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Stellar mass of the host: 
    M✶ = 6.5×109 M⊙◉☉

Star formation rate:
    SFR = 2.2 M⊙◉☉ yr −1

Growth time scale:
    ρ = M✶/SFR = 1/sSFR = 2.95 Gyr 

Redshift of formation:
    z = 0.815

GRB 011121 
redshift z = 0.362
4.0 billion years ago



Galama et al. (1998)

Gamma-ray burst - SN (Ic,Ib) connection

GRB 980425
SN Ic 1998bw
z = 0.0085



Fruchter et al. (2006)
(see also  Kelly, Kirshner & Pahre 2008; Svensson et al. 2010)

GRB host galaxies z < 1.2Core-collapse SN host galaxies z < 1.2 

GRB host galaxies



GRBs

SNII

Kelly, Kirshner & Pahre (2008)

GRB environment

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



Gamma-ray burst − SN connection

Heger et al. (2003)
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Levesque et al. (2010) Galaxy stellar mass
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SDSS z ~ 0.1 (Tremonti+04)

LBGs z ~ 2.2 
(Erb+06)

DEEP2 z ~ 0.8 (Jabran Zahid+10)

Mass-Metallicity relation in GRB hosts



Specific star formation rate of GRB hosts

Savaglio, Glazebrook & Le Borgne (2009)

GRB hosts - UV

GRB hosts - emi. lines

MW

LMC

Age of the universe

1
SSFRρ✶ = M✶/SFR  = 

      Short GRBs



GRB host galaxies at z < 1.5 generally are:
● small
● metal and dust poor
● star forming

What about z > 1.5 GRB hosts?

Main changes in the history of the universe:
● SFR density
● stellar mass
● galaxy merger rate
● galaxy size
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4.1. GRB 011211 at z = 2.142

This burst was detected by BeppoSAX and the optical
transient was found ≈ 10 hr later with R = 19 (Grav et al. 2001).
Low-resolution (FWHM ≡ δ v ≈ 680 km s−1) optical spectra
of the afterglow were taken by different groups, which revealed
multiple absorption features indicating a source redshift of
z = 2.142 (Fruchter et al. 2001; Gladders et al. 2001). Analyzing
existing afterglow spectra obtained using FORS2 on the VLT
telescopes, Vreeswijk et al. (2006) reported a total neutral
hydrogen column density of log N (H i) = 20.4 ± 0.2. In
addition, the authors applied a curve-of-growth (COG) analysis
over a series of absorption features found in the afterglow spectra
and derived11 [Si/H] = −0.9+0.6

−0.4 and [Fe/H] = −1.3 ± 0.3.
The large N (H i) indicates that even the weakest absorption
features detected in the afterglow spectrum may be saturated due
to the low resolution and low S/N of the data. Here we consider
the abundance measurements based on the COG analysis lower
limits to the intrinsic ISM metallicity and adopt [Si/H] > −1.3
for the ISM of the host galaxy. However, we note that the absence
of relatively weak transitions such as Si iiλ 1808 in the afterglow
spectrum indicates [Si/H] < −0.7. Finally, this line of sight
exhibits no Mg ii absorbers of rest-frame absorption equivalent
width W (2796) > 1 Å between z = 0.359 and z = 2 (Prochter
et al. 2006).

Imaging follow-up of the field around GRB 011211 was
carried out during four different epochs with the STIS and the
clear filter on board the HST. The imaging data were reduced
and analyzed by Jakobsson et al. (2003), who reported the host
galaxy has an R-band magnitude of AB(R) = 25.15 ± 0.11
over a 1′′ diameter aperture. In addition, Lyα emission was
detected in a ground-based narrow-band imaging survey by
Fynbo et al. (2003a), who measured a total flux of f (Lyα) =
(2.8 ± 0.8) × 10−17 erg s−1 cm−2 and derived an SFR of
0.8 ± 0.2M& yr−1.

We have observed this field using PANIC on Magellan in
2004 February, and obtained a total integration of 216 minutes.
The mean FWHM of the PSF was found to be ≈ 0.′′37 based
on an average of 10 stars across the PANIC field. The final
stacked image is presented in Figure 2, together with HST
Space Telescope Imaging Spectrograph (STIS) images obtained
roughly 14, 26, and 32 days after the initial burst. The optical
and H images are registered to a common origin. The host galaxy
is marked by a circle of 1′′ radius. The host appears to consist
of three compact (presumably star-forming) regions in the STIS
images, all of which are confirmed to be at the host redshift based
on the presence of Lyα emission in the ground-based narrow-
band images presented in Fynbo et al. (2003a). The GRB is
found to originate in the faintest of the three blobs, southeast of
the center one. Two of the compact regions are detected in the
H-band image, but the region directly associated with the burst
does not exhibit any detectable flux. We measure an H-band
magnitude of AB(H ) = 25.0 ± 0.3 over a 1′′ diameter aperture
for the host galaxy.

