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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 Lbol > 1046 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
Lbol = 1045−1046 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 re-
spect to the MBH −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 Lbol = 1045 − 1046 erg/s 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 sub-grid
physics, in order to gain statistics on the most extreme objects at high redshift.

Key words: black hole physics - galaxies: formation - galaxies: evolution - methods:
numerical

1 INTRODUCTION

The empirical scaling relation between massive black hole
(BH) mass and the stellar mass of their host galaxies
(MBH −M?) found in the local Universe (e.g., Magorrian
et al. 1998; Gültekin 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

? E-mail: habouzit@mpia.de

properties such as galaxy bulge mass, velocity dispersion,
Sérsic index, and infrared luminosity (e.g., Marconi & Hunt
2003; Häring & 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 MBH −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 scal-
ing relation after the mergers of their host galaxies. As the
build-up of such relations is not constrained yet in the high-
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2 Habouzit et al.

redshift Universe, other pathways are possible: BH growth
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, normaliza-
tion and scatter of the MBH −M? relation can be impacted
by several key physical processes related to BH and galaxy
evolution, such as accretion onto the BHs, and feedback pro-
cesses from supernovae (SN) and AGN (Habouzit et al. 2021,
from the perspective of cosmological simulations). The mas-
sive 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-Alcázar, Özel & Davé 2013). The shape of
the relation, and the low-mass end of the relation, is influ-
enced by the ability of SN feedback to regulate the growth of
BHs (e.g., Dubois et al. 2015; Habouzit, Volonteri & Dubois
2017; Anglés-Alcázar 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 center 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-Alcázar et al. 2017b; Pfister et al. 2019; Çatmabacak
et al. 2020; 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 & Macciò 2011). The establishment of the scaling
relations is still unclear, and poorly constrained with ob-
servations as processes of gas accretion, BH mergers, and
feedback remain hard to quantify.

Whether the MBH −M? relation evolves toward high
redshift is a key question, but selection biases in observa-
tions make the investigation difficult. Current constraints
at z 6 2 are mostly consistent with mild to no evolution
or showing slightly higher MBH/M? ratios at higher red-
shift (e.g., Shields et al. 2003; Jahnke et al. 2009; Suh et al.
2019). Measuring stellar mass requires sufficient sensitiv-
ity and spatial resolution to remove the extremely bright
nuclear emission. Such observations are challenging beyond
z ∼ 1.5 where the redshifted 4000 Å break falls beyond 1 µm
(e.g., Jahnke et al. 2009; Ding et al. 2020), even with cur-
rent ground-based facilities and the optical-sensitive Hubble
Space Telescope (HST).

In this paper, we analyze the most massive and active
BHs produced by the Illustris (Genel et al. 2014; Vogels-
berger et al. 2014b; Sijacki et al. 2015), TNG100, TNG300
(Pillepich et al. 2018b; Springel et al. 2018; Nelson et al.
2018; Naiman et al. 2018; Marinacci et al. 2018; Nelson et al.
2015), Horizon-AGN (Dubois et al. 2014, 2016; Volonteri
et al. 2016), EAGLE (Schaye et al. 2015; Crain et al. 2015;
McAlpine et al. 2016), and SIMBA (Davé et al. 2019) sim-
ulations. Those can be referred as quasars. Quasars are the
most luminous class of AGN, and a phase of rapid evolu-
tion through gas accretion. They are powered by BHs with
MBH ∼ 108 − 1010 M�, rivaling the most massive BHs in
the local Universe (e.g., Mortlock et al. 2011; Bañados et al.
2018b; Wang et al. 2021a; Yang et al. 2020). To date, 287

quasars at z > 5.8 have been published1, among which ∼50
have BH mass measurements from modeling 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 Lbol > 1046 erg/s,
faint quasars with Lbol = 1045 − 1046 erg/s2, and fainter
objects with Lbol 6 1045 erg/s are referred as AGN in the
following. Faint quasars are particularly promising laborato-
ries 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 MBH −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 dy-
namical mass, as explained below), and to characterize pre-
viously identified faint quasars, which is not possible with
current facilities. As shown in this paper, faint quasars with
Lbol = 1045 − 1046 erg/s could have properties more repre-
sentative of the entire BH population than bright quasars
with Lbol > 1046 erg/s.

Measuring the stellar mass of galaxies requires obser-
vations at rest-frame 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 [Cii] 158µm measurements (Ven-
emans et al. 2017b; Neeleman et al. 2019; Venemans et al.
2020).

