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Abstract. The IceCube collaboration is building a cubic mation of the physical processes at the source. For a recent
kilometer scale neutrino telescope at a depth of 2 km at theeview see e.gAnchordoqui and Montaru(i2010.

geographic South Pole, utilizing the clear Antarctic ice as a To detect the small expected flux of astrophysical neutri-
Cherenkov medium to detect cosmic neutrinos. The IceCub@éos large detector volumes are necessary. Currently, the most
observatory is complemented by IceTop, a square kilometetompetitive limits on the neutrino flux in the TeV and PeV
air shower array on top of the in-ice detector. The construc-energy range are placed by Cherenkov telescopes using natu-
tion of the detector is nearly finished with 79 of a planned 86ral transparent media like water or ice as a detection medium.
strings and 73 of 80 IceTop stations deployed. Its comple-These include fresh water, e.g. the Baikal neutrino telescope
tion is expected in the winter 2010/11. Using data from the (Aynutdinov et al, 2009 in Lake Baikal, sea water, e.g. the
partially built detector, we present initial results of searchesANTARES neutrino telescopeCpyle, 2009 in the Mediter-

for neutrinos from astrophysical sources such as supernoveanean Sea, or glacial ice as used for the IceCube neutrino
remnants, active galactic nuclei, and gamma ray bursts, fobbservatory presented here.

anisotropies in cosmic rays, and constraints on the dark mat-

ter scattering cross section. Further, we discuss future plans

and R&D (research and development) activities towards newp  The IceCube observatory

neutrino detection techniques.

The IceCube observatory is currently under construction at
the geographic South Pole. It comprises a fkim-ice
detector measuring Cherenkov light from charged particles
traversing the ice and the IceTop air shower array on the sur-
The origin and acceleration of cosmic rays to energies beface. The in-ice detector consists of 5160 digital optical mod-
yond 16V is one of the big open questions in astropar- Ules (DOMs) installed on 86 vertical strings instrumented at
ticle physics today. Astrophysical objects that are promis-d€pths between 1450m and 2450m and deployed into the
ing source candidates include supernova remnants or micrdce using a hot water drill. Each DOM consists of a pho-
quasars in our own galaxy, or, for cosmic rays at the highesfomultiplier tube (PMT) Abbasi et al. 20109 housed in a
energies, extragalactic objects like active galactic nuclei 0/9!ass pressure sphere and electronics to digitize, imestamp,
gamma-ray bursts. Carrying electric charge, the cosmic rayé‘”d trapsmn signals to the c_entral data acquisition system
are deflected in magnetic fields during their propagation and/Abbasi et al. 20099 located in the IceCube laboratory on
possibly do not point back to their source; an effect which isthe surface. IceTop is made up of 160 clear-ice tanks, each
stronger at lower energies. However, hadronic cosmic ray§dvipped with a low-gain and a high-gain DOM. Pairs of Ice-
interacting in matter or photon fields at the source shouldTOP tanks, called stations, are installed below the snow sur-
produce high energy neutrinos that would arrive at Earth unface, on top of the in-ice strings. Recent results from IceTop

deflected and their energy spectrum will carry valuable infor-have been presented at this confereraslt, 2011).
The IceCube observatory with all its components is

schematically shown in Fidl. Eighty strings of the in-ice
Correspondence tal. Karg array are installed on a regular triangular grid with a spacing
BY (karg@uni-wuppertal.de) of 125m. In their center, in the deep, exceptionally clear ice,
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lceGube Lab ume are detected as “point like” sources of light due to the
B . . W large spacing of the DOMS compared to the. dmensmns of
om— 3 cotiont Soncors per tam Tk the cascade. Here, the signature of a neutrino is a cascade
320 optical sensors . . . . .
" observed in the detector without an incoming particle track.
2010: 79 strings in operation
2011: Project completion, 86 strings
/!!%es(t.;ril;tg}giﬁcﬁ[l%%gGDeeanre strings 3 Recent I’eSU|tS
60 optical sensors on each string

