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Zusammenfassung

Gammastrahlungsausbrüche (engl. Gamma-ray bursts, kurz: GRBs) sind kurz andauernde

Ereignisse im Gammastrahlungsband, die sich im Mittel nur wenige Male am Tag ereignen.

Wenn sie auftreten, dann überstrahlen sie jede andere kosmische Quelle in diesem Spektral-

bereich. Tatsächlich sind sie sogar die leuchtkräftigsten elektromagnetischen Erscheinungen

im Universum.

Noch bis vor 11 Jahren wurden GRBs in keinem anderen Spektralbereich als dem Gamma-

band detektiert, was ihre Lokalisierung enorm erschwerte und keinen direkten Schluss auf

die Art ihres Ursprungs zuliess. Heutzutage wird die immense Energiefreisetzung durch

den gravitativen Kollaps des Kerns eines massereichen Sterns oder durch die Verschmelzung

zweier kompakter Objekte erkärt, wobei in beiden Fällen grosse Energiemengen in kurzer

Zeit (Sekunden oder weniger) erzeugt werden können. Die plötzliche Energiefreisetzung führt

zu einem ultra-relativistisch expandierenden Feuerball, in dem aufgrund innerer dissipativer

Prozesse die Gammastrahlung generiert wird. Der Einfall des Feuerballs in das die Burstquelle

umgebende interstellare Medium bewirkt das Auftreten einer ultra-relativistisch expandieren-

den Schockwelle. Dabei wird ein kontinuierlich schwächer werdendes “Nachglühen” der

Materie am Ort der Explosion (engl. Afterglow) erzeugt, welches vom Röntgen- bis hin

zum Radiobereich sichtbar ist. Mit Hilfe der Afterglows können Informationen über die

Vorläuferobjekte und die bei der Explosion auftretenden physikalischen Prozesse erlangt wer-

den.

In dieser Doktorarbeit werden drei verschiedene GRBs untersucht, für welche umfangrei-

che Nachfolgebeobachtungen gewonnen werden konnten. Dabei liegt der Schwerpunkt auf der

Natur der Vorläuferobjekte, der Phänomenologie der Afterglows und auf den Muttergalaxien.

In Kapitel 1 wird eine kurze Einführung in die Geschichte der GRB-Forschung gegeben.

Daran anschließend wird die Gliederung der Doktorarbeit vorgestellt. Kapitel 2 ist dem

gegenwärtigen Stand der Beobachtungsergebnisse und den am meisten akzeptierten Modell-

vorstellungen gewidmet. Kapitel 3 gibt einen Überblick über die Datengewinnung an ver-

schiedenen, über die ganze Erde verteilten Teleskopen. Kapitel 4 bis 6 konzentrieren sich

auf bestimmte Aspekte der Nachfolgebeobachtungen wie die Suche nach Hinweisen auf die

Natur der Vorläuferobjekte, die Phänomenologie und physikalische Interpretation der After-

glows sowie die Eigenschaften der GRB-Muttergalaxien. Kapitel 7 fasst die Doktorarbeit und

deren Ergebnisse zusammen.



Abstract

Gamma-Ray Bursts (GRBs) are brief events in the gamma-ray sky occurring at an average

rate of a few per day. While they are on, they outshine every source of gamma-rays in the

sky. In fact, they are the brightest electromagnetic explosions in the Universe. Until 11 years

ago, they were undetected at any wavelengths other than gamma-rays, which provided poor

directional information and hence no direct clues about their site of origin.

The current interpretation of how this prodigious energy release is produced is that a

large amount of energy is released in a short time (seconds or less) by the collapse of the core

of a massive star or the merger of two compact stellar objects. This sudden energy liberation

results in a fireball expanding at highly relativistic speed, which undergoes internal dissipation

leading to gamma-rays, and later develops into a blast wave as it decelerates against the

external medium, producing an afterglow which gets progressively weaker.

The afterglows provide information about the nature of the GRB progenitor and the

physical processes involved in these explosions. In this Thesis three GRBs are discussed

where extensive follow-up observations could be performed. Thereby, this Thesis concentrates

on the nature of the GRB progenitors, the phenomenology of the afterglows and the host

galaxies.

In Chapter 1 a brief historical introduction is given about this research field, followed by

an overview of the Thesis. In Chapter 2 a broader summary is presented about the observa-

tional status of the field, including the most popular theoretical models. Chapter 3 contains

information about the data gathering at various telescopes worldwide. Chapters 4 to 6 are

then devoted to certain aspects of GRB follow-up observations, namely the search for signa-

tures of the nature of the GRB progenitors, the phenomenology and physical interpretation

of the observed afterglow light as well as the nature of the GRB host galaxies. Chapter 7

finally summarizes the main work and results of the Thesis.
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Chapter 1

What are Gamma-Ray Bursts?

Gamma-Ray Bursts (GRBs) are flashes of high-energy radiation which appear in the sky at

random times from random directions. Briefly, from a few milliseconds to a few minutes,

they outshine every other source of gamma-rays in the sky and then they fade away.

1.1 A bit of history

Since the announcement of their discovery in 1973 (Klebesadel et al. 1973), GRBs have been

one of the greatest mysteries of modern astrophysics. They were first observed more than 40

years ago by the U.S. Vela satellites, which were launched to verify the compliance with the

Limited Nuclear Test Ban Treaty. However, the elusiveness of these events has prevented the

detection of longer-wavelength counterparts for almost three decades, until 1997, when the

first afterglow was detected.

The original discovery of the bursts was followed by numerous theories attempting to

explain these cosmic explosions and fix their position in the Universe (Nemiroff 1994). Of

course, a distance determination was needed to decide between a cosmological or a galactic

origin of the objects. After Vela, other high-energy satellites also detected GRBs, but none

of them carried out a systematic analysis of these phenomena.

On April 5, 1991, the Compton Gamma-Ray Observatory (CGRO) was launched, carrying

the Burst And Transient Source Experiment (BATSE, 25-300 keV; Fishman et al. 1985)

among the four on-board instruments. During its lifetime (till June 2000) it observed 2704

GRBs and determined their position with an accuracy of some degrees (Fig. 1.1, left pannel).

The sky distribution was found to be isotropic (Meegan et al. 1992). This was in disagreement

with what the majority of the GRB community was expecting, i.e. a disk-like distribution

correlated to a source population in the Galactic disk. This, in combination with the LogN −

LogP (N= number, P=peak flux) distribution of the bursts, which shows a presence of weak

bursts lower than what predicted for a static Euclidean space (Fig. 1.1, right pannel), strongly

suggested a cosmological distance scale. However, the poor localization accuracy did not

allow an easy search of counterparts at lower energies and no source at higher wavelength

was identified. Consequently, no redshift was measured.

The great breakthrough came in April 1996 with the launch of the Italian-Dutch high

energy satellite BeppoSAX (Boella et al. 1997a), named “Beppo” after the Italian physicist

1
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Figure 1.1: Left: Final sky map of the 2704 BATSE GRBs detected during its nine-years mission.

The projection is in galactic coordinates; the plane of the Milky Way is along the horizontal line at

the middle of the Figure. The burst locations are colored based on the fluence, which is the energy

flux of the burst integrated over the total duration of the event. Red colored are the GRBs with lowest

fluence, blue with the highest. Gray colors refers to GRBs for which it was not possible to calculate

the fluence due to the incomplete data. Source: http://www.batse.msfc.nasa.gov/batse/grb/skymap/.

Right: Cumulative peak flux distribution of BATSE bursts, showing a lack of faint bursts and in this

way indicating a cosmological origin (Kommers et al. 2000).

Giuseppe Occhialini (1907-1993).

BeppoSAX carried several instruments to cover the range from 0.1 up to 700 keV. The

Gamma-Ray Burst Monitor (GRBM; Frontera et al. 1997) was able to roughly determine

the coordinates of a GRB in the energy range 40-700 keV, while the two Wide Field Cameras

(WFC, 2-28 keV; Jager et al. 1997) could give a localization of an X-ray source with an

uncertainty of about 5 arcminutes. In addition, four Narrow Field Instruments (NFIs; Boella

et al. 1997b; Frontera et al. 1997; Manzo et al. 1997; Parmar et al. 1997) were used to repoint

the detected GRBs within a few hours, providing an error-box of 1 arcmin accuracy.

Thanks to the precise and rapid localizations, it was possible to begin the follow-up with

ground-based telescopes to search for optical/IR or radio counterparts.

After the WFCs detection of a GRB on February 28, 1997 (GRB 9702281), the first X-ray

afterglow was found by Costa et al. (1997) (Fig. 1.2, top pannel) and the optical counterpart

by van Paradijs et al. (1997) (Fig. 1.2, bottom pannel). The optical and soft X-ray light

curves showed a steep power-law decay, with flux ∝ t−1.1 (Costa et al. 1997; Galama et al.

1997). This immediately pointed out another request in the search of GRB afterglows in

addition to a small error box: the observations had to be performed very quickly.

The following burst was GRB 970508 and it was a decisive event, as observers obtained

spectra of its optical afterglow (Fig. 1.3) with one of the Keck telescopes and measured a

redshift of 0.835 (Metzger et al. 1997a,b). Thus, the distance issue was finally settled after 30

1The nomenclature for GRBs is GRB YYMMDD, where YY=year, MM=month, DD=day. An additional

letter is added if there are more than one GRB on a certain day.
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years of debate: GRBs originate at cosmological distances, making them the most powerful

photon emitters in the Universe. This burst was also the first observed in the radio band:

Frail et al. (1997) were able to detected the afterglow in the 3.5, 6 and 21 cm bands. They

observed also fluctuations in the light curve, even from day to day, that were explained as

caused by interstellar scintillation due to the very small angular size of the emitting source.

The scintillation stopped one month later, meaning that the angular size of the source had

increased over 3 microarcseconds, implying a shell expanding at nearly the speed of light (see

also end of Sec. 2.3.1).

After BeppoSAX, other satellites have been employed to detect GRB. The High Energy

Transient Explorer (HETE-2 ; Vanderspek et al. 1999) launched in 2000 was able thanks to

its Soft X-ray Cameras (SXC), to provide localizations with an accuracy of some arcminutes.

While HETE-2 is a GRB dedicated mission, INTEGRAL (International Gamma-Ray Astro-

physics Laboratory ; Winkler et al. 2003), was launched in October 2002 to study celestial

gamma-ray emission, in particular along the Galactic Plane, and this task includes also the

detection of GRBs with error-boxes of few arcminutes.

In November 2004 Swift, a new satellite dedicated to GRB science started its operations.

On-board Swift there are three co-aligned instruments (Gehrels et al. 2004): the Burst Alert

Telescope (BAT, 15-150 keV; Barthelmy et al. 2005), the X-ray Telescope (XRT, 0.2-10 keV;

Burrows et al. 2005), and the Ultra-Violet/Optical Telescope (UVOT, 170-650 nm; Roming

Figure 1.2: Top: X-ray counterpart of GRB 970228 detected by WFC/BeppoSAX (Costa et al.

1997). Bottom: Observation of the optical counterpart at the William Herschel Telescope (WHT) and

the Isaac Newton Telescope (INT) on La Palma (van Paradijs et al. 1997).
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Figure 1.3: The first spectrum of an optical afterglow ever (In the figure the x-axis is in units of Å.

GRB 970508; adapted from Metzger et al. 1997b).

et al. 2005). Within seconds from the detection of a burst, the spacecraft autonomously

repoints the XRT and UVOT instruments to allow high-precision localizations (few arcseconds

of accuracy).

Recently two new satellites were launched: in April 2007 the Astrorivelatore Gamma ad

Immagini ultra LEggero (AGILE, 30 MeV - 50 GeV; Mereghetti et al. 2001) and in June

2008 the Gamma-Ray Large Area Space Telescope (GLAST, 10 keV - 300 GeV; McEnery &

GLAST Mission Team 2006). They will study high-energy transients, including GRBs, and

they will extend the gamma-ray observations of the prompt emission to very high energies,

up to 300 GeV, allowing to test the prompt emission mechanisms in that energy range.

1.2 Overview of the Thesis

In general, the light of the optical transient (OT) following a GRB is the sum of three com-

ponents: light from the afterglow (AG), light from an underlying supernova (SN) component

and light from the underlying host galaxy. OT(t) = AG(t) + SN(t) + host. This picture

might be modified from burst to burst in the sense that, e.g., for short bursts no standard

SN light is expected to be seen and that, potentially, a short burst could be offset by many

kpc from his host galaxy, which might make it impossible to identify its host at all.

In this Thesis, I am discussing three very different bursts that were detected by the

Swift satellite in recent years and that were in detail investigated by our group, under my

leadership. GRB 060218 allowed us a detailed investigation of the underlying SN light related

to the GRB progenitor, but it did not allow for a study of the afterglow since the latter was

completely outshined by the luminous SN component. On the other hand, GRB 060605 was
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at such high redshift that any underlying SN component was not expected to be seen at all;

the light of the optical transient was clean afterglow light, the host galaxy was (naturally,

given the redshift) very faint. Finally, GRB 050813 was a short burst, neither an afterglow

nor a SN component was detected by us with certainty, and the potential host galaxy is

basically only identified by the revised Swift XRT error circle in combination with our deep

VLT imaging. Table 1.1 summarizes the observational situation for these three bursts.

Table 1.1:

GRB afterglow supernova host

detection detection detection

GRB 050813 no no yes(?)

GRB 060218 no(?) yes yes

GRB 060605 yes no yes

In Chapter 2 I will start with a resume of the main observational features accompa-

nying these high-energy events, then I will present the physical processes behind the GRB

phenomenon, and at the end a description of their host galaxies.

The data set, on which this Thesis is based, is introduced in Chapter 3: images acquired

at ESO (Paranal, Chile), at Calar Alto, Observatorio Sierra Nevada and La Palma (Spain),

and at Lick Observatory (California, U.S.) have been reduced and analysed in the standard

way, while the Integral Field Unit spectrum acquired with PMAS/PPak at Calar Alto needed

a different procedure. More information about the Integral Field Spectroscopy technique are

summarized in the Appendix.

The following three Chapters are dedicated to the results obtained from the analysis of

the data and to the discussion of their implications in the present understanding of GRBs.

In particular, in Chapter 4 a study on the nature of the possible progenitors of the

three GRBs is done. While in case of GRB 060218/SN 2006aj (z = 0.033), the presence

of a supernova component allowed us to compare this source to other supernovae related to

GRB events and to other local stripped-envelope supernovae, the high redshift of GRB 060605

(z = 3.78) prevented us to see a possible SN component. In the case of the short GRB 050813

(z = 0.7) it was possible to put constraints on any SN light following this event and the non-

detection of a SN component is in agreement with one of the strongest criteria to identify

the nature of the progenitor of short bursts.

In Chapter 5 the analysis of the GRB afterglows is given. The detection of GRB 060605

afterglow has triggered a deep study of this event, providing hints on the circumburst medium.

In the case of GRB 050813 only an upper limit on the magnitude of a possible optical afterglow

component has been derived, while the brightness of SN 2006aj outshined a possible afterglow

and only an excess of blue light has been found in the early light curve, but unlikely related

to the afterglow (see Sect. 4.1.1).

In Chapter 6 the possible host galaxies of these three events are discussed. For GRB 060218

the host galaxy was already securely identified on pre-burst archived data; in the case of

060605 the host is only barely detected on our deep VLT images, and finally only a host
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galaxy candidate could be identified for the short burst 050813. However, interesting infor-

mation on the chemical composition of the interstellar medium of the host of GRB 060605

could be obtained via the bright GRB afterglow.

Chapter 7 includes a summary of the results of this Thesis.



Chapter 2

Gamma-Ray Bursts: a short review

After the discovery of the GRBs afterglows, thanks to a rapid follow-up of the satellite alerts

by ground-based telescopes, it has become possible to trace very precise light curves, to check

the reliability of the proposed models and to have a guess of the possible progenitors of GRBs.

2.1 GRB light curves and spectra

The light curves of the GRB prompt event show a wide diversity in structure, ranging from

smooth, fast-rise and quasi-exponential decay, through curves with several peaks, to highly

variable curves (see Fig. 2.1).

The duration of a γ-ray burst is usually given as T90, which is the time in which a burst

emits from 5% to 95% of its total measured counts, accumulating 90% of the counts. In

agreement with this definition, their duration has been found to last from 10−3 s to about

103 s.

The γ-ray spectra of GRBs are non-thermal (see Fig. 2.2), with photons observed at

energies ranging from a few keV up to several GeV. They can generally be well fitted with

an empirical function consisting of two power-laws, smoothly connected by an exponential

function, with a break energy in the 0.1 - 2 MeV range (Band et al. 1993).

A measure of the γ-ray spectral properties is given by the GRB hardness, usually des-

ignated as HR, that is for BATSE bursts defined as the ratio between the fluence (i.e. the

energy flux of the burst integrated over the total duration of the event) in two energy ranges,

namely 100-300 keV and 50-100 keV. Thus, the hardness is a measure of the slope of the

spectrum: the harder the burst, the larger the portion of energy emitted at high frequencies.

Investigating the evolution of the peak energy for long and bright GRBs, Ford et al.

(1995) found that it decreases with time, while Liang & Kargatis (1996) added that it is also

decreasing exponentially with the photon fluence. This behaviour is named “hard to soft”

spectral evolution (Norris et al. 1986) and it also characterizes the individual pulses of GRBs

(Ford et al. 1995).

7
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Figure 2.1: A sample of BATSE GRB light curves (from the BATSE page:

http://www.batse.msfc.nasa.gov/batse/grb/lightcurve/).

2.2 Classes of GRBs

2.2.1 Long and short

Besides the important role that BATSE played in the distance debate (Chapter 1), the large

sample of GRBs that BATSE observed was also crucial in the debate on the nature of the

GRB progenitors. In fact, this instrument showed that the distribution of GRBs in temporal

and spectral properties is bimodal (Kouveliotou et al. 1993). The total population of GRBs

can be divided into two classes: long-soft and short-hard bursts (see Fig. 2.3). According to

Kouveliotou et al. (1993), the first group has a typical duration larger than 2 seconds, while

the second group includes events that last less than that. Donaghy et al. (2006) suggest 5

seconds as a more realistic dividing line. The short GRBs show a higher peak energy in their

spectrum than longs GRBs: they are harder.

Both classes show an isotropic sky distribution, but their different temporal and spectral

properties could indicate that they have different progenitors (see Sects. 2.4.1 and 2.4.2).

Based on the duration distribution, a possible third class of GRBs of intermediate dura-

tion, between 2 and 10 s, has been proposed (Horváth 1998; Mukherjee et al. 1998; Horváth

et al. 2006), but it is still under debate.
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Figure 2.2: A gamma-ray

burst spectrum. Shown is

the specific flux as a func-

tion of energy measured in

keV; the line is a fit with two

smoothly joined laws. Fig-

ure from Bromm & Schaefer

(1999).

Figure 2.3: The bimodality in hard-

ness ratio and T90 (Kouveliotou et al.

1993) suggests the presence of two

classes of GRBs.

2.2.2 X-ray flashes and X-ray rich gamma-ray bursts

X-ray flashes (XRFs) are transient sources, similar to long GRBs, but with a softer spectrum.

They were first identified with BeppoSAX as those bursts that were detected by the X-ray

WFCs but not by the GRBM (Heise et al. 2001). They were then extensively studied by

HETE-2, resulting in a more general classification scheme (Sakamoto et al. 2004) and leading

to the expansion of the definition to include an intermediate class, the X-ray rich bursts
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(XRR).

This classification is based on the ratio of the fluence S in the X-ray band to the γ-ray one,

SX/Sγ = log [SX (2 − 30keV) /Sγ (30 − 400keV)]. XRFs, XRRs and classical GRBs would be

those bursts with SX/Sγ < −0.5, −0.5 < SX/Sγ < 0 and 0 < SX/Sγ , respectively. While

the three groups have a different definition, they seem to form a continuum of events rather

than distinctive distributions.

After their detection, many attempts to explains these differences have been performed.

They can be either due to the way in which we are seeing them (extrinsic feature) or to the

physics involved in the explosion (intrinsic feature). An extensive treatment of the subject is

presented in Zhang (2007).

2.3 Physics of Gamma-ray Bursts

2.3.1 The compactness problem

After the solution of the distance scale problem (Sec. 1.1), a new question had to be addressed:

if GRBs have a cosmological origin, the amount of released energy would be enormous.

The size of the source that is generating this energy has to be, however, very small if we

consider the millisecond fluctuations observed in the gamma-ray light curves. According to

this variability it was inferred that the size of the engine generating the GRB has to be smaller

than a few hundred kilometres. This means a large amount of energy in a small volume of

space: this leads to the compactness problem.

The γ-rays prompt emission spectrum is non-thermal in most cases which indicates that

the observed emission emerges from an optically thin region. The large distances for cosmo-

logical GRBs imply that the bursts release a large amount of energy in gamma-rays of the

order of ∼ 1052 erg. In addition, given the finite speed of light, the millisecond variability

observed in the prompt emission implies a compact source with a radius of the order of 1000

km. These two observational facts show that the source of radiation must be optically thick

for gamma-rays due to the formation of a large number of electron-positron pairs via γ − γ

interaction. Such a source should emit a blackbody radiation, contrary to what is observed

at high energy.

A simple way to see the compactness problem is to estimate the average opacity of the

high-energy gamma-ray to pair production (Piran 1997).

The optical depth for pair creation is given by

τγγ = nγσγγD (2.1)

where σγγ ≈ σT , with the Thomson cross section σT = 6.65 × 10−25 cm2 , nγ the number

density of photons, and D the size of the source. Given a characteristic variability time scale

∆t the source size can be estimated as

D ≤ c · ∆t. (2.2)

If we denote the observed fluence of the GRB by f , the luminosity distance of the burst dL,

and assume that the emission is isotropic, the released energy in gamma-rays is
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Eiso ∼ 4πd2
Lf. (2.3)

For a photon energy Ēγ ∼ 1 MeV, the photon number density at the source is

nγ ∼
3d2

Lf

ĒγD3
. (2.4)

As the observed photon energy is very high, a fraction of photons is energetic enough to

produce electron-positron pairs in collisions.

A photon with energy E1 can interact with a lower energy photon with energy E2 and

produce electron-positron pairs if (E1E2)
1/2 > mec

2. Let Aγ be a numerical factor denoting

the average probability that one photon will collide with another photon whose energy is

sufficient for pair creation, and fix D = c · ∆t. The optical depth for pair creation then is

τγγ = nγ · σT · D ∼
d2

Lf

Ēγc2∆t2
AγσT , (2.5)

or, according to Piran (1997),

τγγ ∼ 1013Aγ

(

f

10−7erg/cm2

)(

dL

3000Mpc

)2 (

∆t

10ms

)−2

, (2.6)

were typical values and cosmological distances are inserted. The resulting optical depth is

extremely large. If this were true, the photons would produce a large amount of e+e− pairs,

then equilibrate with the latter, and produce a thermal spectrum. This is contrast to what

is observed, namely a non-thermal spectrum at high energies.

The problem can be solved assuming a relativistic motion towards us, which leads to

two modifications. The first one is related to the spatial dimension of the source: it can

be larger by a factor Γ2, where Γ is the Lorentz factor of the outflow. The second one is

connected to the energy of the photons: as they are blueshifted, their energy in the relativistic

outflow frame is lower by a factor Γ. As a consequence, for an observed spectrum of the form

N(ν)dν ∼ ν−αdν, where N(ν) is the number of photons in the frequency range [ν, ν + dν] in

the fireball which have enough energy to produce electron-positron pairs, the optical depth

is smaller by a factor Γ2(1+α) (Lithwick & Sari 2001).

The value of this fraction depends on the shape of the spectrum. For a typical spectrum

with α = 2 (where α is the photon index of the observed γ rays; Preece et al. 2000) τ

(Eq. 2.5) has to be corrected by a factor Γ−6. For a non-thermal spectrum τγγ ≤ 1, so that

a reduction of τγγ (Eq. 2.6) by a factor in the order of 1013 leads to a lower limit on the

Lorentz factor of about 100. So, to overcome the compactness problem, highly relativistic

motion towards the observer is required. Relativistic motion had indeed been inferred from

radio afterglows of GRBs using VLBI (see Sec. 1.1; Frail et al. 1997).

2.3.2 The fireball model

The assumption of an ultra-relativistic motion towards us has led to the relativistic fireball

model (Rees & Mészáros 1992). It has been shown that this model is equally valid for long

and short bursts, even if the central engine (the progenitor) that powers the fireball might

be different in the two classes (Sec. 2.4). As described in the previous section, because of
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relativistic effects the real size of the source would then be Γ2c∆t & 1013 cm and the duration

of the burst of the order of days or even years at the source.

According to the fireball model, decelerating relativistic ejecta produce the GRB and its

afterglow (see Fig. 2.4). In this model an object of stellar mass undergoes a catastrophic

event that leads to the formation of the GRB central engine. This source rapidly releases a

large amount of energy in a compact region of ∼ 106−107 cm. Since the initial opacity of the

relativistic outflow is very high, the inner engine is hidden and cannot be observed directly.