We also expect the high NIR sensitivity of JWST to al-

1 We compiled a list of all published z > 5.8 quasars up to
March 2021: Fan et al. (2001, 2004, 2006); Cool et al. (2006);

Goto (2006); McGreer et al. (2006); Jiang et al. (2009); Mort-
lock et al. (2009); Willott et al. (2009, 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); Bañados et al. (2016); Jiang et al.
(2016); Matsuoka et al. (2016); Reed et al. (2017); Mazzucchelli

et al. (2017); Tang et al. (2017); Bañados et al. (2018c); Decarli
et al. (2018); Bañados 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); Bañados et al. (2021); Wang
et al. (2021b).
2 Our definition of faint quasars relies on the faintest quasars

that have been observed so far.
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Faint high-redshift quasars and JWST 3

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 (Bañados et al. 2018b; Yang et al. 2020; Wang

et al. 2021a) and the least luminous z > 5.8 quasar with an estimate of its black hole mass to date (Onoue et al. 2019). In the following

we define three categories of quasars: the bright quasars with Lbol > 1046 erg/s, the faint quasars with Lbol > 1045 − 1046 erg/s, and
fainter objects with Lbol 6 1045 erg/s that we refer to as AGN.

low us to measure BH mass for the faint quasars, which are
too faint to perform NIR spectroscopy with ground-based
8m-class telescopes in a reasonable amount of time (see e.g.,
Willott et 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 MgII,
CIV, and Balmer lines, and their underlying quasar con-
tinua. Moreover, the BH mass measurements at z & 4 have
relied on Mgii λ2798, although the empirically calibrated
Mgii-based MBHs have a half dex of systematic uncertain-
ties (Shen 2013). The JWST provides an opportunity to
do rest-frame optical mass measurements with Hβ, which is
directly calibrated against reverberation mapping measure-
ments (Vestergaard & Peterson 2006).

The quest for fainter quasars has already started. At the
time of writing, 83 faint quasars with bolometric luminos-
ity of Lbol = 1045 − 1046 erg/s (i.e., down to M1450 ∼ −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 sur-
veys such as SDSS and PS1 are limited to the detection of
bright quasars (Lbol > 1046 erg/s), the quasars with Lbol =
1045 − 1046 erg/s are identified in moderately deep surveys,
such as CFHQS (Canada-France High-redshift Quasar Sur-
vey) and SHELLQs (Subaru High-redshift Exploration of
Low-Luminosity Quasars). A significant fraction of those
quasars were identified in the Subaru HSC-SSP project with
5σ magnitude limits of zAB < 24.5 and yAB < 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 M1450 < −22.3. Onoue et al.
(2019) showed that faint z ∼ 6 quasars were powered by BHs

of with a wide range of masses (MBH ∼ 107.5−109 M�) and
Eddington ratios (fEdd = 0.1− 1).

In this paper, we quantify the evolution of theMBH−M?

relation from z = 6 to the local Universe with cosmologi-
cal simulations, and investigate whether BHs are overmas-
sive at high redshift. To do so, we derive BH mass off-
sets, defined as ∆ log10 MBH(M?, z) = log10 MBH(M?, z) −
log10 MBH(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 refer-
ences therein). These works find that while the most lu-
minous of these quasars with M1450 6 −25 (i.e., Lbol >
1045.5 erg/s) tend to be overmassive compared to for exam-
ple the MBH−M? empirical 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 con-
vey 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 Section 3, we present the MBH−M? relations of the simu-
lations 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.

© 0000 RAS, MNRAS 000, 000–000



4 Habouzit et al.

2 METHODOLOGY: COSMOLOGICAL
SIMULATIONS AND THEIR BH/AGN
POPULATIONS

In this work we use the following six large-scale cos-
mological hydrodynamical simulations: Illustris, TNG100,
TNG300 (larger volume and lower resolution with respect
to TNG100), Horizon-AGN, EAGLE, and SIMBA. All these
simulations have volumes of > 1003 cMpc3, dark matter
mass resolutions of ∼ 5×106−8×107 M�, and spatial reso-
lutions of 1-2 ckpc. These simulations model the evolution of
the dark matter and baryonic matter contents in an expand-
ing 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 sub-galactic scale, they rely on subgrid modeling, e.g.,
for star formation, stellar and SN feedback, BH formation,
evolution and feedback. Subgrid models vary from simula-
tion to simulation (see Section 2 of Habouzit et al. 2021).
We summarize the simulations in Table A1.

2.1 Modeling of BH physics

We briefly describe the modeling of BH seeding, growth, and
AGN feedback below. BH particles are seeded either in mas-
sive halos of > 1010 M� (Illustris, TNG100, TNG300, EA-
GLE), or in galaxies of M? > 109.5 M� (SIMBA), or based
on the properties of local gas cells (Horizon-AGN). Initial
BH masses are comprised in the range MBH = 104−106 M�
(∼ 104 M� for SIMBA, ∼ 105 M� for Illustris, Horizon-
AGN, EAGLE, and ∼ 106 M� for TNG100, TNG300). BHs
can growth by BH mergers and gas accretion. Gas accretion
is often modeled 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 disk component (Rosas-Guevara et al.
2015). Finally, SIMBA has a two mode model for gas accre-
tion: Bondi-Hoyle-Lyttleton model for the hot gas compo-
nent (T > 105 K), and a gravitational torque limited model
for the cold gas component (T < 105 K, Hopkins & Quataert
2011; Anglés-Alcázar et al. 2015, 2017a). In the simulations,
AGN feedback is modeled with one or two modes. A single
mode is employed in EAGLE, in which thermal energy is re-
leased 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 prac-
tice, 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 (fedd > 0.05), and
also the release of thermal energy in the low accretion mode
(fedd 6 0.05) but as hot bubbles displaced from the BH
locations (Sijacki et al. 2015). The TNG model uses ther-
mal energy in the high accretion mode, and injection of ki-
netic 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 fEdd = min
(

