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Light curve of GRB  

ガンマ線の全天マップ	

時間変動（light curve）	



Short GRBs and Long GRBs  

(From BATSE 4Br GRB catalog) 
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Bimodal distribution of GRB durations 

   Short GRBs 
 NS-NS merger ? 

       Long GRBs 
Massive-star Collapse 



Origin of short GRBs 

1.  Compact binary (NS-NS, NS-BH) merger 

2.  Giant flare of soft gamma repeater 

3.  Others ? 



prompt 
gamma-ray 
emission	

Earth	

radio~X-ray 
   afterglow	

Standard model of typical GRBs: 
 

Relativistic jets from accretion disk around BH. 
⇒ Dissipation of kinetic energy. 
⇒ Prompt GRBs and subsequent 
     afterglows.	

Γ∼100	

Γ∼10	



Energy conversion in HE astrophysics  

Optically thin region 

Kinetic energy  
　　　　↓	

Thermal/Non-thermal energy  
　　　　        ↓	

Radiation energy 

Shock dissipation 
Particle acceleration etc. 

Source energy 
　　　　↓	？	 Optically thick region 

Supernova remnants                        AGN jets                              GRBs (image)      



SDSS 

GRB 050509b: short GRB from the elliptical galaxy? 
                                      => likely from NS-NS merger? 
                                      => Gravitational wave detection 
                                            will be a smoking gun. 



GW 170817 / GRB 170817A / AT 2017gfo / SSS17a / DLT17ck	

GW,  short gamma-ray burst, UV/opt/IR macronova, and radio~X afterglow.	

LIGO/VIRGO (2017), ApJ	

Villar et al. (2017)	

Ghirlanda + (’18)	



GW 170817 & S-GRB 170817A 

T = 0    :  GW 170817 
                 NS-NS merge: inclination angle ~25 deg. 
 
T = 1.7 sec : short GRB 170817A. 
                     very weak gamma-ray emission ( ~ 10-4  x typical S-GRBs) 
                     => off-axis jet emission, or cocoon emission? 
 
T ~ 10 hr  : kilonova (macronova) at IR/optical/UV. 
                   => r-process elements synthesized. 
 
T ~ 10~102 day :  Afterglow at radio~X-ray. 
                   =>  relativistic jet (Γ ~ 4 at T~102 day, but initial Γ unknown). 
                         why rising up to ~102 day? (structured jet? cocoon?)	



Lu et al. (arXiv:1710.06979)	

Ep- Eiso for short GRBs	

GRB 170817A	

GRB 170817A is intrinsically under-luminous, less-energetic.	



Event rate of GRB 170817A –like GRBs ~ 200 yr -1 Gpc-3	

cf.  Event rate density for NS-NS mergers ~ 	

Zhang et al. 2018	



Rate density & Luminosity function 

Rate density                                  Luminosity function	

Zhang et al. 2018	

“Normal” 
short GRBs	

170817A-like 
short GRBs	



Which do you like?	

Zhang et al. 2018	

Single population                         2 (or 3?) components	



Eiso [1052erg]                                   redshift	

Ep,obs = 40 keV	

Stratta+07, A&A	

Ep(1+z) vs. Eiso                            Ep(1+z) vs. z	

XRFs(w/ z) 
XRFs(w/ psudo-z) 
XRRs/GBSs	

XRFs(w/ z) 
XRFs(w/ psudo-z) 
XRRs/GBSs	

Similar to GRB 980425/SN1998bw ？ 

The low-luminosity (long) GRB is the sub-class of LGRB.	



The low-luminosity (long) GRB is the sub-class of LGRB.	

Ep(1+z) vs. Eiso	

D’Elia et al. (2018)	



 Observed low γ-ray luminosity of short GRB 170817A:  
Two different ways of thinking 

(1)  GRB 170817A = (intrinsically) luminous short GRB 
      GRB 170817A is the same as sGRBs detected so far. 
      Just the viewing angle is different. 
      Apparently luminous short GRBs so far is seen on axis, 
      while GRB 170817A is viewed off-axis (Ioka & Nakamura,18). 
       => All short GRBs detected so far = NS-NS merger 
 
(2) GRB 170817A = (intrinsically) under-luminous GRB 
     GRB 170817A is different from short GRBs so far, but 
     some of them (whose distance is unknown) may be the same 
     as GRB 170817A. (e.g., Kaliwal et al. 2018)。 
　　=> new sub-class of short GRBs ! 
            e.g., NS-NS or NS-BH merger ???   others ??? 



