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ABSTRACT

We study supermassive black holes (BHs) in merging galaxies, using a suite of hydrodynamical
simulations with very high spatial (∼10 pc) and temporal (∼1 Myr) resolution, where we vary
the initial mass ratio, the orbital configuration, and the gas fraction. (i) We address the question
of when and why, during a merger, increased BH accretion occurs, quantifying gas inflows and
BH accretion rates. (ii) We also quantify the relative effectiveness in inducing active galactic
nuclei activity of merger-related versus secular-related causes, by studying different stages of
the encounter: the stochastic (or early) stage, the (proper) merger stage, and the remnant (or
late) stage. (iii) We assess which galaxy mergers preferentially enhance BH accretion, finding
that the initial mass ratio is the most important factor. (iv) We study the evolution of the BH
masses, finding that the BH mass contrast tends to decrease in minor mergers and to increase
in major mergers. This effect hints at the existence of a preferential range of mass ratios for
BHs in the final pairing stages. (v) In both merging and dynamically quiescent galaxies, the
gas accreted by the BH is not necessarily the gas with low angular momentum, but the gas that
loses angular momentum.
Key words: galaxies: active – galaxies: interactions – galaxies: nuclei.

1 I N T RO D U C T I O N
Supermassive black holes (BHs) are believed to reside at the centre
of most massive galaxies in the local Universe and to obey tight
relationships between their mass and several quantities of the host
spheroid (e.g. Kormendy & Richstone 1995; Magorrian et al. 1998;
Ferrarese & Merritt 2000; Gebhardt et al. 2000; Gültekin et al.
2009; McConnell & Ma 2013). A small fraction of these systems
have been detected as an active galactic nucleus (AGN), which is
a consequence of high levels of accretion of gas on to the central
BH (e.g. Salpeter 1964; Lynden-Bell 1969). This gas is believed to
originate at large (galactic: from 0 to ∼kpc) scales and, through the
loss of most of its angular momentum, to flow towards the centre of
the massive system, down to sub-pc scales, where it can be accreted
(e.g. Jogee 2006) and drive the growth of BHs (Alexander & Hickox
2012). Many possible explanations have been proposed, including
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minor interactions (and extremely minor mergers) and/or internal
(secular) processes, which include instabilities driven by bars and
violent gas instabilities at high redshift (e.g. Gabor & Bournaud
2013). One of the first mechanisms brought forward were the largescale gravitational torques produced by major galaxy mergers. During these encounters, torques generate large-scale gas inflows that
drive the gas down to pc-scale (e.g. Shlosman, Frank & Begelman
1989; Shlosman, Begelman & Frank 1990; Barnes & Hernquist
1992, 1996; Mihos & Hernquist 1996).
Observationally, we know that not all AGN activity is merger
driven. By performing detailed morphological and kinematicneighbour studies of a sample of ∼400 AGN hosts and of a control sample of inactive galaxies from the Cosmic Evolution Survey
(COSMOS) field at redshifts 0.3 < z < 1.0, Gabor et al. (2009)
find that the asymmetry distributions and the neighbour counts of
the two samples are consistent with each other, suggesting that
strong interactions are not more common among AGN than normal
galaxies. Cisternas et al. (2011) perform a similar study and reach
the same conclusions, by visually inspecting the morphologies of


C 2015 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society

Downloaded from https://academic.oup.com/mnras/article/447/3/2123/985649 by CNRS - ISTO user on 25 April 2022

Accepted 2014 November 25. Received 2014 November 18; in original form 2014 August 7

2124

P. R. Capelo et al.

2 NUMERICAL SETUP
In this section, we describe the numerical setup of our merger simulations, which include encounters of two disc galaxies set at z = 3
(near the peak of the cosmic merger rate), with different mass ratios,
orbital configurations, and gas fractions. For the remainder of the
paper, we define ‘major’ (‘minor’) mergers those encounters with an
initial mass ratio qG ≡ M2 /M1 > 0.25 (qG ≤ 0.25; see Mayer 2013
for a discussion on the boundary between major and minor mergers),
MNRAS 447, 2123–2143 (2015)

Table 1. Main simulation parameters for our six major mergers
(Runs 1–6), four minor mergers (Runs 7–10), and three control
runs (Runs C1–C3). (1) Run number. (2) Initial mass ratio qG
between the merging galaxies. (3) Initial angle θ 1 between the
primary galaxy’s angular momentum vector and the overall orbital
angular momentum vector, in radians. (4) Initial angle θ 2 between
the secondary galaxy’s angular momentum vector and the overall
orbital angular momentum vector, in radians. (5) Initial eccentricity
e of the orbit. (6) First pericentric distance Rperi between the two
galaxies, as a fraction of the virial radius of G1 . (7) Initial separation
Rinit between the two galaxies, divided by the sum of the initial virial
radii of the merging galaxies. (8) Gas fraction in the galactic disc.
(9) BH feedback efficiency  f (except for Runs C1 and C2, where
accretion has been shut off).
Run

qG

θ1

θ2

e

Rperi

Rinit

gas

f

01
02
03
04
05
06

1:1
1:2
1:2
1:2
1:2
1:2

0
0
π/4
π
0
0

0
0
0
0
π
0

1
1
1
1
1
1

0.2
0.2
0.2
0.2
0.2
0.2

1
1
1
1
1
1

0.3
0.3
0.3
0.3
0.3
0.6

0.001
0.001
0.001
0.001
0.001
0.001

07
08
09
10

1:4
1:4
1:6
1:10

0
π/4
0
0

0
0
0
0

1
1
1
1

0.2
0.2
0.2
0.2

1
1
1
1

0.3
0.3
0.3
0.3

0.001
0.001
0.001
0.001

C1
C2
C3

1:2
1:2
1:2

0
0
0

0
0
0

1
1
1

0.2
0.2
0.2

1
1
1

0.3
0.6
0.3

No acc.
No acc.
0.005

where M1 and M2 are the initial virial masses of the primary (G1 ) and
secondary (G2 ) galaxy, respectively, and M1 ≥ M2 . We also define
‘low-gas-fraction’ (‘high-gas-fraction’) mergers those encounters
where the fraction of total (baryonic) mass of the galactic discs in
gaseous form is 30 (60) per cent. Additionally, when we specify a
merger by its Run number, we refer to column 1 in Table 1.

2.1 Orbital configuration
In accordance with Van Wassenhove et al. (2014), and to avoid
the effects of using different global orbital parameters, we set the
galaxies of all encounters to initially follow parabolic orbits (eccentricity e = 1), found to be the most common orbits in cosmological
simulations of galaxy formation (Benson 2005). We set the initial
separation Rinit to be equal to the sum of the two initial virial radii,
and the first pericentric distance Rperi to be equal to 20 per cent
(Khochfar & Burkert 2006) of the initial virial radius of G1 , defined in Section 2.2. We also vary the orbital configuration of each
galaxy, by changing the angle θ between the individual galactic angular momentum vector and the global orbital angular momentum
vector, to consider coplanar, prograde–prograde (Runs 1–2, 6–7,
9–10, and C1–C3), retrograde–prograde (Run 4), and prograde–
retrograde (Run 5) mergers, and inclined-primary mergers (Runs
3 and 8). In Table 1, we list the global orbital parameters of all
simulations of the suite in columns 5–7, together with their orbital
configurations in columns 3–4. We note that the effect of using
different global orbital parameters (e.g. more or less radial orbits)
might be very important (as hinted by, e.g. Callegari et al. 2011; see
also Di Matteo et al. 2008), but we chose to focus on more ‘internal’
galactic parameters, such as galactic mass, gas fraction, and internal
disc rotation.

Downloaded from https://academic.oup.com/mnras/article/447/3/2123/985649 by CNRS - ISTO user on 25 April 2022

140 AGN hosts and of 1264 inactive galaxies, finding a lack of
strong distortions in more than 85 per cent of the AGN hosts, and
similar distortion fractions between active and inactive galaxies.
On the other hand, there are suggestions that mergers increase
AGN activity. Ellison et al. (2011) compare a sample of 11 060
Sloan Digital Sky Survey (SDSS) galaxies with a close companion
to a mass- and redshift-matched control sample of 110 600 galaxies
with no close companion, and find that the AGN fraction in close
pairs of galaxies increases, with decreasing projected separation, by
up to ∼2.5 at 10 kpc. Silverman et al. (2011) and Lackner et al.
(2014), studying instead COSMOS galaxies at 0.25 < z < 1, find
similar AGN-fraction increases.
Therefore, we need to shift from asking the question ‘Is AGN
activity merger driven?’ to ‘Which galaxy mergers enhance AGN
activity?’. Our goal is to understand if, when and how galaxy mergers trigger AGN activity, depending on the dynamics and thermodynamics of the merger itself.
Theoretically, numerous simulations have considered the triggering of BH accretion in equal-mass galaxy mergers (e.g. Di
Matteo, Springel & Hernquist 2005; Hopkins et al. 2006; Hopkins & Quataert 2010). 1:1 mergers, while triggering the strongest
burst of activity, are extremely rare in the Universe. Fewer studies have considered BH fuelling in minor mergers (Younger et al.
2008; Johansson, Burkert & Naab 2009; see also Cox et al. 2008
for an extensive parameter study of galaxy mergers, although with
no BHs). These studies have generally resolved scales of 100 pc
and focused on the evolution of galaxies along observed scaling
relations, but not on the dynamics of gaseous inflows. More recent
studies of major galactic mergers have improved greatly on resolution (e.g. Kim, Wise & Abel 2009; Karl et al. 2010; Teyssier,
Chapon & Bournaud 2010; Saitoh et al. 2011; Chapon, Mayer &
Teyssier 2013; Renaud et al. 2014) but were again focused on 1:1
mergers and lacked the presence of central BHs. Hayward et al.
(2014) included BH accretion and feedback, but focused only on
major mergers. High-resolution simulations that trace both dynamics and accretion are needed to accurately estimate gas inflows in
nuclear regions in minor galaxy mergers. As an example, the importance of the initial mass ratio of the merging galaxies on the
final fate of the BHs has been discussed in Callegari et al. (2009,
2011),Van Wassenhove et al. (2012, 2014).
We present detailed analysis aiming at understanding which BH
would be more active (and therefore more visible) during a merger
event. We anticipate that the galaxy–galaxy interaction must redistribute the angular momentum of the gas in order to drive consistent
inflows triggering any AGN activity. The effectiveness of such angular momentum redistribution depends, as will be demonstrated,
on the galaxy mass ratio: in minor mergers, the secondary galaxy is
significantly affected by the gravitational torques exerted by the primary, while the primary itself remains basically unperturbed during
the whole interaction. Major mergers, on the other hand, can significantly affect both galaxies, triggering major accretion episodes
on to both BHs.
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Table 2. Main galactic parameters at the beginning of the simulation. (1) Galaxy (primary – G1 or secondary – G2) and merger. (2) Virial
mass. (3) Stellar bulge mass. (4) Stellar disc mass. (5) Gas disc mass. (6) Disc scale radius. (7) BH mass. (8) DM particle mass. (9) DM
particle softening length. The disc mass is the sum of the stellar disc mass and the gas disc mass. The stellar bulge scale radius and the disc
scale height are always equal to 0.2 rdisc and 0.1 rdisc , respectively. All other parameters are the same for all galaxies and all mergers: gas and
stellar particle mass (4.6 × 103 and 3.3 × 103 M , respectively) and softening (20 and 10 pc, respectively); BH softening (5 pc); DM halo
spin and concentration parameters (λ = 0.04 and cvir = 3, respectively); and redshift (z = 3).
Mvir
(1011 M )

