
ガンマ線バースト -‐	  宇宙最大の爆発現象	

河合誠之　（東工大）	

• ガンマ線バースト とは	  
• 高赤方偏移GRB	  
• GRB母銀河の金属量	  
• Fermiによる高エネルギーガンマ線観測	  
• 謎の “短い”	  ガンマ線バースト	  



本講演の目的	

•  ガンマ線バーストの面白さを知っていただく	  

•  ガンマ線バーストに向いている人（私見）	  
u  ちょっとリスクがあっても一山あてたい	  
u  他の人が知らないことを先に知りたい	  
u  いろいろな人と一緒にやってみたい	  
u  いろいろなことに首を突っ込みたい	  
u  世の中の大勢とちょっと違うことをしてみたい	  
u  新しいものをすぐ使ってみたい	  
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「ガンマ線バースト」の面白さ	

•  宇宙最大の爆発現象	  
u  太陽の一生分のエネルギーを数秒で放射	  

•  相対論的ジェット Γ≈100–1000	  を発生	  
u  ジェットの駆動、コリメーション	  
u  高効率な放射	  

•  宇宙の果てまで見通せるほど明るい	  
u  太古の宇宙を照らす光源 à	  電離度、元素組成	  

•  長いバーストは大質量星の死に関連	  
u  宇宙最初の星を見る？	  

•  短いバーストは連星中性子星の合体現象？	  
u  重力波源の同定？	  
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「ガンマ線バースト」の面白さ	

•  80年代末ごろの天文学の難問	  
u  太陽ニュートリノ問題	  
u  暗黒物質	  
u  ガンマ線バースト	  

•  とにかく、分からない。	  
u  距離、エネルギー規模、放射機構、エネルギー源、

母天体、天体種族… 	  	  
•  最近傍の説：オールトの雲＋太陽系外反物質彗星	  
•  最有力候補：銀河系内中性子星 	  

u  1990年代：コペルニクス的転回	  
•  à	  宇宙論的遠方のジェット	  
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ガンマ線バーストの発見	

•  核実験監視衛星によって、宇
宙からのガンマ線爆発を『思い
がけず』	  初検出:	  ~1967年	  

•  ロスアラモス研究所の	  
グループ（クレベサデル他）	  

•  Star	  Wars?	  
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高感度で暗い（＝遠い）ものまで見れば…	


コンプトンガンマ線天文台衛星 (1991–2000)	


バッツィー実験 (BATSE)!

2000年６月に廃棄
（大気圏再突入）	
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BATSE	  light	  curves	  1	  
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ベッポサックス衛星(1996-2002)による	  
X線残光の発見 (GRB970228)	  

1997 Mar 3	
1997 Feb 28	


8時間後� 3日後� 8	  



可視光残光	

8時間後　　　　　　　　　9日後	

ハッブル望遠鏡	  
STIS	  
(6ヵ月後)	  

ハッブル望遠鏡	  
NICMOS	  
(1年後)	  
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GRB970508:	  最初の赤方偏移	

•  吸収線（母銀河か手
前の物質）	  

u  	  	  	  	  	  	  	  z	  >	  0.835	  
•  母銀河の輝線	  

u  	  	  	  	  	  	  	  	  z	  =	  0.835	  

酸素� ネオン�

70億光年！!
本当に遠い	
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ガンマ線バーストの起源の謎	

•  巨大なエネルギー	  (>	  1042	  J)	  を ≤10	  sで放出	  
u  候補となる天体現象は少ない	  

u  恒星の重力崩壊	  
•  大質量星の一生の最後	  
•  普通は超新星になる	  

u  中性子星連星の合体	  
•  NS+NS	  またはNS+Black	  Hole	  
•  宇宙年齢内に合体する連星系が存在	  
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HETE (High Energy Transient Explorer)  
高エネルギー変動天体探査機	

•  日・米・仏の国際共同プロジェクト　 
u  (構想：1983, 提案：1989,一号機：1996) 
u  PI: G. Ricker (MIT), 日本のリーダー：松岡勝 (理研主任研究員) 

•  “Cheaper, Faster, Better” 
•  HETE-2: 2000年10月9日に打上げ 
•  特徴：ガンマ線バーストの正確な位置を発生直後(数十

秒以内)に全世界に速報する。 
•  HETEの位置情報は、無条件・無償で誰にでも提供） 
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“Cheaper, cheaper, cheaper” 



GRB Alert System of 
HETE-2 
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HETE-2 

VHF 

シンガポール	 	  
など	

主地上局	

副地上局	

ガンマ線バースト	

Sバンド	

観測データ	 	  
コマンド	

位置情報	

コントロールセンター	 	  
(MIT)	  

観測施設	インターネット	

ガンマ線バースト	 	  
連携ネットワーク	

インターネット	



HETE-2  (2000-2006)�
日米仏の国際協力による製作�

広視野X線モニター	 
(WXM)	 

日本・理研/	 
米国	 LANL担当	 

ガンマ線検出器	 
(FREGATE)	 

フランスCESR担当	 

重さ  124 kg 
高さ　89 cm 
横幅　66 cm 
軌道　高度 625 km 、赤道軌道 
寿命　2年～ 
姿勢　反太陽方向を常に向く 

通信　送信　S-band	 (2.272	 GHz)	 250	 kbps	 
　　　　　　VHF	 (137.96	 MHz)	 300	 bps	 
　　　受信　S-band	 (2.092	 GHz)	 31	 kbps	 

軟X線カメラ	 
(SXC)	 

米国・MIT担当	 

姿勢制御用	 
光学カメラ	 
米国・MIT担当	 

衛星システム	 
米国・MIT担当	 



HETE-2 Mated to Pegasus 9/11-15 Pegasusロケットに衛星を搭載 



HETE-2の代表的成果：超新星を伴うGRBの発見	
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30-400 keV	


(Vanderspek, 2004)	
 GRB 030329	
Exceptionally High fluence	

（1.5 x 10-4 ergs cm-2） 
典型的なGRB (本体・残光)	
z=0.1675	

Stanek et al. (2003; also Fynbo et al. 2003)	


Type Ic 超新星の発見	

⇒ SN2003dh	

GRB 980425/1998bw 
GRB 030329/2003dh 
GRB 031203/2003lw 
GRB 060218/2006aj 

GRB-SN connections 

確立�
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超新星との関係が確立！	

Stanek et al. 2003 
also Fynbo et al. 
  Kawabata et al. 

超新星 1998bw の 
スペクトル	

GRB030329の残光のスペク
トルの盛り上がった成分	

GRB030329の残光の 
スペクトルの変化	



GRBは大質量星の死に伴って発生	

•  “Collapsar”	  -‐-‐-‐有力理論モデル	  
•  星生成銀河、星生成領域に発生	  
•  GRB030329à	  関連が確立	  
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•  GRB発生率	  	  
à星生成率の指標	  

•  星一個から発生	  
à	  初代星を見られる	

•  母銀河を内部から照ら
すà	  ISMの元素組成	  



HETE-2の代表的成果：Ｘ線フラッシュの観測	
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SX/Sγ分布�

•  GRBと本質的に同じ現象"
•  Swiftでは観測困難  

à 現在はMAXIが観測"

連続的に分布�

2~25	  keV	  

2~5	  keV	  
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GRB020903（最もソフト）�

(Sakamoto,	  2003)	  

低エネルギーのみ放射�

•  可視光残光à母銀河の発見"
•  赤方偏移�z=0.25"
•  起源は 普通のGRBと同じ"



ガンマ線バーストのコンパクト問題
(Compactness Problem) 

•  ガンマ線バーストには、1 MeVを越えるガンマ線が多く
含まれている。 

•  E>2me（電子質量）のガンマ線は、電子陽電子対を生成
して消える 

•  ガンマ線バーストの速い時間変動 
à光源が小さい　à 光子の密度が高い 
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γ	


γ	


e- 

e+ 

電子陽電子対生成	

Ri 

t=t0 +(Ri/c)	  

光源の大きさと時間変動	

光
度	

t0 t0 +(Ri/c)	  
時刻	



ガンマ線バーストのコンパクト問題
(Compactness Problem) 
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l  ガンマ線バーストのエネルギー 

l  電子陽電子対生成 

l  対生成の確率がとても大きい 
àガンマ線は出てこられない 

（Size Ri <cδT～ 3000 km）	
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コンパクト問題の解決法： 
相対論的運動(Relativistic Motion) 

•  光子のエネルギー: hνobs /δ 
u  対生成できる閾値エネル

ギーを超える光子が減る 
•   ｆp× δ 1-α	


•  相対論的ビーミング:　 
Ls = δ 4 4πDF2 
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相対論的ビーミング 
(Relativistic Beaming) 

•  輻射源の固有系での時間間隔： Δts 
•  観測される時間間隔： Δtobs 

23 

l ビーミング因子： 

u  θ の減少関数　(cosθ =β  àδ =Γ ,  θ =π /2 àδ =1/Γ )	


u  相対論的速度で運動する光源から放出された光が源
の運動方向に集中する割合を示す。	

)cos( θβ
δ

−
=

1
1

Γ

δsobs tt ΔΔ =



相対論的ビーミングの効果 
(Relativistic Beaming) 

•  時間尺度が縮む　(×δ -1 )	

•  光子一つ一つのエネルギーが高くなる(×δ 1 ) 
•  放射流束(フラックス）が強くなる　(×δ 4 )	

•  放射が狭い角度内(θ < Γ ) に集中する 

u  放射源が球対称に膨張していても、観測できるのは、 
δ が大きい、視線方向に運動している狭い角度内の
部分のみ	
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ジェット・ブレーク	  

25	  

Piran	  2002	  

Harrison	  et	  al.	  1999	  L62 OFF-AXIS AFTERGLOW EMISSION FROM JETTED GRBs Vol. 570

Fig. 1.—B-band luminosity for models 1 (dashed lines) and 2 (solid lines)
for , , , , , ,v p 5! v p (0, 1, 2, 3, 5)v E p 80 n p 1 p p 2.5 e p 0.010 obs 0 52 0 B

and , where and are the fraction of the internal energy in thee p 0.1 e ee B e

magnetic field and electrons, respectively, and p is the power-law index of the
electron energy distribution. Note that model 1 is scaled down by a factor of
2.5 to help compare between the two models.

