
Gamma-Ray Bursts Longair 22.7
•  Are bright flashed of γ-rays- for  short period of time (<100 sec )
•   fluxes of ~0.1-100 photon/cm2/sec/keV emitted primarily in the 20-500 keV 

band. Some are detected up to 30 GeV!
–  Distribution is isotropic on the sky

•  Because of these properties it took ~30 years from their discovery (1967) to 
their identification
–  They are at very large distances (z up to 8 (!)) with   apparent 

luminosities of   3x1054 erg/sec
–  Rate is ~10-7/yr/galaxy 

•  Gamma-ray emission, has a rich phenomenology in terms of duration, 
variability, spectral parameters, fluence, peak flux, temporal and spectral 
evolution, and various correlations between these parameter- detailed studies 
of these patterns did not lead to an understanding of their origin.

•  See N. Gehrels, E. Ramirez-Ruiz, D.B. Fox 
Ann.Rev.Astron.Astrophys.47:567-617,2009

Gamma-Ray Bursts 
•  Cosmic  γ-ray bursts (GRBs) 

were first reported in 1973 by 
Klebesadel et al (l973) but were 
first seen on July 2, 1967, based 
on data from  US satellites 
designed to monitor Russian 
nuclear weapons tests in space

•  They are the sign of the birth of 
a stellar mass black hole (not all 
BHs start as a γ-ray burst) 

•  Gehrels, Ramirez-Ruiz & Fox, 
ARAA 2009

•  GRBs/GRB afterglows: 
brightest radiation from�
most distant sources in the 
universe 





Isotropic on Sky 
 occur randomly in time and space 

and last  10's of secs 
In the 1990's the BATSE 

experiment on GRO detected 
~3000 bursts; 2-3 per day and 
showed that they occur 
isotropically over the entire sky 
suggesting a  distribution with 
no dipole or  quadrupole 
components-e.g. a spherical dist 
(cosmological??)   

Because they occur randomly and 
are isotropically distributed 
identification of counterparts in 
other wavelengths was very 
difficult

Breakthrough 

•  Breakthrough in 1997 with BeppoSax- 
an x-ray mission was slewed rapidly to 
a localized region containing the burst

•  Found x-ray afterglows- source flux 
decayed rapidly but if got to it soon 
enough an 'new' x-ray source was 
always found. 

•  The x-ray position was accurate 
enough to identify an optical 
counterpart. 

•  See THE PHYSICS OF GAMMA-
RAY BURSTS Tsvi Piran Reviews 
of Modern Physics 2014

•   



• Breakthru was the discovery of 'afterglows' in the x-ray by the 
BeppoSax satellite (1998GRB 970228 Piro et al - ARAA 2000. 38:379 
van Paradijs et al) 

• A 'new' x-ray source appeared and faded with time 
– this allowed accurate positions and the identification of the γ-ray  
afterglow with 'normal' galaxies at high redshifts 

Optical Counterpart Identified 
•  Fades rapidly... but 

redshift of 0.695 
measured.

•  GRBs are distant 



•  Identification based on 
positional agreement with x-ray 
afterglow and fading of optical 
point source 

host
galaxy

GRB



Gamma-Ray Bursts 
Spectra

•   fluxes of ~0.1-100 ph/cm2/sec/keV  
     energy emitted primarily in the 20-500 

keV band. (100x brighter than the 
brightest non-burst γ-ray sources) with 
apparent luminosities up to 1054 ergs/
sec (brightest objects in universe for a 
few seconds)~M¤c2

–  spectrum peaks in hard x-rays
–  some spectra extend out to Gev
–  low energy photon index ~-1 with 

a cutoff (break) E~300 keV

recent reviews 
SN connection (Woosley and 
Bloom 2006), short GRBs 
(Lee and Ramirez-Ruiz 2007, 
Nakar 2007a), afterglows (van 
Paradijs et al. 2000, Zhang 
2007) and theory (Meszaros 
2002)

–  

Broad band (x-ray to γ-ray) high 
energy spectrum of GRB 
10-105keV

Broad band (x-ray to γ-ray) high energy 
spectrum of GRB 10-107keV



GRB 990123 - HST

γ-ray spectra of a set of 
bursts, well fit by a 'Band' 
model (e.g. a broken 
power law flat at low E 
steep at high E) 

Radio thru x-ray spectrum
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Two classes (Kouveliotou et al. 1993) short and long 

•  short bursts have relatively more high-
energy γ-rays than long bursts



Comparing Short and Long GRBs 

& GRB 061210 

GRB 061121 = brightest long GRB
GRB 061210 = brightest short GRB

Norris et al. 2006

Short GRB

Short GRB

SWIFT Gallery of Bursts ~100 GRBs per year
82% with x-ray detections
50% with optical detection

Fast Rise Exponential Decay



Blast from the past!!
GRB 090423!

Lyman break redshifted from UV to IR!

z = 8.2       look back time = 13.0  billion light years!

GROND Grenier et al!

•!

Tanvir et al. 2009; Salvaterra et al. !

Redshift records!

