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Plan of the thesis

During the course of my PhD thesis, I have been involved in the study of
gamma-ray burst (GRB) afterglows, most on the observational side. Gamma-
ray burst are powerful explosions occurring in the far Universe, and come
together with long-lasting emission, observed from the radio to the X-ray
bands (the afterglows). Two kinds of GRBs exist, based upon their duration:
long and short.

In this thesis, I have studied several observational aspects of GRBs. The
work has been done during very exciting years for the GRB research, sub-
ject to fast and intense developement. The confirmation of the association
between long GRBs and SNe and the localization of short GRB afterglows
have been two of the main results. My thesis could touch both these results.

The first part of the thesis deals with the connection between long-
duration GRBs and core-collapse SNe. I will present evidence that the
two phenomena are closely associated. After a brief introduction about the
gamma-ray burst phenomenon (Chapter 1), I will introduce in Chapter 2 the
case of GRB 031203. This burst provides one of the best examples available
showing a clear association with a SN, based on both photometric and spec-
troscopic data. The properties of both the GRB and the SN will be discussed.
In particular, I will show that the SN belongs to the class of “hypernovae”,
a group of very energetic core-collapse SNe.

GRB 031203 was a very peculiar event, distinct from the bulk of GRBs
observed to date. In Chapters 4 and 5 I will present two GRBs with “reg-
ular” properties. 1 will show that these bursts, too, have a firm SN asso-
ciation (based upon spectroscopic evidence). Remarkably, the two SNe are
not identical: one was a hypernova, while the other was not. Both events
show differences with respect to other GRB-associated SNe, implying that
some degree of diversity (possibly tied to geometric effects) is present among
GRB-associated SNe.
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Chapter 6 introduces a recent, enigmatic case: GRB060614. For this
event, very deep limits on an associated SN were set. This unambiguously
allows to rule out a hypernova origin for this GRB. GRB 060614 is one of the
strongest cases which show the heterogeneity of the GRB/SN population.

The second part of my thesis (Chapter 7) deals with short-duration
gamma-ray bursts. These objects do not explode in SN events, and their
origin is still subject of debate. I will present observation of the first optical
afterglow ever discovered for a short GRB, together with the identification
and characterization of its host galaxy. I will summarize the available obser-
vations on short gamma-ray burst in order to find hints for their progenitors.
Present data are consistent with these burst being originated by merging
binary systems, but this hypothesis needs still much more testing to be ac-
cepted beyond doubt.

Last, Chapter 8 stands alone, presenting X-ray and optical observations of
GRB050326. I will show this is a dark GRB (that is, the ratio of optical to X-
ray emission is lower than a critical value). I will discuss the possible reasons
for such faintness, namely that the burst was significantly obscured by dust
(by more than 5 magnitudes) or that it was at high redshift (z = 5). The
latter hypothesis is favored if we pretend that this burst obeys the Ghirlanda
relation.

In Chapter 9, I will try to draw some conclusions about the progenitors of
long and short gamma-ray bursts, presenting the status of what we already
know and what we still need to understand.
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Chapter 1

Gamma-ray bursts: a review

1.1 Observational properties

Gamma-ray bursts (GRBs) were discovered in the late Sixties (Klebesadel et
al. 1973) by military satellites devoted to detecting nuclear explosions in the
space. They are brief, intense flashes of soft gamma radiation, coming from
random directions in the space. In the course of the years, several space-
born missions have studied these enigmatic objects, among which GINGA,
BeppoSAX, HETE-IT and INTEGRALL. The most comprehensive sample was
collected by the BATSE instrument onboard the Compton Gamma-Ray Ob-
servatory (e.g. Fishman & Meegan 1995), including more than 3000 events.
Currently, most of the space observations are carried out by the Swift ob-
servatory, a spacecraft entirely devoted to GRB science. In addition to the
gamma-ray detector, Swift carries two narrow-field instruments to observe at
optical and X-ray wavelengths. At least from an operational point of view,
there are two main phases of the gamma-ray burst phenomenon: the prompt
emission (occurring at gamma-ray energies, and lasting at most few minutes),
and the afterglow (a long-lasting, multiwavelength emission which follows the
main GRB). Last, a supernova (SN) is often seen to dominate the optical
emission at late epocs (10-20 days), at least in the class of long-duration
GRB:s.

1.1.1 Prompt emission

GRB emission lasts betwen tenths and tens of seconds (for a general review
on the prompt emission properties, see Fishman & Meegan 1995). GRBs
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show very different temporal structures. Some have smooth, broad profiles,
while others have large variability on timescales much shorter than the overall
duration (Fig. 1.1, left). Some have a weak precursor followed by a quiescent
period. In constrast to the comples temporal behaviour, GRB spectra are
relatively simple. In the vast majority of cases, they are well described by a
broken power law (Band et al. 1993). Thus, they are characterized by three
fundamental parameters: the peak energy (at which most of the energy is
radiatied), and the two power-law slopes, at low at high energy. Typically,
the peak energy is located in the soft gamma-ray/hard X-ray interval 100—
1000 keV (e.g. Preece et al. 2000). High-energy emission (in the MeV-GeV
range) has been reported for a few cases (e.g. Hurley et al. 1995; Gonzalez et
al. 2003). Recently, mostly thanks to the BeppoSAX and HETE-II satellites,
a class of softer events peaking at lower energy (2-50 keV) has been discov-
ered, consisting of the so-called X-ray rich GRBs and X-ray flashes (XRFs;
Heise et al. 2003; Lamb et al. 2004; Sakamoto et al. 2004). The present
evidence indicates that XRFs are likely a low-energy extensions of classical
GRBs (Sakamoto et al. 2005). In fact, apart from the lower peak energy,
the both classes have similar spectra and temporal profiles. Moreover, they
all lie on the Epex vs Eig relation (Amati et al. 2002). Burst spectra show
significant temporal evolution. The general trend is from hard to soft, but
in case of multi-peaked events the patterns are more complicate (Ford et al.
1995). Both the peak energy and the spectral slopes change during the burst
(Ghirlanda et al. 2002). GRB pulses at low energy usually lag behind the
emission at higher frequency.

An important classification can be made for GRBs, mostly based on their
temporal properties. The distribution of burst durations, as measured by the
BATSE instrument, is clearly bimodal, with a gap at about 2 s (Kouveliotou
et al. 1993). The two classes are called, respectively, short and long GRBs.
As observed by BATSE, the short events comprise ~ 1/4 of the total. Swift
looks less sensitive to short GRBs, due to the different spectral response,
and only ~ 1/10 of events are short. In the BATSE sample, such bimodality
is confirmed by spectral properties: shorter bursts are the average harder
(Fig. 1.1, right). However, it is not clear whether the spectral classification
is real or caused by an instrumental bias. Another distinct feature of short
bursts is that they have negligible (sometimes negative) spectral lags (Norris
et al. 2001).

The main problem in the study of gamma-ray bursts has always been the
lack of precise localization due to the poor spatial resolution of gamma-ray
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Figure 1.1: Left: examples of gamma-ray light curves, as observed by BATSE.
Note the different morphologies: some profiles are smooth, other are spiky (light
curves taken from the BATSE web site). Variability can be present on timescales
much shorter than the bursrt duration. Some quiescent intervals are also apparent.
Right: distribution of BATSE bursts in the plane duration versus hardness ratio.
T50 is the time within which 90% of the photons are collected. Short and long
bursts are distinguished both spectrally and temporally. Figure adapted from
Lazzati et al. (2001).

detectors. Only in the last decade have instruments become sensitive enough
to provide accurate positions to GRBs, allowing meaningful searches at long
wavelengths. The breakthrough in the GRB research happened about a
decade ago, with the discovery of long-lasting X-ray, radio, and optical coun-
terparts (afterglows) to long-duration GRBs (Costa et al. 1997; van Paradijs
et al. 1997; Frail et al. 1997). Afterglows for short GRBs were discovered
only in the past year (e.g. Gehrels et al. 2005; Fox et al. 2005b; Covino et al.
2006; Hjorth et al. 2005a) so that our understanding of these events is com-
parably smaller. I defer a full discussion of short GRBs and their afterglows
to chapter 5.

1.1.2 Afterglows

The first X-ray and optical counterpart of a long-duration GRB was dis-
covered in 1997, thanks to the BeppoSAX satellite. In the following years,
several afterglows could be discovered and studied (now more than 100 are
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Figure 1.2: X-ray (circles) and optical (other symbols) light curves of the after-
glow of GRB060418. Several flares are apparent at X-ray wavelengths. In the
optical the early rise is likely due to the beginning of the afterglow.

known; see van Paradijs et al. 2000 for an observational review). Afterglows
show emission over a very broad spectral range, from radio to X-rays. They
can be studied on very different timescales, from few seconds after the burst
up to a year or more. Overall, their flux shows a steady decay with a power-
law time dependance. One or more breaks are usually observed in the well
studied cases, where the decay rate changes. In addition, there are examples
of irregular light curves, where superimposed on the general decay there is
short-term variability, and in some bumps and rebrightenings emerge. This
has been demonstrated both in the X-ray (where powerful flares are often
present in the early-time decay; e.g. Piro et al. 2005; Burrows et al. 2005b;
see Fig. 1.2) and optical (where variability is usually less pronounced; e.g.
Galama et al. 1998a; Lipkin et al. 2004) ranges. The early-time afterglow
(the first hour after the GRB) has indeed displayed a rich variety of physical
processes. The X-ray Telescope (XRT) onboard Swift has recently provided
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a large sample of X-ray light curves, showing the emergence of a “canonical”
behaviour (Chincarini et al. 2005; Nousek et al. 2006). In the first ~ 100-500
s, there is a phase of steep decay (Tagliaferri et al. 2005a), which subsequently
becomes very shallow (sometimes almost constant) to steepen again around
~ 1000-10000 s. Flares are often superimposed on this general decay. At
optical wavelengths, the light curves are more diversified. In some cases, the
early decay simply prosecutes unbroken up to a day or longer (e.g. Quimby
et al. 2005). Sometimes, on the contrary, it is initally flat (or even rising;
e.g. Fox et al. 2003a) and subsequently steepens. In a few cases, at early
time the emission is dominated by the so-called optical flash (Akerlof et al.
1999), a rapid-decaying component which rapidly fades. Last, in some cases
the optical emission appears somehow correlated with the prompt one, and
shows irregular variability (Blake et al. 2005; Vestrand et al. 2005). Radio
light curves are initially rising (the radio spectrum is heavily self-absorbed),
and peak a few days after the GRB. Radio emission is the most powerful at
late times, and can be observed for a very long time (e.g. Frail et al. 2000).
At early times, when the source is small, flickering in the radio data is often
apparent, due to interstellar scintillation.

Afterglow spectra are usually composed by a set of power-law segments,
separated by several break frequencies. Such frequencies shift in time, and
may cross the observed bands (although no conclusive evidence for this has
been ever presented). Almost all GRBs were detected at X-ray energies (De
Pasquale et al. 2005; O’'Brien et al. 2006). Searches in the optical have been
more tricky, leading to a varying percentage of dark GRBs (as large as ~ 50%;
e.g. Fynbo et al. 2001; Lazzati et al. 2002; Berger et al. 2002). While instru-
mental and observational effects are clearly involved in the determination
of such fraction, the recent large number of dark GRBs as observed in the
Swift era has been a surprise (Roming et al. 2005b). Likely dust extinction
coupled with an average large redshift contributes to suppressing the optical
flux, albeit intrinsic effects may also play a role (De Pasquale et al. 2003;
Roming et al. 2005b).

The optical afterglow light is (slightly) polarized (Covino et al. 1999;
Wijers et al. 1999; Greiner et al. 2003). Linear polarization at the level of
~ a few percent has been detected in several cases, showing variability in
both its intensity and position angle (Barth et al. 2003; Lazzati et al. 2004).
This indicates that some asymmetry must be present in the emitting region.



6 Chapter 1. Gamma-ray bursts: a review

1.2 GRBs as cosmological objects

The discovery of optical counterparts, further to bringing new elements in
the GRB picture, have also allowed two major advances. First, the accurate
position which can be achieved at these frequencies has allowed to individ-
uate that GRBs are hosted inside galaxies (e.g Sahu et al. 1997). Second,
and perhaps even more important, optical spectra have allowed to measure
redshifts for these objects (e.g. Metzger et al. 1997). This has finally settled
the issue about the distance of GRBs. It turns out that GRBs are truly cos-
mological events, with an average redshift of (z) = 1.8 (Fig. 1.3). The Swift
sample has an even larger median value ({z) = 2.8; Jakobsson et al. 2006).
The current record-holder is GRB 050904 at z = 6.295 (Kawai et al. 2006;
Tagliaferri et al. 2005b; Haislip et al. 2006), and there are several examples
at z = 4-5. There is also a low-redshift tail (z < 0.1), still comprising very
few, peculiar objects. These bursts are quite faint, and they would easily
escape detection at larger distances. Actually, they may easily outnumber
the more powerful, rarer GRBs harboring at higher redshift (Guetta et al.
2004; Liang et al. 2006; Della Valle 2006a). Current estimates of the GRB
rates amount to ~ 1 event Gpc™ yr=! (e.g. Schmidt 1999), but they depend
critically on the degree of collimation presented by GRBs.

The determination of GRB distances has allowed to set the energy scale of
these events. The observed gamma-ray energies range from 10%® to more than
105 erg. However, this emission is not isotropic, and the beaming-corrected
estimates are lower, of the order of 10°° erg (Frail et al. 2001). Such large
values, further to constraining GRB models, make them very powerful probes
of the far Universe. Their high power can easily outshine other astronom-
ical objects, including AGN (Watson et al. 2006b). Spectra of afterglows
carry important information on the gas and dust composition at high red-
shift (Fig. 1.4). Gamma rays are also little affected by dust extinction, so
their detection may be able to probe obscured ennvironments as well. If
GRBs are associated to the death of massive stars, as seems to be the case
(see below), they represent a powerful tracer of the cosmic star formation
history up to the far Universe. Last, several methods have been proposed to
adopt GRBs to measure the geometry of the Universe (see Ghirlanda et al.
2006 for a review).
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Figure 1.4: Optical spectrum of GRB 020813, taken with the Keck telescope
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acquiring spectra with large signal-to-noise ratio.
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1.3 Theoretical models

The observational material presented in the above sections allows to draw
some inferences to explain the GRB phenomonon. In the years, this has
led to a sort of “standard” model, which provides a framework capable to
explain most of the observed features. In particular, it accounts for both
the prompt and afterglow emission (the latter being actually a prediction;
Mészaros & Rees 1997). It should be said, however, that several issues are
far from settled. For excellent reviews, see Piran (1999), Zhang & Mészaros
(2004), and Mészaros (2006).

The observed energies, coupled with the short variability timescales and
the nonthermal spectra, provide the main ingredient. Causal arguments im-
ply that the GRB emission region needs to be small (R < 6t/c), and the large
resulting photon densities would imply an optical depth to pair production
exceedingly large (7 ~ 10'3; Piran & Shemi 1993). In such context, the
energy would be released as a thermal spectrum, with an unreasonably low
efficiency. The solution to this riddle is to invoke relativistic motion. If the
explosion region is expanding relativistically (with Lorentz factor T' > 1),
several effects come into play, and the optical depth in the comoving frame
is significantly reduced (by a factor ~ T'*; Lithwick & Sari 2001). Assum-
ing I' 2 100, a low optical depth can achieved. Such relativistic motion is
basic to any model of gamma-ray bursts. Remarkably, direct observations
have confirmed relativistic motion by observing superluminal expansion in
GRB 970508 (Frail et al. 1997) and GRB 030329 (Taylor et al. 2004).

The standard solution to escape the compactness problem leads to the
so-called fireball model. A large amount of energy (in the form of a pho-
ton/pair relativistic plasma) is “polluted” with a small quantity of baryons.
The plasma expands relativistically, but, due to the high optical depth, it
is very radiatively inefficient. As the expansion goes on, the internal en-
ergy is gradually transferred to protons, in the form of bulk kinetic energy.
The energy can be thus transported out to large radii, where the opacity is
low enough so that nonthermal spectra can be radiated. However, there is
the need to re-convert the bulk into internal energy. This can be achieved
through the generation of shocks. Two kinds of shocks can be envisaged:

e external shocks (Mészaros & Rees 1993): the whole fireball may interact
with some surronding material, and decelerate against it;

e internal shocks (Rees & Mészaros 1994): different portions of the fluid
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Figure 1.5: Cartoon representing the different phases of the GRB standard
model, from the fireball generation to the external shock dissipation.

with slightly different velocity can collide between themselves.

External shocks are expected to provide smooth temporal profiles, con-
trary to what observed in several examples (Fig. 1.1, left). External shocks
may be a viable solution if the central engine expels several shells of matter
(multiple fireballs). However, each shell is expected to interact with the ex-
ternal medium at a progressively later time. A widening of the pulses over the
course of the burst is thus expected. This behaviour has not been observed
(Fenimore et al. 1999a). Internal shocks are currently the preferred solution,
since interaction between several shells may occur always at the same radius.
If the initial separation between shells is A, the interaction radius is of the
order of ~ I"2A. For large enough I', at the interaction radius the optical
depth is low and radiation can escape. This leads to a constraint I' 2 100,
in accordance with the value derived from the compactness argument. In
the internal shock scenario, the burst duration corresponds to the lifetime of
the central engine. It is not clear by means of which mechanism the internal
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energy is radiated. One promising candidate is synchrotron emission, which
however suffers some problems (namely, the fast electron cooling, which is
required to yield high radiative efficiency, would imply spectra softer than
observed; Ghisellini et al. 2000). Other possibilities have been outlined (e.g
Liang 1997; Medvedev 2000; Pe’er et al. 2006), but there is no general con-
sensus on this issue.

Alternative mechanisms have been proposed to power the gamma-ray
emission. Much attention has been attracted from magnetically-dominated
models (see Lyutikov et al. 2006 for a review). Such models envisage a dy-
namical role for the magnetic field, which is supposed to carry a significant
fraction of the energy. Energy may be dissipated through reconnection pro-
cesses. These models avoid the need to transform the internal energy into
bulk energy and then going back. A large magnetization might also explain
the lack of an optical flash, which is expected to be ubiquitous in the fireball
model (Zhang & Kobayashi 2005). However, it is not clear if such large mag-
netic field exist and, above all, if they can be transported out to large radii.
The ultimate test for the two models may be to observe (or not observe)
polarization in the early stages of the afterglows, since in magnetic models
a large, ordered magnetic field is expected, which should give rise to highly
polarized synchrotron radiation (Lazzati et al. 2004).

In both scenarios, after the prompt emission, the fireball still carries a
significant fraction of its initial energy. At a critical radius (which depends
on both the fireball and circumburst medium properties), it starts deceler-
ating due to the interaction with the surrounding material. Further kinetic
energy is dissipated into internal energy, and, possibly, radiation. This emis-
sion (actually coming from an external shock) is believed to power the af-
terglow (Mészdros & Rees 1997). Impacting against the external medium, a
shock is also expected to heat the fireball, leading to a fast-decaying compo-
nent (reverse shock) which can power the optical flash. A relatively simple
theory predicts light curves and spectra with properties consistent with the
observed ones (Sari et al. 1998; Panaitescu & Kumar 2000). During the after-
glow phase, synchrotron radiation is widely believed to be the main emission
mechanism. Significant Compton emission can be also radiated (Sari & Esin
2001), but it should lie above the usually observed spectral windows (though
see e.g. Harrison et al. 2001; Corsi & Piro 2006). By modeling the afterglow
spectra and light curves, the basic explosion parameters can be determined.
The fireball (isotropic equivalent) energy is found to be of the order of 105!~
105 erg, and the fraction of the energy carried but the relativistic electrons
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and the magnetic field is larger than the simplest expectations (of the order of
0.1-10%). Last, the surrounding medium is usually modelled with a uniform
radial profile, and particle density of the order 0.1-10 cm ™ (e.g. Panaitescu
& Kumar 2001a; Yost et al. 2003).

The steep light curves displayed by several afterglows at late times (mostly
in the optical and radio bands) have been explained as due to a jetted out-
flow (Rhoads 1999; Sari et al. 1999). At early time, due to the relativistic
aberration, only a small fraction of the shell surface (of the order of 1/T?)
is visible to the observer. This means that there is no difference between
a jetted or spherical configuration, as long as I' is large enough. When it
drops below the critical value ~ 1/9 (where 9 is the jet opening angle), the
aspherical geometry can be seen, and this results in a steeper decay. The
break time allows estimating ). A jetted emission also helps alleviating the
large energy requirements inferred assuming spherical geometry. For exam-
ple, the isotropic-equivalent energy released by GRB 990123 was 2.5 x 10°*
erg, equivalent to ~ one solar mass converted into radiation, a requirment
hard to satisfy in any model. After beaming correction, the observed ener-
gies are lower, of the order of ~ 10°! erg, just a fraction of the kinetic energy
of a supernova explosion. Remarkably, the beaming-corrected energies show
a lower scatter than the isotropic values (Frail et al. 2001). Moreover, a
very tight correlation has been found between the gamma-ray energies (after
beaming correction) and the peak frequency of the GRB prompt spectrum
(Ghirlanda et al. 2004). This lends some credibility both on the afterglow
model (used to infer the opening angle) and to the jet hypotesis. It should
be said, however, that very few Swift bursts have shown a convincing jet sig-
nature (Panaitescu et al. 2006a), so that the whole issue will require further
investigation.

1.4 Progenitors

The fireball model, outlined above provides a very general scenario for ex-
plaining the GRB phenomenon. This is possible since the outcome is largely
independent of the initial conditions. Simply releasing a large amount of
energy in a small volume leads to the fireball formation, which evolution
does not keep track of the details of the initial explosion. While this implies
that the model can be applied under wide ranges of conditions (for example,
it works for both short and long GRBs), the physical engine which triggers
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the explosion remains unveiled, and difficult to constrain. There are several
constraints which which such engine must satistfy.

e Compactness: the small scales implied by the rapid variability of many
(but not all) GRB light curves require small emission radii. Radii lower
than ~ 10000 km are implied.

e Energetics: GRBs can release large amounts of energy. Taken into
account the nonspherical geometry, current estimations indicate up to
~ 3 x 10°! erg in electromagnetic form.

o Relativistic motion: with such large luminosities, relativistic motion is
unavoidable to cope with the compactness problem. Any GRB pro-
genitor model must be capable to launch matter close to the speed of
light.

e Rate: the number of GRBs is very small, just a small fraction of that
of SNe. Thus, very special conditions are needed to give rise to a GRB.

e Environments: the host galaxies of long and short GRBs suggest an
association with young stars for the former, and with populations of
diverse age for the latter.

Such constraints lead to the need for a central engine tied to a compact
object, most likely a stellar-mass black hole or a neutron star. Typical ex-
amples are collapsing cores of massive stars (Woosley 1993; Paczynski 1998),
collapsing neutron stars (Usov et al. 1992; Vietri & Stella 1998), and binary
compact object systems undergoing merger (Eichler et al. 1989; Belczyriski
et al. 2002).

In the years, evidence has been accumulating that most long-duration
GRBs are tied to the death of massive stars. The origin of short events
is more uncertain, albeit there is growing, indirect evidence indicating that
they may originate in binary compact objects merging systems. I now briefly
describe the basics of the association between long-duration GRBs and core-
collapse SNe, while short bursts will be treated later.

The first line of evidence pointing towards a connection between long-
duration GRBs and star formation comes from the study of their host galaxies
and environments. GRB hosts show distinct traces of active star formation.
Their colors are bluer than average (Le Floc’h et al. 2003), indicating the



1.4. Progenitors 13

presence of hot, massive stars. They show prominent nebular emission lines
(Djorgovski et al. 1998; Prochaska et al. 2004). They show, on the average,
very large equivalent Lya widths (Fynbo et al. 2003). Spectral modeling in-
dicates large specific star formation rates (Christensen et al. 2004). However,
present data also indicate significant differences with other star-forming sys-
tems. Notably, GRB host galaxis have on the average only weak submm and
infrared emission (Tanvir et al. 2004; Le Floc’h et al. 2006), though there are
possibly exceptions (Berger et al. 2003a). They usually have low metallicities
(e.g. Stanek et al. 2006; Fruchter et al. 2006), and possibly low dust content.
It is not yet fully clear whether such difference is due to some observational
bias, or is a consequence of some fundemental requirement for GRB progen-
itors. For example, up to now most information comes from optically-bright
GRBs (i.e. GRBs which had an optical afterglow), while little is known about
optically-dark events (which may be preferentially hosted by dusty and more
metallic systems). On the other hand, if GRBs are produced by exploding,
massive stars, low metallicity is required to launch the relativistic jets (see
below; MacFadyen & Woosley 1999).

Further clues for an association between GRBs and star formation come
from the spatial offset distribution of bursts with respect to their host galaxy
centers. Such distribution is similar to that of the ultraviolet light, again
indicative of an association with young stars (Bloom et al. 2002a). On a
completely different side, absorption line studies of afterglow spectra have
revealed ions in unusual excited states (such as Sill*, CII*, and Fell*),
which require the presence of an intense radiation field and/or very large
gas densities (Berger et al. 2006; Prochaska et al. 2006). A puzzling point
concerns the lack of clear wind signatures in the density profile of the sur-
rounding medium as inferred from afterglow modeling (see e.g. Ramirez-Ruiz
et al. 2005a; Eldridge et al. 2006).

