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Multi-Messenger Era

lceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010 Project completed, 86 strings
1450 m

2450 m

2820 m

2I1th Century: Multi-
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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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Black Holes of Known Mass

low heavy elements,

i.e., old stars \\_// LIGO

Pop Il or lll stars

Progenitor stars have (///\ w

X-Ray Studies

GW150914

LVT151012
GW151226
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Masses in the Stellar Graveyard

in Solar Masses
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Evolution to Black Holes

Gravity ~ ﬁ
Quantum Sl , pernova
& Remnant

Chandrasekhar Davis =N
.% y Koshiba % ‘‘‘‘‘ eI

& Weiss, Barish
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Penzias, Wilson . |
| Mather, Smoot Black Hole Hess
Perlmutter, Riess, Active galactic nuclei  Neutron Star

, Anderson
Schmidt | 3 Massive black hole White Dwarf Yukawa
% at the center of galaxy  Gigeconi Powell
Hewish & &

High Energy Universe Hulse, Taylor
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What is the Origin?

Isolated binary Stellar cluster
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Gamma-Ray Bursts?

Por (d)

~ BH formation
ZAMS 70 @ @ .

TAMS/ 57 1.5 57
He-star OO .

BHsBH 41 ® = 32 é= e a1 Collapsar model

Merger @@> -0y GW rate ~ GRB rate

Marchant+ 16



Masses in the Stellar Graveyard

in Solar Masses
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R-process elements
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GW170817

It GW from NS? NS? = Short GRB?

g Gravitational-wave time-frequency map
300

200

100

50

o B B _T4ime fron: ?nerger (s(; ’ ! ’
~100 sec chiro = NS-NS Pacynski 86, Goodman 86
P Eichler, Livio, Piran & Schramm 89

Relativity,
Cosmology,

Mas

NQAL o )
Lattlmer & Sggrﬁfm :
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 — NIRRT Follow-up observations

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

>3000 people
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Swift, HST
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REM-ROS2, VISTA, Gemini-South, 2MASS, Spitzer, NTT, GROND, SOAR, NOT, ESO-VLTKanata Telescope, HST
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w 16.4d Radio




Before
GW170817




Optically Thick

Optical depth
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EM Counterparts

Jet—ISM Shock (Afterglow) /q G RB was though t
" Bewismsnon  £O D€ tOO faint
(5/ On-axis fraction

it ,
™ Ao Off-axis energy
— @ -

3 -6
L B %6 =0

(point source case)

1
I'(1-Bcosb,)

Metzger & Berger 12
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Off-Axis Afterglow

47 T L S R YT
71~

1

Jet interacts w/ interstellar
medium = Afterglow
Initially I" is large = Faint

" is decelerated = 0_,.~0

Granot+ 02 t (daYS)



2018/2/13

Merger of 1.3-14 M
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NS:

sun

EOS=APR4; stiff but relatively soft
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Dynamical Ejecta

1=11.4818 ms t=13.0892 ms t=14.6967 ms
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r-Process Nucleosynthesis
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Macronova/Kilonova

Radioactivity (r-process — [3-, a-decay, fission, ...)

B T r
M=10-2Mg
log f = -3
v=c/3 B SR
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Large Opacrcy

S e Ye=0.10-0.40 § r-process
Electmn vesoz elements or
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Wavelength (A) Tanaka & Hotokezaka 13
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Galactic Abundance

® Galactic r-process rate
~ IO_6 M@/)'I"

® Ejected mass
~ 0.0l Mg/event

® Event rate
~ 10* events/yr/galaxy
~ 103 events/Gpc3/yr
® ><Lanthanide ~ 0.03

NS? = r-process origin?

25
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GW170817
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GW170817 & GRB 170817A
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3 (of 12) GBM Nal detectors
T,=1.74=%0.05 sec (68%)

T99=2.0=%0.5 sec
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Successful or Failed Jet?

n @ Jet breakout  ngiura+ 14
‘ w, . Murguia-Berthier + 14
NS-NS merger [10% em] fr om e.’ eﬂcﬂtams

2D

1.25

I T T
=] LA L = e L LA

25 -1.25 0 125 25

Similar to collapsars (long GRBs)
Weak jet ~10% erg/s cannot break out
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KI & Nakamura |7 .
Modified weeks | X/Radio

~months 4tterglow

i i Y, >years
Jet-1SM shock | S TReC !
| | Off-aXiS X/Radlo
' <GRB flare
Ejecta-ISM
shock Breakout &
| ~lday opt.
Cocoon macronova
v~0.2-0.4c
Merger ~10day IR
ejecta Mmacronova
v~0.03-0.2¢c
(dynamical/
shock/wind) ‘ Macronova

+ Fast tail?
v>0.7¢?