0.002×
(
MBH/108 M�

)2
, 0.1

)
, so that

on average a large fraction of BHs with MBH > a few 108 M�
transition to the kinetic mode of AGN feedback (Weinberger
et al. 2018; Habouzit et al. 2019). In Horizon-AGN, the high
accretion mode (fEdd > 0.01) also releases 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 MBH are employed for high accretion rates, and lower
mass loading factor but faster outflows for low accretion
rates, whose velocities increase with decreasing fEdd. 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,
SIMBA), the galaxy size as a function of the galaxy stellar
mass (EAGLE, TNG), the cosmic star formation rate den-
sity (Illustris, TNG), the stellar to halo function (Illustris,
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 MBH−M? scaling rela-
tions found in the local Universe. Often observed relations
with the stellar mass of the galaxy bulges are used, and com-
pared 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 MBH −Mbulge

relation of Kormendy & Ho (2013) considering the total stel-
lar mass within the stellar half-mass radius of the simulated
galaxies as a proxy for Mbulge. The TNG model was cali-
brated via comparison of its outcome to that of Illustris, also
considering the MBH −M? relation. Horizon-AGN was cali-
brated on the scaling MBH−Mbulge relation of Häring & Rix
(2004) using the Mbulge 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) MBH − Mbulge

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 calibration in these simulations, mainly because it is
poorly constrained in observations and only so at z 6 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 under-
stand 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 follow-
ing 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
fEdd = ṀBH/ṀEdd > 0.1, is defined as Lbol = 0.1ṀBHc

2.
BHs with smaller Eddington ratio of fEdd 6 0.1 are consid-
ered radiatively inefficient and their bolometric luminosities
are computed as Lbol = 0.1LEdd(10fEdd)2. For simplicity, we
use the same radiative efficiency εr = 0.1 for all the simula-
tions. This is the parameter that was used in Horizon-AGN,
EAGLE, and SIMBA, and εr = 0.2 was used for Illustris,

© 0000 RAS, MNRAS 000, 000–000



Faint high-redshift quasars and JWST 5

TNG100, and TNG300. Since in the following we are inter-
ested 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 modeling of BH physics varies from
one simulation to another (see Table A1). This is also the
case for the subgrid modeling of galaxy formation which can
impact the BH population, such as SN feedback. Below we
briefly summarise our conclusions on the BH and AGN pop-
ulation of these large-scale cosmological simulations from
Habouzit et al. (2021) and Habouzit et al., sub:

• Most of the simulations produce a tight MBH −M? re-
lation, with a smaller MBH intrinsic scatter at fixed galaxy
stellar mass than the observed z = 0 population.
• The evolution of the mean MBH −M? relations in the

redshift range 0 6 z 6 6 is mild, smaller than 1 dex in BH
mass.
• There is no consensus on the normalization and shape

of the mean MBH −M? relations in the simulations.
• There is no consensus on the AGN luminosity function

at high redshift in the simulations. On average, all these
simulations overproduce the number of AGN with Lbol 6
1045 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 Lbol > 1045 erg/s.

While in broad agreement with observations, the cos-
mological simulations do not all have the same evolution of
their galaxy population (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 simu-
lations 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 ob-
servational constraints. We refer the reader to the following
papers for complete analyses of the galaxy properties (e.g.,
galaxy morphologies, sizes, stellar mass function, UV lumi-
nosity function) of the Illustris (Vogelsberger et al. 2014a;
Genel et al. 2014; Snyder et al. 2015; Rodriguez-Gomez et al.
2016), TNG (Pillepich et al. 2018a; Genel et al. 2018; Nel-
son et al. 2018; Springel et al. 2018; Vogelsberger et al. 2020;
Shen et al. 2020), Horizon-AGN Dubois et al. (2014, 2016);
Kaviraj et al. (2017), EAGLE (Schaye et al. 2015; Crain
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 Lbol = 1044 − 1045 erg/s (as de-
fined in Fig. 1) as a proxy for the entire BH population. We
do so because currently only active BHs can be electromag-
netically detected at high redshift. The mass offsets derived
in this paper are almost identical when considering only
AGN and the entire BH population with MBH > 106 M�.

AGN are rare objects, and thus are subdominant in
terms of number density and mass contribution to the en-
tire BH population. Still, in most of the cosmological simu-
lations the probability densities of the AGN mass are sim-
ilar to those of the BH population, as shown below. The
normalized probability density of BH mass and galaxy stel-
lar mass of all the simulated BHs, AGN, faint quasars
with log10 Lbol/(erg/s) = 45 − 46, and bright quasars
with log10 Lbol/(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 simula-
tions 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 MBH ∼ 106 M�, 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 dif-
ferent probability densities of the BH and AGN populations.
This is due to the large number of inactive low-mass BHs
in EAGLE, resulting from the efficient SN feedback and the
artifical suppression of early BH growth in Bondi accretion
(McAlpine et al. 2017; Bower et al. 2017).