At z = 2.142, the observed R-band magnitude corresponds
to a rest-frame absolute magnitude at 2000 Å of M(2000) −
5 log h = −19.2 ± 0.1. The observed H-band magnitude
allows us to derive a rest-frame absolute B-band magnitude
of MAB(B) − 5 log h = −19.1 ± 0.3 for the GRB host galaxy.

11 Chemical abundances are measured relative to solar values and defined as
[M/H] ≡ log(M/H) − log(M/H)&.

Figure 2. Registered optical (left three panels) and NIR H (right panel) images
of the field around GRB 011211 at zGRB = 2.142 after the afterglow had faded.
The epoch during which the images were taken is indicated at the bottom of
each panel. The host appears to consist of three compact regions, all of which
are confirmed to be at the host redshift based on the presence of Lyα emission in
ground-based narrow-band imaging follow-up (Fynbo et al. 2003a). The GRB
is found by Jakobsson et al. (2003) to originate in the fainter region, southwest
of the center blob, as indicated by the fading optical transient (arrow in the left
panel). The mean FWHM of the PSF in the H image was found to be ≈ 0.′′37
based on an average of 10 stars across the PANIC field. Two of the compact
regions are detected in the H-band image, but the region directly associated with
the burst does not exhibit observable flux. We measure an H-band magnitude of
AB(H ) = 25.0 ± 0.3 over a 1′′ diameter aperture for the host galaxy.
(A color version of this figure is available in the online journal.)

4.2. GRB 020124 at zGRB = 3.198

This burst was detected by The High Energy Treansient Ex-
plorer (HETE) (Ricker et al. 2002) and the optical transient
was found to have R ∼ 18.5 in an image taken two hours af-
ter the burst (Price et al. 2002). Low-resolution (δ v ≈ 680
km s−1) optical spectra of the afterglow were obtained us-
ing FORS1 on the VLT Melipal telescope, which revealed
multiple absorption features indicating a source redshift of
z = 3.198 (Hjorth et al. 2003). The total neutral hydrogen
column density derived based on the observed Lyα absorp-
tion line is log N (H i) = 21.7 ± 0.2 (Hjorth et al. 2003). The
low resolution and low signal to noise ratio S/N (≈ 3–4)
of the data did not allow an accurate measurement of the
chemical content in the host ISM. No information is avail-
able for the line-of-sight properties of additional intervening
absolrbers.

Imaging follow-up of the field around GRB 020124 was
carried out roughly 18 and 25 days after the burst with the
STIS and the clear filter on board the HST. The imaging data
were reduced and analyzed by Berger et al. (2002). While the
optical transient (OT) was detected in the first epoch image, no
detectable flux was found at the OT position in the second epoch
image. Berger et al. (2002) placed an upper limit for the R-band
magnitude of the host galaxy at R > 29.5. We have retrieved
the imaging data from the HST archive and determined a 5σ
limit of the second epoch image at AB(clear) = 29.4 over a 0.′′5
diameter aperture. To derive the corresponding detection limit,
we take into account the bandpass difference between STIS/
clear and R and the IGM opacity that reduces most of the light
at λobs ! 4000 Å for sources at z = 3.198 (Figure 3). We apply
a 0.4 mag offset in the photometric zero point and conclude that
the host galaxy is fainter than AB(R) = 29 at the 5σ level of
significance.

We have also observed this field using PANIC on Magellan in
2004 February, and obtained a total integration of 231 minutes.

GRB hosts at redshift z > 2
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Figure 3. Schematic diagram to illustrate the photometric zero point offset
necessary to be included for sources at z = 3.2, from a clear bandpass that
covers a spectral range over λ = 2000–10000 Å to a typical Johnson R filter.
The historgram represents a typical starburst spectral template with additional
absorption at λrest ! 1215 Å due to the IGM Lyα forest and the ISM internal
to the host.
(A color version of this figure is available in the online journal.)

The mean FWHM of the PSF was found to be ≈ 0.′′4. The final
stacked image is presented in Figure 4, together with available
HST STIS images. The optical and H images are registered
to a common origin. The H-band image has been smoothed
using a Gaussian kernel of FWHM = 0.′′4. The position of
the GRB is marked by a circle of 0.′′5 radius. No detectable
flux is found at the location of the GRB, but some emission
features are observed with AB(H ) ≈ 26.4 at ∆ θ = 0.′′4 angular
distance away. We place a 2σ limit in the observed H-band
magnitude of AB(H ) = 26.1 over a 0.′′5 diameter aperture
for the host galaxy. At z = 3.198, the observed H-band
magnitude limit allows us to derive a limiting rest-frame
absolute magnitude of MAB(3960) − 5 log h > −18.8 for the
GRB host galaxy.

