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INTRODUCTION

ABSTRACT

Recent systematic searches for massive black holes (BHs) in local dwarf galaxies led
to the discovery of a population of faint Active Galactic Nuclei (AGN). We investigate
the agreement of the BH and AGN populations in the Ilustris, TNG, Horizon-AGN,
EAGLE, and SIMBA simulations with current observational constraints in low-mass
galaxies. We find that some of these simulations produce BHs that are too massive,
and that the BH occupation fraction at z = 0 is not inherited from the simulation
seeding modeling. The ability of BHs and their host galaxies to power an AGN de-
pends on BH and galaxy subgrid modeling. The fraction of AGN in low-mass galaxies
is not used to calibrate the simulations, and thus can be used to differentiate galaxy
formation models. AGN fractions at z = 0 span two orders of magnitude at fixed
galaxy stellar mass in simulations, similarly to observational constraints, but uncer-
tainties and degeneracies affect both observations and simulations. The agreement is
difficult to interpret due to differences in the masses of simulated and observed BHs,
BH occupation fraction affected by numerical choices, and an unknown fraction of ob-
scured AGN. Our work advocates for more thorough comparisons with observations to
improve the modeling of cosmological simulations, and our understanding of BH and
galaxy physics in the low-mass regime. The mass of BHs, their ability to efficiently
accrete gas, and the AGN fraction in low-mass galaxies have important implications
for the build-up of the entire BH and galaxy populations with time.

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

or their bulges (e.g., Giiltekin et al. 2009). Today, there is
a systematic search for the presence of BHs in low-mass

Over the last decade, compelling evidence has shown that
massive black holes (BHs) are commonly found in the cen-
ter of galaxies in the local Universe, and that their masses
correlate with e.g. the stellar mass of their host galaxies
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galaxies of M, < 10%° Mg, with a focus on accreting BHs
-commonly referred to as Active Galactic Nuclei (AGN)-,
using multi-wavelength observations (Greene, Ho & Barth
2008; Reines & Volonteri 2015; Reines & Comastri 2016;
Mezcua et al. 2016; Mezcua 2017; Chilingarian et al. 2018;
Greene, Strader & Ho 2019; Reines et al. 2020). The least
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massive BHs observed are the BH found in RGG118 with
a mass of 5 x 10* Mg (Baldassare et al. 2015), and the BH
located in NGC4395 (Filippenko & Sargent 1989) with a
BH mass estimate in the range of ~ 9100—4 x 10° Mg (Woo
et al. 2019). Several techniques are used to detect BHs and
AGN in dwarf galaxies, and include optical spectroscopy,
observations in X-ray, radio, and even infrared (IR) (e.g.,
Greene & Ho 2004; Greene, Ho & Barth 2008; Dong et al.
2012; Chilingarian et al. 2018; Liu et al. 2018; Mezcua et al.
2018; Mezcua, Suh & Civano 2019; Kaviraj, Martin & Silk
2019). Multi-wavelength observations are often used to con-
firm candidates, as for example optical tracers in young star-
burst regions in low-metallicity environment can resemble
those of AGN. Winds from both supernovae (SN) and mas-
sive stars are also a source of contamination. Many AGN are
detected based on their X-ray emission, but the presence of
X-ray binaries (XRBs) can make the interpretation difficult
for faint AGN (e.g., Gallo et al. 2008, 2010; Reines et al.
2011; Mezcua et al. 2016; Pardo et al. 2016; She, Ho & Feng
2017; Mezcua et al. 2018; Fornasini et al. 2018; Schirra et al.
2020). In the low-mass regime, the ubiquity of BHs is not
unique to the center of galaxies. Reines et al. (2020) discov-
ered that half a dozen of dwarf galaxies were hosting offset
radio sources that could be AGN. Faint off-center AGN sig-
natures’ have been also recently detected in dwarf galaxies
with MaNGA integral field unit (IFU) observations (Mezcua
& Dominguez Sanchez 2020), confirming that the search for
BHs should not be limited to central AGN.

The mechanisms of BH formation are still unknown, but
the BH population in local dwarf galaxies provides us with
indirect constraints (Volonteri, Lodato & Natarajan 2008a;
van Wassenhove et al. 2010). One of the leading mechanisms
forms BHs as remnants of the first generation of stars with
initial masses of Mpu ~ 100 Mg (“PopllIl remnant model”
Madau & Rees 2001; Volonteri, Haardt & Madau 2003a;
Johnson & Bromm 2007a,b). BHs could also form in slightly
metal-enriched stellar compact clusters where runaway stel-
lar collisions can trigger the formation of a very massive star
that collapse onto a BH of Mg ~ 10 —10* My, (“Compact
stellar cluster model” Omukai, Schneider & Haiman 2008;
Regan & Haehnelt 2009; Alister Seguel et al. 2020). In the
“direct collapse” model (e.g., Begelman, Volonteri & Rees
2006a,b), a large amount of gas collapses isothermally with-
out fragmenting and forms a supermassive star collapsing
into a BH of Mgy ~ 10* —10% M. This model requires sev-
eral key conditions such as the absence of molecular hydro-
gen coolant to avoid gas fragmentation. This can be achieved
by the presence of a high Lyman-Werner radiation (11.2-13.6
eV photons) coming from nearby star-forming regions (Di-
jkstra et al. 2008; Visbal, Haiman & Bryan 2014; Agarwal
et al. 2014; Habouzit et al. 2016; Chon, Hosokawa & Omukai
2021), but is not necessary in the case of dynamical heating
in the host halo history (Wise et al. 2019).

The PoplIl remnant and compact cluster models pre-
dict the formation of BHs in great abundance, inhabiting al-
most -if not all- galaxies in the high-redshift Universe (e.g.,
Greene 2012; Devecchi & Volonteri 2009). However, if BHs

1 Observational signatures of off-center AGN are in some cases
also consistent with light echoes of past AGN activity (Mezcua &
Sanchez 2020).

form through less common processes such as in the direct
collapse model, only few galaxies could host BHs. While it
is currently impossible to constrain the fraction of galaxies
hosting a BH at redshifts close to those of BH formation, we
can obtain indirect constraints in local low-mass galaxies us-
ing archaeology. These constraints include the mass of BHs
in dwarf galaxies and the BH occupation fraction in these
galaxies. Theoretically, the assembly and merger history of
low-mass galaxies through cosmic time is predicted to be
quieter than for more massive galaxies. First, the mass of
BHs in dwarf galaxies could be close to their seeding mass.
Second, dwarf galaxies with a possible low number of merg-
ers in their history could provide us with constraints on the
intrinsic occupation fraction of the high-redshift Universe.

Constraining the galaxy BH occupation fraction in ob-
servations is challenging. The few existing constraints often
rely on extrapolations from the AGN occupation fraction.
BHs in dwarf galaxies have low masses, and thus are more
likely to power faint AGN, which are difficult to identify be-
cause of the numerous sources of contamination described
above. Current observational constraints indicate that more
than 50% of galaxies with M, < 101 Mg could host a
BH (Miller et al. 2015; Trump et al. 2015; Nguyen et al.
2019), with large uncertainties and differences among these
constraints. Assessing the galaxy BH occupation fraction
theoretically is also difficult. This is because capturing the
physics of BH formation and growth and galaxy evolution in
a cosmological context is very demanding and requires high
resolution simulations to capture low-mass galaxies and fol-
low their evolution from the redshift of BH formation to the
local Universe.

The BH occupation fraction for different BH formation
mechanisms was first investigated with semi-analytical mod-
els (Volonteri, Haardt & Madau 2003b; Volonteri, Lodato &
Natarajan 2008b). Later, Bellovary et al. (2011) used zoom-
in cosmological simulations of low-mass halos to derive the
number of low-mass galaxies that could host a BH in the
local Universe. The occupation fraction was studied with
large-scale cosmological simulations in Habouzit, Volonteri
& Dubois (2017), from high-redshift down to z = 2. These
simulations include a physical BH formation model mimick-
ing the Poplll remnant and compact stellar cluster mod-
els. The AGN occupation fraction was investigated in the
FABLE cosmological simulation (whose BH seeding model
does not follow one of the theoretical models) down to z = 0
in Koudmani, Henden & Sijacki (2021). Recently, a model
for the AGN occupation fraction was derived in Pacucci,
Mezcua & Regan (2021), based on gas properties and angu-
lar momentum of galaxies and calibrated against the X-ray
AGN occupation fractions.

Cosmological simulations are a great tool to study the
evolution of massive BHs, as well as their interplay with
their host galaxies. The rise of large-scale simulations such
as Ilustris (Genel et al. 2014; Vogelsberger et al. 2014; Si-
jacki et al. 2015; Nelson et al. 2015), TNG100, TNG300
(Pillepich et al. 2018b; Springel et al. 2018; Nelson et al.
2018; Naiman et al. 2018; Marinacci et al. 2018), Horizon-
AGN (Dubois et al. 2014, 2016; Volonteri et al. 2016), EA-
GLE (Schaye et al. 2015; Crain et al. 2015; McAlpine et al.
2016) and SIMBA (Davé et al. 2019; Thomas et al. 2019)
allows us to numerically bridge the gap between observa-
tional and theoretical studies. Such simulations have been
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successful at producing galaxies in good agreement with the
properties of observed galaxies. Nevertheless, discrepancies
among the simulations exist and arise from the use of differ-
ent galaxy and BH subgrid physics (Habouzit et al. 2021).
The formation of BHs in these simulations does not follow
the theoretical prescriptions of BH formation mechanisms.
Nevertheless, as we will see in this paper, BH activity in low-
mass galaxies can provide us with key hints on the interplay
between BHs and their host galaxies in this regime. In par-
ticular, it can constrain the modeling of seeding, accretion,
and feedback processes from SNe and AGN in simulations.

In this work, we analyze the presence of BHs and AGN,
and their properties, in the dwarf galaxies of six state-of-the-
art cosmological simulations. Throughout this paper, we re-
fer to the low-mass regime as galaxies with 10° < M, /Mg <
10%%% and dwarf galaxies as 10° < M, /Mg < 10%°. We de-
scribe the simulations in Section 2. We compute the BH
occupation fractions produced by the six simulations in Sec-
tion 3. In Section 4, we derive the AGN occupation fractions
of the simulations and assess their agreement with current
observational constraints. In Section 5, we examine the prop-
erties of the AGN host galaxies. Discussion and conclusion
points are given in Section 6 and 7.

2 METHODOLOGY: COSMOLOGICAL
SIMULATIONS

Cosmological simulations follow the evolution of the dark
matter and baryonic matter contents in an expanding space-
time, and allow us to study the evolution of thousands of
galaxies with a broad range of total stellar masses from
M, = 10° to 10'2Mg. In this paper, we analyze the six
Nlustris, TNG100, TNG300 (larger volume and lower resolu-
tion with respect to TNG100), Horizon-AGN, EAGLE, and
SIMBA simulations. They all have volumes of > 100% cMpc?,
dark matter mass resolutions of ~ 5 x 105 — 8 x 10" Mg,
baryonic resolutions of 10 — 2 x 107 M), and spatial reso-
lutions of ~ 1 — 2 ckpc. Physical processes taking place at
small scales below the galactic scale are modeled as subgrid
physics. This includes e.g., star formation, stellar and SN
feedback, BH formation, evolution and feedback. Subgrid
models vary from simulation to simulation (see Habouzit
et al. 2021, for a summary of all these simulations). De-
tailed descriptions of the simulation’s BH modelings can be
found in Genel et al. (2014); Vogelsberger et al. (2014) for
Nlustris, Pillepich et al. (2018b); Weinberger et al. (2018)
for TNG, Dubois et al. (2016); Volonteri et al. (2016) for
Horizon-AGN, Schaye et al. (2015); Rosas-Guevara et al.
(2016); McAlpine et al. (2018, 2017) for EAGLE, and Davé
et al. (2019); Thomas et al. (2019, 2021) for SIMBA.