Mstell. bulge
(109 M )

Mstell. disc
(109 M )

Mgas. disc
(109 M )

rdisc
(kpc)

MBH
(106 M )

MDM part.
(105 M )

 DM part.
(pc)

G1 (1:1, 1:2, 1:4 low-gas-frac)
G1 (1:2 high-gas-frac)
G1 (1:6)
G1 (1:10)

2.21
2.21
2.21
2.21

1.77
1.77
1.77
1.77

6.18
3.53
6.18
6.18

2.65
5.30
2.65
2.65

1.13
1.13
1.13
1.13

3.53
3.53
3.53
3.53

1.1
1.1
0.8
0.5

30
30
27
23

G2 (1:2 low-gas-frac)
G2 (1:2 high-gas-frac)
G2 (1:4)
G2 (1:6)
G2 (1:10)

1.10
1.10
0.55
0.37
0.22

0.88
0.88
0.44
0.29
0.18

3.09
1.77
1.54
1.03
0.62

1.32
2.65
0.66
0.44
0.26

0.90
0.90
0.71
0.62
0.53

1.77
1.77
0.88
0.59
0.35

1.1
1.1
1.1
0.8
0.5

30
30
30
27
23

2.2 Galaxies
All galaxies are composite systems of dark matter (DM), gas, stars,
and a central BH (described in Section 2.3). Most of this description follows Springel & White (1999) and Springel, Di Matteo &
Hernquist (2005). Most values in this section were chosen for
consistency with previous work (Callegari et al. 2009, 2011; Van
Wassenhove et al. 2012, 2014). See Table 2 for a complete list.
DM is described by a spherical Navarro–Frenk–White (Navarro,
Frenk & White 1996) density profile up to the virial radius, and by
an exponentially decaying profile outside the virial radius (Springel
& White 1999). The DM halo spin and concentration parameters
are initialized to λ = 0.04 (Vitvitska et al. 2002) and cvir = 3, respectively. This value of the concentration parameter is only slightly
lower than what expected from recent DM-only simulations of z = 3
systems (c  4 for the range of masses considered in this paper;
e.g. Diemer & Kravtsov 2014; Dutton & Macciò 2014).
The baryonic component is comprised of a stellar bulge and a
mixed stellar and gaseous disc. The disc is described by an exponential surface density profile and by an isothermal sheet (Spitzer
1942; Camm 1950), with a total mass equal to 4 per cent of the virial
mass of the galaxy. The disc scale radius rdisc is then determined by
imposing conservation of specific angular momentum of the material that forms the disc, whereas the disc scale height zdisc is set to be
10 per cent of rdisc . The fraction of total (baryonic) mass of the disc
in gaseous form is 30 (60) per cent in the low- (high-) gas-fraction
simulations (see Table 1, column 8), consistent with the range of
molecular gas fractions in high-redshift galaxies from Tacconi et al.
(2010). The bulge, making up for 0.8 per cent of the virial mass of
the galaxy, is described by a spherical Hernquist (1990) density profile with a scale radius equal to 20 per cent of the disc scale radius.
In each merger, G1 has a virial mass of 2.21 × 1011 M (consistent
with Adelberger et al. 2005) and, consequently, a stellar bulge mass
of 1.77 × 109 M , a disc mass of 8.83 × 109 M , and a disc scale
radius of 1.13 kpc. All other galaxies have their quantities scaled
according to qG , which varies from 0.1 to 1 (see Table 1, column 2).
Stellar and gas particles initially have the same particle mass
(3.3 × 103 and 4.6 × 103 M , respectively) and softening length
(10 and 20 pc, respectively) in all the encounters of the suite. In
order to limit excursions of BHs from the centre of each galaxy, we
impose the DM particles to have a mass smaller than 15 per cent of
that of the smaller BH in each merger. For this reason, the mass and
softening length of DM particles in the 1:1, 1:2, and 1:4 mergers

were set to 1.1 × 105 M and 30 pc, respectively. In the other
encounters, on the other hand, because of the much lower mass
of the secondary BH, DM particle masses and softening lengths
were lowered accordingly (1:6 merger: 8 × 104 M and 27 pc; 1:10
merger: 5 × 104 M and 23 pc). The total initial number of particles
varies between 8 and 13 million, depending on the merger. Overall,
the whole suite used 1.3 × 108 particles and the total equivalent
time amounted to 29 Gyr of evolution. All mergers were simulated
using 256 processors, and each merger required on average ∼105
processor-hours.
All galaxies are initialized with solar metallicity and a uniform
stellar population with an age of 2 Gyr and a Kroupa initial mass
function (Kroupa, Tout & Gilmore 1993; Raiteri, Villata & Navarro
1996). Before the proper merger simulation, we ‘relax’ each galaxy,
i.e. evolve it in isolation for 0.1 Gyr, gradually increasing the star
formation (SF) efficiency from c∗ = 0.005 to 0.015. This is done
to avoid unphysical bursts of supernovae at the beginning of our
simulations, due to the fact that at the onset of a simulation, there
has not been any effective feedback to heat the gas and prevent it
from cooling and forming stars.
We performed all our simulations using the N-body smoothed
particle hydrodynamics code GASOLINE (Wadsley, Stadel & Quinn
2004), an extension of the pure gravity tree code PKDGRAV (Stadel
2001). The version of GASOLINE we use includes explicit line cooling
for atomic hydrogen and helium, and metals (Shen, Wadsley &
Stinson 2010), as well as a physically motivated prescription for
SF, supernova feedback, and stellar winds (Stinson et al. 2006).
In this prescription, stars are allowed to form if the parent gas
particle is colder than 6000 K and denser than 100 a.m.u. cm−3 , and
supernovae release 1051 erg into the surrounding gas, according to
the blast-wave formalism of Stinson et al. (2006). The minimum
gas temperature is set at 500 K, to ensure that the Jeans mass is
resolved.

2.3 Black holes
After each galaxy has been initialized, we place a single BH at its
centre, with a mass proportional to the mass of the stellar bulge,
according to the relation MBH = 2 × 10−3 MBulge (Marconi & Hunt
2003; see Table 2, column 7). For this reason, the initial galactic mass ratio of the merger (qG ; see Table 1, column 2) is also
equal to the initial BH mass ratio. After the relaxation period (see
MNRAS 447, 2123–2143 (2015)
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Section 2.2), the BH masses are re-initialized to their initial values. BHs are implemented as sink particles (Bellovary et al. 2010)
which accrete surrounding gas according to a Bondi–Littleton–
Hoyle (hereafter, Bondi) accretion formula:
ṀBH =

2
ρ
4παG2 MBH
,
2
2
(cs + v )3/2

(1)

ṀBH−Edd =

4πGMBH mp
,
r σT c

(2)

where mp is the proton mass, σ T is the Thomson cross-section,
 r = 0.1 is the radiative efficiency, and c is the speed of light in
vacuum. A fixed fraction  r of the accretion energy rate ṀBH c2 is
emitted as radiation. A fraction  f of this BH luminosity is injected,
in the form of thermal energy, in the nearest gas particle. The softening length of all BHs in all mergers is 5 pc and BH properties
(mass and accretion rate) are evaluated every 0.1 Myr. In order to
evaluate the effects of BH physics, we also ran additional simulations (‘control runs’, described in Section 3.5), where we either
shut off the BH accretion altogether or increased the BH feedback
efficiency (see Table 1, column 9).

3 AC C R E T I O N A N D G ROW T H O F B H s
In this section, we describe the physical processes influencing the
accretion on to BHs before, during, and after the ‘proper’ merger
event. We assess the importance of the initial mass ratio and orbital
configuration, to understand which mergers preferentially trigger
AGN activity, and of the gas fraction in the galactic discs. We divide
the history of the encounter into three distinct stages, defined in the
next section: the stochastic (or early) stage; the (proper) merger
stage; and the remnant (or late) stage. By assessing the relative
effectiveness in triggering AGN activity amongst these stages, it
is possible to understand the importance of merger-related versus
secular-related causes for enhanced BH accretion.

