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     1049 ergs: gravitational waves
     1051 ergs: γ-ray photons, in a couple of minutes
     1053 ergs: kinetic energy
     1054 ergs: neutrinos

Rates (Long):
     1/1000: GRB/CC−SN
     1/105 yr −1: rate in a galaxy
     Several a day: full sky rate detectable from Earth 
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GRBs as cosmological probes

QSOs
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GRBs
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GRB 080319B 
Brightest source recorded by humanity (z=0.937)
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GRB 080913 
Second most distant object known (z=6.7)
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GRB 080913 
Second most distant object known (z=6.7) GRB 090423 

The most distant object known (z=8.26)
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Figure S04: A photometric redshift fit for the afterglow of GRB 090423. The SED has 

been constructed at time t=16 hours, and makes use of constraints obtained from 

GROND, Gemini South Multi-Object Spectrograph (GMOS-S) and VLT High Acuity 

Wide field K-band Imager (HAWKI). The photo-z is found to be 

! 

z = 8.06"0.28
+0.21

 in good 

agreement with the values obtained via spectroscopy.  

 

 

 

 

GROND+Gemini+VLT
z = 8.26±0.08

Tanvir et al. (2009), Salvaterra et al. (2009)
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Golden Age of Gamma-Ray Bursts
Abdo et al. (2009a)
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GRB 090510 
Lorentz Invariance tested to highest precision (z=0.903)
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Gamma-ray burst - SN connection



Galama et al. (1998)

Gamma-ray burst - SN connection

GRB 980425
SN Ic 1998bw
z = 0.0085



Gamma-ray burst - SN connection



Gamma-ray burst - SN connection

GRB with spectroscopically confirmed SN
GRB          z       12 + log(O/H) (Te )    Host type          MB              References
_________________________________________________________________________________________

980425     0.0085        8.25                         Dwarf spiral         −17.6           Hammer et al. (2006)
020903     0.25            7.97                         Irregular              −18.8            Hammer et al. (2006)
030329     0.168          7.72                         Irregular              −16.5            Levesque et al. (2010)
031203     0.105          8.02 ± 0.15              Irregular              −21.0            Prochaska et al. (2004)
060218     0.0335        7.54+0.16                Irregular              −15.9            Wiersema et al. (2007)
100316D  0.0591        8.23 ± 0.15              Spiral? Irr?           −19              Starling et al. (2010)



Fruchter et al. (2006)
(see also Svensson et al. 2010)

GRB host galaxies Core-collapse supernova host galaxies 
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Fruchter et al. (2006)
(see also Svensson et al. 2010)



GRBs

SNII

Kelly, Kirshner & Pahre (2008)

GRB environment

Fruchter et al. (2006)
(see also Svensson et al. 2010)



GRB environment

Leloudas et al. (2010)
(see also Han et al. 2010)

Light distribution of Wolf-Rayet stars vs. GRBs

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Fractional Flux

C
u

m
u

la
ti

v
e
 D

is
tr

ib
u

ti
o

n
 F

u
n

c
ti

o
n

 

 

II

Ib

Ic

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Fractional Flux

C
u

m
u

la
ti

v
e
 D

is
tr

ib
u

ti
o

n
 F

u
n

c
ti

o
n

 

 

II

Ib

Ic



GRB environment

Leloudas et al. (2010)
(see also Han et al. 2010)

Light distribution of Wolf-Rayet stars vs. GRBs

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Fractional Flux

C
u

m
u

la
ti

v
e
 D

is
tr

ib
u

ti
o

n
 F

u
n

c
ti

o
n

 

 

II

Ib

Ic

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Fractional Flux

C
u

m
u

la
ti

v
e
 D

is
tr

ib
u

ti
o

n
 F

u
n

c
ti

o
n

 

 

II

Ib

Ic

 

LGRB

 

 

LGRB



GRB environment

Leloudas et al. (2010)
(see also Han et al. 2010)

Light distribution of Wolf-Rayet stars vs. GRBs
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GRBs to investigate the 

Cosmic Chemical Evolution



QSO

GRBs and the Cosmic Chemical Evolution



GRBs and the Cosmic Chemical Evolution



GRB 030323 z=3.372 (Vreeswijk et al. 2004)

     GRB damped Lyman α (DLA)