4.3. GRB 030323 at zGRB = 3.372

This burst was detected by HETE-2 (Graziani et al. 2003)
and the optical transient was found ≈ 7.6 hr later with
R = 18.7 (Gilmore et al. 2003a). Moderate-resolution
(δ v ≈ 150 km s−1) optical spectra of the afterglow, covering
λ = 4560–7310 Å, were taken using FORS2 on the VLT Yepun
telescope by Vreeswijk et al. (2004), revealing multiple absorp-
tion features from ions in both ground states and excited states
that are consistent with a source redshift of z = 3.372. These
authors estimated the total neutral hydrogen column density of
log N (H i) = 21.90 ± 0.07 in the host ISM and chemical abun-
dances of [S/H] = −1.26 ± 0.2 and [Fe/H] = −1.47 ± 0.11.
The observed large column densities of various ions suggest that
these reported values represent only lower limits to the intrinsic
abundances of these ions. We therefore adopt [S/H] > −1.26
for the ISM of the host galaxy. This line of sight exhibits no
strong Mg ii absorbers at z = 0.824–1.646 (Prochter et al.
2006).

Imaging follow-up of the field around GRB 030323 was
carried out during two different epochs with ACS and the F606W
filter on board the HST. The first epoch imaging data with
a total exposure time of 1920 s were reduced and analyzed
by Vreeswijk et al. (2004), who identified the host galaxy
at ∆ θ = 0.′′14 from the position of the OT and measured
AB(F606W) = 28.0 ± 0.3 over a 0.′′3 diameter aperture.
Additional imaging data were obtained five month later with the
HST using the same instrument setup. A stack of all available
imaging data from the HST data archive shows a clear detection
of the host galaxy at ∆ θ = 0.′′22 from the position of the OT.
This position is consistent with the position of Vreeswijk et al.
to within the astrometric uncertainties. After correcting for the
Galactic extinction (E(B − V ) = 0.049 according to Schlegel
et al. 1998), we measure a total flux of AB(F606W) = 27.4±0.1
over a 0.′′5 diameter aperture.

We have also observed this field using PANIC on Magellan in
2004 February, and obtained a total integration of 240 minutes.
The mean FWHM of the PSF was found to be ≈ 0.′′4. The final

Figure 4. Registered optical (left two panels) and NIR H (right panel) images of the field around GRB 020124 at zGRB = 3.198. The epoch during which the images
were taken is indicated at the bottom of each panel. The H-band image has been smoothed using a Gaussian kernel of FWHM = 0.′′4, which is roughly the size of the
PSF. While the OT is still visible in the first-epoch image (left panel), the host is not detected in either of the two late-time images. We place a 2σ H-band limiting
magnitude of AB(H ) = 26.1 over a 0.′′5 diameter aperture for the host galaxy.
(A color version of this figure is available in the online journal.)
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Figure 9. Images of the field around GRB 050820A at zGRB = 2.6147. The first-epoch image (left panel), taken ≈ 37 days after the burst with ACS and the F850LP
filter, clearly shows the OT (indicated by the arrow). The second-epoch image (right panel), taken nine months later, reveals extended faint blue emission of the host
galaxy. The false-color image was formed by combining stacks of F625W, F775W, and F850LP images. The yellow cross and circle mark the position of the X-ray
afterglow and associated error reported by Page et al. (2005b). In addition to the host galaxy, we also point out two compact sources A and B at ∆ θ = 1.′′3 and 0.′′4,
respectively, from the afterglow lines of sight.
(A color version of this figure is available in the online journal.)

Figure 10. Registered ACS F850LP image (left panel) and NIR H (right panel) image of the field around GRB 050820A at zGRB = 2.6147. The H-band image has
been smoothed using a Gaussian kernel of FWHM = 0.′′5, which is roughly the size of the PSF. The host is detected in the H image with AB(H ) = 25.3 ± 0.3. Neither
Object A or B exhibits faint emission in the H image. We place a 2σ limit of AB(H ) > 26 for the two sources.
(A color version of this figure is available in the online journal.)

position of the GRB is marked by a circle of 0.′′5 radius. Extended
emission at the position of the host galaxy is detected in the
H image at ≈ 3σ level of significance. We measure an H-band
magnitude of AB(H ) = 25.3±0.3 within the isophotal aperture
defined for the host galaxy in the “white light” image described
above.

At z = 2.6147, the observed F775W magnitude of the
host galaxy corresponds to a rest-frame absolute magnitude at
2000 Å of M(2000) − 5 log h = −18.2 ± 0.06. The observed
H-band magnitude allows us to derive a rest-frame absolute
B-band magnitude of MAB(B) − 5 log h = −19.2 ± 0.3 for the
GRB host galaxy. Adopting AV = 0.08 estimated above from
absorption-line abundance ratios and the SMC extinction law
(Gordon et al. 2003), we derive extinction corrected rest-frame
absolute magnitudes of MAB(B) − 5 log h = −19.3 ± 0.3 and
M(2000) − 5 log h = −18.5 ± 0.06.

