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Science 256 (1992) 325

LIGO: The Laser Interferometer
Gravitational-Wave Observatory

Alex Abramovici, William E. Althouse, Ronald W. P. Drever,
Yekta Girsel, Seiji Kawamura, Frederick J. Raab,
David Shoemaker, Lisa Sievers, Robert E. Spero,

Kip S. Thorne, Rochus E. Vogt, Rainer Weiss,
Stanley E. Whitcomb, Michael E. Zucker

The goal of the Laser Interferometer Gravitational-Wave Observatory (LIGO) Project is to
detect and study astrophysical gravitational waves and use data from them for research
in physics and astronomy. LIGO will support studies concerning the nature and noniinear
dynamics of gravity, the structwres of black holes, and the equation of state of nuclear
matter. It will also measure the masses, birth rates, collisions, and distributions of black
holes and neutron stars in the universe and probe the cores of supernovae and the very
early universe, The technology for LIGO has been developed during the past 20 years.
Construction will begin in 1992, and under the present schedule, LIGO's gravitational-wave

searches will begin in 1998,

Einstein's general relativity theory de-
scribes gravity as due to a curvature of
space-time (). When the curvature is
weak, it produces the familiar Newtonian
gravity that governs the solar system. When

The authors are e members of the LIGO Sclence
Seerng Group. A Abramovicl, W. E. Athouse (Creef
Engrwed), R W. P, Deover, 5. Kewarrurs, F.J Rasb
L Severs. R L Spero, K S Thore, R E

(Dwector), S. E. Whitcomb (Deputy Dwecion), and M E
Zucker are with the Callormea insstute of Technology.
Pasaciena, CA 01125 Y. Girsel is &t the Jet Props-
sion Laboratory, Pasadena, CA 91108 D Shoemaker
and R Weiss we o the Massachusems attute of

Technalogy, Cambecge, MA (2129
SCIENCE * VOL. 156 * 17 APRIL 1992

the curvature is strong, however, it should
behave in a radically different, highly noa-
linear way. According to general relativity,
the nonlinearity creates black holes (curva-
ture produces curvature without the aid of
any matter), governs their structure, and
holds them together against disruption (2).
Inside a black hole, the curvature should
nonlinearly amplify itself to produce a
space-time singularity (2), and near some
singularities the nonlinearity should force
the curvature to evolve chaotically (3).
When an object’s curvature varies mapidly
(for example, because of pulsations, colli-
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Fig. 7. The expected total noise in each of
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curve) and in a more advanced interferometer
(lower solid curve). The dashed curves show
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Kamioka Gravitational wave detector, (Large-scale Cryogenic Gravitational wave Telescope)
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| signal = gw + noise
Science 256 (1992) 325 s(t) — h(t) + n(t)
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PRL 116 (2016) 061102

week ending
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016
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1. Gravitational Wave >> Expected Waveform
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Animation of the inspiral and collision of two black holes consistent with the masses and spins of GW170104. The top part of the movie shows the black hole horizons (surfaces of "no return"). The initial two
black holes orbit each other, until they merge and form one larger remnant black hole. The shown black holes are spinning, and angular momentum is exchanged among the two black holes and with the orbit. This results
in a quite dramatic change in the orientation of the orbital plane, clearly visible in the movie. Furthermore, the spin-axes of the black holes change, as visible through the colored patch on each black hole horizon, which
indicates the north pole.

The lower part of the movie shows the two distinct gravitational waves (called 'polarizations') that the merger is emitting into the direction of the camera. The modulations of the polarizations depend sensitively on the
orientation of the orbital plane, and thus encode information about the orientation of the orbital plane and its change during the inspiral. Presently, LIGO can only measure one of the polarizations and therefore obtains
only limited information about the orientation of the binary. This disadvantage will be remedied with the advent of additional gravitational wave detectors in ltaly, Japan and India.

