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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	

2016/10/11	 GW150914-like BHs by K. Ioka	 3	



The Most Luminous �
in the Universe	

•   Total radiated mass�
 M ~ 3.0+0.5-0.5 M¤ 
•   Energy E=Mc2 ~ 6×1054 erg	
•   Lpeak ~ 3.6+0.5-0.4 × 1056 erg/s �

         ~ 200+30-20 M¤c2/s	
	 	 	  ~ 10-3 c5/G	
•   > LGamma-Ray Bursts~1050-54erg/s	
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Solar mass is radiated within ~0.01sec! 



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	



Galactic BHs	
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70 Gpc-3 yr-1 ÷ 0.01 galaxy Mpc-3 × 1010 yr	

~ 70000 Merged BHs/galaxy	



Old Problem	
•   Eddington 20’s	
•   Hoyle & Lyttleton 39	
•   Bondi & Hoyle 44	
•   Bondi 52	
•   Zel’dovich 64	
•   Salperter 64	
•   Lynden-Bell 69	
•   Shvartsman 71	
•   Michel 72	
•   Shapiro 73	
•   Shakura & Sunyaev 73	
•   Meszaros 75	
•   Ipser & Price 77, 82, 83	

•   Grindlay+ 78	
•   Carr 79	
•   McDowell 85	
•   Campana & Pardi 93	
•   Heckler & Kolb 96	
•   Fujita+ 98	
•   Popov & Prokhorov 98	
•   Armitage & Natarajan 99	
•   Agol & Kamionkowski 02	
•   Chisholm+ 03	
•   Barkov+ 12	
•   Motch & Pakull 12	
•   Fender+ 13	
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GWs put a lower limit on #(spinning BHs)	



Spin Energy	
Espin = 1− 1+ 1− a*
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Mc2

≅ 7%×Mc2 ~1×1054erg M
10M8

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

~ 9×1058erg

~1010 yr
100yr

 supernovae

Comparable to	
supernovae	

ever happened!	

2016/10/11	 GW150914-like BHs by K. Ioka	 9	



Blandford-Znajek Effect	
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Bondi radius	
~1015cm	

Hot disk	
~1011cm	

~107cm	

B	

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



Bondi Accretion	
rB ~ GM

V 2 ~ 1×1015cm

×
M

10M8
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Bondi & Hoyle 44	



Disk	
δρ
ρ

~ L
6×1018cm
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4
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vrB

ℓK ~ GMrdisk
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⇒ Disk formation	
Δt ~ rB

V
~ 40 yrDisk axis fluctuates with	

Fujita+ 98	
Agol & Kamionkowski 02	
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ADAF (Hot, Thick Disk)	
Advection Dominated Accretion Flow	

Ldisk ~
αQED

α 2
me

mp

!Mc2

LEdd

!Mc2 ~ 10−11LEdd

!Mc2 LEdd
10−4

⎛

⎝
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⎞

⎠
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2

~ 1029 erg s−1

1029 erg s−1

4π kpc( )2 ~ 10−15erg s−1  cm−2

Nearby BH disks might be observable	

Ichimaru 77, Narayan & Yi 94	
Fujita, Inoue, Nakamura, Manmoto, Nakamura 98	
Matsumoto+ in preparation	
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Also Hirotani-san’s talk	



pB =
B2

8π

pa =
GMΣ
r2 ~ GM !M

2πr3vr

BH ~ 4GM !M
r3vr r=rH

~ 4×107G n
10 cm−3
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Magnetic Field	
B∝R−2

3µG→ 3×1010G
But B is saturated	
so that pB<pdisk	
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Magnetically	
Arrested 	
Disk (MAD)	

Bisnovatyi-Kogan 	
& Ruzmaikin 76	
Narayan+ 03	
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Tchekhovskoy+ 11, McKinney+ 12	

Lj

!Mc2
≥100%!



