⋆, Middle), and the carbon mass ratio (µC , Right). In particular, in the Left
panel we show favg (i.e. the average among the three projections) as a function of both
the distance averaged on the three projections (rm, violet squares) and the physical
distance between the galaxies (R, violet stars). In the Middle and Right panels different
colors refer to fC estimated by projecting the carbon surface density along lines-of-sight
parallel to the z (blue), y (pink), and x (red) axis. In each panel, white dots are favg,
the black line is the linear fit considering favg versus rm, µ⋆, µC respectively. We also
specify the Spearman coefficient (ρ) of each relation. H2 is not included in these plots
as this system is characterised by an out-of-scale value of fC = 0.8 and H6 is highlighted
in gray. The horizontal gray dot-dashed line shows the value of fC = 0.5.

metal-enriched inner CGM. This may be a clue that dynamical interaction at high-z
can be an efficient mechanism for extracting material out of galaxies and mixing it
in the CGM. Finally, the right panel shows fC as a function of µC , suggesting that
there is not a correlation between the amount of MC found in the diffuse halo and
the ratio between carbon masses of each merging component (µC).

5.5 Discussion

In this section, we interpret the observations using our simulated galaxies and
discuss the results. In the first place, it is important to keep in mind that the
comparison between observations and simulations is not straightforward, as in
simulations we are looking at the carbon mass in the cold phase which is more likely
to emit in [CII], but not the actual [CII] luminosity. In fact, to recover luminosity
information from simulations we would need to couple our result with radiative
transfer codes, such as SKIRT (for dust continuum, Baes and Camps 2015) and
Cloudy (for line transfer, Ferland et al. 2017). We are planning to implement these
features for follow-up work. That said, preliminarily, we assume that the carbon
mass in the cold gas phase (T < 5 × 104 K) can be considered as a good proxy for
[CII] luminosity, to guide the interpretation of the observational results illustrated
in Section 5.3.

[CII] emission halos have been observed and studied at first in non-interacting
galaxies (e.g. Fujimoto et al. 2019; Ginolfi et al. 2020b; Fujimoto et al. 2020; Herrera-
Camus et al. 2021), where halos extending up to ∼ 10-15 kpc outside the galaxies
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have been reported. A possible explanation for this finding has been provided by
Pizzati et al. (2020, 2023), who adopt a semi-analytical model to interpret the
presence of [CII] halos in high-z galaxies concluding that they can be produced by
ongoing (or past) starburst-driven outflows which transport carbon and other heavy
elements in the CGM. Later on Ginolfi et al. (2020c) found an even more extended
(> 20 kpc) halo in one interacting galaxy from the ALPINE sample, arguing that
most of the detected circumgalactic emission is a consequence of the effect of gas
stripping induced by strong gravitational interaction.

In this work by analysing major merging systems in the ALMA-ALPINE survey,
we confirm the presence of extended [CII] envelopes around interacting galaxies,
finding that around 55 % of the total [CII] emission comes from the medium between
the interacting galaxies. All the analysed systems have an extended halo (mean value
of ∼ 27 kpc), suggesting that the gravitational interaction between galaxies which
results in tidal tails is responsible for an extended carbon-enriched envelope. This
scenario has been investigated using the hydrodynamical simulation dustyGadget
and comparing merging and not merging systems (see discussion in the following).
Specifically, the anti-correlation between fC and µ⋆ indicate that systems that
interact more strongly result in a more enriched halo (i.e. higher fC) - supporting
the conclusion from Ginolfi et al. (2020c). Also, starburst-driven outflows which
spread metals outside the galaxies are still at work, in interacting systems. In fact,
as shown in the middle panel of Figure 5.9, there is a correlation between the carbon
in the diffuse medium and the SFR of galaxies which can be associated with outflows.
To quantify the importance of that mechanism compared to the others we need to
look at galactic winds of interacting galaxies, which is something outside the aims
of this work.

Predictions from dustyGadget helped us corroborate and interpret the obser-
vational results. In addition, we can also use them to disentangle the different
mechanisms that contribute to metal enrichment of the inner CGM of interacting
galaxies. To do so, we consider SFRs, M⋆, and µ⋆ as proxies for outflows, SF
clumps, and tidal interactions, respectively, and study their contribution to the
carbon-enriched envelope.

