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100 Years Ago

® VWe did not know the concept of BH

® We did not know that BHs are
observed as brightest sources in the
universe

® We did not know that BHs are
observed as highest energy sources
in the universe
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Observed BHs
~10 Mg, ~10510 M, ~10 Mg

/' Radio, X-rays ) ' Radio, X-rays

Companion
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Stellar-mass Supermassive / Stellar-mass
black hole ¢ ¢ black hole - / black hole

cretion disk
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Observed BHs
~10 Mg, <1049 Mg ~10 M
I9605 Radio, Optical = 7 g i ..

\z(

& X-rays,
P visible,
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Supermassive Stellar-mass.
¢ black hole / / black hole

e cretion disk
L }nookm)
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Observed BHs
~10 Mg, ~10510 M, ~10 Mg

I Radio, X-rays ) ' Radio, X-rays

J

Compani ‘ ' ] .
i Mirabel #Rodriguez 94 il

MARCH 18, 1994 then radio

' Relativistic jet

Stellar-mass Stellar-mass’
black hole / black hole

cretion disk
g (100 km)

Accretion disk
{1,000 km diameter)

Microquasar S Collapsar

e .
14 MicroMza b ’v‘ ;u; C "" warma ray burst
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Observed BHs

~10 Mg
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— April 10.04 |

= April 17.01

— April 22.00 |

— May 1.02

~10 Mg

“ Radio, X-rays

‘ X-rays,
visible,
then radio

/

Stellar-mass

: ( / black hole

\ccretion disk

@/

03\,."
~

S/ i

—
1
o~
o
»
o
KA
=
=
o
o

Collapsar

| f

SN1988bw after 33 days

1 1 1 I 1 1 1 I 1 1

|
4,000 6,000 8,000 10,000
Observed wavelength (A)

f? Gamma ray burst




100 Years from Now



100 Years from Now

® We will find a nearby worm hole
® We will travel into a BH

® VWe will understand extra dim,
time travel, quantum gravity, etc.
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~20? Years from Now

® We will fully understand energy
flows from BHs!?

® We will make a complete census
of BHs?

® VWe will witness multidisciplinary
revolutions?
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~20? Years from Now

® We will fully understand energy
flows from BHs!?

® We will make a complete census
of BHs?

® VWe will witness multidisciplinary
revolutions?
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BH = Efhcient Engine

Chemical reaction

/ w | kcal
it = 4.2 kJ

= 2.6e22 eV
~ eV per molecule

eV
mc? 10 GeV

~ 10—10
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BH = Efhcient Engine
Nuclear fission ' %

~9x 1074

mc?2 235 x 0.94 GeV
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BH = Efhcient Engine

Nuclear fusion

E —3 —4
M.C



BH = Efhcient Engine
1.3 L L L ) ®
105 a0 { Gravitational

e X Stable E energy
%
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0.95
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BH = Efhcient Engine
Annihilation o 1
v T = v

time

space —»

20
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BH = Efhcient Engine
BH SP j) Blandford & Znajek 77

n>1

is possible since
B extract energy
stored in BH spin

Meorar<1)

Bisnovatyi-Kogan & Ruzmaikin 74, 76
Narayan & Abramowicz 03

lgumenshchev, Narayan 02 (a)
lgumenshchev+ 03
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Penrose Process

Ergosphere - | <O IS Possible

since g..<0

in Ergosphere
E,=E,*+E,
=E,>E,

EO E2
Penrose 69; Blandford & Znajek 77
We can extract energy from BH!!

Max~29%Mc? (if a=M)
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GR MHD Simulation

Face-on view

y[r,]

Edge-on view

20 -10 0 10 20

Tchekovskoy,
Narayan &
McKinney ||

300}
X 200}
& 100}

=n>100%

¥ 100

6 5000 10000 15000 20000 25000 30000
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Observations of Efficiency

104 4
= O CIV & Mgll (z>1) 9P = P > M C2
: 4 . jet dot
104 L O Mgll (z>1) R * 0 4
= @ CIV (z>1) S Y / 3
- O35 e _
1047 _ *BL Lacs . _\.":.;;:I:.’{:E:(“ & - .
5 0 00 MR L. = if one proton
B Ay :/:;.s :'-0. 2. .
1046 £ © o 457 %0¢ ~ per electron,
= * .‘ @ ° 2o = : .
. 2 /g% ] i.e., no pairs
104% = Q .z o O HB & Mgll (z<1) —=
g ¢ 76 © e =
1044 L 5% O Mell (z<1) |  Broad emission line = M,
=/ §  y-ray observation = P,
' N aver. error |1  LAT + Multi-wavelength data
L0% Ee g 191 FSRQ, 26 BL Lacs
1 1 ||l|||| 1 1 ||||||| 1 1 |l||||| 1 1 ||l|||| 1 1 l||||l| 1 1 ||||||| L1l Ghise”ini+ |4

1043 104 104 1046 1047 1048 1049
Mc2 [n=0.3, erg s-!]
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Composition is Unknown

JET AXIS

+
= A B,e’,p,Fe?
Lorentz factor?

