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ABSTRA CT

Wepresent the resultsof the analysisof neutrino observationsby the Antarctic
Muon and Neutrino Detector Array (AMAND A) correlated with photon obser-
vations of more than 400gamma-ray bursts (GRBs) in the Northern Hemisphere
from 1997to 2003. During this time period, AMAND A's e�ective collectionarea
for muon neutrinos was larger than that of any other existing detector. After the
application of variousselectioncriteria to our data, we expect � 1 neutrino event
and < 2 background events. Basedon our observations of zeroevents during and
immediately prior to the GRBs in the dataset, we set the most stringent upper
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limit on muon neutrino emissioncorrelated with gamma-ray bursts. Assuming
a Waxman-Bahcallspectrum and incorporating all systematicuncertainties, our

ux upper limit hasa normalization at 1 PeV of
E 2� � � 6.3 � 10� 9 GeVcm� 2s� 1sr� 1,
with 90%of the events expectedwithin the energyrangeof � 10 TeV to � 3 PeV.
The impact of this limit on several theoretical models of GRBs is discussed,as
well as the future potential for detection of GRBs by next generationneutrino
telescopes. Finally, we brie
y describe several modi�cations to this analysis in
order to apply it to other typesof transient point sources.

Subject headings: gamma-ray bursts, high energyastrophysics,neutrino astron-
omy, AMAND A

1. In tro duction

1.1. Gamma-Ra y Bursts

Gamma-ray bursts (GRBs) are among the most energeticphenomenain the universe;
basedon their luminosity and the cosmologicaldistancesderived from redshift measurements
of burst afterglows and/or host galaxies(Costa et al. 2003),GRBs require the releaseof an
enormousamount of energy(E � 1053 � 
/4 � erg,where
 is the solid angleof the GRB jet)
in aslittle asa fraction of a second(Frail et al. 2001). Basedon the observations of the Burst
and Transient SourceExperiment (BATSE, seeFishman et al. 1993)and other space-based
detectors,they are expected to occur throughout the observable universeat a rate of &700
per year, though current instrument do not have su�cien t sky coverageor sensitivity to
detect every burst. Long duration (&2 sec)bursts arebelieved to originate from the collapse
of a massive stellar progenitor into a black hole (Woosley 1993;Paczy�nski 1998),whereas
short duration (. 2 sec)bursts arebelieved to result from the mergerof two compactobjects
into a black hole (Eicher et al. 1989)1. Though thesetwo types of bursts comefrom dif-
ferent progenitors,both are consistent with the canonicalpicture of gamma-ray bursts|the
�reball scenario(Paczy�nski 1986; Goodman et al. 1986). A �reball is generatedduring
the formation of the black holewhenthe out
o wing plasmais acceleratedto ultrarelativistic
speeds. Subsequently, in an optically thin region (outside of the progenitor), the kinetic
energyof the plasma is converted to radiation, either through interaction with an external

1For a more recent treatment of the compact object merger scenario, see(Paczy�nski 1998b; Lewin et
al. 2006), and for an alternativ e description of the GRB progenitor scenario,seealso (Roming et al. 2006).
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medium or through self-interaction within the 
o w (Narayan 1992; Rees 1992). If the
stellar environment contains enoughbaryonic material, it will be entrained with the acceler-
ated plasma2. Subsequent photo-pion production by baryon interaction with synchrotron or
inverseCompton scatteredphotons will lead to several decay products, including neutrinos
and antineutrinos in a ratio of 2:1 (Waxman & Bahcall 1997). The primary reaction is:

p + 
 ! � ! � + + n (1)

followed by
� + ! � + + � � (2)

after which the muon will further decay to

� + ! e+ + � e + �� � : (3)

Similarly, \precursor" neutrinos may be generatedby p-p interactions either within the
star or in the immediate circumburst environment (seeSection2). Due to their minuscule
interaction crosssection(Gandhi et al. 1998),neutrinos will reach the AMAND A detector
after traveling nearly unimpededfrom the GRB environment. AMAND A hasbeensearching
for high-energyneutrinos from various astrophysical 
uxes (both discrete and di�use) for
nearly a decade;in this work we focus on the analysisof AMAND A data correlated with
photon observations of more than 400GRBs from 1997to 2003.

1.2. The AMAND A Detector

The AMAND A detector (Ahrens et al. 2002) is an array of Optical Modules (OMs)
deployed at depths between1.5 and 2 km beneaththe surfaceof the ice at the South Pole.
An OM consistsof a photomultiplier tube housedin a glasspressuresphere. During the
years 1997-1999the detector operated with 302 OMs on ten strings placed in a circular
geometrywith a diameter of about 100 m, and was known as AMAND A B-10. From 2000
onward, nine additional strings werein operation, placedwithin a diameter of about 200m,
bringing the total number of optical modulesto 677. This phaseof the neutrino observatory
(dubbed AMAND A-I I) operated through 2004,and continuesas a high density component
of IceCube, a km-scaledetector currently being constructed(Achterberg et al. 2006a).

2Alternate mechanismsfor GRB emission,such as the "P oynting 
ux-driv en" bursts (Lyutik ov & Bland-
ford 2003),are basedupon electromagneticrather than hydrodynamic sourcesof energyto power the burst.
Such mechanisms do not predict signi�can t acceleration of baryons in GRBs; thus, the expected neutrino

ux from Poynting 
ux-driv en bursts is essentially zero. A positive detection of GRB neutrinos is one clear
way to di�eren tiate thesetwo mechanisms. We do not treat the E&M mechanism further in this work.
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The optical modules in AMAND A are designedto detect the Cherenkov emissionfrom
neutrino-inducedmuons that travel through or near the instrumented volume of ice. While
other neutrinos may be detectedwith this search, the e�ciency for � e or � � detection is sig-
ni�can tly smaller. Other multi-
a vor GRB neutrino searcheswhich don't requiredirectional
information have beenperformed(Achterberg et al. 2007);we focushereon the search for
GRB muon neutrinos from the Northern Hemisphere(� from 0� to 90� ). Due to the limited
volumeof iceabove the detector, fewdowngoingextraterrestrial neutrinoswill interact above
and be detectedby AMAND A. At the energiesof interest to this analysis, the down-going
events in the AMAND A datasetare primarily the atmosphericmuon background which will
completely overwhelm any potential downgoing signal. Thus, our extraterrestrial signal is
primarily con�ned to the horizontal or up-going direction. As thesemuon neutrinos travel
through the ice, they may interact with nearby nucleonsto createenergeticmuons:

� � + N ! � + X ; (4)

where N is a nucleon and X represents other reaction products. Muons produced in this
reaction cancarry a signi�cant fraction of the original neutrino energy(Gandhi et al. 1996).
Depending on its energy, the muon can travel up to tens of kilometers through the ice; for
� � in the energyrangeof greatestinterest to AMAND A (� 105 GeV), the muon path length
is � 10 km (Lipari & Stanev 1991).

