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ABSTRACT

Observations of z 2 6 quasars provide information on the early phases of the most massive black holes (MBHs) and galaxies.
Current observations at sub-mm wavelengths trace cold and warm gases, and future observations will extend information to
other gas phases and the stellar properties. The goal of this study is to examine the gas life cycle in a z = 6 quasar: from accretion
from the halo to the galaxy and all the way into the MBH, to how star formation and the MBH itself affect the gas properties.
Using a very high resolution cosmological zoom-in simulation of a z = 7 quasar, including state-of-the-art non-equilibrium
chemistry, MBH formation, growth, and feedback, we investigate the distribution of the different gas phases in the interstellar
medium across cosmic time. We assess the morphological evolution of the quasar host using different tracers (star- or gas-based)
and the thermodynamic distribution of the MBH accretion-driven outflows, finding that obscuration in the disc is mainly due to
molecular gas, with the atomic component contributing at larger scales and/or above/below the disc plane. Moreover, our results
also show that molecular outflows, if present, are more likely the result of gas being lifted near the MBH than production within
the wind because of thermal instabilities. Finally, we also discuss how different gas phases can be employed to dynamically
constrain the MBH mass, and argue that resolutions below ~100 pc yield unreliable estimates because of the strong contribution
of the nuclear stellar component to the potential at larger scales.
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1 INTRODUCTION

Massive black holes (MBHs) are ubiquitously detected in the centre
of massive galaxies at all redshifts, with masses going from about 10°
up to 10°~10'° M. Observationally, they can be identified via gas
accretion, when a fraction of accreting material energy is released
in the form of radiation, turning them into active galactic nuclei
(AGNSs), or when powerful collimated jets are launched. According
to Soltan’s argument (Soltan 1982), most of the mass of these MBHs
has been gained via accretion; hence, they should have formed as
smaller ‘seeds’ when the Universe was much younger.

A strong constraint on the seed formation model and the MBH
early growth comes from the observations of high-redshift galaxies
at z = 6 (when the Universe was less than 1 Gyr old) hosting MBHs
with masses of around 10° M, (Fan et al. 2006; Mortlock et al. 2011;
Bafiados et al. 2018). It is therefore crucial to properly resolve the
environment around these objects and the properties of their galaxy
hosts in order to improve our understanding of how these MBHs
formed and managed to grow so quickly.

* E-mail: alessandro.lupi @unimib.it

Currently, observations sampling the rest-frame far-infrared (FIR;
in particular the [C11] line at 158 wm and the CO line emission),
which are uncontaminated by the quasar light and unaffected by dust
extinction, have shaped our understanding of quasar host galaxies
at cosmic dawn. Thanks to maps of these tracers, now resolved
to kpc scales in tens of z 2 6 quasar host galaxies with Atacama
Large Millimeter/submillimeter Array (ALMA; see e.g. Venemans
et al. 2019, 2020; Neeleman et al. 2021), we are getting important
information about the kinematics and dynamics of molecular gas
within the quasar hosts. Despite the rapid progress over the last few
years, however, the multiphase interstellar medium (ISM) structure
in high-redshift systems is still poorly constrained. Critical open
questions concern the interplay between gas inflows and outflows,
the energy balance of the cold medium and its connection with star
formation (SF), and the gas kinematics in the immediate vicinity of
the black holes.

Fast nuclear (sub-pc) and galaxy-scale (kpc) outflows have been
observed mostly at low/intermediate redshifts, allowing us to infer the
AGN impact on its host (Feruglio et al. 2010; Greene, Zakamska &
Smith 2012; Tombesi et al. 2013; Cicone et al. 2014; Harrison et al.
2014; Nardini et al. 2015). At high redshift, such strong outflows have
only been observed in a few cases (e.g. Maiolino et al. 2012; Cicone
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et al. 2015; Stanley et al. 2019). Ultrafast outflows approaching
10 per cent of the speed of light have been also detected in the X-
ray band (Gofford et al. 2015), in 40 percent of the bright local
AGN population. Recently, cold molecular winds and outflows (up
to 10'° M, in molecular gas) have also been found, with velocities of
around ~102-10° km s~! (e.g. Fischer et al. 2010; Cicone et al. 2014,
2018; Garcia-Burillo et al. 2014; Combes 2017; Sirressi et al. 2019).
Understanding the impact of outflows in regulating the build-up of
gaseous reservoirs, the formation of stars, and the nuclear activity is
of paramount importance in order to assess how these first massive
galaxies evolve.

Another important open issue in the study of high-redshift galaxies
is the reliability of FIR emission as a tracer of the cold gas mass and
the SF process. The FIR dust continuum emission is sustained by the
reprocessing of ultraviolet (UV) light predominantly arising from
young stars. Thus, it is often used as a tracer of the star formation
rate (SFR). In local spiral galaxies, the [C 1] line luminosity appears
to correlate with the FIR luminosity (see e.g. Malhotra et al. 2001),
which justifies its use as an SFR tracer (De Looze et al. 2014;
Herrera-Camus et al. 2018). However, [C1I] emission may appear
suppressed, either because of the so-called [C 11] deficit, which leads
to underluminous [C1I] at a given FIR luminosity in the presence
of compact starbursts (e.g. Diaz-Santos et al. 2017), or because
of a low-metallicity ISM (Capak et al. 2015; Vallini et al. 2015;
Carniani et al. 2018; Lupi & Bovino 2020) and different ionization
field compared to low-redshift galaxies (see e.g. Arata et al. 2020). A
related question concerns the large amount of dust (Mg, ~ 10° M)
observed in all quasars above z = 6, which requires efficient dust
formation mechanisms. While several studies tackling this problem
have already been performed (see e.g. Valiante et al. 2011; Graziani
et al. 2020), a proper answer is still to be found, in part due to
the uncertainties in the modelling of dust evolution in theoretical
models, but also resulting from the crude approximations made in
the modelling of the ISM (a limitation some recent studies tried to
overcome; see e.g. Pallottini et al. 2017b, 2019; Lupi et al. 2019).

Because the quasars studied so far at cosmic dawn were selected
based on enormous energy release of the accreting black holes,
accurate measures of the MBH mass are pivotal. ALMA is in
principle able to spatially resolve the cold gas dynamics within
the sphere of influence of the MBH in these quasars (Venemans
et al. 2019), thus providing very robust MBH mass estimates as
done in local galaxies (see e.g. Davis et al. 2018). This allows for
an independent check on the MBH estimates based on optical/UV
emission line widths (Vestergaard et al. 2008) and to investigate more
thoroughly the relation between MBH and galaxy properties, with
the caveat of uncertainties in the dynamical mass estimates (Paper I;
Lupi et al. 2019) and biases related to the selection based on quasar
luminosity (Lauer et al. 2007).

From a modelling perspective, many authors have recently ad-
dressed the evolution of high-redshift quasar hosts with different
techniques, i.e. semi-analytical models (e.g. Valiante et al. 2011,
2014; Pezzulli, Valiante & Schneider 2016) and numerical simula-
tions (Costa et al. 2014; Richardson et al. 2016; Di Matteo et al. 2017;
Barai et al. 2018; Smidt et al. 2018; Lupi et al. 2019), with the aim of
addressing different questions. For instance, Di Matteo et al. (2017)
and Ni et al. (2020) focus on the conditions for the efficient growth of
these MBHs and on their obscuration, while Costa et al. (2014) and
Smidt et al. (2018) assess the SF suppression by AGN radiative and
mechanical feedback. Richardson et al. (2016) and Barai et al. (2018)
investigate the impact of AGN feedback in a z = 5 protocluster of
galaxies and in a z = 6 halo of 10'> M, respectively, while Costa,
Sijacki & Haehnelt (2015) and Ni et al. (2018) study outflows in z >
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6 quasars (see also Prieto et al. 2017, for a fainter AGN). However,
the limited mass/spatial resolution in these works does not allow for
a proper treatment and description of the thermodynamic evolution
of the dense ISM, and more sophisticated and higher resolution
simulations are needed. In this work, instead of looking at the large
scales around many quasar hosts, we opt for focusing on a single
galaxy at an unprecedented level of detail in terms of physical
modelling: non-equilibrium chemistry coupled with extremely high
spatial and mass resolution, so that phase changes of the gas are
accounted for naturally down to molecular cloud scales.

This is the second of a series of paper addressing properties of high-
redshift quasar hosts and their MBHs. In Paper I, we presented and
discussed the main evolution of the target galaxy and its central MBH,
focusing on the stellar and gas tracers (total gas and [C II] emission).
Here, we extend the analysis of the main galaxy including molecular
hydrogen, directly traced in the simulation, and focus on the dynam-
ics and morphology of the main galaxy as a function of redshift. In
Paper III (Lupi et al., in preparation), we will discuss the evolution
of the entire MBH population forming during the simulation.

The paper is organized as follows: In Section 2, we recap the set-
up of the simulation; in Section 3, we present our results; and in
Section 4, we draw our conclusions.

2 SIMULATION SET-UP

The simulation presented in Paper I followed the evolution of a
massive halo (Myao ~ 3 x 10'? M, at z = 6) expected to represent
a quasar host (Di Matteo et al. 2017). The initial conditions were
accurately created to match the expected halo mass (Di Matteo et al.
2017; Tenneti et al. 2018) and the galaxy overdensity significance
(Uchiyama et al. 2018; Mignoli et al. 2020) via MUSIC (Hahn & Abel
2013), adopting the Planck Collaboration XIII (2016) cosmological
parameters, with Q,, = 0.3089, Q, = 0.6911, ©, = 0.0489, o3 =
0.8159, ny = 0.9667, and Hy = 67.74kms™! Mpc_l, with no con-
tribution from radiation and curvature. In order to reach the desired
resolution, a Lagrangian volume extending up to 2.5 virial radii
of the target halo was recursively refined following the approach
by Fiacconi et al. (2017) to ensure that no contamination by low-
resolution dark matter particles was present within the virial radius.

The simulation has been run with GizMO (Hopkins 2015), a
particle-based code descendant of GADGET3 and GADGET2 (Springel
2005), employing the meshless-finite-mass method, a fully La-
grangian scheme that exhibits excellent shock-capturing properties
and almost perfect conservation of angular momentum. The spatial
resolution of the simulation is 40 and 10 pc h™! for dark matter and
stars, respectively, and fully adaptive softening down to a minimum
of ~5 pc is assumed for gas particles/cells. The mass resolution is
~10* My, for baryons and ~10° M, for dark matter.

