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



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

Duration: from few ms to hundreds of s 
Frequency: 10 keV – 1 MeV 
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 emitted by 

our Galaxy in 10 years 



Two flavors of GRBs 
GRBs are short flashes of gamma rays 

How much short? 
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Another angle 

Hardness ratio: 

Paradigm: 

Long/soft 
Short/hard 



Short/hard GRBs 
•  in all type of galaxies (or no host galaxy at all) 
•  older stellar population  
•  no associated SN 
•  merger progenitor model (and/or magnetars?) 

Long/soft GRBs 
• in star-forming galaxies 
•  younger stellar population 
•  many with associated SN 
•  collapsar progenitor model (magnetar engine?)  

Progenitors 



Central engine 
jets 
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The	  standard	  model	  
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The	  standard	  model	  



The	  standard	  model	  

Central engine 
jets 

Shock 
acceleration 
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•  Burst Alert Telescope (BAT) 

–  15-150 keV 

–  FOV: 2 steradiants  

–  Centroid accuracy: 1’ - 4’ 

•  X-Ray Telescope (XRT) 

–  0.2-10.0 keV 

–  FOV: 23.6’ x 23.6’ 

–  Centroid accuracy: 5” 

•  UV/Optical Telescope (UVOT) 

–  30 cm telescope  

–  6 filters (170 nm – 600 nm) 

–  FOV: 17’ x  17’ 

–  24th mag sensitivity (1000 sec) 

–  Centroid accuracy: 0.5” 

BAT	


XRT	


Spacecraft	


UVOT	
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Swift Mission 
(2004) 

BAT Burst Image 

T<10 s; θ < 4’ 

BAT Error Circle 

XRT Image 

T<100 s; θ < 5’’ T<300 s; θ < 0.5’’ 

UVOT Image 

Gehrels et al. 2004 



pre-‐Swi7	  a7erglow	  light	  curves	  

8-‐10	  hrs	  



pre-‐Swi7	  a7erglow	  light	  curves	  

8-‐10	  hrs	  



Swi7	  a7erglow	  light	  curves	  



Swi7	  a7erglow	  light	  curves	  

Steep decay, plateaus, flares:  
common to long and short GRB afterglow light curves 
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Long	  GRB	  &	  Supernovae	  



Flux	  

Time	  

GRB	  

SN	  

Long	  GRB	  &	  Supernovae	  
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Long	  GRB	  &	  Supernovae	  



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	  &	  	  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  



Short vs. long GRBs: the prompt emission 

“Amati relation” “Yonetoku relation” 

Amati et al. 2002; Younetoku et al. 2004; Ghirlanda et al. 2009, Zhang et al. 2012, D’Avanzo et al. in 2014 

Epeak 

νF
ν  GRB	  spectra	  can	  be	  described	  by	  a	  smoothly	  

broken	  power	  law,	  characterized	  by	  a	  peak	  energy	  



Short vs. long GRBs: the prompt emission 

“Amati relation” “Yonetoku relation” 

Amati et al. 2002; Younetoku et al. 2004; Ghirlanda et al. 2009, Zhang et al. 2012, D’Avanzo et al. in 2014 

Epeak 

νF
ν  By considering the first 0.3 s only 

LGRBs are indistinguishable from SGRBs  
on the Ep-Eiso plane (Calderone et al. 2014) 



Short vs. long GRBs: the afterglow emission 

Short GRBs afterglows are fainter:  

-  less dense environment? 

-  less energetic? 

Kann et al. 2010 
Margutti et al.  

2013 

X-ray optical 



Short vs. long GRBs: the afterglow 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 



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 



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 



Most popular model: 

Coalescence (merging) of a compact object 
binary system 

(NS-NS ; NS-BH) 
While orbiting, the two objects emit 

gravitational waves losing energy: MERGING 

NS-NS systems are observed in our Galaxy: 

The progenitors of short GRBs 



While orbiting, the two objects emit 
gravitational waves losing energy: MERGING 

The progenitors of short GRBs 

- critical parameter: merging time tm 
Time between the formation of the system and its coalescence 
tm  ∝ a 4  (a: system separation)  -> ∼10 Myr < tm <  ∼10 Gyr 

- kick velocities: 
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 populations 

Most popular model: 

Coalescence (merging) of a compact object 
binary system 

(NS-NS ; NS-BH) 



While orbiting, the two objects emit 
gravitational waves losing energy: MERGING 

Another possibility: dynamical formation 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) 



Short GRBs: Offsets 

Fong et al. 2010 

Offset from HG centre 



Short GRBs: Offsets 

Fong & Berger 2013 

Offset normalized to HG eff. radius 



Short GRB redshift distribution 

Berger 2014 

However: 
<z> ~ 0.72 

If considering Swift  
SGRBs (only) with  

T90 < 2 s 

Rowlinson et al. 2013 

and: 
<z> ~ 0.85 

for a complete (flux-
limited) sample of 

bright SGRBs 
(D’Avanzo et al. 2014)  

Hinting for a “primordial binary” progenitor, expected to 
have a z distribution peaking at z ≥ 0.8. 
(Salvaterra et al. 2008). 