Fig. 2.—Light curves of model 3 for , ,v p 0.2 E p n p z p 1 p p0 52 0
, , , and Hz. The inset shows the same light142.5 e p 0.1 e p 0.01 n p 5# 10e B

curves for model 2, where the same traces correspond to the same viewing
angles .vobs

therefore, the dominant contribution to the emission is missing
until the time when . This problem is overcome byg ∼ 1/vobs
our next model.

2.2. Model 2: A Homogeneous Jet

This model is described in Kumar & Panaitescu (2000). The
Lorentz factor and energy per solid angle are considered in-
dependent of v within the jet aperture. The jet deceleration is
calculated from the mass and energy conservation equations,
and the jet expands laterally at the local sound speed. The
calculation of radiative losses includes synchrotron and inverse
Compton, and the synchrotron spectrum is taken to be a piece-
wise power law with the usual self-absorption, cooling, and
injection break frequencies, calculated from the cooled electron
distribution and magnetic field. The observed flux is obtained
by integrating the jet emission over the equal arrival time
surface.
The light curves of model 2 are shown with solid lines in

Figure 1. The flux density in the decaying stage (when the
entire jet is visible) increases slightly with vobs because, for a
given observer time, the emission received at larger vobs arises
at smaller radii, when the jet is intrinsically brighter. At a few
hundred days, the light curves begin to flatten owing to the
transition to the nonrelativistic regime.
The light curves for are very different from thosev ! vobs 0

of model 1 (and more realistic). Furthermore, the light curves
for are very similar to in this model. Sincev ≤ v v p 0obs 0 obs
the jet is homogeneous, the ratio of fluxes for andv ! vobs 0

is the ratio (1 ) of the areas within the jet opening1v p 0obs 2
that subtend an angle of 1/g around these directions.
We note that the light curves of model 1 for v /v pobs 0
are much closer to the light curves of model 2 for1, 2

, respectively, than to the model 2 light curvesv /v p 2, 3obs 0
for the same viewing angles, because the emission received at

is dominated by the region on the jet surface that isv 1 vobs 0
closest to the direction toward the observer. Therefore, model
1 becomes more accurate if is used in-v p max (0, v ! v )obs 0
stead of in equations (1) and (2).v p vobs
The main advantage of model 2 is that it provides more

realistic light curves with a very small computational effort,

making it convenient to use for data fitting (e.g., Panaitescu &
Kumar 2001). Its main drawback is the simplified treatment of
the dynamics, which leads to some differences relative to our
next model.

2.3. Model 3: Two-Dimensional Hydrodynamical Simulation

This model is described in Granot et al. (2001). The jet
dynamics is obtained with a two-dimensional hydrodynamical
simulation, with initial conditions of a wedge taken from the
spherical self-similar Blandford-McKee (1976) solution. The
afterglow light curves are calculated considering the emission
from all the shocked region, taking into account the relativistic
transformations of the radiation field, and the different photon
arrival times to the different observers.
Figure 2 shows the light curves of model 3, while the inset

provides the light curves of model 2 for the same set of pa-
rameters. In model 3, the peak of the light curves for v 1obs
is flatter compared to model 2 and occurs at a somewhatv0

later time. The rise before the peak is not as sharp as in models
1 or 2, since in model 3 there is some material at the sides of
the jet with a moderate Lorentz factor (Granot et al. 2001;
Piran & Granot 2001), whose emission dominates the observed
flux at early times for . The light curves forv 1 v v 1 vobs 0 obs 0
peak at a later time compared to model 2, and the flux during
the decay stage grows faster with , because in model 3 thevobs
curvature of the shock front is larger and the emission arises
within a shell of finite width, so that smaller radii contribute
to a given observer time. The light curves for models 2 and 3
are quantitatively similar for .v ! vobs 0
The main advantage of this model is a reliable and rigorous

treatment of the jet dynamics, which provides insight on the
behavior of the jet and the corresponding light curves. Its main
drawback is the long computational time it requires.

3. LINEAR POLARIZATION

While a spherical afterglow should exhibit little or no linear
polarization, as the polarizations from the different parts of the
afterglow image cancel out, a jetted afterglow breaks the circular
symmetry of the afterglow image for and may have av 1 0obs
polarization of !20% for (Ghisellini & Lazzati 1999;v ! vobs 0
Sari 1999). One might therefore expect an even larger polari-

Granot	  et	  al.	  2002	

Jet	  Break:	  	  	  Γ	  ≈	  1/θ	



ガンマ線バーストの火の玉モデル	

内部衝撃波	 外部衝撃波	

内部 
エンジン	

超相対論的 
ジェット	
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Figure by Piran 2003 



高赤方偏移GRB	  



宇宙の年齢	
28	  

hbp://www.nrao.edu/pr/2003/j1148/reion.diagram.jpg	  
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Swif	  衛星  (2004—）	
Burst	  Alert	  Telescope	  (BAT)	  
GRB	  検出、位置決め	  (1-‐３分角)	  	  

X-‐Ray	  Telescope	  (XRT)	  
X線残光観測	  (~	  5	  秒角)	  
~90%	  GRB	  に	  X線残光	

UV/Op^cal	  Telescope	  (UVOT)	  
紫外線/可視光残光観測	  (0.5“)	  
~50%	  GRB	  に可視光残光	

ボーイング社	  Delta	  II	  :	  2004年 １１月２０日打ち上げ	BAT	  以外は	  XMM	  や	  Spectrum	  X-‐gamma	  の	  
スペアー品や同じデザインで製作	

	  
軌道	  :	  ~600	  km	  

重量	  :	  1270	  kg	  



Tanvir 2005 

galaxies 

quasars 

Record redshifts  
(just relatively uncontroversial ones) 

GRBs 
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ライマンドロップ法	 
	 
銀河間空間の水素ガスに
よる吸収を利用	 
	 
（赤方偏移した	 
　ライマン吸収端より	 

　短波長側は見えない）	 

距離の決定法  

銀河間ガス（水素）によるライマンα線吸収を利用 	
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現在	  
（ビッグバンの137億年後）	

Lyman-‐break	  spectrum	



The Lyman Forest　　ライマンαの森	

Spectrum	  of	  a	  quasar	  	  

hbp://www.astr.ua.edu/keel/agn/	  

放射源での元の波長	 34	  
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現在	  
（ビッグバンの137億年後）	

Lyman-‐break	  spectrum	
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現在	  
（ビッグバンの137億年後）	



実例＠ｚ＝５	  with　すばる	

Ｖバンド(550nm)　　Ｉバンド(800nm)　　　　ｚ’バンド	  (930nm)	  

Iwata,	  Ohta,	  et	  al.	  PASJ	  55,	  415	  (2003)	  
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すばる望遠鏡による成果： 

 z=6.3 ガンマ線バーストの 
残光分光観測	

38	  

すばる	  8.2	  m	  望遠鏡	  
国立天文台,	  

ハワイ　マウナケア山頂	

スペクトル	

大気夜光の影響による誤差	

Icバンド	 z’バンド	
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Lyα break 

SII 

SiII* 

OI CII 

SiII 

z  ≈ 6.3 z = 6.295±0.002 

GRB	  050904	  at	  t=3.4	  d	  

Subaru FOCAS 4.0 hrs,  λ/Δλ≈1000 
Kawai et al. (2006) 
Totani et al. (2006) 

[S/H]=-1.3 

Log NHI=21.6 

xHI>10-3 



中性水素の吸収端 
1216Å à 8900Å 

SII 

SiII* 

OI CII 

SiII 

すばる望遠鏡で観測した 
観測史上最遠GRBの残光のスペクトル	 

40	  Subaru	  FOCAS	  4.0	  hrs,	  	  λ/Δλ≈1000	


l  距離127.7億光年=宇宙年齢8.9億年	

l  炭素、酸素、硫黄などを検出	

l 硫黄/水素の存在比は　太陽の1/20	  

l 最古宇宙の元素組成測定	  

l  宇宙は既に電離していた	

l 初代の星が光った後	
(Kawai	  et	  al.,	  2006)	  



重元素量　vs.	  赤方偏移	
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0 1 2 3 4 5 6 
赤方偏移 

0.001 

0.01 

0.1 

１.0 

Fynbo et al. 2006 
Prochaska et al. 2003 
Sollerman et al. 2005 

GRB 050904 
すばるによる観測 

• GRBs 
·∙	  クェーサー視線上のDLA	  
Δ	  GRB母銀河	

DLA:	  	  
クェーサーへの
視線上にある	  
中性水素ガス雲。
おそらく原始的
な銀河	

重
元
素
量（

太
陽
系

値

対

比）
	



ガンマ線バーストでわかること	

•  一番最初の星ができたのはいつか？　（いつ爆発した？）	

•  宇宙で星が輝き始めたのはいつか？	  

•  宇宙の重元素いつできて、どのように広がったか？	  
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GRB	  080913	