2.1 Modeling of BH physics

The modeling of BH seeding, accretion and feedback are
defined differently across simulations. Once the BH seed is
planted, it can start growing through feeding on its sur-
rounding gas and BH mergers. In cosmological simulations,
BH accretion is often modeled with the Bondi model or a
variation of it. For example, the accretion rate onto TNG
BHs includes a magnetic field component as the TNG simu-
lations are magneto-hydrodynamical simulations (Pillepich

© 0000 RAS, MNRAS 000, 000-000
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et al. 2018b). Moreover, EAGLE includes a viscous disk com-
ponent (Rosas-Guevara et al. 2015), while SIMBA incorpo-
rates two modes of accretion: the Bondi model for the hot
gas component (7' > 10° K) and a gravitational torque lim-
ited model for the cold gas (T < 10° K, Hopkins & Quataert
2011; Anglés-Alcédzar et al. 2015, 2017a). All simulations rely
on AGN feedback to produce a population of quenched mas-
sive galaxies, but each simulation has its own implementa-
tion and strength of the feedback. Simulations either use a
single-mode feedback as EAGLE (Schaye et al. 2015), or a
two-mode feedback for the others (Sijacki et al. 2015; Wein-
berger et al. 2017; Dubois et al. 2016; Davé et al. 2019). The
released energy can be e.g., thermal and isotropic, and/or
kinetic with collimated jets, or non-collimated outflows.

In this work, we are particularly interested in BH
seed modeling. BHs are seeded in massive halos of 7 x
10'° Mg in Mlustris, TNG100, and TNG300, and in galax-
ies of M, > 10°°Mg in SIMBA. Notwithstanding this
condition, SIMBA shows a small fraction of galaxies with
M, < 10°5 Mg harboring a BH. These can be seeded galax-
ies that lost mass due to interactions and stripping pro-
cesses. These galaxies can also be the result of approximate
mass measurement from the on-the-fly friends-of-friends al-
gorithm used to identify galaxies for the seeding; the mass
of these galaxies would be larger than the post-processing
masses. We do not consider these galaxies in our analysis.
In Horizon-AGN;, the location of BH formation is based on
the properties of the local gas cells instead of the halo or
galaxy mass. Initial BH masses are fixed and comprised
in the range Mpa = 10* — 10° Mg, with ~ 10* Mg for
SIMBA, ~ 10° Mg, for Illustris, Horizon-AGN, EAGLE, and
~ 10 Mg for TNG100, and TNG300. These simulations do
not employ one of the theoretical BH formation models, such
as the PoplIl remnant or direct collapse models. The initial
mass of BHs and the prescriptions for seeding are instead
often chosen to reproduce one of the BH to stellar mass
empirical scaling relations observed in the local Universe.

For what follows, we only consider galaxies with stellar
mass M, > 10° Mg. It is also important to mention that
we do not distinguish between central and satellite galax-
ies. Among all the simulations, Horizon-AGN is the only
one that forms BHs based on the local properties of the
gas. There is an exclusion radius of 50 ckpc preventing the
formation of a BH in a galaxy that already hosts one. In
Horizon-AGN, galaxies can have multiple BHs as a result
of galaxy mergers. When this occurs, we only consider the
most massive BH within the galaxies. Two BHs merge if
their separation is smaller than the spatial resolution of the
simulation (Dubois et al. 2014). In most simulations, BHs
are re-positioned to the galaxy potential well at every time
step, which means that these simulations can not be used to
assess the number of wandering BHs in galaxies.

2.2 AGN luminosity

We follow the model of Churazov et al. (2005) to com-
pute the AGN luminosity. As such, we explicitly differen-
tiate between radiatively efficient and inefficient AGN. For
radiatively efficient AGN with Eddington ratios of fraa =
Mgy /Mgaa > 0.1, the bolometric luminosity can be ex-
pressed as Lpo = 0,1MBH02, where ¢, = 0.1 is the radiative
efficiency, Mpw is the accretion rate onto the BH, and c is the
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speed of light. Radiatively inefficient AGN with frqq < 0.1
have a bolometric luminosity defined as:

Lol = 0-1LEdd(]—OfEdd)2 = (10fEdd)€rMBH02- (1)

We caution that we lowered the radiative efficiency assumed
in the BH accretion and AGN feedback models of the Illus-
tris and TNG simulations. Taking the same radiative effi-
ciency of 0.1 in the post-processing analysis of the simula-
tions is motivated by a better agreement with observational
constraints on the faint end of the AGN luminosity function
for Iustris and TNGs (Habouzit et al. 2022b). This choice
does not affect the conclusions of the present paper. For con-
sistency with previous simulation papers, we compute AGN
hard X-ray luminosities by applying the bolometric correc-
tion of Hopkins, Richards & Hernquist (2007a). As tested in
Habouzit et al. (2022b) the correction derived in Duras et al.
(2020), which is very slightly lower than the one derived
in Hopkins, Richards & Hernquist (2007a) in the low-mass
galaxy regime, does not impact our results. For the purpose
of this paper we also tested the correction of Shen et al.
(2020), which returned similar results as that of Hopkins,
Richards & Hernquist (2007a) for M, < 10'%° Mg.

2.3 Post-processing modeling of the X-ray binary
population

We follow Schirra et al. (2020) to parameterize the X-ray
emission (2 — 10keV band) of the XRB population of the
simulated galaxies. XRBs consist essentially of a normal star
and a compact object (either a neutron star or a BH) or-
biting each other. Through this process, the material from
the star is drawn towards the collapsed object giving rise
to X-ray emission. The binary system makes up two cate-
gories depending on the mass of the star: low-mass XRBs
(LMXBs) and high-mass XRBs (HMXBs). The former has
a lifetime longer than 1 Gyr and their number in a galaxy is
a function of the galaxy stellar mass, whereas the latter has
a shorter lifetime of < 100 Myr and as such, will be more
numerous in star-forming galaxies.

The galaxy-wide XRB luminosity includes the contri-
butions of both LMXBs and HMXBs, as:

LxrB SFR
erg/s Mg /yr’

with M, the galaxy total stellar mass, SFR the galaxy
star formation rate, and z the galaxy redshift. We employ
the parameters of Lehmer et al. (2019): log,, aLmxB =
29.15erg/s/Mg, log,q fumxs = 39.73erg/s/(Mg/yr), v =
2.0, and § = 1.3. We note here that the empirical relations
linking the X-ray luminosity of the galaxy XRB population
to the galaxy stellar mass and SFR are derived from rela-
tively massive and nearby galaxies. Here we choose to em-
ploy the most recent of such relations, but others have been
derived from observations (e.g., Lehmer et al. 2010, 2016,
2019; Aird, Coil & Georgakakis 2017; Fornasini et al. 2018).
Moreover, the galaxy-wide XRB emission could also depend
on the metallicity and stellar ages of the galaxy (e.g., Fra-
gos et al. 2013; Lehmer et al. 2016; Madau & Fragos 2017;
Lehmer et al. 2021), but we neglect these possible depen-
dencies. In this paper, we extend this empirical relation to
galaxies with stellar mass M, < 10'%5 Mg.

M,
=aLmxs (1+2)” — 4 Bumxs (1 + 2)5

T 2)

2.4 Post-processing modeling of the X-ray
emission from the galaxy ISM

In the quest for X-ray emission, observers can receive from
the sky three types of sources: hot gas from the interstellar
medium (ISM), AGN and XRBs. The contributions from the
latter two are predicted to be the most dominant in the hard
X-ray band. The hot gas is predicted to be significant in the
rest-frame energy < 1.5keV, whereas XRBs dominate the
emission over the hot gas for higher energies of > 1.5keV
(e.g., Lehmer et al. 2016). We compute the contribution of
the ISM to the galaxy-wide total X-ray luminosity for all the
simulations and show that the ISM contribution is indeed
minor (see Section C ).

We model the X-ray luminosity of the ISM by adopting
the empirical relation of Mineo, Gilfanov & Sunyaev (2012)
(in the soft 0.5-2 keV band):

SFR
Mg /yr’

We then employ a k-correction to move from soft band
to hard X-ray band , assuming a photon index of I' = 3
(Mezcua et al. 2018). In this paper, we also use this model-
ing to estimate the AGN contribution from the galaxy-wide
X-ray luminosity provided in some observational studies (see
Appendix A).

Lisu =83 x 10*® x
erg/s

®3)

3 RESULTS: BH OCCUPATION FRACTION
3.1 Local Universe

The probability of a given galaxy to host a BH is defined by
the BH occupation fraction (OF), which is simply derived
as the ratio between galaxies hosting a central massive BH
and the total number of galaxies, in bins of galaxy stellar
mass. We show the BH OF of all the simulations at z = 0 in
Fig. 1. The BH OF increases with the galaxy stellar mass for
all the simulations. While all of them have an occupation of
unity in massive galaxies with M, > 10'! My, they do not
reach unity at the same galaxy stellar mass. The BH OF
reaches unity at M, = 10'°°Mg in EAGLE, TNG100 and
TNG300, at M, = 10"*3My in SIMBA and Horizon-AGN
and finally, at M, = 10"'Mg, in Illustris.

All the simulations except Horizon-AGN have a BH oc-
cupation higher than 90% for galaxies with M, = 10'° M.
The difference among simulations extends and increases
down to the dwarf galaxy regime. The probability of a sim-
ulated galaxy with M, = 10° Mg to host a BH is the low-
est in Horizon-AGN with 7%, and ranges from 71% to 86%
for the other simulations. The seeding of BHs in galax-
ies with M, > 10%° Mg in SIMBA does not allow us to
investigate the BH occupation in the dwarf regime with
M, < 10%° Mg(shown as dashed line in Fig. 1). Galax-
ies of M, > 10°°Mg in SIMBA are, however, reaching
an OF of 90%, similar to most of the other simulations.
Horizon-AGN, which is the only simulation avoiding a fixed
halo/galaxy mass threshold for seeding BHs, has a different
behavior: its BH OF is low (10%) in the dwarf regime, and
increases progressively to reach 100% only in galaxies with
M, > 103 Mg. To understand this feature, we investigate
the redshift evolution of the BH OF in Section 3.3.

© 0000 RAS, MNRAS 000, 000-000
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Figure 1. The BH occupation fraction for the local Universe (z = 0) predicted by the six simulations. Poisson error bars are shown
as shaded regions, and are larger in more massive galaxies due to the presence of fewer galaxies. We show the fraction of SIMBA as a
dashed line for M, < 1095 Mg, as only more massive galaxies are seeded. We include the current observational constraints on the BH
occupation fraction of Nguyen et al. (2018) with dynamical mass measurement of BHs in a few nearby nucleated galaxies, and from
Miller et al. (2015) and Trump et al. (2015), both derived from a sample of AGN in low-mass galaxies. While not being a constraint on
the BH occupation fraction, we also report the galaxy nucleation fraction in the galaxy cluster Virgo (Sdnchez-Janssen et al. 2019) and
in the Local Volume (Hoyer et al. 2021).
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Figure 2. The BH occupation fraction at redshift 2 = 0—4 predicted by the all six simulations, over the range 10° Mg < My < 10! Mg
(including both central and satellite galaxies). Shaded areas represent Poisson error bars. All the simulations have a higher BH occupation
fraction at higher redshift, at fixed stellar mass. With time, the fraction drops in the low-mass galaxy regime. This is mainly due to a
larger number of satellite galaxies that do not host a BH.The decrease is stronger in the Horizon-AGN simulation.

3.2 Comparisons with current observational

In Fig. 1, we show the current observational constraints on
the BH OF at z = 0. Here, we only discuss the agreement of
the simulations with the constraints. The implications and
uncertainties are later reviewed in the Discussion section.

constraints in the local Universe

One of these constraints comes from BH dynamical
mass measurements performed for five of the nearest low-

ies M32, NGC 205, NGC 5102, NGC 5206 (Nguyen et al.

