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Swift, a satellite devoted to the study of
cosmic gamma-ray bursts (GRBs), is
now fully operational and detects about
100 GRBs per year, as the first year

of operation demonstrated. Since its
launch (20 November 2004), Swift has
monitored with the narrow-field X-Ray
Telescope (XRT) 75 afterglows (out

of 97 GRBs), starting just a few minutes
after the GRB onset. Together with the
events detected by HETE-Il and INTE-
GRAL, Swift gives us a unique position
to unveil the details of these enigmat-
ic events, which likely identify the birth
of black holes. GRBs are also useful
cosmological tools, and can be used as
powerful, distant beacons to trace the
history and evolution of the early Uni-
verse. All of this can be accomplished
by the use of Swift, coupled to large
ground-based telescopes. In this article
we describe some of the fresh, exciting
results obtained in the field.
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Zwicky used to say that Nature manifests
itself in any form we may think of and

has far more ways than we can possibly
imagine. Indeed every time we increase
the sensitivity of our instruments or
develop the technology to open a new
window in the electromagnetic spectrum,
we discover new phenomena that in
most cases were not predicted or even
expected.

The Swift mission is no exception, its
strength being the mission concept itself
based on: multi-wavelength coverage
with the on-board instrumentation, fast
pointing capabilities of the satellite,

tight international collaboration with team
members permanently on duty, and
worldwide networks with robotic and very
large telescopes ready to respond in a
matter of minutes. Facilities like the VLT,
Keck, Gemini, Subaru, and many others,
play a fundamental role with their fast
response and high sensitivity. The funda-
mental discoveries made in the past year
were made possible by the excellent
level of coordination between Swift team
members, ground-based telescopes and
the GRB community at large. The key el-
ements in this scientific enterprise, i.e.
speed and coordination, were discussed
and carefully planned over the years; they
are now working very efficiently.

Back in 1963 Hoyle and Fowler pointed
out that the energy source of a quasar
or AGN could arise from a collapsed ob-
ject or black hole. A flow chart original-
ly due to Martin Rees illustrates different
channels possibly leading to the forma-
tion of black holes, on a variety of scale
lengths, always with gravity as the main
player. We do not know the quantitative
aspect of various processes but we are
making important theoretical progress in
the field. The energy that black holes ir-
radiate can be produced in different ways,
for instance via extraction of black hole
rotational energy through the Blandford
and Znajek mechanism, or via the more
generally accepted mechanism involving
the release of gravitational energy from
matter inflowing through an accretion disc.
Both mechanisms can be made to work
on a sufficiently short time and with high
enough efficiency to power GRBs, pro-
vided that nuclear density matter, possi-
bly in the form of a torus, surrounds the

innermost regions around the event hori-
zon of the black hole.

The collapse of a massive star towards

a black hole occurs in a very short time
and releases a very large amount of
energy. Woosley, Paczyhski and cowork-
ers proposed the collapsar/hypernova
model: the fast rotating iron core of a
very massive star collapses and forms a
rotating black hole surrounded by a

very high-density accretion ring. This sce-
nario was illustrated by the simulations

of Zhang, Woosley and MacFadyen. Pow-
erful relativistic jets along the polar axis
are formed by extracting the potential en-
ergy and rotational energy via neutrinos
or magnetic fields. Contrary to ordinary
core-collapse supernovae (SNe), a col-
lapsar/hypernova is also expected to ex-
pel matter at relativistic speed. This
model envisages that long GRBs should
go off mainly in star forming regions.

The coalescence of two relativistic stars
(double neutron star or black hole/neu-
tron star binary mergers) is the end result
of 0.1-1 Gyr of orbital decay caused by
the emission of gravitational waves. This
paroxysmal event should also give rise
to a black hole surrounded by a torus of
matter at nuclear densities, possibly
producing relativistic jets that are less
energetic and shorter lived than those of
collapsars and originating short GRBs.
These merger events should, in general,
be associated with galaxies having an
older stellar population and take place, in
a fraction of the cases, in the outskirts of
(or even outside) the galaxy.