Neither Object A or B exhibits detectable flux in the
H image. We place a 2σ limit of AB(H ) > 26 for the two
sources. The H-band photometric measurements are also pre-
sented in Table 3. The observed optical and NIR colors of
Objects A and B are relatively bluer than those of the GRB
host galaxy and inconsistent with the expectations for z > 2

star-forming objects. This suggests that these are likely fore-
ground galaxies. At these small angular separations (∆ θ < 1.4),
objects at z < 2.6 have projected distances of ρ < 8 h−1 kpc
to the afterglow line of sight, and are expected to imprint strong
Mg iiλλ 2796, 2803 absorption features in the afterglow spec-
trum (e.g., Chen & Tinker 2008).

Incidentally, two strong Mg ii absorbers are found at z =
0.692 and z = 1.430 with W (2796) = 2.99 ± 0.03 Å and
W (2796) = 1.9 ± 0.1 Å in the rest frame, respectively. The
z = 0.692 Mg ii absorber exhibits a complex kinematic profile
with multiple absorption components spreading over a line-
of-sight velocity interval of ∆ v ≈ 500 km s−1, and a non-
negligible amount of Ca+ ions (see Figure 13 in Prochaska
et al. 2007b). The complex kinematic profile of the absorber and
the presence of Ca+ together may be explained by a sightline
passing through an interacting system, simliar to the Milky
Way and the Magellanic Stream (e.g., Gibson et al. 2000;
Putman et al. 2003). Attributing both Objects A and B to the
z = 0.692 absorber implies a total absolute B-band magnitude
of MAB(B) − 5 log h = −16.27 ± 0.05. Follow-up NIR Hα
spectroscopy is necessary to provide conclusive identifications
of these two sources.
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Figure 14. HST ACS/F814W image of the field around GRB 060206 at
zGRB = 4.048. The host is detected with AB(F814W) = 27.6±0.1. Object A at
∆ θ ≈ 1′′ southwest of the host has AB(F814W) = 26.22 ± 0.05 and has been
noted by Thöne et al. (2008a) as a possible host candidate. Given its offset from
the OT position, we consider galaxy A a foreground galaxy likely associated
with one of the Mg ii absorbers at z = 1.48 or z = 2.26 found in the afterglow
spectra.
(A color version of this figure is available in the online journal.)

We obtained late-time images of the field around GRB 060206
on 2006 November 25 using ACS and the F814W filter on
board the HST (PID=10817). The images were processed and
registered using the standard pipeline technique. A stacked
ACS/F814W image is presented in Figure 14. At the position
of the OT (marked by a circle of 0.′′5 radius), we clearly detect a
faint source of AB(F814W) = 27.6 ± 0.1. We identify the
source as the host galaxy of GRB 060206. At z = 4.048,
the observed F814W magnitude corresponds to a rest-frame
absolute magnitude of MAB(1600)−5 log h = −17.7±0.1 for
the GRB host galaxy.

At ∆ θ = 0.′′96 ± 0.′′02 southwest of the host, we note the
presence of galaxy A with AB(F814W) = 26.22 ± 0.05. This
galaxy was also seen in a deep, ground-based r ′-band image
published in Thöne et al. (2008). The authors initially identified
galaxy A as a candidate for the GRB host galaxy12, but revised
the identification after analyzing the HST images. Given the
large angular distance to the OT (corresponding to ρ ≈ 4.8 h−1

kpc at z = 4.408) and the presence of at least two strong Mg ii
absorbers in the afterglow spectra, we conclude that galaxy A
is likely a foreground galaxy associated with one of the Mg ii
absorbers.

4.11. GRB 060607 at zGRB = 3.075

This burst was detected by Swift and the optical afterglow
was detected 1 minute after the trigger by the UVOT and the
white filter (1600–6500 Å) on board the satellite (Ziaeepour
et al. 2006). The initial brightness was estimated ≈ 15.7 mag
(Ziaeepour et al. 2006). A series of high-resolution (δ v ≈
7 km s−1) optical spectra of the afterglow was obtained using
UVES on the VLT telescope by Ledoux et al. (2006), starting
7.5 minutes after the trigger. These authors identified the GRB

12 http://arXiv.org/abs/0708.3448v1

Figure 15. A smoothed H image of the field around GRB 060607 at zGRB =
3.075. No detectable flux is seen at the location of the OT. We place a 2σ H-band
limiting magnitude of AB(H ) = 26.5 over a 0.′′5 diameter aperture for the host
galaxy.
(A color version of this figure is available in the online journal.)

host at z = 3.082 and noted two probable DLAs at z = 2.937
and z = 3.05. We retrieved the echelle spectra from the ESO
data archive and processed the data using our own reduction
software.

