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Zusammenfassung

In der vorliegenden Arbeit erhalt der interessierte LdSablick in drei separate Aspekte
der Beobachtungen von Gammastrahlungsblitzen (g€aginma-ray Bursts GRBs). Der
Reihenfolge der beobachtbaren Strahlungskomponentserdi@smologischen Explosio-
nen nach, werden die Gamma- und Nachglihemission (aftgkglow emissionsowie die
Charakteristiken der Muttergalaxien (engbst galaxiesuntersucht. Die Arbeit basiert auf
vier Publikationen im renomierten referierten Zeitsdhdistronomy & Astrophysics

Im ersten Teil wird die prompte Gammaemission, entstehendtérnen Schocks in ultra-
relativistischen, kollimierten Materieausstromungend|: jets), untersucht. Dazu werden
die GRBs, welche mit dem Anti-Koinzidenz Schild (SPI-AC®sdSpektrometers SPI des
SatellitenINTEGRALentdeckt wurden, verwendet. Es wird gezeigt, dass SPI-Attfye
reich als omnidirektionaler GRB-Detektor bei Energienrblaéh von 80 keV arbeitet. 236
GRB-Kandidaten wurden wahrend der ersten 26.5Monate dssidh entdeckt und ihre
Eigenschaften sind im ersten SPI-ACS GRB-Katalog zusamgefasst. Durch gleichzeit-
ige Beobachtungen mit anderen Gammastrahlungsdetektadohe im Interplanetaren
Netzwerk (engl:Interplanetary Network= IPN) zusammengefasst sind, konnte der GRB-
Ursprung flr 179 Ereignisse bestatigt werden.

Neben der bereits bekannten bimodalen Verteilung der GRBeD(lange$2 s) und kurze
Ereignisse€2s)), wurde eine weitere Gruppe mit sehr kurzer Daxéx.25 s) entdeckt. An-
hand verschiedener Untersuchungen, zB.NlEI@gCnaxund <V /Vmax>, zeige ich, dass der
Ursprung dieser sehr kurzen Population (ca. 40 % der Gesaigriesse) deutlich von dem
der regularen GRBs abweicht. Die sehr kurzen Ereignidgeaeine homogenen Verteilung
im Euklidischen Raum, wahrend Ereignisse langer als §.@fhe deutliche Abweichung
von der Homogenitat aufzeigen. Letzteres entspricht @eeits bekannten Ergebnissen des
CGROlInstruments BATSE. Zeitgleich zu den sehr kurzen Ereigmss SPI-ACS fand
ich Saturierungen in einzelnen oder benachbarten Germmistallen des Spektrometers.
Dieses deutet auf den Ursprung eines grossen Teils deriissggdurch hochernergetische
Kosmische Strahlung hin. Vernachlassigt man die sehrékuEreignisse, so erscheint die
Population der kurzen GRBs eher als eine Fortsetzung dgela@RBs zu kurzen Dauern,
als eine separate Population.

Im zweiten Teil der Arbeit wird der Fokus von der hochenespiten Gammastrahlung
auf die Phase des Nachgluhens und die Untersuchung deergaitixien im optischen
und nah-infraroten Wellenlangenbereich gelegt. Diesied an einem Beispiel, dem op-
tischen dunklen GRB/XRF 030528 durchgefuhrt (XRF = eridray Flaslh). Ich demon-
striere, dass Nachgluihen, welche bei optischen Welhgigl aufgrund interstellarer Absorp-
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Zusammenfassung

tion nicht sichtbar sind, durch Beobachtungen im Nah-hoten entdeckt werden konnen.
Leider waren die Beobachtungen von GRB/XRF 030528 nichtegelsend, um neben der
eigentlichen Entdeckung eine akkurate Lichtkurve zu ¢ehabder um die Entfernung mit
Hilfe photometrischer Rotverschiebung zu bestimmen. Aasain Grund beantragte und
erhielt ich Beobachtungszeit awery Large Telescopder Europaischen Sudsternwarte in
Chile, um die Muttergalaxie spektroskopisch zu untersoclBasierend auf den prominen-
ten Sauerstoff- und Wasserstoff-Emissionslinien im Spekt konnte eine Rotverschiebung
von z=0.782+0.001 abgeleitet werden. Die Linienleuchtkrafte und hé#niss zeigen, dass
die Muttergalaxie eine sehr aktive Phase der Sternentsgedwrchlebt sowie eine sub-solare
Metallizitat aufweist. Diese Beobachtungen stimmen reit dnderer GRB-Muttergalaxien
und den theoretischen Vorlaufermodellen von langen GiRigsein. Mit einer Sternenmasse
von ~10'°M,, ist die Muttergalaxie von GRB/XRF 030528 eine der masshstén GRB-
Muttergalaxien bez~0.8.

Mit Hilfe der bekannten Entfernung kdnnen die Eigensdrafier prompten Gammastrah-
lung im Ruhesystem berechnet werden. Demzufolge wird GIREB/R30528, im Gegensatz
zur Klassifizierung im Beobachtersystem als XRF, als emtgénreicher Ausbruch (engl:
X-ray Rich Burst XRR) eingeordnet. Das zeigt, dass die generell verwendietierteilung

in GRBs, XRRs und XRFs im Beobachtersystem bestenfallsiaks technische Klassi-
fizierung gesehen werden kann, ohne reprasentativ fuplaysikalischen Eigenschaften
der Ereignisse zu sein. Auf Grund der immer deutlicher wedde Indizien, dass GRBs,
XRRs und XRFs eine kontinuierliche Verteilung in den ingisthen und beobachtbaren
Eigenschaften bilden, wird eine strenge Unterteilung gahm Frage gestellt. Stattdessen
konnen die beobachteten Unterschiede durchaus durafpestétrteilungen des Lorentzfak-
tors der Ausstromungen, des Kontrastes zwischen den tafag&toren miteinander wechsel-
wirkender Dichteschalen, des Blickwinkels hinsichtlidr dchse der Ausstromungen oder
der Rotverschiebung, erklart werden.

Im abschliessenden Teil meiner Arbeit beschreibe ich eiment€lsdurchmusterung nach
langsam-variablen optischen Quellen, wie zB. “verwaidt@thglihen von GRBs (engl:
orphan afterglows Eine natirliche Konsequenz der Kollimierung der uhesativistischen
Ausstromungen von GRBs ist, dass nur fur solche Ereigrdgs prompte Gammastrahlung
detektiert werden kann, fur welche sich der Beobachtegrimalb detOffnungswinkels der
Ausstromung befindet. GRBs, die nicht direkt auf den Bebtwcgerichtet sind, konnen
jedoch durch ihre “verwaisten” Nachglihen entdeckt werdia erwartet wird, dass die spate
Emission in einen grosseren Raumwinkel abgestrahlt veish(in zu isotroper Abstrahlung).

Die beschriebene Himmelsdurchmusterung wurde mit dem Wld Imager am ESO/MPG
2.2m Teleskop in La Silla (Chile) durchgefuhrt. Ca. 12 Quaaégrad wurden in bis zu 25
Nachten mit einer Grenzhelligkeit vdR=23 beobachtet. Vier zuvor unbekannte variable
Quellen konnten entdeckt werden, von denen ich drei alsdfia¢aklysmischen Variablen,
einen Flarestern und eine Zwergnova identifizieren konD&z.vierte Veranderliche wurde
in einer Beobachtungsnacht als helles Objekt nahe einat&oten, schwacheren Quelle ent-
deckt. Die beobachtete raumliche Assoziation legt eines@rgalaktischen Ursprung nahe.
Leider konnte der Abfall der Lichtkurve des Variablen, aufyd fehlender Beobachtungen,
nicht bestimmt werden, womit eine Unterscheidung zwisabieem Flarestern, einer Su-
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pernova oder eines moglichen GRB Nachgluhens nicht ictogtar. Diesbeziigliche spek-
troskopische Nachbeobachtungen wurden fir die ESO Reriddorgeschlagen.

Es ist theoritisch vorhergesagt, dass die ultra-reldtbdeen Ausstromungen der GRBs von
Materie mit kleinerem Lorentzfaktor und grosser@finungswinkel begleitet werden. Be-
obachter, welche nur geringfiigig auserhalb der promptarGastrahlung liegen kdnnen
somit sogenannte “on-axis” verwaiste Nachglihen detedti. Deren Beobachtung kann
Aufschluss iber da®ffnungswinkelverhaltnis der Regionen, aus der die Gastrahlung
sowie das optische Nachgliihen entsteht, geben. Ich habéeMzarlo Simulationen durch-
gefuihrt, um zu zeigen, dass die durchgefiihrte Himmetdduusterung keine ausreichende
Himmelsiiberdeckung besass, um @ffungswinkelverhaltnis akkurat genug bestimmen
zu konnen. Es werden zukiinftige Himmelsdurchmustemmgi¢ grosseretberdeckung
vorgeschlagen, die die Moglichkeit haben, die Kollimiggwon GRBs mit grosser Genauig-
keit zu ermitteln.
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Chapter 1
Introduction

One of the most exciting fields of modern astrophysics was tdth the serendipitous dis-
covery of Gamma-ray bursts (GRBs) by the ameri¢alasatellites more than three decades
ago (Klebesadel etal. 1973). Following the detection offits¢ long-lasting X-ray and op-
tical afterglows at the end of the last century (Costa et@87] van Paradijs 1997) and the
unequivocal evidence of their connection with stellar s@lents at cosmological distances
(Metzger etal. 1997a), GRB research became multi-dis@p}i and related to a variety of
astrophysical branches. Covering the full extent of ous@né-day observational and the-
oretical knowledge on GRBs is beyond the scope of this intctdn and could certainly
fill the pages of a full PhD thesis by it's own. Instead, | wilention in this chapter only
briefly the most important moments, observational factseangirical laws in GRB science
and will focus more on the individual aspects approachedhbybpulation study presented
in the main part of this PhD thesis. | would like to refer thetfier interested reader to the
many excellent review articles written during the last ggar more comprehensive discus-
sions of the history, progress and problems in the field ,(@&grmer 2002; Woosley etal.
2002; Djorgovski et al. 2003; Ghisellini 2003; Waxmann 200B8ang & Meszaros 2004).

1.1 The early years

Before the era of space based satellites hardly anybodyhwadiht about the possible ex-
istence of gamma-ray bursts (but see Colgate 1968) and ibnlgidby chance that the first
events were discovered. Originally designed to insure theted Nuclear Test Ban Treaty
signed by the US, Great Britain and the Soviet Union in 1968, dystem of american
Vela satellites detected nearly two dozen brief flashes of gamays-in the years 1967-
1973 which were incompatible with having planetary, terrakor solar origin (Strong et al.
1974). These events showed a variety of light curve shap@sdurations ranging from
hundreds of milliseconds to several minutes (e.g., Fig). 10uring these short times the
detected GRBs were the brightest objects on the gamma-yagrek as it turned out many
years later, reached luminosities comparable to the iatediuminosities of a few hundred
thousand galaxies in the same time interval.

The next milestone was set with the launch of@wnpton Gamma-Ray Observat¢§GRO)
in 1991, with theBurst and Transient Experime(BATSE) on board (Fishman etal. 1985).
Before the satellite was safely de-orbited into the Pacitted@ in 2000, BATSE had de-
tected more than 3000 bursts with a typical location acguoéea few degrees. The resulting
sky-map provided firm evidence for an isotropic distribatiaf GRBs on the sky even at
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1. Introduction

Vela 4a Event — July 2, 1967
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Figure 1.1. The first known gamma-ray burst, detected by Veda 4asatellite on July 2nd, 1967
(Klebesadel etal. 1973). The count rate of the satellitergarmay detector abruptly increased indi-
cating a sudden flash of gamma-ray photons. The event wadetiscted byela 4band a planetary,
terrestrial or solar origin could be excluded by a triangatausing the arrival times at the two satel-
lites.

the faintest intensities (Meegan etal. 1992). In addittbe,distribution of the bursts over
their peak flux (lo§N-logP) showed a distinct lack of faint bursts compared to a homoggen
distribution in an Euclidian space (Fishman etal. 1994).

From the properties of the observed gamma-ray photons &gses of bursts were identified.
A population with short durations (typically below 2 s) anarthgamma-ray colours and a
population of long-duration bursts (above 2 s) with soffeectrum were found (Fig. 1.2;
Kouveliotou etal. 1993). Systematic analysis of the higérgn spectra indicated that most
GRBs from both classes could be reasonably well describead diyoothly-joining broken
power law, known as Band-functibnwith a slope of -1 below the peak of the energy
spectrumEp, and of -2 at energies abovEp. The distribution ofE, found by BATSE
was lognormal and centered arour@50 keV. Lately, theHigh Energy Transient Explorer
(HETE-2) extended the range &f, to the low energy regime with the detection of X-ray
flashes (XRFs) and X-ray rich bursts (XRRs) (Lamb etal. 2004)ese objects resemble
“normal” GRBs in many respects but have significantly loweak energies

Among the transien-ray sources, some where found to be repetitively bursfiingse so-
called soft gamma-ray repeaters (SGRs) constitute a seyalat class of objects (4 sources

1The Band-function consists of a power law continuum at lovergies with an exponential cutoff,
Ne (E)JE® exp (€/Ep), and a steeper power laNg (E)JEP, with o> aboveE, (Band etal. 1993).

2X-ray flashes and X-ray rich bursts are defined as havingd@[— 30keV)/S, (30— 400keV)|>0.0 and
—0.5 respectively
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1.2. The afterglow era
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Figure 1.2. Spectral hardness distribution of 1973 BATSE bursts as etifum of the duration mea-
sured inTgg, the time interval over which a burst emits from 5% of its kateeasured counts to
95%. The hardness ratldR23 is defined as (2—3)/(2+3) where “2” stands for the flux in 50e
100 keV band and “3” for that in the 100-300 keV band, respelsti The two classes, short/hard and
long/soft, are clearly distinguishable.

known so far), all located near the Galactic Plane or in treemeLarge Magellanic Cloud.
SGRs are thought to be magnetars; strongly magnetizedamestairs with emissions pow-
ered by dissipation of magnetic energy (Duncan & Thomps@21LBesides their repetition
they differ from “classical” GRBs in the softness of theiresfra (typical bremsstrahlung
temperatures of 30 keV as opposed to 300 keV for gamma rayshtwgether with the very
short durations of their outbursts (0.1-1s).

1.2 The afterglow era

Until the mid-90’s more than one hundred different GRB pratge models had been pub-
lished in refereed journals (Nemiroff 1994). The two maidigcussed scenarios placed the
GRB either in the Galactic Halo or at cosmological distandéhile the isotropy and the
paucity of faint bursts had already suggested a cosmologjiitan for at least a significant
fraction of the events, the final proof came with the discgwdrthe first long-wavelength
counterpart. Shortly after the launch of the Italian-DuBdppoSAXsatallite in 1996, the
Wide-Field Cameras on board provided an arcmin localimatay a GRB from Feb 27,
1997. Prompt optical follow-up observations lead to theal®ry of its optical afterglow
(van Paradijs etal. 1997) and at the same time the soft X-ayow-Field Instrument of
BeppoSAXietected its X-ray counterpart (Costa etal. 1997). Fudghaund-based observa-
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1. Introduction

tions noted an underlying galaxy in the vicinity of the optitansient (Metzger etal. 1997Db,
van Paradijs etal. 1997). Despite this discovery, the figal®@ishment of the distance scale
had to wait until the first successful redshift measuremiemtthe GRBs 970505z£0.8349;
Metzger etal. 1997a) and 9712138.42; Kulkarni etal. 1998). Over the last years more
than one hundred afterglows of long-duration GRBs have betected and a redshift dis-
tribution ranging fronz=0.008 t0z=6.29 has been established (Fig. 1.3). With the distance
scale for long-duration GRBs now being settled, their cdegioal distances make them the
most luminous objects in the Universe.

I
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Figure 1.3. Observed redshift distribution of GRBs (as of Oct 13, 200%)te that the distribution
has an observational bias. The redshifts are obtained fretal@bsorption lines in the afterglow light
(see Sect. 1.2) or from emission lines of the underlying bakixies (see Sect. 1.5). For high redshift
bursts the prominent absorption lines (exceptiLynove from the observer frame optical band into
the near-infrared band and the host galaxies are in mang ¢adrint for infrared spectroscopy.
Rapid simultaneous multi-band photometry for a photoraetdshift determination is required but
not commonly availible so far.
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Until recently our knowledge of GRB afterglows was res#itto the long-duration popula-
tion only. Only a small number of rapid and accurate locélwes of short bursts had been
available so far but no afterglow had been found. This hasgéa now with the localiza-
tions of a small number of short bursts with NASAsviftand HETE-2 satellites and the
detections of the first X-ray, optical and radio afterglowgrinea etal. 2005; Price etal.
2005a; Soderberg etal. 2005a). For three events candidateghlaxies ar=0.16 (Price
etal. 2005b)z=0.226 (Prochaska etal. 2005a) amv®.258 (Prochaska etal. 2005b) were
identified.
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1.3. The theory of gamma-ray burst emission

1.3 The theory of gamma-ray burst emission

The basic scenario for the understanding of GRBs is thepdiige fireball model which
was already proposed before the detection of the first #fiwsy(Cavallo & Rees 1978;
Goodman 1986; Paczynski & Rhoads 1993; Mezsaros & Rees 1898)is model a huge
amount of energy is deposited in a very small volume, coim&iceto be as small as 60 km by
the observed variability timescales (Bhat etal. 1992).sTimplies enourmous gamma-ray
photon densities which in turn leeds to an exceedingly hjgfical depth to pair-production
at the explosion site (so-called “compactness problembisTs in contradiction with the
observed optically thin gamma-ray spectra. In order toarghe observations the emitting
regions had to have ultra-relativistic bulk motions withréntz factors of ~10°~3. Obser-
vational verification for this came with the detection of giitrquenching of the scintillation
behaviour of the radio afterglow of GRB 970508 a few daygsdlfte burst (Frail etal. 1997).
During this time the afterglow emitting region must havevgnowith superluminal speed,
thus minimizing the scintillation.

A consequence of the high Lorentz factors is that the ejecist ive relatively depleted of
baryons. If not, the expansion of the fireball should leaddorarersion of most of its internal
energy into kinetic energy of the entrained baryons, rattem into photon luminosity. This
would make it energetically very inefficient. In additiongaasi-thermal spectrum would be
expected, in contradiction to the typically observed nogrtal spectrum. These problems
where solved with the internal and external fireball shocldetdRees & Meszaros 1992,
1994; see Fig. 1.4). Internal shocks between shells ofrdiftd” are likely to happen in the
ultra-relativistic outflow. When these shocks occur after vutflow became optically thin,
the kinetic energy of the baryons will be re-converted inbe4thermal particle and photon
energy. This leads to the observed power-law shaped gamyrspectrum.

After producing the prompt emission, the merged shellsetranth relativistic velocity fur-
ther and start to sweep up the local ambient medium (inteasgas and possibly gas that
was previously ejected by the progenitor). This causes aléetion and sidewards ex-
pansion of the outflow and naturally leads to the so-calladraal shocks (see Fig. 1.4).
Relativistic electrons gyrate in random magnetic fieldslpoed in these shocks and radiate
synchrotron emission. Under the assumption that the elestiollow a power-law distri-
bution with indexp, the resulting emitted photon spectrum follows a powerétth index
—p/2 at late times (for more details see Sari etal. 1998). Asthibow decelerates the typ-
ical Lorentz factor and the peak emission frequency deerand the entire spectrum shifts
towards lower frequencies. This causes the afterglow flaxspiecific frequency to decrease
following a power law, consistent with the observations.

The observed photon fluxes together with the establisheth@ogjical distances of the
GRBs imply an enormous energy output. If these energiesdvoelemitted isotropically,
they would correspond to luminosities of up tec#0°*erg (Bloom etal. 2001) which is
equal to the energy equivalent of one solar mass. An easy whapfahis dilemma is a
collimated outflow which reduces the energy output by a faofal(?—3 (Rhoads 1997).
Observational evidence for a jetted geometry comes frondéiection of breaks in the light
curves of several GRBs. Initially, the emission of an uhekativistic jet with Lorentz factor

9
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GRB FIREBALL MODEL"

Afterglow
Burst . \&_
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Figure 1.4. Emission regions in the GRB fireball model. An ultra-relediic outflow emerges from

a newly formed spinning black hole. Shocks produced in diollj shells give rise to the gamma-
ray emission. When the ejecta plunges into the local mediutadelerates, expands sidewards and
produces the observed afterglow from X-ray to radio. Thetedemagnetic signals of the sequence
of events reach the earth compressed due the extreme yeabitite outflow.

I" will be beamed into the forward direction within an angle 4f.1As long as this beaming
angle is smaller than the geometrical opening angle of ttigoaw the observer will receive
light only from within the relativistic cone and the dynamli@volution is similar to that of
an isotropic explosion. After about a day, the outflow deedés and the jet opening an-
gle widens to several degrees. When the relativistic beguanngle becomes larger then the
jet opening angle, the observer will measure a reduced flmpeaoed to the isotropic case.
This jet break is quasi-achromatic and has been observeduméer of GRB light curves.
Although this observed effect has been considered now foryngaars as the best evidence
for collimated outflows in GRBs, alternative explanatioike le.g., a sudden change in the
circumburst density (Panaitescu & Kumar 2001) or a breakenpower law distribution of
the electrons in the shock (Li & Chevalier 2001) are plawsibl

The collimation corrected energy output corresponds taypieal energies emitted in su-
pernova explosions. Compiling a sample of bursts with knogdashift and observed jet
break times, Frail etal. (2001) found a surprising clusigmf the corrected luminosities
around 18%erg. This suggested that GRBs are produced by an universejyereservoir
and thus could be seen as some kind of “standard candle”. ©atkter hand, more recent
estimates showed that there is still an intrinsic scattet ¢tdast 1-2 orders of magnitude in
the beaming corrected luminosity (see also Fig. 1.5).

A further indication for the robustness of the afterglowatyecomes from a correlation found

10



1.3. The theory of gamma-ray burst emission

between the rest frame peak enerBy(1+ z), and the collimation corrected bolometric
luminosity (Fig. 1.5, Ghirlanda et al. 2004). The small @isgpon in the correlation compared
to the scatter around the correlation using the isotroplorbetric energy (Lloyd-Ronning
& Ramirez-Ruiz 2002; Amati etal. 2002) supports the thearywdnich the estimate of the
jet opening angle is based. One of the major problems foethaalysis is the assignment
of breaks in the afterglow light curve with the jet break tifioe individual bursts. More
and more available well sampled light curves reveal a nuglétof deviations from a simple
power law and several breaks at different times. Also, s@akhe radio band are typically
later than in the optical bands. This allows to shift induadipoints in Fig. 1.5 by a factor of
up to one hundred in bolometric luminosity.
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Figure 1.5. Rest frame peak energy vs. bolometric energy (rest framé&/iEMeV) for GRBs
with known redshift. The right part of the diagram shows thlation for the isotropic energy release
known as the Amati-Relation (Amati etal. 2002) while thd [edrt shows the collimation corrected
luminosities known as the Ghirlanda-Relation. Filled rédles: events with observed jet break in
the light curve. Filled blue circles: lower and upper limifBhe solid and dashed lines are the best
fitting correlations. (From Ghirlanda etal. 2004).

A signature of the jet geometry is also expected to be visibtee polarization of the after-
glow light. Different theoretical models predict a varietiynet polarization including one
or several changes of the polarization angle by 90 degregstoWow only for 5 GRBs

polarization at optical wavelengths was measured and gkyarvery low level was found

(typical 3% with an exception at 10%; Hjorth etal. 1999; \&g etal. 1999; Rol etal.
2000; Bersier etal. 2003). The by far most extensive pa#on light curve was obtained
for GRB 030329, which showed variability patterns devigtirom any of the model predic-
tions (Greiner etal. 2003d). In the case of an isotropic éildhe magnetic field is expected
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to by highly tangled diminishing the net polarization. Thiserved low-level of polarization

implies that the components of the magnetic field paralldi@arpendicular to the shock re-
gion differ by at least some percent. This break in the fietdmsetry is another argument for
jetted outflows in GRBs. Further insight into the jet struetis expected to come from the
measurements of the polarization of the proippay emission. A significant polarization
was claimed for the spectacularly bright burst GRB 02120f(€n & Boggs 2003), but the

results were arraigned by several other groups (Rutledgex2004; Wigger etal. 2004)

and are not conclusive.

1.4 The progenitors

Two popular models emerged out of the multitude of proposedarios for the progenitors
of GRBs during the last years, both connected to the formatfaa rapidly rotating stellar
mass black hole. One such setting is the merging of a binauyrome star system or of a
neutron star and a black hole (e.g., Eichler etal. 1989; Waratal. 1992; Ruffert & Janka
1998). The other popular model corresponds to the final &oolary stage of a massive
star whose core collaps to a black hole and that have suffiarggular momentum to form
a disk (Colgate 1968; Woosley 1993, MacFadyen & Woosley 199%hile the merger
scenario is still a good candidate for the origin of the shard burst population, there is
now a general concensus that the long/soft GRBs are intiyned@nected to the death of
massive stars. The first indication came with the spatial@ason of the low-redshift GRB
980425 (z=0.008) with the SN 1998bw (Galama et al. 1998)iddexproof was found with
the spectroscopic confirmation of supernovae underlyieghwo low-redshift bursts GRB
030329 (Fig. 1.6, Hjorth etal. 2003, Stanek etal. 2003) aRB®31203 (Malesani etal.
2004). These so-called hypernovae (Paczynski etal. 1988)laracterized by very large
expansion velocities (of the order of 10000-30000 km/s)ejadted mass of radioactivéNi
(0.4-0.5M,). Re-brightenings in the afterglow light curves of a numbfebursts at higher
redshifts are highly suggestive for the collapsar scerasiwell. Interestingly, an estimate
of the rates of GRBs and hypernovae in the Universe showgltbgtare statistically equal
(Podsiadlowski etal. 2004).

The ejected large mass 8iNi suggests progenitor masses:>s20-30 M., (Nomoto etal.
2003). In order to enable the relativistic jet jet to escapenfthe collapsing progenitor,
the star has to have lost most of its hydrogen envelope thraugtellar wind. In fact, the
lack of hydrogen emission lines in the supernova spectransistent with the progenitor
having been a Wolf-Rayet star. Further observational ediddor this scenario comes from
the detection of signatures of stellar winds in the opti¢edrglow spectra of GRB 021004
(Schaefer etal. 2003; Mirabal etal. 2003) and GRB 030226g&ktal. 2004). E.g., in the
spectrum of GRB 030226 two absorption line systems withriefevelocity separation of
2400 km/s were found indicating a fast stellar wind in a sroadiation field. Nevertheless,
these signatures are not identified for all bursts with seflicsignal-to-noise ratio.
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Figure 1.6. Evolution of the optical spectrum of GRB 030329 (solid lines z=0.168 (Greiner
etal. 2003a) compared to the spectrum of the SN Type Ic 1998tsmciated with GRB 980425
(dotted lines). With increasing time (from top to bottomg tifterglow faded away and the supernova
signatures emerged and dominated the spectrum. (FromhHgoal. 2003).

