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We Did It! 
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@YITP	
midnight	
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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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Galactic BHs	
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70 Gpc-3 yr-1 ÷ 0.01 galaxy Mpc-3 × 1010 yr	

~ 70000 Merged BHs/galaxy	
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GWs put a lower limit on #(spinning BHs)	



Spin Energy	
Espin = 1− 1+ 1− a*

2

2

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟
Mc2

≅ 7%×Mc2 ~1×1054erg M
10M8

⎛

⎝
⎜

⎞

⎠
⎟

Etot ~ NBHEspin ~ 7×104  BHs×1×1054 erg

~ 9×1058erg

~1010 yr
100yr

 supernovae
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Blandford-Znajek Effect	
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Bondi radius	
~1015cm	

Hot disk	
~1010cm	

~107cm	

B	

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



MAD	
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Bisnovatyi-Kogan & Ruzmaikin 76	
Narayan+ 03	

pa =
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Tchekhovskoy+ 11, McKinney+ 12	

Lj

!Mc2
≥100%!



Luminosity Function	
12 Sep 2016	 Kunihito IOKA (YITP)	 16	

Agol & Kamionkowski 12	
KI+ in prep.	

BH mass: m1: Salpeter, m2: Flat, 5M¤<m2<m1<50M¤	
Velocity: Maxwell distribution	
+ GW recoil + ISM sound velocity	
Density: 5 phases of ISM	



Luminosity Function	
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vGW=0 The most 	
luminous	
BH jet is 	
~1036 erg/s	
in cold HI	
	
vGW reduces	
Lj by ~10	

KI+ in prep.	



Gamma-Ray Burst	
LHC	

Particle Acceleration 
l  Hillas condition �
    E<ZqBR	
l  LB~4πR2(B2/8π)c�
	 ∝(BR)2	

l  Emax>PeV�

 PeVatron!!!	

Neutron star	

GRB	

Active Galactic Nuclei	

Galaxy	
Cluster	

Dark	
Matter?	
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Blandford 00	
Waxman 04	

Barkov+ 12	
KI+ in prep.	



Total Power	
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vGW=0

BHs ⇔	
Cosmic rays	

beyond PeV?	
εCRESN

100yr
~ 3×1040  erg s−1

If leptonic	
⇔ e± excess?	

KI+ in prep.	



TeV Gamma-Ray Sky	
unID	

unIDs dominate 	
TeV γ-ray sky	

HESS 1307.4690	
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Spatially extended	
R ~θd ~ 3pc θ
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Log N – Log F	
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BH nebula size:	

BHs ⇔	
TeV unIDs?	

Lj

4πrh
2θ 2c

~ ρV 2

⇒  rh ~ 3 pc

CTA will see ~103 BHs	KI+ in prep.	



Model Uncertainties	
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Uncertainties in total power ~ ×10±3	

!MBH ~ !M 20rS
rdisk

⎛

⎝
⎜

⎞

⎠
⎟

s

 for rdisk > 20rS

Duty cycle ~ tactive

tdormant

~ Accretion time@rBondi

Nebula lifetime
~ 10−2

KI, Matsumoto, Teraki, Kashiyama & Murase in prep.	

Blandford & Begelman 99	
Yuan+ 16	



Tip of Iceberg	
Gravitational waves	

X-ray binary	
Cosmic ray?	
TeV unID?	

Galactic BHs	
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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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BH-NS Merger 

Only Ejecta	

x-z plane, only ejecta	
Full GR	
Q=5	
χ=0.75	
H4 EOS	

Kyutoku, KI & Shibata 13	
Kyutoku+ 15	
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R-Process Elements? 
Neutron star merger	

Lattimer & Schramm 1974	



28	

Tanvir+ 13	
Berger+ 13	 Ejecta with	

~0.01-0.1M¤	
~0.1-0.3c	
~1050-1052erg	
Radioactivity	
f~E/mc2~3e-6	

HST	

L~1041erg/s @z~0.356	
22-23 mag if @200Mpc	
~10 days	

Ｘ	
Opt	

NearIR	

t-2.7	

Swift	

2015/06/30	 EM Counterparts to GWs by Kunihito IOKA	

Discovery of Macronova 
(also known as kilonova)	

Li & Paczynski 98	
Kulkarni 05	



Like Supernova Remnant	
2015/06/30	

EM Counterparts to GWs by Kunihito 
IOKA	 29	

Radio	 X-ray	 γ-ray	

NS merger remnant ~ Supernova remnant	
⇒ High energy remnant for NS merger?	

Nakar & Piran 11	



Merger Remnant Spectrum	
2015/06/30	

EM Counterparts to GWs by Kunihito 
IOKA	 30	

Takami, Kyutoku & KI 13	

@100Mpc	



Cosmic Ray?	

