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Most	popular	model:	

Coalescence	(merging)	of	a	compact	object	binary	
system	

(NS-NS	;	NS-BH)	

While	orbi0ng,	the	two	objects	emit	gravita0onal	
waves	losing	energy:	MERGING	

NS-NS	systems	are	observed	in	our	Galaxy:	

The	progenitors	of	short	GRBs	



While	orbi0ng,	the	two	objects	emit	gravita0onal	
waves	losing	energy:	MERGING	

The	progenitors	of	short	GRBs	

-	cri0cal	parameter:	merging	@me	tm	

Time	between	the	forma0on	of	the	system	and	its	coalescence	
tm		∝	a	4		(a:	system	separa0on)		->	∼10	Myr	<	tm	<		∼10	Gyr	

-	kick	veloci@es:	
Compact	objects	are	the	remnants	of	core-collapse	SNe,	that	can	give	a	“kick”		

The	system	can	escape	from	the	HG->	OFFSET!	(1÷100	kpc)/low	density	CBM	

(Belczynski	&	Kalogera	2001;	Perna	&	Belczynski	2002;	Belczynski	et	al.	2006)	

-	merging	can	occur	in	old	and	young	stellar	popula0ons	

Most	popular	model:	

Coalescence	(merging)	of	a	compact	object	binary	
system	

(NS-NS	;	NS-BH)	



While	orbi0ng,	the	two	objects	emit	gravita0onal	
waves	losing	energy:	MERGING	

Another	possibility:	dynamical	forma0on	of	a	double	compact	
object	system	(e.g.	in	globular	clusters)	

(Grindlay	et	al.	2006;	Salvaterra	et	al.	2008)	

The	progenitors	of	short	GRBs	

OFFSET/low	density	CBM	

Most	popular	model:	

Coalescence	(merging)	of	a	compact	object	binary	
system	

(NS-NS	;	NS-BH)	



Compact object mergers:  
what we do expect 

Diverse delay times: 
- A mix of early and late type host galaxies 

Kicks/migration from birth site: 
- Offsets 
-  No correlation with UV/optical HG light 
-  Diversity in the environment (ev. channel) 

No associated supernova 

Kilonova/macronova association 

Gravitational waves 



Long	GRB	hosts	

Emission line spectra 

Nebular	emission	lines	
excited	by	hot,	young	
stars	

Blue 

⇔ 

Hot 

⇔ 

Young 
stars 



Short	GRB	hosts	

GRB	050724	
Barthelmy	et	al.	2005;		
Malesani	et	al.	2007	

GRB	071227	
D’Avanzo	et	al.	2009	

- 	High-z?	
- 	(very-)low	lum	HG?	
- 	kicked	progenitor?	

Early-type Late-type Host-less 

Berger	2010	



Short	GRB	hosts	

GRB	050724	
Barthelmy	et	al.	2005;		
Malesani	et	al.	2007	

GRB	071227	
D’Avanzo	et	al.	2009	

- 	High-z?	
- 	(very-)low	lum	HG?	
- 	kicked	progenitor?	

Early-type Late-type Host-less 

Fong et al. 2013; Berger 2014 



Short	GRBs:	Offsets	

Fong et al. 2010 

Offset from HG centre 



Short	GRBs:	Offsets	

Fong	&	Berger	2013	

Offset normalized to HG eff. radius 



-  LGRBs (and CC Sne) show direct spatial correlation with the underlying rest-frame 
UV light (Fruchter et al. ); this is what expected for transients whose progenitors track 
star formation activity with a short delay 

-  about half of the SGRBs are located in regions of their hosts that are faint in both 
the UV and optical 

! at least a significant fraction of SGRBs occur in distinct environments w.r.t. LGRBs 
(or other explosive transients not experiencing natal kicks). For those SGRBs the  

explosion sites are not representative of the progenitor birth-sites, requiring 
significant migration (kicks).  

(no) correlation with UV/optical light 

Berger 2014 



Short	GRB	&		NO	Supernovae	
GRB 050509B GRB 071227 

See	also:	Covino	et	al.	2006;	Della	Valle	et	al.	2006;	Fynbo	et	al.	2006	

Hjorth	et	al.	2005		 D’Avanzo	et	al.	2009		



A	kilonova/macronova	associated	to	GRB	130603B?	

Tanvir et al. 2013; Berger et al. 2013 

optical 

NIR 
optical 

NIR 



A	kilonova/macronova	associated	to	GRB	060614	&	
GRB	050709?	