5160 optical sensors
1450m|

IceCube has delivered a variety of interesting and compet-

| DeepCore _ itive scientific results already during its construction phase,
6 strings-spacing optimized for lower energies . . )
e taking data with the partially completed detector. In the fol-
/ﬂ azam lowing, selected recent results from the IceCube neutrino ob-

servatory will be presented.
3.1 Neutrino point sources

|
|
2450 m “ m‘\“ B
The IceCube collaboration has performed several different
Fig. 1. Schematic of the IceCube neutrino observatory. searches for point-like neutrino sources, including all sky
searches for steady sources, sources variable in time, and ob-
serving pre-selected sources of special interest.
the DeepCore array is installed. It consists of six additional Time integrated search. For the first time, an all sky
strings with high quantum efficiency DOMs and with closer search has been performed with the data from the IceCube 40
spacing, both horizontally and between the DOMs. Usingstring configuration measured during 33 8lays of live time
the outer strings as a veto against atmospheric muons, Deejr 2008 and 2009Abbasi et al. 20100. The analyzed data
Core is designed to lower the energy threshold of IceCubeconsist of approximately 40000 track like events. 40% of
to < 100GeV Wiebusch 2009. Currently, in the austral the events originate from the northern hemisphere (upward-
winter 2010, 79 of the 86 IceCube strings, including the sixgoing events) and are dominated by atmospheric neutrinos
DeepCore strings, and 73 out of 80 IceTop stations have beem the ten to a few hundred TeV energy range. The re-
deployed and are successfully taking data. The constructiomaining events, coming from the southern hemisphere, pre-
will be completed in the austral summer 2010/2011. dominantly consist of high energy atmospheric muons prop-
The trigger rate of the currently operating 79 string detec-agating into the in-ice detector. They are selected to have
tor is approximately ZkHz, mostly caused by muons from typical energies in the PeV range where the flux of cosmic
extensive air showers penetrating the ice into the deep inneutrinos is expected to emerge from the softer atmospheric
ice detector. Atmospheric neutrinos only contribute aboutmuon spectrum.
30mHz to the overall trigger rate. Although atmospheric The data are analysed using an unbinned likelihood ratio
muons are a valuable tool for calibration, discriminating neu-method Braun et al, 2008. Based on the reconstructed di-
trinos from the atmospheric background is the big challengerection of the track and an energy estimator we search for an
in the experiment. It is achieved by using the Earth as aexcess of events exceeding the background hypothesis. The
filter against atmospheric muons and searching for eventslata are modeled as a two component mixture of signal and
with an upward-going track as a signature, originating frombackground, leaving the source strength and spectral slope
muons produced in neutrino interactions in the ice or bedroclkas free parameters in the likelihood maximization. The sky
around the detector. Due to the neutrino-nucleon cross seanap of all events used in the search is shown in Bitp-
tion increasing with increasing neutrino energy, the Earth be-gether with thep-values calculated for each direction. The
comes opaque to neutrinos at PeV energies. At these erhighest significance (pre-triakvalue: 52-10~%) is observed
ergies, the characteristic neutrino signature are downwardin the direction 113¥5° right ascension, 155° declination.
going tracks, and neutrinos are discriminated from atmo-In trials using scrambled data sets, 18% of all scrambled data
spheric muons by the harder energy spectrum expected frorsets have an equal or higher significance somewhere in the
cosmic sources. An astrophysical neutrino flux would even-sky.
tually emerge as a hard component from the measured energy The non-observation of a neutrino point source allows us
spectrum. to place upper limits on the neutrino flux from point-like
Apart from muon neutrinos, identified by the “track like” sources. In Fig3 the sensitivity and discovery potential for
signature of the muon produced in a charged current intersources with ark —2 energy spectrum are shown as a func-
action, IceCube is also sensitive to all other neutrino flavorstion of declination. Upper limits on the muon (anti-)neutrino
Electromagnetic and/or hadronic cascades developing in influx for 35 a priori selected point-source candidatébl{asi
teractions of neutrinos of all flavors inside the detector vol- et al, 2010h are indicated.
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Fig. 3. Sensitivity for a point-like source with abi—2 flux of muon
neutrinos and anti-neutrinos as a function of declination. UpperFig. 4. IceCube 40 string upper limit (red curve) on the prompt
limits (90% C.L.) on the flux from 35 a priori selected sources are neutrino flux from gamma-ray bursts (90% C.L.) compared to pre-
given (blue squares). For comparison, sensitivities from a previoug/ious limits obtained with the AMANDA-II detectorAchterberg
analysis Abbasi et al. 20093 and the predicted sensitivity for the et al, 2008 and the IceCube 22 string configuratigkbpasi et al.
full IceCube detector and the ANTARES experimeBoyle, 2009 20103. The dashed red curve is the expected flux summed over all
are indicated. In addition the discovery potential for the IceCube 40117 individually modelled GRBs (see text for details).
string configuration is shown.
Further point source searches. Several other searches

