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ABSTRACT
We show how the interplay between active galactic nuclei (AGNs) and merger history de-
termines whether a galaxy quenches star formation (SF) at high redshift. We first simulate,
in a full cosmological context, a galaxy of total dynamical mass Mvir = 1012 M� at z = 2.
Then we systematically alter the accretion history of the galaxy by minimally changing the
linear overdensity in the initial conditions. This ‘genetic modification’ approach allows the
generation of three sets of � CDM initial conditions leading to maximum merger ratios of
1:10, 1:5 and 2:3, respectively. The changes leave the final halo mass, large-scale structure
and local environment unchanged, providing a controlled numerical experiment. Interaction
between the AGN physics and mergers in the three cases leads, respectively, to a star-forming,
temporarily quenched and permanently quenched galaxy. However, the differences do not pri-
marily lie in the black hole accretion rates, but in the kinetic effects of the merger: the galaxy is
resilient against AGN feedback unless its gaseous disc is first disrupted. Typical accretion rates
are comparable in the three cases, falling below 0.1 M� yr−1, equivalent to around 2 per cent
of the Eddington rate or 10−3 times the pre-quenching star formation rate, in agreement with
observations. This low level of black hole accretion can be sustained even when there is in-
sufficient dense cold gas for SF. Conversely, supernova feedback is too distributed to generate
outflows in high-mass systems, and cannot maintain quenching over periods longer than the
halo gas cooling time.
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1 IN T RO D U C T I O N

Reproducing the population of galaxies observed in the Universe
within a � cold dark matter (�CDM) cosmological paradigm re-
quires significant energetic feedback (White & Frenk 1991) to pre-
vent overcooling and excessive star formation (SF). In fact, SF must
be inefficient in both low- and high-mass dark matter (DM) haloes,
with a peak efficiency corresponding approximately to the lumi-
nosity function turnover L� (Bower et al. 2006; Guo et al. 2010;
Behroozi, Wechsler & Conroy 2013; Moster, Naab & White 2013).
Regulation of galaxies with luminosities L < L� can be attributed
to ultraviolet background radiation slowing the accretion of gas
into shallow potential wells (Efstathiou 1992; Bullock, Kravtsov &
Weinberg 2000; Somerville 2002), and subsequently energy input
from young stars (White & Rees 1978; Cole et al. 1994; Efstathiou
2000; Governato et al. 2007; Pontzen et al. 2008). The relatively
shallow potential wells mean that the typical speeds achieved by
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supernova (SN)- and radiation-driven galactic winds can exceed
the escape velocity (Mac Low & Ferrara 1999; Christensen et al.
2016). However, many lines of reasoning suggest that these pro-
cesses must become increasingly ineffective as dynamical masses
approach 1012 M� (Benson et al. 2003; Bower et al. 2006; Hopkins
et al. 2014; Keller, Wadsley & Couchman 2016).

Accounting for reduced SF at high masses has proved more con-
tentious. Early scaling arguments and semi-analytic models sug-
gested that long cooling times associated with the raised virial
shock temperature could be a simple explanation (Binney 1977;
Rees & Ostriker 1977; White & Rees 1978; Kauffmann, White &
Guiderdoni 1993; Cole et al. 1994; Somerville & Primack 1999).
Unfortunately, the resulting suppression is only effective for low
baryon fractions, making it insufficient to account for observed lu-
minosity functions given today’s concordance �CDM parameters
(Benson et al. 2003). A related possibility is offered by starva-
tion of galaxies simply because accretion slows down at late times
(Feldmann & Mayer 2015; Feldmann et al. 2016). However, the
host halo masses of red galaxies are observed to be systematically
lower than those of star-forming galaxies, suggesting that accretion
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continues after SF shuts down (Mandelbaum et al. 2016). Semi-
analytic models also suggest that without additional mechanisms, it
is very difficult to quantitatively explain the division of the popula-
tion into actively star-forming discs and ‘quenched’, red ellipticals
(Baldry et al. 2004; Bower et al. 2006). This division appears to
be in place even at high redshift (Ilbert et al. 2010; Brammer et al.
2011).

Environmental effects, especially in high-density group and clus-
ter regions, can strip an infalling galaxy of its gas reservoir which
leads to a more natural bimodality (e.g. Quilis, Moore & Bower
2000; Gómez et al. 2003; Boselli & Gavazzi 2006; van den Bosch
et al. 2008; McCarthy et al. 2008; Bahé & McCarthy 2015). How-
ever, quenching also occurs outside of these environments (van den
Bosch et al. 2008; Guo et al. 2009; Peng et al. 2010; Wijesinghe
et al. 2012). We are therefore led to re-examine the role of feedback.
One route to increasing the efficacy of stellar feedback at intermedi-
ate and high masses is to induce intense, compact starbursts through
major mergers or violent disc instabilities (Dekel & Burkert 2014;
Ceverino et al. 2015; Zolotov et al. 2015; Tacchella et al. 2016).
However, quenching in this scenario remains fairly gradual, with
SF declining over several gigayears (Zolotov et al. 2015), whereas
a number of lines of evidence suggest that a significant fraction of
early-type galaxies are formed by much more rapid quenching (e.g.
Thomas et al. 2005; Schawinski et al. 2014; Belli, Newman & Ellis
2015; Barro et al. 2016). Moreover, in this picture, quenching can
be maintained over long time periods only in high-mass galaxies
where the virial shock prevents rapid cooling of material accreted
after the starburst event (White & Frenk 1991; Birnboim & Dekel
2003). By definition, quenching SF for longer than the cooling time
of halo gas requires an energy source other than stellar feedback.

Many studies suggest that the crucial input comes from active
galactic nuclei (AGNs) powered by central supermassive black
holes (BHs); see, for example, Di Matteo, Springel & Hernquist
(2005); Hopkins et al. (2005); Bower et al. (2006); Croton et al.
(2006); Sijacki et al. (2007); Di Matteo et al. (2008); Cattaneo et al.
(2009); Johansson, Naab & Burkert (2009); Fabian (2012); Dubois
et al. (2013, 2016) and references therein. AGNs drive rapid out-
flows which can be directly observed in post-starburst galaxies (e.g.
Tremonti, Moustakas & Diamond-Stanic 2007; Rupke & Veilleux
2011), suggesting that BHs are able to suppress SF by removing the
supply of gas. Adding weight to the connection between a galaxy
and its central BH is the strong observed correlation between BH
mass and stellar mass in the bulge (Cattaneo et al. 2009; Volonteri
& Bellovary 2012; Kormendy & Ho 2013), which can be inter-
preted either as evidence that the BH and SF are fed from the same
supply of cold gas; that feedback from BH regulates the star for-
mation rate; or even, for low-mass galaxies, that feedback from
SF regulates the BH accretion (Dubois et al. 2015). It is possible
that the true explanation is a combination of all three effects. But
whatever the regulatory role that BHs play, observations also show
that AGN activity is common in highly star-forming galaxies (e.g.
Nandra et al. 2007; Mullaney et al. 2012; Rosario et al. 2012, 2013;
Simmons et al. 2012; Förster Schreiber et al. 2014; Mullaney et al.
2015; Carniani et al. 2016), suggesting that the precise role of the
BH is strongly dependent on other, unidentified factors.