All the evidence presented above strongly argue for an association be-
tween long-duration GRBs and star formation. This allows selecting some
promising progenitor candidates. Core-collapse supernovae (SNe), magne-
tars, and collapsing neutron stars are in principle suitable candidates. Also a
fraction of binary compact object systems may undergo merging in relatively
short times. However, observations now strongly favor a direct association
between core-collapse SNe and GRBs.
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1.5 Long GRBs and core-collapse supernovae

A GRB/SN association has been theoretically explored for years (even before
the actual discovery of GRBs; Colgate et al. 1968). Woosley (1993) proposed
that a collapsing star might launch, under certain circumstances, relativis-
tic jets capable to power a gamma-ray burst. The current version of the
collapsar model (MacFadyen & Woosley 1999) predicts that a massive star
(~ 20-40 M) endowed with fast enough rotation could form an accretion
disk encircling the new-born black hole. Such accretion would power the jet
emission, in a way similar to AGN or Galactic X-ray binaries. The necessary
conditions for the production of a GRB are three. First, the star needs to
form a black hole after collapse, so that a large star mass is required. Second,
the star needs to have lost its external hydrogen envelope, otherwise the jets
would not be able to erupt out of the star surface. Thus, a Wolf-Rayet star
is implied as progenitor, and a type-Ic (or -Ib) SN is expected to accompany
the burst. Last, the stellar core needs to be fast rotating, otherwise the
matter would not form an accretion disk, but directly infall onto the black
hole. Satisfying these two requirements simultaneously is not simple, since
the mass loss needed to remove the external envelope is expected to carry
also a significant amount of angular momentum, leading to a slow-rotating
core. To solve this problem, binarity has been often invoked (Fryer & Heger
2005; Petrovic et al. 2005). Recently a solution has been proposed using sin-
gle, fast-rotating stars (Yoon & Langer 2005; Woosley & Heger 2006). The
formation of an extended, slowly rotating envelope can be avoided if com-
plete chemical mixing is achieved. In this case, mass is expelled with smaller
angular momentum loss. However, in any case, large metallicites are strongly
disfavored, since they imply a higher mass (and angular momentum) loss.
The first, indirect evidence for a GRB/SN connection was relatively weak.
Cross-correlation between closeby SNe and GRBs from the BATSE catalog
led to some dubious associations (e.g. Wang & Wheeler 1998; Woosley et
al. 1998; Germany et al. 2000; Rigon et al. 2003). The major problem was
the large size of BATSE error boxes (a few degrees). Recently Bosnjak et
al. (2006) have discovered a set of correlated SN/GRB pairs. Interestingly
enough, among these events there is a number of type-Ic SNe larger than
expected from a random distribution, lending some credibility to the asso-
ciations, at least in a statistical approach. There are further suggestions
indicating a massive star origin. For example, X-ray spectra of several GRB
afterglows showed features in emission, often due to Fe (Antonelli et al. 2000;
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Figure 1.6: The beautiful host galaxy of GRB 980425. The arrows pinpoints the
emission from the associated SN 1998bw.

Piro et al. 2000, e.g.). To explain such features, a large amount of Fe is re-
quired (of the order of ~ 0.1-1 Mg; Vietri et al. 2001), as produced in SN
explosions. However, it should be said that no such line has ever been ob-
served by Swift. Optical spectra also provide hints for a SN origin. At high
resolution, absorption lines are sometimes observed to be split in several com-
ponents, separated by a few thousands km s~'. The most simple solution is
that they are due to absorbing clumps in a high-velocity wind such that of a
Wolf-Rayet star (e.g. Schaefer et al. 2003; Fiore et al. 2005).

In 1998, BeppoSAX discovered GRB 980425 (Pian et al. 2000). Inside the
error circle (much smaller than the BATSE ones), a very peculiar supernova
was discovered, SN 1998bw (Galama et al. 1998b), at redshift z = 0.0085
(Fig. 1.6). The a-posteriori chance association probability was quite low
(~ 107*). This SN was a peculiar event, belonging to the class of type-
Ic SNe (possibly becoming more similar to a type-Ib at late phases; Patat
et al. 2001). First, it was exceptionally bright, with a peak magnitude
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My = —19.1. Second, the spectra showed very broad features, initially
difficult to interpret, and later explained as due to very large outflow veloc-
ities (of the order of 30000 km s~!). Modeling the SN properties, a large
kinetic energy was inferred (larger than 10°? erg; Iwamoto et al. 1998). Neb-
ular spectra showed indication for asymmetries in the explosion (Maeda et
al. 2002). Radio observations showed this SN to be exceptionally bright also
at these frequencies, and required the presence of ejecta accelerated at mildly
relativistic velocities (Kulkarni et al. 1998). This event was termed a “hyper-
nova”. At such low redshift, however, if the GRB was physically associated
with the SN, also the GRB properties were quite strange. First, the burst
energy was significantly smaller (~ 10*® erg) than that observed in the other
cases. Second, it lacked an optical afterglow (or at least, it was significantly
fainter than usual). The X-ray afterglow was also peculiar, since it had a very
slow decay (slope @ = 0.2; Pian et al. 2000; Kouveliotou et al. 2004), much
different from usual cases (which have o ~ 1). This event, thus, was looking
as a very peculiar SN, accompained by mildly relativistic ejecta capable to
power faint prompt, radio, and X-ray emission. While it showed that core-
collapse SNe may power GRBs, it was not clear whether such association was
valid also for cosmological, powerful events.

In the following years, it was noted that some afterglow light curves
showed a flattening, or even a rebrightening, at about 15-30 days after the
GRB (e.g. Bloom et al. 1999, 2002b; Reichart 1999; Stanek et al. 2005). Zeh
et al. (2004) have recently performed a fit to a sample of afterglows with
z < 1, finding a bump in all the events with a light curve sampled well
enough. Such bumps could be due, in principle, to the emergence of a SN,
akin to SN 1998bw. Since SN light curves peak at about that epoch, they
might outshine the afterglow which had declined significantly by that time.
Different alternatives, such as dust echos (Esin & Blandford 2000), were in
principle possible, even if colors were not indicative of this possibility (such
bumps are quite red, while blue light is preferentially scattered). However,
the only way to confirm the nature of such events was to undertake a spec-
troscopic analysis of the bumps (Della Valle et al. 2006b).

The breakthrough event was GRB 030329, a classical, long-duration GRB
at low redshift (z = 0.1685). The proximity of this case allowed a very de-
tailed photometric and spectroscopic study of the aftergow light curve, lead-
ing to the spectacular discovery of a SN very similar to SN 1998bw (Hjorth
et al. 2003; Stanek et al. 2003; Kawabata et al. 2003), which was named
SN 2003dh (Fig. 1.7). Like SN 1998bw, SN 2003dh was a hypernova, with
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Figure 1.7: Spectrum of the afterglow of GRB 030329 when the SN was already
dominating (2003 April 4). The spectrum shows clear resemblance with that of
SN 1998bw at a comparable epoch. From Stanek et al. (2003).

a comparable magnitude (to within half a magnitude) and similar kinetic
energy. Since the properties of GRB 030329 were overall similar to those
of cosmological GRBs (in terms of energetics, existence of a powerful after-
glow, and temporal properties) this left little doubt that at least a fraction
of long-duration GRBs are produced during the death of massive stars.

In the following years, much effort has been devoted to exploring in detail
the SN/GRB connection. Other remarkable examples have been discovered
(e.g. GRBO031203/SN2003lw and GRB060218/SN 2006aj; Malesani et al.
2004; Pian et al. 2006). The emerging picture looks complex. The best-
studied cases show SNe with properties remarkably similar, all being hy-
pernovae with large peak luminosity (My ~ —19), high expansion velocity,
and correspondingly large explosion energy. Other examples showed some-
how different properties. For example, Garnavich et al. (2003) showed that
the SN associated with GRB011121 was bluer than SN 1998bw (possibly
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resembling a type-IIn SN). HST observations showed that any SN associ-
ated with XRF 040701 (Soderberg et al. 2005) had to be significantly fainter
than SN 1998bw (although the light curve was poorly sampled). Last, very
recently, much surprise has arisen due to the discovery of a nearby GRB
(GRB060614), also at low redshift (z = 0.125). Photometric monitoring by
several groups (Gal-Yam et al. 2006; Fynbo et al. 2006; Della Valle et al.
2006d) has shown no apparent SN down to quite stringent limits. While it is
not possible to exclude a SN origin for this object, this case (together with
GRB 060505) is currently the best example showing that some diversity must
be present among GRB progenitors.



Chapter 2

SN 2003lw and GRB 031203:
A Bright Supernova for a Faint
Gamma-ray Burst

In late 2003, the status of the SN/GRB connection looked, on one hand, quite
simple. Long-duration GRBs could be produced by the death of massive
stars, as spectacularly demonstrated by the SN 2003dh/GRB 030329 associ-
ation. The existence of late-time bumps in several afterglow allowed to spec-
ulate that such association was general. However, due to their faintness, the
quality of bumps data was not outstanding. Only two associations had been
proven beyond doubt (SN 1998bw/GRB 980425 and SN 2003dh/GRB 030329),
and studied in detail. Puzzingly, despite the two SNe looked almost identical,
the gamma-ray events were significantly different. Further data were needed.
I describe here observations of another clear case of SN/GRB associations.
This material has been published by Malesani et al. (2004).

GRB 031203 was discovered by the INTEGRAL satellite on 2003 Dec
3.91769 UT (Gotz et al. 2003), with a duration of ~ 30 s and a peak flux
of 1.3 x 1077 erg cm™2 s™! (20 — 200 keV; Mereghetti & Gotz 2003a). The
precise and fast dissemination of the GRB coordinates (Swift had still to
fly) by the INTEGRAL burst alert system (Mereghetti et al. 2003b) allowed
an effective search for the afterglow. We also immediately activated our
ToO program at ESO, starting NIR observations at the NTT 7 hours after
the GRB (Zerbi et al. 2003). Rapid XMM-Newton follow-up showed the
presence of a bright, fading X-ray source (Santos-Lleo & Calderon 2003). at
the coordinates aja000 = 08"02™30819, F39000 = —39°51'04”5, with an estimate
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1-0 error of 0”7 (Watson et al. 2004). A radio afterglow was also discovered
(Frail 2003) at a position consistent with the XMM error box. A compact
galaxy, located at a consistent position,

was proposed to be the GRB host galaxy by Prochaska et al. (2003).
The redshift was z = 0.1055 4 0.0001 (Prochaska et al. 2003, 2004), making
GRB 031203 one of the closest burst ever detected. The proximity of this
event made it a good candidate for searching a supernova component in its
light curve, even if its location towards the Galactic plane (Galactic coor-
dinates [ = 255274, b = —4280) made optical observations tricky. However,
the Galactic dust clouds towards the GRB direction allowed the formation
of a scattered, expanding X-ray halo (Vaughan et al. 2004) due to the re-
flection of the burst and/or early afterglow light. This allowed an (indirect)
measurement of the X-ray flux at the earliest stages after the burst onset.

Given the low redshift of this event, the isotropic-equivalent burst energy
is extremely low', Ei, ~ 1050 erg (30-400 keV; Sazonov et al. 2004), below
the standard reservoir ~ 10°! erg of normal GRBs (Frail et al. 2001; Bloom
et al. 2003a). At that time, the only known bursts with such low energy were
GRB 980425 (Galama et al. 1998b) and XRF 020903 (Sakamoto et al. 2004).
Today, only GRB 060218 (Campana et al. 2006) and GRB 060505 (Fynbo et
al. 2006) have joined this set (considering only long-duration GRBs).

Based on photometric monitoring of the host galaxy, several groups have
reported evidence for a SN associated with GRB 031203 (Bersier et al. 2004;
Thomsen et al. 2004; Cobb et al. 2004; Gal-Yam et al. 2004). After the
ultimate confirmation, coming from spectroscopic observations and reported
by the MISTICI collaboration (Tagliaferri et al. 2004), the TAU named this
event SN 20031w.

2.1 Observations and data reduction

Photometry. We observed the field of GRB 031203 starting ~ 7 h after
the trigger, to search for the near-infrared (NIR) afterglow, using Sofl on the
ESO-NTT at La Silla (Chile). Subsequent imaging with ISAAC on the ESO-
VLT showed the presence of a varying source coincident with the putative
host galaxy of GRB031203: the total flux had dimmed in the J, H and K

!The “concordance” cosmology with Hy = 71 km s~ Mpc™!, Q, = 0.27, Qx = 0.73
(WMAP results; Spergel et al. 2003) is adopted throughout this thesis. At z = 0.1055 the
luminosity distance is D = 477 Mpc and the distance modulus is 4 = 38.42 mag.
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Figure 2.1: Optical and NIR light curves of GRB 031203 (dots), including the
contribution from the host galaxy. Error bars indicate the amount of relative errors
only (Table 2.1). The solid curves show the evolution of SN 1998bw (Galama et
al. 1998b; McKenzie & Schaefer 2000), rescaled at z = 0.1055, stretched by a
factor 1.1, extinguished with Ep_y = 1.1 and brightened by 0.5 mag. Dashed
lines indicate the fitted host galaxy contribution. Vertical dotted lines mark the
epochs of our spectra.
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filters by a few tenths of a magnitude (see Fig. 2.1). We therefore started a
campaign to monitor the optical/NIR light curve of the event, searching for
a SN rebrightening. The observation log is presented in Table 2.1.

Image reduction was performed following the standard procedures, us-
ing the Eclipse package (Devillard 1997). Aperture photometry was per-
formed with Gaia. The results were checked performing image subtraction
with ISIS (Alard 2000). To avoid saturation from the bright, nearby star,
U0450.05672411 (R ~ 10.2), the exposure time was always kept short. In
same exposures, occulting bars were placed to cover the bright star (showing
that the effect was negligible). Optical and NIR photometry were calibrated
against Landolt standard stars and the 2MASS, respectively. To focus on
the issue of variability, in Table 2.1 we list just the relative photometry with
respect to a reference epoch. We should also note that the host galaxy spec-
trum is dominated by prominent emission lines (Fig. 2.5). This may lead
to relatively large offsets when comparing results between different instru-
ments, owing to unavoidable small differences in the filter profiles and CCD
efficiencies.

Spectroscopy. Moderate-resolution spectra (FWHM ~ 10 A) were
taken with the VLT on 2003 Dec. 20 (FORS2), 2003 Dec. 30 (FORS1),
and 2004 Mar. 01 (FORS1). Spectral analysis was performed in the stan-
dard way. Flux calibration was achieved by observing spectrophotometric
stars LTT 3864 and Feige 56. After comparing synthetic magnitudes calcu-
lated from our spectra with the photometry, we introduced a correction to
account for light loss outside the slit. To ensure a sound relative calibration
between the spectra, we also checked that the fluxes of the host galaxy emis-
sion lines did not vary among the different exposures. After this process, we
introduced a correction of 16% to the spectrum of Dec. 30. This number
also provides an estimate of the intrinsic error in the absolute flux calibra-
tion. For a detailed discussion of the GRB 031203 host properties, we refer
to Prochaska et al. (2004) and Margutti et al. (2006).

2.2 Results

In Fig. 2.1 we show the light curves of GRB 031203. Early-time NIR photom-
etry shows a dimming in all bands between the first and second night after
the GRB. This is confirmed by PSF-matched image subtraction (Fig. 2.2).
We believe that we have seen the NIR afterglow of GRB 031203. The magni-
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Figure 2.2: Left: the field of GRB 031203 in the H band on Dec 3.3 UT. The
object right in the center is the sum of the afterglow and host contribution. Right:
result of the PSF-matched subtraction of the host galaxy contribution (taken from
late images) from the image on the left. There is a clear variation of the object
coincident with the host galaxy of GRB 031203, showing that the afterglow was
indeed contributing to the total flux. Note that the other spots in the subtraction
image are due to flat-field defects. Similar results are obtained in the J and K
filters.

tudes are J = 20.60+0.09, H = 19.054+0.07, K = 17.56+0.05 (9 hours after
the GRB), obtained by subtracting the host contribution. Cobb et al. (2004)
have I-band observations at similar epochs, and do not report evidence for
variability. However, extrapolation to the visible region yields I ~ 23.4, quite
a faint value when compared to the host luminosity I ~ 19.4. Little contri-
bution from the afterglow is seen in our measurement of Dec. 5 (32 hours
after the GRB), implying a quick decay between the two nights (F(t) oc ¢,
with a 2 2).

In Fig. 2.3, we compare the spectrum in the NIR and X-ray regions (X-
ray data from Watson et al. 2004). A discontinuity is apparent, indicating a
different origin for the emission in the two bands. The X-ray component has
a much harder spectrum, and a slower decay (o = 0.5540.05). Interestingly,
Watson et al. (2004) infer a fast decay of the early-time X-ray afterglow,
consistent with our NIR value (o 2 1.7). In the standard model of after-
glows (e.g. Sari et al. 1998), a fast decay is consistent with a soft spectrum
bluewards of the peak frequency. A dust extinction larger than assumed
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Figure 2.3: Spectral energy distribution of the afterglow of GRB 031203 on 2003
Dec. 4.3 UT (9 hours after the trigger). The NIR values are calculated from our
data by subtracting the host contribution and assuming Ep_y = 1.1. The NIR
spectral index is § = 2.3640.02 (F, o< »~#). The X-ray spectrum is from Watson
et al. (2004), reported at t = 9 h using the X-ray decay slope.

may be responsible for the red spectrum. This would imply, however, that
the peak magnitude of SN 2003lw (see below) would be exceptionally bright,
so that dust suppression is unlikely. It is not simple to explain such steep
component in the framework of standard afterglows. Recently, observations
of GRB 060218 have shown a steep-spectrum component similar to the NIR
emission of GRB 031203 (Soderberg et al. 2006a). Such component was in
excess to the “standard” afterglow emission, and has been tentatively inter-
preted as due to the central engine activity (see also Fan et al. 2006). Since
both GRB 031203 and GRB 060218 had very low afterglow luminosity, this
component might be hidden in more energetic events.

A few days after the GRB, a rebrightening is apparent in all optical/NIR
bands. The rebrightening amounts to &~ 30% of the total flux, and is coinci-
dent with the center of the host galaxy to within 0”1 (~ 200 pc at z = 0.1055).
For comparison, we show in Fig. 2.1 the VRI light curves of SN 1998bw
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(Galama et al. 1998b; McKenzie & Schaefer 2000), placed at z = 0.1055 and
dereddened with Ep_y = 1.1 (see below). Interpolation of the UBV RI data
was performed in order to estimate the fluxes of SN 1998bw at the frequencies
corresponding to the observed bands. Even after correcting for cosmological
time dilation, the light curve of SN 20031w is broader than that of SN 1998bw,
and requires an additional stretching factor of &~ 0.9 to match the observed
R and I observations. Near the peak, the light curve is rather flat, resem-
bling the hypernova SN 1997ef (Iwamoto et al. 2000) more than SN 1998bw.
This feature may be present in other GRB-associated SNe (Della Valle et al.
2006b). The R-band maximum is reached on approximately 2003 Dec. 24
(~ 18 comoving days after the GRB). We note that the details of the light
curve shape are sensitive to the removal of the host contribution, which is the
dominating light contributor. This may explain the different finding of Cobb
et al. (2004), who find a longer rise, and Thomsen et al. (2004), who need no
stretch. We note, however, that the SN 1998bw template (after the stretching
and brightening procedure), fits our data remarkably well. Assuming a light
curve shape similar to SN 1998bw, which had a rise time of 16 days in the V'
band, our data suggest an explosion time nearly simultaneous with the GRB.
Type-Ic SNe usually reach V-band maximum in ~ 12-20 days, the brightest
events showing a slower evolution (see e.g. Fig. 2 of Mazzali et al. 2002).

A precise determination of the absolute magnitude of the SN is made
difficult by the uncertain, and significant, extinction. From our spectra (see
also Prochaska et al. 2004) we constrain the average combined Galactic and
host extinction to be Eg_y =~ 1.1 based on the Balmer ratios of the host
galaxy. Given the good spatial coincidence of the SN with the center of the
host, such value is our best estimate for the SN extinction. We also adopt a
Galactic extinction law (Cardelli et al. 1989) with Ry = 3.1. It is not known
how such dust is distributed between the Milky Way and the host galaxy.
The measured Ep_y is consistent with that inferred from Galactic maps
(Schlegel et al. 1998). However, for such large values of the extinction, FIR-
based maps are known to have significant errors. In particular, the correction
factor estimated by Dutra et al. (2003) would imply a value Fp v & 0.7 for
this line of sight, letting significant dust in the GRB host. In any case, given
the low redshift of the GRB, the dust correction is similar either assuming
all the dust at z = 0 or dividing it among the two galaxies. Also adopting a
different extinction law for the GRB host (in particular, adopting an SMC-
like curve) leads to a difference lower than 0.1 mag. An extinction with
Ep v ~ 1.1 mag is also favored by spectral modeling (Mazzali et al. 2006;
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Figure 2.4: Light curves of SN 2003lw in the V, R, and I filters (observed frame),
after removal of the host galaxy contribution and assuming F(B — V) = 1.1. The
solid lines show the light curves of SN 1998bw, reported at z = 0.1055, brightened
by 0.5 mag, and time-expanded by a factor 1.1.

see also Sect. 2.3).

Figure 2.4 shows the light curves in absolute magnitudes of SN 20031w,
compared with those of SN 1998bw. With the assumed reddening, SN 2003w
appears brighter than SN 1998bw by 0.5 mag in all the V', R, and I bands.
The two SNe had therefore very similar colors. The absolute magnitudes
of SN2003lw are My, = —19.75 £ 0.15, Mg = —19.9 + 0.08, and M; =
—19.80 £+ 0.12. Thomsen et al. (2004), using I-band data, also found that
SN 20031w was brighter than SN 1998bw by ~ 0.55 mag, in full agreement
with our result. Cobb et al. (2004), however, found a comparable luminosity
for the two SNe; this discrepancy is entirely due to the lower extinction they
assume.

Fig. 2.5 shows our spectra of the host galaxy of GRB 031203, taken when
the SN was close to maximum light and at a later epoch. The broad undula-
tions due to the emergence of the SN are clearly apparent in the December
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Figure 2.5: Spectra of the host galaxy of GRB 031203 taken when SN 2003lw was
close to maximum and at a late time, when it provided a negligible contribution.

spectrum. As confirmed by the photometry, the SN provided only a negli-
gible contribution to the total light in March. By subtracting the late-time
host spectrum, we were able to isolate the net SN contribution.

Fig. 2.6 shows the spectra of the rebrightening on 2003 Dec. 20 and
Dec. 30 (14 and 23 rest-frame days after the GRB), after subtracting the
spectrum taken on 2004 Mar. 1 (81 rest-frame days after the GRB). The
spectra of SN 2003lw are remarkably similar to those of SN 1998bw obtained
at comparable epochs (shown as dotted lines in Fig. 2.6; from Patat et al.
2001). Both SNe show very broad absorption features, indicating large ex-
pansion velocities. We thus tentatively classify SN 2003lw as a hypernova.
The main absorptions are identified in Fig. 2.6 as in SN 1998bw, following
Iwamoto et al. (1998). The velocity of the Sill line in SN 2003lw is ap-
parently smaller than in SN 1998bw. The broad peaks near 5300 A and
6600 A are probably the emission components of P-Cygni profiles due to the
blending of several lines. There is evolution between the two epochs: the
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Figure 2.6: Spectra of SN2003lw, taken on 2003 Dec. 20 and Dec. 30 (solid
lines), smoothed with a boxcar filter 250 A wide. Dotted lines show the spectra of
SN 1998bw (from Patat et al. 2001), taken on 1998 May 9 and May 19 (13.5 and
23.5 days after the GRB, or 2 days before and 7 days after the V-band maximum),
extinguished with Ep_y = 1.1 and a Galactic exinction law. The spectra of
SN 1998bw were vertically displaced for presentation purpose.

bluer bump is observed at longer wavelengths in the second spectrum, and is
slighty narrower. Moreover, the shape of the redder peak is different in the
two epochs. Both peaks appear at redder wavelengths than in SN 1998bw.
Detailed modeling of the spectra has been provided by Mazzali et al. (2006).

2.3 Models of SN 20031w

Based on the data presented above, and including also the NIR observations
by Gal-Yam et al. (2004), Mazzali et al. (2006) have modeled the light curves
and spectra of SN 2003lw, in order to infer the properties of the SN and of
the progenitor star. Further, the spectral coverage was extended into the red,
in order to better constrain the extinction. From the available optical /NIR
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Figure 2.7: Bolometric light curve of SN 2003lw. The solid and the dotted lines
show two different models, which are able to fit well the early and late epochs,
respectively. The need for two different models is likely due to some intrinsic
asymmetry in the SN ejecta. Both models, however, yield similar explosion pa-
rameters. From Mazzali et al. (2006).

data, the bolometric light curve of SN 2003lw was computed, and compared
with that of SN 1998bw. As for the light curves in the individual passbands,
also the bolometric curves are similar, provided that a brightening (by ~
0.3 mag) and a time expansion is applied (Fig. 2.7). This was expected,
since the colors of the two SNe are similar. The modeling was based on the
code initially developed by Iwamoto et al. (2000). Given the similarity of
SN 1998bw and SN 2003lw, models adopted for the former SN were rescaled
to match the properties of the latter. In particular, the peak timescale scales
as T o HI/QM;ME_I/“, where k is the opacity, M,; the ejected mass, and E
the expansion energy. Since SN 2003w evolved slower than SN 1998bw by a
factor 1.1, an increase in the mass (and hence in the energy) by a factor 1.2
provides the necessary temporal expansion. To match the larger brightness
of this SN, the amount of **Ni was increased. This led to the estimates
My =~ 125 Mg and E = 5 x 10° erg. A total *°Ni mass of 0.54 M,
was necessary to reproduce the brightness of SN 2003lw. With the adopted
ejected mass, a massive progenitor star is implied, with M ~ 40-50 M.
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Figure 2.8: Spectrum of SN 2003lw on 2005 Dec. 20, together with hypernova

models. Different linestyle indicates different values of the local reddening as

indicated in the legend.