The afterglow spectrum of GRB 060607 exhibits a number
of unusual features. First, the GRB host appears to arise in a
weak Lyα absorber at z = 3.075, with associated Si iv and C iv
absorption feature but no trace of low-ionization species. We
determine log N (H i) = 16.85 ± 0.10 based on a simultaneous
Voigt profile analysis of the Lyman absorption series, using
the VPFIT13 software package. This system represents the
only optically thin absorber detected in a GRB host galaxy
(Jakobsson et al. 2006; Chen et al. 2007a). Second, the strong
Lyα absorber at z = 3.05, ≈ 1840 km s−1 blueshifted from the
host, is a Lyman limit system of log N (H i) = 19.2 ± 0.1 with
weak metal absorption lines detected, implying a metallicity less
than 1/100 solar. Third, the strong Lyα absorber at z = 2.937
exhibits complex kinematic profiles in various ionic transitions,
spreading over ∆ v ≈ 600 km s−1. We measure log N (H i) =
19.6 ± 0.1.

We have observed the field around GRB 060607 using
PANIC on Magellan in 2007 August, and obtained a total
integration of 309 minutes. The mean FWHM of the PSF was
found to be ≈ 0.′′5. The final stacked image is presented in
Figure 15, which has been smoothed using a Gaussian kernel of
FWHM = 0.′′5. The position of the GRB is marked by a circle of
2′′ radius. Despite the discovery of three strong Lyα absorbers
at z = 2.93–3.08, no detectable flux is seen at the immediate
location of the GRB. We place a 2σ limit in the observed H-band
magnitude of AB(H ) = 26.5 over a 0.′′5 diameter aperture for
the host galaxy. At z = 3.075, observed H-band magnitude limit
allows us to derive a limiting rest-frame absolute magnitude of
MAB(B) − 5 log h > −18.3 for the GRB host galaxy.

Optical images of the field around GRB 060607 have also
been obtained using the LRIS and the g and Rc filters on the

13 http://www.ast.cam.ac.uk/∼rfc/vpfit.html
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Figure 5. Registered optical (left panel) and NIR H (right panel) images of the field around GRB 030323 at zGRB = 3.372. The epoch during which the images were
taken is indicated at the bottom of each panel. The host galaxy is identified at ∆ θ = 0.′′22 from the position of the OT with AB(F606W) = 27.4 ± 0.1 over a 0.′′5
diameter aperture. The H-band image has been smoothed using a Gaussian kernel of FWHM = 0.′′4, which is roughly the size of the PSF. The host is not detected in
the H image. We place a 2σ H-band limiting magnitude of AB(H ) = 26.2 over a 0.′′5 diameter aperture for the host galaxy.
(A color version of this figure is available in the online journal.)

Figure 6. NIR H image of the field around GRB 030349 at zGRB = 2.658. The mean FWHM of the PSF is 0.′′35. A smooth version of the H-band image is presented
in the right panel. No detectable flux is found at the immediate location of the GRB, but extended emission features (pointed by an arrow in the left panel) are clearly
visible at ≈ 1′′ southwest of the OT, or 1.′′3 south of the galaxy at z = 0.841. We measure AB(H ) = 20.57 ± 0.05 for the foreground galaxy, and AB(H ) = 24.4 ± 0.1
for the host candidate.
(A color version of this figure is available in the online journal.)

stacked image is presented in Figure 5, together with a stack of
available ACS/F606W images. The optical and H images are
registered to a common origin. The host galaxy is marked by a
circle of 0.′′5 radius. The host appears to be extended in the ACS
image, but not detected in the stacked H image. We place a 2σ
limit in the observed H-band magnitude of AB(H ) = 26.2 over
a 0.′′5 diameter aperture for the host galaxy.

At z = 3.372, the observed F606W magnitude corresponds
to MAB(1400) − 5 log h = −17.6 ± 0.1 for the GRB host
galaxy. The observed H-band magnitude limit allows us to
derive a limiting rest-frame absolute magnitude of MAB (3800)−
5 log h > −18.8 for the GRB host galaxy.

4.4. GRB 030429 at zGRB = 2.658

This burst was detected by HETE-2 (Doty et al. 2003) and
the optical transient was found ≈ 3.5 hr later (Gilmore et al.
2003b) at ∆ θ ≈ 1.′′2 southeast of an extended source of
R ≈ 24 (Fynbo et al. 2003b). Low-resolution (δ v ≈ 680 km
s−1) optical spectra of the afterglow and the extended source
were obtained using FORS1 on the VLT Melipal telescope.
The spectrum of the afterglow exhibits multiple absorption
features that are consistent with z = 2.658 (Jakobsson et al.

