THE ASTROPHYSICAL JOURNAL, 667:358—-366, 2007 September 20
© 2007. The American Astronomical Society. All rights reserved. Printed in U.S.A.

MAGIC UPPER LIMITS ON THE VERY HIGH ENERGY EMISSION FROM GAMMA-RAY BURSTS

J. ALBERT,1 E. ALIU,2 H. ANDERHUB,3 P. ANTORANZ,4 A. ARMADA,2 C. BAIXERAS,5 J.A. BARRIO,4 H. BARTKO,6 D. BASTIERI,7 J. BECKER,8
W. BEDNAREK,9 K. BERGER,1 C. BIGONGIARI,7 A. BILAND,3 R. K. BOCK,6’7 P. BORDAS,10 V. BOSCH-RAMON,10 T. BRETZ,1 1. BRITVITCH,3
M. CAMARA,4 E. CARMONA,6 A. CHILINGARIAN,11 S. CIPRINI,12 J. A COARASA,6 S. COMMICHAU,3 J. L. CONTRERAS,4 J. CORTINA,2
M. T. COSTADO,13 V. CURTEF,8 V. DANIELYAN,” F. DAZZI,7 A. DE ANGELIS,14 C. DELGADO,]3 R. DE LOs REYES,4 B. DE LOTTO,]4
E. DOMINGO—SANTAMARfA,2 D. DORNER,1 M. DORO,7 M. ERRANDO,2 M. FAGIOLINI,15 D. FERENC,16 E. FERNANDEZ,2 R. FIRPO,2
J. FLIX,2 M. V. FONSECA,4 L. FONT,5 M. FUCHS,6 N. GALANTE,6 R. GARCfA-LéPEZ,13 M. GARCZARCZYK,6 M. GAUG,7
M. GILLER,9 F. GOEBEL,(’ D. HAKOBYAN,11 M. HAYASHIDA,6 T. HENGSTEBECK,]7 A. HERRERO,13 D. Hi)'HNE,l J. HOSE,6
C.C. HSU,6 P. JACON,9 T. JOGLER,6 0. KALEKIN,17 R. KOSYRA,6 D. KRANICH,3 R. KRITZER,1 A. LAILLE,16 T. LENISA,14
P. LIEBING,6 E. LINDFORS,12 S. LOMBARDI,7 F. LONGo,14 J. Lc')PEz,2 M. Lc')PEz,4 E. LORENZ,3 S p. MAJUMDAR,6
G. MANEVA,]8 K. MANNHEIM,1 0. MANSUTTI,14 M. MARIOTTI,7 M. MARTI’NEZ,2 D. MAZIN,6 C. MERCK,6
M. MEUCCI,15 M. MEYER,1 J. M. MIRANDA,4 R. MIRZOYAN,6 S. MIZOBUCHI,6 A. MORALEJO,2 K. NILSSON,12
J. NINKOVIC,6 E. OFIA—WILHELMI,2 N. OTTE,6 In OYA,4 D. PANEQUE,6 M. PANNIELLO,13 R. PAOLETTI,15
J. M. PAREDES,10 M. PASANEN,12 D. PASCOLI,7 F. PAUSS,3 R. PEGNA,]5 M. PERSIC,M’]Q L. PERUZZO,7
A. PICCIOLI,15 M. POLLER,1 E. PRANDINI,7 N. PUCHADES,2 A. RAYMERS,H W. RHODE,8 M. RlBé,lO
J. RICO,2 M. RISSI,3 A. ROBERT,5 S. RUGAMER,1 A. SAGGION,7 A. SANCHEZ,5 P. SARTORI,7
V. SCALZOTTO,7 V. SCAPIN,7 R. SCHMITT,] T. SCHWEIZER,6 M. SHAYDUK,6’17 K. SHINOZAKI,6
S. N. SHore,2’ N. Sibro,? A. SiLLaNpA,'2 D. SoczyNska,” A. STAMERRA,' L. S. STARK,>

L. TAKALO,12 P. TEMNIKOV,18 D. TESCARO,2 M. Tesuma,’ N. ToNELLO,

6

D. F. TORRES,Z’zl N. TURINI,15 H. VANKOV,]8 V. VITALE,'4 R. M. WAGNER,6
T. WIBIG,Q W. WITTEK,6 R. ZANIN,2 AND J. ZAPATERO®
Received 2006 December 14, accepted 2007 May 22

