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11 Introduction

Gamma-rayy bursts are brief flashes of 7-rays, discovered by the US military Vela satellites
inn 1967 (Klebesadel et al. 1973). For three decades the places of origin of these explosions
wass unknown. In the early 1990s, the Burst And Transient Source Experiment onboard
thee Compton Gamma-Ray Observatory showed gamma-ray bursts to have an isotropic
skyy distribution (Meegan et al. 1992), and that their number versus peak flux distribution
doess not follow the —3/2 powerlaw expected for a spatially homogeneous distribution
off sources (Meegan et al. 1992). These observations strongly suggest a cosmological
origin.. Thanks to the discovery of X-ray and optical afterglows through the accurate
burstt localizations of the BeppoSAX satellite, their distant extra-galactic nature was
definitivelyy established in 1997 (Van Paradijs et al. 1997; Metzger et al. 1997). Since
then,, observations of three dozen optical afterglows have provided more insight in the
originn of these enigmatic explosions. In this introduction we discuss the history and
currentt status of our knowlegde of the physics and origin of gamma-ray burst afterglows,
andd the nature of their host galaxies, and provide an overview of the work presented in
thiss thesis.

1.11

The discovery of gamma-ray bursts

Beforee the launch of the Vela satellites in the late 1960s, hardly anybody (but see Colgate
1968)) had thought of the possible existence of gamma-ray bursts (GRBs). The report
off their discovery by Klebesadel et al. (1973) caused a cascade of theories attempting
too explain these elusive explosions. GRBs are short flashes of gamma rays, with a
durationn ranging from tens of milliseconds to tens of minutes, and an observed peak
energyy around 100 keV. The intrinsic rate of GRBs, with a flux limit of ~ 0.4 photons
cm - 22 s _ 1 in the 50-300 keV range, is about two per day (Paciesas et al. 1999). The
variouss theories for their origin placed these bursts at distances ranging from the solar
systemm to the far reaches of the universe; it was clear that a distance determination was
neededd in order to decide which of these theories might be correct. From the gamma-ray
dataa alone, however, this appeared to be impossible. The gamma-ray light curves are
extremelyy diverse, some very smooth, others with numerous spikes (see Fig. 1.1 for an
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example).. Observations at other wavelengths were needed to identify the sources with
knownn objects and to determine their distance.
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F i g u r ee 1.1: On the left: Example gamma-ray light curve, in this case of GRB 990123. On the
right:: Hardness ratio versus burst duration for a number of BATSE bursts. The bimodality
(Kouveliotouu et al. 1993) is suggestive of two classes of GRBs. Only bursts with a duration
longerr than roughly two seconds so far have observed afterglows.

BATSE E
Inn 1991, the Compton Gamma-Ray Observatory (CGRO) was launched, carrying the
BurstBurst And Transient Source Experiment (BATSE, 25-300 keV: Fishman et al. 1985) as
onee of four experiments. Until its re-entry in June 2000, this gamma-ray instrument
observedd nearly 3000 GRBs, and determined their location on the sky with an accuracy
off a couple of degrees. This sky distribution was found to be isotropic (Meegan et al.
1992),, i.e. the positions of GRBs do not correlate with a source population in the Galacticc disk, which in the late 1980s was the general idea, nor with nearby galaxies. This,
inn combination with the log N-log P (N=number, P = p e a k flux) distribution of bursts
(whichh shows a systematically too low incidence of weak bursts relative to the distributionn expected for a static Euclidean space), strongly suggests a cosmological distance
scale.. Although the Galactic halo model, which hypothesized glitches on neutron stars
inn a very extended spherical halo as the sources (Lamb 1995), could still survive, the
mostt natural explanation was that GRBs occur at high redshifts (Paczyhski 1995).

22

1.21.2 GRB afterglows
Twoo classes of bursts: long and short

BATSEE data showed also that there are (at least) two distinct classes of GRBs: a class
withh a short duration (less than two seconds) and a hard gamma-ray "colour", and a
classs of long-duration bursts with soft spectra (Kouveliotou et al. 1993). The "hardness
ratio"" (HR) or gamma-ray "colour" is denned as the ratio of total counts in two BATSE
energyy bands. For HR 3/2 i these are the 100-300 keV and 25-100 keV bands. This
gamma-rayy hardness is plotted versus observed burst duration for a number of BATSE
burstss in Fig. 1.1. Before discussing the afterglows of GRBs, it is important to point
outt that all GRB afterglows observed so far at other wavelengths (X-ray, optical or
radio)) come from the long-duration population. This is mainly due to the fact that
BeppoSAX,BeppoSAX, and other satellites such as the Rossi X-ray Timing Explorer (RXTE), hav
soo far only triggered on long-duration bursts. The Interplanetary Network (IPN, Hurley
ett al. 2001) has triggered on several short-duration bursts, but the alert delay is typically
aa day, making it more difficult to detect the rapidly decaying afterglow. The alert delay
forr BeppoSAX is roughly 4 12 hours. The High Energy Transient Explorer II (HETE-II)
missionn (launched in October 2000) should in principle be able to localize both long and
short-durationn bursts accurately (error boxes ranging from arcseconds to minutes) and
veryy rapidly (< 1 minute). So far, however, only very few bursts have been localized in
thiss way.

1.22

GRB afterglows

1.2.11

GRBs go cosmological

Itt was not until the launch in 1996 of BeppoSAX with its Wide Field Cameras (WFCs,
2-200 keV; Boella et al. 1997a) that GRB afterglows were discovered. These hard X-ray
camerass (with a full field of view of 40° x 40°) are capable of localizing roughly one
GRBB per month to an accuracy of arcminutes, which allows follow-up observations in
thee soft X-ray, optical/near-infrared and radio spectral ranges. The WFC localization
off the GRB of February 28, 1997 (GRB 970228) signified the birth of GRB optical
aftergloww studies: Van Paradijs et al. (1997) discovered its optical afterglow at V~21
withh observations with the William Herschel Telescope (WHT) and the Isaac Newton
TelescopeTelescope (INT) on La Palma. At the same time, training the soft X-ray Narrow-Field
Instrumentss (NFIs) of BeppoSAX on the position indicated by the WFCs, Costa et al.
(1997)) discovered the soft X-ray afterglow of this burst. The optical and soft X-ray
lightt curves showed a steep powerlaw decay, flux oc t~ L1 (e.g. Galama et al. 1997; Costa
ett al. 1997), fairly typical of the afterglows to follow. This immediately clarified why no
opticall counterparts had been seen earlier despite numerous attempts: the observations
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hadd to be performed very quickly, within at most a few days following the burst. HST
observationss performed 6 months after the burst showed the optical afterglow still present
att the edge of a faint nebula, presumably a galaxy (Fruchter et al. 1999b), which had
alreadyy been noticed by Van Paradijs et al. (1997) from ESO's New Technology Telescope
(NTT)) observations.
Metzgerr et al. (1997) succeeded to perform spectral observations with the Keck telescope
off the next GRB afterglow that was discovered: GRB 970508, and identified absorption
lineslines that are typically seen in quasar spectra, such as of Fe and Mg, at a redshift of z =
0.835.. Thus, the distance issue was finally settled after 30 years of GRB studies: GRBs
originatee at cosmological distances, making them the most powerful photon emitters in
thee universe.

1.2.22

The physics of the afterglow

Relativisticc fireballs

Thee observed afterglow light curve behaviour is in good agreement with the so-called
relativisticc fireball model (Cavallo k Rees 1978; Goodman 1986; Paczynski k Rhoads
1993;; Mészaros k Rees 1993). In this afterglow model it is assumed that the source that
givess rise to the explosion is compact (radius ^ 3000 km), a constraint that arises from
thee observed millisecond variations in the gamma-ray light curves, and which implies
ann enormously high gamma-ray photon density. The expansion of the fireball needs
too be ultra-relativistic to circumvent the large opacity to gamma-ray photon-photon
interactionss that would lead to the production of electron-positron pairs and a large
opticall depth if the expansion were non-relativistic. In the latter case a thermal spectrum
wouldd emerge, which is not observed. The inferred Lorentz factors are in the range 10010000 (Krolik k Pier 1991; Lithwick k Sari 2001). Gamma-ray burst spectra in the
gamma-rayy regime in fact can be well-described by a Band function (Band et al. 1993),
whichh is a smoothly-connected broken power law. The high Lorentz factor requires a
veryy low baryon loading, since otherwise all the energy would be "lost" to the kinetic
energyy of the baryons, and no burst of radiation would be possible (Shemi k Piran
1990). .

Internall and external shocks

Thee expanding 'ball' naturally forms a shell due to the relativistic motion. If the innerr engine is active for some time, several shells with diffent Lorentz factors can be
produced.. It is believed that collisions between these shells, so-called internal shocks,
powerr the gamma-ray burst itself. The shells will merge into one flow and later on sweep
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1.21.2

GRB

afterglows

upp matter in the interstellar medium. When the rest-mass energy of this matter will
balancee the initial energy of the fireball, the flow will slow down converting its kineticenergyy to radiation (the so-called external forward shock). Although it is not clear how
theyy are formed, magnetic fields present in the flow cause the electrons that were picked
upp to produce synchrotron radiation. The electrons move at different speeds, or Lorentz
factors.. Assuming that their Lorentz factors are distributed as a power law, the resulting
emittedd spectrum also is a power law. As the shell slows down in the course of time
(alsoo as a power law), the typical Lorentz factor and the corresponding peak emission
frequencyy (z/m) do the same, causing the entire spectrum to shift toward lower frequencies.. Hence, when an afterglow is observed at a specific frequency, the flux will decrease
ass a power law in time. When the external forward shock is formed, a reverse shock is
produced,, moving back into the ejecta. It was predicted that such a reverse shock can
producee extremely bright flashes around one minute after the burst (Més/:aros & Rees
1997;; Sari & Piran 1999); one such flash was indeed observed at 9 t h magnitude in the V
bandd by Akerlof et al. (1999) (see § 1.6.1). The brightness of the reverse shock emission
decayss very rapidly, after which the forward shock emission dominates. For an extensive
revieww on GRBs and the fireball model, see Piran (1999).
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F i g u r ee 1.2: The X-ray to radio spectrum of GRB 970508 on May 21.0 UT 2.1 days after
thee event), which shows the agreement between the simple fireball model, and observations
overr a wide range in frequency. Figure after Galama et al. (1998c).
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Observationall constraints on fireball model parameters
Inn general, GRB afterglow observations are in good agreement with the external shock
scenario.. An excellent example is the afterglow of GRB 970508. even though the bump
inn the light curve at early times is not understood. Galama et al. (1998c) show that its
broad-bandd spectrum (constructed at 11 days after the burst), covering the frequency
rangee from X-rays to radio wavelengths, is well fit by the simple fireball model (Sari
ett al. 1998). Several breaks in the spectrum (shown in Fig. 1.2) are observed, and these
matchh the expected model breaks at the synchrotron self-absorption frequency i/a, the
peakk frequency i/m, and the frequency that corresponds to the Lorentz factors above
wdfichh the electrons cool rapidly vc, the cooling frequency.
Wijerss & Galama (1999) showed that from the location of these breaks and the peak
flux,, one can obtain estimates of the following internal parameters of the fireball: the
blast-wavee energy per unit solid angle (£). the density of the circumburst medium (n),
andd the fractional energy density in electrons (eE) and the magnetic field (e B )- For
G R BB 970508 these authors find very reasonable numbers: £ = 2 . 4 x l O 5 1 erg s r \ n = 0.03
cm^ 3 ,, e E = 0.12 and e B — 0-09- To determine the break locations, the afterglow has
too be well-monitored over a large range in frequency, which is far from straightforward.
Chapterr 3 features GRB 980703, which is an example of a fairly well-studied burst at
optical,, infrared and X-ray wavelengths, for which we were able to put constraints on
t h ee location of the cooling frequency, and also on the internal fireball parameters. More
recently,, Panaitescu & Kumar (2002), have performed broad-band modeling of a sample
off 10 afterglows, where they discriminate between a homogeneous ambient density model
andd a stellar wind r - 2 density profile. They find that the former best fits the observations,
withh 71=0.1-100 c m - 3 .

1.2.33

Energetics and jets

Extremee energetics
Thee cosmological distance to GRBs and the observed fluences imply an enormous energy
outputt t h a t has to be produced by a compact object. Assuming the explosion to be
isotropic,, the output in gamma rays of GRB970508 was 1052 erg. Strangely, the inferred
energyy output for GRBs seemed to increase with every new burst: GRB 971214 at
zz = 3.42 burst out 2 x l 0 5 3 erg (Kulkarni et al. 1998b) and the record holder GRB 990123
att z = 1.6 (Kulkarni et al. 1999) an incredible 2 x l 0 5 4 erg, which is equal to the energy
equivalentt of one solar mass (M 0 c 2 ; see Bloom et al. 2001b, for a list of k-corrected
energies).. T h e cosmological distances had killed many models, but with this required
energyy release, hardly any survived. A natural way out of this problem is a jetted, or
collimatedd outflow (Rhoads 1997), which relaxes the energy output by a factor 1 0 2 - 3 .

66

1.21.2 GRB afterglows
Jettedd outflow
Thee best evidence for such a collimated relativistic outflow is an observed break in the
lightt curve of several GRB afterglows. When observing a jetted outflow roughly along
thee jet axis, the GRB will at first appear to be isotropic, due to the high Lorentz factors
thatt cause the emission to be relativistically beamed in the forward direction, within an
anglee 1/I\ After about a day, this opening angle widenes to typically several degrees.
Thenn at the time when this beaming angle is becoming larger than the physical opening
anglee of the outflow, an observer will start to see less flux compared to the isotropic case.
Suchh a break in the light curve has been seen in several afterglows, such as GRB 990123
(e.g.. Fruchter et al. 1999c), GRB 990510 (e.g. Harrison et al 1999) and GRB 991216 (e.g.
Halpernn et al. 2000). Collimation is not the only explanation for the observed breaks
inn the light curves. Alternative possibilities are: a sudden change in the circumburst
densityy (Panaitescu & Kumar 2001), a fast transition from relativistic to non-relativistic
bulkk motion of the shock due to a dense circumburst medium (Wang et al. 2000), and
aa break in the powerlaw distribution of electrons in the shock (Li & Chevalier 2001),
whichh is usually assumed to be a single powerlaw.
Jett models

Fraill et al. (2001b) have combined the literature values and limits of the inferred opening
angless of a sample of GRB afterglows to correct the isotropic energy releases (in 7-rays)
mentionedd above to a more comfortable value of about 5xl0 5 0 erg (see Fig. 1.3), a
conclusionn that is also reached by Panaitescu k Kumar (2002). Interestingly, these
authorss find that the spread in the energy output distribution is significantly decreased,
suggestingg that there may be a standard energy reservoir for all GRBs. With the two
jetss illuminating only a small part of the sky, the intrinsic rate of GRBs is much higher
thann the observed rate. Frail et al. (2001b) estimate this beaming factor to be roughly
500,, implying a 500 times higher incidence of GRBs than actually observed.
Inn the standard jet model used by these authors, it is assumed that the Lorentz factor 7
andd energy per unit solid angle £ are uniform across the face of the jet. An observer will
thenn see the same burst and afterglow from everywhere within the jet cone. The observed
differencess between bursts are in this model due to intrinsic collimation differences from
burstt to burst, i.e. a burst that distributes its energy into a wider cone will appear
fainterr than a more collimated burst. Rossi et al. (2002) show that the observed breaks
inn the light curves can also be explained by adopting a model (see Wijers et al. 1997)
inn which 7 and S have a maximum value along the jet axis, and decrease as a powerlaw
functionn away from the axis. The differences in burst fluences and jet break times are in
thiss model explained by differences in viewing angle, and intrinsic differences between
burstss need not be invoked.
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F i g u r ee 1.3: The top panel shows the isotropic gamma-ray energy release of a sample of GRBs
withh measured jet breaks, studied by Frail et al. (2001b). These authors used the observed
aftergloww jet break times to infer the jet opening angles. The bottom panel shows the resulting
energyy outputs corrected for the beaming factor. The wide spread in isotropic energy release
decreasess considerably, with a median value of E = 5 x 1050 erg. Figure after Frail et al. (2001b).

Orphann afterglows and the Faint Sky Variability Survey
Iff GRBs are indeed collimated, and if at later times the optical emission is illuminating
aa larger part of the sky than the prompt gamma rays, one would expect to observe
GRBB afterglows without the prompt gamma-ray emission. These are called "orphan''
afterglows.. Rhoads (1997) first proposed to constrain the collimation and therefore the
importantt quantities: burst energy output and rate, by (non-)detection of these orphans.
Thiss is one of the prime objectives of the Faint Sky Variability Survey (FSVS): a survey in
whichh 23 square degrees of mid-galactic latitude sky are searched for photometrically and
astrometricallyy variable objects, down to a limiting magnitude of V~-24. An overview
off the FSVS is given in Chapter 8. In Chapter 9. we use the FSVS data set to search

1.31.3

Afterglow statistics and dark

bursts

forr orphan afterglows. We do not find evidence for such afterglows, and discuss the
resultingg constraints on the jet opening angles based on our non-detection, using the
twoo jet models that have been briefly described here.

Polarization n
Ann important discovery was the detection of polarization at the few percent level of
aa GRB afterglow (GRB 990510: Covino et al. 1999; Wijers et al. 1999), and possible
polarizationn variability in another (GRB 990712: Rol et al. 2000). These observations
suggestt that, in agreement with the fireball model, synchrotron emission is the dominant
emissionn mechanism that is producing the afterglow (as synchrotron emission in ordered
magneticc fields is polarized to a typical level of 60%). If the magnetic field is highly
tangled,, or the field geometry is highly symmetric, one expects this net polarization to
diminish.. Collimation of the outflow provides a natural way to break the symmetry
andd leave a net polarization (Ghisellini & Lazzati 1999; Sari 1999), which is another
argumentt in favour of jetted outflows in GRB afterglows.

1.33

Afterglow statistics and dark bursts

Soo far (March 2002), there have been roughly 55 localizations with a reasonably accurate
errorr box ( ^ 10 arcminutes) and within a reasonable time after the burst (about 1 day).
Inn almost every case when (soft) X-ray observations were performed (typically 10-20
hourss after the burst), an X-ray afterglow was found (around 40; see Piro 2001).
Opticall and near-infrared ground-based efforts led to roughly 30 counterparts. This
meanss that a number of optical afterglows is missed, despite intensive and early searches
inn some of those cases. For example at the location of GRB 970828 no optical afterglow
wass detected down to R=23.8, only 4 hours after the burst (Groot et al. 1998a). One explanationn for this non-detection is that the region where the GRB occurred is extremely
dusty,, which does not affect the high-energy photons, but absorbs and scatters the opticall radiation. A possible way around this, is to observe in the near-infrared passbands,
thatt are less affected by extinction by dust, but also there strong limits have been obtained:: no afterglow was detected with the N T T for GRB 001204 down to K=20, only
55 hours after the burst (Vreeswijk &; Rol 2000). The nature of these dark bursts is one
off the prime targets of future GRB afterglow observations. A considerable handicap for
thee detection of afterglows is the delay between the time of the burst and the notification
off the burst sky location by the satellite teams. For BeppoSAX, the main provider of
accuratee localizations so far, this interval typically ranges from 4 to 12 hours. Due to
thee powerlaw decay, afterglows are expected to be much brighter at earlier times, and so
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withh fast notifications from future satellite missions, the detection efficiency of optical
andd infrared afterglows is expected to become much higher.
Att radio wavelengths roughly 20 counterparts have been discovered, a few of which have
nott been seen in the optical. These are good dark burst candidates. Thus also in the
radioo a large number of afterglows are missed, but this can be explained by the limited
sensitivityy in the radio as compared to at optical wavelengths.
Almostt every optical/near-infrared/radio counterpart has an identified host galaxy, and
forr about 20 bursts the redshift has been securely determined, either from absorption
liness in the afterglow spectrum or emission lines from the host galaxy. In this thesis we
presentt three of these redshifts: for GRB 990510 and GRB 990712 (for both see Chapter
4),, and GRB991216 (see Chapter 6). The currently highest GRB redshift is z = 4.5
(Andersenn et al. 2000), with a median value of about z = 1.

1.44

The origin of GRBs: possible progenitors

Collapsarss vs. binary neutron stars
Thee general expectation is that a system consisting of a black hole and a surrounding
accretionn torus or accretion disk of nuclear matter is powering the GRB (Woosley 1993;
MacFadyenn &, Woosley 1999; Janka et al. 1999). Such a setting, just before the GRB
goess off, can be reached in several ways. One way is the merging of a binary neutron
starr or a neutron star and a black hole (Eichler et al. 1989; Narayan et al. 1992; Ruffert
SzSz Janka 1998; Janka et al. 1999). Another popular model involves the core collapse
off a rapidly rotating massive star, the 'collapsar 1 model (Woosley 1993; MacFadyen &
Woosleyy 1999). There are several indications that the so far observed population of
G R BB afterglows can be best explained by the latter model.

Modelingg constraints on long and short bursts
Thee first indication comes from the models themselves: the collapsar model naturally
producess bursts that have a duration longer than a few seconds (MacFadyen &: Woosley
1999),, but cannot make short bursts, while the merger model can produce short bursts
butt has problems keeping the engine on for longer than a couple of seconds (Janka et al.
1999).. In light of these two models, Fig. 1.1 is very interesting, i.e. it may well be that
t h ee short-duration population is produced by mergers, while the long bursts come from
collapsars. .
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Thee discovery of SN 1998bw
Inn Chapter 2 we present the discovery (see Fig. 1.4) of the supernova SN 1998bw in
thee error box of GRB 980425 (Galama et al. 1998b). The presumed association of the
GRBB with a supernova (SN) of type Ic lent much support to the collapsar model (e.g.
Iwamotoo et al. 1998), although the hypothesis that the SN and GRB are related at
firstt was highly debated. In the collapsar scenario, the GRB is produced in narrow
coness along the rotational axis of the collapsing progenitor, accompanied by an isotropic
supernovaa explosion. However, if the GRB and SN are indeed related, the inferred
isotropicc 7-ray energy release of this particular GRB, which in its gamma-ray properties
iss indistinguishable from the cosmological bursts, is only 10 48 erg. This implies that
eitherr it belongs to an entirely different class of GRBs, or it may be that it is part of
thee same class, but that the 7-ray flux decreases as a function of angle from the center
off the jet, as in the model of Rossi et al. (2002). In this case GRB 980425/SN 1998bw
wass observed at a larger angle from the jet axis compared to 'on-axis' GRBs, resulting
inn a much lower flux level. For a few cosmological GRBs (GRB 980326, GRB 970228
andd GRB 011121) a bump in the late-time afterglow light curve has been interpreted
ass due to a SN 1998bw-type supernova component superposed on the gamma-ray burst
aftergloww light curve. This lends further support to the GRB/SN connection (Bloom
ett al. 1999a; Reichart 1999; Galama et al. 2000; Bloom et al. 2002).

F i g u r ee 1.4: The host galaxy of SN 1998bw before (on the right) and after (on the left) the
supernovaa explosion. The image on the left was taken with the New Technology Telescope
(NTT)) at ESO, La Silla in early May 1998, and shows the new bright point source. On the
rightt the projection of the supernova is shown with a circle in this COSMOS scan of a 1978
DSSS Schmidt plate.

I.] ]

11

Introduction

Locationn of GRB afterglows with respect to their host galaxies
Forr just about all GRB afterglows, a host galaxy has been detected. Fig. 7.1 shows
almostt all of the host galaxies that have been imaged with HST and that have an
accuratee position for the burst position from t h e early afterglow (Fruchter et al. 2002).
Thee projected position and its error are indicated on the 2.5x2.5 arcsecond images by a
circle.. In nearly all cases the burst position is within the optical extent of the underlying
hostt galaxy, which in combination with the blue colours of the galaxies, suggests that
GRBss originate in regions where star formation is taking place (Bloom et al. 2001c;
Fruchterr et al. 2002). This is consistent with the collapsar model, in which GRBs are
expectedd to occur in active star-forming regions. In the case of the binary neutron star
mergerr model, however, the GRB should take place well outside its host in at least a
feww cases, due to the kick velocity received from the two supernovae (200-300 km s _ 1 ) ,
andd the time it takes the binary to merge (10 8 - 109 years). The absence of observed
afterglowss well outside host galaxies suggests that the long-duration bursts originate in
collapsars. .

Largee X-ray column densities
Anotherr observational indication in favour of the collapsar model is the comparison
madee by Galama k. Wijers (2001) between the host-galaxy extinction inferred from
X-rayy observations and the optical extinction obtained from modeling the afterglow
lightt curves. The average X-ray extinction is very high: comparable to that of a giant
molecularr cloud (GMC), suggesting that GRBs occur in very dense regions. However,
thee optical extinction is moderate. The authors suggest that this is due to the X-ray/UV
flashh destroying the surroundings, which then allows the optical afterglow to be seen.

1.55

The nature of the GRB host galaxies

1.5.11

The hosts of GRB 990510 and GRB 990712

Thee apparent magnitudes of GRB host galaxies range from roughly V=22 to V=30 (see
Fig.. 7.1. They have normal luminosities (Schaefer 2000), and their V - H colour is blue
comparedd to a HDF comparison sample (Fruchter et al. 2002).
Inn Chapter 4 we study two of these host galaxies in detail, at the two extremes of surface
brightnesss : the host of GRB 990712, which is one of the nearest hosts at z = 0.43, and
alsoo bright, v ^ h V ~ 22, and that of GRB 990510 at z = 1.62, which is one of the
faintest.. For both we determined the redshift. Fig. 1.5 shows a Very Large Telescope
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F i g u r ee 1.5: VLT spectrum of GRB 990712 taken 12 hours after the burst. Absorption lines
off Mgl and Mgn are detected, as well as several emission lines from the underlying bright
(V~22)) host galaxy. Analysis of the emission line spectrum shows that the host is an actively
star-formingg galaxy (Vreeswijk et al. 2001b).
(VLT)) spectrum of GRB 990712, taken 12 hours after the burst. Due to the comparable
brightnesss of the OT and the bright host at this epoch, absorption features as well
ass emission lines are visible. From the strength of the emission lines we estimate the
internall extinction, and obtain an extinction-corrected star-formation rate (SFR) from
thee [On] lines of 35+258 M © y r _ 1 - T n i s shows that the host is an actively star-forming
galaxy,, which is what one would expect if GRBs are produced by collapsars (MacFadyen
ett al. 2001).

1.5.22

Are GRB hosts starburst galaxies?

Itt is debated whether the star formation in the early universe is produced by many faint
bluee star-forming galaxies (Ellis 1997), or by relatively few extreme starburst galaxies
(Sanderss & Mirabel 1996). If GRBs are produced by the collapse of massive stars.
theyy are presumably originating in galaxies where the bulk of massive-star formation at
highh redshifts is taking place. Determination of the nature of GRB host galaxies and
measurementt of their star-formation rate therefore not only provides evidence in favour
off or against the collapsar model, it can also provide insight in the nature and origin of
starr formation in the early universe.
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Star-formationn rates determined from radio and sub-mm observations

Ass we discuss in Chapter 5 and as is shown by the large uncertainty of the [On]determinedd SFR that we obtained for the host of GRB 990712, SFR estimates from
opticall observations may heavily underestimate the true SFR due to dust extinction
(seee Table5.1). Observations in the far-infrared, sub-mm and radio continuum are much
betterr suited for estimating the true star-formation nature of galaxies. Several GRB
hostss have been observed at sub-mm and radio continuum wavelengths. For three hosts
(off GRB 980703, GRB 000418 and GRB 010222),, SFRs of 500-1000 M 0 yr J have been
claimedd (Berger et al. 2001b; Frail et al. 2001a; Berger et al. 2001a), which would put
themm in the starburst galaxy catagory. Not all hosts show these huge rates though: in
Chapterr 5 we present Australian Telescopy Compact Array (ATCA) observations of the
hostt galaxy of GRB 990712, and obtain an upper limit of 100 M 0 yr _1 . This is the
deepestt radio/sub-mm limit on the SFR obtained for a GRB host galaxy to date.
Host-galaxyy morphology

Thee morphology of galaxies can also provide clues regarding their star-formation nature.
Forr instance, merging galaxies are excellent star-formation nurseries. The gas content
off the colliding galaxies rapidly falls into the combined potential well, which sets off a
burstt of massive star formation. A sample of galaxies with a disturbed morphology is
thereforee expected to produce a higher instantaneous SFR than, for example, a sample
off early-type galaxies.
InIn Chapter 7 we investigate the morphology of a sample of GRB host galaxies, by fitting
theirr surface brightness profiles, and by measuring objective classification parameters,
suchh as central concentration and asymmetry, also in order to study to what degree their
morphologyy may be disturbed.

1.66

1.6.11

GRBs as potential probes of the extreme
high-redshiftt universe
The 9 th magnitude flash of GRB 990123 at z = 1.6

Att present, the alert delay for arcminute localization of bursts by BeppoSAX (and
RXTE)) is typically 4-12 hours, due to the necessary ground analysis. BATSE provided
positionss immediately, but with error boxes of the order of degrees. Robotic telescopes
suchh as LOTIS and ROTSE are developed to slew extremely rapidly to such a BATSE
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universe

burst,, to look for a bright (V<13-15) counterpart. The afterglow of GRB 990123 was
discoveredd at 18 th magnitude (Odewahn et al. 1999) following the arcminute position
fromm BeppoSAX roughly 3 hours after the burst. This is on the bright side, but not
uncommonn for an afterglow discovery. However, the ROTSE telescope had imaged the
BATSEE location of this burst as early as 20 seconds after the burst. They checked
thee position of the afterglow, and saw an object brightening and fading in six images,
peakingg at an incredible V = 9 (Akerlof et al. 1999). Fig. 1.6 shows the light curve of this
burstt (Galama et al. 1999a), including the six data points from the ROTSE telescope.
Thee redshift was determined to be z = 1.6 (Kelson et al. 1999). This extreme optical
brightnesss immediately shows the enormous potential of GRBs to probe the early universe.. It should be realized, however, that not every GRB afterglow is this bright at
earlyy times. Upper limits from the same robotic telescopes show that GRB 990123 was
fairlyy exceptional, possibly a one out of ten case. But with two GRBs a day on the
entiree sky with the current gamma-ray sensitivity, there could be a considerable number
off GRBs with a 10 th magnitude flash.
R - b a n dd l i g h t c u r v e of GRB 9 9 0 1 2 3

0.011

0.1

1

Dayss after Jan 23.407594 UT
Figuree 1.6: R band light curve of the afterglow of GRB 990123 at z = 1.6 (Galama et al.
1999a),, whose incredible 9 t h magnitude optical flash was caught by the ROTSE telescope
(Akerloff et al. 1999).
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1.6.22

Metal absorbers

Onee possible use of the bright optical flashes that GRBs can produce is the study of the
host-galaxyy ISM and intervening absorption-line systems. The spectra of GRB 990510
thatt we discuss in Chapter 4 show the potential that GRBs offer to study their host
galaxies,, even though the galaxies themselves may be too faint to be detected. Highresolution,, time-resolved spectra of bright afterglows may show evolution of the host ISM
absorptionn features due to the burst ionizing its immediate surroundings (e.g. Perna k.
Loebb 1998). Detection of such a change can possibly constrain the circumburst density
profile.. These spectra will also offer kinematic information on sub-systems within the
hostt (e.g. Castro et al. 2001b). We performed time-resolved spectroscopy of GRB 990510
andd GRB 990712 (see Chapter 4), but the signal-to-noise and spectral resolution are too
loww to conclude on a possible change in the absorption-line equivalent widths.
Metall absorption-line systems are conventionally detected in QSO (quasi stellar object)
liness of sight (e.g. Steidel & Sargent 1992). Against the bright background source,
foregroundd systems give away their presence by absorbing at specific wavelengths of
e.g.. iron and magnesium. The systems with inferred N H i column densities greater than
2 x l 0 2 ( )) c m - 2 , so-called damped Lya absorbers (DLAs), are of particular interest for
studiess of galaxy evolution and star formation as a function of look-back time, since
theyy contain the bulk of the gas at high redshifts (e.g. Rao Sz Turnshek 2000). At some
redshiftt this gas must have been converted into the stars that we see in present-day
galaxies. .
Inn Chapter 6 we present VLT spectroscopy of the afterglow of GRB 991216, and HST
imagingg of its host galaxy. We determine the probable redshift, and show that there are
indicationss of one or two foreground absorption systems on the GRB line of sight. The
spectrall resolution is too low to study the metallicity of these systems, but with future
rapidd activation of spectrographs on 8-m class telescopes, this will become possible.
Inn the future, GRB afterglows are expected to complement the QSO sight lines for the
studyy of the evolution of metal absorption-line systems. They have several advantages:
1)) G R B afterglows can be brighter (e.g. GRB990123, see Fig. 1.6). However, their
brightnesss fades rapidly (as flux oc t~6, with ö roughly in between 1 and 2), so telescopes
needd to be activated quickly to profit from the extreme brightness at early times; 2) a
fractionn of the GRBs is expected to originate at higher redshifts than quasars (Wijers
ett al. 1998; Lamb & Reichart 2000; Ciardi & Loeb 2000); the current record holder is
GRB0001311 at z = 4.5 (Andersen et al. 2000); 3) After the GRB transient has faded,
thee galaxies responsible for the observed absorption lines can be searched for more
easilyy than in quasar lines of sight, where the persistent quasar emission is hampering
anyy detection of faint intervening galaxies (Steidel et al. 1997; Turnshek et al. 2001).
However,, for quasars at high redshifts (z ^ 3) the line-of-sight hydrogen column greatly
reducess the quasar's intensity below Lya and may allow optical observations of the
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foregroundd system(s). Such a detection can lead to classification of the damped Ly»
systemm (it is presently debated whether DLA systems arise in luminous Hi disks, or in a
mixturee of galaxy types), and also allows simultaneous investigation of the gaseous and
stellarr components of the system. Along GRB lines of sight, after the optical afterglow
hass faded, its host galaxy will remain as a background source, with a magnitude ranging
fromm 22 to fainter than 28; 4) GRB host galaxies and nearby absorption-line systems are
nott affected by the GRB explosion (except for the immediate circumburst environment),
whereass the surroundings of quasars have been altered by their large persistent UV flux
(thee so-called proximity effect). Therefore, using GRB afterglows as probes of absorption
systemss along the line of sight may lead to an improved understanding of the conversion
fromm gas to stars at high redshifts, and hence galaxy evolution in the early universe, and
cann be considered as an excellent potential use of these powerful explosions.

1.6.33

Star-formation history

Iff GRBs are indeed closely related to the deaths of massive stars, they could potentially
bee used to probe the star-format ion history of the universe. As the gamma rays and Xrayss are not affected by the large optical depths in regions of star formation, the view of
suchh regions is unobscured. However, a large sample of GRB redshifts and characteristics
off the host galaxies is needed before a possible relation between GRB number counts
andd star formation can be reached.