In this paper, we will identify those factors by studying the in-
teraction between AGN feedback and mergers in a realistic cosmo-
logical environment, discussing how it can lead to quenching that
is maintained for periods longer than the halo cooling time. To ad-
dress this question, we require an approach that offers control over
environment, accretion history, and feedback models. The basis for
our study is a z = 2 galaxy with a dynamical mass of 1012 M�,

simulated using the CHANGA code (Menon et al. 2015). Uniquely,
we are able to modify the accretion history of the system by mak-
ing minimal modifications to the large-scale structure. This ability
to ‘genetically modify’ the system that we study, while keeping
the cosmological conditions consistent with the �CDM inflation-
ary scenario, is introduced by Roth, Pontzen & Peiris (2016). Our
main aim here is to study how the BHs respond to changing the
significance of the most major merger. The combination of being
able to control feedback and history with a fixed local environ-
ment (including the precise directions of the filaments that feed
cool gas to the galaxy) allows us to isolate and identify the condi-
tions required for quenching. In particular, all simulations are run
first with and then without BHs to quantify the effect of the AGN
feedback.

This paper is structured as follows. In Section 2, we describe the
simulations in more detail. The results are discussed in Section 3.
Finally we conclude in Section 4.

2 SI M U L AT I O N S

2.1 The genetic modification approach

The morphology and colour of a galaxy are determined jointly by
its mass, environment, and history in tandem with internal feedback
processes. Idealized simulations allow one to study the collision of
two isolated galaxies, and consequently form part of the existing
evidence that BHs and mergers have a role to play in quenching
(e.g. Di Matteo et al. 2005; Johansson et al. 2009). However, such
a computational approach lacks a cosmological environment and
so neglects the inflowing gas filaments that provide fresh material
for SF; the results show whether the feedback is able to disrupt the
existing cold gas content but do not address the galaxy’s evolution
after this point. Conversely, traditional cosmological simulations
include the interaction between a BH and continuing gas accretion
(e.g. Dubois et al. 2013; Choi et al. 2015), but do not allow one
to build a predictive understanding of the dependence on merger
history.

In this work, we combine the best features of the two approaches:
we study the interplay between mergers and BH feedback by using
the genetic modification (GM; see Roth et al. 2016) approach to
generate a series of closely related initial conditions which lead to
different accretion histories. Our three initial conditions share the
same large-scale structure and power spectrum, allowing us to make
a controlled study while maintaining features such as the filaments
along which gas streams (see Fig. 1).

We start with an unmodified reference zoom cosmological
simulation of a galaxy of virial mass Mvir � 1012 M� (see
Section 2.2 for cosmological and numerical parameters). The lin-
ear overdensity field on the initial grid is denoted by the vector δ0;
each particle in the simulation then maps to a particular element
of this initial vector. To increase (or decrease) the significance of a
particular merger, we identify the particles of the infalling substruc-
ture and increase (or decrease) their mean overdensity in the initial
linear vector. To compensate the final mass, the mean overdensity
of the elements mapping to the final halo at z = 2 must be kept
fixed.

It is not possible to simply modify the δ0 linear overdensity vec-
tor by hand, since this would typically make the resulting field an
extremely unlikely draw from the Gaussian random ensemble. The
Roth et al. (2016) approach chooses a modified field δ1 that is as
close as possible to the original δ0 in the sense of minimizing
(δ1 − δ0)†C−1(δ1 − δ0) while also satisfying the imposed
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Figure 1. The GM approach minimally changes the large-scale structure while systematically altering the mass accretion history, to provide a controlled test
of galaxy quenching. Upper two rows: the projected density of DM in the high-resolution region surrounding the SNe + BH galaxies at z = 3.0 and z = 2.3,
respectively; the images are scaled to show DM column densities of 1019–1023 mp cm−2, where mp is the proton mass. The most massive individual haloes are
identified by circles at the virial radii; haloes are consistently labelled between the panels so that individual structures can be identified. Dot–dashed haloes
have already merged into the main halo in the reference (A) and enhanced-merger (A and D) simulations. The significance of the other labelled structures is
discussed in Section 2.3. Lower two rows: portraits of the galaxy in IVU rest-frame colours at z = 2.3 (t = 2.8 Gyr, i.e. a lookback time of 11.0 Gyr). The images
are scaled to cover a large dynamic range of 16–22 mag arcsec−2. The top of the two rows shows the SNe-only simulation suite; the galaxy forms a bright
central bar/bulge. As our merger is made more significant and moved to earlier times, this becomes more concentrated. The bottom row depicts galaxies from
the BH+SNe suite; the highly concentrated bars are absent, and the galaxy becomes increasingly quiescent, red, and spheroidal as the merger ratio increases
from left to right.

overdensity modifications.1 Here, C is the covariance matrix gen-
erated from the �CDM power spectrum.

For the purposes of this work, we generated three versions
of a galaxy in the same large-scale structure but with differing
merger histories. The specific modifications are described further in
Section 2.3. We verified that our constraints lead to a field that is
consistent with being drawn from a �CDM power spectrum by cal-
culating that χ2 ≡ δ

†
1C

−1δ1 remains close to N, the number of parti-
cles (i.e. degrees of freedom) in the simulation. In the modifications
described below, �χ2 = ±2, which is a small perturbation around

1 We implement the field changes by extending the code described by Roth
et al. (2016) to allow the spatially varying resolution required for zoom
simulations. The mathematical formalism does not change; the technical
implementation will be described in a forthcoming paper.

N � 1.9 × 107 degrees of freedom in the box. Since the modi-
fications are concentrated in the zoom region, one might instead
compare to N � 1.7 × 106 in the zoom region. Seen either way,
the modifications produce a field that is strongly consistent with the
�CDM power spectrum.

