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ABSTRACT

The James Webb Space Telescope will have the power to characterize high-redshift quasars at z > 6 with an unprecedented depth
and spatial resolution. While the brightest quasars at such redshift (i.e. with bolometric luminosity Ly, > 10% erg/s) provide
us with key information on the most extreme objects in the Universe, measuring the black hole (BH) mass and Eddington ratios
of fainter quasars with Ly, = 10 — 10% erg s~! opens a path to understand the build-up of more normal BHs at z > 6. In this
paper, we show that the Illustris, TNG100, TNG300, Horizon-AGN, EAGLE, and SIMBA large-scale cosmological simulations
do not agree on whether BHs at z > 4 are overmassive or undermassive at fixed galaxy stellar mass with respect to the Mpy —
M, scaling relation at z = 0 (BH mass offsets). Our conclusions are unchanged when using the local scaling relation produced
by each simulation or empirical relations. We find that the BH mass offsets of the simulated faint quasar population at z >
4, unlike those of bright quasars, represent the BH mass offsets of the entire BH population, for all the simulations. Thus, a
population of faint quasars with Ly = 10 — 10* ergs~! observed by JWST can provide key constraints on the assembly
of BHs at high redshift. Moreover, this will help constraining the high-redshift regime of cosmological simulations, including
BH seeding, early growth, and co-evolution with the host galaxies. Our results also motivate the need for simulations of larger
cosmological volumes down to z ~ 6, with the same diversity of subgrid physics, in order to gain statistics on the most extreme
objects at high redshift.
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galaxies. As the build-up of such relations is not constrained yet in

1 INTRODUCTION the high-redshift Universe, other pathways are possible: BH growth

The empirical scaling relation between massive black hole (BH)
mass and the stellar mass of their host galaxies (Mgy — M, ) found
in the local Universe (e.g. Magorrian et al. 1998; Giiltekin et al.
2009) indicates that, on average, more massive galaxies host more
massive BHs. Other scaling relations have been derived between
BH mass and galaxy properties, such as galaxy bulge mass, velocity
dispersion, Sérsic index, and infrared luminosity (e.g. Marconi &
Hunt 2003; Héring & Rix 2004; Shankar et al. 2004; Graham &
Scott 2015). These relations could represent the evidence for the
cosmic co-evolution of BHs with their host galaxies. The Mgy — M,
relation could emerge from the hierarchical build-up of galaxies: BHs
could merge (if BH coalescence is an efficient process) and increase
their mass along the scaling relation after the mergers of their host
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could precede the assembly of their host galaxies, or galaxies could
grow first and their BHs would only catch up later on. Theoretically,
the co-evolution between BHs and their host galaxies is predicted
to be complex as the shape, normalization, and scatter of the Mgy
— M, relation can be impacted by several key physical processes
related to BH and galaxy evolution, such as accretion on to the
BHs, and feedback processes from supernovae (SN) and active
galactic nucleus (AGN; Habouzit et al. 2021, from the perspective of
cosmological simulations). The massive end of the scaling relation
can be reproduced with a feedback-regulated model of BH growth
(e.g. Di Matteo, Springel & Hernquist 2005; Di Matteo et al. 2008;
Dubois et al. 2012), but can also be obtained without invoking AGN
feedback (Anglés-Alcdzar, Ozel & Davé 2013). The shape of the
relation, and the low-mass end of the relation, is influenced by the
ability of SN feedback to regulate the growth of BHs (e.g. Dubois
et al. 2015; Habouzit, Volonteri & Dubois 2017; Anglés-Alcdzar
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Figure 1. The probability density of the 287 quasars at z > 5.8 that have been published up to March 2021. For reference, we indicate the bolometric luminosity
of the three highest-redshift quasars detected beyond z = 7.5 (Bafados et al. 2018b; Yang et al. 2020; Wang et al. 2021) and the least luminous z > 5.8 quasar

—1

with an estimate of its BH mass to date (Onoue et al. 2019). In the following, we define three categories of quasars: the bright quasars with Lpe > 10% ergs™!,

the faint quasars with Ly > 10% — 10% erg s~!

et al. 2017b; McAlpine et al. 2018). BH seeding and dynamics
also likely play a role: BH seeds with small initial mass have a
hard time sinking to the centre of their host galaxies, being off of
the gas reservoir they would not be in the ideal position to accrete
gas efficiently (e.g. Anglés-Alcdzar et al. 2017b; Pfister et al. 2019;
Catmabacak et al. 2022; Ma et al. 2021). Some models based only on
BH mergers (i.e. without considering gas accretion or for which only
a small effect was found) were also able to reproduce local scaling
relations (Peng 2007; Hirschmann et al. 2010; Jahnke & Maccid
2011). The establishment of the scaling relations is still unclear, and
poorly constrained with observations as processes of gas accretion,
BH mergers, and feedback remain hard to quantify.

Whether the Mgy — M, relation evolves toward high redshift
is a key question, but selection biases in observations make the
investigation difficult. Current constraints at z < 2 are mostly
consistent with mild to no evolution or showing slightly higher
Mpu/M, ratios at higher redshift (e.g. Shields et al. 2003; Jahnke et al.
2009; Suh et al. 2020). Measuring stellar mass requires sufficient
sensitivity and spatial resolution to remove the extremely bright
nuclear emission. Such observations are challenging beyond z ~
1.5, where the redshifted 4000 A break falls beyond 1 pum (e.g.
Jahnke et al. 2009; Ding et al. 2020), even with current ground-
based facilities and the optical-sensitive Hubble Space Telescope
(HST).

In this paper, we analyse the most massive and active BHs
produced by the Illustris (Genel et al. 2014; Vogelsberger et al.
2014b; Sijacki et al. 2015, Nelson et al. 2015), TNG100, TNG300
(Marinacci et al. 2018; Naiman et al. 2018; Nelson et al. 2018;
Pillepich et al. 2018b; Springel et al. 2018), Horizon-AGN (Dubois
et al. 2014, 2016; Volonteri et al. 2016), EAGLE (Crain et al.
2015; Schaye et al. 2015; McAlpine et al. 2016), and SIMBA
(Davé et al. 2019) simulations. Those can be referred as quasars.
Quasars are the most luminous class of AGN, and a phase of rapid
evolution through gas accretion. They are powered by BHs with
Mgy ~ 103 — 10'° M, rivaling the most massive BHs in the local
Universe (e.g. Mortlock et al. 2011; Banados et al. 2018b; Yang
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, and fainter objects with Ly, < 10% erg s~! that we refer to as AGN.

et al. 2020; Wang et al. 2021). To date, 287 quasars at z > 5.8 have
been published,' among which ~50 have BH mass measurements
from modelling their broad emission lines (e.g. Shen et al. 2019;
Schindler et al. 2020). We show the distribution of their bolometric
luminosities in Fig. 1. For the purpose of our analysis, we divide the
quasars in three categories: bright quasars with Lyo > 10* ergs™!,
faint quasars with Lyo = 10% — 10* ergs~!,2 and fainter objects
with Ly < 10¥ ergs™! are referred as AGN in the following.
Faint quasars are particularly promising laboratories to confront
theory with observations: they are produced in sufficient numbers in
cosmological simulations, but also have been detected through deep
quasar surveys, and will continue to be detected in the near future
with new facilities.

Now is the perfect time to investigate the build-up of the Mpy
— M, relation at z > 5 for two reasons: the James Webb Space
Telescope (JWST) should be able to constrain the stellar component
of high-redshift quasar host galaxies (i.e. measuring the stellar
mass and not just the galaxy dynamical mass, as explained below),
and to characterize previously identified faint quasars, which is
not possible with current facilities. As shown in this paper, faint
quasars with Ly, = 10% — 10* ergs~! could have properties more
representative of the entire BH population than bright quasars with
Lo > 10%ergs™!.

'We compiled a list of all published z > 5.8 quasars up to March 2021: Fan
et al. (2001), Fan et al. (2004), Fan et al. (2006), Cool et al. (2006), Goto
(2006), McGreer et al. (2006), Jiang et al. (2009), Mortlock et al. (2009),
Willott et al. (2009), Willott et al. (2010b), Mortlock et al. (2011), Zeimann
et al. (2011), De Rosa et al. (2011), Venemans et al. (2015), Jiang et al.
(2015), Kim et al. (2015), Carnall et al. (2015), Kashikawa et al. (2015),
Bafiados et al. (2016), Jiang et al. (2016), Matsuoka et al. (2016), Reed et al.
(2017), Mazzucchelli et al. (2017), Tang et al. (2017), Bafados et al. (2018c),
Decarli et al. (2018), Bafados et al. (2018a), Wang et al. (2018), Chehade
et al. (2018), Matsuoka et al. (2019b), Reed et al. (2019), Yang et al. (2020),
Andika et al. (2020), Bafiados et al. (2021), and Wang et al. (2021).

2Qur definition of faint quasars relies on the faintest quasars that have been
observed so far.
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Measuring the stellar mass of galaxies requires observations at
rest-frame ultraviolet (UV) and optical, which correspond to the
near-infrared for galaxies at z > 6. This has proven to be extremely
challenging and thus far impossible for z > 6 quasar host galaxies
(e.g. Decarli et al. 2012; Marshall et al. 2020a). Currently, our
knowledge of z > 6 quasar hosts come only from rest-frame far-
infrared emission (e.g. Walter et al. 2004; Venemans et al. 2020;
Pensabene et al. 2021), which traces the gas and cold dust component.
The latter can be investigated with facilities such as ALMA, and
can provide measurement for the dynamical mass of the galaxies
(e.g. Pensabene et al. 2020; Neeleman et al. 2021). The JWST
will enable the characterization of the stellar component of high-
redshift quasar hosts for the first time (e.g. Marshall et al. 2020b,
2021). Still, measuring the stellar mass will be challenging even
with JWST. For example, separating the emission from the quasar
and the stellar component will be difficult if the latter is compact,
as it has been shown in some cases with ALMA dust and [C11]
158 um measurements (Venemans et al. 2017b; Neeleman et al.
2019; Venemans et al. 2020).

We also expect the high near-infrared (NIR) sensitivity of JWST to
allow us to measure BH mass for the faint quasars, which are too faint
to perform NIR spectroscopy with ground-based 8 m-class telescopes
in areasonable amount of time (see e.g. Willottet al. 2010a; Kim et al.
2018; Onoue et al. 2019). NIR (rest-frame UV/optical) spectroscopy
is necessary to detect BH broad-line region emission lines, such as
Mg11, C1v, and Balmer lines, and their underlying quasar continua.
Moreover, the BH mass measurements at z = 4 have relied on
Mg 12798, although the empirically calibrated Mg 11-based BHs
have a half dex of systematic uncertainties (Shen 2013). The JWST
provides an opportunity to do rest-frame optical mass measurements
with H B, which is directly calibrated against reverberation mapping
measurements (Vestergaard & Peterson 2006).

The quest for fainter quasars has already started. At the time
of writing, 83 faint quasars with bolometric luminosity of Ly, =
10% — 10* ergs~! (i.e. down to M 450 ~ —24) have been identified
in the redshift range z = 6-7 (Willott et al. 2007, 2009, 2010b;
Matute et al. 2013; Kim et al. 2015; Matsuoka et al. 2016, 2018a,
2019a,b). While surveys such as SDSS and PS1 are limited to the
detection of bright quasars (Lp, > 10%* ergs™'), the quasars with
Lo = 10% — 10% erg s~! are identified in moderately deep surveys,
such as Canada-France High-redshift Quasar Survey (CFHQS)
and Subaru High-redshift Exploration of Low-Luminosity Quasars
(SHELLQs). A significant fraction of those quasars were identified in
the Subaru HSC-SSP project with 5o magnitude limits of zag < 24.5
and yap < 24.0 (Aihara et al. 2018). These new objects allowed the
characterization of the faint end of the quasar luminosity function at z
=5 (e.g. McGreer et al. 2018; Niida et al. 2020) and z = 6 (Matsuoka
et al. 2018b), enabling estimates of the quasar luminosity function
down to My450 < —22.3. Onoue et al. (2019) showed that faint z
~ 6 quasars were powered by BHs of with a wide range of masses
(Mgy ~ 1073 — 10° M) and Eddington ratios (fggq = 0.1 — 1).

