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Explosive Discoveries
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Gamma-Ray Burst
E=mc? (by Einstein)

GRB Sun
Atomic bomb  ~lkg ~1052erg ~1033g

In ~sec, GRB release energy Sun emit over lifetime

GRB is the most luminous object

Kunihito



X Fe-+y <> 13a+4n Supernova

Z+1L,A)+e —=(Z,A)+v,

Gravitational instability
of stellar core

Shock revival

Proto-neutron star

Explosion and
nucleosynthesis
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GRB = Black Hole Formation?

GRB jet breaks out of massive stellar envelope

msec X ¢ ~ 300km ~ BH radius

{>o.9999xc

Collapsar

Why BH launches relativistic jet?

ir 2014 VHEPA14 by Kunihito IOKA



Emission from Jet

Relativistic Jet
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>GeV y-ray from GRBs
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Ultra-High Energy Cosmic-Ray
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Diversity of GRB
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Diversity of Supernova
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Energies and rates of the cosmic-ray particles
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Energies and rates of the cosmia
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Supernova Remnant

Collisionless shock
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Cosmic-Ray Origin?
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SNR Spectrum
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Where is PeVatron?
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Cosmic Ray Escape

CR should run away from SNR to be observed
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Dark Matter?
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Constraints on DM

® DM(+DM) — qq,WW,ee,uu,tt — e, pbar, y, v
® pbar = hadren-medes
® y-ray

constraints on <ov> from CMB

~22
— Line, ﬂ:ozv, ComPton, "0

-23
Final state radiation = '°

E 107
— GC, Dwarf, Cluster, o

Background 3 107"
_ Guspy—DM—pFeﬁ-Le V 10728 Thermal DM
. 107?71k : : 1
— Decay is OK : 10 100 1000

® Radio, v, CMB, BBN, X m, [GeV]

19 Mar 2014 VHEPA14 by Kunihito IOKA (KEK) e g Ga”|+ | HisanO"' | ] 32
‘O ’



Astrophysmal Models
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Positron fraction

AMS-02 New Points
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Antl-Proton
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Energies and rates of the cosmic-ray particles
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Ultra-High Energy Cosmic-Ray
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Proton or Iron?
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Evolution to Black Hole
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y-ray Bubble Sky Image

Fermi data reveal giant gamma-ray bubbles

Credit: NASA/DOE/Fermi LAT/D. Finkbeiner et al.

Data subtraction reveals the'gamma-ray bubbles
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Evolution to Black Hole
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Dark Age

CMB z~1000 < Astronomical observations z~6

COSMIC TIME LINE

. FROM THE DARK AGES...

L I I(e Q S O After the emission of the cosmic microwave background radiation (about 400,000 years after the

big bang), the universe grew increasingly cold and dark. But cosmic structure gradually 27014
Li I(e S u P e rn Ova evolved from the density fluctuations left over from the big bang. N YEARS 1

o

Star formation

Big E \
Reionizati '

Emission of .
cosmic background
M etal radiation Dark ages
First stars
Dark ener ... TO THE RENAISSANCE First staks e ,
gy The appearance of the first stars and protogalaxies Protogalaxy

mergers

BILLION YEARS

4 BILLIO

400 MILLION YEARS

(perhaps as early as 100 million years after the big bang) set off I
a chain of events that transformed the universe. Z ~ 6_ 60 Modern galaxies

Larson & Bromm 02 G RB

GRBs are useful z~7
fOWplfObing high y 4 VHEPlevg/’KagalaXYM46
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Record redshifts

Quasars

| | |

1950 1960

19 Mar 2014

1970 1980 1990 2000 2010 2020
\VPeAéllrby Kunihito IOKA (KEK)

z=6.3: GRB050904
z=6.41: Quasar
z=6.7: GRB080913
z=7.085: Quasar
z=8.26: GRB090423

z=8.6: Galaxy
z=9.4: GRB090429B

©Takana




z=6.295, GRBOSO904 at t 3 4d Subaru FOCAS 4 0 hrs
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Super-Massive Pop 111 Star?

Present Day
Massive Star

O

Omukai & Nishi 98;
Abel+ 02; Bromm+ 02;
Omukai+ 03;Yoshida+ 08;

Mini halo (first object): ~1000M
If all the mass is accreted to a proto-star,

First stars are very MASSIVE?




Pop 111 GRB?