2018), and NGC 404 (Nguyen et al. 2017; Davis et al. 2020).
While small in number statistics, this sample of five early-

mass (with M, = 5 x 10% — 10'°Mg) early-type galax-

© 0000 RAS, MNRAS 000, 000-000

type galaxies (ETGs) is volume limited in the considered
stellar mass range but only targets nucleated galaxies, and
provides a BH occupation of 80% for these galaxies. The
OF in ETGs was also investigated in Gallo et al. (2008)
with X-ray source detections in 16% of their sample galaxies.
The AGN detections were combined to the X-ray luminosity
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function to derive a constraint on the BH occupation from
their “clean” sample (1o confidence) for galaxies within the
range M, = 107-% — 10'%®* Mg (Miller et al. 2015).

We also consider the constraints from Trump et al.
(2015) (SDSS data), for which the BH OF is fitted to the
AGN OF, assuming that the population of BHs in galaxies
would be composed of low-mass BHs (possible formed via
the PopIIl remnant model) and more massive BHs (formed
via heavy seed models). These fits as a function of differ-
ent galaxy quantities such as specific SFR (sSFR), galaxy
mass-color, and concentration, indicate that BHs in low-
mass galaxies would likely be undermassive in the Mgu — o
relation. Their BH OF is derived from the high-mass regime
of this relation. Their fits from more than 200 000 galaxies
indicate that BHs would be present in about 30 to 50% of
low-mass galaxies.

All simulations except Horizon-AGN produce a BH
OF consistent with the observational constraint derived by
Miller et al. (2015), and are above the constraints derived for
BH dynamical mass measurements of Nguyen et al. (2017,
2018). Horizon-AGN has a BH OF that is below the con-
straints of Miller et al. (2015); Nguyen et al. (2017, 2018).
However, it is the only simulation to be in agreement with
the constraints of Trump et al. (2015).

Finally, we also add the observational constraints of
Sénchez-Janssen et al. (2019); Hoyer et al. (2021) (see also
Carlsten et al. 2021) on the presence of nuclear star clusters
in hundreds of galaxies in the nearby Virgo galaxy cluster
and the Local Volume (d < 12Mpc). While not directly
constraining the BH OF, there is evidence for the presence
of BHs within nuclear star clusters in the local Universe,
while there exist also cases of nuclear star clusters devoid
of BHs (Neumayer, Seth & Boker 2020). Sanchez-Janssen
et al. (2019) investigate the presence of nuclear clusters in
hundreds of galaxies in the center of Virgo. The nucleation
fraction reaches ~ 80 —90% for galaxies with M, ~ 10° Mg,
and decreases towards less and more massive galaxies. For
the Local Volume, Hoyer et al. (2021) find that the nucle-
ation fraction reaches 80% in galaxies with ~ 10° Mg, up to
slightly more than 80% in galaxies of ~ 10'° Mg. We will
discuss these constraints in Section 6.4.

3.3 Evolution of the BH occupation fraction with
redshift

Fig. 2 shows that SIMBA achieves an OF of about unity
at M, > 10%°Mg, and stays that way throughout the red-
shift range z = 0 — 4. This is a direct result of the seeding
model: all galaxies with M, > 10%°Mg are seeded with
a BH at any redshift. The other simulations have BH OF
close to unity at high redshift (z = 4). These fractions all
decrease with decreasing redshift at fixed stellar mass for
M, < 10'%° Mg, although with different amplitudes. Tak-
ing z = 2 for example, the BH OF at M, = 10°°Mg in
EAGLE and Horizon-AGN are 97% and 78% respectively.
Eagle, Illustris and TNGs all have a halo mass threshold
for the seeding of ~ 10'° M. BH particles can spawn at any
time if the condition for formation is fulfilled. The reason for
the decreasing trend with decreasing redshift is that some
low-mass satellite galaxies can lose their BHs due to BH
repositioning when they are close to their central galaxies.

This artificial process is more common at lower redshift, and
is responsible for the lower OF at lower redshift.

The decrease of BH OF with decreasing redshift is the
most pronounced in Horizon-AGN. This is a combination
of several factors. In this simulation, there is an exclusion
radius to form new BHs: with time new low-mass galaxies
form and if they are close to a large galaxy which already
has a BH they will not form their own BHs. Furthermore,
no BH particles are formed after z ~ 1.5, therefore low-mass
galaxies forming after z ~ 1.5 do not host a BH (see also
Volonteri et al. 2016; Habouzit, Volonteri & Dubois 2017).
Finally, seeding in Horizon-AGN takes place in cells whose
local gas density is higher than the density to form stars,
and as gas density decreases at low redshift, so does the
probability of seeding.

3.4 Simulated BHs in the dwarf galaxy regime

While almost all the simulations produce a BH OF of > 70%
in dwarf galaxies of 10° Mg, the mass of the BHs that they
contain vary from one simulation to another. This is due to
a combination of the seeding mass, BH accretion and galaxy
modeling (Li et al. 2019; Habouzit et al. 2021).

To investigate the BH population produced by the dif-
ferent simulations, we resort to the Mpu — M, diagram,
shown in Fig. 3. Most simulations show that the Mpn scatter
is higher in the galaxy low-mass regime (M, < 10'%°Mg)
and decreases with increasing mass of both the BH and the
host galaxy (M, > 10%%® M, shown in Fig. 2 of Habouzit
et al. 2021). Besides having the same Mpnu scatter trend
with stellar mass, the simulations produce different BH mass
ranges at fixed stellar mass. In the range M, < 10'° Mg,
BHs are on average more massive in Horizon-AGN, TNGs,
and SIMBA, than they are in EAGLE and Illustris. These
differences produce different shape of the Mpuy — M, di-
agrams. Some simulations such as Horizon-AGN, Illustris,
SIMBA and TNG100 (at low redshift) employ a modeling
of SN feedback (either weak, or decoupled winds) that has a
relatively weak effect on the growth of BHs. BHs can grow ef-
ficiently with their galaxies, resulting in a linear Mpu — M,
relation. However, a simulation such as EAGLE regulates
more strongly the growth of BHs with respect to the host
galaxies in the low-mass galaxy regime, resulting in a plateau
at the low-mass end of the My — M, diagram. This is due
to a combination of stronger SN feedback and on average
lower accretion rates due to the EAGLE modified Bondi
model (Rosas-Guevara et al. 2016).

To quantify the results presented above, we show in
Fig. 4 the mass histograms of BHs embedded in galaxies
with M, ~ 10°,10%%,10'° Mg, for all the simulations. The
histograms are normalized by the number of BHs in each
stellar mass bin. While EAGLE and Illustris have similar
BH mass distributions for M, ~ 10° M, with BHs mostly
in the range Mgy ~ 10° — 10° Mg, Horizon-AGN and TNG
have BHs in the range Mpu ~ 108 — 107 Mg. The Horizon-
AGN BHs are able to grow efficiently from their seeding
mass due to a relatively weak SN feedback, to produce
105 — 10" M BHs in dwarf galaxies. The high-mass BHs
in galaxies of 10°7%-° My produced by some simulations ap-
pear to be more massive than the current observational con-
straints. In observations, BHs in these galaxies do not exceed
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M., /Mg < 109'6, and 1099 < M, /Mg < 1010-1, Arrows point to the mass of the most massive BHs in the observational sample of Reines
& Volonteri (2015) derived in each of the three stellar bins. For SIMBA, we do not display the BH population for M, < 10%-5 Mg since
the simulation starts seeding BHs at the aforementioned value. The mass of BHs in low-mass galaxies strongly depends on the seeding
mass in some simulations with strong SN feedback and/or low BH accretion rates, and does not in simulations with weak SN feedback,
and/or efficient BH accretion, and/or accretion that does not strongly depend on BH mass. For all the stellar mass bins presented here,

BH accretion is dominant over BH mergers.

Mgn ~ 10%5 Mg (Reines & Volonteri 2015; Greene, Strader
& Ho 2020; Neumayer, Seth & Boker 2020).

The BH mass distribution in more massive galaxies with
M, ~ 10'° Mg also varies from one simulation to another.
Such galaxies host BHs of Mgy ~ 10° — 108 Mg on av-
erage across simulations. In EAGLE and Illustris, BHs of
Mgu ~ 10° — 108 Mg are found in these galaxies, with dis-
tributions peaking at Mpu ~ 1077 M. Fig. 4 shows that
the distribution in Horizon-AGN is centered on massive BHs
with Mgu ~ 107 Mg, while even more massive BHs with
Mgu ~ 107108 Mg are found in SIMBA and TNG100. The
BHs in SIMBA are able to grow efficiently from their seed-
ing mass of Mpn ~ 10* Mg (lowest of all simulations) to be
the most massive in galaxies with M, ~ 10'° Mg, among all
the simulations. The Mpy — M, relation in SIMBA is inde-
pendent of seed mass, because gravitational torque accretion
has a very weak dependence on Mgu (Anglés-Alcézar, Ozel
& Davé 2013; Anglés-Alcdzar et al. 2015, 2017a). SIMBA
allows BHs in the torque-limited accretion mode to accrete
up to 3x the Eddington limit, while the other simulations
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are capped at Eddington. This can have some effect on the
early growth of BHs (Davé et al. 2019).

4 RESULTS: AGN OCCUPATION FRACTION

Using the simulations as a laboratory to study the AGN OF
in the low-mass galaxies may aid in revealing details on the
BH population and their host galaxies. We define the AGN
OF as the ratio between the number of AGN and the total
number of galaxies in bins of galaxy stellar mass.

4.1 Local Universe

In Fig. 5 (top panels), we show the AGN OF for three dif-
ferent AGN luminosity ranges in hard X-ray (2-10 keV):
Lacy = 10*% —10%°, 10"° — 10"? and 10*% — 10" erg/s”. The

2 The AGN luminosity distributions of the simulations at z = 0
are shown in Appendix B (Fig. B1).
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Figure 5. Top figure: AGN occupation fraction produced by the simulations in the low-mass regime (109 < M, /Mg < 100-%) at

z = 0. The different panels show three different AGN luminosity ranges in hard X-ray (2-10 keV): 103® < Lagn/(erg/s) < 1049,
1040 < Lagn/(erg/s) < 10%2 and 10*2 < Lagn/(erg/s) < 10*%. The shaded areas represent Poisson errors. The AGN fractions in
the simulations span several orders of magnitude. Bottom figure: Current observational constraints on the AGN occupation fraction for
low-mass galaxies (105 < M, /Mg < 1010-5) for z < 0.5. We caution here that not all these constraints include a correction to account
for incompleteness of the observational samples. We overlay the AGN occupation fraction derived from the simulations, at z = 0, in grey.

shaded areas represent the uncertainties assuming a Poisson
distribution. For a given simulation, the fraction depends
on the number of galaxies hosting a BH (as described in
the previous section), and on the ability of galaxies to feed
the existing BHs. The BH OF of Horizon-AGN is low in
low-mass galaxies, and this is reflected in the AGN fraction.

We first analyze the evolution of the AGN fractions with
AGN luminosity. Low-mass galaxies are on average more
likely to host a faint AGN with Lagn = 10%® — 10*? erg/s
(two left panels) than a bright one with Lagn = 10%2 —
10% erg/s (right panel). In general, the presence of faint
AGN in dwarf galaxies is due to a combination of the low-
mass BHs in these galaxies (Fig. 4), but also of the effect of
SN feedback preventing BH growth or the modeling of BH
accretion (e.g., in EAGLE). We note a different behavior in
TNG100, for which the AGN fractions are higher when con-
sidering AGN with Lagn = 1040 — 102 erg/s than fainter or

brighter AGN. At z = 0, the higher fraction of AGN with
Lacn < 10*2erg/s in 10° — 10'° M galaxies in TNG100
compared to the other simulations comes from the combi-
nation of the high seeding mass of ~ 10° Mg and a rela-
tively weaker SN feedback®. The high seeding mass favors
higher accretion rates (if gas is available) in the Bondi for-
malism because MBH o M%H. The BH accretion in SIMBA
is governed by a gravitational torque limited model for ac-
cretion from cold gas (T < 10° K), and Bondi model in the
presence of hot gas (T > 10°K, Davé et al. 2019). Rela-
tively low-mass BHs of Mgy ~ 10° My have high Edding-
ton ratios log;, feda in the range (-2,0) (Fig. 5 of Thomas
et al. 2019). The presence of cold gas in the host galax-

3 The strength of SN feedback in TNG changes with metallicity,
and weakens with decreasing redshift (Pillepich et al. 2018a).
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ies of these BHs, and their high gas fraction, provide the
BHs with the additional torque-limited accretion channel.
This explains the relatively high AGN OF for AGN with
Lagn = 10%2 — 10% erg/s located in ~ 10%5 Mg galaxies.