Spectral models were performed with the code developed by Mazzali et al.
(1993). The spectra were computed assuming a Galactic extinction Ep_y =
0.8 mag (as prescribed by Dutra et al. 2003) and varying the host Ep v
between 0.2 and 0.35 mag. All models successfully reproduce the observed

spectra in the B and V regions. The line profiles imply a photospheric
velocity vpn &~ 19000 km s . There is however some difference in the red
part (Fig. 2.8). Low values of Ep_y would require very strong absorption

features from calcium and oxygen in the SN ejecta, thus implying exceedingly
large oxygen abundances. Therefore, larger Fp y values provide a better

match. The favored value has Fg = 0.25-0.3 mag.
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2.4 Conclusions

The discovery of GRB031203, and of the associated SN 2003lw provided
an important step towards the understanding of the SN/GRB connection.
By modeling the X-ray dust echo, Watson et al. (2004) concluded that
GRB 031203 was an X-ray flash (XRF); however, the prompt emission data
make this hypotesis tricky (Sazonov et al. 2004), since the spectrum at
gamma-ray energies is hard (see Ghisellini et al. 2006 for possible solutions
to this riddle). More likely, the soft emission component revealed by the dust
echo was due to a powerful X-ray (Watson et al. 2006¢) flare as observed in
a few afterglows by Swift (Burrows et al. 2005b; Falcone et al. 2006) and
BeppoSAX (Piro et al. 1998, 2005). GRB 031203, like SN 1998bw (Pian et
al. 2000), seems therefore to violate the correlation between the isotropic-
equivalent gamma-ray energy FEis, and the peak spectral energy E|, (Amati
et al. 2002; Lamb et al. 2004). In fact, assuming Eig, ~ 1.5%10°° erg (Sazonov
et al. 2004), the Amati et al. (2002) relation would imply E, ~ 10 keV, a
value indicating an XRF nature for GRB 031203. This is in contrast with
what observed by INTEGRAL, which imply E, 2 190 keV (90% confidence
level).

The afterglow of GRB 031203 was very weak, the faintest ever detected in
the optical /NIR. Extrapolation in the R band yields a luminosity ~ 200 times
fainter than one of the dimmest afterglow discovered so far (GRB021211:
Fox et al. 2003b; Pandey et al. 2003a). The detection of the SN optical light
implies that the reason of such faintness was not an extreme dust obscuration.
Also given the low redshift of the event, this example shows that some optical
afterglows may escape detection just because they are faint (e.g. Fynbo et
al. 2001; De Pasquale et al. 2003).

GRB 031203, together with GRB 980425 at z = 0.085, was a very dim
event, perhaps a jet observed far from its axis (e.g. Maeda et al. 2002; Ya-
mazaki et al. 2003). Being so faint, they would have been likely missed at
cosmological distances. Since the volume they sample is much smaller than
that probed by classical, distant GRBs with (z) &~ 1, the rate of these events
could be much larger (Guetta et al. 2004). Indeed, also following the discov-
ery of a few new faint, nearby GRBs (GRB 060218: Campana et al. 2006;
GRB 060614, GRB 060605: Fynbo et al. (2006)), it looks that dim GRBs may
outnumber bright events, even with a great uncertainty due to the poorly
constrained beaming correction (e.g. Liang et al. 2006; Della Valle 2006a).

GRB 031203 was quite similar to GRB 980425, even if overall more power-
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ful (Soderberg et al. 2004a). Both events consisted in a single, underenergetic
pulse. Their afterglows were very faint or absent in the optical, and showed
a very slow decline in the X rays (Pian et al. 2000; Watson et al. 2004). Last,
they were both accompained by a powerful hypernova. We defer a more
extended discussion about this event to Chapter 8.
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Mean date Seeing Instrument Filter Magnitude
(UT) (")

2003 Dec 20.247 0.6 FORS2 V -0.023£0.020
2003 Dec 30.250 0.5 FORS1 v 20.3740.050*
2004 Feb 29.193 0.7 FORS1 V 0.165+0.012
2004 Mar 02.064 0.7 FORS1 V 0.16940.015
2003 Dec 15.314 0.6 FORS1 R 20.1440.030*
2003 Dec 17.284 0.7 FORS1 R -0.009+0.016
2003 Dec 23.295 0.5 FORS1 R -0.060£0.016
2003 Dec 28.296 0.6 FORS1 R -0.051+£0.010
2003 Dec 30.241 0.5 FORS1 R -0.044+0.013
2004 Jan 16.171 0.8 FORS1 R 0.130+0.013
2004 Jan 17.185 0.5 FORS1 R 0.13940.014
2004 Feb 21.101 0.7 FORS1 R 0.248+0.019
2004 Feb 29.198 0.7 FORS1 R 0.242+0.012
2004 Mar 02.069 0.6 FORS1 R 0.25540.016
2003 Dec 15.321 0.5 FORS1 1 19.18+0.030*
2003 Dec 17.291 0.6 FORS1 1 -0.014+0.015
2003 Dec 23.300 0.4 FORS1 1 -0.052+0.013
2003 Dec 28.301 0.6 FORS1 1 -0.044+0.015
2003 Dec 30.245 0.4 FORS1 1 -0.05240.009
2004 Jan 16.177 0.6 FORS1 1 0.05040.008
2004 Jan 17.179 0.6 FORS1 1 0.054+0.007
2004 Feb 21.107 0.5 FORS1 1 0.151£0.013
2004 Feb 29.203 0.8 FORS1 1 0.15040.013
2003 Dec 03.288 0.9 Sofl J 18.134+0.034*
2003 Dec 04.258 0.5 ISAAC J 0.143+0.030
2003 Dec 14.140 1.1 Sofl J 0.014+£0.032
2003 Dec 23.191 1.0 Sofl J -0.084+0.069
2004 Feb 28.111 0.5 ISAAC J 0.110£0.045
2003 Dec 03.300 0.9 Sofl H 17.361+0.042*
2003 Dec 04.271 0.5 ISAAC H 0.25740.035
2003 Dec 13.148 0.9 Sofl H -0.006+0.033
2004 Feb 28.104 0.5 ISAAC H 0.190+0.019
2003 Dec 03.204 0.9 Sofl K 16.38+£0.036*
2003 Dec 03.312 0.8 Sofl K -0.036+0.033
2003 Dec 04.267 0.5 ISAAC K 0.161£0.025
2003 Dec 13.154 0.8 Sofl K 0.046+0.044
2003 Dec 22.188 1.0 Sofl K 0.08240.107
2004 Mar 28.095 0.5 ISAAC K 0.25540.055

Table 2.1: Summary of photometric observations of GRB 031203. Absolute pho-
tometric calibration was achieved for the epochs marked with asterisks. For the
other epochs, relative photometry is provided in order not to propagate the cali-
bration error.






Chapter 3

Supernova signatures in the
spectrum of the GRB 021211
afterglow

As shown in the previous chapter, there is no doubt that some GRBs are
associated with core-collapse SNe. However, a detailed and good-quality
knowledge is limited to a small number of nearby events. Three out of four
GRBs with a firm association are moreover quite peculiar, distinct from the
bulk of cosmological GRBs. There is thus the need to look for SN signatures
in a wider sample of events. Furthermore, the SN properties associated with
regular GRBs must be studied in some detail. This task is possible through
the study of late-time bumps, which often appear as rebrightenings in the
optical light curves of afterglows 20-30 days after the GRB (e.g. Bloom et al.
1999; Zeh et al. 2004). This task, unluckily, is exceedingly difficult, due to the
faintness of the bumps. At moderate redshifts (z ~ 0.5-1), the bumps peak
at magnitude R ~ 24-25. Thus, only large telescopes can afford to observe
such objects. Moreover, the host galaxy usually contributes a large fraction
of the observed light, further complicating the task of getting clean spectra.
Despite these difficulties, bumps have been observed in several cases. Zeh
et al. (2004) have shown that all GRBs in their sample with z < 1 have an
associated bump (but see Price et al. 2003), which can be fit, within the large
uncertanties, with template light-curves based on core-collapse SNe. This
evidence is based upon photometric data. Spectroscopic analysis has proved
much more difficult to achieve. Alternative explanation for the late-time
bumps have been proposed, such as dust echoes (Esin & Blandford 2000),
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thermal re-emission of the afterglow light (Waxman & Draine 2000), off-axis
emission (Butler et al. 2005). In principle, color analysis can help to discern
among the various models (e.g. Reichart 2001), but the ultimate answer
can only come from spectroscopic studies. Indeed, SNe are charachterized
by unique features, namely broad lines with P-Cygni profiles and widths of
~ 10* km s~ 1.

Up to date, only a handful bumps have been observed spectroscopically.
Garnavich et al. (2003) obtained spectra of GRB0111121 at z = 0.36, for
which photometric monitoring with HST (Bloom et al. 2002b) clearly re-
vealed the emergence of a bump. Fynbo et al. (2004) performed the same
operation for XRF 030723. In both cases, however, no clear SN features
were singled out. For GRB011121, the spectrum turned out bluer than
for SN1998bw (thus suggesting a resemblance with a type-IIn SN). For
XRF 030723, the lack of features might be explained by very large expan-
sion velocities (Tominaga et al. 2004) (thus hinting to a hypernova; but see
Butler et al. 2005 for a different interpretation of the rebrightening). Soder-
berg et al. (2005) presented a spectrum of the late-time excess of XRF 020903
at z = 0.225, which also resembled that of a hypernova. Last, spectra were
obtained for GRB 050525A at z = 0.606 (Della Valle et al. 2006b; see next
chapter). In this chapter spectroscopic evidence for a SN associated with
GRB 021211 is presented. This material has been published by Della Valle
et al. (2003a).

3.1 GRBO021211.

GRB 021211 was detected on 2002 Dec 12 by the HETE-II satellite at 11:18:34
UT (Crew et al. 2002). The ~-ray fluence was (0.96 £ 0.29) x 107% erg cm™2
in the 7-30 keV band and (1.98 £+ 0.15) x 107% erg cm ™2 in the 30-400 keV
band (Crew et al. 2003). The GRB was therefore classified as X-ray rich.
Given the redshift z = 1.006 of this event (Vreeswijk et al. 2006), the inferred
(isotropic) energy was Eig, = (6 +0.5) x 10°! erg, at the low end of the en-
ergy distribution of GRBs (Frail et al. 2001). Owing to the rapid distribution
of coordinates, an optical afterglow was rapidly discovered by Fox & Price
(2002), just 20 minutes after the GRB onset, as a pointlike source with mag-
nitude R = 18.29 4+ 0.02 at coordinates a = 08"08™5%9, § = +06°43'37"5
(J2000; Fox et al. 2003b). Moreover, the automatic telescopes RAPTOR
(Wozniak et al. 2002), KAIT (Li et al. 2003), and Super-LOTIS (Park et al.
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2002), imaged the error box a few minutes after the GRB. These observa-
tions allowed to monitor the early light curve of the afterglow, which could
be described by a broken powerlaw with a flattening at ¢ ~ 10 min (Li et al.
2003). This resembled the behavior of the optical flash of GRB 990123 (Ak-
erlof et al. 1999), but was quite different from several other events observed
in the earliest epochs. As a matter of fact, these two GRBs have provided the
only clear examples of an optical flash even after the launch of Swift and the
detection of several early afterglows (with the possible case of GRB 050904;
Boér et al. 2006).

The striking feature of the optical afterglow of GRB 021211 was however
its extreme faintness. Compared to other events at similar epochs and red-
shifts, this afterglow was dimmer by ~ 3 magnitudes in the R-band (see
e.g. Fox et al. 2003b; Nardini et al. 2006). The afterglow was dimmer by
~ 3 magnitudes in the R-band with respect to the average (at least at the
time of its explosion; e.g. Fox et al. 2003b). This could in principle be due
to heavy extinction within the host. However, Fox et al. (2003b) report a
broad-band color B — K = 3.9 (on Dec 11.6 UT), well within the range of
GRB afterglows (Simon et al. 2001). This indicates that GRB 021211 suf-
fered small extinction. Moreover, this burst was also underluminous in all
observed wavebands: only upper limits were reported in the radio (Fox et al.
2003b; Rol & Strom 2002), submillimeter (Fox et al. 2003b; Hoge et al. 2002),
and TeV (McEnery 2002) regions. Unfortunately, no follow-up X-ray obser-
vations could be performed. The intrinsic faintness of the optical afterglow
made this object a good target for looking a SN component.

3.2 Photometry.

Late-time observations were secured at the ESO VLT-UT4 (Yepun) equipped
with the FORS 2 instrument, in the R band, during the period 2003 January
— March 2003 (see Table 3.1).

The conversion to absolute flux was obtained by using both standard
calibration and a secondary sequence calibrated, on Feb 28, with a Lan-
dolt standard field (SA98), to account for the observations obtained under
non-photometric conditions. Aperture photometry was executed with the
packages apphot and photcal within IRAF, by choosing aperture radii from
0.5 to 3", then correcting to infinity with the values found for the standards
and using the DAOGROW algorithm. The measurements on the various aper-
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Figure 3.1: Light curve of the afterglow of GRB021211. Filled circles represent
data from Fox et al. (2003b), Li et al. (2003), Pandey et al. (2003a), Holland et
al. (2004), and Nysewander et al. (2006). Open circles are converted from HST
measurements (Fruchter et al. 2002). Filled diamonds indicate our data; the arrow
shows the epoch of our spectrum. The dotted and dot-dashed lines represent the
afterglow and host contribution respectively. The dashed line shows the light curve
of SN 19941 reported at z = 1.006 and dereddened with Ay = 2 (from Lee et al.
1995). The solid line shows the sum of the three contributions.

Start UT Exp time

Seeing R magnitude

2003 Dec 27.09 70 min
2003 Jan 9.7* 63 min
2003 Jan 15.33 15 min
2003 Feb 28.02 75 min
2003 Mar 9.01 50 min

1.0"
1.1”
0.8"
0.8"

1.25"

> 24.3

2448 £0.18
25.07£0.15
25.13£0.12
25.35£0.17

Table 3.1: Summary of our photometric observations. Magnitudes are referred
to the complex afterglow + host. Errors are 1-0.

obtained on Jan 9.3 and 10.2.

*

: average of two measurements
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tures for the secondary calibrators were found very stable, and we decided
to adopt for the target the innermost aperture magnitude, corrected for the
aperture. The GRB host galaxy has been reported to be spatially resolved
in HST images. However, its very compact size (0”15) makes it effectively
pointlike for ground-based observations.

Our results are listed in Table 3.1 and supersede our preliminary report
(Testa et al. 2003). They have been complemented with a compilation of
observations collected from literature and plotted in Fig. 3.1. A rebrightening
is clearly seen, starting ~ 15 days after the burst (Fruchter et al. 2002) and
reaching the maximum, R ~ 24.5, during the first week of January. The
contribution of the host galaxy, estimated from our late-epoch images, is
R = 25.22 + 0.10. Therefore, the intrinsic magnitude of the bump was
R =25.2440.38.

The afterglow contribution is more uncertain. The early-time light curve
presents several fluctuations, and cannot be easily extrapolated to later
epochs. In particular, fitting all data up to 1 day after the GRB! with a
(convex) broken powerlaw, as used by Li et al. (2003), yields an unaccept-
able x?/d.o.f. = 115/45. We suggest two possible alternatives. First, the
shape of the lightcurve is consistent with the presence of two or three re-
brightenings underlying a powerlaw component, similarly to what observed
in GRB 021004 (Lazzati et al. 2002; Nakar et al. 2003) and several other af-
terglows at early times. Alternatively, a second break in the light curve could
be present about 10 hours after the GRB. This may be the consequence of
the passage of the synchrotron cooling frequency across the optical band, or
to a jet break, or even to the cessation of energy from the central engine. A
fit with a double broken powerlaw (i.e. with two breaks, see Fig. 3.1) yields
x%/d.o.f. = 55/43; the improvement is highly significant (F-test chance prob-
ability less than 107%). We note that, whichever extrapolation is used, the
contribution of the afterglow to the flux measured at the epoch at which our
spectrum (the arrow in Fig. 3.1) was obtained, is negligible (less then 5% in
the most conservative case). This fact strongly supports that the bump was
powered by a different component other than the afterglow.

!'We added in quadrature 0.03 mag to the errors of all points in order to account for
the use of different telescopes and calibrations.
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Figure 3.2: Rest-frame spectrum of the afterglow of GRBO021211 on
2003 Jan 8.27 UT, or 27 days after the GRB (thick lines), compared with that of
several SNe (thin lines).

3.3 Spectral analysis.

We obtained a spectrum of the afterglow + host with FORS 2, on Jan 8.27 UT
(27 days after the GRB), during the rebrightening phase shown in Fig. 3.1.
The original spectrum covered the range of wavelengths (6000 — 11000) A,
although only the interval (6000 —9000) A afforded an acceptable S/N (> 3).
The resolution was about 19 A, and the integration time was 4 x 1 h. The
slit was rotated in such a way to include also the nearby galaxy reported
by (Caldwell et al. 2002); this object was well detected and is clearly sep-
arated from our target (the seeing in the 4 exposures was (/6-1"4). The
extraction of the spectrum was performed within the MIDAS and IRAF en-
vironments, independently by three people. We clearly detected the emission
line at 7472.9 A already found by Vreeswijk et al. (2006). Interpreting this
as [OII] 3727 A in the rest frame of the host galaxy, this corresponds to
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a redshift z = 1.006. Our spectrum, shown in the rest-frame of the GRB
(thick lines in Fig. 3.2) was smoothed with a boxcar filter (55 A width)
and cleaned from the emission line [OII]. The spectrum is characterized by
broad low-amplitude undulations blueward and redward of a broad absorp-
tion, the minimum of which is measured at ~ 3770 A (in the rest frame of
the GRB), whereas its blue wing extends up to ~ 3650 A. We then compared
our spectrum with those of several SNe arranged in different spectroscopic
types and obtained at different epochs (Fig. 3.2, thin lines). The compar-
ison includes the type-ITa SN 1991bg (Filippenko et al. 1992; Turatto et al.
1996), the type-II SN 1999em (Hamuy et al. 2001), the type-Ib SN 1984L
(Harkness et al. 1987), the peculiar type-Ic SN 1998bw (Galama et al. 1998b;
Patat et al. 2001), and the type-Ic SN 19941 (Filippenko et al. 1995). Both
SN 1999em and SN 1998bw provide a poor match to the afterglow spectrum.
Some similarity can be found with the type-la SN 1991bg and the type-Ib
SN 1984L. A more convincing resemblance is found with the spectrum of
the type-Ic SN 19941, obtained 9 days after its B-band maximum (Filip-
penko et al. 1995). The comparison with SN 19941 (and to some extent also
with SN1991bg and SN 1984L) strongly supports the identification of the
broad absorption with Call H+K; the blueshifts corresponding to the mini-
mum of the absorption and to the edge of the blue wing imply velocities of
v~ 14400 km s~! and v ~ 23000 km s~!, respectively. In principle the CalIl
from the host galaxy could contaminate our spectrum. However, since the
typical FWHM of absorption (and emission) lines of galaxies is of the order
of 10-15 A (corresponding to less than 1000 km s~!), and the FWHM of the
observed absorption is about 150 A, one concludes that the Call of the host
galaxy might affect the observed feature only marginally, if at all.

Based on the photometric and spectroscopic evidence presented above,
the TAU has dubbed the SN associated with GRB 021211 as SN 20021t (Della
Valle et al. 2003b).

3.4 Time delay between the SN and the GRB.

Using SN 19941 as a template, our photometric and spectroscopic data allow
us to estimate the time at which the SN exploded, and to compare it with
the GRB onset time.

Spectroscopy. In order to further study the spectrum of the SN associ-
ated with the bump, we have used as a reference (see Fig. 3.3) the spectral
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Figure 3.3: Comparison of the spectrum of the GRB bump to the ones of SN 19941
taken at different times. Each plot has a different Ay, in order to better match our
spectrum (we adopted the extinction law by Cardelli et al. 1989. For reference,
SN 19941 reached its B-band maximum on 1994 Apr 9.

evolution of SN 19941 (Filippenko et al. 1995). To find the best match, dif-
ferent reddenings in the range Ay = 1.4 + 0.5 (Richmond et al. 1996) were
applied to each spectrum. The epochs before maximum light (April 9) seem
to be excluded by the morphology of Ca feature, which is broader and lo-
cated at shorter wavelengths than for GRB 021211 (the correctness of the
wavelenght axis was checked by measuring the position of the NaD inter-
stellar absorption in each spectrum). Spectra later than Jun 1 show a very
weak Ca feature and exhibit a poor match with the afterglow spectrum in the
(3200-3700) A region. Therefore the match with the spectra is acceptable
over the range ~ Apr 9 to ~ May 31 (~ 0 to 40 days after SN maximum
light). However the fast decline which characterizes the luminosity evolution
of type-Ic SNe after maximum (e.g. Hamuy 2003) makes epochs far from
maximum light unlikely, because the SN should have become much fainter.

Since our spectrum was obtained on Jan 8, we estimate that the maximum
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of the SN should have occurred between 2002 Oct 2 and 2003 Jan 8 (since
the source was at z = 1). The exact epoch when the SN exploded depends
crucially on the rise time (the time interval from the epoch of the explosion up
to maximum light) of type-Ic SNe. The best documented cases are SN 1998bw
and SN 1999ex. The latter (Stritzinger et al. 2002) reached B-band maximum
~ 18 days after the explosion, the former after ~ 16 days (Galama et al.
1998b) SN 19941 had a faster rise, reaching its maximum (in B) only 12
days after the explosion (Iwamoto et al. 1994). Adopting the latter value,
we conclude that the SN exploded between ~ Sep 11 and Dec 15, the later
epochs being favored.

Photometry. In Fig. 3.1 we have superimposed to the light curve of
the afterglow decay the light curve of SN 19941 (Lee et al. 1995), reported?
at z = 1.006 and dereddened by Ay = 2 mag (Richmond et al. 1996).
The K-correction has been computed from U-band data, considering that,
at z = 1.006, the U-band roughly corresponds to the observed R band.
The plot (solid line) shows that the luminosity at maximum of SN 19941
(My = —18.9 + 0.3 assuming Ay = 2; see Table 10 of Richmond et al.
1996) agrees very well with that of the bump (My = —18.8 £ 0.4). We note
that SN 19941 was significantly reddened, and its extinction was estimated
to be Ay = 1.4 £ 0.5 mag (Richmond et al. 1996). Note that we were forced
to select the larger value of Ay to match the data, so that SN 20021t was
possibly somehow brighter than SN 1994I.

In the figure, a null time delay between the GRB and the SN explosion
was used. Letting this delay free to vary did not significantly improve the fit
(F-test chance probability of 36%); the best fit time delay is tqrg — tsn =
(—1.5 + 3) comoving days. Evidently the photometric observations provide
a much tighter constraint on the SN-GRB delay. However the uncertainties
above are only statistical, while systematics are more difficult to evaluate,
especially in consideration of the paucity of observation of type-Ic SNe in their
rising phase. Yet, the combination of our photometric and spectroscopic data
provide evidence that the SN and the GRB explosions occurred within days
from one another, at the most.

2At z = 1.006, the distance modulus is u = 44.07 mag.
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3.5 Conclusions.

The detection of a broad (FWHM ~ 150 A) absorption feature, in the spec-
trum of the ‘bump’, which we have identified with the Call H+K doublet
(blueshifted by ~ 15000 km s™') suggests that the rebrightening of the
GRB 021211 afterglow was powered by a SN. Assuming for this SN a spectro-
scopic and photometric behavior similar to that of SN 19941, our data indicate
that the SN and GRB explosion likely occurred almost simultaneuosly, or at
most separated by a few days. The temporal coincidence between the SN
and GRB 021211 holds for ‘short’ rise times, of the order of 10-12 days (as
observed for SN 1994I; Iwamoto et al. 1994).

It is interesting to note that SN 19941, the spectrum of which provides the
best match to that observed in GRB 021211, is a typical type-Ic event rather
than an hypernova, as the one proposed for association with GRB 980425,
GRB 030329, GRB 031203 and GRB 060218 (Galama et al. 1998b; Stanek
et al. 2003; Hjorth et al. 2003; Malesani et al. 2004; Pian et al. 2006). If
SN 20021t indeed shared the properties of SN 19941, this would open the in-
teresting possibility that GRBs may be associated with standard type-Ic
SNe, and not only with the more powerful events. One caveat is that the
recently studied SN 2002ap (Mazzali et al. 2002) shared some of the proper-
ties of hypernovae (e.g. a high expansion velocity), but was not significantly
brighter than standard type-Ic SNe. Even if its pre-maximum spectra showed
significantly broader lines than our case, this difference vanished after maxi-
mum, such that it may not be easy to distinguish between the two types of
SNe. However, SN 2002ap had a broader light curve, and it was too faint in
the U-band (Yoshii et al. 2003). It remains however not firmly estabilished
whether GRB 021211 was associated with a standard type-Ic SN or with a
“low-luminosity hypernova” similar to SN 2002ap. We last note that even if
GRBs are indeed mainly associated with standard type-Ic SNe, the discovery
of overluminous type-Ic events (like SN 1998bw) associated with GRBs is ob-
servationally favored, since the SN component can emerge and be observed
at early times, when the transient is more frequently monitored. The case
of SN 20021t, however, outlines that variability may be present among GRB
progenitors.



