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Progenitor stars have
low heavy elements,

i.e., old stars
Pop II or III stars
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The Nobel Prize in 
Physics 2017

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

Rainer Weiss Barry C. Barish Kip S. Thorne
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GW170817
NS2 = Short GRB?

R-process elements

1st GW from NS2

Equation of state
Relativity,
Cosmology,
…

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

Lattimer & Schramm 74

~100 sec chirp ⇒ NS-NS

2019/08/01 GW & MM by K. Ioka 13

~40yr-old hypothesis



Gamma-Ray Bursts
2019/08/01 GW & MM by K. Ioka 14

= =
Sun

~1033g
GRB

~1052ergAtomic bomb

In ~sec, GRB release energy Sun emit over lifetime

The most luminous EM object

E=mc2 (Einstein)

~1kg



New Era of
Multi-Messenger

LVC-EM 17
Band: GCN circ., Circles ∝ brightness

Follow-up observations
>3000 people

g-ray: ~1.734±0.054 sec
⇒ sGRB 170817A
UV-Opt-IR: 10.86 hr
⇒ Macronova/Kilonova
X, radio: ~10 day
⇒Afterglow

2019/08/01 GW & MM by K. Ioka 15



GW170817 & GRB 170817A
3 (of 12) GBM NaI detectors
T0=1.74±0.05 sec (68%)
T90=2.0±0.5 sec

Weak but Detected

LVC-GBM-INTEGRAL 17

Eiso = 5×1046 erg

LVC-EM 17
Goldstein+ 17
Savchenko+ 17

2019/08/01 GW & MM by K. Ioka 16
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Merger  of  1.3-1.4 Msun NS:
EOS=APR4;  stiff  but  relatively  soft

r (g/cm3)

Orbital  plane X-Z plane

Relatively  wider  view

©Shibata, Hotokezaka

2019/08/01 GW & MM by K. Ioka 18



Magnetized
Jet

Accretion Disk
(Baryon)

ν,  ν ν,  ν
e±

γ

B > me
2e3

e
≈ 4×1013G

Black
Hole

Radiative
Jet

?
2019/08/01 GW & MM by K. Ioka 19



Jet Breakout from Ejecta
2019/08/01 GW & MM by K. Ioka 20

Similar to collapsars (long GRBs)
Weak jet ~1046 erg/s cannot break out

Nagakura+ 14
Murguia-Berthier + 14

Ejecta is also
on the pole
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LVC-GBM-INTEGRAL 17
Granot+ 17, Kasliwal+ 17
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Kasliwal+ 17
Gottlieb+ 17
Bromberg+ 17



Superluminal Motion
vapp~4.1±0.5 c!

Mooley+ 1806.09693

VLBI 
sky position

Unresolved
R<0.2pc(1mas), 

<2pc(10mas)

Not consistent
with a spherical

source

G~4 at t~tpeak

Beam
shape

3s-12s

2019/08/01 GW & MM by K. Ioka 23
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Macronova/Kilonova

J-GEM 17, Tanaka+ 17, Utsumi+ 17, Tominaga+ 17, Arcavi+ 17, Drout+ 17, 
Cowperthwaite+ 17,  Villar+ 17, Kasliwal+ 17, Kasen+ 17, Smartt+ 17, 
Kilpatrick+ 17, Pian+ 17, Chornock+ 17, Coulter+ 17, Evans+ 17, …

2019/08/01 GW & MM by K. Ioka 25

Blue macronova
v~0.3c

M~0.02M¤

k~0.3 cm2/g
(XLan~10-4)

Red macronova
v~0.1-0.2c

M~0.03M¤

k~3 cm2/g
(XLan~10-2)

Polar or Radial



Cocoon Emission
2019/08/01 GW & MM by K. Ioka 26

Hamidani+ in prep.
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Viewing Angle & H0

Degeneracy btw H0 & qv

qv<32°
(1s)

Cosmology

2019/08/01 GW & MM by K. Ioka 27



H0 & GRB Jet
2019/08/01 GW & MM by K. Ioka 28

Degeneracy
btw dL & qview

GRB Jet
Radio VLBI
⇒ qview

H0=68.9+4.7
-4.6

Hotokezaka+ 19



New Problems
l sGRB 170817A (gamma)

– Jet, Cocoon breakout, or Scattering?

l Afterglow (X, opt, radio)
– Jet is verified, Jet structure?

l Macronova/Kilonova (UV, opt, IR)
– Radioactive energy or Central engine?
– r-process abundance & pattern?

