
Astrofisica Nucleare e Subnucleare 
“GRB” Astrophysics 



Astrofisica Nucleare e Subnucleare 
Gamma	
  ray	
  Bursts	
  –	
  II 



GRB Cosmology 

Loeb and Barkana (2000)
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Gamma-Ray Bursts 
Temporal behaviour Spectral shape

Spatial distribution
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BATSE (1991-2000) 



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 estimate 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  

 



Peak Energy – Isotropic Energy 

Sakamoto et al. (2003)



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  
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Afterglow Observations 
Harrison et al (1999)

Achromatic Break 

Woosley (2001)



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

Cosmology with spectrum-energy correlation 
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GRB for Cosmology 

Amati et al. (2002) 
Ghirlanda et al. (2004) 



 
The “Relationships” 

•  Amati ( et al. 2002): Epeak-Eiso (Epeak, redshift) 
•  Ghirlanda (et al. 2004): Epeak-Egamma (Epeak, redshift, Tbreak) 
•  Firmani (et al. 2006): bring T45 into Epeak  and  Eiso. 
•  Fenimore & Ramirez-Ruiz (2000):  Eiso - variability in Gamma-rays  
•  Norris (et al. 2000): lag-luminosity relation.   Short lag = luminous.   

–  (Lags measured in observer frame i.e. not z-corrected) 
•  Use these relationships to infer a pseudo-redshift from a measurement of spectral parameters or lags 

and luminosities in observer frame.... many more bursts without measured z than with.   
–  =>GRB as cosmological probe 



SN Ia Cosmology 
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GRB for Cosmology 

Ghirlanda et al. (2004)





Ghirlanda et al. 2006 A&A  

Ghirlanda et al. 2006 JOP Review, GRB Special Issue  

q  results obtainable with 150 GRBs with estimates of z, Ep,i and tb 



Caveats 



Luminosity distance 



The Luminosity Distance 

astro-ph/9905116v4 



Luminosity distance and redshift 



GRB & Cosmology 
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SWIFT 

In orbita dal 2004



 

•  Swift: NASA mission dedicated to GRB 
studies launched 20 Nov. 2004 USA / Italy / 
UK consortium 

Ø  main goals:  afterglow onset, connection 
prompt-afterglow, substantially increase of 
counterparts detection at all wavelengths 
(and thus of redshift estimates) 

Ø  payload: BAT (CZT+coded mask, 15-350 keV, wide FOV, 
arcmin ang. res.), XRT (X-ray optics, 0.3-10 keV, arcsec 
ang.res.), UVOT (sub-arcsec ang.res. mag 24 in 1000 s)  

Ø  spacecraft: automatic slew to target source in ~1 - 2  min.  

Adding pieces to the puzzle 



Swift 

Fill the data gap! 

Swift’s purpose 



The Swift instrumentation 

X-ray Telescope 

UV and Optical 
Telescope 

NASA 



•  Coded mask telescope; detector measures ‘shadow’ of random 
mask, which allows direction of incidence to be reconstructed. 

•  1.4 Steradian field of view 

•  Measures GRB  
  positions correct to  
  4 arcminutes 

The Burst Alert Telescope (BAT) 

NASA 



Coded mask telescopes 

Gamma-ray photons 

Coded mask 

Detector array 

Lead tile 



X-ray Telescope (XRT) 
University of Leicester, Penn State University and 

Osservatorio di Brera (Milan) 

3.5 m Focal Length Telescope with cooled CCD imaging focal plane detector. 

Detection of GRB X-ray afterglow, location and spectroscopy. 

2.5 arc seconds Positional Accuracy. Energy range 0.2 – 10 keV  



Cross-section of X-ray focussing optics 

Focus 

paraboloid mirror 

hyperboloid mirror 

X-rays 



UV/Optical Telescope (UVOT) 
Mullard Space Science Laboratory and Penn State University 

Installation of UVOT onto Swift S/C 

30 cm Ritchie-Chretien UV/Optical telescope.  

