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A B S T R A C T 

The concurrent growth of supermassive black holes (SMBHs) and their host galaxies remains to be fully explored, especially 

at high redshift. While often understood as a consequence of self-regulation via AGN feedback, it can also be explained by 

alternative SMBH accretion models. Here, we expand on previous work by studying the growth of SMBHs with the help of 
a large suite of cosmological zoom-in simulations ( MASSIVEFIRE ) that are part of the Feedback in Realistic Environments 
(FIRE) project. The growth of SMBHs is modelled in post-processing with different black hole accretion models, placements, 
and merger treatments, and validated by comparing to on-the-fly calculations. Scaling relations predicted by the gravitational 
torque-driven accretion (GTDA) model agree with observations at low redshift without the need for AGN feedback, in contrast to 

models in which the accretion rate depends strongly on SMBH mass. At high redshift, we find deviations from the local scaling 

relations in line with previous theoretical results. In particular, SMBHs are undermassive, presumably due to stellar feedback, 
but start to gro w ef ficiently once their host galaxies reach M ∗ ∼ 10 

10 M �. We analyse and explain these findings in the context 
of a simple analytic model. Finally, we show that the predicted scaling relations depend sensitively on the SMBH location and 

the efficiency of SMBH merging, particularly in low-mass systems. These findings highlight the relevance of understanding the 
evolution of SMBH-galaxy scaling relations to predict the rate of gra vitational wa ve signals from SMBH mergers across cosmic 
history. 
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 I N T RO D U C T I O N  

oughly 50 yr ago, Lynden-Bell ( 1969 ) suggested that the high
ass-to-light ratio objects (active galactic nuclei, AGNs) observed

t the centre of galaxies are supermassive black holes (SMBHs).
oday, it is commonly accepted that the luminosity of AGN is
owered by accretion on to SMBHs (Soltan 1982 ) and almost all
assive galaxies host SMBHs of millions to billions of solar masses

t their centres (Lynden-Bell & Rees 1971 ; Rees 1984 ; Kormendy
 Richstone 1995 ; Salucci et al. 1999 ; Shankar et al. 2004 ). The

niv ersal e xistence of SMBHs in the centres of galaxies has raised
uestions about their nature, formation mechanisms, and relation
ith the environment. 
Observational studies in the past two decades have shown strong

orrelations between the SMBH mass and various properties of their
ost galaxies such as the bulge mass (Kormendy & Richstone 1995 ;
arconi & Hunt 2003 ; H ̈aring & Rix 2004 ; Kormendy & Ho 2013 ;
cConnell & Ma 2013 ; Graham & Scott 2015 ), the stellar velocity
 E-mail: onurcatmabacak@gmail.com 

u  
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Pub
ispersion of the bulge (Magorrian et al. 1998 ; Ferrarese & Merritt
000 ; Gebhardt et al. 2000 ; G ̈ultekin et al. 2009 ; Bennert et al. 2015 ),
nd the stellar mass of the host galaxy (Beifiori et al. 2012 ; Reines &
olonteri 2015 ; Sa v orgnan et al. 2016 ) in the local universe. A good
nderstanding of the scaling relations is essential, as they may reflect
 co-evolution of SMBHs and galaxies. While the scaling relations
t low redshift are empirically well constrained, their observational
tatus at higher redshift is less clear, with different authors suggesting
oth redshift-dependent (Treu, Malkan & Blandford 2004 ; Walter
t al. 2004 ; Merloni et al. 2010 ; Targett, Dunlop & McLure 2012 ;
ongiorno et al. 2014 ; Netzer & Trakhtenbrot 2014 ) and redshift-

ndependent relations (Shields et al. 2003 ; Jahnke et al. 2009 ;
isternas et al. 2011 ; Ding et al. 2017 ). 
Even though SMBHs and galaxies follow relatively tight scaling

elations in the local universe, it is currently unknown whether such
ight relations hold in the early universe (Shirakata et al. 2016 ; Trakht-
nbrot et al. 2017 ; Huang et al. 2018 ; Izumi et al. 2018 ; Delvecchio
t al. 2019 ). In particular, SMBHs at high redshift may be o v er- or
ndermassive compared to their host galaxies or could grow in lock-
tep with each other (Volonteri 2012 ). The redshift evolution and
he scatter of various SMBH–galaxy scaling relations may provide
© 2022 The Author(s) 
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Table 1. List of simulations used in this work. Column 1 refers to the name of 
the simulation (see Feldmann et al. 2017 ). Column 2 lists whether simulations 
were run with FIRE-1 or FIRE-2 physics. Column 3 provides the box sizes 
from which the zoom-in simulations were selected (in comoving units). The 
final redshift reached by each simulation is listed in column 4. Column 5 lists 
the halo mass at the final redshift given in column 4. References to the papers 
that first present or use the simulations are provided in the last column as 
follows: 1–This work; 2–Feldmann et al. ( 2017 ); 3–Feldmann et al. ( 2016 ) 
4–Feldmann ( 2017 ); 5–Angl ́es-Alc ́azar et al. ( 2017c ). 

Name Physics Box size (h −1 Mpc) Final z log ( M halo /M �) Ref. 

A1 FIRE-1 100 0 12.75 3 
A2 FIRE-1 100 1.7 12.48 3 
A3 FIRE-1 100 1.7 12.38 3 
A4 FIRE-1 100 0.27 12.84 3 
A5 FIRE-1 100 1.7 12.37 3 
A6 FIRE-1 100 1.7 12.45 3 
A7 FIRE-1 100 1.7 12.41 3 
A8 FIRE-1 100 1.7 12.57 3 
A9 FIRE-1 100 1.7 12.48 3 
A10 FIRE-1 100 1.7 12.53 3 
B1 FIRE-1 100 1.7 12.94 3 
B2 FIRE-1 100 1.7 12.97 3 
B3 FIRE-1 100 1.7 13.00 3 
B4 FIRE-1 100 1.7 12.94 3 
B5 FIRE-1 100 1.7 12.97 3 
C1 FIRE-1 100 2 13.39 1 
C2 FIRE-1 100 2 13.37 2 
C3 FIRE-1 100 2 13.35 1 
D1 FIRE-1 400 6 12.29 4 
D2 FIRE-1 400 6 12.38 4 
D3 FIRE-1 400 6 12.67 4 
D4 FIRE-1 400 6 12.50 4 
D5 FIRE-1 400 6 12.39 4 
D6 FIRE-1 400 6 12.57 4 
D7 FIRE-1 400 6 12.29 4 
D8 FIRE-1 400 6 12.36 4 
D9 FIRE-1 400 6 12.01 4 
E1 FIRE-1 762 6 12.81 1 
E2 FIRE-1 762 6 12.80 1 
E3 FIRE-1 762 6 12.77 1 
A1 FIRE-2 100 1 12.60 5 
A2 FIRE-2 100 1 12.89 5 
A4 FIRE-2 100 1 12.66 5 
A8 FIRE-2 100 1 13.10 5 
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1 See the FIRE project website: ht tp://fire.nort hwestern.edu 
2 A public version of GIZMO is available at ht tp://www.tapir.calt ech.edu/ ∼p 
hopkins/Site/GIZMO.html 
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ritical insights into the physics of black hole and galaxy growth. 
hich physical processes might be responsible for reproducing the 

ocal scaling relations? Is it possible to produce the local scaling 
elations without self-regulating black hole feedback? If so, how do 
he SMBH–galaxy scaling relations evolve at high redshift? These 
re the questions we would like to address in this paper. 

The standard approach to model the growth of SMBHs is via the
pherical accretion approximation (Hoyle & Lyttleton 1939 ; Bondi 
 Hoyle 1944 ; Bondi 1952 ). In its basic form, Bondi-like models

ssume radial accretion of non-self-gravitating gas on to a point- 
ike source to estimate the accretion rate from large scales to black
oles at the centre of galaxies. Ho we v er, there are cav eats to these
rescriptions. Springel, Di Matteo & Hernquist ( 2005 ) and Booth &
chaye ( 2009 ) introduced an ad hoc boost factor of the Bondi model

o a v oid underestimating the accretion rate. Furthermore, the Bondi
nsatz does not account for the angular momentum of the inflowing 
as (Hopkins & Quataert 2010 , 2011 ; Angles-Alcazar et al. 2021 ).
o we ver, modifications of the Bondi model that include rotation have 
een proposed by, e.g., Hobbs et al. ( 2012 ) and Tremmel et al. ( 2017 ).

On their own, Bondi-like models tend to o v erpredict the SMBH
ass since they scale with M 

2 
BH . Black hole feedback is thus critical as

t a v oids o v erly massiv e SMBHs relativ e to the local scaling relations
y regulating both black hole growth and star formation (Springel 
t al. 2005 ; Di Matteo, Springel & Hernquist 2005 ; Sijacki et al.
007 ). This idea has been widely used to investigate the evolution of
alaxies and SMBHs in cosmological simulations such as ILLUSTRIS 

Vogelsberger et al. 2014 ; Genel et al. 2014 ), HORIZON-AGN (Dubois 
t al. 2014 ; Volonteri et al. 2016 ; Kaviraj et al. 2017 ), EAGLE (Schaye
t al. 2015 ), MASSIVEBLACK (Khandai et al. 2015 ), BLUETIDES (Feng 
t al. 2016 ), ROMULUS (Tremmel et al. 2017 ), and ILLUSTRIS-TNG 

Springel et al. 2018 ). 
On the other hand, alternative models for the gas accretion on to

MBHs have been proposed. Hopkins & Quataert ( 2010 ) performed 
ested simulations of star-forming galaxies to understand how gas 
an accrete from galactic scales ( ∼10–100 kpc) to smaller scales 
 < 1 pc). Non-axisymmetric features that result in gravitational 
orques caused by galaxy mergers, spiral instabilities and eccentric 
isc modes efficiently remo v e angular momentum of the gas and
rive it further down to the sub-pc scales (Hopkins & Quataert 
011 ). This model has been successfully used in galaxy simulations
o reproduce the local scaling relations without the need for self-
egulatory black hole feedback (Angl ́es-Alc ́azar, Özel & Dav ́e 2013 ;
ngl ́es-Alc ́azar et al. 2015 , 2017a , c ; Dav ́e et al. 2019 ; Thomas et al.
019 ). 
This work studies the SMBH growth in a fully cosmological 

ontext with the help of high-resolution, zoom-in, hydrodynamical 
imulations. The simulations used in this paper ( MASSIVEFIRE ) 
esolve scales down to tens of pc in a cosmological environment. 
igh resolution is essential to properly trace the flow of gas into

he centres of galaxies. Furthermore, the relatively large number of 
ell-resolved galaxies in our sample (43 different galaxies at z = 6

nd 132 at z = 2) compared to full cosmological simulations allows
s to address the questions listed abo v e with a statistically significant
et of simulated galaxies o v er a wide range of redshifts (2 ≤ z ≤ 12)
nd halo masses (10 < log ( M h /M �) < 13.5). 

The outline of the paper is as follows. Section 2 introduces the
imulation properties. Section 3 lays out the details of our post-
rocessing analysis. We present our main results in the following 
ection 4. Specifically, Section 4.4 presents a toy model to explain 

he physical origin of the M ∗−M BH scaling relation. We discuss the
aveats of our post-processing analysis in Section 5 and give our 
ummary in Section 6. 
 SI MULATI ONS  

e use 34 high-resolution, cosmological zoom-in simulations from 

he MASSIVEFIRE suite (Feldmann et al. 2016 , 2017 ; Feldmann 
017 ; Angl ́es-Alc ́azar et al. 2017c ) that is part of the Feedback
n Realistic Environments (FIRE 

1 ) project (Hopkins et al. 2014 ,
018 ). Simulations were run with the gravity-hydrodynamics solver 
IZMO 

2 in Pressure-Energy Smoothed Particle Hydrodynamics (P- 
PH, FIRE-1) and Meshless Finite Mass (MFM, FIRE-2) mode. 
able 1 provides an overview of the simulations used in this work. 
The selection of the zoom-in regions for runs from series A, B,

nd C is described in detail in Feldmann et al. ( 2017 ). In brief,
solated haloes are selected from a low-resolution DM-only run of 
n L = 100 Mpc h −1 comoving cosmological volume. The haloes
re selected based on their z = 2 masses (we consider 3 narrow
MNRAS 511, 506–535 (2022) 
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ass bins corresponding to 2.5–3.6 × 10 12 M �, 0.9–1.1 × 10 13 M �,
nd 2.5–3.6 × 10 13 M �) and local environmental densities (based
n the enclosed mass within a 1.8 pMpc radius). In total, 18 haloes
re selected with a range of masses (10, 5, and 3 haloes from the
ow, intermediate, and high-mass bins) and environmental densities.
nitial conditions for the zoom-in runs were generated using the
ulti-scale initial condition tool MUSIC (Hahn & Abel 2011 ), using
 conv e x hull for all particles within 3 × R vir at z = 2. 

Additional zoom-in simulations (series D and E) are created in a
imilar fashion from low-resolution DM-only simulations of L = 400

pc h −1 and L = 762 Mpc h −1 comoving cosmological volumes. The
hree most massive haloes at z = 6 are selected from each volume. In
ddition, fiv e zoom-in re gions are created based on the L = 400 Mpc
 

−1 volume by selecting haloes with M halo ( z = 6) > 10 12 . 5 M � from
 range of local environmental densities. Another zoom-in region is
elected from the same volume based on having a halo mass at z =
 of approximately 10 14 M �. 
FIRE-1 simulations use a quintic spline kernel with 60–62 neigh-

ours for gravitational softening (Morris 1996 ; Dehnen & Aly 2012 ),
ee Hopkins et al. ( 2014 ). The gravitational softening lengths of
ark matter and star particles are fixed at 143 and 21 pc (physical),
espectively, while the softening length of gas particles is adaptive
nd reaches a minimum value of 9 pc (physical) in the dense
nterstellar medium. FIRE-2 simulations use a cubic spline kernel
ith 32 neighbours (Morris 1996 ; Dehnen & Aly 2012 ; see Hopkins

t al. 2018 ). The gravitational softening lengths of dark matter and
tar particles are 57 and 7 pc. The minimum softening length of
as particles is 0.7 pc. In all simulations, the gas softening lengths
re chosen sufficiently small to capture gas densities well abo v e the
tar formation threshold. All simulations have a mass resolution of
.7 × 10 5 M � for dark matter particles and 3.3 × 10 4 M � for gas and
tar particles. 

Star formation takes place only in self-gravitating, dense, molecu-
ar gas with a density abo v e 5 and 1000 atoms per cm 

3 for FIRE-1 and
IRE-2 simulations, respectively. The simulations include various
tellar feedback channels such as energy, momentum, and mass
njection from stellar winds and supernovae, local and long-range

omentum flux from radiative pressure, a uniform UV background
sing the model from Faucher-Gigu ̀ere et al. ( 2009 ) and photoion-
zation and photoelectric heating (Hopkins et al. 2014 , 2018 ). 

