Search for Astrophysical Point Sources of High Energy Neutrinoswith Complete Data from the
AMANDA-II Neutrino Telescope
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We present a search for astrophysical point sources of mgigg neutrinos using 3.8 years of data recorded
by the AMANDA-II neutrino telescope during 2000-2006. Apiplg muon track reconstruction and quality
criteria, we select 6595 candidate events, mostly from spheric neutrinos. Our search reveals no indications
of a neutrino point source. We place the most stringentsitaitdate on E2 neutrino fluxes from points in the
Northern Hemisphere, with an average upper limit of §.20~!' TeV cm 2 s~ for equalv,, + v fluxes over
the energy range from 1.7 TeV to 2 PeV.

PACS numbers: 95.85.Ry, 95.55.Vj, 98.70.Sa

Detecting extraterrestrial sources of high energy€V) The search for high energy neutrino point sources is a major
neutrinos is a longstanding goal of astrophysics. Neusrinomission of the Antarctic Muon And Neutrino Detector Array
are neither deflected by magnetic fields nor significantly at{AMANDA). High energy leptons are produced in the Earth
tenuated by matter and radiation en route to Earth, thus nely the charged-currentinteraction of neutrinos. In tramept
trino astronomy offers a clear image of the high energy uniimatter, a cone o€erenkov photons propagates from the lep-
verse. Particularly, neutrinos offer an opportunity togehe  ton track according to the optical properties of the medium.
sources of high energy cosmic rays, which remain unknownAMANDA-II is an instrumentation of the glacier at the geo-
Potential cosmic ray sources include galactic microquasargraphic South Pole with 677 optical modules designed to de-
and supernova remnants as well as extragalactic phenometext opticalCerenkov radiation. The modules are arranged
such as active galactic nuclei and gamma ray bursts. These 19 vertical strings frozen 1500 m - 2000 m below the ice
objects are thought to accelerate protons and nuclei inkshourface. Approximately 540 modules in the core of the ar-
fronts via the Fermi mechanism, resulting in power law eperg ray showing stable performance are used in this search. Each
spectra B, with o ~ —2. A fraction of the energized particles module contains a 20 cm PMT inside and optically coupled
interact with local matter and radiation producing pioneeT to a glass high-pressure sphere. The PMT signals are propa-
neutral pions decay into high energy photons, and charged pgated to the surface, and, when the trigger threshold of24 hi
ons ultimately produce neutrinos with a flavor ratjov,, v, = PMTs within 2.5us is satisfied, the signal leading edge times
1:2:0, mixing to approximately 1:1:1 at Earth due to vacuumare recorded. The leading edge times along with known detec-
oscillations. Observations of TeV gamma rays [1-3] hint attor geometry and optical properties of South Pole ice [13] al
possible cosmic ray source locations but currently caremt s low reconstruction of tracks passing through the detedid}. [
arate neutral pion decay spectra from purely electromégnetHigh energy electrons produce short electromagnetic dasca
inverse Compton emission. The Auger collaboration reports with little directional information and consequently aretn
correlation of arrival directions of the highest energymas  useful for point source searches; however, muons produmced i
rays with active galactic nuclei [4]; however, a similarieer  the ice and bedrock propagate up to tens of kilometers to the
lation is not observed by HiRes [5]. Identification of a high detector and are reconstructed with °t-2.5° accuracy de-
energy neutrino point source would provide an unambiguoupending on energy and zenith angle. Tau leptons decay yapidl
signature of energetic hadrons and cosmic ray acceleratioand produce tracks too short for reconstruction belagReV
Neutrino flux predictions exist for many potential sourd@s [ energies. Tau decay, however, contributes high energy suon
10]; however, no high energy neutrino point source has yetith a branching ratio of 17.7% [15], and these muons can be
been identified [11, 12]. reconstructed. We thus search for upward propagating muons

produced in the Earth by, (7,) andv, (7,) fluxes following

an E-2 energy spectrum. While downward fluxes of neutrino

induced muons also trigger the detector, such events are dif
*Corresponding Author: jbraun@icecube.wisc.edu (Jim Byau ficult to distinguish from downward muons produced by cos-
TOQ leave of absence from Universitat Erlangen-Nurnb&gysikalisches  mic ray air showers. Located at the geographic South Pole,
Lrg‘m“t' D-91058, Erlangen, Germany " AMANDA-I is thus most sensitive to neutrino fluxes from

n leave of absence from Universita di Bari, DipartimentoFisica, I- . . .
70126, Bari, Italy the northern sky. Air showers also produce neutrinos, aisd th
§ Affiliated with School of Pure and Applied Natural Sciencalmar Uni-  atmospheric neutrino flux [16, 17] is the main background for
versity, S-39182 Kalmar, Sweden our search.
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FIG. 1: Equatorial sky map of 6595 events recorded by AMANDA-

from 2000-2006. FIG. 2: Energy distribution of simulated & and atmospheric [16]

neutrino events passing selection criteria.