This makes it difficult to constrain GRB models and leaves only circumstantial evidence on

the nature of the sources. First of all, the central source has to provide a large energy-to-

rest mass ratio (Γ = E/Mc2 & 100) in order to make the fireball accelerate under its own

pressure to ultra-relativistic velocities. During the expansion, the fireball transforms most of

its thermal energy into kinetic energy of its baryons so that the outcome of this process is a

“small” amount of ultra-relativistic particles. The baryonic mass M must to be smaller than

M =
E

Γc2
= 6 · M⊙

(

E

1051erg

)(

100

Γ

)

. (2.7)

The initial energy does not produce the observed prompt GRB emission, but from the

central source it is transported relativistically to distances larger than about 1013 cm, where

the system becomes optically thin. Once the optical depth inside the fireball drops below

unity, its photons escape. If the inner engine is active for some time, shells with different

Lorentz factors may be produced. Collisions between these shells, the so-called internal

shocks, are generally assumed to power the GRB itself. The shocked electrons produce

gamma-rays via synchrotron and/or inverse Compton radiation.

Figure 2.4: Cartoon of the fireball model (Mészáros 2006). It is assumed here that the central engine

is a massive star.

Internal shocks dissipate only a fraction of the flow energy, the rest is transferred at

larger radii (∼ 1016 − 1018 cm) into the external medium via external shocks, where the
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decelerating blast wave produces electromagnetic emission at lower frequencies, the so-called

afterglow. The circumburst ambient can be either the interstellar medium, or in the case

of long GRBs, the dense stellar wind produced by the progenitor. The blast waves are the

relativistic analogues of supernova remnants. Magnetic fields cause the swept-up electrons to

produce synchrotron radiation. When the external forward shock is formed, a reverse shock

is also produced moving back into the ejecta. This reverse shock can produce a bright optical

flash minutes after the burst (e.g., GRB 990123; Akerlof et al. 1999).

The brightness of the reverse shock emission decays very rapidly as t−2 (Sari et al. 1999),

after which the forward shock dominates. Since the shock decelerates while it is sweeping-up

mass, the blast wave will become sub-relativistic (Γ . 2) usually after days or weeks.

2.3.3 Afterglow spectral energy distribution and light curves

In the standard fireball model the afterglow is caused by external shocks. The fireball decel-

erates when the rest frame energy of the swept-up material is similar to the kinetic energy of

the ejecta. Consequently, the evolution and the emission properties of the afterglow depend

on the structure of the circumburst medium.

The temporal evolution and the spectral energy distribution (SED) of the afterglow is

described by

Fν(t) ∝ t−α ν−β, (2.8)

where Fν is the flux density, t is the time after the onset of the burst, ν is the frequency, α

is the temporal decay slope and β is the spectral index (also designated as spectral slope;

Mészáros 2006; Piran 2005).

The energy distribution of the shocked electrons is described by

N(E)dE ∝ E−pdE (2.9)

where N is the number of electrons with the energy (E, E + dE) and p is the electron index.

Numerical simulations predict p > 2 (e.g., Achterberg et al. 2001; Kirk et al. 2000) which is

supported by most of the observational data (e.g., Kann et al. 2006). However, the electron

distribution diverges at low energies. Consequently, there must be a low-energy cut-off, which

is determined by the available energy density (see Sari et al. 1998; Piran 2000):

Emin =
(p + 2)ee

(p + 1)ne
, (2.10)

where ne and ee are the electron density and their energy density, respectively. The largest

number of electrons is around Emin which is the characteristic electron energy. We denote by

νm the synchrotron frequency of an electron with this energy.

The electron energy density as well as the magnetic field energy density are characterised

as a fraction εe and εB of the total internal energy. In other words, they represent the

efficiency of the conversion of the fireball kinetic energy in electron energy and in energy of

the magnetic field. Typical values, deduced from observational data, are 0.05 < εe < 0.5 and

10−3 < εB < 0.1 (Panaitescu et al. 2001; Yost et al. 2003).

Starting from these considerations, Sari et al. (1998) were able to estimate the instan-

taneous spectrum of the afterglow by means of three characteristic frequencies: the cooling
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frequency νc, the synchrotron self-absorption frequency νa, and the already mentioned syn-

chrotron frequency νm. The cooling frequency νc is the synchrotron frequency of an electron

that cools during the local hydrodynamic time scale, while the self-absorption frequency νa

is the frequency for which the optical depth τ(νa) = 1 . The resulting spectrum is a combi-

nation of four power-laws, with three of the four slopes fixed and one depending on whether

the electrons are fast cooling or not (Fig. 2.5).

In the fast cooling case (νm > νc), even the less energetic e− of the electron ensemble

have energies of Emin > hνc. In other words all e− are cooling. This case might hold at early

times up to a couple of hours after the burst in the observer frame. In this case the electrons

lose their energy very fast due to radiation losses.

In the slow cooling case (νm < νc) the electrons loose their energy very slowly. This

means to a good approximation the fireball evolution is adiabatic. Consequently, this case

will dominate at late times.

The spectral slope and temporal evolution of each of the spectral segments in the inter-

stellar medium (ISM) model (i.e., a circumburst medium with a constant density profile) are

parametrised in Eqs. (2.11) and (2.13). The spectral breaks have a temporal evolution them-

selves, as shown in the equations 2.12 and 2.14 for the fast and slow cooling, respectively.

The spectral behaviour is schematised in Fig. 2.5.

In detail, fast cooling:

Fν ∝



















ν2t1/2 for ν < νa,

ν1/3t+1/6 for νa < ν < νc,

ν−1/2t−1/4 for νc < ν < νm,

ν−p/2t−
3p−2

4 for νm < ν

(2.11)

νa ∝ t−1/2

νc ∝ t−1/2

νm ∝ t−3/2.

(2.12)

Slow cooling:

Fν ∝



















ν2t1/2 for ν < νa,

ν1/3t1/2 for νa < ν < νm

ν−(p−1)/2t−
3
4
(p−1) for νm < ν < νc,

ν−p/2t−
3p−2

4 for νc < ν

(2.13)

νa ∝ t0

νc ∝ t−1/2

νm ∝ t−3/2.

(2.14)

Similar formulae can be derived for the wind case, in which the density profile is ∝ r−2

and r is the distance from the source (Chevalier & Li 2000).

In both extreme cases, the fast and slow cooling case, the following inequality is valid:

|ν̇c| < |ν̇m| . (2.15)

Consequently, there is always a transition phase when νm overtakes νc. In other words, even

in the optical bands the spectrum evolves with time. From this a functional dependence
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Figure 2.5: Synchrotron

spectrum of a relativistic

shock with a power-law elec-

tron distribution (Sari et al.

1998). t0 represents the

time corresponding to the

change from radiative ex-

pansion to fully adiabatic

expansion of the fireball,

when νc = νm. (a)

Fast cooling, which is ex-

pected at early times (t <

t0). The spectrum consists

of four segments, identified

as A, B, C, and D. Self-

absorption is important be-

low νa. The frequencies,

νm, νc and νa, decrease with

time as indicated; the scal-

ings above the arrows corre-

spond to an adiabatic evo-

lution, and the scalings be-

low, in square brackets, cor-

respond to a fully radiative

evolution. (b) Slow cool-

ing, which is expected at late

times (t > t0). The evo-

lution is always adiabatic.

The four segments are iden-

tified as E, F, G, and H.
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between the spectral slope β and the temporal slope α can be inferred. These dependencies

are called “closure relations” since they can be written in the form a ·α + b ·β + c = 0, where

a, b, c are constants. In the following they are referred to by writing α = α(β).

For the ISM and the wind models these relations can be explicitely given (Tab. 2.1).

Before the launch of Swift there was usually a gap of a few hours between the prompt

emission and the first observations of the afterglow. Early-time observations with robotic

optical telescopes in the pre-Swift era showed some spectacular optical flashes in the first

minute after the burst (e.g., GRB 990123; Akerlof et al. 1999), sometimes also accompanied

by a radio flare at ∼ 1 day (e.g., GRB 990123; Kulkarni et al. 1999). Swift was expected to

observe many of these optical flashes, but this turned out not to be the case.

Swift provided and provides a large number of GRBs with well sampled X-ray light curves,

often overlapping the prompt emission. Soon after its launch, it was realized that X-ray light

curves were much more complex than expected, specially during the early hours after the
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β α α (β)

ISM, slow cooling

ν < νa −2 − 1
2

νa < ν < νm − 1
3 − 1

2
3
2β

νm < ν < νc
1−p
2

3(p−1)
4 ∼ 1.0 3

2β

ν > νc
p
2

3p−2
4 ∼ 1.2 3β−1

2

ISM, fast cooling

ν < νa −2 −1

νa < ν < νc − 1
3 − 1

6
β
2

νc < ν < νm
1
2

1
4

β
2

ν > νm
p
2

3p−2
4 ∼ 1.2 3β−1

2

Wind, slow cooling

ν < νa −2 −1

νa < ν < νm −1/3 0 3β+1
2

νm < ν < νc
p−1
2

3p−1
4 ∼ 1.5 3β+1

2

ν > νc
p
2

3p−2
4 ∼ 1.2 3β−1

2

Wind, fast cooling

ν < νa −2 −2

νa < ν < νc − 1
3

2
3

1−β
2

νc < ν < νm
1
2

1
4

1−β
2

ν > νm
p
2

3p−2
4 ∼ 1.2 3β−1

2

Jet, slow cooling

ν < νa −2 0

νa < ν < νm − 1
3

1
3 2β − 1

νm < ν < νc
1−p
2 p ∼ 2.3 2β − 1

ν > νc
p
2 p ∼ 2.3 2β

Table 2.1: Temporal index α and spectral in-

dex β in various afterglow models. The con-

vention Fν(t) ∝ t−α ν−β is adopted. Closure

relations α(β) are given for a spherically blast

wave expanding in two different circumburst

density profiles (ISM and wind) for early (fast

cooling) and late times (slow cooling). The jet

model applies for the sideways expanding phase

(see Sec. 2.3.5), which is valid for both ISM

and wind cases and is usually in the slow cool-

ing regime. p > 2 and p = 2.3 are assumed

(Zhang & Mészáros 2004).

burst.

Figure 2.6 shows the canonical X-ray light curve (Nousek et al. 2006b; Zhang et al. 2006)

observed by XRT. The light curve presents the following features: an initial very steep decay

(A), followed by a flat phase (B), then a steeper decay (C) that was already observed in the

pre-Swift era, and finally a steepening (D) like those explained as due to the jet geometry (see

Sec. 2.3.5). The breaks that mark the transition between A and B and between B and are

usually produced at ∼ 500 s and between 103 and 104 s after the burst, respectively. Intense

and long-lasting flaring activity (F) has been seen superposed to the X-ray light curve.

Based on what is explained above, the typically observed X-ray afterglow light curve

(Fig. 2.6) can be described as follows. The initial steep decay (A) can be attributed to the

tail of the prompt emission, from photons that are emitted at large angles relative to our

line of sight, the so-called high-latitude emission (Nousek et al. 2006b; Zhang 2007). The
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Figure 2.6: Canonical X-ray light curve based on the observational data from Swift X-ray Telescope

(Nousek et al. 2006b; Zhang et al. 2006). Four power-law light-curve segments together with a flaring

component are identified in the afterglow phase. Typical temporal indices in the four segments and

breaks times are indicated. Segments C (normal decay phase) and D (jet break phase) have been

observed in the pre-Swift era, while the other segments have been discovered by Swift. Segments A

(steep decay phase) and C are most common. The other three components are only observed in a

fraction of bursts; segments B denotes the shallow decay phase and F the X-ray flares.

transition from the steep to the shallow decay (B), at 102 − 103 s, marks the time when

the emission from the forward moving blast wave becomes dominant. The shallowness of

the decay can find an explanation in a phase of “refreshment” of the relativistic flow. This

might be caused by either energy injection of a long-lived central engine or slow shells in the

relativistic outflow are catching-up with and refreshing the decelerating blast wave.

X-ray flares might be explained by the GRB central engine being still active after the

prompt gamma-ray emission is over, releasing significant amounts of energy and material

quite irregularly for a long period, sometimes up to days after the initial burst, but with

reduced activity at later times. The decay of the flares is also very steep and might due to

high-latitude emission too (Liang et al. 2006).

The decays C and D, already observed in the pre-Swift, are due to the external shocks,

as predicted by the fireball model.

The behaviour of the X-ray afterglow has a correspondence in the optical/NIR bands, even

if sometimes the breaks do not occur simultaneously in both regions of the electromagnetic

spectrum, causing the optical/NIR and X-ray light curves depart. These deviations have not

been yet satisfactorily explained.

2.3.4 Dark GRBs

During the first few years of GRB afterglow observations, X-ray afterglows were found for

almost every burst, while optical/NIR emission could only be found for about 50% of the
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bursts. This has led to the designation of “dark” GRBs for those which remained undetected

in the optical/NIR bands. Empirically, Djorgovski et al. (2001) defined a dark GRB as a

burst without an optical afterglow brighter than about R ∼ 23 mag found within at most 2

days of the event. On the other hand, Jakobsson et al. (2004) and Rol et al. (2005) give a

more quantitative definition of a dark burst, based on the relation between the X-ray flux and

the optical flux. This means that a GRB is dark, when it turns out to be “darker” of what

expected by extrapolating its optical brightness from the X-ray band. This is valid for late

time observations, when optical and X-ray emission come from the same spectral component

(afterglow). At early times this is incorrect, as other contributions such as reverse shocks

(see for a definition of reverse shocks Sec. 2.3.2) can be present and emit more in the optical

band than in the X-ray range.

However, several explanations have been brought forward to address the absence of de-

tectable optical flux: 1) dark bursts could be intrinsically fainter at optical wavelengths

(Jakobsson et al. 2004; Rol et al. 2005); 2) they could be at high redshift (e.g., Lamb &

Reichart 2000), which would result in their optical/NIR light being suppressed because of

hydrogen (Ly α) absorption; 3) they could be heavily extinguished by gas and dust in the

host galaxy. The latter solution seems unlikely, as observational evidence for substantial

dust extinction in a large fraction of all GRB host galaxies is very small (Kann et al. 2006)

and even the gas-to-dust ratio in GRB host galaxies deduced from the afterglow is very low

(Stratta et al. 2004).

2.3.5 Jets and energetics

Assuming isotropic emission, the enormous amount of energy release, up to 1054 erg, implied

by the cosmological distances of GRBs, posed severe problems for models of the engine

powering the GRB. One of the brightest and intrinsically most energetic GRBs ever detected

was GRB 990123, with an incredible amount of energy release of about 2×1054 erg at z = 1.6

(Kulkarni et al. 1999), if isotropic emission is assumed. However, it was already noted in the

early 90’s that the outflow in a GRB might be collimated along the rotation axis of the

progenitor (Woosley 1993), which would reduce the required energy. Rhoads (1997, 1999)

showed that a collimated outflow, a jet, relaxes the energy output by a factor 102−3 and

would lead to an observed steepening of the afterglow light curve. This observed break in

the light curve is the best evidence for such a collimated relativistic outflow.

The afterglow theory gets much more complicated if the relativistic ejecta are not spheri-

cal. The “jets” correspond to relativistic matter ejected into a cone of half opening angle θjet.

Since the collimated outflow is feeded with matter only for a short period of time (seconds),

a “flying pancake” is a better description for these jets (Piran 2000, 2005).

In the standard jet model (e.g., Frail et al. 2001; Panaitescu & Kumar 2002) it is assumed

that the Lorentz factor Γ and energy per unit solid angle are uniform across the jet. When

observing a jetted outflow roughly along the jet axis, the GRB will at first appear isotropic,

due to the high Lorentz factor that causes the emission to be relativistically beamed in the

forward direction, within an angle 1/Γ (Fig. 2.7). Typically after about a day in the host

frame, this angle becomes larger than the physical jet opening angle (θjet) and the observer

will start to see less flux compared to the isotropic case and becomes aware of the jet nature
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of the outflow. At roughly the same time, the sideways expansion becomes significant due

to the slowing down of the outflow, the jet widens and a break appears in the light curve.

Such a break has been seen in several afterglows, for example in the optical light curve of

GRB 030226 (Fig. 2.8). As this break is due to geometrical reason, it is achromatic, i.e. it

should simultaneously occur in all photometric bands.

For a spherical adiabatic evolution we have (Sari et al. 1999)

Γ(t) = 6

(

Eiso,γ

nηγ

)1/8 (

1 + z

tday

)3/8

, (2.16)

where Eiso,γ is the isotropic-equivalent energy of the explosion, n the mean surrounding

interstellar medium particle density, tday the observer’s time in days, and ηγ is the efficiency

of the fireball in converting the energy in the ejecta into γ-rays and we have inserted typical

values.

From the time at which the jet break occurs (tjet)
1, the jet opening angle equals the

relativistic opening angle, θrel = 1/Γ. Hence, θjet = 1/Γ, i.e.

θjet = 0.057

(

tjet
1day

)3/8 (

1 + z

2

)−3/8 [

Eiso,γ

1053erg

]−1/8
( ηγ

0.2

)1/8 ( n

0.1cm−3

)1/8
, (2.17)

where we have inserted typical values.

Typical values for long bursts are spread around opening half-angles of 4 degrees (Zeh

et al. 2006). As the observations give a GRB rate in the order of 1 events per day, the current

estimates for the beaming angles suggest that there are at least 100-1000 GRBs per day in

the Universe. This is easily shown if we consider that the outflow is collimated into two

cones of opening half-angle θjet (a jet and a corresponding counter jet) and the solid angle Ω

covered by an opening angle θjet is

Ω = 2π(1 − cos θjet) = πθ2
jet for θjet ≪ 1, (2.18)

we get for an opening half-angle of θjet ∼4 degrees

4π

2Ω
=

2

θ2
jet[rad]

∼ 1000. (2.19)

After the jet break the light curve evolves as follows (from Nakar 2007):

Fν ∝



















ν2t0 for ν < νa,

ν1/3t−1/3 for νa < ν < νm,

ν−(p−1)/2t−p for νm < ν < νc,

ν−p/2t−p for νc < ν.

(2.20)

Up to now we have assumed a uniform external medium, which has been found to repro-

duce most afterglows, however, in some cases, a wind-like external medium (with a density

profile that follows n = Ar−2) is preferred (Chevalier & Li 2000; Panaitescu & Kumar 2000;

Li & Chevalier 2001; Zeh et al. 2006). This would be expected if the progenitor of the GRB

1In the following, the break time might be also designated as tb.
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a) spherical explosion

b) collimated explosion

Figure 2.7: Illustration of the differences between an isotropic and a collimated explosion (Adapted

from Ghisellini 2001). During the initial phase of the afterglow, the bulk Lorentz factor is large, and

consequently the observer sees only a fraction of the emitting area inside a relativistically beamed cone

with aperture angle θrel ∼ 1/Γ. There is no detectable difference between a sphere and a jet during

this phase. In the spherical case the emitting area continues to increase both because the radius of the

sphere increases and because Γ decreases, allowing more area to be within the 1/Γ cone. In the case

of a collimation in a jet, once 1/Γ becomes comparable to the jet opening angle θjet, the observed area

increases only because the distance to the jet apex increases. The light curve predicted in the two cases

is therefore the same at early times, but in the jet case there will be a break at a particular time (when

1/Γ ∼ θjet), after which the light curve decreases more rapidly than in the spherical case.

has been expelling a stellar wind during the last phase of its evolution. In this case inverting

the equation (Chevalier & Li 2000)

Γ(t) = 5.9

(

1 + z

2

)−1/4

E
1/4
iso,γnA

−1/4
∗ t

−1/4
day , (2.21)

(cf. Bloom et al. 2003) it follows

θjet(wind) = 0.169

(

1 + z

2

)+1/4 (

Eiso,γ

1052erg

)−1/4

A
1/4
∗

(

tjet
day

)1/4

, (2.22)

where typical values has been inserted In the two equations A∗ is related to the mass-loss

rate Ṁ of the massive star, that ejects the wind at constant velocity vwind, in the following

way:

A∗ =
Ṁ/10−5M⊙ yr−1

vwind/103km s−1
. (2.23)
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Figure 2.8: Light curves in different optical bands of the afterglow of GRB 030226. The smooth break

around t = 1 days appears to be achromatic pointing to a collimated explosion. From Klose et al.

(2004).

The last part of Tab. 2.1 describes the parameters α and β for a post-jet-break evolution.

The jet break usually takes place, after the radiative transition, therefore in the slow cooling

phase. The closure relations presented for the ISM and wind circumburst medium in the slow

cooling model are equally valid to describe the pre-jet-break evolution (Zhang & Mészáros

2004).

Rossi et al. (2002) considered an alternative model in which the jet has a beam pat-

tern where the luminosity per unit solid angle (and perhaps also the initial Lorentz factor)

decreases smoothly with increasing angular distance from the axis, rather than having a

well-defined cone angle within which the flow is uniform. They show that the break in the

afterglow light curve then occurs at a time that depends on the viewing angle. Instead of im-

plying a range of intrinsically different jets, the data on afterglow breaks could be consistent

with a standardized jet, viewed from different angles.

Collimation is not the only suggested explanation for the observed breaks in the light

curves. Alternative possibilities are: a sudden change in the circumburst density (Panaitescu

& Kumar 2001), a fast transition from relativistic to non-relativistic bulk motion of the shock

due to a dense circumburst medium (Wang et al. 2000), a break in the power-law distribution

of electrons in the shock (Li & Chevalier 2001), usually assumed to be a single power-law.

However, in literature the jet model is still the most accepted model to explain breaks
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in the afterglow light curves. Moreover the jet model can explain the XRFs as GRBs which

occurs when the observer is “off-axis” with respect the opening angle of the emission. This

indicate that XRFs and GRBs are either closely related phenomena or that they are the same

events seen from different angles (Heise et al. 2001).

2.4 The progenitors

2.4.1 Long bursts, collapsars, and supernova bumps

In the early 1990s a detailed model of the death of a rapidly rotating, massive star had been

constructed by Woosley (1993). In the collapsar model, as it is called, a GRB accompanied

by a supernova is produced in the collapse of a massive stellar core into a central compact

object. This compact object is generally considered to be a black hole, although it has been

suggested that at first a super-massive rapidly rotating neutron star is formed, which collapses

to a black hole after it has lost the angular momentum it needs to support the mass against

gravity. In both cases the end-product of the collapse is a black hole and a torus of stellar

material surrounding it, which produces a collimated outflow, a jet, which is the source of

the GRB. The fact that the jet has to escape the stellar envelope puts constraints on the

massive star: the star must have undergone a severe mass-loss by means of a stellar wind,

e.g. a Wolf-Rayet star.

However, it was with the GRB occurred on April 25, 1998 that the first observational

evidence of the connection between supernovae (SNe) and GRBs came out. Galama et al.

(1998) reported the discovery of an optical transient, in the BeppoSAX WFC error box of

GRB 980425, within about a day of the γ-ray burst. Its optical light curve, spectrum and

location in a spiral arm of the galaxy ESO184-G82, at a redshift z = 0.00856 (to date still

the nearest known)2, showed that the transient was a very luminous type Ic supernova, now

named SN 1998bw.

The presumed association of the GRB with a supernova brought much support to the

collapsar model, although the hypothesis that SNe and GRBs are physically related was at

first highly debated.

Another non-definitive evidence for the GRB-SN connection came with the fact that

several bursts showed a small bump in their late-time optical afterglow light curves (e.g.,

Bloom et al. 1999; Zeh et al. 2004), the so-called supernova bump.

In Figure 2.9 a typical optical afterglow light curve is shown. In general the afterglow light

curve decays, initially, as a power law with α1 ≈ 1.2 (large variations around this value are

however possible), then in many cases an achromatic break to a steeper decline with α2 ≈ 2

is found. This break is usually interpreted, like in the X-ray band, as a jet break. In most of

the cases the afterglow fades rapidly and becomes significantly dimmer than its host galaxy

and the light curve reaches a plateau corresponding to the brightness of the host. For several

GRBs red bumps are seen at late times (several weeks to a month) and they are interpreted

as evidence for an underlying SN. The physics behind the afterglow light curve is discussed

at the end of Sec. 2.3.3.

2The X-ray flash 080109 associated with a bright supernova in NGC 2770 (Soderberg et al. 2008) had a

shorter redshift (z=0.0065), but no GRB was detected for that event.
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Figure 2.9: An example of optical

afterglow light curve: RC-band light

curve of GRB 011121 based on ob-

servational data with the addition of

an underlying SN component (Greiner

et al. 2003) to explain, at late times,

the magnitude values of the afterglow

brighter than predicted by the power

law decay. All the data are corrected

for Galactic extinction and the con-

tribution of the underlying host galaxy

has been removed. ∆m stands for ob-

served minus fitted magnitude.
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It was the GRB 030329 that provided the first spectroscopic evidence that a very energetic

supernova (“hypernova”) was temporally and spatially coincident with a GRB (Fig. 2.10, left

panel). The monitoring of the supernova indicated that it exploded within a few days of

the GRB (Hjorth et al. 2003). Stanek et al. (2003) and Hjorth et al. (2003) reported on

the early observations of the afterglow of GRB 030329 and the spectroscopic discovery of its

associated supernova SN 2003dh. They obtained spectra (wavelength range of 350–850 nm)

of the afterglow each night from March 30.12 (0.6 days after the burst) to April 8.13 (UT)

(9.6 days after the burst). The early spectra consist of a power-law continuum (Fν ∝ ν−0.9)

with narrow emission lines originating from HII regions in the host galaxy, indicating a low

redshift of z = 0.1687. However, their spectra taken after 2003 April 5 show broad peaks in

flux characteristic of a supernova. Correcting for the afterglow emission, they found that the

spectrum of the supernova was remarkably similar to the type Ic “hypernova” SN 1998bw.

