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ABSTRACT

We estimate the expected event rate of gravitational wave signals from mergers of supermas-
sive black holes that could be resolved by a space-based interferometer, such as the Evolved Laser
Interferometer Space Antenna (eLISA), utilising the reference cosmological hydrodynamical simu-
lation from the EAGLE suite. These simulations assume a ACDM cosmogony with state-of-the-art
subgrid models for radiative cooling, star formation, stellar mass loss, and feedback from stars and
accreting black holes. They have been shown to reproduce the observed galaxy population with
unprecedented fidelity. We combine the merger rates of supermassive black holes in EAGLE with
the latest phenomenological waveform models to calculate the gravitational waves signals from the
intrinsic parameters of the merging black holes. The EAGLE models predict ~ 2 detections per year
by a gravitational wave detector such as eLISA. We find that these signals are largely dominated by
mergers between seed mass black holes merging at redshifts between z ~ 2 and z ~ 1. In order to
investigate the dependence on the assumed black hole seed mass, we introduce an additional model
with a black hole seed mass an order of magnitude smaller than in our reference model. We also
consider a variation of the reference model where a prescription for the expected delays in the black
hole merger timescale has been included after their host galaxies merge. We find that the merger
rate is similar in all models, but that the initial black hole seed mass could be distinguished through
their detected gravitational waveforms. Hence, the characteristic gravitational wave signals detected
by eLISA will provide profound insight into the origin of supermassive black holes and the initial

mass distribution of black hole seeds.

Key words: black hole physics — gravitational waves — cosmology: theory — early
Universe — galaxies: formation — galaxies: evolution.

1 INTRODUCTION

In our current understanding of extragalactic astrophysics
supermassive black holes (SMBHs) reside at the centres of
most galaxies at z = 0 and were responsible for powering
the luminous quasars observed within the first billion years
of the Universe (e.g. Fan 2006; Volonteri & Bellovary 2012).
Observations of a tight correlation between the mass of a
galaxy’s central SMBH and key properties of its galactic
host, such as the bulge mass and stellar velocity dispersion
(e.g. Magorrian et al. 1998; Gebhardt et al. 2000; Ferrarese
& Merritt 2000; Giiltekin et al. 2009), have led to the idea
that SMBHs play a major role in the evolution of their host
galaxies (e.g. Bower et al. 2006; Volonteri & Bellovary 2011;
Fabian 2012; Alexander & Hickox 2012; Kormendy & Ho

* E-mail: jaime.salcido@durham.ac.uk

2013). It seems, therefore, that feedback from active galactic
nuclei (AGN), galaxy mergers, and the growth of SMBHs are
closely intertwined (e.g. Kauffmann & Haehnelt 2000; King
2003; Di Matteo et al. 2005; Booth & Schaye 2009; Fanidakis
et al. 2011).

In a standard Lambda Cold Dark Matter (ACDM) cos-
mology cosmic structures build up hierarchically by the
continuous merging of smaller structures and the accretion
of surrounding matter. In this hierarchical scenario central
SMBHs follow a similar build-up process and are the result
of a complex evolution, in which black hole (BH) seeds grow
both through accretion episodes and mergers with other
BHs. However, constraining the formation mechanisms of
BHs represents a major observational challenge. The direct
detection of gravitational wave (GW) signals from SMBH
mergers may prove to be a viable way to discriminate among
the different BH seed formation models (e.g. Volonteri 2010;
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Amaro-Seoane et al. 2012). The discovery of the GW source
GW150914 by the LIGO collaboration provided the first ob-
servational evidence for the existence of binary BH systems
that inspiral and merge within the Hubble time (Abbott
et al. 2016). The gravitational radiation emitted during the
merging of SMBHs in the centres of colliding galaxies will
produce some of the ‘loudest’ events in the Universe, which
can provide us with unique information about the nature of
BHs and also provides a test of our understanding of gravity
and galaxy evolution.

In the last decade major efforts have been made to
predict the event rate of GWs in the frequency band of
a space-based GW detector such as the Evolved Laser In-
terferometer Space Antenna (eLISA, Amaro-Seoane et al.
2012, 2013). These predictions range from a few, up to a
few hundred events per year, depending on the assumptions
underpinning the calculation of the SMBHs coalescence rate.
Early works derived the SMBH coalescence rate from obser-
vational constraints such as the observed quasar luminosity
function (Haehnelt 1994), whilst more recent studies have
utilised semi-analytical galaxy formation models and/or hy-
brid models that combine cosmological N-body simulations
with semi-analytical recipes for the SMBH dynamics (e.g.
Wyithe & Loeb 2003; Enoki et al. 2004; Koushiappas &
Zentner 2006; Sesana et al. 2007; Micic et al. 2007; Sesana
et al. 2009; Barausse 2012; Klein et al. 2016). In contrast
to semi-analytic models, hydrodynamical simulations follow
the dynamics of the cosmic gas by direct numerical integra-
tion of the equations of hydrodynamics capturing non-linear
processes that cannot be described by simple mathematical
approximations. Hence a more complete and consistent pic-
ture of the evolution of SMBHs and their host galaxies can
be obtained.

The FEvolution and Assembly of GaLazxies and their En-
vironment (EAGLE) project (Schaye et al. 2015; Crain et al.
2015) consists of a suite of hydrodynamical simulations of a
ACDM cosmogony. Using state-of-the-art subgrid models for
radiative cooling, star formation, stellar mass loss, and feed-
back from stars and accreting BHs, the simulations repro-
duce the observed galaxy population with unprecedented fi-
delity. Key observations, such as the present-day stellar mass
function of galaxies, the dependence of galaxy sizes on stel-
lar mass, and the amplitude of the central BH mass-stellar
mass relation, as well as many other properties of observed
galaxies and the intergalactic medium (both at the present
day and at earlier epochs) are reproduced by the simulations
(e.g. Furlong et al. 2015a,b; Trayford et al. 2015; Schaller
et al. 2015a; Lagos et al. 2015; Rahmati et al. 2015, 2016;
Bahé et al. 2016; Rosas-Guevara et al. 2016). In this study
we introduce the first estimate of the event rate of GWs
expected from SMBH mergers utilising large-scale cosmo-
logical hydrodynamical sim ulations. We compute that the
event rate of GW signals is low enough to produce a set of
events that are resolvable by a space-based interferometer,
such as eLISA.

The layout of this paper is as follows: In Section 2 we
provide a brief summary of the basic equations of the GW
signals produced by the SMBH coalescence process. Sec-
tion 3 presents a brief overview of the EAGLE simulation
suite, including the list of simulations used in this study,
a discussion of the BH seeding mechanism and growth, as
well as the calculated SMBH merger rates from the simu-

Inspiral
/L%

)

Merger | Ringdown

LSCO |

i@:m: D

Figure 1. Schematic diagram of the phase evolution (inspiral,
merger, and ringdown) of a non-spinning SMBH binary coales-
cence process. The Last Stable Circular Orbit (LSCO) of the bi-
nary is shown as the red curve. The resulting SMBH may be
rapidly rotating even if the progenitor BHs had very small or no
spin (Flanagan & Hughes 1998). Below each phase an example
of the strain amplitude, h, as a function of time is shown for the
dominant spherical harmonic mode of the GW signal from the
non spinning SMBH binary. This specifies the fractional change
in the relative displacement between freely falling test masses in
a detector due to the GW.

lations. In Section 4 we present the predicted GW signals
from the simulations and discuss our main results. We dis-
cuss the limitations of our analysis, making some remarks
on the simulations and the SMBH seeding model adopted in
EAGLE and conclude in Section 5.