Our simulation was performed with state-of-the-art subgrid pre-
scriptions that allowed us to follow in detail non-equilibrium
chemistry of primordial species, as in Lupi et al. (2018), SF and
stellar feedback, as in Lupi (2019), and MBH seeding, accretion,
and feedback (see Lupi et al. 2019, for details). In particular,
the gas thermodynamics is self-consistently followed via the non-
equilibrium chemistry library KROME (Grassi et al. 2014), directly
coupled to the hydrodynamics and the radiation feedback model
in the code, following time dependently the chemical evolution
(abundances) of nine primordial species (H, H", H-, He, He*, He?*,
H,, HY, and e™) under the effect of multiple heating and cooling
processes (e.g. atomic cooling, molecular cooling, chemical cooling
and heating, photoheating, dust cooling, photoelectric heating, and
H, UV pumping; Lupi et al. 2018, 2019). This approach naturally
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follows all the phase changes in the gas (ionized/neutral/molecular),
without applying any ad hoc cut in temperature, and also accounts
for intrinsic multiphase distribution within gas cells. SF is based on
the multifree fall model of Padoan & Nordlund (2011), as described
in Federrath & Klessen (2012), in which the average SF efficiency
per molecular cloud is a function of the cloud properties, in particular
the Mach number and the virial parameter, which define how bound
and turbulent the cloud is. In our simulation, we assume that each
gas particle/cell corresponds to an entire or a significant portion of a
molecular cloud, and use the SF efficiency just described to rescale
the probability of the particle to be converted into stars. When a
star particle is formed, we assume that it represents an entire stellar
population with a Chabrier (2003) initial mass function and a fixed
metallicity (inherited from the gas progenitor). As the population
gets older, massive stars explode as supernovae (SNe), which we
model via an instantaneous energy injection of 10°' erg per SN.
The SN energy is distributed among gas neighbours both in thermal
form and in kinetic form, with the ratio between the two components
determined according to the results by Martizzi, Faucher-Giguere &
Quataert (2015). Stellar radiative feedback is implemented in an
approximate fashion, collecting the radiative flux reaching each gas
particle in the same way gravity is calculated, i.e. via the gravity
tree, assuming attenuation only around the stellar source and at
the target, and an optically thin medium in between.! MBHs are
seeded in galaxies with more than 10% Mg, in stars, and are allowed
to accrete from their surrounding according to the Bondi—Hoyle—
Lyttleton formula (Bondi 1952). The accretion rate is determined
as in Choi et al. (2012), while the accretion-powered luminosity
is released to the neighbouring gas in a purely thermal fashion,
assuming a radiative efficiency of 0.1 (see Lupi et al. 2019, for
details). As in Paper I, the halo is identified using AMIGA HALO
FINDER (Knollmann & Knebe 2009), and the analysis is based on the
particles within a sphere of radius 0.2r.; only, to exclude contribution
from satellite galaxies.

3 THE MULTIPHASE GAS IN THE QUASAR
HOST

Besides the stellar content, the various phases of the ISM are also
traced directly in our simulation. This allows us to, on the one
hand, study physically how the multiphase structure evolves, and,
on the other hand, to test how accurately tracers can reconstruct this
evolution. We analyse the simulation down to z = 7, first looking at
the intrinsic properties and then considering different observational
tracers.

3.1 Intrinsic properties

3.1.1 Mass evolution

In the local Universe, star-forming massive galaxies generally have
a low molecular gas fraction (~10 per cent; Saintonge et al. 2017),
while in z ~ 2 massive galaxies the molecular gas content is similar
to the stellar fraction, with an empirical scaling with redshift (1 +
2)*>7! for galaxies on the main sequence of SF (Genzel et al. 2015;
Aravena et al. 2019). In Paper I, we have compared the total gas mass
to the stellar mass, but we can now look at the various gas phases,
including the molecular gas.

!"This has been shown to well reproduce the results of on-the-fly radiative
transfer calculations (Lupi et al. 2018) at a much cheaper cost.

MNRAS 510, 5760-5779 (2022)

Zred
14 12 10 8
1024 !
1011 4
— 1010
© 10
=
= 10%4
1089 -~y l’ M, M,
SN — foMhao e H,
107_. & - ngas = ]Wstar
o ——— My 103 x Mpn
106 T " . : .
300 400 500 600 700
t (Myr)

Figure 1. Redshift evolution of the mass of different gas phases, compared
with the stellar mass (cyan dot—dashed line) and the BH mass (orange dashed
line), the latter scaled up by a factor of 1000. We show the universal baryonic
mass as a black thick solid line, the total gas mass within the halo as a red
solid line, and the neutral/molecular gas masses as blue dashed and green
dotted lines. The black arrows correspond to the epochs during which the
stellar mass grows by more than 50 per cent in 5 Myr. Compared to the total
gas mass available in the halo, which strictly follows the halo growth in mass,
only 10 per cent of it is able to cool down and form the H I disc of the galaxy.
An even smaller fraction, about 1 percent, becomes dense enough to form
Ha, which then forms stars. Interestingly, the fractions of H1 and H, remain
almost constant relative to the total gas available, with only small fluctuations
due to SF, which remove cold and dense gas, and stellar feedback, which
evacuates gas from dense gas and pushes it in the outer halo (or even out of
it), turning into hot ionized gas.

In Fig. 1, we show the evolution of the different gas phases with
redshift, as blue dashed (H1) and green dotted (Hy) lines, directly
estimated from the mass fractions of each species associated with
each gas particle (see Section 2 for details about how the species are
tracked). The total gas mass within the halo (r < ry;) is shown as
a red solid line, and the universal baryon fraction as a black thick
solid line. For comparison, we also show as a cyan dot—dashed line,
the stellar mass, and as a dashed orange line, the BH mass, scaled
up by a factor of 1000. Because of SF, a large fraction of gas is
converted into stars, and the available gas mass settles on a 1:1
ratio with the stellar mass, as shown in Paper 1. Relative to the total
available gas mass, only 10 percent is able to cool and recombine
into H 1, settling in a protogalactic disc, and an even smaller fraction
(fu, ~ 0.01) becomes dense and cold enough to form H,, providing
fresh material for SF. As time elapses, the total amount of gas in
the different phases evolves coherently, with almost constant ratios
of about 0.1 and 0.01 for H1 and H,, respectively. This is consistent
with the results by Walter et al. (2020), where the gas reservoir mass
evolution in the range of z ~ 4-0 seems to be directly set by the gas
inflow on to the halo, minus the contribution of SF. Nevertheless,
large fluctuations can be observed, especially for H,, corresponding
to bursts of SF, which consume dense and cold gas, and SNe, which
disperse and heat up gas, turning it back into the neutral or even
ionized phase.

The molecular-to-stellar mass fraction stays in the range of 0.02—
0.07, suggesting that our quasar host, despite being on the SF main
sequence (see Paper I) is not following such a strong evolution in the
relationship with redshift as suggested by lower redshift observations
of star-forming galaxies.
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Figure 2. Redshift evolution of the mass (top panel) and mass fraction
(bottom panel) of different gas phases in the galaxy host (solid lines) and in
the halo (dashed lines). Orange, red, and blue lines correspond to the ionized,
atomic, and molecular phases, respectively. Within the central region, most of
the mass is in the atomic phase, with about 10 per cent in the molecular/dense
and ionized phases. In the halo, instead, the total mass in the atomic and
ionized phases is typically larger, despite the lower densities, whereas the
molecular phase is smaller than (or at most comparable to that) in the galaxy.
In terms of fractions, atomic and ionized gas phases do not show significant
differences between the galaxy and the halo, unlike the molecular phase,
which is strongly subdominant in the halo.

In order to disentangle how the different phases are distributed in
the quasar host, we show in Fig. 2 the masses (top panel) and the
mass fractions (bottom panel) in the different phases in the galaxy
host (identified as the region enclosed within a sphere of radius
Reenre = min{0.2Ry;;, 10kpc}) and in the halo (represented by the
spherical shell extending from Repie Up to Ry;). In the galaxy region,
most of the gas is in the atomic phase, with the molecular/dense and
ionized phases representing at most 10 per cent.

These ratios are the result of the typically high gas densities in this
region, in which efficient cooling allows for rapid gas recombination
into the neutral phase, whereas the subsequent conversion into
the molecular phase is less efficient because of a combination
between weaker cooling and the dissociating/ionizing effect of stellar
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feedback (via radiation or SNe sweeping away the gas). In the halo,
the gas is still mainly atomic, with ionized gas only contributing to
1/10th of the total mass. On the other hand, the molecular component
only represents a tiny fraction of the total mass (lower or at most
comparable to the mass within the galaxy), and is associated with
clumps along gas streams, able to cool down and to form H,, and
dense gas within galaxy satellites around the quasar host. With time,
the mass in the different phases grows following the halo mass
growth, in both regions. However, while the growth in the halo is
smooth (but for the molecular phase), the increase in neutral and
molecular gas within the galaxy exhibits significant fluctuations, due
to the interplay between gas cooling, SF, and stellar feedback, as can
be inferred from Fig. 1 by comparing the evolution of the H, mass
with that of the stellar mass.

To better understand how important different phases are in the
evolution of the galaxy, we analysed the relative mass variation with
time of the different phases in the galaxy and in the halo, by randomly
selecting 10* particles per snapshot, and tracking them forward in
time to the next snapshot, estimating the mass in each phase and
the mass converted into stars. We found that, in the halo, the phase
evolution is slow, with very small variations (<10 per cent) but for
the molecular phase, which is extremely sensitive to the different
physical processes (SF, stellar, and AGN feedback). In the galaxy,
instead, the variations are larger, and reach up to 20-30 per cent, with
mild fluctuations except for the molecular gas again, which exhibits
strong fluctuations from positive (due to cooling and H, formation)
to negative (due to dissociation/ionization) values.

The atomic and ionized mass variation points to a systematic
decrease, which can be explained by the fact that a lot of warm/hot
gas recombines because of cooling, and part of it, after passing to the
atomic phase, contracts and converts into molecular gas. Although
this seems to suggest that the atomic phase is simply a transition stage,
the time-scale over which the transition to molecular gas occurs
is quite long, hinting for a persistent atomic phase in the galaxy
that lasts for relatively long times. Finally, about 20 per cent of the
mass sampled gets converted into stars within 5 Myr, most of it
corresponding to molecular gas already present in the galaxy, but
part also resulting from the conversion of atomic gas (red lines) into
H, and quickly into stars, as can be noticed by comparing the red
and green lines.

3.1.2 Size evolution

Large simulations have shown that statistically the stellar component
of the host galaxies of luminous high-z quasars is expected to be
very compact (Tenneti et al. 2019) and bulge dominated (Marshall
et al. 2019), barely resolvable by the James Webb Space Telescope
(JWST). Given our high spatial resolution, ~10 (100) times higher
for star (gas) than that in large-volume simulations, we can resolve
both the scale length and the scale height of the galactic disc and
assess more accurately its extent, although on a single galaxy. Thanks
to our chemical network, we can further investigate and compare
the evolution of the physical size of several galaxy components:
stars, neutral hydrogen, molecular hydrogen, and star-forming gas.
In particular, different instruments have different resolutions and we
can compare high- and low-resolution images of the same galaxies.

In Fig. 3, we show the evolution of the half-mass radius for the
different gas phases and the stellar distribution. The neutral gas is
shown as a black solid line, H, is shown as a red dashed line, and star-
forming gas as a green dotted line, and the stellar half-mass radius
is reported with a blue dotted line. While neutral gas forming the
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Figure 3. Redshift evolution of the half-mass radius for the neutral hydrogen
component (black solid line), Hp (red dashed line), and the star-forming
gas (green dot—dashed line). The black arrows correspond to the epochs
during which the stellar mass grows by more than 50 per cent in 5 Myr. For
comparison, we also report the stellar half-mass radius as a blue dotted line.
While the neutral gas size increases with time, reaching several kpc, the stellar
component increases at a much slower pace, consistent with the average trend
observed for the star-forming gas. The strong fluctuations in the radius of the
star-forming gas are caused by the alternating phases of gas inflows/SF bursts
and stellar feedback evacuating the cold dense gas. Moreover, the gaseous
star-forming region evolves coherently with the Hp-dominated region, in
agreement with the expectations that most of the stars form in molecular
clouds, but also that not all molecular hydrogen is necessarily star forming.

galaxy disc continuously grows with time, extending up to a few kpc
in size, the molecular component remains more concentrated within
about 1 kpc. This is on the low-end side of the size distribution found
by Venemans et al. (2020), where the typical deconvolved size is
about 1-2 kpc.