ABSTRACT

During its first data cycle, between 2005 and the beginning of 2006, the fast repositioning system of the MAGIC tele-
scope allowed the observation of nine different gamma-ray bursts as possible sources of very high energy ~y-rays. These
observations were triggered by alerts from Swift, HETE-2, and INTEGRAL; they started as quickly as possible after the
alerts and lasted for several minutes, with an energy threshold varying between 80 and 200 GeV, depending on the
zenith angle of the burst. No evidence for gamma signals was found, and upper limits for the flux were derived for all
events using the standard analysis chain of MAGIC. For the bursts with measured redshifts, the upper limits are com-
patible with a power-law extrapolation, when the intrinsic fluxes are evaluated taking into account the attenuation due to

the scattering in the metagalactic radiation field.

Subject headings: gamma rays: bursts — gamma rays: observations

Online material: color figures

1. INTRODUCTION

The physical origin of the enigmatic gamma-ray bursts (GRBs)
is still under debate, 40 years after their discovery (see Mészaros
2006 for a recent review). The possible detection of radiation in
the very high energy (VHE ) region (extending between a few tens
of GeVand a few tens of TeV ) will lead to a deeper understanding
of the acceleration mechanisms and the emission processes from
GRBs. The ~-ray emission observed by the Energetic Gamma
Ray Experiment Telescope (EGRET) in some case extends up to
the VHE band (Hurley et al. 1994; Dingus 1995; Gonzalez et al.
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2003), favoring the hypothesis of a highly relativistic source of
nonthermal radiation situated in an optically thin region (Piran
1999); more insight, however, can be gained by a clear signal de-
tection in the VHE region, or the evaluation of stringent upper limit
in this energy band.

Several observations of GRBs at energies above 100 GeV have
been attempted (Gotting et al. 2003; Zhou et al. 2003), without
showing any indication of a signal. This is due to relatively low
sensitivity, as in satellite-borne detectors, or to high energy thresh-
olds, as in the previous generation of Cerenkov telescopes or in
particle detector arrays. Only a few tentative detections of radi-
ation above 0.1 TeV were reported by MILAGRITO for GRB
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970417a (Atkins et al. 2000), or by the GRAND array for GRB
971110 (Poirer et al. 2003).

Upper limits on the prompt or delayed emission of GRBs were
also set by Whipple (Connaughton et al. 1997; Horan et al. 2007),
MILAGRO (Atkins etal. 2005; Saz Parkinson et al. 2006a, 2006b,
2007), STACEE (Jarvis et al. 2005), and HEGRA AIROBICC
(Padilla et al. 1998).

Imaging atmospheric Cerenkov telescopes (IACTs) of the latest
generation achieve a better flux sensitivity and a lower energy
threshold, and thus are better suited to detect VHE ~y-rays; on the
other hand, their small fields of view permit unguided observa-
tions only by virtue of serendipitous detection, and they have to
rely on an external trigger, such as that provided by automated
satellite link to the GRB Coordinates Network (GCN), which
broadcasts the coordinates of events triggered and selected by
dedicated satellite detectors.

Among the new Cerenkov telescopes, MAGIC (Mirzoyan 2005)
is best suited for the detection of the prompt emission of GRBs,
because of its low energy threshold, its large effective area, and in
particular, its capability for fast slewing (Bretz et al. 2003). The low
trigger threshold, currently 50 GeV at zenith, should allow the
observation of GRBs even at large redshift, as lower energy ra-
diation can effectively reach Earth without interacting much with
the metagalactic radiation field (MRF). Moreover, in its fast-
slewing mode, MAGIC can be repositioned within 30 s to any
position on the sky; in case of a target-of-opportunity alert by
GCN, an automated procedure takes only few seconds to termi-
nate any pending observation, validate the incoming signal, and
start slewing toward the GRB position. Until now, the maximal
repositioning time has been ~100 s. In two cases, this allowed the
placement of upper limits on the GRB flux even during prompt
emission (Galante et al. 2005; Albert et al. 2006; Morris et al.
2007).