In this paper, we quantify the evolution of the Mgy — M,
relation from z = 6 to the local Universe with cosmologi-
cal simulations, and investigate whether BHs are overmassive at
high redshift. To do so, we derive BH mass offsets, defined
as Alog,, Mgu(M,, z) = log,y Mgu(M.,, z) —log,y Mgu(M,,z =
0). Observational constraints on the BH mass offsets from individual
z > 6 quasars exist in the literature, although with galaxy dynamical
mass and not the galaxy stellar mass (e.g. Izumi et al. 2019, and
references therein). These works find that while the most luminous
of these quasars with M450 < —25 (i.e. Lyo > 10% erg/s) tend to
be overmassive compared to, for example the Mgy — M, empirical
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scaling relation of Kormendy & Ho (2013; see Inayoshi et al. 2021,
for a possible formation pathway of these BHs), the faint end of
the bright quasar sample with M1450 > —25 (which are on average
powered by less massive BHs) tend to be consistent with the scaling
relation. However, estimates of the dynamical masses convey large
uncertainties (Izumi et al. 2019; Lupi et al. 2019; Pensabene et al.
2020; Neeleman et al. 2021): for example if they are over-estimated,
the BHs could actually lie above the scaling relation.

We describe the cosmological simulations in Section 2. In Sec-
tion 3, we present the Mgy — M, relations of the simulations at high
redshift, the properties of the BHs powering faint quasars, and their
BH mass offsets. We discuss our results in Section 4 and conclude
in Section 5.

2 METHODOLOGY: COSMOLOGICAL
SIMULATIONS AND THEIR BH/AGN
POPULATIONS

In this work, we use the following six large-scale cosmological
hydrodynamical simulations: Ilustris, TNG100, TNG300 (larger
volume and lower resolution with respect to TNG100), Horizon-
AGN, EAGLE, and SIMBA. All these simulations have volumes
of > 100° cMpc?, dark matter mass resolutions of ~ 5 x 10° — 8 x
107 M, and spatial resolutions of 1-2 ckpc. These simulations model
the evolution of the dark matter and baryonic matter contents in an
expanding space—time. They capture the highly non-linear processes
involved in the evolution of galaxies and BHs, and spanning kpc to
Mpc scales. For physical processes taking place at small subgalactic
scale, they rely on subgrid modelling, e.g. for star formation, stellar
and SN feedback, BH formation, evolution, and feedback. Subgrid
models vary from simulation to simulation (see section 2 of Habouzit
et al. 2021). We summarize the simulations in Table Al.

2.1 Modelling of BH physics

We briefly describe the modelling of BH seeding, growth, and AGN
feedback below. BH particles are seeded either in massive haloes of
> 10'" Mg, (Illustris, TNG100, TNG300, and EAGLE), or in galaxies
of M, > 10°° Mg (SIMBA), or based on the properties of local gas
cells (Horizon-AGN). Initial BH masses are comprised in the range
Mgp = 10* — 10° Mg (~ 10* Mg, for SIMBA, ~ 10° M, for Illus-
tris, Horizon-AGN, EAGLE, and ~ 10° Mg for TNG100, TNG300).
BHs can grow by BH mergers and gas accretion. Gas accretion
is often modelled with the Bondi—-Hoyle—Lyttleton formalism, with
different variations: TNG100 and TNG300 include a magnetic field
component (Pillepich et al. 2018b), EAGLE includes a viscous disc
component (Rosas-Guevara et al. 2015). Finally, SIMBA has a two
mode model for gas accretion: Bondi—-Hoyle—Lyttleton model for the
hot gas component (7 > 10° K), and a gravitational torque limited
model for the cold gas component (T < 10° K, Hopkins & Quataert
2011; Anglés-Alcazar et al. 2015, 2017a). In the simulations, AGN
feedback is modelled with one or two modes. A single mode is
employed in EAGLE, in which thermal energy is released in the
surroundings of AGN (Schaye et al. 2015). The other simulations
use a two-mode feedback. The released energy can be e.g. thermal
and isotropic, and/or kinetic with collimated jets, or non-collimated
outflows. In practice, the effective strength of AGN feedback varies
from one simulation to another. Illustris uses an injection of thermal
energy for BHs with high accretion rates (feqqa > 0.05), and also the
release of thermal energy in the low accretion mode (feqq < 0.05) but
as hot bubbles displaced from the BH locations (Sijacki et al. 2015).
The TNG model uses thermal energy in the high accretion mode, and
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injection of kinetic energy in random directions for the low accretion
mode (Weinberger et al. 2017). The transition between modes does
not take place at a fixed Eddington ratio, but depends on BH mass

as fggq = min (0.002 x (Mgy/108 MQ)2 ,0. l), so that on average

a large fraction of BHs with My > afew 108 Mg, transition to the
kinetic mode of AGN feedback (Weinberger et al. 2018; Habouzit
et al. 2019). In Horizon-AGN, the high accretion mode (figq > 0.01)
alsoreleases thermal energy isotropically, and the low accretion mode
releases kinetic energy through bipolar outflows (Dubois et al. 2012).
In SIMBA, collimated kinetic ouflows whose velocities increase with
Mgy are employed for high accretion rates, and lower mass loading
factor but faster outflows for low accretion rates, whose velocities
increase with decreasing frqq. X-ray feedback is also included for
SIMBA (Davé et al. 2019).

2.2 Calibration of the simulations

The subgrid models of the simulations are calibrated with the galaxy
stellar mass function (Illustris, EAGLE, TNG, and SIMBA), the
galaxy size as a function of the galaxy stellar mass (EAGLE and
TNG), the cosmic star formation rate density (Illustris and TNG), the
stellar-to-halo function (Illustris and TNG), gas metallicity (Illustris),
and gas fraction (TNG). All these calibrations are done by comparing
the simulations to observations at z = 0.

In addition, most of these simulations are qualitatively calibrated
with one of the empirical Mgy — M, scaling relations found in the
local Universe. Often observed relations with the stellar mass of the
galaxy bulges are used, and compared to different stellar quantities in
the simulations, such as the total stellar mass, the total stellar mass in
the half-mass radius, or the bulge mass (see section 2.6 in Habouzit
et al. 2021). Illustris was calibrated with the My — My relation
of Kormendy & Ho (2013) considering the total stellar mass within
the stellar half-mass radius of the simulated galaxies as a proxy for
Mg The TNG model was calibrated via comparison of its outcome
to that of Illustris, also considering the Mgy — M, relation. Horizon-
AGN was calibrated on the scaling Mgy — Mg relation of Hiring
& Rix (2004) using the Myyg. of the simulated galaxies. SIMBA
was calibrated on the same relation assuming that the total stellar
mass was a proxy for the bulge mass. EAGLE was calibrated on the
McConnell & Ma (2013) Mgy — Mg relation, taking the stellar
mass of the simulated galaxies as a proxy for the bulge mass.

The time evolution of the scaling relation was not used as a cali-
bration in these simulations, mainly because it is poorly constrained
in observations and only so at z < 2. The scaling relation produced in
simulations at high redshift is therefore a prediction and not a direct
result of calibration. As a result, it can be compared to observations
to understand and constrain the co-evolution between BHs and their
host galaxies.

2.3 AGN luminosity

In this paper, we compute the luminosity of the BHs following the
model of Hirschmann et al. (2014; built on Churazov et al. 2005),
i.e. explicitly distinguishing radiatively efficient and radiatively
inefficient AGN. The bolometric luminosity of radiatively efficient
BHs, i.e. with an Eddington ratio of fggq = Mgy/Mgaq > 0.1, is
defined as Ly, = 0.1Mpyc?. BHs with smaller Eddington ratio of
fraa < 0.1 are considered radiatively inefficient and their bolometric
luminosities are computed as Ly, = 0. lLEdd(IOfEdd)z. For simplicity,
we use the same radiative efficiency €, = 0.1 for all the simulations.
This is the parameter that was used in Horizon-AGN, EAGLE, and
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SIMBA, and ¢, = 0.2 was used for Illustris, TNG100, and TNG300.
Since in the following we are interested in the brightest objects
formed in the simulations, we do not correct the simulated BH
population with a possible obscuration of the BHs. The population of
Z > 6 quasars known to date are mostly non-obscured type I quasars
(see discussion in Connor et al. 2019; Vito et al. 2019; Connor et al.
2020; Vito et al. 2021). This is likely due to a bias against obscured
quasars in the selection process of z > 6 quasars, as observations
have identified obscured quasars up to z ~ 4.6 (e.g. Assef et al.
2015; Vito et al. 2020; Diaz-Santos et al. 2021).

2.4 Summary of the main differences of the simulated BH and
AGN populations

As described above, the modelling of BH physics varies from one
simulation to another (see Table Al). This is also the case for the
subgrid modelling of galaxy formation which can impact the BH
population, such as SN feedback. Below we briefly summarize our
conclusions on the BH and AGN population of these large-scale
cosmological simulations from Habouzit et al. (2021) and Habouzit
et al. (submitted):

(1) Most of the simulations produce a tight My — M, relation,
with a smaller Mgy intrinsic scatter at fixed galaxy stellar mass than
the observed z = 0 population.

(i) The evolution of the mean Mgy — M, relations in the redshift
range 0 < z < 6 is mild, smaller than 1 dex in BH mass.

(iii) There is no consensus on the normalization and shape of the
mean Mgy — M, relations in the simulations.

(iv) There is no consensus on the AGN luminosity function at high
redshift in the simulations. On average, all these simulations over-
produce the number of AGN with Ly, < 10% at z ~ 4 with respect
to observational constraints (e.g. Aird et al. 2010; Georgakakis et al.
2015), but are in good agreement for more luminous objects. EAGLE
produces the faintest population of AGN, and is in good agreement
with the observations mentioned above at z ~ 4 for the faint-end of
the luminosity function, but falls short for the bright-end and may
not produce enough AGN with Ly, > 10¥ ergs™'.

While in broad agreement with observations, the cosmological
simulations do not all have the same evolution of their galaxy popula-
tion (see Pillepich et al. 2018b for the Illustris and TNG simulations).
The high-redshift regime (z > 5) is also difficult to calibrate because
the observational constraints are more uncertain, and in fact none of
the simulations discussed in this work use empirical relations at high
redshift to constrain the underlying physical models. In our present
analysis, we only discuss the relative BH to galaxy evolution, but
not how well the simulated galaxies meet observational constraints.
We refer the reader to the following papers for complete analyses of
the galaxy properties (e.g. galaxy morphologies, sizes, stellar mass
function, and UV luminosity function) of the Illustris (Vogelsberger
etal. 2014a; Genel et al. 2014; Snyder et al. 2015; Rodriguez-Gomez
et al. 2016), TNG (Genel et al. 2018; Nelson et al. 2018; Pillepich
et al. 2018a; Springel et al. 2018; Shen et al. 2020; Vogelsberger
et al. 2020), Horizon-AGN Dubois et al. (2014), Dubois et al. (2016),
Kaviraj et al. (2017), EAGLE (Crain et al. 2015; Schaye et al. 2015),
and SIMBA (Davé et al. 2019; Wu et al. 2020) simulations.

