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Long-soft	
Short-hard	

Long burst	
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Duration	

Hotokezaka’s talk	
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残光の発見@1997 

8 hr	 3 day	

残光	

BeppoSAX	

X-ray	



超新星爆発の発見@2003 

Bloom+ 99	

Hjorth+ 03	



Standard Model	
Internal	
Shock	

External	
Shock	

Time	

Flux	

~2-100s	
~0.01-2s	

Relativistic Jet	
Γ>100	

ISM	

~2-3/day@Cosmological	
Long: Massive Stellar	
	Collapse to BH/NS	

Short: NS-NS/BH merger?	
	Magnetar? WD/NS AIC?	

Ekin⇒Eγ	

Afterglow	Prompt	

SN	
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Unresolved Big Problems	
l  Jet composition	

–   p, e±, γ plasma? Poynting?	

l  Emission mechanism	
–   Synchrotron? Photosphere? Componized?	

l  Central engine	
–   Black hole? Neutron star?	

l  Jet acceleration mechanism	
-  ν? B?	

l  Progenitors	
–   Single? Binary? Metallicity?	
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MeV Physics	
l  Prompt emission	

–   Nonthermal, Thermal, High-energy	
–   Polarization	

l  Afterglow	
–   Synchrotron, Reverse, Steep decay, Flare, Plateau	

l  Supernova	
–   56Ni	

l  Diverse populations	
–   llGRB, ulGRB, Pop III GRB, Shock breakout, TDE	
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Better than BATSE	
Large FOV	



GRB Flux	
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Max sensitivity	
~10mCrab@1Ms	
by eASTROGAM	

↓	
~10Crab@1s	
~1Crab@100s	

Gehrels+ 09	



Spectrum	
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明るいGRB	
	
>MeV	
はまだまだ	

Briggs+ 99	



Spectrum	
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Sensitivity (50-300keV)	
	CGRO BATSE: ~0.2 cm-2 s-1	

	Fermi GBM: ~0.5 cm-2 s-1	

5B BATSE Burst Catalog	
2145 GRBs	
Goldstein+ 13	



Amati/Yonetoku Relation	

Amati 02	
Yonetoku+ 03	

Ep~600keV L53
1/2	

“HR diagram”	
for GRBs	

~Typical γ Energy	
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Fireball Model	

R0	
Inject Energy	
E (>>Mc2)	

l  Initial Radius	

l  Optical Depth	

l  Temperature	
€ 

R0 ≈ cΔt ~ 3×107cm Δt
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15!3c 3 =
4σSB
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= 7.6 ×10−15erg cm−3 K−4 Leptonic (γ, e±) Fireball	

~10RBH	
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Baryon Load	
Γ or r/r0	

η*~103	

Γ*~	
103	

Photon-to-Baryon	

~
	

€ 

η = L ˙ M c 2

Baryon-rich	 Baryon-poor	

Matter-	
Dominated	

Radiation-Dominated	

Shemi & Piran 90	
Rees & Meszaros 94	
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Baryon Load	
Γ or r/r0	

η*~103	

Γ*~	
103	

Popular	
Models	

(Internal shock,	
Photosphere,	

∃Poynting, …)	

Original	
Fireball	
(Paczynski,	
Goodman)	

Photon-to-Baryon	

Compactness	
Non-thermal	

~102	

~
	

€ 

η = L ˙ M c 2

(∃Poynting, Baryon 	
entrainment, …)	

Baryon-rich	 Baryon-poor	
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Shemi & Piran 90	
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Internal Shock	

Γr		>	 Γs	 Kinetic energy ⇒ Internal energy	

Energy & Momentum conservation	
⇒ ηγ~6% if Γr=2Γs, mr=ms	
     ηγ~43% if Γr=10Γs, mr=ms	

Γの幅が小 ⇒	
低効率 (<10%)	

Kobayashi & Sari 01	



Radiative Efficiency 
EGRB

EGRB +EAfterglow

> 50% for some bursts	

▲: Pre-Swift	
●: Swift	

Large: Short	
Open: XRF	

Assuming εe=0.1	Zhang+ 07	
KI+ 06	



Synchrotron Shock Model	
内部衝撃波	
⇒1. 電子加速	
    2. 磁場増幅	
⇒シンクロトロン	

with ri~cΓ2Δt	

一応、米徳相関 Ep~L1/2 はでる	
Γは幅を持つ⇒通常相関は崩れる	

(                )	



禁止領域	 シンクロトロン	
の重ね合わせ	Fν	

ν1/3	

ν	
dyn

nsynchrotro

ee
cool t

P
cmt <<=
2γ

電子の冷却時間	

ν-1/2	

Death Line	



Beyond Standard Model	
photo-	
sphere	
τ~1	

B-dominated Jet	
External	
Shock	

Time	

Flux	

~2-100s	
~0.01-2s	

Relativistic Jet	
Γ>100	

ISM	

Poynting Jet	
v.s.	