The detection of VHE radiation from GRBs is important for
comparing different theoretical models. Emission in the GeV-TeV
range in the prompt and delayed phases is predicted by several
authors (see Zhang & Mészaros 2001; Pe’er & Waxman 2004;
Razzaque et al. 2004 for a detailed analysis). Possible processes
comprise leptonic and hadronic models: inverse Compton (IC)
scattering by electrons in internal (Papathanassoiu & Mészaros
1996; Pilla & Loeb 1998) or external shocks (Mészaros et al.
1994), IC in the afterglow shocks (Dermer et al. 2000; Zhang &
Mészaros 2001; Derishev et al. 2001; Wang et al. 2001), IC by
electrons responsible for optical flashes (Beloborodov 2005), pure
electron-synchrotron (Zhang & Mészaros 2001) and proton-
synchrotron emission (Totani 2000), photon-pion production
(Waxman 1995; Béttcher & Dermer 1998; Chiang & Dermer 1999;
Lietal. 2002; Fragile et al. 2004), and neutron cascades (Bahcall
& Mészaros 2000; Derishev et al. 1999; Rossi et al. 2006).

During the early afterglow phase, the recent observations by the
Swift satellite of X-ray flares lasting 10°~10° s (Burrows et al.
2005) suggested an extended activity in the central engine of the
GRB, and thus emission from late internal shocks (Kobayashi
et al. 2007) or from refreshed shocks due to energy injections at
later times (Guetta et al. 2007). In some cases, the energy release
of these flares can be of the same order of magnitude as the en-
ergy release in the prompt phase, as reported for GRB 050502b.
The possibility of correlated y-ray emission extending into the
GeV-TeV region is predicted as well, where the corresponding
VHE flares are predicted to originate from IC-scattered photons
in the forward shock (Wang et al. 2006). Thus, observation of the
delayed activity is of particular interest, being in most cases not
constrained by the alerting and slewing time, and being still con-
nected to the investigation of the central engine dynamics.

Measurements in this energy range can be used to test all these
competing models. However, as most of the observed GRBs occur
at large redshift, strong attenuation of the VHE ~-ray flux is ex-
pected, as a result of the interaction with low-energy photons of the
MRF (Nikishov 1961; de Jager & Stecker 2002). The knowledge
of the redshift, therefore, is important for a precise interpretation
(Mannheim et al. 1996).

In this article, we report on the analysis of data collected on
several GRBs followed by MAGIC during their prompt-emission
and early afterglow phases.

2. GAMMA-RAY ANALYSIS
WITH THE MAGIC TELESCOPE

The Major Atmospheric Gamma Imaging Cherenkov (MAGIC)
telescope (Mirzoyan 2005), located on the Canary Island of La
Palma (2200 m above sea level, 28°45' north, 17°54' west), com-
pleted its commissioning phase in early fall 2004. MAGIC is
currently the largest IACT, with a 17 m diameter tessellated re-
flector dish consisting of 964 0.5 x 0.5 m? diamond-milled
aluminum mirrors. In its current configuration, the MAGIC pho-
tomultiplier camera has a trigger region of 2.0° diameter (Cortina
etal. 2005) and a trigger collection area for y-rays of the order of
10° m?, which increases further with the zenith angle of obser-
vation. Presently, the accessible trigger energy range spans from
50—60 GeV (at small zenith angles) to tens of TeV. The MAGIC
telescope is focused to 10 km distance, the most likely height at
which a 50 GeV ~-ray shower has its maximum. The accuracy in
reconstructing the direction of incoming +-rays, the point-spread
function (PSF), is about 0.1°, slightly depending on the analysis.

The reconstructed signals are calibrated (Gaug et al. 2005) and
then cleaned of spurious backgrounds from the light of the night
sky using two different image-cleaning procedures: one algorithm
requiring signal exceeding fixed reference levels, and a second
algorithm employing additionally the reconstructed information
of the arrival time (Gaug 2006). Nonphysical background im-
ages are eliminated (e.g., car flashes having triggered the readout).
Events are processed by means of the MAGIC standard analysis
software (Bretz et al. 2005), using the standard Hillas analysis
(Hillas 1985; Fegan et al. 1997). Gamma/hadron separation is per-
formed by means of the random forest (RF) method (Breiman
2001), a classification method that combines several parameters
describing the shape of the image into a new parameter called
“hadronness” (Hengstebeck 2006), the final y/hadron discrim-
inator in our analysis. Monte Carlo samples are used to optimize,
as a function of energy, the cuts in hadronness. The energy of the
~-ray is also estimated using an RF approach, yielding a reso-
lution of ~30% at 200 GeV. The parameter ALPHA of the Hillas
analysis, which is related to the direction of the incoming shower,
is not included in the calculation of hadronness, as it is used
separately to evaluate the significance of a signal. If the telescope
is directed at a point-like y-ray source, as a GRB is expected to
be, the ALPHA distribution of collected photons should peak at
0°, while it is uniform for isotropic background showers.