Finally, the slowed-down replay of the merger at the end of the movie makes it possible to observe the distortion of the newly formed remnant black hole, which decays quickly. Furthermore, the remnant black hole is
"kicked" by the emitted gravitational waves, and moves upward. (Credit: A. Babul/H. Pfeiffer/CITA/SXS.) - See more at: http://ligo.org/detections/GW170104.php#sthash.NZPaW?2LT.dpuf

http://ligo.org/detections/GW1/70104.ph


https://www.black-holes.org/
http://ligo.org/detections/GW170104.php#sthash.NZPaW2LT.dpuf
http://ligo.org/detections/GW170104.php

The waveform explained
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1. Gravitational Wave >> Expected Amplitude
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. Gravitational Wave >> Expected Events

Typical frequency of BH-BH binary merger @ 100Mpc
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1. Gravitational Wave >> Expected Events

Typical frequency of BH-BH binary merger @ 1000Mpc
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1. Gravitational Wave >> Expected Events

Typical frequency of BH-BH binary merger @ 1000Mpc
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1. Gravitational Wave >> Expected Events
Typical merger duration of BH-BH binary merger @ 1000Mpc

o

C\ll_l 10—177 [ )
i . :

e f 12m e

an] 3.4h o o

= oo 89d > 1.25m

~ ° ZOm‘ °

% 8.9.d 7.7S
:E; 10-21 - Zlh

N 10° Mg, + 10° Mg

i)

1%

-

D)

N 108 - 12m
= 10M,, + 10M,, °
£

P

1074 0.01 1 100

frequency [Hz]

20170623 EH 24



GW150914

LIGO Hanford Data

T T T
Predicted

| | |

—

| | |
LIGO Livingston Data Predicted

"“\/\«\/'\ f\ /\

| | |

E N | /| )[ | l‘\'u‘\ |

1 | |

LIGO Hanford Data (shifted)

LIGO Livingston Data

| |
0.35 0.40
Time (sec)

1
0.30

GW15091

BACKGROUND IMAGES: TI

FACTSHE%T

~-FREQUENCY TRACE (TOP) AND TIME-SERIES

(BOTTOM) IN THE TWO LIGO DETECTORS; SIMULATION OF BLACK HOLE

HORIZONS (MIDDLE-TOP),

BEST FIT WAVEFORM (MIDDLE-BOTTOM)

first direct detection of gravitational waves (GW) and first direct observation
of a black hole binary

observed by
source type
date

time

likely distance

redshift

signal-to-noise ratio

false alarm prob.

false alarm rate

LIGO L1, H1

black hole (BH) binary

14 Sept 2015
09:50:45 UTC

0.75 to 1.9 Gly
230 to 570 Mpc

0.054 to 0.136
24

< 1in 5 million

< 1in 200,000 yr

Source Masses

total mass
primary BH
secondary BH

remnant BH

mass ratio
primary BH spin
secondary BH spin
remnant BH spin

signal arrival time
delay

likely sky position
likely orientation
resolved to

60 to 70
32 to 41
25 to 33

58 to 67
0.6 to 1

<0.7
<0.9

0.57 t0 0.72

arrived in L1 7 ms
before H1

Southern Hemisphere

face-on/off
~600 sq. deg.

~ 200 ms
~10

duration from 30 Hz
# cycles from 30 Hz

peak GW strain 1x 102

peak displacement of

interferometers arms

frequency/wavelength
at peak GW strain

+0.002 fm

150 Hz, 2000 km

~0.6c

3.6 x10° erg s™
2.5-3.5 Mo

peak speed of BHs
peak GW luminosity
radiated GW energy

remnant ringdown freq. ~ 250 Hz

remnant damping time ~4ms

remnant size, area 180 km, 3.5 x 10° km?

passes all tests
performed

<1.2x10%2eV

consistent with
general relativity?

graviton mass bound

coalescence rate of
binary black holes

2 to 400 Gpc3 yr!