These are the two main models invoked
to explain the two flavours in which GRBs
manifest themselves: long and short.
Gathering evidence in favour of this over-
all scenario is certainly among main re-
sults so far obtained by Swift, in conjunc-
tion with large ground-based telescopes,
the ESO VLT facility in particular, where,
thanks to the MISTICI and GRACE colla-
borations, most of the bursts visible from
the southern hemisphere have been
monitored. The deep significance of the
ongoing research is not only that of
putting together a complicated mosaic,
but also trying to match at an unprece-
dented level the observational results
with the predictions of the models. This



is what Swift can do in conjunction with
ground-based telescopes: witnessing the
birth of black holes surrounded by very
dense matter, and extracting crucial new
information from these events.

In the following we will refer in particular
to the data obtained with the X-ray tele-
scope onboard Swift and to the fast
follow-up observations carried out espe-
cially with the ESO VLT. These are indeed
the two facilities that allowed us to gath-
er most of the information. Needless

to say, none of this would have been pos-
sible without the Burst Alert Telescope
(BAT) on board Swift, the instrument that
detects the bursts. The sequence of
events is led by the Swift satellite so that
in this paper we will follow the same
outline dictated by the Swift observations.

X-ray light curves and optical
observations

Thanks to the remarkable theoretical pro-
gress achieved in recent years, we now
have a reasonably good understanding of
the afterglow light curves observed in the
soft X-ray band by Swift (Figure 1). Most
of them are characterised by a steep early
decline, followed by a milder one after

a few hundred seconds, which breaks
again to a faster decline generally in less
than 10000 seconds. The spectral shape
does not change much in time, even in
correspondence of the light curve breaks.
The first break seems to mark the tran-
sition between the GRB tail and the long-
lasting afterglow emission, which is con-
tinuously energised by the central engine
(thus the decay is slow). The end of this
energy input is marked by the second
break. A further break is often visible due
to the collimation of the ejecta. Such a
break has been observed in long GRBs,
while it has not yet been detected un-
ambiguously in short bursts (a low signi-
ficance indication has been reported by
Fox and co-authors in GRB 050709). A
minority of bursts do not display the early
steep decline. The afterglow emission

is produced by the so-called ‘forward
shock’, produced in the impact between
the GRB ejecta and the surrounding
medium. There is additional emission
from the ‘reverse shock’, produced inside
the shocked ejecta themselves. This
emission lasts for a rather short time and

Figure 1: Rest frame 0.2-10 keV light curves of

GRB 050126 (light blue), GRB 050315 (blue),

GRB 050318 (violet), GRB 050319 (red) GRB 050401
(green), GRB 050408 (dark green), GRB 050505
(dark blue). The dot-dashed line is a mean curve of
the type-| (steep, shallow, steep) light curve. The
squares on the top left of the figures represent the

mean luminosity of the prompt emission detected by
BAT and converted to the XRT band pass. The

inset shows four representative light curves, combin-
ing BAT and XRT data. There is a clear continuity
between the two instruments. The light curve of
GRB 050401 does not show the steep early decay.
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is mainly in the optical and infrared bands.
However, depending on the distribution of
matter in the ejecta, the emission can

be long lasting. The phenomenon is quite
complex and depends on the regime

of synchrotron emission, the hydrodynam-
ics of the jet and the interaction with the
surrounding medium (that could be differ-
ent in the various shocks) and the behav-
iour of the energy injection during the
evolution of the afterglow. This is why ob-
servations in the optical and near infra-
red are very important and their potential

is to a large extent still to be exploited.
There are still a number of unresolved is-
sues: an especially important one is that
in some cases an optical/NIR afterglow is
not detected.