2.5 AGN as a proxy for the entire BH population

When studying the average BH mass offsets, we will employ
the AGN population with Ly, = 10" — 10%¥ ergs™' (as defined in
Fig. 1) as a proxy for the entire BH population. We do so because
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Figure 2. Normalized probability density (kernel density estimate, KDE) of BH mass (left-hand panels) at z = 5 and galaxy stellar mass (right-hand panels) of
all the simulated BHs (black), AGN with log;o Lpol/(erg/s) = 44 — 45 (light orange), faint quasars with log;; Lyoi/(erg/s) = 45 — 46 (dark orange), and bright
quasars with log, Lpoi/(erg/s) > 46 (red, if enough statistics). In most of the simulations, the population of AGN is powered by BHs with mass probability
densities similar to those of all the simulated population (shown in black). EAGLE has a large population of inactive BHs regulated by SN feedback, and
therefore the probability density of the AGN population peaks at a higher BH mass than the entire BH population. We find a similar behaviour in the TNG
simulations. In general, the AGN population is a representative of the entire BH population. Faint and bright quasars are powered by more massive BHs, located

in more massive galaxies.

currently only active BHs can be electromagnetically detected at high
redshift. The mass offsets derived in this paper are almost identical
when considering only AGN and the entire BH population with
Mgy > 10° Mg,

AGN are rare objects, and thus are subdominant in terms of number
density and mass contribution to the entire BH population. Still,
in most of the cosmological simulations, the probability densities
of the AGN mass are similar to those of the BH population, as
shown below. The normalized probability density of BH mass
and galaxy stellar mass of all the simulated BHs, AGN, faint
quasars with log,, Lyoi/(erg/s) = 45 — 46, and bright quasars with

log,y Luo/(erg/s) = 46 (when enough statistics) are shown in Fig. 2
for z = 5. In the Illustris, Horizon-AGN, and SIMBA simulations, the
AGN distribution (light orange curve) resembles the full BH-mass
distribution (black). We note that the mass probability densities of the
TNG simulations cover the same mass as the entire BH population,
but are shifted towards slightly more massive BHs, and more massive
host galaxies. The shift is driven by newly formed BHs, with masses
of Mgy ~ 10° Mg, present in abundance in the black distributions.
In the absence of this peak due to BH seeds, the probability densities
of the AGN and BHs are similar. The EAGLE simulation presents the
most different probability densities of the BH and AGN populations.
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Figure 3. Mgy — M, plane of the simulations at z = 6 (dot symbols, left-hand panels) and at z = 0 (right-hand panels) for BHs of Mgy > 10° M, located in

galaxies of M, > 10° M. We show the z = 6 quasars with Ly, > 10% ergs

in coloured plain dots for the faint quasars and open dots for the bright quasars

(only on the z = 6 panels), while all the other BHs are shown with black dots. In both sets of figures, we show the Mgy — M, median relations derived from the
simulations at z = 0 (solid coloured lines). The Illustris, Horizon-AGN, and EAGLE simulations have more massive BHs at fixed stellar mass at z = 6 than at z
= 0, and the other TNG100, TNG300, and SIMBA simulations produce the opposite behaviour. The Kormendy & Ho (2013) relation in the local Universe is
shown with a black dashed line in all panels, to help compare the different panels. In the left-hand panels, we also show a compilation of observed quasars at z
2 6 with BH mass and host dynamical mass measurements compiled in Izumi et al. (2019) (shown as dots and probability density contours).

This is due to the large number of inactive low-mass BHs in EAGLE,
resulting from the efficient SN feedback and the artificial suppression
of early BH growth in Bondi accretion (Bower et al. 2017; McAlpine
et al. 2017).

We use the AGN population as a tracer of the BH population
in the paper and our figures below. We still confirm our results by
comparing with the actual simulated BH populations, but do not
display the full BH populations on the figures.

3 RESULTS

3.1 Mgy — M, scaling relations

In Fig. 3, we show the relation between the mass of the BHs and the
total stellar mass of their host galaxies at z = 6 (left-hand panels)
and z = 0 (right-hand panels), as produced by the six cosmological
simulations. In each left-hand panel, we show the full population of
BHs with black dots. To help visualize the BH populations at z = 0,

MNRAS 511, 3751-3767 (2022)

we add Gaussian kernel density contours. The AGN population with
Lo = 10* — 10% erg s~! of each simulation at z = 6 is located in
the same region as the BH population, i.e. the black dots. At z =
6, we show the faint and bright quasars with bolometric luminosity
of Lyo = 10% ergs™! with coloured dots. The number density of
quasars varies from one simulation to another fromn ~ 8 x 1077 —
1.2 x 107% cMpc~3; we report these values in Table 1.

In some of the simulations (Illustris and TNGs), the quasars with
Lot = 10% ergs™! are mainly powered by the most massive BHs at
fixed galaxy stellar mass with Mgy > 107 M. The fact that BHs less
massive than 10’ Mg do not power quasars in the TNG simulations
is likely due to the efficient SN feedback model (particularly in low-
mass galaxies, and at high redshift). Only TNG BHs that are massive
enough (Mg MéH in the Bondi formalism) and embedded in
galaxies massive enough (e.g. M, > 10> M, in Fig. 3) to overcome
SN feedback accrete sufficiently to power quasars. We note a larger
spread of these objects at fixed M, in SIMBA: some of the quasars are
not among the most massive BHs at fixed M,, and can have masses of
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Table 1. Median, minimum, and maximum values of BH mass, bolometric luminosity, and host galaxy stellar mass, for BHs with Mgy > 100 Mg

powering the simulated quasars with Ly > 10% erg slatz=6.

Tllustris TNG100 TNG300 Horizon-AGN EAGLE SIMBA
Number of BH(s) 1 9 33 58 6 29
Number density (cMpc™—3) 8.3 x 1077 6.6 x 1076 12 x 107 2.0 x 107 6.0 x 107° 9.1 x 107
Median (min, max)

log;, Mpu/Mo 7.2(-) 7.3 (7.2,7.6) 7.3(7.1,7.8) 7.2 (6.9,7.9) 7.2 (6.8,8.2) 7.2 (6.6,8.3)
log,y M./Mg 10.1 (=) 10.0 (9.8,10.4) 10.4 (9.9,10.8) 9.3(9.0,9.7) 9.9 (9.5,10.4) 10.2 (9.9,10.7)
log; Lpol/(erg/s) 45.0 (-) 45.2(45.0,452)  452(45.0,45.6)  452(45.045.6) 452 (45.0,46.5)  45.3(45.0,45.7)

Mgy ~ 5 x 10® — 10" Mg This is also the case for Horizon-AGN
and EAGLE. The number of BHs able to power quasars, and their
masses depend on the BH accretion rates (i.e. on both the accretion
model, and its numerical implementation). While in most simulations
the accretion rates scale as M2, (Bondi), in the torque model of
SIMBA the accretion rate only scales as Mé{f . Some simulations
employ a boost factor, while other do not. These differences can lead
a given simulation to have a general bright population of AGN (e.g.
Horizon-AGN, TNGs), and another simulation to a much fainter
AGN population (EAGLE and the viscous disc component of its
accretion model). Some simulations use a kernel to compute the
accretion rates, while others only use the BH gas cells, which can
lead to more stochastic accretion rates.

The simulations do not all produce massive galaxies at the same
rate, and also do not have the same simulated volume. As a result,
the BHs with Ly, = 10* — 10*7 ergs~' are not located in the exact
same galaxies. In Horizon-AGN, these BHs are embedded in galaxies
with M, = 10° — 10'° M, the upper limit being the most massive
galaxies present in the simulation at z = 6. We find only one BH with
Lo = 10% — 10*7 ergs~! in Illustris, and it is also located in one
of the most massive galaxies of the simulated volume at z = 6 with
M, ~ 100 M. The other simulations (TNGs, EAGLE, and SIMBA)
host the brightest BHs in galaxies with M, = 10°° — 10'%5 M, and
even more massive galaxies for TNG300 and SIMBA. The TNG300
simulation, which has the largest volume, had already produced
galaxies of M, ~ 10'"3 M at the same time, and they host the
brightest BHs. We add in Table 1 the median, minimum, and max-
imum values of the population of quasars with Ly, > 10% ergs™!
produced by the simulations.

In Fig. 3, we also show the mean Mgy — M, relation produced by
each simulation at z = 0 with a coloured solid line. While the Illustris,
Horizon-AGN, and EAGLE simulations form more massive BHs (at
fixed M,) at z = 6 than at z = 0, we find that the TNG100, TNG300,
and SIMBA simulations have on average less massive BHs at z =
6. This is due to the different BH and galaxy subgrid modellings
employed in all these simulations (Habouzit et al. 2021):

(i) The overall normalization of the mean Mgy — M, relation
decreases with decreasing redshift in Illustris, Horizon-AGN, and
EAGLE. In Illustris and Horizon-AGN, this is due to a more
efficient relative growth of galaxies compared to their central BHs at
lower redshifts, which probably originates from a less effective SN
feedback compared to other simulations. In EAGLE, SN feedback
stunts the initial BH growth in low-mass galaxies, and BH rapid
growth phase kicks in at fixed halo virial temperature, meaning in
more massive galaxies with decreasing redshift.

(i) The overall normalization of the mean Mgy — M, relation in-
creases with decreasing redshift in TNG100, TNG300, and SIMBA.
This is due to higher BH growth at lower redshifts with respect to
the BH host galaxies. In the TNG simulations, this is due to a less

effective SN feedback at low redshift, and in SIMBA this is mainly
due to an increase of the galactic hot environment with time (due to
AGN feedback), which in turn favours an additional Bondi growth
channel of BHs.

In Fig. 3, we also show in light green star symbols (and the corre-
sponding Gaussian probability density contours) the compilation of
z > 5.8 quasars with a host dynamical mass estimate and BH mass
measurement from Izumi et al. (2019). While faint quasars with M 450
> —25(i.e. Lpoy < 10%7 ergs™!) are located around the Kormendy &
Ho (2013) scaling relation (when assuming M, = Mgyn,), the brighter
quasars with M1450 < —25 tend to be overmassive compared to the
same scaling relation. For the current observations, the dynamical
mass Mgy, is used, and thus we can not directly compare those to
the quasars produced by the simulations for which the galaxy total
stellar mass is shown. While some simulated quasars are powered
by BHs with masses overlapping the observed region (i.e. TNG300,
EAGLE, and SIMBA), this is not the case for most of the simulated
quasar populations.