The growth of black holes is modelled fully in post-processing.
ur FIRE-1 simulations do not directly account for black hole
hysics, while the FIRE-2 runs include live black hole sink particles
ut do not model AGN feedback. Ho we ver, we adopt the same post-
rocessing approach for FIRE-1 and FIRE-2 simulations in this study.
 comparison between the prediction of our post-processing model

nd the on-the-fly calculation is shown in the Appendix. 
We refer the reader to Feldmann et al. ( 2016 , 2017 ), Angl ́es-

lc ́azar et al. ( 2017c ), and Hopkins et al. ( 2014 , 2018 ) for more
etailed information about the simulations and the properties of the
imulated galaxies. 

 M E T H O D O L O G Y  

n this section, we will introduce our post-processing approach and
escribe the various SMBH accretion models studied in this work. By
onsidering different models of black hole accretion, we can analyse
ow the resultant SMBH masses change in the absence of self-
egulating AGN feedback. As we will show in subsequent sections,
he choice of the accretion model affects both the mass evolution
f SMBHs as well as the resulting M ∗−M BH scaling relation. We
NRAS 511, 506–535 (2022) 
ollow the exact same post-processing approach in both our FIRE-1
nd FIRE-2 simulations. 

.1 Post-processing 

e use the publicly available Amiga Halo Finder 3 (AHF; Knollmann
 Knebe 2009 ) to identify dark matter haloes and to find their centres

n the MASSIVEFIRE simulations. The identified virialized structures
ontain at least 100 particles ( M halo ∼ 10 7 M �h −1 ). 

SMBHs are placed either at the centre of mass (COM) or the
aximum density centre (MAX) of each halo as provided by AHF.
he former is defined as the centre of mass of the gas, star, and
ark matter particles on the finest level of refinement of the host
alo. Therefore, the COM often represents a typical environment in
he central region of the host halo. The MAX is calculated as the
osition of the highest-density cell within the halo by AHF. These
ositions typically correspond to dense star clusters or gas clouds.
learly, the SMBH placement can have a substantial impact on the
arly SMBH growth, in addition to the role played by stellar feedback
Angl ́es-Alc ́azar et al. 2017c ). 

The difference between the two centring approaches is shown in
hysical units in Fig. A3 for simulation A1 with FIRE-2 physics.
he centre positions differ by 0.5–1.0 kpc at relatively high redshift
 z � 5) and the difference becomes much smaller ( < 100 pc) at later
imes. This behaviour is potentially linked to the transition in galactic
tructure from an irregular morphology at high redshift to well-settled
isc galaxies at later times (Sparre et al. 2017 ; Stern et al. 2021 ). 
Our sample consists of the most massive halo in each simulation

nd of all the haloes abo v e M halo = 10 10 M � at the final simulation
napshot in the 6 simulations that run to z � 1 (FIRE-1 A1 and
4, and FIRE-2 A1, A2, A4, and A8). Our selection is subject

o the following contamination condition. The mass fraction of
igh-resolution dark matter particles is required to be larger than
8 per cent so that haloes are not significantly polluted with low-
esolution dark matter particles. Progenitors of selected haloes are
raced back in time with the AHF MERGERTREE tool. We only
onsider progenitors with a stellar mass of at least 10 7 M � within
0 per cent of their virial radii (Moore et al. 1998 ; Devriendt et al.
010 ). Progenitors of lower stellar mass do not host an SMBH in our
odel and are thus neglected in this study. 
Fig. 1 shows the distribution of stellar masses in our sample at z =

 and z = 6. The stellar mass range of MASSIVEFIRE galaxies is 7.0
 log M ∗/M � < 11.5 at z ∼ 2 and 7.0 < log M ∗/M � < 10.6 at z ∼ 6,
hile the halo mass range is 8.3 < log M ∗/M � < 12.1 at z ∼ 2 and
.4 < log M ∗/M � < 11.6 at z ∼ 6. In total, we have 4681 galaxy data
ets corresponding to ∼100 distinct galaxies traced across cosmic
ime ( z < 12). We refer the reader to Feldmann et al. ( 2016 , 2017 ),
rice et al. ( 2017 ), Cochrane et al. ( 2019 ), Wellons et al. ( 2020 ),
nd Parsotan et al. ( 2021 ) for the general properties of galaxies in

ASSIVEFIRE simulations. 
The radii of central galaxies, R gal , are defined as 10 per cent of the

irial radii of their parent haloes, e.g. Price et al. ( 2017 ). The total
tellar mass of a given central galaxy is subsequently calculated as the
ass of stellar particles within R gal . We separate the stellar mass of the

alaxy into a bulge and a disc component following Angl ́es-Alc ́azar
t al. ( 2014 ). Specifically, the bulge mass in an enclosed region with
 given radius r is calculated as twice the mass of all-star particles
hat are counter-rotating ( v φ < 0) according to the unit stellar angular

omentum vector of the galaxy. The stellar disc mass within r is then

http://popia.ft.uam.es/AHF/Download.html
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Figure 1. Stellar mass and halo mass distributions of the simulated galaxies 
listed in Table 1 at z = 2 and z = 6. Our sample includes the central galaxy 
of the primary halo from 34 different zoom-in simulations and all galaxies in 
haloes abo v e M halo = 10 10 M � from 6 zoom-in simulations evolved to z � 

1. The total number of distinct galaxies followed across cosmic time varies 
with redshift (132 at z = 2, 43 at z = 6). Our sample includes a broad range 
of low to moderately massive galaxies and haloes. 
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efined as the difference between the stellar mass within r and the
ulge mass within r . The total disc mass is defined as the sum of the
tellar disc mass and the gas mass within r . We calculate the velocity
ispersion as the velocity dispersions of all-star particles that belong 
o the stellar bulge. The comparison of velocity dispersion within 
ifferent radial apertures ( R 0 ) is shown in the Appendix. 
The evolution and growth of SMBHs are treated in post- 

rocessing. A (virtual) SMBH seed is placed at the centre of each
rogenitor halo. This choice establishes early SMBHs on the local 
 ∗−M BH relation when 10 4 M � SMBH seed masses are adopted (our
ducial option). Lower or higher seed masses result in high-redshift 
MBHs that start either below or abo v e the local M ∗−M BH scaling
elation. Also, the velocity of each SMBH is defined as the average
elocity of the 100 youngest star particles in its vicinity (within R 0 ,
ee Section 3.2.1). The post-processing analysis is performed in the 
est-frame of the SMBH of the given galaxy. 

We define the stellar growth rate (SGR; SGR = dM ∗/ dt) as
he past change in stellar mass o v er a time interval t avg in a
hree-dimensional sphere of fixed physical size divided by t avg . In
ractice, we measure the difference in stellar mass in the considered
hysical volume between the current snapshot at time t and an
arlier snapshot near time t − t avg . We thus do not calculate SGRs
hen t avg is much shorter than the time interval between snapshots

10–25 Myr). In contrast, the star formation rate (SFR) is defined
s the stellar mass belonging to recently (within time t avg ) formed
tars currently present in a three-dimensional sphere divided by t avg .
t can be thus be calculated for both long and short t avg . Both SFRs
nd SGRs are subject to stellar mass-loss. 

We need to differentiate between mergers of SMBHs and mergers 
f the dark matter haloes in which they reside as not every halo
erger results in the merger of their central galaxies and not every

alaxy merger results in a prompt merger of their SMBHs. We thus
nalyse three different SMBH merger scenarios for the remainder of 
his paper. 

Our first model (‘ ALL MERGERS ’) assumes that SMBHs merge as
oon as their parent dark matter haloes merge, regardless of the mass
atio of the two haloes. This scenario results in the maximum possible
umber of SMBH mergers. Hence, this extreme scenario explores 
he most optimistic contribution of BH merging to SMBH growth. 

Our second model (‘ FEW MERGERS ’) poses more stringent con-
traints on SMBH mergers and is based on the distance d sep of the
wo parent haloes when they are identified as separate (sub-)haloes 
or the last time ( z merge ). Specifically, the SMBHs at the centres of
hese haloes are assumed to have merged by the next snapshot if (i)
heir d sep is smaller than 10 per cent R vir of the more massive of the
wo haloes or (ii) their dynamical friction time-scale t df is smaller than
he Hubble time at z merge . We adopt the following analytic estimate
f the dynamical friction time (Binney & Tremaine 1987 ): 

 df = 

M h1 R vir 

ln � M h2 V vir 
. (1) 

Here, M h1 and M h2 are the virial masses of the more massive
nd the less massi ve halo, respecti vely. Furthermore, � is Coulomb
ogarithm where ln ( � ) = ln (1 + M h1 / M h2 ). R vir is the virial radius
nd V vir is the circular velocity of the more massive of the merging
aloes. The less massive halo is often affected by tidal stripping at
he late stages of the halo merger. To mitigate the effect of stripping,
hich may extend the inferred merging time-scale, the maximum 

ass of the progenitors of the less massive halo is used instead of
ts current halo mass. A halo typically reaches its maximum mass
0–100 Myr before the halo merger. 
Our third option (‘ NO MERGERS ’) is to neglect SMBH mergers

ltogether so that SMBHs only grow via mass accretion throughout 
osmic time. 

.2 SMBH accretion rates 

.2.1 Gravitational torque-driven accretion 

opkins & Quataert ( 2011 ) introduced a model of gas accretion
rom kpc to sub-pc scales driven by gravitational torques. The 
MNRAS 511, 506–535 (2022) 
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Table 2. The fiducial model parameters used in our post-processing analysis 
(see the text). These parameters result in SMBH masses that are consistent 
with the local scaling relations for all considered variants of BH merging and 
positioning. 

Parameter name Fiducial setting 

Accretion model GTDA model 
Accretion cap 10 × Ṁ Edd 

Mass retention rate 10% 

Radial aperture 100 pc 
SMBH seed mass 10 4 M �
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unctional form of the BHAR in the gravitational torque-driven
ccretion (GTDA) model is 

˙
 BH , GTDA = εm αT × f d ( < R 0 ) 

5 / 2 ×
(

M BH 

10 8 M �

)1 / 6 

×
(

M tot ( < R 0 ) 

10 9 M �

)
×

(
R 0 

100 pc 

)−3 / 2 

×
(

1 + 

f 0 ( < R 0 ) 

f gas ( < R 0 ) 

)−1 

M �yr −1 

= θ ( εm , αT , f 0 , f gas R 0 , M BH , M ∗, M tot ) × M ∗( < R 0 ) 

10 9 M �
. 

(2) 

In the GTDA model, the accretion rate is calculated based on
he properties of gas particles inside of a sphere with a radial
perture ( R 0 ). All the terms in equation (2) have a radial aperture
 R 0 ) dependenc y e xcept the SMBH mass, εm 

, and αT . Here, αT is a
unction of nuclear star formation law (see equations 39 and 65 in
opkins & Quataert 2011 ); ho we ver, for practical reasons we set αT 

o 5 (see fig. 10 in Hopkins & Quataert 2011 ). The mass retention
ate εm 

is a fudge factor between 0 and 1 that reduces the analytically
erived accretion rate of the GTDA model. Physically, εm 

captures
he reduction in accretion rate due to unresolved winds. The product
f εm 

and αT is an o v erall normalization that co v ers the effects on
as dynamics (i.e. stellar and BH feedback) at unresolved scales
Angl ́es-Alc ́azar et al. 2017a ). 

The disc fraction f d is the ratio of the disc mass (stellar disc
ass + gas mass) to total baryonic mass (stellar mass + gas
ass). The accretion rate scales super linearly with the disc fraction,

˙
 ∝ f 

5 / 2 
d . M BH is the mass of the SMBH and M tot is the total

ass within the radial aperture ( R 0 ). The total mass is the sum of
ark matter and baryonic matter inside R 0 . Ho we ver, especially at
he central regions, baryonic matter dominates over dark matter.
lthough the accretion rate scales only linearly with the total mass

nside R 0 , the total mass is the determining factor for the accretion
ate on to SMBH. Amongst the remaining parameters, f gas is the
atio of the gas mass to the total baryonic mass inside R 0 and
 0 ≈ 0 . 31 f 2 d ( M tot / 10 9 M �) −1 / 3 . 
We update black hole masses in our post-processing analysis iter-

tively for each accretion model, as briefly explained in Section 3.2,
 BH , i + 1 = M BH , i + �t × Ṁ BH , i . We repeat the same analysis for

he densest (MAX) and average density (COM) centres, different
MBH merger treatments (with or without SMBH mergers) and
adial apertures ( R 0 ) changing from 1 kpc to 100 pc. The BHAR is
imited to the Eddington rate for the Bondi-like models (see below)
nd to ten times the Eddington limit for all other accretion models. 

.2.2 Bondi accretion and variants 

pherical accretion on to a point object has a solution known as Bondi
ccretion (Bondi & Hoyle 1944 ; Bondi 1952 ) and the corresponding
ccretion rate is 

˙
 BH , Bondi = αB × 4 π ( G M BH ) 

2 ρ( < R 0 ) (
v 2 bulk + c 2 s 

)3 / 2 . (3) 

In the equation abo v e, αB is the boost factor introduced by Springel
t al. ( 2005 ), G is the gravitational constant, and ρ is the volume
ensity of gas particles within R 0 . The bulk velocity of gas and the
ound speed are denoted by v bulk and c s , respectively. 

The Bondi model is valid for the case of hot virialized gas with
egligible angular momentum and radiative cooling. It does not
NRAS 511, 506–535 (2022) 
ccount for SMBH growth via accretion of high-density gas that
ends to cool efficiently. Hobbs et al. ( 2012 ) proposed a modification
o the Bondi model to account for the contribution of the halo to the
as dynamics. They replaced the relative velocity with the velocity
ispersion for the external potential, σ ∼ √ 

GM enc ( r) /r , and the
MBH mass with the enclosed mass of the external potential: 

˙
 BH , Hobbs = αH × 4 π ( GM enc ( < R 0 ) ) 

2 ρ( < R 0 ) (
σ 2 + c 2 s 

)3 / 2 . (4) 

.2.3 Empirical parametrizations 

bservational and theoretical evidence for a roughly constant ratio
etween BHAR and SFR rate has led to the idea that the growth of
MBHs and galaxies are coupled, especially at the nuclear scales
Hopkins & Quataert 2010 ; Volonteri et al. 2015 ; Yang et al. 2017 ;
ai et al. 2018 ). A simple ansatz is to model the SMBH accretion

ate as a linear function of the SFR inside R 0 : 

˙
 BH , SFR = 

SFR( < R 0 ) 

500 
. (5) 

Finally, we also use a simple accretion model for comparison
here the BHAR scales with the free-falling gas inside R 0 (Angl ́es-
lc ́azar et al. 2017c ): 

˙
 BH , dyn = γ × M gas ( < R 0 ) 

t dyn 
. (6) 

Here, γ is a scaling factor that controls the percentage of free-
alling gas accreted on to SMBHs. The typical values of γ changes
rom 0 to 100 per cent . The free-fall time-scale of the gas is t dyn =
 

3 
0 / (2 GM tot ( < R 0 )). 

