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ABSTRACT

Supermassive black holes (SMBHs) are ubiquitous in galaxies with a sizable mass. It is expected that
a pair of SMBHs originally in the nuclei of two merging galaxies would form a binary and eventually
coalesce via a burst of gravitational waves. So far theoretical models and simulations have been unable
to predict directly the SMBH merger timescale from ab-initio galaxy formation theory, focusing only
on limited phases of the orbital decay of SMBHs under idealized conditions of the galaxy hosts. The
predicted SMBH merger timescales are long, of order Gyrs, which could be problematic for future
gravitational wave searches. Here we present the first multi-scale ACDM cosmological simulation that
follows the orbital decay of a pair of SMBHs in a merger of two typical massive galaxies at z ~ 3,
all the way to the final coalescence driven by gravitational wave emission. The two SMBHs, with
masses ~ 108 M), settle quickly in the nucleus of the merger remnant. The remnant is triaxial and
extremely dense due to the dissipative nature of the merger and the intrinsic compactness of galaxies
at high redshift. Such properties naturally allow a very efficient hardening of the SMBH binary. The
SMBH merger occurs in only ~ 10 Myr after the galactic cores have merged, which is two orders of
magnitude smaller than the Hubble time.

Keywords: black hole physics — galaxies: interactions — galaxies: kinematics and dynamics — galaxies:

nuclei — gravitational waves — methods: numerical

1. INTRODUCTION

Dual active galactic nuclei (AGNs) at kiloparsec to
hundred parsec separations have been detected (Com-
erford et al. 2013), but at smaller separations there are
only unconfirmed candidates (Eracleous et al. 2012; Gra-
ham et al. 2015). At the same time, the orbital decay
of two supermassive black holes (SMBHs) at the cen-
ter of merging galaxies (Begelman et al. 1980) has been
theoretically studied with a variety of computer simu-
lations, but always neglecting one or more important
processes. Substantial work has focused on the gravi-
tational interaction between the SMBHs and the stellar
background, as it would be appropriate for a gas-free
galaxy (Makino & Funato 2004; Vasiliev et al. 2015), as
well as on the dynamics of two SMBHs within a dis-
sipative gaseous background, though neglecting gravita-
tional encounters with individual stars (Dotti et al. 2007;
Mayer et al. 2007; Chapon et al. 2013). Furthermore, in-
dividual simulations, due to computational limitations,
typically follow only a limited phase of the SMBH pair
evolution, either before or after a Keplerian binary forms
(Mayer 2013). It has been noticed that SMBHs in stel-
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lar systems may stall at parsec separations as the loss
cone is depleted, rendering the transfer of energy be-
tween the binary and the stellar background inefficient
(Makino & Funato 2004; Berczik et al. 2005). This has
been dubbed the “last parsec problem” (Milosavljevié¢ &
Merritt 2001). However, it has been shown that the loss
cone can be refilled if the potential of the galaxy has
substantial deviations from sphericity (Khan et al. 2011;
Preto et al. 2011; Vasiliev et al. 2015). Yet, extrapolating
the hardening rates seen in these recent simulations to
the gravitational wave (GW) dominated phase using an-
alytical models, the resulting SMBH merger timescales
are ~ 1 Gyr (Khan et al. 2012a,b). The galaxy merger
timescale is also of order a Gyr (Stewart et al. 2009), sug-
gesting that the overall process takes a significant frac-
tion of the age of the Universe. At z > 2, when the
lookback time is also of order a few Gyr, this would im-
ply low SMBH coalescence rates, a potential problem for
future GW experiments such as the Evolved Laser Inter-
ferometer Space Antenna (eLISA) (Amaro-Seoane et al.
2013).

If ;as is present, such as in circumnuclear disks form-
ing as a result of gas-rich mergers, the orbital decay of
the SMBHs proceeds on a faster track, leading to a hard
binary with pc-scale separation in ~ 1 — 100 Myr, de-
pending on the clumpiness of the interstellar medium
(Mayer et al. 2007; Chapon et al. 2013; Fiacconi et al.
2013; Roskar et al. 2015). However, the drag may become
inefficient at smaller separations, potentially resulting in
a stalling binary (Chapon et al. 2013; Mayer 2013).