1.77

Future GRB afterglow observations

Duringg the past five years the field of gamma-ray burst studies has developed extremely
rapidly:: their cosmological distance was established, the fireball theory was found to be
inn good agreement with the observations, one GRB afterglow was found to be extremely
bright,, and observations seem to favour the collapse of a rapidly rotating massive star as
thee source of long-duration GRBs. Most of these observations have been made possible
byy the accurate localizations by the BeppoSAX satellite, whose extremely successful
missionn will most likely end in 2002. HETE-II (launched in October 2000) was expected
too localize (within minutes of the burst) roughly two dozen bursts a year with arcminutesizedd error boxes and one dozen with an error radius of tens of arcseconds. However, until
thiss month (March 2002), only one afterglow has been discovered based on a HETE-II
localization.. The Swift mission is planned for launch in the fall of 2003, and is expected
too provide one 1 4 arcminute-sized error box per day (!), within seconds of the burst
trigger,, for at least 3 years. These rapid locations will put well-prepared ground-based
telescopess in the position to attack several outstanding issues, which we discuss below.
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Afterglowss from short bursts

Soo far BeppoSAX (and R.XTE) have only triggered on bursts with a duration longer
thann a couple of seconds; nothing is known about the afterglow behaviour of the shortdurationn bursts. The IPN network has triggered on short-duration events, but due to the
delayy time between burst and localization of typically a day. and the expected faintness
off these afterglows, so far no counterparts have been detected (Hurley et al. 2002). It
willl be interesting to verify if these indeed are related to bursts originating from mergers
off two compact stars. Such mergers may show an entirely different afterglow behaviour
thann the long-duration bursts. HETE-II and Swift should be capable of triggering on
thesee short events.
Thee G R B / S N connection

Thee connection between GRBs and SNe is still debated. The way to settle this issue is
too take a spectrum at the time of maximum of the supernova bump (typically 30 days
afterr the burst) to try to identify supernova features in the spectrum. This will require
ann efficient spectrograph at an 8-m class telescope.
Polarization n

Polarizationn measurements allow study of the strength and direction of the magnetic
fieldss in the fireball. It is presently unclear how such fields are generated, and what
theirr orientation is. For two bursts polarization has been detected with the VLT, but
thee few data points do not allow for strong conclusions. With HETE-II and Swift alerts
itit will be possible to study the evolution of the polarization in time.
High-frequencyy optical variability

Inn general the afterglow light curves follow the power laws predicted by the fireball
theory.. Variability is not expected and not observed. At early times, however, things
mightt be different. The gamma-ray light curves show extremely spiky, erratic behaviour.
Observingg simultaneously in the gamma-ray and optical regime will help understanding
thee mechanism of the central engine and the causes of this variability. Also, after the
gamma-rayy emission has ceased, which in some cases can last for several minutes, rapid
variabilityy is expected, due to inhomogeneities in the circumburst medium. Future
studiess of the prompt optical afterglows and their variability may therefore provide
importantt new information on the "engines" and the immediate circumburst medium.
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E.. Costa, L. Piro, B. A. Peterson, C. Tinney, B. Boyle, R. Cannon, R. Stathakis, E.
Sadler,, M. C. Begam & P. Ianna
Naturee 395, 670 (1998)

Abstract.. The discovery of afterglows associated with 7-ray bursts at X-ray (Costa
ett al. 1997), optical (Van Paradijs et al. 1997) and radio (Frail et al. 1997) wavelengths
andd the measurements of the redshifts of some of these events (Metzger et al. 1997;
Kulkarnii et al. 1998b) has established that 7-ray bursts lie at extreme distances, making
themm the most powerful photon-emitters known in the Universe. Here we report the
discoveryy of transient optical emission in the error box of the 7-ray burst GRB 980425,
thee light curve of which was very different from that of previous optical afterglows
associatedd with 7-ray bursts. The optical transient is located in a spiral arm of the galaxy
ESOO 184-G82, which has a redshift velocity of only 2550 km s" 1 (Tinney et al. 1998). Its
opticall spectrum and location indicate that it is a very luminous supernova (Sadler et al.
1998),, which has been identified as SN 1998bw. If this supernova and GRB 980425 are
indeedd associated, the energy radiated in 7-rays is at least four orders of magnitude less
thann in other 7-ray bursts, although its appearance was otherwise unremarkable: this
indicatess that very different mechanisms can give rise to 7-ray bursts. But independent
off this association, the supernova is itself unusual, exhibiting an unusual light curve at
radioo wavelengths that requires that the gas emitting the radio photons be expanding
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relativisticallyy (Wieringa et al. 1998; Kulkarni et al. 1998a).

2.11

GRB 980425

G R BB 980425 was detected (Soffitta et al. 1998) on 1998 April 25.91 UT with one of the
WideWide Field Cameras (WFCs) and the Gamma Ray Burst Monitor on board BeppoSAX,
andd with the Burst And Transient Source Experiment (BATSE) on board the Compton
GammaGamma Ray Observatory (CGRO). The BATSE burst profile consisted of a single wide
peak.. The burst flux rose in ~ 5 s to a maximum flux of (3.0 0.3) x 1 0 - 7 erg c m - 2 s _ 1
(244 1820 keV), at which it remained for ~ 5 s; it decayed steadily to the background in
~~ 25 s. The burst fluence E^ is
) x 10~6 erg c m - 2 ; its duration (Kouveliotou et al.
1993)) T 90 is
4 s. The burst spectrum is well described by a smoothly broken power
law,, with a constant break energy (148
3 keV) and high-energy power-law photon
indexx
; the low-energy power-law photon index varied from
5 during
thee rise, to —2.6 0.2 during the decay of the burst. Thus, with respect to its 7-ray
properties,, GRB 980425 was not a remarkable event. In the BeppoSAX WFC no. 2 the
burstt lasted ~ 30 s, and reached a peak intensity of ~ 3 Crab (2-28 keV; Soffitta et al.
1998).. The position derived from the WFC image is right ascension (RA) 19 h 34 m 54 s ,
declinationn (dec.) 52°49'9 (J2000.0), with an error radius of 8' which comprises a 3'
statisticall error (99% confidence level) and a 5' systematic uncertainty due to incomplete
satellitee attitude information.

2.22

Optical observations

Wee observed the error box of GRB 980425 in RMACHO and BMACHO wavebands (Bessell
k,k, Germany 1999) with the 50-inch telescope at the Australian National University's
(ANU)) Mt. Stromlo Observatory (MSO) starting April 26.60 UT, and in standard U,
B,, V, R and I bands with the 30-inch telescope at MSO, the 40-inch telescope at the
ANUU Siding Spring Observatory, the Anglo-Australian Telescope at the Anglo-Australian
Observatory,, the 3.5-m New Technology Telescope (NTT), and the 1.5-m Danish and the
0.9-mm Dutch telescopes at the European Southern Observatory (ESO).
Inspectionn of N T T images obtained on April 28.4 and May 1.3 UT revealed a point source
inn the W F C error box, which was not visible in the Digitized Sky Survey. Tying 40-inch
V-- and R- band images to the Hipparcos Tycho coordinate system, we determined its
s
positionn at RA = 19 h 35 m 03.34 s
), dec. = -52°50'44.8"
) (J2000.0), lf6
awayy from the centre of the W F C error box. T h e source is within the BATSE/ Ulysses
Interplanetaryy Network annulus and coincides with the transient radio source in the
W F CC error box (Wieringa et al. 1998) to within 0'.'3. It is located in an Hll region in a
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spirall arm of the face-on barred spiral galaxy ESO 184-G82 at a redshift (Tinney et al.
1998)) of 2550 km s _ 1 , in the DN 1931-529 group of galaxies (Duus & Newell 1977).
SNN 1998 bw light curves
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F i g u r ee 2 . 1 : UBVRI light curves of SN 1998bw, corrected for galactic foreground extinction,
AAvv = 0.20, as inferred from a combination of COBE/DIRBE and IRAS/ISSA naps (Schlegel
ett al. 1998). Time is in days since April 25.91 UT. We determined a photometric (U, B, V, R
andd I) calibration for a number of reference stars (see Fig. 2.2 and Table 2.3) u ng NTT (May
4.44 UT) and 1.5D (May 8.3 UT) observations of the Landolt (Landolt 1992) fie. Is Mark A and
SA1100 (stars 496-507). We corrected for atmospheric extinction and, for U a; d B, also for a
first-orderr colour term. By comparison of these two calibration nights we estimate an error
off the absolute calibration of 0.10 mag in U and 0.05 mag in B, V, R and 1 The RMACHO
andd BMACHO observations have been transformed using the calibration of Bessell & Germany
(1999).. We consider a conservative minimum error of 0.03 mag realistic for ihe differential
U,, B, V, R and I light curves to account for the effect of seeing on the contribution of the
underlyingg galaxy (< 0.01 mag for each band) and the different instruments used. The longer
thee wavelength is, the later maximum light occurs (see Table 2.2). The R-band light curve
showss an initial 'plateau', then it rises at a rate of ~ 0.25 mag day - 1 to maximum light on
Mayy 12. Lack of early data prevents us from establishing the existence of the plateau in the
U,, B, V and I light curves. Starting early June 1998 the light curves decay exponentially with
~~ 0.025 mag day - 1 . For comparison the V-band light curve of the type Ie SN 19941 is shown
(Richmondd et al. 1996). As discussed by Iwamoto et al. (1998] the wiJxL ul the light-curve
peakk depends on the total ejected mass and the explosion energy.
Thee UBVRI light curves (see Table 2.1) of the transient are shown in Fig. 2.1.

These
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An unusual supernova in the error box of the 7-ray burst of 25 April 1998

Tablee 2.2: Times of maximum, and apparent and absolute peak magnitudes of SN 1998bw.
Wee used Ho = 65 km s _ 1 \lpc~ 1 , a redshift 2 = 2550 km s _ 1 , and corrected for galacticc foreground extinction. Ay - 0.20, as inferred from a combination of COBE/DIRBE and
IRAS/ISSAA maps (Schlegel et al. 1998).

Iter r Datee May
19988 (UT)
U U 9.44 0.2
B B 10.33 0.2
V V 12.22 0.2
R R 13.22 0.2
I I 13.88 0.3

Magnitude e
(apparent) )
13.811 0.10
14.099 0.05
13.622 0.05
13.611 0.05
13.700 0.05

Magnitude e
(absolute) )
-19.166
0
-18.888 0.05
-19.355 0.05
-19.366 0.05
-19.277 0.05

lightt curves are very different from those of 7-ray burst (GRB) afterglows
ass a power law, F(t) oc t~a, with a in the range 1-2 (Groot et al. 1998b)
similarr to those of supernovae. This, and the similarity of its spectrum to
supernovaee (for example, SN 19941, see Fig. 2.3) leads us to conclude that
iss a very luminous supernova of type Ic.

2.33

which decay
but are quite
that of some
the transient

The connection between SN 1998bw and
GRBB 980425

Anyy estimate of the probability that the supernova and the GRB coincided by chance
(withh respect to both time and direction) suffers from the problem of a posteriori statistics;; t h a t is, that the parameters of the problem tend to be set by the observed phenomenonn itself. In this case the parameters are the size of the error box, the peak
magnitudee of the supernova, and the time window within which the events can be consideredd as possibly related. In our computation we have made generous estimates of
thesee parameters.
Thee W F C error boxes have 99% confidence level radii varying between 3' and 8' (Heise
ett al. 1998). We conservatively estimate the angular distance, beyond which a connection
cann be rejected, at 10'. We included all supernovae with peak B-band magnitudes
mmBB < 16; t h a t is ~ 2 mag below that of SN 1998bw. The time of occurrence of the core
collapsee and the GRB coincide to within (+0.7, 2.0) days (Iwamoto et al. 1998). As
aa G R B which occurred a few days earlier or later would have been considered at least
remarkable,, we have taken a time window of 10 days.
Withh peak absolute magnitudes MB - 5 log h = -18.28, -16.68, and -15.69 (where h is

24 4
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F i g u r ee 2 . 2 : NTT R-band image from May 1 1998 UT of the field of SN 1998bw. The reference
starss 1-13 (see Table 2.3) are indicated. The supernova, near the center, is actually saturated
inn this image.
thee Hubble constant in units of 100 km s _ 1 \lpc~ 1 ) for supernovae of types la, Ib/c and
II.. respectively (Van den Bergh & Tammann 1991), for mB < 16 such supernovae are
detectablee out to redshifts of 7180, 3440 and 2180 km s _ 1 , respectively. (We note that
thesee limiting values are independent of the assumed value of the Hubble constant.)
T h ee Shapley-Ames 'fiducial' sample of 342 galaxies within the Virgo circle (Van den
Berghh & Tammann 1991) has a mean B-band luminosity of 6.7h~ 2 x 109 LQ(B), and
aa supernova rate of 3.09 h2 [100yr 1O 1O L 0 (B)]^ 1 . Using galaxy numbers and heliocentric
radiall velocities from Giovanelli & Haynes (1991), assuming a mean luminosity, galaxy
composition,, and supernova rate as in the 'fiducial' sample, and taking relative supernova
ratess (Cappellaro et al. 1997) for types II: Ib/c : la = 4.0: 0.8: 1.8, we find a total rate of
supernovaee (with UIB < 16 at the peak) of 80 per year. This value includes a correction
forr absorption (Van den Bergh & Tammann 1991) within the host galaxy disk. This
numberr should perhaps be increased by a modest factor to account for incompleteness
off the radial-velocity distribution (Giovanelli & Haynes 1991); we have adopted a final
supernovaa rate (m^ < 16) of 120 per year.

26 6

2.32.3

TT

1

,

,

The connection

,

,

1

,

//

,

1

between SN 1998bw and GRB 980425

1

1

1

\

50000
6000
Wavelengthh (A)

I

I

I

|

r-

SN 1998bw

7000

F i g u r ee 2 . 3 : Representative spectra near maximum light of SN 1998bw, SN 19941 (type Ic,
ESOO supernova archive, courtesy of M. Turatto), and SN 1984L (type lb) (Wheeler & Levreault
1985).. Hydrogen lines, characteristic of type II supernovae, and Sill, characteristic of type
Iaa supernovae, are absent in the spectrum of SN 1998bw. The strong Hel 5876 line which
characterizess type lb supernovae is very weak in SN 19941 and absent in SN 1998bw. The
overalll shape of the spectrum of SN 1998bw is similar to that of a type Ic supernova, although
thee spectral features are less pronounced. The difference is strongest in the 3500-5000 A region,
wheree the Call and Fell lines are much weaker than in SN 19941. In this respect, SN 1998bw
appearss to represent an extreme case in the odd class of type Ic supernovae.
Withh the above parameters we estimate the probability of catching a supernova in one
off the 13 W F C GRB error boxes to be 9 x 1CT5. In our probability estimate we have
includedd all supernovae with peak magnitudes two magnitudes below that of SN 1998bw,
andd we have ignored the fact that SN 1998bw is of a rare type. We therefore believe
ourr estimate is conservative. As a result, the notion that GRB 980425 and SN 1998bw
aree physically related becomes difficult to reject purely on the basis of the fact that
afterglowss observed so far from GRBs are very different from supernovae.
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2.44

X-ray sources

Thee W F C error box contains two X-ray sources (Plan et al. 1998a,b), neither of which
coincidess with SN 1998bw. One, IS AX J 1935.0-5248 has a constant (2-10 keV) flux of ~
2 x l 0 - 1 33 e r g e r n i s - 1 . The other, 1SAX J1935.3-5252, was detected at
x 10~ 13
-2
_1
-13
-2
ergg c m s about 1 day after the burst, and decayed to < 1.2 x 1 0
erg c m s _ 1 (3a)
-13
inn 22 hours; it was not detected 6 days after the burst (< 1.0 x 1 0
erg c m - 2 s _ 1 ). This
variabilityy is consistent with that of previously observed X-ray afterglows of GRBs, and
thiss object might be a possible counterpart for GRB 980425. Comparison of the 50-inch
Aprill 26.63 UT and April 28.68 UT images a t the locations of the two X-ray sources
showss no sources variable by more than 0.2 mag down to R = 2 1 . However, several GRBs
havee not shown optical afterglows either, most notably GRB 970111 (Castro-Tirado et al.
1997)) and GRB 970828 (Groot et al. 1998a).
Thee (2-10) keV detection limit (3a) for the GRB 980425 Narrow-Field Instrument (NFI)
observationss was 1.2 x 10~ 13 erg c m - 2 s _ 1 . Using the Advanced Satellite for Cosmology
andand Astrophysics (ASCA) (2-10 keV) source count distributions (Cagnoni et al. 1998)
onee expects to find an average of 0.6 X-ray sources above this limit in the W F C error
box;; the probability of finding two or more sources there by chance coincidence is 12%.
Thee case for a relation between this X-ray source and GRB 980425 must therefore be
consideredd tentative at best, in particular because variability is not rare among weak
ROSATT sources.

2.55

Discussion

Modellingg (Iwamoto et al. 1998) of the optical light curve of SN 1998bw shows that it
cann be reproduced with the core collapse of a massive progenitor star composed mainly
off carbon and oxygen (a C + O star); the time of collapse coincides with that of the
G R BB to within (+0.7, 2.0) days. In the case of the C + O star core collapse, the kinetic
energyy was ^ 10 52,5 erg. To achieve the observed high luminosity, substantial amounts of
56
Nii ( ~ 0.7 solar masses) have to be synthesized in the explosion (Iwamoto et al. 1998);
thee large energy and 56 Ni mass would be unprecedented for a core-collapse supernova.
Iff one accepts the possibility that GRB 980425 and SN 1998bw are associated, one must
concludee that GRB 980425 is a rare type of GRB, and SN 1998bw is a rare type of supernova.. The radio properties (Wieringa et al. 1998; Kulkarni et al. 1998a) of SN 1998bw
showw the peculiar nature of this event independent of whether or not it is associated
withh G R B 980 125.
Thee consequent-e of an association is that the 7-ray peak luminosity of GRB 980425 is
L 77 = (5.5 0 7) x 10 46 erg s" 1 (in the 24-1820 keV band) and its total 7-ray energy
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budgett is (8.1 1.0) x 10 47 erg. These values are much smaller than those of 'normal'
GRBss which have peak luminosities of up to 10 52 erg s" 1 and total energies (Kulkarni
ett al. 1998b) up to several times 10 53 erg. This implies that very different mechanisms
cann produce GRBs which cannot be distinguished on the basis of their 7-ray properties,
andd that models explaining GRB980425/SN 1998bw are unlikely to apply to 'normal'
GRBss and vice versa.
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Abstract.. We report on X-ray, optical and infrared follow-up observations of GRB 980703
Wee detect a previously unknown X-ray source in the GRB error box; assuming a power
laww decline we find for its decay index a < —0.91 (3<r). We invoke host galaxy extinction
too match the observed spectral slope with the slope expected from 'fireball' models. We
findd no evidence for a spectral break in the infrared to X-ray spectral range on 1998
Julyy 4.4, and determine a lower limit of the cooling break frequency: vc > 1.3 x 1017
Hz.. For this epoch we obtain an extinction of Ay = 1.50 0.11. From the X-ray data
wee estimate the optical extinction to be Ay = 20.2^2g3, inconsistent with the former
value.. Our optical spectra confirm the redshift of z = 0.966. We compare the afterglow
off GRB 980703 with that of GRB 970508 and find that the fraction of the energy in the
magneticc field, eB < 6 x 10"5, is much lower in the case of GRB 980703, which is a
consequencee of the high frequency of the cooling break.

3.11

Introduction

Severall properties of gamma-ray burst (GRB) afterglows can be well explained by 'fireball'' models, in which a relativistically expanding shock front, caused by an energetic
explosionn in a central compact region, sweeps up the surrounding medium and acceler-
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atess electrons in a strong synchrotron emitting shock (Mészaros & Rees 1994; Wijers
ett al. 1997; Sari et al. 1998; Galama et al. 1998c). The emission shows a gradual softening
withh time, corresponding to a decrease of the Lorentz factor of the outflow. Most X-ray
andd optical/infrared (IR) afterglows display a power law decay (except GRB 980425,
whichh is most likely associated with the peculiar supernova SN 1998bw; Galama et al.
1998b). .
Spectrall transitions in the optical/IR have been detected for the afterglows of GRB 970508
(Galamaa et al. 1998c; Wijers k Galama 1999) and GRB 971214 (Ramaprakash et al.
1998;; Wijers & Galama 1999). These have been explained by the passage through the
optical/IRR waveband of the cooling break, at vQ (for GRB 970508) and the peak of the
spectrum,, at um (for GRB971214); see Sari et al. (1998) and Wijers & Galama (1999)
forr their definition. For GRB 970508 the observed break is in excellent agreement with
suchh 'fireball' models, while for GRB 971214 an exponential extinction has been invoked
too explain the discrepancy between the expected and observed spectral indexes.
G R BB 980703 was detected on July 3.182 UT with the All Sky Monitor (ASM) on the
RossiRossi X-ray Timing Explorer (RXTE; Levine et al. 1998), the Burst And Transient
SourceSource Experiment (BATSE, trigger No. 6891; Kippen 1998), BeppoSAX (Amati et al.
1998)) and Ulysses (Hurley & Kouveliotou 1998). The burst as seen by BATSE consisted
off two pulses, each lasting approximately 100 s e c , with a total duration of about 400
sec.. (Kippen 1998). The first pulse had significant sub-structure, whereas the second,
weakerr episode was relatively smooth. This double-peak morphology has also been seen
withh the BeppoSAX Gamma Ray Burst Monitor (Amati et al. 1998). BATSE measured
aa peak flux of (1.9
) x 10~ 6 erg cm 2 s - 1 (25-1000 keV) and fluence of (4.6
0.4)
- 55
2
xlO
erg cm" (> 20 keV), consistent with the BeppoSAX GRBM measurement.
Observationss with the Narrow-Field Instruments (NFIs) of BeppoSAX showed a previouslyy unknown X-ray source (Galama et al. 1998a) inside both the ASM error box and
thee Interplanetary Network (IPN) annulus (Hurley &; Kouveliotou 1998). Frail et al.
(1998a)) (see also Zapatero Osorio et al. 1998) subsequently reported the discovery of a
radioo (6 cm) and optical (R-band) counterpart to GRB 980703.
Heree we report X-ray (0.1-10 keV), optical (VRI), and infrared (JHK) follow-up observationss of G R B 980703. In § 3.2 we report our NFI X-ray observations of the ASM error
box,, and § 3.3 is devoted to the description and results of our spectroscopic and photometricc optical/IR monitoring campaign. We discuss the results of these observations in
§3.4. .
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X-ray observations

Wee observed the ASM error box of GRB 980703 with the BeppoSAX Low- and Medium
EnergyEnergy Concentrator Spectrometers (LECS, 0.1-10 keV, and MECS, 2-10 keV, Parmar
ett al. 1997; Boella et al. 1997b) on July 4.10-5.08 UT (starting 22 hr after the burst) and
onn July 7.78-8.71 UT. The LECS and MECS data show a previously unknown X-ray
sourcee 1SAX J2359.1+0835 at R.A. = 23 h 59 m 06!8, Decl. = +08°35'45"(equinox J2OO0.0),
withh an error radius of 50". The field also contains the sources 1SAX J2359.9+0834 at
R.A.. = 23 h 59 m 59 s , Decl.= +08°34'03", and 1SAX J0000.1+0817 at R.A. = 00 h 00 m 04 s ,
Decl.=+08°17'14".. Both are outside the ASM error box, do not show any variabilityy and coincide with the known ROSAT sources, 1RXS J235959.1+083355 and 1RXS
J000007.0+081653,, respectively.

NFII light c u r v e of GRB980703
t,,

t„

5 x l 0 - 1 3 --

S-,,

XX
33
io-133

22

t i m ee (days -

4

6

1998 July 3.182 UT)

F i g u r ee 3 . 1 : The 2-10 keV light curve of GRB 980703. Time and flux are on a logarithmic
scale. .
Wee extracted 1SAX J2359.1+0835 data at the best fit centroids with radii of 8' (LECS)
andd 2 (MECS). To analyze the spectrum we binned the data into channels, such that
eachh contained at least 20 counts. Using the separate standard background files of the
spectrometers,, we simultaneously fitted the LECS and MECS data of July 4-5 UT, with
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aa power law spectrum and a host galaxy absorption cut-off, using a redshift of z — 0.966
(Djorgovskii et al. 1998, see also §3.3 of this chapter). In the fit we fixed the Galactic
foregroundd absorption at A^ — 3.4 x 1020 cm - 2 (Ay — 0.19, as inferred from the dust
mapss of Schlegel et al. (1998) \ and the A v -N H relation of Predehl k Schmitt (1995)).
Thee average spectrum can be modelled with a photon index T =
2 and a host
galaxyy column density -/VH(host) = 3.6*23 x 1022 cm" 2 , corresponding to ^ ( h o s t ) —
20.2^72333 (local to the absorber). Modelling the spectrum without iVH(host) results in a
veryy poor fit. We did not account for a possible small position dependent error in the
relativee flux normalizations between the LECS and MECS, which is only a few percent
nearr the center of the image. A change of 25% in the assumed Galactic foreground
absorptionn does not affect the output values of the fit parameters. For the second epoch
off NFI observations we kept the position fixed at the position determined from the first
epoch;; we find Fx < 1-1 x 10 - 1 3 erg cm - 2 s _1 (3<r). Fitting a power law model to the
lightt curve including the upper limit, we obtain a < —0.91 for the decay index. The
X-rayy light curve is shown in Fig 3.1. We checked for the presence of the 6.4 keV K line
att the redshifted energy of 3.26 keV, but do not detect it. The upper limit on its flux
iss 8.3 x 10 - 6 photons cm" 2 s"1 (90% confidence level), corresponding to an equivalent
widthh of 532 eV in the observer's frame.

3.33

Optical and infrared observations

Wee observed the field of GRB 980703 with the Wise Observatory 1-m telescope (in I);
thee 3.5-m New Technology Telescope (NTT; in V, I and H), the 2.2-m (in H and Ks) and
DutchDutch 90-cm (in Gunn i) telescopes of ESO (La Silla); the CTIO 0.9-m telescope (in R)
andd United Kingdom Infra-Red Telescope (UKIRT) (in H, J and K).
Thee optical images were bias-subtracted and flat-fielded in the standard fashion. The infraredd frames were reduced by first removing bad pixels and combining about five frames
aroundd each object image to obtain a sky image. This sky image was then subtracted
afterr scaling it to the object image level; the resulting image was flat-fielded. Four referencee stars were used to obtain the differential magnitude of the optical transient (OT)
inn each frame. These stars were calibrated by observing the standard stars PG2331+055
(inn V and I; Landolt (1992)), FS2 and FS32 (in J, H and K; Casali k Hawarden (1992)).
Wee used the R-band calibration of Rhoads et al. (1998). The offsets in right ascension
andd declination from the OT, and the apparent standard magnitudes outside the Earth's
atmospheree of the reference stars are listed in Table 3.1.
Thee light curves of the OT are shown in Fig. 3.2 (see Table 3.3 for a list of the magnitudes).. In view of the flattening of the light curves after t ~ 5 days we fitted a model
1

seee http://astro.berkeley.edu/davis/dust/index.html
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IT)

F i g u r ee 3.2: V, R, I, J, H and K light curves of GRB 980703. The filled symbols denote
ourr data, while the open symbols represent data taken from the literature (Zapatero Osorio
ett al. 1998; Rhoads et al. 1998; Henden et al. 1998; Bloom et al. 1998b; Pedersen et al. 1998;
Djorgovskii et al. 1998; Sokolov 1998, and private communication). For each filter a power law
modell plus a constant: Fv = FQ ta + Fgai is fitted (solid lines). The fit parameters are listed
inn Table 3.2. The times ti-t4, at which we have reconstructed the spectral flux distribution of
thee OT, are indicated by the dashed lines.
FFvv — F0 ta + Fgai to our own I- and H-band light curves (in these bands we have
sufficientt data for a free parameter fit). Here t is the time since the burst in days, and
Fgaii is the flux of the underlying host galaxy. The values for m0 = —2.5 log (F0) + C,
thee decay index a and m ga i = — 2.5 log(F g a i) + C, are listed in Table 3.2. The photometricc calibration, which determines C, has been taken from Bessell (1979) for V. R
andd I and Bessell & Brett (1988) for J, H and K. The weighted mean value of a for
thee I and H-bands equals —1.61 0.12, while an I and H-band joint fit, with a single
powerr law decay index, gives a = —1.63 0.12 (\ = 15.4/16). For the V, R, J and K
bandss we fixed a at —1.61, included also data from the literature, and fitted m0 and
m
gai-- The fits are shown as solid lines in Fig. 3.2. We note that when we fit all three
parameterss to the R-band data (mainly data from the literature) we obtain a temporal
slopee of —1.94 0.22, consistent with the adopted value of —1.61 0.12. However, we
doo not include this value in the average, since the R-band magnitudes are taken from
thee literature and thus not consistently measured.
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Tablee 3 . 1 : The magnitudes and offset from the OT in arc seconds of the four comparison
starss used. The error is the quadratic average of the measurement error (Poisson noise) and a
constantt offset, which we estimate to be 0.05 for the optical passbands and 0.1 for the infrared
filters. .

filter filter
AA R.A.(")
AA Decl.(")
VV
RR
II
JJ
HH
KK

starr 1
-18.0 0
3.9 9
21.333 0.06
20.399 0.04
19.555 0.07
18.455 0.13
17.855 0.12
17.711 0.13

starr 2
-11.7 7
-9.7 7
17.022 0.05
16.644 0.02
16.300 0.05
15.755
1
15.444 0.10
15.411 0.12

starr 3
-8.0 0
-21.7 7
22.066 0.08
20.722 0.05
19.211 0.06
17.522 0.12
16.966 0.11
16.722 0.12

starr 4
-13.9 9
-31.8 8
22.688 0.12
20.011
18.255
17.699
17.522

0.08
0.13
0.12
0.13

Forr four epochs we have reconstructed the spectral flux distribution of the O T (times t i ,
t 2 ,, t 3 and t 4 in Fig. 3.2, corresponding to 1998 July 4.4, 6.4, 7.6 and 8.4, respectively).
Thee host galaxy flux, obtained from the fits to the light curves, was subtracted. We
correctedd the OT fluxes for Galactic foreground absorption (Ay = 0.19). If more than
onee value per filter was available around the central time of the epoch, we took their
weightedd average. All values were brought to the same epoch by applying a correction
usingg the slope of the fitted light curve. For t h e first epoch (ti) we fitted the resulting
spectrall flux distribution with a power law, Fu oc u0, and find j3 = —2.71 0.12.
Wee took three 1800 sec. spectra of the O T with the N T T , around July 8.38 UT. The # 3
grismm t h a t was used has a blaze wavelength of 4600 A and a dispersion of 2.3 A/pixel.
Thee slit width was set at 1". The three spectra were bias-subtracted and flat-fielded
inn the usual way. The co-added spectrum was then extracted the same way as the
standardd star Feige 110. We wavelength calibrated the spectrum with a Helium/Argon
Tablee 3.2: Fit parameters for the model m = - 2 . 5 1 o g ( l ( T a 4 m ° t a + lO"0-4"1*")

filter r
VV
RR
II
JJ
HH
KK
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67+
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i6.48i8;{S S -1.61 1 5

mmQ Q

mgal mgal

911 9 9+U.48
z i . z z _ 00 33

233 04+(JUB 5.5/5 5
9 99 e;»+0-06 14.7/10 0
ZZ.OO_Q.05 5
2i.95_j;s s 4.5/8 8
20.87+JÏÏ Ï 5.6/4 4
20.27_2;ï? ? 6.5/7 7
19.62+8;}? ? 11.3/9 9

AA red

3.33.3

Optical and infrared

observations

Tablee 3.3: The log of the observations with the columns: UT date, magnitude and error,
filter,filter, exposure time, seeing and the telescope. Instruments and CCDs used: NTT EMMI:
redd arm with TEK 2k x 2k CCD (#36), tf'27/pixel; NTT SUSI2: EEV 4k x 2k CCD (#45
&& #46), (//08/pixel; NTT SOFI: Hawaii Ik x Ik HgCdTe array, tf'29/pixel; ESO Dutch:
CCDD Camera with TEK 512 x 512 CCD (#33), O ^ / p i x e l ; Wise 1-m: TEK Ik x Ik CCD,
tf'70/pixel;tf'70/pixel; CTIO 0.9-m: TEK 2k x 2k CCD, tf'38/pixel; UKIRT: IRCAM3 with FPA42 256
xx 256 detector, tf.'29/pixel; 2.2-m (IRAC2b): NICMOS-3 256 x 256 array, tf'öOT/pixel. We
notee that we do not list an estimate of the seeing in case of infrared observations, since the
reall seeing is overestimated due to the process of co-adding the individual frames.
ÜTT date

magnitude

(19988 July)
4.059 9 20.077
4.347 7 20.433
4.359 9 20.499
4.372 2 20.544
4.383 3 20.555
4.439 9 17.611
5.059 9 20.733
5.339 9 21.844
6.395 5 18.866
7.609 9 19.255
7.622 2 18.366
8.361 1 19.277
8.375 5 21.600
8.396 6 18.144
8.438 8 22.644
8.578 8 19.544
8.608 8 20.288
8.633 3 18.777
9.509 9 20.400
9.554 4 19.766
9.614 4 18.944
10.353 3 21.622
10.380 0 20.099
10.435 5 19.244
10.440 0 22.877
11.496 6 19.988
11.527 7 19.477
13.414 4 18.766
13.438 8 21.477

0.19
0.04
0.03
0.03
0.04
0.04
0.29
0.08
0.14
0.12
3
0.22
0.06
0.35
0.08
0.08
0.10
0.24
0.12
0.12
0.09
0.16
0.20
0.16
0.34
0.21
0.27
0.30
0.41

filter

exp. time

seeing

(seconds) )
II
2100 0
II
900 0
II
900 0
II
900 0
II
900 0
HH
810 0
II
1800 0
3600 0
RR
HH
540 0
HH
1200 0
KK
600 0
HH
2700 0
II
900 0
Ks s
2700 0
VV
900 0
HH
1620 0
JJ
2160 0
KK
600 0
JJ
2160 0
HH
2160 0
KK
2160 0
Gunnn i
4800 0
HH
3750 0
Ks s
3900 0
VV
900 0
HH
2160 0
KK
2160 0
Ks s
4950 0
Gunnn i
2400 0

(") )
2.39 9
1.16 6
1.10 0
1.14 4
1.02 2
3.09 9
1.86 6

0.92 2
1.93 3

1.22 2

1.06 6

1.98 8

telescope/reference

Wisee 1-m
ESOO NTT (EMMI)
ESOO NTT (EMMI)
ESOO NTT (EMMI)
ESOO NTT (EMMI)
ESOO NTT (SOFI)
Wisee 1-m
CTIOO 0.9-m
ESOO NTT (SOFI)
UKIRT T
UKIRT T
ESOO 2.2m
ESOO NTT (EMMI)
ESOO 2.2m
ESOO NTT (EMMI)
UKIRT T
UKIRT T
UKIRT T
UKIRT T
UKIRT T
UKIRT T
ESOO Dutch
ESOO 2.2m
ESOO 2.2m
ESOO NTT (EMMI)
UKIRT T
UKIRT T
ESOO 2.2m
ESOO Dutch
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Tablee 3.3: (continued)
UTT date magnitude
(19988 July)
13.558 8 20.422 0.13
14.536 6 20.000 0.15
14.545 5 19.366 0.14
15.582 2 20.566 0.12
17.359 9 22.688 0.12
17.371 1 21.911 0.12
23.501 1 20.044 0.12
23.578 8 19.288 0.11

filter
JJ
HH
KK
JJ
VV
II
HH
KK

exp. time
(seconds) )
2160 0
2160 0
2160 0
3240 0
900 0
900 0
4860 0
4860 0

seeing
(") )

telescope/reference

UKIRT T
UKIRT T
UKIRT T
UKIRT T
1.05 5 ESOO NTT (SUSI2)
0.75 5 ESOO NTT (SUSI2)
UKIRT T
UKIRT T

lampp spectrum, with a residual error of 0.03 AThe spectrum was flux calibrated with
thee standard star Feige 110 (Massey et al. 1988). We estimate the accuracy of the flux
calibrationn to be 10%. The wavelength and flux calibrated spectrum shows one clear
emissionn line at 7330.43 0.14 A with a flux of 3.6 0.4 xl0~ 16 erg cm" 2 s _1 . At the
redshiftt z = 0.966 determined by Djorgovski et al. (1998) this is the A 3727 line of [OII];
ourr wavelength measurement corresponds to z — 0.9665 0.0005.