Chapter 4

Hypernova signatures in the
late rebrightening of
GRB 050525A

Albeit the four best-studied examples of SN/GRB connection (GRB 980425,
GRB 030329, GRB 031203, and GRB060218) clearly show that the associ-
ated SN were bright hypernovae, there is some evidence that the population
of SNe associated with GRBs is more heterogeneous: several bumps have
light curves which are well matched by SNe different from hypernovae (e.g.
GRB011121: Garnavich et al. 2003; Bloom et al. 2002b; GRB 021211: Della
Valle et al. 2003a XRF 030723: Fynbo et al. 2004; GRB 020410: Levan et al.
2005; XRF 040701: Soderberg et al. 2005), rather than bright “hypernovae”
such as SN 1998bw. Moreover, variations in the light curve shape has been
observed in a few events. For example, the bump of GRB 041006 (Stanek et
al. 2005) was found to have a significantly longer rise time than other events.
On the contrary, SN 2006aj associated with GRB 060218 evolved much faster
(Soderberg et al. 2006a; Pian et al. 2006; Modjaz et al. 2006; Sollerman et al.
2006; Mirabal et al. 2006; Cobb et al. 2006a; Ferrero et al. 2006). However,
only spectroscopic observations can definitely assess the degree of diversity
among GRB progenitors. Moreover, dust echos (e.g. Esin & Blandford 2000;
Waxman & Draine 2000) can produce late-time rebrightenings resembling
SN bumps, and spectroscopy is the most effective way to identify their na-
ture. Despite the intense interest in detailing the diversity of GRB-SNe, only
two Swift bursts with a clear SN association have been reported (namely,
GRB060218/SN 2006aj and GRB 050525A /SN 2005nc¢). This is very likely



46 Chapter 4. Hypernova in GRB 050525A

due to the higher average redshift of Swift bursts ((z) = 2.8; Jakobsson et
al. 2006) compared with pre-Swift events. Actually, type-Ic SNe are defi-
cient in flux at ultraviolet wavelength, due to heavy blancketting by metallic
lines. Therefore, at z = 1 (when the rest-frame UV enters the observed
optical window) SNe becomes exceedingly faint to observe. Actually, only
about 10% of the almost 100 Swift bursts have occured at redshift less than
one. Thus, the discovery of low-redshift GRBs is a critical gateway for the
study of GRB-SNe. In this chapter, I present observation of GRB 050525A
at z = 0.606, showing the presence of a SN component at late epochs, as
shown by Della Valle et al. (2006b). This SN was dubbed SN 2005nc¢ (Della
Valle et al. 2006¢).

4.1 GRBO050525A

The long-duration GRB 050525A was discovered by the Swift satellite (Gehrels
et al. 2004) on 2005 May 25.002 UT (Band et al. 2005). It was a bright event,

with fluence F = (2.01£0.05) x 10~° erg cm 2 and duration Tyy = 8.8 +0.5 s.

The burst was observed also by numerous other satellites (INTEGRAL: Gotz

et al. 2005; Wind: Golenetskii et al. 2005b), allowing for a detailed study of
the high energy prompt emission spectrum. The optical afterglow was soon

discovered by the ROTSE-III robotic telescope (Rykoff et al. 2005a), as a

brlght, fadlng source at Q32000 — 18h32m32s6, 5J2000 = +26020’23H5 (Rkaff et

al. 2005b). The optical and X-ray counterparts were also monitored in great

detail by the X-Ray Telescope (XRT) and the Ultraviolet/Optical Telescope

(UVOT) onboard Swift (Blustin et al. 2006). The brightness of the after-

glow allowed an intense monitoring of this object, from optical (e.g. Klotz et

al. 2005; Mirabal et al. 2005) to radio frequencies (Cameron & Frail 2005),

including the first detection of a GRB at mid-infrared wavelengths (3.6 to

24 pm; Garnavich et al. 2005).

4.2 QObservations and data analysis

A spectrum of the afterglow was obtained with the Gemini North telescope
equipped with the GMOS instrument. The spectroscopic redshift was mea-
sured through both emission and absorption lines, yielding z = 0.606 (Foley
et al. 2005; see also Fig. 4.1). This is at the low end of the GRB redshift
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Figure 4.1: Normalized spectrum of the afterglow of GRB 050525A on 2005 May
25.4 UT, obtained on Gemini North with the GMOS instrument. Apart from clear
absorption due to CaH&K and Cal, a few emission lines emerging from the host
galaxy are also detectable.

distribution (Berger et al. 2005a; Bloom et al. 2003a; Jakobsson et al. 2006)
and was the Swift long-duration GRB with the lowest redshift when it ex-
ploded (today, a handful of closeby events have been discovered). This event
therefore offers a good opportunity for detailed analysis and modelling. We
observed the optical afterglow of GRB 050525A with the VLT and TNG tele-
scopes, during the period 2005 May — September (from a few hours up to
> 100 d after the gamma-ray event, see Fig. 4.2). Data reduction was carried
out following standard procedures. The photometric calibration was achieved
by observing several standard star fields on different nights, yielding a zero-
point accuracy of & 0.02 mag. Photometric data (Fig. 4.2) show a flattening
of the light curve at R ~ 24, starting about 5 d after the burst (observer
rest frame) and lasting for about 20 d. The contribution of the host galaxy
during this phase is < 40%, as estimated from our late-epoch images which
show the host magnitude is fainter than R ~ 25. The afterglow contribution,
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as extrapolated from the earlier measurement, is negligible at these epochs
(< 3% at 20 d after the GRB). This fact suggests that the flattening is pow-
ered by an additional source of energy. To further quantify this, we fitted the
observed light curve including the contribution from the afterglow (a broken
power law), the host galaxy, and a SN component:

2K,
[(t/tn)rer + (t/ty)re2]t /s

Here oy, s (the early- and late-time slopes) and #, (the break time) char-
acterize the afterglow decay (x determines how sharp is the break). Fj and
Fsn are the host galaxy and the SN flux, respectively. We allowed for a time
offset ¢y between the SN and the GRB, for a temporal stretch s in the light
curve, and for a magnitude difference. For the SN flux, we adopted the light
curves of several type-Ic SNe (SN 1998bw: Galama et al. 1998b; SN 2002ap:
Yoshii et al. 2003; Pandey et al. 2003b; Gal-Yam et al. 2002; Foley et al. 2003;
SN 19941: Richmond et al. 1996). Our approach is similar to that adopted
by Zeh et al. (2004). The afterglow component is well fitted with a; = 1.1,
as = 1.8, and t, = 0.3 d. Interpreting the break as due to a jet effect,
this value of ¢, makes GRB 050525A consistent with the Ghirlanda relation
(Ghirlanda et al. 2004; Nava et al. 2006). In Fig. 4.2, the solid line shows the
best fit using SN 1998bw as a template, dimmed by 0.9 mag. The Galactic
extinction towards GRB050525A is Ap = 0.25 mag (Schlegel et al. 1998).
The extinction inside the GRB host is uncertain. Blustin et al. (2006) suggest
E(B — V) ~ 0.1 assuming an SMC extinction curve, so that the observed
R band (roughly corresponding to the rest-frame B) suffers an additional
A’y ~ 0.35 mag. This implies that the SN associated with GRB050525A
may have a luminosity just about 0.3 mag fainter than SN 1998bw. However
fits of comparable quality (both in terms of visual appearance and x?) can
be obtained by assuming other SN templates. Figure 4.3 shows fits obtained
with the hypernova SN 2002ap (brightened by 1.3 mag) and the standard
type-Ic SN 19941 (brightened by 1.8 mag). Finally, we note that the best
matches to the data points are obtained by allowing a time offset between
a 1998bw-like SN and the GRB of &~ 6 d (corresponding to ~ 3.5 d in the
GRB rest frame) or a time stretch factor s = 0.7. These fits reproduce the
flat shape of the rebrightening. However, neither a simple stretch or a simple
expansion provides a perfect description to the data. It looks that the bump
associated with GRB 050525A raised fast to its maximum, and then evolved
slowly, staying close to its maximum value. A more exotic scenario calls for

F(t) =

+ By + Fax[s(t — to)]. (4.1)
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Figure 4.2: R-band light curve of the afterglow of GRB050525A. Filled circles
represent our observations (TNG, VLT). Squares are from Klotz et al. (2005), and
were not included in the fit. The dotted, dashed and dot-dashed lines indicate the
afterglow, the host galaxy, and the SN contributions, respectively.

the effect of a light echo. Indeed, sudden flattenings have been observed
in the light curves of SNe due to the occurrence of light-echo components
(e.g. Schmidt et al. 1994; Cappellaro et al. 2001) during the late SN decline.
However in these cases the flattenings were characterized by much longer evo-
lutionary time scales (~700 d) than is observed for GRB afterglow bumps
(~ 10-20 d). In the SN1991T echo-light, the spectrum at late stages was
similar to that emitted by the SN at maximum light, although about 10 mag
fainter. In our case, if the bump was due to an echo, we would expect to
observe, in the spectrum obtained during the flattening, the signatures (at
considerably fainter level of luminosity) of the very early optical afterglow.
All of this indicates that a good set of photometric data alone may not con-
strain the SN type unambiguously. This task can be tackled only by means
of spectroscopic observations (or, with reduced precision, studying colors).
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Figure 4.3: Fits to the data points by using different SN templates. The solid
horizontal line shows the contribution of the host galaxy. The vertical dotted line
represents the epoch of the spectrum.

4.3 Spectroscopy

A spectrum was obtained at the ESO VLT-UT1 with the FORS 2 instrument
on 2005 Jun 28 (36 d after the burst, observer frame). The original spectrum
(3 x 40 min integration) covered the range 5000-10000 A with a resolution
of ~ 20 A. The extraction of the spectrum was performed inside the IRAF
and MIDAS environments. This spectrum, shown in the rest-frame of the
GRB as a grey line (Fig. 4.4), was smoothed with a 100 A wide boxcar filter
(blue line) and cleaned from the host galaxy emission features. As indicated
by the light curve, this spectrum contains a significant contribution from
the host galaxy. We thus subtracted from our spectrum a template of a
blue star-forming galaxy (black line), normalized to the host brightness and
R — I color. The use of a template (average of 70 blue star-forming galaxies,
from Cimatti et al. 2002), was necessary due to the faintness of the host
galaxy. An unsuccessful attempt to get its spectrum with VLT was made
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on 2005 Oct 1. This observation allowed us to set a robust upper limit
to the magnitude of the host (R = 25.2 £ 0.1). The use of a blue star-
forming galaxy template is fully justified by several studies, which allow to
conclude that GRB hosts belong to this type of systems (e.g. Djorgovski
et al. 1998; Fruchter et al. 1999; Le Floc’h et al. 2003; Christensen et al.
2004). The prominent emission lines also confirm the starburst nature of the
GRB 050525A host. The resulting spectrum (red line) is characterized by
broad undulations resembling the spectra of SN 1998bw (Patat et al. 2001),
obtained ~ 5 d past maximum (green line). The best match is obtained
by dimming SN 1998bw by Am ~ 0.9 mag'. The bump at ~ 5000 A has
some contribution from residuals of sky emissions that we were unable to
remove. For comparison, we also show the spectrum of SN 1998bw ~ 10 d
past maximum (cyan line). Inspection of Fig. 4.4 reveals a poor match with
the observed data, suggesting that SN 2005nc was not far from maximum
when the spectrum was acquired. This result does not support the best fit
to the photometric data, which suggested either a time lag between the SN
and the GRB or a stretch factor < 1. Indeed, in these cases the spectrum
would have been obtained about 10 d (rest frame) past maximum, which is
excluded by spectroscopic observations (see Fig. 4.4). Spectra of SN 19941
(Filippenko et al. 1995) obtained close to maximum light also do not match
the observed spectrum.

4.4 Discussion

Photometric and spectroscopic observations of the rebrightening associated
with GRB 050525A support the idea that the bump was powered by an
emerging SN (SN 2005nc). While photometric data alone are consistent
(within the errors) with different SN morphologies (based on either SN 1998bw,
SN 2002ap, or SN 19941 templates), the analysis of the spectrum obtained
during the bump allowed us to select a SN akin to SN 1998bw as the best
match, possibly dimmed by ~ 0.3 mag. The flat shape of the bump light
curve implies that SN 2005nc brightened relatively quickly after the GRB,
with a rise time 7 ~ 10-12 d in the B band (for SN 1998bw, 75 ~ 14 d).
This can be explained either by introducing a significant stretch factor (< 1)
or a time lag between the SN and the GRB. Both possibilities would imply

!The use of a template slightly brighter or fainter than R = 25.2 shifts the date of the
best match with SN 1998bw by about 2 d later and earlier, respectively.
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Figure 4.4: Grey line: observed spectrum of GRB 050525A, obtained during the
bump. Blue line: rebinned spectrum. Black line: template spectrum for a blue
starforming galaxy. Red line: subtracted spectrum (blue—black). Green line:
spectrum of SN 1998bw 5d past maximum. Cyan line: spectrum of SN 1998bw
10 d past maximum.

that at the epoch of our spectrum (36 d after the GRB) the SN provided a
very small contribution to the observed light. This is inconsistent with our
spectroscopic observations, which suggest that the SN and the host galaxy
had comparable brightness (R ~ 25.2) at that epoch. We thus conclude that
SN 2005nc had a different light curve from the templates we adopted. Dif-
ferences among GRB-SNe were noticed before the present study (e.g. Cobb
et al. 2004). We find that the SN associated with 050525A had a faster rise
than SN 1998bw, but that it was characterized by a broader, long-lasting
maximum. On the other hand Maeda et al. (2006) showed that asymmetric
SNe peak earlier if observed close to their polar axis. GRB050525A was a
bright event, likely observed on-axis. On the contrary, SN 1998bw may have
been observed off-axis (Yamazaki et al. 2003), so that an earlier peak for
SN 2005nc¢ could be expected in this scenario. In spite of the putative ex-
istence of a broad range in the magnitudes at maximum of SNe associated
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with GRBs, all GRB-associated SNe with clear spectroscopic confirmation
(see Della Valle 2006a and Woosley & Bloom 2006 for reviews) appear to be-
long to the bright tail of the type-Ib/c SN population (Mg ~ —19). Whether
this is the effect of an observational bias (which favors the spectroscopic ob-
servations of bright SNe) operating on a small number of objects, or whether
it has a deeper physical meaning is not yet clear. GRB050525A presents
another case of association between a GRB and a bright hypernova, based
on both robust photometric grounds and spectroscopic evidence.

Mean time ¢t — g Telescope Exp. time Seeing Magnitude
(UT) (d) (s) (") (R band)

May 25.073 0.072 TNG+LRS 2x120 1.2 17.414+0.02
May 25.139 0.137 TNG+LRS 2x120 1.2 18.184+0.02
May 25.402 0.400 VLT+FORS2 6x120 1.1 19.661+0.02
May 26.262 1.260 VLT+FORS2 20x90 0.6 21.80+0.04
May 27.326 2.324 VLT+FORS2 20x90 0.4 22.8740.06

May 30.280 5.278 VLT+FORS1 12x180 1.0 23.89£0.15
Jun 03.279  9.277 VLT+FORS2 10x180 0.4 23.96+0.04
Jun 07.242 13.240 VLT+FORS1 10x180 0.9 24.02+0.07
Jun 12.302 18.300 VLT+FORS2 10x180 0.6 23.94+0.16

Jun 30.155  36.153 ~ VLT+FORS2 20x90 0.4 24.52+0.09
Jul 06.190  42.188  VLT+FORS2 10x180 0.4 24.78+0.08
Sep 07.121  105.119 VLT+FORS2 8x240 0.5 24.9610.09

Table 4.1: Log of our R-band photometry.






Chapter 5

Messing up matters: no
hypernova for GRB 060614

In the previous chapters evidence has been reported leading to an association
between long-duration GRBs and core-collapse SNe. The best-studied cases
have indicated that many GRBs are associated with hypernovae. These are
defined as type-Ic (or -Ib) SNe with a large kinetic energy (> 1052 erg) in the
ejecta. This is usually revealed in the peculiar spectra of these objects: the
large expansion velocities (up to 30000 km s™') imply very wide absorption
features. GRB-associated hypernovae are usually bright (My ~ —19), even
if brightness alone is not the defining characteristic of a hypernova (see e.g.
Mazzali et al. 2002). All the bumps in the sample of Zeh et al. (2004) could be
fitted by a SN template with peak brightness within a factor of 2 from that of
SN 1998bw. Hypernoave are associated with both bright, cosmological GRBS
(such as GRB 030329 and GRB 050525A) and the faint ones like GRB 980425
and GRB 031203.

However, a few, puzzling cases looked different. Price et al. (2003) put
limits for any SN associated with GRB 010921 to be fainter by 1.3 mag than
SN 1998bw. More recently, using HST data, Soderberg et al. (2005) put a
very strong limit for the X-ray flash XRF 040701 at z = 0.2146 (albeit the
ligth curve was only sampled sparsely). Taking account possible extinction,
a SN fainter than SN 1998bw by 3.3 mag was required. Howewer, no bright
optical counterpart was discovered for this burst, leaving the identification
somehow less certain. Furthermore, the lack of any optical emission leaves
open the possibility of significant dust obscuration, which would hide both
the afterglow and the SN (e.g. Mannucci et al. 2003). Recently, Fynbo et
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al. (2006) reported limits for GRB 060505 at z = 0.089, corresponding to a
SN fainter than SN 1998bw by at least 6 mag. The above evidence cases has
opened the interesting possibility that also faint SNe can accompany GRBs.

In this chapter, I will present a strong case of long-duration GRB with
deep limits on the associated SN. In particular, thanks to the optical and
X-ray observations, the local extinction can be constrained to be very small.
This material has been presented by Della Valle et al. (2006d, see also Fynbo
et al. 2006; Gal-Yam et al. 2006).

5.1 GRB 060614

GRB 060614 was a long-duration GRB detected by the Swift satellite. Its X-
ray and optical afterglows were promptly discovered by the XRT and UVOT
telescopes (Parsons et al. 2006; Mangano et al. 2006) onboard Swift. Emission
lines in the optical spectrum allowed to measure its relatively low redshift
z = 0.125 (Price et al. 2006b). This fact makes GRB 060614 one of the clos-
est GRBs ever discovered and, therefore, particularly suitable for studying
the associated SN. Also, its host galaxy is very faint, so that any SN compo-
nent should easily emerge. We obtained spectra of the host galaxy with the
European Sourhern Observatory (ESO) 8.2m Very Large Telescope (VLT).
Nebular emission lines are apparent (Fig. 5.1), indicating that star formation
is currently ongoing. From the Ha flux (3.9 x 10'7 erg cm™ s7') we infer a
low value for the star formation rate (1.3 x 1072 Mg, yr—!), after adopting the
conversion factor of Kennicutt (1998). The flux was computed by normalizing
the spectrum to the R-band photometry. Given the faintness of the galaxy
(Mp ~ —15.55), however, the specific star formation rate (2 L/L* Mg, yr~",
assuming M7 = —21) is non negligible, and implies that young, massive stars
were present in the galaxy. This value is at the faint end of the distribution
found for long-duration GRB hosts (Christensen et al. 2004). From the de-
tected emission lines, we measure a redshift z = 0.1255 &+ 0.0005, confirming
the value suggested by Price et al. (2006b). From the limits on [NII] and the
observed flux of [OIII] we infer a metallicity larger than ~ 1/20 solar.
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Figure 5.1: Spectrum of the host galaxy of GRB060614. This is the average of
several spectra taken during the period 2006 June 20 — Jul 30 with VLT equipped
with FORS2 (see the observation log in Table 5.2. A few lines used to measure
the redshift are indicated (solid vertical bars). The Hy and H¢ lines are seen in
absorption (dashed vertical bars).

5.2 Light curve monitoring

Starting from 15 hr after the burst, we monitored the light curve of the
GRB optical transient with VLT + FORS 1. Adopting the same instrument
allowed to obtain an accurate relative photometry (particularly important in
case of galaxies with emission lines). Large apertures were adopted in order
to include all the flux from the host galaxy even with variable seeing. Flux
calibration was achieved by observing several Landolt standard fields.
Surprisingly enough, deep observations obtained in the R band (corre-
sponding to the V band in the GRB rest frame) up to 48 days after the
burst did not reveal the emergence of a SN component (Fig. 5.2), as ob-
served in a number of nearby and cosmological GRBs (Zeh et al. 2004). Our
data are consistent with no SN contribution at all (blue line). The best fit
(x?/dof = 15.3/19) is given by the sum of an afterglow component plus the
host galaxy, with the afterglow being described by a broken power law (a
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Figure 5.2: R-band light curve of the GRB 060614 afterglow. Empty circles
show data from the literature (not used in the fits; Schmidt et al. 2006; French
et al. 2006; Thone et al. 2006; Fynbo et al. 2006) while filled points represent
our VLT data (Table 5.1). Different linestyles represent the various components:
the afterglow (dotted lines), the host (dashed lines) and a SN akin to SN1998bw
but rescaled in flux (dot-dashed lines). Solid lines show their sums. The different
colors correspond to different contributions from the SN: no contribution (blue),
a SN fainter by 5.3 mag (green), and a SN fainter by 4 mag (yellow). The green
model corresponds to the brightest SN allowed by our data, My > —13.7, at the
3-0 level. The yellow model is clearly inadequate and is put only for visualization
purposes. The inset shows a zoomed version of the epochs around the putative SN
maximum.
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single power law provides an unacceptable fit with x?/dof = 565/21). The
best fit yields decay slopes a; = 1.08£0.03 and ay, = 2.48+£0.07, respectively
before and after the break time tp.ec = 1.38 + 0.04 days.

Addition of a SN component did not improve the fit. Adopting as a tem-
plate the light curve of SN 1998bw (Galama et al. 1998b; McKenzie & Schae-
fer 2000), we constrain the brightness of a SN associated with GRB 060614
to be at least 5.3 mag fainter than the template (3-o limit; green lines in
Fig. 5.2). This corresponds to a peak absolute magnitude My, > —13.7
(My > —13.1 at the 2-0 level). Similar limiting magnitudes are obtained
adopting different SN light curve templates, such as SN 2006aj (Soderberg et
al. 2006a; Pian et al. 2006; Modjaz et al. 2006; Sollerman et al. 2006; Mirabal
et al. 2006; Cobb et al. 2006a; Ferrero et al. 2006). A brighter SN (yellow
lines in Fig. 5.2) would provide a totally inadequate fit. The faintness of a
possible SN at optical wavelengths was further confirmed by a series of ~ 10
spectra obtained at the VLT in the range 4000-8000 A between 2006 June
15 and July 30. None of them shows the broad undulations typical of SNe.

Such faintness cannot be due to dust extinction. First, the afterglow
optical spectra are not particularly red. The afterglow is also bright in the
ultraviolet (Mangano et al. 2006; Brown et al. 2006), where extinction would
be more severe. X-ray spectra show also little absorbing material along the
line of sight (yielding a rest-frame Ng < 2 x 102 cm™ at 90% confidence
level). Fig. 5.3 shows the optical /X-ray spectral energy distribution. Optical
data were reported at the common epoch ¢t = 1.73 days after the burst (the
time around which our measurements cluster) using the best-fit light curve.
After correcting for the Galactic extinction (Ay = 0.07 mag), the optical
spectrum is well fit by a power-law (F, o v=#) with index 3 = 0.94 4 0.08
(dashed line). At the same time, the X-ray spectrum is described by a power
law with index f = 0.77 £ 0.11 (Mangano et al. 2006). Visual inspection
shows that the optical and X-ray data belong to the same power-law segment.
Assuming an SMC-like extinction curve, to make the optical data match the
X-ray flux an amount of extinction Ay = 0.07 mag is required. Since the rest-
frame V band corresponds to the observed R band, this is also the amount
of extinction suffered by our measurements. Assuming different extinction
curves, the absorption corresponding to the observed R band does not change
significantly and is always less than Ar < 0.1 mag. The total extinction is
thus constrained to be < 0.2 mag. Allowing for such amount of extinction,
we thus refine our limit for the SN peak magnitude My > —13.9 (3-0).
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Figure 5.3: Broad-band spectral energy distribution of the afterglow of
GRB 060614 at t = 1.7 days after the burst. The dashed line shows the ex-
trapolation of to optical data to the X-ray band, assuming no extinction in the
host. Adding small dust in the GRB frame (Ay = 0.07 mag) the extrapolation of
optical data matches perfectly the X-ray slope and normalization.

5.3 Discussion

The inferred value for the SN peak brightness is very faint, more than an
order of magnitude fainter than observed in SN 2002ap (Mazzali et al. 2002),
one of the weakest hypernovae ever recorded (My ~ —17). Moreover, had
the progenitor been a hypernova, its expected colour at maximum light would
have been (B — V) ~ 0.5+ 0.1, as measured in well-observed events such as
SN 2006aj (Ferrero et al. 2006), SN 2002ap (Foley et al. 2003) and SN 1998bw
(Galama et al. 1998b), as well as several type-Ib/c SNe. From the tables pro-
vided by Romaniello et al. (2002), we find that such color corresponds to an
effective temperature T1,,, ~ 6 500 K, which, combined with the lower limit
to the absolute magnitude, provides a strict upper limit to the bolometric
luminosity, at maximum light, L < 1.2 x 10*! erg s='. Therefore the radius
of the emitting region is bound to be R ~ /L/(4rorT*) < 3 x 10" cm
(where o is the Stefan-Boltzmann constant). Since the rising times to max-
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imum light of type-Ib/c SNe range between 10 and 20 days (Hamuy 2003;
Panagia 2003) in the V band, the upper limit to the radius implies an upper
limit to the expansion velocity in the range 1 700-3 500 km s~t. This value is
an order of magnitude smaller than observed in SNe associated with GRBs,
and definitely excludes the possibility that a hypernova was associated with
GRB060614. One caveat about this interpretation concern, of course, the
temperature of the ejecta. If little °Ni was produced for this event (as sug-
gested by the low luminosity), little heating was provided to the ejecta. In
this case, the radius might have been larger, allowing a high expansion ve-
locity. Lacking direct information on the SN colors, this possibility cannot
be excluded.