Regardless of the luminosity range, Fig. 5 (top panels)
shows that the AGN OF evolves with stellar mass, and varies
from 0.001 to 0.6 (overall estimate derived from all the simu-
lations together) when considering all AGN with hard X-ray
luminosities above 10% erg/s.

Focusing on the stellar mass range M, = 10° —
10*%% My, more massive galaxies have in general a higher
probability of hosting an AGN, for any AGN luminosity.
This is not the case for the SIMBA and TNG simulations.
In the case of the TNGs, this is explained by the efficient low-
accretion kinetic mode of the AGN feedback taking place.
The self-regulation makes the AGN weaker, shifting them
to the Lagn = 10%® — 10% erg/s panel. To conclude, all
simulations predict a low intrinsic fraction of AGN with
10*2 < Lagn/ (erg/s) < 10** in local low-mass galaxies with
M, < 10'%° Mg (below 40%), while half of the simulations
predict an even lower fraction (below 10%).

4.2 Comparisons with observational constraints

We now turn to compare the AGN occupation fractions in
simulations and observations, shown in Fig. 5 (bottom pan-
els). To do so, we first compile an exhaustive list of the ex-
isting constraints from the literature (Shi et al. 2008; Aird
et al. 2012; Schramm & Silverman 2013; Reines, Greene &
Geha 2013; Miller et al. 2015; Lemons et al. 2015; Pardo
et al. 2016; Aird, Coil & Georgakakis 2018; Mezcua et al.
2018; Kaviraj, Martin & Silk 2019; Mezcua & Dominguez
Sénchez 2020; Birchall, Watson & Aird 2020; Birchall et al.
2022) that we report in Appendix A, along with a detailed
discussion on how results are treated and homogenized. We
use a cut in hard X-ray luminosity to derive the occupation
fractions in the simulations. In some cases, however, the ob-
servational constraints are not for the exact same AGN hard
X-ray luminosity as what we employ for the simulations.
Other wavelengths and selection methods (e.g., emission line
ratios, BPT diagrams) are sometimes used to identify AGN.
The results of Reines, Greene & Geha (2013) are reported
in all panels because they can not be connected to hard
X-ray luminosities, and the results of Miller et al. (2015)
in two panels because they can not be divided further. We
sometimes extrapolate the results of some of these studies to
derive an OF (when not already present in the respective pa-
pers). Finally, only some of these works employ a correction
for completeness (often based on X-ray deep surveys, Aird
et al. 2012; Miller et al. 2015; Pardo et al. 2016; Aird, Coil
& Georgakakis 2018; Mezcua et al. 2018; Birchall, Watson
& Aird 2020); this is a key aspect when computing an ob-
servational constraint on the AGN OF, and we detail this in
Appendix A. While our comparison between the simulations
and the observations presented in Fig. 5 carries uncertain-
ties (because of e.g., observation completeness, observations
in different wavelengths), it provides us with qualitative re-
sults.

Most constraints indicate an AGN OF in dwarf galax-
ies, across all luminosity ranges, of < 0.03, with significant
variations over more than an order of magnitude. Kaviraj,
Martin & Silk (2019) find an enhanced presence of AGN in

© 0000 RAS, MNRAS 000, 000-000

BHs and AGN in low-mass galaries 9

low-mass galaxies, with an AGN OF > 0.01 for relatively
faint AGN. Detecting the presence of AGN in dwarf galax-
ies is particularly difficult. Star formation can be a major
contaminant at many wavelengths and is also aperture de-
pendent. Recently, Lupi, Sbarrato & Carniani (2020) carry
out a second analysis of the same sample, considering con-
tamination from close sources, and contamination from the
stellar galaxy component, and they find a much lower AGN
fraction of about 0.0014 — 0.004.

For relatively bright AGN (Lacn > 10*° erg/s, top and
middle panels of Fig. 5), most simulations are in broad agree-
ment with observations. TNG100, TNG300 and SIMBA
have overall higher AGN OF. In SIMBA this enhanced ac-
tivity is because BHs need to accrete efficiently to reach
the Mpu — M, scaling relation, by design of the simula-
tion. At the faint end, Lagn = 10%8 — 10%° erg/s, we find
a good agreement between EAGLE, Horizon-AGN and ob-
servations. Illustris and TNGs produce about one order of
magnitude more faint AGN in dwarf galaxies because of the
relatively weak SN feedback employed at low redshift and/or
the high seeding mass (Pillepich et al. 2018a; Habouzit et al.
2021).

This analysis, however, carries large uncertainties from
both the observational and theoretical side. In observations,
completeness is not always stated in papers or easily in-
ferred. In some simulations, BHs in low-mass galaxies are
more massive compared to observations (Fig. 3, Fig. 4), and
this could lead to more and/or brighter AGN, thus artifi-
cially enhancing the AGN OF. It is also important to men-
tion that we did not correct the simulations for possible gas
and dust obscuration of the AGN. The AGN OF derived
from the simulations can thus be considered as upper lim-
its when compared to observational constraints. We discuss
this further in the Section 6.

4.3 Evolution of the AGN occupation fraction
with redshift

4.8.1  Evolution in the simulations

The AGN OF varies significantly with redshift for all the
simulations, often over more than one order of magnitude.
This is shown in Fig. 6 for three AGN hard X-ray luminosity
ranges.

In SIMBA, Horizon-AGN, and TNGs, the number of
galaxies with M, = 10%% — 10'%5 My powering AGN with
Lacn = 10%® — 10%°, and 10*° — 10*? erg/s (top and middle
rows of Fig. 6) increases with time, from z = 4 to z = 0.
As such, these AGN are more preponderant in the nearby
Universe. The evolution with time in Illustris and EAGLE is
not exactly the same: the fractions increase with time down
to z ~ 1, but then decreases down to z = 0.

The number of galaxies producing brighter AGN with
Lacn = 10*2—10** erg/s decreases with time for all the sim-
ulations, and even more so in the redshift range z = 1 — 0.
The strong decrease of these AGN at z < 1 is due to cosmic
starvation: the quantity of gas available to feed the BHs de-
creases with time. At z > 1, instead, a significant fraction
of low-mass galaxies may be harboring a relatively bright
AGN, according to these simulations. For example, the AGN
fraction (Lagn = 1042 erg/s) in low-mass galaxies increases
by at least ~ 30% from z = 0 to z = 1, in all simulations
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Figure 6. The time evolution of the AGN occupation fraction for z = 0 — 4 in low-mass galaxies 109 < M, /Mg < 1010-5, AGN are
selected on the basis of three different X-ray luminosity ranges: 1038 < Lagn/(erg/s) < 10%0 (top row), 1040 < Lagn/(erg/s) < 1042
(middle row) and 10*2 < Lagn/(erg/s) < 10** (bottom row). For visibility, we do not display here the Poisson errors (but see Fig 5 for

an example at z = 0).

except EAGLE for galaxies of < 10°° M. Pushing obser-
vations to z = 1 could allow us to build tighter constraints
on the BH OF by detecting more AGN in low-mass galaxies
with M, = 10° — 10'%° Mg

4.3.2  Comparison with observations

In observations, whether the AGN OF increases with red-
shift is still unclear. This is partly due to observations being
often biased towards more luminous AGN beyond the local
Universe. Shi et al. (2008) find that the AGN OF slightly
increases in ~ 10" M, galaxies from 0.1 < z < 0.4 to 0.4 <
z < 0.7. Aird et al. (2012) also find that the AGN fraction, in
fixed hard X-ray luminosity ranges (from Lagn ~ 10*% erg/s
to 10** erg/s), increases from 0.2 < z < 0.6 to 0.6 < z < 1
in galaxies with M, ~ 10'°2°My. Finally, (Birchall et al.
2022) also recently find a slight increase in the AGN fraction
from z = 0 to z = 0.3 at fixed galaxy stellar mass (in the
range M, = 10'°7'* My). We find the same trend in most of
the simulations, a major difference being that the time evo-
lution found in observations is smaller than the evolution in
the simulations between z = 0 and z = 1.

On the other hand, several studies have found a decrease

of the AGN fraction with redshift. Mezcua et al. (2018) re-
port a decrease for AGN with L, > 10***erg/s in lower
mass galaxies with M, = 10° — 10%° Mg at z ~ 0.4, and a
slight increase at z ~ 0.6 that is still lower than the AGN
occupation they find at z ~ 0.1 — 0.2. Aird, Coil & Geor-
gakakis (2018) find a decrease of the AGN OF with redshift
for AGN with L, < 10*%“erg/s and an increase for brighter
AGN.

As said in the previous section, the different subgrid
physics employed in the simulations leads to large discrep-
ancies in the AGN fractions at z = 1, and to different evo-
lution from z = 1 to z = 0. This makes z = 1 a key regime
to further investigate the AGN OF in the observations, to
possibly help disentangle the simulation modeling. The fact
that observational studies have not reached yet a consensus
on whether the OF increases towards higher redshift, also
supports z = 1 as a crucial regime to constrain. New X-
ray surveys from high sensitivity missions such as Athena,
or the AXIS and Lynx NASA concept missions, will lead
to the discovery of fainter AGN beyond the local Universe.
Getting tighter constraints on the AGN OF also requires
to overcome detection limits for the host low-mass galaxies
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Figure 7. SFR-M, diagram at z = 0 for the six cosmological simulations. Galaxies with SFR lower than 10~3 Mg, /yr are set to this value.
Calaxies are color coded by the hard X-ray luminosity of their AGN. We set all AGN luminosity values lower than Lagn = 1038 ergs/s
(including inactive BHs) to the aforementioned value. We show the star-forming main-sequence of each simulation with a black dashed
line. Starburst galaxies are located above the blue lines, and quiescent galaxies below the red ones. In the right panel, we show several
recent samples of galaxies from Mezcua & Dominguez Sanchez (2020); Birchall, Watson & Aird (2020), and Martin-Navarro, Shankar
& Mezcua (2021). Observed galaxies are color coded (when possible, otherwise in grey) according to the luminosity of their AGN, as
for the simulations. For a fair comparison, we have converted the AGN luminosity of several of these samples to hard (2-10 keV) X-ray

luminosity.

(e.g., with JWST given a wide enough survey), and to match
these galaxies to the AGN surveys.

5 RESULTS: PROPERTIES OF AGN HOST
DWARF GALAXIES

Whether an AGN can be successfully detected does not only
depend on its luminosity, but also on the properties of its
host galaxy. For example, starburst activity in dwarf galaxies
can be responsible for a high IR emission making IR detec-
tions of AGN challenging (e.g., Lupi, Sbarrato & Carniani
2020), but is also responsible for X-ray emission from bina-
ries which can contaminate the AGN emission (Mezcua et al.
2018). To understand how many simulated AGN could be
detected in observations, we investigate the mass and SFR
properties of the AGN host galaxies.

5.1 Definition of the star-forming main-sequence

We start by computing the star-forming main sequence (MS,
black dashed line in Fig. 7) for all the simulations at z = 0,
by fitting their main SFR-M, relation in the stellar mass
range M, = 10° — 10’ M, that is not affected strongly by
AGN feedback quenching. The star-forming main-sequence
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is defined as a power law:

SFRMms M,
log Mo /yr a+ Blog, (m) . (4)

Our definition is redshift and sample dependent, which
is convenient since the simulations do not produce the exact
same MS. This also allows one to compare with observa-
tional samples in a consistent way. For SIMBA, EAGLE,
Horizon-AGN, Tllustris, TNG100 and TNG300, we find the
slope 8 = 0.85,0.99,0.94,0.98,0.77,0.82 and the intercept
a = 0.32,—-0.25,-0.32,0.08, —0.07, —0.04, respectively. We
define starburst galaxies as having SFR larger than 0.5 dex
above the MS (above the blue line in Fig. 7), and quenched
galaxies as galaxies 1 dex below the MS® (below the red
line). At z = 0 for ~ 10° M galaxies, the portion of star-
burst galaxies is about 5% and that of quenched galaxies
between 12% and 33%. The large fraction of low-mass galax-
ies with reduced SFR mostly results from the quenching of
satellite galaxies (Donnari et al. 2021; Dickey et al. 2021).
Main-sequence galaxies are the most predominant with val-
ues ranging between 61 — 86% across the simulations.