Neutrinos from gamma-ray bursts. Gamma-ray bursts  for neutrinos from point like sources have been performed
(GRBs), like all transient astrophysical sources that are exyjth |ceCube data. Results from a stacking analysis us-
pected to produce neutrinos, allow for very sensitive anal-ing starburst galaxieDgeyer 2010 and from a search for
yses since the expected background can be largely reducegatial coincidence with the highest energy cosmic rays ob-
by requiring coincidence in both direction and time with the ggpyed by the Pierre Auger and HIRES experimehaiér,
observed event. We have performed a search for prompt Newp11) have been reported at this conference.
trino emission from 117 satellite detected gamma-ray bursts g rther analyses on a-priori defined lists of point-source
in the northern hemisphere in IceCube 40 string configuracangidates, including both, galactic and extra-galactic, and
tion data. The expected neutrino flux from each GRB was in-steady and time-variable sources, have resulted in the most
dividually modeled using the model described@@netta et al. stringent upper limits on the neutrino fluxes existing today
(2004. We use an unbinned maximum likelihood analysis, for various source classes.
assigning each IceCube event a signal probabiblity based on
its angular and temporal distance from the GRB and taking3.2 Diffuse neutrino fluxes
into account an energy estimator. No coincident events have
been observed and an upper limit on the prompt neutrino fluxThe diffuse neutrino flux is constituted by atmospheric neu-
from GRBs has been calculated. Figshows the model de- trinos, cosmogenic neutrinos produced in the interaction of
pendent upper limits at 90% confidence level. ultra high energy cosmic rays with the cosmic microwave
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background radiation, and a superposition of fluxes from un-3.4 Cosmic ray anisotropy
resolved point-like sources.

We have performed a search for an excess of muon (anti-With over 1& cosmic ray induced atmospheric muons mea-
neutrinos in the atmospheric neutrino spectrum using the dataured every year in the in-ice detector, IceCube is well suited
from the IceCube 40 string configuration. The data wereto study anisotropies in the cosmic ray flux. We have anal-
modeled as a composition of atmospheric neutrinos, prompysed the arrival directions of& 10° atmospheric muons de-
atmospheric neutrinos (a hard component originating mainlytected with the lceCube 22 string configuration. The median
from the decay of charm particles) and an astrophysical conenergy of the cosmic ray particles inducing the air showers
tribution with an E—2 energy spectrum. The flux normali- is 20TeV and the muons are reconstructed with a median an-
sation and corrections to the spectral shape were left as fregular resolution of 3. We observe a large scale anisotropy
parameters in the likelihood function used. The resulting at-in the right ascension of the arrival directions with a first har-
mospheric neutrino energy spectrum is in very good agreemonic amplitude of - 10~# (Abbasi et al,20109. Our re-
ment with model predictions. No excess above the expectegult represents the first measurement in the multi-TeV energy
flux of atmospheric neutrinos has been observed. We placeange covering the entire southern hemisphere. The phase of
the currently most stringent upper limits on a diffuse flux of the observed anisotropy matches the one of previously mea-
astrophysical neutrinos. At 90% confidence level the uppersured cosmic ray anisotropies in the northern hemisphere by
limit on a muon neutrino flux following arE~2 spectrum  the Tibet @Amenomori et al.2006 and Milagro @bdo et al,
is E2® < 8.9-102GeVent2s 1sr 1 in the energy range 2009 experiments, indicating that we observe a continuation
4.54 < log,o(E,/GeV) < 6.84. Figure5 shows the mea- of the effect measured by these experiments.
sured muon neutrino energy spectrum and the upper limit
on an E~2 neutrino flux. We exclude several of the more
optimistic astrophysical neutrino production models at the4 R&D activities
50 level: the AGN jet-disk correlation moddBécker et al.