SinceAMAND A can detect such a muon anywhere along its substantial path length,
the e�ective detector volume is signi�cantly larger than the actual instrumented volume. A
muon that has su�cien t energy will continuously emit Cherenkov radiation, and will also
generateadditional particlesdueto stochastic processes.The iceat a depth of morethan one
kilometer is extremelyclear,and thus the Cherenkov photonshave largescattering(L e�

s ) and
absorption(La) lengths|at � = 400nm, L e�

s � 25m and La� 100m (Ackermannet al. 2006).
The Cherenkov light thereforehasthe potential to reach numerousOMs asthe muon travels
through the detector, and the relative timing of the hit OMs provides the basisfor a set of
maximum-likelihood reconstruction algorithms to determine the muon's direction of origin
(Ahrens et al. 2004). The algorithms applied to this analysisare basedon variations from a
randomly-seeded\�rst guess"track using the Pandel function to parametrize the sequence
of OM hits. The likelihood of the initial track is calculated, and then the procedure is
iterated (up to 32 times) to determine the most likely muon track. Iterations beyond the
�rst incorporate increasingly complex features of the detector responseto the Cherenkov
photons, the details of which are beyond the scope of this work3. Detector simulations,

3An alternativ e track reconstruction known as a \parab oloid �t" is also relevant for our secondarydata
selectioncriteria, seeSection 3.3 for further details.
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along with observations of downgoing cosmic ray muons, have shown that this procedure
provides track reconstructionsaccurateto within a meanvalue of � 2� . Atmosphericmuons
are almost entirely removed from the dataset by constraining our search to those bursts
occurring in the Northern Hemisphere,allowing the detectorto beshieldedfrom a substantial
background 
ux by the bulk of the earth. Upgoing atmosphericneutrinos causedby cosmic
ray interactions in the Northern hemispheremay also be detected by AMAND A, as their
spectrum extends into the energy range of relevance to the GRB search. However, they
likewiseare removed from the dataset by requiring strict spatial and temporal correlation
with photon observations of GRBs. With theseselectioncriteria applied, we expect lessthan
0.01atmosphericneutrino events in our dataset.

In Section 2 we describe several models for GRB neutrino emission. In Section 3 we
discussthe method for determiningperiodsof stabledetectorperformanceand for separating
the expected GRB neutrino signal from all misreconstructedbackground events, as well as
the systematicuncertainties associatedwith this analysisprocedure. In Section4 wecompare
the results of the AMAND A observations with the models, as well as provide a spectrum-
independent method for determining the 
uence upper limit from GRBs. We concludewith
the future potential of AMAND A/IceCub e, for both the standard GRB search in the Swift
era (Markwardt et al. 2005) and for searches optimized for other transient point sources,
such as jet-driven supernovae.

2. Mo dels of Neutrino Emission

According to the canonicaldescription provided above, gamma-ray bursts result from
the dissipation of the energy of relativistic out
o ws from a central engine. Basedon the
assumption that GRBs are the sourceof ultra-high energy cosmic rays (UHECRs), Wax-
man and Bahcall predicted an annual muon neutrino 
ux associated with GRBs of E 2� �

� 9 � 10� 9 GeVcm� 2s� 1sr� 1 from 100 TeV to 10 PeV (Waxman 2003) 4. Murase & Na-
gataki (2006a)predict a similar spectrum to Waxmanand Bahcall for long-duration bursts,
though their simulations include a wider range of parameters,leading to a wider variation
in predicted 
uxes. Inclusion of neutrino oscillations reducethesepredictions by a factor of

4For the original formulation of this neutrino 
ux prediction, see(Waxman & Bahcall 1997). Note that
this GRB neutrino 
ux is distinct from the Waxman-Bahcall upper bound on the di�use neutrino 
ux due
to UHECRs.
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two5. Additional modelsrequiring morespeci�c assumptionsabout the nature of GRBs have
also beenproposed. Razzaqueet al. (2003a)hypothesizea scenarioin which a supernova
precedesa long-duration GRB by several days to a week. In this \supranova" scenario,the
supernova remnant provides target nucleonsfor pp interactions leading to precursor neu-
trinos with energyE � � 10 TeV. Furthermore, the remnant will produce target photons for
p
 interactions, which will also yield muon neutrinos up to 1016 eV, albeit with a di�erent
spectral shape than that predicted by the Waxman-Bahcall model6. This model also has
implications for gamma-ray dark (or \choked") bursts, which are brie
y discussedin Section
5. Furthermore, though a number of modelsexplicitly incorporate only long-duration bursts
into their models, the GRB central engineis in principle independent of burst type. Thus,
though the 
ux upper limits for thesemodels include long bursts only (except, importantly,
for the model of Waxman & Bahcall), the modelscould potentially be expandedto include
neutrinos from short bursts as well. Within the AMAND A dataset long bursts dominate
over short bursts; incorporating short bursts would have a small, though not insigni�cant,
e�ect on the overall limit (seeSection 4 for details). Figure 1 shows the expected GRB
neutrino 
ux basedon four representativ e models. The precursormodel predicts a neutrino

ux asearly asseveral tensof secondsprior to the observed GRB photons,whereasthe other
models tested here predict a neutrino 
ux in coincidencewith the GRB photons7. Other
models of GRB emissionalso exist (see,e.g. Dermer & Atoyan 2006,2003); though we do
not explicitly focuson such modelshere,a 
ux upper limit canbe calculatedfor such models
using the Green'sFunction method detailed in Section4.

Many theoretical models (most notably, the Waxman-Bahcallmodel) are basedon as-
sumptionsregardingthe burst environment aswell as the averagepropertiesof bursts (total
emissionenergy, redshift, etc.) which do not correspond directly to the properties of speci�c
bursts. It is possibleto estimate the muon neutrino 
ux for individual bursts, but these
estimatesvary substantially , and often bracket the predictions of the averagedproperties
(Stamatikos 2005). For those bursts where redshift and spectral information is available,
more accurateestimatesof muon neutrino 
ux can be madeon a burst-by-burst basis. For
extremely bright, nearby bursts (e.g. GRB030329),the predicted 
uxes can be as much as

5Oscillations modify the 
a vor ratio from 1:2:0 at the sourceto 1:1:1 at Earth. However, see(Kashti &
Waxman 2005) for a discussionregarding di�eren t 
a vor ratios due to energy lossesof the � and � .

6Though the supranova model is still within the realm of possibility, it is somewhatdisfavored basedon
observations of GRB060218, in which the supernova precededthe GRB by at most a few hours|not long
enoughto provide an ideal circumburst environment for a signi�can t neutrino 
ux.

7Any time delay in observingthe neutrinos due to the neutrino massis assumedto be negligible compared
to the time scaleover which we search for the burst emission.
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two ordersof magnitude greater than the meanburst 
ux (Stamatikos 2006). Finally, our
simulations assumea � � :� �� ratio of 1:1. AMAND A doesnot distinguish the muon charge;
however, neutrino event rates are larger than anti-neutrino rates for an equal 
ux, sincethe
neutrino crosssection is larger up to energiesof � 105 GeV. Thus, any models proposinga
ratio other than unity will result in a di�erent expectedevent rate and, ultimately, a di�erent

ux upper limit for this analysis.

3. Observ ation Pro cedure

3.1. Correlated Observ ations

This AMAND A GRB search relies on spatial and temporal correlations with photon
observations of other instruments including BATSE aboard the Compton Gamma-Ray Ob-
servatory (CGRO), aswell asHETE-I I, Ulysses,and other satellitesof the Third Interplan-
etary Network (IPN) (Hurley 1998). As stated previously, our search is restricted to that
half of the bursts occurring in the Northern Hemisphere.Furthermore, becauseengineering
and maintenancework is performedon the AMAND A detector during the austral summer
(December-February), only a few bursts from thesemonths can potentially be observed each
year. For each GRB in the dataset,we search for muon neutrino emissionduring the coinci-
dent phaseof burst emission.The coincident phaseis determinedby either the T 90 start and
endtimesof the burst, or the entire duration of emissionin excessof the background rate (for
bursts without well-de�ned T90). A period of time beforeand after each burst is added to
the search in order to accommodate the timing errorsof the photon observations (which vary
from burst to burst). Most bursts have prompt phaseslasting from a few secondsup to to a
few tens of seconds,though there are someexceptionalbursts lasting hundredsof seconds.
To investigatedi�erent model predictions for the bursts occurring during 2001-2003,we also
performed an extended search for precursor neutrinos from 110 secondsbefore the burst
start time until the beginning of the coincident search window. BATSE observations were
the solesourceof data for the AMAND A B-10 analysisfor 1997{1999.Other IPN-detected
bursts wereincluded beginningwith the AMAND A-I I dataset in 2000,and the analysisthen
relied exclusively on IPN data from other satellitesonceCGRO wasdecommissionedin May,
2000. Additional bursts were alsodiscovered in the BATSE archival data (Kommers 1998;
Stern et al. 2001);the relevant time periods of the AMAND A data weresearched for muon
neutrinos from thesebursts as well. We do not, however, include this particular subsetof
bursts in the 
ux or 
uence upper limits for the models addressedin this work, because
non-triggeredbursts were not incorporated into the primary modelsof GRB neutrino emis-
sion. The instruments participating in the Interplanetary Network through 2003are given



{ 11 {

in Table 1 and the number of bursts searched in each year of AMAND A observations is
listed in Table 2; information on the speci�c bursts included in this analysisis alsoavailable
(Kuehn 2007).