1.5 The host galaxies

For nearly all long-duration GRBs with sub-arcsec locdi@aan underlying host galaxy
was found and the current sample consists of more than 3Rigahaith known redshifts in
the range of 0.008z<4.51 and apparent magnitudes ranging fiemi4 toR=30. They ap-
pear to be sub-luminous in the near-IR at approximately 8%, o a Schechter luminosity
distribution (Fig. 1.7 left; le Floc’h etal. 2003). Althobdhe presently known host sample
indicates that bursts can occur in any type of galaxy, thentgjof them show dwarf-like
morphology. The host galaxies exhibit very blue col®¥~2-3, comparable to those of
faint blue star-forming galaxies at high redshift (Fig. dight). In fact, the fitting of the spec-
tral energy distribution of 10 hosts with well sampled brioaidd colors revealed that these
galaxies are very similar to young starburst galaxies @@amnisen et al. 2004). Unfortunately,
the sample of GRB hosts is selected in an inhomogeneous wuely,tkat those with bright
optical afterglows are much more likely to be detected. &foge, hosts with a low level of
intrinsic extinction are preferred over highly reddenedtso This is in agreement with the
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very small number of GRBs detections towards luminous dastirouded starbursts such
as observed in the deep infrared and sub-millimeter suniageed, only four hosts are de-
tected as intensively star forming ultra-luminous infchgalaxies (Berger etal. 2003; Tanvir
etal. 2004).
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Figure 1.7. Left: AbsoluteK-band magnitudes of a sample of GRB host galaxies with knedshift
(filled diamonds) compared to optically/NIR-selected fwddirces (points) and ISO/SCUBA galaxies
(openffilled squares). The majority of the hosts are sulidoos around 0.1 Lin theK-band.Right:
ObservedR — K colors versus redshift. Solid curves indicate the obseoadrs of local elliptical
(E), spiral (Sc, Scd) and irregular (Irr) galaxies if theyrevenoved back to increasing redshifts. The
colors indicate that most of the GRB hosts are consisteft mgtng irregular galaxies (Figure from
le Floc’h etal. 2003).

The host galaxies exhibit in general a high effective (permass) star formation rate com-
pared to typical starburst galaxies (Chary etal. 2002, tyatral. 2004). In addition, there
is evidence for higher Ly emission in GRB host galaxies compared to the observatibns o
other starburst galaxies at similar redshift (Fynbo et@03). This suggests that GRB hosts
are valueable probes for the stellar and galaxy formati@heaolution in the Universe. The
GRB brightness and the transparancy of the Universe foritjfednergetio/-ray emission
make them essentially useful at very high redshifts.

The position of the burst in its host galaxy can be used asthduconstraint for the GRB
progenitor model. In most cases the burst occured withinUWebright part of the host
galaxy (Bloom etal. 2002), suggesting regions of unobstaive star formation. This
is not surprising given the short lifetime of the massivegemtor star. A GRB happens
essentially instantaneously after the formation of itsggrator and thus will not have left
the place of birth. Instead, in the binary merger scenahie,durst could take place well
outside its hosting galaxy. The kicks induced by the explosiof two supernovae together
with the long merging timescale allow the binary system &awet a considerable distance in
its galaxy (several kiloparsec). The lack of afterglowslweltside of their hosts is a further
support for the collapsar scenario for long-duration GRBs.
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1.6 A population study

As introduced in the pages above, the science connected3aithma-ray bursts stretches
over a variety of astrophysical research fields. Involvitedlar-scale events located at cos-
mological distances, GRBs allow to study among many othaggthe explosion of mas-
sive stars, the physics of relativistic ejecta, the intettar and inter-galactic medium and the
galaxy structure and evolution in the Universe. This midtiet nature of GRBs motivated
me to investigate three different aspects of Gamma-raytburghe present PhD thesis. In
the following a brief motivation for each of the three resbatopics is given. For a more de-
tailed introduction | would like to refer the reader to thepective sections in the individual
chapters (2-5).

The prompt emission properties of GRBs with INTEGRAL SPI-ACS

The primarly observed signature of a GRB is typically thenppd gamma-ray emission.
With the launch of thénternational Gamma-Ray Astrophysics LaboratiNTEGRAL), an
ESA satellite, in October 2002, a new mission for the dedeatif the prompt emission was
brought into space. One of the instruments is the spectern®®l and its anti-coincidence
shield SPI-ACS. The SPI-ACS consists of 91 Bismuth Gernwaoatstals which surround
the spectrometer nearly completely and thus provide a eprasidirectional field of fiew of
the gamma-ray sky in the80 keV to~10 MeV energy range. Although SPI-ACS does not
provide spectral informations and the event localizat®based on the method of triangula-
tion using the Interplanetary Network of gamma-ray sdesl{Hurley 1997), especially the
upper energy range of SPI-ACS makes it a powerful tool fordiection and study of the
short/hard burst population.

An important issue is the distinction between cosmologstedrt bursts and other sources
of short-time gamma-ray photons, e.g. cosmic-ray evemshapter 2 | will present and
discuss the sample of GRBs detected with SPI-ACS during tbeZiyears of the mission
and put special emphasis on the origin of the short eventlptipn. A statistical analysis
of the properties of the whole sample will be given and coragavith previous gamma-ray
missions.

Dark bursts and X-ray flashes

While for nearly all well-localized GRBs an X-ray afterglawuld be detected, a fair frac-
tion of those lacks a detection at longer wavelengths. Thsams for the non-detection of
the optical transients of bursts with known X-ray or raditegglows can be manifold. Prob-
ably the most important limitation is introduced directly the observations, since a slow
reaction time, a location in a crowded field, possibly higha@ic foreground extinction, or
unfavorable observing conditions, like bright moon andighit, can easily account for the
non-detections of the counterparts. However, this doeprodide a valid explanation for
all dark bursts. In some cases , e.g. GRB 970828 (Groot e98B;Djorgovski etal. 2001)
and GRB 990506 (Taylor etal. 2000) even rapid (less thanahdky after the GRB) and
deep R>23) observations did not reveal an afterglow, despite algléading source in the
X-ray and/or radio band.

In addition to the observational biases, “dark bursts” mefject a broad distribution of
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physical parameters of the GRB itself or of its environmeng( a high density ambient
medium). The Lyman alpha suppression at high redshif6] could easily account for the
lack of optical detections as well. Nevertheless, obsematshow that the high-explana-
tion for “darkness” can not apply in all cases. For examplRB®70828 and GRB 000210
revealed underlying host galaxies at positions coincieetit those of the X-ray and radio
afterglows (Djorgovski etal. 2001; Piro etal. 2002) for winispectra indicate redshifts of
z=0.958 and=0.8463, respectively.

| studied the origin of the population of observed “dark Bubmsed on an example event
from May 28, 2003 (Chapter 3). This event was also charaetérby a very soft observed
prompt emission spectrum and was classified as an X-ray fi@shJect. 1.1) accordingly.
Similar to the “dark bursts”, the origin of X-ray flashes isdely discussed. A variety of
theoretical models has been proposed to explain the olispeak energies of XRFs, among
them a high baryon loading in the GRB jets, which can resutiulk Lorentz factors much
smaller than those expected in GRBs (Dermer etal. 1999; ¢leaal. 2002), or a low
contrast between the bulk Lorentz factors of the collidiaigtivistic shells (Barraud etal.
2005). Other possible models include bursts which are deghtlg outside the jet opening
angle (Yamazaki etal. 2002) or high-redshift events forolhihe intrinsic spectrum is
moved to lower energies in the observer frame (Heise et @10

The first step towards the discrimination between the inldial models is the assignment
of the distance scale to the explosion site of XRFs. A numb&iRi-s have been localized
to arcminute accuracy in the past but only for two could aatidistances be obtained so
far, XRF 020903 a¥=0.251 (Soderberg etal. 2004) and XRF 030428=2t66 (Jakobsson
etal. 2005). In two more cases, XRF 011030 and XRF 020421 ,dataxies with typical
properties of GRB hosts have been detected and photomeitlenee suggests the redshifts
to bez<3.5 (Bloom etal. 2003) angk2.3 (van Dokkum & Bloom 2003), respectively. For
XRF 030723 a firm upper limit af=2.3 could be placed from the absence ofilgbsorption
and prominent lines in the afterglow spectrum as well as fadight curve bump associated
with possible underlying supernova (Fynbo etal. 2004). ha@er 4 | present the redshift
of the XRF studied in Chapter 3 and discuss its implicati@ngtie origin of X-ray flashes.

Constraining the collimation of GRBs using orphan afterglovs

The standard model of GRBs suggests ultra-relativistiflaus in the form of narrowly
collimated jets with opening angles of the order of sevemgrdes (see Section 1.3). A
natural consequence of the collimation is that the promptrga-ray emission will only
be detected if the viewing angle of the observer is equal tenoaller than the opening
angle of the jet. This implies that only for a fraction of alirbts in the Universg-ray
photons will reach the Earth and the total GRB rate will behkigthan the observed rate
by a factor of roughly 50-500. Nevertheless, GRBs which arepointed directly at the
observer can in principle be discovered through their meog&ropic afterglow radiation at
longer wavelengths. These so-called orphan afterglows wientified as powerful tools to
study the initial opening angle of the jets and to place ataim on the collimation of the
optical afterglow emission (Rhoads 1997).

In 1999, a photometric survey, dedicated to the search furar afterglows, was performed
using the Wide Field Imager at the MPG/ESO 2.2 m telescopeaiiBilla, Chile. The large
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amount of imaging data required the development of a speethtata reduction pipeline
to which part of my PhD time was dedicated. In Chapter 5 thdeewiill find the detailed
description of the pipeline, and the analysis and resulseod€omplete survey. The candidate
transients will be described and the results will be dised$s the context of the collimation

of GRBs.
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Chapter 2
The 1st INTEGRAL SPI-ACS gamma-ray
burst catalogue

A. Rau, A. von Kienlin, K. Hurley & G.G. Lichti
Astronomy & Astrophysics, 438, 1175 (2005)

Abstract: We present the sample of gamma-ray bursts detected withntire@ncidence
shield ACS of the spectrometer SPI on-board INTEGRAL forfirst 26.5 months of mis-
sion operation (up to Jan. 2005). SPI-ACS works as a nearlyidirectional gamma-ray
burst detector above 80 keV but lacks spatial and spectral information. In thilague,
the properties derived from the 50 ms light curves (€lgh, Cmax Cint, variability,V /Vimax)
are given for each candidate burst in the sample. A strongssxaf very short events with
durations<0.25s is found. This population is shown to be significantfiecent from the
short- and long-duration burst sample by means of the iitfedistribution andv /Vnax test
and is certainly connected with cosmic ray hits in the deteé rate of 0.3 true gamma-ray
bursts per day is observed.

2.1 Introduction

Although discovered more than three decades ago (Kleblesizale 1973), the phenomenon
of cosmic gamma-ray bursts (GRB) is still challenging, witany open questions to solve.
Therefore, the detection and investigation of GRBs is ornth@important scientific objec-
tives of ESAsInternational Gamma-Ray Astrophysics LaboratQfy TEGRAL) mission
(Winkler etal. 2003). INTEGRAL contributes to GRB scienoetiwvo ways. (i) For bursts
which occur in the field of view (FoV) of the spectrometer S®Riqrenne etal. 2003) and of
the imager IBIS (Ubertini etal. 2003), INTEGRAL providesacate positions~2 arcmin)
for rapid ground- and space-based follow-up observatibnaddition, high-energy spectra
in the 20 keV-8 MeV range are recorded (see Mereghetti eOfl4 2or a recent summary).
(i) The anti-coincidence system of SPI (SPI-ACS) acts agarlg omnidirectional GRB
detector in the-80 keV to~10 MeV energy range (von Kienlin etal. 2003).

It has long been known that there are two distinct classefRBLwhich differ observation-
ally in duration and spectral properties (Mazets et al. 198irris et al. 1984; Dezalay et
al. 1992; Hurley 1992; Kouveliotou et al. 1993; Norris et2000). This was quantified us-
ing data from the Burst and Transient Source Experiment @A&Tdetectors (Fishman etal.
1989) on-board NASALompton Gamma-ray Observatof@GRO). The sample of more
than one thousand bursts included in the 4th BATSE cataldigmayed a clear bimodal
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2. The 1st INTEGRAL SPI-ACS gamma-ray burst catalogue

duration distribution, with one group having short durai¢<2 s) and the other longer du-
rations (seconds to minutes) (Kouveliotou etal. 1993)tiSteally, the peak energy of the
Band spectrum for short bursts (Band etal. 19€3),is higher (typically~100-1000 keV)
than that of the long-duration events (typicalhy0-500 keV) (Fishman & Meegan 1995).
The sensitivity of the anti-coincidence system of SPI toghert/ hard burst population is
nearly unprecedented, which raised expectations befertatinch of the mission that new
insights into the distribution of short bursts would be aied.

In this paper we present the 1st catalogue of gamma-raysbhdesécted by SPI-ACS. We
describe the instrumentation and data (Sect. 2.2), thelsasefection criterion (Sect.2.3)
and the sample analysis (Sect.2.4). In Sect.2.5 the doratial intensity distributions of the
sample are discussed.

2.2 Instrumentation & data

The anti-coincidence systérof SPI consists of 91 Bismuth Germanate (BGO) crystals with
a total mass of 512 kg. The thickness of the individual ctgstanges from 16 to 50 mm.
They are positioned in two rings (the upper and lower coltomang) whose axes are along
the viewing direction of the spectrometer, between the dodask and the detector plane of
SPI; in addition, there are side-shield and rear-shieldrabties (Fig.2.1). Incomingrays
are converted into optical photons with a wavelength~d80 nm. Each BGO is redun-
dantly monitored by two photomultiplier tubes. In additimthe BGO, a plastic scintillator
(PSAC), whose purpose is the reduction of the 511 keV backgtgroduced by particle
interactions in the passive mask, is located directly betewcoded mask.

Since the ACS encloses the SPI, it provides a quasi-omutdreal field of view with a
large (0.3 ) effective area for the detection of gamma-rays (von Kieelial. 2003a).
Unfortunately, the electronics does not allow for good spha¢solution; the burst data con-
sist only of the total event rate from all the crystals (forrendetails see Lichti etal. 2000)
with a time resolution of 50 ms. In addition, however, eachB@&ystal is read out every
96 s with an integration time of 1s, which in principle alloawsough position estimate for
long and bright events.

The SPI-ACS data do not include spectral information bez#usenergy of the gamma-rays
is not measured. The only information which is avaiable & the energy of the interacting
photon must be above the threshold energy 80 keV. Due to the different properties of the
individual crystals, their associated photomultiplieasd the redundancy concept (signals
from two different crystals are fed to the same front-endatedmics) this energy threshold
can only be estimated very coarsely.

As a veto shield the SPI-ACS has no upper limit to the energgeavon Kienlin etal.
2003b). Therefore, the physical properties of individwargs (e.g., peak flux, fluence) can-
not be estimated directly from the data. A conversion frotecter counts to photons crf
s~ 1 is possible only for bursts whose arrival directions anccgpe(e.g., the Band function
parameters - Band et al. 1993) are accurately known fronr gdmama-ray instruments. For

ldeveloped at the Max-Planck Institute for extraterresRigysics, Garching, Germany
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Figure 2.1. Spectrometer SPI and SPI-ACS. The SPI-ACS consists of #stiplscintillator (PSAC)
and the BGO crystals of the upper (UCR) and lower collimatogs (LCR) plus the side-shield
assembly (SSA) and lower veto shield (LVS). The crystalsvasaitored by the photomultiplier tubes
(PMT) and the events are processed in the veto control u@tV
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these bursts the effective area of the detector can be nedd&fl simulations of the photon
transport in the instrument as a function of the incideni@agd energy. While the number
of GRBs for which this method can be applied is very small, asvespecially useful for the
determination of the SPI-ACS spectral parameters for thetdlare from SGR 1806-20 on
Dec. 27 2004 (Mereghetti etal. 2005).

SPI-ACS is part of the INTEGRAL Burst Alert System (IBAS; Mghetti etal. 2004). A
software trigger algorithm searches for an excess in theatveount rate with eight dif-
ferent time binnings (0.05, 0.1, 0.2, 0.4, 0.8, 1, 2, & 5 s)hwispect to a running average
background. The trigger thresholds depend on the time hgnand are set to 9, 6, 9, 6,
9, 6, 9 & 60, respectively. For each trigger an ASCII light curve (5 s-frigger to 100s
post-trigger) and the spacecraft ephemeris are stored ade publicly availabfe It was
originally planned to distribute transient detectionsoaustically. However, due to the large
number of spurious triggers produced by solar flares, cosayis and radiation belt pas-
sages, SPI-ACS alerts are now sent only manually to theaistied community. During the
early mission phase many spurious triggers were producedtbyncreases in single 50 ms
time bins (~15 trigger per hour). A software solution was found to remibvese events from
the data stream.

Since December 2002 SPI-ACS has been an important membbe @rd Interplanetary
Network (IPN) of gamma-ray burst detectors, which providesst localizations using the
triangulation method (Hurley 1997). Thus the lack of spagsolution of the ACS can at
least partly be compensated for. By studying triangulatioiha number of bursts with pre-
cisely known localizations together with KonWéhdand/or HeliconCoronas-FHnstruments
the absolute timing of the instrument was adjusted and edrib an uncertainty of 25 ms
(Rau etal. 2004).

2.3 Sample selection

A sophisticated statistical analysis of the GRB events mSPRI-ACS overall count rate re-
quires a thorough and robust sample selection. Generhbflybést method to distinguish
gamma-ray bursts from other events occurring in the dagastiis their localization in ce-
lestial coordinates. Likewise, detections of the event®thyer missions with gamma-ray
detectors, e.g. the instruments participating in the IR, lee used to discriminate between
real cosmic events and those with a solar or particle ori§ine to the lack of spatial in-
formation in the SPI-ACS data, observations with independestruments are required in
order to apply this localization-based selection criterio

Due to the different energy ranges, sensitivities, andsprthe sky observed by the various
currently active gamma-ray detectors, the above-mentiamethod of selection applies only
to a sub-sample of the GRBs observed with SPI-ACS. Due teeaslyyomnidirectional field
of view and sensitivity, a considerable fraction of GRBsxpexcted to be detected only by
SPI-ACS. Thus, in order to study a statistically more sigaift sample, we defined our
selection criteria to be independent of the confirmation tweninstruments and based only

2http:/fisdcarc.unige.ch/arc/FTP/ibas/spiacs/
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on the SPI-ACS light curve.

The base sample was constructed from all triggered evetitg iSPI-ACS overall rate light
curve. Each trigger in this preliminary sample was subsetiyiehecked for particle or solar
origin using the INTEGRAL Radiation Monitor (IREM) and theeGstationary Operational
Environmental Satellites (GOESYyespectively. Triangulated events with a localization-co
sistent with the position of a Soft Gamma Repeater (SGR) vegn@ved from the sample. A
significance threshold was then applied to each event witdssiple cosmic origin, such that
a trigger was included in the sample of GRB candidates wisesigificances above the
backgroundB exceeded=120 in any time interval during the event. Hereg torresponds
to 1.57x+/B, where the factor 1.57 takes into account the measuredtaeviaf the back-
ground from a Poissonian distribution (von Kienlin etal. 030, Ryde etal. 2003). The
conservative threshold & 120 has been chosen in order to minimize the contamination by
weak events of non-GRB origin. Examples of candidate GRBm1fthe final sample are
shown in Fig. 2.2.

Based on the selection criteria described above, a total4tandidate GRBs were detected
between Oct. 27, 2002 and Jan. 12, 2005. In addition, 14 GR®sansignificance below
the selection threshold, but confirmed by other gamma-ragiomns, were detected. From
the total sample of 388, a cosmic origin for 179 has been coafit Most of these events
were detected by Konuafindand/orUlysses Unfortunately, theJlyssesGRB experiment
had to be turned off in December 2003 due to the diminishirtguduwf the radioisotope
thermoelectric generator.

A summary of the currently active missions and the confirndietgctions of SPI-ACS candi-
date GRBs is presented in Tab. 2.1. The number of eventstddteg SPI-ACS and HETE-
2 is relatively low compared to the total number of GRBs dietedy HETE-2 during the
INTEGRAL mission time. This is not surprising; it is the rétsof the low sensitivity of

SPI-ACS to X-ray flashes and X-ray rich bursts, which constipproximately 2/3 of the
HETE-2 GRB sample (Lamb etal. 2005). These events are dieaimerl by an <80 keV

and thus have their emission maximum below the SPI-ACS gmamge. The number of
bursts detected both in the INTEGRAL FoV and SPI-ACS is very as well, since the ef-
fective area of SPI-ACS is a minimum for events irradiating satellite from that direction.

Taking into account the observation time losses due to tiadi®elt passages and regular
SPI detector annealings, SPI-ACS was actively observing<3Rr a total 21.6 months up
to Jan. 12, 2005 This time corresponds to a rate of 216 candidates and 92 c@dibursts
per year selected according to our criteria. For compayisichti etal. (2000) predicted the
rate of GRBs prior to the start of INTEGRAL to bel60 per year at a 16 level.

Shttp://www.sec.noaa.gov

4The INTEGRAL satellite is in a highly elliptical orbit with period of 72 hours. Due to the high particle
flux the instruments are deactivated during the perigeeagasand are online only for62 hours per orbit.
Approximately twice a year, the SPI Germanium detectorsl tede heated up and cooled again (annealing)
to counter the degradation of the crystal structure by tlesgnvironment (cosmic rays, solar wind, etc.)

23



2. The 1st INTEGRAL SPI-ACS gamma-ray burst catalogue

counts

counts

counts

counts

Figure 2.2. SPI/ACS overall count rate light curves with 50 ms time bmgnifor a selection of
candidate GRBs from our sample. The horizontal red dotteeslimark the background leved)
short GRB 030711. Note that triangulation cannot exclud®$625-66 as the origin (Hurley etal.
2003M) bright short GRB 031214 with a very hard
(Ep =2000+80 keV) spectrum (Hurley etal. 2003c, Golenetskii et al.202003b)d) triple-peaked
GRB 040302g) bright unconfirmed evenf) multi-peaked GRB 041121; g) structured GRB 041211;

2003a);b) long GRB 030814 (Hurley etal.
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h) very bright prototypical FRED (fast rise, exponentiataly) GRB 041212.
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2.4. Sample analysis

Table 2.1. Gamma-ray burst detectors and satellites and number oftegpsimultaneous burst
detections with SPI-ACS. (1): single photon counting, @) ms resolution during flare mode.

Instrument Energy  Time Res. Conf.
[keV] [s]
KonusWind 10-10000 0.002-2.39 164
Ulysses 25-150 0.008-2.0 92
Mars Odyssey 30-8000 0.032-0.25 79
HETE-2 6—400 (1) 42
RHESSI 3-20000 (1) 79
INTEGRAL FoV  3-15000 (1) 4
HeliconfCoronas-F 10-10000 ) 3
Swift 15-350 (1) 3
RXTE/ASM 1.5-12 100 2

2.4 Sample analysis

For each candidate GRB in the sample, a linear fit to the backgtin a time interval before
and after the event was performed and the resulting backdroaunts subtracted. Next, a
correction for dead time in the detector and electronic3% for the brightest events in the
samplé) was applied. The observer frame duratiagp, The time interval over which a burst
emits from 5% to 95% of its total measured counts, was obteamel integrated burst counts
over the whole event as well as the peak counts in the brighi@5 s interval were estimated.
Due to the lack of spectral response, these detector coantetbe directly converted into
more physical units (fluences and peak fluxes).

For a quantitative evaluation of the uniformity of the SR GRB sample we applied the
V /Vmax test (Schmidt 1968). In particulay,/Vmax compares the volume in which the event
was detected to the largest possible volume in which theteveuld be just at the selection
threshold. The ratio of the volumes translates into th@ raftithe peak count€,, over the
minimum triggering countSCn, in the same time interval a8/ /Viax= (Cp/Cmin)_3/2.
The time intervals used range from the 0.05 s time resolwfd®PI-ACS to the § of the
individual events.

In order to estimate the variability of the candidate bugdtticurves in the sample we used
the variability formulation of Reichart etal. (2003, 45. This measure is computed from
the variance of the 50 ms binned light curve with respect toxaxér—smoothed version of
itself. Following previous attempts, we used &s the smoothing time scale; this is the
effective time for which the integrated counts of the bregttparts of the event are 45% of
the total counts. The deviation of the SPI-ACS backgroundhfa Poissonian distribution
was taken into account by broadening the distribution by amactor of 1.57.

SNote that the initial peak of the outburst of SGR1806-20 fidet. 27 2004, for which the SPI-ACS data
were strongly affected by dead time effects, was abogitif@es stronger than the most luminous GRB in the
sample.
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2. The 1st INTEGRAL SPI-ACS gamma-ray burst catalogue

All 388 GRBs and candidates in the SPI-ACS sample are listelhb. 2.2 (also available
online at the CDS) together with the estimated burst praggertA continuously updated
on-line version is availabfeincluding figures and ASCII files of the light curves. The first
column of Tab. 2.2 gives the number of the event in this cgtado The trigger date (YYM-
MDD) and UTC are listed in the following two columns. The néotir columns give the
maximum significance of the event above the backgrouggl, the total integrated counts
in the event and the peak counts over 0.25s. \T)¥yax Statistic and variability measure
are shown in columns eight and nine, respectively. The fiolinon lists all other gamma-
ray instruments and missions from which detections of tlemewere reported. Here, “U”
stands folUlysses “K” for Konus/Wind “M” for Mars Odyssey'H” for HETE-2, “R” for
RHESSI, “C” for HeliconCoronas-F “I” for INTEGRAL (SPI/IBIS), “S” for Swiftand “X”
for RXTE/ASM.

The table has numerous events with missing entries. ForRB<which were confirmed
by other instruments but detected by SPI-ACS below the sasglection threshold, only
the time, date, significance and common instuments arallisterthermore, the variability
measure was obtained only for long-duration events withceiht signal-to-noise ratio.

2.5 Results

2.5.1 Durations

The distribution of the §p durations is shown in Fig. 2.3. For comparison the distrdmut
derived from 1234 GRBs in the 4th BATSE GRB catalogue (Pasiesal. 1999) was scaled
to the elapsed mission time of SPI-ACS and included in thedigu

The distribution of the SPI-ACS burst candidates shows eaofatity similar to what was
observed by the BATSE experiment. The long burst populdiesits maximum at-30 s
and resembles the BATSE results closely. A short duratiompoment is found in the SPI-
ACS sample as well, but it deviates significantly from the B&Tsample. While the BATSE
short burst lodgg distribution can be fit by a Gaussian centere@hgt0.45 s (Horvath 1998)
the number of short burst candidates in the SPI-ACS sangse steeply towards low values
of Tgp and has its maximum at the time resolution of the instrum@rixs). Note that
number of events witlgp<0.05 s has to be considered as a lower limit as events detected
only in a single time bin are rejected already by the softwaneh monitors the telemetry
stream (see Sect. 2.2).

A further difference between the two samples is found in #i®s of short to long events.
While the 4th BATSE catalogue included70% long {Tgo >2s) and~30% short bursts
(Tgo <2 s), around 50% of the total events in the SPI-ACS sample Tigwe? s. Note that the
division into short and long bursts is not unambiguouslyrasdi as different class boundaries
are generally found when other properties (e.g. fluencetspdardness ratios; V /Vmax>
are included (e.g. Mukherjee etal. 1998, Hakkila etal. 2000addition, the SPI-ACS and
BATSE burst samples have been compiled using inherentigrdiit trigger and instrumen-
tal characteristics which imply different definitions fdret short and long classes in both

Shttp://www.mpe.mpg.de/gamma/science/grb/1ACSburst.h
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Figure 2.3. Distribution of Tgq for all SPI-ACS GRB candidates (solid red line) and for 123483
from the 4th BATSE GRB catalogue (Paciesas etal. 1999; dakhe) scaled to 21.6 months of
continuous observation. Note the difference in the distiiims of the short events.

instruments.

