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Solar Masses
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Masses in the Stellar Graveyard
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EM Neutron Stars
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The Nobel Prize in
Physics 2017

Rainer Weiss Barry C. Barish Kip S. Thorne

for decisive contributions to the LIGO detector
and the observation of gravitational waves
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GW170817

It GW from NS?2 NS? = Short GRB?

IMuE Gravitational-wave time-frequency map
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| I Follow-up observations

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind
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EM Counterparts

Jet-1SM Shock (Afterglow) /q GRB was thought

Radio (wecks—years)

}z Ejecta—ISM Shock to be too falnt
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Off-Axis Afterglow
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Merger of 1.3-1.4 M
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Final Fates of Mergers

M

”» LTy = Mpsmax

e ¥ - . "1'"".‘\_1; = M p
a2
0% ;- i o —

n"-' ad Stable
oWE A’
e ger Ve 2 accretton > — 4 kH>

merger é,

Bartos+ 13 , i
Hotokezaka+ 13 :, N r—
Shibata+ 17 = Ve L g ringdown

2M  neutron stars Mtot < ~2.8M

= HMNS/MNS
Demorestt |10, Antoniades+ |3, Fonsecat 16 < 273~278 M@ (90%)




2018/3/16 Kunihito IOKA 18

Dynamical Ejecta
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r-Process Nucleosynthesis
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Macronova/Kilonova
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Radloactlwty (r-process — B OL- decay, fission, ...)
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Macronova Characteristic
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Large Opacity
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GRB 130603B Macronova
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Berger+ |3
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Galactic Abundance

® Galactic r-process rate
~ IO-6 M@/)’r

® Ejected mass
~ 0.0l Mg/event

® Event rate
~ 104 events/yr/galaxy
~ 10° events/Gpc3/yr

® ><Lanthanide - 003

NS? = r-process origin?

24
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GW170817

Normalized amplitude

0 2 4 cDiscovery of an NS-NS merger!
S |
SN R= I 8.8 GW150914
100 LVT151012
" ~100 sec Chirp
500
5 from 24 Hz
2 - SNR=26.4 GW170814
§ 100
E 50 GW170817
0 5 10 15 20 25 30 35 40
500 time observable (seconds)
100
% 0O2:30 Nov.2016 — 25 Aug. 2017

Virgo from | Aug.2017
-30 -20 -10 0 SNR=32.4 (loudest yet) w/ matched filtering

e 17 Time (seconds) False alarm <1/8e4 yr (within 5.9 day)
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Viewing Angle & H,
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Host Galaxy NGC 4993

GW170817 dew=40+8-14 Mpc
NGC 4993

zcw=0.008+0.002-0.003
; z=0.009783+=0.000023

' in a group of galaxies

Typical SO galaxy

Bulge dominated

NG aeageny M~1010>-11 Mg

' Low SFR ~ 0.0 M@/yr

Spiral dust: dry merger?

Weak active nucleus

Z~O.9Z@

2kpc away in reg~3kpc
Very old t«~11.2 Gyr
Kick is small <200 km/s

HST/WFC3 FL10W+F160W ‘_ MUSE [NII]

Property SGRB SF Median SGRB Ell. Median SGRB Total Median NGC 4993 LOW eXti nction . in fr-o nt
M @ € ©) 4 :

Stellar Mass (log(My/Mg) 9.65 (0.90) 10.85 (0.33) 10.10 (0.72) 10.65

Rest-frame B-band Luminosity (Lg/L") 0.70 (1.00) 1.0 (0.80) 0.85 (0.94) 4.2

Star Formation Rate (M, yr™") 1.1 (0) <0.2 (0) <0.5 (0) 0.01

Stellar Population Age (Gyr) 0.26 (1.00) 1.3 (1.00) 0.50 (1.00) 11.2 H + + +
Projected Physical Offset éR (kpc) 5.5(0.27) 20.7 (0.17) 6.9 (0.24) 2.1 Hjorth ’ Levan ’ Pan ’