VLT/FORS2	  	  2400sec	  	  Greiner	  et	  al.	  2009	  

3年ぶりに記録更新： z=6.7	  
                    128.4億光年	  

しかし、残光は暗かった	
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GRB	  090423	
•  圧倒的に記録更新：　z=8.2	  

　130.4億光年	  

•  岡山188cm望遠鏡で撮像に成功！	  
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最高赤方偏移 の証拠	

Y	  

J	  
H	   K	  

r	   i	  

z	  

ジェミナイ望遠鏡　（ハワイ　マウナケア山頂）	  
	  

Berger	  et	  al.	
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最高記録　z=9.4!	  （131.4億光年）	
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宇宙の年齢	
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hbp://www.nrao.edu/pr/2003/j1148/reion.diagram.jpg	  
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完
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銀
河

進
化	

太
陽
系

形
成	

40万年	 2億～5億年	 9億年	 90億年	 137億年	

現
在	



GRB母銀河の金属量　	  

（と大量絶滅？）	
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Fruchter et al. 2006 

• GRBは銀河の中の最も明るいところで集中的に発生
(cf. 重力崩壊型超新星はだいたい明るさに比例) 

• GRB 母銀河は超新星母銀河より小さくて不規則形 
•  GRBは低金属環境の大質量星から発生 



すばる望遠鏡による成果： 
ダークGRBの母銀河	

•  GRB 080325	

u  すばる望遠鏡で赤外残光

を発見	

u  翌年に母銀河を6色撮像	
•  赤方偏移 1.9	

•  質量〜天の川とほぼ同じ	

•  重元素量が多い	

	

1日後	 ３日後	 差	  –残光	

•  GRB母銀河の一般的特徴	

–  小さい	

–  重元素が少ない	

(Hashimoto	  et	  al.,	  2010)	  



ガンマ線バーストの起源の新しい観測的証拠	

•  標準的描像：重元素の少ない単独星	 

•  新たに観測的証拠シナリオ：連星	 

さまざまな意義	  

•  GRBの種族	  
•  GRBの頻度	  
•  ジェット機構	  
•  …	  

•  天の川銀河でも
GRBは発生する！	  

	  
àオルドビス紀の生
物の大絶滅 はGRBが
原因？	



ガンマ線バーストは	  
重元素が多い環境でも発生する!	

•  天の川銀河でも起きる	  

•  もし太陽系近傍で	  
起きたら	  

GRBが地球近辺で起きたときの	  
イメージ図(NASA)	
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地球	

GRB	



Did a gamma-ray burst initiate the late Ordovician mass extinction? ���
A.L. Melott et al., International Journal of Astrobiology (2004)���

論文紹介：　川上孝介 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€ 

Fgal =
FU  [Gpc−3y −1]
Dgal  [Gpc

−3]

FU	  	  	  	  =	  0.44	  Gpc-‐3y-‐1　　　[Gueba	  et.al	  (2003)]	  	  	  	  	  
Dgal	  =	  3×106	  Gpc-‐3	  	  	  	  	  	  	  	  	  	  	  	  [Loveday	  et.al(1992)]	  

54	
生命に危険なGRBが起こる頻度	

Fgal=1.5×10-‐7[y-‐1]	 600万年に一回起こる	

一銀河あたりのGRBの頻度(Fgal)	

一銀河のあたりの	  
GRBの頻度	

＝	
近宇宙GRBの単位体積あたりの頻度	

銀河の個数密度	



天の川銀河(NASA)	

太陽	
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平均3.8億年に一度はGRBによる大絶滅	  

地球から距離Rで	  
GRBが起こる頻度	

€ 

FR = Fgal ×
R
Rgal

# 
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( ( 

2

    =
1

3.75 ×108
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平均的GRBが生物に危害を与える距離：2kpc	

銀河を半径Rgal	  kpcの２次元の面とみなす	

地球から距離Rgal内でのGRBの頻度	  

4kpc	

30kpc	

赤い円は太陽から	  
半径2kpcの円	



•  生命の多様化が進んだ時期。	  
•  非常に温暖。	  
•  三葉虫などが生息。	  
•  生態系は陸地には進出していなかった。	  
•  大気酸素濃度、オゾン濃度は現在と同程度	  

オルドビス紀とは	
56	

2

三葉虫	

　：大量絶滅	

古生代	 中生代	 新生代	

紀	 紀	
紀	 紀	

石
炭
紀	 紀	

三
畳
紀	 紀	

白
亜
紀	

古
第
三
紀	

新
第
三
紀	

億
年
前

5	 4	 3	 1	 0	



オルドビス紀末期の環境変化	

大規模・広範囲の絶
滅	  

急激な寒冷化	  

一部の三葉虫のみ生存	

地球外の要因が必要。	  
(Herrmann	  et	  al.2003)	

氷河期だけでは説明がつかない。	  
氷河期の以前から絶滅が開始。	  
(Brenchley	  et	  al.	  2003)	

幼虫の過ごし方に注目	

海面で成長する種族	

海底で成長する種族	

絶滅傾向	

生存傾向	

紫外線が増加？	
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ガンマ線が窒素分子を分解 N2	  +	  γ	  à	  2N	  

オゾン減少	   寒冷化	 酸性雨	

空が赤黒く変色	  
強烈な紫外線	  
（画像：NASA）	

大量絶滅	

NOxが大量生成N	  +	  O2=NO+O	

NO2	

58	GRBが環境・生命に及ぼす影響	



Fermiガンマ線宇宙望遠鏡による	  
高エネルギーガンマ線観測	  

高いローレンツ因子	  
光速度不変の検証	



Gamma-ray Burst  
Monitor (GBM) 

Large Area 
Telescope (LAT) 

Fermi Gamma Ray Space Telescope 

June 2008 

 
  LAT   -    20 MeV - >300 GeV 
  GBM  -    10 keV - 25 MeV 
	



LAT GRB 080916C 

XRT 

LAT Collaboration, Science 2009 

 

  Long GRB 
  z = 4.35 
  Extended emission 
  Lag in MeV/GeV onset 
  Highly luminous 
  Lorentz factor (jet) > 860 
      (γγ absorption argument) 
	

GBM 8-260 keV 

GBM 0.2-5 MeV 

LAT total 

LAT > 100 MeV 

LAT > 1 GeV 

• 



LAT GRB 080916C 

Gehrels  

* 
* 
* * * 

* 
• 

GRB 080916C 

Eiso vs z 

• 

Amati et al. 2009 

Epeak vs Eiso 



HE delayed onset in short and long GRBs 

The	  first	  few	  GBM	  peaks	  are	  missing	  in	  
	  the	  LAT	  but	  later	  peaks	  coincide	  
Delay	  in	  HE	  onset:	  0.1-‐0.2	  s	  

Abdo et al. 2009, Science 323, 1688 

 
The first LAT peak coincides with the 
second GBM peak 
Delay in HE onset: ~4-5 s 

Abdo et al. 2009, Nature 462, 331 
GRB 080916C (long) GRB 090510 (short) 

HE delayed onset can be seen from almost all LAT GRBs	April	  19,	  2010	 63	

8-260keV	

0.26-5MeV	

LAT all events	

>100 MeV	

>1GeV	

Deciphering	  the	  Ancient	  
Universe	  with	  Gamma-‐Ray	  

Bursts	



Limit on bulk Lorentz factor 

Γmin	

090510 
E=31 GeV	

090902B 
E=33 GeV	

080916C 
E=3 GeV	



GRBの次は？　今正体不明なもの	

•  ダークマター	  
u  素粒子物理実験による直接検出	  

•  ダークエネルギー	  
u  単一目標の巨大産業	  
u  生きているうちに解明できそうな気がしない	  
u  観測が間接的、統計的なので私の趣味じゃない	  

•  “Fundamentalist	  Physics:	  why	  Dark	  Energy	  is	  bad	  for	  astronomy”	  	  
Simon	  White	  (arxiv:0704.2291)	  

•  短いガンマ線バースト	  
u  重力波による直接検証が現実的に	

65	

継続時間	  (s)　	
　　　0.01	  	  	  	  	  	  	  0.1	  	  	  	  	  	  	  1	  	  	  	  	  	  	  	  10	  	  	  	  	  	  100	  	  	  	  1000	

GRB継続時間分布　	



短いガンマ線バースト	  

重力波源の最有望候補	  
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短いガンマ線バーストの最有力候補：	  
中性子星連星の合体	

J.H. Taylor and R.H Hulse 
1993 Nobel Prize in Physics 

PSR 1913+16 

重力波放射	  
↓	  
軌道運動	  
エネルギー減少	  
↓	  
軌道半径縮小	  
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一般相対論の予言との一致	

•  Pb-dot 軌道周期の変化率 
•  ω-dot: 近星点経度の変化率 
•  γ: 重力赤方偏移 
•  r, s: Shapiro Delayのパラメー

タ　(重力場での光の遅れ） 

•  à重力波の存在(一般相対
論の予言）を間接的に検証	



Double Pulsar	
69 



既知の中性子星連星系	
70 

合体までの時間	



7/29/14 
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中性子星合体による重力波	

Slide courtesy of D. Frail 
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中性子星連星の合体（想像）	

© NASA　http://www.nasa.gov/images/content/69475main_binarymerger.jpg 



Known	  neutron	  star	  binaries	

73	  

Time	  to	  merging	

宇宙年齢以内に合体する中性子星連星が銀河系内に７個知られている	



重力波望遠鏡による	  
中性子星連星合体の検出率	

IN-SPIRAL RATES OF DOUBLE NEUTRON STARS 3

Fig. 1.— Probability density function that represents our ex-
pectation that the actual DNS binary merger rate in the Galaxy
(bottom axis) and the predicted initial LIGO rate (top axis) take
on particular values, given the observations. The curves shown
are calculated assuming our reference model parameters (see text).
The solid line shows the total probability density along with those
obtained for each of the three binary systems (dashed lines). Inset:
Total probability density, and corresponding 68%, 95%, and 99%
confidence limits, shown in a linear scale.