The total number of detected events in SPI-ACS is of the oofl®0% of the BATSE de-
tections, when scaled to a common time interval. On the dthed, BATSE and SPI-ACS
are sensitive to different energy bands. The SPI-ACS lowergy threshold of~ 80 keV
reduces the detection capability for bursts with peak easiigelow that energy. This affects
mainly X-ray flashesEp<30keV) and X-ray rich burstsEy~70keV). For comparison,
BATSE could detect events down E,<25keV and was therefore capable of detecting a
significant fraction of the X-ray rich burst population.

Fig. 2.3 indicates a slight shift of the long-duration dlstition components in SPI-ACS to-
wards lower values ofgg compared to the BATSE sample. Again, this could be a result
of the lower sensitivity at softer energies for the long (gederally spectrally soft) distri-
bution. In addition, it is typical to find a hard-to-soft eutibn during the prompt emission
phase. This also leads to shorter durations at higher exserginally, measurements of burst
properties are instrument dependent, primarily due tanalgio-noise limitations and tem-
poral binning. This is likely an additional reason for th&etience in the observed duration
distributions.

The SPI-ACS short-duration population can be fit by a Gaunsaigh a maximum at the
time resolution of 50 ms. This shift with respect to the BATI®Bult is not of instrumental
origin, as the SPI-ACS detectors are very sensitive at theedy peak energies of short
GRBs. Also, a significant hard-to-soft evolution is not estee to occur and cause this
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2. The 1st INTEGRAL SPI-ACS gamma-ray burst catalogue

offset. The deviations seem to be mainly for events Wif<0.25s. The general lack of
spatial information in the data makes it difficult to detemmthe origin of these events. In
Fig. 2.4 we show the duration distribution for the sampleaifemed GRBs. While-70%
of the long-duration bursts are confirmed, less than 11% @%)e GRB candidates with
Tgo<2 s (<0.25 s) were detected by other gamma-ray instruments.
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Figure 2.4. Same as Fig. 2.3 except that only the confirmed bursts fronSEHeACS sample are
shown. A comparison with Fig. 2.3 reveals that for most ofltmy-duration bursts a cosmic origin
was confirmed while this is true only for a small fraction of tthort events.

Note that we found no evidence of the proposed third (intéiate duration) burst popula-
tion whose signature was detected in the BATSE sample (Hod@98). This population

was claimed to to have a softer spectrum than the long-dur&RB sample. Due to the
variety of trigger timescales used by SPI-ACS and the ladkpettral information, it is not

clear how the temporal sensitivity depends on the spectmlrtess and peak flux in the
trigger. Thus, it apears difficult to ascertain whether 85 is indeed insensitive to the
intermediate GRBs or whether some intermediate GRBs aheded in the sample but for

some reason not clearly distinguished from other bursts.

2.5.2 The origin of events with  Tgp<0.25s

There are various possible explanations for the signifieac¢ss of unconfirmed 0.05-0.25s
long events in the SPI-ACS sample (an example is shown inEzg). We list them below,
and present arguments for and against each of them.
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(i) SPI-ACS is observing a real population of short, spdigtneery hard GRBs, most of
which must have been undetected by BATSE. However, thedrigfficiency of BATSE
was quite sensitive to hard photons (Pendleton etal. 199@)tlaese short hard events
would certainly have been seen. Another argument agaiaestia of observing a real burst
population is that several gamma-ray instruments in oriehthe capability to detect such
hard events, as demonstrated by Mars OdysseyKonusWind and HeliconCoronas-F
detection of an event from December 14 2003 (Fig. 2.2c); thmelrer of such confirmations,
however, is too low to explain the excess of very short evientsis way.

(i) A small contribution to the short burst population miglkome from outbursts of Soft
Gamma Repeaters. These objects are strongly magnetizédmestars, ( “magnetars” —
Duncan & Thompson 1992), which are characterized by bngfi¢al ~100 ms), very in-
tense (up to 1 *°erg) bursts of hard X-rays and soft gamma-rays. Their lightves
resemble those of the short GRBs. Thus, events in the SPI1edQBt rate originating from
known SGRs are not easily distinguishable from short GRBhowit the localization by
triangulation with other instruments. However, the vasjanty of these bursts have soft
spectra and most of them are not detected by the SPI-ACS.

(iif) The evaporation of primordial black holes through Hamg radiation can lead to a sud-
den burst of gamma-rays with duratiord 00 ms (Halzen etal. 1991). This has been pro-
posed for the BATSE sample of very short bursts by Cline €28l03). Our sample of events
with Too<100 ms is consistent with isotropy in an Euclidean geometly/Vimax>~0.48.
Recent re-analysis of the BATSE data found a value in agraewith SPI-ACS of<V /Vimax>
=0.52+0.05 (Cline D., private communication).

(iv) A significant contribution to the short candidates abatise from instrumental effects
and/or cosmic ray events. Analyzing the data of very shamhtsstogether with simultaneous
data from the spectrometer SPI revealed that a significaatién of them are accompanied
by the simultaneous saturation of one or several Ge-detecfm example for an event on
Dec. 1, 2003 is shown in Fig. 2.5. At the time of the significeate increase in SPI-ACS
over~50 ms two neighboring Ge-detectors, #9 and #10, went intousadeon which lasted
for ~4 and~20s, respectively. The analysis of SPI data from a subsedteflise revolu-
tions shows that a saturation event occurs approximatayyewour hours and that nearly
all of these events have a simultaneous rate increase iIAGBI-The opposite approach, an
independent search for short events in the SPI-ACS overyalttoate, revealed 15 events
per hour at a 4& level. Combining these results shows that approximatetyye@0th very
short SPI-ACS event coincides with a saturation in the Geatets.

The saturation of the Ge detectors can be explained by thesdeh a large amount of energy
in the crystals. For example, a very energetic cosmic ratjgb@can traverse a BGO crystal
and deposit part of its energy, thus producing the short tcaie increase. Depending on
the flight direction, the particle can go on to traverse onseweral Ge detectors and cause
the saturation, or pass through the BGO shield a second dinmat interact with any of the
detectors again. The probability of a particle hitting tHd-8CS and Ge detectors can be
estimated from the geometry of the instrument to~d640 of the probability to pass only
through the anti-coincidence shield. This is in rough agreat with the rate of SPI-ACS
short events that coincide with saturations. Therefotie, dimple hypothesis suggests that a
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Figure 2.5. Example of a very short event in SPI-ACS (bottom panel) wittiutaneous saturation of
two SPI Ge detectors (top panel). The SPI-ACS light curvéaasw with 50 ms binning and the SPI
light curves of detector #9 (red curve) and #10 (black cuare)binned with 200 ms time resolution.
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significant fraction of the unconfirmed short burst candidatan originate from cosmic ray
particles hitting the instrument.

Most of the saturation events occur in a single Ge-detedthits in several detectors are
significantly less frequent (Fig. 2.6) but happen eitherighboring detectors or along a line
of detectors. If the saturation is caused by a single partleén a particle passing through
the coded mask will only deposit energy in one detector asribgs-section for hitting more

than one Ge-detector is low. A particle hitting the detegiane from the side can deposit
energy (and cause saturation) in several detectors. Tmagreement with the observation
that saturation events in more than one detector are alveagsrganied by a significant rate
increase in the SPI-ACS, while a small fraction of the sdtomnaevents in single detectors
show no corresponding signal in the SPI-ACS overall rate.

100 — -

50 — -

| | | } f T f ] |
1 2 3 4 5 6 7
Number of Saturated Ge—Detectors

Figure 2.6. Distribution of saturated Ge detectors of SPI for a duratbrl5 days (INTEGRAL
mission revolutions 137-141). Most saturations occur imgle detector only.

In the case of a particle shower, the number of detectorgltginlepends on the width of the
distribution of the secondary particles and on the incioratingle. In IBIS/PICSIT strong
bursts (2500 counts) up to 170 ms long of particle-inducexiveins are observed (Segreto
2002). These showers may be produced by cosmic ray hits watblite or detector struc-
ture. As a consequence of the interaction of the primaryiglanvith matter, high-energy
photons and electron-positron pairs are created. Thesgrnnproduce a cascade of sec-
ondary electrons and photons via bremsstrahlung and padiuption. The time profiles of
the events observed in PICsIT are rather complex and balgbktrtracks and closed areas
are visible (Segreto 2002). These observations are sitildre detections in SPI and thus
support the idea of cosmic rays as a partial origin of the gbrt SPI-ACS events.
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The observed rate increase in SPI-ACS can be produced btetedation of a cosmic ray
particle in the BGO crystal. This induces a long-lasting-{&0 ms) phosphorescent after-
glow energetic enough to cause recurrent triggers in thetreldcs. BGO was originally
selected for SPI-ACS because of its short decay times arydowrphosphorescence com-
pared to e.g. Csl(Na) and Nal(Tl). BGO has decay times of Gnus300 ns where the
second is by far the more probable (90% vs. 10% for the 60 rsaarafterglow of 0.005%

is expected at 3 ms (Farukhi 1982).

In order to produce a single count in the SPI-ACS rate, a mininof 80 keV has to be
accumulated during an integration time of 600 ns. With a aht yield for BGO of 8000-
10000 photons/MeV, this correspondst675 photons. Assuming an exponential decay, the
radiation will decrease to 0.005% ap8. Thus the decay is so fast that only a small num-
ber of counts £3) will be produced. From the afterglow properties the mumimoriginal
excitation energy can be estimated. For instance, to hab@ fdéturrent triggers (a count
rate increase of 1000) in a single crystal, the afterglowtrbasbright enough to be above
the 80 keV threshold for3 ms (integration time + dead time). Thus, the 0.005 % afbevg|
emission at 3ms corresponds to-d.6 GeV initial excitation using the light yield given
above. Therefore, particles which deposit.6 GeV or more in a crystal can indeed be the
origin of the short event population in the SPI-ACS. Shodrds showing similar temporal
behavior have been discussed for Csl(Na) and Csl(T1) dsyskposed to primary cosmic
radiation (Hurley 1978). The same conclusion was reachetiéoorigin, namely cosmic ray
nuclei in the iron group. Note that Csl has a significantly enotense afterglow (0.1-1 % at
6 ms).

We performed simulations of particle attenuation in theedetrs usingSRIM . The results
showed that heavy cosmic ray nuclei (e.g., Fe) with energieseveral GeV per ion can
easily produce the observed effects in the SPI-ACS and SPI.

2.5.3 Intensity

The distribution of burst intensities can provide valuabhfermation on the radial distribu-
tion of the sources. The integral brightness distribut®expected to follow a power law
with a slope of -3/2 for a homogeneous distribution of sosigesuming a Euclidean geom-
etry. The lack of spectral resolution limits the analysistfte SPI-ACS sample to detector
count units. Fig. 2.7 shows the integral MgogCnax distributions for peak countSyax of
three sub-samples measured over a timescale of 0.25s. Tledashed and dotted dis-
tributions represent the long duration sampl€ (5 s), the short bursts (0.28399<2.55)
and the population of very short eventsQ.25s), respectively. The deviation from a —3/2
power law (solid line) is visible for each of the sub-sampsth the long duration and the
short duration bursts follow &-1.1 slope. The population of very short burst behaves very
differently, with a significantly steeper distributiongple~-2.3). The turnover at low values
of Chax corresponds to the selection threshold of the sample.

A deviation from a homogeneous distribution was also foupndBBTSE (Fishman etal.
1994). Nevertheless, the substitution of peak counts fak gleixes causes an unknown

"http://www.srim.org/
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Figure 2.7. logN—logCrax distribution for three sub-samples, together with the etguk power law
slope of -3/2 for a homogeneous distribution (solid lineé)eTong durationTgo>2.5 s, solid line) and
short duration (0.25<Tgp<2.5s, blue dash-dotted line) samples follow a similar polaerwith a
slope of~-1.1. The very short event3gy<0.25 s, red dotted) have a significantly steeper distributio

uncertainty in the SPI-ACS results. While in a first-ordepgach each incoming photon
produces one detector count, the uncertain effective ale@efding on the incident angle)
prevents a direct comparison. Thi@,ax depends on the spectral shape of the individual
events. Still, a qualitative statement on the behavior eftliree sub-samples can be made.
Both short- and long duration bursts follow the same slop#ethe distribution of the very
short events differs strongly. This is consistent with tiipdthesis that the very short events
are not of cosmological origin.

Fig. 2.8 shows the corresponding MglogCi: distribution. Here, the integrated detector
counts were used as a measure of the fluences. A behavioastmithe sub-samples in
the log\-logCmax distribution is found. The long- and short duration popolas evolve
similarly while the sample of very short events displaysgmsicantly steeper distribution.

254 V /Vmax

Another test for homogeneity is the/Vimax test (Schmidt 1968). If the burst population is
drawn from a uniform distribution in Euclidean space, theamealue ofV /Vinax will be
0.5. For the individual sub-samples of long, short and vaogrisevents we findV /Vimax>
values of 0.26, 0.31 and 0.48, respectively. As already se#me intensity distributions,
the short and long burst populations behave similarly amsvstvidence for inhomogeneity.
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Figure 2.8. Same as Fig. 2.7 for ldg-logCin:.

This is consistent with the BATSE result, namely /Viax>~0.34 (Fishman etal. 1994). In
contrast<V /Vmax> for the very short events is consistent with a homogeneaishlition.
Again, this points to a different origin for them comparedtite short- and long duration
bursts.

2.5.5 Variability

In Fig. 2.9 we show the distribution of the time profile varldayp of 143 candidate bursts us-
ing the measur®;_g 45 presented by Reichart etal. (2001). The number of burstedses
linearly with increasing variability followin@N=(-74+3)xV;_g.45+(33+0.8) for our binning
of AVs_045=0.06. The empirically found correlation betweéén_¢ 45 and the isotropic peak
luminosity,Liso by Reichart etal. suggests that the majority of the eventisarsample are
intrinsically faint and only a few bursts hatg,>10erg.

2.6 Conclusion

The anti-coincidence shield of the INTEGRAL spectrometeriS operating successfully as
an omnidirectional gamma-ray burst detector abe86 keV. The 1st catalogue includes 388
candidate GRBs detected during the first 26.5 months of anisgperation. For 179 triggers
a cosmic origin could be confirmed by observations with otfenma-ray instruments in
space. The sample shows the known duration bimodality witr@ang excess at the very
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Figure 2.9. Distribution of the variability measure for 143 candidatedis from the sample (solid
line) together with best linear fit (red dotted).

short end of the distribution(0.25 s). The origin of this population of events40% of the
total number) was demonstrated to be significantly diffefiemm the normal GRB sample,
as shown both by the ldg-logCnax distribution as well as by the /Vinaxtest. Observations
of simultaneous saturations in the spectrometer Ge deteatal very short events in the
SPI-ACS overall rate suggest a cosmic ray origin for a sigaiifi fraction of these events.
The short- and long duration sample includes 236 GRBs, wticresponds to a detection
rate of~130 GRBs per year of continuous observatier very three days). The intensity
distribution of this sample is consistent with the BATSEulesand shows a deviation from
a homogenous distribution in Euclidean space.
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2.7 Appendix A - catalogue table

Table 2.2. SPI-ACS GRB sample. Number of event in catalogue, date, Wia&jmum significance
of the event above the backgroundyg;Tintegrated counts in the event, 0.25 s peak counts, vhtyabi
andV /Vinaxare given together with the confirmations by other gammanstyuments (‘U”:Ulysses
“K”: Konus/Wind “M”: Mars-Observer“H”: HETE-2 “R”: for RHESS|“C": Helicon/Coronas-k
“I”' INTEGRAL(SPI/IBIS), “S™: Swiftand “X”: RXTHASM. I: overlapping bursts, thus only limits

on integrated counts can be given.
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# Date uUTC o Too Cint Cmax V /Mmax Vi—0.45 Conf.
[s] [kents] [kents/0.25 s]
1 021027 08:33:51 5 UMK
2 021102 15:58:44 30 7.4 392 3.7£0.2 0.25 0.22:0.01 UKR
3 021113 13:37:33 4 UKR
4 021114 21:28:54 17 040.05 2.#0.2 2.7#0.2 0.57
5 021115 00:44:32 14 0.69.1 1.740.2 1.740.2 0.74
6 021116 08:06:29 35 150.8 63t4 2.5+0.2 0.20 0.15-0.01
7 021117 23:42:18 34 0.29.05 7.2+0.4 6.8t0.2 0.21
8 021121 19:37:20 14 0.69.1 2.3t0.2 2.3t0.2 0.74
9 021125 05:59:14 34 .3 666 3.5£0.2 0.21 0.3%0.01 UK
10 021125 17:58:23 34 kiieo 68+5 1.4+0.2 0.21 0.05:0.02  UMKRI
11 021205 03:16:38 41 8% 19020 2£0.2 0.15 0.22:0.01
12 021206 22:49:08 2762 51 300Qt40 250+0.5 0.00 0.180.01 UKH
13 021214 19:29:19 38 0410.05 5.9:0.3 5.70.2 0.18
14 021219 07:33:57 4 UKI
15 021222 07:18:51 22 0.69.05 3.4:0.2 3.4:0.2 0.40
16 021223 01:09:55 38 510.3 392 3.1+0.2 0.18 0.12:0.01
17 021226 14:53:39 60 340.6 18t1 12+0.2 0.09 MKR
18 030101 20:43:32 42 0.69.05 16:0.7 8.2£0.2 0.15 0.0%0.01 UKH
19 030102 15:47:43 25 H.4 32+2 3+0.2 0.32 0.180.01
20 030102 23:18:59 36 #0.8 46+3 4.6+0.2 0.19 0.23:0.01 UKR
21 030105 14:34:06 72 019.05 30t0.9 12+0.2 0.07 0.0£0.01 MKR
22 030107 08:59:41 28 0.#9.05 5.6:0.3 5.4:0.2 0.27
23 030109 09:37:37 28 0.5 5.3t0.5 4.8:0.2 0.27 U
24 030110 09:39:28 18 0.69.1 2.6t0.2 2.740.2 0.52 K
25 030115 06:24:29 50 665 190£10 2.5t0.2 0.12 0.3:0.01 UMKHR
26 030115 08:15:39 15 M 375 0.98+0.2 0.69 UMKR
27 030116 04:38:36 13 0.3 2.10.2 2.10.2 0.85
28 030117 17:36:14 52 0.69.05 8.4t0.2 8.4t0.2 0.11 K
29 030118 03:45:37 31 0410.05 4.4-0.3 4.2+0.2 0.23
30 030119 08:15:57 14 HD.7 1442 2+0.2 0.72 0.15:0.01 K
31 030119 10:15:58 15 0.69.1 1.740.1 1.70.2 0.67
32 030119 16:16:11 39 0.1%.2 5.9t0.2 5.9t0.2 0.17
33 030123 20:03:32 12 0.69.05 1.9:0.2 1.9+0.2 0.89
34 030127 12:32:32 95 4p 210t10 5.5:0.2 0.04 0.08:0.01 UKH
35 030129 11:16:08 35 0.69.05 4.9:0.2 4.9t0.2 0.19
36 030131 07:39:10 4 UK
37 030131 13:55:30 13 0.1%.2 1.8t0.2 1.8+0.2 0.80
38 030131 14:42:50 28 0.69.05 3.9:0.2 3.9t0.2 0.28
39 030202 17:21:00 13 62 30+7 1.3:0.2 0.83 0.140.03 UK
40 030202 22:36:30 15 430.05 1.4:0.8 1.70.2 0.69
41 030203 14:00:12 12 0.69.05 1.#0.2 1.70.2 0.91
42 030204 12:45:29 54 1 96+5 3.6+0.2 0.10 0.160.01 UMKHR
43 030212 08:48:50 59 0410.05 7.3:0.3 7.10.2 0.09
44 030214 14:48:20 12 430.5 9. A1 2+0.2 0.89 0.268:0.01 UR
45 030215 09:48:00 29 0#0.2 4.4+-0.2 4.4+0.2 0.26
46 030215 11:13:31 223 3B 610£20 8.6t0.2 0.01 0.06:0.01 UH
47 030216 16:13:44 15 218.1 12+1 1.8+0.2 0.66 0.0#0.04 UR
48 030217 02:45:37 207 5¢ 360+20 13+0.2 0.01 0.040.01 UMHR
49 030217 04:25:41 32 4 95+9 1.4+0.2 0.22 0.0%0.01
50 030217 23:31:42 55 0.19.05 12+0.3 12+0.2 0.10 M
51 030218 11:42:37 127 671 350+10 12+0.2 0.03 0.3%0.01 U
52 030220 16:12:42 52 53 180+10 3.9+0.2 0.11 0.26:0.01 UH
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Num Date uUTC o Too Cint Crmax V /Mmax Vi—0.45 Conf.
[s] [kents] [kents/0.25 s]
53 030222 08:22:23 25 0.19%.05 4.1#0.3 3.9+0.2 0.32
54 030222 13:18:49 21 0.19.2 3.10.2 3.10.2 0.42
55 030222 16:32:47 14 5:3.2 15+2 2.4+0.2 0.77 0.32:0.03 MKR
56 030222 19:12:26 17 0.29.3 2.6:0.3 2.6+0.2 0.56
57 030222 22:35:46 16 0.2%.05 2+0.3 1.740.2 0.63
58 030223 03:53:35 28 0.69.05 4.1%#0.3 4.1#0.2 0.27
59 030223 09:45:08 62 1 110+7 4+0.2 0.08 0.04-0.01 UK
60 030224 04:16:34 19 0.69.1 2+0.1 2+0.2 0.49
61 030224 07:49:49 7 u
62 030224 11:48:58 46 (9% 95+7 2.1+0.2 0.13
63 030225 15:02:47 40 4% 110+10 2.1+0.2 0.16 0.05:0.01 UMKR
64 030226 07:10:10 21 o 82+10 14+0.2 0.41 0.08:0.04 M
65 030227 13:11:56 15 0.7 23t3 1+0.2 0.67 UK
66 030228 20:26:46 23 2 48+5 4.5+0.2 0.37 0.52:0.01 UMKR
67 030302 03:48:03 82 010.05 10t0.4 10+0.2 0.06
68 030304 16:15:59 17 0410.2 2.2£0.2 2.2£0.2 0.59
69 030305 07:50:15 13 0.69.05 2+0.2 2.140.2 0.86
70 030307 14:31:57 146 2£0.5 10Gt3 18+0.3 0.02 0.0%0.01 UKHR
71 030308 05:18:24 31 6:9.5 36+3 3.5£0.2 0.24 0.13:0.01 UK
72 030310 12:28:01 23 HU 2.5+1 3.2+0.2 0.36
73 030318 02:46:30 6 K
74 030319 14:03:29 55 0.69.05 8.6:0.3 8.6+0.2 0.10
75 030319 23:33:22 189 0.1 34+-0.7 31:0.3 0.02
76 030320 10:12:09 278 580 56020 1740.3 0.01 0.03:0.01 UMKRI
77 030321 15:24:47 20 0.19%.05 3.10.3 3+0.2 0.45
78 030325 14:15:11 53 19.3 28+1 8.9+0.2 0.11 0.03:0.01 UMK
79 030325 18:14:13 26 040.2 3.3t0.2 3.3t0.2 0.30
80 030326 10:43:42 60 450.6 573 5.8+0.2 0.09 0.02:0.01 MKR
81 030327 22:37:08 19 463 60+7 1.3+0.2 0.49 UM
82 030328 07:27:00 30 1100 120+10 1.4:0.2 0.25 0.0%0.01 UK
83 030328 16:25:12 28 0.69.1 3+0.2 3+0.2 0.27
84 030329 11:37:25 422 1 820+20 36+0.3 0.00 0.18:0.01 H
85 030330 12:40:46 32 0.1%.2 4.5+0.2 4.5-0.2 0.22
86 030331 04:05:02 14 0.29.05 2.50.3 2.2+0.2 0.76
87 030331 05:38:16 97 320 1408 7.7+0.2 0.04 0.24-0.01 UKR
88 030331 16:28:11 19 0.69.05 2.2+0.2 2.3t0.2 0.49
89 030403 03:37:44 22 5iD.5 23k2 2.1+0.2 0.40 0.08:0.01 UKH
90 030403 21:42:13 17 0.19.2 2.140.2 2.140.2 0.55
91 030405 02:17:27 39 39.7 34+2 8.1+0.2 0.17 0.28:0.01 UMKH
92 030406 22:42:03 157 638 320+20 19+0.3 0.02 0.2#0.01 UMKR
93 030409 13:02:28 19 0410.05 3.2:0.3 3.10.2 0.49
94 030410 00:00:36 14 0410.2 2+0.2 2+0.2 0.75
95 030410 06:40:28 27 0.19.2 4.2+0.2 4.2£0.2 0.29
96 030410 11:22:12 50 9.1 17:0.9 10+0.2 0.12 0.05:0.01 KR
97 030413 07:34:35 69 201 120+7 5+0.2 0.07 0.320.01 UMKHR
98 030414 08:54:32 14 0.6%:.1 1.4:0.1 1.4:0.2 0.78
99 030414 13:48:24 165 2 220+9 11+0.2 0.02 0.03:0.01 UMKR
100 030416 06:05:42 19 0.69.05 2.5:0.2 2.5t0.2 0.50
101 030417 20:04:48 15 0.69.1 1.9:0.1 1.9+0.2 0.68
102 030419 01:12:06 109 3q 230t10 15+0.2 0.04 0.55-0.01 UKR
103 030419 08:24:03 15 0.19.2 2.4+0.2 2.4:0.2 0.67
104 030421 00:36:32 148 15@ 290+30 14+0.2 0.02 0.22:0.01 UKR
105 030422 07:51:12 24 618 2942 2.3:0.2 0.34 0.05:0.02 UMK
106 030422 09:01:22 27 1 44+4 2.3+0.2 0.29 0.180.01 UMKR
107 030424 20:11:11 32 0tD.2 3.6t0.2 3.6:0.2 0.23
108 030425 11:04:31 14 0.49.05 2.3:t0.3 2.3:t0.2 0.79
109 030426 08:05:30 88 83 240+20 5.1+0.2 0.05 0.120.01
110 030426 23:30:00 45 50.5 65+8 3.6£0.2 0.13 0.14-0.01 UMKR
111 030430 08:02:20 27 0.69.1 3.3t0.2 3.3t0.2 0.28
112 030501 01:17:17 27 619.7 30k2 4.3+0.2 0.29 0.19:0.01 UKR
113 030505 07:38:58 28 3R 77+8 1.8+0.2 0.27 0.2%0.01 UK
114 030505 09:03:22 27 160 160+20 1.4:0.2 0.28 UKR
115 030506 02:04:07 54 22 120+7 2.5+0.2 0.10 0.08:0.01 UKHR
116 030507 03:00:57 12 0.19.2 1.9+0.2 1.90.2 0.92
117 030509 05:50:23 90 5i9.2 69+3 17+0.2 0.05 0.1%0.01 UMK
118 030509 18:15:32 55 0.2%.05 13t0.5 11-0.2 0.10
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Num Date uUTC o Too Cint Cmax V /Vmax Vi—0.45 Conf.
[s] [kents] [kents/0.25 s]

