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ABSTRACT

The past decade has seen significant progress in understanding galaxy formation and evolution using large-scale cosmological
simulations. While these simulations produce galaxies in overall good agreement with observations, they employ different
sub-grid models for galaxies and supermassive black holes (BHs). We investigate the impact of the sub-grid models on the
BH mass properties of the Illustris, TNG100, TNG300, Horizon-AGN, EAGLE, and SIMBA simulations, focusing on the
Mgy — M relation and the BH mass function. All simulations predict tight Mgy — M relations, and struggle to produce
BHs of Mgy 10"°M in galaxies of M 10'%°-10'*M . While the time evolution of the mean Mgy — M relation is
mild ( Mgy 1dex for0 z 5) for all the simulations, its linearity (shape) and normalization varies from simulation to
simulation. The strength of SN feedback has a large impact on the linearity and time evolution for M 10105 M . We find that
the low-mass end is a good discriminant of the simulation models, and highlights the need for new observational constraints.
At the high-mass end, strong AGN feedback can suppress the time evolution of the relation normalization. Compared with
observations of the local Universe, we find an excess of BHs with Mgy 10°M in most of the simulations. The BH mass
function is dominated by efficiently accreting BHs (log;q feqs  —2) at high redshifts, and transitions progressively from the
high-mass to the low-mass end to be governed by inactive BHs. The transition time and the contribution of active BHs are
different among the simulations, and can be used to evaluate models against observations.
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Greene 2012; Kormendy & Ho 2013). These objects were likely

L INTRODUCTION already in place early on in the history of our Universe. Evidence

Supermassive black holes (BHs) of millions of solar masses and
greater reside in the centre of most galaxies in the local Universe
(Magorrian et al. 1998; Giiltekin et al. 2009; McConnell et al. 2011,

E-mail: habouzit@mpia.de

for the presence of these massive objects in the early Universe (z
> 5) include observations of extremely bright quasars powered by
10°7° M BHs when the Universe was about 1 Gyr (Mortlock et al.
2011; Bafados et al. 2018), but also relativistic jets and centrally
driven winds at various redshifts (down to z = 0; Forster Schreiber
et al. 2014; Genzel et al. 2014; Cheung et al. 2016). Accreting BHs,
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known as active galactic nuclei (AGNs) and observed in a broad
range of redshifts, can release large amounts of energy in their host
galaxies, via AGN feedback. One of the major outstanding issues in
modern astrophysics is how BHs form and evolve from high redshift
until today, and how they interact with their host galaxies.

Over the last decade, we have been able to numerically address
galaxy formation in a cosmological context. Large-scale cosmolog-
ical simulations with a box length of 100cMpc and a spatial
resolution of  1kpc have successfully demonstrated that it was
possible to achieve reasonable agreements with current observational
constraints, in terms of e.g. galaxy clustering, stellar mass content
of galaxies/haloes, galaxy star formation rates, morphologies, sizes,
colour bimodality (e.g. Di Matteo et al. 2008; Ocvirk, Pichon &
Teyssier 2008; Dubois et al. 2014a; Genel et al. 2014; Hirschmann
et al. 2014; Vogelsberger et al. 2014a, b; Schaye et al. 2015; Davé,
Thompson & Hopkins 2016; Pillepich et al. 2018a; Davé et al. 2019).

Some discrepancies among galaxy properties have been found as
well, and they help us to improve the simulation sub-grid physics
models. For example, the galaxy sizes in Illustris were too large
(Nelson et al. 2015; Pillepich et al. 2018a) compared to observa-
tional constraints. The galaxy mass function of Illustris showed an
excess of low-mass galaxies with M 10° M (Pillepich et al.
2018a). Horizon-AGN also produced an excess of galaxies with
M  10M atz =0, before the knee of the galaxy mass function.
The gas fractions in the Illustris galaxies were elevated compared
to observations, while the halo gas fractions were too low. This
was a consequence of the hot bubble mode of the AGN feedback
of Illustris, whose injection of thermal energy was displaced from
the galaxies, and impacting more the host haloes. As a result,
the stellar-to-halo mass ratios of Illustris were on the upper limit
of observational constraints, and too high for massive haloes of
M, afew10>M (Vogelsberger etal. 2014b). Most cosmological
simulations (Horizon-AGN, EAGLE, MUFASA, Illustris) present
lower fractions of quenched galaxies (i.e. galaxies with suppressed
star formation rates) for M 10°°M compared to SDSS con-
straints (e.g. Donnari et al. 2019; Hahn et al. 2019). Many papers
address comparisons between these simulations and observations,
but they often use different observational constraints and definitions
of the studied quantities; drawing global conclusions from these
analyses is difficult.

The resolution of large-scale cosmological simulations is not
sufficient to resolve processes across the entire dynamical range
needed, from BH accretion discs to large-scale filaments. Processes
related to BH formation, growth, and feedback, as well as any other
baryonic processes taking place at the galactic scale are modelled
with sub-grid physics. Simulations all use different sub-grid models,
e.g. different location and mass for BH seeding, different models to
compute the accretion on to BHs, different efficiencies and models
to inject energy released by AGN, some models assuming that
AGN feedback channels explicitly depend on BH mass, some others
assuming a uniform feedback. Therefore, it is crucial to understand
whether the BH populations produced by these simulations are
in good agreement with observational constraints, and how the
discrepancies could help us to improve sub-grid models.

We can generally divide the population of BHs in three categories.
The first one is the population of high-redshift quasars, i.e. the
most extremely bright and massive BHs that we observed at high
redshift, in optical and near-IR surveys. These monsters probe the
most extreme end of the BH mass spectrum, and are a challenge for
our understanding of BH formation/accretion: they would require
an almost continuous growth at the Eddington limit for the entire
life of these objects. On the other end of the BH mass spectrum,
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we find the tiny BHs of Mgy 10*M  found in dwarf galaxies
of M 10°M (Reines & Comastri 2016; Greene, Strader &
Ho 2019), and theoretically expected to be the relics of BH seeds
formed at high redshift. These two first regimes are unfortunately not
covered by the large-scale cosmological simulations studied here.
Dwarf galaxies are indeed barely resolved and BH formation sub-
grid models are too simplistic. These simulations are also limited by
their volumes to form and evolve the rare quasars (but see Di Matteo
etal. 2017, for a larger simulation of 400 h~* Mpc run down to z =7).
Between these two BH mass ranges, cosmological simulations fully
cover the regime of all the other BHs with mass Mgy = 10°-10° M
observed at z = 4 — 0. When accreting matter, these BHs power the
AGN that we see e.g. in X-ray surveys (e.g. XMM-Newton, Chandra,
NUSTAR) with X-ray luminosities of Ly = 10*>-10% ergs™ (Ueda
et al. 2014; Aird et al. 2015; Buchner et al. 2015; Miyaji et al.
2015, and references therein). This is the category of BHs that we
investigate in this series of papers.

With time, we have accumulated evidence for correlations between
the mass of BHs and the properties of their host galaxies, such as
the total stellar mass, bulge mass, velocity dispersion, Sérsic index,
and infrared luminosity (Marconi & Hunt 2003; Haring & Rix 2004;
Merloni 2004; Shankar et al. 2004; Gultekin et al. 2009; Shankar,
Weinberg & Miralda-Escudé 2009b; Kelly & Merloni 2012; Kor-
mendy & Ho 2013; McConnell & Ma 2013; Lésker et al. 2014; Gra-
ham & Scott 2015; Reines & Volonteri 2015). These scaling relations
are mostly observed in the local Universe since it is extremely chal-
lenging to measure these quantities at higher redshifts. For this rea-
son, we only study the Mgy — M relation in this paper (M being eas-
ier to measure), even if BH mass scales more tightly with the galaxy
velocity dispersion locally (Saglia et al. 2016; Shankar et al. 2016; de
Nicola, Marconi & Longo 2019; Marsden et al. 2020). The scaling re-
lations potentially imply the co-evolution of BHs and their host galax-
ies. However, several works have also emphasized the possibility that
scaling relations may not require co-evolution processes according to
the central-limit theorem (Hirschmann et al. 2010; Jahnke & Maccio
2011). In these studies, scaling relations can be explained by the
hierarchical assembly of BH and bulge growth by galaxy mergers. A
large scatter in the high-redshift Universe will be reduced with time.
Assuming that BHs only grow by mergers, Hirschmann et al. (2010)
show that the scatter of the Mgy — Mpuige relation decreases with an
increasing number of mergers, and so with time.

The time evolution of such scaling relations is difficult to in-
vestigate in high-redshift observations. Studies are often based on
broad-line AGN targets, where BH masses are estimated from the
virial method. The underlying assumption is that broad-line AGN
behave the same way as any other galaxies, and obey the same
scaling relations, which may not be the case (Reines & Volonteri
2015). Most observational studies (including sometimes fainter AGN
as well) have found mild or null evolution of the scaling relations
(Shields et al. 2003; Jahnke et al. 2009; Salviander & Shields
2013; Schramm & Silverman 2013; Shen et al. 2015). For instance,
Salviander & Shields (2013) find no time evolution of the Mgy — 0
relation of quasars for 0.1 <z <1.2and for 10"° < Mgy/M < 10°;
the relation evolves for lower and more massive BHs, but this can be
attributed to observational uncertainties, as well as the large intrinsic
scatter in the relation. Similar results are obtained in Cisternas et al.
(2011) for 32 broad-line AGNs with 1072 < Mgy/M < 1087 in the
redshift range 0.3 < z < 0.9, and in Schramm & Silverman (2013)
with 18 X-ray selected broad-line AGNs of the CDFS in the range
0.5 <z < 1.2. Jahnke et al. (2009) find no evolution of the Mgy —
M relation while comparing 1 < z < 2 objects with the local Mgy
— Mpuige relation.
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The evolution of the scaling relation is often studied by comparing
the high-redshift Mgy — M to the same relation scaled from the
local bulge mass relation. Going from the Mgy — M plane to the
MgH — Mpuige plane implies a redistribution of the stellar mass from
the galactic disc to form a bulge, by mergers or secular processes.
The studies above find that a large fraction of the high-redshift
galaxies have, indeed, a disc component. The mild evolution found
in observations tends to indicate that no addition of stellar mass
would be required to build the bulges, and the Mgy — Mpyige relation,
from the high-redshift galaxies. The presence of discs in the high-
redshift galaxies also means that their bulges can be considered as
undermassive, which implies that the time evolution of the Mgy —
Mouige relation may be stronger than the evolution of the Mgy —
M relation. It also favours the idea that the assembly of BHs takes
place before the assembly of their host galaxy bulges. More recently,
Sun et al. (2015) (70 Herschel-detected broad-line AGN) found no
evidence for redshift evolution of the Mgy — M relation since z =
2. Mullaney et al. (2012) reached the same conclusion based on an
X-ray stacking study (z  2), as well as Suh et al. (2020) with a
sample of 100 X-ray selected moderately luminous AGN atz 2.5,
combined with brighter AGN from the literature. However, recently
Ding et al. (2020) used 32 X-ray selected broad-line AGNs within
1.2 <z < 1.7 and showed that the ratio Mgu/M and Mgn/Mpuige
were larger than in the local Universe ( 0.43dex), meaning that
the relations are slightly offset towards more massive BHs or lower
stellar mass/bulge mass compared to the relation at z = 0. Finally,
McLure et al. (2006) find that the ratio Mgy/M * of radioloud AGN
galaxies increases with redshift. Since their sample is based on the
most massive early-type galaxies in the redshift range 0 <z < 2, we
cannot rule out that the results are biased. Nevertheless, it may also
indicate that BH growth in these massive galaxies is completed first,
and then galaxies catch up. In this paper, we will see that there is no
consensus on the time evolution of the Mgy — M mean relation in
cosmological simulations.

