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ABSTRACT

The fates of massive galaxies are tied to the evolution of their central supermassive black holes (BHs), due to the influence of
AGN feedback. Correlations within simulated galaxy populations suggest that the masses of BHs are governed by properties
of their host dark matter haloes, such as the binding energy and assembly time, at a given halo mass. However, the full picture
must be more complex, as galaxy mergers have also been shown to influence the growth of BHs and the impact of AGN. In
this study, we investigate this problem through a controlled experiment, using the genetic modification technique to adjust the
assembly history of a Milky Way-like galaxy simulated with the EAGLE model. We change the halo assembly time (and hence
the binding energy) in the absence of any disruptive merger events, and find little change in the integrated growth of the BH. We
attribute this to the angular momentum support provided by a galaxy disc, which reduces the inflow of gas towards the BH and
effectively decouples the BH’s growth from the halo’s properties. Introducing major mergers into the assembly history disrupts
the disc, causing the BH to grow ~4 x more massive and inject feedback that reduces the halo baryon fraction by a factor of &2
and quenches star formation. Merger events appear essential to the diversity in BH masses in EAGLE, and we also show that
they increase the halo binding energy; correlations between these quantities may therefore be the result of merger events.

Key words: methods: numerical — galaxies: evolution — galaxies: formation — galaxies: haloes — (galaxies:) quasars: supermas-

sive black holes.

1 INTRODUCTION

Feedback from active galactic nuclei (AGN) is a near-ubiquitous
ingredient of modern galaxy formation models, responsible for
regulating the growth of galaxies at and above the mass of the Milky
Way, quenching star formation in massive galaxies, and maintaining
quiescence in the central galaxies of group and cluster haloes by
suppressing cooling flows (e.g. Bower et al. 2006; Croton et al.
2006; Sijacki et al. 2007; Somerville et al. 2008; Vogelsberger et al.
2014; Schaye et al. 2015; Dubois et al. 2016; Kaviraj et al. 2017;
McCarthy et al. 2017; Tremmel et al. 2017; Henden et al. 2018;
Weinberger et al. 2018; Davé et al. 2019).

Cosmological simulations predict that AGN feedback has a
minimal impact on lower-mass galaxies, as outflows associated
with star formation are able to remove gas from the centre of
the galaxy and prevent the growth of the supermassive black hole
(SMBH). However, above a critical halo mass scale corresponding
to that of L* galaxies, the entropy of the shock-heated circumgalac-
tic medium (CGM) exceeds that of these outflows; this confines
gas to the galaxy centre and allows the SMBH to grow and
begin influencing the galaxy-halo ecosystem (Dubois et al. 2015;
Bower et al. 2017; McAlpine et al. 2018; Keller, Kruijssen &
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Wadsley 2020; Habouzit et al. 2021; Truong, Pillepich & Werner
2021).

Above this critical mass scale, the EAGLE, IllustrisTNG, and
SIMBA simulations exhibit diversity in the properties of SMBHs,
galaxies, and their CGM. Haloes in which AGN feedback has had
little impact tend to be gas-rich and host star-forming central galaxies,
whereas haloes hosting overmassive SMBHs that have injected a lot
of AGN feedback energy tend to be gas-poor and host quenched
galaxies (Davé et al. 2019; Davies et al. 2019, 2020; Terrazas et al.
2020; Appleby et al. 2021; Robson & Davé 2021; Sorini et al. 2022).
Understanding why the impact of AGN feedback varies in haloes of
a given mass is therefore key to understanding why diversity exists
in the properties of the ~L* galaxies in these simulations.

One possible origin of this diversity could lie in differences in the
underlying binding energies (and/or concentrations) of dark matter
haloes (Booth & Schaye 2010, 2011). This idea can be understood
as a consequence of self-regulation; in a more tightly-bound halo, a
SMBH must grow more massive and inject more AGN feedback
energy to expel gas from the halo centre. In the EAGLE and
IustrisTNG simulations, haloes with higher binding energies tend to
host more massive SMBHs, providing evidence for this connection
(Davies et al. 2019, 2020). The binding energy of a halo, in turn,
is assumed to be set by its assembly time (e.g. Neto et al. 2007), a
characteristic that is determined by the halo’s initial conditions.

On the other hand, observational evidence is emerging for a
connection between AGN feedback and galaxy mergers (e.g. Ellison

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.

20z Ateniged 20 uo 1senb AQ 21502 2/S0.¥/E/L2G/I01HE/SEIUW W0 dNO"0IWepED.)/:Sdy WOy papeojumoq


http://orcid.org/0000-0002-8337-3659
http://orcid.org/0000-0001-6258-0344
mailto:astrojdavies@gmail.com
mailto:a.pontzen@ucl.ac.uk
https://creativecommons.org/licenses/by/4.0/

4706  J. J. Davies, A. Pontzen and R. A. Crain

et al. 2011; Satyapal et al. 2014; Ellison et al. 2019, and references
therein), and simulations have long predicted that such events can
enhance the growth of SMBHs and the impact of AGN feedback
(Di Matteo, Springel & Hernquist 2005; Hopkins et al. 2006; Sijacki
et al. 2007; Hopkins et al. 2010; Bellovary et al. 2013; Dubois et al.
2015; Sijacki et al. 2015; Pontzen et al. 2017; Steinborn et al. 2018;
McAlpine et al. 2020); this merger-induced feedback could explain
recent observations of a quenching excess in post-merger galaxies
(Ellison et al. 2022). Recently, Davies, Pontzen & Crain (2022) used
a controlled galaxy formation experiment to show that differences in
the stellar mass ratio (and hence the disruptive influence) of a single
merger can have dramatic effects on the growth of the SMBH at the
centre of a galaxy, transforming the baryon cycle, the properties of
the CGM, and the star formation activity in the central galaxy.

These lines of evidence suggest that the properties of galaxy-
CGM ecosystems depend on both the overall assembly time of the
host halo and on individual disruptive events that occur throughout
the system’s assembly. Identifying the relative importance of these
factors is challenging, as they are likely to be degenerate; haloes that
assemble early tend to reside in more densely clustered environments
(e.g. Sheth & Tormen 2004; Gao, Springel & White 2005; Wech-
sler & Tinker 2018), and may therefore assemble by undergoing
many disruptive mergers, while later-assembling haloes may have
comparatively quiet histories.

In this study, we perform a controlled galaxy formation experiment
using the genetic modification technique (Roth, Pontzen & Peiris
2016) to independently assess the role of each of these factors, and
unveil how the assembly history of a dark matter halo is connected
to the evolution of its central galaxy.

2 METHODS

For this study, we have performed a suite of simulations using the
EAGLE version of the gravity and smoothed-particle hydrodynamics
code GADGET3 (last described by Springel 2005). Using the ‘zoom’
technique (e.g. Katz & White 1993; Bertschinger 2001), we simulate
the evolution of an individual galaxy and its local environment at high
resolution, whilst also following the large-scale forces acting on the
system by simulating its wider environment with a low-resolution
periodic volume. In this section, we explain the selection of our
candidate galaxy (Section 2.1), outline how we modify its initial
conditions to adjust its assembly history (Section 2.2), and describe
how we identify and characterize galaxies and haloes within our
simulations (Section 2.3).