3.1 The 1:4 coplanar, prograde–prograde merger
In this section, we describe in detail a representative merger of our
suite. We chose the 1:4 coplanar, prograde–prograde merger (hereafter, the ‘default merger’; Run 7) because the mass ratio qG = 0.25
is the median of all the mass ratios we considered. Moreover, this
ratio is usually chosen as a boundary between major and minor
mergers (see Mayer 2013). In Section 3.2, we will highlight the difMNRAS 447, 2123–2143 (2015)
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where cs is the local speed of sound, ρ is the local gas density, v is
the relative velocity of the BH with respect to the gas, and G is the
gravitational constant. In order to realistically model accretion from
an inhomogeneous mix of hot and cold gas particles around the BH,
the accretion rate is computed as the sum of the Bondi accretion
rate of each individual gas particle near the BH, rather than simply
averaging the gas quantities over all the neighbouring particles. This
method allows the accretion rate to be weighted more heavily by
nearby, cold, dense gas particles (and less by more distant, hot ones)
rather than treating them all equally. The particles that contributed
the most to the accretion are favoured for mass removal: this way,
BHs accrete from particles that are nearby, cold, and dense, rather
than simply the nearest particle. As opposed to previous work (e.g.
Bellovary et al. 2010; Van Wassenhove et al. 2012, 2014), in which
α = 1, the boost factor α in our accretion calculations is equal to
3. We also allow for mildly super-Eddington accretion, limiting the
accretion rate to α ṀBH−Edd , where

ferences between this merger, the other minor (qG ≤ 0.25) mergers,
and the major (qG > 0.25) mergers.
In Figs 1 and 2, we show in detail the evolution of the default
merger, for the main quantities of and around the secondary and
primary BH, respectively; whereas, in Fig. 3, we show a more
qualitative view of the history of this encounter, through stellar and
gas density snapshots for twelve representative times (described
below).
In the first panel of Figs 1 and 2, we show the BH separation.
The two BHs, embedded in their host galaxies, start at a distance
of ∼74 kpc (the sum of the initial virial radii of the two galaxies) in
an initially parabolic orbit. After 0.3 Gyr, the two galaxies undergo
their first pericentric passage, with the two BHs briefly finding
themselves at a distance of ∼10 kpc (see also panel 2 of Fig. 3).
The interaction between the two galaxies has already perturbed
the parabolic orbit, causing the two galaxies to be bound to each
other and to undergo subsequent pericentric passages. After another
0.7 Gyr, the two galaxies have their second pericentric passage, this
time at a much shorter distance (∼1 kpc; see also panel 6 of Fig. 3),
and, ∼300 Myr (and several pericentric passages) later, a remnant
galaxy has formed and the two BHs find themselves at a mutual
distance below 10 pc (comparable to the softening lengths of the
stellar particles and of the BHs). Since our set-up cannot follow
the dynamics of BHs on pc scales, where the main uncertainties on
the BH dynamics lie, we have not included a condition for the two
sink particles to merge. We caution the reader that this introduces
an uncertainty in the estimation of BH accretion during the late
stages of the encounter. However, the time-scales for BH merging
are still very uncertain and could be even longer than 1 Gyr (the
‘final parsec problem’; see e.g. Begelman, Blandford & Rees 1980;
Milosavljević & Merritt 2001). Therefore, assuming a specific timescale for the merging would be highly arbitrary.
In the second panel, we show the BH accretion rate and the BH
bolometric luminosity. BH accretion is low, usually well below the
Eddington level, except during the 0.3 Gyr following the second
pericentric passage, when there are a few BH luminosity peaks, in
some cases (e.g. in the secondary BH) reaching Eddington level.
These peaks happen during or shortly after the pericentric passages.
In the final stages of the encounter, the BH accretion rate becomes
quasi-periodic, with a period of ∼150 Myr and a change in magnitude of more than two orders of magnitude. Correspondingly, a
somewhat spherical cavity in the central gas region has formed,
with its radius oscillating between ∼60 and ∼140 pc with the same
temporal period of the BH accretion. When the cavity reaches its
maximum radius, the BH accretion is at its minimum, and vice
versa. We believe that this is a clear case of BH self-regulation
(‘breathing’), in which the BHs follow periodic stages of feeding
and feedback.
In the third panel of Figs 1 and 2, we show the SF rate (SFR) for
three spherical regions centred around the BH (of radii 0.1, 1, and
10 kpc, respectively), and the total SFR of the entire system. SFR is
evaluated every 1 Myr, but here we show its average over the same
time intervals as those of gas mass and specific angular momentum,
which are evaluated every 5 Myr. Central SFR (<100 pc) around
the BH follows a similar behaviour to that of BH accretion rate,
staying at low levels at all times except during the ∼300 Myr that
follow the second pericentric passage. During this time, central SFR
around the secondary BH can increase by more than three orders
of magnitude from its previous levels and account for almost the
totality of the SFR in the system. The increase in SFR around the
primary BH is much more modest, but in both cases it happens at the
same time of the BH accretion rate increase. During the final stage,
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when the two BHs are at a mutual distance of 10 pc, central SFR
is higher than during the first stage. Also, SFR around the primary
BH is more ‘centralized’: the SFR in the central kpc comprises most
of the SFR of the inner 10 kpc, as opposed to during the first stage.
The link between BH accretion and SF is at the same time simple
(both processes feed off the same reservoir of gas) and complex
(the exact correlation between them is still highly debated). In a
separate paper (Volonteri et al. 2014), we present a detailed study
on this topic.

Figure 2. Temporal evolution of the 1:4 coplanar, prograde–prograde
merger – main quantities of and around the primary BH. Same as Fig. 1. BH
accretion rate, non-total SFR and gas mass are shown in blue. In the fifth
panel, the colour of the specific-angular-momentum of each gas shell varies
from dark to light blue as the radius of the shell increases.

In the fourth panel, we show the amount of gas mass in three
spherical regions (of radii 0.1, 1, and 10 kpc, respectively) around
the local centre of mass1 near each BH. The central gas mass
(<100 pc) around the primary BH stays approximately constant,
while that around the secondary BH increases significantly during
the ∼300 Myr that follow the second pericentric passage.
In the fifth panel, we show the magnitude of the gas specific
angular momentum (l), for 10 spherical shells (equally spaced in
radius, from 0 to 1 kpc) centred around the local centre of mass near
each BH. The l-curves around the secondary BH do not vary with
time up until the second pericentric passage, indicating that there
are no large gas inflows or outflows during this stage. The almost

1 We

calculate the position of the local centre of mass near a BH iteratively,
starting from the position of the BH itself. We first calculate the centre of
mass of a 100-pc spherical region centred on the BH. We then perform the
same computation, using the newly calculated centre of mass as the centre of
the new 100-pc spherical region. We continue until the fractional difference
between the positions of the ‘new’ and the ‘old’ local centre of mass is
less than 10−4 . Since the resulting typical distance between the local centre
of mass near a BH and the BH itself varies between 0.01 and 0.02 kpc,
depending on the merger, we will use interchangeably ‘around the local
centre of mass near a BH’ and ‘around a BH’.
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Figure 1. Temporal evolution of the 1:4 coplanar, prograde–prograde
merger – main quantities of and around the secondary BH. In all panels,
the vertical, dotted, black lines show the separation between the stochastic,
the merger, and the remnant stages. In this and in the following figures:
BH accretion rate and SFR are averaged over 5 Myr; gas mass and specific angular momentum are shown every 5 Myr; BH mass and separation
are shown every 0.1 Myr. First panel: separation between the two BHs.
Second panel: BH accretion rate (solid) and BH Eddington accretion rate
(dotted). Third panel: global SFR across both galaxies (dash–dotted, black),
and SFR in concentric spheres around the BH: 0–0.1 (solid, red), 0–1 (dotted, red), and 0–10 (dashed, red) kpc. Fourth panel: gas mass in concentric
spheres around the local centre of mass near the BH: 0–0.1 (solid), 0–1 (dotted), and 0–10 (dashed) kpc. Fifth panel: gas specific angular momentum
magnitude in concentric shells around the local centre of mass near the BH:
0–100 (solid), 100–200 (dotted), 200–300 (dashed), 300–400 (dash–dotted),
400–500 (triple-dot–dashed), 500–600 (solid), 600–700 (dotted), 700–800
(dashed), 800–900 (dash–dotted), and 900-1000 (triple-dot–dashed) pc. The
colour varies from dark to light orange as the radius of the shell increases.
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First pericentre
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Second apocentre

4

First apocentre

8

Third apocentre

End of the stochastic stage
9

10

End of the merger stage

11

12

End of the remnant stage

Figure 3. Stellar (red) and gas (blue) density snapshots (viewed face-on) at representative times of the 1:4 coplanar, prograde–prograde merger: (1) 0.20, (2)
0.30 (first pericentric passage), (3) 0.39, (4) 0.61 (first apocentric passage), (5) 0.88, (6) 0.97 (second pericentric passage – end of the stochastic stage), (7)
1.05 (second apocentric passage), (8) 1.17 (third apocentric passage), (9) 1.24 (end of the merger stage), (10) 1.56, (11) 1.89, and (12) 2.21 Gyr (end of the
remnant stage), respectively. We have run the simulations long enough to capture the re-establishment of quiescence after the merger: note how the galaxy in
the final snapshot is a normal-looking disc galaxy. The primary (secondary) galaxy starts the parabolic orbit on the left (right) of the first snapshot, moving
right (left) wards. In order to make the gas more visible, gas density was overemphasized with respect to stellar density. Each image’s size is 70 × 70 kpc.

equal difference in magnitude from shell to shell is simply due to the
different distance from the centre, since specific angular momentum
in these galaxies is a linear function of radius. Around the second
pericentric passage, all l-curves suddenly drop to almost zero. This,
and the fact that the central gas mass around the secondary BH
increases by more than an order of magnitude at the same time,
clearly suggests the presence of a relatively large-scale gas inflow.
In the ∼300 Myr that follow the second pericentric passage, the
l-curves around the secondary BH undergo dramatic oscillations,
following the pericentric passages, until they return to relatively
constant values again, after the formation of the galactic remnant.
The behaviour around the primary BH is different. The primary
galaxy is not significantly affected by the presence of the companion, and this can be seen very well from the fact that the l-curves
are essentially constant for the entire duration of the merger.
A division of the merger history into three different stages appears clear from looking at Fig. 1 (the main quantities of and around
the secondary BH) and from the description above. There exists an
initial stage, which we call stochastic (or early) stage, where the
above-mentioned central (<1 kpc) quantities are not affected by
MNRAS 447, 2123–2143 (2015)

merger dynamics (see also panels 1–6 of Fig. 3). During this stage,
BH luminosities and SFR remain relatively low, and the specific angular momentum of the gas in the central shells remains relatively
constant with time. BH accretion is not triggered by merger dynamics but is random (Hopkins & Hernquist 2006). Note also that this
stage includes the first pericentric passage, which appears to not be
dynamically important and is not able to induce any global (bar)
instabilities because of the presence of the central bulges (Mihos
& Hernquist 1996), despite having a clear effect at large distances
(see panels 2 and 3 of Fig. 3). The slight increase of the 10-kpc SFR
around the two BHs and that of the specific angular momentum
of the gas in the outer 100-pc shells around the secondary BH are
simply due to the fact that, during this passage, the two BHs find
themselves at a distance of ∼10 kpc.
The stochastic stage is followed by the (proper) merger stage (see
also panels 6–9 of Fig. 3), commencing around the time of the second pericentric passage. During this stage, all the relevant quantities
are significantly affected by merger dynamics. Merger-induced tidal
torques cause the gas to lose angular momentum and flow inwards,
creating bursts of central SF and increased BH accretion. At the
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2 A similar definition could have been used to define the time at which
the stochastic stage ends, but we simplify the analysis using the second
pericentric passage time, since the results are almost identical.

without knowing the exact time during that stage. On the other
hand, such observational probes would require an exquisite angular
resolution, which could be eventually possible using the Atacama
Large Millimeter/submillimeter Array in its extended configuration.
Finally, the length of the remnant stage clearly depends on how
long we ran the simulations. In order to have a meaningful comparison, we impose the length of this stage to be equal to the length of
the stochastic stage of each encounter (except for the 1:1 merger,
which we ran only for 1.5 Gyr).