EARTH

r. y-ray

VRN, O 77 Dissipation?
PHOTON : - .

e "’g’ p acceleration?

PHOTON OR PROTON - INDUCED

SYNCHROTRON

CASCADE
PHOTON SHOCK

i Jet? Disk wind?

BLACK " INVERSE - COMPTON
HOLE SCATTERING c
Elliptical

has a jet has no jet
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Reconnection

BH+B =
Electric field

C 33 —
S~
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Reconnection

BH+ B =

3\ N —
R~



25 Sep 2015 BH & HE Universe by Kunihito IOKA 28

Reconnection

BH+B =
Electric field
MHD is not good

N

- - — == == Cuyrrent sheet

E = particle acceleration
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y-Ray Variability

0.8 X10°
- Radio galaxy IC 310
7 MAGIC 14 10 min
I . [
£ GeV-TeV y-ray .,
s ... lightcurve d J
ool H
Y V. M e
ﬂm et th ¢ +++H Hiﬁ

Time [MJD]

At ~ 4.8 min ~ 20% r, (Sub-horizon)/c?
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CT !_ cherenkov telescope array

® ~20GeV-100TeV 0 L
® x|0 Sensitivity &)
® AO~1-2 min § o M\ e
® FOV~5-10 deg S
® ~20 s slew (LST) el
? Background limited ignal ljmited
por b L il

1on 107 s/ 10

Energy (eV)

~| mCrab+..  — -I:‘_’
Deep Survey .. =~ - -




Energies and rates of the gosiig

K nihito IOKA

25 Sep 2015
I
— protons only
—~ 102 ¥
. 107 Felectrons if
L XX
® , gy HEGRA —&— -
R pogitrons CasaMia —e—
S ¥ X Tibet —=—
O 10t y AGASA +—a—i -
> L : HiRes +—e—i
Q) X -
3 X Knee §
u g\ < (~1/m2lyr) : Anlde
g 10 | antiprotons . E3 (~ 1 /km?/yr)
C\I-CJ . )(EZ :
L . ]
E-27XEA
10°® - .
UHECR
GZK cutoff?
(~1/km?/ century)
-10 ! l L . |-
10
10° 102 104 10° 108
Gaisser 06 Evin (GeV/ particle)

31

Cosmic Ray
E<10'>-'%eV (Knee)
Supernova remnant(?)
Lo~ 10*"erg/s
~0. | Eq\ /s
| 0/>-] 6<FE
<|0'8eV (Ankle)
Foc E-3-3.2
Galactic origin?
<|0'*15eV by SNR
10'8eV<E

F oC E-2.7

10 Extra-Gal. AGN? GRB?



Magnetic field strength, B (G)
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Cosmic Ray Sources

Galaxy

® Hillas condition
E<ZeBR (v/c)

® L.~47R?(B%/8m)c
o<(BR)’

® UHECR sources

= Bright sources

1012 | Neutron stars ‘ Neutron Star =
106 F  White || ™ ‘ -
dwarfs \
N Gamma-Ray Burst .
. LHC \\ Active galactic nuclei? -
SunspotsQ Magnetlc \ -
'/0 A stars N\ |
0. /e
1F oL -
o‘o OO
%, X Active Galagtic Nuclei
Interplanet?ry Crab \\ Radio galaxy
spacex' ;\'N \\\ lobes
0‘ \
106 F +, Galactic diskO Q Cf:lallja;élrc
E "+, Galactic halo~
\
N N A W M {1 I T TR T R A
1 jf 1 L Ll
1 km 106 km T 1pc 1kpc 1Mpc

1
e Size, L

Cluster
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Cosmic Vv

y  Strong penetration
Not delayed

CR origin k

v interaction@>TeV
T appearance
Limiting v speed
Equivalence principle
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FiI’St 2 PeV VS PaV=1]0'5eV

"Bert" : . . : . [8Aug20ll 3jan20I2 "Ernie"