4 The definition of starburst and quenched galaxies in a given
simulation is with respect to the MS of this simulation. Thus, a
starburst galaxy in a given simulation may not be a starburst in
another simulation (even with the same SFR).
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Figure 8. Percentages of galaxies at z = 0 with hard X-ray luminosity Lagn > 1038 (erg/s) (shown as stars) and percentages of
those galaxies which have a brighter AGN than the galaxy-wide XRB population, i.e., Laygn > Lxrp (shown as squares). We derive
these percentages for different galaxy types color coded as: starburst (blue), main sequence (grey) and quenched (red). While only a
small fraction of quenched galaxies host an AGN in most of the simulations, the fraction among starburst and main-sequence is more
important. Starburst galaxies are not always the galaxies hosting the largest number of AGN (see Horizon-AGN). The fraction of galaxies
for which the AGN outshine the galaxy-wide XRB population is significantly lower for all galaxy types and simulations.

5.2 Star-forming properties of low-mass galaxies
hosting AGN

In Fig. 7, we show the SFR-M, plane of the simulations.
Each galaxy is color coded by its AGN hard X-ray lumi-
nosity. The correlation between AGN luminosity and the
location of galaxies in the SFR-M, diagram vary from one
simulation to another. We find that, on average, brighter
AGN are located in galaxies with higher SFR for all simu-
lations at z = 0. The trend with SFR is clearly visible in
SIMBA, Horizon-AGN and TNGs. In these simulations, a
galaxy actively forming new stars is also on average feed-
ing its central BH efficiently. Such a positive correlation
can be expected due to a common gas supply for star for-
mation and BH accretion (particularly for some simulation
subgrid physics), but high time variability of BH accretion
rate and its small spatial scales complicates a direct one-to-
one connection to global star formation (e.g., Hickox 2014;
Anglés-Alcdzar et al. 2021). EAGLE and Illustris produce
populations of faint AGN and inactive BHs, which makes
any trend between SFR, M., and Lagn difficult to iden-
tify. This is due to i) the fact that BH accretion rates are
computed from the BH gas cells in Hlustris, which makes
the rates stochastic and not well correlated with the global
SFR of the host galaxies, ii) the lower accretion rates pro-
duced by the accretion modeling of EAGLE compared to
other simulations, and its efficient SN feedback.

We now turn to quantify the number of galaxies’ of
different types hosting an AGN. We show the percentages
of starburst, main-sequence, and quiescent galaxies hosting
an AGN with Lagy > 1038 erg/s in Fig. 8 (star symbols).
We report the percentages for Lagn > 10%® and > 10*° erg/s
in Table D1.

Most of the simulations do not produce any AGN (of
Lacn > 10%0r 10%° erg/s) in quenched galaxies with M, ~
10° Mg . Discrepancies among the simulations arise in main-

5 We do not differentiate between isolated and non-isolated
galaxies, nor between central and satellite galaxies.

sequence galaxies. More than 50% of the TNG100 main-
sequence galaxies have an AGN with Lacn > 1040 erg/s,
while this number drops below 5% for all the other simula-
tions. We identify the same trends for more massive galaxies
with M, ~ 10°® Mg and M, ~ 10'° Mg, although with on
average slightly higher fraction of AGN.

Interestingly, starburst galaxies are not always the ones
powering more AGN with Lacn > 1040 erg/s. For exam-
ple, in Horizon-AGN main-sequence galaxies are on average
more successfully feeding their AGN. Horizon-AGN is also
the only simulation producing AGN in more than 10% of
~ 10'° Mg quenched galaxies.

Overall, there is no consensus in the simulations pre-
sented here on the fraction of AGN embedded in differ-
ent types of galaxies based on their SFR. While a simu-
lation like Horizon-AGN is able to power AGN in starburst,
main-sequence, and a few quiescent galaxies, another simu-
lation such as EAGLE will only power very few AGN in the
main-sequence and starburst galaxies, and none in quiescent
galaxies.

5.3 Comparison with observations

In the top right panel of Fig. 7, we compile some of the
most recent observations in nearby or low-redshift low-mass
galaxies. Because not all samples were obtained following
the same observational techniques and selections, our study
aims at qualitatively comparing in which low-mass galaxies
AGN are powered both in observations and simulations.

In Fig. 7, we present the AGN samples of Mezcua
et al. (2018); Mezcua & Dominguez Sdnchez (2020); Birchall,
Watson & Aird (2020). We also searched for X-ray counter-
parts to the AGN of Martin-Navarro, Shankar & Mezcua
(2021). Technical details of these samples, and how we ex-
tract the hard X-ray luminosity of the AGN, are presented in
Appendix E. When taken together, the observational sam-
ples show that on average galaxies with higher SFR host
brighter AGN in ~ 10%% Mg, galaxies, a feature that we also
find in SIMBA, Horizon-AGN, and TNGs. The luminosities
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of the AGN are also in agreement with those produced in
these simulations.

Galaxies hosting the brightest AGN in observations
can have high SFR (log,, SFR/(Mg/yr) > 0 for M, =
10° —10%0° Mg ), with the most star-forming galaxies being
absent from all the simulations studied here. Conversely, the
lowest mass, least star-forming galaxies host on average very
faint AGN, although some can reach Lagn ~ 1042 erg/s.
For galaxies with M, < 10°°Mg, when using the TNG
definition of quenched galaxies, we find that in observa-
tions (Birchall, Watson & Aird 2020; Mezcua & Dominguez
Sénchez 2020; Mezcua et al. 2018) the brightest AGN in
quenched galaxies have luminosities Lagn < 10424 erg/s.
Almost no simulation shows AGN in quenched dwarf galax-
ies in the same mass range. SIMBA and Horizon-AGN, how-
ever, defy this with e.g., a ~ 3 — 12% probability of find-
ing very faint AGN with Lagn > 10%%erg/s in the galaxy
mass range M, = 10° — 10°*Mg. Although not shown in
Fig. 7, Dickey et al. (2019) suggest that it is possible to find
AGN in quenched galaxies®. Their work identifies 16 poten-
tial AGN hosts, out of a sample of 20 quenched galaxies with
M, =10%° —10%° M.

5.4 XRBs and AGN

The choice of hard X-ray emission is favored in the search
of AGN because, in this band, obscuration is significantly
reduced. However, AGN in low-mass galaxies face the chal-
lenge of being outshined by XRBs, especially in star-forming
galaxies where HMXBs can be numerous (e.g., Lehmer et al.
2019). In the following, we quantify the number of galaxies
in which XRBs could prevent the detection of AGN. To that
purpose, Fig. 8 (square symbols, see also Table D1) shows
the fractions of different type galaxies with Lagn > Lxgrs
for all the simulations.

We find that AGN with Lagn > 1040 erg/s do not suf-
fer significantly from XRB contamination in all the simu-
lations. However, the fraction of galaxies with an AGN of
Lacn > 10% erg/s brighter than the galaxy-wide XRB lu-
minosity (Lagn > Lxrs) varies strongly from one simu-
lation to another, for all the galaxy stellar mass bins and
galaxy SFR types. For starburst galaxies in some simula-
tions, only about half of the AGN with Lagn > 1038 erg/s
are brighter than the host galaxy XRB population (SIMBA,
Horizon-AGN), while in other simulations (e.g., SIMBA for
galaxies with ~ 10'° Mg or TNG100) most of the AGN are
brighter than the XRBs (i.e., close star and square symbols
in Fig. 8). This depends on whether the simulations pro-
duce a global faint (e.g., EAGLE) or bright population of
AGN (e.g., TNG100), and on the correlation between AGN
luminosity and SFR. On average, the percentage of AGN
with Lagn > Lxrp among the Lagn > 1038 erg/s AGN de-
creases from starburst to main-sequence, and to quiescent
galaxies, for all galaxy masses. This is a direct consequence
of AGN being generally fainter in these galaxies than in
starburst galaxies.

We further explore the z = 1 regime. We find that the

6 Dickey et al. (2019) use a definition of quenched galaxies dif-
ferent from ours, and based on the Ha equivalent width and the
Dn(4000) index.
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fraction of AGN able to outshine the galaxy-wide XRBs pop-
ulation increases by ~ 10 —30% across the simulations. This
is not true for EAGLE where the probability of finding an
AGN brighter than an XRB at z = 1 is still relatively the
same as that at z = 0. According to most of the simulations,
the detections of AGN in X-ray could be less challenged by
XRBs at z = 1 than at z = 0. The limitation would come
from our instrumental power to detect relatively faint AGN
beyond the local Universe.

6 DISCUSSION
6.1 Impact of the subgrid physics

Most cosmological simulations do not follow the current
theoretical models of BH formation (e.g., PoplIl remnant,
compact stellar cluster, and direct collapse models), and
instead seed massive halos or galaxies with a fixed mass
BH. The seeding of some simulations leads to the presence
of BHs exceeding 10%° Mg, in galaxies with stellar mass of
10° —10%° Mg, while less massive BHs are found in observa-
tions. The decrease of the BH OF with time in almost all the
simulations is mostly due to satellite galaxies loosing their
BHs, and as such it is not a direct outcome of BH formation
efficiency at high redshift. This means that the broad agree-
ment at z = 0 between the simulations and observations
in low-mass galaxies does not validate the seeding models
employed in the large-scale cosmological simulations.

These large-scale simulations only form one BH per
galaxy or halo, and some of them also re-position BH parti-
cles to their host galaxy’s centers based on different criteria.
BH dynamics is thus not followed on small scales, which can
significantly affect the OF and location of low-mass BHs in
galaxies (e.g. Ma et al. 2021), and BHs merge as soon as
they are within the resolution distance of ~ 1kpc follow-
ing galaxy mergers. In most of the simulations, these as-
pects result in the presence of a single BH per galaxy and
the absence of off-center BHs, despite the latter being ob-
served in local dwarf galaxies (Reines et al. 2020; Mezcua &
Dominguez Sénchez 2020). BHs are more likely to accrete
efficiently if located in the potential well of their host galax-
ies due to being embedded in their central gas reservoirs.
Most simulations therefore likely provide an optimistic view
on BHs’ ability to accrete gas in dwarf galaxies.

Moreover, BH accretion in large-scale cosmological sim-
ulations is an unresolved physical process, and is modeled as
subgrid physics. In most of the simulations (except SIMBA),
the accretion rate onto a BH is always proportional to
M3y (Bondi formalism). At fixed gas reservoir and fixed
galaxy subgrid modeling, a more massive BH will accrete
more than a less massive one. Since the BH masses are
higher than in current observations in several simulations
(Horizon-AGN, TNGs, SIMBA), then their AGN luminosi-
ties could be enhanced with respect to observations. It could
explain the higher AGN luminosity function identified in
Habouzit et al. (2022a, their Fig. 5, top panels) for AGN
with L < 10*3®erg/s for the TNG simulations, and with
L > 10%3° erg/s for Horizon-AGN. An agreement with the
observed AGN OF would imply that observed and simu-
lated BHs have very different accretion properties: to reach
the same luminosity observed BHs (which are lighter than
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simulated BHs) must have higher accretion rates. Depending
on the resolution of the simulations, and how the accretion
is computed (including the possible addition of a boost fac-
tor), the rates can be both under or over-estimated (Negri
& Volonteri 2017; Anglés-Alcdzar et al. 2021).