2 GRAVITATIONAL WAVE EMISSION FROM
SMBH MERGERS

Studying SMBH mergers involve physical processes that
cover many orders of magnitude in physical size. From merg-
ers of dark matter haloes and galaxies driven by the cos-
mic web at large scales (>Mpc), to the final SMBH merger
via the emission of GWs that occurs at sub-parsec scales.
The overall scenario was first outlined by Begelman, Bland-
ford & Rees (1980). When two dark matter halos merge, the
galaxies that they host will eventually merge by the effect
of dynamical friction. After the galaxy merger, the central
SMBHs are brought near the centre of the main halo due
to dynamical friction against the dark matter, background
stars, and gas. The efficiency of dynamical friction decreases
when the SMBHs become close and form a bound binary
(Mayer et al. 2007). The dynamical evolution of the SMBH
binary is expected to be radically different in gas-rich and
gas-poor galaxies. In gas-rich galaxies planet-like migration
can effectively dissipate energy and angular momentum from
the binary, leading to a short coalescence time-scale, typi-
cally in the order of ~ 107 —10% yrs (Escala et al. 2005; Colpi
2014 but see e.g. Tamburello et al. 2016). In gas-poor sys-
tems, the evolution of the binary is largely determined by
three-body interactions with the background stars, leading
to a long coalescence timescale of the order of a few Gyrs. At
milliparsec separations, GW emission drives the final coales-
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Figure 2. Example of the dimensionless characteristic strain amplitude, h., produced by non-spinning SMBH coalescence events (x; = 0).
Maximally spinning SMBHs aligned with the orbital angular momentum of the binary are shown in dotted lines (x; = 1). In all panels
the inspiral and merger-ringdown phases are shown for an equal mass BH binary (Mass ratio M1 /Ms = 1, M; = M2 = 1 x 10° Mg) that
merge at redshift z = 0.1 as reference (blue line). The frequency at the transition from the inspiral phase to the merger phase (fmerger =
0.018 ¢3/G M o1a1) is highlighted with a blue dot. The sensitivity curve of eLISA was calculated from the analytic approximation provided
by Amaro-Seoane et al. (2013). The black dashed line indicates the low-frequency cut-off of the sensitivity curve feut = 3 x 1072 Ha.
GW signals above the sensitivity curve and to the right of the low-frequency cut-off can be resolved from the eLISA data stream. LEFT
PANEL: The effect of increasing the total mass of the SMBH binary. An equal mass SMBH binary (Mass ratio M;/My = 1) with
My = My =1 x 107" Mg that merges at redshift z = 0.1 is shown in green. MIDDLE PANEL: The effect of redshift. An equal mass
SMBH binary (Mass ratio M1/Mz =1, M1 = M2 = 1 x 10> M) merging at redshift z = 7 is shown in magenta. RIGHT PANEL: The
effect of mass ratio. A BH binary with total mass Miota = 2 X 10° Mg and mass ratio My /M2 = 100 merging at redshift z = 0.1 is

shown in cyan.

cence process (see Colpi & Dotti 2011, Mayer 2013 and Colpi
2014 for a review on SMBH dynamics in galaxy mergers).

The BH binary merging process can be divided in three
distinct phases which are illustrated by Fig. 1:

(i) The inspiral phase, during which the distance
between the bound SMBH binary is larger than the Last
Stable Circular Orbit (RrLsco) and the mutual gravitational
field strength is weak. Since the location of the LSCO is very
difficult to calculate for a binary BH system, here Rrsco is
approximated by the limiting case of a test particle orbiting
a non-rotating BH, Rrsco = 6GM1/c2 = 3Rs, where Rg
is the Schwarzschild radius of the most massive BH in
the binary. Post-Newtonian equations provide an accurate
representation of the dynamical evolution of the binary in
this phase. The GW signals emitted during the inspiral
phase have a characteristic shape with slowly increasing
frequency and amplitude.

(ii) In the highly non-linear merger phase SMBHs
approach to within the last stable circular orbit (< Rrsco)
and the dynamics evolve to a rapid plunge and coalescence.
In this regime the event horizons of the BHs overlap and
the geometry of the local spacetime becomes extremely
complicated. Analytical schemes break down in this regime
and numerical relativity (NR) is needed to model the
dynamics through the merger phase.

(iii) Finally, the quasi-normal-ringdown phase, where
the resulting BH settles down to a rotating Kerr BH emit-
ting GWs due to its deviations from the final axisymmet-
ric state. Perturbation theory can be applied to obtain the
quasi-normal modes in this phase. The GW signal emitted
during the ringdown phase has a characteristic shape con-

sisting of the superposition of exponentially damped sinu-
soids.

In general relativity the ‘no-hair’ theorem posits that
BHs are entirely characterised by only three parameters,
namely their mass, spin, and electric charge. For astrophysi-
cal BHs the electric charge is usually expected to be neg-
ligible (Misner et al. 1973, pp. 875-876). Therefore each
coalescing SMBH is fully characterised by the total mass
Miota = My + My, the mass ratio M;/Ms of the binary
and the BH spin angular momenta 51 and §2. M is defined
as the more massive member of the BH binary (M; > M>).
The most general detectable signal from a SMBH binary is a
function of the intrinsic properties of the binary, the merger
redshift z, and the observer’s orientation. In this study for
simplicity we focus on non-spinning SMBH binaries as po-
tential sources of GWs. In Appendix A we extend our anal-
ysis to investigate the case of rapidly spinning coalescing
SMBHs. The inclusion of the signal from the ringdown phase
increases the signal-to-noise ratio (S/N) of observed binaries
and enable measurements of the parameters of the resulting
SMBH (Klein et al. 2016).

2.1 Characteristic strain

It is difficult to determine accurately the total gravitational
energy radiated as GWs in a BH binary coalescence and
modelling the GW signal from these processes still repre-
sents a challenge for GW astronomy (Ohme 2012; Hannam
2014).

In general, the total energy radiated during a BH co-
alescence will be some fraction, ¢, of the total rest mass
energy of the binary (MtotalcQ) that depends on the mass
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ratio M; /M>, the orbital angular momentum and the initial
spin of the BHs.

In GW astronomy it is common to describe the ampli-
tude of a source using the dimensionless strain as a func-
tion of time, h(t). This specifies the fractional change in
the relative displacement between two test masses, h(t) =
AL(t)/Lo, where L is the distance between free-falling
masses that constitute the GW detector. The dimension-
less characteristic strain amplitude, h., is not the instanta-
neous strain of a source but rather an accumulated signal,
intended to include the effect of integrating a signal during
the inspiralling phase. The characteristic strain amplitude,
he, is defined as
[he(f))? = 412 |(£.)

2

: (1)

where h(fs) is the Fourier transform of the strain sig-
nal, h(fs) = F{a(t)}(f:) = [Z h(t)e " /etdt, and f, =
fobs(1 + 2) is the rest-frame frequency of the signal (Moore
et al. 2015).

We employ the most recent phenomenological
frequency-domain gravitational waveform model for
non-precessing BH binaries described in Khan et al. (2016)
(commonly referred to as “PhenomD”). The PhenomD
model provides the waveform families in the Fourier domain
of the dominant spherical-harmonic modes of the GW signal
in aligned-spin systems in terms of the signal amplitude,

A(f.), and phase, §(fu), given by
il(fS) = A(fS)eiié(fS)' (2)

In this hybrid model, the inspiral and merger-ringdown
parts of the signal are modelled separately in two frequency
regimes of the waveform. The first region covers the inspiral
signal, up to the merger frequency

fmerger =0.018 CS/GMtotah (3)

which is approximately the frequency at the LSCO of a test
particle orbiting a non-rotating BH (Rrsco = 6GM1/C2)
(Flanagan & Hughes 1998). In the inspiral region, analytic
post-Newtonian prescriptions and effective-one-body meth-
ods are used to describe the signal.

The second region (which is is further sub-divided
into intermediate and merger-ringdown regions) uses phe-
nomenological models calibrated to pure NR simulations to
describe the signal. The full waveform strain signal is pa-
rameterised by the physical parameters of the BH binary,
total mass (Miotal = M1+ M2), luminosity distance (Dy,(z)),
symmetric mass ratio (n = M1 Ma/MZ,,,), and the dimen-
sionless spin parameters defined as

Si-L

where x; € [—1,1] and the BH spin angular momenta, S,
are assumed to be parallel to the direction of the orbital
angular momentum, L.

The loss of energy through GWs leads to a decrease in
the separation of the BH binary and hence the orbital fre-
quency increases. For Keplerian circular orbits the frequency
of the GWs is twice the orbital frequency (fs = 2forbit). In-
tegrating the frequency evolution of the inspiral phase, or
chirp, f = df/dt, we can estimate the time it takes for
the binary to evolve between any two frequencies. It can be

shown (Shapiro & Teukolsky 1983; Tinto 1988) that for BH
binaries on Keplerian circular orbits

_ 5 & (Mi4 M)
T 256 GS/3 MM, (5)

x (2m) ™ (70 = 1))

The intrinsic duration of the inspiral phase is then given
by

Tinspiral = t(fmerger) - t(fmin)y (6)

where the value of fmin at which the inspiral spectrum starts
is uncertain. Since fmerger 1S set by Eq. (3), fmin is a free
parameter in our calculations. Clearly, choosing fmin very
close to fmerger gives short inspiral times. On the other hand,
fmin <€ fmerger Will produce the opposite effect. Following
the approach of Koushiappas & Zentner (2006), we choose
fmin to be close to fmerger to ensure reasonable values for
the time that the BH binary systems spend in the inspiral
phase, which are also comparable to the orbital frequency
at the BH binary hardening radius (Quinlan 1996). We have
chosen fmin = 1 X 1072 ¢®/G Mot for our analysis.