As expected, despite the slightly stronger fluctuations, the star-
forming region within the galaxy consistently follows the molecular
gas distribution. This result, which naturally arises in our simulation,
is in perfect agreement with Lupi et al. (2018), confirming that the
assumption of an H, abundance dependence of the SFR prescription
is not necessary. The strong fluctuations observed for H, and star-
forming gas with respect to neutral gas reflect the alternation between
phases of strong gas inflows and SF bursts and phases dominated by
stellar feedback that evacuate the gas and dissociate H,. In particular,
the physical model employed here suppresses SF in highly unbound,
warm gas, consistently with the expectation that stars form in cold,
dense clouds that are dispersed after a few Myr due to stellar
feedback. This self-regulation results in strong oscillations of the
half-mass radius of the star-forming gas. Compared to the extended
neutral gas and the more compact molecular and star-forming gas,
the stellar component tends to remain even more concentrated, with
the half-mass radius extending up to ~300 pc, in agreement with
simulations of quasar hosts (Marshall et al. 2019; Tenneti et al.
2019) and observations of z = 6-8 galaxies (e.g. Kawamata et al.
2015; Shibuya, Ouchi & Harikane 2015), confirming the difficulty in
resolving the stellar morphology of high-z galaxies and quasar hosts.

3.2 Inflowing and outflowing gas in the galaxy

During the cosmic evolution, a lot of gas is accreted on to the galaxy
via mergers and smooth accretion from the cosmic web. While part
of this gas is turned into stars or accreted on to the central MBH,
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a significant fraction can be expelled by SNe and AGN feedback,
in different phases. Observationally, AGN outflows in the ionized,
neutral, and molecular phases have been observed, in some cases
even with very large velocities. Here, we assess how the complex
interplay between gas accretion and stellar/AGN feedback affects
the dynamics of the multiphase ISM, by computing the mass in the
different phases (ionized, neutral, and molecular hydrogen) that is
inflowing or outflowing with respect to the galaxy.

Furthermore, in most numerical simulations, the three phases
are identified solely by applying simple temperature cuts. In our
simulation, instead, we have the ability to directly follow the
fractional abundance of H*, H, and H,, and this also allows us
to compare our accurate identification to the common approach.

For this analysis, we filter the gas cells exhibiting a negative or
positive radial velocity that fall within a spherical shell located at
20 kpc from the galaxy centre (with a size of +6 kpc), which
corresponds to the distance at which molecular outflows have been
observed by Maiolino et al. (2012). For the temperature cuts, we
assume that 7 > 3 x 10* K corresponds to ionized (hot) gas,
300K < T <3 x 10* K to neutral (warm) gas, and T < 300 K to
molecular (cold) gas. For the chemical abundance definition, instead,
we select particles where at least 50 per cent of the mass is in H*
(ion), H (neutral), or H, (mol).

The results are reported in Fig. 4 in the redshift range of 9-
7, as above. In the left-hand panel, we show the inflow (outflow)
rate in the different phases as dashed (solid) lines, with the same
colours/markers corresponding to the same phase. As the galaxy
evolves, the inflow rate almost steadily increases in all phases, due
to the continuous accretion from the cosmic web and via mergers,
despite the concurring outflow phases.

When comparing the common temperature cuts with the
chemistry-based ones, we notice that (i) most of the inflow-
ing/outflowing mass is in the atomic phase, which is composed by
only warm gas (suggesting that our cut at 3 x 10* K is a good choice
to identify the mostly neutral phase). This is also evident from the
mass of ionized gas, which well overlaps with the hot component.
Molecular gas and the cold phase are instead not always overlapping,
despite being very similar (within a factor of 2), and this suggests
that 300 K represents a good but not perfect threshold to securely
identify the mostly molecular regime. This is somewhat expected,
since the neutral/molecular transition is much more sensitive to the
non-equilibrium conditions and the non-ionizing radiation flux than
the neutral/ionized one.

In the middle panel, we report the mean inflow (outflow) radial
velocity of the gas in the different phases. Although the mass rates
vary significantly among the different phases, their inflow (outflow)
velocities are almost identical, with only slightly larger fluctuations
for the molecular phase, resulting from its extremely low mass rate
that makes it more sensitive to variations in the gas dynamics in the
galaxy.

Finally, in the right-hand panel, we show the SN and BH energy
deposition rate as green dotted and blue dashed lines, respectively,
and their sum as a black solid line. The SN luminosity has been
estimated from the average SFR in the galaxy (see Paper I), assuming
discrete SF bursts lasting 5 Myr each (corresponding to the time
separation between the outputs), and estimating the number of SNs
exploding according to the stellar lifetimes of a Chabrier IMF stellar
population (see Lupi et al. 2019, for details). For each SN, we
assumed a released energy of 10°! erg. On the other hand, for the
AGN, we estimated the luminosity from the average BH accretion
rate (Eddington-limited), assuming a radiative efficiency 7,,q = 0.1
and a coupling efficiency ngpx = 5 X 1073. The black dashed vertical
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Figure 4. Inflow (negative values) and outflow (positive values) rates at 20 kpc in the redshift range of 9-7 for the different phases (left-hand panel), average
radial velocities (middle panel), and SN and BH energy deposition rates (right-hand panel). While the inflows always dominate over outflows, the outflow rate
shows a significant increase below z = 8 (identified in the right-hand panel as a black dashed line), corresponding to the time when the AGN feedback becomes
comparable to the total SN feedback injection (as shown in the right-hand panel). If we consider the central 0.2 kpc, the AGN impact becomes dominant much
earlier, around z = 8.5, as shown by the leftmost black dashed vertical line in the right-hand panel. The average velocities, on the other hand, only show a
moderate increase, suggesting that the AGN is not able to push a lot of gas at the thousands of km s~! velocities observed in very fast winds. The presence of
such fast outflows from z ~ 6 quasars is debated: In the text, we discuss our results in relation to observations and other theoretical investigations.

lines correspond to the times at which the impact of AGN feedback
becomes comparable to that of SNe within 0.2 kpc (leftmost line)
and 2 kpc (rightmost line), respectively.

By comparing the inflow/outflow evolution with the SN and BH
energy injection rates, we see that, for z 2> 8, the outflow rate is
mainly SN driven, and is on average one order of magnitude smaller
than the inflow. Below z = 8 instead, the central BH contribution to
the energy injection starts to become important, and exceeds that by
SNe below z ~ 7.5. z ~ 8 also marks the transition to a more AGN-
dominated driving of the outflows, with the outflow rate quickly
increasing up to a significant fraction of the net inflow rate. This
change can be also observed in the radial velocity of the outflowing
gas, which increases by a factor of 2-3 below z = 8, unlike that of the
inflowing gas, which varies only mildly. Although noticeable, such
a velocity change suggests that the AGN is not able to eject gas at
thousands of km s~

Similar analyses of the outflows in high-redshift quasar hosts have
been performed in previous works, although at completely different
resolutions and with different subgrid models (Costa et al. 2015;
Barai et al. 2018; Ni et al. 2018). We also recall that the final MBH
mass is ~6 x 108 M. With respect to Costa et al. (2015), in which
they analysed the outflow properties in a halo similar to ours at z =
6.6, our galaxy at z < 8 shows a few times less massive outflows
(identified as the gas mass above 300 km s~'), although the MBH
mass is similar (~8 x 103 Mg). A similar resultis also obtained when
we apply the criteria in Barai et al. (2018, with MBH masses between
4 x 10% and 4 x 10° M) and Ni et al. (2018, MBH mass ~8 x
10® M), where our outflows are generally lower. The only exception
is at z = 7.3, when the criteria in Barai et al. (2018) yield a mass
outflow rate in our run in broad agreement with the observational
results by Cicone et al. (2015), similar to what is found in Barai et al.
(2018) at lower redshift. Although the weaker outflows in our runs
could in principle be associated with a somewhat less effective AGN
feedback, in appendix A of Paper I we showed that our feedback

efficiency is expected to result in a more effective heating of the
gas around the MBH than, for example, that in BlueTides (Di Matteo
etal. 2017). In the light of this, there are several additional effects that
should be taken into account when comparing our results with other
works, i.e. our galaxy at z ~ 7 is (within 300 pc) a factor of 2 more
massive than that in Costa et al. (2015) and Barai et al. (2018), and the
corresponding potential well deeper, and our MBH is moderately less
massive (~80 per cent) and accreting at a lower accretion rate (about
0.5-0.6 times the Eddington limit). Compared to Ni et al. (2018), we
should also note that their halo mass is also a factor of 2 lower than
ours; i.e. the escape velocity is lower than that in our case. Finally,
another important difference is the spatial/mass resolution in the
simulations, which can significantly affect how the AGN feedback
couples with the gas; i.e. (i) a lower resolution results in feedback
being coupled at larger scales/lower densities, resulting in an easier
escape from the galaxy because of a less resolved interaction with the
interstellar gas and a subsequent lower impact of radiative cooling,
and (ii) energy is distributed over a much larger mass, potentially
artificially enhancing the amount of mass coupled.

Compared to observations, our outflows appear weaker than
those reported by Cicone et al. (2015) and Bischetti et al. (2019),
where they identified strong features with radial velocities above
v, ~ 700-900 km s~!. However, the presence of these outflows is
still debated, with different studies suggesting weak or a total lack
of strong outflowing gas features in the spectra (Decarli et al. 2018;
Novak et al. 2020). In particular, in Novak et al. (2020), the authors
also compared their stacked spectra with the MassiveFIRE simulation
suite, where only SN-driven outflows were included, and they found
good agreement between the [C 11]/dust continuum observed profiles
and the simulated dust profiles, reinforcing the idea that these
outflows are not so common.

Moreover, in the case of AGN feedback, the distance at which
the outflow is measured plays an important role. To assess how the
inflowing/outflowing gas evolves in the quasar host, in Fig. 5 we
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Figure 5. Inflow (first row) and outflow (second row) rates in the redshift range of 9-7 for the molecular (left-hand panels), atomic (middle panels), and ionized
gas phases (right-hand panels), with the corresponding average radial velocities shown in the inlets (middle panel). The green solid lines correspond at a spherical
surface at 20 kpc, the orange dashed ones at 2 kpc, and the blue dot—dashed at 0.2 kpc. In the bottom panels, instead, we report the inflow (negative) and outflow
(positive) rate radial profiles around the time of disc settling (z ~ 8) and the time of an AGN feedback burst (z ~ 7.2). While, at large scales, inflows mainly
occur in the neutral/ionized phase, with small amounts of molecular gas (<10 per cent), colder and denser gas is present on smaller scales, with properties
typical of the ISM, resulting in the inflows being dominated by the molecular component, as can be seen from the top and bottom panels. Inflow velocities are
also quite similar, especially for the neutral/ionized components, because of their relation with the large-scale accretion on to the halo and the global instabilities
in the galaxy. As for the outflows, a clear trend can be noticed, where most of the outflow mass is molecular near the galaxy centre (up to ~1 kpc), and evolves
to the neutral (up to a few kpc in size) and ionized phases and the gas moves outwards. Notice also that the outflow rate generally decreases at larger scales,
being partially stopped by the interaction with the surrounding medium. At lower redshift especially, the outflow velocities exceed a few hundred km s~ at
small scales, but significantly decrease at larger scales, in all the phases.
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compare the inflow (first row)/outflow (second row) properties at
three different distances from the centre of the galaxy, i.e. 0.2 kpc
(blue dot—dashed lines), 2 kpc (orange dashed lines), and 20 kpc
(green solid lines) in the different phases, i.e. the molecular phase
(left-hand panels), the neutral one (middle panels), and the ionized
one (right-hand panels). In addition, to better highlight the spatial
distribution, we show in the bottom panels the inflow (negative)
and outflow (positive) rate radial profiles around the time of disc
settling (z ~ 8, solid cyan and dashed magenta lines) and that of an
AGN feedback burst (z ~ 7.2, dotted lime and dash—dotted brown
lines). Inflow velocities, resulting from the large-scale accretion and
the global gravitational instabilities in the galaxy, behave in a very
similar way in all the phases. The inflow rate instead shows a clear
dependence on the distance, with most of the gas at large scales
neutral or ionized (notice the clear drop of the ionized phase around
a few kpc), while molecular gas is mostly present near the centre,
coming from the ISM of the galaxy.