3.2. Background and Detector Stabilit y

To determinethe background rate and to establishdata selectioncriteria for each burst,
a larger period of one hour and 50 minutes of data is analyzed|from one hour before the
burst to one hour after the burst, with the 10 minute period during and immediately sur-
rounding the burst excluded to ensurethat the data quality cuts are not determined in
a biased fashion (a \blind" analysis). Prior to determination of the data selectioncrite-
ria, we study detector stabilit y in this background period. The speci�c stabilit y criteria
for AMAND A B-10 have beendiscussedpreviously (Hardtke 2002); here we describe the
AMAND A-I I stabilit y criteria in more detail.

We perform two tests to identify non-statistical 
uctuations in the data rate that could
producefake events (\false positives") or unanticipated deadtime (\false negatives") in the
detector. The �rst test comparesthe observed event count per 10 secondtime bin to the
expected,temporally uncorrelated,distribution of backgroundevents. This testsfor any non-
statistical 
uctuations in data rate due to temporary instabilit y in the detector. Without
this test, an upward 
uctuation in the data rate not causedby neutrinos could potentially
be misinterpreted as a signal event. This test has three successive steps basedon the P-
value of the event rate distribution. The P-value of a data segment is de�ned asthe percent
di�erence betweenthe RMS variation of the data event rate and the width of a Gaussian�t
to the data rate distribution. The �rst step identi�es all thosebursts with stable periods|
thosehaving a P-value of lessthan 6% (corresponding to variations of lessthan 1� relative
to the overall distribution of P-values). The secondstep identi�es bursts with marginally
stable detector performance:6%� P� 12% (1{2� ). Additional tests are performedon these
bursts; speci�cally, the data rate of the previously blinded 10-minute period is exploredin a
region of the sky far away from the GRB (the \on-time, o�-source" region). This maintains
the blindnessof the analysis,while allowing a moredetailed exploration of detector stabilit y.
Marginally stableburst periods are included in the analysisif they arealsomarginally stable
in the on-time, o�-source region(P-value lessthan 12%),and if the event rate hasonly small
(� 3� ) variations throughout the on-time, o�-source region. The vast majorit y of all burst
time periods were stable accordingto thesecriteria. The �nal step of this test is applied if
the �rst two stepsare inconclusive. It requiresany event rate variations greater than 3� to
occur at a signi�cant distancefrom the burst time. Two bursts fall into this category;they
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had marginally stable o�-time periods and insu�cien t statistics for an on-time/o�-source
stabilit y test. However they were included in this analysis becausethe largest event rate
variations were separatedin time from the burst by several minutes. Only one time period
associated with a burst in the AMAND A dataset had o�-time and on-time/o�-source P-
valuesgreater than 12%,and this burst wasexcludedfrom the analysis. Figure 2 shows the
data rate per 10 secondsfor a sampleGRB period, overlaid with the Gaussian�t. They are
in very good agreement, showing a stable data rate for this period of detector activit y.

The secondtest utilizes the time betweensubsequent events (� t) to ensurethat there
is not an anomalouslylarge amount of time betweendetector triggers. The amount of time
betweentriggerscanvary widely, but largergapsoccurwith much lessfrequencythan shorter
gaps. There is alsounavoidable (but quanti�able) deadtime betweeneach trigger while the
detector is being read out. The overall e�ect of the expected dead time is to reduce the
detector'ssignalacceptanceby approximately 17%,and this quantit y hasbeenincorporated
into the expected neutrino observation rate for this analysis. However, large unexpected
gapsbetweentriggers would indicate a period of unstable detector performance,and would
mean that an otherwise detectable neutrino signal might not be observed during such a
period. We test the 1 hour and 50 minute time periods surrounding each burst to ensure
that no such gapsoccur. An exampleof the temporal distribution of triggers comparedwith
an exponentially decreasing�t to the � t distribution is shown in Figure 3. The variations
observed in the data for this time period are within 2� of the observed �t for all valuesof
� t. Thus there are no unexpected variations in the time betweendetector triggers, and we
con�rm that AMAND A is collecting data asexpectedoccurring during the on-time window
for this burst. All data periods associated with GRBs that passthe �rst test also passthis
secondtest for stable detector operation.

3.3. Data Selection Criteria

For those bursts determined to be stable by the above criteria, data quality cuts are
then selectedto separatethe predicted signal from the observed background events. This
processreliesprimarily on the simulated signal events and the observed background events.
The simulation of the detector response to signal and background events is described in
Ahrens et al. (Ahrens et al. 2004). The simulation procedureusesthe neutrino generation
program NuSim (Hill 1997) for signal event simulations. Background events are simulated
with CORSIKA (Heck et al. 1998), which implements the 2001 version of the QGSJET
model of hadronic interactions (Kalmykov & Ostapchenko 1993). Once the neutrino or
other cosmic-ray primaries are generatedand propagated to their interaction vertex, we
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simulate the secondarypropagation with the Muon Monte Carlo (MMC) package(Chirkin
& Rhode 2004). Finally, we simulate the AMAND A detector responsewith the software
package AMASIM. We then are able to comparesimulated signal, simulated background,
and observed background data.

In the caseof the GRB search, the background rate is measuredusing the o�-time
window, where no signal is expected. Thus, unlike other AMAND A analyses(Ahrens et
al. 2003a,b),the background events do not needto be simulated, nor do the data events
needto be scrambled in time or azimuth to retain a blind analysisprocedure.Exploring the
variations betweenobserved background events and simulated events does,however, ensure
that we understand the systematic errors associated with the simulation process. For ex-
ample,Figure 4 shows excellent agreement in $ reco, the log(Likelihood) of the reconstructed
tracks of the simulated and observed background events. Given this level of agreement, the
errorsarising from discrepanciesbetweenthe simulated and observed events are expectedto
be small. Additionally , atmosphericneutrinos have previously beenobserved by AMAND A
up to TeV energies,and studiesshow that neutrinos from this proven sourcecan be recon-
structed with a high degreeof accuracy(Andr�es et al. 2001). Likewise,studies have been
performedwhich comparesimulated signalevents with high-quality downgoingmuon events
(Hodges 2006). Becausethesedowngoing events have similar properties to the simulated
signal events, this provides additional assurancethat the simulated signal events will have
similar properties to the actual signalevents we are attempting to observe. Section3.4 gives
a quantitativ e discussionof systematicerrors.