This further on strongly suggested that core collapse events can give rise to GRBs, thereby

favoring the “collapsar” model.

After GRB 980425 and 030329, other two GRBs with a spectroscopically identified su-

pernova associated with them were discovered: GRB 031203 (Malesani et al. 2004) and

GRB 060218 (Masetti et al. 2006).

At z = 0.1055 the GRB 031203 is the third nearest GRB known. The optical and infrared

monitoring of the afterglow carried out by Malesani et al. (2004) revealed a brightening source

embedded in the host galaxy, which they attributed to the presence of a supernova (SN

2003lw) related to the GRB. A rebrightening in the optical light curve was detected in all

bands, peaking in the R-band about 18 rest-frame days after the burst. This rebrightening

closely resembled the light curve of a supernova like SN 1998bw and also spectra taken close

to the maximum of the rebrightening showed extremely broad features as in SN 1998bw

(Malesani et al. 2004). Since it was an intrinsically faint GRB, the optical light curve was

dominated by the SN after the first few days.

Finally, GRB 060218 was associated to SN 2006aj. This is the second closest GRB

(redshift z = 0.033). Modeling of the spectra and light curve of the associated SN 2006aj

(Cobb et al. 2006; Mirabal & Halpern 2006; Pian et al. 2006; Sollerman et al. 2006) suggested
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Figure 2.10: The optical spectra of GRB 030329/SN 2003dh at various epochs (Hjorth et al. 2003).

a progenitor star whose initial mass was 20 ± 1 M⊙ (Mazzali et al. 2006b). For an extended

study of this object see Sects. 3.2 and 4.1 in this Thesis.

However, just after the connection GRB-SN was confirmed by several cases, two nearby

long GRBs were discovered which both showed no evidence of an associated supernova:

GRB 060505 and GRB 060614 (Fynbo et al. 2006), with a redshift of 0.089 and 0.125,

respectively. The lack of detected supernova emission in these bursts indicated that the peak

luminosity had to be at least 102 times smaller than the one of GRB 980425. This shed a

new light upon the GRB-SN connection, in particular it has risen the question whether all

long GRBs are really coming from the collapse of a massive star. Host galaxy studies for

these two GRBs have shown that their environments are similar to typical long GRB host

galaxies (Thöne et al. 2008), hinting at a massive stellar progenitor.



2.5 Host galaxies 25

2.4.2 Short bursts and neutron star mergers

Much less is known about the progenitors of short GRBs. As there is a clear distinction

in their temporal and spectral characteristics (see Sec. 2.2.1), it has been widely adopted

that they have different origins. The discovery of the first X-ray afterglow with the Swift

satellite of a short burst, GRB 050509B, showed that this event is most likely associated with

a giant elliptical galaxy, in which hardly any star formation is still present (Gehrels et al.

2005). After this one, more short GRBs afterglows have been found, also at optical and

radio wavelengths (e.g., Fox et al. 2005; Hjorth et al. 2005b; Berger et al. 2005). Optical

observations of their environments show that there is a wide variety of host galaxies for short

GRBs (see Sec. 2.5.2).

For short GRBs a model with a binary merger of two compact objects, neutron star-

neutron star or neutron star-black hole, has been suggested (e.g., Blinnikov et al. 1984;

Goodman 1986; Paczyński 1986). In this binary merger model, the GRB is expected to occur

far away from the place of birth of the binary. The supernova explosions that made the

compact objects, will give the binary kick velocities that move it away from its place of birth,

maybe even outside of its host galaxy given the timescale for the merger process, 105 − 1010

years.

The fact that a significant fraction of short GRBs is found in the outskirts of their host

galaxies, or even entirely outside them, means that the immediate environment of short GRBs

on average has a lower density than that of long GRBs (Nakar 2007).

The ambient medium density has a significant influence on the brightness of the afterglow:

a lower ambient density causes a fainter afterglow. This makes the afterglows of short GRBs

in comparison to those of long GRBs harder detectable. For a comprensive study on the

differences between short and long GRB afterglows see Kann et al. (2008).

2.5 Host galaxies

Host galaxies give important clues about the environment in which GRBs progenitors are

formed, which indirectly points to the nature of progenitors of the explosions. Different host

galaxies have been found for short and long gamma-ray bursts, indicating that we are looking

at different progenitor populations.

2.5.1 Host galaxies of long GRBs

Long gamma-ray bursts are generally found in extremely blue, sub-luminous host galaxies of

magnitude MB from about −15.9 to −21.9 mag (Christensen et al. 2004; Fruchter et al. 2006;

Bloom & Prochaska 2006; Savaglio et al. 2006), usually not located in dense clusters. They

present strong emission lines and a very high specific star formation rate (SSFRlong) with a

median value of 10 M⊙yr−1(L/L∗)
−1 (Christensen et al. 2004), where L∗ is the luminosity

of a galaxy at the break of the Schechter luminosity function (Schechter 1976), suggesting a

significant abundance of young massive stars. This supports the generally accepted idea that

long GRBs arise from the death of young massive stars, similarly to core-collapse supernovae.

However, significant differences have been found in the environments of long GRBs and

core-collapse supernovae. In a sample of 42 host galaxies observed by the Hubble Space
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Figure 2.11: Sample of 42 GRB host galaxies observed by the Hubble Space Telescope (Fruchter et al.

2006). The boxes have a size of 3.75′′ × 3.75′′.

Telescope, Fruchter et al. (2006) found that only one host was a grand-design spiral, and

the rest irregular galaxies (see Fig. 2.11), while supernovae not associated with GRBs are

equally distributed in irregulars and spirals. In addition, gamma-ray bursts are concentrated

in the brightest regions of their hosts, in the most active star-forming regions, while SNe are

more uniformly distributed across their host galaxies. This is best understood if GRBs are

formed from the core-collapse of extremely massive (25 − 30 M⊙, Woosley & Bloom 2006),

low metallicity (around one-third of the solar one; Fruchter et al. 2006), very short-living

stars (. 0.1 Gyr; Christensen et al. 2004).

2.5.2 Host galaxies of short GRBs

Host galaxies of short bursts include both early and late-type galaxies, as well as field and

cluster galaxies (see Fig. 2.12), in contrast to the very uniform sample of long burst hosts.

Berger (2008) shows that despite the fact that most short GRBs occur in star-forming galax-
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Figure 2.12: Short GRB host galaxies. Adapted from Castro-Tirado et al. (2005), Fox et al. (2005),

Berger et al. (2005), Soderberg et al. (2006a), Ferrero et al. (2007b), Berger et al. (2007). The boxes

have a size of 20′′ × 20′′, except for GRB 050509B, where it is 40′′ × 40′′. Figure from de Ugarte

Postigo (2007).

ies, their properties are strongly distinct from those of long GRB hosts. First of all, the

rest-frame B-band luminosity distribution of the short GRB hosts is systematically brighter

than for long GRB hosts in the same redshift range. Additionally, the specific star formation

rates of the short GRB hosts is lower by about an order of magnitude (∼ 1 M⊙yr−1(L/L∗)
−1),

and the metallicities are higher by a factor of about 0.6 dex.

Fruchter et al. (2006) and Gorosabel et al. (2006) argue that a statistical test rejects

the hypothesis that the two populations come from the same parent distribution with a

significance greater that 99%.

According to Berger (2008), the progenitor ages span a wide range, of about 0.1− 10 Gyr

and the overall dissimilarity to the hosts of long GRBs, which appear dominated by young

stellar populations, indicates that only a small fraction of short GRBs (. 1/3) are likely to

arise from a young population of progenitors. This provides additional support to the binary

coalescence model for short GRBs.
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2.6 Redshift distribution

There is currently a great interest to push the redshift record beyond z=7, not only in order

to get an answer about the re-ionization history of the universe but also about its chemical

evolution. Due to their extraordinary luminosity GRBs might be the very best tool we have

in the near future to obtain an answer to several questions related to the evolution of the

universe after the Dark Ages.
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Figure 2.13: The redshift distribu-

tion of altogether 185 afterglows with

secure redshift by November 4, 2008.

Based on Jochen Greiner’s webpage:

http://www.mpe.mpg.de/∼jcg/grbgen.html.

By November 4, 2008, the currently leading GRB satellite (Swift), launched in November

2004, has detected about 370 GRBs. In about 125 cases a redshift could be measured, i.e.

for 1/3 of the entire sample. The current (spectroscopically confirmed) redshift record for

galaxies is 6.96 (Iye et al. 2006) and for quasars 6.56 (Hu et al. 2002). Until Summer 2008, for

GRBs the redshift record was 6.29 (Kawai et al. 2006), while for the nearest GRB the record

was z=0.00856 (GRB 980425; Galama et al. 1998). Meanwhile, using GROND mounted

on the 2.2m telescope on La Silla, Chile, observations of our group have pushed the GRB

redshift record to 6.7 (Greiner et al. 2008).

The median of the redshift distribution is currently z ∼ 2 (see Fig. 2.13). It is not clear

which could be the maximum of the redshift distribution. It has been suggested that GRBs

may occur at redshifts around up to z about 15 − 20, and that their afterglows should also

be detectable (Lamb & Reichart 2000). Bursts at this redshift will not be detectable in the

optical bands due to absorption by the Ly-α forest, but in the X-ray, IR and radio bands.

At further redshift probably GRBs do not occur, as their progenitors might have not formed

yet.



Chapter 3

The bursts: observational data

In this Chapter the data samples for the three Swift gamma-ray bursts, and information

about the data reduction process are presented.

3.1 The short burst GRB 050813

3.1.1 The event

GRB 050813 was detected by the Swift satellite on 2005 August 13, 6:45:09.76 UT (Retter

et al. 2005). Its duration in the 15-350 keV band was T90 = 0.6±0.1 seconds (Sato et al. 2005),

making it after GRB 050509B and 050724 the third short burst that Swift localized quickly

and precisely. According to its observed duration (T90), GRB 050813 can be associated

with the class of short bursts with very high (99.9%) probability (Donaghy et al. 2006). In

addition, its measured spectral lag is consistent with zero, another important property of

short bursts (Donaghy et al. 2006; Norris & Bonnell 2006). Furthermore, the small original

Swift XRT error circle encompasses parts of an anonymous cluster of galaxies with ellipticals

inside and close to the error circle (Gladders et al. 2005; Gorosabel et al. 2005; Prochaska et al.

2006). Taken together, these observations suggest that GRB 050813 should be considered as

a typical short burst.

It is reminiscent of GRB 050509B, which had a very faint X-ray afterglow (Gehrels et al.

2005). Ground analysis of the X-ray data revealed a faint, uncatalogued source at coordinates

R.A., Decl. (J2000) = 16h 07m 57.s0, +11◦ 14′ 52′′ with an uncertainty of 10 arcsec radius

(Morris et al. 2005). This position was later refined by Moretti et al. (2006) to R.A., Decl.

(J2000) = 16h 07m 57.s07, +11◦ 14′ 54.′′2 with an uncertainty of 6.5 arcsec radius; an even

smaller error region was reported by Prochaska et al. (2006). No optical or near-infrared

afterglow candidate was found. Li (2005) reported an unfiltered upper limit of magnitude

18.6 at 49.2 seconds after the burst. UVOT observations started 102 seconds after the trigger

and a 3-sigma upper limit of V = 19.1 was derived from a 188 seconds exposure (Blustin

et al. 2005). Sharapov et al. (2005) found a limiting I-band magnitude of ∼21 at 10.52 hours

after the burst, while Bikmaev et al. (2005) reported an R-band upper limit of ∼23 at 12.75

hours after the event.

Spectroscopy of galaxies close to and inside the XRT error circle revealed a mean redshift

of z = 0.72 (Berger 2005; Foley et al. 2005; Prochaska et al. 2006), indicating the possibility

29
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that this may also be the redshift of the GRB. This was later refuted by Berger (2006), who

argued that the host is a background galaxy at a (photometric) redshift of about 1.8, possibly

related to a background cluster of galaxies. This would make GRB 050813 the second most

distant (after GRB 060121, de Ugarte Postigo et al. 2006; Levan et al. 2006) short burst for

which a redshift could be estimated.

However, besides the efforts, the short burst GRB 050813 belongs to the small set of short

bursts for which up to date it has not been possible to define precisely the host galaxy.

3.1.2 OSN, CAHA and VLT data

A first imaging of the GRB error box was performed with the 1.5-m OSN telescope at Ob-

servatorio Sierra Nevada and the Calar Alto (CAHA) 2.2-m telescope equipped with CAFOS

starting already 0.5 days after the burst (Gorosabel et al. 2005). Unfortunately, these obser-

vations resulted only in upper limits for the magnitude of any optical transient (Table 3.1).

In order to set constraints on a rising SN component, we have then carried out deep follow-up

observations using VLT/FORS2 in standard resolution (SR) imaging mode with a scale of

0.25 arcsec per pixel (field of view 6.′8 × 6.′8). Observations were performed in the Bessel

I band in order to minimize the potential influence of host extinction on the discovery of

a fading (afterglow) or a rising (supernova) source. A first run was performed on August

19.061 to 19.088 UT, 5.8 days after the burst. Ten frames were obtained, 200 seconds ex-

posure time each. Seeing conditions were very good, ∼ 0.5 arcsec. A second run using the

same instrumental setup was performed on August 24.990 to 25.017 UT, 11.7 days after the

burst. Atmospheric seeing conditions were even better than during the first observing run,

approaching 0.35 arcsec. Both nights were photometric.

Date t − t0 Mag Exposure Filter Telescope

(days) (days) (s)

13.8333 0.5519 22.8 10×600 I 1.5m OSN

13.8708 0.5894 23.3 23×180 R 2.2m, CAFOS

14.8475 1.5661 23.1 24×300 R 2.2m, CAFOS

19.0606 5.7792 25.1 10×200 I 8.2m, FORS2

24.9901 11.7087 25.5 10×200 I 8.2m, FORS2

Table 3.1: Observing log of the

GRB 050813 field. t0, the time

of the burst, is August 13.2814,

2005. All dates refer to August

2005 and give the time of the start

of the first exposure. Mag is the

limiting magnitude of the com-

bined image.

The FORS2 images were bias-subtracted and flat-fielded with standard reduction proce-

dures provided within IRAF1. Frames obtained on the same night and in the same band were

summed together in order to increase the signal-to-noise ratio. Photometry was performed

with standard Point Spread Function (PSF) fitting using the DAOPHOT II image data

analysis package “PSF-fitting algorithm2” (Stetson 1987) within the MIDAS3 platform. In

addition, we performed aperture photometry using the IRAF Aperture Photometry Package

Apphot.

1http://iraf.noao.edu
2The PSF-fitting photometry is accomplished by modeling a two-dimensional Gaussian profile with two

free parameters (the half width at half maxima along x and y coordinates of each frame) on at least five

unsaturated bright stars in each image.
3http://www.eso.org/projects/esomidas
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Figure 3.1: VLT I-band image of

the GRB field obtained 11 days af-

ter the burst, showing the original 10

arcsec (radius) XRT error circle of

GRB 050813 (large circle, Morris

et al. 2005), the refined error circle

by Moretti et al. (2006) (small cir-

cle, center around source #4), the re-

vised error ellipse (Prochaska et al.

2006), the refined error circle by

Butler (2007) (small circle, centered

around source #7) and the objects

listed in Tables 3.2 and 3.3.

Table 3.2: List of objects used for the cal-

ibration of the photometry (A,B,F,G,H,I)

and the brightest galaxies in the XRT er-

ror circle (C,D,E). The numbering follows

Fig. 3.1.

Object R.A. (J2000) Decl. (J2000) I
d m s ◦′′′ mag

A 16:07:57.72 +11:15:02.24 24.68 ± 0.35

B 16:07:57.50 +11:15:02.13 21.83 ± 0.09

C 16:07:57.19 +11:14:53.15 22.43 ± 0.12

D 16:07:57.16 +11:14:46.86 23.38 ± 0.22

E 16:07:57.01 +11:14:47.61 22.74 ± 0.28

F 16:07:56.85 +11:15:01.80 20.88 ± 0.03

G 16:07:56.66 +11:15:02.87 23.61 ± 0.19

H 16:07:56.53 +11:15:01.11 22.85 ± 0.14

I 16:07:56.10 +11:14:47.34 23.50 ± 0.17

Table 3.3: Photom-

etry of the fainter

sources in the XRT

error circle. As

in Tab. 3.2, the

numbering follows

Fig. 3.1. Run 1

and run 2 refer to

the first and second

VLT/FORS obser-

vations, respectively.

Object R.A. (J2000) Decl. (J2000) I run 1 I run 2
d m s ◦′′′ mag mag

1 16:07:57.00 +11:14:43.83 24.7 < I < 24.9 24.4 < I < 25.4

2 16:07:56.85 +11:14:42.91 > 25.1 24.4 < I < 25.5

3 16:07:56.66 +11:14:43.58 24.69 ± 0.24 24.44 ± 0.10

4 16:07:57.07 +11:14:53.65 24.63 ± 0.30 24.67 ± 0.13

5 16:07:56.40 +11:14:48.35 > 25.1 25.47 ± 0.25

6 16:07:56.91 +11:14:55.91 > 25.1 25.64 ± 0.28

7 16:07:57.07 +11.14.57.43 24.7 < I < 25.1 25.41 ± 0.25

Additional spectroscopic observations covering the entire original r=10 arcsec XRT error

circle (Morris et al. 2005) were performed with the Integral Field Unit VIMOS/IFU at the
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ESO-VLT starting 20 hours after the burst. Unfortunately, these observations could not be

implemented into this study due to technical problems with the data.

Figure 3.1 shows the Swift XRT 90% containment radius reported by Morris et al. (2005)

(large circle), the refined error circle by Moretti et al. (2006) (small circle) and, as a small

ellipse, the re-analyzed X-ray error box (68% containment radius) given by Prochaska et al.

(2006). In the original r=10 arcsec XRT error circle there are 11 sources, designated by the

letters C, D, E, F and the numbers from 1 to 7. Note that B = X, C = B, 4 = B* and E = C

in the nomenclature of Prochaska et al. (2006). The X-ray error box published by Prochaska

et al. (2006) contains only two sources, of which #6 is the one identified by Berger (2006)

as the possible host galaxy possibly related to a cluster of galaxies4 at z=1.8. Nothing can

be said at this stage about the redshift of source #7, however. Here, we assume that it is a

member of the cluster of galaxies at z=0.72 (Berger 2005; Foley et al. 2005; Prochaska et al.

2006).

3.2 The GRB-SN event GRB 060218

3.2.1 The burst

On 2006 February 18, at 03:34:30 UT, the Burst Alert Telescope (BAT) on board the Swift

satellite detected the bright GRB 060218 (Cusumano et al. 2006). The Swift X-ray Telescope

(XRT) and the UV/Optical Telescope (UVOT) also detected its afterglow in the X-ray and

optical bands (Cusumano et al. 2006; Kennea et al. 2006), respectively, leading to a precise

localization of the optical counterpart at coordinates R.A., Decl. (J2000) = 03h 21m 39.s71,

+16◦ 52′ 02.′′6 with an estimated 1-sigma error of about 1.′′0 (Marshall et al. 2006). Due to

its unusual properties in the gamma-ray band (Campana et al. 2006) and its odd behavior

(Gehrels 2006), its nature was not clear till the determination of its redshift (z= 0.033,

Mirabal & Halpern 2006) and the discovery of an association with a supernova (Masetti

et al. 2006). GRB 060218 is classified as an X-ray Flash (Campana et al. 2006), with Eiso

comparable with other GRB-SNe and consistent with the Amati relation (Amati et al. 2006).

It is probably not an off-axis (see page 22) event (Nousek et al. 2006a).

The low redshift and the brightness of the object allowed extensive follow-up observations

with ground-based facilities (Ferrero et al. 2006; Mirabal et al. 2006; Modjaz et al. 2006; Pian

et al. 2006; Soderberg et al. 2006b; Sollerman et al. 2006).

3.2.2 VLT data

We observed SN 2006aj (see Fig. 3.2) both spectroscopically and photometrically with the

ESO Very Large Telescope FORS1 and FORS2 instruments. Results from the spectroscopic

VLT campaign are presented in our paper Pian et al. (2006) and modeled in Mazzali et al.

(2006a).

The photometric observations presented in this Thesis were performed until 26 days after

the burst (Table 3.4). After this point in time, the SN location was no longer observable due to

4E. Berger, talk given at “Swift and GRBs: Unveiling the Relativistic Universe”, San Servolo, Venice

(Italy), 2006 June 5-9.
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Figure 3.2: The location of SN 2006aj is shown

here in a VLT/FORS2 R-band image taken on

2006 March 1, at 00:52 UT (30 sec exposure

time). The field of view is approximately 2×3

arcmin.

E

N

high airmass.The exposure time was between 30 and 60 seconds. The images, in the Bessell B,

V , R, and I filters, were bias-subtracted and flat-fielded with standard reduction procedures

using IRAF and final photometry was performed with standard Point Spread Function (PSF)

fitting using the DAOPHOT II image data analysis package (Stetson 1987) within MIDAS.

Photometric calibration of the images was performed using the standard star 685 of the field

SA98 (Landolt 1992), imaged during the same night of our first observational run, which was

used to create 16 secondary standards in the field around the SN that were subsequently

used for all individual images to draw a linear regression among instrumental and reference

magnitudes and calculate the value of the optical transient. The accuracy of the photometry

was confirmed by considering the zero point values of several stars in the calibration field

in all bands for different nights. In addition, we investigated a possible influence of color

terms. We found that they could affect the photometry with an additional error of up to 0.02

magnitudes, which was then added in quadrature to the individual photometric measurement

errors.

3.2.3 Liverpool Telescope data and KAIT data

Further photometric data were obtained with the 2 m robotic Liverpool Telescope on La

Palma on several occasions over a period of about 2.5 weeks post-burst. Observations were

made in Bessell B, V and SDSS r′ filters and zero-point deduced by comparison to two field

stars (star S1 and star 4 of Modjaz et al. 2006). The magnitudes were transformed into

Johnson B, V and Cousins R-band via equations previously derived for the camera (Steele

et al. 2004). The quoted errors reflect the scatter in individual measurements for subexposures

at each epoch, and include an estimate of the calibration uncertainty.

Additional data were also obtained with the 0.8 m robotic KAIT at Lick Observatory

on four consecutive nights between 3 to 6 days post-burst. Unfiltered observations were

obtained in all four nights, and Bessell B, V , R, and I filtered observations were made in the

last three nights. The images were bias-subtracted and flat-fielded with standard reduction

procedures using IRAF, and the final photometry was performed with PSF-fitting technique

in IRAF/DAOPHOT.

The secondary standards calibrated with VLT data were used for the final photometric cal-

ibration. The unfiltered magnitudes were converted to the R band following the method
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described in Li et al. (2003).

Table 3.4: The photometry of SN 2006aj from the Very Large Telescope (VLT), the Liverpool Tele-

scope (LT) and the Katzman Automatic Imaging Telescope (KAIT), including the acquisition images

for the VLT spectroscopy (Pian et al. 2006). The date is the UT exposure mid-time. Column t − t0
refers to the time in days after the burst trigger at t0 = 3:34:30 UT of Feb. 18, 2006 (Cusumano

et al. 2006). The third column gives measured magnitudes which are corrected neither for extinction

nor flux from the host galaxy. The fourth column gives the pure supernova magnitudes after correcting

for Galactic extinction, host-galaxy flux and host-galaxy extinction.