For the outflows, the picture is different, with velocities easily
exceeding hundreds of km s~! near the centre, but get significantly
smaller as we move to 20 kpc from the galaxy, because of the
interaction with the surrounding circumgalactic medium and the gain
of potential energy while escaping from the halo. The outflow rates
clearly show that most of the ejected mass is in molecular form near
the galaxy (up to about 1 kpc), which is then dissociated/ionized as
the gas moves outwards, shocks with the surrounding gas, expands,
and becomes less shielded from radiation. The radial profiles clearly
support this picture, with the peaks in the outflow rates shifting to
larger radii depending on the phase, from the molecular to the ionized
one, respectively. Interestingly, the steep rise in the molecular outflow
rate near the AGN (left-hand panels) occurs much earlier than that
in the ionized phase (right-hand panels), with the neutral gas not
showing any clear increase with redshift. Around z = 8.5, the AGN
feedback starts to dominate over SN feedback in the centre (see the
leftmost dashed vertical line in Fig. 4), but the thermal energy injected
is not sufficient to ionize a lot of mass (as reflected by the small bump
in the ionized phase), resulting in a rapid increase of the molecular
outflows only. At z < 8 instead, the thermal energy released by the
AGN becomes large enough to quickly ionize the surrounding gas,
pushing it outwards where it interacts with the neutral and molecular
gas clumps lifted by SN feedback, producing a net rise of the outflow
rate in both phases at larger radii (2 and 20 kpc).

To further confirm this idea, we focused on z = 7.8 and 7.3, which
correspond to the epochs at which the cold gas/molecular outflow
rate peaks at r = 20 kpc, and traced forward in time the particles
belonging to the outflow, estimating the total abundance of H,, H,
and H" as a function of time. At early times, we observed indeed a
rapid conversion of about half of the molecular gas mass into atomic
form and a significant increase of the ionized gas component (which
remains nevertheless subdominant). At later times, instead, no further
conversion occurs, but a small fraction of the atomic gas starts to
reform molecular hydrogen, likely because of the shocks occurring
with the surrounding gas, which increase the density, hence boosting
the cooling rate, thus leading to a flattening of the molecular/neutral
ratio. This additional analysis further supports the idea that cold gas
clumps forming in the galactic disc are initially lifted by SNe first and
then pushed by AGN feedback, as discussed in Biernacki & Teyssier
(2018). In addition, in our study molecular outflows at galactic scales
(r 2 1 kpc) are subdominant compared to their neutral counterpart,
as they merge with the entrained gas after interaction and dissolve
as they move outwards, converting into neutral and then partially
ionized gas, because of their decreasing density that makes the gas
less shielded from the surrounding radiation field. On top of this, the
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outflows we find are produced by an MBH of at most 6 x 10% Mg
(at z = 7), which is smaller than those responsible for the strong
molecular outflows observed at lower redshift; hence, they cannot be
directly compared. Nevertheless, while this result seems to disfavour
the idea that molecular gas cannot be accelerated and must form out
of the thermal instability cooling within the outflow (see Richings &
Faucher-Giguere 2018a,b, for a detailed investigation), the resolution
of our simulation, which is not enough to properly model this process,
and the low mass outflow rate we observe at large scales do not allow
us to give a definitive explanation of the origin of the observed
molecular outflows, but only a hint of it.

3.3 AGN obscuration

As soon as the impact of AGN feedback on to its host becomes
relevant, gas is pushed away, clearing channels through which the
radiation emitted by the accreting MBH can be directly observed.
However, in many cases (especially at high redshift when gas is
continuously flowing on to galaxies from large-scale filaments) the
gas density around the MBH (and in the galaxy; see Circosta et al.
2019) is so high that the AGN remains obscured, hindering detection
in optical-UV bands and sometimes also in X-rays. Because of this
limitation, the optical-UV identification of high-redshift quasars in
surveys like Sloan Digital Sky Survey (SDSS) is significantly biased
towards the most luminous and energetic MBHs, and may potentially
miss an important fraction of high-redshift quasars, in the case most
of them are highly obscured. It is therefore of utmost importance to
assess the typical obscuration of high-redshift quasars at different
stages of their evolution, and how different gas phases contributed to
obscuration, to infer the number of potentially missed objects in large
observational campaigns and the possible biases in the properties of
the detected systems.

To this aim, we analyse here the covering fraction of different gas
phases at different distances from the central AGN as a function of
redshift. Using HEALPIX,> we cast 972 rays from the BH position,
and integrate the density of different gas phases in 1000 logarithmic
steps from 5 pc up to 7oy = 0.2, 2, and 20 kpc, as

Tout

|
Ny = — pa(rdr’, (1)

my Jo
where pA () is the gas species A density along the ray.’ We therefore
only include gas from about 5 pc from the MBH, and we do not treat
obscuring gas at smaller scales (e.g. a torus) that we do not resolve.
The calculated column density is therefore a lower limit to the actual
column density.

The normalized column density distribution for each gas phase is
reported in Fig. 6, with Hy, H, and H" from top to bottom. From left to
right, the integration is done up to 0.2, 2, and 20 kpc, respectively. As
expected, the H, distribution does not change significantly with the
maximum distance, since H is abundant in the galactic disc, within
the central 2 kpc. On the other hand, a drift towards moderately higher
column densities is observed for H and H*, consistent with their less

Zhtps://healpix.sourceforge.io/

3In order to compute the gas density along the ray, we apply a scatter kernel
average approach, obtaining pa(r') = > xa jm;W(|r' —rjl, hj), where xa j
is the j-th particle mass fraction for species A (either H I or H), m; is the
total particle mass, r; is the position, and #; is the kernel size. W is the
smoothing kernel function employed for hydrodynamics, in this case a cubic
spline encompassing an effective number of neighbours Npgp = 32. We also
validated this approach by exploring different radial integration steps and
number of rays, finding very small variations.
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Figure 6. Column density distribution of different gas phases at different redshift/times up to 200 pc (left-hand panels), 2 kpc (central panels), and 20 kpc
(right-hand panels). From top to bottom, we show Hp, H, and H*, with the redshift evolution identified by the different colours (blue, orange, green, red, and
purple) and line sizes (from thick to thin). While H, and H evolve with redshift, spreading towards lower column densities, consistent with the settling of the
galactic disc, HT remains peaked around N ~ 1022 cm_z, hinting of a more uniform distribution on different lines of sight.

concentrated distribution, suggesting that a significant part of the
obscuration from the neutral gas comes from the larger scales well
beyond the galactic disc. Although not relevant for the obscuration,
the peaked distribution of H* suggests that, unlike other phases, the
ionized gas is also more homogeneously distributed over all lines
of sight, and never exceeds a few 107> cm~2. With redshift, both
H, and H distributions extend from a single high peak at z ~ 9
(Nu, ~ 10* cm ™ and Ny ~ 10 cm™2), when the galaxy disc has
not formed yet and dense gas can be found along all lines of sight,
down to z = 7 when most of the dense gas has settled in a thin disc
and the AGN feedback has cleared out its surrounding. At z =7, the
H, peak can indeed be found around Ny, ~ 10723 cm~2, whereas the
neutral gas exhibits a roughly bimodal distribution with two peaks at
10?3 and 10223 cm~2, respectively.

To better assess how the different distribution and evolution affect
the actual obscuration, in Fig. 7 we show the time evolution of the
covering fraction f.over Of different gas phases in the quasar host up
to 200 pc (left-hand panel), 2 kpc (middle panel), and 20 kpc (right-
hand panel), where fiover 1S the number fraction of lines of sight
with Ny > 10%2 cm~2. The molecular phase is shown as red solid
lines, the atomic one as blue dashed lines, and the ionized one as
orange dotted lines. Notice that H" does not actively contribute to the
obscuration (it does not absorb photons), but is included anyway for
comparison.
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At higher redshift (z > 8), the BH is heavily obscured already at
200 pc, with most of the obscuration coming from molecular gas,
ubiquitously present in its surrounding (this is also consistent with the
continuous accretion at the Eddington limit). Neutral gas becomes
important only at larger scales, well beyond the extent of the galaxy
host, and exhibits strong fluctuations due to the rapid variations of
the column density distribution, affected by gas inflows and stellar
feedback. At lower redshift, the disc settling and the clearing of
the central region by the AGN feedback result in a decrease of the
obscuration to about 0.4-0.5, with molecular gas still dominating the
central regions and neutral hydrogen contributing mainly at larger
scales. Interestingly, in this phase the fluctuations in the covering
fraction of both H, and H become more similar, especially outside
the central kpc, and this is consistent with the disc settling, which
results in most of the neutral and molecular gases staying near the
disc plane, except for stellar and AGN feedback events, and the rest
of the sky remaining clear from gas, hence not obscuring. Ionized
gas, which is in any case unable to provide obscuration, is mainly
distributed at large scales beyond the extent of the disc, but always
in a limited amount, especially at higher redshift, when the covering
fraction is almost zero at all scales.

Similar evolutionary trends have been found also by Ni et al.
(2020) analysing a sample of quasars from the BlueTides simulation,
in which the total hydrogen column density distribution becomes
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Figure 7. Covering fraction of different gas phases as a function of time up to 200 pc (left-hand panel), 2 kpc (middle panel), and 20 kpc (right-hand panel).
H, is shown as a red solid line, H as a blue dashed one, and H* (which is included for completeness, although it does not contribute to obscuration) as an
orange dotted one. H contributes the most to the actual obscuration, with the largest effect being at small scales/higher densities, as expected. Below z = 8,
the disc settling starts reducing the obscuration to about 70-80 per cent, which finally drops to 40-50 per cent by z = 7 after AGN feedback has cleared out its
surroundings. On the other hand, neutral hydrogen dominates at larger scales where the density is lower and the gas is sparser. This results in strong fluctuations
with time, which depend on the evolving location of gas clouds along different lines of sight. Finally, HT is always subdominant at high redshift, and becomes

more important only after the AGN has started to heat up and ionize gas in its surroundings.

larger with time, and drifts from a highly obscured regime at higher
redshifts, when the densities are higher, the galaxy more compact,
and the AGN has not been able to clear out its surrounding yet, to
moderately lower obscuration. However, the lower resolution of their
simulation and the inability to properly follow the multiphase ISM
did not allow them to disentangle the contribution of the different
phases, as instead we do here. Trebitsch, Volonteri & Dubois (2019)
analyse a simulation with resolution intermediate between that of
Ni et al. (2020) and ours, and focus specifically on the interplay
between AGN feedback and accretion in modulating the column
density around the MBH in a high-redshift AGN. In galaxy merger
simulations, Hopkins et al. (2006) found generally higher column
densities for more luminous AGNSs, consistent with both our local
obscuration measure and that by Trebitsch et al. (2019).

To disentangle the effects on the evolution of obscuration of
galaxy-driven changes, namely disc settling, and of AGN-driven
changes, namely AGN feedback, we deepen our analysis at two
redshifts. The first is around z = 8, i.e. the time at which the molecular
gas column density exhibits a first clear drop in the covering fraction.
The second is at z ~ 7.2, when the AGN feedback is expected to
dominate over SN feedback.