The intrinsic duration of the merger phase is approxi-
mated by (Koushiappas & Zentner 2006),

t(f2) — t(fr)

Tmerger ~ 14.7 (Mﬂ/llt%) [sec]. (7)

Khan et al. (2016) show that the phenomenological ap-
proach is capable of describing waveforms from BH bina-
ries with a high degree of physical fidelity. The range of
calibration of the model is: mass-ratio € [1,18] and spins
€ [—0.95,0.98]. Nonetheless, the model can be evaluated at
any physically allowed mass-ratio. In our study, it was re-
quired to extend the use of the PhenomD model outside its
calibration region for some SMBH binary cases, which can
produce physically plausible results that are reasonable for
our event rate estimations. However, individual binary pa-
rameter estimation would require one to check the model in
this region against fully general relativistic NR calculations.
More details about the PhenomD model can be found in
Khan et al. (2016).

In Fig. 2 we show some examples of the dimensionless
characteristic strain amplitude h. produced by massive BH
coalescence events with different masses and occurring at
different redshifts, calculated with the equations given in
this section.

2.2 The eLISA sensitivity curve

The Evolved Laser Interferometer Space Antenna is a space-
based mission designed to measure gravitational radiation
over a broad band of frequencies ranging between f ~
0.1 mHz to f ~ 1 Hz. The final design specification of the
mission are yet to be evaluated, including key features like
the low-frequency acceleration noise, mission lifetime, the
length of the interferometer arms, and the number of laser
links between the spacecraft (Klein et al. 2016). In our study
we will use the New Gravitational Observatory (NGO) con-
cept, which was proposed to the European Space Agency
(ESA) during the selection process for the L1 large satellite
mission. We refer the reader to Amaro-Seoane et al. (2013)
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for a detailed description of the eLISA concept and archi-
tecture.

According to the design requirements, the sensitivity
that eLISA will be able to achieve in dimensionless charac-
teristic strain noise amplitude is

hn (fobs) =V Sn (fobs)foba (8)

where the strain noise power spectral density Sn(fobs) is
given by the analytical approximation,

Sn(fobs) :? 4 x Sacc(fobs) + SszéfObS) + Somn(fobs)

2 9)
fobs
X <1+ (0.41 (;L)> > ’

where fobs is the observed frequency and L = 1 x 10° m
is the optical path-length between the free-falling masses.
At low frequencies the noise spectrum of the instrument is
dominated by residual acceleration noise of the test masses
caused by force gradients arising due to the relative move-
ment of the spacecraft with respect to the test masses

—4 4
Sce(fors) = 1.37x107%2 (1 4 10 HZ) ( Hz ) [m?Hz""] .

fObS fobs

(10)

For fons = 5 x 107 Hz, the arm length measurement noise

dominates, for which the quantum mechanical photon shot
noise is

Sen(fobs) = 5.25 x 107°% [m*Hz '] . (11)

At higher frequencies the sensitivity decreases again, due to
the arm-length response to multiple wavelengths of GWs.
This effect is included with other combined measurement
noise in,

Somn(fobs) = 6.28 x 10~** [m*Hz '] . (12)

The eLISA sensitivity curve obtained from Eq. (8) is plotted
as the red curves in Fig. 2.

The measurement frequency bandwidth requirement for
the detector is (10™* Hz to 1 Hz) with a target of (3x107° Hz
to 1Hz) (Amaro-Seoane et al. 2013). For our analysis we
adopt the target frequency cut feus = 3 x 107> Hz.

2.3 Resolved events

An advantage of using the characteristic strain to describe
the amplitude of GW sources given the sensitivity of the de-
tector is that the S/N averaged over all possible orientations
of the source and interferometer can be written as

S/N = \//f+Af (1) } df!,. (13)

)
obs) fc,)bs

which allows one to assess by eye the detectability of a given
source if h. is plotted against the observed frequency (Moore
et al. 2015).

The resolution frequency bin, Af, is set by the mini-
mum frequency resolvable by the instrumentation. It is the
inverse of the mission lifetime Af ~ 1/Tons, where Tops is
the length of observation (Gair et al. 2013). For small Af,
we can assume a constant ratio k = he(flps)/hn(fins)- Then,

by changing the integration limits as f + Af = f(1 + a),
where o = Af/f, we can rewrite Eq. (13) as

f(l+a) ’
(S/N)2 _ k2/ d\f/()bb
! Fobs (14)
=k In(1+ ).

The eLISA mission has an expected duration of 3 years.
Therefore Af ~ 1/Tops = 1/(3yrs) ~ 1078 Hz. If we impose
S/N > 5 for all the frequency bandwidth (3 x 107° Hz to
1Hz) in Eq. (14), this results in k 2 1.76. In the examples
shown in Fig. 2 it can be seen that once any given GW signal
crosses the detector sensitivity curve, the ratio of the signal
to the sensitivity curve, k, rapidly increases by a few orders
of magnitude. Therefore we can safely assume that all GW
signals above the sensitivity curve (i.e. he(fobs) > hn(fobs))
can be detected by eLISA.

2.4 Event rate

We calculate the number of detected sources (i.e.
he(fobs) = hn(fobs)) per redshift interval z + Az and
co-moving volume V., and denote this quantity as
N(z,k>1)/A2V. =~ d*A(z,k > 1)/dzdV.. Integrating over
all redshifts, the estimated event rate of detected GW
sources per observed time is given by

dN _/°° d*n(z,k > 1) dzdVe dz
dtobs Sy dzdV, dt dz (1+2)

The total number of observed events in a given obser-
vation time is simply

Tovs N
Niotal :/ d dtobs, (16)
0 tobs

(15)

where Tops = 3yrs is the length of the mission. We now seek
to estimate this quantity using the merger rates of SMBHs
in the EAGLE cosmological hydrodynamical simulations.

3 THE EAGLE SIMULATIONS

The EAGLE simulation suite' (Schaye et al. 2015; Crain
et al. 2015) consists of a large number of cosmological hy-
drodynamical simulations that include different resolutions,
simulated volumes and physical models. These simulations
use advanced smoothed particle hydrodynamics (SPH) and
state-of-the-art subgrid models to capture the unresolved
physics. Radiative cooling (Wiersma et al. 2009a), star for-
mation (Schaye & Dalla Vecchia 2008; Schaye 2004), metal
enrichment (Wiersma et al. 2009b), energy input from stel-
lar feedback (Dalla Vecchia & Schaye 2012), BH growth
(Rosas-Guevara et al. 2015; Schaye et al. 2015), and feedback
from active galactic nuclei (Schaye et al. 2015) are included.
The simulation suite was run with a modified version of the
GADGET-3 SPH code (last described by Springel 2005) and
includes a full treatment of gravity and hydrodynamics. The
modifications to the SPH method, collectively referred to as
ANARCHY (Dalla Vecchia et al. in preparation), make use of
the pressure-entropy formulation of SPH derived by Hopkins
(2013), the artificial viscosity switch from Cullen & Dehnen

I http://www.eaglesim.org
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Simulation L N Mgas mpm €com €prop Mseed
[cMpc] Mg)] Mg)] [ckpe]  [ckpc] Mg)]
Ref-L100N1504 100 2 x 15043 1.81 x 10° 9.70 x 10° 2.66 0.70 1.475 x 10°
SS-L050N0752 50 2x 7523 1.81 x 108 9.70 x 106 2.66 0.70 1.475 x 104
Ref-LO50N0752 50 2x 7523  1.81 x 106 9.70 x 10° 2.66 0.70 1.475 x 105
Ref-L025N0376 25 2x 3763  1.81 x 108 9.70 x 106 2.66 0.70 1.475 x 10°
Recal-L025N0752 25 2x 7523 2.26x10° 1.21x10% 1.33 0.35 1.475 x 105

Table 1. Box-size, number of particles, initial baryonic and dark matter particle mass, co-moving and Plummer-equivalent gravitational
softening, and BH seed mass for the EAGLE simulations used in this paper. Values in bold show differences with respect to the Ref-

L100N1504 simulation.

(2010), an artificial conduction switch similar to that of Price
(2008), the C2 kernel of Wendland (1995), and the time-step
limiters of Durier & Dalla Vecchia (2012). The effects of this
state-of-the-art formulation of SPH on the galaxy properties
are explored in detail by Schaller et al. (2015b). The cali-
bration strategy is described in detail by Crain et al. (2015)
who also presented additional simulations to demonstrate
the effect of parameter variations.