Date t − t0 Mag. Mag. Exposure Filter Telescope

(measured) (corrected) s

Feb. 20.8924 2.7434 18.63± 0.06 18.14 ± 0.06 8×150 B LT

Feb. 21.0307 2.8817 18.57± 0.03 18.07 ± 0.03 2×30 B VLT

Feb. 22.1219 3.9729 18.41± 0.08 17.87 ± 0.08 450 B KAIT

Feb. 23.0550 4.9060 18.24± 0.04 17.68 ± 0.04 2×30 B VLT

Feb. 23.1209 4.9719 18.29± 0.08 17.74 ± 0.08 450 B KAIT

Feb. 24.1218 5.9728 18.13± 0.08 17.56 ± 0.08 450 B KAIT

Feb. 25.0467 6.8977 18.11± 0.04 17.54 ± 0.04 2×30 B VLT

Feb. 26.0398 7.8908 18.05± 0.03 17.47 ± 0.03 2×30 B VLT

Feb. 27.0483 8.8993 18.01± 0.03 17.43 ± 0.03 60 B VLT

Feb. 28.0037 9.8547 18.07± 0.04 17.49 ± 0.04 2×30 B VLT

Mar. 1.0337 10.8847 18.14± 0.03 17.57 ± 0.03 2×30 B VLT

Mar. 2.0297 11.8807 18.22± 0.03 17.66 ± 0.03 2×30 B VLT

Mar. 3.0330 12.8840 18.35± 0.03 17.81 ± 0.03 2×30 B VLT

Mar. 4.0303 13.8813 18.47± 0.03 17.95 ± 0.03 2×30 B VLT

Mar. 5.0119 14.8629 18.61± 0.03 18.11 ± 0.03 2×30 B VLT

Mar. 6.0364 15.8874 18.66± 0.03 18.17 ± 0.03 2×30 B VLT

Mar. 7.8899 17.7409 18.97± 0.07 18.56 ± 0.07 5×100 B LT

Mar. 8.0332 17.8842 19.03± 0.03 18.64 ± 0.04 60 B VLT

Mar. 8.9983 18.8493 19.10± 0.03 18.73 ± 0.04 60 B VLT

Mar. 10.0009 19.8519 19.26± 0.04 18.95 ± 0.05 60 B VLT

Mar. 11.9977 21.8487 19.40± 0.04 19.16 ± 0.05 60+30 B VLT

Mar. 13.0145 22.8655 19.57± 0.05 19.43 ± 0.07 60 B VLT

Mar. 13.9976 23.8486 19.57± 0.05 19.43 ± 0.07 60 B VLT

Feb. 20.8787 2.7279 18.19± 0.06 17.86 ± 0.06 5×150 V LT

Feb. 21.0323 2.8833 18.17± 0.03 17.83 ± 0.03 2×30 V VLT

Feb. 22.1277 3.9787 17.92± 0.08 17.54 ± 0.08 300 V KAIT

Feb. 23.0573 4.9083 17.80± 0.03 17.41 ± 0.03 2×30 V VLT

Feb. 23.1266 4.9776 17.77± 0.08 17.37 ± 0.08 300 V KAIT

Feb. 24.1275 5.9785 17.69± 0.08 17.28 ± 0.08 300 V KAIT

Feb. 24.8713 6.7223 17.61± 0.06 17.19 ± 0.06 5×100 V LT

Feb. 25.0483 6.8993 17.58± 0.03 17.16 ± 0.03 2×30 V VLT

Feb. 26.0413 7.8923 17.51± 0.03 17.08 ± 0.03 2×30 V VLT

Feb. 26.8720 8.7230 17.48± 0.06 17.05 ± 0.06 5×100 V LT
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Table 3.4: continued

Date t − t0 Mag. Mag. Exposure Filter Telescope

(measured) (corrected) s

Feb. 27.0156 8.8666 17.45± 0.03 17.02 ± 0.03 60 V VLT

Feb. 27.0497 8.9007 17.46± 0.03 17.03 ± 0.03 60 V VLT

Feb. 28.0053 9.8563 17.45± 0.03 17.02 ± 0.03 2×30 V VLT

Mar. 1.0353 10.8863 17.45± 0.03 17.02 ± 0.03 2×30 V VLT

Mar. 2.0313 11.8823 17.47± 0.03 17.04 ± 0.03 2×30 V VLT

Mar. 2.8673 12.7183 17.50± 0.06 17.07 ± 0.06 3×100 V LT

Mar. 3.0345 12.8855 17.51± 0.03 17.08 ± 0.03 2×30 V VLT

Mar. 4.0331 13.8841 17.56± 0.03 17.14 ± 0.03 2×30 V VLT

Mar. 5.0134 14.8644 17.60± 0.03 17.18 ± 0.03 2×30 V VLT

Mar. 6.0379 15.8889 17.68± 0.03 17.27 ± 0.03 2×30 V VLT

Mar. 6.8912 16.7422 17.67± 0.08 17.26 ± 0.08 2×100 V LT

Mar. 8.0018 17.8528 17.85± 0.03 17.46 ± 0.03 60 V VLT

Mar. 8.0347 17.8857 17.86± 0.03 17.47 ± 0.03 60 V VLT

Mar. 8.9998 18.8508 17.92± 0.03 17.54 ± 0.03 60 V VLT

Mar. 9.0067 18.8577 17.92± 0.03 17.54 ± 0.03 60 V VLT

Mar. 10.0024 19.8534 18.01± 0.03 17.65 ± 0.03 60 V VLT

Mar. 10.0080 19.8590 17.98± 0.03 17.61 ± 0.03 60 V VLT

Mar. 11.9987 21.8497 18.14± 0.03 17.80 ± 0.03 60+30 V VLT

Mar. 13.0157 22.8667 18.22± 0.04 17.89 ± 0.04 60 V VLT

Mar. 13.9991 23.8501 18.30± 0.03 17.99 ± 0.03 60 V VLT

Mar. 14.9992 24.8502 18.41± 0.03 18.12 ± 0.03 2×30 V VLT

Mar. 16.0023 25.8533 18.42± 0.05 18.14 ± 0.05 2×30 V VLT

Feb. 20.8578 2.7088 18.10± 0.06 17.88 ± 0.06 6×150 R LT

Feb. 20.9362 2.7872 18.10± 0.06 17.88 ± 0.06 6×150 R LT

Feb. 21.0339 2.8849 18.02± 0.03 17.78 ± 0.03 2×30 R VLT

Feb. 21.0374 2.8884 18.02± 0.03 17.78 ± 0.03 30 R VLT

Feb. 21.1294 2.9804 17.98± 0.08 17.73 ± 0.08 120 R KAIT

Feb. 21.1312 2.9822 17.96± 0.08 17.71 ± 0.08 120 R KAIT

Feb. 21.1330 2.9840 17.97± 0.08 17.73 ± 0.08 120 R KAIT

Feb. 21.1349 2.9859 17.98± 0.08 17.73 ± 0.08 120 R KAIT

Feb. 21.1367 2.9877 17.96± 0.09 17.71 ± 0.09 120 R KAIT

Feb. 22.1317 3.9827 17.76± 0.08 17.48 ± 0.08 300 R KAIT

Feb. 22.1398 3.9908 17.79± 0.09 17.51 ± 0.09 120 R KAIT

Feb. 23.0224 4.8734 17.66± 0.03 17.37 ± 0.03 60 R VLT

Feb. 23.0590 4.9100 17.66± 0.03 17.37 ± 0.03 2×30 R VLT

Feb. 23.1306 4.9816 17.60± 0.08 17.30 ± 0.08 300 R KAIT

Feb. 23.1387 4.9897 17.60± 0.10 17.29 ± 0.10 120 R KAIT

Feb. 24.1315 5.9825 17.50± 0.09 17.19 ± 0.09 300 R KAIT

Feb. 24.1395 5.9905 17.50± 0.10 17.19 ± 0.10 120 R KAIT

Feb. 24.8645 6.7155 17.44± 0.07 17.12 ± 0.07 5×100 R LT

Feb. 25.0499 6.9009 17.40± 0.04 17.08 ± 0.04 2×30 R VLT
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Table 3.4: continued

Date t − t0 Mag. Mag. Exposure Filter Telescope

(measured) (corrected) s

Feb. 26.0429 7.8939 17.31± 0.04 16.98 ± 0.04 2×30 R VLT

Feb. 26.8677 8.7187 17.29± 0.06 16.96 ± 0.06 3×100 R LT

Feb. 27.0512 8.9022 17.28± 0.03 16.95 ± 0.03 60 R VLT

Feb. 28.0068 9.8578 17.25± 0.03 16.91 ± 0.03 2×30 R VLT

Mar. 1.0370 10.8880 17.23± 0.03 16.89 ± 0.03 2×30 R VLT

Mar. 2.0328 11.8838 17.23± 0.03 16.89 ± 0.03 2×30 R VLT

Mar. 2.8604 12.7114 17.26± 0.06 16.93 ± 0.06 5×100 R LT

Mar. 3.0360 12.8870 17.24± 0.03 16.90 ± 0.03 2×30 R VLT

Mar. 3.8601 13.7111 17.25± 0.07 16.91 ± 0.07 2×100 R LT

Mar. 4.0346 13.8856 17.26± 0.03 16.93 ± 0.03 2×30 R VLT

Mar. 5.0148 14.8658 17.24± 0.04 16.90 ± 0.04 2×30 R VLT

Mar. 6.0082 15.8592 17.33± 0.03 17.00 ± 0.03 60 R VLT

Mar. 6.0394 15.8904 17.33± 0.03 17.00 ± 0.03 2×30 R VLT

Mar. 6.8834 16.7344 17.36± 0.07 17.03 ± 0.07 4×100 R LT

Mar. 7.8841 17.7341 17.41± 0.06 17.09 ± 0.06 5×100 R LT

Mar. 8.0361 17.8871 17.46± 0.03 17.14 ± 0.03 60 R VLT

Mar. 9.0012 18.8522 17.56± 0.03 17.26 ± 0.03 60 R VLT

Mar. 10.0038 19.8548 17.60± 0.03 17.30 ± 0.03 60 R VLT

Mar. 11.9997 21.8507 17.62± 0.04 17.32 ± 0.04 60+30 R VLT

Mar. 13.0169 22.8679 17.68± 0.03 17.39 ± 0.03 60 R VLT

Mar. 14.0013 23.8523 17.89± 0.03 17.63 ± 0.03 60 R VLT

Feb. 21.0358 2.8868 17.86± 0.03 17.80 ± 0.03 2×30 I VLT

Feb. 22.1357 3.9867 17.69± 0.08 17.60 ± 0.08 300 I KAIT

Feb. 23.0604 4.9114 17.54± 0.03 17.41 ± 0.03 2×30 I VLT

Feb. 23.1346 4.9856 17.49± 0.09 17.36 ± 0.09 300 I KAIT

Feb. 24.1356 5.9866 17.31± 0.09 17.15 ± 0.09 300 I KAIT

Feb. 25.0514 6.9024 17.25± 0.03 17.08 ± 0.03 2×30 I VLT

Feb. 26.0444 7.8954 17.16± 0.03 16.98 ± 0.03 2×30 I VLT

Feb. 27.0526 8.9036 17.10± 0.03 16.91 ± 0.03 60 I VLT

Feb. 28.0083 9.8593 17.05± 0.04 16.85 ± 0.04 2×30 I VLT

Mar. 1.0386 10.8896 17.04± 0.03 16.84 ± 0.03 2×30 I VLT

Mar. 2.0328 11.8854 17.03± 0.03 16.83 ± 0.03 2×30 I VLT

Mar. 3.0376 12.8886 17.03± 0.03 16.83 ± 0.03 2×30 I VLT

Mar. 4.0362 13.8872 17.07± 0.04 16.87 ± 0.04 2×30 I VLT

Mar. 5.0165 14.8675 17.01± 0.06 16.81 ± 0.06 2×30 I VLT

Mar. 6.0410 15.8920 17.08± 0.03 16.89 ± 0.03 2×30 I VLT

Mar. 9.0026 18.8536 17.21± 0.03 17.03 ± 0.03 60 I VLT

Mar. 10.0052 19.8562 17.26± 0.03 17.09 ± 0.03 60 I VLT

Mar. 11.9993 21.8503 17.35± 0.05 17.19 ± 0.05 60+30 I VLT

Mar. 13.0181 22.8691 17.37± 0.05 17.21 ± 0.05 60 I VLT

Mar. 14.0027 23.8537 17.48± 0.03 17.34 ± 0.03 60 I VLT
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3.2.4 The magnitudes of the host galaxy

The host galaxy of GRB 060218/SN 2006aj was imaged pre-burst by the Sloan Digital Sky

Survey (Adelman-McCarthy et al. 2006; Cool et al. 2006). It was pointed out (Modjaz et al.

2006; Hicken et al. 2006) that there are offsets between the SDSS calibration and later efforts,

rendering the transformed host-galaxy magnitudes of Cool et al. (2006) too bright. The values

used for the host galaxy in this work are B = 20.57±0.07, V = 20.18±0.04, R = 20.03±0.03

and I = 19.58 ± 0.06, not corrected for Galactic extinction. These magnitudes have been

evaluated from those reported by Cool et al. (2006), by applying the corrections recommended

by Modjaz et al. (2006) and Hicken et al. (2006). Our BV RI magnitudes have been obtained

from Cool et al.’s u∗b∗v∗r∗i∗ magnitudes by adopting the conversion of Lupton (2005)5 and

taking into account that the offsets determined by Modjaz et al. (2006) in the BV R bands

are 0.40, 0.27, 0.20 mag, respectively6. In order to determine the offset in the I band, we

have considered that the offset determined by Hicken et al. (2006) and Modjaz et al. (2006)

in the i∗-filter is 0.15 mag, and we have used the SDSS transformations7 to derive from this

the offset in the i-band. Our host-galaxy magnitudes are consistent to those of Sollerman

et al. (2006) within the errors.

3.2.5 The extinction correction

As the host galaxy and SN 2006aj were not separated at the resolution of the images, the host

magnitudes have to be subtracted. For the extinction correction, we used the values derived

by Guenther et al. (2006) from an analysis of the Na I D2 absorption lines in our Galaxy

(AV = 0.39 mag) and the host galaxy (AV = 0.13 mag) in a VLT/UVES spectrum, obtained

during this campaign close to SN maximum. This host-galaxy extinction is typical of the

lines of sight toward GRBs (Kann et al. 2006). Using these extinction and host magnitude

values, we derived the magnitudes of the pure SN light component.

3.3 The long burst GRB 060605

The detailed study of this burst was triggered by our goal to use integral field spectroscopy

(IFS) to perform rapid follow-up observations of arcsec-sized Swift X-ray error circles. While

in this particular case our observations were performed only some hours after the event, we

could obtain useful spectra. One can imagine that a much faster response with an integral

field unit (IFU), immediately after the announcement of an arcsec-sized Swift X-ray error

circle, can provide early spectral information on bursts. A brief overview of this technique is

provided in Appendix A.

3.3.1 Swift BAT data: the burst

GRB 060605 was detected by the BAT instrument on-board Swift on June 5, at T0= 18:15:44.61

UT (trigger 213630; Page et al. 2006) with an accuracy of 3 arcmin radius (90% containment,

5see also http://www.sdss.org/dr4/algorithms/sdssUBVRITransform.html#Rodgers2005
6see http://www.cfa.harvard.edu/supernova/sn2006aj compstars.html
7see http://www.sdss.org/dr4/algorithms/jeg photometric eq dr1.html#usno2SDSS
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including systematic uncertainty). The BAT on-board calculated location of the burst was

R.A., Decl. (J2000) = 21h 28m 35s, –06◦ 3′ 36′′ (Page et al. 2006), while ground analysis

resulted in coordinates R.A., Decl. (J2000) = 21h 28m 37.6s, –06◦ 2′ 44.′′7 with an accuracy

of 1.5 arcmin radius.

The time-averaged spectrum of the burst (from T0 − 2.580 s to T0 + 20.450 s) can be

described by a cutoff power law with α = 0.3+0.7
−0.9, and the peak energy at 90+150

−20 keV (Butler

et al. 2007). According to Sato et al. (2006), in the 15-350 keV band the burst had a duration

of T90 = 15 ± 2 s, while according to Butler et al. (2007) T90 = 19 ± 1 s.

3.3.2 Swift XRT data

X-ray data of the afterglow of GRB 060605 were collected on 5 and 6 June 2006 with XRT.

Pointed observations on target started 93 s after the BAT trigger and the monitoring was

organized in two sequences, with a total net exposure time of ∼ 37.4 ks in photon counting

(PC) mode and ∼ 13 s in windowed timing (WT) mode. In order to obtain a better S/N

ratio in the spectral analysis, only the data of the first ∼ 30.5 ks of the PC mode observation

were used.

The data reduction was performed using the XRTDAS v2.0.1 standard data pipeline

package (xrtpipeline v0.10.3), in order to produce the final cleaned event files.

During sequence 000 the count rate of the burst was high enough to cause pile-up in the

PC mode data, which covered the entire first three orbits of XRT observation from T0 + 126

s to about T0 + 1.8× 104 s. Therefore, to account for this effect, the PC data were extracted

in a circle of 25 pixels radius, with a circular region of 4 pixels radius excluded from its centre.

The size of the inner region was determined following the procedure described in Vaughan

et al. (2006).

The X-ray background was measured within a circle with 40 pixels radius located far from

any source. The ancillary response file was generated with the task xrtmkarf (v0.5.2) within

FTOOLS8 (Blackburn 1995), and accounts for the size of the extraction region. We used

the latest spectral redistribution matrices (swxpc0to12 20010101v008.rmf) in the Calibration

Database9 (CALDB 2.3) maintained by HEASARC.

3.3.3 Swift UVOT data

Swift started settled observations of GRB 060605 with its UV/Optical Telescope (Roming

et al. 2005) 78 s after the trigger. The very first image was in the v-band, while the satellite

was slewing. Swift found an afterglow at coordinates R.A., Decl. (J2000) = 21h 28m 37.s32,

–06◦ 3′31.′′3 (Page et al. 2006), confirming the optical transient already identified at that time

by the robotic ROTSE IIIa telescope (Rykoff & Schaefer 2006).

The afterglow was only detected in the white, v (see Fig. 3.3), and b filters. The lack

of detection in the UV filters (Blustin & Page 2006) is consistent with the redshift of z =

3.7−3.8 based on observations with the Australian National University ANU 2.3-m (Peterson

& Schmidt 2006) and the 10-m Southern African Large Telescope (SALT; Still et al. 2006).

8http://heasarc.gsfc.nasa.gov/ftools/
9http://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/caldb intro.html
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Figure 3.3: Swift UVOT v-band image of the

field of GRB 060605. The optical afterglow is

indicated by a circle. The overplotted hexagon

shows the sky coverage of PMAS/PPak during

our observing campaign (see also Fig. 3.4).
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The initial observations, namely the white and v finding charts, were performed in event

mode (photon counting), while the rest of the exposures were taken predominately in image

mode.

The source counts were extracted using a region of 5′′ radius. As the source fades it is

more accurate to use smaller source apertures (Poole et al. 2008). Therefore, when the count

rate fell below 0.5 counts s−1, the source counts were extracted using a region with 3′′ radius.

These counts were corrected to 5′′ using the curve of growth contained in the calibration files.

Background counts were extracted using a circular region of radius 15′′ from a blank area of

sky situated near to the source position. The count rates were obtained from the event lists

using uvotevtlc and from the images using uvotsource. The used software can be found in

the software release, Headas 6.3.2 and version 20071106 (UVOT) of the calibration files.

For each filter, the count rates were binned by taking the weighted average in time bins

of ∆t/t = 0.2. They were then converted to magnitudes using the UVOT photometric zero

points (Poole et al. 2008). The log of the observations is presented in Tab. 3.5.

3.3.4 Spectroscopic data

Low-resolution integral field spectroscopy of the field was acquired starting about 7.5 hours

after the burst. Even if at that time the afterglow position was already precisely known, we

decided to perform the IFS observing run, in order to learn the handling of the data.

The observations were carried out starting at UT 01:43:41 (June 6), at the 3.5-m telescope

equipped with the Potsdam Multi-Aperture Spectrograph (PMAS; Roth et al. 2005) in the

PPak (PMAS fiber Package) mode (Verheijen et al. 2004; Kelz et al. 2006), using 2×2 pixel

binning. We used the V300 grating, which covers a wavelength range between 3698 and

7010 Å, resulting in a reciprocal dispersion of 3.4 Å per pixel. The PPak fiber bundle consists

of 382 fibers of 2.′′7 diameter each (see fig. 5 in Kelz et al. 2006). Of them, 331 fibers (the

science fibers) are concentrated in a single hexagonal bundle covering a field-of-view of 74′′

× 64′′ with a filling factor of ∼65%.
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Table 3.5: Log of the Swift UVOT observations. The first column gives the logarithmic mid-time

in seconds after the onset of the GRB. The second and the third columns give the start/end of the

observations. The data are not corrected for Galactic extinction.

t ∆t− ∆t+ Magnitude Filter t ∆t− ∆t+ Magnitude Filter

106.6 4.9 5.1 18.23+0.18
−0.16 white 4281 49 49 > 20.39 u

126.6 4.9 5.1 17.97+0.15
−0.13 white 5713 49 49 > 20.22 u

151.6 7.3 7.7 18.06+0.13
−0.12 white 15799 224 227 > 21.89 u

181.5 7.3 7.6 17.83+0.11
−0.10 white 22560 224 227 > 21.57 u

4690 49 49 19.81+0.16
−0.14 white 29221 148 149 > 20.19 u

6122 49 49 20.14+0.31
−0.24 white 43093 1831 1913 > 22.68 u

17560 193 195 20.90+0.30
−0.23 white 60462 1843 1901 > 21.79 u

85.7 7.6 8.4 17.72 ± 0.66 v 4077 49 49 > 19.87 uvw1

220 9 9 16.66+0.16
−0.14 v 5509 49 49 > 19.27 uvw1

263 12 13 16.69+0.14
−0.12 v 11768 191 194 > 19.92 uvw1

318 15 15 16.37+0.10
−0.09 v 21645 220 222 > 21.54 uvw1

383 17 18 16.67+0.12
−0.11 v 28460 220 222 > 20.90 uvw1

463 22 23 16.45+0.10
−0.09 v 42229 1852 1937 > 21.28 uvw1

551 21 22 16.60+0.12
−0.10 v 59599 1864 1925 > 22.37 uvw1

5100 49 49 18.45+0.22
−0.18 v 73712 221 221 > 21.22 uvw1

10013 223 228 19.33+0.14
−0.13 v 3872 49 49 > 21.95 uvm2

34052 225 226 > 20.57 v 5304 49 49 > 21.85 uvm2

51412 225 226 > 20.58 v 10916 219 223 > 21.58 uvm2

68768 225 226 > 20.53 v 27553 220 222 > 20.93 uvm2

116954 8680 8845 > 21.40 v 34905 195 196 > 21.36 uvm2

184147 3318 3379 > 21.32 v 48416 2051 2142 > 22.44 uvm2

4486 49 49 20.10+0.27
−0.22 b 65785 2063 2130 > 21.52 uvm2

5918 49 49 20.20+0.41
−0.30 b 4895 48 49 > 20.19 uvw2

16711 224 227 21.06+0.30
−0.24 b 6304 37 37 > 20.18 uvw2

23377 177 179 21.27+0.65
−0.40 b 33138 221 222 > 21.59 uvw2

40696 197 198 > 21.02 b 50495 220 221 > 21.24 uvw2

58053 395 396 > 20.98 b 67853 221 222 > 22.16 uvw2

The sky is sampled by 36 additional fibers, distributed in 6 bundles of 6 fibers each,

located following a circular distribution at ∼90′′ from the center and at the edges of the

central hexagon. The sky-fibers are distributed among the science ones in the pseudo-slit, in

order to have a good sampling of the sky. The remaining 15 fibers are used for calibration

purposes.

Given that PMAS/PPak has a filling factor less than 1, during the observations a dithering

scheme was applied. The observations consisted of 9 single exposures of 15 min each, i.e. 3

images for every dither pointing. As 3 of the 9 exposures had a low S/N due to the presence

of clouds, only six of them were considered. Figure 3.4 shows the average of the second dither

pointing images, when the magnitude of the afterglow was about RC=19.5. The field of view

is sampled into discrete spatial elements named SPAXELs.

The data reduction was performed twice using two different softwares: PPAK online,
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Figure 3.4: The field of GRB 060605 seen by

the PPak spaxels. The image is the average of

three exposures when the afterglow (the yellow

spot in the middle) had a magnitude of about

RC=19.5. The other bright spaxels are stars

(see Fig. 3.3).

which is part of P3D10 (Becker 2002), and R3D11 (Sánchez & Cardiel 2005; Sánchez 2006).

In combination with the previous ones, IRAF, MIDAS and the E3D12 visualization tool

(Sánchez 2004) were used. The results obtained using the two packages were consistent.

The reduction of spectroscopic data obtained with fiber-based integral-field units consists

of the following standard steps: bias subtraction, flat field correction, location of the spectra

on the CCD (the so-called tracing), spectra extraction, wavelength calibration, fiber flat

correction, sky subtraction, cosmic ray rejection and flux calibration.

The bias frame, obtained immediately after the target frame, was cleaned and smoothed

using boxsizes of 5 pixels in x and y to create the final bias frame. Domeflat exposures of 5

s were taken before and after the object observations to produce a trace mask, i.e. to locate

the spectra along the cross-dispersion direction on the CCD (for a detailed description of

tracing, see Becker 2002). Once this mask is defined one can easily extract the spectra from

the CCD, producing a so-called row-stacked-spectra image, where one row represents one

spectrum.

For wavelength calibration a combined He/Rb-emission lamp exposure of 15 s was ob-

tained at the beginning of the night with the additional illumination of 15 separate calibration

fibers with ThAr. Simultaneous ThAr-exposures of these calibration fibers during lamp flat

and object observations as well were used to correct for flexure effects of the instrument (Kelz

et al. 2006). We defined some (at least two) of the ThAr spots in the lamp flat image as

reference and calculated their shifts in x and y versus the same ThAr spots in the object

images. These shift values were taken into account during tracing, spectra extraction, and

wavelength calibration as well.

For the sky subtraction the spaxels not contaminated by sources were selected and the

average extracted spectrum was then subtracted from the science spectrum. For this purpose

we used the E3D package (Sánchez 2004).