To determinethe set of data selectioncriteria that will producethe optimal 
ux upper
limit in the absenceof a signal, we minimize the Model Rejection Factor (MRF) (Hill &
Rawlins 2003). The MRF is basedon the expecteddetectorsensitivity prior to observations:

M RF =
�� 90(NBG;Exp )

NSig
(5)

where �� 90 is the Feldman-Cousins90%averageevent upper limit (Feldman& Cousins 1998)
derived from the expectednumber of background events (NBG;Exp ) and NSig is the expected
number of signal events. NSig is determined by convolving the theoretical spectrum (� =
dN� /dE) with the detector's energy-and angle-dependent e�ective neutrino collecting area
(Aef f ;� ) and integrating over the angular acceptanceof the detector, the energy range of
interest (102 to 107 GeV), and the observation time (assuming700bursts contribute equally
to the annual expected 
ux):

NSig =
Z Z

�( E; � ; � )Ae� ;� (E; � )dEd
dt : (6)

As an intermediate step in the determination of the expected number of signal events, we
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thereforeneedto determinethe detector e�ective collection area. Ae� ;� is determinedby the
fraction of simulated neutrino events that are retained after all data selectioncriteria are
applied. This areaalsoaccounts for neutrinos that generatemuonspassingnearby (but not
through) the detector and still causethe telescope to trigger.

In determining the optimal data selectioncriteria for the coincident search, we assumea
Waxman-Bahcallneutrino spectrum (Waxman 2003);for the precursorsearch, we assumea
Razzaquespectrum (Razzaqueet al. 2003a). In addition to temporal coincidencedescribed
previously, the most relevant selectioncriterion for this analysis is the angular mismatch
(�	 i) between the burst position and the reconstructed event track. This mismatch is
determined for each of four separatemaximum-likelihood pattern recognition algorithms (i
= 1 to 4) applied to the timing of the hit OMs (as described in Section 2). The di�erent
algorithms are basedon di�erent initial seedsand apply a di�erent number of iterations to
the track reconstruction procedure, thus they are able to provide di�erent measuresused
for discrimination between expected signal and background events. Though they are not
completelyindependent, they do o�er improvements to the MRF whenappliedconsecutively.
The inherent di�erence in the muon and neutrino paths, as well as the inaccuraciesof
the reconstructionalgorithms, prevent perfect characterization of all signal and background
events. Nevertheless,the angular mismatch is quite e�ective as a selectioncriterion. For
example,selectingevents with a mismatch angle�	 1 of lessthan 12o retains morethan 90%
of the expected signal events, while reducing the background to lessthan 0:5% (Figure 5).
Dependingupon the changesin the detector characteristicsand the analysistools from year
to year, the MRF optimization procedureallowed for somevariation in the speci�c track
reconstruction algorithms applied, as well as the mismatch angle values selectedfor each
algorithm (seeTable 3).

Several secondarycriteria were also used to improve the separation between signal
and background events. Included in the secondarycriteria is the measurednumber of hit
channels|that is, the number of OMs participating in the reconstruction of each event.
The number of direct hits|hits that occur within -15/+75 ns of the arrival time for light
propagating from the reconstructed muon track to the OM in question|also serves as a
useful criterion for data selection.Direct hits should be due to photons that do not scatter,
or scatter minimally; their straight tra jectories give them a well-de�ned behavior, making
them most useful in determining the muon direction. Additionally , the likelihood of a given
reconstruction and the angular resolution (� 	 ) of the alternate event track reconstruction
(the \paraboloid �t") provide a useful event discriminator, sincehigh quality signal events
will have higher likelihoods and superior angular resolution comparedto the background
events. One additional criterion usedin this analysisis the uniformit y of the spatial distri-
bution of the hit OMs|ev ents with hit OMs spreadevenly along the track are more likely
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to be singlehigh-energyneutrino-inducedmuons,whereasevents with hit OMs clusteredin
time and spacealong the track are more likely to be background events. Di�eren t combi-
nations of thesecriteria were applied in the 1997-1999,2000,and 2001-2003timeframes,as
new analysistools were developed and applied to the GRB neutrino search (seeTable 3).

This analysisprocedurewasapplied to bursts with localization errors from the satellite
observations that are relatively small (t ypically lessthan 1� ) and therefore inconsequential
on the scaleof the AMAND A search bin radius. However, several hundred IPN bursts have
large localization errors (&1/2 of the search bin radius), but still lie completely within the
�eld of view of AMAND A. Thesewereeither marginal detectionsnear the edgeof BATSE's
�eld of view or they were detectedby only two IPN satellites, which prevents triangulation
of their position but allows localization to an annular segment. Eleven of the bursts in the
AMAND A datasetareonly poorly localized;the increasedsearch areafor thesebursts results
in a corresponding increasein the expected background rate. To ensurethat this increase
doesnot diminish the overall sensitivity of the GRB search, morerestrictive selectioncriteria
are applied to thesebursts. Whether well localized or poorly localized, each burst has an
associated background expectedduring the burst time, calculatedfrom the event rate of the
o�-time background region multiplied by the duration of the time window during which we
search for signal events.

The initial criteria were independently selectedto optimize the MRF and were then
collectively optimized in an iterativ e fashion. The optimal criteria dependedon the zenith
angle of the burst, due to the higher observed background rate for bursts closer to the
horizon. The criteria for higher background rates (i.e. low zenith angle bursts) were also
applied to bursts with largesatellite localization errors, regardlessof the actual zenith angle
of the burst. Table 3 lists all data selectioncriteria usedfor the year-by-year GRB analyses,
as well as the selectioncriteria for the precursorsearch applied in 2001-2003.Though the
data selectioncriteria are optimized for speci�c models of neutrino emission,other models
can also be tested using the Green'sFunction FluenceLimit Method (seeResults). While
the muon track reconstruction algorithm is very accurate, there is a small probability that
a downgoing muon will be misreconstructedin the upgoing direction; such events are the
primary background for the GRB search. After the application of data selectioncriteria,
background events have an observed rate of � 5� 10� 5Hz (with someseasonalvariation),
leading to a total of 1.74 expected background events over the entire observation period.
Figure 6 show the e�ective area for neutrinos for the AMAND A-I I detector after all data
selectioncriteria are applied. Due to the large instrumented area and modest background
rejection requirements of this analysis, AMAND A-I I has an Aef f signi�cantly larger than
any other contemporaneously-operating neutrino detector (e.g. Baikal (Spieringet al. 2004),
SuperKamiokande(Fukuda et al. 2002),and SNO(Aharmim et al. 2000)). A determination
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of the relative MRF for a subsetof bursts from the year 2000analysis is shown in Figure
7 (the arrow indicates the MRF for the selectedcriteria). Using Equation 6, the number
of expected GRB neutrino events for the Waxman-Bahcallmodel is shown in Table 3. We
expect lessthan 1 event to occur in coincidencewith all of the 419bursts in the dataset.

Basedon thesevalues,we now calculatethe 
ux sensitivity to simulated GRB neutrinos
prior to \un blinding" the analysisand determining the number of events weactually observe.
Results from the 268 bursts observed from 1997 to 1999 have been presented previously
(Bay 2000;Hardtke 2002). We combine these initial observations with the results from
the analysisof 151bursts in the data collectedin 2000-2003.The 
ux sensitivity for all 419
bursts is the MRF prior to observations (seeEquation 5) multiplied by the normalization of
the input spectrum; that is, E 2� � � 2 � 10� 8 GeVcm� 2s� 1sr� 1 for a Waxman-Bahcallmuon
neutrino spectrum with 90% of the events expected between � 10 TeV and � 3 PeV. This
sensitivity is calculatedprior to the inclusion of systematicuncertainties.

3.4. Uncertain ties in Observ ation and Mo deling

There are several potential sourcesof systematicuncertainty in this analysis,including
the Monte Carlo simulations of signal events, the modeling of the scattering and absorption
lengths of the South Pole ice, and the OM response to incident photons. For the 
ux
upper limits incorporating IPN bursts, the potential for inclusion of bursts which do not �t
models basedupon BATSE triggered bursts contributes to the overall uncertainty as well.
Additionally , somebursts areof unknown duration{for the purposesof this search, they were
classi�ed aslong-duration bursts sothat we would not needlesslyexcludeany possiblesignal
events. However, including all such bursts will potentially overestimate the signal event
predictions for modelsbasedsolelyupon long-duration bursts. Finally, previousresults from
1997-1999were applied only to the Waxman-Bahcall model; limitations in the simulation
proceduresin place at that time meansthat adapting these results to other models will
introduceuncertainties in the expectedneutrino event rate.