Fractional Flux 0.14 (0.75) 021 (0.80) 0.19 (0.76) 0 Blanchard+, Im +’ FOng+ I 7
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GW170817 & GRB 170817A

LVC-GBM-INTEGRAL 17 g
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Kl & Nakamura 17 :
weeks | X/Radio

~months afterglow

i , y _
Iet"SM shock i ) ~sec /,' ye.ars
5 | Off-axis X/Radio

sGRB flare

Ejecta-ISM 4
shock ~1day opt.
| macronova
Cocoon
v~0.2-0.4c ~10day IR
macronova
Merger
ejecta
v~0.03-0.2¢ ‘
(dynamical/

shock/wind)
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Jet Breakout from Ejecta

NS X Ejecta is also  \ugiurar 14
-~ Murguia-Berthier + 14
Ns_gmm 100 ey ON the pﬂc_:lems

255

1.25

T T T
e [ T B e LY. N ¥, |

-2.5 -1.25 0 1.25 2.5

Similar to collapsars (long GRBs)
\ Weak jet ~| 0 erg/s cannot break out

& cocoon
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Offt-Axis Jet

54
10 ~
e 6,~A0
D 452 _ = Point
= 10 Point
t‘},’ 10°’ L | Fitting4 dPProx.
= 450 , 7 y-rays .
£ 10 Fiducial] IS bad
= 10% \ | GWs
D 1048 \\ \ r=100 -6
2 47 N\ EisoOCGV
— 10 \ \ \ \ \ ‘ ‘ ‘ ‘ ‘ ‘
D
\é 1046 l
W, ~45 -4
10 R ‘ ‘ Eisoocev
1044 T PR PR PN PR RN i S FEETE fi.  Sre e
O 5 10 15 20 25 30 35 40 45 50 55 60
KI & Nakamura 17,01 Viewing angle 6, of the jet LVC-GBM-INTEGRAL 17

Yamazaki, KI & Nakamura 02, 03, 04 Granot+ |7, Kasliwal+ 17
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Flux density (mdy)
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X—ray Afterglow

o Tt T T8 Chandra 50ks
1ok 0, ~ 28° 6, ~ 15°
2 tise™9 day
102 N
Ly iso~1.1€39 erg/s
10‘3:E
10‘4:5 GW1C7)0817
10‘5:Ev /
F 1LY/
108/
10-7;5 .
10_SE 0.5-8.0 keV
R EEETTIT o il 26 August 2017
1 10 100

Time since gravitational-wave trigger (days) Troja+, Margutti+, Haggard+ 17
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Radio Afterglow
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o s Twa, o
Q be® tea, . +20 +10 0 -10 -20 420 410 0 -10 20 420 +10 0 -10 -20
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— B o ~ ™ 7]
< L e, i
~ ’ y 8 e
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=12k ~30 mly@6GHz ... :
= C Yo, o
7 - ]
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A l
* 10 F y
= . ]
.S C x
~ ~16 days e :
/ rlse >,
() L L 1 1 L L l 1 ' L L l 1 L ..\ L ' L

10
' 10° 10°

Time since merger [days] Hallinan+, Alexander+ 17

X/Radio ratio ~ Synchrotron p=2.2 (v, <v<v,)

10



Flux density [p Jy]
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1000

107+
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Early-time afterglow (< 15 d; x0.001)
Late-time afterglow (> 100 d)
kilonova

B=0.575+0.010
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Afterglow Spectrum

Consistent with

|a single power-law

= Synchrotron
vV, <SV<V,

=> e spectrum:
p = 2.2

Trojat 18, Marugutti+ |8, Ruan+ 18,
D’Avanzo+ |8, Lyman+ |8,
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Rising Afterglow