3.1.1 BH accretion and gas angular momentum
In summary, the basic history of the encounter is simple: as far as
central quantities (BH accretion rate, central SFR, etc.) are concerned, the two galaxies behave almost as isolated systems during
the stochastic stage, until they pass each other for the second time.
For a few hundred Myr, during the merger stage, merger dynamics
trigger loss of gas angular momentum (and gas inflows), linked to
bursts of high SFR and BH accretion rate. Finally, the encounter
ends with a remnant galaxy, where BH accretion rate and SFR return
to levels comparable to those of the stochastic stage.
It is important to note that the BH accretion rate during the first
and last stages, although lower than that during the second stage,
is not negligible. Gas gets accreted on to the two BHs during every
stage of the merger. In this section, we show that the direct cause
for this accretion is the same at all times.
BH accretion is obviously a gas-limited process: without gas in
the vicinity of the BH, there would be no accretion (Vito et al.
2014). However, the presence of nearby gas is only a necessary,
but not sufficient, condition. In fact, a more important condition for
accretion is that the specific angular momentum of the central gas
needs to be low (see e.g. Jogee 2006). This is obviously the case
during the merger stage, for example during the second pericentric
passage, when l is at its lowest levels.
With the high spatial and temporal resolution of our simulations,
we can show that what matters most is not the amount of specific
angular momentum of the gas, but its temporal gradient. The gas
that gets accreted is the gas that loses angular momentum. Almost
any decrease of specific angular momentum (local minima) of the
central gas, regardless of the value it had before, is enough to
cause an inflow of gas towards the centre and enhance accretion
on to the BH. In other words, any local minima of specific angular
momentum can cause an increase in BH accretion. In the merger
stage, global torques cause global loss of angular momentum (see
the large decrease of specific angular momentum for all ten 100-pc
shells during the second pericentric passage in Fig. 1). During the
stochastic and remnant stages, this loss of angular momentum is
instead caused by random concentrations of gas falling towards the
centre.
For all stages of the encounter, we can quantify the link between the local minima of the specific angular momentum and the
local maxima of the BH accretion rate, by calculating the crosscorrelation function between the BH accretion rate and the central (<100 pc) gas specific angular momentum. A cross-correlation
analysis quantifies the degree to which two functions (of time, in
this particular case) are correlated, by providing the correlation
strength of the two functions shifted against one another in lagtime, τ . The presence of a clear, high-amplitude peak (trough) in
the cross-correlation function indicates the existence of a strong
correlation (anticorrelation) between the two functions, and the lagtime at which such peak (trough) occurs gives us the delay between
MNRAS 447, 2123–2143 (2015)
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same time, the mutual distance between the BHs drops from tens of
kpc to tens of pc, and a galactic remnant has started to form.
Finally, the history of the encounter ends with the remnant (or
late) stage. During this stage (see also panels 9–12 of Fig. 3), the
two galaxies have already started to coalesce into one remnant
galaxy and, in many cases, the two BHs have reached a separation
below the stellar softening length of our simulations. In terms of
behaviours of the relevant quantities, this stage is similar to the early
stage, with the obvious addition that now some quantities are similar
or almost identical. The accretion on to each BH, for example, is
now comparable, since the two BHs have access to the same gas
reservoir, and their masses are comparable (see also Section 3.2 for
the evolution of the BH mass ratio).
In order to have meaningful comparisons amongst the different
stages of the merger (and amongst different mergers, for the next
sections), the point in time where we divide the three stages of
the encounter should be as unarbitrary as possible, and should be
consistent from merger to merger. A fixed time cannot obviously
be used, since different mergers have very different merger times,
due to the vastly different dynamical friction time-scales and, more
generally, to the different dynamics of each merger.
We divided the stochastic from the merger stage at the second
pericentric passage. At that moment in time, in all mergers, there
is a clear increase in secondary BH accretion, concurrent to a peak
of SF and a drop in gas specific angular momentum around the
secondary BH, in all central shells.
The division between the merger and remnant stages is not as
straightforward. The behaviour of BH accretion and SF varies from
merger to merger. Even though, generally speaking, BH accretion
rates are much higher during the merger stage than during the other
two stages, there are some cases where the BH accretion rate during
the stochastic stage (e.g. one of the BHs in Run 1) or the remnant
stage (e.g. the secondary BH in Run 2) are comparable to those in
the merger stage. The only common behaviour of all encounters
is the fact that the l-curves of the gas in the central shells around
the secondary BH eventually become flat again, meaning that the
dynamically violent stage of the merger has ceased. We therefore
define2 the time at which the remnant stage starts as the first time
after the second pericentric passage when l/ t ≤ 0.3 l, over time
increments of 0.05 Gyr, where l in this case is the magnitude of
the gas specific angular momentum in a spherical region of radius
1 kpc centred around the local centre of mass near the secondary BH.
Incidentally, we note that, in many cases, the merger stage coincides
with the time when an ‘angular momentum flip’ has occurred: the
polar angle of the angular momentum of the gas in the central shells
around the secondary BH sharply changes by 180◦ during the second
pericentric passage and by another 180◦ around the time when the
l-curves become flat again (see Fig. A5 in the appendix). Since
this physical phenomenon is used here only as a complementary
method to divide the history of the encounter into three stages, but
does not seem to be directly relevant for BH accretion, we postpone
its detailed study to a future work, where we aim to study in more
detail the dynamics of the mergers. We note that these definitions for
the beginning and end of the merger stage would be very difficult
to be detected observationally. On one hand, one could detect a
system with a significantly unrelaxed (molecular) gas dynamics
and at most be able to say that such system is in its merger stage,

2129

2130

P. R. Capelo et al.

the two quantities. In Fig. 4, we show this analysis for both BHs
of the default merger. During all three stages of the encounter,
BH accretion rate and central gas specific angular momentum are
strongly anticorrelated, with a lag-time consistent with zero. This
shows that, on average, at every stage of the encounter, BH accretion increases when the specific angular momentum of the central
gas has a negative temporal gradient.3

3 This result holds – to different degrees – for all mergers in our suite, except
for the remnant stages of the 1:2 coplanar, retrograde–prograde merger (both
BHs) and of the 1:4 inclined-primary merger (secondary BH).

MNRAS 447, 2123–2143 (2015)

Figure 5. Fractional cumulative time above a given luminosity, for the
primary (f1) and secondary (f2) BH, in the 1:4 coplanar, prograde–prograde
merger. For each stage of the merger, we show the cumulative time, divided
by the time-length of the stage, for which a BH accretes above a given
level, as a function of the inferred hard-X-ray luminosity. The vertical,
dotted, black line shows the typical AGN-activity threshold (L2−10 keV 
2 × 1042 erg s−1 ). Top panel: fractional cumulative time for the stochastic
stage, for the primary (dotted, blue) and for the secondary (solid, red) BH.
Middle panel: same as the top panel, but for the merger stage. Bottom panel:
same as the top panel, but for the remnant stage.

3.1.2 AGN activity
In order to assess the relative effectiveness of each galaxy and stage
in inducing increased BH accretion, it is more convenient to move
from the ‘differential view’ of Figs 1 and 2 (BH accretion rate as a
function of time) to an ‘integral view’, by calculating for how long
a given BH is accreting above a given accretion level. In Fig. 5, we
show the fractional cumulative time for which each BH is active
above a given luminosity, for the three stages of the merger. In
order to compare our results to observations, we do not consider
the bolometric luminosity (which is simply proportional to the BH
accretion rate), but apply instead a bolometric correction (Hopkins,
Richards & Hernquist 2007) and consider the hard-X-ray luminosity
for the 2–10-keV band. During the stochastic and remnant stages,
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Figure 4. Cross-correlation between BH accretion rate and central gas
specific angular momentum, for the 1:4 coplanar, prograde–prograde merger.
All dotted, blue (solid, red) lines refer to the primary (secondary) BH. In the
top two panels, the vertical, dotted, black lines show the separation between
the stochastic, the merger, and the remnant stages. In the bottom three panels,
the horizontal (vertical), dotted, black line denotes zero correlation (delay).
First panel: BH accretion rate, as a function of time. Second panel: central
specific angular momentum of the gas (in the innermost 100-pc sphere
around the local centre of mass near the BH), as a function of time. Third
panel: cross-correlation signal between BH accretion rate and central gas
specific angular momentum, as a function of lag-time, for the stochastic
stage. Fourth panel: same as the third panel, but for the merger stage. Fifth
panel: same as the third panel, but for the remnant stage.
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3.2 Dependence on the initial mass ratio
In this section, we show the dependence of our results on the initial
mass ratio, by keeping all other variables fixed. We consider all five
coplanar, prograde–prograde mergers with low gas fraction and
 f = 0.001 in our suite. These have mass ratio 1:1, 1:2 (two major
mergers: Runs 1 and 2), 1:4, 1:6, and 1:10 (three minor mergers:
Runs 7, 9, and 10).4
In Fig. 6, we compare the BH accretion rate for all the mergers
considered in this section. The top panel shows the BH separation
for each merger, to highlight the fact that encounters with different
initial mass ratios have vastly different merger histories, mostly due
to the different dynamical friction time-scales involved.
The other five panels show the BH accretion rate for both BHs
in each merger. As already shown in Section 3.1, BH accretion is
relatively low during the stochastic and remnant stages and achieves
its highest values during the merger stage. This is the case for all
BHs in all mergers, except for one of the BHs5 in the 1:1 merger,
which has an unusually high accretion rate during the stochastic
stage, and for the secondary BH in the 1:10 merger, as explained
below.
The merger history for all these galactic encounters is similar.
Up to the second pericentric passage, that is, during the stochastic
stage, all secondary BHs have a relatively low BH accretion rate,
usually two orders of magnitude below the Eddington level. SFR is
also low, below 0.1 M yr−1 in the central 100-pc region around
all secondary BHs. Further, the specific angular momentum curves
of all central gas shells around the secondary BHs are very flat,
indicating that there are no large inflows or outflows in this stage.
Immediately after the second pericentric passage, at the onset of
the merger stage, the specific angular momentum of all central

4 In Figs A1–A4 of the appendix, we show in detail the most relevant quantities during the evolution of two of these mergers (Runs 2 and 10).
5 By definition, there is no primary or secondary BH in a 1:1 merger, at least
initially. For this encounter, the primary and secondary BH designations
were given randomly.