The observations of GRB 050721 (Fig-
ure 2) provide an excellent example of
what is needed. The VLT rapid response
mode allowed these early observations
to be compared with the XRT light curve
from the earliest stages, showing that
both the X-ray and the R-filter light curves
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were decaying at a comparable rate. In
this case, both the optical and X-ray emis-
sions likely arise from a single compo-
nent and it is not yet clear whether there
is a reverse shock component. On the
contrary, when an early rapid X-ray decay
phase (e.g. the case of GRB 050713A)

is present, the optical and XRT light curves
differ significantly, indicating a different
origin of the X-ray emission, which per-
haps represents the soft tail of the prompt
emission. A good coincidence between
the optical and X-ray light curves has
been observed also in GRB 050525A
and GRB 050801. The VLT rapid response
mode is a fundamental tool to build the
statistics needed to discrimate amongst
different models. In addition, detailed
monitoring of the light curve might reveal
short-timescale variability that may arise
from the injection of energy from a highly
variable central engine, the newly born
black hole.

Short gamma-ray bursts

The typical duration of a short burst is
about 0.2 s. These bursts are spec-

trally harder than the long ones and com-
prise about 30 % of the BATSE (25—

350 keV) sample, and about 10 % of the
Swift sample. The rapid response of

the Swift spacecraft yielded the first un-
ambiguous detection of the X-ray emis-
sion from a short GRB, GRB 050509, in
turn measuring the sky position of the
event accurately enough to pinpoint the
most likely host galaxy, an elliptical gal-
axy at z=0.22. Excellent images were
obtained with VLT, Subaru, HST, and oth-
er telescopes. Two months later HETE-II
detected GRB 050709 and ESO tele-
scopes were able to discover the optical
counterpart and observe the host gal-
axy at a redshift of z=0.16. About two
weeks later Swift detected and observed
GRB 050724 (Figure 3), and a few other
short GRBs in the following months. After
many years of chasing, the mystery of
the counterparts to short GRB was finally
solved.

These observations showed that the host
galaxies of short GRBs are either of early
type, as in the case of GRB 0505098,

or harbour a reasonably old stellar popu-
lation, as in the case of GRB 050709.
This is much at variance with respect to
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Figure 3: Left top panel: The image of the

GRB 050724 plus the host galaxy obtained on the
night of 24 July. Top centre panel: The image of

the host galaxy plus GRB obtained on 29 July. Right
top panel: The image obtained subtracting the

two previous images (24 July — 29 July) showing the
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long GRBs, which appear to be associat-
ed with dwarf galaxies with intense star-
forming activity.

The relatively low redshift observed

for these objects implies an energy output
that is about a factor 100—1000 smaller
than that observed for long bursts. For
several of the short GRBs with accurate
positions detected so far no optical
after-glow could be found. In some other
cases even the soft X-ray emission was
not detected. A continuing programme

of fast response observation by ground-
based telescopes is essential in order to
determine whether short GRBs comprise
different subclasses. On the other hand,
both long and short bursts are consistent
so far with the same general scenario

in which the GRB is generated by a newly
formed black hole-torus system, result-
ing however from much different paths in
the evolution of massive stars. It should
be said that important alternatives exist.
In Usov’s model, the relativistic flow is
mostly Poynting flux and is driven by the
magnetic and rotational energies of a rap-
idly rotating neutron star.

Flares

Flares were detected superimposed on
the ‘basic’ X-ray light curves (Figure 1)

in about 40 % of the bursts, during both
the GRB tail (the steep decay phase)
and in the early afterglow, in both GRB
flavours (long and short), and at small as

detection of the short GRB. Bottom left panel: the
VLT FORS spectrum of the host galaxy showing
the characteristics of a rather old stellar population.
Bottom right panel: the XRT light curve showing
the presence of flares and the continuity between
the BAT and XRT light curves.
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well as high redshift (as in GRB 050724,
GRB 050730, and GRB 050904; Fig-
ure 4). The energy emitted during a flare
is sometimes comparable to the ener-
gy emitted during the entire X-ray after-
glow, as in the case of GRB 050502B.
This is a fundamental discovery made by
the Swift mission and provides addition-
al clues about the central engine. Flares
might well be due to internal shocks re-
sulting from new energy injection into the
jet caused by an active central engine
(as opposed to internal shock from the
catching-up of shells emitted at different
speeds).