119 030510 10:53:41 18 HA 233 1.4+0.2 0.50 K
120 030512 09:37:23 40 QtD.2 4.4+0.2 4.4+0.2 0.16
121 030513 10:17:06 20 2B 34+4 3.2+0.2 0.45 0.33:0.02 U
122 030514 18:22:21 35 281 78t9 2.1+0.2 0.20 UMK
123 030518 01:23:45 228 20 470+10 114-0.2 0.01 0.1%0.01 UKHR
124 030518 03:12:16 36 A T4t5 2.5+0.2 0.19 0.120.01 UK
125 030518 21:28:36 16 4D.8 15+1 1.9+0.2 0.61 UK
126 030519 09:32:20 22 3tD.3 18+2 3.2+0.2 0.38 0.150.01 UKH
127 030522 02:33:47 45 OtD.05 5.6:0.3 5.5:0.2 0.13
128 030522 06:12:28 9 K
129 030523 14:10:52 13 0.69.05 2.2£0.2 2.2+0.2 0.81
130 030523 15:31:02 125 22 280+10 9.4+0.2 0.03 0.22:0.01 UMK
131 030524 04:56:05 17 QGtD.05 2.#0.3 2.40.2 0.57
132 030524 17:13:30 13 0.19.2 1.8+0.2 1.8:0.2 0.80
133 030524 18:29:30 22 0.69.1 3+0.2 3+0.2 0.40
134 030526 08:59:20 23 0.69.1 3.10.2 3.10.2 0.36
135 030601 21:31:34 41 132 200+20 1.9+0.2 0.16 0.340.01
136 030601 22:11:59 53 1.7 9H6 3.H40.2 0.11 0.1#0.01 UKR
137 030604 12:44:10 12 0.69.05 1.8:0.2 1.8:0.2 0.90
138 030605 02:19:32 74 7® 180+10 5.5+0.2 0.06 0.16:0.01 UK
139 030605 21:06:24 22 4 23+3 4.5+0.2 0.39 0.32:0.01 UK
140 030606 23:47:45 15 1 2243 1.740.2 0.66 0.180.03 UMK
141 030607 02:19:21 12 OHD.05 2+0.2 2+0.2 0.99 K
142 030607 07:07:23 15 QGtD.05 2.4£0.3 2.4+-0.2 0.70
143 030608 04:30:15 23 QGtD.05 3.#0.2 3.#0.2 0.37
144 030609 23:27:43 65 28 16010 2.3:0.2 0.08
145 030610 08:35:42 46 22 75t5 3.H40.2 0.13 0.03:0.01
146 030614 01:28:40 58 1720 32030 2.2+0.2 0.09 0.26:0.01 UKR
147 030614 10:54:54 15 0.69.1 2.140.1 2.10.2 0.68
148 030615 00:38:54 19 0.19.2 3+0.2 3+0.2 0.49
149 030619 12:29:20 29 0.69.1 3.9:0.2 3.9+0.2 0.26
150 030623 01:55:20 13 6P 32+6 1.2+0.2 0.85 0.15:0.05
151 030626 01:46:41 112 I8 300+10 5.1+0.2 0.03 0.08:0.01 UMKR
152 030629 03:26:39 43 0.19.05 9.5£0.4 H-0.2 0.15 KC
153 030705 15:45:00 84 0.19.05 10:0.4 9.5+0.2 0.05
154 030706 00:01:57 41 8t9.5 4443 4.940.2 0.16 0.23-0.01 KR
155 030710 23:05:00 20 k171 31+3 1.5+0.2 0.45 0.02:0.01 UKR
156 030711 00:04:01 91 0.29.05 20t0.4 1A0.2 0.05 M
157 030713 10:08:37 13 OtD.2 1.9+0.2 1.9+0.2 0.88
158 030714 22:14:45 25 5t0.8 22+2 4.5+0.2 0.33 0.140.01 UMKR
159 030715 04:25:51 30 HD.7 3H3 2.10.2 0.24 0.040.01 UMK
160 030716 11:57:15 19 25 4445 1.8+0.2 0.47 0.13:0.02 UKR
161 030716 17:51:46 17 0.69.05 2.3:0.2 2.3t0.2 0.58
162 030717 20:49:24 44 0.8%.05 5t0.3 5+0.2 0.14 U
163 030721 23:41:07 197 28 340+10 23+0.3 0.01 0.2#0.01
164 030722 13:31:41 372 9.4 64010 34+0.3 0.01 0.16:0.01 UK
165 030722 21:55:17 17 0.49.2 2.4+0.2 2.4-0.2 0.55
166 030723 09:40:00 27 0iD.05 4.6:0.3 4.2+0.2 0.29
167 030725 11:46:24 51 1B 90+6 2.8t0.2 0.11 UMKHR
168 030726 01:50:05 24 0.69.05 3.#0.2 3.#0.2 0.34
169 030726 06:38:24 253 238 620+20 10+0.2 0.01 0.130.01 UMKHR
170 030726 12:55:50 12 120.2 7.3t1 1.7+0.2 0.89 0.16:0.08
171 030728 21:07:20 32 0.29.2 4.2+:0.3 4+0.2 0.23
172 030729 03:58:00 18 0.69.1 2.#0.3 2.40.2 0.52
173 030731 05:14:31 101 32 250+10 3.8:0.2 0.04 0.02:0.01
174 030731 18:34:46 53 0t9.05 1G+0.7 7.#0.2 0.11
175 030801 16:51:49 119 25 210+10 8.1+0.2 0.03 0.03:0.01 UMK
176 030803 03:54:26 16 OtD.2 2.3:t0.2 2.3t0.2 0.63
177 030803 15:44:54 17 8t2 21+3 1.6+0.2 0.57 KH
178 030804 05:31:09 40 0.69.1 4.6+0.2 4.6+0.2 0.16
179 030804 20:50:33 33 0.69.05 4.8:0.3 4.#0.2 0.22
180 030806 03:10:06 104 2%9@0 79050 3.6:0.2 0.04 0.35:0.01 UMK
181 030808 02:16:05 18 519.3 192 24+0.2 0.51
182 030808 17:54:14 27 0.69.1 3+0.2 3+0.2 0.30
183 030808 21:00:05 19 0t®.05 3.6:0.4 3+0.2 0.47
184 030810 08:06:34 22 3 35t+4 2+0.2 0.38
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[s] [kents] [kents/0.25 s]

185 030811 18:01:36 13 QtD.05 2.90.3 2.#0.2 0.88
186 030813 10:54:31 16 QGtD.05 2.#0.3 2.6+0.2 0.60
187 030813 21:35:18 17 0tD.2 2.5:0.2 2.5t0.2 0.55
188 030814 03:06:10 103 2 140+8 9.4+0.2 0.04 0.1%0.01 UMKH
189 030816 01:14:26 43 0.69.05 4.8:0.2 4.8+:0.2 0.15
190 030821 05:31:33 21 5% 72+8 1.14+0.2 0.42 UMKH
191 030821 23:24:20 40 1200 180+20 1.9+0.2 0.16 0.03:0.02
192 030822 12:40:42 20 0.6%.05 2.4:0.2 2.4+0.2 0.44
193 030822 13:59:00 19 24 4445 1.4+0.2 0.48
194 030822 18:40:28 11 UMKH
195 030827 16:08:40 94 518 65+3 11+0.2 0.04 0.140.01 UMKRC
196 030830 06:00:22 56 OHD.05 8.6:0.4 8.3:0.2 0.10
197 030830 12:34:54 13 0.6%.05 2.4:0.3 2.5+0.2 0.88
198 030830 18:37:30 71 2.8 120t5 9.6+0.2 0.07 0.44-0.01 UKR
199 030831 15:06:26 85 53 190+9 7.8+0.2 0.05 0.320.01 UMKR
200 030901 22:41:21 47 OtD.05 7.2:0.4 7+0.2 0.13
201 030902 05:15:02 44 0.19.1 5.3t0.3 5.3t0.2 0.14
202 030903 15:43:15 14 2£3.6 9.6+1 1.9+0.2 0.72 0.0%£0.01 UMK
203 030904 17:50:12 26 kTN 4745 1.4+0.2 0.31
204 030905 07:51:43 19 #D.8 28t3 1.6+0.2 0.48 0.040.01
205 030908 02:46:06 83 1.8 110t7 6.1+0.2 0.05 0.13:0.01 UMK
206 030912 15:09:48 35 0.69.1 3.9t0.2 3.9+0.2 0.20
207 030912 18:55:20 13 OHD.05 2.3:0.3 2.2£0.2 0.88
208 030916 21:59:18 20 0.99.3 7.9-0.6 4.3t0.2 0.46 0.02-0.01 MK
209 030918 17:11:06 16 0.6%.05 2.14#0.2 2.140.2 0.60
210 030918 18:17:41 26 28.9 495 2+0.2 0.31 0.06:0.01
211 030919 21:10:34 23 0.9 38t4 1.9+0.2 0.37 0.0%0.04 UMKR
212 030926 16:52:27 12 0.19.05 2.70.3 2.6t0.2 0.98
213 030929 09:00:53 15 0.6%.05 2.30.3 2.6+0.2 0.67
214 030929 14:27:15 5 K
215 031002 21:44:12 18 0.6%.05 3t0.3 3.140.2 0.51
216 031004 21:13:38 33 32 55+5 3.4+0.2 0.21 0.0%0.01 MKR
217 031006 08:32:08 26 0t®.05 4.5:0.4 4+0.2 0.31
218 031008 10:11:50 11 UK
219 031010 18:42:27 13 0.6%.05 2+0.2 2.10.2 0.83
220 031011 17:11:46 16 0.19.05 2.6t0.3 2.#0.2 0.65
221 031013 22:41:25 15 OtD.05 2.6:0.2 2.6t0.2 0.68
222 031014 16:48:31 20 0.19.05 3.10.3 2.8+0.2 0.45
223 031014 19:06:47 30 58 29+6 2.4+0.2 0.25 0.05:0.01 UM
224 031016 23:54:01 16 218 25t+4 1.5+0.2 0.63 UK
225 031019 22:00:54 28 581 97+10 3.8t0.2 0.27 0.25:0.01 KR
226 031020 02:10:04 39 49 1309 2+0.2 0.17 0.2%0.01 UMKR
227 031021 03:44:42 18 0.6%.05 2.50.2 2.6+0.2 0.51
228 031021 07:07:05 38 0.69.05 5.9:0.3 5.9t0.2 0.17
229 031024 09:24:10 44 3tD.3 34+2 5.9+0.2 0.14 0.06:0.01 UMKR
230 031026 01:26:29 25 0iD.05 5+0.3 4.5-0.2 0.32 MK
231 031107 18:24:06 75 B 170+10 4.5-0.3 0.06 0.06:0.01 MKR
232 031108 14:11:00 220 2B 560+20 24+0.3 0.01 0.38:0.01 UMKR
233 031109 11:10:20 187 18@0 95040 9.8+0.3 0.02 0.1%0.01 UMH
234 031111 16:45:12 374 3t9.7 350t7 47+0.3 0.01 0.05:0.01 UKHR
235 031124 17:04:12 36 33! 9149 1.6+0.2 0.19 0.06:0.01
236 03112%) 18:58:51 14 155 >29000 1508-300 0.73 KR
237 03112#)  18:59:16 29 5810 >110000 2008-400 0.26 MKC
238 031128 11:37:10 41 0.69.1 4.10.2 4.10.2 0.16
239 031201 06:07:30 14 3M.9 334 1.8+0.2 0.79 0.36:0.02
240 031206 12:43:22 61 QGtD.05 8.6:0.3 8.4+0.2 0.09
241 031207 05:39:48 32 0.69.05 4.8:0.2 4.8+0.2 0.23
242 031208 01:18:28 9 K
243 031210 11:51:06 14 0f0.1 5.6t0.5 2.10.2 0.75
244 031214 10:10:49 1019 028.05 2501 210+0.5 0.00 MK
245 031216 18:25:11 58 0.19.1 7.8:0.4 7.3t0.2 0.09
246 031216 21:41:18 30 8% 110+10 1.5+0.2 0.25 MK
247 031217 06:56:25 35 0.6%.05 5.4:0.2 5.4+0.2 0.20
248 031219 05:39:03 92 618 98+4 8.2£0.2 0.05 0.08:0.01 MKH
249 031219 15:01:07 73 0.1 13:0.5 11-0.2 0.07
250 031223 08:54:42 20 UB.5 28+3 1.9+0.2 0.43 MK
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Num Date uUTC o Too Cint Cmax V /Vmax Vi—0.45 Conf.
[s] [kents] [kents/0.25 s]

251 031225 08:52:21 27 7B 78+10 3.2£0.2 0.28 0.22-0.01 K

252 031225 23:00:13 31 394 28t2 3.1+0.2 0.24 MK

253 031228 23:08:05 64 0.19.1 8.5£0.4 8+0.2 0.08

254 040103 20:45:30 25 0.69.05 2.#0.2 2.8+0.2 0.33

255 040107 05:33:48 16 1® 2243 1.5+0.2 0.64 0.0%0.02 K

256 040107 09:03:14 37 43 110t+10 2.3t0.2 0.18 0.02:0.01

257 040107 09:40:35 19 0.89.05 2.4:0.2 2.4+0.2 0.47

258 040108 09:18:58 12 0.6%9.05 1.4:0.2 1.4+0.2 0.92

259 040112 07:51:44 19 0.19.2 2.5t0.2 2.5t0.2 0.48

260 040117 13:22:39 29 0.69.05 4.5:0.3 4.6+0.2 0.26

261 040119 10:50:27 26 0.19.2 4.1#0.2 4.1#0.2 0.30

262 040130 15:12:22 59 0iD.05 7.5:0.4 7+0.2 0.09

263 040201 19:33:08 21 0.19.05 4.2:0.3 4.2+0.2 0.42

264 040202 10:54:33 15 0.69.05 2.5:0.2 2.5:0.2 0.66

265 040202 13:17:06 33 0tD.05 5t0.4 4.8+0.2 0.21

266 040202 13:29:52 36 0t®.05 10:0.4 7.2£0.2 0.19 U

267 040204 14:34:56 26 2tD.3 18+1 3+0.2 0.30 0.03:0.01 K

268 040205 20:44:38 16 QtD.2 2.3t0.2 2.3t0.2 0.60

269 040207 22:11:56 47 24 9445 5.8+0.2 0.13 0.34-0.01 UKR

270 040208 19:53:20 34 0.19.05 5.#0.3 5.5-0.2 0.20

271 040209 03:36:47 25 Up 35+3 1.9+0.2 0.32 MKH

272 040210 11:11:13 40 80.3 25t+2 8.8+0.2 0.16 0.2#0.01 K

273 040211 14:14:40 34 0.69.1 4.3:0.2 4.3:0.2 0.21

274 040211 15:02:05 15 6+D.8 15+2 1.9+0.2 0.66 0.160.01 MKR

275 040211 19:01:09 12 0.69.1 1.6£0.1 1.60.2 0.95

276 040219 18:21:37 15 OHD.05 2.5:0.2 2.5:0.2 0.66

277 040220 00:55:08 99 2 160+7 6+0.2 0.04 0.02:0.01 MKHR

278 040225 10:02:13 7 KR

279 040301 09:50:01 12 0.29.05 3.1#0.3 2.6:0.2 0.98

280 040302 12:23:59 164 90.3 180t5 26+0.3 0.02 0.18:0.01 MKR

281 040310 01:08:58 20 0.69.05 3.2£0.2 3.2£0.2 0.45

282 040312 00:02:35 29 0.49.05 5.6:0.3 5.6t0.2 0.26 KR

283 040316 01:56:01 89 38! 270+10 2.5+0.2 0.05

284 040317 08:46:47 12 0.49.2 2+0.2 2+0.2 0.96

285 040320 20:22:38 51 | 100+5 6+0.2 0.11 0.38:0.01 MK

286 040320 20:40:59 28 HD.2 192 4.5+0.2 0.27 0.240.01

287 040322 07:29:02 132 Q:D.05 270.4 24-0.3 0.03 K

288 040324 10:21:10 167 0.498.05 4H-0.5 3A40.3 0.02 KR

289 040324 22:22:08 15 0.69.05 2.4:0.2 2.4+0.2 0.66

290 040327 20:35:54 12 QGtD.2 1.9+0.2 1.9+0.2 0.91

291 040328 01:25:24 19 0.69.05 3.3:0.3 3.3t0.2 0.47

292 040329 11:10:49 380 4.1 1703 69+0.3 0.01 0.18:0.01 KR

293 040330 13:14:38 13 HD.3 14+2 1.4+0.2 0.87 MR

294 040330 17:00:31 127 0®.2 2H0.9 22+0.3 0.03

295 040403 04:09:00 25 QGtD.05 3.5£0.3 3.5£0.2 0.32

296 040404 10:58:51 7 K

297 040408 06:21:41 28 0.39.1 5.140.4 4.#0.2 0.28

298 040413 13:09:56 18 0.6.05 3.2:0.2 3.2:0.2 0.53

299 040416 18:20:22 25 0.69%.05 3.9:0.3 4+0.2 0.33

300 040416 19:59:26 21 HH.05 6.3t0.9 4.8+0.2 0.42

301 040417 08:05:11 5 K

302 040421 06:40:05 26 QtD.2 4.4:0.3 4.3t0.2 0.31

303 040423 06:08:07 20 0.59.05 8.2:0.6 3.#40.2 0.43

304 040425 14:31:53 15 QGtD.05 2.5£0.3 2.5-0.2 0.65

305 040425 16:23:31 191 “a 2007 214+0.3 0.02 0.04-0.01 MKHR

306 040502 06:36:55 115 138 180+8 11+0.2 0.03 0.06:0.01 MKR

307 040503 00:11:34 18 0GtD.05 2.#0.3 2.6:0.2 0.52

308 040505 13:18:17 18 0.69.05 2.40.2 2.740.2 0.51

309 040506 02:45:38 15 131 23t+3 1.4+0.2 0.69 0.0%0.01 K

310 040507 10:43:18 22 401 66+8 1.9+0.2 0.38 0.12:0.01 K

311 040511 13:01:49 21 238 58+6 1.2+0.2 0.41 KH

312 040520 04:12:30 19 OHD.05 3.2:0.3 3.10.2 0.49

313 040528 16:55:38 85 20 140+6 5.6+0.2 0.05 0.0%£0.01 K

314 040601 06:33:09 18 2P 42+4 1.5+0.2 0.53 RK

315 040603 15:40:50 17 =il 28+3 1.5+0.2 0.59 KHR

316 040612 06:23:58 17 0GtD.05 2.#0.3 2.40.2 0.57
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Num Date uUTC o Too Cint Crmax V /Mmax Vi—0.45 Conf.
[s] [kents] [kents/0.25 s]

317 040612 21:43:45 41 1.4 25+1 7.5+0.2 0.16 0.02:0.01

318 040613 04:42:46 40 0.69.1 5.10.3 5.140.2 0.16

319 040615 11:22:30 110 4B 340+20 5.10.2 0.04 0.03:0.01 K

320 040704 00:48:45 41 83 160+20 3.6t0.2 0.15 0.330.01

321 040709 00:58:06 20 180 110+10 1.9+0.2 0.44

322 040712 18:32:25 28 0.3%.05 8.9:0.5 6.2+0.2 0.28

323 040715 07:44:41 29 OiD.05 4.4:0.3 4.2+:0.2 0.26

324 040716 03:02:25 28 29 726 2.2+0.2 0.27 0.26:0.01

325 040728 00:08:57 22 0iD.05 5.5:0.3 4.9+:0.2 0.40

326 040805 07:20:20 34 0.69.05 4.3t0.2 4.3:0.2 0.21

327 040817 15:57:29 11 K

328 040818 01:29:03 80 4 1207 8.9+0.2 0.06 0.1%0.01 MK

329 040818 17:31:41 40 196 230+30 2.4+0.2 0.16

330 040822 21:21:54 12 0.1 4.3:0.4 2.8:0.2 0.96 KR

331 040823 03:18:43 141 35 330t10 1740.3 0.02 0.2920.01 K

332 040823 07:35:46 20 3£0.05 7.6:1 4+0.2 0.45 0.24-0.03

333 040826 14:29:21 21 0.69.1 3.2£0.2 3.2+0.2 0.41

334 040829 02:45:52 61 0.2%9.05 9.1#0.5 8.3t0.3 0.09

335 040829 06:48:42 901 62 110020 73t0.4 0.00 0.0%0.01

336 040829 08:38:47 20 38.8 43+6 1.5+0.2 0.46 KHR

337 040829 21:20:46 47 9D .4 734 3.9+0.2 0.13 0.13:0.01

338 040830 18:40:40 12 HD.7 202 1.740.2 0.89 0.26:0.01

339 040901 11:39:50 90 0.19.05 14+0.5 13+0.3 0.05

340 040904 13:11:50 75 0.2 14+-0.6 12+0.3 0.06

341 040905 10:58:25 29 0t®.05 5t0.5 4.1#0.2 0.26

342 040905 19:29:48 14 0t®.05 4.2:0.4 3.2£0.2 0.73

343 040917 04:28:19 37 0.19.05 5+0.3 5+0.2 0.18

344 040921 20:04:45 28 0.69.05 4.5:0.3 4.6:0.2 0.27

345 040925 22:28:55 57 248 130+9 4.940.2 0.10 0.240.01 KR

346 040926 04:03:06 180 “®.8 260:8 17+0.3 0.02 0.23:0.01 MKR

347 041010 10:36:07 19 0t®.05 3.#0.6 2.6+0.2 0.50

348 041010 20:06:02 81 0t®.05 12+0.5 110.3 0.06

349 041011 17:01:57 27 48.4 342 2.7+0.2 0.28 MK

350 041013 22:56:26 28 0.2%.05 8.5:0.4 5+0.2 0.27 MKR

351 041015 10:22:15 23 3AD.2 23k2 3.1+0.2 0.35 0.03:0.01 MKR

352 041016 04:39:35 8 KHR

353 041018 11:12:36 31 0.39.05 4.4:04 3.8:0.2 0.24

354 041019 17:07:15 64 0.69.1 8.1-0.3 8.140.3 0.08

355 041025 10:29:08 13 0OtD.05 2.6:0.3 2.6t0.2 0.81

356 041025 18:30:28 16 0.3%.05 4.3:0.4 3.140.2 0.64

357 041025 22:47:50 35 kvl 75t5 4.2+0.2 0.20 0.35:0.01 MKH

358 041027 18:18:39 17 13 35+4 1.1+0.2 0.55 KH

359 041101 01:49:36 19 1.1 12+-0.8 3.140.2 0.48 0.140.01

360 041104 04:17:07 26 1D.05 15+0.9 3.8:0.2 0.30 0.02:0.01

361 041106 12:39:17 21 0.2%.05 3.9:0.3 3.6+0.2 0.42

362 041107 15:49:10 23 20 46+4 2.8+0.2 0.38 0.0%0.01 KHR

363 041114 15:38:44 23 0.19.2 4+0.2 4+0.2 0.36

364 041115 12:48:24 17 0.69.05 2.8:0.2 2.8:0.2 0.55

365 041116 00:10:07 20 OHD.05 3.2:0.3 3.2£0.2 0.43

366 041116 14:42:39 22 0t®.05 7.8£0.6 5.1#0.2 0.40 0.1%0.03 K

367 041117 15:17:49 52 2P 1206+7 3.1£0.2 0.11 MKR

368 041118 13:46:52 22 QGtD.05 5.1%#0.3 5.1#0.2 0.38

369 041119 14:43:46 9 KH

370 041120 19:23:36 11 KR

371 041121 18:25:28 32 663 9449 3.8:0.2 0.23 0.4%0.01 KH

372 041206 06:24:26 144 .5 150:3 18+0.3 0.02 0.02:0.01

373 041206 06:48:45 22 2 4745 1.4+0.2 0.40

374 041206 11:02:22 15 Elv/J 28+5 1.6+0.2 0.69

375 041211 11:31:47 32 3 61+5 3.6+0.2 0.22 0.06:0.01 HS

376 041211 23:57:41 575 5.90.70 660G:10 44.0:0.3 0.00 0.1%0.01 S

377 041212 18:34:17 1788 26 310050 120+0.4 0.00 0.040.01

378 041213 06:59:36 28 0.69.05 5.10.3 5.10.2 0.27

379 041213 08:17:53 19 0.19.05 3.5£0.3 3.3t0.2 0.49

380 041219 01:42:00 78 130 360+30 3.9t0.2 0.06 0.0%£0.01 HIXS

381 041226 17:22:26 330 12 550+10 22+0.3 0.01 0.04-0.01

382 041229 16:21:00 21 17010 14Q£20 14+0.2 0.40
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Num Date uUTC o Too Cint Cmax V /Vmax Vi—0.45 Conf.
[s] [kents] [kents/0.25 s]

383 041230 06:25:59 27 8t 38+3 2.4+0.2 0.28

384 041230 10:13:40 37 0.69.05 6.3:0.3 6.4+-0.2 0.18

385 050112 11:10:23 177 00.05 53+0.8 32:0.3 0.02
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Abstract: The rapid dissemination of an arcmin-size@&TE-2 localization of the long-
duration X-ray flash GRB 030528 led to a ground-based mublsieovatory follow-up cam-
paign. We report the discovery of the near-IR afterglow, alst describe the detection of
the underlying host galaxy in the optical and near-IR band@e afterglow is classified as
“optically dark” as it was not detected in the optical bandeK-band photometry presented
here suggests that the lack of optical detection was sinmgyésult of observational limi-
tations (lack of rapid and deep observations plus high foagd extinction). Simple power
law fits to the afterglow in th&-band suggest a typically decay with a slopeosfl.2.
The properties of the host are consistent with the idea tRB Gosts are star forming blue
galaxies. The redshift of GRB 030528 can not be determinedrately, but the data favour
redshifts less than unity. In addition, we present an opéicd near-IR analysis of the X-ray
source CXOU J170354.0-223654 from the vicinity of GRB 0352

3.1 Introduction

Optical and near-IR afterglows play a crucial role in the ensthnding of the phenomenon
of long duration Gamma-ray bursts (GRB). While prongwaty emission has been known
since 1973 (Klebesadel etal. 1973), major breakthroughRB Gesearch came with the
discoveries of the first X-ray afterglow (Costa etal. 1997] aptical transient (van Paradijs
etal. 1997). Firm evidence for the cosmological origin of 8Rwvas first obtained with the
determination of the redshift @=0.835 for GRB 970508 from absorption lines in the optical
afterglow (Metzger etal. 1997). To date, afterglows for 7&llMlocalized long duration
GRBs have been detected and 36 redshifts from emissionifirtbe underlying host galaxy
and/or absorption features in the optical afterglow werermened (see J. Greiner's web

1Based on observations collected at the European Southeser@ory, La Silla and Paranal, Chile by
GRACE under ESO Program 71.D-0355.
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3. Discovery of the near-IR afterglow and of the host of GRB 08528

pagée). For nearly all well localized bursts an X-ray afterglowssaund whenever X-ray
observations were performed, but only 53 bursts were alsectizl in the optical and/or
near-IR band. One day after the GRB, optical transientsb@xRiband magnitudes that
are typically in the range 0f£19-22 andKs-band magnitudes of 16—-19. Optical/near-IR
afterglow light curves can be characterized by a power lawnme, F1t~%, with a~1.3
(van Paradijs etal. 2000). For the remaining 23 GRBs witha)X-@nd/or radio afterglow
no optical and/or near-IR transient could be detected. Risrdroup of bursts the term
“dark burst” was introduced. GRBs detected in the near-IRduking an optical afterglow
constitute a sub-group, and can be labeled “optically darktbs”.