We also utilize the flagship EAGLE simulation volume (Ref-
L100N1504) in Section 3.3 to place our genetically-modified galax-
ies into the context of the wider population. For detailed descriptions
of this simulation, we refer the reader to the EAGLE reference articles
(Crain et al. 2015; Schaye et al. 2015; McAlpine et al. 2016).

2.1 Construction and evolution of initial conditions

We selected our fiducial galaxy from a periodic simulation volume
evolved with the Reference EAGLE simulation model (Crain et al.
2015; Schaye et al. 2015) from uniform-resolution initial conditions
(ICs) generated by GENETIC (Stopyra et al. 2021). We note therefore
that the galaxy was not selected from any of the publicly-available
EAGLE simulations; selecting a galaxy evolved from ICs created
by GENETIC simplifies the subsequent genetic modification of these
ICs. This simulation is 50 comoving Mpc on a side, containing 5123
dark matter particles of mass 3.19 x 107 My, and an initially equal
number of baryonic particles of mass 5.6 x 10® M, (a similar mass
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resolution to that of the flagship EAGLE simulations) and adopts the
Planck Collaboration et al. (2016) cosmological parameters.

From this simulation, we selected a present-day star-forming disc
galaxy of stellar mass M, = 4.3 x 10'°M,, the central galaxy of a
halo of mass My = 3.4 x 10'> M. We selected this galaxy because
it lies on the star-forming main sequence (sSFR = 10712 yr~!) and
has a CGM mass fraction.! fogy = 0.31 £™ (where f,€™© is the
cosmic baryon fraction, 2,/€2), which is close to the present-day
median fcgm at this halo mass in the largest EAGLE volume (Davies
et al. 2019). This galaxy is ideal for our purposes, as it resides in a
halo of a mass that far exceeds the critical mass, M5, above which
BHs are able to grow efficiently in the EAGLE model (Bower et al.
2017; McAlpine et al. 2018), and has a simple merger history after
the halo exceeds this mass, with only one minor merger of stellar
mass ratio> u = 0.17 occurring at z ~ 0.74. We will henceforth refer
to this galaxy and its halo as our ORGANIC system.

We generate zoomed initial conditions for this system by selecting
all particles within three virial radii® of the galaxy (at z = 0) and
identifying the Lagrangian region defined by these particles in the
ICs (at z = 99). We then refine this region with a factor of 27 more
particles, and downsample the simulation volume outside this region
by a factor of 8, yielding particle masses of g5 = 2.19 x 10° Mo,
Mam = 1.18 x 10° M, and my, = 3.02 x 108 M, for gas, dark matter,
and low-resolution particles, respectively.

We evolve these initial conditions with the EAGLE model,
adopting the recalibrated (Recal) parameter values for the subgrid
physics as defined by Schaye et al. (2015) as these were calibrated
for a near-identical mass resolution to that of our initial conditions
(Mgas = 2.26 x 10° M, Mmgm = 1.21 x 10° Mg). The details of this
model and its calibration may be found in the EAGLE reference
articles (Crain et al. 2015; Schaye et al. 2015) and for brevity
we do not repeat them here. However, it is important to note that
models such as EAGLE include stochastic elements; processes such
as the conversion of gas particles to star particles and the injection
of feedback energy are governed by the drawing of quasi-random
numbers that are compared to probabilities set by the properties of
the gas (see Schaye & Dalla Vecchia 2008; Dalla Vecchia & Schaye
2012). This stochasticity can cause significant uncertainty in the
properties of individual systems (see e.g. Genel et al. 2019; Keller
et al. 2019; Davies, Crain & Pontzen 2021; Davies, Pontzen & Crain
2022, Borrow et al. 2023). Since the zoom simulations in this study
are relatively inexpensive to perform, we simulate each set of initial
conditions in our experiment with nine random number seeds each
to quantify this uncertainty.

2.2 Producing genetically-modified galaxies

To adjust the assembly history of the ORGANIC galaxy, we use the
genetic modification (GM) technique (Roth, Pontzen & Peiris 2016;
Pontzen et al. 2017) and the GENETIC software to generate modified
sets of ICs for the system. From the overdensity field in the original
ICs, GENETIC finds the closest possible field that also satisfies certain
constraints, which we design to produce our desired changes to

'We define fcom = Mcom/Maoo, where Mgy is the total mass of all gas
within the virial radius that is not star-forming.

2We define the merger stellar mass ratio u = Mi“ra“ /M, where Mi“fa“ and
M, are the stellar masses of the infalling and primary galaxy, respectively.
These masses are measured at the final snapshot output in which the merging
subhaloes are clearly distinguishable by our halo finder, SUBFIND.

3We define the virial radius, 2o, as the radius of a sphere enclosing 200 times
the critical density of the Universe.
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the halo assembly history. This technique preserves the large-scale
environment of the system, and the modified fields remain consistent
with a A cold dark matter (ACDM) cosmology. To assess the role
of individual merger events and the overall assembly history of the
system independently of each other, we generate four complementary
sets of modified ICs using this method.

First, to examine the influence of merger events at a fixed assembly
time, we produce a pair of modified ICs, SECULAR, and MERGER,
designed to decrease or increase the stellar mass ratio of the ORGANIC
system’s z ~ 0.74 minor merger, respectively. This is achieved by
identifying the particles bound to the infalling halo at an earlier time
(z =1.73)%, tracing these particles back to their locations in the ICs,
and decreasing or increasing the mean overdensity, §, in the patch
of the field defined by these locations. To preserve the overall mass-
accretion history, we also apply two further constraints; § in the patch
defined by particles that comprise the main halo at z = 1.73 is kept
fixed, as is § in the patch corresponding to the z = 0 halo to ensure
that the same final halo mass is reached.

We also test the influence of the overall assembly time indepen-
dently of merger events, by comparing the evolution of galaxies
that have differing assembly times and experience no significant
mergers that would be able to drive black hole (BH) growth. To
do so, we compare the SECULAR system with another modified
variant of our galaxy, which assembles earlier and experiences no
significant mergers after the MR threshold is reached. We produce
this behaviour by assembling more mass into the main progenitor at
early times (z = 2) whilst keeping the final halo mass fixed, which
has the effect of both accelerating the halo assembly and reducing
the significance of all z < 2 mergers. This is achieved in practice by
increasing § in the patch of the ICs corresponding to the z = 2 halo,
while keeping § fixed within the patch corresponding to the 7z = 0
halo. We refer to the system evolved from these conditions as the
EARLY-SECULAR system.

Finally, so that we can assess how the EARLY-SECULAR system
would evolve if it had a more disruptive evolution after exceeding
M5, we further modify the EARLY-SECULAR ICs to increase § in
a patch corresponding to an infalling system at z = 3 with the aim
of inducing a subsequent major merger of similar mass ratio to that
in the MERGER system. We refer to the system evolved from these
conditions as the EARLY-MERGER system.

2.3 Identifying and characterizing galaxies and their haloes

Haloes are identified on-the-fly in our simulations by applying the
friends-of-friends (FoF) algorithm to the dark matter distribution,
with a linking length of 0.2 times the mean interparticle separation.
Gas, star and BH particles are then assigned to the FoF halo of their
nearest dark matter particle. In post-processing, we then identify
bound haloes using the SUBFIND algorithm (Springel et al. 2001;
Dolag et al. 2009), and use the analysis packages PYNBODY (Pontzen
et al. 2013) and TANGOS (Pontzen & Tremmel 2018) to calculate the
properties of galaxies and their haloes.

