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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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Gamma-Ray Bursts 
Temporal behaviour Spectral shape

Spatial distribution
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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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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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Exercise #2 
•  Find the paper by L.Amati on Ep-Eiso correlation (2002) 
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Exercise #2 

•  Find the papers of the “Great Debate (1995)”  
h9ps://apod.nasa.gov/debate/debate95.html	
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Exercise #2 
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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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Superluminal motion 
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Superluminal motion 

t
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Arrival time of “bullets” emission 
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  Very	
  High	
  OpUcal	
  Depth	
  to	
  pair	
  producUon	
  	
  

	
  RelaUvisUc	
  moUon	
  of	
  the	
  emiYng	
  region	
  

The compactness problem 

Size Pair fraction 

Piran (1999)



Radial	
  transformaUons	
  



Radial	
  transformaUons	
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Relativistic effects 

Ghisellini astro-ph/9905181 
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Relativistic effects 

Ghisellini astro-ph/9905181 

δ= γ(1-(V/c)cosθ) 
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BeppoSAX (1995 - 2002 ) 
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Coded Mask Imaging 
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Coded Mask Imaging 

The principle of the camera is straightforward:  
photons from a certain direction in the sky project  
the mask on the detector; this projection has the  
same coding as the mask pattern, but is shifted  
relative to the central position over a distance  
uniquely correspondent to the direction of the  
photons. The detector accumulates the sum of  
a number of shifted mask patterns.  
Each shift encodes the position and its strength  
encodes the intensity of the sky at that position.  
 

http://asd.gsfc.nasa.gov/archive/cai/coded_intr.html 
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Coded Mask Imaging 
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Coded Mask Imaging 
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Coded Mask Imaging 



•  simultaneous detection of GRBs by GRBM and WFC 
à  very accurate localization (few arcmin) 

GRB960720, Piro et al., A&A,  1998 

The GRB phenomenon  



•  in 1997, thanks to 
BeppoSAX observations, 
discovery of fading X-ray, 
optical, radio emission 
following the GRB  

 

•  photons received during 
the classical GRB 
phenomenon are then 
called “prompt emission” 
and the subsequent fading 
emission is called “afterglow 
emission”    

prompt 

afterglow 

Adapted from Maiorano et al., 
A&A, 2005 

The GRB phenomenon  
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•  in 1997, thanks to 
BeppoSAX observations, 
discovery of fading X-ray, 
optical, radio emission 
following the GRB  

 

•  photons received during 
the classical GRB 
phenomenon are then 
called “prompt emission” 
and the subsequent fading 
emission is called “afterglow 
emission”    

prompt 

afterglow 

Adapted from Maiorano et al., 
A&A, 2005 

The GRB phenomenon  



GRB970228 – first good localization 



GRB970228 – first good localization 
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BeppoSAX 

Kippen et al. (1998)



46 

Afterglow Observations 

Identificazione delle 
Host Galaxies

Fruchter et al (1999)
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The Fireball model 
• 	
  RelaUvisUc	
  moUon	
  of	
  the	
  emiYng	
  region	
  
• 	
  Shock	
  mechanism	
  converts	
  the	
  kineUc	
  energy	
  of	
  the	
  shells	
  into	
  radiaUon.	
  
• 	
  Baryon	
  Loading	
  problem	
  

Internal Shocks 
§  Source	
  acUvity	
  
§ 	
  Synchrotron	
  Emission	
  
§ 	
  Rapid	
  Ume	
  Variability	
  
§ 	
  Low	
  conversion	
  efficiency	
  

External Shock 
§  Synchrotron & SSC 
§  High conversion efficiency   
§  Not easy to justify the rapid variability 
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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)



RelaUvisUc	
  beaming	
  



RelaUvisUc	
  beaming	
  



Ø  breaks in the afterglow 
decay light curves -> 
collimation ? 