Flux x100 of high-z
luminous X-ray AGN

GRB 050904 
Redshift z= 6.29  (12.8 Gyr)
T90 = 225 sec
S (15-150 keV) = 5.4x10-6 erg cm-2

Eiso = 3.8x1053  erg 

Very bright in IR
J= 17.5 @ 3 hours

(SOAR)

High Redshift Bursts 

GRB 090423, z=8.2
still highest with good redshift
GRB 090429B z=9.4 photometric z



γ-ray bursts are heterogeneous  in temporal properties see Longair 22.7.2 
The properties of γ -ray bursts

•  the emission is primarily in gamma rays (νF(ν) peaks in the hundreds of keV
•  the events have a limited duration  milliseconds to about a thousand seconds, 
•  a broad bimodal distribution of durations, one peak being less than a second 

and the other being at 10-20 seconds. 
•  profile of the flux with time is not universal. 
•   distribution of locations of bursts is isotropic
•  extremely broad range of flux  10-3 erg cm2/s to the flux limits of detectors, 

down to 10-8 erg cm2/s 
•  'All' bursts that have been localized sufficiently for  pointed follow-up have 

X-ray afterglows lasting days -weeks and about half have detectable optical 
afterglows

•  Broad band (x-ray to γ-ray) spectra are simple (broken power law) � but 
parameters are hetergenous (slopes, break energy)
at z = 1, a 10-5 erg cm2/s burst
has isotropic luminosity of 1051 erg/s

Gamma-Ray Bursts Longair 22.7
–   
– Most of the energy appears in x-γ bands

22
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A Major Problem �

•  Short variability timescale 
(down to milliseconds), and  
nonthermal gamma-ray spectra 
–   “compactness problem”;  

these  properties imply an 
enormous optical depth to 
the pair-production process 

–    This problem can be 
resolved by invoking 
relativistic expansion with a 
large bulk Lorentz factor of 
Γ�102

AA52CH02-Berger ARI 30 July 2014 6:55
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Figure 16
Isotropic-equivalent afterglow optical luminosity at a rest-frame time of 7 h (Lopt,7) versus isotropic-
equivalent afterglow X-ray luminosity at a rest-frame time of 11 h (LX,11). Symbols are as in Figure 14. The
dotted black line marks a linear correlation, expected for νX ! νc. The inset shows the distribution of the
ratio Lopt,7/LX,11, indicating that both short and long GRBs exhibit a similar ratio and that in general
Lopt,7/LX,11 ! 1, indicative of νX ! νc for short GRBs.

follow a similar trend, consistent with a linear correlation (see also Nysewander, Fruchter & Pe’er
2009). The median value for both the short and long GRB samples is⟨Lopt,7/LX,11⟩ ≈ 0.08, and
nearly all events have Lopt,7/LX,11 ! 1. In the context of the synchrotron model, the expected ratio
for the case in which both the optical and X-ray bands are located below νc is Lopt,7/LX,11 ≈ 0.2
(for p = 2.4). By contrast, for the case when νc is intermediate between the optical and X-ray bands
(e.g., νc ∼ 1016 Hz) the expected ratio is Lopt,7/LX,11 ≈ 1, which is higher than most observed
values. Thus, the comparison of optical and X-ray luminosities suggests that generally νc is located
near or above the X-ray band.

Because the ratio of optical to X-ray luminosity for νc ∼ νX and for νc ≫ νX is essentially the
same, and because in the latter case both the X-ray and optical luminosity depend on density (with
Fν ∝ n0.5), the lower values of Lopt,7/Eγ ,iso and LX,11/Eγ ,iso for short GRBs can be interpreted
as being due to a lower density scale; this will also naturally lead to νc ≫ νX because νc ∝ n−1.
However, long GRBs generally have higher densities and hence νc ∼ νX. Matching the observed
weaker optical and X-ray afterglows of short GRBs requires a density scale that is about 50 times
lower than for long GRBs or equivalently n ∼ 0.1 cm−3.

An alternative possibility is that the systematic offset in the trends of Lopt,7 and LX,11 versus Eγ ,iso

for short and long GRBs is due to systematic differences between the gamma-ray and blastwave
kinetic energies. In particular, if ϵγ for short GRBs is systematically higher than for long GRBs,
this would lead to values of Eγ ,iso that overpredict EK,iso and hence to lower ratios of Lopt,7/Eγ ,iso

and LX,11/Eγ ,iso compared with those for long GRBs. Given the overall shift of the best-fit relations
shown in Figures 14 and 15, this scenario would require an efficiency that is about an order of
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Afterglows (Berger 2014, 
Gehrels et sl 2009 

After the burst for many 
GRBS there is longer 
lasting emission
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Figure 6 Representative examples of X-ray afterglows of long and short Swift events with
steep-to-shallow transitions (GRB 050315, 050724), large X-ray flares (GRB 050502B,
050724), fastly declining (GRB 051210) and gradually declining (GRB 051221a, GRB
050826; flux scale divided by 100 for clarity) afterglows.