We now explore our results for all other models con-
sidered in KKL. Our main results are shown in Table
1, where we have included a subset of models that re-
flect the widest variations of the rates (as shown in KKL,
variations in the space distribution of pulsars are not im-
portant). The main conclusions that can be easily drawn
are: (1) The increase factor on the in-spiral rate is highly
robust against all systematic variations of the assumed
pulsar models and is strongly constrained in the range
5–7; this is consistent with but somewhat lower than
the simple estimate presented in Burgay et al. (2003).
(2) The shape of the rate probability distribution also
remains robust, but the rate value at peak probability
depends on the model assumptions in the same way as
described in detail in KKL (see Figs. 5–7 in KKL).

4. PREDICTIONS FOR FUTURE DISCOVERIES

As already mentioned, long integration times combined
with very short binary orbital periods strongly select
against the discovery of new binary pulsars. Specifically,
in the large-scale PMB survey (e.g. Manchester et al.
2001) with an integration time of 35min, the signal-to-
noise ratio is severely reduced by Doppler smearing due

Table 1. Estimates for Galactic in-spiral rates and predicted LIGO
detection rates (at 95% confidence) for different population models

Modela R IRFb Rdet of LIGO
initial advanced

Myr−1 kyr−1 yr−1

1 23.2+59.4
−18.5 6.4 9.7+24.9

−7.7 52.2+133.6
−41.6

6 83.0+209.1
−66.1 6.4 34.8+87.6

−27.7 186.8+470.5
−148.7

9 7.9+20.2
−6.3 6.6 3.3+8.4

−2.6 17.7+45.4
−14.1

10 23.3+57.0
−18.4 5.8 9.8+23.9

−7.7 52.4+128.2
−41.3

12 9.0+21.9
−7.1 6.0 3.8+9.2

−3.0 20.2+49.4
−15.9

14 3.8+9.4
−2.8 5.4 1.6+3.9

−1.2 8.5+21.1
−6.2

15 223.7+593.8
−180.6 7.1 93.7+248.6

−75.6 503.2+1336.0
−406.3

17 51.6+135.3
−41.5 6.9 21.6+56.7

−17.4 116.1+304.4
−93.4

19 14.6+38.2
−11.7 7.0 6.1+16.0

−4.9 32.8+86.0
−26.3

20 89.0+217.9
−70.8 6.2 37.3+91.2

−29.6 200.3+490.3
−159.3

aModel numbers correspond to KKL. Model 1 was used as a ref-
erence model in KKL. Model 6 is our reference model in this study
(see text).
bIncrease rate factor compared to previous rates reported in KKL;

IRF≡ Rpeak,new/Rpeak,KKL.

to the pulsars’ orbital motion. Acceleration searches in
the current re-analysis of the PMB survey (Faulkner et
al. 2003) should significantly improve the detection effi-
ciency to DNS binaries.

Following Kalogera, Kim & Lorimer (2003), we calcu-
late the probability distribution that represents our ex-
pectation that the actual number of DNS pulsars with
merger times shorter than a Hubble time (Nobs) that
could be detected with the PMB survey takes on a partic-
ular value, given the current observations and assuming
that the reduction in flux due to Doppler smearing is cor-
rected perfectly. To illuminate the effect of the Doppler
smearing we calculate the average number of expected
new discoveries akin to each of the three known DNS
binaries.

We have shown before (Kalogera et al. 2003) that the
probability distribution of the expected observed number
N i

obs for each DNS pulsar sub-population i (B1913+16,
B1534+12, and J0737–3039) is given by:

Pi(Nobs) =
βi

2

(1 + βi)2
(Nobs + 1)

(1 + βi)Nobs

, (1)

where the constants βi are a measure of how less likely it
is to detect pulsars without acceleration searches relative
to with acceleration searches. For each sub-population,
the mean values of Nobs can be calculated and we find
them to be:

〈Nobs〉1913 = 0.9, 〈Nobs〉1534 = 1.2, 〈Nobs〉0737 = 1.9.
(2)

As expected, it is evident that the discovery of DNS pul-
sars in tight binaries like J0737–3039 would be most fa-
vored with acceleration searches.

Following Kalogera et al. (2003), we can also calculate
the combined probability distribution of the expected
number of DNS pulsars that can be detected with PMB

74	  

•  LIGO	  （到達距離~	  20	  Mpc）	  
à10–630	  年に1個	  (95%CL)	  

•  LCGT（到達距離~	  200	  Mpc:	  
	  z=0.05）	  
à１年に	  2–100	  個	  

•  一方、短いガンマ線バーストの検
出率 年間<100　(0.16	  <	  z	  <	  1)	  

	  
èほとんどの中性子星連星合体は
短いガンマ線バーストとしては	  
観測にかかっていない	  

Kalogera	  et	  al.	  2004	  

100万年あたり	  
20–300	  個の合体イベント	
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重力波干渉計	
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hbp://www.ligo.caltech.edu/LIGO_web/seminars/pdf/surf06.pdf	  

KAGRA	



BATSE	  light	  curves	  1	  
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BATSE	  light	  curve	  2	  



7/29/14 79 

“短くて硬い”  
ガンマ線バースト	

硬い	

軟らかい	

短い	 長い	

Ｘ線、可視光残光検出例なし 
 
l  起源が違う？ 

l  超新星? 
l  中性子星連星の衝突合体? 
l  マグネターのフレア? 

BATSE 
Sample 

継続時間（秒）	

1000	  1	  0.01	  

継続時間が短くスペクトルが硬い 
（高いエネルギーのガンマ線が多い）	



ガンマ線バーストの起源の謎	

•  巨大なエネルギー	  (>	  1042	  J)	  を ≤10	  sで放出	  
u  候補となる天体現象は少ない	  

u  恒星の重力崩壊	  
•  大質量星の一生の最後	  
•  普通は超新星になる	  

u  中性子星連星の合体	  
•  NS+NS	  またはNS+Black	  Hole	  
•  宇宙年齢内に合体する連星系が存在	  
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GRB 050509B detected by Swift 

短いガンマ線バーストからX線残
光の最初の検出 
à 短いガンマ線バーストの位置を
始めて、秒角の精度で決定	

Gehrels et al. 2005 

Gehrels et al. 2005 

X線残光	



82 
楕円銀河 （ z=0.225） で発生？　	

•  赤方偏移の小さい(距離
の近い）楕円銀河の近傍
で発生 

•  楕円銀河：ほとんど新し
い星が生まれていない 

•  しかし、誤差円の中には
多くの遠方銀河も含まれ
ている 

•  関連は決定的とはいえな
い 

z = 0.2249 +/- 0.0008	  	  

X線残光による誤差円	

S-Cam (Kosugi, Takada, Furusawa, Kawai) 
Bloom et al. 2005 

z=0.225 
Ellipical galaxy 
SFR < 0.1 Msun/yr 
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GRB050709 localized by HETE-2 

http://www.astro.ku.dk/~brian_j/grb/grb050709.94/ 

z = 0.16	  

http://space.mit.edu/HETE/Bursts/GRB050709/ 

X-ray afterglow candidate	  

CISCO (Kosugi, Aoki, Kawai, …) 
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GRB 050709: 位置決定、Ｘ線残光と可視光残光	

チャンドラＸ線望遠鏡	 すばる望遠鏡（波長２µm赤外線）	

•  短いGRBから初めて可視光残光を検出 
•  矮小不規則銀河の周辺部で発生 
•  新しい星が作られていない領域	



ハッブル宇宙望遠鏡のムービー	

Movie courtesy of D. Fox 
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GRB050724 localized by Swift 

Barthelmy et al. 2005 
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距離が既知のγ線バーストの 
赤方偏移と放射エネルギーの分布 

（矢印：短いバースト）	

赤方偏移	
等方γ線放射エ
ネルギー	

Ｘ線残光光度	  
（10時間後）	64億光年	  

30億光年	  
27億光年	  
20億光年	

77億光年	
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ガンマ線バーストの起源 
 モデルとの比較    

仕組み	 年齢	 発生場所	 継続時間	

コラプサー	
大質量星の最期の

重力崩壊による 
大爆発	

若い星 
（数百万年以

下）	
星形成領域	 >10秒	

マグネター
のフレア	

超強磁場中性子星
の星全体規模の 

巨大地震	

若い星 
（数千万年以

下） 
	

星形成領域 
付近	

<1秒	

高密度星の
合体	

古い中性子星また
はブラックホールの 
連星の軌道縮小に

よる衝突	

古い星 
（数千万年～ 

数十億年以上）	

星形成と無関
係： 

銀河の重力圏内
どこでも	

<1秒	
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コラプサー	
大質量星の最期の

重力崩壊による 
大爆発	

若い星 
（数百万年以

下）	
星形成領域	 >10秒	

マグネター
のフレア	

超強磁場中性子星
の星全体規模の 

巨大地震	

若い星 
（数千万年以

下） 
	

星形成領域 
付近	

<1秒	

高密度星の
合体	

古い中性子星また
はブラックホールの 
連星の軌道縮小に

よる衝突	

古い星 
（数千万年～ 

数十億年以上）	

星形成と無関
係： 

銀河の重力圏内
どこでも	

<1秒	

ガンマ線バーストの起源 
 モデルとの比較   長いバースト	
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Delay	  in	  HE	  onset:	  0.1-‐0.2	  s	  