3.44

Discussion

Fromm the optical/IR light curves presented in § 3.3 we have obtained an average power
laww decay constant a = —1.61 0.12. This value is consistent with the ones derived by
Bloomm et al. (1998b) (a R = -1.22 0.35, and a{ = -1.12 0.35) and Castro-Tirado
ett al. (1999) (a R = -1.39 0.3, and a H = -1.43 0.11).
Iff we make the assumption that the OT emission is due to synchrotron radiation from
electronss with a power law energy distribution (with index p), one expects a relation
betweenn p, the spectral slope 0, and the decay constant a (Sari et al. 1998). We assume
thatt our observations are situated in the slow cooling, low frequency regime (e.g., for
GRB9705088 this was already the case after 500 sec; Galama et al. 1998c). One must
distinguishh two cases: (i) both the peak frequency i/m and the cooling frequency uc
aree below the optical/IR waveband. Then p = ( - 4 a + 2)/3 = 2.81 0.16 and 0 =
—p/2—p/2 = —1.41 0.08, (ii) um has passed the optical/IR waveband, but uc has not yet.
Inn that case p = ( - 4 a + 3)/3 = 3.15 0.16 and 0 = ~{p - l)/2 = -1.07 0.08.
InIn both cases the expected value of 0 is inconsistent with the observed 0 — —2.71
0.12.. Following Ramaprakash et al. (1998) we assume that the discrepancy is caused by
hostt galaxy extinction (note that we have already corrected the OT fluxes for Galactic
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foregroundd absorption). To determine the host galaxy absorption we first blueshifted
thee OT flux distribution to the host galaxy rest frame (using z = 0.966), and then
appliedd an extinction correction using the Galactic extinction curve of Cardelli et al.
(1989),, to obtain the expected spectral slope 0. For epoch ti (July 4.4 UT), we obtain
AAvv = 1.15
0.13 and Av = 1.45
0.13 for the cases (i) and (ii), respectively (see
Fig.. 3.3).
Broadbandd spectrum of GRB98Ü703 at July 4.4 UT

100

4

1CT5 5

XX

B

22 io
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1 0 1 44
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IO17"

101B

uu (Hz)
F i g u r ee 3.3: Broad-band spectrum of GRB 980703 at July 4.4 UT (i.e.. at ti in Fig. 3.2). The
openn symbols are the R, I and H OT fluxes (interpolated to July 4.4. corrected for Galactic
foregroundd absorption and the host galaxy flux) and the MECS (2-10 keV) de-absorbed flux
(thee absorption correction is 7%). The filled symbols are obtained by invoking an interstellar
extinction,, Ay, to force the slope of the data points to take on the two possible theoretical
spectrall slopes. The two slopes (3 and their la errors are indicated by the solid and dotted
lines. .
Inn case (i) we find that an extrapolation of the optical flux distribution to higher frequenciess predicts an X-ray flux that is significantly below the observed value, whereas in case
(ii)) the extrapolated and observed values are in excellent agreement. The mismatch in
casee (i) is in a direction that cannot be interpreted in terms of the presence of a cooling
breakk between the optical and X-ray wavebands. When we include the X-ray data point
inn the fit to obtain a more accurate determination of Av, we find Av = 1.50
0.11.
andd 0 = - 1 . 0 1 3
0.016. We conclude that the optical/IR range is not yet in the
coolingg regime, and so p = 3.15
0.16. Where would the cooling frequency, vc, be
located?? The X-ray photon index, F = 2.51
0.32, corresponding to a spectral slope
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off /? = —1.51 0.32 suggests that perhaps the X-ray waveband is just in the cooling
regime,, in which case the expected local X-ray slope would be ,3 = —p/2 = —
. However,
whilee if not in the cooling regime, it would be 3 = — ( p - l ) / 2 =
thee large error on the measured X-ray spectral slope would also allow the cooling break
too be above 2-10 keV. We estimate the (2<r) lower limit to the cooling frequency to be
vvcc > 1.3 x 10 17 Hz {hvc > 0.5 keV).
Broadbandd spectrum of GRB980703 at July 8 1 UT

10 166

10 17

101,

1// (Hz)

F i g u r ee 3.4: Broad-band spectrum of GRB980703 at July 8.4 UT (i.e., at U in Fig. 3.2). The
openn symbols are the V, R, I, J, H and K OT fluxes and the MECS (2-10 keV) de-absorbed
3aa upper limit.
Wee performed the same analysis for the other epoch (t 4 ) with X-ray data (see Fig. 3.4).
Att this epoch, the X-ray upper limit does not allow us to discriminate between the two
cases.. However, we can still estimate a lower limit to the cooling break from its time
dependence:: vc oc rl/2.
which would allow the break to drop to uc > 6.3 x 10 16 Hz only,
betweenn epoch tj and t 4 .
Onn the basis of our analysis we conclude that there is no strong evidence for a cooling
breakk between the optical/IR and the 2-10 keV passband before 1998 July 8.4 UT. This
conclusionn is at variance with the inference of Bloom et al. (1998b), who infer from their
fitss t h a t there is a cooling break at about 10 17 Hz. Upon closer inspection, there is no
reall disagreement: Bloom et al. found a slightly shallower temporal decay, and therefore
aa bluer spectrum of the afterglow, which causes their extrapolated optical spectrum to
falll above the X-ray point. However, their error of 0.35 on the temporal decay leads to
ann error of 0.24 on their predicted spectral slope, and this means that a l a steeper slope
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inn their Fig. 2 would be consistent with no detected cooling break.
Assumingg that the spectral slope ((3 — —1.013 0.016) did not change during the time
spannedd by the four epochs ti - t4 (as suggested by the lack of evidence for a break in
thee light curve during this timespan) we have derived the V-band extinction Ay as a
functionn of time: Av= 1.50
0.11, 1.38
0.35, 0.84
0.29 and 0.90
0.25 for the
epochss 1 through 4, respectively. Fitting a straight line through these, we obtain a slope
off -0.16 0.06, i.e., not consistent with zero at the 98.8% confidence level. Such a
decreasee of the optical extinction, Ay, might be caused by ionization of the surrounding
mediumm (Perna & Loeb 1998).
Thee V-band extinction Av = 20.2^ 2 3 3 , derived from the host galaxy NH fit to the MECS
andd LECS data (July 4 5 UT) is not in agreement with Av = 1.50 0.11 as derived
fromm the fit from the optical spectral flux distribution. This may be due to a different
dustt to gas ratio for the host galaxy of GRB 980703, or a higher abundance than normal
off the elements that cause the X-ray absorption.
Withh the above derived constraint on vc we can partially reconstruct the broad-band
fluxflux distribution of the afterglow of GRB 980703: from the radio observations of Frail
ett al. (1998b) at 1.4, 4.86 and 8.46 GHz, we determine the self-absorption frequency v&
andd its flux Fv& from the fit Fv = F 1/a (v/i/ a ) 2 (l - exp[-(^/f a )~ 5/3 ]) t o t n e low-energy
partt of the spectrum (e.g. Granot et al. 1999). We have used averages of the 1.4 and
4.866 GHz observations to obtain best estimates of the radio flux densities as particularly
thosee frequencies suffer from large fluctuations due to interstellar scintillation (Frail et
al.. 1998b). We find i/B = 3.68 0.33 GHz and F„a = 789 42 /zJy. (The fit is shown
inn Fig. 3.5.) The intersection of the extrapolation from the low-frequency to the highfrequencyy fit gives a rough estimate of the peak frequency, um ~ 4 x 1012 Hz, and of
thee peak flux, F„m ~ 8 mJy (see Fig. 3.5). By assuming such a simple broken power law
spectrumm the peak flux density will likely be overestimated (realistic spectra are rounder
att the peak); it is clear from Fig. 3.5 that 1 < F„m < 8 mJy.
Followingg the analysis of Wijers & Galama (1999) we have determined the following
intrinsicc fireball properties: (i) the energy of the blast wave per unit solid angle: S >
55 x 1052 erg/(47r sterad), (ii) the ambient density: n > 1.1 nucleons cm - 3 , (iii) the
percentagee of the nucleon energy density in electrons: ee > 0.13, and (iv) in the magnetic
field:: eB < 6 x 10 -5 . The very low energy in the magnetic field, CB, is a natural reflection
off the high frequency of the cooling break vc.
Wee have compared this afterglow spectrum with that of GRB 970508. Scaling the latter
inn time according to ya oc t°, vm oc t~3^2 and vc oc i -1 ^ 2 , the results of GRB 970508
(Galamaa et al. 1998c; Granot et al. 1999) would correspond to va ~ 2.3 GHz, um 2.88 x 1012 Hz, i/c — 4.8 x 1014 Hz, and F„m — 1.3 mJy. In this calculation we have
correctedd for the effect of redshift (see Wijers & Galama 1999) such that the values
representt GRB 970508, were it at the redshift of GRB 980703 and observed 1.2 days
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F i g u r ee 3.5: Radio to X-ray spectrum of GRB 980703 at July 4.4 UT (i.e.. at ti in Fig. 3.2).
Shownn are data from Fig. 3.3 as well as 1.4, 4.86 and 8.46 GHz observations from Frail et al.
(1998b).. The fit Fv = F„ a (i//i/ a ) 2 (l ~exp[-(i//^ a ) - 5 '' 3 ]) to the low-energy part of the spectrum
withh i/a = 3.68 0.33 GHz and F„a = 789 42 /uJy is shown by the dotted line. The best fit
too the optical/IR and X-ray data is also shown.
afterr the event. The greatest difference between the two bursts is in the location of the
coolingg frequency, uc.
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44 VLT spectroscopy of GRB 990510
andd GRB 990712; probing the faint
andd bright end of the GRB host
galaxyy population

P.. M. Vreeswijk, A. S. Fruchter, L. Kaper, E. Rol, T. J. Galama, J. van Paradijs, C.
Kouveliotou,, R. A. M. J. Wijers, E. Pian, E. Palazzi, N. Masetti, F. Frontera, S. Savaglio,
K.. Reinsch, F. V. Hessman, K. Beuermann, H. Nicklas & E. P. J. van den Heuvel
Astrophysicall Journal, 546, 672 (2001)

Abstract.. We present time-resolved optical spectroscopy of the afterglows of the gammarayy bursts GRB 990510 and GRB 990712. Through the identification of several absorptionn lines in the first epoch GRB 990510 spectrum, we determine the redshift for this
burstt at z > 1.619. No clear emission lines are detected. The strength of the Mgi featuree is indicative of a dense environment, most likely the host galaxy of GRB 990510.
Althoughh the host is extremely faint (V ^ 28), the GRB afterglow allows us to probe its
interstellarr medium and - in principle - to measure its metallicity. The optical spectrum
off GRB 990712 (whose host galaxy is the brightest of the known GRB hosts at cosmologicall redshifts), shows clear features both in emission and absorption, at a redshift
off z — 0.4331
0.0004. On the basis of several line emission diagnostic diagrams, we
concludee that the host galaxy of GRB 990712 is most likely an Hli galaxy. We derive a
unreddenedd [Oil] star formation rate of 2.7 0.8 M 0 yr _1 . Correcting for the measured
extinctionn intrinsic to the host galaxy (Ay = 3.4+1;*), this value increases to 35^5 8 M0
yr _1 .. The [Oil] equivalent width, compared to that of field galaxies at z < 1, also suggestss that the host of GRB 990712 is vigorously forming stars. We employ the oxygen
andd H/? emission-line intensities to estimate the global oxygen abundance for the host
off GRB 990712: log(0/H) = -3.7 0.4, which is slightly below the lowest metallicity
onee finds in nearby spiral galaxies. For both GRBs we study the time evolution of the
absorptionn lines, whose equivalent width might be expected to change with time if the
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burstt resides in a dense compact medium. We find no evidence for a significant change
inn the Mgll width.

4.11

Introduction

Inn February 1997, the Italian-Dutch satellite BeppoSAX enabled a breakthrough in the
understandingg of gamma-ray bursts (GRBs) by providing an accurate position for the
promptt X-ray emission of a GRB. This led t o the discovery of the first X-ray afterglow
off a G R B (Costa et al. 1997), and, independently, to the identification of the first
opticall counterpart of a burster (Van Paradijs et al. 1997). Since then, several X-ray,
opticall and radio counterparts of GRBs have been detected. These multi-wavelength
aftergloww observations can be explained reasonably well by simple fireball models (for
recentt reviews see Piran 1999; Van Paradijs et al. 2000). GRB distance determinations
aree crucial in the effort to establish the physical nature of their progenitor(s). The
observedd redshift distribution of the 'normal' afterglows (i.e., excluding GRB 980425,
whichh is associated with supernova SN1998bw at z = 0.0085 Galama et al. 1998b),
rangess from z = 0.43 (Galama et al. 1999b, and this chapter) to z = 3.42 (Kulkarni
ett al. 1998b).
Althoughh major advances in the understanding of GRBs have been made over the past
feww years (thanks to the detection of afterglows), the physical nature of their progeni t o r s )) remains unclear. The most popular models are (i) the collapse of a rotating
massivee star (Woosley 1993; MacFadyen k Woosley 1999) and (ii) the merging of two
neutronn stars, or a neutron star and a black hole (Narayan et al. 1992; Janka et al. 1999).
Thee former ('collapsar') model has trouble producing GRBs with durations shorter than
aa couple of seconds and predicts that every afterglow is accompanied by a supernova
off a type (Ic) similar to SN1998bw (MacFadyen & Woosley 1999). Furthermore, in the
collapsarr environment it is likely that the optical light of the afterglow is heavily absorbedd by the surrounding dusty medium. Given the massive progenitors, one expects
thee frequency of GRBs to be strongly correlated with the cosmic star formation rate; the
latterr remains one of the great unresolved issues in astronomy of today. The compact
starr merger scenario can make short GRBs as well as long ones (although a 10 15 G magneticc field is probably needed for the latter, see Mészaros 1998); some of these mergers
aree expected to occur in low-density environments, possibly located several kiloparsec
outsidee their host galaxies. This is due to the large kick velocities imparted to the compactt objects from the two respective supernovae (~ 250-300 km s _ 1 ; Hansen Sz Phinney
1997),, combined with the long time between the birth of the system and the merger
occurrencee (10'"'-109 years; Portegies Zwart k Yungelson 1998). Consequently, since the
opticall afterglow brightness depends on the density of the circumsource medium, some
off these burs<> may not show an afterglow at all. These could account for the 'dark'
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burstt population, i.e. bursts for which only X-ray afterglows have been found. One way
too discriminate between these two models is by studying the immediate environment of
thee burst. In the collapsar model the circumsource density is expected to drop with distancee as r - 2 , due to the expanding stellar wind of the SN progenitor, while in the binary
mergerr scenario a constant, relatively low-density ambient medium is most plausible.
Iff the GRB source resides in a compact, gas-rich environment (which is expected in
thee collapsar scenario), the afterglow spectrum might show time-dependent absorption
featuress (such as Lya and Mgll) due to the gradual ionization of the surrounding medium
(Pernaa &; Loeb 1998). In this case a decrease of the absorption-line equivalent widths
(EWs)) with time is expected. On the other hand, spectroscopic observations of the star
HDD 72089, situated behind the Vela supernova remnant, show an increase of an order of
magnitudee of the absorption strengths of elements such as Al and Fe, over the velocity
rangee spanned by absorption in the remnant (Jenkins &; Wallerstein 1995; Savage &
Sembachh 1996). This is attributed to the destruction of the dust grains, due to the
propagationn of the SN shock, which causes the release of elements (such as Fe and Mg)
thatt are frozen in the dust. Thus in a dusty environment that is being 'shocked' by
aa GRB explosion, one might expect the strength of the absorption lines to increase in
time. .
Inn order to test these theories of GRB genesis, and the effects of GRBs on their environments,, we have an on-going program to obtain spectra of GRB afterglows using the
VeryVery Large Telescope (VLT) of the European Southern Observatory (ESO) at Paranal,
Chile.. Here we present results on two of these bursts: GRB 990510 and GRB 990712.

4.1.11

GRB 990510

GRBB 990510 was observed on 1999 May 10.36743 UT with the Wide Field Camera
(WFC)) unit 2 onboard BeppoSAX, which localized the burst at R.A. = 13h38ro068,
Decl.. = -80°29'30" (J2000.0), with an error radius of 3' (Dadina et al. 1999). The
BeppoSAXBeppoSAX Gamma Ray Burst Monitor (GRBM) recorded an 80s event with a multi
peakk structure (40 700 keV). The average and peak intensity in the WFC unit 2 (2288 keV) was about 0.7 and 4.3 Crab, respectively. The burst position as determined
withh BeppoSAX is consistent with that of the Interplanetary Network (IPN; Hurley &
Barthelmyy 1999), using the Burst And Transient Source Experiment (BATSE) onboard
thee Compton Gamma Ray Observatory, and Ulysses. BATSE recorded a fluence above
200 keV of 2.56 x 10"5 erg cm"2 (Kippen 1999), ranking it in the top 9% of the burst
fluencee distribution.
Wee discovered the optical afterglow on images taken at the South African Astronomical
Observatoryy (SAAO) lm telescope (Vreeswijk et al. 1999) and subsequently triggered
ourr VLT program to take spectra and polarimetric images. Here, we present the time-
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resolvedd spectroscopy. Our polarimetric observations resulted in the first polarization
detectionn of a GRB afterglow (Wijers et al. 1999; Covino et al. 1999), while our photometricc observations show an achromatic break in the BVRIJHK light curves, which
iss most likely due to the burst emission being collimated (Rol et al., in prep., see also
Stanekk et al. 1999; Harrison et al. 1999). Fruchter et al. (1999a) have used the Hubble
SpaceSpace Telescope (HST) to estimate Vhost ^ 28, and do not find evidence for a supernovaa (SN) of the same type and brightness as SN 1998bw in the late-time light curve of
G R BB 990510. Recent HST observations (April 2000) appear to detect a faint galaxy (V
~~ 28) at the position of the early optical transient, which, if real, is most likely the host
off GRB990510 (Fruchter et al. 2000a; Bloom 2000).

4.1.22

GRB 990712

G R BB 990712 triggered the GRBM and WFC unit 2 onboard BeppoSAX on 1999 July
12.696555 UT. The burst lasted for about 30s, had a double-peaked structure, was moderatee in 7 rays, and was accompanied by one of the strongest prompt X-ray counterpartss ever observed (Heise et al. 1999). The W F C unit 2 located the burst at R.A. —
22 h 31 m 50 s ,, Decl. = -73°24'24" (J2000.0), with an error radius of 2'. Unfortunately, neitherr flux nor fluence levels are reported in the literature. Again the SAAO l m telescope
wass successful in hunting down the G R B afterglow (Bakos et al. 1999), which allowed
uss to quickly alert the VLT staff for spectroscopic, polarimetric and further photometric
follow-upp observations. The host galaxy of GRB 990712 is the brightest of the known
G R BB host galaxies, with R = 21.8 and V - 22.3 (Sahu et al. 2000). The VLT polarimetric
imagess exhibit a significant degree of polarization of the afterglow of GRB 990712 which
seemss to vary with time, while the polarization angle does not change with time (Rol
ett al. 2000). These observations cannot be easily reconciled with afterglow polarization
theories.. T h e photometric measurements show a common temporal power-law decay of
thee transient source, overtaken by the bright host galaxy at late times; no evidence is
foundd for a supernova of type SN1998bw (Sahu et al. 2000; Hjorth et al. 2000a,b).
T h ee organization of this chapter is as follows: in §4.2 we present the observations and
d a t aa reduction methods. In §4.3 we display and discuss the spectra of GRB 990510,
followedd by GRB 990712 in §4.4. We study t h e absorption-line intensity evolution in
timee for b o t h bursts in §4.5 and describe our conclusions in §4.6.

4.22

Observations

Afterr t h e optical identification of both G R B 990510 (Vreeswijk et al. 1999) and GRB 990712
(Bakoss et al. 1999), we triggered our VLT target-of-opportunity observation program
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Tablee 4.1: Log of the GRB 990510 and GRB 990712 spectroscopic observations. The total
exposuree time for all spectra was 1800 sec.
UTT date
(1999) )
GRBB 990510
Mayy 11.179
Mayy 11.203
Mayy 12.123
Mayy 12.146
Mayy 14.273
Mayy 16.254
GRBB 990712
Julyy 13.182
Julyy 13.421
Julyy 14.181

timee since
grism m
burstt (days)

wavelength h resolving g
rangee (A) power r

0.811 1
0.836 6
1.755 5
1.779 9
3.906 6
5.887 7

G150I I
G150I+OG590 0
G150I I
G150I+OG590 0
G300VV & G300I
G150I I

3700-7700 0
6000-9000 0
3700-7700 0
6000-9000 0
3880-9255 5
3700-7700 0

0.485 5
0.725 5
1.485 5

G150I I
G150I I
G150I I

3700-7700 0 185 5
37000 7700 185 5
3700-7700 0 185 5

S/Nat t
65000 A

185 5
91 1
280 0
78 8
185 5
66
280 0
66
4200 & 680 9 9
185 5
55
26 6
21 1
14 4

andd obtained several low-resolution spectra at various epochs with the FOcal Reducer
andand low-dispersion Spectrograph (FORS), mounted at the Cassegrain focus of the ESO
VLT-UT11 Antu telescope. The date of observation, grism used, wavelength range, resolvingg power and the signal-to-noise at 6500A are listed in Table 4.1. A slit width of
1"" was used for all spectra. Grism G150I approximately covers the wavelength range
3700-90000 A. However, redward of 6500 A the second order starts to contaminate the
firstt order (cf. FORS User Manual 1.3). To obtain a clean spectrum longward of 6500
AA for GRB 990510, we also took spectra with an order separation filter (OG590), using
thee same grism. However, due to the low sensitivity of the CCD shortward of 3700 A,
thee impact of the overlap is negligible shortward of 7700 A. Therefore, we have summed
thee blue and red spectra over the region 6200-7700 A and combined this part with the
singlee blue and red spectra into a continuous spectrum over the entire wavelength range.
Forr the grisms G300V and G300I, we have simply connected the blue and red parts into
onee spectrum. For GRB 990712, we used grism G150I without order separation filter,
andd thus these spectra are usable over the wavelength range 3700-7700 A.
Thee raw spectra were bias-subtracted, and flat-fielded with a normalized combined set
off lamp flat-fields. Subsequently, cosmic rays were removed interactively along the aftergloww spectrum and each sequence of images was summed into combined images. The
spectraa were optimally extracted from the combined images, and wavelength calibrated
usingg a standard Helium-Neon-Argon lamp. The r.m.s. error in the wavelength calibrationn is approximately 0.25 A. Since no useful spectra of standard stars were taken
neitherr during the first two nights for GRB 990510 nor for GRB 990712, we have flux-

47 7

44

VLT spectroscopy

of GRB 990510 and GRB 990712

calibratedd these spectra using the BVRI light curve data of Rol et al. (in prep.) for
G R BB 990510 and the VRI data of Sahu et al. (2000) for GRB 990712. The spectra of
thee other nights were flux-calibrated with a spectrophotometric standard star, which
resultedd in flux levels that are consistent with the photometry at the same epochs.
Too flux-calibrate the spectrum of GRB 990510. we fitted the light curves with a smoothly
connectedd broken-power-law model (Harrison et al. 1999; Stanek et al. 1999; Beuermann
ett al. 1999), while for GRB 990712 we used a simple power-law model with a host galaxy
contribution.. We determined the magnitudes at the times when the spectra were taken
(seee Table 4.1), using the fits to the light curves. These values were then corrected for the
estimatedd Galactic foreground extinction: E(B-V) = 0.2 and E(B-V) = 0.03 (Schlegel
ett al. 1998) for the May and July burst, respectively. The E(B-V) value is translated
intoo an extinction at a given wavelength using the standard Galactic extinction curve
off Cardelli et al. (1989). The magnitudes were transformed to fluxes (Fukugita et al.
1995)) and were fitted with a power-law spectrum F oc v®. For GRB 990510 we find
00 =
1 (first night), and 0 =
1 (second night). For the three spectra of
GRBB 990712 we obtain (3(1) = - 1 . 1
, 0(2) = - 0 . 9
2 and 0(3) = - 0 . 9
. We
havee not taken into account the extinction intrinsic to the host galaxy; see §4.4. These
slopess are quite usual for GRB afterglows. We also fitted the global profile (excluding
thee absorption and emission lines) of all the wavelength-calibrated spectra with a 4 t h orderr Chebychev polynomial. To obtain the flux-calibrated spectra, we multiplied the
wavelength-calibratedd spectra by the ratio between the power-law fit based on the photometryy and the global spectral profile fit. We estimate the error in the flux calibration
forr all nights to be about 15%.
Thee equivalent width (EW) of the spectral lines was measured using the splot routine in
IRAF;; we used both a Gaussian fit, and also simply summed the difference between the
pixell value and the continuum for each pixel over the line. Both methods gave similar
results.. The error is mostly dominated by the uncertainty in the continuum level, which
wass estimated by placing the continuum at a high and low level (roughly corresponding
too the
r.m.s. value of the continuum in the vicinity of the line). We take the mean
valuee of these two estimates as the EW, and half their difference as the error. We also
calculatee the Poisson error from the object and sky spectrum, which we quadratically
summ with the measurement error to obtain the total error. We then corrected the EW
forr the host galaxy contribution in case of absorption features (i.e. divided the measured
E WW by the afterglow fraction of the total light) and for the afterglow contribution in
casee of an emission line (i.e. divided by the galaxy-light fraction of the total). The
hostt galaxy fraction of the total light for GRB 990510 is negligible (see §4.3), while for
G R BB 990712 we obtain 0.23
0.03, 0.30 0.04 and 0.47
0.06 for epoch one, two and
three,, respectively, from the V and R band light curve fits of Sahu et al. (2000). The
errorr was estimated from the different values for the host galaxy magnitude as given by
Sahuu et al. (2000) and Hjorth et al. (2000b). These errors are propagated along with
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4.34.3

The absorption-line

spectrum

of GRB 990510

Tablee 4.2: Absorption lines in GRB 990510. W\ is given in the absorber's rest frame, i.e.
thee observed value is divided by (1+z). The error in W\ is dominated by the uncertainty in
thee placing of the continuum. The relative error expected from Poisson statistics and read
noisee is given in parentheses. The weighted mean redshift is calculated, using the separate
measurementss of all the lines, even though the identification of Aim and Crll/Znll is uncertain
(seee text).
Aobss ( A )

48833
53966
61422
62411
68066
73355
74722

6
5
3
5
3
2
6

ID D
Alm(1862.79)? ?
Cni(2062.23)/Znii(2062.66)? ?
Feli(2344.21) )
Feii(2382.76) )
Feii(2600.17) )
Mgn(2796.35/2803.53) )
Mgi(2852.96) )
weightedd mean:

M e r e s tt ( A )

Zabs s

1.62133
1.61666
1.62011
1.61922
1.61755
1.61977
1.61900
1.61877

0.0032
0.0024
0.0013
0.0021
0.0011
0.0034
0.0021
0.0015

0.88
0.88
0.66
0.55
0.99
2.66
0.66

0.6
0.3
0.2
0.3
0.2
0.4
0.2

(0.010)
(0.010)
(0.011)
(0.012)
(0.011)
(0.017)
(0.013)

thee errors in the E W measurements. Finally the E W is converted to the rest frame by
dividingg by (1+z)- The emission-line fluxes are independent of the afterglow contribution
too the total light.
Wee have identified several absorption lines in the first epoch spectrum of GRB 990510:
Mgnn A2800, Mgi A2853, Fell AA2344,2383,2600, and possibly Alm A1683 and Crli/Znii
A2062.. The observed wavelengths, identifications, corresponding redshifts, and equivalentt widths (in the absorber's rest frame) are listed in Table 4.2. T h e lines a n d the
telluricc absorption features are also indicated in Fig. 4.1.

4.33

The absorption-line spectrum of GRB 990510

Thesee line identifications can be verified by taking into account the oscillator strength,
ionizationn potential and relative cosmic abundance. The observed EWs of Fell at 2344 A,
23833 A, and 2600 A are in reasonable agreement with their relative oscillator strengths
(Mortonn 1991). Other Fell lines, such as Fell A1608 and Fell A2587 were not observed,
butt these have smaller oscillator strengths, consistent with their non-detection. However,
thee oscillator strength of the undetected Alm A1855 is twice that of the detected Aim
A18633 line, and so should have been detected at an observed wavelength of 4858 A. This
makess the identification of the line at 4883 A with Aim questionable. A similar argument
cann be made for the reality of the Crll/Znll A2062 line. Both lines are expected t o be
accompaniedd by a stronger partner ( C m A2056 and Znll A2026), which is not detected.
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F i g u r ee 4 . 1 : VLT/FORS1 spectra of the afterglow of GRB 990510: 0.8 and 3.9 days after the
burst.. The error spectra, calculated from the object and sky spectra using Poisson statistics, are
alsoo shown. Several absorption features (including telluric lines marked with ©) are indicated
withh the broken lines.
Thee presence of Fell suggests that the medium probed with our line of sight is most
likelyy one of low-ionization, and therefore Alii A1670 is expected to be present as well
givenn the similarity between the Fe and Al ionization potentials, but again nothing is
detected.. However, we clearly detect Mgn, which is a blend of Mgil A2796 and Mgll
A2804,, and observe Mgi A2853 in absorption as well.
T h ee weighted mean redshift of the identified lines is z = 1.6187 0.0015. On the basis
off this redshift we can possibly identify Fell(2250) at 5893 A, although we do not expect
too detect this line due to its low oscillator strength. Since no clear emission lines are
detected,, this redshift is certainly a lower limit to the redshift of the GRB afterglow.
However,, the strength of Mgi A2853 suggests we are probing a dense, low-ionization
medium,, very likely that of the host galaxy. Assuming isotropic emission, z = 1.619, H 0
== 70 km s _ 1 M p c - 1 , f2 0 =0-3, and A=0, we find a luminosity distance of 3.5xl0 2 8 cm,
correspondingg to an (> 20 keV) energy output of 1.5 xlO 5 3 erg for GRB 990510, based
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4.34.3 The absorption-line spectrum of GRB 990510
onn the BATSE fluence of 2.56x10

5

erg cm" 2 (Kippen 1999; Briggs et al. 2000).

Unfortunately,, the spectra taken on May 12 and May 16 (not shown in Fig. 4.1) are of
inferiorr quality, and cannot be used for absorption-line measurements. In the May 14
spectrum,, however, we detect Mgli again. The observed wavelength of A0bS = 7327 5
AA is consistent with the redshift determined in the first epoch spectrum. Its equivalent
widthh is Wrest = 2.3 0.6 A, which is (within the errors) identical to the measurement
off May 11.2 1999 UT (0.8 days after the burst; WTest = 2.6
0.4 A). For the other
absorptionn lines detected earlier it is not possible to obtain an accurate measurement of
theirr EW.
Wee will now derive a lower limit to the Hi column in the direction of GRB 990510
fromm the Fell lines at 2344 A, 2600 A, and 2383 A in the first epoch spectrum. The
relationn between the EW of a line, W\, its column density, Nj (number of atoms in the
correspondingg ionization state), and the oscillator strength, ƒ, of the transition (j) is
(Spitzerr 1978):
logg ^ = log(JV,- x A x ƒ) - 4.053
Heree the unit of W\ is A, the column density Nj is in cm 2 and the wavelength A is in
cm.. We do not use the strongest absorption line, Mgli A2800, since this line is easily
saturatedd in typical galaxy spectra, placing it on the flat part of the curve of growth
(W\(W\ versus Nj x Ax ƒ). Even if the error in the EW determination were very small, this
wouldd still lead to a very uncertain value for the column density. The Mgi line is not used
either,, due to the large uncertainty in the ratio of Mgi to Mgli, translating in a similar
uncertaintyy in the column density. Fen, however, should be the dominant Fe ion in a
densee neutral environment. The following holds if the Fe lines are not saturated. Using
thee oscillator strength values from Morton (1991) for these lines (/(Fell A2344)=O.110,
/(Felll A2383)=0.301 and /(Fell A2600)=0.224), and the values for Wx obtained from the
spectrumm of the first epoch (see Table4.2), we obtain log 7V(FeH A2344) = 14.0
0.1
cm- 2 ,, log iV(Feii A2383) - 13.5 0.2 cm" 2 and log Ar(Feii A2600) = 13.8 0.1 cm"2.
Wee adopt the value log JV(Fe) = 13.8 0.2 cm - 2 . Even though the EWs of the three
differentt Fe lines result in similar values for the column, the lines are probably saturated,
i.e.. our estimate for the Fe column density should be considered as a lower limit.
InIn converting the number of Fe atoms to a hydrogen column density, we have to take
intoo account that the metallicity in high-redshift galaxies is likely to be lower than the
Galacticc value, and that a large fraction of the Fe atoms can be hidden in dust (Whittett 1992). A study of the metallicity in damped Lya systems (which have A^Hi) <;
1020cm-2)) from z = 0.7 to 3.4 (Pettini et al. 1997) (we adopt [Zn/H]=-0.8), allows us
too estimate the Fe abundance at the redshift of GRB 990510 with respect to the solar
abundancee (log(Fe/H) 0 = -4.5; Grevesse & Sauval 1999), obtaining log(JV(Fe)/7V(H))=
—5.3.. The Galactic Fe depletion factor in a cool disk environment is —2.2 dex (Sem-
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bachh & Savage 1996; Savage & Sembach 1996), but here we adopt the typical depletion
measuredd in damped Lya systems, which is around —0.6 dex. Taking all these points
intoo account gives the following rough lower limit to the hydrogen column density: log
ATT (Hi) > 19.7 cm - 2 . Another and more robust way of estimating the Hi column density
whichh is independent of dust corrections, is to use the Fell measured in DLAs (the gas
phasee only) around the redshift of the GRB. Using 10 systems with redshifts ranging
fromm 1.2 to 2.0, we find [Fe/H] = —1.5
. Assuming that this is the most likely
[Fe/H]] abundance for the host galaxy of GRB 990510, we obtain log AT(Hi) > 13.8 +
1.55 + 4.5 cm - 2 — 19.8 cm - 2 , very close to our first estimate. A low column density is
consistentt with that found by Briggs et al. (2000) from fitting a combined set of BATSE
andd BeppoSAX X-ray and 7-ray data.
HSTT imaging, performed in April 2000, appears to detect a very faint (V ~ 28) galaxy,
locatedd only 0.08" East of the position of the early afterglow (Fruchter et al. 2000a;
Bloomm 2000). This galaxy is probably responsible for the detected absorption lines in
thee spectra. The type and strength of the absorption lines, which are indicative of a
low-ionization,, high-density medium, strongly suggest that these originate in the host
galaxyy of GRB 990510. Even though the galaxy is extremely faint, the GRB afterglow
allowss us to probe its interstellar medium and - in principle - to measure its metallicity.
Forr the latter we need a measure of the column density that does not depend on the
strengthh of the metal absorption lines (e.g. from a Balmer feature).