As already mentioned, H6 is considered as a peculiar merging system being in an
advanced phase of interaction (very close merging components), and H2 is considered
an outlier in the synthetic sample, because of its high fC which can be due to its
peculiar morphology rich in satellites/star-forming clumps. To further investigate
this hypothesis, we study the relation among fC and the fraction of young, age ≤
10 Myr, stellar populations (f⋆) that reside in the inner CGM of the systems. This
quantity is defined as :

f i
⋆ ≡ Ntotal

⋆ − Ni
⋆

Ntotal
⋆

. (5.7)

with Ntotal
⋆ being the total number of young stellar populations and Ni

⋆ the sum of
stellar particles associated with merging galaxies for each projection (i = z, y, x).

In Figure 5.11 we show mean values for f⋆ and fC for interacting, in orange, and
non-interacting, in green, systems (see discussion in the following); error bars on
both axes give us an idea of the variations of f⋆ and fC among different projections.
This figure shows a linear relation and positive trend between the fraction of carbon
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Figure 5.11. Relation between the
fraction of carbon mass (fC) and
the fraction of young - age ≤
10 Myr - stellar populations (f⋆)
present in the diffuse halo of in-
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and that of young stellar populations in the diffuse halo, suggesting that clumps of
star-forming regions, which are unresolved by ALMA, can play a role in enriching
the gas envelope with carbon. Also, as shown in Figure 5.7, the merger between
dark matter halos happens on smaller timescales compared to those needed for the
merger in the baryonic component and may lead to the formation of overdense
regions at the periphery of merging systems triggering star formation and enriching
their surrounding medium with carbon and other heavy elements.

In addition to the previous analysis, by comparing results from major merging
systems (dubbed as "interacting") with those from systems which are not in major
mergers (dubbed as "non-interacting/single"10) we can estimate the importance
of gravitational interactions, which result in tidal stripping, for the enrichment of
the inner CGM. The purpose of this test is to get information from simulations
(non-interacting synthetic systems) to better interpret observational results. To do
so, we select two non-interacting galaxies with stellar masses and SFRs similar to
the interacting synthetic candidates - see Table 5.2. These two galaxies are also
representative of other synthetic single galaxies at the same redshift that we find in
our simulation.

In the single-galaxy case, we recover an extended carbon-rich halo going up to ∼
10 kpc, in agreement with what has been previously estimated by Fujimoto et al.
(2019, 2020); Ginolfi et al. (2020b); Herrera-Camus et al. (2021). This is shown in
Figure 5.12, and confirms that the diffuse halo in non-interacting galaxies is less
extended than the one estimated for interacting systems (> 20 kpc).

In Figure 5.9 we compare Mdiffuse in interacting (coloured pentagons) and non-
interacting (green triangles) galaxies. In general, we notice that single galaxies have
lower Mdiffuse values than interacting systems, and also that they result in similar
diffuse carbon masses no matter the adopted line-of-sight, indicating a more compact
and regular morphology i.e. not disturbed by dynamical interactions. The first panel

10For simplicity we dubbed systems which are not undergoing major merger as "non-
interacting/single", but it is important to keep in mind that these systems are interacting with their
surrounding environments and other satellite galaxies, i.e. they are not isolated.
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of Figure 5.9 suggests that both interacting and non-interacting systems follow a
similar trend when comparing Mdiffuse and the total carbon mass. On the one hand,
the relation between the diffuse carbon mass and the SFR (second panel) shows that
for non-interacting systems, the ongoing SFR is not a good proxy for the amount of
carbon mass in the inner CGM. We also note that H6, which is an interacting system
in an advanced phase of the merger, places itself close to non-interacting systems
on the Mdiffuse-SFR relation. On the other hand, looking at the third panel which
shows Mdiffuse as a function of M⋆, we see that interacting systems have ∼ 1.4×
more carbon mass in the diffuse halo than single galaxies. This result suggests that
stripping mechanisms seem to be responsible for bringing metals into the CGM. This
conclusion is further corroborated by the fact that the fraction of SF clumps and
carbon mass present in the diffuse halo of non-interacting galaxies is comparable to
that of interacting galaxies, as shown in Figure 5.11.