The results of all these simulations depend strongly
on the mass distribution and properties of the stars and
interstellar gas of the circumnuclear region, which are in-
herited from idealized initial conditions. Therefore it is
still unclear how and at what pace the orbital decay of
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SMBHs proceeds in realistic galaxy mergers. In order to
make progress, in this paper we have carried out the first
ab-initio calculation of a SMBH merger that starts from a
galaxy merger pinpointed in a state-of-the-art cosmolog-
ical hydrodynamical simulation. We follow the SMBHs
all the way to the final spiral-in phase with the aid of
post-Newtonian corrections (Blanchet 2006).

2. GALAXY MERGER SIMULATION

We identify the merger of two massive galaxies at
z ~ 3.5 in the Argo cosmological hydrodynamical sim-
ulation (Feldmann & Mayer 2015; Fiacconi et al. 2015).
The simulation follows the formation of a group-sized
halo with mass ~ 2 x 10 Mg at z = 0, and includes
gas cooling, star formation (SF) and a supernovae feed-
back models that have been shown to produce realis-
tic galaxies at a variety of mass scales (Governato et al.
2010; Guedes et al. 2011). The halo evolves in a mildly
over-dense region and its virial mass is close to the char-
acteristic scale M* of the halo mass function at low z,
suggesting that it should be a common host for massive
galaxies (Feldmann & Mayer 2015; Fiacconi et al. 2015).
In lower resolution simulations the group hosts a central
galaxy with properties typical of massive early-types at
z =0 (Feldmann et al. 2010).

The central galaxy of the Argo simulation undergoes
its last major merger (with a stellar mass ratio ~ 0.3)
at z >~ 3.5. The merger involves two disk-like galaxies in
a nearly parabolic (slightly hyperbolic) orbit, with their
stellar spins misaligned by ~ 67°. Such a configuration is
typical for major mergers in ACDM cosmology (Khochfar
& Burkert 2006). The two galaxies have stellar masses
M, =~ 3.6 x 1010 Mg and M, o = 1010 Mg, and gas
fractions f1 =~ 7.7% and fo = 11.5%, respectively. The
two galaxies and their group environment are shown in
Figure 1 when they are about to merge.

The cosmological simulation does not originally con-
tain any SMBH, and its resolution would not allow us to
probe the evolution of a BH binary. Therefore, we in-
crease the resolution by performing static particle split-
ting (Mayer et al. 2007; Roskar et al. 2015). Specifically,
we extract from the cosmological simulation a spherical
region with radius ~ 13.5 kpc at z = 3.6 that encom-
passes the two galaxies and part of their environment.
We check that the average dynamical time of such re-
gion is 2 100 Myr, which is larger than the dynamical
time in the central region and the simulation time that
we target, about a few tens of Myr. At this stage, the
cores of the two galaxies are at a separation of < 4 kpec.
We then split all particle species in 8 child particles with
masses 8 times smaller and the same velocity of the par-
ent particle, thus conserving mass and linear momen-
tum exactly, and angular momentum at the kernel level.
Thermodynamic properties of gas particles (i.e. density
and temperature) are interpolated among the child par-
ticles (Roskar et al. 2015), while child stellar particles
maintain the properties of their parents (e.g. the age).
After the splitting, the simulation contains 9 452 581 stel-
lar particles, 1 088 920 gas particles, and 1 669 922 dark
matter particles with masses 6.4 x 103 M, 2 x 10* Mg,
and 10° M), respectively. We reduce to € = 5 pc the
gravitational softenings® of gaseous and stellar particles

6 The gravitational softenings of the Argo simulation are 120 pc

to increase the spatial resolution, while the dark matter
softening is reduced by a factor 8'/% = 2 to maintain
the local density and the smooth gravitational field. We
extensively tested this procedure by running twin simu-
lations with € = 15 and 50 pc; we checked that (i) no spu-
rious effects on scales larger than the original softening
were introduced, and (ii) the dynamics of the introduced
SMBHs (see below) converged down to the adopted soft-
enings (see Section A for quantitative details).