4.44

The emission- and absorption-line spectrum of

GRBB 990712
Fig.. 4.2 shows the spectra of GRB 990712, taken at 0.5, 0.7 and 1.5 days after the burst
(seee Table4.1). The obvious emission lines are easily identified as [Oil] A3727, [Nein]
A3869,, H7, US, and [Oni] AA4959,5007. We also detect two absorption lines, which can
bee identified as Mgn A2796,2804 and Mgl A2853 at the same redshift as the emission
lines,, and are therefore intrinsic to the host galaxy. Using all these features in all three
spectra,, we obtain a weighted average redshift of z — 0.4331
0.0004. In Table 4.3
wee list the observed wavelength of the features, their identification and redshift, and
thee rest frame EW and flux (corrected for the Galactic foreground extinction), for the
spectraa taken at different epochs. The last two columns contain the EW and flux values
averagedd over all the spectra.
Itt is important to investigate whether GRB host galaxies are indeed star forming galaxies,
i.e.. Hli galaxies, where massive O and B stars ionize the interstellar medium, giving rise
too prominent emission lines. These lines are also observed in galaxies that host an active
galacticc nucleus (AGN, e.g. Seyfert 2), where their strength does not only depend on
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44 000

AA (A)
F i g u r ee 4 . 2 : VLT/FORS1 spectra of the afterglow of GRB 990712, from 0.5 to 1.5 days
afterr the burst. The error spectra, calculated from the object and sky spectra using Poisson
statistics,, are also shown. The absorption features (including telluric lines marked with ©)
andd emission features are indicated with the broken lines. The observation dates (also shown
inn the figure), grisms, resolving power and signal-to-noise ratios are listed in Table4.1.
thee star formation, but on the nuclear activity as well. Most popular GRB progenitor
modelss require a close connection with massive-star formation, but so far, this has not
beenn confirmed for any of the host galaxies.
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4.44.4 The emission- and absorption-line spectrum of GRB 990712
Hjorthh et al. (2000b) suggested that the host galaxy of GRB 990712 may be a Seyfert
22 galaxy on the basis of the [Om] A5007/H/? ratio being greater than three (see Shuder
&& Osterbrock 1981), and its location in the log([0lll] A5007/H/3) vs. log([On]/[OlIl]
A5007)) diagram (see Fig. 2 of Baldwin et al. 1981). We also measure a ratio of [Om]
A5007/H/?? that is greater than three: 4.6 1.0. However, from the more recent work of
Rolaa et al. (1997), who employ the Canada-France Redshift Survey (CFRS) sample of
emission-linee galaxies at redshifts 0 < z < 0.3, it is clear that a value of 4.6 is actually
veryy typical for Hll galaxies (see their Fig. 1). Combined with our value for log([Oil]/H/?)
off 0.4
, the host of GRB 990712 is located clearly within the Hll galaxy regime.
Wee note that this diagram is corrected for extinction intrinsic to the distant galaxies,
whilee the values in our Table4.3 are not. However, the [Om] A5007/H/? ratio is only
slightlyy affected by reddening. Rola et al. (1997) also build non-extinction corrected
diagramss to distinguish between Hll galaxies and other emission-line galaxies; in all
butt one of these, where its location is on the border of the Hll galaxy and Seyfert 2
regimes,, the host galaxy of GRB 990712 is classified as an Hll galaxy (e.g. Table 4.3
givess C3727 - C W = -0.28
, whereas Fig. 4 of Rola et al. (1997) shows all definite
Seyfertt 2s have C3727 — C486i > 0.4), i.e. the emission lines are produced by Hll regions
thatt are being ionized by O and B stars. We conclude that GRB 990712 is most likely
ann Hll galaxy, and not a Seyfert 2.
Wee have estimated the host galaxy extinction, by comparing the observed ratio of rl-y/Hp
(0.266 0.09) with the expected ratio for case B recombination (0.469 0.009; Osterbrockk 1989). Using the Galactic extinction curve of Cardelli et al. (1989), we obtain Av
== 3.4^7. The relatively large error is due to the marginal detection of H7.
Wee can now estimate the star formation rate (SFR) in the host galaxy of GRB 990712
inn three different ways: through the [On] and H(3 line luminosities (Kennicutt 1998),
andd through the continuum flux at 2800 A (Madau et al. 1998). For all these estimates
aa Salpeter initial mass function (IMF) has been assumed. Combining Eq. 3 of Kennicuttt (1998), a luminosity distance of 6.8 x 1027 cm (taking H0 = 70 km s _ 1 Mpc"1,
£)0=0.3,, and A=0), and the [On] A3727 line flux from Table4.3 (the fluxes in this tablee have already been corrected for Galactic extinction) we obtain SFR([0n]) = 2.7
0.88 MQ yr - 1 , consistent with the value found by Hjorth et al. (2000a). Taking into
accountt the measured extinction (at Ha, due to the fact that the [Oil] SFR method is
calibratedd through Ha), using the Galactic extinction curve (Cardelli et al. 1989), we
findfind SFR([Oil]) = 3 5 + ^ MQ yr" 1 . Using Eq. 2 of Kennicutt (1998), the case B (large
opticall depth) line ratio JHQ/JHP of 2.85 Osterbrock (1989) and the H/3 flux of Table 4.3,
wee find SFR(H/3) 1.7 0.6 M 0 yr - 1 . Corrected for reddening, this becomes SFR(H^)
== 64+1™ M 0 yr" 1 . Finally, Eq.2 of Madau et al. (1998), combined with the 2800 A flux
(whichh is located at 4013 A at a redshift of 0.4331), gives SFR(2800 A) = 2.8 0.9 M 0
yr - 1 ,, which becomes ~ 400 MQ yr - 1 , using Av = 3.4. The [Oil] method, although it is
indirectlyy calibrated through Ha and sensitive to the abundance and ionization state of
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thee gas, is probably the least uncertain of the three. The H/3 estimate is uncertain due
too the unknown host galaxy stellar absorption underneath the emission. The SFR based
onn the ultra-violet continuum is very uncertain due to the fact that our flux calibration
iss an extrapolation below the V band, and, more importantly, the extinction correction
att ultra-violet wavelengths is very uncertain. Normally, the 2800 A SFR is found to be
lowerr by a factor of 2 3 (at redshifts up to z = 2.8) as compared to the H Q luminosity
SFRR method (Glazebrook et al. 1999; Yan et al. 1999).
Forr the G R B host galaxies for which a SFR has been determined so far, even for the [On]
methodd alone, the values range from 0.5 0.15 M G y r _ 1 (GRB 970228; Djorgovski et al.
1999b)) to 20
9 M 3 yr" 1 (GRB 980703; Djorgovski et. al. 1998); host galaxy extinction
iss not included, so these values should be considered as lower limits. Normalized by
thee host B band luminosity, this range is narrowed down to spread a factor of three.
Itt has been noted (e.g. Djorgovski et al. 1998), that the range of SFRs for GRB host
galaxiess does not seem to be extra-ordinarily high, as compared to field galaxies at
similarr redshifts. E.g. Glazebrook et al. (1999) find a range of 20-60 M 3 y r _ 1 (using
H Q ) ,, for 13 field galaxies at z = 1, drawn from the CFRS. However, the galaxies at high
redshiftss for which these rates have been measured tend to be much brighter than the
typicall G R B host galaxy, and are therefore expected to have much higher SFRs. The
[Oil]] equivalent width, which effectively is the star formation rate normalized by the
bluee band luminosity of the host galaxy, allows a more useful comparison. The mean
WrestQOn])) of the Glazebrook et al. sample is 33 with a standard deviation of 15 A,
whilee we measure H^st^On]) = 46
1 A for the host of GRB990712. This comparison
alsoo suggests that GRB 990712 occurred in a galaxy that is vigorously forming stars.
Usingg the oxygen and H/3 emission lines, we can estimate the global oxygen abundance
off the host of GRB 990712 (see Kobulnicky et al. 1999, and references therein). From the
valuess in Table4.3 we obtain R2S = (ƒ3727 + A959 + hoo7)/Hf3 = 8.9 1.5, corresponding
too l o g ( 0 / H ) 4 (we note t h a t log(O/H) 0 = - 3 . 1 ; Cox 2000). This estimate is
basedd on fluxes not corrected for reddening, but such a correction would not change the
abundancee estimate substantially. For comparison: the oxygen abundances for a sample
off 22 relatively nearby spiral galaxies range from log(0/H) = - 2 . 7 to - 3 . 5 (Kobulnicky
ett al. 1999).

4.55

The time dependence of the Mgii feature

Itt is now well established that GRBs are the most energetic events in the universe, with
peakk isotropic luminosities up to 10 53 erg s _ 1 (Kulkarni et al. 1998b). Also when the
radiationn from GRBs is beamed, the impact of the shock on the circumburst material is
thee same as in an isotropic explosion, and could be observable as time-resolved evolution
off the Fe K a line and edge in the X-ray regime (Weth et al. 2000, and references therein)
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4.64.6 Conclusions
andd of ultra-violet (UV) absorption lines, redshifted to the optical domain (Perna &
Loebb 1998). By monitoring the line evolution it is possible to obtain information on the
densityy structure surrounding the explosion, and - in case the density can be measured
byy an independent method the redshift to the burst may be obtained (Perna & Loeb
1998). .
Ourr spectral observations of the afterglows of GRB 990510 and GRB 990712 extend over
severall nights, and both contain absorption lines, so that we can look for possible temporall evolution of these features. They are expected to decrease in time, if a considerable
fractionn of the atoms responsible for the absorption are in the vicinity of the site of the
burst,, and are ionized by the explosion (Perna & Loeb 1998). Alternatively, the burst
mayy release atoms that are locked in the dust, which could result in a corresponding
increasee of the EWs. The clearest absorption feature in both bursts is Mgn. In the May
111 and May 14 spectra of GRB 990510 (0.8 and 3.9 days after the burst, respectively),
0.4 A (May 11) and WTest = 2.3
0.6 A (May 14). For
wee measure Wrest = 2.6
GRBB 990712 we obtain Wrest = 8.3
1.4 A, WTeat = 9.7
1.9 A and WKSt = 13.7
4.55 A for 0.5, 0.7 and 1.5 days after the burst, respectively. For both bursts, the values
aree constant within the errors. This is not very surprising; the Mgn feature is most
likelyy saturated in the spectra of both bursts. This means that over a wide range of
columnn densities, the EW is not expected to change by a detectable amount. On the
otherr hand, a significant change in the EW would have indicated a large change in the
columnn density. The Mgi feature in GRB 990712, which is possibly saturated as well, is
alsoo constant within the errors.

4.66

Conclusions

GRBB afterglows allow us to probe galaxies that would otherwise be extremely difficult or
impossiblee to study spectroscopically. We have determined a lower limit to the redshift
off GRB 990510 through identification of several spectral absorption lines. The strength
off the Mgi line is indicative of a cool, dense environment, which leads to the conclusion
thatt the measured z — 1.6187 0.0015 most likely reflects absorption in the host galaxy
ISM. .
Usingg both the absorption and emission lines in the spectrum of GRB 990712, we determinee its redshift at z — 0.4331 0.0004. The emission-line ratios indicate that the host
off GRB 990712 is an Hn galaxy, with an [On] star formation rate (reddening corrected)
off 35^258 M© yr _1 . The large [On] equivalent width, compared to that of field galaxies
att z < 1, also suggests that the host is vigorously forming stars.
Inn order to put meaningful constraints on the circumsource medium, high resolution,
highh signal-to-noise spectra at several epochs after the burst are needed to resolve the
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velocityy structures of the non-saturated lines, and allow determination of the circumsourcee density distribution and its evolution. This may become possible with the launch
off HETE-II, since this satellite will allow follow-up observations of optical transients at
earlyy times, i.e. when they are bright (R ~ 16). Determination of the density profile
couldd provide a major advance in solving the progenitor problem.
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55 The star-formation rate in the host
off GRB 990712
P.. M. Vreeswijk, R. P. Fender, M. A. Garrett, S. J. Tingay, A. S. Fruchter & L. Kaper
Astronomyy & Astrophysics, 380, L21 (2001)

Abstract.. We have observed the host galaxy of GRB 990712 at 1.4 GHz with the
AustraliaAustralia Telescope Compact Array, to obtain an estimate of its total star-format ion
rate.. We do not detect a source at the position of the host. The 2a upper limit of 70 (iJy
impliess that the total star-formation rate is lower than 100 MQ yr _1 , using conservative
valuess for the spectral index and cosmological parameters. This upper limit is in stark
contrastt with recent reports of radio/submillimeter-determined star-formation rates of
~~ 500 M 0 yr _1 for two other GRB host galaxies. Our observations present the deepest
radio-determinedd star-formation rate limit on a GRB host galaxy yet, and show that
alsoo from the unobscured radio point-of-view, not every GRB host galaxy is a vigorous
starr burst.

5.11

Introduction

Thee gamma-ray bursts (GRBs) for which afterglows have been observed so far, i.e. bursts
withh a duration longer than roughly two seconds, can be most adequately explained
byy the collapse of a rapidly rotating, massive star. In this collapsar model (Woosley
1993;; Paczynski 1998; MacFadyen & Woosley 1999; MacFadyen et al. 2001), the GRB
iss produced in narrow cones along the rotational axis of the collapsing progenitor, accompaniedd by an isotropic supernova explosion of a type similar to SN 1998bw (Galama
ett al. 1998b). For a few GRBs the presence of a supernova has been inferred from a
bumpp in the optical afterglow light curve at late times (Bloom et al. 1999a; Reichart
1999;; Galama et al. 2000). Moreover, the locations of GRB afterglows coincide with
thee optical extent of their host galaxies (Bloom et al. 2001c, Fruchter et al., in prep.),
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suggestingg that these long-duration GRBs are linked with regions of star formation. The
observedd G R B location distribution is not expected for the alternative binary neutron
starr merger model (or a neutron star and a black hole) (Eichler et al. 1989; Narayan
ett al. 1992), where the kick velocities received from the two supernovae and the time
itt takes the two compact objects to merge, would cause the GRB to occur kiloparsecs
awayy from the place of birth of the progenitor binary (Bloom et al. 1999b), in at least
aa few cases. These mergers, however, are expected to be the progenitors of the category
off short-duration GRBs (Fryer et al. 1999).
Inn case the gamma rays come from internal shocks, which is the generally favoured model,
aa G R B can be observed both in the case of a collapsar and of a merger, i.e. irrespective of
itss environment. Afterglows are thought to be produced by the interaction of the fireball
ejectaa with the environment (the flux in the fireball model is proportional to the square
roott of the density of the circumburst medium, e.g. Wijers & Galama 1999). If mergers
wouldd also produce long-duration GRBs, we would have expected a fraction of these to
havee no X-ray afterglow - namely those which occur outside a galaxy. However, nearly
alll a t t e m p t s to detect an X-ray afterglow were successful (e.g. Stratta et al. 2000), which
suggestss that they are not the result of mergers (assuming the internal shock model).
Notee t h a t the location argument in favour of the collapsar model does not necessarily
holdd if the gamma rays are produced by external shocks. In that case the gamma rays
themselvess are produced by interaction with t h e circumburst medium, which may mean
thatt all GRBs (both long and short-durations bursts) and their afterglows that occur in
low-densityy environments are not detected.
Iff GRBs are intimately connected with the deaths of massive stars, they are potential
probess of star formation in the early universe. At present, it is not known which type
off galaxy produces the bulk of star formation at high redshift: the numerous faint
bluee galaxies (Ellis 1997), or the ultra-luminous infrared or starburst galaxies (Sanders
&& Mirabel 1996). Determination of the type of galaxy that gives birth to GRBs can
providee important clues to this outstanding issue.
Star-formationn rates (SFRs) for several GRB host galaxies have been estimated from
opticall nebular emission lines (e.g. [On]) to vary from 0.3 M Q y r _ 1 for the host of
GRBB 970828 (Djorgovski et al. 2001) to 24 M 0 yr x for the host of GRB 980703 (Djorgovskii et al. 1998). These values are not yet corrected for dust extinction, which is
difficultt to estimate and which can be quite large. This causes considerable uncertainty
inn the SFR values. Recently, very high star-format ion rates (~ 500 M 0 yr" 1 ) have
beenn inferred for G R B 980703 and G R B 010222, using radio (Berger et al. 2001b) and
submillimeterr (Frail et al. 2001a) measurements, respectively, which do not suffer from
dustt extinction. The question that arises is: do all GRB host galaxies look like vigorous
starburstt galnxies when they are observed at the unobscured radio and submillimeter
wavelengths? ?
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5.25.2 Observations
Duee to its relative proximity (z = 0.433), the host of GRB 990712 is an excellent GRB
hostt galaxy to study in detail. VLT spectra of the host show that the galaxy is an
Hirr galaxy (i.e. the spectral emission lines are produced by Hn regions that are being
ionizedd by O and B stars) and not a galaxy that is hosting an active galactic nucleus
(AGN).. The [On] emission star-formation rate has been inferred to be SFR[QII] ==35^258
M 00 yr" 1 (Vreeswijk et al. 2001b). The large errorbars are due to the uncertainty in the
estimatee of the optical extinction.
Too obtain an independent estimate of the SFR in the host galaxy of GRB 990712, we
performedd 1.4 GHz (21 cm) observations with the Australia Telescope Compact Arrayray (ATCA) in March 2001. The radio continuum flux of a normal galaxy (i.e. a
galaxyy that is not hosting an AGN) is thought to be produced by synchrotron radiationn from electrons which are accelerated by supernova remnants, and free-free emission
fromm Hn regions (Condon 1992). The radio continuum emission should therefore be
well-correlatedd with very recent star formation, which is strongly supported by the observedd far-infrared/radio correlation. The obvious advantage of this method over the
opticall emission-line measurements is that the radio flux is unaffected by dust extinction,, allowing an unobscured view of the star-formation nature of the GRB host.

5.22

Observations

Thee host galaxy of GRB 990712 was observed with the Australia Telescope Compact
ArrayArray (ATCA) between 2001 March 29, 15:06 (MJD 51997.63) and March 30 03:22
(MJDD 51998.14). The observations were performed in the 6D antenna configuration,
inn two bands centred at 1344 and 1432 MHz respectively, with a total observing time
on-sourcee of 10.18 hr. Absolute flux calibration was achieved using PKS 1934-638; PKS
2101-7155 was used as the phase calibrator. Data reduction was performed using the
MIRIADD software (Sault et al. 1995). Fig. 5.1 shows a uniformly-weighted map of the
regionn around the host galaxy with a beam size of 7.7 x 8.8 arcsec, superimposed on
ann optical image (Sahu et al. 2000) taken with ESO's Very Large Telescope (VLT) . No
sourcee is detected at the host galaxy location to a 2a limit of 70 ^uJy the noise level of
355 //Jy was estimated from measuring the sky around the target region. The theoretical
noisee limit for the observing time, bandwidth, frequency and array used is 20 /iJy/beam,
i.e.. less than a factor of two lower than we obtain. We were unable to achieve a lower
noisee level using natural weighting because of sidelobes from bright, nearby sources.
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F i g u r ee 5 . 1 : The field of the host galaxy of GRB 990712 in the optical (greyscale) and radio
(contours).. The R-band image was taken with the VLT on 13 July 1999 (Sahu et ah 2000),
onlyy 0.5 days after the burst when the optical counterpart still outshone its host galaxy. Its
positionn is indicated with a cross. The plotted radio contours are factors of —2 (dashed), 2, 3,
6,, 12, 24, 48, and 96 (all solid) times the noise level of 35 /xjy. No 1.4 GHz source is detected
abovee 2cr at the position of GRB 990712.

5.33

Results

Forr a normal star-forming galaxy, the radio continuum emission is proportional to the
star-formationn rate (Condon 1992):
SFR 0 0

xx 47rdf x 5.5
U, oU,
bs
Kl+z)KGH. .
5.33 x 102^g H z + 5.5 x l O 2 7 ^ 1

(5.1) )

wheree Z/„i0bs is the observed luminosity in fijy at Z^GHZ and the factor [ ( 1 + ^
converts s
thiss to the emitted luminosity at 1.4 GHz (see Haarsma et al. 2000); a is the spectral
indexx (with S„ oc ua). and d\ is the luminosity distance in cm. The first term in the
denominatorr represents the dominant synchrotron component from electrons accelerated
inn supernova shocks; the second term comes from the thermal emission from Hll regions

G2 2

5.45.4 Discussion
(forr a derivation of both components, see Condon 1992). Strong evidence for this relation
iss supplied by the correlation between the SFR determined through Eq. 5.1 and that
obtainedd from the far-infrared luminosity (see e.g. Fig. 1 of Cram et al. 1998), which
extendss over four orders of magnitude (see also Condon 1992, and references therein).
Thee expected lifetime of the remnant synchrotron emission is < 108 years, and thus
radioo continuum emission is a good tracer of very recent star formation. The original
Condonn relation is valid for stars with masses above 5 M 0 . Haarsma et al. (2000) extend
thiss to the range 0.1-100 M 0 by multiplying with a factor Q = 5.5, which assumes a
Salpeterr initial mass function (IMF), i.e. ip(M) oc M~2-35. This factor becomes 5.3 if an
upperr mass cut-off of 125 M 0 is used, whereas it is 3.8 if the range of masses is 0.25-100
M 0 .. Changing the IMF slope with
1 (Elmegreen 1999) results in the range Q =
4-7.5.. For starburst regions, where the IMF may be weighted toward high-mass stars
(Elmegreenn 1999), Q may be as low as unity. We take Q—b.5.
Thee resulting value for the star-formation rate that we obtain depends on the assumed
spectrall index and the luminosity distance, hence on the adopted cosmology. We thereforee calculate the SFR upper limit with the spectral index ranging from —0.35 to —1.0,
typicall for normal radio galaxies, and the cosmologies (h, Qm, Q\) — (0.65, 1, 0), (0.65,
0.2,, 0), and (0.65, 0.3, 0.7), where h is the dimensionless Hubble constant, defined as:
hh =
lookmfiiMpc-i- T h e r e d s h i f t of t h e GRB and its host galaxy is 0.4331
0.0004
(Vreeswijkk et al. 2001b). The resulting luminosity distances (see Hogg 1999) for these
cosmologiess are respectively: 6.7xl0 27 cm, 7.3xl0 27 cm and 7.9xl0 27 cm. Inserting our
2<JJ upper limit of 70 ^Jy, and the range in spectral indices and luminosity distances, we
obtainn the following range for the upper limit on the SFR in the host of GRB 990712:
SFRmaxx - 47-100 MQ yr- 1 .

5.44

Discussion

Tablee 5.1 shows the GRB host galaxies for which an [On] emission-line flux has been
reportedd in the literature. The Ha; line emission is a more reliable optical estimate of
thee SFR than [On], but this line is usually shifted into the near-infrared passbands,
makingg it observationally difficult to obtain the Ha line flux. The listed [On] flux,
whichh is corrected for the Galactic foreground extinction, is taken from the references
indicatedd in the caption. We convert this flux, using (h, Qm, Q\) — (0.65, 0.3, 0.7)
andd the calibration from Kennicutt (1998), to obtain an estimate of the attenuated SFR
(columnn 4), i.e. not corrected for dust extinction. The error in this conversion is roughly
30%.. With (h, Qm, Qx) = (0.65, 0.2, 0), these SFR estimates need to be scaled down
byy about 20%.
Thee [Oil] emission line method shows that GRB host galaxies differ widely in their starformationn nature, from 0.3 to 24 M 0 yr _1 , i.e. a factor of 80. However, extinction is an
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T a b l ee 5 . 1 : Star-formation r a t e estimates from the [Oil] nebular emission-line and 1.4 GHz
flux;; for b o t h a Salpeter IMF over the mass range 0.1 100 M e is assumed. The [Oil] fluxes
(correctedd for t h e Galactic foreground extinction), are taken from the following references: 1.
Bloomm et al. (2001a); 2. Bloom et al. (1998a); 3. Djorgovski et al. (2001); 4. Djorgovski et al.
(1999a);; 5. Djorgovski et al. (1998); 6. Vreeswijk et al. (2001b): 7. Castro-Tirado et al. (2001);
8.. Price et al. (2001). We use t h e currently popular cosmology (h, Qm, 0.A) — (0.65, 0.3, 0.7)
t oo o b t a i n t h e luminosity distance (see also Bloom et al. 2001b). in order to convert the line
fluxx into luminosity. We apply t h e conversion from Kennicutt (1998) to this [Oil] luminosity
too o b t a i n t h e a t t e n u a t e d S F R s , listed in column 4. T h e error in this conversion is roughly
30%% (Kennicutt 1998). We correct these SFRs in two different ways. First, we use the host
extinctionn measurements from Sokolov et al. (2001) and Vreeswijk et al. (2001b), and scale the
a t t e n u a t e dd S F R to t h e extinction-corrected SFR of column 5. Second, the a t t e n u a t e d S F R
estimatess are also corrected in a more general way, using the prescription of Hopkins et al.
(2001)) for t h e relation between t h e S F R obtained from optical emission lines, and t h e SFR
o b t a i n e dd from the 1.4 GHz flux for a sample of radio galaxies. These estimates are shown
inn column 7. T h e scatter in this conversion from a t t e n u a t e d to corrected S F R (see Fig. 3 of
Hopkinss et al. 2001) is approximately a factor of 2 to 3. T h e radio-determined SFRs are listed
inn column 6.

ref. . SFR[oiI]-att. . SFR[oi[]-corr. . SFR^GHz z SFR[on]-Hopkins s
[Oil]] flux
GRB B
Moyr-11
host t ( K r ^ e r g s - ' c m - 2 ) )
Meyr-11
MQyr" 1 1
Moyr"1 1
e
0.76 6
11
<<
380
0.222 0.01
970228 8
5.5 5
-5.8 b b
22
0.300 0.02
<430 f f
17 7
1.6 6
970508 8
a
0.3 3
1.2 2
<< 360 g
33
0.0455
970828 8
--b b
4.7 7
44
0.44 4
21
82 2
980613 3
-24 4
3.04 4
34 b b
55
784 4
^500 0
980703 3
3.7 7
3.322
4
44 c c
<< 100
66
990712 2
58 8
6.4 4
77
1.799
2
23 b b
127 7
991208 8
-2.2 2
88
0.233 0.03
28 8
000911 1
--[a]] Assuming galaxy B of Djorgovski et al. (2001) is the host. Inclusion of galaxy A would increase
thee [Oil] flux and the attenuated SFR with a factor of about 5, resulting in a corrected SFR of
177 (column 7).
Adoptingg the host, extinction as determined by Sokolov et al. (2001).
Adoptingg the host extinction as determined by Vreeswijk et al. (2001b), who used (h, Si m . Ux)
== (0.70, 0.3, 0), which results in a lower SFR of 35 M 0 yr" 1 .
Alll upper limits are 2cr, and we assume a = — 1 and {h, Q m , il\) = (0.65, 0.3, 0.7).
Takingg the estimated 2a upper limit of 71 /xJy from Frail et al. (1998c) and z=0.695.
Takingg the estimated 2a upper limit of 45 /xJy from Frail et al. (2000b) and z=0.835.
Takingg the estimated 2a upper limit of 26 /iJy from Djorgovski et al. (2001) and 2=0.958.
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importantt factor in optical SFR indicators, which could boost these estimates up to much
higherr values. A good example is the host galaxy featured in this chapter: GRB 990712.
Vreeswijkk et al. (2001b) estimate the SFR of the host of GRB 990712 to be 35+^ 8 MQ
yr - 11 from the [Oil] emission line, 64^5™ M 0 yr" 1 from H/? and ~ 400 M 0 yr - 1 from the
28000 A flux. These values reflect the large uncertainty in the dust extinction estimate
forr this host, obtained from the observed and expected ratio of H{3 and H7. The radio
dataa presented in this chapter provide a clear upper limit to these SFRs of 100 M 0 yr -1 ,
indicatingg that the extinction at 2800 A has been overestimated. In Table5.1 we also
listt the extinction-corrected SFRs, using host-galaxy extinction measurements from the
literaturee (Sokolov et al. 2001; Vreeswijk et al. 2001b). Note that the value for the host
off GRB 990712 differs from that reported by Vreeswijk et al. (2001b) due to the different
cosmologiess used.
Recently,, very high SFRs have been inferred for two other GRB host galaxies, not from
thee optical but through two methods that are not affected by the dust along the line of
sight.. From millimeter and submillimeter wavelength observations, Frail et al. (2001a)
inferr a rate of ~ 600 M 0 yr - 1 for the host of GRB 010222. The host of this burst is
faint:: V = 26.0 0.1 (Fruchter et al. 2001), making it difficult to obtain an [Oil] flux
measurement.. Berger et al. (2001b) measure a 1.4 GHz flux of 68.0 6.6 //Jy for the
hostt of GRB 980703 (2=0.966), and infer a star-formation rate of ~ 500 M 0 yr~L, with
thee same method and assumptions as we employ in this chapter. The latter authors use
thee empirical relation between the far infrared (FIR) and radio emission (Van der Kruit
1971;; Helou et al. 1985), to estimate the FIR luminosity of the host of GRB 980703 to be
thatt of an ultra-luminous infrared galaxy (ULIG or ULIRG, for which LJR > 1012 L 0 ).
Applyingg the same relation to our 1.4 GHz flux of GRB990712 (using di = 7.9xl0 27
cm),, we find LIR < l.lx 1011 L 0 , more than a factor of 20 less luminous in the IR than
thee host of GRB 980703. This indicates that the host of GRB 990712 does not belong
too the class of ULIRGs, although direct IR observations would be needed to definitely
rulee out the possibility.
Ourr observations of the host of GRB 990712 present the deepest radio-determined SFR
limitt on a GRB host galaxy yet, and show that also when observed at unobscured radio
wavelengths,, not every host is a vigorous starburst galaxy. How do the [Oil] and radio
SFRR estimates compare in general? The optical SFR estimators, after correcting for
internall extinction, tend to underestimate the total SFR, when compared to the FIR and
radioo methods (e.g. Cram et al. 1998). The host of GRB 980703 is a striking example of
this:: the extinction-corrected SFR is about a factor of 15 lower than the rate estimated
fromm the radio continuum flux (see Table5.1). We therefore use the prescription of
Hopkinss et al. (2001, Eq. 5) to convert the attenuated SFR estimates of column 4 in
Tablee 5.1 to total SFRs (column 7). This conversion is based on an empirical correlation
betweenn obscuration and far-infrared luminosity (Wang & Heekman 1996), from which
Hopkinss et al. (2001) deduce a relation between obscuration and SFR. These numbers
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cann now be compared with SFR methods that do not suffer from dust extinction, such as
t h ee 1.4 GHz continuum flux method. For the two host galaxies for which these numbers
aree available, the values are consistent within the (large) errors.
AA large sample of GRBs with redshift determinations (through e.g. rapid spectroscopy of
t h ee afterglow) and 1.4 GHz or submillimeter observations of their hosts, can provide an
importantt step toward calibration of the possible relation between GRB number counts
andd t h e total star-formation density as a function of look-back time. Different classes of
GRBs,, if produced by different progenitors, could be used to verify this calibration.
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66 Afterglow spectroscopy and host
galaxyy imaging of GRB 991216

P.. M. Vreeswijk, A. S. Fruchter, E. Palazzi, A. Smette, E. Rol, R. A. M. J. Wijers, C.
Kouveliotou,, L. Kaper, E. Pian, N. Masetti, F. Frontera, J. Hjorth, J. Gorosabel & L.
Piro o
Astronomyy &; Astrophysics, to be submitted

Abstract.. We present a low-resolution spectrum of the optical afterglow of GRB 991216,
takenn 1.5 days after the burst with the Very Large Telescope (VLT), and deep images
off the host galaxy, obtained 4 months later with the Hubble Space Telescope (HST).
Thee spectrum shows three possible absorption-line systems at z — 0.77, z = 0.80 and
zz — 1.02, where the highest redshift most likely reflects the distance to the host galaxy.
Thee HST images are consistent with these findings: they show two amorphous regions of
emission,, one at the projected OT position, the presumed host galaxy at z — 1.02, and
thee other 0?6 away, which is possibly responsible for the absorption lines at z — 0.80.
Ann alternative explanation is that both emitting regions are at z — 1.02 and part of the
samee galaxy, or that they are in the process of merging. The z — 0.77 and z — 0.80
systemss could originate in the halos of the two galaxies that are located roughly 2" away
fromm the transient.

