arXiv:0910.0254v2 [astro-ph.CO] 27 Oct 2009

DRAFT VERSIONMARCH 10, 2010
Preprint typeset usingTgX style emulateapj v. 08/22/09

DETECTION OF IMBHS WITH GROUND-BASED GRAVITATIONAL WAVE OBSERVATORIES:
A BIOGRAPHY OF A BINARY OF BLACK HOLES, FROM BIRTH TO DEATH

Pau AMARO-SEOANE!, LUCIA SANTAMARIA 2

(Dated: March 10, 2010)
Draft version March 10, 2010

ABSTRACT

Even though the existence of intermediate-mass black l{tMBHs, black holes with masses ranging be-
tween 16#M.) has not yet been corroborated observationally, thesectsbige of high interest for astro-
physics. Our understanding of formation and evolution giesmassive black holes (SMBHSs), as well as
galaxy evolution modeling and cosmography would drambyicdange if an IMBH was observed. From a
point of view of traditional photon-based astronomy, tieect detection of an IMBH seems to be rather far
in the future. However, the prospect of detection and, jphgsbservation and characterization of an IMBH
has good chances in lower-frequency gravitational-waw&'Y@strophysics with ground-based detectors such
as LIGO, Virgo and the future Einstein Telescope (ET). Wesen¢ an analysis of the signal of a system of
a binary of IMBHs (BBH from now onwards) based on a waveforndel@btained with numerical relativity
simulations coupled with post-Newtonian calculationshathighest available order so as to extend the wave-
form to lower frequencies. We find that initial LIGO and Virgoe in the position of detecting IMBHs with
a signal-to-noise ratio (SNR) of 10 for systems with total mass between 100 and\8@Gsituated at a dis-
tance of 100 Mpc. Nevertheless, the event rate is too low hagossibility that these signals are mistaken
with a glitch is, unfortunately, non-negligible. When ggito second- and third-generation detectors, such
as Advanced LIGO or the ET, the event rate becomes much momiging (tens per year for the first and
thousands per year for the latter) and the SNR at 100 Mpc igyasals 100 — 1000 and 1000 —*li@spectively.
The prospects for IMBH detection and characterization wittund-based GW observatories would not only
provide us with a robust test of general relativity, but wbalso corroborate the existence of these systems.
Such detections would be a probe to the stellar environnoémidBHs and their formation.

Subject headings:

1. MOTIVATION tic centres, one would need ultra-precise astronomy, since
the sphere of influence of an IMBH is few arc seconds.
The number of stars enclosed in that volume is only a few.
Currently, with adaptive optics, one can aspire — being-opti
mistic — to have a couple of measurements of velocities if the
target is about- 5 kpc away in the time basis of 10 yrs. The
measures depend on a number of factors, such as the required
availability of a bright reference star, in order to have ad@o
astrometric reference system. Also, the sensitivity bngibr-
respond to a K-band magnitude of 15, (B- MS stars at 8
5pc, like e.g. S2 in our Galactic Center).

This means that, in order to detect an IMBH or, at least,

By following the stellar dynamics at the center of our
Galaxy, we have now the most well-established evidence for
the existence of a SMBH. The close examination of the Keple-
rian orbits of the so-called S-stars (also called SO-steneye
the letter “S” stands simply for source) has revealed the na-
ture of the central dark object located at the Galactic Gente
By following S2 (S02), the mass of SgtAvas estimated to
be about 37 x 10°M, within a volume with radius no larger
than 6.25 light-hours (Schodel et al. 2003; Ghez &t al. 2003)
More recent data based on 16 years of observations set th
mass of the central SMBH te 4 x 1(° M, (Eisenhauer et al. a massive dark obiect i :

) . —— T ; ject in a globular cluster center with tra-
Zol\afa).'s,gcgzt)géll(l.hZO?gSSEir?%OFO!W%II!I?;SIeQ ;]E ?r&éics),gg)'ma existditional astronomy by following the stellar dynamics ardun
in smaller stellar svstems such as gl % lar clust Tar{és it, one has to resort to the Very Large Telescope interferome
: rsy globular CIUSIErs. € ter and to one of the next-generation instruments, the VS| or
called intermediate-mass black holes (IMBHs) because thei GRAVITY (Gillessen et al. 2006; Eisenhauer et al. 2008). In

—4 .
masses range betwebh~ 10°* Mo, if we assume thatthey i’ cace we can hope to improve the astrometric accuracy by
follow the observed correlations between SMBHs and their _ ¢ - o¢. 10 Only in that scenario we would be in the po-

host stellar environments. Nevertheless., IMBHs have nevergiion of following ciosely the kinematics around a potehti
been detected, though we have some evidences that could fa\MBH S0 as to determine its mass
vor them (Se.e Miller & Colbelit 2004 Miller 2009, and refer- The, pOSSIbIlIty of bringing GW astronomy into the piCture
ences therein). . . constitutes a promising avenue towards detection. In tse pa
If we wanted to apply the same detection technique to detecy o 5 s the field has reached a milestone with the constructio
IMBHSs in globular clusters as we do with SMBHs in galac- of an international network of GW interferometers that have
N o . . achieved or are close to their design sensitivity. Moreover
1(PAS) Max Planck Institut fir Gravitationsphysik (Albdfinstein- - . "~
Institut), D-14476 Potsdam, Germany and Institut de C&ale 'Espai, the first-generation ground-based detectors LIGO and Virgo
IEEC/CSIC, Campus UAB, Torre C-5, parells2planta, ES-08193, Bel-  will undergo major technical upgrades in the next five years

laterra, Barcelona, Spain that will increase the volume of the observable universe by a
2(LS) Max Planck Institut fiir Gravitationsphysik (AlberifStein-
Institut), D-14476 Potsdam, Germany
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factor of 1008.

The data that will be taken by the advanced interferome-
ters are expected to transform the field from GW detection
to GW astrophysics. The availability of accurate waveform
models for the full BBH coalescence in order to construct
templates for match-filtering is crucial in the GW searclues f
compact binaries. The construction of this kind of template
has recently been made possible thanks to the combination o
post-Newtonian calculations of the BBH inspiral and numeri
cal relativity simulations of the merger and ringdown.

GRAVITY, as well as Advanced LIGO, is planned to be
operational in 2014. The potential detection of IMBHs with
these two instruments would allow us to do multi-messenger
astronomy. The optical examination of the kinematics in a
cluster center could reveal the presence of a massive BH
which would then enable the possibility of complementirey th
information about the electromagnetic spectrum with the as
sociated GW emission, if there was a binary of IMBHSs, as we
describe in next section.

