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A B S T R A C T 

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 L bol � 10 

46 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 L bol = 10 

45 − 10 

46 erg s −1 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-A GN, EA GLE, and SIMBA large-scale cosmological simulations 
do not agree on whether BHs at z ≥ 4 are o v ermassiv e or undermassive at fixed galaxy stellar mass with respect to the M BH 

−
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 L bol = 10 

45 − 10 

46 erg s −1 observed by JWST can provide key constraints on the assembly 

of BHs at high redshift. Moreo v er, this will help constraining the high-redshift regime of cosmological simulations, including 

BH seeding, early growth, and co-e volution with the host galaxies. Our results also moti v ate 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. 

Key words: black hole physics – methods: numerical – galaxies: evolution – galaxies: formation. 
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 I N T RO D U C T I O N  

he empirical scaling relation between massive black hole (BH) 
ass and the stellar mass of their host galaxies ( M BH − M � ) found

n the local Universe (e.g. Magorrian et al. 1998 ; G ̈ultekin et al.
009 ) indicates that, on av erage, more massiv e galaxies host more
assive BHs. Other scaling relations have been derived between 
H mass and galaxy properties, such as galaxy bulge mass, velocity 
ispersion, S ́ersic index, and infrared luminosity (e.g. Marconi & 

unt 2003 ; H ̈aring & Rix 2004 ; Shankar et al. 2004 ; Graham &
cott 2015 ). These relations could represent the evidence for the 
osmic co-evolution of BHs with their host galaxies. The M BH − M � 

elation could emerge from the hierarchical build-up of galaxies: BHs 
ould merge (if BH coalescence is an efficient process) and increase 
heir mass along the scaling relation after the mergers of their host
 E-mail: habouzit@iap.fr 

r  

a  

e  

2022 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
alaxies. As the build-up of such relations is not constrained yet in
he high-redshift Universe, other pathways are possible: BH growth 
ould precede the assembly of their host g alaxies, or g alaxies could
row first and their BHs would only catch up later on. Theoretically,
he co-evolution between BHs and their host galaxies is predicted 
o be complex as the shape, normalization, and scatter of the M BH 

M � relation can be impacted by several key physical processes 
elated to BH and galaxy evolution, such as accretion on to the
Hs, and feedback processes from supernovae (SN) and active 
alactic nucleus (AGN; Habouzit et al. 2021 , from the perspective of
osmological simulations). The massive end of the scaling relation 
an be reproduced with a feedback-regulated model of BH growth 
e.g. Di Matteo, Springel & Hernquist 2005 ; Di Matteo et al. 2008 ;
ubois et al. 2012 ), but can also be obtained without in voking A GN

eedback (Angl ́es-Alc ́azar, Özel & Dav ́e 2013 ). The shape of the
elation, and the low-mass end of the relation, is influenced by the
bility of SN feedback to regulate the growth of BHs (e.g. Dubois
t al. 2015 ; Habouzit, Volonteri & Dubois 2017 ; Angl ́es-Alc ́azar
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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 (Ba ̃ nados et al. 2018b ; Yang et al. 2020 ; Wang et al. 2021 ) and the least luminous z > 5.8 quasar 
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 L bol � 10 46 erg s −1 , 
the faint quasars with L bol � 10 45 − 10 46 erg s −1 , and fainter objects with L bol � 10 45 erg s −1 that we refer to as AGN. 
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1 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 ), 
W illott et al. ( 2009 ), W illott 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 ), 
Ba ̃ nados et al. ( 2016 ), Jiang et al. ( 2016 ), Matsuoka et al. ( 2016 ), Reed et al. 
( 2017 ), Mazzucchelli et al. ( 2017 ), Tang et al. ( 2017 ), Ba ̃ nados et al. ( 2018c ), 
Decarli et al. ( 2018 ), Ba ̃ nados 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 ), Ba ̃ nados et al. ( 2021 ), and Wang et al. ( 2021 ). 
2 Our definition of faint quasars relies on the faintest quasars that have been 
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t al. 2017b ; McAlpine et al. 2018 ). BH seeding and dynamics
lso likely play a role: BH seeds with small initial mass have a
ard time sinking to the centre of their host galaxies, being off of
he gas reservoir they would not be in the ideal position to accrete
as efficiently (e.g. Angl ́es-Alc ́azar et al. 2017b ; Pfister et al. 2019 ;
 ¸ atmabacak et al. 2022 ; Ma et al. 2021 ). Some models based only on
H mergers (i.e. without considering gas accretion or for which only
 small effect was found) were also able to reproduce local scaling
elations (Peng 2007 ; Hirschmann et al. 2010 ; Jahnke & Macci ̀o
011 ). The establishment of the scaling relations is still unclear, and
oorly constrained with observations as processes of gas accretion,
H mergers, and feedback remain hard to quantify. 
Whether the M BH − M � relation e volves to ward high redshift

s a key question, but selection biases in observations make the
nvestigation difficult. Current constraints at z ≤ 2 are mostly
onsistent with mild to no evolution or showing slightly higher
 BH / M � ratios at higher redshift (e.g. Shields et al. 2003 ; Jahnke et al.

009 ; Suh et al. 2020 ). Measuring stellar mass requires sufficient
ensitivity and spatial resolution to remo v e the e xtremely bright
uclear emission. Such observations are challenging beyond z ∼
.5, where the redshifted 4000 Å break falls beyond 1 μm (e.g.
ahnke et al. 2009 ; Ding et al. 2020 ), even with current ground-
ased facilities and the optical-sensitive Hubble Space Telescope
 HST ). 

In this paper, we analyse the most massive and active BHs
roduced by the Illustris (Genel et al. 2014 ; Vogelsberger et al.
014b ; Sijacki et al. 2015 , Nelson et al. 2015 ), TNG100, TNG300
Marinacci et al. 2018 ; Naiman et al. 2018 ; Nelson et al. 2018 ;
illepich et al. 2018b ; Springel et al. 2018 ), Horizon-AGN (Dubois
t al. 2014 , 2016 ; Volonteri et al. 2016 ), EAGLE (Crain et al.
015 ; Schaye et al. 2015 ; McAlpine et al. 2016 ), and SIMBA
Dav ́e et al. 2019 ) simulations. Those can be referred as quasars.
uasars are the most luminous class of AGN, and a phase of rapid

volution through gas accretion. They are powered by BHs with
 BH ∼ 10 8 − 10 10 M �, ri v aling the most massive BHs in the local
niverse (e.g. Mortlock et al. 2011 ; Ba ̃ nados et al. 2018b ; Yang
NRAS 511, 3751–3767 (2022) 

o

t al. 2020 ; Wang et al. 2021 ). To date, 287 quasars at z ≥ 5.8 have
een published, 1 among which ∼50 have BH mass measurements
rom modelling their broad emission lines (e.g. Shen et al. 2019 ;
chindler et al. 2020 ). We show the distribution of their bolometric

uminosities in Fig. 1 . For the purpose of our analysis, we divide the
uasars in three categories: bright quasars with L bol � 10 46 erg s −1 ,
aint quasars with L bol = 10 45 − 10 46 erg s −1 , 2 and fainter objects
ith L bol � 10 45 erg s −1 are referred as AGN in the following.
aint quasars are particularly promising laboratories to confront

heory with observations: they are produced in sufficient numbers in
osmological simulations, but also have been detected through deep
uasar surv e ys, and will continue to be detected in the near future
ith new facilities. 
Now is the perfect time to investigate the build-up of the M BH 

M � relation at z ≥ 5 for two reasons: the James Webb Space
elescope ( JWST ) should be able to constrain the stellar component
f high-redshift quasar host galaxies (i.e. measuring the stellar
ass and not just the galaxy dynamical mass, as explained below),

nd to characterize previously identified faint quasars, which is
ot possible with current facilities. As shown in this paper, faint
uasars with L bol = 10 45 − 10 46 erg s −1 could have properties more
epresentative of the entire BH population than bright quasars with
 bol � 10 46 erg s −1 . 
bserved so far. 

art/stac225_f1.eps
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Measuring the stellar mass of galaxies requires observations at 
est-frame ultraviolet (UV) and optical, which correspond to the 
ear-infrared for galaxies at z ≥ 6. This has pro v en to be extremely
hallenging and thus far impossible for z ≥ 6 quasar host galaxies 
e.g. Decarli et al. 2012 ; Marshall et al. 2020a ). Currently, our
nowledge of z ≥ 6 quasar hosts come only from rest-frame far-
nfrared emission (e.g. Walter et al. 2004 ; Venemans et al. 2020 ;
ensabene et al. 2021 ), which traces the gas and cold dust component. 
he latter can be investigated with facilities such as ALMA , and
an provide measurement for the dynamical mass of the galaxies 
e.g. Pensabene et al. 2020 ; Neeleman et al. 2021 ). The JWST
ill enable the characterization of the stellar component of high- 

edshift quasar hosts for the first time (e.g. Marshall et al. 2020b ,
021 ). Still, measuring the stellar mass will be challenging even 
ith JWST . For example, separating the emission from the quasar 

nd the stellar component will be difficult if the latter is compact,
s it has been shown in some cases with ALMA dust and [C II ]
58 μm measurements (Venemans et al. 2017b ; Neeleman et al. 
019 ; Venemans et al. 2020 ). 
We also expect the high near-infrared (NIR) sensitivity of JWST to 

llow us to measure BH mass for the faint quasars , which are too faint
o perform NIR spectroscopy with ground-based 8 m-class telescopes 
n a reasonable amount of time (see e.g. Willott et al. 2010a ; Kim et al.
018 ; Onoue et al. 2019 ). NIR (rest-frame UV/optical) spectroscopy 
s necessary to detect BH broad-line region emission lines, such as

g II , C IV , and Balmer lines, and their underlying quasar continua.
oreo v er, the BH mass measurements at z � 4 have relied on
g II λ2798, although the empirically calibrated Mg II -based BHs

ave a half dex of systematic uncertainties (Shen 2013 ). The JWST
rovides an opportunity to do rest-frame optical mass measurements 
ith H β, which is directly calibrated against reverberation mapping 
easurements (Vestergaard & Peterson 2006 ). 
The quest for fainter quasars has already started. At the time 

f writing, 83 faint quasars with bolometric luminosity of L bol = 

0 45 − 10 46 erg s −1 (i.e. down to M 1450 ∼ −24) have been identified
n the redshift range z = 6–7 (Willott et al. 2007 , 2009 , 2010b ;

atute et al. 2013 ; Kim et al. 2015 ; Matsuoka et al. 2016 , 2018a ,
019a , b ). While surv e ys such as SDSS and PS1 are limited to the
etection of bright quasars ( L bol � 10 46 erg s −1 ), the quasars with
 bol = 10 45 − 10 46 erg s −1 are identified in moderately deep surv e ys,

uch as Canada-France High-redshift Quasar Surv e y (CFHQS) 
nd Subaru High-redshift Exploration of Low-Luminosity Quasars 
SHELLQs). A significant fraction of those quasars were identified in 
he Subaru HSC-SSP project with 5 σ magnitude limits of z AB < 24.5
nd y AB < 24.0 (Aihara et al. 2018 ). These new objects allowed the
haracterization 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

t al. 2018b ), enabling estimates of the quasar luminosity function 
own to M 1450 < −22.3. Onoue et al. ( 2019 ) showed that faint z

6 quasars were powered by BHs of with a wide range of masses
 M BH ∼ 10 7 . 5 − 10 9 M �) and Eddington ratios ( f Edd = 0.1 − 1). 