3. BLIND TEST WITH CRAB NEBULA

On 2005 October 11 at 02:17:37 UT, the INTEGRAL satel-
lite announced GRB 0510117 at the J2000.0 position R.A. =
5134475, decl. = +21°54'39". A few hours later, INTEGRAL
sentanew GCN (Mereghetti & Mowlavi 2005) stating that GRB
051011 was in fact the Crab Nebula. Thus, in a blind test, we ac-
quired 2814 s of events coming from the Crab Nebula, the standard

22 IBAS alert 2673; see http:/ibas.iasf-milano.inaf.it
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TABLE 1
SummarY oF GRBs OBserVED BY MAGIC rrom 2005 ApriL To 2006 MARCH

To AT et ATgart Lslewing Data Zenith Angle
Number Burst Satellite (UT) (s) (s) (s) (minutes) (deg)
GRB 050421 Swift 04:11:52 58 108 26 75 ~52
GRB 050502a INTEGRAL 02:13:57 39 689 223 87 ~30
GRB 050505 Swift 23:22:21 540 717 90 101 ~49
GRB 050509a Swift 01:46:29 16 131 108 119 ~58
GRB 050713a Swift 04:29:02 13 40 17 37 ~49
GRB 050904 Swift 01:51:44 82 145 54 147 ~24
GRB 060121 HETE-2 22:24:54 15 583 53 ~48
GRB 060203 Swift 23:55:35 171 268 84 43 ~44
GRB 060206 Swift 04:46:53 16 59 35 49 ~13

Notes.—Here ATyer stands here for the time delay after 7j until the burst coordinates were received from the GCN; ATy, is the total time delay before
the observation could be started, of which fewing is the time lost for repositioning the telescope. Data column shows the total amount of data taken.

source of y-rays at VHE energies. The analysis yielded a 14 o
signal above 350 GeV (Scapin et al. 2007), showing that
MAGIC can observe, at 5 o level, spectra of 5 crab (1 crab=6.57 x
10719 cm=2 s~! above 100 GeV) of intensity in 40 s, if above
300 GeV, and in 90 s if below 300 GeV.

4. GRBs OBSERVED BY MAGIC DURING ITS FIRST
OBSERVATION CYCLE

An automatic alert system has been operational from 2004
July 15. Since then, about 200 GRBs were detected by HETE-2,
INTEGRAL, and Swift, out of which about 100 contained GRB
coordinates. Time delays to the onset of the burst were of the
order of several seconds to tens of minutes. During the first
MAGIC data cycle, between 2005 April and 2006 March, nine
GRBs were observed by MAGIC during the prompt or the early
afterglow emission phase, as listed in Table 1. In two cases the
prompt alerting by the GCN and the fast reaction of the MAGIC
telescope allowed to take data not only on the early afterglow, but
also on part of the prompt emission of the burst. These two bursts
are GRB 0507013a and GRB 050904, and will be considered
separately.

4.1. The Properties of Observed GRBs

Table 2 summarizes the properties of observed GRBs by MAGIC
according to the information distributed through the GCN Cir-
cular service.

GRB 050421 was detected by the Burst Alert Telescope (BAT)
on board Swift (Barbier et al. 2005a). The other telescope on board
Swift, the X-Ray Telescope (XRT), observed the burst in the 0.2—

10 keV range from 7j + 97 s and detected two X-ray flares at
Ty + 110 and Ty + 154 s (Godet et al. 2006). Figure 1 shows the
X-ray light curve of this burst. It can be seen that the MAGIC
observation window is overlapped with the XRT ones on the X-ray
afterglow. In particular, the two small X-ray flares are in the ob-
servation window of MAGIC. No optical counterpart was observed,;
thus GRB 050421 has been cataloged as a dark burst.