T
‘| ¢ Observations
e 8=10° 5 n=25x 10% om® ; E_ =6 x 10% erg

|= -6=20° ;n=10"° cm® ;E_=1.5 x 10°" erg

_--0j=15° n=10%cm™ ; Eiso=3 x 10°° erg (From Margutti et al. 2017)

e . . i
- - el
’ Pd f ~y ~ .,
~
‘./—‘1 ------- i { ~ \"~.
o,‘ / n: ~ N'e,
o’ .: i §~\. \.'o
/', I , :n \~\~\ “..\ ]
R 5 ’0.\
A
'I ; $ \~\ !
/ s ~
ll {i :: \‘\
/ H -
/ ri E
I / 1
L I' Il
i i X (GCN22201, 22203, 22206)
/ ! .
L/ / & Opt (GCN22207) also rise
I' . | . \ . , L
10’ 102

Time (day)

Rising

| up to ~100d

Inconsistent

| with a simple jet

Energy injection
radial or polar:
Structured jet

or cocoon!
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102

101j

Cocoon Afterglow?

| ¢ Observations C

- -B__ =08 E(>yB)=5 x 10°° (48/0.4)° ; n=0.03 cm™ ; ¢,=0.003 ocoon or
=35 E(G18)=2 x 10°" (38)° ; n=8 x 10°° cm™® ; ¢,=0.01 Ejecta tail
------ Cocoon model from Gottlieb et al. 2017

- interact w/ ISM
Rise time~
......... | Deceleration time

, 1 3E 13
P dec = 412, Amnmy,c?T?

13 rp\ 83 n —1/3
(§> ( 103 (2111_3)

Cocoon is also
a structured jet

Py
-’
----
-
e

|

0 10 e 80 100 X(GCN22201,22203,22206)

Mooley+ 17 Time (day) & Opt (GCN22207) also rise
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Superluminal Motion

Declination offset (mas)
o
L

sky position

VLBI

Day 75

.l‘l' NN .i
4 N
Day 230 D
8
3o0-120 S
- Beam
shape
-12 [ | | I I [ |
8 6 4 2 0 -2 -4 -6 -8

MOO|e)’+ 1806.09693 Right ascension offset (mas)

Vapp~4-1 £0.5 !

Unresolved
R<0.2pc(|mas),
<2pc(|0mas)

Not consistent

with a spherical
source

I~4 at t~t,



Flux Density (ujy)
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Turnovers in Afterglows

100 =

40 —

m— |Oint fit

Xomwm+ e

uUGMRT (0.65 GHz) _I_
MeerKAT/VLA (1.3-1.5 GH2)
VLA (3 GHz)

ATCA (7.25 GHz)
VLA (10 GHz)

10

10

T T I T 1 11 I T
40 100
Time post-merger (days)

Afterglow
theory
predicts
Fv~t'P v-(P-1)/2
for a jet
as observed

(p~2.2)

400

Mooely+ 18
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Kl & Nakamura 17 :
weeks | X/Radio

~months afterglow

i , y _
Iet"SM shock i ) ~sec /,' ye.ars
5 | Off-axis X/Radio

sGRB flare

Ejecta-ISM 4
shock ~1day opt.
| macronova
Cocoon
v~0.2-0.4c ~10day IR
macronova
Merger
ejecta
v~0.03-0.2¢ ‘
(dynamical/

shock/wind)
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Structured Jet?

32 48 64 80 886 Y
| B
LOg ulp’) (glem?)

10"

/“ Jet+Coccon

or
Intrincially
¢ structured?

«100

30

v el | . ©oCner -
QObserver
(_
| |
N
. §

20 30 40 S0 6o 70 80

Angle from the jet axis :.'.',f-‘r]’rff‘f.: L&ZZ&ti"‘ I 7
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Margutti+ 18