(Barthelmy et al. 2005b, O’Brien et al. 2006). Three representative Swift X-ray
lightcurves are shown in Figure 6 for both long and short GRBs. These X-ray
light curves start as early as a hundred seconds after the GRB trigger, and cover
up to five decades in time. The complex behavior revealed in them sigificantly
challenges traditional afterglow theoy, and calls into question some of the basic
underlying assumptions.

One of most striking results is that many of the early X-ray afterglows show
a canonical behavior, where the light curve broadly consists of three distinct
power law segments (Nousek et al. 2006). A bright rapid-falling (t�↵ where
↵ > 3) afterglow immediately after the prompt emission (Tagliaferri et al. 2005b)
is followed by a steep-to-shallow transition, which is usually accompanied by a
change in the spectrum power-law index. This is consistent with an interpretation
(Nousek et al. 2006, Zhang et al. 2006) in which the first break occurs when the
slowly decaying emission from the forward shock becomes dominant over the
steeply decaying tail emission of the prompt �-rays as seen from large angles
(Kumar and Panaitescu 2000). Since these two components arise from physically
distinct regions, their spectrum would generally be di↵erent. The shallow phase
then transitions to the classical afterglow phase with no clear evidence for a
spectral change. In some cases a jet break is seen at late times. The intermediate
shallow flux stage is commonly interpreted as being caused by the continuous
energy injection into the external shock (Nousek et al. 2006, Zhang et al. 2006)
although orientation and complex jet structures have been also discussed as viable
alternatives. The energy in the afterglow at these late times is estimated to be
comparable to or smaller than that in the prompt gamma-ray emission, even when
correcting for radiative losses from the afterglow shock at early times, implying a
high e�ciency of the prompt emission. The presence of the shallow decay phase

 Representative examples 
of X-ray afterglows of 
long and short Swift 
events 

Comparison of optical and x-ray 
luminosity of burst ~12 hours later  



GRBS compared 
to Quasars 

GRBs are so bright that they 
can be used to study galaxies at 
the earliest epochs to probe
galaxies at the epoch of re-
ionization.
 GRBs allow observations of 
objects further back in time 
than what is currently possible 
with QSOs- 'can be 'easily' 
detected at z>10 
• In what type of
galaxies did most of the star 
formation happened at z > 8, 
and what was the nature of the 
sources responsible for the re-
ionization of the universe . 

Afterglows 
•   The afterglow emission: 

–   observational evidence for relativistic expansion (Waxman, 
Kulkarni & Frail 1998; Taylor et al. 2004),

–   jet collimation with typical opening angles of�3–10	(Harrison et 
al. 1999,) 

–  a beaming-corrected energy scale of�1051erg (Bloom, Frail & Sari 
2001; Frail et al. 2001; Berger, Kulkarni & Frail 2003), 

–   typical circumburst density of�1–10 cm−3
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Figure 8 The growth of GRB 030329 with time as measured using VLBI (by Pihlström
et al. 2007 and references therein). In the background are the images from (a) April 2003
(15 GHz), (b) June 2003 (8 GHz), (c) November 2003 (8 GHz), and (d) June 2005 (5
GHz) with the same intensity scale. The resolution for the four images is not constant
in time, but is accounted for in the analysis of the source size.

For relatively nearby GRBs which may be associated with a supernova, radio
observations have proven invaluable in providing evidence of the physical expan-
sion of GRB/SNe ejecta through direct imaging. Figure 8 shows the expansion
from ⇠ 0.02 mas to ⇠ 0.35 mas of the radio image of GRB 030329 over a time
span from ⇠ 15s after the GRB trigger to ⇠ 103s (Pihlström et al. 2007).

3.3 Interpreting Prompt and Afterglow Emission

The isotropic-equivalent luminosity of GRB X-ray afterglows scaled to t ⇠ 11
hours after the burst in the source frame, can be used as an approximate estima-
tor for the energy in the afterglow shock for the following reasons (Freedman and
Waxman 2001, Piran et al. 2001, Gehrels et al. 2008). First, at 11 hr the X-ray
band is typically above the two characteristic synchrotron frequencies, so that the
flux has very weak dependence on microphysical parameters and no dependence
on the external density, both of which are associated with relatively large uncer-
tainties. Second, at 11 hr the Lorentz factor of the afterglow shock is su�ciently
small (� ⇠ 10) so that a large fraction of the jet is visible (out to an angle of

Direct Evidence for Relativistic Expansion
Radio VLBI observations of one 
burst shows superluminal motion 
apparent expansion rates (β=v/c>1)

The angular diameter of the radio 
afterglow is measured to be 
0.347+/-0.09 mas, at t= 806 days 
corresponding to 0.99+/-0.26 pc at 
the redshift of GRB 030329 
(z=0.1685) one of the closest GRBs

Gamma-Ray Bursts
 Short timescales imply compact object ;  -apparent luminosities of  ~1053 -3x 1054 erg/sec
•  energy reservoir ~ Mc2 implies M~1033 gms~ Msun if total conversion of mass into energy 

How does all this energy end up as γ-rays ?
•  the very small sizes (implied by a short variability time, Δt) and high luminosities imply a 

high photon density at the source.