Figure 5.12. As an example we show the surface density distribution of carbon in the
cold gas phase once we convolve the original simulated map with the ALMA PSF, for
interacting (left) and non-interacting (right) systems. The line-of-sight is chosen parallel
to the x-axis, in the bottom left corner is a beam of ∼ 1” as a reference.

In summary, stripping mechanisms in interacting systems are responsible not only
for bringing carbon into larger scales but also for enhancing [CII] emission possibly
via shocks (see also Ginolfi et al. 2020c). Indeed, observations show that interacting
galaxies have ∼ 10× higher [CII] luminosity from the diffuse halo compared to single
objects (Fujimoto et al., 2019; Ginolfi et al., 2020c; Fujimoto et al., 2020), while this
difference is only a factor 1.4 when considering Mdiffuse, as shown in Figure 5.9.

The interacting systems that we have analysed could be considered as high-z
analogues of circumgalactic stripped carbon and shock-induced [CII] emission in local
studies (Appleton et al., 2013; Velusamy and Langer, 2014). These are qualitative
conclusions, based on a comparison between the properties of the inner CGM found
around single and major merging galaxies in our simulation, and need to be reinforced
by performing a more quantitative analysis of the specific effects of all feedback
processes at play, both mechanical and radiative, which is beyond the scope of the
present work.
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5.6 Summary and conclusions

In this chapter, we analyse a sample of merging galaxies observed by the ALMA-
ALPINE survey at redshift 4.5 < z < 5.1, to investigate the [CII] emission coming
from the gas between the galaxies. We complement the observational analysis with
cosmological simulations, specifically the hydrodynamical code dustyGadget, looking
for synthetic merging systems that helped us interpret the nature of such emission.
Our main results can be summarized as follows:

1. We analyse major merging systems in the ALPINE survey and confirm the
presence of an extended (> 20 kpc) [CII] halo in interacting galaxies. This ex-
tended halo is larger than the one observed in isolated galaxies as a consequence
of the dynamic interaction between galaxies.

2. We find that more than 50% of the total [CII] emission associated with these
systems comes from the medium surrounding the merging system, thus between
the galaxies. This result confirms what has been previously found by Ginolfi
et al. (2020c) for one merging system in ALPINE.

3. We establish the presence of correlations, either strong or tentative, between
the amount (fraction) of [CII] emission from the diffuse halo and integrated
(relative) properties of galaxies.

4. We find that an extended carbon-rich halo is present in interacting systems
selected from the dustyGadget simulation as well. In particular, extended halos
of around 10 kpc and larger than 20 kpc have been found in non-interacting
and interacting systems respectively. Also, we find strong correlations between
diffuse carbon in the cold gas phase - used as a proxy for [CII] emission - and
the physical properties of galaxies, in particular, with their total carbon mass,
SFR, and stellar mass, suggesting that different mechanisms reside behind
[CII] emission.

5. Using dustyGadget we investigate the nature of the metal-enriched envelope,
which, apart from outflow mechanisms, can be attributed to dynamical inter-
action between merging galaxies, that extract carbon-rich gas out of galaxies,
and the presence of star-forming satellites, that enrich the inner CGM with
newborn stellar populations. We argue that most of the [CII] emission observed
in the ALPINE systems originates from gas stripping mechanisms in turbulent
collisional environments (see discussion in Section 5.5), in analogy with broad
[CII] emission observations of tidal tails of shock-excited carbon in local groups
(Appleton et al., 2013).

Altogether our findings suggest that dynamical interactions and star-forming
clumps at high-z can be an efficient mechanism for extracting gas out of galaxies and
enriching the CGM with chemically evolved material. Deeper and higher resolution
ALMA data and highly resolved simulations are necessary to study more in details
the key role of mergers in the baryon cycle of distant galaxies.
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5.7 Appendix A: The merging system H6

The synthetic merging system H6 has been considered as a peculiar system and
excluded from the statistical analysis previously performed, as the two interacting
galaxies are very close to each other (mean distance value: rm = 5.3 kpc, see Table
5.2) resulting in a smaller fraction of carbon associated to the diffuse envelope.
Indeed, it is difficult to distinguish the two merging galaxies, as shown by the
x-projection in the smoothed case (see the bottom right panel in Figure 5.13). For
this reason, we do not consider it as belonging to the "fiducial sample" of galaxies. In