The halo and galaxy catalogues for more than 10° simu-
lated galaxies of the main EAGLE simulations with integrated
quantities describing the galaxies, such as stellar mass, star
formation rates, metallicities and luminosities, are available
in the EAGLE database? (McAlpine et al. 2016). A complete
description of the code and physical parameters used in the
EAGLE simulations can be found in Schaye et al. (2015),
here we present a brief overview of the BH seeding and
growth mechanisms. Cosmological parameters for a stan-
dard ACDM universe were adopted by these simulations.
The values of the key cosmological parameters implemented
are Qy, = 0.307, 24 = 0.693, Q, = 0.04825, h = 0.6777 and
og = 0.8288, as inferred by the Planck Collaboration et al.
(2014).

The label for each simulation denotes the comoving cu-
bic box length and the cube root of the number of particles
in the simulation. For example, Ref-LL100N1504 corresponds
to a simulation volume of (100 cMpc)® (where cMpc denotes
co-moving megaparsecs) using 1504% particles of dark matter
and an equal number of baryonic particles. A prefix distin-
guishes the subgrid variations. For example, the prefix ‘ Ref-’
refers to a simulation using the reference model.

We compare the predicted GW signals from two EA-
GLE models, our reference simulation Ref-LL100N1504, and a
modified version of the Ref-LO50N0752 model which uses
the same calibrated subgrid parameters as the reference
model, but smaller BH seeds, as described in Section 3.1.
We have labeled this model SS-L0O50N0752. Additionally, in
order to test for convergence with simulated volume size and
resolution, the Ref-LO50N0752, Ref-L.L025N0376 and Recal-
L025N0752 models are compared in Appendix A. As dis-
cussed by Schaye et al. (2015), the ‘ Recal-’ higher-resolution
simulation uses values of the subgrid parameters that were
recalibrated following the same procedure used for the ref-
erence simulation, enabling the user to test the “weak con-
vergence” properties of the simulations. In Table 1 we sum-
marise the simulation models used in this paper, including
the comoving cubic box length, initial baryonic and non-
baryonic particle masses, Plummer-equivalent gravitational
softening lengths and BH seed mass. Together these param-

2 http://www.eaglesim.org/database.php

eters determine the dynamic range and resolution that can
be achieved by the simulations.

3.1 Black hole seeding

To explain the population of luminous quasars in the high-
redshift Universe (z > 6) SMBHs must have formed early
and grown rapidly (e.g. Volonteri & Bellovary 2012). Dif-
ferent formation and evolution mechanisms for BH seeds
have been proposed to explain the rapid growth that en-
ables these seeds to grow to masses of 10° Mg in less than
one billion years. These SMBHs may have originated from
the remnants of the very first generation of stars, runaway
collisions of stars and/or stellar mass BHs, direct collapse
of supermassive stars, or from an even more exotic process
(refer to Volonteri 2010 for a review on formation models for
SMBHs). We now briefly review the most promising models
for forming SMBH seeds in the early Universe:

(i) Remnants of the first generation of stars

BH seeds may have formed from remnants of Population
III stars (e.g. Madau & Rees 2001; Volonteri et al. 2003).
If stars more massive than ~ 250 M, formed from primor-
dial gas, they are predicted to directly collapse into BH seeds
with masses of ~ 100 M. However, it is still unclear if most
of the first stars were born with such large masses (e.g. Clark
et al. 2011; Greif et al. 2011). Additionally, in order to grow
to masses in excess of 10° Mg, as early as redshift z ~ 6
seeds would require to grow close to the Eddington rate for
the majority of their lifetime. The shallow potential wells in
which Population III stars form makes this scenario rather
unattractive (e.g. Johnson et al. 2008; Alvarez et al. 2009;
Volonteri et al. 2015a). Growth through super-Eddington
accretion phases may solve this conflict (e.g. Volonteri et al.
2015b; Lupi et al. 2016; Inayoshi et al. 2016). However, fur-
ther theoretical work on this mechanism and its sustainabil-
ity is required.

(ii) Collapsing nuclear star clusters

In this model, stellar-dynamical instabilities in proto-
galactic discs may lead to infall without fragmentation of
low metallicity gas, increasing the central galactic density
(e.g. Seth et al. 2008; Devecchi & Volonteri 2009; Devecchi
et al. 2012; Lupi et al. 2014; Katz et al. 2015). Within the
nuclear region a dense stellar cluster forms. As the central
cluster undergoes core collapse, runaway collisions of stars
may lead to the formation of a single SMBH seed with a
mass up to ~ 10° Mg.

(iii) Direct collapse of supermassive stars

It has been proposed that in high-redshift haloes radi-
ation emitted by nearby star-forming galaxies could cause
the photo-dissociation of Hs. This prevents the tempera-
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ture of primordial gas from reaching very low values and
thus elevates the Jeans mass, allowing the formation of a
large central mass, possibly evolving into a supermassive
star (e.g. Omukai 2001; Wise et al. 2008; Regan & Haehnelt
2009; Agarwal et al. 2014; Sugimura et al. 2014; Regan et al.
2016). Another mechanism to form a supermassive star is by
rapid funnelling of low metallicity gas in low angular momen-
tum haloes with global or local dynamical instabilities (e.g.
Loeb & Rasio 1994; Koushiappas et al. 2004; Begelman et al.
2008). Once a supermassive star forms its core may collapse
to form a small BH within the radiation-pressure-supported
object. In this scenario the central BH can accrete the entire
envelope and form a SMBH seed of mass ~ 10° Mg up to
~ 10° M.

Constraining the formation mechanisms of BH seeds
represents a major observational challenge. As we will show,
the detection of GW signals from SMBH coalescences repre-
sents a promising way to discriminate among different the-
oretical formation models by determining the mass function
of seed BHs.

Since the SMBH seed formation processes are not re-
solved by cosmological simulations, it is assumed that every
halo above a certain threshold mass hosts a central BH seed.
For a comprehensive description of the BH seeding mecha-
nisms in these simulations see Springel et al. 2005, Di Matteo
et al. 2008, Booth & Schaye 2009, and Schaye et al. 2015.
In the Ref-L100N1504 model high-mass BH seeds® (Mscea =
1.475 x 10°M,) are placed at the centre of every halo with
total mass greater than mualo,th = 1.475X 1010M® that does
not already contain a BH. For the SS-LO50N0752 model the
BH seed mass is Mgeeda = 1.475 X 1O4M@. We choose to
place BH seeds in haloes of mass mnalo,en = 1.475 X 1010 M®
(which corresponds to Mhaio,th ~ 1.5 X 10% mpu for the ref-
erence models and Mmpalon ~ 1.2 x 10* mpy for the high-
resolution ‘Recal’ model) to ensure that the structure of
haloes containing BHs is always well resolved. Halos are
selected for seeding by regularly running the “Friends-of-
Friends” (FoF) halo finder on the dark matter distribution,
with a linking length equal to 0.2 times the mean inter-
particle spacing.

3.2 Black hole dynamics and delays

Our aim is to calculate the GW signals from the merger
rates of SMBHs across cosmic time, which depend crucially
on how many galaxies host BHs and on the galaxy merger
history. Therefore, full cosmological models including BH
physics are necessary to study the merger rates of SMBHs.
Nonetheless, given the limited spatial resolution in large
scale cosmological simulations, information on the small-
scale dynamical evolution of SBMH binaries is lost. To over-
come this limit and obtain realistic SMBH dynamics and
merger rates we employ advection schemes that correct the
motion of BH particles and apply a time delay corrections
to the BH merger timescales to account for the unresolved
small-scale dynamical evolution of the binaries.

In the simulations, when a halo grows above the thresh-
old mass Mhalo,th, its highest-density gas particle is con-
verted into a collisionless BH particle with subgrid mass

3 Mgeed = 1.475 x 10°M) = 1 x 105Mph ™!, where h = 0.6777.

MBH = Mseed. Since the BH seed mass is usually significantly
lower than the baryonic particle mass (Mgseed <K Mgas), the
use of a subgrid mass is necessary for BH-specific processes
such as accretion (Springel et al. 2005). On the other hand,
gravitational interactions are computed using the BH parti-
cle mass.

