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We Did It! 
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@YITP	
midnight	

Champagne 



GW150914	

30-350Hz bandpass	
First at L1	
6.9+0.5-0.4ms 	
later at H1	

LIGO 16	

1st direct 	
detection	
BH-BH	

36M¤+29M¤	
L~200M¤c2/s	
  ~10-3 c5/G	
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GW151226	
2nd event	
BH-BH	
14.2M¤ 

+7.5M¤ 
L~170M¤c2/s	

a1or2 > 0.2	

LIGO 16	

LVT151012	
RGW~9-240 	

events 	
Gpc-3 yr-1	
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Big Discoveries	
l  First direct detection of GWs	
l  First discovery of binary BHs	
l  Brightest sources (>GRB)	

l  Quasi-normal mode (still not clear)	
l  Low metallicity (Old) star	

l  Testing GR, e.g., |vgraviton-c|<10-19 
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Bad Localization	

LIGO 16 (followup)	

~600 deg2!!	
Bigger than Moon	

We need	
KAGRA, 	
IndIGO	
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What is 
the 

Origin?	



What is the Origin?	
Binary evolution	

Postnov & Yungelson 14	
Belczynski+ 16	
van den Heuvel+ 17	
Mandel & de Mink 16	
Kinugawa+ 16	

Stellar cluster	

Rodriguez+ 16	
O’Leary+ 16	

Near galactic nuclei	
Primordial black hole	

Sasaki+ 16	
Bird+ 16	
Binnilov+ 16	
Carr+ 16	
Kawasaki+ 16	
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Antonini & Rasio 16	
Bartos+ 16	
Stone+ 16	



Clues	

l  Mass	
l  Rate	
l  Separation	
l  Spin	
l  Eccentricity	
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Mass	
©LIGO	 MGW150914	

> MMilky Way	
X-ray binaries	

Corral-Santana+ 16	
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Low Metallicity 
Heavy elements	
like C should be	
little in the star	
	
Otherwise	
stellar wind 	
⇒ mass loss	
⇒ too small M	

LIGO(astro) 16	 Origin: Old stars	
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Mass Function	
~ Salpeter mass function	

p m1( )∝m1
−α,  α ~ 2.5−1.6

+1.5

LIGO 16 (astro)	
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Clues	

l  Mass ⇒ Low metal (Old star)	
l  Rate	
l  Separation	
l  Spin	
l  Eccentricity	
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High Event Rate	

9-240 Gpc-3 yr-1	
	
~0.1% Rsupernova	
~Rsuperluminous SN	
~RGRB (beaming corr.)	

~RNS-NS	
	
~3/hr/Universe	
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Gamma-Ray Bursts	
Internal	
Shock	

External	
Shock	

Time	

Flux	

~2-100s	
~0.01-2s	

Relativistic Jet	
Γ>100	

ISM	

~2-3/day@Cosmological	
Long: Massive Stellar	
	Collapse to BH/NS	

Short: NS-NS/BH merger?	
	Magnetar? WD/NS AIC?	

Ekin⇒Eγ	

Afterglow	Prompt	

SN	
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Gamma-Ray Bursts?	

Marchant+ 16	

~ BH formation	

?	

GW rate ~ GRB rate	

Collapsar model	
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Many BHs in Our Galaxy	
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70 Gpc-3 yr-1 ÷ 0.01 galaxy Mpc-3 × 1010 yr	

~ 70000 Merged BHs/galaxy	

KI, Matsumoto, Teraki, 	
Kashiyama & Murase 16	



Many BHs in Our Galaxy	
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70 Gpc-3 yr-1 ÷ 0.01 galaxy Mpc-3 × 1010 yr	

~ 70000 Merged BHs/galaxy	
Espin~108 Supernovae	

KI, Matsumoto, Teraki, 	
Kashiyama & Murase 16	



High Energy Sources?	
2017/03/10	 Astro in the GW Era by K. IOKA	 19	

©Donath 16	TeV-PeV γ-ray	
& cosmic-ray	

sources in	
our Galaxy	

Most are unidentified	
Some are dark accelerators	

⇔ Accreting BHs?	
KI, Matsumoto, Teraki, Kashiyama & Murase 16	



Clues	

l  Mass ⇒ Low metal (Old star)	
l  Rate ⇒ GRB? Galactic BHs?	
l  Separation	
l  Spin	
l  Eccentricity	
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Very Close Binary	

tGW ≅
5
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GW coalescence time	

closer than Mercury for tGW<tH!	
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Common Envelope Phase	
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Belczynski+ 16	