After cosmic ray rejection, the final spectrum was flux calibrated using the spectrophoto-

10A package of IDL routines developed for the reduction of PMAS data.
11http://www.caha.es/sanchez/r3d/index.html
12http://www.aip.de/Euro3D/E3D/#Docu
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metric standard star Hz 44 (Oke 1990). As the spectra of the optical afterglow were extracted

on one spaxel, the spectra of the standard star were extracted in the same way. A cross check

on the flux calibration was performed using the observed RC-band photometric magnitude.



Chapter 4

Identifying the GRB progenitors

As I have already outlined in Chapter 1, among the three bursts studied, GRB 060218

developed a bright GRB-SN. On the other hand, GRB 050813 was a short burst where we

could only set an upper limit on any rising SN component and GRB 060605 was at too high

redshift in order to detect any SN bump in the afterglow light.

4.1 GRB 060218 – a collapsar

The burst 060218 turned out to develop the second brightest GRB-SN ever seen since 1998,

the year of the discovery of the first GRB-SN (SN 1998bw; Galama et al. 1998). It was in

detail studied by several groups, and our group contributed a substantial work to understand

this event. In particular, it was in our work where this GRB-SN was in detail compared to

all GRB-SNe known at that time (Ferrero et al. 2006) and where the spectral evolution of

the SN was in detail investigated (Pian et al. 2006). The first paper is still an up-to-date

reference for an observational summary of GRB-SNe.

4.1.1 The supernova light curve

We followed previous works (Zeh et al. 2004, 2005) and modeled the light curve of SN2006aj

using SN 1998bw as a template (Galama et al. 1998) that was shifted to the corresponding

redshift1 and scaled in luminosity (in the SN rest frame) by a stretch factor k and in time

evolution by a factor s, while zero host extinction was assumed for SN 1998bw (Patat et al.

2001). In doing so, we found an additional component visible in the early data that makes the

light curve systematically brighter than that of SN 1998bw. This component has also been

noted by Mirabal et al. (2006). Furthermore, strong spectral evolution is noticeable, with the

flux excess being stronger toward shorter wavelengths. The most reasonable explanation for

this additional blue component is the light due to shock break-out through a dense progenitor

wind (Campana et al. 2006). However, we note that at least part of this additional component

may be the result of an intrinsically different (as compared to SN 1998bw) early SN light

1Here and in the following, the adopted world model is always a closed universe with a Hubble constant

H0 = 71 km s−1 Mpc−1, a matter density ΩM = 0.27, and a cosmological constant ΩΛ = 0.73. For z=0.033

this yields a distance modulus of 35.78 mag. For the flux density of the afterglow the usual convention

Fν(t) ∝ t−αν−β is used (see also Sec. 2.3.3).

43
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curve. SN 2002ap was also overluminous at early times in comparison to SN 1998bw, and

has been compared, both photometrically and spectroscopically, with SN 2006aj (e.g., Pian

et al. 2006). But the early multi-color evolution of SN 2002ap was achromatic, showing no

evidence for strong spectral evolution as seen in SN 2006aj.

We thus used two different methods to fit the SN light curve. In the first fit, we excluded

all data earlier than 8.8 days, but fitted only the SN 1998bw model light curve to the data,

without any additional contributions. The result is shown in Fig. 4.1. The early excess blue

flux is clearly visible in the residuals. The data after 8.8 days are matched very well by the

SN 1998bw model. Note that for typical GRB-SNe we also fit only the peak and decaying

part of the SN, as the early flux is typically dominated by the GRB afterglow.
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Figure 4.1: The light curves of SN 2006aj based on our BV RI data after correcting for extinction

and host flux contribution. The data were fitted using the light curves of SN 1998bw as a template,

not considering data from SN 2006aj that was taken before 8.8 days post burst. The residuals ∆m

represent observed values minus the fit.

In the second fit, we assumed that an additional component the afterglow decays according

to a power-law, with the decay index α (Fν ∝ t−α) being a free parameter of the fit, and

independent for each band (Fig. 4.2). The derived values of the luminosity ratio k and the

stretch factor s as well as the decay index α are given in Table 4.1. It is apparent that while

the results derived from the two methods are similar, they do in fact differ by as much as 10%

(in k). The additional component improves the quality of the fit in all bands. The steeper

decay at shorter wavelengths is also in agreement with the Swift UVOT photometry of the

blue shock break-out (Campana et al. 2006). The strong wavelength dependence of the decay

(Table 4.1) argues against this component being the optical afterglow of the GRB. On the

other hand, the very shallow decay in V RI indicates that the time evolution of the SED of

this additional component is probably more complex than a simple decay according to a pure
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power-law, as assumed in our analysis.
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Figure 4.2: The light curves of SN 2006aj fitted by including an additional early component which

decays according to a power-law. Solid lines mark the fit, the dashed lines are the power-law component

and the dotted lines are the SN component. The time scale is logarithmic to show in detail the earlier

data.

Table 4.1: Fitting results for the

light curves of SN 2006aj attained

by either excluding early data (top)

or including an additional power-

law component decaying with index

α (see text for details).

χ2/d.o.f k s α

B 1.83 0.734 ± 0.014 0.620± 0.006 · · ·

V 1.02 0.724 ± 0.007 0.682± 0.005 · · ·

R 1.93 0.735 ± 0.007 0.689± 0.006 · · ·

I 0.71 0.761 ± 0.008 0.686± 0.008 · · ·

B 1.79 0.721 ± 0.022 0.613± 0.005 1.53 ± 0.43

V 0.35 0.640 ± 0.014 0.659± 0.008 0.40 ± 0.09

R 0.94 0.621 ± 0.022 0.656± 0.012 0.12 ± 0.10

I 0.48 0.667 ± 0.039 0.663± 0.022 −0.10 ± 0.34

The small value of the stretch factor s means that SN 2006aj evolved much faster than

SN 1998bw (see also Cobb et al. 2006; Mirabal et al. 2006; Modjaz et al. 2006; Pian et al.

2006; Soderberg et al. 2006b; Sollerman et al. 2006). Furthermore, SN 2006aj had a slightly

different color than SN 1998bw, being brighter in the B and I band than in the V and R

band. The k values we obtained are also in accordance with the values found by the authors

cited above. In all bands, SN 2006aj was about 30% less luminous than SN 1998bw. From the

light curve data, independent of any fit, we found the following peak absolute magnitudes of

the SN: MB = −18.29±0.05, MV = −18.76±0.05, MR = −18.89±0.05, MI = −18.95±0.10.
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Table 4.2: Luminosity ratio k and stretch factor s for GRB-SNe with known redshift normalized

to SN 1998bw before and after correcting for host extinction. In cases where no extinction could be

derived, only the non-corrected values are given. In all cases the SN fits were derived in the observer R-

band frame. This list is complete up to the end of 2005, with the exception of GRB 040924 (Soderberg

et al. 2006c). These results supersede those presented in Zeh et al. (2005). Differences compared to

Zeh et al. (2005) are basically due to the inclusion of new observational data or a revision of the

used value for the Galactic extinction along the line of sight. Furthermore, note that we use different

cosmological parameters than those in Zeh et al. (2004, 2005).

GRB/XRF/SN k s k (corrected)

970228 0.40 ± 0.29 1.45 ± 0.95 · · ·

990712 0.35 ± 0.09 0.83 ± 0.13 · · ·

991208 0.93 ± 0.25 1.12 ± 0.20 2.62+1.10
−0.65

000911 0.63 ± 0.29 1.40 ± 0.32 0.85+0.44
−0.26

010921 0.68 ± 0.43 0.69 ± 0.25 1.85+2.82
−0.79

011121/2001ke 0.59 ± 0.02 0.80 ± 0.02 0.88+0.08
−0.07

020405 0.74 ± 0.05 0.97 ± 0.07 0.90+0.15
−0.11

020903 0.62 ± 0.09 0.92 ± 0.08 · · ·

021211/2002lt 0.40 ± 0.19 0.98 ± 0.26 · · ·

030329/2003dh 1.06 ± 0.11 0.85 ± 0.10 1.50+0.19
−0.16

031203/2003lw 0.67 ± 0.05 1.09 ± 0.07 1.28+0.18
−0.16

041006 0.90 ± 0.05 1.38 ± 0.06 1.03+0.22
−0.09

050525A/2005nc 0.49 ± 0.04 0.77 ± 0.04 0.66+0.10
−0.08

4.1.2 Comparison to other GRB-supernovae

In order to place SN 2006aj in the context of the presently known GRB-SNe, we started

with the results presented in Zeh et al. (2004, 2005), updated them in cases where new data

were available, and corrected the k value using host-galaxy extinctions derived in Kann et al.

(2006), including uncertainties. We added two further GRB-SNe to the sample. The result for

XRF 020903 is based on data from Bersier et al. (2006). We found that the SN of this event

was also superimposed on an underlying power-law afterglow component. Unfortunately, the

afterglow data are too sparse to derive any conclusions on the extinction in the host galaxy.

For GRB 031203, we used the extinction derived by Mazzali et al. (2006b). In the case of

GRB 050525A, we employed the data presented by Della Valle et al. (2006b) and applied

the extinction found by Blustin et al. (2006). In those cases where no extinction could be

found in Kann et al. (2006), we only present the observed values and note that these are

lower limits on the luminosity of the SNe (Table 4.2). On the other hand, the line of sight

extinction is often low and the true values are thus not expected to be much higher.

SN 2006aj was a rare nearby GRB-SN, with a distance of only about 140 Mpc. Its

luminosity was about 70% of that of of SN 1998bw, confirming that GRB-selected supernovae

may not qualify for the label “standard candle”. Given the UVES data of SN 2006aj, taken

close to SN maximum light (Guenther et al. 2006; Wiersema et al. 2007), it is unlikely that

the deficiency in luminosity is the result of dust extinction in the host galaxy of SN 2006aj.
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Figure 4.3: The distribution of the luminosity factor k in the R band with redshift z. There is no

apparent correlation with redshift, even though we caution that all the k values refer to the R band

in the observer frame, corresponding to different wavelengths in the host frame. Filled symbols mark

the k values that have been corrected for host extinction, open symbols represent supernovae for which

this correction could not be applied. A star marks the value derived from the R-band light curve of

SN 2006aj by removing data before 8.8 days from the fit. SN 1998bw is at k = 1, by definition.

By the end of 2005, there were 14 optical afterglows23 with known redshifts that showed

evidence for extra light in the R band at late times (GRBs 970228, 990712, 991208, 000911,

010921, 011121, 020405, 021211, 030329, 031203, 0409244, 041006, 050525A, XRF 020903).

For eight afterglows with a known SN bump (GRBs 991208, 000911, 010921, 011121, 020405,

021211, 030329, 041006) Kann et al. (2006) were able to derive a host extinction value. We

used these to determine the extinction-corrected luminosities of these SNe in the observer

frame (Fig. 4.3). It turned out that only two (030329, 031203) or perhaps three (including

991208) of the 14 SNe were actually more luminous than SN 1998bw with high significance

(but see, e.g., Deng et al. 2005, for a spectroscopic modeling of SN 2003dh that results in

k < 1). Remarkably, most extinction corrected SNe cluster around 0.6 < k < 1.5. We found

that the four SNe not corrected for extinction (GRBs 970228, 990712, 020903, 021211) are

typically fainter, implying that a correction for host galaxy extinction will probably also shift

them into this range. While one might worry about the fact that for each individual GRB-SN,

due to the different redshifts, the k factor refers to a different wavelength region, SN 2006aj

does not contradict our assumption that k is not strongly dependent on wavelength (Fig. 4.4).

2Compared to Zeh et al. (2004, 2005), GRB 980703 has been removed as we now have reason to doubt the

identification of a SN bump.
3This number has not substantially changed by the end of 2008.
4This event is not included in our study as sufficient photometry has not been published yet.
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Figure 4.4: Luminosity factor k versus stretch factor s in the R band for all GRB-SNe in our sample

(Table 4.2). The symbols are identical to those used in Fig. 4.3. SN 1998bw defines k = 1, s = 1.

Note that in the case of SN 2006aj the values for BV RI are plotted. Furthermore, we plot the Type

Ic supernova SN 1994I and the Type Ic broad-lined SN Ic SN 2002ap, neither of which are associated

with GRBs. Both are fainter than any GRB-SN in our sample for which the host extinction has been

corrected.

Obviously, the present data, even though some have large uncertainties, indicate that the

width of the GRB-SN luminosity function is at least 2 mag, comparable to what is known for

the other types of SNe (cf. Richardson et al. 2002, 2006). In particular, there is no evidence

that the luminosity function evolves with redshift: the width of the luminosity function for

z < 0.2 is comparable to the width at z ≈ 0.7. It is also much narrower than the distribution

of intrinsic afterglow luminosities (Kann et al. 2006).

4.1.3 Comparison to other local stripped-envelope supernovae

It is also interesting to compare the light curve properties of SN 2006aj and other GRB-SNe

with well-studied local stripped-envelope (i.e. types Ib, Ic, IIb) supernovae, as is shown in

Fig. 4.5. Distance moduli and absolute magnitudes for these SNe were taken from Richardson

et al. (2006) (who use H0 = 60 km s−1 Mpc−1) and have been transformed to the world model

used here (H0 = 71 km s−1 Mpc−1) by adding −5 log 71/60 = −0.365 mag to the former and

+0.365 mag to the latter values. Similarly, for the world model used here SN 1998bw is 0.19

mag less luminous than given in Galama et al. (1998), who use H0 = 65 km s−1 Mpc−1, i.e.

k=1 corresponds to MV = −19.16. The absolute visual magnitudes of the GRB-SNe in our

sample were then calculated according to MGRB−SN
V −M98bw

V = −2.5 log k, assuming that k

is independent of wavelength. Figure 4.5 shows the result obtained in this way. Most notable

is that the ensemble of GRB-SNe is at the bright end of the luminosities of local stripped-
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Figure 4.5: The absolute V -band magnitude MV of stripped-envelope supernovae versus their distance

modulus. This is an expanded version of Figure 1 in Richardson et al. (2006), and the values for SN

of Type IIb, Ib and Ic have been taken from that work but transformed according to the world model

used here. The individual GRB-SNe have the same numbers as in Fig. 4.6. We have also labeled two

local Type Ic SNe we have included in our study (Fig. 4.4). GRB-SNe without known host extinction

are not included. The dashed line at MV = −19.5 denotes the typical absolute magnitude of Type Ia

SNe (the “ridgeline”). The slanted dotted line denotes a constant visual magnitude mV = 16 in the

case of no extinction.

envelope supernovae. In other words, the present data indicate that Type Ic supernovae

with associated (detected) GRBs are on average more luminous in the optical bands than

those without detected GRBs. In particular, SN 2006aj is no exception from this rule. Note,

however, that our assumption of wavelength-independence of k could be an oversimplification.

The larger the redshift, the more uncertain is the absolute V -band magnitude of a GRB-SN

derived in this way. This uncertainty is not included in the error bars plotted in Fig. 4.5.

Finally, note that an observational bias might affect the interpretation of Fig. 4.5: the

larger the redshift, the more difficult it is to observe less luminous stripped-envelope super-

novae.

Richardson et al. (2006) give host extinction values for all 27 events in their sample.

Therefore, we investigated whether host extinction of GRB-SNe is different from those of

local stripped-envelope supernovae. No substantial differences are apparent (Fig. 4.6). While

it is interesting that SN 2006aj is less affected by host extinction compared to the local sample

of Type Ic SNe, the current sample is too small to draw reliable conclusions from this finding.
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Figure 4.6: The visual host-galaxy extinction AV (in the host frame) of stripped-envelope supernovae

versus their distance modulus. The values for SNe of Type IIb, Ib and Ic have been taken from

Richardson et al. (2006), while the data for the GRB-SNe are from Kann et al. (2006). We labeled

individual GRB-SNe and the two Type Ic SNe we have also studied. GRB-SNe without known host

extinction were not included.

4.1.4 The stretch factor

A statistics of the stretch factor s is in some sense more reliable since it is not affected by

the extinction issue. First of all, among all known GRB-SNe, SN 2006aj has the smallest s

value, i.e. it was the fastest GRB-SN ever seen (Mazzali et al. 2006a; Modjaz et al. 2006; Pian

et al. 2006). Interestingly, about half of the GRB-SNe have s < 1, i.e., they were evolving

faster than SN 1998bw. In contrast, the evolution of the SN associated with GRB 041006

was very slow (Fig. 4.4) with high significance (Stanek et al. 2005). Basically only two SNe

(000911, 970228) occupy the (k < 1, s > 1) region, i.e., they were slow and subluminous,

contrary to the general trend, but both have large error bars. Stanek et al. (2005) noted

that for GRB-SNe a relation may exist between light curve shape and luminosity, similar to

the one established for Type Ia SNe (see Figure 3 in Stanek et al. 2005). Fig. 4.4 neither

supports nor contradicts the existence of such a potential relation. While a trend of rising k

with rising s seems to be visible, a fit to the data does not support this trend with reasonable

statistical significance.

It should be stressed, however, that the procedure applied here has shortcomings that are

basically related to cosmological effects on one hand and to data quality on the other.

As long as one is only concerned with broad-band photometry, which is the case in this

study, the observed light curves of GRB-SNe usually refer to different wavelength bands in

their host frames. However, for SN 1998bw it has been shown that the light curve shape, the

time of the peak flux, and the peak flux itself were a function of wavelength (as is the case
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for other SN types, too). Unfortunately, the available photometric data base is in most cases

restricted to R-band observations (in the observer frame). In order to be able to compare

light curves of GRB-SNe that occurred at various redshifts with light curves of SN 1998bw,

the simplest and in some sense only useful approach is then to assume that the luminosity

ratio k and the stretch factor s, which are both normalized to SN 1998bw, are independent

of wavelength. In other words, we assume that the SED of all GRB-SNe (in their host frame)

is the same at all times.

In addition, the data base used for our light curve fits is usually weighted to data obtained

past the peak time of a GRB-SN under consideration. The reason is that before the peak

time usually the afterglow dominates the light of the optical transient, while after the peak

time usually the SN light dominates. This problem is difficult to overcome. Therefore, for

basically all cosmologically remote SNe we have no information about the details of the SN

light curves at early times up to several days after the corresponding burst. In particular the

stretch factor s is then mainly affected by the late-time behaviour of the SN light curves.

It is therefore by no means clear if a relation between s and k indeed exists. It is possible

that such a relation is hidden by the relatively large error bars for individual (k, s) values of

the GRB-SNe on the one hand (Fig. 4.4) and by the basic assumptions that went into the

procedure we applied here on the other hand. More spectral data from GRB-SNe might finally

solve this issue. However, progress made in this regard during the last years was only modest,

at best. Most Swift detected GRBs are at such a high redshift that no SN spectroscopy

can be performed with current telescopes within a reasonable amount of observing time.

Therefore, the photometric approach utilized here derives some of its justification from these

spectroscopic limitations.

Independent of these considerations, our photometric (Ferrero et al. 2006) and spectro-

scopic (Pian et al. 2006) data leave no doubt on the fact that the progenitor of GRB 060218

was a collapsing massive star (see also Mazzali et al. 2006a).

4.2 GRB 050813 – favouring a NS-NS merger

While GRB 050813 was a short burst, and no classical SN component was expected to be

seen, the non-existence of such a component is still one of the strongest criteria to identify the

nature of the progenitor. In the present case, based on theoretical grounds (see Nakar 2007),

we expected that the GRB was most likely not due to a collapsar but due to a compact stellar

merger. Therefore, it is of upmost importance to set constraints on any SN light following a

short burst. In Kann et al. (2008) we discuss in detail the search for a mini-SN following a

short burst, while here, given the available data set, we constrain the appearance of (classical)

SN light peaking usually (1 + z)15..20 days after the burst.

In the following, let us first start with the question: was GRB 050813 a short burst at

all?

4.2.1 What is a short burst?

Short bursts, according to phenomenological classification introduced by Kouveliotou et al.

(1993), are bursts whose T90 duration measured with BATSE was less than 2 sec. Even
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though it has already been known in the 1990s that T90 is a function of energy (and of detector

properties), this definition, because of its simplicity, has been widely used even in the HETE-

2 and in the Swift era. In principle, having now much more observational data at hand

for individual bursts than in the BATSE era, this phenomenological definition/classification

scheme calls for a more accurate, namely a physical classification scheme. This, however, is

a difficult task that is not yet solved in a satisfactory manner.

The observed bimodality in the T90 distribution of all BATSE bursts clearly showed that

there are two kinds of bursters. It can be fitted very well by two overlapping Gaussian

functions, suggesting that there are two different populations of progenitors responsible for

the emission of GRBs (for the potential existence of a third group see, e.g., Horváth et al.

2006). This statement however refers to the GRB ensemble as a whole. Difficulties arise if

one wants to classify an individual burst, because both Gaussian functions overlap.

In the Swift era, the observational situation has improved a lot. First at all, given that

this is a different satellite/detector, any statistics of the GRB duration distribution has to

be established again based on Swift bursts alone and it has to be checked at which duration

T90 the two fitted Gaussians overlap.

However, Swift has shown that the observational situation is much more complex, too.

For example, some bursts have long soft tails extending over several hundred seconds after

the trigger while starting with a short spike (e.g., GRB 061006; Krimm et al. 2006). The

question is, can we find any observational parameters that tell us exactly for any individual

burst whether it was a member of the long or of the short burst class? In a more accurate and

much more physical way, the question is (see also Zhang 2006): Which criteria apply for the

GRBs and their follow-up phenomena if the burster was a collapsing single star or a compact

merger event? Fortunately, the former does indeed provide us with a clear signal, namely

the appearance of a SN 1998bw-like component in the GRB afterglow. Any such bright

component rules out a merger event according to our present understanding of mergers of

compact stars. Similarly, any GRB originating in an early-type galaxy cannot, according to

our present understanding of ellipticals, be related to the collapse of a single massive star

because there is no ongoing star-formation in elliptical galaxies anymore (at least at low

redshifts). Unfortunately, these two are the only clearly observationally founded criteria so

far that can help to classify an individual burst unambiguously with respect to the nature of

its progenitor. If no SN is seen following a GRB then the burst can still be due to the collapse

of a single star, but then for sure something was very different in the collapse compared to

the progenitors of the other GRB-SNe known so far (e.g., GRB 060614: Della Valle et al.

2006a; Fynbo et al. 2006; Gal-Yam et al. 2006; Gehrels et al. 2006). On the other hand, the

non-detectability of a SN component does not automatically imply that the burst was due

to a merger event. In a same way, merger events can also occur in late-type spirals. So, if

any GRB originates in a late-type spiral it cannot be classified based on the nature of the

underlying host galaxy alone.

It is clear that the classification of individual bursts with respect to the nature of their

progenitor is difficult. Recent investigations tackle this problem and have led to the suggestion

of much more then just one criterium in order to classify a GRB (Donaghy et al. 2006; Norris

& Bonnell 2006). As long as no consensus has been reached in the literature what the ultimate

criteria are for a burst to be classified as being due to a merger event, in several cases only
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arguments can be provided that favor one scenario for the other (merger vs. collapse). The

detection or non-detection of a SN signal plays a key role in this approach but has come into

question recently (see Della Valle et al. 2006a; Fynbo et al. 2006; Gal-Yam et al. 2006; Gehrels

et al. 2006; Zhang 2006). This leaves the nature of the host galaxy as the strongest argument

to detect a GRB due to a merger event, namely if the host is an elliptical galaxy. But the

potentially broad range in merger times and hence distances of the merger events from their

host galaxies (cf. Belczynski et al. 2006) might also call into question the application of this

criterium. GRB 050813 belongs to those bursts that demonstrate all these problems in detail.

4.2.2 Upper limits on a rising supernova component

Our two FORS2 observing runs were arranged such that they would allow us to search for

a fading (afterglow) as well as for a rising (supernova) component following GRB 050813,

supposing z=0.725. Initially we searched for a transient isolated point source in the original

10 arcsec XRT error circle, but we did not find one. The fact that the sources #2, #5 and

#6 (Fig. 3.1; Table 3.3) are not detected in the combined image of the first VLT/FORS2

observing run might be due to the presence of the Moon, causing an enhanced sky background

level. During the second FORS2 run the sky background was much lower and the seeing even

better than during the first observing run. We conclude that any well-isolated afterglow or

supernova in this field was fainter than the magnitude limits at the time of the two FORS2

observing runs, I=25.1 and 25.5, respectively.

One of the main observational characteristics of a short burst should be the absence of a

SN component in the late-time afterglow, as the merger is not expected to result in the kind

of radioactivity-powered optical display typical for thermonuclear (Type Ia) and core-collapse

(Types II and Ib/c) supernovae. However, mergers may have sub-relativistic explosions with

low amount of ejected mass (Li & Paczyński 1998; Kulkarni 2005), but they should have a

small luminosity. In agreement with these expectations, strong upper limits could be set so

far on any potential SN component accompanying short bursts (cf. Hjorth et al. 2005a; Fox

et al. 2005).

The constraints we can place on a rising SN component for GRB 050813 are less severe,

given the potentially relatively high redshift of this burst. For the cosmological parameters

employed here, SN 1998bw (Galama et al. 1998) redshifted to z=0.72 would have magnitudes

of I=24.7 and I=23.9 during our first and second VLT/FORS observing run, respectively,

after taking into account a Galactic reddening of E(B −V )=0.056 mag (Schlegel et al. 1998)

in the direction of GRB 050813. At that brightness level we would have detected the SN if

not superimposed on a much brighter host or strongly extinguished by dust. More precisely,

we conclude that at the time of our second FORS2 observation any supernova following

GRB 050813 was at least about 1.5 mag less luminous than SN 1998bw. While constraints

placed on any SN component underlying the afterglow of e.g. GRB 050509B (Hjorth et al.