2004). In contrast, the spectrum of the extended source exhibits
a single emission feature at λ = 6858 Å. Jakobsson et al.
(2004) identified this emission as [O ii] at z = 0.841, which
is supported by the presence of an absorption feature in the
afterglow spectrum if interpreted as a Mg ii absorber at z =
0.841. The GRB host galaxy therefore remains unidentified.
These authors also reported a total neutral hydrogen column
density of log N (H i) = 21.6 ± 0.2 based on the observed Lyα
absorption feature. The low resolution of the spectrum did not
allow an accurate measurement of the chemical content in the
host ISM.

We have observed the field around GRB 030429 using PANIC
on Magellan in 2004 February, and obtained a total integration
of 129 minutes. The mean FWHM of the PSF was found to
be ≈ 0.′′35. The final stacked image is presented in Figure 6,
together with a smoothed version with a Gaussian kernel of
FWHM = 0.′′4. The position of the GRB is marked by a circle of
0.′′5 radius. No detectable flux is found at the immediate location
of the GRB, but additional emission features are present at ≈ 1′′

southwest of the OT, or 1.′′3 south of the galaxy at z = 0.841.
We measure AB(H ) = 20.57 ± 0.05 for the foreground galaxy,
and AB(H ) = 24.4 ± 0.1 for the host candidate.
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Figure 17. Optical images of the field around GRB 000301C at zGRB = 2.0404. The epoch during which the images were taken is indicated at the bottom of each
panel. The late-epoch image (right panel) has been smoothed using a Gaussian kernel of FWHM = 0.′′15, which is roughly the size of the PSF. At the location of the
OT, we detect faint emission of the host galaxy in the late-time image and estimate AB(clear) = 28.9 ± 0.5 over a 0.′′5 diameter aperture (consistent with what was
reported in Fruchter et al. 2006).
(A color version of this figure is available in the online journal.)

Figure 18. Constraints on the galaxy age and star formation history based on a stellar synthesis model analysis. Left: The broad-band SED of the host galaxy of
GRB 000926 at z = 2.0379 (points with errorbars), in comparison to the best-fit template (solid histogram) and the predicted broad-band photometric points (open
squares). The best-fit SED is charaterized by a declining SFR of e-folding time τ = 300 Myr, solar metallicity, and intrinsic dust extinction of E(B − V ) = 0.025
following the SMC extinction law. The likelihood function of the stellar age for the host galaxy is display in the bottom left panel, suggesting that a recent starburst
occurred about 650 Myr prior to the GRB explosion. Right: A summary of the stellar synthesis model analysis for the host galaxy of GRB 021004 at z = 2.329.
(A color version of this figure is available in the online journal.)

find the host galaxy is best decribed with a mean stellar age
of ≈ 570 Myr and an exponentially declined SFR of e-folding
time 1 Gyr (the left panels of Figure 18). Adopting the best-fit
stellar synthetic model, we can constrain the total underlying
stellar mass to be M∗ = 2.1+4.0

−1.9 × 109 h−2 M&, consistent with
M∗ = (1.6 ± 3.1) × 109 h−2 M& estimated by Savaglio et al.
(2009).

Detailed spectroscopic and imaging studies of GRB 021004
are presented in Møller et al. 2002b, Mirabal et al. 2003,
Schaefer et al. 2003, Fiore et al. 2005, and Fynbo et al. 2005.
The afterglow spectrum displays a combination of emission
and absorption due to the hydrogen Lyα transition and a series

of metal absorption lines at z = 2.329. The presence of
Lyα emission in the afterglow spectrum makes it difficult to
determine N (H i) precisely. Based on the absence of Lyman
limit photons, Fynbo et al. (2005) derive log N (H i) = 19.5 ±
0.5. This is therefore one of the four GRB Lyman limit absorbers
published so far (including GRB 060526 in Jakobsson et al.
2006). We have retrieved available echelle spectra of the OT
from the ESO data archive. Based on the absorption strengths
of Si ii and Fe ii observed in the combined spectrum, we take
into account necessary corrections for the ionization fraction of
the gas and place an upper limit to the metallicity of the gas at
[Si/H] < −1.

Chen et al. (2009)
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Galaxy formation and evolution:

the phenomenological context
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Cosmic star formation rate for different masses

Madau plot per stellar−mass bin

Juneau et al. (2005)

G
alaxy stellar m

ass



Cosmic chemical evolution
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Cosmic stellar mass assembly
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Redshift distribution of GRBs



History of the most distant objects

 As of June 2012 

z = 8.26 (624 Myr)
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z = 7.09 (765 Myr)



Dunlop, Cirasuolo, McLure 2007

z = 6.2
  HUDF−JD2

Cucchiara et al. (2011)

z = 2.6

GRB 090429B
z = 9.4

The Highest Redshift Gamma-Ray Bursts



They fade away very quickly

The blessing and the curse

They fade away very quickly



QSO

GRBs and the Cosmic Chemical Evolution



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

     GRB damped Lyman-α (DLA)

