UNIVERSITA
DEGLI STUDI
DI TRIESTE

Universita degli Studi di Trieste

XXXVI CICLO DEL DOTTORATO DI RICERCA IN
FISICA

Cold gas and dust
in QSO’s host galaxies at z > 6

SETTORE SCIENTIFICO-DISCIFLINARE: ASTRONOMIA E ASTROFISICA

DCTTORANDA:
Roberta Tripodi

COORDINATORE:
Prof. Francesco Longo

SUPERVISORE:
[\/Prgof.Fabrizio Fiore
CO-SUPERVISORE:
Dr. Chiara Feruglio

Anno Accademico 2022-2023






UNIVERSITA
DEGLI STUDI
DI TRIESTE

Universita degli Studi di Trieste

XXXVI CICLO DEL DOTTORATO DI RICERCA IN
FISICA

Cold gas and dust
in QSO’s host galaxies at z > 6

SETTORE SCIENTIFICO-DISCIPLINARE: ASTRONOMIA E ASTROFISICA

DOTTORANDA:
Roberta Tripodi

COORDINATORE:
Prof. Francesco Longo

SUPERVISORE:
Prof. Fabrizio Fiore

CO-SUPERVISORE:
Dr. Chiara Feruglio

Anno Accademico 2022-2023






Abstract

uMINOUs quasi-stellar objects (QSOs), fueled by accretion onto supermassive black
holes (SMBHs), were already in place during the Epoch of Reionisation (EoR), when
the Universe was only 0.5-1 Gyr old. In recent decades, Herschel, the Northern Ex-
tended Millimeter Array (NOEMA), the Very Large Array (VLA), and, notably, the Atacama
Large Millimeter/sub-millimeter Array (ALMA) have enabled us to delve into the properties
of the gas and dust inside the inter stellar medium (ISM) of the QSO’s host galaxies. These
properties are pivotal in unraveling the assembly and nature of these early QSOs. In particular,
the [CII] 1158um and carbon monoxide (CO) emission lines serve as bright tracers of the gas
content in distant galaxies. Detailed examinations of these emission lines, including measure-
ments of the line widths, profiles and velocity maps unveil important information about gas
kinematics and dynamics. For instance, the study of the velocity rotation curve allows us to
determine the mass budgets of the components of the host galaxy and the total mass of the
galaxy, called dynamical mass (Mgy,). Moreover, a reliable and accurate determination of the
dust properties, through the analysis of the continuum emission, enables us to determine the
star formation rate (SFR) of the QSO’s host galaxy.

Up to now, observations using the instruments on Herschel, NOEMA, and ALMA have
successfully detected the dust continuum in the host galaxies of many z ~ 6 QSOs, revealing
far-infrared (FIR) luminosities of 10''~1* L, and dust masses of about 10"~ M, (Decarli et
al., 2018; Carniani et al., 2019; Shao et al., 2019). Howeuver, it is often hard to determine
the temperature and mass of the dust precisely, since they are both highly degenerate and the
FIR spectral energy distribution (SED) is sparsely probed, often relying on single-frequency
continuum detection.

The cold molecular phase is the least explored up to now at z > 6. A few tens of quasars
at redshift up to z ~ 6.8 have been detected in CO, indicating massive molecular reservoirs
of dense gas feeding both star formation and nuclear accretion (e.g., Carniani et al., 2019;
Decarli et al., 2022). The [CII] line is, instead, the preferred tracer for studying the cold, warm
neutral and mildly ionised ISM (Cormier et al., 2015; Olsen et al., 2018) and, thanks to its
brightness, for analysing the gas kinematics and dynamics. Through kinematical studies of
[CII], dynamical masses have been derived of < 10'' M, (e.g., Shao et al., 2017; Neeleman
et al., 2021), which place most of the z ~ 6 QSOs above the Mgy — Mgy, local relation by
a factor of ~ 3 — 10. The questions that naturally arise are if and how high-z QSOs evolve
towards the observed local Mgy — My, relation, and therefore if massive high-z QSO’s host

galaxies are the progenitor of local massive galaxies.



The goal of this Thesis is to perform a comprehensive analysis of the cold gas and dust
in the host galaxies of QSOs at the EoR, shedding light on the properties of these objects
and on their formation and evolution, addressing the aforementioned questions. I will present
results on a sample of 12 QSOs at 6 < z < 7.5, partially drawn from the HYperluminous
QSOs at the Epoch of ReionizatlON (HYPERION) survey. HYPERION is a 2.4 Ms XMM-
Newton Multi-Year Heritage Programme targeting the titans among z > 6 QSOs (Zappacosta
et al., 2023), powered by the fastest growing and most massive SMBH at their epoch, and
likely assembled from the largest BH seeds, or experienced peculiar, possibly supercritical,
mass accretion histories. I will show analyses of NOEMA and ALMA (sub) kpc-resolution
observations that allowed us to perform detailed study of the kinematics and dynamics of the
gas in the host galaxies of our sample, revealing signatures of mergers, H,O disks, powerful
outflows, and provided the first CO detections at z > 7 (Tripodi et al., 2022; Tripodi et al.,
2023b; Tripodi et al., 2023a; Tripodi et al., 2023c¢; Feruglio et al., 2023). We also performed
a dynamical decomposition of the rotation curve of QSO J2310+1855 at z = 6.0031, based on
high-resolution ALMA observations, and we found that the SMBH mass of 5 x 10° My, is not
sufficient to explain the high velocities in the central regions. Our dynamical model suggests
the presence of a stellar bulge with a mass of Myyjge ~ 10'° M,, in this object, when the Universe
was less than 1 Gyr old. Moreover, thanks to unprecedented ALMA observations at very high
frequency (670 GHz, Band 9), we accurately modelled the cold dust SED of the QSOs in our
sample, and we obtained a reliable and precise determination of the dust properties, such as
dust temperature, dust mass and dust emissivity index, and a precise estimate for the SFR of
the QSO’s host galaxies. We will discuss the importance of high frequency observations in
deriving the dust properties and SFR, and the systematics introduced by the presence of the
central AGN as an additional source of dust heating.

I will also focus on the properties of 10 quasars in our sample, and discuss the evolutionary
scenario of these objects. Indeed, the outstanding mass growth of SMBHs at the EoR and its
relation to the concurrent growth of their host galaxies poses challenges to theoretical models
aimed at explaining how these systems formed on short timescales (< 1 Gyr). To trace the av-
erage evolutionary paths of QSOs and their host galaxies in the plane of BH mass to host mass
(Mgyn), we compare the SFR, derived from the accurate estimate of the dust temperature and
the dust mass based on infrared and sub-millimeter (sub-mm) SED, with the BH accretion rate,
derived from Ly, based on X-ray, optical and ultraviolet SED. Consequently, I will present the
study of the evolutionary path of SMBHs and their host galaxies within our sample, with the
ultimate goal of gaining a broader understanding of the properties of high-z QSOs.



Alice laughed. ‘There’s no use trying,” she said. ‘One can’t believe impossible things.’
‘I daresay you haven’t had much practice,” said the Queen. ‘When I was your age,
I always did it for half-an-hour a day. Why, sometimes

I've believed as many as six impossible things before breakfast [...].

Lewis Carroll, Through the Looking Glass.
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CHAPTER 1

INTRODUCTORY VIEW OF HIGH-REDSHIFT QSOS

HE light of normal galaxies in the optical and near infrared (NIR) part of the spectrum
is dominated by stars, with small contributions by gas and dust. This is thermal
radiation since the emitting plasma in stellar atmospheres is in thermodynamical

equilibrium. The spectrum of a galaxy is basically confined to a range between ~ 4000 to
~ 20000 A, and if the galaxy is actively forming stars, young hot stars extent this frequency
range to higher frequency, and the thermal radiation from dust, heated by these new-born
stars, extends the emission to far-IR (FIR). However, there are galaxies that show significant
emission in the full range from radio wavelengths to the X-ray, and even gamma range. This
emission originated mainly from a very small region of such an active galaxy which is called
active galactic nucleus (AGN). The energy source of an AGN originates in accretion of matter
onto a supermassive black hole (SMBH). This small emission region is structured and consists
of multiple components with different physical properties, including a wide range of ratios of
radio-to-optical emission strength, their total luminosities and their ratio of nuclear luminosity
to that of the stellar light. Some classes of AGNs, in particular the quasars (or QSOs), belong
to the most luminous sources in the Universe, and they have been observed out to the highest
redshifts (z~11). In this chapter, I will introduce the main characteristics of AGNs, their
discovery, their classifications. In particular, I will focus on the properties of quasars and
their host galaxies at the highest redshifts, and on the importance of millimeter/sub-millimeter
observations for these studies. Then, I will discuss the open question about the co-evolution
between the SMBHs and their host galaxies. Finally, I will present the main goals of this
Thesis and the sample of quasars that has been studied to fulfill those goals.

1.1 Brief history of discovery and general properties

Once upon a time, in 1908, strong emission lines were discovered in the galaxy NGC 1068 (see

Fig. 1.1), which showed a line width of up to ~ 3000 km s~!. However, only the systematic

1



CHAPTER 1. INTRODUCTORY VIEW OF HIGH-REDSHIFT QSOS

analysis by Carl Seyfert in 1943 drew the focus to this new class of galaxies. The cores of
these Seyfert galaxies have an extremely high surface brightness, and the spectrum of their
central region is dominated by emission lines of very high excitation. Some of these lines are
extremely broad and, when interpreted as Doppler broadening, A1/1 = Av/c, yields values
of up to Av ~ 8500 km s~! for the full line width (see Fig. 1.2). The high excitation energy
of some of the line-emitting atoms shows that they must have been excited by photons that
are more energetic than photons from young stars that are responsible for the ionization of
HII-regions, given that the hydrogen lines are often broader than other spectral lines. In 1959,
Lodewijk Woltjer argued that the extent of the core of Seyfert galaxies cannot be larger than r <
100 pc because they appear point-like on optical images, i.e., they are not spatially resolved.
If the line-emitting gas is gravitationally bound, the relation GM/r =~ v* between the central
mass M(< r), the separation r of the gas from the center, and the typical velocity v must be
satisfied. The latter is obtained from the line width: typically v ~ 1000 km s~'. Therefore,

with r < 100 pc, a mass estimate gives

M> 1010( (1.1)

—— | Me.
IOOpc) N

Thus either r ~ 100 pc, which implies an enormous mass concentration in the center of these
galaxies, or r is much smaller that the estimated upper limit, which then implies an enormous

energy density inside AGNSs.

An important milestone in the history of AGNs was made with the 3C and 3CR radio
catalogs which were completed around 1960. These are surveys of the northern (6 > —22°)
sky at 158 and 178 MHz, width a flux limit of S i, = 9 Jy'. In 1963, Thomas Matthews and
Allan Sandage showed that 3C48 is a point-like (‘stellar like’) source of apparent magnitude
m = 16 mag. It has a complex optical spectrum consisting of a blue continuum and strong,
broad emission lines which could not be assigned to any atomic transition, and thus could not
be identified. In the same year, Maarten Schmidt succeeded in identifying the radio source
3C273 with a point-like optical source which also showed strong and broad emission lines at
unusual wavelengths. Schmidt could identify the emission lines of the source with those of
the Balmer series of hydrogen but at, for that time, an extremely high redshift of z = 0.158.
Interpreting the redshift as cosmological redshift, the implied absolute magnitude was ~ 100
brighter than normal (spiral) galaxies. Since the optical source had not been resolved but
appeared point-like, this enormous luminosity must originate from a small spatial region. With
the improving determination of radio source positions, many such quasi-stellar objects (QSOs
or quasars) were identified in quick succession, the redshifts of some being significantly higher
than that of 3C273.

'A Jansky is the flux unit commonly used by radio astronomers, where 1Jy = 1072 erg s™' cm™ Hz™!.
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1.1. BRIEF HISTORY OF DISCOVERY AND GENERAL PROPERTIES

Figure 1.1: Optical image of the Seyfert galaxy NGC 1068, obtained with the Hubble Space
Telescope (HST). Its active nucleus is seen as the intense, high surface brightness center; it is
powered by accretion onto a central SMBH with mass ~ 15 x 10° M. Credit: NASA, ESA &
A. van der Hoeven

1.1.1 The unified model

Quasars are the most luminous members of the class of AGNs and Seyfert galaxies, previously
mentioned, are another type of AGNs too. In fact, a wide range of objects are subsumed under
the name AGN, all of which have in common strong non-thermal emission in the core of a
galaxy (host galaxy). The large variety of appearances of AGNs can be understood, at least
to a first approximation, by geometric considerations (Urry and Padovani, 1995). Fig. 1.3
presents the geometric picture of an AGN. Surrounding the central engine, the SMBH, is an
accretion disk that emits the bulk part of the optical and UV continuum emission. The central
region around the accretion disk is the source of most of the X-ray radiation. Gas clouds above
and below the accretion disk are responsible for the broad emission lines. In the plane of the
disk, a distribution of gas and dust is present, which can absorb radiation from the inner region
of the AGN; this obscuring material is sometimes depicted as a torus, though its geometry
is probably more complex. The appearance of the AGN depends on whether the observer is

located near the plane of the disk - where the radiation is partly absorbed by the material in
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Figure 1.2: The combined optical spectrum of more than 2200 QSOs from SDSS. The most
prominent lines are marked. Here both broad and narrow emission lines are visible. The
dashed and dotted lines show the power-law fits of the estimated underlying continuum emis-
sion of the QSOs. Taken from Vanden Berk et al. (2001).

the torus - or placed in a direction closer to the axis of the disk. This concerns in particular the
broad line emission, which may be fully obscured for an observer in the plane of the disk. In
contrast, the gas responsible for the narrow emission lines is located at much larger distances
from the BH, so that it cannot be fully hidden by the obscuring tours. The radio jets are
launched very close to the central BH along the direction of the disk axis. The emission of
these jets is strongly beamed in the direction of the jet motion, since the velocity in the inner
part of these jets is close to the speed of light. This implies that the appearance of the jet
depends on how close the line-of-sight (los) of an observer is to the jet axis. If the jet points
almost directly at the observer, the jet emission can outshine all the other radiation from the
AGN.

In Fig. 1.3, the different green arrows indicate different LOS to observers, and they are
labeled with the characteristic AGN class the corresponding observer will see. In the upper
half of the figure, it is assumed that the AGN produces strong jet, whereas in the lower part,
weaker jets (or none) are assumed. The different classes of AGN are summarized as follows,

with a particular focus on the QSOs that are the subject of this Thesis:

e (QSOs. As already mentioned, QSOs were discovered by identifying radio sources with
point-like sources. They emits at all wavelengths, from the radio to the X-ray, or even
gamma ray domain of the spectrum (see Fig. 1.4 for a sketch of the broad band energy

distribution of the quasar 3C273). The radiation in the different frequencies comes from
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Figure 1.3: Sketch of our current understanding of the unification of AGN types. Taken from
P. Schneider (2015).

various components. The optical spectrum is very blue; most of the quasars at redshifts
z < 2 have U — B < —0.3. Besides this blue continuum, broad emission lines are
characteristic of the optical and UV spectrum (see Fig. 1.2). The unusually blue color
of quasars made the photometric surveys for point-like sources with a blue U — B color
index very successful. Most of these sources were nearly invisible in the radio domain
of the spectrum, and therefore are called radio-quiet. Apart from their radio properties,
these source appeared to be like quasars. Therefore they were called radio-quiet quasars,
or quasi-stellar objects, QSOs. Today this terminology is not considered valid anymore,
since radio-quiet quasars also show radio emission if they are observed at sufficiently
high sensitivity. Now, the expression QSO encompasses both the quasars and the radio-
quiet QSOs. QSOs are the most luminous AGNs. Their core luminosity can be as high
as thousand times that of a normal galaxy, therefore they can outshine their host galaxy
and appear as point-like on optical images. Hereafter, the terms quasar and QSO are

used interchangeably.

o Seyfert galaxies. These are the AGNs that were detected first, and their nuclear lumi-
nosity is considerably lower than that of QSOs. On optical images they are identified as

spiral galaxies which have an extraordinarily bright core whose spectrum shows strong
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emission lines which are broader than typical velocities in galaxies. We distinguish be-
tween Type 1 and Type 2 Seyfert galaxies: the former have both very broad and very
narrow emission lines, and the latter only narrow emission lines. The optical spectrum
of a Type 1 is similar to that of a QSO and indeed a smooth transition exists between
(radio-quiet) QSOs and Seyfert 1. Often both classes are combined under the name Type
1 AGNSs.

e LINERs. The least luminous and most common type of AGNs are the LINERs, low-
ionization nuclear emission-line region. Almost one third of all nearby galaxies contain
a LINER in their core, characterized by emission lines from neutral atoms or ions with
rather low ionization energies, and the width of emission lines is typically smaller than
the narrow emission lines in Seyfert galaxies. It is sometimes questioned whether the
LINER emission from the center of spirals is indeed a signature of an AGN, or whether

LINERs can be powered by star-formation activity, namely post-AGB stars.

o Radio galaxies. These are elliptical galaxies with an active nucleus, and we distinguish
between those with and without broad emission lines: broad-line radio galaxies (BLRG)
and narrow-line radio galaxies (NLRGQG), respectively. They are also distinguished ac-
cording to their radio morphology: Fanaroff-Riley Type I (FR I) sources are brightest
close to the core, and the surface brightness decreases outwards; Fanaroff-Riley Type
IT (FR II) sources have the surface brightness increasing outwards, their luminosity is
generally higher than that of FR I sources, and they often have jets.

e OVVs. The Optically Violently Variables (OVVs) are one subclass of QSOs that is char-
acterized by the strong and rapid variability of its optical radiation, and their relatively
high polarization of optical light. OVVs are usually strong radio emitters, and their

radiation also varies in other wavelength regions besides the optical.

e BL Lac objects. The class of AGNs called BL Lac objects (on short: BL Lacs) is named
after its prototypical source BL Lacertae. They are AGNs with strongly varying radiation
and with highly polarized optical radiation, like the OV Vs, but without strong emission
and absorption lines. This lack of emission lines clearly makes the determination of the
redshifts of these sources challenging. The optical luminosity of some BL Lacs varies
by several magnitudes if observed over a sufficiently long time period and, in epochs of
low luminosity, emission lines are sometimes observed and then BL Lacs appears like
an OVV. For this reason, OV Vs and BL Lacs are collectively called blazars. All known

blazars are radio sources.

In the literature, a more general classification is often found where AGNs are divided in just
two classes: type 1 AGNs are those sources with unobscured LOS to their centers, showing

both broad and narrow emission lines; type 2 AGNs have heavily obscuration along the LOS
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Figure 1.4: The spectrum of a quasar (3C273) in comparison to that of an elliptical galaxy, in
terms of the ratio vL,/Le. While the radiation from an elliptical is concentrated in a narrow
range, the emission of the quasar is observed over a full range of the electromagnetic spectrum,
and the energy per logarithmic frequency interval is roughly constant. This demonstrates that
the light from the quasar cannot be interpreted as a superposition of stellar spectra, but instead
has to be generated by completely different sources and radiation mechanisms. Taken from (P.
Schneider, 2015).

that extincts basically all the optical-UV radiation from the inner parsec (pc), showing narrow

emission lines only. We summarize here some of the relevant observational facts for AGNs.

1. The extent of some radio sources in AGNs may reach > 1 Mpc. From this length-scale a
minimum lifetime for activity in the nucleus of these objects can be derived, since even
if the radio source expands outwards from the core with the speed of light, the age of
such a source would be 7 > 107 yr.

2. Luminous QSOs have a luminosity of up to Ly, ~ 10*7 erg s7!

. Assuming that the lu-
minosity does not change substantially over the lifetime of the source (this is not always

justified), a total energy can be estimated from the luminosity and the minimum age,

E> 10" ergs™ x 10" yr ~ 3 x 10°' erg. (1.2)

3. The luminosity of some AGNs varies by more than 50% on time-scales of a day. From
this variability time-scale, an upper limit for the spatial extent of the source can be
determined, because the source luminosity can change substantially only on such time-
scales where the source as a whole is in causal contact. This yields a characteristic extent

of the central source of R < 1 lightday ~ 3 x 10" cm.
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1.1.2 The structure of an AGN

Fig. 1.3 also shows the physical structure of an AGN with its components, as given by the
currently accepted model. All these components are concentrated in the nucleus of the host
galaxy i.e., in a very small volume. Due to observational limitations, it has been quite hard
to investigate the innermost region, on ~ parsec scales, directly. For instance, just a couple
of years ago, we obtained the first direct image of the region immediately surrounding the
SMBH with interferometric techniques, using the Event Horizon Telescope. It is of funda-
mental importance to observe and study all the components of an AGN, in order to understand
the mechanisms that drive their emissions and that generate their properties. In the follow-
ing paragraphs, I will briefly present all the components of the AGN, summarizing the most

important characteristics that the scientific community have discovered so far.

The central engine. The SMBH is the central engine of the AGN, having mass in the interval
~ 10° — 10'° My. The other two properties defining a BH are its angular momentum and
its charge, the latter usually assumed to be zero for neutral BHs. The angular momentum
is described by the adimensional parameter per unit mass, the spin, that can assume values
between +1 and —1. Given that this component is highly involved in the results of this Thesis,
Sect. 1.1.3 is devoted to explain the reason for the presence of a SMBH and its most important

properties.

Accretion disk. Accretion disks in galactic centers are naturally formed by infalling gas that
sinks into the central plane of the galaxy while retaining most of its angular momentum. The
assumption is that the viscosity in the disk is sufficient to provide the necessary mechanism
to transfer outward the angular momentum of the gas and to allow it to spiral into the center,
losing a considerable fraction of its gravitational energy on the way. The energy lost during
accretion can be converted into electromagnetic radiation with high efficiency (6%-42%), and
thus large luminosities can be produced for a modest amount of accretion, making AGN the
most powerful non-explosive objects in the Universe. AGN disks can be optically thick or
thin, depending on the column density, the level of ionization of the gas and the mass accretion
rate (see e.g., Netzer, 2013). The overall emission can be explained as the sum of different
temperature black body spectra and the total spectrum takes the shape of a power law with a
spectral index equal to 1/3. In particular, for a disk surrounding a 103> M, - BH accreting at
the Eddington rate, the maximum temperature is roughly T ~ 10°> K and most of the emission

is in the range 30-300 nm, which is the UV-optical part of the spectrum.

Hot corona. In the outer layers of the accretion disk, above the optically thick part, in analogy
to stars, a hot layer of gas forms, named a corona. The gas in the corona is thin and cannot
cool efficiently, implying higher temperatures than in the disk, reaching T ~ 10% — 10° K. It
has been proposed as a mechanism to explain the energetic X-ray emission of AGN. The soft
thermal photons produced by the disk are up-scattered to their observed X-ray energy by the

hot electrons in the corona. This is still an open problem.
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The broad line region. One of the most surprising characteristics of type 1 AGNs are the
presence of very broad emission lines. Interpreted as Doppler velocities, the corresponding
width of the velocity distribution of the components in the emitting region is of order Ay <
10000 km s~!. These lines cannot be due to thermal line broadening because that would
imply temperatures of T ~ 10'° K and therefore atoms would be fully ionized, not producing
any emission lines. Therefore, the observed line width is interpreted as Doppler broadening,
and the high velocities are indicators of the presence of a strong gravitational field, as would
occur in the vicinity of a SMBH. The region in which these broad emission lines are produced
is called broad line region (BLR). This is formed by gas clouds with large column density
(~ 10%* cm™2) and high-density (~ 10'© cm™), situated around an accreting SMBH. In these
conditions we find allowed and semi-forbidden transitions, such as Hell-III, OI'V-VI, CIII-1V,
Mgll, He, Lya. The density is high enough to suppress all optical forbidden lines. The absence
of forbidden lines is then used to derive a lower limit for the gas density, and the occurrence
of semi-forbidden lines yields an upper bound for the density.

Broad emission lines are also extremely important for the derivation of the mass of the
accreting SMBH (see also Sect. 1.1.3). For instance, Fig. 1.5 shows 10 faint broad-line
AGNSs observed for the first time with James Webb Space Telescope (JWST)/NIRSpec deep
spectroscopy (Harikane et al., 2023). Among the 185 galaxies at zZgpec = 3.8 — 8.9 confirmed
with NIRSpec, they revealed 10 type 1 AGNs at z = 4.015 — 6.936 whose broad component is
only seen in the permitted Ha line and not in the forbidden [OIII]A5007 line, which is detected
with greater significance than Ha. The broad Ha line widths of FWHM = 1000 - 6000 km
s~! suggest that the AGNs have black holes with Mgy ~ 10% — 107 M, remarkably lower than
those of low-luminosity quasars previously identified at z > 4 with ground-based telescopes.
A high fraction of the broad-line AGNs (~ 5%), higher than z ~ 0, indicates that a number
density of such faint AGNs is higher than an extrapolation of the quasar luminosity function,

implying a large population of AGNs including type 1 and type 2 in the early universe.

The narrow line region. Most AGNs show narrow emission lines, with typical width of ~ 400
km s~!. The region were these line are produced is called narrow line region (NLR). It has a
size of r ~ 100 pc, and has a biconical shape, as if the ionization of the NLR by the AGN
is not isotropic but is confined largely to a cone-shaped region, called ‘ionization cone’. The
strongest line from the NLR is, besides Lya and CIV, the forbidden [OIII] line at A = 5007 A.
The existence of forbidden lines implies that the gas density in the NLR is significantly lower
than in the BLR. The gas is assumed to be ionized by UV-radiation from the central continuum
source. The line ratios of allowed and forbidden lines yield n, ~ 10* cm™ and T ~ 15000 K
for the typical density and temperature of the gas. Like the BLR, the properties of the NLR

are not homogeneous but vary with the radius.

Obscuring torus. A basic concept of the unified scheme centers on the presence of a geomet-
rically and optically thick gas cloud, often referred to as the torus, enveloping the broad-line

regions along the equatorial plane in an AGN. This obscuring torus plays a pivotal role in our
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Figure 1.5: NIRSpec spectra of 4 AGNs taken from Harikane et al. (2023). For each object, the
left and middle panel show the spectra around HB+[OIll] and Ha+[NIl], respectively. The
2D and 1D spectra are shown in the top and bottom panels, respectively. The red dashed line
with the shaded region shows the best-fit broad-line component and the other red dashed lines
show the best-fit narrow components. The right panels show the spectra around Ha+[NII]
with the logarithmic scale. The broad-line components only seen in Ha, which are detected
with higher S/N ratio than [OIll], indicates that these objects are type 1 AGNs.
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understanding of AGN, acting as a barrier to broad-line emissions when our line of sight aligns
with the equatorial plane, resulting in the classification of type 2 objects. Conversely, when
viewed pole-on, both the narrow and broad emission line regions become directly observable,
leading to a type 1 classification. The torus also elucidates the observed ionization cones in
AGN, where the ionizing radiation is shadowed by the torus, manifesting as biconical shapes
in emission lines and polarized flux. Moreover, the torus contributes to X-ray variations, par-
tially absorbing soft X-rays as they traverse this optically and geometrically dense structure
(Maiolino and Risaliti, 2007). Comprising dust and gas, the torus extends from approximately
0.1 to 10 parsecs from the central SMBH. The dusty component consists of carbonaceous and
amorphous silicate grains, while the gaseous component spans a wide range of states, from
fully ionized to neutral and molecular. Typical gas densities range from 10* to 10’ cm™, with

velocities around 1000 km s~!

. Its inner boundary is determined by the dust sublimation ra-
dius, where the medium is ionized by the central source, while the outer edge is influenced by
the SMBH’s gravitational sphere of influence, approximately 10 parsecs for nearby systems.
Although the torus’ expected geometry is toroidal, ongoing research suggests a clumpy dis-
tribution of dust within it (e.g., Jaffe et al., 2004; Burtscher et al., 2013; F. Combes et al.,

2019).

Jets. Jets are extended, collimated and relativistic linear structures, shown by ~10% of pow-
erful AGN. These enigmatic astrophysical phenomena exert a significant influence on the en-
ergy balance and evolutionary trajectory of AGN. AGN jets primarily consist of electrons and
positrons that are accelerated to velocities near the speed of light, giving rise to synchrotron
and inverse Compton radiation spanning the entire electromagnetic spectrum, ranging from
radio to gamma-rays. The mechanisms responsible for initiating and confining these jets are
subjects of ongoing investigation, with magnetic fields and interactions with accretion disks
being prominent considerations. The most robust AGN jets propagate into the interstellar and
intergalactic medium, extending up to Mpc scales, far surpassing the dimensions of the stellar
component by tens of kpc. Interactions between these jets and the surrounding environment

result in the formation of prominent features such as hot spots and large-scale radio lobes.

1.1.3 The reason for a SMBH and its properties

We have previously mentioned that the energy production in AGNs must be related to a SMBH
in its center. Indeed, if considering that the energy is produced by nuclear fusion, its maximum
efficiency” is too low to generate the energy derived in Eq. 1.2. The only known mechanism
yielding to larger efficiencies is gravitational energy production. Through the infall of matter
onto a central BH, potential energy is converted into kinetic energy. If it is possible to convert
part of this inward-directed kinetic energy into internal energy and subsequently to emit this

in the form of radiation, € can be larger than that of thermonuclear processes. From the theory

2The maximum efficiency of a nuclear fusion, by burning hydrogen into iron, is € < 0.8%, where € is defined

as the mass fraction of fuel that is converted into energy, according to E = € mc?.
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of accretion onto BHs, a maximum efficiency of € ~ 6% for accretion onto a non-rotating
BH (also called a Schwarzshild hole) is derived. A BH with the maximum allowed angular

momentum can have an efficiency of € ~ 29%.

Accretion onto BHs and the associated release of the binding gravitational energy are im-
portant sources of radiation. Two fundamental quantities that are related to such processes are
the Eddington luminosity and the Eddington accretion rate. Assuming a central point source
with mass Mgy, total luminosity Lgy, and a fully ionized gas at a distance r from the source,

the radiation pressure force acting on a gas particle is

NeO'TL
rad =
4nric’

(1.3)

where N, is the electron density and ot is the Thomson cross section. The gravitational force

per particle is
GM, BH,umpN e

Fgrav = 7'2 s (1 4)

where u is the mean molecular weight. Spherical accretion of fully ionized gas onto the central

object can proceed as long as Fr,y > Fryq therefore, for a pure hydrogen gas, we have

ArnGeum
[ < Hiny, BH

M
Mey = Liaa ~ 1.26 X 1038(—) erg s, (1.5)
O—T M@
where we defined the Eddington luminosity as the limiting requirement for accretion (i.e.,

Foav = Fraq) onto a BH of mass Mgy.

We can invert this argument, having that if a luminosity L is observed, we conclude Lggq >
L or

Mgy > Mggq := LL ~ 8 X 107

— | Mo. 1.6
4nGem, (1046 erg S_l) © (16)

Therefore, a lower limit for the mass of the SMBH can be derived from the luminosity. For
QSOs typical masses are Mgy > 108 M. In the above definition of Eddington luminosity, we
have implicitly assumed that the emission of radiation is isotropic. In principle, if the emission
is highly anisotropic, the luminosity can exceed the Eddington luminosity. A geometrical
concept for this would be, for instance, accretion through a disk in the equatorial plane and the

emission of a major part of the radiation along the polar axes.
If the conversion of infalling mass into energy takes place with an efficiency €, the accretion
rate can be determined,
. L 1 L
Mgy = — =~ 0.1 8—(—
BT e €\ 10% erg s~!

)M® gL, 1.7)

If L is measured in units of the Eddington luminosity, we obtain Mgy = L/Lggg X Mgqq,

where the Eddington accretion rate as been defined as
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Figure 1.6: Left panel: for the source NGC5548, the time lag between line- and continuum
variations are shown for the HB line, as a function of the optical continuum luminosity of
the source. The data were obtained by monitoring this galaxy for almost two decades. Right
panel: measured time lags of the HB line as a function of optical luminosity, for a sample of
35 AGNs with reverberation mapping. The slope of the best-fitting power law is again 0.6 +
0.1 as for the case of NGC5548. Taken from (P. Schneider, 2015).
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The Eddington accretion rate is the maximum accretion rate if isotropic emission is as-
sumed, and it depends on the assumed efficiency €. Estimating a characteristic time in which

the mass of the SMBH will significantly increase,

Mgy ( L )_1 8 . -1
lpdd \= —— R € 5x10° yr, (1.9)
Edd Mo Leaa y

1.e., even with efficient energy production (¢ ~ 0.1), the mass of a SMBH can increase
greatly on cosmologically short time-scales by accretion. The various mechanisms of SMBH

formation will be extensively discussed in Sect. 1.3.

BH mass estimates. We just derived a lower limit for the BH mass however, given the impor-
tance of this quantity for this work (see Sect. 1.3 and Sect. 5.1), I will briefly illustrate some
methods used to determine the BH mass.

One of the most accurate methods for estimating the BH mass in AGNs comes from rever-
beration mapping, which directly examine the extent of the BLR. This observational technique
utilizes the fact that heating and ionization of the gas in BLR are both caused by the central
continuum source of the AGN. Since the UV radiation varies, we expect corresponding varia-
tions of the physical conditions in the BLR. Due to the finite extent of the BLR, the observed
variability in the lines will be delayed in time compared to the ionizing continuum. This delay
At can be identified with the light travel time across the BLR, At ~ rg;r/c. From the observed

correlated variabilities of continuum and line emission, Az can be determined for different line
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transitions, and so the corresponding values of rg; g can be estimated. Furthermore, the relative
line width A41/A can be measured, and can be related to the characteristic velocity dispersion,
o. Assuming that the gas is virialized, or moving approximately on Keplerian orbits around
the BH, the BH mass can be estimated to be Mgy = f(rgir)rsr0/G, where f ~ 1 for circu-
lar orbits and for the observer being located in the plane of the orbit. However, reverberation
mapping is a fairly expensive observing technique, and the effort required increases with AGN
luminosity. Moreover, there is not enough information to determine f(rgyr) from the line pro-
file of individual objects. That is why another method is used, based on the well-established
correlation between the BH mass and the width of stellar absorption lines o, in the bulge of
the galaxy, and on an empirical relationship between the size of the BLR determined from

reverberation studies, rg; g, and the continuum luminosity.

From the Mgy — 0. correlation, one can obtain an empirical estimate of f(rg r). The use
of f(rgLr) to estimate Mgy in sources where o, is not known is based on the assumption that
the value is typical of all AGNs, of low and high luminosity, of small and large rg g, and of
all inclinations to the los. This is a major source of uncertainty and scatter in the entire Mgy
determination process. From reverberation studies, a scaling relation between the size of the
BLR for a given transition and the optical continuum luminosity has been found of the form
reLr o LY. Fig. 1.6 shows how this vy is computed for the case of NGC5548, obtaining y ~ 0.6
for the HB emission line. Since rg g cannot be determined from reverberation studies for
every sources, especially the more luminous and high-redshift ones, the continuum luminosity
is often used as a proxy of rg r. Therefore, we can estimate the BH mass using the full width
at half maximum (FWHM) of broad emission lines, which gives an estimate for the velocity

of the gas clouds in the BLR, and the continuum luminosity as follows

MBH
Mo

FWHM;.. \*/ AL, V'
1 )(1 A ) (1.10)

=10%
0 (IOOOkm s7!

