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List of Detected GW events

PRLI116,

M1+M2=Mf,

Mdiff /Mtotal

spin
a_final

Mpc
Z

AL EIP 061102 36'2+22';;32'3+3'0 0.68 4100%'0(3 237 | 600
(2016/2/11) =0 '
23+13=35+1.5 1000Mpc
VAR P (2016/2/11 0.66 9.7
LVTT5101 2 REsiiEaNy 2.78% 0.20
PRL116.
GW151226 IEZARNE ]4'2”4'51‘&_)25'8”'9 0.74 4%0(';2‘70 13.0 | 850
(2016/6/15) 1270 '
PRL118.
GW170104 BRI} 3]'2+]§';;;8'7+]'9 0.64 88001'\23'00 13.0 | 1300
(2017/6/1) 0970 |

https://losc.ligo.org/events/GW150914/
https://losc.ligo.org/events/LVT151012/
https://losc.ligo.org/events/GW 151226/
https://losc.ligo.org/events/GW170104/




2. Models of SMBH
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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 A
origin of the central cluster 1-2 x 10™ Msun

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 6
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)



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
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Letter

Millimetre-wave emission from an
intermediate-mass black hole candidate in
the Milky Way

Tomoharu Oka , Shiho Tsujimoto, Yuhei Iwata, Mariko Nomura & Shunya Takekawa

Nature Astronomy (2017) Received: 16 March 2017
doi:10.1038/s41550-017-0224-z Accepted: 14 July 2017
Download Citation Published online: 04 September 2017

o0pc from SgrA*®
10° Msun
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https://www.nao.ac.jp/news/science/2017/20170905-alma.html

'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

BHs
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IMBHSs
10% — 10* Mg

SMBHs

310° Mg



Hierarchical growth model
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1. Gravitational Wave >> Expected Amplitude
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1. 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 @ 100Mpc
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1. Gravitational Wave >> Expected Events

Typical frequency of BH-BH binary merger @ 1000Mpc

I ]
- 10 8%\ — —
N
= 10* Mg + 10* M, |
o019 -
5) 10° Mg + 10° M
> 2m
P
o 10° My + 10° Mg -
= 2h 12s —
N —
-
g B-DECIGO
10723 |- -
av)
& | , bKAGRA
oL  becico Moo
10 001 1 100

1074

frequency [Hz] .



How many BHs in a Galaxy?

Mass Function of Giant Molecular Clouds

M
1012 | ne(M) ~ M~ exp (— ) : My = 10° M,
Mcut
108
o 10"*M galaxy mass
1| o oM\ % dr)” Ty
10~4

1 100 104 106\

GMC mass Mg

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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Figure 3. M,~Mpyg. relation for the 35 early-type galaxies with dynamical measurements of the bulge stellar mass in our sample. The symbols are the same as in

Figure 1. The black line represents the best-fitting power-law log,(M,/ M) = 8.46 + 1.05 log,o(Mpyige/10'! Mp).
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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

MsyvBH = 2><]-O_llnga.la.xy

(sub-)Galaxy 1073 Miulge

from Halo model

Moa. Not. R. Astron. Soc. 371, 1173-1187 (2006) doi:10 \
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How many Galaxies in the Universe?
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NAM 2017 A universe of two trillion galaxies
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News & Press An international team of astronomers, led by Christopher Conselice, Professor of Astrophysics at the University of
Nottingham, have found that the universe contains at least two trillion galaxies, ten times more than previously thought.
The team’s work, which began with seed-corn funding from the Royal Astronomical Society, appears in the Astrophysical
Journal today.
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THE EVOLUTION OF GALAXY NUMBER DENSITY AT z< 8
X 10 more than before AND ITS IMPLICATIONS

Christopher J. Conselice, Aaron Wilkinson, Kenneth Duncan®, and Alice Mortlock?
Published 2016 October 14 « @ 2016. The American Astronomical Society. All rights reserved.

The Astrophysical Journal, Volume 830, Number 2

# of galaxy (z<8) : 2x1012 Metrs

++ Article information

Abstract

The evolution of the number density of galaxies in the universe, and thus also the total

# of galaxy 106>Msun
. . number of galaxies, is a fundamental question with implications for a host of astrophysical
re d u C e S l n eVO I u tl O n problems including galaxy evolution and cosmology. However, there has never been a detailed

study of this important measurement, nor a clear path to answer it. To address this we use
observed galaxy stellar mass functions up to z ~ 8 to determine how the number densities of
galaxies change as a function of time and mass limit. We show that the increase in the total

number density of galaxies (¢ 1), more massive than M » = 105 M o, decreasesas @ 1 ~ £ -1


https://www.ras.org.uk/news-and-press/2910-a-universe-of-two-trillion-galaxies
http://iopscience.iop.org/article/10.3847/0004-637X/830/2/83

How many Galaxies in the Universe?

Count BHs to form a SMBH
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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):

o
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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 o
by <5
OGO ;.
=2 / af| 18 £ "
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where h(f) is the Fourier-transformed quantity of the BRI
wave, ~ - — g

~ w . —
h(f) = / 2™t h(t) dt, (19) )
— 00

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




Spin evolution model of BHs

Narayan 2011

Kato+, MNRAS 403 (2010) L74
(arXiv:0906.5423)

Reynolds, CQG 30 (2013) 244004
(arXiv:1307.32406)
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Event Rates at bKAGRA
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Event Rates at bKAGRA/aLIGO
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Event Rates at B-DECIGO 0T = 2 BHARIER
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SMBHOEE Y FUAELT, IMBHSO&#ZRBEHIBDIRNLATZYTIFUA
(Hierarchical Growth model)Z{RE U T, ENEELEEZSARE UL,

=E7“-‘)b0)1}§7€ :
PFEDITZHMN1OMsunid EICE >S5, BHICZRB EREL L.
* BHEIFEERATDHDHIRRICERULTHRULTWSHD ERE UL,
* BHOYER S Nlctk, AABEETRD I EIFERL TV,
* R IE, U7/N\NO—EFILE, BERERZFEULHDONSETELL.
*x UV IOV DENRZERZRETES, ERELUL.

ShnEXR :
* BH®Dspinh', SMBHTI30.4Ll ETH 3, EWSEHAKEEREZERL fespin&Ebd
HRZ AN,

* bKAGRAZZIFTIE7% <, B-DECIGO, eLISAHEHTEELUI:.
CDEFIDFEI B3BHBHEFevent rateld,
B-DECIGO > bKAGRA > eLISA

ENRBREDT—YZ2ER/ TSI LIcE>T, BADPMPSMBHERY A ZRE
L7cH, FERRTETIVOREY, EINERORLEDAIEICTES.
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