6.11

Introduction

Duringg the first five years of gamma-ray burst (GRB) afterglow studies (1997 through
2001),, nearly 30 optical counterparts were discovered1 (e.g. Van Paradijs et al. 2000).
Redshiftss have been securely determined for roughly two-thirds of these, with a median
valuee of around z = 1 (see Bloom et al. 2001b) and up to z = 4.5 (Andersen et al. 2000).
Forr just about all afterglows a host galaxy has been detected, ranging in magnitude
^ e ee http://www.aip.de/~jcg/grb.html for an overview of detected counterparts and references
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fromm roughly V = 22 to V = 30 (A. Levari, private comm., see also Hogg & Fruchter
1999).. These observations, i.e. the detection of afterglows (of the class of long-duration
GRBs),, their distance determination, and the inferred position of the early afterglow
withh respect to its host galaxy, have led to the general expectation that long bursts
aree produced by the collapse of massive stars, as proposed by Woosley and colleagues
(Woosleyy 1993; MacFadyen & Woosley 1999).
Thee redshifts have been determined either through absorption-line spectroscopy of the
brightt early afterglow' (e.g. Metzger et al. 1997), or through the detection of host-galaxy
emissionn lines (e.g. Kulkarni et al. 1999). The latter have shown GRB host galaxies to
bee actively star-forming galaxies (e.g. Vreeswijk et al. 2001b). We note that in one case,
forr G R B 000131, the redshift was inferred from a sharp break around 6700 A, interpreted
ass the Lyman break at z — 4.5 (Andersen et al. 2000). Since a considerable fraction
off the hosts are very faint, detecting emission lines can be very time-consuming, if not
unfeasible,, with current instrumentation. Rapid spectroscopy is therefore needed to ascertainn a redshift determination and, provided that the afterglow has been promptly
identified,, it does not require long integration times. Besides obtaining the redshift,
rapidd spectroscopy also provides the opportunity to study the host-galaxy density (e.g.
Fynboo et al. 2001), kinematics (e.g. Castro et al. 2001a) and metallicity (e.g. Salamanca
ett al. 2002), provided that the spectrum has been taken with sufficiently high spectral
resolution.. Any foreground system that lies on the GRB line of sight can be studied with
thee same detail, just like metal absorption-line systems in QSO sight lines. One advantagee over QSO absorption-line studies is that the GRB afterglow will fade away, which
cann allow a clean inspection of the intervening system in emission, while a background
quasarr generally hampers any faint detection.
Inn this chapter we present VLT spectroscopy of the afterglow and host galaxy imagingg with HST of GRB 991216. The optical/infrared afterglow of GRB 991216 is one
off a number of GRB afterglows (as e.g. GRB 990510; see Harrison et al. 1999; Pian
ett al. 2001) to show evidence for a "beaming" break (Rhoads 1997), suggesting that
thee gamma-ray, X-ray, and early optical emission was confined into jets (Halpern et al.
2000).. Although the optical through X-ray data can be explained with a jet fireball
model,, inclusion of the radio data calls for more exotic models (Frail et al. 2000a, Rol
ett al. 2002, in prep.). This underlines the importance of observing GRB afterglows over
aa wide range in frequency. Chandra spectral observations of the X-ray afterglow show
twoo probable emission features (Piro et al, 2000), that can be identified with an iron line
andd recombination continuum at a redshift of z = 1.00
0.02. These features suggest
thee presence of 0.01-1 M 0 of iron in the vicinity of the burst (Piro et al. 2000; Vietri
ett al. 2001).
Thiss chapter is organized as follows: in § 6.2 we present VLT spectroscopy of the early
afterglow,, which allows us to establish the probable redshift of the burster. We find
indicationss for two more systems along the line of sight. HST imaging of the host galaxy
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showss two amorphous regions of light with a total magnitude of R = 24.8 0.2 as shown
inn § 6.3 and we discuss the results and implications of our observations in § 6.4.

6.22

VLT spectroscopy

Onn 18 December 1999, at 4:19 UT, low-resolution spectra of the optical counterpart
off GRB 991216 were acquired with the FOcal Reducer and low-dispersion Spectrograph
(FORS1),, mounted at Antu, the first unit 8-m telescope of the VLT at the European
Southernn Observatory (ESO) on Paranal, Chile. The spectra consist of six 600 second
exposuress taken with the grism G150I (three exposures without and three with order
separationn filter, which avoids contamination redwards of 6500 A), giving a useful wavelengthh coverage of about 3800-8300 A, and a spectral resolution of roughly 22 A. The
slitt (widthx length = l"x7') was positioned on the optical afterglow at the parallactic
angle.. The seeing varied between 0/.'5 and 0?6 during the observations. The spectra
weree bias-subtracted and flat-field corrected with IRAF (Tody 1993) using standard
methods.. After removing the cosmic rays, the spectra were optimally extracted (Home
1986)) from the summed images. The sky lines were removed by fitting for each column
thee median values of two 15-pixel regions near the object spectrum, one above and one
below.. The extracted spectrum was wavelength calibrated with a Helium-Neon-Argon
lampp spectrum, and flux calibrated using a spectrum of the spectrophotometry standard
HD49798. .
Thee red part of the spectrum was increased by 5% (2.5% of which is due to the fading
off the afterglow), to smoothly connect the two halves into one spectrun at 6200 A.
Wee then applied the Galactic extinction correction with a value of E( Ï—V) — 0.58
(Schlegell et al. 1998) and scaled the absolute zeropoint of the spectrum to our V, R and
II extinction-corrected photometry values (Rol et al. 2002, in prep.) at the same epoch
ass the spectrum, yielding an absolute flux calibration (Fukugita et al. I1'95). We find
thee scaling factor, which is due to slit losses, to be 1.94
0.06. Its 39ï scatter is an
indicationn of the relative error of the spectrophotometry between 5500 A and 8000 A.
Thee spectrum is shown in Fig. 6.1.
Thee two strong features in the red spectrum around 6900 A and 7600 A are caused
byy the earth's atmosphere and are not intrinsic to the GRB host. In the blue part of
thee spectrum, several absorption lines are securely detected. From inspection of the
standardd star spectrum at the same wavelengths we can conclude that the detected lines
aree not caused by the instrument, nor by the earth's atmosphere. The detected lines
cannott be identified with typical inter-stellar medium (ISM) absorption features of a
systemm at a single redshift; at least three systems need to be invoked. An alternative
explanationn is that the feature around 5700 A is Lya at z = 3.6, and that the features
shortwardd of it are Lya forest lines. We have simulated such a spectrum, and the lines
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F i g u r ee 6 . 1 : Top panel: the optical spectrum of the afterglow of GRB 991216, taken 1.5 days
afterr the burst. The instrumental resolution is roughly 4 pixels, corresponding to 22 A. The
spectrumm has not been smoothed. The blue and red spectra (respectively without and with
orderr separation filter) are connected at 6200 A. The two strong absorption lines longward of
60000 A are telluric. Bottom panel: a blow-up of the top spectrum, over the wavelength ranges
4000-60000 A and 7800-8200 A. For the latter range, we also plot the combined blue and red
spectra,, normalized at 80 /iJy for comparison with the red spectrum. We have identified several
strongg rest-frame UV absorption features, which are indicated with short solid lines. Based on
thee inferred redshifts of these features, there seem to be numerous weaker lines, indicated with
shortt dashed lines. The lower line identification labels correspond to the z = 1.02 system, the
middlee ones to ; = 0.80 and the top ones to z = 0.77 (see also Table6.1). For both panels, the
Poissonn error spectrum is also plotted.
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Tablee 6.1: Identification of the securely detected absorption lines in the VLT spectrum
takenn around 1999 December 18:18 UT, i.e. 1.51 days after the burst. The columns list
thee observed wavelength and observed equivalent width, the identification and corresponding
redshift.. In parentheses we list the estimated Poisson error contribution to the equivalent width
measurements,, which is not included in the errors listed. Note that the observed equivalent
widthh needs to be divided by (1+z) to obtain the rest-frame equivalent width.

ID D Zabs Zabs
A<J6S S
WW^) )
4587 7 6 . 6 ^ ( 1 . 3 ) ) Feuu A2600 0.764 4
4689 9 6.2!?:;; (1.1) Fenn A2600 0.803 3
4957 7 7.0+1-JJ (0.8) Mgnn A2800 0.770 0
5047 7 n.oil;^(o.7) ) MgliA2800 0 0.803 3
5662 2 6.6iJ;J(0.6) ) Mgnn A2800 1.022 2

cann appear quite similar to the lines in the observed spectrum. This is not a very likely
explanation,, however, since the break is much too smooth, and the continuum emission
aroundd 4000 A is at the same level as that beyond the supposed break. We therefore
discardd the latter possibility, and are left with the most probable explanation: several
absorptionn systems.
Wee measure the equivalent width (EW) of the five significant detections as follows,
usingg the splot routine in IRAF. By eye, we fit the continuum three times with a highorderr polynomial function: once such that the polynomial passes through the upper
partt of the continuum, once through the lower part, and once through the middle.
Afterr normalization, we measure the EWs with the e option, which sums up the EW
inn between the borders indicated with the cursor. We take the "central" E W as the
bestt estimate, and use the upper and lower continuum fit values as the upper and lower
errorr estimates. These observed EWs are listed in Table 6.1, along with their central
wavelengths,, identification and corresponding redshift. We also list in parentheses the
estimatedd Poisson error contribution in the equivalent width measurement. To obtain
thee equivalent width in the rest frame, the observed EWs in Table 6.1 need to be divided
byy ( I + 2 ) . On the basis of these line identifications, we indicate in Fig. 6.1 the positions
off other typical ISM absorption lines, such as Mgi A2852, Call H and K, and other Fe
lines.. In several cases a corresponding absorption feature is present.
Onn the basis of the identification of the strongest features (indicated with the solid lines
inn Fig. 6.1) we infer the presence of three absorption-line systems along the line of sight,
withh the following redshifts: z — 0.77, z — 0.80 and z = 1.02. The significance of the
zz = 1.02 system in the blue part of the spectrum is strengthened by the identification
off Call H and K around 8000 A, respectively at z = 1.021 and z — 1.022. To increase
thee signal-to-noise around the possible Ca lines, we have added the blue to the red
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spectrum,, even though the blue spectrum is contaminated with light from the second
orderr redwards of 6500 A. This second order appears with twice the resolution and at
twicee the wavelength of the first order. Due to the low sensitivity of the CCD below 3700
A,, the second order is not expected to set in until 7400 A. We normalized the resulting
combinedd spectrum to 80 /iJy, which is also shown in Fig. 6.1. In the combined spectrum
wee do not. detect any possible lines from 6200 9000 A, other than the two possible Call
features,, the atmospheric lines, and the feature around 6290 A. which is also visible
inn the red spectrum only. We believe that the Call H and K lines are not due to
contaminationn with shorter-wavelength features from the second order, because (i) we
wouldd have expected to see more contaminating features other than the Call H and
KK lines, and (ii) their first-order wavelengths would be 3976 A and 4009 A, which we
cannott identify with common absorption lines in any of the three absorption-line systems.
Assumingg there is no contamination, we measure the following equivalent widths in the
combinedd spectrum: E W (Call K A3933) = 1.7+^ A and EW (Call H A3968) = 2.4+g;|
A,, with an estimated additional Poisson error of 0.4 A for both lines. The expected
ratioo of this doublet, on the basis of the oscillator strengths, call H A3968' i s r o u g h l y 2 if
thee lines are not saturated, but can be unity if they are saturated. The measured ratio
iss 0.7^Q2, which would indicate that the Call lines are saturated.
AA redshift of z = 1.02 for GRB 991216 is consistent with the inferred z = 1.00
0.02
ironn line detection (4.5cr) in the Chandra spectrum of the X-ray afterglow of GRB 991216
(Piroo et al. 2000). This z — 1.02 system most likely corresponds to the host galaxy of
G R BB 991216. In all cases for which both GRB absorption and emission lines have been
detected,, the (most distant) absorption system is at the same redshift as the emission
liness from the presumed host galaxy (e.g. for GRB 980703, Djorgovski et al. 1998).
Moreover,, if the detection of Mgl at z = 1.02 is real, this suggests a dense environment
att this redshift, probably the ISM of the host galaxy. The detection of the Call doublet
supportss this, since this is believed to require column densities that are typically an order
off magnitude larger than seen in Mgll absorbers (Bowen 1991; Carilli & Van Gorkom
1992).. As we discuss in § 6.4, almost all GRB afterglows for which rapid spectroscopy was
performedd show Mgl in absorption at the host-galaxy redshift, the latter being confirmed
byy the detection of emission lines in four cases (see Table6.2). The z = 0.80 system
containss the strongest Mgll and Fell features, which may be indicative of a galaxy along
thee line of sight denser than the GRB host galaxy itself.

6.33

HST imaging

Thee field of GRB 991216 (Kippen et al. 1999; Uglesich et al. 1999) was observed with
H S T / S T I SS approximately 4 months after the burst, on 17 April 2000, starting at 11:36
UT,, through the clear (50CCD) and long pass (LP) filters, each for a total of 4790
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Figuree 6.2: The sum of the HST/STIS 50CCD and LP images of the field of GRB 991216.
Thee position of the early optical transient is marked with a black circle, with an error radius
off fX'05 (2 drizzled HST pixels). Based on the tentative identification of three absorption-line
systemss in the spectrum, we believe A to be the host galaxy of GRB 991216 at z = 1.02, and
BB to be responsible for the absorption lines at z = 0.80. Either one of the galaxies that are
locatedd 2" to the SE and NW of the transient position could be the counterpart of the z = 0.77
system.. A valid alternative is that A and B are part of the same host, possibly two systems in
thee process of merging, and that the z = 0.80 system is too faint to be detected in our images.

seconds.. The pipeline reduced images were drizzled (see Fruchter & Hook 2002) onto
outputt images with pixels one-half native scale, or approximately 0'.'025 on a side. Fig.
6.22 shows the central 5 x 5 square arcseconds of the sum of the 50CCD and LP images.
Wee have projected the OT position from an early VLT image, taken 1.5 days after the
burst,, to the frame of the HST drizzled images. Four bright nearby reference stars
weree used, and the estimated \o error in the resulting position is 0'.'05, corresponding
too 2 drizzled pixels. The position and its error are indicated with a circle in Fig. 6.2.
Thee error circle coincides with one of two faint regions of light (A and B), which are
separatedd by &!6. A and B are possibly part of the same galaxy, or they could be two
systemss that are interacting. Such a merging system as GRB host is not unexpected:
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mergingg systems are known to produce bursts of star formation, where one can expect
GRBss produced by the collapse of massive stars. Several other host galaxies also show
aa disturbed morphology, e.g. the host of GRB 990123 (Fruchter et al. 1999c).
However,, the VLT spectrum suggests the presence of a system at z — 0.80 along the
linee of sight (see § 6.2 and § 6.4), which allows for the possibility that A and B are not
belongingg to the same system, but that B is actually a foreground system and that A is
thee host galaxy of GRB 991216. The spectrum shows a hint of Mgi at z — 0.80 which,
iff real, would probably require a foreground system to be very close to the line of sight,
suchh t h a t relatively dense regions of the absorption system are being probed. This is
consistentt with the HST image if B is a foreground galaxy. The two galaxies are about
equallyy bright in the 50CCD as in the LP image, showing that they have similar colours
withh most of the light coming out longward of 5500 A. Galaxy A appears to be irregular,
withh a diameter of about 0/.'3. Either one of the two other galaxies that are located
roughlyy 2" away from the O T position could be responsible for the absorption system
att z — 0.77. At a redshift of 0.77, 2" corresponds to about 14 kiloparsec (assuming Ho
== 65 km s _ 1 Mpc" 1 , Slm = 0.3, and fl\ = 0.7), which is smaller than the typical galaxy
haloo size, and so one would expect to see Mgii in absorption.
Usingg an aperture of diameter OM, we measure R = 26.9
0.2 for A, while B has R
== 26.1
0.2 inside an aperture of diameter 0/.'6. It is likely that the total magnitudes
off these galaxies are underestimated by at least a couple of tenths due to the small
aperturess used. Halpern et al. (2000) measure R = 24.8
1 within an aperture of
diameterr 2!'2 around the O T position in a 1" seeing Keck image of 2000 April 4 UT. To
checkk if our calibration is consistent with the ground-based photometry, we measured
thee total light of A and B around the OT position with the same aperture diameter as
Halpernn et al. (2000), and find R = 24.8 0.2.
Thee transient afterglow may still be present in these observations, but the low signal to
noisee ratio does not allow an unambiguous identification of the bright patch at the edge
off the galaxy as a point source. We estimate t h a t any remaining OT is not brighter than
RR = 27.6. Assuming the single power law decay index, a = —1.36, of Garnavich et al.
(2000),, the expected magnitude of the afterglow at the time of our observations is R ~
27.. Our observations are therefore consistent with the break in the light curve reported
byy Halpern et al. (2000). A supernova of type SN1998bw at a redshift of z — 1.02
wouldd have R > 30 at the epoch of our observations, and would thus be too faint to be
detected. .
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6.44

Discussion

Thee combination of the VLT spectroscopy and HST imaging results leads us to conclude,
albeitt speculatively, that galaxy A is the likely host galaxy of GRB 991216, at a redshift of
zz = 1.02, and that galaxy B probably is a foreground galaxy at z — 0.80. An alternative
explanation,, which we cannot rule out, is that A and B are part of the same galaxy at
zz — 1.02, or in the process of merging, and that the absorption system at z = 0.80 is
eitherr not detected in emission, or that one of the two galaxies at 2" is the counterpart
off this system. The possible detection of the Call doublet at z — 1.02 argues in favour of
thee latter scenario, since (at low redshifts) the Call lines are detected mainly in disrupted
environmentss (Bowen 1991; Carilli h Van Gorkom 1992). A third possibility is thatt A
andd B are both foreground systems, and that the host galaxy is not detected. One of the
otherr galaxies separated about 2" from the afterglow position could be responsible for a
thirdd absorption-line system at z = 0.77. The proposed configuration can be confirmed
byy the detection of emission lines from galaxies A and B.
Upp to March 2001 (i.e. including GRB 010222), there are nine GRBs for which early
spectraa were acquired and absorption lines were detected. Table 6.2 lists for each of these
GRBs:: the redshift, the identified host-galaxy absorption lines, and the lines identified
inn foreground systems along the GRB sight line. In almost all spectra Mgl A2853 is
detected,, which is indicative of a low-ionization, dense interstellar medium, probably
approachingg and possibly even exceeding column densities of Damped Lya Absorbers
(DLAs),, which have NHI > 2 x 1020 cm - 2 . Hence the early spectral observations of GRB
afterglowss tend to favor the 'collapsar' model (Woosley 1993), where GRBs are expected
too occur in dense star-forming regions. In case of the neutron star binary merger model,
att least some burst spectra would not show Mgl due to the kick velocity received at
birth,, which is likely to move the system to an ISM where the Mg atoms are completely
ionized. .
Whatt is the probability of finding intervening metal absorption-line systems along the
linee of sight to a GRB? This number can be estimated from quasar absorption-line
studies.. We assume that the systems that we tentatively found, have column densities
typicall of Lyman limit systems, i.e. NHI > 1-6 x 1017 cm - 2 . These systems are wellprobedd by Mgn absorption features, as shown by Steidel & Sargent (1992). Mgl is easily
ionized,, and Mgn dominates in regions that are less dense, where the ionizing radiation
cann penetrate, e.g. in galaxy halos. We use the number of Lyman limit systems per unit
2
redshiftt as observed by Storrie-Lombardi et al. (1994): n{z) =
°)
(I+Z
Thee number of expected systems along a GRB line of sight is found by integrating n(z)
overr the effective redshift coverage, i.e. from the lowest redshift where a system could
havee been detected to the redshift of the GRB. For the minimum redshift we adopt
zz = 0.4 (Mgl A2853 at 4000 A). We then expect to find 5.41^9 Lyman limit systems
inn the entire GRB sample. When using the numbers from M0ller & Jakobsen (1990):
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Discussion

n(z)n(z) — 0.76 (1-fz) 0 - 68 , the resulting number of systems is 9.0, which is consistent with
thee estimate above. Table 6.2 lists the sample of bursts (that occurred before March
2001)) for which rapid spectroscopy was performed and lines were detected. There are
threee bursts for which foreground systems were found: GRB 970508, GRB 991216 and
GRBB 010222. With the systems at z = 0.77 and z = 0.80, the total number of foreground
systemss is five, i.e. consistent with the expected number from QSO lines of sight.
Wee have presented a low-resolution spectrum of GRB 991216, taken 1.5 days after the
burst,, from which we have inferred the possible presence of three metal absorption-line
systems.. If the identification of galaxy B with R = 26.1
0.2 at a redshift of z — 0.80
iss real, this would be one of the faintest imaging detections compared to absorption-line
systemss discovered in QSO lines of sight. Although higher spectral resolution is needed
too study future hosts and possible foreground systems in detail, our observations hint at
thee potential that GRBs offer to study not only the host, but also intervening systems
inn absorption as well as in emission.
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denn Heuvel. LK is supported by a fellowship of the Royal Academy of Arts & Sciences in
thee Netherlands. JG acknowledges the receipt of a Marie Curie grant from the European
Commission.. JH acknowledges support from the Danish Natural Science Research Council
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77 The morphology of GRB host
galaxies s

P.. M. Vreeswijk, C. J. Conselice & A. S. Fruchter
Astrophysicall Journal, to be submitted

Abstract.. We study the morphology of a sample of gamma-ray burst host galaxies,
inn order to gain additional insight in the type of galaxy that gives rise to a gamma-ray
burst,, and in its star-formation nature. We use Hubble Space Telescope observations that
weree obtained after the afterglow has faded away. Fitting exponential disk (typical for
spirals)) and R1/4 (typical for ellipticals) models to the surface brightness profiles of the
88 brightest host galaxies, we find that the disk model is slightly preferred, although two
galaxiess are fit best with an R1/4 profile. We also measure the central concentration and
asymmetryy of 12 host galaxies, and compare these to the values of (1) galaxies in the
Hubblee Deep Field, and (2) all remaining galaxies that are present on the gamma-ray
burstt host images. Most host galaxies are situated in a region of the concentrationasymmetryy diagram that is mainly occupied by Hubble Deep Field galaxies that are
visuallyy classified as spirals and peculiar/merging galaxies. Three hosts are situated in
thee region occupied by elliptical galaxies. These results show that GRB host galaxies
doo not fit into one clear single morphological class.

7.11

Introduction

Theree is mounting evidence that the progenitors of the class of long-duration gammarayy bursts (GRBs) for which afterglows have been detected (for an overview, see Van
Paradijss et al. 2000) are associated with regions of massive-star formation. Probably
thee best evidence is provided by the location of the afterglows with respect to their host
galaxiess (e.g. Bloom et al. 2001c; Fruchter et al. 2002). Fig. 7.1 shows a mosaic of 18
GRBB host galaxies (from Fruchter et al. 2002), imaged with the Hubble Space Telescope
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(HST),, for which an accurate projection of the position of the early afterglow is possible.
Thiss has resulted in an unambiguous identification of these host galaxies. The 1<7 error
inn the afterglow projection is indicated by the circle in each image. Fruchter et al.
(2002)) show that the GRBs are more centrally concentrated on the peaks of the surfarce
brightnesss than the light itself suggesting a strong correlation between the locations of
GRBss and bright regions of star-format ion. Taking into account that GRB host galaxies
tendd to be bluer than field galaxies at similar redshifts (Fruchter et al. 1999b, 2002),
andd that they are actively star-forming galaxies (e.g. Kulkarni et al. 1998b: Djorgovski
ett al. 1998). this suggests that the progenitors of the long-duration class of GRBs are
locatedd in regions of massive-star formation. This is a strong argument in favour of the
collapsarr model, where the progenitor is a very massive star (Woosley 1993; MacFadyen
&& Woosley 1999).
Anotherr line of evidence was initiated by the discovery of an unusual supernova of type
Ic,, SN 1998bw. in the error box of GRB980425 (Galama et al. 1998b). These authors
calculatedd that the chance probability of the two phenomena to occur so close together on
thee sky and in time, is less than 10~ 4 . Since this discovery, several indications have been
foundd for a supernova lightcurve component superimposed on the late-time powerlaw
decayy of the afterglow (Bloom et al. 1999a; Reichart 1999; Galama et al. 2000). The
collapsarr model predicts that every GRB produced by the collapse of a massive star, will
bee accompanied by a supernova of a type similar to SN 1998bw (MacFadyen & Woosley
1999),, because the enormous energy release of the central black hole and surrounding
toruss not only induces the formation of jets along the rotational axis, but it also causes
thee envelope of the star to be blown away. Recently, an X-ray spectrum of the afterglow
off G R B 011211, observed with XMM-Newton, shows evidence for emission lines of Mg.
Si,, P, Ar, Ca, and possibly Ni that have an outflow velocity of 0.1c (Reeves et al. 2002).
Thee authors argue that this is due to the relativistic fireball shock front running into an
"envelope"" that was ejected during a preceding supernova explosion.
Iff long-duration GRBs are associated with regions of massive-star formation, one can
expectt the host galaxies of GRBs to be very actively star-forming galaxies, possibly
evenn starburst galaxies. These are galaxies which are converting most of their neutral
gass content into stars in a very short period of time (~ 10 8 yr). At least some GRB
hostt galaxies are (very) gas-rich, which is demonstrated by the observation of (restframe)) ultraviolet resonance lines (Lya, Siiv, Civ, Mgn) in GRB afterglow spectra. A
L y aa absorption line has been detected in 3-4 GRB host galaxies (Fynbo et al. 2002;
Castroo et al. 2001b; Jensen et al. 2001). If the proposed Lya detection in the afterglow
spectrumm of GRB 010222 is real, its strength indicates an Hi column density of 5 x l 0 2 2
c m - 22 (consistent with the value derived from X-ray afterglow observations; in't Zand
ett al. 2001), making its host galaxy the strongest damped Lya system known (Salamanca
ett al. 2002). From radio and sub-mm observations there are indications that at least
somee of the GRB hosts are starburst galaxies, with star-format ion rates (SFRs) of several
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hundredd M 0 per year (Berger et al. 2001b; Frail et al. 2001a; Berger et al. 2001b). For
onee case, however, an upper limit of 100 M 0 /year has been determined (Vreeswijk et al.
2001a),, suggesting that GRB hosts cover a wide range in SFRs.
Inn this chapter we investigate the morphology of the GRB host galaxies, which provides
additionall insight into the type of galaxy that gives rise to a GRB, its relation to other
galaxiess at similar redshifts, and its star-formation nature. We use a sample of latetimee HST images of GRB hosts that were unambiguously identified through an accurate
projectionn of the early afterglow. This data set is described in § 7.2. Our study of the
morphologyy of these GRB hosts is divided into two main parts: in § 7.3 we fit exponential
andd R1//4 surface brightness profiles to the hosts. This allows to make rough distinction
betweenn early- and late-type galaxies. In § 7.4 we use the central concentration and
asymmetryy indices in order to classify the galaxies as elliptical, spiral, or peculiar. We
discusss our results and present our conclusions in § 7.5.

7.22

The HST sample of GRB host galaxies

Wee make use of the observations of three programs that have imaged GRB host galaxies
overr the past years. The principal investigators of these programs are: Fruchter (e.g.
Fruchterr et al. 2000b), Kulkarni (e.g. Kulkarni et al. 1998b) and Holland (see Holland
ett al. 2000). We have selected the host galaxies for which an accurate (0'.'2) projection
off the early optical afterglow is possible, to avoid misidentification. Most galaxies were
imagedd with STIS in the clear (50CCD) and longpass (LP) filters, except for the last two
hostss in our sample: GRB 000926 and GRB 010222, which were observed with WFPC2
inn several filters. We use the 50CCD and F606 images. The images were bias-subtracted
andd flat-field corrected by the HST pipeline, and then drizzled (Fruchter & Hook 2002)
too a resulting image with half the scale of the raw images, resulting in pixel size of
0'.'02544 and 0705 for the STIS and WFPC2 images, respectively. All images used were
takenn sufficiently long after the burst, so the contamination from the early afterglow is
negligible.. A mosaic of the selected 18 GRB host galaxies is shown in Fig. 7.1.

7.33

Exponential disk versus de Vaucouleurs profile

Wee fitted exponential and de Vaucouleurs models to the surface brightness profiles of the
88 brightest galaxies in the sample of GRB hosts. The noise in the images of the fainter
galaxiess becomes too large for a meaningful comparison between the two models. Most
ellipticall galaxies and bulges of spiral galaxies are well-fit with a de Vaucouleurs or R1/4
profile:: I(r)—Ie exp (—7.669((r/Re)1/4—1)), where Re is the effective radius corresponding
too the isophote which contains half of the galaxy light, and Ie is the surface brightness
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7.37.3 Exponential disk versus de Vaucouleurs profile
att Re. Disks of spiral galaxies, however, are best fit with an exponential profile: I(r)=I 0
expp (-r/R d ), where Rd is the disk scale length, and I0 is the central surface brightness.
Hencee determining the best-fitting model may allow a distinction between these two
classess of galaxies.
Thee fitting method is similar to the one used by Fruchter et al. (2000b), who fitted
exponentiall and R1/4 profiles to the host of GRB 970508. For each image we first cut
outt a small area around the host galaxy, from which we build a Poisson error image. For
eachh iteration in the fitting process, we create a 2-dimensional model image based on
sixx parameters for both models. These parameters are: the central or effective surface
brightnesss (I0 or I e , respectively), the disk scale length or effective radius (Rd or Re,
respectively),, position angle (PA), axis ratio, and x and y pixel position. This model
imagee is convolved with the point spread function (PSF) before fitting it to the observed
objectt image. To create a PSF image that approximates the real PSF of the telescope
andd instrument as closely as possible, we drizzle several model PSFs (as many as there
aree dithered individual object images that were used to create the final object image).
Suchh a "raw" model PSF can be produced with Tiny Tim software (Krist 1995) 1. This
subsampledd PSF image is given a random offset in x~ and y-position several times, just
ass the raw object images are offset with respect to each other, typically 10-20 pixels.
Thesee images are then rebinned to the original pixel size, convolved with the charge
diffusionn kernel and drizzled to the final PSF image using the same parameter values
suchh as scale and rotation as in the drizzling run of the object image. As expected, the
resultingg PSF is similar to the PSF of stars in the STIS images. After convolution of
thee model image with this PSF, we use the AMOEBA fit routine in IDL to minimize Y2

[ oo ject

CODV

TT 2

^ ( m o e 'Ps
xhe errors for the fit parameters in Table 7.1 are estimated
byy increasing a particular parameter with a certain amount and holding it fixed at this
value,, while fitting for all the other parameters. The increase in the value for which the
XX22 increases with unity is taken as the error in the parameter value.
Wee performed these fits for the 8 brightest host galaxies imaged with STIS. The results
aree shown in Table 7.1 and Fig. 7.2. The scale lengths and effective radii are converted to
kpc,, assuming the following cosmology: H0 = 65 km/s/Mpc, f2iambda = 0.7 and firaatter
== 0.3 (see Hogg 1999). The position angle is listed according to the usual convention,
i.e.. counterclockwise starting from 12 o'clock, or North. We note that the ellipticity
(e)) is related to the ratio of the minor axis and major axis length (b/a) in the following
way:: e = 1 - b/a. We find that the exponential model clearly provides the best fit for
thee hosts of GRB 970508, GRB 980703 and GRB 990712. In the cases of GRB 991208
andd GRB 000418, the data are best fit with a de Vaucouleurs profile, although for these
galaxiess the difference in \2 between the two models is not very large. For the other
galaxies,, both models fit the data equally well.
1

seee www.stsci.edu/software/tinytim/
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Exponential

disk versus de Vaucouleurs
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Figuree 7.2: The surface brightness profiles of the 8 brightest host galaxies. The hosts are fit
inn 2 dimensions with two models: an exponential disk, and an R 1 / 4 profile; both models are
firstfirst convolved with the PSF before performing the fit. For the object image and the model
images,, we fit ellipses using the task ellipse in IRAF to obtain the surface brightness profiles
shownn above. The lines are not fits to the data points in these plots, but rather to surface
brightnesss profiles of the best-fit model images. The solid line represents the exponential disk
model,, the dotted line the R 1 / 4 . or de Vaucouleurs profile. See Tahlr" 1 for the parameter
valuess of the best fit.
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7.44

Central concentration and asymmetry

Abrahamm et al. (1996a) (see also Abraham et al. 1996b; Conselice et al. 2000a) have
shownn that galaxies can be roughly classified in three broad classes: E/SO, spiral, and
peculiar/irregular/mergingg galaxies on the basis of their central concentration and asymmetry.. The definition of the central concentration that we will use in this paper, following
Bershadyy et al. (2000), is: C = 5 log10 (r80/r2o), where r80 (r2o) is defined as the radius
thatt contains 80% (20%) of the galaxy light. A galaxy with a sharp profile, such as
ann elliptical, will show a relatively large value for the concentration parameter, while
galaxiess with a more gradual light profile, such as in spiral and irregular galaxies, will
havee a lower value. The asymmetry is determined by rotating a galaxy by 180°, and
subtractingg this rotated image off the original image. A perfectly symmetric galaxy will
showw no residuals in the difference image, while a galaxy with asymmetric features such
ass bright star-forming regions, or an interacting galaxy, will have large residuals. The
absolutee value of the pixels in the difference image, normalized by the pixel values in the
originall image, is a measure of the asymmetry parameter (Schade et al. 1995; Abraham
ett al. 1996b; Conselice et al. 2000a):
,_S|(/O-/0)1 1
wheree I0 and 1^, are the pixel intensities in the original and rotated image, respectively.
Determinationn of the center of rotation is important. The asymmetry routine measures
thee asymmetries on a grid of centers around initial center value until a minimum asymmetryy is found (within 5 pixels). In this paper we follow the method of Conselice et al.
(2000a)) for determination of the asymmetry.
Althoughh this classification method is very promising, there are some caveats. One of
thesee is that when observing high-redshift galaxies, one has to be careful with comparing
thesee with their local counterparts because of bandshifting effects: the rest-wavelength
thatt is probed is bluer and therefore these galaxies will appear to be more asymmetric due
too the dominant patchy younger population (e.g. Burgarella et al. 2001). From a multiwavelengthh study of a small sample of nearby starburst galaxies, Conselice et al. (2000b)
findd that their overall morphology changes little from the visible to the ultra-violet
(UV)) wavelength regimes, suggesting that the inferred morphology of these starburst
galaxiess at high redshift would be similar to their local classification. Investigating the
wavelength-dependentt morphology of 34 nearby galaxies, Kuchinski et al. (2000) find
thatt the change in apparent morphology from the visible to UV is dramatic for earlytypee spirals with prominent bulges, but modest for late-type spirals and irregulars. These
resultss suggest that the change in inferred morphology with increasing redshift for GRB
hostt galaxies, which on the basis of their star-formation rate are thought to be actively
star-formingg galaxies, should not be very large. On the other hand, Kuchinski et al.
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7.47.4 Central concentration and asymmetry
(2000)) also find that starburst galaxies with centrally concentrated, symmetric bursts
appearr as ellipticals in the FUV; so these galaxies can disguise themselves.
Wee will use two galaxy samples with which we will compare the asymmetries and central
concentrationss of the GRB host galaxies. The first one is the BVI sum image of the
Hubblee Deep Field (HDF) (Williams et al. 1996), for which a visual classification is
availableavailable of galaxies with magnitudes between 1=21 and 1=25 (Van den Bergh et al.
1996),, as well as redshift information. We have performed two runs on the HDF: one
withh the full depth, in order to compare the concentration-asymmetry (C-A) values that
wee find with the visual classification of HDF galaxies. In another run we have degraded
thee HDF image to match the typical noise level of the images containing the GRB hosts.
Wee did not rebin the images to match the pixelsize of the STIS images (tf'0254) with that
off the HDF (Of! 04). For the second comparison sample we have used all the galaxies that
aree detected in the GRB host images. This second sample allows a direct comparison
off the morphology of the hosts with that of an unbiased sample of galaxies that were
imagedd with the same pixel size, depth, and filter.
Wee use the SExtractor code (Bertin & Arnouts 1996) to detect objects on the images,
andd use these positions as input for our IRAF routines that calculate the asymmetry
andd concentration values. The images are first smoothed with a Gaussian function, after
whichh we include objects in our catalog that have at least 3 contiguous pixels that are
eachh 2cr above the sky background. For the full depth HDF we relax this condition
too lOcr, since we are not interested in the very faint objects. We also use SExtractor's
star-galaxyy separator index, or stellarity index, which ranges from 0 (definite galaxy)
too 1 (definite star), to eliminate the stars. We set the threshold to 0.8. The remaining
objectss are checked for saturation, and put into the asymmetry and central concentration
routines. .
InIn Fig. 7.3 we plot a C-A diagram for the galaxies brighter than roughly 1=24 in the
HDF.. As shown by Abraham et al. (1996a), galaxies of different Hubble types are located
inn different parts of this diagram. These broad bins can be roughly separated by the
solidd lines. The vertical line at an asymmetry value of 0.3 corresponds to the threshold
abovee which local mergers are located. Fig. 7.4 shows the values that we find for 12 of
thee host galaxies compared to all the other galaxies detected in the same images (solid
dots).. As a second comparison we have added the B (F450), V (F606) and I (F814)
imagess of the HDF to mimic the 50CCD response of STIS, in which most host galaxies
weree imaged. We add noise to this sum to scale it to the typical exposure time of the
hostt galaxy images (exposure time ratio is roughly 25), and calculate the C-A values for
thee detected galaxies (crosses). The remaining 6 host galaxies of Fig. 7.1 are too faint
too result in meaningful C and A values.
SExtractorr will sometimes find several "centers" (peaks) for the same galaxy. For all the
galaxiess plotted in Fig. 7.4, for the degraded HDF image as well as the host-galaxy STIS
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asymmetry y

F i g u r ee 7 . 3 : The concentration versus asymmetry for the galaxies brighter than 1=24 in the
HDF.. The different symbols correspond to the broad Hubble type bins into which the galaxies
weree visually classified (by Richard Ellis in Van den Bergh et al. 1996): ellipticals are shown as
filledfilled circles, spirals as filled triangles, and peculiar galaxies as stars. Although there is some
overlap,, three different regions can be distinguished, which are separated by the solid lines.
Locall galaxies with an asymmetry larger than 0.3 tend to be mergers. The line separating the
ellipticall from the spiral region is a "best estimate" by eye.
andd W F P C 2 images, we verify if there is another peak present within a radius of Of.'5. If
so.. we choose the peak with the lowest value for the asymmetry, and discard the other
peak.. We perform the same excercise for the host galaxies. For instance, for GRB 991208
(seee Fig. 7.1). SExtractor also picks up a peak eastward of the presumed host. Centering
att this peak, the asymmetry routine measures a much larger asymmetry. The peak is
closerr than 0"5 from the host, and is therefore discarded. For the host of GRB 000926 we
assumedd t h a t the center of the galaxy is inbetween the two bright patches of emission
(seee Fig. 7.1). However, when adopting the center of the patch closest to the early
aftergloww position as the host galaxy center, we find values for the asymmetry (A=0.36
0.10) and central concentration (C=4.1) which are very similar to those of the host of
GRBB 980613. The host of GRB 990705 is the only one with contaminating foreground
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Figuree 7.4: The concentration versus asymmetry for 12 host galaxies, together with all other
galaxiess that are present in the GRB host galaxy images (solid dots), and galaxies in a BVI
summ of the images of the HDF (crosses), with added noise to mimic the typical exposure time
off the host-galaxy images.
stars,, which we first removed before measuring the A and C values. For the hosts of
GRBB 990123 and GRB 990705, we adopted the position of the peak brightness (near the
centerr of the images in Fig. 7.1) as the initial center.