GRB 050502a was triggered by INTEGRAL; no X-ray counter-
part was observed, but an optical afterglow followed the burst
(Gotz 2005a, 2005b; Durig 2005). GRB 050505 was triggered
by BAT and its light curve presented three short spikes at 7y +
23.3, Ty + 30.4,and Ty 4+ 50.4 s (Hurkett et al. 2005a; Hullinger
et al. 2005). Both X-ray and optical observations followed the
burst, but there was no simultaneous observation by MAGIC
and the other instruments on board the satellite, as shown in
Figure 2.

GRB 050509a was triggered by BAT and later XRT detected
an X-ray counterpart (Hurkett et al. 2005b; Barbier et al. 2005b).
GRB 060121 is the only short burst observed by MAGIC and
was triggered by HETE-2 (Arimoto et al. 2006; Golenetskii et al.
2006). XRT observed the afterglow as well and detected a fad-
ing X-ray source inside the HETE-2 error box (Mangano et al.
2006), as shown in Figure 3. Unfortunately, there is no overlap
between MAGIC observation and XRT observation. An optical
counterpart was not confirmed by TNG, which did detect, how-
ever, a weak source inside the XRT error box (Malesani et al.
2006). Moreover, HST gave no evidence of an optical afterglow,
although the burst lay close to a faint red galaxy at high redshift
(Levan et al. 2006).

TABLE 2
MaiN ProperTiES OF GRBs OBsErvED BY MAGIC

Too Fluence
Number Burst Trigger Number Energy Range (s) (erg cm™?) z

GRB 050421 115135 15-350 keV 10 1.8 x 1077
GRB 050502a 2484 20-200 keV 20 1.4 x 1076 3.79
GRB 050505 117504 15-350 keV 60 4.1 x107° 4.27
GRB 050509a 118707 15-350 keV 13 4.6 x 1077

GRB 050713a 145675 15-350 keV 70 9.1 x 107¢
GRB 050904 153514 15-350 keV 225 54 % 107° 6.29
GRB 060121 4010 0.02—-1 MeV 2 4.7 x 1076

GRB 060203 180151 15-350 keV 60 8.5 x 1077
GRB 060206 180455 15-350 keV 11 8.4 x 1077 4.05

Nortes.—The fourth column shows the typical energy range of the detector on board the satellite, while the fifth, sixth, and
seventh columns show the corresponding measured duration 7Ty, fluence, and redshift.
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The last two bursts, GRB 060203 and GRB 060206, are both
long bursts triggered by BAT (Barthelmy et al. 2006; Morris et al.
2006). MAGIC data overlap with XRT data on the X-ray after-
glow of GRB 060206, immediately after the BAT data, as shown
in Figure 4. No evidence of flares or of the jet break have been
claimed, but optical observations provided a high redshift value
(Palmer et al. 2006; Aoki et al. 20006).

4.2. GRB 050713a and GRB 050904
Prompt-Emission Observations

GRB 050713a is of particular interest, being the first burst ob-
served by MAGIC during its prompt emission (Albert et al. 2006).
On 2005 July 13 at 04:29:02 UT, the BAT instrument detected a
burst located at R.A. =21"22m09.53%, decl. = +77°04'29.50" + 3/
(Falcone etal. 2005). The MAGIC alert system received and val-
idated the alert 13 s after the burst; data taking started 40 s after
the burst original time Ty (Galante et al. 2005). The burst was clas-
sified as a bright burst by Swift with a duration of 799 = 70 4+ 10s.
The brightest part of the keV emission occurred within 7 + 20 s,
three smaller peaks followed at T, + 50, Ty + 65, and Ty +
105 s, while a preburst peak took place at Ty — 60 s (see Fig. 5).
The spectrum, over the interval from 7Ty — 70 to 7y + 121 s, can
be fitted with a power law with photon index —1.58 + 0.07 and
yields a fluence 0f9.1 x 107° erg cm~2 in the 15-350 keV range
(Palmer et al. 2005). The burst triggered also the Konus-Wind
satellite (Golenetskii et al. 2005), which measured the spectrum
of the burst during the first 16 s, which is the duration of the first
big peak as reported by Swift. In the local coordinate system of

MAGIC, GRB 050713a was located at an azimuth angle of —6°
(near north) and a zenith angle of 50°. The sky region of the burst
was observed during 37 minutes, until twilight.

