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Zusammenfassung

Das zirkumgalaktische Medium (CGM) spielt eine entscheidende Rolle bei der Gestaltung
der Prozesse der Galaxienentstehung und -entwicklung und bietet wertvolle Einblicke in
das komplexe Zusammenspiel zwischen Galaxien und ihrer Umgebung. In dieser Arbeit
konzentriere ich mich auf die Untersuchung von Gasreservoirs in Galaxien mit hoher Rot-
verschiebung, vom Halo bis zur Galaxienskala.

Zunéchst untersuchte ich die molekularen Gasreservoirs anhand der APEX CO(6-5),
CO(7-6) und [CI](2-1) Emissionslinien in neun z ~3 Quasaren, die bereits mit MUSE/VLT
fiir die Lya Emission auf CGM-Skalen beobachtet wurden. Durch die Verkniipfung der CO-
und [CI]-Informationen konnte ich die Molekulargasmassen der Wirtsgalaxien der Quasare
bestimmen. Auflerdem habe ich die Beobachtungen des molekularen Gases mit den Eigen-
schaften der diffusen Lya-Emission verglichen, um die Verbindung zwischen den kiihlen
(T~10* K) und den molekularen Gasphasen zu verstehen. Ich fand grofe Geschwindigkeits-
verschiebungen zwischen der Mehrheit der Lya Emission und den geschétzten systemischen
Rotverschiebungen des Molekulargases in vier Quellen. Die Quellen mit den gréfiten Abwei-
chungen haben die grofiten Lya-Linienbreiten in der Stichprobe, was stark auf turbulentere
Gasbedingungen und/oder grofiraumige Ein- und Ausfliisse um diese Quasare hindeutet.
Ich habe auch herausgefunden, dass die hellsten und breitesten molekularen Linien fiir
die kleinsten und schwéchsten Lya-Nebel in der Stichprobe entdeckt werden, was wahr-
scheinlich darauf hindeutet, dass die Verdunkelung der Wirtsgalaxie eine wichtige Rolle
bei der Verringerung der ionisierenden Photonen spielen kann, die in den Halo entkommen
konnen. Diese Studie ist eine der ersten Beobachtungsarbeiten, die Einschrankungen und
Korrelationen zwischen der kalten Gasphase, die durch die Lya-Emission aufgespiirt wird,
und dem Gehalt an molekularem Gas in stark rotverschobenen Quasaren liefert.

Anschlieffend untersuchte ich kalte (T<100 K) Gasreservoirs aus theoretischer Sicht.
Dazu verwendete ich die kosmologischen Illustris-TNG50-Simulation, auf die ich ein Nach-
bearbeitungsmodell zur Vorhersage der [CII]-Emissionen von z ~ 4-6 sternbildenden Ga-
laxien anwendete. Mein Ziel war es, den Ursprung der diffusen [CII]-Emission in Galaxien
mit hoher Rotverschiebung zu untersuchen und unsere Ergebnisse mit den Beobachtungen
der ALPINE-Durchmusterung zu vergleichen. Unter Einbeziehung von C*-Anteilen, die auf
Annahmen iiber den UV-Hintergrund und junge Sterne (Alter <10 Myr) als Strahlungs-
quellen beruhen, habe ich [CII]-Emissionen geschiitzt, kiinstliche Beobachtungen durch-
gefiihrt und [CII]-SB-Profile extrahiert. Beim Vergleich mit den Beobachtungen stellte ich
fest, dass das Modell auf galaktischen Skalen (r <10 kpc bei z=5) #&hnliche Werte fiir
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die [CII]-Emission vorhersagt, auf grofieren Skalen jedoch die Emission um einen Faktor
von ~10 unterschétzt. Es werden mehrere Effekte diskutiert, die zu dieser Unstimmigkeit
fithren konnen. Dariiber hinaus stelle ich beim Vergleich der SB-Profile von Galaxien mit
niedriger und hoher SFR eine weitere Diskrepanz zu den Beobachtungen fest: Es gibt keinen
erkennbaren Unterschied in der ausgedehnten [CII]-Emission zwischen den beiden simulier-
ten Teilproben. Diese Diskrepanz konnte auf die begrenzte Auflésung der Simulation und
das Feedback-Modell zuriickzufiihren sein. Schlieflich legt diese Analyse nahe, dass die aus-
gedehnte [CII]-Emission aus einer Kombination von Gas aus Satellitengalaxien (die derzeit
in den Modellen im Bereich von 0,6< r/Rapo <1 dominieren) und Ausfliissen aus zentralen
Galaxien stammt. Eine genaue Abschiatzung der Bedeutung der einzelnen Beitrége erfor-
dert jedoch die Entwicklung weiterer Subgrid-Beschreibungen. Diese Studie ist der erste
Versuch, die [CII]-Emission in Galaxien mit Hilfe des IllustrisTNG-Simulationsprojektes
zu simulieren.

Durch diesen kombinierten Ansatz aus Beobachtungen und theoretischen Untersuchun-
gen liefert diese Arbeit wertvolle Erkenntnisse iiber die physikalischen Prozesse, die den
Gasreservoiren in Galaxien mit hoher Rotverschiebung und ihren Verbindungen mit dem
CGM zugrunde liegen.



Abstract

The circumgalactic medium (CGM) plays a crucial role in shaping the processes of galaxy
formation and evolution, containing valuable insights into the complex interplay between
galaxies and their surrounding environment. In this thesis, I focus on the study of gaseous
reservoirs in high-redshift galaxies, from halo to galaxy scales.

First, I investigated the molecular gas reservoirs by using APEX CO(6-5), CO(7-6)
and [CI](2-1) emission lines in nine z ~3 quasars already observed with MUSE/VLT for
the Lya emission on CGM scales. By joining the CO and [CI] information, I constrained
the molecular gas masses of the quasars’ host galaxies. I also compared the molecular gas
observations with the extended Lya properties to understand the link between the cool
(T~10* K) and the molecular gas phases. I found large velocity shifts between the bulk
of Lya and the estimated molecular gas systemic redshifts in four sources. The sources
with the largest offsets have the largest Ly« line widths in the sample, strongly suggesting
more turbulent gas conditions and/or large-scale inflows/outflows around these quasars. I
also found that the brightest and the widest molecular lines are detected for the smallest
and dimmest Lya nebulae in the sample, likely indicating that host galaxy obscuration
can play an important role in reducing the ionizing photons able to escape to halo scales.
This study stands out as one of the first observational works providing constraints and
correlations between the cool gas phase, traced by Lya emission, and the molecular gas
content in high-redshift quasars.

Then, I investigated cold (T<100 K) gas reservoirs from a theoretical perspective. For
this, I used the Ilustris-TNG50 cosmological simulation to apply a post-processing model
to predict [CII] emission levels for z ~ 4-6 star-forming galaxies. I aimed to investigate the
origin of extended [CII] emission in high-redshift galaxies, comparing our results with the
observational ALPINE survey. By incorporating C* fractions based on assumptions about
the UV background and young stars (ages <10 Myr) as radiation sources, I estimated
[CII] emissivities, produced mock observations and extracted [CII] SB profiles. Comparing
with observations, I found that the model predicts similar values of the [CII] emission on
galactic scales (r <10 kpc at z=>5), however at larger scales it underestimates the emission
by a factor of ~10. Several caveats that may lead to this disagreement are discussed.
Additionally, I find further tension with observations when comparing the SB profiles of
low and high-SFR galaxies, finding no discernible difference in the extended [CII] emission
between the two simulated subsamples. This discrepancy could be attributed to the limited
resolution of the simulation and the feedback model. Finally, this analysis suggests that
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the extended [CII] emission originates from a combination of gas from satellite galaxies
(currently dominating in the models in the range the range of 0.6< r/Rg9 <1) and outflows
from central galaxies. However, a firm estimate of the importance of each contribution
requires the development of further subgrid prescriptions. This study represents the first
effort to simulate [CII] emission in galaxies using the IllustrisTNG simulations suite.

Through this combined approach of observational and theoretical investigations, this
thesis provides valuable knowledge on the physical processes underlying the gaseous reser-
voirs in high-redshift galaxies and their connections with the CGM.



Chapter 1

Introduction

The study of the high-redshift! (z) Universe plays an essential role in advancing our un-
derstanding of galaxy evolution and the physical processes that shape the cosmos. By
probing galaxies in the early stages of their formation, we gain insights into the funda-
mental mechanisms that drive their growth and transformation over cosmic time. Central
to this investigation is the examination of gas reservoirs and their interplay with various
astrophysical phenomena.

Gas reservoirs, spanning from galactic to halo scales, are key to this understanding.
The interplay between galaxies and their gaseous reservoirs influence their physical prop-
erties, such as their star formation rates, chemical enrichment, morphologies, and overall
evolution. High-z galaxies offer a unique window into these early stages, where the in-
terplay between gas inflows, outflows, and feedback processes is particularly significant.
The state-of-the-art observations and simulations, have revolutionized our ability to study
galaxy formation and evolution. In particular, cosmological simulations provide a powerful
tool to explore the underlying physical processes and make predictions that can be com-
pared with observational data. However, bridging the gap between theory and observations
requires a comprehensive understanding of the observational techniques and instruments
used to probe the high-z universe.

In this context, the present thesis aims to contribute to our understanding of galaxy
evolution by investigating the properties of cold (<10* K) gas reservoirs in and around
high-z galaxies. Through a combination of observations and cosmological simulations, we
explore the nature of these gas reservoirs, their connection with the host galaxies, as well
as their impact on key observables at large scales, such as Lyman alpha and [CII] 158um
emission. This introductory Chapter sets the stage for the subsequent chapters by providing
a general overview of galaxy formation and evolution, the circumgalactic medium, cold gas
tracers and cold gas reservoirs, from galactic to halo scales. It also presents the motivation

!The redshift (z) of an astronomical object is expressed as:

» = >\obs - )\rest
)\rest

where Aops and Apegt represent the observed and rest wavelengths, respectively.
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for the thesis work and establishes the research objectives that will be addressed throughout
the thesis.

1.1 Overview of galaxy formation and evolution

1.1.1 The Lambda Cold Dark Matter (ACDM) cosmological model

The formation of galaxies and the underlying mechanisms involved have been central ques-
tions in the field of astronomy ever since Edwin Hubble’s discovery of extragalactic nebulae
in 1929. Astronomers have dedicated decades of research to gather information in order to
uncover the processes that govern the growth of galaxies and the formation of large-scale
structures. As a result, a comprehensive framework known as the “standard cosmological
model” has emerged, offering a theoretical description of the Universe and its evolution.
According to the current cosmological model, so-called A Cold Dark Matter (ACDM) model
(e.g., Spergel et al. 2007), at early times quantum fluctuations amplified by cosmic infla-
tion caused certain regions of the Universe to become denser than others. These density
fluctuations served as the seeds for the formation of structures in the Universe, creating
substructures due to gravitational instability (Jeans, 1902). Over time, under the influ-
ence of gravity, these denser regions accumulated more matter, leading to the emergence
of large-scale structures such as galaxies, galaxy clusters, and cosmic filaments.

In the ACDM model, the density distribution of the Universe consists of three main
components: 1) Dark energy, associated with the accelerated expansion of the Universe,
2) Cold dark matter, which refers to non-relativistic matter that interacts with other mat-
ter predominantly through gravity, acting as the gravitational glue that binds structures
together, and 3) Baryonic matter, which refers to ordinary matter composed by protons
and neutrons, including all the visible matter in the Universe. A combination of obser-
vations from different sources has allowed to robustly constrain the so-called cosmological
parameters: dark energy density (£2,), the matter density (£2,,), the baryonic density (£2),
the Hubble constant? (Hy), the power-law index of the primordial power spectrum (n,)
and the linear variance of the matter distribution (og). The most recent estimates (Planck
Collaboration et al., 2020) have estimated the following values: Q) = 0.685, €2, = 0.315,
Q = 0.049, h = 0.6743= km s~! Mpc~!, n, = 0.966, o5 = 0.812.

2The Hubble constant, denoted as Hg, represents the current rate of expansion of the Universe. It
quantifies the relationship between the distance and recessional velocity of galaxies, as described by Hub-
ble’s law. The Hubble’s law is expressed as v = HyD, with v the the recessional velocity of a galaxy and
D its proper distance from us.

3h = Hp/(100 km s—! Mpc~1!), this parameter is the dimensionless equivalent of the Hubble constant.
It is often employed instead of Hy because it simplifies comparisons and interpretations of cosmological
data and models across different studies.
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1.1.2 Formation of cosmic structures

The current cosmological model suggests that the Universe began with a hot and dense
state 13.7 billion years ago, expanding and cooling thereafter. This expansion, that started
from a singularity known as the “Big Bang”, was followed by a brief (~1073 s) inflationary
phase where quantum fluctuations grew to cosmological scales. Dark matter, interacting
only gravitationally, allowed these small perturbations to collapse and grow. This growth of
structures can be then explained by the evolution of density perturbations. Assuming that
fluctuations occur via gravitational instability and dark matter is the dominant component,
we can consider the dark matter and baryons as a single fluid. Then, the “density contrast”
0 at some point 7 and time t of the Universe, can be expressed as:

p(T’,t_) —p(t) (11)
p(t)

where p the density at some specific r and ¢, and p is the mean density of the Universe.
As a result of self-gravity, a region of the Universe will undergo expansion at a slower
pace compared to the overall expansion of the Universe. This evolution can be described
within the linear regime if (7, t) <1 (e.g., Lifshitz 1946; Zel’dovich 1970; Peebles 1980). In
contrast, if the initial density of another region is significantly higher, after a certain time
the density becomes non-linear, causing the region to collapse under its own gravitational
pull and form a virialized system (e.g., Tomita 1967; Sunyaev & Zeldovich 1972).

In other words, the initial evolution of the Universe can be explained with linear pertur-
bation theory, but nonlinearity became dominant over time. N-body simulations like the
Millenium Simulation (Springel et al., 2005) aided in studying the nonlinear regime. These
simulations revealed the so-called cosmic web (Bond et al., 1996), a filamentary structure
formed by matter collapsing under gravity. The cosmic web represents the large-scale
structure of the Universe, with galaxies and clusters found along interconnected filaments.
The diffuse medium that fills the space between galaxies is known as intergalactic medium
(IGM). Figure 1.1 shows the cosmic web, as simulated by the Millenium Simulation. This
cosmic web has also been observed through measurements of galaxy and clustering in big
galaxy surveys (e.g., Tegmark et al. 2004; Cole et al. 2005; Percival et al. 2007; Reid et al.
2010).

o(r,t) =

1.1.3 Fueling galaxy growth

White & Rees (1978) made a significant contribution by introducing a model that connected
the growth of structures with the formation of luminous galaxies. They built upon the
formalism presented in Press & Schechter (1974) for the non-linear regime, extending
the arguments given by Binney (1977), Rees & Ostriker (1977), and Silk (1977). This
model proposes that as gas from the IGM falls into the gravitational potential well of dark
matter haloes, it undergoes shock heating, reaching a temperature approximately equal to
the virial® temperature of the halo (of the order of 10° K), denoted as Ty;. The virial

4The virial theorem states that for a system in equilibrium, the time-averaged total kinetic energy (K)
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Figure 1.1: Large scale structure of the Universe derived from the Millenium Simulation. It
illustrates a projected density field of a 15 Mpc h™! thick slice at z=0. Credit: https://wwumpa.
mpa-garching.mpg.de/galform/virgo/millennium/

temperature characterizes the average temperature of a system in virial equilibrium. For
a self-gravitating system, it is expressed as:

- (52)(52)

where p is the mean molecular weight of the gas, m,, is the proton mass, k is the Boltzmann
constant, GG is the gravitational constant, M is the total mass of the system, and R is its
characteristic size or radius.

The above process occurs as the gas accretes onto the growing haloes through hierar-
chical clustering. Within these haloes, gas cooled and fragmented, giving rise to the first
stars and galaxies, as discussed in Rees & Ostriker (1977). This pioneering model laid the
groundwork for modern galaxy formation theories.

In this context, more recent works have extensively studied the deposition of gas into
galaxies from the surrounding medium (e.g. Keres et al. 2005; Dekel & Birnboim 2006;
Faucher-Giguere et al. 2011; van de Voort et al. 2011; Anglés-Alcazar et al. 2017; Stevens
et al. 2017; Martin et al. 2019). Two main modes of galaxy fueling have been identified:
the “hot accretion mode” and the “cold accretion mode”. In the hot mode, gas is first
shock-heated to the T, of the halo, and then it dissipates its gravitational and thermal
energy before being accreted onto the galaxy. This mode dominates for massive haloes
(210" M) at low redshifts (z <1). In the case of cold-mode accretion, gas is directly

is related to the time-averaged total potential energy (U) by: 2K + U = 0.
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deposited into the galaxy without undergoing virialization. In other words, the gas accreted
along filaments with low circular velocities is not expected to undergo shock heating nor
to reach the T,; of the halo. Instead, this gas is anticipated to flow in a cold state, with
temperatures ~10% K. This mode of accretion is common in lower-mass haloes (<10'2 M),
where the cooling time® (te,01) of the gas is shorter than the gravitational free fall time®
(tg).

However, simulations and theoretical models have demonstrated the importance of the
cold accretion mode even for high mass haloes that contain hot, hydrostatic gas, indicating
that both modes can coexist. The fact that the gas preferentially accretes along filaments,
where relatively dense gas has low cooling times, enables the cold streams to penetrate the
hot haloes. This process is expected to be the dominant mode of mass inflow at high-z
(z 2 2, e.g. Keres et al. 2005; Dekel et al. 2009; Keres et al. 2009; van de Voort et al. 2012;
Faucher-Giguere et al. 2011).

In summary, the dominant accretion mode depends on both the halo mass and redshift.
At higher redshifts the te, of gas is shorter mainly due to the higher density (p), as
teool < p~ L. Conversely, higher mass haloes have higher Ty, resulting in longer teool,
especially for temperatures above 10° K (e.g., Birnboim & Dekel 2003; Katz et al. 2003;
Keres et al. 2005; Crain et al. 2010).

Regardless of the dominant accretion mode of haloes, cold gas clouds within dark
matter haloes will eventually undergo gravitational instabilities, leading to its collapse and
fragmentation. These fragmented clouds are converted into stars. The ratio between the
gas mass converted into stars and the time that has elapsed is commonly referred to as
the star formation rate (SFR). As galaxies form stars, several physical mechanisms act on
different scales. For instance, star formation process contributes to the growth of galactic
bulges.

1.1.4 Active Galactic Nuclei

In the central regions of galaxies, the gas may also be accreted onto a supermassive black
hole (SMBH), triggering the formation of an active galactic nucleus (AGN) powered by
the energy released in the accretion process. It is now widely accepted that the majority
of galaxies harbor SMBHs with masses >10°M, (e.g., Magorrian et al. 1998)

5The teoo1 Tepresents the characteristic timescale for the gas in the halo to radiatively lose its thermal

energy. It is expressed as T
n
e (2

with n the number density of gas particles, ny the number density of hydrogen, T the gas temperature
and A the cooling function.

SThe tg represents the timescale for the gas in the halo to collapse under the influence of gravity,
assuming no other forces are significant. It is expressed as

b — 3
T~V 326G

where p is the volumetric gas density of the gas.
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AGNs can release an enormous amount of energy and form winds and jets which could
have an impact on their host galaxies. These processes are known as “AGN feedback”. Im-
portantly, current models of galaxy evolution require the presence of AGNs to reproduce
the stellar mass and luminosity function found in observations, and prevent the forma-
tion of over-massive galaxies (e.g., Bower et al. 2006; Schaye et al. 2015; Pillepich et al.
2019). Overall, AGN feedback can influence its host galaxy through two primary mecha-
nisms. Firstly, AGN outflows can have a “positive feedback” effect by enhancing the star
formation. This happens by compressing the interstellar medium” and molecular clouds
(e.g, Ishibashi & Fabian 2012). However, direct evidence of this positive feedback is rare
(e.g., Cresci et al. 2015; Shin et al. 2019). On the contrary, AGN can also exert “nega-
tive feedback” by employing mechanical energy from winds, outflows, or jets to heat the
surrounding interstellar medium. This prevents molecular gas from radiatively cooling or
expels gas from the host galaxy, thereby suppressing the star formation (e.g. Binney &
Tabor 1995; Ciotti & Ostriker 2001; Croton et al. 2006; Cattaneo et al. 2009; Nesvadba
et al. 2010; Heckman & Best 2014). Jets can further heat the halo gas, preventing fu-
ture star-formation by inhibiting gas cooling (e.g. Ciotti & Ostriker 2001; McNamara &
Nulsen 2007). These feedback mechanisms play crucial roles in regulating the growth and
evolution of galaxies hosting AGN, and their CGM.

Specifically, part of this thesis focuses on quasars, which refers to the most luminous
AGN (bolometric luminosities® Lyo up to 10°%rg s7%, Shen et al. 2020) in which we can
directly observe the nuclear emission (e.g., Antonucci 1993; Elvis 2000). They inhabit
massive halos (~10'2-10'® M, e.g., Porciani et al. 2004; Shen et al. 2007; White et al.
2012; Timlin et al. 2018), and their host galaxies appear more massive and star-forming
than typical galaxies at their cosmic time. A quasar is able to expel and highly ionize the
gas reservoir within the host and its surroundings, thus regulating its own growth (e.g., Di
Matteo et al. 2005). Considering the masses of their halos, they are expected to accrete gas
in cold mode at z 22, therefore having both a cool and a warm /hot halo gas phases (e.g.,
Keres et al. 2005). Observations of the gas reservoirs surrounding quasars from galaxy to
CGM scales are thus key in understanding the role of quasars in galaxy formation and
their co-evolution. Figure 1.2 shows a simulated gas density map of a quasar host galaxy
and its surrounding medium. It highlights the complex interplay between quasar-driven
outflows (white contours) and inflows from filaments (purple regions in left inset plot).

1.2 The Circumgalactic Medium (CGM)

The circumgalactic medium (CGM; e.g., Tumlinson et al. 2017) is the extended gaseous
halo surrounding galaxies, encompassing the region between the interstellar medium of a

"The interstellar medium is the vast expanse of gas, dust, and plasma that fills the space between stars
within a galaxy. It consists of various components, including molecular clouds, atomic gas, ionized gas,
and dust particles.

8Bolometric luminosity refers to the total luminosity emitted by an astronomical object over all wave-
lengths.
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Figure 1.2: Gas density projection centred on a quasar host galaxy (My;=2.4x10Mg) at
z ~6, extracted from cosmological simulations. The white contours are levels of radial velocity
(100, 300 and 500 km s~1!), representing a quasar-driven outflow. The top left inset plot shows
the gas density around the host galaxy, in a a face-on configuration. The bottom left inset plot
shows the radial velocity of gas within the central 12 arcsec (or ~70 kpc), revealing large-scale
outflows (orange regions) and inflows (purple regions). Figure extracted from Costa et al. (2022).

galaxy and the IGM, extending up to the virial radius (Ry;;). The virial radius of a dark
matter halo is a characteristic radius within which the gravitational effects dominate and
the halo is in approximate dynamical equilibrium. It is defined in relation to the critical

density (peit) of the Universe (e.g., Mo et al. 2010):

3H(z)?
Perit = 87:67? (13)

with H(z) the Hubble parameter. Then, Ry, is given by:

3A]\Jvilr 1/3
Rvir = 1.4
( 47Tpcrit A ) ( )
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where A is the overdensity parameter and M,;, is the total mass within R.;.. For purposes

of this thesis, we assume A=200 (Bryan & Norman, 1998), therefore we use the notation

Ryir and Rggp interchangeably:

3 M. 1/3
200 ) (15)

Rogo = Ryyr = [ ——2_
20 (47rpmt2oo

Several processes are relevant for galaxy formation and evolution on CGM scales. These
processes include gas inflows from the IGM and/or satellite galaxies, gas outflows from
the galaxy, stellar and AGN feedback, interactions with satellites that can lead to tidal
stripping and other effects, and mixing processes (see Tumlinson et al. 2017 and references
therein). Therefore, CGM facilitates the exchange of baryons between galaxies and their
surroundings at larger scales (see Fig. 1.3, e.g. Burchett et al. 2018; Dutta et al. 2020,
2021). Evidence suggests that the CGM gas exhibits a complex multi-phase structure. This
includes at least a hot virialized gas phase with T~10%-10” K (e.g., Anderson et al. 2016;
Kaaret et al. 2020; Das et al. 2021) and a cold gas phase with T<10® K (e.g., Prochaska
et al. 2013; Meiksin et al. 2017; Fossati et al. 2021).

The CGM has been a subject of extensive study around quasars, with investigations
primarily focused on the cool phase (T~10% K). This has been accomplished through
both absorption and emission techniques. Given the diffuse nature expected for the CGM
(ng <0.1cm™?), in the past this medium has been typically studied by analysing absorption
features based on one bright background quasar sightline per foreground halo to gather
statistical insights into the physical properties of the CGM surrounding quasars (e.g.,
Bergeron et al. 2002; Hennawi et al. 2006; Prochaska et al. 2013; Tumlinson et al. 2011;
Farina et al. 2013, 2014; Turner et al. 2014; Lau et al. 2018). Making use of the absorption
technique with projected quasar pairs at z ~2-3, studies have provided important results.
Firstly, the anisotropic clustering of HI systems around quasars suggests that the ionizing
radiation from quasars escapes on CGM scales in a non-uniform or intermittent manner
(Hennawi & Prochaska 2007; Jalan et al. 2019). Secondly, these studies have revealed
the presence of substantial reservoirs (>10'" M) of cool, metal-enriched (Z 2>0.1 Zs) gas
within the CGM, indicating the significant contribution of this CGM phase to the overall
gas content and metal budget of halos (Prochaska et al. 2013, 2014; Lau et al. 2016). Lastly,
investigations into the kinematics of the CGM suggest that this gas is in virial equilibrium
with the dark matter halo, i.e internal motions of the gas (such as inflows or outflows)
are balanced by the gravitational potential energy of the halo (Prochaska et al. 2014; Lau
et al. 2018). However, Lau et al. (2018) found evidence for the presence of outflowing gas,
indicated by an offset of ~200 km s~! between the mean absorption centroids and the
systemic.

1.2.1 CGM as traced by emission lines

Absorption measurements offer limited information on gas surface density, as they provide
projected and narrow measures along a single sightline per galaxy due to the rarity of
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Figure 1.3: Artistic representation of the CGM. Gas that is being accreted from the IGM
onto the central galaxy is represented by blue. Gas that is outflowing from the galactic disk is
represented by pink and orange. The recycling gas corresponds to gas that has been previously
ejected. The purple color represents the complex gas reservoir that consists of a mixture of all
these processes. Figure extracted from Tumlinson et al. (2017).

background quasars. For this reason, it is essential to complement these studies with
direct emission from the CGM. Theoretical studies on CGM have primarily focused on
absorption measurements, while the number of studies predicting CGM line emission is
relatively limited (e.g., Bertone & Schaye 2012; van de Voort & Schaye 2013; Sravan et al.
2016; Augustin et al. 2019; Byrohl et al. 2021; Nelson et al. 2021; Piacitelli et al. 2022).
Lines from different ions serve as tracers of gas in various temperature regimes. Some
promising lines that can potentially be detected by current and upcoming optical instru-
ments at high-z are Lya (1216 A), Herr (1640 A), Ciir (977 A), Si 1 (1207 A) and Si 1v
(1394, 1403 A) that predominantly trace gas with T<10® K near galaxies, making them
valuable tools for studying cold accretion flows and colder regions of galactic winds. On
the other hand, lines like C1v (1548, 1551 A), Nv (1238, 1243 A), Ov1 (1032, 1038 A) and
Neviir (770, 780 A) can trace the warmer gas (10° <T<10% K), providing insights into
the properties of gas in haloes and filaments (e.g., Bertone & Schaye 2012). Additionally,
X-ray emission lines such as Ovir (22 A) and Ovir (19 A), are promising to probe the
hot-CGM (T>10° K) at low redshift (e.g., van de Voort & Schaye 2013; Nelson et al. 2023).

Through the analysis of hydrodynamic cosmological simulations, van de Voort & Schaye
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(2013) studied the emission of rest UV metal lines at z = 3, finding that Cii1 is the strongest
emission line. Also based in cosmological simulations, Bertone & Schaye (2012) investigated
the intensity of rest UV lines in the IGM and CGM at z ~2-5, and predicted that the
brightest emission line would be from HI Lyca, and the strongest metal line would be CiiI.
This study emphasized the significant dependence of the emission on the gas density and
temperature, particularly in relation to the cooling curves specific to the emitting ion.
Corlies et al. (2020) studied emission lines in the CGM at z=3 based on cosmological
simulations that forces higher spatial resolution on the CGM. Their results highlight that
increasing the resolution of the CGM has a significant impact on the total luminosity of
the considered lines (up to two orders of magnitude for Ciir and Civ).

In the next sections, I focus on the cool (~10* K) gas phase of the CGM, given its
relevance to the scope of this thesis.

1.2.2 Cool phase of CGM in observations

In the last decade, significant advancements in observational capabilities have revolution-
ized the study of the CGM gas surrounding quasars, particularly through the use of sen-
sitive integral field unit spectrographs. Instruments such as the Multi-Unit Spectroscopic
Explorer (MUSE; Bacon et al. 2010), the Keck Cosmic Web Imager (KCWI; Morrissey
et al. 2012) and the Palomar Cosmic Web Imager (PCWI; Matuszewski et al. 2010) have
enabled deeper observations of the CGM through emission lines in a reasonable amount
of time. In particular, several studies are currently routinely reporting the presence of
extended Lyman alpha (hereafter Lya) emission around z 22 quasars (e.g., Borisova et al.
2016; Arrigoni Battaia et al. 2019a; Cai et al. 2019; Fossati et al. 2021). Furthermore, the
sensitivity of these instruments has allowed for the detection of Ly« haloes around typi-
cal star-forming galaxies (e.g., Wisotzki et al. 2016; Leclercq et al. 2017, 2020; Kusakabe
et al. 2022). In the next paragraphs I focus on the brightest tracer of the cool gas phase
(T ~ 10* K) of the CGM, its Ly« emission.

Ly« line

The Lya emission line is a spectral line of the hydrogen atom, corresponding to the tran-
sition of an electron (e-) from the first excited state (2p) to the ground state”(1s). It is
placed in the ultraviolet portion of the electromagnetic spectrum, with a rest wavelength
(Arest) of 121.56 nm (or frequency vye; = 2.45x 10" Hz), and an Einstein coefficient!® A of
~6.3x10% s~ 1.

Under typical astrophysical conditions, it is anticipated that Ly« photons (with an en-
ergy of hv = 10.2 eV) will undergo significant resonant scattering (e.g., Gould & Weinberg
1996). The optical depth of Ly« at the line center, which serves as an indicator of the

9The ground state corresponds to the lowest energy level, which has a principal quantum number of n
=1

10The Einstein coefficient A describes the rate at which an atom or molecule undergoes a transition from
an upper energy level to a lower energy level through spontaneous emission.
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number of scatterings a photon encounters, can be mathematically expressed as follows:

15 km s7!

7o(Lya) = 8.02 x 10* ;

7(Ly cont) (1.6)
where 7(Ly cont) = 6.3x107!8 ¢cm?N(H) corresponds to the Lyman continuum optical
depth, i.e., the optical depth due to photoionization just above the hydrogen ionization
energy'!, with N(H) being the column density of hydrogen (e.g., Draine 2011). The pa-
rameter b corresponds to the Doppler broadening parameter that includes both thermal
and turbulent gas motions: b = (vZ .. + Vi) 2. Under Case B recombination'?; it is
expected 7(Ly cont) >1, then it is evident that 7o(Lya) is very large'3. Therefore, a Ly«
photon generally undergoes multiple scatterings, being absorbed and re-emitted in differ-
ent directions, before it eventually escapes the system. This process of resonant scattering
contributes to the complex radiative transfer of Ly« photons in astrophysical environments.

Lya nebulae

As mentioned at the beginning of this Section, extended Ly« emission can be observed
nowadays around z 22 quasars. These so-called Lya nebulae extend up to hundreds of
kiloparsecs and have diverse morphologies (Husband et al. 2015; Fumagalli et al. 2016;
Borisova et al. 2016; Arrigoni Battaia et al. 2019a; Cai et al. 2019; O’Sullivan et al. 2020;
Mackenzie et al. 2021; Fossati et al. 2021). The bulk of the extended emission traces gas
on a few tens of kpc near the quasars, while large-scale structures extending to R 2 80 kpc
are seen at lower surface brightness (SBprya ~ 107'% erg s™' ecm™2 arcsec™?). Figure 1.4
shows an example of observed Lya nebulae at different z. In most of the cases, the Lya
kinematics in the extended nebulae is consistent with gravitational motions in haloes with
masses consistent with typical quasar hosts (~10'2°Mg, e.g., Timlin et al. 2018), with full
width at half maximum!* (FWHM) of ~600 km s~! (e.g., Arrigoni Battaia et al. 2019a).