GRB

GRB afterglows and host galaxies

Afterglow spectrum
Cold interstellar medium (T ≲1000 K)

Heavy element enrichment
Molecular hydrogen 
Dust extinction
Dust depletion Host galaxy spectrum

Warm interstellar medium (T ~ 104 K)
Heavy element enrichment
Dust extinction
Star formation rate
Gas electron density
Gas temperature

Host galaxy photometry
Spectral Energy Distribution

Stellar mass
Star-formation rate
Star-formation history
Gas mass 
Dust mass

GRB 030329 z=0.168 (Gorosabel et al. 2005)
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Star Formation Rate Density of the Universe
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The highest and lowest metallicity GRB-DLAs

GRB 090926A
z = 2.11

GRB 090323 
z = 3.57

Rau et al. (2010)

Savaglio et al. (2012)

GRB 090323
z = 3.57

GRB 090926A
z = 2.11



GRB 090323 host
z = 3.57

Local dwarf galaxy 
SBS 0335-052
z = 0.0125 

Thuan & Izotov (1997)

Is there a typical GRB host?



SBS 0335-052 GRB 980425 host GRB 090323 host
Redshift 0.0125 0.0085 3.57

M B -16.9 -18.6 -24.9

Size 6×5 kpc2 30×20 kpc2 < 6 kpc

log (Z/Z⊙◉☉) -1.4 -0.5 +0.25

M (HI) ~ 8×108 M⊙◉☉ − −

M (star) ~ 4×107 M⊙◉☉ ~ 2×109 M⊙◉☉ ~ 6×1010 M⊙◉☉
SFR 0.5 M⊙◉☉ yr−1 0.2 M⊙◉☉ yr−1 > 6 M⊙◉☉ yr−1

SSFR 12.5 Gyr−1 0.1 Gyr−1 > 0.1 Gyr−1

N (HI) 7.0×1021 cm−2 − 5.6×1020 cm−2

Age < 400 Myr ~ 900 Myr < 500 Myr

Is there a typical GRB host?
Local dwarf galaxy

Low-z GRB host
High-z GRB host



Savaglio (2006)
Prochaska et al. (2007)
Fynbo et al. (2008)
Rau, Savaglio, Krühler,  Afonso, Greiner et al. (2010)
Savaglio, Rau, Greiner, Krühler et al. (2012)
Based on modeling in Savaglio et al. (2005)

Cosmic chemical evolution

Pontzen et al. (2010)

Krühler et al. (2012)Levesque et al. (2010)

GRB hosts



High-z GRB hosts are merging systems?



Savaglio, Rau, Greiner, Krühler et al. (2012)

GRB 090323 z = 3.567, 3.577

Double absorbers in high-z GRB afterglows 

Page et al. (2009)
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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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Are high-z GRB hosts merging systems?
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Galaxy B

Chen (2012)

GRB 050820 z = 2.6147

2”
16.3 kpc

Fynbo et al. (2009)

M★ = 109.29±0.52 M⊙◉☉

log N HI = 21.0±0.1
log Z/Z⊙◉☉ = −0.6±0.1
SFR ~ 0.6 M⊙◉☉ yr−1

The interacting-galaxies idea



Host galaxy of long GRB 021004 
z =  2.33    M✶ = 1.6×1010 M⊙◉☉
SFR = 29 M⊙◉☉	 yr−1

Vergani et al. (2011)
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Table 1 Slit width, exposure time, and average resolution of the observations.

PA = 152◦ PA = 92◦ PA = 41◦

UVB VIS NIR UVB VIS NIR UVB VIS NIR

Slit width (′′) 1 0.9 0.9 1 0.9 0.9 1.6 1.5 1.5
Exp. time (s) 4800 4800 5200 3600 3600 3800 4800 4800 5200
Resolution ∼5100 ∼8800 ∼5100 ∼5100 ∼8800 ∼5100 ∼3300 ∼5400 ∼3300

Fig. 1 Slit positions used for the X-shooter observation of the
host galaxy of GRB 021004. The HST image of the field is from
Fynbo et al. (2005).

the X-shooter spectra were obtained during the same nights
of the observations.

3 Results

We present here preliminary results. A more detailed analy-
sis will be published in Vergani et al. (2011).

3.1 The host galaxy

We identified strong Lyα, [O III] λλ 4959, 5007 Å doublet
and Hα emission lines (see Fig. 2) associated to the GRB
021004 host galaxy. These detections confirm the tentative
identification presented by Castro-Tirado et al. (2010). The
redshift measured from the [O III] doublet and Hα lines is
z = 2.33102: we refer to this value as the host galaxy red-
shift. The highest redshift absorbing cloud identified in the
UVES afterglow spectra is blueshifted by v ∼ 180 km s−1

relative to this value. The Lyα line is more extended than
the [O III] doublet lines and shows an asymmetric profile
(with a peak redshifted by v ∼ 70 km s−1 relative to the host
galaxy redshift), and a red wing of more than 300 km s−1

(see Fig. 3). These features are typical of LAE and Lyman
break galaxies.