In many cases observational limitations can account fontiredetection in the optical or
near-IR-band. A slow reaction time, a location in a crowdettfi possibly high Galactic
foreground extinction, or unfavorable observing condisiolike bright moon and twilight,
can explain non-detections of the counterpattETE-2revealed that rapid and accurate
localizations of the prompt emission in nearly all casesl leathe detection of an optical
transient (Lamb etal. 2004). However, this does not prosigtalid explanation for all dark
bursts (Klose etal. 2003). In some cases , e.g. GRB 970828({®@tal. 1998; Djorgovski
etal. 2001) and GRB 990506 (Taylor etal. 2000) even rapgks(than half a day after the
GRB) and deepR>23) observations did not reveal an afterglow, despite algiéading
source in the X-ray and/or radio band.

There are many reasons for the non-detection of the opteasients of bursts with known
X-ray or radio afterglows (e.g., Fynbo etal. 2001a; Lazeasl. 2002). In addition to the
observational biases mentioned above, the existence ok tlasts” may reflect a broad
distribution of physical parameters of the GRB itself ortsfenvironment, as in the case of
GRB 990506 (see Taylor etal. 2000). The rapidly decayingprafferglow of this burst to-
gether with the non-detection in the optical could be duatexdremely low-density medium
surrounding the GRB.

Since the spectroscopic confirmation of SN2003dh undeglifie afterglow of GRB 030329
(Hjorth etal. 2003; Stanek etal. 2003) it is now widely bedid that long-duration GRBs
are associated with the death of massive stars (e.g., Hegler2003). Because of the short
lifetime of these progenitors of 1P years, they do not propagate far from their birth place
in star forming regions. Consequently, the optical andRagmission could suffer from
significant attenuation in the dusty medium. The X-ray ardiaafterglow emission may
still be observable. Whether a burst is “dark” or has a datdetoptical/near-IR transient
would therefore depend on the conditions of the ISM in theétig of the GRB. However, it
is conceivable that dust destruction by the prompt emissimhearly afterglow phase alters
the circumstances (Galama & Wifers 2001; Galama etal. 2003)

Another possibility to explain “dark bursts” is to place mhet high redshift (Lamb etal.
2000). The observed redshift distribution of GRBs is vergdar and currently ranges be-
tweenz=0.0085 taz=4.5 with a broad peak arourzd-1 (e.g., Jakobsson etal. 2004). GRBs
at still higher redshifts are expected based on the asgmtiaith massive stars discussed
above. However, the sensitivity of stellar mass loss to ho#tiacombined with the re-
guirement that jets must successfully emerge from theasteftvelope suggests that single,

2http://www.mpe.mpg.defjcg/grbgen.html
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3.2. GRB 030528

massive stars in the early universe may not result in obbEv@RBs (e.g., Heger etal.
2003). Alternative scenarios, some perhaps includingrpietars, may very well produce
GRBs at redshifts abowe6, where the Lyman alpha absorption edge will be shifteoltgh
the optical into the near-IR band. The resulting Lyman algingpression could then easily
account for the lack of optical detections. On the other hamdervations show that the
high-z explanation for “darkness” can not apply in all cases. Fangple, GRB 970828 and
GRB 000210 revealed underlying host galaxies at positioiecaent with those of the X-
ray and radio afterglows (Djorgovski etal. 2001; Piro et&l02) for which spectra indicate
redshifts 0fz=0.958 and=0.8463, respectively.

Here we report on the discovery of the near-IR afterglow efdptically dark GRB 030528
and it's underlying host galaxy. After describing the prdramission properties and after-
glow searches by other teams (Sect. 2), we present our bptidanear-IR observations
(Sect. 3) and their reduction (Sect. 4). We show the progeedf the near-IR afterglow and
of the host galaxy (Sect. 5) and discuss the results in theexbof dark bursts (Sect. 6).

3.2 GRB 030528

On May 28, 2003 thelETE-2French Gamma-ray Telescope (FREGATE) and the Wide-field
X-ray Monitor (WXM) triggered on a long-duration Gamma-tayrst (HETE trigger #2724)
at 13:03 UTC. The event was moderately bright with a fluérafeS=5.6x 10 erg cn?
and a peak flux on a one second time scale 0k4® 8 erg cnt 2 s~ 1in the 30-400 keV band
(Atteia etal. 2003). The burst duration (given ag,which is the time over which a burst
emits from 5% of its total measured counts to 95%) was=%9.1 s (30-400 keV) and the
high energy spectrum peaked at 32 keV. The burst is classifieah X-ray flash according
to the fluence rati®,_sxev)/S30-40xev)=1.13+0.15.The properties of XRFs, X-ray rich
bursts and GRBs apparently form a continuum (Lamb etal. R0®4 107 min after the
onset of the burst a confidence circle withradius centered at RA(J2000)=17h04m02s,
DEC(J2000)=-22°3859" derived from the HETE-2 Soft X-ray Camera (SXC) was released
to the community. Figure 3.1 showska-band finding chart centered on this initial error
circle.

Despite several rapid response observations, no optieagédw was found in this crowded
field in the Galactic Plane (L11=10249, BlI=11"267). Table 3.1 provides a list of upper lim-
its. Later, a correction of the inititdETE-2error circle had to be applied. The radius of the
confidence circle increased té2and the centroid was displaced b1 This modification
was announced on May 31, 2.4 days after the burst (Villasetradr 2003; Fig. 3.1).

A 26.1 ksedChandraobservation performed on June 3 (5.97-6.29 days after ttst) lmf the
revisedHETE-2confidence circle revealed several X-ray sources in theBk&¥ band (But-

ler etal. 2003a). Two of these, C1=CXOU J170400.3-2237H0C0=CXOU J170354.0—
223654 were located inside our field of view. Following thestections, we inspected
earlier multi-epoch near-IR Sofl images and found that om#&e, coincident with C1,
exhibited significant fading (Greiner et al. 2003b) whichd@a#his source the most likely af-

3http://space.mit.edu/HETE/Bursts/Data

45



3. Discovery of the near-IR afterglow and of the host of GRB 08528

-

¢ - G10=C

TR
:

‘ g, - i
EYC g 1T 4 “ ' i 3

' / s 4, . e
it r L ,

3 i ' 5

/" .C1=CXOU J170400.3-223710 "\

XOU J170954.0-223654
e e A TR

+ revised /

" tarcmiin

Figure 3.1. 15 min exposuré&s-band Sofl image obtained on May 29, 2003. The initial and re-
visedHETE-2SXC confidence circles are indicated together with the postof two X-ray sources
detected byChandra(see text). North is up and East to the left.

Table 3.1. Time after the burst, filters and limiting magnitudes of psitd optical/near-IR observa-
tions for the afterglow of GRB 030528.

t Filter lim. mag Ref.
106s white 15.8 Torii 2003
252s  white 16.0 Uemura etal. 2003
0.097d R 18.7 Ayani & Yamaoka 2003
0.496d white 20.5 Valentini etal. 2003
5.831d K 19.5 Bogosavljevic etal. 2003
7.653d | 21.5 Mirabal & Halpern 2003

terglow candidate. A secor@handraobservation (20 ksec exposure on June 9) showed that
only one of the X-ray sources, C1, was in fact fading (Buttel€2003b). This observation
confirmed the identification of C1 as the afterglow of GRB G®5The X-ray observations
are described by Butler etal. 2004. C1 is inside the inHiBITE-2error circle. Therefore,

the optical non-detections mentioned above, are not atresits later revision. Follow-up
observations in the radio (Frail & Berger 2003) did not de@t, or any other source inside
the revised error circle.

46



3.3. Observations

3.3 Observations

Shortly (0.6684 days) after the initial 2onfidence circle was released, ToO imaging with
the 3.58 m ESO-New Technology Telescope (NTT) equipped thélsSon of ISAAC (Sofl)
infrared spectrograph and imaging camera at La Silla/Gidee initiated (Tab. 3.2). Sofl
is equipped with a 10241024 HgCdTe Hawaii array with 18uf pixel size and a plate
scale of 029 per pixel. It has a field of view of/5. During the first two nights~0.7 and
~1.7 days after the burst) imaging dh H andKs was performed. During the fourth night
(~3.6 days post-burst) onkKs-band imaging was carried out. The seeing conditions during
the observations of this very crowded field were good for tret éind third epoch~0!'8)
but less favorable for the second epocHi@1’6). All of the above imaging was centered
on the initialHETE-2error circle. Due to the later increase and shift of the cemfa# circle
and the % field of view of NTT-Sofl, the observations do not cover tm¢ie revised error
circle (see Fig. 3.1).

At ~14.9 days after the burst, okeband observation was performed with the 3.8 m United
Kingdom Infra-Red Telescope Fast-Track Imager (UKIRT UFar Mauna Kea under good
seeing conditions (0”6. UFTI consists of a 1024x1024 HgCdTe Rockwell array with
18.5um pixels and a plate scale of @9 per pixel, giving a field of view of 92<92".
Nearly-Mouldl-band photometry was obtained with the Mosaic2 imager a#tineBlanco
Telescope at the Cerro Tololo Inter-American Observat@V1Q) 6.6 and 32.6 days after
the burst. The Mosaic2 consists of eight 2048x4096 SITe C@ibsa pixel size of 1um.
The plate scale of (27 per pixel at the 4 m Blanco-Telescope produces a field of o
36'x36.

In addition, late timels-band imaging was performed with the Infrared Spectrom&tet
Array Camera (ISAAC) at the 8.2 m ESO Very Large Telescopel(\Mntu in Paranal/Chile
111, 121, 124, and 125days after the burst. ISAAC is equippdda 1024x 1024 pixel
Rockwell Hawaii HgCdTe array with a 18ubn pixel size. The plate scale of’047 per
pixel provides a 5x 25 field of view.

Further, late epockl andR-band observations were obtained with the Danish Faint&@®bje
Spectrograph and Camera (DFOSC) at the Danish 1.54m Telestd.a Silla/Chile 381—
386 days after the burst. DFOSC consists of a 2046 EEV/MAT CCD with a pixel size
of 15um and a plate scale of’@9 per pixel. As the instument optics does not utilise the
full chip area, only 21482102 pixels are illuminated, giving a field of view of ‘-BXx 13'3.
These and the above mentioned observations are summarizet.i3.2.
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Table 3.2. Observation log< dt > stands for mid-observation time after the burst. Magnisueted flux densities are corrected for Galactic foregroung<
extinction. (V: all ISAAC J; observations combined. %
Date <dt> Telescope/lnstrument Filter Exposure Seeing Brightneseg Flux Density D

(Start UT) (days) (min) (mag) (erg/(?m/,&) §
2003 May 29 04:58 0.6684 NTT-Sofl J 15 0.8 20.6+0.3 -17.730.12 i
2003 May 29 05:16 0.6809 NTT-Sofl H 15 0.8 20.3:0.4 —-18.050.16 ;E’
2003 May 29 05:32 0.6920 NTT-Sofl X 15 0.8 18.6+0.2 -17.830.08 =
2003 May 30 04:54 1.6673 NTT-Sofl J 20 1.6 >20.2 <=17.57 =]
2003 May 30 05:16 1.6826 NTT-Sofl H 20 1 >19.9 <-17.89 %
2003 May 30 05:40 1.6993 NTT-Sofl X 20 1.7 18.9+0.3 -17.950.12 )
2003 Jun 01 04:07 3.6486 NTT-Sofl sK 60 0.8 19.6+0.5 -18.230.20 Q
2003 Jun 04 02:10 6.5604 Blanco-Mosaic2 I 40 1.2 21.4+0.3 -17.630.12 %
2003 Jun 12 08:55 14.8680 UKIRT-UFTI K 116 0.6 19.6+0.1 -18.230.04 3
2003 Jun 30 03:00 32.5951 Blanco-Mosaic2 I 40 ”1.1 21.2+0.3 -17.550.12 3
2003 Sep 1700:12 111.4820 VLT-ISAAC s J 50 0.6/ 21.0+0.2 -17.820.08 4
2003 Sep 27 00:27  121.4966 VLT-ISAAC s J 60 0.9 21.140.3 -17.930.12 =X
2003 Sep 29 23:38  124.4743 VLT-ISAAC s J 94 0.7 20.40.1 -17.740.04 %
2003 0Oct 01 00:04  125.4799 VLT-ISAAC sJ 60 0.6 20.7+0.2 -17.7%0.08 o
2004 Jun 15-18 382.5 D1m54-DFOSC R 75 1.4 22.0+0.2 —-17.55-0.08 §
2004 Jun 18-19 384.5 D1m54-DFOSC \% 135 1.5 21.9+0.2 —-17.19-0.08 3

2003 Sep 17 — Oct 01 ISAAC-combiréd  J 264 20.8:0.1 —17.8%0.04




3.4. Data Reduction

3.4 Data Reduction

The NTT-Sofl and VLT-ISAAC near-infrared images were reeldiacising ESO’Eclipse
package (Devillard 1997). The reduction of the Blanco-Mcaaata was performed with
bbpipe a script based on thiRAF/MSCRED the UKIRT-UFTI observation was reduced
using ORACdrand the DFOSC data were reduced WRAF. Astrometry was performed
using IRAF/IMCOORDSand the coordinates of stars in the field provided by the 2MASS
All-Sky Point Source Cataldg For the photometry we uséBRAF/DAOPHOT To account

for the distortions in the Sofl images caused by the posiio@l at the edge of the field of
view (see Fig. 3.1), we used stars contained in the 2MASSI@pfeom the vicinity of the
source for the photometric calibrations of thels, H,K andKs fields. The stars are listed

in Tab. 3.3. We only used the stars for which magnitude uacdrgs in the relevant bands
were provided. The Mosaid2band images were calibrated using the USNOFS field pho-
tometry of Henden (2003), in particular the three stars B, G &ig. 3.2). The photometric
measurements are partly hampered by the combination atimsntal distortions and the
high density of sources in the field. The crowdedness of the &lso affected the set of
comparison stars. Only source F (Fig.3.2) is sufficientblated to provided high quality
calibration. The photometry for A, B, C, D, E and G is less aateiin comparison to F,
but not by much. In any case all individual uncertaintiestaken into account in the error
analysis. The DFOS® andR-band calibration was performed using observations of the
standard star G153-41 (Landolt 1992).

Table 3.3. Stars used for the flux calibration of the imaging data for Big.(3.2).1-band magnitudes
are from field photometry provided by Henden (2003) and & Ks-band magnitudes are taken from
the 2MASS All-Sky Point Source Catalo: no|-band magnitudes availabl&): no uncertainties
provided by 2MASS.

Star RA (J2000) DEC (J2000) [ J H K
hh:mm:ss dd:mm:ss [mag] [mag] [mag] [mag]
A 17:03:58.6  —22:37:33 @ 14.97:t0.03 14.26:0.05 14.04-0.05
B 17:03:59.3 -22:37:18 14.60.02 13.320.02 12.64-0.03 12.46:-0.02
C 17:04:00.3  -—22:37:.06 16.3®.10 15.5@-0.07 14.820.08 14.76-0.11
D 17:04:025  —22:37:10 (1) 16.09:0.11 15.580.11 15.48:0.21
E 17:04:02.9 —22:37:37 (1) 16.57:0.13 16.150.17 15.76?
F  17:04:02.4  —22:37:37 @) 15.96+0.08 15.480.10 15.2@-0.18
G 17:04:00.4  -22:36:58 17.490.20 16.430.11 15.880.12 15.3&

To establish the proper photometric zero-points for théedsht instruments used in this
study we cross-checked stellar colors (of non-saturated st the field) against a set of the-
oretical colors along the main sequence. We utilized syittbtellar spectra from the library
of Pickles (1998) and convolved those with the filter trarssian curves and efficiencies
of Sofl, ISAAC, Mosaic2 and DFOSC. A good match to within aaoint accuracy of
+0.05 mag is obtained in all bands.

“http://irsa.ipac.caltech.edu/applications/Gator/
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3. Discovery of the near-IR afterglow and of the host of GRB 08528

Figure 3.2. Combined late time VLT/ISAACIs-band image from September 2003 with a total ex-
posure of 264 min. The position of GRB 030528 is marked by imde; while the letters (from
A-G) label the 2MASS stars used for the flux calibration (sk® dab. 3.3). The image size is
~75"x75'and North is up and East to the left.

The 2MASS catalog provides the standdrdd & Ks-band magnitudes. In addition to these
bands we also present observations obtaineld andK. The Js-band filter has a width of
0.16pum and is narrower thad-band filter (0.29um) and theK-band filter is broader than
theKs-band filter with a width of 0.3fm (instead of 0.2gm). Furthermore, th&s-band is
centered at 2.18m while theK-band is centered at 2.28n. However, sincds andK have
respectively higher and lower transmission thanXledKs, the net effect is that-Js <0.05
(K-Ks <0.02).

All magnitudes are corrected for Galactic foreground estiom according to the prescription
given by Schlegel etal. (1998). For the coordinates of thergibw of GRB 030528 we find
E(B—-V)=0.60, Ax=0.22mag, A=0.35mag, A=0.54mag, A=1.17 mag, &=1.61mag
and A;=2.00 mag.

3.5 Results

We now describe our results on the near-IR afterglow and erofitical/near-IR observa-
tions of the underlying host galaxy of GRB 030528 and disd¢wst properties in terms of
population synthesis models. We apply the same methoddttie source C10, which is
unrelated to the GRB, but defer the description to Appendix A
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3.5. Results

C1 is the brightest X-ray source in the init@handrafield at a flux level of 1.410 1% erg
cm? s71 at 0.5-8keV (Butler etal. 2004). This value was calculatesuening a power
law spectrum with a slope df=1.9 and taking into account Galactic foreground extinctio
due to a neutral hydrogen column density of-116?1 cm~2. At the X-ray position of C1

a faint object in our Sofl), H & Kgs-band observations-0.7 days post-burst is apparent.
The source is near the detection limitsdrand H, but significantly detected iKs. The
magnitudes, corrected for foreground extinction in thee@wglareJ=20.6+0.3,H=20.3+0.4
andKs=18.6+0.2 (see also Tab.3.2).

Seeing conditions during the second night«.6 days post-burst) only allow us to de-
rive brightness limits for C1 in thd andH band but we were able to detect the source at
Ks=18.9+0.3. Thel andH-band data are insufficient to test variability, and the Kydoand
measurements are formally consistent with a constant sottowever, on June 1 (3.6 days
post-burst) fading became apparent. At that time the sduadedeclined td<s=19.6+0.5,
corresponding to a change by roughil mag within three days. Fig. 3.3 shows the light
curve of the source iKg together with all near-IR observations presented herelandear-
IR upper limits published in the GRB Coordinates Network ({§T

In contrast to thé&-band variability, no fading is observed in théand observations taken
6.6 and 32.6 days after the burst. The source is persistenbaghtness of=21.3+0.3,
which we interpret as thieband magnitude of the host galaxy. Similarly, compariregléte
time (>100 days post-burst) ISAAGs-band observations with the SaHband data from the
first night ¢ ~0.6 days post-burst), the source also remains constarninwiith uncertainties
of the measurements. Thus, the decay of the near-IR afteiglonly detected in th&s-
band.

In order to compare the afterglow decay in the near-IR witht ith the X-ray band, we
estimate the power law slope, from the fewK /Ks-band data shown in Fig. 3.3. Obviously,
the uncertainties in the photometry and the poor samplirigefight curve do not allow us
to derive an accurate description of the afterglow behavkomajor source of uncertainty
is introduced by the fact that we do not know when a jet breai have occurred. If the
break occurred before our firkt-band observation at t=0.7 days the subsequent decay slope
may have been close tw=1.2. If the afterglow is best described by a single power, law
the shallowest slope could be aroumd0.7. In that case, the afterglow contribution to the
K-band flux at 14.9 days post-burst is not negligible. Slopeshsteeper tham=1.2 can be
imagined upon arbitrarily placing the break time close t8days. This is likely to be the
case considering typical break timestef0.4—4 days. Therefore, it appears reasonable that
the post-break near-IR slope falls in the rangeief.7—-2. The significant uncertainties in
the slopes leave the possibility that the near-IR and X-0e32(0+0.8; Butler etal. 2004)
decays are parallel.

The K-band image from an UKIRT/UFTI observation 14.9 days afier iburst shows that
the image of the source is extended relative to the poingsipitenction of the field in East-
West direction £1.5"x0.8") (Fig. 3.4). This elongation is consistently seen in the tahe

Shttp://gen.gsfc.nasa.gov/gen/gecaghive.html
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3. Discovery of the near-IR afterglow and of the host of GRB 08528

18 _ T T T || T T T T T T || T T T T T T || ]

: A a /s (Sofl/ISAAC) |

L + £X H (Sofl) i

19 - O ® K/Ks (UFTI/Sofl)

B R '~

¢ 20 T .

5 f 3 1

2 i |
m

21 —

Lol ] ] Lol ] ] Lol

1 10 100
time [days after burst]

Figure 3.3. Foreground extinction corrected magnituded ifmarked by a green cross)/Js (red
triangleffilled triangle),H (black star) anK/Kg (blue squareffilled square). FdrandH only up-
per limits exist for £1.7 days. Th&s-band upper limit at t=5.8 days is from observations with the
WIRC at the Palomar 200-inch Hale telescope (Bogosavljetvat. 2003) and thie-band upper limit

at t=7.6 days from the 1.3 m McGraw-Hill telescope at the MDb&ervatory (Mirabal & Halpern
2003). The dotted line corresponds to a decay with a poweslape ofa=1.2 with the host magni-
tude fixed toK=19.6.

ISAAC Js-band images. The center of the source is located at RA(200004m00.3s,
DEC(2000)=—2237'10s. The positional coincidence with the afterglow suggésat this
is the underlying host galaxy of GRB 030528. We cannot excladesidual point-like
contribution to the total flux, including the afterglow andssibly an additional supernova
(Zeh etal. 2004). A free fit to th&-band afterglow light curve gives a host magnitude
of K=19.9-0.7. Assuming that after about 10 days all fluxes at shorteeieagths \{{—-J)
are exclusively due to the host galaxy, we find a host mageitid=20.8+0.1, an average
I-band magnitude of=21.3+0.3,R=22.0+0.2 andv=21.9-0.2. In theH-band we use the
early Sofl measurement 6f=20.3+-0.4 as an upper limit to the host brightness.

These broadband photometric measurements can be usedstoagothe redshift range and
galaxy classification of the host. Therefore, we appliedphetometric redshift technique
described in Bender etal. (2001). Thirty template spedteav@riety of galaxy types (from
ellipticals to late type spirals as well as irregulars) wesavolved with the filter curves and
efficiencies used in our observations. The templates doofkiecal galaxy spectra (Man-
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nucci etal. 2001; Kinney etal. 1996) and semi-empiricalgkates (Maraston 1998; Bruzual
& Charlot 1993) and cover a wide range of ages and star foom&istories. Varying the red-
shift betweerz=0 andz=10 we determine a probability density function via Bayestatistic
using eigenspectra. This photometric redshift method \&édgee applied and calibrated e.qg.
on more than 500 spectroscopic redshifts of galaxies fretnich Near-Infrared Cluster
Survey with an rms scatter of 0.055 and no mean bias (Drory 2083).

il

" I‘ / host .

Figure 3.4. 116 min exposurd-band image taken with the 3.8 m UKIRT equipped with the UFTI
on June 12, 14.9 days after the prompt emission. North is dpEast to the left. The potential host

galaxy (RA(2000)=17h04m00.3s, DEC(2000)=22210") of GRB 030528 shows an elongation in

East-West direction.

Fig. 3.5 and Fig. 3.6 show the resulting redshift probapiiiensity function together with
the photometric measurements of the galaxy and two fittingxgaemplate spectra. Late
type star forming galaxies lead to significantly better rhatcto the observations (reduced
x?<1) in contrast to ellipticals (reduceg>2). The lack ofU-band observations for GRB
030528 and the poor quality of the photometry reduces theepofithe method and results
in a relatively unconstrained redshift range. For late tgpkaxies redshifts beyond af4
appeared to be ruled out, while for ellipticals redshifteidd not exceed = 0.2. For com-
pleteness we also considered stellar spectra, and findlthatdable templates produce fits
worse than those for elliptical galaxies (reduggd-2.2; not plotted here).
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Figure 3.5. Results of the photometric redshift fit of C1 with templatespa following Bender
etal. (2001). Upper panel: The probability density of thdstéft of the object for late type galaxies.
The probability for the redshift drops aboze-4 and has several maxima below. Lower panel: The
photometric measurements (black points) together wittbtee fitting late type galaxy at a redshift
of z=0.2 (cyan solid line). Empty circles correspond to the eipe@ magnitudes in the observed
photometric bands.

3.6 Discussion

The discovery of the near-IR afterglow and optical/neahtRRt galaxy of GRB 030528 pre-
sented here, again demonstrates the importance of rapgg, dalti-wavelength follow-up
observations. In this particular case rapid and deep rieabkervations were obtained, but
the afterglow would probably not have been identified withine Chandraobservations
in the X-ray band. Guided by the X-ray data, we discoveredafterglow in a crowded
field at a position significantly affected by image distanso However, it took additional
X-ray observations to confirm the near-IR-candidate. Tharcbf events for GRB 030528
emphasizes that observational programs directed at tidifidation and study of GRB af-
terglows depend critically on at least three ingredierdpjd response, deep imaging, and
multi wavelength coverage. Lacking any one of these, GREB28@ould have most likely
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Figure 3.6. Same as Fig. 3.5 for early type galaxies.

been labeled as a “dark burst”. The fact that it was caughtemear-IR still attaches the
label “optically dark” GRB, and one wonders if this is an mshental effect or intrinsic.

The non-detection of the optical afterglow may have severasons. The lack of early,
deep optical observations is perhaps the most importanngUke decay observed in the
Ks-band (Fig. 3.3) we estimate tlikband magnitude at the time of the early observations
at the Bisei Observatory (Ayani & Yamaoka 2003) which prevadupper limit ofR>18.7

at t=0.097 days. Ignoring the possibility of a break in thevpolaw decay one predicts
Ks~16.5 at that time. With the typically observed afterglonarslofR-K ~2-5 mag (Goros-
abel etal. 2002) this correspondsRe18.5-21.5. Applying the Galactic foreground extinc-
tion correction the observable brightness should have Be@0.1-23.1. An early break in
the light curve would suggest an even dimmer source. Clélaglylepths of the Bisei obser-
vation did not reach a level required to capture the afterghd GRB 030528. Depending
on theR—K colour, the afterglow might have been detected if it woultihraa suffered from
the large Galactic foreground extinction. Thus, the positn the Galactic Plane addition-
ally hampered the optical detection. It is obvious that BRB is yet another example of
a burst which maybe “falsely accused of being datRETE-2observations indeed suggest
that “optically dark” burst may mostly be due to a shortagdedp and rapid ground-based
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3. Discovery of the near-IR afterglow and of the host of GRB 08528

follow-up observations and adverse observing conditibasp et al. 2004).