The scattering and absorption lengths of the ice were measuredduring the 1999-2000
austral summer with in situ lasers and LED 
ashers (Ackermann et al. 2006). While
these measurements were extremely accurate, the limited precision with which they were
implemented in our detector simulations contributes about 15% to the overall uncertainty.
Furthermore, the quantum e�ciency of the photomultiplier tubes is known to within 10%,
while the transmissione�ciency of the glasspressurehousingand the optical gel is known to a
comparableprecision. However, triggering dependson the detectionof photonsby 24or more
PMTs, so the uncertainty in a singleOM doesnot translate directly into an uncertainty in
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the expected
ux. Detailed simulations show that the quantum and transmissione�ciencies
together contribute only about 7% uncertainty in the expected neutrino 
ux (Ahrens et
al. 2004). Though the GRB search implements a di�erent methodology from other IceCube
analyses(e.g. the point sourcesearch detailed in Achterberg et al. 2006b), the valuesfor
the individual contributions to the uncertainty are consistent acrossthesedi�erent analyses.

Additionally , a statistical correction is required when IPN bursts are incorporated into
the 
ux upper limits for modelsinitially basedon BATSE observations. In principle, BATSE
hasa sensitivity comparableto the suite of other IPN satellitestreated collectively; observa-
tionally, their duration distribution seemsqualitativ ely to be derived from the samebimodal
population (Figure 8). However, the characteristicsof the bursts detectedby satelliteswith
di�erent sensitivitiesare not completely identical. BATSE non-triggeredbursts have on av-
eragelessthan 1/10 of the peakphoton 
ux of their triggeredcounterparts, and if we assume
that the neutrino 
ux scalesas the photon 
ux, then including non-triggeredbursts in the
upper limit calculation would arti�cially increasethe expectednumber of signal events, and
thus lead to a 
ux upper limit that is too restrictive. We calculate (seeAppendix A) that
12%of the IPN bursts should not be consideredequivalent to BATSE triggered bursts, and
thus should be excludedfrom the dataset. This leadsto a 3% correction in the number of
expected signal events. Furthermore, for models basedsolely on long-duration bursts such
as (Murase & Nagataki 2006a;Razzaqueet al. 2003a),the inclusion of bursts of unknown
duration may also lead to an overestimation of the number of expected signal events. In
Appendix A, we derive a statistical correctionof 6% to the expectednumber of signalevents
due to this e�ect.

Next, we determine the statistical correction required by the incorporation of position
uncertainties in the BATSE GRB localizations. The meanposition uncertainty for the 1997-
2000BATSE bursts is 4.1� , but this is skewed by a small number of bursts which have larger
uncertainties (and which arenot included in this analysis). The medianposition uncertainty
for 1997-2000BATSE bursts is 3.2� ; this is the quantit y that is convolvedwith the AMAND A
searchbin radius to determine the statistical correction to the AMAND A results. Placing
each burst 3.2� o�-center in its searchbin is equivalent to shifting the searchbin radius by 3.2�

in either direction (see,e.g.,Figure 5, wherethis would result in a shift of the �	 acceptance
regionby 1-2 bins). A decreasein the searchbin radius reducesthe signalacceptancein that
direction, but that alsonecessitatesan increasein the searchbin radius (and thus an increase
in the signalacceptance)in the oppositedirection. The majorit y of the expectedsignal is at
very low �	; the decreasein the expectedsignal is thereforelarger than the corresponding
increase.Thuswe determinethat the BATSE position uncertainties will reducethe expected
signal from the BATSE bursts by no more than 4%. Becauseroughly 1/2 of our total
signal events are expectedto comefrom the BATSE bursts, this results in a �nal statistical
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correction of only 2%. It is important to note that the vast majorit y of the IPN bursts
were observed with ground-basedfollow-up observations, thus their position uncertainties
are on the order of arcminutes (or even arcseconds),which is very much smaller than the
AMAND A searchbin and the resulting uncertainty in the AMAND A analysiscan therefore
be neglected.

Finally, we determine the uncertainty introducedwhen the previousresults from 1997-
1999are applied to theoretical predictions other than the Waxman-Bahcallmodel. Though
the uncertainties speci�cally for the Waxman-Bahcall model are well understood and are
incorporated into the previous results, limitations in the simulation proceduresat the time
of the previous analysis lead to a further uncertainty in the neutrino event rate for the
Murase-Nagatakiand Razzaqueet al. modelsof � 20%. When we combine the results from
the 268bursts from 1997-1999with the results from 151bursts from 2000-2003into a single

ux upper limit, we assumeconservatively that the neutrino event rate for the bursts from
1997-1999is overestimatedby 20%.

All signi�cant sourcesof uncertainty for the GRB analysis, along with the correction
factors, are summarizedin Table 4. While the reduction in the expected neutrino event
rate for the 1997-199bursts is not speci�cally enumerated in this Table, it is incorporated
into the relevant 
ux upper limits discussedin the next section. Assuming no correlation
among the other uncertainties, we summedthe di�erent factors in quadrature and applied
the other relevant correctionsto obtain a total uncertainty of +12%/-22% (+6%/-28% for
models basedon long-duration bursts only) in the total detector exposure, and therefore
in the number of signal events and the 
ux and 
uence upper limits. This is comparable
to the uncertainty determined by (Hodges 2006), who also characterized the agreement
betweenthe simulated signal events and high-quality downgoingmuon events, which served
as a proxy for the expectedsignal events for AMAND A analyses.

4. Results

We observe zero events from the 419 Northern Hemispherebursts searched during the
years1997to 2003,which is consistent with the background estimate of 1.74 events (Table
5)8. Since the observed number of events is less than the expected background, the 
ux
upper limits for the coincident muon neutrino search is nearly a factor of three better than

8We alsosearchedfor neutrino emissionfrom 153additional non-triggeredbursts discoveredin the BATSE
archival data; we observed zero events from thesebursts as well. We do not include theseresults in the 
ux
upper limits or MRF determinations.
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the expectedsensitivity (i.e. the observed MRF for a Waxman-Bahcall
ux is 1.36compared
to the expected value of 3.80). Figure 9 shows the 90% C.L. 
ux upper limits relative to
the Waxman-Bahcall, Razzaque,and Murase-Nagatakimodels. Though our analysis was
restricted to bursts located in the Northern Hemisphere(2� sr), all 
ux upper limits are
for the entire sky (4� sr). Including the systematicuncertainties in the manner outlined by
Conrad et al. (2003), we calculate the coincident muon neutrino 
ux upper limit for the
Waxman-Bahcallspectrum to have a normalization at 1 PeV of

E 2� � � 6.3 � 10� 9 GeVcm� 2s� 1sr� 1,

with 90%of the events expectedbetween� 10 TeV and � 3 PeV.

We placesimilar constraints on the model parametersof Murase& Nagataki (2006a).
Based on our null result, Parameter Set C is highly disfavored for all variations in their
parameters,though this particular set is disfavored on other grounds as well, and is only
brie
y described in their work. Parameter Set A is ruled out (MRF=0.92) by the current
AMAND A observations at the 90% con�dence level. However, it is important to note that
ParameterSetA usesa baryon loadingfactor that is �ne-tuned to provide signi�cant neutrino

ux. Other, possiblymore realistic, valuesfor the baryon loading would signi�cantly reduce
the expectedneutrino emission,and thereforeresult in an MRF that is higher by an order of
magnitude or more. The original model incorporates only long-duration bursts that follow
the cosmicstar-formation rate (Murase & Nagataki 2006c);incorporating all short bursts
would yield 
ux upper limits that are better than those presented here by approximately
13%, which includes removing the \correction" due to incorporating of bursts of unknown
duration (seeSection3.4).