= kilonova
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Offt-Axis Jet

54

10 ~
s 6,~A0
> 1052 | ) = Point
E .
Q10 i 1 Fitting4 dPProx.
= 450 , f y-rays .
£ 10 Fiducial] IS bad
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Kl & Nakamura 17,0l Viewing angle 0,, of the jet LVC-GBM-INTEGRAL 17

Yamazaki, KI & Nakamura 02, 03, 04 Granott+ |7, Kasliwal+ |7
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Scattered sGRB
Thompson scattering by cocoon
Copy spectrum w/ ~MeV cutoff 7 *| -7 o
a0 e’ prompt emission
rSC< I O I O- I O I 2 Cm ; § a8 Scattering R
Thomson
5 A S |
0)@ 6;:9 :‘:ﬁ On-axis . s = ff-axis scattered
J > g Prompt Emission Crompt emission
% o g 44 (A0 < b, <AO+T]Y)
0 1 2 3 4
rse Cocoon log,o hv [keV]|
Gravitational . p 2 ur AG?
wraa‘;/el ationa . \ C L. ~ TAD X TZir’SC X T2 X €40 X TLiSQ
Wide angle
% | | Jet opening 1
Merger A 9 ~
Kisakat 17 et Newly born sC ™~
Kisakat 15 central engine FC
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Flux density (mJy)
o o o o o o
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X—ray Afterglow

0, = 28°, 0, ~ 15°
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1 10 100

Time since gravitational-wave trigger (days)

Chandra 50ks

Crise™9 day
Ly iso~1.1€39 erg/s

GW170817
O

0.5-8.0 keV
26 August 2017

Troja+, Margutti+, Haggard+ |7
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Radio Afterglow
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KI & Nakamura |7 .
Modified weeks | X/Radio

~months 4tterglow

i i Y, >years
Jet-1SM shock | S TReC !
| | Off-aXiS X/Radlo
' <GRB flare
Ejecta-ISM
shock Breakout &
| ~lday opt.
Cocoon macronova
v~0.2-0.4c
Merger ~10day IR
ejecta Mmacronova
v~0.03-0.2¢c
(dynamical/
shock/wind) ‘ Macronova

+ Fast tail?
v>0.7¢?

= kilonova
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Rising Afterglow

T
| ¢ Observations
e 0=10° ;n=25x 10 em ™ ;E_ =6 x 10°7 erg

|= -6=20° ;n=10" ecm™ ;E_ =15 x 10”" erg

—--6.-15°; n=10"*cm™ ; E_ =3 x 10°” erg (From Margutti et al. 2017)
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l, s ~,
/ i Sl
/ : .
- /7 I 5 M
I / ro; '
- I' I
i ! X (GCN22201, 22203, 22206)
/ ! )
-/ p & Opt (GCN22207) also rise
I 1 . .
10" 10

Time (day)

Rising

| up to ~100d

Inconsistent

| with a simple jet

Energy injection
radial or polar:
Structured jet

or cocoon!
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Margutti+ 18
? Lazzati+ |7
Structured Jet?  ocamo: s
Lyman+ 18
0.6 +0.7
E (t) X V t = e spectrum p = 2.2
0.5 ——r 1052 ——rrrre—y 100
*okg 3 X F @3 GHz %%« 100 x F, @FGOGW ]
00F w2y F,@6GHz *kx 1000 x F, @ 1keV = 10

—0.5 I r
o
Z -1.5 104 L 1
g
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D’Avanzo+ |7 time after GW170817 [days] Bin



Cocoon/Ejecta Afterglow?

| ¢ Observations

- -B__=0.8;E(>yB)=5 x 10°° (y8/0.4)° ; n=0.03 cm™ ; ¢,=0.003 Cocoon or
—_ =35 E>y8)=2x 10°" (8)° ; n=8 x 10° cm™ ; ¢ _,=0.01 Ejecta tail

102 IELEE Cocoon model from Gottlieb et al. 2017

1 interact w/ IS
Rise time~

39

M

/->: |
E R | Deceleration time
e L1 3E H3
P dec = U2 Amnmy,c?T?
g E 1/3 T —8/3 ( n )_1/3
~ 13 day —
ol Y\ 1099 erg 2 10~3 cm—3

J

0 20 60 80 100 X(GCN22201,22203,22206)

Mooley+ 17 Time (day) & Opt (GCN22207) also rise
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Merger Shock Breakout

g Shocersatout

>

Kyutoku, K| & Shibata 14 Shock acceleration @surface
Sakurai 60, Johnson & McKee 71 _5 .
up to ~10~ Mg but uncertain
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GW170817

It GW from NS? NS? = Short GRB?