2019/08/01 GW & MM by K. Ioka 29

Great Progress!!
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Too(?) Many O3 Events
2019/08/01 GW & MM by K. Ioka 31

S190425z NS-NS (>99%) @~156±41Mpc
S190426c NS-BH (~60%) @375±108Mpc DW~103 deg2
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Download NOW!!



GRB from GW150914?
2019/08/01 GW & MM by K. Ioka 33

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

-1.0e49erg/s
Short GRB!?

Fermi+ 16

INTEGRAL: no signal



What is the Origin?
Isorated binary? Stellar cluster?

2019/08/01 GW & MM by K. Ioka 34

Near galactic nuclei?
Primordial black hole?

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

Hut & Bahcall+ 83
Rodriguez+ 16
O’Leary+ 16

Antonini & Rasio 16
Bartos+ 16
Stone+ 16
Tagawa & Umemura 18

Sasaki+ 16
Bird+ 16
Binnilov+ 16
Carr+ 16
Kawasaki+ 16



Very Close Binary
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Mass Function
2019/08/01 GW & MM by K. Ioka 36
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Low Spin?
2019/08/01 GW & MM by K. Ioka 37

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

χeff ≡
m1
M

χ1 +
m2

M
χ2



High Spin Events?
2019/08/01 GW & MM by K. Ioka 38

Princeton group develops a new GW analysis
Track the noise on ~10 sec (PSD drift),
New detections of glitches, New vetoes, …

Venumadhav+ 19
Zackay+ 19



Eccentricity

LIGO16 (astro)

2019/08/01 GW & MM by K. Ioka 39
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ay

s Quickly
e→0

Field binary
cannot have

e≠0
Only cluster

and PBH



Event Rate

9.7-101 Gpc-3 yr-1

~0.1% Rsupernova

~Rsuperluminous SN

~RGRB (beaming corr.)

~0.1 RNS-NS

~3/hr/Universe

2019/08/01 GW & MM by K. Ioka 40



Gamma-Ray Bursts?

Marchant+ 16

~ BH formation

?

GW rate ~ GRB rate

Collapsar model

2019/08/01 GW & MM by K. Ioka 41



Many BHs in Our Galaxy
2019/08/01 GW & MM by K. Ioka 42

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
2019/08/01 GW & MM by K. Ioka 43

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



Spin Energy
Espin = 1− 1+ 1− a*
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 supernovae

Comparable to
supernovae

ever happened!
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Blandford-Znajek Effect
2019/08/01 GW & MM by K. Ioka 45

Bondi radius
~1015cm

Hot disk
~1011cm

~107cm

B

Blandford & Znajek 77
Komissarov & Barkov 07
Tchekhovskoy+ 11
Armitage & Natarajan 99
Barkov, Khangulyan & Popov 12



Gamma-Ray Burst

10 12
eV

proton

LHC

Particle Acceleration
l Hillas condition 

E<ZqBR
l LB~4pR2(B2/8p)c

∝(BR)2

l Emax>PeV

PeVatron!!!

Neutron star

GRB

Active Galactic Nuclei

Galaxy
Cluster

Dark
Matter?

2019/08/01 GW & MM by K. Ioka 46

Blandford 00
Waxman 04

Barkov+ 12
KI+ 16



Total Power
2019/08/01 GW & MM by K. Ioka 47

BHs ⇔
Cosmic rays
beyond PeV?

εCRESN

100yr
~ 3×1040  erg s−1

If leptonic
⇔ e± excess?