Since the simulations cannot model the dynamical fric-
tion acting on BHs with masses < mgas, BHs with mass
< 100 times the initial gas particle mass mgas are re-
positioned to the local potential minimum. To prevent BHs
in gas poor haloes from jumping to nearby satellites, we
limit this process to particles whose velocity relative to the
BH is smaller than 0.25¢s, where ¢ is the local sound speed,
and whose distance is smaller than three gravitational soft-
ening lengths. Tracking the evolution of BH orbits in in-
dividual galaxy mergers during code development showed
this eliminated spurious repositioning events in fly-by en-
counters. However, within ~kpc separations, repositioning
of BHs to account for unrealistic dynamics in cosmological
scale simulations may cause spurious SMBH mergers and/or
SMBHs to merge sooner than what is predicted by their or-
bital decay time-scale (Tremmel et al. 2015). Hence, a SMBH
merger time delay is needed to correct for this effect.

Two BHs merge if they are separated by a distance that
is smaller than both the SPH smoothing kernel of the BH,
hsh, and three gravitational softening lengths (this criteria
gives a median separation of ~ 1pkpc at all redshifts and
halo masses). hgn is chosen such that within a distance hgu
from the BH there are Nyg1, = 58 weighted SPH neighbours.
Furthermore, in order to prevent BHs from merging during
fly-by encounters we impose a limit on the allowed relative
velocity of the BHs, required to be smaller than the circular

velocity at the distance hau (vrel < \/GMlhg}{, where G is

the gravitational constant and M; is the mass of the most
massive BH in the pair). Triple BH mergers can happen
in a single time-step in the simulations. However, due to
their extreme rarity, we do not consider these events in our
analysis.

As we briefly discussed in Section 2, after two galaxies
merge a variety of effects can affect the dynamical evolution
of the SMBH binary and finally lead (or not) to a merger
within a Hubble time. Dynamical friction, three-body inter-
actions with stars, interactions with gas, including planet-
like migration and/or orbital decay of the binary due to the
clumpy gas and the heating of the cold layer of the disc
by BH feedback can either prevent or promote the SBMH
merger (Colpi & Dotti 2011; Mayer 2013; Colpi 2014; Tam-
burello et al. 2016). A binary could stall at ~ pc separa-
tions, which is known as the “final-parsec” problem (Begel-
man et al. 1980). However, a later galaxy merger may trigger
the SMBH merger (Hoffman & Loeb 2007). Given the un-
certainties in these mechanisms, and the potential variability
from galaxy to galaxy, we adopt simplified prescriptions to
estimate the SMBH merger time delays based on the gas con-
tent in the nuclear region of the resulting galaxy after the
merger, similar to the method adopted by Antonini et al.
(2015).

e Gas rich galaries: For galaxies with gas mass within a
3D aperture with radius 3 pkpc greater than or equal to the
total BH mass (Mgasaspkpe > M1 + Ms), a 0.1 Gyr delay
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Figure 3. Halo mass-central BH mass relation for two EAGLE
simulations at redshift z = 0. Lines represent the median of the
distribution for each simulation. Only bins containing 5 objects
or more have been plotted. The shaded region encloses the 10"
to 90" percentiles for each model. The black line is shown as
reference for a relationship Mpy o« Ma2go. Regardless of the initial
BH seed mass the halo mass-BH mass relation exhibits a steep
slope in haloes with mass ~1012M®. At this halo mass, the hot
gas in the corona causes the star formation driven outflows to
stall and conditions become optimal for BH accretion, and BHs
grow rapidly (Bower et al. in preparation). For BHs hosted by
haloes more massive than ~1012M@ the growth is self-regulated
by AGN feedback. Two prominent populations of SMBHs are
highlighted: BHs not much more massive than the seed mass (L
for ‘low mass’) and very massive BHs with masses > 107 Mg (H
for ‘high mass’).

was added to the BH merger time recorded in the simulation.

e (las poor galaxies: For galaxies with gas mass within a
3D aperture with radius 3 pkpc less than the total BH mass
(Mgas@spkpe < M1 + Ms), a 5Gyr delay was added to the
BH merger time recorded in the simulation.

As we will discuss in Section 4, we find that adding
a significant delay in gas-poor galaxies gives a very similar
result of the expected rate of GW signals than our model
assuming no delays.

3.3 Black hole growth

Once seeded, BHs are free to grow via gas accretion at a
rate that depends only on the local hydrodynamical prop-
erties, namely: the mass of the BH, the local density and
temperature of the surrounding gas, the velocity of the BH
relative to the ambient gas, and the angular momentum of
the gas with respect to the BH. Accretion onto BHs fol-
lows a modified version of the Bondi-Hoyle accretion rate
which takes into account the circularisation and subsequent
viscous transport of infalling material, limited by the Ed-
dington rate (as described by Rosas-Guevara et al. 2015).
Additionally, BHs can grow by merging with other BHs as
described in the previous section.

It is important to highlight that the sub-grid physics
in the EAGLE simulations were calibrated to reproduce the
observed galaxy stellar mass function at redshift z = 0.1,
the amplitude of the galaxy stellar mass-central BH mass

relation and galaxy sizes (Crain et al. 2015). Although not
part of the calibration procedure, Rosas-Guevara et al. 2016
show that the simulations also reproduce the observed BH
mass function at z = 0 and show good agreement with the
observed AGN luminosity functions in the hard and soft X-
ray bands. Additionally, Trayford et al. (2016) shows the
important role of BH growth in quenching star formation
and establishing the high-mass red sequence of galaxies in
EAGLE.

Figure 3 shows the halo mass-central BH mass relation
at redshift z = 0 for the EAGLE simulations discussed here.
The halo mass, Mago, is defined as the total mass within
the radius within which the mean density is 200 times the
critical density of the Universe.

Regardless of the initial seed mass, BHs that reside in
low-mass haloes barely grow because star formation driven
outflows are efficient and able to prevent large reservoirs of
cold low angular momentum gas accumulating around the
BH. Then, the accretion behaviour changes dramatically in
haloes with mass ~ 1012M@. At this halo mass, the hot gas
in the corona causes the star formation driven outflows to
stall and conditions become optimal for BH accretion, and
BHs grow rapidly. The growth of BHs residing in haloes more
massive than ~ 1012M@ is self-regulated by AGN feedback
and BHs reach similar masses regardless of their initial seed
mass. The physical origin of this transition is further dis-
cussed by Bower et al. (in preparation). As a result of this
transition there are two prominent populations of SMBHs in
the simulations. These are highlighted in the figure: BHs not
much more massive than the seed mass (L for ‘low mass’)
and very massive BHs with masses > 107 M@ (H for ‘high
mass’).

3.4 Black hole coalescence

For each SMBH merger that takes place in the simulations
we store the mass of both SMBHs, M; and Ma, and the red-
shift z at which the merger event takes place. On Fig. 4 we
show the 2D histogram of the mass of each BH member for
all the mergers in the EAGLE simulation models considered
here. The total number of BH mergers in each simulation
model is indicated in the figure. For Ref-L100N1504 a to-
tal of Ngum = 54,850 BH mergers take place across cosmic
time. A factor of ~ 8 fewer mergers occur in the small seeds
(NBuMm = 7,045) model almost entirely due to the factor of
8 smaller volume of the simulation. Three prominent pop-
ulations of characteristic SMBH binaries build up. These
are the result of the halo mass-central BH mass relation in
EAGLE, shown in Fig. 3. The groups are: SMBH binaries
that involve two BHs not much more massive than the seed
mass (L+L); high mass ratio binaries where M; is massive
(> 107M®) and M> is not much more massive than the
seed mass (L+H); the case where both BHs are massive,
with masses between 107 and 10° My, (H+H).

In Fig. 5 we show the co-moving number density dis-
tribution as a function of the more massive member of the
BH binaries, M, plotted for five non-contiguous ranges in
the mass of the least massive member, M>. The (L+L) and
(L+H) populations of binaries correspond to the left and
right peaks of the distribution in the top two panels. The
population (H+H) is shown in the bottom two panels. Nat-
urally, the larger simulation volume samples more massive
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Figure 4. 2D histogram of all BH mergers for all redshifts in the EAGLE simulations. Ref-L100N1504 (left panel) and SS-LO50N0752 (right
panel). M; is the more massive member of the SMBH binary (Mi > Ms). The total number of coalescence events in each simulation
model, NgiM, is shown in the top left corner of each panel. Colour coding represents the number density of SMBH mergers per binary
mass bin. As a result of the transition in the Halo mass-central BH mass relation shown in Fig. 3, there are three prominent populations
of SMBH binaries in the simulations, which are highlighted in the figure: SMBH binaries that involve two BHs not much more massive
than the seed mass (L+L); high mass ratio binaries where M; is massive (> 107M@) and M> is not much more massive than the seed
mass (L+H); the case where both BHs are massive, with masses above 107 Mg, (H+H). Since the populations of high-mass SMBHs in
both simulation models reach similar masses (Fig. 3), the population of (H+H) binaries occupies the same region in both models. On the
other hand, both the (L+L) and (L+H) populations are shifted in M1 and Mz in the SS-L050N0752 model compared to Ref-L100N1504.

structures, hence the observed BH coalescence distribution
in each panel extends to higher values of M;. Since we keep
the same vertical axis range for all five panels we can com-
pare the contribution of each mass bin to the total SMBH
merger rate. The population of binaries where both BHs are
massive (H+H), shown in the bottom panel, is at least two
orders of magnitude smaller than that of high mass ratio
binaries (L+H) and SMBH binaries that involve two BHs
not much more massive than the seed mass (L+L), shown
in the top two panels of the figure.