 RESULTS  

.1 Parameter study 

n this section, we analyse how the choice of our model parameters
ffects the predicted SMBH growth. Our post-processing analysis
ncludes sev eral ke y parameters that influence the growth of SMBHs
uch as the SMBH seed mass ( M seed ), the black hole merger treatment
nd, most importantly, the accretion model (eqiuaton 2–6) and its
ree parameters, e.g. the mass retention rate ( εm 

) and the radial
perture ( R 0 ) for the GTDA model. We will use the fiducial values
or our model parameters in Table 2 together with the MAX centring
ethod and the FEW MERGERS model to see the precise impact of our
odel parameters. Throughout this paper, these settings (the fiducial

arameters from Table 2 , the MAX centring method and the FEW

ERGERS model) will be our primary choice unless stated otherwise.
We tested various values for the radial aperture ( R 0 ) in the absence

f self-regulating AGN feedback. As the top panel of Fig. 2 shows,
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Figure 2. Effect of varying the free parameters of the GTDA model on the 
SMBH mass for simulation A1 (FIRE-2). Top panel sho ws ho w SMBH mass 
changes with radial aperture ( R 0 ), while bottom panel shows the dependence 
of SMBH mass on mass retention rate, εm 

. All other model parameters are at 
their fiducial values (see Table 2 ). SMBHs are placed in the densest centres 
(MAX), and FEW MERGERS model is used to model SMBH growth. A larger 
R 0 slightly increases the SMBH mass, but o v erall the choice of R 0 has little 
impact on the growth history of the SMBH. In contrast, the SMBH scales 
approximately linearly with εm 
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Figure 3. Effect of the SMBH seed mass choice and a limit on the growth 
rate on the mass evolution of SMBHs for our fiducial settings with the FEW 

MERGERS model and SMBHs located in the densest centres (MAX). The top 
(bottom) panel shows the prediction if the growth rates are limited to ten times 
the Eddington rate (to the Eddington rate). The masses of SMBHs converge 
to ∼10 7 M � after 1.5–2 Gyr of cosmic time (by z ∼ 3 –4) independent of the 
initial seed mass. The influence of the seed mass on the growth of SMBHs is 
thus limited to high redshift in the progenitors of massive galaxies, and it is 
smaller if super-Eddington accretion rates are possible. 
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he growth history of SMBHs is only mildly affected if R 0 is varied
etween 100 pc and 1 kpc. This finding is perhaps surprising, given
hat the GTDA model has a strong dependence on the radial aperture
 R 0 ), Ṁ ∝ R 

−3 / 2 
0 . Ho we ver, v arious other terms in equation (2) also

epend on the radial aperture ( R 0 ), largely cancelling the o v erall
ependence on R 0 in agreement with similar tests in Angl ́es-Alc ́azar
t al. ( 2015 ). 

As shown in Hopkins & Quataert ( 2010 ), a smaller R 0 results
n a more precise prediction (lower scatter) of the instantaneous 
ccretion rate on small scales. Hence, to mimic the accretion from
alactic scales to sub-pc scales as accurately as we can, we adopt R 0 

 100 pc as the fiducial value. 
The mass retention rate εm is a normalization of the o v erall gas

ccretion rate. As the bottom panel of Fig. 2 highlights, varying the
ass retention rate creates a noticeable shift in the normalization 

f the SMBH mass, at any redshift. Hence, we can adjust the
ormalization of the predicted M ∗−M BH scaling relation by choosing 
n appropriate value of the mass retention rate (Angl ́es-Alc ́azar et al.
013 ). We adopt a mass retention rate of 10 per cent as our fiducial
alue. The fiducial values in Table 2 are chosen so that SMBH masses
n our post-processing analysis are in approximate agreement with 
he local M ∗−M BH scaling relation. 

Fig. 3 shows the insensitivity of the GTDA model predictions to
he black hole seed mass choice (Angl ́es-Alc ́azar et al. 2013 , 2015 ,
017a ). Specifically, SMBH seeds with masses 10 −10 5 M � result in
 similar SMBH mass by z ∼ 4.5 if accretion is limited to less than
en times Eddington and by z ∼ 3 in the case of Eddington-limited
ccretion. This convergence is a consequence of the SMBH accretion 
ate being only a weak function of black hole mass in the GTDA
odel. This figure suggests that observations of SMBH masses in 

he progenitors of massive galaxies at z > 3 −5 may provide useful
onstraints on the masses of the first black hole seeds. 
MNRAS 511, 506–535 (2022) 
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Figure 4. Contribution of gas accretion to the total SMBH mass for different 
simulations with FIRE-2 physics. Solid lines show the total SMBH mass M BH , 
while dashed lines show only the contribution from gas accretion computed 
via M BH , acc (t) = M BH ( t) − n × M seed , where n is the number of mergers up 
to the rele v ant redshift. The mass contribution from SMBH seeds is typically 
significant only at 3 > z > 6 and for intermediate-mass black holes even 
when adopting a relatively heavy seed mass (10 4 M �). Overall, gas accretion 
is the driving force for black hole growth throughout much of cosmic history. 
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Figure 5. Growth histories of SMBHs for different accretion models (see 
Section 3.2). In the absence of self-regulating AGN feedback, the Bondi 
accretion model and its modification by Hobbs et al. ( 2012 ) result in o v erly 
massive black holes at z < 4. In contrast, SMBHs grow more steadily in 
GTDA, SFR-based, and dynamical free-fall models, and, for appropriate 
choices of the o v erall normalization, the y lead to similar mass growth 
histories. 

Figure 6. Comparison of redshift evolution of gas fraction within the 100 pc 
and the entire galaxy of the most massive halo in the simulation A1 (FIRE-2). 
The solid black line is the gas fraction for the central galaxy, and the solid 
red line is for the central 100 pc region. Colour bar shows the mass ratio of 
merging haloes. Dots indicate the merging haloes coloured according to the 
mass ratio of the haloes. The area of the dots is proportional to the SMBH 

mass of the second halo. We only include the merging haloes with a mass 
ratio abo v e 0.001. 
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Fig. 4 compares the SMBH growth via gas accretion with the
ontribution from black hole seed masses for the A-series simulations
un with FIRE-2 physics (Angl ́es-Alc ́azar et al. 2017c ). For low-
ass SMBHs ( M BH < 10 6 M �) at 3 < z < 6, the seed mass

ontribution can be significant if relatively heavy seeds (here 10 4 M �)
re chosen. Ho we ver, most of the SMBH mass is acquired via gas
ccretion either in situ or by merging at lower redshifts. We refer
he reader to Fig. A2 for the same analysis with different seed 

asses. 
Fig. 5 compares the results for SMBH growth via GTDA with

he predictions of various other accretion models employed in the
iterature (see Section 3.2). These models can be divided into two
ypes. The first group includes models in which the accretion rate
epends strongly on the black hole mass, such as in Bondi accretion.
n this case, black holes may grow extremely fast in the absence
f AGN feedback. As a consequence, the predicted black holes are
 v erly massiv e compared to the local scaling relations. 
In the second group of models, accretion rates scale weakly with

MBH mass. These models use the properties of the host galaxy
uch as stellar mass, disc fraction, free-fall time-scale of gas and
FR. Such models result in a much more steady black hole growth

n massive galaxies from an initial seed mass of 10 4 M � at z > 7 to
MBHs of 10 8 M � or more by z = 1. The most significant difference
etween these two groups of accretion models is the necessity
f self-regulating AGN feedback to reproduce the local scaling
elations. The Bondi-like accretion models have a high dependence
n the SMBH mass, thus require strong AGN feedback to regu-
ate SMBH growth to provide reasonable SMBH masses (Angl ́es-
lc ́azar et al. 2015 ). Other models can produce matching results
ithout the need for expelling material from the centre of the host 
alaxy. 

Fig. 6 compares the gas fraction within the central 100 pc region
nd the whole galaxy for the simulation A1 with FIRE-2 physics.
t high redshift, gas fraction demonstrates a bursty behaviour until

tellar feedback becomes inefficient to remo v e gas from the central
egion of galaxy (Muratov et al. 2015 ; Angl ́es-Alc ́azar et al. 2017c ).
NRAS 511, 506–535 (2022) 
as fraction in the centre region follows the increase in the galactic
as fraction. This suggests that gas inflow at high redshift can
each to the central regions more easily compared to the galaxies
n the local universe. The change in the galaxy size could play
n important role for the bursty behaviour of gas fraction (Torrey
t al. 2017 ; Faucher-Gigu ̀ere 2018 ). Furthermore, peaks in gas
raction decrease rapidly at early times. The replenished gas reservoir
riggers expeditious SF and feedback from the newly formed stars
 v acuates gas from the star-forming regions. We refer the reader to
ig. A4 for a comparison of the gas fraction for different centring
ethods. 
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Figure 7. Different evolutionary phases in the M ∗−M BH scaling relation for the fiducial case ( M seed = 10 4 M �, R 0 = 100 pc, and εm 

= 10 per cent ), for 
different SMBH locations and merger treatments using the complete MASSIVEFIRE sample. Colour reflects the number of galaxies in each pixel for all 
simulation snapshots. The panels show SMBHs from their time of seeding ( z ∼ 6 –12) until the final redshift of each simulation (see Table 1 ). In each panel, the 
solid red line shows the M ∗−M BH scaling relation for disc galaxies in Reines & Volonteri ( 2015 ). The first row of panels use maximum-density centre and the 
second row of panels use centre of mass as the halo centre. Columns indicate M ∗−M BH scaling relation for different merger treatments. Early growth of SMBHs 
is suppressed when SMBHs are placed at the centre of mass of the halo (bottom panels), which is more strongly affected by stellar feedback compared to the 
maximum-density centre. The maximum-density location (top panels) result in SMBH growth at high redshift, in line with the local scaling relation. SMBH 

mergers make a considerable contribution to the total SMBH mass in intermediate-mass galaxies (8.5 < log ( M ∗/M �) < 10). Efficient SMBH growth starts 
when the stellar mass reaches ∼10 10 M �. SMBHs grow at a similar rate as their hosts in massive galaxies ( M ∗ > 10 11 M �). In all six cases, SMBHs end up with 
similar masses. Panel A is the most optimistic scenario for SMBH growth and results from Panels E and F are in line with the findings of Angl ́es-Alc ́azar et al. 
( 2017c ), in which early SMBH growth is suppressed due to strong stellar feedback. We refer the reader to Fig. A5 to see the effect of different seed mass choice 
on the M ∗−M BH scaling relation. 
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.2 Scaling relations 

.2.1 M ∗, M b , and σ versus M BH 

ig. 7 shows the relation between the stellar mass of the host
alaxies and SMBH masses for our fiducial set of parameters as
ell as for different assumptions regarding the SMBH location 

nd merger treatment. In all cases, SMBHs reach similar masses 
 M BH � 10 7 . 5 M �) in massive galaxies ( M ∗ � 10 11 M �). Different
ombinations of SMBH location and merger treatment result in 
ifferent tracks (see Volonteri 2012 for details) in the M ∗−M BH plane,
r  
otably at high redshift. For each case, ef ficient SMBH gro wth starts
round a similar stellar mass threshold ∼ 10 10 M �. 

The growth trend of SMBHs shown in Fig. 7 can be divided into
hree phases. During phase I ( M ∗ < 10 8.5 M �), the contribution of
lack hole mergers to the total SMBH mass is negligible (Dayal et al.
2019), Piana et al. (2021) ). Instead, early SMBH growth is driven
y accretion from the densest central region (upper panels in Fig. 7 ).
n this scenario, the growth of SMBHs and their host galaxies follow
he local scaling relation for AGN galaxies in Reines & Volonteri
 2015 ). In contrast, the early growth of SMBHs is shifted if they
eside in average density central regions (the lower panels in Fig. 7 ).
MNRAS 511, 506–535 (2022) 
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Figure 8. Same as Fig. 7 for the local M b −M BH scaling relation of H ̈aring & Rix ( 2004 ) (red solid line in the left-hand panels) and the local σ−M BH scaling 
relation of Mart ́ın-Navarro & Mezcua ( 2018 ) (red solid line in the right-hand panels) for the fiducial model ( M seed = 10 4 M �, R 0 = 100 pc, and εm 

= 10 per cent ). 
The solid blue and green lines in the right-hand panel are for local S ́ersic and Core-S ́ersic ETGs Sahu, Graham & Davis ( 2019 ), which are steeper than the 
MASSIVEFIRE prediction. The redshift range is same as in Fig. 7 . 
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During phase II (8.5 < log ( M ∗/M �) < 10), SMBH mergers play
n important role. In particular, SMBH mergers contribute more to
he growth of the SMBH mass than gas accretion. In contrast, SMBH
rowth stalls during this phase if SMBH mergers are not considered.
n our sample, the contribution from mergers peaks at 2 < z < 6
see Fig. 4 ). The impact of mergers is more pronounced when the
eed mass is heavier. We refer the reader to the Appendix for the
omparison of different seed masses. 

The SMBH merger treatment and the seed mass choice appear
ot to have a major impact on the SMBH mass at low redshift
n massive galaxies. In each case, we find ∼10 8 M � SMBHs in

10 11 M � galaxies (see Fig. 7 ). While this result disagrees with other
heoretical studies (Park et al. 2016 ; Shirakata et al. 2016 ), we suspect
he origin of this difference is in the modelling of the SMBH accretion
nd stellar feedback. For any accretion model that has a black hole
ass dependency in the form of BHAR ∝ M 

p 
BH for p > 0 (e.g. p = 1/6

or the GTDA model), the specific BHAR (sBHAR ≡ BHAR / M BH )
cales with M 

p −1 
BH . In the case of Bondi-like models, p is equal to 2

nd sBHAR scales linearly with the black hole mass. This means that
eavier black holes grow faster than smaller black holes in Bondi-like
odels for the same environmental conditions. 
SMBH masses are asymptotically insensitive to the seed mass if

H accretion is sublinear ( p < 1) (Angl ́es-Alc ́azar et al. 2015 , 2017a ).
n contrast, BH growth histories are highly sensitive to the initial seed
ass in the case of super-linear accretion ( p > 1), especially in the

bsence of AGN feedback and/or at early times when M BH ∼ M seed .
e note that the presence of feedback may (Taylor & Kobayashi

014 ) or may not (Dubois et al. 2015 ) affect the sensitivity of SMBH
rowth on the seed mass. 
Phase III of the SMBH growth starts with accelerated SMBH

rowth when the stellar mass of the host galaxy reaches ∼10 10 M �,
oughly coinciding with the time when the escape velocity of the
entral region becomes comparable to the velocity of galactic winds
Angl ́es-Alc ́azar et al. 2017b ). The transition around the threshold
ass is an empirical result from the simulations (Dubois et al.

015 ; Habouzit, Volonteri & Dubois 2017 ; McAlpine et al. 2018 ).
nterestingly, the threshold stellar mass for efficient SMBH growth
s similar to the divider between early and late type galaxies seen in
NRAS 511, 506–535 (2022) 
oth observ ations (Kauf fmann et al. 2003 ) and simulations (Bo wer
t al. 2017 ; Taylor, Federrath & Kobayashi 2017 ). We refer the reader
o Byrne et al. (in preparation; see also the discussion in Stern et al.
021 ) for a more detailed analysis of the physical drivers of delayed
ersus efficient SMBH growth. Finally, once galaxies reach a stellar
ass of M ∗ � 10 11 M �; this accelerated growth comes to an end.
fter this time, galaxies and SMBHs grow again at a similar rate. 
The relation between the stellar bulge and SMBH mass shown

n Fig. 8 is qualitatively similar to the relation between galaxy
tellar mass and SMBHS mass (Fig. 7 ). Typically, the M b −M BH 

elation predicted by our sample at high redshift falls below the local
 b −M BH scaling relation (H ̈aring & Rix 2004 ). Our post-processing

nalysis thus predicts that black hole masses are lower (or bulge
asses and galaxy masses are larger) than expected from the local

caling relations. 
We refer the reader to Fig. A7 for a comparison of the M b –M BH 

caling relation predicted by our post-processing analysis with the
orresponding on-the-fly and post-processing predictions by Angl ́es-
lc ́azar et al. ( 2017c ). The early growth of SMBHs is suppressed if
MBHs are placed in typical regions in the centre of galaxies instead
f the densest regions (COM model versus MAX model). In either
ase, the resulting SMBH masses at low redshift are not affected by
his SMBH placement choice. This result can be understood from
ig. A3 which shows that at late times ( z 
 4) the centre of the
alaxy becomes well defined. Both choices lead to virtually identical
MBH placements. 
Our standard approach to determine the velocity dispersion as-

umes non-rotating bulges (see Section 3 for details). We also show
he effect of replacing the velocity dispersion of the bulge with the
elocity dispersion of all-star particles in 1 kpc, within the half stellar
ass radius, and within the galactic radius in Fig. A1 , finding little

ifference. 