The origin of Lya emission in these nebulae remains a topic of ongoing discussion. While
in previous studies it has been commonly assumed that this Lya emission is primarily a
result of photoionizing radiation from the quasar (e.g., Heckman et al. 1991; Cantalupo
et al. 2014), the relative contribution of different mechanisms is still debated. The following
list of possible mechanisms has been proposed:

"The jonization energy of hydrogen corresponds to the energy required to remove an electron from a
hydrogen atom, which is approximately 13.6 eV or a wavelength of 912 angstroms

12Recombination refers to the radiative decay of an e- from an unbound to a bound state of an atom.
For hydrogen, Baker & Menzel (1938) proposed two limiting cases: Case A, where ionizing photons (above
13.6 eV) emitted during the recombination escape, and Case B, where the ionizing photons are immediately
reabsorbed. For Case B conditions, all of the Lyman series transitions are optically thick.

13The optical depth 7=1 represents the threshold to define a medium as optically thin (7 <<1) and
optically thick (7 >1). In the optically thin regime, photons can easily pass through the medium without
significant attenuation. In the optically thick medium, the material strongly absorbs or scatters radiation,
causing a significant reduction in the intensity or flux of the photons.

4The FWHM is commonly used to characterize the intrinsic linewidth of an emission or absorption
feature, indicating the range of velocities or frequencies over which the line is spread.
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Figure 1.4: Examples of Lya surface brightness maps for extended Lya nebulae around high-z
quasars. Left: z ~3, image of 30 arcsec x 30 arcsec (or ~230 kpc x 230 kpc). Center: z ~4,
image of ~43 arcsec x 43 arcsec (or ~300 kpc x 300 kpc). Right: z ~6, image of ~6 arcsec x
6 arcsec (or ~35 kpc x 35 kpc). From left to right, figures adapted from Arrigoni Battaia et al.
(2019a), Fossati et al. (2021) and Drake et al. (2019), respectively.

Photoionization; it refers to ionizing radiation from the AGN and/or star formation
that excites neutral hydrogen atoms, which then recombine and emit Lya photons
(e.g., Heckman et al. 1991; Smith et al. 2009; Geach et al. 2009; Cantalupo et al. 2014).
Photoionization from other sources, such as active companions, is also expected to
contribute to the Ly« emission (e.g., Husemann et al. 2018; Arrigoni Battaia et al.
2019b).

Shocks powered by outflows; in this scenario, superwinds driven by starburst su-
pernovae or the AGN would produce Lya emission in the swept up material (e.g.,
Taniguchi & Shioya 2000; Ohyama et al. 2003; Wilman et al. 2005; Mori & Umemura
2006).

Gravitational cooling radiation; which is produced in cool (~10%-10° K) accretion
streams (e.g., Haiman et al. 2000; Dijkstra et al. 2006; Faucher-Giguere et al. 2010;
Rosdahl & Blaizot 2012). This scenario is supported by results from simulations that
show that cold accretion mode is important in fueling galaxy formation (e.g., Keres
et al. 2005).

Resonant scattering of Lya; where centrally produced Lya photons undergo multiple
scatterings within the gas distribution surrounding the quasar (e.g., Dijkstra & Loeb
2008; Hayes et al. 2011; Cen & Zheng 2013; Cantalupo et al. 2014).

Disentangling each role of these mechanisms by using Ly« only is difficult, considering

that the presence of Lya photons within the CGM is known to be influenced by resonant
scattering. Resonant scattering redistributes Lya photons both in space and frequency,
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making it difficult to interpret the origin of thiss transition without the use of additional
tracers (e.g., Dijkstra 2017; Gronke et al. 2017).

In a recent work conducted by Costa et al. (2022), they used zoom-in simulations
of a quasar host halo at z=6 and found a significant connection between AGN feedback
and Lya nebula. The findings suggest that quasar-powered outflows play a crucial role in
creating a pathway for Lya flux to escape and remain in resonance with the gas in the halo.
Their results also showed that the inclination of the host galaxy affects how we observe
the extended Ly« emission, because of dust absorption and scattering effects. When the
galaxy is seen edge-on, we expect to see fainter and more asymmetric Lya nebulae due to
quasar-powered outflows along the galaxy’s minor axis. This is because the AGN outflows
create a pathway with least resistance for the propagation of Ly« emission along the host
galaxy minor axis. Conversely, when the galaxy is seen face-on, we expect brighter and
more symmetric Lya nebulae.

At large scales (250 kpe of projected distances), it has been found in some systems
that resonant scattering does not affect the gas (e.g., Cai et al. 2017; Arrigoni Battaia et al.
2018b). While Ly« emission alone is not sufficient to determine the amount and density of
gas in nebulae associated with quasars, follow-up observations in additional line diagnostics
such as Hell (1640 A) and Crv (1548, 1551 A) (e.g., Arrigoni Battaia et al. 2015; Travascio
et al. 2020; Zhang et al. 2023), along with constraints on Ny from absorption studies and
detailed photoionization models'®, provide valuable information. In particular, Hell is used
to constrain the density of the emitting gas, while the ratio Heil/C1v is used as a metallicity
indicator. These additional measurements (that neglect resonant scattering) revealed that
both the brightest and largest nebulae, as well as the more typical Lya nebulae discovered
around z ~ 3 quasars, indicate the presence of a significant reservoir (=10 M) of cool
and dense (ng =1 cm™3) gas within these massive halos.

1.2.3 Cool dense CGM from theoretical perspective

According to simulations, the expected densities in the CGM are generally low, with values
on the order of ng <0.1 cm™3 (e.g., Oppenheimer et al. 2016; Nelson et al. 2020). Therefore,
the presence of dense CGM gas found in observations was unexpected, as such high densities
had been typically found in the interstellar medium of galaxies. In addition, the presence
of cool halo gas is not completely understood, and cosmological simulations in the past
used to under-predict its abundance (e.g., Fielding et al. 2017; Liang et al. 2016). In
general, determining the underlying physical processes in the CGM is challenging mainly
due to the complexity of simulating small-scale physics (e.g., Scannapieco & Briiggen 2015;
Mandelker et al. 2019).

However, currently cosmological simulations are forcing higher resolutions in the CGM,
following the formation and survival of such dense gas (e.g., Hummels et al. 2019; Peeples
et al. 2019; van de Voort et al. 2019; Nelson et al. 2020). For instance, Nelson et al. (2020)

15Photoionization models are computational tools used to study the ionization and excitation state of
the gas in the presence of radiation sources. They can provide information about the ionization fractions,
emission line spectra, and other observable properties of the gas.
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used TlustrisTNG massive halos (~10'3-10'3°M) at z = 0.5, to study the abundance and
origin of cool gas in the CGM. Despite these massive halos containing a hot (~10" K)
virialized plasma, their results show also a cool gas component, which consist in thousands
of small (~kpc scales) clouds. On the other hand, van de Voort et al. (2019) applied a
refinement technique to simulate the CGM in zoom-in simulations of a Milky Way-mass
galaxy, at uniform spatial resolution of up to ~1 kpc. They found a CGM with significantly
more small-scale structure at higher resolutions, also with more dense clumps and smaller
turbulent eddies (see Fig. 1.5). Despite these advancements, the physics of the dense CGM
gas is still largely unresolved by cosmological simulations

Finally, “cloud-crushing” simulations at resolution < 1 pc (e.g., Gronke & Oh 2018,
2020; Kanjilal et al. 2021) have studied this cool dense gas that shatters in smaller struc-
tures, entrains and survives in the hot medium, providing theoretical support to the obser-
vations. In brief, the acceleration of a cool cloud in a hot (Z10°% K) wind is known as the
cloud crushing problem (e.g., Cowie & McKee 1977; Klein et al. 1994; Xu & Stone 1995).
The cloud-crushing or destruction time of a cool cloud with radius r, and density pq,
which is affected by a wind with rying and pwind, 1 tee = X/?7e/Vwind, With X = pe1/Pwind
the overdensity of the cloud. On the contrary, the acceleration time-scale of the cloud is
Ldrag ~ Xl/ 2t... In the case of overdensities of xy ~100-1000, which correspond to cool clouds
embedded within a hot wind, f.. < t4rag. This implies that the cool gas present in these
clouds will be destroyed before it has the chance to be accelerated. To solve this problem,
a criteria based on efficient radiative cooling, specifically in the cooling time of the mixed
gas teoolmix (Which depends on the temperature and density of the mixed gas), has been
proposed. When tcoo1mix < tec, the mixed gas cools quickly and increases the total cool gas
mass. When Zcoo1mix > tee, the survival of the cool gas will depend of the cloud size. In
this way, the surviving clouds can grow by an order of magnitude in mass, all the while
gaining momentum from the surrounding hot wind.
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Figure 1.5: Neutral hydrogen column density map in a 600 kpc column, of a Milky Way-mass
galaxy at z=0. From left to right, the resolution of the simulation increases, being the highest
resolution (third panel) 1 kpc. We can note that higher resolution in the halo leads in more
small-scale structure. Figure adapted from van de Voort et al. (2019).
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1.3 Cold gas reservoirs in high-z galaxies, from galac-
tic to halo scales

In the previous section, I focused mostly in the cool gas phase of the CGM, as traced
by Lya emission. As already mentioned, the presence and survival of this dense halo gas
seems plausible from cloud crushing simulations. Therefore, questions about the possible
presence of even molecular gas on such large scales naturally arise. In this context, of
importance is also to investigate the link between the CGM and galactic scales. This
can be done through the study of the cold phase (T<100 K), which serves as the fuel for
star formation. This gas phase can be detected by using (sub)millimeter observations of
bright carbon monoxide ?CO (hereafter CO) emission lines or fine structure lines such as
[CII] 158um (hereafter [CII]).

In this thesis, I also study these cold gas reservoirs in and around high-z galaxies. In
this context, in this Section I describe the different phases of the interstellar medium, cold
gas tracers and works that are relevant for this thesis.

1.3.1 The Interstellar Medium (ISM)

The interstellar medium (ISM) is a relevant component of galaxies, since it is where star-
formation occurs. Broadly speaking, it includes the gas, dust and plasma between stars.
In the ISM is where most baryons and electrons (~10 per cent of the total mass) that
determine the visible appearance of galaxies are located (Draine, 2011). For purposes of
this thesis, here I will describe the characteristic phases of the ISM, which are important
to understand the cold gas reservoirs in and around high-z galaxies studied here. These
phases, that account for most of the mass and volume of the ISM, consist of:

e Coronal gas: corresponds to gas that has been shock-heated by supernova explosions.
It has temperatures of T>>10%% K and low hydrogen densities of ng ~4x1073 cm=3.

It is also known as “hot ionized medium”.

e HII gas: corresponds to gas mainly composed by ionized hydrogen. Specifically, here
the hydrogen has been photoionized by UV photons from young hot stars (mostly
O-type stars). This gas can be classified in two types: “HII regions”, where the
photoionized gas is dense material from a nearby cloud, and “ diffuse HII”, which
refers to low density intercloud medium. HII gas has typical values of T~10* K, and
ng ~0.2 - 10* cm™

4

e Warm HI: mostly composed by atomic gas. Also referred to as “warm neutral

medium”. It is characterized by T~5000 K, and nyg ~0.6 cm=3.

e Cool HI: mostly composed by atomic gas, with T~100 K, and nyg ~30 cm™3. It is
also known as “cold neutral medium”.
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e Diffuse molecular gas: this phase is in principle similar to the cool HI, but with larger
densities that promote the abundance of Hy molecules through self-shielding!®. It has
typical values of T~50 K and ny ~100 cm =3,

e Dense molecular gas: corresponds to gravitationally bound dense clouds. Within
these regions, star formation takes place. Often, these molecular clouds are “dark”,
with high visual extinction!” of Ay >3!8. They are characterized by T~10 - 50 K
and nyg ~103-10% cm™3.

e Stellar outflows: corresponds to mass loss from stars. In particular, evolved stars
lead to high density outflows, with low outflows velocities of <30 km s™!. On the
other hand, hot stars can produce less dense and faster outflows.

The temperature and density of the ISM are influenced by the surrounding environment
and are regulated by a balance between heating and cooling processes. Various mechanisms
contribute to the heating of molecular gas (e.g., Goldsmith & Langer 1978). Within dark
molecular clouds, cosmic rays, which consist of high-energy protons and electrons, ionize H,
molecules. The resulting free e- transfer their excess kinetic energy to other Hy molecules,
thereby heating the gas.

In molecular clouds where active star formation occurs, UV heating is an additional
process that contributes to the heating of molecular gas. In this scenario, the intense
radiation emitted by O and B stars, which are prevalent in star-forming regions, creates
“photodissociation regions” (hereafter PDRs, Hollenbach & Tielens 1999). These PDRs
correspond to the interface zone between an HII region and a dense molecular cloud. A
PDR is characterized by an ionization front, which marks the boundary where hydrogen is
50 per cent ionized, and a photodissociation front, where hydrogen is 50 per cent atomic
and 50 per cent molecular. In this region, molecular gas flows towards the photodissociation
front, where it is dissociated, and the atomic gas flows away from the photodissociation
front towards the ionization front (Draine, 2011). Figure 1.6 shows the structure of a PDR.

In addition to UV heating in PDRs, there is another type of heating that occurs through
X-ray emission. This is known as an X-ray-dominated region (XDR) and is associated with
the presence of AGN or hot plasmas heated by supernovae. X-ray radiation can penetrate
deeper into the molecular clouds, compared to UV radiation (e.g., Meijerink et al. 2006),
contributing to the heating of the molecular gas.

Regarding gas cooling, atomic fine-structure lines (FSLs) play a significant role in
cooling interstellar gas in star-forming galaxies (Spitzer, 1978). They act as dominant
coolants, particularly in cooler regions where hydrogen’s permitted lines cannot be excited
(T<10* K). These FSLs are forbidden transitions, which means they are typically optically

16The self-shielding effect refers to the phenomenon where a gas medium, illuminated by a light source,
exhibits a protective mechanism against dissociation of molecules. This occurs when specific wavelengths
of light are absorbed by the gas, allowing the molecules to remain intact.

ITExtinction refers to the process of absorption and scattering of electromagnetic radiation by dust and
gas present between an emitting source and the observer.

18 Ay is the total exctinction in the photometric V' (550 nm) band.
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Figure 1.6: Representation of the structure of a PDR. Figure extracted from Draine (2011).

thin and do not experience line trapping due to resonant scattering in regions with high
column densities. Some FSLs have ionization potentials higher than hydrogen and primar-
ily cool the ionized medium, such as [NII] and [OIII]. Other FSLs have lower ionization
potentials in the far-infrared range, allowing them to also trace the neutral ISM. Examples
of these FSLs include [CII], [OI], and [CI].

1.3.2 Cold gas tracers
Emission line luminosities

The line luminosities for the cold gas tracers at high-z are usually expressed in two different
ways: as the source luminosity in units of L (Ljine), or as the integrated source brightness
temperature in units of K km s™ pc? (L},,.). Following Solomon et al. (1992):

D2
=3.25 x 107 X SjipeAv——=——(K km s pc? 1.
line = 3:25 x 10" x S, v( +Z>3Vobs< m s pc) (1.7)
Liine = 1.04 x 1072 X Sjine AvD? Ugps (L) (1.8)

where Sy Av corresponds to the velocity integrated flux of the line (in Jy km s™1), D,
is the luminosity distance'® (in Mpc), and vy, corresponds to the observed frequency (in

19The luminosity distance is defined as the distance at which an object with known intrinsic luminosity
would have the same observed flux as the object being observed. The luminosity distance (D) is related
to the observed flux (F) and the intrinsic luminosity (L) of an object through: F = L/(47D3%).
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Ghz).

The luminosity Ly, is usually used when calculating the cooling capability, for example
in relation to the far infrared (FIR) luminosity (Liine/Lrir) (e.g., Hailey-Dunsheath et al.
2010; Stacey et al. 2010). On the other hand, L), . is frequently used to estimate CO
luminosities, which then are used to obtain molecular masses through a conversion factor
that relates CO(1-0) luminosity to the total molecular gas mass (e.g., Bolatto et al. 2013). A
comprehensive review of various methods for estimating cold gas masses and the challenges

associated with them has been provided in Tacconi et al. (2020).

Carbon monoxide CO rotation transitions

Molecular gas in galaxies is primarily composed of molecular hydrogen (Hs), which lacks
a permanent dipole moment and has high excitation requirements for its lowest transi-
tions. Therefore, directly studying Hy emission is limited to a very small fraction of the
molecular gas. Instead, emission from tracer molecules has been commonly used. In this
context, Carbon monoxide is the preferred tracer due to several reasons. Firstly, it is the
most abundant molecule after Hy in galaxies, therefore experiences frequent collisions with
H,. Additionally, CO has low excitation requirements, with its first excited state being
accessible at temperatures of approximately 5 K. Moreover, CO can be conveniently ob-
served from the ground using the 3-mm band at low-z (z <0.3), particularly in its ground
transition (Carilli & Walter, 2013).

The transitions of CO are described by quantum mechanical principles, specifically the
laws governing the rotational energy levels of molecules. The rotational energy levels of a
diatomic molecule like CO can be approximated by the rigid rotor model, which assumes
that the molecule behaves as a rigid rotor with a fixed moment of inertia.

The energy of a rotational state (E(J)) of a CO molecule can be expressed as (e.g.,
Hollas 2002):

E(J)=BJ(J+1) (1.9)

where F(J) is the energy of the rotational state with quantum number J, and B is
the rotational constant of the molecule. The rotational constant depends on the mass of
the molecule and the bond length between the carbon and oxygen atoms. The transition
between two rotational states is accompanied by the emission or absorption of a photon
with a specific frequency or wavelength. The frequency of the transition is given by:

v(J,J') =2B(J — J), J' =0,1,2,3,... (1.10)

where v(J, J') is the frequency of the transition between rotational states J and J'.

Rotational transitions in molecules are commonly characterized by the critical density
(nerit) which represents the density at which collisional excitation and spontaneous radiative
deexcitation reach a balance. It is expressed as ney = A/7, with A the Einstein coefficient
for spontaneous emission, and -y is the collision rate coefficient. A is solely determined by
the molecular properties and is proportional to the cube of the transition frequency. This
means that transitions with higher J values have higher deexcitation rates. On the other



1.3 Cold gas reservoirs in high-z galaxies, from galactic to halo scales

19

Species  Transition Excitation Arest Vyest A Nerit
potential (K) (um) (GHz) (s7h) (cm™?)
CO J=1-0 5.5 2601 11527 7.2x107% 2.1x10% ¢
CO J=2-1 16.6 1300  230.54 6.9x1077 2.1x10*¢
CO J =32 33.2 867 34580 2.5x107% 4.0x10*¢
CO J =43 55.3 650.3 461.04 6.1x107¢ 6.0x10°®
CO J=54 83.0 520.2  576.27 1.2x107° 2.4x10°¢
CO J =65 116.2 433.6  691.47 2.1x107° 3.1x10°¢
CO J =76 154.9 371.7  806.65 3.4x107° 7.2x10%¢
[CT] 3P, 3Py 23.5 609.14 492.16 7.9x107%  492.5°
[CT] 3Py, —3P 62.5 370.42 809.34 2.7x1077 2.8x103°
[CIT]  ?Py;s—2P3) 91.2 157.74 1900.5 2.3x107% 4.8x10°
2.4x103°
16¢

Table 1.1: Excitation potentials, rest wavelengths (Aest) and rest frequencies (vegt) Were ex-
tracted from the Leiden Atomic and Molecular Database (LAMDA) as accessed on 2023 July 02
(Schéier et al., 2005). The CO and [CI] critical densities were calculated using the Einstein A
coefficients and collision rates from the LAMDA database, considering a temperature of 100 K.
The [CII] critical densities were extracted from Goldsmith et al. (2012), for a temperature of
500 K. Notes: [a] Colliding partners are Hy molecules; [b] Colliding partners are H atoms; [c]
Colliding partners are electrons.
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hand, v is dependent on the temperature of the gas (Carilli & Walter, 2013). Table 1.1
shows different CO transitions (up to CO(7-6), which covers the range of interest for this
thesis) and their main parameters.

Importantly, by observing multiple CO transitions (i.e., the CO spectral line energy dis-
tribution - SLED), different physical properties of the molecular gas, such as temperatures
and densities can be constrained (e.g., Weif3 et al. 2005). As an example, Fig. 1.7 shows
the CO SLED for different type of objects (see caption). In particular (and important for
this thesis), quasars (red) show the most excited CO transitions, with an average peak
around J ~6. Recent works have found quasars even more excited, with a peak in the CO
SLED around J ~15 (e.g., Pensabene et al. 2021).

100 -

5;/501-0)

Figure 1.7: CO SLED for different sources. The CO line flux (y-axis) has been normalized to
the CO(1-0) line. The black line represents the results for the Milky Way, the yellow line and dots
the results for submillimeter galaxies (SMGs), while the red line and dots represent the values
for quasars. Figure extracted from Carilli & Walter (2013).

Atomic Carbon [CI] fine structure lines

An alternative molecular gas tracer is atomic carbon (CI). Different studies mainly focused
on molecular clouds, galactic disk and center, and nearby galaxies have found that CI and
CO emission are closely linked (e.g., Stutzki et al. 1997; Israel & Baas 2002). CI has three
fine structure levels, denoted as ®Py, Py, and 3P,, which correspond to different total
angular momentum values and have different energies associated with them (see Fig. 1.8).
These fine structure levels arise from the splitting of energy levels due to the interaction
between the electron spin and the orbital angular momentum of the atom.
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The FSL of atomic carbon, namely [CI](*P;—3Py) (at 609.13 ym) and [CIT|(?Py—3P;)
(at 370.41 pm) (hereafter [CI](1-0) and [CI](2-1), respectively), are generally optically thin
(e.g., Ikeda et al. 2002). They have excitation energies of 23.6 K and 62.5 K respectively,
being the critical density of [CI](1-0) is similar to that of CO(1-0), with a value of approx-
imately 10° cm™ (see Table 1.1).

The [CI] fine structure lines are of particular interest as they provide valuable informa-
tion about the excitation temperature (T,,) of the gas in which they are observed. The T,
is a measure of the relative population of atoms or ions in different energy states within a
given system. The intensity of the line is related to the population difference between the
upper and lower energy levels involved in the transition.

The population difference can be quantified using the Boltzmann equation:

— =—-exp| — :
N g TP\,

where N, and N; are the number densities of atoms or ions in the upper and lower
energy levels, g, and g; are the statistical weights of the respective levels, AE is the
energy difference between the levels (= hv), k is the Boltzmann constant. Then, following
Schneider et al. (2003), T, is simplified to:

2.11\ !
Tex =38.8 X In (?> (112)

with R = L/[CI](Q—l)/L,[CI](l—O)‘

E,/k (K) j E,/k (K) j

°P, 62.46 8, =5 ——9—2 g, 91.21 g=4———1
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Figure 1.8: Representation of fine-structure levels of CI (left panel) and C* (right panel). Figure
adapted from Draine (2011).
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Ionized Carbon [CII] fine structure line

The C* jon contains only two fine-structure levels, denoted as 2P /2 and ’p, /2 (see Fig.
1.8, right panel). The ionization potential of atomic carbon is 11.3 eV, which is lower than
the one of hydrogen (13.6 V). The [CII] FSL at 157.7um (v..ss = 1900.54 GHz) is the main
coolant of the cool (~100 K) interstellar gas, and has become promising to investigate the
gas physical conditions in the distant Universe (e.g., Maiolino et al. 2009; Hailey-Dunsheath
et al. 2010; Gallerani et al. 2012; Ferkinhoff et al. 2014). One of the reasons for its popularity
is that the [CII] line is easily accesible from the ground. The Earth’s atmosphere allows
us to access at best the [CII] transition when it is redshifted in the frequency range 211.2-
345.5 GHz, which corresponds to the redshift range 4.5< z <8.5. This can be appreciated
in Figure 1.9, which shows the atmospheric transmission for ALMA, between 180 and
380 GHz.

The [CII] transition is a result of the interaction between the ISM gas and far-ultraviolet
(FUV) photons. The emission arises from the collisional excitation of C* by electrons (e-),
H atoms and Hy molecules, and its critical densities vary over three orders of magnitude
depending on the temperature (see Table 1.1 for values of n; and other parameters).
Considering that C* is the dominant form of carbon under a wide range of conditions, the
colliding partners previously mentioned can all be important, allowing it to originate from
different phases of the ISM, such as HII regions, PDRs and diffuse molecular gas. Thus,
the interpretation of the origin of the observed [CII| emission is challenging, and it will
depend on various environmental factors like FUV radiation intensity, metallicity, cosmic-
ray ionization rate (e.g., Bisbas et al. 2021), and X-ray intensity (e.g., Mackey et al. 2019).
Furthermore, the analysis of [CII] is complicated considering that the determination of the
optical depth of the line is difficult (e.g., Neri et al. 2014).

For the galactic plane of the Milky Way, Pineda et al. (2014) estimated that ~80 per cent
of the [CII] emission comes from atomic and molecular regions, while 20 per cent originates
from ionized gas. In local star-forming galaxies, Croxall et al. (2017) found that approx-
imately 60-80 per cent of the [CII] emission originates from neutral gas. At high-z, it is
often assumed that the [CII] emission arises predominantly from PDRs, based on obser-
vational and theoretical constraints. For instance, Stacey et al. (2010) studied a sample
of twelve z ~1-2 galaxies, finding that the bulk of the [CII] line (i.e., a 70 per cent of the
emission) originates from PDRs. On the other hand, Gullberg et al. (2015) investigated
a sample of 20 dusty star-forming galaxies at z ~2-6, finding that their [CII] emission is
consistent with being produced by PDRs. Finally, by using a model based on cosmological
simulations of a z ~7 galaxy, Vallini et al. (2015) found that the [CII] emission arises from
PDRs, regardless of the galaxy properties. [CII] has also been suggested as a more reliable
tracer of molecular gas compared to CO in regions where CO may be photodissociated
or destroyed by cosmic rays (e.g., Madden et al. 2020; Vizgan et al. 2022), however some
works have reported that [CII| emission arising from molecular gas is low (e.g., Franeck
et al. 2018 ).
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Figure 1.9: Atmospheric transmission for ALMA, between 180 and 380 GHz. This transmission
is obtained by assuming a precipitable water vapour of 0.6 mm, an elevation angle of 90 degrees,
and a site altitude of 5059 m. The strongest absorption features at ~180, 325, 365 and 376 GHz

are produced by H20 vapor. This figure has been generated with the plotAtmosphere routine
from CASA (McMullin et al., 2007) version 6.2.

1.3.3 Main sequence, depletion time and molecular gas fraction

The so-called star-formation main sequence (MS) is a near-linear correlation between the
stellar mass (M,) of a galaxy and its corresponding SFR (with a scatter of £0.3 dex) (see
Tacconi et al. 2020 and references therein). It is believed that around a 90 per cent of
cosmic star formation ocurring between z=0 and z=5 takes place in galaxies located in
the MS (e.g., Rodighiero et al. 2011). Different MS prescriptions have been proposed (e.g.,
Whitaker et al. 2012, 2014; Speagle et al. 2014). A prescription commonly assumed in the
literature (e.g., Sanders et al. 2023; Pantoni et al. 2021; Tacconi et al. 2018) is the one
from Speagle et al. (2014), which in terms of specific SFR (sSFR; with sSFR = SFR/M.,)
is expressed as:

log[sSFR(Msg, z, M,) (Gyr )] = [~0.6 — 0.026 x t. (Gyr)] x [log M, (M) + 0.025]
— [6.51 — 0.11 x t, (Gyr)] + 9 (1.13)

with log(t.) = 1.143 — 1.026 x log(1 +z) — 0.599 x log?(1 + z) + 0.528 x log3(1 + z), where
t. is the cosmic time. This MS prescription applies for the ranges of z= 0 - 5, and M,=
10% - 10M8M,.
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An essential quantity that reflects the link between the evolution of molecular gas
and the star-formation MS (and star formation history), is the ratio of molecular gas
mass to the SFR. This ratio is known as the molecular depletion timescale, represented
as taepl = Mpu,/SFR, with My, the molecular gas mass. It provides an estimate of the
time required for the current star formation activity to deplete the available molecular gas
reservoir, without accounting for any mass replenishment from stellar winds and supernovae
(Tacconi et al., 2020). The studies of Genzel et al. (2015), Scoville et al. (2017) and
Tacconi et al. (2018), have shown that tge, can be expressed as products of power laws,
that transformed in log-log space is:

sSFR
sSFR(MS, z, M.,)

log(taep) (Gyr) = Ay + By xlog(1+2) +C; x log + D, x [log(M,)—10.7]

(1.14)
where sSFR/sSFR(MS, z, M) represents the offset from the MS line, which is a function
of z and M,, and A;, B;, C; and D; are fit parameters that determine the relationship
between these variables.

By estimating molecular masses and SFRs of a large sample of 1444 star-forming galax-
ies at z= 0 - 4 with M,= 10° - 10""¥M,, Tacconi et al. (2018) updated previous scaling
relations of gas depletion time and molecular gas fractions (fy,). For this, their approach
was to analyze separately the dependencies with (1 + z), sSSFR/sSFR(MS, z, M,) and M.,.
The best fitting functions leaded to the following parameters for equation 1.14: A, = -0.53,
B; =0.95, C;, = -0.45 and D; = -0.08.

After establishing the parameters dependence of ¢g4ep, it is in principle straightforward
to determine the evolution of the gas-to-stellar mass ratio (um, = Mp, /M, ). This is because
pi, = taept X sSSFR (i.e., multiplication between 1.14 and 1.13), and then the molecular
gas fraction is fu, = pm,/(1 + pm,). Alternatively, Tacconi et al. (2018) followed a similar
approach than the one described above for t4e1, obtaining that pm, can be expressed as:

sSFR

log(pmz) = A, + B, x [log(1+42) —F]2+CM x log sSFR(MS, z, M,)

+D,, x [log(M,)—10.7]

(1.15)

with A, = 0.07, B, = -3.8, C, = 0.53, D, = -0.33, and F), = 0.63. This expression

will be used in Section 2.5.1 of this thesis, to derive molecular gas fractions. An update of
these scaling relations has been presented in Tacconi et al. (2020).

1.3.4 Observations of cold gas in high-z galaxies

In this subsection I briefly summarize a few representative studies of cold gas reservoirs
in and around high-z galaxies (star-forming galaxies and quasar host galaxies) from the
literature, to provide context for this thesis.

Several studies have investigated the reliability of [CII] as a tracer of star formation in
nearby and high-z galaxies (e.g., Stacey et al. 1991; Boselli et al. 2002; Stacey et al. 2010;
Sargsyan et al. 2012; Pineda et al. 2014; De Looze et al. 2014; Herrera-Camus et al. 2015).



1.3 Cold gas reservoirs in high-z galaxies, from galactic to halo scales 25

For example, De Looze et al. (2014)) studied a sample of different types of nearby galaxies.
Their results showed that [C II] is a good tracer for the SFR except for low-metallicity
sources. On the other hand, Pineda et al. (2014) studied this correlation in the Milky
Way, finding that [CII] emission from various phases of the ISM correlates well with the
SFR. By using Herschel data, Herrera-Camus et al. (2015) found that [CII], in absence of
strong AGNs, is a good tracer of SFR in global and kpc scales.

In the context of quasar host galaxies, several studies have studied their cold gas reser-
voirs (e.g., Barvainis et al. 2002; Weif§ et al. 2003, 2007; Weiss et al. 2007; Riechers et al.
2009; Schumacher et al. 2012; Wang et al. 2016; Venemans et al. 2017; Decarli et al. 2018;
Hill et al. 2019; Novak et al. 2019; Bischetti et al. 2021). For instance, by using ALMA,
NOEMA and JVLA observations of the far-infrared continuum CO and [CII] lines, Bis-
chetti et al. (2021) studied eight luminous quasars at z ~2.4-4.7, reporting a 100 per cent
emission line detection. They found that these quasars exhibit lower (factor of 4) CO
luminosities than z ~0-3 star-forming galaxies with the same infrared luminosities. They
also inferred molecular gas fractions in the host galaxies of four quasars, finding lower
(factor of 10-100) values than star-forming galaxies with the same stellar mass. In another
study, Venemans et al. (2017) explored three z ~7 quasar host galaxies with CO(6-5),
CO(7-6) and [CI] ALMA observations. They detected CO in the three objects, and [CI] in
one. They derived molecular gas reservoirs of the order of ~10°M. The obtained ratios
between CO, [CII] and [CI] were consistent with expectations from PDRs.

Recent observational studies have provided compelling evidence for the existence of cold
gas extending to CGM scales at high-z. Most of these studies have predominantly utilized
transitions of CO (e.g., Cicone et al. 2014; Emonts et al. 2016; Ginolfi et al. 2017; Li et al.
2021) and [CII] (e.g., Cicone et al. 2015; Fujimoto et al. 2020; Herrera-Camus et al. 2021).
For example, by using ALMA [CII] observations, Fujimoto et al. (2019) claimed to find
the first evidence of extended [CII] emission, the so-called [CII] halos, in a sample 18 star-
forming galaxies at z ~5-7. In brief, they obtained a stacked image and extracted a radial
profile that showed [CII] emission out to ~10 kpc, indicating an extended component.
Great progress in the study of [CII] emission at high-z was done thanks to the ALPINE
survey (Le Fevre et al., 2020). This ALMA survey targeted [CII] emission for 118 star-
forming galaxies at z ~4-6, at ~1 arcsec of resolution. Based on this survey, different
studies have found evidence of [CII] halos through the stacking technique (e.g., Ginolfi
et al. 2020b) and in individual galaxies (e.g., Fujimoto et al. 2020). These results provide
support for a star-formation driven outflows scenario as the main mechanism behind the
origin of these [CII] halos.