Figure 5.13. The carbon surface density distribution in the synthetic merging system H6,
each column is a projection. Top row: The green color map shows the total surface
density distribution of carbon and overplotted in orange tones is the carbon distribution
in the cold gas phase (T < 5×104 K). Bottom row: Surface density distribution of carbon
once we convolve the original map with the ALMA-ALPINE PSF. Black crosses indicate
each merging galaxy and in the bottom left corner is a beam of ∼ 1” as a reference. The
x-projection in the bottom-right panel shows that it is difficult to discriminate between
the two interacting galaxies.

this system the interaction between galaxies is in such an advanced phase that the
carbon mass belonging/associated to the galaxies and that of the diffuse envelope
are mixed together, leading to a tricky analysis and interpretation. Moreover, the
system appears differently depending on the chosen projection, resulting in large
error bars (see Figures 5.9 and 5.10). This peculiar system, which can be considered
as the synthetic counterpart of DC_873321 (see Section 5.3) needs to be treated
and interpreted with care.
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In the left panel of Figure 5.10 we show the correlation between the fraction of
carbon in the cold gas phase that resides in the diffuse envelope and the mean distance
between the merging galaxies. The relation between these two quantities leads to a
correlation with ρ = −0.5 and a negative trend which seems in disagreement with
what has been found from the observational sample (ρ = 0.9). However, by further
analysing this trend we see that the positive or negative correlation depends on
the considered r range. Indeed, as shown in Figure 5.14, if we consider only rm up
to ∼ 16 kpc (maximum value for the projected distance in the ALPINE sample)
we recover the positive trend (ρ = 0.8) found in observations. In conclusion, this
result highlights that the distance between the galaxies, thus the amount of time
galaxies have been interacting for, plays a fundamental role in the pollution of their
inner CGM, suggesting that systems in their early phase of interaction (at larger
distances) have a less carbon-rich envelopes.
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Conclusions and Future
Perspectives

T he work presented in this thesis is based on the synergy between simulations
and observations to study the evolution of galaxies and their interaction with

the surrounding environment at z > 4. In particular, we adopted the state-of-the-art
cosmological simulation dustyGadget, and complemented its results and predictions
with observational data from ALMA and JWST. Through this synergistic approach,
we have demonstrated how simulations provide invaluable insights into the underlying
physical processes governing the evolution of cosmic structures, while observations
serve as crucial benchmarks for validating these models and providing empirical
evidence of phenomena occurring in the distant Universe.

By using the hydrodynamical code dustyGadget, we provided predictions about
the formation and evolution of galaxies, dark matter halos, and large-scale structures
in the early Universe. These simulations have allowed us to explore a wide range of
physical scenarios and investigate the interplay between different physical processes,
providing a deeper understanding of the complex mechanisms driving galaxy for-
mation and evolution. On the other hand, observations, both from ground-based
(ALMA) and space-based telescopes (JWST), have played a pivotal role in constrain-
ing theoretical models and providing observational constraints on the properties of
galaxies and their surrounding environment.

Chapter 1 gives a general introduction on the cosmological framework where this
thesis places itself, and focuses on the large-scale structure formation in our Universe
as well as on the standard theoretical model of galaxy formation. After this broad
introduction, we delve into a detailed description of observations and simulations
relevant to this work (Chapters 2 and 3), and then, we present the specific questions
that have been tackled in this manuscript (Chapters 4 and 5).

The content of this thesis can be described as follows.
In Chapter 2 we introduce the observational tools and results we used during this

thesis. In particular, we highlighted the results from two ALMA Large Programs,
namely ALPINE Faisst et al. (2020) and REBELS (Bouwens et al., 2021b), which
are relevant to this work, giving an overview of the state-of-the-art observations in
the mm and sub-mm wavelengths and discussing the insights these observations offer
into the gaseous component and dust content of high-redshift galaxies. Additionally,
we briefly introduce the instruments on board of the space telescope JWST and
the queries that this revolutionary instrument has begun to address and pose from
its initial observations. In the end, we stressed the importance of cooperation
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among telescopes in conducting multi-wavelength observations to tackle fundamental
questions about the formation and evolution of high redshift galaxies.