Abdo et al. 2009, Science 323, 1688 

 
Delay in HE onset: ~4-5 s 

Abdo et al. 2009, Nature 462, 331 
GRB 080916C (long) GRB 090510 (short) 

時間尺度以外は、極めて類似è　爆発後の物理過程はほとんど同じ	
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8-260keV	

0.26-5MeV	

LAT all events	

>100 MeV	

>1GeV	

Prompt	  emission	  of	  long	  and	  short	  GRBs	



Aferglow	  of	  short	  and	  long	  GRBs	
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Nousek	  et	  al.	  2006	  Barthelmy	  et	  al.	  2005	  

Short	  GRB050724	   Long	  GRBs	  

X-‐ray	  aferglows	  are	  similar	  to	  those	  of	  long	  GRBs	  

Ｘ線残光の振る舞いも似ているè　爆発後の物理過程はほとんど同じ	



GRB070201	  	  	  
	  –	  アンドロメダ銀河で発生?	  	  (780	  kpc)?	  
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Eγ=1.5x1045	  erg	  

•  運転中の重力波望遠鏡（LIGO）で検
出されず！	  	  
à中性子星合体ではない	  
　　　　 (Abbob	  et	  al.	  2008)	  

Mazets	  et	  al.	  2008	  

IPN	  Error	  
Box	  

M31	  



Short GRB	

•  すべての種類の銀河で恒星の密度に比例して発生	  
•  Fermi観測:	  高いローレンツ因子	  
•  中性子星連星合体説は有力（決定的な証拠なし）	  

•  決定的検証は重力波の検出！	  

•  ビーミングがあれば多数の見えない(off-‐axis)事象。	  
•  Orphan	  aferglow	  
•  重力波検出イベントは近傍 è 明るい	  orphan	  aferglow	  

	  	  
è 重力波トリガーによる対応天体追跡（10度視野？）	  

•  è トリガーなし大立体角短時間トランジェント探査	  



中性子星連星合体は	  
短いGRBとして検出可能か	

•  重力波望遠鏡の位置決定精度	  ≈	  10度	  
u  光学対応天体を見つけるのは難しい	  

•  普通の望遠鏡の視野にはいらない	  
•  しかし、z<0.015　à　普通のGRBより圧倒的に近い	  

	  èいままでと異なる観測戦略が必要	  
	  
(1)  広い視野で追跡観測 （≥10度）	  
(2)  広い天空域を常時監視	  

•  GRB	  のない《残光》	  (orphan	  aferglow)	  を探す	  
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重力波源となる天体現象	

•  中性子星連星の合体	  
•  ブラックホール連星の合体	  
•  重力崩壊型超新星	  

•  ゆがんだ中性子星の回転	  
•  中性子星の星震	  
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短いGRBの可視残光の明るさ	
The Astrophysical Journal, 734:96 (47pp), 2011 June 20 Kann et al.

Figure 5. Afterglows of Type I and Type II GRBs in the observer frame after transforming all afterglows to z = 1. The additional Swift-era Type II afterglows expand
the luminosity distribution in comparison to the pre-Swift distribution, weakening the clustering reported before (see Paper I). The selection of Type I GRB afterglows
in this figure is identical to that of Figure 1, i.e., afterglows that have both at least one detection and a redshift we consider secure. It is evident that afterglows of Type I
GRBs, including that of GRB 060614, are fainter than those of Type II GRBs at 1 day in general, with the brightest being only as luminous as the faintest Type II GRB
afterglow in our sample, that of XRF 050416A (Paper I). At early times, the afterglow of GRB 090510 is comparable to faint Type II GRB afterglows. The afterglow
of GRB 060505, which is a unique, unclear case (Section 4.4), is extremely faint. GRB 080905A, which occurred at a low redshift (Rowlinson et al. 2010a), has an
extremely underluminous afterglow.

(FWHM 1.71 mag) if we also include the Type II GRBs pre-
sented in Appendix B of this paper. If we use the entire Type II
GRB sample (i.e., add the Silver and Bronze samples of Paper I),
we find MB = −23.14 ± 0.17 (FWHM 1.61 mag), which is es-
sentially an identical value. In comparison to this value, we find
the following mean absolute B magnitudes for different Type I
GRB afterglow samples: MB = −17.34 ± 0.50 mag (FWHM
1.65 mag) for the sample with detections at 1 day in the z = 1
frame and secure redshifts, MB = −17.33±1.15 mag (FWHM
3.45 mag) for the sample with detections and insecure redshifts,
with GRB 060121 lying at z = 4.6, MB = −17.04 ± 0.96
mag (FWHM 2.87 mag) for the sample with detections and
insecure redshifts, with GRB 060121 lying at z = 1.7, and
MB = −16.45 ± 0.85 mag (FWHM 2.40 mag) for the sample
with detections and insecure redshifts, without GRB 060121.
Due to its very strong outlier nature and possible Type II classi-
fication, we will not include it in the following considerations.
We note that in the sample with detections, there are five GRBs
with assumed redshifts (as well as several where the associa-
tion with a nearby galaxy is not strongly significant, e.g., GRB
061201, GRB 070809, GRB 090515). But four of these, GRBs
051227, 060313, 070707, and 080503 are assumed to lie at
z = 1 (only GRB 091109B is assumed to lie at z = 0.5). Al-
most all other Type I GRBs with redshifts are closer than this, so
it is more likely that the true redshifts of these four GRBs will
be z < 1 than z > 1, making their absolute magnitudes even

fainter. For the upper limits, the resulting mean absolute B mag-
nitude is also an upper limit (it basically assumes all afterglows
lie just at the detection threshold). The FWHM of the luminos-
ity distributions are just given for completeness, as they convey
little information here. We find MB > −17.28 ± 0.72 mag
(FWHM 1.90 mag) for the upper limits with secure redshifts
(note that in the case of GRB 070429B, GRB 070724A, and
GRB 100117A, afterglows are detected at earlier times, but
only an upper limit can be given at 1 day as the decay slopes
are not constrained), and MB > −16.66 ± 0.68 mag (FWHM
2.16 mag) for the upper limits with insecure or estimated
redshifts. Finally, if we join the samples of detections and
upper limits, we find MB = −16.97 ± 0.46 mag (FWHM
1.99 mag) for all detections without GRB 060121, and
MB > −16.92 ± 0.49 mag (FWHM 2.02 mag) for all up-
per limits. It is evident that the cases without secure red-
shifts are fainter (though not significantly) than those with
secure redshifts. A possible explanation is an observational
bias, more luminous afterglows will have smaller XRT er-
ror circles, a higher chance at having a detected optical af-
terglow (a yet again smaller positional uncertainty than an
X-ray-only error circle), and the higher luminosity may be re-
lated to a higher circumburst medium density (see Section 4.3.2)
at a smaller offset. All these factors combine to make it easier
to identify the (very probably) correct host galaxy and make the
association more secure. Alternately, it might indicate that the
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We note that in the sample with detections, there are five GRBs
with assumed redshifts (as well as several where the associa-
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051227, 060313, 070707, and 080503 are assumed to lie at
z = 1 (only GRB 091109B is assumed to lie at z = 0.5). Al-
most all other Type I GRBs with redshifts are closer than this, so
it is more likely that the true redshifts of these four GRBs will
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ity distributions are just given for completeness, as they convey
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(FWHM 1.90 mag) for the upper limits with secure redshifts
(note that in the case of GRB 070429B, GRB 070724A, and
GRB 100117A, afterglows are detected at earlier times, but
only an upper limit can be given at 1 day as the decay slopes
are not constrained), and MB > −16.66 ± 0.68 mag (FWHM
2.16 mag) for the upper limits with insecure or estimated
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1.99 mag) for all detections without GRB 060121, and
MB > −16.92 ± 0.49 mag (FWHM 2.02 mag) for all up-
per limits. It is evident that the cases without secure red-
shifts are fainter (though not significantly) than those with
secure redshifts. A possible explanation is an observational
bias, more luminous afterglows will have smaller XRT er-
ror circles, a higher chance at having a detected optical af-
terglow (a yet again smaller positional uncertainty than an
X-ray-only error circle), and the higher luminosity may be re-
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Fig. 1.—B-band luminosity for models 1 (dashed lines) and 2 (solid lines)
for , , , , , ,v p 5! v p (0, 1, 2, 3, 5)v E p 80 n p 1 p p 2.5 e p 0.010 obs 0 52 0 B

and , where and are the fraction of the internal energy in thee p 0.1 e ee B e

magnetic field and electrons, respectively, and p is the power-law index of the
electron energy distribution. Note that model 1 is scaled down by a factor of
2.5 to help compare between the two models.

Fig. 2.—Light curves of model 3 for , ,v p 0.2 E p n p z p 1 p p0 52 0
, , , and Hz. The inset shows the same light142.5 e p 0.1 e p 0.01 n p 5# 10e B

curves for model 2, where the same traces correspond to the same viewing
angles .vobs

therefore, the dominant contribution to the emission is missing
until the time when . This problem is overcome byg ∼ 1/vobs
our next model.