Several observational studies have pointed out that the Mgy —
M relation may not be linear over the full range of stellar masses.
The shape of the relation could depend e.g. on BH mass, stellar
mass, galaxy types, star-forming activity. The correlation between
the quiescence of the host galaxies and the shape of the Mgy —
M relation has been discussed in e.g. Graham & Scott (2015).
Different slopes of the relation have been found for samples of early-
type/core-Sersic and late-type/Sersic galaxies in observations (Davis,
Graham & Cameron 2018; Sahu, Graham & Davis 2019), but also
for different types of galaxies and activity of the BHs (i.e. AGN
or quiescent BHs; Reines & Volonteri 2015). Recently, a non-linear
shape of the Mgy — M relation was also found in cosmological
simulations (e.g. Bower et al. 2017; Habouzit, Volonteri & Dubois
2017; Anglés-Alcazar et al. 2017c) and semi-analytical galaxy
formation models (e.g. Fontanot, Monaco & Shankar 2015). In the
following, we compare the shape and normalization of the Mgy —
M relation in several cosmological simulations to understand how
this relation is impacted by the simulations subgrid physics.

In addition to scaling relations between BH mass and galaxy
properties, the BH mass function describes the evolution of the
mass distribution of BHs (Kelly & Merloni 2012, for a review),
and is crucial to understand BH mass growth and the effects of BH
accretion and feedback. The comparison with observational con-
straints can be tricky as these constraints often rely on some physical

IMcLure et al. (2006) actually use the spheroid mass of the galaxies, which
can be approximated by M for massive galaxies.
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modelling/assumptions. The empirical BH mass functions have been
used to constrain physical models of BH evolution. However, due to
the uncertainties, it is actually challenging to rule out a significant
number of models. Estimating the BH mass function suffers from
incompleteness and mass estimations. BH mass measurements are
only possible for a small subset of local BHs. Therefore, these
analyses rely on scaling relations (with bulge mass, bulge luminosity,
width of the broad emission lines) to estimate BH mass for a large
number of BHs, and not direct measurements of BH mass. In this
case, the local BH mass function is estimated by combining one of
the scaling relations with the local number density of galaxies (as
a function of their velocity dispersion or bulge luminosity). This
method is employed, for example, in Merloni & Heinz (2008),
Shankar et al. (2009). Several works have also investigated the
evolution of the BH mass function with redshift, by combining the
local BH mass function to the AGN luminosity function (e.g. Shankar
et al. 2009; Cao 2010).

Empirical BH mass functions (Merloni & Heinz 2008; Shankar
et al. 2009; Cao 2010) and theoretical models based on semi-
analytical models (Shen 2009; \olonteri & Begelman 2010;
Fanidakis et al. 2011) or hydrodynamical simulations (Di Matteo
et al. 2008; Hopkins et al. 2008) agree well at z = 0, but show large
discrepancies at larger redshifts (e.g. z = 2; Kelly & Merloni 2012).
These differences particularly emerge at the low-mass end of the BH
mass function for Mgy 108° M . Some observational constraints
predict a turnover for lower mass BHs (Merloni & Heinz 2008) when
some others do not (Shankar et al. 2009; Cao 2010). The contribution
of active and inactive BHs to the BH mass function is also crucial to
understand the build-up of the BH population with time. In this paper,
we compare the BH mass functions of the different simulations, and
analyse how they evolve with time, and the relative contribution of
active and inactive BHs.

Over the last decade, we have pushed the development of large-
scale cosmological simulations to understand galaxy formation in
a cosmological context. These simulations were mainly meant to
reproduce galaxy properties measured in observations, and not so
much the BH properties. Observational constraints become more
and more accurate and numerous, so today is an excellent time to
review the BH populations in cosmological simulations and how
they compare to observations. In this first paper of a series, we aim at
drawing conclusions on the BH populations from the six large-scale
cosmological simulations: Ilustris, TNG100, TNG300, Horizon-
AGN, EAGLE, and SIMBA. We compare these simulations to one
another in a coherent way, i.e. applying the same post-processing
analyses to all the simulations. We also compare their results with ob-
servational constraints, when possible. In this paper, we do not make
close apple-to-apple comparisons of observations with simulated
mock observations; our comparisons with observations are mostly
to guide the eye of the readers. We point out the different properties
that are successfully reproduced and the properties that are not. Our
main goal is to understand how the different sub-grid models of
these simulations can lead to differences in the BH populations, and
to evaluate the range of possible values produced by the simulations
for a given quantity. This will help us to understand what we are
missing in our modelling of galaxy and BH formation/evolution in
large-scale cosmological simulations, but also what we need to focus
on and improve in the future. In this first paper, we address the mass
properties of the simulated BH populations, i.e. the Mgy — M scaling
relation and the BH mass function.

In Section 2, we describe the six Illustris, TNG100, TNG300,
Horizon-AGN, EAGLE, and SIMBA large-scale simulations. We
present the Mgy — M diagram in Section 3, and analyse the scaling
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relations of the simulations in Section 4. In Section 5, we focus on
the Ilustris and TNG100 simulations, which share the same initial
conditions and are, therefore, ideal to understand how the different
sub-grid models create different features in the Mgy — M relation.
Finally, in Section 6 we present the BH mass function for all the
simulations. We discuss our results and conclude in Sections 7 and 8.

2 SIMULATION MODELS

In this section, we introduce the six large-scale cosmological sim-
ulations. Only BH-related subgrid models and the main aspects
of SN feedback modelling are described. The analysis of the BH
population of the IHlustris simulation has been presented in Sijacki
et al. (2015), of the TNG simulations in Weinberger et al. (2017,
2018), Habouzit et al. (2019), and references therein. The analysis
of the Horizon-AGN BH population has been conducted in Volonteri
et al. (2016), and the analysis of EAGLE in Schaye et al. (2015),
Rosas-Guevara et al. (2016), McAlpine et al. (2017, 2018). Finally,
the BH population of SIMBA has been studied in Davé et al. (2019),
Thomas et al. (2019). In the following, we apply the same cut in
the total stellar mass of galaxies, i.e. we only consider galaxies with
M  5x 108 M ,whichisacommon minimum galaxy stellar mass
resolved in all simulations.

2.1 Hlustris

The lustris simulation consists of a volume of (106 cMpc)®, and
was run with the moving Voronoi mesh code AREPO (Springel 2010).
The gravitational softening for DM particles is 1.4 ckpc (comoving
kpc), and the collisionless baryonic particle softening is 1.4 ckpc for
z 1, and 0.7 pkpc otherwise.

The BH seeding of the simulation is based on dark matter halo
mass. Every halo reaching a mass of M s = 7.10 < 101°M
is seeded with a BH of initial mass Mgeq = 1.42 < 10°M . The
accretion on to BHs follows the Bondi-Hoyle—Lyttleton formalism
and is capped at the Eddington limit:

Mg = Min(Mgongi, Medq) 1)
= min(a 4nG2M3,p/¢:3, 4nGMgum,/ (7€), )

with cs the kernel weighted ambient sound speed,  the radiative
efficiency, and a the boost factor. The boost factor is introduced
to compensate for the fact that the ISM multiphase structure is not
resolved (Springel et al. 2005; Booth & Schaye 2009). As simulations
tend to underestimate the density around the BHSs, the boost factor
allows us to increase the accretion rates on to the BHs.

Ilustris employs a two-mode AGN feedback, both with release
of thermal energy. AGN are able to deposit thermal energy in
their surroundings with a coupling efficiency of 0.05 in the high-
accretion mode, i.e. for BHs with high Eddington ratios of fggq =
Mgn/Megg > 0.05. For BHs with feqq < 0.05, thermal energy is
released in hot bubbles within a radius of 100 kpc around the BHs
and couple to the gas with an efficiency of 0.35.

Illustris employs a kinetic wind model for the SN feedback, which
is characterized by a mass loading factor and an initial wind velocity.
The initial wind velocity can be written as

Vwind = Kwind Oom, (3)

with kying = 3.7 a dimensionless efficiency factor, and o py the 1D
dark matter velocity dispersion.

On the population of BHs 1943
The mass loading factor is defined by
2
Nwind = —5—C€wind 4
wind
= — x1.89x107% x 10 ergM*, ©)
wind

with the available SN, energy per formed stellar mass eying = 1.89 %
1072 x 10°! = 1.09 x< 1.73 x 1072 x Esn,, with 1.73 x 1072 the
number of SNy, per stellar mass formed, and Egy, = 10t ergM™!
the available energy available for each SN,.

2.2 HlustrisTNG

The simulations IlustrisTNG (hereafter TNG100 and TNG300;
Marinacci et al. 2018; Naiman et al. 2018; Nelson et al. 2018;
Pillepich et al. 2018b; Springel et al. 2018) have a volume of
(111cMpc)® and (302cMpc)?, respectively. TNG100 shares its
initial conditions with the previous Illustris simulation. The soft-
ening of the stellar particles and of DM particles is the same
( om = 1.48,2.96 ckpc for TNG100 and TNG300, respectively) up
to z = 1, and fixed at their z = 1 proper values for later redshifts
( bmz=0 = 0.74,1.48 kpc for TNG100 and TNG300, respectively).
The minimum softening of the gas iS gasmin = 0.19, 0.37 ckpc for
TNG100 and TNG300.

Dark matter haloes with a mass exceeding Mp thres = 7.38 <
10 M are seeded in their centre with BHs. The initial BH mass is
set t0 Mgeq = 1.18 < 106 M , one order of magnitude higher than
in the previous Illustris simulation.

The accretion on to BHs also follows the Bondi—-Hoyle—Lyttleton
model, but no boost factor is added. The TNG100 and TNG300 are
magnetohydrodynamical simulations; therefore the kernel weighted
ambient sound speed is now written as ¢s = (€2, + (B2/41p))*?,
and includes a term for the magnetic signal propagation speed. The
addition of the magnetic fields can impact the relationship between
the BHs and the properties of their host galaxies. In TNG, the
normalization of the Mgy —M mean relation is higher with magnetic
fields (Pillepich et al. 2018a). Illustris and TNG have two different
technical implementations of the Bondi model: Illustris only uses
the parent gas cell of the BHs to compute the accretion rates on to
the BHs, whereas TNG100 employs a kernel-weighted accretion rate
over about 256 neighbouring cells. As a consequence, the accretion
rates on to the TNG BHs correlate with the gas properties of the
central region of the galaxies, while the rates in the Illustris depend
on the gas properties at the location of the BHs and could be more
stochastic.

TNG includes a two mode AGN feedback: injection of thermal
energy in the surroundings of the BHs accreting at high rates, and
directional injection of momentum, with each event oriented in a
random direction? for low accretion rate BHs (Weinberger et al.
2017, 2018). The transition between modes is set by the threshold:

2
Mgn

Fegg = min 2% 1073 x ,
Edd 106 M

01 . (6)

Only the TNG and SIMBA simulations include a dependence on BH
mass for the transition between AGN feedback modes.

The stellar and gas properties in the TNG simulations have been
shown to be in generally better agreement with many observations

2While the injection of momentum is directional, the random direction of
injection for each event produces, in practice, an overall isotropic feedback
after a few events.
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than the Ilustris simulation (Pillepich et al. 2018a, b). In particular,
the gas fraction was too high in galaxies and too small in the
circumgalactic medium in massive haloes. These discrepancies can
be attributed to the low-accretion AGN feedback mode of Hlustris,
for which thermal energy was injected in bubbles displaced from the
centre of galaxies (Sijacki et al. 2015). Galaxies were also too large
in Hlustris by a factor of a few for galaxiesof M 10'°7 M , while
the mass-size relation in TNG100 is now in better agreement (Genel
et al. 2018).

In the following, we describe the modelling of SN feedback in
TNG (both with the velocity of the winds and the wind mass loading
factor), its evolution with redshift and halo mass, and how it compares
to the previous Illustris SN feedback model. Our description below
only discusses the strength of the SN feedback at time of injection
of the winds, and do not mean that the final impact of the winds
will follow the same trends.® The feedback of the SNe will have
an important impact on the evolution of the BH populations, as
demonstrated later in this paper.