No very large flare has been observed
yet in the optical band; extensive optical
coverage of the light curve during the
early stages is essential to address this
issue.

Gamma-ray bursts and supernovae

The first suggestion of a possible connec-
tion between SNe and GRBs dates back
to Colgate (1968). This prediction was
confirmed in recent years, thanks to in-
tensive optical and near-infrared fol-
low-up observations of GRB afterglows
discovered by BeppoSAX. These stud-
ies firmly established that long-duration
GRBs (or at least a large fraction of them)
are connected with the death of mas-
sive stars. The most persuasive evidence
arises from observations of supernova
features in the spectra of a few GRB after-



Figure 4: The BAT + XRT light curve of the long

GRB 050904 at z = 6.3. The continuity between BAT
(after conversion of the emission to the band pass

of XRT) and XRT is perfect and the light curve shows
the presence of flares. The top-right inset shows

the optical observations (mainly from VLT) used to

estimate the photometric redshift. The light curve
in various optical and near-infrared bands has been
plotted in the inset on the bottom of the figure.

108 E T T =
i ,/* .
i A i
e
10° E | I =
E o =
x F i =
- & i 50‘00 I 10(‘300 ‘50‘00 201‘300 i
g g B Wavelength (A) a
© o 10710 = =
3V 2
55 F - -
o8 = | 1 3
& : S 1M I ; '
© . s M L 4
101 = BAT ERY | } =
E o XRT-W gt ol 1 I z
F o XRT-PC ~ =f— B "y t k ¥ =
- L |=R =J | = o | =
.l eH | ™~ %]
= 2a-|s1 wK ¥ e 4 + =
il b " |l 1
10'12 E o Time since bur‘sl (d 10 L =
E 1 | 1 | =
10! 102 108 104 108
Time (seconds from trigger)
14 TTTTTT T T T TTTIT T T T TTTTT T 1T HH‘ T T HH‘ Flgure 5: The phOtomet”C eVOIUUOn
-~ of the afterglow of GRB 050525A,
15 afterglow —  obtained at early stages with TNG and
r —--- host - atlater epochs with VLT-UT1 + FORS2,
16 — -- SN —  shows a flattening in the light curve
r —— sum 4 starting about five days after the gam-
17 — —  ma event, followed by a sharp dim-
r 7 ming. The magnitude and the duration
18 — - of the flattening suggest the presence
r 7 of a SN component (dot-dashed
§ 19— ~| line), which is marginally fainter than
z [ 7 SN 1998bw (Della Valle et al. 2006,
9 20— | ApJ, submitted).
g L i
21 —
22 — spectrum
23 |~ e ourdata
L = Klotz et al. (2005)
24 —
250 .- e
*\\HH‘ L L \\HH‘ L L \\HH‘ ,_LJJ;H‘K“{‘ L \\V\HH‘ =

0.01 0.1 1 10
Time since burst (days)

glows. In a number of other cases, the
evidence for a SN is based on a late time
photometric hump emerging out of

the decaying optical afterglows. Outstand-
ing examples of this SN/GRB connec-
tion include SN 1998bw/GRB 980425,

SN 2003dh/GRB 030329, and SN 2003w/
GRB 0312083. The average redshift of
Swift GRBs is quite large (<z> ~ 2), mak-
ing the search for an associated SN
difficult. GRB 050525A at z = 0.606 is the
first supernova detected in a GRB dis-
covered by Swift. The photometric evolu-
tion (Figure 5), obtained at early stages

100

with TNG and NTT, and at later epochs
with VLT, allowed us to discover a flatten-
ing in the light curve starting about five
days after the GRB explosion, followed
by a sharp dimming. The magnitude and
duration of the flattening suggest the
presence of a SN component, marginally
fainter than the prototypical SN 1998bw,
and characterised by a faster rise to
maximum light. An early spectrum ob-
tained by Foley and collaborators

with Gemini North and GMOS indicates
that GRB 050525A occurred in a star-
forming galaxy. A spectrum obtained with