0*erg s!
where the best fit values for the scaling parameters «, 3,y depend on the respective emission
lines and monochromatic luminosity L,. For instance, in high-z QSOs, considering the HB
line one has @ = 691, =2,y =0.50at 1 = 5100A or, considering the MglI line, it is found
a =686, =2,y =050ata = 3000A or, for the CIV line, @ = 6.71,8 = 2,y = 0.53
at 1 = 1350A (Eilers et al., 2022; Coatman et al., 2017; Vestergaard and Peterson, 2006;
Vestergaard and Osmer, 2009a). Equations of this form are used to obtain the so-called single-
epoch virial mass estimates of Mgy with a single continuum point to obtain L and a single
line width to obtain FWHM. These relationships are calibrated to the most recently updated
and robust mass determinations from reverberation mapping. The majority of reverberation
mapping studies have been conducted using HB on low redshift AGN (e.g., Bentz et al., 2013;
Barth et al., 2015; Grier et al., 2017; Malik et al., 2023). For high-z sources, the MglI or CIV
line is often utilised. However, this involves applying additional scaling from the Hg line to
formulate the virial mass based on other lines (e.g., Shen et al., 2011). There have been efforts
to establish the rg g — L relation for high redshift AGN (e.g., Shen et al., 2019; Homayouni
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et al., 2020; Yu et al., 2023), though it is still debatable whether the single-epoch mass from
these lines are reliable or will need further correction (e.g., Shen et al., 2008; Shen and Kelly,
2012; Shen and X. Liu, 2012) since they might be affected by non-virial component due to the
stratified BLR of the different lines (Murray et al., 1995; Shen et al., 2008; Yong, Webster, and
A. L. King, 2016; Yong et al., 2017). These relations have been used to measure BH masses for
thousands of sources with an estimated uncertainty of about factor 2-3 (i.e. dex=0.3-0.5, Shen
et al., 2013), when using either HB or Mgll. Estimates based on the high ionization CIV line
are very uncertain (> 0.5 dex), as this line shows large velocity offsets, implying significant
non-virialized motions (Mejiéa-Restrepo et al., 2018; Park et al., 2017). Moreover, there is
mounting evidence that large CIV blueshifts (> 2000 km s™!) are more common at z > 6 than
at lower redshifts (e.g., Meyer, Bosman, and Ellis, 2019; Schindler et al., 2020; Matthews
et al., 2023).

Determining the BH mass from broad Mgll, Hg, or CIV emission lines is feasible only for
not heavily obscured type 1 AGNs, i.e., when lines coming from the BLR can be observed.
This is the case for the sample of QSOs investigated in this Thesis. However, it is worth
mentioning methods for estimating the BH mass in case of either type 2 AGNs or obscured
and low-luminosity type 1 AGNs. Notably, type 2 AGNs represent the majority of the AGN
population (F. La Franca et al., 2005). In order to measure the BH masses of type 2 AGN:ss,
virial relations have been calibrated based on the hard X-ray luminosity and on the width of
the most relevant NIR (0.8-2.5 um) and optical emission lines (F. La Franca et al., 2015; Fabio
La Franca et al., 2016; Onori et al., 2017; Ricci et al., 2017). In particular, Ricci et al. (2017)
calibrated relations between the FWHMyr of the most relevant NIR emission lines (Paa, Pag,
Hel 11.083um) and the intrinsic hard X-ray luminosity, Ly, of the type Mpy FWHMIZ\HRL?(.S.
Using those relations, Onori et al. (2017) derived virial measurements of the BH mass of a
sample of 17 type 2 AGNs. They found that at fixed X-ray luminosity type 2 AGN have 0.5
dex smaller BH masses than type 1 AGN. This disagrees with the standard AGN unification
scenarios, in which type 1 and type 2 AGN are the same objects observed along different
viewing angles with respect to a toroidal absorbing material. Their findings instead suggests
an alternative scenario (see e.g., Hopkins et al., 2005) in which type 2 AGNs represents the

preceding stage of a type 1 AGN.

1.1.4 The new high-z frontier

In the last decade, the quasar redshift frontier is increasingly expanding as a result of new sky
surveys and with the recent advent of JWST. The first discoveries of QSOs at z > 4 were dated
back in the 1980s, thanks to the implementation of the drop-out selection techniques (e.g.,

Warren et al., 1987). Nowadays, about 1000 QSOs have been discovered at z > 5, and more
than 200 at z > 6 using the Sloan Digital Sky Survey (SDSS) and other wide-field near-infrared
sky surveys such as UKIDSS (e.g., Fan et al., 1999; Fan et al., 2001; Mortlock et al., 2011).

The quasar redshift frontier currently stands at z = 10.1 (Bogdan et al., 2023), more discoveries
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Figure 1.7: Distribution of all known z > 5.3 QSOs in the absolute magnitude-redshift plane
(top panel). The shaded areas are the parameter space probed by selected large QSO survey
programs. The bottom panel shows the cumulative number of QSOs known at 7 > 5.3 as a
function of year of publication. Taken from Fan, Banados, and Simcoe (2022).

at higher redshifts are expected from JWST observations. For instance, an extensive analysis of
the JWST-NIRSpec spectrum (from the JADES survey) of GN-z11, which is an exceptionally
luminous galaxy at z = 10.6 (Oesch et al., 2016), revealed the detection of the high ionization
[NeIV]A2423 transition and semi-forbidden nebular lines tracing gas densities higher than
10' cm™3, typical of the BLR of an AGN (Maiolino et al., 2023). This can potentially shift
the frontier to z ~ 11. Also ESA’s Euclid mission will soon provide deep NIR photometry that

has been not possible with ground based observations.

Surveys of quasars at the highest redshift are extremely challenging. Quasars at and near
the Epoch of Reionization (EoR) are among the rarest objects in the Universe. Indeed, the
SDSS z ~ 6 sample covers more than 11000 deg?, but contains only 52 quasars (Jiang et al.,
2016). Most high-z quasar survey are based on Lyman break dropout selection using optical
and NIR photometric survey data. However, other population of objects, such as compact
early-type intermediate-redshift galaxies, have similar optical and NIR colors, and these con-
taminant populations outnumber high-z QSOs by 2-4 orders of magnitude in deep photometric
surveys (Euclid Collaboration et al., 2019). Therefore, effective quasar surveys require a bal-
ance between selection efficiency and completeness. Fig. 1.7 presents the distribution of all
published z > 5.3 QSOs, as of December 2022, on the absolute magnitude-redshift plane,
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Figure 1.8: 2D image representation of 527/531 of all published spectra of z > 5.3 QSOs.

highlighting the major survey programs from which most of these quasars are selected (Fan,
Banados, and Simcoe, 2022). Given the difficulties in the search for high-z QSOs, up to now
quasars surveys are generally biased towards higher luminosities. Selection of fainter QSOs
requires photometric observations on large aperture telescopes: the SHELLQs project (Mat-
suoka et al., 2022) is based on the Hyper Suprime-Cam (HSC) survey on the 8.2m Subaru
Telescope and discovered only 69 quasars at 5.8 < z < 7.0 in the low luminosity regime, down
to My450 ~ —21 mag. Now, with JWST the intermediate and low-luminosity populations of

QSOs will be fully and properly explored for the first time.

Fig. 1.8 shows a 2D image representation of all spectra of QSOs at z > 5.3 known up to
Dec. 2022 (Fan, Banados, and Simcoe, 2022). Each row is the 1D spectrum of a QSO, ordered
in ascending redshift. The flux level of each column is normalized by its Ly« flux. The image
shows how the QSO Ly« emission line moves to NIR wavelengths as the redshift increases
from z ~ 5to z > 7. On the blue side of the Lya emission, the spectra show the extent of
the highly ionized QSO proximity zone, where the flux does not immediately drop to zero.
At higher redshift the Gunn-Peterson absorptions get increasingly stronger and this effect is
complete at z > 6. On the red side of Lya emission, broad emission lines such as OI+Sill,
SilV+O0OIV] and CIV are clearly visible.

The current quasar redshift forntier is represented by the three luminous QSOs known at
z > 7.5, selected using a combination of NIR, optical, and MIR (WISE) surveys: J1342+0928
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at z = 7.54 (Banados et al., 2018); J1007+2115 at z = 7.52 (J. Yang et al., 2020); and J0313-
1806 at z=7.64 (F. Wang et al., 2021). This frontier will be expanded with the advent of the
Legacy Survey of Space and Time (LSST) by the Vera C. Rubin Observatory, which will cover
the southern sky at optical wavelengths to unprecedented depths, and of the NASA’s Nancy
Grace Roman Space Telescope, which will cover a smaller area in its High Latitude Survey

but reaching two magnitude deeper.

1.2 Properties of the ISM of high-z QSO’s host galaxies

AGNs are considered the central engine of otherwise quite normal galaxies. This nuclear activ-
ity is nourished by accretion of matter onto a SMBH. For long time, however, it was not clear
as to whether QSOs are also hosted in a galaxy. Their high luminosity made the surrounding or
host galaxy difficult to identify on images taken from the ground, with their resolution limited
to ~ 1 arcsec. In the 1980s, the host galaxies of some QSOs were detailed imaged for the first
time with the HST (see Fig. 1.9), pushing these studies even at z = 2 — 3. In these investi-
gations, it was also found that the host galaxies of QSOs are often heavily disturbed, e.g., by
tidal interactions with other galaxies or even by merging processes. These mechanisms are
essential for the gas to flow towards the center of the galaxy, and also seem to increase the
star formation rate (SFR), likewise in starburst galaxies. Some of the information was detailed
enough to enable systematic studies of the morphology, color, and even stellar population of
the hosts. Nowadays, these properties are known for numerous low-z AGNss, also thanks to
the vast improvement in the performance of adaptive optics systems on giant ground-based
telescopes. The picture that emerged suggests that the morphology of most AGN host galaxies
are similar and even indistinguishable from those of inactive galaxies at the same redshifts,
as well as for the color and stellar populations (Netzer, 2013). On the other hand, accurate
information about higher-z host is difficult to obtain and more uncertain. The detection of
starlight from the host galaxies of quasars during the EoR (z > 6) has been elusive, even with
deep HST observations. The current highest redshift quasar host detected, at z = 4.5 (Peng
et al., 2006), required the magnifying effect of a foreground lensing galaxy. Low-luminosity
quasars from the HSC Subaru Strategic Program (HSC-SSP, Aihara et al., 2018) mitigate the
challenge of detecting their underlying, previously-undetected host galaxies. Recently, Ding
et al. (2022) reported rest- frame optical images and spectroscopy of two HSC-SSP quasars,
J2236+0032 and J2255+0251, at z > 6 with JWST. Using NIRCam imaging at 3.6um and
1.5¢m and subtracting the light from the unresolved quasars, they found that the host galaxies
are massive (stellar masses of 13x and 3.4 x 10'° My, respectively), compact, and disk-like.
As shown in Fig. 1.10, they detected the host galaxies for both targets, which are visible after
subtracting the quasar point-source model (third column). For J2236+0032, the quasar host
is significantly detected in both filters (mpssew = 23.12 + 0.20 mag; mp;sow = 25.12 + 0.29
mag), and the light distribution is elongated in the same direction (i.e., NE-SW) in the two
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Figure 1.9: HST images of QSOs in the local universe. In all cases the host galaxy can be
easily identified, with the QSO itself being visible as a (central) point source in these images.
Taken from P. Schneider (2015).

filters, suggesting a mildly inclined disk-like host. For J2255+0251, the host galaxy is clearly
detected in the F356W band (mp3s6w = 24.58 + 0.30 mag) with a host-to-total flux ratio of 9.8
+ 2.6%. The host emission extends southeast (left) of the quasar’s location. This is the first
step towards a systematic analysis of the properties of the host galaxies at the highest redshifts
with JWST.

Even if high-z host galaxies have been proven difficult to detect in the optical/NIR wave-
lengths, telescopes observing in other wavelength regimes as, for instance, Herschel, the
Northern Extended Millimeter Array (NOEMA), the Very Large Array (VLA), and the At-
acama Large Millimeter/sub-millimeter Array (ALMA), shed light into the properties of the
gas and dust inside the QSO’s host galaxies, giving us a picture of the composition and the

properties of the interstellar medium (ISM) in these objects.

The ISM 1is formed by the gas and dust that exist between stars, and fills most of the volume
of the galaxy. It plays a crucial role in the process of SF throughout a galaxy’s lifetime. The
local properties of ISM indeed affect the efficiency of SF, and in turn, feedback via stellar
winds and supernova explosions regulate the mechanism for the ongoing process of the buildup
of galaxies throughout cosmic time. Hydrogen gas is the most abundant species (in both
number and mass) in the ISM, and the mass of dust material is generally of order 0.01 times
the mass in hydrogen. Dust particles usually range in size from the molecular domain to
sizes of order 0.3 um, and are composed largely of amorphous carbon or graphite, aromatic

hydrocarbons, silicates, ices, silicon carbide, and possibly iron particles, metallic oxides, and
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Figure 1.10: 2D decomposition into quasar and host-galaxy emission. Panels are as follows
from left to right: quasar image (data), best-fit model (quasar + host galaxy), host galaxy only
(data - model quasar point-source component), and normalized residual image, i.e., (data -
model)/ o, where o is the flux uncertainty of each pixel. The target name is above each row
of panels and the filter is indicated on the left. The alignment of the NIRSpec slit (0.2 X 0.6
arcsec?) is shown in the left panel of the F356W image for each target. Pixel units are Mega-
Janskys per steradian. A scale bar of 0.5 arcsec corresponds to 2.8 kpc at z ~ 6.4. Taken from
Ding et al. (2022).
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Figure 1.11: Sketch of the composition of the ISM in a galaxy. Taken from publicly available
slides of a talk by Jorge L. Pineda (link).

sulfides (D. J. Hollenbach and Tielens, 1999). At the small end of the size regime lie polycyclic
aromatic hydrocarbons (PAHs), which are really large, planar molecules rather than ‘solid’
dust particles. The ISM is composed by three phases, which exist in thermal equilibrium
pressure: a hot phase formed by hot ionized medium (HIM) with hydrogen nucleus density
n~3x107 cm™ and T ~ 10° K; a warm phase formed by the warm neutral medium (WNM)
with n ~ 0.3 x 1072 cm™ and T ~ 8000 K and by the warm ionized medium (WIM) with
similar n and T but with the hydrogen nearly completely ionized; a cold phase of neutral
clouds formed by a cold neutral medium (CNM) with n ~ 30 cm™ and T ~ 100 K. The
majority of the volume of the ISM is filled by the lower-density media. There are also dense
clouds, small in volume filling factor, with much higher thermal pressures than the average
ISM thermal pressure. Their cores are cold (7' ~ 1 — 30 K), opaque to optical or ultraviolet
photons, and molecular (H;). They are either collapsing to form stars (HII regions) or are
expanding due to the interaction of radiation or winds from embedded or nearby stars (e.g., the
extreme ultraviolet photons from massive stars near molecular clouds produce the bulk of the
fully ionized gas in the galaxy). The regions in which the stellar far-ultraviolet (FUV) photons
affect the structure, chemistry, thermal balance, and evolution of the neutral ISM of galaxies
are called photodissociaton regions (PDRs). The structure of a PDR is well established (D. J.
Hollenbach and Tielens, 1999). The outermost layer, which is exposed to the ambient radiation

is ionized, and its thickness determined by the ionization parameter. This is followed by a
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neutral layer, and yet deeper lies a molecular layer. The study of PDRs are linked to the study
of the SF in galaxies, since the ultraviolet photons not only illuminate the star forming regions
but also regulate the SF processes. A sketch of the composition of the ISM is shown in Fig.
1.11.

1.2.1 The multi-phase cold gas in high-z QSO’s hosts

At high redshifts, the examination of the ionized ISM can be accomplished by employing a
combination of optical emission lines, such as Lya and He, alongside FIR atomic fine struc-
ture lines like [CII], [NII], and [OIII]. The investigation of the neutral medium can also be
conducted using FIR atomic fine structure lines, including [OI], [CI], and [CII]. Regrettably,
it is not feasible to analyze HI 21cm emission from galaxies at z > 0.5 due to limited sensi-
tivity; this endeavor awaits the full deployment of the square kilometer array, as detailed by
(Carilli, Ivison, and Frail, 2003). The atomic phase within high redshift systems can be fur-
ther scrutinized through absorption measurements along individual LOS (Wolfe, Gawiser, and
Prochaska, 2005).

In the molecular medium, the elevated gas densities serve as protection against UV pho-
todissociation for molecules, thanks to the shielding effect of dust and HII self-shielding
(Dyson and Williams, 1980; Tielens, Waters, and Bernatowicz, 2005; Lequeux, 2005). The
molecular gas phase is believed to precede star formation directly, a point emphasized by stud-
ies such as Leroy et al. (2008); Schruba et al. (2011). This phase holds particular significance
in assessing a galaxy’s potential to generate new stars. In the outermost layers of PDRs, carbon
monoxide (CO) undergoes dissociation due to UV radiation, resulting in dominant emissions
originating from atomic fine structure lines, H, roto-vibrational lines, dust continuum, and
PAH emissions. As one moves deeper into this region, dust shielding and self-shielding fa-
cilitate the persistence of CO, with gas primarily heated by electrons released from dust grain
surfaces following UV absorption. Several lines have ionization potentials higher than that of
hydrogen and exclusively serve as cooling lines for the ionized medium (e.g., [NII], [OIII]),
while others with lower ionization potentials trace both the neutral ISM and ionized regions
(e.g., [CII], [OI], [CI]). A significant portion of the FUV energy generated by star formation
in galaxies, up to a few percent, contributes to gas heating through the emission of photo-
electrons, which is subsequently re-emitted via fine structure lines, notably the [CII] 158um
line (and occasionally [OI]). The majority of stellar radiation is dedicated to heating dust, with
the balance achieved through FIR emission or direct radiation into the universe, with propor-
tions roughly equal, contingent upon factors such as geometry and dust content (Elbaz et al.,
2002).

The main H, molecule is symmetric and lacks of dipolar transition. In the extremely cold
environment of the ISM (~ 20K), another type of transition, known as quadrupolar transitions,
does not occur due to the low temperatures and their inherently weak Einstein coefficient.

For investigating and characterizing molecular gas in space, CO serves as a valuable tool. It
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Figure 1.12: CO emission ladder at fixed temperatures and varying density (left panel) and
viceversa (right panel). Both panels have been normalized to the CO(1-0) transition. Taken
Sfrom Carilli and Walter (2013).

is considered a reliable tracer with its solar abundance of CO/H, ~ 107 and it can provide
wealth of information about the interstellar gas. At higher redshifts, the utility of CO as a tracer
becomes even more pronounced owing to the high probability of encountering rotational ladder
lines of any J level. This arises from the contraction of ladder spacings, scaling inversely with
(1 + z). Furthermore, when the gas undergoes excitation, the line strengths of J levels exhibit
a nearly quadratic frequency dependence. This is illustrated in Fig. 1.12 where the expected

CO excitation is shown as a function of density and temperature (Carilli and Walter, 2013).

At high redshift, galaxies have a higher gas fraction (e.g., Tacconi et al., 2010), where the
gas fraction can be defined by the gas to stellar mass ratio, or the gas to baryonic mass ratio.
In addition to being more abundant, the gas is characterized by higher densities, resulting in
elevated average rates of star formation. Consequently, the CO lines tend to exhibit greater

excitation, thereby enhancing the prospects of detecting molecular gas.

The CO line luminosity can be expressed in several ways (Solomon and Vanden Bout, 2005;
Carilli and Walter, 2013). From energy conservation, the monochromatic luminosity, observed

flux density, and luminosity distance are related by ViesL(Viest) = 47rDivobsS (Vobs), yielding

Leo = 1.04 X 1078 coAV Vi (1 + 2)7' DE, (1.11)

where the CO line luminosity, Lco, is measured in Ly; the velocity integrated flux, S coAv, in
Jy km s71; the rest frequency, Viest = Vobs(1 + z), in GHz; and the luminosity distance, Dy, in
Mpc.

Alternatively the line luminosity, L, can also be expressed for a source of any size in terms

of the total line flux, in units of K km s~! pc? as follows

23



CHAPTER 1. INTRODUCTORY VIEW OF HIGH-REDSHIFT QSOS

100 |~ QS0

F T T T T T T T T T L T T_T T T T
C J2310+1855 |
Cloverleaf
APM 08279
J1148+5251
J0100+2802
J0439+1634_

3.0~

®
L Lol

Lol

I

Ll

L L L L N T T T TN Y N N N O N T Y Y A |
0 2 a4 6 8 10 12 1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17

J Juppor

Figure 1.13: Left panel: CO SLED of all sources where CO(1-0) line has been measured. The
line fluxes have been normalized to the CO(1-0) line. The QSOs are the most excited systems
found. The dashed light grey line shows constant brightness temperature on the Rayleigh-
Jeans scale, i.e. S ~ Vv, for low-J. Taken from Carilli and Walter (2013). Right panel: CO
SLED normalized to CO(6-5) of high-z QSOs. J0439+1634 at z = 6.511 in green (J. Yang et
al., 2019); J1148+5251 at 7z = 6.419 in blue (Riechers et al., 2009; S. Gallerani et al., 2014);
JO100+2802 at 7 = 6.327 in magenta (F. Wang et al., 2019); J2310+1855 at z = 6.003 in black
(Li et al., 2020); APMO08279+5255 at z = 3.911 in grey (P. Papadopoulos et al., 2001; Weif3
et al., 2007); Cloverleaf at z = 2.560 in red (Bradford et al., 2009; Uzgil et al., 2016).Taken
from Li et al. (2022).

Lo =3.25% 10'S coAv vie. Di (1 +2)7°. (1.12)

obs

Comparing the two equations we have Lco = 3 x 1073 L. Note that L’ line is directly
proportional to the surface brightness temperature, i.e. the L’ line ratio of two lines give the
ratio of their intrinsic, source-average surface brightness temperatures. If the molecular gas
emission were to come from thermalized, optically thick regions, L’ line is constant for all J

levels.

The distribution of radiating energy among the various J-lines of the CO ladder called the
SLED (Spectral Line Energy Distribution), is a very useful diagnostic of the physics of the
emitting ISM, in particular its density and temperature. It has been shown that the CO SLED
can effectively discriminate between quiescent galaxies akin to the Milky Way, where emis-
sion peaks at J=3, and densely populated, vigorously star-forming starbursts, where the peak
may reach J=8 (Weil et al., 2007). Such excitations predominantly arise from star formation
processes, such as PDRs. However, in proximity to an AGN, higher excitations become plau-
sible, notably through the influence of hard X-rays, referred to as X-Ray Dominated Regions
(XDRs, see P. P. van der Werf et al., 2010). In certain instances of highly concentrated star-
bursts, perturbations in the SLED can also arise from the opacities associated with dust (P. P.

Papadopoulos et al., 2010).
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Figure 1.14: Left panel: Continuum-subtracted CO(6-5) spectrum of QSO J2310+1855 at z =
6.003. The red line shows a fit with a Gaussian profile. Other three panels from left to right:
moment-0, moment-1, moment-2 maps of the CO(6-5) emission line of QSO J2310+1855. The

cross indicates the phase center. The synthesized beam is indicated in the lower-left corner.
RA- and DEC- offset are in arcsec. Taken from Feruglio et al. (2018).

Different source populations at high-z show different excitation, as can be seen in the left
panel of Fig. 1.13 (Carilli and Walter, 2013). The CO excitation of QSO’s host galaxies can
generally be described by a simple model with one temperature and density out to the highest—J
CO transition with a typical gas density of log(n(H,)[cm™]) = 3.6 — 4.3, and temperatures of
Tyin = 40 — 60 K. A prominent example is the highly excited quasar host APM08279+5255
(Weil3 et al., 2007). Right panel of Fig. 1.13 shows a compilation of CO SLEDs for high-z
QSOs. This comparison suggest that a highly excited molecular gas component is common
in the nuclear region of the quasar hosts. While for low-J (J < 6) the trend of the CO SLED
seems to be quite similar, for high-J transitions the shape of the CO SLED of these systems is
different from object to object.

The estimation of molecular content based on CO lines relies on the CO-to-H2 conversion
factor, which has been well calibrated at lower redshifts, particularly within the Milky Way.
At lower redshifts, clouds are individually detected, and their virial masses are subsequently
estimated. Nevertheless, this factor remains intricately dependent on gas metallicity (Bolatto,
M. Wolfire, and Leroy, 2013). With its low energy and critical density, CO is easily excited
even in cold molecular clouds. At a wavelength of 2.6 mm, the J = 1 — 0 transition of CO lies
in a fairly transparent atmospheric window. It has thus become the preferred tracer of the bulk
distribution of H, in our Galaxy and beyond. There is a direct link between the molecular gas

mass and the CO(1-0) line luminosity,

My, = acoLco-0), (1.13)

where aco is the so called CO-to-H2 conversion factor, simply a mass-to-light ratio, and it
is expressed in units of M(K km s™! pc?)~!. The conversion factor typical for ULIRG and
QSOs is found to be aco = 0.8 My(K km s7! pc?)~! (Bolatto, M. Wolfire, and Leroy, 2013;
Carilli and Walter, 2013). However, in z > 6 QSOs it is challenging to detect the CO(1-0)
and, up to now, the lowest transition reached is the (2-1) (see QSO J0100+2802 in Fig. 1.13).
Therefore, we use the CO SLED to re-scale the lowest detected transition to the (1-0) one, and
then we estimate the molecular gas mass. This approach clearly introduces big uncertainties

to the estimate of My,.
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Fig. 1.14 shows the spectrum and momenta of the CO(6-5) emission line in a QSO at z ~ 6
(Feruglio et al., 2018). The emission is spatially resolved thanks to the high resolution and
sensitivity provided by ALMA. There is a gradient in the velocity map that may indicate the
presence of a rotating disk. Feruglio et al. (2018) found a molecular gas mass of ~ 3x 10'° M,
and a size of the molecular disk of ~ 2.9 + 0.5 kpc. Recently, Decarli et al. (2022) presented
a survey of CO(7-6) and CO(6-5) in a sample of 10 QSO’s host galaxies at z ~ 6. They
derived a molecular gas masses of the order of 10!°— 10! Mg, This confirmed previous results
suggesting the large gaseous reservoirs in the first QSO’s host galaxies (e.g., R. Wang et al.,
2013; Carniani et al., 2019; B. P. Venemans et al., 2017).

The single [CII] 158 um fine structure transition is a very important coolant of the atomic
ISM and of PDRs, wherein carbon is partially or completely in ionized form. Since carbon has
an ionization potential lower than that of the hydrogen, this line emission can originate from
a variety of phases of the ISM: cold atomic clouds (CNM), diffuse WNM and WIM, and HII
regions. Excitation of the [CII] fine structure transition can be via collisions with hydrogen
molecules, atoms, and electrons. Observationally, it is a challenging task to disentangle the
contribution of [CII] emission from all different components. Analysis of [CII] observations
is also complicated by the fact that it is difficult to determine the optical depth of the line
(e.g., Neri et al., 2014). For metallicities corresponding to the bulk of our galaxies at high
redshift, the fraction of [CII] emission originating in the neutral phase approaches 90%. At
higher redshift, in the interacting system BR1202-0725 at z = 4.7, while [CII] emission arises
primarily in the neutral gas for the sub-millimetre galaxy and the quasar, [CII] emission seems
to be associated with the ionized medium (HII regions) for one Lyman-a emitter of the system
(Decarli et al., 2014). Studying 20 dusty star-forming galaxies from the South Pole Telescope
(SPT) sample at 2.1 < z < 5.7, Gullberg et al. (2015) found that [CII] emission is consistent
with PDRs. Similarly, Stacey et al. (2010) found that the bulk of the [CII] emission line (70%)
is originating from PDRs in twelve z ~ 1-2 galaxies. The [CII] line is a powerful diagnostics
to assess the morphology and kinematics of primeval galaxies, given that it is generally the
strongest emission lines observed in the spectra of high-z galaxies. Since its first detection at
high redshift (Maiolino et al., 2005), this transition has then been detected in large samples of

distant galaxies.

B. P. Venemans et al. (2020) studied the [CII] emission line in a sample of 27 QSO’s host
galaxies at z ~ 6 observed with ALMA at a spatial resolution of ~ 1 kpc. They found that
the [CII] emission in the quasar hosts has sizes between 1.0 and 4.8 kpc, and that 13 quasars
(48%) have companion [CII]-emitting galaxies in the field, with distances between 3 and 88
kpc. Using the same sample, Neeleman et al. (2021) explored the kinematics of these objects,
revealing that one-third of the hosts have disturbed [CII] emission profiles, another third shows
a smooth velocity gradient consistent with emission arising from a rotating disk, and the last
third shows a velocity profile consistent with emission arising from a dispersion-dominated

system. Fig. 1.15 presents the momenta for one of the QSOs with kinematics showing ordered
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Figure 1.15: From left to right: moment-0, moment-1 and moment-2 of QSO P183+05. The
ALMA synthesized beam is shown in the inset in the lower left corner. Taken from Neeleman
etal. (2021).

motions. The mean velocity dispersion of the sample is ~ 129 km s~!. The analysis of the host
kinematics provides an essential information regarding the properties of the hosts, that is an
estimate of the dynamical mass. The dynamical mass enclosed within a radius R is expressed

as:

2

V..
Mgyn[Mo] = gCR, (1.14)

where G is the gravitational constant and v, is the maximum circular velocity of the gas

disk. The latter is estimated from the rotation curve of the hosts derived from the analysis
of [CII] emission line. However, the determination of v requires the knowledge of the
inclination angle of the galaxy, which is very difficult to estimate for high-z sources even if
using high resolution and sensitivity observations. Thus, this becomes the major factor of
uncertainty in deriving dynamical masses through kinematical studies. When studies of the
velocity rotation curve are unfeasible due to limitation on the sensitivity and resolution of
the [CII] observations, the dynamical mass can be alternatively derived from the following

relation:

Mgga[Mo] = 1.16 x 10°vZ, D (1.15)

circ™»

where D is the disk diameter in kpc, and v = 0.75FWHM|cyy;/ sin(i). Even in this case,
a substantial factor of uncertainty is given by the inclination angle. Estimates of dynamical
masses combined with robust BH masses make it feasible to push BH/galaxy co-evolution
studies to the highest accessible redshifts (for a detailed discussion see Sect. 1.3). Measuring
the dynamical masses for all the undisturbed galaxies, Neeleman et al. (2021) found a mean

dynamical mass of ~ 5 x 10'° M.
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A tight relation between the [CII] luminosity and the global SFR is seen in local galaxy obser-
vations, at least when excluding extreme (ULIRG-like) cases (De Looze et al., 2014; Kapala
et al., 2015; Herrera-Camus et al., 2015). This makes [CII] a promising tool to investigate the
properties of early galaxies and to trace their star formation. Carniani et al. (2017) revealed
that the [CII] emission breaks into multiple subcomponents in 9 out of the studied 21 galax-
ies having [CII] detections. Taking into account the presence of these subcomponents and
the proper associations between [CII] and UV components, they found that the distribution of
z > 5 galaxies on the L[CII]-SFR diagram follows the local relation, but the dispersion is 1.8
times larger than that observed in nearby galaxies.

Water is thought to be one of the most abundant molecules in galaxies, present predomi-
nantly in icy mantels of dust grains in cold environments (Tielens et al., 1991; D. Hollenbach
et al., 2009). In warmer environments, water in the gas phase is thought to play an important
role in cooling (Neufeld and Kaufman, 1993; Neufeld, Lepp, and Melnick, 1995). The rota-
tional transitions of water have high critical densities (> 10® cm™), i.e. collisional excitiation
can only happen in the very centres of dense cloud cores and other excitation mechanisms,
in particular infrared pumping, are typically invoked. Indeed, Pensabene et al. (2021) de-
tected H,O(3,; — 3;») transition in QSOs PJ231-20 at z > 6, and found that it lies on the
Lo o L' relation found for low-z sources (C. Yang et al., 2013; C. Yang et al., 2016),
where Lrg is the total infrared (TIR) luminosity, suggesting that the H,O line is predominantly
excited by pumping of IR photons of the dust UV-reprocessed radiation field.

1.2.2 The cold dust in high-z QSO’s hosts

Dust grains play a key role in the physics and chemistry of the ISM, which is a complex
and dynamic environment. They heat the gas through the photo-electric effect, and therefore
influence the thermal structure of the ISM. Inter stellar dust is a primary coolant of the ISM
and facilitates the gravitational collapse and fragmentation of gas clouds from which stars
form, while altering the emission spectrum of galaxies from UV to FIR wavelengths through
the reprocessing of starlight. All these processes depend on the dust population, chemical
composition (carbonaceous, silicates etc.) and size distribution. Multiple dust population
models have been proposed (Mathis, Rumpl, and Nordsieck, 1977; Zubko, Dwek, and Arendt,
2004; Draine et al., 2007; Compiegne et al., 2011; A. P. Jones et al., 2013) with a various range
of grain compositions and size distributions.

The chief advantage for galaxies at high redshifts resides in the fact that the peak of dust
emission, typically centered around 100 microns in the case of star-forming objects, is red-
shifted to the sub-mm and mm domain, covered by the ALMA telescope.

The study of the cold dust SED of the QSO’s hosts provides essential information about
the dust properties of the ISM in this objects, since the modelling of the cold dust SED directly
depends on the dust temperature, 7,5, dust mass, My,y, and dust emissivity index, 5. Once

the SED is modelled, and therefore the dust properties are precisely constrained, the TIR
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Figure 1.16: Top left panel: FIR dust continuum and radio emissions of the JO100+2802 host.
The dashed lines are graybody model fits with the emissivity index fixed at B =1.95, and the
dotted lines are models with fixed B =1.6. The magenta solid line denotes a graybody model
fit with Ty fixed at 47 K. The gray solid line denotes a graybody model fit with both 3 and
Tqust as free parameters, which yields p = 2.28 + 0.26 and Tq,s = 86 + 54 K. Top right panel:
observed SED of J2310+1855 (red), J1319+0950 (blue), and J1148+5251 (orange) with best-
fitting curves (solid lines). The vertical shaded green region shows the range of frequency
covered by ALMA Bands 8, 9, and 10, which are fundamental to constrain dust properties
in high-z sources (see text). Bottom left panel: corner plots showing the three-dimensional
posterior probability distributions of Mays, Taus, and B for J1319+0950. Blue lines indicate
the best-fitting parameter, while the dashed lines show the 16 and 84 per cent percentiles for
each parameter. Bottom right panel: same as bottom left but for J1148+5251.

luminosity and the SFR can be derived with high accuracy (for more details see Sect. 4.2).
However, most high-redshift quasars lack full FIR SED measurements, and Lgr and M gyg
are commonly determined with single or two photometric measurements by assuming an op-
tically thin graybody model with a dust temperature of T4, = 47 K and an emissivity index of
B=1.6 (e.g., F. Wang et al., 2016; B. P. Venemans et al., 2018). This temperature and emissiv-
ity index are measured from fitting a combined SED of a sample of high-redshift quasars with
two or more rest-frame FIR photometric measurements by (Beelen et al., 2006). This clearly
introduces major uncertainties in the determination of the dust properties and the SFR.