Caveat: Stable mass transfer 	
(w/o CE) for radiative envelopes?	van den Heuvel+ 17, Inayoshi+ 17	



Chemically Homogeneous 
Evolution	

Yoon+ 12, Mandel & De Mink 16, Marchant+ 16	

Fast rotation ⇒ Meridional circulation ⇒ CHE	

2017/03/10	 Astro in the GW Era by K. IOKA	 23	

Small a0 ⇒ Tidally lock ⇒ Spin up	
No envelope ⇒ Good for GRB	



Why Pop III binaries become 
30Msun BH-BH	

• M>50Msun　red	giant	
	➝Mass	transfer	is	unstable	
	➝common	envelope	
	➝1/3~1/2	of	ini=al	mass		
					(~25-30Msun)	
	
	
• M<50Msun	　blue	giant	
	➝Mass	transfer	is	stable	
	➝mass	loss	is	not	so	effec=ve	
	➝2/3~1	of	ini=al	mass	
(25-30Msun)	

Possible Indirect Confirmation of the Existence of Pop III Massive Stars by Gravitational Wave 3

2 METHOD OF BINARY POPULATION

SYNTHESIS SIMULATIONS

2.1 Single star evolution

2.1.1 Population III stars

Pop III stars are formed in the early universe from
primordial gas, i.e., without heavy elements. The
star formation process of Pop III stars has been in-
vestigated by many authors (Tegmark et al. 1997;
Omukai & Nishi 1998; Bromm, Coppi & Larson 2002;
Yoshida, Omukai & Hernquist 2008; Greif et al. 2012).
According to their studies, the differences of the chemical
compositions lead to the following three features of Pop III
stars compared with Pop I stars:(1) more massive > 10 M⊙

(2) smaller stellar radius for the same mass (3) less mass
loss by stellar wind. Since these features play key roles in
a single stellar evolution and binary interactions (see also
Sec. 2.2), we briefly summarize these features of Pop III
stars in what follows.

In primordial gas, the H2-line emission is the main
cooling process, which is less efficient than the dust cool-
ing as in Pop I star formation. Since the gas temperature
is kept hotter, typically massive cloud collapses and forms
protostars at the center. Recent numerical simulations (e.g.,
Hosokawa et al. 2011, 2012; Stacy et al. 2012) suggest that
the Pop III protostar can grow to ∼ several 10 M⊙ until the
radiation feedback halts the gas accretion onto the central
protostar. Therefore, Pop III stars at the ZAMS stage are
typically more massive than Pop I stars of mass ∼ 1 M⊙.

When the protostar reaches the Zero Age Main Se-
quence (ZAMS) stage, the star contracts until the central
temperature rises above 108 K to generate C via triple-alpha
reaction so that CNO-cycle starts (Marigo et al. 2001).
Thus, stable structure of Pop III ZAMS star has the smaller
radius than that of Pop I stars. As a result, the binary in-
teraction for Pop III stars becomes more weak than those
for Pop I stars. Figure 1 shows the Hertzsprung-Russell
(HR) diagram for Pop III stars over the mass range of
10 ! M ! 100 M⊙ from the ZAMS stage to the begin-
ning of the C-burning stage. In Pop III star case, the central
temperature is so high that the He-burning soon begins af-
ter the end of the H-burning. Therefore, the resultant stellar
evolution at the post main sequence stage is different from
the usual Pop I star case (Kippenhahn & Weigert 1990).

The mass loss due to the stellar wind and pulsation
has impacts on the stellar evolution and the mass of the
remnant compact objects. For Pop III star case, such mass-
loss processes do not operate because of no heavy elements
at the stellar surface (e.g. Baraffe, Heger & Woosley 2001;
Inayoshi, Hosokawa & Omukai 2013). Therefore, we neglect
the effect of the mass loss on the stellar evolution.