3.2 Number density of AGN, faint, and bright quasars

To appreciate the number of AGN and quasars in cosmological
simulations, we show in Fig. 4 the number density of BHs with
> 10° M, in three ranges of bolometric luminosity, in galaxies with
stellar mass of M, > 10° Mg. AGN with Ly = 10* — 10 ergs™!
are shown in the left-hand panel, and have number densities ranging
innagy = 1075 — 1073 chc_3. In the middle panel, we show the
number density of faint quasars with Ly, = 10% — 10* ergs™!. In
this range, the simulations predict 71gint quasars = 107° — 107> ¢Mpc 3
at 7 = 6. Finally, we show brighter quasars with Ly, > 10* ergs™!
in the right-hand panel. Unfortunately, for this latter subpopulation
of BHs, these large-scale simulations do not allow us to have
robust statistics at z = 6 with number densities Of Nyright quasars <
107° cMpc—3. For example, in SIMBA, there are only seven such
quasars at z = 5.5, one quasar at z = 5 in Illustris, one quasar at z
= 6 in EAGLE and in Horizon-AGN, six in TNG300 at z = 5, and
none in TNG100. This is due to a combination of the underlying
galaxy formation physics models and the limited volumes of these
simulations, which span 100 — 300° cMpc?. Statistics increase in
the redshift range z = 3-5. Therefore, the results that we present
below for these bright quasars lack statistically robust sample sizes.
This also motivates the need for simulations such as Illustris, TNG,
Horizon-AGN, EAGLE, and SIMBA but with larger volumes.
Three aspects are noticeable in Fig. 4. First, there is an overall
decrease in number densities for brighter objects. Secondly, the
number density of the objects increases from high-to-low redshifts,
reaches a peak, and decreases. Observations suggest that the number
density of luminous AGN increased from the early Universe to z
~ 2 and then decreased to the current Universe (e.g. Barger et al.
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Figure 4. Redshift evolution of the comoving number density (cMpc~>, logarithmic scale) of BHs with Mgy > 10° Mg in galaxies with stellar mass of
M, > 10° Mg. We show the AGN with bolometric lumosity Lo = 104 — 10% erg s~! in the left panel, the faint quasars with Ly, = 10% — 10% erg s7!

which could be characterized by JWST in the middle panel, and the bright quasars with Ly > 1

0% erg s~!, similar to those of the observed z ~ 6 quasars, in

the right-hand panel. For the latter, we are lacking statistics given the limited simulation volumes of 100° — 300° cMpc>. We add Poisson error bars in all panels.

2003; Croom et al. 2004; Matute et al. 2006; Richards et al. 2006;
Croom et al. 2009; Aird et al. 2010; Merloni & Heinz 2013). All
the simulations presented here reproduce this behaviour: the number
density of AGN or quasars increases from z = 6 to z =3 — 2 an
decreases from z=2 to z=0. However, the exact redshift at which
the number density peaks varies from one simulation to another. For
the AGN with log;, Lyoi/(ergs™!) = 44 — 45, the peak appears at z
~ 1 in SIMBA, at z ~ 2 in TNG100, TNG300, and EAGLE, and at
earlier times z ~ 3 in Horizon-AGN and Illustris.

The third effect that one can notice is that the redshift at which
the object number density peaks depends on the luminosity of the
objects, as shown in Fig. 4. In several simulations, the downsizing
effect is clear: bright objects peak at earlier time than fainter ones.
In SIMBA, the number density of bright quasars (right-hand panel)
peak at z > 2 and the AGN (left-hand panel) at z ~ 1. In TNG,
bright quasar number density peaks at z ~ 3, and AGN at z ~ 2.
In the other simulations, the downsizing effect is not obvious. The
downsizing effect has been found in other cosmological simulations
(e.g. Hirschmann et al. 2014), and semi-analytical models (e.g.
Fanidakis et al. 2012; Hirschmann et al. 2012)

In addition to the different aspects discussed above, Fig. 4 shows
that there is no consensus on the number density of AGN or quasars
at fixed redshift in the simulations. This echoes the differences
identified in the AGN luminosity function, especially for z < 4, for
the Illustris, TNG, Horizon-AGN, EAGLE, and SIMBA simulations
(Habouzit et al., submitted).

3.3 The BH populations that power the faint and bright
quasars

We show in Fig. 5 the bolometric luminosity of the simulated BHs
as a function of their masses for the Illustris, TNG100, TNG300,
Horizon-AGN, EAGLE, and SIMBA simulations. We particularly
highlight the simulated populations of BHs at z ~ 6 with coloured dot
symbols. All the simulations but SIMBA are capped at the Eddington
limit, SIMBA allow accretion rates larger than the Eddington limit. A
significant fraction of the simulated BHs with Mgy > 10® M, have
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Eddington luminosities, and appear on a linear relation in the Ly, —
Mgy plane (shown as black-dashed lines in Fig. 5). For reference, we
show the same plane at z = 2 and z = 0: for most of the simulations
the z = 6 small L, scatter grows with time (at least down to z = 2)
towards less luminous objects (Habouzit et al. 2022, for a complete
analysis of the simulated AGN populations). In SIMBA, several BHs
at z = 6 have a bolometric luminosity larger than their Eddington
luminosity, and are therefore super-Eddington BHs. In the torque
model of SIMBA’s accretion subgrid model, BHs are allowed to
accrete at rates up to three times larger the the Eddington limit (Davé
et al. 2019; Thomas et al. 2019). The luminosity of the AGN in all
the other simulations is capped at the Eddington limit. We note that
the Illustris and TNG100 simulations have a very tight Ly, — Mpu
relation in Fig. 5, while the TNG300, Horizon-AGN, EAGLE, and
SIMBA simulations produces a larger scatter of Ly, luminosities at
fixed BH mass. Comparing the different simulations is difficult here,
as they do not use the same volume, resolution, seeding, and accretion
subgrid models. In the case of the TNG simulations, the larger volume
and the lower resolution of TNG300 are responsible for the larger
Ly, scatter at fixed Mpy. While the larger volume of TNG300 ensures
more diversity of BH environments, its lower resolution resolves less
accurately BH surroundings. This leads to lower gas densities, and
thus to lower accretion rates on to the TNG300 BHs. The impact
of the SN feedback is also stronger in TNG300 than in TNG100,
leading again to a larger scatter of bolometric luminosity at fixed BH
mass.

We add to Fig. 5 with green star symbols the quasars that have
been observed at z > 5.8 with BH mass measurements from Onoue
et al. (2019) and Onoue et al. (in preparation). The observed quasars
have bolometric luminosities of Lye = 10* — 104 ergs™!, with
one quasar with My ~ 1076 My, and a slightly lower luminosity of
Lyo ~ 10%7 ergs~!. At fixed BH mass, these quasars have a Ly,
scatter’ of about 0.5-1 dex, similar to the scatter found in some

3Each observational data point in Fig. 5 also carry a 0.5 dex systematic
uncertainty due to the Mg I1-based BH measurements (Shen 2013).
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Figure 5. Bolometric luminosity of BHs produced by large-scale cosmological simulations as a function of their masses. Here, we include BHs of Mgy > 10° Mg
(if available) located in galaxies of M, > 10° M. Each panel represents a different simulation. In colours (e.g. blue, green), we show the population of simulated
BHs produced at z = 6. For reference, we show the BH population at z = 2 with light grey symbols, and the population at z = 0 in dark grey. The BH accretion
rates in all the simulations except SIMBA are capped at the Eddington limit, and we find that at z = 6 a significant fraction of BHs accrete at this limit in
all the simulations. The BHs of Illustris, TNG100, and TNG300 are below the Eddington limit because we employ a radiative efficiency of €, = 0.1 in our
analysis instead of the €, = 0.2 used in these simulations. SIMBA produce super-Eddington BHs, as BH accretion rates are not capped to the Eddington limit
(the limit is shown with a black line). The Horizon-AGN, TNG300, EAGLE, and SIMBA simulations have a scatter of Ly at fixed Mgy, while Illustris and
TNG100 produce a very tight Ly, — Mgy correlation. The population of z > 5.8 quasars with BH mass measurements, mostly with Lyo > 10% ergs™!, is
shown with green star symbols (Matsuoka et al. 2018a; Onoue et al. 2019, and Onoue et al., in preparation). JWST should be able to characterize fainter quasars
with Lpg > 10% erg s~! (green-shaded region).

simulations, such as SIMBA. At such high redshift, observations are
currently strongly biased towards the brightest objects. While limited
by their volumes, some of the simulations produce objects that are
similar to the faintest of the observed quasars. Horizon-AGN has two
BHs with My = 10"° Mg and Ly = 105 ergs~'. TNG300 has
two of those quasars powered by slightly more massive BHs (Mgy =
1077, 1078 Mg,). EAGLE has one similar BH, but also one very bright
and massive BH of Mgy = 1032 Mg, and Ly, = 10*> My. EAGLE

and Horizon-AGN are the only simulations studied here with a quasar
entering the Ly, — Mgy region covered by the observed bright
quasars with Lyg > 10% ergs™!. This is interesting for EAGLE,
because its AGN population at later times (z =5 — 0) is, on average,
fainter than the populations of the other simulations, as indicated
by the dark (z = 0) and light (z = 2) grey dot symbols. SIMBA is
different and produces seven BHs of Ly, = 10¥¢ — 107 at 7 = 6
with different masses in the range Mpy = 10! — 1083 M.
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Figure 6. Eddington ratios of simulated quasars with Lyo > 10% ergs—'atz
= 6 (shaded histograms), z = 5 (solid lines), and z = 4 (dashed lines). SIMBA
is the only simulation allowing quasars to accrete above the Eddington limit.
At z = 6, most of the quasars in most of the simulations have Eddington ratios
close to unity. We note that the TNG300, Horizon-AGN, and SIMBA produce
Eddington ratio distributions extending to log;y fgaa ~ —0.750r — 1.0.
With decreasing redshifts, all the distributions extend to smaller Eddington
ratios.

To quantify the accretion rates of the quasars with Ly >
10% ergs™!, we show their Eddington ratios in Fig. 6 (using the
€, used in each simulation). In most of the simulations at z = 6, these
quasars have Eddington ratios close to unity. As shown in Fig. 5, some
diversity exists in TNG300, Horizon-AGN, EAGLE, and SIMBA,
with some quasars having lower, but still high, Eddington ratios.

In the coming years, the JWST telescope will be able to char-
acterize faint quasars with Lyy = 10 ergs™!, shown as a green
region in Fig. 5, for which no BH properties measurements exist
yet. The simulations present diverse populations of quasars with
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bolometric luminosities in the JWST range, as shown by the number
density of BHs with Ly, = 10 — 10*ergs™! in Fig. 4 (middle
panel). In the simulations, these faint quasars are powered by BHs
of Mgy > 107 Mg, and accreting at rates close to or at the Eddington
limit (or above for SIMBA) as shown in Fig. 5. In some simulations,
such as SIMBA or Horizon-AGN, the population of faint quasars
is more diverse in term of BH mass and luminosity: the faint
quasars are not all accreting at the Eddington limit, but can accrete
above the Eddington limit (for SIMBA) or below (SIMBA and
Horizon-AGN).

One crucial question is whether these fainter quasars studied by
JWST could be used to constrain the co-evolution of the BHs and their
host galaxies at high redshift. We test this in the following section by
deriving the Mgy mass offsets relative to the Mgy — M, relation at
z=0.

3.4 Constraining whether BHs are over-massive with faint
high-redshift quasars

We now turn to analyse the average offset of BH mass at a given
redshift (e.g. z = 6, 5, and 4) compared to the local Mgy — M,
relation at z = 0, i.e. defined as Alog|oMpy = logi1oMpu(M,, z) —
logioMpu(M,, z = 0). Such offsets diagnose whether BH growth
is faster or slower than the assembly of the host galaxies at high
redshift with respect to the local Universe. It is important to notice,
however, that when we compare the results of different simulations
based on the offset of the BH-galaxy mass relation from that at z =
0, differences across models may arise because different simulations
predict not only different growth of their BHs, but also different
growth of the stellar mass of galaxies (Habouzit et al. 2021).