2.2 Running the simulations

The simulations are performed using the task-based parallelized
Tree-smoothed particle hydrodynamics (SPH) code CHANGA
which uses a geometric mean-density SPH interpolation approach,
reducing artificial surface tension to better resolve fluid insta-
bilities (Menon et al. 2015). The physics implemented includes
SF, SN feedback and metal cooling. We also include a new pre-
scription for BH formation, accretion and feedback. One key
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recommendation from multiscale studies of accretion on multiple
scales (e.g. Hopkins & Quataert 2010, 2011) is that angular mo-
mentum support plays a critical role in determining BH growth in
disc galaxies (see also Rosas-Guevara et al. 2015; Anglés-Alcázar
et al. 2016). Our accretion model is therefore based on a modified
Bondi–Hoyle formula that accounts for the rotational support of gas
on resolved scales without requiring additional sub-grid assump-
tions (Tremmel et al. 2016). Additionally, our approach includes
a dynamical friction prescription (Tremmel et al. 2015) that pro-
duces physically motivated, resolution-independent predictions for
BH trajectories and mergers.

Feedback from stellar winds, Type II and Ia SNe and BHs is
deposited thermally in the SPH kernel surrounding the source. In
contrast to the dynamics, the feedback is therefore explicitly reso-
lution dependent, reflecting that the physical processes underlying
feedback are always unresolved and must be represented by an
effective model. Accordingly, we are left with a handful of numer-
ical parameters; these are calibrated against the z = 0 luminosity
function and BH–bulge–mass relation. The tuning procedure, and
its verification using a (25 Mpc)3 uniform resolution volume sim-
ulation known as ROMULUS25, is described by Tremmel et al.
(2016). At present, we have only calibrated the new feedback mod-
els at a single resolution, and we therefore adopt this resolution for
this work (see below). To isolate the effect of the BH feedback, we
run each of our initial conditions twice; first including all forms of
feedback (which we will refer to as a ‘BH+SNe’ run), then again
including only stellar feedback (SNe only).

We assume a Planck �CDM cosmology throughout (based on
table 3, column 4 of Planck Collaboration XIII 2016). We start
by simulating a z � 2 field galaxy with a quiet evolution history.
In preparation, we performed a 50 Mpc uniform volume DM-only
simulation, from which we selected haloes with virial masses at
z = 2 in the range 0.9 × 1012 < Mvir/M� < 1.1 × 1012 with the
intention of obtaining a galaxy of stellar mass M� � 5 × 1010 M�.
We eliminated objects within a comoving megaparsec of a more
massive halo, leaving four candidates from which we picked the
object with the smoothest accretion history. The biggest event in
the halo’s history to z = 2.0 is a 1:5 merger at 1.7 Gyr (z = 3.7).2

At z = 2.0, the DM-only mass is 9.7 × 1011 M�; by z = 0.0 this
has grown to 3.3 × 1012 M�.

We refined the density field around the target halo to generate
zoom initial conditions (Katz & White 1993) and re-ran the simu-
lation adding baryons. Our final simulation suite has a resolution of
Mp, gas = 2.1 × 105 M� and Mp, dm = 1.4 × 105 M�. (To achieve
these similar particle masses, which are desirable to reduce noise in
the potential near the centres of galaxies, the DM field is realized at
twice the linear resolution of the gas field.) The Plummer-equivalent
softening in the high-resolution region is 250 pc.

2.3 The merger histories

Using the GM approach (Section 2.1), we generate three different
initial conditions; after running the simulations, we can study the
corresponding three merger scenarios for our numerical experiment.
The halo mass history is shown in Fig. 2. In summary:

(i) The original (reference) system’s largest merger prior to z =
2 has a mass ratio of 1:5 at z = 4.0 (t = 1.5 Gyr). Note that the

2 Here, and throughout, we define merger ratios using the mass of bound
dark particles as reported by Amiga’s Halo Finder (Knollmann & Knebe
2009) at the time that the infalling structure’s mass peaks.

galaxies merge slightly later than the parent haloes, at z = 3.2 (t =
2.0 Gyr).

(ii) Our first GM is designed to generate a more significant
merger by increasing the mass of the infalling object. This changed
mass also causes the structure to fall in somewhat earlier; specifi-
cally we obtain a 2:3 merger at z = 4.6 (t = 1.3 Gyr; for the galaxies,
z = 3.7 and t = 1.7 Gyr). We call this the enhanced-merger simula-
tion.

(iii) Our second modification is designed to generate a smaller
(but therefore later) merger. We found that due to the fixing of the
final virial mass, it is accompanied by a rapid series of individually
small accretion events that rapidly build mass (described below)
around z = 2.3 (t = 2.8 Gyr; for the galaxies, z = 2.5 and t =
2.6 Gyr). We call this the suppressed-merger simulation.

The top row of panels in Fig. 1 shows the situation at z = 3.0
(t = 2.2 Gyr). At this time, the target halo has already merged
in the reference- and enhanced-merger scenarios (centre and right
columns, respectively). The large-scale structure is therefore close
to identical in the two cases, with only small changes in the positions
of some individual objects. However, at this time in the suppressed-
merger case (left column), the merger is just taking place. In fact,
the target merging substructure has actually been split into two
haloes, marked A. The uppermost of these haloes is just about to
merge with a ratio of 1:10, while the lower constitutes an additional
minor merger of 1:25 at z = 2.3 (t = 2.8 Gyr). The GM, which
targets a fixed z = 2 mass as an additional constraint, has partially
compensated for the lower total mass present in accreted system
A by increasing the mass of the separate infalling system B. This
merges at z = 2.5 with a ratio of 1:10 – whereas in the reference-
and enhanced-merger simulations, the ratios for system B are 1:25
and 1:36, respectively. Meanwhile system C has a ratio of 1:20 and
merges at z = 2.5 in all cases. Accompanied by a large number of
other even smaller substructures such as system D (1:60), the net
effect is that the suppressed-merger halo grows rapidly around this
time but without any major mergers.

In all three cases, system E tidally interacts with the main halo
but is on a tangential trajectory and does not merge in the lifetime
of our simulations. The closest approach occurs at z � 2.3 (t =
2.8 Gyr), illustrated in the second row of Fig. 1.

3 R ESULTS

The lower panels of Fig. 1 show portraits of the galaxy in UVI rest-
frame colours at z = 2.3 in the three SNe-only runs (middle row)
and the corresponding SNe+BH runs (bottom row) with luminosity
scaling between 16 and 22 mag arcsec−2. Each simulation is shown
in a face-on and an edge-on projection, established according to
the angular momentum of the baryons. The images are not dust-
attenuated.

In the BH+SNe suite, the original and enhanced-merger scenar-
ios give rise to a quenched, elliptical galaxy at z = 2.3. This is
confirmed by the analysis of specific star formation rates (sSFRs,
defined by sSFR ≡ Ṁ�/M�) in Fig. 3. The first and second panels
show the BH+SNe and SNe-only simulation suites, respectively.
We also calculate the main-sequence SFR(M�, z) using the fitting
formula from Tomczak et al. (2016), itself based on ZFOURGE3

supplemented by far-infrared (IR) observations from Herschel and
Spitzer. The result is plotted with ±0.5 dex scatter as grey bands.