We use TANGOS to construct merger trees that link haloes to their
progenitors and descendants based on the number of particles they
have in common. Starting with our ORGANIC system, we identify the
main branch of the tree by calculating the sum of the stellar masses
along each possible branch, and then selecting the branch with the
largest value. We then identify the ORGANIC system’s counterparts in

4We choose this time as it corresponds to the final snapshot output in which
the merging haloes are clearly distinguishable by the SUBFIND algorithm.
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other simulations by matching on the number of particles in common
at z = 8, and then tracking this system forwards in time. This
yields a more stable and reliable matching between simulations than
attempting to find the ORGANIC system’s counterpart at each output
time separately.

We calculate the properties of haloes, such as the halo mass (M)
and baryon fraction (f, = My/Myy, where My, is the total mass in
baryons) within one virial radius of the halo centre of mass. We find
the centre of mass with PYNBODY, using the shrinking-sphere method
(Power et al. 2003). The properties of galaxies, such as the stellar
mass (M,) and specific star formation rate (sSSFR) are calculated
within a spherical aperture of radius 30 physical kpc about the centre
of mass.

We calculate the intrinsic inner-halo binding energy (EDMY, i.e.
that which is set by the halo’s assembly history and initial conditions,
and not by dissipative baryonic processes’) by matching each system
to its counterpart in an equivalent dark matter-only simulation
and summing the binding energies of all particles within a radius
enclosing 2500 times the critical density. For our zoom simulations,
we perform this matching using TANGOS, and for the large-volume
Ref-L100N1504 simulation, we use the bijective particle matching
algorithm described by Schaller et al. (2015).

We calculate the total energy injected through stellar feedback,
E.,, by summing the energies contributed by all star particles within
a 30 pkpc aperture about the centre of mass; when a gas particle i is
converted into a star particle it provides an energy given by

minit
E.i=174x 10" erg | == | funi(mi. Zo). 1
: Mg .
where m™' is the initial stellar mass and fy, ; is an efficiency that

depends on the density ny ; and metallicity Z; of the gas particle
at the time of conversion (for more information see Schaye et al.
2015, Section 4.5). The total feedback energy injected through AGN
feedback by the galaxy’s central BH is given by

€r€
Exon = 1 ire (MBH - M;i?d)cz, 2)

r

where Mpy is the BH mass, c is the speed of light, €, = 0.1 is
the radiative efficiency of the accretion disc and e = 0.15 is the
fraction of the radiated energy that couples to the surrounding gas.
Mt = 10° Mg h™! is the mass of the BH seed, which does not
contribute any feedback energy. We note that these definitions include
‘ex situ’ energy injected by stars and BHs in other progenitor galaxies
that subsequently merged with our main system, but since this energy
directly impacts the properties of these progenitors we include it in
our definition.

3 RESULTS

We first examine the impact of a varying halo assembly time in the
absence of merger events in Section 3.1, before exploring how our
systems evolve when mergers do occur in Section 3.2. Finally, in
light of our findings, we discuss the origin of previously-identified
correlations in the EAGLE galaxy population in Section 3.3.

SFor further explanation of why we use binding energies from a dark-matter-
only simulation, see Section 3 of Davies et al. (2019).

MNRAS 527, 4705-4716 (2024)

20z Ateniged 20 uo 1senb AQ 21502 2/S0.¥/E/L2G/I01HE/SEIUW W0 dNO"0IWepED.)/:Sdy WOy papeojumoq



4708  J. J. Davies, A. Pontzen and R. A. Crain

3.1 The impact of halo assembly time in the absence of merger
events

We begin by isolating the effect of a varying assembly time on the
evolution of our system. We do so by comparing the evolution of the
SECULAR and EARLY-SECULAR haloes, which have different assembly
times and experience no significant mergers after their masses exceed
MS, the threshold above which disruptive events may lead to BH
growth.

3.1.1 Halo and galaxy evolution

Fig. 1 shows how the ORGANIC system and its SECULAR and EARLY-
SECULAR variants evolve in terms of their halo mass (Mg, upper
panel), stellar mass (M,, middle panel) and specific star formation
rate (sSFR = SFR/M,, integrated over the preceding 100 Myr®,
lower panel). In this and other figures of this type, we indicate
the first output after which a significant merger has occurred with
vertical lines, coloured to match the simulation in which the merger
occurred. We define significant mergers to be those in which the
stellar mass ratio, u, is greater than 0.1. We quantify the uncertainty
that arises from EAGLE’s stochastic subgrid physics implementation
by simulating nine realizations of each set of ICs, varying the
seed used for the quasi-random number generator each time. Solid
lines indicate the median value at each output time, and shading
shows the interval between the third and seventh values in the
rank-ordered distribution, a good approximation of the interquartile
range (IQR).

The halo mass histories of the ORGANIC and SECULAR galaxies are
very similar. We indicate the evolution of Mt with a dashed line;
both systems exceed this threshold at approximately the same time
(t~ 3.2 Gyr). The EARLY-SECULAR halo assembles more quickly, and
exceeds M5 earlier, at t ~ 2 Gyr. As intended, all systems converge
to near-identical halo masses of 10'>92My (ORGANIC, IQR =
0.02dex) and 10'>%* My (SECULAR and EARLY-SECULAR, IQR =
0.02 and 0.01 dex, respectively). The SECULAR halo temporarily
has a higher mass than the others at z &~ 0.4-0.1; this is due to
mass bound to another halo passing within r,p of the main halo
during this period. This halo passes closer to the SECULAR system
than it does to the ORGANIC and EARLY-SECULAR systems as an
unintended side-effect of our modifications; at its closest approach,
its centre of mass lies approximately at the virial radius of the main
halo.

As a result of its earlier assembly time, the EARLY-SECULAR halo
is intrinsically more tightly-bound than the SECULAR halo. When
simulated with purely collisionless dynamics, the binding energy of
the inner halo, EXX©, is 30 per cent higher for the EARLY-SECULAR
system; this difference corresponds to ~1o in the flagship EAGLE
simulation at this halo mass.’