Photosphere	

Eγ/B⇒Eγ	

Afterglow	Prompt	

SN	
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Photosphere Model	
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Meszaros & Rees 00	
many papers	

Epeak=Eth?	
Epeak=Esyn?	



Fermi Revolution	
GeV γ from GRBs	
GRB 090510	

Abdo+ 09	

GeV	MeV	keV	
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Tanaka’s talk	



High Lorentz Factor?	
l  γγ→e+e- (εth~MeV)	

–   R~cΔt ⇒ τ~σTNγ/4πR2≫1 (γ-ray cannot escape)	

l  Relativistic	
–   R~Γ2cΔt	
–   Blueshift	
–   τ~Γ2β-2~Γ-6	

l  Γ>103!	
v>0.999999×c	

Γmin	

Redshift	
But Li 08, Granot+08, Bosnjak+09, 	
Aoi+ 10, Zou+11, Zhao+ 11, Hascoet+ 11	
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Fine-tuning Problem?	
Γ or r/r0	

η*~103	

Γ*~	
103	

Popular	
Models	

(Internal shock,	
Photosphere,	

∃Poynting, …)	

Original	
Fireball	
(Paczynski,	
Goodman)	

Photon-to-Baryon	

Non-thermal	

~102	

~
	

€ 

η = L ˙ M c 2

Fermi limit	

Fine Tuning?	

(∃Poynting, Baryon 	
entrainment, …)	

Baryon-rich	 Baryon-poor	

KI+ 11	
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γγ→e+e- Cutoff?	
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εcut
MeV

~ Γ
100
⎛

⎝
⎜

⎞

⎠
⎟
5

Fermi GRB	
は明るい	
	

MeV γ for	
low Γ GRBs	



3 Prompt Components?	
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Zhang+ 11	

SSC?	
Afterglow?	
Hadronic?	
Other?	



Photospheric Emission?	
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GRB090902B	
	

Rph~1012Y1/4cm	
Γ~750Y1/4	

Y=Etot/Eγ	
	

MeV γ ⇒	
Thermal	
or not?	

Ryde+ 10,11	



Different Component?	
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Zhang+ 11	



Hadronic Origin?	

Asano & Takahara 07	
Asano, Inoue+ 10	

l  >1017eV p + γ �
→ π → γ, e±�
カスケード �
シンクロ、IC	

l  to X線、可視光	
l  Ep>Eγ~1053erg	
l  IceCubeの制限	
l  最高エネルギー�

宇宙線 ~1020eV�
の起源?	

~GeV	

~MeV	~keV	

別起源	
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GeV Onset Delay	

MeV	

GeV	

~1 sec	

   tdelay	
    ~1 sec (long)	
    ~0.1 sec (short)	
    ~0 sec in a few	
   >> tvariability	
	

Afterglow?        ~Rsh/cΓj
2	

γγ-break shift?   ~Rγ/cΓj
2	

Progenitor?       ~R*/c	
Unconfined jet? ~Rγ/cΓc

2	

Toma+ 11, Li 10, 	
Bosnjak+ 11, KI 10,11	
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MeV Physics	
l  Prompt emission	

–   Nonthermal, Thermal, High-energy	
–   Polarization	

l  Afterglow	
–   Synchrotron, Reverse, Steep decay, Flare, Plateau	

l  Supernova	
–   56Ni	

l  Diverse populations	
–   llGRB, ulGRB, Pop III GRB, Shock breakout, TDE	
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Better than BATSE	
Large FOV	



γ-ray Polarization	
GAP on IKAROS	 GRB100826A	

27±11% (2.9σ)	
Rotation (3.5σ)	

Yonetoku+ 11	

Patchy B? γ-shere?	

Compton-type, 17cm	
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Uniform Magnetic Field?	

orderB

Ｌｉｎｅａｒ polarization	

Πmax =
p+1
p+7 3

 70%

( ) p
e e e e eN d dγ γ γ γ−∝

Theoretical maximum	
⇒ Uniform, large scale magnetic field?	
⇒ Magnetically driven GRB? Magnetar?	