In this paper, we quantify the evolution of the M BH − M � 

elation from z = 6 to the local Universe with cosmologi- 
al simulations, and investigate whether BHs are overmassive at 
igh redshift. To do so, we derive BH mass offsets, defined 
s � log 10 M BH ( M � , z) = log 10 M BH ( M � , z) − log 10 M BH ( M � , z =
). Observational constraints on the BH mass offsets from individual 
 ≥ 6 quasars exist in the literature, although with galaxy dynamical 
ass and not the galaxy stellar mass (e.g. Izumi et al. 2019 , and

eferences therein). These works find that while the most luminous 
f these quasars with M 1450 ≤ −25 (i.e. L bol � 10 45 . 5 erg / s) tend to
e o v ermassiv e compared to, for e xample the M BH − M � empirical
caling relation of Kormendy & Ho ( 2013 ; see Inayoshi et al. 2021 ,
or a possible formation pathway of these BHs), the faint end of
he bright quasar sample with M 1450 ≥ −25 (which are on average
owered by less massive BHs) tend to be consistent with the scaling
elation. Ho we ver, estimates of the dynamical masses conv e y large
ncertainties (Izumi et al. 2019 ; Lupi et al. 2019 ; Pensabene et al.
020 ; Neeleman et al. 2021 ): for example if they are over-estimated,
he BHs could actually lie abo v e the scaling relation. 

We describe the cosmological simulations in Section 2. In Sec- 
ion 3, we present the M BH − M � relations of the simulations at high
edshift, the properties of the BHs powering faint quasars, and their
H mass offsets. We discuss our results in Section 4 and conclude

n Section 5. 

 M E T H O D O L O G Y:  C O S M O L O G I C A L  

I MULATI ONS  A N D  T H E I R  BH/ AGN  

OPULATI ONS  

n this work, we use the following six large-scale cosmological 
ydrodynamical simulations: Illustris, TNG100, TNG300 (larger 
olume and lower resolution with respect to TNG100), Horizon- 
 GN, EA GLE, and SIMBA. All these simulations ha ve v olumes
f � 100 3 cMpc 3 , dark matter mass resolutions of ∼ 5 × 10 6 − 8 ×
0 7 M �, and spatial resolutions of 1–2 ckpc. These simulations model
he evolution of the dark matter and baryonic matter contents in an
 xpanding space–time. The y capture the highly non-linear processes 
nvolved in the evolution of galaxies and BHs, and spanning kpc to

pc scales. For physical processes taking place at small subgalactic 
cale, they rely on subgrid modelling, e.g. for star formation, stellar
nd SN feedback, BH formation, evolution, and feedback. Subgrid 
odels vary from simulation to simulation (see section 2 of Habouzit

t al. 2021 ). We summarize the simulations in Table A1 . 

.1 Modelling of BH physics 

e briefly describe the modelling of BH seeding, growth, and AGN
eedback below. BH particles are seeded either in massive haloes of
 10 10 M � (Illustris, TNG100, TNG300, and EAGLE), or in galaxies 

f M � � 10 9 . 5 M � (SIMBA), or based on the properties of local gas
ells (Horizon-AGN). Initial BH masses are comprised in the range 
 BH = 10 4 − 10 6 M � ( ∼ 10 4 M � for SIMBA, ∼ 10 5 M � for Illus-

ris, Horizon-A GN, EA GLE, and ∼ 10 6 M � for TNG100, TNG300).
Hs can grow by BH mergers and gas accretion. Gas accretion

s often modelled with the Bondi–Hoyle–Lyttleton formalism, with 
if ferent v ariations: TNG100 and TNG300 include a magnetic field
omponent (Pillepich et al. 2018b ), EAGLE includes a viscous disc
omponent (Rosas-Gue v ara et al. 2015 ). Finally, SIMBA has a two
ode model for gas accretion: Bondi–Hoyle–Lyttleton model for the 

ot gas component ( T > 10 5 K), and a gravitational torque limited
odel for the cold gas component ( T < 10 5 K, Hopkins & Quataert

011 ; Angl ́es-Alc ́azar et al. 2015 , 2017a ). In the simulations, AGN
eedback is modelled with one or two modes. A single mode is
mployed in EAGLE, in which thermal energy is released in the
urroundings of AGN (Schaye et al. 2015 ). The other simulations
se a two-mode feedback. The released energy can be e.g. thermal
nd isotropic, and/or kinetic with collimated jets, or non-collimated 
utflo ws. In practice, the ef fecti ve strength of AGN feedback varies
rom one simulation to another. Illustris uses an injection of thermal
nergy for BHs with high accretion rates ( f edd ≥ 0.05), and also the
elease of thermal energy in the low accretion mode ( f edd ≤ 0.05) but
s hot bubbles displaced from the BH locations (Sijacki et al. 2015 ).
he TNG model uses thermal energy in the high accretion mode, and
MNRAS 511, 3751–3767 (2022) 
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njection of kinetic energy in random directions for the low accretion
ode (Weinberger et al. 2017 ). The transition between modes does

ot take place at a fixed Eddington ratio, but depends on BH mass

s f Edd = min 
(

0 . 002 × (
M BH / 10 8 M �

)2 
, 0 . 1 

)
, so that on average

 large fraction of BHs with M BH � a few 10 8 M � transition to the
inetic mode of AGN feedback (Weinberger et al. 2018 ; Habouzit
t al. 2019 ). In Horizon-AGN, the high accretion mode ( f Edd > 0.01)
lso releases thermal energy isotropically, and the low accretion mode
eleases kinetic energy through bipolar outflows (Dubois et al. 2012 ).
n SIMBA, collimated kinetic ouflows whose velocities increase with
 BH are employed for high accretion rates, and lower mass loading

 actor but f aster outflo ws for lo w accretion rates, whose velocities
ncrease with decreasing f Edd . X-ray feedback is also included for
IMBA (Dav ́e et al. 2019 ). 

.2 Calibration of the simulations 

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

In addition, most of these simulations are qualitatively calibrated
ith one of the empirical M BH − M � scaling relations found in the

ocal Univ erse. Often observ ed relations with the stellar mass of the
alaxy bulges are used, and compared to different stellar quantities in
he simulations, such as the total stellar mass, the total stellar mass in
he half-mass radius, or the bulge mass (see section 2.6 in Habouzit
t al. 2021 ). Illustris was calibrated with the M BH − M bulge relation
f Kormendy & Ho ( 2013 ) considering the total stellar mass within
he stellar half-mass radius of the simulated galaxies as a proxy for
 bulge . The TNG model was calibrated via comparison of its outcome

o that of Illustris, also considering the M BH − M � relation. Horizon-
GN was calibrated on the scaling M BH − M bulge relation of H ̈aring
 Rix ( 2004 ) using the M bulge of the simulated galaxies. SIMBA
as calibrated on the same relation assuming that the total stellar
ass was a proxy for the bulge mass. EAGLE was calibrated on the
cConnell & Ma ( 2013 ) M BH − M bulge relation, taking the stellar
ass of the simulated galaxies as a proxy for the bulge mass. 
The time evolution of the scaling relation was not used as a cali-

ration in these simulations, mainly because it is poorly constrained
n observations and only so at z ≤ 2. The scaling relation produced in
imulations at high redshift is therefore a prediction and not a direct
esult of calibration. As a result, it can be compared to observations
o understand and constrain the co-evolution between BHs and their
ost galaxies. 

.3 AGN luminosity 

n this paper, we compute the luminosity of the BHs following the
odel of Hirschmann et al. ( 2014 ; built on Churazov et al. 2005 ),

.e. explicitly distinguishing radiatively efficient and radiatively
nefficient AGN. The bolometric luminosity of radiatively efficient
Hs, i.e. with an Eddington ratio of f Edd = Ṁ BH / Ṁ Edd > 0 . 1, is
efined as L bol = 0 . 1 Ṁ BH c 

2 . BHs with smaller Eddington ratio of
 Edd ≤ 0.1 are considered radiatively inefficient and their bolometric
uminosities are computed as L bol = 0.1 L Edd (10 f Edd ) 2 . For simplicity,
e use the same radiati ve ef ficiency εr = 0.1 for all the simulations.
his is the parameter that was used in Horizon-AGN, EAGLE, and
NRAS 511, 3751–3767 (2022) 
IMBA, and εr = 0.2 was used for Illustris, TNG100, and TNG300.
ince in the following we are interested in the brightest objects
ormed in the simulations, we do not correct the simulated BH
opulation with a possible obscuration of the BHs. The population of
 ≥ 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.
020 ; Vito et al. 2021 ). This is likely due to a bias against obscured
uasars in the selection process of z > 6 quasars, as observations
ave identified obscured quasars up to z ∼ 4.6 (e.g. Assef et al.
015 ; Vito et al. 2020 ; Diaz-Santos et al. 2021 ). 

.4 Summary of the main differences of the simulated BH and 

GN populations 

s described abo v e, the modelling of BH physics varies from one
imulation to another (see Table A1 ). This is also the case for the
ubgrid modelling of galaxy formation which can impact the BH
opulation, such as SN feedback. Below we briefly summarize our
onclusions on the BH and AGN population of these large-scale
osmological simulations from Habouzit et al. ( 2021 ) and Habouzit
t al. (submitted): 

(i) Most of the simulations produce a tight M BH − M � relation,
ith a smaller M BH intrinsic scatter at fixed galaxy stellar mass than

he observed z = 0 population. 
(ii) The evolution of the mean M BH − M � relations in the redshift

ange 0 ≤ z ≤ 6 is mild, smaller than 1 dex in BH mass. 
(iii) There is no consensus on the normalization and shape of the
ean M BH − M � relations in the simulations. 
(iv) There is no consensus on the AGN luminosity function at high

edshift in the simulations. On average, all these simulations o v er-
roduce the number of AGN with L bol ≤ 10 45 at z ∼ 4 with respect
o observational constraints (e.g. Aird et al. 2010 ; Georgakakis et al.
015 ), but are in good agreement for more luminous objects. EAGLE
roduces the faintest population of AGN, and is in good agreement
ith the observations mentioned abo v e at z ∼ 4 for the faint-end of

he luminosity function, but falls short for the bright-end and may
ot produce enough AGN with L bol � 10 45 erg s −1 . 