online trigger latency ~ 3 min

# offline analysis pipelines 5

~ 50 million (=20,000
PCs run for 100 days)

papers on Feb 11, 2016 13

~1000, 80 institutions
in 15 countries

CPU hours consumed

# researchers

Detector noise introduces errors in measurement. Parameter ranges correspond to 90% credible bounds.
Acronyms: L1=LIGO Livingston, H1=LIGO Hanford; Gly=giga lightyear=9.46 x 10’2 km; Mpc=mega
parsec=3.2 million lightyear, Gpc=103 Mpc, fm=femtometer=10-"> m, Mo=1 solar mass=2 x 103 kg
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FREQUENCY TRACE (TOP) AND TIME-SERIES

(BOTTOM) IN THE TWO LIGO DETECTORS; SIMULATION OF BLACK HOLE
HORIZONS (MIDDLE-TOP), BEST FIT WAVEFORM (MIDDLE-BOTTOM)

first direct detection of gravitational waves (GW) and first direct observation
of a black hole binary

LIGO L1, H1
source type black hole (BH) binary
date 14 Sept 2015
time 09:50:45 UTC

0.75 to 1.9 Gly
230 to 570 Mpc

redshift 0.054 to 0.136

observed by

likely distance

signal-to-noise ratio 24

false alarm prob. < 1 in 5 million

false alarm rate <1 in 200,000 yr

Source Masses
total mass 60 to 70

primary BH 32 to 41
secondary BH 25 to 33

remnant BH 58 to 67

mass ratio 0.6to 1
primary BH spin <0.7
secondary BH spin <0.9
0.57 to 0.72

signal arrival time arrived in L1 7 ms

remnant BH spin

duration from 30 Hz
# cycles from 30 Hz

peak GW strain

peak displacement of
interferometers arms

frequency/wavelength
at peak GW strain

peak speed of BHs
peak GW luminosity
radiated GW energy

remnant ringdown freq.

remnant damping time

180 km, 3.5 x 10% km?

remnant size, area

consistent with
general relativity?

graviton mass bound

coalescence rate of
binary black holes

online trigger latency

~ 200 ms
~10

1x10%

+0.002 fm

150 Hz, 2000 km

~0.6c
3.6 x10% erg s
2.5-3.5 Mo

~ 250 Hz

~ 4 ms

passes all tests
performed

<1.2x1022eV
2 to 400 Gpc3yr!

~ 3 min

# offline analysis pipelines 5

~ 50 million (=20,000
PCs run for 100 days)
papers on Feb 11, 2016 13

~1000, 80 institutions
in 15 countries

delay before H1 CPU hours consumed

likely sky position Southern Hemisphere

face-on/off
~600 sq. deg.

likely orientation

resolved to # researchers

Detector noise introduces errors in measurement. Parameter ranges correspond to 90% credible bounds.
Acronyms: L1=LIGO Livingston, H1=LIGO Hanford; Gly=giga lightyear=9.46 x 10’2 km; Mpc=mega
parsec=3.2 million lightyear, Gpc=10% Mpc, fm=femtometer=10""> m, Mo=1 solar mass=2 x 10%° kg
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LIGO DET TORS; EXAMPLE WAVEFORM (MIDDLE)
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3 b /\1 2 _I M source type black hole (BH) binary # cyc|es from 35 Hz
| I S u n Zats 26E0SSERE signal arrival time arrived in H1 1 ms after
( _I M N\ EE 7,3 Y ) time 03:38:53 UTC 2 EEY L1
S u n ]] C ’: E\l E /3 é E distance 250 to 620 Mpc peak GW strain ~3.4x1022
redshift 0.05t0 0.13 i
Peak displacement of - 0.7 am
interferometers arms
/_ signal-to-noise ratio 13
~z \]/
-I 5 Il_:\ i ; | , false alarm prob. ~ 1 in 10 million frequency/wavelength 420 Hz, 710 km

at peak GW strain
Source Masses Mo

(440 i ] 9 O M p C) A AT peak speed of BHs ~0.6¢

peak GW luminosity 2to4x10* erg s
primary BH 11 to 23

Z_ O O 5 O -I 3 radiated GW energy 0.8-1.1 Mo
— . . secondary BH 5to 10

remnant ringdown freq.  ~ 750 Hz
remnant BH 19 to 27

mass ratio > 0.28 remnant damping time ~1.3ms

spin of one of the remnant size, area 60 km, 3.5 x 104 km?