In any case, our data do not allow us to rule out a different kind of
core-collapse SN progenitor for GRB 060614, although so far only type-Ib/c
events have been clearly associated with GRBs. The low expansion velocity
and the faint luminosity implied for a possible SN progenitor are reminis-
cent of a class of very faint core-collapse SNe recently discovered in the local
Universe (Pastorello et al. 2004). They are of type II, have absolute mag-
nitudes at maximum in the range —13 > M, > —15, and show very small
expansion velocities (~ 1000 km s!). The properties of such objects may
well be consistent with the available data on GRB060614. Actually, if the
progenitor was a type-1I SN, adopting their typical color at maximum light
B—V ~ 0 (corresponding to 7' ~ 10 000 K), we would derive an even smaller
upper limit to the expansion velocity, in the range 750-1500 km s~ !. This is
indeed similar to what has been observed for these faint core-collapse events
(Pastorello et al. 2004).

Faint type-IT SNe have been interpreted in terms of collapse of massive
stars with an explosion energy so small that most of *Ni falls back onto
the compact stellar remnant (Nomoto et al. 2004; so-called fallback SNe).
Such SNe share properties with the present case, both for the observational
characteristics and for originating from a black hole (which is believed to
be necessary for the production of a GRB). However, the possibility that
such SN progenitors are able to power GRBs has still to be explored by the
theoretical modelling. In particular, the hydrogen stellar envelope would need
to be absent for the relativistic jets to emerge out of the star surface. This
might thus be an example of a type-Ib/c fallback SN. More exotic scenarios,
in which long-duration GRBs are not directly produced by a SN explosion
cannot be excluded by our data (though they are not required). For example,
scenarios in which the SN precedes the GRB event (Vietri & Stella 1998) are
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compatible with our data. Also a binary merger mechanism (Belczynski et
al. 2002), similar to that proposed to power short GRBs, or some type of
collapsars model (Woosley et al. 2003), are not expected to produce a SN.

The gamma-ray energy of GRB060614 (Ej, ~ 10°' erg) is within the
distribution observed for other GRBs, albeit towards its faint end. So it is
possible that a significant fraction of GRBs also observed at high redshift
are associated with faint, low-velocity SNe. The properties of the relativstic
ejecta of GRB 060614 look overall similar to those of classical GRBs rather
than to short nearby events akin to GRB 980425, even if this may be a
“bridging” event.

The available data clearly indicate that, if a SN was associated with
GRB 060614, it was, at optical wavelengths, at least 100 times fainter than
SNe found so far connected with GRBs. The corresponding maximum bolo-
metric luminosity is an order of magnitude fainter than observed in the
dimmest hypernovae ever recorded. The expansion velocity would be lower
than 3500 km s—!. All together these results challenge the commonly ac-
cepted scenario, in which GRBs are produced by SN explosions characterized
by very high expansion velocities of the ejecta (~ 30000 km s™'), and ex-
ceptionally high luminosities at maximum light. Not all long-duration GRBs
are produced in such a way.

5.3.1 A chance coincidence?

The peculiar properties of GRB 060614, namely the lack of a bright hyper-
nova, have led some authors to investigate whether GRB 060614 was really
at redshift z = 0.1255. In fact, no absorption lines are present in the burst
spectrum, and the redshift could be computed only for the host galaxy. It is
possible, in principle, that the galaxy at z = 0.1255 is a foreground object,
by chance aligned with the GRB. Schaefer & Xiao (2006) have computed the
pseudo-redshift of GRB 060614 using several indicators based on gamma-
ray properties alone, finding 1.44 < z < 2.8 (1-0 confidence level), a value
larger than inferred from the galaxy emission lines. The actual redshift is
constrained to be lower (z < 1.1), since the aterglow has been detected by
Swift/UVOT in the ultraviolet UVW?2 filter (centered at 1930 A). At such
a redshift, the lack of a SN would be less surprising. They also computed
the probability of a chance association between the GRB and a foreground
galaxy, also taking in mind the other case of “SN-less GRB” (GRB 060505;
Fynbo et al. 2006), finding a probability P = 0.8%. A similar estimate
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was achieved by Cobb et al. (2006b), who found P ~ 1% by computing the
fraction of the sky covered by galaxies as bright as the one associated with
GRB060614. Although such probabilities are small, the Swift sample, which
is now composed by more than 100 events, may suffer from this problem.

Although the issue of a chance association between GRBs and foreground
objects is surely relevant for the Swift sample, it is of course hard to provide
a conclusive statement for individual cases. There are, however, arguments
against a chance association for the specific case of GRB060614. First, the
probability computed by Schaefer & Xiao (2006) assumed a maximum offset
between the GRB and the host galaxy as large as 4”3. This is the separa-
tion between the optical afterglow of GRB 060605 and the center of its host
galaxy! (Fynbo et al. 2006). This offset is much larger than in the case of
GRB 060614, where the separation is less than 1”. The corresponding prob-
ability is thus significantly reduced for this event. Furthermore, Gal-Yam et
al. (2006) performed a similar analysis to that carried out by Cobb et al.
(2006b) using HST photometry. In these space-born images, the fraction of
the sky occupied by galaxies is reduced due to the lack of the blurring effect
of the atmosphere, again leading to a smaller chance association probability.

The most important piece of information arguing against a chance asso-
ciation is the lack of a host galaxy in deep HST images at the position of
the optical afterglow (apart from the galaxy at z = 0.1255). This would be
quite exceptional for a GRB host galaxy at z < 1 (as imposed by the UVOT
detection). Gal-Yam et al. (2006) have performed simulations, showing that
only one out 30 GRB host galaxies detected by HST would have been missed
in the GRB 060614 images if put at z = 1. Indeed, there are a few cases
where a foreground galaxy has been observed close to the GRB afterglow,
but in all these cases also the GRB host galaxy has been detected (see e.g.
Fig. 5.4).

Last, the gamma-ray properties of this event are also puzzling. The burst
was composed by an initial hard spike lasting ~ 5 s, followed by a softer,
long-lasting emission which comprises ~ 80% of the burst fluence. A striking
feature is the very small spectral lag measured for this event (Gehrels et al.
2006). Such small lags have been never observed in long-duration GRBs,
and are typical of short events. Therefore, albeit this burst is for sure a long-

1Tt should be noted, however, that the afterglow of GRB 060605 was lying right in the
middle of a star-forming region at the same redshift of the main part of the galaxy, so that
the chance association probability is somehow reduced.
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Figure 5.4: The field of the long-duration GRB 060418 as imaged by VLT in the
J band. The host galaxy is marked by the solid lines, and closeby objects are in-
dicated by circles. Such objects are very likely the foreground sources responsible
for the intermediate-redshift strong absorption systems seen in the afterglow spec-
tra (Ellison et al. 2006). These objects are perfect examples of chance association
between the afterglow and foreground objects. However, the GRB host galaxy is
clearly visible and distinguishable from the other ones, allowing to single out the
correct association.

duration event, it has also peculiar properties. Therefore, it is not surprising
that also the associated SN is peculiar.
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Mean date t—to Filter ~Exposure Seeing Instrument Magnitude
(UT) (days) (s) (")

2006 Jun 16.27492  1.74450 B 4x%90 0.60 VLT+FORS1 21.7240.02
2006 Sep 02.05099  79.52057 B 10x120 1.30 VLT+FORS1 23.62+0.15
2006 Jun 16.25076 1.72034 V 2x120 0.55 VLT+FORS1 21.20+0.01
2006 Jun 17.36557 2.83515 V 4x90 0.50 VLT+FORS1 22.16+0.02
2006 Jun 18.39119 3.86077 V 6x180 0.80 VLT+FORS1 22.47+0.02
2006 Jul 08.33006  23.79964 V 2x120 1.20 VLT4+FORS1 22.75+0.07
2006 Jul 17.31686  32.78644 V 5%x120 1.10 VLT+FORS1 22.74+0.09
2006 Jun 15.12757 0.59715 R 1x20 2.44 VLT+FORS2 19.41+0.03
2006 Jun 15.12927  0.59885 R 1x60 2.41 VLT+FORS2 19.4240.02
2006 Jun 15.13031 0.59989 R 1x60 2.39 VLT+FORS2 19.41+0.02
2006 Jun 15.13136  0.60094 R 1x60 2.37 VLT+FORS2 19.43+0.02
2006 Jun 15.13242 0.60200 R 1x60 2.35 VLT+FORS2 19.43+0.02
2006 Jun 15.13355 0.60313 R 1x60 2.33 VLT+FORS2 19.42+0.02
2006 Jun 15.13460 0.60418 R 1x60 2.31 VLT+FORS2 19.44+0.02
2006 Jun 15.13566 0.60524 R 1x60 2.29 VLT+FORS2 19.43+0.02
2006 Jun 15.13672 0.60630 R 1x60 2.27 VLT+FORS2 19.43+0.02
2006 Jun 15.40052 0.87010 R 1x10 1.16 VLT+FORS2 19.83+0.03
2006 Jun 15.43038 0.89996 R 1x60 1.22 VLT+FORS2 19.87+0.02
2006 Jun 16.25625 1.72583 R 2x120 1.22 VLT+FORS1 20.85+0.01
2006 Jun 16.40016 1.86974 R 2x120 0.45 VLT+FORS1 20.99+0.01
2006 Jun 17.37241 2.84199 R 2x120 0.50 VLT+FORS1 21.76+0.02
2006 Jun 18.39941 3.86899 R 6x180 0.65 VLT+FORS1 22.01£0.02
2006 Jun 19.37407 4.84365 R 2x180 0.50 VLT+FORS1 22.18+0.04
2006 Jun 21.27125 6.74083 R 3x180 0.60 VLT+FORS1 22.33+0.03
2006 Jun 25.34483 10.81441 R 2x300 0.90 VLT+FORS1 22.44+0.03
2006 Jun 29.30301 14.77259 R 11x180 0.50 VLT+FORS1 22.46+0.03
2006 Jul 04.20860  19.67818 R 6x240 0.60 VLT+FORS1 22.46+0.04
2006 Jul 08.33536  23.80494 R 2x120 1.40 VLT+FORS1 22.44+0.06
2006 Jul 17.32709  32.79667 R 3x180 1.10 VLT+FORS1 22.51+0.08
2006 Jul 29.26643  44.73601 R 5%240 0.90 VLT+FORS1 22.46+0.04
2006 Aug 18.23409 64.70367 R 12x300 0.60 VLT+FORS1 22.44+0.04
2006 Jun 16.26278 1.73236 I 3x120 0.55 VLT+FORS1 20.49+0.01
2006 Jun 17.37868 2.84826 I 3x120 0.43 VLT+FORS1 21.25+0.02
2006 Jun 18.38882 3.85840 I 4x300 0.75 VLT+FORS1 21.50+0.02
2006 Jul 08.34050  23.81008 I 2x120 1.10 VLT+FORS1 21.70+0.06
2006 Jul 17.33614  32.80572 I 3x180 0.95 VLT4+FORS1 21.76+0.07
2006 Jun 15.30022 0.76980 J 15%60 1.20 NTT+Sofl 18.51+0.02
2006 Jun 15.28454 0.75411 K 8x60 1.15 NTT+Sofl 17.23+0.07
2006 Jun 15.29074 0.76032 K 7x60 1.15 NTT+Sofl 17.26+0.08
2006 Jun 16.20839 1.67797 K 10x60 1.10 NTT+Sofl 18.18+0.09

Table 5.1: Observation log of our VLT observations. %y is the GRB trigger time
(2006 Jun 14.53042 UT).
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Date t—1ty Grism Exp. time Instrument
(UT) (days) (s)

2006 Jun 15.4161 15.42 300V  5x360 VLT+FORS2
2006 Jun 16.3132 16.31 300V  5x600 VLT+FORS1
2006 Jun 21.3645 21.36 300V  2x1500 VLT+FORS2
2006 Jun 23.4210 23.42 300V  1x1500 VLT+FORS2
2006 Jun 30.2940 30.29 300V 3x2400 VLT+FORS2
2006 Jul 23.1921 38.19 300V  5x2700 VLT+FORS2
2006 Jun 30.2234 45.22 300V  2x2700 VLT+FORS2
2006 Jun 31.2046 46.20 300V 2x2700 VLT+FORS2

Table 5.2: Observation log of our VLT spectroscopic observations. ¢y is the GRB
trigger time (2006 Jun 14.53042 UT). All spectra taken after Jun 20 were used to
create the average shown in Fig. 5.1, when the afterglow contribution was < 10%.



Chapter 6

The short/hard GRB 050709 in
a star-forming galaxy

The great progress in the understanding of long-duration GRBs has been
largely due to the discovery of their broad-band afterglows. First, optical
spectra have allowed to measure their redshifts, and hence to infer the dis-
tance scale and energetics. Second, the precise localizations had pinpointed
the GRB host galaxies, thus allowing the study of the enviroments inside
which GRB progenitors were born. The final clue to the origin of long-
duration bursts has arrived with the discovery of the “smoking guns”, the
distinct SN signatures observed in afterglow light curves and spectra.

Until recently, however, no comparable advance could be achieved for
short GRBs. In fact, until 2005, these events have remained undetected at
wavelengths other than gamma-rays. The BeppoSAX Wide-Field Camera
could never localize a short burst, likely bacause of its small field-of-view
and the spectral hardness of the events. No real-time trigger could thus be
provided. The Interplanetary Network could provide only delayed, poorly-
constrained positions. The HETE-II satellite, in principle capable to detect
short bursts, provided very few triggers (e.g. Lamb et al. 2003), leading to no
convincing afterglow discovery (Klotz et al. 2003; Hurley et al. 2002; Castro-
Tirado et al. 2002). The only evidence for long-lasting emission was provided
by Lazzati et al. (2001), which coadded the light curves of a large number of
BATSE GRBs, and found excess soft emission in the first ~ 100 s. This was
also confirmed by performing a similar procedure on the short burst detected
by the BeppoSAX Gamma-Ray Burst Monitor (Montanari et al. 2005).

The breakthrough, similar to what happened for long-duration GRBs, ar-
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rived in 2005, with the discovery of short GRB afterglows at X-ray, optical,
and radio wavelengths. This was indeed one of the main goals of Swift, which
was spectacularly achieved. With a bit of irony, HETE-II also started pro-
viding good triggers. The first short burst detected by Swift (GRB 050202;
Tueller et al. 2005) was unluckily too close to the Sun to be observed, but the
following one was not missed. A very weak X-ray afterglow for GRB 050509B
was discovered by Swift-XRT. Albeit just few photons were collected, this
was enough to pinpoint with a decent accuration the source position (Gehrels
et al. 2005). Remarkably, a bright, elliptical galaxy at z = 0.2248 was ly-
ing ~ 11" away (40 kpc at that redshift; Bloom et al. 2006a; Hjorth et
al. 2005b; Castro-Tirado et al. 2005). The chance association probability,
albeit computed a posteriori, is low enough to suggest a physical relation
between the two objects. However, despite intense efforts, no optical emis-
sion was discovered for this faint event. However, there was no need to wait
much. A few months later, two bursts displayed, for the first time, an optical
(GRB050709: Villasenor et al. 2005; Fox et al. 2005b; Hjorth et al. 2005a;
Covino et al. 2006) and radio (GRB 050724: Barthelmy et al. 2005a; Berger et
al. 2005b) afterglow. Here I report observations of the optical afterglow and
host galaxy of GRB 050709, the first short GRB presenting detected optical
emission and the first case with an unquestionable associated host galaxy.
This material has been presented in Covino et al. (2006)

6.1 GRBO050709

GRB 050709 was discovered by HETE-IT on 2005 Jul 9.94209 UT (Villasenor
et al. 2005). Its prompt emission consisted of a single pulse lasting 70 ms
in the 3-400 keV energy band, followed by a weaker, soft bump ~ 100 s
long. This second episode may be due to the afterglow onset (Villasenor
et al. 2005), or to flaring activity (Barthelmy et al. 2005a; King et al. 2005;
Perna et al. 2006). Indeed, such soft, delayed emission seems common among
short GRBs (Lazzati et al. 2001; Barthelmy et al. 2005a,b). In any case, the
prompt emission properties are consistent with those of a short/hard GRB
(see also Donaghy et al. 2006a).

Follow-up observations with the Chandra X-ray observatory revealed a
faint, uncatalogued X-ray source inside the HETE-II error circle (Fox et al.
2005a). At the coordinates ajsgo0 = 23"01™26%9, G39000 = —38°58'39"5 (0”4
error), it was coincident with a pointlike object embedded in a bright galaxy
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Figure 6.1: R-band image of the field of GRB 050709, on 2005 Jul 12.41 (A)
and 20.42 (B). Panel C shows the result of the subtraction, evidencing a fading

source coincident with the Chandra counterpart (circle). The boxes cover a region
30" x 20" wide.

(Jensen et al. 2005) at z = 0.16 (Price et al. 2005a). The variability of this
source led Price et al. (2005b) to propose it as the optical counterpart of
GRB 050709.

6.2 Observations and data analysis

We observed the field of GRB 050709 with the ESO Very Large Telescope
(VLT), using the FORS1 and FORS2 instruments. In our first images,
taken on 2005 Jul 12, the pointlike object reported by Jensen et al. (2005)
was clearly visible in the V and R bands (Fig. 6.1). Its coordinates are
2000 = 23"01™M26596, Sy2000 = —38°58'39"3 (025 error), fully consistent with
the Chandra position. The object lies inside a bright galaxy (~ 172 away
from its nucleus), whose magnitudes are V' = 21.35+0.07, R = 21.08 +0.07,
and I = 20.63 + 0.08. To search for brightness variations, we monitored
the field at several epochs. Data analysis was performed by adopting a
subtraction technique (Alard & Lupton 1998), well suited to identify variable
objects even when blended with nearby sources. The pointlike object was
found to be variable (at the ~ 100 level), being undetectable from Jul 14
onwards. This confirms the independent finding of Hjorth et al. (2005a).
Magnitudes of the variable source were computed assuming a negligible flux
in the reference epoch (see Table 6.1). Photometry of the transient was
performed by inserting artificial stars of known brightness and calibrated by
observing Landolt standard fields.

On Jul 30 we took medium-resolution spectra of the host galaxy. Obser-
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Date Instrument Exp. Filter Magnitude

(UT) (min)
2005/07/12 09:44 FORS2 6 V 24.38 +0.10
2005/07/14 07:21 FORS1 6 V > 25.00
2005/07/20 10:16 FORS1 6 V (reference)
2005/07/30 02:37 FORS2 9 1% > 25.20
2005/07/12 09:57 FORS2 5 R 23.83 +0.07
2005/07/20 10:07 FORS1 6 R (reference)
2005/07/30 02:54 FORS2 50 R > 25.00
2005/07/12 09:32 FORS 2 10 I > 23.25
2005/07/14 07:32 FORS1 5 I > 24.10
2005/07/18 06:38 FORS1 20 I (reference)
2005/07/30 04:10 FORS2 9 1 > 23.50

Table 6.1: Observation log and photometry of the transient source. Errors are at
the 1o confidence level, while upper limits are at 30. Data were not corrected for
Galactic extinction. Only upper limits could be derived in the I band due to the
poorer image quality. The epoch indicated as reference was assumed to contribute
negligible flux from the object.

vations were carried out with the FORS 2 instrument at the VLT-UT1, with
the 300V grism, covering the wavelength range 6000-9200 A (6 A FWHM).
From the detection of several emission lines, among them He, HS, and [O 11},
we derived a redshift z = 0.1606 4+ 0.0002. This is consistent with the re-
sults of Fox et al. (2005b). Therefore, the rest-frame B-band luminosity of
the host is Lg ~ 3.5 x 102 erg s™' (~ 0.10L,, assuming M} = —20.13 as
determined from the SDSS survey; Blanton et al. 2003) and the candidate
afterglow lies at a projected distance of ~ 3.3 kpc from the galaxy core.

6.3 Discussion

The chance probability of finding a galaxy brighter than R = 21.08 within
1”2 of the X-ray and optical afterglow candidate is small (P ~ 4 x 10~
McCracken et al. 2003), thus indicating a physical association between the
two objects. On the other hand, the probability of detecting a serendipitous
X-ray source inside the SXC error circle with a flux larger than the Chandra
source is non-negligible (P ~ 0.10; Moretti et al. 2003). However, due to
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Figure 6.2: Spectral energy distribution of the afterglow of GRB 050709 on Jul
12.4 UT. The bow-tie shaped region represent the simultaneous X-ray spectrum
taken from Chandra (Fox et al. 2005b). The dot-dashed and dotted lines indicate
the extrapolation of the optical and X-ray spectra, respectively.

its significant offset from the centre of the galaxy, the X-ray source cannot
be associated with an active nucleus. It could be a background AGN, but
in this case the probability of finding an X-ray selected source with an X-
ray-to-optical ratio larger than ~ 25 is also small (P ~ 0.10; Fiore et al.
2003), further reducing the chance coincidence probability. At z = 0.16,
the corresponding X-ray luminosity (2 x 10*? erg s !) would be a factor
2 10 larger than the brightest ultra-luminous X-ray source ever detected
(Humphrey et al. 2003). X-ray emission from starburst activity is expected
to have an intensity ~ 10* times lower than that observed, given the star
formation rate inferred for this galaxy (see below; Grimm et al. 2003). By
a process of elimination, we therefore conclude that the optical variability,
the X-ray emission and the association with the galaxy firmly establish this
object as the optical counterpart to GRB 050709.

Assuming a power-law flux decay (F'(t) o< t~%), our observations constrain
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a to be greater than 1.0 in the V band (30 upper limit). This limit is
consistent with the optical decay found by Fox et al. (2005b) using HST data
between 5 and 10 d after the GRB (see also Hjorth et al. 2005a; Watson et
al. 2006¢). A similar limit was also put to the X-ray afterglow decay. Flaring
activity was reported in the X-ray light curve (Fox et al. 2005b). Given the
limited available data, it is difficult to say whether a similar behaviour was
present also in the optical band. Our measurements on Jul 12 are nearly
simultaneous with the first Chandra observation, so we can construct the
broad-band spectral energy distribution (Fig. 6.2). The X-ray spectral index
is similar to that of long GRB afterglows (De Pasquale et al. 2003; Nousek et
al. 2006). The extrapolation of the X-ray spectrum matches the optical flux
(that is, the optical-to-X-ray slope fSox = 1.1 is consistent with the X-ray
slope x = 1.24 4+ 0.35). The spectrum corresponding to the optical colours
is quite red (Sopt = 2.3 £0.7), but given its large uncertainty it is consistent
with fox at the 1.7¢0 level. Small dust extinction (Ay &~ 0.2 mag; Fox et
al. 2005b) would make the intrinsic color bluer and fully consistent with the
X-ray slope, so that the optical and X-ray emission may constitute a single
component. However, the sparseness of the data prevents us from drawing
any robust conclusion.

The properties of the host galaxy are intriguing. Its colours are consistent
with those of an irregular galaxy at z =~ 0.2 (Fukugita et al. 1995), and are
much bluer than those of ellipticals (like those associated with other short
GRBs). Moreover, hints of morphological structure are seen in our best-
seeing images. A close inspection of the spectrum shows that both the Ha and
HJ lines have a narrow emission component (FWHM < 6 A) partially filling a
wider (~ 12 A FWHM) absorption feature (Fig. 6.3). This classical signature
(Dressler & Gunn 1983) identifies a dominant stellar population ~ 1 Gyr old
(mostly A-dwarf stars), together with a younger, hotter component. As
indicated from the prominent nebular emission lines, star formation is still
present. From the Ha and [O I1] emission lines (having luminosities 2.62x 10%°
and 2.45x10% erg s !, respectively), we infer a star formation rate of 0.21 and
0.34 M, yr~! (Kennicutt 1998), which corresponds to ~ 2-3.5 M yr—! once
normalised to L,. This is significantly less than that typically observed in
long GRB host galaxies at high (Christensen et al. 2004) and low (Sollerman
et al. 2006; Modjaz et al. 2006) redshift!, but much larger than that in the

!Note that this value is however only the half of that of the host galaxy of GRB 980425,
as reported by Sollerman et al. (2006).
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Figure 6.3: Details of the GRB 050709 host galaxy spectrum close to the Ha and
Hp lines, showing that the narrow emission emissions are superimposed on wider
absorption features.

hosts of GRB050509B (Bloom et al. 2006a) and GRB 050724 (Berger et al.
2005b), by factors of > 50 and > 150, respectively.

6.4 Which origin for short GRBs?

The quest for the progenitors of short GRBs has just started, with the dis-
covery of a few afterglows. Table 6.2 shows the properties of short GRBs
discovered from the beginning of 2005 until now (2006 August), and localized
at least with arcmin accuracy. The choice of this period, although subjective,
ensures the presence of the very efficient follow-up system which has been
available in the Swift era. As it can be seen, most short GRBs have an X-ray
afterglow, albeit in some cases it is very faint, and fades quickly after the
burst. For these events, the X-ray radiation may be possibly high-latitude
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GRB Inst. X-ray Opt. Host z Notes

050202  Swift N/A  N/A N/A N/A Close to the Sun
050509B  Swift yes no likely 0.2249  Outside an elliptical
050709 HETE-IT yes yes  yes 0.16 Star forming galaxy
050724 Swift yes yes yes 0.257 Elliptical

050813 Swift yes no maybe 0.7-1.8 Cluster

050906 Swift no no 1C3287 0.03087 Tentative association
0509117  Swift no no N/A N/A Perhaps long GRB?
050925  Swift no no N/A N/A Galactic SGR?
051103  IPN N/A no M81?7  N/A Dubious association
051105A  Swift no no N/A N/A

051114  Swift no no N/A N/A Late XRT follow-up
051210 Swift yes no likely N/A

051221A  Swift yes yes yes 0.5465  Star forming galaxy
051227 Swift yes yes  yes N/A Blue galaxy

060121 HETE-II yes yes maybe N/A Faint, closeby galaxy
060313 Swift yes yes  N/A N/A

060502B  Swift yes no likely 0.287 Outside an elliptical
060801 Swift yes no maybe N/A

Table 6.2: Properties of short GRBs discovered since 2005. “N/A” indicates that
there have been no observations to constrain the property. The words “likely” and
“maybe” represent a subjective way to quantify how sure is the assocation with a
host galaxy.

emission from the prompt burst rather than a true afterglow (La Parola et
al. 2006). Nonetheless, bright X-ray afterglows have been indeed detected
(Campana et al. 2006; Burrows et al. 2006). At optical wavelengths, the
search has been less successful. Among the best-studied cases (excluding
GRB 050202, GRB 051103 and GRB(051114), six events out of fifteen have
have been detected at optical/NIR wavelengths.