While in broad agreement with observations, the cosmological
imulations do not all have the same evolution of their galaxy popula-
ion (see Pillepich et al. 2018b for the Illustris and TNG simulations).
he high-redshift regime ( z ≥ 5) is also difficult to calibrate because

he observational constraints are more uncertain, and in fact none of
he simulations discussed in this work use empirical relations at high
edshift to constrain the underlying physical models. In our present
nalysis, we only discuss the relative BH to galaxy ev olution, b ut
ot how well the simulated galaxies meet observational constraints.
e refer the reader to the following papers for complete analyses of

he galaxy properties (e.g. galaxy morphologies, sizes, stellar mass
unction, and UV luminosity function) of the Illustris (Vogelsberger
t al. 2014a ; Genel et al. 2014 ; Snyder et al. 2015 ; Rodriguez-Gomez
t al. 2016 ), TNG (Genel et al. 2018 ; Nelson et al. 2018 ; Pillepich
t al. 2018a ; Springel et al. 2018 ; Shen et al. 2020 ; Vogelsberger
t al. 2020 ), Horizon-AGN Dubois et al. ( 2014 ), Dubois et al. ( 2016 ),
aviraj et al. ( 2017 ), EAGLE (Crain et al. 2015 ; Schaye et al. 2015 ),

nd SIMBA (Dav ́e et al. 2019 ; Wu et al. 2020 ) simulations. 

.5 AGN as a proxy for the entire BH population 

hen studying the average BH mass offsets, we will employ
he AGN population with L bol = 10 44 − 10 45 erg s −1 (as defined in
ig. 1 ) as a proxy for the entire BH population. We do so because



Faint high-redshift quasars and JWST 3755 

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 10 L bol / (erg / s) = 44 − 45 (light orange), faint quasars with log 10 L bol / (erg / s) = 45 − 46 (dark orange), and bright 
quasars with log 10 L bol / (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. 
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urrently only active BHs can be electromagnetically detected at high 
edshift. The mass offsets derived in this paper are almost identical 
hen considering only AGN and the entire BH population with 
 BH � 10 6 M �. 
AGN are rare objects, and thus are subdominant in terms of number

ensity and mass contribution to the entire BH population. Still, 
n most of the cosmological simulations, the probability densities 
f the AGN mass are similar to those of the BH population, as
ho wn belo w. The normalized probability density of BH mass
nd galaxy stellar mass of all the simulated BHs, AGN, faint 
uasars with log 10 L bol / (erg / s) = 45 − 46, and bright quasars with
og 10 L bol / (erg / s) � 46 (when enough statistics) are shown in Fig. 2
or z = 5. In the Illustris, Horizon-AGN, and SIMBA simulations, the
GN distribution (light orange curve) resembles the full BH-mass 
istribution (black). We note that the mass probability densities of the
NG simulations co v er the same mass as the entire BH population,
ut are shifted towards slightly more massive BHs, and more massive
ost galaxies. The shift is driven by newly formed BHs, with masses
f M BH ∼ 10 6 M �, present in abundance in the black distributions.
n the absence of this peak due to BH seeds, the probability densities
f the AGN and BHs are similar. The EAGLE simulation presents the
ost different probability densities of the BH and AGN populations. 
MNRAS 511, 3751–3767 (2022) 
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M

Figure 3. M BH − M � plane of the simulations at z = 6 (dot symbols, left-hand panels) and at z = 0 (right-hand panels) for BHs of M BH � 10 6 M � located in 
galaxies of M � � 10 9 M �. We show the z = 6 quasars with L bol � 10 45 erg s −1 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 M BH − M � median relations derived from the 
simulations at z = 0 (solid coloured lines). The Illustris, Horizon-A GN, and EA GLE simulations hav e more massiv e BHs at fix ed 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 
� 6 with BH mass and host dynamical mass measurements compiled in Izumi et al. ( 2019 ) (shown as dots and probability density contours). 
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his is due to the large number of inactive low-mass BHs in EAGLE,
esulting from the efficient SN feedback and the artificial suppression
f early BH growth in Bondi accretion (Bower et al. 2017 ; McAlpine
t al. 2017 ). 

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

 RESULTS  

.1 M BH 

− M � scaling relations 

n Fig. 3 , we show the relation between the mass of the BHs and the
otal stellar mass of their host galaxies at z = 6 (left-hand panels)
nd z = 0 (right-hand panels), as produced by the six cosmological
imulations. In each left-hand panel, we show the full population of
Hs with black dots. To help visualize the BH populations at z = 0,
NRAS 511, 3751–3767 (2022) 
e add Gaussian kernel density contours. The AGN population with
 bol = 10 44 − 10 45 erg s −1 of each simulation at z = 6 is located in

he same region as the BH population, i.e. the black dots. At z =
, we show the faint and bright quasars with bolometric luminosity
f L bol � 10 45 erg s −1 with coloured dots. The number density of
uasars varies from one simulation to another from n ∼ 8 × 10 −7 −
 . 2 × 10 −6 cMpc −3 ; we report these values in Table 1 . 
In some of the simulations (Illustris and TNGs), the quasars with
 bol � 10 45 erg s −1 are mainly powered by the most massive BHs at
xed galaxy stellar mass with M BH � 10 7 M �. The fact that BHs less
assive than 10 7 M � do not power quasars in the TNG simulations

s likely due to the efficient SN feedback model (particularly in low-
ass galaxies, and at high redshift). Only TNG BHs that are massive

nough ( Ṁ BH ∝ M 

2 
BH in the Bondi formalism) and embedded in

alaxies massive enough (e.g. M � � 10 9 . 7 M � in Fig. 3 ) to o v ercome
N feedback accrete sufficiently to power quasars. We note a larger
pread of these objects at fixed M � in SIMBA: some of the quasars are
ot among the most massive BHs at fixed M � , and can have masses of

art/stac225_f3.eps
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Table 1. Median, minimum, and maximum values of BH mass, bolometric luminosity, and host galaxy stellar mass, for BHs with M BH � 10 6 M �
powering the simulated quasars with L bol � 10 45 erg s −1 at z = 6. 

Illustris TNG100 TNG300 Horizon-AGN EAGLE SIMBA 

Number of BH(s) 1 9 33 58 6 29 
Number density (cMpc −3 ) 8.3 × 10 −7 6.6 × 10 −6 1.2 × 10 −6 2.0 × 10 −5 6.0 × 10 −6 9.1 × 10 −6 

Median (min, max) 
log 10 M BH / M � 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 10 M � / M � 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 10 L bol / (erg / s) 45.0 (-) 45.2 (45.0,45.2) 45.2 (45.0,45.6) 45.2 (45.0,45.6) 45.2 (45.0,46.5) 45.3 (45.0, 45.7) 
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 BH ∼ 5 × 10 6 − 10 7 M �. This is also the case for Horizon-AGN
nd EAGLE. The number of BHs able to power quasars, and their
asses depend on the BH accretion rates (i.e. on both the accretion
odel, and its numerical implementation). While in most simulations 

he accretion rates scale as M 

2 
BH (Bondi), in the torque model of

IMBA the accretion rate only scales as M 

1 / 6 
BH . Some simulations

mploy a boost factor, while other do not. These differences can lead
 given simulation to have a general bright population of AGN (e.g.
orizon-AGN, TNGs), and another simulation to a much fainter 
 GN population (EA GLE and the viscous disc component of its

ccretion model). Some simulations use a kernel to compute the 
ccretion rates, while others only use the BH gas cells, which can
ead to more stochastic accretion rates. 

The simulations do not all produce massive galaxies at the same 
ate, and also do not have the same simulated volume. As a result,
he BHs with L bol = 10 45 − 10 47 erg s −1 are not located in the exact
ame galaxies. In Horizon-AGN, these BHs are embedded in galaxies 
ith M � = 10 9 − 10 10 M �, the upper limit being the most massive
alaxies present in the simulation at z = 6. We find only one BH with
 bol = 10 45 − 10 47 erg s −1 in Illustris, and it is also located in one
f the most massive galaxies of the simulated volume at z = 6 with
 � ∼ 10 10 M �. The other simulations (TNGs, EAGLE, and SIMBA)

ost the brightest BHs in galaxies with M � = 10 9 . 5 − 10 10 . 5 M � and
ven more massive galaxies for TNG300 and SIMBA. The TNG300 
imulation, which has the largest volume, had already produced 
alaxies of M � ∼ 10 10 . 5 M � at the same time, and they host the
rightest BHs. We add in Table 1 the median, minimum, and max-
mum values of the population of quasars with L bol � 10 45 erg s −1 

roduced by the simulations. 
In Fig. 3 , we also show the mean M BH − M � relation produced by

ach simulation at z = 0 with a coloured solid line. While the Illustris,
orizon-A GN, and EA GLE simulations form more massive BHs (at 
xed M � ) at z = 6 than at z = 0, we find that the TNG100, TNG300,
nd SIMBA simulations have on average less massive BHs at z =
. This is due to the different BH and galaxy subgrid modellings
mployed in all these simulations (Habouzit et al. 2021 ): 

(i) The o v erall normalization of the mean M BH − M � relation 
ecreases with decreasing redshift in Illustris, Horizon-AGN, and 
AGLE. In Illustris and Horizon-AGN, this is due to a more 
f ficient relati ve gro wth of galaxies compared to their central BHs at
ower redshifts, which probably originates from a less ef fecti ve SN
eedback compared to other simulations. In EAGLE, SN feedback 
tunts the initial BH growth in low-mass galaxies, and BH rapid 
rowth phase kicks in at fixed halo virial temperature, meaning in 
ore massive galaxies with decreasing redshift. 
(ii) The o v erall normalization of the mean M BH − M � relation in-

reases with decreasing redshift in TNG100, TNG300, and SIMBA. 
his is due to higher BH growth at lower redshifts with respect to

he BH host galaxies. In the TNG simulations, this is due to a less
f fecti ve SN feedback at low redshift, and in SIMBA this is mainly
ue to an increase of the galactic hot environment with time (due to
GN feedback), which in turn fa v ours an additional Bondi growth
hannel of BHs. 