> 0.2
black holes

e e
remnant BH spin 0.7 to 0.8 online trigger latency 67 s

resolved to ~850 sq. deg. # offline analysis pipelines 2

Parameter ranges correspond to 90% credible bounds. Acronyms: L1/H1=LIGO
Livingston/Hanford; Mpc=mega parsec=3.2 million lightyear, am=attometer=10"8 m,
Mo=1 solar mass=2 x 103%kg
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Background Images: time-freqUenc aoe(top), H1 and L1 time series and maie ikelihood
binary black hole model (muddle top 2 residua n dat it ddle bottom),

e e ‘

reconstructed wavafonnsfrotnwavolet : B]adt’hao analyses (bottom)

Normalized Amplitude observed by LIGO L1, H1

duration from 30 Hz ~0.25t00.31s
1 2 3

| | l i source type black hole (BH) binary # of cycles from 30 Hz ~14to 16

date 04 Jan 2017

signal arrival time dela
Hanford time 10:11:58.6 UTC 9 ' 1

arrived at H1
3 ms before L1

‘ signal-to-noise ratio 13 credible region sky area 1200 sq. deg.

false alarm rate < 1in 70,000 years

peak GW strain ~5x10%
probability of

astrophysical origin > 0.99997

peak displacement of

interf t ~x1am
1.6 to 4.3 billion interferometer arm

Frequency [Hz]

distance -
light-years frequency at peak

g 160 to 199 Hz
redshift 0.10 to 0.25 GW strain

total mass 46 to 57 M, wavelength at peak

GW strain 1510 to 1880 km

primary BH mass 25 to 40 M,

1.8 to 3.8 x 10%¢

secondary BH mass 13to 25 M, peak GW luminosity erg &

mass ratio 0.36 to 0.94 radiated GW energy 1.3tc 2.6 M,

Strain [10~21]
Alll“_J Aaaalesaasl

Hanford - Livingston N remnant BH mass 44t0 54 M, remnant ringdown freq. 297 to 373 Hz

W\’\/\;\f\j\/\ﬂ\/\-/\m,,\‘\/’\’\/wf‘f\/ S S e it bl remnant damping time 2.5t0 3.2 ms

remnant size
(effective radius) 123 to 150 km consistent with general passes all tests

relativity? performed

| FETTY P

Residual

X )2 0.8 )1 ().5() (). )8 0.()() 0.()2

Time from Wed Jan 04 10:11:58 UTC 2017 [s] remnant area 1.9 to 2.8 x 105 km? :
graviton mass

combined bound

7.7 x10%2 eV/&
effective spin parameter  -0.42 to 0.09

effective precession gL U . evid.ence for
spin parameter dispersion of GWs

Parameter ranges correspond to 90% credible intervals.
Acronyms:
L1/H1=LIGO Livingston/Hanford, am=attometer=10"" m, M,=1 solar mass=2 x 10¥ kg
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| GW170104

0 sec. 1 sec. 2 sec.

time observable by LIGO

Comparison of gravitational-wave signal templates from recent LIGO observations. This figure shows reconstructions of the three confident and one candidate (LVT151012) gravitational wave signals
detected by LIGO to date, including the most recent detection GW170104. Each row shows the signal arriving at the Hanford detector as a function of time. The thickness of the curves indicates the 90%
confidence interval on the model parameters. Only the portion of each signal that LIGO was sensitive to is shown here (the final seconds leading up to the black hole merger). [Credit: LIGO/B. Farr (U.