Our combined resultsfrom 1997-2003alsoconstrain the supranova model of Razzaqueet
al. We begin by consideringthe assumptionthat all GRBs are precededby supernovae that
produce a circumburst environment ideally suited for neutrino production. The observed
MRF for this caseis 0.45,and thus we excludethe predicted neutrino 
ux at the 90%level.
Furthermore, the 
ux upper limit determined for this model is derived from observations
of long bursts only. As with the results of Murase & Nagataki (2006a), if this model is
expandedto include short-duration bursts, the 
ux upper limit improvesby approximately
13%. However, only a very small number of all bursts (� 4 out of many thousands) have
beenobserved in association with SNe. And, as described in Section2, at least a fraction
of theseSNedid not occur at an ideal time relative to the burst. Thus, AMAND A's results
con�rm previous observations that lead us to expect lessthan maximal emissionfrom this
model of GRB neutrino production.

Finally, we observe zero events (on an expected background of 0.2 events) from the
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precursor time period of the bursts from 2001-2003(Table 6). The precursor model of
neutrino production was tested for only a small subset of the long-duration bursts, and
the neutrino energyspectrum peaksat a level wherethe AMAND A-I I sensitivity is greatly
reduced.Thus, the 
ux upper limit for the precursormodel is signi�cantly lessrestrictive.

The resultsof theseanalysescanalsobe applied to any other hypothesizedspectrum by
using the Green'sFunction FluenceLimit formula, in a method similar to that presented by
the Super-KamiokandeCollaboration (Fukuda et al. 2002). By folding the energy-dependent
sensitivity of the detector into a desired theoretical spectrum, one can straightforwardly
calculatea 
ux upper limit for that speci�c spectrum. The Green'sFunction 
uence upper
limit for AMAND A-I I (Figure 10) extends several orders of magnitude in energy beyond
the rangeof the Super-Kamiokandelimit, and is approximately an order of magnitude lower
than the Super-Kamiokande results in the region of overlap, primarily due to the much
larger e�ective areaof AMAND A-I I. For example,at 100TeV we calculateF � � 1.7 � 10� 7

cm� 2 (seealsoAppendix B). As this method doesnot rely on averagingburst properties (as
many speci�c models do), it is particularly e�ective for incorporating large burst-to-burst
variations in expectedmuon neutrino 
ux (e.g. for GRB030329,seeStamatikos 2006).

5. Conclusion and Outlo ok

The AMAND A dataset has beensearched for muon neutrino emissionfrom more than
400GRBs basedon temporal and spatial coincidencewith photon detectionsfrom numerous
other observatories. We determined that the detector was operating in a stable fashion
during all of these bursts, and we have shown that the application of a number of data
selectioncriteria lead to an optimized value of the Model RejectionFactor for the Waxman-
Bahcall neutrino spectrum. After the application of thesecriteria, zeroneutrino events were
observed in coincidencewith the bursts, resulting in the most stringent upper limit on the
muon neutrino 
ux from GRBs to date. We have comparedthis limit to the 
ux predictions
from several prominent GRB modelsbasedon averagedburst properties. We constrain the
parameterspaceof a number of thesemodelsat the 90%con�dence level; in particular, our

ux upper limit is more than a factor of 2 below the most optimistic predictionsof Razzaque
et al. However, we do not yet rule out the predictions of the canonicalWaxman & Bahcall
model. Furthermore, becauseindividual bursts vary signi�cantly in their expectedneutrino
spectra, wehavepresented a spectrum-independent method for determining 
ux upper limits
for thesebursts. The observations detailed in this work will play a signi�cant role as future
analysesseekto further constrain various theoretical models.

Finally, AMAND A's search for muon neutrinos from more recent GRBs will bene�t
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greatly from the advancedcapabilities of the Swift satellite (Burrows et al. 2005), as will
the GRB searchesof other neutrino observatoriescurrently in operation (Spieringet al. 2004;
Resvanis et al. 2003;Aguilar et al. 2006). While Swift's rate of GRB detectionsis lower
than that of BATSE, the spatial localizations of the bursts by Swift are much more pre-
cise, which will obviate the need for a special analysis of poorly-localized bursts with its
accompanying reduction in signaldetection e�ciency . Additionally , the InterPlanetary Net-
work of satellites will continue to operate, and will incorporate newer instruments as they
comeonline. In particular, future missionssuch as the Gamma-Ray Large Area SpaceTele-
scope (Carson 2006) will provide an even greater number of GRB localizations for use in
neutrino searches. Furthermore, while analysessimilar to the one presented here will con-
tinue to search speci�cally for muon neutrino 
ux in coincidencewith photon observations of
gamma-ray bursts, the method described herecanbeexpandedto search for neutrinoscorre-
lated with other transient point sourcesaswell (seeAppendix C). In the future, AMAND A
and its successor,IceCube, will have many more opportunities to detect neutrino emission
from a host of astrophysical sources.Construction of IceCube is currently underway, and the
instrumented volume for the partial detector is already signi�cantly larger than the �nal in-
strumented volumeof AMAND A. A fully-instrumented IceCube detectorwill be 20-30times
more sensitive than AMAND A, and should surpassAMAND A's 
ux upper limits within its
�rst few yearsof operation.
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Facilities: AMAND A

A. Mo del-Dep endent Statistical Corrections to Flux Upp er Limits

Though the � 
ux formulation of Waxman (2003)explicitly links GRB neutrinos to the
UHECR 
ux, elsewherea formulation basedon BATSE observations is treated in a compa-
rable fashion, and is consideredto arise from the sameunderlying phenomena(Waxman &
Bahcall 1997). Thus it is necessaryto addressthe limitations introduced by AMAND A's
relianceupon BATSE observations. As described in Section3.4, models de�ned initially in
terms of BATSE observations were also applied to bursts detectedby the other IPN satel-
lites. However, we cannot assumethat characteristics of bursts detectedby satellites with
di�erent sensitivities are completely identical. SinceBATSE was decommissionedin May
of 2000,there is no longer a way to cross-correlatethe two datasets. Non-triggeredBATSE
bursts have on averagelessthan 1/10 of the peakphoton 
ux of the triggeredbursts; assum-
ing that the energyof neutrinos scaleswith the energycarried by gammarays, we expect
only a small fraction of the standard neutrino 
ux from thesenon-triggeredbursts. Thus, if
non-triggeredbursts are inadvertently included in the 
ux upper limit, they will arti�cially
improve that limit, becausethe extra bursts are assumedto have a larger neutrino 
ux than
they would actually possess.

During the period of simultaneousoperation from 1991to 2000,1088IPN bursts were
observed by BATSE, 953of which weretriggered. Undoubtedly someof thesebursts did not
trigger BATSE for reasonsother than a lower 
ux. For example,BATSE may have been
powered down, may have beenin the vicinit y of the South Atlantic Anomaly, or may have
experiencedunrelated on-board performanceproblems. However, we assumeconservatively
that all such bursts did in fact exhibit the lower 
ux common to non-triggered bursts.
Therefore, � 12% of the IPN bursts should not actually be a part of the dataset that is
comparedwith the modelsthat are basedupon BATSE's triggered GRB rate. BecauseIPN
bursts are expectedto contribute � 25%of our detectablesignal, this e�ect reducesthe total
expected neutrino 
ux by � 3%. This correction is applied asymmetrically to the overall
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uncertainty, becauseit can hinder, but not improve, the e�ectivenessof the analysis (see
Table 4).