In Fig. 3 , we also show in light green star symbols (and the corre-
ponding Gaussian probability density contours) the compilation of 
 ≥ 5.8 quasars with a host dynamical mass estimate and BH mass
easurement from Izumi et al. ( 2019 ). While faint quasars with M 1450 

−25 (i.e. L bol � 10 45 . 5 erg s −1 ) are located around the Kormendy &
o ( 2013 ) scaling relation (when assuming M � = M dyn ), the brighter
uasars with M 1450 ≤ −25 tend to be o v ermassiv e compared to the
ame scaling relation. For the current observations, the dynamical 
ass M dyn is used, and thus we can not directly compare those to

he quasars produced by the simulations for which the galaxy total
tellar mass is shown. While some simulated quasars are powered 
y BHs with masses o v erlapping the observed region (i.e. TNG300,
AGLE, and SIMBA), this is not the case for most of the simulated
uasar populations. 

.2 Number density of AGN, faint, and bright quasars 

o appreciate the number of AGN and quasars in cosmological 
imulations, we show in Fig. 4 the number density of BHs with
 10 6 M � in three ranges of bolometric luminosity, in galaxies with

tellar mass of M � � 10 9 M �. AGN with L bol = 10 44 − 10 45 erg s −1 

re shown in the left-hand panel, and have number densities ranging
n n AGN = 10 −5 − 10 −3 cMpc −3 . In the middle panel, we show the
umber density of faint quasars with L bol = 10 45 − 10 46 erg s −1 . In
his range, the simulations predict n faint quasars = 10 −6 − 10 −5 cMpc −3 

t z = 6. Finally, we show brighter quasars with L bol � 10 46 erg s −1 

n the right-hand panel. Unfortunately, for this latter subpopulation 
f BHs, these large-scale simulations do not allow us to have
obust statistics at z = 6 with number densities of n bright quasars �
0 −6 cMpc −3 . F or e xample, in SIMBA, there are only seven such
uasars 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

one in TNG100. This is due to a combination of the underlying
 alaxy formation ph ysics models and the limited volumes of these
imulations, which span 100 3 − 300 3 cMpc 3 . Statistics increase in 
he redshift range z = 3–5. Therefore, the results that we present
elow for these bright quasars lack statistically robust sample sizes. 
his also moti v ates the need for simulations such as Illustris, TNG,
orizon-A GN, EA GLE, and SIMBA b ut with larger v olumes. 
Three aspects are noticeable in Fig. 4 . First, there is an o v erall

ecrease in number densities for brighter objects. Secondly, the 
umber density of the objects increases from high-to-low redshifts, 
eaches a peak, and decreases. Observations suggest that the number 
ensity of luminous AGN increased from the early Universe to z 

2 and then decreased to the current Universe (e.g. Barger et al.
MNRAS 511, 3751–3767 (2022) 
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Figure 4. Redshift evolution of the comoving number density (cMpc −3 , logarithmic scale) of BHs with M BH � 10 6 M � in galaxies with stellar mass of 
M � � 10 9 M �. We show the AGN with bolometric lumosity L bol = 10 44 − 10 45 erg s −1 in the left panel, the faint quasars with L bol = 10 45 − 10 46 erg s −1 

which could be characterized by JWST in the middle panel, and the bright quasars with L bol � 10 46 erg s −1 , 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 3 − 300 3 cMpc 3 . We add Poisson error bars in all panels. 
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3 Each observational data point in Fig. 5 also carry a 0.5 dex systematic 
uncertainty due to the Mg II -based BH measurements (Shen 2013 ). 
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003 ; Croom et al. 2004 ; Matute et al. 2006 ; Richards et al. 2006 ;
room et al. 2009 ; Aird et al. 2010 ; Merloni & Heinz 2013 ). All

he simulations presented here reproduce this behaviour: the number
ensity of AGN or quasars increases from z = 6 to z = 3 − 2 an
ecreases from z = 2 to z = 0. Ho we v er, the e xact redshift at which
he number density peaks varies from one simulation to another. For
he AGN with log 10 L bol / (erg s −1 ) = 44 − 45, the peak appears at z

1 in SIMBA, at z ∼ 2 in TNG100, TNG300, and EAGLE, and at
arlier times z ∼ 3 in Horizon-AGN and Illustris. 

The third effect that one can notice is that the redshift at which
he object number density peaks depends on the luminosity of the
bjects, as shown in Fig. 4 . In several simulations, the downsizing
ffect is clear: bright objects peak at earlier time than fainter ones.
n SIMBA, the number density of bright quasars (right-hand panel)
eak at z ≥ 2 and the AGN (left-hand panel) at z ∼ 1. In TNG,
right quasar number density peaks at z ∼ 3, and AGN at z ∼ 2.
n the other simulations, the downsizing effect is not obvious. The
o wnsizing ef fect has been found in other cosmological simulations
e.g. Hirschmann et al. 2014 ), and semi-analytical models (e.g.
anidakis et al. 2012 ; Hirschmann et al. 2012 ) 
In addition to the different aspects discussed abo v e, Fig. 4 shows

hat there is no consensus on the number density of AGN or quasars
t fixed redshift in the simulations. This echoes the differences
dentified in the AGN luminosity function, especially for z ≤ 4, for
he Illustris, TNG, Horizon-AGN, EAGLE, and SIMBA simulations
Habouzit et al., submitted). 

.3 The BH populations that power the faint and bright 
uasars 

e show in Fig. 5 the bolometric luminosity of the simulated BHs
s a function of their masses for the Illustris, TNG100, TNG300,
orizon-A GN, EA GLE, and SIMBA simulations. We particularly
ighlight the simulated populations of BHs at z ∼ 6 with coloured dot
ymbols. All the simulations but SIMBA are capped at the Eddington
imit, SIMBA allow accretion rates larger than the Eddington limit. A
ignificant fraction of the simulated BHs with M BH � 10 6 M � have
NRAS 511, 3751–3767 (2022) 
ddington luminosities, and appear on a linear relation in the L bol −
 BH plane (shown as black-dashed lines in Fig. 5 ). For reference, we

how the same plane at z = 2 and z = 0: for most of the simulations
he z = 6 small L bol scatter grows with time (at least down to z = 2)
owards less luminous objects (Habouzit et al. 2022 , for a complete
nalysis of the simulated AGN populations). In SIMBA, several BHs
t z = 6 have a bolometric luminosity larger than their Eddington
uminosity, and are therefore super-Eddington BHs. In the torque
odel of SIMBA’s accretion subgrid model, BHs are allowed to

ccrete at rates up to three times larger the the Eddington limit (Dav ́e
t al. 2019 ; Thomas et al. 2019 ). The luminosity of the AGN in all
he other simulations is capped at the Eddington limit. We note that
he Illustris and TNG100 simulations have a very tight L bol − M BH 

elation in Fig. 5 , while the TNG300, Horizon-AGN, EAGLE, and
IMBA simulations produces a larger scatter of L bol luminosities at
xed BH mass. Comparing the different simulations is difficult here,
s they do not use the same volume, resolution, seeding, and accretion
ubgrid models. In the case of the TNG simulations, the larger volume
nd the lower resolution of TNG300 are responsible for the larger
 bol scatter at fixed M BH . While the larger volume of TNG300 ensures
ore diversity of BH environments, its lower resolution resolves less

ccurately BH surroundings. This leads to lower gas densities, and
hus to lower accretion rates on to the TNG300 BHs. The impact
f the SN feedback is also stronger in TNG300 than in TNG100,
eading again to a larger scatter of bolometric luminosity at fixed BH

ass. 
We add to Fig. 5 with green star symbols the quasars that have

een observed at z ≥ 5.8 with BH mass measurements from Onoue
t al. ( 2019 ) and Onoue et al. (in preparation). The observed quasars
ave bolometric luminosities of L bol = 10 46 − 10 47 . 5 erg s −1 , with
ne quasar with M BH ∼ 10 7 . 6 M � and a slightly lower luminosity of
 bol ∼ 10 45 . 7 erg s −1 . At fixed BH mass, these quasars have a L bol 

catter 3 of about 0.5–1 dex, similar to the scatter found in some

art/stac225_f4.eps
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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 M BH � 10 5 M �
(if available) located in galaxies of M � � 10 9 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 εr = 0.1 in our 
analysis instead of the εr = 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-A GN, TNG300, EA GLE, and SIMBA simulations have a scatter of L bol at fixed M BH , while Illustris and 
TNG100 produce a very tight L bol − M BH correlation. The population of z ≥ 5.8 quasars with BH mass measurements, mostly with L bol � 10 46 erg s −1 , 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 L bol � 10 45 erg s −1 (green-shaded region). 
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imulations, such as SIMBA. At such high redshift, observations are 
urrently strongly biased towards the brightest objects. While limited 
y their volumes, some of the simulations produce objects that are 
imilar to the faintest of the observed quasars. Horizon-AGN has two 
Hs with M BH = 10 7 . 5 M � and L bol = 10 45 . 6 erg s −1 . TNG300 has

wo of those quasars powered by slightly more massive BHs ( M BH =
0 7 . 7 , 10 7 . 8 M �). EAGLE has one similar BH, but also one very bright
nd massive BH of M BH = 10 8 . 2 M � and L bol = 10 46 . 5 M �. EAGLE
nd Horizon-AGN are the only simulations studied here with a quasar 
ntering the L bol − M BH region covered by the observed bright 
uasars with L bol � 10 46 erg s −1 . This is interesting for EAGLE,
ecause its AGN population at later times ( z = 5 − 0) is, on average,
ainter than the populations of the other simulations, as indicated 
y the dark ( z = 0) and light ( z = 2) grey dot symbols. SIMBA is
ifferent and produces seven BHs of L bol = 10 45.6 − 10 45.7 at z = 6
ith different masses in the range M BH = 10 7 . 1 − 10 8 . 3 M �. 
MNRAS 511, 3751–3767 (2022) 
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Figure 6. Eddington ratios of simulated quasars with L bol � 10 45 erg s −1 at z 
= 6 (shaded histograms), z = 5 (solid lines), and z = 4 (dashed lines). SIMBA 

is the only simulation allowing quasars to accrete abo v e 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 10 f Edd ∼ −0 . 75 or − 1 . 0. 
With decreasing redshifts, all the distributions extend to smaller Eddington 
ratios. 
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4 In both Figs 7 and 8 , we note the absence of quasars with 
log 10 L bol / ( 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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To quantify the accretion rates of the quasars with L bol �
0 45 erg s −1 , we show their Eddington ratios in Fig. 6 (using the
r used in each simulation). In most of the simulations at z = 6, these
uasars have Eddington ratios close to unity. As shown in Fig. 5 , some
iv ersity e xists in TNG300, Horizon-A GN, EA GLE, and SIMBA,
ith some quasars having lower, but still high, Eddington ratios. 
In the coming years, the JWST telescope will be able to char-

cterize faint quasars with L bol � 10 45 erg s −1 , shown as a green
egion in Fig. 5 , for which no BH properties measurements exist
et. The simulations present diverse populations of quasars with
NRAS 511, 3751–3767 (2022) 
olometric luminosities in the JWST range, as shown by the number
ensity of BHs with L bol = 10 45 − 10 46 erg s −1 in Fig. 4 (middle
anel). In the simulations, these faint quasars are powered by BHs
f M BH � 10 7 M � and accreting at rates close to or at the Eddington
imit (or abo v e for SIMBA) as shown in Fig. 5 . In some simulations,
uch as SIMBA or Horizon-AGN, the population of faint quasars
s more diverse in term of BH mass and luminosity: the faint
uasars are not all accreting at the Eddington limit, but can accrete
bo v e the Eddington limit (for SIMBA) or below (SIMBA and
orizon-AGN). 
One crucial question is whether these fainter quasars studied by

WST could be used to constrain the co-evolution of the BHs and their
ost galaxies at high redshift. We test this in the following section by
eriving the M BH mass offsets relative to the M BH − M � relation at
 = 0. 