•  Compactness parameter C=LσT/mpc3R~1012 F-4 d2
Gpc/Δtms

 F-4 the γ-ray flux in units of 10-4 erg/cm2/sec
•  For C>1 the source is optically thick to pair creation via γ�γ interaction; 
•  to create pairs from 2 photons of energy Ea, Eb colliding at an angle  θ one needs   EaEb 

=2(mec2)2/(1-cosθ); since one sees both MeV and 10Gev photons one needs θ~180; for 
beamed radiation opening angle of beam θ~1/γ

•  Suggests that γbulk
2>EaEb/4(mec2)2   or γbulk>100(Ea/10Gev )1/2(Eb/Mev )1/2 

•  Relativistic motion is the solution to the quandry (see R+B pg 261-263) the optical depth to 

pair production is proportional to the relativistic beaming factor γ-6. Need γ>100 



Two Classes 
•  Long γRBs are associated with the collapse of massive 

stars
•  The progenitors of long GRBs have been identified as 

massive stars based on
–  association with Type Ic core-collapse supernovae 

(SNe), 
–   strong correlation with bright UV regions within 

their host galaxies
–  Location of long γRBs is in and near star forming 

regions in smallish galaxies- associated with star 
formation



Hosts �
 of Long GRBS 

•  Always in in star-forming galaxies (Bloom et al. 1998; Djorgovski et al. 
1998; Christensen, Hjorth & Gorosabel 2004; Wainwright, Berger & Penprase 
2007) 

•  their positions follow the radial distribution expected for star 
formation in disk galaxies (Bloom, Kulkarni & Djorgovski2002) and are 
spatially correlated with bright star-forming regions in their hosts 
(Fruchter et al.2006). 

•  Associated with Type Ic SNe on the basis of both photometric and 
spectroscopic observations (Galama et al. 1998, Hjorth & Bloom 2012)

•  The environment and SN associations indicated that long 
GRBs arise from the death of massive stars 
–  However these massive stars are a bit unusual- collapsars (rapidly 

rotating and low metallicity (https://ned.ipac.caltech.edu/level5/
March04/Piran/Piran9_4.html)

Two Classes 
•  Short γRBs (Berger, ARA&A 2014)

–   mix of host-galaxy types 
–   absence of associated SNe
–  Short  γRB have  harder spectra than 

long GRBs owing to a combination of a 
shallower low-energy spectral slope and 
a higher spectral peak (e.g., Paciesas et 
al. 2003; Ghirlanda et al. 2009; 

–  Short γRBs are less luminous than long 
GRBs

Origin in compact object binary 
progenitors (NS mergers – LIGO result) 



~1 Burst/day seen by GRO 
2 classes- short/long 
 

Short vs Long GRBs
Long GRB

C
nt

s/s

In non-SF
and SF galaxies

No SNe detected

less likely to have 
afterglow

Possible merger 
model

In SF
galaxies

Accompanied by 
SNe

Collapsar model 
well supported

GRB 990123 - SAX
SF dwarf host

GRB

Short GRB

C
nt

s/s

XRT

Chandra

GRB 050724 - Swift
elliptical host

BH



   GRB 990123 - HST
Long GRBs

  Energy: ~1051 ergs in γ-rays  (~5˚ beams)
≤ 1051 ergs in afterglow
~1052 ergs in outflow

Distance: <z>=2.3  (Swift average - long GRBs)
11 Gyr 

Jet Outflow: highly relativistic (Γ > 100)

Variability: msec time structure in prompt burst

Power source: gravitational infall on new-born BHs

  GRB 050904  z = 6.29 - Subaru

XRT

Chandra

SF 
irregulars

(Fruchter et al.)

cD elliptical

SF galaxy
with offset

elliptical
SFR < 0.02 MO yr-1

SFR < 0.2 MO yr-1
BAT

XRT 050509B

050709

050724

Long GRBs Short GRBs



Lots of Short GRBs are Far from their Hosts

AA52CH02-Berger ARI 30 July 2014 6:55

galaxies. A progenitor population of young magnetars, however, will exhibit a spatial coincidence
with star-forming regions and offsets that track an exponential disk distribution. Delayed mag-
netars will not track young star-forming regions but will track the overall light distribution of
their hosts owing to the lack of natal kicks. Finally, a dominant population of dynamically formed
NS-NS binaries in globular clusters will track the overall globular cluster distribution around
galaxies, extending to tens of kiloparsecs (Salvaterra et al. 2010).