GRB 050904 is also of particular interest, being the second
and the latest burst with prompt emission observed by MAGIC.
It was triggered at 01:51:44 UT by BAT; the coordinates were
R.A. = 0054™50.79%, decl. = +14°05'09.42” + 3’ (Cummings
etal. 2005). XRT slewed promptly and started the observation at
Ty + 161 s, revealing an uncataloged fading source. It is a long
burst (Tog = 225 s), with a total fluence of 5.4 x 107° erg cm—2
inthe 15—150 keV range (Sakamoto et al. 2005). This burst is the
most distant burst ever observed, with an estimated redshift z =
6.29 (Kawai et al. 2005). Its X-ray light curve (see Fig. 6) shows
a clear X-ray flare at Ty + 466 s (Mineo et al. 2005), and is thus
in the MAGIC observation window.

5. RESULTS

All nine GRBs were analyzed using the MAGIC standard anal-
ysis described above. In this work the image-cleaning algorithm
using also arrival time information was used, as it is more robust.
For each GRB a dedicated OFF-source data set was selected on
the basis of being compatible with the ON data with respect to
several parameters: zenith angle, as the effective area depends
strongly on it; local brightness of the sky, depending mostly on
Moon phase and zenith angle; and trigger rate, depending mostly
on atmospheric transparency and on hardware settings. Loose
preliminary cuts were used to remove unphysical events. After
training of the RF, for each burst a “hadronness” cut was
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Fic. 8.—Light curves of all nine GRBs for the complete data set of each burst. The background rate of GRB 050502 is particularly high because of a higher night-sky

background due to the Moon light.

applied that granted about 90% efficiency on ~v-ray events accord-
ing to the corresponding Monte Carlo, in order to keep high statis-
tics of possible y-ray events.

The analysis showed no evident signal excess, as can be seen
in Figure 7. For each burst the ALPHA plot over the whole data
set and for reconstructed energies greater than 100 GeV is shown.
The ALPHA distributions of the GRB data sets are flat, as ex-
pected from background hadronic events, and are compatible with
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Fic. 9.—Effective area of MAGIC, after typical cuts used in this analysis, for
three different zenith angles. [See the electronic edition of the Journal for a color
version of this figure.]

the corresponding OFF-source data set. No excess in the signal
region, i.e., for ALPHA < 30°, can be seen.

Nor was any excess seen using a temporal analysis: the entire
data-taking interval was divided into 20 s time bins and the num-
ber of potential y-ray events was extracted from the ALPHA dis-
tribution; they are shown in the light curves of Figure 8, where
red filled circles denote the excess events, and blue open circles
the background events (offset by 5 from excess counts in order to
make the plot more readable). The distributions of excess events
remain zero on average during the observation, and no significant
variation of the sample average is visible with time.

Upper limits have been derived for the first 30 minutes of each
burst using the Rolke approach (Rolke et al. 2005) in six re-
constructed energy bins: 80—-120 GeV, 120-175 GeV, 175-
225 GeV, 225-300 GeV, 300-400 GeV, and 400—-1000 GeV. A
systematic uncertainty of 30% on the efficiency has been consid-
ered in the upper limit calculation. In every reconstructed energy
bin the upper limit in number of excess, calculated with the Rolke
approach, has been converted into flux units using the effective
area, as explained in the Appendix. The typical effective area of
MAGIC for different zenith angles is shown in Figure 9. Table 3
summarizes the upper limits derived for all nine GRBs during the
first 30 minutes of data taking.

6. DISCUSSION

A preliminary estimate of the observability of GRBs by the
MAGIC telescope had originally been derived using the fourth
BATSE catalog (Bastieri et al. 2005; Galante 2006). The GRB



TABLE 3

DerivEDp FLUENCE UpPPER LiMiTs FOR THE FIRsT 30 MINUTES OF DATA
ofF NINE GAMMA-RAY BUrsTs