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

3 RESULTS

3.1 MBH −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 panels) and z = 0 (right panels), as produced by the
six cosmological simulations. In each left panel, we show the
full population of BHs with black dots. To help visualize the
BH populations at z = 0, we add Gaussian kernel density
contours. The AGN population with Lbol = 1044−1045 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
Lbol > 1045 erg/s with colored dots. The number density
of quasars varies from one simulation to another from n ∼
8 × 10−7 − 1.2 × 10−6 cMpc−3; we report these values in
Table 1.

In some of the simulations (Illustris, TNGs), the quasars
with Lbol > 1045 erg/s are mainly powered by the most mas-
sive BHs at fixed galaxy stellar mass with MBH > 107 M�.
The fact that BHs less massive than 107 M� do not power

© 0000 RAS, MNRAS 000, 000–000



6 Habouzit et al.

Figure 2. Normalized probability density (KDE) of BH mass (left panels) at z = 5 and galaxy stellar mass (right panels) of all the
simulated BHs (black), AGN with log10 Lbol/(erg/s) = 44 − 45 (light orange), faint quasars with log10 Lbol/(erg/s) = 45 − 46 (dark
orange), and bright quasars with log10 Lbol/(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 behavior in the TNG simulations. In general, the AGN population is representative

of the entire BH population. Faint and bright quasars are powered by more massive BHs, located in more massive galaxies.

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
(ṀBH ∝ M2

BH in the Bondi formalism) and that are em-
bedded in galaxies massive enough (e.g., M? > 109.7 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 MBH ∼ 5 × 106 − 107 M�. 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

BH (Bondi), in the torque model of SIMBA

the accretion rate only scales as M
1/6
BH . Some simulations em-

ploy 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 simula-
tion to a much fainter AGN population (EAGLE and the
viscous disk component of its accretion model). Some sim-
ulations use a kernel to compute the accretion rates, while
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BH population at z=6 BH population at z=0

Figure 3. MBH−M? plane of the simulations at z = 6 (dot symbols, left panels) and at z = 0 (right panels) for BHs of MBH > 106 M�
located in galaxies of M? > 109 M�. We show the z = 6 quasars with Lbol > 1045 erg/s in colored 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 MBH −M? median relations derived from the simulations at z = 0 (solid colored 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 behavior. 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 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).

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 vol-
ume. As a result, the BHs with Lbol = 1045 − 1047 erg/s
are not located in the exact same galaxies. In Horizon-
AGN, these BHs are embedded in galaxies with M? =
109−1010 M�, the upper limit being the most massive galax-
ies present in the simulation at z = 6. We find only one BH
with Lbol = 1045 − 1047 erg/s in Illustris, and it is also lo-
cated in one of the most massive galaxies of the simulated
volume at z = 6 with M? ∼ 1010 M�. The other simulations
(TNGs, EAGLE, and SIMBA) host the brightest BHs in
galaxies with M? = 109.5 − 1010.5 M� and even more mas-
sive galaxies for TNG300 and SIMBA. The TNG300 simu-
lation, which has the largest volume, had already produced
galaxies of M? ∼ 1010.5 M� at the same time, and they host

the brightest BHs. We add in Table 1 the median, mini-
mum and maximum values of the population of quasars with
Lbol > 1045 erg/s produced by the simulations.

In Fig. 3 we also show the mean MBH − M? relation
produced by each simulation at z = 0 with a colored solid
line. While the Illustris, Horizon-AGN, and EAGLE simu-
lations 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 modelings
employed in all these simulations (Habouzit et al. 2021):

• The overall normalization of the mean MBH−M? rela-
tion 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 orig-
inates from a less effective SN feedback compared to other
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8 Habouzit et al.

Table 1. Median, minimum, and maximum values of BH mass, bolometric luminosity, and host galaxy stellar mass, for BHs with
MBH > 106 M� powering the simulated quasars with Lbol > 1045 erg/s 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)
log10 MBH/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)

log10 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)

log10 Lbol/(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)

Figure 4. Redshift evolution of the comoving number density (cMpc−3, logarithmic scale) of BHs with MBH > 106 M� in galaxies with

stellar mass of M? > 109 M�. We show the AGN with bolometric lumosity Lbol = 1044 − 1045 erg/s in the left panel, the faint quasars
with Lbol = 1045−1046 erg/s which could be characterized by JWST in the middle panel, and the bright quasars with Lbol > 1046 erg/s,

similar to those of the observed z ∼ 6 quasars, in the right panel. For the latter, we are lacking statistics given the limited simulation

volumes of 1003 − 3003 cMpc3. We add Poisson error bars in all panels.

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.
• The overall normalization of the mean MBH−M? rela-

tion increases with decreasing redshift in TNG100, TNG300,
and SIMBA. This is due to higher BH growth at lower red-
shifts 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 in-
crease of the galactic hot environment with time (due to
AGN feedback), which in turn favors an additional Bondi
growth channel of BHs.

In Fig. 3 we also show in light green star symbols (and
the corresponding Gaussian probability density contours)
the compilation of z > 5.8 quasars with a host dynami-
cal mass estimate and BH mass measurement from Izumi
et al. (2019) . While faint quasars with M1450 > −25 (i.e.,
Lbol 6 1045.5 erg/s) are located around the Kormendy & Ho
(2013) scaling relation (when assuming M? = Mdyn), the
brighter quasars with M1450 6 −25 tend to be overmassive
compared to the same scaling relation. For the current ob-
servations, the dynamical mass Mdyn 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, SIMBA), this is not the case for most of the sim-
ulated quasar populations.