Here we present the results of a search for astrophysical
point sources of high energy neutrinos using 3.8 years af dat . . .
recorded by the AMANDA-II neutrino telescope during 2000- well with data. Similarly,, andv. events with an E en-
2006. We report flux limits for a catalog of 26 selected sourc&’T9Y spectrum are prpduced and used to calculate qux.I|m|ts.
candidates along with results of a general search for meutri | N contribution o£m|sreconstructed downward muons & les
sources over the Northern Hemisphere sky. Additionally, wdhan 5% forg > 5 , but becom_es more significant near the
report results from a search for correlations of neutringsem €duator and dominates events in the southern sky.
sion with six high energy gamma ray sources in the galactic This background, mostly atmospheric neutrinos, is difficul
plane identified by Milagro. Finally, we discuss the resultsto further reduce. We apply our search to these 6595 events,
of a search for angular correlations among the highest gnerdooking for both spatial excesses and excesses of highgnerg
events we record. In all cases, we observe no indications dfvents. Events from point sources cluster around the source
an astrophysical neutrino point source. location with a median spread 6f1.5°—2.5° depending on

AMANDA-II records O(10°) events per year from down- €Nergy and zenif[h apgle, while thospherip neutrinos are di
ward propagating muons produced by cosmic ray air showerdfibuted 2eve|jly in right ascension. Additionally, neutsn
O(10%) events per year from atmospheric neutrinos, and at’®m E™~ point sources should typically be more energetic
most~20 quality events per year from astrophysicaPeu- than atmospheric neutrinos, which follow a steepdd 7 .
trino fluxes given current limits [18]. 3.8 years of AMANDA- €nergy spectrum, shown in figure 2. The amount of light
Il livetime from stable periods during 2000-2006 are used indeposited in the detector depends strongly on muon energy
this search. Events first pass through fast pattern matetting @Pove 1 TeV, and thus the number of hit modules provides a
gorithms, and cuts on returned zenith angles reduce dovehwafough measure of event energy. We apply an unbinned max-
muons by more than a factor of 100 [11]. A more compu-mum Ilkgllhood search method [23], using an angular reso-
tationally expensive maximum likelihood, leading edgeetim ution estimated for each event [19] and using the number of
based reconstruction is applied to the remaining eventis Thhit channels as an energy estimator. This unbinned method
reconstruction is possible since the expected time digth ~ 'MProves sensitivity to E? neutrino fluxes by more than 30%
of photons arriving at the modules in ice is well understawd f Félative to a method based on angular bins used previously
a given track hypothesis [14]. The reconstruction is regabat [24].
several times to find the globally best fit track, and events re We first apply the search to a predefined list of 26 potential
constructed above 8&enith are discarded. sources. For each source, we compute significance by com-

After the cut, O(10°) misreconstructed downward muon Paring the value of the unbinned search test statistic [@3] t
events per year remain, which still outnumber atmospheri(t;he distribution of test statistic values obtained fromadain-
neutrinos by a factor of 1000. The vast majority of thesedomized in right ascension. Flux upper limits are computed
events are removed by topological quality cuts. This topofrom the test statistic using Feldman-Cousins unified erder
logical selection includes cuts on the smoothness of hitsgal  iNg [25]. Systematic uncertainty is incorporated into tinet
the track and the track length, a cut on the event angular re§alculation using the method of Hill [26]. We estimate the
olution estimated by the behavior of the likelihood near thesystematic uncertainty in our flux limits to be 16%, with sig-
best-fit position [19], and a cut based on the likelihood dif-nificant contributions from the absolute sensitivity ofiopt
ference between the best fit and a Bayesian likelihood fit witinodules (9%), neutrino cross section (8%), and event recon-
a zenith prior following the zenith distribution of downwdar ~ struction (10%). Limits on,, + v fluxes at 90% confidence
muons. Additiona”y’ a Support vector machine [20] trained'@VE' and pre-trials significances are shown in table I. Lim-
on the above parameters is used for declinations 1@ < its on v, fluxes alone correspond to half these values. The
1.5° to improve event selection. 6595 events remain follow-source of highest significance is Geminga with P=0.0086. The
ing the cuts, shown in figure 1. A simulation of atmosphericchance probability of obtaining P=0.0086 for at least oritof
neutrino fluxes [16, 17] generated by ANIS [21], with resul- sources is 20% and not significant.
tant muons propagated to the detector with MMC [22], agrees We then apply the search to the northern sky on a



Candidate 0(°)  a(h) Py p V()N
3C 273 205 1249 871 0.086 2.1 3
SS 433 498 19.19 321 064 22 1
GRS 1915+105 10.95 1925 7.76 0.11 23 8
M87 12.39 1251 449 043 23 3
PKS 0528+134 1353 552 326 064 23 0
3C 454.3 16.15 2290 258 0.73 23 5
Geminga 17.77 6.57 12.77 0.0086 2.3 2