Fruence Upper LiviT

ENERGY BIN ENERGY
(GeV) (GeV) cm 2 keV~! erg cm ™2 crab
GRB 050421:
175225 oo, 212.5 5.26 x 10710 3.80 x 1078 0.20
225-300.. 275.8 3.64 x 10710 443 x 1078 0.27
300-400.. 366.4 521 x 10777 1.12 x 10~8 0.08
400—-1000 658.7 2.07 x 10717 141 x 1078 0.14
GRB 050502:
120-175 oo 152.3 1.67 x 1071 621 x 1078 0.27
175225 oo, 219.3 2.83 x 10713 2.18 x 1077 1.15
225-300 ... 275.8 1.13 x 1071 1.37 x 1077 0.83
300-400.. ) 360.8 7.57 x 10717 1.58 x 1078 0.11
400—1000.............. 629.1 5.62 x 10717 3.56 x 1078 0.35
GRB 050505:
175225 oo, 212.9 2.03 x 1071 1.48 x 1077 0.76
225-300......coe... 275.1 2.66 x 10713 3.22 x 1077 1.94
300—400................ 363.6 5.28 x 1071¢ 1.11 x 1077 0.79
400-1000............... 704.1 1.85 x 10717 146 x 10~8 0.15
GRB 050509a:
175-225.. ) 215.1 1.04 x 10°1 7.69 x 1078 0.40
225-300.. . 273.4 1.39 x 10713 1.67 x 1077 1.00
300—400................ 362.8 7.74 x 10710 1.63 x 1077 1.15
400—1000.............. 668.5 1.69 x 10716 121 x 1077 1.22
GRB 050713a:
120=175 o 169.9 3.63 x 1071 1.68 x 1077 0.76
175-225.. 212.5 1.12 x 10713 8.08 x 1078 0.42
225-300.. 275.8 2.07 x 10713 2.52 x 1077 1.52
300-400.. ) 366.4 333 x 10710 7.16 x 1078 0.51
400-1000............... 658.7 2.24 x 107V 1.55 x 1078 0.15
GRB 050904:
80—120.....cccvene. 85.5 9.06 x 1071 1.06 x 1077 0.32
120=175 oo 140.1 3.00 x 10°1° 9.42 x 1078 0.38
175-225.. 209.9 2.18 x 10713 1.53 x 1077 0.79
225-300.. 268.9 5.82 x 10716 6.74 x 1078 0.40
300-400.. ) 355.2 5.01 x 10716 1.11 x 1077 0.71
400-1000............... 614.9 1.26 x 1071° 7.63 x 1078 0.73
GRB 060121:
120=175 oo 151.3 2.64 x 1071 9.67 x 1078 0.41
175225 oo, 212.8 6.57 x 1071¢ 476 x 108 0.25
225-300 ... 273.7 2.13 x 10710 2.56 x 1078 0.15
300-400................. 367.7 447 x 10710 9.66 x 1078 0.69
400-1000............... 636.4 4.84 x 10717 3.14 x 1078 0.31
GRB 060203:
120=175 oo 151.5 1.10 x 10~ 4.03 x 1077 1.71
175-225 oo 219.5 5.07 x 10710 3.91 x 1078 0.21
225-300 ... 274.0 1.57 x 10716 1.88 x 10~8 0.11
300—400................. 365.3 3.54 x 10710 7.56 x 1078 0.54
400-1000............... 639.5 445 x 10717 291 x 1078 0.29
GRB 060206:
80—120 ... 85.5 1.23 x 10~ 1.44 x 1077 0.44
120-175... ) 139.9 9.83 x 1071¢ 3.08 x 1078 0.13
175225 oo, 210.3 5.50 x 1071¢ 3.89 x 1078 0.20
225-300......coeen. 269.2 3.65 x 10716 423 x 1078 0.25
300-400................. 355.4 6.47 x 10716 131 x 1077 0.91
400-1000............... 614.0 2.88 x 10717 1.74 x 1078 0.17

Notes.—The first column shows the reconstructed energy bins in which the analysis has
been done. The second column shows the true energy at which the upper limits have been
calculated, and is the energy giving the average flux upper limit in the reconstructed energy
bin. The last column shows the upper limit value in crab units.
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spectra were extended to GeV energies with a simple power law
and using the observed high-energy spectral index. The extrap-
olated fluxes were finally compared to the estimated MAGIC
sensitivity. Setting conservative cuts on observation times and
significances, and assuming an energy threshold of 30 GeV, a5 o
signal rate of 0.5-2 per year was obtained for an assumed ob-
servation delay between 15 and 60 s and a BATSE trigger rate of
~360 per year. Taking into account the rate of GRBs (Guetta et al.
2005) and extrapolating GRB spectra, as observed by BATSE, to
VHE using an unbroken power law of reasonable power index
(Preece et al. 2000), it was foreseen that MAGIC could detect
about one GRB per year at a 5 o level. A maximal redshift up to
z = 2 was considered.