3.2 Number density of AGN, faint and bright
quasars

To appreciate the number of AGN and quasars in cosmo-
logical simulations, we show in Fig. 4 the number density of
BHs with > 106 M� in three ranges of bolometric luminos-
ity, in galaxies with stellar mass of M? > 109 M�. AGN with
Lbol = 1044−1045 erg/s are shown in the left panel, and have
number densities ranging in nAGN = 10−5 − 10−3 cMpc−3.
In the middle panel we show the number density of faint
quasars with Lbol = 1045−1046 erg/s. In this range, the sim-
ulations predict nfaint quasars = 10−6−10−5 cMpc−3 at z = 6.
Finally, we show brighter quasars with Lbol > 1046 erg/s in
the right panel. Unfortunately for this latter sub-population
of BHs, these large-scale simulations do not allow us to
have robust statistics at z = 6 with number densities of
nbright quasars 6 10−6 cMpc−3. For example, in SIMBA there
are only 7 such quasars at z = 5.5, 1 quasar at z = 5 in
Illustris, 1 quasar at z = 6 in EAGLE and in Horizon-AGN,
6 in TNG300 at z = 5, and none in TNG100. This is due

© 0000 RAS, MNRAS 000, 000–000



Faint high-redshift quasars and JWST 9

45

46

47
lo

g 1
0

L b
ol

/(e
rg

/s
)

L Ed
d

Illustris

z=
6

45

46

47

lo
g 1

0
L b

ol
/(e

rg
/s

) TNG100

z=
6

TNG300

z=
6

JWST

Known
quasars
at z 5.8

Horizon-AGN

z=
6

z = 2
z = 0

6 7 8 9
log10 MBH/M

45

46

47

lo
g 1

0
L b

ol
/(e

rg
/s

) EAGLE

z=
6

6 7 8 9
log10 MBH/M

SIMBA

z=
6

Figure 5. Bolometric luminosity of BHs produced by large-scale cosmological simulations as a function of their masses. Here we include
BHs of MBH > 105 M� (if available) located in galaxies of M? > 109 M�. Each panel represents a different simulation. In colors (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,

and TNG100, 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-AGN, TNG300, EAGLE and SIMBA simulations have a scatter of Lbol at
fixed MBH, while Illustris and TNG100 produce a very tight Lbol −MBH correlation. The population of z > 5.8 quasars with BH mass
measurements, mostly with Lbol > 1046 erg/s, is shown with green star symbols (Matsuoka et al. 2018a; Onoue et al. 2019, and Onoue

et al., in prep). JWST should be able to characterize fainter quasars with Lbol > 1045 erg/s (green shaded region).

© 0000 RAS, MNRAS 000, 000–000



10 Habouzit et al.

Figure 6. Eddington ratios of simulated quasars with Lbol >
1045 erg/s at z = 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 log10 fEdd ∼
−0.75 or − 1.0. With decreasing redshifts, all the distributions

extend to smaller Eddington ratios.

to a combination of the underlying galaxy formation physics
models and the limited volumes of these simulations, which
span 1003 − 3003 cMpc3. Statistics increase in the redshift
range z = 3 − 5. Therefore the results that we present be-
low for these bright quasars lack statistically robust sample
sizes. This also motivates the need for simulations such as Il-
lustris, 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.
Second, the number density of the objects increases from
high to low redshifts, reaches a peak, and decreases. Obser-
vations suggest that the number density of luminous AGN
increased from the early Universe to z ∼ 2 and then de-
creased to the current Universe (e.g., Croom et al. 2004;
Barger et al. 2003; Richards et al. 2006; Matute et al. 2006;
Croom et al. 2009; Aird et al. 2010; Merloni & Heinz 2013).
All the simulations presented here reproduce this behavior:
the number density of AGN or quasars increases from z = 6
to z = 3−2 and later decreases to the present-day Universe.
However, the exact redshift at which the number density
peaks varies from one simulation to another. For the AGN
with log10 Lbol/(erg/s) = 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 red-
shift at which the object number density peaks depends on
the luminosity of the objects, as shown in Fig. 4. In sev-
eral simulations the downsizing effect is clear: bright objects
peak at earlier time than fainter ones. In SIMBA, the num-
ber density of bright quasars (right panel) peak at z > 2
and the AGN (left 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 sim-
ulations (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 den-
sity of AGN or quasars at fixed redshift in the simulations.
This echoes the differences identified in the AGN luminos-
ity function, especially for z 6 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 colored dot symbols. All the simulations but
SIMBA are capped at the Eddington limit, SIMBA allow ac-
cretion rates larger than the Eddington limit. A significant
fraction of the simulated BHs with MBH > 106 M� have Ed-
dington luminosities, and appear on a linear relation in the
Lbol −MBH 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 Lbol scatter
grows with time (at least down to z = 2) towards less lumi-
nous 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 Edding-
ton 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 Lbol −MBH re-
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lation in Fig. 5, while the TNG300, Horizon-AGN, EAGLE
and SIMBA simulations produces a larger scatter of Lbol