Bardeen-Petterson Effect	

Bardeen & Petterson 75	
McKinney+ 13	

BH spin axis	
// Disk axis	
“Bardeen-Petterson effect”	
// B axis	
“Magneto-spin alignment”	
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Luminosity Function	
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Agol & Kamionkowski 12	
KI+ 16	

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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Mass function	
dp m1( )
dm1

=Cm1
−2.35,  

dp m2 m1( )
dm2

=
1

m1 −Mmin

,  5M8 ≤m2 ≤m1 ≤ 50M8

Velocity distribution	
df v( )
dv

=
2
π
v2

σ v
3 exp −

v2

2σ v
2

⎛

⎝
⎜

⎞

⎠
⎟ σv=40km/s: isolated binary	
σv=200km/s: stellar cluster	

Agol & Kamionkowski 12	



GW Recoil Velocity	

Gonzalez+ 07	

v = A×η2 1− 4η 1+Bη( ) ≅ 62 km s−1

η ≡
q

1+ q( )2 ,  q = M1

M2

A =1.20×104 km s−1,  B = −0.93

We assume	
a* ~ 0	
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Density Distribution	
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Volume 	
filling fraction	

Scale	
height	

dξ n( )
dn

= Dξ0n
−β

h m1,m2,v( ) =min 1, Hd

H vz( )

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟,  vz

2 =
1
3
v2 + vg

2( )

1
2
vz

2 =Φz H vz( )⎡⎣ ⎤⎦,  
Φz z( )
2πG

= K z2 + Z 2 − Z( )+Fz2

Z~180pc	
K=48M¤/pc2	

F=0.01M¤/pc3	
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The most 	
luminous	
BH jet is 	
~1036 erg/s	
in cold HI	
	
vGW reduces	
Lj by ~10	

KI+ 16	



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+ 16	



Total Power	
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BHs ⇔	
Cosmic rays	

beyond PeV?	
εCRESN

100yr
~ 3×1040  erg s−1

If leptonic	
⇔ e± excess?	

KI+ 16	
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PAMELA	

Adriani+ 08, 10 

Expected	
Secondary	

Positron	
Excess	

⇒ New sources	
 − Dark Matter?	
 − Astrophysical?	
⇒ Many papers >103	

Jul 06 - Feb 08	
151672 e-, 9430 e+	

Solar 	
modulation	

Dark Matter	

Our Galaxy	

Positron excess above the predicted secondary 

pCR+pISM→π→e+	
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Astrophysical Models	

Pulsar	 Supernova	
remnant 	

Microquasar	

Gamma-ray	
burst	

White dwarf	
pulsar	
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R
e+
~
ρ
e+

ρp

tesc
tcool

Rp ~
1046erg
100yr

Erot ~
1
2
IΩ2 ~1046 erg P

sec
⎛

⎝
⎜

⎞

⎠
⎟
−2

Energy required for e± excess	



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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TeV unID	
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Flux dis. is similar 	
	

BH nebula size:	

BHs ⇔	
TeV unIDs?	

Lj

4πrh
2θ 2c

~ ρV 2

⇒  rh ~ 3 pc

CTA will see ~300 BHs	KI+ 16	



BH Jet Nebula	

L
4πRh

2θ 2c
~ ρcs

2

Rh ~ 1019 cm ~ 3 pc

Poynting jet	
⇒ Dissipation	
~ Pulsar wind nebula	
	
Jet termination radius	

2016/10/11	 GW150914-like BHs by K. Ioka	 29	



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
~ 10−1

KI+ 16	

Blandford & Begelman 99	
Yuan+ 16	



Tip of Iceberg	
Gravitational waves	

X-ray binary	
Cosmic ray?	
TeV unID?	

Galactic BHs	
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Fermi γ-ray Burst Monitor	
2016/11/08	 Kunihito IOKA	 32	

>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	 33	



Dead Disk Evaporation	

ISM accretion ⇒ Hot disk ⇒ Evaporation	

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

⎞

⎠
⎟
−2 3

Accretion occurred ⇒ Super Edd. outflow ⇒ Unbound	
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Going back time 	
by say tb~1000 sec	

rm	



Summary	
l  Merged BHs have huge energy	
l  Erot is extracted by B	
–   ADAF, MAD	
–   Blandford-Znajek jet ⇒ Luminosity function	

l  PeVatron	
l  High energy remnant like PWN	
–   >PeV CRs	
–   TeV unID	
–   Positron excess …	
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CTA could detect	
+300 BH nebulae!!	