Relativistic beaming and Doppler effects 

v 

γ= (1－β2) -1/2 , β= v/c 

1/γ 

v = 0 

(matter comoving frame) (observer frame) 



Ｏff-Axis Jet Model  
The X-ray flashes (and the soft GRBs) are the typical GRBs observed from off-
axis viewing angle. (Ioka & Nakamura 02; Yamazaki, Ioka & Nakamura 03,04,05) �
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 Murguia-Berthier et al. (2017). ApJL	



GRB170817A = Off-axis jets ? 
Relativistic jets produce gamma and radio emission 

Relativistic  
jet	

Dynamical  
ejecta	

Mooley et al. (2018)	

Decelerating jet  
interacts with ISM 
=> radio	

ISM	



Mooley et al. (2018)	

Alternative: Cocoon emission? 
Cocoon is produced when the jet penetrates into dynamical ejecta. 

(Nakar, Piran, Hotokezaka,…)	

Cocoon	

Dynamical  
ejecta	

Shock breakout 
=> gamma rays (sGRB)	

Cocoon interacts with ISM 
=> radio afterglow	ISM	



Kasliwal+2017, Science	



Metzger	(2017)	

Just	a2er	LIGO	press	release	(2017/10/17),		
Many	papers	concluded	scenario	(1)		

(GRB170817	=	luminous	short	GRB	jet	viewed	off-axis).	

Ioka	&	Nakamura	(2017)	





Did GRB 170817A arise from Ultra-relativistic jets  
as ordinary short GRBs detected so far? 

 
↓ 
 

Afterglows ???	



Off-axis Afterglows 

Granot 

θobs = 2 θ0

θobs = 0

θobs = 3 θ0

θobs = 4 θ0

Granot et al. ‘02 

Observed light curves have 
a rising part at 0.1-10 days. 



~2017.10 : afterglow light curves are consistent with 
                  either an  off-axis jet or a cocoon	

Hallinan+17	

Margutti+17	

X-ray                                                 Radio	

75 papers (Nature : 6, Science : 7) in 1 day !! 	



75 d	

230 d	

Mooley et al. 2018	

~2018.6 : Superluminal motion detected by VLBI ! 
                Jet ( Γ0 > Γ~100 d  > βap= 4 ) is suggested. 	



~2018.6 : Superluminal motion detected by VLBI ! 
                Jet ( Γ0 > Γ~100 d  > βap= 4 ) is suggested. 	

Mooley et al. 2018	

Fν	

time from GW [day]	

10                                                100	

Jet	
cocoon	

jet  
afterglow 
( > 60 d )	 cocoon 

afterglow 
( < 60d )	ISM	



~2018.11 : Radio still declines (~ t -2.2 ): 
                  signature of (decelerating) jet ? 

Mooley et al. (2018)	

t -2.2	

Light curve decay (t -2.2 ) and spectral slope (ν -0.58) are  
consistent with decelerating jet with electron index, p ~ 2.2.	



~2018.8 : Either Cocoon or jet model can explain 
                 the observed afterglow light curves.	

Theoretical curves: 
Gaussian jet model	

Troja et al. 2018	



(Typical short GRBs arise from relativistic jet.) 
 

Under-luminous short GRB 170817A  
is emission from off-axis relativistic jet (Γ∼100) ? 

(Is it the same as sGRB detected so far?) 
(The origin of sGRBs is NS-NS merger?) 

⇩ 
Detection of the counter-jet emission may be 

the evidence for the relativistic jet.	

Motivation of our study 



Yamazaki, Ioka, Nakamura, PTEP  (arXiv: 1711.06856)	



Counter-jet Emission 

Yamazaki, Ioka, Nakamura, arXiv: 1711.06856	

Relativistic forward/counter jets 
emit at r0 < r <  κ r0  ( κ >1 ) .



Observed frequency : νobs =ν0 /γ(1-βcosθｖ) �

 　θｖ～ 0　 ⇒ νobs～ γν0 ～ 200 keV �

   θｖ～ π   ⇒ νobs～ ν0 / γ ～５ eV �

Typical observed frequencies 

Counter jet :  �

Forward jet :  �

Counter jet appears in optical bands. 



Observed flux from relativistically moving jets:	

Emissivity in comoving frame :	



R-band light curves from counter jet  (40 Mpc)	



Counter jet optical emission  
~23mag in a few minutes from 
GW. => difficult to be observed 
by current telescopes. 
 

No problem! 
 

Seto et al. (‘01), 
Takahashi & Nakamura (‘03) 
 

DECIGO/BBO detects GWs 
1-10yrs before LIGO. 
 →　The moment of  
      NS-NS merger can be 
      predicted.	

Too early? 

Seto et al. (2001)	



ET (=Einstein Telescope) will also detect GW ~10-20 hrs before the merger.	

Akcay et al. 2019	



Even LIGO will detect ~102sec before the final merger ???	

Cannon	et	al.	(2012)	



Summary 

Ref:  Yamazaki et al., PTEP (arXiv:1711.06856) 

・Δθ = 20 deg, θv = 30 deg (Ioka & Nakamura 2017) 

    Jet bulk Lorentz factor: γ = 50 〜100 
    Emission radius r0 = 1-3 x 1012cm 

　=> 
   Counter-jet optical emission: 
    R = 22-24 mag (at D = 40 Mpc) at a few minutes from GW. 
 