During the splitting procedure, we introduce two
SMBHs at the local minima of the gravitational poten-
tial of the galactic cores. We assign to the SMBHs the
mass-weighted average velocity of all the particles within
250 pc from their positions. We checked that the veloci-
ties do not depend strongly on the size of the regions that
we choose. Since the two galaxies are relatively gas-poor
at z ~ 3.5 and we aim to continue the simulation for
~ 20 — 40 Myr, we neglect mass accretion and feedback
from the SMBHs, that are thus treated as collisionless
particles. The SMBHs have the same softening as stellar
and gas particles. We finally choose their masses accord-
ing to local scaling relations (Ferrarese & Merritt 2000;
Tremaine et al. 2002; McConnell & Ma 2013; Scott et al.
2013; Kormendy & Ho 2013). We used (McConnell &
Ma 2013) to determine the SMBH masses after measur-
ing the average velocity dispersion within one half-mass
radius for each galaxy before performing particle split-
ting. The resulting masses are Mo 1 = 3 x 10® Mg, and
Me o = 8x 107 Mg, with a mass ratio Mo 1/Me 2 = 3.75.
Though using the local scaling relations for the SMBH
masses is formally inappropriate for high-z galaxies, this
might result to be a conservative choice because there
are both observational (Merloni et al. 2010; Trakhtenbrot
et al. 2015) and theoretical (DeGraf et al. 2015) hints
that the normalization of those relations increases at
high-z, i.e. galaxies host proportionally larger SMBHs.

After setting-up the initial conditions as described, we
simulate the final stages of the galaxy merger until the
separation of the two SMBHs is about the resolution.
We use the GASOLINE code (Wadsley et al. 2004), but in-
cluding additional sub-resolution physics. Specifically,
we add the gas radiative cooling from metal lines, a
pressure floor to avoid spurious fragmentation, and an
equilibrium temperature-density relation for gas denser
than 0.1 H cm ™3 to model the optically-thick phase, cal-
ibrated on 2D radiative transfer simulations in typical
starburst conditions (Spaans & Silk 2000; Roskar et al.
2015). We also increase the density threshold to form
star to 1000 H cm ™3 and we reduce the temperature
threshold to 300 K, to account for the new cooling.

Figure 2 shows different stages of the merger of the two
galaxies in our simulation after we perform the particle
splitting. The Figure reveals that the two galaxies are
flattened and disk-like. The remnant has an elongated
shape out to a few kpc soon after the merger.

3. SUPERMASSIVE BLACK HOLE BINARY
EVOLUTION

The left panel of Figure 3 describes the orbital evolu-
tion of the two SMBHs starting form ~ 4 kpc till the fi-
nal coalescence. As the two galaxies merge, their SMBHs
sink in the remnant surrounded by stellar cusps bound

and 250 pc for baryons and dark matter, respectively.
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Figure 1. Group environment of the galaxy merger. The left panel shows a mock UVJ map of the galaxy group at z = 3.6. The white
circle marks the virial radius of the group halo, while the green circles mark the merging galaxies. The upper-right and lower-right panels
show a zoom-in on the central galaxy of the group and the interacting companion, respectively. Lengths are in physical coordinates.
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Figure 2. From left to right: time evolution of the galaxy merger after the beginning of the re-sampled, higher-resolution simulation.
Each panel shows a mock UVJ photometric image of the merger, and the red and blue dots mark the position of the primary and secondary

BH, respectively. Lengths are in physical coordinates.

to them. The orbital decay is governed by dynamical
friction of the stellar cusps against the stellar, gas and
dark matter background originating from the merger of
the two hosts.

During the final stage of the merger (i.e. at t ~ 20 Myr
after the particle splitting) the merger remnant is gas
poor (gas fraction ~ 5%) owing to gas consumption by
SF. Stars dominate the enclosed mass out to ~ 3 kpc
and provide the dominant contribution to the dynamical
friction exerted by the background. Figure 4 shows the
mass distribution of the individual components when the
separation of the two SMBHs reaches about 300 pc, i.e.
~ 21.5 Myr after the particle splitting. The stellar mass

is almost 2 orders of magnitude larger than the gas one
over all spatial scales except in the central 10 pc, where
the difference is about a factor of 20.

