
Astrofisica	  Nucleare	  e	  Subnucleare	  
Gamma	  ray	  Bursts	  







4 

Scintillation Detectors 
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Detector Response Matrix 

The response of a detector, which signal depends of the energy of an incoming photon, distributes the photon  
of a certain energy over many pulse height channels  according to the gain and energy resolution of the detector.  
Usually this resolution function is relative complicated and depends on the photon energy. Since the energy  
acceptance and resolution of a given detector is determined by its design it is convenient to table this function  
while the photon energy serves as a parameter. This procedure leads directly to a form of a matrix and gives  
the whole data set the name detector response matrix.  
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Exercise #1 

•  Find the web sites of BATSE  
•  Find the web site (if any) of BeppoSAX 
•  Find the web site of Fermi/GBM 
•  Find the web site of AGILE/MCAL GRB 

catalog 
•  Find the web site of CALET GRBM  
•  Find the web site of AstroSAT CZTI GRB 
•  Find the web site of GECAM  



Exercise	  #1	  

•  Find the web sites of BATSE  
•  h;ps://gammaray.nsstc.nasa.gov/batse/	  
 



Exercise	  #1	  
•  Find the web site(s) of BeppoSAX  

– https://heasarc.gsfc.nasa.gov/W3Browse/all/
saxgrbmgrb.html 

– https://www.ssdc.asi.it/bepposax/ 
– https://www.ssdc.asi.it/grb_wfc/ 
 



Exercise	  #1	  
•  Find the web site of Fermi/GBM 
•  h;ps://gammaray.nsstc.nasa.gov/gbm/	  



Exercise	  #1	  
•  Find the web sites of AGILE/MCAL GRB 

catalog 
•  https://www.ssdc.asi.it/mcalgrbcat/ 
•  https://www.ssdc.asi.it/mcal2grbcat/ 



Exercise	  #1	  
•  Find the web site of CALET GRBM 
•  e.g.

https://cgbm.calet.jp/cgbm_trigger/ground/1306670489/  



Exercise	  #1	  
•  Find the web site of AstroSAT CZTI GRB 
•  http://astrosat.iucaa.in/czti/?q=grb 



Exercise	  #1	  
•  Find the web site of GECAM 
•  e.g. 

http://twiki.ihep.ac.cn/pub/GECAM/GRBList/
gecamb_lc_grd_all_combine_68795799.png 
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GRB history 

•  Vela satellites discovery (1967 - 1973) 



First Detected Gamma-Ray Burst 



Creativity of Theorists 
With so few constraints, theorists came up with all 
Sorts of models relying on a range of physics. 

Three Classes based on 
 location: 

•  Solar System 
•  Galactic 
•  Cosmological 

(outside of the 
Milky Way) 

Energy = Observed Flux d2 

SS 

Galactic 

Cosmological 
Energy 
Requirements 
Vary over 20 orders 
Of magnitude! 



Models for Galactic GRBs 
•  Accretion                   

I) Binary Companion  
- no companion seen   
II) SN Fallback – Too 
long after explosion 

•  Magnetic Fields 
  ~1015 G Fields 

-“Magnetars” 



If normal GRBs are also neutron stars, GRBs should  
Also center around the Galactic Equator. 
 
This is a Prediction of the Galactic Models! 

Plane of the  
Milky Way 

Galaxy 





Models for Cosmological GRB 

•  Collapsing WDs 
•  Stars Accreting on AGN 
•  Black Hole Accretion 

Disks                                
I) Binary Mergers            
II) Collapsing Stars 
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GRB History 

•  Interplanetary Network (IPN) 

http://www.ssl.berkeley.edu/ipn3/ 



24 

The Compton Gamma Ray Observatory 

The Compton Gamma Ray Observatory (CGRO) is a sophisticated satellite observatory  
dedicated to observing the high-energy Universe. It is the second in NASA's program of  
orbiting "Great Observatories", following the Hubble Space Telescope.  
While Hubble's instruments operate at visible and ultraviolet wavelengths, Compton carries  
a collection of four instruments which together can detect an unprecedented broad range of  
high-energy radiation called gamma rays. These instruments are the Burst And Transient  
Source Experiment (BATSE), the Oriented Scintillation Spectrometer Experiment (OSSE),  
the Imaging Compton Telescope (COMPTEL), and the Energetic Gamma Ray Experiment  
Telescope (EGRET).  
 