In Fig. 7, we show the median of the offset distributions and
their 15th—85th percentiles for all the simulations. As in the previous
section, the three panels represent distinct ranges of bolometric lumi-
nosities, with Lyo = 10% — 10 ergs™!, Ly = 10% — 10* ergs™!
for faint quasars, and brighter quasars with Lyo > 10% ergs™!. As
shown by the 15th—85th percentiles the offset distributions are broad.
While the offsets are within 0.1 dex at low redshift (z = 0 — 1),
they are significantly larger at higher redshift and reach 0.5-1 dex
for z > 2. The median offset varies strongly from one simulation
to another. The offset for BHs with Ly, = 10** — 10¥ ergs™! and
10" — 10* ergs~! is positive (i.e. BHs are more massive) at high
redshift for the Ilustris, EAGLE,* and Horizon-AGN simulations,
and negative (undermassive BHs) for the TNG100, TNG300, and
SIMBA simulations. For clarity, we do not show the Poisson errors in
Fig. 7, but we provide the numbers of objects Nopjecis for each redshift
at the top of the figure. Poisson errors (offset// Nopjecis) indicate that
the offsets at high redshift are statistically distinguishable from null
offsets for all the simulations, even for small number of objects. As
discussed in Section 3.1, the positive offsets of Illustris and Horizon-
AGN compared to the simulation’s z = 0 scaling relation are due to
galaxies growing on average more, at lower redshift, than their BHs.
The positive offsets of EAGLE at high redshift are due to efficient
BH growth taking place in less massive galaxies at early times than
at later times (McAlpine et al. 2018). For example, at z = 5, a BH
located in a galaxy of 10°3 My galaxy can grow efficiently, while

“In both Figs 7 and 8, we note the absence of quasars with
logyy Lot/ (erg s™1) > 46 in EAGLE for z < 4. This can also be noted from
Fig. 5. EAGLE has, on average, the faintest population of AGN among all
the studied simulations, at any redshift, as shown by its luminosity function
(Habouzit, submitted).
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Figure 7. Mgy offset with respect to the mean Mgy — M, relation produced by the simulations at z = 0, as a function of redshift. The 15th—85th percentiles of
the offset distributions are represented with shaded areas, and the number of BHs at each redshift is indicated at the top of the figure. Left-hand panel: offset for
AGN with Ly, = 10% — 10 ergs~!, which represents the bulk of the BH population at high redshift. There is no agreement between the simulations on the
positive or negative offset. The difference between the simulations is mild at z =0 — 1, but can be as large as 2 dex at z > 2. Middle panel: For all the simulations,
a similar offset is found for the faint quasars of Lyo = 10* — 10*® erg s~ that will be characterizable by the JWST. Right-hand panel: offsets produced by the
simulations for quasars of Ly > 10* ergs~! do not match the offsets found for the bulk of the BH populations. Our results show that characterizing fainter
quasars (middle panel) than those in reach of current instrumentation (right-hand panel), can constrain the assembly of the bulk of the BH population. Small
samples of 5 or 10 faint quasars are sufficient to test the six simulations whose predicted BH offsets at high redshift are different by ~1 dex. Given the simulation
offset distributions at z > 4, we find that a sample of at least five faint quasars is sufficient to distinguish statistically (95 per cent confidence) offsets larger than
0.2 dex from null offsets; more than 10 objects are needed for <0.2 dex offsets (e.g. SIMBA or Horizon-AGN simulations at z =4 — 5).

another BH in a same-mass galaxy at z = 0 would not. The negative
offsets of the TNG simulations are mostly due a more efficient SN
feedback at high redshift, which leads to lower average BH masses
at fixed stellar mass than in the low-redshift Universe. In SIMBA,
the additional torque model channel of BH accretion leads to more
massive BHs with time, and thus negative offsets at high redshifts.
We report the offsets obtained for the faint quasars in Table 2 for z
=5andz =6.

The evolution and values of the offsets for the two bolomet-
ric luminosity ranges Ly, = 10% — 10 ergs™! and Ly, = 10% —
10*ergs™ (i.e. AGN and faint quasars) are very similar. We
emphasize here again that the offsets of the AGN population are
almost identical to the offsets of all BHs (inactive and active) with
Mgy > 10° Mg, which justifies the use of the AGN sample as a
proxy for the entire BH population (see Section 2.5).

The median offsets shown for the bright simulated quasars (right-
hamd panel of Fig. 7) are different from the AGN ones, especially at
z > 4. The population of simulated BHs powering the bright quasars
is consistent with or overmassive with respect to the simulation z
= 0 scaling relation, for all the simulations. This trend is consistent
with recent ALMA observations, although using galaxy dynamical
masses instead of stellar masses. We quantify this in Table 3: we
compute the relative difference between the median offsets of the
faint quasars and the AGN (A off. faint), and the median offsets
of the bright quasars and the AGN (A off. bright), for z = 4 and

z = 5. The difference of faint quasar offsets to the AGN offsets
is at most of ~0.3 dex at z = 4 — 5 for all simulations, while
they are up to 1 dex for the bright quasars. Our results mean
that observing faint quasars with Ly = 10% — 10* ergs™! with
JWST would provide us with offsets representative of a more normal
population of BHs, here shown on the left-hand panel of Fig. 7 with
the Lpy = 10" — 10¥ ergs~' AGN. Our results also indicate that
the extremely bright quasars observed in the Universe at z ~ 4 — 5
are not representative of the normal BH population. Extrapolating
our results to higher redshifts (for which current simulations do
not produce enough objects), the observed bright quasars at z ~ 6
would not be representative of the BH population either. Our work
demonstrates that we have to be extremely careful when dealing
with the observed high-redshift quasars: whether they are found to
be overmassive or undermassive compared to local scaling relations,
we can not extend these conclusions to the assembly of more normal
BHs.

The BH mass offsets presented in Fig. 7 are relative to the mean
Mgy — M, relation derived at z = 0 in the simulations. These z
= 0 scaling relations are all different (see Fig. 3) and the time
evolution of these relations significantly vary from simulation to
simulation (Habouzit et al. 2021). These two aspects are responsible
for the large discrepancies that we found in the BH mass offsets,
and indicate that the assembly of BHs and their host galaxies with
time is still uncertain today. To test this further, we now derive the
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Table 2. We define the BH mass offsets as AlogioMpn = logioMpu(M., z) — logioMpu(M,, z = 0), and report in the table the median of the offsets, and
the lower and upper limit of the offset distribution (standard deviation), predicted at z = 5 and z = 6 by the large-scale cosmological simulations. We only
include the offsets for faint quasars with My > 10° Mg and Ly = 10% — 10% erg s~1. For the first rows, we use the simulation’s z = 0 scaling relation as
a reference to compute the offsets (Fig. 7), and for the second rows the Kormendy & Ho (2013) relation (Fig. 8).

Horizon-AGN EAGLE SIMBA

Tllustris TNG100 TNG300
z=6 0.82 (0.53,0.98) —0.67 (-0.89, —0.51) —0.59 (—1.01, —0.10)
z=5 0.98 (0.77, 1.18) —0.59 (—0.81, —0.38) —0.51 (—1.00, —0.024)
z=6 —0.24 (-0.46,-0.09) —0.44 (-0.65, —0.26) —0.70 (—0.99, —0.38)
z=5 —0.06(-0.26,0.12) —0.36 (—0.57, 0.15) —0.62 (—0.94, —0.30)

0.24 (0.088, 0.37)
0.13 (=0.04, 0.29)

0.31(0.15,0.43)
0.18 (0.03, 0.29)

0.67 (0.34, 1.08)
0.57 (0.20, 1.00)

—0.48 (-0.81, —0.02)
—0.63 (—1.01, —0.14)

—0.57 (-0.71, —0.34)
—0.42 (-0.65, —0.24)

—0.80 (—1.01, —0.54)
—0.67 (-0.92, —0.46)

Table 3. Difference offsets (in absolute values) between the median of the AGN mass offsets and the median of the faint and bright quasar
offsets, for z = 4 and z = 5. Difference offsets are defined as: Aoff. faint = Alog;y Mpu/Mg|faine — Alogg Mu/Mp|agN, and Aoff. bright =
Alog g MpH/Mg|bright — Alogyg Mpu/Mg|agn. These values can be inferred from Figs 7 and 8, for which the Mgy mass offsets are computed
assuming the z = 0 scaling relation produced by each of the simulations or assuming the Kormendy & Ho (2013). Values of Aoff. faint are always
smaller than Aoff. bright, meaning that Mgy mass offsets of the faint quasar population at high redshift are always more representative of the AGN
population offsets than the bright quasar population offsets. In some cases, the bright quasar offsets can be up to one order of magnitude higher/smaller

than those of the AGN population, while faint quasar offsets are not higher/smaller than 0.3 dex the offsets than the AGN population.

Reference for mass offset: simulation scaling rel. (Fig. 7)

Reference for mass offset: empirical scaling rel. (Fig. 8)

z=4 z=35 z=4 z=35

Simulations Aoff. faint Aoff. bright Aoff. faint Aoff. bright Aoff. faint Aoff. bright Aoff. faint Aoff. bright
Illustris 0.03 0.08 0.10 0.69 0.11 0.20 0.03 0.26
TNG100 0.26 0.48 0.31 - 0.21 0.30 0.27 -
TNG300 0.03 0.43 0.01 0.53 0.23 0.62 0.20 0.74
Horizon-AGN 0.24 0.62 0.17 0.42 0.03 0.16 0.03 0.06
EAGLE 0.26 0.99 0.26 0.99 0.28 0.94 0.28 0.94
SIMBA 0.32 0.40 0.25 0.57 0.22 0.17 0.26 -

BH mass offsets relative to the Kormendy & Ho (2013) local scaling
relation for all the simulations. We show the results in Fig. 8. The
median offsets are completely different from Fig. 7. The first feature
to notice is the discrepancy at z = 0: most of the simulations studied
here have a mean Mgy — M, lying below the empirical (Kormendy
& Ho 2013) relation. The time evolution of the median offsets is
the same as before, and the discrepancies among simulations is
still large and of about 1 dex. The most important result is that
our previous conclusions are unchanged: while the offsets of faint
quasars with Ly = 10% — 10% erg s~ are the same as the offsets of
Lot = 10* — 10% ergs~!, this is not the case for the bright quasars
of the simulations (Lp, > 10 ergs™).

Finally, we verify that our results on the offsets are robust for
even a small sample of 10 faint quasars. To do so, we randomly
select several samples of 10 faint quasars, and find that their offsets
were still representative of the offsets of the AGN sample. We
also compute the number of quasars that need to be observed to
statistically distinguish their offsets from null offsets at a 95 per cent
confidence level. Given the simulation offset distributions, samples
of at least five faint quasars are needed to distinguish offsets of >0.2
dex at high redshift (as it is the case for most of the simulations),
while more than 10 or 20 would be needed for <0.2 dex offsets
(e.g. SIMBA or Horizon-AGN at z = 4 — 5). This is promising
as the JWST Cycle 1 General Observer program of Onoue et al.
(2021) will, for example, target 12 faint quasars. Comparing the
offsets from the simulations and the offsets that will be observed
with JWST will require to first investigate the differences in the BH
mass distribution of the simulated and observed BH samples. Any
flux-limited observational sample is biased towards more massive
BHs. This luminosity bias needs to be considered when trying to
infer intrinsic offsets from observed ones (see Schulze & Wisotzki
2011, 2014; Ding et al. 2020).
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4 DISCUSSION

4.1 Comparison with previous works and need for detailed
analyses of the galaxy population at high redshift in simulations

In this paper, we have shown the large diversity of BH mass
offsets at fixed galaxy stellar mass, with respect to the z = 0
BH-galaxy relation, for the Illustris, TNG100, TNG300, Horizon-
AGN, EAGLE, and SIMBA simulations. There is no consensus
on the offsets for these simulations, and this is also true for the
MassiveBlacklIl simulation (Khandai et al. 2015). MassiveBlackIIl
has a similar volume as those studied here with 100 2~! Mpc side
length. With this simulation DeGraf et al. (2015) found a small
average BH mass offset of AMpy = 0.1 — 0.2 (offset relative to the
scaling My — M, relation of the simulation at z = 0, and computed
for Mgy > 107 M) at z = 6. This offset is smaller than any of the
simulations studied in this paper. The average offset of DeGraf et al.
(2015) has a very mild evolution, and slightly diminishes with time
from z = 6 to z = 0. This means that the MassiveBlackIl BHs grow,
on average, along the same scaling relation for their entire life. This
is not the case in the Illustris, TNG, Horizon-AGN, EAGLE, and
SIMBA simulations, for which we find an evolution of their mean
Mgy — M, relation with time.