4 PREDICTED GRAVITATIONAL WAVE
EVENT RATE

In order to compute the expected GW signals from SMBH
mergers in the simulations, we adopt the following strat-
egy. We first calculate the frequency at the transition
from the inspiral phase to the merger phase, fmerger =
0.018 ¢® /G Miota1, for each merger event in EAGLE. We
compute the minimum inspiral frequency fmin = 1 X
10738 /GMiotar and an arbitrary final frequency frmax =
2 x 107" ¢*/GMiota1. Assuming that both SMBHs in the
binary have no spin, we use the Inspiral-Merger-Ringdown
waveform model PhenomD (Khan et al. 2016) to compute
the characteristic strain amplitude of the GWs from each
binary, which depends only on the merging redshift (z) and
the mass of each SMBH (M; and M3). We compute the sen-
sitivity curve of eLISA using the analytical approximation
given in Egs. (8) to (12). For this analysis we adopt the

target frequency cut of the detector, feux = 3 X 10~% Haz.
From all the computed GW signals, we filter the events that
would be resolvable by the detector using Eq. (14) with a ra-
tio of the signal to the sensitivity curve k > 1 (i.e. S/N 2 5).
For all resolvable events we compute the observed duration
Tobs = Tinspiral,obs + Tmerger,obs using Eqs. (5) and (7) for the
detected frequencies. Finally, from the number of resolvable
sources we estimate the event rate of GW sources and the
total number of expected observable events during the life-
time of the eLISA mission using Eqs. (15) and (16).

For SMBH binaries the S/N of the GW signals is ac-
cumulated in the last month of the inspiral phase (Sesana
et al. 2011). Therefore, in this study we choose to only in-
clude sources that “merge” during the mission time, i.e., to
construct the expected event rate we only consider events
with Tobs < Tons. In Fig. 6 we show the distribution of the
observed duration for all the resolvable events. The perfor-
mance of the detector improves as a function of the dura-
tion of mission and gaps in the data stream would affect the
number of resolved events (e.g. Sesana et al. 2011). For this
study we assume a fiducial eLISA mission continuous life-
time of T,ps = 3yrs. We show in Figs. 7 and 8 the character-
istic strain amplitude as a function of the observed merger
frequency for all the GW events produced by SMBH coa-
lescences in the EAGLE Ref-L100N1504 and SS-LO50N0752
simulations respectively. To help visualise the mass range
and redshift of BH coalescences that would be detected by
eLISA, grey lines indicate the characteristic strain and ob-
served merger frequency emitted by equal mass BH binaries
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Simulation Inspiral Phase o1 Merger-Ringdown Phase oy _RrD

event rate [yr—!]  [yr—!] event rate [yr—!] [yr=1]
Ref-L100N1504 2.02 0.01 2.36 0.02
Ref-LL100N1504 + Delays 1.89 0.01 2.17 0.01
SS-L050N0752 2.02 0.04 2.16 0.04

Table 2. Estimated event rates for the different simulation models. o is the standard Poisson uncertainty on the expectation event rate

due to the finite volume of the simulations.
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Figure 5. Co-moving number density of the more massive mem-
ber of the BH binaries with mass M;, for five non-contiguous
ranges in the mass of the least massive member, M2, as indicated
in the legend (top to bottom). The population of SMBH binaries
that involve a BH not much more massive than the seed mass
(< 108 M) are then shown in the top panel. Binaries where both
BHs are massive (> 107M@) are shown in the two bottom pan-
els. The population (H+H), shown in the two bottom panels,
is at least two orders of magnitude smaller than the (L+L) and
(L+H) populations, shown in the top two panels.

(M, = M3) coalescing at different redshifts z. The following
characteristic features can be seen in the figures:

(i) For both models, the most densely populated
region of events (1 x 1073 < fier.obs/[Hz] <1 x 1072
and 1x107" <h,<1x107'"  for Ref-L100N1504
and 1x 1072 < fuer,obs/[Hz) S 1 x 1071 and
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Figure 6. Distribution of the observed duration of the events
that would be resolvable by the eLISA detector (i.e. the ratio
of the GW signal to the detector’s sensitivity curve k > 1). For
this study, we assume an eLISA mission lifetime of T,ps = 3yrs
(dashed vertical line). We only consider events with 7ops < Tobs
in the rest of the paper.

1x1072° <h,<1x107*® for SS-LO50N0752) corre-
sponds to SMBH binaries where both BHs have masses not
much greater that the seed mass (L+L). As illustrated in
Fig. 2, we expect higher GW frequencies and smaller strain
amplitudes from less massive BH mergers. Therefore, for
the small seeds model the (L+L) population shifts to higher
frequencies and lower amplitudes compared to the reference
model. For both Ref-L100N1504 and SS-L050N0752 EAGLE
models the (L+L) population of events occupies a region
above the detection threshold of eLISA and hence will
provide a high contribution to the data stream (as seen in
Fig. 10).

(ii) The second most populated region  of
events (1x 107° < fmer,obs/[Hz] S 1 X 104 and
1x107"® <h. <1x107'% for both simulations) cor-
responds to binaries from the (L+H) population. For both
the Ref-L100N1504 and SS-LO50N0752 EAGLE models,
there are significantly less events in the (L-+H) population
compared to the (H+H), with some falling outside the
detection threshold of eLISA. Hence will not contribute
significantly to the data stream.

(iii) Only few events from the (H+H) population occupy
a region above the detection threshold of eLISA. However,
there are significantly fewer events in the in this population
of binaries compared to the (L+L) and (L+H) populations
(at least two orders of magnitude fewer events, as seen in
Fig. 5). Therefore, the binaries from the (H+H) population
do not show up as a dense region in the plot.

The characteristic shift in amplitude and frequency of
the detected GW signals that results from the different
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Figure 7. Characteristic strain amplitude k. of the GW signals emitted by all SMBH coalescences in the EAGLE Ref-LL100N1504 simulation
as a function of the observed frequency at the transition between the inspiral phase and the merger phase of the SBMH coalescence
process fmer,obs = (0.018 c3/GMiopa1)/(1 + 2). Colour coding represents the co-moving number density of events per characteristic
strain-observed merger frequency bin. Grey contour lines indicate the characteristic strain and observed merger frequency for equal mass
BH binaries (M7 = M2) coalescing at different redshifts z. The sensitivity curve of eLISA calculated from the analytic approximation
in Eq. (8) is shown in red. The black dashed line indicates the low-frequency cut-off of the sensitivity curve feut = 3 X 10~° Hz. GW
signals above the sensitivity curve and to the right of the low-frequency cut-off can be resolved from the eLISA data stream.

SMBH seed masses suggests that eLISA will be a powerful
tool to discriminate between different SMBH seeding mech-
anisms. In Fig. 9 we show the number of detected SMBH co-
alescences observed per year at redshift z = 0 as a function
of the frequency at the transition between the inspiral phase
and the merger phase, fmer,obs. The figure shows a shift of a
decade in frequency for the whole distribution between the
simulation models. The amplitude of the peak of the dis-
tribution is, however, the same for both models. For lower
frequencies (i.e. more massive mergers) the SS-LO50N0752
model has fewer detected events (~0.3dex) because these
events have lower characteristic strain amplitude and there-
fore some fall below the detection threshold of the eLISA
sensitivity curve.

For the signals detected by eLISA it will be possible
to extract the physical parameters of the BH sources, such
as their masses, luminosity distance, and sky locations, us-
ing a set of theoretical templates for the waveforms for each
phase (i.e inspiral, merger, and ringdown phases) (Cutler
& Flanagan 1994; Flanagan & Hughes 1998; Amaro-Seoane
et al. 2013; Abbott et al. 2016). In Fig. 10 we have plot-
ted the redshift distribution, the mass function of the more
massive member of the binary, M1, and the distribution of
the mass ratio, M1 /Ma, of the number of detected SMBH
coalescences per observed year at redshift z = 0 (left, cen-
tral and right panels respectively). In this plot we have also

included a variation of the Ref-L100N1504 simulation that
include a delay to the SMBH merger timescales as detailed
in Section 3.2.