Up to now, only a bunch of objects at z > 6 have a well sampled SED in the mm/sub-mm
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Figure 1.17: The [CII] to FIR luminosity ratio versus the FIR luminosity. The low-z galaxies
are plotted as black circles, ULIRGs at high-z (1 < z < 6) as green circles, the Hello sources
(z = 1 = 3) as blue circles, the high-z SPT sources as red circles, and the QSOs at 7 > 4 as
magenta stars. Taken from Francoise Combes (2018).

regime. Fig. 1.16 shows the SEDs of some high-z QSOs (Carniani et al., 2019; F. Wang et al.,
2019).

J1148+5251 and J2310+1855 are the only QSOs for which the cold dust SED is probed
both in the Rayleigh-Jeans regime and near the peak, yielding a precise estimates of the dust
parameters and the SFR. This can be seen in the corner plots of Fig. 1.16, where the T4, of
J1319+0950 results largely unconstrained with respect to the one of J1148+5251. Even though
the Rayleigh-Jeans regime of the SED is finely sampled, uncertainties on the dust parameters
are still significant, especially for the dust temperature, as seen for the case of J0100+2802 (top
left panel of Fig. 1.16). Given the data available, the Ty, of J01004+2802 can be any between
47 K and 100 K, strongly affecting the estimate of the SFR that ranges from few hundreds to
few thousands of M yr~!. This emphasizes the critical role played by ALMA Bands 8, 9,
and 10 in providing indispensable insights towards the constraint of dust properties and the

determination of SFR with high accuracy.

A reliable and precise estimation of dust mass can additionally serve as a means to deter-
mine the gas-to-dust ratio (GDR) for QSO’s hosts with an already well-established gas mass
measurement. By investigating the GDR within a sample of high-redshift QSOs, an average
GDR can be derived and subsequently applied to infer the gas mass for objects, particularly
those lacking information on lower CO transitions where gas mass remains highly uncertain
or undetermined. To calculate gas mass, the GDR has frequently been assumed, introducing a

notable level of uncertainty in its estimation. Recent investigations of hyper-luminous QSOs
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Figure 1.18: The Mgy — o relation for BH masses at different redshifts for light and heavy
seeds. The lack of an initial Mgy — o correlation for these seeds is also evident here and is
shown at the bottom of the z = 4 panels (green points). Adapted from M. Volonteri (2010).

at redshifts approximately z ~ 2.4 — 4.7 have revealed a wide range of GDR values, span-
ning from 100 to 300, with an average GDR of approximately 180 (Bischetti et al., 2021).
These findings align with earlier results obtained for sub-millimeter galaxies up to redshifts
of z ~ 3 -5, where GDR values typically range from 150 to 250 (e.g., Saintonge et al. 2013;
Miettinen et al. 2017). In contrast, lower-redshift galaxies tend to exhibit a GDR around 100
(Draine et al., 2007; Leroy et al., 2011), suggesting an increase in the GDR with redshift.

When studying the photoelectric heating efficiency of the dust, measured by the ratio
Licm/Lrr, varies by about 2 orders of magnitude, and is decreasing at high Lgg, for strong
starbursts. The main factor reducing this efficiency has been shown to be the dust temperature,
and the strong UV field (Malhotra et al., 2017): indeed, the Licy)/Lpr ratio is well anticor-
related to the dust temperature, whatever the redshift. Fig. 1.17 gathers a large fraction of
the [CII] studies so far, and shows that the [CII]/FIR ratio is higher at high redshift, although
still declining with Lgr. The high-z quasars detected reveal a wide range of properties, some-
times behaving like starbursts, while sometimes the quasar excitation may prevail (e.g., B. P.
Venemans et al., 2016).

1.3 The co-evolution between supermassive black holes and

their host galaxies: an open question

In the previous sections, I presented some general properties of high-z QSOs, focusing in
particular on the cold gas and dust in the ISM of the host galaxies. I have also discussed
the need for a SMBH in the center of an AGN and its most important properties. This laid
the groundwork for a proper comparison between the SMBH and its host galaxy, in order to

examine the problem of the existence of these SMBHs and the co-evolution with their host-
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Figure 1.19: BH mass vs. total host galaxy stellar mass. The sample of 244 broad-line AGNs
are shown as red points. The 10 broad-line AGNs and composite dwarf galaxies are shown as
pink points. The dwarf galaxy RGG 118 is the dark green point and Pox 52 is the light green
point. Fifteen reverberation-mapped AGNs are shown as purple points. Elliptical, S/SO with
classical bulges, S/SO with pseudo bulges are shown as blue, turquoise, and orange points,
respectively. The gray error bar indicates uncertainties in stellar masses for all points, and
single epoch spectroscopic BH masses. The gray lines show various Mgy vs. My relations
based on ellipticals and spiral bulges with dynamical BH mass measurements. Taken from
(Reines and M. Volonteri, 2015).

galaxies. The latter will be done tracing the relation between the BH mass and the dynamical
mass of high-z QSOs.

The outstanding mass growth of SMBHs at the EoR and its relation to the concurrent
growth of their host galaxies pose challenges to theoretical models aimed at explaining how
these systems formed on short timescales (< 1 Gyr). The time #(Mgy) required for a BH of
initial mass mgeq to reach a mass Mgy, assuming Eddington-limited and continuous accretion,
is given by (Meyer, Bosman, and Ellis, 2019):

{(Mgn) = (1.16)

fEad & ! (MBH)
n 5
Seaa (1 =1)

where fgqq is the Eddington time® (see Eq. 1.9), fraq expresses at which fraction of the Ed-

Miseed

dington limit the BH is accreting, and €. and n are, respectively, the radiative efficiency and

accretion efficiency?. For a radiatively-efficient accretion event, we assume €, = 1 = 0.1, a

3tgaa ~ 0.45 Gyr for a pure hydrogen gas, with 4 = 1. Assuming u for a plasma at zero metallicity with
cosmic abundance of hydrogen (X = 0.75) and helium (Y = 0.25), and therefore u = 1.14, the Eddington time is
tgqqa ~ 0.39 Gyr.

4The accretion efficiency 7 directly depends on the spin of the BH, and reaches the maximum value of  ~
0.42 for maximally rotating Kerr BHs. The radiative efficiency €. depends both on the type of accretion and on
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Figure 1.20: Left panel: Mgy vs. Mgy, for QSO J2310+1855 (red star) and a compilation
of AGNs at different redshifts. The solid line is the local relation (Kormendy and Ho, 2013).
Taken from (Feruglio et al., 2018). Right panel: Mgy vs. Mgy, for high-z QSOs (legend in
the lower right corner), and for local galaxies and AGNs. Dashed black red dotted lines are
the local relation by Kormendy and Ho (2013) and de Nicola, Marconi, and Longo (2019),
respectively. The green line is the local relation for AGNs (Reines and M. Volonteri, 2015),
and the blue line is the relation found by Pensabene et al. (2020) for high-z QSOs. It should be
noted that the local relations of Kormendy and Ho (2013) and de Nicola, Marconi, and Longo
(2019) are obtained using bulge stellar masses, and the one by Reines and M. Volonteri (2015)
from total stellar masses of AGN hosts. Taken from (Pensabene et al., 2020).

typical average value for Shakura—Sunyaev thin disks (Shakura and Sunyaev, 1973). Observa-
tions of high-z QSOs revealed the presence of BHs with Mgy ~ 10° M, already at z ~ 7, that
is ~ 0.7 Gyr from the beginning of the Universe (e.g., Zappacosta et al., 2023; Mazzucchelli
et al., 2023; Eilers et al., 2022). To reproduce such high BH mass at z ~ 7 (i.e., t{(Mgy) = 0.7
Gyr) using Eq. 1.16, one has to assume continuous accretion at Eddington limit, fggq = 1,
with a seed BH of mass mg.q ~ 10> M, which is the average value for light seeds produced
by Pop III stars. It is clearly unreasonable that a whole population of objects is able accrete
for hundred of Myrs continuously at Eddington rate. Different prescription of accretion and
BH seeding are currently under investigation. For instance, the correlation that exists between
the BH mass and the velocity dispersion in galaxies enables to discriminate between light and
heavy seeds (Mpy ~ 10° My).

The Mgy — o relation has been established more than 20 yrs ago in all type of local galax-
ies (Tremaine et al., 2002; Ferrarese and Ford, 2005), and it has been proven to be valid also
at higher redshifts. From a theoretical point of view, Marta Volonteri and Natarajan (2009)
explored the establishment and evolution of the empirical correlation between BH mass and
velocity dispersion with redshift for two seeding models: ‘light seeds’, derived from Popula-

tion III remnants, and ‘heavy seeds’, derived from direct gas collapse. As shown in Fig. 1.18,

the accretion efficiency: for radiatively efficient accretion events, one can assume €, = 7.

33



CHAPTER 1. INTRODUCTORY VIEW OF HIGH-REDSHIFT QSOS

the massive end of the Mgy — o relation is established early, and lower mass BHs migrate
onto it as hierarchical merging proceeds. How BHs migrate toward the relation depends crit-
ically on the seeding prescription: light seeds initially lie well below the Mgy — o relation,
and BH masses can grow via steady accretion episodes unhindered by self-regulation; for the
heavy seeding model, BHs are initially over-massive compared to the empirical correlation,
and the host haloes assemble prior to kick-starting the growth of the Mpy. If mgeeqs are mas-
sive, ~ 10° M, the low-mass end of the Mgy — o flattens towards an asymptotic value, creating
a characteristic ‘plume’ consisting of ungrown seeds at o < 50 km s~!, that merely continue
to track the peak of the seed mass function down to late times (M. Volonteri, 2010). Here lies
the importance of study the population of low-massive BHs, which enable us to discriminate
between different formation models. This will also be the focus of future/ongoing campaign
with JWST.

Analogously there is also a relation between Mgy and the stellar mass in the galaxy. Reines
and M. Volonteri (2015) studied this relation differentiating between galaxies with active and
inactive BHs in the local Universe (z < 0.055). Inclusion of the latter sources allowed them
to extend their sample to low BH masses. As can be seen in Fig. 1.19, a single linear fit
to the whole population of galaxies was disfavored. Rather, the AGN host galaxies define a
relation that has a similar slope (Mgy o< M.) to early-type galaxies with quiescent BHs, but a

normalization that is more than an order of magnitude lower.

However, before the advent of JWST, it was difficult to obtain reliable ad accurate estimates
of the stellar mass in QSO’s hosts at high-z, even with deep HST observations (Mechtley et
al., 2012; M. A. Marshall et al., 2020). Difficulties mainly arose from the nuclear emission
dominating over the host emission in the optical-UV range. The QSOs for which stellar masses
could be roughly determined were the dust-reddened and type-2 ones (Glikman et al., 2015;
Banerji et al., 2018). Therefore for the majority of QSOs, instead of the stellar mass, the
dynamical mass has been used at high-z, exploring the Mgy — Mgy, relation. For instance,
Feruglio et al. (2018) and Pensabene et al. (2020) studied the Mpy — Mgy, relation in luminous
high-z QSO’s hosts, finding that this relation evolves with redshift and that high-z QSOs lie
above the local relations (see Fig. 1.20). This implies that the SMBHs formed significantly
earlier than their hosts. In this context, Izumi et al. (2018); Izumi et al. (2019) studied the
Mgy — Mgy, using a sample of seven z > 6 low-luminosity quasars, and found that while
the luminous quasars typically lie above the local relation (Kormendy and Ho, 2013) with
BHs overmassive compared to local AGNs, the discrepancy becomes less evident for low-
luminosity ones. In order to avoid being biased by the properties of higher luminosity sources,
it is essential to study the whole population of QSOs and galaxies at high-z, including the low-
luminosity ones. This is now possible thanks to JWST (see e.g. Santini et al., 2023; Harikane
et al., 2023), that enable us to determine the stellar mass especially in low-luminosity sources,
thanks to a sharper PSF (especially in the short-wavelength bands) and longer-wavelength
coverage out to 5 micron compared to HST, being less affected by dust attenuation. Recently,
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Figure 1.21: Relation between the BH mass and host’s stellar mass. The red and magenta
diamonds are AGNs at 7 = 4 - 7 from (Harikane et al., 2023). The red open star and square
are AGNs at 7 = 5.55 and 8.78 identified with JWST/NIRSpec observations in Ubler et al.
(2023) and Larson et al. (2023), respectively. The blue circles show z > 6 quasar samples
compiled in Izumi et al. (2021b) (see also Izumi et al., 2018; Izumi et al., 2019). The gray
crosses and circles are 7 ~ 0 AGNs in Kormendy and Ho (2013) and Reines and M. Volonteri
(2015), respectively. The black solid line with the shaded region is the relation at 7 ~ 0 in
Reines and M. Volonteri (2015), and the dashed lines correspond to Mgy = M, = 0.1,0.01,
and 0.001. Taken from Harikane et al. (2023).

Harikane et al. (2023) performed a first statistical sample of faint type-1 AGNs at z > 4
identified by JWST/NIRSpec deep spectroscopy. Fig. 1.21 shows the Mgy — M. relation for
their AGNs compared to the AGNs at z ~ 0 (Reines and M. Volonteri, 2015), and high-z
QSOs. Their AGNs have similar BH masses but systematically lower stellar masses than the
local ones. Similar results are obtained in previous studies with a smaller number of AGNs
(Kocevski et al., 2023; Ubler et al., 2023), but they confirmed this trend of lower M, (higher
Msgy). This indicates that the BH grows faster than its host galaxy at high redshift. The fast
BH growth is also suggested by previous studies at z ~ 2 (e.g., Y. Zhang et al., 2023). Such
over-massive black holes compared to their host stellar masses are indeed predicted in some
theoretical simulations (e.g., Toyouchi et al., 2021; Trinca et al., 2022; Inayoshi et al., 2022;
Hu et al., 2022; H. Zhang et al., 2023).
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1.4 Thesis goals

In the previous sections, I have elucidated the key features of AGNs, with a specific focus on
QSOs at high-z. In the following, I will outline the main goals of my PhD project.

As already discussed, QSOs at z > 6 appear to lie above the local Mgy — M, correlation,
and thus the BH growth seems to precede that of its host galaxy (M. Volonteri, 2012). At the
same time, the host galaxies are already massive, thus likely undergoing rapid growths through
sustained star formation rates. Therefore, targeting QSO’s host galaxies at these redshifts
provides a unique opportunity to characterize both the formation and the concurrent build-up
of SMBHs and their host galaxies, and the physical properties of the ISM in the first Gyr of
the Universe (e.g., Decarli et al., 2018; B. P. Venemans et al., 2020; Neeleman et al., 2021).

The primary objective of my PhD project can be encapsulated in the following questions:
* Is the SMBHs growth coupled to the evolution of their host galaxies, and how?

* Are QSO'’s hosts at high-z the progenitors of the massive galaxies observed in the local

Universe?

These questions are pivotal to the study of galaxy evolution and are tightly interconnected.
They can be addressed only through the attainment of a reliable and precise understanding of
the properties of QSOs and their massive hosts.

Indeed, in the last few decades, many advances have been made in unveiling the properties
of the first QSO’s host galaxies both from theory and observations. In the latter, ALMA, and
recently JWST, played a major role. Presently, as outlined in Sect. 1.2, we have assessed that
QSOs live in an overdense and complex environment, and they host massive host galaxies,
which are gas and dust rich, and highly star-forming. Also, their evolution is regulated by
powerful mechanisms such as SMBH accretion and feedback. However, significant uncertain-
ties affect the estimation of the properties of QSOs i.e., BH mass, the total mass of galaxy and
of its components, the SFR. These limitations are mainly due to the combination of different
factors, e.g. the poor sampling of the cold dust SED and the simplistic treatment of the dust
heating by the AGN. In this context, the gas and cold dust in the ISM are key elements to
understand the assembly and nature of the first QSOs.

Within the scope of my research project, I performed a comprehensive analysis of the
properties of the gas and dust in a statistically sound sample of 12 high-z QSOs (see Chap.
2, and Tab. 2.1). We aimed at deriving the molecular gas mass and SFR with the smallest
statistical and systematic uncertainty. Additionally, we conducted an in-depth examination of
the gas’s kinematics and dynamics, thereby facilitating the determination of the mass budgets
of the host galaxy’s components. The final goal was to explore the Mgy — Mgy, relation in the
sample to quantify the evolutionary paths of high-z QSOs. To reach these goals, we exploited
both proprietary and archival data from ALMA and NOEMA telescopes.
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1.5 Structure of the thesis

Specifics on the sample, analysis and the results achieved are deferred to the following chap-
ters. Here, I briefly summarize their content.

In Chap. 2, I introduce the sample employed to fulfill this thesis’ goals. Moreover, I
summarize the properties of the observations used for the analysis of the continuum and line
emissions, and I present the QSOs in our sample individually.

In Chap. 3, I present the analysis of the CO(6-5) and/or CO(7-6) emission lines aimed at
deriving the molecular gas mass and study the CO SLED. Additionally, I discuss the analysis
of the [CII] emission line, which was undertaken to probe the gas’s kinematics and dynamics
and to perform dynamical modeling of the galaxy’s rotation curve. These investigations were
conducted on QSOs for which we had access to proprietary or archival ALMA observations in
Bands 3 and 6. Notably, these datasets had not been subject to prior analysis.

In Chap. 4, I present an in-depth examination of the SED of cold dust, utilizing data
from both ALMA and Herschel observations, where available. The objective of this analysis
is to extract key dust properties and estimate the SFR for all QSOs within the sample. This
investigation was carried out consistently across the entire sample, yielding high precision in
dust property determination for 10 out of the 12 QSOs. It’s worth noting that two of the QSOs
lacked high-frequency ALMA or Herschel data essential for probing the peak of the cold dust
SED. In the final section of Chap. 4, I provide a contextualization of our findings, drawing
comparisons with results obtained for QSOs and standard galaxies at various redshifts.

In Chap. 5, I discuss the evolutionary path of the 10 QSOs in our sample for which the
dust properties have been accurately determined. I will draw comparisons with results from
literature and discuss possible answers to the aforementioned inquiries.

In Chap. 6, I draw our main conclusions and present some future perspectives.
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CHAPTER 2

SAMPLE AND OBSERVATIONS

In Chap. 1, I have elucidated the key features of QSOs at high-z, and I have outlined the main
goals of this Thesis. In this chapter, I will introduce the sample I have employed to fulfill the
goals. I will summarize the observations employed for the analysis presented in Chaps. 3 and
4. Finally, I will briefly present the QSOs individually.

2.1 Presentation of the studied sample

We selected all the QSOs at z > 6 for which we were able to derive or retrieve accurate
estimates of the dust properties, SFR and gas mass. In other words, all these QSOs have state-
of-the-art ALMA and/or NOEMA observations targeting the continuum emission from low
to high frequencies, i.e. probing both the Rayleigh-Jeans and peak region of the cold dust
SED, and targeting the CO and [CII] line emissions. This first selection consisted of 10 QSOs.
Additionally, we included two other QSOs (J1007+2115 and J0129-0035) for which we had
new ALMA and/or NOEMA observations able to constrain the gas mass, even though they
lacked of observations targeting the continuum emission at the peak region of the SED. Thus,
this prevented us to derive the SFR for these two QSOs precisely.

This sample is biased by construction towards high luminosities (L, > 10*erg s7!) and
high BH masses (Mg 2 10° M,). Consequently, our findings are not directly applicable to
the entire population of AGNs at z > 6; instead, they specifically pertain to high-luminosity
sources. Nevertheless, this luminosity bias aligns with our objectives, as we are particularly
interested in investigating the role of AGN feedback in influencing the SMBH-galaxy evolution
and, notably, high-luminosity QSOs exhibit compelling evidence of powerful outflows (see
e.g., Bischetti et al., 2022; Shao et al., 2022; Tripodi et al., 2023c; Salak et al., 2023).

We divided the sample in two sub-samples of 7 and 5 QSOs each, hereafter named ‘HY-
PERION QSOs’ and ‘z > 6 QSOs’, respectively (see Tab. 2.1).

The first sub-sample is composed of the 7 QSOs belonging to the HYPerluminous QSOs
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Table 2.1: General properties of QSOs in our sample

QSO z  log(Mgy/My) log(Lpy/ergs™)  Refs Results
J0100+2802 6327 10.04 £0.27  48.24+0.04 [1][2] [CIH], SED
J036+03 6.540 9.49+0.12  4733+0.05 [1][2] Mgy, SED
J0224-4711  6.522 936 +0.08  47.53 £ 0.01 [1] My, SED
J231-20 6.587 9.50+0.09  47.31+0.01 [1][2] My, SED
J1342+40928  7.540 8.90+0.14  47.19+0.01  [1],[2] SED
J1148+5251  6.419 9.74+0.03  47.57 £0.01 [1] -
J1I007+2115  7.494 9.18 £0.05  47.30 £0.02 [1] My, SED
J2310+1855  6.003  9.6770%% 47.49*019 [31.[4] [Cl], SED
J2054-0005%  6.390 9.17 47.03 [21.[5] Mpy,, SED
J1319+0950  6.133  9.53*0%° 4730091 [31.[2] My,
J183+05 6.439 94172 47.20*019 [31.[2] SED
J0129-0035  5.778 8.23 46.3 [5] My,

Notes. Columns: QSO name; redshift from [CII] emission line; BH mass; bolometric luminosity; references for
z, My, and Ly,; results presented in this work: gas mass from CO(6-5) or CO(7-6) emission lines (My,, in
Chap. 3), [CII] kinematics and/or dynamics ([CII], in Chap. 3), cold dust SED along with dust properties and
SFR (SED, in Chap. 4). ) The error on BH mass for J2054-0005 and J0129-0035 was not provided in the
reference works, so I considered the average systematic error on BH mass of 0.3 dex. QSOs above the double
black line belong to the HYPERION sample. Errors for BH masses and bolometric luminosities of the
HYPERION QSOs are taken from Tortosa et al. in prep. Refs: [1] Zappacosta et al. (2023); [2] Neeleman et al.
(2021); [3] Mazzucchelli et al. (2023); [4] Tripodi et al. (2022); [5] R. Wang et al. (2013).

at the Epoch of ReionizatlON (HYPERION) sample. HYPERION comprises the titans among
z > 6 QSOs Zappacosta et al. (2023), i.e. those whose SMBH experienced the fastest mass
growth history. In particular, these QSOs have been selected so that the SMBHs powering
them required to form at least a 1000 M, BH seed (at z = 20) under the hypothesis on a
continuous exponential accretion at the Eddington rate. These SMBHs likely assembled from
the largest BH seeds, or alternatively experienced peculiar, possibly super-Eddington, mass
accretion histories. Among the ~ 300 QSOs known at the Epoch of Reionization (EoR), the
HYPERION QSOs comprise 18 QSOs with a mean redshift z ~ 6.7, average log(Ly/erg/s) =
47.3, and BH mass in the range 10° — 10'® My. HYPERION is based on a 2.4 Ms XMM-
Newton Multi-Year Heritage Programme (PI: Zappacosta) to provide, for the first time for
such a large sample of z > 6 QSOs, a uniform high quality X-ray spectral characterization
for a detailed investigation of the nuclear properties and accretion and ejection processes tied
to the fast build up experienced by their SMBH. The first results suggest a genuine redshift
evolution of their X-ray spectral slopes which appear to be steeper than reported in z < 6
QSOs with similar luminosity and accretion rate. This supports a different regime for the X-
ray nuclear properties of the first quasars possibly linked to the presence of fast disc-driven
winds (Zappacosta et al., 2023). While the nuclear properties of HYPERION QSOs are well
constrained, as are the dynamical masses of most QSOs based on archival [CII] observations,

their dust properties and SFR are still mostly unconstrained.

The ‘z > 6 QSOs’ sub-sample comprises the QSOs that did not satisfy the criteria for
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belonging to the HYPERION sample (see Sect. 2 of Zappacosta et al., 2023), i.e., they did not
experience rapid SMBH mass growth.

We divided our final sample based on the HYPERION survey’s selection criteria in order
to assess whether the BH accretion history has strong implications on the properties of the host
galaxy.

Seven QSOs in our sample' are also part of the XQR-30 ESO Large Program (Valentina
D’Odorico et al., 2023). Therefore they have high-S/N X-Shooter spectra, from which Maz-
zucchelli et al. (2023) derived BH masses using both C IV and Mg II emission lines. The Mg
IT BH masses derived for JO100+2802, J036+03, J0224-4711, J231-20 are in good agreement
with those in Zappacosta et al. (2023).

The properties of QSOs in our sample are summarised in Tab. 2.1. Hereafter, even when
not explicitly written, one should remember that the uncertainties on BH masses are a factor
of 0.1-0.3 dex. Moreover, the uncertainties associated to the quantities derived in this Thesis

are given at 68% of confidence (i.e., 1 o).

2.2 Observations

In the following, I describe the observations used for the analysis of the line and/or continuum

emission of the QSOs in our sample and the data reduction.

2.2.1 Line emission

Regarding J1007+2115, observations were taken with the NOEMA interferometer under project
W21ED in March 2022. The receivers were tuned at 81.2 GHz in the Lower Side Band (LSB).
The CO(6-5) emission line from the quasar host galaxy is redshifted to the Lower Side Band
(LSB), while the CO(7-6) line lies in the Upper Side Band (USB), so the bandwidth covered
by the correlator PolyFiX enables detection of both lines in a single frequency tuning. Ampli-
tude and phase calibration were done on the quasars J1012+232 and J0953+254, and LkHal01
(0.2 Jy) was used as flux calibrator. Calibration and imaging was performed using CLIC and
MAPPING within the GILDAS software . The continuum visibility tables at two representative
frequencies in LSB and USB were derived using the task uv_filter within MAPPING to filter
out a spectral region 400 MHz wide around the emission lines, and uv_continuum. Decon-
volution using natural weighting leads to a synthesized beam of 3.1 x 2.2 arcsec® (PA=30°)
in LSB and 2.5 x 1.8 arcsec? (PA=30°) in USB. Cleaning of the image cube was done using
the Hogbom algorithm without applying any mask. The CO(6-5) and (7-6) line profiles and
velocity-integrated maps were produced by subtracting the continuum in each sideband using
uv_subtract. We produced an averaged uv table across the line width for both lines, using

the uv_average task within MAPPING, and analyzed the line visibilities.

IThese QSOs are JO100+2802, J036+03, J0224-4711, J231-20, 12310+1855, J1319+0950, J183+05.
Zwww.iram.fr/IRAMFR/GILDAS
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Table 2.2: Details of the observations used for the analysis of line emissions

QSO Obs freq Beam cont  r.m.s. cont line (spw:chans) Beam line rm.s line  chan width Project ID
(GHz) [arcsec’]  [mJy/beam] larcsec’]  [mlJy/beam] [kms™']
J0224-4711 9533  3.95x%x232 0.016 CO(7-6) (0/1:56-76)®  3.53 x 2.07 0.14 43.7 2017.1.01472.S
[CI] (0/1:88-100)@
J2310+1855 264.69  0.26x0.21® 0.0088 [CII] (1:72-168) 0.30x0.24® 0.23 8.5 2019.1.00661.S
H,0 (0:107-185) 0.34x0.24® 0.14
0.17x0.15© 0.0091 [CII] (1:72-168) 0.17x0.16© 0.23
JO100+2802  252.87 1.03x0.78 0.01 [CII] (0/1:90-265)@ 1.08x0.82 0.2 9 2021.1.00211.S
J1319+0950 103.51 0.3x0.3 0.054 CO(6-5) (0/1:100-141)®  0.32 x 0.31 0.1 24 2018.1.01289.S
J2054-0005 9226  0.42x0.32 0.006 CO(6-5) (0/1:106-130)@  0.39 x 0.30 0.1 24 2018.1.01289.S
JO129-0035  95.72  0.44 x0.35 0.006 CO(6-5) (0/1:106-133)@  0.45 x 0.34 0.07 23 2018.1.01289.S
J1007+2115 81.2 3.1x22 0.015 CO(6-5) 3.1x22 0.28 74 W21ED
94 25%x1.8 0.014 CO(7-6) 25%x1.8 0.26 63 W21ED

Notes. Columns: (1) Target QSO; (2) observed frequency of the observation; (3) clean beam of the continuum map; (4) r.m.s of the continuum map; (5) spw and channels of the
detected emission lines; (6) clean beam of the continuum-subtracted cube; (7) r.m.s of the continuum-subtracted cube; (8) channel width of the continuum-subtracted cube; (9)
project ID of the observation. : spw 0 and spw 1 were combined since they covered almost the same spectral range and in order to maximize the S/N of the emission lines. ®:
natural weighting. ©©: briggs weighting with robust=0.5. @: since the [CII] of JO110+2802 showed emission up to high-velocities (~ 1000 km s~!), we combined the two spectral
windows in the upper side band to ensure a reliable continuum subtraction.
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For the ALMA observations of the other QSOs, calibration and imaging were performed
as outlined in the following. The visibility calibration of the observations was executed by
the ALMA science archive. The imaging was performed through the Common Astronomy
Software Applications (CASA; McMullin et al. 2007), version 5.1.1-5. We applied tclean
using natural weighting and a 30~ cleaning threshold. Briggs weighting with a robust parameter
equal to 0.5 has been used for imaging the [CII] emission of J2310+1855 in order to maximise
the angular resolution, with 30 cleaning threshold. We imaged the continuum using the multi-
frequency synthesis (MFS) mode in all line-free channels. To image the line emissions, we
used the CASA task uvcontsub to fit the continuum visibilities in the line-free channels with
a first-order polynomial for QSOs J0224-4711, J2310+1855, since the continuum showed a
non-negligible slope, and zeroth-order polynomial for the other QSOs. We then obtained
continuum-subtracted cubes to be used in our analyses. We produced line maps using the
MFS mode in the channels where the emission lines were detected.

Note that the observation in Band 6 of J2310+1855 was primarily designed to detect [CII]
emission towards Serenity-18 (V. D’Odorico et al., 2018), a DLA located on the QSO sight-
line at z = 5.938646. The primary beam of the observation includes QSO J2310+1855, the
frequency setup covers the [CII] 2P 2 -2 p, 2 emission line from the QSO and the underly-
ing continuum, allowing high-resolution imaging of the QSO. This is the reason why the x-
and y-axes of the continuum and line maps of J2301+1855 are displayed in WCS coordinates,
differently from the other objects that have RA- and DEC-offset in arcsec from the central
pointing of the observation.

Information about the project ID, synthesized beam, lines detected, line channels, and
r.m.s noise of the continuum map and of the continuum-subtracted cube for each observation
is reported in Tab. 2.2. Analysis of these observations, results and discussion are presented in
Chap. 3.

2.2.2 Continuum emission

Regarding J1007+2115, the continuum visibility tables at two representative frequencies in
LSB and USB were derived using the task uv_filter within MAPPING to filter out a spectral
region 400 MHz wide around the emission lines, and uv_continuum. Deconvolution using
natural weighting leads to a synthesized beam of 3.1 x 2.2 arcsec’> (PA=30°) in LSB and
2.5 x 1.8 arcsec? (PA=30°) in USB. Cleaning of the image cube was done using the Hogbom
algorithm without applying any mask.

For the ALMA observations of the other QSOs, calibration and imaging were performed
as outlined in the following. We always considered observations centered on the position of
the QSO to avoid primary beam correction, which has to be applied if scientifically relevant
emission is off the phase center. The visibility calibration and the imaging of the observations
was executed as in Sect. 2.2.1 i.e., applying tclean using natural weighting and a 30~ cleaning

threshold. We imaged the continuum using the multi-frequency synthesis (MFS) mode in all
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Table 2.3: Details of the observations used for the analysis of the continuum emission

QSO Obs freq Beamcont r.m.s. cont Refs Project ID
(GHz) [arcsec’]  [mJy/beam]

JO100+2802  670.9 1.97 x 1.17 0.8 TP 2021.2.00151.S
J036+03 106.97 6.1 x3.5 0.038 [1] S17CD (NOEMA)

243.11  0.12 x 0.08 0.007 TP 2019.1.01633.S

260.53 0.18 x0.17 0.01 TP, [2] 2015.1.00399.S

338.71  0.77 x 0.54 0.03 TP 2018.1.01790.S

40499 2.10x1.43 0.60 TP 2021.2.00151.S

670.92 1.12x0.97 0.50 TP 2021.2.00151.S

J0224-4711 95.33 3.95x2.32 0.016 TP 2017.1.01472.S

245.67  0.56 x 0.56 0.024 TP 2018.1.01188.S

260.51 0.13x0.11 0.013 TP 2021.1.00934.S

405.19 3.87x2.79 0.88 TP 2021.2.00151.S

670.96  1.08 x 0.95 1.3 TP 2021.2.00151.S

J231-20 406.848 4.35x2.90 0.50 TP 2021.2.00064.S

J2054-0005 9226  0.42x0.32 0.006 TP 2018.1.01289.S

262.6  0.33x0.29 0.019 TP 2019.1.00672.S

26393 123 x1.12 0.010 TP 2017.1.01088.S

488.31  0.43 x0.37 0.064 TP 2017.1.01195.S

674.97  0.65 x 0.57 0.50 TP 2016.1.01063.S

J2310+1855 91.500 0.71 x 0.43 0.0053 TP, [3] 2015.1.00584.S

136.627 0.74 x 0.71 0.015 TP, [4], [5],[6] 2015.1.01265.S

140.995 0.79 x 0.65 0.015 TP, [4], [5],[6] 2015.1.01265.S

153.070  0.21 x 0.17 0.0091 TP 2018.1.00597.S

263.315 0.14 x0.11 0.016 TP 2018.1.00597.S

265.369 1.62x1.3 0.056 TP 2019.1.01721.S

284.988 0.51 x 0.39 0.073 TP, [5] 2013.1.00462.S

289.180 0.58 x 0.47 0.025 TP, [4], [5],[6] 2015.1.01265.S

344,185 0.53 x0.43 0.051 TP, [4], [5],[6] 2015.1.01265.S

490.787 0.7 x0.6 0.10 TP, [7] 2017.1.01195.S

599.584 [4] Herschel/SPIRE

856.549 [4] Herschel/SPIRE

1199.169 (4] Herschel/SPIRE

1873.703 [4] Herschel/PACS

2997.924 [4] Herschel/PACS

Notes. Columns: (1) Target QSO; (2) observed frequency of the continuum emission; (3) clean beam of the
continuum map; (4) r.m.s of the continuum map; (5) References: This paper (TP); [1] Decarli et al. (2022); [2]
B. P. Venemans et al. (2020); [3] Feruglio et al. (2018); [4] Shao et al. (2019); [5] Carniani et al. (2019); [6] Li
et al. (2020); [7] Hashimoto et al. (2019). (6) project ID of the observation. : flux corrected for the
contribution of the companion to the QSO emission. 44
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line-free channels.