Figure 6. BH accretion rates for all coplanar, prograde–prograde mergers
with low gas fraction and  f = 0.001. In panels 2–6, the vertical, dotted,
black lines show the separation between the stochastic, the merger, and the
remnant stages. First panel: separation between the two BHs, for the 1:1
(black), 1:2 (blue), 1:4 (cyan), 1:6 (green), and 1:10 (red) merger. Second
panel: BH accretion rate for the primary (dotted, blue) and secondary (solid,
red) BH of the 1:1 merger. Third panel: same as the second panel, but for the
1:2 merger. Fourth panel: same as the second panel, but for the 1:4 merger.
Fifth panel: same as the second panel, but for the 1:6 merger. Sixth panel:
same as the second panel, but for the 1:10 merger.

gas shells around all secondary BHs drops by several orders of
magnitude, signalling the occurrence of large-scale gas inflows.
These gas inflows have the effect of increasing the central gas mass,
SFR, and BH accretion. During the merger stage, we note high peaks
of BH accretion rates (with a few cases of Eddington or mildly
super-Eddington accretion) for all secondary BHs, concurrent to
high peaks of SFR around these BHs (with the central SFR usually
almost equalling the entire SFR of the system). The only exception
is the merger stage of the 1:10 merger (see also Fig. A3 of the
appendix), which can be subdivided into two parts: during the first
part, the secondary galaxy and BH experience the merger in the same
way of all other encounters. During the second part, the gas of the
secondary galaxy is severely ram-pressure stripped by the primary
galaxy and the secondary BH becomes devoid of surrounding gas
(see also Callegari et al. 2011). This gas will eventually provide the
supply to feed the BH in the primary galaxy. Finally, the remnant
stage is again similar for all mentioned mergers, with lower values
of BH accretion and SFR than in the merger stage, but usually a
little higher than in the stochastic stage (this is especially true for the
MNRAS 447, 2123–2143 (2015)
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the primary BH is active for longer times than the secondary BH, for
almost all relevant luminosity thresholds, even though by a factor
of at most a few. This is the case also during the merger stage,
if we consider low luminosities [log10 (L2−10 keV )  42.4], but the
situation is inverted for higher luminosities, for which the secondary
is active for longer times.
For an easier comparison, we focus on the value of L usually used
to define the lower threshold for AGN activity (e.g. Silverman et al.
2011): L2−10 keV ≡ LAGN  2 × 1042 erg s−1 . Using this definition,
the primary BH is an AGN for 1.7 per cent of the stochastic stage,
33.4 per cent of the merger stage, and 4.8 per cent of the remnant
stage. The secondary BH, on the other hand, is an AGN for 1.0,
30.8, and 3.4 per cent of the stage time, for the stochastic, merger,
and remnant stages, respectively. For both BHs, there is a clear
increase in fractional time moving from the stochastic stage (when
the galaxies can be considered almost in isolation) to the merger
stage (when the interaction between the two galaxies is stronger),
and a clear decrease moving from the merger stage to the remnant
stage (when the dynamically violent phase has ended and a galactic
remnant is being formed). In the next sections, we will show that
this trend is valid for all mergers in our suite, but what differs is
the degree of luminosity increase/decrease from stage to stage, for
each BH in different mergers.
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1:10 merger, where the primary feeds off of the gas stripped from the
primary galaxy). During this stage, all specific angular momentum
curves are flat again, signalling the end of the dynamically violent
stage of the encounter. We note that BH accretion during the remnant
stage is unusually high in the 1:2 merger, almost reaching Eddington
levels in a couple of instances (see also Fig. A1 of the appendix).
Also, the peculiar periodicity of BH accretion observed in the 1:4
merger seems to be unique to that merger.
As far as the primary galaxy of these mergers is concerned, in
minor mergers the specific angular momentum of the central gas
around the primary BH shows almost no response during the merger
stage. However, in the major mergers, the companion is large enough
to affect the primary galaxy significantly, and the specific angular
momentum curves around the primary BH have a drop similar to
those of the gas around the secondary BH.
MNRAS 447, 2123–2143 (2015)

Figure 8. Fractional cumulative time above a given luminosity – coplanar,
prograde–prograde mergers with low gas fraction and  f = 0.001 – secondary
BH. Same as Fig. 7, but for the secondary BH.

These general trends apply to all mergers, but the exact results
vary with mass ratio. In the major mergers, the primary BH accretion
rate during the merger stage clearly reaches values much higher
than during the other two stages because the secondary galaxy
significantly affects the dynamics of the primary galaxy. A relatively
massive companion (especially in the 1:1 merger) causes stronger
tidal torques in the primary galaxy, with subsequent gaseous inflows
and ultimately higher BH accretion rates. In the minor mergers, on
the other hand, the increase in the activity of the primary BH is much
more modest. This is especially true in the 1:6 and 1:10 mergers.
The effect of the initial mass ratio on the secondary BH accretion
rate is less pronounced, because the smaller galaxy always responds
more strongly to the interaction.
A different way to quantify the difference between mass ratios
is to calculate the fraction of time a given BH accretion rate has
been above a given threshold, in the same way we calculated it for
the 1:4 merger in Fig. 5. In Figs 7 and 8, we show such results for
all the mergers in this section, for the primary and secondary BH,
respectively (see also Table 3).
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Figure 7. Fractional cumulative time above a given luminosity – coplanar,
prograde–prograde mergers with low gas fraction and  f = 0.001 – primary
BH. Same as Fig. 5. Top panel: fractional cumulative time for the stochastic
stage, for the primary BH of the 1:1 (dotted), 1:2 (solid), 1:4 (dashed), 1:6
(dash–dotted), and 1:10 (triple-dot–dashed) merger. Middle panel: same as
the top panel, but for the merger stage. Bottom panel: same as the top panel,
but for the remnant stage.
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pairs with respect to isolated galaxies. They all find an enhancement in the AGN fraction in galaxy pairs. Silverman et al. (2011)
report an AGN fraction of ∼10 per cent at separations <75 kpc
and ∼7 per cent at separations of <150 kpc for a sample at z < 1;
Lackner et al. (2014) extend the analysis to close pairs in late
merger stages, finding an overall AGN fraction of ∼6 per cent at
separations <10 kpc, while Ellison et al. (2011) report an AGN
fraction of ∼20 per cent at separations <10 kpc and ∼12 per cent
at separations between 10 and 30 kpc, decreasing to ∼6 per cent at
separations >40 kpc for a sample at z < 0.2.
Given the different redshift ranges and selection criteria, it is not
trivial to compare our results to their observations. Furthermore,
Ellison et al. (2011) use emission lines to identify AGN, a type of
diagnostics we cannot model. We therefore propose in the following only a qualitative comparison with observations, and we adopt
a fixed luminosity threshold in the hard-X-ray band, similarly to
Silverman et al. (2011) as a reference. Fig. 9 shows the AGN fraction as a function of separation for our simulated galaxies. We find
that the AGN fraction generally increases with decreasing separations, down to ∼5 kpc. The drop in the innermost bin occurs
because the strongest AGN activity occurs after the second pericentric passage, for a few apocentre–pericentre oscillations, where the
separation between the BHs is between 1 and 10 kpc (recall that the
time spent near apocentre is longer than the time spent near pericentre). By the time the BHs remain persistently on sub-kpc scales,
the main burst of activity has ended. Compared to observations, we
find a lower AGN fraction at large separations, in absolute terms.
This happens because we simulate small galaxies with small BHs,
and only rarely in the stochastic stage the BHs are above the AGN
threshold, as discussed above.
Observationally, the relative enhancement of AGN activity on
the primary or secondary BH is still relatively uncertain. For instance, Bianchi et al. (2013) find that in the merging (triple) system
NGC 3341, an AGN is triggered only in the smaller galaxy of
a minor merger (the mass ratio is 1:25, even less than our most
minor merger). Ellison et al. (2011), however, find that in a sample of SDSS galaxies with a close companion, the AGN fraction
strongly increases for the massive galaxies in the pairs, while the
signal is marginal in the secondary galaxy (see also Woods & Geller
2007). On the other hand, Liu et al. (2011) find that AGN luminosities and BH accretion rates are higher in the secondary galaxies

Table 3. Cumulative time of AGN activity, per stage, for the primary (t1) and secondary (t2) BH, for all mergers with
 f = 0.001 (six major mergers and four minor mergers). To recover the fractional cumulative times f 1 and f 2 in a given
stage, one has to divide t1 and t2 by the stage length. All times are in Gyr. (1) Run number (same as in Table 1). (2)
Time duration of the stochastic stage. (3) Cumulative time, during the stochastic stage, during which the primary BH has
L2−10 keV > 2 × 1042 erg s−1 . (4) Same as column (3), but for the secondary BH. (5) Time duration of the merger stage.
(6) Same as column (3), but for the merger stage. (7) Same as column (4), but for the merger stage. (8) Time duration of
the remnant stage. (9) Same as column (3), but for the remnant stage. (10) Same as column (4), but for the remnant stage.
Run
#