VLT UT1 + FORS2, during the flattening,
shows strong similarities with the spec-
trum exhibited by SN 1998bw at about
five days after the maximum. Therefore in
this case we have also discovered a con-
nection between a SN and a GRB. With
a frequency of about 4 1076 GRB per gal-
axy per year accounting for a jet an-

gle, <6> ~ 10°, we have a frequency of

~ 4 10~* GRB per galaxy per year ~ 1/30
the rate of Ibc supernovae.

While the discovery of a clear SN/GRB
connection represented a major step

in the study of GRBs, it also posed a
number of new questions. Whether the
association is restricted to bright SNe,

as the cases with spectroscopic confir-
mation seem to indicate so far, or is open
also to fainter type-lbc SNe, remains

to be established through forthcoming
observations. Based on a reasonably
large sample, we may finally track down
the physical mechanism of the associa-
tion and understand how the explosions
evolve in time. There is no indication at
all in the short GRBs 050709 and 050724
of the signature of a supernova, although
they are quite nearby.

Cosmology and the new frontiers

[t is fascinating to consider the possibili-
ties opened in cosmology by GRBs. In-
deed, after the detection of GRB 050904
and the measurement of its redshift

(z = 6.8) by the VLT and the SUBARU
telescopes, our wildest hopes became
reality. We can now likely trace the star-
formation rate and its evolution. Further-
more, since for a few hours after their
onset, GRB afterglows are the brightest
beacons in the far Universe, they offer a
superb opportunity to investigate the
environment in which they go off in very
young galaxies, determine the proper-
ties of the interstellar medium and deter-
mine cosmic abundances up to the
re-ionisation epoch. The GRACE and
MISTICI collaborations achieved mile-
stone discoveries in this field. Here

we can only touch upon this fascinating
research briefly.

One of the straightforward discoveries of
UVES high resolution spectroscopy
of GRB afterglows is that the ISM of GRB
host galaxies is complex, with many
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components resolved down to a width of
a few tens of km/s, contributing to each
main absorption system, and spanning

a total velocity range of up to thousands
of km/s. The absorption systems can be
divided into three broad categories. First,
those associated with the GRB surround-
ing medium; second, those associated
with the ISM of the host galaxy along the
line of sight, which is far enough so that
it is not affected by the GRB emission;
last, the intergalactic matter along the line
of sight. Strong ‘fine structure’ lines have
been detected in GRB 050922C and in
GRB 050730 (previously these were also
detected in GRB 020813, GRB 030323
and in GRB 021004). The presence of
strong fine structure lines of several ions,
Cir, Sinr, Or, O, Fenr, is at odds with
QSO absorption systems, where, despite
more than 30 years of investigation, on-
ly sparse detections of fine structure lines
are available. Strong fine structure lines
in GRB sightlines are most likely due to
the dense environment of the star-forming
regions hosting GRBs. Furthermore, GRB
afterglows provide a new, independent
tool to study the ISM of high-redshift gal-
axies. Figure 6 illustrates the UVES spec-
trum of GRB050922C, but a very similar
situation is also present in the spectrum
of GRB050730 About six absorption sys-
tems of relatively high ionisation are
detected, likely associated with the GRB
surrounding medium. On the other hand,
we also observe a SinA1304 compo-

nent (marked HG in Figure 6) that is not
present in either the Siiv or Sii* transi-
tions. This is an indication that the gas of
this component is much less dense and
ionised than that of the other six compo-
nents, suggesting that this component

is not part of the cloud surrounding the
GRB but rather belongs to the ISM of the
host galaxy.