7.55

Discussion

Forr the host of GRB 970508, Fruchter et al. (2000b) fitted exponential and de Vaucouleurss profiles, and found that the galaxy was best fit with an exponential disk with a
scalee length of 0"046
tf'006, and an ellipticity of 0.70
0.07. We find almost the same
result:: the \ 2 °f the exponential disk profile is clearly lower (0.57 vs. 0.85 for the R1^4
profile),, and 0"046 at the redshift of GRB970508 corresponds to 0.38 kpc (assuming
thee cosmology mentioned above). The axis ratio that we find (0.39) corresponds t o an
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ellipticityy of 0.61, which is also consistent with the result of Fruchter et al. (2000b).
Forr the entire sample of 8 bright hosts, however, the surface brightness profiles do not
clearlyy distinguish between spiral galaxies and ellipticals as the morphological class of
GRBB host galaxies. As for the case of GRB 970508, the exponential profile clearly
providess a better fit than the R1/4 profile for GRB 980703 and GRB 990712. But
GRBB 991208 and GRB 000418 are best fit with a de Vaucouleurs profile, although the
differencee is not so large in these cases. The scale lengths of the hosts range from very
small:: 0.14 kpc in the case of GRB 991208, to a value that is comparable to the Galactic
scalee length: 4.7 kpc for the host of GRB 990705.
Ass first shown by Abraham et al. (1996a), the values for the central concentration
andd asymmetry of a galaxy can be used as a rough indication for the morphology. In
Fig.. 7.3 we plot the C-A diagram for HDF galaxies brighter than roughly 1=24. Rough
borderss can be drawn between regions that are mainly occupied by ellipticals, spirals
andd irregular galaxies, although there is some overlap. With fainter magnitudes, this
overlapp increases. These regions are also shown in Fig. 7.4, where the C-A values for
thee host galaxies are plotted over two comparison samples: (1) the HDF image (sum of
B,, V and I) degraded in signal-to-noise (crosses), to mimic the typical exposure time of
thee GRB host galaxy images, and (2) all the galaxies present in the host galaxy images
(solidd dots). Both comparison samples occupy roughly the same regions in the C-A
space,, which suggests that GRB host galaxies are typical field galaxies. If GRBs would
bee drawn from regions with an overdensity of elliptical galaxies, for example in clusters,
wee would expect the sample of galaxies around the GRB hosts to be different from the
HDFF sample.
Thee GRB hosts do not all lie in a specific region of the diagram, but are rather scattered
acrosss most of the C-A parameter space. The majority of hosts have C-A values in the
spirall region close to the "border" with the local merger population. For example, the
hostt of GRB 990705 is clearly a "grand-design" late-type spiral (see Fig. 7.1), which is in
agreementt with its position in the C-A diagram. Two galaxies, those of GRB 980613 and
GRBB 010222, are located in the peculiar section. For GRB 980613 this is not unexpected,
sincee its environment is very chaotic. For GRB 010222 this is less obvious, although for
thiss galaxy a sub-mm flux is measured that is consistent with the host being a starburst
galaxy.. Starburst galaxies are likely to have a disturbed morphology, although this is
nott immediately clear from the image of this host.
Thee C-A values for three galaxies are consistent with these hosts having the morphologicall appearance of an elliptical. For one of these, GRB 000418, a very high star-formation
ratee has been inferred from sub-mm observations (as with the host of GRB 010222),
whichh seems contradictory with its elliptical appearance. However, Kuchinski et al.
(2000)) found that starburst galaxies with a nuclear, symmetric burst, can have the morphologicall appearance of an elliptical. Assuming that GRBs are related to the deaths
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off massive stars, and that nuclear starbursts mimic an elliptical appearance, we may
expectt the hosts of GRB 970508 and GRB 991208 to contain nuclear starbursts as well.
Inn fact, the projected afterglow position of GRB 970508 is so close to the center of the
galaxy,, that Fruchter et al. (2000b) suggested that the burst may originate from such a
nuclearr starburst. The afterglow position for the other two galaxies in this region is also
consistentt with the center of the galaxy.
Inn conclusion, both from surface brightness profile fitting and by measuring the centrall concentration and asymmetry of a sample of GRB host galaxies, we find that these
hostss do not fit into one clear single morphological class of galaxies. In the concentrationasymmetryy diagram, most galaxies are consistent with being spirals or irregular galaxies,
butt three hosts are situated in the region occupied by ellipticals. If GRBs are associated
withh massive-star formation, for which there is increasing evidence, this supports previouss observations that galaxies with different morphological appearances can be actively
star-forming. .
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88 The Faint Sky Variability Survey I:
Outline,, Goals and Data reduction
process s
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Rutten,, J. Storm, N. Tanvir, L. B. F. M. Waters & R. A. M. J. Wijers
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Abstract.. The Faint Sky Variability Survey is aimed at finding photometric and astrometricc variable objects in the brightness range between 16th and 24th magnitude on
timescaless between tens of minutes and years with photometric precisions ranging from
33 millimagnitudes for the brightest to 0.2 magnitudes for the faintest objects. An area
off ~23 square degrees, located at mid and high Galactic latitudes, has been covered
usingg the Wide Field Camera on the 2.5-m Isaac Newton Telescope on La Palma. Here
wee describe the main goals of the Faint Sky Variability Survey and the data reduction
process. .

8.11

Introduction

Thee advance of large format (>2kx2k) CCDs with high quantum efficiency has opened
upp a new area in Galactic and extragalactic astrophysics: the systematic study of astrophysicall objects fainter than 20th magnitude. The importance of this brightness regime
iss nicely illustrated by the current, fast development in the field of Gamma-Ray Bursts
(GRBs;; for recent reviews see Katz et al. 1998; Piran 1999; Van Paradijs et al. 2000),
wheree the localization of faint variable optical counterparts has led to a large increase
inn our understanding of GRBs.
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InIn the following sections we willl outline the main goals of the Faint Sky Variability Survey
(FSVS1)) (§8.2), the INT Wide Field Camera (§8.3), the observing strategy (§8.4) and
fieldd selection (§8.5). After a short comparison with other, running surveys (§8.6), we
willl discuss the data reduction (§ 8.7), final data products (§8.8), availability of the data
(§8.9),, and conclude (§8.10). The survey started in November 1998.

8.22

Goals of the FSVS

Understandingg the variability of stars has often been crucial in the development of
astrophysics,, with applications ranging from the evolution of stars, to the structure of
ourr Galaxy and the distance scale of the Universe. Current variability studies are mainly
restrictedd to either bright regimes (brighter than 20th magnitude) or smaller areas (highzz supernovae and GRB searches). In the Galactic realm, a deep variability study will not
onlyy reveal the characteristics of specific groups of stellar objects, but will also shed light
onn the outer parts of our Solar System, the direct Solar Neighbourhood, the structure
off our Galaxy, and the extent of the Galactic halo. The FSVS has observed ~23 square
degreess down to 24 th magnitude. The main targets can be divided into two broad areas
off interest: photometrically and astrometrically variable objects.

8.2.11

Photometrically variable objects

Amongg the various classes of variables stars our main targets are:
Close Binaries: Current detections of low-mass close-binary systems (Cataclysmic
Variables,, Low-Mass X-Ray Binaries (including Soft X-Ray Transients) and AM CVn
stars)) are strongly biased to small subsets of their populations. Of these systems the
Cataclysmicc Variables (CVs) form the main subgroup we expect to find. We refer to
Warnerr (1995) for an extensive review of CV properties. Currently, most CVs are either
foundd as by-products of extragalactic studies like blue-excess, quasar surveys (e.g. the
Palomar-Greenn survey: Green et al. (1986); the Hamburg Quasar Survey: Engels et al.
(1994);; Wisotzki et al. (1996); and the Edingburgh-Cape Survey: Stobie et al. (1987)),
orr by their outbursts in which the system suddenly brightens 3-10 magnitudes due to an
instabilityy in the accretion disk. However, theoretical calculations show that the majority
off the CV population should have evolved down to mass-transfer rates that are lower
thann ~ l C r n Moyr" 1 (see e.g. Kolb 1993; Howell et al. 1997, 2001). At these very lowmasss transfer rates, CVs are expected to be faint (typically V>20), have no UV excess,
showw no (frequent) outbursts, and will therefore not show up in conventional searches.
However,, all CVs show intrinsic variability of the order of tenths of magnitudes or
11

http://www.astro.uva.nl/~fsvs
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more.. This variability is either caused by 'flickering' (mass-transfer instabilities), orbital
modulationss (hot-spots or eclipses) or long-term mass-transfer fluctuations. Searching
forr faint variable stars is therefore a very good way to disclose the characteristics of the
majorityy of the CV population. The same search technique will also make the survey
sensitivee to other classes of close binaries, such as LMXBs, SXTs in quiescence and AM
CVnn stars. Based on population synthesis models we expect to find 20 new CVs per
squaree degree (Howell et al. 1997).
RR Lyrae stars: Due to their standard candle properties and easy recognition by colour
andd variability, RR Lyrae stars can be used as excellent tracers of the structure of the
Galacticc halo. A few of these stars have been found at large galactocentric distances
(Hawkinss 1984; Ciardullo et al. 1989), but number statistics are still poor. Finding more
off these stars will help to constrain the total enveloped mass in the Galaxy at different
radii.. A highly uncertain number of 0.2 RR Lyrae stars per square degree that are
beyondd 30 kpc can be deduced from the very small number of known systems.
Optical Transients to Gamma-Ray Bursts The detection of optical counterparts to
GRBss (e.g. Van Paradijs et al. 1997), and the subsequent classification of GRBs as
cosmologicall (e.g. Metzger et al. 1997; Kulkarni et al. 1998b) have shown that GRBs
aree among the most energetic phenomena known in the Universe. The high energies
impliedd by observations of GRB afterglows (10 53-54 erg in 7-rays if isotropy is assumed,
Kulkarnii et al. 1998b, 1999), raises the question whether GRBs are emitting their energy
isotropicallyy or in the form of jets. In the latter case the energies involved will be much
lower,, depending on the amount of beaming. Even if the 7-rays are beamed the optical
aftergloww is expected to radiate more isotropically, and thus one expects to observe
faintt afterglows without an accompanying burst in 7-rays. The detection rate of such
transientt events will constrain the beaming angle. A discussion and analysis of such
resultss is presented in Vreeswijk et al. (2002).

8.2.22

Astrometrically variable objects

Thee observing schedule that we have adopted for the FSVS (see § 8.4) also allows for the
detectionn of astrometrically variable objects. Our interests fall into two main categories:
Kuiper Belt Objects: Kuiper Belt Objects (KBOs) are icy bodies revolving around
thee Sun in orbits that lie outside the orbit of Neptune (which has led to the alternative
namee of Trans Neptunian Objects; TNOs). Since their discovery in 1993 (Jewitt k Luu
1993),, more than 100 of these objects have been found. Studying their properties will
givee important insight into the formation of the Solar system and planetary systems in
general.. One question that is particularly well suited to be answered is the inclination
distributionn of KBOs. Most KBOs have been found within 5° from the ecliptic, but
thiss may constitute an observational bias, since most searches have been (and are being)
performedd close to the ecliptic. Since the FSVS is mostly pointing away from the ecliptic,
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wee will be able to set limits on the inclination distribution of KBOs.
Solar Neighbourhood Objects: The planned re-observations after one year will allow
forr the detection of high proper-motion objects in the Solar neighbourhood. These
willl be extremely important to constrain the low-mass end of the IMF in the solar
neighbourhood,, to estimate the relative contribution of the disk and halo population of
starss in the solar neighbourhood and trace the star formation history of the Galactic
haloo by finding old, high proper motion, white dwarfs.

8.33

The I N T Wide Field Camera

Thee Wide Field Camera2 (WFC) is mounted at the prime focus of the 2.5-m Isaac
NewtonNewton Telescope (INT) on the island of La Palma. The WFC consists of 4 EEV42
CCDs,, each containing 2048x4100 pixels. They are fitted in an L-shaped pattern, which
makess the Camera 6kx6k, minus a 2kx2k corner (see Fig. 8.1). The CCDs consist of
13.5/// pixels (0"33 per pixel on the sky), which gives a sky coverage per CCD of 22.'8x ll'A.
AA total of 0.28 square degree is covered by the combined four CCDs. With a typical
seeingg of l'/0-l'.'3 on the INT, point objects are well-sampled, which allows for accurate
photometry.. The Camera is equiped with Harris and Sloan filters, of which we use the
Harriss B, V and I filters.

8.44

Observing strategy

Thee typical timescales of variability covered by the objects listed above vary from hours
(CVs,, KBOs, RR Lyrae stars) to days (optical transients to GRBs) to years (high proper
motionn stars). To cover all possible timescales of variation we have devised an observing
strategyy that optimises both the coverage per field as well as the total sky coverage.
Thee variability search is done with 10 min. V-band observations. This is a compromise
betweenn the expected colours of our sources (blue as well as red), sensitivity of the WFC
(peakss in B and V) and a coverage of the optical band using the B, V and I-bands. For
thee photometric variability we find that at least 15-20 pointings are needed to firmly
statee that an object is variable and also get an indication of the timescale of its variability
(orr ideally its period). For the first two runs of the FSVS this number was limited to
~10,, but has been raised to 15-20 in subsequent runs.
Thee FSVS has been observing in one-week time slots, separated by roughly half-year
intervals.. The main data set for each field has been obtained within the one week
observingg run, with observations of a particular field spread over the full week. In the
2

see:: http://www.ast.cam.ac.uk/~wfcsur for an extensive description of the WFC
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withh rotator
att 180°

33 3
F i g u r ee 8 . 1 : Graphical lay-out of the WFC 4 EEV 4kx2k CCDs. In the orientation used by
thee FSVS, North is up and East is to the left. The WFC rotates around its Rotator Center
(RC). .
observingg sequences we have tried to avoid a regular spacing of the observations since this
willl introduce strong aliases in any period search. On photometric nights (which were
alwayss present in each of the runs) the fields were observed in B (10 min) and I (15 min)
togetherr with Landolt fields. For the Landolt fields, observations were taken centered on
eachh of the four chips to obtain a sufficient number of photometric standards per chip
(seee §8.7.9). Using this observing strategy an average of 4 square degrees per one-week
runn were observed. Single V-band re-observations of each field are being obtained on a
yearlyy basis.
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Field selection

T h ee field selection was governed by the following four criteria (in order of importance)
too ensure maximum quality of the data:
Fields are located at Galactic latitudes bu > 20°: to probe the Galactic halo as
welll as the Galactic disk to considerable depths we target most of our fields at midGalacticc latitudes (see Table8.1). This also prevents problems with field crowding
andd interstellar extinction that will be present at lower Galactic latitudes. The
effectt of interstellar extinction would be to limit the distance to which we are able
too observe into the halo.
Fields are observed within a zenith distance, z <30°: this criterion has been set
too ensure that the effect of differential extinction coefficients has no impact on the
accuracyy with which the differential photometry can be done.
If possible, the fields are chosen close t o the ecliptic, to increase the chances of
findingg KBOs. However, as explained in § 8.2.2, even if we are not pointing at the
ecliptic,, our results may help to constrain the inclination distribution of KBOs.
Bright stars are avoided: stars brighter than ~ 1 0 t h magnitude will cause large
chargee overflows and diffraction patterns that limit the area on a CCD that can
bee used for accurate photometry, depending on the placement and brightness of
thee star. To prevent this from happening the fields are selected to be as devoid
ass possible of bright stars. We checked for the presence of bright stars using the
Digitall Sky Survey in the selection of the fields.
Itt is clear t h a t not all four criteria can be met at all times of the year. For the Northern
Hemispheree all four criteria are only satisfied in late November-early December. Table 8.1
showss the center points of the FSVS fields, together with the Galactic coordinates and
periodd of first observations.

8.66

Comparison with other surveys

Thee FSVS is unique in its search for variability on short timescales (tens of minutes
too days), depth and precision of its differential photometry, although having a rather
moderatee sky-coverage. The Sloan Digital Sky Survey (SDSS; York et al. 2000) covers
aa much larger area of the sky (10,000 square degrees), but at brighter magnitudes (14
<< g' < 22.5), and provides almost no variability information. The microlensing studies
(e.g.. MACHO and EROS; Alcock et al. 1997; Beaulieu et al. 1995) do obtain variability
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Tablee 8.1: Field centers and period of observations of the FSVS fields. All coordinates are
inn J2000 units.
Fieldd No.
1-6 6
7-12 2
13-18 8
19-22 2
23-26 6
27-30 0
31-34 4
35-40 0
41-46,59 9
47-52,60 0
52-56 6
57-58 8
61-62 2
63-66 6
68-71 1
72-75 5
76-79 9

RA A
Dec c
lln n bbn n Period d
23h44m m+27°° 15'
105 5 -33 3 Novv 98
02h32m m +15°00' '
156 6 40 0 Novv 98
07h52m m+20°40' '
200 0 +22 2 Novv 98
12h53m m+27°01' ' 220-21 1 +90 0 Mayy 99
12h51m m+26°° 20' 268-360 0 +89 9 Mayy 99
16h25m m+26°33' '
45 5 +43 3 Mayy 99
49 9 +31 1 Mayy 99/00
17h20m m+27°00' '
161 1 -33 3 Jann 00/01
03h02m m+18°° 38'
196 6 +15 5 Jann 00/01
07hl5m m +21°00' '
211 1 +50 0 Jann 00/01
lOhOOm m+21°30' '
16h23m m+27°03' '
45 5 +42 2 Mayy 00
16h32m m+21°16' '
39 9 +39 9 Mayy 00
242 2 +50 0 Jann 01
10h37m m+04°00' '
17h25m m+27°30' '
50 0 +30 0 Jull 01
22h02m m+27°30' '
83 3 21 1 Jull 01
18h32m m+36°00' '
64 4 +19 9 Augg 01
23h47m m+28°° 10'
106 6 32 2 Augg 01

information,, but are targeted at different stellar populations (the Galactic Bulge, the
LMC,, or M31) and have a limit of V ~ 2 1 with a photometric precision of 0.5 mag at
thee faint end, caused by limited signal-to-noise (S/N) and crowding in their necessarily
highh density star fields. High-;? supernova searches reach as deep as the FSVS, but have
aa lower time-resolution and cover a smaller area. In Fig. 8.2 we show schematically how
thee FSVS compares with other deep ongoing surveys.

8.77

Reduction and analysis methods

Too obtain variability information on all the objects detected in our observations we use
thee technique of differential aperture and point-spread-function (PSF) photometry. We
havee written a pipe-line reduction package, consisting of IRAF tasks, Fortran programs
andd at its core the SExtractor program by Bertin & Arnouts (1996). Every object in
everyy observation is analysed and the results are stored in a master-table that lists the
essentiall information (described in detail below) for each object. Below we outline the
dataa flow through our pipe-line reduction, starting with the raw data as it comes from
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F i g u r ee 8.2: A comparison in area and depth between major current surveys and the FSVS.
Adaptedd from the NOAO Deep Survey Web-pages (see http://www.noao.edu/noao/noaodeep/;
SDSS=Sloann Digital Sky Survey, York et al. (2000); ElS(deep) = ESO Imaging Survey (Deep),
Noninoo et al. (1999); Deeprange, Postman et al. (1998); INT-WAS: INT Wide Angle Survey:
McMahonn et al. (2001); HDF= Hubble Deep Field, Williams et al. (1996); NOAO= NOAO
Survey,, Jannuzi & Dey (1999); CFRS = Canada France Redshift Survey, Lilly et al. (1995);
CADISS = Calar Alto Deep Imaging Survey, Hippelein et al. (1998): CFDF = Canadian French
Deepp Fields; Brodwin et al. (1999); LDSS Survey, Glazebrook et al. (1995)). Note that most
off these surveys have no or very limited variability information, with the notable exception of
OGLE.. The range in depth for the FSVS is reached by using each individual image (as in the
variabilityy study) or the sum images.
thee telescope.

8.7.11

Bias subtraction

Thee mean of the counts in the overscan region of each observation is used to subtract
thee overall bias level. After this the 2-D bias pattern, determined from bias observations
takenn at the start of the night, is subtracted.
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Linearization of the data

AA non-linearity in the read-out electronics causes all data taken with the INT W F C to
bee non-linear up to a level of ~ 5 % . The magnitude of this non-linearity as a function
off exposure level is determined by the Cambridge WFS group 2 and is posted in tabular
andd analytic form. These corrections are applied after bias-subtraction.

8.7.33

Flatfielding

Fromm twilight skyflats taken during a complete observing run a master flatfield is made,
whichh is used for all the observations taken in that-band during the observing run. For
thee I-band observations, which suffer from fringing at the 3.5% level, we have made
fringee maps from the night time observations, which allows the fringe pattern to be
removedd down to the 0.6% continuum sky level (see Fig. 8.3).

F i g u r ee 8.3: Defringing of the I-band observations, using a fringe map made irom the nighttimee observations themselves. Left: Before defringing, middle: fringe map, right: after defringing g

8.7.44

Source detection

Thee bias-subtracted, linearized and flat-fielded data are fed to the SExtractor program.
Thiss program detects sources and measures their instrumental magnitude in a number
off different ways, as set by the user. Source detection is done by requiring that three
neighbouringg pixels are more than two sigma above the sky-background. Visual inspectionn shows that this threshold value is capable of detecting virtual!} aii objects that
cann be identified by eye. Some contamination from extended cosmic rays is present, but
2

see:: http://www.ast.cam.ac.uk/~wfcsur for an extensive description of the WFC
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F i g u r ee 8.4: Instrumental photometric errors per magnitude for seeing matched aperture
photometryy with an aperture radius of 1 xFWHM (plus signs), 2xseeing FWHM (filled squares)
andd variable PSF fitting (stars).
thesee are effectively removed in the subsequent steps. Apart from finding the sources
andd determining their instrumental magnitudes, for each source the SExtractor program
determiness various characteristic parameters such as the position, size, extent, ellipticity
andd orientation angle. Due to vignetting, a corner of CCD3 (the NE corner in Fig. 8.1)
hass very low count rates. We discard any object detected in a square box 200 pixels
widee from this corner of CCD3.

8.7.55

Instrumental magnitudes: aperture photometry vs. PSF
fitting. .

Forr each object instrumental magnitudes are extracted in four different ways: fixed aperturee photometry, seeing matched aperture photometry, variable PSF fitting photometry
andd isophotal magnitudes. The isophotal magnitudes and fixed 6 pixel (radius) aperture
photometryy have been included as a check on the others and for extragalactic work in
casee of the isophotal magnitudes. The seeing matched aperture photometry uses an
aperturee t h a t scales with the seeing of the observations. This seeing is determined using
brightt unsaturated stars in the inner Ik x Ik region of each chip. The aperture radius
forr the observation is set to twice the FWHM of the seeing estimate. This relatively large
aperturee works well for bright stars, but the S/N deteriorates for faint objects due to the
dominantt sky background. In Fig. 8.4 we show the variation of the error for an aperture
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radiuss that is twice the seeing FWHM and for an aperture that is equal to this FWHM.
Thiss clearly shows that for bright stars they work equally well and for faint stars small
aperturess work better. However, in §8.7.8 we will show that the lxFWHM aperture is
tooo small for variability studies. The error on the instrumental magnitudes is determined
byy Poisson-statistics, including the source and background brightness, read-out noise of
thee chip and the gain.
InIn the variable PSF fitting the point-spread-function of the objects, and its variation,
overr the chip is determined from a set of 25 isolated stars, spread equally in position
overr the chip. Using this variable PSF the instrumental magnitude of each object is
determinedd with the use of the DAOPHOT package (Stetson 1987) within IRAF, in which
thee precision is adjusted from 1 mmag to 0.1 mmag to be able to obtain the precision
neededd for the brightest stars. The error in the instrumental magnitude is now a combinationn of the Poisson statistics (as in the aperture photometry) as well as a factor from
thee fitting procedure. This causes the PSF errors on the brightest objects to be higher
thann in the aperture photometry (see Fig. 8.4), but for the faint sources it is as good as
thatt of the lxFWHM aperture photometry.
Althoughh from just Fig. 8.4 it would seem that the aperture photometry is doing much
betterr than the PSF photometry at the brighter end, the variability study (as discussed
inn §8.7.8) shows this not to be the case. The errors on the aperture photometry are not
aa good representation of the actual error on the measurement. Other sources of errors
besidess counting statistics such as low-level gain and read-out noise variations, flatfield
errorss and a variable PSF become dominant at bright magnitudes, This shows up as
aa flattening of the error distribution. In §8.7.8 we will show that the small aperture
photometryy errors introduce apparent variability for the brightest stars and is therefore
nott the most suitable for the FSVS.

8.7.66

Field matching

Differentt observations of the same field are automatically matched using the OFFSET
program,, supplied with the DOPHOT package (Schechter et al. 1993), using the 100
brightest,, non-saturated stars, that are not located near the edges of the CCDs. Matchingg is done by triangle pattern recognition in the two images. This matching allows for
linearr scaling, rotation and translation of the different images. Output is given as the elementss of a rotation-translation matrix. All image source catalogues are transformed to
thatt of a reference image (the one with the best seeing). Individual objects are matched
iff in the new image an object is found within 1 FWHM of the position of the object in
thee reference image. This same criterion is used to match stars between different filters.
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8.7.77

Local reference star selection

InIn order to obtain differential magnitudes, an ensemble of local reference stars has to
bee selected. The average (ensemble) magnitude of these stars is used as a baseline to
computee all instrumental magnitudes. In the selection of this ensemble it is important
too use the brightest, non-variable, stars that are not saturated. Using the brightest
starss is essential because the error on the differential magnitude of any object consists of
thee error that is obtained from counting statistics for that object, and the error on the
averagee of the reference stars (see e.g. Howell et al. 1988). The uncertainty in the mean
magnitudee of the ensemble must be made significantly smaller than the uncertainty
imposedd by counting statistics on the magnitude of any star of interest. If this is not
thee case, it. will cause small-amplitude variability, that should have been detected on
thee basis of counting statistics, to become undetectable. Per CCD, an ensemble of ten
locall standards is selected by requiring that their variation with respect to the average
iss less than 5 millimagnitudes. If this requirement is set more stringently, not enough
standardss are found. In the Galactic North Pole observations of May 1999 the selection
criterionn had to be relaxed to 10 millimagnitudes in order to find a suitable number
off stars. This is, of course, due to the limited number of stars in the NGP direction.
Ass explained above, this selection criterion naturally sets the minimum amplitude (=
scatterr ref. stars/x/Nref.stars) of variation that can be found.

8.7.88

Differential magnitudes and variability

Forr every object the differential magnitude is calculated against the ensemble average.
Thee error of the instrumental magnitude is propagated to the differential magnitude,
addingg quadratically to the error on the ensemble average. The error on the ensemble
averagee is determined from the scatter of the ensemble stars at that epoch around their
averagee over all epochs. The differential magnitude is calculated for all four instrumental
magnitudess as described in §8.7.5. In Fig. 8.5 we show the variation on the average
magnitudee for a representative field of the FSVS, both for seeing matched aperture
photometryy as well as for the variable PSF fitting. The rise towards fainter magnitudes
iss a consequence of the larger instrumental magnitude errors due to lower count rates.
Forr the brightest sources a differential magnitude variation of < 5mmag, which is at the
levell of extrasolar planet transits, is easily obtained.
Variabilityy is determined by calculating the \2 value of the light curve with respect to
itss average value. As expected this is a constant function with magnitude (Fig. 8.6).
Thee dashed line in Fig. 8.6 shows the x 2 > 5 variability level above which we denote our
starss to be variable. In Fig. 8.6 we show the x 2 distribution for the lxFWHM aperture
(bottom),, and 2xFWHM aperture photometry (middle) and the variable PSF fitting
(top).. From this we see that an aperture of lxFWHM is too small for the bright stars
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F i g u r ee 8.5: The standard deviation on the light curves of point sources (stellarity >0.8) in
thee same field as shown in Fig. 8.4. Top for variable PSF fitting and bottom for 2xseeing
FWHMM aperture photometry.
andd introduces spurious variability. The 2 x FWHM also suffers from spurious variability,
althoughh that is not immediately clear from Fig. 8.6.
Despitee the accurate photometry on a single epoch, the 2 x FWHM aperture photometry
sufferss from the introduction of systematic variability into the light curves due to the
basicc assumption of aperture photometry that the PSF is the same for all objects in the
field.. The chips of the W F C are slightly tilted with respect to the focal plane of the
camera,, which introduces a variation in the PSF of ~ 2 0 % over the field of a single chip.
Thiss causes spurious variability both at the bright end as well as at the fainter end of
thee magnitude range. At the bright end the variation is caused by the change of the PSF
duee to tilt of the ccds. At the fainter end the change is caused by barely resolved binaries
andd compact galaxies. Not including this source of error in the aperture photometry at
thee bright end causes the high number of spurious variables. In the PSF fitting these
errorss are taken into account (as can be seen from the higher level of single-epoch errors
inn Fig. 8.4), and the spurious variability is removed (see Fig. 8.5 and 8.6).
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F i g u r ee 8.6: Variability distributions for the same field as shown in Fig. 8.4 and 8.5. Bottom:
seeingg matched aperture photometry with aperture size equal to l x seeing FWHM. Middle:
samee as bottom but with aperture size 2 xFWHM. Top: variable PSF fitting.

8.7.99

Absolute calibration

Usingg the USNO A2.0 catalogue an astrometric solution is obtained for each CCD and
eachh field separately. On average, we use 20-30 USNO A2.0 stars, which is sufficient to
obtainn a cubic solution that is accurate to 0/.'2-0'.'4 in right ascension and declination,
dependingg on the position of a field on the sky.
Duringg each of our runs so far, we have had photometric nights, during which all fields
andd several Selected Areas of Landolt (1992) were observed. After having also found the
astrometricc solution for the standard stars, we can measure the standard stars automatically.. We use the SExtractor aperture photometry option, with an aperture radius of
twicee the image FWHM. For each CCD the measured B, V and I standard star magnitudess are fit with a model that includes a zero-point offset, an airmass term and a colour
term.. When sufficient standards are observed at different airmasses, we fit for the airmasss term. If not, we hold it constant at the following values: 0.25, 0.15 and 0.07 for the
filtersfilters B, V and I, respectively 3 . The colour term is only included if it improves the fit
significantly.. These solutions are applied to all objects listed in the catalogue through
thee ensemble reference stars that are selected for each CCD of each field (see §8.7.7).
Fromm the scatter in the solutions, we estimate the error in the absolute calibration to
3

seee http://www.ast.cam.ac.uk/~wfcsur
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bee 0.1 for the B and V filters, and 0.15 for the I-band. In Fig. 8.7, 8.8 and 8.9 we show
thee (V, B—V). (V. V—I) colour-magnitude diagrams and the (B—V, V—I) colour-colour
diagramm for the first 17 square degrees of FSVS survey data.
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F i g u r ee 8.7: V, B—V colour-magnitude diagram of all point sources (with stellarity >0.8) in
thee first 17 square degrees in the FSVS. The cut-off at B—V=0.38 is caused by the average
agee of the thin Galactic disk.