luminosities at fixed BH mass. Comparing the different sim-
ulations 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 Lbol

scatter at fixed MBH. While the larger volume of TNG300
ensures more diversity of BH environments, its lower resolu-
tion resolves less accurately BH surroundings. This leads to
lower gas densities, and thus to lower accretion rates onto
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 measure-
ments from Onoue et al. (2019) and Onoue et al. (in prep).
The observed quasars have bolometric luminosities of Lbol =
1046 − 1047.5 erg/s, with one quasar with MBH ∼ 107.6 M�
and a slightly lower luminosity of Lbol ∼ 1045.7 erg/s. At
fixed BH mass, these quasars have a Lbol scatter3 of about
0.5 to 1 dex, similar to the scatter found in some sim-
ulations such as SIMBA. At such high redshift, observa-
tions are currently strongly biased towards the brightest
objects. While limited by their volumes, some of the sim-
ulations produce objects that are similar to the faintest
of the observed quasars. Horizon-AGN has two BHs with
MBH = 107.5 M� and Lbol = 1045.6 erg/s. TNG300 has
two of those quasars powered by slightly more massive BHs
(MBH = 107.7, 107.8 M�). EAGLE has one similar BH, but
also one very bright and massive BH of MBH = 108.2 M�
and Lbol = 1046.5 M�. EAGLE and Horizon-AGN are the
only simulations studied here with a quasar entering the
Lbol −MBH region covered by the observed bright quasars
with Lbol > 1046 erg/s. This is interesting for EAGLE, be-
cause its AGN population at later times (z = 5 − 0) is, on
average, fainter than the populations of the other simula-
tions, as indicated by the dark (z = 0) and light (z = 2)
grey dot symbols. SIMBA is different and produces seven
BHs of Lbol = 1045.6 − 1045.7 at z = 6 with different masses
in the range MBH = 107.1 − 108.3 M�.

To quantify the accretion rates of the quasars with
Lbol > 1045 erg/s, we show their Eddington ratios in Fig. 6
(using the εr used in each simulation). In most of the simula-
tions 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 hav-
ing lower, but still high, Eddington ratios.

In the coming years the JWST telescope will be able
to characterize faint quasars with Lbol > 1045 erg/s, shown
as a green region in Fig. 5, for which no BH properties
measurements exist yet. The simulations present diverse
populations of quasars with bolometric luminosities in the
JWST range, as shown by the number density of BHs with
Lbol = 1045 − 1046 erg/s in Fig. 4 (middle panel). In the
simulations, these faint quasars are powered by BHs of
MBH > 107 M� and accreting at rates close to or at the

3 Each observational data point in Fig. 5 also carry a 0.5 dex

systematic uncertainty due to the MgII-based BH measurements

(Shen 2013).

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, 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 theMBH mass offsets
relative to the MBH −M? relation at z = 0.

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

We now turn to analyze the average offset of BH mass at
a given redshift (e.g., z = 6, 5, 4) compared to the local
MBH −M? relation at z = 0, i.e. defined as ∆ log10 MBH =
log10 MBH(M?, z) − log10 MBH(M?, z = 0). Such offsets di-
agnose whether BH growth is faster or slower than the as-
sembly 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 differ-
ent 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 distribu-
tions and their 15th-85th percentiles for all the simula-
tions. As in the previous section, the three panels repre-
sent distinct ranges of bolometric luminosities, with Lbol =
1044 − 1045 erg/s, Lbol = 1045 − 1046 erg/s for faint quasars,
and brighter quasars with Lbol > 1046 erg/s. 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 to 1 dex for z > 2. The median offset varies
strongly from one simulation to another. The offset for BHs
with Lbol = 1044 − 1045 erg/s and 1045 − 1046 erg/s is pos-
itive (i.e., BHs are more massive) at high redshift for the
Illustris, EAGLE4, and Horizon-AGN simulations, and neg-
ative (undermassive BHs) for the TNG100, TNG300, and
SIMBA simulations. For clarity we do not show the Pois-
son errors in Fig. 7, but we provide the numbers of objects
Nobjects for each redshift at the top of the figure. Poisson
errors (offset/

√
Nobjects) 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 EA-
GLE at high redshift are due to efficient BH growth taking
place in less massive galaxies at early times than at later

4 In both Fig. 7 and Fig. 8, we note the absence of quasars with
log10 Lbol/(erg/s) > 46 in EAGLE for z 6 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. MBH offset with respect to the mean MBH−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 panel: Offset for AGN with Lbol = 1044 − 1045 erg/s, 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 Lbol = 1045 − 1046 erg/s that will be characterizable by the JWST. Right panel: The offsets produced by the simulations for

quasars of Lbol > 1046 erg/s 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 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 5 faint quasars is
sufficient to distinguish statistically (95% confidence) offsets larger than 0.2 dex from null offsets; more than 10 objects are needed for

6 0.2 dex offsets (e.g., SIMBA or Horizon-AGN simulations at z = 4− 5).