Redshift distribution 

Rate of bursts with peak flux P1 < P < P2 

Formation rate (# of bursts per unit time 
and unit comoving volume at redshift z) 
proportional to massive star binary 
formation rate and the delay time (interval 
between binary formation and merging) 
distribution function: 

We compute the observed distribution of 
SGRBs for n = -1.5, -1, -0.5, delay times 
ranging from 20 Myr to ~10 Gyr 
(Behroozi, Ramirez-Ruiz & Fryer 2014) 

Model with n=-1.5 favored in accounting 
for the observed z distribution of the 
SGRBs of our sample. Consistent with 
fas t merg ing pr imord ia l b inar ies 
progenitors 

D’Avanzo et al. 2014 



Intrinsic X-ray absorbing column density of SGRBs 

NH distribution of our complete sample 
of short GRB (0.12 < z < 1.30) 

NH distribution of the BAT6 sample  of 
bright long GRB presented in Campana et 
al. (2013), reduced to z < 1.3 

K-S test -> P=34% 
in agreement with Kopac et al. (2012); Margutti et al. (2013) 

SGRBs 

LGRBs 



Fast merging “primordial” binaries are expected to merge near their star-
forming birthplace (the environment for long and short GRBs may be similar in 
this case). However, the intrinsic X-ray NH might be a good proxy of the GRB 
host galaxy global properties but not for the specific properties of the circum- 

burst medium.  

SGRBs 

LGRBs 

Intrinsic X-ray absorbing column density of SGRBs 



25% of the events of the sample have either a deep upper limit on the intrinsic 
NH or are “hostless” SGRBs. This can hint for bursts occurred in low-density 

environments, originated by progenitors kicked out from their HG (e.g. 
primordial binaries with long coalescing times) or sited in outlying globular 

clusters (e.g. binaries formed via dynamically capture) 

SGRBs 

LGRBs 

Intrinsic X-ray absorbing column density of SGRBs 



A Kilonova associated to GRB 130603B? 

Tanvir et al. 2013; Berger et al. 2013 
(but see also Jin et al. 2014) 

optical 

NIR 
optical 

NIR 

Photometric evidence (“red excess”, HST data) of a possible KN associated to  
GRB 060614 has been also recently reported by Yang et al. (arXiv:1503.07761) 



A Kilonova associated to GRB 060614 & GRB 
050709? 

GRB 050709 

Jin et al., submitted, arXiv: 1603.07869 

GRB 060614 

Yang et al. 2015 



Jets in SGRBs 

Rosswog 2012 Metzger & Berger 2012 



Evidences for jet break in SGRB light curves 

Θj~ 7 deg  
Soderberg et al. (2005) 
Burrows et al. (2006)  

Fong et al. 2015 



The SGRBs rate (and GW EM counterpart search) 

<Θj> ~ 16 deg 
Fong et al. 2015 

The true SGRB event 
rate is increased by a 
factor: 
 fb-1 = (1-cosΘj)-1 ~ 30 

The observed (on-
axis) all sky rate ~0.3 
yr-1 within 200 Mpc 
(Guetta & Stella 2009) 
becomes ~ 10 yr-1  

(8+45
-5 yr-1)

 
  



Short	  GRBs	  as	  GW	  sources	  



GW 150904 

Abbott et al. 2016a 



GW 150904 

Abbott et al. 2016a 



GW 150904 

Abbott et al. 2016a 



GW 150904 

Abbott et al. 2016a 



GW electromagnetic counterpart  

search 

huge (100 deg2)  
search area 

Strategy: observe only galaxies with D < 200 Mpc within the search area 

X-ray (Swift/XRT) 
N fields with short (50-500s) 

exposures 
600 fields, 500s each (~4 

days) give a  
20-30% probability of detecting 
a SGRB  afterglow (Evans et 

al. 2015). 
Few contaminants. 

Optical/NIR  
One week observations with 

large FoV (2-3 deg2) 
instruments down to i~24, 
z~23 mag can give a 95% 

kilonova detection rate. 
However, hundreds of 

contaminats (Cowperthwaite 
& Berger 2015) 

Singer et al.  
(2014) 



GW electromagnetic counterpart search: GW 150904 

Abbott et al. 2016b 



Abbott et al. 2016b 

GW electromagnetic counterpart search: GW 150904 



What if the GW source is a BH-BH binary??? 

GW electromagnetic counterpart search: GW 150904 



What if the GW source is a BH-BH binary??? 

GW electromagnetic counterpart search: GW 150904 

and more… 



What if the GW source is a BH-BH binary??? 

GW electromagnetic counterpart search: GW 150904 

Smartt et al. 2016 

See also Evans et al. 2016 



Short	  GRBs	  as	  GW	  sources	  



Off-axis SGRBs 

Fong et al.  (http://www.brera.inaf.it/Swift10/Talks/Fong.pdf) 

Assuming n~4x10-3 cm-3, E~1049 erg, θjet~2 deg, θobs~20 deg 



On-axis SGRBs 

Fong et al.  (http://www.brera.inaf.it/Swift10/Talks/Fong.pdf) 

Assuming n~4x10-3 cm-3, E~1049 erg, θjet~2 deg, θobs~20 deg 

200 Mpc 



Kilonovae as possible GW counterparts 

Cowperthwaite & Berger 2015 



Short GRBs: some conclusions 

-  Evidences for compact binary merger progenitors: 
-  No SNe 
-  Different host galaxies (also early-type) 
-  Associated to old stellar population 
-  Hints for primordial, fast-merging, binary channel (z, offset, NH) 
-  No-host SGRBs (large offset? Dynamical channel?) 
-  Possible Kilonova in some short GRB (smoking gun?) 
-  Waiting for (more) GWs 

-  Properties shared with long GRBs: 
-  Flares 
-  Plateaus 
-  Similar scaling for prompt and afterglow emission 
-  Same intrinsic NH (on the same redshift bin) 

-  Perspectives: 
-  systematic search for jet-breaks (true energetics and rate) 
-  systematic search for associated kilonovae 
-  GW EM counterparts 

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