The stellar mass histories of the ORGANIC and SECULAR galaxies
also trace each other closely, but diverge slightly at r = 7.1 Gyr,
as a result of the ORGANIC galaxy’s sole significant merger (after
MS is exceeded); a minor merger of stellar mass ratio u = 0.17.
The ex situ stellar mass contributed by this merger elevates the
ORGANIC galaxy’s stellar mass above that of its secularly-evolving
counterpart, but by the present day, the SECULAR system catches

©Qur results are not strongly sensitive to this choice, and we have verified
that using longer time-scales of 300 Myr and 1 Gyr yield similar results.
"We calculated this statistic for haloes in the collisionless (DMONLY)
EAGLE L100N1504 simulation, ina 0.1 dex wide mass window about Mgy =
10 12.54 MO .
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Figure 1. The ORGANIC system and our modified SECULAR and EARLY-
SECULAR variants reach approximately the same final halo mass (M2gp) and
stellar mass (M, ), but exhibit differences in their mass histories due to our
genetic modifications. All three systems remain star-forming until z = 0,

despite their halo masses being far in excess of Mg{)’é The upper, middle, and

lower panels show the evolution of M2, M., and the specific star formation
rate (sSFR), respectively, for these three systems. Solid lines show the median
values for nine resimulations of each set of initial conditions with different
random number seeds, and shading indicates the interquartile range. The
time of the first snapshot output following any significant merger (stellar
mass ratio ;& > 0.1) is shown with a vertical line. We indicate the critical halo
mass, M;&‘), above which BHs can grow efficiently in EAGLE with a dashed
black line in the top panel. The location of the green valley in the EAGLE
population is shown with green hatching in the lower panel.

up through predominantly in situ star formation, and the ORGANIC
and SECULAR galaxies reach stellar masses of 109 My (IQR =
0.07 dex) and 10'°%! M (IQR = 0.04 dex), respectively. The EARLY-
SECULAR galaxy attains a similar final stellar mass of 10'% Mg
(IQR = 0.07 dex), but assembles the majority of that mass earlier as
aresult of an accelerated halo assembly history. Neither the SECULAR
nor EARLY-SECULAR galaxies experiences any significant mergers

20 Arenigad 20 uo 1senb AQ 215021 2/S0./E/22S/PIIe/Seluw/woo"dno-ojwapese//:sdny Wwoly papeojumoq



after the halo mass exceeds ML, and therefore by comparing the

properties of these systems, we may examine the influence of the
overall halo assembly time in the absence of mergers.

In the lower panel of Fig. 1, we show how these assembly histories
influence the specific star formation rates of our galaxies. We also
show the location of the green valley as a function of time for galaxies
of a comparable stellar mass in the largest EAGLE simulation volume
(Ref-L100N1504). We define this based on the sSFR of all EAGLE
galaxies in a 0.2 dex-wide window about the current stellar mass of
the ORGANIC galaxy. Following Wright et al. (2019), we take the
locus of the star-forming main sequence to be the mean sSFR of
these galaxies, subject to a floor log;o(sSFR/yr~!) > —11 4+ 0.5z,
and define the green valley to lie within 5 and 50 percent of this
value.

All three systems remain actively star-forming throughout their
evolution. The earlier stellar mass assembly of the EARLY-SECULAR
galaxy is reflected in its sSFR, which is higher at z & 3-2, and lower
at z & 1.5-1, than the later-assembling systems. However, there
is little difference between its final sSFR of 10713 yr~! (IQR =
0.07 dex) and the final sSFR of the later-assembling SECULAR system
107192 yr~! IQR = 0.1 dex). Therefore, while correlations within the
wider EAGLE population indicate that earlier-assembling and more
tightly-bound haloes tend to host central galaxies with lower sSFR
(e.g. Davies et al. 2019; Matthee & Schaye 2019; Davies et al. 2020),
we find that adjusting these quantities alone does not causally affect
the central galaxy’s present-day star formation activity.

3.1.2 Feedback and the baryon fraction

To investigate why changes in the assembly time alone do not change
the present-day star formation rates of our galaxies, we now explore
how the feedback history and the halo baryon content are affected
by our modifications. In the upper panel of Fig. 2, we show how
the total AGN feedback energy, Exgn, injected into our systems as
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a function of time, and in the middle panel, we show the fraction
of the total feedback energy, Erg = E, + Eacn, that is contributed
by AGN feedback. In the lower panel, we show how this energy
injection influences the halo baryon fraction (f,, normalized to the
cosmic fraction f,f"smiC = Qy/ Q0, lower panel). Details of how each
of these quantities was calculated are given in Section 2.3; since we
calculate Exgn directly from the central SMBH mass, My, we show
this mass as a second axis in the upper panel.

To place the growth of the BHs in our systems in context, we
briefly review the general behaviour of BHs in the EAGLE model.
McAlpine et al. (2018) proposed that EAGLE BHs grow in three
phases:

(i) In lower-mass haloes, stellar feedback is able to efficiently
expel gas from the central regions of galaxies, keeping the gas density
in the BH’s vicinity, ppn, low. The BH is therefore unable to grow
and remains close to the mass at which it was seeded. McAlpine et al.
(2018) name this the stellar feedback regulated phase.

(ii) As My reaches M5 and the halo virial temperature ap-
proaches 10%¢ K, stellar feedback-driven outflows have lower en-
tropy than the CGM and are no longer buoyant. These outflows
can no longer remove gas from the galaxy centre, causing pgy to
increase significantly. EAGLE BHs then accrete gas according to a
modified version of the spherically-symmetric Bondi & Hoyle (1944)
formula (see Rosas-Guevara et al. 2015), growing at a non-linear
rate proportional to M3, for as long as ppy remains high. McAlpine
etal. (2018) name this the non-linear growth (NLG) phase. Following

Figure 2. Differences in assembly history make little difference to Eogn and
its contribution to the overall feedback budget in the absence of disruptive
events, and all systems remain baryon-rich. In the same fashion as Fig. 1, the
upper, middle, and lower panels show the evolution of the integrated energy
injected by AGN feedback (Eagn), the fraction of the total feedback energy,
Erg, contributed by AGN, and the halo baryon fraction (f,, normalized to
the cosmic fraction, 2,/€2), respectively, for the ORGANIC, SECULAR, and
EARLY-SECULAR systems. We illustrate the phase of non-linear growth (NLG)
undergone by the central BH in each system with horizontal bars.

their study, we take the NLG phase to be where d log;o(Mpy)/dt >
0.25 dex Gyr~! and illustrate it with horizontal bars in Fig. 2.

(iii) Once the BH becomes sufficiently massive that its AGN
feedback can expel gas from the BH’s immediate vicinity, ppn
falls and the NLG phase ends. Thereafter, the BH can regulate its
own growth (and ppy) through AGN feedback. McAlpine et al.
(2018) name this the AGN feedback-regulated phase. However, as we
will demonstrate in this study, AGN feedback does not necessarily
dominate the energy injected into the galaxy and halo after the NLG
phase ends.

During the NLG phase, Eagn and Mpy rise sharply, and this
occurs markedly earlier for the EARLY-SECULAR system than for the
later-assembling ORGANIC and SECULAR systems. However, over the
lifetimes of the SECULAR and EARLY-SECULAR systems, the total
energy injected by AGN feedback is not significantly different
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(Eagy = 103 erg with IQR = 0.1dex), and is slightly less than
the energy injected into the ORGANIC system (Eagy = 10900 erg,
IQR = 0.1 dex).

In the absence of merger events, earlier halo assembly and a 30
per cent higher binding energy therefore does not necessarily yield
a more massive BH or the injection of more AGN feedback energy.
This is somewhat surprising, since the model of Booth & Schaye
(2010, 2011) predicts that BHs will grow until they have injected an
energy set by the halo binding energy, and strong positive correlations
exist between Mpy and EDMS at fixed Mg in the EAGLE population
(Davies et al. 2019). While the final My and Exgn do not change,
the EARLY-SECULAR BH does grow at a faster rate during the NLG
phase, and we find that it attains a higher pgy during this period. This
is consistent with the behaviour of the wider EAGLE population, in
which BHs that enter the NLG phase earlier are more luminous
and have higher Eddington ratios during the phase (McAlpine et al.
2018). This may be the result of a higher cosmological infall rate
and/or mean density of the Universe at earlier times, or be due to the
higher halo binding energy making it harder for feedback processes
to reduce the central gas density.