Chicago)] - See more at: http://ligo.org/detections/GW170104.php#sthash.QTJlckcl.dpuf
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1. Gravitational Wave >> Expected Events

Observed BH-BH binary mergers
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LVT151012
GW151226

GW150914

Forecasting LIGO Detections in the Three-Detector Era. This map illustrates
how the addition of the Virgo detector, scheduled to come online this summer,
could improve the localization of sources of gravitational waves. The map shows
the estimated locations of the four black-hole merger events detected by LIGO to
date (including one event seen at lower significance), after including hypothetical
Virgo data. Outer contours represent the 90 percent confidence region; innermost
contours signify the 10 percent confidence region. [Image credit: LIGO/Caltech/
MIT/Leo Singer (Milky Way image: Axel Mellinger)] - See more at: http://ligo.org/
detections/GW170104.php#sthash.NZPaW2LT.dpuf

Sky Map of LIGO's Black-Hole Mergers. This three-
dimensional projection of the Milky Way galaxy onto a
transparent globe shows the probable locations of the
three confirmed LIGO black-hole merger events—
GW150914 (blue), GW151226 (orange), and the most
recent detection GW170104 (magenta)—and a fourth
possible detection, at lower significance (LVT151012,
green). The outer contour for each represents the 90
percent confidence region; the innermost contour
signifies the 10 percent confidence region. [Image credit:
LIGO/Caltech/MIT/Leo Singer (Milky Way image: Axel

Mellinger)] - See more at: http://ligo.org/detections/
GW170104.php#sthash.pwWdVLL4.dpuf

GW170104 +virco

LVT151012 svirco
B 5\ 151226 wirco
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APPENDIX B: SIMULATION RANKINGS

In this appendix, we enumerate the simulations used in this work, ordered by one measure of their similarity with the data
(In L, in Table III). For nonprecessing binaries, Fig. 6 provides a visual illustration of some trends in In L versus mass ratio
and the two component spins.

TABLE Ill. Peak Marginalized In L I: Consistency between simulations: Peak value of the marginalized log likelihood In L [Eq. (7)]
evaluated using a lower frequency f,, = 30 Hz and all modes with [ < 2; the simulation key, described in Table II [an asterisk (*)
denotes a new simulation motivated by GW150914, and a (+4) denotes one of the simulations reported in LVC-detect [1]]; the initial
spins of the simulation (using — to denote zero, to enhance readability); the initial y.¢; the total (redshifted) mass of the best fit; and the
starting frequency (in Hz) of the best fit. Though omitting information accessible to the longest simulations, this choice of low-frequency
cutoff eliminates systematic biases associated with simulation duration, which differs across our archive, as seen by the last column.

InL Key q X1x Xy 1z oz X2y X2z Xer M /Mg fu.(Hz)
2722 SXS:BBH:0310(%) 1221 .- 0.00 73.0 15.1
272.1 D12 gl1.00 a-0.25 0.25 nl100(x) 1.0 0.250 ... =0250 —-0.00 732 20.5
272.1 SXSTBBH:0002[ S] 1.0 0.00 732 10.0
2718 D11 g0.75 aoooomoo* 1.3 72.1

2716 SXS: BBH 0198 1.202 0.00 73.4 12.7
271.6 SXS:BBH:0307(%) 1.228 0.320 -0.580 -0.08 70.0 17.0
271.6 GT:BBH:476 1.0 -0.200 -0.200 -0.20 679 243
2716 S0 D10.04 gl1.3333 a0.45 -0.80 nl00 1.334 0450 --- -0.801 -0.09 719 27.9
271.5 D12.00 _q0. .85 _a0.0 0.0 nloo(*) 1.176 -0.00 73.0 20.6
271.5 D12.25 qo 82 a-0.44 0. .33 ~nl100(x+) 1.22 0.330 -0.440 -0.02 729 20.2
271.5 SXS:BBH:0312(%) 1.203 0390 --- -0.480 -0.00 739 14.8
2714 SXS:BBH:0127 1.34 0.010 -0.077 -=0.017 -=0.061 -=0.065 -0.179 -0.09 71.5 14.3
2714 SXS:BBH:0115 1.07 0.019 0.013 -0.204 0.243 -0.067 0.291 0.04 74.1 13.8
271.3 SXS:BBH:0213 1.0 o o -(.800 e = 0.800 0.00 73.2 11.7
2713 UD D10.01 gl1.00 a0.4 nl00 1.0 0.400 -0.400 -0.00 73.4 26.7
2712 D12 ~gl.00 a-0. 25 0. 00 ~nl100(*) 1.0 -0.250 -0.12 69.4 21.8
2712 SXS:BBH:0222 1.0 -0.300 -0.15 69.1 12.3
271.2 SXS:BBH:0217 1.0 -0.600 0.600 0.00 73.2 11.9
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IMBH ringdown freq. is detectable at LIGO/KAGRA
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2. Models of SMBH
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Fig. 1. Illustration showing three pathways to MBH formation that can occur in a distant galaxy (56). The starting
point is a primeval galaxy, composed of a dark matter halo and a central condensation of gas. Most of this gas will
eventually form stars and contribute to making galaxies as we know them. However, part of this gas has also gone into