3 The FourStar Galaxy Evolution Survey, http://zfourge.tamu.edu
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Figure 2. The virial mass over time of our three scenarios, showing the
effect of the GM alterations. The black, red dotted and blue dashed lines refer
to the reference-, enhanced-merger-, and suppressed-merger runs in the SNe-
only suite, respectively. The build-up of mass differs, but by construction
the final mass is fixed at the end of the simulations, z = 1.8.

For the input stellar mass M�, we use the reference simulation (not-
ing that the sensitivity of the sSFR to M� is relatively weak). It can
be observationally convenient to define a quenched galaxy by its
locus in the rest-frame UVJ colour plane (e.g. Williams et al. 2009;
Whitaker et al. 2011); this results in an upper limit on the sSFR
of approximately 2 × 10−10 yr−1 (e.g. Domı́nguez Sánchez et al.
2016), which is shown as a horizontal line in Fig. 3.

In the SNe-only suite, the merger history has a relatively small
effect, with SF remaining active in all three cases. However in the
BH+SNe case (top panel of Fig. 3), the behaviour becomes highly
sensitive to history. The remainder of this section explores why the
BH feedback is sensitive to accretion history, and especially why it
leads to a rapid and long-term quenching in the enhanced-merger
scenario at t = 2.0 Gyr. First, we will inspect the accretion rates
of the BHs (Section 3.1) before showing that the coupling rather
than the total amount of energy is the key differentiating factor of
the BH+SNe suite (Section 3.2). Section 3.3 shows that the BH is
required not just to initiate quenching but to sustain it. However,
we also show in Section 3.4 that the BH actively accretes in the
suppressed-merger scenario; SF is allowed to continue because the
AGN is kept under control by the dense, rotation-supported gaseous
galaxy disc. Sections 3.5 and 3.6 draw implications for the popu-
lation of galaxies as a whole. Finally, in Section 3.7, we briefly
consider the dynamical impact of the BH feedback.

3.1 Black hole accretion rates remain strongly sub-Eddington,
even during mergers

Fig. 4 shows three ways of quantifying the BH accretion rate
over time in the three BH+SNe simulations. As before, reference-,
enhanced-, and suppressed-merger simulations are represented by
black solid, red dotted, and blue dashed lines. The top panel shows
the total BH accretion rate ṀBH. In our prescription, which follows
the physical orbit of BHs rather than tying them to the halo
centre, there can be more than one BH per halo; at each timestep we
therefore sum over all that are in the major progenitor halo. None
the less, we found that the total mass and the accretion rate are both
strongly dominated by one central BH except for a few timesteps
around mergers.

Note that the drop in accretion rate at t � 2.8 Gyr in all three
scenarios is linked to a strong tidal interaction at the closest approach

Figure 3. The interaction between BH feedback and merger history de-
termines whether a galaxy quenches. Top two panels: the sSFR of our
three galaxies in the BH+SNe and SNe-only simulation suites, respectively.
Colours and line styles correspond to those in Fig. 2. In the BH+SNe
suite, the enhanced-merger case quenches permanently, the reference sim-
ulation quenches temporarily, and the suppressed-merger simulation never
quenches. The grey band shows the approximate main-sequence expectation
using the fits from ZFOURGE supplemented by far-IR imaging (Tomczak
et al. 2016) evaluated at the stellar mass of the reference galaxy. When
galaxies fall below 2 × 10−10 yr−1 (horizontal lines), they are defined as
quenched by the widely used UVJ observational cut. Bottom panel: the ratio
between the sSFRs of each merger scenario for the two different feedbacks,
underlining how the relative effect of BH feedback is strongly dependent on
history.

of halo E (as shown in Fig. 1). While this modestly increases the
central density, it also increases the significance of the angular
momentum support term (Tremmel et al. 2016), so that the net
effect is an overall reduction in the accretion rate. After the tidal
event, the accretion rates recover. In the suppressed-merger case, the
AGN becomes offset relative to the galaxy centre by 500 pc, leading
to an increased accretion rate as its orbit decays. The consequences
will be discussed in Section 3.4.

The middle panel shows the accretion rate ṀBH normalized to
the SFR Ṁ�. The grey band represents the observed relationship
averaged over many galaxies, 〈ṀBH〉 � (0.6 ± 0.1) × 10−3〈Ṁ�〉 at
〈z〉 = 2 (Mullaney et al. 2012). The redshift evolution of this rela-
tionship is extremely weak at least to z = 3 (Stanley et al. 2015),
and so we have plotted a single mean relationship. Physically, the
relationship is thought to derive from a common gas infall rate to
the BH and stellar components (Dai et al. 2015; Harris et al. 2016);
individual objects scatter significantly around the mean relation
(Stanley et al. 2015), since this connection is imperfect.

The final panel of Fig. 4 shows the accretion as a fraction of the
Eddington limiting rate, defined by ṀEdd = 2.2 × 10−8 MBH yr−1

given the 10 per cent radiative efficiency assumed by our BH imple-
mentation. The accretion rate averages 1.6 per cent of Eddington,
even during the merging and quench phases, with only occasional
bursts reaching a maximum of 15 per cent. This contrasts with some
earlier works in which an Eddington-limited phase is invoked (e.g.
Di Matteo et al. 2005; Sijacki et al. 2007, 2015); our lowered Ed-
dington fractions are more consistent with constraints from the ob-
served quasar population (e.g. Kelly et al. 2010; Nesvadba et al.
2011) where there is no evidence for enhanced accretion after
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Figure 4. The BH feedback operates at a low Eddington ratio, even during
mergers. From top to bottom, the total BH accretion rate is shown as an
absolute rate, as a fraction of the SFR, and as a fraction of the Eddington
rate. Before quenching, all three galaxies closely conform to the mean
observational relation from Mullaney et al. (2012) (grey band, middle panel).
At later times, the luminosity of the BH is sustained and therefore increases
as a fraction of the SFR. The tidal interaction with halo E (see Fig. 1) causes
a drop in accretion rate in all three scenarios at t � 2.8 Gyr followed by a
slight rise in the suppressed-merger case, explained in the text.

mergers (Villforth et al. 2014). A major factor in the suppression
in our simulations is the explicit inclusion of angular momentum
support (Hopkins & Quataert 2011; Tremmel et al. 2016). In galax-
ies with a dense, rotationally supported gas disc, the accretion rates
are reduced by factors up to 10 relative to a standard Bondi–Hoyle
approach; the behaviour of the BH in different circumstances is
discussed further in Section 3.4.