AGN feedback does not dominate the energy input into any
of these systems, as shown in the middle panel; it contributes
~30 per cent of the feedback injected into the SECULAR and EARLY-
SECULAR systems and 240 per cent of the feedback in the ORGANIC
system. Eagn/Erp sharply increases as each system’s BH undergoes
its NLG phase, but then remains fairly constant once this phase is
complete; the post-NLG phase therefore need not be dominated by
AGN feedback. Both stellar and AGN feedback continue to operate
in tandem for the remainder of each system’s evolution, apparently
co-existing in equilibrium and contributing similar rates of energy
injection.

The lower panel shows that the feedback injected into these
systems has not led to a strong expulsion of baryons from their
haloes. Prior to each system’s NLG phase, the baryon fraction f, is
approximately 0.65 £°%™¢, lower than the cosmic fraction due to the
effects of photoionization and stellar feedback at early times. In all
cases, the AGN feedback injected during the NLG phase causes a
small decrease in f;,, and in the ORGANIC halo, the additional AGN
feedback induced by the minor merger causes its f; to fall below that
of the SECULAR halo. Overall, the haloes remain baryon rich, retaining
approximately 60—70 per cent of the cosmic baryon fraction within
their haloes at the present day.

In EAGLE and other galaxy formation models, quenching galaxies
appears to require that a large fraction of the halo’s baryons are
expelled beyond the virial radius by AGN feedback, in order to
reduce the cooling rate of CGM gas onto the interstellar medium
(Davies et al. 2020; Zinger et al. 2020). This does not occur for our
secularly-evolving systems, explaining why they remain star-forming
until the present day.

3.1.3 The role of the galaxy disc

The results discussed so far demonstrate that, in the absence of
mergers or other disruptive events, the assembly time and intrinsic
binding energy of a dark matter halo do not strongly influence the
present-day properties of our galaxy and its halo. This result can be
understood by considering the dynamics of the gas in the vicinity of
the central BH. As discussed in Section 3.1.2, EAGLE BHs can only
grow rapidly while the density of gas in their vicinity (pgy) remains
high. If gas is kept away from the BH, spread out in a co-rotating
disc, ppy Will be lower and the BH’s growth will be inhibited.

MNRAS 527, 4705-4716 (2024)

Using a similar genetic modification experiment, Davies,
Pontzen & Crain (2022) showed that suppressing the influence of
a merger also suppresses the growth of the central BH, because
the co-rotational motion of the gas is preserved in the absence
of any disruptive events. A similar phenomenon is occurring for
our SECULAR and EARLY-SECULAR galaxies, which have persistent,
strongly co-rotating discs throughout their evolution. Following the
process outlined in Section 3.1.2, their BHs undergo an NLG phase
when Magy — M5it, before settling into the AGN feedback-regulated
phase. For the remainder of their evolution, 80-90 per cent of the
kinetic energy of the gas within three physical kpc of their BHs
is invested in co-rotational motion®, and so their BHs never grow
rapidly again as the rotational support keeps ppy low. Fig. 2 shows
that the halo assembly time and binding energy influence when the
NLG phase occurs, and how rapid the BH growth is in that phase, but
they do not significantly change the AGN feedback energy required
for the BH to reduce pgy and regulate its own growth. The final BH
mass is therefore similar in each case.

Our findings show that when galaxies are undisturbed by mergers
and retain gaseous discs, they settle into a state where a balance of
stellar feedback and low-level AGN feedback is sufficient to regulate
the growth of the BH and the galaxy, long after the M. threshold
has been exceeded. Their BHs inject only the minimum amount of
energy required to end the NLG phase, and afterwards only require
a small amount of AGN feedback energy to regulate the build-up
of gas that migrates to the centre of the disc. This feedback does
not strongly affect the CGM, which can continue cooling onto the
galaxy, where the majority of it settles onto the disc and forms stars,
and a minority fuels slow and steady growth of the BH.

In this state, the growth of the BH and the properties of the host
halo are effectively decoupled. The BH does not need to ‘offset’ the
cooling of gas from the whole halo in order to regulate its growth, as is
the case in more massive group/cluster systems (e.g. McNamara &
Nulsen 2007; Fabian 2012); instead, only a small fraction of the
gas cooling from the halo can fuel the BH. While a higher binding
energy (and deeper potential) may in principle mean that more AGN
feedback is required to expel this gas from the centre of the disc, the
near-identical Exgn for our secularly-evolving galaxies demonstrates
that this is not a significant effect. As a result, the integrated growth
of the BH, and hence its influence on the CGM and the galaxy, is not
sensitive to changes in the binding energy of the halo.

3.2 The impact of merger events

We now explore how our SECULAR and EARLY-SECULAR galaxies
and their haloes evolve when they do experience a disruptive merger
after exceeding ML\, We therefore turn to the systems evolved from
our MERGER and EARLY-MERGER initial conditions. Each of these
systems undergoes a major merger with a stellar mass ratio u = 0.46,
occurring at = 6.4 Gyr (MERGER) and t = 4.9 Gyr (EARLY-MERGER).
While the stellar mass ratios of these mergers are the same, we note
that they are not the same merger, and they differ in their geometry
(i.e. impact parameter and infall angle) and dynamics.

3.2.1 Halo and galaxy evolution

Fig. 3 is identical in format to Fig. 1, but now focuses on the evolution
of the MERGER and EARLY-MERGER halo mass, stellar mass, and

8These values are equivalent to the « ¢, diagnostic (Correa et al. 2017) for the
gas, calculated with the routines of Thob et al. (2019).
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Figure 3. Our galaxies modified to undergo major mergers attain similar final
M>g and M, to their secularly-evolving counterparts. However, the mergers
cause them to leave the main sequence, enter the green valley, and in many
cases quench. The three panels are equivalent to those in Fig. 1, but now show
the evolution of M, M,, and the sSFR for the MERGER and EARLY-MERGER
systems. The median evolution for the SECULAR and EARLY-SECULAR systems
is shown for comparison.

sSFR. To demonstrate the differences induced by mergers relative
to a secularly-evolving case, we also include the SECULAR and
EARLY-SECULAR systems but only show the median evolution, for
clarity. As in previous figures, we highlight the snapshot times after
which significant mergers have occurred for the MERGER and EARLY-
MERGER systems with vertical lines.

As shown in the upper panel, the halo mass histories of the
SECULAR and MERGER haloes are similar to each other, as are those
of the EARLY-SECULAR and EARLY-MERGER haloes, reaching near-
identical halo masses by the present day. The later-assembling pair
of systems cross the M5 threshold at approximately the same
time, as do the earlier-assembling pair. The stellar mass histories

4711

(middle panel) are also very similar within the earlier- and later-
assembling pairs of systems. As with the halo mass, the histories
differ at the time of the merger, as the MERGER and EARLY-MERGER
galaxies gain a significant ex situ contribution to their stellar mass,
while their secularly-evolving counterparts form stars more steadily
in situ.