.4 Constraining whether BHs are o v er-massi v e with faint 
igh-redshift quasars 

e now turn to analyse the average offset of BH mass at a given
edshift (e.g. z = 6, 5, and 4) compared to the local M BH − M � 

elation at z = 0, i.e. defined as � log 10 M BH = log 10 M BH ( M � , z) −
og 10 M BH ( M � , z = 0). Such offsets diagnose whether BH growth
s faster or slower than the assembly of the host galaxies at high
edshift with respect to the local Universe. It is important to notice,
o we ver, that when we compare the results of different simulations
ased on the offset of the BH-galaxy mass relation from that at z =
, differences across models may arise because different simulations
redict not only dif ferent gro wth of their BHs, but also different
rowth of the stellar mass of galaxies (Habouzit et al. 2021 ). 
In Fig. 7 , we show the median of the offset distributions and

heir 15th–85th percentiles for all the simulations. As in the previous
ection, the three panels represent distinct ranges of bolometric lumi-
osities, with L bol = 10 44 − 10 45 erg s −1 , L bol = 10 45 − 10 46 erg s −1 

or faint quasars, and brighter quasars with L bol � 10 46 erg s −1 . As
hown by the 15th–85th percentiles the offset distributions are broad.

hile the offsets are within 0.1 dex at low redshift ( z = 0 − 1),
hey are significantly larger at higher redshift and reach 0.5–1 dex
or z ≥ 2. The median offset varies strongly from one simulation
o another. The offset for BHs with L bol = 10 44 − 10 45 erg s −1 and
0 45 − 10 46 erg s −1 is positive (i.e. BHs are more massive) at high
edshift for the Illustris, EA GLE, 4 and Horizon-A GN simulations,
nd ne gativ e (undermassiv e BHs) for the TNG100, TNG300, and
IMBA simulations. For clarity, we do not show the Poisson errors in
ig. 7 , but we provide the numbers of objects N objects for each redshift
t the top of the figure. Poisson errors (offset/ 

√ 

N objects ) indicate that
he offsets at high redshift are statistically distinguishable from null
ffsets for all the simulations, even for small number of objects. As
iscussed in Section 3.1, the positive offsets of Illustris and Horizon-
GN compared to the simulation’s z = 0 scaling relation are due to
alaxies growing on average more, at lower redshift, than their BHs.
he positi ve of fsets of EAGLE at high redshift are due to efficient
H growth taking place in less massive galaxies at early times than
t later times (McAlpine et al. 2018 ). F or e xample, at z = 5, a BH
ocated in a galaxy of 10 9 . 5 M � galaxy can grow efficiently, while
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Figure 7. M BH offset with respect to the mean M BH − 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 L bol = 10 44 − 10 45 erg s −1 , which represents the bulk of the BH population at high redshift. There is no agreement between the simulations on the 
positiv e or ne gativ e 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 L bol = 10 45 − 10 46 erg s −1 that will be characterizable by the JWST . Right-hand panel : offsets produced by the 
simulations for quasars of L bol � 10 46 erg s −1 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 de x. Giv en 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). 
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nother BH in a same-mass galaxy at z = 0 would not. The ne gativ e
ffsets of the TNG simulations are mostly due a more efficient SN
eedback at high redshift, which leads to lower average BH masses
t fixed stellar mass than in the low-redshift Universe. In SIMBA,
he additional torque model channel of BH accretion leads to more 

assive BHs with time, and thus negati ve of fsets at high redshifts.
e report the offsets obtained for the faint quasars in Table 2 for z
 5 and z = 6. 
The evolution and values of the offsets for the two bolomet- 

ic luminosity ranges L bol = 10 44 − 10 45 erg s −1 and L bol = 10 45 −
0 46 erg s −1 (i.e. AGN and faint quasars) are very similar. We
mphasize here again that the offsets of the AGN population are 
lmost identical to the offsets of all BHs (inactive and active) with
 BH � 10 6 M �, which justifies the use of the AGN sample as a

roxy for the entire BH population (see Section 2.5). 
The median offsets shown for the bright simulated quasars (right- 

amd panel of Fig. 7 ) are different from the AGN ones, especially at
 ≥ 4. The population of simulated BHs powering the bright quasars
s consistent with or o v ermassiv e with respect to the simulation z
 0 scaling relation, for all the simulations. This trend is consistent
ith recent ALMA observations, although using galaxy dynamical 
asses instead of stellar masses. We quantify this in Table 3 : we

ompute the relati ve dif ference between the median offsets of the
aint quasars and the AGN ( � off. faint), and the median offsets
f the bright quasars and the AGN ( � off. bright), for z = 4 and
 = 5. The difference of faint quasar offsets to the AGN offsets
s at most of ∼0.3 dex at z = 4 − 5 for all simulations, while
hey are up to 1 dex for the bright quasars. Our results mean
hat observing faint quasars with L bol = 10 45 − 10 46 erg s −1 with
WST would provide us with offsets representative of a more normal
opulation of BHs, here shown on the left-hand panel of Fig. 7 with
he L bol = 10 44 − 10 45 erg s −1 AGN. Our results also indicate that
he extremely bright quasars observed in the Universe at z ∼ 4 − 5
re not representative of the normal BH population. Extrapolating 
ur results to higher redshifts (for which current simulations do 
ot produce enough objects), the observed bright quasars at z ∼ 6
ould not be representative of the BH population either. Our work
emonstrates that we have to be extremely careful when dealing 
ith the observed high-redshift quasars: whether they are found to 
e o v ermassiv e or undermassiv e compared to local scaling relations,
e can not extend these conclusions to the assembly of more normal
Hs. 
The BH mass offsets presented in Fig. 7 are relative to the mean
 BH − M � relation derived at z = 0 in the simulations. These z 
 0 scaling relations are all different (see Fig. 3 ) and the time

volution of these relations significantly vary from simulation to 
imulation (Habouzit et al. 2021 ). These two aspects are responsible
or the large discrepancies that we found in the BH mass offsets,
nd indicate that the assembly of BHs and their host galaxies with
ime is still uncertain today. To test this further, we now derive the
MNRAS 511, 3751–3767 (2022) 
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Table 2. We define the BH mass offsets as � log 10 M BH = log 10 M BH ( M � , z) − log 10 M BH ( 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 M BH � 10 6 M � and L bol = 10 45 − 10 46 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 ). 

Illustris TNG100 TNG300 Horizon-AGN EAGLE SIMBA 

z = 6 0.82 (0.53, 0.98) −0.67 ( −0.89, −0.51) −0.59 ( −1.01, −0.10) 0.24 (0.088, 0.37) 0.67 (0.34, 1.08) −0.57 ( −0.71, −0.34) 
z = 5 0.98 (0.77, 1.18) −0.59 ( −0.81, −0.38) −0.51 ( −1.00, −0.024) 0.13 ( −0.04, 0.29) 0.57 (0.20, 1.00) −0.42 ( −0.65, −0.24) 

z = 6 −0.24 ( −0.46, −0.09) −0.44 ( −0.65, −0.26) −0.70 ( −0.99, −0.38) 0.31 (0.15, 0.43) −0.48 ( −0.81, −0.02) −0.80 ( −1.01, −0.54) 
z = 5 −0.06 ( −0.26, 0.12) −0.36 ( −0.57, 0.15) −0.62 ( −0.94, −0.30) 0.18 (0.03, 0.29) −0.63 ( −1.01, −0.14) −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: � off. faint = � log 10 M BH / M �| faint − � log 10 M BH / M �| AGN , and � off. bright = 

� log 10 M BH / M �| bright − � log 10 M BH / M �| AGN . These values can be inferred from Figs 7 and 8 , for which the M BH mass offsets are computed 
assuming the z = 0 scaling relation produced by each of the simulations or assuming the Kormendy & Ho ( 2013 ). Values of � off. faint are al w ays 
smaller than � off. bright , meaning that M BH 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 = 5 z = 4 z = 5 

Simulations � off. faint � off. bright � off. faint � off. bright � off. faint � off. bright � off. faint � off. 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 –

B  

r  

m  

t  

h  

&  

t  

s  

o  

q  

L  

o
 

e  

s  

w  

a  

s  

c  

o  

d  

w  

(  

a  

(  

o  

w  

m  

fl  

B  

i  

2

4

4
a  

I  

o  

B  

A  

o  

M  

h  

l  

a  

s  

f  

s  

(  

f  

o  

i  

S  

M
 

b  

w  

a  

(  

a  

r  

B  

T  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/3/3751/6518298 by IN
IST-C