P Gravitational-wave time-frequency map

Frequency (Hz)

Pacynski 86, Goodman 86
Eichler, Livio, Piran & Schramm 89

Equation of state
\ Relativity,
Cosmology,

= %
',
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Macronova/Kilonova

Observed magnitude

I v—==1" Blue macronova
- x B2 g —e—
R R r e ~| day opt.
18F & ) z 115 8
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K —eo— =)
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19 |- ¢ -4 § g
L E . ] . é
. Red macronova
20 |- -1 -13
- —t —— — — } - ~|Oda)'|R
't ; T~2000K
Sof Let o8t b ay . L~4e40 erg/s
SO S L |

Utsumi, ]-GEM |7  Days after GW170817



Color

2018/2/13 Kunihito IOKA

Observed magnitude
K
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Macronova/Kilonova
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Utsumi, ]-GEM |7  Days after GW170817
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~| day opt.
T~7000K
L~7e4l erg/s

Red macronova
~|0 day IR
T~2000K

L~4e40 erg/s
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Macronova/Kilonova
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Utsumi, ]-GEM |7  Days after GW170817
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T~2000K
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Macronova Modelings

-17

M = 0.03 Msun (Ye = 0.25) o+ | Blue macronova
or iaak v~0.3c

g sl e e Ko M~0.02M,
'§> R o N ' Kk~0.3 cm?/g
% - : - ' (XLan~IO-4)

S 3t i Red macronova
wl ] v~0.1-0.2c
M~0.03Mg
b A k~3 cm?/g
J-GEM 17, Tanaka+ 17, utszfnyiiaﬁf?fﬂ:::ff 7I7,Arcavi+ 17, Drout+ 17, (XLan~ | 02)

Cowperthwaite+ |7, Villar+ 17, Kasliwal+ 17, Kasen+ |7, Smartt+ |7, .
Kilpatrick+ 17, Pian+ 17, Chornock+ 17, Coulter+ 17, Evans+ 17, ... Polar or Radial
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Macronova Modelings

-17

M = 0.03 Msun (Ye = 0.25) o+ | Blue macronova
or iaak v~0.3c
g 5| e x——]  M~0.02M,
'g» -\ o N ' K~0.3 cm?/g
§ o (XLan~10)
§ 13 i Red macronova
L ] v~0.1-0.2c
M~0.03M ;
S D S . k~3 cm?/g
J-GEM 17, Tanaka+ 17, Utszzialf;?'rl'fn‘whi,::g?:?l7,Arcavi+ 17, Drout+ 17, (XLan~ | 02)

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

® Galactic r-process rate

~ 106 Mglyr
® Ejected mass

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

~ 10-* events/yr/galaxy
~ 103 events/Gpc3lyr  ~1540%3290_ .. IGpclyr
® XLanthanide ~ 0.03 XLanthanide < OOI

NS? = r-process origin?
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Engine-Powered Macronova?

Central

engine

S\

Torus Nuclear
(or Disk) decay

Y
®

Kisaka, K| & Takami 14, Kisaka, KI & Nakamura |5
Kisaka, KI & Nakar 1|5

; Matsumoto+ IB‘ ng

hy,
%ﬁ ®

R-procégé model Enginé_ model
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Future GW Observations

Earl = Mid Late mmDesign
60-80 60-100 120-170 190
Mpc Mpc Mpc Mpc
LIGO o % _ B
25-30 65-85 65-115 125
Mpc Mpc Mpc Mpc
Virgo 02 8
25-40 40-140 140
Mpc  Mpc Mpc
| | 1 | 8 | | | | |
2015 2016 2017 2018 2019 2020 2021 2022 2023



Masses in the Stellar Graveyard

in Solar Masses




Frequency (Hz)

R-process elements Equatlon of state

2018/2/13 Kunihito IOKA 51

GW170817

It GW from NS? NS? = Short GRB?

P Gravitational-wave time-frequency map
300

200

100

R T B Pacynski 86, Goodman 86
Eichler, Livio, Piran & Schramm 89

Relativity,
Cosmology,
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