2.1.2 Fitting formulae of Pop III steller evolution

In order to include the single PopIII star evolution to
the binary population synthesis simulation code given by
Hurley, Tout & Pols (2002), we need to construct the fit-
ting formula to the stellar radius and the core mass as a
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Figure 1. The Hertzsprung-Russell (HR) diagram for the Pop
III stars of mass 10 M⊙ ! M ! 100 M⊙ using the data taken
from Marigo et al. (2001). The number attached to each solid
curve is the mass of each star in unit of M⊙. The dashed line
shows the ZAMS (Zero Age Main Sequence) stars. Red circles,
green triangles and blue squares correspond to the beginning of
He-burning, the end of the He-burning and the beginning of the
C-burning, respectively.

function of time since it consumes too long cpu time to nu-
merically evolve Pop III stars up to the C-burning phase in
each population synthesis. Using the results of stellar evolu-
tion for Pop III stars calculated by Marigo et al. (2001), we
here present fitting formulae of the stellar radius and core
mass as functions of the stellar mass M and the time (t)
from the birth of a star.

We basically fit the stellar radii of Pop III stars in the
same way as Hurley, Pols & Tout (2000) did for Pop I stars.
As shown in Fig. 1, we divide the life of Pop III stars into
the four characteristic phases: (1) H-burning phase (from the
ZAMS to red circle), (2) the He-burning phase (from red cir-
cle to green triangle), (3) the He-shell burning phase (blue
square), and (4) after the C-ignition. In the followings, we
show the fitting formulae in each phase. We use the sub-
scripts H, He, HeS and C to each physical variables such
as the radius and the mass to show the H-burning phase,
the He-burning phase, the He-shell burning phase and the
C-burning phase, respectively. The superscripts b and e de-
note the beginning and the end of each phase, respectively.
Basically, the fitting formulae are expressed as the forms of
polynomials of the mass and age. In other cases, we will
mention how to obtain each formulae.

(1) H-burning phase

In order to characterize the stellar radius of the H-burning
phase, we first need to obtain the stellar radius of the ZAMS
(RZAMS), the stellar radius at the end of the main sequence,
and the H-burning time tH, which can be expressed as

(RZAMS/R⊙) = 1.22095 + 2.70041 × 10−2(M/10 M⊙)

+ 0.135427(M/10 M⊙)2 − 1.95541 × 10−2(M/10 M⊙)3

+ 8.7585 × 10−4(M/10 M⊙)4, (1)

c⃝ 0000 RAS, MNRAS 000, 000–000
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Population III BHs	
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Stellar Cluster 

Globular cluster?	
Galactic center?	

3 body interaction	
⇒ Tight binaries	

Hut & Bahcall 83	
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Near Galactic Nuclei?	
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AGN disk	

Near galactic center	
High stellar density	
 − 3-body	
 − Repeated	
High gas density	
 − Gas drag	
 − EM counterpart?	

Antonini & Rasio 16	
Bartos+ 16	
Stone+ 16	



Primordial Black Hole	
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Early universe	
⇒ Small a0	
	
3-body ⇒ Jorbit	
Very eccentric	

Nakamura, Sasaki, Tanaka & Thorne 97	
KI+ 98a,b	
Sasaki, Suyama, Tanaka & Yokoyama 16	
Carr+ 16, Kawasaki+ 16	



My 1st Paper	
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In those days, I had an intensive 	
lecture by B. Carr at YITP	



What is the Origin?	
Binary evolution	

Postnov & Yungelson 14	
Belczynski+ 16	
van den Heuvel+ 17	
Mandel & de Mink 16	
Kinugawa+ 16	

Stellar cluster	

Rodriguez+ 16	
O’Leary+ 16	

Near galactic nuclei	
Primordial black hole	

Sasaki+ 16	
Bird+ 16	
Binnilov+ 16	
Carr+ 16	
Kawasaki+ 16	
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Antonini & Rasio 16	
Bartos+ 16	
Stone+ 16	



BH-Wolf Rayet Binaries	

Builk+ 10, Esposite+ 15, but see Laycock+ 15	

We know sources similar to GW150914	
IC10: Dwarf irregular (low metal), tsynch<0.02Myr, aWR~0.7	
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Clues	

l  Mass ⇒ Low metal (Old star)	
l  Rate ⇒ GRB? Galactic BHs?	
l  Separation ⇒ Field binary?	
l  Spin	
l  Eccentricity	
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Low Spin	
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χeff ≡
m1
M