A further challenge to the task of finding afterglows is thenpetition in brightness between
the afterglow and the host galaxy. Except for extremelyyeabservations the afterglow
flux may be comparable or significantly less than the integréitix from a normal galaxy.
This obviously poses a challenge as the signal-to-noise isaessential for any detection
algorithm.

Considering the luminosity functions for the host galaxded the afterglows one potentially
encounters a further challenge. A bright afterglow agatinstbackdrop of a faint host is
probably easy to identify, while a faint afterglow from adirt host could more easily escape
detection. Figure 3.7 demonstrates that Kkband afterglow of GRB 030528 was indeed
very faint when compared to al-band detections of afterglows reported in the literature
so far. Only theK-band afterglow of GRB 971214 was fainter at the time of itcdvery
(Ramaprakash etal. 1998). On the other hand, Fig. 3.7 atsesstihat mosK-band after-
glows detected by mid 2004 occupy a region, which spans avgriamagnitudes. Assum-
ing thatK~19.6 measured at t=14.9 days is in fact the magnitude of tee(ho underlying
supernova contribution might introduce a small upwardsemion) this galaxy would be
among the brightest GRB hosts in tkgband to date.

K—band magnitude

0.1 1 10
time (days after the burst)

Figure 3.7. PublishedK-band magnitudes of all GRB afterglows observed by May 2084 ¢ots;
references listed in Appendix B) in comparison to the f&rdband afterglow of GRB 030528 (black
filled squares). Data are not corrected for Galactic extinctThe straight lines indicate a decay with
a slopea = 1.2.
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Based on the few photometric data points for the afterglames of which only provide
upper limits due to the contribution of the host, we derivewgh lower limit on the spectral
slope,3 > 0.4. Such a spectral slope would not be atypical. Also, the teailecay is in
the range of the standard valueof= 1.3 (van Paradijs 2000).

The near-IR afterglow was significantly detected only inKgdvand. Does the non-detection
in the J andH-bands require large intrinsic extinction? Both, theand and théd-band
addresses the above question to some extent. Assumingaltgbierglow law for the
spectral energy distribution &% 0 v—P with f=0.8 (0.4) we estimate foreground extinction
corrected) andH-band magnitudes &t0.6 days post burst. The expectedand magnitude
of J~20.4 (~20.6) is consistent with the observed valueJe0.3+0.4. As the host seems
to dominate thel-band emission at that time, no constraint on the intringimetion of
the afterglow can be set. However, the expedtedand magnitude oH~19.5 (~19.6)

is significantly brighter than the observed valug1sf20.6+0.3 and thus indicative of some
additional intrinsic extinction. Nevertheless, the datly@llow us to derive a rough estimate
for the observer frame extinction 8, >2. From estimates of the effective neutral hydrogen
column density in the X-ray band (Butler etal. 2004) it isscléhat intrinsic extinction in the
host galaxy may account for at most a few magnitudes ifRtband. These two approaches
yield comparable values, but the uncertainties are largéher case.

The R-K~2.4 mag color of the host seems to be consistent with the £aldhe sample of
GRB host galaxies detected in theband (le Floc’h etal. 2003). Our spectral template
fitting (see section 5) is consistent with the idea that GRBt lyalaxies are actively star
forming blue galaxies as emphasized by le Floc’h etal. 03is ferhaps fair to assume
that the host of GRB 030528 is similar to the host sample dsed by these authors. le
Floc’h etal. find that GRB hosts appear to be sub-luminougpptaximately 8% of L.

in a Schechter distribution function. If, for simplicity,enassume that the host of GRB
030528 has an absolute brightness of exactly this valueggponding M=-22.25) theK -
band magnitude derived from the fit to the afterglow lightveuof K=19.%-0.7 implies

a redshift ofz ~0.4-0.6 (for currently accepted cosmological parametefg)plying the
pseudo redshift indicator of Atteia (2003) to tHETE-2data giveZ'=0.36, which is close to
the above value. The assumed absolute magnitude is umceytaboutt2 mag and pseudo
redshifts are also uncertain to within a factor two to thriées thus clear that the redshift
of the host of GRB 030528 is by no means established. Howévwezems reasonable to
interpret the observations to imply redshifts of the ordemoty or less. Atz=0.4 the angular
extent of 1'5 of the host (see Fig. 3.4) implies a linear dimension-8t7 kpc (assuming
standard cosmology). This would suggest the host to be acblmpact star forming galaxy.

In summary, we have demonstrated that observations in trelRehold the promise to de-
tect afterglows that escape in the optical band becausessilile reddening. Despite the
success of the discovery of the afterglow of GRB 030528 @yervas insufficient to estab-
lish a well sampled light curve and to derive an accuratehiéd$lowever, our detection of
the host galaxy provides indirect evidence for a low redsbiéspite a significant allocation
of observing time at large aperture telescopes, the sagpfithis afterglow fell short of
optimal coverage and depth. The well recognized shortaggobfal resources is likely to
present a major hurdle to afterglow programs in 8véftera when the burst detection rate
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is expected to increase dramatically.
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3.7 Appendix A - CXOU J170354.0-223654

We here summarize our results on the optical and near-IRnaditsens of C10=CXOU
J170354.0-223654. At the X-ray position a source is dedantthe SoflJ, H andKg as well
as in the Mosai¢-band and DFOS® andR-band images (Fig. 3.8, RA(2000)=17:03:54.0,
DEC(2000)=-22:36:53). C10 is outside the field of view of IBAAC and UFTI observa-
tions. Tab. 3.4 lists the brightness and flux density valoesll observations with C10 in
the field of view. The source shows no significant variatioany band. Likewise, the two
Chandraobservation also indicate that C10 is constant in the X-t@ydb This makes an
association with GRB 030528 very unlikely.

The counterpart of C10 appears point like in the opticalBamages (Fig. 3.8). This al-
lows both, a stellar and a Galactic nature of the object. sead a star, the distance of the
source in the Galaxy and thus the degree of extinction is onvkin Exploring the range from
a nearby location (quasi unextinguished) to the oppodite af the Milky Way (foreground
extinction assumed as given above) we derive ranges fordbelR colors 0fJ-K=0.2—
0.6 mag and-K=0.6-1.6 mag. Due to the unknown extinction, the opticabaod span an
even wider range. The colors constrain the spectral type-# f8r a main sequence star or
supergiant (Johnson 1966). Fig. 3.9 shows an example fieddpctrum of a GO star to our
photometric data (lower panel; dotted line). However, igrof X-ray to bolometric flux
can be used to test the stellar origin of C10. From the obdé&tandracounts in the energy
range of 0.5-8 keV (a total of 17.5 counts in 45 ksec) we deheeX-ray flux as k~(3.3—
4.2)x10 1% erg cm? s~1 (assuming a power law shape witk1.9). The lower value gives
the flux corrected for the hydrogen column in the Galaxy; €4.6x 10?1 cm~2) while the
upper limit results for an object with iN=0. Using the colors and bolometric corrections
for G-K main sequence stars given by Johnson (1966) togetitkethe observed-band
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Figure 3.8. V-band image of the field around C10 taken with the Danishrh.54lescope in June
2004. Coincident with th€handraposition (error circle as given in Butler etal. (2003a)) vedeitt
a point like source. North is up and East to the left.

Table 3.4. Brightness and flux densities of C10 corrected for foregdoextinction in the Galaxy
(assuming an extragalactic origin).

<dt> Filter Brightness log Flux
(days) (mag)  (erg/chis/A)
0.6684 J 16.040.05 -15.9%0.02
1.6673 J 16.260.24 -15.9740.09
0.6809 H 15.780.05 -16.240.02
1.6826 H 15.860.08 -16.270.03
0.6920 K  15.69+0.06 -16.670.02
1.6993 kK 15.76+0.10 -16.690.04
3.6486 K  15.62t0.06 -16.64-0.02
6.5694 I 16.420.05 -15.86-0.02
32.5951 I 16.36:0.05 -15.7#40.02
382.5 R  16.8%0.05 -15.4%40.02
384.5 vV  17.040.05 -15.26-0.02

magnitudes and filter width, we estimate the bolometric fuké F=(0.8—4)x 1013 erg

cm~2 s71. The resulting ratio of log(#Fyo)=-1.8+0.5 exceeds significantly the value typi-
cally observed for G—K stars (-4.5 to -6.5; Pallavicini et(@981)). Therefore, although the
photometric data allow an association of C10 with a singhe, she X-ray properties make
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this very unlikely. Nevertheless, we can not exclude an Khiaary system in the Galactic
Plane with the X-ray radiation coming from an accretion distund a black hole or from a
neutron star surface and the optical/near-IR emissiorgg@ioduced by the accretion disk,
outflow and secondary star.
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Figure 3.9. Same as Fig. 3.5 for C10. Upper panel: A global maximum of tiebability density is
evident atz <0.2. Lower panel: Best fitting (late type) galaxy model (cgaftid line) and best fitting
(GO) stellar spectrum (black dotted line).

C10 can also be associated with a galaxy behind the Milky \Sayilarly to the analysis of
C1, we applied the photometric redshift technique of Berdlat. (2001). Fig. 3.9 shows the
redshift probability density function and the best fittirgaxy spectrum. A fit of a late type
galaxy template to the data shows no sufficient match (retix€e 2.3). Early type galaxies
are excluded by the fit with a reducgé>6. The redshift for the best fitting galaxy template
is z<0.2. Given the point-like appearance of the sours#).1 would require a compact
small galaxy. As for a star, we use the X-ray properties toftesa possible galaxy nature
of C10. From the best fitting galaxy template spectrum theeetquiB-band flux can be
estimated. A late type galaxy with the observed multicolagmtudes as shown in Fig. 3.9,
has B~3.6x10 13erg cn? s~1. Using the extinction corrected X-ray flux given above, we
derive log(k/Fg)=—2.6 consistent with the observations of normal galaffabbiano 1989).
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3.8. Appendix B -K-band afterglow light curve data

The applied photometric redshift method does not allow westonmate the redshift probabil-
ity for AGNs. As shown above, templates of stars and normibies have problems to fit

the data. The appearance as a point source together with-tag properties instead make
an association of C10 with an AGN the most likely solutione&poscopic observations are
necessary to confirm this result.

3.8 Appendix B - K-band afterglow light curve data

We used the following bursts for the compilationkodband afterglow light curves in Fig.3.7:
GRB 970508 (Chary etal. 1998), GRB 971214 (Gorosabel et¥81Ramaprakash etal.
1998), GRB 980329 (Larkin etal. 1998; Reichart etal. 19€&RB 980613 (Hjorth etal.

2002), GRB 990123 (Kulkarni etal. 1999; Holland etal. 20@RB 991208 (Bloom etal.

1999), GRB 991216 (Vreeswijk etal. 1999; Garnavich etal0®Malpern etal. 2000),

GRB 000131 (Andersen etal. 2000), GRB 000301C (Kobayasdii é2000; Jensen etal.
2001; Rhoads & Fruchter 2001), GRB 010222 (Masetti etal.1208RB 001011 (Goros-

abel etal. 2002), GRB 000926 (Di Paola etal. 2000; Fynbo. e2801b), GRB 011121

(Price etal. 2002; Greiner etal. 2003c), GRB 011211 (Jaabstal. 2003), GRB 020305
(Burud etal. 2002), GRB 020322 (Mannucci etal. 2002), GRB4W5 (Masetti etal. 2003),
GRB 020813 (Covino etal. 2003), GRB 021004 (Di Paola etaQ20GRB 021211 (Fox

etal. 2003b), GRB 030115 (Kato & Nagata 2003; Dullighan et2004), GRB 030227

(Castro-Tirado etal. 2003), GRB 030323 (Vreeswijk et al020 GRB 030429 (Nishiyama
etal. 2003; Jakobsson etal. 2004), XRF 030723 (Fox et alB&Uynbo etal. 2004), GRB
031203 (Malesani etal. 2004; Prochaska etal. 2004).
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Chapter 4
The host of GRB/XRF 030528 - an actively
star forming galaxy at z=0.782

A. Rau, M. Salvato & J. Greiner
Astronomy & Astrophysics 444, 425 (2005)

Abstract: Animportant parameter for the distinction of X-ray flashégay rich bursts and
Gamma-ray bursts in the rest frame is the distance to theosixynl site. Here we report
on the spectroscopic redshift determination of the hosixyabf XRF/GRB 030528 using
the ESO VLT FORS2 instrument. From the strong oxygen anddgeair emission lines
the redshift was measured to be0.782t0.001. Obtaining the line luminosities and ratios
we find that the host is consistent with being an actively &taming galaxy with sub-solar
metallicity. With a stellar mass o£1019M, the host is placed among the most massive
GRB host galaxies at a similar redshift. Estimating the nétksd properties of the prompt
emission, we find that XRF/GRB 030528 would be classified aX-aay rich burst in the
rest frame rather than an X-ray flash in the typically-useskoker frame.

4.1 Introduction

The distribution of observer frame peak energieshy, Egggk of the prompt high-energy
emission of Gamma-ray bursts (GRBs) ranges from severaluetb a few MeV with a
clustering around 250keV (Preece etal. 2000). RecentBgiapattention was drawn to
the extreme low energy part of the distribution. BasedBeppo-SAXVide-Field Camera
observations (Heise etal. (2001) classified these everds-aalled X-ray flashes (XRFs).
XRFs are similar to long duration GRBs in various prompt bpreperties (e.g. the duration
and the low and high-energy spectral slopes) but are cleaized byEgggk§30 keV. An op-
erational classification based on the ratio of X-ray-tay fluence, logéx (2—-30 keV)5,(30—
400 keV)) in the observer frame, was proposed for eventstitdy theHETE-2 satellite
(Sakamoto etal. 2004). According to this definition, onedtof all HETE-2localized
bursts are X-ray flashes with Id§(/S,) >0, another third are X-ray rich bursts (XRR) having
log(Sx/S)>-0.5, with the rest being the “classical” GRBs (Lamb etaD20

It has been suggested that XRFs represent the extension B$ @Roursts with low peak
energies and that XRFs, XRRs and GRBs form a continuum (Haige 2001, Barraud
etal. 2003). This was strengthened by the discoveries adyXfHarrison etal. 2001),
optical (Soderberg etal. 2003) and radio (Taylor et al. 2@®erglows for some XRFs with
properties similar to those found for GRBs. FurthermoreX8F 020903 (Soderberg etal.
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4. The host of GRB/XRF 030528 - an actively star forming galaxat z=0.782

2005b) and XRF 030723 (Fynbo etal. 2004) possible supermavgs in the afterglow light
curves have been reported similar to the observed asswaif the deaths of massive stars
with long-duration GRBs (e.g. Hjorth etal. 2003; Stanek.e2803; Zeh etal. 2004).

A variety of theoretical models has been proposed to explerobserved peak energies of
XRFs. E.g., (i) a high baryon loading in the GRB jets can rasldulk Lorentz factors much
smaller than those expected in GRBs (Dermer etal. 1999; ¢letal. 2002) (ii) Similarly, a
low contrast between the bulk Lorentz factors of the catligielativistic shells can produce
XRF-like events (Barraud etal. 2005). (iii) For GRB jets winiare not pointed directly
at the observer the spectrum will be softer as well (Yamaea&l. 2002). (iv) The peak
energies of GRBs at high redshift will be moved to lower ere@nd can mimic XRFs in
the observer frame (Heise etal. 2001).

An important discriminator between the individual modedghe distance scale to the ex-
plosion site. A number of XRFs have been localized to archeiraccuracy in the past
but only for a few could accurate distances be obtained soHar XRF 020903 and XRF
030429 the redshift could be measured unambigousb~8251 (Soderberg etal. 2004)
andz=2.66 (Jakobsson etal. 2005), respectively. A third ev¥Rt- 040701, has a candi-
date host galaxy a=0.2146 (Kelson etal. 2004) associated with one of the twiataely
fading X-ray sources in the error box (Fox 2004). For someemXRFs, upper limits on
the redshift could be set from optical follow-up observasio In two cases, XRF 011030
and XRF 020427, host galaxies with typical properties of GieBts have been detected and
photometric evidence suggests the redshifts te<t®5 (Bloom etal. 2003) anzk 2.3 (van
Dokkum & Bloom 2003), respectively. For XRF 030723 a firm uplpait of z=2.3 could be
placed from the absence of étyabsorption and prominent lines in the afterglow spectrum as
well as from a light curve bump associated with possible dgihg supernova (Fynbo etal.
2004).

Here we report on the spectral analysis of the host galaxy RB/ZRF 030528. After
summarizing the known properties of the burst and host (2¢ete present the observations
and data reduction (Sect. 3). The obtained host properégged from the spectrum are
shown in Sect. 4 and the implications in the context of XRF$ @RB/XRF host galaxies
are discussed in Sect. 5.

We use a cosmology @,,=0.27,0,=0.7 and =70km s Mpc~? throughout the paper.
All photometric magnitudes are given in the AB system.

4.2 GRB/XRF 030528

The high energy transient was detectedHiyTE-2 as a long-duration Gamma-ray burst
(HETE trigger #2724). The event was moderately bright with a fluenc&e$.6+0.7x 106
erg cn? and a peak flux on a one second time scale 0k4® 28 erg cn? s~1 in the 30-
400 keV band (Sakamoto etal. 2005). The burst duration figageTgo, which is the time
over which a burst emits from 5% of its total measured coum@586) was §p=49.2t1.2s
(30-400 keV) and the high energy spectrum peaked &t53@V. With log&x/S,)=0.04, the

http://space.mit.edu/HETE/Bursts/Data
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event was classified as an X-ray flash. Accordingly, we widliréo the event as XRF 030528
throughout this paper, while in other places (e.g. Butled.e2004; Rau etal. 2004b, R04b
hereafter) the identifier GRB 030528 was used.

The burst occured in a crowded field of the sky near the Gal&ane (LII=000462 &
Bl1=11°2902) which lead to complication of the ground based opficddw-up observa-
tions by a significant Galactic foreground extinction. Anfanear-IR afterglow was detected
(Greiner etal. 2003) and at the same position a fading X-oayce was found witiChandra
(Butler etal. 2003b).

In RO4b we described the properties of the near-IR afterglewell as a photometric study

of the detected underlying host galaxy. The galaxy was fdonge among the brightests

observed GRB hosts witkag~21.8-0.7 mag. A fitting of template spectral energy distri-
butions (SEDs) to the photometryVR,1,Js,H & K showed that the host properties were
consistent with that of a young star forming galaxy. Unfagtely, the lack of spectroscopy

and the sparse photometric sampling of the SED did not allowo etermine the redshift

accurately, but the data favet 1.

4.3 Observations and data reduction

The host galaxy of XRF 030528 was observed with the Focal 8adand low-dispersion
Spectrograph 2 (FORS2) at the 8.2m ESO Very Large TelesddpE) Antu in Paranal,
Chile. Twelve exposures, each lasting 594s, were taken annights, on Apr. 12, 2005
and May 6, 2005. We obtained longslit spectroscopy usin@@@/ grism together with the
order separation filter GG435, thus covering a spectraleafigpprox. 5200—9208. Using
a 170 slit, the 3.3 pixel~! scale leads to a resolution of 128FWHM) at 1”0 seeing.

Flat-field, bias correction and cosmic ray removal was &gl the standard fashion using
IRAF2. The wavelength calibration of the combined spectra wa® dming HgCdHe+Ar
calibration lamps. The standard star LTT 7379 (spectrat 40) was used for the flux
calibration of the spectra. In addition a correction fotuet absorption was performed
using an observation of the telluric standard star EG 27dotsal type DA).

Using the far-IR extinction maps of Schlegel etal. (199&)@alactic foreground extinction
in the direction of XRF 030528 is estimated aB8E{)=0.62. Several authors have argued
that the far-IR analysis overestimates the value &@&() by up to~30 % for fields at low
galactic lattitude. Dutra etal. (2003) suggest a rescaliritpe Schlegel etal. extinction by
0.75 which results in an BEV)=0.46 for the line of sight towards the host of XRF 030528.
For the following analysis we corrected the spectra acogrth the rescaled value and con-
sider this as a lower limit of the foreground extinction. Alesented spectral parameters
(line fluxes & luminosities) and absolute magnitudes havgetaonsidered as lower limits.

2IRAF is distributed by the National Optical Astronomy Obsaories, which are operated by the Associ-
ation of Universities for Research in Astronomy, Inc., uncgoperative agreement with the National Science
Foundation.

65



4. The host of GRB/XRF 030528 - an actively star forming galaxat z=0.782

T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T ] T 1
T 015 = g -
o<t
" =
" 3
T z z =
e O0lF Z e £ 7]
o
o ‘ ‘
@ ! ! !
2 005 ; | | -
= ]
AR T T A T T AN T T N AN N T A AN AN T T [N AN NN T A N T
IR N L N N S I N S S N N S N Y NN N RN B NN BN
08 E E
i C ]
o 0.6 — —
8 - .
© 04 - —
g C ]
5 0.2 -
=] iy
OB+ v v v vy by b e e by oy T
6500 7000 7500 8000 8500 9000

Wavelength (&)
Figure 4.1. top: Final FORS2 long-slit spectrum of the host galaxy with anosxpe of~2 hrs. The
positions of the identified emission lines (solid lines) andelection of undetected lines (dashed)
are indicated. The host continuum is only marginally detgctResiduals of sky emission features
are visible above 800A. bottom: Normalized sky spectrum showing the prominent telluricssiain
lines.

4.4 Results

The final summed spectrum of the host galaxy is shown in Figute A number of sig-
nificant emission lines are detected which we identified df [@3727,&), HB ()\4861,3\),
[O111] (A4959A) and [OI11] (A\5007A) at a helio-center corrected redshiftz0.782+0.001.
This corresponds to a luminosity distancelf=4.949+0.008 Gpc using the cosmological
parameters given above. At this redshif ldnd the [OIlIl] emission lines coincide with
prominent sky emission features which complicates theratewxtraction of the line prop-
erties and effects possible weak detections paHd H in emission. Only [Oll] falls into a
wavelength range empty of sky features.

We measured the emission line strengths using a GaussianRAF splot The line fluxes
are listed in Table 4.1 together with the estimated redshifid the according line luminosi-
ties. The widths of the emission lines are consistent wighitistrumental line width (560 km
s 1 atA=7000) and do not show signs of intrinsic broadening. Consistetit the photo-
metric measurements in tReR & | bands presented in R04b, the host continuum is only
marginally traced. The resulting uncertainty in the camtim flux prevents us from deriving
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4.4. Results

sensitive equivalent widths for the lines.

Table 4.1. Line identifications. Columns: observer frame wavelengtls corresponding emission
line redshiftsz, line fluxes and corresponding luminosities for the linedidated in the spectrum
shown in Fig. 4.1. Note that we do not apply a correction fatartying Balmer absorption.

Line Aobs z Flux L
A 1017 erg/sicnd  10*t erg/s

(O] A3727 6644 0.783 151 4.450.2
[Nelll]A3869 6891 0.781 <1 <03
Hs A4102 7306 0.781 <2.5 <0.7
Hy A4340 7732 0.781 <2.5 <0.7
Hg A4861 8661 0.782 4:80.4 1.4+0.2
[Oll1]A4959 8833 0.781 #1 1.2+0.3
[OI1]A5007 8919 0.781 201 5.9:0.3

The spectrum is uncorrected for possible intrinsic extimcin the host galaxy. In order
to get an estimate of the extinction we used the Balmer litiegand fits to the spectral
energy distribution using the host photometry presentdgiOfb. Due to the shift of B to
the near-IR only the ratios ofyHp and HO/H[3 can be used to estimateBEe{/). Comparing
the line ratios derived from the strict upper limits of thedifluxes for iy and H with the
theoretical values (Brocklehurst 1971) we find that no aasts for the extinction can be
obtained. In an independent attempt we applied SED fittindpeédoroad-band photometry
in V,R I,Js,H & K using HyperZ (Bolzonella etal. 2000) and theoretical sa¢chodel
templates of Bruzual & Charlot (1993). The sparse photamssimpling of the host together
with the considerable uncertainties provides lower anceufimits of A,=0 and A,=2.5,
respectively?<1). Thus, only a lower limit of the intrinsic extinction/A0 can be derived.
Therefore, the line strengths given in Table 4.1 have to Insidered as strict lower limits.
The unextincted star formation rate (SFR) can be deriven fitee luminosity of the [Oll]
emission line, e.g. using the typical applied calibratibiKennicutt (1998, K98 hereafter),
SFR(Moyr—1)=1.44+0.4x10-*!L o). Taking the measured line luminosity as a lower limit
for the real luminosity we estimate the unextincted stamfation to be>6+2 Moyr=—1. A
measure for the extinction corrected SFR was proposed bg-Boszalez et al. (2002, RG02
hereafter), SFR(Myr—1)=8.4+0.4x 10~*!L ;1. They derived “unbiased” SFR expressions,
e.g. computed from the [Oll] line luminosity and the UV contum. Correcting for the
effects of underlying stellar Balmer absorption their SBRreators bring into agreement the
rates measured with different indicators, including thhd®a According to this calibrator we
derive an extinction=corrected SFR of-BZ M yr—1.

The UV continuum directly probes the emission from young siasstars and thus is an-
other measure of the unextincted fraction of the ongoingfstanation. The optimal rest
frame wavelength (1500-28@() lies outside of our spectroscopic coverage2050A at
z=0.782), and the continuum is only marginally traced. Tfoeee we used the best fitting
SED to derive the flux at rest frame 2880The resulting lower limit for the UV SFR is
4+1Mgyr—! when applying the K98 estimator, SFR{Wr~1)=1.44+0.4x 1028, ,y, and
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4. The host of GRB/XRF 030528 - an actively star forming galaxat z=0.782

17+3 M yr~1 for the corresponding extinction corrected calibrator G, SFR(M,yr—1)

= 6.44+0.4x10728L, yy. For clarity, the results are summarized in Table 4.2. Thévee
star formation rates are about a factor of two lower than treesponding values obtained
using the [Oll] emission line as an indicator, which is futlynsistent with the spread gener-
ally obtained when using various SFR indicators (e.g. Hapkit al. 2001).

Table 4.2. Star formation rates and specific star formation rates fiberéint indicators (column 1.:
[Oll] & UV continuum at 2800&) and calibrators (column 2: Kennicut 1998 & Rosa-Gonzateal.
2002). The derived SFRs are given in column 3 and the colunaml% show the specific SFRs for
anL, g galaxy and per unit solar mass, respectively.

SFR specific SFR
Moyr ] Moyr] [Moyr Mo
[Oll] K98 642 12+3 2x10°10
RGO02 34 74+6 1.2x1079
Uuv K98 4+1 8+2 1x10°10
RGO02 1#3 34+4 5x10-10

The metallicity of the host galaxy can be derived from thegety and hydrogen emission
lines using the indicator K=log(([Oll]+[OIlII])/H B) (Pagel etal. 1979). This emipirical
indicator is not unique and typically provides a double brasolution. This degener-
acy can generally be broken using other strong emissios kagy. [NII] A6584A). For
the host of XRF 030528 these lines are not available but theevaf Ry3 falls onto the
turnover of the two branches. Using the calibrations coeapih McGaugh (1991) we find
12+[log(O/H)]=7.7-8.5, which corresponds to a metalict 0.1-0.6 solar.

Knowing the redshift we determined the absolute magnitashesluminosities of the host
galaxy in various photometric bands. The rest frame absaoh#gnitudes (AB system, K-
correction only) were derived using spectral templatenfitin HyperZ with the intrinsic
extinction fixed to zero. The resulting magnitudes are shiowkable 4.3 together with the
respective magnitudes of &n galaxy in a Schechter distribution function and the luminos
ties of the host in units df/L,.