.2.2 SFR versus BHAR and inferred luminosities 

e convert our SFRs and BHARs into IR and bolometric luminosities
ia the following conversions: L IR = SFR × 1.49 × 10 10 L �

art/stac040_f8.eps
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Figure 9. Comparison of IR and bolometric luminosities derived from star formation and mass accretion rates with the observational data from literature 
(Omont et al. 2003 ; Priddey et al. 2003 ; Wang et al. 2011 ; Xu et al. 2015 ; Fan et al. 2016 ; Gruppioni et al. 2016 ; Netzer et al. 2016 ; Duras et al. 2017 ; Bischetti 
et al. 2018 ; D ́ıaz-Santos et al. 2018 ; Izumi et al. 2018 ). Data from observations are shown with black edge colours, coloured dots without edge colours are 
from post-processing analysis. Our predictions are consistent with the IR luminosity of low-redshift sources. However, our model is unable to reproduce the 
bolometric luminosities of the most luminous observed AGNs, falling short by several orders of magnitude. This suggests that most of the black holes at low 

luminosities in the early universe are below the detection limit of current observational surv e ys. 
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Kennicutt 1998 ) and L bol = η/ (1 − η) × Ṁ c 2 (see Fig. 9 ). Here,
is the radiative efficiency of the accreting black hole which is

enerally taken as 10 per cent . In general, we find good agreement 
etween our model predictions and observations at z < 2 and large
ifferences at high redshift. 
Specifically, Fig. 9 compares SFR and BHAR of our sample with 

he ones in galaxies hosting luminous AGN for z ≤ 4 (left-hand panel) 
nd z ≥ 4 (right-hand panel). The BHAR-SFR ratio scatters around 
 mean value of 1/10 3 , which is consistent with what Mullaney et al.
 2012 ) predict for main-sequence AGN at z = 1. High SFRs and
HARs seem to be characteristic features of observed AGN beyond 
 = 2, while MASSIVEFIRE simulations produce relatively moderate 
FRs and BHARs. Assuming our sample is a good representation of

ess luminous AGN and galaxies at high redshift, we predict a large
umber of yet unobserved low-luminosity AGN at high redshift. 
Observation and theory show that the average BHAR and the 

verage SFR correlate well (Mullaney et al. 2012 ; Volonteri et al.
015 ; Calhau et al. 2017 ; Dai et al. 2018 ). While the cause of this
orrelation is not yet fully understood, several explanations have 
een proposed. The first explanation refers to a common cause. In
articular, gas reservoirs in the galaxy are both the primary source 
or BH feeding and SF (Angl ́es-Alc ́azar et al. 2015 ). An alternative
xplanation is the idea that AGN activity may drive SF. For instance,
he high-velocity outflows from AGN can sweep the gas away and 
ierce a cavity along its way but also trigger SF by induced pressure
f the edges (Cresci et al. 2015 ). Hence, AGN feedback may enhance
F and be responsible for its suppression at the same time (Best &
eckman 2012 ; Ivison et al. 2012 ; Norris et al. 2012 ; Maiolino et al.
017 ). 
Fig. 10 shows how the ratios of BHAR/SFR and BHAR/SGR scale 

ith the total stellar mass of host galaxies in the A, B, and C-series of
ASSIVEFIRE . We also investigate how the relation between BHAR 

nd SFR (or SGR) depends on spatial scale ( < R gal and < 100 pc) as
ell as on the averaging time-scale t avg of the SFR and SGR (ranging

rom 5 to 100 Myr). The description of how SFRs and SGRs are
alculated is provided in Section 3.1. We caution that our results are
nferred by combining galaxies o v er a range of redshifts with lower
asses being probed at higher redshift. These scaling relations may 

hus look different if measured for a sample of galaxies of different
ass at a fixed redshift. 
When employing galaxy-wide SFRs or SGRs (the bottom row 

f Fig. 10 ), we find that the slope of the M ∗–BHAR/SFR relation
redicted by our study ( ∼0.80 ± 0.22) is in good agreement with
he slope ( ∼0.73 [ + 0.22, −0.29]) inferred based on a compilation
f observations of star-forming galaxies by Delvecchio et al. ( 2019 ).
o we ver, we predict a normalization of the relation that is approx-

mately an order of magnitude smaller than observed. Interestingly, 
he highest BHAR/SFR ratios that we obtain at a given stellar mass
atch observed values well, suggesting that observational selection 

iases against low-luminosity AGN could be an explanation for the 
ifference in normalization. If we aim to match the normalization by,
.g. boosting the mass retention rate from 5 per cent to 25 per cent ,
ur predicted SMBHs become too massive at low redshift and thus
nconsistent with the local M ∗−M BH scaling relation. 

The analogous relations measured within the central 100 pc (the 
op row of Fig. 10 ) are significantly different. The y hav e significantly
arger normalization and a shallower slope. Furthermore, we find 
hat the scatter of the BHAR/SFR and BHAR/SGR relations remains 
ery substantial even when SFRs and SGRs are measured within the
entral regions of galaxies. In fact, we find that using central SFRs
nd SGRs result in a larger scatter than using galaxy-wide SFRs and
GRs. 
This latter result is perhaps somewhat unexpected. The BHAR 

hould better correlate with the nuclear SFR rather than the total SFR,
xcept during galaxy mergers, since the time-scales of the nuclear star
ormation and the accretion on to SMBHs are close to the dynamical
ime-scale of matter in the nuclear region ( ∼100 pc) Hopkins &
uataert ( 2010 ). A similar conclusion was reached by Yang et al.

 2019 ). Ho we ver, during mergers the total SFR of the host galaxy
orrelates well with BHAR because global dynamics becomes more 
mportant than the local processes in terms of angular momentum 

oss (Volonteri et al. 2015 ). Fig. 10 shows that the difference in scatter
MNRAS 511, 506–535 (2022) 
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Figure 10. The relations between the galaxy stellar mass and the black hole accretion rate (BHAR) in the GTDA model normalized to the SFR or the SGR. 
The upper panels show BHAR / SFR (circles) and BHAR / SGR (diamonds) within the central 100 pc region of galaxies in the A-C series of MASSIVEFIRE , 
while the lower panels show the same relations based on the total SFR and SGR. The columns refer to different averaging times used to compute the SFR and 
SGR: (first column) time between snapshots, (second column) 5 Myr averaging time, (third column) 20 Myr averaging time, (fourth column) 100 Myr averaging 
time. The time difference between snapshots varies from 10 Myr at high redshift to 25 Myr at z = 2, thus preventing us from calculating SGRs in the second 
column. Dashed and dot–dashed lines show best fits of the M ∗ − BHAR / SFR and M ∗ − BHAR / SGR relations from our simulated sample at z = 1 −4. Data 
points are colour-coded according to redshift: z = 4 (red), z = 3 (green), z = 2 (blue), and z = 1 (purple). The relation between BHAR and SFR (or SGR) 
shows less scatter when galaxy-integrated SFRs (or SGRs) are used. Solid black lines show the fit from Delvecchio et al. ( 2019 ) based on SFRs of 0.5 < z < 3 
galaxies. It should be compared to the model predictions (dashed lines) in the lower panels. The BHAR normalized to SFR (or SGR) increases with the stellar 
mass of galaxies in MASSIVEFIRE in qualitative agreement with observ ations. Ho we ver, we predict a large number of galaxies with BHARs that are an order of 
magnitude lower than expected from the fit by Delvecchio et al. ( 2019 ). Overall, slope, normalization, and amount of scatter can vary widely depending on how 

SFRs and SGRs are calculated. 
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etween the central and the whole-galaxy BHAR/SFR relations is
ost noticeable at high redshift, when mergers are expected to be
uch more frequent (Netzer et al. 2016 ; Silva et al. 2021 ). Hence,

igh merger rates at high z provide a possible explanation of our
esult (Duncan et al. 2019 ). 

The precise slope, normalization, and scatter of the relation
etween M ∗ and BHAR/SFR (or BHAR/SGR) in Fig. 10 varies
epending on the averaging time-scale (the different columns of
he figure show averaging times ranging from 5 to 100 Myr). First,
he slope decreases when the averaging time-scales are increased.
econdly, the scatter increases especially when comparing the M ∗-
HAR/SFR relation on 100 pc scales for short and long averaging

imes. Overall, ho we ver, the choice of the averaging time-scale plays
 much smaller role than the choice of the spatial scale o v er which
FRs (or SGRs) are measured. 
The figure also reveals that the BHAR/SGR relation at z = 1 −4

as a steeper slope ( ∼1.40 ± 0.25) than the BHAR/SFR relation. This
nding implies that the SFR increases more strongly with increasing
tellar mass than the SGR, while the opposite behaviour would have
een expected based on the increased galaxy merging activity in
assive galaxies (Ferreras et al. 2014 , 2016 ; Zahid et al. 2019 ).
o we ver, the SGR dif fers from the SFR not only by the additional
erger contribution but also by the decrease in stellar mass of stars

lready present at time t − t avg , i.e. those formed before t − t avg . This
eduction in stellar mass can arise in multiple ways. First, supernovae
NRAS 511, 506–535 (2022) 
nd stellar winds return mass from the stellar component to the gas
omponent. The contribution of this stellar mass loss to the SGR
when av eraged o v er t avg ) becomes less severe with increasing t avg ,
n agreement with the results shown in Fig. 10 , as a single stellar
opulation loses much of its mass early on (Chabrier 2003 ). Secondly,
tellar mass may also be lost when stellar particles migrate outside the
xed physical radius used to calculate the SGRs. We thus conclude

hat the steeper scaling of the M ∗–BHAR/SGR relation reflects the
igher importance of stellar mass-loss compared with galaxy mergers
n our sample. 

.2.3 Redshift evolution of M ∗−M BH 

ig. 11 presents how the M ∗−M BH scaling relation changes with
edshift. To arrive at quantitative estimates of the slope of the scaling
elation, we fit log stellar masses of all galaxies abo v e 10 8 M � in our
ample as well as their SMBHs at redshifts z = 0, 1, 2, 4, 6 with a
inear function. We also estimate the slopes for galaxies with stellar

asses between 10 8 M � and 10 10 . 5 M � to mitigate biases due to the
ncreasing stellar mass with redshift for the galaxies in our sample. 

We fit the slope and normalization of the M ∗−M BH relation shown
n Fig. 11 via linear regression (see Table 3 ). In the ALL MERGERS

nd FEW MERGERS models, the slope and normalization evolve only
ildly with redshift, especially at z ≤ 4. In contrast, the NO MERGERS
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Figure 11. Effect of SMBH mergers on M ∗−M BH scaling relation for the 
full sample of 34 FIRE simulations from the MASSIVEFIRE suite for our 
fiducial model parameters and the densest central region (MAX). Triangles 
and squares show data belonging to simulations that were run with FIRE-1 and 
FIRE-2 physics, respecti vely. Dif ferent colours represent different redshifts. 
The solid line stands for the fit function from Reines & Volonteri ( 2015 ), 
while the dashed line is its extrapolation. Dotted dashed lines show linear 
fits to the log M ∗−log M BH at z = 0 −6. The fit only uses galaxies with M ∗
≥ 10 8 M � to minimize the impact of the SMBH seed mass choice on the 
slope. The slope of the M ∗−M BH scaling relation is close to linear at z = 0 
(0.93 ± 0.18, 0.96 ± 0.18, 0.97 ± 0.18), while the slope of Reines & Volonteri 
( 2015 ) for disc galaxies is 1.05 ± 0.11, but decreases with increasing redshift 
(e.g. 0.05–0.6 at z = 6 depending on the SMBH merger model). A model with 
a higher number of SMBH mergers typically results in a steeper slope. The 
importance of mergers is particularly evident at high redshift, while the slope 
at the late times is not affected much, in agreement with our previous finding 
(Fig. 4 ) that SMBH mass at low redshift is primarily set by gas accretion and 
not SMBH mergers. 
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Table 3. Linear regression of the M ∗−M BH scaling relation shown in 
Fig. 11 , as log M BH = Slope × log (M ∗/ 10 10 M �) + Norm . The first and sec- 
ond columns show the mergers model used in the post-processing analysis and 
the redshift. The third and the fourth columns show slope and normalization 
of the linear fit when we include only galaxies with 8 ≥ log M ∗/M � < 10.5 
from our sample. The lower table lists the slope and normalization that we 
obtain when we include all galaxies with M ∗ ≥ 10 8 M �. SMBH mergers have 
a significant impact on the slope and normalization of the M ∗−M BH scaling 
relation, especially at z ≥ 2. In the ALL MERGERS and FEW MERGERS models, 
the slope and normalization evolve much more gradually with redshift (with 
only mild changes since z = 4) than in the NO MERGERS model. 

8 ≥ log M ∗ < 10.5 
Merger model z Slope Norm. 

All mergers 6.0 0.603 ± 0.057 5.680 ± 0.062 
All mergers 4.0 0.656 ± 0.073 5.789 ± 0.070 
All mergers 2.0 0.819 ± 0.058 5.965 ± 0.066 
All mergers 1.0 0.745 ± 0.092 5.960 ± 0.120 
All mergers 0.0 0.790 ± 0.324 6.117 ± 0.480 

Few mergers 6.0 0.401 ± 0.055 5.354 ± 0.0600 
Few mergers 4.0 0.508 ± 0.076 5.570 ± 0.073 
Few mergers 2.0 0.696 ± 0.056 5.788 ± 0.064 
Few mergers 1.0 0.717 ± 0.092 5.920 ± 0.120 
Few mergers 0.0 0.788 ± 0.322 6.099 ± 0.477 

No mergers 6.0 0.063 ± 0.065 4.644 ± 0.070 
No mergers 4.0 0.194 ± 0.067 4.991 ± 0.064 
No mergers 2.0 0.421 ± 0.058 5.345 ± 0.066 
No mergers 1.0 0.653 ± 0.094 5.799 ± 0.123 
No mergers 0.0 0.676 ± 0.310 5.909 ± 0.460 

log M ∗ ≥ 8 
All mergers 6.0 0.603 ± 0.054 5.680 ± 0.057 
All mergers 4.0 0.691 ± 0.070 5.824 ± 0.066 
All mergers 2.0 0.887 ± 0.038 6.035 ± 0.041 
All mergers 1.0 0.936 ± 0.053 6.204 ± 0.069 
All mergers 0.0 0.972 ± 0.183 6.390 ± 0.266 

Few mergers 6.0 0.400 ± 0.052 5.352 ± 0.055 
Few mergers 4.0 0.572 ± 0.078 5.635 ± 0.074 
Few mergers 2.0 0.800 ± 0.043 5.895 ± 0.047 
Few mergers 1.0 0.926 ± 0.054 6.186 ± 0.070 
Few mergers 0.0 0.965 ± 0.182 6.363 ± 0.264 

No mergers 6.0 0.048 ± 0.061 4.626 ± 0.065 
No mergers 4.0 0.329 ± 0.096 5.129 ± 0.091 
No mergers 2.0 0.657 ± 0.062 5.600 ± 0.067 
No mergers 1.0 0.890 ± 0.058 6.100 ± 0.075 
No mergers 0.0 0.932 ± 0.179 6.292 ± 0.260 
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odel shows a significant evolution of the M ∗−M BH relation with 
hallower slopes and lower normalizations at higher redshift. We 
erform the linear regression both on our complete galaxy sample 
nd on galaxies with stellar masses between 10 8 M � and 10 10 . 5 M �,
nding very similar results in either case. Clearly, the frequency of
MBH mergers play a critical role in shaping the M ∗−M BH relation
t higher redshift. 