Then, we extract a spherical region of 5 kpc at t ~
21.5 Myr after particle splitting around the more massive
SMBH to initialize a direct N-body simulation contain-
ing in total ~ 6 x 10% particles. We treat the remaining
gas particles in the selected volume as stars, since they
are sub-dominant in mass. Almost the entire stellar mass
is within 5 kpc, so an artificial cut-off at 5 kpc shall not
introduce significant changes in stellar mass profile in the
inner region for follow up evolution. However, at trun-
cation separation, the dark matter has a steeply rising
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Figure 3. Left panel: time evolution of the separation between the SMBHs. Blue-solid, red-dashed, and green-dotted lines show the
evolution during the hydrodynamical, re-sampled simulation of the merger, the direct N-body calculation, and after having introduced
post-Newtonian corrections, respectively. Thin and light versions of the same lines refer to the continuation of the respective simulations.
The horizontal dotted line marks the gravitational softening of the hydrodynamical simulation. Central panel: radial profiles of the ratio
b/a (red) and c¢/a (blue) between the principal axes of the moment of inertia tensor (¢ < b < a) at different times: 23.3 Myr (solid),
25.3 Myr (dashed), and 29.3 Myr (dotted). Right panel: probability density function of the radial distance from the center of the merger
remnant for the stellar particles that have interacted with the central binary across 26-24.4 Myr (blue, solid), 27.5-26 Myr (red, dashed),
29.1-27.5 Myr (green, dot-dashed), and 30.6-29.1 Myr (magenta, dotted).

mass profile; we compare it with a later snapshot during
the N-body evolution at t =~ 30 Myr. We do not observe
a noticeable evolution from outer to inner region.

We further evolve the selected region using the high-
performance ¢-GPU code (Berczik et al. 2011). At the
end of our previous galaxy merger simulation, stellar and
gas particles have a softening of 5 pc and dark matter
particles have a softening of 150 pc. We start our di-
rect N-body run by decreasing the stellar softening to
0.1 pc while keeping the dark matter particles soften-
ing unchanged to avoid two-body relaxation effects as
the latter have a relatively large mass. Figure 4 shows
that the mass of the dark matter component does not
increase in the central region during the whole evolution
period. The softening parameter for the force calcula-
tion between the two black holes is set to 0. In order to
calculate the softening between different particle species
we employ the following criterion:
2 = (ef + 6?)/2,

where €, = 0 for both black holes, ¢, = 0.1 pc for stars
and e€qm = 125 pc for dark matter particles. In star-
black hole interactions we further reduce the softening
to 0.007 pc, which is smaller than the semi-major axis of
the binary when the gravitational wave emission domi-
nates (Figure 3, left panel). In order to take into account
energy loss by gravitational wave emission, we incorpo-
rate post-newtonian terms up to 3.5 in the equation of
motion of the binary SMBHs (Blanchet 2006).
Dynamical friction efficiently shrinks the separation
between the two SMBHs and they form a binary once
individual cusps merge at ¢t ~ 23.5 Myr. The separa-
tion drops rapidly to ~ 0.3 pc in less than 1 Myr, owing
to the high nuclear density, until the binary gets hard
and dynamical friction becomes inefficient. The subse-
quent phase of the decay is dominated by three-body en-
counters between the binary and the surrounding stars.
This phase is the longest, taking ~ 8 Myr before the
separation decreases to ~ 0.01 pc, at which point GW
emission takes over and brings the SMBHs to rapid co-
alescence in 2 Myr (Figure 3). Figure 3 also shows that

post-Newtonian terms are crucial for the sinking of the
binary already at a separation of 2 0.03 pc. The or-
bital decay rate in the post-Newtonian phase is in rough
agreement with simple semi-analytical predictions based
on orbit-averaged expressions (Peters & Mathews 1963),
which do not take into account the contributions from
higher order terms.

We define the coalescence time, and stop the simula-
tions, when the separation is < 4(rg,1 +7s,2), where ry ; is
the Schwarzschild radius of the j-th BH, as following the
evolution further would require a fully relativistic treat-
ment. The coalescence, counting from the merger of the
two cusps at t ~ 23.5 Myr, takes less than 10 Myr, which
is roughly two orders of magnitude faster than previ-
ous decay time estimates inferred for non-cosmological,
purely stellar hosts (when rescaled to nearby galaxies)
(Khan et al. 2012b, 2013). The preceding large-scale ap-
proach and merger of the two galaxies lasts ~ 200 Myr,
so that the overall process is completed in significantly
less than the lookback time at z ~ 3.5.