2.2. Model 2: A Homogeneous Jet

This model is described in Kumar & Panaitescu (2000). The
Lorentz factor and energy per solid angle are considered in-
dependent of v within the jet aperture. The jet deceleration is
calculated from the mass and energy conservation equations,
and the jet expands laterally at the local sound speed. The
calculation of radiative losses includes synchrotron and inverse
Compton, and the synchrotron spectrum is taken to be a piece-
wise power law with the usual self-absorption, cooling, and
injection break frequencies, calculated from the cooled electron
distribution and magnetic field. The observed flux is obtained
by integrating the jet emission over the equal arrival time
surface.
The light curves of model 2 are shown with solid lines in

Figure 1. The flux density in the decaying stage (when the
entire jet is visible) increases slightly with vobs because, for a
given observer time, the emission received at larger vobs arises
at smaller radii, when the jet is intrinsically brighter. At a few
hundred days, the light curves begin to flatten owing to the
transition to the nonrelativistic regime.
The light curves for are very different from thosev ! vobs 0

of model 1 (and more realistic). Furthermore, the light curves
for are very similar to in this model. Sincev ≤ v v p 0obs 0 obs
the jet is homogeneous, the ratio of fluxes for andv ! vobs 0

is the ratio (1 ) of the areas within the jet opening1v p 0obs 2
that subtend an angle of 1/g around these directions.
We note that the light curves of model 1 for v /v pobs 0
are much closer to the light curves of model 2 for1, 2

, respectively, than to the model 2 light curvesv /v p 2, 3obs 0
for the same viewing angles, because the emission received at

is dominated by the region on the jet surface that isv 1 vobs 0
closest to the direction toward the observer. Therefore, model
1 becomes more accurate if is used in-v p max (0, v ! v )obs 0
stead of in equations (1) and (2).v p vobs
The main advantage of model 2 is that it provides more

realistic light curves with a very small computational effort,

making it convenient to use for data fitting (e.g., Panaitescu &
Kumar 2001). Its main drawback is the simplified treatment of
the dynamics, which leads to some differences relative to our
next model.

2.3. Model 3: Two-Dimensional Hydrodynamical Simulation

This model is described in Granot et al. (2001). The jet
dynamics is obtained with a two-dimensional hydrodynamical
simulation, with initial conditions of a wedge taken from the
spherical self-similar Blandford-McKee (1976) solution. The
afterglow light curves are calculated considering the emission
from all the shocked region, taking into account the relativistic
transformations of the radiation field, and the different photon
arrival times to the different observers.
Figure 2 shows the light curves of model 3, while the inset

provides the light curves of model 2 for the same set of pa-
rameters. In model 3, the peak of the light curves for v 1obs
is flatter compared to model 2 and occurs at a somewhatv0

later time. The rise before the peak is not as sharp as in models
1 or 2, since in model 3 there is some material at the sides of
the jet with a moderate Lorentz factor (Granot et al. 2001;
Piran & Granot 2001), whose emission dominates the observed
flux at early times for . The light curves forv 1 v v 1 vobs 0 obs 0
peak at a later time compared to model 2, and the flux during
the decay stage grows faster with , because in model 3 thevobs
curvature of the shock front is larger and the emission arises
within a shell of finite width, so that smaller radii contribute
to a given observer time. The light curves for models 2 and 3
are quantitatively similar for .v ! vobs 0
The main advantage of this model is a reliable and rigorous

treatment of the jet dynamics, which provides insight on the
behavior of the jet and the corresponding light curves. Its main
drawback is the long computational time it requires.

3. LINEAR POLARIZATION

While a spherical afterglow should exhibit little or no linear
polarization, as the polarizations from the different parts of the
afterglow image cancel out, a jetted afterglow breaks the circular
symmetry of the afterglow image for and may have av 1 0obs
polarization of !20% for (Ghisellini & Lazzati 1999;v ! vobs 0
Sari 1999). One might therefore expect an even larger polari-

Granot	  et	  al.	  2002	

ジェット・ブレークと孤児残光	  

98	  

Piran	  2002	  

Harrison	  et	  al.	  1999	  

ジェットが観測者を向いていない大多数のバースト
もバースト本体のない残光（孤児残光）は見える	
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A ‘kilonova’ associated with the short-duration
c-ray burst GRB 130603B
N. R. Tanvir1, A. J. Levan2, A. S. Fruchter3, J. Hjorth4, R. A. Hounsell3, K. Wiersema1 & R. L. Tunnicliffe2

Short-duration c-ray bursts are intense flashes of cosmic c-rays,
lasting less than about two seconds, whose origin is unclear1,2. The
favoured hypothesis is that they are produced by a relativistic jet
createdby themerger of two compact stellar objects (specifically two
neutron stars or a neutron star and a black hole). This is supported
by indirect evidence such as the properties of their host galaxies3,
but unambiguous confirmation of the model is still lacking. Mer-
gers of this kind are also expected to create significant quantities of
neutron-rich radioactive species4,5, whose decay should result in a
faint transient, known as a ‘kilonova’, in the days following the
burst6–8. Indeed, it is speculated that this mechanism may be the
predominant source of stable r-process elements in the Universe5,9.
Recent calculations suggest thatmuchof the kilonova energy should
appear in the near-infrared spectral range, because of the high opti-
cal opacity created by these heavy r-process elements10–13. Here we
report optical and near-infrared observations that provide strong
evidence for such an event accompanying the short-duration c-ray
burst GRB130603B. If this, the simplest interpretation of the data,
is correct, then it confirms that compact-objectmergers are the pro-
genitors of short-duration c-ray bursts and the sites of significant
production of r-process elements. It also suggests that kilonovae
offer an alternative, unbeamed electromagnetic signature of the
most promising sources for direct detection of gravitational waves.
Short-duration c-ray bursts (SGRBs) have long been recognized as a

distinct subpopulation of c-ray bursts14. If they are indeed produced by

compactbinarymergers, SGRBsmayprovideabright electromagnetic sig-
nal accompanying events detected by the next generation of gravitational-
wave interferometers15. Localizing electromagnetic counterparts is an
essential prerequisite to obtainingdirect redshiftmeasurements and to
constraining further the astrophysics of the sources. However, the
evidence supporting this progenitor hypothesis is essentially circum-
stantial: principally, many SGRBs seem to reside in host galaxies, or
regions within their hosts, that lack ongoing star formation, which
makes an origin inmassive stars unlikely (in contrast to long-duration
c-ray bursts, which result from the core collapse of some short-lived
massive stars16). Progress in studying SGRBs has been slow; NASA’s
Swift satellite localizes only a handful per year, and they are typically
faint, with no optical afterglow or unambiguous host galaxy found in
some cases despite rapid searches with large (8-m class) telescopes.
GRB130603B was detected by Swift’s Burst Alert Telescope on

2013 June 3 at 15:49:14 UT17, and its duration was measured to be
T90< 0.186 0.02 s in the 15–350-keV band18. The burst was also
detected independently by the Konus instrument on NASA’s Wind
spacecraft, which found a somewhat shorter duration, T90< 0.09 s in
the 18–1,160-keV band19. This places the burst unambiguously in the
short-duration class, which is also supported by the absence of the
bright supernova emission generally found to accompany low-redshift
(z= 0.5), long-duration bursts (see below). The optical afterglow was
discovered at the William Herschel Telescope20 and found to overlie a
galaxy previously detected in the Sloan Digital Sky Survey imaging of

1Department of Physics and Astronomy, University of Leicester, University Road, Leicester LE1 7RH, UK. 2Department of Physics, University of Warwick, Coventry CV4 7AL, UK. 3Space Telescope Science
Institute, 3700 San Martin Drive, Baltimore, Maryland 21218, USA. 4Dark Cosmology Centre, Niels Bohr Institute, University of Copenhagen, Juliane Maries Vej 30, 2100 Copenhagen, Denmark.
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Figure 1 | HST imaging of the location of GRB130603B. The host is well
resolved and has a disturbed, late-type morphology. The position (coordinates
RAJ20005 11 h 28min 48.16 s, decJ20005117u 049 18.299) at which the SGRB
occurred (determined from ground-based imaging) is marked as a red circle
(right-handpanels), lying slightly off a tidallydistorted spiral arm.The left-hand
panel shows the host and surrounding field from the higher-resolution optical
image. The right-hand panels show, from left to right, the epoch-1 and epoch-2

imaging and their difference (epoch 1 minus epoch2; upper row, F606W/
optical; lower row, F160W/NIR). The difference images have been smoothed
with a Gaussian of width similar to the point-spread function, to enhance any
point-source emission. Although the resolution of the NIR image is inferior to
that of the optical image, we clearly detect a transient point source that is absent
in the optical.
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this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z5 0.356.
Another proposed signature of the merger of two neutron stars or a

neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, theNIR light curves are expected
to have a broad peak, rising after a few days and lasting a week ormore
in the rest frame. The relatively modest redshift and intensive study of
GRB130603Bmade it aprimecandidate for searching for suchakilonova.
We imaged of the location of the burst with the NASA/ESAHubble

Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second,30d after the burst (epoch2).Oneachocca-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm)and theNIRF160Wfilter (1.6mm)(full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). TheHST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in theNIR in epoch 1 (we note
that this sourcewas also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.
At the position of the SGRB in the difference images, our photo-

metric analysis gives a magnitude limit in the F606W filter of
R606,AB. 28.25mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB5 25.736 0.20mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIRmagnitude in epoch 1 to be up
to ,0.3mag brighter.
To assess the significance of this result, it is important to establish

whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about,10 h, requiring a late-time power-law decay
rate of a< 2.7 (where F / t2a describes the flux). TheNIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter,which evolves fromR6062H160< 1.76 0.15magat about
14 h to greater than R6062H160< 2.5mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, althoughhere the lumino-
sity is considerably fainter and the emission is redder. Theubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.
Thenext generationof gravitational-wave detectors (AdvancedLIGO

andAdvancedVIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z< 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBswas rather narrow, for example, and the intrinsic event ratewas,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limitedatpresent28 (indeed, the light-curvebreak seen inGRB130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB130603B. Left axis,
optical andNIR; right axis, X-ray.Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitudeM(J)AB<215.35mag at,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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in GRB 130603B.
We note that of the ≈ 10 short GRBs with X-ray obser-

vations to δt ! 1 d, two events, GRBs 050724 and 080503,
also exhibited late-time X-ray excess emission on timescales
of δt ∼ 1− 2 d (Grupe et al. 2006; Perley et al. 2009). How-
ever, unlike GRB 130603B, these bursts both had corre-
sponding behavior in the optical bands (Malesani et al. 2007;
Perley et al. 2009), suggesting that the optical and X-ray
emission were from the same emitting region.