TNG100 produces the highest number of AGN (with
Lagn > 10% erg/s) in low-mass galaxies of all the simu-
lations, and this is mainly due to the high seed mass of
10° Mg and a less effective SN feedback at low redshift. In
order to reduce the AGN OF below 0.03, in line with the
bulk of observational constraints, about 90% of the TNG100
AGN should be obscured and missed in observations of dwarf
galaxies. Alternatively, a large fraction of the AGN should
not be located in high gas density regions and be off-centred,
so that accretion is reduced. From the numerical point of
view, more efficient SN feedback would also reduce the AGN
fraction. On the other hand, good agreement between the
simulations and the current constraints would mean that no
AGN is obscured in low-mass galaxies, or that on average
too few BHs are powering AGN in the simulation.

In this paper, we used the same radiative efficiency of
0.1 for all the simulations. Using a radiative efficiency of
0.2 (as employed for the BH accretion and AGN feedback
model in the Illustris and TNG simulations) on average pre-
dicts a higher AGN fraction for Laan > 10* erg/s (Fig. 5),
resulting in more discrepancies between observations and
simulations within that luminosity range.

6.2 Impact of the simulation resolution

The resolution of the simulations affect both the properties
of the BHs and AGN, and consequently the AGN OF. One
way to assess the impact of the resolution is comparing the
sibling TNG simulations, whose subgrid model parameters
are fixed and do not depend on the simulation resolution
(Pillepich et al. 2018c). The less resolved gas content sur-
rounding the BHs in TNG300 leads to lower accretion rates,
partly due to a more impactful SN feedback (particularly at
high redshift, and in low-mass galaxies). This can be seen
in Fig. 3 and Fig. 4, where the Mpu scatter at fixed stel-
lar mass is larger in TNG300 than TNG100, due to more
low-mass BHs. These more numerous low-mass BHs do not
accrete gas efficiently in TNG300, as shown by the AGN
luminosity color code in Fig. 3. This reflects on the AGN
OF: TNG300 has fewer bright AGN > 10%° erg/s, whereas
TNG100 more faint AGN (see Fig. 5).

6.3 Faint AGN and AGN obscuration

For relatively faint AGN in dwarf galaxies, observations are
best conducted in galaxies with low SFR, for which the con-
tamination from HMXBs should be smaller (as HMXB are
short-lived). As we demonstrated here, the contamination
from XRBs starts being important mostly for faint AGN
with Ly < 10*°erg/s. Those AGN are powered by low-mass
BHs in the simulations. In this paper, we have not modeled
the obscuration of the AGN when computing their X-ray lu-
minosities. As X-ray photons penetrate more easily through
the gas content, X-ray detections are often used for AGN
and are less biased toward more luminous AGN. Chen et al.
(2017) report the analysis of a sample of 10 low-mass AGN.

In the dwarf regime (M, < 3 x 10°Mg), the authors find
that 20% of the AGN do not show AGN-like optical narrow
emission lines, and thus could be obscured in these wave-
lengths. Still low-mass galaxies could harbor a large frac-
tion of heavily obscured AGN in X-ray, as hinted by X-ray
stacking studied beyond the local Universe (Xue et al. 2012;
Mezcua et al. 2016). AGN obscuration in a large fraction
of low-mass galaxies could impact the comparison between
simulations and observations.

6.4 Nuclear star clusters and BHs in low-mass
galaxies

In Fig. 1, we show observational constraints from Sénchez-
Janssen et al. (2019); Hoyer et al. (2021) on the nucleation
fraction in nearby galaxies. While observing inactive BHs or
faint AGN in local low-mass galaxies is extremely difficult,
detecting nuclear star clusters in galaxies is possible today
from the Local Group (d < 3Mpc) up to the Coma galaxy
cluster (~ 100 Mpc).

The presence of nuclear star clusters in galaxies can
facilitate the detection and characterization of the possi-
ble central low-mass BHs through dynamical measurements
(e.g., enhanced velocity dispersion, Nguyen et al. 2018). A
nuclear cluster can also theoretically enhance the number of
tidal disruption events, up to a couple of orders of magni-
tude for galaxies with M, < 3x10° Mg (Pfister et al. 2020).
Nucleated galaxies are thus good locations to investigate the
presence of massive BHs. A few cases of the co-existence of
BHs and nuclear clusters have been observed besides the
Milky Way (see Table 3 in Neumayer, Seth & Boker (2020)
and references therein). Whether BHs and nuclear clusters
co-exist in the center of all local low-mass galaxies or only a
fraction of them is still unclear. This currently prevents the
extrapolation from the constraints on the nucleation fraction
to a constraint on the BH OF.

In nearby nucleated galaxies, BHs tend to be over-
massive compared to the nuclear clusters in galaxies with
M, > 10'° Mg and undermassive in lower-mass galaxies as
recently compiled in Neumayer, Seth & Boker (2020, their
Fig. 13). In galaxies with M, < 10° Mg, the stellar popula-
tion of nuclear clusters is commonly old and metal poor. The
migration of globular clusters (usually with old stellar pop-
ulations) towards the center of galaxies could explain such
metallicity and stellar ages. The star clusters in more mas-
sive galaxies with M, > 10° My have younger stellar popu-
lations, likely due to in-situ star formation. In observations,
the nucleation fraction is generally found to be decreasing
for more massive galaxies. For these aforementioned galax-
ies, the presence of a BH could disrupt the nuclear clusters
(if present) and explain their absence (Antonini, Barausse
& Silk 2015).

Understanding the possible co-existence of BHs and nu-
clear star clusters in cosmological simulations would require
higher spatial resolution in the center of galaxies; there have
been developments in this direction recently (Beckmann, De-
vriendt & Slyz 2019; Anglés-Alcédzar et al. 2021). This would
likely not be enough as some theories of nuclear cluster for-
mation involve the migration of globular clusters to galaxy
centers. In that case, high resolution in the entire galaxies
would be needed to capture the assembly of the clusters;
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this is currently not possible with cosmological simulations
of ~ 100 cMpc side length.

7 CONCLUSION

In this paper, we performed a systematic analysis of the
BH and AGN population in dwarf and low-mass galaxies
with M, = 10° — 10'%% Mg, in six large-scale cosmological
simulations of volume (> 100cMpc)®. We summarize our
findings below.

e The modeling of some simulations (seeding and/or
galaxy physics) produces a population of BHs too massive in
low-mass galaxies with respect to current local observations.
For example, the BHs of > 10%° Mg, in simulated galaxies
with < 10%® Mg, (Fig. 3, Fig. 4).

e In simulations, the seeding of BHs in massive halos of
M, ~ 10" Mg or galaxies of M, > 10°° Mg, or based on
local gas properties, leads to a BH OF of almost unity in
low-mass galaxies at high redshift (z > 3, Fig. 2).

e At fixed stellar mass, the OF decreases with time in
all simulations except in SIMBA (Fig. 2). The decrease is
driven by a larger number of satellite galaxies artificially
losing their BHs. As such, the BH OF at z = 0 is not inher-
ited from the intrinsic OF at high redshift. Comparison with
observations at z = 0 thus do not inform us on the accuracy
of the seeding subgrid models.

e At z = 0, almost all the simulations have a high BH OF
in the range 70—90% in galaxies with M, ~ 10° Mg (Fig. 1).
This is in broad agreement with some large observational
constraints (coming from BH dynamical mass measurement
and from extrapolation from AGN samples). Horizon-AGN
has an OF of ~ 10%, also in broad agreement with some
constraints.

e The AGN OF in simulations spans from less than an
order of magnitude in galaxies with M, ~ 10'° Mg to two
(or more) orders of magnitude in galaxies with M, ~ 10° Mg
(Fig. 5).

e Current low-redshift observational constraints on the
AGN OF span more than an order of magnitude (see com-
pilation in Appendix A, Fig. 5). Compared to observations,
some simulations power too many AGN in low-mass galax-
ies, except if e.g. almost all AGN in dwarfs are obscured.
This could be due to a more massive BH population in low-
mass galaxies in these simulations (Fig. 3, Fig. 4).

e There is no consensus among the simulations on
whether the fraction of AGN in low-mass galaxies is higher
at higher redshift (e.g., z > 1). If so, it could allow us to
put tighter constraints on the BH OF by observing more
AGN (thus reducing the extrapolation from the AGN OF
to BH OF). The combination of new X-ray facilities such
as Athena, and new galaxy surveys (e.g., JWST) will be
pivotal.

e The correlation between AGN luminosity and SFR
found in observations of low-mass galaxies is also produced
in some simulations, but not all. At fixed galaxy stellar mass,
starburst galaxies often host more and brighter AGN than
main-sequence and quiescent galaxies. This does not help
in constraining the AGN OF, as emission from star-forming
regions prevent the AGN detections in several wavelength
bands.
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e We find that AGN with Lagn > 10%° erg/s almost al-
ways outshine the galaxy-wide XRB population (in star-
burst, main-sequence, and quiescent galaxies of all the sim-
ulations). As our ability to detect fainter X-ray AGN with
Lagn > 1038 erg/s will improve with time, their confirma-
tion, however, could be significantly reduced due to the con-
tamination from XRBs.

The BH and AGN occupation fractions have implica-
tions for the evolution of low-mass galaxies in the simula-
tions. For example, the small BH OF in low-mass galaxies at
z < 2 in Horizon-AGN prevents these galaxies from any en-
ergy release via AGN feedback. The role of AGN feedback in
low-mass galaxies is still unclear today (e.g., Dashyan et al.
2018; Koudmani et al. 2019), but evidence for feedback has
been observed (e.g., Mezcua, Suh & Civano 2019; Manzano-
King, Canalizo & Sales 2019). Theoretically, the effect could
be small as the BHs have low masses and could have re-
duced accretion rates due to SN feedback (Dubois et al.
2015; Habouzit, Volonteri & Dubois 2017; Anglés-Alcazar
et al. 2017b), but AGN feedback could also provide a sec-
ond channel to clear out the low-mass galaxies from their gas
content and enhance the effect of SN feedback. On the other
hand, if too many (and/or too bright) AGN are produced
in the simulations compared to observations, they can po-
tentially release too much energy in the host galaxy history,
which can e.g., alter the properties of the gas, and galaxy gas
and stellar contents. In the hierarchical build-up of galaxies,
this can potentially affect the initial stages of many galaxies,
and thus needs to be considered and further investigated in
the large-scale cosmological simulations.
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APPENDIX A: CURRENT OBSERVATIONAL
CONSTRAINTS ON THE AGN OCCUPATION
FRACTION

We provide in this section an exhaustive list of existing con-
straints on the AGN OF in the low-redshift Universe. These
observational constraints are used in Section 4 and reported
in Fig. 5.

The early work of Kauffmann et al. (2003) derive the
AGN OF from the SDSS survey, finding a fraction below
10% for galaxies with M, < 10'° Mg, which peaks at about
25% in galaxies with M, ~ 10 Mg.

The constraints of Shi et al. (2008) use a luminosity
threshold of Ly agN,2-8kev = 102 erg/s, and galaxies with
M, =5x10° — 2 x 101 M. The AGN of this sample have
2-8 keV luminosities mostly in the range Lx AcN,2-8kev =
10*2 — 10*3-% erg/s. This can be converted to the 2 — 10keV
band using L2_skev/L2—10kev = 0.86, assuming a power
law photon index of 1.0 (Shi et al. 2008). As such, we get:
Ly, acN, 2-10kev = 10*7? — 10" erg/s.

Aird et al. (2012) identify more than 200 AGN with
Ly, AGN,2—10keV = 102 erg/s in more than 25000 galax-
ies at z < 1. For galaxies with M, ~ 10%7°Mg and
0.2 < z < 0.6, the occupation fractions are within the
ranges OF= 0.3 — 1.6,0.17 — 0.5,0.01 — 0.17% for X-ray
(2-10 keV) AGN luminosities of Ly = 10*? — 10**® 10?5 —
10%%,10% — 1043-° erg/s, respectively. For 0.6 < z < 1 and
galaxies with M, ~ 10'%3 Mg, the authors find AGN occu-
pation fractions of OF = 0.6 — 1.6,0.3 — 1.0,0.2 — 0.3 % for
L, = 10" — 10"*%,10"%% — 10", 10"® — 10"*-° erg /s, respec-
tively. Aird et al. (2012) find that at fixed AGN luminosity
the AGN fraction decreases toward less massive galaxies in
the range M, = 10'° — 10'? M,. If this trend extends down
to even lower mass galaxies, the AGN OF in galaxies of
M, < 10" Mg could be lower than the AGN fractions
listed above.