The left-hand panel shows the M ∗−M BH scaling relation in the 
LL MERGERS model. Overall, the predictions of this model are 

n line with the local M ∗−M BH scaling relation from Reines &
olonteri ( 2015 ). The dot–dashed lines are the best-fitting lines for
ASSIVEFIRE data selected at certain redshifts. The slope of these 

t lines increases from z = 6 to z = 0. The middle panel of Fig. 11
hows the predictions when we consider a more realistic model of
MBH merging (the FEW MERGERS model). Here, the M ∗−M BH 

caling relation has a noticeably shallower slope, especially at z > 

, compared to the ALL MERGERS ansatz. When SMBH mergers are 
ot considered ( NO MERGERS ), SMBH masses at z = 2, 4, 6 are well
elow the local scaling relation but they still catch up to the local
elation at z < 1. In summary, SMBH mergers have a significant
ffect on the M ∗−M BH scaling relation, especially at high redshift.
ence, by accurately measuring the redshift evolution of the galaxy–
MBH scaling relation, it may be possible to constrain the rates of
MBH merging. 
Fig. 12 contains a literature compilation of the correlation between 

he properties of host galaxies such as stellar (Merloni et al. 2010 ;
ormendy & Ho 2013 ; Reines & Volonteri 2015 ; Bentz & Manne-
icholas 2018 ), bulge (Savorgnan et al. 2016 ; Sahu et al. 2019 ),

nd dynamical mass (Maiolino et al. 2005 ; Riechers et al. 2009 ;
 enemans et al. 2012 ; V enemans et al. 2013 ; Wang et al. 2013 ;
a ̃ nados et al. 2015 ; Kimball et al. 2015 ; Willott, Bergeron & Omont
015 ; Bischetti et al. 2016 ; Venemans et al. 2016 ; Wang et al. 2016 ;
rakhtenbrot et al. 2017 ; Decarli et al. 2018 ; Eilers, Hennawi &
avies 2018 ; Feruglio et al. 2018 ; Izumi et al. 2018 ; Tsai et al. 2018 )

nd SMBH mass for 0 � z � 7.5. Here, bulge mass represents a
ower limit for the stellar mass of the host galaxy while dynamical

ass reflects an upper limit for the stellar mass. SMBH masses
n this sample are determined via spectral lines for the AGN host
alaxies and dynamics for the elliptical galaxies in the local universe.
ombining the various observational data we find that log M BH ∼

1 . 20 ± 0 . 06) log ( M gal / 10 11 M �) + (8 . 34 ± 0 . 04), where M gal is the
tellar mass for most observations, and bulge or dynamical mass for
he remaining observations. 

We also study how the offset of SMBH mass from this average
elation, � log ( M BH ) obs , evolves with redshift. We fit the observa-
MNRAS 511, 506–535 (2022) 
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Figure 12. Left-hand panel: Observed M ∗, M b , M dyn −M BH scaling relation for 7.5 � z � 0. Red, green, and blue data points indicate, respectively, bulge mass, 
stellar mass, and dynamical mass for both panels. Bulge masses put a lower limit to the stellar mass of the galaxies while dynamical mass is the upper limit for 
the galaxy stellar mass. Different lines correspond to the best-fitting lines taken from literature, HR04 (H ̈aring & Rix 2004 ), KH13 (Kormendy & Ho 2013 ), 
MM13 (McConnell & Ma 2013 ), and RV15 (Reines & Volonteri 2015 ). The black solid line is our best-fitting line to the whole data. Red solid and dashed lines 
show 1:1 and 1:10 mass ratios. Right-hand panel: Observed redshift evolution of � log ( M BH ) obs calculated using a best-fitting line (black solid line) of left-hand 
panel. The black solid line shows the best-fitting line for all data in the form of � log ( M BH ) obs = δ1 + δ2 log (1 + z), which suggests a relatively steep redshift 
evolution ( ∝ 1.49 ± 0.10) of the M ∗ − M BH scaling relation from z ∼ 0 to z = 7.54, compared to what Merloni et al. ( 2010 ) and Ding et al. ( 2020 ) found δ2 = 

0.68 ± 0.12 for 1.1 < z < 2.2 and δ2 = 1.03 ± 0.25 for 0 < z < 1.7, respectively. 
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ional data in Fig. 12 via linear regression finding � log ( M BH ) obs =
1.49 ± 0.10) × log (1 + z) − (0.28 ± 0.04) pointing to a super linear
orrelation. Measuring the offset with respect to the observed M b −
 BH or M dyn − M BH results in slopes that vary between 1.38 ± 0.11

nd 1.57 ± 0.10. Merloni et al. ( 2010 ) report a positive slope of
0.68 ± 0.12 for their sample between 1 < z < 2.2, as well as Ding

t al. ( 2020 ) reporting 1.03 ± 0.25 for 0 < z < 1.7. 
The slope we obtain with the observational sample is ≈2.5 times

arger than the slope reported by Merloni et al. ( 2010 ). Also, the
ffset of SMBH mass appears to steadily increase with redshift.
he difference between our re-analysis of observational data and the

esults by Merloni et al. ( 2010 ) are thus likely attributable to selection
ffect as many new sources at high redshift were disco v ered in the
ast decade. 

The result of a similar analysis for the MASSIVEFIRE sample is
hown in Fig. 13 for a variety of seed masses, centring methods
nd stellar mass bins. A detailed version of Fig. 13 is shown in
ig. A6 . We only include SMBHs with host galaxies that have stellar
asses larger than 10 9 M �, to stay consistent with the observational

ata from the literature. The left-hand panel of Fig. 13 contains the
est-fitting lines for different cases. The offset of M BH from the
est-fitting line ( � log ( M BH ) pp ) is computed for post-processing data
ollowing the same method in Fig. 12 . However, our simulations
how that the offset generally decreases with redshift on the right-
and panel of Fig. 13 , i.e. SMBHs at high redshifts tend to be
ndermassive compared to the local M ∗−M BH scaling relation (see
ig. A6 ). Consequently, our simulations predict a large number of

ow-luminosity AGN in high-redshift galaxies. The result holds
or all different post-processing models. Furthermore, the most
e gativ e slopes are obtained in low-mass galaxies ( M ∗ < 10 10 M �)
hen SMBHs are placed at the densest regions (MAX) and in
 r

NRAS 511, 506–535 (2022) 
assive galaxies ( M ∗ > 10 10 M �) when a COM placing is used.
he difference between our simulation results and observational
ata may be explained by selection effects that bias the samples
f observed high redshift AGN. Efforts in the search for the low-
uminosity AGNs in the early universe (i.e. Subaru High- z Explo-
ation of Low-luminosity Quasars Project; Matsuoka et al. 2016 )
re therefore paramount to better constrain the redshift evolution of
 log ( M BH ) obs . 

.3 The slope of the M ∗−M BH 

scaling relation 

he slope of the M ∗−M BH scaling relation contains essential infor-
ation about the growth trends of SMBHs and their host galaxies. In

articular, it is set by the interplay of the stellar mass, the black hole
ass, the black hole accretion rate (BHAR), and the stellar growth

ate (see equation 7). In this section, we will discuss the slope of the
rajectory of black holes evolving in the M ∗−M BH plane. We note
hat this slope is not strictly identical to the slope of the M ∗−M BH 

elation of a population of galaxies with different stellar masses at a
xed redshift. Ho we ver, for the latter we find only a small amount of
edshift dependence at z < 4 implying that the slope of trajectories
n the M ∗−M BH plane will be similar to the slope of a population of
alaxies and SMBHs at fixed redshift for z < 4: 

lope = 

dlog M BH 

dlog M ∗
= 

sBHAR 

sSGR 

= 

M ∗
M BH 

×BHAR 

SGR 

. (7) 

According to eqiuaton (7), the slope is larger (smaller) than unity
hen the sBHAR exceeds (is less than) the sSGR. The slope goes to

ero when the black hole ceases to grow, and it reaches infinity for a
rowing SMBH in a non-growing galaxy. When the specific growth
ates of the SMBH equals that of its host galaxy, the slope is unity. 
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Figure 13. Left-hand panel: Best-fitting lines of the M ∗−M BH relation in the FEW MERGERS model for various seed masses (10 2 M � in green, 10 3 M � in red, 
and 10 4 M � in blue) and centring methods (solid lines for MAX, dashed lines for COM). We calculate � log (M BH ) pp (see the text) as the offset from these best 
fit lines. Right-hand panel: Change in slope ( δ2 ) for different stellar mass bins in the ‘ FEW MERGERS ’ model. Here, δ2 represents the slope of the best-fitting lines 
in log (1 + z ) versus � log ( M BH ) pp (see Fig. A6 ). Different colours refer to different seed masses (see the legend). Dots and triangles show results for MAX and 
COM centring methods, respectively. The x error bars indicate half the size of the stellar mass bins, while y error bars show the fit error of the slope, δ2 . The 
slope is generally ne gativ e and tends to increase with increasing stellar mass, except in the COM centring model with M seed ≥ 10 3 M �. 
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Panels A and B of Fig. 14 show how the trajectory and the slope
f the most massive galaxy in the simulation A1 evolves in the FEW

ERGERS model and with MAX centring. Here, we calculate the 
lope based on the (smoothed) trajectory of the galaxy and its SMBH
n the M ∗−M BH plane. More precisely, the smoothed trajectory is
alculated with the help of sliding bins in log stellar mass of width
.1 and with subsequent shifts of 0.01. The slope is then calculated
rom the smoothed trajectory using a 0.1 dex in stellar mass. 

Subsequently, we analyse the various terms in equation (7) to see 
o w they af fect the slope. According to the panel C of Fig. 14 , the
BHAR sho ws significant v ariations but not a strong evolutionary 
rend, except for a moderate decrease with increasing stellar mass 
hen M ∗ � 10 10 . 3 M �. Overall, the sBHAR mostly lies between
0 −1 and 1 Gyr −1 . In contrast, the sSGR in panel D decreases steadily
ith time (and stellar mass). It starts at 10 1.5 Gyr −1 and reaches 10 −1 

yr −1 when the galaxy becomes massive. Hence, at early times 
when the galaxy mass is low), the sBHAR is often much lower
han the sSGR resulting in a sub-unity slope. By the time the galaxy
eaches a stellar mass of M ∗ ∼ 10 10 . 3 M �, the sSGR has decreased
ufficiently such that the sBHAR is now larger than the sSGR and
he slope becomes very large. Subsequently, the sBHAR decreases 
o a similar level as the sSGR and the slope reaches unity. 

Another perspective can be gained by comparing the sSGR and 
BHAR to the inverse Hubble time t −1 

Hubble in panel E. When the galaxy
as a relatively low stellar mass, the sSGR exceeds the inverse Hubble 
ime indicating a quickly growing galaxy. In contrast, the sBHAR 

ypically falls below t −1 
Hubble during this time, indicating slow SMBH 

ro wth. Ho we ver, as soon as the galaxy reaches M ∗ ∼ 10 10 . 3 M �,
he sBHAR approaches and then exceeds t −1 

Hubble . Hence, when the 
alaxy becomes massive, the SMBH grows as fast as or even faster
han its host galaxy on an inverse time-scale similar to t −1 . 
Hubble 
Equation (7) allows us to further understand the slope of the
 ∗−M BH relation via the BHAR, SGR, and the M ∗/ M BH ratio. In

articular, the panel F of Fig. 14 shows that the M ∗/ M BH ratio does
ot change enough to affect the trend of the slope o v er much of the
istory of this galaxy. A change in M ∗/ M BH is thus clearly not driving
he slope of the M ∗−M BH relation. Instead, the slope is set by the
HAR-to-SGR ratio. Whenever this ratio exceeds the M ∗/ M BH ratio,

he slope becomes large, while for small values of the BHAR to SGR
atio (i.e. when BHAR < 10 −4 SGR ), the slope is below unity. 

Finally, Fig. 14 also offers insights into which of the two terms,
HAR and SGR, plays a more important role in setting the slope
f the M ∗−M BH relation. The slope is low at early times because
he BHAR is there much lower than the SGR. A higher slope would
equire either faster SMBH growth or slower galaxy growth. Subse- 
uently, when the galaxy grows its stellar mass from M ∗ ∼ 10 10 . 1 M �
o M ∗ ∼ 10 10 . 4 M �, the BHAR increases and the SGR decreases. This
ombination results in a BHAR-to-SGR ratio that finally exceeds 
10 −4 and thus a high value of the slope. Subsequently, the SGR

lightly increases again, while the BHAR remains nearly constant 
esulting in BHAR ≈ SGR and thus an approximately linear slope. 
urthermore, a slope change at a later time is well correlated with a
hange in the BHAR while the SGR is approximately constant. We
herefore conclude that both the BHAR and the SGR contribute in a
ignificant manner to the slope evolution of the M ∗−M BH relation. 