6. COMPARISON TO PREVIOUS SHORT GRBS
The broad-band afterglow observations of GRB 130603B

provide the second detection of a multi-wavelength jet break
in a short GRB, and the first detection of a jet break in
the radio band. Radio afterglow emission has thus far been
detected in two short GRBs: GRB 050724A (Berger et al.
2005), GRB 051221A (Soderberg et al. 2006). The ability to
monitor the radio afterglow of GRB130603B at a flux density
level of " 0.1 mJy highlights the improved sensitivity of the
VLA.
Indeed, the radio evolution can provide an important

constraint on the progenitor. In the context of the com-
pact object binary progenitor, the radioactive decay of r-
process elements in the sub-relativistic merger ejecta is pre-
dicted to produce transient emission, termed a “kilonova”
(Li & Paczyński 1998; Metzger et al. 2010; Goriely et al.
2011; Roberts et al. 2011; Rosswog et al. 2013), which is ex-
pected to peak in the NIR (Barnes & Kasen 2013; Kasen et al.
2013; Tanaka & Hotokezaka 2013). Late-time NIR emis-
sion in GRB 130603B detected with the Hubble Space Tele-
scope (Figure 2; Berger et al. 2013; Tanvir et al. 2013) has
been interpreted as the first detection of a r-process kilonova.
An alternative scenario to explain the excess NIR emission
of GRB 130603B may be a wide, mildly relativistic com-
ponent of a structured jet (Jin et al. 2013) which has been
used to explain the light curve behavior of a handful of long
GRBs (e.g., Berger et al. 2003; Sheth et al. 2003; Peng et al.
2005; Racusin et al. 2008). In this scenario, the predicted
radio emission is similarly boosted, and will be ≈ 80µJy at
δt ≈ 84 d, the time of our final radio observations (Jin et al.
2013). Instead, the non-detection of any radio emission to
" 34µJy provides a strong constraint on the existence of a
two component jet, and supports the kilonova interpretation
of the NIR emission.
The detection of a jet break in GRB130603B leads

to an opening angle measurement of 4 − 14◦, with a
more likely range of 4 − 8◦. This opening angle is
the fourth10 such measurement for a short GRB after
GRB051221A (7◦; Soderberg et al. 2006), GRB090426 (5−
7◦; Nicuesa Guelbenzu et al. 2011), and GRB 111020A (3 −
8◦; Fong et al. 2012). From these four short GRB opening
angle measurements, the median is 〈θ j〉 ≈ 6◦ (Figure 3).
The non-detections of jet breaks can provide lower lim-

its on the opening angles, assuming on-axis orientation,
as off-axis observing angles could disguise jet breaks
(van Eerten & MacFadyen 2012, 2013). Indeed, such non-
detections to timescales of ∼ 1 day with Swift/XRT have
led to lower limits of θ j ! 2 − 6◦ (Fong et al. 2012), while
monitoring with more sensitive instruments such as Chan-
dra and XMM-Newton to timescales of ∼ 1 week has led to
more meaningful limits of θ j ! 10−25◦ (Figure 3; Fox et al.
11 We note that Nicuesa Guelbenzu et al. (2012) claimed a jet break in the

GRB090305A afterglow but this is based on a single optical data point.
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Figure 3. Distribution of opening angles for long (red) and short
(blue) GRBs, updated from Fong et al. (2012). Arrows represent up-
per and lower limits. The long GRB population includes pre-Swift
(Frail et al. 2001; Berger et al. 2003; Bloom et al. 2003; Ghirlanda et al.
2004; Friedman & Bloom 2005), Swift (Racusin et al. 2009; Filgas et al.
2011), and Fermi (Cenko et al. 2010; Goldstein et al. 2011; Cenko et al.
2011) bursts. For short GRBs, the existing measurements are GRB051221A
(7◦; Soderberg et al. 2006), GRB 090426 (5 − 7◦, assigned 6◦ here;
Nicuesa Guelbenzu et al. 2011), GRB111020A (3 − 8◦, assigned 5.5◦ here;
Fong et al. 2012) and GRB 130603B (4 − 8◦, assigned 6◦ here; this work).
Short GRB lower limits are from the non-detection of jet breaks in Swift/XRT
data (Fong et al. 2012), Chandra data for GRBs 050724A (Grupe et al.
2006), 101219A (Fong et al. 2013), 111117A (Margutti et al. 2012a;
Sakamoto et al. 2013), and 120804A (Berger et al. 2013) and optical data
for GRBs 050709 (Fox et al. 2005) and 081226A (Nicuesa Guelbenzu et al.
2012).

2005; Grupe et al. 2006; Berger et al. 2013). The search for
jet breaks has been less fruitful in the optical bands, pri-
marily due to the intrinsic faintness of the optical after-
glows and contamination from host galaxies. Indeed, the
sole lower limit from a well-sampled optical light curve is
from GRB 081226A, with θ j ! 3◦ (Nicuesa Guelbenzu et al.
2012), while we conservatively adopt a lower limit of θ j! 15◦
for GRB 050709 based on a sparsely-sampled optical light
curve (Fox et al. 2005). Using the measured opening angles
and lower limits of! 10−25◦, a likely median for short GRBs
is 〈θ j〉 ≈ 10◦.
The opening angle distribution of short GRBs impacts

the true energy scale and event rate. The true energy is
lower than the isotropic-equivalent value by the beaming
factor, fb ( fb ≡ 1 − cos(θ j), E = fbEiso), while the actual
event rate is increased by f −1b . For GRB 130603B, with
an opening angle of ≈ 4 − 8◦, the resulting beaming factor
is fb ≈ (0.2 − 1)× 10−2. Therefore, the true energies are
Eγ ≈ (0.5 − 2)× 1049 erg and EK ≈ (0.1 − 1.6)× 1049 erg.
The small population of short GRBs with well-constrained
opening angles have beaming-corrected energies of Eγ ≈
EK ≈ 1049 erg (Soderberg et al. 2006; Burrows et al. 2006;
Grupe et al. 2006; Fong et al. 2012; Nicuesa Guelbenzu et al.
2012), roughly two orders of magnitude below the inferred
true energies for long GRBs (Frail et al. 2001; Bloom et al.
2003; Kocevski & Butler 2008; Racusin et al. 2009).
The true event rate is elevated compared to the observed

rate by f −1b . The current estimated observed short GRB
volumetric rate is ≈ 10 Gpc−3 yr−1 (Nakar et al. 2006).
For a median opening angle of ≈ 10◦, the median in-

GRB130603B	

•  Eγ ≈ (0.5−2)×1049 erg	  
•  E ≈ (0.1−1.6)×1049 erg	


SGRB	

•  obs rate ≈10 Gpc–3 yr–1	


•  opening angle ≈10°	

à	

•  true rate ≈20 yr–1 within 200 

Mpc (LIGO, KAGRA range)	
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by AGN activity, and compare them to SDSS galaxies as well as
other long and short GRB hosts. The GRB site and the core of
the galaxy occupy regions consistent with average field galaxies
from the SDSS and are distinctively di↵erent from long GRB
hosts (excluding the very extinguished host of GRB 020819).
The region occupied by long GRB hosts hint towards lower ages
and metallicities from evolutionary models (Dopita et al. 2006)
than the values of GRB 130603B.
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Fig. 9. BPT diagram using [N ii]/H↵ and [O iii]/H� in di↵erent parts of
the short burst host as well as a number of other published other long
(dots) and short (squares) GRB hosts (data from the GHostS database:
http://www.grbhosts.org, see text). Grey dots are galaxies from
the SDSS DR9 with a S/N or at least 10 in all emission lines used. The
dashed line represents the separation between normal H ii regions and
AGN dominated emission. Evolution models (e.g. Dopita et al. 2006)
roughly indicate increasing metallicity and age as indicated by the ar-
rows.

Furthermore, we compare the metallicity vs. specific star-
formation rate (SFR weighted by the mass of the galaxy)
(Fig. 10) and the mass-metallicity relation (Fig. 11) of the same
long and short bursts to SDSS galaxies. For this we use the value
for the entire galaxy, not of the specific regions, and assume a
metallicity from O3N2 of 12+log(O/H) = 8.44. The host of GRB
130603B has a somewhat higher metallicity than expected for a
galaxy of this mass, but also a slightly higher SFR. This could
both be due to a starburst at the time of the tidal interaction which
is now declining but has already lead to an over-enrichment with
heavier elements. Overall, the properties of the GRB site di↵er
from the typical observations for long GRB progenitor popula-
tions, but areconsistent with the typical short GRB progenitor
theory.