Short GRB afterglow light curves are, overall, quite similar to those of
long-duration GRBs. The most important difference is that they are, on the
average, fainter. It has been suggested that short GRBs have weak afterglows
due to a low-density environment inside which they explode (Panaitescu et al.
2001b). However, it is now apparent that the dominant factor is the much
lower energy budget with respect to long bursts. With the few measured
redshifts, the energies of short GRBs range from 10*® to 105! erg (isotropic
equivalent; Gehrels et al. 2005; Soderberg et al. 2006b), which is 2-3 orders of
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magnitude lower than for long GRBs. Similarly, the fireball kinetic energies
have been constrained through afterglow modeling, and are comparably lower
(Berger et al. 2005b; Panaitescu et al. 2006a; Soderberg et al. 2006b). The
density effect, however, has anyway some role. Circumburst densities of the
order of 0.1 cm™3 or less have been determined. Furthermore, it is remark-
able that when the X-ray counterpart is located outside the putative host
galaxy (namely, in GRB050509B and GRB 060502B; Bloom et al. 2006a,b),
no optical afterglow has been detected (in such low-density environment,
little emission is expected).

Similar to long bursts, short GRBs have shown some evidence for colli-
mation. Fox et al. (2005b) have claimed the detection of a jet break in the
optical afterglow of GRB 050709, but this has been questioned by (Watson
et al. 2006¢), based on a larger dataset. Only for GRB 051221A such a break
has been clearly identified (Burrows et al. 2006), corresponding to an opening
angle ¥j; =4-8°. The data are however still sparse, and other events may be
less collimated.

Last, short GRB afterglows exhibit other features typical of long GRBs,
among which one or more X-ray flares superimposed to the decay trend (Fox
et al. 2005b; Barthelmy et al. 2005a), and slowly-decaying segments (Burrows
et al. 2006; Roming et al. 2006).

Short GRB galaxies have been found to be diverse. Firm associations have
been discovered with both early- and late-type systems. The star formation
rate varies by more than two orders of magnitude between these objects, but
is never as large as in long-duration events. The association with early-type
objects rules out the possibility that short GRBs are associated uniquely with
dying massive stars. The host luminosities are varied as well. For example,
the elliptical host of GRB 050509B and GRB 050724 had a luminosity larger
than L,, while GRB 050709 has L ~ 0.1L,. There seems to be no difference
between GRB afterglows lying in early- and late-type galaxies, albeit the
small number of events does not allow to draw any solid conclusion. Stellar
ages of short GRB hosts (0.1-1 Gyr; Gorosabel et al. 2006) are significantly
older than for long GRBs (< 100 Myr; Christensen et al. 2004). Last, it is
remarkable that a few afterglows presented a large offset (several tens kpc)
with respect to their putative host galaxy, while others are well inside them.

The most popular model for short /hard GRBs is the merger of a binary
compact object system (e.g. Eichler et al. 1989). Such events can occur ei-
ther in early- and late-type galaxies (Belczynski & Kalogera 2001), and give
rise to short GRBs (Perna & Belczynski 2002). The critical parameter is
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the time delay between the stellar formation and the merging episode. This
value is strongly dependent upon the initial separation of the binary. Thus,
a wide range of delays is in principle possible. This can explain the different
evolutionary status of the hosting systems. Long-delay mergers would pref-
erentially explode in elliptical galaxies, while short-delay events will explode
while the star formation burst is still ongoing. Delay times as short as 10 Myr
are possible. Binary mergers also allow, in principle, to explain large offsets
between the host galaxies and the explosion sites, thanks to the kick velocity
imparted to the system at the moment of the SN explosion. The explosion
delay, the initial velocity, and the strength of the gravitatioonal potential
well of the host galaxy determine the final separation. In particular, it looks
strange that the two GRBs with the largest separation are associated to mas-
sive galaxies (Bloom et al. 2006a,b). However, these systems also have old
stellar population, suggesting a large time delay between the SN and GRB
explosion.

For merging timescales of the order of 10 Myr, small offsets between
the explosion site and the galaxy core are possible. Therefore, GRB 050709
might have been produced in a tightly bound system, with a short merging
time. However, we also note that according to the standard Faber-Jackson
relation, the escape velocity from the GRB 050709 host is quite large (about
300 km s7'), so that only a fraction of binary systems may be able to escape
its potential well. In this case, a larger delay (~ 1 Gyr) would be consistent
both with the observed offset and with the age of the older stellar population.
A large instantaneous star formation rate would not be expected in this case,
even if this does not pose any problem for the merger model.

The presence of pronounced star formation activity in the host galax-
ies of GRB 050709 and GRB051221A, however, prompts us to investigate
whether these events could be directly related to young stars. Recently, it
was proposed that short GRBs may be produced by giant flares from soft
gamma-ray repeaters (e.g. Hurley et al. 2005). However, the luminosity of
GRB 050709 would be a factor ~ 103 larger than that of the giant flare
from SGR 1806-20. The prompt emission properties also make this hypoth-
esis unlikely (Villasenor et al. 2005), since giant flare spectra have usually a
thermal shape. Furthermore, our photometry can put strong constraints on
the presence of an unextinguished supernova (SN) exploded simultaneously
with the GRB (see Fig. 6.4). Our limits impose a SN 2 100 times fainter
than a typical type-Ia SN or a bright hypernova like SN 1998bw. Also fainter
events like SN 19941 and even SN 1987A are incompatible with our data. An
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Figure 6.4: Light curve of the GRB 050709 afterglow (points), compared to those
of several SNe (R band). Zero extinction is assumed at the GRB site.

association with a SN seems therefore ruled out for GRB 050709 (see also
Hjorth et al. 2005b,a; Fox et al. 2005b). The properties of the GRB 050709
host are however consistent with the models proposed by MacFadyen et al.
(2005) and Dermer & Atoyan (2006), which advocate a collapsing neutron
star accreting from a close non-compact companion. Such model would also
naturally explain the flares observed in the X-ray light curve.

It should be said that the merging model overall “performs” well with
the available data. The current sample, however, needs to be significantly
expanded, in order to build statistical distributions for the observable prop-
erties, and try to match them with models predictions (e.g. Belczynski et
al. 2006). Up to now, this has already been attempted, providing encourag-
ing, but not conclusive, results (e.g. Guetta & Piran 2005, 2006; Nakar et
al. 2006a). For example, the predicted redshift distribution has a median
redshift larger than observed. With so few available redshifts, however, any
conclusion cannot be considered definitive. Also, the flaring activity observed
in several X-ray afterglows is not trivial to explain for a merging model. The
real “smoking gun” unveiling a merger origin for short GRBs may be the
detection of gravitational radiation.

To summarize, the present observational status presents a rich variety of
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properties for short GRBs. GRB 050709 has been the first case to show this
complexity, providing the first evidence for a star forming host galaxy. The
merger model, thanks to the degree of freedom provided by the variable time
delay, is in pricinple able to explain a wide variety of possibilities. On the
other hand, the hypothesis that different groups of progenitors contribute
to the observed population cannot be discarded. For example, Tanvir et al.
(2005) have analyzed BATSE data and found a correlation for a fraction
(~ 1/4) of them with nearby galaxies (z < 0.025). This, compared to the
known redshift distribution ((z) ~ 0.2), may imply a two-population sample.
Also, a contribution from SGR giant flares cannot be excluded, even if current
observational constraints limit the fraction of such events to be quite low
(Lazzati et al. 2005; Nakar et al. 2006b).



Chapter 7

The dark GRB 050326: a
high-redshift candidate?

Since the BeppoSAX era, almost all long-duration GRBs have shown an af-
terglow at X-ray wavelengths (e.g. De Pasquale et al. 2005). On the contrary,
the fraction of bursts without optical afterglow has been significant. In the
early years of the afterglow era, more than 50% of burst were optically dark
(Lazzati et al. 2002). This could not be entirely due to too slow or too shal-
low follow-up, since limits were significantly deeper than for optically bright
GRBs. Of course, the existence of faint events is not surprising. They could
be simply have a lower energy or be more distant. In fact, as the follow-
up mechanism improved in efficiency, faint afterglows were discovered (e.g.
Fynbo et al. 2001; Berger et al. 2002; Li et al. 2003; Fox et al. 2003b). More-
over, an analysis of BeppoSAX data (De Pasquale et al. 2003) showed that
X-ray afterlows of dark GRBs were, on the average, dimmer than those cor-
responding to optically-bright events. It would be more interesting to single
out dark bursts with (relatively) bright X-ray afterglows.

In the standard model of afterglows, the spectrum between the optical
and X-ray frequencies bands should be in the form of a single or power law,
depending on the location of the so-called cooling frequency. This is based
on standard synchrotron theory, and is quite a robust prediction. It is also
well supported by available observations. For synchrotron radiation emitted
by a population of relativistic electrons with power-law energy distribution
(dN/dy o< v7P), the spectrum has a power law shape F, oc v=°, with 8 =
(p—1)/2 or B = p/2, below and above the cooling frequency, respectively.
Even if not firmly estabilished from first principles, it is believed that the
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electron index p should be larger than 2. This seems to be confirmed by the
data. For example, by analysing the SED of 22 Swift afterglows, Tagliaferri
et al. (2006) have found p > 2 in almost all cases. By assuming p > 2, the
hard limit for the optical-to-X-ray spectral slope Sox > 0.5 slope is implied.
It is thus meaningful to define a “dark” burst every afterglow which violates
this condition (Jakobsson et al. 2004).

There may several explanations for a burst to be dark. First, the simplest
synchrotron model may not work. For example, if the X-ray emission is
dominated by some other emission mechanism (e.g., Compton emission), the
optical/X-ray ratio may be lower. Second, optical light is strongly affected
by dust. Keeping in mind the association between long GRBs and star
formation, the existence of a population of obscured events would not be
surprising. Last, high-redshift bursts (z 2 6) are also expected to be optically
dark, due to the redshifting of the Lya dropout inside the optical band. All
three these interpretations are potentially very interesting.

Pinpointing dark GRBs has not been easy, however. The limit Sox > 0.5
requires very deep imaging at optical frequencies, given the typical X-ray
fluxes (a source with Fx = 107 erg cm 2 s7! needs R > 23.5 to be classified
as dark). For example, only a handful of dark GRBs were identified using
the (conservative) criteria of Jakobsson et al. (2004) and Rol et al. (2005).
The advent of Swift has enabled deep and early searches, when the X-ray
fluxes are very bright. Surprisingly, the fraction of optically-dark bursts
has actually increased (Roming et al. 2005b). This is likely due to larger
average redshift of Swift bursts (Jakobsson et al. 2006). In this Chapter, I
will present X-ray and optical observations of GRB 050326, showing that this
is definitely a dark burst, and possibly lies at high redshift. This material
has been published by Moretti et al. (2006b).

Swift carries on bard two narrow-field instruments, the X-Ray Telescope
(XRT; Burrows et al. 2005a) and the Ultraviolet/Optical Telescope (UVOT;
Roming et al. 2005a). During the first year of operation, Swift has observed
some 75 GRB afterglows, already doubling the pre-Swift sample. This rich
dataset has allowed to study in detail the X-ray light curves, both at early and
late times, leading to the discovery of a complex behaviour (e.g Tagliaferri et
al. 2005a; Nousek et al. 2006; Chincarini et al. 2005; Cusumano et al. 2006a).
The study of high-redshift GRBs has also started, with the discovery of the
first burst at z > 6 (Watson et al. 2006b; Cusumano et al. 2006b; Haislip et
al. 2006; Price et al. 2006a; Tagliaferri et al. 2005b; Kawai et al. 2006).
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7.1 GRB 050326

The bright GRB 050326 was discovered by BAT on 2005 Mar 26 at 9:53:55 UT
(Markwardt et al. 2005). Its coordinates were cijoggg = 00"27™345, §y0000 =
—71°22'34", with an uncertainty radius of 3’ (95% containment; Cummings
et al. 2005). This burst was also detected by the Wind-Konus experiment
(Golenteskii et al. 2005a), leading to the characterization of its broad-band
gamma-ray spectrum.

The Swift narrow field instruments could begin observing only 54 min
after the BAT trigger due to visibility constraints. A bright, uncatalogued
X-ray source was detected by XRT inside the BAT error circle, and was
proposed to be the X-ray afterglow (Moretti et al. 2005a). However, no
source was detected by UVOT at this location (Holland et al. 2005). XRT
collected data up to 6.15 d after the burst. Subsequently, the decay of the
light curve prevented any further detection of the afterglow. This object was
also observed for 45.8 ks by XMM-Newton (Ehle & Perez Martinez 2005; De
Luca et al. 2005a), starting 8.5 hr after the trigger.

Only limited ground-based follow-up was reported for this burst. This
was likely due to its unfavorable location in the sky (very few telescopes
can point at such low declination), as well as to the brightness of the Moon
(which was 99% full at the time of the GRB explosion). No counterpart at
wavelengths other than the X rays was reported. Deep searches of the host
galaxy were performed with the VLT in the K band, leading to the discovery
of two faint objects (K ~ 21) consistent with the XRT position (Pellizza et
al. 2006), but not with the refined XMM position.

In this Chapter, all errors will be quoted at 90% confidence level for one
parameter of interest, unless otherwise specified. The reduced x? will be
denoted as x2, and the number of degrees of freedom with the abbreviation
“d.o.f.”. We follow the convention F),(v,t) o< t~%v~", where « and 3 are the
temporal decay slope and the spectral index, respectively. As time origin,
we will adopt the BAT trigger (Markwardt et al. 2005). The photon index
is'=1+4p.

7.2 Prompt emission

We reduced the BAT data using the latest available release of the HEADAS
software (version 1.4). The light curve in the BAT energy band (20-150 keV)
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Figure 7.1: The background-subtracted BAT light curve in the 20-150 keV energy
band. The origin of the time axis was set to the instrument trigger, but a weak
peak is apparent ~ 9 s before.

presents an initial, weak peak, 9 s before the trigger, followed by several bright
distinct peaks (Fig. 7.1). The Ty, and T5¢ durations of the burst were 29.5
and 19.3 s, in the 20-150 keV band, respectively. We first modeled the BAT
spectrum as a single power law with photon index I'. This provided a good
fit (x2 = 1.06 for 53 d.o.f.), yielding I' = 1.2540.03 in the 20-150 keV energy

range. The fluence in the same band was (7.7 + 0.9) x 10 erg cm 2.

GRB 050326 also triggered the Wind-Konus detector (Golenteskii et al.
2005a): in the 20 keV-3 MeV energy range it lasted 38 s, and had a fluence
of (3.22 4 0.05) x 107° erg cm™2. Golenteskii et al. (2005a) fitted the time-
integrated spectrum of the burst as measured by the Wind-Konus detector
with a Band model (Band et al. 1993), that is a smoothly joined broken power
law with low- and high-energy photon indices I'y and I'y, respectively, and
break energy Ey. The best fit provided I'y = 0.74 + 0.09, T'; = 2.49 + 0.16,
and Ey, = 160 £+ 22 keV. The corresponding observed peak energy (that
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is, the energy at which the maximum of the emission is reached) is E, obs =
(2—T'1)Ey = 200£30 keV. Motivated by their results, we also performed a fit
to the BAT data using the Band function. Since the break energy Fj lies close
to the upper boundary of the BAT energy range (150 keV), we were forced to
freeze Ey and T’y to the values determined by Wind-Konus. The fit was again
good (x% = 1.14 for 53 d.o.f.), and provided T’y = 0.8740.03, in fair agreement
with the value found by Golenteskii et al. (2005a). It is not surprising that
both functional forms provide a good fit to the data, since they do not differ
significantly inside the BAT energy range. Nevertheless, thanks to the very
broad band covered by the Wind-Konus instrument, for this burst the break
energy could be clearly constrained. In the following, we will consider the
Band model as the best description of the GRB 050326 spectrum. With this
fit, the fluence in the 20-150 keV band was (7.6 £ 0.8) x 107% erg cm 2.
Integrating the burst spectrum from 1 to 10000 keV, we could evaluate the
bolometric fluence F of the burst, finding F = 2.4 x 107° erg cm 2.

No spectral evolution could be detected in the BAT data. We splitted
the observation in three time intervals, covering the ranges [—9, —1], [—1, 13],
and [13,29] s (relative to the BAT trigger). By fitting the data with either
a simple power law or with the Band model, the resulting parameters were
always consistent with those derived by fitting the whole spectrum.

7.3 XRT data analysis and results

7.3.1 Data reduction

For a technical description of XRT and its operations, we refer, e.g., to
Burrows et al. (2005a) and Hill et al. (2004). XRT started observing the field
of GRB 050326 on 2005 Mar 26 at 10:48:27 UT, that is, 3307 s after the BAT
trigger. The last observation ended on 2005 Apr 1 at 13:30:53, i.e. 6.15 d
after the burst. Occasionally, some reflected light from the Earth limb made
the very low energy (< 0.2 keV) background increase abnormously, so that
XRT incorrectly switched from the photon counting (PC) to the windowed
timing (WT) mode, even if the target count rate was well below 1 count s™!.
The effective exposure time was 59.6 ks in PC mode and 20.7 ks in WT
mode, leading to the collection of 614 and 580 photons, respectively (0.3-10
keV energy band). As the satellite settled on the target, XRT recorded a
source count rate of 1.3 count s~', which dropped to 3 x 10~* count s~! at the
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Figure 7.2: XRT image of the field of GRB 050326, smoothed with a Gaussian
kernel (4”7 full width half maximum). Events were accumulated from the first
segment of the observation (589 s exposure time). The BAT refined position
(black dot) is also shown together with its 95% containment error circle (3’ radius,
dashed line). The XRT and XMM-Newton positions (1”7 apart) are also plotted
(crosses), and are almost indistinguishable. The X-ray error circles (3”6 and 1”5
radius, respectively) are too small to be seen with this scale.

end of the observing campaign (2005 Apr 1). From the third orbit after the
start of the observation onwards, the source count rate was < 0.1 count s~*,
while the background level was typically > 3 count s~! over the whole field
of view. Since WT data have only one dimensional spatial information, their
S/N ratio was much lower than that of PC mode data. We therefore decided
to consider WT data only for the first two orbits, when the source S/N
was higher. Data were reduced using the xrtpipeline task of the latest
available release of the HEADAS software (version 1.4). Accumulating the
PC data from all observations, we found that the centroid position of the
afterglow had coordinates ayoggy = 00227049716, G39000 = —71°22'14"6, with
a 3”6 uncertainty radius (95% containment, Fig. 7.2). This position takes
into account the correction for the misalignment between the telescope and
the satellite optical axis (Moretti et al. 2006a). This position is 1'3 away
from the refined BAT position (Cummings et al. 2005), and 3”4 away from
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Figure 7.3: The light curve of GRB 050326 and of its afterglow in the 0.3-8 keV
energy band (see text for the computation of the flux conversion factors). XRT
(black circles) and XMM- Newton data (empty diamonds) show a very good agree-
ment (see also the inset). The solid line shows the fit to the combined XRT/XMM
afterglow light curve. The dotted lines indicate the 90% errors of the extrapolated
X-ray light curve. Light filled circles indicate the extrapolation of the BAT data
to the 0.3-8 keV energy range, assuming the Band model as the best-fit spectrum.
In this figure, the time origin was set 10 s before the nominal trigger time, to show
the weak, untriggered precursor. This has no effect on the determination of the
afterglow decay slope, due to the late beginning of the XRT observation.

the preliminary XRT position (Moretti et al. 2005a), calculated using only
the data from the first orbit and without the misalignment correction.

7.3.2 Temporal analysis

In order to extract the light curve, we considered all PC data, but discarded
the WT data taken after the second orbit of the XRT observation (¢t >
20 ks). PC events were selected having grades 0-12 from a circle with 20
pixel radius (47”), corresponding to 92% of the encircled energy fraction
(EEF) at 1.5 keV (Moretti et al. 2005b). Only the data in the 0.3-10 keV
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band energy range were considered (even if there are no events above 7 keV).
To take into account the pile-up effect, during the initial part of the first
orbit (¢ <4000 s) an annular extraction region with inner radius of 3 pixels
(7") was adopted for PC data. This area includes 40% of the EEF, and
the deriving PSF losses were consequently taken into account. The accuracy
of the PSF model in its central part is ~ 5% (Moretti et al. 2005b). This
error was properly propagated when evaluating the final uncertainty of the
PSF-corrected points in the light curve. The background in PC mode was
evaluated by integrating the signal from an annulus with inner and outer
radii of 50 and 90 pixels, respectively, centered at the afterglow position.
Inside this region, the contamination from the afterglow is expected to be
negligible. In WT mode, events were selected having grades 0-2 from a 20
pixel (47") wide rectangular region, centered on the detector X coordinate
of the afterglow. To estimate the background in WT mode, we considered a
region of the same size centered 40 pixels (94") away from the center of the
afterglow.

The XRT observation was split in different time segments because of the
Earth occultation constraints. Each satellite orbit lasts &~ 5800 s, while the
target could be typically observed for approximately 1000 s per orbit. To
extract the light curve, the source events were binned in 10 s intervals, and
these bins were further grouped to ensure a minimum of 50 counts per bin.
When the counts in the last bin of each orbit were less than half of the
required minimum (25 counts), the bin was merged with the previous one.
From the fifth orbit onwards, XRT did not collect enough photons within
a single orbit, so data from different orbits were merged. We eventually
obtained a background-subtracted light curve composed by 25 points, with
a minimum of 10 and a maximum of 57 counts per bin.

The resulting light curve is shown in Fig. 7.3, and displays a uniform decay
rate, with no indications of breaks or flares. A single power law fit provides
a good description to the data, yielding a decay slope @ = 1.64 £ 0.07. In
order to look for spectral variations across the observation, we computed the
afterglow hardness ratio as a function of time. To this end, we selected the
events with energy below and above several pivotal energies, and computed
their number ratio. No significant variation was found during the whole
observation, after setting the pivotal energy to 1, 1.5 and 2 keV.
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Figure 7.4: The spectra of the GRB 050326 afterglow as observed by XMM-
Newton (PN: squares; MOS1: open circles; MOS2: triangles) and by Swift-XRT
(filled circles). The solid lines represent the best-fit absorbed power-law model
convolved with the instrumental responses (see Table 7.2 for the best-fit parame-
ters). XRT data were selected from the time interval covered by the XMM-Newton
observation.

7.3.3 Spectral analysis

To extract the spectrum of the source in WT mode, we used the same ex-
traction regions, the same background regions, and the same screening as
for the temporal analysis. For PC mode, however, we further selected only
grade 0—4 events in order to improve the spectral resolution. The spectrum
was binned in order to ensure a minimum of 20 counts per energy bin, ig-
noring channels below 0.3 keV. The spectral analysis was performed using
XSPEC (v11.3). We first considered WT and PC data separately, using the
former for the first 2 orbits (3 to 15 ks after the burst) and the latter for
the rest of the observation. In both cases, the spectrum was fitted with an
absorbed power-law model, yielding good x? values (Table 7.1). Assuming
Solar metallicity, the best-fit values for the Hydrogen column density Ny and
for the photon index I' did not show significant variations between the first
(WT data) and second part (PC data) of the observation. In fact, combin-
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Ny (10*' ¢em™?) r X2 (x?/d.o.f.)
XRT (WT) 1.370¢ 1.927037  1.10 (29.7/27)
XRT (PC) 1.4%9% 2.00M03%  1.05 (12.6/12)
XRT (WT+PC) 1.4%9% 1.957021  1.10 (42.0/38)
XRT (WT) 0.46 (frozen)  1.58 +£0.12 1.22 (34.1/28)
XRT (PC) 0.46 (frozen)  1.58 +£0.14 1.41 (19.1/13)

XRT (WT+PC)  0.46 (frozen)  1.6140.10 1.20 (47.0/39)

Table 7.1: Best-fit spectral parameters for the two segments of the XRT obser-
vation (WT and PC data), fitted both separately and together. We report the
results either leaving the Hydrogen column density as a free parameter, or freezing
it to the Galactic value.

ing the data from the two segments together, we obtained an excellent y?
value, indicating that the spectral properties of the afterglow did not change
during the observation. Figure 7.4 shows the XRT spectrum (filled circles),
together with the best-fit absorbed power-law model (precisely, only data
simultaneous to the XMM-Newton observation were used for the plot.

To look for the presence of absorbing material in the proximity of the af-
terglow, we tried to estimate the Galactic Hydrogen column density Ny yw
towards the GRB direction. We found three different measurements: Dickey
& Lockman (1990) give N yw = 4.6x10%° em™2; the Leiden/Argentine/Bonn
Galactic HI Survey (Kalberla et al. 2005) provides a lower value, Nyuw =
3.8 x 10%° ¢cm~?; last, the dust maps by (Schlegel et al. 1998) give Ay =
0.12 mag, which corresponds to Nyyw = 2.2 x 10%° cm? after assuming
the prescription given by Predehl & Schmitt (1995). While the average of
these three independent measurements is (3.5+1.7) x 10?° cm™2, we conser-
vatively adopted the largest of the above values (4.6 x 10?2 ¢cm™2). Stratta
et al. (2004) estimated that the typical error affecting the maps by Dickey &
Lockman (1990) is 30%, which is not far from the scatter among the three
measurements. The best-fit Hydrogen column density derived by the XRT af-
terglow spectrum is marginally unconsistent with the Galactic value. Fixing
Ny = Nuaw provided a poor fit (x2 = 1.20 for 39 d.o.f.). The probability of
such a worsening in the fit is < 7.5%, as estimated by an F-test. Therefore,
XRT data marginally suggest the presence of additional absorbing material,
likely located in the GRB rest frame. In the next section, we will present fur-
ther evidence for the presence of excess absorption, based on XMM-Newton
data with better S/N ratio.
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7.4 XMM-Newton data analysis and results

The afterglow of GRB 050326 was also observed by XMM-Newton as a target
of opportunity, starting on 2005 Mar 26 at 18:25 UT (8.5 hr after the burst).
The observation lasted for 45.8 ks. Data were collected with the European
Photon Imaging Camera (EPIC), which consists of the PN (Striider et al.
2001) and of the two MOS detectors (Turner et al. 2001). All the cameras
were operated in full-frame mode with a thin and medium optical filter on PN
and MOS, respectively. A preliminary analysis of these data was presented
by De Luca et al. (2005a).