The structure of this paper is as follows: In secfidon 2 we
will expand the astrophysical context to this problem ane gi
a description of the different efforts made to address tloe ev
lution of a BBH in a stellar cluster, from its birth, to the fina
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FiG. 1.— Evolution of the orbital parameters of a born-in (setohannel
of formation) BBH of total mass 60@., which is taken from the direct
N-body model C of Amaro-Seoane et al. (2009b). Initially theHBBad a
semi-major axis of  pc and we used for the initial conditions a King model
of profile Wp = 6 (King[1966). The cluster follows an initial-mass functio
of Kroupa, more specifically a 5-Myrs evolved Kroupa IMF ofsgsas 0.2,
0.5, 50 and exponents 1.3 and 2.3 (Krdupa 2001). The BBH s@ajur axis

coalescence. Next, in sectibh 3, we give an estimate for theshrinks slowly and its eccentriciyincreases

number of events one can expect for Advanced LIGO and the
Einstein Telescope, so as to motivate the rest of the work. In
section4 we give an updated description of the current and
future ground-based lower-frequency GW detectors. In sec-
tion[3 we depict current and some past efforts in the searche
for binaries of BHs with LIGO and Virgo and the range of
masses that they have targeted. In sediilon 6 we introduc
the techniques used in data analysis with respect to wawefor
modeling of BBH coalescences, we present our hybrid wave-
form and briefly discuss the advantages of hybrid PN-NR
waveforms, whilst giving a short description of published a
on-going work in this regard. In the next sectidn 7, the angle
averaged signal-to-noise ratio for IMBHs as will be meadure
by various ground- and space-based detectors is calculate
Finally, we present the conclusions of our work in secfibn 8.

2. LIFE OF A MASSIVE BINARY
The aim of this section is not to give a detailed explana-

2006,

In this scenario, two clusters born in a cluster of clusters,
such as those found in the Antennae galaxy, are gravitatjonal
bound and doomed to collide (see Amaro-Seoane & Freitag
for a detailed explanation of the process and their ref
erences). When this happens, the IMBHs sink down to the

genter of the resulting merged stellar system due to dynami-

cal friction. They form a BBH whose semi-major axis con-
tinues to shrink due to slingshot ejections of stars coming
from the stellar system. In each of the processes, a star re-
moves a small fraction of the energy and angular momen-
tum of the BBH, which becomes harder. At later stages in
the evolution of the BBH, GW radiation takes over efficiently
nd starts to circularize, though one can expect thesemsgste
0 have a residual eccentricity when entering the LISA band
(Amaro-Seoane & Freitdg 2006). For this detector and chan-
nel, the authors estimated an event rate 664/ =.
(if) The single-cluster channel : |Gurkan et al.[(2006) added
a fraction of primordial binaries to the initial configurati

tion of the processes of formation of IMBHs and binaries of in the scenario of formation of a runaway star in a stellar

IMBHSs (BBHSs), but a description of the global picture so as cluster. In their simulations they find that not one, but two
to introduce the two different scenarios that play a rolhin t  yery massive stars form in rich clusters with a binary frati
formation of BBHSs. of 10%. [Fregeau et al. (2006) investigated the possibility o
emission of GWs by such a BBH and estimated that LISA
and Advanced LIGO can detect tens of them depending on
the distribution of cluster masses and their densities. eMor
recently, Gair et al. (2009) addressed the event rate tleat th
roposed Einstein Telescope could see and quoted a few to a

2.1. Birth

Up to now the IMBH formation process which has drawn
more attention is that of a young cluster in which the
most massive stars sink down to the center due to mas ew thousand events of comparable-mass IMBH mergers of
segregation. There, a high-density stellar region buildsth inale-cluster ch I P 9
and stars start to physically collide. One of them gains € Single-cluster channel.
more and more mass and forms a runaway star whose
mass is much larger than that of any other star in the
system. Later, that runaway star may collapse and form o o
an IMBH (Portegies Zwart & McMillari 2000; Girkanefal. ~ We show in Figuréll the evolution in a cluster of 30002
2004 Portegies Zwart etlal. 2004; Freitag et al. 2006a). of a BBH of IMBHs for the single-cluster channel. The semi-

We can theoretically explain the formation of a binary of major axis of the BBH shrinks slowly, the binary becomes
two IMBHs in a cluster in two different ways. harder and the eccentricity increasegto 0.6.

(i) The double-cluster channel : A problem into which one runs when simulating the sce-
nario of two bound IMBHSs on their way to coalescence with
direct N-body techniques is that numerically it is out of the

2.2. Growing up (shrinking down): Therole of triaxiality on
centrophilic orbits

3 http://www.ligo.caltech.edu/advLIGO/, http://wwwcasa.virgo.infn.it/advirgo/



question to integrate the system down to the frequencies of
interest for us. In the case of the double-cluster chanhel, t
cluster, which is in rotation, results from the merger of the
two initial clusters has a triaxiality which is not sufficieio
produce enough centrophilic orbits. These “boxy” orbits, a
seen by Berczik et all (2006), are typical of systems that do
not possess a symmetry around any of their axes. On the con-
trary to loop orbits, a characteristic of spherically syntmice

or axisymmetric systems, “boxy” orbits bring stars arlitya
close to the centre of the system, since it oscillates indepe 065t 5 o = s s
dently along the three different axes. Therefore, suclsstar Time [N-body]

due to the fact of being potential sling-shots, can feed tbe p
cess of shrinkage of the BBH semi-major axes by removing
energy and angular momentum out of it after a strong inter-
action. In the strong triaxial systems|of Berczik gt al. (00

the rotation caused in the process of merger creates anunsta
ble structure in the form of a bar. Within the bar the angular
momentum will not be conserved and thus the BBH loss-cone
is full due to the stars on centrophilic orbits, indepentjewit

the number of starh, . i Mass fraction: 0.5
In the models of Amaro-Seoane & Freitag (2006), the ini- oS §

tial conditions are a realistic parabolic merger of two -stel 200 300 400 500 500 700

lar clusters. The resulting merged cluster does not show the Time [N-body]

strong axisimmetry of Berczik et al. (2006). Whilst the loss o ) )
cone is not empty, because we see a Shrinkage due to Ste”quu_;. 2.— Triaxiality of the resulting merged cluster for diféert mass
- - ractions (upper panel) and the mass fraction 0.5. We atleithe semi-

encoun.ters,_ the flow of stars is too low to 'ntegr{ite such SYS-major axes of the ellipsoid of inertia a, b and ¢ (whare b > ¢) according
tems with directN-body down to the moment of interest for  to four different mass fractions which, in turn, are diitiéed on the basis of
the observation of GWs, the moment at which the BBH en- the amount of gravitational energy. The shorter the digidodhe center of
ters the first detection possibility in the LISA window. One }.he resulting cluster, the lower the mass fraction. Dispiagreb,a (solid

. . ; L ines) andc/a (dashed lines). The lower panel shows the shape indicators
reason for this low flow in this case could be that the initial for the mass fraction 0.5, together with the evolution of paeameterr, an
angular momentum given to the clusters was not sufficient for indicator for the triaxiality of the system, which tends twecas time elapses;
it. In any case, it does not make sense to integrate a wholg-e. the system tends to be oblate. The evolution i similar for the rest of
cluster for a very long time in order to follow the evolution ™ass fractions
of two single particles, the IMBHS, that interact only with a
star from time to time. One has to resort to a semi-analytical
approach, such as in Amaro-Seoane & Freitag (2006) to un-
derstand what the orbital parameters of the BBH will be when
it enters the LISA bandwidth.