1−Γ
B~1015G	



磁場ジェット? 
l  ヘリカル磁場の場合、偏光は変動しない	

–   Patchy or 細いJet?	

l  偏光しているものはどれも明るい	
–   放射効率を>50%とすると、Π<50%になる?	

l  シンクロトロンの場合、Epeakより下では50%	
–   Epeakをまたいで偏光度に変化はあるのか?	

	



光球も偏光? 

Beloborodov 11	

光球付近ではPhoton fieldが非等方	
⇒ 最後のThompson散乱で偏光	

光球	



Patchy γ-sphere?	

1−Γ

Total	Total	
   0	



e-ASTROGAM	
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~42 GRBs/yr for P~20%	
~16 GRBs/yr for P~10%	

De Angelis+ 1611.02332	



MeV Physics	
l  Prompt emission	

–   Nonthermal, Thermal, High-energy	
–   Polarization	

l  Afterglow	
–   Synchrotron, Reverse, Steep decay, Flare, Plateau	

l  Supernova	
–   56Ni	

l  Diverse populations	
–   llGRB, ulGRB, Pop III GRB, Shock breakout, TDE	
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Better than BATSE	
Large FOV	



標準モデル? 
photo-	
sphere	
τ~1	

B-dominated Jet	
External	
Shock	

Time	

Flux	

~2-100s	
~0.01-2s	

Relativistic Jet	
Γ>100	

ISM	

Afterglow:	
Understood	

or … ???	

Eγ/B⇒Eγ	

Afterglow	Prompt	
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All-Band Spectrum	
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Without	
MeV	

Perley+ 14	



Steep	
Decay	

Plateau	

Flare	

Jet Break	Zhang+ 06	

変動大 ⇒	
Engine-Driven	

How?	

Curvature?	
Decaying?	

KI+ 05	

What?	

When?	
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X-ray Afterglow	



Chromatic Break	
Plateau phase	
の起源が謎	
	
X線ブレーク	
without	
光学ブレーク	
	
X-ray: Engine	
Opt: Afterglow?	
Panaitescu(06)	
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Optical Flash	

Zhang+ 03	
Sari & Piran 99	

Reverse Shock	 Prompt Optical	

Vestrand+ 05	

Why so paucity?	
B-? or e±-dominated? 	

Racusin+ 08	
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Naked 	
eye 	
GRB	



Deep, Wide, Fast	
IR-Opt Big Survey Era	

LSST	
3.5 deg FOV	

WFIRST	
Near IR wide-field	

MeV survey than MeV follow-up?	
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MeV Physics	
l  Prompt emission	

–   Nonthermal, Thermal, High-energy	
–   Polarization	

l  Afterglow	
–   Synchrotron, Reverse, Steep decay, Flare, Plateau	

l  Supernova	
–   56Ni	

l  Diverse populations	
–   llGRB, ulGRB, Pop III GRB, Shock breakout, TDE	

2017/02/27	 MeV GRBs by K. IOKA	 46	

Better than BATSE	
Large FOV	



Nomoto+ 11	
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Huge 	
Nickel 	
mass	
	

E injection	
by Central	

Engine?	

Maeda’s talk	
Terada’s talk	



Supernova Ia 2014J	
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56Co lines	
MNi~0.6M¤	
D=3.5Mpc	
	
R~RSN/103	

D~DSNx10	
F~FSN/102	

Churazov+ 14	
De Angelis+ 16	



MeV Physics	
l  Prompt emission	

–   Nonthermal, Thermal, High-energy	
–   Polarization	

l  Afterglow	
–   Synchrotron, Reverse, Steep decay, Flare, Plateau	

l  Supernova	
–   56Ni	

l  Diverse populations	
–   llGRB, ulGRB, Pop III GRB, Shock breakout, TDE	
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Better than BATSE	
Large FOV	



MeV GRBs by K. IOKA	

Diversity of GRB 
Ultra-long GRB	

Levan+ 14	
Gendre+ 13	
Lien+ 16	

2017/02/27	 2	

Magnetar	

Low-Luminosity GRB	

GRB 130925A	

Tidal	
Disruption	

Event	



低光度GRB	
>1000 sec Duration	 Low Eiso	

⇒ Low luminosity GRB	
Campana+ 06	

Kaneko+ 06	

z=0.033, 0.059: 遠くは見えていない	
実際のEvent rateは~10倍かも	
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X-Ray Flash (XRF)	

Ｘ線	

ガンマ線	

Lamb+ 03	

XRF~GRB	
except for	
small Epeak	
& fluence	
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Pop III GRB?	

