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What can we learn from gravitational waveform?
(Suppose NS+NS ->BH )
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BH-BH merger waveforms (non spinning)
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FIG. 2: NR waveforms (thick/red), the ‘best-matched’ 3.5PN waveforms (dashed/black), and the hybrid waveforms
(thin/green) from three binary systems. The top panel corresponds to n = 0.25 NR waveform produced by the AEI-CCT
group. The second, third and fourth panels, respectively, correspond to = 0.25,0.22 and 0.19 NR waveforms from produced
by the Jena group. In each case, the matching region is —750 < {/M < —550 and we plot the real part of the complex strain

(the ‘4’ polarization).
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Inspiral Phase

Sup-pose two BHs with mass M 1 and My (M, > M>) form a binary with circular orbit of radius a.
The quadrupole formula of the gravitational radiation gives us the time to coalesce tinsp as,

) a c? c? c?
tinsp = ﬁaa (E) (GMI) (GMg) (GMT)

4 3 3 S
10° Mg 10° M, M
~ 1.23 x 1072 a © 1
3 x 10 (Rgmv) ( M, ) ( Mo ) (2 X 1031\4@ 9 ( )

where we used Rgpqy = 2GMyp/ ¢? and Mp = My + Ms. For a = 10Ryrqv, the inspiral time, tisp, is
about 2.1 minutes if M7 = My = 103M, about 3.4 hours if M, = M, = 10° M.

The typical frequency of gravitational wave, finsp, in this inspiral phase is,

f; _ 1 /GMr
msp - - a3
-3/2 3
a 2 x 10 M@>
~ 114 Hz, 2
(Rgrav) ( My ( )

and the amplitude of gravitational wave, of its angle and polarization averaged expression (Douglas
& Braginsky 1979) is,

32 _ - _
hinsp = ‘/gw2/3G5/3c My MM B3R (3)
~ 149 x 1072 (2N M My NP f NP RN
' 10°Ms, ) \103My, ) \ 2x103M 1Hz 4Gpc)
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Fig. 1.— Expected gravitational radiation amplitude from merging IMBHs of (a) hierarchical
growth model, and (b) monopolistic growth model. We plotted both the inspiral phase ( finsp, Pinsp )
legs. (2) and (3)], and the ringdown phase (fqQnm,Rcoal), [€qs. (4) and (6)], for various mass
combinations. The open and closed circle and square in the inspiral phase are of a = 50,10 and
5 Rgrav- The final burst frequency, fonm, depends on the efficiency, €, which we fix € ~ 10~2 for
plots. Lines are the sensitivity of the future detectors; LISA, DECIGO, LIGO 2, and LCGT, taken
from Fig. 1 in Seto et al. (2001). The data are evaluated at the distance R = 4 Gpc.
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Hierarchical growth vs Monopolistic (or runaway) growth
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Event numbers of mergers starting with a thousand of 10° M, IMBHs. The solid line is the hierarchical growth model, that is each two equal-mass
IMBHs merge together simultaneously. The dotted line is the monopolistic growth model, that is one single BH eats all other 10° M, IMBHs

and grows itself. Ringdown frequency fonas, is used for the plot. The arrows indicate a plausible evolution behavior.
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Fig. 2.— Event numbers of mergers starting from a thousand of 10°M; IMBHs. The vertical axis
is the event rate v[yr—!], eqs. (12) and (14). The horizontal axis is the mass of the post-merger BH,
My, which is also interpreted in the final gravitational radiation frequency fonum. Fig. (a) and (b)
are for the hierarchical growth model and for the monopolistic growth model, respectively. Both
plots are for the homogeneous distribution model, while we just multiply three for each event rate
for the thin-shell galaxy distribution model. If a SMBH grows up hierarchically, then the bursts of
gravitational radiation appear in higher frequency region. In the monopolistic model, the bursts
appear in lower frequency region. We fix the increasing-mass rate, a, as unity for the plots.
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What can we learn from gravitational waveform?
(Suppose NS+NS ->BH )
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BH-BH merger waveforms (non spinning)
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FIG. 2: NR waveforms (thick/red), the ‘best-matched’ 3.5PN waveforms (dashed/black), and the hybrid waveforms
(thin/green) from three binary systems. The top panel corresponds to n = 0.25 NR waveform produced by the AEI-CCT
group. The second, third and fourth panels, respectively, correspond to = 0.25,0.22 and 0.19 NR waveforms from produced
by the Jena group. In each case, the matching region is —750 < {/M < —550 and we plot the real part of the complex strain