N
R

S IN
SU

 user on 12 April 2023
H mass offsets relative to the Kormendy & Ho ( 2013 ) local scaling
elation for all the simulations. We show the results in Fig. 8 . The
edian offsets are completely different from Fig. 7 . The first feature

o notice is the discrepancy at z = 0: most of the simulations studied
ere have a mean M BH − M � lying below the empirical (Kormendy
 Ho 2013 ) relation. The time evolution of the median offsets is

he same as before, and the discrepancies among simulations is
till large and of about 1 dex. The most important result is that
ur previous conclusions are unchanged: while the offsets of faint
uasars with L bol = 10 45 − 10 46 erg s −1 are the same as the offsets of
 bol = 10 44 − 10 45 erg s −1 , this is not the case for the bright quasars
f the simulations ( L bol � 10 46 erg s −1 ). 
Finally, we verify that our results on the offsets are robust for

ven a small sample of 10 faint quasars. To do so, we randomly
elect several samples of 10 faint quasars, and find that their offsets
ere still representative of the offsets of the AGN sample. We

lso compute the number of quasars that need to be observed to
tatistically distinguish their offsets from null offsets at a 95 per cent
onfidence le vel. Gi ven the simulation offset distributions, samples
f at least five faint quasars are needed to distinguish offsets of ≥0.2
ex at high redshift (as it is the case for most of the simulations),
hile 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
s the JWST Cycle 1 General Observer program of Onoue et al.
 2021 ) will, for example, target 12 faint quasars. Comparing the
ffsets from the simulations and the offsets that will be observed
ith JWST will require to first investigate the differences in the BH
ass distribution of the simulated and observed BH samples. Any
ux-limited observational sample is biased towards more massive
Hs. This luminosity bias needs to be considered when trying to

nfer intrinsic offsets from observed ones (see Schulze & Wisotzki
011 , 2014 ; Ding et al. 2020 ). 
NRAS 511, 3751–3767 (2022) 

g  
 DI SCUSSI ON  

.1 Comparison with previous works and need for detailed 

nalyses of the galaxy population at high redshift in simulations

n this paper, we have shown the large diversity of BH mass
ffsets at fixed galaxy stellar mass, with respect to the z = 0
H–galaxy relation, for the Illustris, TNG100, TNG300, Horizon-
 GN, EA GLE, and SIMBA simulations. There is no consensus
n the offsets for these simulations, and this is also true for the
assiveBlackII simulation (Khandai et al. 2015 ). MassiveBlackII

as a similar volume as those studied here with 100 h 

−1 Mpc side
ength. With this simulation DeGraf et al. ( 2015 ) found a small
verage BH mass offset of � M BH = 0.1 − 0.2 (offset relative to the
caling M BH − M � relation of the simulation at z = 0, and computed
or M BH > 10 7 M �) at z = 6. This offset is smaller than any of the
imulations studied in this paper. The average offset of DeGraf et al.
 2015 ) has a very mild evolution, and slightly diminishes with time
rom z = 6 to z = 0. This means that the MassiveBlackII BHs grow,
n average, along the same scaling relation for their entire life. This
s not the case in the Illustris, TNG, Horizon-AGN, EAGLE, and
IMBA simulations, for which we find an evolution of their mean
 BH − M � relation with time. 
The time evolution of the mean M BH − M � relation depends on

oth the growth of BHs with time and the growth of their host galaxies
ith time. As shown in Habouzit et al. ( 2021 ), the evolution with time

nd shape of the relation can be strongly affected by galaxy physics
e.g. SN feedback) and galaxy evolution. For example, in the Illustris
nd Horizon-AGN simulations, the o v erall decrease of the scaling
elation with time can be linked to galaxies growing faster than their
Hs, and o v erproducing the galaxy stellar mass function at z = 0.
herefore, it appears important to test whether general properties of
alaxies 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 M BH offset. The differences between simulations 
are milder, but the main results are unchanged: faint quasars of L bol = 10 45 − 10 46 erg s −1 can constrain the M BH 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. 
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edshift, in our case beyond z = 4. Among these general properties,
he galaxy stellar mass function, the stellar to halo mass ratios, the
V luminosity function (Shen et al. 2020 , 2021 ; Vogelsberger et al.
020 ). Most simulations do not reach a consensus at z = 0 for these
roperties, but investigating those at higher redshift is crucial. 

.2 Agreement between the simulated populations of AGN and 

bser v ations 

ost of the simulations studied in this paper produce a bolometric 
uminosity function that o v erestimates the current observational 
onstraints from e.g. Hopkins et al. ( 2006 ) for L bol � 10 45 . 5 erg s −1 

nd some of them do so even up to L bol � 10 46 erg s −1 at z =
 (Habouzit et al., submitted). At this redshift, these AGN are 
istributed o v er two orders of BH mass ( M BH = 10 7 − 10 9 M �)
nd galaxy mass (Habouzit et al. 2021 ). At higher redshift (e.g. z 

6), there is currently too few observations of faint quasars and 
oo few simulated quasars in simulations to assess the agreement 
f the bolometric luminosity functions. The impact of a possible 
 v erestimation of the luminosity function in the simulations at z =
 on our results is difficult to evaluate, because the more numerous
GN w ould lik ely be distributed o v er sev eral orders of BH and
alaxy mass, as it is the case at z = 4 in all the simulations. We stress
ere again that despite the different AGN populations produced by the 
imulations, they all show the same offset signal for the AGN and the
aint quasar populations, and a different signal for the bright quasars.

.3 Comparing simulations to high-redshift obser v ations 

.3.1 Dynamical mass and stellar mass of galaxies 

 difficult aspect when comparing observations to simulations is 
o assess whether we actually compare the same quantities. Here, 
e look at BH mass offsets relative to the local M BH − M � 

elation produced by all the simulations, with M � the total mass of
alaxies. In current observations of high-redshift quasars, stellar mass 
easurements are not possible and dynamical mass estimates from 

as tracers are used instead (in most of the cases the [C II ] 158 μm
ine, Neeleman et al. 2021 ). Recently, Lupi et al. ( 2019 ) investigated
ifferent tracers of galaxy mass in a single but high-resolution 
oom-in simulation of a z = 7 quasar. They showed that while
he BH powering the quasar could appear o v ermassiv e using gas-
ased tracers employed to derive dynamical masses in unresolved 
bservations, the quasar is not o v ermassiv e when using stellar-
ased tracers to derive the galaxy stellar mass. This work highlights
he possibility that dynamical masses estimated through the virial 
heorem in observations could underestimate the actual dynamical 

ass of the quasar host galaxy systems, which would misleadingly 
mply o v ermassiv e quasars with respect to their hosts at high redshift.
here has been progress in quasar host observations, resolving the gas
inematics and morphology (Pensabene et al. 2020 ; Neeleman et al.
021 ). In some observations, the kinetic field can not be explained by
ssuming a simple thin rotating disc model. This can be due to AGN
eedback perturbing the gas kinematics, or even due to the presence
f a companion galaxy in the quasar host close environment (as
iscussed in Pensabene et al. 2020 ), or because the disc is still not
et formed at z ≥ 6 (Marshall et al. 2021 ). In this respect, the JWST
ill provide the first opportunity to directly probe the host stellar

ontent of high-redshift quasars. The stellar masses of faint quasars 
erived from the JWST will serve us an ideal reference to be compared
ith cosmological simulations that we present in this paper. 

.3.2 Gas and dust obscuration at high redshift 

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

While the observed quasars at z ≥ 6 are non-obscured type I
bjects, large amount of dust have been measured in some high-
edshift quasar hosts (e.g. Venemans et al. 2017a ; Ba ̃ nados et al.
019 ; Novak et al. 2019 ; Venemans et al. 2020 ). While we can not
ompletely exclude that the absence of dust obscuration correction 
n our work and/or in observations may lead to some mismatch,
here is an evidence for small obscuration in observations. The UV
bscuration of the known z ≥ 6 quasars appears to be as small as lower
MNRAS 511, 3751–3767 (2022) 
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edshift quasars (Fan 2001 ; Vanden Berk et al. 2001 ), and indicates
hat the large amount of dust does not lead to significant obscuration,
long the line of sight. This is another point where JWST can impro v e
ur current picture by constraining the dust e xtinction la w probing
he entire UV-MIR spectra of high-z quasars (e.g. Schindler et al.
020 ; Di Mascia et al. 2021 ). 

.4 Looking forward: need for a di v ersity of larger volume 
osmological simulations 

he BlueTides simulation is the largest simulation that was per-
ormed with only a slightly lower dark matter and gas resolution with
espect to the simulations of volume 100 3 − 300 3 cMpc 3 presented
ere. BlueTides has a v olume � 500 3 comoving Mpc 3 , b ut was only
un down to z = 7 (Feng et al. 2016 ). The BlueTides simulation has a
 BH − M � relation at z = 7 (Marshall et al. 2020b ) in agreement (but

teeper) with the local scaling relation of Kormendy & Ho ( 2013 ).
hile BlueTides is useful to study high-redshift quasars, one can

ot derive the BH mass offsets relative to the simulation local ( z
 0) scaling relation as we did in this paper. Performing high-

edshift larger volumes of Illustris, TNG, Horizon-AGN, EAGLE,
nd SIMBA, which have shown to all produce different population
f BHs and AGN (see also Habouzit et al. 2021 , Habouzit in
reparation), would allow us to investigate the quasar regime while
lready kno wing ho w the subgrid physics shape the evolution of
alaxies and BHs down to z = 0 in less extreme regimes. Because
erforming these simulations is computationally e xpensiv e, those
ould be run down to z = 6 − 5 only. 

The power of JWST to detect the stellar component of quasar host
alaxies has been investigated with BlueTides at z = 7 (Marshall
t al. 2021 ). They find that the most massive simulated quasars
 M BH ∼ 10 8 . 4 − 10 8 . 9 M �) are located in bulge-dominated galaxies
hich tend to be compact. It is crucial now to assess what is the range
f galaxy properties of the quasar hosts, as well as the properties of the
Hs powering the quasars, produced by different models of galaxy

ormation and BH physics, i.e. for different large-scale cosmological
imulations. The properties of the BH and AGN populations in
urrent simulations (e.g. Li et al. 2020 ; Habouzit et al. 2021 , Habouzit
t al., submitted), but also those of the galaxy population (e.g.
illepich et al. 2018b ; Hahn et al. 2019 ; Schirra et al. 2020 ), are
ighly dependent on uncertain subgrid model assumptions. Most of
hese models fail to capture the complex dynamics on small scales,
.e. 0.1–1000 pc (Beckmann, Devriendt & Slyz 2019 ; Angles-Alcazar
t al. 2021 ). Zoom-in cosmological simulations from larger volume
osmological simulations, as mentioned abo v e, could help to achieve
etter resolution while capturing the quasars halo environment. This
ould allow to tackle key questions regarding the assembly of high-

edshift quasars and their environments. 

 C O N C L U S I O N S  

e analysed the evolution of the BH population in six large-scale
osmological simulations: Illustris, TNG100, TNG300, Horizon-
 GN, EA GLE, and SIMBA. We focused our analysis on the
romising population of faint quasars , that we defined as active BHs
ith L bol = 10 45 − 10 46 erg s −1 . The y hav e the advantage to hav e
etter number statistics than brighter quasars in current cosmological
imulations. Furthermore, both their host galaxy and BH properties
ill become characterizable by JWST . We analysed how these
uasars will yield new key constraints on the co-evolution of BHs
nd galaxies at high redshift. We summarize our main findings below.
NRAS 511, 3751–3767 (2022) 
(i) In the large-scale cosmological simulations studied here, there
s no consensus on whether BHs at z = 6 are o v ermassiv e or
ndermassi ve relati ve to either the simulation mean M BH − M � 

elation at z = 0 (Fig. 3 and 7 ), or the empirical scaling relation
f Kormendy & Ho ( 2013 ; Fig. 8 ). 
(ii) In most of the simulations, BHs at z = 6 are on average not

s massive and bright as the quasars currently observed at the same
edshift (Fig. 5 ). A significant fraction of the simulated massive
 = 6 BHs accrete mass at (or at rates close to) the Eddington
imit (Fig. 6 ). The absence of BHs as massive as in the current
bservations is due to the limited volume probed by the simulations.
arger volume simulations w ould lik ely produce BHs o v erlapping
ith the observations, if accreting at the Eddington limit. 
(iii) Some simulations have a very tight L bol − M BH relation for

Hs of M BH � 10 6 M � and log 10 L bol / (erg / s) � 44 at z = 6, while
ome others produce a scatter of 0.5 dex or more in luminosity, at
xed BH mass. Such scatters are similar to high-redshift bright quasar
bserv ations. Ho we ver, we note that this needs to be considered with
aution as the simulated and observed populations are not for the
ame BH mass range. 