In Chapter 3 we describe the cosmological simulation dustyGadget (Graziani
et al., 2020) whose predictions about the evolution of the scaling relations of high-
z galaxies and Population III stars have been extensively explored in Di Cesare
et al. (2023) and Venditti et al. (2023b), respectively. The dustyGadget suite of
simulations have both the volume and resolution are chosen to guarantee a good
compromise between an adequate statistics in each run and an acceptable number of
galaxies resolved with a total stellar mass Log(M⋆/M⊙) ≥ 8, allowing us not only to
conduct statistical studies, but also to analyse the environment around single objects.
Moreover, all the above requirements ensure a reasonable computational time for
eight runs performed in the redshift range 4 ≤ z ≤ 100. One of the strengths of our
simulations is that it extends the original implementation of Gadget (Springel, 2005)
by implementing a model of dust production and evolution in both the cold and
hot phases of the ISM of simulated galaxies. The code also follows the spreading of
grains and atomic metals through galactic winds at the scale of both the CGM and
IGM, allowing to trace the metal pollution of the environments in which galaxies
reside at diverse cosmic epochs. Thus, it give us an idea of the chemical maturity
and the ongoing processes in high-z galaxies.

Chapter 4 is based on "The assembly of dusty galaxies at z ≥ 4: the build-up of
stellar mass and its scaling relations with hints from early JWST data", Di Cesare
et al. (2023) where we studied the stellar mass build-up of galaxies at z ≥ 4 and
investigated the scaling relations of their integrated physical properties. Making
use of well-established correlations observed in the Local Universe and the data
provided by REBELS and ALPINE, we have benchmarked numerical predictions of
the dustyGadget model. From this work we argue that the total stellar build-up,
in terms of both total star formation rate and total stellar mass density, exhibits a
rapid increase from the onset of star formation at approximately z ∼ 20, to z ∼ 4
in agreement with available observations, including JWST ERO and ERS beyond
z ≥ 8. In the redshift range 7 < z ≤ 9, our simulated galaxy MS closely mirrors
available data, extending observational constraints from REBELS to fainter, lower
stellar masses with some of the first JWST results. Our findings also agree with
studies on the evolution of the galaxy main sequence at z < 4 − 6 (Popesso et al.,
2022; Daddi et al., 2022), indicating that our simulations capture the low-mass end
of the main sequence below the time-dependent turn-over mass that defines the
transition between efficient and relatively inefficient star formation. Moreover, we
show that dust enrichment at z > 4 is driven by stellar dust production and ISM
grain growth, with the latter mechanism increasingly contributing at the high-mass
end. Overall, our findings align well with dust mass determinations for ALPINE
galaxies by Pozzi et al. (2021) at 4 ≤ z ≤ 6 and REBELS galaxies with stellar
masses Log(M⋆/M⊙) ≤ 9.5 at 6 < z ≤ 8 (Sommovigo et al., 2022c). Notably, the
detection of dust continuum from three galaxies at 6 < z ≤ 7 by Witstok et al. (2022)
provides additional insights into their dust-to-stellar mass relation, with two galaxies
aligning with dustyGadget predictions and one exhibiting a high dust-to-stellar mass
ratio, indicative of an exceptionally efficient dust production mechanism beyond our
model’s predictions for galaxies of comparable stellar mass.

In summary, on a cosmological scale, dustyGadget prescriptions offer reasonable



5.8 Appendix B: Carbon fraction versus average distance between galaxies 131

agreement with current high-redshift data, including JWST early results.
Chapter 5 is based on "Carbon envelopes around merging galaxies at z ∼ 4.5",

Di Cesare at al., subm. where we analyze a selection of merging galaxies observed
by the ALMA-ALPINE survey within the redshift range 4.5 < z < 5.1 with the aim
of investigating the [CII] 158 µm emission originating from the gas located between
these interacting galaxies. To complement our observational analysis, we employ
the hydrodynamical code dustyGadget, and identify synthetic merging systems
that aid in interpreting the nature of this emission. From our study not only we
confirm the presence of an extended [CII] 158 µm halo (> 20 kpc) surrounding
interacting galaxies, larger than those observed in isolated galaxies, indicating the
influence of dynamic interactions between galaxies. But also, that more than 50% of
the total [CII] emission associated with these systems originates from the medium
between the merging galaxies, confirming previous findings from Ginolfi et al. (2020c)
for an individual merging system in ALPINE. Moreover, by studying synthetic
candidates from the dustyGadget simulation we reveal strong correlations between
diffuse carbon in the cold gas phase (T ≲ 104 K, used as a proxy for [CII] emission)
and various physical properties of galaxies, suggesting diverse mechanisms behind
[CII] emission. Supported by the simulations we have been able to investigate
the nature of the metal-enriched envelope, attributing it to dynamical interactions
between merging galaxies and star-forming satellites, which extract carbon-rich gas
from galaxies and enrich the inner CGM with newborn stellar populations. We
suggest that much of the observed [CII] emission in ALPINE systems arises from
gas stripping mechanisms in turbulent collisional environments, akin to observations
of shock-excited carbon in local groups (Appleton et al., 2013).