8.7.100

L i m i t i n g magnitudes

Basedd on the amount of flux in the ten reference stars (see §8.7.7), the level of the
backgroundd sky, the photometry aperture size and the background aperture size, we
calculatee the flux that a 3-, 5-, and 7-<r object would have for each CCD, field and
observation.. These ten estimates of the 3-,5- and 7-cr limits are then averaged to produce
ann average 3-, 5- and 7-cr limiting magnitude. In this calculation we neglect the readoutt noise since our observations are long and have background levels whose noise is
muchh higher than the read-out noise. On average the 5-<r limiting magnitudes range
betweenn 22.5-24.5 for the B and V-band images (depending on seeing and cloud cover)
andd between 21.5 and 23.5 for the I-band observations.
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F i g u r ee 8.8: V. V—I colour-magnitude diagram of all point sources (with stellarity > 0.8) in
thee first 17 square degrees in the FSVS.
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F i g u r ee 8.9: B - V , V—I colour-colour diagram for all point sources (stellarity > 0.8) detected
inn all three bands in the flrst 17 square degrees in the FSVS.

8.7.111

Star - Galaxy separation

Thee star-gala; separation used in the FSVS is based on the 'stellarity' parameter, as
returnedd fron: the SExtractor routines (Bertin & Arnouts 1996). This parameter has
108 8
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aa value between 0 (highly extended) and 1 (point source). In the FSVS the stellarity
valuee of an object is taken as the value in the combined V-band images. Due to the
increasedd S/N in this image, the star-galaxy separation can be done reliably almost 1
magnitudee deeper than from any individual image. As can be seen in Fig. 8.10 this
separationn of object types works very well to classify point-sources (with a value >0.8)
downn to V~23.5-24. Fainter stars tend to have slightly lower stellarity values (the turn
downn between 23 and 24) but can still be well separated from the galaxies, although
somee stars at the faint end of the distribution may be mis-classified as extended.

8.7.122

Astrometric variables

Thee proper motion analysis is currently not included in the standard pipe-line reduction
butt is handled separately using either the reduced images (in the case of Kuiper Belt
Objects)) or the SExtractor output and astrometric solution as provided by the pipeline
(inn the case of the high proper motion stars). Details on both analyses will be given in
subsequentt papers.

8.88

Final products

Thee pipeline discussed above returns two sets of output files:
•• The reduced images
•• The data tables with the photometric and astrometric information.
Thee data tables are made per field, per CCD and are made for four different magnitudes:
thee PSF magnitude, the fixed aperture magnitude, the isophotal magnitude and seeing
matchedd aperture magnitude.
Thee data tables contain, for all the detected objects, the information on the time of
observationn (HJD), name, position and colour for each object, followed by the magnitude,, error on the magnitude, fwhm, stellarity and the error flag as returned from the
SExtractorr program for each object and each observation.
Iff an object is only detected in a subset of all the observations, it is added to the final
catalogue,, and dummy values are introduced when it was not detected.
Thee objects names are given in standard IAU format as FSVSJhhmmss.ss+ddmmss.s,
alll in J2000 coordinates. Each object is also given an 'internal' name whose format is
F_XX_Y_ZZZZZ,, with XX the field number, Y the CCD number (1-4) and ZZZZZ a five
digitdigit detection number. The position of each object is given both in RA and DEC as
welll as in x,y-coordinates in the reference frame of the specific field.
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Stellarity y

F i g u r ee 8.10: Top: the stellarity versus magnitude for one of our fields. A stellarity of zero
indicatess a highly extended source, and a stellarity of one is a point-source. Detections at
V>255 are noise spikes. Bottom: the cumulative distribution of sources over stellarity values.
Usingg a point source cut-off of 0.8, we have ~45% of objects as point sources.

8.99

Availability of the data

Alll raw images are available upon request from the ING-WFS archive in Cambridge
afterr the one year proprietary right has passed. For UK and NL astronomers the data
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iss immediately available. All ASCII data-tables, containing the reduced information
describedd above, are retrievable from the FSVS-website 4 .

8.100

Conclusions

Thee FSVS offers a unique possibility of studying the behaviour of variable objects in the
magnitudee range of 16<V<24 with photometric precisions ranging from 3 millimag (at
V=16)) to 0.2 mag (at V~24).
Besidess the study of variable objects, the FSVS offers a large dataset that can serve
ass the basis for many research topics (e.g. young stellar objects, gravitational lenses,
galaxyy counts, quasar searches, etc.). The FSVS-collaboration encourages the use of the
dataa set for purposes other than the ones mentioned here.
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Abstract.. We have searched the Faint Sky Variability Survey data for gamma-ray burst
afterglowss that, due to collimation of the prompt 7-ray emission, are not preceded by an
observablee burst of gamma rays: so-called orphan afterglows. We find one object which
iss fading and not detected after a year, but its colours suggest that it is a supernova
att late times. We simulate jetted 7-ray bursts, randomly distributed on the sky, to
determinee the expected number of orphans that would have been detected in the survey
basedd on the following two models: (A) a model in which the Lorentz factor T and energy
perr unit solid angle E are uniform across the face of the jet, and (B) a model where both
rr and 8 decrease as a power law function of angle away from the jet axis. For model A,
wee would have expected to detect a number of orphans far less than unity (0.07), and
aree therefore unable to constrain this model. For model B our non-detection of orphans
impliess that the gamma-ray jet half-opening angle needs to be larger than 3-4°. This
lowerr limit corresponds to a maximum beaming factor of 410-730, which is the ratio of
thee intrinsic rate over the observed gamma-ray burst rate. Changing the circumburst
densityy parameter from n = 0.1 cm - 3 to n — 100 cm - 3 , the limit on the half-opening
anglee increases to 8-9°, corresponding to a maximum beaming factor of 80-100.
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Introduction

Thee Faint Sky Variability Survey (FSVS) uses the Wide Field Camera on the 2.5-m
IsaacIsaac Newton Telescope (INT) on La Palma to map 23 square degrees of sky at midgalacticc latitudes down to a limiting magnitude of about V—24. The survey aim is
too search for photometric and astrometric variability on timescales ranging from tens
off minutes to years. All fields are also observed once in the B and I filters for colour
information.. The survey started in November 1998 and the last observing run (covering
neww fields) was performed in August 2001. All data have been reduced, and for all
objects,, stars or galaxies, light curves have been constructed based on point-spreadfunctionn (PSF) fitting, aperture and isophotal magnitudes. All objects are calibrated
bothh photometrically and astrometrically. These data, as well as a plotting routine, are
publiclyy available 1 . For a more detailed description of the FSVS, see Groot et al. (2002).
Onee of the objectives of the survey is to constrain the collimation of gamma-ray bursts
(GRBs),, which is the topic of this chapter.
GRBss are brief flashes of gamma rays, that were first reported by Klebesadel et al.
(1973).. Through the detection of afterglow emission at longer wavelengths (Costa et al.
1997;; Van Paradijs et al. 1997; Frail et al. 1997), made possible by the accurate burst
localizationss by BeppoSAX, their cosmological distance scale was unambiguously settled
afterr decades of debate. GRBs occur at high redshifts, and this makes them the most
powerfull photon emitters in the universe. Assuming that GRBs occur isotropically, the
inferredd energy output ranges from 10 52 erg to 10 54 erg (see Bloom et al. 2001b), and
theirr local rate is estimated to be ~ 0.2 G p c - 3 y r _ 1 (Schmidt 1999).
Theree are strong indications, however, that G R B emission is not isotropic, but collimated:: (1) a jetted outflow provides a good explanation for the observed steepening
off the afterglow light curve for several bursts (e.g. Harrison et al. 1999; Halpern et al.
2000),, (2) the observed non-zero polarization in two afterglows (Covino et al. 1999; Wijerss et al. 1999; Rol et al. 2000) requires a break of symmetry that is naturally supplied
byy a jetted geometry (Ghisellini & Lazzati 1999; Sari 1999), and (3) collimation is a
naturall consequence of the end stage of the most popular progenitor models (a binary
neutronn star merger, and the collapse of a rapidly rotating, massive star), just before
thee occurrence of the GRB, where a disk or torus is rapidly orbiting a newly formed
blackk hole.
However,, the amount of collimation is not well-constrained, and this translates into an
uncertainn total burst energy output and intrinsic GRB rate. If the burst ejecta are
confinedd to two cones with a half-opening angle 0j et , instead of being isotropic, the total
energyy release is reduced by a factor 1—cos #jet (for small angles this can be approximated
byy 27r#J2et/47r). Also, the rate of 7-ray bursts would increase with the reciprocal of this
'seee http://www.astro.uva.nl/~fsvs
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factor.. For example, taking 0jet = 3°, the energy output is reduced and the rate of GRBs
iss increased by a factor of about 730. Since the energy release and the rate of GRBs are
vitall in constraining their progenitor models, the amount of collimation in GRB outflows
iss an important quantity.
Fraill et al. (2001b) have used the opening angles that can be inferred from the observed
breakk in the afterglow light curve for a sample of bursts, to correct the inferred large
isotropicc energy output in gamma rays to an average of around 5 x 1050 erg (see also
Panaitescuu &; Kumar 2002). Surprisingly the range in energies of the corrected values
iss fairly small, which suggests the existence of a standard energy reservoir for GRBs.
Thee corresponding rate increase is a factor of about 500. These authors use a model in
whichh the Lorentz factor T and energy per unit solid angle S is uniform across the face
off the jet, and so a GRB will appear to have the same fluence from every angle within
thee jet. Rossi et al. (2002) consider an alternative model (see also Wijers et al. 1997;
Salmonsonn & Galama 2002), in which V and £ have their maximum value along the
jett axis, and decrease as a power law away from this axis. In this model, the observed
intensityy differences in bursts are not intrinsic, but due to different viewing angles.
Rhoadss (1997) first proposed to observationally constrain the beaming factor, as follows.
Iff GRBs are indeed collimated and the afterglow emission is due to a decelerating shock
thatt is radiating in an increasingly large opening angle 6 — l/T flow , where rflow is the
Lorentzz factor of the relativistic flow, then one should be able to observe afterglows
withoutt a preceding burst of gamma rays. When the flow has slowed down such that
thee relativistic beaming angle has become wider than the geometrical opening angle of
thee jet #jet, an observer can see an afterglow without looking into the jet cone, provided
thatt the flux is still detectable. Such afterglows have been dubbed "orphan" afterglows.
Supernovaa search projects, such as the Supernova Cosmology Project (Perlmutter et al.
1999)) and the High-2 Supernova Search (Schmidt et al. 1998), are scanning clusters of
galaxiess with the primary aim of detecting high-redshift supernovae, but in principle
couldd pick up orphan afterglows as well. Although the area of sky coverage is considerablee (~ 100 square degrees), the time sampling (one observation every 2 — 3 weeks) is
probablyy too sparse to unambiguously identify GRB afterglows, which fade very rapidly
(fluxx oc t _ 1 ). Another on-going project which may detect orphan afterglows is the Sloan
Digitall Sky Survey (SDSS; see York et al. 2000), which is imaging roughly 10,000 square
degreess in five optical filters. In general, SDSS observations do not contain variability
information,, and therefore run into the same problem as the supernova searches with
respectt to the identification of orphan afterglows (but see Rhoads 2001). This is illustratedd by the tentative identification of an SDSS variable source as a possible orphan
aftergloww (Van den Berk et al. 2002), which was later found to be a highly variable
Activee Galactic Nucleus (AGN; Gal-Yam et al. 2002).
Severall recent studies have estimated the number of expected orphans based on the
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uniformm jet model. Using a simple jet model, Dalai et al. (2002) conclude that finding
opticall orphans is extremely difficult, if not impossible. For example, for the supernova
searchess they estimate the number of orphans to be less than unity. This is supported
byy preliminary numerical simulations, which show that as the jetted outflow slows down,
thee afterglow emission continues to be radiated in the forward direction, as opposed to
fillingg the entire l/Tflow cone (Granot et al. 2000). In combination with the rapid fading
off the afterglow flux, the expected number of orphans should then be fairly low. Totani
&& Panaitescu (2002) estimate the expected number for several surveys, ranging from Xrayss to radio wavelengths. For the completed SDSS northern survey and the supernova
searchess these authors find iVexp(SDSS) = 1.5 and JVcxp(SN) = 1.9. Nakar et al. (2002)
findd a similar number for the SDSS. Levinson et al. (2002) searched the FIRST and
NVSSS radio surveys for orphan afterglows, and found 25 candidates. The authors argue
thatt these are unlikely to be radio supernovae, but they cannot rule out radio-loud
AGNs.. The implied lower limit on the beaming factor is 10, and if all candidates are
rejectedd this increases to 100. Totani & Panaitescu (2002) estimate that the search of
Levinsonn et al. (2002) should result in 2.2 orphans. All these estimates are based on
thee jet model where the Lorentz factor T is uniform across the face of the jet. In case
TT decreases as a function of angle from the jet axis, a model which can also explain the
observationss (Rossi et al. 2002; Salmonson k Galama 2002), the afterglow emission will
bee more isotropic, and therefore one can expect to detect more orphan afterglows.
Inn this chapter we use the data of the Faint Sky Variability Survey (FSVS) to search for
orphann afterglows, and attempt to constrain the ratio of orphan (or off-axis) to on-axis
afterglows,, and hence the rate and energy output of GRBs in general. This chapter is
organizedd as follows: in §9.2 we will first show how we scan the extensive data set, both
thee light curves and the reduced images, to look for orphan afterglows. In §9.3, we will
simulatee a number of GRBs and their afterglows, with jet axes randomly distributed
onn the sky, in order to estimate the number of expected afterglows in our survey. In
thesee simulations we will use two different models: a uniform jet model (e.g. Frail et al.
2001b),, and a model with T decreasing away from the jet axis (Rossi et al. 2002). The
implicationss of these results are discussed in §9.4.

9.22

Looking for orphan afterglows

Thee FSVS has been collecting data for two runs each year since November 1998. Each
runn spanned approximately a week of dark time on the 2.5-m Isaac Newton Telescope
(INT)) of the Isaac Newton Group (ING) on La Palma, Canary Islands, Spain. The
FSVSS is part of the Wide Field Survey2. The INT is equiped with the Wide-Field
CameraCamera (WFC), consisting of 4 CCDs with each 2k by 4k pixels, which results in a sky
2

seee http://www.ast.cam.ac.uk/~wfcsur
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coveragee of 0.28 square degrees per field. A total of 76 fields are observed, with the
numberr of V-band exposures (10 minutes each) ranging from roughly 10 to 30, and with
limitingg magnitudes of V~24. Each field is re-observed once every year to cover the long
timescales.. For colour information, all fields are observed once in B and I as well. We
referr the reader to Groot et al. (2002) for an overview of the FSVS.
Forr each field, we have built a catalogue that lists for each detected object, a.o., the
J20000 position, the B and I magnitude, the time series of V-band magnitudes, and for
eachh epoch the "flag" and "stellarity" of the object. The flag, an output parameter
fromm the SExtractor code (Bertin & Arnouts 1996) that we use, shows whether the
objectt is saturated, close to another object, etc. The stellarity is a parameter (also from
SExtractor)) with a value between 0 and 1 that discriminates between point sources (a
perfectt image of a star has a value of 1) and galaxies (value close to 0).
Inn searching for GRB orphan afterglow candidates we scan the light curves of objects
thatt meet the following criteria: (1) the reduced \2 of the object is greater than 5, i.e.

11
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(9.1) )
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(2)) at least twice the V-band stellarity of the object is greater than 0.7, (3) the object
iss located more than 10 pixels from the edge of the CCD, and (4) the object is flagged
oncee at most. The chi2 is calculated for every object that is detected at least twice in
thee set of V-band images, and the non-detections are not included in the calculation.
Thee stellarity criterium assumes that in at least two images, the afterglow has the rough
appearancee of a point source. This discards many galaxies that apparently vary due to
thee variable seeing conditions. If an afterglow is roughly as bright as its extended host
galaxy,, then its stellarity may be below our threshold, and we may not detect it as such.
However,, only a handful of the known GRB host galaxies are brighter than the limiting
magnitudess of our images, and we therefore do not expect to miss many orphans because
off this reason. The flag criterium mainly discards objects that are saturated more than
once. .
Mostt objects that appear are variable stars. We can discriminate between variables and
candidatee orphan afterglows on the basis of the magnitude of the object one year later,
and,, if colour information is available, the spectral shape. An afterglow should have
disappearedd after a year, and a faint galaxy of magnitude V ~ 22 - 30, typical for GRB
hostt galaxies, should be present. The spectral shape of an (on-axis or off-axis) afterglow,
withh flux oc v0 and (3 ~ - 3 / 4 , is different from most variable stars, but can be similar to
thatt of quasars (see Gorosabel et al. 2002; Rhoads 2001). Once an afterglow candidate
hass been established, follow-up observations can show whether it is a variable object
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afterr all. If a galaxy is detected, comparison of its properties with those of known GRB
hostt galaxies can provide additional support in favour of the classification as an orphan
afterglow. .
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F i g u r ee 9 . 1 : For all objects detected in the FSVS frames we build V-band light curves: an
examplee light curve from the plotting routine is shown above. We loop through all these
curvess ( ^ half a million), and plot the objects that have a Xred > 5, are not within 10 pixels of
thee edge, have at least twice a stellarity value above Ü.7 (to discard galaxies that are usually
detectedd as variables due to the variable seeing), and do not have more than one flag (e.g. due
too saturation). The light curves fulfilling these criteria are checked by eye. The object plotted
heree is an orphan afterglow candidate, since it is steadily decaying, and not detected anymore
afterr 400 days down to a 3cr limiting magnitude of V ~ 24 (measured with an aperture radius
withh the size of the average image FWHM). However, its colours do not match the typical
spectrumm of a GRB afterglow, and suggest that the object more likely is a late-time supernova.
Thee seeing is plotted in the top panel as a function of HJD. On the left we list some quantities
forr this object: its ID. x and y on the reference image, Xred> m e a n magnitude and scatter
(excludingg upper limits), stellarity of the object when all images are summed, right ascension,
declinationn and colours. The first images of this light curve were taken on the night of 28/29
off May 2000 UT. In Fig. 9.2 we show the image sections centered on this object; in case an
objectt light curve looks remotely promising, we check these images for e.g. cosmetic defects.
Wee find one object that meets all but one criteria: its colour. Fig. 9.1 shows t h e light
curvee of this object. Its flux is decreasing slowly and monotonically, x?ed = 23-6, and
afterr a year the object is not detected anymore down to a limiting magnitude of V ~ 24
(3a).. However, its colours: B - V = 1.5 and V - I = 0.2, are atypical of GRB afterglows:
withh 3 — —3/4 for the afterglow spectral slope, t h e expected colours are B—V = 0.2
andd V - I = 0.3. This object is therefore most likely not a GRB afterglow. It could
bee a supernova of type II at late times, but not of type I, since these tend to be much
bluer.. Other possibilities include an eclipsing binary, although the steady decrease is not
commonlyy observed in between eclipses, a long term variable star (e.g. Mira variable), or
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ann R Corona Borealis star. The latter is unlikely, however, since assuming the observed
absolutee magnitude for these objects: M v = - 3 . 5 (Alcock et al. 2001), this object would
havee to be at a distance of 1.2 Mpc. Almost all quasars from the catalogue of Hewitt &
Burbidgee (1993), with V<22. are bluer than the object, and so a quasar identification
iss also unlikely, although in principle the Lyman break moving into the B-band could
simulatee the red colour.
Hence,, we do not find convincing evidence for an orphan afterglow candidate in the
FSVSS data.
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Figuree 9.2: Considering the object of Fig. 9.1 as a possible orphan afterglow on the basis
off its light curve, we inspect the image sections around the object for possible CCD defects
(e.g.. extended cosmic ray or fiatfield errors). The object is located at the center of these 33" x
33"" images. In the image corner we also list the image name, the object magnitude, its flag,
FWHMM as measured by SExtractor and the median FWHM of the image (both in pixels, where
11 pixel = C//33), and the stellarity. Note that the first two frames are in B and I, respectively,
andd that the remaining frames are the V-band images, (sorted in time).
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Number of expected orphans

Thee number of GRBs per day (50-300 keV, flux limit ~ 0.4 photons cm 2 s _ 1 ) on the
entiree sky is about 2 (Paciesas et al. 1999). In order to calculate how many orphans
wee expect to detect in the FSVS data based on this number, we first have to assume
thee light curve behaviour of optical afterglows as a function of observer angle. We use
twoo different models for the jet geometry to calculate the expected light curves: (A) the
energyy per unit solid angle £ and Lorentz factor T are uniform across the jet face, but
thee jets have different opening angles (Frail et al. 2001b; Panaitescu & Kumar 2002),
and:: (B) £ and Y decrease as a function of angle from the jet axis (Wijers et al. 1997:
Salmonsonn & Galama 2002; Rossi et al. 2002). Both models are consistent with the
observations.. For example, they reproduce the observed breaks in the afterglow light
curves.. We simulate roughly 106 jetted GRBs randomly distributed on the sky with
respectt to an observer, calculate the resulting light curve by adopting a brightness at
thee time of the break from known on-axis afterglows, and check how many afterglows
wee would have expected to see in the FSVS data, based on the rate determined from
thee Burst And Transient Source Experiment (BATSE) GRB catalogue. The simulations
consistt of Fortran routines that we executed on a Beowulf cluster, which is installed
att the SARA computing center in Amsterdam, in collaboration with the University of
Amsterdam. .
Wee match the method that we used to search for orphans in the light curves (see § 9.2) as
closelyy as possible. For instance, we will use the actual limiting magnitudes and observationn epochs of all images to investigate the efficiency of our data to detect afterglows
off GRBs that exploded within a particular time interval with respect to our observing
runs.. We will also take into account the variability criterium {x^ed > 5) that we used to
findfind afterglows, by calculating the error that a simulated afterglow would have on our
images,, and whether we would pick it up as a candidate.

9.3.11

Model A: a uniform jet

Forr the construction of the light curve, we adopt the formulation by Dalai et al. (2002)
(seee their Eq. 3):

flux(<)flux(<)

= /break T
|__ ^break

1-0 1-0
11 - PcosO

(9.2) )

wheree / b r e a k is the flux seen by an on-axis observer at break time £ break, S is the decay
index,, (3 = \ / l — F - 2 , and 6 is the angle between the line of sight and the direction
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off the flow. This function decribes a power law decay of the flux in time, including
thee synchrotron flux dependence on the angle with respect to the jet axis. For onaxiss afterglows this angle-dependent factor becomes unity. The flux evolution in time
dependss on the slowing down of the fireball, or the decrease of the Lorentz factor, which
cann be written as follows (Sari et al. 1999; Wijers & Galama 1999; Frail et al. 2001b):

rr

M /n n^ï \3sskA] ^ \ 1 1 ~1/8 [

n

o/o o
1 _ 1 / 8 ,-= l+z l+z

(9.3) )

wheree £'j so (7) is the inferred isotropic energy output in gamma rays, r\ is the efficiency
factorr for the conversion of the total energy in the explosion to energy emitted in gamma
rays,, n is the density of the circumburst medium, tdays is the observed time since the
burst,, and z is the burst redshift. At first the relativistic beaming angle 1/T is much
smallerr than the collimation angle 0j et of the jet, and only a small fraction of thee radiation
iss directed toward larger angles with respect to the flow direction. As the ejecta slow
downn this fraction becomes larger, and the off-axis flux will first increase and then peak
aroundd the time when the relativistic beaming angle equals the jet opening angle, i.e.
whenn T = l/0jet- The jet will start spreading laterally with velocity t>iat at this point,
andd an observer will also begin to see a lower flux than in the isotropic case, since the
absencee of emitting regions just outside the jet cone will become noticable now. The
combinationn of these effects leads to a more rapid flux decay: a jet break. By inserting
00 — 0 obs — #jet — (^ïat/Tc), where #0bs is the viewing angle of the observer, the effects of
finitefinite jet width and jet spreading can be approximated to first order (Dalai et al. 2002);
wee assume that the lateral spreading occurs at the speed of sound in the comoving frame:
'Uiatt — c/y/3 (see Rhoads 1999).
Severall afterglow breaks have been observed, e.g. that of GRB 990510 (Harrison et al.
1999;; Stanek et al. 1999). By combining Eq. 9.3 and the observed jet break time, one
cann infer the jet opening angle. Frail et al. (2001b) have performed this exercise for a
samplee of bursts (see their Fig. 1), and find that the resulting histogram of observed jet
openingg angles greater than roughly 3° can be fit with a power law. We will refer to this
fitfit as the "observed" distribution. They obtain the "true" distribution by dividing the
observedd distribution by the beaming factor: 1—cosO. We randomly pick jet opening
angless with corresponding break times (see Eq. 9.3) from this "true" distribution above
33 degrees. This distribution is a very steep function of opening angle, and so most values
pickedd will be just above 3°.
Too flux-calibrate our simulated light curves, we searched the literature for the magnitudes
att the break time in the sample of known bursts, which are shown in Fig. 9.3. In general,
largerr jet-break times correspond to fainter afterglow magnitudes. Therefore, the larger
thee angle from the jet axis, the fainter the orphan afterglow will be. The straight line
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F i g u r ee 9.3: R-band magnitude of a sample of (on-axis) afterglows with measured jet break
times.. The solid line shows the fit through these points, including the limits of GRB0004f8
andd GRB 990712, which we use to calibrate our simulated light curves.
iss a least-squares fit to the data, including the limits of GRB 000418 and GRB 990712,
inn order to constrain the bursts with a large jet-break time. We adopt this relation
betweenn break magnitude and break time t o obtain the afterglow's magnitude at its
breakk time. An alternative method for flux calibration of the afterglows is to assume
(1)) a G R B luminosity function, (2) the burst output in optical emission, and (3) a GRB
redshiftt distribution. Both methods have their uncertainties; we have chosen to use the
"observationall calibration".
Forr each simulated light curve, we also randomly draw the values for £ , iso (7) and redshift
zz from the sample of Frail et al. (2001b). In the light curve we include a host-galaxy
componentt to the afterglow flux. This value is also randomly chosen from the sample of
hostt galaxies of known GRB afterglows. These magnitudes range from V=22 to V=30.
Finally,, we assume that an on-axis afterglow decays as a sharply broken power law,
insteadd of the simple power law of Eq. 9.2. with a slope of 6 = —1.1 before the break,
andd S = —2.4 after.
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Number of expected

orphans

Withh these ingredients, we can simulate a number of GRB afterglows, randomly distributedd on 2TT sr of sky (2ir instead of 4ir since we assume that there are two similar
butt opposite jets), around the epochs of our images and count how many we would have
detected.. If a simulated light curve reaches above the limiting magnitude of at least two
off our images, we calculate the resulting Xred> based on the known errors. Fig. 9.4 shows
thee fit to these errors as a function of V-band magnitude for a number of FSVS fields.
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F i g u r ee 9.4: Magnitude error versus V-band magnitude for a number of FSVS fields. All
thee stars that are plotted are detected in each image, and so the actual limiting magnitude
iss somewhat fainter than in this figure. For the brightest objects, we reach millimagnitudes.
whilee near the limiting magnitude the error becomes 0.1 — 0.2 mag. The solid line shows
thee polynomial fit that we use to determine the error that a GRB afterglow of a particular
brightnesss would have in our images.
Thee number of expected afterglows in the FSVS data can be written as:

alll fields

V,FSVS
, S

RRGGRBRB Yl

X detected
X
d
AiAti
NNsimulated
si si
d

(9.4) )

wheree RGRB is the intrinsic rate of GRBs. This is equal to the observed rate of GRBs
(fromm BATSE, corrected for its sky exposure), multiplied by the beaming factor that
followss from counting the number of on-axis afterglows in our simulations: RGRB =
•RBATSEE x jy.'^5'1" . • Here Nsim is the total number of simulated bursts, and A^mon-axis
iss the fraction of these that are on-axis. A is the effective area covered by a particular

12:s s

99

FSVS II: Constraining

the collimation of "/-ray bursts

field,field, and At denotes the time span before the end of the observing run over which GRBs
weree simulated. The number of detected afterglows depends on this At. The percentage
off simulated bursts whose afterglow is detected, reaches a peak around At equal to
thee observing run time span (~ a week), i.e. around the epoch of the first image of the
observingg run. With increasing At this percentage decreases, but still new afterglows are
beingg detected up to around At = 15 days. From this point on, At ^st«t«i [s constant,
since,, for example, doubling At will result in a fraction of detected afterglows that is s
twicee as low. This is shown in Fig. 9.5 for model A (and in Fig. 9.6 for model B). Atff
cann be regarded as the effective time span over which the images of; particularr field are
sensitivee to detect GRB afterglows.
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F i g u r ee 9.5: For one CCD of one of the fields (CCD1 of field 2), we show At
vv

"

fc^

for

«simulated

modell A as a function of the time span before the end of the observing run over which the
GRBss were simulated. The simulations indicate that afterglows are being detected in this field
fromm GRBs that occur up to around 15 days before the end of this run. We average several
valuess over the range 50-100 days to obtain the quantity in Eq. 9.4. For each At, we simulate
1066 bursts, which results in a numerical noise component of about 3%.
Forr each field we determine the effective time span (see Fig. 9.5) by averaging several
valuess over t i n range At = 50 — 100 days; the scatter in these averages is propagated.
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Wee also determine the effective area covered by a particular field. Since the images are
sometimess offset by a considerable amount of pixels, the area of one field is not always the
nominall 4 CCDs x 2044 x 4092 pixels (0733 per pixel), which corresponds to 0.28 square
degree.. We calculate these factors for each field, multiply them and sum the resulting
valuess to obtain the number of expected afterglows. The on-axis GRB rate, using the
revisedd BATSE 4B catalogue (50-300 keV and a flux limit ~ 0.4 photons cm - 2 s _ 1 ), is
22 per day on the entire sky (Paciesas et al. 1999), i.e. 2/47T sr^ 1 day - 1 — 4.9 x 10 - 5
degree -22 day - 1 .
Whenn using the "true" distribution of opening angles from Frail et al. (2001b), an ISM
densityy of n = 0.1 cm - 3 , and an efficiency of rj — 0.2, we find the number of expected
afterglowss in the FSVS images to be iVFSVs — ^RBATSEX (1436 52) day square degree
== 0.070
0.003. This result is insensitive to the value for the circumburst density n
(seee Eq. 9.3). When taking the "observed" distribution of opening angles this decreases
somewhat:: NFSVS(obs. distr., n - 0.1 cm - 3 , rj = 0.2) = 0.062
0.002. Although
withh the observed distribution about twice as many afterglows are detected, the larger
averagee opening angle of this distribution results in a decrease of the beaming factor, i.e.
thee number of simulated GRBs divided by the number of on-axis bursts. We note that
inn these estimates, we have not yet taken into account that roughly half of the optical
aftergloww searches following a fairly accurate (on-axis) GRB alert are not successful in
detectingg any afterglow. This is partly due to observing limitations (for example: bad
weather,, large error box, or large delay between the burst and notification of the burst
position),, but at least in some cases the magnitude limit suggests that the afterglow is
eitherr intrinsically faint, or extincted by dust (e.g. Groot et al. 1998a). If one assumes
thatt all non-detections are caused by these afterglows being very faint, the estimates
abovee (and in Fig. 9.5) need to be divided by a factor of two.
Hence,, when adopting a uniform jet model, we expect to detect a number of afterglows
farr less than unity, and therefore our data do not allow us to put meaningful constraints
onn this model.

9.3.22

Model B: T and S as functions of 0

Rossii et al. (2002) show that a model in which T and £ drop as a function of angle
fromm the jet axis (see Wijers et al. 1997) can also explain the observed burst properties.
Moreover,, Salmonson & Galama (2002) find that such a model can qualitatively explain
thee existing relations between burst luminosity, variability, and spectral lag (Norris et al.
2000;; Fenimore & Ramirez-Ruiz 2002). In this model a break in the afterglow light curve
arisess naturally, and the time of the break scales with the angle of an observer with
respectt to the jet axis. Due to T decreasing away from the jet axis, the optical emission
iss radiated immediately after the burst, and into a much wider cone than in model A.

125 5

99

FSVS II: Constraining the coUimation of 7-ray bursts

Onee can therefore expect to detect more orphan afterglows than in a uniform jet model.
Wee use the prescription of Rossi et al. (2002) to build the light curves as a function of,
a.o.,, the observer angle, the Lorentz factor and energy per unit solid angle along the
jett axis and their behaviour away from the jet axis and the density of the circumburst
medium.. The light curves are calibrated at the jet break time using the fit of Fig. 9.3.
Thee energy per unit solid angle E is (see Eq. 1 in Rossi et al. (2002)):

££cc

{ {£c{ir£c{ir

22

o<e<ec

(9 5J

ec<e< e3

-

andd the Lorentz factor Y is (see Eq. 2 in Rossi et al. (2002)):

r

_ f r cc
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™>

wheree 9C has been introduced to avoid divergence at the jet axis. Following Rossi et al.
(2002),, we take 0C=1°. For £c we assume that GRB 990123, for which the largest energy
outputt was inferred, was seen on-axis, which results in £c — 2 x 1053 erg per unit solid
angle.. We refer to Rossi et al. (2002) for a detailed description of the calculation of the
lightt curves.
Justt as with model A, we generate light curves over a period before each observing run,
andd use the limiting magnitudes of our images and the epochs at which they were taken,
too estimate our sensitivity for the detection of orphan afterglows. The flux calibration is
thee same as for model A, and we also add a host-galaxy flux component to the afterglow
lightt curve, using the sample of known GRB host galaxies.
Fie.. 9.6 shows the evolution of the quantity At ^tested ( s e e Eq. 9.4)

as

a function of the

^simulated d

timee span for model B, calculated for CCD1 of field 2 (as in Fig. 9.5 for model A). In
modell A, the Lorentz factor T is uniform across the jet face, and therefore gamma rays
aree assumed to be produced inside the entire cone. In model B, T decreases as a function
off angle from the jet axis. When T becomes too low (T <> 100), gamma rays cannot
escapee anymore due to pair production. With the parameter settings as described in
thee caption of Fig. 9.6, r=100 is reached at an opening angle of 4.6°. The number of
detectedd afterglows over the number of detected on-axis afterglows, depends heavily on
thiss assumed opening angle of the gamma-ray jet.
Fig.. 9.7 shows the number of expected afterglows in the FSVS data as a function of
gamma-jett opening angle for model B. The number has been multiplied by the rate
off BATSE GRBs, 4 . 9 x l 0 - 5 per day per square degree. Thus for a jet opening angle
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Figuree 9.6: Same as Fig. 9.5, but for model B instead of A, with on-axis Lorentz factor Fc =
104,, a circumburst density of n = 0.1 c m - 3 , and Lorentz factor power law index (as a function
off angle from the jet axis) a r = 3. See Eq. 9.4. We average several values over the range
50-1000 days to obtain the quantity in Eq. 9.4. For each At, we simulate 104 bursts, which
resultss in a numerical noise component of about 3%.
<< 3.5°, we would have expected to detect at least one optical afterglow in the FSVS
data.. Again, we have not corrected the quantities shown in Fig. 9.6 and 9.7 for the
non-detectionn of roughly half of the on-axis afterglows. If one conservatively assumes
thatt all these non-detections are caused by the apparent faintness of these afterglows,
thee quantities need to be scaled down by a factor of two.