The time evolution of the mean Mgy — M, relation depends on
both the growth of BHs with time and the growth of their host galaxies
with time. As shown in Habouzit et al. (2021), the evolution with time
and shape of the relation can be strongly affected by galaxy physics
(e.g. SN feedback) and galaxy evolution. For example, in the Illustris
and Horizon-AGN simulations, the overall decrease of the scaling
relation with time can be linked to galaxies growing faster than their
BHs, and overproducing the galaxy stellar mass function at z = 0.
Therefore, it appears important to test whether general properties of
galaxies in cosmological simulations reproduce observations at high
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Figure 8. Same as Fig. 7 but here we use the local scaling relation of Kormendy & Ho (2013) to compute the Mpy offset. The differences between simulations
are milder, but the main results are unchanged: faint quasars of Ly, = 10% — 10* ergs~! can constrain the Mgy offset of the BH population at high redshift,
while the bright quasars in reach of current instrumentation may not be representative of the normal BH population. Observational samples of 10 objects (more
than 10 objects) are needed to distinguish offsets larger than 0.2 dex (<0.2 dex) from null offsets, with 95 per cent confidence.

redshift, in our case beyond z = 4. Among these general properties,
the galaxy stellar mass function, the stellar to halo mass ratios, the
UV luminosity function (Shen et al. 2020, 2021; Vogelsberger et al.
2020). Most simulations do not reach a consensus at z = 0 for these
properties, but investigating those at higher redshift is crucial.

4.2 Agreement between the simulated populations of AGN and
observations

Most of the simulations studied in this paper produce a bolometric
luminosity function that overestimates the current observational
constraints from e.g. Hopkins et al. (2006) for Ly, < 10%7 ergs™!
and some of them do so even up to Ly, < 10*ergs™ at z =
4 (Habouzit et al., submitted). At this redshift, these AGN are
distributed over two orders of BH mass (Mg = 107 — 10° M)
and galaxy mass (Habouzit et al. 2021). At higher redshift (e.g. z
~ 6), there is currently too few observations of faint quasars and
too few simulated quasars in simulations to assess the agreement
of the bolometric luminosity functions. The impact of a possible
overestimation of the luminosity function in the simulations at z =
6 on our results is difficult to evaluate, because the more numerous
AGN would likely be distributed over several orders of BH and
galaxy mass, as it is the case at z = 4 in all the simulations. We stress
here again that despite the different AGN populations produced by the
simulations, they all show the same offset signal for the AGN and the
faint quasar populations, and a different signal for the bright quasars.

4.3 Comparing simulations to high-redshift observations
4.3.1 Dynamical mass and stellar mass of galaxies

A difficult aspect when comparing observations to simulations is
to assess whether we actually compare the same quantities. Here,
we look at BH mass offsets relative to the local Mgy — M,
relation produced by all the simulations, with M, the total mass of
galaxies. In current observations of high-redshift quasars, stellar mass
measurements are not possible and dynamical mass estimates from
gas tracers are used instead (in most of the cases the [C11] 158 um
line, Neeleman et al. 2021). Recently, Lupi et al. (2019) investigated

different tracers of galaxy mass in a single but high-resolution
zoom-in simulation of a z = 7 quasar. They showed that while
the BH powering the quasar could appear overmassive using gas-
based tracers employed to derive dynamical masses in unresolved
observations, the quasar is not overmassive when using stellar-
based tracers to derive the galaxy stellar mass. This work highlights
the possibility that dynamical masses estimated through the virial
theorem in observations could underestimate the actual dynamical
mass of the quasar host galaxy systems, which would misleadingly
imply overmassive quasars with respect to their hosts at high redshift.
There has been progress in quasar host observations, resolving the gas
kinematics and morphology (Pensabene et al. 2020; Neeleman et al.
2021). In some observations, the kinetic field can not be explained by
assuming a simple thin rotating disc model. This can be due to AGN
feedback perturbing the gas kinematics, or even due to the presence
of a companion galaxy in the quasar host close environment (as
discussed in Pensabene et al. 2020), or because the disc is still not
yet formed at z > 6 (Marshall et al. 2021). In this respect, the JWST
will provide the first opportunity to directly probe the host stellar
content of high-redshift quasars. The stellar masses of faint quasars
derived from the JWST will serve us an ideal reference to be compared
with cosmological simulations that we present in this paper.

4.3.2 Gas and dust obscuration at high redshift

In this work, we did not correct the intrinsic bolometric luminosity
of the accreting BHs for gas and dust obscuration (but see Ni et al.
2020; Marshall et al. 2020b). The bolometric luminosities of the 7 > 6
observed quasars are computed using a UV to bolometric correction,
and thus are also not corrected for dust obscuration.

While the observed quasars at z > 6 are non-obscured type I
objects, large amount of dust have been measured in some high-
redshift quasar hosts (e.g. Venemans et al. 2017a; Bafiados et al.
2019; Novak et al. 2019; Venemans et al. 2020). While we can not
completely exclude that the absence of dust obscuration correction
in our work and/or in observations may lead to some mismatch,
there is an evidence for small obscuration in observations. The UV
obscuration of the known z > 6 quasars appears to be as small as lower
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redshift quasars (Fan 2001; Vanden Berk et al. 2001), and indicates
that the large amount of dust does not lead to significant obscuration,
along the line of sight. This is another point where JWST can improve
our current picture by constraining the dust extinction law probing
the entire UV-MIR spectra of high-z quasars (e.g. Schindler et al.
2020; Di Mascia et al. 2021).

4.4 Looking forward: need for a diversity of larger volume
cosmological simulations

The BlueTides simulation is the largest simulation that was per-
formed with only a slightly lower dark matter and gas resolution with
respect to the simulations of volume 100° — 300° cMpc® presented
here. BlueTides has a volume > 500° comoving Mpc?, but was only
run down to z =7 (Feng et al. 2016). The BlueTides simulation has a
Mgy — M, relation at z = 7 (Marshall et al. 2020b) in agreement (but
steeper) with the local scaling relation of Kormendy & Ho (2013).
While BlueTides is useful to study high-redshift quasars, one can
not derive the BH mass offsets relative to the simulation local (z
= 0) scaling relation as we did in this paper. Performing high-
redshift larger volumes of Illustris, TNG, Horizon-AGN, EAGLE,
and SIMBA, which have shown to all produce different population
of BHs and AGN (see also Habouzit et al. 2021, Habouzit in
preparation), would allow us to investigate the quasar regime while
already knowing how the subgrid physics shape the evolution of
galaxies and BHs down to z = 0 in less extreme regimes. Because
performing these simulations is computationally expensive, those
could be run down to z = 6 — 5 only.

The power of JWST to detect the stellar component of quasar host
galaxies has been investigated with BlueTides at z = 7 (Marshall
et al. 2021). They find that the most massive simulated quasars
(Mgy ~ 1084 — 1082 M) are located in bulge-dominated galaxies
which tend to be compact. It is crucial now to assess what is the range
of galaxy properties of the quasar hosts, as well as the properties of the
BHs powering the quasars, produced by different models of galaxy
formation and BH physics, i.e. for different large-scale cosmological
simulations. The properties of the BH and AGN populations in
current simulations (e.g. Li et al. 2020; Habouzit et al. 2021, Habouzit
et al., submitted), but also those of the galaxy population (e.g.
Pillepich et al. 2018b; Hahn et al. 2019; Schirra et al. 2020), are
highly dependent on uncertain subgrid model assumptions. Most of
these models fail to capture the complex dynamics on small scales,
i.e.0.1-1000 pc (Beckmann, Devriendt & Slyz2019; Angles-Alcazar
et al. 2021). Zoom-in cosmological simulations from larger volume
cosmological simulations, as mentioned above, could help to achieve
better resolution while capturing the quasars halo environment. This
would allow to tackle key questions regarding the assembly of high-
redshift quasars and their environments.

5 CONCLUSIONS

We analysed the evolution of the BH population in six large-scale
cosmological simulations: Illustris, TNG100, TNG300, Horizon-
AGN, EAGLE, and SIMBA. We focused our analysis on the
promising population of faint quasars, that we defined as active BHs
with Lypg = 10¥ — 10* ergs™!. They have the advantage to have
better number statistics than brighter quasars in current cosmological
simulations. Furthermore, both their host galaxy and BH properties
will become characterizable by JWST. We analysed how these
quasars will yield new key constraints on the co-evolution of BHs
and galaxies at high redshift. We summarize our main findings below.
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(1) In the large-scale cosmological simulations studied here, there
is no consensus on whether BHs at z = 6 are overmassive or
undermassive relative to either the simulation mean Mgy — M,
relation at z = 0 (Fig. 3 and 7), or the empirical scaling relation
of Kormendy & Ho (2013; Fig. 8).

(i1) In most of the simulations, BHs at z = 6 are on average not
as massive and bright as the quasars currently observed at the same
redshift (Fig. 5). A significant fraction of the simulated massive
z = 6 BHs accrete mass at (or at rates close to) the Eddington
limit (Fig. 6). The absence of BHs as massive as in the current
observations is due to the limited volume probed by the simulations.
Larger volume simulations would likely produce BHs overlapping
with the observations, if accreting at the Eddington limit.

(iii) Some simulations have a very tight Ly, — Mpy relation for
BHs of Mgy > 10° Mg and log,, Lo /(erg/s) > 44 at z = 6, while
some others produce a scatter of 0.5 dex or more in luminosity, at
fixed BH mass. Such scatters are similar to high-redshift bright quasar
observations. However, we note that this needs to be considered with
caution as the simulated and observed populations are not for the
same BH mass range.

(iv) JWST will allow BH mass measurement of high-redshift faint
quasars with Lye > 10% ergs™!, going beyond of what is currently
possible from the ground (Lyy = 10* ergs™'; Fig. 1). This is a
population of BHs that large-scale cosmological simulations produce
in enough number for statistical analysis (Fig. 5).

(v) At z = 6, quasars with Ly, > 10¥ ergs™ are in general
among the most massive BHs present in the simulations at that
time, with Mgy > 107 — afew 10® M, (Fig. 5). We find that in some
simulations the quasars can also be powered by less massive BHs.
The quasars are also not always the most massive BHs at fixed
stellar mass. These differences among the simulations depend on the
simulation subgrid physics, and particularly the accretion model.

(vi) There is no consensus in the simulations on whether BHs are
on average more, or less, massive at high redshift than at low redshift.
Therefore, the BH mass offsets computed for the full BH population
are crucial to understand the build-up of BHs at high redshift.