Schramm & Silverman (2013) report X-ray detections
in more than 5000 galaxies with M, < 3 x 10°Mg at
z < 1, among which 3 detections out of 2100 galaxies at
z < 0.3. The latter provides a fraction of OF = 0.14% at
z < 0.3. These fractions are for a galaxy X-ray luminos-
ity of Ly, gal,0.5-8kev < 1044 erg/s. The three detections are
in galaxies with Ly ga1,0.5-skev = 10%°-310%0-3 10* - erg/s.
The SFR and M, of these three galaxies are given in
Schramm & Silverman (2013), which allows us to estimate
the AGN luminosities by subtracting the contribution of the
XRBs and the ISM.

The constraints of Reines, Greene & Geha (2013) in-
clude ~ 150 galaxies that have been identified with BH
accretion signatures out of 25974 galaxies, i.e. 136 galax-
ies with photoionization signatures of BH accretion (and
for some of them broad Ha emission) and 16 galaxies with
narrow-line ratios which are consistent with AGN or star
formation. Based on the follow-ups carried by Baldassare
et al. (2016) on the 16 candidates, 11 galaxies had a broad
H, line that vanished and were thus discarded as AGN,
2 galaxies were proven to be AGN, and 3 galaxies were
still ambiguous and still qualified as AGN candidates. From
the 140 remaining galaxies, we derive an AGN fraction of
OF = 0.53% for galaxies with M, < 10°°Mg in the lo-
cal Universe. From the X-ray follow up of Baldassare et al.

(2017), the hard X-ray luminosity of these AGN are within
the range Ly AGN,2—10kev = 103976 _ 104184 erg/s.

Satyapal et al. (2014) investigate the presence of AGN
in 13862 low-redshift bulgeless galaxies from SDSS with ex-
tremely red mid-IR colors, possible signature of an AGN.
From 25 to 300 AGN candidates are extracted with the
color selection; they do not have AGN signature in the opti-
cal. The AGN fraction is about < 40% in bulgeless galaxies
with M, = 10® — 10'° M.

Moran et al. (2014) finds an OF of 2.7% for galaxies
with M, = 4 x 10° — 10'°My. The study uses a distance-
limited sample of galaxies from SDSS, in which 28 AGN are
identified based on their optical emission lines.

Lemons et al. (2015) identify 19 galaxies with X-ray
detections out of about 491 galaxies with M, < 3 x 10° Mg
(here we used the estimate of the total number of galaxies
from Pardo et al. 2016). In the sample, 10 galaxies have
signatures of a central AGN, and 8 galaxies have a higher X-
ray emission than the predicted galaxy-wide emission from
XRBs. From the latter, we estimate an AGN fraction of
OF = 1.63%. X-ray sources have 2 — 10keV luminosities of
Ly, source, 2-10kev < 100 erg/s.

Miller et al. (2015) find that 1 — 2% of galaxies with
M, < 10° Mg have nuclear X-ray emission. We consider the
result as an upper limit, since XRBs could contaminate the
emission. We also report these results in all the panels of
Fig. 5, since no X-ray luminosities are given in this study.

Sartori et al. (2015) identify 336 AGN candidates in a
sample of ~ 48000 SDSS dwarf galaxies with M, < 10%5 Mg
at z < 0.1. AGN are selected based on the BPT diagram,
but also if they exhibit optical narrow-line signatures of an
accreting BH (He II selected AGN), or based on galaxy mid-
IR colors consistent with the presence of an AGN. The AGN
OF is within the range ~ 0.02—0.5% for galaxies with M, ~
108 Mg, and of 0.1 —0.3% for galaxies with M, ~ 10°° Mg
and for these three selection methods.

Pardo et al. (2016) derive an occupation fraction of
OF = 0.6 —3% for galaxies with M, = 10°—3x 10° M, and
Ly source,0.5—7kev = 10%99 —1072! erg/s. From the hardness
ratios, the authors found a low probability of contamination
from X-ray emitted by HMXBs and/or from the hot gas as-
sociated with SN remnants. We report these values in Fig. 5,
although the band used in Pardo et al. (2016) is not hard
2-10 keV X-ray as used in this paper.

Furthermore, we include the constraints of Mezcua et al.
(2016) which investigate the presence of AGN in dwarf star-
burst and spiral galaxies up to z = 1.5. They use stacking
X-ray counts from more than 7000 of galaxies in the range
0 < z < 0.3, and about 10000 galaxies and 3000 galaxies in
the range 0.7 < z < 1.0, and 1 < z < 1.5, respectively. The
fraction of X-ray excess after removing the possible contri-
butions from XRBs and hot ISM is ~ 70% in the redshift
bins below z < 0.7, and is ~ 50% in the bins of higher red-
shifts. From stacking analysis, we can not assess whether the
X-ray excess is due to a few galaxies with powerful AGN, or
to many galaxies with more moderate AGN. However, the
results of Mezcua et al. (2016) suggest that AGN could be
common in low-mass galaxies up to z = 1.5.

Marleau et al. (2017) investigate the presence of AGN in
dwarf galaxies (62) with stellar masses from 10° to 10° M.
Their sample consists of 303 candidate AGN, selected based
on IR colors. Using the MPA /JHU catalogue, Marleau et al.
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(2017) derives an AGN fraction that does not exceed 5%
across the stellar mass range 10° < M, /Mg < 10'. The
fraction slightly increases as a function of decreasing stellar
mass for M, < 10° Mg.

Mezcua et al. (2018) constrains the AGN fraction in
galaxies with M, = 10° — 3 x 10° M. The fraction of AGN
in dwarf galaxies is OF ~ 0.43% for Lx, AGN,0.5—10kev =
10*° — 10*** erg/s and at z < 0.3, and OF ~ 0.09% for
Ly AGN,0.5-10keV = 10424 erg/s and at z < 0.3. At higher
redshift of z ~ 0.6, the AGN OF is lower with OF ~ 0.04%
for Ly, AGN, 0.5-10kev = 10%%% erg/s.

Aird, Coil & Georgakakis (2018) find an AGN fraction
of OF ~ 0.1 —0.9% in galaxies with M, = 10%° —10°° M.
This fraction is defined as the number of AGN with an Ed-
dington ratio fmaa > 0.01. The exact definition in Aird,
Coil & Georgakakis (2018) is based on AGN with kpo X
Ly, acN, 2—10kev/(1.38 x10%® erg /s x 0.002 x M, /M) > 0.01,
with this quantity being similar to fgaa for their choice of
parameters. This limit can be converted into a limit in 2-10
keV luminosity of Ly, AGN,2—10kev = 104 — 1041 erg/s for
the range M, = 10° — 10%° M.

Chilingarian et al. (2018) provides a sample of 305 AGN
candidates with Type 1 signatures in the range Mpn = 3 X
10* — 2 x 10° Mg in galaxies with Mpyuge = 107 — 10" Mg,
out of which 10 sources were confirmed as AGN. The X-
ray luminosity of the AGN varies in Ly, agny = 10%° — 3 x
10*2 erg/s, for different X-ray bands.

Dickey et al. (2019) present constraints on the AGN
fraction in a small sample of galaxies, including 20 qui-
escent galaxies and 7 star-forming galaxies. Interestingly,
many of the quiescent galaxies show signatures of AGN ac-
tivity (from optical emission line ratios), and leads to an
occupation fraction of OF = 80% in those galaxies. A frac-
tion of OF = 28.5% is found in the star-forming galaxies.
Given the small sample studied in Dickey et al. (2019), we
do not add these constraints to Fig. 5.

Kaviraj, Martin & Silk (2019) recently derived the
fraction of AGN in a wide range of galaxy stellar mass
(M, = 10" — 10**5 M), using diagnostics based on IR, col-
ors. The AGN fraction varies in the range OF = 20 — 40%
for their fiducial model and M, = 10° — 10'°5 Mg, and
OF = 10— 25% in the same galaxy mass range when adopt-
ing other color criteria that have been used in the literature.
An estimate of the hard X-ray luminosity of these AGN is
Lacn < 10*%erg/s (S. Kaviraj, private communication).

Lupi, Sbarrato & Carniani (2020) recently used the
same sample of Kaviraj, Martin & Silk (2019) to find
that 7 to 20 candidates could be AGN, over 5000 galax-
ies with M, = 10% — 10° M. This corresponds to an OF of
0.14—0.4 % for AGN with estimated bolometric luminosities
of Ly, agN < 3 X 10% erg/s. This is lower than the > 10%
fractions found in Kaviraj, Martin & Silk (2019). Lupi, Sbar-
rato & Carniani (2020) convoluted both optical and mid-IR
data and took into account the contamination from close
sources, the relatively low resolution of the WISE mid-IR
instrument that was used (with respect to for example opti-
cal surveys), and the contamination from the galaxies. The
difference among the two studies demonstrates the difficulty
of using mid-IR selection to identify AGN in these galaxies.

Birchall, Watson & Aird (2020) investigate the fraction
of AGN (detected in X-ray, 2-12 keV) in different stellar
mass ranges of galaxies in the local Universe (z < 0.25).
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For M, = 107 — 10° M, the AGN fraction is OF ~ 0.19%
for ny AGN,2—12keV — 1041'5 — 1042'4 erg/s, and OF ~ 01%
for Ly, AN, 2-12kev = 10724 erg/s. For more massive galax-
ies with M, = 10° — 10%° Mg, Birchall, Watson & Aird
(2020) find a fraction of OF ~ 0.17% and OF ~ 0.06%,
for AGN with LX,AGN,Q,H keV = 1041'5 — 1042'4 erg/s and
Ly, AGN, 2—12keV = 10424 erg/s respectively.

Mezcua & Dominguez Sdnchez (2020) identify 37 galax-
ies over a sample of 1609 dwarf galaxies with M, < 10°° Mg
with signatures consistent with AGN ionisation. This re-
sults in a fraction of OF = 2.3% for AGN in the range
Liol, aan = 10%%9 — 10*** erg/s. We convert these values
into hard X-ray luminosities using the bolometric correction
of Hopkins, Richards & Hernquist (2007b).

Latimer et al. (2021) recently studied the AGN fraction
in galaxies with M, < 3 x 10° My, using X-ray observations
from the eROSITA eFEDS survey, for z < 0.15. The authors
derived an upper limit to the AGN OF of the sample of
< 1.8%. The sources have X-ray luminosities in the range
Ly, ga1, 2—10kev = 10%%° — 10% erg/s.

Finally, Birchall et al. (2022) recently reported the
AGN fraction in stellar mass bins for luminous AGN with
Ly, AGN,2—10kevV = 1042 — 10* erg/s derived from the MPA-
JHU catalogue (based on SDSS DRS8) and 3XMM. The
AGN fraction increases towards more massive galaxies, from
3 -9 x 107" in galaxies with < 10°°Mg to 2 — 6 x 1073
in ~ 1095 Mg, galaxies. At fixed stellar mass, the fraction
also slightly increases towards higher redshifts in the range
z=0-0.3.

To summarize, the measured AGN OF depends on the
different studies, selection techniques, and sample defini-
tions. Most of the constraints listed in this section span over
an order of magnitude or more, but in general favor an OF
of < 3 x 1072 in galaxies of M, = 10%° — 10" Mg. We
emphasize here that only a few of these analyses include a
correction for galaxy completeness (Aird et al. 2012; Miller
et al. 2015; Pardo et al. 2016; Aird, Coil & Georgakakis 2018;
Mezcua et al. 2018; Birchall, Watson & Aird 2020), that can
mostly be done with deep X-ray surveys. In theory, deriving
an OF requires to weigh each AGN detection by the com-
pleteness of the corresponding bin (defined by a redshift,
galaxy stellar mass, and X-ray luminosity). The weighting
function thus depends on the total number of galaxies which
should be in the bin, the X-ray sensitivity of the survey (i.e.,
what is the probability of detecting an AGN of a given lu-
minosity in the survey, the probability varies spatially). We
refer the reader to the Section of Aird et al. (2012) for an
in-depth description of the methodology.