Dependence on Binary 
Formation Scenario	
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!M ∝V −3 ~

40 km s−1

200 km s−1

⎛

⎝
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⎠
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3

~ 1
100

Still relevant	
to TeV unIDs	
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Dependence on Accretion 
Disk Model	
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Adiabatic 	
inflow-outflow 	
solution (ADIOS)	
	
	
	
	
	
Most ISM does	
not accrete to BH	

!MBH ≈ !M
20rS
rdisk

⎛

⎝
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⎞

⎠
⎟

s

Yuan+ 15	
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cs & v	
l  cs(ISM)~10 km s-1	

l  Formation channel	
–   Massive binary	

•   Direct collapse ⇒ Little kick	

•   SN kick, if v ∝ p	

–   3 body in clusters	
•   Escape velocity ~50km s-1	

•   v~vGalaxy~200 km s-1	

l  Obs. of BH candidates	
–   few tens of km s-1 or less	

σ BH ~ MNS

MBH

σ NS ~ 1.4
60

×300 ~ 7 km s−1
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Miller-Jones 14	



MAD	
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Bisnovatyi-Kogan & Ruzmaikin 76	
Narayan+ 03	

pa =
GMΣ
r2 ~ GM !M

2πr3vr
⇔ pB =

B2

8π

BH ~ 4GM !M
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Magnetically Arrested Disk	



BZ Luminosity	
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LBZ =
κ
4πc

ΩBH
2 ΨBH

2

=
κ
4πc

a*c
2rH
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2

πrH
2BH( )

2

=
πκ
16

ca*
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2BH
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~ κ
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π 3

12
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2 !Mc2

~ !Mc2

pB ~ pa

BH ~
4GM !M
r3vr r=rH

vr = εvff = ε
3GM
4πr

ε ~ 0.05

κ ~ 0.05



Source Parameters	
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Event Rate	
9-240 Gpc-3 yr-1	

70 Gpc-3 yr-1	

÷ ~0.01 galaxy Mpc-3	

× ~1010 yr	

~ 7×104 �
BHs/galaxy	
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Black Hole Candidates	
BH candidates are discovered as X-ray novae	
Half of them have no counterpart	

Remillard & McClintock 06	
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Cooling Function 	

Sutherland & Dopita 93	

Λ ~ 10−22 erg cm3  s−1

Λ ⋅n2 ⋅
4π
3
R3 ~ L

R ~ 1019 cm L
1036 erg s−1

⎛

⎝
⎜

⎞

⎠
⎟

1 3

n−2 3

~ 3 pc

ISM can tolerate 	
the energy injection	
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Recoil with Spin	
vk = vm

2 + 2vmv⊥ cosζ + v⊥
2 + v//

2

vm = Aη
2 1− q
1+ q

1+Bη( )

v⊥ = Hη
2Δ //

v// =16η
2 Δ⊥ V11 + 2VA !χ // + 4VB !χ //

2 +8VC !χ //
3( )+ 2 !χ⊥Δ // C2 + 2C3 !χ //( )⎡

⎣
⎤
⎦cosΘ

A =1.2×104  km s−1

B = −0.93
H = 6.9×103 km s−1

V11 = 3677.76 km s−1

VA = 2481.21 km s−1

VB =1792.45 km s−1

VC =1506.52 km s−1

C2 =1140 km s−1

C3 = 2481 km s−1

ζ =145!

q = m2

m1
M =m1 +m2

η =
m1m2

M 2 =
q

1+ q( )2

Si =mi
2χ i

Δ =
qχ2Ŝ2 − χ1Ŝ1

1+ q

!χ = q
2χ2Ŝ2 + χ1Ŝ1
1+ q( )2

!χ // = !χ ⋅ L̂

!χ⊥ = !χ × L̂

q~1, χ2~0.2	
v⊥~40km/s	
v||~260km/s	
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