http://cossc.gsfc.nasa.gov 
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The Compton Gamma Ray Observatory 
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CGRO performance 
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The Compton Gamma Ray Observatory 

OSSE 
- 0.05-10 MeV  
-  e+e- annihilation, solar flares  



OSSE detector 

The Oriented Scintillation Spectrometer Experiment (OSSE) measured the distribution  
of the energy emitted from a number of gamma-ray sources, and as such studied  
nuclear lines in solar flares, radioactive decay of nuclei in supernova remnants,  
and matter-antimatter annihilation taking place near the center of our galaxy.  
OSSE consisted of four NaI scintillation crystals, and was sensitive to gamma rays  
with energies ranging from 50 keV to 10 Mev. Each of the detectors could be  
pointed individually. For most instances, observations of a gamma ray source  
were alternated with observations of nearby blank sky so as to be able  
to determine the background gamma ray emission. 
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The Compton Gamma Ray Observatory 

Intensity of gamma-ray emission from positron-electron annihilation in the 
plane of our Galaxy near the Galactic center. The emission is at 511 keV, which is 
the rest-mass energy of the electron and positron. The map is of a model that fits 
the OSSE 511 keV observations. OSSE has discovered that the radiation is mostly 
contained in a region of about 10 degrees diameter centered on the center of the 
Galaxy. The line plot superimposed on the map represents an OSSE observation 
of the 511 keV emission line.  
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The Compton Gamma Ray Observatory 

                                                                         On June 4, 1991, the OSSE instrument observed a bright high-energy flare from 
an intensely active region of the sun. The energy spectrum of the flare shown in 
this slide indicates that solar flares accelerate particles to extremely high energies 
causing interactions which produce nuclear emission lines from excited atomic 
nuclei of Fe, Mg, Ne, Si, C, O, and N, along with emission lines from the 
formation of deuterium by neutron capture (labeled "n" in the slide) and electron-
positron annihilation (labeled "e+").  
 
 



The Compton Gamma Ray Observatory 

BATSE 
- 20 keV -10 MeV 
- GRB, SGR, X-ray sources 



The Compton Gamma Ray Observatory 

Soft Gamma Repeaters are one of the biggest success stories of BATSE on CGRO. These recurrent 
soft X-ray transients were discovered in the early '80s and identified as a separate population of young 
neutron stars that emitted frequent, but randomly spaced in time, outbursts of low-energy gamma rays, 
of very short duration, usually tenths of seconds. Until 1998 only three such sources were known; SGR 
1627-41 is the first new SGR discovered with BATSE in June 1998. The figure displays a tremendous 
outburst from the source that reached a peak count rate of ~300000 counts s-1, and lasted less than 150 
ms.  In 1998, SGRs were shown to possess extremely strong magnetic fields, of the order of 1014 Gauss, 
i.e., roughly 1000 times stronger than the average magnetic fields of radio pulsars and binary X-ray 
pulsars. They now form a well defined new class of objects, together with the Anomalous X-ray Pulsars 
(AXPs), called "magnetars".  



The Compton Gamma Ray Observatory 

                                                                         
BATSE can determine directions to gamma-ray bursts with an accuracy of a few degrees. This 
diagram shows the positions of 2704 bursts detected with BATSE over 9 years of operation. The map is 
an Aitoff equal-area projection in Galactic coordinates. The only anisotropy detectable in the distribution 
is due to a small anisotropy in BATSE's sky exposure. The isotropic source distribution, combined with 
information from the burst intensity distribution, showed conclusively that the burst sources do not 
reside in the Galactic disk, as previously thought. This discovery initiated a paradigm shift to the view 
that the sources lie at cosmological distances. Direct redshift measurements have now confirmed 
this interpretation, making gamma-ray bursts the most powerful explosions in the Universe.  
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CGRO-BATSE (1991-2000) 

CGRO/BATSE  (20 keV÷10 MeV) 
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GRB history 
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Gamma-Ray Bursts 
Temporal behaviour Spectral shape