Table 2. We define the BH mass offsets as ∆ log10MBH = log10MBH(M?, z) − log10MBH(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 MBH > 106 M� and Lbol = 1045−1046 erg/s. 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)

times (McAlpine et al. 2018). For example, at z = 5 a BH
located in a galaxy of 109.5 M� galaxy can grow efficiently,
while 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 = 5 and z = 6.

The evolution and values of the offsets for the two
bolometric luminosity ranges Lbol = 1044 − 1045 erg/s and
Lbol = 1045 − 1046 erg/s (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 MBH > 106 M�, 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 panel of Fig. 7) are different from the AGN
ones, especially at z > 4. The population of simulated BHs
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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 MBH offset. The differences

between simulations are milder, but the main results are unchanged: faint quasars of Lbol = 1045 − 1046 erg/s can constrain the MBH

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 (6 0.2 dex) from null offsets, with 95% confidence.

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 = ∆ log10 MBH/M�|faint −∆ log10 MBH/M�|AGN, and

∆off.bright = ∆ log10 MBH/M�|bright − ∆ log10 MBH/M�|AGN. These values can be inferred from Fig. 7 and Fig. 8, for which the
MBH 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 always smaller than ∆off. bright, meaning that MBH 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 -

powering the bright quasars is consistent with or overmas-
sive with respect to the simulation z = 0 scaling relation,
for all the simulations. This trend is consistent with re-
cent ALMA observations, although using galaxy dynamical
masses instead of stellar masses. We quantify this in Ta-
ble 3: we compute the relative difference between the me-
dian offsets of the faint quasars and the AGN (∆ off. faint),
and the median offsets of the bright quasars and the AGN
(∆ 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 Lbol = 1045 − 1046 erg/s with JWST would
provide us with offsets representative of a more normal pop-
ulation of BHs, here shown on the left panel of Fig. 7 with
the Lbol = 1044 − 1045 erg/s 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 popula-

tion. Extrapolating our results to higher redshifts (for which
current simulations do not produce enough objects), the ob-
served 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 ob-
served high-redshift quasars: whether they are found to be
overmassive or undermassive compared to local scaling rela-
tions, 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 MBH −M? relation derived at z = 0 in the sim-
ulations. 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 BH
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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 MBH−M?

lying below the empirical (Kormendy & Ho 2013) relation.
The time evolution of the median offsets is the same as be-
fore, 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 Lbol = 1045 − 1046 erg/s are the same as the
offsets of Lbol = 1044 − 1045 erg/s, this is not the case for
the bright quasars of the simulations (Lbol > 1046 erg/s).

Finally, we verify that our results on the offsets are ro-
bust 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% confidence level. Given the simu-
lation offset distributions, samples of at least 5 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. Com-
paring 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 toward more massive BHs. This luminosity
bias needs to be considered when trying to infer intrinsic off-
sets from observed ones (see Schulze & Wisotzki 2011, 2014;
Ding et al. 2020).

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 MassiveBlackII simulation (Khandai et al.
2015). MassiveBlackII has a similar volume as those stud-
ied here with 100h−1Mpc side length. With this simulation
DeGraf et al. (2015) found a small average BH mass off-
set of ∆MBH = 0.1 − 0.2 (offset relative to the scaling
MBH −M? relation of the simulation at z = 0, and com-
puted for MBH > 107 M�) at z = 6. This offset is smaller
than any of the simulations studied in this paper. The aver-
age 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 MassiveBlackII 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 MBH −M? relation with time.