Jet breaks 



q  by substituting Eiso with the collimation corrected energy Eγ 
the correlation still holds, with a lower dispersion and a steeper 
slope (Ghirlanda et al. 2004, Dai et al. 2004)  

q  this correlation uses 3 parameters (Ep,i, Eiso and tb)  

Ghirlanda, Ghisellini & Lazzati, ApJ, 
2004 Dai et al., ApJ, 2004 



q  use of the  Ep,i-Eγ , Ep,i-Eiso-tb and Ep,i-Liso-T0.45correlations for 
the estimate of cosmological parameters in a way similar to SN Ia 

Ghirlanda et al.,ApJ, 2004 Ghisellini et al. 2005 



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’	
  localizaUons	
  



Hete-­‐II	
  results	
  
•  The	
  discovery	
  of	
  GRB	
  030329	
  -­‐-­‐	
  connecUng	
  GRBs	
  with	
  supernovas.	
  
•  The	
  discovery	
  of	
  GRB	
  050709	
  -­‐-­‐	
  the	
  first	
  short/hard	
  GRB	
  with	
  

opUcal	
  aferglow	
  -­‐-­‐	
  the	
  cosmological	
  origin	
  of	
  this	
  subclass	
  of	
  GRBs.	
  
•  Dark	
  bursts….	
  Some	
  of	
  these	
  dark	
  GRBs	
  fade	
  in	
  the	
  opUcal	
  very	
  

rapidly,	
  others	
  are	
  dimmer	
  but	
  detectable	
  with	
  large	
  (meter	
  class)	
  
telescopes.	
  

•  The	
  establishment	
  of	
  another	
  subclass	
  of	
  GRBs,	
  the	
  less	
  energeUc	
  
X-­‐Ray	
  Flashes	
  (XRF),	
  and	
  its	
  first	
  opUcal	
  counterpart.	
  

•  The	
  first	
  to	
  send	
  out	
  arcminute	
  posiUons	
  of	
  GRBs	
  to	
  the	
  
observaUon	
  community	
  within	
  tens	
  of	
  seconds	
  of	
  the	
  onset	
  of	
  GRB	
  
(and	
  in	
  a	
  few	
  instances,	
  while	
  the	
  burst	
  was	
  ongoing).	
  



GRB050709	
  

(Fox et al. 2005)
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GRB 030329: the “smoking gun”? 

(Matheson et al. 2003)
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Collapsar model 

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

Woosley (1993)



Classificazione	
  delle	
  SNe	
  



Classificazione	
  delle	
  SNe	
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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	
  Ume	
  is	
  about	
  108	
  yr,	
  via	
  GW	
  emission.	
  

Eichler et. al. (1989)  
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SWIFT 

In orbita dal 2004
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n  Burst	
  Alert	
  Telescope	
  (BAT)	
  
n  New	
  CdZnTe	
  detectors	
  
n  Most	
  sensi;ve	
  gamma-­‐ray	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

imager	
  ever	
  

n  X-­‐Ray	
  Telescope	
  (XRT)	
  
n  Arcsecond	
  GRB	
  posi;ons	
  
n  CCD	
  spectroscopy	
  

n  UV/Op;cal	
  Telescope	
  (UVOT)	
  	
  
n  Sub-­‐arcsec	
  posi;ons	
  
n  Grism	
  spectroscopy	
  
n  24th	
  mag	
  sensi;vity	
  (1000	
  sec)	
  
n  Finding	
  chart	
  for	
  other	
  observers	
  

n  Autonomous	
  re-­‐poin;ng,	
  20	
  -­‐	
  75	
  s	
  
n  Onboard	
  and	
  ground	
  triggers	
  

Instruments

Spacecraft

Swif	
  Instruments	
  

BAT

XRT

Spacecraft

UVOT

BAT 

UVOT 

XRT 



Swift 

•  BAT (15-350 keV). Large (2 sr) field of view – detects 
bursts with arc min accuracy. And tells observers 
immediately. 