Observations in B9* for J0100+2802, and in B8 and B9 for J036+03 and J0224-4711 be-
long to our approved ALMA 7m program 2021.2.00151.S (PI: C. Feruglio), as well as, an high
resolution observation in B6 for J2310+1885, which belongs to our approved ALMA program
2019.1.00661.S (PI: C. Feruglio). Therefore, we discuss the results of these observations in
detail in Sect. 4.1.1.

Regarding the analysis of the SED of J0100+2802, we used the results from F. Wang et
al. (2019) on continuum emissions at frequencies lower than our B9 observation. To study
the SED of the J0100+2802’s companion (hereafter J0100+2802-C), we analysed the dataset
2021.1.00211.S (PI: R. Maiolino) from the ALMA 12m array, designed to detect the [CII]
(see Sect. 3.3) and CO(6-5) emission lines of JO100+2802 and their underlying continuum
emission at 252.8 GHz (Band 6) and 99.5 GHz (Band 3). Properties of these two observations
are described in detail in Sect. 4.3.3, since they required a specific study.

Regarding J2310+1855, Carniani et al. (2019) performed an analysis of its cold dust SED,
but we decided to re-analyse the ALMA archival observations for this source since some of
them were not available at the time of their analysis. This ensured a consistent analysis of all
the observations. Moreover, we also considered Herschel observations in the FIR in order to
model the dusty torus contribution to the cold dust SED. Specifics on the observations and on
the results are reported in Sect. 4.3.1.

Regarding J036+03 and J0224-4711, we analysed all archival observations available for
these sources since they are still not published. We also used the results on the continuum
emission at ~ 107 GHz of J036+03, obtained from a NOEMA observation (project ID: S17CD,
Decarli et al., 2022).

Regarding J2054-0005, since many ALMA observations are available for this source es-
pecially in B6, we considered only archival observations with continuum sensitivity and reso-
lution suited for the analysis of the SED. That is: when multiple observations per band were
available, we considered the one with the highest continuum sensitivity and with resolution
that allowed to spatially resolve the source and/or as close as possible to the resolution of B9
observation, in order to ensure a reliable and consistent analysis of the cold dust SED (for more
details see Sect. 4.1.1). We tapered the higher resolution observations at 92.26 GHz, 262.6
GHz, and 488.31 GHz using uvtaper=[0.7 arcsec], in order to account for the more extended
and fainter emission. We achieved a resolution of 1.0 x 0.89 arcsec?, 0.88 x 0.82 arcsec?, and
0.88 x 0.81 arcsec? for the 92.26 GHz, 262.6 GHz and 488.31 GHz observation, respectively.
We did not found any further emission for the lowest frequency observation, while we gained
~ 5% of the flux in the other two observations.

Regarding J231-20, we used the results presented in Pensabene et al. (2021), who analysed
all the ALMA observations from Band 3 to Band 6 available for this QSO, and we indepen-
dently analysed a new Band 8 ALMA observation targeting this QSO (ID: 2021.2.00064.S,

3Hereafter, the word band will be sometimes abbreviated to B.
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PI: R. Decarli). Since J231-20 was found to have a close companion (at distance < 10 kpc),
we discuss the analysis of the Band 8 observation in more detail in Sect. 4.1.1.

Information about the properties of the ALMA observations and the results on the contin-
uum emissions analysis are reported in Tab. 2.3. Analysis of these observations, results and

discussion are presented in Chap. 4.

2.3 Individual QSO’s properties

In the following, I briefly describe the QSOs in our sample individually.

SDSS J010013.02+280225.8 (HYPERION)

For QSO SDSS J010013.02+280225.8 (hereafter J0100+2802) at zjcy; = 6.327 (F. Wang et
al., 2019), Wu et al. (2015) estimated a bolometric luminosity of Ly, = 4.29 x 10!* L, and a
BH mass of Mgy = 1.24 x 10'° Mg, making it the most optically luminous QSO with the most
massive SMBH known at z > 6. Both measurements have been recently confirmed by JWST
(Eilers et al., 2022). F. Wang et al. (2019) performed a multi-frequency analysis of the dust
SED, but they could not obtain a precise determination of the dust properties, concluding that
JO100+28 has either a high dust emissivity (8 > 2) or a high dust temperature (74,5 = 60 K),
or a combination of thereof.

PSO J036.5078+03.0498 (HYPERION)

PSO J036.5078+03.0498 (hereafter J036+03, B. P. Venemans et al., 2015) at z = 6.5405 was
observed for the first time in the Pan-STARRSI survey (B. P. Venemans et al., 2015), and it
has a BH mass of Mgy men = (2.69 — 3.09) x 10° M,, from the analysis of MglI emission line
and a bolometric luminosity of Ly, = (2.13 — 3.16) x 10*" erg s™! (Zappacosta et al., 2023;
Mazzucchelli et al., 2023). Decarli et al. (2022) studied the CO(6-5), CO(7-6) and [CI],_;
emission lines of this QSO’s host with NOEMA observations, and they found Lcoe-s) = 12.7X
10° K km s™! pc?, Leog—s) = 10.7 x 10° K km s™! pc? and Licyy = 5.7 x 10° K km s7! pc?,
implying a molecular gas mass of My co = 5.0%02 X 10" Mg and My ey = 7.1} x 10" M.
The [CII] emission shows ordered motion, with a clear and regular velocity gradient in the
moment-1 map and v,/ > 3, and it has a Licyy = 3.38 X 10° L, and a size of ~ 2.4 x
1.6 kpc? (B. P. Venemans et al., 2020; Neeleman et al., 2021). Form the modelling of the
velocity rotation they estimated a dynamical mass of Mgy, = 2.9731 x 10'° My, and from the
[CII] underlying continuum emission they derived a gas mass of My cone = 2.87 1, x 10'° Mo,
assuming a gas-to-dust ratio of 100 and a molecular-to-total gas mass fraction of 0.75. Greiner
et al. (2021) did not find any companion brighter than M450(AB) < —26 mag within 0.1-
3.3h~! comoving Mpc search radius, using the simultaneous seven-channel Gamma-ray Burst
Optical/Near-infrared Detector, confirming the results of B. P. Venemans et al. (2020), who

did not detect any companion for this source using ALMA observation of [CII] emission.
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VDES J022426.54-471129.4 (HYPERION)

VDESJ022426.54-471129.4 (hereafter J0224-4711, Reed et al., 2017) at z = 6.5222, firstly
discovered by Reed et al. (2017), is one of the most X-ray luminous QSOs at z > 5.5 and the
most X-ray luminous QSO at z > 6.5 (Pons et al., 2020; Zappacosta et al., 2023). It belongs
to the HYPERION sample, the XQR-30 sample and the ASPIRE survey (J. Yang et al., 2023),
and has a bolometric luminosity of Ly = 3.47 X 10*7 erg s™', and BH mass of Mppman =
(1.30 — 2.29) x 10° M, from the analysis of MgII emission line (Reed et al., 2019; F. Wang
et al., 2021; Zappacosta et al., 2023; Mazzucchelli et al., 2023) and Mgy g = 2.15 X 10° Mo,
from the analysis of HB emission line (J. Yang et al., 2023). It has the most extreme broad
and blueshifted [OIII] lines observed to date, even compared to observations of lower-redshift
QSOs, with a velocity shift of —1690 km s™! relative to the narrow [OIII], suggesting powerful

ionized outflows (J. Yang et al., 2023).

PSO J231.6576-20.8335 (HYPERION)

PSO J231.6576-20.8335 (hereafter J231-20) at z = 6.587 has been discovered using the Pan-
STARRSI survey (Mazzucchelli et al., 2017), and it is one of the brightest objects at z >
6.5. Decarli et al. (2017) detected a [CII]-bright nearby companion at <10 kpc separation.
Pensabene et al. (2021) performed an extensive study of both the QSO and its companion,
detecting [NII], CO(7-6), CO(10-9) emission lines, two OH transitions and their underlying
continuum in both of them. Additionally, the CO(15-14), CO(16-15) and three transitions of
H,O emission line have been detected for the central QSO. Analysing the cold dust SED of
both the QSO and its companion, they derived Tyu = 54 K, Mgy = 5.1 X 108 My, and Tyug =
35 -46 K, Mgy = (2.3 — 3.4) x 108 My, respectively. The estimates on the dust temperature
suffer of high uncertainties given that they lack of high-frequency observations to probe the
peak of the SED. Neeleman et al. (2021) found a dynamical mass Mgy, = 1.4 X 10'® M, from
the modelling of the velocity rotation curve, and reported a BH mass of Mgy = 4.1 x 10° Mo,
Finally, Bischetti et al. (2022) classified this as a broad absorption line (BAL) QSO, indicating
that J231-20 may be caught in a phase of strong BH feedback.

ULAS J134208.10+092838.35 (HYPERION)

ULAS J134208.10+092838.35 (hereafter J1342+0928) at z = 7.54, the most distant QSO
known to date, was discovered by Banados et al. (2018) who reported an absolute AB mag-
nitude My450 = —26.8, bolometric luminosity of Ly, = 10" Ly, and an SMBH mass of
8x10® M. It was followed-up with NOEMA resulting in the detection of bright [CII] emission
and upper limits on several CO lines (B. P. Venemans et al., 2017). Novak et al. (2019) pre-
sented ALMA observations of the dust continuum and the ISM of the host galaxy J1342+0928.
They well constrained the Rayleigh-Jeans tail of the dust SED, deriving a Mg,y = 3.5x 107 M
and a SFR~ 150 M,, yr™!, fixing the temperature at 47 K. They also detected many atomic fine
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structure line, such as [CII], [NII], [OIII], and limits on [CI], [OI] and multiple CO transitions
(with a tentative stack detection).

SDSS J114816.64+525150.3 (HYPERION)

SDSS J114816.64+525150.3 (hereafter J1148+5251) at z = 6.42 was discovered by Fan et al.
(2003) who reported an absolute magnitude of M 450 = —27.82. It is one of the most studied
QSOs at high-z. It was observed by Subary Telescope (Iwamuro et al., 2004), Spitzer (Jiang
etal., 2006; Hines et al., 2006) and Herschel (.eipski et al., 2013), and therefore this allowed a
full modelling of the SED of this QSO (Valiante et al., 2011; R. Schneider et al., 2015; Carniani
et al., 2019). In particular, R. Schneider et al. (2015) derived that the AGN contribution to the
dust heating in this QSO can be between 30% and 70%. S. Gallerani et al. (2014) detected
an exceptionally strong CO(17-16) line in this QSO with the Plateau de Bure interferometer
(PdBI) and performed a detailed analysis of the CO SLED using previously detected lower CO
transitions (Bertoldi et al., 2003a; Walter et al., 2003; Riechers et al., 2009).

J100758.264+211529.207 (HYPERION)

J100758.264+211529.207 (dubbed Poniua’ena, hereafter J1007+2115) at z = 7.5419 was dis-
covered by J. Yang et al. (2020) and it is one of the three highest redshift QSO known, all
located at the midpoint of the EoR, z ~ 7.5. By fitting the NIR spectrum, J. Yang et al. (2020)
derived Mgy = (1.5+0.2) x 10° M, and an Eddington ratio of 1.06 +0.2, using the broad MglI
emission line. This places the strongest constraint to the early SMBH growth requiring a BH
seed of ~ 10° M, at z = 15.

SDSS J231038.88+185519.7

QSO SDSS J231038.88+185519.7 (hereafter J2310+1855), first discovered in SDSS (Jiang et
al., 2006; R. Wang et al., 2013), is one of the most FIR-luminous QSOs and one of the brightest
optical QSOs known at z ~ 6, with Ly, = 9.3 X 10" L. The redshift measured with the QSO
rest-frame UV line emission is z = 6.00 + 0.03 (R. Wang et al., 2013). Feruglio et al. (2018)
detected and analysed the CO(6-5) and [CII] emission lines and the sub-millimetre continuum
of J2310+1855, deriving a size of the dense molecular gas of 2.9 £0.5 kpc and of 1.4 +0.2 kpc
for the 91.5 GHz dust continuum and a molecular gas mass of M(H,) = (3.2 +0.2) x 10'°M,,.
They estimated a dynamical mass of Mgy, = (4.1%53
of i ~ 50 deg. They also inferred the BH mass from the CIV emission line, measured in the
X-shooter/VLT spectrum of the QSO, obtaining Mgy = (1.8 + 0.5) x 10°M,. Recently, Shao
et al. (2019) presented a detailed analysis of the FIR and sub-mm SED and derived a dust
temperature of T ~ 40 K, a dust mass of Mg, = 1.6 X 10°M,, a FIR luminosity Liféooo" g
1.6 x 103 L, and an SFR= 2400 — 2700 Myyr~!. V. D’Odorico et al. (2018) detected a very

metal-poor, proximate damped Lyman «a system (DLA) located at z=5.938646 + 0.000007 in

) X 10!°M,, measuring a disk inclination
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the X-shooter/VLT spectrum of J2310, which was associated with a CO emitting source at
z = 5.939. This source, called Serenity-18, was detected through its CO(6-5) emission line at
[RA, DEC] = 23:10:38.44, 18:55:21.95.

SDSS J205406.49-000514.8

SDSS J205406.49-000514.8 (hereafter J2054-0005) at z = 6.39 was selected from SDSS stripe
82 with my450 = 20.60, i.e. about one magnitude fainter than the objects discovered from the
SDSS main survey (Jiang et al., 2008). Leipski et al. (2014) reported observations in band
z,y,J,H,K and with Herschel, however they were not able to fully study its SED due to lack
of observations in the mm/sub-mm regime. R. Wang et al. (2013) reported a BH mass of
Mgy = 8.6 x 108 My, later updated to Mgy = 1.48 x 10° M, using the MglII emission line
(Neeleman et al., 2021). Neeleman et al. (2021) studied the rotation curve of J2054-0005 using
an high-resolution ALMA observation of the [CII] emission of this object, and they determined
a lower limit for the dynamical mass of My, > 2.9 x 10" Mo,

ULAS J131911.29+095051.4

ULAS J131911.294+095051.4 (hereafter J1319+0950) at z = 6.133 was discovered in the
UKIRT Infrared Deep Sky Survey (UKIDSS) with m450 = 19.65, which lies in the typical
magnitude range of the optically bright z ~ 6 quasars selected from the SDSS main survey
(Mortlock et al., 2008). Ran Wang et al. (2011) detected the CO(6-5) emission line and its
underlying continuum, deriving a gas mass of Mgy, = 1.5 X 10'° M. Later, R. Wang et al.
(2013) analysed the [CII] line emission and underlying continuum, deriving a dynamical mass
of Mgyn = 12.5 % 10'" My, (also confirmed by Shao et al. 2017). Shao et al. (2017) estimated a
BH mass Mgy = (2.7 £0.6) x 10° M, from the MglI line, which contributes 2% of the dynam-
ical mass of the system. Carniani et al. (2019) performed a detailed study of the cold dust SED
of J1319+1950 deriving a dust mass of log(Mguy /M) = 8.8 £ 0.2 and a dust temperature of
Tau = 6675 K. Herrera-Camus et al. (2020) tentatively detected the OH 119 um doublet in ab-
sorption, which is blueshifted with a median velocity that suggests the presence of a molecular

outflow, although characterized by a modest molecular mass loss rate of ~ 200 Mg, yr~'.

SDSS J012958.51-003539.7

SDSS J012958.51-003539.7 (hereafter J0129-0035) at z = 5.778 is the faintest of the SDSS
z ~ 6 quasars, with myy50 = 22.16 (Jiang et al., 2009). Ran Wang et al. (2011); R. Wang
et al. (2013) studied the CO(6-5) and [CII] emission lines, deriving Mg, = 1.2 x 10" M,
and Mgy, = 1.3 x 10" M. Neeleman et al. (2021) found that the galaxy showed no velocity
gradient using high-resolution ALMA observation of [CII] emission and therefore derived a
dynamical mass of 5.4 x 10! M, assuming that the galaxy is dispersion dominated. They also

measured a BH mass of 1.7 x 108 My, from MglI emission line.
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PSO J183.1124+05.0926

PSO J183.1124+05.0926 (hereafter J183+05) at z = 6.439 was discovered by Bafiados et al.
(2018) using color-color selections from the Pan-STARRS1 database (Chambers et al., 2016)
and follow-up photometric and spectroscopic observations. The [CII] luminosity in this source
is the highest among 27 quasars at z > 6 surveyed in Decarli et al. (2018). J183+05 showed a
clear velocity gradient however, given the resolution of the observation, only an upper limit to
dynamical mass of has been derived My, > 1.3 X 10'"" M,, from the study of its rotation curve
(Neeleman et al., 2021). It has a BH mass of Mgy = 3.0 x 10° M,, derived from Mgll emission
line. Recently, Decarli et al. (2023) analysed the cold dust SED of this QSO in detail, deriving
Taust = 47 £ 2 K, Mgy = (8.7 + 1.1) x 108 M, and SFR = 1330 M,, yr~!. They also presented
a multi-line study of this object, reporting detections of [CII], [OIII], [NII], CO(7-6), OH and
two H,O transitions.
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CHAPTER 3

COLD GAS PROPERTIES

N this chapter, I present the results of the cold gas of the QSOs J2310+1855, J0100+2802,
J1007+2115, J0224-4711, J1319+0950, J2054-0005 and J0129-0035. In Sect. 3.1, I
will give a brief introduction to the study of the cold gas in high-z QSO’s host galaxies,

summarizing what already explained in Chap. 1.2.1. Observations and data reduction have
been presented in Chap. 2 (see Sect. 2.2.1). In Sect. 3.2, I will focus on the analysis of
the CO(6-5) and CO(7-6) line emission, and consequently on the derivation of the molecular
gas mass from these tracers. In Sect. 3.3, I will firstly discuss the [CII] distribution and
kinematics of the QSOs J2310+1855 and JO100+2802, and then I will present some dynamical
studies of the rotation curve of the QSO J2310+1855. I will also show the analysis of cold
outflows detected in both QSOs. The last part of Sect. 3.3 will be devoted to the study of the
environment of J2310+1855. In Sect. 3.4, I will present the results on the detection the water
vapour emission in QSO J2310+1855. Details on the properties of individual objects can be
found in Chap. 2.

This chapter is based, with limited modifications, on the published papers Tripodi et al.
(2022); Tripodi et al. (2023b); Feruglio et al. (2023); Tripodi et al. (2023c), and Tripodi in
prep.

3.1 Introduction

In the past few decades, Herschel, NOEMA, the VLA, and particularly ALMA have been able
to probe and give insights into the properties of the gas and dust inside the QSO’s host galaxies,
allowing us to derive the dynamical masses, star formation activity, and ISM properties.

The ISM of the QSO’s host galaxies has compact sizes of a few kiloparsec (e.g. R. Wang
et al. 2013; Shao et al. 2017; B. P. Venemans et al. 2020; Neeleman et al. 2021) and shows
massive gas reservoirs (Feruglio et al., 2018). The [CII] A158um is the dominant cooling

line of the ISM and the brightest emission line, almost unaffected by attenuation. Therefore,
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it is the preferred tracer for studying the ISM and provides valuable information about cold,
warm neutral and mildly ionised ISM (Cormier et al., 2015; Olsen et al., 2018). Its 158um
transition predominantly arises from PDRs (D. J. Hollenbach and Tielens, 1999) at the inter-
face of the atomic and molecular media in the outskirts of molecular clouds in galaxy star-
forming regions. Through kinematical studies of [CII], dynamical masses have been derived
of < 10! Mg (e.g. Shao et al. 2017; Pensabene et al. 2021; Izumi et al. 2021b; Neeleman
et al. 2021), which place most of the z ~ 6 QSOs above the Mgy — My, relation by a factor of
~ 3—10. This in turn allows us to distinguish among the different growth paths of the SMBHs
and their host galaxies (BH dominance, symbiotic growth, or BH adjustment, see M. Volonteri
2012 and Chap. 5).

The cold molecular phase is the least explored up to now at z > 6. A few tens of quasars
at redshift up to z ~ 6.8 have been detected in CO rotational transitions, that are the most
direct tracers of the cold molecular ISM, indicating massive molecular reservoirs of dense gas
feeding both star formation and nuclear accretion (R. Wang et al., 2013; F. Wang et al., 2016;
S. Gallerani et al., 2014; Carniani et al., 2019; B. P. Venemans et al., 2017; Decarli et al.,
2022). Molecular gas mass estimates typically rely on intermediate (J,,=5-7) transitions (B. P.
Venemans et al., 2017; J. Yang et al., 2019; Decarli et al., 2022) which are found to be at the
peak of the CO SLED (Li et al., 2020; Feruglio et al., 2023). The CO SLED modeling indicate
that in addition to the far-UV radiation from young and massive stars, another gas heating
mechanism (e.g., X-ray radiation and/or shocks) may be needed to explain the observed CO
luminosities (Li et al., 2020; Pensabene et al., 2021; Decarli et al., 2022). Only in a few
cases it was possible to spatially resolve the molecular reservoirs and map disks or dispersion-
dominated hosts (Walter et al., 2004; Feruglio et al., 2018; Yue et al., 2021; Walter et al.,
2022; Shao et al., 2022). Atz > 7, the dense molecular gas reservoirs have been investigated
in only two quasars, J1342+0928 at z = 7.54 and J1120+0641 at z = 7.08, and remained so
far undetected (Novak et al., 2019).

In the past decade, the strong coupling between the ISM (and also the circum-galactic
medium, CGM) and the SMBH energy output has been observed and was modelled theoret-
ically. It occurs as mechanical and radiative QSO-driven feedback processes, and it affects
the evolution of the whole galaxy. In particular, very powerful mechanisms that efficiently
deposit energy and momentum into the surrounding gas are found to be QSO-driven outflows
(Faucher-Giguere and Quataert, 2012; Zubovas and A. King, 2012). They have been exten-
sively studied and detected from the local Universe back to the EoR in all gas phases, at all
spacial scales, from sub-parsec to several kiloparsecs, even with high kinetic power (up to a
few percent of the bolometric luminosity) and with mass outflow rates exceeding the star for-
mation rate (Feruglio et al., 2010; Maiolino et al., 2012; Cicone et al., 2015; Aalto et al., 2015;
Fiore et al., 2017; Bischetti et al., 2019a). Because of observational limitations, we unfortu-
nately have very few detections of outflows in high-z QSOs (Maiolino et al., 2005; Bischetti
et al., 2019b; Izumi et al., 2021b; Izumi et al., 2021a), but a precise determination of their
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masses, extension, and occurrence would give us valuable insights into the onset of the AGN
feedback in the first QSOs.

Finally, the broad-band coverage of ALMA allows the serendipitous detection of addi-
tional emission lines arising from the galaxy ISM, such as H,O, which can be used to provide
additional constraints on the ISM properties. Water vapour emission lines have been detected
from z > 3 galaxies and QSOs (e.g. Paul P. van der Werf et al. 2011; F. Combes et al. 2012;
A. Omont et al. 2013; Riechers et al. 2013), but they are still rare and unresolved, if detected,
atz 2 6 (e.g. J. Yang et al. 2019; Pensabene et al. 2021 and references therein). Although little
information is still available at high-z, a correlation between Ly, and the total infrared lumi-
nosity has been found and studied, suggesting that the water vapour lines would be excited by
an IR-pumping mechanism from the ISM UV radiation field (J. Yang et al., 2019; Pensabene
etal., 2021).

In this chapter, we present high-resolution ALMA observations of the [CII], H,O emission
lines of QSO J2310+1855, high-resolution ALMA observations of the CO(6-5) emission line
of QSOs J1319+0950, J2054-0005, J0129-0035, low-resolution ALMA observations of the
[CII] of QSO JO100+2802 and of the CO(7-6) and [CI] of QSO J0224-4711, and NOEMA
observations of the CO(7-6) and CO(6-5) of QSO J1007+2115.

3.2 Dense cold gas: CO

3.2.1 Results

Fig. 3.1 presents the CO(6-5) and (7-6) line profiles of J1007+2115, their velocity-integrated
maps, and the underlying continuum emission in the LSB and USB. Both lines are consistent
with an unresolved source in the uv plane with fluxes S dvcoe-s5) = 0.44 + 0.06 Jy km s'and
Sdvcoa-6) = 0.40 £ 0.07 Jy km s~!(Tab. 3.1). Both lines are robustly detected with statistical
significance of 7 and 6 o, respectively. A fit with a Gaussian model gives a marginally resolved
source and a lower signal-to-noise ratio in the flux, confirming that the source is unresolved in
both transitions.

The average redshift derived from CO(6-5) and (7-6) lines is zco = 7.5149 % 0.0006,
consistent with that derived from the [CII] 158 yum line (J. Yang et al., 2020). The line widths,
derived by fitting a single Gaussian to the spectra, are FWHMcoe_s) = 310 + 65 km s~'and
FWHMco7-6) = 261 + 47 km s~!, consistent within 1o with the [CII] FWHM (J. Yang et al.,
2020). The line fluxes derived from the Gaussian fit are 0.35 + 0.08 Jy km s™! for CO(6-5)
and 0.36 + 0.07 Jy km s™! for CO(7-6), both consistent with the uv plane analysis (Tab. 3.1).

The line luminosities are L’CO(6 — 5) = (2.1 £ 0.3) x 10'° K km s~ !'pc?and L’'CO(7 — 6) =
(1.4+0.2)x10'"° K km s~'pc? (Carilli and Walter, 2013). The [CI](2-1) 370um emission line is
undetected and we derive a 30~ upper limit on the flux of 0.18 Jy km s™!, or L[CI]< 10® L (Tab.
3.1), assuming an unresolved source with FWHM=350 km s~!(i.e. the average FWHM value
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Figure 3.1: Upper panels: (left to right) the CO(6-5) emission line spectrum, the corre-
sponding velocity-integrated CO map and the 79.2 GHz continuum map of J1007+2115 (also
dubbed Poniua‘ena). Lower panels: the CO(7-6) emission line spectrum, the correspond-
ing velocity-integrated map and the 96.4 GHz continuum map relative to the phase center set
at [RA,DEC]=[10:07:58.260, 21:15:29.20]. The velocity zero point is set to the frequency
81.207 GHz for CO(6-5) and 94.734 GHz for CO(7-6). In each panel we report the error bar
showing the 1o errorbar in the 10 MHz spectral channel. Magenta lines show the fit with a
single Gaussian component, FWHM is reported in Tab. 3.1. Contours are drawn starting at
20 in steps of 1o (o = 0.05 Jy km s7! for CO(6-5), 0.065 Jy km s~ for CO(7-6), 15.5uly for
79.2 GHz continuum, 12.2uJy for 96.4 GHz continuum.
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Figure 3.2: Left panel: 95.33 GHz dust continuum map of QSO J0224-4711 (levels
-3,-2,2,3,and 50, o = 0.016 mJy/beam). The clean beam (3.95 X 2.32 arcsec?, PA=-
89.43°) is indicated in the lower left corner of the diagram. The cross indicates the position
of the continuum peak. Central panel: CO(7-6) emission line map of QSO J0224-4711 (levels
-3,-2,2,3,5,and 8, o = 0.042 mJy/beam). The clean beam (3.49 x 2.05 arcsec?, PA=-
89.06°) is indicated in the lower left corner of the diagram. The cross indicates the position
of the B3 continuum peak. Right panel: [CI] emission line map of QSO J0224-4711 (levels
-3,-2,1,2,and 30, o = 0.054 mJy/beam). The clean beam (3.49 x 2.05 arcsec?, PA=-89.06°)
is indicated in the lower left corner of the diagram. The cross indicates the position of the B3
continuum peak.
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Figure 3.3: Moment maps of the CO(7-6) emission line and spectrum of CO(7-6) and [CI]
emission lines of J0224-4711. From left to right: integrated flux, mean velocity map, and
velocity dispersion map, continuum-subtracted spectra of CO(7-6) and [CI]. The clean beam
is plotted in the lower left corner of the moment maps. The cross indicates the peak position of
the Band 3 continuum emission. The spectrum was extracted from the region included within

> 20 in the CO(7-6) map.

measured for the CO lines). A scan of the data cubes did not reveal any other line or continuum
emitters.

The left, central and right panels of Fig. 3.2 present the maps of the Band 3 continuum,
CO(7-6) and [CI] of J0224-4711 respectively, imaged using the MFS mode in the channels
specified in Tab. 2.2. The CO(7-6) and [CI] emission are detected with a statistical significance
of ~ 80 and ~ 30, respectively, and they are both not spatially resolved. Performing a 2D
Gaussian fit, we obtained a peak flux of 0.364 + 0.025 mJy/beam for CO(7-6) and of 0.192 +
0.028 mJy/beam for [CI].

Fig. 3.3 shows the moment-0, -1, and -2 maps of the CO(7-6) emission, obtained by ap-
plying 2.50 threshold to the continuum-subtracted cube in the line channels, and the spectrum
extracted from the region with S/N> 2 in the CO(7-6) map. The moment-0 shows a velocity
gradient oriented east to west with Ay = 100 km s~!, and the moment-2 map shows a range
of the velocity dispersion' between 20 and 120 km s~!. The CO(7-6) line profile peaks at a
frequency of 107.239 GHz, corresponding to z = 6.5220 + 0.0002, consistent with previous
determinations (Reed et al., 2017). From the fit with a single Gaussian, the FWHM of the line
is 307 + 25 km s~! and the integrated flux is 0.342 + 0.052 Jy km s~!, that corresponds to a
luminosity of Lcog—g) = (1.6 £ 0.2) x 10® Ly and Liga-e = (9-6 £ 1.4) x 10°K km s7! pc?
(following Eq.1 and Eq.3 of Solomon and Vanden Bout, 2005). The [CI] line is slightly
blueshifted, peaking at 107.610 GHz that corresponds to z = 6.5211 + 0.0004. Performing a
single Gaussian fit, we obtained that the FWHM of the line is 165429 km s~! and the integrated
flux is 0.108 + 0.036 Jy km s~', that corresponds to a luminosity” of Licyy = (5.1+1.7)x 107 Ly
and L, = (3.0 + 1.0) x 10°K km s™" pc®. All line properties are reported in Tab. 3.1.

In order to analyse the CO(6-5) emission line of QSOs J1319+0950, J2054-0005 and

The maximum value of the velocity dispersion towards the nucleus is usually affected by beam smearing (R.
Davies et al., 2011).
2All luminosities are computed following Eq.1 and Eq.3 of Solomon and Vanden Bout (2005)
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Figure 3.4: Top left panel: 103 GHz dust continuum map of QSO J1319+0950 (levels
-3,-2,2,3,5,10, and 200, o = 0.005 mJy/beam). The clean beam (0.30 x 0.30 arcsec?, PA=-
78.56°) is indicated in the lower left corner of the diagram. Top right panel: CO(6-5) map of
QSO0 J1319+0950 (levels —3,-2,2,3,5,10,and 150, o = 0.017 mJy/beam). The clean beam
(0.32 x 0.31 arcsec?, PA=-78.56°) is indicated in the lower left corner of the diagram. Central
left panel: 92 GHz dust continuum map of QSO J2054-0005 (levels —3,-2,2,3,5, Tand 100,
o = 0.006 mJy/beam). The clean beam (0.42 x 0.32 arcsec?, PA=-61.3°) is indicated in the
lower left corner of the diagram. Central right panel: CO(6-5) map of QSO J2054-0005 (lev-
els =3,-2,2,3,5,7and 100, o = 0.025 mJy/beam). The clean beam (0.39 x 0.30 arcsec?,
PA=-61.4°) is indicated in the lower left corner of the diagram. The cross indicates the posi-
tion of the continuum peak for each source. Bottom left panel: 96 GHz dust continuum map
of QSO J0129-0035 (levels —3,-2,2,3,5,7,and 100, o = 0.006 mJy/beam). The clean beam
(0.44 x 0.35 arcsec?, PA=-60.72°) is indicated in the lower left corner of the diagram. Bottom
right panel: CO(6-5) map of QSO J0129-0035 (levels —-3,-2,2,3,5,7,and 100, o = 0.024
mJy/beam). The clean beam (0.41 x 0.33 arcsec?, PA=-62.31°) is indicated in the lower left
corner of the diagram.
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Figure 3.5: Moment maps of the CO(6-5) emission lines and spectra of J1319+0950 (top row),
J2054-0005 (central row), and JO129-0035 (bottom row). From left to right: integrated flux,
mean velocity map, and velocity dispersion map, continuum-subtracted spectrum of CO(6-5).
The clean beam is plotted in the lower left corner of the moment maps. The cross indicates the
peak position of CO(6-5). The spectra were extracted from the region included within > 20 in
the CO(6-5) map of each source.

J0129-0035, we re-binned to 50 km s~! the continuum subtracted data cubes.

The top row of Fig. 3.4 presents the map of the CO(6-5) emission line of J1319+0950
and its underlying continuum, imaged using the MFS mode in the channels specified in Tab.
2.2. The CO(6-5) is detected with a statistical significance of ~ 150 and, performing a 2D
Gaussian fit, we obtained a peak flux of 0.303 + 0.014 mJy/beam, and integrated flux of 0.570
+ 0.038 mJy. The emission is spatially resolved with a size of (0.350+0.032)x (0.233 +0.030)
arcsec”.

The top row of Fig. 3.5 shows the moment-0, -1, and -2 maps of the CO(6-5) emission
of J1319+0950, obtained by applying 3o threshold to the continuum-subtracted cube in the
line channels, and the spectrum extracted from the region with S/N> 2 in the CO(6-5) map.
The moment-0 shows a velocity gradient oriented north-east to south-west with Av = 400
km s7!, and the moment-2 map shows a range of the velocity dispersion between 20 and
160 km s~!. The CO(6-5) line profile peaks at a frequency of 96.939 GHz, corresponding
6.1331 + 0.0004. Performing a single Gaussian fit to the line spectral profile, we

to z
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obtained a FWHM of the line of 529 + 41 km s~! and an integrated flux of 0.662 + 0.094 Jy
km s~!, that corresponds to a luminosity of Lcoe-5) = (24 +£0.3) x 10® L, and L’CO(6_5) =
(2.3 +0.3) x 10K km s~! pc?.