The velocity of the winds in TNG100 is written as

H0 1/3
Viind = MaxX  Kuind Opm @ » Vwind,min (7

with kying = 7.4 (kwina = 3.7, for lllustris), opyv the 1D dark
matter velocity dispersion, Hy, H(z) the Hubble constants, and
Vaind,min = 350km s~ the wind velocity floor imposed in TNG.
Compared to the Illustris model, TNG100 has a new dependence
on the Hubble constant, as well as the addition of a velocity floor
(Pillepich et al. 2018a). This overall parametrization implies that
at injection, the TNG winds are faster (higher wind velocity), for
all halo masses and at all redshifts. The addition of vy, min prevents
low-mass galaxies to have a unphysically low velocity of the winds,
and makes the feedback in these galaxies more impactful than in
the Illustris galaxies. In conclusion, SN feedback in TNG is globally
more impactful in low-mass galaxies at all times.

In TNG, a given fraction Tng Of the energy is released as thermal
energy, and the mass loading factor is defined by

2
Nwind = —5—€wind (1 — Twind) ®)
wind
= x[14—56] %1072 x 10" ergM ™", (9)
wind

with [1.4-5.6] an efficiency factor which depends on the metallicity
of the gas cell (1.4 for gas cell metallicity of 0.02): The metallicity
dependence makes the SN wind mass loading factor (and the
available wind energy) smaller in metal-enriched environments. The
overall effect is amore effective SN feedback at injection in low-mass
galaxies in TNG than in Illustris. The mass loading factor at injection
is smaller in TNG than in Illustris at z = 0 for all halo masses. The
mass loading factor always increases with decreasing redshift in
Iustris, and is constant (for the smallest haloes of My,  10°M )
or decreasing (for more massive haloes) in TNG. Consequently, the
wind mass loading factor of TNG is higher than in Illustris only at
high redshift (z 2 — 3, depending on halo mass) for haloes of
Mp 10Y'M .

3We refer the reader to Pillepich et al. (2018a) for a complete description of
the SN feedback model at injection (see their section 3.2.1, and their figs 6
and 7), and comparison with the Illustris model, and to Nelson et al. (2019) for
an analysis of the outflow properties in TNG50 compared to their properties
at injection.
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We discussed here the strength of the feedback at injection.
The final effect seen in the TNG simulation is an overall stronger
SN feedback in low-mass galaxies. This is shown by the lower
normalization of the galaxy stellar mass function in TNG compared
to Ilustris (Fig. 10) in the low-mass regime (see also Pillepich et al.
2018a). In this paper, we will analyse the effect of the modelling of
SN feedback on the growth of BHs.

2.3 Horizon-AGN

Horizon-AGN (Dubois et al. 2014a, 2016) has a volume of
(142 cMpc)®, and was run with the adaptive mesh refinement (AMR)
code RAMSES (Teyssier 2002). The seeding of Horizon-AGN is
different from the precedent simulations, which all use a fixed
threshold in the dark matter halo mass. In Horizon-AGN, BHs form
in dense gas cells (i.e. in cells for which the gas density exceeds
the threshold for star formation, here ng = 0.1 Hcm™3) with stellar
velocity dispersion greater than 100 kms™. BH seeds are not formed
closer than 50 ckpc of an existing BH. Finally, BHs are prevented
from forming after z = 1.5. At that time, all the progenitors of the
M 10 M galaxies at z = 0 are formed and seeded with BHs
(\Volonteri et al. 2016).

The accretion rate on to BHs is computed following the Bondi—
Hoyle-Lyttleton formalism with a boost factor a = (p/po)? when the
density p is higher than the resolution-dependent threshold p, and
o = 1 otherwise (Booth & Schaye 2009).

Horizon-AGN includes a two mode AGN feedback. In the high-
accretion mode (fgqg > 0.01), thermal energy is isotropically released
within a sphere of radius a few resolution elements. The energy
deposition rate is Eagn = ¢ 'Mguc? = 0.015Mguc?. In the low-
accretion mode, energy is injected into a bipolar outflow with a
velocity of 10* kms™, to mimic the formation of a jet. The energy
rate in this mode is Eagny = 0.1Mgyc2. The technical details of BH
formation, growth, and feedback modelling of Horizon-AGN can be
found in Dubois et al. (2012).

Horizon-AGN employs a kinetic SN feedback, including momen-
tum, mechanical energy, and metals from type Il, Type la SNe, and
stellar winds (details in Kaviraj etal. 2017). The feedback is modelled
as kinetic release of energy on time-scale below 50 Myr, and a
thermal energy after 50 Myr. The feedback is also pulsed: energy is
accumulated until sufficient to propagate the blast wave to at least two
cells. The energy released depends on the SSP modelled asssumed
and the metallicity of the gas, and is about ey~ 10*° erg M ™2,

2.4 EAGLE

The EAGLE simulation has a volume of (100 cMpc)® (Crain et al.
2015; Schaye et al. 2015; McAlpine et al. 2016), and was run
with the code ANARcCHY (Dalla Vecchia et al., in preparation;
Schaller et al. 2015), which is based on the Smoothed Particle
Hydrodynamics (SPH) method and is a modified version of the code
GADGET3 (Springel 2005). The DM mass resolution is Mpw res =
9.7 x 10 M , and the baryonic mass resolution Mbaryon,res = 1.81 %
108 M . The gravitational interaction between particles is determined
by a Plummer potential with a softening length of 2.66 ckpc and
limited to a maximum physical length of 0.70 pkpc

All DM haloes more massive than Mpy = 1.48 < 101°M are
seeded with a BH of Mg = 1.48 < 10° M .

Accretion rates on to BHs are computed using a modified Bondi—
Hoyle—Lyttleton model (Rosas-Guevara et al. 2015, 2016):

Mg = Min(Mgongi X Min (¢s/V )*/Cuise, 1, Mead), (10)
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with ¢ the sound speed of the surrounding gas, V the SPH-average
circular speed of the gas around BHs, Cyis is a free parameter
referring to the viscosity of the sub-grid accretion disc. In the default
Bondi model, i.e. in the absence of angular momentum of the gas,
the gas within the Bondi radius (= GMgp/c2) directly falls on to
the BHs. In the presence of angular momentum, the gas will instead
form an accretion disc. Taking into account the angular momentum
of the infalling material reduces BH accretion rates in small galaxies
compared to the default Bondi model. No additional boost factor is
present in the accretion rate model.

The simulation employs a single-mode AGN feedback (Booth &
Schaye 2009). A fraction of the accreted gas is stochastically injected
as thermal energy with a net efficiency of , { =0.1 < 0.15 =0.015.
To prevent AGN feedback from becoming inefficient due to nu-
merical loses and overcooling, the injection of thermal energy only
occurs when the BH has accreted a sufficient amount of mass whose
equivalent energy can raise the temperature of a gas particle by

T =10%5K.

Feedback from SNe is injected stochastically as thermal energy
(Dalla Vecchia & Schaye 2012). SN energy of 105 ergM™ is
released 30 Myr after the stellar particle is born. The available
energy injected depends on the local gas metallicity and density, and
therefore, the feedback is stronger at higher redshift. The metallicity
dependence is physically motivated: the efficiency is reduced for
metallicities Z > 0.1Z where metal-line cooling becomes impor-
tant. The efficiency increases with higher densities to compensate for
numerical overcooling (the galaxies would be too compact without
the density dependence; Crain et al. 2015).

2.5 SIMBA

The simulation SIMBA (Davé et al. 2019) was run with the code
Glzmo (Hopkins 2015, 2017), with a box side length of 147 cMpc.
The DM mass resolution is Mpw res = 9.6 % 10’ M , and the bary-
onic mass resolution Myaryon,om = 1.8 % 10" M . The softening is
adaptive for all particle types with minimum value of = 0.74 pkpc.

A friends-of-friends algorithm identifies galaxies on the fly, and
seed them with a BH of Mgeq = 1.4 %< 10*M  when their mass
exceed the limit M 10%5M . This relatively high stellar mass
threshold is motivated by higher resolution simulations showing that
stellar feedback strongly suppresses black hole growth in lower mass
galaxies (Habouzit et al. 2017; Anglés-Alcazar et al. 2017c).

While all the simulations presented above use a single model to
compute the accretion on to the BHs, SIMBA uses a two mode
model: torque-limited accretion model for cold gas (T < 10°K)
and the Bondi-Hoyle-Lyttleton model for hot gas (T > 10° K). The
accretion rate is written as

Mgy = (1— 1)
x min(MBondiv MEdd) + min(MTorque: 3 MEdd) ’ (11)

where , = 0.1, and MTD,que is the gas inflow rate driven by
gravitational instabilities from the scale of the galaxy to the accretion
disc of the BH, i.e. here within Ry = 2h~* kpc (Hopkins & Quataert
2011; Anglés-Alcazar et al. 2015, 2017a). The gas inflow rate MTorque
is defined as

) M 1/6 Menc(Ro)
MTorque =T de/z x 108 BMH x 182;'\/' 0
RO —3/2 fO -1 .
b3 x 1+ _— M yr—, 12
100 pc Foue y (12)

On the population of BHs 1945
with anormalization parameter, f; the mass fraction (gas + stellar
content) of the disc, fy,s the gas fraction of the disc, Menc(Ro) the mass
of the gas and stellar content. A normalization parameter a = 0.1 is
included in the Bondi mode to represent the efficiency of gas transport
from the accretion disc down to the black hole (for consistency with
the gravitational torque rate).

The simulation employs a modified version of the kinetic AGN
feedback model of Anglés-Alcazar et al. (2017a). In the high
accretion rate mode (feqg 0.2, radiative mode), high mass loading
outflows are employed, and the velocity of the outflows increases
with log;oMgy. In this mode the outflow velocities are typically
< 1000 kms™. In the low accretion rate mode of AGN feedback
(feqs < 0.2, jet mode), lower mass loading but faster outflows are
used. In this mode the velocity of the jets increases for decreasing
feaa. Full speed jets with vje; 8000 km s~! are only achieved at
fega < 0.02. Only BHs of Mgy 107° M are allowed to transition
into this jet mode. Finally, X-ray feedback (following Choi et al.
2012) is included for galaxies with low gas fraction (fgs < 0.2)
and velocity jets of vie 7000 kms™* (Davé et al. 2019). Finally,
the feedback kinetic efficiencies = 0.03 (radiative feedback
mode) and = 0.3 (jet), listed in Table 1, depend on the outflow
velocity. The numbers quoted here are representative of BHs with
MBH = 109 M .

Stellar feedback in SIMBA is modelled via hydrodynamically
decoupled winds as in Mufasa (Daveé et al. 2016). The mass loading
factor depends on the stellar mass of the galaxy following scalings
from the FIRE simulations (Anglés-Alcazar et al. 2017b). Similar
to TNG, the mass loading factor is flat in galaxies with M 3 x
108 M and is reduced at high redshift to avoid excessive feedback in
these galaxies, and allows them to grow when poorly resolved. The
typical wind velocity are substantially lower than TNG100 ( 1.6 x<
Veire), and 30 per cent of the winds are ejected hot. SIMBA also
includes Type la SNe and AGB wind heating (Davé et al. 2019).

In the following, we generally refer to the mass of the BHs as the
mass of the most massive BHs in the galaxies. For Illustris and TNG,
BH mass refers to the sum of the BHs in the galaxies, but since BHs
are automatically merged when their galaxies merge it does not make
any difference (in practice only one or two galaxies per snapshots
host several BHs).