Lazzati+ |7

Structured Jet?  ocamwor s

Lyman+ 18

0.70E 3 6 GHz
0.65 £ . . = C T T T T T T ]
P 0.60 5_ SlmLﬂathI’lS @ _E C ———- Structured Jets :
Q’f 0.55 = i —= | (This work) i
0.50 F- 3
0.45 E- = i ]
0'4:()_IIIII T T 1 IIIIII T T 1 IIIIII T T 1 IIIIII L] T 1 IIIII_ —
10%® i .é’ 0.10 -
w 10% » C
1.000F @ st E ° I
C S 50 . 5 v ?
T 10 Q
-~ -1 o] v
. m O _ 5 Fast Qphorlce\l Fn‘cball AN
=) 10%° £ (Mooley et al., 2017) N
B 10%8 b 001k T A/ e (S}‘liow1 ﬂp}zer}]cazlo Fl)reball =1
F ooley et a 3
[ 100 & . . ]
— 0 3 — Structured Jet b
0.100 - L (Lazzati et al., 2017) ]
C g Z - s . P | . o
[ - 10¢ ] 10 100 1000
5 . X— rays 1 keV
L This work \\ 1078 ™ T T N
1 Lazlzatl et al., .2017 \_ * F— Fix(s)t l]()&lgg]lecyalethe 2%11 7)
i N r Slow Spherical Fireball
1 10 é \ - £=0.61 (Mooley et al., 2017)
0.010F 0 (deg) I ]
= - tructured Jet
: = Lazzati et al., 2017)
= S
5 \_E/ 1078 2EEE (Ttgllslc;grrked Jets -
o : €e=0.02 5‘ 3 . ]
1 e;=0.001 7 [ X
- 1 n=10"" cm 5 L ]
1 0,,,=20 deg "‘: i |
|- =]
0.001 | S
E | e.=0.1 107 =
- | €5=0.0005 : — ]
- n=10"" cm™ + a
B Oops=17 deg r .
lllll 1 ] L1 11 lll 1 1 1 llllll 1 1 L1 1111 B “«‘J y
0.1 1.0 10.0 100.0 1000.0 0 100 000

Time since Merger (days) Time since Merger (days)
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Power-Law Jet?

E, (t) oc v? 6t0 7 = e spectrum p =~ 2.2
0.5 —— . 102 g —rrrr
Jokg 3><F @3GHz %4 100 x F, @F606W :
0.0 F 4x#4 F,@6GHz **% 1000 x F, @ 1keV

— 100

EK. iso [erg]

Log(flux density/mJy)

—4.0 % A — 100
101 102 0.5 0.6 0.7 0.8 0.9 1.0

D’Avanzo+ |7 time after GW170817 [days] Bmin
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Gausslian Jet?

Trojat+ |8
10° , .
= Gaussian
=== Tophat
E(0) = Ey,(—0%/206%)
— _— “e 1<6/6; <2
O C == 2<0/0; <3
> 1077 3< 0/, <4
= 1Y
S
= 1073}
Table 2. Constraints on the Gaussian jet and Cocoon model param
distribution with symmetric 68% uncertainties (ie. the 16% and 84% q
10}
Jet Jet+GW+Planck
Parameter Med. Best-fit Med. Best-fit 107 = 2 "'1 — Y 3
10 10 10 10
0.20 0.13
o, 0.51*0-29 0.79 0.32+0-13 0.51 ¢ (d)
log;o Eo 52.50%)5, 54.39  52.73%-30 56.93 525273 56.93 10810 Umin -2.2733 -2.9
O 0.091*0-0%7  0.146  0.057*0-03  0.079  0.07670-0%¢  0.079 1080 Einj 54.7418 52.4
O 0.5540-%3 0.63 0.62+0-% 0.44 0.53+0-79 0.44 k 5.62+0-73 5.3
logjo Me; -7.6%/, 9.5
log;o no -3.1+1-9 -3.8 -3.8419 6.4 -3.24109 -6.4 log;o no -5.2+22 -6.5
0.015 0.015 0.015 0.014
p 215550018 2159 2.15540013 2170 2.1555)-013 2,170 p 2.15610-018 2157
log; €e 1224085 -0.73  -1.51%0%  -1.37  —1.31709% -1.37 log € -1.3379-9  -0.36
logyo €B -3.38708L 350 -3.2070-%  -127  -333704  -1.27 logo € -2.5412 0.4
logio Eror 50267010 5272 50.16%0-L 5475 5019734l BATE logyo Ef,,  52.84%-7  51.00
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Scattered sGRB