For models basedsolely on long-duration bursts, such as (Murase & Nagataki 2006a;
Razzaqueet al. 2003a), the inclusion of bursts of unknown duration may also lead to an
overestimationof the expectedsignalevents, and thusa 
ux upper limit that is too restrictive.
In order to ensurethat we would not excludepotentially detectableneutrino events, the 75
bursts of unknown duration included in the dataset are assumedto last 100 s (for 1997-
1999) or 50 s (for 2000-2003). Thus, for purposesof data analysis, they are classi�ed as
long-duration bursts. However, this necessitatesa statistical correction to the resulting 
ux
limits. We assumethat up to 1/3 of thesebursts may in fact be short-duration, basedupon
the standard ratio of short- to long-duration bursts observed by BATSE. So, of the 389
bursts known (or assumed)to be long-duration, 25 were excludedfrom the relevant limits,
thus reducing the expected number of signal events by 25/389, or � 6%. This correction is
likewiseapplied asymmetrically to the overall uncertainty.

B. Green's Function Fluence Upp er Limit Calculation

We show here samplecalculations of the di�erential neutrino 
uence upper limit, as
well as a procedureto determine the integrated 
uence and 
ux upper limits, following the
Green'sFunction method set out in Section3 of Fukuda et al. (2002). The 
uence upper
limit calculation assumesa monochromatic neutrino spectrum; the calculation is repeated
at di�erent valuesof the neutrino energy. The bene�t of this method is that an integrated

uence upper limit can then be determinedfor any input spectrum, whether it be basedon
all of the bursts in this dataset or only on a subsetof all bursts.

The 
uence upper limit is de�ned as

F (E) �
N90

Ae� ;� (E� )
(B1)

whereN90 is � 90/N Bursts and Ae� ;� is the energy-dependent neutrino e�ective collecting area
(seeSection3.3)9.

Figure 10 is determined by the results of AMAND A's 2000-2003observations. For
example,� 90 = 1.30and NBursts = 151; therefore,N90 = 8.61 � 10� 3.

9Instead of using the neutrino e�ectiv e area, onecould also usethe muon e�ectiv e area multiplied by the
neutrino to muon conversion probabilit y (as in Fukuda et al. 2002); in the caseof AMAND A onemust also
account for attenuation of neutrinos in the earth.
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For E � = 100 TeV (near the peak of the predicted neutrino 
ux), Ae� ;� = 5.0 � 104

cm2 thereforeF(100 TeV) � 1.7 � 10� 7 cm� 2.

We now determinethe integrated 
uence upper limit explicitly for an E� 2 spectrum, as
well the Waxman-Bahcallspectrum. First, the integrated 
uence, F int for an E� 2 spectrum
is

Fint � [
Z 107 GeV

250GeV

CE � 2
�

F (E)
dE� ]� 1 = 1:4� 10� 5cm� 2; (B2)

where C is the factor required to normalize the neutrino spectrum to unity|in this case,
C = 250 GeV. This integrated 
uence upper limit is signi�cantly lower than the results of
similar calculationsperformedby Fukuda et al. (2002) (we combine the � � and �� � 
uences
into a single limit, while they present two separate
uence upper limits). However, a direct,
quantitativ ecomparisonbetweenthesetwo resultscannotbemadedueto the vastly di�erent
energyrangesof the two instruments. Note also the limits of integration employed here|
though AMAND A is sensitive to neutrinos at higher and lower energies,the vast majorit y
of the 
ux from GRBs is expected to comefrom neutrinos of a few hundred GeV to a few
PeV.

Now wedeterminethe integrated 
uence upper limit for the Waxman-Bahcallspectrum,
to provide a further exampleof the wide applicability of the Green'sFunction method:

Fint � [
Z 105GeV

250GeV

CE � 1
� E � 1

Break

F (E)
dE� +

Z 107

105

CE � 2
�

F (E)
dE� ]� 1 = 5:3� 10� 7cm� 2; (B3)

where C again is the constant required to normalize the overall spectrum to unity; here C
= 7:0� 10� 5GeV.

Finally, we compare this 
uence upper limit to the 
ux upper limit derived for the
Waxman-Bahcallspectrum in Section4. To do this, we must convert the integrated 
uence
upper limit into a di�erential all-sky 
ux upper limit per burst; that is, from units of cm� 2

to units of GeV� 1cm� 2s� 1sr� 1:

Fint


t
=

5:3� 10� 7

(4� )(3:15� 107=700)
= 9:4 � 10� 13cm� 2s� 1sr� 1: (B4)

Next, we multiply by the normalization of the energyspectrum and take the di�erential
to provide a 
ux upper limit of

E2� � � 1.3 � 10� 8 GeVcm� 2s� 1sr� 1.

This is nearly identical to the 
ux upper limit derived in the manner described in Section3
for 151bursts from 2000to 2003(seealsoTable 5, wherean MRF of 2.6 yields a 
ux upper
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limit of E2� � � 1.2 � 10� 8 GeVcm� 2s� 1sr� 1, consistent with the result derived above to
within the applicableuncertainties).

Thus we show that the Green's Function Method agreeswith calculations which ex-
plicitly incorporated prior assumptionsabout the GRB neutrino spectrum. Therefore, this
alternate method provides a powerful tool for determining the 
ux upper limit basedon
AMAND A observations for any proposedneutrino spectrum.

C. Expanding the GRB Search to Other Transien t Poin t Sources

While this work hasprovided the most stringent upper limit to date speci�cally for muon
neutrino 
ux for gamma-ray bursts in coincidencewith photon observations, the method
described above can be expandedto search for other transient point sourcesas well. X-ray

ares occurring minutes to hours after a GRB are thought to be causedby re-activation
of the GRB central engine, and are a natural candidate for correlated neutrino searches
(Murase & Nagataki 2006b). Additionally , photon emissionfrom supernovaecould be used
as a key element in searches for neutrino emissionfrom jet-driven supernovae and 
 -ray
dark (\c hoked") GRBs (Razzaqueet al. 2003b). Jet-driven supernovae are expected to
acceleratebaryonic material to mildly relativistic energies(the Lorentz boost � � a few),
which may subsequently result in signi�cant neutrino emission(Ando & Beacom 2005). Not
all supernovaewill be jet-driven, but population estimatesvary between0.2%and 25%of all
type Ib/c SNe(van Putten 2004;Berger et al. 2003;Soderberg 2005). Given the number
of such supernovae observed annually, it is reasonableto search for a neutrino signal from
theseevents.

Another reasonto search for neutrino emissionfrom supernovaebecomesapparent when
we consider the recently-established SN-GRB connection. Several supernovae (including
1998bw and 2003dh)are known to be associated with GRBs. Furthermore, Razzaqueet al.
(2003b)describe a scenariowhereasmany as103 times the standardnumber of GRBs occur,
though in thesebursts the photon jet doesnot succeedin escapingthe stellar envelope (the

 -ray dark GRBs). For thesetypesof bursts, no gamma-rays will be observed. However, if
even a fraction of theseGRBs are associated with SNe(the fraction for observed GRBs has
beencalculated to be in the range of 10� 2 to 10� 3 (Bissaldi et al. 2006)), then it will be
possibleto search for neutrinos in the time period surroundingthe SNemission(provided the
SN start time, the GRB time delay relative to the SN, and the duration of the GRB can be
estimated with su�cien t precision). BecausetheseSNeare localizedtransient phenomena,
the primary selectioncriteria for the GRB analysis (spatial and temporal correlation) are
an excellent starting point for such a search, though it is possiblethat not all of the other