A more recent ALMA survey is REBELS, which targeted [CII] emission in a sample
of 40 star-forming galaxies at z ~6.5-9 (Bouwens et al., 2022). Based on this survey,
Fudamoto et al. (2022) analyzed 28 [CII] emitting galaxies, stacked their [CII] flux maps
and extracted radial profiles. They found that the [CII] emission is ~2 times more extended
than the stellar component, as traced by the rest-frame UV emission. This is consistent
with previous results obtained with the ALPINE survey.

An interesting work focused on one star-forming galaxy at z ~5.5 was performed by
Herrera-Camus et al. (2021). With ALMA [CII] observations of high resolution (~0.3 arc-
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sec), they detected a diffuse component of [CII] emission, extending beyond the star-
forming disk (r ~6 kpc). On the other hand, Akins et al. (2022) studied a lensed star-
forming galaxy at z ~7. They used ALMA [CII] and [OIII] 88um data, and found that
while the [OIII] emission is compact (r ~4 kpc), the [CII] line extends up to r ~12 kpc.
They suggest that the possible origin of this extended [CII] emission is related to the
cooling of hot ionized outflows.

In studies at lower redshifts, the investigation of extended cold gas reservoirs has pre-
dominantly relied on the utilization of CO and [CI] transitions. For instance, Riechers
et al. (2006) discussed CO(1-0) detections in three quasars at z~4. They did not find ex-
tended molecular gas, however their measurement’s accuracy cannot rule out the posibility
of an extended component contributing up to 30 per cent of the overall CO(1-0) luminos-
ity. On the other hand, an extended molecular gas reservoir across ~50-70 kpc has been
found around the massive Spiderweb Galaxy at z = 2.2, using the CO(1-0) and [CI](1-0)
transitions (Emonts et al. 2016, 2018).

Recently, Jones et al. (2023) found CO(3-2) ALMA emission up to ~13 kpc by a
stacking analysis of seven AGN host galaxies at z ~2-2.5. Similarly, Scholtz et al. (2023)
used ALMA CO(7-6) and [CI](1-0) observations to examine the radial surface brightness
profiles of both individual sources and stacked emission from extremely red quasars at z ~2.
They found extended cold gas and dust emission up to 14 kpc scales. Another promising
and debated result comes from the study of a high-redshift radio galaxy where an extended
bridge of [CI](1-0) has been reported (Emonts et al., 2023). Finally, Li et al. (2023) studied
a sample of ten quasars with enormous Lya nebulae at z ~2, with ALMA+ACA CO(4-
3) observations. They reported extended (15-100 kpc) reservoirs of molecular gas in six
sources.

It is worth noting that many of these observations, particularly those utilizing [CII],
seem to primarily trace outflows driven by the AGN or star formation, rather than an
extended gas reservoir directly feeding the central galaxy. Moreover, interferometers tend
to resolve out a significant portion of the extended CGM emission, especially for [CII] that
is observed at high frequencies (e.g., Carniani et al. 2020; Novak et al. 2020; Decarli et al.
2021). For this reason, more observations based on single-dish submillimetre telescopes are
essential to study the CGM that covers a large spatial scale.

1.3.5 Cold gas reservoirs from theoretical perspective

In the last years, there has been an increased number of attempts to reproduce cold gas
reservoirs on galactic scales in cosmological simulations, through post-processing® anal-
ysis (e.g., Lagos et al. 2015; Tomassetti et al. 2015; Marinacci et al. 2017; Diemer et al.
2018; Stevens et al. 2021). This strategy is necessary because currently large-scale cos-
mological simulations are not able to resolve the high densities needed to form molecular
hydrogen. The majority of these models employ recipes taking into account factors such

20«Post-processing” refers to the analysis and additional calculations performed on a simulation data
after the main simulation run has been completed. It involves applying various algorithms, models, and
observational comparisons to extract additional meaningful information from the simulation results.
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as the metallicity of the gas or the pressure conditions to determine the fraction of gas
that is in atomic or molecular form. The pressure-based approach relies on the established
empirical correlation between the pressure within a galaxy’s disk and the ratio of atomic
to molecular hydrogen (e.g., Blitz & Rosolowsky 2004, 2006; Leroy et al. 2008). On the
other hand, the metallicity-based methods utilize the metallicity of the gas as an indicator
of the presence of dust grains, which play a crucial role in catalyzing the formation of Hs
(e.g., Krumholz et al. 2008; Krumholz 2013; Gnedin & Kravtsov 2011).

Lagos et al. (2015) estimated the galactic Hy abundance in the EAGLE cosmological
hydrodynamic simulations. Through postprocessing, they assign Hs masses to each gas
particle based on two models (Gnedin & Kravtsov 2011 and Krumholz 2013), which rely
on the local dust-to-gas ratio and the interstellar radiation field. They found that their Hs
results match the observations, at low and high-z. In particular, the predictions from the
simulations are able to reproduce the observed scaling relations between the mass of Hs
and the stellar mass, star formation rate and stellar surface density.

On the other hand, Diemer et al. (2018) developed a postprocessing framework to
estimate the atomic and molecular gas abundances in the [lustrisTNG simulations. For
this, they applied five different models for the molecular fraction, including empirical,
simulation-based, and theoretical prescriptions, which rely mostly on the neutral hydrogen
surface density and UV flux. Their estimations were done in two dimensions. They found
that these five models show a general consensus on average, however the specific details
of the modeling have an impact on individual galaxies and the spatial distribution of
molecular hydrogen. In this way, they highlight that the estimated molecular fractions are
only approximations due to the presence of significant systematic uncertainties. A similar
approach but with estimations in three dimensions was performed by Popping et al. (2019),
who found several tensions between their Hy, predictions and observations at z >1. For
example, the Hy masses they predicted are lower than the observations by a factor of 2-3.

Olsen et al. (2017) presented a postprocessing framework to model FIR/millimeter
emission lines, including CO(1-0), CO(2-1), CO(3-2) and [CII] in cosmological hydrody-
namics simulations. In a posterior work, Olsen et al. (2021) updated this framework by
introducing a sub-grid model?! to estimate the distribution of dense gas up to densities
of ~107cm 3, that otherwise is not present in cosmological simulations. They did that by
applying a probability density distribution for the gas fragmentation. After these densi-
ties and radiation field (from radiative transfer calculations) and density were determined,
they used a photoionization code to model the emission lines. They found that most of the
emission lines are in good agreement with observations of local galaxies (on galaxy scales).
For the case of CO(3-2), its emission was overestimated by ~1 dex. For the particular
case of [CII], they found good agreement with respect to the [CII}]-SFR relation for nearby
galaxies.

Regarding the cold gas phase on CGM scales, to my knowledge currently there are
no cosmological simulations reproducing this phase. However, there have been efforts to

21 A sub-grid model refers to a modeling approach used to capture physical processes that occur on scales
smaller than the resolution of the simulation.



28 1. Introduction

compare predictions from galaxy-scale models with observations of cold gas in the CGM.

For instance, a set of high-resolution zoom-in simulations of z ~6 (M, ~10' M) star-
forming galaxies was presented in Pallottini et al. (2017). These simulations include dust
radiative transfer simulations as postprocessing step, and [CII] emission calculated from
a photoionization code. They found that these galaxies are under-luminous with respect
to the locally observed [CII]-SFR relation. Their results also indicate that ~95 per cent
of the [CII] emission comes from the dense gas in the disk. Furthermore, Fujimoto et al.
(2019) used one galaxy from these simulations to perform mock observations and compare
with ALMA observations of extended (CGM scales) [CII] emission around z ~6 galaxies.
They did not find such extended [CII] emission in the simulations.

In order to address the molecular phase of the CGM, an interesting approach was
presented in the recent work of Farber & Gronke (2022). Following the results from cloud-
crushing simulations, that suggest that cool gas clouds with efficient cooling can survive
in a hot medium (e.g., Gronke & Oh 2018, 2020), Farber & Gronke (2022) extends these
previous studies by considering cooling down to T~400 K. They found that when these
cold clouds surpass a certain critical size, they can fragment resulting in a mist of tiny
droplets of molecular gas. Notably, the critical size for this fragmentation differs signifi-
cantly from what has been previously found for cool clouds. These results are promising
for understanding the survival of the molecular and dense atomic phase within the CGM,
and also for establishing what are the physical scales important for resolving the molecular
phase of the CGM in cosmological simulation studies.

1.4 Structure and goals of this thesis

The primary focus of this thesis has been the study of cold and cool gaseous reservoirs in
high-z galaxies, with particular emphasis on the circumgalactic gas and its link with the
galaxies’ properties. My work has involved a combination of observational and simulation-
based approaches. Through observations, I have constrained the molecular gas reservoirs
in quasar host galaxies at z ~3 and link it to the known cool CGM phase, while with
simulations I tried to predict [CII] emission levels in galactic and halo scales of star-forming
galaxies at z ~4-6.

This thesis is based on one published paper (Munoz-Elgueta et al., 2022) and one in
preparation. The structure of the thesis is organized as follows:

e In Chapter 2, I aim to constrain the molecular gas reservoirs and investigate any
relation between the molecular gas content and the large-scale atomic phase (T~10*
K) as traced by the Ly« emission, in a sample of z ~3 quasars. In particular, the
population of quasars at z ~3 has been targeted for CO emission only by very few
works. In this Chapter, I present a spectroscopic survey with SEPIA band 5 at
APEX, targeting the CO(7-6), CO(6-5) and [CI](2-1) transitions for a sample of nine
quasars already observed with MUSE/VLT for the large-scale Ly« emission.

e In Chapter 3, I aim to reproduce the [CII] emission observed in star-forming galaxies
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at z ~4-6, to enhance our general understanding of [CII] halos. In particular, I aim to
understand what is the main mechanism powering [CII] halos in these star-forming
galaxies. To achieve this, I applied a post-processing model to estimate the [CII]
luminosities in galaxies from the cosmological TNG50 simulations and compared the
results with observations from the ALPINE survey.

e Finally, in Chapter 4, I provide a summary of the main findings of this thesis and
discuss future perspectives related to the research presented here.

Overall, this thesis contributes to advancing our knowledge of the astrophysical condi-
tions at high-z and shed light on the mechanisms responsible for the observed properties
of galaxies in the early universe.
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Chapter 2

APEX at the QSO MUSEUM:
Molecular gas reservoirs associated

with 2z ~3 quasars and their link to
the extended Lya emission

This work has been published in the Monthly Notices of the Royal Astronomical Society,
Volume 511, Issue 1, pp.1462-1483.

Cool gas (T~10* K) traced by hydrogen Ly« emission is now routinely detected around
z ~ 3 quasars, but little is known about their molecular gas reservoirs. Here, we present
an APEX spectroscopic survey of the CO(6-5), CO(7-6) and [C1](2-1) emission lines for
9 quasars from the QSO MUSEUM survey which have similar UV luminosities, but very
diverse Lya nebulae. These observations ({ rms ) = 2.6 mJy in 300 km s7!) detected
three CO(6-5) lines with 3.4< Ico—s) <5.1 Jy km s, 620<FWHM<707 km s~', and
three [CI](2-1) lines with 2.3< [igje-1) <15.7 Jy km s7!, 320<FWHM<943 km s~
For the CO and [CI] detected sources, we constrain the molecular gas reservoirs to be
Mp, = (0.4 — 6.9) x 10" M, while the non-detections imply My, < 1.1 x 101"M,. We
compare our observations with the extended Lya properties to understand the link between
the cool and the molecular gas phases. We find large velocity shifts between the bulk of Ly«
and the molecular gas systemic redshift in five sources (from ~-400 to ~ +1200 km s™1).
The sources with the largest shifts have the largest Ly« line widths in the sample, sug-
gesting more turbulent gas conditions and/or large-scale inflows/outflows around these
quasars. We also find that the brightest (Ijcye—1) = 15.7 £ 3.7 Jy km s™!) and the widest
(FWHM~900 km s™') lines are detected for the smallest and dimmest Ly nebulae. From
this, we speculate that host galaxy obscuration can play an important role in reducing
the ionizing and Ly« photons able to escape to halo scales, and/or that these systems are
hosted by more massive halos.
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2.1 Introduction

Super-massive black holes are found at the centre of massive galaxies (e.g., Richstone et al.
1998; Ferrarese & Merritt 2000; Kauffmann & Haehnelt 2000; Kormendy & Ho 2013).
They become visible as extremely luminous active galactic nuclei (AGN) through episodes
of intense accretion across the history of the Universe (e.g., Schmidt 1963; Banados et al.
2018; Lyke et al. 2020). Because of the large budget of rest-mass energy available, these
objects can regulate their own growth and the evolution of their host galaxies, even if only
a small fraction of their feedback couples efficiently to the surrounding material (e.g., Silk
& Rees 1998; Di Matteo et al. 2005; Steinborn et al. 2015).

Within AGN, quasars are the most luminous sources where we can see the nuclear
emission directly (e.g., Antonucci 1993; Elvis 2000). Clustering measurements suggest
that quasars preferentially inhabit dark matter halos with masses Mpy ~ 10*2 — 10 Mg
(e.g., Porciani et al. 2004; Shen et al. 2007; White et al. 2012; Timlin et al. 2018 and
references therein). This mass range should guarantee that a non-negligible fraction of
cool (T ~ 10* K) gas, inflowing from large intergalactic scales at redshifts z > 2 does
not shock heat at the halo boundary, but accretes in cold form (e.g., Dekel & Birnboim
2006). Quasars at such epochs are therefore expected to sit in halos with both a cool and
a warm/hot gas (T' ~ 10° — 107 K) phase (e.g., Keres et al. 2005). Because the quasar
number density peaks between z ~ 2 and z ~ 3 (e.g., Richards et al. 2006; Shen et al.
2020), these epochs (~ 10.4 — 11.6 Gyr ago) are frequently targeted by observations to
understand how quasars are triggered and which reservoirs, from halo to galaxy scales,
sustain their central engines.

The halo gas, known as circumgalactic medium (CGM, e.g., Tumlinson et al. 2017),
has been studied around quasars mostly targeting the cool phase both in absorption (e.g.,
Hennawi et al. 2006; Prochaska et al. 2013; Farina et al. 2013, 2014; Lau et al. 2018) and in
emission (e.g., Heckman et al. 1991; Bunker et al. 2003; Hennawi & Prochaska 2013; Farina
et al. 2019; Fossati et al. 2021). While the absorption technique usually relies on only one
background sightline per foreground halo to provide statistical information on the physical
properties of the CGM of quasars, studies of the CGM in emission are currently able to
map the quasar CGM around individual systems. At z ~ 2 — 3, the study of projected
quasar pairs has led to a number of new insights: (i) the measurement of the anisotropic
clustering of Hi systems around quasars (Hennawi & Prochaska 2007; Jalan et al. 2019)
suggested that their ionizing radiation escapes anisotropically or intermittently, (ii) the
discovery of large reservoirs (> 10'° Mg) of cool and metal-enriched (Z > 0.1 Zg) halo
gas (Prochaska et al. 2013, 2014; Lau et al. 2016), and (iii) the study of the kinematics of
the halo, which seems to suggest that the gas is in virial equilibrium with the dark matter
halo, though there is some evidence for outflowing gas (Prochaska et al. 2014; Lau et al.
2018).

In recent years, sensitive integral field unit spectrographs like the Multi-Unit Spec-
troscopic Explorer (MUSE; Bacon et al. 2010), the Keck Cosmic Web Imager (KCWT;
Morrissey et al. 2012) and the Palomar Cosmic Web Imager (PCWI; Matuszewski et al.
2010) revolutionized the study of CGM gas through emission lines by allowing deeper ob-
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servations in reasonable amount of time. The seminal papers by Rees (1988) and Haiman
& Rees (2001), predicted that gas surrounding quasars reprocesses the impinging strong
UV radiation as Lya emission. Current studies routinely report extended Ly« emission,
with ~ 200 quasars surveyed to date at 2 < z < 4 (e.g., Husband et al. 2015; Fumagalli
et al. 2016; Borisova et al. 2016; Arrigoni Battaia et al. 2019a; Cai et al. 2019; O’Sullivan
et al. 2020; Mackenzie et al. 2021; Fossati et al. 2021). The bulk of the extended emission
traces gas on a few tens of kpc near the quasars, while large-scale structures extending to
R Z 80 kpc are seen at lower surface brightness (SBry, ~ 107 erg s7! cm™2 arcsec™?).

These studies reveal few extended structures over hundreds of kpc with SByy, 2
10717 erg s7' cm™2 arcsec™? (Arrigoni Battaia et al. 2018b), likely pinpointing very dense
environments (Hennawi et al. 2015, Nowotka et. al subm.). These rare and bright large-
scale nebulae are also known as enormous Lya nebulae (ELAN; Cai et al. 2017). The Ly«
kinematics in the extended nebulae is consistent with gravitational motions in halos with
masses consistent with typical quasar hosts (e.g., Arrigoni Battaia et al. 2019a; O’Sullivan
et al. 2020), with a few exceptions with possible quasar winds extending over tens of kpc
(Travascio et al. 2020).

While a large fraction of these Lya nebulae are likely powered by the quasars, the bal-
ance between different plausible mechanisms is still debated. Most previous work assumes
that the Ly« emission is due to recombination radiation following quasar photoionization
(e.g., Heckman et al. 1991; Cantalupo et al. 2014). Resonant scattering of quasar Ly«
photons and active companions can, however, provide a non-negligible contribution on
scales of tens of kpc near compact sources (e.g., Cantalupo et al. 2014; Husemann et al.
2018; Arrigoni Battaia et al. 2019b). On top of this, there are large uncertainties on the
ionizing radiation that impinges on the surrounding gas, because quasars are expected to
be anisotropic, intermittent sources with different degrees of obscuration. These uncer-
tainties hamper the physical interpretation of properties of the emitting gas (e.g., density
ny, metallicity; Fossati et al. 2021).

There is, however, evidence in few systems that gas at large projected distances (2
50 kpc) is not affected by resonant scattering effects, namely: (i) non-resonant lines follow
the kinematics of the Ly« emission (e.g., Heii, Cai et al. 2017), and (ii) there is no evidence
for double-peaked line profiles at the current resolution of the observational data (e.g.,
Arrigoni Battaia et al. 2018b). Neglecting resonant scattering, photoionization models
match the observed Lya and low Hell emission only if interstellar-medium-like densities
(nn 2 1 em™®) in small-scale structures (<20 pc) are invoked (Cantalupo et al. 2014;
Hennawi et al. 2015; Arrigoni Battaia et al. 2015; Borisova et al. 2016). This finding
suggests the presence of dense CGM gas whose survival and entrainment in the warm/hot
halo seem plausible from current high resolution “cloud-crushing” simulations(e.g., Gronke
& Oh 2018, 2020; Kanjilal et al. 2021). Note that such processes are still largely unresolved
by current cosmological simulations, even when attempts are made to resolve the CGM
(e.g., Hummels et al. 2019; Peeples et al. 2019).

It is therefore of interest to ascertain observationally the maximum density the cool
CGM gas is able to reach, and whether a fraction of the gas is able to transform into a
molecular phase. The molecular gas around quasars can be best probed through different



34 2. APEX at the QSO MUSEUM

tracers depending on its physical properties (e.g., density, temperature) and those of the
surrounding environment (e.g., radiation field) (e.g., Carilli & Walter 2013). Most previous
works have focused on the rotational (J) transitions of carbon monoxide *C'Q (hereafter
CO), which is the most abundant molecule after Hy. Low-J CO transitions are good tracers
of the total cold molecular gas due to their low excitation temperatures. The CO(J=1-0)
ground transition requires an excitation temperature of only ~5.5K (e.g., Bolatto et al.
2013). Using observations of different CO transitions and radiative transfer models (e.g.,
large velocity gradient, LVG; e.g., van der Tak et al. 2007), it is possible to constrain
the CO spectral line energy distribution (SLED), and probe the excitation conditions and
physical properties of the gas, as the density and kinetic temperature (e.g., Weif} et al.
2007; Riechers et al. 2009).

The detection of CO emission in high-z quasars greatly advanced thanks to the Atacama
Large Millimeter /Submillimeter Array (ALMA, Wootten & Thompson 2009), and the Karl
J. Jansky Very Large Array (JVLA, Perley et al. 2011). It is now possible to probe quasars
at very high redshifts (z ~ 6 — 7.5, e.g., Wang et al. 2016; Venemans et al. 2017; Decarli
et al. 2018; Novak et al. 2019). The population of z~3 quasars has also been studied in
a number of previous studies(e.g., Weif} et al., 2007; Schumacher et al., 2012; Carilli &
Walter, 2013; Bischetti et al., 2021). From these works, we know that at these redshifts,
the low CO transitions (i.e., J < 3) are expected to be faint, and that the redshifted CO
lines lie at challenging frequencies for current and past instruments. Past CO observations
of z ~ 2 — 3 quasars found molecular gas masses in the range of ~ 10% — 10! M, similar
to those found for quasars at higher redshift (e.g., Barvainis et al. 2002; Weif et al. 2003;
Beelen et al. 2004; Walter et al. 2011; Schumacher et al. 2012; Hill et al. 2019; Bischetti
et al. 2021). These molecular reservoirs are characterized by densities of ~ 1039 —10*4cm™3
and kinetic temperatures of ~30 - 90 K (Weif} et al., 2003; Weiss et al., 2007; Schumacher
et al., 2012), and, when resolved, have an effective radius of ~ 0.5 - 2.5 kpc (e.g., Riechers
et al., 2009; Schumacher et al., 2012; Stacey et al., 2021).

Currently, there is only tentative evidence for extended molecular gas reservoirs around
individual quasars, but only few studies attempted long integrations. Riechers et al. (2006)
presented CO(1-0) detections in three quasars at z ~ 4. Using single component LVG
models, they found that all the flux detected in CO(1-0) was associated with the molecular
gas traced by higher CO transitions. An extended component up to 30% of the total
CO(1-0) luminosity was allowed by the observations. The extended component could have
larger mass if the CO conversion factor was taken to be higher on larger scales. Emonts
et al. 2019 targeted the CO(1-0) transition from the MAMMOTH-I ELAN located at z ~ 2
(Cai et al. 2017; Arrigoni Battaia et al. 2018a) and reported emission extended over tens of
kpc, with roughly 50% of the CO(1-0) emission outside of galaxies. Finally, Decarli et al.
(2021) targeted the CO(3-2) transition for two z ~ 2 ELANe, the Slug (Cantalupo et al.
2014) and the Jackpot (Hennawi et al. 2015). Their NOEMA observations did not unveil
any extended molecular reservoir in these objects down to molecular gas surface densities
typical of starbursting systems (X, < 12 — 68 Mg, pc2).

Fine structure lines of atomic carbon, for example [CI|, are an additional tracer to
probe the cold molecular phase (e.g., Papadopoulos & Greve 2004; Valentino et al. 2018).
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Observational studies in the local Universe have shown that CO and [Ci] can coexist,
suggesting that both transitions arise from the same regions (e.g., White et al. 1994; Tkeda
et al. 2002; Israel & Baas 2002), though spatial variations could be present (e.g., Salak
et al. 2019). Analysis using simultaneously [CI] and multi-transition CO observations at
high redshifts found agreement between the Hy masses determined through the two different
tracers (e.g., Weif} et al. 2003; Alaghband-Zadeh et al. 2013), corroborating the assumption
that [C1] and CO usually coexist (Carilli & Walter 2013). The carbon masses found in the
literature for quasars at z ~ 2—3 are typically of the order of 10 —107 M, and do not differ
significantly from those found for quasars at z > 3 (e.g., Weif} et al., 2003; Walter et al.,
2011; Schumacher et al., 2012; Venemans et al., 2017; Banerji et al., 2018; Yang et al.,
2019). Molecular masses are then usually obtained by assuming the same abundance of
[C1] relative to Hy as found in high-z quasars (e.g., Weif et al. 2005).

In this framework, we targeted the CO(6-5) (vpest = 691.4731 GHz), CO(7-6) (trest =
806.6518 GHz) and [C1] P-*P; (hereafter [C1](2-1), vpess = 809.3420 GHz) transitions with
the SEPIA180 receiver (Belitsky et al. 2018b,a) on the Atacama Pathfinder Experiment
(APEX) for a sample of nine z~3 quasars, whose halo gas has been studied in the QSO
MUSEUM survey (Arrigoni Battaia et al., 2019a). With these observations, we aim to (i)
constrain the molecular phase around these massive systems and thus start characterizing
the multiphase nature of the halo gas, and (ii) investigate the relation between the molecu-
lar gas content and the large-scale cool phase. The molecular line detections also pin down
the systemic redshift of the quasar very accurately, allowing us to probe the kinematics of
the halo gas.

This chapter is structured as follows. In Section 2.2, we describe our sample, obser-
vations and data reduction. In Section 2.3 we present the observed line properties and
refine the systemic redshift when possible. In Section 2.4, we describe the estimation of
the molecular gas masses using different methods, and present results for these masses.
In Section 2.5, we compare the derived molecular masses with the Lya properties of our
sources. In Section 2.6 we discuss our main results, and explore the link between the
molecular gas content and the large scale Lya emission. Finally, Section 2.7 summarizes
our findings.

Throughout this work, we adopt the cosmological parameter Hy = 70 km s~ *Mpc™!,
Qv = 0.3 and Q4 =0.7.

2.2 Sample and observational data

Our sample is composed of nine quasars at z ~3 selected from the QSO MUSEUM survey
(Arrigoni Battaia et al., 2019a), which targeted 61 quasars with MUSE for the study of their
CGM rest-frame UV line emission. The nine quasars were observed with the SEPTA180!
receiver mounted on the APEX antenna, located in Llano de Chajnantor, Chile. The
targets were selected using the following constraints:

!The APEX/SEPIA180 dual polarisation 25B receiver is a pre-production version of the ALMA Band
5 receiver, and covers the frequency range 159-211 GHz.
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Figure 2.1: The peak specific luminosity at the Lya line of the quasar versus M1450 N for the
QSO MUSEUM sample (Arrigoni Battaia et al. 2019a). The symbols sizes are proportional to
the area of the Lya nebulae, while the colours indicate their average Ly« surface brightness. We
highlight the nine sources observed with APEX with black circles and their ID numbers.

Visibility from the telescope site and the presence of CO rotational transitions, CO(6-
5) and CO(7-6), and the [C1|(2-1) transition within the frequency range covered by
the SEPTA180 instrument.

The expected frequency of the targeted emission lines was required to be located far
from the atmospheric 183 GHz water-absorption feature to best exploit the sensitivity
of the SEPIA180 instrument, even under high water vapor conditions.

Similar absolute magnitudes at rest frame 1450 A, ranging between -27.64 and -26.67
mag, with a median of -27.20 (Figure 2.1).

Coverage of a large portion of the physical parameter space of the QSO MUSEUM
survey, namely Ly nebulae with sizes spanning the range ~29 - 467 arcsec? (or ~1600
- 27000 kpc?) and surface brightnesses ~1.25x10718-1.43x 10717 erg s~! ecm ™2 arcsec ™2
(Figure 2.1).

One of the targets was selected to be radio-loud, reflecting a similar fraction of such
objects in the parent quasar sample (~10%, Ivezi¢ et al. 2002).

The CO(6-5) (Vobs® = 167.3 GHz) observations were carried out between October and

December of 2018 under the ESO programme 0102.A-0394A (PI: F. Arrigoni Battaia), with

20bserved frequency of the line transition at z=3.133, the median redshift of the sample studied in this
paper.
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a total of ~133 hours of telescope time. The [CI|(2-1) (Vops = 195.8 GHz) and CO(7-6)
(Vobs = 195.2 GHz) observations were performed between May and December of 2019 under
the ESO programme 0103.A-0306A (PI: F. Arrigoni Battaia), with a total of ~140 hours
of telescope time. The main beam full width half maximum (FWHM) of the SEPIA180
receiver is about ~32” (~249 kpc) for the CO(6-5) observations and ~ 30" (~234 kpc)
for the [C1)(2-1) - CO(7-6) observations. Figure 2.2 shows Ly« images of the nine targets
analysed in this work, with superimposed APEX beams shown as white circles. The
acquired data will therefore provide an integrated spectrum of the emission within such
beams. The median value of precipitable water vapor (PWV) was 1.4 and 1.5 mm for
CO(6-5) and [C1](2-1) - CO(7-6), respectively. The full histograms of the PWV values
for the observations are shown in Fig. 2.3. A summary of the sample and observational
setup is shown in Table 2.1. Due to source visibility and weather constraints, we obtained
CO(6-5) data for 7 sources and [C1](2-1) - CO(7-6) for 8 sources.

The data reduction was performed using the GILDAS/CLASS? package version 1.1. For
each source the data corresponding to a different date were processed separately, before
combining them. In this procedure, for every target the noisy edges (~3%) of the spectra
were trimmed. Then, a velocity window* was chosen to encompass the expected location of
the emission line, according to the redshift of the source. First-degree polynomial baselines
were computed neglecting the data within that window, and subtracted from the individual
scans. All data for each source were then combined into one final spectrum, after visual
inspection of individual scans. These spectra cover an average spectral window of ~6000
km s~!.

To further improve the root mean square (rms) of the final combined spectra, we applied
the following procedure. For each target, we computed the rms for each used subscan in
order to reject the nosiest data. We computed the median rms of the whole dataset (i.e.,
all dates for each source) and removed the data farthest away from this median. New
reductions ignoring these subscans were performed following the steps described above,
checking if the final rms of the dataset improved. We found that the removal of the
noisiest subscans did not improve the final rms, because the decrease in exposure time
compensates the improvement in rms, so we decided to keep all the data for the final
reduction. The final rms for each tuning is reported in Table 2.1.

To illustrate the stability of the SEPIA180 instrument at the targeted frequencies, in
Fig. 2.16 of Appendix 2.8 we show the rms as a function of the bin size (in km s™!), for
the final combined spectra of each source, starting from the original resolution and up to
600 km s~!. At the bottom of each panel is shown by how much the observed rms deviates
from the expected value. At a bin size of 300 km s=!, we found a mild median deviation
of 12% and 14% for the CO(6-5) and [C1](2-1) - CO(7-6) observations, respectively.

As last step, we transformed the intensity units of the spectra, originally in temperature
(K), to physical flux units. For this purpose, we assumed the conversion factor 38.4 +

Shttp://www.iram.fr/IRAMFR/GILDAS/

4The total width of the velocity window was in the range of ~1000 - 1500 km s~! for the cases in which
the CO(6-5) emission line was expected, and in the range of ~2000 - 2500 km s~ for the cases in which
the [C1](2-1) and CO(7-6) emission lines were expected.
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Figure 2.2: 40 x 40(or ~ 312 kpc x 312 kpc) MUSE Lya surface brightness maps of the
nebulae surrounding the 9 targets of this study (adapted from Arrigoni Battaia et al. 2019a).
The numbers in the bottom right corner are the IDs from the QSO MUSEUM survey (see Table
2.1, first column). The white dotted circles represent the APEX/SEPIA180 beam sizes for the
CO(6-5) observations (~32"), while the white dashed circles are the beam sizes for the [C1](2-1)
- CO(7-6) observations (~30”). The cyan diamond indicates that the source is radio-loud.
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Figure 2.3: Histograms of the PWV values during the observations. Left panel: Values for
the ESO programme 0102.A-0394A, the CO(6-5) observations. Right panel: Values for the ESO
programme 0103.A-0306A, the [C1](2-1) - CO(7-6) observations. The blue vertical lines indicate

the median values.