GRB 050709 

Jin et al. 2016 

GRB 060614 

Yang et al. 2015 



Compact object mergers:  
what we do expect 

Diverse delay times: 
- A mix of early and late type host galaxies 

Kicks/migration from birth site: 
- Offsets 
-  No correlation with UV/optical HG light 
-  Diversity in the environment (ev. channel) 

No associated supernova 

Kilonova/macronova association 

Gravitational waves 



Short	GRBs	as	GW	sources	



The GW era – O1 & O2 

Sept 2015 – Jan 2016: LVC O1 science run 

2 high-significance (FAR < 1/century) GW events during O1 (GW 150914, GW 151226) 
+ 1 possible, low-significance event (LVT 151210). All BBH. (Abbott et al. 2016a,b)  

Sky localizations (90% credible area) 
600 deg2 GW 150914 

1600 deg2 LVT 151012 
1000 deg2 GW 151226 

No EM counterpart found 
(despite huge observational effort) 

No significant EM emission expected from BBH 
EM emission expected for NSNS and/or NSBH 

LVC O2 run is ongoing (until August 2017)  

Other BBH detected (GW 170104, Abbott et al. 2017; GW 170814, LVC 2017). Improved 
strategies for EM follow-up at all wavelengths. 



The GW era – O1 & O2 

Sept 2015 – Jan 2016: LVC O1 science run 

2 high-significance (FAR < 1/century) GW events during O1 (GW 150914, GW 151226) 
+ 1 possible, low-significance event (LVT 151210). All BBH. (Abbott et al. 2016a,b)  

Sky localizations (90% credible area) 
600 deg2 GW 150914 

1600 deg2 LVT 151012 
1000 deg2 GW 151226 

No EM counterpart found 
(despite huge observational effort) 

No significant EM emission expected from BBH 
EM emission expected for NSNS and/or NSBH 

LVC O2 run is ongoing (until August 2017)  

Other BBH detected (GW 170104; Abbott et al. 2017, GW 170814). Improved strategies 
for EM follow-up at all wavelengths. 

GW 170814: the importance of 
three detectors 

1160 deg2 ! 60 deg2 

LVC, 2017 



The GW era: importance of EM detections 
Precise sky localization 

Independent measure of distance (redshift) 

Luminosity & Energy 

Possibility to study the environment 

Contraints to the progenitor evolutionary channels 

Progenitors ‘smoking gun’ for short GRBs 

Expected NSNS – NSBH EM counterparts 
Short GRBs (γ-ray, X-ray, opt, NIR, radio) 

Orphan afterglow (X-ray, opt, NIR, radio)  

Macronova/Kilonova (optical, NIR) 

Late-time radio remnant (radio) 
How many within the  
LIGO-Virgo horizon? 



Jets in SGRBs 

Rosswog 2012 

Fong et al. 2015 

Troja et al. 2016 

The true SGRB 
event rate is 
increased by  

a factor: 
 fb

-1 = (1-cosΘj)-1  



Short GRB rate: forthcoming LIGO-Virgo runs 

0.01/yr 

0.03/yr 

1.5/yr 

7/yr 

Kilonova/macronova, off-axis SGRBs/“orphan” afterglows more promising EM 
counterparts of NS-NS / NS-BH GW events 

Kim et al. 2015 
(Galactic binaries) 

Dominik et al. 2015 
(population synthesis) 



Off-axis SGRBs 

Nakar & Piran 2003 



Kilonova/macronova opt/NIR emission 

Metzger, arXiv:1610.09381 
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IRT  30m 



Kilonova/macronova opt/NIR emission 

Metzger, arXiv:
1610.09381 

Metzger, arXiv:1610.09381 
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Chances for coincident  

SGRB-GW detection 
Sept 2015 – Jan 2016: LVC O1 science run 

2 high-significance (FAR < 1/century) GW events during O1 (GW 150914, GW 151226) 
+ 1 possible, low-significance event (LVT 151210). All BBH. (Abbott et al. 2016a,b)  

Sky localizations (90% credible area) 
600 deg2 GW 150914 

1600 deg2 LVT 151012 
1000 deg2 GW 151226 

No EM counterpart found 
(despite huge observational effort) 

No significant EM emission expected from BBH 
EM emission expected for NSNS and/or NSBH 

LVC O2 run is ongoing (until August 2017)  

Another BBH detected (GW 170104; Abbott et al. 2017). Improved strategies for EM 
follow-up at all wavelengths. 