2009, the AGN jet model fannheim 1995, and the blazar To enhance the capabilities of the IceCube observatory the
model Stecker 2005. We exclude a diffuse neutrino flux collaboration conducts a vigorous R&D program. The de-
at the level of the WB upper bouniaxman and Bahcall tection of the small neutrino flux predicted at the highest

1999 at the ¥ level. energies £, > 10°GeV) requires detector target masses of
_ the order of 100 gigatons, corresponding to 108lafice.
3.3 Indirect dark matter searches The optical Cherenkov neutrino detection technique is not

o easily scalable from 1kPrscale telescopes to such large vol-
IceCube also performs indirect searches for dark matter pargmes. Promising techniques with longer signal attenuation

ticles gravitationally trapped in the center of the Sun and thgengths, allowing for the sparse instrumentation of large vol-
Earth. Their signature is a flux of neutrinos from a well ymes of Antarctic ice, are the radio and acoustic detection
defined direction produced in the annihilation of dark mat- ethods. The radio approach utilizes the Askaryan effect
ter particles into standard matter, where the energy of thgpe coherent emission of radio waves from the charge asym-
produced neutrinos depends on the mass of the dark mattepetry developing in an electromagnetic cascade in a dense
particles and the dominant annihilation channel. The non-nedium @skaryan 1962. Acoustic detection is based on
observation of an excess of neutrinos from the direction ofihe thermo-acoustic sound emission from a particle cascade
the center of the Sl_m,_ the Earth, or the galactic center aHOW%iepositing its energy in a very localized volume causing sud-
us to place upper limits on the dark matter-nucleon interac-yen expansion that propagates as a shock wave perpendicular
tion cross section as a function of the mass of the dark mattef the cascadeNskaryan et a).1979.

particle for different dark matter models. The IceCube collaboration has developed and installed

One promising dark matter candidate is the lightest superyeyerg| test setups to study the feasibility of these techniques
symmetric particle, the neutralino. We have searched fory ihe south Pole. This includes the development of sen-

an excess of neutrinos from the direction of the Sun in theg,q and data acquisition systems suitable for Antarctic con-

data of the IceCube 22 string detector. No events above thgiions and the measurement of the properties of the ice rel-
expected background have been observed. For neutraling§ant for the propagation and detection of radio or acous-
with spin-independent interactions with ordinary matter, ICe-c signals. The quantities of interest include the signal at-
Cube is only competitive with direct detection experiments if .o 1ation length, the noise level, the depth dependent index
the neutralino mass is sufficiently large. On the other hand ¢ rofraction (or sound speed accordingly), and the charac-
for neutralinos with mostly spin-dependent interactions, IC€-grization of possible transient backgrounds. IceCube’s ra-
Cube places the most stringent limits for neutralino massegjig extension consists of several radio frequency detectors
above 250GeVAbbasi et al.20099. for the frequency range from 100MHz up to 1GHz and cal-
ibration equipment deployed as part of the IceCube array
at depths between 5m and 1400bafidsman et gl2010.
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Fig. 5. Atmospheric muon neutrino spectrum measured with the IceCube 40 string configuration and upper limit (90% C.LEy@n an
astrophysical diffuse neutrino flux (blue curves; see &@suollon (2010). The blue triangles are the result from an independent unfolding
analysis of IceCube 40 string datslpasi et al.2011). For comparison several experimental limiddbbasi et al.2009d 2010¢ Achterberg

et al, 2007 Anton, 2010 and theoretical flux predictions for atmosphea(r et al, 2004 Enberg et al.2008 Fiorentini et al, 2001
Honda et al. 2007 and astrophysicalBecker et al. 2005 Mannheim 1995 Miicke et al. 2003 Razzaque et gl2003 Steckey 2005
Waxman and Bahcall 997, 1998 neutrinos are given.