.4 Understanding the slope of the M ∗−M BH 

relation 

n this section, we introduce two simple models, a one- and a
wo-zone model, for the growth of SMBHs based on the stellar
rowth history of the host galaxy to offer additional insight into
he origin of the M ∗−M BH scaling relation in the context of the
MNRAS 511, 506–535 (2022) 
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(a)

(c)

(e) (f)

(d)

(b)

Figure 14. Factors that affect the slope of the M ∗−M BH scaling relation for simulation the A1 run with FIRE-1 physics. Panel A shows the predicted M ∗−M BH 

scaling relation for the FEW MERGERS model and MAX centring method. The coloured data points are from our post-processing analysis, and the solid black 
line is the smoothed and averaged M ∗−M BH relation with a bin size of � log ( M ∗) = 0 . 1 M � and a step size of 0 . 01 M �. The colour bar indicates the redshift 
of the coloured data points in Panel A. The instantaneous slope ( ≡ � log M BH / � log M ∗) of M ∗−M BH is shown with a solid black line in P anel B. P anels C and 
D sho w ho w the average specific gro wth rates of both the SMBH and the host galaxy change o v er stellar mass. F or log ( M ∗) ∼ 10.4, the sBHAR reaches its 
maximum while the sSGR reaches its minimum. Panel E includes the comparison of the inverse Hubble time ( t −1 

Hubble , magenta line), average specific growth 
rate history of the SMBH ( sBHAR , green line), and the host galaxy ( sSGR , blue line). The difference between the green and red lines determines the slope of 
the M ∗ − M BH scaling relation. The final panel shows the components of equation (7) that are responsible for the shape and the normalization of the slope in 
Panel B. The difference between the black and blue lines gives the slope where BHAR seems responsible for its trend. 
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TDA model. In both models, the stellar mass of the galaxy is
iven by the integral of their star formation rates. Ho we ver, the
odels differ in how they calculate the BHAR. In the one-zone
odel, the central mass that determines the accretion rate is set

o a fixed fraction (5 per cent) of the total stellar mass of the
alaxy. In contrast, in the two-zone model the central to total stellar
ass ratio is allowed to vary. We start by making the following 

ssumptions: 

(i) First, we assume that the total mass within R 0 is dominated
y the stellar mass, M tot ( < R 0 ) ∼ M ∗( < R 0 ). This assumption
olds in our simulations (see Fig. A4 ), as the stellar-to-total ratio
s close to unity for z � 6. At higher redshift, this basic assumption
ay break down. We refer the reader to Section 5 for the caveats
hen modelling SMBH growth via the GTDA model in the early 
niverse. 
NRAS 511, 506–535 (2022) 
(ii) Secondly, we split equation (2) into the term M tot ( < R 0 ) ∼
 ∗( < R 0 ) and collect all other dependencies into a time-dependent

unction θ . In this approximation, the BHAR becomes proportional
o the total stellar mass inside R 0 . This ansatz allows us to directly
ie the slope to the stellar growth history of the host galaxy. 

(iii) Thirdly, we ignore the merger contribution to SMBH growth.

With the assumptions listed abo v e, we can link the growth of
MBHs to the growth of their host galaxies. The BHAR scales
seudo-linearly with the stellar mass of a galaxy, 

HAR = θ (t) × M ∗
10 9 M �

, (8) 

where θ ( t ) encapsulates the rather complex dependencies of
quation (2). Finally, we assume that θ can be modelled by a

art/stac040_f14.eps
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Figure 15. Results from the one-zone model. The first row show the average SGR measured from the A, B, and C-series of MASSIVEFIRE at z ≥ 1 (dark blue) 
and for the two simulations that continue below z = 1 (light blue). The solid line shows three scenarios of how the z > 1 SGR can be extended to low z . From 

left-to-right) the SGR decreases by half a dex between z = 1 and z = 0, remains constant at the value at z = 1, or increases by half a dex. The second row shows the 
average stellar mass (red), while the third ro w sho ws the average θ ( t ) parameter (see equation 2), which normalizes the pseudo-linear dependence of the BHAR on 
M ∗. The θ ( t ) parameter is assumed to remain constant at the z = 1 value in the left and right columns, but it decreases by half a dex between z = 1 and z = 0 in the 
middle column. The fourth ro w sho w the sSGR, the sBHAR while the fifth panel shows the slope of the trajectory in M ∗−M BH space derived from equation (7). 
The trajectory in M ∗−M BH space is shown in the bottom row as a coloured line indicating the redshift. These panels also show the M ∗−M BH scaling relation from 

the post-processing analysis as an histogram. The shaded region shows the result from post-processing analysis using fiducial settings (see Fig. 7 ). The one-zone 
model describes the o v erall evolution of simulated galaxies in the M ∗−M BH space well, despite its high degree of simplification compared to the full GTDA model. 
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arametric function of the form 

(t) = x 1 exp 

(
− t − t ∗

τ

)
+ x 2 (9) 

o simplify our analytic calculations. The values x 1 = 0 . 052 M � yr −1 , 
 2 = 0 . 002 M � yr −1 , t ∗ = 0.35 Gyr, and τ = 0.23 Gyr result in θ ( t )
 R  
hat is (at z ≥ 1) in good agreement with our full post-processing
nalysis (see Fig. 15 ). 

The SGR is simply expressed as the change in the stellar mass
ithin R ( � M ∗( < R )/ � t ) between two adjacent snapshots in the post-
rocessing analysis. Here, R refers to either the radius of the central
egion R 0 or to the size of the galaxy R gal . The stellar mass ( M ∗( <
 )) is obtained by integrating a function fitted (see equation 10) to
MNRAS 511, 506–535 (2022) 
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he central SGR data from the post-processing analysis: 

GR( < R ) = a 1 tanh 

(
t − t ∗

τ

)
+ a 2 . (10) 

The stellar mass in fixed radius R is connected to the stellar growth
ate within the same radius via the integral: 

 ∗( < R ) = 

∫ t 

t 0 

SGR ( < R ) d t ′ . (11) 

Finally, the black hole mass is given as 

 BH = M seed + 

∫ t 

t 0 

BHAR d t ′ , (12) 

ith M seed = 10 4 M � placed at z = 20 ( t 0 ∼ 180 Myr) as the fiducial
ase. 

.4.1 Predictions of the one-zone model 

he one-zone model makes the simplifying assumption that M ∗( <
 0 ) ∝ M ∗( < R gal ). As a result, the BHAR is directly linked to the stellar
ass of galaxies. We adopt a pre-factor of 5 per cent to approximately
atch the observed normalization for the M ∗−M BH relation and to

ring the predictions of the one-zone model in better agreement with
he results of the two-zone model discussed in the next section. 

First, we demonstrate how different analytical SGR histories affect
he evolution of the slope of the M ∗ −M BH relation. For instance, let
s assume a constant SGR evolution in the form of SGR = c 1 , where
he unit of c 1 is mass o v er time. Then, the host galaxy stellar mass
ecomes M ∗ = c 1 t, and 

HAR = 0 . 05 
θ ( t) c 1 t 

10 9 M �
. (13) 

By inserting equation (13) into equation (12), we arrive at the
ollowing estimate for the SMBH mass 

M BH = M seed + 0 . 05 
x 1 c 1 

10 9 M �
τ 2 �1 ( t) + 0 . 05 

x 2 c 1 
10 9 M �

t 2 

2 
, 

1 ( t) = −
(

t 

τ
+ 1 

)
exp 

(
− t − t ∗

τ

)
+ exp 

(
t ∗
τ

)
. (14) 

A constant SGR thus yields a slope of 

lope = 

M ∗
SGR 

×BHAR 

M BH 

= 

c 1 t 

c 1 
× x 1 t exp 

(− t−t ∗
τ

) + x 2 t 
M seed 10 9 M �

0 . 05 c 1 
+ x 1 τ 2 �1 ( t) + x 2 

t 2 

2 

= 

{
0 as t −→ 0 
2 as t −→ ∞ . 

(15) 

In particular, the slope is 0 when the black hole seed mass is
uch larger than the accretion contribution ( M seed �

∫ 
BHAR dt ′ ).

t early times the slope is thus rather shallow unless the seed
ass is sufficiently small (see Fig. 7 ). Instead, when the accretion

ontribution matches surpasses the seed mass, the slope approaches
2 for a constant SGR. The slope takes various values for 0 � t
 ∞ , and sometimes the same value more than once. Therefore,

quation (15) explains the slow-to-fast transition of SMBH growth
een (e.g. in Fig. 7 ). At early times, the SMBH mass is dominated
y its seed mass. Hence, the slope is shallow. At late times, the seed
ass is small compared to the accreted mass and the slope is thus

teep. 
NRAS 511, 506–535 (2022) 
Another simple scenario is a galaxy in which the SGR increases
inearly with time, SGR = c 2 t where the unit of c 2 is mass o v er time
quared, resulting in 

slope = 

c 2 
t 2 

2 

c 2 t 
× x 1 t 2 

2 exp 
(− t −t ∗

τ

) + x 2 
t 2 

2 
M seed 10 9 M �

0 . 05 c 2 
+ x 1 τ 3 �2 ( t) + x 2 

t 3 

6 

= 

{
0 as t −→ 0 

3 / 2 as t −→ ∞ 

ith �2 ( t) = 

[
− t 2 

2 τ 2 
− t 

τ
− 1 

]
exp 

(
− t − t ∗

τ

)
+ exp 

(
t ∗
τ

)
. 

(16) 

An increasing SGR lowers the slope compared with the case of a
onstant SGR. Ho we ver, the SMBH can still grow quickly compared
o its host galaxy whenever the accretion contribution exceeds the
lack hole seed mass. 

Finally, a galaxy may experience an epoch in which the SGR
ecreases with time, e.g. SGR ( t) = SGR ( t 1 ) e −c 3 ( t−t 1 ) for t ≥ 0, where
he unit of c 3 is inverse time. In this case, 

lope = 

1 − e −c 3 t 

c 3 e −c 3 t 
× x 1 

(
1 − e −c 3 t 

)
exp 

(− t−t ∗
τ

) + x 2 
(
1 − e −c 3 t 

)
M seed c 3 10 9 M �

0 . 05 SGR( t 1 ) e c 3 t 1 
+ x 1 τ ξ1 + x 2 τ ξ2 

= 

{
0 as t −→ 0 
∞ as t −→ ∞ 

ξ1 = 

(
−1 + 

e −c 3 t 

c 3 τ + 1 

)
exp 

(
− t − t ∗

τ

)

+ 

(
1 − 1 

c 3 τ + 1 

)
exp 

(
t ∗
τ

)

ξ2 = 

t 

τ
− 1 − e −c 3 t 

c 3 τ
. (17) 

Fig. 15 shows the predictions for the SMBH growth when applying
he one-zone model to the aggregated stellar growth histories of the
, B, and C-series of MASSIVEFIRE (see Table 1 ). In agreement
ith the simple analytical examples discussed above, the one-

one model predicts a shallow-to-steep transition of the slope. The
ransition takes place between z = 4 and z = 2, when the galaxy
ransitions from being low mass to becoming a massive galaxy (near
 ∗ < 10 10 M �). Interestingly, at this time the SMBH mass already

xceeds the seed mass by an order of magnitude, i.e. we are already
n the M seed 


∫ t 
0 BHAR d t ′ regime discussed in, e.g. eq:constant

GR one-zone model. We also confirmed that reducing the seed
ass to, e.g. M seed < 10 2 M � does not change the location of the

lope transition, again indicating that this increase in slope is not
 seed mass effect. Instead, Fig. 15 shows that during the time of
he transition ( z = 2 −4) the sBHAR declines much slower than
he sSGR, resulting in an increasing slope. Hence, the increase in
he slope of the M ∗−M BH relation in ∼ M ∗ < 10 10 M � galaxies is a
atural consequence of the specific evolutionary history of the SGRs
f such galaxies. Ultimately, their SGRs are set by the complex
nterplay of gas inflows, feedback, and galaxy mergers. 

Fig. 7 shows that the M ∗−M BH relation flattens at late times in very
assive galaxies. While this finding is only based on a small number

f simulated galaxies at relati vely lo w redshift, and thus tentative, we
 ould lik e to explore the physical origin of this finding with the help
f the one-zone model. To this end, we study three possible scenarios.
n our first scenario, we assume that the SGR decreases linearly with
ncreasing log stellar mass by half a dex between z = 1 and z = 0
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Table 4. The slopes of trajectories in M ∗−M BH space for simple cases of the 
two-zone model. The top part of the table details the four the combinations 
of constant or linearly increasing SGRs in the central region of a galaxy or 
for galaxy-wide SGR. The bottom part of the table lists the slopes depending 
on whether the SMBH seed mass is greater than, equal to, or smaller than 
the current SMBH mass, 

∫ t 
0 BHAR d t ′ . Different cases stand for combination 

of constant and linear increasing SGR in the central region and the whole 
galaxy. Depending on the specific SGR histories, M ∗−M BH trajectories can 
have a shallow or steep slope. 

SGR Case 1 Case 2 Case 3 Case 4 

Inner c c ct ct 
Total c ct c ct 

M seed versus 
∫ t 

0 BHAR dt ′ 
Greater 0 0 0 0 
Smaller 2 1 3 3/2 

 

c
f  

A  

e  

h  

D  

r
T  

f
i  

g
 

t
z  

s  

s  

S  

s
 

u  

s
r  

z  

s

m
i  

z  

p  

B
A
r  

B  

m
F  

s  

a

4

A  

o
b  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/1/506/6505143 by C
alifornia Institute of Technology user on 24 February 2022
hile θ is kept constant at its z = 1 value, ∼ 10 −3 yr −1 . In the second
cenario, the SGR stays constant until z = 0 but the θ ( t ) parameter
ecreases by half a dex. The third scenario is identical to the first,
xcept that the SGR increases by half a dex between z = 1 and z = 0.

For each of the three scenarios, we first fit the average behaviour
f the galaxy-wide SGR and of θ ( t ) until z = 1 and then extrapolate
o z = 0. Next, we integrate the SGR to obtain the stellar mass and
he SMBH mass as function of time as described in Section 4.4.1
see in particular equation 8). 

In the first scenario, the SGR decreases at low z which results in a
 ∗ that stays nearly constant after z = 1. Ho we v er, the av erage BHAR

ontinues to grow since the BHAR is assumed to be proportional to
he stellar mass. Consequently, the slope of the trajectory in M ∗−M BH 

pace gradually steepens between z = 1 and z = 0 in line with
quation (17). This trend disagrees ho we ver with the results shown
n Fig. 7 leading us to exclude this scenario. 

In second scenario the SGR is kept constant between z = 1 and
 = 0, while θ ( t ) decreases. In this case, the average M ∗ grows
ore rapidly, while the decreasing θ slows the growth of the SMBH

esulting in a nearly constant BHAR at late times. θ ( t ) is strongly
ependent on the disc fraction ( θ ( t) ∝ f 

5 / 2 
d ) in the GTDA model and

e expect a decrease in disc fraction at late times as massive galaxies
ransition from disc to early-type morphology. 

The final scenario assumes an increasing SGR for z < 1. Sub-
equently, the stellar mass grows substantially (by about one dex) 
etween z = 1 and z = 0. Even though the larger stellar mass also
oosts the BHAR, the fast galaxy growth results in a slope that is only
ildly super-linear and approaches unity at late times. Physically, an 

ncreasing SGR at low redshift may arise from the late assembly of
assive galaxies via merging expected in a hierarchical universe. 

.4.2 Predictions of the two-zone model 

n contrast to the one-zone model, the two-zone model uses the 
tellar mass within R 0 , and not within the galaxy, to calculate the
HAR. Furthermore, the link between BHAR and stellar mass (as 
pposed to SFR) within the central region as given by equation (2) has
lso observational support. Yang et al. ( 2019 ) find that the BHAR
orrelates better with M ∗ rather than SFR in the central region in
on-bulge dominated galaxies which applies to the majority of the 
alaxies in our sample (see Fig. A8 ). 