3.2 Emission lines from the close-by galaxies

We do not detect any emission line at the redshift of the 2
strong intervening Mg II systems nor at those of the high

Fig. 2 Section of the NIR 2D spectrum at PA = 152◦ showing the
[O III] doublet emission lines from the host galaxy.

Fig. 3 [O III] λ5007 Å and Lyα line profiles compared in the ve-
locity space (v = 0 is fixed at z = 2.33102). The redshifted peak
and the asymmetric profile of the Lyα line are shown.

Fig. 4 Section of the NIR 2D spectrum at PA = 92◦ showing the
[O III] λ5007 Å lines of the GRB host and galaxy ‘A’ (see Fig. 1).

velocity absorptions at z ∼ 2.33. On the other hand we de-
tect [O III] and possibly Lyα emission lines at z = 2.33184
from the close-by galaxy ‘A’ (see Figs. 1 and 4), at a distance
of about 15 kpc from the GRB host galaxy. This detection
and the profile shape and spatial extension of the host Lyα
emission line suggest a possible interaction between these 2
galaxies, strengthening the hypothesis that the high velocity
absorption features present in the afterglow spectra could be
due to some outflowing gas.

www.an-journal.org c© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 1 Slit positions used for the X-shooter observation of the
host galaxy of GRB 021004. The HST image of the field is from
Fynbo et al. (2005).

the X-shooter spectra were obtained during the same nights
of the observations.

3 Results

We present here preliminary results. A more detailed analy-
sis will be published in Vergani et al. (2011).

3.1 The host galaxy

We identified strong Lyα, [O III] λλ 4959, 5007 Å doublet
and Hα emission lines (see Fig. 2) associated to the GRB
021004 host galaxy. These detections confirm the tentative
identification presented by Castro-Tirado et al. (2010). The
redshift measured from the [O III] doublet and Hα lines is
z = 2.33102: we refer to this value as the host galaxy red-
shift. The highest redshift absorbing cloud identified in the
UVES afterglow spectra is blueshifted by v ∼ 180 km s−1

relative to this value. The Lyα line is more extended than
the [O III] doublet lines and shows an asymmetric profile
(with a peak redshifted by v ∼ 70 km s−1 relative to the host
galaxy redshift), and a red wing of more than 300 km s−1

(see Fig. 3). These features are typical of LAE and Lyman
break galaxies.

3.2 Emission lines from the close-by galaxies

We do not detect any emission line at the redshift of the 2
strong intervening Mg II systems nor at those of the high

Fig. 2 Section of the NIR 2D spectrum at PA = 152◦ showing the
[O III] doublet emission lines from the host galaxy.

Fig. 3 [O III] λ5007 Å and Lyα line profiles compared in the ve-
locity space (v = 0 is fixed at z = 2.33102). The redshifted peak
and the asymmetric profile of the Lyα line are shown.

Fig. 4 Section of the NIR 2D spectrum at PA = 92◦ showing the
[O III] λ5007 Å lines of the GRB host and galaxy ‘A’ (see Fig. 1).

velocity absorptions at z ∼ 2.33. On the other hand we de-
tect [O III] and possibly Lyα emission lines at z = 2.33184
from the close-by galaxy ‘A’ (see Figs. 1 and 4), at a distance
of about 15 kpc from the GRB host galaxy. This detection
and the profile shape and spatial extension of the host Lyα
emission line suggest a possible interaction between these 2
galaxies, strengthening the hypothesis that the high velocity
absorption features present in the afterglow spectra could be
due to some outflowing gas.
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Mystic Mountain with HST

A multi-wavelength exploration of the 

GRB host population: from UV to radio



Mystic Mountain with HST

A multi-wavelength exploration of the 

GRB host population: from UV to radio



Krühler, Greiner, Schady et al. (2011, from complete GRB sample detected with GROND)

Dust extinction in GRBs
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GRB host galaxy mass function
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Spectral Energy Distribution

• The energy emitted from

a source as a function of

wavelength/frequency

• The whole SED of a

source is difficult to

measure
Wavelength (µm)

L ν
 

Galaxy SED from UV to radio

Galametz et al. (2011)
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➊	 GRB hosts important probe of galaxy formation & evolution

➋	 Dusty obscured galaxies detected with GRBs

➌	 GRB hosts show large spread in cosmic chemical enrichment

➍	 Star formation activity important in GRB hosts ==> SFRD

➎	 We rely on Swift, future γ-ray missions required

Conclusions / Future