7.1. The Offset Distribution
Determining the locations of short GRBs relative to their host centers (offsets) and relative to
the underlying light distribution in the rest-frame optical (stellar mass) and UV (star formation)
bands requires the high angular resolution and superior depth of the HST. A comprehensive study
based on HST observations of 32 short GRB host galaxies was carried out by Fong, Berger & Fox
(2010) and Fong & Berger (2013; see also Church et al. 2011). The HST data, combined with
ground-based optical afterglow observations (and, in two cases, Chandra observations), provide
accurate offsets at the subpixel level and reveal the broad distribution shown in Figure 10. The
projected offsets span 0.5–75 kpc with a median of about 5 kpc. These are about four times greater
than the median offset for long GRBs (Bloom, Kulkarni & Djorgovski 2002) and about 1.5 times
greater than the median offsets of core-collapse and Type Ia SNe (Prieto, Stanek & Beacom 2008).
In addition, though no long GRBs and only ∼10% of SNe have offsets of !10 kpc, the fraction
of short GRBs with such offsets is about 25%. For offsets of !20 kpc, the fraction of short GRBs
is about 10%, but essentially no SNe exhibit such large offsets.
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Figure 10
Cumulative distribution of projected physical offsets for short GRBs with subarcsecond positions (red ) (Fong,
Berger & Fox 2010; Fong & Berger 2013), compared with the distributions for long GRBs (black; Bloom,
Kulkarni & Djorgovski 2002), core-collapse supernovae (SNe) ( green; Prieto, Stanek & Beacom 2008),
Type Ia SNe (blue; Prieto, Stanek & Beacom 2008), and predicted offsets for neutron star (NS) binaries from
population synthesis models ( gray) (Bloom, Sigurdsson & Pols 1999; Fryer, Woosley & Hartmann 1999;
Belczynski et al. 2006). Short GRBs have substantially larger offsets than long GRBs and match the
predictions for compact object binary mergers. Reprinted from Fong & Berger (2013) with permission.
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Figure 11
Hubble Space Telescope Wide-Field Camera 3 images of the locations of three short GRBs with subarcsecond
positions and no coincident host galaxies (host-less bursts). In each case the top panel shows a wide field,
whereas the bottom panel is an enlargement focusing on the GRB location (red circle). The galaxies marked
“G1” and “G2” represent the objects with the lowest and second lowest probabilities of chance coincidence
in each field, respectively. The magnitude limits at the GRB positions are mF160W ! 26 mag, ruling out the
presence of galaxies typical of short GRB hosts at z " 3. Adapted from Fong & Berger (2013).

Equally importantly, the observed offset distribution is in remarkable agreement with the
population synthesis predictions for compact object mergers, particularly the fraction of events
with large offsets. I note that the observed distribution is mainly based on short GRBs with optical
afterglows, which may be skewed on average to higher circumburst densities, and hence to smaller
offsets. It is therefore conceivable that events with only XRT or BAT positions (14 and 6 Swift
short GRBs, respectively; Section 4), whose precise offsets cannot be ascertained, in reality have
systematically larger offsets than a few kiloparsecs.

The subset of short GRBs with offsets of !20 kpc require specific mention because these offsets
are larger than the typical visible extent of galaxies. These bursts lack coincident host galaxies at
angular separations of "1 arcsec in deep optical and near-IR HST observations and have been
termed host-less. Systematic studies of the host-less bursts, their afterglows, and environments
were carried out by Berger (2010) and Fong & Berger (2013), although individual cases were
noted previously (Bloom et al. 2007, Stratta et al. 2007, Perley et al. 2009). A few examples based
on deep HST near-IR observations are shown in Figure 11. In all cases, there is a clear absence
of coincident galaxies to optical limits of !27 mag and near-IR limits of !26 mag (Berger 2010,
Fong & Berger 2013). Any undetected coincident host galaxies with properties similar to the
known host-galaxy sample (Figure 8) will have to reside at z ! 3 to evade detection, leading
to an unexpected bimodal redshift distribution (Figure 4; Berger 2010, Fong & Berger 2013).
Similarly, if we impose a similar redshift range for any undetected hosts, then the resulting host
luminosities will be "0.01 L∗, at least an order of magnitude below the known host population
(Figure 8), making this explanation equally unlikely.

A more likely alternative is that these bursts are associated with nearby galaxies in their field;
their resulting projected offsets of tens of kiloparsecs are as expected for a subset of compact object

72 Berger
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Images go down to 26th mag

Consistent with kick velocities vkick � 20–140 km s−1 with a median value 
of about 60 km s−1 (Fong & Berger 2013)- similar to the kick velocities 
derived for Galactic NS-NS binaries  

Nature of Hosts of Short GRBs- Berger 2014
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Figure 6
(a) Histogram of host-galaxy stellar masses for short GRBs (black with dark gray shading) and long GRBs (gray with light gray shading).
Median values for each population (and separately for short GRB late-type hosts) are quoted in parentheses. The inset shows the
cumulative distributions along with Kolmogorov-Smirnov (K-S) probabilities that the short and long GRB hosts are drawn from the
same parent population. (b) Comparison of the cumulative distributions of stellar masses for late-type (blue) and early-type (red ) short
GRB hosts to the expected distributions for a mass-weighted selection from the field galaxy mass function (cyan and magenta lines,
respectively). The resulting K-S probabilities indicate that the early-type hosts are consistent with pure mass selection, whereas the
late-type hosts have lower than expected stellar masses. This indicates that star-formation activity plays a role in the short GRB rate.
Adapted from Leibler & Berger (2010). Abbreviation: SSP, single stellar population.

of star-formation activity. This agrees with the observed overabundance of late-type galaxies in
the short GRB host population. Quantitatively, for a range of host stellar mass determinations,
the short GRB rate per unit stellar mass in late-type galaxies is about 2–9 times higher than in
early-type galaxies (Leibler & Berger 2010).