(iv) JWST will allow BH mass measurement of high-redshift faint
uasars with L bol � 10 45 erg s −1 , going beyond of what is currently
ossible from the ground ( L bol � 10 46 erg s −1 ; Fig. 1 ). This is a
opulation of BHs that large-scale cosmological simulations produce
n enough number for statistical analysis (Fig. 5 ). 

(v) At z = 6, quasars with L bol � 10 45 erg s −1 are in general
mong the most massive BHs present in the simulations at that
ime, with M BH � 10 7 − a few 10 8 M � (Fig. 5 ). We find that in some
imulations the quasars can also be powered by less massive BHs.
he quasars are also not al w ays the most massive BHs at fixed
tellar mass. These differences among the simulations depend on the
imulation subgrid physics, and particularly the accretion model. 

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

(vii) We find that the brightest BHs of L bol � 10 46 erg s −1 at z ≤
 do not trace the BH mass offsets of the full BH population (Fig. 7 ).
xtrapolating our results to z = 6, the observed bright quasars could
rovide results not representative of the full BH population. Ho we ver,
imulated faint quasars with L bol = 10 45 − 10 46 erg s −1 (a range that
WST will be able to characterize) present the same BH mass offsets
s the full BH population, at any redshift. The results are robust even
ith a small sample of 10 faint quasars. Moreo v er, we find that ≥0.2
ex mean offsets would be distinguishable from null offsets for a
ample of 10 observed faint quasars (95 per cent confidence), while
ore quasars would be needed for smaller offsets. High-redshift faint

uasars will be key to constrain BH evolution at high redshift. 
(viii) Large-scale cosmological simulations of � 100 cMpc side

ength are a great resource to study the evolution of the BH and
alaxy populations, but are still lacking statistics for the most massive
bjects at z ∼ 6. Given the differences found in the simulations for
he faint z ∼ 6 quasar population that JWST could characterize, we
ant to emphasize the need to run follow-up simulations (with the

ame subgrid physics) but with larger volumes. These simulations
ould be performed down to z ∼ 6, to limit computational costs. 

In the coming years, JWST will provide observations that can
irectly be compared with simulations and the results presented in
his paper. For example, the approved Cycle 1 General Observer
rogram by Onoue et al. ( 2021 ) is designed to provide a first detailed
ook at the central BHs and host galaxies of 12 of the lowest-



Faint high-redshift quasars and JWST 3765 

l
t  

t  

t  

y  

a  

t

t
u
o
c
e

A

W
M
(
2
s

D

T
f
h
c  

h
b
s  

/

R

A
A
A
A
A
A  

A  

A  

 

A
B
B
B
B
B
B  

B
B
B  

C
C

C
C  

C
C

C
C
C
C  

D  

D  

D
D
D  

D  

D
D  

D
D
D
D
D  

D  

F
F
F
F
F
F  

G
G
G
G
G
G
H
H
H
H
H
H
H  

H  

H  

H
H  

I  

I
J
J
J
J
J  

K
K
K  

K
K
K

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/3/3751/6518298 by IN
IST-C

N
R

S IN
SU

 user on 12 April 2023
uminosity quasars known at z ∼ 6. This program will provide 
he H β-based BH masses and host stellar masses of their targets;
herefore, it is expected that it will provide an observational test of
he redshift evolution of the BH mass offset within the first billion
ears on the universe. In the near future, the Vera Rubin Observatory
nd Euclid will provide us with a much large sample of z ≥ 6 quasars
hat can be characterized in detail with JWST . 

Our work also has important implications for the subgrid models 
hat we employ in cosmological simulations. Since different sim- 
lations predict different BH mass offsets at high redshift, new 

bservations could help constraining a key regime in large-scale 
osmological simulations, namely BH and galaxy formation and 
volution at z ≥ 5. 
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PPENDI X  A :  SUMMARY  O F  T H E  

A RAMETERS  A N D  SUBGRI D  M O D E L S  

MPLOYED  IN  T H E  SI MULATI ONS  

n Table A1 , we summarize the parameters employed in the simu-
ations, and highlight their specific subgrid models. This table is a
odified version of Table 1 of Habouzit et al. ( 2021 ). The last row

ndicates whether the M BH − M � relation produced by the simulations
ncreases or decreases with time, at fixed M � . 
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or SIMBA. 

http://dx.doi.org/10.3847/1538-4357/ab8f8d
http://dx.doi.org/10.1093/mnras/stz1959
http://dx.doi.org/10.1093/mnras/stab2713
http://dx.doi.org/10.1086/300353
http://dx.doi.org/10.1086/375804
http://dx.doi.org/10.1093/mnras/sty2206
http://dx.doi.org/10.3847/1538-4357/abaa4c
http://dx.doi.org/10.1093/mnras/staa2982
http://dx.doi.org/10.1093/mnras/stab1763
http://dx.doi.org/10.3847/0004-637X/828/1/26
http://dx.doi.org/10.3847/1538-4365/aac724
http://dx.doi.org/10.3847/1538-4357/aaee7a
http://dx.doi.org/10.3847/1538-4357/ab3c60
http://dx.doi.org/10.3847/2041-8213/ab0216
http://dx.doi.org/10.1051/0004-6361/201321920
http://dx.doi.org/10.1051/0004-6361:20053710
http://dx.doi.org/10.3847/1538-4357/834/1/83
http://dx.doi.org/10.1016/j.ascom.2016.02.004
http://dx.doi.org/10.1093/mnras/stx658
http://dx.doi.org/10.1093/mnras/sty2489
http://dx.doi.org/10.1088/0004-637X/764/2/184
http://dx.doi.org/10.1086/507767
http://dx.doi.org/10.3847/1538-3881/aaaab4
http://dx.doi.org/10.1051/0004-6361/200811161
http://dx.doi.org/10.1038/nature10159
http://dx.doi.org/10.1093/mnras/sty618
http://dx.doi.org/10.3847/1538-4357/ab2ed3
http://dx.doi.org/10.3847/1538-4357/abe70f
http://dx.doi.org/10.1016/j.ascom.2015.09.003
http://dx.doi.org/10.1093/mnras/stx3040
http://dx.doi.org/10.1093/mnras/staa1313
http://dx.doi.org/10.3847/1538-4357/abbe11
http://dx.doi.org/10.3847/1538-4357/ab2beb
http://dx.doi.org/10.3847/1538-4357/ab29e9
https://ui.adsabs.harvard.edu/abs/2021jwst.prop.1967O
http://dx.doi.org/10.1086/522774
http://dx.doi.org/10.1051/0004-6361/202039696
http://dx.doi.org/10.1051/0004-6361/201936634
http://dx.doi.org/10.1093/mnras/stz822
http://dx.doi.org/10.1093/mnras/stx3112
http://dx.doi.org/10.1093/mnras/stx2656
http://dx.doi.org/10.1093/mnras/stx728
http://dx.doi.org/10.1093/mnras/stz1341
http://dx.doi.org/10.1086/503559
http://dx.doi.org/10.1093/mnras/stw456
http://dx.doi.org/10.1093/mnras/stw1679
http://dx.doi.org/10.1093/mnras/stv2056
http://dx.doi.org/10.1093/mnras/stu2058
http://dx.doi.org/10.3847/1538-4357/abc2d7
http://dx.doi.org/10.1093/mnras/stab2863
http://dx.doi.org/10.1051/0004-6361/201117564
http://dx.doi.org/10.1093/mnras/stt2457
http://dx.doi.org/10.1111/j.1365-2966.2004.08261.x
http://dx.doi.org/10.3847/1538-4357/ab03d9
http://dx.doi.org/10.1093/mnras/staa1423
http://dx.doi.org/10.1093/mnras/staa1423
http://dx.doi.org/10.1086/345348
http://dx.doi.org/10.1093/mnras/stv1340
http://dx.doi.org/10.1093/mnras/stv2078
http://dx.doi.org/10.1093/mnras/stx3304
http://dx.doi.org/10.3847/1538-4357/ab5f5f
http://dx.doi.org/10.1093/mnras/stw3287
http://dx.doi.org/10.1093/mnras/stz1703
http://dx.doi.org/10.1093/mnras/stab654
http://dx.doi.org/10.1086/321167
http://dx.doi.org/10.1088/2041-8205/801/1/L11
http://dx.doi.org/10.3847/2041-8213/aa943a
http://dx.doi.org/10.3847/1538-4357/aa62ac
http://dx.doi.org/10.3847/1538-4357/abc563
http://dx.doi.org/10.1086/500572
http://dx.doi.org/10.1051/0004-6361/201935924
http://dx.doi.org/10.1051/0004-6361/202038848
http://dx.doi.org/10.1051/0004-6361/202140399
http://dx.doi.org/10.1038/nature13316
http://dx.doi.org/10.1093/mnras/stu1536
http://dx.doi.org/10.1093/mnras/staa137
http://dx.doi.org/10.1093/mnras/stw1123
http://dx.doi.org/10.1086/426017
http://dx.doi.org/10.3847/2041-8213/aaf1d2
http://dx.doi.org/10.3847/2041-8213/abd8c6
http://dx.doi.org/10.1093/mnras/stw2944
http://dx.doi.org/10.1093/mnras/sty1733
http://dx.doi.org/10.1086/522962
http://dx.doi.org/10.1088/0004-6256/137/3/3541
http://dx.doi.org/10.1088/0004-6256/140/2/546
http://dx.doi.org/10.1088/0004-6256/139/3/906
http://dx.doi.org/10.1093/mnras/staa1044
http://dx.doi.org/10.3847/2041-8213/ab9c26
http://dx.doi.org/10.1088/0004-637X/736/1/57


Faint high-redshift quasars and JWST 3767 

MNRAS 511, 3751–3767 (2022) 

Ta
bl

e 
A

1.
 