Crab Nebula 2201 558 927 010 23 7
GRO J0422+32 3291 436 275 076 22 3

Cyg X-1 35.20 19.97 4.00 057 2.1 3
MGRO J2019+37 36.83 20.32 9.67 0.077 2.1 7
4C 38.41 38.14 1659 220 085 21 4
Mrk 421 3821 11.07 254 082 21 3
Mrk 501 390.76 16.90 7.28 022 20 6
Cyg A 40.73 19.99 9.24 0.095 2.0 3
Cyg X-3 40.96 2054 659 029 20 8
Cyg OB2 41.32 2055 6.39 030 20 8
NGC 1275 4151 333 450 047 20 4
BL Lac 4228 2205 513 038 20 2
H 1426+428 42.68 14.48 568 036 20 3
3C66A 4304 238 806 018 20 6
XTE J1118+480 48.04 11.30 517 050 1.8 3

FIG. 3: Sky map of pre-trials significances)(obtained in the full-
sky search (top), and sky mapaf + v flux upper limits for an E >
energy spectrum (10! TeV cm 2 s71) over the energy range 1.7
TeV to 2 PeV (bottom).

1ES 2344+514 51.71 23.78 574 044 1.7

Cas A 58.82 23.39 383 067 16 2
LS1+61 303 61.23 2.68 14.74 0.034 15 5
1ES 1959+650 65.15 20.0 6.76 044 15 5

TABLE I: Flux upper limits for 26 neutrino source candidates
Source declination, right ascension, 90% confidence leppeu
limits for v, + v, fluxes with E2 spectra (E x & < &g x
1071 TeVem =257 1) over the energy range 1.7 TeV to 2 PeV,
pre-trials significance, median angular point spread, amdber of
events inside a cone centered on the source location wiilsradual

to median point spread.

-
Q
@

=
Q
©

8
H‘ | \HHH‘ | \HHH‘ 1|

d®/dE (TeV cm? s
=
Q

A & E|

A, A LYW =

0.25°x0.25° grid. At each point, we similarly compute a flux RO NV Loy WL e S
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IceCube 9 String (137 d.)
==+ IceCube 22 String (250 d., pred} "
IceCube 80 String (1 Yr., pred.)

3.38& at 4=54°, a=11.4h, shown in figure 3. The chance
probability of observing a 3.38maximum significance is de- 1012
termined by performing the search on sky maps randomize

in right ascension and is found to be 95% and not significant
Sensitivity and flux limits are summarized in figure 4.

In the northern sky, the galactic TeV gamma ray sources obg|g_ 4: £-2 flux limits for this work and MACRO [12], E2 sensitiv-
served by Milagro [28] are some of the strongest candidatesy for this work and the IceCube 9-string analysis [24], anedicted
for detection with neutrino telescopes [10]. Our abilityd®  sensitivity for ANTARES [27] and IceCube. Ouwy, + v, limits are
tect a small signal from this class of objects is improved bydivided by 2 for comparison with limits on only,.
combing observations from several source locations, with a
expected improvement v/ N by combiningN sources. We
consider six of eight sources with pre-trials significanéer,
including four sources near Cygnus and two sources near the Finally, we search for groups of neutrino sources and ex-
equator. We exclude the two sources with pulsar-wind nebuléended regions of neutrino emission by scanning for correla
counterparts near Geminga and the Crab Nebula, which aténs of events at all angular distances up to ®/e perform
considered weaker candidates for significant hadron aecelethe search over a range of energy thresholds, using the num-
ation [10]. We adapt a method developed by HiRes [29] tdber of modules hit as an energy parameter. For each threshold
perform our maximum likelihood search simultaneously forin angular distance and number of modules hit, we count the
all six source locations, and we observe a small excess withiaumber of event pairs in the data and compare with the dis-
chance probability of 20%. The limit obtained on the averageribution of pairs from data randomized in right ascension t
flux per sourceis 9.% 1072 TeVecm 2 s7!, shown in figure  compute significance, shown in figure 6. The highest obtained
5 along with source flux predictions [10]. significance is 1.6 with a threshold of 146 modules hit and
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FIG. 6: Significance of the observed number of event pairk vet
spect to thresholds on angular separation and number oflewoklit.

Significance (o)

5

2.8 angular separation, where we observe 2 event pairs. The
probability of observing a maximum significance of &.By
random chance is 99%.

We analyze 3.8 years of data taken with AMANDA-II and
find no evidence of high energy neutrino point sources. This
search places the most sensitive limits to date on astrogaiys
point source fluxes. IceCube [30], a next-generation neaitri
telescope at the South Pole, is scheduled for completion in
2011 with 80 strings anelkkm?® detector volume. Data taken
by the first 22 strings of IceCube during 2007-2008 are ex-
pected to improve this sensitivity by a factor of 2. Currentl
40 strings are operating, and continued construction shoul
achieve an angular resolution of better thar? @id an order
of magnitude improvement over the current sensitivity mith
a few years.
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