7.4.1 Data and temporal analysis

The appropriate observation data files were retrieved from the XMM Sci-
ence Archive. The data reduction was performed using the most recent
release of the XMM Science Analysis Software (SAS v6.1.0), with the stan-
dard pipeline tasks (epproc and emproc for PN and MOS, respectively).
The observation was badly affected by high particle background (soft pro-
ton flares), with almost no nominal (quiescent) background time intervals.
The back-illuminated PN CCD is particularly sensitive to this background;
indeed, more than 25% of the PN observing time was lost due to the detec-
tor switching to its counting mode'. The afterglow of GRB 050326 (source
XMMU J002748.8-712217; Ehle & Perez Martinez 2005) was anyway clearly
detected in all cameras. The astrometry of the EPIC images was improved
by cross-correlating serendipitous X-ray sources in the field with objects in
the USNO-B1 catalog. This yielded the following refined coordinates for the
afterglow: ajopeo = 00"27M4971, 9000 = —71°22'16"3, with an 1-0 uncer-
tainty of 1”75. The EPIC and XRT positions differ by 177, and are therefore
fully consistent within the uncertainties. The two faint galaxies reported by
Pellizza et al. (2006) are &~ 4”away from this position, so that these objects
are not related to the GRB.

In order to retain a S/N ratio large enough to perform the temporal and
spectral analysis, a standard time-filtering approach to screen soft proton
flares could not be applied (a high particle flux was present during the whole

!The counting mode is activated when the count rate in a quadrant exceeds the
telemetry limit (~ 400 count s~! for the PN). In this mode, the informations for individual
events of that quadrant are not transmitted to ground.
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observation). Thus, source events were extracted with a particularly strin-
gent spatial selection, considering only the innermost portion of the point
spread function. We used a circle of 15” radius (containing ~ 65% of the
EEF). The PSF correction was applied to the flux and spectral measure-
ments by computing the ad-hoc effective area using the SAS task arfgen.
The error in this procedure is estimated to be at most at the 5% level? and
it was properly taken into account in the light curve error budget.

Background events were selected from source-free regions within the same
CCD chip where the source was imaged. In particular, for the PN data we
used 2 boxes of 45" x 25" located at the same distance from the readout
node as the target; for the MOS we used an annulus centered at the target
position with inner and outer radii of 90" and 180", respectively. With such
a choice, the background amounted to ~ 13% and ~ 9% of the counts in the
source extraction region for PN and MOS data, respectively, in the 0.3-8 keV
range. The overall (background-subtracted) number of source events was
3990, 1850 and 1760 in the PN, MOS1 and MOS2 detectors, respectively.

The background-subtracted count rate clearly showed a declining trend
with time. We again fitted the light curve assuming a power law decay. The
value of the decay slope a was evaluated independently using PN, MOS1 and
MOS2 data, yielding fully consistent results. We therefore repeated the fit
using the combined dataset, finding @ = 1.72 £ 0.09 in the 0.3-8 keV energy
range (x> = 1.30 for 40 d.o.f.). The background-subtracted light curve is
shown in Fig. 7.3, together with the XRT light curve, after converting the
count rates to fluxes using the best-fit absorbed power-law models described
in Sect. 7.3.3 and 7.4.2).

7.4.2 Spectral analysis

Spectra for the source and the background were extracted from the same re-
gions used for the temporal analysis, as described above. Source spectra were
rebinned in order to have at least 30 counts per energy bin and to oversample
the instrumental energy resolution by a factor 3. Ad-hoc response matrices
and effective area files were created with the SAS tasks rmfgen and arfgen,
respectively. The spectral analysis was performed using XSPEC (v11.3). The
spectra were fitted simultaneously in the 0.3—8 keV band. Since the MOS
observation started &~ 1 hr earlier than the PN, a PN/MOS normalization

2See page 9 of http://xmm.vilspa.esa.es/docs/documents/CAL-TN-0018-2-4.pdf
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factor was introduced in the fit as a further, free parameter. Due to the
fading of the source, this also implies that the observed time-averaged flux
is expected to be higher in the MOS than in the PN.

An absorbed power-law model reproduced the spectrum quite well (x? =
1.17 for 190 d.o.f.). The best-fit parameter values are reported in Table 7.2
(first row); the MOS-PN normalization factor was 1.08 + 0.04. Fig. 7.4
shows the spectra collected by the EPIC cameras together with the best-fit
model. Both the photon index and the Hydrogen column density are in good
agreement with those found by XRT, but are much better constrained. In
particular, the value of Ny inferred from the fit was significantly larger than
the Galactic one Ny w (Sect. 7.3.3). Moreover fixing Ng = Ny yw resulted
in a much poorer fit (x2 = 1.85 for 191 d.o.f.), and even increasing Ny aw
by 30% (see Sect. 7.3.3 and Stratta et al. 2004) the fit was still unacceptable
(x? = 1.65 for 191 d.o.f.). A significant improvement was achieved by fixing
Np = Ngmw and adding to the spectral model an extra neutral absorber at
redshift 2z with column density Ny ,. This yielded x2 = 1.03 (189 d.o.f.); the
chance probability of such improvement, as estimated by an F-test, was <
1 x 107 with respect to the model containing only one absorbing component
(with free Ny). After adding the extra absorption component, the best-fit
power law photon index was I' = 2.03 £ 0.05, while the intrinsic gas column
density and the redshift were Ny, ~ 6 x 102 cm™2 and z ~ 6, respectively.
However, the latter two values are not well constrained, owing to their strong
correlation (Fig. 7.5). In any case, the spectral fit allowed us to constrain
Ny, >4 x10*! ecm 2 and z > 1.5 (at 90% confidence level for 2 parameters
of interest; see inset in Fig. 7.5). We investigated the dependence of these
confidence contours on the assumed value of the Galactic column density. By
varying Nguvw by 50% (within the range discussed above), we found that
the 90% confidence interval on Ny, varies by 20%, while that on z varies by
less than 10%.

The observed (time-averaged) fluxes in the 0.2-10 keV band were 5.1 x
1078 and 5.5x 1071 erg cm~2 57! in the PN and MOS, respectively. The cor-
responding unabsorbed fluxes were 7.4 x 1073 and 7.9 x 10713 erg cm™2 s

We also joined together the XRT and XMM-Newton dataset, to accumu-
late the largest possible statistics. The combined joined temporal fit yields
a decay index a = 1.70 £ 0.05. In the following, we will adopt this value as
the best determination for the temporal decay slope.

In order to search for possible line features in the spectrum (both in
emission and in absorption) we divided the 0.4-5 keV energy range into
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Figure 7.5: Confidence contours (68%, 90% and 99% levels for 2 parameters
of interest) for the gas column density Ny, and the redshift z of the intrinsic
absorber, as computed from the fit to the EPIC spectra. The Galactic column
density was assumed to be Ny yw = 4.6 X 102 cm™? (Dickey & Lockman 1990).
The inset shows a zoom-in of the low-redshift region.

0.2 keV intervals. For the continuum, we assumed the best-fit absorbed
power-law model (including also the rest-frame column density). For each of
the intervals, we added a Gaussian line with fixed width (smaller than the
instrumental resolution) and central energy free to vary within the selected
interval; the normalization could be either positive or negative. We then
repeated the exercise with different choices of the energy intervals. We found
no significant lines in the 0.4-5 keV range in the combined MOS/PN dataset.
The upper limit (3-0) on the equivalent width of any line is ~ 50 and ~
250 eV in the 0.4-2 and 2-5 keV energy ranges, respectively.

We also tried to fit the spectra with thermal models (e.g. Reeves et al.
2002; Lazzati 2003). A redshifted, optically thin plasma emission model
(MEKAL in XSPEC) was used, with the redshift linked to that of the intrinsic
absorber. The fit worsened (x? a~ 1.4) with respect to the simple power law
model, either fixing the metal abundances to Solar values, or leaving them
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Instrument Ny (10%" cm™2) r X2 (x?/d.o.f.)
EPIC 1.3501 2.137050 1.17 (222.5/190)
XRT 1.3 (frozen)  1.96%032  1.43 (11.4/8)
EPIC + XRT 1.3701 2.09700%  1.18 (219.7/197)

Table 7.2: The spectral parameters as measured separately by XMM-Newton and
XRT, fitting the data both separately and together. For this fit, XRT data were
selected from the same time interval covered by the XMM-Newton observation.
Due to the limited statistics, Ng was frozen to the value derived by XMM-Newton
when fitting XRT data. The errors are at 90% confidence level for a single param-
eter of interest.

as free parameters.

Finally, we looked for possible spectral evolution with time, using the
power law plus redshifted absorber model described above. For this study
we divided the data into two subsets with exposure times of ~ 15.8 and
~ 27.6 ks, each subset containing approximately half of the afterglow counts.
We then extracted the corresponding spectra for the source and the back-
ground. No significant (> 3-0) variations in the spectral parameters were
found (except, of course, for the flux normalization).

7.5 Optical and ultraviolet observations

The UVOT instrument onboard Swift observed the field of GRB 050326 to-
gether with XRT, starting 54 min after the trigger. In the subsequent orbits,
it collected a series of images in its 6 broad-band filters (V, B, U, UVW1,
UVM2, and UVW2; Table 7.3). The afterglow was not detected in any of the
single or coadded exposures. Summing the images in each of the six filters,
we estimated the 3-0 upper limits using the UVOT dedicated software (task
uvotsource). The counts were extracted from a 6” and 12" radius aperture
for the optical and ultraviolet filters, respectively, after subtracting the back-
ground. We then corrected the upper limits for Galactic absorption (Schlegel
et al. 1998), assuming the extinction curve of Pei (1992). Our final limits
are summarized in Table 7.3. With respect to the original values reported
by Holland et al. (2005), our measurements were obtained adopting the most
recent on-flight calibration.

The only reported ground-based optical observation for this burst was an
R-band upper limit provided by the 0.6m telescope at the Mt. John Obser-
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t—ty Filter A texp A Mag F, Box  FX/Fo
(s) (A) (s) (mag) (nJy)

3300 UVW2 1930 10 029 >1741 <99.11 <0.52 > 23739
3306 V 5460 100 0.12 > 18.66 <1075 <045 > 65"

3350  UVM2 2220 100 0.36 > 1854 <3417 <0.32 > 7573
3470  UVWIL 2600 100 0.27 >18.75 <27.80 <0.29 > 10373
5219 U 3450 750 0.20  >19.65 <11.00 <0.24 > 17677
9390 B 4350 714 0.16  >20.87 < 17.47 <046 > 5272
24840 Ryoa 6399 600 0.10  >20.20 <2570 <0.74 > 10737

Table 7.3: Summary of optical and ultraviolet observations. All data but the
point in the R band were measured by Swift-UVOT. The R-band observations
is by Tristram et al. (2005). All measurements were corrected for the Galactic
extinction (Ay, based upon Ay = 0.123 mag; Schlegel et al. 1998), assuming the
Milky Way extinction curve by Pei (1992). The optical-to-X-ray spectral index is
Box = log(FS?" /FX)/ log(vx /vopt). The X-ray frequency was set to vx = 1.5 keV,
the logarithmic mean of the XRT observing range. The X-ray flux was computed
by interpolating the XRT light curve to the time of the optical limit. The last
column reports the ratio of the extrapolated X-ray flux to the optical one (assuming
no spectral breaks between the two bands; see Fig. 7.7).

vatory (Tristram et al. 2005). This measurement is also listed in Table 7.3.

7.6 Discussion

7.6.1 The X-ray light curve

To date, Swift has observed X-ray emission from dozens of GRB afterglows.
A systematic analysis of their light curves has evidenced several common
features (Nousek et al. 2006; Chincarini et al. 2005). During the first few
hundred seconds, a steep decay is often observed (a & 3-5; Tagliaferri et al.
2005a), usually interpreted as the tail emission from the prompt GRB (e.g.
Cusumano et al. 2006a). This phase is followed by a much flatter decline
(a = 0-0.7; e.g. Campana et al. 2005; Nousek et al. 2006), lasting up to
10°-10° s (and in some cases even longer). Then, the light curve steepens
again, leading to a ~ 1-1.5; this phase was the one seen by BeppoSAX,
XMM-Newton and Chandra. At late times, a further steepening is sometimes
observed (e.g. Vaughan et al. 2006), likely the signature of a jetted outflow



7.6. Discussion 95

(Rhoads 1999). In some cases, bumps and flares appear superimposed to the
power-law decay, up to several tens of ks (e.g. Piro et al. 2005; Burrows et
al. 2005b).

The light curve of GRB 050326 exhibited a different behaviour with re-
spect to that outlined above. Its light curve showed a single, unbroken decay
from & 55 min to &~ 4.2 d. However, our coverage began relatively late, so
that we may have missed early deviations from the power law behaviour.

In order to investigate the afterglow early stages and to analyze the con-
nection between the prompt and afterglow emission, we extrapolated the
afterglow flux to the time of the prompt emission. We then compared the
obtained value with that expected from the prompt emission in the XRT
band (0.3-8 keV), computed adopting the Band best-fit model. The result
is shown in Fig. 7.3, where the light circles indicate the prompt emission
fluxes. Since the GRB spectrum is known in good detail (particularly, since
no breaks are expected between the BAT and XRT ranges), the extrapola-
tion process should be quite reliable. As it can be seen, if no temporal breaks
were present in the X-ray light curve, the afterglow flux in the X-ray range
exceeded the prompt one by a factor of ~ 100 (with a small uncertainty, due
to the tiny error in the decay index). We cannot exclude that such emission
was present (since we have no prompt observations in the X-ray band), but,
if present, the present component would appear as a very bright, soft excess.
Such feature would not be unprecedented (Vanderspek et al. 2004; Vetere et
al. 2006), but in this case it would likely contaminate the low-frequency end of
the BAT spectrum. Moreover, the soft excesses always contained less energy
that the GRB proper. Thus, the most conservative hypothesis is to assume
that a break was present in the early light curve, or that the afterglow onset
was delayed. Indeed, as mentioned above, most of Swift afterglows show
a shallow decline phase during the first thousands seconds after the GRB.
Independently of any extrapolation, we note that GRB 050326 was distinctly
different from most bursts observed by BeppoSAX, for which the backward
extrapolation of the late-time X-ray afterglow roughly matched the prompt
emission level in the X-ray range, as measured by the Wide Field Cameras
(Frontera et al. 2000).

We also performed a different operation. Using the best-fit X-ray spec-
trum, we extrapolated the XRT flux to the BAT energy range (20150 keV),
and reported it at the time of the burst using the afterglow decay law. Also
in this case, the expected value exceeded the observed prompt emission, but
by a smaller factor. This again suggests that a break in the light curve was
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present before the beginning of the XRT observation, but the evidence is
less compelling. For example, we cannot even exclude that the afterglow
spectrum had a break between the XRT and BAT ranges, so that the ex-
trapolation actually overestimated its flux.

7.6.2 Constraints on the afterglow parameters

The properties of the explosion can be inferred in the context of the standard
afterglow model (e.g. Mészéaros & Rees 1997; Sari et al. 1998). In this context,
the observed emission is due to synchrotron radiation from a decelerating rel-
ativistic shock, which produces a decaying flux with a power-law spectrum.
Depending on the model parameters, definite relations between the spectral
and temporal indices a and S are predicted. The combined XMM-Newton
and Swift-XRT data provide a = 1.70 £+ 0.05 and § = 1.09 + 0.08. Both
values are not unusual among GRB afterglows at comparable epochs (e.g.
De Pasquale et al. 2005; Chincarini et al. 2005; Nousek et al. 2006). These
numbers are consistent with a spherical outflow expanding inside a homo-
geneous medium, if the XRT range was between the injection and cooling
frequencies (v; and v., respectively). In this case, the model prediction is
a = 34/2 = 1.63 £ 0.12, in excellent agreement with the measured value
a = 1.70 + 0.05. All other possibilities (a wind-stratified medium, or a dif-
ferent location of the break frequencies) are excluded at > 3.5-0 level. The
power-law index of the electron energy distribution is p = 1+4a/3 = 1424,
so that p = 3.25 + 0.06. Such value is rather high, but not unprecedented.

No break was observed in the X-ray light curve of GRB 050326 between
55 min and ~ 4.2 d after the burst. The condition v; < v < v, thus held
during this time range. While v; typically lies below ~ 10 Hz for ¢ > 1 hr
(e.g. Sari et al. 1998; Panaitescu & Kumar 2000), keeping v < v. up to
t > 4.2 d requires n05?]’3/72_2 < 3 X 10*5Ei;01’éi, where n = ng X 1 em™? is the
ambient particle density, eg = 10~ %c,_s is the magnetic field energy fraction,
and Fis, = Fiso 51 X 10°* erg is the (isotropic-equivalent) fireball energy. This
condition is difficult to satisfy (e.g. Panaitescu & Kumar 2001a; Yost et al.
2003), so it may be regarded as a problem for the model. We note, however,
that for this burst both a and § could be measured with good accuracy, so
the consistency between the predicted and observed value of the decay index
is remarkable.

The absence of any break also poses some constraints on the geometry of
the emission. GRB afterglow light curves often show a late-time steepening,



7.6. Discussion

97

= T T TTTT T T IIIIII| T TTTIT ,/I”rl TTTTIT T T IIIIIIyll",r'I ’I/rlllw-
1000
=
[V}
-
>
Q0
—
Q
=
o
« 100
©
[V}
A
. e Isotropic equivalent -
, s = Beaming corrected
10 / 1 IIIVﬁIl /II I1”I’IIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| L1 111l
1 049 1 050 1051 1 052 1 053 1054

Gamma-ray energy (erg)

Figure 7.6: Comparison of GRB 050326 with the Amati (right) and Ghirlanda
(left) relations (Amati et al. 2002; Ghirlanda et al. 2004). The thick solid curves
(black and grey) show the position of GRB 050326 as its redshift varies in the in-
terval 0.1 < z < 10. The Ghirlanda track is actually a boundary (as the horizontal
arrows indicate), since we can infer only a lower limit to the beaming-corrected
energy at each redshift. Filled circles and squares indicate the GRBs which de-
fine the above two relations, plotted as straight solid lines (together with their
1-, 2- and 3-0 contours: long-dashed, dot-dashed and dotted lines, respectively).
Data were taken from Ghirlanda et al. (2004, 2005). Grey diamonds indicate the
intersection of the GRB 050326 tracks with the 3-o contours of the Amati and
Ghirlanda relations. These points thus define the 3-0 redshift ranges for which
GRB 050326 was consistent with the two relations. In the two GRB 050326 tracks,
the region 1.5 < z < 8 (indicated by the X-ray data) is shown in black, bound by
asterisks.
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commonly interpreted as the result of a jetted geometry. For GRB 050326,
this break likely occurred after the end of the Swift observations. In fact,
breaks earlier than ~ 1 hr are usually due to different reasons (such as the
end of the refreshed shock episode; e.g. Zhang et al. 2006). If interpreted
as a jet break, a very narrow jet would be implied. Moreover, the decay
slope in the monitored time range is quite flat compared with that expected
(and usually observed) after jet breaks (e.g. Israel et al. 1999; Harrison et al.
2001; Klose et al. 2004). The measured decay would imply a hard electron
distribution (p < 2). Using the relations provided by Dai & Cheng (2001), an
unreasonably low p = 4o — 6 = 0.8 + 0.2 would result (with the X-ray band
being above v.), which would give rise to a spectrum completely inconsistent
with the observed one. Assuming v, above the observed range would only
worsen the situation.

Assuming that the jet break occurred at ¢, 2 4 d allows us to put some
constraints on the jet opening angle and on the beaming-corrected gamma-
ray energy. To this extent, the main obstacle is the lack of a well constrained
redshift. Our spectral analysis of the XMM-Newton data allowed only to
set a broad range 1.5 < z < 8 (90% confidence level). Using the bolometric
fluence F of the prompt emission, the lower limit on 2z provides a constraint
on the GRB radiated energy:

2
E,is0o = 47T11)LT(2).7 > 1.4 x 10°* erg, (7.1)
where Dy, > 3.40 x 10?® cm is the luminosity distance. GRB 050326 was
therefore quite likely bright in gamma rays compared to other GRBs detected
by Swift (e.g. Chincarini et al. 2005).
Following Sari et al. (1999), the jet half-opening angle can be constrained
as follows:

1+2\ **/ B, A RNV
9> 6 2L M | (&
! ( 2.5 ) (1053 erg> 021 c¢cm™3 (7.2)

where 7 is the prompt radiative efficiency and we have assumed #, > 4 d.
Note that the dependance from the gamma-ray energy and on the other
parameters is rather mild. The corresponding beaming-corrected gamma-
ray energy is then

3/4 3/2
_ T2 E iso 34 [ Do
=S (B2) e (B




7.6. Discussion 99

The quantity Dy, /(14 2) has only a mild dependence upon z. For the redshift
range allowed by our X-ray measurements (1.5 < z < 8), we have 1.4 X
102 em < Dy /(14 2) < 2.8 x 10%® cm, so that E,; > (3-8) x 10°! erg. This
is at the high end of the beaming-corrected gamma-ray energy distribution
(Ghirlanda et al. 2004).

Fig. 7.6 shows the position of GRB 050326 in the plane E, vs E,, to
check how it compares with the Amati and Ghirlanda relations (Amati et
al. 2002; Ghirlanda et al. 2004). As the redshift varies, the burst position
follows the tracks indicated by the thick solid curves (see the figure caption
for the details). The Ghirlanda track is actually a boundary, since the lower
limit on ¢, translates into a lower limit for F. ; for any given redshift. We
can ask for which redshifts GRB 050326 was consistent with the two above
relations. Only loose limits are provided by the Amati relation (which has
a large dispersion): at the 3-o0 level, z > 0.25 is implied. The comparison
with the Ghirlanda relation is less solid, since further assumptions are needed
(such as the ambient particle density and the break time). However, for our
fiducial values, we have two allowed ranges: a low-redshift region (0.1 < z <
0.8), plus a high-redshift solution (z 2 4.5). A lower particle density would
move the track towards the left, while a larger jet break time would shift it
rightwards.

We note that the only way to make GRB 050326 in agreement with the
Ghirlanda relation and simultaneously satisfy our constraints on the X-ray
absorption (z 2 1.5) is to require a high redshift for this event, since the low-
redshift region is excluded by the fit to the X-ray column density at > 99%
confidence level. Therefore, although our arguments are rather speculative,
and would surely need more conclusive data, we regard GRB 050326 as a
moderate/high redshift candidate. The lack of a host galaxy inside the XMM
error box (Pellizza et al. 2006) is also consistent with a large redshift.

Recently, Liang & Zhang (2005) have presented a model-independent mul-
tidimensional correlation between the observed isotropic energy E, i, the
rest-frame spectral peak energy E,, and the comoving break time #,/(1 + z).
This relation, in principle, allows to compute E, ;s (and z) for a GRB with
known E, and ?,. However, no significant constraints could be inferred in
the case of GRB 050326. Moreover, since this relation was derived using the
break time as measured in the optical band, its application to X-ray data
may not be valid (Liang & Zhang 2005).
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7.6.3 Evidence for intrinsic absorption

The presence of intrinsic absorption, besides allowing us to constrain the
GRB redshift, has other important consequences. The rest-frame absorbing
system has a Hydrogen column density larger than ~ 4 x 10?! cm~2. For
moderate redshifts, Ny, would be much larger. Several afterglow observa-
tions, both from Swift and previous missions, showed evidence for excess
X-ray absorption in addition to the Galactic value (e.g. Galama & Wijers
2001; Stratta et al. 2004; De Luca et al. 2005b). Recently, Campana et al.
(2006b) showed that about half of Swift afterglows have a large rest-frame
column density, typical of giant molecular clouds (Reichart & Price 2002).
Given the connection between GRB explosion and supernovae (Galama et
al. 1998b; Stanek et al. 2003; Hjorth et al. 2003; Malesani et al. 2004), this
fact may constitute a powerful way to study the regions where massive star
formation takes place in the high-redshift Universe. Lazzati & Perna (2002c)
showed that the prompt GRB flux is able to ionize the surrounding medium
up to radii as large as ~ 5 pc, therefore leaving no absorbing material. Such
process may have been observed in act for GRB 000528 (Frontera et al. 2004).
The fact that a large column density was measured in GRB 050326 may im-
ply that the absorbing material was distributed in a wide region (R 2 5 pc),
or that the ionizing flux was not large.

For GRB afterglows, comparable absorption in the X-ray range is usually
not accompanied by large extinction in the optical band (Galama & Wijers
2001). Only small amounts of dust are usually inferred from the analysis
of optical spectra, even when large column densities are observed in the X-
ray afterglow. Several explanations were invoked to explain this discrepance,
among which the destruction of dust from the burst and /or afterglow photons
(Waxman & Draine 2000), a large metal-to-dust ratio in the intervening
material (Stratta et al. 2004), or an overabundance of o elements (Watson et
al. 2006a). Unluckily, several factors hamper the study of this problem, such
as the uncertaintes in the shape and normalization of the extinction curve, the
possibility that GRBs occur in special, low-metallicity environments (Fynbo
et al. 2003; MacFadyen & Woosley 1999), and in several cases the lack of the
redshift determination.