The central row of Fig. 3.4 presents the map of the CO(6-5) emission line of J2054-
0005 and its underlying continuum, imaged using the MFS mode in the channels specified in
Tab. 2.2. The CO(6-5) is detected with a statistical significance of ~ 100. Performing a 2D
Gaussian fit, we obtained a peak flux of 0.349 + 0.036 mJy/beam, and integrated flux of 0.496
+ 0.080 mly, and the emission is spatially resolved with a size of (0.303 + 0.088) x (0.082 +
0.158) arcsec?.

The central row of Fig. 3.5 shows the moment-0, -1, and -2 maps of the CO(6-5) emission
of J2054-00035, obtained by applying 30 threshold to the continuum-subtracted cube in the line
channels, and the spectrum extracted from the region with S/N> 2 in the CO(6-5) map. The
moment-0 shows a velocity gradient oriented south-east to north-west with Ay = 120 km s™!,
and the moment-2 map shows a range of the velocity dispersion between 20 and 80 km s~!. The
CO(6-5) line profile peaks at a frequency of 98.233 GHz, corresponding to z = 6.0391+0.0002.
Performing a single Gaussian fit to the line spectral profile, we obtained a FWHM of the line
of 229 + 20 km s™! and an integrated flux of 0.288 + 0.047 Jy km s~!, that corresponds to a
luminosity of Leog-s) = (1.0 £0.2) X 10® Lg, and Ltoes) = (98 £1.6) X 10°K km s~! pc?.

The bottom row of Fig. 3.4 presents the map of the CO(6-5) emission line of JO129-
0035 and its underlying continuum, imaged using the MFS mode in the channels specified in
Tab. 2.2. The CO(6-5) is detected with a statistical significance of ~ 150 and, performing
a 2D Gaussian fit, we obtained a peak flux of 0.313 + 0.022 mJy/beam. The emission is not
spatially resolved.

The bottom row of Fig. 3.5 shows the moment-0, -1, and -2 maps of the CO(6-5) emission
of J0129-0035, obtained by applying 30 threshold to the continuum-subtracted cube in the line
channels, and the spectrum extracted from the region with S/N> 2 in the CO(6-5) map. The
moment-0 shows a velocity gradient oriented south-east to north-west with Av = 50 km s7!,
and the moment-2 map shows a range of the velocity dispersion between 20 and 80 km s~'. The
CO(6-5) line profile peaks at a frequency of 102.01 GHz, corresponding to z = 5.7785+0.0002.
Performing a single Gaussian fit to the line spectral profile, we obtained a FWHM of the line
of 183 + 16 km s™! and an integrated flux of 0.177 + 0.029 Jy km s~!, that corresponds to a

luminosity of Leo-s) = (5.9 + 0.9) X 107 Lg and Ly 5, = (5.6 + 0.9) x 10°K km s™' pe?.

3.2.2 Molecular gas mass

In this section, we aim at inferring the molecular gas mass of QSOs J1007+2115, J0224-4711,
J1319+0950, J2054-0005 and J0129-0035 from molecular tracers such us CO(7-6) and CO(6-
5) emission lines. Indeed molecular gas mass estimates in high-z QSO’s host galaxies rely
on CO observations, and especially on intermediate (J,,=5-7) transitions (B. P. Venemans et
al., 2017; J. Yang et al., 2019; Decarli et al., 2022) which are found to be at the peak of the
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CO SLED (Li et al., 2020; Feruglio et al., 2023). In principle, low-J transitions should be
preferred, as they are less sensitive to uncertainties on the CO excitation. However, these are

quite challenging to detect because of their intrinsic faintness.

Hence molecular gas mass is derived as:

-1
Mnz.co = acory_g_1)Lcog-a-1y) (3.1)

where aco = 0.8 My (Kkms™' pc?)~! is the CO-to-H, conversion factor typical for ULIRG
and QSOs (Carilli and Walter, 2013), and ry_g_1) is the CO(J-(J-1))/CO(1-0) luminosity ratio.
Fig. 3.6 shows the CO SLEDs normalized to the J,,=6 transition of J036+03 (Decarli et al.,
2022) and J2054-4711, limited to the (6-5) and (7-6) transitions (for CO(7-6) of J2054-0005
see Decarli et al., 2022), compared with other z > 6 QSOs, and QSO APMO0879+5255 at
z = 3.9 and QSO Cloverleaf at z=2.56 (Li et al., 2020; Feruglio et al., 2023), for which the
CO SLED is well constrained down to J,,=1. We note that the CO SLED for QSO at z > 6
presents a flattening at the CO(6-5) and (7-6) transitions on average, and that all CO SLEDs
have similar slopes from CO(6-5) to CO(2-1) transitions.

APMO0879+5255 and Cloverleaf are the only objects for which the CO(1-0) transition is
detected and the ratio between the transition CO(2-1) and (1-0) is consistent between the two
sources. The upper-limit on the CO(1-0) of J1148+5251 also points towards a similar CO(2-
1)-to-CO(1-0) ratio. Therefore, in order to estimate the molecular gas mass for J1007+21135,
J1319+0950, J2054-0005 and J0129-0035 from CO(6-5), we assume rgs =CO(6-5)/CO(1-
0)=1.23 + 0.66, considering the average between rgs = 1.35 + 0.54 of APM0879+5255 and
res = 0.75+0.18 of Cloverleaf. We then obtained My, = (1.3+0.2)x10'° M, for J1007+2115,
My = (1.5+0.2)x10'° for 11319+0950, My, = (6.4+1.0)x10° M, for J2054-0005, and My, =
(3.7 £ 0.6) x 10° for J0129-0035. Regarding J0224-4711, we assume that CO(7-6)~CO(6-5),
given the averaged CO SLED of high-z QSO (see Fig. 3.6), and r7¢ = 0.76 £ 0.41, considering
the average between APM0879+5255 and Cloverleaf. This gives My, = (1.0 +0.1) x 10'* M,
for J0224-4711.

For the purposes of this Thesis, we also investigated the properties of QSO J036+03, and
thus we computed its molecular gas mass from CO(6-5) consistently to the rest of the sample.
Decarli et al. (2023) reported the detection of the CO(6-5) emission line of J036+03, finding
Lioes) = (127+0.11) x 10'° Kkm ™! pc?. This yield My, = (7.5 +0.64) x 10° M, following
our assumptions.
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Figure 3.6: CO SLED of J036+03 and J2054-0005 compared with those of other QSOs at 7 > 6
and at lower redshift. The CO SLEDs for J036+03 and J2054-0005 are shown as pink squares
and cyan markers, respectively. For J2054-0005 the star refers to the CO(6-5) line studied
in this work, while the square to the CO(7-6) in Decarli et al. (2022). Results of J036+03
are taken from Decarli et al. (2022). All other sources are displayed as shadowed squares:
J1007+2115 at z=7.5419 in red (Feruglio et al., 2023); J0439+1634 at z = 6.511 in grey (J.
Yang et al., 2019); J1148+5251 at z = 6.419 in brown (Riechers et al., 2009; S. Gallerani
et al., 2014); JO100+2802 at z = 6.327 in purple (F. Wang et al., 2019); J2310+1855 at
z = 6.003 in blue (Li et al., 2020); APM08279+5255 at z = 3.911 in green (P. Papadopoulos
etal., 2001; Weifs et al., 2007); Cloverleaf at z = 2.560 in orange (Bradford et al., 2009; Uzgil
etal., 2016).

Our analysis revealed that gas masses in our sample of QSOs, estimated with the small-
est statistical uncertainties, are on average ~ 10'° M. However, it is worth noticing that our
assumptions on the CO(6-5)-CO(1-0) (or CO(7-6)-CO(1-0)) line ratios introduce significant
systematic uncertainties to our estimates, of the order of > 50%. Our results are -on average-
in good agreement with the gas masses found in Neeleman et al. (2021) derived from con-
verting the [CII] underlying continuum flux into a dust mass and then assuming a constant
GDR. On the contrary, the gas mass estimated from converting the [CII] luminosity directly
into a molecular mass using the conversion of Zanella et al. (2018) are mostly one order of

magnitude larger than ours. Specifically, molecular gas masses for QSOs J1319+0950, J2054-
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Figure 3.7: Comoving cosmic mass density of cold molecular gas as a function of redshift.
Vertical sizes indicate the uncertainties in each bin. Data are from Riechers et al. (2020b);
Riechers et al. (2020a) (VLASPEC, COLDz), Decarli et al. (2020) (ASPECS), Lenkic et al.
(2020) (PHIBSS-2), Garratt et al. (2021) (UKIDSS-UDS), and Hamanowicz et al. (2023)
(ALMACAL-CO), and upperflower limits from ALMACAL-abs (Klitsch et al., 2019) and Her-
schel PEP (Berta et al., 2013). Theoretical expectation from cold-gas simulations (dashed
line) are by Maio, Péroux, and Ciardi (2022). As a work of caution, we recall that our de-
termination of Qu, may suffer of high uncertainties, as it is derived from an individual field
around a QSO, i.e., a small and highly biased region in the sky.

0005 and J0129-0035 were derived in Neeleman et al. (2021) finding larger values than ours
using both the GDR and the Zanella’s conversion factor. In the former case, the GDR assumed
in Neeleman et al. (2021) (GDR=100) may not be valid for every QSO (see the results and
discussion on GDR in our sample in Sect. 4.4). In the latter, the Zanella’s conversion factor,
which is calibrated for z ~ 2 main-sequence galaxies, may not be applicable for high-z QSO’s
hosts. This was also reported in Tripodi et al. (2022) for the case of QSO J2310+1855 atz ~ 6.

Molecular gas masses and line properties are summarized in Tab. 3.1. The uncertainties
reported on the gas mass are statistical only. Systematics uncertainties are induced by the
choice of aco (factor of 0.2-0.3 dex) and by the scaling from high-J CO transition to J=1 using
the CO excitation ladder (factor of 20-30%).

Finally, we derive an estimate of the cosmic mass density of molecular mass, Qy,, for
J1007+2115 at z~ 7.5. Thanks to the wide band covered by our observation, we probe
the redshift range between 7.33 and 8.17, or the range 600-700 Myr of cosmic time, the
field of view is taken as the primary beam of the observation, about 50 arcsec. We use the
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M(H,) estimated in Feruglio et al. (2023) (i.e. M(H,) = (2.2 + 0.2) x 10'° My, considering
re1 = 0.75) in the corresponding cosmic volume, V, to derive the H, mass density parame-
ter Qp, = M(H,)/V/perito, Where perico = 277.4 h* M, /kpc? is the present-day cosmological
critical density and & = Hy/(100 km s~'Mpc™!).

Fig. 3.7 shows the Qy, redshift evolution derived from this observation and those of two
other quasars at z > 7 for which CO upper limits are measured, i.e. J1342+0928 for which
we also report the tentative stack detection by Novak et al., 2019, and ULAS J1120+0641
(ALMA archive). Literature values at lower z are from VLASPEC, COLDz (Riechers et al.,
2020b; Riechers et al., 2020a), ASPECS (Decarli et al., 2020), PHIBSS-2 (Lenkic et al., 2020),
UKIDSS-UDS (Garratt et al., 2021), and ALMACAL-CO (Hamanowicz et al., 2023) , and
upper (lower) limits from ALMACAL-abs (Klitsch et al., 2019) and Herschel PEP (Berta et
al., 2013). The value inferred by our analysis of J1007+2115 is Qy, ~ 1.31 x 1075,

Upper and lower limits are evaluated by considering a statistical error on H, mass deter-
mination of 0.16 x 10!° My, a systematic calibration error of 10%, and CO SLED lower and
upper errors of 0.65 and 5.94x10'° M. For J1342+0928 (Novak et al., 2019) the resulting
upper limit between z ~ 7.30 and 7.72 suggests Qy, < 2.42 x 107, while the stacking analysis
gives Qp, ~ 1.13 x 107°. In this latter case, a statistical error on H, mass of 2.2 x 108 M, and
an upper limit of a factor of 2 for the stacking error have been considered. The ALMA archival
observation of ULAS J1120+0641 allows us to estimate an Qy, upper limit of 2.42 x 107 at
7~6.80-7.13.

As a comparison, we also show the trend expected by the latest, accurate, non-equilibrium
molecular-chemistry cosmological simulations of cold gas at early times by Maio, Péroux,
and Ciardi (2022). The predicted Qy, behaviour at z > 6 is mainly driven by H, formation
via the H™ channel, since in the simulation the dust growth is inefficient at such primordial
epochs. At later times the effects of UV radiation (that enhances production of free charges at
temperatures around or below 10* K) and dust grain catalysis in progressively enriched media
boost Qy, expectations. Overall, the values we find are in line with the general trend suggested

by literature estimates at z < 7 and agree fairly well with the latest theoretical expectations.

Although Qy, determinations by quasar data might be highly biased, as individual objects
do not necessarily represent a fair sample of the Universe, our results suggest that it is possible
to leverage on this by combining different objects at similar cosmological epochs. We note
that this work represents the first attempt to set constraints on H, abundances by combining
state-of-the-art interferometric observations of the cold dense molecular gas in the first 700

Myr with state-of-the art cold-gas modelling.

Previous works (e.g., Abel et al., 1997; Maio et al., 2007) have indeed either neglected a
fully complete modeling of primordial molecules or could not rely on constraints from obser-

vational data for early regimes probed here.
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Figure 3.8: Channel maps of the [CII] emission line for JO100+2802. The cross indicates
the peak position of the continuum and velocities are relative to the redshift of the [CII] as
determined in F. Wang et al. (2019). Contours are at —-3,-2,2,3,5,7,10,25 and 500. The
clean beam is shown in the inset in the lower left corner.

3.3 Less dense and more extended cold gas: [CII]

In this section, I present the results of the analysis of the [CII] emission in QSOs JO100+2802
and J2310+1855. Even though this part is mainly focused on investigating the properties of
the [CII] emission, it is sometimes useful to show and discuss some results on the contin-
uum emission of these QSOs. Indeed this enriches the picture of the host-galaxy properties,
especially for the case of JO100+2802.

3.3.1 [CII] distribution and kinematics

J0100+2802

We used the continuum-subtracted data cube to study the [CII] line emission of JO100+2802

with natural weighting. Details of the complex kinematics of this system can be seen in
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the channel maps of Fig. 3.8, obtained collapsing bins of 120 km s~! from the continuum-
subtracted cube. A prominent, elongated feature is clearly seen at velocities between +40 and
+280 km s~!. Although it could be interpreted as a jet or an outflow, the fact that it is also
detected in continuum, as discussed further below, indicates that it is likely tracing a star form-
ing companion, extending on scales of ~4 arcsec, i.e. ~20 kpc, that is interacting with the
QSO’s host-galaxy. As inferred by the channel maps, the companion is highly structured, with
clumps at different velocities. There is also a nearly symmetric and smaller extension on the
opposite side and negative velocities (-320 km s™!), which is likely tracing a tidal tail of the

same interacting system.

The top left panel of Fig. 3.9 shows the [CII] map, imaged with MFS mode in the velocity
range from ~ —1000 to +600 km s~!, that presents the elongated and complex structure already
seen in the channel maps, tracing the interacting companion. Performing a 2D Gaussian fit in
a region enclosing the QSO’s host emission (S/N> 3, RA:[-2,1.5] arcsec, DEC:[-1.3, 1.5]
arcsec), we found a peak flux of 1.52 + 0.06 mJy/beam and a flux density of 2.78 + 0.17 mly.
Even though the fully resolved, and tidally stretched structure of the companion is clearly
revealed in the channel maps, especially at v = +40 km s™! and v = +280 km s~!, in the
[CII] flux map and in the PV diagram, we performed a PSF subtraction to better quantitatively
assess the flux of the companion, especially for the continuum emission. We first computed
the flux density from the [CII] map within a region with S/N> 2 (see 20" contours in Fig.
3.9), obtaining 3.8 + 0.05 mJy. Then, we subtracted from the [CII] map the PSF normalized
to the QSO’s host peak flux. The flux density of the companion is computed from the PSF-
subtracted [CII] map (top right panel of Fig. 3.9) in a region with S/N> 2 and RA-offset< —1.3
arcsec, to exclude the ring-like feature in the center that can be still associated with the QSO’s
host, and it is 1.00 + 0.04 mJy. Considering this averaged flux within the [CII] line width, we
derive Licrycomp = (1.68 £ 0.06) X 10° Ly, (using Eq. 1 in Solomon and Vanden Bout 2005).
Consequently, the estimated flux density associated to the QSO emission is 2.8 + 0.07 mly,
that is consistent with the flux estimated from the 2D fit and corresponds to a luminosity of
Licimhost = (4.70 £ 0.12) X 10° Ly>. This is ~ 1.25 times higher than the luminosity derived
in B. P. Venemans et al. (2020), and this discrepancy is likely due to the higher sensitivity
and lower resolution of our observation that enabled us to observe the more diffuse and fainter
[CII] emission, and the high-velocity emission. The [CII] emission of the QSO is not resolved,
while if considering the whole system, the FWHM size is (0.89 + 0.09)x(0.70 + 0.12) arcsec?,
corresponding to ~ (5.03%3.96) kpc? at the rest frame. The PSF-subtracted [CII] map presents
multiple peaks towards the West and they arise from the clumps at different velocities that are
clearly seen in the channel maps. We may interpret these as the complex morphology of tidally
stretched galaxy in the merging process. This makes the position of the companion difficult
to determine precisely and, in principle, these features can also arise from the presence of

multiple companions or gas clumps. However, the resolution of our observation prevents us to

3 Licicomp and Licim host are computed considering that the [CII] line width is ~1600 km s™".
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Figure 3.9: [CIl] and continuum maps of JO100+2802. In each panel, the clean beam is plot-
ted in the lower left corner and the cross indicates the peak position of the QSO continuum
in B6. Top panels: [CII] map with green contours at —3,-2,2,3,5,10,25 and 500, with
o = 0.03 mJy/beam (left). Psf-subtracted [CII] map with green contours at —-3,-2,2, 3,50,
with o = 0.03 mJy/beam (right). Central panels: continuum map in B6 with green contours at
-3,-2,2,3,5,10,25 and 500, with o = 0.01 mJy/beam (left). [CII] contours are overplotted
as black dashed line at -3, -2,2,3, 5, 10,25 and 500, with o = 0.03 mJy/beam. Psf-subtracted
continuum map with green contours at —3,-2,2,3,50, with o = 0.01 mJy/beam (right).
Bottom panels: continuum map in B3 map with green contours at —-3,-2,2,3,5, and 7o,
with o = 0.005 mJybeam (left). Psf-subtracted continuum map with green contours at
-3,-2,2,30, with o = 0.005 mJy/beam (right). The white cross marks the peak of the contin-
uum in B3.
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Figure 3.10: Spectra extracted from three different spatial regions: from a region with a SN> 2
in blue; from a region with a SIN> 2 and RA-offset< —1.3 arcsec in purple; from a region with
a S/N> 2 and RA-offset> —1.3 arcsec in orange. We set the 0-velocity reference of the spectrum
as done for the spectrum in Fig. 3.20.

distinguish between these different scenarios. To be conservative we associate all the elongated
feature at S/N> 2 to a single interactive companion. Spectra extracted from three different
spatial regions are presented in Fig. 3.10: the spectrum in blue is extracted from a region with
S/N> 2 including both the QSO and companion contribution; the one in purple is extracted
from a region with S/N> 2 and RA-offset< —1.3 arcsec to better isolate the contribution of the
companion to the [CII] emission; the one in orange is extracted from a region with S/N> 2 and
RA-offset> —1.3 arcsec that mostly encloses the QSO’s host contribution. The [CII] emission
arising from the companion peaks at 259.220 GHz (i.e., corresponding to z = 6.3317), slightly
redshifted with respect to the QSQO’s host emission that peaks at 259.378 GHz.

The top panels of Fig. 3.11 show the moment-0, -1, and -2 maps of the [CII] emission
obtained applying a 3o threshold to the continuum-subtracted cube. The moment-1 map shows
a gradient towards the direction of the companion. The moment-2 map shows a range of

1

the velocity dispersion between 10 and 180 km s™', where the maximum value towards the
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Figure 3.11: Moment maps and PV diagram of the [CII] emission line. Top panel: integrated
flux, mean velocity map, velocity dispersion map, and continuum-subtracted spectrum of [CII].
The clean beam is plotted in the lower left corner of the moment maps. The cross indicates
the peak position of the integrated flux. Bottom panel: PV diagrams of the [Cll] emission line
along the line of nodes (PA=275°) and orthogonal to it (PA=185°).

nucleus is affected by beam smearing (R. Davies et al., 2011). Left and right bottom panels of
Fig. 3.11 present the position-velocity (PV) diagrams of the disk along the major and minor
kinematic axes, respectively. The position angle, PA, of the major axis is 275°. The PV
diagram shows an asymmetric structure that partially mimic the S-shape commonly seen in
rotating disks. The structure seen both in the PV diagram and in the momenta suggests two
possible interpretations: (1) the arm at positive velocities in the PV may arise from the gas
that is moving from the companion to the QSO’s host galaxy (called ‘merging bridge’); (2)
we might be witnessing the initial phases of the settling of a rotating gas structure during the
merging process between the two sources.

Indeed similar kinematics has been found in a simulated merging system, called Adenia,
in Rizzo et al. (2022). It is formed by two merging galaxies and presents a similar structure
in the [CII] flux distribution, in the velocity map and in the dispersion map (see Fig. 4 of
Rizzo et al. 2022). However, the PV diagram of the Adenia galaxy is much more disturbed
than the PV of JO100+2802. This may suggest the presence of some rotation entangled with
the merging process, supporting a scenario in which we are witnessing the first phases of the
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settling of a rotating disk. However, the resolution of our observation did not allow us to
distinguish between merging and rotation processes. Neeleman et al. (2021) analysed a higher
resolution (~ 0.2 arcsec) and lower sensitivity observation of the [CII] of J0100+2802 and
they did not find any sign of merger or any velocity gradient in the velocity map which, on
the contrary, seemed quite disturbed. This, once again, highlights the role of sensitivity in

allowing a detailed analysis of the characteristics of the host galaxies.

The central left panel of Fig. 3.9 shows the 253 GHz dust continuum map obtained through
natural weighting. The continuum shows an elongated structure westwards, coincident with
the [CII] elongation (black contours). Analogously to the [CII] analysis we performed a 2D
Gaussian fit in the region enclosing the QSO emission, and we derived a peak flux of 0.81+0.02
mJy/beam and a flux density of 1.16 + 0.05 mlJy, that is consistent with the flux 1.26 + 0.08
mly found by F. Wang et al. (2019). We computed the flux density in a region > 20 from
the map, obtaining 1.44 + 0.05 mlJy, and we subtracted from the continuum map the PSF
normalized to the QSO peak flux. The emission in the PSF-subtracted continuum extends for
~4 arcsec from the centre westwards (see central right panel of Fig. 3.9), i.e. similar extension
and clumpiness as the [CII] emission. This supports the scenario in which the extended [CII]
emission is associated with an interacting system and not an outflowing/jetted component.
The flux density obtained in the PSF-subtracted continuum map inside a region with S/N> 2
and RA-offset< —1.3 arcsec is 0.25 = 0.01 mJy. Therefore, the QSO continuum emission is
1.19+0.06 mJy, that is consistent with the one computed from the 2D fit. The QSO emission is
unresolved in the present data at our resolution, and considering the whole interacting system,
the FWHM size of (0.68 + 0.09)x(0.54 + 0.12) arcsec?, corresponding to ~ (3.84 x 3.05) kpc?
at the rest frame.

We performed a similar analysis for the continuum emission at 99.5 GHz (bottom left panel
of Fig. 3.9), in order to determine whether the companion emission was detected. By doing a
2D Gaussian fit, the source has a peak flux 0.04 £0.004 mJy/beam and a flux density of 0.05 +
0.007 mJy. The morphology of the emission is asymmetric and slightly elongated westwards,
and coincident with the interacting companion. The elongated feature is less evident than
in the B6 continuum, since the resolution in B3 is ~ 2 times lower. We subtracted the PSF
normalized to the QSO peak flux, and indeed we found emission at 30~ in the same region of the
companion emission in B6. In this case, the emission seems to extend up to -5 arcsec RA-offset
from the center, however this can be an artefact caused by the low resolution. Therefore, we
conservatively extracted the continuum flux for the companion from the 20~ contours enclosed

in the region with RA-offset> —4 arcsec, obtaining 0.011 + 0.003 mJy.

The presence of a companion is consistent with the picture of QSOs living in overdense
environments. In particular, a suite of simulations by F. Di Mascia et al. (2021) showed that
bright QSOs are part of complex, dust-rich merging systems, containing multiple sources (ac-
creting black holes and/or star-forming galaxies). Costa, Rosdahl, and Kimm (2019) also

found a large number of satellite galaxies that will eventually fall on the central QSO-host at
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Figure 3.12: Moment maps and line profile of the [CII] emission line. From left to right: inte-
grated flux, mean velocity map, and velocity dispersion map, continuum-subtracted spectrum
of [CII]. The clean beam is plotted in the lower right or left corner of the moment maps. The
cross indicates the peak position of the integrated flux for each line. The spectrum has been
extracted from the region included within > 20 in the velocity integrated map. The vertical
blue and red lines highlight the spectral regions in which the flux is higher than in the Gaus-
sian fit (solid purple line).

high-z in cosmological, radiation-hydrodynamic simulations. J0100+2802 is indeed found to
have a exceptionally small proximity zone, given its extreme brightness, (Eilers et al., 2017;
F. B. Davies et al., 2020) and no detected Ly nebula (Farina et al., 2019). These are consistent
with a scenario of a young black hole accretion episode and a recent merger, and also with the
presence of a weak outflow, since the majority of the outflow emission would be intercepted
by an over-abundance of neutral/dusty gas in the host galaxy (Costa et al., 2022). Moreover,
JO0100+2802 is found to reside in a strong overdensity composed of 24 galaxies (Kashino et
al., 2022), detected in JWST-NIRCam slitless spectroscopy. However, thanks to the powerful
capabilities of ALMA we were able to reveal this nearest interacting companion, which was
undetected even by JWST-NIRCam imaging (Eilers et al., 2022), probably because of both
the overwhelming light from the QSO at optical/UV wavelengths and heavy dust obscura-
tion, also supported by the substantial mass of dust detected at the position of the companion
(Mgt ~ (0.3 = 2.6) X 107 Myyq).

J2310+1855

In order to study the [CII] distribution and kinematics of QSOs J2310+1855, we adopted
the Briggs cleaned data cube that enhances the angular resolution.

Fig. 3.12 shows the moment-0, -1, and -2 maps of the [CII] emission and the spectrum of
J2310+1855, obtained by applying a 30 threshold to the Briggs clean cube. The [CII] distri-
bution is spatially resolved with a size of (0.449 x 0.325) + (0.028 x 0.021) arcsec® estimated
from a 2D Gaussian fit on the velocity-integrated map (see Table 3.2), and it shows a velocity
gradient oriented north-east to south-west with Av = 400 km s~!. The moment-2 map shows

1

a range of the velocity dispersion between 20 and 140 km s™', where the maximum value

towards the nucleus is affected by beam smearing (R. Davies et al., 2011).

Fig. 3.12 also shows the continuum-subtracted [CII] line profile, which peaks at a fre-
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Table 3.2: [CII] emission line properties of J2310+1855

J2310+1855
Fops [GHz] 271.382
2z 6.0031  0.0001
FWHM [kms™!] 422 + 15
Sdv [Jy km s7!'] 5.2 +0.01
L[CH] [109 Lo 5.1 +£0.1
size [arcsec?] 0.449 x 0.325
size [kpc?] 2.6x1.9

Notes. Line fluxes are derived by integrating over the line profiles extracted from the region included within
> 20 in the velocity integrated map. Sizes are estimated with a 2D Gaussian fit in CASA.

quency of 271.382 GHz, corresponding to z = 6.0031 + 0.0001, consistent with previous
determinations (e.g. R. Wang et al. 2013; Shao et al. 2019, see Table 3.2). The FWHM of the
line is 422 + 15 km s~!, derived from the fit with a single Gaussian. Because the [CII] line
shows two peaks, the value of the integrated flux would be ~ 10% overestimated using a sin-
gle Gaussian. Therefore, we fitted the line profile with two Gaussian functions and derived an
integrated flux of [5.2 + 0.01] Jy km s~!. This is 40% lower than the flux reported by Feruglio
et al. (2018), obtained using a dataset with a clean beam of about 0.9 arcsec. This suggests that
these higher-resolution observations filter out part of the flux. The [CII] profile shows excess
emission with respect to the best fit at the red and blue sides of the line, which would require
additional Gaussian components.

We measured a total line luminosity of Licyy = 5.1+£0.1% 10° L, and derived an Licm/Lrir =
8 x 107> (for the computation of Lyg see Sect. 4.3.1). This value is at the lower end of the
distribution found for QSOs at this redshift (Walter et al., 2022; Decarli et al., 2018; Shao
et al., 2019). This [CII] deficit is also predicted for high-z galaxies by semi-analytical models
of galaxy evolution (e.g. Lagache, Cousin, and Chatzikos 2018), where the [CII] deficit arises
from the high intensity of the interstellar radiation field. Our estimate of Lici/Lrir agrees
well with their results at z ~ 6 when we extrapolate their predictions at higher Lrg. Carniani
et al. (2018) studied the L;cy;; — SFR relation for high-z galaxies and reported that the local
relation for star-forming galaxies (see De Looze et al. 2014) is still valid at high z, but with
a twice higher dispersion than observed locally. Our results agree very well (< 10) with the
correlation of Carniani et al. (2018), with the relation for local star-forming galaxy of Herrera-
Camus et al. (2018), and with the results for high-z galaxies of Lagache, Cousin, and Chatzikos
(2018).

The neutral gas mass in the disk, based on [CII] emission, can be derived with the relation
from Hailey-Dunsheath et al. (2010) (see also Bischetti et al. 2019a),

M, 0.7L, 14x 10 1 + 2 2IK/T cri
HI ( [CII])( X )x + ze + Nerie/ 1 (3.2)

— =0.77 ,
MO LO Xc+ 26791K/T

where X+ is the [CII] fraction per hydrogen atom, T is the gas temperature, n is the gas

71



CHAPTER 3. COLD GAS PROPERTIES

Radius [arcsec]
02 0.4 0.6 038 1.0 12
e A S S S

1 [ch

{  Continuum
T CO(6-5)

n
S
L B

Radius [arcsec]
1.00 1.05

0.80 0.85 0.90 0.95 1.10 1.15 1.20
30T T T T T T T T T

B
(=}
T T

393
S
T T T T

Surface Brightness [mJy/arcsec?]
)
S
Surface Brightness [mJy/arcsec?]
s =
o o
T
1= == 2
e
e i
o
L.
|

-0.5F B
1.0~ - - 1
L 1 L L 1 ]
5.0 55 6.0 6.5 7.0
Radius [kpc] 1

_
[=]
I
oot |
ol
|
|

[ R R R B R B
1 2 3 4 5 6 7

Radius [kpc]

Figure 3.13: Natural weighting surface brightness for [CII] (red), CO(6-5) (green), and con-
tinuum (blue) of J2310+1855, normalised to the respective r.m.s. level, as a function of the
radius from the peak position of the source. The lower and upper error bars are the 16th and
84th percentiles, respectively. The shadowed regions connect the uncertainties given by the
percentiles. The coloured dashed lines show the synthetic beams for each observation. The
dashed black lines mark the 0 level of surface brightness. The inset shows a zoomed view at
large radii. The CO(6-5) data are taken from Feruglio et al. (2018) and have a clean beam of
0.6 x 0.4 arcsec’.

density, and ng; ~ 3 x 10* cm™ is the [CII]A158um critical density for collisions with neutral
hydrogen that frequently occur in PDRs (M. G. Wolfire, Livia Vallini, and Chevance, 2022;
D. J. Hollenbach and Tielens, 1999). We estimated the lower limit for the molecular mass
in the regime n > ng; (Maiolino et al., 2005; Aalto et al., 2012; Aalto et al., 2015), and we
considered a X¢+ ~ 10~ and a gas temperature of 200 K, both typical of PDRs (Maiolino et al.,
2005; Hailey-Dunsheath et al., 2010; Cicone et al., 2015; Bischetti et al., 2019b). We found
My; = 6.6 x 10° My, significantly lower than the molecular mass obtained through molecular
tracers (Feruglio et al., 2018; Shao et al., 2019).

In Fig. 3.13, we show the observed surface brightness profiles of the [CII] compared with
that of its underlying dust continuum emission, and of molecular gas traced by CO(6-5) (the
latter taken from Feruglio et al. 2018). To compute the profiles, we used natural weighted
maps and defined concentric annular regions centred at the QSO continuum position peak
(RA, DEC = 23:10:38.90, 18:55:19.8). The first point for the surface brightness was taken
at the peak pixel, and the next annuli are 0.1 arcsec thick for the [CII] and dust continuum,
and 0.25 arcsec thick for the CO(6-5). To compute the surface brightness at each annulus, we

averaged the flux within each annulus and divided it by the area of each annulus. The error
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bars associated with the surface brightness at each annulus (plotted in Fig. 3.13) mark the
16th and 84th percentiles inside each annulus, which corresponds to ~ 68% of the surface
brightness distribution centred on the mean value (i.e. 1o for a Gaussian distribution). To
determine the rms level, we associated a Poisson error with each region that we obtained as
follows. We computed the rms per beam over a 10 x 20 arcsec? background, target-free area,
and divided it by the square root of the number of beams in each annulus. To compare the
[CII], CO, and continuum profiles, which have different rms levels, we subtracted the rms
from each respective profile, so that the three distributions approached zero at high radii. All
profiles are more extended than their respective synthetic beam, shown as dashed lines in Fig.
3.13. The [CII] and dust emission show consistent profiles for radii > 1.5 kpc. In the inner
region of the source, we found that the continuum is more peaked at the centre than [CII] (and
CO). The half-light radii are 1.3 kpc for the dust, 1.9 kpc for [CII], showing that the [CII]
emission is more extended than the continuum emission (e.g. Li et al. 2022), and 2.2 kpc for
the CO emission*. These results are also consistent with values that are commonly measured
in QSOs at this redshift (Decarli et al., 2018; Carniani et al., 2019; B. P. Venemans et al.,
2020). A similar behaviour of reduced [CII] emissivity close to the QSO was observed in the
z ~ 7 QSO J2348-3054 (Walter et al., 2022) and in the z = 6.6 QSO J0305-3150 (Li et al.,
2022). This is likely due to the contribution of the QSO to the dust heating, which reduces the
Licm/Lrir ratio in the nuclear region. We estimated the total gas surface density, including the
contribution of HI from [CII] and H, from CO within the half-light radius ricmym ~ 1.08 kpc.
We find Zguqm141,) = 13809 Mg pc2. However, the gas traced by [CII] reaches a (azimuthally
averaged) maximum size’ of ricyy ~ 5 kpe, and the dust emission reaches an even larger radius
of rquse = 6.7 kpc, probably owing to the better sensitivity reached in the aggregated bandwidth.
The molecular gas traced by CO(6-5) shows a smoother profile and reaches a size similar to
the [CII], rco ~ 4.7 kpc. A similar behaviour with a steeper dust continuum distribution is seen
in other high z QSOs (e.g., Walter et al., 2022) and has been attributed to the contribution of
the QSO to the dust heating.