From the first panel it is clear that SMBHs merging
between redshift z ~ 2 and z ~ 2 will provide the great-
est contribution to the event rate of GW signals in the EA-
GLE models. On the basis of the redshift distributions of
detected signals it is thus not possible to discriminate be-
tween the SMBH seeding mechanisms implemented in our
simulations. The M; mass function of the predicted event
rate has a very pronounced peak at the SMBH seed mass
Mseed (105 M®lf1 for the ‘Ref-’ model and 10* M®lf1 for
the ‘SS-’ model). Given the logarithmic scale of the plot,
the galaxy formation model implemented in EAGLE predicts
that GW signals will be dominated by the coalescence of
BH seeds, which is also shown in the last panel of the figure,
in which the mass ratio distribution peaks for equal mass
SMBH coalescences for both models. This is a remarkable
result, since it implies that the physical parameters of the
GW sources recovered from the eLISA data stream will pro-
vide us with a profound insight into the nature of SMBHs
and the initial mass distribution of seeds. We also find that
adding a delay to the SMBH merger timescales makes no
significant difference in either the predicted event rate, nor
to the mass function of the detected binaries. This is to be
expected, since the galaxy formation model implemented in
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Figure 8. As Fig. 7 but for the EAGLE SS-L0O50N0752 simulation.
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Figure 9. Number of detected SMBH coalescences per observed
year as a function of the frequency at the transition between the
inspiral phase and the merger phase fier obs- A shift of a decade
in frequency of the whole distribution is observed for the SS-
LO050N0752 compared to the Ref-LL100N1504 model. The ampli-
tude of the peak of the distribution is the same for both mod-
els. For lower frequencies (i.e. more massive mergers), the SS-
L050N0752 model has fewer detected events (by about 0.3 dex)
because these events have lower characteristic strain amplitude,
as expected for lower mass BHs, and therefore fall outside the
detection threshold of the eLISA sensitivity curve.

EAGLE predicts GW signals that will be dominated by the
coalescence of BH seeds. These low mass SMBHs are hosted
mainly by gas rich galaxies in which planet-like migration is

predicted to lead to short coalescence time-scales (Colpi &
Dotti 2011; Mayer 2013; Colpi 2014).

We use Eq. (15) to calculate the event rate of GW sig-
nals resolved by the eLISA mission. The results are shown
in Table 2. By propagation of error, the uncertainty on the
expectation event rate due to the finite volume of the simu-
lations is given by

U: zio(ﬂ/N(z,kZI)AzAVC Az ) an

AzAV, At Az (1+2)

z=0
The actual number of detections is drawn from a Pois-
son distribution that depends on the duration of the mission
multiplied by the expectation rate given in the table. We
find that for the estimated event rate of GWs is ~ 2 events
per year for the inspiral and the merger-ringdown phases
(for both the Ref-L100N1504 with and without delays, and
SS-L050N0752 simulations). We estimate that in a 3 year
mission the eLISA detector should be able to resolve ~ 6
mergers and ~ 6 inspiral signals from SMBH mergers. Even
with this low event rate the information carried by each grav-
itational waveform would provide us with a powerful tool to
constrain the SMBH seed formation mechanisms.

5 DISCUSSION AND CONCLUSIONS

Using the EAGLE simulations, a state-of-the-art cosmologi-
cal hydrodynamical simulation suite, we have computed the
event rate of GW signals expected from SMBH mergers that
should be resolved by a space-based GW detector such as
the Evolved Laser Interferometer Space Antenna, eLISA.
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Figure 10. LEFT PANEL: Redshift distribution of the SMBH coalescences resolved by eLISA. The distribution peaks between redshift
z ~ 2 and z ~ 1 for both the inspiral and the merger-ringdown phases for both EAGLE simulation. The differential redshift distribution of
the SMBH seeding times are shown in doted lines (right-hand axis). MIDDLE PANEL: Mass distribution of the more massive member
of the binary, M7, for the SMBH coalescences resolved by eLISA. For both models, the mass function peaks at M ~ Mmgeeq for both the
inspiral and the merger-ringdown phases. RIGHT PANEL: Distribution of the mass ratio M1 /M> of the SMBH coalescences resolved
by eLISA. The distribution peaks for equal mass SMBH binaries for both EAGLE simulation models. The model with added delay to the
SMBH merger timescales has no significant difference in either the predicted event rate, nor in the mass function of the detected binaries.

The EAGLE simulations use modern smoothed particle
hydrodynamics and physically motivated subgrid models to
capture the unresolved physics. These simulations reproduce
the observed galaxy population with unprecedented fidelity,
providing a powerful tool to study galaxy formation and
evolution.

A number of SMBH seed formation mechanisms have
been proposed to explain the observed population of high-
redshift quasars in our Universe. These mechanisms predict
different initial mass functions of BHs seeds. These charac-
teristic BH seed mass functions and the dynamical evolution
that takes place during the merging process of SMBH bina-
ries in the centres of colliding galaxies leave a unique imprint
on the GW signals predicted by the models. Therefore, the
information carried by the gravitational waveforms detected
by a GW detector such as eLISA will provide us with a pow-
erful tool to discriminate between different SMBH seeding
models.

Since the processes involved in the SMBH seed forma-
tion models are not resolved by the simulations, we assume
that seed BHs are produced sufficiently frequently that ev-
ery halo above a certain threshold mass contains a cen-
tral BH seed. In order to investigate the dependence on
the assumed BH seed mass we used two simulation mod-
els using BH seeds that differ by an order of magnitude in
mass. For the Ref-L100N1504 model, high-mass BH seeds
(Mseea = 1.475 X 105M®) were placed at the centre of every
halo with total mass greater than muaio,tn = 1.475x 10" M,
that did not already contain a BH. For the SS-L0O50N0752
model, the BH seed mass used was mgeeq = 1.475 X 104M®.
These BH seeds then grow by accreting gas and via merg-
ers with other BHs. In the EAGLE models, BHs residing in
low-mass haloes barely grow because star formation driven
outflows are efficient and able to prevent cold gas accumu-
lating around the BH (Bower et al. in preparation). As a
result, three prominent populations of characteristic SMBH

binaries build up in the simulations as a result of the halo
mass-central BH mass relation in EAGLE, shown in Fig. 3.
The groups are: SMBH binaries that involve two BHs not
much more massive than the seed mass (L+L); high mass ra-
tio binaries in which one BH is massive (> 10"M¢)) and the
other is not much more massive than the seed mass (L+H);
and the case where both BHs are massive, with masses be-
tween 107 and 10° M, (H+H). We also consider a variation
of the Ref-L100N1504 reference model, where a prescription
for the expected delays in the BH merger timescale has been
included after their host galaxies merge. The added delays
are based on the gas content in the nuclear region of the
resulting galaxy after the merger.

We combine the merger rates of SMBHs in the sim-
ulations with the most recent phenomenological frequency-
domain gravitational waveform model for non-precessing BH
binaries described in Khan et al. (2016) (commonly referred
to as “PhenomD”). We calculated that the merger rate of
SMBHs is similar in the simulation models and will produce
a low event rate of GW signals, nonetheless observable by a
space-based interferometer such as eLISA. We find that the
predicted event rate of GWs for the inspiral and merger-
ringdown phases for both the ‘Ref-’ and ‘SS-’ models is ~ 2
events per year. Hence, in a 3 year mission the eLISA detec-
tor should be able to resolve ~ 6 mergers and ~ 6 inspiral
signals from SMBH coalescences. Our analysis shows that
these signals will be dominated by the coalescence of BH
seeds (L+L population of binaries) merging between red-
shifts z ~ 2 and z ~ 1. Given the difference in the BH seed
mass of the models, there is a characteristic shift of a decade
in the observed frequency for the whole distribution of the
GW signals (Fig. 9).

Compared to previous studies that propose that eLISA
could distinguish between BH seed formation models based
on the global properties of the merger distribution (i.e
Sesana et al. 2007, 2011; Barausse 2012), we find that eLISA
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could probe BH seeds down to low redshift because the GW
signals from SMBH coalescences will be dominated by merg-
ers of BHs that have not yet experienced significant growth
(see Fig. 3, 10, and Bower et al. in preparation). Hence,
different physical BH seeding mechanisms could be distin-
guished from the detected gravitational waveforms, allow-
ing eLISA to provide us with profound insight into the ori-
gin of SMBHs and the initial mass distribution of SMBH
seeds. We find that adding a delay to the SMBH merger
timescales makes no significant difference in either the pre-
dicted event rate, nor to the mass function of the detected
binaries (Fig. 10).