The shape of the merger remnant over time is shown in
the central panel of Figure 3. It was obtained by measur-
ing the moments of inertia tensor of a homogeneous el-
lipsoid. The remnant is clearly triaxial at all times. The
right panel of Figure 3 shows the distribution of the mean
radial distances of the stars that contribute to the change
in the binding energy of the binary at different times.
Those have been identified statistically as the stars that
undergo large specific total energy change between two
subsequent snapshots, AE/m, > (1405 km s~1)2. This
absolute threshold depends on the binary properties only,
AE/m, =~ G pe C a~ ', where jo is the binary reduced
mass, a is the binary separation, and C' ~ 2, as inferred
from three-body encounter simulations (Hills 1983; Quin-
lan 1996). This criterion allows us to select only the stars
involved in encounters with the SMBH binary, because
the energy changes due to the large scale evolution of the
system and to two-body encounters with other stars and
dark matter particles are small compared to the adopted
threshold. Most of those stars come from 10-100 pc,
which is at quite far from the BH binary sitting at the
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Figure 4. Enclosed mass profile of dark matter (blue, continu-
ous), stars (red, dashed) and gas (green, dotted) at ¢ ~ 21.5 Myr
when we select the inner 5 kpc (vertical dotted line) for the direct
N-body simulation. The gray area marks e = 5 pc. The magenta
dot-dashed line shows the dark matter profile at ¢ ~ 30 Myr, which
is not modified by our truncation.

center of the remnant. This shows that the loss cone is
efficiently refilled from stars on plunging orbits.

Finally, we stress that, at the resolution that we are
employing, our results on the binary evolution during
the phase dominated by stellar encounters are robust.
Indeed, previous tests in flat, rotating, and triaxial sys-
tems have shown that the hardening rate is almost in-
dependent of the number of particles when above ~ 10°
(Berczik et al. 2006; Khan et al. 2011; Preto et al. 2011;
Khan et al. 2013; Holley-Bockelmann & Khan 2015).
Since the star particles in our run are ~ 5.5 x 105, we
expect that we reach a regime of statistical convergence
where fewer encounters with more massive particles pro-
duce a total energy exchange comparable to that occur-
ring with many more encounters with lighter particles.

4. DISCUSSION AND CONCLUSIONS

In this paper, we discuss the first multi-scale simula-
tion that probes the evolution of a SMBH binary forming
within a cosmological major merger, all the way down to
the coalescence driven by the emission of GWs. We start
from the Argo cosmological simulation, where we iden-
tify and re-simulate at higher resolution a major merger
between two massive galaxies at z &~ 3.5. Gas dissipation
before the merger is instrumental in creating the condi-
tions for the rapid orbital decay of the SMBHs, which is
our key finding. Indeed, the high central stellar density
in the remnant is the result of gas inflows in the inner
< 500 pc due to prior cosmological gas accretion and
mergers (Feldmann et al. 2010).

These effects cannot be accounted for in idealized
galaxy mergers, rather require cosmological simulations
as those employed here. The dense remnant not only
causes strong dynamical friction by both gas and stars
in the early decay phase, but provides an abundant reser-
voir of stars in the nuclear region that interact with the

—4 -2 0 2 4
x (kpc)

Figure 5. Surface density map of the stellar component at the
time of the beginning of the N-body simulation. Red continuous
lines represent isocontours of stars younger than ~ 22.5 Myr (i.e.
formed from the beginning of the resampled merger simulation)
from 5 x 108 to 5 x 10" Mg kpc—2 with steps of 0.5 dex. The
black dots denote the positions of the two black holes.

binary in the late phases of the decay.

At the same time, triaxiality is necessary to avoid the
loss cone problem and is a natural result of mergers be-
tween non-spherical galaxy progenitors. Since massive
galaxies comprise a large fraction of star forming galax-
ies at high z, many with massive disk-like components
(Wisnioski et al. 2015), the pre-merger conditions in our
simulation should be typical of the progenitors of massive
early-type galaxies that host the most massive SMBHs
at low z.

Note that, although we have not included AGN feed-
back in the simulation, the galaxy merger remnant has
an effective radius, central density, and stellar mass
that agree well with observations of quiescent high-z
massive galaxies (Bezanson et al. 2009; Szomoru et al.
2012; Bezanson et al. 2013), including abundance match-
ing constraints. Indeed, its star formation is efficiently
quenched owing to the “cosmological starvation” mech-
anism described by Feldmann & Mayer (2015).