making a MBH, probably following one of these routes.

REVIEW

The Formation and Evolution
of Massive Black Holes

M. Volonteri?

The past 10 years have witnessed a change of perspective in the way astrophysicists think about massive black
holes (MBHs), which are now considered to have a major role in the evolution of galaxies. This appreciation
was driven by the realization that black holes of millions of solar masses and above reside in the center of
most galaxies, including the Milky Way. MBHs also powered active galactic nuclei known to exist just a few
hundred million years after the Big Bang. Here, | summarize the current ideas on the evolution of MBHs through
cosmic history, from their formation about 13 billion years ago to their growth within their host galaxies.

2. Models of SMBH

Dominance

Symbiosis

Adjustment

s

Early universe

Fig. 3. Possible routes to MBH and galaxy coevolution, starting
from black holes forming in distant galaxies in the early universe.
[Image credits: NASA, European Space Agency (ESA), A. Aloisi
(Space Telescope Science Institute and ESA, Baltimore, MD), and
The Hubble Heritage Team (Space Telescope Science Institute/
Association of Universities for Research in Astronomy)]

Volonteri, Science 337 (2012) 544
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2. Models of SMBH
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Figure 1 | Evolution of seed black holes. Schematic of the evolution of seed black holes assuming two different formation mechanisms (the death of the
first generation of massive stars versus the direct collapse of gas into a black hole). Dark matter halos and the galaxies in them grow through merging. Black
holes grow both via merging and by accreting gas. One additional complication is that after merging, gravitational radiation ‘recoil’ (see text for details) may
send the black hole out of the galaxy. At present, we can distinguish between the two scenarios based on the fraction of small galaxies that contain massive
black holes (we call this the ‘occupation fraction").

Greene, Nature Comm 3 (2012) [arXiv:1211.7082] 43
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Starburst galaxy M82 has 1000M BH

Matsushita+, Apd, 545, L107 (2000)
Matsumoto+, Apd, b47, L25 (2001)

HLX-1 has 20,000M

SH!

http://hubblesite.org/newscenter/archive/releases/2012/2012/11 /full/

Table 2. The distances and velocity dispersions of galactic globular clusters. Possible
masses of IMBHs, if they exit, are obtained from M — o relation [112].

NGC | distance | vel. disp. ¢ | BH mass
No. | (kpe) [63] | (km/s) [111] | (M)
104 4.5 10.0 794.7
362 8.5 6.2 116.3
1851 12.1 11.3 1299
1904 12.9 3.9 18.04
5272 10.4 4.8 41.57
5286 11.0 8.6 433.4
5694 34.7 6.1 108.9
5824 32.0 11.1 1209
5904 7.5 6.5 140.6
5946 10.6 4.0 19.97
6093 10.0 14.5 3539
6266 6.9 15.4 4508
6284 15.3 6.8 168.6
6293 8.8 8.2 357.9
6325 8.0 6.4 132.4
6342 8.6 5.2 57.35
6441 11.7 19.5 11645
6522 7.8 7.3 224.3
6558 7.4 3.5 11.68
6681 9.0 10.0 794.7
7099 8.0 5.8 88.96

BHs
J60M

IMBHSs
10% — 10* Mg

SMBHs

310 M

Yagi, CQG 29 075005 (2012)

[arXiv:1202.3512]

Ebisuzaki +, Apd, 562, L19 (2001)
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Letter O.15pc from SgrA*