GRB

GRBs and the Cosmic Chemical Evolution



GRB 030323 z=3.372 (Vreeswijk et al. 2004)

     GRB damped Lyman α (DLA)

GRB

GRBs and the Cosmic Chemical Evolution

Cold interstellar medium (T ≲1000 K)
Heavy element enrichment
Dust extinction
Dust depletion
Molecular hydrogen 
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GRB

GRBs and the Cosmic Chemical Evolution



GRB 030329 z=0.168 (Gorosabel et al. 2005)
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GRB 030329 z=0.168 (Gorosabel et al. 2005)
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GRBs and the Cosmic Chemical Evolution

Warm interstellar medium (T ~ 104 K)
Heavy element enrichment
Dust extinction
Star formation rate
Gas electron density
Gas temperature
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GRB hosts GRB-DLAs
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How can we relate the GRB-host population

 to galaxy formation & evolution?



The Galaxy Evolution context

Madau plot per stellar−mass bin

Juneau et al. (2005)



Galaxy stellar mass
Savaglio, Glazebrook, Le Borgne,  et al. (2005)
(see also Tremonti et al. ʼ04, Erb et al. ʼ06, Maiolino et al. ʼ08) 
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Galaxy stellar mass
Savaglio, Glazebrook, Le Borgne,  et al. (2005)
(see also Tremonti et al. ʼ04, Erb et al. ʼ06, Maiolino et al. ʼ08) 
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Pontzen et al. (2010)
(see also Fynbo et al. 2008)

GRB-DLAs vs. QSO-DLAs

z > 2
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Pontzen et al. (2009)

GRB-DLAs vs. QSO-DLAs

QSO-DLAs

Savaglio et al. (2005)

Age of the Universe (Gyr)



Pontzen et al. (2009)

GRB-DLAs vs. QSO-DLAs

QSO-DLAs

Savaglio et al. (2005)

Age of the Universe (Gyr)

GRB hosts 0 < z < 2.4
(Savaglio, Glazebrook, Le Borgne 2009)
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Is there a connection between 

sub-mm galaxies and GRB hosts ?



Savaglio, Rau, Greiner, Krühler et al. (Science, sub.)

GRB 090323 z = 3.567, 3.577

Double absorbers in GRB afterglows 



Double absorbers in GRB afterglows 



Double absorbers in GRB afterglows 

Page et al. (2009)
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GRB 080810 z = 3.355, 3.365



Double absorbers in GRB afterglows 



Double absorbers in GRB afterglows 

Fiore et al. (2005)

GRB 021004 z = 2.321, 2.328

components, within a velocity range of several tens of kilo-
meters per second. For this reason the identification of the dif-
ferent systems is somewhat subjective, the true message being
that the geometry and kinematics of the ISM clouds probed by
the GRB line of sight are complex. Nevertheless, sticking to the
above system identifications will be useful.

There are 13 lines in Table 3 associated with the z ¼ 2:328
systems, five lines associated with the z ¼ 2:321 system, and up
to 17 lines associated to the z ¼ 2:296 2:298 systems. Some of
these lines can be split further into several components. To test
the robustness of the fit, in terms of the accuracy and stability
of the results, we performed many fits, using several combina-
tions of lines/systems. We found that the fits presented below are
a good compromise between increasing the statistical precision
of the fit, obtained by increasing the number of lines fitted si-
multaneously, and the stability/repeatability of the results, which
degraded when the number of fitted parameters was increased,
because of the increasingly complex shape of the !2 hypersur-
face in the parameter space,whichmay containmany localminima.

For the z ¼ 2:328 A, B, C and z ¼ 2:321 systems we simul-
taneously fitted the C iv kk1550, 1548, C ii k1334, C ii" k1335,
Si iv kk1404, 1393, Al ii k1670, and the Al iii k1854 lines. We
excluded from the fit the z ¼ 2:328 Al iii k1862 line because its
blue wing is strongly blended with another line and the z ¼
2:321 Al iii k1862 line because it is strongly blended with the Fe ii
k2600 line of one of the components of the z ¼ 1:38 intervening
system. For the same systems we also fitted the Fe ii k2382, Fe ii
k2374, Fe ii k2344, Fe ii k1608, Mg ii k2803, and Mg ii k2796
lines simultaneously. Figure 4 shows the line spectra in velocity

space, along with the best-fit model, while Table 5 presents the
best-fit abundances along with the velocity shift of each system
with respect to the redshift of the host galaxy, assumed to be
2.328 for GRB 021004 (Mirabal et al. 2003).We used two com-
ponents for the z ¼ 2:328 A system and one component for the
other three systems. The best-fit Doppler parameter b ranges
from a minimum of 12 # 6 km s$1 (one of the components of
the z ¼ 2:328 A system) up to a maximum of 107 # 10 km s$1