•  Swift automatically determines if it can view the GRB, and 
if so, slews to it. 

•  XRT (0.3-10 keV) and UVOT (~1000-6000 Å) begin 
observing typically within 100 s of the trigger.  

•  XRT can automatically detect afterglows, and downlinks 
limited data immediately. ~90% of BAT GRBs have 
promptly detected XRT afterglows. 

Details 



76 

SWIFT 
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Multiwavelength observations on all time 
scales 

>100 GRBs per year of all types 

BAT sensitivity 2 - 5 time better than BATSE 

Arcsec positions & counterparts for 100’s 
GRBs 

Rapid GRB notifications via GCN  

Identification of host galaxies offsets 

X-ray and UV/optical spectroscopy 

Upload capability to slew to GRB and 
transients detected by other 
observatories 

Mission	
  CapabiliUes	
   BAT

XRT

UVOT
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SwiU	
  Observatory	
  
in	
  Goddard	
  
Clean	
  Room	
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Silicon	
  PMT	
  



Silicon	
  PMT	
  



Swift discoveries 

•  Currently >1300 GRBs with a few arc seconds positions 
from Swift/XRT. 

•  >400 Swift GRBs have redshifts (>70% of world total). 

•  Includes brightest GRB ever seen, and most distant one. 

Summary 



Questions for Swift 

•  Do short GRBs have afterglows, and hence can we locate 
them more precisely? 

•  Can we pin down the progenitors? 

•  Are there new subclasses of GRBs? 

•  Can we find high-redshift bursts and study the early 
universe? 
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Swift discoveries 

•  GRB 050509B was a short GRB discovered by Swift, with 
an X-ray afterglow reported 2:29 after the trigger.  

Short GRBs. 

VLT	
  image	
  
Hjorth	
  et	
  al.	
  •  Outskirts of an elliptical 

galaxy. 
•  Later sGRBs had optical 

afterglows too. 

•  Subsequently found in all 
galaxy types. 



Questions for Swift 

•  Do short GRBs have afterglows, and hence can we locate 
them more precisely? 

•  Can we pin down the progenitors? 

•  Are there new subclasses of GRBs? 
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Swift discoveries 

•  Short GRBs found in all types of galaxy – old population 
(compact merger/magnetar)‏ 

•  Long GRBs always found in star forming galaxies and 
regions – deaths of massive stars. 

Progenitors 



Questions for Swift 

•  Do short GRBs have afterglows, and hence can we locate 
them more precisely? 

•  Can we pin down the progenitors? 

•  Are there new subclasses of GRBs? 

•  Can we find high-redshift bursts and study the early 
universe? 



Swift discoveries 

•  Blurred the distinction between “short” and “long” bursts, 
and made it more detector-dependent.  

Short GRB with extended emission 

Barthelmy et al. 
2005 



Swift discoveries 

•  GRB 060614 and GRB 060505 were nearby, apparantly 
long GRBs, with no related supernova, down to deep 
limits. 

•  The GRB taxonomy is clearly more complex than 
previously thought. 

•  Maybe a new, progenitor-based classification is needed? 

Long GRBs with no SNe 



Ultra	
  Long	
  GRBs	
  

GRB 111209A 



Questions for Swift 

•  Do short GRBs have afterglows, and hence can we locate 
them more precisely? 

•  Can we pin down the progenitors? 

•  Are there new subclasses of GRBs? 

•  Can we find high-redshift bursts and study the early 
universe? 



Swift discoveries 

•  17 GRBs observed by Swift have z>3.5 

•  10 have z>4, and 5 have z > 5 – a large, rapidly growing 
population of distant objects. 

•  GRB 050904 was at z=6.29 (Cusumano et al. 2007)‏ 

•  GRB 080913 was at z=6.7, and was a fainter-than-normal 
burst! (Greiner et al. 2009) 

•  GRB 090423 was at z=8.26 !!!! 