Length

Stochastic stage
t1

t2

Length

Merger stage
t1

01
02
03
04
05
06

0.805
0.849
0.859
0.876
0.839
0.856

07
08
09
10

0.973
0.983
1.091
1.277

t2

Length

Remnant stage
t1

t2

0.144
0.039
0.023
0.011
0.039
0.099

0.030
0.021
0.018
0.018
0.004
0.029

0.173
0.206
0.197
0.204
0.168
0.146

0.078
0.145
0.128
0.125
0.107
0.092

0.115
0.032
0.081
0.055
0.071
0.051

0.529
0.849
0.859
0.876
0.839
0.856

0.046
0.059
0.053
0.107
0.088
0.294

0.027
0.073
0.021
0.026
0.045
0.023

0.017
0.014
0.005
0.021

0.010
0.004
0.002
0.001

0.263
0.390
0.464
1.466

0.088
0.074
0.011
0.220

0.081
0.071
0.078
0.047

0.973
0.983
1.091
1.277

0.047
0.028
0.010
0.130

0.033
0.001
0.004
0.004
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The spread in primary AGN-activity time-fraction is relatively
small (except for the 1:1 merger, where one of the BHs accretes at
an unusually high rate during the stochastic stage). This is expected,
since all these primary galaxies are initially identical and, up to
the second pericentric passage, can be considered somewhat in
isolation (despite the fact that the galaxies have already undergone
one pericentric passage). The spread increases significantly when
we consider the merger stage, varying from 2.4 per cent in the 1:6
merger to 70.2 per cent in the 1:2 merger. During the remnant stage,
the spread in primary AGN-activity time-fraction decreases. This is
because, after the merger stage, what remains is a somewhat quieter
remnant galaxy with essentially the same mass (by up to a factor of
50 per cent) for all mergers.
If we look at the secondary BH (again, except for the 1:1 merger)
in the stochastic stage, the spread in AGN-activity time-fraction is
simply due to the difference in initial galaxy (and BH) mass: the
more massive BH accretes more than the least massive BH; recall
that Bondi accretion is proportional to the square of the BH mass.
This spread does not change much during the encounter, i.e. it is
mostly driven by the difference in BH mass.
In all cases, however, we note that the AGN-activity time-fraction
increases when going from the stochastic stage to the merger stage
(by different amounts: major versus minor mergers) and decreases
when going from the merger stage to the remnant stage. Usually, the
remnant stage has higher time-fractions than the stochastic stage,
even though by not much. This probably occurs because the remnant
galaxy is not yet a quiet, in-equilibrium system, and because BH
masses have increased in the meantime.
The reason why we have considered the fractional cumulative
time instead of the real cumulative time is because we want to
compare different stages within a merger, and different mergers,
which naturally have different physical durations. By doing this,
however, we lose the information of how long is a stage. If we
wanted to know the AGN efficiency in a population of mergers,
we would also need to know the real times. For this reason, we
put in Table 3 the values of the real times (t1 and t2) instead of
the fractional times (f 1 and f 2), so that they can be used for future
works. To recover f 1 (f 2) in a given stage, one has to divide t1 (t2)
by the stage length.
Ellison et al. (2011), Silverman et al. (2011), and Ellison et al.
(2013) study the enhancement in the AGN fraction for galaxies in
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of their pairs. In our simulations, we find that a fixed luminosity
threshold favours detecting activity of the primary, more massive
BH. In terms of specific accretion rate, e.g. Eddington rate, we find
instead that the secondary BH is more excited. If we defined the
AGN threshold at, e.g. 5 per cent of the Eddington rate, we would
find an average AGN fraction of 15 per cent for the secondary BH
for separations <70 kpc, while the AGN fraction for the primary BH
would be ∼10 per cent only for separations <10 kpc. In the following, we expand the discussion on the relative strength of accretion
for the two BHs.
In Fig. 10, we show the dependence of the mass of each BH with
time. Consistent with the fact that BH accretion is usually very low
during the stochastic and remnant stages, the mass of each BH grows
relatively very little before and after the merger stage, when instead
it increases by factors of up to a few. The only large exception is
the mass growth of one of the BHs during the stochastic stage of
the 1:1 merger, as mentioned before.
The difference from merger to merger, however, is in how fast
the two BHs grow with respect to each other, depending upon the
initial mass ratio. In the major mergers (1:1 and 1:2), the primary
BH grows more than the secondary BH (the blue lines are above the
red lines). In the minor mergers (1:4, 1:6, and 1:10), the opposite
occurs, with the smaller BH growing faster than the larger BH (the
red lines are above the blue lines).
The evolution of the BH mass ratio, q ≡ MBH2 /MBH1 , can help us
understand which BH would grow relatively more during a merger
event. In order to better compare the behaviour of these mergers,
in Fig. 11, we show the dependence of the BH mass ratio q with
time for all mergers with  f = 0.001 in one panel. The BH mass
ratio is somewhat flat during the stochastic and remnant stages and
changes significantly during the merger stage (in Fig. 11, delimited
by the two markers on each line), as already inferred from Fig. 10,
although here we can see that q is not exactly constant during the
first and third stages of the encounter. The four minor mergers end
up with BH mass ratios larger than their own values at time zero,
MNRAS 447, 2123–2143 (2015)

Figure 10. BH mass, as a function of time, for all mergers with  f = 0.001.
In all panels: the vertical, dotted, black lines show the separation between
the stochastic, the merger, and the remnant stages; the dotted, blue (solid,
red) line shows the mass of the primary (secondary) BH, divided by its own
value at the beginning of the merger simulation; the initial BH mass of the
primary galaxy is always 3.53 × 106 M . The panels are ordered as in
Table 1.

by factors that vary from ∼1.4 (1:10 merger; note, however, that
this factor is as high as ∼3.2 during the merger stage) to ∼3.6 (1:6
merger). The six major mergers, on the other hand, end up with BH
mass ratios smaller than their own values at time zero,6 by factors
that vary from ∼1 to ∼2.
In other words, if we look at the BH mass ratio q, major mergers
tend to become ‘more minor’ (dq/dt < 0) and minor mergers tend
to become ‘more major’ (dq/dt > 0). To better understand the
evolution of q during the history of each encounter, in Fig. 12,
we show how the BH mass ratio varies, by plotting the mass of

6 We remind the reader that the choice of primary and secondary BH in
the 1:1 merger is arbitrary. By inverting the two definitions of BHs in such
merger, the final mass ratio is slightly higher than 1, instead of slightly lower
than 1. However, since it is still the case that one of the BHs is smaller than
the other, the major merger has become a little less major.
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Figure 9. AGN fraction, defined for a threshold hard-X-ray luminosity
LAGN  2 × 1042 erg s−1 , as a function of separation, for all mergers with
 f = 0.001. Top panel: primary BH. Bottom panel: secondary BH. Squares:
1:1 merger; circles: all 1:2 mergers; pentagons: all 1:4 mergers; triangles:
1:6 merger; stars: 1:10 merger.
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3.3 Dependence on the orbital configuration

Figure 11. BH mass ratio q, as a function of time, for all mergers with
 f = 0.001. Each line shows q, divided by its own value at the beginning of the merger simulation: 1:1 coplanar, prograde–prograde (solid,
black), 1:2 coplanar, prograde–prograde, low-gas-fraction (solid, blue), 1:2
inclined-primary (dotted, blue), 1:2 coplanar, retrograde–prograde (dashed,
blue), 1:2 coplanar, prograde–retrograde (dash–dotted, blue), 1:2 coplanar, prograde–prograde, high-gas-fraction (triple-dot–dashed, blue), 1:4
coplanar, prograde–prograde (solid, cyan), 1:4 inclined-primary (dotted,
cyan), 1:6 coplanar, prograde–prograde (solid, green), and 1:10 coplanar,
prograde–prograde (solid, red) merger. Each line is interrupted by two markers, which indicate the beginning and the end of the merger stage.

one BH as a function of the mass of the other BH. The diagonal,
straight lines are the curves of constant q. If the two BHs follow
this line or a line parallel to it, it means that they are increasing at
the same fractional pace [d(ln MBH )/dt]. If the slope of the ‘MBH1
versus MBH2 ’ curve is lower (higher), it means that the secondary
BH is increasing in mass at a greater (smaller) fractional pace than
the primary BH. If the ‘MBH1 versus MBH2 ’ curve crosses another
diagonal straight line, it implies that the BH mass ratio has changed
significantly (in particular, if it crosses the cyan line, it means that it
went from major to minor, or from minor to major). The slope of the
‘MBH1 versus MBH2 ’ curve does not depart that much from that of the
lines of constant q, during the first and third stages. It is during the

In this section, we show the dependence of our results on the initial
orbital configuration, by keeping all other variables fixed. We consider all the four 1:2 mergers with low gas fraction and  f = 0.001 of
our suite (coplanar, prograde–prograde; inclined-primary; coplanar,
retrograde–prograde; and coplanar, prograde–retrograde; Runs 2–5)
and, separately, the two 1:4 mergers (coplanar, prograde–prograde;
and inclined-primary; Runs 7–8). We recall that the global orbit of
the two galaxies is always the same for every merger in our suite:
the two galaxies start at a distance equal to the sum of their virial
radii and approach each other on a parabolic orbit such that their
first pericentric distance is 20 per cent of the virial radius of the
larger galaxy.
In Fig. 13, we compare the BH accretion rate for all the 1:2
mergers considered in this section. The top panel shows the BH
separation for each merger, to highlight the fact that encounters
with the same initial mass ratio have rather similar merger histories:
the beginning and the end of the merger stage happen at very similar
times, throughout the four encounters.
The other four panels show the BH accretion rate for both BHs
in each merger. The BH accretion rate history is remarkably similar for all mergers. This is even clearer when we look at Figs 14
and 15, where we show the fractional cumulative time above a given
luminosity. We find that, even during the merger stage, there is practically no difference between the encounters, as far as the primary
BH is concerned.
In the two 1:4 mergers, the results are similar (see Fig. 16), with
the exception that the secondary BH in the inclined-primary merger
has almost no AGN activity during the remnant stage. Consistently,
the levels of central SFR and gas mass around the secondary BH
are much lower than those around the secondary BH of the default
merger.
Finally, a complementary way to view the differences between
these mergers is to look at Fig. 12 again. The four major mergers
of this section have similar behaviours: in all cases, the final BH
mass ratio has decreased from its value at the beginning of the
simulation. In other words, all four major mergers have become
less ‘major’. The two minor mergers of this section, on the other
hand, have both increased their BH mass ratio, with the default
merger having, at the end of the remnant stage, the highest q of the
entire suite of mergers (if we exclude the 1:1 coplanar, prograde–
prograde merger). Once again, it seems like the initial mass ratio
(qG ) is the most important parameter. However, we also see that,
in both groups of major and minor mergers we considered in this
section, the inclined mergers tend to keep q relatively closer to its
initial value, whereas coplanar mergers tend to change q more (the
MNRAS 447, 2123–2143 (2015)
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merger stage (in Fig. 12, delimited by the two markers on each line)
that q changes significantly. For example, the 1:10 merger started
as a minor merger, then briefly became ‘major’ (that is, crossed the
cyan diagonal line), then went back to being minor. The 1:4 and 1:6
mergers, on the other hand, quickly enter the major-merger area and
never leave it. The 1:2 mergers have the opposite behaviour, and the
1:1 merger more or less stays the same. In the minor mergers, the
secondary galaxy is more affected by the encounter, therefore there
are stronger gas inflows, more BH accretion and more BH growth.
In the major mergers, on the other hand, the secondary galaxy is
more resistant to the effects of the merger, therefore both BHs tend
to grow in the same way except, being that the primary BH is larger,
it grows more, simply because the Bondi accretion formula goes
like the square of the BH mass.
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direction of the change depending on the initial mass ratio). Given
the small number of inclined mergers in the suite, we caution the
reader that a more thorough study is needed. However, such result
is not unreasonable, since in inclined mergers the efficiency of the
merger-induced torques is lower than in coplanar mergers (see e.g.
Cox et al. 2008 for a study of different inclinations in mergers).
3.4 Dependence on the gas fraction
In this section, we show the dependence of our results on the initial
gas fraction in the galactic disc, by keeping all other variables
fixed. We therefore consider the 1:2 coplanar, prograde–prograde
mergers with  f = 0.001 with low gas fraction (30 per cent of the disc
mass is in gaseous form; Run 2) and high gas fraction (60 per cent;
Run 6).
In terms of merger history, there are not many differences. However, the high-gas-fraction encounter has a merger stage a good
25 per cent shorter than that of its low-gas-fraction counterpart
(∼150 Myr versus ∼200 Myr).
During the stochastic stage, the BH accretion rate in the high-gasfraction merger is usually higher than that in the low-gas-fraction
merger (see the top panel of Fig. 17). During the merger stage, both
MNRAS 447, 2123–2143 (2015)