:.- y A i(,
‘Do 4
?;. =
TE
° o W
0 {8
@ ® ®
® @ g S ¢ : &4
I ° o
1.0410.16 PeV |.14+0.
Reported in Kyoto v 2012 = = Aartsen+(lceCube), arXiv:1304.5356

Dawn of High-Energy v Astronomy!!!
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More Events

May 2010-May 2011 (79 strings)

North _ - . May 201 -May 2012 (86 strings)
80 | 4. ! Showers —e May 2012-May 2013 (86 strings)
Tracks “--X--- ~988 days
60 -
§ wr 0y g x Big Bird
§’ 20 | X :#4 % _
= v
__§ Or %%%%ﬂ -
g '20 [T — T . ;_% }_; f —
S 40 I ot |Most recently
0
60 | f %% + t + 4 1~2 PeV track
l‘Xﬁ
8O 1™ ~6PeVy,
South 102 10°
lceCube

1405.5303 Deposited EM-Equivalent Energy in Detector (TeV)
Reject a purely atmospheric explanation at 5.7 O
37 (9 u + 28 showers), Background 8.4+4.2 u & 6.6 . v



E2®,(E,) [10°GeV/cm?/s/sr]
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BH & Partlcle Physms

| E— Best Fit Hll \‘l ‘l
3'55 —————— m,=0.01eV ) — ~ N\ N

m,=5.6x107 eV ] ~ ~ A N

sor L my=3.2x107 eV ; & « \
2.5 VV interactions
20F 1 | |1 w/ cosmicv BG
1.5 \\ ] 1 meVXxPeV~MeV?
I B AN : 1 ~MeV mediator

| RN
0.5_— ! : : \ ]

: - f P [ B e, Ibe & Kaneta |4
0.0 Lt v N T T S " i Araki+ 15

5.0 5.5 6.0 6 5 7.0 7.5 8.0

log,,|E,/GeV] Kl & Murase |14

36



Aartsent 1412.5106

IceCube-Gen2

~10 km?3

125m—250m spacing

79-String
Deployment
2004~2010
HQE DOMs
Normal DOMs.
PINGU DOMs

o ° X i °
° ° ° ° ° -
° Yy R &
{ ° i
OF o5 met= - R \
a"‘ :1.): I \_’f
: < 1 y.: i -
R I o !

= i 86-String
s Deployment
H I 201072011
4001
o
> i-uso 3
c3d 4
S8 g-usa
Se
3 Saeso
19
S fmo 10 DOM's
%5 | 10 m spacing
2 g Jowo b 1750 -1860 m
033
Joe :
é 2050 : dust layer
o - DeepCore PINGU
= = 4 50DOM's 60 DOM'’s
2 7 m spacing 5 m spacing
5 J 2107-2450 m
o
]
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~20? Years from Now

® We will fully understand energy
flows from BHs!?

® We will make a complete census
of BHs!?

® VWe will witness multidisciplinary
revolutions?
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BH Mass Function

MPCAﬂ'
o~ |
<1
4 | <
0 2 ~
02 < |
<1 ® ?
o |5 .
0'2 g.
04 z@=
06 [
L
0% | 51
2 |
- >

o
<
®

108 M, 10'9 M,
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% Stars; early-type BCG N4889
% Stars; early-type non-BCG
% Stars; late-type N3842

<
S
A

)UU

Mc~ 1.4Mg (Chandrasekhar 34)

M=o
relation

/

?

B S —SH eI S Mgy M)

09_

108

107 F

108

A Masers; early-type non-BCG  1C1459
A Masers; late-type

1010 |
® Gas; early-type BCG
® Gas; early-type non-BCG ]
BH Mass FllIlC P
1 ol /g
|

‘.':.“f'.

60 80 . 100
NILCDEDREDEL o (kms)

1 1
300 400

o
<
®
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Max Mass of Neutron Star

® M<I.4M , = Neutron star
® M>~3M, = Black hole

— General relativity

— Causality c.<c

— EOS below nuclear density

— Any EOS above nuclear density

® What is the exact boundary?
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Max Mass of Neutron Star

S
= g g PAL1 |
e R SPrrs ENG
2.0 o A 2M@
,\ .._.m\=‘-|
< sl RN | msec NS +
2 ‘ f | 0.5M WD
b= .
ol | Shapiro delay
~(1.97£0.04)M
\| Stiff EOS
Y (Hyperon!?
0.0 - : - : : : : 3-body!?