Present Day
GRB

Komissarov & Barkov 10
Meszaros & Rees |0
Suwa & Kl 11

Nagakura+ ||
de Souza,Yoshida & Kl 1|

Gigantic (x100). GRB.@ z~10-302?2?
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time = 10.00s

0 T e
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E+010
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Nagakiira®‘I | 2D, rela-hydro,’Mass accrétion’from inner boundary =7Jet



Evolution to Black Hole
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Number of sources

Explosive Development

Kifune Plot

4
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cta

cherenkov telescope array

® ~20GeV-100TeV 0
® x| 0 Sensitivity
® AO~[-2 min 1012
® FOV~5-10 deg
® ~20 s slew (LST) g
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Background limited
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- 1111 '
1012

Energy (eV)

llllll 1
10\3

1014

)_"
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Deep Survey .. =
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1450 m

2450 m
2820 m

Multi-Messenger Era

——

IceCube Array
86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings

v | Century: Multi«Messenger Era .



Multi-Messenger Era

——

IceCube Array

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

December, 2010: Project completed, 86




2 PeV VS PaV=10!5aV

"Bert" © . : . :8Aug20ll 3Jan2012 "Ernie"

1.04£0.16 PeV

Aartsen+(lceCube), arXiv:1304.5356

Dawn of High~Energy.v Astronomy!l



More Vs

May 2010-May 2011 (79 strings)
May 201 1-May 2012 (86 strings)

oo ~ Showers —e—
Tracks +--><—-

Declination (degrees)
BN
o O O

~|I. |

§>&<’
et

ol T

3
10
Deposited EM-Equivalent Energy in Detector (TeV)

Contained event 2+26 (7 ut21| shower) 4.10

Aartsen+ |4

Background 10.6">0,, (6.0£3.4 u+4.6 v) + 1.5 charm
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- Cosmic Vv

y  Strong penetration
Not delayed

CR origin

v interaction@>TeV
T appearance
Limiting v speed
quﬁwad@nce prinCip|e VHEPA14 by Kunihito IOKA (KEK)




Magnetic field strength, B (G)

Origin of PeV v

1012 =

106 |

1F

5 N
’/.‘O(
0,

2 Interplanetétty

106

space x

Neutron

Star

GRB

AGN

| B | 1 1 L1l 1 -9 | | T [N N PR |

1 km 105km |
1 Av

® E~10%eV
® RLarmor>RGaIaxy

= Extragalactic
® Hillas condition
E<ZeBR (v/c)
® Energy/Vol./Time
~|0**erg/Mpc3/yr

UHECR~GRB<<AGN
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Yoshida et al.
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“Coincidence Problem”

FPeV ~ FWB
FGZK ~ FWB

. FIOPeV < I:WB
| PeV v Source

8 10

loglO(Ev/GeV)

= UHECR Source?



Limits on Vv from GRBs
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Diversity of GRB

| IIIIH“ L

Ultra long GRB
LGRB GRB 121027A

.SGRgs /
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Low-Power GRB = v Source?

Murase & Kl 13

» Classical Long GRBs }
No v?
— E~10>% erg,~1 Gpc™ yr

 Low-Luminosity GRBs )
— E~10°% erg, ~10%-10° Gpc? yr
 Ultra-long GRBs
— E~10>% erg,~1 Gpc™ yr )
LLGRB & ULGRB are too dim to be detected so far

But the energy budget is comparable
Chocked events would be more numerous

> PeV v!?




Radiation-mediated Shock

Murase & Kl |3
(a) Shock Front

Upst
pstream =, —— Downstream
g T —
v

~\\\ MHD waves

MHD waves :§%¥17:
g\\ Radiation Pressure

smoothens the shock

2

~Larmor radius

Velocity Difference Ifr o << ljees
is necessary acceleration fails



Iog(Ev2 o, [GeV cm? st sr‘l])

S =
N =P O

V Spectrum

Low—Lulminosity GhB (prompt')  ——
Ultra-Long GRB (IS) — — -
Ultra-Long GRB (CS) «eeeeeees _

log(E,, [GeV])

Ultra-long
GRB

f,.=1 (thick)
f.,=10 (thin)

Low-Luminosity
GRB

| I'=5 (thin)

T'=10 (thick)

Murase & Kl 13



Beyond the Standard Model?

e New VvV interaction remains less constrained

* Possible mediators

— Light scalar boson, e.g., Majoron

Lint — hijﬁiyj¢ + gijﬁi”)/5Vj¢ -+ h.c.
— Light vector boson

Lint = GijViYuVi V"

* Assume my>m, & only vv (no ve)



V

v Cascade

Scattering S -
Annihilation

CvB /\




Flux 2 ®(¢) [GeV cm™2 s sr]

Cascade Scenario

-5
107
C Cosmogenic v with New vv Interactions =
COSMOQENIC v =
Pop Ill Model ======
5 2X Model
10° F Cosmic Ray p — =
- Atmospheric v
lceCube tZ227C
xraan-Bahcall
107 F E
- x30 at z>10
108 3 ',"
10 |4
H g9=0.07, my=130MeV
Ly
10719

Energy ¢ [GeV]
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1012

Kl in prep.