In most of the simulations BHs (not in Horizon-AGN) are
re-positioned every time-step to the local gravitational potential
minimum of the galaxies or within smaller regions, which favours
the accretion of gas on to the BHs. For example in EAGLE, BHs
are moved to a particle with a lower potential but only within their
kernel, and only if the relative velocity of the particle is less than
0.25¢s (Schaye et al. 2015), and if its distance is within three
gravitational softening lengths. Finally, BHs merge if they are close
enough to each other. Some simulations have additional criteria,
such as Horizon-AGN, EAGLE, SIMBA, and TNG. For instance, in
the EAGLE simulation BHs are merged if their separation distance
is smaller than both the SPH smoothing kernel of the BH and three
gravitational softening lengths and if the relative velocities of the BHs
at separations of the SPH kernel are less than the circular velocity at
this distance (Salcido et al. 2016). In TNG, BHs merge if within the
accretion/feedback region of another BH.

2.6 Calibration of the simulations

2.6.1 Calibration of the BH sub-grid models

Sub-grid models usually involve some efficiency parameters that can
be tuned in order to produce a population of objects, here BHs,
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Figure 1. Diagram showing BH mass as a function of total stellar mass of BH host galaxies. We show some empirical scaling relations from the literature, both
for Mgr — Mpuige and Mgy — M . We show the relations Mgy — Mpyige derived in Kormendy & Ho (2013) as a solid red line, in McConnell & Ma (2013) as
a solid purple line, and the relation of Haring & Rix (2004) as a solid yellow line. We also show the two Mgy — M relations of Reines & Volonteri (2015) in
dashed orange lines: the line on the top for elliptical and spiral/SO galaxies with classical bulges, and the bottom line for the broad-line AGN. The full sample
of Reines & Volonteri (2015) is shown as well with coloured dots. We also show the sample of spiral galaxies of Davis et al. (2018) with dynamical BH mass
measurements. Finally, we also reproduce here the sample of AGN of Baron & Ménard (2019), which includes obscured AGN, and their scaling Mgy — M
scaling relation as a dotted pink line. We draw here a cartoon black region including a large fraction of the observations that we use in the following.

matching a given observational constraint. These models include the
modelling of the accretion on to the BHs and of AGN feedback. The
parameters related to seeding, e.g. the initial mass of the BH particles,
are also often chosen to produce a BH population matching one of
the z = 0 empirical scaling relations. We show some of the empirical
relations commonly used in the literature in Fig. 1, i.e. the relation
Mgx — Mpuge Of Héring & Rix (2004), Kormendy & Ho (2013),
McConnell & Ma (2013), and the relation Mgy — M of Reines &
\olonteri (2015), Baron & Ménard (2019).

All the simulations were calibrated to one of the empirical Mgy —
Mbuge relations, with some variations in the computation of Mpyge.
The Illustris simulation was calibrated to the Mgy — Mpuige relation of
Kormendy & Ho (2013), assuming that the total stellar mass within
the stellar half-mass radius of the simulated galaxies was a proxy
for Mpyige. Horizon-AGN was calibrated on the local scaling Mgy —
Mpuge relation of Haring & Rix (2004) (Dubois et al. 2012) (using
Mauge for the simulated galaxies as well), to determine what fraction
of rest-mass accreted energy should be released as AGN feedback.
The simulation EAGLE was calibrated to the McConnell & Ma
(2013) relation between the mass of BHs and the bulge mass of
their host galaxies, assuming that the stellar mass of the observed
galaxies was dominated by their bulge. The simulation was therefore
calibrated assuming that Mpuge = M , which may be a correct for
the highest mass galaxies. The SIMBA simulation was calibrated
on the amplitude of the Mgy — Myuge relation of Kormendy &
Ho (2013) (assuming that Mpyge = M) at logyy Mgn/M 8-9
through the efficiency parameter of the accretion model/AGN model
(see Anglés-Alcazar et al. 2017a, for more details). All simulations
based on Bondi accretion (lllustris, TNG, Horizon-AGN, EAGLE)
match the normalization of the Mgy — Myyge relation by tuning a
feedback efficiency parameter, while SIMBA (based on gravitational
torque accretion) calibrates the accretion efficiency to match the Mgy
— Myuige relation. This difference is primarily driven by the BH mass

dependence of the accretion parametrization (Anglés-Alcazar et al.
2015, 2017a).

2.6.2 General calibration of the simulations

More generally, the simulations are calibrated with observational
constraints of galaxies, either by directly using the fits of these
constraints (EAGLE), or by simple agreement with the constraints
(Mustris, MustrisTNG). HlustrisTNG was not directly calibrated by
eye with any new observational constraints, but instead the sub-grid
models of the previous Illustris were adapted to better match the
Ilustris galaxy properties to observations used for the calibration
of the Illustris simulation. The EAGLE simulation was calibrated to
fits of observational data representing the galaxy mass function at
z = 0, galaxy sizes at a function of galaxy mass at z = 0.1, and the
local Mgy — M relation (Crain et al. 2015; Schaye et al. 2015). The
Iustris simulation was calibrated based on cosmic star formation
rate density, galaxy mass function at z = 0, stellar to halo mass ratios
at z = 0, as well the gas metallicity mass relation at z = 0, and
the local Mgy — M relation (Vogelsberger et al. 2013; Torrey et al.
2014). Similarly, HlustrisTNG was calibrated based on the cosmic
star formation rate density, the galaxy mass function, the stellar-to-
halo ratios, and the Mgy — M as well, by comparison to the results
of the Illustris simulation. Calibrations to the gas fraction at z =
0, and to the galaxy sizes as a function of galaxy masses at z = 0
were added. The SIMBA simulation was calibrated on the galaxy
stellar mass function and its evolution with time. No calibration
on galaxy sizes or galaxy/halo gas content was made. Finally, the
Horizon-AGN simulation was simply calibrated with the Mgy — M

relation to finalize the AGN feedback model, and the rest of the
subgrid physics (star formation, SN feedback) was just the result
of the underlying model (no calibration on the galaxy stellar mass
function for instance).
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Figure 2. BH populations in the Mgy — M diagram of the simulations at z = 0. Hexabins are colour coded by the number of BHs in each bin. We show the

observational sample of Reines & Volonteri (2015) for the local Universe (z
0.5 and

and the broad-line AGN of Mgy~ 10577 M observed in galaxies of M

2.7 BH luminosity

We compute in post-processing the luminosity of the BHs with
the model of 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 fegqg = 0.1, is defined as

" Mgnc?. (13)

r

Lpol =

BHs with small Eddington ratio of fgqq 0.1 are considered
radiatively inefficient and their bolometric luminosities are computed
as

Lbol = 0.1Lggg(10Feqg)? = (10Fegq) (Manc?. (14)

The distinction between radiatively efficient and inefficient AGN
is often not made when computing the luminosity of the AGN
in simulations. Therefore, our post-processing computation of the
luminosities differs from the intrinsic luminosity that goes into AGN
feedback in the simulations. We use the radiative efficiency parameter
which were used to derive the accretion rate self-consistently in the
simulations, i.e. , = 0.2 for Hlustris, TNG100, and TNG300, and
» = 0.1 for Horizon-AGN, EAGLE, and SIMBA.

3 Mgy — M DIAGRAMS OF THE
COSMOLOGICAL SIMULATIONS

We focus our investigation on the scaling relation between BH
mass and the total stellar mass of their host galaxies, a quantity
that can be measured beyond the local Universe. Empirical scaling
relations have been derived with other galaxy properties (e.g. stellar
velocity dispersion, bulge luminosity, bulge mass), and we discuss
these quantities in Appendix A. Given the differences found in the
Mgy — o relation of Illustris and TNG100 and observations (Li
et al. 2020), we prefer to not investigate this relation here. In this
section, we present several versions of the Mgy — M diagrams of
the simulations. While we do not intend to broadly discuss accretion
properties of the BHs and the correlation with star-forming activity
of their host galaxies, we present here some insights into these

correlations.

MNRAS 503, 1940-1975 (2021)

0) in black dots in the last panel on the right (uncertainties on BH masses are
0.3 dex for the stellar masses). To guide the eye, we define and duplicate in each panel a cartoon region of the diagram including most of the
observations. Two main discrepancies emerge from this figure: some simulations do not produce the most massive BHs observed in galaxies with M
1010.5—11M .

101 M

3.1 Mgy — M diagram in observations

Before investigating the Mgy — M diagram in cosmological simula-
tions, we show in Fig. 1 several observational samples. The sample of
Reines & Volonteri (2015) includes a small sample of dwarf galaxies
(shown in pink), 262 broad-line AGN (light blue), reverberation-
mapped AGN (in purple), and 79 galaxies with dynamical BH mass
measurements (dark blue). The BHs present in RGG118 (Baldassare
et al. 2015) and Pox 52 (Barth et al. 2004) are shown in green.
We add the sample of Davis et al. (2018) with dynamical mass
measurements in dark blue. Finally, we show the recent observational
sample of Baron & Ménard (2019), which include obscured AGN. In
the following, we compare the simulations to the sample of Reines &
\Wolonteri (2015), which covers the same Mgy — M regions as
most other observations. In Fig. 1 we add several empirical scaling
relations that are commonly used in the literature, both Mgy — Mpuige
(Héring & Rix 2004; Kormendy & Ho 2013; McConnell & Ma
2013) and Mgy — M relations (Reines & Volonteri 2015; Baron &
Ménard 2019). The empirical scaling relations and even the samples
themselves can be biased, in many different ways. That is why we do
not aim at an apple-to-apple comparison with observations, which
would require us to take into account all the selection effects and
biases (e.g. galaxy selection, BH mass measurements). Moreover,
most of the samples are biased towards luminous unobscured AGN
(but see Baron & Ménard 2019), or massive BHs whose sphere of
influence can be resolved for mass dynamical measurements. For
example, selection bias in dynamically measured BH sample, whose
host galaxies often appear to have higher velocity dispersion o,
could artificially enhance BH masses (Bernardi et al. 2007). Since
the empirical Mgy — 0 relations are employed to estimate BH masses
of AGN, this could impact more broadly the observational samples
by a factor of a few (Shankar et al. 2016)

3.2 Mgy — M diagrams at z = 0 in simulations

We present the Mgy — M diagrams of the simulations at z = 0
in Fig. 2 in hexabins colour-coded by the number of BHs in each
bin. For comparison, we show the observational sample of Reines &
Volonteri (2015) in the right-hand panel of the figure. Their AGN
sample from SDSS goesouttoz  0.055, corresponding to a distance
of 230 Mpc (similar to the simulations length) but does not cover
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the entire sky. To guide the eye, we report these observations with
a black region in all the panels. This black region is not rigorously
defined, but is drawn by eye to include all the observations except a
few isolated data points. The region purposely looks like a cartoon
to show that we do not make any analysis of the observations here.

The simulated populations of BHs/galaxies form atight correlation
between BH mass and the stellar mass of the host galaxies in
the diagrams, and in most cases, the scatter of the observed BH
population is not fully reproduced in the simulations. Here, we list
some of the differences between simulated and observed samples of
BHs.

(i) The broad-line AGN located in the region enclosed within
Mgy = 1058M and M = 105711 M are not very well repro-
duced by the simulations, in particular by the TNG100 and the
Horizon-AGN simulations.

(ii) The BHs of Mgy = 10’ M in galaxiesof M 10" M are
not produced by any of the simulations, with the exception of SIMBA
and TNG300.

(iii) Similarly, some of the simulations, such as TNG100, Horizon-
AGN, and especially EAGLE, also have a hard time producing the
most massive BHs that we observe in galaxies with total stellar
mass of a few 101°M and 10'*M . These BHs are the most
massive BHSs at fixed stellar mass, and their number in observations
is low. Therefore, their assembly in the different simulations could
be limited by the small simulated volumes ( (100 cMpc)?).

(iv) All the simulations predict BHs of Mgy~ 10 M in galax-
iesof M 102 M at z = 0 (coloured dots located beyond the
left-hand side of the black line region, which is constrained by this
observational sample). The mass of BHs in massive galaxies is often
determined by dynamical measurements, which is only possible for
close systems. In observations, these rare massive galaxies are often
found on the centre of clusters.