7 8 9 10 11 12 13 14 )
Demorest+ 10 Radius (km) " Vector force! )
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Counterparts to GW

Gravitational VWave Sources Neutrino Gamma-ray

IceCube Lab

2015/06/30

Spacecraft

\ »
@~ UvVOT
’ XRT \

Gravitational wave X-ray



AB magnitude
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Rapid Developments

Time since GRB 130603B (d)

10
T ™ 401
= X-ray

* F606W
* F160W

10-12

ol

El 0-13

_wo |_s Bus) xnjy Aes-x

1000

105
Time since GRB 130603B (s)

104

(km)

Reflected
photons
(X-ray)

e

Shock-heated
ejecta

Jet Escaping photons
— 9j (optical - infrared)

0

Effectively
thin

i Effectively
: thick

Shibata-san’s talk
Kuroda-san’s talk

t=11.4818 ms

UVOIR Luminosity (erg 3'1)

t=13.0892 ms

t=14.6967 ms

—

o
£
=

.1040 1 1
1 10

Days after the merger

1500 — ] .
v=0.5¢
9
8 - i
| :E: 1000 8
7 S—
N 500 | 17
6 . S 6
. .
e NSM-all % ;
4 o e xk=0.1 cm? g ’ Shock W
s xk=1.0cm?g”
) ’\[\N ﬁﬁ"L 2‘Energy

|nJect|on

e w,¢
v g
v || v

Engine model

AN \4

> Nuclear
(or Disk) decay

R-process model
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BH-powered Supernovae?

_24}

Soronry kﬁperluminous

ool SN2005a SNgQ08es  orrogend

PTF1 Ocv?r. PTF09cwl PTF09atu _; 10 s u P e r n o va

BRRER som -
Thermonuclear ] I. Palr |nSt.

|
N
=
T

Supernovae 110%
— SN2002bj ® _— 3 .
> -8 & HeriER - 2. CSM-ejecta
— = - !
- PTF10bhp Y » Core-Collapse > .
D _16 Ja EXplosions  prrooqak . 10 < 3 . Engl ne
8 PTF10iuve_ 3 2
€ 8SN2005E 8 ; )
3 14 . @SN2008ha ° » § B H . M agn etar .
X Ca-rich SN2008S 3107 3
s Transients PTF10acbp 1 3
a NGC3000T
12+ _
Luminous 40 ‘ A% A ’
PTF10fas Red 510 Shock e:h
* 3
—10- P60-MB20F-081119 NOVEE \esor ﬁﬁ‘ﬁ L Energy ' \ '*““q

V838 Mon - injection
L X i 39 kan ¢
x X Classical Novae ® M31 RV _510 <:| Wy
KP60-M810T-071213 % * K sk i Q 2 ‘% %g
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—6l—— - - 10 'ﬁ Zé'g’
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Deep-Wide-Fast Survey

28
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_I_III T I IIIIIII I I lllllll 1 1 IIIIIII T T IIIIIII 1 T T 1]
- LSST . . . ]
~ HSC-UD (deep) optical imaging surveys A
— - . -
C o E
- SXDS -
- - HSC-D .
— DES =
- COSMOS - (8R- deep) :
= C(SHTL)S =
- ee _
- P . PS1 =
= NDWFS (MDS) ]
- he CRHTLS . (D_EdS )Eu.clid -
L wildae m
- (SN-shallow) (mde) KiDS L —
C . PS2 ]
= BCS =
- - -
- Stripe82 m =
- RCS2 PS1
o (3m) 3
- future e
C Sk Ma er’
E  ongoing VST-ATLAS = y. pper ]
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:-_I'III | 1 lIllllI 1 1 lIllllI | | lllllll | | lllllll | | Il-_f
1 10! 107 103 104
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46

Dark-energy-driven
optical survey
= BH transients
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Survey about Nothing

Supergiant

= @

Disappearance of massive stars
Coge ™ 106 yr
Watch ~10° supergiants = | events/yr

Kochanek+ 08
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New-born BH

Fast Luminous Blue Transient

The outermost layers have
sufficient angular momentum
to form a disk.

The Inner core is directly swallowed
by the central black hole.

Disk outflow (Super-Eddington)
UV-Optical transients

t~a few days

L~1e42-44 erg/s~supernova
Pan-STARRS may have already detected

Kashiyama & Quataert |5
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Mass Gap?

Galactic X-ray binaries M:crolensmg

102 Ty T T 17Ty

llIlllIllllllIlll

T
-

= OBSERVATIONS

10!
o[
100 10
— RAPID Z
103 g
- = DELAYED >
102 == STARTRACK o Z .
= 107}
1 -
E 10 £
£ 100
=
Z 10-t /
10-2 102 T R
0.3
10-3 2
= 0.2
=
z 0.1
0.( 1 ' NN \ NI BN
MNB/BH[MQ] , 6.1 T =
Bailyn+ 98; Belczynski+ 12 Mass [Mo)

Wyrzykowski+ 15
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Mpc3

BH Mass Function

Intermediate
, mass BH

?