The time evolution of the mean MBH−M? relation de-
pends 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 feed-
back) 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 stel-
lar mass function at z = 0. Therefore, it appears important
to test whether general properties of galaxies in cosmolog-
ical simulations reproduce observations at high 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 (Vogelsberger et al. 2020; Shen
et al. 2020, 2021). Most simulations do not reach a consen-
sus 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 cur-
rent observational constraints from e.g. Hopkins et al. (2006)
for Lbol 6 1045.5 erg/s and some of them do so even up to
Lbol 6 1046 erg/s at z = 4 (Habouzit et al., submitted). At
this redshift, these AGN are distributed over two orders of
BH mass (MBH = 107−109 M�) and galaxy mass (Habouzit
et al. 2021). At higher redshift (e.g., z ∼ 6), there is cur-
rently too few observations of faint quasars and too few sim-
ulated 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 differ-
ent 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 simula-
tions is to assess whether we actually compare the same
quantities. Here, we look at BH mass offsets relative to the
local MBH −M? relation produced by all the simulations,
with M? the total mass of galaxies. In current observa-
tions of high-redshift quasars, stellar mass measurements are
not possible and dynamical mass estimates from gas trac-
ers are used instead (in most of the cases the [CII] 158µm
line, Neeleman et al. 2021). Recently, Lupi et al. (2019) in-
vestigated 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 ap-
pear 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
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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 mis-
leadingly imply overmassive quasars with respect to their
hosts at high redshift. There has been progress in quasar
host observations, resolving the gas kinematics and mor-
phology (Pensabene et al. 2020; Neeleman et al. 2021). In
some observations the kinetic field can not be explained by
assuming a simple thin rotating disk 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 disk is still not yet formed at z > 6 (Mar-
shall 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 lu-
minosity of the accreting BHs for gas and dust obscuration
(but see Ni et al. 2020; Marshall et al. 2020b). The bolomet-
ric luminosities of the z > 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;
Novak et al. 2019; Bañados et al. 2019; Venemans et al.
2020). While we can not completely exclude that the ab-
sence of dust obscuration correction in our work and/or in
observations may lead to some mismatch, there is evidence
for small obscuration in observations. The UV obscuration
of the known z > 6 quasars appears to be as small as lower
redshift quasars (Fan 2001; Vanden Berk et al. 2001), and
indicates that the large amount of dust does not lead to sig-
nificant obscuration along the line of sight. This is another
point where JWST can improve our current picture by con-
straining the dust extinction law probing the entire UV-MIR
spectra of high-z quasars (e.g., Schindler et al. 2020; Di Mas-
cia 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 performed with only a slightly lower dark matter and
gas resolution with respect to the simulations of volume
1003 − 3003 cMpc3 presented here. BlueTides has a vol-
ume > 5003 comoving Mpc3, but was only run down to
z = 7 (Feng et al. 2016). The BlueTides simulation has
a MBH −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 prep),
would allow us to investigate the quasar regime while al-
ready 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 ex-
pensive, 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 (MBH ∼ 108.4 − 108.9 M�) are
located in bulge-dominated galaxies which tend to be com-
pact. 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. 2019;
Habouzit et al. 2021, Habouzit et al., sub.), 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 sub-grid model assumptions. Most of these mod-
els fail to capture the complex dynamics on small scales,
i.e., 0.1-1000 pc (Beckmann, Devriendt & Slyz 2019; Angles-
Alcazar et al. 2020). 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 analyzed the evolution of the BH population in six large-
scale cosmological simulations: Illustris, TNG100, TNG300,
Horizon-AGN, EAGLE, and SIMBA. We focused our anal-
ysis on the promising population of faint quasars, that we
defined as active BHs with Lbol = 1045 − 1046 erg/s. They
have the advantage to have better number statistics than
brighter quasars in current cosmological simulations. Fur-
thermore, both their host galaxy and BH properties will
become characterizable by JWST. We analyzed 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.

• In the large-scale cosmological simulations studied here
there is no consensus on whether BHs at z = 6 are overmas-
sive or undermassive relative to either the simulation mean
MBH−M? relation at z = 0 (Fig. 3, Fig. 7), or the empirical
scaling relation of Kormendy & Ho (2013) (Fig. 8).
• In most of the simulations, BHs at z = 6 are on av-

erage 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.
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• Some simulations have a very tight Lbol−MBH relation
for BHs of MBH > 106 M� and log10 Lbol/(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 sim-
ulated and observed populations are not for the same BH
mass range.

• JWST will allow BH mass measurement of high-redshift
faint quasars with Lbol > 1045 erg/s, going beyond of what
is currently possible from the ground (Lbol & 1046 erg/s;
Fig. 1). This is a population of BHs that large-scale cosmo-
logical simulations produce in enough number for statistical
analysis (Fig. 5).

• At z = 6, quasars with Lbol > 1045 erg/s are in general
among the most massive BHs present in the simulations at
that time, with MBH > 107− a few 108 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.

• 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 com-
puted for the full BH population are crucial to understand
the build-up of BHs at high redshift.

• We find that the brightest BHs of Lbol > 1046 erg/s
at z 6 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 represen-
tative of the full BH population. However, simulated faint
quasars with Lbol = 1045 − 1046 erg/s (a range that JWST
will be able to characterize) present the same BH mass off-
sets 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% confidence), while more quasars would be
needed for smaller offsets. High-redshift faint quasars will be
key to constrain BH evolution at high redshift.

• 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.

In the coming years JWST will provide observations
that can directly be compared with simulations and the re-
sults 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-luminosity quasars
known at z ∼ 6. This program will provide the Hβ-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 bil-
lion 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 sub-
grid models that we employ in cosmological simulations.
Since different simulations 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.
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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 simu-
lation is not public, but some catalogs are available at:
https://www.horizon-simulation.org/data.html.

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

In Table A1, we summarize the parameters employed in the
simulations, and highlight their specific subgrid models. This
table is a modified version of Table 1 of Habouzit et al.
(2021). The last row indicates whether the MBH −M? rela-
tion produced by the simulations increases or decreases with
time, at fixed M?.

More detailed descriptions of the simulations and their
BH modeling can be found in Genel et al. (2014); Vogels-
berger et al. (2014b) for Illustris, Pillepich et al. (2018b);
Weinberger et al. (2018) for TNG, Dubois et al. (2016);
Volonteri et al. (2016) for Horizon-AGN, Schaye et al.
(2015); Rosas-Guevara et al. (2016); McAlpine et al. (2018,
2017) for EAGLE, and Davé et al. (2019); Thomas et al.
(2019, 2020) for SIMBA.
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Anglés-Alcázar D., Davé R., Faucher-Giguère C.-A., Özel
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Bañados E. et al., 2016, ApJS, 227, 11
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C., Böhringer H., 2005, MNRAS, 363, L91

Connor T. et al., 2020, ApJ, 900, 189
Connor T. et al., 2019, ApJ, 887, 171
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
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