•  GRB 090429B was at z=9.2 !!!!!! 

High redshift bursts 



Questions from Swift 

New mysteries 

•  Complex X-ray afterglows. 

•  X-ray flares 

•  Jet breaks? 

•  Why do the different types of GRB have such similar 
afterglows? 

•  Why is the ambient medium (apparently) constant-density, 
not WR-wind type environment? 

•  What are the microphysics parameters? 



Swift discoveries 



Swift discoveries 



Swift discoveries 



Swift discoveries 

•  Most X-ray afterglows don't show the simple power-law 
decay seen at late times. 

•  The “canonical” light curves has 3 phases: 

Complex X-ray light curves 



Swift discoveries 

Prompt emission 
(internal shocks)‏ 



Swift discoveries 

Prompt emission 
(internal shocks)‏ 

High latitude 
emission 



Swift discoveries 

Prompt emission 
(internal shocks)‏ 

High latitude 
emission 

“Normal” decay 



Swift discoveries 

Prompt emission 
(internal shocks)‏ 

High latitude 
emission 

“Normal” decay 

Errrrr.... 



Swift discoveries 

•  Energy injection? (Zhang et al 2006). But it has to go on 
for ~1 day. 

•  Dust? [models light curves really well – Shao & Dai 
(2007). But not the spectra (Shen et al. 2009). 

•  Upscattered forward shock emission? 

•  Long-lived central engine (i.e. internal shock emission). 

•  And more.... 

Shallow decay phase 



Swift discoveries 

Complex X-ray afterglows 

Evans et al. 
2009 



Questions from Swift 

New mysteries 

•  Complex X-ray afterglows. 

•  X-ray flares 

•  Jet breaks? 

•  Why do the different GRBs have such similar afterglows? 

•  Why is the ambient medium (apparently) constant-
density? 

•  What are the microphysics parameters? 
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New mysteries 
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•  Jet breaks? 
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density? 

•  What are the microphysics parameters? 



Swift discoveries 

•  Strong, achromatic light curve steepening was expected 
in most/all GRBs – it's now exciting if we think we've got 
one! 

•  They could be hidden (Curran et al. 2008), or we're not 
considering enough possibilities (Racusin et al. 2009)‏ 

•  Perhaps the jets are structured/complex, so breaks are 
not achromatic? (e.g. Oates et al. 2007, de Pasquale et 
al. 2008). 

Where are the jet breaks? 



Swift discoveries 

•  Very bright – reached mv=5.3. 

GRB 080319B 



Swift discoveries 

•  Very bright – reached mv=5.3 

GRB 080319B 

Image from 
Pi of the sky. 



Swift discoveries 

•  Very bright – reached mv=5.3 

•  z=0.9 

•  If it were at the Galactic centre, it would appear as bright 
as the Sun! 

•  Bright in X-rays and Gamma-rays, but nothing like as 
extraordinary as in the optical. 

•  Implies a complex jet structure (Racusin et al. 2008, 
Nature). 

GRB 080319B 



080319B 



080319B 



Swift discoveries 

GRB 080319B 



080319B 



Summary 

•  Swift has helped to answer some questions: 

•  Localised short GRBs 

•  Supported collapsar and compact merger progenitor 
models. 

•  Asked a load of new questions! 

•  What are the subtypes? 

•  How do we get X-ray afterglows? And flares? 

•  What is the jet structure? 



A	
  peculiar	
  GRB?	
  



A	
  peculiar	
  GRB?	
  



A	
  peculiar	
  GRB?	
  



Exercise	
  #3	
  

•  Check	
  and	
  navigate	
  into	
  Swif	
  web	
  sites	
  
•  Check	
  the	
  recently	
  launched	
  mission	
  Einstein	
  
Probe	
  

•  Check	
  what	
  SVOM	
  and	
  Theseus	
  missions	
  will	
  
be	
  …	
  	
  