> W

Mc~ 1.4M (Chandrasekhar 34

Observed as ULX
(Ultra-Luminous

X-ray sources)?
But ULX X-2 in M82 is NS

10 M, 108 M, 10'9 M,
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Tidal Disruption Event

max escape .
mean binding speed ~10*kms’" OP'U Ca’ TDE

S 2 e
energy~10-¢c 20 ooge ' SR - 1
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| g \“-_\‘.\.
-184 /) i
: et ~ 10 events
] —20-{ 09axc . B
-18+ 4 \‘\\\\\‘, v I °
: e Dimmer than
] . . -20-{ odj
‘ max brndu;l% el - il
\ energy~10c §ef I EXPeCtEd
. (E%) -177] m ‘/ PR — s .‘5\ ——e i
‘ g —-20-{ 10iam !" . ~O 2
\ £ TN, y Eexp IMc
-189 -
\ -179 . T & ~ / OO
\ ol T Eobs Eexp |
‘ ——— —19: e AN B
' N o IS EC e [ Arcavit 14
ek (5,,)‘ 171 SN Piran+ 15
/T wfnor W gl 'ran
N ey TN 77t Miller 15
\‘:\ e . Metzger & Stone 15
Rees 88 o s o % wm  w =0  Gullochon+ 15

Rest Frame Days



Orlgln of Massive BH

Rees dlagram /8

GAS = 8 DENSE STAR 5“._1, CLUSTER OF
CLOUD ~ mation " CLUST R 7 coalesc 2100 M, STARS
N e/ ! z>10: It star era
\ form / supernovae o
contraction \inGr/ |
| ‘ A/ ¥

,k L |
\ °§,“ ?P_ o CLUSTER OF

e @ Population |l stars
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BLACK HOLES

i) | — No metal cooling
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collapse - spectacularly faNchoey
and for e \ by accretion fEXRLLAN 3
accretion X ‘ l — M ~40_ I O M
| nuclear ?” + @
gxplosLon \ | | I

b / TIGHTLY-

o [ @ Direct collapse BH

[FEW BODIES
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« ’,,,,f':B‘-ACK-HéLE 23 HASIVE | o it — No H2 Cooling

BINARY BLACK HOLES | refiates binding eneray
| \‘\
RELATIVISTIC

e — Supermassive star

......
A0 relakivistic instability
or gruvitational raduation

Kk ] — upto M~10°Mg
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Pop 111 GRB?

2015/06/30

93

Present Day
GRB

Komissarov & Barkov 10
Meszaros & Rees 10
Suwa & Kl | |

Nagakura, Suwa & Kl 12
Matsumoto+ |15

Gigantic (x102-105) GRB @ z>10???
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Sakamoto

Wide X—I’ay Survey Kawai YKIS|3

Yonetoku
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Ultimate GW Observatory
eLISA, DECIGO Emstem T elescope

LISA (eLISA)
DECIGO/Big Bang Observer

IMBH binary mergers upto high-z
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~20? Years from Now

® We will fully understand energy
flows from BHs!?

® We will make a complete census
of BHs?

® We will witness multidisciplinary
revolutions?
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BH & Life

97

PDF of cosmologlcal constant A

1.0_, ...................................
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~20? Years from Now

® We will fully understand energy
flows from BHs!?

® We will make a complete census
of BHs?

® VWe will witness multidisciplinary
revolutions?






Pulsar Timing Array
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BH Shadow

Gargantua BH
in the movie
“Interstellar”
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Observed BHs
~10510 M, ~10 Mg

' Radio, X-rays

B X-rays,
visible,
then radio

Supermassive / Stellar-mass.

¢ black hole -~ / black hole
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" Accretion disk ——
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Host galaxy

Quasar Collapsar

~100 kpc

V Blazar é%7Gamma ray burst
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Energy Generation Rate

- MW, Starbursts «« SFR

+

Icecube neutrinos UHECRSs :
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10" 10%°
eleV]

Single-type
sources

produce
all CRs?

Katz+ 1311.0287



Engine-powered Macronovae?

Kisaka, K| & Takami 14
Kisaka, KI & Nakamura |5
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Torus Nuclear
(or Disk) decay
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R-process model Engine model