2005a) and GRB 050709 (Fox et al. 2005; Covino et al. 2006) are much stronger, this makes a

potential SN component following GRB 050813 already fainter than any of the 11 GRB-SNe

5The adopted world model for this redshift gives a distance modulus of 43.22 mag. The luminosity distance

is 1.36 × 1028 cm and 1 arcsec corresponds to 7.23 kpc. If z=1.8, the corresponding numbers are 45.7 mag,

4.26 × 1028 cm, and 8.55 kpc.
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of long bursts known to date (Ferrero et al. 2006, their Figure 6).

On the other hand, we would have been able to detect (at 3 σ) a rising SN component

superimposed on the bright galaxy E (Fig. 3.1) only if its I-band magnitude had been 23.5

at the time of the second FORS2 observation. In other words, a SN 1998bw-like component

would be missed in this case. The same holds for a typical type Ia supernova (Krisciunas

et al. 2003), which would have had I=26.9 and I=25.4 at the time of our first and second

FORS2 observing run, respectively.

Based on these data we conclude: the lack of detection of a SN component following

GRB 050813 strongly support the view that the progenitor of this event was not a collapsar.

4.3 The high-z GRB 060605

Due to its high redshift no SN bump was expected to be seen in the afterglow light curve

of GRB 060605 and, even less likely was the possible spectroscopic verification of SN light.

However, we still might get indirect evidence on the nature of the GRB progenitor via two

observational signatures: (a) evidence for a wind profile as deduced from the α− β relations

(see Sect. 2.3.3), and (b) the occurrence of multiple absorption line systems in the afterglow

spectrum, which might be due to the (not fastly moving) interstellar medium (ISM) in the

GRB host galaxy (at z=3.78) and the (rapidly expanding) stellar wind from the luminous

GRB progenitor, the wind into which the GRB fireball expands.

Unfortunately, for this burst the α−β relations do not favour a wind profile but do instead

point to an ISM profile (see Sect. 5.1.4). This is not unusual since indeed found in several

cases (cf. Zeh et al. 2006). It might just indicate that, when the bright afterglow developed,

the fireball shock front was already at a such large distance from the GRB progenitor that

the surrounding medium was not shaped by the stellar wind anymore.

The second indicator on the nature of the GRB progenitor is at a first view more promising

since evidence for two absorption line systems was indeed found by us for this burst in our

PMAS/PPak data (see Sect. 6.3.1). Similar to the arguments presented in Klose et al. (2004),

we might interprete this as evidence for a complex stellar wind from the GRB progenitor.

However, it should be stressed that there is no general consensus in the literature about the

nature of such absorption line systems found in GRB afterglows (see Sect. 6.3.1). So, we

are left with the conclusion that in the case of GRB 060605 we cannot claim with certainty

to have found strong observational signs on the nature of the GRB progenitor, even though

according to our present understanding there might be no doubt that the progenitor of this

long burst must have been a collapsar as well.



Chapter 5

Analysis of the afterglows

In this Chapter I present the analysis of the GRB afterglow data. While in the case of

GRB 060605 the detection of the afterglow in all the bands has allowed us a deep study

of the event, and given hints on the circumburst medium, for the other two burst a minor

number of information has been derived. For GRB 050813 an upper limit on the magnitude

of a possible optical afterglow component has been obtained. Finally, the brightness of

SN 2006aj was higher than the afterglow one, has prevented us to see clearly the afterglow

component and only an excess of blue light has been found in the early data (see Sect. 4.1.1).

5.1 GRB 060605: a detailed afterglow analysis

5.1.1 The X-ray afterglow

The X-ray afterglow of GRB 060605 was detected by Swift for more than 1 day after the

trigger. When analyzing the data we rebinned them by taking 30 counts/bin in order to

obtain a good S/N ratio. As already noted by Godet et al. (2006), the X-ray light curve

(Fig. 5.1) consists of three segments which can be fitted with a smoothly double broken

power-law. In doing so, we fixed the break smoothness parameter of the fitting equation

(see Liang et al. 2008)1 to −10, 10 and 10 (for the method see Zeh et al. 2006) in the

case of transition I to II and transition II to III, respectively. For the steep-to-shallow

transition (I to II), we find a break time of 210 ± 30 s (0.0024 ± 0.0003 days), while the

shallow-to-steep transition (II to III) took place at 7510 ± 410 s (0.0869 ± 0.0047 days)

after the trigger. At the beginning, the afterglow decays with a slope of αI = 2.19 ± 0.42,

followed by αII = 0.34± 0.03 during the shallow decay phase, and it continues to decay with

αIII = 1.89± 0.07 (χ2/d.o.f. = 55.5/42 = 1.32). Within errors, these values are in agreement

with the results reported by Godet et al. (2006).

After dividing the 0.3-6 keV2 XRT spectrum, derived from PC data, in several spectra

over small time intervals, as no spectral evolution was found, we took the overall spectrum

between t = 126 s (0.0015 days) and t = 7.4 × 104 s (0.8565 days) (Fig. 5.2). It is well fitted

by an absorbed power-law with a spectral index βX = 1.06 ± 0.16 (χ2/d.o.f.=39.6/44=0.93)

1We realized that in their (Eq. 3) the tb,2 has to be tjet.
2The 0.3-10 keV XRT spectrum had no signal in the range 6-10 keV and for this reason only the first part

was considered.
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Figure 5.1: The X-ray light curve of the afterglow of GRB 060605 observed with Swift XRT (Evans

et al. 2007). Formally, three power-law segments can be distinguished (Godet et al. 2006). A small

flare is seen at the beginning of the second decay phase (II). The lower panel shows the residuals of the

best fit. Fluctuations in the light curve (> 2σ) are mainly seen during the flare. The energy conversion

factor is 4.6×10−11 erg cm−2 counts−1.

and NH=5.5+3.3
−2.9 × 1020 cm−2. Due to the big uncertainty this last value is consistent with

both the Galactic hydrogen column density of NGal
H =5.1× 1020 cm−2 by Dickey & Lockman

(1990) and the lower value of NGal
H = 4.1 × 1020 cm−2 given by the recent release of the Lei-

den/Argentine/Bonn Survey of Galactic H I (Kalberla et al. 2005). No additional rest frame

hydrogen column density can be found in the X-ray spectrum. Adding such a component

did not improve the fit. The lack of evidence for additional hydrogen in the host galaxy is in

agreement with the finding of Grupe et al. (2007b) that high-redshift events usually do not

show such a feature.

However, due to the large uncertainty on NH (Ly α) and no strong constraints on NH

(X-ray), we cannot exclude that for GRB 060605 the optical and the X-ray data trace a

different population of hydrogen at the redshift of the burst, as it has been found in many

other cases (Watson et al. 2007).

5.1.2 The UV/optical light curve and its SED

We combined our UVOT data (Table 3.5) with further data reported in the GRB Coordinates

Network Circulars (Rykoff & Schaefer 2006; Schaefer et al. 2006; Khamitov et al. 2006a,b;
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Figure 5.2: X-ray spectrum of the afterglow of GRB 060605 obtained in photon counting mode between

0.0015 and 0.8565 days after the trigger. The lower panel shows the residuals of the best fit (for more

details see Sect. 5.1.1).

Malesani et al. 2006; Zhai et al. 2006; Karska & Garnavich 2006; Sharapov et al. 2006), all

taken in the RC filter, or unfiltered calibrated to the RC band. Karska & Garnavich (2006)

pointed out zero-point discrepancies between different USNO RC magnitudes, and we can

confirm that the magnitudes reported by Khamitov et al. (2006a) are about one magnitude

fainter than what would be expected from the joint light curve (see below), whereas the late

detection by Khamitov et al. (2006b) agrees well with the steep decay slope found by Karska

& Garnavich (2006) and one additional point from Pozanenko et al. 2008, in preparation.

We added an error of 0.1 magnitudes in quadrature to all GCN data points to account for

the different filters and reference stars.

Using the RC-band light curve as the most reliable template, and correcting all data for

the foreground extinction of EB−V = 0.049 (Schlegel et al. 1998), we derived colors for the

UVOT detections. We found v−RC = 1.2±0.2, white−RC = 2.3±0.2, b−RC = 2.45±0.3,

u − RC > 3.3, uvw1 − RC > 2.5, uvm2 − RC > 4.5, and uvw2 − RC > 2.5. We note that,

usually, white magnitudes are close in value to UVOT v-band values. Given the high redshift

of the source, however, the large white − v color is due to the unfiltered UVOT bandpass

being strongly affected by Lyman damping, making the afterglow much redder than usual

(see below). We used the derived color indices to shift the UVOT detections (v, white and

b) to the RC-band and to construct a composite light curve (Fig. 5.3).

In the UV/optical bands the data are broadly consistent with an achromatic evolution,

but we note that the data are sparse. We find an early rise, as reported by others (Schaefer

et al. 2006; Zhai et al. 2006), which is followed by a “classical” broken power-law decay.

Denoting the three slopes αR (rise), α1 and α2, we find αR = −0.70± 0.15, α1 = 0.89 ± 0.04

and α2 = 2.58 ± 0.15. The break times are 0.0044 ± 0.0007 days for the break from rise to

decay, and 0.27 ± 0.02 days for the second break. In both cases, we assumed that the host
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Figure 5.3: The composite RC-band

light curve of the afterglow of GRB

060605, fitted with a double broken

power-law. The lower panel gives the

residuals of the fit. These data are cor-

rected for Galactic extinction. See the

text and Tab. 5.1 for the results of the

fit.

galaxy underlying the afterglow has an extinction-corrected magnitude of RC = 26.3 (see

Sect. 6.3.2). We fixed the break smoothness parameter n2 according to Liang et al. (2008)

to 10 for the second break. For the first break, while we were not able to leave n1 as a free

parameter of the fit, we find a minimum χ2 and a good fit (χ2/d.o.f. = 21.00/32 = 0.66) for

a rather smooth break n1 = 2.5. A summary of the fit parameters is given in Tab. 5.1

Table 5.1: Parameters of the fit of the optical afterglow light curve of GRB 060605.

Parameter Value

αR −0.70± 0.15

α1 0.89 ± 0.04

α2 2.58 ± 0.15

tR (days) 0.0044± 0.0007

t1 (days) 0.27 ± 0.02

n1 2.5

n2 10

χ2/d.o.f 21.00/32 = 0.66

The peak time of 358 ± 61 s (0.0041 ± 0.0007 days) can be found from the light curve fit

by setting dFν(t)/dt = 0 and has a value that is comparable to what has been found for, e.g.,

the early phase of the optical afterglow of GRB 060418 and 060607A (Molinari et al. 2007).

Our result for α1 is in agreement with the value reported by (Schaefer et al. 2006) and the

peak time we derive is in agreement with Zhai et al. (2006).

The afterglow of GRB 060605 belongs to the growing ensemble of optical afterglows for
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Figure 5.4: Spectral energy distribu-

tion (SED) of the afterglow of GRB

060605 in the optical bands at t=0.27

days. The line is the best-fit power

law. Detections in three filters (bvRC)

and deep upper limits in u and in

uvm2 show a very steep SED (βopt =

4.64±0.58), a result of Lyman blanket-

ing in the optical/UV due to the high

redshift.
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Table 5.2: The values plotted in Fig. 5.4.

The u, uvw1, uvm2 and uvw2 data are

upper limits. For all filters except RC ,

λ is from Poole et al. (2008). Data re-

fer to t=0.27 days. A redshift of z=3.773

was assumed. The values have been cor-

rected for Galactic extinction. The fluxes

have been calculated assuming the con-

version factors from Bessell (1979) and

Poole et al. (2008).

Filter λ ν(1+z) mag Fν

(Å) (1015 Hz) (µ Jy)

RC 6588 2.17 18.83 ± 0.04 90.40 ± 3.33

v 5402 2.65 20.03 ± 0.2 35.38 ± 6.52

b 4329 3.31 21.28 ± 0.3 13.09 ± 3.62

u 3501 4.09 > 22.13 < 2.54

uvw1 2634 5.43 > 21.33 < 2.56

uvm2 2231 6.41 > 23.33 < 0.41

uvw2 2030 7.05 > 21.33 < 2.82

which thanks to a rapid response in the follow-up observations the data show the early rise

of the afterglow, as predicted by theoretical models (Panaitescu & Kumar 2000; Sari 1997).

With a peak magnitude of RC = 15.2 at t ≈ 360 s (0.0042 days) (Fig. 5.3) it is among the

brightest optical afterglows ever detected (Nardini et al. 2008; Kann et al. 2007).

Using the colors derived above, we can construct the spectral energy distribution (SED;

Fig. 5.4 and Table 5.2) at t=0.27 days. We have detections in only three filters (BV RC).

These three data points can be fit with a very steep SED: we find βopt = 4.64 ± 0.58. The

steep slope is further confirmed by the u- band and uvw2-band upper limits, the other two

filters are less constraining. This is much steeper than typical afterglow slopes, which lie in

the range from 0.5 to 1.1 (e.g., Kann et al. 2006, 2007). This is mostly due to the Lyman

blanketing blueward of the rest-frame Ly α line, which at z = 3.773 falls between the observed

v and RC bands.

5.1.3 The issue of the jet break

According to Nousek et al. (2006b) and Zhang et al. (2006), a canonical X-ray light curve

shows four well defined evolutionary phases (see Sec. 2.3.3 and Fig. 2.6): a steep initial decay

followed by a flat (plateau) phase, then a steeper decay (a pre-jet break phase) and finally a

post-jet break phase (e.g., GRB 050315; Vaughan et al. 2006; Panaitescu 2007; Liang et al.

2008). However, Fig. 5.1 shows only three segments. The question we are interested in here

is if the break seen in the fitted X-ray light curve at around 0.0869 days (see Fig. 5.1) could
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be a jet break. We consider two cases.

Case A: If we assume that this is a jet break, segment II of our Fig. 5.1 is the pre-break

segment, while segment III is the post-break phase. Consequently the slopes of segment II

(αII) and of segment III (αIII) are the pre-jet break decay and the post-break decay slopes,

usually designated as α1 and α2, respectively.

Case B : The second possibility is that the jet break was in fact at much later times, i.e.

tb & 1.2 days and α1 = αIII. Indeed, most X-ray afterglows do not show jet breaks (Liang

et al. 2007), with the most extreme example being GRB 060729 (Grupe et al. 2007a).

Which between these two possibilities is the preferred one will be provided by the α − β

relations. For this reason, we considered the standard wind and ISM models for the isotropic

case as well as for a jet with the cooling frequency νc below and above the observers window.

In addition, we also considered models with a power-law index of the electron distribution

function of less than 2, as they are listed in table 1 of Zhang & Mészáros (2004). Based on

our data the latter models turned out to be excluded with high significance, however. So,

we followed Greiner et al. (2003, their table 6), and present here the results for the eight

standard cases.

Table 5.3: Upper pannel: The parameters α1 and α2 found for the X-ray light curve in the cases A

and B discussed in Sect. 5.1.3. Lower pannel: Predicted spectral slope β in the X-ray band, considering

the parameters listed above, for different applied models. The spectral slopes have to be compared with

the observed βX = 1.06 ± 0.16 (Sect. 5.1.1). The subscript on β compares the two different cases A

and B, while in the models, the subscript f refers to νc < νX (fast cooling), and the subscript s to

νc > νX (slow cooling). The values for tb are just given for completeness and rounded to two digits

after the comma.

Parameter Case A Case B

α1 0.34±0.03 1.89±0.07

α2 1.89±0.07 3.03±0.30

tb (days) 0.09±0.01 & 1.2

Model β(α) βA βB

Fast cooling (νc < νX)

ISMiso,f (2α1 + 1)/3 0.56±0.02 1.59±0.05

ISMjet,f α2/2 0.94±0.04 1.52±0.15

windiso,f (2α1 + 1)/3 0.56±0.02 1.59±0.05

windjet,f α2/2 0.94±0.04 1.52±0.15

Slow cooling (νc > νX)

ISMiso,s 2α1/3 0.23±0.02 1.26±0.05

ISMjet,s (α2 − 1)/2 0.44±0.04 1.02±0.15

windiso,s (2α1 − 1)/3 −0.11±0.02 0.93±0.05

windjet,s (α2 − 1)/2 0.44±0.04 1.02±0.15

Table 5.3 shows the predicted values for the spectral slope β for the considered scenarios

as a function of the observed light curve decay slope in the X-ray band. These results have
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to be compared with the observed β in the X-ray band, βX = 1.06 ± 0.16 (Sect. 5.1.1).

The subscript on β compares the two cases discussed before. For Case B we calculated α2

via α2 = α1 + 1.14, with the latter being the mean value for ∆α in our data base of GRB

afterglows (S. Schulze et al. 2008, in preparation) with an error of 0.3 to be very conservative.

We find that Case A is ruled out with high significance. The expected spectral slope before

the break is inconsistent with the observed one after the flat decay phase and, thus, with

the assumption of no break in the X-ray light curve. Case B suggests a wind model with

νc > νX. The question, if a wind model is required can be answered by the observed temporal

evolution of the SED of the afterglow.

5.1.4 The broad-band spectrum

In order to better discriminate among possible scenarios for the afterglow emission of GRB

060605 in the context of the standard fireball model, we studied the broad-band spectrum

from the X-rays (0.3–6 keV) to the optical (RC band) at two epochs. The first epoch, at 0.07

days (Fig. 5.5), was chosen because it is before any suspected X-ray jet break time, while the

second epoch, at 0.43 days (Fig. 5.6), corresponds to the time of the RC-band measurement

by the Nordic Optical Telescope (NOT; Sharapov et al. 2006).

Figure 5.5: Broad-band

spectrum of the afterglow

of GRB 060605 at 0.07

days. The lines show the

1-σ confidence regions of

power-law fits. Solid lines:

simultaneous fit of the

X-ray and the RC-band

data; dashed lines: fit of

the X-ray data only. The

RC-band data point was

calculated from the UVOT

data (Sect. 5.1.2). It lies

beneath the spectral slope

extrapolated from the X-ray

band, indicating that the

cooling frequency is in

between the optical and the

X-ray band.

The RC-band magnitude at 0.07 days was derived from UVOT data with the procedure

described in Sect. 5.1.2. In order to check the reliability of this method, we computed in

the same way the RC magnitude at 0.43 days, finding a value fully consistent with the NOT

measurement. The RC-band fluxes were corrected for extinction in our Galaxy. The 0.3 to

6 keV spectra were derived in the following way: we deconvolved the average XRT count

spectrum by assuming the best-fit power-law model, corrected it for the measured column

density (Sect. 5.1.1), and rescaled it to the two epochs by using the multi-broken power-law

model that fitted the XRT light curve best. The fit of the X-ray spectrum alone, with NH
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Figure 5.6: The same as

Fig. 5.5 but at 0.43 days.

Here, the RC-band data

point is from Sharapov et al.

(2006). A simultaneous fit

of the X-ray and the RC-

band data gives the same re-

sult as a fit of the X-ray data

only, suggesting a change of

the SED compared to 0.07

days (Fig. 5.5).

fixed at the Galactic value of 5.1 × 1020 cm−2, gives a spectral index of 1.04±0.05. Both,

X-ray and RC-band fluxes, were converted into flux densities (µJy), in order to build-up the

SED and to allow for broad-band spectral fitting.

As it can be seen in Figs. 5.5 and 5.6, there is a hint of a spectral evolution between the

two epochs. At 0.43 days the RC-band flux density is fully consistent with the extrapolation

of the power-law fit of the X-ray spectrum. This is confirmed by the joint fit with a simple

power-law of the two data sets, which provides an acceptable chi-square value (39.5/44=0.90)

and a spectral index of βOX = 1.02±0.02. This is evidence that at this epoch the cooling

frequency, νc, was already lower than the RC band one. On the other hand, in the spectrum

at 0.07 days the RC-band data point is below the extrapolation of the power-law fit of the X-

ray spectrum. Thus, at 0.07 days the cooling frequency was still at slightly higher frequencies

than the RC band, suggesting that in both spectra νc is below the X-ray band and decreasing

with time. This points to an ISM model (Sari et al. 1998), since for a wind model νc is

increasing with time (Chevalier & Li 2000). Based on these findings we conclude that even

Case B (Sect. 5.1.3) is ruled out. Moreover, given that at t=0.43 days the RC-band data

point of the afterglow light curve lies exactly on the SED derived in the X-ray band (with

a slope of βX = 1.02 ± 0.02; see Fig. 5.6), the power-law index p of the electron distribution

function is p = 2β = 2.04 ± 0.04, a value close to the observed mean (cf. Kann et al. 2006;

see also Starling et al. 2008). If the cooling frequency were at higher values than the X-ray

band ones, then p = 2β + 1 = 3.04 ± 0.04, an unusually large number. Consequently, the

data disfavour the hypothesis of a jet break occurring after about 1.2 days.

Since neither Case A or Case B lead to a reasonable agreement with the α−β relations, we

conclude that a three segment X-ray light curve is ruled out, and a forth segment is needed.

In fact, this conclusion is supported by the joint fit of the optical and the X-ray light curve.
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5.1.5 The X-ray vs. the optical light curve: a joint fit

Figure 5.7 shows the combined optical/X-ray light curve of the afterglow of GRB 060605. At

early times, from about 0.0012 to 0.0046 days, the X-ray and the optical light curves show a

completely different behaviour. The X-ray light curve is falling while the optical light curve

is rising, similar to what was observed for e.g. GRB 060418 (Jin & Fan 2007). This rising

optical component ends approximately at the same time as the plateau phase commences in

X-ray band. The optical light curve might also include a plateau phase lasting for at least

100 s (0.0012 days) around the peak time.

Figure 5.7: The compos-

ite optical and X-ray light

curve of the afterglow of

GRB 060605. The first

optical point is an upper

limit (triangle). The green

line shows the results of the

joint fit of the optical and

the X-ray light curve (see

Sect. 5.1.5).
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The later behaviour of the light curve is difficult to interpret with certainty due to the

lack of X-ray as well as optical data between about 0.006 and 0.041 days. Potentially, also

the optical light curves could show a long-lasting plateau phase in this period if its peak

was followed by a faster decay. But in this case there are no data published to check this

hypothesis. Following the previous discussion, an additional power-law segment in the X-ray

light curve must exist between about 0.04 and 0.2 days. While the most striking feature

in the combined light curve is the obvious difference in the supposed jet break time, i.e. a

chromatic evolution. On the other hand, as we had already emphasized, also the optical data

are sparse in this evolutionary phase of the afterglow. For this reason, we have also performed

a joint fit of the optical and X-ray light curves.

In doing the joint fit, the data of Khamitov et al. (2006a) have been excluded since they

are roughly one magnitude too faint (Karska & Garnavich 2006). The data from 0.05 to

0.1 days are the UVOT white, b and v measures shifted to the RC-band zero point using
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Table 5.4: Upper pannel: Fit parameters of the joint optical and X-ray fit (χ2/d.o.f. = 62.11/65 =

0.96). Lower pannel: Predicted spectral slope β considering the parameters listed above, for different

applied models. The spectral slopes have to be compared with the observed βX = 1.06±0.16 (Sect. 5.1.1).

the subscript f refers to fast cooling, and the subscript s to slow cooling.

Before the jet break

Parameter Value

αO
R −0.70 ± 0.15

αO
1 0.89 ± 0.04

tOb, 1 (days) 0.004 ± 0.0007

nO
1 2.5

αX
0 0.32 ± 0.06

αX
1 1.54 ± 0.11

tXb, 1 (days) 0.072 ± 0.008

nX
1 10

After the jet break

Parameter Value

α2 2.56 ± 0.13

tb,2 (days) 0.27 ± 0.02

n2 10

Model β (α) β

Fast cooling

ISMiso,f (2αO
1 + 1)/3 0.93 ± 0.02

ISMiso,f (2αX
1 + 1)/3 1.36 ± 0.07

ISMjet,f α2/2 1.28 ± 0.07

windiso,f (2αO
1 + 1)/3 0.93 ± 0.02

windiso,f (2αX
1 + 1)/3 1.36 ± 0.07

windjet,f α2/2 1.28 ± 0.07

Slow cooling

ISMiso,s 2αO
1 /3 0.59 ± 0.02

ISMiso,s 2αX
1 /3 1.03 ± 0.07

ISMjet,s (α2 − 1)/2 0.78 ± 0.07

windiso,s (2αO
1 − 1)/3 0.26 ± 0.02

windiso,s (2αX
1 − 1)/3 0.69 ± 0.07

windjet,s (α2) − 1/3 0.78 ± 0.07

the early RC and UVOT observations, and thus may be incorrect if a strong color change

occurred in between. However, no sign of a strong chromatic evolution is detected. Allowing

for a different pre-break decay slope in the optical and in the X-ray band, but requiring an

identical post-break decay slope, such a joint fit finds a break time of tb = 0.27± 0.02 days, a

pre-break decay slope in the optical of 0.89±0.04, a pre-break decay slope in the X-ray band
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of 1.54 ± 0.11, and a post-break decay slope of 2.56 ± 0.13 (Fig. 5.7 and Tab. 5.4). Thereby,

the smoothness parameter of the break was fixed to 10.