The South Pole Acoustic Test Setup (SPATS) comprises foutrinos have already been observed with the partially built de-
strings instrumented with acoustic transmitters and receiversector. The measured neutrino flux is still in good agreement
co-deployed in IceCube boreholes at depths down to 500nwith atmospheric expectations, but we are beginning to ex-
(Karg, 2011). plore astrophysically interesting flux regions.

We also investigate the possibility of extending the IceTop
air shower detector with an array of radio antennas, mea-
suring the coherent geosynchrotron radiation emitted by air,

. . , . 2~ AcknowledgementsiVe acknowledge the support from the
shower electrons and positrons in the Earth's magnetic fleldfoIIowing agencies: U.S. National Science Foundation-Office

The radio signal in the frequency band from a few MHZz 10 4t pgjar programs, U.S. National Science Foundation-Physics
150MHz constitutes a third, complementary measuremenbivision, University of Wisconsin Alumni Research Foundation,
of the air shower properties in addition to the charged par-uU.S. Department of Energy, and National Energy Research
ticles on ground level measured with IceTop and the hardScientific Computing Center, the Louisiana Optical Network
muon component measured in the in-ice detector. We expedhitiative (LONI) grid computing resources; National Science
impro\/ed Sensitivity in the foiiowing three different phySiCS and Engineering Research Council of Canada; Swedish Research
analyses. Cosmic ray composition studies will be enhance&ouncil, Swedish Polar Research Secretariat, Swedish National In-

through an independent measurement of the depth of thgastructure for Computing (SNIC), and Knut and Alice Wallenberg
. : : Foundation, Sweden; German Ministry for Education and Research
shower maximum. Ultra high energy cosmic ray photons can BMBF), Deutsche Forschungsgemeinschaft (DFG). Research

be detecteq over an increased rangia of zenith gngles as epartment of Plasmas with Complex Interactions (Bochum),
showers Wlthqutamuon component in the deepflce. '!'he ©XGermany: Fund for Scientific Research (FNRS-FWO), FWO
tended detection area can be used as a veto against air Showsgiysseus programme, Flanders Institute to encourage scientific
muon bundles in the in-ice detector in searches for extremelyng technological research in industry (IWT), Belgian Federal
high energy neutrinos. As a first step towards a radio surScience Policy Office (Belspo); Marsden Fund, New Zealand;
face detector, a Radio Air Shower Test Array (RASTA) is Japan Society for Promotion of Science (JSPS); the Swiss National
described iBoser(2010. Science Foundation (SNSF), Switzerland; A. Grol3 acknowledges

support by the EU Marie Curie OIF Program; J. P. Rodrigues

acknowledges support by the Capes Foundation, Ministry of
5 Conclusions Education of Brazil.

The IceCube observatory is very close to its completion andedited by: K. Scherer
is detecting neutrinos on a regular basis. About 20000 neuReviewed by: two anonymous referees

www.astrophys-space-sci-trans.net/7/157/2011/ Astrophys. Space Sci. Trans., 1622041



162 T. Karg et al.: The IceCube neutrino observatory

References Barr, G. D., Gaisser, T. K., Lipari, P., Robbins, S., and Stanev, T.:
Three-dimensional calculation of atmospheric neutrinos, Phys.