Thompson scattering by cocoon

Copy spectrum w/ ~MeV cutoff

r <10%-10'2em |

Gravitational

Wave
Merger
Kisaka+ 17 ejecta
Kisaka+ |5

On-axis
Prompt Emission

Cocoon

Be

T-SC

LSC

Jet opening
angle

Newly born
central engine

A

47
521
- 50 -7 - T =~
Iw _-" On-axis
00 _-7 prompt emission
L. s (6 < A9)
R Scattering
LL‘A Thomson
= 46 limit
g :
— Off-axis scattered
prompt emission
44 (AG <6, <AO+TY)
0 1 2 3 4
log,o hv [keV]
2 tdur 2
X Fz X €gc X — Ligo

~ X
Fj Ad Tdur,sc

Wide angle
1
AQSC ~ e

e
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GW170817

NS? = Short GRB?

2018/3/16

It GW from NS?2

g Gravitational-wave time-frequency map
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Macronova/Kilonova

17 T L] L] L] I L] L] L] L) I L) L] L)
I V —e—
R —o—
= s 5 g —e—i
= = [ ] o r —o—
s _ i —e—
[ = z |
g 18 D ! z
- — i i [ ] H
S : K —o—
“ w1
E
n b
S 19} ¢ -
a g
O
20 | -
i | |
1 1
2 i
5 ' T
8 ok o ® = ) 3 - =] z-J i
e z-K
J-H a
-1 H'K -
M M M M 1 M M M M 1 M M N
0 5 10 15

Utsumi, ]-GEM |7  Days after GW170817

-16

-15

-14

-13

Blue macronova
~| day opt.
T~7000K
L~7e41 erg/s

Absolute magnitude

Red macronova
~10 day IR
T~2000K

L~4e40 erg/s
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Macronova/Kilonova

——— -16
~——1— Blue macronova
g —e— |
o ~| day opt.
2 : el 2 T~7000K
= K —o—] o
e |~7e4l erg/s
S ¢ 14 3 g
2 ; 2
O <

A 1. Red macronova
: - ~10 day IR

' T~2000K
' L~4e40 erg/s

Color
- o — N
|
o
®

Utsumi, ]-GEM |7  Days after GW170817
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Macronova/Kilonova

Observed magnitude

i * Blue macronova
- ~| day opt.
°r £  T~7000K
| g L~7e41 erg/s
) Red macronova
~Z ] ~10 day IR
I " ; T~2000K
; ol o e 0 8 IR L~4e40 erg/s

Utsumi, ]-GEM |7  Days after GW170817
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Macronova Spectrum

8 . ] — spectral data (+1.4d)
da iy 6.0 b - model continuum
oL - model Cs+Te
7 - N ~I da)’

Yy v 4.0 A
2 o
5 s Black body
+ S 2.0
- = N
°'< = Csl Tel
: ol 15344
g 0.4 0.6 0.8 3 ays
. Rest wavelength (um) Llnes
o - C — spectral data (+2.4d)
O‘v "I‘ 2.0 - - model continuum
o o< — model Cs+Te
o i '
= »n 1.5
X B
-1
= - 1.0 1

=

< 05 Not dust

0.0 cf. Takami+ 14

. 05 1.0 1.5 2.0 Gall+ 17
Rest wavelength (um) Smarttt 17 pest wavelength (um)
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Macronova Modelings

17 —————r——

| M = 0.03 Msun (Ye = 0.25) | ?,R . l Blue macronova
. | L=4mR2eT* 03¢

-16 =

sl o e N M~0.02M,
’% B, o N\ ' k~0.3 cm?/g
s | ; ] (XLan~107)
§ 13 - i Red macronova
ol ] v~0.1-0.2c
M~0.03Mg
L D PR D ~3 cm?/g