In Figure[2 we show the role of the cluster symmetry ex-
plicitly by depicting the evolution of the triaxiality of &
cluster formed as a result of the merger of the two clusters
for our fiducial model in the case of the double-cluster chan- 23 Death
nel (which is the reference model.of Amaro-Seoane & Freitag >
2006). After a merger which is the result of a parabolic orbit ~ While the emission of GWs is present all the time from the
the final system is oblate rather than prolate; ae- b > c, very first moment in which the BBH is formed, the ampli-
wherea, b andc are the cluster axes. At the outskirts the re- tude and frequency of the waves is initially so low that no
sulting merged cluster is flatter and at the centre the binarypresent or planned detector would be able to register any in-
of IMBHs makes it rather spherical. This is true for the case formation from the system. Only when the semi-major axis
of the double-cluster channel. In the single-cluster cejnn shrinks sufficiently, the frequency increases enough so as t
where we do not have two merging clusters, the situation is“enter” the LISA band, which we assume starts at*19z.
even worse, because of the absence of the initial triaxialit The BBH then crosses the entire detector window during its
in the system.|_Amaro-Seoane et al. (2009b) addressed thisnspiral phase, as we can see in Figlire 4. We depict the
scenario and used additional simulations to further evitlee  evolution of a BBH of mass 432+4392M. The reason
BBH. They used scattering experiments of three bodies in-for this particular choice of masses is to give the reader a
cluding relativistic precession to 1st post-Newtoniareoyds point of reference to understand the whole picture. Regentl
well as radiation reaction caused by GW, so that they did notAmaro-Seoane et al. (2009a) included the effect of rotadfon
have to integrate every single star in the cluster to undedst  the host cluster and addressed the dynamical evolutioreof th
the posterior evolution of the BBH. In their work, between global system. They found some cases which led to high ec-
the strong encounterg,ande of the BBH were evolved by  centricities at the entrance of the detector LISA. The atstho
resorting to the quadrupolar formulag_of Peters (1964). also made a parameter estimation for these high-eccentrici

In Figure[3 we show the ulterior evolution of such a BBH sources and found with Monte Carlo realizations that LISA
starting from the last point of aN—-body simulation. We see  will observe some of them with signal-to-noise ratios (SNRs
that the eccentricity in this case decay®t00.01 in the mo- of 300 or greater, though the median SNR should be between
ment in which the BBH reaches the LISA sensitivity window. 10 and 20. The chirp-mass was estimated to be detected with

In other cases of Amaro-Seoane €tlal. (2009b), though, the fi-
nal eccentricity was as large as- 0.2. This is an important
point, because this eccentricity could be a finger-prinhis t
process. The BBH will have completely circularized when it
reaches the frequencies probed by Advanced LIGO and the
ET, because the emission of GWSs takes over the dynamics of
the system.
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FIG. 3.— Ulterior evolution of a BBH of masses 10012, — 1000M, .
For this particular model df Amaro-Seoane €t al. (2009b),rgnodel of
Wp = 6 with an initial semi-major axis of 400 AU are= 0.5 embedded in a
stellar cluster with a Kroupa mass function. The last pofrtheir N-body
simulation was used to feed the relativistic scatteringgsses to follow the
evolution of the orbital parameters down to the moment inclwtthe GW
frequency is 10* Hz and, hence, in the LISA band. At that momes, 0.01
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FIG. 4.— Amplitude of the GW emitted by a system of two equal-mass
IMBHs of total mass 878 M, as seen by different GW observatories. Note

that we have multipliedh(f)| by a factor 2/f, with f the frequency of the
system. This is required in order to be able to compare it thighsensitivity
curve of the different detectors (see secfidn 7 for moreildgtaFrom left
to right we depict the sensitivity windows of the future spdorne LISA
(dashed, grey curve), the Einstein Telescope (dotted, gueye) and Ad-
vanced LIGO (solid, grey line starting sharply at 10 Hz). H&in of the
BBH of IMBHs spends most of its inspiral in the LISA band, vgtithe ring-
down and merger occur at higher frequencies, only observaplground-
based detectors. Notably, the ET captures an importamteatéhe inspiral
as well as the whole ringdown and merger. The BBH system spapjorox-
imately 0.2 yrs to go fronf = 0.01Hz (well into the LISA band) up to the
lower cut-off frequency of Advanced LIGO, 10 Hz. These twanp® are
pinpointed on the plot

median fractional errors of 1) the reduced mass on the or-
der of 10° and the luminosity distance on the order of 10
In order to follow the system at this early stage of its eviolut

Newtonian corrections and eventually input from numerical
relativity simulations need to be considered in order to etod
the GW waveform. Three reference frequencies in the evolu-
tion of a compact BBH that approaches its merger are the in-
nermost stable circular orbif§co) of a test particle orbiting a
Schwarzschild black hole, the light-ring frequendyg() cor-
responding to the smallest unstable orbit of a photon ordpiti

a Kerr black hole and the fundamental ringdown frequency
(ferp) Of the decay of the quasi-normal modes computed by
Berti et al. (2005).

For the binary system shown in Figlie 4, the values of these
three frequencies arésco|8734|\/|® ~ 5 Hz, fLR|g7g4M® ~
14.2 Hz andferp|s7aam,, ~ 21.4 Hz. Should such a binary
exist at a distance of 100 Mpc, and if it was to be detected
with Advanced LIGO, it would produce a sky-averaged SNR
of ~ 450, assuming a low frequency cut-off of 10 Hz. To that
total SNR, the contribution of parts of the inspiral happen-
ing before the system reaches the characteristic freqaenci
fisco, fLr @and frrp would be 0%, 37% and 95% respectively.
FigurelB illustrates the same percentages for binariestaith
tal masses between 100 and 2609. It is immediately no-
ticed that, for the IMBHSs of interest in this study, most of
the SNR that these binaries will produce in Advanced LIGO
comes from the last stages of the the BBH coalescence.

Amaro-Seoane et all (2009a) have shown that LISA will
see the system of Figuké 4 with a median SNR of few tens.
The fact that the system merges outside its band prevents
LISA from observing the loudest part of the BBH coales-
cence. Nevertheless, the future generations of groungdbas
interferometers are in an excellent position to observe the
merger of IMBH systems, which will conveniently fall inside
their sensitivity bands.

We can estimate the time that the IMBH system takes to
evolve fromf = 0.01Hz, a frequency where the BBH can be
seen by LISA, to the lower cut-off frequency of 10 Hz of Ad-
vanced LIGO or of 1 Hz of the ET. A lower order approxi-
mation based on the Newtonian quadrupole formula (Peters
1964) leads to the following expression for the evolution of

the frequency in terms of the chirp mas$ = (mymy)%/5My'>
and frequency of the system

df _96 8/3 ) 45/3¢11/3
i MPPEERE Q)
We find a delay of only 0.2 yrs (80 days) for a BBH with total
massM = 8784Mg, to go from 0.01 Hz to the beginning of
the Advanced LIGO band and almost similar numbers to the
beginning of the ET band (the evolution of the system is ex-
traordinarily quick in the late inspiral phase, which expsa
the fast evolution from 1 to 10 Hz). In view of these figures,
LISA could be used as an “alarm” to prepare ground-based
detectors to register in detail the final coalescence, thaghde
of the BBH as such, by adjusting theireet spots (the most
sensitive part of the detector) to the particular BBH. Ttghhi
accuracy of which LISA is capable for parameter estimation
during the inspiral phase could be combined with the infor-
mation obtained from the large-SNR triggers that the BBH
merger and ringdown will produce in Advanced LIGO or ET

in the LISA band, a simple post-Newtonian approach sufficesto achieve a more complete characterization of the system.

for modeling the GW radiation. We are far enough from the

highly relativistic regime and only the inspiral phase of th
BBH coalescence is visible to the space antenna.