(v) Allthe simulations (with the exception of TNG) predict BHs of
Mgy  10°M in galaxies of M = 10~ M atz = 0, although
with different number densities. SIMBA produces quite a lot of these
BHs compared to the other simulations. This region of the diagram
is only slightly populated in the observed plane. In the observation
panel on the left of Fig. 2, these BHs appear below the black line
region. This BH mass range is not probed by the TNG model that
employs a higher seeding mass.

(vi) Only very few BHs have been observed with Mgy > 108 M
in galaxies of M < 10'°M ; only one BH is present in the sample
of Reines & Volonteri (2015) (black dot above the black shape in this
galaxy mass range). These BHs are rare in simulations. TNG300 is
the simulation forming the highest number of these BHs, due to its
larger volume. Additionally, we also note that the observations shown
here only include a small number of BHs with Mgy > 1055M in
galaxies of M < 10® M (BHs above the black lines), while most
of the simulations predict a non-negligible number of them. EAGLE
is the only simulation in good agreement in this stellar and BH mass
range.

Here, we compared the simulated BH populations with the
observational sample of Reines & Volonteri (2015), which was
made to only include dynamical measurements or estimates based
on single-epoch virial masses for broad-line AGN. As shown in
Fig. 1, this sample includes massive BHs in massive inactive galaxies,
which are elliptical and spiral/SO galaxies with classical bulges,
and lower-mass BHs found in spiral and pseudo-bulge galaxies.
Recently, Baron & Ménard (2019) has discussed the possibility of
using only narrow emission lines to estimate BH masses (while broad
lines are generally used), therefore allowing BH mass determination
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for obscured AGN (type Il) in addition to the non-obscured AGN
(type 1) used in Reines & Volonteri (2015). The sample of Baron &
Meénard (2019) covered the region between the lower mass broad-
line AGN of Reines & \Volonteri (2015) and its dynamical mass
measurement BHs, i.e. the region defined by Mgy = 10’-10°M

BHs in M 10'°M galaxies. The sample of Baron & Meénard
(2019) confirms that the simulations are generally missing some of
the most massive BHs at fixed stellar mass below M = 10*'M ,
and confirms that compared to the observations the simulations do
not produce enough BHs in the bottom right-hand side of the Mgy
— M diagrams, i.e. BHs of Mgy = 107-10%5M in galaxies of
M 10" M . Reines & Volonteri (2015) establish two distinct
scaling relations for massive BHs in quiescent elliptical galaxies and
lower mass BHs observed as AGN, showing that these populations
may be distinct populations of BHs. They also discuss the possibility
that they could also be sub-populations of the global BH—galaxy
population, and that e.g. quiescent low-mass BHs could overlap
with the AGN but would simply not be detectable. The work of
Baron & Ménard (2019) reinforces this idea, and shows that AGN
(obscured AGN) in massive galaxies can overlap with quiescent BHs
in quiescent elliptical galaxies. Whether these populations are part
of the same population will become clearer in time as we increase
our ability to accurately measure BH masses in the local Universe.

3.3 Sub-grid modelling features in the Mgy — M diagrams

In Fig. 3, we show the Mgy — M diagrams colour-coded by BH
bolometric luminosity. While we do not intend to analyse in detail
the accretion properties of the AGN in this paper (this is the focus of
the second paper of our series), the accretion rates, and luminosities
are important to understand the different processes involved in the
evolution of the BH populations. Below, we describe some specific
aspects of the BH sub-grid physics that can be identified in Fig. 3.

3.3.1 On the seeding of BHs

The high seeding mass of the TNG simulations can be easily seen in
Fig. 3: no BHs form with masses lower than 10 M . As indicated in
the last bottom left-hand panel of Fig. 2, lower-mass BHs have been
observed in the local Universe. These BHs of Mgy  10*°M
are detected as AGN in dwarf galaxies of M 10°M (Reines,
Greene & Geha 2013; Baldassare et al. 2015; Reines & \Volonteri
2015; Mezcua et al. 2016); probably only the most massive/luminous
BHs are detected. The presence of BHs in dwarf galaxies is also
not covered in the simulation SIMBA, which starts forming BHs
in galaxies with M 10°°M . While modelling BH formation in
low-mass galaxies is crucial to understand BH formation in the high-
redshift Universe, as well as to understand the current populations
of BHs in local dwarf galaxies, the regime of low-mass galaxies is
barely resolved in such large-scale simulations of 100 cMpc on
a side (but see Habouzit et al. 2017, and references therein for BH
formation in low-mass galaxies from high redshift to low redshift).
All the other simulations employ lower seeding masses than the
TNG simulations. In Horizon-AGN fewer BHs of Mgy 108 M
are present at z = 0 than at higher redshift. This is because BH
formation stops at z = 1.5 by design in this simulation.

In simulations, the initial mass of BHs was shown to affect the low-
mass end of the Mgy — M diagram, and the overall normalization
of the scaling relation (e.g. Bower et al. 2017). For higher stellar
masses, the relations for different seeding masses converge to the
same relation (whose normalization depends on the BH accretion
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Figure 3. Time evolution of the BH population in the Mgy — M diagram. From the top panels to the bottoms panels, we show the populationsatz =4, 2,0 in
hexabins colour-coded by the bolometric luminosity of the BHs (in ergs™1). For reference, we show the black cartoon region representing the observations at
z =0 in each panel. The simulations have different time evolution of the accretion properties of their BHs. In the TNG panels, we can identify a strong signature

of the BH mass dependence of the AGN feedback modelling: BHs with mass lower than Mgy

108 M are under the thermal mode of AGN feedback and still

able to accrete gas, while the accretion of more massive BHs is strongly stunted by the effective kinetic AGN feedback mode.

efficiency parameter) as a result of self-regulation. The seed mass
is important for the simulations using the Bondi accretion model
(e.g. Nlustris, TNG, Horizon-AGN, EAGLE), for which there is
a degeneracy between the seeding mass and the boost factor to
produce the same normalization of the Mgy — M mean relation. In
simulations using a torque accretion model (SIMBA), the accretion
rate on to the BHs does not strongly depend on their masses
(Mes  Mars, contrary to the Bondi model Mgy~ M2,,). Therefore,
the low-mass BHs can grow more efficiently than in the Bondi model,
and they converge into the Mgy — M mean relation regardless of
their seed mass (Anglés-Alcazar, Ozel & Davé 2013; Anglés-Alcazar
et al. 2015). We point here again that the seeding in large-scale
cosmological simulations is often not physically motivated (e.g. fixed
BH mass, threshold in galaxy, or halo mass to form a BH), but instead
parameters of the seeding models are chosen to reproduce the local
scaling relation.

3.3.2 On the growth of BHs

Getting the BHs on the main scaling relation depends both on the
seeding BH mass and BH accretion rate. The parametrizations of
these models are degenerate. Therefore, different choices allow the
BH population to get on to the same empirical scaling relation. For
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example, the TNG model seeds BHs with a higher initial BH mass
than the Illustris model (by one order of magnitude) but also does
not include any boost factor in the accretion model (while Illlustris
does include a boost factor of 100).

The colour code of Fig. 3 provides information on the accretion
rates on to the BHs. Atz 2, it is clear that the accretion properties
are very different among the different simulations. For example,
BHsof Mgy 10°M embeddedingalaxiesof M 10°°M have
high bolometric luminosities of Ly, 10* erg s~ (limit commonly
employed to define an AGN) in TNG, Horizon-AGN, and SIMBA,
while a large fraction of these BHs in Illustris and EAGLE have
much lower luminosities. Interestingly, we see that the initial growth
of BHs in SIMBA is quite efficient, and it allows them to get rapidly
on the track of the main scaling relation even if only galaxies of
M 10%°M get seeded. The accretion model of SIMBA based
on gravitational torques is more efficient in the regime of these
low-mass BHs than the Bondi accretion (which scales as MZ,,)
(Anglés-Alcazar et al. 2015, 2017a). In SIMBA, the torque model
and the Bondi model always co-exist, but in practice the torque model
dominates at early times in gas-rich galaxies: cold gas dominates the
gas reservoir in the centre of galaxies, and there is only little hot
gas to be accreted through the Bondi model (Angles-Alcazar, in
preparation).
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Figure 4. Mgy — M diagram at z = 0 for all the simulations. We colour-code the simulated BHs with the specific star formation rate (SSFR) of their host
galaxies. We set sSSFR = 10713 yr~1 for galaxies with lower sSFR. The limit sSFR = 10711 yr~1 is often use to define star-forming galaxies (with higher SSFR)
or quiescent galaxies (with lower sSFR). In the figure, galaxies with blue colours are forming stars, and yellow to red galaxies are quiescent. We show in the
last right-hand panel the observed star-forming and quiescent galaxies of Terrazas et al. (2017) for references, colour-coded by their sSSFR as well. To guide the
eye, we again reproduce the black region representing the observational sample of Reines & Volonteri (2015) in each panel. A similar figure (Fig. B1) shows

the behaviour at higher redshifts.

3.3.3 On AGN feedback

In Fig. 3, we can identify a clear cut at fixed BH mass in the bolomet-
ric luminosity of BHs in the TNG100 and TNG300 simulations (at
Mgy 108 M ). Above this characteristic BH mass the accretion
rate on to the BHs and consequently their luminosity is strongly
reduced. In TNG, mostofthe Mgy 108 M BHs with low accretion
rates transition from the thermal high accretion feedback mode to
the kinetic wind low accretion feedback mode, which is the mode
responsible for efficiently quenching massive galaxies (Weinberger
et al. 2018; Habouzit et al. 2019).

In EAGLE, we note the presence of faint AGN or inactive BHs
with Ly, 10%¥ergs™ and Mgy 10’ M in galaxies of M
10 M (mostly visible at z = 4, 2). This is due to AGN feedback.
BHs in the EAGLE simulation are first regulated by the efficient SN
feedback in low-mass galaxies of M 10°M , and then have a
period of efficient growth, before being regulated by AGN feedback
in galaxies of M 10°M (Bower et al. 2017; McAlpine et al.
2017, 2018).

In the other simulations, the different AGN feedback models do
not produce any strong signature in the Mgy — M diagrams. We
note a small signature in SIMBA at z = 0, i.e. a weak horizontal line
of demarcation at Mgy 107°M , where BHs seem to have lower
luminosities on average. In SIMBA, only BHs of Mgy 107°M
and with accretion rates such that fegqg 0.2 are allowed to enter the
efficient kinetic mode of AGN feedback. Once they enter this mode,
BHs regulate themselves, as well as the star formation in their host
galaxies (Thomas et al. 2019) similar to TNG.

3.4 Mgy — M diagrams for star-forming and quiescent
galaxies

In Fig. 4, we reproduce again the Mgy — M diagram at z = 0 for
the different simulations, but this time we colour-code the BHs by
the specific star formation rate (SSFR) of their host galaxies. In the
literature, we often use the convenient limit sSSFR = 10~ yr~! to
separate star-forming galaxies from galaxies with low star formation
rate or quenched galaxies (i.e. with low SFR sustained in time). In
Fig. 4, star-forming galaxies appear in bluish colours and quiescent
galaxies in reddish ones. On the last panel, we show the sample of

Terrazas et al. (2017)* that only include BHs with dynamical mass
measurements, and galaxies with SFR estimated from far-infrared
fluxes (from IRAS).

We find a good qualitative agreement between the observations and
the simulations. In Terrazas et al. (2017), observed galaxies of M =
101°-10> M hosting the most massive BHs (Mg~ 1085 M ) have
lower sSFR (sSFR 10~ yr~1). Similarly, in Reines & Volonteri
(2015) these galaxies are ellipticals, and galaxies with classical
bulges (mostly early-type galaxies). In the simulations, these galaxies
also tend to have low specific star formation rates, and to be
quenched. We note that some of the simulations have a large
fraction of quenched galaxies with sSFR 10~ yr= (Illustris,
TNG, SIMBA), while the other simulations (Horizon-AGN, EAGLE)
have quenched galaxies with a broader range of sSFR (107
sSFR 10~ yr~1). While all simulations rely on AGN feedback
to solve the overcooling process in massive galaxies and produce a
galaxy stellar mass function in good agreement with observations,
they all use different feedback modellings. Consequently and as
seen here, these modellings produce different behaviours and level
of quenching in the simulations.