BHs in both mergers experience periods of high activity, with the
secondary BH of the high-gas-fraction run being more ‘active’ than
that of the low-gas-fraction run, but with the roles inverted (even if
barely) for the primary BHs. During the final stage of the encounters,
the opposite of the merger stage occurs, with the primary BH being
more (less) active than the secondary BH in the high-gas-fraction
(low-gas-fraction) merger.
The high-gas-fraction merger is a good example which shows that
BH accretion does not necessarily need low levels of specific angular
momentum, but instead necessitates the angular momentum to have
a negative temporal gradient (recall the discussion in Section 3.1.1).
Indeed, during the stochastic stage, the specific angular momentum
of the central gas of the high-gas-fraction primary galaxy is higher
(by a factor of ∼2) than that of the low-gas-fraction primary galaxy.
Despite this, the primary BH accretion rate in the high-gas-fraction
merger is higher than in the low-gas-fraction case.
The unusual levels of specific angular momentum of the highgas-fraction primary galaxy’s central gas are caused by an initial
strong peak in BH accretion, due to a combination of higher central gas mass (compared to the low-gas-fraction case) and to an
initially slightly lower gas specific angular momentum (compared
to the low-gas-fraction case and to the high-gas-fraction secondary
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Figure 12. BH mass phase-diagram, for all mergers with  f = 0.001. We show the mass of the primary BH versus the mass of the secondary BH, both divided
by the mass of the primary BH at the beginning of the merger simulation: 1:1 coplanar, prograde–prograde (solid, black), 1:2 coplanar, prograde–prograde,
low-gas-fraction (solid, blue), 1:2 inclined-primary (dotted, blue), 1:2 coplanar, retrograde–prograde (dashed, blue), 1:2 coplanar, prograde–retrograde (dash–
dotted, blue), 1:2 coplanar, prograde–prograde, high-gas-fraction (triple-dot–dashed, blue), 1:4 coplanar, prograde–prograde (solid, cyan), 1:4 inclined-primary
(dotted, cyan), 1:6 coplanar, prograde–prograde (solid, green), and 1:10 coplanar, prograde–prograde (solid, red) merger. Each line is interrupted by two
markers, which indicate the beginning and the end of the merger stage. The diagonal, straight, thick lines show the lines of constant BH mass ratio: 1:1 (black),
1:2 (blue), 1:4 (cyan), 1:6 (green), and 1:10 (red).
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galaxy). BHs preferentially accrete gas particles with low specific
angular momentum. Additionally, BH feedback, which ‘pushes’
gas particles away, is applied to the gas particle nearest to the BH,
which tends to have low specific angular momentum. Higher levels of BH accretion tend, therefore, to increase the specific angular
momentum of the central gas.
3.5 Control runs
In this paper, we have assessed the impact of a few merger quantities (mass ratio, orbital configuration, and gas fraction) on the mass
accretion on to and mass growth of BHs. For this reason, we kept
the BH parameters the same throughout the analysis (Runs 1–10:
mildly-super-Eddington-limited, Bondi accretion and a fixed fraction –  f = 0.001 – of the BH accretion energy injected in the nearby
gas as thermal energy; see Section 2.3).
In order to understand the impact of BH physics, we also ran a
series of simulations where we changed the BH parameters. See the

last three rows in Table 1 for a list of the parameters of the control
runs (Runs C1–C3).
In the first two control runs (Runs C1 and C2), we assessed the
effect of shutting off BH accretion. We ran two versions of the
same simulation (1:2 coplanar, prograde–prograde), one with low
gas fraction (Run C1) and the other with high gas fraction (Run
C2), and compared these two control runs with their BH-accreting
counterparts (Runs 2 and 6). The two BHs are in the galaxy, but
behave only as ‘giant stars’, having no interaction with the other
particles in the simulation, other than gravitational.
The lack of BH accretion (and, consequently, of BH feedback)
means that (i) the BHs are not ‘stealing’ gas that could be used
to form stars and, additionally, that (ii) the gas surrounding the
BHs is not being heated and/or pushed away. This implies that the
central SFR should be higher in the control runs than in their BHaccreting counterparts. This is indeed the case: SFR in the central
100 pc is higher when BH accretion is shut off. Also, the temporal
evolution of the central SFR is much smoother, because there is no
BH feedback.
The central (<100 pc) gas specific angular momentum curves of
the low-gas-fraction merger during the stochastic stage are much
less noisy than in the runs with BH accretion. In the stochastic stage
of the high-gas-fraction runs, the central gas specific angular momentum around the primary BH is much higher in the BH-accreting
run than in its counterpart control run (because BH accretion and
feedback tend to deplete the central region of gas with low specific
angular momentum; see Section 3.4 for more details).
All other (i.e. non-central) quantities are not affected by the
accretion mode of the central BHs. Moreover, from the point of
view of the orbital history of the mergers, both mergers have a
‘normal-length’ stochastic stage (0.849 and 0.854 Gyr, for the lowgas-fraction and high-gas-fraction run, respectively), followed by a
‘normal-length’ (albeit a little on the short side) merger stage (0.158
and 0.148 Gyr, for the low-gas-fraction and high-gas-fraction run,
respectively).
We also ran a simulation (Run C3: 1:2 coplanar, prograde–
prograde, low gas fraction) where the BH is accreting but feeds back
to the nearby gas a fraction of the BH accretion energy five times
higher than in the other runs:  f = 0.005. In this case, the expectation
is the opposite to the other control runs. The BH is heating/pushing
the gas away much more than in the  f = 0.001 simulation (Run 2).
Moreover, an increased BH feedback also means that there is less
gas for accretion on to the BH itself.
However, central SFR does not decrease appreciably: the BH
feedback efficiency does not have a strong effect on SF (see also
Volonteri et al. 2014). The BH accretion rate, on the other hand, is
expectedly lower, by ∼one order of magnitude. For this reason, the
cumulative time during which each BH is active is also very low.
The primary (secondary) BH is active for only 0.002 (0.001), 0.049
(0.008), and 0.013 (0.016) Gyr, during the stochastic, merger, and
remnant stages, respectively. The stochastic (0.849 Gyr) and merger
(0.192 Gyr) stages have durations very similar to those of Run 2.
Another direct consequence of the decreased BH accretion is that
the BH mass growth is also very small, compared to the encounter
with lower BH efficiency: the primary (secondary) BH grows by a
factor of 1.7 (1.4) between the beginning of the stochastic stage and
the end of the remnant stage, compared to factors of 6.2 and 3.1 for
the merger with  f = 0.001. Much of this difference arises during
the merger stage, when BH accretion is higher and, consequently,
BH feedback has a stronger impact.
Since the BH masses change very little with time, the BH ratio
also does not change significantly. However, also in this case, the
MNRAS 447, 2123–2143 (2015)

Downloaded from https://academic.oup.com/mnras/article/447/3/2123/985649 by CNRS - ISTO user on 25 April 2022

Figure 13. BH accretion rates for all 1:2 mergers with low gas fraction
and  f = 0.001. In panels 2–5, the vertical, dotted, black lines show the
separation between the stochastic, the merger, and the remnant stages.
First panel: separation between the two BHs, for the prograde–prograde
(black), inclined-primary (blue), retrograde–prograde (cyan), and prograde–
retrograde (green) merger. Second panel: BH accretion rate for the primary (dotted, blue) and secondary (solid, red) BH of the prograde–prograde
merger. Third panel: same as the second panel, but for the inclined-primary
merger. Fourth panel: same as the second panel, but for the retrograde–
prograde merger. Fifth panel: same as the second panel, but for the prograde–
retrograde merger.
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merger ends up being (slightly) more minor than at the beginning
of the simulation, hinting at the fact that the empirical rule for
BH mass ratio evolution we found for low BH feedback efficiency
( f = 0.001) might hold even for higher BH feedback efficiency
( f = 0.005).
In summary, changing the BH parameters leaves all galactic quantities (and orbital evolution) unchanged, except for the very central
(<100 pc) quantities around the BHs, in the expected directions:
with no BH accretion, SFR is higher; with more BH feedback, BH
accretion is lower.
4 CONCLUSIONS
We present a new suite of high-resolution hydrodynamical simulations of galaxy mergers, where we vary the initial mass ratio
(from 1:1 to 1:10), orbital configuration (coplanar, prograde and
MNRAS 447, 2123–2143 (2015)

Figure 15. Fractional cumulative time above a given luminosity – 1:2 mergers with low gas fraction and  f = 0.001 – secondary BH. Same as Fig. 14,
but for the secondary BH.