Simulated estimates with Virgo 



Short	GRBs:	some	conclusions	

-  Evidences for compact binary merger progenitors: 
-  No SNe 
-  Different host galaxies (also early-type) 
-  No-host SGRBs (large offset? Dynamical channel?) 
-  Diversity in the environment w.r.t. long GRBs 
-  Possible macronova/kilonova in some short GRB (smoking gun?) 
-  Waiting for (more) GWs 

-  Perspectives: 
-  systematic search for jet-breaks (true energetics and rate) 
-  systematic search for associated kilonovae/macronovae 
-  GW EM counterparts: good perspectives for associated detections of 
off-axis SGRBs/orphan afterglows/macronovae/kilonovae 

Observational reviews: Berger 2014, ARA&A, 52, 43; D’Avanzo, 2015, JHEAp, 7, 73  





Short GRB rate: forthcoming LIGO-Virgo runs 
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1.5/yr 

7/yr 

Kilonova/macronova, off-axis SGRBs/“orphan” afterglows more promising EM 
counterparts of NS-NS / NS-BH GW events 

Kim et al. 2015 
(Galactic binaries) 

Dominik et al. 2015 
(population synthesis) 



What	is	a	Gamma-Ray	Burst?	
Brief,	sudden,	intense	flash	of	gamma-ray	radia0on	

Before and after Fermi LAT views of GRB 130427A 



What	is	a	Gamma-Ray	Burst?	
Brief,	sudden,	intense	flash	of	gamma-ray	radia0on	

Dura0on:	from	few	ms	to	hundreds	of	s	
Frequency:	10	keV	–	1	MeV	(and	more)	
Fluence:	10–7	-	10–3	erg	cm–2		
Flux:	10–8	-	10–4	erg	cm–2	s–1	
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GRBs	are	cosmological	and	occur	in	galaxies	

	 Fluence:	10–5	erg	cm–2	
	 Distance:	<z>=2.1	~	1028	cm	

Energy:		~	1053	erg	
Like	the	energy	emiled	by	our	

Galaxy	in	10	years	



Two	flavors	of	GRBs	
GRBs	are	short	flashes	of	gamma	rays	

How	much	short?	

0.001					0.01									0.1											1													10									100									1000			
Dura@on	(s)	

Kouveliotou et al. 1993 

BATSE	('90s)	
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2 sec 
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Paciesas+99 
Gruber+14 
Von Kienlin+14 
Bhat+16 
Lien+16 



Another	angle	

Hardness ratio: 

Paradigm: 

Long/soft 
Short/hard 



Central engine 
jets 

Shock 
acceleration 

The	standard	model	

short 

long 



Central engine 
jets 

Shock 
acceleration 
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The	standard	model	

prompt emission afterglow emission 



Long	GRB	&	Supernovae	

Galama et al. 1998; Stanek et al. 2003; Hjorth et al. 2003; Della Valle et al. 2003; 
Malesani et al. 2004; Soderberg et al. 2005; Pian et al. 2006; Campana et al. 2006; 
Della Valle et al. 2006, Bufano et al. 2012, Melandri et al. 2012, Schulze et al. 2014, 
Melnadri et al. 2014 and others… 



Short GRB rate: forthcoming LIGO-Virgo runs 

0.01/yr 

0.03/yr 

1.5/yr 

7/yr 

On-axis SGRB rate in the local Universe inferred from the SGRB luminosity 
function and redshift distribution (Ghirlanda et al. 2016)  

Kim et al. 2015 
(Galactic binaries) 

Dominik et al. 2015 
(population synthesis) 



Short GRB rate: forthcoming LIGO-Virgo runs 
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Short	vs.	long	GRBs:	the	agerglow	emission	

Short	GRBs	amerglows	are	fainter:		

- 	less	dense	environment?	

- 	less	energe0c?	

Kann	et	al.	2010	
Margun	et	al.	2013	

op0cal	Rest	frame	X-ray	luminosity	



Short	vs.	long	GRBs:	the	agerglow	emission	

Margutti et al.  
2013 

Rest	frame	X-ray	luminosity	

1sigma scatter for long  
GRBs 

Rest	frame	X-ray	luminosity	
normalized	to	Eiso	

short 

long D’Avanzo et al.  
2012, 2014 

short 

The afterglow X-ray luminosity is a good proxy 
of Eiso for both long and short GRBs 



The GW era – O1 & O2 

Sept 2015 – Jan 2016: LVC O1 science run 

2 high-significance (FAR < 1/century) GW events during O1 (GW 150914, GW 151226) 
+ 1 possible, low-significance event (LVT 151210). All BBH. (Abbott et al. 2016a,b)  

Sky localizations (90% credible area) 
600 deg2 GW 150914 

1600 deg2 LVT 151012 
1000 deg2 GW 151226 

No EM counterpart found 
(despite huge observational effort) 

No significant EM emission expected from BBH 
EM emission expected for NSNS and/or NSBH 

LVC O2 run is ongoing (until August 2017)  

Another BBH detected (GW 170104; Abbott et al. 2017). Improved strategies for EM 
follow-up at all wavelengths. 

Simulated estimates with Virgo 