KI+ 16
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High Energy Sources?
2019/08/01 GW & MM by K. Ioka 48

©Donath 16TeV-PeV g-ray
& cosmic-ray

sources in
our Galaxy

Most are unidentified
Some are dark accelerators

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



Multi-Messenger Era
2019/08/01 GW & MM by K. Ioka 49

Photon Cosmic 
Ray

n Gravitational

Wave
21th Century: Multi-Messenger Era



g
n

p

proton
n

g p+ µ+ e+

nµ ne µn

CR origin
n interaction@>TeV
t appearance
Limiting n speed
Equivalence principle

Strong penetration
Not delayed

Cosmic n
2019/08/01 GW & MM by K. Ioka 50



First 2 PeV ns
2019/08/01 GW & MM by K. Ioka 51

Aartsen+(IceCube), arXiv:1304.5356

8 Aug 2011

1.04±0.16 PeV

3 Jan 2012

1.14±0.17 PeV

PeV=1015eV

Breakthrough of 

the year 2013

Reported in Kyoto n 2012

Dawn of High-Energy n Astronomy!!!



More Events
2019/08/01 GW & MM by K. Ioka 52

No significant clustering ⇒ Extragalactic
Spectral break @~100TeV or Inconsistency?

IceCube, ICRC2017
Gala

cti
c p

lan
e

More than >100 events by IceCube
Origin still unknown

1701.03731



Tension with CgB?
2019/08/01 GW & MM by K. Ioka 53

p0→gg
PeV → TeV

Cosmic g-ray
Background
(from blazars,
not n-source)

Hidden
n-sources?

Murase+ 13
Murase+ 16



IceCube-170922A
2019/08/01 GW & MM by K. Ioka 54

IceCube+ 18

Multimessenger source
Blazar TXS 0506+056
~3s coincidence
But the others are n-dim~0.2-1PeV



Before IceCube-170922A
2019/08/01 GW & MM by K. Ioka 55

13±5 nµ during 158 days (BG: 5.8 nµ)
9.5 yr data of blazar TXS 0506-056

~3.5s
coincidence

IceCube+ 18
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Collimation
shock

Pre-collimated jet

Collimated jet
Jet head

Coccon

Stellar envelopeGb

x

ldec

Radiation
Internal shocks

Failed Gamma-Ray Burst?
2019/08/01 GW & MM by K. Ioka 57

TeV-PeV n from Low-power GRB Jets inside Stars
Not g-ray sources Murase & KI 13

Kimura+ 18



IceCube-Gen2
2019/08/01 GW & MM by K. Ioka 58

~10 km3

125m→250m spacing

Aartsen+ 1412.5106



Multi-Messenger Era
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Ray
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Fast Radio Bursts
2019/08/01 GW & MM by K. Ioka 60

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)
n=1.382 GHz, Dn=400 MHz/1024, Dq~14 arcmin



Brightness Temperature

Pietka+ 14

P~|E|2

~|E1+…+EN|2

~N|E1|2

(incoherent)
~N2|E1|2

(coherent)

d: comoving distance

2019/08/01 GW & MM by K. Ioka 61



Dispersion Measure
2019/08/01 GW & MM by K. Ioka 62

Thornton+ 13

Galactic latitudedt∝DM・n-2

DM (column density of electron)
= 500-1000 cm-3 pc ⇒ z~1

Lorimer Burst



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, KI+ 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

2019/08/01 GW & MM by K. Ioka 63



Possible Exotics
• Evaporation of BH Rees 77; Blandford 77; Kavic+ 08; Keane+ 12

• PBH to white hole Barrau+ 14

• Superconducting cosmic strings Cai+ 12; Yu+ 14

• Axion stars Iwazaki+ 14; Tkachev+ 14

• …

2019/08/01 GW & MM by K. Ioka 64



No Counterpart Transients
2019/08/01 GW & MM by K. Ioka 65

Follow-up within hours

Petroff+ 14Rule out supernovae and long GRBs



A FRB is Cosmological!
2019/08/01 GW & MM by K. Ioka 66

Chatterjee+ 17; Tendulkar+ 17; Marcote+ 17

Repeating FRB 121102 ⇒ Radio interferometry
z=0.192
dL=972Mpc
Star-forming
⇒ Magneter?



More Host Galaxies
2019/08/01 GW & MM by K. Ioka 67

FRB 180924
z=0.3214
Old, clean galaxy

FRB 190523
z=0.66, old galaxy

⇒ NS-NS?
WD→NS?



FRB Cosmology
l Reionization
l Missing baryon
l Dark energy, 

cosmological para.
⇒ Swapland?