2.8 Jy K71, calculated for the SEPTA180 receiver (Belitsky et al., 2018b)°.

5This value is consistent within uncertainties with the SEPTA180 efficiencies computed for the year of
our observations (see listed values at http://www.apex-telescope.org/telescope/efficiency/index.

php).


http://www.apex-telescope.org/telescope/efficiency/index.php
http://www.apex-telescope.org/telescope/efficiency/index.php

2. APEX at the QSO MUSEUM

40

"90INOS DB I0J S9JRP PIAIISO AT} [[& U2amIaq A M J Uetpaly [y] ‘syrun ¥ 7 amyerodurey vuuejue
ur ‘wnagoeds paurquiod [euy oyl jo ;s un{ g jo uiq 1od GNY [8] fowry uoryersojur sIyy o[qnop A[ySnox st owry odooso[a) [e303
oy, "eoanos 1ad aw) arnsodxe JJ0O-NQ [RIOL [J] ‘suorjearasqo a1} 10] pesn Adouenbaij urung, [9] {¥10m SIY) U Pajoatep SaUI] 8}
wogy poje[nored (SASTOMy) sypysper ormeysAs payepdn 10§ ¢z S[qR], 99§ *;_S UL GF JO SOIJUIR)IOOUN OISULIUL Ue SeY YIIYM (BGT0T
““Te 10 erejjeq MoSLLIY ) Aoans INNHSNIN QSO 21 WoIj uaye) 1JIyspail orura)sAs resen) [p] {(v6T0Z T 10 erejjRy MUOSLITY ) A9AINS

INNASNIN OSO o) Wolj ueye) Iaquuinu UOMeOIYIUApP] [0] ‘suoryeatssqo (9-2)0D (1-g)[1D] o3 03 Surpuodserion swurersord OSH
[q] ‘suoryearssqo (G-9)0Qp oYy 03 Surpuodsoriod ewurerdord OGH [e] :sejoN -So[ pue dnjes suorjearssqo ‘ojdwreg :1°g O[qeL

97 €L00 68 L61°261 8T 1800 ¢0r1 PCLPIT  L6T'C 86'.G:€T:80+ 0SS 0F:61:80 £¢S0+6180f SSAS 05
¢T  CR00 8°GT 008°96T ST 6%0°0 LTl 00089T  280°€  00°T0:LZ:€S-  0ST'ST:SF10 €0'ZcHSLD e
12 L300 09 888961 LT 1L0°0 'S 000891  00T°'€ LG TF:GO:TC+ T199°22:00:10 GOTZ+H00TOr SSAS  6€
LT 6900 9°¢r 000°261 ¢T 0900 G11 009F9T  0ST'¢ 00629762~ 000FL:LIT0 0€-GT10-O 6¢
- - - - ST L¥00 911 LTT°Z9T  G9T°€  00°0Z:0%:GT+ 00€°€FLG:GT  OFST+LGSTL SSAS 8T
9¢ 1800 LY 0TL €61 0T  €L00 z9 09099T  F9T'€ 00°20:07:0T+ 0000T:02:0T  60T+LI0T-SMd €1
T 6L00 8¢ 122°C61 6T 700 T'9 OFeL9T  ZET'E  00°6L:6T:02-  006'92:9¢:€0 £89INN 8
8T 98070 i TE6°G6T - - - - LIT'S 00 TES8ETT+  000°8T:60:CT SETT+60CTL SSAS 2
9¢  1€T0 8¥ 000°961 - - - - 0IT°¢  00°01:8€:€Z-  005°90:6Z:C0 €€T-6TS0 I ¢
(wur)  (3pur) () (zHD) (wur)  (ypur) (1) (zHD) (0oozr) (0oozr)
JAMd SN Pury cdxg  Aouenbary AMJ sSINY Pwr cdxy  Aouenbary Yz DHd vy Teseng) Neil

qV90€0-V'€0T0 »V¥6€0-V'C0T0




2.3 Observational results 41

2.3 Observational results

The resulting APEX spectra, reduced and converted to flux density units (mJy), are pre-
sented in Figs. 2.4 and 2.5 for the CO(6-5) and [C1](2-1)-CO(7-6) observations, respectively.
For all sources, the left panel spectrum has a bin size between 150 and 200 km s~ (depend-
ing on the depth of the data), and the right panel spectrum has a bin size of 300 km s™.
These two different bin sizes are shown to highlight the reliability of the detections. In this
work we report as detections the lines that fulfill the following conditions: i) have a peak
emission at S/N> 20, at bin sizes of 300 km s™!, ii) are also present at the resolution of 150
km s~! but with lower significance than at 300 km s~!, and consistent integrated fluxes,
iii) have an integrated S/N> 3. In Appendix 2.9 we show that this detection algorithm
is reliable, giving basically a zero-rate of false positive identifications in a negative and
jack-knife tests.

Importantly, throughout this work we assume that the detected emission is due to the
central quasar hosts, unless specified. We checked this assumption by computing the num-
ber of expected line-emitter companions for each transition within the APEX observations,
down to the 3o limiting luminosities of L'=3.13x 10, 3.02x10° and 2.65x 10! K km s™! pc?,
respectively for CO(6-5), CO(7-6), and [C1|(2-1). Specifically, we assumed (i) a cylin-
drical volume defined by the APEX primary beam and the covered velocity range of
~ 6000 km s~1, (ii) the luminosity function of CO(6-5), CO(7-6) and [C1](2-1) emission
measured for similar redshifts (z ~ 2; Decarli et al. 2020), and (iii) a deterministic bias
model for the clustering of sources around quasars (e.g., Garcia-Vergara et al. 2017, 2019).
In this model, we assume a power-law shape for the clustering, with a fixed slope of v = 1.8,
and we use the z ~ 3 quasar clustering (Shen et al. 2007) and the clustering of Lyman-
break galaxies (LBGs) at z = 4 (Ouchi et al., 2004), which are assumed to have similar
clustering as CO and [C1] sources.

Following these assumptions, we found that the expected number of companions for
the total number of observed fields per line (7, 8, 8) are 0.07, 0.01, 1.39, respectively for
CO(6-5), CO(7-6), and [C1](2-1). We caution that the luminosity functions in Decarli et al.
(2020) are still associated with large uncertainties, and only upper limits are reported at the
bright-end sampled by our observations. We have thus extrapolated their measurements
up to brighter fluxes, and therefore our estimations represent upper limits for the number
of expected companions. Specifically, the worst case is the current [CI}(2-1) luminosity
function, which has a relatively flat shape (see Fig. 7 of Decarli et al. 2020). In this
case, our extrapolation is flat and therefore represents a clear upper limit considering
that the luminosity function is expected to steeply decrease for high luminosities. In
summary, the only transition for which we may find a companion is [CI](2-1), with a
conservative probability < 17% for each field. Follow-up high-resolution observations with
interferometers (e.g., ALMA, NOEMA) are required to verify this assumption and assess
whether any of the detected emission comes from companions and/or larger scales.

We also computed the probability that one detected line in one field is actually any CO
or [CI] transition from an interloper galaxy at possible lower redshifts given our tunings,
by assuming the luminosity functions in Decarli et al. (2019, 2020), and the comoving
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volume spanned by our observations. Once again, these estimates represent upper limits
as our observations sample the bright-end of the luminosity functions. We found that the
probability of observing a contaminant is <0.2% for any CO or [CI] line. Therefore, it is
very likely that any detected emission in our observations is associated with the quasar or
its environment.

2.3.1 Emission line measurements

We measured the molecular velocity-integrated emission line fluxes Ico(s-5), {cr2—1) and
Ico(r—6), by fitting Gaussian to the detected lines. For those spectra that presented two
peaks, a double Gaussian fit was applied. The uncertainties of the measured fluxes include
the aforementioned error on the flux conversion factor. The Gaussian fits also provided
an estimate of the full width at half maximum (FWHM) of the emission lines and their
respective uncertainties.

When an emission line was not detected, we derived 30 upper limits using the rms noise
within the same velocity range for the emission lines that were detected for that target, and
within a velocity width of 300 km s™! (expected average line width for quasar hosts, e.g.,
Weifl et al. 2003; Weiss et al. 2007; Walter et al. 2011) when no line was detected. In Table
2.2 we tabulate these fluxes (or upper limits), FWHM and their respective uncertainties
for each source.

For the quasars with IDs 39 ([C1](2-1) line) and 43 (CO(6-5) line), it was not possible
to obtain a good Gaussian fit at bin sizes of 300 km s™! (see Figs. 2.4 and 2.5). Therefore,
their integrated fluxes were first estimated by adding the area covered by each bin of 300
km s~! contained within the emission line and verified against a Gaussian fit at bin sizes
between 150 and 200 km s~!. Their integrated fluxes computed from both bin sizes are
consistent, as per our detection criteria. The FWHMs and fluxes given in Table 2.2 are
those estimated with the Gaussian fit. For the quasar with ID 3 (or J 0525-233), all line
properties are listed using bin sizes of 150 km s~!, because at this resolution we obtained
a better fit (see Fig. 2.5) than at bin sizes of 300 km s~
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Figure 2.4: The seven APEX CO(6-5) spectral line observations. Each observed spectrum is
shown with bin sizes between 150 and 200 km s~! (left column) and 300 km s~! right (column).
In each panel, the vertical black error bar represents the uncertainty (rms) per bin, while the ID
number of each quasar is shown in the top right corner. The orange vertical lines at the velocity
zero point represent the systemic redshift of the sources before our APEX observations (from Civ,
see section 2.3.2), and the shaded regions correspond to its uncertainty (~415 km s~!, Arrigoni
Battaia et al. 2019a). The purple vertical lines represent the nebulae Ly« redshift from MUSE
extracted within the APEX beam (see Fig. 2.2), with their corresponding uncertainty (magenta
shaded regions). The green shaded area indicates the detected CO(6-5) emission line, while the
dark green curve represents the Gaussian fit applied to this line, when possible.
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Figure 2.5: Same as Figure 2.4, but for the eight APEX CO(7-6)-[C1](2-1) spectral line ob-
servations. Here, the zero velocities are placed at the expected [CI](2-1) transition, considering
the systemic redshift from Crv (orange vertical line) with its uncertainty (shaded region) (see
section 2.3.2). The grey shaded areas indicate a likely spurious source (ID8, see section 2.3.1
and Appendix 2.9) or tentative features (IDs 43 and 50) that do not belong to the quasar hosts.
For sources with IDs 3 and 29, we applied a double Gaussian fit, where the black dashed lines
represent the single Gaussian components. For ID 3, a second component was added not to
overestimate the integrated flux of the [C1](2-1) line. The emission lines of quasar with ID 29 are
both due to [CI](2-1) (see section 2.3.1), and its systemic redshift (orange line) lies outside the
plotted window.
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We started the analysis from the CO(6-5) tuning. From the spectra shown in Fig.
2.4, we found CO(6-5) emission line detections (represented by a green shaded area) for
three sources: quasars with IDs 8, 43, and 50. Two of these detections are closer to
the redshift of the Lya nebula (IDs 43 and 50; purple vertical line) than the uncertain
systemic redshift computed from C1v (orange vertical line). They present fluxes of 3.4<
Ico-5) <5.1 Jy km s~!. The other targeted sources, quasars with IDs 13, 18, 29 and 39,
do not present any CO(6-5) emission down to the current rms. We therefore report 3o
upper limits for these sources (see Table 2.2).

From the spectra in Fig. 2.5, we found [CI](2-1) emission line detections in quasars
with IDs 3, 29, and 39. They have fluxes of 2.3< Ijcy2—1) <15.7 Jy km s~!. The quasar
with ID 8 (or UM683) has a feature at 196.1 GHz (or -328 km s™!, integrated S/N = 3.1,
Line ~3 Jy km s7!, which could be a spurious line given the results of the jack-knife test
for this spectrum (see Appendix 2.9). For completeness, we also report that the quasars
with ID 43 (or CTSH22.05) and ID 50 (or SDSS J0819+40823) have tentative features at
195.4 GHz (or +3966 km s™', integrated S/N = 2.7, @i, ~2.8 Jy km s7!) and 193.4 GHz
(or -957 km s™!, integrated S/N = 2.1, Ijjue ~2.5 Jy km s7!), respectively. The redshift
of these lines is not consistent with the CO(6-5) detections for these sources, but they
might be an associated object. We note that sub-millimeter galaxies (SMG) have often
being found in the surroundings of quasars (e.g., Silva et al. 2015), however the CO(6-5)
transition (detected for IDs 43 and 50) is expected to be stronger in quasars than in SMG
(Carilli & Walter, 2013). Also, we stress that the detections in the CO(6-5) tuning must
come from the quasar, due to the low probability of finding a companion in this transition
in our observations (see Section 2.3). The rest of the sources do not have any detected
emission lines at the rms of the current observations.

It is important to stress that we considered our detected lines as [CI](2-1) and not
CO(7-6) because they are closer to the expected position of [CI](2-1) based on the sys-
temic redshift of the sources (within 1o, IDs 3 and 39), or because if they were CO(7-6)
emission, CO(6-5) detections would be also expected unless unphysical line ratios are as-
sumed (quasar with ID 29, see next paragraph). We acknowledge that the used systemic
redshifts (based on CIv) are uncertain (see Section 2.3.2) and further data are needed to
verify our line identifications.

The spectrum of the quasar with ID 3 (or J 0525-233) shows the [C1](2-1) emission line
(at 196.8 GHz) and a S/N = 1.4 bump (binning of 300 km s™!) at the expected location of
CO(7-6) (196.2 GHz), which we estimate would contribute ~ 20% of the [C1](2-1) flux when
using the 300 km s™! binning. In contrast, the quasar with ID 29 (or Q-0115-30)° presents
two emission lines (at 191.9 and 191.4 GHz) consistent with the redshift of its Ly« nebula.
Both these lines likely correspond to [C1](2-1). To confirm this, we first assumed that the
line at frequency 191.4 GHz was CO(7-6) and estimated the observed Ico(r—¢)/Icows-5)
ratio (> 3.73). We then compared this observed ratio to theoretical predictions from
large velocity gradient (LVG) models (Goldreich & Kwan, 1974) with different physically
plausible kinetic temperatures and densities (see Section 2.4.2 for a detailed explanation

6See Figure 2.14 for a higher resolution spectrum for this source.
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of these models and input parameters). This test did not allowed us to find any modelled
Ico—6)/Ico@-5) ratio as high as that observed, indicating that the line peak at lower
frequencies also corresponds to [C1](2-1)7. We stress that this identification needs further
confirmation, e.g. by targeting additional transitions from this source. Quasar ID 29,
with a total Ijcge—_1) = 15.7+ 3.7 Jy km s, is therefore the brightest [C1](2-1) detection
in this sample. Furthermore, it is ~3 times brighter than the lensed Cloverleaf quasar
(Iicge-1) ~ 5.2 Jy km s7' Weifl et al. 2003), which is as far as we know the brightest
[C1](2-1) z ~ 3 quasar detected in the literature. We further discuss the nature of this
double-peak emission of quasar with ID 29 (or Q-0115-30) in Section 2.6.1.

Overall, our observations suggest that [C1](2-1) is stronger than CO(7-6) in these z ~ 3
quasars. This is in contrast with other observations of the same transitions in different
z ~ 4 — 7 quasars (Riechers et al. 2009; Venemans et al. 2017; Lu et al. 2018; Wang et al.
2019; Yang et al. 2019) and z ~ 2.5-3 quasars (Weif} et al., 2003; Walter et al., 2011;
Schumacher et al., 2012), likely indicating that the excitation conditions in the molecular
gas are different. Also, Banerji et al. (2018) observed these transitions in two quasars and
their companions at z ~ 2.5, finding a [C1](2-1) line slightly stronger than CO(7-6) in one
quasar and one companion. To our knowledge, the studies mentioned above are the only
available observations of these lines in the literature. Therefore, if our observations are
confirmed in deeper datasets, current literature could be affected by low number statistics.
We further note that [CI](2-1) is stronger than CO(7-6) in high-redshift radio galaxies
(~5 times stronger, e.g., Gullberg et al. 2016), which can be explained as enhancement of
atomic carbon in cosmic ray dominated regions (e.g., Bisbas et al., 2017).

2.3.2 Redshifts from molecular lines

A precise estimate of the systemic redshifts of quasars plays a fundamental role in under-
standing the physical processes and kinematics of each system. For instance, an accurate
systemic redshift would allow us to better constrain the cool gas kinematics mapped on
large scales by the Ly« emission, and to compare it to cosmological simulations (Arrigoni
Battaia et al., 2019a).

The uncertain systemic redshifts for our sample, estimated by Arrigoni Battaia et al.
(2019a), are shown in the fifth column of Table 2.1. These redshifts were determined
from the peak of the Civ line, after correcting from the expected luminosity-dependent
blue-shift (Shen et al., 2016), and have an intrinsic uncertainty of 415 km s~!. This large
uncertainty, comparable to outflow/inflow velocities expected in quasar halos, hampers
any kinematical study of these systems. However, the molecular emission lines should
provide a more robust measure of the quasar’s systemic redshift (e.g., Banerji et al. 2017;

7All the LVG models explored in this work have Ico(7—6)/Icoe—5) < 1.34 when considering kinetic
temperatures of 20 — 200 K, and densities of 10% — 10° cm™2, as frequently used in the literature (e.g.,
Riechers et al. 2006; Weiss et al. 2007). These LVG models allow a maximum Ico(7—¢)=3.48 Jy km s™! at
a kinetic temperature of 200 K, which represent the most extreme SLED found in the literature (Weiss
et al. 2007). Even in this extreme case, a fraction of 63% of the observed second line peak has to correspond
to [C1](2-1).
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Bischetti et al. 2021). We therefore derived new systemic redshifts for the objects with
detected molecular lines. For the case of ID 29, the redshift was estimated as an average
between the centroids of the two peaks. These new redshifts and their uncertainties are
listed in Table 2.3. They have on average an uncertainty of 74.8 km s™! and a difference
of +1045 km s™! (or Az = +0.014) with respect to the systemic redshifts from C1v (see
also Section 2.5.2). Hereafter we will assume these new values as systemic redshifts.
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2.4 Molecular mass estimates

In this section we estimate molecular gas masses My, by using different methods. Specif-
ically, we compute i) carbon masses M¢, and derive the respective My, by assuming a
carbon abundance relative to Hs, ii) My, for sources that have a measured constraint
(upper limit) on the CO(7-6)/CO(6-5) ratio, iii) My, by combining the two previously
obtained mass ranges from [C1] and the CO ratio, and iv) My, for sources with no clear
constraint on the CO ratio (i.e. sources with non-detections).

2.4.1 Atomic carbon mass

The mass of the atomic carbon can be estimated from the [C1](2-1) line luminosity through
the formulation presented in WeiB et al. (2003, 2005), under the assumption that this [CI]
transition is optically thin:

MCI
Mg

1
= 4.566 x 10*4Q(Tex)geT2/TexL'[CH (2.1)

where Q(Tuy) = 1+3e~71/Tex 1 5¢=T2/Tex corresponds to the CI partition function, 7Ty, is the
excitation temperature, and 77 = 23.6 K and T, = 62.5 K correspond to the energies above
the ground state. We used T.,=30 K as frequently found in high-redshift quasars (e.g.,
WeiB et al. 2003; Walter et al. 2011). The [C1] line luminosity, L'[CI], can be estimated via
(Solomon et al., 1992)

L/

line

= 3.25 X 10" Lnev 2 D (1 4 2) 72 (2.2)

where I, is the velocity-integrated line flux in units of Jy km s™!, vy, is the observed
frequency in units of GHz, and Dy, corresponds to the luminosity distance in Mpc. The
final units of L, are K km s™* pc?.

As noted in Section 2.3.1, the [C1](2-1) emission line is detected for three sources of our
sample: quasars with [Ds 3, 29 and 39. Using equation 2.1, we found atomic carbon masses
in the range of ~4.0x107M, - 3.1x10%M,. For the five sources with upper limits on the
[C1](2-1) transition (quasars with IDs 7, 8, 13, 43 and 50), we found atomic carbon masses
<8.0x10"Mg. The detected sources show higher values than usually reported for quasars
in the literature. Indeed, it is common to find values of the order 10° - 10"M), when the
same excitation temperature of 30 K is assumed (e.g., Walter et al., 2011; Venemans et al.,
2017; Yang et al., 2019). The value for each source is listed in the third column of Table
2.4. It is important to note that the assumption of a higher T, in equation 2.1, for instance
T.«=50 K, implies a M¢; ~38 % lower.

The atomic carbon mass can be used to determine the molecular gas mass using the
atomic carbon abundance relative to Hs:

- . (2.3)
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ID Quasar M, @ My, ° My, © My, ¢ May,sin®(i)
(0°M,) (10%M.) (10"M,) (10"M,)  (10"M)

3 J 0525-233 2.3+0.6  4.6+2.3 i6.9 2.3-6.97 1.6£0.8

7 SDSS J1209+1138  <0.6 <1.1 <3.2 <1.1 -

8 UMG683 <0.7 <1.5 0.7-64.1 0.7-1.5 1.5£0.8

13 PKS-10174109 <0.6 <1.1 <3.2 <1.1 -

18 SDSS J1557+1540 - - <0.6 <0.6 -

29 Q-0115-30 3.1+£0.7  6.1£2.9 <4.4 3.2-4.4 4.441.0%

12.4+6.6 ©

39 SDSS J0100+4-2105 0.4+0.1  0.840.4 <1.8 0.4-1.8% 0.4£0.3

43 CTSH22.05 <0.4 <0.9 0.5-42.7 0.5-0.9 1.6+£1.4

50 SDSS J0819+-0823 <0.8 <1.5 0.5-51.3 0.5-1.5 1.9£0.6

Table 2.4: Molecular, carbon and dynamical mass estimations. Note that upper limits of masses
provided in each column are due to non-detections of [C1] and/or CO (see Section 2.4). Notes: [a]
Atomic carbon mass assuming an excitation temperature of 30 K (see Section 2.4.1), [b] Molecular
gas mass derived from the atomic carbon mass (see Section 2.4.1, equation 2.3), [c] Molecular gas
mass derived from CO (see Section 2.4.2), [d] Molecular gas mass derived from applying both CO
and [CI] constraints (see Section 2.4.3), [e] Inclination-dependent dynamical masses (see Section
2.6.1). The reported uncertainties include only the errors on the FWHM values, [%| In the case
the detected line for ID 3 is CO(7-6), we estimate 1.2 < My, /[10''My] < 4.5 from the final
CO SLEDs (see Fig. 2.8), [{] In the case the detected line for ID 39 is CO(7-6), we estimate
0.2 < My, /[10""Mg] < 0.6 from the final CO SLEDs (see Fig. 2.8), [t] This value correspond
to the dynamical mass for the disk scenario (see Section 2.6.1), [¢] This value correspond to the
dynamical mass for the merger scenario (see Section 2.6.1).

In this work we assumed X [C1]/X[Hs]= (8.4 + 3.5) x107° as usually done in the literature
for high-redshift quasars (e.g., Walter et al. 2011; Venemans et al. 2017). We note that
this value is higher than what has been recently found for z ~ 1 —3 main sequence galaxies
(~1.7x1075, Valentino et al. 2018; Boogaard et al. 2020).

Using this method, we constrained molecular gas masses for quasars with IDs 3, 29 and
39, which span from ~8.0x10*Mg to ~6.1x101M,. For quasars with IDs 7, 8, 13, 43
and 50, we found molecular gas masses <1.5x 10" M. Most of these molecular gas masses
are higher than the typical range (~10%-10""M) found in the literature for other high-z
quasars (e.g., Weif et al., 2003; Walter et al., 2011; Anh et al., 2013; Hill et al., 2019). We
list all these values in the fourth column of Table 2.4.

Importantly, we are assuming that all the [C1](2-1) emission comes from the quasar
hosts. If part of this emission comes from larger areas, the T, might break into dif-
ferent values (e.g., lower/higher on larger/smaller scales), affecting the molecular masses
estimated in this work. To constraint 7., around these quasars, resolved [Ci1](2-1) and

[C1](1-0) observations are needed (e.g., ALMA, NOEMA).
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2.4.2 LVG Models and CO constraint

The molecular gas mass can also be derived from CO following the equation
My, = aLeo—o) (2.4)

with a being the CO luminosity-to-gas mass conversion factor, and L/cou—o) is the lumi-
nosity of the CO(1-0) that can be estimated from equation 3.5. In this work, we assume
a value of @ = 0.8 Mg (K km s7! pc?)~! (Downes & Solomon, 1998), which has been
estimated for local ultra-luminous infrared galaxies and has been typically adopted to cal-
culate molecular masses in high-redshift quasars (e.g., Wang et al., 2010; Venemans et al.,
2017).

To estimate the molecular gas masses from the CO(6-5) and CO(7-6) transitions, we
need to assume a CO spectral line energy distribution (hereafter SLED) to find the CO(1-
0) line intensity. We did not find in the literature any quasar characterized by a SLED®
that agrees with the observed constraints on the CO ratios. For this reason, we modelled
the CO SLED using the large velocity gradient (hereafter LVG) method, which has been
widely applied to high-z quasars by several authors (e.g., Weif et al., 2007; Riechers et al.,
2009; Schumacher et al., 2012). These models include a velocity gradient (that indicates
the change in the line of sight velocity in the turbulent medium) that is considerably
larger than local thermal velocities of the gas, leading to photons being able to escape
due to the different velocities along the cloud, following a photon escape probability. This
method finds the populations of the molecular energy levels excited by collisions with Hs
(main collision partner for CO) for certain given parameters as CO abundance, kinetic
temperature (Ty,), Ho density (ng,) and velocity gradient (dv/dr). It is then possible to
identify the physical parameters that best describe the conditions of the gas through the
comparison of the model predictions to the observed line ratios (e.g., Carilli & Walter,
2013).

In this work, we have used the radiative transfer code RADEX? (van der Tak et al.,
2007), considering a spherical and single component LVG model. For the calculations,
we adopted an H2 ortho-to-para ratio of 3 and collision rates from Yang et al. (2010).
We set the following input parameters and explore a grid of different models in which we
vary some of these parameters: Ty, equal to 30 K, ny, range of 10>-10°%cm ™ (typical for
quasar host galaxies, Carilli & Walter 2013), background temperature of ~11 K (cosmic
microwave background at z ~3), and a column density of the molecular gas given by:

AViurb
Ni, = 3.086 x 10'8 ur 2.5
H2 X T dv/dr (2:5)
where AViup corresponds to the turbulence line width fixed here at 100 km s~', and

[CO]/dv/dr = 1x10° pc (km s~1)~1, following procedures commonly adopted in the lit-
erature (e.g., Weifl et al., 2007; Schumacher et al., 2012). LVG models are intrinsically

8There are only a handful of z~3 quasars with a well-characterized SLED (see Fig. 2.8).
“https://home.strw.leidenuniv.nl/~moldata/radex.html
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Figure 2.6: CO SLEDs obtained from LVG modelling, for Ty;, = 30 K, using RADEX (van der

Tak et al., 2007). The CO line flux normalized to the CO(1-0) line is plotted as a function of the
upper rotational quantum number J. Different values in Ho density are shown by the colour bar.

degenerate in the parameters Ty;, and ny,, meaning that different combinations of these
parameters can give the same SLED. We focused only on models with Ty;,= 30 K be-
cause the value of the kinetic temperature is expected to be comparable to the excitation
temperature of neutral carbon (Israel & Baas, 2002), which we assumed to be ~30 K (see
Section 2.4.1). In total, 31 different CO ladders were modelled, which are shown in Fig.
2.6. In this figure, the CO line flux normalized to the CO(1-0) line is shown as a function
of rotational quantum number J, and the colour bar represents the different values of ny,.
The peak of the modelled ladders varies from J~3 to J~8, for ny, =10% cm=3 and 10°cm 3,
respectively. We note that according to current observations, quasars are expected to show
the SLED peak between J~6 and J~8 (e.g., Riechers et al., 2009, 2011; Carilli & Walter,
2013; Banerji et al., 2018; Wang et al., 2019; Bischetti et al., 2021).

Importantly, the emitted CO flux is proportional to the source solid angle (e.g., Wei§
et al., 2007). As our observations are not able to constrain the size of the emitting source,
we focus on line ratios in this paper. These LVG models will therefore represent only
solutions for the component of highly excited gas, which likely coexist with a less excited
component emitting the [C1](2-1) emission that we observe in some of our targets. Indeed,
it has been shown that emission from species with very different critical densities likely
originate from gas at different densities (e.g., Harrington et al. 2021), and also on different
scales (e.g., Emonts et al. 2014; Casey et al. 2018; Spingola et al. 2020).

We first find models that reproduce the observed upper limits on the CO(7-6)/CO(6-
5) line ratios. In our dataset there are only three sources for which it was possible to
estimate an observed Ico(7—e) / Ico(—5) upper limit: the quasars with IDs 8, 43 and 50
(see Table 2.2). For these sources, we selected LVG models constrained by their observed
Ico(7-6)/Ico(s—s) ratio and found densities in the range ngy, ~103-10**cm™3. These models
constrained the peak of the SLED to be at J~3-7, and the molecular gas masses to be (0.5
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- 64.1)x 10" M, when considering the predicted Icoi—g) from the SLEDs. These results
are shown in the fifth column of Table 2.4.

It is noteworthy that using a higher Ty, in our LVG models, for instance Ty, = 50
K (found in some high-z quasars, e.g., Weiss et al. 2007; Riechers et al. 2011), implies an
upper limit in the molecular masses ~32% lower, i.e. this difference does not alter our
results significantly. In contrast, using a lower Ty;,, for example Ty, = 20 K, implies
non-physical values for the upper limit in the molecular masses of up to ~10¥M.

2.4.3 Molecular mass constraints from a joint CO and [Ci1] anal-
ysis

After applying the CO constraint explained above, we set another condition based on the
molecular gas masses already estimated from the [C1](2-1) transition (see Section 2.4.1).
As « is fixed, this condition is identical to impose a constraint on the CO(1-0) luminosity.
We caution that this approach may introduce a bias in our calculation, which depends on
the goodness of the assumed parameters to model the molecular mass from [C1], and on «
itself with respect to the physical conditions in each individual source. Observations of the
CO(1-0) transition for these sources are definitely needed to confirm this methodology.

For each source, this step excluded some of the LVG models at the lowest densities
selected in Section 2.4.2. In this way, we obtained the final CO SLEDs from the union
of the CO and [CI1] constraints. We show these final constrained CO SLEDs in Fig. 2.7
for quasars with IDs 8, 43 and 50. Their ranges of molecular masses using these joint
constraints are (0.7-1.5)x 10" M, (0.5-0.9)x 10" M, and (0.5-1.5)x 10 M, respectively.
These values are also listed in the second to last column of Table 2.4.

Fig. 2.8 shows the CO SLEDs obtained in this work (discontinuous lines) in comparison
to three z ~3 quasars with well sampled SLEDs (grey continuous lines), Cloverleaf (z =
2.6, Weiss et al. 2007; Bradford et al. 2009), MG 075142716 (z = 3.2, Weiss et al. 2007)
and PSS1409 (z = 2.6, Weiss et al. 2007). From this figure, we see that none of the SLEDs
obtained in this work are similar in shape to those three obtained previously, indicating
that our quasars have different physical properties. Our results yield SLEDs with J peak
somewhat lower than the expected range for quasars (J~6-8), varying from J~5 to J~7.

The six sources with IDs 3, 7, 13, 18, 29 and 39, have only upper limits for the targeted
CO transitions. Our observations are therefore not able to put any constraint on the SLED
of these sources. To compute the upper limits for the CO(1-0) luminosity, we assumed that
the models selected for the previous three sources with IDs 8, 43 and 50, apply to the full
observed sample.

We first selected the CO SLEDs found for the quasars with IDs 8, 43 and 50 (shown
in Fig. 2.8). Depending on which emission line upper limit flux was measured for each of
the six sources mentioned above, we used the CO(1-0)/CO(6-5) and/or CO(1-0)/CO(7-6)
ratios. Then, we multiplied these CO ratios by the observed upper limit flux for each of
them. After this, we estimated upper limits for the molecular gas masses of the six quasars
with IDs 3, 7, 13, 18, 29 and 39. For the sources that have flux upper limits for both CO
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Figure 2.7: CO SLEDs (at Ty, = 30 K) obtained with the joint CO and [C1] constraints, for
the sources with IDs 8, 43 and 50 (top, middle and bottom panels, respectively), the SLEDS that
can fit the joint constraints are represented by the coloured curves. The ladders show the CO
line flux normalized to the CO(6-5) line as a function of rotational quantum number J, and the
vertical black arrow represents the observed upper limit on the CO(7-6)/CO(6-5) ratio for each

source. The different values in Hy density are shown by the colour bar. The grey curves in the
background show the discarded CO SLEDs (from Fig. 2.6).
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Figure 2.8: CO SLEDs for the sources with IDs 8, 43 and 50 (discontinuous lines; see legend)
compared to the SLEDs for the quasars Cloverleaf, MG0751 and PSS14, obtained by Weiss et al.

(2007) (continuous grey lines). The ladders correspond to the CO line flux normalized to the
CO(1-0) line as a function of rotational quantum number J.

lines (quasars with IDs 13, 29 and 39), two upper limits in molecular gas mass were derived
and the higher value was selected.

To summarize: the resulting molecular masses of our sample, obtained from applying
only the CO constraints, are in the range of (0.5 - 64.1)x10" M for the sources with
IDs 8, 43 and 50, and are <6.9x10" M, for the objects with IDs 3, 7, 13, 18, 29 and
3910, We note that the range mentioned includes masses of the order of 102M), which are
implausible given the expected dark-matter halo mass for these quasars (Mpy~ 1025 Mg,
e.g., White et al. 2012). These values are also much higher than the values found in the
literature for other high-z quasars (~10%-10" Mg, e.g., Weif} et al. 2003; Walter et al. 2011;
Anh et al. 2013; Hill et al. 2019). These high masses are caused by models with densities
of ny, ~103-103%cm™3. This disagreement with the literature values suggests that such
low densities are not plausible in explaining our current constraints on the emission from
the high-J CO transitions. We note that the molecular gas masses obtained from applying
the CO and [C1] constraints jointly, remove such models.

We emphasize that the final selected densities (ng, ~103%-10%4cm ™3, see Fig. 2.8) rep-
resent those values needed by the high-J CO lines to match the molecular masses estimated
from [C1](2-1). These densities should not be regarded as representative of those emitting
the [C1](2-1) line, unless this emission is more extended than the high-J CO transitions.!!