Detection of GRB optical afterglow. 0.3 arcsecond positional accuracy. Optical and UV 
filter photometry and grism spectroscopy.  



Spacecraft with XRT & UVOT 
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Swift Observatory 
in Goddard 
Clean Room 



Swift at KSC 

BAT 

Solar 
Panels 

Sunshade 
shielding 
UVOT & 

XRT 



Swift launch 11/20/04 

Fairing 

3 Boosters 
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SWIFT 



Observing Strategy 

BAT Burst Image 

T<10 sec 
θ < 4' 

§  BAT  triggers on GRB, calculates position to < 4 arcmin 

§  Spacecraft autonomously slews to GRB position in 20-70 s 

§  XRT determines position to < 5 arcseconds 

§  UVOT images field, transmits finding chart to ground 

BAT Error  
     Circle 

XRT Image 

T<100 sec 
θ < 5'' 

 

T<300 sec 

UVOT Image 
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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 Capabilities BAT

XRT

UVOT



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 







Swift discoveries 

•  Currently >1500 GRBs with arc second positions from 
Swift (more from optical follow-up). 

•  More than 500 of Swift GRBs have redshifts  

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

Summary 



Exercise #3 

•  Find Jochen Greiner’s web page on GRB 
afterglows 

•  Find Swift web page. 



Discoveries in the Swift era 
 

①  X-ray afterglow of short GRBs 
②  Prompt optical-IR emission and very early 

optical afterglows 
③  X-ray flares from GRB 
④  Early steep decay of X-ray afterglows 



Swift data 



Swift data 



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? 



Questions for Swift 

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

•  Are there new subclasses of GRBs? 

•  Can we pin down the progenitors? 

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



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. 



Afterglow of “short bursts” 

Time since GRB (s) 

Fl
ux

 



•  host galaxies long GRBs: blue, usually regular and high star forming, GRB 
located in  star forming regions 

•  host galaxies of short GRBs: elliptical, irregular galaxies, away from star 
forming region 

Unvealing the short GRB progenitors 

GRB 050509b 

Short Long 



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 

•  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 



High redshift GRB 



Swift discoveries 



GRB & Cosmology 



Swift discoveries 

•  2-m class telescopes should give reliable photo-z for 
many z>6 bursts.  

•  With GROND online, X-shooter, and increasing numbers 
of small (ish) telescopes observing every GRB, the next 
high-z burst could be just round the corner.... 

High redshift bursts 



090423 



090429B 



090429B 



High z - searches 



New redshift distribution 
Gli afterglow rivelati da 

SWIFT sono deboli 

Il redshift misurato è 
maggiore rispetto alle 
precedenti missioni: 

〈z 〉 = 2.8  vs  〈z 〉 =1.6 

Towards the High z Universe 
with Swift! 

Record: 
Z = 9.4 !! 



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? 



Swift discoveries 



Swift discoveries 



•  “canonical” early afterglow light curve 

~ -3 

~ -0.7 

~ - 1.3 

~ -2 10^2 – 10^3 s 10^4 – 10^5 s 

10^5 – 10^6 s 

( 1 min ≤ t ≤  hours ) 

Adding pieces to the puzzle  



•  new features seen by Swift in X-ray afterglow light curves: initial very steep decay, early breaks, flares; may occurr all 
together or only some of them 

Adding pieces to the puzzle  

O’Brien et al. ApJ, 2006 



XRT light curves 



Adding pieces to the puzzle 

•  flat decay: probably 
“refreshed shocks”, due 
either to:  
 
Ø  Long duration ejection (t ~ tflat )  
 
Ø  Short  ejection (t ~ tγ), but with  

range of Γ 

•  flat decay: superposition 
of end of prompt emission 
with start of afterglow 
emission 



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? 



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? 



Afterglows in the Swift era … 



Afterglows in the Swift era 



Swift discoveries 

•  Very bright – reached mv=5.3. 

GRB 080319B 



Swift discoveries 

•  Very bright – reached mv=5.3 

GRB 080319B 

Observations 
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? 



Astrofisica Nucleare e Subnucleare 
Solid State Detectors 










