In order to have an idea how much off our timescales
can be by not including AGN feedback, which could sup-
press star formation, we estimated the density of stars
formed during the merger within a sphere of 75 pc ra-
dius around the SMBH binary’s center of mass. Most
stars that interact with binary originate from distances
within our chosen region (see figure 3 right panel). Fig-
ure 5 shows the total stellar surface density, as well as the
contours in red of the surfaces density of the young stars
with age below 22.5 Myr, when we switch between the
hydro and the direct N-Body calculation. From the Fig-
ure it is evinced that new stars form mostly in the central
region. We find that newly formed stars only contribute
about 8% to the total stellar density which would result
in about 8% smaller hardening rates (Sesana & Khan
2015). Hence even if AGN feedback shuts-off star forma-
tion completely, it would not cause any significant delay
in the swift SMBH merger timescale found in this study.

However AGN feedback could still have a significant
effect along earlier branches of the galaxies merger trees
on the simulated galaxies prior to the phase when the
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galaxy merger begins. While this is beyond the scope of
our study, we can get some insight on this by compar-
ing the effective radius of our galaxies with the effective
radius of a much larger sample of massive high redshift
galaxies, which now includes star forming galaxies rather
than only passive quiescent galaxies as in the Bezanson
et al. (2009, 2013) work. Such a sample is that of the
CANDELS survey (Papovich et al. 2015), which extends
to z = 2.8. When compared to the average effective ra-
dius of galaxies of the same stellar mass, the effective ra-
dius of our simulated galaxies is now about 50% smaller.

This implies that our central stellar densities could be
overestimated by a factor of 3, which would result in a
SMBH merger timescale about a factor of 3 longer in the
slowest phase of the decay, namely hardening due to 3-
body encounters. This would imply a merger timescale
close to 40 Myr, which would still be almost two order of
magnitude shorter than that reported by previous studies
(e.g. Khan et al. (2012b); Vasiliev et al. (2015)).

We have presented only one multi-scale simulation due
to the high computational cost that such calculations en-
tail. In order to understand how general is this result we
revisited coalescence times obtained by a large suite of
N-body simulations in Khan et al. (2012b). We rescale”
their merger product with the one obtained in our cosmo-
logical study. We find SMBH merger timescales from the
time of binary formation in the range 10 — 30 Myr, which
satisfactorily match our results. This suggests that the
timescale is primarily determined by the characteristic
density of the host in the nucleus. Since the stellar mass,
M, < 10" Mg, and the effective radius, 7og ~ 600 pc, of
our galaxy are typical of observed z 2 2 massive early-
type galaxies, we conclude that SMBH mergers in those
systems at z > 2 should be generically as fast as we find
here.

In turn, the scaling argument suggests that the much
longer coalescence timescales, of order a Gyr, should be
the norm for massive, less dense early-type galaxies at
low redshift. These are the galaxies hosting SMBHs with
masses > 108 Mg, whose mergers should be detectable
by Pulsar Timing Arrays (PTAs; Hobbs et al. 2010). Re-
cently, it has been argued that the lack of detection by
PTAs might be difficult to reconcile with simple ana-
lytical predictions of the hardening rate which assume
full loss cone and yield short SMBH merging timescales
< 10® yr (Shannon et al. 2015). However, here we argue
that such short coalescence timescales would occur only

at high redshift, hence outside the observability window
of PTAs. At low redshift, coalescence times are of order
of Gyr; the preceding galaxy merger phase up to SMBH
binary formation will also be delayed as major mergers
become more rare, with less than 1 merger per galaxy per
Gyr expected below z = 1 for L > L* galaxies (Stewart
et al. 2009). Such a low merger rate would likely yield
a GW background signal below the detection limit of
PTAs, naturally explaining the current lack of detection.