In the one-zone model, the slope of the M ∗−M BH relation depends
ainly on the total SGR of a given galaxy. Here, however, the slope is

ffected both by the galaxy-wide SGR (which drives M ∗) and by the
entral SGR (which drives the BHAR). We can thus investigate how 

he slope changes for various options of a constant or increasing SGR, 
ither galaxy-wide or in the central region. The slope is provided in
able 4 in the limits of M seed exceeding, is equal to, or smaller than
 t 

0 BHAR d t ′ . 
Similar to Section 4.4.1, we can apply also the two-zone model to

he SGR histories of MASSIVEFIRE galaxies. Given the lack of many 
alaxies at low z, we again explore three possibilities for the SGR
volution at z < 1. We will show that while these scenarios differ,
hey predict similar results for the slope of M ∗−M BH scaling relation
n the local universe. The three scenarios are as follows: 

(i) The central SGR decreases by half a dex since z = 1 while θ ( t )
nd the total SGR remain constant. 

(ii) θ ( t ) decreases with time at z < 1 while the central and total
GR remain constant. 
(iii) The central SGR and θ ( t ) are constant while the total SGR

ncreases by half a dex since z = 1. 
A decrease in the central SGR, as speculated in the first scenario,
ould originate, e.g. in inside–out quenching due to the AGN 

eedback (Tacchella et al. 2015 ; Ellison et al. 2018 ; Abdurro’uf
kiyama 2018 ; Tacchella et al. 2018 ). Strong stellar feedback (Cox

t al. 2006 ), merger quenching (Gabor et al. 2010 ), or gravitational
eating due to clumpy accretion (Birnboim, Dekel & Neistein 2007 ;
ekel & Birnboim 2008 ; Dekel, Sari & Ceverino 2009 ) could also

educe the central SGR by lowering the central star formation activity. 
he decrease in θ ( t ), proposed in the second scenario, is expected

rom a disc-to-early type morphological transformation, while the 
ncrease in the total SGR (but not central SGR) could arise from
alaxy merging. 

As Fig. 16 shows, all three scenarios result in a M ∗−M BH relation
hat is consistent with the aggregated MASSIVEFIRE results even at 
 < 1. In particular, it sho ws the shallo w-to-steep transition of the
lope when galaxies approach M ∗ ∼ 10 10 M �. In addition, all three
cenarios show a reduction in slope in massive galaxies at late times.
cenarios 2 and 3 lead to final slopes of order unity, while the first
cenario lowers the slope to about 1.5. 

We expect that all three scenarios are partly at play in the real
niverse. The M ∗−M BH relation at late times may thus be especially
usceptible to the differential growth of galaxies in their central 
egion and on galaxy-wide scales. In addition, similar to the one-
one model, galaxy merging or a change in galaxy morphology can
trongly affect the M ∗−M BH slope. 

Fig. 17 compares the predictions of one-zone and two-zone 
odels. A main difference is the somewhat more pronounced change 

n the slope of the M ∗−M BH relation at t ∼ 1 −4 Gyr in the two-
one model compared to the one-zone model. Ho we v er, o v erall the
redictions are rather similar. The right panel of Fig. 17 shows the
HAR-SGR ratio for both the one-zone and the two-zone model. 
gain, both models make rather similar predictions for the M ∗−M BH 

elation and for the stellar mass dependence of the ratio between the
HAR and the SGR. Overall, the two-zone model results in a slightly
ore accurate representation of the full post-processing analysis (see 
igs 15 and 16 ), specifically in more pronounced changes from the
hallow to the steep slope regime as well as from the steep to the
pproximately linear slope regime. 

.4.3 Implications of the toy models 

s we saw in Fig. 10 , the SGR and the BHAR trace each
ther reasonably well both in observations and simulations al- 
eit with significant scatter. In the context of the GTDA model,
his link is facilitated via the amount of mass (stars and gas)
MNRAS 511, 506–535 (2022) 
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Figure 16. Results of the two-zone model, similar to the one-zone model. We consider three different scenarios (columns left or right) for the late time evolution 
of SGR and θ . The first column considers a scenario in which central SGR decreases, while the total SGR and θ ( t ) remain constant. In the second column, 
central and total SGRs are constant, and θ ( t ) decreases by half a dex after z = 1. The final column studies the impact of growing total SGR, while central SGR 

and θ are constant. The first row shows the average points of central (red) and total (blue) SGR of the A, B, and C-series of MASSIVEFIRE , where log ( M halo ) = 

12.5 at z = 2 and best-fitting lines to the average central and total SGR for z � 1. The light blue and light red colours represent the averaged data from A1 and 
A4 simulations with FIRE-1 physics that we do not include in the best fit. The solid red line in the second row shows the central stellar mass (integration of the 
red line in the first row) denoted as M ∗, in . The solid black line in the third row shows BHAR / M ∗, in in the FEW MERGERS MAX centring case. The solid blue line 
is the integration of the total SGR, blue line in the first row. In the fourth row, we show the specific growth rates of the galaxies (sSGR = SGR / M ∗) and SMBHs 
(sBHAR = BHAR / M BH ). The fifth row consists of the slope of the scaling relation (sBHAR / sSGR) as a solid black line. The black dashed and dotted dashed 
lines are the slope for different seed masses, 10 2 and 10 5 M �. Further reduction in central SGR and θ ( t ) give flatter slopes, and a boost in the total stellar growth 
also has a similar effect on the slope of the M ∗−M BH scaling relation. The final panel at the bottom shows the prediction of our two-zone model for the M ∗−M BH 

scaling relation colour-coded by redshift. The shaded region shows the result from post-processing analysis using fiducial settings (see Fig. 7 ). Compared to the 
one-zone model, the two-zone model predicts a more noticeable shallow-to-steep transition of the slope of the M ∗−M BH relation for log ( M ∗/M �) = 10 galaxies. 
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n the central region of a galaxy which is directly driving the
HAR. In the previous sections, we discussed the consequences
f simplified toy models based on this general idea. Specifically,
n the one-zone model (two-zone model) the galaxy-wide stellar
NRAS 511, 506–535 (2022) 
ass (the central stellar mass) is assumed to be proportional to
he baryonic mass in the central region. Hence, the BHAR and
hus SMBH growth can be calculated once the SGR history is
nown. 
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Figure 17. Left panel: Comparison of the predictions of one- and two-zone models with the scaling relations from the literature. The solid and dashed black 
lines represent the best-fitting line for late and early-type galaxies in Sahu et al. ( 2019 ), respectively. The solid and dashed purple lines show the best-fitting lines 
for the elliptical and disc galaxies in Reines & Volonteri ( 2015 ). The red and blue solid lines are the predictions of our one-zone and two-zone models, where 
the BHAR is linked to the stellar growth history. The slopes predicted by the one- and two-zone models flatten at high masses log ( M ∗/M �) ∼ 11 −11.5 as in 
the transition from LTGs to ETGs in Sahu et al. ( 2019 ). Right-hand panel: Predictions for how the BHAR–SGR ratio changes with the total stellar mass. This 
panel is the same as Fig. 10 , but compares the BHAR–SGR ratio from the toy models with the observational result of Aird, Coil & Georgakakis ( 2019 ), instead 
of being based on the post-processing data from MASSIVEFIRE . The solid red line indicates the BHAR–SGR ratio from the one-zone model and the solid blue 
line represents the ratio between the BHAR and the total SGR in two-zone model. 
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We have shown that there are in general (at least) three distinct
pochs as galaxies mo v e through M ∗ −M BH space. First, galaxies
row quickly while the SMBH mass does not (shallow slope). This
poch lasts until the total stellar mass reaches about 10 10 M �. This
hreshold is generally reached during cosmic noon ( z ∼ 2 −3) for
ur MASSIVEFIRE sample. Secondly, the slope increases steadily 
arking ef ficient SMBH gro wth (steep slope). Finally, our analysis 

redicts that under certain assumptions the slope decreases again at 
ate times (approximately linear slope). 

During early times, galaxies have relatively low masses, form 

tars at high rates (Riechers et al. 2013 ; Finkelstein et al. 2013 ;
asey, Narayanan & Cooray 2014 ; Zavala et al. 2018 ; Bowler et al.
018 ; Berta et al. 2021 ) and thus increase their stellar masses quickly.
pecifically, the shallower potential wells in the centres of galaxies 
t earlier times may boost SN-driven mass ejections (Dubois et al. 
015 ) that plays a crucial role in suppressing the accretion on to
MBH. Also, stellar feedback may drive buoyant outflows of high- 
ntropy gas from the central regions (Bower et al. 2017 ) which
eases to be ef fecti ve in massive haloes with hot gas coronas. In
ddition, a virialization of the circum-galactic medium down to the 
entral galaxy (‘inner CGM virialization’, Stern et al. 2021 ), which 
an stabilize discs against feedback driven outflows, has typically 
ot yet taken place. Consequently, galaxies grow much quicker than 
heir SMBHs at those early times resulting in a shallow slope for the
rajectory in M ∗−M BH space. 

As a galaxy becomes moderately massive, ∼ 10 10 M �, the escape 
peed of the galaxy exceeds the characteristic speed of SN-driven 
inds thus strongly reducing the ef fecti veness of galactic outflows
Angl ́es-Alc ́azar et al. 2017c ). In fact, a stellar compactness of
0 10 M � kpc −1 in the central region would be enough to keep the
N-driven winds within the host galaxy centre (Dubois et al. 2015 ).
uring this time, SMBHs will be able to grow quickly resulting in a

teep slope because (i) galaxies may contain significant reservoirs of 
as in their centres and (ii) galaxies of this mass have often a major
isc component allowing gravitational torques to operate efficiently 
Querejeta et al. 2016 ; Angl ́es-Alc ́azar et al. 2017a ; Blumenthal &
arnes 2018 ; Thomas et al. 2019 ). 
Finally, we find that when galaxies become very massive, ∼

0 11 M �, the masses of galaxies and of their SMBHs often grow at
imilar rates. The one- and two-zone models presented in the previous 
ections provide some insights into the origin of this behaviour. 
pecifically, we pointed to two possibilities consistent with our 
nalysis. First, the close to linear slope could originate in a reduction
n the θ ( t ) term in the GTDA model. θ ( t ) depends super-linearly
n the disc fraction, θ ( t) ∝ f 

5 / 2 
disc . Hence, a transition from disc to

lliptical morphology in the central regions of galaxies reduces the 
MBH accretion rate. Such a transition is expected given the change

n o v erall Hubble type when galaxies grow in mass (D’Onofrio,
arziani & Buson 2015 ; Cooke et al. 2019 ; Tacchella et al. 2019 ).

upporting this scenario is also the observational finding that the 
lope of the M ∗−M BH relation depends on galaxy morphology Davis,
raham & Cameron ( 2019 ). Secondly, the slope could flatten not
ecause the SMBH accretion rate decreases, but because the SGR 

ncreases, e.g. due to a larger number of galaxy mergers in massive
MNRAS 511, 506–535 (2022) 
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alaxies (Marchesini et al. 2014 ; Bellstedt et al. 2016 ; Buchan &
hankar 2016 ; Vulcani et al. 2016 ; Nipoti, Giocoli & Despali 2018 ).

 DISCUSSION  

he results of this study are subject to a few potential caveats. 
First, there is the potential question whether the GTDA model

s applicable to galaxies o v er a large range of masses and redshift.
he GTDA model was developed for disc galaxies and estimates the
ccretion from circum-nuclear ( ∼100 pc) to sub-pc scales using the
roperties of the circum-nuclear region, including its stellar mass,
aryonic disc fraction, and gas mass. Ho we ver, especially at high
edshift, the host galaxies may not al w ays be disc galaxies (Cowie,
u & Songaila 1995 ; van den Bergh et al. 1996 ; Tacconi et al.
010 ; Genzel et al. 2011 ; Guo et al. 2012 ; Zanella et al. 2015 )
 ven though massi ve disc galaxies have certainly been found even
t z = 4 and beyond (Hodge et al. 2012 ; Neeleman et al. 2020 ).
ortunately, the specific details of the GTDA model appear to be less

mportant given that a very similar growth history for SMBHS can
e obtained by using the much simpler dynamical accretion model
equation 6) with γ = 10 −4 . Hence, our predictions are likely robust
s long as the accretion model results in SMBHs accreting only
 small fraction ( ∼ 0 . 1 per cent ) of the available gas per free-fall
ime (Angl ́es-Alc ́azar et al. 2017b , c ). Models that may contribute to
 faster, more efficient gas accretion on to SMBHs, such as chaotic
ccretion of hot gas (Dav ́e et al. 2019 ; Thomas et al. 2019 ) or merger-
riggered accretion (Capelo & Dotti 2017 ; Ricarte & Natarajan 2018 )
ill be left to future work. 
A second potential concern is that none of the SMBHs in our

ost-processing analysis are as massive as the most luminous AGN
bserved at z � 6 (Mortlock et al. 2011 ; Wu et al. 2015 ; Mazzucchelli
t al. 2017 ; Ba ̃ nados et al. 2018 ; Yang et al. 2020 ; Wang et al.
021 ). While some of our haloes are sufficiently massive enough
 � 10 12 M �) to potentially host a very luminous AGN, simple number
ensity and clustering arguments show that our simulation volume is
ikely too small to contain even a single luminous AGN. In particular,
he number density of luminous AGNs at z ∼ 6 −7 is ∼ 1 cGpc −3 

or M 1450 < −26 (Wang et al. 2019 ). While some of our simulations
re run in boxes with sizes of ∼0.8 cGpc, we only simulate a small
umber of (massive) haloes selected from those boxes via the zoom-
n approach. Hence, the chance of selecting the halo of even a single
uminous AGN is very small. The most luminous AGNs may have
n atypical formation path that leads to a larger seed mass, e.g. direct
ollapse black holes (Bromm & Loeb 2003 ; Volonteri 2010 ). These
igh-mass SMBH seeds can grow quickly when the accretion rate is
trongly dependent on the SMBH mass. Furthermore, the duty cycle
f luminous AGN is close to the unity at z � 6 (Shankar, Weinberg &
hen 2010a ; Shankar et al. 2010b ; Shankar et al. 2019 ), implying that
nalysing snapshots at different times does not substantially increase
he odds of reproducing a luminous AGN in our simulations. 

Thirdly, a significant simplification of our model is the treatment
f SMBH mergers. To robustly assess the impact of SMBH merging
n our result we have considered two extreme scenarios in addition
o our fiducial ( FEW MERGERS ) case. In the first of these extreme
cenarios, no SMBH mergers take place. In the second extreme case,
MBH of galaxies merge as soon as their parent haloes become
ubhaloes of each other. While the predictions for the lo w z uni verse
re shown to be rather robust to the specifics of the SMBH merger
odel, the SMBH–galaxy scaling relation at early times are sensitive

o details of SMBH merging, thus highlighting the importance of
roperly accounting for SMBH mergers especially in the young
niverse (Ma et al. 2021 ). 
NRAS 511, 506–535 (2022) 
Finally, most of the MASSIVEFIRE simulations used in this
aper do not include black hole physics on-the-fly, especially AGN
eedback. This is by design and allows us to study SMBH growth and
caling relations in the absence of AGN feedback. Thus, this work
rovides a basis for the future comparison with the FIRE simulations
ncluding black hole physics. 

Importantly, as we showed in Fig. 7 , accretion models that are
eakly dependent on the SMBH mass can reproduce the M ∗−M BH 

ocal scaling relation without AGN feedback (Angl ́es-Alc ́azar et al.
013 ). We speculate that the ne gativ e effect of AGN feedback should
esult in o v erall slo wer gro wth of SMBHs. If true, the current analysis
rovides an upper limit on how fast SMBHs can grow in the context
f the GTDA model. We leave the study of BH growth in simulations
ith AGN feedback for the future. 