Finally, GRB afterglows can be used to
probe the Lya forest and the high-redshift
intergalactic medium (Figure 7). An ac-
curate determination of the number of ab-
sorption systems per unit redshift dn/dz
at high redshift has strong implications
for any investigation of the reionisation
epoch, since the optical depth due to Lya
line blanketing is evaluated by extrapo-
lating the Lya dn/dz measured at lower
redshifts. Using GRBs as remote beacons
opens up the opportunity of highlighting
any deviation from what is already known
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from quasar forests. For example the so-
called ‘proximity effect’ should be much
reduced for GRB. By using GRBs as very
remote beacons, carbon, silicon, oxy-
gen and iron ions, as well as Lyo, can be
studied with UVES up to z ~ 6-6.5 and
with ISAAC up to the reionisation epoch,
thus yielding the first metal abundance
measurements at epochs when the Uni-
verse was less than 1 Gyr old.

Conclusions

It is by now evident that GRBs provide us
with a new fascinating perspective in
relativistic astrophysics and Cosmology.
The central engine of GRBs must be
capable of producing, in a matter of sec-
onds, energies of the order 10*°-10°2 erg,
which result in the acceleration of a plan-
etary-mass jet of plasma to ultrarelativis-
tic speed. The energy and duration of
the prompt emission and the characteris-
tics of the parent galaxies, including their
locations inside them, suggest that both
GRB types, long and short, may well end
up in the same configuration, consisting
a of newborn black hole surrounded by an
ultradense torus. However the two GRB
types would be the final outcome of two
extremely different evolutionary paths:
the long bursts may arise in the collapse
of the iron nucleus of a very massive star,

while the short bursts might originate
from the merging process of a relativistic
binary. GRB afterglows can be used to
probe the IGM during the reionisation
epoch, through the detection of metal
systems associated with early starburst
winds. High-resolution UVES observa-
tions are already giving us precious infor-
mation on the kinematics, ionisation

and metallicity of the interstellar matter
of GRB host galaxies up to a redshift
of z ~ 4. Further optical and near-infrared
spectroscopy will allow us to extend fur-
ther the redshift range, possibly up to the
reionisation epoch. These were amongst
the main motivations for building the
REM telescope, a robaotic, fast-slewing
facility capable of observing the early
optical and near-infrared GRB afterglows.
However, Swift has shown that most
GRB counterparts are fainter than expec-
ted in the optical and NIR, so that we
must work even more with medium and
very large telescopes.

References

Barthelemy, S. D. et al. 2005, Nature 438, 994
Chincarini, G. et al. 2003, The Messenger 113, 40
Woosley, S. E. 1993, ApJ 405, 273

Cusumano, G. et al. 2006, Nature 440, 164

Della Valle, M. et al. 2004, The Messenger 118, 31
Fiore, F. et al. 2005, ApJ 624, 853

Gehrels, N. et al. 2004, ApJ 611, 1005

Tagliaferri, G. et al. 2005, A&A 443, L1

R

L:—‘LL_[L,—‘\N

Sin1304 _ | |
o e A
e

T

|
%
|
.

Bg
ey

Normalised Flux

L - Sita02 | I 1 I I
—df W W’ =
b pSivises | | | |
r = a b c d e f [
F—— g = ot
=t 1 P R R 1 P 1

-144 -72 0 72 144

Velocity (km/s)

Figure 6: The UVES spectrum of GRB 050922C
around the the SiivA1393, SivA1402, SinA1304 and
SiA1309 lines. The zero of the velocity scale refers
to the redshift of the host galaxy, z=2.199. Six
components, labelled from ‘a’ to ‘f’, are identified
for the SivA1393 and SiivA1402 lines, spanning

a velocity range from =75 to +140 km/s. Each com-
ponent has a width from 10 to 25 km/s. The

main component ‘c’ has nearly zero velocity shift.
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Figure 7: UVES spectrum of the Lyo forest of

GRB 050730. Note the strong Lya absorption at the
redshift of the GRB host galaxy (log N in the range
21.2-22.2). Taken at face value the [C/H], [O/H],
[S/H] and [Si/H] ratios imply a metal abundance be-
tween 1/10 and 1/100 of the solar value.
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