2019/08/01 GW & MM by K. Ioka 68

DMIGP =
3cH0Ωb

8πGmp

1+ z( )dz

Ωm 1+ z( )3 +ΩΛ
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&
1 20

z
∫

dL =
c 1+ z( )
H0
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#
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&
1 20

z
∫

Fast radio bursts 
as cosmological tools
New frontier?

KI 03, Inoue 04



Multi-Messenger Era
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E-2.7

×E2

Knee 
(~1/m2/yr) Ankle

(~1/km2/yr)E-3

×E2

E-3.2

×E2

E-2.7×E2

UHECR
GZK cutoff?

(~1/km2/century)

Gaisser 06

Cosmic Ray
E<1015-16eV (Knee)
F∝E-2.7

Supernova remnant(?)
LCR~1041erg/s

~0.1ESN/tSN

1015-16<E
<1018eV (Ankle)
F∝E-3-3.2

Galactic origin?
<1014-15eV by SNR

1018eV<E
F∝E-2.7

Extra-Gal. AGN? GRB?

2019/08/01 GW & MM by K. Ioka 70

100 yr
Problem



Where is PeVatron?
2019/08/01 GW & MM by K. Ioka 71

Funk+ 11

E < PeV
=1015 eV
(Knee)



CTA
2019/08/01 GW & MM by K. Ioka 72

LST (Large Size Telescope)
@La Palma



HAWC

HAWC & Milagro detect
TeV g-ray from Geminga
250pc, 342kyr, 3e34 erg/s
Slow diffusion near sources

Extended
Hard -2.2

Monogem

Geminga

2019/08/01 GW & MM by K. Ioka 73



Dipole Anisotropy >8EeV
2019/08/01 GW & MM by K. Ioka 74

d=6.5+1.3
-0.9% (>5.2s) using 3e4 CRs

⇒ Extragalactic origin

E/Z=

GalacticAuger+ 17



Multi-Messenger Era
2019/08/01 GW & MM by K. Ioka 75

Photon Cosmic 
Ray

n Gravitational

Wave
21th Century: Multi-Messenger Era



KAGRA is joining
2019/08/01 GW & MM by K. Ioka 76

1904.03187



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

2019/08/01 GW & MM by K. Ioka 77



Near Future

78

3rd Generation Space

~10 times sensitivity
>1000 events/yr Massive black hole

Inflation

2019/08/01 GW & MM by K. Ioka



Space GW Observatories
2019/08/01 GW & MM by K. Ioka 79

Kyutoku & Seto 16
Seto 16

Sesana+16

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

Guaranteed sources
Good localization

DECIGO



2018/12/11 EM-GW & GRB by Kunihito IOKA 80

YITP Long-term 
Workshop

Search by “multi-messenger Kyoto”

YKIS 2019
7-11 Oct.

5 days
symposium



Thank
You



Typical Cocoon Velocity
2019/08/01 GW & MM by K. Ioka 82
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tdiff



Typical Cocoon Velocity
2019/08/01 GW & MM by K. Ioka 83
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From the cocoon?

tdiff



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

2019/08/01 GW & MM by K. Ioka 84



Cocoon Emission
2019/08/01 GW & MM by K. Ioka 85
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Cocoon Emission
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 GW170817 [Kasliwal+17 & Drout+17]
 R-process Emission [Kisaka+15]
 Prompt Phase's Cocoon [Narrow Jet]
 Prompt Phase's Cocoon [Wide Jet]
 Extended Phase's Cocoon [Narrow Jet]
 Extended Phase's Cocoon [Wide Jet]
 Plateau Phase's Cocoon [Narrow Jet]
 Plateau Phase's Cocoon [Wide Jet]

J-Band

Hamidani+ in prep.

From the cocoon?
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Hamidani+ in prep.
Nagakura+
Murguia-Berthierb17
Bromberg+
Mizuta+
Morsony+
Gottlieb+

𝛽 = 𝛽<= + 𝛽?= 𝑙𝑜𝑔%C 𝜌

Velocity Density

Lazzati,
Gottlieb,

Geng,
Gill’s
talk
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Kashiyama, KI & Meszaros 13

l Energetics
EB~1040erg
l Timescale
rcap/c~ms
l Event rate
~SN Ia
l SN Ia as a 
counterpart?
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