The post-merger stellar mass histories of the MERGER and EARLY-
MERGER galaxies can be understood by examining the evolution of
their sSFR, shown in the lower panel of Fig. 3. Prior to the mergers
taking place, the galaxies are on the main sequence, closely following
the sSFR of their secularly-evolving counterparts. However, the
sSFR declines following the mergers in both cases, with a stronger
decline seen for the EARLY-MERGER galaxy. The scatter introduced by
stochasticity is particularly notable here; in the EARLY-MERGER case,
many realizations of the galaxy rapidly fall through the green valley
and quench within the time interval between simulation outputs,
whereas others fall into the green valley and remain there until z = 0.
In general, the median EARLY-MERGER galaxy is quenched due to the
merger it experiences, whereas the median MERGER galaxy resides
in the green valley.

3.2.2 Feedback and the baryon fraction

Fig. 3 shows that individual merger events are able to induce strong
changes in the sSFR of our galaxy, to a degree that adjusting the
overall assembly time alone did not. Davies, Pontzen & Crain (2022)
showed that mergers induce such changes because they disrupt the
co-rotational motion of gas in the galaxy disc, greatly increasing
the density of gas in the central BH’s vicinity and allowing the
BH to grow more massively (and thus inject more AGN feedback
energy) than in a secularly-evolving system. This phenomenon also
occurs for our MERGER and EARLY-MERGER systems; prior to the
mergers, 80-90 per cent of the kinetic energy of the gas within three
physical kpc of their BHs is invested in co-rotational motion, but in
the snapshots following their merger events, this fraction has fallen to
~30 per cent. This greatly enhances the growth of the BHs in these
galaxies.

We show how this disc disruption affects the BH’s growth in
Fig. 4, which has the same format as Fig. 2 but now focuses on
the feedback energetics and halo baryon content of the MERGER
and EARLY-MERGER systems, again also showing the median evo-
lution of their secularly-evolving counterparts. The haloes exceed
MSHt at approximately the same time as their secularly-evolving
counterparts, and so their central BHs begin their NLG phases at
similar times. The masses of the BHs then quickly exceed those
in the secularly-evolving galaxies once the merger events begin to
influence the amount of gas available to them. To follow this process
in more detail, we performed additional simulations with 10 Myr
output time resolution, finding that BH growth in the MERGER system
is stimulated at the infalling halo’s first periapsis over 1 Gyr before
the merger, whereas in the EARLY-MERGER system it is the final
coalescence that triggers rapid BH growth. The final masses of these
BHs are 107° M (MERGER, IQR = 0.2 dex) and 10%° M, (EARLY-
MERGER, IQR = 0.2 dex), significantly exceeding the masses of the
BHs in the secularly-evolving galaxies (1074 Mg, IQR = 0.1 dex in
both cases), and consequently factors of &3 and ~4 times more AGN
feedback energy are injected in these systems, respectively.

The middle panel of Fig. 4 shows that mergers significantly
increase the fraction of the total feedback energy that is contributed by
AGN feedback; by the present day AGN feedback accounts for ~55
per cent of the feedback in the MERGER system and 59 per cent in
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Figure 4. Mergers cause the injection of significantly more AGN feedback in
the MERGER and EARLY-MERGER systems, leading AGN feedback to constitute
a greater fraction of the feedback energy injected into these systems. The
expulsive effect of this feedback depletes the baryon content of their haloes.
The three panels are equivalent to those in Fig. 2, but now show the evolution
of the feedback energetics and halo baryon content for the MERGER and EARLY-
MERGER systems, with the median evolution for their secularly-evolving
counterparts shown for comparison. We illustrate the phase of non-linear
growth (NLG) undergone by the central BH in each system with horizontal
bars.

the EARLY-MERGER system (cf. 30 per cent in the secularly-evolving
systems). This is predominantly the result of a large increase in Eagn;
the mergers increase the integrated stellar feedback energy by only
small factors of 1.2 and 1.3 for the MERGER and EARLY-MERGER
galaxies, respectively. This additional AGN feedback expels a large
fraction of the CGM from the MERGER and EARLY-MERGER haloes; as
shown in the lower panel they both retain only ~30 per cent (IQR =
20 per cent) of the cosmic baryon fraction within their haloes at the
present day. This reduction in the baryon content of the CGM causes
it to cool less efficiently, explaining the reduced star formation rates
of these galaxies (see also Davies et al. 2020; Davies, Pontzen &
Crain 2022).

MNRAS 527, 4705-4716 (2024)

3.2.3 Two modes self-regulation in galaxies with massive SMBHs

In Section 3.1.2, we outlined the picture described by Bower
et al. (2017) and McAlpine et al. (2018), in which EAGLE’s BHs
predominantly grow in two phases separated by a transitional non-
linear growth phase. McAlpine et al. (2018) name the final, post-
NLG phase the ‘AGN feedback regulated phase’, implying that the
regulation of BH and galaxy growth is dominated by AGN feedback,
but our findings show that this is not necessarily the case. EAGLE
galaxies can remain star-forming and regulated by a mixture of stellar
and low-level AGN feedback long after the NLG phase, so long as no
mergers disrupt the gas disc. We therefore propose that the post-NLG
phase can be further split into two modes:

(i) Stellar & AGN feedback co-regulation: The presence of a
co-rotating gas disc in the galaxy largely decouples the growth of
the BH from the properties of the host halo. Gas that cools from
the CGM settles into the disc and the BH need only grow enough
(and inject enough AGN feedback) to regulate the gas that migrates
to the centre of the disc. The CGM is minimally affected by this
AGN feedback and the galaxy remains star-forming. The BH may
be locally self-regulating with AGN feedback, but the galaxy and
its halo are regulated by a mixture of stellar and low-level AGN
feedback.

(i) AGN feedback regulation: When the galaxy disc is dis-
rupted/destroyed, the gas cooling from the CGM (in addition to the
cold gas already in the galaxy) can reach the BH’s vicinity. The BH
must therefore regulate inflow from the halo; this involves ejecting
a significant fraction of the CGM in order to reduce the density, and
hence the cooling rate, of the remaining circumgalactic gas. This
regulation mode requires the injection of far more AGN feedback
and the growth of the BH to a higher mass. The amount of energy
required may depend on halo properties such as the binding energy.
The prevention of cooling from the CGM reduces or quenches star
formation in the galaxy, and AGN feedback becomes the dominant
energy injection mechanism.

The BHs in the SECULAR and EARLY-SECULAR galaxies remain
in the first of these modes after they begin to regulate their own
growth; changes to the halo’s formation time and binding energy
therefore have little influence on the energy injected by AGN (and
in turn the halo f;, and galaxy sSFR), as shown in Section 3.1. In the
MERGER and EARLY-MERGER systems, however, a merger occurs that
induces a transition to the second of these modes, transforming the
subsequent evolution of the BH, CGM, and galaxy, and recoupling
the properties of the central BH to the properties of the halo. The
transition between these two modes is likely essential to the diversity
in BH, CGM, and galaxy properties at fixed halo mass in the EAGLE
galaxy population.