Overall, our findings indicate that dynamical interactions and star-forming
clumps at high redshifts can efficiently extract gas from galaxies and enrich the CGM
with chemically evolved material. However, deeper and higher resolution ALMA
data, coupled with highly resolved simulations, are required to further investigate
the pivotal role of mergers in the baryon cycle of distant galaxies.

As pointed out in Chapter 4, dustyGadget simulations uncovered an intriguing
population of evolving galaxies with stellar masses in the range 8.0 ≤ Log(M⋆/M⊙) ≤
9.0. The number density of these galaxies lies above some current observational
estimates and model predictions for the stellar mass function at z ≤ 6, contributing
to the substantial scatter observed in the halo mass-stellar mass relation. This
suggests that galaxies hosted within DM halos of comparable mass may experience
varied star formation histories and chemical enrichment timescales, as reflected in the
dust-to-stellar mass relation, where galaxies with Log(M⋆/M⊙) ∼ 8.5 at z ≤ 6 − 7
exhibit a wide range of dust masses, differing by up to 1.5 dex. This population of
low-mass galaxies and the scatter in the dust-to-stellar mass relation represent a
natural and intriguing subject for future studies. Apart from that, a complementary
study on the mass-metallicity relation and the fundamental plane relation at z > 4,
using both simulations and observations, is needed to give a complete view of the
chemical evolution of high-z galaxies in our Universe.

On the other hand, future prospects and implementations of the study described
in Chapter 5 lie in developing a model capable of predicting emission lines (i.e.
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using the photoionizing code Cloudy), thus enabling direct comparisons between
simulations and observations and providing a more detailed interpretation of the
latter. Furthermore, given the ability of simulations to track the temporal evolution
of interacting systems, it becomes intriguing for future research to investigate the
time evolution of the physical properties of merging galaxies. In fact, this provides
a more comprehensive understanding of the consequences mergers have on the
surrounding galactic environment, thus shedding light on the evolution of high-z
galaxies.

Overall, the combination of simulations and observations has been instrumental
in advancing our knowledge of the Universe at z > 4. Moving forward, it is crucial to
continue this interdisciplinary approach, leveraging the strengths of both simulations
and observations to address outstanding questions in astronomy and unravel the
mysteries of the early Universe.
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Useful Numbers

Constants
Gravitational constant G = 6.674 × 10−8 cm3 g−1 s−2

Planck constant hP = 6.626 × 10−27 cm2 g s−1

Speed of light c = 2.998 × 1010 cm/s
Boltzmann constant kB = 1.381 × 1016 erg/K

Proton mass mp = 1.673 × 10−24 g
Neutron mass mn = 1.675 × 10−24 g
Electron mass me = 9.109 × 10−28 g

Thomson cross-section σT = 6.652 × 10−25 cm2

Stefan-Boltzmann constant σSB = 5.67 × 10−5 erg cm−2 K−4 s−1

Units
Solar mass 1M⊙ = 1.99 × 1033 g

Solar luminosity (bolometric) 1L⊙ = 3.827 × 1033 erg/s
Astronomical Unit 1AU = 1.496 × 1013 cm

Parsec 1pc = 3.086 × 1018 cm
Electron volt 1eV = 1.602 × 10−12 erg

Angstrom 1Å = 1 × 10−8 cm

Cosmological Parameters
Hubble constant H0 = 100h km/s Mpc−1

Present Hubble time H−1
0 = 9.78h−1 Gyr

Present Hubble radius cH−1
0 = 2997.9h−1 Mpc
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