Nevertheless, early-type galaxies with properties ex-
pected for a recent dry merger (e.g. shells, tidal tails,
and little recent SF) could be the ideal target for de-
tecting SMBH binaries. The fast coalescence times that
we find support optimistic expectations for the number
of GW emission events detectable with eLISA, at least
for the most massive SMBHs in its detection window
(z ~ 2 —6), in the range 10 — 10® Mg. The fore-
casts assume nearly instantaneous SMBH mergers after
the galaxies merge (Amaro-Seoane et al. 2013). Indeed,
based on the known scaling relations, the host galax-
ies of such black holes should have stellar masses above
109 — 101 Mg, the mass range at which SF is most ef-
ficient in galaxies, yielding dense, triaxial merger rem-
nants that would assist the prompt coalescence of their
SMBHs.
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APPENDIX
NUMERICAL TESTS OF THE PARTICLE SPLITTING

We discuss convergence tests that we have performed in order to assess the numerical impact of the particle splitting.
We argue that this procedure perturbs the system only mildly and without altering the SMBH dynamics, as already
shown in previous work (Mayer et al. 2007; Roskar et al. 2015). We run other two simulations of the galaxy merger
phase at lower spatial resolution; we use a gravitational softening of 15 and 50 pc for stars, gas and SMBHs. The upper
row of Figure 6 shows the combinend effect of particle splitting and of introducing the SMBHs at the galaxy centers.
Compared to the original cosmological simulation, the galaxies quickly re-adjust their density and velocity dispersion,
steepening toward the center. This happens in a few Myr of evolution from the particle splitting; afterwards, they
remain stable. This is a natural effect since we add a new gravitational component and we increase the resolution.
Nonetheless, it is important to note that outside ~ 2 original softenings of Argo (2¢ = 240 pc), the profiles do not
change much, at least within ~ 10 Myr after the particle splitting, before than the galaxies start to strongly interact

7 This rescaling is possible because the models by Khan et al.

(2012b) are scale-free and physical scaling can be obtained by com- paring some characteristic length and mass of the model, e.g. in-

fluence radius and mass of SMBH to some reference values.
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Figure 6. Left and right columns show the stellar density and radial velocity dispersion profiles, respectively. Upper row: evolution of
the profiles of the central galaxy (G1, continuous lines) and the companion (G2, dashed lines) in the high resolution (5 pc) simulation at
different times. Thick lines (i.e. ¢ = 0 Myr after particle splitting) shows the profile of the same galaxies in the original Argo simulation.
Lower row: comparison of the profiles of the central galaxy (G1, continuous lines) and the companion (G2, dashed lines, decreased by a
factor of 10 in py for clarity) after 10 Myr from simulations at different resolutions, namely 5 (red), 15 (green), and 50 (blue) pc. The
bullets indicate the softening of each run. In all panels, the grey region marks 5 pc, while the vertical dotted line 120 pc.

with each other. This means that the particle splitting and the inclusions of the SMBHs do not introduce spurious
effects on scales larger than expected. The lower row of Figure 6 compares the density and velocity dispersion profiles
at different numerical resolutions after the initial transient (i.e. 10 Myr after the particle splitting). The profiles at
different resolution mutually match each other outside ~ 2 times their own softening. This clearly shows that the
particle splitting is robust, at least down to the spatial resolution that we use in our production run.

As a final demonstration that the numerical procedure does not impact on our results, specifically on the SMBH
dynamics, we compare in Figure 7 the evolution of the SMBH separation at different resolutions. The SMBH separation
is the same until the first pericenter; afterwards, the worse resolution case (50 pc) starts to deviate because the first
pericenter occurs at a separation of ~ 4 softening lengths (gravity becomes Newtonian outside 2 softening lengths).
Instead, for better resolutions (i.e. smaller softening lengths), the SMBH dynamics converges until the separation
reaches again ~ 4 softening lengths. This is also because at higher resolution we can better resolve the formation of
the stellar cusp around the SMBHs and their influence radii. In fact, in order to start a new, direct N-body simulation
from the re-sampled merger, we use data at ¢t ~ 21.5 Myr after the particle splitting, when simulations at different
resolutions (at least 15 and 5 pc) converge and the different resolutions do not have an appreciable effect.
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Figure 7. Evolution with time of the separation between the two black holes at different spatial resolution in the re-sampled hydrody-
namical simulations of the merger. Blue solid, red dashed, and green dotted lines refer to e = 5, 15 and 50 pc, respectively. The same
separations are also marked by the grey shaded bands, while the vertical line indicates the moment at which we initialize the direct N-body

simulation.
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