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1. Gravitational Wave >> 1.1 Expected Waveform

A
]
i . BHs, Expanding Universe,
{rk and GWs (HS, 2015/9)
! %J Korean version (2017)
i from Kachi Books :.
i

NS-NS Inspiral Merger Ringdown

NS-BH

BH-BH [
10 | KKKO:—_:O\\\
° T
hoX VAR
!g
3
S PVEVIVT
R ME DAL A FIVEFHHSO) _ ,
e ! e, 7597 K= VD
10} IR B HET
T T T (T TN TN TN TN NN WO WO NN NN NN WO NN NN U N U N NN NN NN NN NN NN O AN NN NNN BN B -
25 -0 -5 —10 -5 0 s time

B¥fE [RUF] BEDZ



What can we learn from gravitational waveform?
| (Suppose NS+NS ->BH)

| I b I T T 1]
INSPIRAL =9 ALESEﬂ—> BLACKHOLE
] FORMATION
MRS * |V
& Lt} WIH | g
- L/\\\/Ar\\/AX[\Hh+ ~ mins (~ 1000 rot. ) LT 11161"f P29 1-;

h h * .
"bUUU VRSV ' e | " .50 0 50

e=0 e=0.3

nbap—apd F—r—h, Post Newtonian Numerical BH. Perturbation
i e Approx. Relativity

DEPENDENCE ON ¢, FOR 6=0: ISCO freq => EoS of NS,

e e waveform => Formation of BH or NS,
' BH

"chirps" df/dt => chirp mass, Mc = (M1 M2)3/5/ (Mi+M2)V/5 BH ::Zﬁi e

amplitude up  => Mc, distance o

amplitude h+/hx => inclination

waveform => eccentricity

moduration = spin, ... statistics => cosmological parameters
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1. Gravitational Wave >> 1.2 Detectors

LIGO : Laser Interferometer Gravitational-Wave Observatory

4km
Michelson

» 2y
;LIGO Hanford

.LIGO Livingston

Operational

Under Construction

.
Lo
. -
\ .
Planned \, A\

Gravi?gtional Wave Observatories




1. Gravitational Wave >> 1.2 Detectors

LIGO : Laser Interferometer Gravitational-Wave Observatory
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(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

0.054 to 0.136

observed by

likely distance

redshift

signal-to-noise ratio 24

false alarm prob. < 1 in 5 million

false alarm rate <1 in 200,000 yr

Source Masses
60 to 70

32 to 41
25 to 33

58 to 67

total mass
primary BH
secondary BH

remnant BH

0.6 to 1
primary BH spin <0.7

mass ratio

secondary BH spin <0.9
0.57 t0 0.72

signal arrival time arrived in L1 7 ms
delay before H1

remnant BH spin

likely sky position Southern Hemisphere

face-on/off
~600 sq. deg.

likely orientation
resolved to

duration from 30 Hz ~ 200 ms
# cycles from 30 Hz ~10

peak GW strain 1x 102

peak displacement of
interferometers arms

frequency/wavelength
at peak GW strain

peak speed of BHs ~0.6¢c
3.6 x10° erg s™
2.5-3.5 Mo

+0.002 fm

150 Hz, 2000 km

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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36Msun + 29 Msun
=> 62 Msun

13 x10° lyr
(400+170 Mpc)
(z=0.054—0.136)

GW exists |
GW was detected !
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BH binary exists !
GR is right !
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1. Gravitational Wave >> 1.2 Detectors

KAGRA : Kamioka Gravitational wave detector
(Large-scale Cryogenic Gravitational wave Telescope)
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1. Gravitational Wave >>

characteristic amplitude
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1.3 Sources

—— = — Inflation
"-._uaﬂ?ed
b e Cu=10"9, a=0.1
stationary T mel. pel -
sources no=1, p=0.1 (k=0.6)
+
unresolved
| background MBHB
{ . individual
\ M\ 10013 inspirals
L eLISA