3. EVENT RATES
Fregeau et al! (2006) calculated the number of events that

As the IMBH system depicted in Figulé 4 leaves the LISA initial and Advanced LIGO (and LISA) could see from the
band and enters the strong field regime, higher order postsingle-cluster channel. In their estimation, they assumaé t
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e T We can apply the same argument in the case of the ET detector
sol ™ up to ferop by following the recent calculation bf Gair et al. (2009) foe
AN single-channel and extend it to the double-channel, sonthat
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wheregy is a certain redshift-independent fraction of the to-
Total mass (M) - : :
© tal star formation rate per comoving volume. lIts value is un-
Fic. 5.— Percentage of the total SNR produced by IMBH inspingliig- known. We follow Gair et &l.. (2009) in their estimation and
nals cut at the three reference frequendiggo, fLr and frrp. The SNRs set it togg| =0.1. Thus, the “optimistic” upper limit and “pes-

have been calculated using the noise curve of Advanced LIGQifinals PSPPI P
placed at 100 Mpc of the detector starting at 10 Hz and witha toass be- simistic” lower limit in the event rates for the ET are

more tha 50% of the otal SN fo syatems wilh (el MACGpBEOM e it TEF' € [(0)40006- 107 yr™! ®)
is the merger and ringdown parts of the coalescence (hfteand ferp) that L. Lo
contribute most to the SNR as the total mass of the systeradnes above a ~ Even though the optimistic upper limit is to be taken cardgful
few hundreds of solar masses these event rates are obviously more than encouraging to ad-
the very massive stars formed in the runaway scenario dodress the problem of detection and characterization oégyst
not merge into one, but evolve separately and eventuallyof IMBH binaries with ground-based detectors of GWSs, par-
each form an individual IMBH, following the numerical re- ticularly with Advanced LIGO and the ET. On the other hand,
sults of the Monte Carlo experiments of Girkan etlal. (2006). one should bear in mind that the existence of IMBHs alto-
Amaro-Seoane & Freitag (2006) gave a prescription to get angether has not yet been corroborated, so that the pessimisti
estimate of the event rates for the double-cluster channel b estimate is still somewhat optimistic. This is why we have
resorting to the detailed calculation|of Fregeau et al. €200 added a (0) in the previous rates.
This was based in the fact that the only difference between
both astrophysical scenarios in terms of the event caloculat 4. GROUND-BASED GW DETECTORS
involves (|) the fact that in the double-cluster channel bag An international network of first_generation ground_
one single IMBH in one cluster and (ii) these two clusters pased GW detectors — LIGQO _(Abbott et &l._2007), Virgo
have to collide so that the IMBHs form a BBH when they (Acernese et al. 2008), GEO600 (Gibte 2008) — recently fin-
sink to the center due to dynamical friction. - ished taking data at or close to design sensitivity. In late
The two different works assumed that the probability that a 2007 the LIGO detectors completed their fifth science run,
cluster gets into the runaway phas@is(P. = 1 meaningthat 55 during which one year of triple-coincident data was col-
all of them evolve to it). Fregeau et/al. (2006) took this ealu |ected at design sensitivity. The addition of the Virgo and
as a parameter because of the large uncertainties andset it IGEOG00 interferometers to the joint data taking has given
0.1 as an example. Nevertheless, as proven in the simuationrise to the most sensitive GW-detection effort to date. The
of Freitag et al.[(2006b), it could kees |arge as 0.5. _ currently operating ground-based detectors are Michéfson
As explained in section 4 of Amaro-Seoane & Freitag terferometers with the additional feature of Fabry-Perotsa
(2006), the connection between the event rate estimation Ofand have been designed to be most sensitive to GW signa|s
the two channels is in the 107* Hz band. The analysis of the detectors’ data
[ =p o Pal®"9, 2) by the Virgo and LIGO scientific collaborations has already
lead to astrophysically-relevant results, such as a lowpeu
whereI'®' js the event rate of the double-cluster channel, limit on the gravitational radiation emitted by the Crabgaul
I's"9 of the single-channel arféheg is the probability for two (Abbott et al! 2008a) and the statement that GRB070201 was
clusters to collide in the scenariolof Amaro-Seoane & Fgeita unlikely to have originated from the merger of a neutron star

(2006). As explained in their worlemerg € [0.1,1] binary in M31 (Abbott et al. 2008b).
As of summer 2009, the two 4 km LIGO and the 3 km Virgo
sing -10. Pra -1 detectors have undergone their respective upgrade prggram
Dadv.Lico =10 yr 3)
: 1 known as Enhanced LIGO and Virgo+. A one- to two-year

p_\2 joint S6/VSR2 science run with these enhanced interferom-
b o= Prmerg: 10(£> yrt (4) eters has recently begun in July 2009 and will finish at the
' 01 beginning of 2011.

The following years will however see significant sensiyivit
improvement of the detectors and more extensive upgrades
in what will constitute a second generation of GW interfer-
ometers. Advanced LIGO and Virgo will replace their ex-
isting hardware with new technology, with the goal of gain-

g a factor of 10 in improved sensitivity with respect to the
st-generation detectors. One of the most significanteons

We therefore can define the (absolute) “optimistic” upper
limit and “pessimistic” lower limit of the event rates by as-
signing all parameters their maximum and minimum values.
For initial LIGO, even taking into account the second chan-
nel of forming binaries of IMBHSs, the double-cluster chalpne .
the event rate seems to be negligible, even when considering:]?r

the most optimistic assumptions for the uncertain pararaete . :
P P P quences of the upgrades in the suspension systems of LIGO

For Advanced LIGO, will be the reduction of the seismic cut-off frequency frdme t
el oo €[(0)11,300]yrt. (5) existing 40 Hz value in initial LIGO to 10 Hz for the advanced



4:x107 in Figure[8. An alternative “xylophone” configuration of the

3.x10°% ET has been proposed by Hild et al. (2009), which trades off

™ improved sensitivity near 10 Hz for decreased sensitivity a
2.x10 higher frequencies. The ability to operate either in brazd-
£ 1x10% narrow-band mode — within the frequency range where the
= N T T T noise budget is limited by photon-shot noise — in order to
3 I s A ) M optimize the sensitivity to targeted astrophysical sosiisea
D 4 g0 common characteristic of the proposed ET and the Advanced
) 1o LIGO and Virgo detectors.
'X 5. CURRENT SEARCHES FOR BBH SIGNALS WITH LIGO AND
~3.x107% VIRGO
5 5 15 i 35 Data taken prior to May 2007 by the LIGO and GEO600
t(s) detectors has been or is currently being analyzed by the in-

FIG. 6.— IMBH systems as will be seen in the time-domain outpraiist ternational LIGO Scientific Collab(_)ratlon. Due t(.) an agree-
of the detector by the Advanced LIGO interferometer at thérigston site. ment between the LSC and the Virgo collaboration, all data
Three signals corresponding to equal-mass, non-spinf@HI systems collected after that date are to be analyzed and published
with total mass 40Mn < Mgt < 700M and random orientations and Jo|nt|y Depending on the GW sources to be searched for, dif-

polarization angles have been placed at 1 Gpc from the detetth a start- ; : f _
ing frequency of 10 Hz. The L1 interferometer strain has bhaedeled by ferent analySIS tEChmques are employed. For transierd; mo