10We note that the latter upper limit is based on the final CO SLEDs obtained for the sources with IDs
8, 43, and 50 (Figure 2.8).

UFor completeness, we report here the predictions of the [C1](2-1)/CO(6-5) ratio using our 10 finally
selected LVG models. These models with Ty, = 30 K are characterized by [C1](2-1)/CO(6-5)<1.33. In
the case of ID 29, this value is lower than the observed [C1](2-1)/CO(6-5)>4.36. This apparent discrepancy
could be solved by invoking a [C1](2-1) solid angle > 3x the high-J CO solid angle (which corresponds
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The molecular masses that are finally derived after applying a more restricted set of
models are in the range of 0.4 - 6.9x10*M,, for quasars with IDs 3, 8, 29, 39, 43 and
50, and <1.1x10"M,, for quasars with IDs 7, 13 and 18. The brightest of our detected
sources still has an estimated molecular gas mass that is higher than typically found in the
literature. We will discuss this further in the next sections.

We finally check the molecular gas mass estimate for ID 3 and ID 39, for which we
identify [CI](2-1) based on the uncertain Civ systemic redshift (section 2.3.1). In the case
the detected lines are CO(7-6) instead of [C1](2-1), the final models shown in Figure 2.8
would imply molecular gas masses of (1.2 - 4.5)x 10" M, and (0.2 - 0.6) x 10" M, respec-
tively. These values would still confirm our findings, with ID 3 having a large molecular
mass.

2.5 Comparison with the large-scale Lya emission

To investigate any relation between the molecular gas phase and the cool halo gas, in this
section we compare the APEX observations with the Ly« line properties of the associated
large-scale nebulae discovered with MUSE (Arrigoni Battaia et al., 2019a). First, we
focus on finding any trend in the properties of each phase when compared with the other.
Secondly, we study the line emission locations and profiles.

2.5.1 Molecular lines versus Lya line properties

The FWHM of molecular lines from high-redshift galaxies are frequently used as a dynami-
cal mass estimator (assuming a rotating disk geometry, e.g., Walter et al., 2003; Narayanan
et al., 2009; Wang et al., 2013), and hence their stellar mass and therefore their halo mass
can be determined (see Section 2.6.1 for further discussion). As halos of different masses
are expected to be characterised by different fractions of cool and hot gas (e.g., Dekel &
Birnboim, 2006), the FWHM of molecular lines could show important trends with the Ly«
properties. For instance, more massive halos should in principle show larger FWHM of
the molecular lines and smaller fractions of cool gas, with consequently smaller Lya lumi-
nosities (Lryo) and Lya areas compared to less massive halos. We start by comparing the
FWHM of the observed molecular lines with the total Ly, the average Ly surface bright-
ness SBrya, and the area encompassed by the Lya emission by the nebulae surrounding
the quasars in our sample.

Figure 2.9 shows this comparison for the different sources in our sample (represented
by different colours). Specifically, the left panel shows the FWHM of the molecular lines
as a function of SByy, (corrected for the cosmological dimming), the central panel shows
the FWHM versus Ly, and the right panel shows the FWHM versus the area of the Ly

to > 1.7x the high-J CO source radius) and/or with multi-component models (e.g., Weifl et al. 2003;
Harrington et al. 2021).



58 2. APEX at the QSO MUSEUM

X FWHM CO(6 - 5) D8
F FWHM [Cf](2-1) ID 29
ID 39

1200 1 ID 43 1
ID 50

1000 3 E

800 1 } r } 1

600 % r 1

b t | 1

200

1400 4

FWHM [km s~!]

% !

—15.4 —15.2 —15.0 —14.8 —14.6 —14.4 42.5 43.0 43.5 44.0 445 0 5000 10000 15000 20000
log(SBLyalergs s cm arcsee?)) log(Liya [ergs s71) Area [kpc?]

cm

Figure 2.9: FWHM of the detected CO(6-5) (triangles) and [C1](2-1) (circles) emission lines
versus Lya surface brightness corrected for cosmological dimming (first panel), the total Ly«
luminosity (second panel), and physical area (third panel) for the large-scale Ly« nebulae discov-
ered around the quasars in our sample (Arrigoni Battaia et al., 2019a).

nebulae. The legend in each panel indicates the different markers used for the different
molecular lines (CO(6-5) and [C1](2-1)).

From this figure, we find that there is no clear correlation between FWHM of the
molecular lines and Ly« properties. Also, we note that all the quasars show similar values
of FWHM (in the range of 329 - 943 km s}, average FWHM 6474129 km s™!), considering
the uncertainties. In the literature, the molecular linewidths (CO and [C1] lines) found for
high-2 quasars have values between ~150 - 450 km s™! (e.g., Weif et al., 2003, 2007;
Walter et al., 2011; Schumacher et al., 2012; Venemans et al., 2017). The values found for
our quasars are larger on average. For example, quasars with IDs 29 and ID 50 have a
FWHM of 9434249 km s~! ([C1](2-1) emission) and 7074+100 km s~ (CO(6-5) emission)
respectively, suggesting that they have a different kinematics and/or physical properties
compared to the quasars studied in the literature.

As molecular gas is expected to form from the cooling of 10K gas (e.g., Dalgarno
& McCray, 1972), one may naively expect to observe the largest molecular reservoirs in
sources with the largest and brightest Lya nebulae. As a next step, we focus on the
molecular gas masses obtained from the joint constraints from CO and [Ci1] (see Section
2.4.3), and compare them to Liya, SBry, and the area of the large-scale nebulae.

The results of this analysis are presented in Figure 2.10, where the colours represent
different sources, the vertical dashed lines are ranges and the arrows upper limits of the
estimated molecular gas masses. The horizontal black lines represent the expected molec-
ular mass for the quasar host galaxies on the main sequence (MS) of star-forming galaxies
(log( My, [Mg)) = 10.987037), on 4xMS (log( My, [Mg)]) =11.29) and 10xMS (log(My,[Ms])
=11.51). These values were computed under the following assumptions: i) a quasar halo
mass of log(Mpa0[Ms]) = 12.68%8L- (for z~3 quasars), estimated in the study of Kim
& Croft (2008) from Lya forest statistics (this value encompasses estimates from quasar
clustering, e.g., Shen et al. 2007; White et al. 2012; Timlin et al. 2018), ii) the Mya, — M.



2.5 Comparison with the large-scale Lya emission 59

relation from Moster et al. (2018) to estimate the stellar mass of the objects in our sample,
and iii) a molecular gas fraction expected for objects on MS, 4xMS and 10xMS of star-
forming galaxies, as defined in the empirical relation of Tacconi et al. (2018). The grey
shaded region represents the large uncertainties in the calculation for 1 xMS. We note that
quasars hosts are estimated to have star formation rates higher or similar to MS galaxies
at the same redshift (e.g., Zhang et al. 2016; Shangguan et al. 2020; Jarvis et al. 2020;
Circosta et al. 2021). The histogram shows the My, distribution for our sample (red) and
for a sample of z ~2.5 - 3 quasars (blue) extracted from the literature as explained in
the figure caption. The molecular masses reported for these quasars are overall below the
computed predictions (see histogram in Fig. 2.10), possibly indicating some gas depletion
with respect to similarly massive star-forming galaxies.

It is clear that the molecular gas masses of the quasars with APEX detections are
in agreement with the expected values for MS galaxies, with the exception of quasars
with IDs 3 and 29, which have masses well above the MS. Intriguingly, these two objects
characterised by the highest molecular gas masses are associated with the Lya nebulae
with the lowest values of Ly, and SBry,. The third panel of Fig. 2.10 shows that the
most massive molecular reservoirs are associated with some of the smallest nebulae. They
also have the highest FWHM [CI1](2-1) emission lines (see Fig. 2.9). We will discuss this
result in more detail in Section 2.6.3.

2.5.2 Molecular tracers vs Lya line profiles

Now that we have a more robust estimate of the systemic redshift zyo1 s for some of
our sources, we can compare its location with the redshift of the discovered Lya nebulae,
assessing if the Lya emission spans similar velocity ranges with respect to the molecular
phase. For this purpose, we compare the molecular and Ly« line profiles extracted within
the same aperture (the APEX beam; see Fig. 2.2), and also compare those with the quasar
spectra.

Figures 2.11 and 2.12 show the normalized APEX CO(6-5) and [C1](2-1) detections
(blue) in comparison to their normalized Lya nebula spectrum (upper row) and quasar
spectrum (bottom row). The quasar spectra have been extracted within circular apertures
of 1.5 arcsec radius. The vertical red dashed line represents the current systemic redshift
estimated from the molecular lines and the grey shaded area corresponds to its uncertainty
(see Section 2.3.2).

From both figures, we note that some of the peaks of the Lya nebulae present a signi-
ficative shift from the current systemic redshift. For each object, we listed these velocity
shifts AvryaNeb—mol between the quasar systemics zmelsys and the Lya of the nebulosities
in the last column of Table 2.3. The values of AvryaNeb—mo are in the range of -423 to
1236 km s™!, with the quasars with ID 8 (or UM683) and ID 43 (or CTSH22.05) having
the bluest and the reddest shift, respectively. The velocity shifts do not show any trend
with respect to the Lya physical properties explored in this paper. Considering that the
Ly« photons experiment changes in frequency due to the scattering processes, these shifts
can be an indication of bulk inflows (blueshift) or outflows (redshift) (e.g., Prescott et al.,
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Figure 2.10: Molecular gas mass My derived from the joint CO and [Ci1] constraints versus
Lya surface brightness corrected for cosmological dimming (first panel), the total Ly« luminosity
(second panel), and physical area (third panel) for the large-scale Ly« nebulae discovered around
the quasars in our sample (Arrigoni Battaia et al. 2019a). The ID numbers of the sources are
shown in the first panel. The vertical dashed lines represent ranges of My, and the arrows
indicate upper limits (see Table 2.4). The horizontal lines show the expected location of massive
star-forming main sequence MS, 4xMS and 10xMS galaxies using the gas fractions in Tacconi
et al. (2018) and the halo mass-stellar mass relation in Moster et al. (2018). The grey area is
the uncertainty on this expectation, for 1xMS. The histogram show the Myo distribution for our
sample considering the average values of the mass ranges (red), and for a sample of z ~2.5 - 3
quasars (blue) extracted from the literature (Barvainis et al. 2002; Weif} et al. 2003; Beelen et al.
2004; Walter et al. 2011; Schumacher et al. 2012; Hill et al. 2019; Bischetti et al. 2021), whose
Mpo have been estimated with different molecular gas tracers and have a typical uncertainty of
~ 0.1 dex.
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Figure 2.11: Top panels: Normalized APEX CO(6-5) emission (blue) of the three detected
sources, ID 8, ID 43, and ID 50 compared with the nebulae Ly« emission from MUSE (magenta)
extracted within the APEX beam (see Figure 2.2). The APEX spectra are shown with a bin size
of 300 km s~!. Each quasar ID number is shown in the top right corner of each panel. The red
vertical lines with grey shaded area correspond to the systemic redshift estimated in this work
with its uncertainty. The dark green curves and green shaded areas follow the same notation as
in Figure 2.4. To guide the eye, the purple curves represent a Gaussian fit applied to the Lya
emission lines. Bottom panels: same as above, but comparing with the quasar spectra extracted
within a circular aperture of 1.5 arcsec radius.

2015; Dijkstra, 2017).

Figure 2.13 shows the velocity shifts between zgys and zpelsys (blue), and redshift of the
Lya nebulae and zye1sys (orange). The now obtained systemic redshifts from molecular
tracers are found to be, in most of the cases, more consistent with the Lya nebular redshifts,
showing an average shift of 176+39 km s™! (red vertical line). We note that this shift is
larger than the average shift found at z ~ 6, 69436 km s~! (Farina et al., 2019), obtained
by comparing [C11] redshifts and the nebular redshifts for nine sources (green vertical line).
The small number statistics hampers any conclusion from this comparison. For example,
if we remove from our sample the radio-loud object, ID 3, we would get a smaller average
shift of 46435 km s™!, which is consistent with the work by Farina et al. (2019).

This analysis shows that the systemic redshifts obtained from Civ are not reliable in 4
out of 6 cases (~ 70%). This poor reliability was already indicated by the large velocity
shifts of the extended nebular Lya emission and the Civ redshifts in surveys targeting
2z ~ 2 — 3 quasars, reporting values as high as ~ 6000 km s~! (Arrigoni Battaia et al.,
2019a; Cai et al., 2019). The same works found that the peak of the nebular emission has
smaller velocity shifts with respect to the observed peak of the Ly« emission of the quasar.
Figures 2.11 and 2.12 indicate that for 3 out of 6 quasars (ID 3, 29, and 50), this was the
case because of that peak being at the real systemic. We discuss the most significant shifts
between zmelsys and the redshift of the Ly nebulae in Section 2.6.2.



62 2. APEX at the QSO MUSEUM

391

|
<
'S

L

39

Flux/Fluxyax

<
=~
1

e
fe=l
1

|
<
=~

1

[ TSRS — S ——
O o e e o e ———

2000 4000 —2000 2000 —2000 —1000 1000 2000

Figure 2.12: Same as Figure 2.11, but for the APEX [CI1](2-1) detections (blue).
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Figure 2.13: Velocity shifts between zgys (from C1v) and zmeisys (blue), and redshift of Lyc
nebulae and zpmosys (orange). The green and red vertical dashed lines with errors are the average
shift for Lya nebulae for the sample in Farina et al. (2019) (69436 km s—; for 9 z~6 quasars
with [C11] systemic redshifts), and for our work (176+39 km s~1!), respectively.
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2.6 Discussion

In this section, we discuss different scenarios regarding the quasar host properties found
in this work, and we try to interpret the link between the molecular gas content and the
large scale Lya emission. Future studies are essential to confirm or reject what we propose
in the following sections.

2.6.1 Quasar host properties
Dynamical masses

For high-z galaxies, it is possible to derive the dynamical mass of the system using the
formula commonly used in the literature (e.g., Walter et al., 2003; Wang et al., 2013;
Venemans et al., 2016), assuming rotational support: Mgy, = 2.33 x 10°v2  R[M], where
R is the disk radius from the observed line and v is the maximum circular velocity of the
gas disk, which is calculated as v = 0.75 x FWHM /sin(i), i.e. it depends on the FWHM
of the observed molecular line and inclination ¢ of the galaxy (with respect to the plane of
the sky). From our molecular data it is not possible to estimate the parameters R and i,
for this reason we proceed with a set of assumptions. Arrigoni Battaia et al. in preparation
studied the quasar with ID 13 (or PK-10174109) through ALMA observations, and found
a radius of ~3 kpc for this object. This is on the high side of the typical disk radii range
found in literature (from molecular gas) for high-z quasar hosts (~0.5 - 2.5 kpc, e.g.,Carilli
et al. 2003; Walter et al. 2004; Aravena et al. 2008; Riechers et al. 2009; Polletta et al.
2011; Schumacher et al. 2012; Molina et al. 2021; Stacey et al. 2021). Here we adopt R =
3 kpc, which is in agreement with our ALMA observations of one of these systems.

Applying the above to five sources in our sample with FWHM estimations, excluding
quasar ID 29 that is discussed in Section 2.6.1), we find inclination-dependent dynamical
masses in the range of Mgy,sin®(i) ~ (0.4 — 1.9) x 10"'M,, for quasars with IDs 3, 8,
39, 43 and 50. The quasar with ID 39 (or SDSS J01004-2105) is the least massive and
the quasar with ID 50 (or SDSS J0819+40823) the most massive. The specific values for
these dynamical masses are tabulated in the last colum of Table 2.4, with uncertainties
considering only the errors from their FWHMs. Even though these dynamical masses are
highly uncertain, we can get a rough idea on the inclination. Indeed, assuming that the
amount of dark matter is negligible on host scales, Mgyn ~ M, + My,, where M, is the
stellar mass. Assuming that the stellar mass is at least as high as the highest allowed
molecular mass from our calculations, we find that two sources, IDs 3 and 39, require
relatively small angles (~ 20°), while the other four sources, IDs 8, 29, 43 and 50, require
an inclination (~ 50° — 60°) close to the mean expected value of sin(i) = 0.79 (i = 57.3°,
Law et al. 2009).

One caveat is that the estimates are subject to the different molecular lines used. We
computed that the CO lines reported in the literature for z ~ 3 quasars are on average
larger than [CI] lines by 112443 km s™! (e.g., WeiB} et al. 2003; Schumacher et al. 2012;
Banerji et al. 2018; Yang et al. 2019). As these transitions have different critical densities,
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Figure 2.14: APEX [CI](2-1) spectral line observation for Q-0115-30 (quasar with ID 29). The
spectrum is shown with a bin size of 80 km s~!, the highest resolution possible. The red vertical
line represent the systemic redshift estimated from the molecular lines. The curves and symbol
follow the same notation as Figure 2.5.

this could be an indication that the lines trace different gas components, which can be the
case if [C1] and the high-J CO transitions (as CO(6-5)) traces gas also on different scales,
with [CI] extending to outer scales (Schumacher et al., 2012).

The case of Q-0115-30 (ID 29): disk or merger?

In Section 2.3.1, we showed that the quasar with ID 29 (or Q-0115-30) has a [CI](2-1)
line emission consisting of two Gaussian components separated by ~800 km s~!. While
this line identification needs further confirmation, in this section we discuss their possible
origins. This double-peaked feature is unique within our sample and could be produced by
a rotating disk or a merger between two molecular gas reservoirs (e.g., Neri et al., 2003;
Narayanan et al., 2006; Greve & Sommer-Larsen, 2008; Polletta et al., 2011). In Figure
2.14 we show this double-peaked line emission at the highest resolution possible (bin size
of 80 km s™!) for which there is still a decent peak S/N of ~2.5 and ~3.5.

We now calculate the dynamical masses, under the assumption that the system is
virialized. For the case of the gas distributed in a rotating disk, we estimate the dynamical
mass M(?;,Snk as explained in Section 2.6.1, but considering the velocity difference between
the two [C1](2-1) peaks Aw, following the formalism of Neri et al. (2003). For the disk
radius, we assume a value of R = 3 kpc. We obtain M§¢ sin®(i) ~ 4.4 x 10" Mg. This
quasar has the highest dynamical mass of the sample, which is somewhat expected given
its larger molecular mass. A larger molecular mass and dynamical mass with respect to
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the other quasars could also imply a larger dark-matter halo mass.

The combination of an almost edge-on disk and a larger halo mass, could explain a
low level of extended Ly« emission as observed for this system. In a unification scenario
for AGN (e.g., Urry & Padovani 1995) radiation from the quasar escapes through two
ionization cones determined by obscuration from the dust distribution on small scales.
Since we observe this object as a quasar, our line-of-sight is inside its ionizing cones. A
large fraction of the quasar emission will pass through its massive host molecular disk,
and will be absorbed before reaching the CGM. In other words, the obscuration from
such a misaligned host galaxy decreases the budget of ionizing photons able to boost the
Ly« emission on CGM scales, resulting in a dimmer and less extended Lya nebula. Any
Lya emission boosted on the scales of the host galaxy likely experience a large number of
scatterings and final absorption due to dust, expected to be present in large quantities in
such a large molecular reservoir (e.g., Venemans et al. 2017; see Section 2.6.3 for a rough
indication of the dust mass).

On the other hand, a large halo mass implies a smaller fraction of cool gas able to
survive the shock-heating process and penetrate the halo down to the host galaxy (e.g.,
Dekel & Birnboim 2006). In turn, warmer halo and a smaller cool CGM reservoir would
result in a lower level of Lya emission. We therefore conclude that in this scenario, the mass
of the halo together with the geometry of the system and Ly« radiative transfer effects
could determine the small extent and low SB level of the Lya nebula surrounding this
quasar. Radiative transfer calculations possibly coupled to cosmological hydrodinamical
simulations with dust implementations are needed to confirm this interpretation.

For the merger scenario, we can estimate the dynamical mass My following Greve
& Sommer-Larsen (2008): Mj*" = 2 x (2.33 x 10°)FWHM?R[Mg)], where FWHM is
the full width half maximum of the observed [CI|(2-1) emission lines, and R is the half
projected distance between the two merging objects. We used the same R value assumed in
the disk scenario (to obtain a lower limit in MY7#%)", and FWHM = 9434249 kms ™" (see
Table 2.2), which was calculated as the sum of each single Gaussian fit corresponding to
cach [C1](2-1) observed line. We obtain a mass of MY = 1.2 x 10"*Mg. Assuming that
the amount of dark matter is negligible on host scales, the stellar mass is given by M, ~
Mg ®" — My,. Then, using the molecular gas mass range derived from applying the CO
and [CI] constraints, we estimate a total stellar mass in the range M, = (7.6—8.8) x 10" M.
Following Moster et al. (2018), this stellar mass implies an extremely large dark matter
halo mass of My, ~ 1059 — 1011 M.

We also estimated the individual stellar masses of each component of the merging
system. The molecular gas masses for the two different objects computed from the atomic
carbon masses are Mflzjl ~ 2.4 x 10" M, and Mflzﬂ ~ 3.7 x 10" Mg, respectively. Then,

. bjl /7 yobj2 ~ ~ : - -
assuming My" /M7 = MM /MP2 | we obtain MM ~ 2.3 x 10'"Mg and MM ~

12In this scenario the companion object could be located anywhere inside the APEX beam, with the
800 km s~! velocity shift representing a large peculiar velocity or a distance of at maximum ~ 1.6 Mpc
within the Hubble flow. Given the expected virial radius of such massive objects, the latter scenario will
represent a merger in its very early phases or two objects still separated in the Hubble flow.
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Figure 2.15: MUSE white-light image for the field around ID 29 (or Q-0115-30, at the center)
highlighting the location of continuum sources within the APEX beam for the [C1](2-1) observa-
tions (white dashed circle). Low-z interlopers (cyan circles) and sources with unknown redshift
(green circles) are indicated (see Section 2.6.1 for details).

3.6 x 10"My. The current MUSE data are not able to verify whether such a massive
companion object exists, but this field is characterized by nine faint continuum objects with
unknown redshifts within the beam of our APEX observations (Figure 2.15). These objects
do not have any emission lines or absorption features that allow us to verify their redshifts.
In particular, we note the presence of one continuum source at ~ 3 (or ~ 23 projected kpc)
from the quasar. In summary, given the brightness of the quasar and the seeing-limited
MUSE observations, we are not able to assess whether there is an ongoing merger on very
small scales. A strongly dust-obscured and massive companion could be missed by our
optical observations (e.g., Omont et al. 1996). Finally. we note that within the APEX
beam we also find three low-z interlopers (cyan circles in Figure 2.15), whose redshifts
can be clearly determined (z ~ 0.52,1.05,0.07). These redshifts ensure that the molecular
emission from our targeted object is not contaminated by these sources.

Our consideration of ID 29 shows that its dynamical mass is very large, independent
of the origin of the double-peaked [C1](2-1) line emission. Observing this system with an
interferometer (e.g., ALMA, NOEMA) would allow us to map the [C1](2-1) emission and
ascertain whether ID 29 is associated with an exceptionally massive molecular disk or is
merging with a similarly massive companion. Such observations, by probing the ~ 1—2 mm
continuum, would be in turn able to verify the reason why the Lya nebula around ID 29
is dimmer and less extended than similarly bright quasars.
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2.6.2 Lya nebulae kinematics with respect to molecular gas

The use of Lya emission as a tracer of gas kinematics is a complex task due to its resonant
nature (e.g., Neufeld 1990). Ly« photons are expected to interact several times with
Hydrogen gas before escaping most astrophysical systems (e.g., Dijkstra 2017). During
this process, scattered photons can experience both large changes in their frequency and
a large displacement in space, possibly washing out any information on gas kinematics.
Also, the larger the number of scatterings in a medium, the higher the probability for a
Lya photon to be absorbed by dust. If the dust distribution is not homogeneous, the Ly«
line shape could be affected, possibly hiding information on the kinematics of the system.

In Section 2.5.2 we compared the molecular emission lines observed with APEX, with
the Lya emission obtained with MUSE and integrated within the APEX beam. The main
result is that we find velocity shifts between the Lya emission and the systemic redshift
Zsys,mol 1 the range -423 to 1236 km s~!. The presence of a velocity shift between this
Lya emission line integrated on halos scales and the systemic redshift of the quasar host
galaxy, could be associated with a variety of physical processes occurring in the halo,
e.g. substructures or gas infalling onto the central quasar, large-scale outflows, rotating
structures or projection effects along the line-of-sight (see Arrigoni Battaia et al., 2018b,
and references therein). In the following discussion we focus on the possibility that these
shifts represent bulk inflows or outflows.

In particular, as indicated by Ly« radiative transfer modelling (e.g, Verhamme et al.,
2006; Laursen et al., 2009), photons scattering through outflowing or inflowing gas should
appear redshifted or blueshifted, respectively, from the systemic redshift. The quasar with
ID 29 has a shift consistent with 2zgysmol. We cannot therefore draw any firm conclusion
for this source with the current dataset. It could be that Lya radiative transfer effects
and a balanced interplay of outflows and inflows result in the absence of a strong line
shift or that very fast outflows or inflows bring the gas out of resonance, allowing the
observation of Lya at zme1sys. For the remaining four sources, IDs 3, 8, 39, 43 and 50, we
find significant offsets. In particular, IDs 3 and 43 present the largest shifts and also show
the largest values of FWHM of the Ly emission lines in the sample (with FWHM, >
1000 km s~1), which is typically characterized by relatively quiescent kinematics (median
FWHMpy, = 915 km s7)'3. In the following, we review these four sources.

The quasars with IDs 8, 39 and 50 show negative shifts of -423 £+ 76, -152 + 64 and
-377 4 44 km s7!, respectively, which could indicate an overall inflow signature from CGM
scales onto the central quasar. The quasar with ID 39 (or SDSS J0100+4-2105) is surrounded
by one of the less extended Lya nebulae in our sample (see Fig. 2.10; Ly« extends out
to ~ 50 projected kpc). The observed blueshift for this source is lower than the inflow
velocities (viy & 0.9vy; ~ 320 — 460 km s™1; Goerdt & Ceverino 2015) expected for the
cool gas in quasar host halos (102 — 10 Mg, e.g., White et al. 2012; Timlin et al. 2018

13The FWHMp,y, values reported in this work are from Gaussian fits of the Ly« emission integrated
within the APEX beam. They therefore differ from the 2D first moment analysis on resolved maps
presented in Arrigoni Battaia et al. (2019a). The FWHMy,, values are not corrected for the instrument
resolution.



68 2. APEX at the QSO MUSEUM

and references therein). This could be due to projection effects or to the presence of other
violent motions (e.g. winds, turbulences) that could wash out the inflow signature.

The observed blueshift for the quasars with ID 8 (or UM683) and ID 50 (or SDSS
J0819+0823) is comparable with the inflow velocities expected for the cool gas in quasar
host halos. The quasar with ID 8 has an average molecular reservoir and a Lya nebula
with intermediate surface brightness, extending out to ~ 145 kpc (Arrigoni Battaia et al.
2019a.) Interestingly, ID 50 is surrounded by one of the brightest and more extended (in
area) Lya nebulae in the QSO museum sample (see Fig. 2.10; Ly« extends out to ~ 130
projected kpc), with a clearly asymmetric morphology. The widths of their integrated Ly
lines, FWHM]p, = 915 £ 46 km s and FWHMy,, = 967 + 38 km s~! (for IDs 8 and 50,
respectively), may therefore be explained by gravitational motions in such massive halos
(FWHM)! ~ 580 — 870 km s'; Arrigoni Battaia et al. 2019a) and by the presence of
large turbulence within the cool gas reservoir.

In contrast, the quasars with IDs 3 and 43 show positive shifts of 786109 km s~! and
12364133 km s !, respectively, which are suggestive of bulk large-scale outflows. These
velocity shifts are overall higher than what has been found in Lya-emitting galaxies (av-
erage of Av ~ 200 km s71, e.g., Trainor et al. 2015; Prescott et al. 2015; Verhamme et al.
2018), Lyman-break galaxies (average of Av ~ 460 km s, see Dijkstra 2017 and refer-
ences therein), and are also higher than the values found for other Lya nebulae, the so
called Lya blobs (~0 - 230 km s71, e.g., Yang et al. 2011; McLinden et al. 2013; Prescott
et al. 2015).

The quasar with ID 3 is radio-loud, characterized by a large reservoir of molecular
gas and has one of the Lya nebulae with the lowest surface brightness, extending out
to a maximum of ~ 70 projected kpc (Arrigoni Battaia et al. 2019a). Its integrated Lya
emission shows the most active kinematics of the sample (FWHMy,,, = 15424196 km s71),
which together with the observed large Lya shift likely indicates that small-scale radio
feedback is affecting the surrounding gas distribution in this system. The quasar with
ID 43 has an average molecular reservoir and a Lya nebula with intermediate surface
brightness, extending out to ~ 118 kpc (Arrigoni Battaia et al. 2019a). Its radio nature
is not clear because there are no radio observations of this target in the literature. Its
relatively active Lya kinematics (FWHMyp,, = 1068 & 142km s '), together with the
large observed positive shift of the Ly« line with respect to CO(6-5) and the asymmetric
morphology of the nebula with a northern bright region, might all be hints of outflowing
gas in this system.

2.6.3 Relation between large molecular reservoirs and Lya neb-
ulae

In section 2.5.1, we found a tentative trend indicating that the two quasars with the lowest
surface brightness for their Lya nebulae are associated with the highest molecular gas
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masses. As the molecular gas content is also closely linked to the amount of dust!?, this
could imply that the radiation of these quasars is more obscured by their host galaxies,
therefore reducing the reprocessed Lya emission from the surrounding gas distribution.
Two effects could then be in play in the radiative transfer of these systems: first, scattered
Lya photons on small scales (tens of kpc) encounter a very high column density and dusty
medium resulting in absorption of the emission, and second, most ionizing photons are not
able to escape the massive host galaxy towards the CGM, limiting the detectability of cool
halo gas in emission.

On top of this, the halo mass could play an important role in determining the reservoir
of cool gas on CGM scales, with more massive halos having a smaller fraction of their gas
in this phase. Taking also this aspect into consideration, there are at least two possible
interpretations for this tentative trend: 1) IDs 3 and 29 (which present the most massive
molecular reservoirs together with dimmer nebulae) occupy similar massive dark matter
halos as the rest of quasars in the sample, but their molecular gas fraction (and consequently
dust) are higher, resulting in smaller escape of ionizing and Lya photons, 2) IDs 3 and 29
live in more massive dark matter halos, which are warmer and characterized by a smaller
cool gas fraction, hence lower levels of Lya.

Unfortunately, we cannot unambiguously infer the halo masses with the available obser-
vations, nor we can firmly quantify obscuration in these systems. Future analysis based on
high-resolution interferometric observations and spectra from other CO transitions (e.g.,
with ALMA, NOEMA) are needed to better constrain the nature of these sources. Such
follow-up studies together with constraints on the far-infrared continuum will be able to
accurately determine the dust and molecular content of these systems, allowing a better
description of the radiative transfer around these quasars.

2.7 Summary

With the purpose of gaining a new leverage on the gas cycle around z ~ 3 quasars, we
exploit the frequency window opened-up by SEPIA180 at APEX, targeting the CO(6-5),
CO(7-6) and [C1)(2-1) transitions for a sample of 9 z ~ 3 quasars already observed with
MUSE/VLT. Specifically, these 9 targets (quasars with IDs 3, 8, 13, 18, 29, 39, 43 and 50)
cover the most of the parameter space of Lya nebulae properties in the QSO MUSEUM
survey (Arrigoni Battaia et al., 2019a). These data (average rms of 2.6 mJy) allowed us to
investigate any relation between the molecular gas content and the large-scale atomic phase
(~10%K) as traced by the Ly« emission. The main results of this work are summarized as
follows.

14To have an idea of the dust masses of our sample, one could assume a gas-to-dust ratio of 70 (e.g.,
Riechers et al., 2013; Venemans et al., 2017) and considered that the ~75% of the total gas mass corresponds
to molecular gas (e.g., Wang et al., 2016). Under these very simple assumptions, our quasars should have
a dust mass in the range of Mg, = 0.8 - 12.9x10°M, for the sources with IDs 3, 8, 29, 39, 43 and 50,
and are <2.1x10°Mg, for the objects with IDs 7 and 18. Under these assumptions objects with ID 3 and
29 with the most massive molecular reservoirs also present the highest dust masses.
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CO(6-5) emission is detected in three sources (quasars with IDs 8, 43 and 50) with
fluxes of 3.4 < Icoe-5) < 5.1 Jy km s~! and 620 < FWHM < 707 km s~ !, while the
[C1](2-1) emission is detected in other three sources (quasars with IDs 3, 29, and 39)
with fluxes of 2.3 < [jcye—1) < 15.7 Jy km s~ and 329 < FWHM < 943 km s~ .

The brightest and widest detection in the sample is the [CI](2-1) line (Ljcge-1) ~15.7
Jy km s7!, FWHM~943 km s™!) associated to ID 29, which also presents the dimmest
and smallest Lya nebula in the sample.