Pa
ra

m
et

er
s 

an
d 

m
od

el
s 

of
 
B

H
 
an

d 
ga

la
xy

 
fo

rm
at

io
n/

ev
ol

ut
io

n 
in
 
th

e 
si

m
ul

at
io

n 
Il

lu
st

ri
s,
 
T

N
G

10
0,
 
T

N
G

30
0,
 
H

or
iz

on
-A

 G
N

, E
A
 G

L
E

, a
nd

 
SI

M
B

A
. W

e 
in

cl
ud

e 
th

e 
qu

an
tit

ie
s 

re
la

te
d 

to
 
th

e 
vo

lu
m

e 
an

d 
re

so
lu

tio
n 

of
 
th

e 
si

m
ul

at
io

ns
, t

he
 
se

ed
in

g 
pr

es
cr

ip
tio

ns
 
(i

.e
. m

in
im

um
 
ha

lo
 
m

as
s 

se
ed

ed
, m

in
im

um
 
ce

ll 
de

ns
ity

, a
nd

 
ve

lo
ci

ty
 
di

sp
er

si
on

),
 
an

d 
th

e 
B

H
 
m

as
s 

of
 
th

e 
se

ed
s,
 
th

e 
pa

ra
m

et
er

s 
of
 
th

e 
B

H
 
ac

cr
et

io
n 

m
od

el
s 

(m
od

el
s 

an
d 

bo
os

t f
ac

to
rs

),
 
th

e 
SN

 
fe

ed
ba

ck
 
m

od
el

s 
(m

od
el

s,
 
ef

fic
ie

nc
ie

s,
 
an

d 
en

er
gy

 
re

le
as

ed
 
pe

r 
co

re
 
co

lla
ps

e 
SN

),
 
an

d 
fin

al
ly
 
th

e 
pa

ra
m

et
er

s 
re

la
te

d 
to
 
A

G
N
 
fe

ed
ba

ck
 
(n

um
be

r 
of
 
m

od
es

, m
od

el
s,
 
ef

fic
ie

nc
ie

s,
 

an
d 

tr
an

si
tio

n 
be

tw
ee

n 
m

od
es

).
 

Il
lu

st
ri

s 
T

N
G

10
0 

T
N

G
30

0 
H

or
iz

on
-A

G
N
 

E
A

G
L

E
 

SI
M

B
A
 

C
os

m
ol

og
y 

�
	
 

0.
72

74
 

0.
69

11
 

0.
69

11
 

0.
72

8 
0.

69
3 

0.
7 

�
m
 

0.
27

26
 

0.
30

89
 

0.
30

89
 

0.
27

2 
0.

30
7 

0.
3 

�
b 

0.
04

56
 

0.
04

86
 

0.
04

86
 

0.
04

5 
0.

04
83

 
0.

04
8 

σ
8 

0.
80

9 
0.

81
59

 
0.

81
59

 
0.

81
 

0.
82

88
 

0.
82

 

n s
 

0.
96

3 
0.

96
67

 
0.

96
67

 
0.

96
7 

0.
96

11
 

0.
97

 

H
 0 

(k
m
 
s −

1 
M

pc
 −1

 

) 
70

.4
 

67
.7

4 
67

.7
4 

70
.4
 

67
.7

7 
68

 

R
es

ol
ut

io
n 

B
ox

 
si

de
 
le

ng
th
 
(c

M
pc

) 
10

6.
5 

11
0.

7 
30

2.
6 

14
2.

0 
10

0.
0 

14
7.

1 
D

ar
k 

m
at

te
r 

m
as

s 
re

so
. (

M
 �

) 
6.

26
 
×

10
 6 

7.
5 

×
10

 6 
5.

9 
×

10
 7 

8 
×

10
 7 

9.
7 

×
10

 6 
9.

6 
×

10
 7 

B
ar

yo
ni

c 
m

as
s 

re
so

. (
M

 �
) 

1.
26

 
×

10
 6 

1.
4 

×
10

 6 
1.

1 
×

10
 7 

2 
×

10
 6 

1.
81

 
×

10
 6 

1.
82

 
×

10
 7 

Sp
at

ia
l r

es
ol

ut
io

n 
(p

kp
c)
 

0.
71

 
0.

74
 

1.
48

 
1.

0 
0.

7 
0.

74
 

G
ra

vi
ta

tio
na

l s
of

te
ni

ng
 
(c

kp
c)
 

1.
4 

1.
48

 
( z
 
≥

1)
 

2.
96

 
( z
 
≥

1)
 

2.
66

 
( z
 
≥

2.
8)
 

0.
74

 

/0
.7

4 
pk

pc
 

/1
.4

8 
pk

pc
 

/ m
ax

 
0.

7 
pk

pc
 

B
ar

yo
ni

c 
so

ft
en

in
g 

(c
kp

c)
 

1.
4 

ck
pc

 
( z
 
≥

1)
 

1.
48

 
( z
 
≥

1)
 

2.
96

 
( z
 
≥

1)
 

2.
66

 
( z
 
≥

2.
8)
 

0.
74

 

/0
.7
 
pk

pc
 

/0
.7

4 
pk

pc
 

/1
.4

8 
pk

pc
 

/ m
ax

 
0.

7 
pk

pc
 

Se
ed

in
g 

B
H
 
se

ed
 
m

as
s 

(M
 �

) 
1.

42
 
×

10
 5 

1.
18

 
×

10
 6 

1.
18

 
×

10
 6 

10
 5 

1.
48

 
×

10
 5 

1.
43

 
×

10
 4 

Se
ed

in
g 

pr
es

cr
ip

tio
ns

 
M

 h 
/
 M

 �
�
 

M
 h 
/
 M

 �
�
 

M
 h 
/
 M

 �
�
 

n
 
�
 
0 .
 1 

H
 /
 cm

 3 
M

 h 
/
 M

 �
�
 

M
 �
 

/
 M

 �
>
 

7.
1 

×
10

 10
 

7.
4 

×
10

 10
 

7.
4 

×
10

 10
 

σ
�
 
10

0 
km

 /
 s 

1.
48

 
×

10
 10
 

10
 9.

5 

R
ad

ia
ti v

e 
ef
 fic

ie
nc

y 
ε

r 
0.

2 
0.

2 
0.

2 
0.

1 
0.

1 
0.

1 

A
cc

re
ti

on
 

M
od

el
 

B
on

di
 

B
on

di
 
+ 

m
ag

. fi
el

d 
B

on
di
 
+ 

m
ag

. fi
el

d 
B

on
di
 

B
on

di
 
+ 

vi
sc

. 
B

on
di
 
+ 

to
rq

ue
s 

B
oo

st
 
fa

ct
or
 

α
= 

10
0 

–
–

de
ns

ity
-d

ep
en

de
nt
 

–
α

= 
0.

1 

SN
 
fe

ed
ba

ck
 

M
od

el
 

ki
ne

tic
 

ki
ne

tic
 

ki
ne

tic
 

ki
ne

tic
/th

er
m

al
 

th
er

m
al
 

ki
ne

tic
 

A
G

N
 
fe

ed
ba

ck
 

Si
ng

le
 
or
 
2 

m
od

es
 

2 
m

od
es
 

2 
m

od
es
 

2 
m

od
es
 

2 
m

od
es
 

si
ng

le
 
m

od
e 

2 
m

od
es
 

H
ig

h 
ac

c 
ra

te
 
m

od
el
 

is
ot

ro
pi

c 
th

er
m

al
 

is
ot

ro
pi

c 
th

er
m

al
 

is
ot

ro
pi

c 
th

er
m

al
 

is
ot

ro
pi

c 
th

er
m

al
 

is
ot

ro
pi

c 
th

er
m

al
 

ki
ne

tic
 

Fe
ed

ba
ck

 
ef

fic
ie

nc
y 

0.
05

 
×

0.
2 

= 
0.

01
 

0.
1 

×
0.

2 
= 

0.
02

 
0.

1 
×

0.
2 

= 
0.

02
 

0.
15

 
×

0.
1 

= 
0.

01
5 

0.
1 

×
0.

15
 
= 

0.
01

5 
0.

03
 
×

0.
1 

= 
0.

00
3 

L
ow

 
ac

c 
ra

te
 
m

od
el
 

th
er

m
al
 
ho

t b
ub

bl
e 

pu
re
 
ki

ne
tic

 
w

in
ds

 
pu

re
 
ki

ne
tic

 
w

in
ds

 
ki

ne
tic

 
bi

ca
no

ni
ca

l w
in

ds
 

–
ki

ne
tic

/ X
-r

ay
 

Fe
ed

ba
ck

 
ef

fic
ie

nc
y 

0.
35

 
×

0.
2 

= 
0.

07
 

≤0
.2
 
×

0.
2 

= 
0.

04
 

≤0
.2
 
×

0.
2 

= 
0.

04
 

1 
×

0.
1 

= 
0.

1 
–

0.
3 

×
0.

1 
= 

0.
03

 

T
ra

ns
iti

on
 
bt

w
. m

od
es
 

f E
dd
 

= 
0.

05
 

m
in
 (0
 . 0

02
 

(
M
 B

H
 

10
 8 

M
 �

) 2
 

, 
0 .
 1)
 

m
in
 (0
 . 0

02
 

(
M
 B

H
 

10
 8 

M
 �

) 2
 

, 
0 .
 1)
 

0.
01

 
–

0.
2 

M
 B

H
 

−
M

 �
 

ev
ol

ut
io

n 
de

cr
ea

se
 

in
cr

ea
se
 

in
cr

ea
se
 

de
cr

ea
se
 

de
cr

ea
se
 

in
cr

ea
se
 

w
it

h 
ti

m
e 

at
 
fix

ed
 
M
 �
 

at
 
fix

ed
 
M
 �
 

at
 
fix

ed
 
M
 �
 

at
 
fix

ed
 
M
 �
 

at
 
fix

ed
 
M
 �
 

at
 
fix

ed
 
M
 �
 

T
hi

s 
pa

pe
r 

ha
s 

be
en

 
ty

pe
se

t f
ro

m
 
a 

T
 E
 X

/L
 A
 T
 E
 X
 
fil

e 
pr

ep
ar

ed
 
by

 
th

e 
au

th
or

. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/3/3751/6518298 by IN
IST-C

N
R

S IN
SU

 user on 12 April 2023


	1 INTRODUCTION
	2 METHODOLOGY: COSMOLOGICAL SIMULATIONS AND THEIR BHAGN POPULATIONS
	3 RESULTS
	4 DISCUSSION
	5 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT
	REFERENCES
	APPENDIX A: SUMMARY OF THE PARAMETERS AND SUBGRID MODELS EMPLOYED IN THE SIMULATIONS