Days after GW170817 X ~ I 0_2
J-GEM 17, Tanaka+ |7, Utsumi+ |7,Tominagat+ |7,Arcavi+ |7, Drout+ 17, ( Lan )
Cowperthwaite+ |7, Villar+ 17, Kasliwal+ 17, Kasen+ 17, Smartt+ 17, .
Kilpatrick+ 17, Pian+ 17, Chornock+ 17, Coulter+ 17, Evans+ 17, ... Polar or Radial
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Kl & Nakamura 17 :
Piro & Kollmeier 17 weeks = X/Radio

~months| afterglow

i , y _
Iet"SM shock i ) ~sec /,' ye.ars
5 | Off-axis X/Radio

sGRB flare

Ejecta-ISM i
shock ~ | day opt.
| macronova
Cocoon
v~0.2-0.4c ~10 day IR
macronova
Merger
ejecta
v~0.03-0.2¢ ‘
(dynamical/

shock/wind)
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Macronova Modelings

"  M=003Msun (Ye=025) '2,’3_ ﬁj Blue macronova
.r, : - v~0.3¢
g 5| e N LM M~0.02M,
% B, o N\ ' k~0.3 cm?/g
e Ul : ] Kan~10%)
g 8 1 Red macronova
»l ] v~0.1-0.2c
M~0.03M ,
S L D S k~3 cm?/g
J-GEM 17, Tanaka+ 17, Utszzialf;?;fn‘?i’::;ﬂ7|7,Arcavi+ 17, Drout+ 17, (XLan~ | 02)

Cowperthwaite+ |7, Villar+ 17, Kasliwal+ 17, Kasen+ 17, Smartt+ 17, o
Kilpatrick+ 17, Pian+ 17, Chornock+ 17, Coulter+ 17, Evans+ 17, ... Polar or Radial
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Galactic Abundance

® Galactic r-process rate

~ 10 Mglyr
® Ejected mass

~ 0.0l Mg/event ~0.03 M (red)
® Event rate +0.02 M (blue)

~ 10 events/yr/galaxy
~ 103 events/Gpcilyr  ~1540%3290 ., /Gpclyr
® ><Lanthanide ~0.03 XLanthanide <0.0]

NS? = r-process origin?
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Viscous Disk Outflow?

Viscosity = Expand disk = Outflow

t=0.40s t=240s
S N —— I

e
Ve
e - -

1500 (e
REr /W
e

RN S S
,,\';/< b <
N

—
g
”
i

-2000  -1500 -1000  -500 ( 2000 -1500  -1000  -500 (

= Low v~v_ ~0.05-0.1 c & Late-time >~2s
Fernandez & Metzger |3-15, Just+ 15, Siegel & Metzger 17, Shibata+ |7, Fujibayashi+ 18



Engine-Powered Macronova?

Kisaka, KI & Takami 14, Kisaka, KI & Nakamura 15
Kisaka, KI & Nakar 15

‘ % ; aatsumoto+ | ‘ 0 S'\n ‘
e SR * 2N 3

Central Energy ‘ R
engine Injection

AN A\ ¢|‘WV W'LJ?
(or Disk) decay t}w\,\: ‘Y‘JOT% g g
N é e

e lC | e

R-process model Engine model
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New Problems

® sGRB 170817A (gamma)

— Jet, Cocoon breakout, or Scattering?
® Afterglow (X, opt, radio)
— Jet is verified, Jet structure!
® Macronova/Kilonova (UV, opt, IR)

— Radioactive energy or Central engine!

— r-process abundance & pattern?

Great Progress!!
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Low Metallicity

PA R{SE C + della yed supe:mova mo]del

————— Heavy elements

Metallicity .
120 B O s 59 " T like C should be
1 - 6.0E-3 --=-=-1.0E-2 —— 2.0E-2 7 [

little in the star

Otherwise

stellar wind
= mass loss

= too small M

L) L Ll Ll ] Ll ' Ll l
20 40 60 80 100 120 140

GO 16 ~" " Origin: Old stars
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Mass Function

~ Salpeter mass function

p(ml) cm “, a~25"

X
COO00000000
OO =DM WWHE
OO OO OtO Ut

-2 -1 0 1 2 3 4
LIGO 16 (astro) Y
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Low Spin?