Galactic center mini-spiral by ALMA: Possible

origin of the central cluster

Masato Tsusol,'>* Yoshimi Kitamura,’ Makoto MivosHi,®> Kenta UEHARA,?
Takahiro Tsutsumi,* and Atsushi Mivazaki®®
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Fig. 2. Left panel: ALMA map in the 250 GHz band of the “mini-spiral™ including Sgr A*. The four spectral windows of f. = 245, 247, 257, and 259 GHz
are combined to improve the sensitivity. The diameter of the FOV is 24" (circle). The angular resolution is 0763 x 0753 at PA = —84°, which is shown
as an oval in the lower left corner. The RMS noise level is 0.13mJy beam ™', and the contour levels are 0.31, 0.63, 1.3, 2.5, 5.0, 10, 20, 30, 40, 50, and
75 mJy beam'. The flux density of Sgr A* is S, = 3.55 £ 0.35 Jy at 250 GHz. Right panel: ALMA map in the 340 GHz band of the same region as the left
panel. The four spectral windows of f, = 336, 338, 348, and 350 GHz are combined to improve the sensitivity. The diameter of the FOV is 18" (circle).
The angular resolution is 0744 x 0738 at PA = —89°, which is shown as an oval in the lower left corner. The RMS noise level is 0.33 mJybeam ', and
the contour levels are the same as in the left panel. The flux density of SgrA* is S, = 3.44 + 0.51 Jy at 340 GHz. (Color online)
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THE ECOLOGY OF STAR CLUSTERS AND INTERMEDIATE-MASS
BLACK HOLES IN THE GALACTIC BULGE

SiMoN F. PORTEGIES Zwmrr,l’2 HoLGER BAUMGARD’I‘,3 StepHEN L. W. McMn.LAN,4

JUNICHIRO MAKINO,5 PieT HUT,6 AND TosH1 EBISUZAKI’
Received 2005 November 11; accepted 2005 December 5

ABSTRACT

We simulate the inner 100 pc of the Milky Way to study the formation and evolution of the population of star
clusters and intermediate-mass black holes (IMBHSs). For this study we perform extensive direct N-body simulations
of the star clusters that reside in the bulge, and of the inner few tenth of parsecs of the supermassive black hole in the
Galactic center. In our N-body simulations the dynamical friction of the star cluster in the tidal field of the bulge are
taken into account via semianalytic solutions. The N-body calculations are used to calibrate a semianalytic model
of the formation and evolution of the bulge. We find that ~10% of the clusters born within ~100 pc of the Galactic
center undergo core collapse during their inward migration and form IMBHs via runaway stellar merging. After the
clusters dissolve, these IMBHs continue their inward drift, carrying a few of the most massive stars with them. We
_predict that a region within ~10 pc of the supermassive black hole (SMBH ) is populated by ~50 IMBHs of ~1000 M.

Several of CSC are Stl expecte tO he accompame by some 0 t 1€ most massive stars from the star cluster. “ also

find that within a few milliparsecs of the SMBH there is a steady population of several IMBHSs. This population drives
the merger rate between IMBHs and the SMBH at a rate of about one per 10 Myr, sufficient to build the accumulated
majority of mass of the SMBH. Mergers of IMBHs with SMBHs throughout the universe are detectable by LISA ata
rate of about two per week.

PortegiesZwart+, ApJ 641(2006)319 L e

100



'Missing link' founded
Ebisuzaki +, ApJ, 562, L19 (2001)

(1)formation of IMBHs by runaway mergers of
massive stars in dense star clusters,

Marchant & Shapiro 1980; Portegies Zwart et al. 1999;
Portegies Zwart & McMillan 2002;

Portegies Zwart et al. 2004;

Holger & Makino 2003

(2) accumulations of IMBHSs at the center region of
a galaxy due to sinkages of clusters by dynamical
friction

Matsubayashi et al. 2007

(3) mergings of IMBHs by multi-body interactions
and gravitational radiation.