Gaussian noise colored with the design sensitivity curyeeeted for Ad- eled sources such as compact binaries, for which an accurate
vanced LIGO. Depending on their distance and orientatiomsignals could theoretical understanding of the waveforms exists, search
be spotted by eye, which gives an intuitive idea of the kindboight” (in based on matched filtering are the optimal analysis choize. T

terms of GW emission) sources they are this category belong binary inspirals formed by neutronssta

and/or black holes. If the sources can only be modeled imper-
fectly, as is the case of core-collapse supernovae andameutr
star quakes, a more general approach to detection of GW burst
needsto be taken. Searches for continuous waves and stochas
tic GW background are also underway, for sources others than
the IMBH systems of interest for the work presented here.
Past LIGO searches for coalescing binaries have tradition-
ally split the total mass parameter space in several regions

detector. To improve the sensitivity limited by the quantum
noise, the laser power will be increased from the 10 W of ini-
tial LIGO to ~ 200 W. A signal recycling mirror will give
the advanced detectors the ability to tune the interferemet
frequency response, so that the sensitivity can be optinize
for detection of different kinds of astrophysical sourc€ke
second generation of ground-based interferometers wiitmo

likely inaugurate an era of routine GW observations, as its partially due to lack of a complete theoretical model of ladl t

physical reach during their first several hours of operatiin  gtae5”of the coalescing process and also because different
exceed the integrated observations of the first year LIGO sci triggers rates are expected for different mass ranges.- Post

ence runf.éfvt/he %urrent inztruments_ do not ][nake the ﬁ|:|5rt1 de-Newtonian calculations that describe well the adiabatic in
tection o S, the second-generation interferometersisno  gyirg| of a binary, when the two coalescing objects are far

succeed. o apart and the gravitational field is weak, have been avail-
The fundamental low-frequency limitations of the second- ghe for more than a decade (see the review by Blanchet
generation detectors are given by thermal, gravity gradien 5656, and references therein) and are continuously being im
and seismic noise. To circumvent these problems, yet a th'mproved with the publication of higher post-Newtonian terms
generation of GW interferometers to be operated undergroun iy, ihe series expansion (Blanchet ef al. 2004, 2008). This ap
is currently being proposed. The Einstein TelesCoptbea 5 oyimation is valid up to the innermost circular stable or-

10 km laser-interferometer with a sensitivity 100 timegéar : : _
than that of the current detectors. Moreover it will coves th 2 (SCO) which happens at a mass-dependent frequency
fisco= (2.8Mg /Migta)) 1600 Hz.

ggﬁnltje?g):jé?ggembaestg\?:nséHizv?hr}gr:}r?]zé rlnecga:‘?:engugr]]%i es The latest results corresponding to an inspiral search for
4 9 q binaries with total masses between 2 and/3bin the first

lower than the cut-off values of LIGO and Virgo. Once the de-
. : : year of the S5 LIGO data (Abbott etlal. 2009b) and the sub-
sign study and the technical preparation phase are cordplete sequent half year prior to the joint LIGO/Virgo data taking

construction could begin after the second-generationrese (Abb :
: : ott et al. 2009¢) making use of 2nd order PN templates
tories have started operation, probably before the endeof th have been recently published. No GW signals were detected

next decade. e 5 4
The frequency range that the ET will be able to probe and its 2Nd therefore an upper limit 0f.4x 10,7.3 x 10™ and

expected sensitivity could make this third-generatiooygd- 3-8 < 10°%yr™tL15 on the rates of binary neutron star systems,
based interferometer a complementary companion for thePinary black hole systems and black hole(—)nfautron star pinar
space antenna LISA, a very advantageous fact, since these twSystems respectively is computedsolis 10'° times the blue
detectors might well be operating simultaneously. Whereassolar luminosity. In addition to this BNS, BBH, and NSBH
the geometry of the current ground-based detectors rexjuire |OW-mass search, an externally triggered search assddiate
a multi-site network to measure the polarization of the Gw short-hard GRBs is also being performed in S5 data with the
signal, the ET design will be able to do so by itself, benaiitin help of PN templates, for these processes are thought te orig
from two coaligned, coplanar detectors at a single site. Theinate in the merger of a neutron star with another compact
currently favored design contains three independent tieec object.
arranged in an equilateral-triangle geometry. The expecte IMBH binaries with a total mass of #0*Mg, reach the
sensitivity curve for this “baseline” design of the ETisalo  ISCO at frequencies ranging from 45 to 0.45 Hz, which makes
the inspiral phase of their coalescence effectively ilésto
4 http:/www.et-gw.eu/ the currently operating first-generation detectors, hamcal-



ternative to matched filtering with PN waveforms is necessar .
A perturbative calculation of the ringdown phase of the BBH 100
coalescence can be done assuming that the post-merger BBH
results in a final Kerr black hole (Leaver 1985; Echeverria 10
1989), for which an analytical family of damped sinusoidal =
waveforms can be used to construct a template bank as showns 1
by [Creighton [(1999). Such a search has been performed in 5
the S4 LIGO data stream for BBH systems with masses be- & 01
tween 85 and 39, assuming a uniform distribution of o —— PN-NR hybrid
sources(Abbott et &l. 2009a), again leading to a null reswdt 0.01 ---- Matching point
a upper limit of 16 x 103yr1L1} on the rate of BBH ring-
downs in the local universe. The corresponding results fora ~ 0.001 ]
similar search in the LIGO S5 data are in progress. 0.002 0.005 0.010 0.020 0.050 0.100 0.200
As it has already been pointed out, the above-mentioned Mf
searches are targeted towards detection of a specific ghg of . : . o
BBH coalescence, be it the adiabatic inspiral or the fing-rin foFr'?h',jéquX{anﬁgg‘;r,mngnn?gglnenﬂg‘)ggﬁ'252‘;5&‘,3%ﬁ'gﬂf}};g{; ?,E'SB_
down. With the success of numerical relativity codes in com- merically simulated and”*-extrapolated = 2,m = 2 mode [(Reisswig et al.
puting the late inspiral, merger and ringdown of a BBH sys- 20093) is attached to a PN calculation based on the stajigrizase ap-

: ‘ : N proximation that incorporates terms up to 3rd PN order. Timgldudes
tem, p|0neered by Pretorius (2005)' Campanelll =tal. (2006 are stitched at a frequendyl f = 0.0196 to produce a full inspiral-merger-

Baker et al.|(2006), the prospects for performing a seam@h th  ringdown waveform. Note that the magnitudes displayed éngtiot are di-
benefits from a template bank modeling the full coalescencemensionless and can be scaled to account for different BBssesa

process have become promising. A search for binary sys-
tems with total mass between 25 and M)Qin S5 using this

calculations is a simplification of the more general casei-ho

kind of approach is currently in progress. For a review of €VerWwe willtake ourresults as a zero-order step in the chara
the ongoing activities of the LIGO and Virgo collaborations terlzl?jt[on cifll\ﬂBT]systelc”jns, a rr&odr%complex picture ofvr;/t;nch
see Abbott et all (2007) and Acernese etlal. (2008). With re-Wou'd involve higher modes and different mass ratios anul spi

; : . o configurations.
spect to the binary systems of interest for this work, it wuiif- . I .
fice to say that no current LSC or Virgo matched-filter search ugﬁgttoqtheigmirﬁgﬁe”jggz r(r)1f tgsee%r?r\]’,:éatr'ﬁggle;aﬂggbeé i
is specifically targeted to IMBH systems with masses in the \(/qvei hté/ds4 herical hz\rmonicspof Weight: gsp
10°*M, range. In our opinion, due to their astrophysical 9 P '

relevance and the advent of the second-generation detector o £

within the first half of next decade, future searches ought to Mrd, = Mr -2y, (9 _ 9
be carefully designed to pursue detection of this kind of sys 4 ;n; em(®, @) Yem ©)
tem.