Although [CII] probes mildly ionised gas, it has recently been proposed as a possible
molecular gas tracer. Zanella et al. (2018) derived a Liciy-to-H, conversion factor of ajcmy ~
22 M,y /L, for star-forming galaxies at z ~ 2. Applying this conversion to J2310+1855 would
imply a molecular mass of My, ~ 1.1 X 10'" Mg. In addition to being a factor of 4 larger
than the molecular mass derived from CO (Feruglio et al., 2018), this is also about three times
higher than the dynamical mass derived from [CII]. This suggests that the empirical correla-
tion between [CII] luminosity and molecular mass (e.g. Zanella et al. 2018) does not apply
to high-z hyper-luminous QSOs. The total gas surface density i, (= 13809 Mg pc?)
within the [CII] half-light radius, together with the AGN-corrected SFR surface density Xggg =

“The half-light radii reported here are different from those in Tripodi et al. (2022). In the published paper
values are wrong due to an error in the transcription.

>The maximum size coincides with the radius at which the brightness profile reaches the zero level, within
the error bars. It is shown more clearly in the zoomed panel of Fig. 3.13.
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Figure 3.14: Results of the *° Barolo dynamical modelling of the [CII] emission line. Top and
bottom left: PV diagrams of the [CII] emission line along the line of nodes (PA=200 deg) and
orthogonal to it (PA=290 deg), performed with 3°Barolo. Contours are at 2,3,6,and 120,
with o = 0.22 mJy, for the data (solid black lines) and the best-fit model (dashed orange
lines). Sampling is performed with five radii, spaced by 0.045 arcsec. Yellow stars show
the disk model. Top and bottom right: Rotational velocity, v,o, and gas velocity dispersion,
O g, as a function of radius for the best-fit disk model. To compute the top and bottom error
bars for the rotational velocity, we performed the modelling by varying the disk inclination
i = 20 and 45 deg, respectively. The grey shaded area marks the central beam (rpeam ~ 0.08
arcsec), and grey points are those computed including the central beam.

(521 Myyr~'kpc=2, for SFR of J2310+1855 see Sect. 4.3.1), shows that the host galaxy lies
above the region of the local Kennicutt-Schmidt (KS) relation that is usually occupied by
starbursting galaxies (e.g. Bigiel et al. 2008). Recent zoom-in high-resolution simulations
(Pallottini et al., 2022) and semi-analytical models (L. Vallini et al., 2021) found burstiness
parameters, kg, in the range ~ 3 — 100 for z > 6 galaxies. For J2310+1855, we find ks ~ 5,
implying a starbursting host galaxy.

3.3.2 Dynamical modelling of the [CII] emission of J2310+1855

We modelled the [CII] line-of-sight (LOS) velocity distribution of J2310+1855 with an inclined-
disk model, using the 3D-based analysis of rotating objects from line observations (*°Barolo),
a software package for the fitting of 3D tilted-ring models to emission line observations from

high-resolution to very low resolution data cubes (Di Teodoro and Fraternali, 2015). 3°Barolo
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builds a number of models in the form of artificial 3D observations and compares them with
the input cube, finding the set of geometrical and kinematical parameters that better describes
the data, correcting for beam-smearing effects. Fixed parameters of the fit are the centre of the
disk, set to the continuum peak, and the position angle PA= 200 deg. The rotational velocity
Vit and velocity dispersion oy, are free parameters with initial-guess values of 50 km s~! and
70 km s~!, respectively. Since even in the case of high-resolution data the inclination, i, is the
strongest source of uncertainty in determining the rotation curve and the dynamical mass, we
performed a first run with i set as a free parameter, retrieving a value of i ~ 25 deg for the
best-fitting disk model. In the second run, we fixed the inclination to i = 25 deg, with all the
other parameters as before. The sampling was initially performed with seven radii, spaced by
0.045 arcsec, starting from a galactocentric radius of 0.023 arcsec. This produced a rotation
curve with an average v, ~ 354 km s™! and a flat profile, while we would expect a decreasing
trend towards the galactic centre. The excess velocity in the central part of the rotation curve
could be due to a residual beam-smearing effect or to an additional kinematic component in
the centre. In order to avoid the systematics induced by the inclusion of innermost region
and to obtain a reliable modelling of the disk, we excluded the central beam (radius ~ 0.08
arcsec) from the fit, and performed a sampling with 5 radii, spaced by 0.045 arcsec, starting
from 0.113 arcsec. The top and bottom left panels of Fig. 3.14 show the position-velocity
(PV) diagrams of the disk along the major and minor kinematic axes with contours of the disk
model as dashed orange lines and the modelled LOS velocities as orange stars. Exploring
the v, — i parameter space with the task SPACEVAR of *PBarolo, we found that models with
i in the range [20,45] deg give similar results in modelling the PV diagram and the velocity
dispersion profile. The v, is most affected by the variation of i because v,oc = v s/ sin(i),
and in this case, models with i < 20 lead to unreasonably high values for the velocity rotation
(Vror 2 500—1000 km s7!). In the top and bottom right panels of Fig. 3.14, the velocity rotation
and velocity dispersion curves are presented, where the error bars arise from the lower and up-
per limit inclination (i = 20,45 deg). The intrinsic (i.e. beam-smearing corrected) rotational
velocity v, shows a rather flat rotation curve, and the velocity dispersion o, is boosted at
r ~ 0.1 arcsec, reaching ~ 80 km s~!, while it decreases to 50 km s~! at larger radii. We found
Viot = 347 km s~! and Ogas = 60 km s~! on average within r < 1.5 kpc (values corrected for

beam smearing). We derive vy /05 ~ 6, indicating a disk that is rotationally supported.

The total dynamical mass enclosed within a radius r=1.7 kpc (~ 0.3 arcsec) is Mgy, =
5.2+33 % 10'° Mo, consistent with that derived from CO(6-5) in approximately the same region
(Feruglio et al., 2018) and from previous [CII] lower-resolution observations (R. Wang et al.,
2013). The uncertainties on Mgy, were obtained by propagating the error for v, at R=1.7 kpc.
Since the gas mass measured from CO is My, = 4.2 X 10'° Mg, (see Chap. 3.3.1), dynamical
models with i > 30 deg, which imply Muy, < 4 x 10" My, can be ruled out. This restricts
the range of possible values for the inclination to [20,30] deg, supporting the choice of i = 25

deg in the dynamical modelling of the disk. We were able us to derive a rough estimate of
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Figure 3.15: Gas Toomre parameter Qg as a function of the radius from the centre position of
the [CII] emission, computed for the annuli used in the *°Barolo [CII] modelling (see Chap.
3.3.1 and Fig. 3.14). The grey shaded area marks the region of the central beam (rpeam ~ 0.08
arcsec), and grey points are computed using the v, and o, of the *°Barolo model including
the central beam.

the stellar mass of the QSO’s host galaxy, M, = Mgy, — My, — Mgy ~ 3 X 10° M,, using
Mgy = 5 % 10° M, derived from the Mgl emission line profile (uncertainty of ~ 0.1 dex, see
Mazzucchelli in prep)®. This stellar mass, together with the AGN-corrected SFR, place the
QSO’s host galaxy well above the main sequence for star-forming galaxies at z ~ 6 (see e.g.
Mancuso et al. 2016; Pearson et al. 2018), indicating a strongly star-bursting host galaxy.

The Toomre parameter, spatially averaged across the entire emission within r < 1.5 kpc,
18 Qgas = \/icrvvmt /nGriy,s =~ 3 for a flat rotation curve, where X, is the gas surface density
derived from [CII] within the radius r. Considering also the Toomre parameter for the stellar
component, the global Q would be lower than this value (Aumer et al., 2010). In Fig. 3.15 we
show the radial profile of Q,,, where we computed the molecular gas surface mass density,
taken in the same annuli as defined for the dynamical modelling (see Fig. 3.14), and we

propagated the uncertainties of v, and X,,. The vy and o, are those derived by the model

®At the time of this analysis, published in Tripodi et al. (2022), we obtained the BH mass of J2310+1855 via
private communication. Now Mgy j2310 has been published in Mazzucchelli et al. (2023) with a slightly lower
value, Mgy = 4.7 x 10° My, This does not affect our conclusions.
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Figure 3.16: PV diagrams of the [CII] emission line along the kinematic major axis (left
panel) and kinematic minor axis (right panel), performed with 3°Barolo. Contours are at
2,3,6,and 120, with o = 0.22 mJy/beam, for the data (solid black lines) and the best-fit model
(dashed orange lines). Yellow stars show the projected rotation curve modelled by *° Barolo.

of *PBarolo at different radii (see top and bottom right panels of Fig. 3.14). The grey shaded
area, as before, marks the region of the central beam, and the grey points are computed using
the v, and o, of the *°Barolo model including the central beam. Qgas 1s in the range 3-13 at
r < 0.4 kpc, reflecting the flat rotation curve and high value of v,y at the centre. For r > 0.8
kpc, Qpas & 1 — 5 1s close to the critical value commonly adopted for the gas component (R.
Genzel et al., 2014; Leroy et al., 2008), indicating that the disk is unstable against gravitational
collapse, can fragment, and may eventually lead to star formation. Qg ~ 1 was reported for
QSO0 J234833.34-305410.0 at z ~ 7 (Walter et al., 2022).

3.3.3 Dynamical signature of a stellar bulge in J2310+1855

In the previous section, we interpreted the high [CII] velocities seen near the galactic centre
of J2310+1855 as due to a [CII] outflow. An alternative possible explanation for the high-
velocity [CII] emission is fast rotation due to the presence of a central mass concentration.
In this section, we investigate whether a bulge can indeed be the most likely cause for the
velocity enhancement in the innermost region of J2310+1855 by modelling the rotation curve
with different mass models.

We derived a new rotation curve of J2310+1855 using the software *PBarolo (Di Teodoro
and Fraternali, 2015), improving the preliminary kinematic modelling of Tripodi et al. (2022)
(reported in Chap. 3.3.2). For (xo, o), Vsys , and i, we adopted the same estimates as in Tripodi
et al. (2022). We fixed zy to 300 pc, but this parameter has a negligible effect on our results
because our spatial resolution is ~900 pc and the disc is nearly face-on (i ~ 25°). Since
the kinematic major axis is perpendicular to the minor axis, we fixed the radial velocity to
zero. With respect to Tripodi et al. (2022), we changed the PA to 195° because the data-model
residual maps in their Figure 8 suggest that their value of 200° was slightly overestimated (see
Warner, Wright, and Baldwin, 1973). We also changed the radial sampling to avoid aggressive

over-sampling; we used four rings spaced by 0.07 arcsec, which corresponds to 0.409 kpc.
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In order to minimise the impact of the outflowing material on our results, we cropped the
[CII] cube considering the velocity range [-290, +270]km s~!. This excludes the blue and red
wings seen in the spatially integrated [CII] spectrum (see Fig. 3.12 in Chap. 3.3.1). We then
ran *PBarolo with v, and o, as free parameters. *°Barolo provides asymmetric uncertainties
(64,0-), corresponding to a variation of 5% in the residual from the global minimum. We
treated them as 1o uncertainties and took the mean value of (6,,0_) to compute symmetric

uncertainties that were used in subsequent rotation-curve fits.

Fig. 3.16 shows PV diagrams along the major and minor axes of the disc. In Tripodi et al.
(2022), the comparison between disc model and observations showed a mismatch at line-of-
sight velocities Vi os of +300km s~'along both the major and minor axes. This mismatch was
interpreted as due to the gas outflow. The overall symmetry of the PV diagrams, however, may
suggest that the high-velocity emission is associated with fast rotation. With the new rotation
curve, the central mismatch at > 300km s™'has now decreased along both axes, indicating that
the new model fits the data better.

The rotation curve shown in Fig. 3.16 is approximately flat, with a slight increase towards

1

the centre. The average deprojected rotation velocity is ~365 km s, similar to what was

found in Tripodi et al. (2022). The velocity dispersion profile (not shown) increases towards

the centre and reaches g ~ 80 km s~ !

, with an average value of ~70 km s™'. This gives
Viot/Tgas = 5, so that the disc is rotation supported and the observed rotation velocities are a
good tracer of the circular velocity of a test particle in the equilibrium gravitational potential.
The circular velocity approximately goes as (V2 + a'éas)o's, therefore corrections for pressure
support are a few km s~'at most and are therefore negligible.

We used the observed rotation curve to constrain the mass distribution within the galaxy.
We considered three to four mass contributions: a gaseous disc, a stellar disc, an SMBH, and

possibly, a stellar bulge. The model circular velocity at radius R is then given by

2 2 2 2 2
Vmod = YgaSVgaS + Y*diSC V*disc + YbUIgeVbulge + VBH’ (33)
M; : : . :
where Y; = 1010 M. are dimensionless parameters of the order of one (with j = gas, xdisc,
Q

bulge). Essentially, for numerical convenience, we normalised the gravitational contributions

to a mass of 10! M, and scaled them using Y.

The gravitational contribution of the gas disc was computed using the task Rotmod in the
Gipsy software (Vogelaar and Terlouw, 2001). It numerically solves the equation from Caser-
tano (1983) for a truncated disc of finite thickness. For the radial column density distribution,
we used the observed [CII] surface brightness profile as input, which is close to exponential
(see Fig. 3.13). For the vertical density distribution, we assumed an exponential profile with
a scale height zo = 160 pc. This is motivated by the scaling relation between scale length and
scale height that is observed in edge-on disc galaxies at z = 0 (e.g. Bershady et al., 2010), but

the precise value of zg g, has a minor effect on our results. In the limiting case of a razor-thin
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Table 3.3: MCMC priors

Parameter | Prior Type Center Standard Deviation
i[°] G 25 5

log(¥yas) LN 0.64 0.11

log(Y.disc) LN 0.0 1.0

log(Youige) LN 0.0 1.0

log(Ygn) LN 0.0 1.0

Mz [Mo] Fixed 5% 10°

Notes. G = Gaussian. LN = Lognormal. A prior for log(Y;) of 0.0 + 1.0 corresponds to (1 + 10) x 10'°M,,.

exponential disc (i.e. zggas = 0), our results would vary within 15%, which is well within our
current uncertainties on the fitted quantities. We did not use the CO(6-5) surface brightness
emission (Tripodi et al., 2022) because it was derived from data with lower resolution (~ 0.5
arcsec; Feruglio et al. 2018), therefore the observed CO surface brightness profile is more
sparsely sampled than the [CII] profile. For J2310, precise determinations for M,,, were ob-
tained using the CO(6-5) emission line together with the CO spectral line energy distribution
(Feruglio et al., 2018; Li et al., 2020; Tripodi et al., 2022); we used the value of 4.4 X 10'°M,as
a tight prior on M,,,. This estimate was derived by fitting the spectral line energy distribution of
high-J CO lines and assuming a CO-to-H, conversion factor aco = 0.8 Mo (K km s~! pc™2)7!,
which is currently thought to be most appropriate for QSO-host galaxies (Carilli and Walter,
2013). Systematic uncertainties on aco in starburst AGN-host galaxies can be large even at
z =~ 0 (Bolatto, M. Wolfire, and Leroy, 2013), but there is mounting evidence that their aco are
systematically smaller than those of Milky-Way-like galaxies (Accurso et al., 2017; Pearson
et al., 2018; Lelli et al., 2022). We associate a 25% uncertainty with Mg,. This tight prior is
necessary to break a degeneracy between Y, and Y. qisc that arises because gas disc and stellar
disc provide velocity contributions with a similar shape. The actual gas mass may be more
uncertain than assumed here, but this assumption mostly impacts the relative masses of the
stellar and gas discs but leaves our conclusions on the central mass concentration unaltered.

The gravitational contribution of the star-forming stellar disc was computed in a similar
way as for the gas disc. For the radial column density profile, we used the surface brightness
profile from the ALMA sub-millimeter continuum map, which traces hot dust heated by young
stars. The sub-millimeter emission can be used as a proxy for the distribution of the stellar disc
because dust absorbs UV radiation from young stars and re-emits it at far-infrared wavelengths
(Lelli et al., 2021). The continuum surface brightness profile shown in Fig. 3.13 (Tripodi et
al., 2022) is well described by an exponential profile with scale length R.4sc = 0.71 kpc,
which further supports the use of dust emission as a proxy for the star-forming disc. For the
distribution of the vertical surface density, we assumed an exponential profile with zp ~ 160
pc as for the gas disc, but this assumption has a very minor effect on our results.

The stellar bulge was modelled as a spherical projected Sérsic profile, so that its gravita-

tional contribution is given by (LLima Neto, Gerbal, and Marquez, 1999; Terzi¢ and Graham,
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2005)

GMyyjee 3 - ,bRRel/"
Vo) = \/ wige Y(1(3 — p), b(R/R)'™) o

R I'(n(3 - p)) ’
where My is the stellar bulge mass, R, is the effective radius, n is the Sérsic index, b =
2n — 1/3 + 0.009876/n for 0.5 < n < 10, y and I are the incomplete and complete gamma
function, respectively, and p = 1.0 — 0.6097/n + 0.05563/n* for 0.6 < n < 10 and 1072 <
R/R, < 10°. We fixed n = 4 (a De Vaucouleurs profile) and set R, = 0.07 arcsec ~409 pc, that
is, ~ beam size/2. Lower values of R, would not significantly change the contribution of the
bulge in the centre, making it similar to a point source. In principle, R, could be determined
from high-resolution rest-frame optical and/or near-infrared images after subtracting the QSO
contribution, but data like this are currently not available. Alternatively, R, may be set as a
free parameter in our model, but we do not have enough data points in the rotation curve to fit

more than four parameters.

The SMBH gives the velocity contribution of a point source,

GMgy

Ven(R) = R

(3.5)

where Mgy is the BH mass. In our models, Mgy could be either a free or a fixed parameter.
In the latter case, it was fixed to Mgy = 5.0 X 10° M, derived from the Mgll emission line

profile (Mazzucchelli in prep., Tripodi et al. 2022).

In our modelling, we did not consider the contribution of a dark matter (DM) component
for several reasons: (1) in general, the DM contribution in massive galaxies becomes important
in the outer regions, beyond the stellar disc, because it has a rising trend with the radius. This
component would therefore not affect our main results about the central mass component. (2)
In our specific case, the rotation curve was measured out to a radius of just 1.7 kpc, within
which the gravitational potential is likely dominated by baryons (in analogy to star-forming
galaxies at slightly lower redshifts; e.g. Reinhard Genzel, 2017; R. Genzel et al., 2020; Rizzo
et al., 2020; Rizzo et al., 2021; Lelli et al., 2021). (3) Our four data points do not enable
us to fit for additional free parameters, which would be required if we were to add a DM
component. Therefore, we opted for the simplest physically motivated mass model with the

smallest number of free parameters.

Summarizing, the gaseous and stellar disc were both modelled as thick discs with a radial
density profile given by the observed [CII] and dust surface brightness profiles, respectively
(following Lelli et al. 2021). For the vertical density profile, we assumed an exponential
function with a fixed scale height. The stellar bulge was modelled as a spherical projected De
Vaucouleurs profile with a fixed effective radius of 0.07 arcsec (~409 pc). This is the maximum
effective radius allowed by the data, so that our bulge model maximises the difference between

an extended mass distribution and a point source. The SMBH was modelled as a point mass.

The masses of the stellar and gas discs are degenerate because their velocity contributions
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Figure 3.17: Results for mass models. Top panels: Two different mass models are fitted to
the observed rotation curve (black squares): no bulge and fixed BH mass (A), bulge and fixed
BH mass (B). The best-fitting model (solid black line) is the sum of the contributions from the
stellar disc (dashed blue line), the cold gas disc (dotted green line), the BH (dotted purple
line), and the stellar bulge (when present; dot-dashed red line). The different values of the
rotation velocities in models A and B are due to different best-fitting values for the inclination:
i = 38 £ 2° for model A and i = 26 + 4° for model B. Bottom panels: Posterior distributions of
the fitting parameters for models A and B.

have a similar shape, which rises with radius. To break this degeneracy, we imposed a tight
prior on Y, by adopting a gas mass of 4.4 x 10" My(Feruglio et al., 2018; Li et al., 2020,
Tripodi et al., 2022). Similarly, the masses of bulge and SMBH are degenerate because their
velocity contributions declines with radius. This occurs because the spatial resolution of the
rotation curve cannot discern a central point source from a more extended central mass con-
centration. To break this degeneracy, we fixed the SMBH mass to 5 x 10° My(Mazzucchelli
et al. in prep.; Bischetti et al. 2022). This estimate comes from X-SHOOTER spectroscopy of
the Mgll and CIV lines, which has a high signal-to-noise ratio and assumes the z =~ 0 scaling
relations provided by Vestergaard and Osmer (2009b), Vestergaard and Peterson (2006), and
Coatman et al. (2017).

Depending on the chosen model, we therefore had three or four free parameters: the incli-
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Table 3.4: MCMC results for mass model B.

Parameter Best-fitting values
i[°] 26+ 4
Mgos[10'° Mg] 4.26 + 0.97
M.qisc[10" Mo] 0.34%043
Mgl 10" M] 174719
Mgy[10'° M| 0.5 (Fixed)

nation i of the [CII] disc that changes the observed rotation velocities as Vs sin(i), and two
or three parameters among Yy, Y.gisc, and Yyyee. The best-fitting parameters were determined
using a Markov chain Monte Carlo (MCMC) method in a Bayesian context. We adopted a
Gaussian prior on i and lognormal priors on the Y; parameters. The choices for the central and
standard deviation values for all the fitting parameters are listed in Tab. 3.3.

To assess whether the bulge is a truly essential component, we started with a conservative
model that considered only stellar disc, gas disc, and SMBH with a fixed mass. Fig. 3.17
(model A, left panel) shows that this model misses the first point of the rotation, and the
inclination is pushed up to 38° (more than 2.50" from the prior value) to decrease the rotation
velocities as much as possible. When we instead consider a model in which the BH mass is
entirely free, we obtain a good result, but the required BH mass is higher than the expected
value derived from the MgII line by a factor of 2 (i.e. Mgy = 1.1 + 0.4 x 10'° My). This high
mass is still within the systematic uncertainties of ~0.3 dex associated with BH masses from
Mgll measurements (Vestergaard and Peterson, 2006). An increase in the BH mass of a factor
of 2 would therefore be able to remove the need for an additional central stellar concentration.
However, this scenario seems unlikely according to galaxy formation models (see following
discussion and Fig. 3.18).

Finally, we considered a mass model that included both an SMBH with a fixed mass and
a bulge component. Fig. 3.17 (model B, right panel) shows that this model reproduces the
observed rotation curve well and preserves the prior value of i =~ 25°. The best-fitting values
are reported in Tab. 3.4. We find a bulge mass of ~ 1.7 X 10'Mgthat implies Myyge =
0.27 X Myaryon, Where Myaryon = Mgas+ M gisc + Myuige. The best-fit mass also implies an effective
surface mass density .t ~ 3x 10* Mg pc™2, which is consistent with that of the most compact
spheroids at z ~ 0. It seems unlikely that such a compact mass component can be in the form
of [CII]-dark or CO-dark gas because it should lead to a strong central enhancement of star
formation that is not visible in the sub-millimeter continuum map. At larger radii, however,
the gas contribution becomes strong, and the galaxy has Mg,s ~ 0.67 X Mparyon; this result is
largely driven by the tight prior on the gas mass.

Recently, Shao et al. (2022) presented a similar analysis of the rotation curve of J2310,
using a razor-thin gas disc and a single spherical stellar component. They obtained a stellar
mass of 5.8 x 10° M, when they fixed the BH mass to the value of 1.8 x 10° that was derived
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Figure 3.18: Black hole mass vs. spheroid stellar mass. Comparison between the z = 0 sample
of early-type galaxies from Sahu, Graham, and Davis (2019) (blue squares) and our results
for the z = 6 QSO J2310+1855 (red star). The green line is the best-fit relation for the z = 0
sample. Its scatter (green shadowed region) is taken from Sahu, Graham, and Davis (2019).
The purple and pink triangles are the z = 5.72 and z = 6.20 galaxies, respectively, that were
modelled by the GAEA-F06 run (Fontanot et al., 2020).

from the analysis of the CIV emission line (Feruglio et al., 2018). Our mass models are
different from theirs because we distinguish between a star-forming stellar disc and a spherical
bulge, which is crucial to locate J2310+1855 on the BH-bulge scaling relation. In addition, in
our models, the gas and stellar discs have a realistic finite thickness. Importantly, Shao et al.
(2022) concluded that they measured the dynamical mass of a black hole for the first time
at z ~ 6, whereas we find that the BH mass and bulge mass are degenerate. To break this
degeneracy, the BH mass must be fixed using independent information, given the low spatial
resolution of the ALMA data (~900 pc). For comparison, dynamical BH mass measurements
in AGN-host galaxies at z ~ 0 require spatial resolutions better than 100 pc (e.g. F. Combes
etal., 2019; Lelli et al., 2022). The observed rotation curve of J2310+1855 clearly indicates a
central mass concentration, but the ALMA data themselves cannot determine whether this is
entirely due to a BH, a stellar bulge, or a combination of both. In our view, the latter scenario

is the most likely.
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Two crucial questions that arise from this result are first, how a bulge of ~ 10'°Mgwas
able to form in less than 1Gyr, and second, what the implications of our results are for the
overall picture of SMBH-galaxy co-evolution. The main proposed scenarios for bulge forma-
tion involve major mergers, which produce spheroids with a large Sérsic index (Hernquist and
Barnes, 1991), and disc instabilities such as the formation of thick, buckling bars, which pro-
duce profiles with a smaller Sérsic index (the so-called pseudo-bulges; see e.g. F. Combes and
R. H. Sanders 1981). The latter imply long timescales and therefore occur mainly at late cos-
mic times. At high redshift, disc instabilities manifest as turbulent discs hosting giant clumps
that can coalesce to form bulges (Bournaud, B. G. Elmegreen, and D. M. Elmegreen, 2007;
B. G. Elmegreen, Bournaud, and D. M. Elmegreen, 2008). In addition, when a luminous ac-
tive galactic nucleus (AGN) is present, its energy output in the form of radiation pressure on
dust or shocks can contribute to the formation of a spheroidal component by triggering both
galactic outflows and SF (Ishibashi and Fabian, 2014; Maiolino et al., 2017).

For J2310+1855, disc instabilities can probably be ruled out because these secular pro-
cesses occur on long timescales (~3-5 Gyr), while the age of the Universe at z ~ 6 is only
~900 Myr in the adopted cosmology. All the other mechanisms appear viable, however. The
host galaxy of J2310+1855 does not show any evidence of ongoing mergers based on the high-
resolution ALMA data that are available to date, but the orbital time at the last measured point
of the rotation curve is only 26 Myr, which means that the [CII] disc may relax in just ~100
Myr (about four revolutions) after a violent event. This implies that the last potential merger
between (proto-)galaxies with masses of a few times 10° My, must have occurred at z > 6.5.
Feedback from AGN in the form of large-scale outflows driven by the radiation pressure on
dust or by shock propagation may trigger the formation of new stars at outer radii, leading
to the development of extended stellar envelopes (Ishibashi and Fabian, 2014). Observational
evidence supporting this scenario was provided by Maiolino et al. (2017), who found that SF
can occur within galactic outflows where the newly formed stars follow ballistic trajectories
that can fall back in the potential and thus form a spheroidal component. In this scenario, the
accreting BH triggers SF and contributes to the formation of the stellar bulge. This scenario
may form extended and diffuse bulges, while in J2310+1855, we find evidence for a compact

mass concentration with a high effective surface density.

Regarding the BH-galaxy co-evolution, for J2310+1855, Tripodi et al. (2022) found that
the SMBH growth efficiency is ~50% lower than that of its host galaxy. This suggests that
AGN feedback effectively slows down the accretion onto the SMBH, while the host galaxy
is still growing fast. The onset of significant BH feedback hampering BH growth marks the
transition from a phase of BH dominance to a phase of symbiotic growth of the BH and the
galaxy (M. Volonteri, 2012). In Fig. 3.18, we locate J2310+1855 on the local Mgy — Mpyige
relation (green region) and the local observational data (blue squares) from Sahu, Graham, and
Davis (2019). J2310+1855 deviates from the z =~ 0 relation because it has Mgy =~ 0.3 My
, while in local galaxies, Mgy =~ (0.01 — 0.1) X Mpye. When we assume that the BH of
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J2310+1855 evolves into one of the most massive BH at z = 0 (Mg =~ 2 X 10!° M), it can
grow in mass by only a factor of 4 during ~13 Gyr, while the bulge should grow by a factor of
~40 to reach a mass around 10'*Mat z ~ 0. This suggests an asynchronous growth between
SMBH and bulges. Moreover, the available molecular gas in J3210+1855 is estimated to be
~ 4 x 10'° M. To reach a stellar mass of ~ 10'% Mg, at z ~ 0, the galaxy needs to accrete
a comparable amount of mass (in gas or directly in stars) over ~13 Gyr, giving an average
mass accretion rate of ~ 40 My, yr~!. For example, if the galaxy continues to form stars with
SFR =~ 10° My, yr™!, a stellar mass of (5 — 10) x 10'! M, can be formed in only 0.5-1.0 Gyr
(by z ~ 3.5 —-4.0), but would then require a mass-accretion rate comparable to the SFR. In any
case, our result seems to highlight the absence of any symbiotic growth between the SMBH
and the host galaxy at high redshift; it appears that the SMBH firstly experiences a phase of
rapid and intense growth (reaching up to 5 x 10°Myin less than 1 Gyr), followed by the growth
of the galaxy.

Finally, we compared our result with theoretical predictions of the GAlaxy Evolution and
Assembly (GAEA) model (in detail the GAEA-F06 run, Fontanot et al. 2020), to shed light on
the mechanism leading to the formation of this bulge. This semi-analytic model includes two
different channels of bulge formation (i.e. galaxy mergers and disc instabilities; see e.g. De
Luciaetal. 2011): both physical processes also help bringing cold gas onto the central SMBH,
thus feeding accretion and AGN events. In Fig. 3.18 we also show the distribution of model
galaxies’ in the Mgy — Myyee plane (purple and pink triangles) compared with a local z ~ 0
sample (Sahu, Graham, and Davis, 2019). From the comparison, we can conclude that (a)
GAEA-F06 predicts a relevant population of Mg > 10°Mgbulges in high-z galaxies despite
the relatively young cosmic epoch, and (b) the scatter around the z ~ 6 Mgy — Myyqe T€lation
is much larger than in the local Universe. This is likely due to the different contribution of
the two bulge-forming channels (mergers and disc instabilities) to the corresponding SMBH
accretion (see Fontanot et al., 2020): in this interpretation, at fixed Myyge, higher (lower) Mgy
corresponds to sources that experienced more mergers (disc instabilities). We plan to further
test this hypothesis in forthcoming work. We verified that GAEA predicts that all objects lying
above the Mgy — My, relation at z ~ 6 converge towards the z ~ 0 relation at later times.
Nonetheless, none of the model galaxies reaches z ~ 6 Mgy as high as the one estimated for

J2310+1855, which thus represents the main difference between data and model predictions.

3.3.4 [CII] outflows and energetics
J2310+1855

In Fig. 3.19, the velocity-integrated contour maps of the blue and red wings, obtained by

collapsing the spectral channels within the regions marked with blue and red lines in the [CII]

"The GAEA-F06 realisation has been defined on merger trees extracted from the Millennium Simulation.
We considered model galaxies in the two snapshots closer to the estimated J2310+1855 redshift, z = 6.20 and
z=15.72.
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Figure 3.19: *PBarolo residuals of mean velocity map (left panel) and velocity dispersion map
(right panel) of the [CIl] emission line of J2310+1855. The contours of red and blue wings are
overplotted. Levels are 2.5,3,4,5, and 60, with o = 39 uJy for the red wing and o = 43 uJy
for the blue wing. The red and blue wings have been selected from the [CII] spectrum as
shown in Fig. 3.12. The dashed yellow line is the kinematic major axis of the [CII] line, at PA
=200 deg. The clean beam is indicated in the lower left corner. The excesses at the border of
the source should not be considered because they are due to the poor subtraction of the noise.

spectrum of J2310+1855 (Fig. 3.12), are shown overplotted on the *°Barolo residuals of the
[CII] velocity and velocity dispersion maps. The contour maps contain a contribution from the
disk because the disk model is not subtracted from the data cube and from the corresponding
maps, from which we extracted the contours. To evaluate the disk contribution to the wings, we
used the [CII] spectrum and the double-Gaussian fit in Fig. 3.12. After subtracting the double-
Gaussian components from the [CII] spectrum, we found that the integrated fluxes for the red
and blue wings are Fy,q = 118 mJy km s™! and Fy;,. = 144 mJy km s™! , respectively, evaluated
by integrating the flux in the spectral regions marked by the vertical blue and red lines in the
[CII] spectrum of Fig. 3.12. Comparing these integrated fluxes with the total integrated flux in
the same velocity range, we obtained that Fi.q/Foy ~ 65% and Fye/Fior ~ 80%. This implies
that for the blue wing, the contribution of the disk is modest in the contours of Fig. 3.19; for
the red wing, the disk has a greater impact, but the contribution of the wing is still dominant.
The dashed yellow line is the kinematic major axis, and the stars mark the peak positions of
the emission of the blue and red wings. These high-velocity emission regions are seen up to
30 in the PV diagrams taken along the major and minor axes, within the offset r ~ 0.1 arcsec,

and with an LOS velocity about +300 km s~! on the blue and red sides of the line. Along the
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minor kinematic axis, the disk dynamical model (orange contours) is not able to reproduce this
excess emission, indicating that the latter is not produced by the beam-smearing effect, but is
rather due to a different kinematic component.