Including the suggested additional segment and hence a further break at 0.27± 0.02 days

we fitted the X-ray light curve after 0.04 days with a double smoothly broken power law

(χ2/d.o.f. = 50.74/37 = 1.18). To compute the improvement given by the previous fit, we

also fitted the same time interval with a double smoothly broken power law (χ2/d.o.f. =

54.21/39 = 1.39).

Based on the joint fit and the results of the α − β relations (see Tab. 5.4), we conclude

that an additional, 4th power-law segment between about 0.04 and 0.2 days delivers a unique

solution with the cooling frequency at values lower than the R-band in the ISM model.

We can now use the observational data to constrain the density n in the circumburst

medium and the parameter εB that measures the fraction of energy carried by the magnetic

field. For an ISM medium the cooling frequency is given by (cf. Granot et al. 2000)

νc = 2.9 × 1015 ε
−3/2
B,−1E

−1/2
52 n−1

0 t
−1/2
2 (1 + z)−1/2 Hz , (5.1)

where n0 = n/1 cm−3, εB,−1 = εB/0.1, and t2 = t/100 s. Using νc < 4.5 × 1014 Hz at

t=0.43 days with E52 = 2.5 (Butler et al. 2007) and z=3.773 we can constrain the product

ε
−3/2
B,−1n

−1
0 (Fig. 5.8). Since εB < 1, it must be n & 0.005 cm−3, a reasonable result. On the

other hand, the low deduced hydrogen column density along the line of sight in the GRB

host (Sects. 5.1.1 and 6.3.1) might indicate a relatively low circumburst gas density. If we

require n < 100 cm−3 then εB > 0.001, which is also a reasonable constraint.

In the following we consider the break at 0.27 days as a classical jet break and we use the

results of the joint fit to discuss the energetics of the afterglow.

Figure 5.8: Constraints on the pa-

rameter space of the fractional energy

carried by the magnetic field, εB, and

the gas density (in units of cm−3) in

the circumburst medium into which the

fireball was expanding. It was assumed

here that at 0.43 days the cooling fre-

quency was at frequencies less than

4.5 ×1014 Hz (RC band). The allowed

region is represented by the gray area.
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5.1.6 Energetics of the burst and of the afterglow

5.1.6.1 The burst

We follow the standard approach to calculate the jet half-opening angle for an ISM environ-

ment (cf. Sari et al. 1999),

θISM
jet =

1

6

(

tb
1 + z

)3/8 (

n0ηγ

E52

)1/8

rad . (5.2)

Here, E52 is the isotropic equivalent energy of the prompt emission in units of 1052 erg, n0

is the density of the ambient medium in cm−3, ηγ is the efficiency of the shock in converting

the energy of the ejecta into gamma radiation, and tb is the break time in days. We set

n0 = 1 cm−3 and ηγ = 0.2. Assuming the observed break time at tb= 0.27±0.02 days, as

follows from the joint fit, with E52 = 2.5+3.1
−0.6 (Butler et al. 2007) we get θISM

jet = 2.37+0.37
−0.10

degrees. Changing ηγ to 1.0 does not increase θISM
jet in a notable manner due to the weak

dependence of it on ηγ . On the other hand, as already stated before (see Eq. 5.1), a very

high gas density seems to be unlikely given that we do not see so much hydrogen at the

redshift of the burst in the X-ray spectrum and in the optical spectrum as well. Assuming

the above numbers, the corresponding beaming-corrected energy release in the gamma-ray

band is Ecorr
γ = 2.14+2.76

−0.52 × 1049 erg.

The mean value of the half-opening angle of the pre-Swift era GRBs is 4.39 degrees (Zeh

et al. 2006) with a width of 0.13 dex. The beaming corrected energy is lognormal distributed

characterised by a mean of ∼ 5 × 1050 erg and a width of 0.5 dex. With respect to these

values GRB 060605 is within 3σ in agreement.

As outlined by Panaitescu & Kumar (2000), assuming that the observed peak in the

optical light curve signals the fireball deceleration timescale (which is tpeak/(1 + z)), one can

calculate the initial Lorentz factor, Γ0, of the outflow. Following Sari et al. (1999, Eq. 5.2),

in the afterglow deceleration phase the time evolution of the Lorentz factor is given by

Γ(t) = 6
( E52

ηγ n0

)1/8 ( t

1 + z

)−3/8
. (5.3)

Setting E52 = 2.5 (Butler et al. 2007), ηγ = 0.2, and n0=1 cm−3, it follows Γ(t = tpeak) = 116,

and hence Γ0 = 231 ± 15. Following the procedure outlined in Molinari et al. (2007) gives

Γ0 = 366 ± 23.

5.1.6.2 The X-ray afterglow

The luminosity of the afterglow is given by (e.g., Nousek et al. 2006b)

LX(thost) = 4πd2
L (1 + z)β−1 FX(tobs) , (5.4)

where FX(tobs) is the observed time-dependent flux in the X-ray band and dL is the luminosity

distance. Using z=3.773 and assuming β = 1.06 (Sect. 5.1.1) even at very early times, we

get for the time evolution of the X-ray luminosity of the afterglow in the 0.3-10 keV energy



5.1 GRB 060605: a detailed afterglow analysis 67

band (in units of erg s−1)

LX(t) = 7.0 × 1048 (t/t1)
−α , α = 0.32; t1 ≤ t ≤ t2, (5.5)

LX(t) = 2.0 × 1048 (t/t2)
−α , α = 1.54; t2 ≤ t ≤ t3, (5.6)

LX(t) = 2.6 × 1047 (t/t3)
−α , α = 2.56; t ≥ t3 , (5.7)

where t = thost is measured in the GRB host frame and all the break times t1, t2 and t3 are

also given in the host frame. For reasons of simplicity, a single power-law decay was assumed

here, with t1 = 44 s (0.0005 days), t2 = 1303 s (0.015 days), and t3 = 4887 (0.056 days). The

isotropic energy release of the afterglow in the X-ray band was 4.1× 1052 erg between 0.0005

and 0.015 days (which is 16% of Eγ ; Butler et al. 2007), 2.5 × 1051 erg between 0.015 and

0.056 days (0.10 Eγ), and 8.1 × 1050 erg thereafter (0.03 Eγ), assuming a constant decay.

Figure 5.9: X-ray after-

glow of GRB 060605 (blue)

in comparison to 132 Swift-

era X-ray afterglows with

known redshift since 2005.

In addition, for comparison,

in red are shown the GRBs

with a redshift between z =

3.59 and z = 3.97, close

to the redshift of 060605.

All other bursts are colored

in gray. GRB 060605 be-

longs to the more luminous

subclass. At early times

that afterglow is rather in-

trinsically faint compared to

the others though due to the

plateau phase it is more lu-

minous at later times (for

a more detailed discussion,

see Schulze et al. 2008, in

prep.).

Additionally, we compared the X-ray afterglow of GRB 060605 to the X-ray emission of

132 Swift era GRBs with known redshift (Fig. 5.9). The original data for all bursts were

taken from the light curve repository by Evans et al. (2007). To compute the luminosities we

followed Nousek et al. (2006b). This required a prior spectroscopic analysis of the data to

obtain the spectral slope β. We obtained the spectral slope by fitting the spectrum with an

absorbed power law. One absorption component represents the Galactic absorption, which

was fixed to the value given by Kalberla et al. (2005), and the second one the extinction in

the host frame. Compared to all 132 X-ray afterglows the one of GRB 060605 belongs to the
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high luminosity subclass. At early times it is intrinsically fainter with respect to the rest of

that subclass. At later times it is much more luminous due to the 0.01 days lasting plateau

phase though.

5.1.6.3 The optical afterglow

Similar to the “Bronze Sample” of Kann et al. (2007), we can assume that the RC-band

afterglow of GRB 060605 is not affected by host galaxy extinction (which seems to be low at

high redshifts anyway, Kann et al. 2007). This assumption is also supported by the observed

SED of the afterglow at 0.43 days (Fig. 5.6). Furthermore, if the cooling break νc lies at

wavelengths longer than the optical ones then βopt = βX. Therefore, assuming AV (host)=0,

βopt = 1.06, and using the method presented in Kann et al. (2006), we are able to derive

a lower limit on the magnitude shift dRc ≥ 3.61 mag. This shift describes the magnitude

change that appears when the afterglow light curve is corrected for extinction (which we

are unable to do here, therefore we derive only a lower limit) and shifted to z = 1 (which

also implies a temporal shift). Comparing the afterglow with the sample presented Kann

et al. (2007), we find that it is among the brightest afterglows at early times, comparable

to the afterglow of GRB 050820A (Fig. 5.10). At 43 s in the rest-frame (z=1 assumed), it

has RC ≤ 11.83 ± 0.15, which places it among the tight clustering found by Kann et al.

(2007), although the afterglow is still rising. To derive a magnitude at one day after the

GRB (if at z=1), we need to extrapolate the late steep decay. We find RC ≤ 20.9 ± 0.2

(MB ≤ −22.0 ± 0.2; assuming no host extinction), which is relatively faint. At a similar

redshift, only the afterglow of GRB 050502A was fainter (Kann et al. 2007).
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Figure 5.10: The observed

RC-band light curve of the

afterglow of GRB 060605

compared to the ensemble of

optical afterglows known so

far after shifting all light

curves to a common redshift

of z=1. All data are cor-

rected for Galactic extinc-

tion. See Kann et al. (2006)

for the method and Kann

et al. (2007) for more de-

tails on other bursts.
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5.2 GRB 050813: searching for a fading optical afterglow

component

Based on our deep FORS2 observing runs, we searched for a potential fading afterglow super-

imposed on the brightest extended sources (galaxies) in the field (Table 3.2). No evidence for

variability due to an underlying transient source was found. Prochaska et al. (2006) identified

object C and E as elliptical galaxies (Fig. 3.1), with C being the most likely host candidate

based on its location relative to their revised elliptical error circle. In our images source E

appears to have an irregular halo which does not support its classification as an elliptical.

Image subtraction did not reveal any transient source superimposed on this galaxy.

In order to obtain an upper limit on a possible detection of an afterglow (or a SN) in the

first (second) epoch FORS2 image superimposed source E, we artificially added point sources

of different magnitudes to E and then performed an aperture photometry. These point sources

were selected from the second epoch image. All pixels of the second epoch image were then

set to zero except the pixels of the selected point source of known magnitude and the resulting

image was then shifted and added to the first epoch image. This analysis showed that we

would have been able to detect (at 3 σ) a fading afterglow superimposed on this galaxy if its

I-band magnitude had been 23.5 at the time of the first FORS2 observation.

Figure 5.11: The I-band light curves

of all afterglows from the “Golden

Sample” of Kann et al. (2006) after

correction for Galactic and for host ex-

tinction and after shifting them to a

common redshift of z=0.72, the poten-

tial redshift of GRB 050813. Two long

GRB supernova rebrightenings are in-

dicated. Also shown are the I-band

afterglows of the short bursts GRB

050709, 050724, 051221A and 060121

shifted in a similar way, and our up-

per limits on any afterglow or super-

nova from GRB 050813 (upside-down

triangles). For GRB 060121 a redshift

of z = 4.6 (de Ugarte Postigo et al.

2006) is assumed here.
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One of the main goals of our observing runs was the localization of the afterglow and

hence the identification of the GRB host galaxy. Basically, the host cannot be identified with

certainty and we have to consider other arguments that favor or disfavor any galaxy visible

on the deep FORS2 I-band images of the XRT error circle as the potential host. GRB 050813

then joins the increasing list of short bursts with no detected optical afterglow, starting with

GRB 050509B (Bloom et al. 2006; Castro-Tirado et al. 2005; Gehrels et al. 2005; Hjorth
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et al. 2005a). Using the upper limits on the afterglow of GRB 050813 (Table 3.1) we can

follow Kann et al. (2006) and place the properties of this afterglow in the context of other

known GRB afterglows (Fig. 5.11). The long burst afterglows shown in Fig. 5.11 by solid

lines are those from the “Golden Sample” of Kann et al. (2006), i.e., those that have sufficient

I-band data. In addition, we analyzed the available afterglow data on the short bursts GRB

050709 (Hjorth et al. 2005b; Fox et al. 2005; Covino et al. 2006), GRB 050724 (Berger et al.

2005; Malesani et al. 2007), GRB 051221A (Soderberg et al. 2006a) and GRB 060121 (Levan

et al. 2006; de Ugarte Postigo et al. 2006) in an analogous way and also included them in

Fig. 5.11. As can be seen, short burst optical afterglows are intrinsically very faint, with the

afterglows of GRB 050724 and GRB 051221A being about 3 magnitudes fainter than any

long burst afterglow in the sample, and GRB 050709 being 4 magnitudes fainter at one day

after the burst and assuming z = 0.72 (in agreement with the predictions for short burst

afterglows; Panaitescu et al. 2001). They are also significantly fainter than intrinsically faint

afterglows of some long GRBs, such as GRB 021211. Only the afterglow of GRB 060121

is comparable with the typical afterglows of long GRBs. The upper limits on the optical

afterglow of GRB 050813 show that its luminosity was also far below typical luminosities of

(extinction-corrected) afterglows of long bursts. On the other hand, it matches the luminosity

region occupied so far by afterglows of the short bursts (with GRB 060121 being the only

exception).

0.01 0.1 1 10 100
34

32

30

28

26

24

22

20

18

16

GRB 050813

GRB 060121

GRB 051221A

GRB 011121 SN bump

GRB 020405 SN bump

GRB 000926

GRB 050813

GRB 011121

GRB 050709

GRB 050724

GRB 970508

GRB 991216

 

 

E
xt

in
ct

io
n 

co
rr

ec
te

d 
an

d 
ho

st
 su

bt
ra

ct
ed

 I c m
ag

ni
tu

de
 sh

ift
ed

 to
 z=

1.
8

t (days after burst in the observer frame assuming z=1.8)

GRB 021004

Figure 5.12: The same as Fig. 5.11, but for a redshift of 1.8.



Chapter 6

The host galaxies

GRB hosts are usually faint, blue, star-forming galaxies, dominated by a young stellar pop-

ulation. Luminosities are generally low, indicating low masses and low metallicities. Cos-

mological simulations suggest that hosts associated with long GRBs are representative of

the whole galaxy population (Nuza et al. 2007). Given the extraordinary brightness of the

afterglows in the optical bands, in many cases very detailed information about the ISM can

be obtained even via high-resolution spectroscopy (e.g., Chen et al. 2005; Vreeswijk et al.

2001), and this concerns the gas as well as the properties of the dust.

Similar to the substantial differences of the three GRBs discussed here in the phenomenol-

ogy of the appearing (non-appearing) afterglow and SN component, also the study of the

corresponding host galaxies was of quite different quality. While for GRB 060218 the host

galaxy was securely identified, in the case of 060605 it is only barely detected on deep VLT

images, and finally only a host galaxy candidate could be provided by our data for the short

burst 050813. On the other hand, interesting information on the chemical composition of the

interstellar medium of the high-redshifted host of GRB 060605 could be obtained thanks to

the bright GRB afterglow.

6.1 Searching for the host galaxy of GRB 050813

Given that we have only XRT error circles but no well-localized GRB afterglow, no host

galaxy of the short burst 050813 can be identified with certainty. We can only provide host

galaxy candidates.

Figure 3.1 shows that there are only two sources in the Swift XRT error ellipse (Prochaska

et al. 2006), while there are at least three additional sources in the refined error circle (Moretti

et al. 2006). The former might favor a burst related to the very faint sources #6 and #7

(source #6 appears point-like in our images) but it does not even exclude an event in the

outer halo of source C, an elliptical galaxy at a redshift of 0.719 (Prochaska et al. 2006). The

minimum distance between the border of the error ellipse and the center of this galaxy is

3.2 arcsec, corresponding to a projected distance of 23 kpc. This is less than the projected

distance of the error circle of GRB 050509B from the center of its suspected host, an elliptical

galaxy at a redshift of z=0.225 (Gehrels et al. 2005). In addition, the minimum angular

distance between source E and the border of the error ellipse is 7.1 arcsec, corresponding to

a projected distance of 51 kpc. Even this is within the range predicted by recent models of

71



72 6 THE HOST GALAXIES

merging compact objects (see Belczynski et al. 2002; Perna & Belczynski 2002). The error

circle determined by Moretti et al. (2006) is much larger, and thus allows not only source

C but also galaxy E at z = 0.73 ± 0.01 (Prochaska et al. 2006) to be the potential host of

GRB 050813. This galaxy was classified by Prochaska et al. (2006) as an elliptical galaxy,

while our images show morphology that point either to a spiral or to an irregular galaxy. The

nature of the fifth, point-like source in the refined error circle, #4, remains undetermined.

Another revised XRT error circle was reported by Butler (2007) with a radius of 3.8

arcsec and centered close to a faint edge-on galaxy. This galaxy (source #7, see Fig. 3.1) was

only marginally detected during the first FORS observations. A comparison with the second

FORS observations six days later does not provide convincing evidence for a photometric

variability due to an underlying point source.

So, it remains open if this is indeed the GRB host. Its angular diameter as well as its

apparent magnitude might be in agreement with a modest redshift of about 0.7, but we cannot

prove this with certainty. Claims by Berger (2006) that this galaxy among others might be

the member of a background cluster of galaxies have never been confirmed in the literature,

so we do not trust this statement here. If source #7 is the host galaxy then the host of

GRB 050813 was most likely not an elliptical; the shape of this galaxy is too much elongated.

So, most likely it is a spiral galaxy seen nearly edge-on. If the burster was placed in the

galactic plane of this galaxy then also interstellar extinction might have affected the visibility

of its (non-detected) optical afterglow. Unfortunately, we do not have color information, so

we cannot further characterize this galaxy. Getting additional color information might be

difficult even with the VLT given the faintness of this source.

6.2 A compact host galaxy of GRB 060218

The host galaxy of GRB 060218/SN 2006aj (Fig. 6.1) was imaged pre-burst by the Sloan

Digital Sky Survey (Cool et al. 2006). These images were used to obtain its magnitudes (see

Sec. 3.2.4), as the SN brightness was hiding the host component, and to measure its diameter

(∼ 2 kpc, for z=0.033). The values used for the host galaxy in this work are B = 20.57±0.07,

V = 20.18±0.04, R = 20.03±0.03 and I = 19.58±0.06, not corrected for Galactic extinction.

Given the world model used in this Thesis, for z=0.033 the luminosity distance is 0.14

Gpc and m−M = 35.78 mag. The absolute magnitudes of the host are therefore, neglecting

minor corrections due to the (small) redshift, MB = −15.21 ± 0.07, MV = −15.6 ± 0.04,

MR = −15.75 ± 0.03 and MI = −16.2 ± 0.06.

The VLT/UVES spectrum allowed a measurement of the total extinction toward SN 2006aj

and it turned out that the main contribution is from our Galaxy (E(B−V ) = 0.127±0.005),

while E(B − V )host is only 0.044 ± 0.001 (Guenther et al. 2006). The latter is supported by

the SED of the galaxy (see Fig. 6.2).

In addition, spectroscopic studies led to an estimate of the star formation rate SFR ∼

0.07 M⊙/year and of the metallicity Z ∼ 0.07 Z⊙ (Wiersema et al. 2007). Taking into

account slit losses, the SFR might be underestimated by a factor 3. This would imply that

the SN 2006aj host has a SFR comparable to that of the Milky Way, while its stellar mass

is about 1000 times smaller (Mhost = 107.2±0.3 M⊙) (Savaglio et al. 2008).
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Figure 6.1: Left: SN 2006aj/-

GRB 060218 outshining its un-

derlying host galaxy. Right: The

host seen on archived DSS2 red

images.

We conclude, the host of GRB 060218 is a compact star-bursting galaxy, in agreement

with the picture that the GRB progenitor was a massive star (see Sect. 4.1).

Figure 6.2: The broad-band SED of the host

galaxy of SN 2006aj (thick points) is compati-

ble with a moderately absorbed galaxy starburst

templates from (starburst templates from Kinney

et al. 1996). The data have been corrected for

galactic extinction. Adapted from Ferrero et al.

(2007a).

6.3 The high-z host galaxy of 060605

GRB 060605 is one of the bright examples that demonstrate in which way GRB research is

a new tool to explore the high-z universe. Thanks to GRBs we get insight on the interstellar

medium in remote galaxies that even with the VLT are barely detectable at all.

6.3.1 ISM signatures of the host galaxy

In Fig. 6.3 we show absorption lines identified in the PPak spectrum of the afterglow (spectral

resolution λ/∆λ = 500 at a wavelength of 5300 Å). The highest redshifted Ly α is at z= 3.773

± 0.001, which we interpret as the redshift of the GRB (look-back time 11.98 Gyr). The H I

column density is very uncertain, in the range NHI = 1018.5-1019.3 cm−2, but certainly one

of the lowest ever measured in a GRB afterglow at the redshift of the GRB (Savaglio 2006;

Jakobsson et al. 2006; Chen et al. 2007a). We notice that the H I column densities measured

for GRB 021004 and GRB 060607A are also low, NHI = 1019.5 cm−2 and 1016.8 cm−2, in the
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former and latter, respectively. For GRB 030226, Shin et al. (2006) report NHI = 1020.5±0.3

cm−2. Unfortunately, the low S/N of the spectrum does not allow us to measure column

densities for metals. We also identify a strong Si IV absorption doublet at z = 3.774 ± 0.001,

∆v = 120 km s−1 redward of the Ly α, likely associated with the GRB-host system.

CII 1334

OI 1302/SiII 1304

SiII 1260

SiIV 1402

SiIV 1393

Lyβ

Lyα

Figure 6.3: The spectrum of the afterglow of

GRB 060605 in velocity space, centered at a red-

shift of z = 3.773 (v = 0 km s−1). This is likely

the redshift of the GRB, for which we detect Ly α

and Si IV doublet absorptions. Offset by about

−4000 km s−1 we also mark the strong absorp-

tion system (damped Lyman α) at z = 3.709 with

Ly α, Ly β, O I and the Si IV doublet, likely

associated with an intervening galaxy. For the

method see Savaglio & Fall (2004).

Blueward of the z = 3.773 we identify a strong Ly α absorber at z = 3.709 ± 0.003 (∆v

= 4000 km s−1 from the GRB redshift) likely associated with a Damped Ly α system (DLA),

with an estimated H I column density of NHI = 1020.9 cm−2. Redward of the Ly α, we detect

the Si IV doublet at z = 3.717 ± 0.001 (∆v = 500 km s−1 from the DLA). At approximately

the redshift of the DLA, we identify absorption lines associated with C II 1334, Si II 1260,

and O I 1302/ Si II 1304 (Fig. 6.3).

The separation between the two strong z = 3.717 and z = 3.774 Si IV absorbers ∆v

= 3600 km s−1 is comparable to that between the double C IV absorbers detected in the

afterglows of GRB 021004 (∆v = 2400 km s−1; Savaglio et al. 2002; Fiore et al. 2005), GRB

030226 (∆v = 2400 km s−1; Klose et al. 2004), and GRB 060607A (∆v = 1800 km s−1; A.

Smette et al. 2008, in preparation). The possibility that this is the effect of a stellar wind

in Wolf-Rayet stars has been recently excluded by Chen et al. (2007b). The same authors

suggested as a reason for this effect the presence of a foreground galaxies along the sight line

of the GRBs.

In Fig. 6.4, the spectrum of a Lyman break galaxy (LBG) at a z ∼ 3 (from Shapley

et al. 2001) is overplotted on the spectrum of the GRB to show the typical absorption lines
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Figure 6.4: Spectrum of the afterglow (black) of GRB 060605 obtained between 7.5 and 9.1 hours

after the burst with PPak mounted at the Calar Alto 3.5-m telescope, overplotted with the spectrum of

a Lyman break galaxy (LBG) at the same redshift (from Shapley et al. 2001). The typical LBG lines

are indicated in blue; only the strongest of them can also be found in the afterglow spectrum. The

afterglow spectrum, calibrated in flux and wavelength, is a composition of six individual spectra of 15

min exposure time each. The spectral resolution is λ/∆λ = 500.

observed in these galaxies at high redshifts and to help the comparison with our spectrum.

The spectrum of the galaxy has been shifted in wavelength considering the redshift of the

damped Lyman α absorption system at z = 3.709 and rescaled in flux for comparison.

6.3.2 Global parameters of the host galaxy

To search for the host galaxy of GRB 060605 and the potential foreground absorber detected

in our optical spectrum (Fig. 6.3) we used VLT/FORS2 imaging data of the field obtained

under the ESO Large Programme 177.A-0591 (PI: Jens Hjorth). Based on images obtained

with the 3.5m Italian Telescopio Nationale Galileo on La Palma (Malesani et al. 2006; J. Deng

et al. 2008, in preparation) we were able to derive an improved astrometric position of the

optical transient. Its refined position is R.A., Decl. (J2000) = 21h 28m 37.s314, –06◦ 3′30.′′88.