Spatial distribution



•  most of the flux detected 
from 10-20 keV up to 1-2  
MeV  

•  measured rate (by an 
all-sky experiment on a 
LEO satellite): ~0.8 / day; 
estimated true rate ~2 / 
day 

•  fluences (= av.flux * 
duration) typically of ~10-7 
– 10-4 erg/cm2 

•  diverse and 
unclassifiable light curves 

The GRB phenomenon 
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BATSE (1991-2000) 
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BATSE (1991-2000) 
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BATSE (1991-2000) 



41 

Spectral Evolution 
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Spectral variability 

alpha 
beta 

Epeak 

Preece et al. (2000)



The Ep,i – Eiso correlation  

Ø  spectra typically described by the empirical Band function with 
parameters α= low-energy index, β= high-energy index, E0=break 
energy 

Ø  Ep = E0 x (2 + α) = peak energy of the νFν spectrum 



Ø  all GRBs with measured redshift lie at cosmological distances (z = 0.033 – 6.3) (except for the peculiar 
GRB980425, z=0.0085) 	  

Ø  	  from	  distance,	  fluence	  and	  spectrum,	  it	  is	  possible	  to	  es4mate	  the	  cosmologica-‐rest	  farme	  peak	  energy	  Ep,i	  and	  the	  
radiated	  energy	  assuming	  isotropic	  emission,	  Eiso	  

Ep,i and Eiso distributions for a sample of 41 long GRBs (Amati 2006) 

Ep,i = Ep x (1 + z) 

log(Ep,i )= 2.52 ,               
σ = 0.43 

log(Eiso)= 1.0 ,                     
σ = 0.9 



Ø  Amati et al. (2002) analyzed a sample of 12 BeppoSAX events with 
known redshif found evidence of a strong correlation between Ep,i and 
Eiso , highly significant (ρ = 0.949, chance prob. 0.005%)  

Ø   by adding data from BATSE and HETE-2 of 10 more GRBs  the 
correlation was confirmed and its significance increased 

 Ep,i = kEiso 
(0.52+/-0.06) 

Amati et al. , A&A, 2002 Amati, ChJAA, 2003 

The Ep,i – Eiso correlation  

 



Ø  analysis of the most updated sample of long GRBs/XRFs with firm 
estimates of z and Ep,i (41 events) gives a chance probability for the Ep,i-
Eiso correlation of ~10-15 and a slope of 0.57+/-0.02 

Ø  the scatter of the data around the best fit power-law can be fitted with a 
Gaussian with σ(logEp,i) ~ 0.2 (~0.15 extra-poissonian)  

Ø  only firm outlier the local peculiar GRB 980425 

Updated from Amati, MNRAS, 2006  



•  Two instruments: 
–  LAT:  

•  high energy (20 MeV –  >300 GeV) 
–  GBM:  

•  low energy (8 keV – 40 MeV) 

•  Huge field of view 
–  LAT: 20% of the sky at any instant; in sky survey mode, expose all parts of 

sky for ~30 minutes every 3 hours.  GBM: whole unocculted sky at any 
time. 

Large Area Telescope (LAT) 

Gamma-ray Burst Monitor (GBM) 

Fermi Key Features  

Spacecraft Partner: 
General Dynamics 



GBM	  Detectors	  
Bismuth Germanate (BGO) 

 Scintillation Detector 

Major Purpose 
–  Provide high-energy spectral 

coverage (150 keV – 25 MeV) to 
overlap LAT range over a wide 
FoV 

 

(12) Sodium Iodide (NaI) 
 Scintillation Detectors 

Major Purposes 
–  Provide low-energy spectral coverage 

in the typical GRB energy regime 
over a wide FoV (10 keV – 1 MeV) 

–  Provide rough burst locations over a 
wide FoV 

 

Provides spectra for GRB from 10 keV to 30 MeV. 

Provides wide sky coverage (8 sr), enables autonomous repoints to allow for high 
energy afterglow observations with the LAT. 