These high-velocity blue- and redshifted emissions located in the nuclear region do not fol-
low the rotation curve of the main disk and may be due either to an unresolved circumnuclear
disk tilted with respect to the main one, or to an outflow. The high excess in LOS velocity be-
tween these components and the best-fit disk (v os.gisk ~ 100 km s™!) suggests that these blue-
and redshifted emissions are due to an outflow and not to a tilted, unresolved nuclear disk. We
derived the flux density S,Av of these two components by subtracting the double-Gaussian fit
from the total [CII] spectrum, and integrating in the respective velocity ranges (see Fig. 3.12).
We computed the luminosity of the wings straightforwardly by applying Eq.1 from Solomon
and Vanden Bout (2005) and their outflow mass using Eq. 3.2. We obtained an outflow mass
of Myy = 1.9 x 108 M, and My, = 1.6 x 108 M, for the blue and red wings, respectively.
Altogether we have M., = 3.5 x 102 M, that is about 5% of the neutral gas mass in the
disk, consistent with expectations of recent zoom-in hydrodynamical simulations presented
by Valentini, Simona Gallerani, and Ferrara (2021). Assuming the scenario of time-averaged
expelled shells or clumps (Rupke, Veilleux, and D. B. Sanders, 2005), we computed the mass

outflow rate for the blue and red wings,

. Vout X Moy

Moy = T R (3.6)
where vy, 1s the projected outflow velocity defined as the velocity at which the integrated flux
of each wing is 98% of their total integrated flux with respect to the systemic velocity. We
estimated Vou e = —490 km s7! and voyreq = 535 km s7! from the line profile in Fig. 3.12.
We defined as outflow radius, R, the projected separation between the peaks of the red and
blue wings and the [CII] peak position, that is, Roupe = 0.6 kpc and Royerea = 0.3 kpc. We
then obtain an upper limit My, < 450 M,, yr~! by adding the red and blue components, and
adopting as outflow radius the maximum R, (= 0.6 kpc). However, depending on the LOS
inclination, the intrinsic R, may be larger than our estimate. Because these data do not allow
resolving the kinematics of the outflow, an estimate of the lower limit for the mass outflow rate
can be derived assuming an outflow size equal to the clean beam, R, ~ 1 kpc. This implies

that a lower-limit outflow rate would be M, = 180 M, yr~'.
We computed the kinetic power associated with the outflow as Eg, = %Mout X vgm =

(1.5 - 3.7) x 10%erg s~!, and the wind momentum load

Pout _ Mout X Vout

P AGN - Lbol/ c

(3.7)

where Pagy is the AGN radiation momentum rate®. We adopted a bolometric luminosity of

8The values of mass outflow rate, kinetic power and momentum load are one order of magnitude lower than
the ones reported in Tripodi et al. (2022). Those in Tripodi et al. (2022) are wrong due to a typo in the code, but
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Figure 3.20: Outflow map and optimized [CII] spectrum. Left panel: [CII] outflow map made
with v=[-500,-1000] km s~' with green contours at =3, -2,2, 3, 40, with o = 0.034 mJy/beam,
and black dashed contours from the full [CII] map as in the top left panel of Fig. 3.9. Right
panel: the [CIl] spectrum have been extracted from a central region of 1.2 arcsec radius and is
binned at 40 km s~. The blue solid line is the total fit, composed by two Gaussian components
(narrow, as red dashed line; broad, as green dashed line). The broad component is associated
to an outflowing emission.

Lot = 3.13%x10%7erg s7!, derived from the rest-frame continuum at 3000 A(Bischetti, Feruglio,
V. D’Odorico, et al., 2022) and the bolometric correction from Runnoe, Brotherton, and Shang
(2012). This yields Eqy/Lpoi ~ 0.00005 — 0.0001 and 0.6 < Poy/Pacn < 1.4.

J0100+2802

The [CII] spectrum of JO100+2802 extracted from a circular region of ~ 2 arcsec radius
showed emission towards high velocities (up to ~ 1000 km s™!) on the blue side of the [CII]
line (see also Fig. 3.10). To ensure the highest S/N for this high-velocity emission, we opti-
mized the aperture considering a central region of ~ 1.2 arcsec radius, from which we extracted
the [CII] spectrum shown in the right panel of Fig. 3.20. Firstly, we modelled the line with
one single Gaussian, obtaining FWHM= 467 + 10 km s~!, and peak frequency of 259.378
GHz, corresponding to z = 6.327 that is in agreement with that found by F. Wang et al. (2019).
We set the 0-velocity reference of the spectrum based on our peak frequency. As first or-
der approach to estimate the flux and velocity of the high-velocity emission, we subtracted
the Gaussian fit to the spectrum and we found residual emission in [-800,-300] km s~'. We
integrated the spectrum in that range, finding an integrated flux of 0.155 Jy km s~!. This cor-
responds to a luminosity of 1.64 x 108 L,. We computed the projected velocity, vog, defined
as the velocity at which the integrated flux of the high-velocity emission is 98% of their total
integrated flux with respect to the systemic velocity, finding vos=720 km s~!.

Secondly, we fitted the [CII] line with two Gaussian components, in order to model the nar-

this does not affect our results or conclusions.
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Table 3.5: Properties of [CII] line and outflow energetics of JO100+2802

Quantity Units Value
(Sdv)n Oykms™'] 239+0.11
FWHMy  [kms'] 407« 10
peaky [km s™!] 27+5
(Sdv)g Uykms™] 0.78+£0.21
FWHM; [km s7!] 635 + 20
peakg [km s™'] -211 +57
(S dv)ior UOykms™'] 3.17+0.16
L [Lo] 3.36 x 10°
Vout [km s7!] 560
Mo Moyr']  118-269
Eou (108 ergs™!'] (1.2-2.7)
P/ Pacn 0.01-0.02

Notes. Subscript ‘N’ refers to the narrow component, ‘B’ to the broad component, ‘tot’ to the total [CII]
emission line shown in Fig. 3.20. Licyy; is computed from the total integrated flux. The results for the outflow
energetics are reported under the purple line.

row and broader emission simultaneously, running the Markov chain Monte Carlo (MCMC)
algorithm implemented in the EMCEE package (Foreman-Mackey et al., 2013) with 6 free pa-
rameters: mean peak frequency, peak value and FWHM for both the narrow and the broad
component. We adopted uniform priors for all the parameters, ensuring that the mean peak
frequencies of the narrow and the broad component do not overlap. We were able to disentan-
gle the two components finding FWHMy = 407+ 10 km s~!, peaky = 27+5 km s™!, integrated
flux (Sdv)y = 2.39+0.11 Jy km s™! for the narrow component (shown as red dashed line), and
FWHMg = 635+20km s™!, peakg = —211+57 km s~! and integrated flux (Sdv)g = 0.78+0.21
Jy km s~! for the broad one (shown as green dashed line). The total integrated flux of the line is
indeed (Sdv),,, = 3.17+0.16 Jy km s™!, corresponding to a luminosity of Licy; = 3.36x10° L.
The left panel of Fig. 3.20 shows the map of the high velocity component of [CII], obtained
from collapsing the velocity channels [-500, —1000] km s~!' from the continuum-subtracted
cube’ and overplotting the total [CII] emission map (black dashed line). Performing a 2D
Gaussian fit we obtained a peak flux of 0.16 + 0.02 mJy/beam, a flux density of 0.30 = 0.07
mJy and a FWHM size of (0.95 +0.37) x (0.71 + 0.46) arcsec? (that corresponds to ~ 5.4 x 4.0
kpc?), and offset by 0.3 arcsec (~ 1.7 kpc) towards the North-East, i.e. in a direction almost
perpendicular to the plane of the interacting system.

We interpret such a broad [CII] wing as indication for a cold outflow, since velocities as
high as 1000 km/s are unlikely associated with tidally stripped gas, especially given that, even
more interestingly, it is elongated in the North-East direction similarly to the radio jet found

by Sbarrato et al. (2021), suggesting that the outflow is likely jet-driven. Both the outflow

9We selected the velocity range [—500, —1000] km s~! in order not to be contaminated by the narrow com-

ponent (that tends to zero at ~ —500 km s~'), and since the broad component goes to zero at ~ —1000 km
.y
s
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and the jet are aligned almost perpendicularly to the western extension (merger). Alternative
interpretations of the broad wing could be inflowing gas or a fainter companion. However, the
alignment with the radio jet, together with the high dispersion found for the broad component
(FWHMg = 635 km s~!) suggest that these interpretations are unlikely, and favour the outflow
scenario. Indeed, the high dispersion would imply a very massive companion, that however
remains undetected in JWST observations (Kashino et al., 2022; Eilers et al., 2022). The pres-
ence of only a blue component of the wing, may appear problematic in the context of simple
bi-polar outflow models. However, asymmetric outflows have already been observed (Fluetsch
et al., 2019; Bischetti et al., 2019b). Moreover, seeing the blueshifted [CII] component only
can also be due to an high [CII] optical depth, which is often found in such gas rich and com-
pact galaxies (P. P. Papadopoulos et al., 2010; Neri et al., 2014; Gullberg et al., 2015), and this
would prevent us to see the redshifted component.

We computed the [CII] luminosity Lo, = 8.27 X 10® Ly of the outflowing gas, and an
upper and lower limit for the outflow radius: Ry, = 2.4 kpc, Rnax = 5.5 kpc'” . Assuming a
Licm to gas mass conversion as in PDR regions, the corresponding neutral gas mass in PDR
can be derived using Eq. 3.2 (Hailey-Dunsheath et al., 2010; Bischetti et al., 2019a). This
yields My, = 1.1 x10° M. Assuming the scenario of time-averaged expelled shells or clumps
(Rupke, Veilleux, and D. B. Sanders, 2005), we computed the mass outflow rate as in Eq. 3.6
where Voy = |AVproad) + FWHMg/2 = 560 km s™! and is Avy,q is the velocity shift between
the centroids of the narrow and the broad component. Considering the upper and lower limit

for the outflow radius we have 118 < My, < 269 My, yr™!

. The average mass outflow rate is
comparable to the SFR found for both the QSO’s host galaxy and the companion. This may
support a scenario in which the outflow is mostly driven by SF. Moreover, in simulations QSOs
companions that are directly impacted by the outflow are found to have their SFR increased
by a factor of 2-3, and tend to be more massive (Zana et al., 2022). Considering the SFR
of the QSO’s host, the mass outflow rate and the molecular gas mass of 5.4 x 10° M, found
by F. Wang et al. (2019), we infer a depletion time of 10-13 Myr, which seems to imply a
rapid quenching of the QSO’s host galaxy. However, given that the outflow velocity is ~560
km/s, the evacuated gas may not escape the halo and eventually fall back on the host galaxy,
triggering another phase of galaxy growth. Indeed the host galaxy of JO100+2802 is expected
to experience a massive growth, since this QSO is already strongly off the local relation in the
Mgy — Mgy, plane (see Fig. 3 of Tripodi et al. 2023a), given the high BH mass. We also derived
the kinetic power associated with the outflow as Eqy = 3 Moy X V2, = (1.2-2.7) x 10¥erg s,
and the wind momentum load as in Eq. 3.7 where Pagy is the AGN radiation momentum rate,
and where we adopted the bolometric luminosity of Ly, = 4.29 x 10'*L, estimated by Wu
et al. (2015) from the luminosity at 3000 A.

The results for the spectrum fitting and the outflow energetics are reported in Tab. 3.5.

19The upper and lower outflow radii are derived considering the uncertainties on the estimates of the FWHM
size and the displacement between the peak of QSO emission and of the outflow emission, that is 0.3 arcsec~ 1.7
kpc.
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We also estimated these quantities using the luminosity and v¢g from the first order ap-
proach and the upper and lower limits for the radius, Ry, = 2.4 kpc, Rnax = 5.5 kpc, obtaining
30 < My < 68 Mg yr!, 4.9 < Eg < 11.3 x 10%2erg s7!, and 0.002 < Pagn < 0.006. We
consider these as lower limits for the outflow energetics. Since the double Gaussian analy-
sis is the approach commonly used in literature to determine the outflow energetics at high-z
(Maiolino et al., 2012; Stanley et al., 2019; Bischetti et al., 2019b), in the next paragraph, we
will compare the results derived by that approach (i.e., double Gaussian fit, see Tab. 3.5) with
the results found in the literature for [CII] outflows in high-z QSOs and molecular outflows in
low-z AGNS.

In Fig. 3.21, we compare our results (red stars) with those of [CII] outflows in QSOs
at 4.5 < z < 7.1 from spectra stacking (Bischetti et al., 2019b), of [CII] outflows in QSO
SDSS J1148+5251 (Maiolino et al., 2012; Cicone et al., 2015), in QSO HSC J1205-0000"!
and in QSO HSC J1243+0100 at z=7.07 belonging to the Subaru High-z Exploration of Low-
luminosity Quasars (SHELLQs) sample (Izumi et al., 2021b; Izumi et al., 2021a). We found
that the properties of our [CII] outflow are at the extreme end of the population for the mass
outflow rate and the kinetic power. This is expected given the high luminosity of this QSO.
The low momentum load factor suggests that the outflow is either energy-driven but with poor
coupling with the host galaxy ISM, or is driven by direct radiation pressure onto the dusty
clouds (e.g., Ishibashi, Fabian, and Maiolino, 2018; Bischetti et al., 2019b; Bischetti et al.,
2019a). Either cases support the fact that the outflow cannot be effective in removing gas from
the entire galaxy (Gabor and Bournaud, 2014; Costa, Sijacki, and Haehnelt, 2015; Costa et al.,
2018; Bourne, Zubovas, and Nayakshin, 2015; Roos et al., 2015; Valentini, Simona Gallerani,
and Ferrara, 2021).

3.3.5 Environment of J2310+1855

Since the observation in B6 of J2310+1855 was primarily designed to detect [CII] emission
towards Serenity-18 (V. D’Odorico et al., 2018), we studied the field at the position of the
line emitter. Serenity-18 is a candidate CO(6-5) emitter at a redshift z = 5.9386, associated
with a proximate DLA system located at z = 5.938646 + 0.000007 on the QSO sightline. The
frequency setup of this observation covers the [CII] emission line, expected at 273.9 GHz,
and the sub-mm continuum of Serenity-18 (Fig. 3.22). At the position of Serenity-18 (RA,
DEC=[23:10:38.44, 18:55:21.95]), we derived a 30 upper limit on the 265 GHz dust contin-
uum of Sr¢546H, < 0.026 mJy. Assuming a dust temperature of 40 K, an emissivity g = 1.5
(Sommovigo et al., 2021), and a source size equal to the clean beam size, this translates into
an upper limit on the dust mass of My, < 6 X 10° My, For the [CII] emission line, we derived

1

a 30 upper limit of Sdvicyy < 28.2 mJy km s™!, assuming a line width of 200 km s™! (equal

to the FWHM reported in V. D’Odorico et al. 2018). This implied an upper limit on the lumi-

""Note that Izumi et al. (2021a) also propose a merger as a possible interpretation for the broad component in
J1205-0000.
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Figure 3.22: Dust continuum maps of the QSO field with different resolutions. Left panel:
dust continuum map of the QSO field centred on the phase-tracking centre of the observation.
Levels are —-3,-2,2,3,and 40, o = 8.8 uJy/beam. The cross indicates the phase centre. In
this map the QSO is located at offset [6,-2] arcsec. Central panel: Zoomed view towards the
phase centre. The clean beam is plotted in the lower left corner. Right panel: 260 GHz dust
continuum uv-tapered map of Serenity-18 (levels —4,-3,-2,2,4,and 5o, o = 15 pJy/beam).
The imaging has been performed with uvtaper=/[0.5 arcsec]. The clean beam is indicated
in the lower left corner. The black cross indicates the position of the phase-tracking centre,
which coincides with the expected position of the CO-emitter Serenity-18 (V. D’ Odorico et al.,
2018). The white cross indicates the continuum emitter detected in the beam (see text).

nosity of the [CII] line of Licyy < 2.7 X 107 L,. Adopting the SFR — Licyy correlation from
Carniani et al. (2018), this yielded an upper-limit star formation rate of SFR < 2.5 Myyr~'. By
applying the SFR — Lcy correlation found by Herrera-Camus et al. (2018) for star-forming
main-sequence galaxies with normal star formation efficiency, we found a consistent upper
limit of SFR < 3 Myyr~'. This upper limit on the SFR, together with the luminosity ratio
of CO(6-5) and [CII], Rco-jcip > 15, makes it unlikely that DLA J2310+1855 has a [CII]-
emitting counterpart, suggesting that the line emitter Serenity-18 is most likely a foreground
source at lower redshift, as discussed in V. D’Odorico et al. (2018).

We scanned the data cubes in each of the four spectral windows with the aim of searching
for any additional line emitters within the ALMA beam. To do this, we used a detection
threshold of S/N> 3 per spectral channel, and we required S/N> 3 at the peak position of each
detected structure over at least 20 adjacent channels (i.e. Av > 150 km s™!). We did not detect
any sources other than those described above.

Another scan of the data cube did not reveal any line emitter at any position down to a
luminosity Licy = 2.7 X 107 Ly, assuming a typical line width of 200 km s™'.

One continuum emitter was detected at the 4o~ significance level at position (RA, DEC)
= (23:10:38.57, +18:55:23.55) (Fig. 3.22) after we had downgraded the resolution of our
observation applying uvtaper=[0.5 arcsec] within tclean. We obtained a clean beam of
0.65 x 0.62 arcsec? for the continuum map. The distribution of this structure is spatially re-
solved with a size of (0.918 x 0.125) + (0.194 x 0.111) arcsec” and a flux of 0.137 + 0.015

mly, estimated from a 2D Gaussian fit. Another scan of the data cube yielded no additional
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Figure 3.23: Moment maps of the line detected at 274.084 GHz, identified as the H,O v=0
3(2,2)-3(1,3) of J2310+1855. From left to right: integrated flux, mean velocity map, and
velocity dispersion map, continuum-subtracted spectrum of H,O . The clean beam is plotted in
the lower right or left corner of the moment maps. The cross indicates the peak position of the
integrated flux for each line. The spectrum has been extracted from the region included within
> 20 in the velocity integrated map and it has been re-binned to 40 km s~'.

continuum or line emitters in the field above the detection threshold of S/N> 1 per channel.

This led us to conclude that the QSO J2310+1855 does not show any evidence of compan-
ions, interaction, or merger at least on scales of ~ 50 kpc. Other observations suggested that
20-50% of QSOs show mergers or close companions, independent of their luminosity (Decarli
et al., 2018; B. P. Venemans et al., 2020; Neeleman et al., 2021). In a recent cosmological
simulation of a z ~ 6 QSO, Zana et al. (2022) computed the number of companions associ-
ated with a QSO. Based on their results, we would expect to detect three companions with
Licm ~ 108 Ly, within 250 kpc from the QSO, and seven companions with Licy; = 2.7 X 107 Ly,
in approximately the same region.

3.4 Water vapour resolved emission

Analysing the Band 6 ALMA observation of J2310+1855, we detected an emission line at
a sky frequency of 274.074 GHz towards the QSO position with a statistical significance of
100 and an integrated flux of §,dv = 0.36 + 0.01 mJy km s™'. The emission appears to be
spatially resolved with size of 1.94 x 1.12 kpc?. We identified it as the H,O v=0 322 — 3(1.3)
transition at rest frequency 1919.359 GHz, and derived a zy,0 = 6.0031 + 0.0006, consistent
with the [CII] redshift of the QSO. Water vapour emission traces the molecular warm dense
phase of the interstellar medium (L. Liu et al., 2017), and is detected in only a few QSOs at
z>6 (Pensabene et al., 2021; Lehnert et al., 2020; J. Yang et al., 2019).

Fig. 3.23 shows the moment maps of this emission line, obtained through natural weighting
to maximise sensitivity, and the line profile. A velocity gradient is detected along a PA that
appears to be consistent with that detected in the [CII] line. This is the first time that the
emission is spatially resolved and consistent with a rotating water vapour disk. We estimated

a first-order dynamical mass using H,O. Adopting the same inclination as for the [CII] disk, i

94



3.4. WATER VAPOUR RESOLVED EMISSION

IIIIII| T T T T 1T 1T T T T 1 T T 1T

—— Yang+13 L L
" Wl Pensabene+21 .

-l Yang+19
— Lehnert+20
L W Yang+16

10°

Reichers+13
van der Werf+11
J2310+1855

10—

4
4
v/
4
V4
B4
B4
4
Y4
v
va
v
v
#
Va
I T N | 1 1 L1101 1 I B |

1012 1013 1014
L7r [Lo]

Figure 3.24: Ly,0 — Lir relation for QSO J2310+1855 and a compilation of high-redshift
0SO0s and SMGs with H,O detection. The solid black line traces the best power-law fit from
C. Yang et al., 2013. The dashed lines are the 10 confidence limit.

= 25 deg, we derived Myyn 1,0 = 1.16 X 10°(0.75 X FWHMy,0)? X D/ sin’(i) = 6.4 x 10'° Mo,
with FWHMy,o = 340 km s™! and D = 1.5 kpc (averaged source size in kiloparsecs).

An alternative scenario for the identification of this line would be the [CII] line from the
DLA J2310+1855 located at z=5.938646 (V. D’Odorico et al., 2018). If the DLA had a line-
emitting counterpart on the QSO sightline, its [CII] emission would happen at 273.906 GHz,
which is also consistent with the observed line frequency. However, because the velocity
gradient, the FWHM of the line, and the dynamical mass are consistent with those derived
from [CII] for the QSO’s host galaxy, we discard this scenario and conclude that this line is
due to H,O from the ISM of the QSO’s host galaxy and not to [CII] from the proximate DLA.

In Fig. 3.24 we compare the H,O 3,, — 3,3 line luminosity with the total IR luminosity
of J2310+1855 obtained through the fit of the dust SED (MBB component only, see Chap.
4.3), together with a compilation of z ~ 2.5 — 3.5 Hy/ULIRGs from C. Yang et al. (2016),
APM 08279+5255 at z ~ 3.9 (Paul P. van der Werf et al., 2011), the z ~ 6.34 SMG HFLS 3
(Riechers et al., 2013), the QSO’s host galaxy J0439+1634 at z ~ 6.5 (J. Yang et al., 2019),
QSO BR1202-0725 at z = 4.695 (Lehnert et al., 2020), and two QSQO’s host galaxies at z > 6
PJ231-20 and PJ308-21 (Pensabene et al., 2021), which all have a H,O 3,; — 3, detection,
except for the one of Lehnert et al. (2020), which has H,O 2,y — 2;;. We also show the best

power-law fit found by C. Yang et al. (2013) with 1o~ confidence limits, Ly,o o L1}, Our
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result for J2310+1855 agrees well with the increasing trend of the data and the linear relation
of C. Yang et al. (2013). We note that when the contribution of the hot dust heated by the QSO
is implied, it would imply Lpgr = 8.4 X 10" L, and would move J2310+1855 well below the
correlation. These data suggest that the H,O line is mainly excited by IR-pumping mechanism
of the dust-reprocessed UV radiation field in the ISM of the host galaxy (C. Yang et al., 2013;
C. Yang et al., 2016; Pensabene et al., 2021).
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3.5 Brief summary

In this chapter, we investigated the properties of the cold gas in a sample of QSOs at z > 6,
analysing the [CII], H,O, CO(6-5) and/or CO(7-6) line emissions. Here I briefly summarize

our main findings.

e From the analysis of the CO(6-5) emission line of QSOs J1007+2115, J1319+0950,
J2054-0005, J0129-0035 and of the CO(7-6) of J0224-4711, we aimed at estimating
the molecular gas mass of these QSOs with the smallest statistical uncertainties. To
achieve this, we leveraged the observed CO SLED in QSOs at comparable redshifts
that either had detected low-J transitions or upper limits. Since the CO(6-5)-to-(1-
0) integrated flux ratio is approximately constant in z > 6 QSOs and that the CO
SLED is quite flat between CO(6-5) and CO(7-6), we assumed a common scaling for
all the sources. We used the conversion factor commonly adopted for high-z QSOs,
aco = 0.8 Mu(K km s7!' pc™2)~!. It follows that our assumptions introduce significant
systematic uncertainties into the determination of the molecular gas mass, as the conver-
sion factor is not known a priori. We found on average My, co ~ 10'° M, in agreement
with the gas masses commonly found for high-z QSOs. Notably, the detection of CO(6-
5) and CO(7-6) reported here for J1007+2115 is the highest-redshift measurement of the

cold and dense molecular gas to date.

e New ALMA observations of the [CII] emission line and of the continuum emission in
Band 6 and Band 3 of the QSO JO100+2802 revealed a new interesting picture for the
most luminous QSO at z > 6. We found an interactive companion and high-velocity cold
outflow that were undetected by previous higher resolution observations and by JWST-
NIRCam imaging. The [CII] emission and its underlying continuum are elongated in the
East-West direction with multiple peaks, and the [CII] channel maps show even more
clearly a clumpy morphology and a tidal tale. These, together with the enhanced [CII]
velocity dispersion along the direction of the elongation, support the scenario in which
the companion is merging with the QSO-host. We derived a range for the SFR of the
companion given also the upper-limit in Band 9, yielding SFR~ [35 — 344] Mgyyr ..
From the analysis of the outflow in the [CII] spectrum, we obtained a mass outflow rate
of Moy = (118 = 269) My, yr™! considering that the outflow emission is resolved with
a size of ~ 5.4 x 4.0 kpc?. Computing the outflow energetics, we concluded that the
outflow cannot be very effecting in removing the gas from the galaxy. These results
stress the importance of deep low-resolution ALMA observations for the study of QSOs
at the EoR.

e We presented results derived from an extensive ALMA observation featuring high-
resolution (900 pc) imaging of the sub-mm continuum, [CII], and H20O emission lines in

conjunction with multiple archival ALMA datasets for probing the infrared continuum

97



CHAPTER 3. COLD GAS PROPERTIES

emissions of the z ~ 6 QSO J2310+1855. This high-resolution dataset facilitated a com-
prehensive analysis of dust properties and the kinematics and dynamics of cold gas. In
our investigation, SDSS J2310+18655 exhibited indications of a [CII] outflow, located
in the central kpc, with an outflow mass of Mout = 3.5 x 108 M. The energetics of
this outflow align with the scaling relations for ionized winds and agrees with expecta-
tions for momentum-conserving winds, comparing with the scaling relations derived by
Fiore et al. (2017). Comparing the surface brightness profiles of the continuum, [CII]
and CO(6-5), we found that the dust (r ~ 6.7 kpc) is more extended than [CII] (r ~ 5
kpc) and CO (r ~ 4.7 kpc), whereas it is more peaked at the centre. A similar behaviour
with a steeper dust continuum distribution is seen in other high-z QSOs and has been
attributed to the contribution of the QSO to the dust heating. For the first time, we were
able to map a spatially resolved H,O v=0 322, — 3(;.3) emission line at v,,, = 274.074
GHz at a statistical significance of 100 Its emission is consistent with a water vapour
disk whose kinematics agrees with the [CII] disk.Furthermore, this observation allowed
for an exploration of J2310+1855’s environment, including a search for line emitters.
No line emitter was detected down to a 30 upper limit of Ly < 2.7 X 107 Ly, or
SFR < 2.5 Myyr~'. We also note that the proximate DLA J2310+1855 did not show
any line-emitting counterpart down to this limit, and therefore, the line emitter reported
in V. D’Odorico et al. (2018), called Serenity-18, is most likely a lower-z interloper.
In the continuum data, we found a low-significance (40) continuum emitter located 4
arcsec offset from the QSO position, whose physical association with the QSO remains
to be confirmed. This led us to conclude that J2310+1855 does not show any evidence
of companions, interaction, or merger at least on scales of ~ 50 kpc. This is a interest-
ing scenario, since observations suggested that 20-50% of QSOs show mergers or close

companions, independent of their luminosity.

We performed a detailed and refined kinematical and dynamical study of the [CII] emis-
sion of J2310+1855. Our dynamical analysis suggests the presence of a central compact
mass component in J2310+1855, which is composed by a SMBH and a stellar bulge
having similar masses of the order of ~ 1.7 X 10'® M. We discussed different mecha-
nisms of bulge formation (disc instabilities, major mergers, SF in AGN driven outflows,
direct dissipative collapse), also comparing with galaxy simulations. For J2310+1855,
disc instabilities can be likely ruled out because such secular processes occur on long
timescales (~3-5 Gyr) while the age of the Universe at z ~ 6 is only ~900 Myr in the
adopted cosmology. All the other mechanisms, instead, appear viable. To end up on the
local Msmpu — Myyige Telation, the bulge mass should increase by a factor of ~40 from
z = 6 to 0, while the SMBH mass should grow at most by a factor of 4, pointing to
asynchronous galaxy-BH co-evolution. A robust interpretation of our results is strongly
dependent on the accuracy of the determination of the physical quantities at play. This

is why higher resolution observations are required to validate our scenario.
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CHAPTER 4

ACCURATE STUDY OF COLD DUST PROPERTIES AND
STAR FORMATION RATE

N this chapter, I present results for the dust properties and SFR for 11 out to 12 QSOs in
our sample'. In Sect. 4.1, I will briefly introduce the study of dust in high-z QSOs, and
I will report the properties and results of the continuum observations used in this work.
In Sect. 4.2, I will illustrate the model adopted to fit the SEDs, and in Sect. 4.3 I will report
the analysis of the cold dust SEDs of QSOs J2310+1855, J0100+2802, J036+03, J0224-4711,
J231-20, and J2054-0005, that enabled us to estimate the dust properties and SFR of their
host galaxies precisely. In Sect. 4.3.3, I will show the analyses of the cold dust SEDs of
J1007+42115 and of the companion of J0100+2802 based on the few ALMA and/or NOEMA
observations available, that allowed us to derive rough estimates for the dust mass and SFR of
these sources. Finally, in Sect. 4.4, I will illustrate our final sample, consisting of 10 QSOs
at z > 6, for which we derived precise estimates for the dust parameters and SFR, and I will
provide context for our findings by drawing comparisons with observations in sources at lower
redshifts.
This chapter is based, with limited modifications, on the published papers Tripodi et al.
(2022); Tripodi et al. (2023a); Feruglio et al. (2023); Tripodi et al. (2023c), and Tripodi in

prep.

4.1 Continuum emission of QSOs in the mm/sub-mm regime

In the past decade, observations using, for instance, the instruments on Herschel, NOEMA,
and ALMA have detected the dust continuum in the host galaxies of many z ~ 6 QSOs, with
far-IR (FIR) luminosities of 10''~!3 L, and dust masses of about 10" M, (Decarli et al.,

I'The analysis of the SED of J0129-0035 is currently work in progress. In any case, the derived dust properties
and SFR will be uncertain, since there are not any high-frequency (band 8,9 or 10) observations available for this
source.
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2018; Carniani et al., 2019; Shao et al., 2019). The rest-frame FIR continuum emission in

these sources originates from dust heated by the ultraviolet (UV) radiation from young and
massive stars in the host galaxies and the QSO radiation field. It is often hard to determine the
temperature and mass of the dust precisely since they are both highly degenerate and the FIR
SED is sparsely probed, often relying on single-frequency continuum detection. However, if
multi-frequency ALMA observations are available in the FIR, it is possible to constrain the
dust temperature and mass with statistical uncertainties < 10% (see e.g. Carniani et al. 2019),
implying a high accuracy in the determination of the SFR. An accurate estimate of the dust
mass would also allow us to derive the molecular gas mass of the host galaxy through the GDR.
Although it is possible to directly probe the molecular reservoirs of the QSO’s host galaxies
using the rotational transitions of the CO (e.g. L. Vallini et al. 2018; Madden et al. 2020), very
few high-z QSOs are observed in CO because this emission line is typically faint at high z.
The GDR indeed has often been assumed in order to compute the gas mass, implying an high
degree of uncertainty in its estimate. Studies of z ~ 2.4 — 4.7 hyper-luminous QSOs show that
the GDR spans a broad range of values, [100-300], with an average GDR ~ 180 (Bischetti
et al., 2021), consistent with the results found for sub-millimetre galaxies outto z ~ 3 -5
with GDR~ 150 — 250 (e.g. Saintonge et al. 2013; Miettinen et al. 2017). In low-z galaxies,
a GDR~ 100 is typically observed (Draine et al., 2007; Leroy et al., 2011), implying that the
GDR increases with redshift. However, if we are able to derive a reliable estimate of the gas
mass from CO, this could be used, together with the accurate estimate for the dust mass, to

determine the GDR instead of assuming it, and to use it for other high-z QSOs.

4.1.1 Results

Figure 4.1 shows the 260 GHz dust continuum map of J2310+1855 obtained through natural
weighting. The continuum shows resolved emission with an approximate size of 1.5 arcsec
across, corresponding to 8.7 kpc at the rest frame. This is the underlying continuum of the
[CII] emission presented in Chap. 3.3.1, and whose surface brightness profile is reported in
Chap. 3.3.1. Using a 2D Gaussian fit, we derived a flux density of 6.43 + 0.16 mJy, 30%
lower than the value reported by Shao et al. (2019) from lower-resolution data, and a FWHM
size of 0.22 x 0.19 arcsec?, corresponding to 1.3 x 1.1 kpc? at the QSO redshift. We note,
however, that the Gaussian 2D fitting procedure fails to fit the surface brightness distribution
and shows strong residual flux. Integrating the flux in the map over the region with > 20,
we derived a flux density of 7.12 + 0.2 mJy. This flux density is still lower than that reported
previously by Shao et al. (2019), meaning that the high-resolution data miss about 25% of
the flux. Measurement of the flux density at lower resolution, with a 2D Gaussian fit, indeed
led to a value of 8.81 + 0.13 mly, which is in agreement with the measurement reported by
Shao et al. (2019). To be conservative, we therefore used the flux density from lower resolution
observation to study the dust continuum SED (see Sect. 4.3.1). Table 4.2 reports the continuum
data from a reanalysis of ALMA archival data and Herschel data from Shao et al. (2019).

100



4.1. CONTINUUM EMISSION OF QSOS IN THE MM/SUB-MM REGIME

0.08
18°55'22"

0.06
@ 004 =
g 20" 1 s
e 3,
3 oo 2
A 0.02 &

18" 0.00

—0.02

23"10m39.15 39.05  38.95  38.85  38.7°
RA (hms)

Figure 4.1: 260 GHz dust continuum map of QSO J2310+1855 (levels
-4,-3,-2,2,3,5,10,25, and 500, o = 9.15 pJy/beam). The clean beam (0.26 x 0.21 arcsec?)
is indicated in the lower left corner of the diagram. The cross indicates the position of the
continuum peak.

Figure 4.2 presents the 670.9 GHz continuum emission map of J0100+2802. The peak flux
density is 6.99 = 0.71 mJy/beam. The source is not spatially resolved. We checked that the
other FIR and radio flux measurements were extracted from a region similar to our resolution.
F. Wang et al. (2019) used tapered maps at 1.5 arcsec in order not to miss the fainter extended
emission. Y. Liu et al. (2022) also tapered their 6 and 10 GHz maps, that had a resolution of
~ 1.5 arcsec, to match the resolution of the 1.5 GHz map (~ 4 arcsec), and they do not find
significant differences in flux density between the tapered and the full-resolution maps.