(the ‘4’ polarization).
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Black-Hole Ringdown waveform
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BH quasi-normal ringing frequency (spin=0D & &)
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DETECTION OF IMBHs WITH GROUND-BASED GRAVITATIONAL WAVE OBSERVATORIES: A BIOGRAPHY
OF A BINARY OF BLACK HOLES, FROM BIRTH TO DEATH
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Figure 6. Hybrid waveform for three BBH configurations scaled to various
IMBH masses. From top to bottom, we show BBH systems with total mass
1000, 500, and 200 My in blue, green, and red, respectively. Solid lines
correspond to the equal-mass, non-spinning configuration (1), dashed lines to the
equal-mass, x = 0.75 configuration (2), and dotted lines to the non-spinning,
q = 3 configuration (3). The sources are optimally oriented and placed at
100 Mpc of the detectors. The symbols on top of configuration (1) mark various
stages of the BBH evolution: solid circles represent the ISCO frequency, squares
the light ring frequency, and open squares the Lorentzian ringdown frequency
(corresponding to 1.2 times the fundamental ringdown frequency frrp), when
the BBH system has merged and the final BH is ringing down. Currently
operating and planned ground-based detectors are drawn as well: plotted are
the sensitivity curves of initial LIGO and Virgo, two possible configurations
for Advanced LIGO (zero detuning and 30-30 M, BBH optimized), Advanced
Virgo, and the proposed ET in both its broadband and xylophone configurations.
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Signal-to-Noise Ratio (SNR)
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Signal-to-Noise Ratio (SNR)

IR h(t) &/ 4 A n(t) DNITH 5,
s(t) = h(t) + n(t).
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Signal-to-Noise Ratio (SNR)

(one sided) power spectral density of noise: Sj(f)
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Ringdown;EfiZ ®SNR (1)

h(t) = hocos(27 fnet + ho)e” ™ (1)

BH OB #) FBRNICEB T AR ZRDE E, A7 X—=F%a & LT (Leaver
1985, Echeverria 1989)

1
fan ~ [1 — 063(1 — 0)3/10] m (2)

Q = Tfqur ~2(1—a) ¥ quality factor (3)

Ringdown T X #1% energy spectrum (Flanagan-Hughes 1998)

dE  A*M*f? { 1 N 1 }
df - 32872 [(f = faue)? + (27{7')_2]2 [(f + foue)? + (27”')_2]2
N GAQM e 8(f — fane) [1+0(1/Q)] ()

EMBARXLS, A~04%Z R D % &,

0.0063662(1 — 0.63(1 — a)°3)
(1 _ a)9/20

BH ® spin % a = 0.98 & FATH UL, Engaown = 0.03M. P

1
Eringdown ~ §A2M2fme - M (5)
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Formation and Coalescence of Cosmological Supermassive-Black-Hole Binaries
in Supermassive-Star Collapse
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We study the collapse of rapidly rotating supermassive stars that may have formed in the early
Universe. By self-consistently simulating the dynamics from the onset of collapse using three-dimensional

general-relativistic hydrodynamics with fully dynamical spacetime evolution, we show that seed pertur-
bations in the progenitor can lead to the formation of a system of two high-spin supermassive black holes,
which inspiral and merge under the emission of powerful gravitational radiation that could be observed at
redshifts z = 10 with the DECIGO or Big Bang Observer gravitational-wave observatories, assuming =
= ars in the mass range 10*~10°M,. The remnant is rapidly spinning with dimensionless =
e surrounding accretion disk contains ~10% of the initial mass.
MI1GI M2Gl1 M2G2
BH mass Mgy (units of M) 55 58  3.0+0.1 £
3.0%+0.1 -
oo vee 5.8 0.2
BH spin agy 0.9 09 0.7%0.02
e 0.7%002
«++ 09x0.01
Baryonic disk mass M 1.3 1 0.7 0.2
(units of M) 5
Accretion rate M 1.2X10732X10746.7 X 1073 =~
Radiated GW energy Egw (%) 0.02 0.16 3.71