We find that EAGLE predicts GW signals that would be
best detected by eLISA, but complementary observations of
GW signals in different frequency windows will enable us
to fully characterise the cosmic history of SMBHs (Crow-
der & Cornish 2005; Sesana et al. 2008; Janssen et al. 2015;
Moore et al. 2015). For instance, pulsar timing arrays will
be able to detect GWs in a lower frequency window (i.e.,
fobs < 107°%[Hz] with k. > 107'7, Hellings & Downs 1983;
Sesana et al. 2008; Kelley et al. 2016) than the SMBH merg-
ers arising in our cosmological volume (Fig. 7). On the other
hand, if the initial mass function of SMBH seeds extends
to masses < 1O4M®, intermediate frequency missions (i.e.
1073 5 fobs/[Hz] S 10* with h. > 1072%), like the pro-
posed Advanced Laser Interferometer Antenna (ALIA, Ben-
der et al. 2013), the Big Bang Observer (BBO, Harry et al.
2006), and the Deci-hertz Interferometer GW Observatory
(DECIGO, Kawamura et al. 2006), will be suitable to de-
tect the mergers of seeds and shed light on their initial mass
function. It is also important to highlight that other GW
sources, such as galactic white dwarf binaries, will also con-
tribute to the eLISA data stream.

Since the EAGLE simulations reproduce a wide set of
observational properties of the galaxy population we may
expect the physics of the real Universe to be reasonably well
captured by the phenomenological sub-grid models imple-
mented in the simulations. Nevertheless, the predicted GW
event rate is specific to the galaxy formation and evolution
model implemented in these simulations and the sub-grid
models for BH seeding and growth via accretion and merg-
ers. In particular, in the EAGLE simulations BH seeds are
placed into haloes of mass Mualo,th = 101 MQ, which corre-
sponds to a very small galaxy of stellar mass m. ~ 10" M.
From observational constraints such galaxies are thought
to be the smallest galaxies to host SMBHs at low redshift
(Reines et al. 2013; Seth et al. 2014). In the simulation, the
stellar mass of galaxies in which BHs are seeded depends
little on redshift and the BH mass at birth is already 1%
relative to the stellar mass. Some BH formation models sug-
gest that BH seeds could form even more efficiently in still
lower-mass galaxies at high redshift. In this case, SMBH
mergers could be more common and therefore increase our
predicted GW event rate. Our predicted rates are there-
fore conservative. Addressing this issue in more depth would
require a simulation of considerably higher resolution (and
yet comparable cosmological volume) coupled to a physical
model of BH seed formation. Such a simulation is currently
beyond the scope of cosmological simulation codes. Fortu-
nately, since our models predict that eLISA should be very
sensitive to the initial mass distribution of BH seeds, it will
probe precisely these issues and directly compliment theo-

retical developments. Further work using the EAGLE simula-
tions, coupled to physical models of BH seed formation could
be used to predict the GW signals from SMBH mergers that
could be detected by future GW detectors.
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APPENDIX A: PARAMETER VARIATIONS

In this section we test our predictions against variations of
the different parameters and assumptions used in our calcu-
lations. The parameters that we vary are:

e Dimensionless spin parameters (x;)

— xi = 0 for merging BHs with no spin
— xi = 1 for maximally spinning coalescing BHs aligned
with the orbital angular momentum of the binary

e Simulated volume

— Ref-L100N1504 with volume (100 cMpc)?
— Ref-L050N0752 with volume (50 cMpc)?
— Ref-L025N0376 with volume (25 cMpc)?

e Resolution

— Reference model ‘Ref’ (with baryonic particle mass
Mgas = 1.81 x 10° Mg, dark matter particle mass Mgas =
9.70 x 10° Mg, co-moving gravitational softening €com =
2.66 ckpc, and maximum proper gravitational softening
éprop = 0.70 ckpc)

— High-resolution recalibrated model ‘Recal’ (with
baryonic particle mass Mgas = 2.26 X 10° M, dark matter
particle mass Mgas = 1.21 x 10° Mg, co-moving gravita-
tional softening €com = 1.33 ckpc, and maximum proper
gravitational softening eprop = 0.35 ckpc).

We show in Fig. Al the redshift distribution of the
eLISA SMBH coalescence detections for both the inspiral
and merger-ringdown phases. The event rates for non spin-
ning and maximally spinning BHS (x; = 0 and x; = 1) are
shown in the right panel. We obtain consistent results for
the different EAGLE simulation models used in this study,
where for both the inspiral and merger-ringdown phases the
redshift distribution of the event rate peaks between red-
shift z =~ 2 and z = 1. There is a slight increase in the event
rate when x; = 1, which is not significant and the predicted
event rate is consistent with ~ 2.

In Fig. A2 we show the mass function of the more mas-
sive member of the binary, M, for the SMBH coalescences
resolved by eLISA. For the merger-ringdown phase non spin-
ning and maximally spinning BHS (x; = 0 andy; = 1) are
shown in the right panel. For both the inspiral and merger-
ringdown phases the mass function has a very pronounced
peak at My ~ Mgeed. Given the logarithmic scale of the plot,
the galaxy formation model implemented in EAGLE predicts
that GW signals will be dominated by the coalescence of
BH seeds (also shown in Fig. A3, in which the mass distri-
bution of the mass ratio M7 /M> of the predicted event rate
is dominated by equal mass SMBH coalescences).

Our event rate predictions are robust to variations of
simulated volume, resolution, and parameters used to calcu-
late the GW detections of the eLISA detector such as de di-
mensionless spin parameters x1. We summarise in Table T1
the predicted event rates for both the inspiral and merger-
ringdown phases for all the different parameter variations,
simulated volumes and resolutions. Overall, the predicted
event rates of GW signals resolved by the eLISA detector are
~ 2 events per year for all the reference models, whereas the
high-resolution recalibrated model Recal-L025N0752 yields
~ 3 events per year. This does not represents a significant
change in the predicted event rate.

This paper has been typeset from a TEX/IATEX file prepared by
the author.
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Figure A1l. Number of SMBH coalescences resolved by eLISA per observed year, per unit redshift. LEFT PANEL: inspiral phase.
RIGHT PANEL: merger-ringdown phase. Solid lines were calculated using dimensionless spin parameters x; = 0. For the dotted lines
xi = 1. The distribution peaks between redshift z ~ 2 and z ~ 1 for both the inspiral and the merger-ringdown phases.
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Figure A2. Distribution of mass of the more massive member of the binary, M7, of the SMBH coalescences resolved by eLISA. LEFT
PANEL: inspiral phase. RIGHT PANEL: merger-ringdown phase. Solid lines were calculated using dimensionless spin parameters x; = 0.
For dotted lines x; = 1. The distribution peaks at M; ~ mgeeq for both the inspiral and the merger-ringdown phases.
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Figure A3. Distribution of the mass ratio, M1 /Mas, of the SMBH coalescences resolved by eLISA. LEFT PANEL: inspiral phase. RIGHT
PANEL: merger-ringdown phase. Solid lines were calculated using dimensionless spin parameters x; = 0. For dotted lines x; = 1. The
distribution peaks at equal mass SMBH binaries for both the inspiral and the merger-ringdown phase.

feut Xi Simulation Inspiral Phase o1 Merger-Ringdown Phase oym_RrD
[Hz] event rate [yr—']  [yr7!] event rate [yr—!] [yr=1]
Ref-L100N 1504 2.02 0.01 2.36 0.02
Ref-L100N1504 + Delays 1.89 0.01 2.17 0.01
0 SS-L0O50N0752 2.02 0.04 2.16 0.04
Ref-LO50N0752 1.93 0.04 2.21 0.04
Ref-L025N0376 1.99 0.11 2.24 0.11
3 % 10-5 Recal-L025N0752 2.91 0.14 3.12 0.15
Ref-L100N 1504 2.02 0.01 291 0.02
Ref-L100N1504 + Delays 1.89 0.01 2.55 0.02
1 SS-L0O50N0752 2.02 0.04 2.75 0.05
Ref-LO50N0752 1.93 0.04 2.64 0.05
Ref-L025N0376 1.99 0.11 2.39 0.12
Recal-L025N0752 2.91 0.14 3.24 0.15

Table T1. Estimated event rates for the different simulation models. o is the standard Poisson uncertainty on the expectation event
rate due to the finite volume of the simulations.
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