Present Day 	
GRB	

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

?	

53	2017/01/24	 ultralong GRB & TDE by K. Ioka	

Envelope accretion ⇒ Ultra-long	

Matsumoto’s talk	



Ultra-Long GRBs	
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Explosion

Magnetar H=(E/te)/(1+t/te)2

Tidal Disruption Event H=(2E/3te)/(1+t/te)5/3

Ei=1.4×1052 erg, ti=1×104 s, M=3 M⊙, v=2×109 cm s-1, g=0.2

E=1.4×1050 erg, te=1.1×106 s, M=2.2 M⊙, v=2×109 cm s-1, g=0.04

E=2.4×1050 erg, te=2×105 s, M=1 M⊙, v=2×109 cm s-1, g=0.2

PS1-11af (TDE)

98bw (SN)

PTF11rks (SLSN)

Lbol (Greiner+15)
Lbol using unbroken afterglow

1042

1043

1044

 0  10  20  30  40  50

Supernova(-like Event)	

Collapsar	

Magnetar	

+ Tidal	
Disruption	

Event	
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Tidal Disruption Event	

Rees 88	

TD ⇒ Jet	

Sw J1644+57 @z~0.35 (dL~1.8Gpc)	
Sw J2058+05 @z~1.19 (dL~8.2Gpc)	

~1/yr (all-sky)	

Bloom+ 11	
Levan+ 11	
Burrows+ 11	
Zanderer+ 11	
Cenko+ 11	
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~1Crab@MeV	



TDE Jet Spectrum	
@2.9day	
	
Galaxy	
& AV~3-5	
@opt	



TDE Jet Spectrum	

Burrows+ 11	

green: a few days	
cyan: 4.5 days	
black: 6.5-9.5 days	
	
X: NH=2x1022cm-2	

NIR: AV=4.5	
γ: Fermi, VERITAS	
Γ<10	
	
Suppression of low	
energy electrons?	
⇒ B-dominated?	
(⇔ IR less variable)	



SN Shock Breakout	
XRF080109/	
SN2008D	

(Ib/c)	
@27Mpc	
	

Single PL 	
or PL+BB	
Γ~-2.3	

T~0.1keV	

非熱的	
成分	

Soderberg+ 08	

Core Collapse	

Shock Breakout	

超新星爆発	

Optical	

Shock伝搬	

UV	
X線	
~0.1keV	

Fe	

€ 

26
56Fe + γ ↔

   13α + 4n
4 He + γ ↔

     2p + 2n
(Z +1,A) + e−

→ (Z,A) + ν e

(Klein & Chevalier 78, 	
Weaver 76, Colgate 74)	

Core Bounce	

ρc~	
3x1014g/cc	

M>~8-10M¤	

輻射媒介衝撃波	

X線初	

2017/02/27	 MeV GRBs by K. IOKA	 58	



MeV Physics	
l  Prompt emission	

–   Nonthermal, Thermal, High-energy	
–   Polarization	

l  Afterglow	
–   Synchrotron, Reverse, Steep decay, Flare, Plateau	

l  Supernova	
–   56Ni	

l  Diverse populations	
–   llGRB, ulGRB, Pop III GRB, Shock breakout, TDE	
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Better than BATSE	
Large FOV	



Thank 
You	
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高度１２万ｋｍ	
周期５日	

1967　Vela衛星が発見	
　核実験の監視衛星	
　ところがγ線は地球外から！	

1973　発表	

Fishman&Meegan(95)	

~200keV	

発見は偶然から 



天空分布 

                                                                             

Isotropic	

~1000 events/yr	



2017/02/27	 MeV GRBs by K. IOKA	 63	



High Epeak	

Amati 10	

 Fermi	
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Low Epeak	

Amati 10	

X-ray Flash	
Low Lumi. GRB	
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SN-GRB Connection	

Bloom+ 99	

Hjorth+ 03	

GRB普通	

残光中の増光	 SN2003dh-GRB030329	
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マルチメッセンジャー 
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電磁波	 宇宙線	

ニュートリノ	 重力波	

20世紀: 全波長 ⇒ 21世紀: 全粒子	
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