We show in Fig. 8 the column density map of the different gas
phases (molecular on the left, neutral in the middle, and ionized on
the right) around z = 8 (first two rows), along with the average radial
velocity at z = 7.95 (bottom row). The formation of the disc can be
clearly observed in the molecular component, and also partially in
the neutral one, whereas the ionized phase remains mostly uniformly

distributed. The velocity distribution does not show any clear sign of
strong outflows, and is dominated by inflows leading to the settling
of the disc, especially in the molecular and atomic phases.

In Fig. 9, we show again the gas distribution in the central 200 pc
as in Fig. 8, but now at z ~ 7.2. Besides the constant presence of
the disc, inflows and outflows related to the AGN can modulate the
column density. By simply looking at the column density maps, it
is hard to assess when the gas is expelled from the galaxy or is
flowing on to it, as can be noticed, for instance, comparing the two
molecular gas column density projections in the left-hand panels.
By further analysing the radial velocities, at z = 7.20 the features
appearing above/below the disc in the molecular and neutral phases
are inflowing gas, part of which is likely to cause AGN activity. In
fact, shortly after at z = 7.17 the central overdensity (circled in green
in the figure) exhibits a positive outward velocity of ~500kms~!,
as shown in the radial velocity map in the bottom row, consistent
with an outflow effect of the central AGN. Something similar can
also be observed in the neutral phase, although the feature is not
very prominent. In terms of velocity distribution (bottom panels),
inflows are found mainly along the disc, whereas the outflowing
gas is mostly seen within a biconical region perpendicular to it in
all phases, consistent with the fact that the gas more easily escapes
through the low-density material.

This analysis confirms therefore that the evolution of obscuration
comprises two phases. A first one where the column density decreases
globally because of disc settling at z = 8, and this causes a sharp
transition in the covering fraction. The second phase is driven by
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Figure 8. Column density of the different gas phases around z = 8 (z = 8.04 in the top row and z = 7.95 in the second one) and average radial velocity (at z =
7.95 in the bottom one) at 200 pc from the centre. The molecular phase is shown in the left-hand panels, the neutral phase in the middle ones, and the ionized
phase in the right-hand ones. Consistently with the redshift evolution already shown in Fig. 6, the maps clearly show the formation of the galactic disc, mainly
traced by the molecular component, which reduces the covering fraction. The neutral phase exhibits a similar evolution, although some moderately high column
densities still persist above and below the disc. Ionized gas instead remains uniformly distributed, and always subdominant in terms of column density relative to
the other two phases. The radial velocity distribution shows that the molecular and atomic gases are mostly in inflow, consistently with the formation of the disc.

the interplay between inflows and outflows, with fluctuations in the
covering fraction, and when the AGN becomes powerful, its feedback
greatly contributes to opening lines of sight towards the MBH.
Unfortunately, observations are typically unable to discriminate
the role of different gas phases on to obscuration, and simply
report the total hydrogen column density. Hence, in order to do a
proper comparison, we combine the contributions of the molecular
and neutral phases in our simulation and determine the fraction of
lines of sight above the critical column density for obscuration, i.e.
Nt > 10?2 cm™2 for optical/UV emission and Ny o = 10% cm™2
for X-rays. In general, we find that, in the redshift range 7-9, a large
fraction, 60-90 percent, of the actual MBH population would be
missed in optical-UV surveys, and 30-70 per cent even in X-rays,
with most of the obscuration coming from the dense gas surrounding
the BH. In particular, we notice that, on one hand, the high covering
fraction at z > 8, which corresponds to a phase in which the MBH
is accreting a lot, but its feedback is not powerful enough yet to
clear out its surrounding, would prevent us from identifying such
objects, if observed, as quasars. On the other hand, the moment at
which AGN feedback starts to expel the gas around z ~ 7.3 (see our
analysis of the outflows) marks the transition to the actual quasar
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phase, in which the MBH becomes directly observable, although
with a slightly lower accretion rate (~0.5 times the Eddington limit;
see fig. 6 in Paper I).

Concluding, our results show that the obscuration in high-redshift
quasar hosts is dominated by molecular hydrogen closer to the MBH,
with the neutral gas mostly contributing at larger scales. Moreover,
the spread distribution of the molecular phase also shows that some
lines of sight even reach Ny, > 10* ¢cm™2, i.e. the Compton thick
regime, also noted by Trebitsch et al. (2019), which highlighted a
complex interaction between inflows (increasing the column density
and AGN activity) and outflows (decreasing the column density and
AGN activity).

3.3.1 Observational tracers

In general, different gas phases and the stellar component become
visible at different wavelengths, traced by different instruments, and
we here investigate how the morphology and extent of the evolving
galaxy can be assessed using different tracers, i.e. the FIR continuum
and [C 11] line emissions for gas, and FUV and K-band emissions for
stars. The high-redshift Universe is also a very active place: Galaxy
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Figure 9. Same as Fig. 8, around z = 7.2 (z = 7.2 in the top panel and z = 7.17 in the bottom one). Non-axisymmetric features in the disc can be observed
at both times, and inflows and outflows can only be discriminated by measuring the radial velocity. In particular, at z = 7.2 most of the gas (molecular and
neutral) outside the disc plane is flowing on to the galaxy, whereas the almost central gas cloud (highlighted with a green circle) at z = 7.17 is outflowing
at ~500kms~!, mainly pushed by the AGN feedback. This can be better seen in the radial velocity distribution (bottom panels), in which the central region
exhibits a clear positive velocity extending well above/below the disc in all phases. The effect on the ionized gas is almost negligible, given its very low column

density on average.

morphology changes on short time-scales; therefore, we consider
the limitation of observing a limited number of objects at a specific
moment in time.

We estimate the FIR emission by integrating a modified Planck
spectrum (see also Decarli et al. 2018) with the dust temperature
obtained from a three-dimensional table computed by Grassi et al.
(2017) as a function of total gas density n,; = p/(m, 1), temperature,
and the visual extinction Ay, where p is the gas mass density,
my, is the proton mass, and p is the mean molecular weight.
Instead of performing expensive on-the-fly radiative transfer calcu-
lations to estimate Ay, we follow Grassi et al. (2017) and define
Ay = [n10/(10°cm™)]1?3 (Glover et al. 2010; Safranek-Shrader
et al. 2017). For [C1], we employ the same equation of Paper
I (Pallottini et al. 2017a; Lupi et al. 2019), where Licy)/ Mg =
min{1.0, 0.1[n /(10 ecm™)INZ /Z o) Mgas Lo Mg', with My, the
gas mass. For the FUV and K-band emission, we employ the updated
Bruzual & Charlot (2003) stellar population synthesis models also
considered in the simulation, and extract the intrinsic emission in
the desired band, without accounting for any absorption along the

line of sight. In this respect, the reported FUV emission is obviously
much higher than the observed one, even if the central MBH was not
dominating the emission, whereas the K band is expected to be much
less affected by dust, hence to be more representative of the optical
emission we could observe with JWST.

In Fig. 10, we show the quasar host at different redshifts, i.e. from
left torightz =9, 8.0,7.8, 7.3, and 7, corresponding to a cosmic time
tage = 0.545,0.639, 0.660, 0.721, and 0.762 Gyr, respectively, with a
field of view 20 kpc wide. In the top row, we show the H, distribution,
in the second one the stellar surface density, in the third one the FIR
emission, in the fourth one the [C 11] flux, and in the bottom ones the
unattenuated K-band and FUV emission, respectively. All the maps
have been created at a resolution of about 50 pc, to better distinguish
the different evolutionary phases.

From the maps, we clearly observe a very rapid evolution of the
gas and stellar distributions in the system, with also two mergers
occurring around z = 7.5. H, is mostly concentrated in the spiral
arms of the disc, especially at z = 9, when the disc is still strongly
perturbed by SNe. At lower redshift, when two infalling satellites
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Figure 10. Maps of the quasar host at five different redshifts (from left to right: 9, 8, 7.8, 7.3, and 7, corresponding to a time separation At = 94, 21, 61, and
41 Myr, respectively) at a resolution of 50 pc, chosen to highlight the morphological evolution of the system. From top to bottom, we report the Hy surface
density, the stellar mass surface density, the FIR flux, the [C1I] line flux, the unattenuated FUV flux, and the flux in the rest-frame K band. As seen in the
maps, the gas morphology quickly changes because of gas accretion/mergers, and stellar feedback processes over only 200 Myr, whereas the stellar distribution

exhibits a smoother evolution.

approach the galaxy, H, can form in moderate amount also along the
filaments joining the galaxies. After the merger, the H, disc appears
larger, with spiral arms extending up to a few kpc, although most
of the mass is still concentrated within the central kpc. [C11] closely
follows the H, distribution, with the strongest emission in the spiral
arms, although a moderate emission is also present in the low-density
gas (see Lupi & Bovino 2020; Lupi et al. 2020, for a discussion).
Although FIR emission appears more extended, being produced by
all the dust within the halo, most of the emission comes from the
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innermost kpc, where stellar feedback and AGN feedback are able
to more effectively heat up the dust (see also Di Mascia et al. 2021).
However, we have to notice that the only effect of AGN feedback
on the dust included in our simple calculations comes from the gas
heating, and no radiation has been explicitly included. In general,
for all the gas tracers we observe strong variations in the spatial
distribution across ‘only’ 200 Myr, with perturbed discs (z = 9)
alternating to compact structures with tightly wound spiral arms (z
~ 8) and then settling again on more extended distributions (z < 8).
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Figure 11. Same as Fig. 10, degraded at 2 kpc resolution. All the small-scale features have been smeared out, leaving only the brightest spots still distinguishable
from the central galaxy. Nevertheless, depending on the actual luminosity, many of these secondary sources are likely to be confused within the noise, not

considered in these maps.

The stellar component is less affected by the evolution, with a kpc-
scale disc always present, surrounded by an evolving low-density
environment more susceptible to mergers or any other perturbation.
Compared to the intrinsic distribution, the FUV emission is much
more compact, consistent with the distribution of star-forming sites.
On the other hand, the K-band emission more closely maps the
global stellar distribution, hence representing the best tracer of the
host galaxy stellar component, even in a young star-forming galaxy
like this.

Unfortunately, when degraded at a resolution of 2 kpc, similar
to the typical resolution achieved in current observations, all these

features and evolutionary phases get smeared out, as can be seen in
Fig. 11, where we report the degraded resolution version of Fig. 10.
At this resolution, only the brightest sources are still distinguishable
from the background, i.e. the blobs popping out around the central
galaxy. In order to check whether these features/companions might
be detected, we also report as green dashed contours the 50 observa-
tion limits for [C11] (ALMA), FUV (NIRCam F115W/F150W2),
and K-band (MIRI, F1800W/F21000W) emission, assuming 1 h
integration and 1 square arcsec aperture (for JWST) and 2 kpc
resolution (for ALMA). Interestingly, while ALMA would require
longer integration for the gas features to be identified, JWST
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Figure 12. Same as Fig. 10, degraded at 500 pc resolution. Unlike for the 2 kpc case, here most of the features are still visible, simply spread over a larger area.
Such features may be potentially observable by current and upcoming facilities like ALMA and JWST, provided a long enough integration time.

would much more easily detect them, and likely even find smaller
features.

In the near future, observations with a few hundred pc resolution
will become more common thanks to current and upcoming facilities.
As shown in Fig. 12, where we report the same maps of Fig. 10
degraded at 500 pc, such resolution will allow us to distinguish many
of the features that disappeared in the 2 kpc case from the background
and the central host. Obviously, in order to observe them, because of
their lower brightness, long enough exposure times will be needed
(see e.g. Venemans et al. 2020). Even more interestingly, because
of the spreading over a larger area, some small features get merged
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together, resulting in an effective higher flux than that in the highest
resolution map, making them easier to detect (see Carniani et al.
2020, for a discussion about this effect in the case of ALMA).