The host galaxy is of the order &f in theU-band and subluminous at longer wavelengths,
as expected for an actively star forming galaxy. Note thatuke of the Schlegel etal.
extinction value (HB-V)=0.62) without the correction suggested by Dutra et ak @®ove)
would affect mainly the bands shortwards of the rest fr&vi®and (roughly corresponding
to the observer framB). The corresponding luminosities forBE{/)=0.62 areLy ~2.2L, y
andLg~0.9L, g, both a factor of two brighter than the results foBE{)=0.43. Therefore,
the magnitudes and luminosities given in Table 4.3 have tenokerstood as lower limits.

In addition to the star formation rate and luminosities we akso derive an estimate of the
stellar mass in the host galaxy applying various methodsndJghe correlation between
the mass and rest franBBeandV -band magnitudes of Bell etal. (2005), assuming a Kroupa
(2001) initial mass function, we estimate the mass te-Be10'°M.,. As the correlation
assumes a wide range in stellar ages the obtained massesxiegavith recent starburst
activity, like the host of XRF 030528, will be overestimateNevertheless, the obtained
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Table 4.3. Absolute magnitudes of the host galaxy in various photambands (AB system) together
with the absolute magnitudes of &p galaxy in a Schechter distribution function and the lumityos
of the host in units of/L,. Values for M—5 log hyg obtained for a range in redshift consistent with
the redshift f our host galaxy were adopted from Dahlen €24105) U,B,R. & J) and Cowie etal.
(1996) K). The uncertainties in M and/L,. do not contain the uncertainty in the Galactic reddening
(see Sect. 3)

rest frame band pass M M5 log hyg L/L,

[mag] [mag]
U -20.5:0.1  -20.3:0.1 1.2+0.2
B -20.40.1  -21.4:0.1 0.5:0.1
Re -21.1+£0.1  -22.3:0.1  0.35:0.05
J -21.40.1  -23.6:0.2  0.25:0.05
Ks -21.6:0.1  -23.5:0.2  0.1A0.05

mass is of the same order as the stellar mass derived fronesh&ameK-band mass-to-
light ratio of 0.8 (Brinchmann & Ellis 2000) 0£9x10° M.

Using the luminosity of the host and its stellar mass theifipestar formation rate in units
of Moyr—1 for anL, g galaxy and per unit mass can be estimated. The specific staafion
rates for the RG02 SFR calibrators aret®and 344 M. yr—1 for an L.g galaxy derived
from the [Oll] and UV estimators, respectively and $20~° and 5<10 1M yr-t M, 1,
respectively (see also Table 4.2).

4.5 Discussion

Accurate distance measurements for extragalactic higiggriransients like XRFs, XRRs
and GRBs are important to discriminate between the propibesutetical models and for the
application of the events as cosmological probes. Whileelshift distribution of classical
GRBs now contains-50 events covering a redshift range frar0.0085 toz=4.511, the
distance scale of XRFs is much less determined. The reasbhdsurement of XRF 030528
presented here gives the third secure distance to an XRkneltao far and shows that
XRFs, classified according to th#ETE-2X-ray toy-ray fluence ratio in the observer frame,
cover a range consistent with that of the classical GRBs &R).

A possible scenario associates XRFs with GRBs at high rédsteise etal. 2001). The
three obtained XRF distances indicated that this can natileddr at least some of the events.
Nevertheless, the shift of the rest frame peak energy torlealeies in the observer frame
cannot be neglected. For XRF 030528 the observer frame prmgyeongbs =32+5keV

eak
corresponds tEL%SQK:SYiQ keV at a redshift 0£=0.782. We modeled the high energy spec-
trum of the burst using a Band function (Band etal. 1993) wahameter values given for
XRF 030528 in Sakamoto etal. (2005) and classified it acogrtth theHETE-2scheme
in the rest frame. The obtained value of I8g(S))~—0.17 demonstrates that XRF 030528
would be defined as an X-ray rich burst at its rest frame rdtrar an XRF.
A similar estimate was obtained for XRF 0304282.66). For this everfEs,=35'3"keV
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Figure 4.2. Distribution of accurately measured redshifts for XRFs R&nd GRBs together (empty
histogram) and XRFs only (hatched). The total sample costab bursts with GRB 050803 (Bloom
etal. 2005) being the latest entry. The XRFs are 020903, Z8@58d 030429 a=0.251, 0.782 and
2.66, respectively.

(Sakamoto etal. 2005) shifts ®[;},=128" 3okeV in the rest frame. This corresponds
to log(Sx/S))~—-0.43 which places the burst at the borderline between sidal GRBs
and XRRs. From the three XRFs with accurately known redsmfy for XRF 020903
(Epenc6 keV) does its classification remain that of an XRF also i figst frame. How-
ever, this event was especially soft and the physical siityileo bursts like XRF 030528 or

030429 is uncertain.

As shown above, the identification of bursts based on obs&m@me fluence ratios is in
most cases only an operational classification. Naturallyjyose sophisticated seperation
would need to be based on rest frame rather than observee fveoperties. Nevertheless, it
becomes increasingly evident that XRFs, XRRs and GRBs fooonéinuum of objects, a
situation that questions the necessity of such a classdicaf events (both in the observer
and in the rest frame) and evaluates it purely operationally

Knowing the redshift, the isotropic equivalent energy far prompt emission of XRF 030528
can be determined to H&so\=2.0+0.7x 10°2erg in the 2—400keV observer frame energy
range. Together witlE"®St =57 keV, XRF 030528 falls at the lower end of the correlation

eak ™

of Eisoy and EL%sgk (Lloyd-Ronning & Ramirez-Ruiz 2002; Amati etal. 2002). Assing
the validity of the relationship betwedt{3, and the collimation-corrected total energy, E
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proposed by Ghirlanda etal. (2004), the collimation fi@ctof the burst can be estimated.
Equation (3) of Ghirlanda etal. (2004) giveg.8+0.7x 10 for E[23,=57 keV. This im-
plies a collimation factor of 24103 and an opening angle of 4which is in the typical

range for GRB jets (Frail etal. 2001).

The principal aim of the observation presented here was stimation of the redshift of
XRF 030528 and thus the further establishment of the distanale of XRFs. XRF 030528
is no longer an XRF but an XRR in the rest frame. The good quafithe spectroscopic
data provided us with the possibility to study also the ulyileg host galaxy in more detail.
From the rest frame UV continuum and the [OIll] emission linminosity star formation
rate, values ranging from 4 to 37Jyr~! were obtained. Despite the large uncertainty of
the estimate, we can conclude that the host galaxy exhiitgéicant level of ongoing star
formation, similar to what was found by Christensen etaDO@® in a sample of 10 GRB
host galaxies.

XRF 030528 occurred in a galaxy which appears sub-luminoube near-IR £0.2L, k)
and rest-frame optical bandsQ.5_, g). This is also typical for the hosts of long-duration
GRBs studied so far (e.g., Sokolov etal. 2001; le Floc’h.e2@03; Christensen etal. 2004).
Furthermore, the gas in the host was found to be of sub-saallcity (0.1-0.62) using
the emission line indicator &, in agreement with a recent study of three I2@&RB host
galaxies by Sollerman etal. (2005). This suggests thatasedf XRF 030528 is indeed an
actively star forming galaxy as emphasized in RO4b.

Only a small number of estimates for the stellar mass conte@®RB host galaxies have
been performed so far (e.g. Sokolov etal. 2001; Chary et@D2p For the host of XRF
030528 we obtained the stellar mass using two independgictitors applied to the absolute
magnitudes derived from the photometry presented in RO4kh Biethods gave consistent
results oM~10'°M,, which places the host among the most massive GRB hostsmatiarsi
redshift. Note that the previous mass estimates were a@utaising synthesis model fitting
while we used indicators based directly on the absdufeV andK-band magnitudes.

At a redshift 0fz=0.782, the angular extent of the host galaxyl{5; R04b) corresponds to
a linear size ofv11 kpc (ignoring possible inclination effects). This inalies that the host is
not a dwarf galaxy but is more comparable in size with a siaddxy like the Milky Way.
The comparison of the specific star formation rate and tHeast@ass of the host galaxy
with galaxies in the FORS Deep Field and GOODS-South fieldthata redshift shows that
it falls into the group of young actively star forming galegi(Feulner etal. 2005). This
indicates once more (e.g., Bloom etal. 2003; Soderberg €2@04; Fynbo etal. 2004)
that XRFs are associated with star forming regions in thgarse as are GRBs and again
suggests the similarity between these events. Unfortlynaie sparse afterglow and host
photometry prevents us from deriving an accurate constoaila supernova associated with
XRF 030528. The obtained-band brightness 14.8 days post-burst provides an uppér lim
for the absolute magnitude of any supernov&ef-21.6 mag, around 2 mag brighter than
most luminous core-collaps supernova observed in thelRe@tannucci etal. 2003).

While the indications that in many properties XRFs, XRRs &RBs form a continuum in
many properties are increasingly evident, the origin ofsbi spectral peak in XRFs is not
revealed for all events. In the case of XRF 030528 we showaidtiie classification in the
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observer frame differs from that obtained in the rest fraAtdeast in XRF 020903, the only
“real” XRF with a known distance so far, this is not true. Iaer to distinguish between the
individual models and to estimate the rest frame propedti¢se events accurately, redshift
measurements for XRFs are still very important. These reqgdcurate localizations which
will be provided by the ongoinHETE-2mission as well as, with a lower rate, by tBevift
instruments. Nevertheless, the detection of very softtsviée XRF 020903 at high redshift
(z>1) will require sensitive instruments at even lower enexgie
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Chapter 5
Constraining the GRB collimation with a
survey for orphan afterglows

A. Rau, J. Greiner & R. Schwarz
Astronomy & Astrophysics in press (2006)

Abstract: Gamma-ray bursts are believed to be produced in highlyivedic collimated
outflows. Support for this comes among others from the agBoniof the times of detected
breaks in the decay of afterglow light curves with the coditron angle of the jets. An
alternative approach to estimate a limit on the collima#ingle uses GRB afterglows without
detected prompt-emission counterparts. Here we repohearialysis of a dedicated survey
for the search of these orphan afterglows using the Widel firehger at the 2.2 m telescope
at La Silla, Chile. We monitored-12 ded in up to 25 nights typically spaced by one two
nights with a limiting magnitude dR=23. Four previously unknown optical transients were
discovered and three of these associated with a flare stataelysmic variable and a dwarf
nova. The fourth source shows indications for an extraggaladgin but the sparse sampling
of the light curve prevents a reliable classification. Wecdss the results in the context of
the collimation of GRBs.

5.1 Introduction

There is now conspicuous observational and theoreticdeece that the radiation of cosmic
gamma-ray bursts (GRBS) is produced in highly relativistitimated outflows. A jet geom-
etry was originally invoked as a solution for the “energysi@i by reducing the total energy
output of a GRB by factor of,/41, whereQy is the solid angle into which gamma-rays are
emitted (e.g., Rhoads 1997; Fruchter etal. 1999). Evid@ardbe collimation was provided
by the theoretically predicted (e.g., Sari 1999; Gruzin@®@99; Ghisellini & Lazzati 1999)
and observed polarization evolution of optical aftergldes., Covino etal. 1999; Wijers
etal. 1999; Greiner etal. 2003).

More convincing signatures of the jet geometry were idexdiilready earlier in the broad-
band breaks observed in the optical and radio afterglowt tighves of several long duration
GRBs (e.g., Stanek etal. 1999; Harrison etal. 1999). Thaiageangles, which have been
inferred from these “jet breaks” for a number of radio aftewgs, vary from X to more than
25°, with a strong concentration neat @rail etal. 2001). However, breaks obtained from
the radio afterglow light curves occur typically much latean those observed at optical
wavelengths. This suggests that either the optical tratstgpically radiate into a smaller
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solid angle than the radio transients or that the radio lsr@aé& not associated with the jet
opening angle.

A consequence of the collimation is that the prorppay emission will be detected if the
viewing angle of the observer is equal to or smaller than thenong angle of the jeBjet.
This implies that only for a fraction of all bursts in the Uargey-ray photons will reach
the Earth. The total GRB rate will be higher than the obseragel by a factor of roughly
61-;% 02 in case of a universal jet structure, whérés the bulk Lorentz factor of the ejecta.
For a quasi-universal Gaussian-type jet, the rate will beegaly smaller. Nevertheless,
GRBs which are not pointed directly at the observer can ingypie be discovered through
their afterglow radiation at longer wavelengths.

In the standard internal-external fireball model (e.g. Reebteszaros 1992, 1994) the after-
glow is produced when the initially highly relativistic efa plows into the ambient medium.
The afterglow emission is radiated into a solid angl€af1/, along the line of motion.
When the jet decelerateQa increases until it reachesw Therefore, so-called “off-axis”
orphan afterglows can be detected for bursts which are bdantside of the field of view
of the observer (e.g., Rhoads 1997; Perna & Loeb 1998; Daddl 2002). The light curves
of these off-axis orphan afterglows will initally be faiddtightening up to a viewing angle
dependent maximum and become similar to regular GRB aftegyfter the jet break later
on (Rhoads 1999; Nakar & Piran 2003).

It is theoretically reasonable to assume that the optidalglbw might be emitted from a
slower moving material (a lowdr) than the initialy-ray beam. Therefore, so-called “on-
axis” orphan afterglows are expected when the nagroay emission misses the observer by
a small amount but the wider optical emission region falkhimithe observation cone (Nakar
& Piran 2003). These afterglows will exhibit similar lightitwves as regular afterglows with
detected prompt emission.

Observations of orphan afterglows can help to study th&lmpening angle of the jets and
to place a constraint on the collimation of the optical affew emission (Rhoads 1997). Es-
pecially on-axis orphans are suitable as they are subaligririghter then off-axis orphans
and thus easier to detect in a dedicated survey (Nakar & Ri0@3). Additionally, Dalal
etal. (2002) pointed out, assuming uniform jet with consjaibreak time and luminosity
at the break time for an on-axis observer, that for smallesthhe afterglow beaming an-
gle scales with the jet opening angle. Therefore, the nurabdetectable off-axis orphan
afterglows would be independent of the jet opening anglesamdar for moderately wide
jets (~20°) and for arbitrarily narrow jets<0.01°). In contrast, Totani & Panaitescu (2002)
found a strong dependence of the orphan rate on the jet gpangie assuming a constant
total energy in the afterglow jet.

In this paper we present a survey for optical orphan afterglwith a wide-field imaging
instrument (see Sect. 2) and will give an estimate on the GatlBration derived from the
detection rate of on-axis orphan afterglows. A small nundfesurveys dedicated to the
search of untriggered optical GRB counterparts were pexdodrover the past years. No
candidate event was found in 125 hrs monitoring in a field & @&&gf with ROTSE-I to a
limiting magnitude of 15.7 (Kehoe etal. 2002). Vanden Berkle (2002) searched for
color-selected transients within 1500 degf the Sloan Digital Sky Survey (SDSS) down
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to R=19 and found only one unusual radio-loud AGN showingrgirvariability (Gal-Yam
etal. 2002). The automatized RAPTOR wide-field sky momitgisystem allows to image
1300deg at a time down to a magnitude ef12.5 (Vestrand etal. 2004). A couple of in-
teresting optical transients were found in B¢V andR-band Deep Lens Survey transient
search, within an area of 0.01 degith a limiting magnitude of 24. None of those could
be positively associated with a GRB afterglow (Becker ef&l04). Recently, Rykoff etal.
(2005) performed the search using the ROTSE-III telesoragy avithout detecting any can-
didate afterglow events. They placed an upper limit on the o&fading optical transients

with quiescent counterparts dimmer tha@0th magnitude at a rate of less than 1.9deg
1

yr-.
The paper is structured as follows. In Sect. 2 we describeltservational strategy, instru-
mentation and selected survey fields as well as the datatrediand transient detection
method. The candidate transients are presented in Sect Bhariransient detection effi-
ciency in Sect. 4. A discussion of the results in the contéxzRB collimation is given in

Sect. 5.

5.2 Observations and data reduction

5.2.1 Strategy, instrumentation & survey fields

A search for GRB afterglows or other transient phenomenaensky requires a thorough
strategy due to the random occurence of the events in spacéme. As a continuous
monitoring of a large field with a large apperture telescopald only be considered over-
ambitious in many cases, we developed our strategy usingrnibeledge of the properties
of observed optical afterglows at the time when the surveypvaposed (1999).

The primary idea was to take multiple deep observations efmaber of selected sky fields.
The observing scheme was chosen such that the survey wosdthbitive enoughR~23 mag)
to provide the detection of a GRB orphan afterglow in at Iéastepochs together with ear-
lier and later upper limits. To combine the availability diage aperture telescope together
with the observed brightness decay of GRB afterglows, wéddedo perform consecutive
observations of a given field in every 2nd night. Over thisetigpan, on-axis orphan after-
glows will be brighter thafiR=21 in most cases. Instead, off-axis orphans are expectssl to
fainter and will dominate below that brightness (Nakar &Ri2003).

We obtained imaging data during three periods (May-Jungu&u& September-October)
in 1999 and monitored 7 different sky fields in up to 25 niglaste Each field is composed
out of 2 to 8 separate sub-fields and a total of 38 sub-fields welected. This corresponds
to an area of~12 square degrees being imaged throughout the campaigat & &ll fields
together with the number of sub-fields and the maximum nunobebserving nights is
provided in Table 5.1. Note that due to changes of the obsgmnditions during a night
not always a complete monitoring of a given field could be agaltshed.

A total of 39 nights were scheduled using the the Wide Fieldder (WFI) at the MPG/ESO
2.2m telescope in La Silla, Chile. Due to weather constrainlg 31 nights could at last
partly be used for observations. Unfortunately, the loghts caused unfavorable interrup-
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tions of the otherwise gap-less observing schedule of eabdrand lead to a significantly
decreased detection sensitivity for orphan afterglows.

The distribution of the time delay between two consecuth®eovations of a given pointing
is shown in Figure 5.1. While the majority of the survey cooddobserved with the proposed
gap of two days between consecutive observatierds % suffered from larger gaps due to
inappropriate weather conditions. In addition to the rag@tday schedule a small number
of nights were included in which multiple observations désted fields (F1, F3 & F5) were
performed within one night. This would allow to identify adidtinguish possible short-term
variable sources (e.g. CVs) in these fields.
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Figure 5.1. The distribution of time between consecutive observatwhisidividual subfields with

1 hrs binning.

The photometry was taken with WFI mainly in tiieband together with a small number
of pointings performed using thé andl-band filters. The typical exposure time was 420 s
per pointing. The instrument consists of a mosaic ®24CCDs each 20464128 pixel in
size which, together with the plate scale of 0.238 arcseelpprovided a sky coverage of
34 x 33 per image. A gap of-2 arcsec exists between neighboring CCDs of the imager.
Throughout the data acquisition the observing conditicarsed strongly (see Figure 5.2).
The majority of the data were taken at a seeing ©f but a small fraction of the observations
suffered from significantly worse seeing. Due to the low ting magnitude and the loss of
all but the brightest sources we neglected date taken urdargsconditions above’a (~10
pixel FWHM). This corresponds to an additional lossdfO % of the campaign data.

The selection of the fields was more or less random with redpete search for orphan
afterglows with the exception of the field SA113 (our F6). Sfield included a number
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Figure 5.2. Seeing distribution for all pointings.

Table 5.1. Observation log. The first four columns provide the ID, cantoordinates and number of
sub-fields. The last column represents the amount of nighkss&eing<2”4 in which pointings of
a given field were obtained.

Field RA(2000) Dec(2000) sub-fields # of nights

F1 01h32m —4312 4 15
F2 03h33m —2737 4 12
F3 13h28m —2240 8 11
F4 16h20m +0400 8 12
FS 21h26m —42 8 23
F6 21h41m +0880 2 25
F7 21h52m —2732 4 21

of Landoldt standard stars which would allow an absolutetqinetric calibration of the
survey (Landoldt 1992; see below). F6, together with a seédietd (F4), is also covered by
the SDS$. This provided us with the opportunity to identify possili@nsient sources in
these fields down t&~22 mag using the SDSS multi-band informations. Bright st
significant foreground extinction were avoided during tleddfselection.

Lhttp://www.sdss.org/
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5.2.2 Data reduction

Nearly 700 images were obtained throughout the survey. k®@atutomatic reduction and
analysis of this large amount of data a Perl-based pipeliag developed which uses a
number of well tested software packages. The basic imagetied was performed us-
ing IRAF2/MSCRED For each night of observations a common bias frame was peatiu
and subtracted from the science images. Flat field correetias performed using daily
super-sky-flats produced from all science observationsgiv@n night without significant
illumination by the Moon or other bright sources.

The astrometric solutions were obtained on CCD-basis WighWIFIX/ASTROMETRIX
package by comparing the positions of detected sourcesthade compiled in the USNO-
A2.0 catalog (Monet etal. 1998). The resulting astromairicision is indicated in Fig-
ure 5.3 where the difference in the position of isolated sesidetected in a sub-field of F6
in multiple observations is shown. About 80 % of the soureesvithin 1/2 detector pixel
(0119) compared to a reference observation taken on May 38. 189®re than 99 % of
the sources are detected within a circle 64 0adius. Note that the double peaked shape of
the distribution in Figure 5.3 is artificial, resulting fratime numerical rounding of the pixel
coordinates in the source detection algorithm.

The source detection in the images was performed in eached WWFI CCDs separately.
We used théRAF/DAOPHOTpackage to measure the source flux inside a Gaussian-shaped
point-spread-function. The search for transient souroes dot gain significant benefit from
an absolut photometric calibration which would be conréetigh an unavoidable additional
systematic zero-point uncertainty. Instead, we obtaihedvariability informations using
the technique of differential photometry. We selected asearble of at least 20 local, non-
saturated, non-variable reference stars for each sub-Bglderiving the median brightness
offset of these stars with respect to the brightness of theesstars obtained in a reference
image of a given sub-field (typically the one with the smalte®ing), the photometric offset
between the two observations could be estimated. This wasssively done for all ob-
servations of a given sub-field and thus provided a commonophetric zero-point for all
pointings of the respective sub-field.

Absolut photometric calibration was obtained based on mhsens in one photometric
night (October 12, 1999) of the field SA113 (our F6). This fielthtains a number of
Landoldt standard stars with well tabulated optical phatgn(Landoldt 1992) As all pho-
tometric standard stars were saturated in the regular 42@ge taken for our survey, we
obtained a shorter exposure (20 s) during the same nightidi20 s frame six non-saturated
standard stars were contained and the photometric zerd fooithis image was obtained
(systematic uncertainty diR=0.1 mag). This allowed to produce a sample of secondary
standard stars in the field down to a limiting magnitudeRef21 corresponding to adb

2IRAF is distributed by the National Optical Astronomy Observia®, which are operated by the Associ-
ation of Universities for Research in Astronomy, Inc., undeoperative agreement with the National Science
Foundation.

Shttp://www.na.astro.itbradovich/wifix.htm

4The tabulated CousiR-band magnitudes were transformed to the ViRand filter system using the
colour and extinction terms given at http://www.ls.esg/asilla/Telescopes/2p2T/E2p2M/WFI/zeropoints/.
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Figure 5.3. Normalized distribution of the distances o#0 isolated sources detected during the
whole survey in the field F6-1 compared to the respectivegaf® positions obtained from an obser-
vation taken on May 31, 1999 (solid line). The dotted and dddimes indicate the size of 1/2 detector
pixel and the search radius for the source tracing algoritlespectively. The selected sources span
~5mag in brightness and are distributed over the entire tetéeld of view.

detection.

The field F6 was observed in nearly all nights of the surveys @lowed to obtain accurate
photometric calibration for the other six fields based orz#v® points derived from the sec-
ondary standards in F6 in a common night. For each field onwopieiric night was chosen
and the photometric calibration of all further observasiavere calibrated with respect to
this night. The photometry in all fields was additionally remted for Galactic foreground
extinction Ar=0.02—-0.25) (Schlegel etal. 1998).

Figure 5.4 shows the resulting photometric quality for aaregle field (F4) obtained un-
der good seeing conditions/(8). The uncertainties represent the detection uncersiirti
the instrumental magnitude system and do not include thertainties resulting from the
absolute photometric calibratioAR~0.1 mag). A limiting magnitude dR~23 at 1@ was
reached in this observation. As discussed above, the abgerenditions varied strongly
throughout the survey. Thus, the achieved limiting maglattanged betweeR~19 and
R~23, depending on the seeing and Moon illumination. Sourcghter thanR~16 were
saturated in a good night.
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Figure 5.4. Photometry obtained for an observation of the field F4 on M2y1®99. The seeing
during the time of the imaging wa¢'8 and a limiting magnitude d&@~23 mag with 1@ was reached.
Sources brighter thaR~16 mag are saturated.

5.2.3 Transient detection method

For each of the seven fields a master table including the owaiss and magnitudes of all
detected sources in all observations was produced. Haveiassigned detections within a
distance of 75 to a detection obtained in a reference image together amsider this as
one source.

Light curves were obtained for all detected sources andidateltransient objects were
selected based on the deviation of their light curve fromrtheean light curve. For all
candidates with single detections SR>0.75 mag £12000) light curves plots as well as
thumbnail images of all pointings were produced. These wesmined by eye in order
to remove spurious transients arising from nearby brigirssextended objects, stray light
effects at the edge of the FoV, bad focus or detections whae wonsistent with faint stars
at the limiting magnitude of the individual pointings. Theasegy of the survey was aimed
to catch a possible orphan afterglow in at least two conserobservations. Therefore,
we considered only sources with at minimum two detectiomdudher investigations. A
number of fast moving objects (e.g. air planes, terressa#ellites) could be identified by
the trace in the images which they left during the 420 s ex@os$olar system objects
(e.g. asteroids) are especially abundant in the surveysfielcated close to the ecliptic
plane (F3, F6 & F7). These sources appear either as one-étaeetibns or show significant
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motion between subsequent observations and could befiddraccordingly. Of the-12000
candidates only four remained and were double checked hathasitions of known sources
compiled in the SIMBAD and NEI® databases and if possible correlated with the SDSS 4th
release and the DSS

5.3 Results

5.3.1 Candidate transients

Throughout the survey four new transient sources with dietexin at least two images were
found. We identified one candidate cataclysmic variable, dmarf nova, one flare star and
one candidate extragalactic transient superimposed omaerlying faint object. For the
latter an orphan afterglow nature is considered possib&ovBwe give a brief description
of each of the transient sources (see also Table 5.2).

Table 5.2. Candidate transient sources. The minimum and maximumraatdirightnesses as well
as the putative classification are given.

Name Brightness [mag] Putative
min max classification
J132653.8-212702 20iD.1 19.5:0.1 CV, eclip. binary
J132813.7-214237 24143.1 19.9:0.1 extragalactic
J161953.3+031909 1949.1 17.5:0.1 dwarf nova
J215406.6-274226 22iH.2 20.0:0.1 flare star

J132653.8-212702

The source was initially detected in F3 during the first nighbbservations on May 22,
1999 (MJD 51321.0045). The field was observed four timesduthat night and the source
exhibited a significant brightness increase friea20.4 toR=19.7 within 80 min (Fig. 5.5a).
It was observed again on May 31/June 2, June 17/19 and Auffiahd showed a flaring of
AR=0.2-0.4 mag during each of these epochs. No X-ray or optaahterpart was detected
in the ROSAT All-Sky survey (taken 1990) and SIMBAD or NEDspectively. The rapid
variability excludes slowly varying objects and is consigtwith a cataclysmic variables
and eclipsing binaries. No orbital period could be obtaidee to the sparse sampling of the
light curve. The confirmation of the nature of this sourceursss further monitoring of the
variability or simultaenous observations in multiple aoie.