χ1 +
m2

M
χ2

GW150914: − 0.06−0.14
+0.14

GW151226: 0.21−0.10
+0.20

LVT151012: 0.0−0.2
+0.3

The Sun (P~26 days) ⇒ χ~0.2	
Typical O star (R~1012cm, v~100km/s) ⇒ χ~30	



Tidal Locking	
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Close binary	
⇒ Tidal torque	
synchronizes	

the orbit and spin	

− may be shorter than	
the stellar lifetime	
− sensitive to a & R	

Kushnir+ 16	



Spin Constraint	
2017/03/10	 Astro in the GW Era by K. IOKA	 35	

Hotokezaka & Piran 17	
Kushnir+ 16, Zaldarriaga+ 17	

MS △	
wind?	
CE?	
	

WR* &	
PopIII*	

PBH spin is maybe low	



Clues	

l  Mass ⇒ Low metal (Old star)	
l  Rate ⇒ GRB? Galactic BHs?	
l  Separation ⇒ Field binary?	
l  Spin ⇒ WR*? Pop III*?	
l  Eccentricity	
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Circularization	

LIGO16 (astro)	
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Quickly	
e→0	

Field binary	
cannot have	

e≠0	
Only cluster	

and PBH	



PBH Binary is Eccentric	
2017/03/10	 Astro in the GW Era by K. IOKA	 38	

Cholis+ 16	



Future Event Rate	
2017/03/10	 Astro in the GW Era by K. IOKA	 39	

O2: 2nd observing run	
O3: 3rd observing run	
	
New events will come	
	
Caveat:	
As of Mar. 6, 2017	
L1: 90Mpc, H1: 58Mpc	
for NS-NS	
~ Similar to O1	

LIGO 16 (Rate)	



New GW Events or Noise?	
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Space GW Observatories	
2017/03/10	 Astro in the GW Era by K. IOKA	 41	

Kyutoku & Seto 16	
Seto 16	

Sesana+16	

Low frequency band	
LISA ~0.01Hz	
DECIGO ~0.1Hz	
→ Ground ~100Hz	

Guaranteed sources	
Good localization	



Clues	

l  Mass ⇒ Low metal (Old star)	
l  Rate ⇒ GRB? Galactic BHs?	
l  Separation ⇒ Field binary?	
l  Spin ⇒ WR*? Pop III*?	
l  Eccentricity ⇒ PBH?	

+ EM counterparts	
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Deep-Wide-Fast Survey	
25	Sep	2015	 BH	&	HE	Universe	by	Kunihito	IOKA	 43	

Dark-energy-driven	
optical-IR survey	
⇒ BH transients	



Gamma-Ray Bursts?	

Marchant+ 16	

~ BH formation	

?	

GW rate ~ GRB rate	

Collapsar model	
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Survey about Nothing	
2017/03/10	 Astro	in	the	GW	Era	by	K.	IOKA	 45	

Supergiant	 BH	

Disappearance of massive stars	
tage ~ 106 yr	
Watch ~106 supergiants ⇒ 1 events/yr	
The accompanying star is modulated with Porbit	

Kochanek+ 08	



New-born BH	
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Kashiyama & Quataert 15	

Disk outflow (Super-Eddington)	
UV-Optical transients	
t~a few days	
L~1e42-44 erg/s~supernova	
Pan-STARRS may have already detected	



Companion-Induced 
Transient	

2017/03/10	 Astro in the GW Era by K. IOKA	 47	

BH formation	
⇒ Ejecta	

⇒ Accretion	
⇒ Outflow	

⇒ Supernova-like	
emission	

Kimura+ 17	



Common Envelope Phase �
~ Weak Supernova?	

50M8

GM 2

r
~1050erg

2017/02/04	 Problems in the GW Era by K. Ioka	 48	



2017/02/04	 Problems	in	the	GW	Era	by	K.	Ioka	 49	

Type II, Ib,c	

Type Ia	

Kasliwal 11	

Odd Luminous Red Nova? 
Luminous	
Red Nova	

~ CE?	

BH-BH	
~ Super CE?	