4. Conclusions

The detection of absorption lines along the line-of-sight enabled
us for the first time to securely link a prototypical short GRB
to its host galaxy, undoubtedly prove its cosmological origin
and draw conclusions on the progenitor from its properties (see
also the possible kilonova detection in Tanvir et al. 2013; Berger
et al. 2013a) and those of its immediate environment, which are
consistent with a compact binary progenitor. The star formation
within the host, location of the burst on top of the tidally dis-
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Fig. 10. Metallicity versus mass-weighted star-formation rate for long
and short GRB hosts (from the GHostS database, see text) compared
to the distribution of SDSS galaxies. For GRB 130603B we take the
average of the entire galaxy. Metallicities were obtained via the O3N2
parameter (Marino et al. 2013), masses from stellar population mod-
elling.
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Fig. 11. Mass-metallicity relation for long and short GRBs compared
to SDSS DR9 galaxies and the galaxy average for GRB 130603B.
Metallicities were obtained via the O3N2 parameter (Marino et al.
2013), masses from stellar population modelling, data for GRB hosts
are from the GHostS database (see text).

rupted arm, strong absorption features and large line of sight ex-
tinction indicate that the GRB progenitor was probably not far
from its birth place, favouring merger models with a short de-
lay time or a low natal kick velocity. GRB 130603B has opened
the door to a new era of detailed studies on short GRBs where
larger samples will reveal more information on the diversity of
their progenitors and establish the di↵erences and analogies with
respect to other cosmic explosions.

Acknowledgements. Based on observations collected at CAHA/Calar Alto,
GTC/La Palma, WHT/La Palma, NOT/La Palma, TNG/La Palma, VLT/Paranal,
UKIRT/Mauna Kea, Gemini-North/Mauna Kea. The research activity of AdUP,
CT and JG is supported by Spanish research project AYA2012-39362-C02-02.

9

A. de Ugarte Postigo et al.: Spectroscopy of the short-hard GRB 130603B

by AGN activity, and compare them to SDSS galaxies as well as
other long and short GRB hosts. The GRB site and the core of
the galaxy occupy regions consistent with average field galaxies
from the SDSS and are distinctively di↵erent from long GRB
hosts (excluding the very extinguished host of GRB 020819).
The region occupied by long GRB hosts hint towards lower ages
and metallicities from evolutionary models (Dopita et al. 2006)
than the values of GRB 130603B.

-2.5 -2.0 -1.5 -1.0 -0.5 0.0
log([NII]/H�)

-1.0

-0.5

0.0

0.5

1.0

lo
g(

[O
III

]/H
�)

GRB 100206

GRB 050709

GRB 020819

GRB site galaxy center

opposite arm

long GRB hosts
short GRB hosts
GRB 130603B

metallicity

age

Fig. 9. BPT diagram using [N ii]/H↵ and [O iii]/H� in di↵erent parts of
the short burst host as well as a number of other published other long
(dots) and short (squares) GRB hosts (data from the GHostS database:
http://www.grbhosts.org, see text). Grey dots are galaxies from
the SDSS DR9 with a S/N or at least 10 in all emission lines used. The
dashed line represents the separation between normal H ii regions and
AGN dominated emission. Evolution models (e.g. Dopita et al. 2006)
roughly indicate increasing metallicity and age as indicated by the ar-
rows.

Furthermore, we compare the metallicity vs. specific star-
formation rate (SFR weighted by the mass of the galaxy)
(Fig. 10) and the mass-metallicity relation (Fig. 11) of the same
long and short bursts to SDSS galaxies. For this we use the value
for the entire galaxy, not of the specific regions, and assume a
metallicity from O3N2 of 12+log(O/H) = 8.44. The host of GRB
130603B has a somewhat higher metallicity than expected for a
galaxy of this mass, but also a slightly higher SFR. This could
both be due to a starburst at the time of the tidal interaction which
is now declining but has already lead to an over-enrichment with
heavier elements. Overall, the properties of the GRB site di↵er
from the typical observations for long GRB progenitor popula-
tions, but areconsistent with the typical short GRB progenitor
theory.

4. Conclusions

The detection of absorption lines along the line-of-sight enabled
us for the first time to securely link a prototypical short GRB
to its host galaxy, undoubtedly prove its cosmological origin
and draw conclusions on the progenitor from its properties (see
also the possible kilonova detection in Tanvir et al. 2013; Berger
et al. 2013a) and those of its immediate environment, which are
consistent with a compact binary progenitor. The star formation
within the host, location of the burst on top of the tidally dis-

7.6 7.8 8.0 8.2 8.4 8.6 8.8 9.0
12+log(O/H)

-3

-2

-1

0

1

lo
g 

SS
FR

 [G
yr

-1
]

GRB 020819

GRB 130603B

long GRB hosts
short GRB hosts

systematic error

Fig. 10. Metallicity versus mass-weighted star-formation rate for long
and short GRB hosts (from the GHostS database, see text) compared
to the distribution of SDSS galaxies. For GRB 130603B we take the
average of the entire galaxy. Metallicities were obtained via the O3N2
parameter (Marino et al. 2013), masses from stellar population mod-
elling.

7 8 9 10 11 12
log M* [MO • ]

7.8

8.0

8.2

8.4

8.6

8.8

12
+l

og
(O

/H
)

GRB 020819
GRB 130603B

long GRB hosts
short GRB hosts

systematic error

Fig. 11. Mass-metallicity relation for long and short GRBs compared
to SDSS DR9 galaxies and the galaxy average for GRB 130603B.
Metallicities were obtained via the O3N2 parameter (Marino et al.
2013), masses from stellar population modelling, data for GRB hosts
are from the GHostS database (see text).

rupted arm, strong absorption features and large line of sight ex-
tinction indicate that the GRB progenitor was probably not far
from its birth place, favouring merger models with a short de-
lay time or a low natal kick velocity. GRB 130603B has opened
the door to a new era of detailed studies on short GRBs where
larger samples will reveal more information on the diversity of
their progenitors and establish the di↵erences and analogies with
respect to other cosmic explosions.

Acknowledgements. Based on observations collected at CAHA/Calar Alto,
GTC/La Palma, WHT/La Palma, NOT/La Palma, TNG/La Palma, VLT/Paranal,
UKIRT/Mauna Kea, Gemini-North/Mauna Kea. The research activity of AdUP,
CT and JG is supported by Spanish research project AYA2012-39362-C02-02.

9

•  First spectra of a prototypical SGRB afterglow 
•  Absorption and emission features detected.  
•   z = 0.3565±0.0002 
•  AV=0.86±0.15mag 
•  Moderately star forming galaxy with near-solar metallicity 
•  NHX /AV is consistent with the Galactic ratio 
•  differs from those found in LGRBs.  



重力波バーストの観測戦略	

•  即応追跡・孤児残光探索の両面作戦	  
•  位置精度不足を補うには、速報が断然必要	  

u  広視野可視・Ｘ線観測でリレー	  

•  想定シークエンス	  
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発生後の時間	 位置精度	 観測手段	

1分	 5°	 重力波	

2分	 0.1°	 Ｘ線広天域監視装置をチェック	

（可視光広天域監視カメラ？）	

5分	 4”	  (=0.001°)	 広視野地上（小）望遠鏡	

1時間	 <1”	 地上大望遠鏡	

1日	 <1”	 宇宙望遠鏡	



重力波源対応天体の追跡戦略	
広天域の 
連続監視 

詳細追跡観測 

地上望遠鏡	

広視野 
赤外望遠鏡	

Ｘ線望遠鏡	

シュミット望遠鏡	

広視野望遠鏡による緊急追跡 
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重力波解析	  
パイプライン	  

速報	
速報	

理論予測	  
理論解釈	  



Proposed	  transient	  missions 
Lobster/ISS-‐Lobster	 EXIST	

UFFO	  Pathfinder	 LOFT	 SVOM	 A-‐STAR	

CALET	
WF-‐MAXI	

Hi-‐Z	  GUNDAM	
Astro-‐H/SGD	  shield	
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2014–	
2018(20)–	



X-ray transients: L-∆t 
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Short soft X-tray transients 
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Tidal	  disruption	   Supernova	  /GRB	  
shock	  breakout	  

Merging	  neutron	  
star	  binary	  

Supergiant	  fast	  
X-‐ray	  transient	  

è short GRBs 
associated 
with GW 
events 

Or, priviously 
unknown soft X-
ray transients 
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“Wide-‐Field	  MAXI”	  on	  ISS	  
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MAXI	   JEM	  EF	  

Direc^on	  	  
of	  Mo^on	  
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goals	 •  Counterparts	  for	  GW	  sources	  (adv.	  LIGO/VIRGO,	  KAGRA)	  
•  First	  large-‐sky	  monitor	  for	  short	  sob	  X-‐ray	  transients	

field	  of	  view	   ≈	  20%	  of	  the	  sky	  	  (covers	  80%	  sky	  in	  92	  min)	

Instruments	 Sof	  X-‐ray	  Large	  Solid	  Angle	  Camera	  (SLC:	  0.7–10	  keV)	  
Hard	  X-‐ray	  Monitor　　(HXM:	  20	  keV–1	  MeV)	

sensidvity	 50	  mCrab	  /30	  s	  (SLC)	  	  	  (≈	  MAXI/GSC	  single	  camara)	  
pos.	  accuracy	 0.1°	  
plaeorm	 ISS/JEM	  	  (selec^on	  in	  2014,	  opera^on	  2018–	  	  for	  first	  GW	  )	

N.	  Kawai	  +	  WF-‐MAXI	  Team	
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結論	

•  ガンマ線バーストは	  
天文学の全分野に関
連する重要な天体現象	  
u  恒星進化	  
u  銀河	  
u  初代星	  
u  ブラックホール	  
u  相対論的ジェット	  
u  高エネルギーγ線	  
u  重力波	  
u  …	  
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•  ガンマ線バースト	  
天文学の課題	  
u  初代星からの	  

ガンマ線バースト	  
u  短いガンマ線バースト	  
u  観測的チャレンジ	  

•  重力波+多波長	  
•  Time-‐Domain	  
Astronomy	  

– 大立体角待ち受け	  
– 即応追跡	  