3.2 Energy coupling matters more than total energy input

The BH feedback is essential to quenching (Fig. 3); we now con-
sider why the SN feedback is unable to play this role. With our
numerical parameters, the energy that couples thermally to gas for
each solar mass accreted on to the BH is 3.6 × 1051 erg, whereas the
value for each solar mass of stars formed is 6.8 × 1048 erg. Using the
rates from Figs 3 and 4, respectively, we calculate the total energy
deposited by all feedback sources in the SNe-only and BH+SNe
suites. The top panel of Fig. 5 shows the energy injection accumu-
lated over time Etot(< t) in the BH+SNe simulations as a fraction of
that in the SNe-only equivalents. The ratio is approximately unity,
and declines over time; in energetic terms, the reduced SFR in the
BH+SNe simulations slightly overcompensates for the BH energy
input.

The calculation above implies that total energy input is not the
controlling factor deciding whether a galaxy quenches. Further-
more, Tremmel et al. (2016) showed that, in test runs, doubling the
total energy input from SNe is unable to reproduce the correct halo
mass–stellar mass relation or the sSFR as a function of time; AGNs
have a qualitatively different effect to SN feedback.

The lower panel of Fig. 5 focuses on the BH+SNe suite, showing
the cumulative energy injected by BHs, EBH(< t), as a fraction of

Figure 5. The total feedback energy input to the galaxies is approximately
the same in BH+SNe as in SNe-only simulations. Upper panel: the total
cumulative energy from all feedback sources in the BH+SNe runs as a
fraction of the total energy in the SNe-only runs. In all three cases, the
BH+SNe runs inject comparable feedback energy to the SNe-only runs.
Lower panel: the fraction of energy delivered by the BHs in the BH+SNe
suite. The BH energy input is significant in all cases, and dominates in the
case of the enhanced-merger simulation. The balance between BH and SNe
feedback determines whether large-scale outflows are generated.

the total, Etot(< t). In the enhanced-merger case, 46 per cent of the
total feedback energy has been supplied by the BH at the time of
quenching (1.8 Gyr), rising to 63 per cent by the end of the simula-
tion. The corresponding figures for the reference case are 42 per cent
(at quenching, 2.5 Gyr) and 43 per cent (at the end of the simula-
tion, by which time SF has resumed and the fraction is falling). The
cumulative contribution of BH feedback to the suppressed-merger
case, which never quenches, does not exceed 35 per cent at any time.

This strongly suggests a link between quenching and the fraction
of feedback energy contributed by the AGN. To sharpen the connec-
tion, consider the energetics of gas leaving the galaxy (enclosed in a
sphere at 10 kpc to be conservative). We calculate, for each particle
i, the radial velocity vr, i and gas internal energy ui = 3kTi/2mpμi

(where k is the Boltzmann constant, mp is the proton mass, Ti is the
temperature, and μi is the relative atomic mass of the gas). From
here we define the outflow specific energy summary statistic as

Outflow energy ≡
∑

i mivr,i

(
ui + v2

r,i/2
)

∑
i mivr,i

, (1)

where mi is the particle mass and the sum is taken over all outflowing
(vr > 0) particles in the radial bin 9.5 < r/kpc < 10.5. Expression
(1) is constructed to give a specific energy representative of the
bulk of the outflow, using a mean weighted by local outflow rate
vrρ where ρ is the local gas density.

Fig. 6 shows the outflow specific energy defined in this way,
divided by the specific energy required to overcome the gravitational
potential, defined as �(rvir) − �(10 kpc). The upper and lower
panels show BH+SNe and SNe-only suites. Values above unity
(horizontal grey line) indicate that the majority of the outflowing
gas is able to escape; conversely, values below unity imply that
only a small proportion, if any, of the gas is able to escape the
potential. We choose to plot against the virial mass of the halo
(which monotonically increases with time) because, in the case of
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Figure 6. BHs are required for outflows at dynamical masses Mvir >

1011 M�. The energy in outflows, defined by equation (1), is shown as
a proportion of the energy necessary to escape the potential of simulated
haloes as they grow more massive over time. Independently of the assembly
history, SN-generated winds (lower panel) are unable to leave the central
regions of galaxies hosted in haloes with mass approaching 1012 M�. On
the other hand, BH feedback is centrally concentrated and therefore can cre-
ate unbound winds at all halo masses (upper panel), even though the energy
input is similar between the two simulation suites (Fig. 5).

SNe, the outflow properties are then expected to be approximately
independent of merger history (Keller et al. 2016).

The BH+SNe and SNe-only results are starkly different despite
the two simulation suites invoking similar total feedback energy
inputs (Fig. 5). The lower panel of Fig. 6 shows that SN-driven
outflows are increasingly ineffective in leaving the halo as the mass
increases. This is consistent with the results of Christensen et al.
(2016) who analysed the same SF prescription and found a mass out-
flow rate declining steeply with halo circular velocity. Conversely,
the upper panel shows that BH feedback is able to eject gas from
the halo at any mass.

We are now in a position to understand why BHs are essential to
quenching. The BH feedback couples a significant fraction of the
total available energy to a small mass at the very centre of the disc.
This generates temperatures of order 107 K on the smallest resolved
scales of a few hundred parsecs, while SN bubbles rarely exceed
106 K. As the overpressurized gas expands, the BHs give rise to
high velocities but low gas densities in the centre of the galaxy; we
find that typical mass outflow rates from the central kiloparsec are
around two to five times lower in the BH+SNe suite.

There are two reasons why this low-mass, high-temperature feed-
back is more effective than SNe by the time that we measure the
outflow leaving the galaxy at 10 kpc. First, the cooling time is longer;
secondly, the total gravitational energy penalty for leaving the disc
is lower. Both effects leave more of the feedback energy available
for coupling to the halo gas. In the SNe-only suite, the mass outflow
rates decline with radius as the gravitational and radiative energy
losses cause the outflow to stall. Conversely in the BH+SNe cases,
the mass outflow rates rise with radius because the initial energy
losses are small and mass is swept up in an expanding shocked
shell. It is this large-scale outflow, alongside the associated halo
gas heating that initiates and sustains galaxy quenching, as we now
discuss.

Figure 7. The BH is able to suppress SF for periods much longer than the
central cooling time (100 Myr). As a test, we restarted the enhanced-merger
BH+SNe simulation from z = 3 (t = 2.17 Gyr) with BH accretion artificially
switched off, finding that the galaxy rapidly rejoins the main sequence by
reforming a star-forming disc (black dash–dotted line).

3.3 The AGN is required to actively sustain quenching

The enhanced-merger BH+SNe simulation quenches for at least
1.5 Gyr, to the end of the simulation. During this time, SFR drops
by two orders of magnitude (Fig. 3) but the BH accretion rate
remains steady (Fig. 4). Since the cooling time in the inner 10 kpc
of the halo is only 100 Myr, this continuing feedback is crucial to
maintaining the quenching (e.g. Croton et al. 2006; Sijacki et al.
2007). We directly verified that the BH energy input is required by
restarting our enhanced-merger BH+SNe simulation from z = 3.0
(t = 2.17 Gyr), manually turning off the BHs after the sSFR has
dropped to below 0.1 Gyr−1. The results are shown in Fig. 7; SF
is rapidly re-established and the galaxy rejoins the main sequence
in less than 200 Myr. This underscores the importance of BHs to
maintaining (as well as establishing) the quenched state.