Also emission	
from initial 	
collision	



BH-NS & NS-NS	

LIGO 1607.07456	
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Next: BH-NS?	
Small Mcharp	

BH-NS	

NS-NS	



BH-NS	

Kyutoku+ 13, 15	

Numerical relativity	
	
Low Ye ejecta	
M~0.01-0.1M¤	
v~0.1-0.3c	
E~1049-1051 erg	
	
BH-NS: Anisotropic	
NS-NS: Spherical	



r-Process Elements?  
Neutron star mergers	
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Macronovae/Kilonova?	
Kisaka, KI & Takami 14; Kisaka, KI & Nakamura 15	
Kisaka, KI & Nakar 15	
Kyutoku & KI 16	
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Fast Radio Bursts	
11 Jan. 2017	 Multi-Messenger by K. IOKA @KMI collo.	 54	

Thornton+ 13	

F=0.6-8.0 Jy ms !!!	
Most luminous	
radio transients	
if cosmological	

64m Parkes radio telescope (New South Wales)	
High Time Resolution Universe (HTRU) Survey	
High latitude survey (-70 deg < b < -30 deg)	
ν=1.382 GHz, Δν=400 MHz/1024, Δθ~14 arcmin	

Swinburne Astronomy Productions	



Possible Origins	
•   Perytons Burke-Spolaor+ 11; Kulkarni+ 14	

•   Galactic	
–   Nearby flaring star Loeb, Shvartzvald & Maoz 13	

–   RRAT (Rotating Radio Transient; intermittent pulsar)	

•   Extragalactic	
–   Magnetar giant flare Popov & Postnov 07; Thornton+ 13; Lyubarsky 14; Penn 

& Conner 15	

–   NS-NS merger Hansen & Lyutikov 01; Totani 13	

–   WD-WD merger Kashiyama+ 13	

–   Collapse of hypermassive NS Falcke & Rezzolla 13; Zhang 13	

–   Supernova into a nearby star Colgate+ 71,75; Egorov & Postnov 09	

–   Supergiant pulse Cordes & Wasserman 15	

–   Pulsar-orbiting bodies Mottez & Zarka 14	

11 Jan. 2017	 Multi-Messenger by K. IOKA @KMI collo.	 55	



FRB Cosmology	
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Dispersion measure ~ 2595.90 pc/cc (FRB160102)	
©Bailes 16	

KI 03	
Inoue 04	

⇒ z>2	
DMIGP =

3cH0Ωb
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DM ⇒ Distance	
  ⇔ Dark energy	
Missing baryon	
Reionization	



Astrophysical Problems	

l  Mass ⇒ Low metal (Old star)	
l  Rate ⇒ GRB? Galactic BHs?	
l  Separation ⇒ Field binary?	
l  Spin ⇒ WR*? Pop III*?	
l  Eccentricity ⇒ PBH?	

+ EM counterparts	
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Thank	
You	



Thank 
You	
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Fermi γ-ray Burst Monitor	
2016/11/08	 Kunihito IOKA	 59	

>50keV	
0.4s after GW	
T~1sec	
False alarm~0.0022	
L~1.8+1.5

-1.0e49erg/s	

Short GRB!?	

Fermi+ 16	



Dead Disk	

Cold neutral disk	
No MRI, No accretion	
Accretion only at merger	

Perna+ 15	

2016/11/08	 Kunihito IOKA	 60	



Dead Disk Evaporation	

ISM accretion ⇒ Hot disk ⇒ Evaporation	

teva~106 yr for Mdead disk~10-5M¤	 KI+ 16	

2016/11/08	 Kunihito IOKA	 61	



No-Go?	
T

im
e	

rm ~10
10cm tb

103 sec
⎛

⎝
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⎞

⎠
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2 3

Ebinding
Mmc

2 =
GMMm rm
Mmc

2

~10−3 tb
103 sec
⎛

⎝
⎜

⎞

⎠
⎟
−2 3

Accretion occurred ⇒ Super Edd. outflow ⇒ Unbound	

2016/11/08	 Kunihito IOKA	 62	

Going back time 	
by say tb~1000 sec	

rm	



Merger  of  1.3-1.4 Msun  NS: 
EOS=APR4;  stiff  but  relatively  soft	

ρ (g/cm3)	

Orbital  plane	 X-Z  plane	

Relatively  wider  view	

©Shibata, Hotokezaka	
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