We obtained molecular gas masses My, from the CO and [C1](2-1) constraints (Sec-
tions 2.4.1 and 2.4.2). Applying the two estimates together, the molecular masses
for sources with detections are in the range My, = (0.4 — 6.9) x 10''M,, while for
quasars with non-detections, the upper limits are My, < 1.1 x 101*Mg. These masses
are on the high side of the typical ranges found in the literature (~10°-10''M) for
other z ~ 3 quasars, with ID 29 and ID 3 being outliers.

The systemic redshift of 6 quasars is refined using the CO(6-5) and [C1](2-1) detec-
tions. These new systemic redshifts have an average uncertainty of 74.8 km s~!.

We found significant offsets between the extended Lya nebulae (Lya emission ex-
tracted within the APEX beam) and the newly estimated systemic redshifts in five
sources (quasars with IDs 3, 8, 39, 43 and 50). Two of these sources also show
the largest values of FWHM]p, in our sample (>1000 km s~'), which is otherwise
characterized by relatively quiescent kinematics (median FWHMy, = 915 km s™1).
In Section 2.6.2 we discuss how these velocity shifts could be signatures of bulk in-
flows/outflows. For the quasars with IDs 8, 39 and 50, the nebular Ly« line shows
a blueshift of -423 4 76, -152 4 64 and -377 & 44 km s~!, respectively, which could
indicate a large-scale inflow. In contrast, quasars with IDs 3 and 43 have the bulk of
the Lya line redshifted by 786 £+ 109 km s~! and 1236 4+ 133 km s—!, respectively,
which can indicate that the bulk of the large-scale gas is outflowing in both cases. For
ID 3, this scenario is further strengthened by the fact that this quasar is radio-loud.

We found that the two most massive molecular reservoirs in our sample (quasars
with IDs 3 and 29, My, = (2.3 — 6.9) x 101"Mg and My, = (3.2 — 4.4) x 10" M,
respectively) are associated with the dimmest and smallest Ly« nebulae. This sug-
gests that the quasar host galaxy properties are key in understanding the powering
and physics of surrounding Lya nebulae. Obscuration from the host galaxy, due to
physical properties (e.g., higher molecular gas fraction, higher dust fraction) or ge-
ometry, could reduce the escape of ionizing and Ly« photons emitted by the quasar,
ultimately reducing the emission from the cool CGM. This interpretation is further
strengthened by the detection of a double-peaked [C1](2-1) line emission for ID 29,
which could be due to an inclined massive molecular disk, likely misaligned with the
ionization cones of ID 29 (see Section 2.6.1). Another possibility is that these quasars
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with more massive molecular reservoirs could be hosted by more massive dark-matter
halos. Such halos are expected to be warmer and to show a smaller fraction of cool
CGM gas, which in turn would result in lower values of Lya emission.

These APEX observations therefore suggest that the quasar host-galaxy properties
could affect the Ly« radiative transfer, thus regulating the amount of detectable emission
on large scales around quasars. Overall, this work stresses the importance of simultaneously
studying the physical properties of the multiphase gas reservoirs surrounding quasars.
By characterizing the quasar host galaxy properties and system geometry (e.g., systemic
redshift, inflow/outflow), future studies will be able to assess the radiative transfer effects
affecting the quasar radiation and ultimately better constrain the powering mechanisms
for extended gas reservoirs. Deep high-resolution interferometric observations (e.g., with
ALMA, NOEMA) are indispensable to map the extent and geometry of the molecular
reservoirs, ultimately linking its physics to the other CGM phases.

2.8 Appendix A: Stability of data

We demonstrated the stability of the SEPTA180 receiver by checking if the noise scales
down properly when using larger velocity bins. In Figure 2.16 we show the rms of the final
reduced spectra as a function of the bin size, for each of our sources in the different observed
tunings. The smallest bin size corresponds to the original resolution of the spectra (i.e., the
unbinned data). The solid lines represent the expected variation of the rms (rmsexpected)
with respect to the bin size, which was estimated as:

I‘rnsexpected = I'InSoriginal X \/b1n81zeoriginal/blnSlzeobserved (26)

where rmsgyiginal (binsizeoigina) is the rms (bin size) at the original resolution, and binsize,pserved
is the bin size used in the final combined spectrum. Each panel has a lower subpanel,
which shows the deviation of the observed rms from the predicted value, estimated as
(rmSobserved — IMSexpected )/ TMSexpected, WHere IMSopserved 1S the final rms obtained in the
final binned spectrum.

At a bin size of 300 km s~!, we obtained a median deviation of only 12% and 14% for
CO(6-5) and [Cr1)(2-1), respectively. Such a small deviation ensures that we can preform
the analysis discussed in the main text.

Further, as a proof of the stability over time of the calibration of the receiver, in Fig.
2.17 we show the rms for each scan versus its PWV for the source with ID 39 (J 0100+2105).
Each colour indicates a different observation date, spanning several months of APEX oper-
ations. These values correspond to both the CO(6-5) and [C1](2-1) - CO(7-6) observations.
A linear fit shown by the grey solid line has been applied to the points, with a resulting
squared correlation coefficient of 72 = 0.93 and a residual standard error of o = 0.009 K.
The dashed lines enclose 95 per cent of the measurements (i.e. £20). Abrupt (vertical)
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changes of the rms during one observing date (e.g., blue points) indicate strong changes in
the airmass of the source. From this figure, we note that data taken under similar PWV
and elevation, but in different dates, are characterized by the same rms.

2.9 Appendix B: Reliability of line detections

We performed two tests to confirm the reliability of the reported lines. First, we performed
a negative test that consists in inverting the final combined spectra (multiplying the fluxes
by -1) and applying our detection algorithm. Second, we produced jack-knife spectra by
inverting each second scan during data reduction. We then apply the detection algorithm
to these spectra which should contain only noise.

We stress that in both tests we applied the same detection algorithm used to identify
line detections in our spectra (see Section 2.3). The results of these tests are shown in
Table 2.5. For completeness, we list in footnotes the presence of features that fulfill only
partially our selection criteria (i.e. with peak S/N>2).

In summary, we did not find any detections in the negative test. While, in the jack-
knife test we found only one line detection (integrated S/N=3.3) for ID8, [CI1](2-1)-CO(7-6)
observations. We note that the final [C1](2-1)-CO(7-6) combined spectrum for this source
has a feature at 196.1 GHz (or -328 km s™!, integrated S/N = 3.1, Ljpe ~3 Jy km s71) that
according to our jack-knife test, could be a spurious line.
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Figure 2.16: RMS of the final combined spectra as a function of the bin size for each of the nine
sources, for CO(6-5) (blue stars) and [CI1](2-1) - CO(7-6) (orange triangles) observations. The ID
number of each quasar is shown in the top right corner of each panel. The solid lines represent
the expected scaling of the rms with increasing bin size (see section 2.8). The lower subpanels

show the deviation of the observed rms with respect to the predicted value, (rmsopserved

I'Inscxpcctcd ) /rmscxpcctcd .
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Figure 2.17: RMS values (for each scan) versus PWV relation for the source SDSS J0100+2105
(ID 39), corresponding to the CO(6-5) and [C1](2-1) - CO(7-6) observations. Each colour indicates
a different observation date. The grey solid line represents a linear fit to the points, and the two
dashed lines represent the +2¢ (+0.018 K) deviation from the fit.

Negative test Jackknife test
ID* Quasar CO(6-5) tuning [C1],CO(7-6) tuning CO(6-5) tuning [C1],CO(7-6) tuning
3 J 0525-233 - 0 - 0¢
7 SDSS J1209+1138 - 0 - 0/
8 UM683 0 0 g 1"
13 PKS-10174109 0 0 0 0
18  SDSS J1557+1540 0° - 0 -
29 Q-0115-30 0 0 0 0/
39  SDSS J0100+2105 0° 0 0 0k
43 CTSH22.05 0 0 0 0
50  SDSS J0819+0823 0 07 0 0

Table 2.5: Numbers of spurious lines in the negative and jack-knife tests. Notes: [a] Identifi-
cation number taken from the QSO MUSEUM survey (Arrigoni Battaia et al., 2019a), [b] The
negative spectrum has one feature at +1200 km s~! with peak S/N>2, but its integrated S/N
is only S/Niyt = 2.3, [c] The negative spectrum has one feature at +3500 km s~! with peak
S/N>2, but its integrated S/N is only S/Njy = 1.9, [d] The negative spectrum has one feature
at +2000 km s~! with peak S/N>2, but its integrated S/N is only S/Ni = 2.5, [e] This jack-
knife spectrum has one feature with peak S/N>2, but its integrated S/N is only S/Nj,; = 2.8,
[f] This jackknife spectrum has one feature with peak S/N>2, but its integrated S/N is only
S/Nint = 1.9, [g] This jackknife spectrum has one feature with peak S/N>2, but its integrated
S/N is only S/Niy = 2.3, [h] This jackknife spectrum has one feature with peak S/N=2.8, and
its integrated S/N is S/Nint = 3.3, [i] This jackknife spectrum has one feature with peak S/N>2,
but its integrated S/N is only S/Nine = 2.1, [j] This jackknife spectrum has two features with
peak S/N>2, but their integrated S/N is only S/Njy, = 2.1 and 2.5, [k] This jackknife spectrum
has one feature with peak S/N>2, but its integrated S/N is only S/Nj,; = 1.9.



Chapter 3

Modelling [CII] emission in high-z
star-forming galaxies

The content of this chapter is based on Munoz-FElgueta et al. 2023, in prep., which will be
submitted soon.

3.1 Introduction

The gas bound to a galaxy dark-matter halo, known as the circumgalactic medium (CGM),
plays an essential role in understanding galaxy formation and evolution. It is a reservoir
of gas that interacts with the galactic environment, regulating key processes such as star
formation, accretion, and feedback. Investigating the CGM provides crucial insights into
the complex interplay between galaxies and their surrounding gas reservoirs (e.g., Tumlin-
son et al., 2017). Studying it is challenging as it is predominantly composed of diffuse and
tenuous gas, making direct observations difficult. Recent advancements in observational
capabilities (e.g., Atacama Large Millimeter/Submillimeter Array (ALMA), Wootten &
Thompson, 2009), combined with state-of-the-art simulations (e.g., IllustrisTNG, Nelson
et al. 2019; Pillepich et al. 2019, EAGLE, Crain et al. 2015; Schaye et al. 2015), have opened
new avenues for exploring the CGM and unveiling its properties. However, the limited res-
olution of the simulations and the requirement of deep observations are obstacles that
remain.

The [CII] 158um fine-structure line has emerged as a valuable tracer of the CGM. This
line is one of the brightest emission lines in the infrared spectra of star-forming galaxies
(e.g., Stacey et al., 1991; Brauher et al., 2008) and is an important tracer of cold gas in
both the interstellar medium (ISM) and CGM. It is emitted from the upper fine-structure
level J=3/2 to the lower level J=1/2 of the C* ion. The higher energy level exhibits an
equivalent temperature of 91 K, while its critical densities are 16, 2.4x10% and 4.8x10? cm?
for collisions with electrons, hydrogen atoms and Hy molecules, respectively (Goldsmith
et al., 2012). Since the ionization potential of atomic carbon is only 11.3 eV (versus 13.6 eV
of neutral hydrogen), [CII] can originate from atomic ISM, diffuse molecular and ionized
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gas. At high redshifts, both simulations (e.g., Olsen et al. 2015; Vallini et al. 2015) and
observations (e.g., Stacey et al. 2010; Gullberg et al. 2015) have found that the [CII] line
primarily emanates from photodissociation regions (PDRs).

Observations of [CII] emission in extragalactic sources notably increased with the ad-
vent of the Herschel Space Observatory (Pilbratt et al., 2010). Most of the studies have
focused on local starburst and luminous infrared galaxies, investigating the properties of
the ISM and its link with the [CII] properties (e.g., Sargsyan et al. 2012; Diaz-Santos et al.
2014; Herrera-Camus et al. 2015; Samsonyan 2022; Diaz-Santos et al. 2017). In particu-
lar, there has been progress in investigating [CII] as a SFR tracer. While different works
found a tight correlation between [CII] luminosity and SFR (e.g., De Looze et al. 2014;
Herrera-Camus et al. 2015), other Herschel observations showed that Licry/Lir (or equiv-
alently, Liciy/SFR) ratio decreases continuously with increasing Lig (at Lig 210"Lg,
e.g., Sargsyan et al. 2012; Diaz-Santos et al. 2017; Contursi et al. 2017). This could be
an indication that the Liciy/SFR ratio is influenced by other galaxy properties, such as
metallicity and dust temperature (e.g., Diaz-Santos et al. 2014).

While locally the [CII] line can only be observed from space due to atmospheric lim-
itations, at high-z the frequency of the [CII] line significantly shifts, making it accessible
from ground-based observatories like ALMA. In particular, the Earth’s atmosphere allows
us for optimal access to the [CII] transition in the frequency range 345.5-211.2 GHz, which
corresponds to the redshift range 4.5< z <8.5. Therefore, [CII] has become a key tar-
get for observational studies of high-redshift galaxies, where it can provide insights into
the early stages of galaxy formation and evolution. Extended [CII] emission (known as
[CII] halos) has now been regularly observed in several high-redshift objects such as dusty
starburst and normal star-forming galaxies (e.g., Fujimoto et al. 2019, 2020; Ginolfi et al.
2020b; Carniani et al. 2020; Rybak et al. 2020; Herrera-Camus et al. 2015, 2021; Meyer
et al. 2022; Akins et al. 2022). These halos can extend up to tens of kiloparsecs from the
galaxies and their physical properties and origins are still poorly understood. As reference,
the typical effective radius of star-forming galaxies at 4< z <6 is expected to be <1.5 kpc
(e.g., Shibuya et al. 2015). In the context of star-forming galaxies, Fujimoto et al. (2019)
reported the first identification of [CII] halos (~10 kpc scales) around z ~5-7 star-forming
galaxies using deep ALMA data, through a uv-visibility plane stacking. Subsequently, with
development of the ALPINE survey (Le Fevre et al., 2020), further observations of [CII]
halos around high-z star-forming galaxies have been reported.

Ginolfi et al. (2020b) studied a sample of 50 [CII] emitting galaxies at z ~4-6 from
ALPINE. By stacking the [CII] spectra and cubes, they find outflows signatures together
with extended [CII] emission (~15 kpc) in their galaxy sample with the higher SFR (SFR>
25 Myyear™1). In particular, they obtained an average [CII] surface-brigthness radial profile
for the high-SFR galaxies, which is characterized by a compact inner component and an
extended component (radial scales >10 kpc). Later, Fujimoto et al. (2020) performed
individual measurements for the ALPINE galaxies, finding that a ~30 per cent of them
present [CII] halos (~10 kpc scales). Recently, an additional ALMA effort, the REBELS
survey (Bouwens et al., 2022) has been conducted. This study consists of ALMA [CII]
observations of a sample of 40 star-forming galaxies at z ~6.5-9. Based on this survey,
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Fudamoto et al. (2022) stacked 28 [CII] emitting galaxies at z ~7. Their results indicate
that the average [CII| surface-brightness profile is well fit with a single component (i.e.,
no extended component), with an effective radius of ~2 kpc. Possible reasons of such
absence of an extended component could be related to the fact that they stacked moment
maps rather than the data cubes, and that they included both high and low-SFR galaxies
in the analysis. Despite the aforementioned result, this [CII] emission is spatially more
extended compared to the dust continuum and the rest-frame UV emission, in agreement
with previous works (e.g., Ginolfi et al. 2020b; Fujimoto et al. 2020).

To fully understand these [CII] halos, it is essential to perform theoretical investi-
gations. Currently, cosmological simulations are not able to reproduce extended [CII]
emission at high-z (e.g., Pallottini et al. 2017, 2019). For instance, Fujimoto et al. (2019)
compared their observational results with two sets of numerical simulations of massive
galaxies (M, ~10"1-102Mg) at z ~ 6 (Pallottini et al., 2017; Arata et al., 2019). By
using mock data from both simulations, they find that the [CII] emission is not as ex-
tended as the observational data. Specifically, they obtained surface-brightness profiles
which decline rapidly beyond r ~3 kpc, which is significantly smaller than the reported
[CII] extension of 10 kpc observed by Fujimoto et al. (2019). These profiles are at least one
order of magnitude lower than the observed flux at inner-CGM scales. This disagreement
suggests that certain crucial physical processes for the production of [CII], such as feedback
or metal enrichment, are not well reproduced by the simulations. It is also possible that
there are limitations or uncertainties in the modelling of [CII] emissivities. This discrep-
ancy between simulations and observations highlights the need for additional investigation
and theoretical refinement.

The origin of this extended [CII] emission remains unclear. Different scenarios have
been proposed, including the presence of satellite galaxies, extended PDRs, extended HII
regions, inflows of cold streams, outflows produced by stellar feedback or AGN feedback
(see Fujimoto et al. 2019 for a detailed description). Currently, the scenario in which
star-formation driven outflows are responsible of the extended [CII] emission seems to be
the most plausible according to observations (e.g., Ginolfi et al. 2020b; Fujimoto et al.
2020). Indeed the observed [CII] halos are only evident around more star-forming galaxies
and the line-emission stacking of these sources seem to highlight the presence of broad
wings (Ginolfi et al., 2020b). This scenario has also been supported by semi-analytical
models (e.g., Pizzati et al. 2020, 2023). These models primarily focus on simulating the
cooling outflows and their resulting [CII] emission, suggesting that the observed [CII] halos
could be attributed to gas that is cooling after being heated and expelled in supernova-
driven outflows. The effectiveness of these models is largely attributed to their ability to
accurately capture the catastrophic cooling! process within central kpc scales. Specifically,
they find that supernova-driven outflows expand into the CGM at velocities of 200-500

km s7!. The outflowing gas undergoes rapid cooling (~few hundred K) within the first

I Catastrophic cooling refers to the rapid cooling of gas under certain conditions, leading to the formation
of cold (T~1027%K) winds. These winds propagate outward, characterized by lower velocities and higher
densities (Pizzati et al., 2023).
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kpc, then it is slowly heated (T~10% K) by the cosmic UV background. These conditions
favor the formation and survival of C* ions.

In this framework, we post-processed a sample of Illustris-TNG50 halos hosting z~4-
6 star-forming galaxies to model their [CII] emission. In particular, we produce mock
observations and compare them with the ALPINE observations (Ginolfi et al., 2020b),
ultimately discussing the possible origin for the observed extended [CII] emission in the
inner CGM of high-z galaxies. This chapter is structured as follows. In section 3.2 we
present a summary of the observations of Ginolfi et al. (2020b). In section 3.3 we described
the methods used in this work. In section 3.4 we present our main results. In section 3.5
we discuss our main results and explore the different factors involved in the production
of [CII] halos. In section 3.6 we present the caveats. Finally, section 3.7 summarizes our
findings.

3.2 Observations

The ALPINE survey is an ALMA large program that targeted [CII] and FIR-continuum
emission of a sample of 118 normal (i.e., main sequence) star-forming galaxies. These
galaxies are at 4.4< z <5.8, and have M, ~10%°- 10" M, and SFR~3-650 Myyear—!. The
average resolution of these observations is 0.9 arcsec, i.e., ranging from ~5.2 to 6 kpc for
the different redshifts considered. This coarse resolution implies that the galaxies are not
resolved in these ALMA observations. All the details regarding the observational setup
and data reduction are described in Béthermin et al. (2020). In total, 75 out of 118 galaxies
were robustly detected in [CII], with signal-to-noise ratio (S/N) >3.5. Ginolfi et al. (2020b)
studied these [ClI]-emitting galaxies, excluding ~30% of those objects that present signs
of ongoing mergers (major or minor). Thus, their final sample® consists of 50 normal
star-forming galaxies at 4.4< z <5.8, with M, ~10%°- 10! My and SFR~5-650 M,year!.

In order to investigate the efficiency of galactic feedback in these galaxies and the spatial
distribution of the [CII] emission, Ginolfi et al. (2020b) investigated the [CII] emission data
through a stacking analysis. For the purposes of this paper, in the following paragraphs
we summarize only their stacking of the cubes. This procedure consists in a combination
of the [CII] cubes of each galaxy C; with i slices (previously aligned), based on a vector
variance stacking technique, where the stacked cube C5a is estimated as:

N
C«stack o Zk:l Civk ’ wivk’
i - N
D k1 Wik

where C,; , corresponds to the cube of the kth galaxy. The weigthing factor w; is the
inverse variance, equal to 1/ 02 > Where o; ;, corresponds to the spatial rms associated with
each slice of each galaxy. In this way, noisier cubes are down-weighted.

2Some of the physical properties of Ginolfi’s sample listed here are different than the values reported in
Ginolfi et al. (2020b). These discrepancies are due to the fact that Ginolfi et al. (2020b) used the values
from a preliminary analysis of the ALPINE sample. Therefore, we use the values reported in the catalogs
of the ALPINE survey (Le Fevre et al., 2020), which was published after Ginolfi et al. (2020b).
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This stacking was performed separately for two sub-samples separated by SFR: high-
SFR (SFR > 25 Mg, yr!) galaxies and low-SFR (SFR < 25 Mg, yr~!) galaxies. The SFRs
were computed through spectral energy distribution (SED) fitting, assuming a constant
star-formation history over 100 Myr (Faisst et al., 2020). In order to obtain velocity-
integrated flux maps of the core of the [CII] emission, the spectral slices of the stacked
cubes were collapsed in the velocity range of [-200: +200] km s™'. The final stacked
synthetized beam (or point spread function, PSF) was estimated by stacking the PSF of
each input galaxy cube. Then, the channels of this stacked PSF cube are collapsed over
the same velocity range mentioned above. This final PSF has a major axis full-width-half-
maximum (FWHM) of 0.98 arcsec, a minor axis FWHM of 0.89 arcsec, and a position angle
of -30 deg. From the resulting [CII] flux maps of the subsamples, Ginolfi et al. (2020b)
finally computed circularly averaged radial surface-brigthness (SB) profiles, considering
radial bins of 0.15 arcsec.

For most of our comparative analysis, we present a single observed SB profile, derived
by averaging the two SB profiles obtained from Ginolfi et al. (2020b) for the high and
low-SFR galaxy subsamples.

3.3 Methods

3.3.1 IllustrisTNNG simulations

In this work, we explore different high-z halos from the IllustrisTNG cosmological mag-
netohydrodynamical simulations (Nelson et al., 2019; Pillepich et al., 2019). Using the
moving-mesh code AREPO (Springel, 2010), these simulations follow the coupled dynam-
ics of the dark-matter and gas. This method is based on a spatial discretization consisting in
a Voronoi tessellation of the simulation box. The physical processes of baryonic TNG runs,
among which are star-formation, stellar evolution and feedback, supermassive black hole
formation and evolution, follow the “TNG galaxy formation model” (methods described
in Weinberger et al., 2017; Pillepich et al., 2018). Due to limitations in the resolution, the
processes of star formation and pressurization in the multiphase ISM are modeled based
on the approach of Springel & Hernquist (2003). In this model, gas with densities above a
threshold of ~ 0.1 cm ™2 undergoes stochastic star formation according to the Kennicutt-
Schmidt relation®, assuming a Chabrier initial mass function (Chabrier, 2003). To account
for the effects of unresolved supernovae, a two-phase effective equation of state model is
employed to incorporate the pressurization of star-forming gas.

This TNG model has been calibrated in order to reproduce several of the observed
galaxy properties mainly at z=0. The cosmology assumed has parameters €2 o= 0.6911 ,
Qo = 0.3089, Q9 = 0.0486, os = 0.8159, ny = 0.9667 and h = 0.6774 ((Planck Collabo-
ration et al., 2016)).

3The Kennicutt-Schmidt law is an empirical relation between the SFR surface density and the gas
surface density in galaxies.
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Specifically, in this work we used the TNG50-1 box, which presents the smallest volume
(51.7% ¢Mpc?) but the highest resolution (mparyon = 5.6x10* Mg /h) of the TNG runs.
The latter is a key factor to perform our [CII] emission predictions, especially considering
that high densities are needed for [CII] production (see critical densities in Section 3.1).
Compared to previous works, the TNG50 simulations offer key advantages. They strike a
balance between computational efficiency and resolution, allowing for a larger sample size
and a more comprehensive representation of the high-z halo population. Additionally, these
simulations incorporate a self-consistent treatment of various physical processes, which are
uniformly implemented across the simulation volume. This ensures a consistent modeling
approach for the entire sample of halos.

3.3.2 Selection of simulated galaxies

We selected a sample of TNG50-1 star-forming galaxies* with similar physical properties
to the galaxies of the full ALPINE survey (Le Févre et al., 2020). Specifically, they were
chosen to match the ranges in stellar mass (log(M,) ~8.5 - 11.0 M) and star-formation
rate (SFR ~3 - 623 Mgyear™')°. In total, we found 357 TNG50 galaxies matching these
properties. We then optimized our selection by constraining our distribution of SFR and
M., to conform to those exhibited by the ALPINE [CII] emitting galaxies (Ginolfi et al.,
2020b). Throughout this work, we adopt for the simulated galaxies: i) stellar masses
within twice the stellar half mass radius, and ii) SFRs averaged across the last 100 Myrs
within twice the stellar half mass radius (see Donnari et al., 2019; Pillepich et al., 2019),
comparable to the observationally derived SFRs (see Section 3.2). These galaxies were
also selected to have similar redshifts of those of the observations (z ~4.4-5.7). However,
it was not possible to precisely match them because snapshots with intermediate redshifts
(the so-called mini snapshots) do not contain information on the metal abundances which
are needed to estimate the [CII] emission. Thus, the final selected halos were extracted
from the three full snapshots 13, 17 and 21, corresponding to the redshifts 6, 5 and 4,
respectively.

The individual halos were cut from the full snapshot (at ~3 Rgg) in order to facil-
itate their analysis. In total, we selected 75 halos. Analogous to the observations, we
excluded from our analysis those halos that would have resulted in observable merging
systems. Specifically, following the observational limitations, we did not consider systems
with companion galaxies with SFR>1.5 Mgyear™!, within a 3D radial distance of 1.1Rg0.
We also note that our selected galaxies contain AGNs, while the observed sample excludes
type I AGNs. However, these AGNs of our simulated sample have very low bolometric
luminosities® (Lpor, $10%5° erg s71), which would not be detected in observations. Figure
3.1 shows the distribution of the selected simulated galaxies (red) in the SFR and M.,

4In this work, the selected TNG50-1 galaxies consist in the central subhalos of their corresponding FoF
halos.

5A ~37 per cent of the TNG50-1 galaxies with M, in the range ~8.5 - 11.0 M, have SFRs in the range
~3 - 623 Mgyear—!.

6We estimated the bolometric luminosity of the central AGNs following Nelson et al. (2019).
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planes, in comparison to the sample of Ginolfi et al. (2020b) (blue), using density coun-
tours. Importantly, this selection represents one possible realization of Ginolfi’s sample
extracted from the TNG50 galaxies in the mass and SFR ranges of the ALPINE survey. In
this figure, the spacing between the blue contours (observations) appears larger than the
spacing between the red contours (simulations). This suggests that the observed sample
has a more spread-out distribution of galaxies in the joint space of M, and SFR compared
to the simulated sample. Areas where the blue and red contours overlap suggest regions
of similar M, and SFR values between both samples.

To gain insight on the physical properties of the selected galaxies, Fig. 3.2 presents a
temperature-density (7" — ny) phase diagram within Rog, of one z=5 system. The color
bar indicates the gas mass distribution, where the yellow (blue) regions correspond to areas
of high (low) gas mass concentration within the halo. The yellowest region (~ T" <10%5 K,
10725 < ny <107'em™3) is dominated by ISM gas. Note that all dense gas cells with
ng >0.1 ecm™2 are by construction star-forming in these simulations. The temperatures
of this star-forming gas are determined by the effective equation of state (Springel &
Hernquist, 2003) and they do not represent the physical temperatures of the gas (Pillepich
et al., 2019).

3.3.3 [CI]] cooling rate and flux estimation

In order to obtain an estimate of the [CII] emission for each selected halo, we used the
analytical [CII] cooling rate (Acy) from Bisbas et al. (2022). In their study, Bisbas et al.
(2022) performed [CII] synthethic observations using the GRIFFIN smooth particle hydro-
dynamics simulations (Lahén et al., 2020). These simulations have a resolution of 4Mg
per gas particle and use a modified version of GADGET-3 (Springel, 2005) described in Hu
et al. (2014). They assume a non-equilibrium model of cooling and chemistry that traces
Hy, HT, CO, H, C*, O and free electrons (Nelson & Langer 1997; Glover & Mac Low
2007), only when the gas temperature is <3x10* K. For temperatures above this thresh-
old, equilibrium cooling tables based on 12 different metal species (H, He, N, C, O, Si, Mg,
Fe, S, Ca, Ne, and Zn) are used (from Wiersma et al. 2009). Furthermore, the simulations
also include routines to account for the interstellar UV radiation field and mechanisms for
stellar feedback, such as photoionization, photo-electric heating, and supernovae.

Based on the direct Acyy estimations from the simulations, Bisbas et al. (2022) proposed
a theoretical approach to get Acyr, based on analytical expectations. They demonstrated
that the Acp values obtained from the analytical expressions are in agreement with the
majority of the Acy values obtained directly from their simulations. This approach as-
sumes that the gas is optically thin and is applicable for T' >150 K. The analytical cooling
rate can be expressed as:

Redex % 9p—91:25/T

Ry + Reygex(1 + 2e9125/T)

where T is the temperature of each gas cell and the excitation temperature of CII transition

1

ACII = cm_3) (31)

Ecp ne+(erg s~
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Figure 3.1: Comparison of the distribution of the SFRs and M, values between the simulated
(red) and observed (blue) samples. The joint distribution is visualized using density contours.
The contour spacing represents the density of data points, with closer contours indicating regions
of higher data density. The histograms along the x and y axes provide marginal distributions of
the M, and SFR, respectively, for both observed and simulated samples.

is 91.25 K, Ecyp is the energy hven = 1.25988 x 10~ erg, nc+ is the number density of C*
particles, Rg is the spontaneous emission equal to the corresponding Einstein A-coefficient
R¢=2.291x10"5s1, and R dex 1s the total de-excitation rate given by:

Redex = Re10(H)ng + Re10(Ha)ng, + Re1o(e—)ne (3.2)

where Re10(e-), Re10(Hz) and Ryo(H) are collisional de-excitation rates with e-, H, and
Hy as colliding partners, respectively. We consider the contribution of collisions with H,
negligible. This assumption is based on the fact that TNG50 does not follow the formation
and evolution of molecular gas, consistent with the simulation setup. Additionally, previous
works argue that the contribution of molecular gas to the total [CII] luminosity is minor
(e.g., Franeck et al. 2018; Tarantino et al. 2021; Bisbas et al. 2022). Therefore, we focus
on [CII] emission originating from PDRs where sufficient amounts of HI and e- are present
as collision partners (e.g., Olsen et al. 2015).
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Figure 3.2: Phase-diagram for one of the selected TNG50 galaxies at z=5, weighted and colour
coded by gas mass. The diagram encompasses all gas cells within 1Ropg. For densities above the
star-formation threshold ny=0.1, the temperatures are determined by the effective equation of
state (Springel & Hernquist, 2003).

Then, R 1o(e-) and R 19(H) are:

T —0.345

Re10(e—) = 2.426206 x 1077 <ﬁ) (em™ s71) (3.3)
T 0.385

Reqo(H) = 3.113619 x 107 (1—00> (em™ s71) (3.4)

To estimate Acy (equation 3.1), all the needed parameters can be directly estimated
from the outputs of TNG50-1, except from nc+. The star-forming gas cells (ng > 0.13 cm™3)
are assumed to be at their cold-phase temperature of 1000 K (Springel & Hernquist, 2003),
as this cold-phase is dominant in mass with respect to the warmer component in these cells.
This approach is common in modelling emission lines arising from the cold-phase in TNG
simulations (e.g., Nelson et al. 2021).

In order to estimate the values of nc+ we need the C* fractions for each gas cell. As an
initial simplified approach, we assume a scenario where all neutral carbon is converted into
C™T. Subsequently, we explore other cases in which the C* fractions are obtained using
the spectral synthesis code CLOUDY version 17.03 (Ferland et al., 2017). Our CLOUDY
calculations were run in single-zone mode and iterate until line and continuum optical
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depths become stable. Importantly, our models tested two different ionizing conditions: i)
ultraviolet background (UVB) only, and ii) UVB together with the local ionization field
due to young stars (ages <10 Myr). For the first case, we use the UVB model of Khaire
& Srianand (2019) at the redshift of each simulated galaxy. This UVB spectrum includes
updated inputs based on observations, such as type-1 quasar emissivities and distribution
of HI in the intergalactic medium. For the second case, we use the star-forming regions
spectra model of Cervino et al. (2002). As the young stars are being formed embedded in
molecular clouds, we assume that only a 5 per cent of the stellar radiation can escape the
birth cloud (i.e., escape fraction fe. = 0.05). We assume that all the young stars present
the same SED. This allows us to compute the normalization for the radiation field (¢) at
the position of a gas cell using an optically thin approximation. We sum the contributions
from all the young stellar particles in the simulation, taking into account the distance
between each source and the gas cells (Obreja et al., 2019). This normalization process
helps us quantify the radiation received by the gas cells from the surrounding star-forming
regions. Figure 3.3 shows examples of the input spectra used in our CLOUDY calculations.