3.3 Re-interpreting correlations in the EAGLE population

Previous studies of the galaxy populations in the large-volume
EAGLE (and IlustrisTNG) simulations have concluded that diversity
in the properties of BHs, galaxies, and their gaseous haloes at fixed
halo mass stems from differences in halo binding energy, which in
turn is assumed to be the result of differences in assembly/collapse
time. The basis for these conclusions was the clear correlation
between the inner halo binding energy, EDMS, and Mgy at fixed
M. The explanation for this correlation came from self-regulation
arguments; tightly-bound haloes more effectively confine gas at the
halo centre, requiring the injection of more AGN feedback (and hence
a higher Mpy) to expel gas and regulate the growth of the BH and
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Figure 5. The BH mass, Mgy, as a function of Mpgo for the galaxy pop-
ulation in the Ref-L100N1504 EAGLE simulation. Datapoints are coloured
according to the residuals of the loglo(E%"&?)—loglO(Mzoo/MQ) relation,
where E%I‘(;IOO is the binding energy within a sphere enclosing 2500 times
the critical density for each halo’s counterpart in a collisionless dark matter
simulation. At fixed Mg, haloes that are intrinsically more tightly-bound
host more massive BHs. Our genetically-modified systems are overlaid; our
modifications to their assembly histories cause them to span the scatter in the
population. Adjusting the assembly time in the absence of mergers changes
E%I‘(;I(? but not Mgy, while mergers can both drive high Mpy and cause haloes
to be more intrinsically tightly-bound. Merger events appear to be required
for establishing both diversity in Mgy and a correlation with the halo binding

energy at fixed Maoo.

galaxy (e.g. Booth & Schaye 2010, 2011; Davies et al. 2019, 2020;
Davies, Crain & Pontzen 2021). However, this explanation neglects
the influence of the galaxy disc and the role of merger events, which
we have shown to be crucial to the evolution of the BH and its host
galaxy in this study. We therefore now revisit this correlation and
consider its origin in light of this new information.

We show the correlation for the galaxy population in the EAGLE
Ref-L100N1504 simulation in Fig. 5, plotting Mgy as a function of
Mo for all central galaxies with Moy > 10" Mg, and colouring
the data points by the residuals (in log space) of the EDM Moo
relation.’ The marker colours reveal a very strong positive cor-
relation between EDMO and Mpy at fixed Mag. The locations of
our genetically-modified systems are overlaid with larger symbols,
coloured in the same fashion as the wider population; for each system,
we calculate EPMO and find the residual from the population median
at the system’s halo mass.

The modified systems span the majority of the scatter in Mgy
at My ~ 10'>° Mg, and their EDMO values agree well with the
underlying correlation. The systems that experienced merger events
not only host overmassive BHs but also have high inner halo binding
energies, and vice versa. The MERGER and SECULAR systems have

9The residuals are taken with respect to a running median value obtained
through the locally weighted scatterplot smoothing method (LOWESS, e.g.
Cleveland 1979).
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very similar assembly times and differ only by the presence, or lack
of, a major merger, yet the MERGER halo is significantly more tightly
bound for its mass. The inner halo binding energy is therefore not only
set by the assembly and collapse time, but can be strongly increased
by individual mergers. Comparing the SECULAR and EARLY-SECULAR
systems shows that earlier collapse does yield a higher EDA®, but
the increase is far smaller than that caused by a major merger, and it
does not cause enhanced BH growth.

This result aligns well with the early predictions of Neto et al.
(2007), who demonstrated that the connection between halo concen-
tration and formation time is clearer when the definition of formation
time includes all of a halo’s major progenitors and not just one,
indicating that mergers play a key role in setting the concentration
(and hence the binding energy). More recently, Rey, Pontzen &
Saintonge (2019) used genetic modification to increase the variance
of the overdensity field in a halo’s initial conditions, increasing the
number of significant mergers in the merger tree; this change also
caused the halo concentration to increase, providing further evidence
for this connection.

Our findings suggest that the correlation between the halo binding
energy and the BH mass emerges because mergers help to grow BHs
to high masses and can significantly increase the binding energy of
the host dark matter halo. This picture also provides an explanation
for why earlier-assembling haloes in cosmological simulations tend
to have higher binding energies and host quenched central galaxies
with overmassive central SMBHs (e.g. Matthee & Schaye 2019;
Montero-Dorta et al. 2020); these systems reside in denser, more
clustered environments (Sheth & Tormen 2004; Gao, Springel &
White 2005) and are therefore likely to experience more mergers
throughout their evolution.

4 SUMMARY AND DISCUSSION

In this study, we have used the genetic modification technique
(Roth, Pontzen & Peiris 2016) to assess how SMBH growth and the
impact of AGN feedback are influenced by individual galaxy—galaxy
merger events and the overall assembly history of the host halo.
This experiment was motivated by predictions from cosmological
simulations (see references in Section 1) that mergers can induce BH
growth and AGN feedback, and that the BH mass correlates strongly
and positively with the binding energy of the dark matter halo, which
in turn is correlated with the overall assembly time.

We performed zoom simulations of a star-forming disc galaxy
of stellar mass M, = 4.3 x 10'°Mg and host halo mass My =
3.4 x 10" M, with the recalibrated high-resolution version of the
EAGLE galaxy formation model (Crain et al. 2015; Schaye et al.
2015). Using the initial conditions generator GENETIC (Stopyra
et al. 2021), we modified the initial conditions of our fiducial
galaxy and its host halo to generate four new variants of it with
systematically adjusted assembly histories, designed such that we
could independently assess the roles of mergers and the overall
assembly time in a controlled galaxy formation experiment.

First, we produced two modified variants of our galaxy for which
no significant mergers (i.e. where the stellar mass ratio © > 0.1)
occur after the host halo reaches the critical mass, M, above
which BHs are able to grow via accretion in the EAGLE model
(see Bower et al. 2017; McAlpine et al. 2018). One of these systems
(SECULAR) has a similar assembly time to the unmodified case, while
the other (EARLY-SECULAR) assembles earlier. This earlier assembly
time causes the inner dark matter halo of the EARLY-SECULAR case to
be intrinsically more tightly-bound; when measured in an equivalent
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dark matter-only simulation, its present-day binding energy, E?SI\(;[OO s
is 30 per cent higher than the SECULAR case.

Comparing these systems allowed us to isolate how differences in
the halo assembly time influence the growth of the central BH, free
of the influence of significant mergers. We find that these differences
do not drive significant changes to the present-day properties of the
galaxy and its host halo. The SECULAR and EARLY-SECULAR galaxies
both reach the same present-day stellar mass and remain on the
star-forming main sequence (Fig. 1), and their central BHs grow to
approximately the same mass and inject the same amount of AGN
feedback energy, both in absolute terms and as a fraction of the
total feedback energy, and their gaseous haloes remain baryon-rich
(Fig. 2).

The BHs grow according to a three-phase process, as is expected
in the EAGLE model (McAlpine et al. 2018); they initially remain
close to the seed mass, undergo non-linear growth (NLG) when the
halo mass exceeds ML, and then grow more steadily once AGN
feedback is able to expel gas from the BH vicinity. We find that
differences in assembly time influence when the NLG phase occurs
and the typical accretion rate in this phase, but do not change the total
energy injected or the impact of the feedback on the galaxy-CGM
ecosystem. Once the NLG phase ends, the growth of the BH and
galaxy are regulated by a combination of stellar and low-level AGN
feedback, which contribute approximately 70 and 30 per cent of the
feedback energy injected by z = 0, respectively.