 SUMMARY  A N D  O U T L O O K  

e have carried out a post-processing analysis of 34 high-resolution
osmological zoom-in simulations from the MASSIVEFIRE suite to
tudy the growth of SMBHs and their host galaxies across cosmic
istory in the absence of AGN feedback. In particular, we have
nalysed the effect of SMBH placements, SMBH merger treatments,
nd specifics of the accretion models on the M ∗−M BH scaling
elation, focusing in particular on the gravitational torque driven
ccretion model (GTDA) by Hopkins & Quataert ( 2011 ) and on the
volution at z � 2. Our main findings are as follows: 

(i) The masses of galaxies and their central SMBHs co-evolve,
ven in the absence of AGN feedback, in the GTDA model approxi-
ately in line with the local M ∗−M BH scaling relation (see Fig. 7 ). 
(ii) While o v erall in line with the local M ∗−M BH scaling re-

ation, we find clear evidence of a significant deviation from a
imple power-law relationship (a ‘shallow-to-steep’ transition of
he slope) in low- to moderately-massive galaxies. The strength
f this deviation depends on the specific modelling assumptions.
n particular, it is more pronounced if early SMBH growth is
tunted by placing them on more typical (i.e. not the most gas rich)
egions near the centres of galaxies and if SMBHs are not allowed
o merge. SMBHs mergers and efficient early growth of SMBHs
ignificantly reduces this deviation from the local M ∗−M BH scaling
elation. 

(iii) Model assumptions, especially, about SMBH placements and
ergers leave a clear imprint on the M ∗−M BH scaling relation at high

edshift in the absence of AGN feedback (see Fig. 11 ). Hence, we
xpect a link between the SMBH merger rate and their mass ratios
ith any deviations of the M ∗−M BH scaling relation at high z from

hose of local galaxies. 
(iv) Different SMBH placement and merger models have no

pparent effect on the final SMBH mass at low redshift in the context
f the GTDA model. The masses of SMBHs at late times are also
argely independent of the BH seed mass. 

(v) Aside from the GTDA model, we also study alternative
ccretion models. Fig. 5 shows that large-scale accretion models can
e divided into two major groups depending on whether the accretion
ate scales superlinear (e.g. Bondi-like models) or sublinear (e.g.
he GTDA model) with the SMBH mass. The first class of models
esults typically in o v ermassiv e SMBHs strongly, indicating the need
or AGN feedback. The second class of models, ho we ver, is able to
eproduce the local scaling relations without the inclusion of AGN
eedback. 

(vi) Currently, none of the SMBHs in our post-processing analysis
re as luminous as the billion solar mass SMBHs in the early universe
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ikely due to the limited volume probed by our simulations. Ho we ver,
e have considerable overlap in the IR luminosity. 
(vii) This study predicts a large number of low luminosity AGN 

t high redshift which may be potentially observable with JWST . 
ergers between these SMBHs may be detectable by gravitational 
av e e xperiments. 
(viii) The offset of the SMBH mass from the local M ∗−M BH 

caling relation, � log ( M BH ) obs , increases towards higher redshift.
hile our finding differs from observational data taken at face value, 

uch a comparison does not account for observational selection 
iases. We thus predict that the disco v ery of dimmer AGNs at high
edshift could decrease the slope of z−� log ( M BH ) obs relation. 

(ix) We develop two variants of an analytical model in Section 4.4 
hat link the growth of SMBHs to the stellar growth history of the
ost galaxies within the frame of the GTDA model. These models 
apture the M ∗−M BH trajectory predicted by the full post-processing 
nalysis remarkably well thus allowing us to understand the shape 
nd normalization of the M ∗−M BH relation in terms of the stellar
rowth history of galaxies. 

A high merging efficiency results in a close to linear slope of
he M ∗−M BH scaling relation for all stellar masses (see Fig. 13 ). In
ontrast, the M ∗−M BH shows a clear non-linear scaling if BH mergers
re rare. Consequently, the slope of the M ∗−M BH relation and the
erger rate of SMBHs appear intricately linked. This link may be 

xplored observationally by constraining the mass distribution of 
MBHs residing in moderately massive galaxies and by measuring 
H merger rates via gravitational wave signals. 
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PPENDIX:  A D D I T I O NA L  ANALYSIS  

e perform a bulge–disc decomposition following (Angl ́es-Alc ́azar 
t al. 2014 ), which is explained in Section 4.1 in detail. In Fig. A1 ,
e compare what we found based on the recipe of Angl ́es-Alc ́azar
t al. ( 2014 ) to the velocity dispersion of all-star particles within
ifferent radii; 1 kpc, the half stellar mass radius, and galactic radius
 gal . The black hole masses are calculated using our fiducial settings
nd ‘ FEW MERGERS ’ model. The different radii we used to estimate
he velocity dispersion of star particles gives indifferent results from 

he bulge-disc decomposition method we used. 
In Fig. 4 , we show the contribution of both accretion and seed
ass to the total SMBH mass for a seed of 10 4 M �. Fig. A2 searches

or the effect of different seed masses on the total SMBH mass
or FIRE-2 A series simulations. As the seed mass increases, the
ffset between total SMBH mass and in situ accretion contribution 
ncreases, especially at high redshifts. The effect of seed mass choice
s more visible at z � 2 for seed masses equal to or abo v e 10 4 M �,
hich points out that the effect of small seeds on SMBH mass is not
bservable. 
Fig. A3 shows the difference between the central coordinates of 

wo different centring methods available in AHF. The difference 
etween MAX and COM centring methods are generally abo v e half
f a kpc in physical units for z � 4.5 for a selected simulation.
he coordinates of maximum density centre and centre-of-mass of 

he host halo are roughly the same for the rest of the analysis. This
nding suggests that the central galaxy settles at the host halo centre
or the sample simulation around z ∼ 4.5. 

The gas-to-total ( f gas ) and stellar-to-total ( f star ) mass ratios for
ifferent halo centring methods within R 0 are shown in Fig. A4 .
ere, the total mass is the summation of the gas, stellar and dark
atter mass of the galaxy. The f gas and f star are the ratios of gas
ass and stellar mass to the total mass, respectively. The gas and

tellar fractions within 100 pc track each other for different centring
ethods until z ∼ 4.5. The difference between MAX and COM 

ithin 1 kpc track each more consistently compared to 100 pc case.
or GTDA model, it is concei v able to assume that the total stellar
ass within R 0 is the dictating term in eqiuaton (2) to determine the
HAR since the ratio of stellar and total mass within R 0 is close to
nity for z � 6 −7. Moreo v er, a high gas fraction at high redshift is
he one of the caveats discussed in Section 5 for the modelling of
MBH growth using GTDA model in the early universe. 
Fig. A5 produces the M ∗−M BH scaling relation for different 

eed masses, halo centring methods, and merger treatments. The 
ffect of full merger treatment (‘ ALL MERGERS ’) is distinguish-
ble again for seed masses that are equal to or abo v e 10 4 M �.
he increase in seed mass boosts the importance of mergers 
n the M ∗−M BH scaling relation. The smaller seed masses that
ere born in gas-rich environments follow local scaling relation 

ince the growth of the black hole is dominated by in situ
ccretion. 

Fig. A6 shows the different slopes following the same analysis 
ethod in Fig. 12 for MASSIVEFIRE data in post-processing analysis 

sing fiducial settings. Each panel in Fig. A6 represents the blue and
he red data points in the right-hand panel of Fig. 13 . The larger seed

ass and COM centring choices flattens the slope. 
Our post-processing analysis of 34 high-resolution MASSIVEFIRE 

imulations gives similar results with post-processing (PP) and on- 
he-fly (OTF) calculations of Angl ́es-Alc ́azar et al. ( 2017c ) (Fig. A7 ).
n this paper, we choose 10 4 M � seed mass that is slightly smaller
han what is chosen in Angl ́es-Alc ́azar et al. ( 2017c ); 10 4 M �/ h. 

Fig. A8 shows the bulge mass to total stellar mass ratio of the
ample regarding the Fig. 7 . In general, the galaxies in our sample
re marginally disc dominated, even at high redshift. This finding 
akes the GTDA model suitable for modelling the SMBH growth in
ASSIVEFIRE galaxies. 
MNRAS 511, 506–535 (2022) 

http://dx.doi.org/10.1111/j.1365-2966.2007.12153.x
http://dx.doi.org/10.3847/1538-4357/abdbb1
http://dx.doi.org/10.1093/mnras/200.1.115
http://dx.doi.org/10.1093/mnras/stw3011
http://dx.doi.org/10.1111/j.1365-2966.2005.09238.x
http://dx.doi.org/10.1093/mnras/stx3304
http://dx.doi.org/10.3847/1538-4357/abd776
http://dx.doi.org/10.1126/science.1261094
http://dx.doi.org/10.3847/1538-4357/aabf8b
http://dx.doi.org/10.1093/mnras/stz1657
http://dx.doi.org/10.1038/nature08773
http://dx.doi.org/10.1111/j.1365-2966.2011.20286.x
http://dx.doi.org/10.1093/mnras/stu983
http://dx.doi.org/10.1093/mnras/stx1128
http://dx.doi.org/10.1093/mnras/stz1703
http://dx.doi.org/10.1093/mnras/stx254
http://dx.doi.org/10.3847/1538-4357/836/1/8
http://dx.doi.org/10.1093/mnras/stx1160
http://dx.doi.org/10.1086/426437
http://dx.doi.org/10.3847/1538-4357/aae698
http://dx.doi.org/10.1086/118020
http://dx.doi.org/10.1088/2041-8205/751/2/L25
http://dx.doi.org/10.1088/0004-637X/779/1/24
http://dx.doi.org/10.3847/0004-637X/816/1/37
http://dx.doi.org/10.1093/mnras/stu1536
http://dx.doi.org/10.1007/s00159-010-0029-x
http://dx.doi.org/10.1126/science.1220843
http://dx.doi.org/10.1093/mnrasl/slv078
http://dx.doi.org/10.1093/mnras/stw1123
http://dx.doi.org/10.3847/0004-637X/816/2/86
http://dx.doi.org/10.1086/426017
http://dx.doi.org/10.3847/1538-4357/ab2be5
http://dx.doi.org/10.3847/2041-8213/abd8c6
http://dx.doi.org/10.1088/0004-6256/142/4/101
http://dx.doi.org/10.1088/0004-637X/773/1/44
http://dx.doi.org/10.3847/0004-637X/830/1/53
http://dx.doi.org/10.1093/mnras/staa2229
http://dx.doi.org/10.1088/0004-637X/801/2/123
http://dx.doi.org/10.1038/nature14241
http://dx.doi.org/10.1088/0004-637X/808/2/159
http://dx.doi.org/10.3847/1538-4357/aa7564
http://dx.doi.org/10.1093/mnras/stz611
http://dx.doi.org/10.3847/2041-8213/ab9c26
http://dx.doi.org/10.3847/1538-4357/ab21b9
http://dx.doi.org/10.1038/nature14409
http://dx.doi.org/10.1038/s41550-017-0297-8


530 O. C ¸ atmabacak et al. 

Figure A1. Comparison of velocity dispersion estimation for non-rotating bulges versus velocity dispersion of all-star particles within a sphere for different 
radii. We use the fiducial settings on top of the ‘ FEW MERGERS ’ model. The red line shows the fit of McConnell & Ma ( 2013 ). The bulge-disc decomposition of 
Angl ́es-Alc ́azar et al. ( 2014 ) yields similar results with the velocity dispersion of all stars regardless the radii. 
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Figure A2. Accretion contribution to the total SMBH mass for different 
seed masses for A-series simulitions run with FIRE-2 physics. The solid lines 
show the total SMBH mass, while the dashed lines show the contribution 
from SMBH seed mass where it becomes important towards heavier seed 
masses. 

Figure A3. The distance between two different centering methods, MAX 

and COM, for FIRE-2 A1 simulation. The black dashed line marks the 1 kpc 
distance while red dashed line shows the 100 pc distance. The difference 
between the centres found with different methods becomes important at high 
redshift, where the structures are thought to be not very well settled. 

Figure A4. Gas-to-total ( f gas ) and stellar-to-total ( f star ) ratios for different 
halo centring methods within 100 pc and 1 kpc central regions for FIRE-2 A1 
simulation. The solid black line shows the gas fraction for the densest central 
region, and the red dashed line shows the same quantities for the average 
density central region. The blue and cyan lines stand for stellar-to-total ratio 
for MAX and COM centring methods, respectively. 
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(a) (b)

(c) (d)

Figure A5. M ∗−M BH scaling relation for different SMBH seed mass choices, 10 2 M � (top left), 10 3 M � (top right), 10 4 M � (bottom left), and 10 5 M � (bottom 

right). The redshift range is same as in Fig. 7 . The red solid line shows the best-fitting line for the spiral galaxies in Reines & Volonteri ( 2015 ). The effect of 
gas-rich early region on the early evolution of SMBH growth decreases as seed mass increases, especially for seeds heavier than 10 4 M �. 
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Figure A6. Redshift evolution of the offset of the M ∗−M BH scaling relation from our best-fitting line for different seed mass choices, centring methods, and 
the FEW MERGERS model in different stellar mass bins. We follow the same method as in Fig. 12 and define the offset as the difference between the best-fitting 
line to the whole sample and the post-processing data. There is a strong ne gativ e correlation between the offset from our best-fitting line at high stellar masses. 
Seed mass and the slope are inversely proportional. The maximum density centring results in a stepper ne gativ e slope for log ( M ∗/M �) < 10.0. The opposite is 
true for stellar masses greater than 10 10 M �. Finally, the slope tends to flatten abo v e M ∗ = 10 10 . 5 M �. 
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Figure A7. Comparison of the M b −M BH scaling relation for our post-processing analysis with fiducial settings except the AHF centring method to the 
post-processing red(PP) and on-the-fly red (OTF) calculations of Angl ́es-Alc ́azar et al. ( 2017c ) for simulations A1, A2, A4, and A8 run with FIRE-2 physics for 
a redshift range of 12 < z < 1. Top panel: The dashed line shows the local scaling relation from Reines & Volonteri ( 2015 ), data in the background is for the 
post-processing analysis of this paper and coloured solid lines represent the post-processing results of Angl ́es-Alc ́azar et al. ( 2017c ). Bottom panel: Everything 
is the same as in the left-hand panel except we compare our results to the on-the-fly results of Angl ́es-Alc ́azar et al. ( 2017c ) for the M b −M BH scaling relation. 
Seed mass choices have small differences as we adopt an SMBH seed mass of 10 4 M �, while Angl ́es-Alc ́azar et al. ( 2017c ) use M seed = 10 4 M �/ h. Ho we ver, 
this small difference does not have any impact on the final SMBH mass. 
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Figure A8. Bulge to total stellar mass of the galaxies in our sample in Fig. 7 with ‘ FEW MERGERS ’ model, SMBH seed mass of 10 4 M � and MAX centres. 
Colour bar shows the number of galaxies and black dots with error bars represent the mean value of each bin. Most of the galaxies in the sample reach z = 2 
and some reach z = 1, while only galaxies from two simulations reach z = 0. Galaxies in our sample are marginally disc dominated (with a bulge-to-total ratio 
of 0.3–0.5). 
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