{ 26 {

data quality cuts usedin the GRB search would be optimal for a supernova search. Finally,
it is alsopossibleto complement any of the transient point sourcesearchesdescribed above
by inverting the search algorithm, that is, by implementing Target of Opportunit y photon
searches based on spatio-temporal localization of potential neutrino events (Kowalski &
Mohr 2007). Any of thesesearchescanpotentially be of great bene�t to the long-term goals
of multi-messengerastronomy.
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Fig. 1.| Predicted di�erential muon neutrino 
ux as a function of energyfor four di�erent
modelsof GRB neutrino production: the precursormodel (solid line), the canonicalWaxman-
Bahcall model (thick dotted line), the Murase-Nagatakimodel (thin dotted line), and the
supranova model (dot-dashed line). All models include the e�ect of � oscillations. The
di�use neutrino bounds determined from cosmic ray observations with (upper horizontal
line) and without (lower horizontal line) z evolution are alsoshown for reference.
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Fig. 2.| A stableperiod of detectoractivit y, shown by the nearly Gaussianrandomtemporal
distribution of events in each 10-secondbin during the o�-time period of BATSE GRB 6610.
Initial selectioncriteria have beenapplied to thesedata, but the GRB-speci�c criteria have
not yet beenapplied.
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Fig. 3.| Time di�erence (� t) betweensubsequent events during the background time period
of a representativ e GRB, after application of initial data quality cuts. There is no evidence
for signi�cant gapsin the data that could producea \false negative" result.
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Fig. 4.| A comparisonof the likelihood of track reconstruction, $ reco for observed data
(solid line) and simulated background events (dashed line). Both curves are normalized
after preliminary data selectioncriteria are applied. The closeagreement signi�es that our
simulations are properly modeling the observed events, thus providing additional evidence
for the trustworthinessof the simulated signal events aswell.
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Fig. 5.| The expecteddistribution of angularmismatch �	 1 for a simulated muon neutrino
spectrum (shadedregion) and observed background (open region). �	 1 = 0 is the position
of the burst determined from photon observations. Selectingevents with �	 1� 12� retains
more than 90%of the signal events.
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Fig. 6.| Angle-averagedmuon neutrino e�ective area for the AMAND A-I I (years 2001-
2003) coincident search algorithm, basedupon Monte Carlo simulations of expected signal
events from the Northern hemisphere.
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Fig. 7.| Relative Model Rejection Factor (MRF) asa function of angular mismatch (�	 1)
betweenthe burst position and the reconstructedtrack, for the subsetof bursts from 2000.
The arrow indicates the mismatch angleselectedfor this analysis.
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Fig. 8.| Duration distribution of BATSE GRBs (upper, open histogram) and IPN bursts
for which durations have been determined (lower, shadedhistogram). Both distributions
appear to be drawn from the sameunderlying population.
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Fig. 9.| AMAND A 
ux upper limits (solid lines) for muonneutrino energyspectrapredicted
by the Waxman-Bahcallspectrum (Waxman 2003)(thick dashedline), the Razzaqueet al.
spectrum (Razzaqueet al. 2003a) (dot-dashed line) and the Murase-Nagataki spectrum
(Murase & Nagataki 2006a)(thin dotted line). The central 90% of the expected 
ux for
each model is shown. For the Waxman-Bahcall model we include both long- and short-
duration bursts; for the other spectra, only long-duration bursts are included. Including
short-duration bursts would improve the 
ux upper limits by approximately 13%. While our
analysiswas restricted to bursts located in the Northern Hemisphere(2� sr), all 
ux upper
limits are for the entire sky (4� sr).
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Fig. 10.| Green'sFunction FluenceUpper Limit for AMAND A's GRB analysisfrom 2000
to 2003. This 
uence upper limit can be folded into any desiredspectrum to provide a 
ux
upper limit for that particular spectrum.
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Table 1: Primary Instruments in the Third Interplanetary Network, 1997-2003
Instrument Energy Range(keV) Mission Homepage

BATSE LAD 30 - 190 http://www.batse.msfc.nasa.gov
BeppoSAX GRBM 40 - 700 http://www.asdc.asi.it/b epposax
BeppoSAX WFC 2 - 26 http://www.asdc.asi.it/b epposax

HETE-I I FREGATE 6 - 400 http://space.mit.edu/HETE/fregate.h tml
HETE-I I WXM 2 - 25 http://space.mit.edu/HETE/wxm.h tml
HETE-I I SXC 2 - 14 http://space.mit.edu/HETE/sxc.h tml
INTEGRAL 15 - 10000 http://in tegral.esac.int/

Konus WIND 12 - 10000 http://www-sp of.gsfc.nasa.gov/istp/wind/
Mars Odyssey � 100- 8000 http://mars.jpl.nasa.gov/o dyssey/
NEAR XGRS 100- 1000 http://near.jh uapl.edu

RHESSI � 25 - � 25000 http://hesp eria.gsfc.nasa.gov/hessi
Ulysses 25 - 150 http://ulysses.jpl.nasa.gov
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Table2: BATSE Triggeredand IPN Bursts Per Year in the AMAND A Analysis, by Duration

Year 1997 1998 1999 2000 2001 2002 2003
NShort 12 15 9 7 1 1 2
NLong 51 50 61 77 15 21 24

NUnknown 15 29 26 3 0 0 0
NTotal 78 94 96 87 16 22 26
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Table 3: Data SelectionCriteria, Year by Year
Criterion 97-99 00 01-03 Precursora

�	 1, � � 10� (� < 10� ) < 20� (< 6.5� ) < 12.5� (< 7� ) < 12� (< 8� ) < 12� (< 5� )
�	 2, � � 10� (� < 10� ) N/A N/A < 12� (< 8� ) < 12� (< 6� )
�	 3, � � 10� (� < 10� ) N/A N/A < 16� (< 8� ) < 16� (< 8� )
�	 4, � � 10� (� < 10� ) N/A N/A N/A < 40� (< 40� )

� 	
b N/A N/A < 5� (< 5� ) < 5� (< 5� )

Track Uniformit y N/A < 0.29(< 0.29) < 0.55(< 0.55) < 0.55(< 0.55)
$ r eco

c N/A < 7.85(< 7.5) N/A N/A
Direct Hits > 10 N/A N/A N/A

NOM s in Event N/A N/A (> 24) N/A N/A
Signal PassingRate 0.35(0.22) 0.69(0.54) 0.68(0.61) 0.69

ExpectedN �
d 0.31 0.28 0.22 N/A

aThe precursor time period was searched only during the 2001-2003dataset.
bThe angular resolution of the paraboloid �t.
cThe log(Likelihood) of the reconstructed track.
dBasedon the 
ux of Waxman (2003), corrected for neutrino oscillations.
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Table 4: Uncertainties/Corrections in the GRB Analysis
Sourceof Uncertainty Quantit y Reference

OM sensitivity � 7% (Ahrens et al. 2004)
Simulation parameters(incl. ice properties) � 15% Sections3.3 & 3.4

Neutrino-nucleoncross-section � 3% (Gandhi et al. 1998)
Uncertainties addedin quadrature � 17%

Correction for IPN bursts not modeled -3% Appendix A
Correction for short bursts not modeled -6% Appendix A

Correction for BATSE position uncertainty -2% Section3.4
Total +6%/-28%
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Table 5: Resultsof GRB Analysis 1997-2003
Year 1997-1999 2000 2001-2003 2000-2003 1997-2003

NBursts 268 87 64 151 419
NBG;Exp 0.46 1.02 0.27 1.29 1.74

NObs 0 0 0 0 0
Event Upper Limit 1.98 1.50 2.30 1.30 1.10

M RFWB
a 6.9 5.7 11 2.6 1.36

M RFMN
b 5.4 3.4 6.8 1.5 0.92

M RFRazz
c 2.6 1.6 3.3 0.75 0.45

aBasedon the 
ux of Waxman (2003), corrected for neutrino oscillations.
bBasedon the 
ux of Murase & Nagataki (2006a).
cBasedon the \supranova" 
ux of Razzaqueet al. (2003a).
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Table 6: Resultsof PrecursorSearch 2001-2003
Year NBursts NBG;Exp NObs Event U.L.
2001 15 0.06 0 2.38
2002 21 0.07 0 2.37
2003 24 0.07 0 2.37

2001-2003 60 0.20 0 2.30