Shttp://simbad.u-strasbg.fr/
Shittp://nedwww.ipac.caltech.edu/
"http://archive.stsci.edu/cgi-bin/désrm
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Figure 5.5. Light curves of the four transient source candidates (tog)seeing evolution (bottom).
Error bars are smaller than the symbol size if not visibdg. left: The candidate cataclysmic variable
J132653.8-212702top right: J132813.7-214237, extragalactic transient candidhtdtom left:
J161953.3+031909, a dwarf novaottom right: J215406.6-274226, a possible flare star or afterglow
candidate. The inset shows the detailed light curve at the &f the flare.
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J132813.7-214237

The source was detected on June 20.07 UT 1999 (MJD 51349.84i86 maximum bright-
ness oR=19.9 (Fig. 5.5b). Unfortunately, the observing perioddimad after the observation
of the outburst and the neRtband pointing was performed more than six weeks later on Au-
gust 04. Thus, a decay of the source could not be monitoredinA(R=21.3) persistent point
source was found at the position of the transient in imagesntdefore and after the out-
burst. The ROSAT All-sky survey did not show a source at thatjpm of J132813.7-214237
at 3o flux upper limit of 5.5<10 13erg cm? s~1. Similarly, no counterpart was found in
the SIMBAD and NED databases. The object is visible nearithiihg magnitude of the
DSS in theB andR-band and not detected in the DE®and. A detailed analysis revealed
that the transient source was offset+0!8 from the position of the persistent counterpart
(Fig. 5.6). This might suggest an extragalactic origin eftitansient assuming the persistent
counterpart can be associated with a candidate host gdl@xgrtheless, this vague assump-
tion based in the available observational data requiresfiromation by an accurate distance
measurement.

The lacking observational coverage of the the decay lightecaf J132813.7-214237 leaves
the identification of the origin of the source an open questiAssuming the extraggalac-
tic nature of the faint persistent source, the flaring soomed for e.g., be associated with
a supernova explosion occuring in this galaxy. The brightgof ~1.5mag in~2 days

is very steep compared to observerd supernova though (hegut etal. 1991). Another
explanation is that of a forground flares stare close to the &f sight towards the per-
sistent background sources. Furthermore, J132813.732142ght be a potential orphan
afterglow. In order to test this hypothesis we searchedriggéred GRBs which occurred
during the time between the preceding observation (Jur@13T ) and the outburst. We
found 5 catalogetiGRBs during this period (BATSE #7609 & 7610 and IPN #2066,7206
& 2069; K.Hurley, private communication). None of those laagosition consistent with
J132813.7-214237 which allows to exclude an associatiom aviriggered GRB. Regard-
less, J132813.7-214237 can also be due to an untriggeredlmroafterglow and is the best
such candidate found during our survey.

J161953.3+031909

This candidate was detected as a constant soR<EX9) during the first four observations
of the field F4 in May and June 1999 and exhibited a sudden temging byAR=2.4 mag
between the pointings on June 14.29 UT (MJD 51343.2950 ) ane 17.14 UT (Fig. 5.5c).
The following observation on June 19.15 UT showed the sounchanged and later obser-
vations indicate a subsequent decay over 50-90 days babk tuiescent brightness. The
optical light curve suggests the classification of J16138331909 as a dwarf nova. This is
strengthened by the detection of a faint X-ray source in tB&SRT all-sky survey. During
an exposure of 320 sec on August 12/13, 1990 a total of 9 sqirons were detected,
corresponding to a mean vignetting-corrected count ra®@83 cts s? (this is below the
significance threshold of the all-sky survey catalog, se #uurce is not contained in the

8http://grbcat.gsfc.nasa.gov/grbcat/grbcat.html
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@®

A e May 23.00 UT v June 20.07 UT

Figure 5.6. left: Image of of the J132813.7-214237 (center source) and aybadht star from an
observation taken on May 23.00 UT when the source had a beghtofR=21. Flux contours are
overplotted for both objects. North is up and East to the Igfht: Same field observed on June
20.07 UT together with the flux contours from May 23.00 UT. Tlaeing source shows an offset of
~0"8 with respect to the quiescent counterpart.

1RXS catalog of Voges etal. 1999). Adopting a thermal brérakking model with 1 keV
temperature and half of the Galactic foreground absorpaorunabsorbed flux in the 0.1-
2.4keV band of (7.81.0)x10 Berg cn2 s1 (or (9+2)x10 13erg cm 2 s~ 1 bolometric)
is derived. Using the quiescent optical brightness, thiglies a ratio of Ix/Lopt = 0.6,
consistent with SU UMa stars (Verbunt et al 1997). With anaX-uminosity of 1.1 1032
[D/1 kpc]erg s1, the implied distance is of order a few hundred parsec. Ny evis found
in the SIMBAD and NED databases.

J215406.6-274226

This source was initially detected in two epochs of the fielcaB a faint object witliR=22.5
(Fig. 5.5d). On June 14.41 UT 1999 (MJD 51343.4150) it wasifbhR=1.9 mag brighter
than previously measured. Fortunately, during this night images of the field were taken
and the rapid fading of J215406.6-2742264/%=0.7 mag in around 20 min, corresponding
to a decay with 1, was discovered (inset of Fig. 5.5d). Unfortunately, thehfer fading
could not be monitored as the position of the source fell theogap between two CCDs
for the following twelve pointings. While the rapid decay wd be consistent with the
observations of early GRB afterglows, also a flare star sféepossible explanation. Given
the range of absolute magnitudes for nearby M-dwarf8lpf12—-16 (Reid etal. 1995) the
observed quiescent brightness would place J215406.62B8742a distance of 0.2—1.2 kpc.
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No X-ray or optical counterpart was detected in the ROSAT3W survey and SIMBAD or
NED, respectively. No source is detected in the BS$1dR-band images but a faint source
(~70) is visible in the DSS-band. The quiescent counterpart could not be resolved and
further observational effort is required for a more soligsdification of the object.

5.4 Efficiency for orphan afterglow detection

The detection efficiency for on-axis optical afterglows veatimated using a set of Monte-
Carlo simulations folded with the observing schedule ofsilnerey. We simulated afterglows
with random sky coordinates, light curve parameters andoeiqn times distributed over
the periods in which observations were taken. For all alitgrg with positions inside one
of the monitored fields, the expected magnitudes of thegiftess in the first and second
observation of the field after the burst were calculated.

The afterglow light curves were described by a broken powaer and parameterized by
the pre-break slopey, break timefy,, post-break slopey, and initial R-band magnitude,
Rin. The initial magnitude corresponds to the brightness witiictvan afterglow is created.
A relatively flat decay plus a steeper flux decrease afterghbrgak is typically observed
for optical afterglows associated with detected long-tiareGRBs and is also expected for
on-axis orphans as well as “regular” afterglows of untriggiebursts. As described earlier,
off-axis orphans will show a different behavior. They ar@ented to be fainter than on-
axis orphans at early times and follow the post-break det@neaxis afterglows after an
initial phase of re-brightening. It appears safe to assuraedn-axis afterglows will be the
majority at a limiting magnitude oR=19-21 and off-axis orphans will dominate only at
lower magnitudes (Nakar & Piran 2003). As the survey stsategesees to consider only
sources as candidate orphans with at least two detectiatedpy two nights, off-axis
orphans with maximum brightness Bf>21 will in most cases be to faint to be identified.
While bright off-axis orphans could in principle have beetetted in the survey, we do not
include them in the simulations and focus solely on untniggeind on-axis orphans.

The expected number of detected afterglows in the survegrabpon the choices fary,
o2, ty andRin. The ranges for the slopes and break time were obtained flm@reed light
curves of 38 optical afterglows compiled in Zeh etal. (2008¢cordingly, we used Gaus-
sian distributions for -18a1<-0.4 and —2.8 a><—-1.4 and an uniform distribution fdg
ranging from 0.4—4 days. The most influencing parameteh®pttcome of the simulations
is the initial magnitude of an candidate afterglow. Rapitiagh follow-up observations of
BATSE bursts with LOTIS and ROTSE-I (Park etal. 1999; Akédbal. 2000; Kehoe etal.
2001) and recerwiffUVOT detections indicated that the preponderance of edirgyglows
does not get brighter thaR~14. FurthermoreHETE-2follow-up and UVOT observations
showed that around 50 % of the afterglows might be brightan ~18.5 for 30 minutes
after the burst (e.g., Lamb etal. 2004).

In order to test the influence of the limits B, on the expected number of afterglows in the
survey, we performed two simulations with®liursts per year and full sky, each. The initial
magnitudes were uniformly distributed betweenP, <20 and 1X R, <23, respectively. In
addition, a distribution proportional to <Ry, in the range of 18Ri,<23 was simulated.
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The latter corresponds to the observations of afterglowsented in Zeh etal. (2005) and is
expected to reproduce the reality more closely than an umitbstribution. Each simulation
was repeated FOtimes and the mean detection rates at a giRdmand magnitude were
obtained.

The results of the simulations are presented in Figure 58&re kve show the normalized
(devided by the total number of simulated events) probsifidir a first-time detection of a
simulated afterglow brighter than a given magnitude. Thenmabized probability represents
the chance to detect the afterglow in a simulation with onglsievent over the year and full
sky. The expectation for a second observation of a candaftgeglow for the model with
non-uniform distribution oRj, is included as well. Naturally, the probability to detect an
afterglow increases with the depth of the survey. More tganis are expected to be detected
above a certain magnitude for afterglow models with brigRg Due to the lower number
of bright afterglows and the increasing probability wittmainishing initial brightness, the
non-uniform distribution gives the lowest expectatioresatAt the limiting magnitude of the
survey ofR~23 the probability to detect a random afterglow in at least @oservation is ap-
proximately 3<10~7. The detection rate of events in at least two consecutiverghtons is
lower by a factor of~3. In the more optimistic models, the probability for a sengetection
reaches up to210°6.

5.5 Discussion

The Monte Carlo simulations described in the previous seqtrovide us with the number
of afterglows (per year and full skylNvc, which correspond to the probability of identify-
ing one event in two consecutive observations of the surivey.the three tested afterglow
parameterizations we find values betw®gr=1.5x10° andNyc=1x10’.

Throughout the survey, four unidentified optical transsemére discovered and one of these
sources shows indications for an extragalactic origin §at. 3.1.2). Nevertheless, the flar-
ing of the source was only detected in a single observatidrtfams the fading could not be
monitored. An unambiguous identification of the transiethw GRB afterglow is therefore
not possible which leaves us with the result of having norabeghan or untriggered after-
glow detected in the data. TherefoMyc obtained from the simulations can be interpreted
as an upper limit on the true number of on-axis afterglowsypar and full sky. FON>Nwc
one or more on-axis orphans would have been expected in the da

As advertised earlier, on-axis orphan afterglows can bé tselace a constraint on the
collimation of the optical afterglow emitting region relag to the collimation of the/-ray
emitting jet. The collimation factorf., corresponds to the ratio of the true rates of on-axis
optical afterglowsNa, and long-duration GRBs which produce observable optittar-a
glows, Ny, pointed at the Earth. Withlyc>Na, an upper limit for the collimation can be
derived fromfc<Nuc/N,. ObtainingNy is not trivial as several uncertain factors influence
the number of GRBs for which afterglows are in principle d&ble. In a simplified model
Ny can be written as

Ny = Nyobs: fx - fp - fs (5.1)
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Figure 5.7. Probability distributions for the detection of a randoneagtow for three different models
of the initial brightness. The dotted and dashed functiepsasent uniform distributions &,=9-20
andR,=13-23, respectively. The thick and thin solid lines cquoesl to the first-time and second-
time observations for a distribution proportional to R, in the range oR;,=13-23. The vertical
dotted line marks the limiting magnitude of the presentatesu

where Ny ops is the observed rate of long-duration GRBs with a speg#iay instrument
corrected for sky coveragéy corrects for events outside the instrument’s energy rafige,
is the correction factor for optically dim or dark afterglewf long-duration bursts (e.g.,
intrinsically faint, absorbed, highyand fs corrects for possible afterglows associated with
short bursts. Using the full sky GRB rate measured with BATSBE-666 yr! (Paciesas
etal. 1999) and correcting for the ratio of long to short li(2:1; Kouveliotou etal. 1993),
we obtainNy ops~444. TheHETE-2population of high energy bursts revealed a composition
of X-ray flashes (Heise etal. 2001), X-ray rich bursts andrfimal” GRBs in equal parts
(Lamb etal. 2005). X-ray flashes and X-ray rich bursts shomilar afterglows as observed
for GRBs but have softer prompt emission spectra. As BATSE Mss sensitive at lower
energies thaklETE-2a fraction of these events might have been missed. This ceqldre

a correction factor as large &g=2.

In general, not for all rapidly followed GRBs an associatptiaal transient can be found.
Some detected afterglows were faint already early on anddimave fallen below the lim-
iting magnitude reached in our survey. The fraction of thegnts was found to be of the
order of 10 % (e.g., Lamb etal. 2004; Jakobsson etal. 200letRd 2005) which provides
fp~0.9. Only recently the first optical transients of shortation GRBs were found (Price
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etal. 2005a; Gal-Yam etal. 2005). Theory and observatiamsthat these afterglows are
significantly fainter than the counterparts of long-dwatbursts. Therefore, we neglect the
influence of short burst afterglows and appéz1.

Using the assumptions discussed above together Miite1x 10" we deriveNy~800 and
fc<12500 accordingly. This rather conservative upper limgignificantly higher than the
beaming correction derived by Guetta etal. (2005) and Etail. (2001) of 75-25 and 500,
respectively. The-ray beaming factor corresponds to the ratio of the oveaddi of GRBs
to the detected burst rate and should be an upper limifddcorresponding to the case of
isotropic afterglow radiation).

The high upper limit onfc shows that the effective coverage of the performed obsenst
were not sufficient to provide a strong constraint for thdic@tion. An approximately 25
times larger portion of the sky~325 ded) would have been required to reduggto less
than 500, assuming no orphan afterglow detection. We paddra further Monte Carlo
simulation in order to estimate the properties for an “itlearvey assuming a schedule of
one observation per field every two nights over 150 night$ witlimiting magnitude of
R=23. We find thatfc <500 (<75, <10) would be reached with such a configuration and
a 50 deg (300ded, 2500deg) field. Although ambituous, a program like this is in the
range of the near-future instrumentation (e.g., VLT Surlelgscope and Visible & Infrared
Survey Telescope for Astronomy) which encourages to perfocomprehensive search for
untriggered GRBs in the near future. In addition, spectipacfollow-up observations of
candidate orphans would be important to distinguish betvedterglows and other optical
transients.

The non-detection of an afterglow also provides a limit aartdite of other explosive events
with similar fading behaviour. This includes events withnoni or quashed high energy
emission like failed GRBs (Huang etal. 2002) or so-calleditydfireballs” (Dermer et al.
1999).

5.6 Conclusion

We presented the data reduction, analysis and resultsRybamd survey dedicated to slowly
variable optical transients. The survey strategy was desigpecifically to search for after-
glows of untriggered gamma-ray bursts. 12%egre monitored in up to 25 nights down to
a limiting magnitude oR=23. Throughout the survey, four previously unknown trants
were discovered. Based on the limited photometric data putgtive classifications of the
candidates could be obtained so far. The observationse# tiirthe transients suggest them
to be a cataclysmic variable, a flare star and a dwarf novpeotisely.

The fourth transient appeared in a single image as a brightteaslightly offset with re-
spect to an underlying quiesent object. The decay of thecearould not be followed due to
the lack of observations, thus the orgin of the transiennigsolved. However, the spatial
association with the persistent source suggests an eldti@garigin. The steep brightness
increase of~1.5mag in~2 days appears a-typical for a supernova and thus makesthe de
tected flaring source the best candidate for an orphan &fterg our survey.

Simulations of the transient detection efficiency of theveyrshowed that the effective sky
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coverage was not sufficient to obtain a strong constrainhercollimation of the optically
emitting GRB outflow from the non-detection of suitable ctasparts. Nevertheless, we
found that a similar programs like the one described in tafsep are feasible to be performed
in the near future. Limits on the collimation ratio of the Xyrto gamma-ray emitting regions
were already obtained in the past and strong ratie®) (were ruled out (Grindlay 1999;
Greiner etal. 1999). Tighter constrains on the optical #ngitregion will become available
soon as well with the use of large dedicated surveys.
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Chapter 6
Epilogue

In the preceding pages, the reader was given insight ineetlbbservational aspects of
gamma-ray bursts. Following the arrival time sequence gfiaures from these cosmo-
logical explosions, the prompt and afterglow emission al agethe host galaxy properties
were investigated. A conclusion to each individual topic\already included at the end of
the respective chapters, but a short wrap-up will be givea far the sake of completeness.
The epilogue will be closed by a (personally biased) outloo& the near future of GRB
research.

At first, the initial signature of a GRB, the prompt gamma-eagission, believed to arise
in internal shocks in ultra-relativistic collimated outfls, was studied based on the sam-
ple of events detected with the anti-coincidence shielthefN TEGRALspectrometer SPI.
SPI-ACS was shown to be successfully operating as an orentdinal GRB detector above
~80 keV. During the first 26.5 months of the mission, 236 buasididates were detected and
their properties were compiled in the first SPI-ACS GRB aajak. For 179 SPI-ACS trig-
gers a high-energy cosmic origin could be confirmed by oladiems with other gamma-ray
instruments connected in the Interplanetary Network. dzgihe known duration bimodal-
ity of long (>2s) and short-bursts<@ s), a large number=150) of spurious very short
(<100 ms) events was detected. | demonstrated that the orighisopopulation £40%

of the total sample) is significantly different from the tlodtthe regular GRB sample, as
shown both by the log—logCnax distribution as well as by theV /Vimax> test. The very
short population appears consistent with a homogeneotrghdison in an Euclidean space
while events longer than 0.25 s show a deviation from homeiyedetected already for the
BATSE bursts sample. Observations of simultaneous saingan the spectrometer Germa-
nium detectors and very short events in the SPI-ACS oveatdIsuggest a cosmic ray origin
for a significant fraction of these events. Discounting tkeywvshort event population, the
short burst distribution appears more as an extension dbtigeburst distribution to shorter
durations rather than as a separate population.

In the second part of the thesis, | moved the focus from tha-kigergy prompt emission
to the afterglow phase and underlying host galaxies, studieoptical and near-IR wave-
lengths. As example event for this part of the study | usedoihtecally dark GRB/XRF

030528. | have demonstrated that observations in the feearige hold the promise to de-
tect afterglows that escape in the optical band becausessilfle reddening. Despite the
success of the discovery of the afterglow of GRB/XRF 0305@&cage was insufficient
to establish a well sampled light curve and to derive an atewedshift from photometry
only. Accordingly, spectroscopy of the host was proposednformed using the ESO VLT
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FORS2 instrument. From the prominent oxygen and hydrogeassemn lines a redshift of
z=0.782+0.001 was obtained. Estimating the line luminosities and tatios | showed that
the observations of the host were consistent with that ottinedy star forming galaxy with
sub-solar metalicity, in agreement with theoretical pradns for the progenitor models of
long duration bursts. With a stellar mass~o10'° M, the host is placed among the most
massive GRB host galaxies at a similar redshift.

Estimating the redshifted properties of the prompt emigdishowed that GRB/XRF 030528
would be classified as an X-ray rich burst in the rest framieerathan an X-ray flash in the
typically-used observer frame. The physical motivatiothefclassification scheme of X-ray
flashes, X-ray rich bursts and gamma-ray bursts in the oeséame seems therefore ques-
tionable and at best operational. As there are strong itidicathat the three classes form
continua in their intrinsic and observed properties, alygthe necessity of a stringent sepa-
ration can be put in doubt. Instead, the differences of trsenked properties certainly arise
from a continuous distribution of e.g. Lorentz factors of #jecta, contrast of the Lorentz
factors between different shells, viewing angles with eespo the jet-axis or redshift.

The final part of the thesis was dedicated to a survey for gleatying optical transients
such as 'orphan’ and un-triggered GRB afterglows. The maltion of the ultra-relativistic
outflows of GRBs leads to the natural consequence that onketbursts will be detected
via their prompt gamma-ray emission, for which the obseliesrwithin the opening angle
of the jet. Nevertheless, GRBs which are not pointed diyeattthe observer can in principle
be discovered as orphan afterglows, as the late time emissaxpected to be radiated into
a larger solid angle than the gamma-rays.

The survey was performed using the Wide Field Imager at the/EPG 2.2 m telescope
at La Silla (Chile) and covered approximately 12 #legup to 25 nights down to a limiting
magnitude ofR=23. Four previously unidentified transients were discestdrom which
three could be putatively classified as a cataclysmic verjabflare star and a dwarf nova,
respectively. The fourth transient appeared as a flaringcealightly offset with respect to
an underlying quiescent object which suggests an extreijalarigin. As the decay of the
source could not be followed due to a lack of observationsstndtion between a possible
super nova, flare star or an orphan afterglow could not berettaRespective spectroscopic
identification is proposed to the ESO/VLTs (Period 77) anditsxacceptance.

On-axis orphans are considered powerful tools to constin@inatio of the optically emitting
region to the region from which the prompt high-energy emissrises. Unfortunately,
simulations of the transient detection efficiency of theveyrshowed that the effective sky
coverage was not sufficient to obtain a strong constrainhmratio. Nevertheless, | found
that similar programs, like the one described in this workveith a larger coverage, have
the prospect of leading to more stringent constraints orctfienation of GRB outflows in
the near future.

Our knowledge of gamma-ray burst improved and still impsosapidly thanks to dedicated
missions such as tHeETE-2and Swiftsatellites. Thus, a present outlook of the prospects
of GRB related research in the coming years might quickly dented of being outdated.
Rather than giving you a comprehensive list of questionskvhiill be raised and the meth-
ods to reveal their answers, | would only like to touch upomalsnumber of observational
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issues in which | am personally interested in and that arenmesway connected to the topics
approached in this thesis.

Presently, théeNTEGRALmission is planned to continue until at least 2008, thus; 8P

is expected to monitor the sky for the prompt emission of GRBgast until this time.
Although the number of accurate burst triangulations desad since the shutdown of the
UlyssesGRB detector in December 2003, SPI-ACS will further colleatuable data of
gamma-ray transients. Its value was also demonstratedebgdtection of the super out-
burst of the soft gamma-ray repeater SGR 1806-20 in Dece@®t. SPI-ACS was the
first instrument for which the detection was reported to tommunity (Borkowski etal.
2004; Mereghetti etal. 2005). We detected also a large nupftfainter SGR outbursts,
successfully triangulated with the help of the IPN instratseand Helicon/Coronas-F, with
the prospect of continuation over the rest of the mission. avlysis of the GRB sample
showed among others that the short burst population of $8-Appeared to be less promi-
nent than expected from the BATSE mission. My result was dasethe data of the first
2 years after the launch #iNTEGRALand suffers from a limited statistics. An analysis of
the GRB sample of the entire mission, together with a detaledelling of the expected rate
of short bursts based on the BATSE spectral data and the SBIs&nsitivity, will reveal its
significance.

BATSE studied the prompt emission in the 'standard’ eneemge of 50-300keV in large
detail and not much more new insight is expected here to c@nehe other side, a number
of open questions both for the lower and higher energiestdrarssolved and might offer
surprises in the near future. It has been proposed thahigtr&nergy (16° eV) cosmic rays
are accelerated by the blast waves associated with GRBsahthe synchrotron spectrum
from protons and energetic leptons formed in the cascades@d by photopion production
could be detected with theamma-ray Large Area Space Telesc¢B&AST) with launch
anticipated in 2007 or with ground-based air Cherenkowstalpes like théntarctic Muon
and Neutrino Detector ArrajAMANDA) or IceCube The temporal decay of the induced
high-energy gamma-ray afterglows is significantly slowsmrt that of the primary electron
synchrotron and associated synchrotron self-Comptoratiadi and thus provides a direct
way to test the hadronic origin of a high-energy GRB aftesglo

At energies below the BATSE rang@eppoSaX@ndHETE-2probed already the nature of X-
ray flashes. While the continuum of GRBs, XRRs and XRFs is natissically confirmed,
the question about the extent of this peak energy distohuwdrises. Is there a population
of GRB-like bursts with peak energies in the ultravioletgaror even below that? Does
the continuation expands all the way down from hard GRBs taltransients associated
with core collapse supernovae? What defines the 'fundarnglatae’ (if it exists) of these
events? Can the appearance of an GRB-like event be predhassdl on the spin, mass and
metallicity of the progenitor and the distance and viewingla of the observer with respect
to the rotational axis, or which other 'ingredients’ areuregd?

One of the major future applications of GRBs will be their aseprobes of the very early
Universe. A grand challenge in modern cosmology is posedieytiestion of how the first
stars formed and what their impact was on the cosmic histds/the bright gamma-ray
emission easily penetrates the Universe and reaches tieeveb$rom very high redshifts
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(even beyond the re-ionization epoch), the detection di-zigursts will allow to study their
birthplaces and the begin of stellar, galaxy and structom@étion. Opposite to Quasars, the
GRB afterglow brightness decreases only mildly with refighie to cosmic time dilation
and favorable K-correction. Measuring the afterglow flugrsivards of the Lyman limit will
help to constrain directly the epoch when the Universe wasmzed.

In order to detect and identify high redshift bursts, detdidanstrumentation is required.
NASA's Swift satellite provides accurate and rapid localizations faigtdy 100 bursts per
year. Out of these, less than a handful is expected to otegiftam z>6.5, thus, rapid
identification is important in order to organize the besinfgtfollow-up strategy of the few
high-zbursts with large optical and near-IR telescopes. Gamma-ray Burst Optical/Near-
IR Detector(GROND) will investigate gamma-ray burst afterglows and other siants
simultaneously in seven filter bands, thus ensuring rapatgrhetric redshifts with up to
0.5z-accuracy in the range of 3&<13. Several dichroic beamsplitters will feed light into
three NIR channels and four visual channels, each equiptadtsrzown detector. GROND
is expected to become operational in 2006 at the 2.2 m ESO/dIeEcope at La Silla.

The final point which | like to mention is the prospect for largurveys for untriggered
and orphan afterglows of GRBs. Near-future instrumentdti@ theVLT Survey Telescope
(VST) and theVisible & Infrared Survey Telescope for Astrono(WMISTA), both with a

1 ded field of view, will allow to compile large sky surveys with pgible first light in 2006
and 2007, respectively. | showed in Chapter 5 that alreadyatrservation every second
night over 150 nights covering a 2500 degpwn to a limiting magnitude oR=23, would
have the prospect of constraining the ratio of optical to ig@Amay emitting outflow to a
value of~10. Although ambitious, these programs are in range andcallalv to gain more
insight into the collimation and beaming of GRB outflows.

LGROND is currently build by the MPE (PI: J. Greiner) in coltahtion with the LSW Tautenburg and will
be installed at ESO in 2006.
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