Maximum Energy	
Similar to Supernova Remnant ⇒ Cosmic Ray	

εmax = 2×1018  eV ZMej,−2
1 3 vave,0.3

2 εB,−1
1 2 n0

1 6θej,1 5
2 3 ϕej,π

−1 3

Larger than SNR due to large velocity	

Energy Budget	

10-4 NS2/yr/galaxy ~ SN/100: Not small	

2015/06/30	
EM Counterparts to GWs by Kunihito 

IOKA	 31	

Beyond knee CRs?	
Ultra-high energy CRs with heavy elements?	

Kyutoku, KI & Shibata 13	
Takami, Kyutoku & KI 13	



No R-Process Excess	
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Murphy+ 16	
Ellison+ 97	
Meyer+ 97	

No r-excess	
⇒ We can say	

ECR
reverse<�

0.003% Ekin	
or not an�

r-process site	
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r	

Kyutoku & KI 16	



Energy Generation Rate	
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!Er, NSM =ηr fεCR
1
2
vej,NSM

2 Xr, NSMMej, NSMℜNSM

=ηr fεCR × 0.2c( )2
×10−6M8yr−1

~ 3×1041erg yr−1 ηr fεCR

0.001%
⎛

⎝
⎜

⎞

⎠
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!Er, ISM = εCR
1
2
vej,SN

2 Xr, ISMMej, SNℜSN

= εCR × 0.02c( )2
×10−6M8yr−1

~ 3×1041erg yr−1

Ejecta	
mass	

Ratio is 	
robust	

Same	

Mass	
fraction	

Event	
rate	

Kyutoku & KI 16	

r-CR	

SN forward shock	



Strong Constraints	
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Kyutoku & KI 16	



Energy Generation Rate	
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!EFe, SN =ηr fεCR
1
2
vej, SN

2 XFe, SNMej, SNℜSN

=ηr fεCR × 0.02c( )2
×10−3M8yr−1

~ 3×1044 erg yr−1 ηr fεCR

0.1%
⎛

⎝
⎜

⎞
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⎟

!EFe, ISM = εCR
1
2
vej, SN

2 XFe, ISMMej, SNℜSN

= εCR × 0.02c( )2
×10−3M8yr−1

~ 3×1044 erg yr−1

Ejecta	
mass	

Ratio is 	
robust	

Same	

Mass	
fraction	

Event	
rate	

Kyutoku & KI 16	

Fe-CR	

SN forward shock	



Really R-Process? 
Yes?	
l  Macronova with GRB 060614?	
–   Mejecta~0.1M¤ ⇒ BH-NS?	

l  Macronova with GRB 050709? 	
–   Mejecta~0.05M¤,  Wind signature?	

l  Deep-sea plutonium 244Pu (t1/2~81Myr)	
l  r-process in an ultrafaint dwarf galaxy	
No?	
l  Required Mejecta is too large?	
l  r-process cosmic rays are unreasonably weak? 
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Yang+ 15	
	
	
Jin+ 16	
	
	
	
Hotokezaka+ 15	
	
Ji+ 16	
	
	
Grossmann+ 14	
Kyutoku & KI 16	



Engine-Powered Macronova? 
Kisaka, KI & Takami 14	
Kisaka, KI & Nakamura 15	
Kisaka, KI & Nakar 15	
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Yu+ 13	
Wang & Dai 13	
Metzger & Piro 14	



X-ray Powered? 
2015/06/30	 EM Counterparts to GWs by Kunihito IOKA	 38	

Macronova @IR	
≈ X-ray excess	
Same origin?	
Required	
Mejecta<0.01M¤ 

⇔ r-process	
model needs	
Mejecta>0.03M¤ 

Fong+ 14	
Kisaka, KI & Nakar 15	

GRB 130603B	

Soon GRB 160821B	



Long-Lasting BH Jet 
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(VI)

(VII)

(VIII)

Fallback & Reconnection	
LBZ∝B2	

Prompt:	 	B~1014G	
Extended: 	B~1013G	
Plateau: 	 	B~1012G	Kisaka & KI 15	



CR Helium Hardenings 
Γp=-2.66±0.02	

ΓHe=-2.58±0.02	

Ahn+ 10	

CREAM 	
(Cosmic Ray 	
Energetics 	
And Mass)	

1. He/p hardening	
 ~0.2~Y¤ @GeV	
 x~3 @100TeV	
2. Spectral Break 	
  @~200GeV/n	
  for all (p-Fe)	

10 Dec 2012	 Kunihito IOKA (KEK)	 40	



p/He & Break 
Two types of anomalies	

1. Proton/Helium Ratio	

2. Break	

~
2
0
0
G

eV
/n
	

ΔγHe~0.16±0.02	

Ahn+ 10	

Δγp~0.12±0.02	

Adriani+ 11	
Panov+ 06 	
astro-ph/0612377	

Also PAMELA 	
and ATIC-2	

p/He is continuous across break	

~
3
0
0
G

V
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Helium is Special 
l  He/p ~ 3×Y¤! @100TeV	
l  Stellar nucleosynthesis �

never doubles the mean Y �
(∵ Schonberg-Chandrasekhar)	