To test the influence of mergers, we produced two more sets of
initial conditions, MERGER and EARLY-MERGER, designed to yield
haloes with similar assembly times to the SECULAR and EARLY-
SECULAR galaxies, respectively, but also experience a major merger
(u = 0.46) after crossing MM, At z = 0, we find that these
systems have approximately the same halo and stellar masses as their
secularly-evolving counterparts, but are either quenched or reside in
the green valley (Fig. 3). The mergers cause the BHs in these systems
to grow significantly more massive than the BHs in their secularly-
evolving counterparts, and inject significantly more AGN feedback
energy (by factors of ~3 and ~4, respectively). AGN dominate the
feedback energy injected into these systems, contributing ~55 and
~59 per cent of the total integrated energy respectively. The expulsive
nature of this feedback depletes the haloes of their baryons, and they
retain only &30 per cent of the cosmic baryon fraction by the present
day (Fig. 4).

We attribute these results to the vital importance of the galaxy
disc in determining the conditions in the vicinity of the central
BH. The SECULAR and EARLY-SECULAR galaxies retain strong co-
rotating gas discs throughout their evolution, with 80-90 per cent
of the kinetic energy of the gas invested in co-rotational motion.
This rotational support reduces the inflow rate towards the BH,
suppressing its growth and reducing the feedback energy required to
maintain self-regulation. The BHs in these systems appear to undergo
non-linear growth to a minimum mass at which AGN feedback can
expel gas from their vicinity, and then grow very little thereafter.
The majority of the gas cooling from the halo settles onto the disc
and fuels continued star formation, with a small minority fuelling
the slow growth of the BH. The disc therefore decouples the growth
of the BH from the properties of the host halo, and hence changes
in assembly time and binding energy have little influence on our
secularly-evolving galaxies.

In our MERGER and EARLY-MERGER systems, the disc is disrupted,
allowing gas in the galaxy and halo to fuel BH growth. This increases
the AGN feedback energy required to maintain self-regulation, and
causes a transformation of the CGM and the quenching of star

MNRAS 527, 4705-4716 (2024)

formation. The disruption of the disc (through mergers or otherwise)
therefore appears to be key to the establishment of diversity in the
masses of BHs, and to coupling the properties of BHs with those of
their host haloes.

To summarize, we have extended the commonly-adopted picture
that the baryon cycle and (internal) quenching is almost entirely
dominated by stellar/SN feedback below a threshold halo mass
My >~ 10'2 Mg, and by AGN feedback above it, by demonstrating
unambiguously that the dominant feedback mechanism is set by both
the halo properties and the merger history. Our experiment suggests
that the halo must exceed this mass threshold and a disruptive event
must occur to yield an overmassive BH and a quenched galaxy. We
propose that once galaxies host massive central BHs, their growth can
be regulated in one of two modes: (i) co-regulation by stellar feedback
and low-level AGN feedback in secularly-evolving, star-forming disc
galaxies, and (i) AGN-dominated regulation in systems without
discs, which are likely quenched due to the influence of integrated
AGN feedback on the CGM. At high My, AGN feedback is not
guaranteed to dominate, and quenching need not occur, explaining
why galaxies continue to form stars in haloes far exceeding Mpyy =~
10> My, in EAGLE. The transition of galaxies between these two
modes may be essential to the diversity of galaxy properties seen at
this mass scale.

We concluded by reconsidering the origin of strong positive
correlations between the BH mass and the host halo binding energy
seen at fixed halo mass in the EAGLE population, in light of our
results. We placed the properties of our modified systems in the
context of this correlation (Fig. 5), and deduced that the correlation
likely emerges because mergers are key to growing BHs to high
masses and they can significantly increase the binding energy of
the underlying dark matter halo. The controlled nature of our
genetic modification experiment was essential for developing this
understanding of how the properties, assembly history, and merger
history of dark matter haloes collectively influence the evolution of
their central galaxies and BHs.

While the behaviour of the single galaxy that we have simulated
is not guaranteed to be universal in the galaxy populations of the
EAGLE cosmological simulation volumes, circumstantial evidence
for the essential role of mergers does exist in the EAGLE Ref-
L100N1504 simulation. Galaxies residing in ~L* haloes that have
far exceeded MSH! but host undermassive BHs and remain CGM-
rich tend to have rotation-dominated stellar kinematics, while those
with overmassive BHs and gas-poor haloes tend to have dispersion-
dominated kinematics indicative of disruptive mergers in their past
(Davies et al. 2020).

To more firmly establish a connection between mergers and the
impact of AGN within the population, one could compare the
properties of two samples of galaxies with similar present-day
halo masses, but where galaxies in one sample have experienced a
disruptive merger when My > M3ht and those in the other have not.
Assembling such samples presents a challenge, however, primarily
due to difficulties in defining what makes a merger ‘disruptive’.
Whilst a high-stellar mass ratio is likely a good indicator, other
factors such as the morphologies of the merging galaxies, gas-
richness, orbital configuration (i.e. prograde versus retrograde) or
orbit type (i.e. ‘spiral-in’ or ‘head-on’) may be equally important,
with even 1:1 mergers often causing little disruption if they are gas-
rich/prograde/spiral-in (e.g. Hopkins et al. 2009; Font et al. 2017;
Garrison-Kimmel et al. 2018; Martin et al. 2018; Peschken, Lokas &
Athanassoula 2020; Zeng, Wang & Gao 2021).

In our experiment, we were able to systematically adjust the mass
ratio of mergers to make them more or less disruptive, but we did not
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control for any of the above extra characteristics of mergers. Some
characteristics are influenced by each other; for example, when we
increase the mass ratio, we find that mergers become more ‘head-on’
with smaller impact parameters. We expect that in future work, we
will be able to identify the most important characteristics of mergers
by genetically-modifying the angular momentum of a galaxy and
its progenitors, allowing for controlled adjustment of a merger’s
trajectory (Cadiou, Pontzen & Peiris 2021, 2022).

We have shown in this work that galaxies that retain strong co-
rotating gas discs can remain star-forming and minimally influenced
by AGN feedback at halo masses above the threshold at which AGN
are expected to dominate and transform the system. We have focused
here on the ~L* mass scale in order to explain diversity in the
properties of Milky Way-like galaxies; however, this picture may
also apply to much higher masses and in more extreme systems.
While the likelihood of a galaxy experiencing a disruptive merger
increases with stellar mass (Martin et al. 2018), a rare population
of very massive (M, > 10" Mg) blue ‘super-spiral’ galaxies has
been observed at low redshift (Ogle et al. 2019). These galaxies
exhibit a mixture of old and young stellar populations characteristic
of early assembly and a consistently high star formation rate; they
may therefore represent an extreme, high-mass case of the behaviour
seen in our EARLY-SECULAR system. It should be possible to test this
hypothesis using a genetic modification experiment, in which the
assembly of a massive halo (M &~ 10" M) hosting a quenched
spheroidal galaxy is accelerated and the merger history is made as
secular as possible. If these modifications yield similar changes to
those in our EARLY-SECULAR system, the central galaxy may become
a super-spiral that remains star-forming until z = 0, long after one
might expect it to have been quenched by AGN feedback.
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