Constraint on New Boson

E=my“/2m, [GeV] (m,=0.05 eV)
10° 10° 10* 10° 10° 10" 10® 10° 10" 10" 10'°

100
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+= 10
©
17%)
[
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=
g
3 A2
3 10
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S Cascade Scenario
W ‘5'2 Future IceCube constraint
2 S Z decay constraint ------- ,
3 | S | IceCube IIDer constralint Kl'in prep.
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Multi-Messenger Era

——

IceCube 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




2nd Generation of

GW Observatories

©Ando

P E— S
—— ;;“QI;. R > — as G

aLIGO (USA)

GW will be directly detected within ~5 yr



Counterparts to GW

Gravitational VWave Sources Neutrino Gamma-ray

(‘/.‘/‘7-}/

19 Mar 2Q14 V A14 by Kunihito IOKA (KEK) o ”J
Gravitational wave XZray " IR-Opt Radio



Counterparts to GW

Gravitational Wave Sources Neutrlno Gamma-ray

@ Short GRB orlgln
(/' ® Confident GW detectlon
® Parameter reduction Fagma

=@ GWAstronomy
~ ® GV Cosmology
;g\' !! ® r-process elements
=\ ® Hadron physics

Gravitational wave X-ray IR-Opt Radio



Short GRB = NS Merger?

Crashing neutron stars can make gamma-ray burst jets

Magnetic fields

Neutron stars

Masses: 1.5 suns

Diameters: 17 miles (27 km)
Separation: 11 miles (18 km)

Simulation begins 7.4 milliseconds

Black hole forms
Mass: 2.9 suns
Horizon diameter: 5.6 miles (9 km)

15.3 milliseconds 21.2 milliseconds

13.8 milliseconds

Jet-like
magnetic field
emerges

Eichler+ 89
Rezzolla+ |1

26.5 milliseconds

Credit: NASA/AEI/ZIB/M. Koppitz and L. Rezzolla

Most GRB Jets are Off-Axis = Faint



©Shibata, Hotokezaka

Merger of 1.3-1.4 M_ , NS:
EOS=APRA4. stiff but relatively soft

t=0 ms p (g/Cm3)

150 - T T 14 5 ———— T 14

L ...... . 13

100 b+ - 13 100 b 12
ré\ ................... . o 11

] 12 = o ' 10
50 koo 50 -0 o ]

ot ee K
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S0k

A00 Eo e e g

150 I T T ET IR - Relatively Widel' VieW
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X (lkm)

Orbital plane X-Z plane




r-Process
Neutron-rich Ejecta = n-capture>p decay

IO'O — ' : ; : : . . ':. : : i : i ...... i

10°

K% DX A

B ] .%5. |
1 N SECR 4 2 I}I: A 2 a " " 1
] 511 100 150 200

1M9Mar 2014 VHEPA14 by Iﬁi& (KEK)



log L [erg s7']

Macro/Kilo-nova

Rad'OaCt'V'ty (r—process — B decay,f'ssmn neutron)

45

44—

43

42

41

- M=102M,

v=c/3 _— T -

77 f: fraction of rest mass
| released as heat

l 1 1 1 1 l 1 1 1 1 l 1 1

0.5 1 15
t [days|

® =Supernova

---1 @ Duration

oc (M/v)!2

| @ Toc(f2/Mv) /8

~ IR-Opt

| @ f~3x10¢
{ = Faint SN

Li & Paczynski 98
Kulkarni 05



Discovery of Macro/Kilo-nova?

Tanvir+ |3 Time since GRB 1306038 (d) . .
Berger 13 1 10 Ejecta with
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4
2318ct 2013 105 Multi- messmger Astrophysms by Kumhlt y
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Time since GRB 130603B (s) IOKA (KEK)



BH-NS Merger

©Kyutoku
=0 s =0 s
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E
Full GR < 7
Q:S 500 ¢ o
x=075 A 5 Kyutoku, KI & Shibata I3
H4 EOS
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Anisotropic Mass Ejection

10 X (km)
v=0.5¢ 1500 ———————————————— 10
1000 + _ 9 v=0.5¢c | 9
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< 0r il 171 ©
> 7 oL v |
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Q. =~ Viewing angle diversity
€l Polarization
Kyutoku, KI & Shibata |3 pr@p@’ﬂ motion



Like Supernova Remnant?