(system z ¼ 2:321). Of course, different b-values are obtained
using a higher (or lower) number of components. Unfortunately,
the signal-to-noise ratio of our spectrum is not good enough to
unambiguously identify the different components. On the other
hand, we verified that the total best-fit column density of each
system is stable, within the statistical errors, to changing the
number of components in each system.

Similar series of fits were performed for the z ¼ 2:296 and
2.298 systems, for which we used one and two components,
respectively (see Fig. 5). Table 5 again gives the best-fit abun-
dances for these two systems. The best-fit Doppler parameter b
ranges from 9 # 7 to 40 # 13 km s$1.

The detection of both high- and low-ionization lines, feasible
thanks to the extremely wide spectral coverage achieved by
UVES, allows us to obtain constraints on the ionization status
of the gas responsible for the UVabsorption, by comparing ion
columndensity ratioswith the predictions of photoionization codes.

TABLE 4

GRB 020813 UVES Line Identifications

k
(8)

Wrest
a

(8) ID z

4824.64....................... 1.06 # 0.05 . . . . . .
4824.64....................... 0.59 # 0.05 . . . . . .
4998.03....................... 0.47 # 0.05 . . . . . .
5212.23....................... 0.18 # 0.03 Fe ii k2344.21 1.2234

5236.74....................... 1.64 # 0.07 . . . . . .
5281.33....................... 0.09 # 0.03 Fe ii k2344.21 1.2529

5285.19....................... 1.70 # 0.03 Fe ii k2344.21 1.255

5297.11....................... 0.85 # 0.03 Fe ii k2382.77 1.2234

5353.61....................... 1.31 # 0.03 Fe ii k2374.46 1.255

5368.21....................... 0.28 # 0.03 Fe ii k2382.77 1.2529

5372.23....................... 1.63 # 0.03 Fe ii k2382.77 1.255

5840.73....................... 0.44 # 0.06 . . . . . .
5850.86....................... 0.73 # 0.06 . . . . . .
5858.24....................... 0.23 # 0.02 Fe ii k2600.17 1.2529

5862.33....................... 1.82 # 0.02 Fe ii k2600.17 1.255

5896.25....................... 0.40 # 0.06 . . . . . .
6067.05....................... 2.30 # 0.06 . . . . . .
6216.93....................... 1.34 # 0.03 Mg ii k2796.35 1.2234

6232.85....................... 1.36 # 0.03 Mg ii k2803.53 1.2234

6300.13....................... 0.55 # 0.03 Mg ii k2796.35 1.2529

6304.72....................... 2.38 # 0.03 Mg ii k2796.35 1.255

6310.38....................... 0.30 # 0.06 . . . . . .
6316.13....................... 0.30 # 0.03 Mg ii k2803.53 1.2529

6321.11....................... 2.19 # 0.03 Mg ii k2803.53 1.255

6343.49....................... 0.11 # 0.03 Mg i k2852.13 1.2234

6427.36....................... 0.24 # 0.03 Mg i k2852.13 1.2529

6432.12....................... 1.34 # 0.03 Mg i k2852.13 1.255

6686.87....................... 0.27 # 0.03 Fe i k2967.76 1.2529

Note.—Errors are 67% confidence intervals.
a The equivalent width of unidentified lines is computed at zero redshift.

Fig. 3.—C iv (top) and Si iv (bottom) absorption systems in the UVES
spectra of GRB 021004 for z ¼ 2:328 (see Table 5).
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Sub-millimeter Galaxies

Alexander et al. (2005)



Sub-millimeter Galaxies

Alexander et al. (2005)

 SMG 123616.1+621513

Computer simulation



Star Formation Rate Density of the Universe



Chary, Berger, & Cowie (2007) 
Yüksel, Kistler, Beacom, & Hopkins (2008)
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