Fermi GBM 

h;ps://arxiv.org/pdf/2103.13528.pdf	  



Fermi spectra 
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BATSE (1991 - 2000) 
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BATSE (1991 - 2000) 
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BATSE (1991-2000) 
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The great debate (1995) Flux:10-7 erg cm-2 s-1

Distance: 1 Gpc
Energy:1051 erg

Distance: 100 kpc
Energy: 1043 erg

Cosmological - Galactic?
Need a new type of observation! 

GRB: where are they? 
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BeppoSAX (1995 - 2002 ) 
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BeppoSAX 
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Phoswich detectors 

Two scintillators with different decay times. Pulse analysis can 
distinguish. Back scintillator used as shield at low energy, as 
detector at high energies. 
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Costa et al. (1997)

BeppoSAX and the Afterglows 

Kippen et al. (1998) Djorgoski et al. (2000)

• 	  Good	  Angular	  resoluLon	  (<	  arcmin)	  
• 	  ObservaLon	  of	  the	  X-‐ASerglow	  

• 	  OpLcal	  ASerglow	  (HST,	  Keck)	  
• 	  Direct	  observaLon	  of	  the	  host	  galaxies	  
• 	  Distance	  determinaLon 
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Afterglow Observations 

Identificazione delle 
Host Galaxies

Fruchter et al (1999)
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The compactness problem 

Light curve variability ~ 1 ms 

Non thermal spectra 

• 	  Fluence	  (γ):	  	  	  (0.1-‐10)	  x	  10-‐6	  erg/cm2	  (Ω/4π)	  	  	  

• 	  Total	  Energy:	  	  E	  ~	  1051	  	  ÷	  1052	  	  erg	  

Briggs et al. (1999)
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	  Very	  High	  OpLcal	  Depth	  to	  pair	  producLon	  	  

	  RelaLvisLc	  moLon	  of	  the	  emiang	  region	  

The compactness problem 

Size Pair fraction 

Piran (1999)
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Exercise #2 

•  Find the GRB function by David Band 
(1993)  

•  Find the review paper by Piran 1999 on 
GRB afterglow  

•  Find the paper by L.Amati on Ep-Eiso 
correlation (2002) 

•  Find the papers of the “Great Debate 
(1995)”  
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The Fireball Model 

Cartoon by Piran (1999)
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Afterglow Observations 
Harrison et al (1999)

Achromatic Break 

Woosley (2001)
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Jet and Energy Requirements 

Frail et al. (2001)
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Progenitors 

n  Two	  populaLons	  of	  GRB?	  
n  Main	  models	  
n  Possible	  soluLon?	  
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Progenitors 

Short GRB 

Long GRB 
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NS/BH Binary Mergers 

Merging	  of	  compact	  objects	  (NS-‐NS,	  NS-‐BH,	  BH-‐BH).	  	  
These	  objects	  are	  observed	  in	  our	  Galaxy.	  
The	  merging	  Lme	  is	  about	  108	  yr,	  via	  GW	  emission.	  

Eichler et. al. (1989)  
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Towards a solution? 
Fruchter et al (1999)

Offset from Host Galaxy

Star forming region density 

Galama & Wijers (2000)
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Towards a solution? 

Distance from Host Galaxy Fryer et al. (1999)
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GRB & SN first predictions 

Hjorth, Fynbo, Dar & Courbin (1999)
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GRB & SN 

Dado, Dar & De Rujula (2003)
GRB 980326 
(Bloom et al. 99)
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SN- GRB connection 

SN 1998bw - GRB 980425 
chance coincidence O(10-4)
(Galama et al. 98)

SN evidence 
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Hete2 

2000 - 2008



HETE-2 Science Instrument Package 
French Gamma-ray Telescope 
(FREGATE): 5-500 keV; ~π FOV

Soft X-ray Cameras (SXC):  

1-10 keV; ~30” localizations  

Wide-‐Field	  X-‐ray	  Monitor	  (WXM):	  	  
2-‐25	  keV;	  ~5’-‐10’	  localizaLons	  
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GRB 030329: the “smoking gun”? 

(Matheson et al. 2003)



79 

Collapsar model 

•  Very massive star that collapses in a rapidly spinning BH.  
•  Identification with SN explosion. 

Woosley (1993)