(vii) We find that the brightest BHs of Ly, > 10*ergs™! at z <
5 do not trace the BH mass offsets of the full BH population (Fig. 7).
Extrapolating our results to z = 6, the observed bright quasars could
provide results not representative of the full BH population. However,
simulated faint quasars with Ly, = 10* — 10* ergs~' (a range that
JWST will be able to characterize) present the same BH mass offsets
as the full BH population, at any redshift. The results are robust even
with a small sample of 10 faint quasars. Moreover, we find that >0.2
dex mean offsets would be distinguishable from null offsets for a
sample of 10 observed faint quasars (95 per cent confidence), while
more quasars would be needed for smaller offsets. High-redshift faint
quasars will be key to constrain BH evolution at high redshift.

(viii) Large-scale cosmological simulations of > 100 cMpc side
length are a great resource to study the evolution of the BH and
galaxy populations, but are still lacking statistics for the most massive
objects at z ~ 6. Given the differences found in the simulations for
the faint z ~ 6 quasar population that JWST could characterize, we
want to emphasize the need to run follow-up simulations (with the
same subgrid physics) but with larger volumes. These simulations
could be performed down to z ~ 6, to limit computational costs.

1

In the coming years, JWST will provide observations that can
directly be compared with simulations and the results presented in
this paper. For example, the approved Cycle 1 General Observer
program by Onoue et al. (2021) is designed to provide a first detailed
look at the central BHs and host galaxies of 12 of the lowest-
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luminosity quasars known at z ~ 6. This program will provide
the H S-based BH masses and host stellar masses of their targets;
therefore, it is expected that it will provide an observational test of
the redshift evolution of the BH mass offset within the first billion
years on the universe. In the near future, the Vera Rubin Observatory
and Euclid will provide us with a much large sample of z > 6 quasars
that can be characterized in detail with JWST.

Our work also has important implications for the subgrid models
that we employ in cosmological simulations. Since different sim-
ulations predict different BH mass offsets at high redshift, new
observations could help constraining a key regime in large-scale
cosmological simulations, namely BH and galaxy formation and
evolution at z > 5.

ACKNOWLEDGEMENTS

We thank the referee for constructive comments on our paper.
MN acknowledges support from ERC Advanced grant 740246
(Cosmic_Gas). DAA was supported in part by NSF grants AST-
2009687 and AST-2108944, and by the Flatiron Institute, which is
supported by the Simons Foundation.

DATA AVAILABILITY STATEMENT

The data from the Illustris and the TNG100 simulations can be
found on their respective websites: https://www.illustris-project.org,
https://www.tng-project.org. The data from the EAGLE simulation
can be obtained upon request to the EAGLE team at their website:
http://icc.dur.ac.uk/Eagle/. The data from the SIMBA simulation can
be found on the website: http://simba.roe.ac.uk/. The Horizon-AGN
simulation is not public, but some catalogs are available at: https:
/Iwww.horizon-simulation.org/data.html.

REFERENCES

Aihara H. et al., 2018, PASJ, 70, S8

Aird J. et al., 2010, MNRAS, 401, 2531

Andika L. T. et al., 2020, ApJ, 903, 34

Angles-Alcazar D. et al., 2021, ApJ, 917, 53

Anglés-Alcazar D., Ozel E, Davé R., 2013, Apl, 770, 5

Anglés-Alcazar D., Ozel F., Davé R., Katz N., Kollmeier J. A., Oppenheimer
B. D, 2015, ApJ, 800, 127

Anglés-Alcazar D., Davé R., Faucher-Giguere C.-A., Ozel E, Hopkins P. F.,
2017a, MNRAS, 464, 2840

Anglés-Alcazar D., Faucher-Giguere C.-A., Quataert E., Hopkins P. F,
Feldmann R., Torrey P., Wetzel A., Keres D., 2017b, MNRAS, 472, 1.109

Assef R. J. et al., 2015, Apl, 804, 27

Banados E. et al., 2016, ApJS, 227, 11

Baiados E. et al., 2018b, ApJ, 856, L25

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

Banados E. et al., 2019, ApJ, 881, L23

Banados E. et al., 2021, ApJ, 909, 80

Banados E., Carilli C., Walter F., Momjian E., Decarli R., Farina E. P.,
Mazzucchelli C., Venemans B. P., 2018a, ApJ, 861, L14

Barger A. J. et al., 2003, AJ, 126, 632

Beckmann R. S., Devriendt J., Slyz A., 2019, MNRAS, 483, 3488

Bower R. G., Schaye J., Frenk C. S., Theuns T., Schaller M., Crain R. A.,
McAlpine S., 2017, MNRAS, 465, 32

Carnall A. C. et al., 2015, MNRAS, 451, L16

Catmabacak O., Feldmann R., Anglés-Alcédzar D., Faucher-Giguere C.-A.,
Hopkins P. F., Keres D., 2022, MNRAS, 511, 506

Chehade B. et al., 2018, MNRAS, 478, 1649

Churazov E., Sazonov S., Sunyaev R., Forman W., Jones C., Bohringer H.,
2005, MNRAS, 363, L91

Connor T. et al., 2019, ApJ, 887, 171

Connor T. et al., 2020, ApJ, 900, 189

Faint high-redshift quasars and JWST 3765

Cool R. J. et al., 2006, AJ, 132, 823

Crain R. A. et al., 2015, MNRAS, 450, 1937

Croom S. M. et al., 2009, MNRAS, 399, 1755

Croom S. M., Smith R. J., Boyle B. J., Shanks T., Miller L., Outram P. J.,
Loaring N. S., 2004, MNRAS, 349, 1397

Davé R., Anglés-Alcdzar D., Narayanan D., Li Q., Rafieferantsoa M. H.,
Appleby S., 2019, MNRAS, 486, 2827

De Rosa G., Decarli R., Walter F., Fan X, Jiang L., Kurk J., Pasquali A., Rix
H. W., 2011, AplJ, 739, 56

Decarli R. et al., 2012, ApJ, 756, 150

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

DeGraf C., Di Matteo T., Treu T., Feng Y., Woo J. H., Park D., 2015, MNRAS,
454,913

Di Mascia F., Gallerani S., Ferrara A., Pallottini A., Maiolino R., Carniani S.,
D’Odorico V., 2021, MNRAS, 506, 3946

Di Matteo T., Springel V., Hernquist L., 2005, Nature, 433, 604

Di Matteo T., Colberg J., Springel V., Hernquist L., Sijacki D., 2008, ApJ,
676, 33

Diaz-Santos T. et al., 2021, AAP, 654, A37

Ding X. et al., 2020, ApJ, 888, 37

Dubois Y. et al., 2014, MNRAS, 444, 1453

Dubois Y., Devriendt J., Slyz A., Teyssier R., 2012, MNRAS, 420, 2662

Dubois Y., Volonteri M., Silk J., Devriendt J., Slyz A., Teyssier R., 2015,
MNRAS, 452, 1502

Dubois Y., Peirani S., Pichon C., Devriendt J., Gavazzi R., Welker C.,
Volonteri M., 2016, MNRAS, 463, 3948

Fan X. e. a., 2001, AJ, 121, 54

Fan X. et al., 2001, AJ, 122, 2833

Fan X. et al., 2004, AJ, 128, 515

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

Fanidakis N. et al., 2012, MNRAS, 419, 2797

Feng Y., Di-Matteo T., Croft R. A., Bird S., Battaglia N., Wilkins S., 2016,
MNRAS, 455, 2778

Genel S. et al., 2014, MNRAS, 445, 175

Genel S. et al., 2018, MNRAS, 474, 3976

Georgakakis A. et al., 2015, MNRAS, 453, 1946

Goto T., 2006, MNRAS, 371, 769

Graham A. W., Scott N., 2015, AplJ, 798, 54

Giiltekin K. et al., 2009, ApJ, 698, 198

Habouzit M. et al., 2019, MNRAS, 484, 4413

Habouzit M. et al., 2021, MNRAS, 503, 1940

Habouzit M. et al., 2022, MNRAS, 509, 3015

Habouzit M., Volonteri M., Dubois Y., 2017, MNRAS, 468, 3935

Hahn C. et al., 2019, ApJ, 872, 160

Hiring N., Rix H.-W., 2004, ApJ, 604, L89

Hirschmann M., Khochfar S., Burkert A., Naab T., Genel S., Somerville R.
S., 2010, MNRAS, 407, 1016

Hirschmann M., Somerville R. S., Naab T., Burkert A., 2012, MNRAS, 426,
237

Hirschmann M., Dolag K., Saro A., Bachmann L., Borgani S., Burkert A.,
2014, MNRAS, 442, 2304

Hopkins P. F,, Quataert E., 2011, MNRAS, 415, 1027

Hopkins P. F.,, Hernquist L., Cox T. J., Robertson B., Springel V., 2006, ApJS,
163, 50

Inayoshi K., Nakatani R., Toyouchi D., Hosokawa T., Kuiper R., Onoue M.,
2021, preprint (arXiv:2110.10693)

Tzumi T. et al., 2019, PASJ, 71, 111

Jahnke K. et al., 2009, ApJ, 706, L215

Jahnke K., Maccio A. V., 2011, ApJ, 734,92

Jiang L. et al., 2009, AJ, 138, 305

Jiang L. et al., 2016, ApJ, 833, 222

Jiang L., McGreer I. D., Fan X., Bian F,, Cai Z., Clément B., Wang R., Fan
Z.,2015, AJ, 149, 188

Kashikawa N. et al., 2015, ApJ, 798, 28

Kaviraj S. et al., 2017, MNRAS, 467, 4739

Khandai N., Di Matteo T., Croft R., Wilkins S., Feng Y., Tucker E., DeGraf
C., Liu M.-S., 2015, MNRAS, 450, 1349

Kim Y. et al., 2015, ApJ, 813, L35

Kim Y. et al., 2018, ApJ, 855, 138

Kormendy J., Ho L. C., 2013, ARA&A, 51, 511

MNRAS 511, 3751-3767 (2022)

220z 8unp /0 Uo Jasn Jnonosuuo) 10 Alsianiun Agq 8628159/1LSZE/S/L L S/a01e/seluw/wod dno olwapeoe//:sdiy Wolj papeojumo(]