On the deep VLT image the afterglow can be positioned with an accuracy of 0.1 arcsec. At

this position a very faint extended source is visible (Fig. 6.5). Using the average zeropoint of

FORS2 RC-band images in the time period from July to September 2007 (28.404±0.037), as

it is provided on ESO’s web pages, we derived a magnitude of RC = 26.4±0.3 for this source

(aperture diameter = 10 pixels). If this is the host galaxy, it implies that at its peak time

the optical afterglow of GRB 060605 was approximately 11 mag brighter in RC than its host.

We note, however, that the detection is weak and we cannot claim that this object is the

host of GRB 0606005 as we have no information about its redshift. On the other hand, its

position underlying the optical transient and its faint magnitude make a potential physical
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association with GRB 060605 a reasonable assumption.

Figure 6.5: The stellar field around

the position of the afterglow of GRB

060605. The RC-band image is the

average of 8 × 500 s exposure time

each, taken on 14 Sep 2006 and 18

Jun 2007 at VLT/FORS2, when the

afterglow had faded away. The po-

sition of the optical transient is in-

dicated. The faint extended source

underlying the position of the optical

transient is the suspected GRB host

galaxy at z=3.773. The three bright

galaxies next to it are indicated with

numbers.

Assuming for simplicity a power-law spectrum for this galaxy of the form Fν ∝ ν−βgal ,

its absolute RC-band magnitude is MR = mR − µ − k, where µ = 47.66 mag is the distance

modulus (z = 3.773) and k is the cosmological k-correction, k = −2.5(1 − βgal) log(1 + z) =

−1.70(1 − βgal). Hence, MR = −21.26 + 1.70(1 − βgal) ± 0.3, which for βgal=1 would place

this galaxy approximately 1 mag away (more luminous) from M⋆ of the Schechter function

describing the r-band luminosity function of galaxies in the Las Campanas redshift survey

(Lin et al. 1996). A smaller βgal would make the absolute magnitude correspondingly fainter.

We can also speculate if any of the other three bright, extended sources seen near the

afterglow position on the VLT image could be the host galaxy of GRB 060605. In Fig. 6.5

these three galaxies are indicated with the numbers 1, 2, and 3. However, there are two

arguments against this hypothesis. First, these galaxies have RC ∼ 24.5. For an assumed

redshift of z = 3.7 this would place all of them at the very bright end of the Schechter

luminosity function (cf. Lin et al. 1996). Second, the angular distance of the optical transient

from the centers of these galaxies is 2.′′12, 2.′′27, and 3.′′94, respectively. For the considered

world model at a redshift of z = 3.773 an angular distance of 1 arcsec corresponds to a

projected distance of 7.26 kpc. The projected distance of the optical transient from the three

galaxies is then 15.4, 16.5 and 28.6 kpc, respectively. Compared to the offset distribution

of GRBs with respect to their host galaxies (in the pre-Swift era; Bloom et al. 2002) these

large distances make it unlikely that one of these galaxies is the host. Finally, using basically

the same arguments it is unlikely that one of them is the foreground absorber seen in the

optical spectrum of the optical transient at z=3.709 (Sect. 6.3.1). On the other hand, the

foreground absorber could be the faint object to the south-east of the possible host galaxy.
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Summary

Gamma-Ray Bursts in the prompt emission phase differ in various aspects, like in their mor-

phology, luminosity, released energy and duration. Similarly, the observed phenomenology of

their afterglows can be very different from each other. In this Thesis three very different GRBs

have been analyzed in detail which demonstrate the richness in observational phenomena in

several ways.

All bursts might have in common that they are signals of the formation of a compact

stellar object, either a black hole or a neutron star. The plethora of phenomena which the

observer can discover might depend on several physical parameters like (for long bursts)

the mass, the angular momentum and the chemical composition of the collapsing star, or

(for short bursts) the mass and nature (black hole-neutron star, neutron star-neutron star,

black hole-white dwarf) of the merging stellar compact objects. All these properties might

finally link to the energy released, the jet opening angles of the relativistic outflows, and

the duration of the events in the gamma-ray band. In the optical bands, which are still the

observational window where most information is obtained on the nature of the bursts and

the physical processes related to them, additional parameters determine the observational

phenomena like the extinction in the GRB host galaxy as well as the density and structure

of the interstellar medium surrounding the burster into which the relativistic outflow (the

fireball) expands. Microphysical parameters finally enter the theoretical description of the

afterglow light, parameters which also might vary from burst to burst (which is indeed de-

duced from observational data but there is still no theoretical explanation for that). So, it

is not surprising that follow-up observations of GRBs reveal a rich variety of light curves,

luminosities and spectral energy distributions. This Thesis shows this variety in three special

cases.

I have reported here on the detailed investigation of three bursts discovered by the Swift

GRB satellite launched at the end of 2004. These bursts are very different from each other:

a short burst (050813, duration about 0.6 seconds), a relatively normal long burst (060605,

duration about 15 seconds) and a very long event (060218, duration about 2000 seconds) that

finally turned out to be the signal of a very nearby GRB supernova. Two of these events

were mainly followed by us with the ESO Very Large Telescope (050813 and 060218), while

in the case of GRB 060605 the most important data were obtained with the 3.5m telescope

on Calar Alto.

In the case of GRB 050813, we started our observing campaign with a deep imaging of the
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Swift X-ray error circle with the VIMOS Integral Field Unit at the VLT but unfortunately

had to discover that VIMOS suffered from mechanical problems at that time. Our additional

deep follow-up observations with VLT/FORS2 allowed us, however, to set constraints on any

fading afterglow and any rising supernova component following this burst. In particular, we

conclude that if GRB 050813 was occurring in a cluster of galaxies at a redshift of z=0.72,

as it might be indicated by the surrounding galaxy population, then its projected distance

from its potential host galaxy could have been of the order of less than 4 to some dozen kpc,

depending on the chosen potential host galaxy. The non-detection of the afterglow is well in

accord with the faintness of optical afterglows following short bursts (Fig. 5.11). While the

constraint we could set on the appearance of supernova light some days after the burst is not

that strong, all our observational data support the interpretation that GRB 050813 was a

bona-fide short burst.

The second event that was in detail studied in this Thesis was GRB 060218, which de-

veloped a bright supernova, now designated SN 2006aj. This GRB supernova was the fastest

evolving and one of the least luminous GRB-SN discovered so far, being only about 70% as

luminous as SN 1998bw. This places it at the faint end of the GRB-SN luminosity distri-

bution which so far, after extinction correction, covers the range from about 0.6 to 2 times

the luminosity of SN 1998bw. Placing SN 2006aj in the context of the luminosities of lo-

cal Type Ic supernovae without detected GRB reveals, however, that SN 2006aj is still at

the bright end of their luminosity distribution. SN 2006aj thus followed the general “rule”

that GRB-SNe tend to be more luminous than (local) Type Ic SNe without detected GRB.

Furthermore, GRBs 980425 and 060218 suggest that the prompt emission properties are not

correlated with the optical properties of the associated SNe. GRB 980425 had a duration of

31 sec (Pian et al. 1999), while GRB 060218 lasted for more than 2000 sec (Campana et al.

2006), and the corresponding isotropic equivalent energy release in the gamma-ray band was

different by a factor of 10. The corresponding SN luminosities, however, differ by only 30%.

Assuming that differences in instrumental sensitivities (BeppoSAX versus Swift) do not play

a role here, this supports the notion that the properties of the GRB and the associated SN

are to a large extent independent of each other.

Finally, we obtained a lot of observational data on the afterglow of GRB 060605, which

allowed us a detailed analysis of this event. In particular, we were able to derive its spec-

troscopic redshift and could in detail investigate its afterglow from the optical to the X-ray

bands. Noteworthy, in the optical, at early times, the afterglow was among the most lumi-

nous ever detected. The afterglow spectrum revealed two absorption line systems at redshifts

3.773 and 3.709. We identified the former with the redshift of the burst, i.e., its host galaxy,

with the latter possibly identified on deep VLT images. The smaller redshift could either

be a signature from the stellar wind of the GRB progenitor or an imprinted signal from a

foreground absorber. The measured H I column density for the host galaxy is unfortunately

uncertain, ranging from NHI = 1018.5 to 1019.3 cm−2. It is in any case one of the lowest

ever detected in a GRB afterglow. From the X-ray/optical light curve we conclude that the

most likely scenario is that the afterglow propagated into an ISM environment. The early

jet break time we found (in the GRB host frame at about 4900 seconds after the burst) is

the most remarkable property of this burst, implying a relatively small beaming angle of the
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collimated outflow of about 2.4 degrees.

It should be stressed that many of the observational results we have obtained on these

three events entered other studies of our group on more general terms of afterglow phe-

nomenology (Kann et al. 2007, 2008). In addition, several other bursts, which were in detail

investigated by our group (e.g., Greiner et al. 2008; Rossi et al. 2008), underlined further

the richness of observational phenomena related to GRBs.
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Appendix A

Integral Field Spectroscopy

Observations of the afterglow of GRB 060605 were performed using the Integral Field Unit

(IFU) at the 3.5m telescope on Calar Alto, Spain. The original motivation for having such an

approved observing proposal is explained below. While we were successful to get observing

time for the very best IFUs available worldwide, we were finally faced with bad luck: (1)

basically all the VIMOS data we got (for GRBs 061222B, 070129, 070306, 070411) turned

out to be not useful because the limiting magnitude of VIMOS was found to be below its ex-

pectations, or technical problems hampered any data reduction (in the case of GRB 050813).

(2) The Calar Alto proposal was only accepted twice and in these two semesters only three

burst occurred that were observable from Calar Alto within hours. GRB 060526 was the

first observed, but unfortunately due to its redshift (3.221, unknown at the moment of the

trigger), the used set-up resulted to be the wrong one. The second was GRB 060605, whose

afterglow was bright enough for PMAS/PPak. In case of GRB 070920, the first acquisition

image was taken 11 minutes after the event, but in that case no OT was present and no IFU

run was performed.

In the following the basic ideas and techniques of 3D data reduction are summarized.

A.1 Why using Integral Field Spectroscopy?

As explained in Chapters 1 and 2 the study and detection of the afterglows enable sub-

arcsecond localization of the burst and unambiguous determination of its host galaxy and its

redshift if the afterglow is bright enough. Besides this, the afterglow itself provides informa-

tion about the physical processes that work and can reveal clues on the nature of the central

engine and about the environmental properties of the progenitors. Most of these data can be

derived only via a spectroscopic analysis of the optical and X-ray afterglow. The afterglows

are usually identified as either new objects in comparison to archival images or by their fading

behaviour.

Even though optical afterglows can be very bright at the beginning, the rapid fading of

these transients makes the timing of observations crucial for the acquisition of spectroscopic

data with a sufficient signal-to-noise (S/N) ratio. However, due to the time usually needed

to identify the optical transient in a GRB X-ray error circle, rapid spectroscopic follow-up

observations are a challenge. Indeed long-slit spectroscopy has to await the identification of

the afterglow, or a best guess has to be made; i.e., if the error box is very small, one can
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assume that the afterglow is the brightest object in the field. Integral field spectroscopy

(IFS), on the other hand, using integral field units (IFUs), can start getting spectra of an

entire error box as soon as an arcsecond X-ray location has been reported, usually in the case

of the Swift satellite within minutes after the GRB trigger. In principle, once the afterglow

has been identified by other means, IFS data could then be used to extract early spectra.

This procedure would minimise an important bias, namely the pre-selection of afterglows for

spectroscopic follow-up observations according to their apparent magnitude at the time of

their discovery. Furthermore, in the Swift era, many optical afterglows are discovered first by

the Swift UV/optical telescope which has only filters up to the v band precluding the rapid

localization of z & 5 or of highly extinguished afterglows (cf. Roming et al. 2006). Needing

only Swift XRT localizations, IFS is basically not affected by this color-selection bias.

A.2 IFS vs. Long-Slit Spectroscopy

Traditional spectroscopy is based on dispersing the image of a slit (single or multiple) so that

a spectrum is produced for whatever fraction of the light from the target of interest falls

within the aperture defined by the slit. If the slit is extended in length beyond the confines

of the target, then it is also possible to record the spectrum of the adjacent sky to subtract

from that of the object – particularly important if the object is fainter than the sky, which is

very frequently the case. While this is satisfactory for many applications, it makes poor use

of the incident light when the object is extended, either intrinsically or due to poor seeing.

In these cases, what is really required is the ability to record a spectrum from each part of

an extended object.

This cannot be done with a long-slit except in one dimension defined by the length of

the slit. However the long-slit can be stepped in position across the target by moving the

telescope and recording separate exposures for each position. But this is time-consuming

since the effective exposure time is multiplied by roughly the ratio of the object size to the

width of the slit.

Other techniques are available such as Fabry-Perot scanning. This allows a large object

to be surveyed in a single exposure but only at a single wavelength (which depends on

position within the field) so that the required data volume with axes labeled by x-position, y-

position and wavelength must be built up via a series of exposures. As with stepped long-slit

spectroscopy, this is not a very efficient use of telescope time.

Techniques which record spectra from each part of an object simultaneously are termed

Integral Field Spectroscopy. The terms two-dimensional spectroscopy or three-dimensional

imaging are also used, although, strictly, they include non-simultaneous techniques as well.

Figure A.1 illustrates schematically a datacube resulting from a fully reduced 3D spec-

troscopy exposure. Depending on the specific application, one can analyse the dataset either

in the picture of a of monochromatic images, or in the picture of single spectra, or groups of

spectra, respectively.

A.3 Basic techniques

There are three main techniques (see Fig. A.2).
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Figure A.1: Datacube as obtained with 3D spectroscopy (adapted from M. M. Roth, power-point

presentation, Garching, May 2004).

Lenslet arrays: The input image is formed at the input surface of a microlens array

(MLA). These form images of the telescope pupil which are then dispersed by the spectro-

graph. The pupil images are smaller than the aperture of each microlens so that light from

each segment of the input image is concentrated into a dot. Because the dots are small, it

is possible to tilt the MLA about the optical axis of the system so that the spectra do not

fall on top of each other. This technique allows the input image to be sampled contiguously

and is not subject to Focal Ratio Degradation (FRD)1, so that the throughput and spectral

resolution can be optimised, but the length of the spectrum that can be produced without

overlapping is very small.

Fiber bundles: The input image is formed at the entrance to a bundle of fibers which

transfer the light to the slit of the spectrograph. The flexibility of the fibres allows a round

field of view to be reformatted into one (or more) slits so that the spectra are obtained

without wavelength shifts between them. The disadvantages of this techniques are: (a) the

sampling of the sky is not contiguous since there are gaps between the fibre cores and (b) all

the fibres do not work in the same efficient way (causing FRD).

Image slicers: The input image is formed at segmented thin horizontal sections which are

then sent in slightly different directions. A second segmented mirror is arranged to reformat

1The Focal Ratio Degradation (FRD) is the decrease in focal ratio (decrease in effective F-number) in

an optical fiber versus its length. Practically it depends on the ability of a fiber to preserve the angular

distribution of the input beam from the telescope to the spectrometer.
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the slices so that, instead of being above each other they are now laid out end to end to form

the slit of the spectrograph (actually a virtual slit). The advantage of this technique is that

FRD is avoided and the slicing arrangement gives contiguous coverage of the field. Because

this system uses only mirrors, it is especially suitable for the infrared since it is inherently

achromatic and can be cooled to cryogenic temperatures. Potential disadvantages are: (a)

that the sampling along the slices is the same as that provided naturally by the telescope

so there is reduced scope to optimise for use with a spectrograph that must also work in a

normal slit-spectroscopy mode and (b) the optical system might be bulky and difficult to

fabricate.

SPAXEL

Figure A.2: A graphical representation of the three main techniques of the IFS (adapted from Richard

McDermid’s talk, IFU Neon School, May 2008, Potsdam).

A.4 Reduction and visualization of 3D data

The different implementations discussed in the previous paragraph have produced a set of

instruments, which, while sharing the basics of the technique, produce very different represen-

tations of the spectra at the detectors. This apparent diversity has led to the development of

reduction techniques and/or packages for each individual instrument (e.g., P3D: Becker 2002

and Roth et al. 2005; GEMINI, Turner et al. 2006). Together with the inherent complexity

of this technique, this has reduced the use of IFS for decades to a handful of specialists, each

usually working with a specific instrument.

IFS developers became aware of this handicap, and have started to produce standard

techniques and tools valid for any integral field unit (IFU). In a recent effort, the Euro3D

RTN (Walsh & Roth 2002) has created a standard data format (Kissler-Patig et al. 2004), a
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coding platform (Pécontal-Rousset et al. 2004) and a visualization tool (E3D; Sánchez 2004),

useful for any of the existing IFUs. All these tools are freely distributed to the community.

However most of them are for working with reduced data, while the reduction itself has still

not been addressed with a general approach.

A further step in this direction has been done by Sánchez & Cardiel (2005) and Sánchez

(2006), who have tried to implement all of the main steps of the reduction progress in R3D,

a reduction package coded in Perl able to reduce data from any fiber-fed IFU.
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W., Mas-Hesse, J. M., Lebrun, F., Lund, N., Palumbo, G. G. C., Paul, J., Roques, J.-P., Schnopper,
H., Schönfelder, V., Sunyaev, R., Teegarden, B., Ubertini, P., Vedrenne, G., and Dean, A. J. 2003,
Astron. & Astroph., 411, L1

Woosley, S. E. 1993, Astroph. J., 405, 273

Woosley, S. E. and Bloom, J. S. 2006, Annu. Rev. Astro. Astroph., 44, 507

Yost, S. A., Harrison, F. A., Sari, R., and Frail, D. A. 2003, Astroph. J., 597, 459

Zeh, A., Kann, D. A., Klose, S., and Hartmann, D. H. 2005, Nuovo Cimento C Geophysics Space
Physics C, 28, 617

Zeh, A., Klose, S., and Hartmann, D. H. 2004, Astroph. J., 609, 952



XXII BIBLIOGRAPHY

Zeh, A., Klose, S., and Kann, D. A. 2006, Astroph. J., 637, 889

Zhai, M., Qiu, Y. L., Wei, J. Y., Hu, J. Y., Deng, J. S., and Zheng, W. K. 2006, GCN Circ., 5230, 1

Zhang, B. 2006, Nature, 444, 1010

Zhang, B. 2007, Chin. J. Astron. Astroph., 7, 1

Zhang, B., Fan, Y. Z., Dyks, J., Kobayashi, S., Mészáros, P., Burrows, D. N., Nousek, J. A., and
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Ich erkläre hiermit ehrenwörtlich, dass ich die vorliegende Arbeit selbständig, ohne un-
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Zhang, P. Afonso, K. Aoki, D. N. Burrows, C. Clemens, R. Filgas, Z. Haiman, D. H. Hartmann,
G. Hasinger, J. Hjorth, E. Jehin, A. J. Levan, E. W. Liang, D. Malesani, T.-S. Pyo, S. Schulze,
G. Szokoly, H. Terada, K. Wiersema, GRB 080913 at redshift 6.7, The Astrophysical Journal,
in press, arXiv:0810.2314;

3. A. Rossi, A. de Ugarte Postigo, P. Ferrero, D. A. Kann, S. Klose, S. Schulze, J. Greiner, P.
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Ruiz, J. Sollerman, C. Thöne, D. Watson, K. Wiersema, D. Xu, The Short Gamma-Ray Burst
Revolution, 2006, The Messenger, 126, 16

11. P. Ferrero, D. A. Kann, A. Zeh, S. Klose, E. Pian, E. Palazzi, N. Masetti, D. H. Hartmann, J.
Sollerman, J. Deng, A. V. Filippenko, J. Greiner, M. A. Hughes, P. Mazzali, W. Li, E. Rol, R. J.
Smith and N. R. Tanvir, The GRB 060218/ SN 2006aj event in the context of other gamma-ray
burst supernovae, 2006, Astronomy & Astrophysics, 457, 857, arXiv:astro-ph/0605058;

12. E. Pian, P. Mazzali, N. Masetti, P. Ferrero, S. Klose, E. Palazzi, E. Ramirez-Ruiz, S. E.
Woosley, C. Kouveliotou, J. Deng, A. V. Filippenko, R. Foley, J. P. U. Fynbo, A. Kann, J.
Hjorth, K. Nomoto, F. Patat, D.N. Sauer, J. Sollerman, P. M. Vreeswijk, E. W. Guenther, A.
Levan, P. O Brien, N. R. Tanvir, R. A. M. J. Wijers, C. Dumas, O. Hainaut, D. S. Wong, D.
Baade, L. Wang, L. Amati, E. Cappellaro, A. J. Castro-Tirado, S. Ellison, F. Frontera, A. S.
Fruchter, J. Greiner, K. Kawabata, C. Ledoux, K. Maeda, P. Møller, L. Nicastro, E. Rol and
R. Starling, An optical supernova associated with the X-ray flash XRF 060218, 2006, Nature,
442, 1011, arXiv:astro-ph/0603530.

Publications on Refereed Conference Proceedings

1. P. A. Curran, D. A. Kann, P. Ferrero, E. Rol and R. A. M. J. Wijers, The prompt emission
& peculiar break of GRB 060124, 2007, Nuovo Cimento B, Volume 121, Issue 12, pp 1461-1462,
Proceedings of the conference ”SWIFT and GRBs: Unveiling the Relativistic Universe”, held
on June 5-9, 2006 in Venice, Italy, arXiv:astro-ph/0610067;

2. G. Pizzichini, P. Ferrero, M. Genghini, F. Gianotti and M. Topinka, The Erest
peak−Erad correlation

in GRBs in the BATSE catalog, 2006, Advances in Space Research, Vol. 38, Issue 7, Proceedings
of the 35th Cospar Scientific Assembly, held on July 18-25, 2004 in Paris, France, pp. 1338-1341,
arXiv:astro-ph/0503264;

3. G. Pizzichini, P. Ferrero, M. Genghini, F. Gianotti and M. Topinka, Towards the Erest
peak − Eiso

correlation in GRBs in the BATSE catalog:a progress report, 2005, Nuovo Cimento C, Vol. 28,
Issue 3, Proceedings of the 4th Workshop Gamma-Ray Burst in the Afterglow Era, held on
October 18-22, 2004 in Rome, Italy. Edited by L. Piro, L. Amati, S. Covino and B. Gendre,
pp. 319-322.

Publications on non-refereed Conference Proceedings

1. J. Gorosabel, A. de Ugarte Postigo, A.J. Castro-Tirado, M. Jeĺınek, V. Larionov, S. Guziy, T.
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11. G. Greco, C. Bartolini, A. Guarnieri, A. Piccioni, P. Ferrero, G. Pizzichini and I. Bruni, GRB
050319: optical observations, 2005, GCN Circ. 3142;

12. P. Ferrero, G. Pizzichini, G. Greco, C. Bartolini, A. Guarnieri, A. Piccioni and R. Gualandi,
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13. G. Greco, C. Bartolini, A. Guarnieri, A. Piccioni, P. Ferrero, G. Pizzichini, E. Mazzotti Epifani
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20. Piccioni, C. Bartolini, A. Guarnieri, P. Ferrero, G. Pizzichini and J. Casares, GRB031111,
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21. P. Ferrero, G. Pizzichini, C. Bartolini, A. Guarnieri, A. Piccioni and A. De Blasi, GRB030418:
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22. G. Pizzichini, P. Ferrero, C. Bartolini, A. Guarnieri, A. Piccioni, A. Righini and I. Bruni,GRB030329,
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Talks
I presented the following talks:

1. March 6, 2008, at the Dark Cosmology Centre (Denmark), Analysing afterglows using Integral
Field Spectroscopy: GRB 060605, the first practical example;

2. February 25, 2008, at the Thüringer Landessternwarte Tautenburg (Germany), during the
Beirats visit,First steps toward a rapid 3D spectroscopy of arcsec-sized Gamma-Ray burst error
boxes;

3. February 1, 2008, at the Dr. Remeis-Sternwarte Bamberg (Germany), Integral Field Spec-
troscopy: A new tool to study Gamma-ray Burst;

4. October 17, 2007, at INAF/IASF Sezione di Bologna (Italy), 3D Spectroscopy: An overview;

5. June 22, 2006, at Brera Astronomical Observatory Merate (Italy), Gamma-Ray Burst super-
novae and GRB/SN 2006aj;

6. June 21, 2006, at INAF/IASF Sezione di Bologna (Italy), Gamma-Ray Burst supernovae and
GRB/SN 2006aj;

7. June 2, 2005, at the Thüringer Landessternwarte Tautenburg (Germany), GRB events: a glance
at their optical afterglows;

8. November 1-3, 2004, oral contribution to IBWS 2004 - 3rd Integral Bart Workshop, Chocerady
(Czech Republic), Fast dissemination of GRB afterglow information;

9. November 1-3, 2004, oral contribution to IBWS 2004 - 3rd Integral Bart Workshop, Chocerady
(Czech Republic), GRB ToO observations in Loiano;

10. September 20-25, 2004, oral contribution to XC Annual Meeting of the Italian Society of Physics
(SIF), Brescia (Italy), La diffusione veloce dei dati su osservazioni ottiche dei Lampi Gamma,
2004;

11. September 20-25, 2004, oral contribution to XC Annual Meeting of the Italian Society of Physics
(SIF), Brescia (Italy), Osservazioni di transienti ottici di Lampi Gamma all’Osservatorio di
Loiano.