The difference between short and long GRB hosts is also evident in the distribution of stellar
population ages. The distribution for short GRB hosts spans a wide range, from a few tens of
millions of years to about 4 Gyr (with a median value of ⟨τ∗⟩ ≈ 0.25 Gyr), whereas the long GRB
hosts have a median stellar population age of ⟨τ∗⟩ ≈ 60 Myr (Figure 7; Leibler & Berger 2010).
Coupled with the stellar mass distribution discussed above, this distribution indicates that the
short GRB rate per 1010 M⊙ in late-type hosts (with ⟨τ∗⟩ ≈ 0.15 Gyr) and early-type hosts (with
⟨τ∗⟩ ≈ 1.6 Gyr) is 0.7 and 0.075, respectively, leading to a power-law delay time distribution of
P (τ ) ∝ τ−0.9, which is in good agreement with the distribution inferred from the early- to late-
type fraction. Similarly, separating the sample into galaxies with stellar population ages younger
and older than ∼0.3 Gyr, I find that the typical ages are about 0.1 and 1 Gyr, respectively, with a
resulting rate per 1010 M⊙ of 0.8 and 0.12, respectively, which leads to a delay time distribution
of P (τ ) ∝ τ−0.8. The inferred delay time distribution is in good agreement with that of Galactic
neutron star binaries with a power-law index of n ∼ −1 (e.g., Piran 1992).

6.4. Specific Star-Formation Rates
The interplay of stellar mass and star-formation activity in short GRB hosts is also evident in the
distribution of SSFRs, relative to both long GRB hosts and field star-forming galaxies. In Figure 8,
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The luminosity and 
metallicity of  host 
galaxies of 
short GRBs are 
similar to the general 
galaxy population at 
the same redshift  

Long GRB hosts are 
lower in metallicity 
and have high star 
formation rate than 
field.



Short GRBs Compared to Long GRB!

  52 short GRBs detected by Swift!

  Lower Redshifts!
 !< z >   =  0.4     short!
!< z >   =  2.3     long!

  Weaker Afterglows!
       < FX > = 7x10-10 erg cm-2 s-1    short!
       < FX > = 3x10-9 erg cm-2 s-1     long!

  Less Jet Collimation ?!
!~ 15˚   (wide spread)     short!
!~  5˚    (wide spread)     long!

  Less Total Energy!
!~ 1049  ergs     short!
!~ 1051  ergs     long!

Nysewander, Fruchter & Pe'er 2009!

Berger 2009!

Redshift Distribution of Short and Long 
Bursts (Berger 2014)

AA52CH02-Berger ARI 30 July 2014 6:55
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Figure 4
The redshift distribution of short GRBs (black) and long GRBs ( gray). The open histogram marks redshift
upper limits based on the lack of a Lyman break in afterglow and/or host-galaxy optical detections. The inset
shows the redshift distribution of short GRBs separated by host-galaxy type, which exhibits no discernible
difference between early-type (red ) and late-type (blue) hosts.

sole exceptions are GRB 090426 at z = 2.609 (Antonelli et al. 2009, Levesque et al. 2010a) and
GRB 130603B at z = 0.356 (Cucchiara et al. 2013, de Ugarte Postigo et al. 2014) for which
redshifts have been determined from afterglow absorption spectra. The bulk of the measured
redshifts span z ≈ 0.1–1.3, but it is likely that at least some of the faintest host galaxies (with
optical magnitudes of ≈24–27), which lack redshift measurements, are located at z ! 1 (Berger
et al. 2007a). The redshift distributions of short and long GRBs are shown in Figure 4. The
median redshift of the short GRB population with established redshifts is ⟨z⟩ ≈ 0.48, whereas the
addition of faint hosts that are presumably located at z ! 1 increases the median to ⟨z⟩ ≈ 0.63;
the use of redshift upper limits from afterglow and/or host-galaxy detections in optical bands
(i.e., the lack of a Lyman break) leads to an upper bound on the median redshift of ⟨z⟩ " 0.83.
Because only 6 short bursts lack XRT positions despite rapid follow-up (Section 4), and hence
the ability to identify hosts, the observed redshift distribution robustly represents the redshifts of
Swift short GRBs. Assuming that the median redshift is ⟨z⟩ ∼ 0.5–0.8, and that it is not affected
by the sensitivity threshold of Swift, the resulting median progenitor age relative to the peak of
the cosmic star-formation history (z ∼ 3) is τ ∼ 5 Gyr. Because the observed sample is almost
certainly limited by the detector sensitivity, this inferred age can be used as an upper bound.