In the sample of Terrazas et al. (2017), most of the galaxies with
lower-mass BHs (Mg 108 M ) are forming stars more efficiently
and have higher sSFR of sSSFR > 107 yr~1. This is true for galaxies
withM 105 M , and we note that, in this sample, galaxies with
stellar masses of M 10°M have lower sSFR. In the sample of
Reines & Volonteri (2015), these galaxies are also forming stars as
they are mostly spiral galaxies and pseudo-bulges galaxies (found in
late-type galaxies).

As we discussed earlier in this paper, the region of the Mgy —
M diagram corresponding to the low-mass BHs in the observational
samples of Reines & Volonteri (2015) and Terrazas et al. (2017)
does not overlap very well with the low-mass BHs formed in the
simulations. In the observations BHs of Mgy = 1068 M are found
in galaxies of M = 10515 M | while in the simulations these
BHs are generally found in less massive galaxies. If we compare the
SSFR of these observed galaxies with BHs of Mgy = 1068 M with
the sSFR of lower stellar mass galaxies with the same-mass BHs, we

4We already compared this sample to the TNG simulations in Terrazas et al.
(2020).
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find a good agreement. Moreover, we note that some of the same-
mass BHs in even lower mass galaxies also have lower sSFR in the
simulations, as found in the observations of Terrazas et al. (2017).

To summarize, we do find a good qualitative agreement between
the sSFR properties of the simulated and observed galaxies hosting
the most massive BHs, and we find the same trend for lower mass
BH host galaxies (higher sSFR for BHs in more massive galaxies)
but the observed and simulated galaxies populate different regions
of the Mgy — M diagram.

We do not aim at comparing in detail the samples of Terrazas
et al. (2017) and Reines & Volonteri (2015), but we note some
correlations in the following. The quenched galaxies of Terrazas
et al. (2017) overlap with the inactive galaxies of Reines & Volonteri
(2015) (elliptical and spiral/S0 galaxies), whose BHs are also inactive
and have dynamical mass measurement. BHs with lower masses
in Reines & Volonteri (2015) are mostly AGN, whose masses are
estimated from broad-line emission, and BHs found in spiral and
pseudo-bulge galaxies; they cover the same region as the star-
forming galaxies of Terrazas et al. (2017). From the comparison
of these two samples, we note a correlation between quenched
galaxies and inactive massive BHs, and similarly between lower mass
BHs detected as AGN and star-forming galaxies. Such correlations
need to be taken with a grain of salt, as distinct regions of the
Mgy — M diagram may be populated by different selections and
methods of mass measurements/estimates. Mass estimates for the
AGN can be based on empirical relations derived from specific
galaxy populations (e.g. star-forming galaxies). While BHs with
mass dynamical measurements can also be biased to galaxies with
e.g. higher velocity dispersion (Bernardi et al. 2007; Shankar et al.
2016, and references therein).

We now describe what we find in the simulations at z = 0 (in the
last row of Fig. 3). In the TNG and EAGLE simulations, the massive
BHs in massive galaxies (Mgy 108°M , M 10%%%) tend to
have low accretion rates. In Illustris, Horizon-AGN, we find both
non-active and active BHs among the massive BHs. There is also a
significant high fraction of massive BHs with high accretion rates in
SIMBA. Comparing Figs 3 and 4, we find a clear correlation between
quenched galaxies and non-active massive BHs in Illustris, TNG, as
in some of the observations mentioned above. The correlation is
less obvious in Horizon-AGN and EAGLE. The massive galaxies
at z = 0 in SIMBA can both feed the massive BHs and have
low sSFR. The correlation stands for lower mass BHs in the TNG
simulations, in Horizon-AGN, in SIMBA, i.e. the host galaxies of
lower mass BHs form stars more efficiently. The picture seems harder
to establish for the low-mass galaxies in the Illustris and EAGLE
simulations. Here we only look at the instantaneous accretion rates
on to the BHs and luminosities, but the AGN luminosities can vary
substantially within short amounts of time (e.g. fig. 1 of Rosas-
Guevara et al. 2019). Correlations between star formation rates
and average AGN luminosities over a few hundreds Myr could
be stronger. In a forthcoming paper of our series, we will study
the correlation between BH activity and star formation of the host
galaxies in a more quantitative way. In the following section, we
discuss in more details the time evolution, normalization, scatter,
and shape of the Mgy — M relation in the simulations.

In Fig. 4, all the simulations seem to favour a linear Mgy —
M relation for galaxies of M 10" M , a mass range dominated
by quiescent galaxies (in red). However, for lower mass galaxies
which are dominated by star-forming galaxies, a linear relation is not
supported by all the simulations. Observationally, this correlation
between the quiescence of the host galaxies and the shape of the
Mgy — M relation has been discussed (e.g. Graham & Scott 2015).
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Different slopes of the scaling relation have been found for samples of
early-type/core-Sersic and late-type/Sersic galaxies in observations
(Davis et al. 2018; Sahu et al. 2019). In the next section, we
investigate the time evolution, scatter, shape, and normalization of
the Mgy — M relation.

4 SCALING RELATIONS AND EVOLUTION
WITH TIME

We now turn to study the evolution of the Mgy — M relation and
its scatter with time. Our goal is to identify the different features
seen in the simulations; the physical interpretations of these features
is given in the next section. When possible, we show observational
constraints to guide the eye, but we do not aim at building apple-to-
apple comparisons between the observations and simulations.

4.1 Time evolution of the Mgy — M relation

We show in the top panels of Fig. 5 the median of the Mgy — M

relation for several redshifts. We obtain almost identical relations for
the mean relations. For reference, we show a grey shaded area in
each panel enclosing the local Mgy — Mpuge empirical relations of
Kormendy & Ho (2013), McConnell & Ma (2013), Haring & Rix
(2004), which were used to calibrate the simulations (with different
assumptions for Myyige). In Fig. 5 we show the total stellar mass of
the simulated galaxies M , which should be comparable to the bulge
mass for the highest mass galaxies. In the bottom panels, we show
the 15th—85th percentiles of the Mgy distributions in stellar mass
bins. Please note that in this section, we use the same terminology
scaling relation for the mean/median of the Mgy — M population in
the simulations and for the empirical scaling relations (which are not
simply defined by the mean/median of the observational samples).

We find that the scaling relations of all the simulations evolve
with time. However, the evolution of the overall normalization is
small, particularly in the redshift range that can currently be probed
by observations0 z 2 (red, yellow, and brown lines in Fig. 5).
In this redshift range, the time evolution is smaller than one order
of magnitude in BH mass. The strongest evolution is found for the
Iustris simulation for these redshifts and forM 10 M .

When looking at the time evolution of the overall normalization,
two trends emerge. Half of the simulations have a lower overall
median Mgy — M relation with decreasing redshift; this is the
case for the Illustris, Horizon-AGN, and EAGLE simulations. In
the EAGLE simulation, the relation only evolves with time for
intermediate-mass galaxies. The other TNG and SIMBA simulations
have scaling relations with higher overall normalization.

The time evolution of the scaling relation is likely the result of
several physical processes affecting the growth of both the BHs
and their host galaxies. Among these processes, the ability of BHs
to accrete gas, the feedback of the AGN and of SNe, the growth
of the host galaxies, can play a crucial role. There are different
hypotheses to explain the two trends in the Mgy — M diagram. A
higher overall normalization at higher redshift (Illustris, Horizon-
AGN, EAGLE) can be the signature of a more rapid growth of the
BHs at higher redshifts. Theoretically, we expect galaxies to be gas-
rich and more compact at higher redshift, which favours efficient
BH accretion. While at lower redshift (e.g.z 1), BH growth could
be less efficient. The second hypothesis is that BH growth has a
constant efficiency with time, but that galaxies have a relative growth
faster at low redshift than at high redshift compared to their BHs.
It would lead to a shift of the Mgy — M relation towards more
massive galaxies at lower redshifts. An increase of the overall scaling
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Figure 5. Top panels: Time evolution of the median of the Mgy — M relation for all the simulations (the mean relations are almost identical to the median
relations). The medians are shown in stellar mass bins if they include more than five galaxies, otherwise we simply show the points. The grey shaded area in
each panels encloses the empirical scaling relations derived at z = 0 in Kormendy & Ho (2013) (higher normalization of the scaling relation), McConnell &
Ma (2013), and Héring & Rix (2004) (lower normalization of the relation). Bottom panels: 15-85th percentile of the distributions. While in general the median
of the Mgy — M relation does not evolve much with time, we do note some differences between the simulations. These differences can also be appreciated in
the previous figure. Some simulations increase their scatter toward lower mass BHs with time (at fixed stellar mass), i.e. the median relation moves down in the
Mg — M diagram for lower redshift. This is true for Illustris, Horizon-AGN, and EAGLE. However, the TNG and the SIMBA simulations evolve upward in

the diagram.

relations with time (TNG, SIMBA) could be explained by a relative
more efficient growth of BHs at low redshifts with respect to their
galaxies, or by a smaller growth of the galaxies with respect to
their BHs. We investigate how these hypotheses could drive the two
evolution patterns found here in more detail in the following section
of the paper.

For reference, most of the observational studies have concluded
that the time evolution of the scaling relation betweenz 2 andz
0 was consistent with no evolution (Shields et al. 2003; Jahnke et al.
2009; Cisternas et al. 2011; Salviander & Shields 2013; Schramm &
Silverman 2013; Sun et al. 2015; Suh et al. 2020). A few studies
have shown that the ratio Mgy/M could be larger at higher redshifts
(e.g. McLure et al. 2006; Ding et al. 2020). For example, Ding et al.
(2020) find that the small evolution in their sample (32 X-ray selected
broad-line AGNs, 1.2 <z < 1.7) goes into this direction, i.e. higher
BH masses or lower stellar masses at higher redshift.

Finally, studying the time evolution of the scaling relation for
the most massive galaxies of M 10 M is problematic with the
current large-scale simulations of side length 100 cMpc, as they
suffer from low number statistics. The large volume of TNG300
captures the evolution of a higher number of massive galaxies,
especially at higher redshift. Indeed, there are only 270 galaxies
in TNG100 and 4378 in TNG300 with 10 log,;, M /M 11
at z = 4. Only two galaxies with log,; M /M 11 in TNG100,
and 66 in TNG300. We find that there is a rapid evolution of the
massive end (log,; M /M 10.5) of the relation for3 z 5
in TNG300, a regime that is not accurately covered by the other
simulations.> At z 3, we note the absence of an evolution of the
relation with time. The BHs embedded in these massive galaxies are
regulated by the efficient kinetic feedback. Therefore, their growth is
likely driven by mergers only (and not by gas accretion); the growth

5SIMBA (147 cMpc box length) also produces a high number of massive
galaxies, e.g. 30 galaxies of log;q M /M llatz=4.

of their host galaxies is likely also mostly driven by mergers. From
the central-limit theorem we expect the Mgy — M relation to be
mostly independent of redshift for the most massive galaxies, and
the distributions to have a smaller scatter. This is true for the TNG
simulations (Weinberger et al. 2017, 2018), and can also be seen in
the other simulations with an efficient AGN feedback even if lacking
statistics for massive galaxies. In SIMBA, we find an evolution of
the relation for these massive galaxiesof M~ 10'*' M : BH growth
(through the Bondi accretion channel) exceeds the relative galaxy
stellar mass growth by mergers (Cui et al., in preparation).