On a more quantitative level, we report in Table 1 the dynamical
mass of our system as it would inferred by observations, assuming a
rotationally supported disc (first value of each pair) or a dispersion-
dominated system (second value of each pair). Compared to Lupi
et al. (2019), for the analysis reported here we created 3D data
cubes of the field of view, by distributing the luminosity of gas/star
particles (according to the observational tracer considered) through
a cubic spline kernel along the spatial axes (x and y), and a Gaussian

2202z Jaquiaoa( g0 uo Jasn eibojonad o eibojessully 1p oluswiedi - BAOPed 1P BlISISAIUN AQ 82Z1059/09/S//0 1 S/210Ile/seluw/woo dno olwapeose//:sdijy Woll papeojumoc]


art/stac014_f12.eps

High-redshift QSOs 5775
Table 1. Effective size and dynamical mass estimates for different tracers at different redshifts. The first column corresponds to the tracer employed, whereas

the subsequent pairs of columns correspond to the radius R and dynamical mass M at z =9, 8, 7.8, 7.3, and 7, respectively. The first block shows the actual

values from the simulation results, whereas the second and the third the observer-like results with a resolution of 200 pc and 2 kpc, respectively. The two

masses listed in the observer-like results assume a rotationally supported disc (first value) or a dispersion-dominated system (second value).

Tracer z7=9.0 z=28.0 =178 z=173 z=10
R(kpc) M(10°Mg) R(kpe) M (10°Mg) R(kpe) M@10'"Mg) R(kpe) M@10'"Mg) R(kpc) M (10'°Mgy)
Simulation (real)

Stars 3.063 4.936 4.328 9.611 11.200

Gas 2.181 5.301 4.305 8.228 10.640
Resolution: 200 pc (o2p = 85.1pc)

Stars 0.079 1.606/0.769 0.090 2.168/1.037 0.086 2.174/1.040 0.105 2.715/1.299 0.127 3.486/1.668

Gas 0.145 3.530/1.689 0.555 7.591/3.633 0.209 2.280/1.091 1.600  55.578/26.597  0.557 10.597/5.071

H, 0.079 2.084/0.997 0.279 3.586/1.716 0.142 1.387/0.664 0.226 8.068/3.861 0.311 5.938/2.841

[Cu] 0.065 1.500/0.718 0.211 3.064/1.466 0.121 0.947/0.453 0.155 5.876/2.812 0.235 4.839/2.316

FUV 0.060 1.151/0.551 0.321 7.433/3.557 0.070 1.699/0.813 0.118 2.955/1.414 0.229 5.948/2.846

K 0.064 1.249/0.598 0.199 4.699/2.249 0.074 1.810/0.866 0.113 2.878/1.377 0.180 4.818/2.306
Resolution: 2 kpc (o2p = 851.1 pc)

Stars 0.322 4.939/2.364 0.305 6.211/2.972 0.331 7.184/3.438 0.484 11.402/5.457 0.358 8.784/4.204

Gas 1.277 15.934/7.625 1.063 11.807/5.650 1.208 15.219/7.283 2.237  28.721/13.744 1.725  29.105/13.928

H, 0.327 7.688/3.679 0.395 5.384/2.576 0.339 5.680/2.718 0.807 14.087/6.742 0.499 10.663/5.103

[Cu] 0.215 5.168/2.473 0.298 4.686/2.243 0.255 4.385/2.098 0.624 13.594/6.505 0.357 8.213/3.930

FUV 0.252 4.381/2.097 0.413 6.136/2.936 0.245 5.299/2.536 1.008 18.717/8.957 0.351 8.540/4.087

K 0.250 4.208/2.014 0.365 6.265/2.998 0.266 5.719/2.737 0.926 19.595/9.377 0.341 8.390/4.015

profile centred at the particle velocity and with standard deviation
the local velocity dispersion along the line of sight. The intrinsic
resolution of the cubes has been set to 50 pc and 30 km s~ per
channel. To obtain the ‘observed cubes’, we then convolved each
velocity channel with a Gaussian kernel of dispersion o ,p. Finally,
we extracted the central spaxel to measure the line profile width, and
collapsed the cube into a 2D intensity map to determine the emitting
region size. In particular, for the line profile, we defined the full
width at half-maximum of the profile as 1.18(vgs — vy6), Where v,
is the x-th percentile of the distribution, whereas for the source size
we approximate the ‘deconvolved size’ as R = \/R3, — o3,

As observed in the maps, the quick variations in the structural
properties of the system also reflect in the dynamical mass estimates,
which instead of growing monotonically with time (as the real
properties), exhibit oscillations of up to a factor of 4-5.

In conclusion, the extent and morphology of the host galaxy
evolve rapidly mostly because substructures get incorporated into
the main galaxy. ALMA has already reached 80 mas resolution
(~400 pc) down to ~50 wJybeam™! per 100 kms~', leading to a
[C 1] sensitivity of 1.4 x 10" Ly kpc™? in the same velocity bin at z
~ 6.6 (Venemans et al. 2019), and could in principle reach ~100 pc
at similar sensitivity. This will allow us to study the warm phase
of the gas, which traces well the main galaxy, but can miss small
substructures. The galaxy is most compact in UV where only the
central regions of the main galaxy and of the merging substructures
are visible. These are the wavelengths at which we can observe today.
JWST and MICADO on ELT, which observe at near-IR wavelengths,
will instead have a better ability to trace the full stellar extent to be
compared to ALMA’s picture of the gas distribution, and can reach
resolutions of ~0.1 arcsec (~500 pc) or better.

3.3.2 The [C 11]-SFR relation

As we have already shown, high-redshift quasar hosts rapidly vary
with time their morphology and kinematics, and this can lead to
differences in their inferred properties in observations. However,

some properties have been shown to be more robust among galaxies,
like the correlation between the [CII] luminosity at 158 pm and
the SFR, which is valid both at low and high redshifts (De Looze
et al. 2014; Herrera-Camus et al. 2015; Schaerer et al. 2020), and
independently of the fact that the galaxy is spatially resolved or not,
which suggests that [C11] is a good tracer of SF within galaxies,
especially in Solar-like conditions (Carniani et al. 2018; Schaerer
et al. 2020). On the other hand, high-redshift observations also
showed that many galaxies exhibit a [C1I] deficit relative to the
FIR luminosity. As a consistency check, we compare in Fig. 13 the
SFR in our quasar host with the [C11] luminosity, as a function of
redshift.

In the left-hand panel, we show the spatially resolved relation,
whereas the integrated one is reported in the right-hand panel. The
cyan shaded area corresponds to the local relation by De Looze et al.
(2014), with the lighter and more extended region corresponding
to the 30 uncertainty and the darker and thinner one to 1o, while
the black stars are the high-redshift data by Carniani et al. (2018).
For the spatially resolved case, the quasar host exhibits a moderate
offset at 8 < z < 9 for the low-SF regions (where the metallicity
might be moderately lower than solar; see e.g. Vallini et al. 2015;
Lupi & Bovino 2020, for a discussion), which, however, disappears
at lower z, with the galaxy settling perfectly on the local correlation.
Our results are also consistent with the high-redshift sources, at
all redshifts. As for the integrated correlation, the agreement is
preserved, with our sources always lying within the 3o uncertainty
of the local relation. Compared to the high-redshift observation
by Carniani et al. (2018), which targeted normal SF galaxies, the
quasar host exhibits a higher SFR, but remains perfectly aligned
with the data. This result also confirms the idea that under Solar-like
conditions the [C11]-SFR relation is preserved at all redshifts, and
our simulation perfectly fits in this picture.

3.4 The central MBH and its influence radius

In order to get an accurate estimate of the MBH mass from
observations based on gas tracers, we need to resolve the influence
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Figure 13. [C11]-SFR relation in our simulation (as dots, colour coded by redshift), compared with the low-redshift sample by De Looze et al. [2014, cyan
shaded areas, corresponding to 1o (darker) and 3o scatter (lighter)] and the high-redshift data by Carniani et al. (2018, black stars). The left-hand panel
corresponds to the resolved relation, estimated by binning the 2D flux maps in 300 pc patches, whereas the right-hand one to the integrated relation. Our results

show that, despite small fluctuations of the data relative to the relation at higher redshift, the quasar host well settles on the local relation (either resolved or

integrated) and is also in good agreement with the high-redshift galaxies by Carniani et al. (2018).

region around MBHys, i.e. the region where the gravitational potential
of the MBH dominates the gas dynamics. However, since the size
of this influence region strongly depends on the (thermo)dynamics
of the gas around the MBH, an accurate description of the MBH
surroundings on small scales is needed, and is typically unachievable
in large-scale cosmological simulations. Here, thanks to the detailed
chemical network and extremely high mass and spatial resolutions
we have, which allow us to properly follow the thermodynamic state
of the ISM, such an estimate can be performed more accurately. First
of all, we determine the influence radius of the MBH in the following
three different ways:

(i) we compute the Bondi radius rgongi = GMpy/ cf (Bondi 1952),
which only accounts for the average thermal sound speed of the gas
¢, within the MBH smoothing kernel, as if the gas on large scales is
at rest, and its energy is fully determined by its internal pressure;

(i) we compute the Bondi—-Hoyle—Lyttleton radius, which also
includes the average gas—MBH relative velocity v, which results in
less mass actually bound to the MBH, as rgy;. = GMpy/ vgff, where
verr = €3 + 0.5

(iii) we compare the Keplerian velocity due to the MBH potential
with the rotational velocity and the velocity dispersion of the cold
gas (T < 10* K) around the MBH, binned in circular annuli, and
taking the minimum radius. The hot gas has been excluded to avoid
contamination by AGN feedback-affected gas. Moreover, to avoid
possible effects of the numerical resolution on the results, we also
excluded particles within the MBH force softening length.

The results are shown in Fig. 14 at five redshifts. The red squares
correspond to rgengi, the blue stars to rgyp, and the black circles to
our third estimator. The black dashed line corresponds to the MBH
softening length. The results show that our estimator results in the
BH influence radius being comparable to the BH softening length at

#The factor 0.5 in front of the relative velocity comes from the total energy
balance, i.e.

GMgy 1
~ C? + 71}3&:]' (2)
FBHL 2
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Figure 14. Influence radius of the MBH in our simulation at z =9, 8, 7.8,
7.3, and 7, estimated as the Bondi radius (red squares), the Bondi—-Hoyle—
Lyttleton radius (blue stars), and by comparing the Keplerian velocity due to
the MBH to the rotational velocity and velocity dispersion of the gas around
it (black circles). Apart from some deviations, in particular at high redshift
for the Bondi radius, and around z = 7-7.3 for our third estimator, the radius
is always comparable to the spatial resolution of our simulation, hence likely
unresolved in current and upcoming observations.

high redshift, and then increasing around z = 7 to about 20-30 pc.
On the other hand, the Bondi definition tends to overestimate the
influence radius when the MBH feedback is weak (and does not
heat up significantly the gas around itself) and the relative gas—MBH
velocity is large. Finally, rgyy. tends to underestimate the radius when
the AGN wind starts to be important, due to its contribution being
included in the relative velocity average.