6. WAVEFORM MODEL In the comparable-mass case, most of the radiation (incparti

' ular > 98% for equal-mass systems) is emitted in the domi-
Accurate theoretical modeling of the gravitational radia- nant/ =2,m=+2 modes, being the contribution of the higher

tion h(t) emitted by an IMBH system is key to improving its harmonics negligible (Berti et al. 2007).

detectability and parameter estimation. Wiener optimal fil  The effect of a GW on a detector in the far field of a source

ter (“matched filter”) is the standard algorithm currentsed is given by transverse-traceless part of the metric, thepiovo

in GW searches of BBH coalescences for which a templatelarizations of which are related to the Newman-Penroseascal

bank of waveforms is available. While post-Newtonian (PN) ¥, by

theory is valid to model the early inspiral phase of the BBH ) ;

evolution, an exact description of the merger and ringdown Wy(t) = he(t) —ihy(t) (20)

stages is only possible via numerical relativity (NR) cédeu ) . . .

tions. For comparable-mass scenarios, simulations aik ava OF ItS €quivalentin the frequency domain

able that model the late inspiral, merger and ringdown by

numerically solving the vacuum Einstein equation. Gravita Uy(f)=-4(rf)? {Fh(f)—iﬁx(f) : (11)
tional waves can be extracted from the numerically-sinealat o ) _
space-time by means of the Newman-Penrose sdajaria The strain induced in the detector by the GW of the binary
the electromagnetic decomposition of the Weyl tensor,@ee f  ¢an be reconstructed as

instance Bruegmann etlal. (2008). If the boundary of the nu- h(t) = Fa(t; 0, 6, 0) ha(t) + Fx (t; 6, ,) hyc (1) (12)

merical grid is placed far enough from the inspiralling BHSs,

the GW radiation as a distant detector would see it can bewhereF, andF, are the antenna response functions of the
computed and extrapolated. Moreover, a recent implementadetector and depend on the orientation angles between-the ra
tion of the Cauchy characteristic extraction (CCE) methpd b diation and detector frames.

Reisswig et dl.[(2009a) allows the first unambiguous, gauge- The high computational cost of current NR simulations
free determination of the gravitational waveforms for thel =~ makes it unfeasible to numerically model the full BBH co-
inspiral, merger and ringdown of a black-hole binary at null alescence process over hundreds of orbits. It is in fact also
infinity .#*. This general procedure has been applied to theunnecessary to do so, because PN theory provides a valid de-
particular equal-mass, non-spinning case anditisthis&tR d  scription of the system when the black holes are sufficiently
that we use for the construction of our BBH waveform model separated and the gravitational field is weak. Several proce
and in the computation of the results of secfibn 7. The equal-dures have been proposed in the past years to produce long
mass, non-spinning system that we model and use in our SNRnspiral-merger-ringdown waveforms by combining togethe
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the results from NR with PN and perturbation theories. The
effective-one-body (EOB) approachiof Buonanno & Damour
(1999, 2000) has been calibrated to NR results, yielding the 1019}
waveforms presented in Buonanno et al. (2007). Alternative
methods for constructing phenomenological waveforms have
been carried out for non-spinning BBHs and more recently
also for systems with non-precessing spins_by Ajith et al.
(2007,2008, 2009).

For the purpose of the SNR calculations shown in this pa-
per, we have chosen a new procedure for constructing hy-

---. Initial LIGO

---- Initial Virgo

— Adv LIGO base
- - Adv LIGO BHBH
— Adv Virgo

--- ET base

--- ET Xylophone

10720t

102} ¢

\/T 1/NVHzZ)

brid PN-NR waveforms in the frequency domain proposed by lg ”

Santamaria et all_(2009). The amplitude of the2,m= 2 |

mode, which dominates the GW emission in the comparable- -

mass scenario, is modeled in the frequency domain by a 3rd- & 109

order PN calculation based on the stationary phase approxi- | ~

mation at low frequencies followed by a numerical simulatio ‘i

extrapolated to null infinity via Cauchy characteristicraxt 10-2} NP

tion (Reisswig et &l. 2009a). This hybrid waveform models [ et S o
the dominant mode of the GW radiatidm,(t) for the full N
BBH coalescence and can be rescaled to BBH systems of any 1075}

total mass. Details of the construction procedure sketahed + 75 50 1550
Figure T will be presented elsewhere. f (H2)

Assuming that most of the GW emission is carried away
by the dominant mode and considering an optimally oriented Fic. 8.— Hybrid PN-NR(CCE) waveform for equal-mass, non-sisign

source, we can write down the expression of our model wave-BBH systems scaled to various IMBH masses. From top to bottershow

form h(t) in terms of the? = 2.m= 2 mode onIy as BBH systems with total mass 10@D0, 300 and 20, in blue, green, or-
’ ! ange and red respectively. The sources are optimally edesand placed at

100 Mpc of the detectors. The symbols on top of the waveforragkmari-

h(t) =4 /& hzz(t) ~ O.6308h22(t), (13) ous stages of the BBH evolution: solid circles represent3@&O frequency,
T

squares the light ring frequency and open squares signabitemtzian ring-
down frequency (corresponding to 1.2 times the fundameimtgtown fre-

which allows us to computé(t) and hence the expected guencyfero). when the BBH system has merged and the final BH is ringing
- g . A - own. Currently operating and planned ground-base teate drawn as

Slgn.al to-noise ratio for IMBH binaries as we show in theex well: plotted are the sensitivity curves of initial LIGO ak@fgo, two possi-

section. ble configurations for Advanced LIGO (zero detuning and-30M BBH

optimized), Advanced Virgo and the proposed Einstein ¢elps in both its
7. SNR CALCULATION broadband and xylophone configurations

The signal-to-noise ratio (SNR) of a model waveform with
respect to the output stream of the detector is the quagityt [Reisswig et al.| (2009b) for computations of maximal and av-
ically quoted to signify the detectability of a signal. THEFS eraged SNRs in the general, multi-mode case.
p obtained from matched filtering can be computed as Figure[8 provides a graphical representation of the de-
tectability of several IMBH binaries by current and future
0o Fren Fx o 1nE generations of ground-based GW detectors. Displayed are
2= 4/ h(HR"(F) 4 :/ [2h(f) VT2 dinf, (14) the design sensitivity of current initial LIGO and Virgo (se