Once the C* fractions are computed, all the quantities in equation 3.1 are available. We
can then obtain the [CII] luminosities per cell and estimate their respective flux densities
following Solomon et al. (1992):

Lline

i = L km s~ .
line = 7704 % 10—3yobspg( o) (Jy km s7) (3.5)

where Licyy is the [Cr1] line luminosity in L units, vghs is the observed frequency in units
of GHz, and Dy, corresponds to the luminosity distance in Mpc.

3.3.4 [CII] surface brightness maps and profiles

After getting Licry for each gas cell, we constructed [CII] surface brightness maps. For this,
we obtained 2D projections by integrating the emission within a slice encompassing a range
of [-Rago, +Rago] (or ~[-40, +40] kpc at the median 2=>5) from the galaxy’s center’. We
note that the velocity range used in the observed maps ([-200,+200] km s™!) corresponds
to a larger range of ~[-350,4+350] physical kpc, assuming that these velocities trace the
Hubble flow at z=5. However, it is reasonable to consider a smaller velocity range in the
simulations compared to the observations. This is because structures at larger distances
from the galaxy, beyond the chosen velocity range, are not expected to contribute to the
[CII] signal in a monotonically decreasing manner as a function of radius, as seen in the
observations.

In order to make these 2D maps comparable with the observations, we applied a 2D
Gaussian smoothing with a FWHM equal to the stacked synthetized beam obtained in the
ALMA observations (0.9 arcsec or ~6 kpc at z=5, see Section 3.2). Figure 3.4 shows an
example of [CII] 2D surface brightness maps for one of the selected galaxies at z=5, at full

"The center of the galaxies considered here is the position of the particle with the minimum gravitational
potential energy.
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Figure 3.3: Example of different input spectra used in the CLOUDY calculations. The solid
grey line represents the UVB SED of Khaire & Srianand (2019), and the dashed black line the
CMB, both at z=5. The coloured lines represent the contribution to the SED due to young stars
(Cervino et al., 2002) at different normalizations, plus the contribution of the UVB. The units of
the radiation field ¢ are My year—! kpc™2.

resolution (left panel) and after applied the smoothing (right panel). We have not added
noise to our modeled smoothed SB maps because our primary focus is to assess whether we
can achieve similar flux levels as observed. Future simulations of ALMA observations with
SIMALMA® are needed to incorporate noise levels and achieve a more realistic representation.

For each galaxy, we then extracted circularly averaged radial profiles from their 2D
smoothed SB maps. The profiles were obtained by considering radial bins of 0.15 arcsec,
as done in the observations. Subsequently, total averaged profiles were obtained by stacking
the individual profiles. To accomplish this, we utilized a total of 20 orientations per galaxy
and performed 1000 iterations of the experiment, randomly selecting one orientation per

8SIMALMA is a task from CASA used to simulate observations with ALMA and the Atacama Com-
pact Array (ACA). This task takes into account instrumental and atmospheric effects that can affect the
observed data, including the antenna layout, atmospheric conditions, and noise sources.
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Figure 3.4: [CII] emission surface-brightnes map for one of the selected TNG50 galaxies at
z=5. Left: the map is presented at the full-resolution of the simulation. Right: the map has been
convolved with the ALMA beam of the Ginolfi et al. (2020b) observations. The white contour
represents the average 20 level of the observations (0.08 Jy km s~! beam™!).

galaxy and calculating the final average based on these realizations.

3.4 Results

In this section, we present the results obtained from our post-processing model, which
generates [CII] emission in high-redshift galaxies using the TNG50 simulations. By com-
paring our model predictions with observational data from the ALPINE survey, we assess
the validity and performance of our approach, and try to provide some intuition on the
aforementioned [CII] emission scenarios.

3.4.1 Relation between [CII] luminosity and star formation rate

Several studies have found that the [CII] luminosity is tightly correlated with the SFR,
with a nearly linear relation (e.g, De Looze et al., 2014; Olsen et al., 2017; Lagache et al.,
2018; Schaerer et al., 2020). However, at high-z the scatter around the local relation tends
to increase. This fact has been primarily attributed to variations in galaxy ISM physical
properties, such as gas density and metallicity (e.g., Lagache et al. 2018). In this context,
we explore the [CII]-SFR relation obtained from our post-processing model, and compare
the obtained results with the observational data from the ALPINE survey. Therefore,
the subsequent analysis checks the consistency between our model predictions and the
observations.

The results are shown in Fig. 3.5, where both the simulated (left panel) and observa-
tional (right panel) data are color-coded by stellar mass. For the simulated galaxies, the
x-axis shows the SFR averaged over the last 100 Myrs, and the y-axis the [CII] luminosity
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obtained by assuming UBV and young stars as photoionization fields, and by integrating
inside the area within the 20 level of the observations (stacked flux map, r~1.3 arcsec).
Comparing the two panels, it is evident that our results are in agreement with the obser-
vations, when considering the simulated galaxies that can be detected by the observations
(Licmy >1078Lg). In addition, for both sets of data we can appreciate a trend in the stel-
lar masses along the relation. However, when comparing the distributions of normalized
distances® between M,, Liciy and SFR through a Kolmogorov-Smirnov' test, it is found
that the two samples are not drawn from the same distribution (p-value = 0.002). A pos-
sible explanation for this disparity is the significant scatter in M, and SFR values in the
observed data compared to TNG50. Our results are also roughly in agreement with the
expected relationship for local starburst galaxies (blue line, De Looze et al. 2014) and for
high-z galaxies (red dashed line, Lagache et al. 2018). We note that three of our simulated
galaxies (datapoints inside black box) lie below the expected relationships, exhibiting lu-
minosities below the observational limit. Since these galaxies represent non-detections in
the Ginolfi’s observations, we exclude them from any future analysis.

Overall, the results of this analysis provide validation for the predictions made by our
theoretical model on galactic scales. In the next sections we will explore what these models
predict for the [CII] emission in the CGM.

3.4.2 [CII] Surface brightness profiles

Averaged profiles of all gas

The study of radial [CII] surface brightness profiles in high-redshift galaxies enables a
deeper understanding of the spatial distribution of [CII] emission, the properties of the cold
ISM, the interplay between star formation and feedback, and the properties of the CGM
(e.g., Fujimoto et al., 2019, 2020; Ginolfi et al., 2020b). In figure 3.6 we present the resulting
[CII] surface brigthness profiles of our simulated galaxies, for the three different cases of
C* fractions assumed (represented by different colors, see legend), as explained in Section
3.3.3. The black squares show the averaged profile from Ginolfi et al. (2020b), the solid
lines show the average (including z=4, 5 and 6) profiles from TNG50, and the shaded areas
encompass 95 per cent of the distribution of averaged profiles through multiple realizations
of the experiment, accounting for different orientations of the galaxies (see section 3.3.4).

9The normalized Euclidean distances for the ALPINE and TNG50 datasets are estimated as:

T _ <(M*data - M*min)2> <(SFRdata - SFRmin)2) + ((L[CH]data - L[CH]min)2>
ata —
N (M*max - M*min)2 (SFRmax - SFRmin)2 (L[CII]max - L[CII]min)2

where the subscript data refers to the specific data set being considered (ALPINE or TNG50), min and
maz represent the minimum and maximum values obtained for the variables M., SFR and Ljcry between
the two samples, respectively.

10The Kolmogorov-Smirnov test (Chakravarti et al., 1967) is a non-parametric test used to evaluate
whether two samples or datasets are drawn from the same underlying distribution, or if one sample
conforms to a particular theoretical distribution.
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Figure 3.5: [CII] luminosity versus SFR for the TNG50 galaxies (left panel) and the ALPINE
survey (right panel). The shaded blue area represents the 1o relationship of De Looze et al.
(2014) for starburst local galaxies. The dashed red line shows the relationship of Lagache et al.
(2018) for z=bH star-forming galaxies. The black box in the left panel contains three simulated
galaxies with Loy below the observational limit.

The radial distances are shown up to ~3 arcsec (or ~19 kpc at z=>5), which corresponds
to the maximum radius analyzed in the observational profiles.

For all cases, the most central part of the profile is dominated by the PSF of the obser-
vations (up to a radius of ~1.5 arcsec), while the flatter part at larger scales correspond
to the inner CGM of these galaxies. In the scenario where all carbon (C) is assumed
to be converted into [CII] (dark pink line), comparing with the observations we get an
overestimation of the emission at central scales (~8 times higher) and an underestimation
at scales larger than ~1.5 arcsec (~6 times lower). When considering UVB as ionizing
source (light blue line), we can see that our predicted [CII] flux is also higher (~7 times)
than the observations at central scales, and lower (~7 times) at large scales. In the last
case which assumes UBV and young stars as ionizing sources (orange line), the simulated
flux is comparable to the observed one at central scales (in agreement with our analysis in
Section 3.4.1), but it is even lower at larger scales (~10 times lower). Hereafter we focus on
this last case which provides more realistic predictions for each galaxy emission, and discuss
what could cause the discrepancy on CGM scales. Indeed, the results of this model suggest
that there is extended [CII] emission within the inner CGM. However, the flux normaliza-
tion of these extended [CII] halos compared to the observations is not matched. In what
follows we will analyze in detail the predicted SB profiles and explore the contributions
from different gas phases.
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Figure 3.6: Averaged [CII] SB profiles obtained for our sample of 72 TNG50 halos at z=4, 5 and
6 (solid lines), with shaded areas enclosing a 95 percent of different results obtained by different
galaxy orientations. The different line colors represent the TNG50 profiles obtained assuming C*
fractions equal to the total C fraction (dark pink), CT fraction obtained considering the UVB as
incident field (light blue) and C* fraction considering UVB and local young stars as ionization
sources (orange). As a comparison, the black squares represent the results from the observations.

Contribution of star-forming gas

By examining the contribution of star-forming gas to the total averaged [CII| surface
brightness profile, we can refine our understanding of the underlying physical mechanisms
responsible for the observed emission. Figure 3.7 shows the total contribution of the
dense star-forming gas (magenta dot-dashed line) to the total [CII] SB profile (orange
line, including UVB and local young stars). The non star-forming gas contribution is
shown by the brown dashed line. We can clearly see that the total [CII] emission is
almost completely dominated by the star-forming gas. Since the [CII] emission in the
ISM is primarily emitted from PDRs regions where ionized carbon atoms are heated by
UV radiation from nearby young stars (e.g., Stacey et al. 2010), this result is expected at
central galactic scales (up to ~1.5 arcsec), where most of the star-formation processes take
place. On the other hand, understanding the origin of star-forming gas dominating in the
inner CGM (0.1< R/ Rgg0 <0.6, or ~1.5< 1 <4 arcsec at z=5) is more complex.

Indeed, our selected TNGH0 galaxies present star-forming gas extended up to Ragp.
This can be appreciated in Fig. 3.7 (right panel), that shows a projection of star-forming
gas for one galaxy at z = 5 (same galaxy shown in Fig. 3.4). In section 3.5.1 we discuss
the possible origin of this large-scale star-forming gas.
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Figure 3.7: Left: Averaged contribution of the star-forming gas (magenta dot-dashed line) and
non star-forming gas (brown dashed line) to the total [CII] emitting gas (orange line). The shaded
areas enclose a 95 percent of different results obtained by different galaxy orientations. Right:
SFR density map for a TNG50 galaxy at z=5. The box size radius is ~40 kpc or ~1Raqp.

High and low-SFR subsamples

In order to understand the relationship between the [CII] emission and SFR, Ginolfi et al.
(2020b) divided their sample in two subsamples: high and low-SFR galaxies, using as
threshold 25 M, year~!. Then, to determine the typical size of the stacked [CII] line core,
they computed SB radial profiles for both subsamples (see Fig. 3.8). They find that the
subsample of high-SFR galaxies show a more extended profile (radial scales >10 kpc at
2=5), while the profile of low-SFR galaxies drops around r~1.5 arcsec (or r~10 kpc). They
claim that this result supports the scenario where star-formation feedback is responsible
for the presence of [CII] halos.

In order to further compare with the observations, we did the same analysis dividing our
sample in high and low-SFR using the same threshold of 25 M, year—!. This comparison
is shown in Fig. 3.8, where the triangles (squares) represent the high (low) SFR subsample
of Ginolfi et al. (2020b), and the blue (green) solid curve represents the high (low) SFR
subsample of the TNG50-1 galaxies. The shaded areas encompass the percentiles 2 and 98
of the whole distribution of averaged profiles per galaxy per rotation. The black symbols are
the averaged profiles obtained by the observations. At central galactic scales (r<1.5 arcsec),
the profile of the high-SFR galaxies is higher (~2 times) than the one of low-SFR galaxies,
which is expected. Between 1.5<r<2 arcsec both profiles are in agreement. Then, at
larger scales (i.e., CGM scales), the profile of the high-SFR subsample overcomes the one
of low-SFR galaxies. However this is a slight difference compared to what is found in
the observations. Hence, according to our model, [CII| halos are expected with similar
intensities in both high and low-SFR galaxies. A possible reason for this discrepancy is
that the simulations may not accurately capture the complex physical processes responsible
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Figure 3.8: Averaged [CII] SB profiles (solid lines) assuming C* fractions from the UBV and
local young stars case. The blue line is the averaged profile for the high-SFR subsample, and the
green one for the low-SFR subsample. The black triangles and squares represent the results for
high and low-SFR galaxies of the observations, respectively. The shaded areas encompass the 2.5
and 97.5 percentiles of the distribution of all profiles (for each galaxy and each rotation).

for producing [CII] halos in galaxies, such as the effects of feedback from star formation or
active galactic nuclei. A detailed discussion is presented in section 3.5.1.

Contribution of inflows and outflows

Understanding the role of inflows and outflows in galaxy formation and evolution is es-
sential to fully comprehend the physical processes that govern the growth and properties
of galaxies. In this context, the identification of the [CII] contribution from each of these
components allow us to disentangle the impact of inflows and outflows on the overall [CII]
emission properties of the studied galaxies. In particular, cold (T~10%K) inflows and out-
flows have been proposed as a possible origin of [CII] halos (Fujimoto et al., 2019). In
the case of cold gas inflows, the infalling streams can produce shock heating, resulting in
the production of [CII]. Conversely, extended [CII] emission may be generated by ionized
carbon, powered by outflows originating from AGN or star formation processes. In this
context, we estimated the gas radial velocities v,,q with respect to the center of the halos,
specifically the position at the minimum gravitational potential. We denote as outflow the
gas with vaq > 0, and inflow as vp,q < 0 km s,

The results of this analysis are shown in Fig. 3.9, where we separate the contribution to
the [CII] radial profile from inflowing and outflowing gas. The blue dashed line indicates
the contribution of inflowing gas, while the red dashed line indicates outflows. We can
appreciate that on galactic scales (up to ~1.5 arcsec) the contribution of inflows and
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outflows is balanced. On larger scales the contribution of the infalling gas dominates,
increasing with radial distance.
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Figure 3.9: Averaged contribution of the infalling gas (blue dashed line) and outflowing gas
(red dashed line) to the total [CII] emitting gas (orange line). The shaded areas represent the
20 uncertainty obtained using 1000 samples of galaxies with randomly picked orientations, as
explained in Section 3.3.4

In order to further investigate [CII] as a kinematical tracer, the left panel of figure
3.10 shows the gas radial velocity versus radial distance normalized by Rsgy, weighted by
[CII] luminosity, for a stacking of all the selected halos at redshift 4, 5, 6. The histograms
at the right panels show the total distribution of inflows and outflows at different radial
ranges: 0< R/Rog <0.1, 0.1< R/ Rsopp <0.6, and 0.6< R/Rsp <1 . As a reference, the
average Rggo for the TNG50 selected galaxies at z=5 is ~40 kpc (or ~6 arcsec). For the
first radial bin (inner galactic scales), our predictions indicate a balance between inflows
and outflows. For the second radial bin (inner CGM), we note that the contribution of
inflows exceeds the contribution of outflows by a 40 per cent. At larger scales (third radial
bin), the contribution of inflows (98 %) dominates the [CII] emission.

These results suggest that infalling gas may play a more significant role in the [CII]
emission at larger scales, potentially indicating the presence of gas accretion processes that
contribute to the buildup of gas reservoirs in high-redshift galaxies. These results are in-
triguing due to the expectation that inflowing gas from the intergalactic medium typically
possesses low metallicity (e.g., Pallottini et al. 2014). Consequently, it is anticipated that
this gas would have a minimal impact on [CII] halos. Therefore, these results raise inter-
esting implications for our understanding of metal-enriched gas inflows. We further explore
these results in section 3.5.
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Figure 3.10: Left: Gas radial velocity versus radial distance (normalized to the virial radius),
weighted by [CII] luminosity, for a stacking of all the selected TNG50 galaxies (i.e, at redshifts 4,
5 and 6). Velocities greater than 0 denote outflows, and less than 0 inflows. Right: the histograms
shows the total distribution of inflowing and outflowing gas, at different radial bins (see legend).

Contribution of satellites

Another potential origin of [CII] halos is related to satellite galaxies (e.g., Fujimoto et al.,
2019). This scenario suggests that the presence of satellite galaxies surrounding central
star-forming galaxies gives rise to observed extended [CII] emission. In this context, we
analyzed the contribution of gas that is not part of the central galaxy, which consists in
gas from satellites, to the total [CII] emission. Our sample excludes systems with the
presence of observable companion galaxies, i.e. with SFR>1.5 My and at a projected
distance <3 arcsec from the central galaxy, to be in agreement with Ginolfi et al. (2020b).
However, we analysed the contribution of low-SFR satellites galaxies (that would not be
detectable by observations) that still might be present at small and large scales.

In this context, Figure 3.11 shows the contribution of satellites (purple dashed line)
and the contribution of the central galaxies (grey dashed line) to the total [CII] profile
(orange). As expected, we note that for the inner part of the galaxies, i.e between 0 and
~2 arcsec, the contribution from the central galaxy dominates. However, there is also a
very low contribution from the satellites because of projection effects. We also note that
after ~2 arcsec the contribution of satellites starts to dominate. This contribution increases
up to a ~100 per cent at Ragy (~7 arcsec).

To further explore the contribution of satellites, Fig. 3.12 shows the same analysis as
that in Fig. 3.10, but only for the gas from satellites, neglecting the contribution of the
central galaxies. From the 2D histogram (left panel), it is evident that companion galaxies
(clumpy structures) are already present on small scales, ~0.1 R/Ryq (or 4 kpc/0.7 arcsec
at z=5). From the histograms at the right panel, we note that after 0.6 R/ R almost all
(99 per cent) the gas from satellites is inflowing towards the central halo.

Interestingly, both these results suggest that gas that is part of satellites galaxies may
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Figure 3.11: Averaged contribution of the satellites gas (purple dashed line) and central galaxies
gas (grey dashed line) to the total [CII] emitting gas (orange line). The shaded areas enclose a
95 percent of different results obtained by different galaxy orientations.

play an important role in observations of [CII| halos, especially when analyzing stacked
data, in contrast to what has been argued in observational works (e.g., Fujimoto et al.,
2019, 2020). These results will be further elaborated and discussed in the next section.

3.5 Discussion

In this section we explore different properties associated with extended [CII] emission based
on the results found in this work. Subsequently, we aim to interpret these properties and
discuss potential scenarios concerning the origin of [CII] halos.

3.5.1 Origin of large-scale star-forming gas

The CGM is a complex and dynamic environment influenced by different physical pro-
cesses operating across various scales. These processes include gas accretion, feedback
from star formation and black holes, and interactions with the surrounding environment
(see Tumlinson et al. 2017 and references therein). In this context, at high-z the presence
of star-forming gas extending beyond the body of the central galaxies is not unexpected in
the TNG model (e.g., Donnari et al., 2019). In particular, Pillepich et al. (2019) studied the
evolution of stellar and gaseous components in star-forming TNG50 galaxies at 0 < z < 6.
They found that, for all masses and redshifts, the star-forming gas (as traced by Ha) set-
tles into disky or elongated morphologies. At high-z, they also find that the star-forming
gas often exhibits a complex structure, characterized by significant asymmetries on large
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Figure 3.12: Same as in Figure 3.10, but for a stacking of all satellites (rejecting the contribution
of the central galaxies) of all the selected TNG50 halos.

scales (beyond the stellar body), which can be attributed to the prevalence of inflows and
outflows during this epoch.

In Section 3.4.2, it was shown that the star-forming gas in the TNG5H0 galaxies is
extended up to ~Rggg, dominating the [CII] SB profiles from inner galactic to CGM scales.
One option is that this extended star-forming gas comes from the central galaxy. Galaxies
undergoing active star formation can generate strong outflows that expel gas into their
surroundings. This gas could then cool down and lead to star formation in the halo.
Another option is that this star-forming gas comes from satellites galaxies. Interactions
can trigger star formation and redistribute gas within and around galaxies, or gas can be
stripped or ejected from satellites galaxies. Furthermore, the extended star-forming gas
may be fueled by accretion of cold gas from the intergalactic medium along filamentary
structures.

Considering the kinematic analysis performed in Section 3.4.2 together with the con-
tribution of satellites in Section 3.4.2, we conclude that the large-scale (r>1.5 arcsec)
star-forming gas is mostly infalling and belongs to the satellites galaxies. Specifically, from
Fig. 3.12 we obtain that at R/Rgpy >0.6 almost all the gas belonging to satellites is in-
falling (right third histogram). Another illustrative example is presented in Fig. 3.13, that
shows an averaged SFR-weighted radial velocity map of the star-forming gas for a galaxy
at z=5. Inflows are represented in blue and outflows in red. It is evident from the figure
that the majority of the large-scale star-forming gas primarily consists of infalling gas.

As a consistency check, we also analyzed the metallicity distrubution of the star-forming
gas. The chemical signatures within the CGM are influenced by different mechanisms such
as galactic outflows from supernovae and black holes, and the ejection or stripping of metals
from satellite galaxies (e.g., Tegmark et al. 1993; Shen et al. 2013; Nelson et al. 2019; Torrey
et al. 2019; Péroux et al. 2020). Figure 3.14 shows an averaged SFR-weighted metallicity
map (right panel) of the star-forming gas for a galaxy at z=5. Its corresponding averaged
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Figure 3.13: Average SFR-weighted radial velocity map for a galaxy at z=5. Only the star-
forming gas is shown. The box size radius is ~40 kpc or ~1Roqg.

radial profile is shown in the left panel. As expected, the gas that in the central body of
the galaxy exhibits higher metal enrichment (by almost 2 orders of magnitude) compared
to the large-scale accreting gas. Additionally, we note that the infalling gas streams in
the CGM are already metal polluted at this redshift, with typical values in the range of
107%-1072Zy. As a reference, the dominant metallicity of outflowing gas for z ~4 galaxies
(M, ~10%°M,,) has been found to be ~107%7Z, (Nelson et al., 2019), while gas from the
intergalactic medium is expected to have a low-metallicty of ~1073Z, at z ~4-6 (Pallottini
et al., 2014). Overall, this result is expected since metal-enriched gas is necessary for the
presence of CT ions and consequently [CII] emission.

3.5.2 Role of satellite galaxies in producing [CII] halos

Most observational works studying [CII] halos have focused on isolated galaxies (i.e., with
no observable minor or major mergers, e.g., Fujimoto et al. 2019; Ginolfi et al. 2020b;
Fujimoto et al. 2020; Herrera-Camus et al. 2021; Fudamoto et al. 2022). However, con-
tamination from possible faint undetected satellites cannot be discarded. The presence of
satellites may affect the gas dynamics, heating processes, or feedback mechanisms, influenc-
ing the overall [CII| emission properties. In this context, some attempts from observations
have been made to estimate the contribution of such undetected satellites to the observed
[CII] halos. For instance, Fujimoto et al. (2019) investigated the possible contribution of
satellites to the extended [CII] emission they found in a stacking of data of star-forming
galaxies at z =5-7. They estimated radial values of the Ly /SFR ratio, finding the highest
ratios in the outer regions. These values are in disagreement with those expected for local
dwarf galaxies. The authors interpret this as an indication that satellites are likely not
originating the observed [CII] halo. On the other hand, Ginolfi et al. (2020a) studied one
merging system at z ~4.6, from the ALPINE survey. They find a [CII] halo extending
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Figure 3.14: Left: Average metallicity (weighted by SFR) radial profile of the star-forming gas
for one galaxy at z=5. Right: Average SFR-weigthed metallicity map for a galaxy at z=5. Only
the star-forming gas is shown. Its corresponding radial profile is shown in the left panel. The
box size radius is ~40 kpc or ~Raqp.

up to r ~15 kpc, and argue that its origin is mainly interestellar gas stripped by strong
gravitational interactions, with a possible less significant contribution from galactic ouflows
and star formation from small faint satellites. Recently, Schimek et al. (2023) presented a
theoretical effort of simulating [CII] emission in a zoom-in simulation of a system at 2=6.5
undergoing a major merger. Their results indicate that the [CII] emission in the CGM is
higher in an accreting filament and tidal features from the merging galaxies.

From the previous section and the results presented in Section 3.4.2, we find that star-
forming gas from satellites or companion galaxies have a substantial contribution to the
extended [CII] emission after ~2 arcsec. This suggests that faint satellites, which may be
undetected in observations, could be important contributors to the [CII] halos observed
around galaxies. However, as we are not obtaining the emission level of the observed
[CII] profile on CGM scales, we cannot confirm that. A possibility for this missing flux is
that there might be other physical processes affecting the extended [CII] emission that are
not well reproduced by TNG50 (see next Section). To test what would be the maximum
contribution of satellites in our model, we derived the average [CII] SB profile for a larger
sample of TNG50 galaxies (169) that covers the physical properties range of Ginolfi’s
sample (see Section 3.3.2), but without imposing a similar distribution in SFR and stellar
mass. Importantly, we select these galaxies without removing the systems with mergers.
The result is presented in Fig. 3.15, where the C* fractions where estimated by assuming
UVB and young stars as ionizing sources. Interestingly, the level of [CII] emission at
large scales is ~8 times higher than what is found in our cleaned sample (see Fig. 3.6,
bottom panel), being closer to the observations. This supports the scenario in which the
presence of satellites and their interactions with the central galaxies could have a significant
impact on the [CII] emission in the inner CGM. This effect could be especially important
in observational results based on stacking techniques.
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Figure 3.15: Averaged [CII] SB profiles obtained for a sample of 169 TNG50 galaxies at z=4,
5 and 6 (orange line) which include close satellites. The shaded area enclosing a 95 percent of
different results obtained by different galaxy orientations. The CT fractions have been estimated
considering UVB and local young stars as ionization sources.

In summary, our model, which shows that [CII] traces star-forming gas, suggest that
satellites (including faint and undetected ones) can play an important role in shaping the
extended [CII] emission in the inner CGM of high-z galaxies. However, further investigation
is needed to fully understand the specific role of satellites in reproducing the exact levels of
the observed extended [CII] emission. Even when including galaxies with close satellites,
we are not able to fully match the observations. Future theoretical works exploring the
detailed properties of satellites, their gas content, and interactions with the central galaxies
could provide insights into the mechanisms responsible for the observed [CII] halos of high-z
galaxies.

3.5.3 Role of outflows in [CII] emission of high and low-SFR
galaxies

Based on a spectral and cube stacking analysis, Ginolfi et al. (2020b) argue that [CII]
halos trace circumgalactic gas that has been previously enriched by past outflows driven
by star formation activity. They found extended [CII] emission only for the subsample
of galaxies with high-SFR (SFR > 25 M, yr™!), implying that galaxies with more active
star formation should present more extended [CII] emission. This interpretation is further
supported by semi-analytical models (Pizzati et al. 2020, 2023). For instance, Pizzati et al.
(2023) implemented a model to predict [CII] halos originated from outflowing gas, which
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Figure 3.16: Averaged [CII] SB profiles for the outflowing (inflowing) gas only, represented by
the red (blue) color. Our original TNG50 sample has been divided in two subsamples: high-SFR
(dashed lines) and low-SFR (dotted lines). The C* fractions have been estimated considering
UVB and local young stars as ionization sources.

incorporates key factors such as the outflow mass loading factor!! (1), the parent galaxy
SFR, and the circular velocity of the dark-matter halo. In particular, the value of n is
related to the radiative cooling of the wind and its capability to reach low temperatures
(T~10%-10* K). Conversely, the gravitational potential of the dark-matter halo can sub-
stantially decelerate the gas expansion. These authors compare their results with ALPINE
individual galaxies (from Fujimoto et al. 2020) finding that detected [CII] haloes are a
natural outcome of starburst-driven outflows. Their model also suggests that low-mass
systems also present [CII] halos, however their emission levels are too faint to be detected
with the current observational capabilities.

In Section 3.4.2, we analyzed the [CII] SB profiles of our high-SFR and low-SFR sub-
samples, finding no major difference between both profiles at CGM scales, in contrast
with the observational results of Ginolfi et al. (2020b). Both subsamples present extended
[CII] emission, however the emission of the high-SFR, subsample should be higher (up to
~20 times) to match the observations. To have more insights regarding the reason of
this discrepancy, we constructed the [CII] radial SB profile of the outflowing gas only and
look for differences in both SFR subsamples (for completeness, the same is done for the
inflowing gas). This exercise is shown in Fig. 3.16, where the dashed line indicates the
average for high-SFR galaxies (SFR > 25 Mg, yr~!), and the dotted line for low-SFR galax-
ies (SFR < 25 My yr!). The radial axis goes until ~7 arcsec (~ Rag). We note that
for galactic scales (r <2 arcsec), the SB of the outflowing gas is ~2 times higher for the

L) = M/SFR, with M the outflow rate.
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high-SFR galaxies. Then, at r ~2 arcsec there is a drop in the profile of the high-SFR sub-
sample, which then raises again, overcoming the outflowing gas profile of low-SFR galaxies
at r ~2.8 arcsec, until ~Rgg (by a factor of ~10). This indicates that outflows in the
high-SFR galaxies are more energetic and hence more extended, contributing to a larger
observable [CII] SB for scales larger than r ~2.8 arcsec. However, this increased outflow
contribution is still much smaller than the contribution from infalling star-forming gas in
our model. If outflows are the main contributors to the [CII] halos, their phase diagram in
the TNG50 simulations are not accurate enough to produce observable levels of emission.

In particular, the TNG model assumes that star formation feedback drives galactic out-
flows, which are launched from star-forming gas with a wind velocity (vy,) that depends on
the local dark matter velocity dispersion (opy, e.g., Vogelsberger et al. 2013). The outflow
mass loading is determined by the supernova energy and the assumed wind speed, while
the metal content is a fraction of ISM metallicity. The model uses a kinetic wind scheme
where wind particles are created and decoupled from the gas until they leave the dense
ISM. Outside the dense medium, the wind particles recouple with the gas, transferring
their mass, momentum, metals, and thermal energy to the surrounding medium. Wind
particles re-couple to the gas cell when: 1) the density drops below a threshold (ny =
0.05 x density threshold for star formation = 0.006 cm™?), or 2) after a maximum travel
time has been reached (0.025 x Hubble time at respective z) (Pillepich et al., 2018).

For the TNG50 galaxies at z=5 (median of the sample) studied here, the average
distance!'? at which the wind particles would re-couple with the gas from the condition 1), is
~b arcsec (or ~32 kpc) and ~4.6 arcsec (or ~30 kpc) for the high and low-SFR subsamples,
respectively. On the other hand, following condition 2), the maximum distance!® after
the maximum travel time is ~2.8 arcsec (or ~18 kpc) and ~2.4 arcsec (or ~15 kpc)
for the high and low-SFR subsamples, respectively. These results indicate that for the
case of our selected halos, the wind particles re-couple with the gas cells according to
the second criteria, which is first met. The different radial distances estimated for both
subsamples confirm that the outflows of the high-SFR galaxies propagate at larger distances
compared to the low-SFR galaxies (Fig. 3.16). On the other hand, the distance of ~18 kpc
(~2.8 arcsec) obtained for the high-SFR subsample is comparable to the distance that reach
the outflows in the observations of Ginolfi et al. (2020b) (r ~15 kpc), and is also close to the
radius where there is a drop in the outflowing gas SB profile (~2 arcsec, Fig. 3.16). This
suggests that as the wind particles re-couple with the gas and transfer their properties, it
can lead to a change in the gas properties and potentially a decrease in the [CII] emission.
Therefore, if all of the observed extended [CII] emission is attributed to stellar winds, it
would be necessary to incorporate a new subgrid prescription able to enhance the wind

12To estimate this distance, an average ny profile has been computed, considering 3D radial bins of
~0.4 arcsec. This profile then provided the average distance at which the density threshold is reached.