In any case, our results show that, independently of the estimator
employed, the influence region around high-redshift MBHs is very
small, and this is due to the fact that, although the MBH mass is
large, high-redshift systems are quite compact; hence, the mass in
the central hundred pc is already large and comparable to the MBH
mass. This is also consistent with the results by Venemans et al.
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(2019), who found no dynamical signature of the central MBH at
resolutions of ~400 pc, because of the large surface density in the
central pixel resulting in a central gas mass about 10 times that of
the MBH.

Nevertheless, it is of utmost importance to assess how accurate
the dynamics of different gas phases is in tracing the MBH mass,
even if the Keplerian rise is unresolved, to constrain the uncertainty
of upcoming observations in the mass estimate. For this reason,
in Fig. 15 we report the MBH estimated from the virial theorem
employing the circular velocity (left-hand panel) or the velocity
dispersion (right-hand panel) of the different gas phases (molecular,
neutral, and ionized) within the MBH smoothing kernel that increases
from 10 to 100 pc going from z = 9 to 7, determined as

(ryv?

G
where (r) is the density-weighted average distance of the gas particles
from the MBH and V corresponds to the velocity tracer employed.
In this case, we removed the relative gas—-MBH motion, which is
expected to alter the MBH mass estimate increasing the inferred
value. The thick lines correspond to the estimate obtained from
the neutral (red solid), molecular (blue dashed), and ionized (green
dotted) phases, whereas the black thin line is the actual MBH mass in
the simulation. We immediately notice that the dispersion-dominated
estimate tends to overestimate the inferred MBH mass by a factor
of a few, independently of the considered phase. On the other hand,
the rotationally supported case shows extremely large variations for
neutral and ionized gases (even by a few orders of magnitude), with
a predominant underestimation of the mass, whereas the molecular
phase oscillates around the actual value with an error of up to one
order of magnitude.

In Fig. 16, instead, we show the same results when the velocities
are averaged over 400 pc, similar to the maximum resolution
currently achieved in ALMA observations. In this case, the dynamics
is already affected by the stars in the galaxy (notice that the half-mass
radius from Fig. 3 is a few hundred pc at z = 7); hence, the inferred
mass is up to two orders of magnitude larger than the actual MBH
mass, independent of the assumption on the kinematics. The only
difference when a rotationally supported structure is assumed is in
the two strong dips, which are likely the result of a very perturbed
kinematics in the centre of the galaxy.

This result suggests that, even if the influence radius is still
beyond the reach of current observations, proper measurements of
the molecular gas rotational motion in the central 100 pc around the
MBH allow to estimate with reasonable accuracy (one decade) the
MBH mass, assuming a rotationally supported distribution. If instead
only the velocity dispersion can be determined, then the considered
phase is almost irrelevant, and the MBH mass can be inferred with
reasonable accuracy after a proper calibration of the estimation has
been applied (our simulation suggests, for instance, a reduction factor
of about 1.2 orders of magnitude on average). However, this is still
far from what can be currently achieved (~400 pc), and this makes
the dynamically inferred MBH masses highly affected by the stellar
distribution in the quasar host.

(3)

Mgny =

4 DISCUSSION AND CONCLUSIONS

In this work, we have addressed the properties of the ISM of high-
redshift quasar hosts by means of a high-resolution cosmological
zoom-in simulation performed with the code GizM0 (Hopkins 2015),
described in Paper I. Thanks to the on-the-fly non-equilibrium
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chemistry evolution in the simulation, we have been able to accurately
estimate the mass and size evolution of the different phases, namely
ionized, neutral, and molecular, with redshift.

We have also investigated how the quasar host would look like
when observed in different bands, both at a fiducial resolution of
~50 pc and at the typical resolution reached at a high redshift
of 2 kpc, showing that important morphological variations occur
on very short time-scales (~50-100 Myr) and some morphological
features are smeared out at low resolution, likely changing the system
resemblance.

On a more quantitative level, we also estimated the dynamical
mass from various tracers, in order to highlight how well it can be
constrained at different redshifts and resolutions.

An important role in the shaping of the galaxy, and its eventual
quenching, is played by the central AGN, which observations suggest
is responsible for strong outflows in all phases. In this work, we
investigated the relative impact of SNe and the central AGN in
producing outflows, and their typical properties, finding that after
an initial phase in which SNe dominate (the MBH is not massive
enough yet), the AGN takes over and becomes the main driver of the
outflows. Nevertheless, the environment in which such systems live
is so gas rich and quickly evolving that outflows never dominate over
inflows, in any phase. We also found that the molecular outflows far
from the galaxy become important only after the AGN takes over, as
suggested by Biernacki & Teyssier (2018).

Thanks to our chemical network, we have been able to also
assess the reliability of simple temperature cuts compared to a more
accurate chemical state selection in the estimate of inflow and outflow
properties for the different gas phases, finding a molecular/neutral
transition at 7 ~ 300 K and a neutral/ionized one at T ~ 3 x 10* K.

Since high-redshift quasar hosts are identified in optical-UV
surveys, where the luminosity is dominated by the central source,
the presence of high column densities along the line of sight could
prevent us from properly detecting a large fraction of systems. To
assess how many sources we are likely to miss, we evaluated the
column density distribution of neutral/molecular hydrogen (exploit-
ing our non-equilibrium chemical network) and the obscuration at
different redshifts, finding that such sources are likely to evolve
deeply obscured until the galaxy disc settles and the AGN feedback
clears out the regions above/below the disc, reducing the obscuration.
Nevertheless, a significant fraction (~50-60 percent) of these
sources would still be obscured, hence missed in surveys like SDSS.

Finally, we also assessed whether accurate MBH mass measure-
ments could be achieved in the near future in these systems, by means
of high-resolution observations approaching scales comparable to
the influence region around the MBH. Despite the influence region
being still beyond reach for the capabilities of current and upcoming
facilities for the near future, independently of the estimator used, a
suitable calibration of mass estimators based on the virial theorem
and different gas phases (molecular gas is in general the best phase
that can be used) is able to yield reasonable estimates, within about
one order of magnitude uncertainties.
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Figure 15. Inferred MBH mass assuming the virial theorem, and employing the rotational velocity (left-hand panel) or the velocity dispersion (right-hand
panel) of the different gas phases around the MBH (within its kernel, which increases from 10 to 100 pc from z = 9 to 7). The black thin solid line corresponds to
the actual BH mass in the simulation, and the red thick solid, blue thick dashed, and green thick dotted lines to those derived from neutral, molecular, and ionized
gases, respectively. In the rotationally supported case, the neutral and ionized phases exhibit very strong fluctuation with redshift, and typically underestimate
the MBH mass, even by a few orders of magnitude. On the other hand, molecular gas oscillates around the actual mass, with variations of up to about one order
of magnitude. In the dispersion-dominated case, on the other hand, all tracers tend to overestimate the MBH mass by a factor of a few, up to ~1.3 orders of
magnitude.
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Figure 16. Same as Fig. 15, but using the velocities within 400 pc from the central MBH. At these scales, the kinematics is already dominated by the central
bulge of the galaxy, resulting in a general overestimation of the MBH mass by up to two orders of magnitude, independently of the type of support. The only
difference can be found in the strong dips in the rotationally supported case, likely due to momentary phases in which gas is far from a disc-like distribution.

A0040406955 by GENCI, and it has made use of the Horizon Cluster,
hosted by Institut d’ Astrophysique de Paris, for the analysis of the
simulation results. The maps reported in this work have been created
using PYNBODY (Pontzen et al. 2013).

DATA AVAILABILITY

The data underlying this article will be shared on reasonable request
to the corresponding author.

MNRAS 510, 5760-5779 (2022)

2202z Jaquiaoa( g0 uo Jasn eibojonad o eibojessully 1p oluswiedi - BAOPed 1P BlISISAIUN AQ 82Z1059/09/S//0 1 S/210Ile/seluw/woo dno olwapeose//:sdijy Woll papeojumoc]


art/stac014_f15.eps
art/stac014_f16.eps

REFERENCES

Arata S., Yajima H., Nagamine K., Abe M., Khochfar S., 2020, MNRAS,
498, 5541

Aravena M. et al., 2019, ApJ, 882, 136

Banados E. et al., 2018, Nature, 553, 473

Barai P., Gallerani S., Pallottini A., Ferrara A., Marconi A., Cicone C.,
Maiolino R., Carniani S., 2018, MNRAS, 473, 4003

Biernacki P., Teyssier R., 2018, MNRAS, 475, 5688

Bischetti M., Maiolino R., Carniani S., Fiore F., Piconcelli E., Fluetsch A.,
2019, A&A, 630, A59

Bondi H., 1952, MNRAS, 112, 195

Bruzual G., Charlot S., 2003, MNRAS, 344, 1000

Capak P. L. et al., 2015, Nature, 522, 455

Carniani S. et al., 2018, MNRAS, 478, 1170

Carniani S. et al., 2020, MNRAS, 499, 5136

Chabrier G., 2003, PASP, 115, 763

Choi E., Ostriker J. P, Naab T., Johansson P. H., 2012, ApJ, 754, 125

Cicone C. et al., 2014, A&A, 562, A21

Cicone C. et al., 2015, A&A, 574, A14

Cicone C. et al., 2018, ApJ, 863, 143

Circosta C. et al., 2019, A&A, 623, A172

Combes F., 2017, Frontiers Astron. Space Sci., 4, 10

Costa T., Sijacki D., Trenti M., Haehnelt M. G., 2014, MNRAS, 439, 2146

Costa T., Sijacki D., Haehnelt M. G., 2015, MNRAS, 448, L30

Davis T. A. et al., 2018, MNRAS, 473, 3818

Decarli R. et al., 2018, ApJ, 854, 97

De Looze I. et al., 2014, A&A, 568, A62

Diaz-Santos T. et al., 2017, ApJ, 846, 32

Di Mascia F. et al., 2021, MNRAS, 503, 2349

Di Matteo T., Croft R. A. C., Feng Y., Waters D., Wilkins S., 2017, MNRAS,
467, 4243

Fan X. et al., 2006, AJ, 131, 1203

Federrath C., Klessen R. S., 2012, AplJ, 761, 156

Feruglio C., Maiolino R., Piconcelli E., Menci N., Aussel H., Lamastra A.,
Fiore E,, 2010, A&A, 518, L155

Fiacconi D., Mayer L., Madau P., Lupi A., Dotti M., Haardt F., 2017, MNRAS,
467, 4080

Fischer J., Visbeck M., Zantopp R., Nunes N., 2010, Geophys. Res. Lett., 37,
124610

Garcia-Burillo S. et al., 2014, A&A, 567, A125

Genzel R. et al., 2015, ApJ, 800, 20

Glover S. C. O., Federrath C., Mac Low M. M., Klessen R. S., 2010, MNRAS,
404, 2

Gofford J., Reeves J. N., McLaughlin D. E., Braito V., Turner T. J., Tombesi
E, Cappi M., 2015, MNRAS, 451, 4169

Grassi T., Bovino S., Schleicher D. R. G., Prieto J., Seifried D., Simoncini
E., Gianturco F. A., 2014, MNRAS, 439, 2386

Grassi T., Bovino S., Haugbglle T., Schleicher D. R. G., 2017, MNRAS, 466,
1259

Graziani L., Schneider R., Ginolfi M., Hunt L. K., Maio U., Glatzle M., Ciardi
B., 2020, MNRAS, 494, 1071

Greene J. E., Zakamska N. L., Smith P. S., 2012, ApJ, 746, 86

Hahn O., Abel T. 2013, Astrophysics Source Code Library, record
ascl:1311.011

Harrison C. M., Alexander D. M., Mullaney J. R., Swinbank A. M., 2014,
MNRAS, 441, 3306