0 Si(f) 0 S(f) ’ sitivities that have been met or approximately met durireg th

(se€ Thorrle 1989; Fiin 1992, e.g.). In the last equaiof) S5/VSR1 data taking), the proposed noise curves of Advanced

represents the one-sided noise spectral density of thetdete Virgo and two possible configurations of Advanced LIGO

Because the strain induced in the detector by the binar de_(broadband or “base” and optimized for 380M¢, BBHS)
use the strain induced | e ythe binary d€-3nd the designed noise budget for the Einstein Telescope in i

pends on its orientation and sky position as shown in Equa-ap e (broadband) and xylophone configurations. The hy-

tion[12, the SNR varies with the angle between the source andorid waveform described in sectigh 6 has been conveniently

the detector. It is therefore convenient to introduce arieang P
. > scaled to represent equal-mass, non-spinning BBH systems
averaged SNRp), which can be computed after decomposing with total mags ZOLBOO,q6OO and 1000 pSince?MBH sy)e-

the signal in modes via the spherical harmonftém tems with total masses in this range merge at frequencies wel
- ) within the reach of the ground-based detectors, an accurate
(p?) = lz/ lhem(f)] df. (15) modeling of the final stages of the BBH coalescence and a

™ 4= Jo Si(f) correct PN-NR hybrid construction are crucial for compgtin

correct values of the SNR and for good parameter estimation.
Whereas the relation between the SNR given by an optimally- As the right-hand-side of Equatidn]14 suggests, plotting
oriented source (a source located directly above or belew th the quantity 2h(f)| /T versus/S.(T) allows for direct vi-
detector with an inclination angle of= 0) and the averaged sual comparison of the importance of each of the stages of
SNR is in general dependent on the hlgher-harmenlcs structhe BBH coalescence. The three frequendieso, fir and
ture o_f the 5|gr_1al, a simple relation arises assuming that th the Lorentzian ringdown frequendyrp = 1.2frrp — used as
radiation is entirely modeled by the domindrt2,m=2con-  reference frequency in some of the LIGO searches described
tribution, in which cas@max= 1/5(p?) (i=2m=2). This assump-  in Section[b, for it captures the decay of the quasi-normal
tion is made in all our calculations throughout this papee, s modes — are marked on top of the curves with solid circles,
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100000 as can be seen in Figure 9. Although the space antenna will
be most sensitive to BBH binaries with masses in the range of
10°"M,,, the possibility that it can act as a complementary
observatory to the Einstein Telescope for IMBH binaries is a
very promising one. Parameter accuracy studies for IMBHs
in LISA are already available using the inspiral part of the

10000

1000

% coalescence (including also relatively high eccentsdsitisee
5 Amaro-Seoane et al. 2009a), and indicate that masses and sky
g positions will be recovered with a high accuracy level. In or
o vy der to complete the characterisation of IMBHs with the infor
& v Y mation given by the second and third generations of ground-
—AdvLIGObase | 4} based detectors, a comprehensive study of parameter rgcove
T Advvings MR that takes the BBH coalescence into account is very much de-
---+ET base ; sirable.
---.ET Xylophone \‘.
""" LSA 8. CONCLUSIONS
01156200 560 1000 2000 5000 10000 20000 The existence of IMBHs is a subject of particular inter-
Total mass (M) est in theoretical astrophysics. Even though we do not have

any evidence of these objects so far, a number of theoretical
ﬂ';'f-rz-s; ?;gn”(?'fﬁ?u?é"siéiﬁ!’t.ii a fg;ng\i/g” dgftg;?ot&t?rma%eaﬁsiﬂgs works have addressed their formation in dense stellar clus-
are Slaced ata distancegof 100 Mpc and the SNRs are anglagaekr Lesrsto Iéi\évceo\\’/v;r?hteo Sf?\/lllgvHv tlﬂeofj?rgidf)g] %(qeu\?viaTg‘tngz\éetLeg

, ) .. Very Large Telescope interferometer and next-generation i
squares and open squares respectively. One can immediatelyyiments, such as the VSI or GRAVITY, which should be
appreciate that systems with total mass aboveMg0@all al-  gperative in the next- 10 yrs. An alternative, or even com-
most completely below the 40 Hz “seismic wall” of the initial plementary way of discovering IMBHs is via their emission
LIGO detectors; however they will become very interesting o G\ws when they are in a BBH system.
sources for the second generation of GW interferometers andO We present the current status of the problem from the point
the proposed Einstein Telescope. Indeed, as we show in Secgf yiew of astrophysics, as well as analyze the symmetry of
tion[2, they will also be seen by the future space-borne LISA. the merged system in the case of the double-cluster channel.
In Figure[9 we show the angle-averaged SNR expected forgqy this, we examine the structure of the resulting steljar s

these sources in each of the above-mentioned detectors as @m and find that it is oblate and not prolate. This results in a
function of the total mass of the system. The sources ar€equced number of stars on centrophilic orbits; therefoge w
placed at a distance of 100 Mpc simply because this is & handy;jn that the loss-cone is not populated as fast as suggegted b
number which is easily scalable. The redshift this case can previous works[(Berczik et al. 2006). The authors found an
therefore be neglected. For more distant sources howéeer, t nstaple structure in the form of a bar that guaranteed a re-
total massv; = (1+2) M would need to be considered. population of the loss-cone, so that it is always full andrthe
_ Unsurprisingly, the SNRs calculated for the third genera- hinary of supermassive black holes does not stall. In the sim
tion of ground-based detectors beat the expectations For in jations we address for the results of this work, the BBH (of
tial and Advanced Virgo and LIGO at all masses. SNRs of \\BHs, which is the case of our interest) is not stalling, in

the order of 10 are expected for current LIGO and Virgo in- gpjte of the reduced number of centrophilic orbits due to the
terferometers for binaries with total mass up to afew huatslre  5rchitecture of the stellar system.

of solar masses at 100 Mpc. The first-generation detecters ar - \ye then calculate the contribution to the event rates from
most sensitive to neutron star binaries and stellar-masls ba he single- and double-cluster channels and find that, whils
holes, hence they miss most of the inspiral part of an IMBH he cyrrent ground-based detectors LIGO and Virgo will not
binary coalescence and can only see a fraction of its mergepe gple to observe these systems, next-generation observa-
and ringdown phases. Advanced LIGO and Virgo will be able {gries such as Advanced LIGO, Advanced Virgo and the
to measure averaged SNRs of the order 6f36t 100 Mpc,  proposed Einstein Telescope will be ready to detect tens
with a maximal response to BBH SySlEemS.WIth total mass in per year (Advanced |_|GO/Virgo) up to thousands per year
the range of 400 to 1000, For the Einstein Telescope the (ET). Whereas the space-borne LISA will see these bina-
SNR values are expected to lie within the>FOrange, and  ries with moderate SNRs and should be able to estimate
it is expected to be sensitive to binaries with total masses o the physical parameters of the system with high accuracy
the order of 16M,,, a significantly larger range than that sur- (Amaro-Seoane et 5l. 2009a), it is the advanced interferom-
veyed by Advanced LIGO and Virgo. It is noticeable how eters and the ET that will measure the loudest triggers &ssoc
the ET xylophone configuration increases the detectatufity —ated to IMBH binaries, for they merge completely within thei
binaries with masses above @@, with respect to the broad-  sensitivity bands.