4.2 Evolution of the scatter of the scaling relation

We now turn to study the evolution of the scatter of the Mgy —
M relation with both with stellar mass and redshift. We define the
scatter as the 15th-85th percentiles of the BH mass distributions
in stellar mass bins. We provide the stellar mass bins (bin size is
0.4 dex), redshifts, mean and median BH mass in the bins, and the
15th-85th percentiles in Tables C1 and C2. We split the tables in two:
simulations with an increasing Mgy — M overall normalization with
decreasing redshift (lllustris, Horizon-AGN, EAGLE), and those
with a decreasing overall normalization (TNG100, SIMBA). We
find some differences between all of these simulations. For most
of the simulations, the scatter of the scaling relation is below 1 dex
in log,, Mgn/M , except for EAGLE which has the largest scatter
(e.9. > 1dex for M = 10%°,10%5 10"*M for z  3). Horizon-
AGN has the smallest scatter, below half a dex in log,, Mgn/M
(for all redshifts and M bins).

4.2.1 Evolution of the scatter with time

For galaxies of M 10" M , the scatter in Hlustris and TNG100
generally increases with decreasing redshift to z = 0. The scatter
decreases in EAGLE with decreasing redshift, slightly oscillates in
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SIMBA for different redshifts, and does not evolve with redshift in
Horizon-AGN. For all the simulations, the evolution of the scatter
with redshift is smaller than 1 dex in BH mass. We define the time
variation of the scatter by the difference of the 15th—85th percentiles
between two given redshifts, i.e. ¢ = |o; — gj|. Horizon-AGN
has the smallest scatter evolutionwith ¢ 0.1dex, while EAGLE
has a variation of almost one order of magnitude in BH mass (i.e.

0 = 0.84 dex), the largest among all the simulations. According to
the central-limit theorem (i.e. assuming that growth is driven only by
mergers) any distribution with a large scatter at high redshift would
have a smaller scatter with time. The mild evolution of the scatter
that we find here for M 10 M suggests that BH growth by gas
accretion, in addition to mergers, play a role in the build-up of the
scaling relation.

Comparing the time evolution of the scatter in simulations with
observations is challenging. The scatter in observations is often
defined by the 1o confidence interval of the empirical scaling
relations (about half a dex in log,; Mgn/M ), which relies more
on the uncertainties of the mass estimates® rather than the intrinsic
scatter of the BH mass distribution in stellar mass bins, as derived
here for the simulations. Given that it is harder to estimate BH masses
accurately at higher redshift, the scatter in observations is expected
to increase with increasing redshifts. Recently, the intrinsic scatter
of the Mgy — M relation was found to be similaratz 1.5andz =
0 (e.g. Ding et al. 2020).

4.2.2 Dependence of the scatter with stellar mass

Variations of the scatter as a function of the stellar mass (for M
10*' M ) are small in the simulations, on average. The amplitude
of those would probably be lower than the various uncertainties in
estimating BH masses and host stellar masses in observations.

Interestingly, the simulations produce different evolutions of the
scatter with M . At fixed redshift, the scatter decreases with larger
M in SIMBA, and slightly increases for Illustris and Horizon-
AGN. There is a large variation of the scatter in TNG100, TNG300,
and EAGLE: the scatter is smaller in low-mass galaxies of M
10%5710M  (depending on the redshift), is larger for galaxies
of M 10 M , and decreases for more massive galaxies. The
dependence with stellar masses in these simulations correlates with
the efficiency of BH growth (see the next section with the shape
of the Mgy — M relation). In the low-mass galaxies, BH growth
is not efficient and consequently a small scatter is found. However,
when BHs start growing efficiently in galaxies of M 10 M
the scatter is more pronounced (e.g. see McAlpine et al. 2018, for
EAGLE). Finally, when the growth of the BHs is regulated by AGN
feedback in more massive galaxies the scatter decreases. With the
larger volume of TNG300 we find that the scatter for even more
massive galaxies of M 101*'M in the redshift range0 z 3
(for which we have more statistics) is even smaller.

For reference, we compute the scatter (15th—85th percentiles) of
the two observational samples of Reines & Volonteri (2015), Baron &
Ménard (2019) forM ~ 10''M andz 0.Oursimple method does
not reflect the scatter found in observations, and we do not add any
correction (e.g. completeness of the sample, volume, low statistics).

6Uncertainties on BH mass estimates are of about 0.5 dex (Vestergaard &
Peterson 2006; Reines & Volonteri 2015). The uncertainties depend on the
method used to measure/estimate BH masses. Uncertainties are smaller for
masers, reverberation mapping, dynamical measurements, and larger for
single epoch measurements.
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The scatter found in observations also probably does not represent
accurately the intrinsic scatter of the entire BH population in the
Universe. This is even more true at the BH low-mass end due to very
low number of detections. We discuss this further in the discussion
section. We find that the percentile 15th—85th varies in the range 6 =
0.9-1.9 in the stellar mass range M = 10°°-10* M for the sample
of Reines & Volonteri (2015), and within 0 = 1.2, 1.6 for Baron &
Meénard (2019). The scatter found in the simulations is smaller than
for these two observational samples with on average more than a
dex in logioMgy of scatter. The scatter increases with increasing M
for Reines & Volonteri (2015), fromo = 1.1 (M =10°°M ) to
0 =19 (M =10"M ), but the scatter decreases from ¢ = 1.6
(M =10°°M )too =1.2(M = 10" M ) for Baron & Ménard
(2019).

Some essential physical processes are not consistently modelled
in large-scale simulations but could modulate the accretion, growth,
and feedback of BHs, possibly impacting the scaling relation and its
scatter. Here we only discuss the impact of BH spin, and mention
more processes in the discussion. BH spin is closely tied to both
accretion and the energy that can be released by AGN feedback.
BHs with Mgy < 108 M build their mass by coherent accretion of
gas and a few mergers: they have high spins (Dubois, Volonteri &
Silk 2014b). More massive BHs of Mgy > 108 M experience more
mergers and less coherent accretion: they have more moderate spins
(see also lzquierdo-Villalba et al. 2020). BHs with high spins will
release more specific energy than non-rotating BHs, which alters as
well the amount of gas that is accreted by the BHs, and consequently,
their spins. Adding the spin evolution in simulations increases
the scatter, especially in the massive end of the scaling relation,
where the relation is very tight. In the TNG model, the scatter is
mostly increased for stellar masses of M 10*°M and higher
(Bustamante & Springel 2019).

4.3 Shape of the median Mgy — M relation and presence of a
characteristic mass for efficient BH growth

The Mgy — M relations presented in Fig. 5 have different shapes,
and we investigate qualitatively the presence of a change of slope in
the relations for the six simulations.

The median Mgy — M relation of Illustris is linear at all redshifts
and for all stellar masses. The linear relationship between BH mass
and galaxy total stellar mass indicates that, on average, the BHs
and their host galaxies grow at similar rates. When looking at the
population of BHs statistically, there is no galaxy mass regime in
Ilustris at which BH growth is strongly regulated with respect to
the growth of the galaxies and vice-versa. We also cannot identify
any change of slope of the scaling relation of Horizon-AGN for z
2. However, we do see a transition around M 10 M  at lower
redshift. This is a signature of BH seeding: the formation of BHs
stops at z = 1.5 in Horizon-AGN, and there are no more newly
formed BHs to bring down the scaling relation at lower redshift.

All the other simulations have a linear evolution in massive
galaxies (M 10'°5M ), but present a change of slope in the
regime of the lower mass galaxies (M 10%%°M ). This change
of slope reflects a transition between two phases: a first phase in
which BHs have a hard time growing in low-mass galaxies, and
a second phase for which BH growth is more efficient in more
massive galaxies. At the transition between these two regimes, we
can define a characteristic galaxy stellar mass, from which BHs can
start growing efficiently. In TNG100, we note a change of slope at
z 2 only, while in TNG300 the change of slope is present at all
redshifts. The transition between inefficient BH growth and efficient
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BH growth changes with redshift in the range M 10%°-10°M :
the transition takes place in lower mass galaxies with time. The
inefficient BH growth phase is longer at earlier times than at later
times in TNG. The EAGLE simulation also presents different phases
of BH—galaxy growth. There is a first phase with a lower relative
growth of BHs compared to their host galaxies in low-mass galaxies
ofM  10%571°M . GalaxiesofM  10'°M experience aphase
of efficient BH growth. BHs hosted by more massive galaxies of
M 10%71%5M have again a less efficient growth than their
galaxies. As in TNG, the characteristic galaxy mass between the
first phase and the second phase depends on redshift. However, in
EAGLE the inefficient BH growth phase is shorter at earlier times
than at later times. We do not discuss the shape in SIMBA, since
BH seeding takes place in galaxies of M = 10°°M , i.e. where we
could expect a change of slope. However, we note that the Mgy —
M mean relation transitions to a steeper slope at M 10%¢ M
forz 1.

The regime of galaxies with M~ 10® M is important to under-
stand the build-up of the BH population and the Mgy — M scaling
relation. As shown below, this regime is subject to resolution effects
for the range of resolutions covered in the simulations presented here.
In the following sections, we investigate qualitatively the physical
processes responsible for the shape of the Mgy — M relation and its
evolution with time. Before going into details, we mention here that
the Mgy — M relation can show some imprints of the strength and
modelling of stellar feedback. In Habouzit et al. (2017), we discussed
the build-up of the BH population in the Mgy — M diagram in large-
scale cosmological hydrodynamical simulations with a physical
model of BH formation, and highlighted the ability of SN feedback
to stunt BH growth in low-mass galaxiesof M 10°M (see also
Dubois et al. 2015; Anglés-Alcazar et al. 2017c; Bower et al. 2017;
McAlpine et al. 2018; Dekel, Lapiner & Dubois 2019). The role
of SN feedback was also pointed out in the semi-analytical galaxy
formation model MORGANA (Fontanot et al. 2015). It has been
shown in several simulations that below the characteristic mass, SN-
driven winds are fast enough to overcome the escape velocity of the
gravitational potential of the galaxies (Dubois et al. 2015), therefore
depleting the centre of galaxies from their cold gas reservoir (which
could have fed the BHs). BHs are only able to grow when their host
galaxies are massive enough to overcome the effect of SN feedback.

In all these simulations BHs are re-positioned to the potential
minimum (of the whole galaxies or within smaller regions) every
time-step and thus do not move around in their galaxies, except in
Horizon-AGN (see also Habouzit et al. 2017). Doing so favours the
accretion on to BHs. Off-centre BHs could also stunt BH growth,
as shown in the cosmological simulation NewHorizon (Dekel et al.
2019), and the zoom-in MARVEL-ous dwarf simulations (Bellovary
etal. 2019) and the zoom-in FIRE simulations (Anglés-Alcazar et al.
2017c; Catmabacak et al. 2020). Off-centre (or wandering) BHs have
been found in recent high-resolution radio observations (Reines et al.
2020).

4.3.1 Impact of the resolution with TNG100/TNG300

TNG100 and TNG300 use the same galaxy and BH models but have
different resolutions (baryonic resolution of 1.4 < 10°M and 1.1 x
10" M , and spatial resolution of 0.74 and 1.48 kpc, for TNG100 and
TNG300), and volumes (1002, 300° cMpc?). The parameters of the
sub-grid models do not depend on mass or spatial resolution.

The better resolution of TNG100 allows us to more accurately
resolve the BH surrounding gas density, and thus their gas accretion
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(Weinberger et al. 2018). As a result, the BHs and galaxies tend
to have slightly higher masses in TNG100 at fixed halo mass. We
find that the shape of the scaling relation at the low-mass end
(logyg M /M 9) is different. While we note the presence of a
change of slope at all redshifts in TNG300, this is not the case for
TNG100 at z = 1-0. The better resolution of TNG100 leads to more
efficient growth of the BHs embedded in galaxiesof M 101°M .
Indeed, the simulation is more resolved and the surroundings of
BHs have higher gas densities, which leads to increased accretion
rates on to the BHs. The normalization of the scaling relation of
TNG100 should, therefore, be higher, particularly in the regime
where gas accretion is more important than BH-BH mergers for BH
growth (M 10'°5M ). The resolution also affects the strength
of SN winds (Pillepich et al. 2018a); the overall impact of the
SN feedback is weaker in the more resolved simulation TNG100.
The consequence of the more efficient SN feedback in low-mass
galaxies of the TNG model compared to the Illustris model is not as
strong in the more resolved simulation TNG100. No other simulation
project produced lower resolution volume, thus we cannot assess
their level of resolution convergence in a similar manner as the
TNG model.