   : Reason to invoke Big Bang	
⇒ Chemical inhomogeneity	

He	

MHe/M<	
qSC~0.1	

10	Dec	2012	 Kunihito	IOKA	(KEK)	 42	

Ohira & KI 11	
Ohira+ 16	

Ptuskin, Zirakashvili & Seo 13: Reverse shock	



Inhomo. + Escape Model 
De
ns
ity

Radius

n

n

p

He

Early shock Late shock

High-energy proton

High-energy helium

Low-energy proton

Low-energy helium

Ohira & KI 11	

Spectrum	

Helium	



Spectral Modeling 
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CR Origin ~ Superbubble? 

Isolated SNR	
(~Fermi SNR)	

Multiple SNR	
Superbubble	

He-rich	

not a main channel at PeV?	 Heavy metals also show hardening	

see also Lemoine+ 98	
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He/p ≠ const	
C/p ≠ const	
	
He/p ∝ R0.08�
C/p ∝ R0.08	

	
He/p>[He/p]¤	
C/p>[C/p]¤	
	
No break	

AMS-02 15	
Ohira, Kawanaka & KI 16	



Spectral Modeling 
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ULGRB + SN = TDE?	

Diversity of GRB 
Ultra-long GRB	

Levan+ 14	
Gendre+ 13	
Lien+ 16	

2 Oct. 2015	 2	

Magnetar	

Low-Luminosity GRB	

GRB 130925A	

Tidal	
Disruption	

Event	



ULGRB + SN = TDE?	

Collapsar? 
Ultra-long GRB	

2 Oct. 2015	 2	

Magnetar	

Low-Luminosity GRB	

GRB 130925A	

Levan+ 14	
Gendre+ 13	
Lien+ 16	

Nakauchi+ 13	
Kashiyama+ 13	
Suwa & KI 11	
Nagakura+ 12	

Tidal	
Disruption	

Event	



Pop III GRB? 
Present Day 	

GRB	

Komissarov & Barkov 10	
Meszaros & Rees 10	
Suwa & KI 11	
Nagakura, Suwa & KI 12	

?	

51	2015/06/30	 EM Counterparts to GWs by Kunihito IOKA	

Envelope accretion ⇒ Ultra-long	
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Radiation	
pressure-	
dominated	
⇒ Breakout	
	
Total energy	
~1055-56 erg	
~Mhalo vesc vc	
⇒ Expel the	
host galaxy?	

Matsumoto+ 15, 16	

GRB Jets can break out �
105M¤ Supermassive Stars 



Collimation	
shock	

Pre-collimated jet	

Collimated jet	
Jet head	

Coccon	

Stellar envelope	Γβ	

x	

ldec	

Radiation	
Internal shocks	

HE ν? 
TeV-PeV ν from Low-power GRB Jets inside Stars	
Ultra-long GRB, Low-luminosity GRB	

Murase & KI PRL13	
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Waxman’s talk	
Wang’s talk 	
Meszaros’s talk	



ULGRB + SN = TDE?	

TDE? 
Ultra-long GRB	

2 Oct. 2015	 2	

Magnetar	

Low-Luminosity GRB	

GRB 130925A	

Levan+ 14	
Gendre+ 13	
Lien+ 16	

Levan+ 14	
Gendre+ 13	
MacLeod+ 14	

Tidal	
Disruption	

Event	



White Dwarf TDE 
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ULGRB + SN = TDE?	

Magnetar? 
Ultra-long GRB	

2 Oct. 2015	 2	

Magnetar	

Low-Luminosity GRB	

GRB 130925A	

Levan+ 14	
Gendre+ 13	
Lien+ 16	

Greiner+ 15	

Tidal	
Disruption	

Event	

Toma+ 07	



Bright SN 2011kl 
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Greiner+ 15	

~10 days after	
GRB 111209	
GROND multiband	
X-shooter on VLT	

Supernova 	
  ⇒ TDE ×	
No H line 	
  ⇒ BSG ×	
⇒ Magnetar?	



SN does not Exclude TDE 
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Half bound	
Half unbound	
	
Super-Eddington	
⇒ Disk outflow, γ	
⇒ E into Ejecta	
⇒ SN-like bump	

KI, Hotokezaka & Piran 16	



SN-like Light Curve	
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KI, Matsumoto, Teraki, 	
Kashiyama & Murase in prep.	