13This distance is given by vy, x current Hubble time x 0.025. We first estimated v, that depends on opm
(see equation 1 in Pillepich et al. 2018). To estimate opy, we assumed that Vigax ~1.450pm (Okamoto
et al., 2010), with Viax the maximum circular velocity of the host dark matter halo. By assuming a
NFW profile, Vi .x was estimated as Vigax = 1/0.2162¢/ f(c)Viir, with V44, the virial halo velocity, ¢ the
concentration parameter, and f(c) =In(1+¢) —¢/(1 + ¢) (e.g., Dutton & Maccio 2014).
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Figure 3.17: Left: Averaged density profile, weighted by temperature (colder gas has higher
weight), obtained for the outflowing gas only. Right: Averaged temperature profile, weighted by
density (denser gas has higher weight), obtained for the outflowing gas only.

contribution significantly. This increase could be achieved by including a precription for
an entrained clumpy, cold dense phase that is currently missing (e.g., Hamann et al. 2013;
Liang et al. 2016; Faucher-Giguere et al. 2016; McCourt et al. 2018; Gronke & Oh 2018,
2020).

Interestingly, the drop at r ~2 arcsec could be directly related to the results shown in
Fig. 3.8: around r ~2 arcsec is when the profiles of both subsamples coincide. To better
understand the physics behind this drop, we analyzed the radial density and temperature
distributions (smoothed by the ALMA beamsize) of the outflowing gas, for both subsamples
(Fig. 3.17). While the temperature profiles show a similiar behavior for both subsamples
(having the high-SFR subsample higher temperatures along all radii), the density profiles of
both subsamples behave differently. The density profile for the high-SFR galaxies is higher
than the one for the low-SFR galaxies at central scales, and then decreases becoming lower
than the low-SFR profile at r ~2 arcsec. Such a decrease in density would result in a
smaller cooling rate for [CII].

Overall, this analysis suggests that the general difference in the [CII] profiles between
the low and high-SFR samples in the outflows case can be attributed to the distance that
wind particles can travel in each scenario. On the other hand, the drop in the outflow
radial profile of the high-SFR, subsample around 2 arcsec is closely linked to the decrease
in density at the same radius, and potentially to the average radius at which wind particles
re-couple to the gas. In turn, this different behavior of the outflows in the high and low-SFR
subsamples would be influencing their total [CII] SB profiles.

On the other hand, it is important to discuss the effect of AGN feedback. While
the observed samples do not report the evidence for AGN activity in the targeted galax-
ies down to current observational limits, all our selected TNG50 galaxies have AGNs
(Lpor <10%5 erg s7!) affecting the surrounding gas with thermal mode feedback!* (i.e.,

14Tn the TNG model, the feedback from suppermassive black holes is implemented based on the Bondi-
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high accretion rates, average M / Mpaa= 0.5). The average AGN feedback energy is higher
for the high star-forming sample compared to the low star-forming sample (AE = 10*3%rg s7*
and 10%33erg s71, respectively). This stronger AGN feedback in the most star-forming
galaxies may lead to higher gas temperatures (right panel of Figure 3.17), resulting in
similar or lower [CII] emission compared to the low star-forming galaxies. Importantly, an
AGN would also affect the CF fractions with its hard radiation. This effect is not taken
into account in our calculations, but would increase the tension with observations as we
expect Carbon to me more ionized when accounting for an AGN contribution.

Overall the discrepancy between the simulated [CII] profile for the high-SFR subsample
and the observed one could be attributed to different factors: 1) low statistic or absence
of very high SFR galaxies in the simulations. Cosmological simulations have difficulties in
reproducing the violent star-formation rates invoked by observations (e.g., Furlong et al.
2015; Donnari et al. 2019; Katsianis et al. 2020). The number of high-SFR galaxies studied
here is smaller than the number of low-SFR galaxies. Our high-SFR subsample consists
of 21 galaxies (versus 50 for the low-SFR subsample), and are in the range of 25-270
Mg year~!, while in the observations they analyze 20 high-SFR galaxies in the range of
25-623 M, year™! (versus 20 low-SFR). The most star-forming systems in the observations,
those at ~600 Mg, year~!, are dominating the averaged [CII] halo emission. However, in
TNGH50 such systems are simply not available. 2) Bias in the observations. The results of
the observations may be affected by a selection bias favoring more luminous [CII] halos at a
given SFR. 3) Subgrid prescription regulating the feedback processes (from star-formation
and AGN) in TNG50 may not accurately capture the complex physical processes responsi-
ble for producing extended [CII] emission in galaxies. 4) Other resolution limitations and
missing physical processes in our model, as the caveats explained in Section 3.5.4.

In summary, our predicted [CII] emission in TNG50 galaxies suggests that [CII] ha-
los originate through a combination of contribution of star-forming gas (associated with
satellites galaxies on CGM scales) and outflows from galactic scales. The contribution of
inflowing gas from satellites dominates after ~2 arcsec. However, compared to the ob-
servations we do not match the level of [CII] emission on CGM scales. This discrepancy
could be related to the limited resolution of the simulations, issues in the feedback model
of TNG, and/or other physical processes not implemented in our model. The next section
details the caveats of our model.

3.5.4 Caveats

There are certain limitations and considerations related to the simulations and model as-
sumptions that need to be taken into account when interpreting the results and conclusions
presented in the previous sections:

to-Eddington mass growth ratio (MB;ndi / Mﬁdd). When this ratio is larger (smaller) than a threshold of
MBondi/ Mgaq = min[0.02(Mpn/103Mg)?, 0.1], the feedback energy is injected in “thermal mode” (“kinetic
mode”) (Weinberger et al., 2017).
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e Cold dense gas clumps in the CGM: The TNG50 simulations may not fully
resolve cold high-density gas within the CGM, potentially resulting in an underesti-
mation of the [CII] emission. It is possible that the presence of cold clumps in the
CGM would contribute to higher [CII] emission levels than those captured in this
work. The presence and survival of dense CGM gas is supported by observations
(e.g., Cantalupo et al. 2014; Arrigoni Battaia et al. 2015; Borisova et al. 2016) and
high-resolution ”cloud-crushing” simulations (e.g., Gronke & Oh, 2018, 2020; Kanji-
lal et al., 2021). In particular, Nelson et al. (2020) attempted to resolve small-scale
cold CGM gas in TNGH0, finding the presence of cold clouds whose number and
mass increase with resolution. Despite these efforts, such processes are still largely
unresolved. In light of the critical densities associated with C*, it becomes neces-
sary to incorporate higher densities, potentially through the application of density
distributions on sub-grid scales (e.g., Olsen et al. 2021; Schimek et al. 2023).

e Coldest temperature: The temperature of the star-forming gas cells is assumed to
be fixed at 1000 K (cold mode, Springel & Hernquist 2003). While this specific value
is motivated by the subgrid model used in the simulations, in reality star-forming gas
is characterized by a distribution of temperatures which spans also lower values (e.g.,
Kainulainen et al. 2009; Draine 2011; Olsen et al. 2021). Colder dense gas (currently
not modelled in the TNG50 suite) could enhance the production of [CII] emission.

e Turbulence dissipation in the CGM: The CGM is expected to be a turbu-
lent enviroment, influenced by different perturbations associated with galaxy inter-
actions, accretion, and outflows. Turbulence dissipation affects the dynamics, ther-
mal properties, and chemical enrichment of the CGM (see Faucher-Giguere & Oh
2023 and references therein). In the cold CGM, turbulent widths have typical val-
ues of ~10-30 km s~!, which indicates random motions with velocity dispersions of
o ~1000 km s7! (e.g., Borisova et al. 2016; McCourt et al. 2018; Rudie et al. 2019).
Considering this, the inclusion of sub-grid scale high-velocity turbulences could be
essential to enhance the frequency of collisions between C* and its colliding partners,
leading to an increased [CII] emission in the CGM (e.g., Godard et al. 2014).

e H, as collisional partner: In our post-processing model, we have neglected Hs
as colliding partner because of the reasons explained in Section 3.3.3, and especially
because its physics is not modelled by the simulations. [CII] emission due to collisions
with Hs is characterized by the highest critical density when compared to collisions
with e- and H (see Section 3.1), and such densities are not present on CGM scales
in the TNG50 simulations. However, Hy might be an important collisional partner
out to the inner CGM. There is growing observational evidence of the presence of
molecular gas outside the main body of high-z galaxies, i.e reaching the inner CGM
(e.g., Ginolfi et al. 2017; Falgarone et al. 2017; Emonts et al. 2019; Li et al. 2020;
Vidal-Garcia et al. 2021; Emonts et al. 2023). This suggests that Hy may indeed be
an important contributor to the [CII] emission in those regions.
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e Assumptions in the CLOUDY calculations: To obtain the C* fractions in the
simulated systems, we used CLOUDY tables by assuming a fixed escape fraction of
ionising photons of 5 per cent. However, it is important to note that this escape
fraction might be variable at different radial scales, as well as the optical thickness
of the medium. Some works suggest that f.s. should be very small (<1 per cent)
to produce the observed [CII] halos (e.g., Pizzati et al. 2020, 2023), and it may also
variate for different galaxy mass ranges (e.g., Xu et al. 2016.)

3.6 Summary

To investigate the nature of [CII] halos detected in observations around galaxies at z >4,
we conducted a post-processing analysis on the Illustris-TNG50 simulation. We aimed
to generate [CII| emission in a sample of simulated galaxies at z ~4-6. Specifically, by
incorporating C* fractions derived by assuming UV background and young stars as radi-
ation sources, we estimate [CII| emissivities and generate mock observations, comparing
our results with the ALPINE [CII] emitting galaxies investigated by Ginolfi et al. (2020Db).
This approach allowed us to study the possible origin of extended [CII] emission in high-z
galaxies, and discuss the contribution of different factors to this emission. The main results
of this work are summarized as follows:

i) Our model reproduces the L¢y versus SFR relationship found by previous works
in local and high-z galaxies. This result provides validation for the predictions from our
model on galactic scales.

ii) We derived an averaged [CII] SB profile and compared it to the observed data. Our
predicted [CII] emission levels on central scales (r <1.5 arcsec or ~10 kpc at z=5) are in
agreement with the observations. However, at CGM scales our results underestimate the
[CII] emission levels by a factor of ~10.

iii) The [CII] emission in our systems is dominated by the dense star-forming gas, as
expected. This gas extends up to the virial radius.

iv) From a kinematic analysis, we find that on inner galactic scales (r <0.7 arcsec or
5 kpc at z=5) the [CII] emission traces a balance between inflows and outflows (contribution
of 51 and 49 per cent, respectively)

v) The contribution of infalling gas from satellites dominates the [CII] emission in the
CGM, specifically after r ~2 arcsec (or ~13 kpc at z=5). This suggests that faint and
undetected satellites may play a significant role in shaping the observed extended [CII]
emission.

vi) We find further tension with the observations when comparing the SB profiles for the
low and high-SFR galaxies, finding no significant difference in the extended [CII] emission
levels (up to r~3 arcsec or ~20 kpc at z=5) between the two subsamples. We propose
that this could be an effect of the feedback model and the limited resolution of the TNG
simulations.

vii) According to our results, the origin of [CII] halos is a combination of contribution
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of gas from satellites and outflows from the central galaxies. However, the contribution of
infalling gas by galaxies completely dominates at 4< r <7 arcsec (0.6< r/Rgp <1).

Therefore, this theoretical effort highlights the complex nature of extended [CII] emis-
sion in the inner CGM of high-redshift galaxies. Further investigations based on the state-
of-art simulations and observations are necessary to fully understand the specific role of
satellites and other physical processes (e.g., galactic winds, turbulences) in reproducing
the observed [CII] halos. In particular, cosmological simulations with higher resolution
in the ISM and CGM are needed. While running cosmological simulations with higher
refinements is currently computationally expensive and requires tuning, one could achieve
improved results with the use of more detailed subgrid prescriptions based on radiative
transfer calculations run on high-resolution turbulent boxes (Buhlmann et al. in prep).
On the other hand, future observations from large sub-mm single-dish telescopes (e.g.,
AtLAST, 50 m telescope) in combination with high-resolution interferometric observations
(e.g., CRISTAL, large ALMA project) will be able to improve our general knowledge of
the CGM and specifically of [CII] halos in high-z objects.
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Chapter 4

Summary and Future outlook

In this chapter, I provide a summary of the key findings and contributions of this thesis
to the field of galaxy evolution. By placing my work in context, I emphasize its signifi-
cance and impact on the field. Additionally, I outline the future prospects and potential
extensions of this thesis, focusing on the projects presented herein.

4.1 Summary and implications of the main results

4.1.1 Link between molecular gas reservoirs and extended Ly«
emission in z ~3 quasars

To unveil the multi-phase nature of the gas reservoirs around z ~ 3 quasars, I performed
an observational work that was presented in Chapter 2. I conducted a deep spectroscopic
survey with APEX/SEPIA180, targeting the CO(7-6), CO(6-5) and [CI](2 — 1) transitions
for a sample of nine z ~ 3 quasars, which were previously observed with VLT/MUSE,
to study the molecular gas phase and its link with the Lya properties on larger scales.
The findings from this pilot sample revealed intriguing insights. Our results suggest that
the most massive molecular reservoirs are associated with the dimmest and some of the
smallest Ly« nebulae (see Fig. 2.10), possibly indicating that a large fraction of the quasar
photons are blocked on galaxy scales. Additionally, indications of potential large-scale
inflows and outflows were detected. We found large velocity shifts (ranging from ~-400 to
~+1200 km s!) between the bulk of Lya and the systemic redshift in five systems, with
the broadest Ly« lines associated to the sources with the largest velocity shifts.

Overall, to our knowledge this work represents one of the first observations providing
constraints and correlations between the cool gas traced by Lya emission and the molecular
gas content in high-z quasars. By doing so, it enhances our understanding of the gas
properties, kinematics, and the interplay between different gas phases in the context of
galaxy formation and evolution. Specifically at z ~3, that represents the epoch at which the
quasar density peaks, and the lowest redshift accessible by MUSE. The findings presented
in this study provide important insights into the underlying physical processes that shape
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these systems. Recent works are now attempting similar analysis, aiming to link both
gas phases in high-z quasars using ALMA observations. For instance, Drake et al. (2022)
compared the Lya and [CII] emission observed with ALMA in eight z ~6 quasars. Their
results suggest that the kinematics of the halo gas (as traced by Ly«) is decoupled from
that of the host galaxies’ disks (as traced by [CII]). On the other hand, Li et al. (2023)
studied a sample of ten quasars with enormous Lya nebulae at z ~2, with ALMA-+ACA
CO(4-3) observations. They found extended (15-100 kpc) reservoirs of molecular gas in
six sources and no trend between My, and brightness/size of the Lya nebulae. However,
their sample only included extremely large and bright Lya nebulae, and they explored less
physical properties between molecular gas and Lya nebulae compared to our work.

Finally, our results provides a foundation for further investigations and follow-up projects
(see Section 4.2), ensuring advancements in our knowledge of these type of systems.

4.1.2 [CII] emission in simulated TNG50 galaxies at z ~4-6

In Chapter 3, I continued investigating cold gas reservoirs at high redshift, but now from
a theoretical perspective. I implemented a post-processing model to predict the [CII]
emission levels for TNG50 star-forming galaxies at 4< z <6, and compared them with
ALPINE survey observations. Our model predicted similar [CII] emission on galactic
scales, but underestimated the emission at larger scales by ~10x. It is important to note
that several caveats in our models may contribute to this discrepancy (Section 3.5.4). Also,
there was no significant difference in [CII] emission between low and high-SFR galaxies,
possibly due to resolution limitations and feedback modeling of the simulation. Finally,
our findings suggest that the extended [CII] emission is likely a result of both gas from
satellite galaxies and outflows from central galaxies, with satellites playing a dominant role
within 0.6< T’/RQQO <1.

This work represents the first attempt to simulate [CII] emission in galaxies within
the context of the IllustrisTNG simulation suite. In summary, this work advances our
understanding of [CII] emission in high-redshift galaxies and its connection to galactic-
scale and extended structures. Interestingly, the dominance of infalling gas from satellites
in the large-scale [CII] emission suggests their important role in enriching the CGM and
shaping the overall gas dynamics. Understanding the relative contributions of different gas
sources provides valuable insights into the mechanisms driving the assembly and evolution
of galaxies, as well as the influence of their surrounding environment.

Other theoretical works have used zoom-in simulations to predict [CII] emission, fail-
ing in reproducing [CII| halos (e.g., Pallottini et al. 2017; Arata et al. 2019). It is sug-
gested that this discrepancy is due to that certain physical processes such as feedback or
metal enrichment, are not well reproduced by the simulations, or due to limitations in the
modelling of [CII] emissivities. In a recent work, Schimek et al. (2023) applied different
post-processing models, based on CLOUDY and radiative transfer codes, to produce [CII]
emission in a zoom-in simulation of a star-forming galaxy at z ~6.5. Their calculations
were not able to match the Licr-SFR relationship found in observations (e.g., De Looze
et al. 2014; Herrera-Camus et al. 2015). Instead, they significantly overestimate the total
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[CII] emission, obtaining luminosities up to 1.5 order of magnitudes higher. They propose
that higher resolution able to resolve more substructures in the cold gas, as well as incor-
porating variations in the stellar initial mass function and accounting for turbulent mixing,
could potentially improve their results.

Finally, the study of this thesis emphasizes the need of cosmological simulations with
higher resolution in the ISM and CGM to accurately capture the underlying physical
processes. It also highlights the necessity of more detailed subgrid prescriptions, possibly
incorporating feedback mechanisms that can effectively entrain compact and cold structures
in outflows. This would allow to bridge the gap between simulations and observations,
leading to a more comprehensive understanding of galaxy formation and evolution. A
future outlook of this project is discussed in Section 4.2.2.

4.2 Future directions and projects extensions

4.2.1 Multi-phase gas reservoirs in z ~3 quasars

The results from my first project (summarized in Section 4.1.1) raised several important
scientific questions, leading to the submission of observing proposals to acquire new data
and address key inquiries:

e What are the physical properties characterizing the ISM of the uncovered most mas-
sive systems, such as star formation activity, gas metallicities, and gas densities?
(Section 4.2.1)

e Is the tentative trend between Ly« nebula surface brightness/size and molecular mass
confirmed or refuted when examining other z ~3 quasars with dim and small Ly«
nebulae? (Section 4.2.1)

e Does the molecular gas in the most massive systems extend over CGM scales or is it
primarily contained within galactic scales? (Section 4.2.1)

The acquisition of additional data through the proposed observations is expected to shed
light on these questions and offer further insights into the complex nature of gas reservoirs
surrounding z ~ 3 quasars.

In this Section, I outline my future projects, which are based on the observing proposals

I submitted (and got approved through competitive calls) as Principal Investigator (PI)
during my PhD studies. These projects represent the next steps in my research and build
upon the knowledge and experience gained from my previous work.

Exploring the most massive z~3 quasar host galaxy in [CII]

In order to further investigate the physical properties of the most massive system found
in Munoz-Elgueta et al. (2022), I submitted an observing proposal to get data from the
APEX/nFLASH460" receiver, which covers the frequency window between 378 and 508
GHz. This proposal was succesfully accepted and the data are currently available (15 hours

https://www.apex-telescope.org/ns/nflash/
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of telescope time). The target of this proposal is J 0525-233 (or ID 3), which exhibits one
of the brightest [CI](2-1) line and has the most massive molecular gas reservoir in our
sample (2.3 x 101 < My, < 6.8 x 10! Mg; Section 2.4.3). If our predictions are correct,
this dataset should detect at 8¢ the [CII] line emission from this system. This will be, at
the best of our knowledge, the first 3 < z < 4 quasar with a constrain at their [CII] line
frequency.

Considering the previous results suggesting that quasar’s host galaxy properties possibly
affect the visible surrounding cool large-scale structure, with the acquired data we aim to
further characterize the physical properties of our target. Several studies have detected
[CII] in high-z quasars, mostly at z>4, reporting that PDR models can reproduce observed
line ratios (e.g., Venemans et al. 2017; Hailey-Dunsheath et al. 2010; Maiolino et al. 2005;
Iono et al. 2006). However, to our knowledge there are no works targeting this line in
the 3 < z < 4 population. This lack of studies is due to the absence of instruments
covering [CII] at these z (380.1 — 475.1 GHz) in the past (only recently in ALMA Band
8 and APEX/nFLASH460), and due to the strong water atmosphere-absorption line at
~448 GHz. This in turn will open up the possibility of future statistical studies of resolved
molecular reservoirs (i.e. with ALMA) and their surrounding halo gas (i.e. VLT/MUSE).
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Based on the finding that the [CII] emission in QSO hosts is consistent with models for
PDRs (e.g., Kaufman et al. 2006; Meijerink et al. 2007), we use the PDR grids of models as
a function of density n and radiation field G in Meijerink et al. (2007) (see Fig. 4.1), and
constrain the expected luminosity of [CII] for our source given the known quantities (or
upper limits) from previous observations: Lgir, Licn2-1), Lco(r—e), and the current inferred
molecular mass (or Leoi—0)). The FIR luminosities (Lpr) were derived through a spectral
energy distribution fit (Fig. 4.2) and strongly rely on LABOCA data at 870um (Project:
M9519C_105, PI: F. Arrigoni Battaia). In particular, the luminosity ratios Liciy/Ler and
Licip/Leoa-o) are sensitive to the star formation activity (e.g., Stacey et al. 1991), and
have been commonly used in the literature to investigate the nature of the emission and
some physical properties in high-z galaxies (i.e., metallicities, gas densities, UV radiation
field, e.g., Stacey et al. 2010; Hailey-Dunsheath et al. 2010; Ferkinhoff et al. 2014; Gullberg
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et al. 2015; Venemans et al. 2017). Figure 4.3 shows a diagnostic plot Licy /Lpr versus
Lco(i—0)/Lrm, with the expected position of our targeted quasar (red symbol, the arrow
indicates lower limit). The CO(1-0) luminosity Lcoa—o) for our source was computed from
the previously derived My,. Regions occupied by different type of galaxies are indicated
by ellipses. The solid black line indicates the typical ratio Licrj/Loo@—o) =4100, which
has been estimated in local starburst galaxies and star-forming regions in the Milky Way
(e.g., Stacey et al. 1991) and in dusty star-forming galaxies at z>2 (e.g., Gullberg et al.
2015). In principle, J 0525-233 falls in a region shared between local ULIRGs, galactic
star-forming regions, normal and starburst galaxies, and it is close to other two quasars
taken from the literature (black symbols), located at z ~2.5 and z >5. These predictions,
along with other estimations, will be validated or refuted through future analysis of these
APEX/nFLASH460 data.
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Figure 4.2: SEDs for J 0525-233 (ID 3). The LABOCA data recently obtained are key in
constraining Lpir. 1D3 is a radio-loud quasars and presents very strong 870 pm emission.

Large reservoirs in z ~3 quasars with small and dim Lya nebulae

To provide further confirmation of the association between the most massive molecular
reservoirs and the dimmest and smallest Lya nebulae (Chapter 2), I submitted an observing
proposal to get data from the APEX/SEPIA180 receiver. This proposal was succesfully
accepted and the data are currently available (75 hours of telescope time). The aim is
to target the [CI](2-1) transition for all the five visible/feasible z ~3 quasars known to
have small and dim Ly« nebulae (see Fig. 4.4). These five objects are the only currently
published z ~3 quasars visible from APEX and with a redshift that places their expected
[CI](2-1) transition at a feasible frequency, far away from the low transmission band at
183 GHz (atmospheric water vapour). All these targets have been found in the QSO
MUSEUM survey (Arrigoni Battaia et al., 2019a). This study will allow us to (i) constrain
the molecular gas mass of the QSO hosts, (ii) confirm the link between small and dim Ly«
nebulae and large molecular reservoirs, and (iii) simultaneously constrain the CO(7-6)
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Figure 4.3: Liciy/Lrir versus Looa—o)/Lrir, adapted from Venemans et al. (2017). Overlaid
are the UV radiation fields (dashed grey lines) and gas densities countours (continuous grey
lines) from Kaufman et al. (2006). The zones occupied by different objects are shown in coloured
ellipses. A ratio of Licy /LCO(l—O) =4100, found in local starburst galaxies and star-forming
regions in the Milky Way (e.g., Stacey et al. 1991) and in dusty star-forming galaxies at z>2
(e.g., Gullberg et al. 2015), is indicated by the continuous black line. Quasars from the literature
(Hailey-Dunsheath et al. 2010; Ferkinhoff et al. 2015; Uzgil et al. 2016; Venemans et al. 2017)
at different redshifts are indicated by black symbols: z ~2.5 (square), 4< z <5 (circles), z >5
(triangles). The targeted source J 0525-233 is represented by the red symbols.

transition, which is usually expected to be at the peak of the CO ladder for high-z quasars
(e.g., Carilli & Walter 2013). This work will act as benchmark for an intense campaign of
follow-up observations (also for low-J CO transitions) with the aim of extending the study
of the interplay between the molecular reservoir and the large-scale cool gas to a statistical
sample of quasars with known Ly« nebulae (i.e., with ALMA, NOEMA).

Uncovering the extended molecular gas reservoir around two promising z ~3
quasars

I proposed deep ALMA band 5 observations of the [CI](2-1) line for the two most massive
objects (in molecular mass) found in (Munoz-Elgueta et al., 2022) (ID 3 and ID 29, see
Chapter 2), which also present the strongest [CI](2-1) emission. The molecular gas masses
of these sources have been constrained inside a large beam size of ~30” (~230 kpc). The
aim is to asses whether these large molecular gas reservoirs extend out to the inner CGM
scales (~30 kpc scales). This proposal was accepted (6.3 hours) with a rank C designa-
tion, but unfortunately, the allocated telescope time was not used to observe the data.
Currently, I have resubmitted this proposal which is still under review process. One of
the proposed targets is ID 29, which is an extremely interesting source because presents a
bright double-peaked [CI](2-1) emission (see Fig. 2.5, left panel), which could be due to a
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Figure 4.4: Left: 30”x30” Lya SB maps of the five targets proposed (green) compared to
the one of ID 29 (adapted from Arrigoni Battaia et al. 2019a). Right: Quasars’ peak specific
luminosity at the Lya line versus Mi450 for the QSO MUSEUM sample. The markers sizes are
proportional to the area of the Lya nebulae, while the colors indicate the SB. The targets of the
pilot SEPTA180 sample are indicated by black circles, with ID 29 clearly marked. The targets of
this proposal are highlighted with their IDs and with red circles.

massive molecular disk or a merger of two massive objects. On the other hand, ID 3 is a
radio-loud quasar and presents an impressive 127 mJy 870 pum emission (see Fig. 4.5, left
panel, circled data point). This remarkable flux density is comparable to that of protoclus-
ter cores (e.g., Miller et al. 2018), and would translates to a dust mass of 8 +4 x 10 M,
and a star-formation rate of 1825 4+ 400 Mg, yr~!, if coming from a single source (SED fit
in Fig. 4.5). The proposed dataset will allow us to:

(i) Determine the extent and geometry of the molecular reservoirs around the two pro-
posed targets. By contrasting the [CI](2-1) emission from ALMA to that detected by the
APEX pilot programme, we can assess if ALMA recovers less flux than APEX, resolving
out large-scale emission (>30 kpc). This would be a clear indication of molecular gas on
halo scales. On the contrary, if all the molecular mass is on small scales, our targets would
represent the most massive objects of the z ~3 quasar population (see Fig. 2.10).

(ii) Refine the molecular gas masses estimates, and study the gas kinematics out to halo
scales. Specifically, from [CI](2-1) it is possible to compute the CI mass, and then derive
the respective My, (e.g., Weif} et al. 2003; Venemans et al. 2017). (iii) Unveil the nature
of the double-peaked [CI|(2-1) emission in Q-0115-30, constituted of two Gaussian compo-
nents separated by ~800 km s~ (Fig. 2.5). By mapping the [CI](2-1) emission we will be
able to ascertain whether ID 29 is associated with an exceptionally massive molecular disk
or is merging with a similarly massive companion (e.g., Polletta et al. 2011).

(iv) Detect at very high significance the underlying continuum at ~1.5 mm allowing us to
refine the SEDs (therefore dust masses) of the sources presented in Fig. 4.5 (left panel)
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Figure 4.5: Left: SEDs for the two targets of this proposal. ID 3 is a radio-loud quasars and
presents very strong 870 pum emission. ID 29 presents a 20 upper limit at 870 pym. The magenta
line at 1.5mm is drawn down to the 5o flux limit for the proposed observations (~ 60 pJy).
Right: 60” x 60” MUSE Lya SB maps of the nebulae surrounding the 2 proposed targets (from
Arrigoni Battaia et al. 2019a). We indicate the beam sizes of APEX/SEPIA180 (white circles),
the primary beam of the proposed ALMA observations (blue), and the APEX/LABOCA 870 pm
detection for ID3 (with S/N=5, 10, 20 contours; green) with the respective beam (cyan).

and assess the presence of both extended continuum emission or multiple components (e.g.,
Miller et al. 2018).

4.2.2 Extension of [CII] predictions

As outlined in Section 4.1.2, the results from my second project revealed a discrepancy be-
tween the predicted [CII] emission from star-forming galaxies at large scales (~ r >10 kpc)
and observational data. This tension highlights the necessity of employing higher resolu-
tion cosmological simulations capable of accurately resolving the ISM and CGM in high-z
galaxies. While zoom-in simulations have been attempted to address this issue, they still
get discrepancies with the observations (e.g., Pallottini et al. 2017; Arata et al. 2019;
Schimek et al. 2023). Therefore, an alternative approach could be to use more detailed
subgrid prescriptions and applying them to cosmological simulations such as IllustrisTNG,
that has the advantage of providing a large universe with a statistically significant sample
of high-z galaxies.

Importantly, it would be fundamental to apply similar subgrid prescriptions to different
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cosmological simulations in order to asses the extent to which different prescriptions for
AGN and SFR affect the [CII] emission on CGM scales. By comparing the results of
different simulations with consistent subgrid models, we can get more insights about the
real impact of these physical processes on the [CII] emission and its distribution over
the CGM. Matching the observations from Ginolfi et al. (2020b) would likely require the
presence of cold, small-scale clouds entrained in the outflows of high-z galaxies.

In this context, a future continuation of this work would be to incorporate subgrid
prescriptions based on radiative transfer calculations performed on high-resolution turbu-
lent boxes. These calculations have been started with an effort led by Stefanie Walch and
Lennart Buhlmann at the University of Cologne, in which I have been involved. Addi-
tionally, these subgrid models can be refined by calculating [CII] emission from the SILCC
simulations (Walch et al., 2015), which account for models of the small-scale structure of
the multiphase ISM (Rathjen et al., 2021), possibly able to resolve the clumpiness of the
CGM. These refinements have the potential to improve our modelling and possibly reduce
the discrepancies with observations, particularly regarding the extended [CII] emission
observed in high-z galaxies.

Once the modeling of [CII| emission around star-forming galaxies would be acceptable,
an additional problem to be tackle is how the extended [CII] emission level change in the
presence of a bright quasar. In contrast to star-forming galaxies at 4< z <6, the presence of
[CII] halos in quasars within the same redshift range has not been clearly established thus
far. Several works targeted the [CII| emission around z ~ 6 quasars reporting contradictory
results, with the latest work suggesting the [CII] emission is not extended and is not tracing
any outflow (i.e., there is no presence of a broad line component in the stacked spectrum;
Novak et al. 2020). In this context, it would be interesting to investigate the predicted
[CII] emission in quasars host galaxies selected from cosmological simulations and compare
the results with observations (e.g., Gallerani et al. 2012; Decarli et al. 2018; Venemans
et al. 2020). However, this analysis is currently not feasible due to certain limitations. In
general, most of the observational studies have targeted the [CII] line high-z in bright type
I quasars, with Lgor, >10% erg s7!, residing in massive halos of 10'2-10*® M. Such types
of halos are not found in cosmological boxes due to their rarity (typical numerical density
of <107%2 ¢cMpc—3, Shen et al. 2020). For example, any of the IllustrisTNG volumes are
too small. While TNG300 does contain 75 massive halos with masses >10'2 M, their
AGNs have much lower luminosities (Lpor, <10%° erg s™1) in comparison to observed type
I quasars. Nevertheless, recent JWST observations have started to unveil obscured quasars
at high-z with lower masses and luminosities (e.g., Kocevski et al. 2023; Barro et al. 2023).
These results are promising and suggest that future JWST observations will likely identify
obscured quasars at 4< z <6. Subsequent follow-up observations with ALMA for [CII]
can be performed, allowing for a comparison with I[llustrisTNG halos and, consequently, a
future [CII] modeling.

Another future follow-up project would be to study the [CII] predictions for a sample of
quasar host halos at z ~3. The IllustrisTNG simulations indeed have some halos available
for such a study (e.g., 2 (4) halos with My, >10'2 Mg and AGNs with Lgoy, >10%6 erg s71
in TNG50 (TNG100)). However, currently there are no [CII] observations of z ~3 quasars
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for direct comparison. By using the in-hand APEX data (see Section 4.2.1), we will be
able to get first observational constraints on [CII] in z ~3 quasars, which can therefore be
used to compare with the TNG simulations post-processed with our future models. These
predictions will be very useful to test the physics implemented in the simulations (e.g.,
AGN feedback) and will help obtaining further observational data aiming at [CII] emission
in and around z ~3 quasars.
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