https://www.illustris-project.org
https://www.tng-project.org
http://icc.dur.ac.uk/Eagle/
http://simba.roe.ac.uk/
https://www.horizon-simulation.org/data.html
http://dx.doi.org/10.1093/pasj/psx081
http://dx.doi.org/10.1111/j.1365-2966.2009.15829.x
http://dx.doi.org/10.3847/1538-4357/abb9a6
http://dx.doi.org/10.3847/1538-4357/ac09e8
http://dx.doi.org/10.1088/0004-637X/770/1/5
http://dx.doi.org/10.1088/0004-637X/800/2/127
http://dx.doi.org/10.1093/mnras/stw2565
http://dx.doi.org/10.1093/mnrasl/slx161
http://dx.doi.org/10.1088/0004-637X/804/1/27
http://dx.doi.org/10.3847/0067-0049/227/1/11
http://dx.doi.org/10.3847/2041-8213/aab61e
http://dx.doi.org/10.1038/nature25180
http://dx.doi.org/10.3847/2041-8213/ab3659
http://dx.doi.org/10.3847/1538-4357/abe239
http://dx.doi.org/10.3847/2041-8213/aac511
http://dx.doi.org/10.1086/376843
http://dx.doi.org/10.1093/mnras/sty2890
http://dx.doi.org/10.1093/mnras/stw2735
http://dx.doi.org/10.1093/mnrasl/slv057
http://dx.doi.org/10.1093/mnras/stac040
http://dx.doi.org/10.1093/mnras/sty690
http://dx.doi.org/10.1111/j.1745-3933.2005.00093.x
http://dx.doi.org/10.3847/1538-4357/ab5585
http://dx.doi.org/10.3847/1538-4357/abaab9
http://dx.doi.org/10.1086/505535
http://dx.doi.org/10.1093/mnras/stv725
http://dx.doi.org/10.1111/j.1365-2966.2009.15398.x
http://dx.doi.org/10.1111/j.1365-2966.2004.07619.x
http://dx.doi.org/10.1093/mnras/stz937
http://dx.doi.org/10.1088/0004-637X/739/2/56
http://dx.doi.org/10.1088/0004-637X/756/2/150
http://dx.doi.org/10.3847/1538-4357/aaa5aa
http://dx.doi.org/10.1093/mnras/stv2002
http://dx.doi.org/10.1093/mnras/stab1876 
http://dx.doi.org/10.1038/nature03335
http://dx.doi.org/10.1086/524921
http://dx.doi.org/10.1051/0004-6361/202140455
http://dx.doi.org/10.3847/1538-4357/ab5b90
http://dx.doi.org/10.1093/mnras/stu1227
http://dx.doi.org/10.1111/j.1365-2966.2011.20236.x
http://dx.doi.org/10.1093/mnras/stv1416
http://dx.doi.org/10.1093/mnras/stw2265
http://dx.doi.org/10.1086/318033
http://dx.doi.org/10.1086/324111
http://dx.doi.org/10.1086/422434
http://dx.doi.org/10.1086/500296
http://dx.doi.org/10.1111/j.1365-2966.2011.19931.x
http://dx.doi.org/10.1093/mnras/stv2484
http://dx.doi.org/10.1093/mnras/stu1654
http://dx.doi.org/10.1093/mnras/stx3078
http://dx.doi.org/10.1093/mnras/stv1703
http://dx.doi.org/10.1111/j.1365-2966.2006.10702.x
http://dx.doi.org/10.1088/0004-637X/798/1/54
http://dx.doi.org/10.1088/0004-637X/698/1/198
http://dx.doi.org/10.1093/mnras/stz102
http://dx.doi.org/10.1093/mnras/stab496
http://dx.doi.org/10.1093/mnras/stab3147
http://dx.doi.org/10.1093/mnras/stx666
http://dx.doi.org/10.3847/1538-4357/aafedd
http://dx.doi.org/10.1086/383567
http://dx.doi.org/10.1111/j.1365-2966.2010.17006.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21626.x
http://dx.doi.org/10.1093/mnras/stu1023
http://dx.doi.org/10.1111/j.1365-2966.2011.18542.x
http://dx.doi.org/10.1086/499493
http://arxiv.org/abs/2110.10693
http://dx.doi.org/10.1093/pasj/psz096
http://dx.doi.org/10.1088/0004-637X/706/2/L215
http://dx.doi.org/10.1088/0004-637X/734/2/92
http://dx.doi.org/10.1088/0004-6256/138/1/305
http://dx.doi.org/10.3847/1538-4357/833/2/222
http://dx.doi.org/10.1088/0004-6256/149/6/188
http://dx.doi.org/10.1088/0004-637X/798/1/28
http://dx.doi.org/10.1093/mnras/stx126
http://dx.doi.org/10.1093/mnras/stv627
http://dx.doi.org/10.1088/2041-8205/813/2/L35
http://dx.doi.org/10.3847/1538-4357/aaadae
http://dx.doi.org/10.1146/annurev-astro-082708-101811

3766 M. Habouzit et al.

Li Y. et al., 2020, ApJ, 895, 102

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

Ma L., Hopkins P. F,, Ma X., Anglés-Alcdzar D., Faucher-Giguere C.-A.,
Kelley L. Z., 2021, MNRAS, 508, 1973

Magorrian J., et al., 1998, AJ, 115, 2285

Marconi A., Hunt L. K., 2003, ApJ, 589, L21

Marinacci F. et al., 2018, MNRAS, 480, 5113

Marshall M. A. et al., 2020a, ApJ, 900, 21

Marshall M. A., Ni Y., Di Matteo T., Wyithe J. S. B., Wilkins S., Croft R. A.
C., Kuusisto J. K., 2020b, MNRAS, 499, 3819

Marshall M. A., Wyithe J. S. B., WindhorstR. A., Di Matteo T., Ni Y., Wilkins
S., Croft R. A. C., Mechtley M., 2021, MNRAS, 506, 1209

Matsuoka Y. et al., 2016, ApJ, 828, 26

Matsuoka Y. et al., 2018a, ApJS, 237, 5

Matsuoka Y. et al., 2018b, ApJ, 869, 150

Matsuoka Y. et al., 2019a, ApJ, 883, 183

Matsuoka Y. et al., 2019b, ApJ, 872, L2

Matute I. et al., 2013, A&A, 557, A78

Matute I., La Franca F., Pozzi F., Gruppioni C., Lari C., Zamorani G., 2006,
A&A, 451, 443

Mazzucchelli C., Bafiados E., Decarli R., Farina E. P., Venemans B. P., Walter
F, Overzier R., 2017, ApJ, 834, 83

McAlpine S. et al., 2016, Astron. Comput., 15, 72

McAlpine S., Bower R. G., Harrison C. M., Crain R. A., Schaller M., Schaye
J., Theuns T., 2017, MNRAS, 468, 3395

McAlpine S., Bower R. G., Rosario D. J., Crain R. A., Schaye J., Theuns T.,
2018, MNRAS, 481, 3118

McConnell N. J., Ma C.-P,, 2013, ApJ, 764, 184

McGreer 1. D., Becker R. H., Helfand D. J., White R. L., 2006, ApJ, 652, 157

McGreer I. D., Fan X., Jiang L., Cai Z., 2018, AJ, 155, 131

Merloni A., Heinz S., 2013, in Oswalt T. D., Keel W. C., eds, Planets, Stars
and Stellar Systems, Vol. 6, Evolution of Active Galactic Nuclei, p. 503

Mortlock D. J. et al., 2009, A&A, 505, 97

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

Naiman J. P. et al., 2018, MNRAS, 477, 1206

Neeleman M. et al., 2019, ApJ, 882, 10

Neeleman M. et al., 2021, AJ, 911, 28

Nelson D. et al., 2015, Astron. Comput., 13, 12

Nelson D. et al., 2018, MNRAS, 475, 624

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

Niida M. et al., 2020, ApJ, 904, 89

Novak M. et al., 2019, ApJ, 881, 63

Onoue M. et al., 2019, ApJ, 880, 77

Onoue M. et al., 2021, A Complete Census of Supermassive Black Holes
and Host Galaxies at z=6. JWST Proposal. Cycle 1, Available at:https:
//ui.adsabs.harvard.edu/abs/202 1jwst.prop.19670

Peng C. Y., 2007, ApJ, 671, 1098

Pensabene A. et al., 2021, AAP, 652, A66

Pensabene A., Carniani S., Perna M., Cresci G., Decarli R., Maiolino R.,
Marconi A., 2020, A&A, 637, A84

Pfister H., Volonteri M., Dubois Y., Dotti M., Colpi M., 2019, MNRAS, 486,
101

Pillepich A. et al., 2018a, MNRAS, 475, 648

Pillepich A. et al., 2018b, MNRAS, 473, 4077

Reed S. L. et al., 2017, MNRAS, 468, 4702

Reed S. L. et al., 2019, MNRAS, 487, 1874

Richards G. T. et al., 2006, AJ, 131, 2766

Rodriguez-Gomez V. et al., 2016, MNRAS, 458, 2371

Rosas-Guevara Y., Bower R. G., Schaye J., McAlpine S., Dalla Vecchia C.,
Frenk C. S., Schaller M., Theuns T., 2016, MNRAS, 462, 190

Rosas-Guevara Y. M. et al., 2015, MNRAS, 454, 1038

Schaye J. et al., 2015, MNRAS, 446, 521

Schindler J.-T. et al., 2020, ApJ, 905, 51

Schirra A. P. et al., 2020, MNRAS, 508, 4816

Schulze A., Wisotzki L., 2011, A&A, 535, A87

Schulze A., Wisotzki L., 2014, MNRAS, 438, 3422

MNRAS 511, 3751-3767 (2022)

Shankar E., Salucci P., Granato G. L., De Zotti G., Danese L., 2004, MNRAS,
354, 1020

Shen Y. et al., 2019, ApJ, 873, 35

Shen X. et al., 2020, MNRAS, 495, 4747

Shen Y., 2013, Bull. Astron. Soc. India, 41, 61

Shen X., Vogelsberger M., Nelson D., Tacchella S., Hernquist L., Springel
V., Marinacci F., Torrey P., 2021, MNRAS, 495, 4747

Shields G. A., Gebhardt K., Salviander S., Wills B. J., Xie B., Brotherton M.
S., Yuan J., Dietrich M., 2003, ApJ, 583, 124

Sijacki D., Vogelsberger M., Genel S., Springel V., Torrey P., Snyder G. F,,
Nelson D., Hernquist L., 2015, MNRAS, 452, 575

Snyder G. F. et al., 2015, MNRAS, 454, 1886

Springel V. et al., 2018, MNRAS, 475, 676

Suh H., Civano F., Trakhtenbrot B., Shankar F., Hasinger G., Sanders D. B.,
Allevato V., 2020, ApJ, 889, 32

Tang J.-J. et al., 2017, MNRAS, 466, 4568

Thomas N., Davé R., Anglés-Alcazar D., Jarvis M., 2019, MNRAS, 487,
5764

Thomas N., Dave R., Jarvis M. J., Angles-Alcazar D., 2021, MNRAS, 503,
3492

Vanden Berk D. E. et al., 2001, AJ, 122, 549

Venemans B. P. et al., 2015, ApJ, 801, L11

Venemans B. P. et al., 2017a, ApJ, 851, L8

Venemans B. P. et al., 2017b, ApJ, 837, 146

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

Vestergaard M., Peterson B. M., 2006, ApJ, 641, 689

Vito F. et al., 2019, A&A, 628, L6

Vito F. et al., 2020, A&A, 642, A149

Vito F. et al., 2021, AAP, 649, A133

Vogelsberger M. et al., 2014a, Nature, 509, 177

Vogelsberger M. et al., 2014b, MNRAS, 444, 1518

Vogelsberger M. et al., 2020, MNRAS, 492, 5167

Volonteri M., Dubois Y., Pichon C., Devriendt J., 2016, MNRAS, 460, 2979

Walter E., Carilli C., Bertoldi F., Menten K., Cox P., Lo K. Y., Fan X., Strauss
M. A., 2004, ApJ, 615, L17

Wang F. et al., 2018, ApJ, 869, L9

Wang F. et al., 2021, ApJ, 41, 2

Weinberger R. et al., 2017, MNRAS, 465, 3291

Weinberger R. et al., 2018, MNRAS, 479, 4056

Willott C. J. et al., 2007, AJ, 134, 2435

Willott C. J. et al., 2009, AJ, 137, 3541

Willott C. J. et al., 2010a, AJ, 140, 546

Willott C. J. et al., 2010b, AJ, 139, 906

Wu X., Davé R., Tacchella S., Lotz J., 2020, MNRAS, 494, 5636

Yang J. et al., 2020, ApJ, 897, L14

Zeimann G. R., White R. L., Becker R. H., Hodge J. A., Stanford S. A.,
Richards G. T., 2011, ApJ, 736, 57

APPENDIX A: SUMMARY OF THE
PARAMETERS AND SUBGRID MODELS
EMPLOYED IN THE SIMULATIONS

In Table A1, we summarize the parameters employed in the simu-
lations, and highlight their specific subgrid models. This table is a
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indicates whether the Mgy — M, relation produced by the simulations
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More detailed descriptions of the simulations and their BH
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