Left and right panels of Fig. 4.3 show the continuum emission at 404.9 GHz and 670.9 GHz
of J036+03, respectively. Both emission are not spatially resolved, therefore we considered
the peak flux as total flux of the source, that is 6.63 + 0.39 mJy/beam at 404.9 GHz and 5.60
+ 0.69 mJy/beam at 670.9 GHz. The emission at 670.9 GHz presents a secondary peak at
RA,DEC=[-1.5,-1.5], that is likely an artefact due to the low resolution of the B9 observation.
This interpretation is supported by the absence of line and continuum emission at the same
spatial position in all lower frequency observations, and by the presence of another less bright

peak located symmetrically with respect to the QSO position (RA,DEC=[1.0,-1.5]).
We analysed the other three ALMA observations available in B6 and B7, and we derived
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Figure 4.2: 670.9 GHz dust continuum map of QSO JO100+2802 (levels —3,-2,2,3,5, and 80,
o = 0.8 mJy/beam). The clean beam (1.97 x 1.17 arcsec?) is indicated in the lower left corner
of the diagram. The cross indicates the position of the continuum peak.

continuum flux densities and sizes at 243.11 GHz, 260.53 GHz and 338.71 GHz, performing
a 2D Gaussian fit with CASA for each observation. All continuum emissions at these frequen-
cies are spatially resolved and the values for flux densities, peak fluxes and sizes are reported
in Tab. 4.1.

In order not to miss the fainter and more extended flux, we tapered the higher resolution
observations at 243.1 GHz and 260.5 GHz, performing the imaging with uvtaper=[0.9 arc-
sec], reaching a resolution of ~ 0.7 x 0.7 arcsec? and of ~ 0.88 x 0.83 arcsec? respectively. The
sources in the tapered maps were fitted with the CASA 2D Gaussian fit, and the new contin-
uum fluxes are reported in bold within brackets in Tab. 4.1. In one case, the higher resolution
observation missed ~ 20% of the flux. Similar flux losses were also seen by F. Wang et al.
(2019) when analysing high resolution observations of QSO J0100+2802. We checked that
there was no further flux gain if tapering at even lower resolution.

Left and right panels of Fig. 4.4 show the continuum emission at 405.2 GHz and 670.9 GHz
of J0224-4711, respectively. Both emission are not spatially resolved, therefore we consider
the peak flux as total flux of the source, which are 8.73 + 0.38 mJy/beam at 405.2 GHz and
19.9 + 0.96 mJy/beam at 670.9 GHz.

We analysed the other three ALMA observations available in B3 and B6, and we derived
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Figure 4.3: Left panel: 404.9 GHz dust continuum map of QSO J036+03 (levels
-3,-2,2,3,5,and 8c, o = 0.6 mJy/beam). The clean beam (2.10 x 1.43 arcsec?, PA=37.40°)
is indicated in the lower left corner of the diagram. The cross indicates the position of the
continuum peak. Right panel: 670.9 GHz dust continuum map of QSO J036+03 (levels
-3,-2,2,3,5,and 8c, o = 0.5 mJy/beam). The clean beam (1.12 x 0.97 arcsec?, PA=21.11°)
is indicated in the lower left corner of the diagram. The cross indicates the position of the
continuum peak.
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Figure 4.4: Left panel: 405.2 GHz dust continuum map of QSO J0224-4711 (levels
-3,-2,2,3,5,and 80, o = 0.88 mJybeam). The clean beam (3.87 x 2.79 arcsec?, PA=-
76.45°) is indicated in the lower left corner of the diagram. The cross indicates the position
of the continuum peak. Right panel: 670.9 GHz dust continuum map of QSO J0224-4711
(levels =3,-2,2,3,5,8,and 110, o = 1.3 mJy/beam). The clean beam (1.08 x 0.95 arcsec?,
PA=14.05°) is indicated in the lower left corner of the diagram. The cross indicates the posi-
tion of the continuum peak.
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Table 4.1: Continuum emission at different frequencies for J0100+2802, J036+03, J0224-4711, J231-20 and J2054-0005

QSO Obs freq Beamcont r.m.s.cont  Flux density Peak flux Size Size Refs
(GHz) [arcsec’]  [mJy/beam] [mly] [mly] [arcsec?] [kpc?]
JO100+2802 6709 197x1.17 0.8 6.99 + 0.71 6.99 + 0.71 - - TP
J036+03 106.97 6.1 X 3.5 0.038 0.13 £0.02 - - - [1]
243.11 0.12x0.08 0.007 2.05+£0.1 0.54 £0.02 0.17x0.14 0.94 x0.78 TP
(2.43 £ 0.06) (2.22 +0.03)
260.53 0.18 x0.17 0.01 2.84 +£0.13 1.28+0.04 0.22x0.18 1.22x1.00 TP, [2]
(295 £0.03) (2.71 +£0.01)
338.71 0.77 X 0.54 0.03 5.54 £ 0.05 4.69+003 031x022 1.72x122 TP
404.99 2.10x 1.43 0.60 6.63 + 0.39 6.63 + 0.39 - - TP
670.92 1.12x0.97 0.50 5.60 = 0.69 5.60 = 0.69 - - TP
J0224-4711 9533  3.95x2.32 0.016 0.094 £ 0.010 0.094 + 0.010 - - TP
245.67 0.56 x 0.56 0.024 2.03 £ 0.05 1.49+002 035x033 195x1.84 TP
260.51 0.13x0.11 0.013 3.01 £0.25 0.80+0.05 0.20x0.18 1.11x1.00 TP
405.19 3.87 x2.79 0.88 8.73 £ 0.38 8.73 £ 0.38 - - TP
670.96 1.08 x 0.95 1.3 19.9 + 0.96 19.9 + 0.96 - - TP
J231-20 406.848 4.35x2.90 0.50 8.43 +0.39 8.43 +0.39 - - TP
6.74 + 0.31@
J2054-0005 9226 0.42x0.32 0.006 0.082 +£0.009 0.066 + 0.004 0.27 x 0.07 1.57 x0.41 TP
262.6 0.33x0.29 0.019 2.82 +0.06 217+0.03 0.19x0.15 1.10x0.87 TP
(293 +0.07) (2.74 +0.04)
26393 123 x1.12 0.010 3.08 = 0.03 290+£0.02 033x023 192x134 TP
488.31 0.43 x 0.37 0.064 11.32 +£0.25 9.05+0.12 0.24x0.15 1.39 x0.87 TP
(11.71 £ 0.11) (10.77 = 0.06)
674.97 0.65 x 0.57 0.50 9.87 £ 0.94 825+048 029x024 1.68x139 TP

Notes. Columns: (1) Target QSO; (2) observed frequency of the continuum emission; (3) clean beam of the continuum map; (4) r.m.s of the continuum map; (5) flux density of
the continuum emission at the nominal resolution of the observation and at a tapered resolution when necessary (in bold and brackets); (6) peak flux of the continuum emission at
the nominal resolution of the observation and at a tapered resolution when necessary (in bold and brackets); (7) size in arcsec? of the resolved continuum emission; (8) size in
Wwom of the resolved continuum emission; (9) References: This paper (TP); [1] Decarli et al. (2022); [2] B. P. Venemans et al. (2020). @: flux corrected for the contribution of the

companion to the QSO emission.
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continuum flux densities and sizes at 95.33 GHz, 245.67 GHz, and 260.51 GHz, performing
a 2D Gaussian fit with CASA for each observation. The two B6 continuum emissions are
spatially resolved and the values for flux densities, peak fluxes and sizes are reported in Tab.
4.1. The emission in B3 is not resolved (see left panel of Fig. 3.2), therefore we considered
the peak flux as total flux of the source, which is 0.103 + 0.009 mJy/beam, analogously to B8
and B9.

In order not to miss the fainter and more extended flux, we tapered the higher resolution
observations at 245.67 GHz and 260.51 GHz, performing the imaging with uvtaper=[0.7
arcsec], reaching a resolution of ~ 0.7 x 0.7 arcsec®>. The sources in the tapered maps were
fitted with the CASA 2D Gaussian fit, and we found no gain in flux even when tapering both

observations at even lower resolution.

Regarding J231-20, it was found to have a close companion detected in multiple emission
lines and in the continuum emission from ~ 100 GHz up to ~ 250 GHz at a distance of ~ 2
arcsec from the QSO (Pensabene et al., 2021; Decarli et al., 2017; Neeleman et al., 2019).
Pensabene et al. (2021) were able to disentangle the continuum emission of the QSO from that
of the companion using ~ 1 arcsec resolution ALMA observations. Unfortunately, the low
resolution of the new Band 8 observation (beam of 4.3 x 2.9 arcsec?) did not allow us to dis-
tinguish the two emissions. Performing a 2D fit with CASA on the continuum map, we found
a peak flux of 8.43 + 0.39 mJy/beam and the source was unresolved. The B8 flux is indeed
contaminated by the continuum emission of the companion, thus this can bias the SED fitting
and the determination of the dust properties. We correct for the companion contribution using
the results found by Pensabene et al. (2021). Looking at their SED modelling, the flux of the
companion at ~ 400 GHz is 0.6 dex lower than that of the QSO. Conservatively considering
the highest temperature model for the companion, i.e. that the flux of the companion is 0.6 dex
lower than that of the QSO, we can correct our flux in Band 8 obtaining 6.74+0.31, which is a
lower limit to the flux of the QSO.

4.2 Cold dust spectral energy distribution modeling
Following Carniani et al., 2019, we modelled the SED of the cold dust emission with a modi-
fied black-body (MBB) function given by

obs obs Q -7y
Se =S = 3 27 BTaw(@) = BlTexs@)I(1 = €7, 4.1)

where Q = (1 +z)4AgalD£2 is the solid angle with Ay, , and Dy, is the surface area and luminosity

distance of the galaxy, respectively. The dust optical depth is

Yo

4.2)

7, = Mdust kO( v )B,

A galaxy
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Figure 4.5: Mock SEDs. Left panel: SEDs at different values of dust temperatures with fixed
log(Maust/Mo) = 7.5 and 8 = 1.6. Central: SEDs at different values of dust mass with fixed
Tqusy = 60 K and B = 1.6. Right panel: SEDs at different values of dust emissivity index with
fixed log(Maust/My) = 7.5 and Tqy = 60 K.

with S the emissivity index and &, the mass absorption coefficient at vy. The values of the
latter two terms depend on the adopted opacity model and are usually assumed from either
observations (e.g., Alton et al., 2004; Beelen et al., 2006) or dust models (e.g., Bianchi and
Raffaella Schneider, 2007). Hereafter we adopt ky = 0.45 cm? g~! and v, = 250 GHz (Beelen
et al., 2006). However, since the detailed dust composition is, in principle, unknown, the
choice of a particular opacity model carries with it a systematic uncertainty that can lower dust
masses by ~three times or increase them by ~ 1.5X. The solid angle is estimated using the
continuum emission mean size of the source. The effect of the CMB on the dust temperature
is given by

Taus(2) = (Taud) ™™ + Ty PL(L + 2+ = 1])75, (4.3)

with Ty = 2.73 K.

We also considered the contribution of the CMB emission given by B,(Tcyp(z) = To(1 +
7)) (da Cunha et al., 2013). It is worth to stress that the galaxy is likely characterized by a
distribution of dust temperatures, that may reach hundreds of K close to the AGN (see e.g.,
Walter et al. 2022) and may decreases toward the outskirts, hence the temperature derived from
the SED fitting should be interpreted as an ‘effective’ dust temperature?.

Fig. 4.5 presents some examples of SEDs with different dust properties (i.e., Tqust, Maust, B)
of a mock galaxy at z ~ 6.5 with a radius of ~ 0.7 kpc, which is typical for a QSO’s host
galaxy at this redshift (see e.g. Tab. 4.1). In the left, central and right panels, we show how the
variation of the dust temperature, dust mass and dust emissivity index, respectively, changes
the shape of the MBB function expressed in Eq. 4.1. Specifically, a variation of temperature
affects the position of the peak and the normalization of the curve: higher temperatures imply
higher normalization and peak moved towards higher frequencies. A variation of dust mass is
directly proportional to the normalization of the curve.

Finally, an increase of the emissivity index implies an increase of the slope of the curve

2We adopt the term ‘effective temperature’ since we are not able to map the spatial distribution of the dust
temperatures across the galaxy, similarly to the definition of the effective temperature of a star.
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Figure 4.6: Top panel: SEDs at different temperatures based on the observations of
J1007+2115. Purple line is the best fit SED at Ty, = 40 K, and violet line is the best fit SED
at Tguse = 60 K. Green and cyan vertical lines marks the mean frequency of an ALMA B8 and
B9 observation, respectively. Bottom panels: confidence ellipses for Taus and 10g(Mgyus./ M)
in case of having only a B8 observation (left) or both B8 and B9 observations (right).

in the Rayleigh-Jeans regime. Both a positive variation of the dust mass and of the emis-
sivity index move the position of the peak towards lower frequencies, and this trend is more
evident for high dust mass and high emissivity index. The position of the peak depends also
from the redshift of the source: higher is the redshift, lower is the frequency at which the MBB
function peaks. From these few examples, it is clear that these tree parameters are tightly cor-
related and therefore, in order to estimate them with high precision, observations that probe
both the Rayleigh-Jeans regime and the peak region of the SEDs are required (e.g., at least one
for the peak region and three for the Rayleigh-Jeans regime).

Using the data typically available so far in the sub-mm range, the dust properties remains

poorly constrained or unconstrained for most quasars resulting into SFR uncertain by at least
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a factor of ~ 5 (e.g., F. Wang et al., 2019). The SFR is indeed related to the cold dust SED

analysis since it is proportional to the TIR luminosity. The TIR luminosity is derived from the

integration of the MBB from 8 to 1000 um rest-frame. Consequently, the SFR is estimated as

follows
SFR[M, yr‘l] =1.73x 107 Lyr[Lo], assuming Salpeter IMF (4.4a)
SFR[M,, yr '] = 107"° Ly [Ls], assuming Chabrier IMF (4.4b)
SFR[M, yr '] = 1.496 x 107!° Lyg[Ls], assuming Kroupa IMF (4.4¢c)

Hereafter, we will consider the results with the Kroupa initial mass function (IMF, Kroupa
and Weidner, 2003), since it seem more indicated for QSO’s host galaxies as suggested by
Kennicutt and Evans (2012). We still keep in mind that assuming a Salpeter or Chabrier IMF
(Salpeter, 1955; Chabrier, 2003) would imply an SFR higher by factor of 1.16 or lower by
factor of 0.67.

When only 1 or 2 data points at < 300 GHz are available, Ty, remains unconstrained,
and Mg, and SFR are uncertain by more than one order of magnitude. Similarly, assuming
a fixed B leads to an estimate of Mgy, with up to an order of magnitude uncertainty, and
large systematic errors on important derived quantities, such as the gas-to-dust ratio and the
molecular mass - thus biasing our understanding of the growth of these massive galaxies.
Exceptions are the very few quasars detected by Herschel, which observed the peak of the cold
dust SED emission, despite having coarse angular resolution. B9 observations, in synergy with
measurements at lower frequencies, is the only method to measure reliably 74, and SFR. Top
panel of Fig. 4.6 shows the case in point of a z ~ 6.5 quasar for which data are available in
only B3 and B6. The lack of high frequency data does not provide a constraint on Ty, since
the peak of the SED is not probed. B8 and B9 together are able to probe the SED peak for both
low and high T4, (blue and red curves) in QSOs at 5 < z < 8, leading to a precise estimate of
T 4ust (lower right panel of Fig. 4.6). B8 alone leaves T4, unconstrained if T, > S0K (lower
left panel of Fig. 4.6).

4.3 Results on observed cold dust SEDs

In this section, I firstly present the study of the cold dust SED of QSO J2310+1855, for which
we included a treatment of the dusty torus emission. I will then discuss the contribution of
the AGN to the dust heating, and will give the general prescription adopted for the analysis
of the cold dust SED of QSOs J0100+2802, J036+03, J0224-4711, J231-20 and J2054-0005.
We derived estimates of the dust properties and SFR with the smallest statistical uncertainties
for all QSOs, mainly thanks to ALMA observations in B8 and B9 targeting the continuum

emission of these objects.
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Figure 4.7: Results of the SED fitting of J2310+1855. Left panel: SED of J2310+1855 us-
ing ALMA and Herschel data reported in Table 4.2, fitted with an MBB function (for the dust
emission) and the a = 0.0002,7 = 3,p = 0,q = 1.5,0a = 80,R = 30, andi = 20° dusty
torus model from the SED library SKIRTOR (Stalevski et al., 2016). Dark blue diamonds are
computed based on ALMA observations and light blue diamonds based on Herschel observa-
tions, as listed in Table 4.2. Right panel: Confidence ellipses for the MBB free parameters
Tausts Mawst, and B computed at 68.27%,95.45%, and 99.99% confidence levels. The dotted
blue lines indicate the best-fit parameters.

4.3.1 Dusty torus emission and AGN contribution to the dust heating

In Fig. 4.7, we show the mm to FIR SED of J2310+1855 starting from a rest frame wavelength
of 10 um derived from the measurements in Table 4.2. In this wavelength range, two main
components contribute to the QSO emission: the large-scale dust in the ISM, and the dusty
torus. The flux excess with respect to the MBB that is probed by Herschel photometric points
requires a warmer dust component, which we modelled with a dusty torus component. We
used SKIRTOR, a library of SED templates to model the AGN dusty torus, calculated with
SKIRT, a custom radiative transfer code based on Monte Carlo techniques (Stalevski et al.,
2016). This library is made of 19200 templates with different values of the optical depth T
at 9.7 um, of the power-law exponent that sets the radial gradient of dust density (p), of the
index for dust density gradient with polar angle (¢g), eight different half-opening angles (OAs)
between the equatorial plane and the edge of the torus, ten inclinations i, from face-on (0 deg,
for typical unobscured type I AGN) to edge-on (90 deg, obscured type II AGN) view, and three
values for the ratio R of the outer to inner radius of the torus.

Thus, we used Eq. 4.1 of the MBB and the torus templates to fit the flux continuum
densities measured with ALMA and Herschel. We set the Ty, log(Maus./Ms), B, and a (the
normalisation of the torus template) as free parameters and explored the parameter space using
a non-linear least-squares fit. We forced Ty, 102(Mausi/Mo), B as before, and 107> < a < 1.

Fig. 4.7 shows the results of the SED modelling with a combination of a dusty torus and
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an MBB, and the y? confidence contours for Ty, log(Mauw/Ms), 5. Tab. 4.3 reports the
best-fitting results. The best-fitting parameters for the MBB are g = 1.86 + 0.12, Ty =
71 £+ 4 K, and Mgy = (4.4 +0.7) x 108 M. These values are consistent with those obtained
from the fit with the MBB alone, implying that the warmer dusty torus component has little

impact on the cool dust component from the host galaxy. Our best-fit Tq,s is a factor of
~ 2 higher than that derived by Shao et al. (2019) (T = 39 K), and My, is a factor of ~ 4
smaller than their estimate. This also implies a higher gas to dust mass ratio compared to their
estimates. We find GDR = 101 + 20 based on our My, estimate and the molecular mass
M(H,) = (4.4 +0.2) x 10'° My, measured from CO(2-1) and CO(6-5) by Li et al. (2020) and
Feruglio et al. (2018), using the commonly adopted conversion factor for QSO’s host galaxies
aco = 0.8 My, (K km s7! pc?)~! (Downes and Solomon, 1998; Carilli and Walter, 2013).

We note that the photometric data at A,y < 15um can be equivalently well fitted by a
broad range of SKIRTOR templates (that differ by Ay?* = 0.01 at most), depending on the
combination of the torus parameters. In particular the torus inclination, i, is a great source of
degeneracy: when the other torus parameters are fixed to the best-fitting values, the variation
in i yields a set of equivalent templates, with Ay? = 0.01. The inclination of the torus can
be properly determined by observations in the wavelength regime A..c < 10um, which is not
covered by our dataset. Although the contribution of the dusty torus, clearly seen in the flux
excess at A < 15um, should be considered in the fitting procedure to properly character-
ize the physics of the QSO and its host galaxy, we were not able to uniquely determine the
structural and physical properties of the dusty torus with this dataset. Nonetheless, we were
able to use the best-fitting function MBB+template to compute the TIR luminosity from 8 to
1000 um rest-frame”, retrieving a value of Ltir mpp+Torus = 6.447083 x 10" L, (see Table 4.3)".
We also estimated the TIR luminosity for the best-fit MBB model by integrating from 8 to
1000 pm rest-frame, and we obtained Lrir mps = 2.4870% x 10" Lo, that is just ~ 40% of the
total Ltir me+Torus- This underlines the major role played by the dusty torus emission on the
total emission observed in the 8 to 100 um wavelength regime, while it only has a minor effect
on the emission from the cold dust, modelled by the MBB. Assuming that this latter emission
derives from the dust reprocessed radiation produced by newly born stars only, we obtain a
SFR = 3710*228 Moyr', considering Lyig mps and Kroupa IMF (see Sect. 4.2).

One should also consider that the presence of an AGN at the center of the host galaxy
likely plays a role in heating the surrounding dust. As we anticipated in Sect. 4.2, the galaxy
is characterized by a distribution of dust temperatures, that rise towards the center. Both ob-
servations and simulations have shown that in the innermost region of the host galaxy (~ few
hundreds pc) Taus can be as high as hundreds of K, and this is mainly due by the presence of

the AGN as heating source (Walter et al., 2022; F. Di Mascia et al., 2021; Fabio Di Mascia

3As is customary for observations, hereafter we neglect that the SED might be anisotropic and derive the
luminosity integrating over the whole solid angle (i.e. we multiply the integral under the SED by 47rDi).

“Due to a typo, the value of Lyr MBB+Torus Teported in Tripodi et al. (2022) is wrong. Therefore, the ratio
between the [CII] and the TIR luminosity becomes Lcrj/Ltir = 8 X 1073, This does not affect any of the results
of the paper.
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Table 4.3: Results of the SED fitting with MBB and dusty torus models for J2310+1855

Dust emission

log(Myus/Mo) 8.64 + 0.07
Mdust [108 M@] 4.4 i 0.7
T sust K] 71 +4

B 1.86 £ 0.12
Ltir MBB [10"3 L] 2.48i8§%
LrirMmBBiTors  [10" Lo] 6-44i8§§
SFR [Mo] 1855+3%
GDR? 101 £ 20

Notes. SED fits are performed using two components, MBB and dusty torus. The table reports the individual
contribution of the MBB component and the global contribution of MBB+torus for TIR (8-1000 pm).
2Gas-to-dust mass ratio derived from Mg, (this work) and molecular mass M(H,) = (4.4 +0.2) x 10'0 M,
derived from CO(2-1) and (6-5) (Li et al., 2020; Feruglio et al., 2018).

etal., 2023). The resolution of our observations do not allow us to perform a spatially resolved
study of the dust emission, and therefore to isolate the warmer central dust component. That
is why we modelled the dust emission with a single temperature BB, hence mixing the dust
emission heated by the stellar distribution with the dust heated by the central AGN. This im-
plies that the SFR derived above from the best-fit MBB is contaminated by the contribution of
the AGN in heating the dust in the center. To overcome this problem, there are two different
possibilities, that can also be used simultaneously. First, one can use ~ 100—-300 pc-resolution
observations to disentangle the warmer dust component that mainly resides in the center from
the colder and more extended one. Then it is possible to fit the warm and cold dust component
separately, either using two MBBs or with a MBB for the cold dust emission and a radiative
transfer modelling for the warm dust AGN heated. This approach has been adopted at high-z
only by Tsukui et al. (2023) for a QSO’s host galaxy at z = 4.4. They found a warm dust
component with Tgyswarm = 87 K (see Fig. 4.8), and an AGN contribution to the dust heating
of ~ 60%.

The availability of very high-resolution data is still quite rare at high-z, and indeed this ap-
proach has not been applied to any QSO at z > 4.4 yet. Alternatively to the spatially resolved
study of the SED, one can take advantage of radiative transfer models to determine the AGN
contribution to the dust heating. R. Schneider et al. (2015) used a radiative transfer code to
follow the transfer of radiation from the central source and from stellar sources through the
dusty environment of the host galaxy of QSO SDSS J1148+5251 at z = 6.4. For the stel-
lar sources in the host galaxy, they adopted the SED computed with the PEGASE population
synthesis model using as input the star formation histories, age, and metallicities of the stel-
lar populations predicted by GAMETE/QSOdust. Left panel of Fig. 4.9 shows the observed
SED of J1148+5251 (black points) fitted by the SED of accretion disk and dusty torus using
a SKIRTOR template (as analogously done for J2310+1855). To account for the emission of
the dust in the host at longer wavelength, they considered two heating sources, (1) the stellar
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Figure 4.8: The far infrared spectral energy distribution of BRI1335-0417 at z = 4.4 (black
points) with the best-fit model (grey) composed of two greybody spectra: a warm dust com-
ponent heated by the AGN (red) and a cold dust component associated with the host galaxy
(green). In addition to the total photometric points, we used point source fluxes, fi. 161 um and
Sea=90 um (red points), measured by the image decomposition to constrain the flux contributed
by the AGN-heated warm dust component. Taken from Tsukui et al. (2023).

component and (2) the central AGN. Right panel of Fig. 4.9 shows the effect of the two com-
ponents on the resulting SED: the solid line is the best-fitting model considering both sources,
while the dashed line is obtained with the AGN as heating source only. This latter can account
for the ~ 70% of the dust emission, supporting the idea of AGN having a strong impact on
heating the surrounding dust. The exact amount of the contribution of AGN to the dust heating
depends on the prescription adopted to model the central source and the torus. R. Schneider
et al. (2015) tested alternative, but still reasonable, models (different from the one presented
in Fig. 4.9), and found that the AGN contribution can vary from 30% to 70%. Duras et al.
(2017) also investigated the effect of the AGN to the FIR emission in the WISE-SDSS Selected
Hyper-luminous (WISSH) quasars at 1.8 < z < 4.6, using the same approach as in R. Schnei-
der et al. (2015). In particular, considering the least and most luminous QSOs in their sample,
they found that the AGN contribution to the FIR fluxes is 43% and 60% respectively, point-
ing towards a mild trend with luminosity. Therefore, they assumes an average contribution of

~ 50% to the total FIR luminosity, which also accounts for the uncertainties in the radiative
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Figure 4.9: Left panel: Rest-frame SED of J1148+5251 (black points) compared to the SED
of the central source from SKIRTOR template 1t0.1 pl_g6_0a50_1pCl1_8 (solid line for the
face-on view, dashed line for the edge-on view). Right panel: SED of J1148+5251 obtained
by the radiative transfer calculation including the central source and the stellar component
(solid blue line), with the shaded region illustrating the variations of the stellar SED induced
by the 1o scatter of the SFR. The dashed line shows the results obtained using only the central
source. Adapted from R. Schneider et al. (2015).

transfer model and is in line with the average result found in R. Schneider et al. (2015).
Considering that the bolometric luminosity, black hole mass, redshift and properties of
the host galaxy of J1148+5251 are remarkably alike those of J2310+1855, we are confident
that the impact of the AGN on the dust heating would be similar in both sources. Therefore,
we consider an AGN contribution of ~ 50% to the dust heating for J2310+1885, implying
Ltrmps = 1.24 X 10" L, and therefore a SFR = 1855*3% Myyr~!. The precise estimate
of the AGN impact on the FIR emission would require either a spatially resolved study of
the SED or radiative transfer modelling. The former is not feasible due to the lack of high
resolution data, and the latter is beyond the scope of this project but will be the goal of future

investigations.

4.3.2 Basic cold dust SEDs

Fig. 4.10 shows the observed SED (cyan markers) from the mm regime to the radio band of
JO100+2802. We perform an SED fitting using the continuum emission measured at ~ 671
GHz (cyan star), together with the emissions presented in F. Wang et al. (2019) from 32 GHz
to 353 GHz, and in Y. Liu et al. (2022) at 1.5, 6 and 10 GHz. Although we are interested
in the cold dust properties of the QSO’s host galaxy, such as Tyus, Mause and B, we consider
also the contribution of the lower frequency emission to the dust SED, since in general it may
not be negligible. Y. Liu et al. (2022) noticed a time variability among their and previous
measurements of the radio continuum in the range [6-10] GHz. For the sake of simplicity, we

consider the most recent measurements of the radio continuum emission (i.e., those from Y.
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Figure 4.10: Left panel: SED of JO100+2802 using our new ALMA 670.91 GHz data (cyan
star), the continuum fluxes from 32 GHz to 353 GHz (F. Wang et al., 2019), and at 1.5, 6
and 10 GHz (Li et al., 2022) (cyan diamonds). The best-fitting curve is shown as a blue solid
line. Right panel: Corner plot showing the posterior probability distributions of T gust, M qust> 5.
Orange solid lines indicate the best-fitting value for each parameter, while the dashed lines
mark the 16th and 84th percentiles for each parameter.

Liu et al. 2022). However, we verified that our results do not change by considering all the
measurements available in the radio band.
We model the dust continuum with a MBB function (see Eq. 4.1), and the low frequency

radio emission using a power law with an exponential cut-off (PLCO) as follows

erest =nX (Vrest/VO)_a X exp(_vrest/ycutoff) (45)

where 7 is the normalization, « is the radio power-law spectral index, vy and vy of are the
reference frequency and the cutoft frequency, respectively. We set vy = 59 GHz to ease the
fitting procedure and in order to minimize the covariance between n and «. This choice does
not affect our results. The model has six fitting parameters: dust temperature (7q,s), dust mass
(Mgust), dust emissivity index () entering in the MBB function, and the normalization (n), the
radio power-law spectral index (@), and the cut-off frequency (vey,f) for the PLCO.

We explore the six dimensional parameter space using a Markov chain Monte Carlo (MCMC)
algorithm implemented in the EMCEE package (Foreman-Mackey et al., 2013). We assume
uniform priors for the fitting parameters: 10 K < Ty < 300 K, 10° My < Mgy < 10° Mo,
1.0 < B8 <3.0,0.00l mJy < n < 0.5mly, 001 < a < 1.0, 75.0 GHz < vyor < 500 GHz.
The best-fit model has Tyu = 48.4 £ 2.3 K, Mg, = (2.29 £ 0.83) x 10’ M, B = 2.63 + 0.23,
n = 0.08 £ 0.01 ml]y, @ = 0.48 £ 0.09 and v o = 235 + 100 GHz. Fig. 4.10 shows the
observed SED fitted by our best-fit model (left panel) and the posterior distributions for the

dust parameters (right panel). Posterior distributions of all parameters is shown in Fig. 4.11.
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Table 4.4: Results of the SED fitting

JO100+2802 J036+03 J0224-4711  J231-20 J2054-0005 | J183+05 J1342+0928 J1319+0950 J1148+5251
HYP Y Y Y Y N N Y N Y
z 6.327 6.540 6.522 6.587 6.390 6.439 7.540 6.133 6.419
M qust [107 M) 23+0.8 6.1 £2.5 93 +27 53+5 10.6 +2.4 45+ 9 26+14 63 + 29 32+8
T gust [K] 48 +2 59+2 85+12 51+3 64 +2 54+5 55 +20 mmwm 75+ 8
B 26+02 24 +0.2 1.7+0.2 1.6 £ 0.1 2.1 +£0.1 1.7+0.2 1.8+04 1.5+0.3 1.5+0.2
Ltr [10"2 L] 53+0.6 6.2+1.0 ww.wmw 6.6 +1.6 98+1.0 | 11.9+40 N.Awwuw _ow% 21 =7
SFR M, yr 1] 396 + 48 466 + 75 NAmmMMMN 496 + 118 730+ 75 | 894 + 299 _mowww :cﬂw&w 1570 + 524
Refs-D This work  This work  This work  This work  This work TW,[1] TW,[2] [3] [3]
Mg [10'° M, ] 05+0.2 0.7+0.1 1.0 £ 0.1 1.4 +0.1 0.6 0.1 4.5 <0.35 1.5+0.2 2.6
GDR 236 123 110 26 60 100 < 130 24 81
Refs-G [1] This work  This work TW,[4] This work [1] 2] This work [5]

Notes. Results for the QSOs on the left side of the vertical line are entirely obtained from this work, i.e., all observations were analysed by the author. On the right side of the
vertical line, results for J183+05 and J1342+0928 are obtained fitting their observed SEDs presented in Decarli et al. (2023) and Novak et al. (2019), respectively; results for
J1319+0950 and J1148+5251 are taken from Carniani et al. (2019). SFRs are computed from Lyg assuming Kroupa IMF, and are corrected by a factor of 50% in order to take
into account the contribution of the AGN to the dust heating. First raw is whether the QSO belongs or not to the HYPERION sample. The gas mass for J231-20 is computed from
the CO(7-6) luminosity in [4] using the 774 derived in Sect. 3.2.2 for J1007+2115, and is in agreement with that derived from [CI] in [2]. Refs-D: references for dust properties
and SFR. Refs-G: references for the gas mass. Refs: This work (TW); [1] Decarli et al. (2023); [2] Novak et al. (2019); [3] (Carniani et al., 2019); [4] Pensabene et al. (2021); [5]
Stefan et al. (2015).
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We find a gas-to-dust ratio GDR = 236 + 155 based on our Mg, estimate and the molecular
gas mass obtained by F. Wang et al. (2019) (see Tab. 4.4). This is in agreement with GDRs
found in ultraluminous QSOs at z ~ 2 — 4 (Bischetti et al., 2021), and in local galaxies at so-
lar metallicities (De Vis et al., 2019). This latter comparison would imply that J0100+2802’s
host galaxy has already been highly enriched with metals. From the best fit SED we derived
Lrr = 5.30+£0.64x 10" L, implying an SFR of 793 +96 M,, yr~!. However, several observa-
tions and radiative transfer simulations suggested that the radiative output of luminous QSOs
substantially contributes to dust heating on kpc scale (R. Schneider et al., 2015; F. Di Mascia
et al., 2021; Walter et al., 2022). As already mentioned in the previous section, Duras et al.
(2017) and R. Schneider et al. (2015) showed that on average ~ 50% of the total IR luminosity
in QSOs with Ly, > 10 erg s7! is due to dust heated by the AGN radiation. Recently, Fabio
Di Mascia et al. (2023) found a correction factor of 1/30 for the SFR of the brightest object
in their sample. However, the Ly, of J0100+2802 is above the range explored in their simula-
tions and, moreover, JO100+2802 has peculiar properties in terms of UV magnitude and dust
temperatures with respect to the simulated QSOs in Fabio Di Mascia et al. (2023). Therefore,
we consider the average correction on Lyg proposed by Duras et al. (2017); R. Schneider et al.

(2015) as the most appropriate choice, and we obtain SFR = 396 + 48 Myyr~!.

We found that our observation in B9 favours T4, lower than the effective dust temper-
atures found in simulations in bright (Ly, > 10"} L) quasar-hosts (~ 90 K, e.g. Fabio Di
Mascia et al. 2023). This discrepancy can be due to different dust spatial distributions between
the simulated objects and J0100+2802, or to limits in the dust modelling and radiative transfer
post-processing (e.g. the absence of a dusty torus in F. Di Mascia et al. 2021). With the current
unresolved observation <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>