This estimate must be revised: the Swif alert rate is about a
factor 2 lower than predicted, and it includes bursts even fainter
than those observed by BATSE; also, for these bursts the ef-
fective MAGIC energy threshold at analysis level was higher
than the assumed one (~80 GeV ); most important, the distribution
of bursts detected by Swift has a much higher median redshift than
expected. As a result, the number of GRBs that MAGIC can detect
is now estimated to lie in the range of 0.2—0.7 per year. This num-
ber can be expected to increase again with the launch of GLAST
and AGILE, and the increased number of alerts due to GRB mon-
itoring by GLAST, AGILE, and Swift altogether.

7. CONCLUSIONS

MAGIC was able to observe part of the prompt and the early
afterglow emission phase of many GRBs as a response to the alert

system provided by several satellites. No excess events above
~100 GeV were detected, neither during the prompt-emission
phase nor during the early afterglow. We have derived upper limits
for the y-ray flux between 85 and 1000 GeV. These limits are
compatible with a naive extension of the power-law spectrum,
when the redshift is known, up to hundreds of GeV.

For the first time an atmospheric Cerenkov telescope was able
to perform direct rapid observations of the prompt-emission phase
of GRBs. This is particularly relevant in the so-called Swift era.
Although strong absorption of the high-energy ~-ray flux by the
MRF is expected at high redshifts, given its sensitivity to low fluxes
and its fast-slewing capabilities, the MAGIC telescope is currently
expected to detect about 0.5 GRBs per year, if the GRB spectra
extend to the energy domain of hundreds of GeV, following a
power law with reasonable indices.

The construction of the MAGIC telescope was mainly made
possible by the support of the German BMBF and MPG, the
Italian INFN, and the Spanish CICYT, to whom goes our grate-
ful acknowledgment. We would also like to thank the IAC for
the excellent working conditions at the Observatorio del Roque
de los Muchachos in La Palma. This work was further supported
by ETH Research Grant TH 34/04 3 and Polish MNil Grant
1P03D01028.

Facilities: MAGIC

APPENDIX
UPPER LIMIT CALCULATION

The recorded number of events in a particular reconstructed energy bin AE,. is
Nak,. :/ A(EVAer(E|AEec) dE AT, (A1)
0

where ¢(E) is the flux (photons cm 2 s~! GeV™!), 4.5 (E|AE..) is the effective area after all cuts, included the reconstructed energy
cut AE., and AT the total time interval of observation. It should be noted that the flux ¢ and the effective area 4 depend on the true
energy, while the cuts for the selection of the excess events Na g, and of the effective area Aes(E|AErec) depend on the reconstructed
(estimated ) energy. The integral is computed in true energy dE.

Being the effective area Acg(E| A Erc) depending on energy, we must assume a spectral shape, in our case the typical power law of a
GRB:

O(E) = kx (E%) , (A2)

where k is a normalization factor (photons cm™2 s~' GeV '), 3 is the average high-energy power-law index 3 = —2.5, and E the
pivot energy (e.g., 1 GeV). From equation (A1) we obtain the normalization factor as

N,
k* = = AErcc . ) (AS)
Jo7 Aetr(E|AEvee)(E/Eo)’ dE AT
In our case Nag,, is the upper limit in number of excess events calculated with Rolke statistics. The flux upper limit is
ﬂ

E
buL(E) = k. x (E_) | "

0

The value of the energy E is chosen in a very simple way. We calculate the energy that gives the average flux in the observed recon-
structed energy bin:

_ f(;>C ¢(E)A6E(E|AErec) dE _ NAE

Py == = : AS
(9)a Jo” Aett(E|AE,ec) dE o Aet(E|AE,ec) dE AT (A5)
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From equations (A1) and (A3) we can write

Nag

rec

<¢>Aeﬂ. - f(;)c Aeﬁ“(E|AErec)(E/E0)ﬁ dE

o A(E|AEw)(E/Eo)" dE _
Jo Aet(E|AEwec) dE AT

- k*<(E/Eo)ﬂ> . (A6)

Aefr

Defining (E,/Ep) = ((E /Eo)ﬁ>l/e“‘i, from equation (A4) we can calculate the average flux upper limit in the reconstructed energy bin:

puL(Ey) = ki <

B
E—) — (bui). (A7)
0

Equation (A7) has been used to calculate the upper limits shown in Table 3.
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