5 UNDERSTANDING THE EVOLUTION OF THE
MEAN Mgy — M RELATION

Ilustris and TNG100 share the same initial conditions, and therefore
one can follow the evolution of individual matched galaxies in the
two simulations, and understand how the galaxy/BH sub-grid models
affect the build-up of the scaling relation with time. We use the
catalogue of Lovell et al. (2014, 2018) that provides the IDs of the
matched galaxies. We use the Illustris and TNG100 examples to
interpret the evolution of the Horizon-AGN, EAGLE, and SIMBA
Mgy — M relations.

5.1 Final BH mass for the sample of matched BHs

We compare the final BH mass of all the Illustris and TNG100
matched galaxies in Fig. 6. Our sample includes about 18000
matched galaxies at z = 0. We find that TNG100 BHs are more
massive than their matched BHs in Illustris in low-mass galaxies,
i.e. for BHs of Mgn 108M . In TNG100, MBH,TNG 108 M
is the characteristic mass (yellow dashed line in Fig. 6) for which
many BHs transition from the thermal high accretion mode to the
kinetic low accretion mode of AGN feedback. The kinetic mode is
responsible for efficiently quenching star formation in the BH host
galaxies, but also for stunting BH gas accretion. Consequently, it
leads to a change of slope’ in Fig. 6 at this characteristic BH mass
of Mgy, tne 108 M . BHs with larger masses have a hard time
growing in TNG100, but BHs in the matched Illustris galaxies are
still able to do so because of a less effective low accretion mode
of AGN feedback. The ability of the Illustris massive BHs to grow
when the TNG100 BHs are stunted compensates the lower initial
mass of the Illustris BHs. As a result, we find that the most massive
matched BHs in Illustris and TNG100 with Mgy~ 108°M have
similar masses in Fig. 6.

"The transition to the AGN feedback kinetic mode implies a change of slope
for other quantities/relations, e.g. BH mass scaling relations with ¢ and the
Sersic index (Li et al. 2020).
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Figure 6. Comparison of the BH final mass at z = 0 in matched Illustris and
TNG100 galaxies (with M~ 10° M ). For reference, the BH seeding mass
is Mgy 105M in Illustris, and Mgy~ 106 M in TNG100. The black
line indicates hypothetic identical mass BH pairs. In low-mass galaxies (i.e.
with Mgy 108 M ) BHs are more massive in TNG100. However, when
the TNG100 BHs transition to the kinetic AGN feedback mode (upper side
of the yellow dashed line), their growth as well as their host galaxies growth
is strongly regulated, while the same BHSs in Illustris are still able to grow.
Consequently, the Illustris BHs catch up their TNG counterparts, and in the
most massive matched galaxies TNG100 and Illustris BHs eventually end up
with similar masses.

5.2 Time evolution of the matched galaxies and their BHs

We investigate the time evolution of three different samples of 50
matched galaxies each. Given the differences found in Fig. 6, we
choose these samples to include galaxies with three key stellar masses
atz=0:

(i) Low-mass galaxies: M 1ne,z=0  10°M , corresponding to
BHs with MBH,TNG 10"M atz= 0,
(if) Intermediate mass galaxies: M g, z=0
sponding to BHs of Mgy tng 10778 M atz =0,
(iii) Massive galaxies: M ng,2=0 10 M , corresponding to
BHs of MBH,TNG 108_9 M atz=0.

101°M , corre-

Because the Mgy — M relation is tight in TNG100, the cor-
responding TNG BH mass ranges that we quote above are within
one order of magnitude in BH mass. The Mgy — M relation in
the IHlustris simulation has a larger scatter; the BH mass ranges
covered by these galaxy mass samples are larger, between one and
two orders of magnitude in BH mass. We first select galaxies that
fulfilled our final stellar mass criterion in TNG100, and then look for
their matched galaxies in Ilustris. We then follow back in time all
these galaxies using the galaxy merger trees of the two simulations
(Rodriguez-Gomez et al. 2015), which are based on stellar particles
and gas cells. We show the time evolution of both their stellar masses
(left-hand panels) and their BH masses (right-hand panels) in Fig. 7.

In the following, we start by analysing the stellar mass content
of galaxies in the three samples. We find that the relatively low-
mass galaxies shown in the top left-hand panel (i.e. M  1tnG,z=0
10° M ) tend to be slightly more massive in Illustris than in TNG100.
The TNG100 SN feedback is stronger in low-mass galaxies at all
redshifts (addition of velocity floor) and at lower redshifts (new
scaling of the wind velocity with the Hubble constant) than in Illustris
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(see our section 2.2). For the intermediate galaxies (M  tng,z=0
101°M , middle left-hand panel), the overall stellar mass content of
the matched Illustris and TNG100 galaxies is similar. This is again
the case for the evolution of the most massive galaxies (M  tne, z=0
101 M , bottom left-hand panel), but we note that some matched
galaxies have very different evolutionary paths in this mass range.

While most of the matched galaxies evolve their mass in a similar
way, we find that their BHs have different growth histories (right-
hand side panels in Fig. 7). We set a null BH mass for galaxies
that have not been seeded with a BH yet, which translates into the
vertical lines in all panels of Fig. 7 for TNG BHs. In the following,
we investigate how the Illustris and TNG100 sub-grid models affect
the different phases of BH evolution (see the items below) with
the right-hand panels of Fig. 7, and what the consequences on the
BHs/galaxies co-evolution are with Fig. 8. In Fig. 8 we show the time
evolution of the matched BHs and their host galaxies in the Mgy —
M diagram, dividing in the same three stellar mass bins.

(i) Initial mass of BHs: the initial mass of the TNG100 BHs is
higher (by a factor of 10) than the seeding mass of the matched
Ilustris BHs. As a result, recently formed low-mass galaxies have
more massive BHs in TNG100 than in Illustris, as shown in the top
right-hand panel of Fig. 7.

(ii) First phase of BH growth: the first phase of BH growth is

delayed in TNG100 and takes place earlier in Illustris (middle and
bottom right-hand panels of Fig. 7). The stronger feedback from
SNe in TNG100 is responsible for delaying the first episode of
gas accretion, and not the differences in the seeding or accretion
models. Indeed, both Illustris and TNG100 are seeded in dark matter
haloes of same mass and thus at about the same cosmic time; the
Illustris BHs are not seeded before the TNG100 BHs. At birth, the
accretion rates on to the Illustris and TNG100 BHs, given by the
Bondi model Mgy aM3,,, should be similar®: the seeding mass
(Mgeeg 106,105M  for TNG100 and lllustris, respectively) and
the boost factor parameters (a = 1, 100) compensate one another.
The stronger SN feedback is responsible for the change of slope in the
Mgy — M diagram of TNG100 and the presence of a characteristic
mass in the stellar massrange M = 10°-10*° M . With the left-hand
panels of Fig. 8, we find that the TNG100 characteristic galaxy stellar
mass is moving toward less massive stellar mass with time, and is
absent for z 1. Indeed, the first quiescent phase of BH growth is
very short in the top panel of Fig. 8 (orange to red coloured lines) for
galaxiesof M 1085-10° M , and longer for the galaxies of same
mass but at high redshift (bottom left-hand panel, z =5 — 3, green
to yellow coloured lines). We find here that the modelling of SN
feedback in TNG100 impacts the growth of BHs more substantially
at high redshift.
The stronger SN feedback in TNG100 is also responsible for the
slightly lower normalization of the Mgy — M mean relation in
TNG100 compared to llustris, at the low-massend (M 101°M )
at high redshift (see Fig. 5). At high redshift (z  5) and because of
the less effective SN feedback, the Illustris BHs can grow compared
to the TNG matched BHs. Therefore, the Illustris BHs embedded in
galaxies of M 10°M (e.g. bottom right-hand panel of Fig. 8)
are on average slightly more massive, even if the seeding mass of
Ilustris is smaller than in TNG100.

(iii) Later phases of BH growth: Once the TNG100 BHs start
growing, they grow more efficiently than the Illustris BHSs, as

8Here, we make the assumption that the gas reservoir is the same in the two
simulations in these relatively early stages of galaxy formation (i.e. galaxies
of M 10°M ).
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Figure 7. Comparison of the stellar mass and BH mass in TNG100 (y-axes) and Illustris (x-axes) matched galaxies. The black lines indicate hypothetic identical
host stellar and BH masses. Matched galaxies have very similar time evolution of their stellar mass (left-hand panels). The average evolution of the galaxy stellar

mass is similar in the two simulations, with the exception that the low-mass galaxies have lower stellar mass in TNG100 (top panels, M | tnG, z=0

10°M ).

BHs in these galaxies are more massive in TNG100 because of the larger seeding mass (right top panel). The initial growth of BHs takes place later in TNG100
than in Illustris. However, when they start growing, they grow more efficiently than in Illustris (middle right-hand panel). However, when the TNG BHs transition
to the kinetic AGN feedback mode (bottom right-hand panel), their growth as well as their host galaxies growth is strongly regulated, while the same BHs in

Ilustris are still able to grow. Consequently, in the most massive matched galaxies (M

demonstrated in the middle and bottom right-hand panels of Fig. 7.
The difference can also be appreciated in Fig. 8 (e.g. middle panels).
While most of the TNG100 BHs grow efficiently, there is a flattening
inthe Mgy —M diagram of Illustris: BH growth is there less efficient
than their host galaxy growth, on average.

In addition to the potential different gas content in the surroundings of
the BHSs (see Fig. 10, top panels), there are two important differences
in the accretion schemes of the two simulations. Illustris uses the
gas content of the BH parent cell to compute the accretion rates,
while TNG100 uses a kernel. The accretion rates on to the TNG100
BHs could also be boosted by the presence of the magnetic fields in
the simulation (see fig. 8 of Pillepich et al. 2018a, where a higher
normalization of Mgy — M, is found with magnetic fieldat z =0, a
higher (or smaller) gas fraction, and smaller (or larger) galaxy size
for lower-mass galaxies of a few  10°°M (or for more massive
galaxies)).

All the TNG100 BHs grow efficiently, which leads to little diversity
of growth histories in the Mgy — M plane in Fig. 8. Instead, the
Illustris BHs alternate between episodes of high accretion rates and
more quiescent periods with lower accretion rates. BH growth is more
diverse in lllustris, at all galaxy mass. Consequently, the scatter of the

10195 M ) BHs have similar masses.

lustris Mgy — M relation is almost independent of stellar mass (see
Fig. 8), and also, on average, larger than in TNG100, except for the
phase of efficient TNG100 BH growth that we are discussing here.
The scatter of TNG100 depends on the stellar mass: smaller scatter
in the first inefficient BH growth in low-mass galaxies, smaller in the
phase where BH growth is regulated by AGN feedback, and larger
in the phase of efficient BH growth.

(iv) Towards BH quiescence: The impact of the strong Kinetic
low accretion mode AGN feedback in TNG100 can be seen in the
bottom right-hand panel of Fig. 7. While the growth of the TNG100
BHs is completely stunted because of AGN feedback for BHs of
Mgy 108 M (horizontal lines in the panel), the lllustris BHs are
less regulated by the Illustris AGN feedback (injection of thermal
energy in bubbles displaced from the galaxies) and are, therefore,
still able to grow. As noticed in Fig. 6, the BHs of these massive
galaxies reach similar masses by z = 0.

In Appendix D, we analyse in detail eight pairs of matched Illustris
and TNG100 galaxies, with final galaxy mass of M = 10'°M and
M =10"M atz = 0. The phases of BH growth and feedback
described above are illustrated for individual galaxies. The properties
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