It is worth investigating why the BH continues to accrete even
when SF cannot proceed, despite the two processes sharing a com-
mon fuel in the form of cooling gas. Fig. 8 shows temperature maps
of the gas in the enhanced-merger (top row) and the suppressed-
merger (bottom row) BH+SNe simulations. The left and right pan-
els of each row show edge-on and face-on slices, as defined by
the stellar angular momentum. First, consider the quenched galaxy
(top row). Crucially, there is cool (∼104 K) gas present which is
able to feed the BH. Within 5 kpc of the centre, the total mass of
neutral and molecular gas (which we do not distinguish in these
simulations) is 1.2 × 108 M�, compared to 4.0 × 109 M� in the
SNe-only run. Observations indeed indicate that early-type galaxies
contain cold gas reservoirs in agreement with this result (e.g. Davis
et al. 2014). The primary source of cool gas in both simulations is
infalling streams.

When quenched, the turbulent remnant of the disc is able to
rapidly remove angular momentum from new material. As a re-
sult, the greatest BH accretion rates are reached somewhat after the
galaxy has quenched; the initial event involves mechanically dis-
rupting the ordered rotation of the disc, after which the BH is able to
cause substantial damage to the remaining cool interstellar medium.
Observations show that BH activity can continue after SF is shut
off (e.g. Nandra et al. 2007), in agreement with this picture. Cool
material that does not reach the central BH is typically disrupted by
the rapid hot outflows in the vicinity.
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Figure 8. Temperature maps of the central 15 kpc show how the effect of the
BH is strongly dependent on the gas around it. Upper panels: the enhanced-
merger simulation shortly after quenching. The rotation-supported disc has
been destroyed, replaced by a turbulent environment which can rapidly
remove angular momentum from incoming cool material, maintaining BH
accretion. Lower panels: the suppressed-merger simulation at the time of
maximum SFR. Tidal forces have compressed the disc, but the angular
momentum support restricts accretion on to the BH. Any energy released
from the BH is strongly confined by the surrounding dense gas, so that it
exits perpendicular to the disc and does not disrupt ongoing SF.

Conversely in the star-forming mode (bottom row), infalling gas
joins the ordered rotation of the disc, minimizing the angular mo-
mentum losses. Once in a long-term stable orbit, the new gas fuels
SF. Our implementation of BH accretion includes the physical sup-
port provided by angular momentum on resolved scales (Tremmel
et al. 2016), which limits the accretion rate even when the BH is sur-
rounded by dense gas. Furthermore, the effects of the feedback are
confined by the presence of the disc, meaning that the star-forming
regions are essentially shielded from any heating; the AGN energy
is instead directed into the halo, perpendicular to the disc and cool
gas inflow. This contrasts with the quenched system in which lack of
pressure confinement for the BH feedback allows it to indefinitely
prevent the re-formation of the disc.

The reference run serves as a helpful intermediate case where
the cycle of quenching described above terminates (see Fig. 3): SF
resumes because the outer halo cools and provides enough dense
gas to overwhelm the AGN feedback cycle. We investigate this more
thoroughly below, after discussing how the suppressed-merger run
avoids quenching entirely.

3.4 AGN activity can coexist with star formation

The suppressed-merger simulation never shuts off SF; the rate peaks
at 100 M� yr−1 at t = 3.1 Gyr and gently declines to 20 M� yr−1

at t = 3.5 Gyr (by which time it has a total stellar mass of
5.3 × 1010 M�). We verified that, extending the simulation another
timestep to t = 3.6 Gyr, the galaxy remains on the star-forming main
sequence.

The peak in SFR is caused by the encounter with system E
(Fig. 1). Closest approach occurs at t = 2.8 Gyr; the tidal forces
compress the gas disc and enhance SF in both SNe and BH+SNe
runs (Fig. 3). The enhanced, centrally concentrated SF causes oscil-
lation within the main sequence (Zolotov et al. 2015; Tacchella et al.
2016). As previously stated in Section 3.1, BH accretion rates also
increase immediately following the tidal encounter, which drives a

Figure 9. Long-term quenching requires the galaxy inflow to be suppressed.
Upper two panels: the rate at which gas is inflowing across a fixed radius
of 10 kpc for BH+SNe and SNe-only suites, respectively. Bottom panel:
the ratio between the inflow in the two suites; accretion on to the galaxy
is strongly suppressed for long periods by the BHs in the enhanced-merger
case (red dotted line), but recovers at t = 3 Gyr in the reference case (black
solid line). In the reference case, this leads to the reformation of the disc and
readmission of the galaxy on to the star-forming main sequence, whereas
the enhanced-merger galaxy never recovers (Fig. 3).

significant outflow for the first time in the history of the suppressed-
merger galaxy. However, the outflow is directed perpendicular to the
disc which mitigates its impact on the instantaneous SFRs, and the
galaxy continues to be fuelled with fresh gas from the intergalactic
medium (Fig. 9). The galaxy therefore does not quench; luminous
AGNs, SF, and rapid outflows can all coexist in the same galaxy,
as seen in observations (Nandra et al. 2007; Förster Schreiber et al.
2014; Carniani et al. 2016).

3.5 The longevity of quenching depends on merger ratio

As discussed in Section 3.3, the enhanced-merger simulation with
BH+SNe feedback quenches from shortly after the galaxies merge
until the end of the simulation. However, the reference simulation
quenches temporarily before reforming a star-forming disc. It re-
joins the main-sequence 1.5 Gyr after leaving it (Fig. 3); by the more
stringent UVJ cut, the total period for which it appears quenched is
less than 1 Gyr. At the end of the simulation it has a total stellar mass
of 3.2 × 1010 M� and is forming new stars at a rate of 16 M� yr−1.