lwasawa et. al. 2010
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IMBHSs

102 — 10* M
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Figure 7. S/N as a function of the redshifted total mass of the BBH for the Figure 8. Orientation-averaged distance vs. redshifted mass for three binary

present and future generations of GW detectors and LISA. The sources are configurations obtained with the design sensitivity curves of Advanced LIGO
placed at a distance of 6.68 Gpc (z = 1) and the S/Ns correspond to sources

and the ET. The solid, dashed, and dotted lines correspond to the configurations
optimally oriented and located. Solid lines indicate S/Ns for the equal-mass, denoted in the text as (1), (2), and (3), respectively. Note the ~40% increase
non-spinning configuration (1); for Advanced LIGO and ET we have included

in reach given by the hang-up configuration with x = (.75 with respect to the
the S/Ns produced by configurations (2) and (3) as well, indicated with dashed non-spinning case.
and dotted lines, respectively.
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IMBH-IMBH mergers produce low freq. GW
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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 (fonwm, heoal), [€gs. (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.

Matsubayashi, HS, Ebisuzaki, Apd 614 (2004) 864
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Hierarchical growth model

Monopolistic growth model
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Fig. 2.— Event numbers of mergers starting from a thousand of 103 M, IMBHs. The vertical axis
is the event rate v[yr—!], egs. (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 fonm. 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.

Matsubayashi, HS, Ebisuzaki, Apd 614 (2004) 864
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Hierarchical growth model
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How many BHs in a Galaxy?

Mass Function of Giant Molecular Clouds
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The Formation and Destruction of Molecular Clouds and Galactic
Star Formation

An Origin for The Cloud Mass Function and Star Formation Efficiency

Shu-ichiro Inutsuka', Tsuyoshi Inoue,?, Kazunari Iwasaki®*, and Takashi Hosokawa®

A&A 580, A49 (2015) [arXiv:1505.04690]
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How many BHs in a Galaxy?
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How many BHs in a Galaxy?

Hierarchical growth model Count BHS to form a SMBH
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Hierarchical growth model
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How many BHs in a Galaxy?
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How many Galaxies in the Universe?

Count BHs to form a SMBH
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How many Galaxies in the Universe?
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How many BH mergers in the Universe?

in Standard Cosmology

Nmerger (Z)
V(D/2.26)

Event Rate R|/yr| =

Standard Cosmology

averaging distances
for all directions

BH mass




Signal-to-Noise Ratio (SNR)

Let the true signal h(t), the function of time, is de-
tected as a signal, s(t), which also includes the unknown

noise, n(t):
s(t) = h(t) + n(t). (17)

The standard procedure for the detectien _is judged by
the optimal signal-to-noise ratio (SNR), p, which'is-given

by 1/2
=3 [ /0°° h(f) R*(f) df] | 18

Sn(f)

where h(f) is the Fourier-transformed quantity of the
wave,

i = [ T ATt d (19)

— 00

and S,(f) the (one-sided) power spectral density of
strain noise of the detector, as we showed in Fig. 1.

o
o
—
=
©
-
R
v

—_—
n o

LIGO Hanford Data Predicted |,

( )
N )}
10 &O@ “.
< o
"c_) 05 [
X [
200 ¢
L
S A
R 05| \
R [ HEOIRIASLERHHSD
-10 f mE &k
11111111111111111111111111111111111
25 -0 -15 -10 -5 0 5
\_ BRI U] AHOBL )
\ )
s 10-16 ]
\E Kagra
~
—
(D]
S or | TOBA
=
2,
§ aVIRGO
% 10 A /
: X"LZ/MGO
R= ET
fav}
—
o
100
frequency|Hz
. quency[Hz| )

o7



Detectable Distances at bKAGRA

Flanagan&Hughes, PRD57(1998)4535
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How many BH mergers in the Universe?

in Standard Cosmology
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Event Rates at bKAGRA
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Event Rates at bKAGRA/aLIGO
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Event Rates at bKAGRA/aLIGO
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Sensitivity of Space GW Interferometers
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Event Rates at eLISA BT E 5BHA KRR
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Event Rates at PreDECIGO BT = 2BHA (AR
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Event Rates at PreDECIGO BUAITE SBHARERRE
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