9.44

Discussion

Inn model A it is assumed that T and £ are uniform across the face of the jet. Frail
ett al. (2001b) infer the jet-opening angles for a sample of bursts with measured jetbreakk times, to correct the isotropic equivalent energy output to find a fairly narrow
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F i g u r ee 9.7: The number of expected orphan afterglows as a function of the gamma-jet
openingg angle for model B. The different curves correspond to simulations with different input
parameters.. For typical values of the input parameters, we would have expected to detect
att least one afterglow in the FSVS data set if 0 jet is smaller than roughly 3.5°. For higher
densitiess of the circumburst medium this lower limit increases, e.g. for n = 100 c n r 3 . the
openingg angle needs to be at least 8.6°.
distributionn of explosion energies around 5 x 1050 erg (see also Panaitescu & Kumar
2002).. Observed intensity differences in bursts are in this model due to different opening
angles.. It is unclear what the reason is for the range in jet opening angle. The results of
ourr simulations assuming this uniform jet model are non-constraining: we would have
expectedd to detect 0.07 afterglow at most in the FSVS data. Therefore, we cannot put
anyy constraints on this model.
Rossii et al. (2002) show that a model in which T and £ have their maxima along the jet
axis,, and decrease towards larger angles away from the jet axis, can also explain the observations.. Salmonson & Galama (2002) (see also Ioka & Nakamura 2001) argue that the
proposedd relations between pulse lag and peak luminosity (Norris et al. 2000). between
variabilityy and absolute luminosity (Fenimore fc Ramirez-Ruiz 2002). and between the
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pulsee lag and jet-break time (Salmonson & Galama 2002) can be naturally accomodated
inn such a model. A jet break in the afterglow light curve arises naturally and scales with
thee angle of the observer, just as the burst fluence. In this model the observed properties
off a burst and its afterglow are not due to intrinsic differences between the bursts, but
solelyy due to different viewing angles.
Duee to the fact that F decreases towards larger angles away from the jet axis, and
thatt the optical afterglow is produced by synchrotron emission from shock regions with
loww Lorentz factors, this model is expected to show more orphan afterglows than the
uniformm jet model. Our simulations confirm this as shown by Fig. 9.7. For typical
valuess of the model input parameters, i.e. r c = 10 4 , c*r = 3, n = 0.1 c m - 3 , we would
havee expected to detect an orphan afterglow in the FSVS data if the gamma-jet halfopeningg angle is smaller than 3 4°. The corresponding maximum beaming factor, which
iss equivalent to the ratio of the intrinsic rate and the observed rate of GRBs, is 410730.. For larger values of the circumburst medium density this angle increases: e.g. for
nn — 100 c m - 3 , we obtain a limit of 8-9°, with a maximum beaming factor of 80-100.
Suchh a value for the circumburst density is low for a molecular cloud, but the stellar
windd of the massive progenitor causes the blast wave to propagate in a lower density
mediumm (Wijers 2001). From modelling of the broad-band emission often well-observed
afterglows,, Panaitescu & Kumar (2002) find densities in the range n — 0.1-100 cm" 3 ,
i.e.. the same as the density range in our simulations. The total energy output of a burst
withh typical input parameters values of model B can be obtained from Eq. 19 in Rossi
ett al. (2002): assuming £c = 2 x 10 53 erg for the energy per unit solid angle along the
jett axis (from assuming that GRB 990123, the burst with the highest recorded energy
output,, was observed on-axis), E to t ~ 10 51 erg.
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Inn dit hoofdstuk probeer ik eerst een begrijpelijk overzicht te geven van het vakgebied
binnenn de sterrenkunde waarin ik mij de afgelopen 4 jaar heb verdiept: het nagloeien van
gammaflitsen.. Daarna beschrijf ik binnen deze context de resultaten van dit proefschrift.

Hett nagloeien van gammaflitsen
Sindss de lancering in 1967 van militaire satellieten die mogelijke kernbomexplosies boven
dee (Russische) aardbodem moesten registreren, zijn verschillende flitsen van gammastralingg gedetecteerd. Deze gammaflitsen waren echter niet afkomstig vanaf de aarde,
maarr vanuit de ruimte. Nog geen jaar na bekendmaking van deze mysterieuze gammaflitsenn in 1973, waren er al meer dan 30 theorieën ontwikkeld om ze te kunnen verklaren,, de oorsprong variërend van Jupiter in ons eigen zonnestelsel, tot aan de rand van
hett heelal, op miljarden lichtjaren afstand. Inmiddels zijn meer dan duizend van deze
gammaflitsenn gedetecteerd, met name door het BATSE experiment aan boord van het,
inmiddelss ter ziele gegane Compton Gamma Ray Observatory. Pas met de lancering van
dee Italiaans-Nederlandse satelliet BeppoSAX in 1996, en de daaropvolgende ontdekking
vann de eerste optische tegenhanger van een gammaflits door de groep van wijlen Jan van
Paradijss (UvA), kwam er een eind aan de discussie over de afstandsschaal: gammaflitsen
vindenn plaats op miljarden lichtjaren afstand, wat ze tot de meest krachtige explosies in
hett heelal maakt. Sinds die belangrijke ontdekking van de eerste optische tegenhanger
iss voor ongeveer drie dozijn gammaflitsen een optische tegenhanger ontdekt, waaronder
zeerr verrassende. Deze hebben de sterrenkunde niet alleen dichterbij de oorzaak van de
explosiess gebracht, maar gammaflitsen blijken ook hele nuttige toepassingen op andere
gebiedenn van de sterrenkunde in pacht te hebben.

Watt is een gammaflits?
Eenn gammaflits, de naam zegt het al, is een korte flits van gammastraling. Deze gammastralingg is zeer energetisch, en heeft de kleinste golflengte van het gehele electro-
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magnetischee spectrum. Slechts een klein deel van dit spectrum is zichtbaar voor het
menselijkk oog. De straling met de langste golflengten wordt radiostraling genoemd. Aan
weerszijdenn van het zichtbare deel bevinden zich het infrarood en ultraviolet. En aan de
kortee golflengte kant bevinden zich het röntgen en gamma gebied. Gammastraling komt
bv.. vrij bij het radio-aktief verval van atoomkernen. De tijdsduur van een gammaflits
varieertt van een tiental milliseconden, tot meer dan 10 minuten. Elke dag kunnen er
ongeveerr drie explosies worden waargenomen, en ze komen van een willekeurige plek aan
dee hemel.

Hoee zijn gammaflitsen ontdekt?
Volgenss een 'nuclear test ban treaty' dat de Verenigde Staten en de Soviet-Unie ondertekendd hadden, waren kernproeven bovengronds en in de ruimte verbannen. Om te
controlerenn of de Russen zich hier wel aan hielden, stuurden de Amerikanen de Vela
satellietenn de ruimte in, die gammastraling konden detecteren. Deze namen echter geen
Russischee atoombommen waar, maar gammaflitsen uit de ruimte. In 1967 werd de eerste
ontdekt,, maar pas in 1973 was de richtings-gevoeligheid van deze satellieten goed genoeg
omm de zon uit te kunnen sluiten als bron.

Eenn lawine van theorieën
Naa de publicatie van deze ontdekking vond er een enorme lawine plaats aan theoretischee verklaringen voor deze gammaflitsen, variërend van komend van het oppervlak van
Jupiter,, tot aan de verste uithoeken van het heelal. De grootste onzekerheid in de modelleringg van de explosies was de afstand. De afstand is in de sterrenkunde een cruciale
factor,, aangezien de lichtkracht van een object omgekeerd evenredig is met de afstand
inn het kwadraat. Dus hoe verder de gammaflits plaatsvindt, hoe krachtiger de explosie.
Maarr uit de gegevens van de satelliet was niet op te maken wat de juiste afstandsschaal
is. .
Eindd jaren '80 was de algemene verwachting dat de bronnen van deze explosies neutronensterrenn in het vlak van onze Melkweg waren. De Melkweg is het sterrenstelsel waarin
hett zonnestelsel zich bevindt. De Melkweg is een afgeplatte schijf van sterren, gas en
stof,, en heeft een diameter van ongeveer 100.000 lichtjaar. Op zeer heldere nachten is de
Melkwegg te zien als een heldere band aan de hemel, aangezien we met ons zonnestelsel
middeninn die schijf zitten, op een afstand van ongeveer 25.000 lichtjaar van het centrum
vann de schijf.
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BATSE E
Inn 1991 werd de Compton Gamma-Ray Observatory (CGRO) gelanceerd. Eén van de instrumentenn aan boord van deze satelliet was het Burst And Transient Souree Experiment
(BATSE),, wat continu ongeveer 1/3 van de hele hemel afspeurde naar gammaflitsen. De
eerstee resultaten van BATSE waren zeer verrassend: de flitsen bleken niet uit ons Melkwegg vlak te komen, maar van een willekeurige plek aan de hemel. De posities van de
flitsenn vielen ook niet samen met bekende sterrenstelsels of clusters van sterrenstelsels.
Tweee klassen van modellen hielden na dit resultaat nog stand: het cosmologische model,
waarbijj de explosies op miljarden lichtjaren afstand staan, en het Melkweg halo model.
Bijj dit laatste model zijn de gammaflits bronnen een populatie van neutronensterren in
eenn grote donkere halo, die zich tot een paar 100.000 lichtjaar van het centrum van onze
Melkwegg uitstrekt.

Hett zoeken naar een optische tegenhanger
Hett blijkt zeer nuttig in de sterrenkunde, noodzakelijk zelfs, om zoveel mogelijk gebruik
tee maken van het gehele elektromagnetische spectrum, in plaats van waar te nemen op
slechtss één golflengte. Door zo breed mogelijk waar te nemen, krijgt men een completer
beeldd van het fenomeen; zoook met gammaflitsen. Alleen waren gammaflitsen zeer
moeilijkk te vangen met radio en optische telescopen op aarde. In de jaren '80 en '90
probeerdee men het wel, maar lukte het niet. De oorzaak hiervan was voornamelijk dat
dee nauwkeurigheden van de posities zeer slecht waren. De typische fout op een BATSE
positiee was een paar graden, en met een blikveld van de orde van boogminuten van
eenn optische telescoop was het bijna niet te doen om een optische tegenhanger van de
flitsflits proberen te vinden. Ter vergelijking: de diameter van de maan aan .ie hemel is 30
boogminuten,, ofwel een halve graad. Met behulp van een netwerk van satellieten (het
Interplanetaryy Network) die ook gamma detectoren aan boord hadden, en het meten
vann het verschil in aankomsttijd van de burst bij die verschillende satellieten, kon men
dee positie vaak verbeteren, maar dit nam een veel langere tijd in beslag (typisch dagen).

BeppoSAX BeppoSAX
InIn 1996 werd de Italiaans-Nederlandse BeppoSAX satelliet gelanceerd met aan boord o.a.
dee 'Wide Field Cameras' (WFCs), ontwikkeld bij SRON (Stichting Ruimte Onderzoek
Nederland)) in Utrecht. Deze röntgen cameras zijn in staat de positie van een gammaflits
tee bepalen tot op enkele boog minuten. Dit is klein genoeg om mei écu foto van een
telescoopp de gehele 'error box' te beslaan. Na 6 jaar zeer succesvol functioneren is de
BeppoSAXBeppoSAX missie op 30 april 2002 beëindigd.
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Dee eerste optische tegenhanger
Opp 28 februari 1997 nam BeppoSAX zijn tweede gammaflits waar. Titus Galama en
Paull Groot, twee promovendi van prof. Jan van Paradijs, regelden waarnemingen met
dee radiotelescoop te Westerbork (de WSRT) en met de William Herschel Telescope
( W H T )) op La Palma, Canarische Eilanden. Een week later namen ze nog een foto met
dee Isaac Newton Telescope (INT), ook op L a Palma, en ze vergeleken de twee foto's.
Vrijwell alle objecten aan de hemel zijn constant in helderheid binnen 10-20%. Dus
normaliterr bij het vergelijken van twee foto's van hetzelfde plekje aan de hemel is er
nietss dat verandert. Maar wat Titus en Paul zagen was een sterachtig object op de
eerstee foto, wat op de tweede foto niet meer t e zien was. En ze realiseerden zich dat ze
dee eerste optische tegenhanger van een gammaflits te pakken hadden.
Zo'nn half jaar later werd er met de Hubble Space Telescope een foto van de plaats van
dee optische tegenhanger genomen. De tegenhanger was nog steeds zichtbaar (dankzij de
grotee gevoeligheid en hoge resolutie van deze telescoop), op de rand van een nevelachtig
object,, hoogstwaarschijnlijk een sterrenstelsel. Men heeft het afgelopen jaar de afstand
naarr dit sterrenstelsel bepaald: 7 miljard lichtjaar! Het is dus duidelijk dat de flitsen van
zeerr grote afstanden komen, wat ze de meest krachtige explosies maakt van het heelal.

Dee theorie van het nagloeien
Sindss die eerste tegenhanger zijn er nu (mei 2002) ongeveer 40 ontdekt. En niet alleen
inn het optische gebied, maar ook in het radio, infrarood en millimeter gebied van het
spectrum.. Ze laten allemaal een intensiteits ver loop zien wat redelijk goed overeenkomt
mett de theorie. In het kort: een enorme hoeveelheid energie komt vrij in een klein gebied.
Ditt kan veroorzaakt worden door het samensmelten van twee neutronensterren, of het
ontploffenn van een zeer zware, snel roterende ster, of door meer exotische mechanismen,
m a a rr dat doet er niet zoveel toe voor het nagloeien. Wat er dan ontstaat is een schokgolf
diee relativistisch uitdijt. Die schok ploegt zich door de omliggende interstellaire materie,
enn verzamelt protonen en electronen. Door de werking van een magneetveld (waarvan de
oorsprongg nog onduidelijk is) in de schok, worden de electronen in spiraal vorm versneld,
enn stralen synchrotron straling uit. Dit is te zien als het nagloeien van de explosie in
hett radio, millimeter, infrarood, optisch en röntgen gebied van het spectrum. Door de
vertragingg van de schok in de tijd, wordt ook d e intensiteit van de straling in het optisch
minder.. Dit verloopt als een machtswet: de flux is evenredig met de tijd sinds de explosie
tott de macht -1.2 (ongeveer). Dit houdt in dat 2 dagen na de gammaflits het nagloeien
ongeveerr een factor 100 keer zo zwak is geworden vergeleken met 1 uur na de explosie.
Ditt verklaart nu waarom men voor de BeppoSAX satelliet er niet in slaagde een optische
tegenhangerr te vinden: ze doven ontzettend snel uit.
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Hett 'collapsar' model
Dee eerste optische 'nagloeiers' (afterglows in het Engels) leverden zeer verrassende resultatenn op, zoals bv. de derde, GRB 971214 (wat staat voor gamma-ray burst van 14
decemberr 1997). Deze bleek een roodverschuiving van 3.4 te hebben, wat overeenkomt
mett een afstand van ongeveer 12 miljard lichtjaar. GRB 980425 was zeer bijzonder,
aangezienn er op de plek van de flits een supernova ontdekt werd (door Titus Galama
enn mijzelf), in plaats van een typisch nagloeien dat snel uitdoofde (deze ontdekking
iss beschreven in hoofdstuk 2). De supernova werd gedurende de dagen die volgden
helderder,, wat typisch is voor een supernova explosie, en nam daarna af in helderheid.
Dee kans om zo'n supernova, wat de explosieve dood van een zware ster is, op dezelfde
positiee aan de hemel en op hetzelfde tijdstip waar te nemen is zeer zeker kleiner dan 1
opp 10.000. Aangezien dit wel erg klein is, is het niet onaannemelijk dat de gammaflits
enn supernova met elkaar te maken hebben.
Dezee waarneming paste zeer goed binnen de theorie van Stan Woosley, professor aan
dee Universiteit van California te Santa Cruz. Deze had in 1993 al het 'collapsar' model
voorr een gammaflits ontwikkeld, wat erop neerkomt dat de dood van een snel roterende
zwaree ster, een gammaflits kan veroorzaken. Deze theorie suggereert dat gammaflitsen
komenn van gebieden waar zware sterren doodgaan. Aangezien die sterren zeer snel door
hunn brandstof heen zijn, leven ze op astronomische tijdschaal maar kort, zo'n 10 miljoen
jaar.. Dus koppelt deze theorie gammaflitsen aan gebieden waar zware sterren gevormd
worden. .
Err zijn andere aanwijzingen gevonden voor dit verband, zoals het feit dat de sterrenstelselss waar gammaflitsen in afgaan, zgn. gaststerrenstelsel, gemiddeld meer stervorming
vertonenn dan typische sterrenstelsels op dezelfde afstand. Ook zijn er voor andere flitsen
aanwijzingenn die duiden op een supernova explosie die gepaard gaat met het typische
helderheidsverloopp van het nagloeien van een gammaflits. De collapsar theorie is op het
momentt dan ook favoriet bij veel sterrenkundigen.

Tweee klassen gammaflitsen van verschillende tijdsduur
Maarr deze theorie kan niet alle flitsen verklaren. Er blijkt namelijk nog een populatie flitsenn te zijn met een tijdsduur korter dan een paar seconden. Alle explosies die opgevolgd
zijnn met optische en radio telescopen tot nog toe hebben een tijdsduur langer dan een
paarr seconden en dus is er niets bekend over het nagloeien van die andere groep. Dit
komtt door de ongevoeligheid van BeppoSAX voor zeer korte flitsen. De nieuwe generatie
satellietenn (zoals de al gelanceerde High-Energy Transient Explorer II (HETE-II), en de
overr een paar jaar geplande Swift) kunnen deze groep wel blootstellen.
Hett collapsar model heeft moeite om flitsen met een korte tijdsduur te verklaren. De
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concurrerendee theorie, die stelt dat het samensmelten van twee neutronensterren een
flitss kan veroorzaken, kan die korte populatie wel verklaren, maar heeft weer moeite
omm flitsen te maken die langer duren dan een paar seconden. Zo is er momenteel een
soortt van consensus tussen de twee groepen theoretici, de korte voor de neutronensterren
'mergers',, de lange voor de collapsars. Zoals altijd in de sterrenkunde moeten nieuwe
waarnemingen,, vooral van die onbestudeerde korte tijdsduur populatie, uitwijzen of de
theoreticii gelijk hebben.

Toepassingenn van gammaflitsen
G R BB 990123 was een andere zeer bijzondere explosie en wel vanwege de enorme helderheidd die deze flits vertoonde. Een robotische telescoop genaamd ROTSE, was in staat
omm 20 seconden na de flits al foto's te nemen. En wat bleek, het nagloeien van deze
flitss bereikte een helderheid van de 9 e magnitude. De zwakste objecten aan de hemel
diee met het blote oog zichtbaar zijn (op een heldere nacht) hebben een magnitude van
6.. Een object van 9 e magnitude is ongeveer 16 keer zwakker, maar nog steeds zichtbaar
mett een verrekijker. Dit is niet zo bijzonder voor objecten die in onze eigen Melkweg
staann (de meeste sterren aan de hemel staan vrij dichtbij binnen een straal van 1000
lichtjaarr - en zijn daarom vrij helder), maar de afstand tot deze flits werd vastgesteld
opp 10 miljard lichtjaar! Dus iemand die met een verrekijker op het juiste tijdstip naar
dee juiste plek van de hemel had gekeken, zou een flits hebben gezien die een afstand had
afgelegdd van 10 miljard lichtjaar. Zou deze flits plaats hebben gevonden in Andromeda,
zo'nn 2,5 miljoen lichtjaar van de aarde, dan zou het nagloeien de helderheid hebben
gehadd van de volle maan.
Hett feit dat gammaflitsen op enorme afstanden staan, ontzettend helder kunnen zijn,
enn hun mogelijke relatie met ster-vorming, maakt ze tot potentieel zeer nuttig om het
vroegee heelal mee te bestuderen. Door het licht wat van die grote afstanden aankomt te
onderzoeken,, komen sterrenkundigen te weten wat er zich in het tussenliggende heelal
bevindt.. Kruist het pad van het licht bv. een sterrenstelsel, dan kan men, door middell van bepaalde technieken, verschillende eigenschappen van dat stelsel bepalen, zoals
dichtheidd en grootte. Dit is ook te doen voor sterrenstelsels die onzichtbaar zijn, bv.
omdatt ze te ver weg staan. Door deze analyse te doen voor verschillende groepen van
stelselss op verschillende afstanden, krijgt men een idee van de ontwikkeling van sterrenstelselss in de tijd. Dit soort onderzoek wordt al verschillende decennia lang uitgevoerd
mett behulp van quasars, maar kan nu ook worden toegepast op gammaflitsen. Het voordeell van gammaflitsen is dat ze waarschijnlijk tot op grotere afstanden gezien kunnen
wordenn dan quasars. Een andere mogelijke toepassing is het meten van de evolutie van
dee stervormingssnelheid in het heelal, als functie van de tijd. Het jonge heelal bestond
vrijwell alleen maar uit waterstofgas, terwijl dat nu voor een groot deel is omgezet naar
sterren,, en gas van hogere elementen. Hoe dat omzettingsproces precies heeft plaats-
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gevondenn is een nog onbeantwoorde vraag binnen de sterrenkunde, waarbij gammaflitsen
mogelijkk wat kunnen bijdragen, gezien hun relatie met de vorming van zware sterren.
Zoo heeft het onderzoeksgebied van de gammaflitsen de afgelopen decennia enorme ontwikkelingenn doorgemaakt, van de eerste ontdekking tot de nieuwe mogelijke toepassingenn op het gebied van de ontwikkeling van het heelal, en resulteerden de waarnemingen
vann de afgelopen vier jaar in een aantal verrassende ontwikkelingen. En met de lancering
vann een nieuwe generatie gammaflits satellieten zal de steile leer kromme van de afgelopen
jarenn waarschijnlijk stand kunnen houden in het komend decennium.

Ditt proefschrift
Inn maart 1998, toen ik met mijn promotieonderzoek begon, was het een jaar geleden dat
dee eerste optische tegenhanger gevonden was door de Amsterdamse gammaflits groep.
Hett veld was nog ontzettend nieuw, en er zat nog geen structuur in met een duidelijke
vraagstellingg en een bestaand "sample" van objecten om die vraag mee te beantwoorden.
Tott dan toe waren er drie optische tegenhangers gevonden, en was het zaak om dat uit
tee bouwen om een completer en duidelijker beeld te krijgen.

Hoofdstukk 2
Binnenn twee maanden na aanvang van mijn promotieonderzoek, ontdekte onze groep een
supernovaa vlakbij de positie van een gammaflits. De belangrijkste consequentie van deze
ontdekking,, die in hoofdstuk 2 beschreven staat, is dat de supernova zeer waarschijnlijk
tee maken heeft met de gammaflits (zie ook §9.4), terwijl voorheen geen aanwijzingen
gevondenn waren voor een relatie tussen deze twee typen explosies. Kennelijk worden
bijj sommige gammaflitsen, of misschien wel allemaal, ook supernovae gemaakt. Deze
mogelijkheidd is een sterk argument in het voordeel van het 'collapsar' model.

Hoofdstukk 3
Inn juli 1998 werd de optische tegenhanger van GRB 980703 ontdekt. Wij zijn toen een
zeerr aktieve campagne begonnen om met zoveel mogelijk telescopen dit nagloeien te
bestuderen,, niet alleen in het optisch, maar ook in het infrarood en het röntgen (zie
hoofdstukk 3. Deze waarnemingen laten zien dat het belangrijk is om het nagloeien
overr een zo breed mogelijk spectrum te bekijken, want alleen dan is het mogelijk om
dee fysische eigenschappen van de schokgolf die het nagloeien veroorzaakt (zie 9.4) te
bestuderen. .
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Hoofdstukk 4
Dee gammaflitsen die in hoofdstuk 4 een hoofdrol spelen, zijn beide ontdekt door onze
groep,, en allebei de keren m.b.v. een 1-m telescoop van het South African Astronomicall Observatory (SAAO) te Sutherland, Zuid-Afrika. Dit stelde ons in staat om voor
hett eerst de Very Large Telescope (VLT), t e Paranal, Chili, te gebruiken, waarvan de
eerstee van de vier 8-m telescopen net gereed was, om een spectrum te nemen van het
nagloeien.. Aan de hand van deze spectra konden we de afstand tot de gammaflitsen
enn hun gastmelkwegstelsels bepalen. De helderheden daarvan bleken zeer te verschillen:
hett gaststelsel van GRB 990712 is één van de helderste, terwijl dat van GRB 990510 zelfs
mett de Hubble Space Telescope (HST) nauwelijks te zien is. Normaliter is een melkwegstelsell dat zo zwak is niet te bestuderen via een spectrum, omdat er gewoonweg te weinig
lichtt is om in de verschillende golflengten te splitsen. Maar de gammaflits verlicht kortstondigg het melkwegstelsel, zodat het toch mogelijk is om het medium van dat stelsel te
bestuderen.. De analyse van het spectrum van het gaststelsel van GRB 990712 laat zien
datt het een stelsel is waar veel nieuwe sterren gevormd worden; zo'n soort stelsel zou je
ookk verwachten als het 'collapsar' model het bij het rechte eind heeft.

Hoofdstukk 5
Err zijn melkwegstelsels in het heelal bekend die hun gasvoorraad op ongekend hoge snelheidd opbranden in de vorm van sterren. Dit worden ook wel "starburst" stelsels genoemd.
Terr vergelijking: in onze Melkweg, een typisch spiraalstelsel, wordt er ongeveer 1 ster
terr grootte van onze zon per jaar aangemaakt. In "starburst" stelsels kan dit oplopen
tott 1000 zonsmassa's per jaar. Dit zijn nou precies de stelsels waar je gammaflitsen van
zouu verwachten, aangezien die waarschijnlijk gemaakt worden bij de dood van zware
sterren.. Voor zo'n vijf gastmelkwegstelsels van gammaflitsen is de stervormingssnelheid
opp betrouwbare manier bepaald, dus hoeveel nieuwe sterren er per jaar gevormd worden.
Voorr vier van de vijf deze liggen de waarden rond de 500 zonsmassa's per jaar. Daarentegenn laten we in hoofdstuk 5 zien, dat het gaststelsel van GRB 990712 minder dan
1000 zonsmassa's per jaar aanmaakt. Dit laat zien dat gammaflitsen niet altijd afkomstig
hoevenn te zijn van die stervormingsreuzen.

Hoofdstukk 6
Vann het nagloeien van G R B 991216 (zie hoofdstuk 6 hebben we weer een VLT spectrum
genomen,, waaruit we de afstand tot de gammaflits bepaald hebben. Maar er zijn ook
aanwijzingenn voor een paar stelsels die zich tussen de plek van de gammaflits en de
aardee bevinden. We hebben van deze plek aan de hemel ook opnamen gemaakt met de
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Hubble,, en die lijken daarmee in overeenstemming te zijn: er staan inderdaad een paar
stelselss in de buurt, die het licht van het nagloeien van GRB 991216 hebben kunnen
onderscheppen.. Helaas is het spectrum wat we tot onze beschikking hebben niet van
bijzonderr goede kwaliteit. Het nagloeien, wat zeer snel uitdooft, was al vrij zwak was
toenn het spectrum genomen werd. Ook de spectrale resolutie van het spectrum, d.w.z.
inn hoeveel golflengte stukjes het licht gesplitst wordt, is niet zo hoog. In de toekomst
daarentegen,, kunnen we posities van satellieten als Swift verwachten, op een tijdstip
datt het nagloeien nog ontzettend helder is. Tot nog toe werden die posities pas uren tot
dagenn na de flits bekend gemaakt. En dan beloven de gammaflitsen een mooie toepassing
tee worden van niet alleen het gastmelkwegstelsel waar ze in afgaan, maar ook van stelsels
diee zich tussen de plek van oorsprong en de aarde bevinden.

Hoofdstukk 7
Inn hoofdstuk 7 bestuderen we de uiterlijke kenmerken van een aantal gastmelkwegstelsels
vann gammaflitsen. Melkwegstelsels kunnen grofweg geklassificeerd worden als elliptisch,
spiraall of onregelmatig stelsel, aan de hand van een systeem wat door Edwin Hubble
bedachtt is. Deze uiterlijke Massificatie heeft wel degelijk met de fysische eigenschappen
vann de stelsels te maken. Bijvoorbeeld, elliptische stelsels bevatten weinig gas en vormen
daardoorr weinig nieuwe sterren. Spiraalstelsels en onregelmatige stelsels bevatten meer
gas,, en vormen ook meer sterren per jaar. Door naar de uiterlijke kenmerken van de
melkwegstelselss van gammaflitsen te kijken, en ze te vergelijken met typische stelsels die
opp ongeveer dezelfde afstanden staan, kunnen we zien of gammaflitsen geboren worden
inn een bepaald type stelsel met bijbehorende fysische eigenschappen. Het blijkt dat de
meestee gammaflits stelsels er uit zien als spiraalstelsels, maar dat sommige toch ook het
uiterlijkk van een elliptisch stelsel vertonen.

Hoofdstukk 8 en 9

Err zijn verschillende aanwijzingen dat de explosie van gammaflitsen niet gelijk in alle
richtingenrichtingen plaatsvindt, maar in twee tegenovergestelde kegels, zogenaamde "jets". Dus
alss je als waarnemer in het verlengde van zo'n kegel zit, dat je dan de gammaflits ziet,
maarr daarbuiten niet. Dit is te vergelijken met de twee lichtkegels van een vuurtoren
(diee niet ronddraait) die onder een hoek van 180° de omgeving bestralen. De schokgolf
diee het nagloeien veroorzaakt, gaat eerst met een zeer hoge snelheid, waardoor het licht
uitgestraaldd wordt in de voorwaartse richting (binnen de kegels). Dit is een speciaal relativistischh effect. Neem bv. een lamp die in alle richtingen licht uitstraalt. Als deze lamp
mett een snelheid nabij de lichtsnelheid (300.000 kilometer per seconde) voortbewogen
wordt,, dan zegt de speciale relativiteitstheorie, dat een waarnemer die stilstaat het licht
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zall zien als een naar zich toe gebundelde kegel. De electronen in de schokgolf zijn te
vergelijkenn met zo'n lamp. Maar naarmate de schokgolf van electronen zich verder een
wegg baant door het medium rondom de plek van de gammaflits, hoe langzamer de schok
zichh voorplant, totdat het niet meer relativistisch is. Dan zal ook het licht dat de electronenn uitstralen naar alle richtingen gaan. Dus het is mogelijk dat er een gammaflits
plaatsvindtt die we op aarde niet kunnen zien, maar dat na verloop van tijd toch het
nagloeienn daarvan te zien is. Dit wordt een "orphan afterglow" genoemd, wat nog nooit
iss waargenomen. Het waarnemen van dat nagloeien zonder gammaflits is interessant,
wantt het kan de grootte van de kegels waarin de gammaflits plaatsvindt bepalen. En
dezee grootte is zeer belangrijk voor de totale energie die een flits uitstraalt, en hoeveel
err echt plaatsvinden in het heelal.
Ditt is één van de doelen van de Faint Sky Variability Survey (FSVS), waar hoofstukken
88 en 9 over gaan. Met de Isaac Newton Telescope (INT) op La Palma, Canarische
Eilanden,, hebben we 23 vierkant graden van de hemel in het optische licht meerdere
malenn waargenomen tot een vrij grote diepte (tot 16 miljoen keer zwakker dan het
menselijkee oog kan zien). In hoofdstuk 8 staat dit hele project beschreven, o.a. wat
voorr soorten variabele sterren ermee bestudeerd kunnen worden. Mijn bijdrage aan dit
projectt was vooral de zogenaamde reductie van de ruwe foto's tot aan de analyseerbare
lichtkrommess voor alle objecten op alle foto's. In hoofdstuk 9 beschrijf ik hoe we deze
lichtkrommess hebben gebruikt om te zoeken naar een "orphan afterglow". Helaas hebben
wee er geeneen gevonden. We simuleren in dat hoofdstuk vervolgens hoeveel we er zouden
hebbenn verwacht te zien op basis van twee modellen voor die gekegelde schokgolven. Op
hett eerste van die modellen leggen onze resultaten geen randvoorwaarden op, maar in
hett tweede model laten we zien dat de openingshoek van de kegel (van de as naar de
buitenrand),, minimaal 3 tot 4 graden moet zijn.
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Stellingenn behorende bij het proefschrift
Gamma-rayGamma-ray burst afterglows
andand the nature of their host galaxies

HH
1.. Het in tijd en positie aan de hemel samenvallen van supernova 1998 bw met
gammaflitss 980425 suggereert dat deze twee soorten explosies een gemeenschappelijkee bron kunnen hebben (hoofdstuk 2).
2.. Gammaflitsen maken het mogelijk om onderzoek te doen naar de gasdichtheid
enn het metaalgehalte van hun gastmelkwegstelsels, zelfs als deze met de grootste
telescoopp niet of nauwelijks te detecteren zijn (hoofdstuk 4).
3.. Het gastmelkwegstelsel van GRB 990712 is zeer actief in het vormen van nieuwe
sterren,, maar de stervormingssnelheid bedraagt niet meer dan 100 zonsmassa's
perr jaar (hoofdstuk 4 en 5).
4.. De roodverschuivingen van de gammaflitsen 990510, 990712 en 991216 zijn
respectievelijk:: 2=1.62, 0.43 en 1.02 (hoofdstuk 4 en 6).
5.. Sterrenstelsels van verschillende morfologische typen kunnen actief zijn in het
vormenn van nieuwe sterren (zie hoofdstuk 7).
6.. Gammaflitsen zijn ontdekt dankzij de ontwikkeling van oorlogstechnologie in
dee Verenigde Staten.
7.. De algemene levenswaarheid is gelijk aan de som van alle cliché's.
8.. Het besef dat mentale pijn opgeheven kan worden, kan tot een vluchtig moment
vann gelukzaligheid leiden.
9.. Netto beleving = bruto beleving - verwachtingen (vrij naar J.C. Bloem).
10.. Als er een almachtige god zou bestaan die zou kunnen en willen communiceren
mett de mens, dan zou er slechts één godsdienst zijn geweest.
11.. fiA = o
Paull Vreeswijk, 12 juni 2002