The difference between the two cases is understood by inspecting
the rate of gas accretion into the galaxy (measured on a sphere at
10 kpc from the halo centre) as depicted in Fig. 9. The top two panels
show the rate in SNe-only and BH+SNe suites, respectively, with
the bottom panel showing the ratio. In the reference and enhanced
scenarios, BH feedback has the effect of reducing the accretion
rate by up to a factor of 2 when the galaxies are quenched at
t = 2.5 Gyr. Conversely in the suppressed scenario, inflow rates are
only weakly dependent on feedback – and, counterintuitively, the
average inflow rate is slightly higher in the BH+SNe case because
some of the outflowing material is recycled in a galactic fountain.
In the reference case, this fountain effect is seen after 3.0 Gyr;
inflow compensates for the earlier BH-induced outflows. Such a
compensation never occurs in the enhanced case over the lifetime
of our simulation.
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Figure 10. Using the GM approach, we generate a semi-enhanced scenario
in which the history is intermediate between the reference- and enhanced-
merger cases. The resulting galaxy has a 1:3 merger (as opposed to 2:3 and
1:5 for the enhanced and reference scenarios). Upper panel: the sSFR of
the new scenario with BH+SNe feedback (orange dash–dotted line). The
enhanced (red dotted line) and reference (black solid line) cases are also
plotted. The onset of quenching in the semi-enhanced case is intermediate
between the two. Subsequently, a fountain leads to some of the original disc
reforming, although it is rapidly depleted. Lower panel: the inflow rate at
10 kpc for the three simulations. The times of the respective galaxy mergers
are indicated. The semi-enhanced case suppresses inflow (and therefore
long-term SF) in the same manner as the enhanced simulation.

The three scenarios illustrate how the inflow rate depends crit-
ically on whether previously expelled material is able to cool or
not. In the enhanced-merger case, the mean temperature of the cir-
cumgalactic medium at 150 kpc (measured at t = 2.8 Gyr) is T =
2 × 105 K as opposed to T = 0.8 × 105 K in the reference- and
suppressed-merger cases. This results in a cooling time of around
5 Gyr at these radii for the enhanced-merger case, contrasting with
1 Gyr in the other cases. Additionally, the cool inflowing material is
easily disrupted in the more turbulent environment of the enhanced-
merger simulation.

In summary, the reference simulation is able to regrow a disc be-
cause accretion continues and overwhelms the ability of the BH to
expel material; conversely, the enhanced-merger simulation main-
tains a lower accretion rate due to the higher initial energy input
into the halo, uses the low level of accretion to directly fuel the BH,
and consequently does not regrow its disc.

3.6 The fraction of quenched galaxies can be predicted

The discussion above explains how the enhanced-merger simula-
tion, with a ratio of 2:3, quenches indefinitely whereas the reference
(1:5) simulation quenches for ∼1 Gyr. In an attempt to refine the
merger ratio required for long-term quenching, we ran an additional
BH+SNe simulation that is intermediate between the reference and
enhanced cases. We refer to the additional simulation as the semi-
enhanced run. The ability to generate new cases to test hypotheses
in this way is a major benefit of the GM approach (Section 2.1).

Fig. 10 shows the results from the semi-enhanced simulation
(orange dash–dotted lines) alongside the reference and enhanced
counterparts (black solid and red dotted lines). The halo merger in
the semi-enhanced run takes place at t = 1.6 Gyr with a ratio of 1:3;

the galaxies merge at t = 1.8 Gyr (z = 3.5). In the top panel, we show
the sSFR; like the enhanced case, the semi-enhanced run quenches
shortly after its merger. The galaxy then weakly recovers its SF
between t = 2.5 Gyr and t = 2.7 Gyr. This transitory effect results
from a fountain-like recycling of the cool galaxy disc remnants.
However, the long-term galaxy accretion rate (lower panel) follows
the enhanced-merger galaxy and so the SF cannot be sustained.

Using the behaviour as a function of merger ratio, and tentatively
adopting the assumption that this is the only variable determining
whether a galaxy with a BH shuts off SF or not, we can estimate the
size of the quenched population. We take all haloes from our DM-
only (50 Mpc)3 simulation (Section 2) at z = 1.8 in the mass range
0.8 × 1012 < Mvir/M� < 1.2 × 1012 (a total of 57 objects). We
construct merger trees and find the largest merger event on the major
progenitor branch for each of these haloes up to z = 4, to match
the merger events considered in this paper. Six haloes (11 per cent)
have a merger at least as significant as 2:3; 15 (26 per cent) more
significant than 1:3 and 31 (54 per cent) more significant than 1:5.

In a survey at z � 1.8, one can therefore expect roughly a quarter
of all objects at 1012 M� (or stellar masses of � 3 × 1010 M�) to be
fully quenched, in agreement with observational estimates from a
study of CANDELS 3D-HST fields (Lang et al. 2014). This picture
predicts that a further quarter of objects in such a survey will have
quenched at some point in their past but subsequently ‘rejuvenated’
and returned to the main sequence.

An attraction of working with the GM approach is that one can
isolate different variables controlling a galaxy’s history and envi-
ronment (see Section 4). Here, we have worked on the hypothesis
that major merger ratio is the most significant parameter; in a future
work, we will discuss whether the predictions for quenched frac-
tions remain robust when other aspects of a galaxy are allowed to
change.

3.7 AGN activity prevents overcontraction of the dark halo

The ability of BHs to eject baryons from deep potential wells
(Section 3.1) has knock-on effects on the overall dynamics of galax-
ies. The most direct consequence is that the central concentration
of baryons is greatly reduced, changing the rotation curve. Fig. 11
shows the maximum circular velocity speed vmax (measured in the
disc plane) as a function of time in each simulation. The BH+SNe
suite forms galaxies with vmax � 250 km s−1 (top panel) whereas
in the SNe-only suite (bottom panel), all galaxies reach vmax =
500 km s−1 which is unrealistically high (e.g. Wisnioski et al. 2015).
The build-up of vmax over time in this SNe-only case closely tracks
the gas accretion rate into the halo. When BH feedback is active,
however, low angular momentum gas reaching the centre is effi-
ciently ejected, so that growth of the galaxy’s vmax decouples from
the total accretion even in the suppressed-merger case where the
BH has relatively little impact on the overall SFR. AGNs have also
been shown to be critical for preventing overcontraction of early-
type galaxies at z = 0 (Martizzi et al. 2012; Dubois et al. 2013).

The dynamical time at the centre of our BH+SNe galaxies is ap-
proximately 100 Myr. Fig. 4 shows that the BH accretion rate, and
therefore energy input, varies on time-scales considerably shorter
than this period. According to the analytic arguments of Pontzen
& Governato (2012), this should result in the expulsion of DM
from the centre of the galaxy, and ultimately to the formation of
a near-constant-density DM core (see also Martizzi et al. 2012;
Pontzen & Governato 2014). For example, in the enhanced-merger
BH+SNe simulation, the limiting DM density profile (fitted in the
innermost kiloparsec at t = 3.5 Gyr) follows ρ ∝ r−0.7, which is
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Figure 11. BHs regulate the build-up of baryonic mass in the centre of the
galaxy. Upper two panels: the central concentration of baryons is quantified
by measuring vmax, the peak value of the rotation curve in the disc plane,
for BH+SNe and SNe-only suites, respectively. In the SNe-only case, vmax

continues to grow as mass accretes and falls into the centre, forming a bright
central bar. In the BH+SNe case, a limit is reached at vmax � 250 km s−1.
Bottom panel: the ratio of the simulations shows how AGN feedback at first
has little effect on the dynamics, but as the BH mass grows, it becomes able
to eject low angular momentum material, preventing excessive central SF.

significantly shallower than the ∼r−1 scaling of a pure DM simula-
tion. Conversely, in the enhanced-merger SNe-only simulation, the
same measurement gives ρ ∝ r−2.0, indicating a very strong adia-
batic contraction from the dense pile-up of baryons. Our simulated
BHs are therefore crucial in controlling not just the rate of SF but
the overall distribution of matter in the centre of galaxies.