There is no clear trend between redshift and host-galaxy type; both early- and late-type hosts
span the same redshift range with similar median values (Figure 4; Fong et al. 2013). Because the
progenitors are expected to be systematically older in early-type galaxies and, hence, to occur at
lower redshifts (e.g., Zheng & Ramirez-Ruiz 2007), the similar redshift distributions for early-
and late-type galaxies suggest that the Swift sensitivity threshold indeed plays a role in the redshift
distribution. The short GRB population is substantially more local than Swift long GRBs, which
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Redshift distribution of
 long bursts is roughly consistent
with tracking of star formation rate

Data points are gamma-ray burst rate
per unit volume, red line is prediction if burst
rate is related to SFR (Trenti et al 2014) 

About 20% of GRBs are heavily 
dust obscured- rapidly star forming 
galaxies



Tracing Star Formation 

The match is not perfect
(Perley et al 2016)- gRBs 
are "relatively" more 
common in high z universe

probably due to 
drop in metallicity with z 

the delay time between the binary formation and eventual merger should span a wide 
range that depends on the initial separation and constituent masses,τGW�a4/(μM)2,
 where a is the initial binary separation,
M�M1+M2is the total binary mass and μ�M1M2/M is the reduced mass.

natal kicks imparted to the binary system during the SN explosions that gave rise to 
the neutron stars and/or black hole, coupled with the broad range of merger 
timescales, should lead to some mergers at large offsets from their birth location 

the mergers will be accompanied by strong GW emission, detectable with the 
Advanced LIGO/Virgo detectors to about 200 Mpc 

mergers will produce neutron-rich ejecta, which will in turn lead to r-process 
nucleosynthesis; very unusual optical spectra and long lasting but very weak 'kilo-
nova'

No supernova accompanying burst

Predictions of NS-NS Merger Hypothesis for short bursts



comoving volume!

Swift!
Pre-Swift!

Swift GRB Distance Distribution!

redshift!

look-back time!

Gehrels, Ramirez-Ruiz & Fox  2009!

Gallery of GRB Lightcurves 

Short GRB

Short GRB

Fast Rise Exponential Decay

BATTime (s)

Cn
ts/

s  
 

GRB 060313



& GRB 061210 

GRB 061121 = brightest long GRB!
GRB 061210 = brightest short GRB!

Short !
GRB 051221A!

Kouveliotou et al. 1993 !

Comparing Short and Long GRBs !

Use of GRBs as Cosmological White Light Sources

As the brightest sources
at high z and with no intrinsic
spectral features
the GRB probes the host 
galaxy and the IGM along the 
line of sight



Gamma-Ray Bursts 
•  thought that they are �beamed�- the energy is emitted in a �narrow� cone, via 

particles moving close to the speed of light. 
 
•  The material behind the shock has relativistic temperatures; because energy transfer 

between particles in two-body collisions becomes less efficient with increasing 
temperature, many common emission mechanisms are very inefficient in the  shock-
heated gas. 

•  The one mechanism that does well with relativistic particles is synchrotron radiation
—provided a significant magnetic field is present. These efficiency considerations 
made synchrotron emission a favored model 
–  Relativistically beamed synchrotron emission due to the interaction of the 

relativistic outflow with the circumburst medium. 



 γ-ray bursts can be produced if part of a relativistic bulk flow is 
converted back into high-energy photons through particle 
acceleration in a relativistic shock between the outflow and the 
surrounding medium



Emission Models
The situation is rather complex being dominated by relativistic
 collisionless shocks and particle acceleration 
the source is taken to be a relativistic fireball , meaning a highly
relativistically expanding sphere which heats the surrounding gas and 
drives a relativistic shock wave into it (M´esz´aros and Rees, 1993) 
emitting via synchrotron emission (fig 22.2 in Longair) 

This requires a relativistic blastwave theory that describes interaction 
between the “fireball” — which moves with Lorentz factor Γ0 before 
deceleration & has total “isotropic equivalent” energy E— and the 
circumburst medium (CBM) described by the density profile,n(R) = (A/
mp)R−k.
See The Physics of Gamma-Ray Bursts &Relativistic Jets
Pawan Kumar & Bing Zhang Physics Reports1410.0679.pdf

Bing Zhang



General Schema of Fireball 
•  Compact central engine drives a collimated (θ<100) 
     ultra-relativistic, Γ>10, outflow with a high ratio of energy to rest mass. Expands at 

ultra-relativistic velocities

γ-rays produced 
 by internal shocks

produced 
 by external shocks



Synchrotron Spectra

Synchrotron radiation (1)

 Single electronSingle electron

emission;emission;

 Emission from power-Emission from power-

law electrons: N(law electrons: N(γγ) ) ∝γ∝γ-p-p

 Cooling spectrum;Cooling spectrum;

Meszaros Meszaros & Rees 1997; Sari, & Rees 1997; Sari, Piran Piran & & Narayan Narayan 19981998Power law injection and cooling

Synchrotron radiation (2)

 Continuous acceleration;Continuous acceleration;

 Self-absorptionSelf-absorption

Slow coolingSlow cooling
Fast coolingFast cooling

Meszaros Meszaros & Rees 1997; Sari, & Rees 1997; Sari, Piran Piran & & Narayan Narayan 19981998

Continuous injection

Synchrotron radiation (2)

 Continuous acceleration;Continuous acceleration;