[ LVT151012

|

GW151226

GW150914

l

|

|

|

0.0

0.2

0.4

0.6

q

The Sun (P~26 days) = y~0.2

0.8

1.

-

m m

Kt = Ml)ﬁ +ﬁ2X2

GW150914: —0.06*
GW151226: 0.217%
LVT151012: 0.0%3

) |

Typical O star (R~10'2cm, v~100km/s) = y~30
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Very Close Binary

GW coalescence time
5 a c’a c*a c’a (1_62)7/2 /
256 ¢ Gm, Gm, GM

4
~10"yr| —— ) o
y(3x10120m (3OM®

closer than Mercury for tew <ty

IR

tGW

.. Earth ' Riiter, i . }Uranuis"

Mercury

gk Saturn ’ ) Neptune *
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What is the Origin?

Isolated binary Stellar cluster

Time (Myr) a(Ry) e
Zero-age main sequence

f i 35M, 32M
0.0000 | MS  96.2M,, . . MS  60.2M, | 2,463 0.15 Postnov &Yungelson |4 .C i

y ~ BeICZ nSki + I 6 +{ *z Binary-Single Scattering
(:: ‘ ::’ MS 598N | 2140 000 y +§ Binary-Binary Scattering

van den Heuvel+ |7 S
Mandel & de Mink 16 jﬁ/ sz
3.5448 C:;B 42.3M,, . ‘ IMS  84.9M, | 3,112 0.00 . g

Klnugawa+ I 6 { Three-body

Binary Formation

Roche-lobe overflow

3.5445 | HG 92.2M

"\..:\m;\

- NUY.}{.U\) \f&’?—.\‘ ““XM

Ky
oo

3.8354 | He star 39.0M,

l Direct collapse
3.8354 | BH 35.1Mg . .

Common envelope
5.0445 | BH 35.1Mg CHeB 82.2M, | 3,780 0.03

» Antonini & Rasio 16

Direct collapse ° Ba’rtos+ I 6
5.3483 | BH 36.5M, 0‘ L] BH 30.8M, | 47.8 0.05 Stone+ |6 Sasaki+ |6

Merger

Bird+ 16

Near galactic nuclei  simior i¢

Carr+ 16
Primordial black hole ... .

MS 84.7M, | 3,579 0.00

us  ourmy | a0 0t Rodriguez+ 16
O’Leary+ 16
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Scattering Ejection
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Future GW QObservations

Early Mid Late  smDesign
60-80 60-100 120-170 190
Mpc Mpc Mpc Mpc
LIGO o & os
25-30 65-85 65-115
Mpc Mpc Mpc
Virgo 0z s
25-40 40-140
Mpc  Mpc
| | 1 | | | 1 | |
2015 2016 2017 2018 2019 2020 2021 2022 2023



2017/03/10 Astro in the GW Era by K. IOKA 67

10- 18

characteristic amplitude

107 & Advanced LIGO \\
ERRETTT B IR vl v vl |\|\||||| Lol 1000 N2A5 - .
0.001 0.01 0.1 1 10 100 1000 ' ﬂ%ﬁ —  merging
frequency [Hz] 100 F N1AS ——
Sesana+16 - [ NIAS .
§ o i NIAl ——
Guaranteed sources £ °f vo—
. . L
Good localization -
Kyutoku & Seto 16 °; EE— ‘(‘).'01 LN o

Space GW Observatorles

10w -

10—20

1 Low frequency band
LISA ~0.01 Hz
— DECIGO ~0.1Hz

- WW& — Ground ~100Hz

DECIGO |

Seto I 6 frequency at the start of observation (Hz)
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