Herrera-Camus R. et al., 2015, ApJ, 800, 1

Herrera-Camus R. et al., 2018, ApJ, 861, 95

Hopkins P. E,, 2015, MNRAS, 450, 53

Hopkins P. F,, Hernquist L., Cox T. J., Di Matteo T., Robertson B., Springel
V., 2006, ApJS, 163, 1

Kawamata R., Ishigaki M., Shimasaku K., Oguri M., Ouchi M., 2015, ApJ,
804, 103

Knollmann S. R., Knebe A., 2009, ApJS, 182, 608

Lauer T. R., Tremaine S., Richstone D., Faber S. M., 2007, ApJ, 670, 249

Lupi A., 2019, MNRAS, 484, 1687

High-redshift QSOs 5779

Lupi A., Bovino S., 2020, MNRAS, 492, 2818

Lupi A., Bovino S., Capelo P. R., Volonteri M., Silk J., 2018, MNRAS, 474,
2884

Lupi A., Volonteri M., Decarli R., Bovino S., Silk J., Bergeron J., 2019,
MNRAS, 488, 4004

Lupi A., Pallottini A., Ferrara A., Bovino S., Carniani S., Vallini L., 2020,
MNRAS, 496, 5160

Maiolino R. et al., 2012, MNRAS, 425, L66

Malhotra S. et al., 2001, ApJ, 561, 766

Marshall M. A., Mutch S. J., Qin Y., Poole G. B., Wyithe J. S. B., 2019,
MNRAS, 488, 1941

Martizzi D., Faucher-Giguere C.-A., Quataert E., 2015, MNRAS, 450, 504

Mignoli M. et al., 2020, A&A, 642, L1

Mortlock D. J. et al., 2011, Nature, 474, 616

Nardini E. et al., 2015, Science, 347, 860

Neeleman M. et al., 2021, ApJ, 911, 141

Ni Y., Di Matteo T., Feng Y., Croft R. A. C., Tenneti A., 2018, MNRAS, 481,
4877

Ni Y., Di Matteo T., Gilli R., Croft R. A. C., Feng Y., Norman C., 2020,
MNRAS, 495, 2135

Novak M. et al., 2020, ApJ, 904, 131

Padoan P., Nordlund A., 2011, ApJ, 730, 40

Pallottini A., Ferrara A., Gallerani S., Vallini L., Maiolino R., Salvadori S.,
2017a, MNRAS, 465, 2540

Pallottini A., Ferrara A., Bovino S., Vallini L., Gallerani S., Maiolino R.,
Salvadori S., 2017b, MNRAS, 471, 4128

Pallottini A. et al., 2019, MNRAS, 487, 1689

Pezzulli E., Valiante R., Schneider R., 2016, MNRAS, 458, 3047

Planck Collaboration XIII, 2016, A&A, 594, A13

Pontzen A., Roskar R., Stinson G. S., Woods R., Reed D. M., Coles J., Quinn
T. R., 2013, Astrophysics Source Code Library, record ascl:1305.002

Prieto J., Escala A., Volonteri M., Dubois Y., 2017, ApJ, 836, 216

Richardson M. L. A., Scannapieco E., Devriendt J., Slyz A., Thacker R. J.,
Dubois Y., Wurster J., Silk J., 2016, ApJ, 825, 83

Richings A. J., Faucher-Giguere C.-A., 2018a, MNRAS, 474, 3673

Richings A. J., Faucher-Giguere C.-A., 2018b, MNRAS, 478, 3100

Safranek-Shrader C., Krumholz M. R., Kim C.-G., Ostriker E. C., Klein R.
I.,LiS., McKee C. F, Stone J. M., 2017, MNRAS, 465, 885

Saintonge A. et al., 2017, ApJS, 233, 22

Schaerer D. et al., 2020, A&A, 643, A3

Shibuya T., Ouchi M., Harikane Y., 2015, ApJS, 219, 15

Sirressi M. et al., 2019, MNRAS, 489, 1927

Smidt J., Whalen D. J., Johnson J. L., Surace M., Li H., 2018, ApJ, 865, 126

Soltan A., 1982, MNRAS, 200, 115

Springel V., 2005, MNRAS, 364, 1105

Stanley F., Jolly J. B., Konig S., Knudsen K. K., 2019, A&A, 631, A78

Tenneti A., Di Matteo T., Croft R., Garcia T., Feng Y., 2018, MNRAS, 474,
597

Tenneti A., Wilkins S. M., Di Matteo T., Croft R. A. C., Feng Y., 2019,
MNRAS, 483, 1388

Tombesi F., Cappi M., Reeves J. N., Nemmen R. S., Braito V., Gaspari M.,
Reynolds C. S., 2013, MNRAS, 430, 1102

Trebitsch M., Volonteri M., Dubois Y., 2019, MNRAS, 487, 819

Uchiyama H. et al., 2018, PASJ, 70, S32

Valiante R., Schneider R., Salvadori S., Bianchi S., 2011, MNRAS, 416, 1916

Valiante R., Schneider R., Salvadori S., Gallerani S., 2014, MNRAS, 444,
2442

Vallini L., Gallerani S., Ferrara A., Pallottini A., Yue B., 2015, ApJ, 813, 36

Venemans B. P., Neeleman M., Walter F., Novak M., Decarli R., Hennawi J.
F., Rix H.-W., 2019, ApJ, 874, L30

Venemans B. P. et al., 2020, ApJ, 904, 130

Vestergaard M., Fan X., Tremonti C. A., Osmer P. S., Richards G. T., 2008,
Apl, 674, L1

Walter F. et al., 2020, ApJ, 902, 111

This paper has been typeset from a TEX/I&TEX file prepared by the author.

MNRAS 510, 5760-5779 (2022)

2202z Jaquiaoa( g0 uo Jasn eibojonad o eibojessully 1p oluswiedi - BAOPed 1P BlISISAIUN AQ 82Z1059/09/S//0 1 S/210Ile/seluw/woo dno olwapeose//:sdijy Woll papeojumoc]


http://dx.doi.org/10.1093/mnras/staa2809
http://dx.doi.org/10.3847/1538-4357/ab30df
http://dx.doi.org/10.1038/nature25180
http://dx.doi.org/10.1093/mnras/stx2563
http://dx.doi.org/10.1093/mnras/sty216
http://dx.doi.org/10.1051/0004-6361/201833557
http://dx.doi.org/10.1093/mnras/112.2.195
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
http://dx.doi.org/10.1038/nature14500
http://dx.doi.org/10.1093/mnras/sty1088
http://dx.doi.org/10.1093/mnras/staa3178
http://dx.doi.org/10.1086/376392
http://dx.doi.org/10.1088/0004-637X/754/2/125
http://dx.doi.org/10.1051/0004-6361/201322464
http://dx.doi.org/10.1051/0004-6361/201424980
http://dx.doi.org/10.3847/1538-4357/aad32a
http://dx.doi.org/10.1051/0004-6361/201834426
http://dx.doi.org/10.3389/fspas.2017.00010
http://dx.doi.org/10.1093/mnras/stu101
http://dx.doi.org/10.1093/mnrasl/slu193
http://dx.doi.org/10.1093/mnras/stx2600
http://dx.doi.org/10.3847/1538-4357/aaa5aa
http://dx.doi.org/10.1051/0004-6361/201322489
http://dx.doi.org/10.3847/1538-4357/aa81d7
http://dx.doi.org/10.1093/mnras/stab528
http://dx.doi.org/10.1093/mnras/stx319
http://dx.doi.org/10.1086/500296
http://dx.doi.org/10.1088/0004-637X/761/2/156
http://dx.doi.org/10.1051/0004-6361/201015164
http://dx.doi.org/10.1093/mnras/stx335
http://dx.doi.org/10.1029/2010GL045321
http://dx.doi.org/10.1051/0004-6361/201423843
http://dx.doi.org/10.1088/0004-637X/800/1/20
http://dx.doi.org/10.1111/j.1365-2966.2009.15718.x
http://dx.doi.org/10.1093/mnras/stv1207
http://dx.doi.org/10.1093/mnras/stu114
http://dx.doi.org/10.1093/mnras/stw2871
http://dx.doi.org/10.1093/mnras/staa796
http://dx.doi.org/10.1088/0004-637X/746/1/86
http://dx.doi.org/10.1093/mnras/stu515
http://dx.doi.org/10.1088/0004-637X/800/1/1
http://dx.doi.org/10.3847/1538-4357/aac0f9
http://dx.doi.org/10.1093/mnras/stv195
http://dx.doi.org/10.1086/499298
http://dx.doi.org/10.1088/0004-637X/804/2/103
http://dx.doi.org/10.1088/0067-0049/182/2/608
http://dx.doi.org/10.1086/522083
http://dx.doi.org/10.1093/mnras/stz100
http://dx.doi.org/10.1093/mnras/staa048
http://dx.doi.org/10.1093/mnras/stx2874
http://dx.doi.org/10.1093/mnras/stz1959
http://dx.doi.org/10.1093/mnras/staa1842
http://dx.doi.org/10.1111/j.1745-3933.2012.01303.x
http://dx.doi.org/10.1086/323046
http://dx.doi.org/10.1093/mnras/stz1810
http://dx.doi.org/10.1093/mnras/stv562
http://dx.doi.org/10.1051/0004-6361/202039045
http://dx.doi.org/10.1038/nature10159
http://dx.doi.org/10.1126/science.1259202
http://dx.doi.org/10.3847/1538-4357/abe70f
http://dx.doi.org/10.1093/mnras/sty2616
http://dx.doi.org/10.1093/mnras/staa1313
http://dx.doi.org/10.3847/1538-4357/abc33f
http://dx.doi.org/10.1088/0004-637X/730/1/40
http://dx.doi.org/10.1093/mnras/stw2847
http://dx.doi.org/10.1093/mnras/stx1792
http://dx.doi.org/10.1093/mnras/stz1383
http://dx.doi.org/10.1093/mnras/stw505
http://dx.doi.org/10.1051/0004-6361/201525830
http://dx.doi.org/10.3847/1538-4357/aa5be5
http://dx.doi.org/10.3847/0004-637X/825/2/83
http://dx.doi.org/10.1093/mnras/stx3014
http://dx.doi.org/10.1093/mnras/sty1285
http://dx.doi.org/10.1093/mnras/stw2647
http://dx.doi.org/10.3847/1538-4365/aa97e0
http://dx.doi.org/10.1051/0004-6361/202037617
http://dx.doi.org/10.1088/0067-0049/219/2/15
http://dx.doi.org/10.1093/mnras/stz2249
http://dx.doi.org/10.3847/1538-4357/aad7b8
http://dx.doi.org/10.1093/mnras/200.1.115
http://dx.doi.org/10.1111/j.1365-2966.2005.09655.x
http://dx.doi.org/10.1051/0004-6361/201834530
http://dx.doi.org/10.1093/mnras/stx2788
http://dx.doi.org/10.1093/mnras/sty3161
http://dx.doi.org/10.1093/mnras/sts692
http://dx.doi.org/10.1093/mnras/stz1280
http://dx.doi.org/10.1093/pasj/psx112
http://dx.doi.org/10.1111/j.1365-2966.2011.19168.x
http://dx.doi.org/10.1093/mnras/stu1613
http://dx.doi.org/10.1088/0004-637X/813/1/36
http://dx.doi.org/10.3847/2041-8213/ab11cc
http://dx.doi.org/10.3847/1538-4357/abc563
http://dx.doi.org/10.1086/528981
http://dx.doi.org/10.3847/1538-4357/abb82e

	1 INTRODUCTION
	2 SIMULATION SET-UP
	3 THE MULTIPHASE GAS IN THE QUASAR HOST
	4 DISCUSSION AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