 Self-absorptionSelf-absorption

Slow coolingSlow cooling
Fast coolingFast cooling

Meszaros Meszaros & Rees 1997; Sari, & Rees 1997; Sari, Piran Piran & & Narayan Narayan 19981998

Data (Galama et al 1998)

 

•   Energy density in a GRB event is so large that an optically thick pair/photon fireball is expected to form, not clear how to turn the energy of 
a fraction of a stellar rest mass into predominantly gamma rays with the right non-thermal broken power law spectrum with the right 
temporal behavior

•   Meszaros, P. and rees M  ARA&A 40 (2002) 137-169 Theories of Gamma-Ray Bursts



Fireball Model, emission is 
separated into 2 components: 
• the prompt outburst phase 
(strong gamma-ray and X-ray 
emission) due to internal shocks 
in the relativistic blast-wave, 
• the afterglow (strong X-ray, 
optical and radio emission) -
arises from the cooling fireball 
and its interaction with the 
surrounding medium.

P1: JZP Trim: 246mm × 189mm Top: 10.193 mm Gutter: 18.98 mm

CUUK1326-22 CUUK1326-Longair 978 0 521 75618 1 August 12, 2010 15:53

712 Compact extragalactic sources and superluminal motions

Fig. 22.21 Illustrating the evolution of a γ -ray burst on increasing physical scales (Gehrels et al., 2009).

time. This change can explain the break in the afterglow light curve observed after about
105 seconds. In addition, the jet may expand sideways as it decelerates causing yet more
rapid decline of the afterglow. If the jet model is adopted, the total energy requirements of
the γ -ray bursts can be evaluated and it was found that, rather than a dispersion in intrinsic
luminosities from about 1044 to 1047 J if the radiation is isotropic, there is only about an
order of magnitude spread about the value 8 × 1043 J, a value typical of the energy released
in the core collapse of a supernova explosion.

This picture of the evolution of the afterglows of γ -ray bursts needs some revision in the
light of the SWIFT observations. The full implications of these observations are discussed
by Granot (2008) who describes clearly the deficiencies of the model, in particular, the need
to account for the initial steep decline of the X-ray light curve and its subsequent flattening.
He also points out the problem that, although a break may be observed in the X-ray light
curve, this is often not observed in the optical light curve. This observation is contrary to
the expectations of the decelerating jet model in which the break in the light curves should
be independent of wavelength. He suggests various solutions to these problems.

The association of the long bursts with core-collapse supernovae in which such energy
releases are observed makes a compelling picture. A montage of images for the plausible
evolution of γ -ray bursts is provided by the simulations cartoons presented by Gehrels and
his colleagues (2009) (Fig. 22.21). There is only direct observational evidence for the later
stages in the evolution, but the overall picture is consistent with the types of physical process
which are inferred to take place in core-collapse supernovae. There are many similarities
with the physical processes involved in the release of gravitational energy and the formation
of relativistic jets in extragalactic radio sources discussed earlier in this chapter. The one big
difference is that jet formation, collimation and the expansion into the surrounding medium
take place very rapidly indeed within the collapsing envelope of the collapsing star. The
diagrams make the important point that the γ -rays only become observable when the jets
reach scales of order 107 km. If the relativistic beaming factor is of the order of κ = 103,
time variations of the γ -ray burst would be expected on time-scales as short as 30 µs. The
appearance of the afterglows only occur significantly later in the evolution of the relativistic



Particle Acceleration 
•  The continuum radiation from GRBs is due to highly relativistic particles
•  just like in SNR collisionless shocks are thought to be the main agents for 

accelerating ions as well as electrons to high energies (e.g., Blandford and Eichler 
1987, Achterberg et al. 2001). 

•  Particles reflected from the shock and from scattering centers behind it in the 
turbulent compressed region and experience multiple scattering and acceleration by 
First-order Fermi acceleration when coming back across the shock into the turbulent 
upstream region.

•  Second-order or stochastic Fermi acceleration in the broadband turbulence 
downstream of collisionless shocks will also contribute to acceleration. 

•  With each reflection at the shock the particles gyrate parallel to the moving electric 
field, picking up energy and surfing along the shock surface. 

Short Bursts!
Neutron Star Merger!

Long Bursts!
Collapsar - Massive Star Explosion!

short time!
structure!
⇒  small size#

Energy = r!
GMm!

Black Hole Energetics!

= 3x1054  ergs  for m=3MO 

≈ mc2          for r = RBH  =  c2  
2 GM!

.#

GRBs and Black Hole Birth!



possibility to use GRBS to trace star formation at high redshifts

zmax~9

Conclusions
Short GRBs
  -  occur in external galaxies
  -  are less distant than long bursts

<z> = 0.4 short,  <z> = 2.3 long
  -  do not occur preferentially in star forming regions
  -  are less energetic than long bursts

Eγ ~ 1048 short;  Eγ ~ 1051 long

Short GRB seem to
  -  be associated with old stellar populations
  -  be less beamed than long GRBs
  -  have a wide  redshift distribution

Short GRB may
  -  caused by NS-NS mergers
  -  have 2 types associated with offset distance from host galaxy 
  -