retrograde, and inclined), and gas fraction in the galactic discs (30
and 60 per cent), focusing on the accretion on to and mass growth
of the central BHs, and on the triggering of AGN activity. Our
simulations, with ∼10-pc resolution, allow us to show that 100-pc
resolution is not sufficient to resolve the nuclear torques that develop
in unequal-mass mergers (Van Wassenhove et al. 2014). This suite
of simulations shows that much of the loss of angular momentum
that triggers BH accretion occurs below ∼50-pc scales, a regime
very poorly studied through numerical simulations because of the
high resolution required, while at the same time a box of several
hundred kpc is needed to capture the complete merger.
We itemize our findings below.
(i) All encounters in the suite can be subdivided into three clearly
distinct stages (stochastic, merger, and remnant), distinguished by
the time evolution of the specific angular momentum in several
central gas spherical shells around the secondary BH. At the end of
the remnant stage, the galaxy returns to a quiescent state, similar to
that of the early stochastic stage.
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Figure 14. Fractional cumulative time above a given luminosity – 1:2 mergers with low gas fraction and  f = 0.001 – primary BH. Same as Fig. 5. Top
panel: fractional cumulative time for the stochastic stage, for the primary
BH of the coplanar, prograde–prograde (solid), inclined-primary (dotted),
coplanar, retrograde–prograde (dashed), and coplanar, prograde–retrograde
(dash–dotted) merger. Middle panel: same as the top panel, but for the merger
stage. Bottom panel: same as the top panel, but for the remnant stage.
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(ii) We find a strong anticorrelation between the specific angular
momentum of the central gas and the BH accretion rate. The relevant
quantity is not, however, the magnitude of the specific angular
momentum, but its temporal gradient. The gas that gets accreted
is not necessarily gas with low angular momentum, but the gas that
loses angular momentum.
(iii) We quantify the relative enhancement of BH accretion in the
merger stage with respect to the stochastic and remnant stages.
While not all AGN activity is merger-driven, the merger stage
presents the strongest persistent AGN activity.
(iv) The initial mass ratio between the galaxies is the parameter that most affects BH accretion and AGN activity in mergers,
whereas gas fraction and orbital configuration have very minor
effects.
(v) The secondary galaxy always responds strongly to the interaction, almost independently of the mass ratio. The primary galaxies

Figure 17. Fractional cumulative time above a given luminosity – 1:2 coplanar, prograde–prograde mergers with  f = 0.001 and different gas fractions.
Same as Fig. 5. Top panel: fractional cumulative time for the stochastic
stage, for the primary (dotted and dash–dotted, blue) and secondary (solid
and dashed, red) BH of the low-gas-fraction (solid and dotted) and highgas-fraction (dashed and dash–dotted) merger. Middle panel: same as the
top panel, but for the merger stage. Bottom panel: same as the top panel, but
for the remnant stage.

in major mergers are instead vastly more affected than in minor
mergers.
(vi) We compute the evolution of the BH mass ratio during the
encounters. In minor mergers, the secondary BH grows faster (fractionally) than the primary BH: minor mergers tend to become less
minor. In major mergers, the opposite occurs, with the primary BH
growing faster (fractionally) than the secondary BH: major mergers
tend to become less major.
(vii) We calculate the AGN fraction as a function of separation
and find, in broad agreement with observations, that the AGN fraction generally increases with decreasing separations.
In summary, thanks to the very high spatial (∼10 pc) and temporal
(∼1 Myr) resolution of our simulations, we confirm that BH accretion in galaxy mergers is strongly linked to how effective physical
processes are in inducing the gas to lose angular momentum and
MNRAS 447, 2123–2143 (2015)
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Figure 16. Fractional cumulative time above a given luminosity – 1:4 mergers. Same as Fig. 5. Top panel: fractional cumulative time for the stochastic
stage, for the primary (dotted and dash–dotted, blue) and secondary (solid
and dashed, red) BH of the coplanar, prograde–prograde (solid and dotted)
and inclined-primary (dashed and dash–dotted lines) merger. Middle panel:
same as the top panel, but for the merger stage. Bottom panel: same as the
top panel, but for the remnant stage.
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flow towards the centre of the galaxy. This effectiveness does not
seem to be very dependent on the initial orbital configuration and/or
on the gas fraction, but is strongly dependent on the initial mass ratio. We identified the relative enhancement of merger-driven AGN
activity versus the stochastic AGN activity that occurs in dynamically quiescent galaxies, by studying BH accretion in our galaxies
before and after the merger started. In short, we find that in the
‘normal galaxy’ phase, the BHs are not completely quiescent. The
luminosity in this phase, however, seldom exceeds 1042 erg s−1
(depending on the exact bolometric correction adopted) and it is for
the most part at sub-Eddington levels.
Moreover, we present detailed analysis on the time evolution of
the BH mass ratio, q, aiming at understanding which BH would grow
the most during a merger event. We find that q changes significantly
during the merger, with the direction of this change depending
on the initial mass ratio: very unequal BH pairs, with an initial
q ≤ 0.25, tend to evolve towards higher q, whereas pairs with an
initial q > 0.25 tend to increase the BH mass contrast. If this trend
were confirmed at smaller separations, this would result in a narrow
distribution of BH mass ratios expected during the shrinking and
coalescence of BH binaries.
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Figure A1. Temporal evolution of the 1:2 coplanar, prograde–prograde
merger with low gas fraction and  f = 0.001 – main quantities of and
around the secondary BH. Same as Fig. 1.

Figure A2. Temporal evolution of the 1:2 coplanar, prograde–prograde
merger with low gas fraction and  f = 0.001 – main quantities of and
around the primary BH. Same as Fig. 2.
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In Figs A1 and A2, we show in detail the evolution of the 1:2 coplanar, prograde–prograde merger with low gas fraction and  f = 0.001,
for the main quantities of and around the secondary and primary
BH, respectively. In Figs A3 and A4, we do the same for the 1:10
coplanar, prograde–prograde merger. We thus chose an example of
major merger and one of minor merger to show in detail the effect
of the initial mass ratio (see Section 3.2).
Due to the vastly different dynamical friction time-scales, the
durations of both the stochastic and merger stages are longer in the
1:10 than in the 1:2 merger (even though the initial distance between
the two galaxies is smaller in the minor merger – recall that Rinit is
equal to the sum of the initial virial radii of the merging galaxies).
During the remnant stage, the two BHs quickly find themselves
within ∼10 pc from each other, even though the approach is slower
in the minor merger case.

The primary galaxy is affected by the encounter with the secondary galaxy more in the major merger case: during the merger
stage, the primary BH accretion, together with the central SFR and
central gas mass around the primary BH, increases by a few orders
of magnitude. At the same time, the central gas specific angular
momentum around the primary BH drops significantly. In the minor merger case, on the other hand, the primary galaxy is barely
affected, as it can be especially seen from the curves of the central
gas specific angular momentum around the primary BH, which do
not vary for the entire duration of the encounter. The increase in
primary BH accretion (and central SFR and gas mass around the primary BH) during the second part of the merger stage is mostly due
to the fact that the secondary galaxy has been completely disrupted
of its gas and the primary galaxy has ‘stolen’ it.
The secondary galaxy is instead very much affected by the encounter in both the minor and major merger cases. In both encounters, secondary BH accretion and central SFR and gas mass around
the secondary BH increase by several orders of magnitude during
the merger stage, while the central gas specific angular momentum around the secondary BH decreases significantly. The main
difference between the two encounters is that, at a certain point
during the merger stage of the minor merger, the secondary gaseous
disc is completely disrupted by the primary, whereas in the major
merger the secondary disc survives the close encounter. This has also
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Figure A4. Temporal evolution of the 1:10 coplanar, prograde–prograde
merger – main quantities of and around the primary BH. Same as Fig. 2.

a direct effect on the evolution of the BH mass ratio, especially during the merger stage.
In Fig. A5, we show the angular momentum flip, introduced in
Section 3.1 as a complementary method to distinguish the merger
stage from the stochastic and remnant stages, for the default merger.
At the onset of the merger stage, the polar angle of the angular momentum of the gas in the central shells around the secondary BH
sharply changes by ∼180◦ : the central gaseous disc now rotates in
the opposite direction as before, effectively changing the orbit of
the encounter from a prograde–prograde to a prograde–retrograde
merger (as also seen in some of the mergers in Van Wassenhove
et al. 2014). A few hundred Myr later, at a time close to the beginning of the remnant stage, the central gas undergoes a ‘counter-flip’,
when the polar angle of its angular momentum suddenly changes
by another ∼180◦ . This last change is likely due to the fact that

the two galactic gaseous discs are now overlapping in space: being
gas collisional, two counter-rotating discs cannot coexist, and the
larger (i.e. primary) disc forces the smaller (i.e. secondary) disc to
change its internal rotation. These two sharp changes are common
to all central shells within 1 kpc from the secondary BH and affect only the gas. Stars (except of course for newly formed stellar
particles, which keep the angular momentum of the ‘flipped’ gas
particles they originated from) are not affected by the flip, hinting at the fact that this phenomenon is not related to gravitational
torques due to merger dynamics (which would have affected the
stars as well), but is probably related to some gas process (such
as ram-pressure from the primary disc). We postpone the detailed
study of this newly found phenomenon to a future work, where
we aim to study in more detail the dynamics of the encounters
themselves.
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Figure A3. Temporal evolution of the 1:10 coplanar, prograde–prograde
merger – main quantities of and around the secondary BH. Same as Fig. 1.
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Figure A5. Temporal evolution of the gas specific angular
momentum – 1:4 coplanar, prograde–prograde merger. In all panels,
the vertical, dotted, black lines show the separation between the stochastic,
the merger, and the remnant stages. First panel: separation between the
two BHs. Second panel: gas specific angular momentum magnitude in
concentric shells around the local centre of mass near the secondary BH:
0–100 (solid), 100–200 (dotted), 200–300 (dashed), 300–400 (dash–dotted),
400–500 (triple-dot–dashed), 500–600 (solid), 600–700 (dotted), 700–800
(dashed), 800–900 (dash–dotted), 900-1000 (triple-dot–dashed) pc. The
colour varies from dark to light orange as the radius of the shell increases.
Third panel: same as the second panel, but for the polar angle of the specific
angular momentum vector. Fourth panel: same as the second panel, but for
the gas specific angular momentum magnitude around the primary BH. The
colour varies from dark to light blue as the radius of the shell increases.
Fifth panel: same as the fourth panel, but for the polar angle.
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