The accretion of baryons and DM on to the halo is also affected
by the BH feedback. The baryon fractions in the SNe suite re-
main at the cosmic mean fraction throughout the simulations, but
strongly decline in the BH+SNe cases to 62, 87, and 95 per cent,
respectively.4 This should have observable effects on the density of
absorbers around early- and late-type galaxies (Suresh et al. 2015).
The dynamics of the DM accretion are also affected, since the re-
duction in gravitational mass slows subsequent accretion (Schaller
et al. 2015). As only the BHs drive dynamically significant out-
flows, the BH+SNe galaxy haloes have final DM masses that are
88, 95, and 99.5 per cent of the SNe-only masses for the enhanced-,
reference- and suppressed-merger cases, respectively.

4 C O N C L U S I O N S

In this paper, we investigated how galaxy mergers and BH feedback
work together to quench SF. We used ‘genetically modified’ initial
conditions to set up three galaxies which live in the same envi-
ronment and large-scale structure, but that differ in merger history.
Coupled to a new implementation of BH physics (Tremmel et al.
2016), we were able to isolate how mergers lead to quenching.

4 However at the time of the most major merger, these differences are
much smaller. The gas fraction of the infalling structure is 104, 99.7, and
96.2 per cent (105, 103, and 104 per cent) of the cosmic mean value in, re-
spectively, the BH+SNe (and SNe-only) suite for suppressed, reference, and
enhanced cases.

Our results show that quenching in field galaxies with virial
masses larger than a few times 1011 M� can only be achieved us-
ing BH feedback (Fig. 3). Supernova feedback becomes ineffective
in driving galactic winds at these masses (Christensen et al. 2016;
Keller et al. 2016). However, the addition of BH feedback does
not increase the total energy budget. Instead, its strong central con-
centration generates low-density outflows at high temperatures and
velocities, minimizing radiative energy losses. As the wind moves
outwards, it sweeps up halo material, increasing the outflow density
only after the deepest part of the gravitational potential has already
been overcome. In this way, the total energy loss due to purely
gravitational effects is minimized.

Mergers trigger quenching without invoking a near-Eddington
quasar phase for the central AGN. The average BH accretion rate
agrees with constraints from stacking (Mullaney et al. 2012). All
of our galaxies, regardless of the merger history, have an active
BH at their centre, keeping with observed AGNs in both quenched
and unquenched systems (Mullaney et al. 2012; Simmons et al.
2012; Mancini et al. 2015; Rosario et al. 2015), driving a large-
scale galactic wind (Förster Schreiber et al. 2014; Genzel et al.
2014; Harrison et al. 2014). The cold disc of gas in the unquenched
galaxies slows BH accretion due to angular momentum support.
It also confines the effect of the BHs and directs it outwards in a
funnel, allowing SF to proceed despite the rapid central outflows
(Cano-Dı́az et al. 2012; Carniani et al. 2016).

Mergers start the quenching process through mechanical disrup-
tion of the cold disc. Subsequently the AGN feedback is able to
have far greater impact in disrupting the existing star-forming gas
and cool gas inflows. Acting together in this way, the merger and
central BHs push the galaxy into a self-sustaining, long-term quies-
cent state. The drop-off from the main sequence is rapid, occurring
over around 250 Myr in both our reference- and enhanced-merger
simulations. Many clues suggest that quenching is indeed rapid in
real galaxies (Barro et al. 2013, 2015; Mancini et al. 2015). In the
simulations, quenching is followed by a slow decline in BH activity
0.5–1 Gyr after the galaxy leaves the main sequence, in agreement
with observational evidence that AGNs in star -forming galaxies
contribute the majority of the X-ray luminosity density (Mancini
et al. 2015; Rodighiero et al. 2015). The quenching mode is then
maintained by the turbulent remnants of the disc sweeping a low
level of infalling cool gas into the BH, which allows BH accretion
to continue as seen in recent observations by Tremblay et al. (2016).
One prediction of this scenario is that quiescent galaxies will have an
offset BH–stellar mass relation compared to star-forming galaxies
(Terrazas et al. 2016).

The BH feedback has a significant dynamical impact on the
galaxy. Gas that is accreted into the disc at early times tends to
carry little angular momentum; in the absence of a strong outflow
or cycling mechanism, this piles up, creating a strong central bar
(Fig. 1, third row of panels). The maximum circular speed in the disc
plane reaches vmax � 500 km s−1 in all three merger scenarios when
only stellar feedback is available (Fig. 11, top panel). The stronger
outflows of the BH+SNe simulations prevent this pile-up from oc-
curring, using a combination of a galactic fountain and outright
ejection to set a limit of vmax � 250 km s−1. There is considerable
interest in integral field spectroscopy of high-redshift galaxies (e.g.
Förster Schreiber et al. 2006; Newman, Belli & Ellis 2015;
Wisnioski et al. 2015), and we anticipate that the kinematics of
galaxies can therefore be used as an indicator for the balance be-
tween BH and stellar feedback.

Our study hints at the broader potential of the ‘GM’ technique
(Roth et al. 2016) to shed light on problems in galaxy formation.
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Because our three scenarios (reference, enhanced, and suppressed)
share the same environment and large-scale structure (Fig. 1), with
the central galactic disc assembling from gas streaming along the
same filaments, we have been able to construct a clean test of the
effect of merger ratio. The GM approach can search systematically
over histories, providing controlled tests which retain the benefits
of idealized simulations in pinning down the effect of merger ratio
(e.g. Johansson et al. 2009) while also including cosmological ac-
cretion. We illustrated this point by constructing a scenario with a
merger ratio intermediate between the reference and enhanced cases
(Fig. 10). The results allowed us to estimate that a quarter of systems
in our mass range at z � 2 should appear quenched, and a further
quarter will have recovered from an earlier episode of quenching
– assuming that merger ratio is the significant variable controlling
the outcome. Future work could extend this study by changing, for
example, the mean density of the region within which the galaxy
is hosted to directly interrogate the important role of environment
(e.g. Peng et al. 2010; Wijesinghe et al. 2012).
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