	
	

Kyutoku+ 13, Kyutoku & KI 16	
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Bondi Accretion	
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Bondi & Hoyle 44	



ADAF (Hot, Thick Disk)	
Advection Dominated Accretion Flow	

Ldisk ~αQED
me

mp

!Mc2

LEdd

!Mc2 ~ 10−13LEdd ~ 1027 erg s−1

1027 erg s−1

4π kpc( )2 ~ 10−17 erg s−1  cm−2

Nearby BH disks might be observable	
Ichimaru 77, Narayan & Yi 94	
Fujita, Inoue, Nakamura, Manmoto, Nakamura 98	
Matsumoto et al. in preparation	
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Luminosity Function	
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Mass function	
dp m1( )
dm1

=Cm1
−2.35,  
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Velocity distribution	
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⎟ σv~40km/s: isolated binary	
σv~200km/s: stellar cluster	

Agol & Kamionkowski 12	



GW Recoil Velocity	

Gonzalez+ 07	
Fitchett 83	
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v = Aη2 1− 4η 1+Bη( )

η ≡
M1M2

M1 +M2( )2

A =1.20×104 km s−1

B = −0.93



Density Distribution	
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Volume 	
filling fraction	
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height	
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Dependence on Binary 
Formation Scenario	
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Dependence on �
Accretion Disk Model	
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Yuan+ 15	



Fermi γ-ray Burst Monitor	
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>50keV	
0.4s after GW	
T~1sec	
False alarm~0.0022	
L~1.8+1.5

-1.0e49erg/s	

Short GRB!?	

Fermi+ 16	



No-Go?	
T

im
e	

t ff ~ 1
Gρ

~ 1 sec

⇒ r ~ 109  cm

tm ~ 5
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c5r4

G3M 2µ

~ 3×103 sec
Ltm ~ 3×1052 erg

>GMm
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~ 2×1052 erg m
1Msun
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Accretion occurred ⇒ Outflow ⇒ Unbound	
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Observed Flux 
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Asuume	
Swift BAT	
Ep-Lp	
	
Event rate	
< 1/yr	

Matsumoto+ 15	
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LIGO O1 16	
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LIGO O1 16	
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LIGO O1 16	
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LIGO O1 16	
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LIGO O1 16	
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LIGO O1 16	
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LIGO O1 16	



Spectrum	
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X-shooter spectrum	
− GRB afterglow �
− host galaxy	
	
Supernova ⇒ TDE ×	
No H line ⇒ BSG ×	
⇒ Magnetar	
	
No Ca II, C II lines	
⇒ v>2e9 cm/s	

Greiner+ 15	



Quantitatively Consistent 	
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Quantum mechanics	
 Δx Δp ≥ ћ	
General relativity	
	RBH=2GM/c2	

Quantum “ћ”	
  ⇒ Particle	
Gravity “G”	
  ⇒ Universe	
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Evolution to Black Holes	

Cosmology	

Davis	
Koshiba	

Supernova	
GRB	

Compact	
Star	

Cosmic	
Ray	

Hess	
Anderson	
Yukawa	
Powell	
Kajita	

Black Hole	
Neutron Star	
White Dwarf	

AGN	

Computer	

High Energy Universe	

Penzias, Wilson	
Mather, Smoot	
Perlmutter, Riess,	
Schmidt	

Active galactic nuclei	
Massive black hole	

at the center of galaxy	

Supernova	
Remnant	Star	

Chandrasekhar	
Bethe	

Gravity	
Quantum	

Giacconi	
Hewish	
Hulse, Taylor	

W. A. Fowler 	
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Physics	



Fermi, 	
AGILE 	
~3000	

>100	

keV	
GeV	

TeV	

Observational Revolution 

84	

# of sources�
are increasing�
exponentially	

2015.3.22	 CTA	Physics	Drivers	by	K.	Ioka	

ν	

GW	

20th century:	
Multi-	

wavelength	
µeV radio-µwave-	
Infrared-Optical-	

X-GeV γ-TeV γ-rays	



Multi-Messenger Era 
85	

Photon	 Cosmic 
Ray	

ν	 Gravitational	

Wave	
21th Century: Multi-Messenger Era	

2015.3.22	 CTA	Physics	Drivers	by	K.	Ioka	



Direct Collapse BHs can 
Launch GRBs? 
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109M¤ BH	
@z>6	

Super-Edd.	
accretion?	
or DCBH?	
	

GRB jets	
break out	
the star?	

Matsumoto+ 15	



GRB Jets can Break Out �
Supermassive Stars 

2015/06/30	 EM Counterparts to GWs by Kunihito IOKA	 87	

Radiation	
pressure-	
dominated	
⇒ Breakout	
	
Total energy	
~1055-56 erg	
~Mhalo vesc vc	
⇒ Expel the	
host galaxy?	

Matsumoto+ 15	
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Ultra-Luminous 
Supernova 

~1045-46 erg/s	
for ~300 days	

Jet ⇒	
Cocoon	