Adv. LIGO

10¢ 10° 104

The gravitational wave landscape: characteristic
amplitude (A, ), vs frequency. In the nHz
frequency range a selected realisation of the
expected GW signal from the cosmological
population of SMBHBs is shown. Small
lavender squares are individual SMBHB
contributions to the signal, the dark blue
triangles are loud, individually resolvable
systems and the blue jagged line is the level of
the unresolved background. Nominal sensitivity
levels for the IPTA and SKA are also shown. In
the mHz frequency range, the eLISA sensitivity
curve is shown together with typical circular
SMBHB inspirals at z=3 (pale blue), the overall
signal from Galactic WD-WD binaries (yellow)
and an example of extreme mass ratio inspiral
(aquamarine, only the first 5 harmonics are
shown). In the kHz range an advanced LIGO
curve (based on calculations for a single
interferometer) is shown together with selected
compact object inspirals (purple). The brown,
red and orange lines running through the whole
frequency range are expected cosmological
backgrounds from standard inflation and
selected string models, as labeled in figure.
Black dotted lines mark different levels of GW
energy density content as a function of

frequency (€2, h2f?).

- Janssen, Gemma et al. PoS AASKA14 (2015) 037 arXiv:1501.00127
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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



1. Gravitational Wave >> 1.1 Expected Waveform
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IMBH ringdown freq. is detectable at LIGO/KAGRA
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2. Model of SMBH

GAS star DENSE STAR . ouer . CLUSTEROF
CLOUD ~ formation >~ CLUSTER ™ coalescence™ 2[00 M, STARS
\ o *
‘new stars’
form supernovae
contraction \ +
| collisional CLUSTER OF
of § NEUTRON STARS
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BLACK HOLES
SUPERMASSIVE |
STAR one black
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collapse spectacularly N-body
and J-or by accretion evolution
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explosion
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Rees, M.J. 1978. Observatory 98: 210 1o



Gas cools
very slowly
forming a
stable disc

Globally
unstable gas
infalls rapidly
toward the
galaxy center
and a

supermassive
star forms

Locally
unstable

gas flows
toward the
galaxy center

First stars:
maybe one
star per
galaxy, up

to several
hundred times
larger than
the sun

The stellar
core collapses
Into a small
black hole,
embedded in
what is left

of the star

Gas
fragments
into stars,
and a dense
star cluster
forms

if the star is
more massive
than ~300 solar
masses, it
collapses into
a black hole,
~200 times the
mass of Sun

The black hole
swallows

the envelope
growing up

to ~one million
solar masses

Stars merge Into
a very massive
star that
collapses into a
black hole ~1000
times more
massive than
the Sun

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. Model 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



2. Model of SMBH

Big bang Death of massive Q

; 200 Myr ‘ Direct collapse . stars

500 Myr s Track the growth of .
Y . . black holes and '

halos
. e Most halos are seeded but
seeds are ~100 solar masses
Halos grow

1 Gyr Few halos are seeded, but seeds via merging.

are ~10* solar masses
Some black holes are
ejected by gravitational

|
|
|
|
|
|
|
|
|
| @ o w
8 wave radiation. g
: S Black holes grow g
l 3 Gyr & via accretion and 2
| & merging. 2
. 8 8
| s ]
I § §
l 6 Gyr N
2 2
| o] 5
|
|
|
: Today virtually all >10'° solar mass
- » . galaxies contain supermassive .- - -
l 13.6 Gyr black holes .
, ~60% of ~10” solar mass ~100% of ~10” solar mass
| galaxies contain >10° solar galaxies contain ~10” solar ®
| » mass black holes mass black holes

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]



2. Model 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
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 these are still expected to be accompanied by some of the most massive stars from the star cluster. We 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+, Apd 641(2006)319

1 10 100



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.
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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.
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How many BHs in a Galaxy?
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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 these are still expected to be accompanied by some of the most massive stars from the star cluster. We 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+, Apd 641(2006)319
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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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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
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in Standard Cosmology
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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) k() 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.
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Detectable Distances at bKAGRA
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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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Based on a bottom up formation model of a SMBH via IMBHs, we estimate
expected observational profile of gravitational wave at ground-based
detectors.

We simply modeled that cores of molecular clouds become BHs if it is more than 10
Msun, which become building blocks of forming larger BHs. We also modeled that BH
mergers are accumulations of equal-mass ones and suppose these occurs
hierarchically. We did not include gas accretion after a BH is formed.

Details numbers are, of course, depend on model settings and model parameters.

We assume all the galaxies in the Universe evolve in the single scenario, which will over-
estimate the event rate if some SMBHs are formed from the direct collapse of gas
cloud. We also ignore galaxy mergers, which are another route of forming SMBHs.

The statistics of the signals will tell us both a galaxy distribution and a
formation model of SMBHs, and also in future cosmological models/
gravitational theories.