For GRB 050326, no detection in the optical/ultraviolet band could be
obtained. Table 7.3 reports the available upper limits to the afterglow flux,
from both Swift-UVOT and ground-based observations. In Fig. 7.7 we show
the optical-to-X-ray spectral energy distribution at different epochs. We com-
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Figure 7.7: Broad-band spectral energy distribution of the afterglow of
GRB 050326, computed at different times (which are identified by different sym-
bols). The shape of the X-ray spectrum was assumed to be constant throughout
the observation, and the decay law was adopted to report the X-ray flux at the
time of the optical measurements.

puted the X-ray flux at the time of each available limit, adopting the decay
law measured by Swift-XRT and XMM-Newton. Furthermore, no spectral
evolution was assumed.

As it can be seen, the UVOT limits provide strong constraints, even if they
are not particularly deep. In fact, GRB 050326 was bright in X rays (with
a flux of &~ 107 erg em 2 s7!, 1 hr after the GRB). Table 7.3 reports the
optical-to-X-ray spectral indices Sox. For all our measurements, fox < fx.
Moreover, most of them violate the synchrotron limit Sox > 0.5, which holds
for a non-obscured synchrotron spectrum. GRB 050326 can therefore be clas-
sified as truly dark, according to the definition proposed by Jakobsson et al.
(2004). This limit is quite robust, since no assumptions are made about the
position of the synchrotron break frequencies. For this GRB, however, we
can go further in this reasoning. Our analysis of the temporal and spectral
properties of the afterglow, in fact, indicated that the XRT range was below
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the cooling frequency v.. Therefore, the extrapolation of the XRT spectrum
to the optical domain seems in this case reliable, since no spectral breaks
are expected to lie between these two bands. This allows estimating the
suppression factor suffered by the optical flux, and is reported in the last
column of Table 7.3. Again, large lower limits were found, implying conspic-
uous rest-frame extinction (up to a factor ~ 100 and more, corresponding to
> 5 mag). The presence of the injection frequency v; close to or blueward of
the optical band may partly explain the flux dearth. However, following the
formulation of Panaitescu & Kumar (2000), even choosing rather extreme
parameters (Eig, = 105 erg, 2 = 5, €, = e = 0.1), v; can at most be com-
parable to the ultraviolet observed frequencies. In particular, at the time of
the U-filter measurement, which provides the strongest constraint, ; cannot
be blueward of this band. So, even if 14 has some role in this game, it cannot
be responsible for the whole suppression of the optical flux. Moreover, low
values of eg were required to keep the cooling frequency outside the XRT
range (see Sect. 7.6.2), so that 14 was likely at much lower energies than the
optical band.

The truly dark nature of this burst allows one of the following two pos-
sibilities. The burst may have suffered dust extinction in its host galaxy.
The amount of dust is not straightforward to evaluate. The main obstacle
is again the lack of the redshift, together with the unkwown shape of the
extinction curve. However, our limit that more than 5 mag were missing in
the observed U band may roughly correspond to Ay 2 2 mag for z ~ 1.5,
even if many other solutions are acceptable. The second possibility is that
GRB 050326 was at high redshift, as suggested by our analysis of the X-ray
spectrum combined with the limits provided by the Ghirlanda relation. In
this case, virtually no flux is left blueward of the redshifted Lyman dropout.
To suppress the flux in the V' band, z 2 5 would be required. However,
the combination of a moderate redshift and mild absorption may relax this
condition.

7.7 Conclusions

We have presented a detailed analysis of the GRB 050326 prompt and af-
terglow emission. The combined capabilities of Swift (which sampled the
light curve for a relatively long time span) and XMM-Newton (which en-
sured a large statistics) allowed to obtain a thorough characterization of the
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afterglow properties.

The prompt emission was relatively bright (with a 20-150 keV fluence of
~ 8 x 1079 erg cm™2). The spectrum was hard (photon index I' = 1.25 +
0.03), suggesting a peak energy at the high end of the BAT energy range or
beyond. Indeed, thanks to the simultaneous detection of this burst by the
Wind-Konus experiment (Golenteskii et al. 2005a), the prompt spectrum
could be fully characterized. The prompt bolometric fluence was F ~ 2.4 x
107° erg em 2 (1-10000 keV), and the observed peak energy was Fp ops =
200 £ 30 keV.

Due to pointing constraints, XRT and UVOT observations could start
only 54 min after the GRB. The X-ray afteglow was quite bright, with a
flux of 7 x 107! erg cm™2 s7! (0.3-8 keV) 1 hr after the GRB. However,
no optical counterpart could be detected. The X-ray light curve showed a
steady decline, with no breaks or flares. The best-fit power-law decay index
was a = 1.70 4+ 0.05. Such regular behaviour is different from that usually
observed by Swift, but this may be the result of the limited time coverage
(observations could be carried out only between 54 min and 4.2 d after the
burst). Indeed, extrapolation of the afterglow light curve to the time of the
prompt emission overpredicts the burst flux, and may suggest a slower decay
before the beginning of the XRT observation.

The analysis of the combined XRT and XMM-Newton data allowed to
characterize in detail the afterglow spectrum. A fit with an absorbed power-
law model provided a good description to the data, yielding a photon index
['=2.09 4+ 0.08 and a column density significantly in excess to the Galactic
value. The best-fit model was thus computed adding an extra absorption
component, leaving its redshift 2 free to vary. Although both Ny , and z could
not be effectively constrained, a firm lower limit N, > 4 x 10?" cm™2 could
be set. Therefore, GRB 050326 adds to the growing set of afterglows with
large rest-frame column density (Galama & Wijers 2001; Stratta et al. 2004;
Campana et al. 2006b). The limits measured in the optical and ultraviolet
region by UVOT lie well below the extrapolation of the X-ray spectrum.
In particular, they violate the synchrotron limit that the optical-to-X-ray
spectral index should be larger than 0.5. This implies a large extinction
and/or a high redshift.

The X-ray spectral analysis also allowed us to set the lower limit z > 1.5
to the redshift of the absorbing component (and therefore of the GRB). The
isotropic-equivalent gamma-ray energy was then E, ;5 > 1.4 X 10° erg. The
temporal and spectral properties of the afterglow were nicely consistent with
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a spherical fireball expanding in a uniform medium, with the cooling fre-
quency above the X-ray range. We could therefore set a lower limit to the
jet break time ¢, = 4 d. The jet opening angle could be constrained to be
Y; 2 7°, with only a weak dependence on the (unknown) fireball energy. The
beaming-corrected gamma-ray energy was E. ; = (3-8) x 10°!(t;,/4 d)*/* erg,
independently from the redshift. GRB 050326, thus, released a large amount
of gamma rays (only GRB990123 had a larger energy in the sample of
Ghirlanda et al. 2004).

To be consistent with the Ghirlanda relation (Ghirlanda et al. 2004),
two redshift ranges are allowed, either at low (z < 0.8) or high (z 2 4.5)
redshift. However, to simultaneously satisfy also the limits derived from
the X-ray spectral analysis, only the high-redshift region is left. We note
that the Ghirlanda relation is still based upon a small sample, so that any
inference cannot yet be regarded as conclusive. However, the results from
the X-ray spectra, the consistency of the GRB 050326 properties with the
Ghirlanda relation, and the strong dearth of optical/ultraviolet afterglow
flux, are overall consistent with a moderate/high redshift (2 2 4).



Chapter 8

Conclusions: the SN/GRB
connection

The main subjet of this thesis is the SN/GRB connection. In the past years,
this reseach field has made big progresses at a surprisingly rapid rate. I try
to summarize here the status of the SN/GRB connection, stressing what can
be learnt about GRBs and their phsycis.

8.1 Faint and bright gamma-ray bursts

The population of long-duration gamma-ray bursts is currently being thor-
oughly tested by Swift, prosecuting the work of previous missions. At least
from a phenomenological point of view, it seems that there are two flavors
of long GRBs, roughly denoted as ‘bright’ and ‘faint’. Bright events are
preferentially found at large redshifts (z = 0.5). They have usually bright
X-ray afterglows, with more-or-less well defined properties. Their energy is
in excess of 10°! erg. This dividing line is not well defined, but roughly cor-
responds to the kinetic energy of a SN. One might speculate that brighter
events need some degree of collimation, in order to keep the total energy
in the relativistic ejecta comparable to that of the nonrelativistic ones (the
SN shells). Estimates of the total energy (non isotropic equivalent) from
late-time radio calorimetry also have shown that in many cases the fireball
energy is of the order of 10°! erg (e.g. Berger et al. 2003b). Bright GRBs
follow a few empirical correlations, like the Amati and Ghirlanda relations
between the prompt emission peak spectrum and the isotropic and beaming-
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corrected energy release, respectively (Amati et al. 2002; Ghirlanda et al.
2004; see however Sakamoto et al. 2006).

On the other hand, a few low-luminosity events are known, starting
from the “prototypical” examples GRB 980425 and GRB 031203 (Chapter
2). These have a low redshift (z < 0.2), have weak or absent optical, X-ray
and radio afterglows, and in some cases do not satisfy the Amati relation.
No clear break signature has been inferred for these events and faint GRBs
might be less collimated. Such bursts appear to be very numerous, and the
low number of detections is simply due to their faintness, so that we can
observe them only from a small volume in the Universe. It is not straight-
forward to compare the absolute rates of faint and bright events, since they
may in principle (and likely do) have different degrees of collimation. In
fact, the beaming correction for both bright and faint GRBs is not very well
constrained. Current estimates for the beaming factor of bright GRBs vary
between ~ 50 and ~ 500, so that the rate is uncertain by an order of mag-
nitude. For faint events, the collimation might quite low (beaming factor
of ~ a few). Using the available constraints, the rates of the two groups
can be more or less comparable (provided that faint bursts are not much
collimated).

The concept of ‘faint’” GRB is however not so sharply defined. Swift is
showing that the gap between bright and faint events may be filled with
intermediate-type objects (e.g. GRBO060218). The class of X-ray flashes
(XRFs) is also likely to contribute to this intermediate population. If XRFs
follow the Amati correlation, for a peak energy of the order of a few keV
their isotropic energy release is expected to be of the order of 10%°-10° erg,
akin to that of faint events. XRFs seem to form a low-energy extrapolation
of the bright GRB population (they have afterglow with ‘normal’ properties,
they follow the Amati correlation, they are hosted by similar galaxies, and
may have similar SN progenitors). Overall, it may well be that the division
between faint and bright bursts is only dictated by an observational bias,
and that all long GRBs form a continuum.

Among the proposed models to explain the diversity of the two kinds of
events, two possibilities have been envisaged. First, faint and bright GRBs
may be different objects. Second, faint GRBs may be the result of classi-
cal jetted GRBs observed off-axis. I will evaluate both possibilities below.
A third solution requires peculiar spectral evolution of these events, which
would make us miss part of the emission, so that these bursts would be ac-
tually much brighter (Ghisellini et al. 2006). It is not simple, however, to
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reconcile the afterglow properties with those of standard GRBs.

8.2 The associated supernovae

The discovery of the SN connection is in principle a very powerful tool to con-
strain GRB models. Here, there is possibly the biggest surprise. The present
data indicate that SNe accompany both faint and bright GRBs. Further-
more, the SNe associated with the two kinds of events can be strikingly simi-
lar, as spectacularly demonstrated by the four “golden bursts” GRB 980425,
GRB 030329, GRB 031203 and GRB 060218 (GRB 030329 belonging to the
bright group). A hypernova with similar properties (both in terms of lumi-
nosity, colors and kinetic energy) has been observed beyond doubt in these
objects. Albeit there is diversity in the SN population (see Chapters 3, 4,
5), this does not look to be correlated with the properties of the relativistic
ejecta. For example, two faint GRBs have the slowest- and the fastest-
evolving SN (GRB 031203 and GRB 060218, respectively). The three bursts
with deep SN limits (XRF 040703, GRB 060505 and GRB060614) have dif-
ferent luminosities, and GRB 060614 appears to belong to the bright group
(Chapter 5). The distinction between GRBs and XRFs (if real) is also ap-
parently uncorrelated with the SN properties: XRF 029093 and XRF 040701
had a bright hypernova and a deep limit, respectively. Figure 8.1 compares
the gamma-ray and SN luminosities for all the bursts with available data (the
redshift determination was required for inclusion in the sample). As it can be
seen, there is no apparent correlation between the two properties. Moreover,
the three objects with no detected SN stand clearly separated from the other
cases.

8.3 Off-axis or faint events?

The similarity of the associated SNe have provided strong support for the in-
terpretation of faint GRBs as off-axis events (Yamazaki et al. 2003; Ramirez-
Ruiz et al. 2005a). In fact, albeit some asymmetry is present in core-collapse
SNe (e.g Wang et al. 2003; Maeda et al. 2006), this is not very pronounced
(the angular variation of the emission is at most a factor of ~ 3). On the
contrary, the relativistic emission may give rise to strong angular dependance
of the emission profile, due to the relativistic light aberration. Far from the
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Figure 8.1: Comparison of the peak magnitudes of GRB-associated SNe versus
the gamma-ray energy release. My = —19.1 for SN 1998bw was assumed (from
Galama et al. 1998b using the current cosmological parameters). Colors similar to
those of SN 1998bw were assumed to compute the V-band magnitudes. Most data
come from the light curve fitting performed by Zeh et al. (2004, 2005). Gamma-
ray data have been taken from the recent compilation of Amati (2006a). Data
for bursts indicated by the labels come from Galama et al. (1998b); Soderberg et
al. (2005); Malesani et al. (2004); Ferrero et al. (2006); Lipkin et al. (2004); Della
Valle et al. (2006d); Fynbo et al. (2006).
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axis, the burst luminosity can be easily lower by a factor 103-10%. Actually,
the precise emission depends on the jet angular profile: if there is low-energy
material emitted outside the main jet axis (Rossi et al. 2002), its emission
may overwhelm the off-beam burst radiation. Therefore, a large spread in
the apparent burst energetics can be observed.

Further evidence supporting the off-jet hypothesis comes from the host
galaxies of closeby GRBs, which are overall similar to those of bright events
(with the caveat of their different redshifts; Sollerman et al. (2005)). Last,
the current uncertainties in the rate determination make similar the rate
of faint GRBs (not corrected for beaming) and that of bright GRBs after
the beaming correction. This numerical coincidence may suggest that faint
GRBs represent the unseen population of off-axis bright bursts. It should be
stressed, however, that the uncertainties in the rate determination are still
very large. The GRB rate (taking into account the beaming) is about 1%
(uncertain by a factor of 3; Della Valle 2006a) of that of type-Ib/c SNe, so
that only a small fraction of nearby SNe may host a (likely off-axis) GRB.

There are however also strong arguments against the off-beam hypothesis
for faint GRBs. One of the main arguments is that the relativistic aberration
effect stops once the fireball becomes nonrelativistic. Such transition has been
observed in a few cases (Frail et al. 2000) at radio wavelengths and occurs
~ one year after the GRB (depending on the burst energy and circumburst
density). After that time, the GRB emission becomes isotropic, and any
observer sees the same luminosity. For an off-axis jet we would than expect
to see a rising flux close to this epoch. This has not been observed so far,
and very stringent limits have been put for closeby GRBs (Soderberg et al.
2004a,b). Furthermore, no nearby type-Ic SNe (unassociated with a GRB)
have shown such behaviour (Soderberg et al. 2004b). To be consistent with
bright GRBs, very low densities are implied for these events, forcing us to
assume different environments for the two groups.

The energetics of the X-ray afterglow may also be used as a test for the jet
model. Figure 8.2 shows the X-ray luminosity (10 hr after the burst) versus
the prompt isotropic equivalent energy (from Amati et al. 2006b). Triangles
show bright events, while dots show the low-luminosity events. As expected,
there is a correlation among these two quantities. Albeit there is large scatter,
it is very significant. What is remarkable is that faint burts lie more or less
on the extrapolation of the correlation holding for bright bursts alone (dotted
line). If faint GRBs are off-axis events, it is not straightforward to let them
obey this relation. The X-ray luminosity at 10 hr, due to its low dependance
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Figure 8.2: 2-10 keV afterglow luminosity at 10 days Lx 10 versus the isotropic
prompt energy release (1-10 000 keV). Triangles represent bursts taken from the
samples of Berger et al. (2003c) and Nousek et al. (2006). When available, gamma-
ray data were taken from (Amati 2006a) and Nousek et al. (2006). Open triangles
represent those Swift bursts without measurement of the peak energy, for which
a bolometric correction based on an average spectrum was adopted. Other sub-
energetic events are included (circles and diamonds); their X-ray luminosities were
derived from the X-ray afterglow light curves reported by Kouveliotou et al. (2004),
Watson et al. (2004), Campana et al. (2006), and Mangano et al. (2006). The
plotted lines are the best fit power-laws obtained excluding (dotted) and including
(dashed) sub-energetic GRBs.
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from the other parameters, has been used as a proxy to the fireball energy
(Freedman & Waxman 2001, but see Granot et al. 2006). For an off-axis jet,
the X-ray afterglow at 10 hr is expected to be less de-beamed with respect
to the prompt emission, due to the fireball deceleration (the Doppler factor
is strongly dependent on T'), so that we expect off-axis events to be above
the relation valid for on-axis events. However, the scatter is large, and more
events are needed to populate this plot.

Amati et al. (2006b) have pointed out that, among the faint events,
GRB 060218 (Campana et al. 2006) is consistent with the Amati relation
(Amati et al. 2002). GRB 980425 and GRB 031203 were outliers to this re-
lation. With a single case, it is difficult to say if this was just a chance
coincidence, or if this fact it has a deeper physical meaning. There are how-
ever other faint GRBs respecting the Amati relation (such as XRF 020903;
Sakamoto et al. 2004). Interestingly, based upon Wind/Konus data (Golenet-
skii et al. 2006), also GRB 060614 looks to lie on the correlation (albeit a more
careful analysis of the prompt spectrum is needed to asses this!). Adopting
tiet = 1.3 d (Della Valle et al. 2006d), we infer a half-opening angle of ~ 12°,
which also makes this burst consistent with the Ghirlanda relation (Ghirlanda
et al. 2004). These facts would suggest that the above two intermediate-
luminosity GRBs belong to the same group as bright GRBs. Off-axis models
are not able to reproduce the Amati relation (Donaghy 2006b).

The fact that faint GRBs are really underenergetic events is not surpris-
ing. First, the luminosity function of several kinds of objects peak at low
luminosities. Second, the inferred energies for both faint and bright GRBs
(after correcting for beaming) are just a fraction of that of a SN. Hypernova
ejecta carry more than ~ 1052 erg, and also fainter SNe have 10% erg, not
to mention the energy released in neutrinos and gravitational waves. A vari-
ation in the burst energy would involve only a little fraction of the overall
energy budget.

The existence of off-axis bursts, however, is unavoidable if our present
understanding of GRBs is correct. The search for these events is thus very

!The Wind/Konus (Golenetskii et al. 2006) data show that the burst is composed
by an initial hard spike with peak energy FE, ~ 300 keV, followed by a more intense soft
episode with unconstrained peak energy and photon index I' > 2 (suggesting E, < 20 keV.
From these data the flux-weighted peak energy is E, =~ 60 keV, with an error of ~ 50%.
Preliminary analysis of BAT spectra shows that E, < 30 keV (Mangano et al. 2006).
The allowed range for being consistent with the updated Amati relation (Amati 2006a) is
10 keV < Ep < 100 keV (2-0 level; Amati et al. 2006b).
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important. Some authors have pointed out a handful of nearby SNe as can-
didate off-axis events (Granot & Ramirez-Ruiz 2004; Mazzali et al. 2005),
but these suggestions are far from being solid. I think that a clear detection
of an off-axis GRB is among the most important observational advances to
be achieved in GRB field. The more direct way would be to discover rising
lightcurves at radio or optical frequencies (“orphan afterglows”), or possibly
to detect superluminal expansion of the ejecta associated to some nearby SN.

8.4 Short gamma-ray bursts

The study of short gamma-ray bursts has just begun. The first data have
suggested a rich variety of features. Short GRBs arise from diverse environ-
ments. The first short GRB identified galaxy was a bright elliptical, a fact
somehow expected having in mind a binary merger origin. However, the sec-
ond identified galaxy was of a different kind (see Chapter 6), with significant
star formation. Now the currently known host population is equally split
among early- and late-type galaxies, though the number of known events is
still small.

The offset distribution of short GRB counterparts can provide a very
important clue to their origin. Remarkably, at least two of the short GRB
counterparts have exploded outside their parent galaxies. Again, a binary
merger origin is capable to explain this feature. Such systems can in fact
receive a large kick velocity due to the SN explosions, and since a long delay
can be expected between the binary formation and its coalescence, large
distances can be travelled. In this respect, the small offset found between
the optical counterparts of GRB 050709 (Chapter 6) and GRB051221A and
their host galaxy centers would be consistent with the younger ages of the
stellar populations (both hosts show active star formation). However, this
simple argument may not hold if the binary is bound to the galaxy via
gravitational interaction. For example, GRB 050724 exploded well inside its
host galaxy, even if its stellar population was quite old.

It would be very interesting, in this respect, to measure directly the pe-
culiar velocity of a short GRB. This is in principle possible through spec-
troscopy, by comparing the afterglow redshift with that of the parent galaxy.
To date, no direct spectroscopic observation could be achieved for a short
GRB afterglow (all redshifts were measured for the host galaxies). However,
this may turn out difficult to perform in practice, since short GRB after-
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glows are faint, and particularly those outside their host galaxies. Further,
for GRBs exploding out of their galaxies only very weak absorption lines are
expected. Nonetheless, this is a possibility worth being explored.

Current data are indicating that the progenitor systems of short GRBs
explode with a significant delay after their formation. This lag seems to be
strongly variable. Binary merging systems fit in this view, but this is not the
only possibility. A different solution may be the collapse of a neutron star
to a black hole due to accretion from a companion star. The lag would be
in this case tied to the time needed to reach the maximum stable mass for a
neutron star.

Direct spectroscopy of afterglows may allow getting some indirect infor-
mation on the progenitor, through the study of the burst environment. Such
analyses have provided important clues for long GRB afterglows, and they
may be relevant also for the short ones. The ISM surrounding merging ob-
jects is not expected to be particularly dense. However, in the collapsing
neutron star scenario, the situation may be more favorable. For example,
it would be possible to detect the signature of the wind from the secondary
star.

The next few years will likely provide us with new clues and new sur-
prises. As the number of known events will grow, we will be able to build
meaningful distributions of the observed properties, and to compare them
to model predictions. Should the binary merger scenario be confirmed, fur-
ther clues to the system composition could be drawn. For example, systems
containing a black hole may have different behaviours with respect to binary
neutron stars. It is of the primary importance to collect the largest possible
observational material.

From a different point of view, it is remarkable that both the prompt
and the afterglow emission are overall similar between long and short GRBs.
Thus, despite the very different environmental conditions, there seems to be
an underlying similar physical mechanism. Likely, both kind of explosions
witness the formation of a stellar-mass black hole, with the formation of a
relativistic outflow powered by accretion. It looks then that the understand-
ing of GRBs may have wider implications for the physics of other systems
with jets, like Galactic superluminal sources and possibly AGNs.



114 Chapter 8. Conclusions: the SN/GRB connection

8.5 Future prospects

The GRB field has now reached some degree of maturity. There is a gen-
eral framework with well supported observational evidence. Likely, the next
frontier in GRB studies is the full exploitation of their potential to probe
the far Universe. Their value is still larger once their strict connection with
the star formation is considered. The existence of GRBs at large redshift
has been demonstrated by the discovery of GRB 050904 at z = 6.295 and
several other events at z > 4. Albeit the fraction of high-redhisft objects
in the gamma-ray bursts sample is much larger than for any other class of
objects (AGN, galaxies), the complexity of discovering high-redshift counter-
parts and measuring their redshifts has been an issue up to now. However,
it seems that the GRB community has trained, and things may improve in
the next few years.

The big, critical issue which still threaten the possibility of using GRBs
as unbiased probes of the star formation is to understand which kind of
conditions are necessary for their production. There is now some evidence
that GRB host galaxies are different from other star forming system. Albeit
the impact of selection effects has not been fully evaluated yet, it looks that
the critical parameter is the metallicity (see Chapter 1). The collapsar model
explicitely favors GRB production in low-metallicity systems. Interestingly,
this may actually favor the production of GRBs at high redshifts, where the
metallicity is much lower than at z = 0. On the other hand, a low metallicity
is more likely to be found in low-mass (and luminosity) galaxies. This is
consistent with the average low brightness of GRB hosts. This offers the
unique opportunity to study very faint systems, which would be otherwise
very difficult to probe. Host galaxies as faint as V' ~ 30 have a measured
redshift thanks to a GRB exploding inside them.

GRB afterglows also allow probing the chemical composition, the excita-
tion state, and the dynamical conditions of the gas in star-forming regions.
The information coming from both optical and X-ray observations can be
coupled effectively, thus allowing to draw a complete picture of the differ-
ent gas components (hydrogen, metals, dust). These observations cannot
be achieved using AGN absorption spectra, since star forming regions are
compact, and the probability of being on the sightline to a quasar are very
small. On the other hand, GRB explosions are located just inside the star
forming regions, so that they are very well suited to study the conditions in
star-formation sites.
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However, in order to exploit effectively GRBs as cosmological probes, we
are forced to reach a full understanding of the GRB production mechanism.
The theoretical modelling has found viable solutions to yield successful GRB
explosions, but these need to be thoroughly tested before being applied to
the far Universe. Nearby GRBs offer the opportunity to study in detail the
environment where GRBs were born, and this can provide a critical test to
models.
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