X-ray

15h04m 15h02m
RA (hours)

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

O n I)’ @tSedovN5 3

19 Mar 2014 VHEPA14 by Kunihito IOKA (KEK) 84



Merger Remnant

Optimistic case E [eV] @tsegor™dYr
107 10° 10° 1010
T T T T T
-8 = 0.
107 I B=09,€,=03 --ono- 7
o : B=009,6,=031m=107 e
@ 10 Fiducial
1070 F -
- / Fermi
O Astro-H i/
2 12
3 1072 | e )} _____________
% g ....j ______
p 14 | y o
s 10 y Inverse
R P Compton
10~ | < Chandra —~
[~ Synchrotron | "~ =™
Takami, Kyutoku & Kl 13 1 01 0 1 0-I S 1 020 1 025
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Cosmic Ray?

Similar to Supernova Remnant = Cosmic Ray
Maximum Energy

_ 18 1/3 2 172 1/6 n2/3 -1/3
gmax _ 2 X 10 eV ZMej,—2Vave,0.3gB,—1nO 6€j,1/5(p€j,ﬂf

Larger than SNR due to large velocity

Kyutoku, KI & Shibata |3

Energy B"dgEt Takami, Kyutoku & Kl 13

10-* NS?/yr/galaxy ~ SN/100: Not small

Beyond knee CRs?
+Ultra-high energy CRs of r-process elements? =



Massive Neutron Star?

MPA1

AP3
ENG

oa)ga"d AP4

ﬂﬂ!“l

Mass (M,)

M'

' Erot

0.0

Radius (km)
Demorest+ 10

Antoniadist+ |3

VHEPA14 by Kunihito IOKA (KEK)

7 8 9 10 11 12 13 14 15

|.3+1.3Msun

may survive
= Massive NS
msec rotation

~10°2erg

= Inject energy
to the ejecta

Zhang |3
Gao+ |13 g7



Future Projects

LISA (eLISA)

Einstein Telescope DECIGO

0x KAGRA vy
~1000 NS-NSfyr ~ assive backhole
19 Mar 2014 VHEPA14 by I<un|h|toIOI<I\|(4ilf|atlon’ Dark energy



2450 m
2820 m

N

telescope array
AN
\\

IceCube Array

86 strings including 8 DeepCore strings

60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings
| |

e | Century: Multi<Messenger Era

89



Flux Density (Jy)
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Fast Radio Bursts

-~

High Time Resolution Universe#(HIRU)Surveys
High latitude survey (-70-deg € b < -30 deg) ¥ =¥
v=1.382"GHz Av=400" MHz/1.0245A6=14-arcmin

F=0.6-8.0 Jy ms !!!
Most luminous

radio transients
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Dispersion Measure
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Photon Delay

In a plasma, a light signal
is delayed

plasma frequency
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Summary of FRB Obs.

® DM=500-1000 cm pc (z=0.5-1)
® S~y = E,~10%% erg

® 0t=5.6ms,<4.3,1.4,]1.Ims
= cdt(l+z)"! < 1500(1+z)"! km

® Rate~(1£0.5)%10%/sky/day~10-3/yr/galaxy
< Supernova rate |0-%/yr/galaxy

® No repeated bursts so far

® No counterparts so far



Possible Origins

® RRAT (Rotating Radio Transient; intermittent
pulsar)

® Giant pulse from a msec/young pulsar

® Evaporation of BH Rees 77; Blandford 77; Kavic+ 08; Keane+ 12
® SN into a nearby star Colgate+ 71,75; Egorov & Postnov 09
® Magnetar giant flare Popov & Postnov 07; Thornton+ 3
® Collapse of hypermassive NS Faicke & Rezzolla 13; Zhang 13
® Binary NS mergers Hansen & Lyutikov 01;Totani |3
® Superconducting cosmic strings Cait+ 12
o

Nearby flaring stars Loeb+ 12



Binary White Dwarf Mergers?

Kashiyama, KI & Meszaros |3

Curvature-radiation
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Brightness Temperature
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FRB = PeV Accelerator?
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FRB Cosmology

2x104

: osxDMm (z)
® Reionization :
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Summary

® Multi-wavelength up to Gamma-ray
— SN-GRB, Supernova remnant, Fermi bubble, ...

— CTA is coming soon
® Cosmic-ray: e*, He/p, UHECR GZK cutoff, ...

® Neutrino:PeV v sources = UHECR sources?
® Gravitational wave: Macronova, NS-NS/BH?

® Radio: Fast radio bursts are PeV accelerators?

21 Century: Multi-Messenger Era