band ET configuration. This is due to its improved sensitivit The identification and characterization of these systems re
precisely at frequencies in the range of 30 Hz, which is lies on accurate waveform modeling of their GW emission,
where systems of mass above hundreds of solar masses agvhich has been made possible due to the success of nu-
cumulate most of their SNR (see Figlite 8). As for LISA, merical relativity in simulating the last orbits of the BBH
IMBH binaries with masses of hundreds of solar masses will coalescence and the coupling of these results to analytical
be seen by the space antenna with a moderate SNR — it ipost-Newtonian calculations of the inspiral phase. We use
only at masses above tens of thousands of solar masses that PN-NR hybrid waveform model of the BBH coalescence
LISA will start taking over the ground-based observatqgries based on a construction procedure in the frequency domain,
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see Santamaria etlal. (2009) for details. The ingrediemts fo into play remains to be performed. In that regard, accurate
its construction are the highest available PN correctiotise modeling of spins and higher modes are expected to be cru-
amplitude (3PN) and phase (3.5PN) and the most accurategial for precise determination of masses, spins, locatith a

Cauchy-characteristic NR data at spatial infini#/, corre- distance of the sources. These and other questions regardin
sponding to the last orbits before merger up to the plunge andparameter estimation will be the core of further work in this
ringdown of the binary. topic.

Using this hybrid waveform, we have computed the sky- Thedirect identification of an IMBH with GWs will be a
averaged SNR corresponding to the current and Advancedevolutionary event not only due to the uncertainty that sur
LIGO and Virgo detectors, the proposed ET and the space-rounds their existence and their potential role to test gdne
based LISA. The results show that binaries up toQ0will relativity. The information encoded in the detection wilbp
be seen by the initial interferometers with SNRs of tens at vide us with a detailed description of the environment of the
100 Mpc (but their event rate is, unfortunately, negligible BBH/IMBH. Freitag et al. [(2006b,a) described in detail the
binaries up to~ 1000M, will produce SNRs of 1872 in requirements from the point of view of the host cluster to
Advanced LIGO and Virgo at 100 Mpgc; finally, ET will see form an IMBH in the center of the system. By starting with a
IMBH binaries up to tens of thousands of solar masses with cluster of main-sequence stars with a determined initiasn
SNRs of~ 10°°. These observations could be complemen- function, the authors find that, after the cluster reaches-co
tary to those of LISA, which is expected to detect these sys-collapse due to mass segregationin the system, if thereoire n
tems with moderate SNRs and to be more sensitive to SMBH ‘00 hard” binaries, the time to reach core collapse is sort
binaries instead. More remarkably, in principle if LISA and than 3 Myrs and the environmental velocity dispersion is not
the ET are operative at the same time, they could complementmuch larger thanv 500kms?, the runaway formation of a
each other and be used to track a particular event. The timevery massive star (VMS) with a mass larger thanl00M,
for a BBH of M ~ 800Mg, to get from frequencies well inside  is possible. Not yet well understood are the later evolution
the LISA bandwidth to within the ET sensitivity window is of the VMS and the conditions to impose upon it, so that it
only 80 days. In such circumstances, one could use LISA todoes not evolve into a super-massive star (SMS) (see for in-
forewarn ground-based detectors, so that they could be& tune stance Amaro-Seoane & Spurzem 2001; Amaro-Seoane et al.
to get as much information (SNR) from the BBH as possible, 2002;| Amaro-Seoahe 2004, and the references in their work)
optimizing the parameter extraction. in this particular scenario, as well as the factors that ¢oul

Current LIGO and Virgo matched-filter searches for BBH limit the mass of such an object so that it could collapse
coalescences are solely targeted to stellar-mass blaels,hol and turn into an IMBH. The process depends on a number
for those are one of the types of systems that first-generatio of factors and assumptions, such as e.g. the role of metallic
ground-based detectors are most sensitive to. The elevatedly, winds (see e.d. Belkus etlal. 2007, though it is rather un
rates of IMBHs events that we predict for Advanced LIGO clear how to extrapolate the results they obtain, whichiare |
and Virgo (tens per year) and the ET (thousands per year)ited to stars with masses of maximum Mg to the masses
should bring these more massive systems to the attentiorfound in the runaway scenario works, which are typically at
of the GW data analysis community. Future matched filter least one order of magnitude larger) and the collisions on to
searches specifically targeted towards detections of IMBH b  the runaway star from a certain mass upwards. On the other
naries with ground-based detectors should be able to shedhand| Suzuki et al. (2007) investigated the process of grgwi
light into the question of their existence and corroboraia-o up of a runaway patrticle by coupling direldt-body simula-
validate the current theoretical estimations on their exae. tions with smooth particle hydrodynamics (SPH) to analyze

Advanced ground-based detectors are designed to be ablthe evolution of the star and found that stellar winds would
to operate in different modes so that their sensitivity can b not inhibit the formation of a very massive star. More re-
tuned to various kinds of astrophysical objects. Consideri  cently,|Glebbeek et all (2009) considered the effects of the
the importance of an eventual detection of an IMBH binary, stellar evolution on the runaway collision product. Thegfin
the design of an optimized Advanced LIGO configuration for that for their low-metallicity models, the final remnant bt
systems withM ~ 107*M. would be desirable in order to merger tree is expected to explode as a supernova, andin thei
increase the possibility of observing such a system. In casehigh-metallicity models the possibility of forming an IMBH
an IMBH binary coalescence was detected, the recovery ands negligible and end up with a mass of 10-N4 at the onset
study of the physical parameters of the system could serve taf carbon burning. Nevertheless, these develope an exdende
test general relativity and prove or reject other altexetfie- ~ envelope, so that the probability of further collisionsigtter.
ories, such as scalar-tensor type or massive gravitonigseor In any case, self-consistent direct-summatibhody simula-

A number of assumptions and simplifications have beentions with evolution of the runaway process are called in to
made in the waveform model used here that can certainly banvestigate the final outcome.
improved in subsequent works on this topic. Furtherworkwil ~ The information which we will recover from the data analy-
benefit from a more sophisticated model that includes atarge sis of these systems, once they have been detected with GWs,
number of mass ratios and the incorporation of the spins ofwill provide us with restrictions on the models which willrco
the black holes, which will change their expected SNR. By strain the various unknowns. Also, by combining this infor-
including those corrections we do not, however, expect a ma-mation with that from forthcoming instruments such as the
jor change in the orders of magnitude of the figures that we Very Large Telescope interferometer and next-generatien o
have drawn here. The high-SNR triggers that IMBHs will servatories, as e.g. VSI or GRAVITY, we will have a more ac-
produce in the advanced detectors should in any case guarcurate description of the stellar environment surroundireg
antee their detection, should they exist. Nevertheless|la f IMBH. Thanks to an accurate identification of the system, we
study on the accuracy of parameter estimation with advancedwill be in position to “reverse-engineer” the astrophyshia-
ground-based detectors when the merger and ringdown coméory of the stellar cluster, since this will leave a fingenpin
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the detected IMBHSs. malism used for the waveform modeling. We are grateful to
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