APPENDIX B: SIMULATED AGN IN THE
LOW-MASS GALAXY REGIME

Besides having different AGN occupation fractions at z = 0,
the simulations have significant differences in their AGN
populations. We show the histograms of the AGN lumi-
nosities in Fig. Bl for AGN in galaxies with total stel-
lar mass of ~ 10°, ~ 10°°, and 10'°Mg. The AGN
luminosity distribution in galaxies with M, ~ 109 Mg
peaks at log,, Lx/(erg/s) ~ 41 in SIMBA (median
log,q Lx/(erg/s) ~ 39), and at log,, Lx/(erg/s) ~ 42 for
Horizon-AGN (median log;, Lx/(erg/s) ~ 42), TNG100
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(median log,, Lx/(erg/s) ~ 40), and TNG300. However, we
find that the EAGLE and Illustris simulations have fainter
AGN populations in these intermediate-mass galaxies. In the
dwarf regime, i.e. for galaxies with M, ~ 10° My, AGN are
on average fainter for most of the simulations. In Horizon-
AGN, the AGN luminosity distribution has a median of
log,q Lx/(erg/s) ~ 37, log,q Lx/(erg/s) ~ 31 in EAGLE,
and log, Lx/(erg/s) ~ 37 in Illustris. However, we find that
the AGN in the dwarf galaxies produced by TNG100 still
have similar luminosities (median log,, Lx/(erg/s) ~ 40)
than in more massive galaxies with M, ~ 10'° Mg.

Assessing the agreement between the AGN luminosity
functions produced by the simulations and those constrained
by observations is crucial. A comparison is presented in
Habouzit et al. (2022b) and shows that at z = 0 the faint
end of the hard X-ray luminosity function (Lx < 10*3 erg/s)
of Horizon-AGN, Illustris, and SIMBA are within the con-
straints of Buchner et al. (2015) and in agreement with
those of Hopkins, Richards & Hernquist (2007a); Aird et al.
(2015). The function produced by TNG100 is above the con-
straints, and the one from EAGLE slightly below. A high
number of faint AGN at z = 0 are located in low-mass
galaxies in TNG100 and could explain the higher luminosity
function in case of too massive BHs, and/or too efficiently
accreting BHs, and/or not strong enough SN feedback com-
pared to observations. In the opposite, the lower luminosity
function produced in EAGLE could be explained by lower-
mass BHs than in observations (a priori not the case, see
Fig. 3) and/or too weak accretion onto the BHs and/or too
efficient SN feedback in low-mass galaxies Habouzit et al.
(2022Db).

APPENDIX C: CONTRIBUTORS TO GALAXY
X-RAY LUMINOSITY

In this paper, we use the hard X-ray luminosity of the sim-
ulated AGN to assess whether they could be detected, and
whether the XRB population could outshine them. However,
observations often rely on a galaxy-wide X-ray emission,
which is the sum of the AGN emission, the XRB population,
and the ISM host gas. Using the X-ray stacking technique,
Mullaney et al. (2012) and Aird, Coil & Georgakakis (2018)
compute the average AGN luminosity in star-forming galax-
ies at z ~ 1 and z ~ 2 and find that the < Lagny > —M,
relation behave linearly (also referred to as “AGN main
sequence”). This is not always true for low-mass galaxies,
where Aird, Coil & Georgakakis (2018) find that AGN ac-
tivity is significantly suppressed. In the following, we show
that, in the absence of obscuration, the emission from the
AGN in the low-mass end M, < 10'°°Mg is on average
larger than the XRBs and ISM for most of the simulations.
The average contributions of the AGN, XRB population,
and ISM to the galaxy-wide X-ray luminosity are shown in
Fig. C1.

The contribution of the AGN differs from a simulation
to another. AGN in EAGLE are on average the faintest fol-
lowed by Illustris, both which have a median hard X-ray lu-
minosity Laan < 1038 erg/s. The relative contribution of the
XRB population is higher for these simulations at all stel-
lar masses, and is higher in the other simulations in regimes
where the AGN luminosity is lower: typically dwarf galaxies

with ~ 10° Mg (e.g., Horizon, TNG300), and more massive
galaxies with M, > 10102 Mg in TNG when the efficient
kinetic AGN feedback mode kicks out. In these regimes, the
XRB population is able to outshine the AGN. We find that
the contribution from ISM to the galaxy-wide X-ray lumi-
nosity is very small for all the simulations.

APPENDIX D: AGN AND GALAXY-WIDE
XRB LUMINOSITIES

In Table D1, we provide three different percentages for
three different galaxy types (starburst, main sequence and
quenched), and for three stellar mass bins: ~ 10°,10°-% and
10 Mg:

e The percentage of galaxy types in each simulation, re-
ferred as “starburst”, “Main Seq” and “Quenched” in Ta-
ble D1. This is defined as the number of galaxies of a given
galaxy type in a given stellar mass bin, divided by the total
number of galaxies in that bin.

e The percentage of galaxies, within a given galaxy type,
hosting an AGN with Lagn > 1038 erg/s.

e The percentage of galaxies, within a given galaxy type,
that host an AGN with Lagn > 1038 erg/s and satisfy
Lacn > Lxgs (i.e., an AGN that outshines the galaxy-wide
XRB population).

Our definitions of the galaxy types are simulation de-
pendent. We also provide the percentages for AGN with
LacaNn = 1040 erg/s.

APPENDIX E: OBSERVATIONAL SAMPLES
PRESENTED IN FIG. 7

We describe in this section the observational samples pre-
sented in Fig. 7. We use the nearby host galaxies (z <
0.5) of Mezcua et al. (2018, see Appendix A for details)
where the AGN luminosity ranges from Ly AGN,0.5-10kev ~
109 — 10*3erg/s and the SFR of their hosts from
log,, SFR/(Mg /yr) = [—2.63,1.11]. We also show 37 AGN
candidates of Mezcua & Dominguez Sénchez (2020), identi-
fied in galaxies with SFR log,, SFR/(Mg /yr) = —2.5,1.5.
For a fair comparison, we have converted their AGN lumi-
nosities from bolometric to hard (2-10 keV) X-ray (using the
correction of Hopkins, Richards & Hernquist 2007a).

We also include the sample of Birchall, Watson & Aird
(2020) presenting 61 dwarf galaxies as potential AGN hosts
with SFR in the range log,, SFR/(Mg/yr) = —3.8,1.2. The
X-ray luminosity of this work are in the 2 — 12 keV band
and for the galaxy as a whole. To derive the luminosities of
the AGN (as shown in Fig. 7), we subtract the predicted
contribution of the XRB population (using the relation of
Lehmer et al. 2016) and hot gas from the ISM (using the
relation of Mineo, Gilfanov & Sunyaev 2012) from the X-
ray galaxy luminosity given in their sample.

For our analysis, we search for X-ray counterparts to
the AGN of Martin-Navarro, Shankar & Mezcua (2021) us-
ing the Chandra Source Catalog (Evans et al. 2010) version
2 (CSC 2.0) Master Source Catalog. We use a search radius
of 5arcsec, which returns 50 X-ray detections. For these,
we take from CSC 2.0 the aperture-corrected net energy
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Figure B1. The normalised distribution of X-ray AGN luminosity at z = 0 galaxies with M, ~ 10%, ~ 1095, ~ 101 Mg for all the
six simulations. For SIMBA, we do not display the BH population for M, < 10°-5Mg since the simulation starts seeding BHs at the
aforementioned value.

Table D1. Percentages of galaxy types (starburst, main sequence and quenched) at z = 0 in three different stellar bins: log;q My /Mg ~
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9, 9.5, 10. For each galaxy type, we derived the percentage of galaxies that host an AGN with a hard X-ray luminosity Lagn > 1038 erg/s
and Lagn > 1040 erg/s. We also add the percentages of galaxies with an AGN outshining the galaxy-wide XRB population.
logyo My /Mg | % of EAGLE | SIMBA | Horizon-AGN | Ilustris | TNG100 | TNG300
9-9.2 Starburst 6 - 4 2 4 4
AGN host (Lagn > 1038) 6 - 2 30 89 80
Lagn > 10%® and Lagn > Lxre | 3 - 1 10 80 42
AGN host (Lagn > 10%0) 2 - 1 7 78 27
Lagn > 10%° and AGN > Lxrs 2 - 1 7 78 27
Main Seq. 61 - 75 36 74 70
AGN host (Lagn > 1038) 4 - 3 6 82 64
Lagn > 1038 and Lagn > Lxre | 2 - 2 0 70 22
AGN host(Lagn > 1040) 1 - 2 1 50 5
Lagn > 1038 and Lagn > Lxrs | 1 - 2 1 50 5
Quenched 33 - 21 12 22 26
AGN host (Lagn > 10%8) 0 - 3 0 1 0
Lagn > 1038 and Lagn > LxrB 0 - 2 0 0 0
AGN host (Lagn > 10%0) 0 - 1 0 0 0
Lagn > 10%0 and Lagn > LxrB 0 - 1 0 0 0
9.4-9.6 Starburst 5 - 4 1 2 5
AGN host (Lagn > 1038) 12 - 7 38 93 87
Lagn > 1038 and Lagn > Lxre | 6 - 7 20 80 60
AGN host (Lagn > 10%0) 5 - 7 21 85 57
Lagn > 10% and Lagn > Lxmrs | B - 7 21 85 56
Main Seq. 73 - 82 91 78 71
AGN host(Lagn > 1038) 9 - 18 10 88 74
Lagn > 1038 and Lagn > Lxre | 4 - 16 2 70 46
AGN host (Lagn > 10%0) 3 - 15 2 69 29
LagN > 1040 and LagN > LxrB 3 - 15 2 69 29
Quenched 23 - 13 8 20 24
AGN host (Lagn > 1038) 0 - 12 0 3 1
Lagn > 10%% and Lagn > Lxrs | O - 10 0 0 0
AGN host(Lagn > 10%0) 0 - 6 0 0 0
Lagn > 10% and Lagn > Lxrs | O - 6 0 0 0
9.9-10.1 Starburst 2 4 4 1 3 5
AGN host (Lagn > 1038) 27 99 28 75 100 92
Lagn > 103® and Lagn > Lxrs | 18 98 7 50 90 76
AGN host(Lagn > 10%0) 18 98 27 58 93 81
Lagn > 10% and Lagn > Lxrs | 5 98 27 42 90 76
Main Seq. 76 59 87 92 79 73
AGN host (Lagn > 1038) 19 95 50 22 93 85
Lagn > 10%® and Lagn > Lxrs | 7 64 17 6 71 69
AGN host (Lagn > 10%0) 6 64 45 6 74 65
Lagn > 10% and Lagn > Lxrs | 2 64 45 6 74 64
Quenched 22 38 9 8 18 22
AGN host (Lagn > 1038) 3 30 27 0 4 7
Lagn > 1038 and Lagn > Lxre | 2 14 10 0 0 1
AGN host (Lagn > 10%0) 2 6 17 0 2 1
Lagn > 10% and Lagn > Lxrs | 0 5 17 0 2 0
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flux, inferred from the source region aperture, in the ACIS
2—T7.0keV energy band. This flux corresponds to the best es-
timate derived from the longest block of a multi-band, flux-
ordered Bayesian Block analysis of the contributing obser-
vations. The K-corrected X-ray luminosity in the 2 —10keV
band is derived from this aperture-corrected flux assuming
a typical AGN photon index of 1.8.
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Figure C1. Median of the hard X-ray luminosity as function of
stellar mass in the low-mass regime. We display three contributors
to the galaxy X-ray luminosity: Lagn (blue), Lagn + Lxrp (or-
ange) and Lagn + Lxrp + Lism (grey). The 15-85th percentiles
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are illustrated by the shaded areas.
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