Measuring spin of a supermassive black hole at the
Galactic Centre — Implications for a unique spin
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ABSTRACT

We determine the spin of a supermassive black hole in the context of discseismology by
comparing newly detected quasi-periodic oscillations (QPOs) of radio emission in the
Galactic centre, Sagittarius A* (Sgr A*), as well as infrared and X-ray emissions with
those of the Galactic black holes. We find that the spip parame of black holes in Sgr
A* and in Galactic X-ray sources have a unique val ich is smaller than
the generally accepted value for supermassive black Trelespeaggesting evidence for the
angular momentum extraction of black holes during the growth of supermassive black
holes. Our results demonstrate that the spin parameter approaches the equilibrium
value where spin-up via accretion is balanced by spin-down via the Blandford-Znajek
mechanism regardless of its initial spin. We anticipate that measuring the spin of black
holes by using QPOs will open a new window for exploring the evolution of black holes
in the Universe.

arXiv:0906.5423
MNRAS
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Figure 3. Time evolution of the black hole surrounded by the
standard accretion disc with the suitable disc parameter a = 0.01
and 8 = 1 for different mass accretion rates (rn = 0.1, 1.0, and
10 denoted by a green, red, and blue line, respectively). (a) is the
equilibrium spin parameter in terms of am for given black hole
masses (M = 10,10°%,103 M denoted by a black sold, dashed,
and dotted line, respectively). (b) is the time evolution of spin
parameter for the initial black hole mass Mp = 10Mg with
different initial spin parameters (a. = 0.0, 0.75, and 0.95 de-
noted by a solid, dashed, and dotted line, respectively). A gray
"\ - shaded region in (a) and (b) indicates the best-fit spin parame-
Kato_l_’ arXIV'0906' 5423 ter a. = 0.44 £ 0.08 determined by the discseismic measurement.
M N R A (c) is the time evolution of mass ratio M /My with different mass
S accretion rate and initial spin parameters. The curves are almost

independent of the initial spin parameters.
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Figure 7. S/N as a function of the redshifted total mass of the BBH for the
present and future generations of GW detectors and LISA. The sources are
placed at a distance of 6.68 Gpc (z = 1) and the S/Ns correspond to sources
optimally oriented and located. Solid lines indicate S/Ns for the equal-mass,
non-spinning configuration (1); for Advanced LIGO and ET we have included
the S/Ns produced by configurations (2) and (3) as well, indicated with dashed
and dotted lines, respectively.
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Figure 8. Orientation-averaged distance vs. redshifted mass for three binary
configurations obtained with the design sensitivity curves of Advanced LIGO
and the ET. The solid, dashed, and dotted lines correspond to the configurations
denoted in the text as (1), (2), and (3), respectively. Note the ~40% increase

in reach given by the hang-up configuration with x = (.75 with respect to the
non-spinning case.



Event Rate?

Miller (2002) ApJ 581, 438
Will (2004) ApJ 611, 1080
Fregeau + (2006) ApJ 646, L135

47

R(M,a,p) = (5 naedu(M,a,p)*) (M, 1) (M) (1)

where

e di(M,a,p) is the distance reached for a given SNR p as a function of total mass M,
and spin of BH a.

® Ny = 8h? Mpc~ is the number density of globular cluster.
o y(M) =10"1M/pu [/yr] is the rate of small mass BH merge with BH of mass M.

e f(M) is the fraction of globular clusters.



Event Rate?

cosmological model
Miller (2002) ApJ 581, 438

Will (2004) ApJ 611, 1080
Fregeau + (2006) ApJ 646, L135 e 0,0=0.27, Qo =0, and Qg = 0.73.

e Hy=T72 km/s/Mpc

where

e dr(M,a,p) is the distance reached for a given SNR p as a function of total mass M,
and spin of BH a.

e n,. = 8h® Mpc? is the number density of globular cluster.

o y(M)=10"1"M/p [/yr] is the rate of small mass BH merge with BH of mass M.

e f(M) is the fraction of globular clusters.



Fraction Rate

RMa,p) = (“5mudn(M,0,0)*) v(M, u{f (M)

Hierarchical growth model Monopolistic growth model

MassbH (TotalNumberMarger) in M_sun

- Fraction
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