Abbasi, R. and the IceCube Collaboration: Extending the search Rev. Lett. D, 70, 023 006, 2004.
for neutrino point sources with IceCube above the horizon, PhysBecker, J. K., Biermann, P. L., and Rhode, W.: The diffuse neutrino
Rev. Lett., 103, 221 102, 2009a. flux from FR-II radio galaxies and blazars: A source property

Abbasi, R. and the IceCube Collaboration: The IceCube data ac- based estimate, Astropart. Phys., 23, 355-368, 2005.
quisition system: Signal capture, digitization, and timestamping,Boser, S.: A Radio Air-Shower Test Array (RASTA) for IceCube,
Nucl. Inst. Meth. A, 601, 294-316, 2009b. presented at ARENA 2010, Nantes, France, 2010.

Abbasi, R. and the IceCube Collaboration: Limits on a muon flux Braun, J., Dumm, J., De Palma, F., Finley, C., Karle, A., and Mon-
from neutralino annihilations in the sun with the IceCube 22-  taruli, T.: Methods for point source analysis in high energy neu-
string detector, Phys. Rev. Lett., 102, 201 302, 2009c. trino telescopes, Astropart. Phys., 29, 299-305, 2008.

Abbasi, R. and the IceCube Collaboration: Determination of theCoyle, P.: The ANTARES deep-sea neutrino telescope: Status and
atmospheric neutrino flux and searches for new physics with first results, in: Proc. 31st Intern. Cosmic Ray Conf., 2009.
AMANDA-II, Phys. Rev. Lett., D, 79, 102 005, 2009d. Dreyer, J.: Neutrinos form starburst-galaxies, these proceedings,

Abbasi, R. and the IceCube Collaboration: Search for muon neutri- 2010.
nos from gamma-ray bursts with the IceCube neutrino telescopeEnberg, R., Reno, M. H., and Sarcevic, I.: Prompt neutrino fluxes
Astrophys. J., 710, 346-359, 2010a. from atmospheric charm, Phys. Rev. Lett.,D, 78, 043 005, 2008.

Abbasi, R. and the IceCube Collaboration: Time-integrated Fiorentini, G., Naumov, V. A., and Villante, F. L.: Atmospheric
searches for point-like sources of neutrinos with the 40-string  neutrino flux supported by recent muon experiments, Phys. Lett.
IceCube detector, accepted by Astrophys. J., 2010. B, 510, 173-188, 2001.

Abbasi, R. and the IceCube Collaboration: The energy spectrunGrullon, S.: Searching for high energy diffuse astrophysical muon
of atmospheric neutrinos between 2 and 200 TeV with the neutrinos with IceCube, in: Proc. 2010 Lake Louise Winter In-
AMANDA-II detector, Astropart. Phys., 34, 48-58, 2010c. stitute, 2010.

Abbasi, R. and the IceCube Collaboration: Measurement of theGuetta, D., Hooper, D., Alvarez-Niiz, J., Halzen, F., and Reuveni,
anisotropy of cosmic ray arrival directions with IceCube, Astro-  E.: Neutrinos from individual gamma-ray bursts in the BATSE
phys. J., 718, L194-1.198, 2010d. catalog, Astropart. Phys., 20, 429-455, 2004.

Abbasi, R. and the IceCube Collaboration: Calibration and characHonda, M. et al.: Calculation of atmospheric neutrino flux using the
terization of the IceCube photomultiplier tube, Nucl. Inst. Meth.  interaction model calibrated with atmospheric muon data, Phys.
A, 618, 139-152, 2010e. Rev. Lett.,D, 75, 043 006, 2007.

Abbasi, R. and the IceCube Collaboration: Measurement of the atkarg, T.. Status and recent results of the South Pole
mospheric neutrino energy spectrum from 100 GeV to 400 TeV  Acoustic Test Setup, Nucl. Instrum. Meth. A, in press,
with IceCube, Phys. Rev. Lett., D, 83, 012001, 2011. doi:10.1016/j.nima.2010.10.122011.

Abdo, A. A. and the Milagro collaboration: The large-scale cosmic- Kislat, F.: Measurement of the all-particle cosmic ray energy spec-
ray anisotropy as observed with Milagro, Astrophys. J., 698, trum with IceTop, this issue, 2011.

2121-2130, 2009. Landsman, H., Cheng, E., Kulcyk, E. et al.: IceCube’s Radio Ex-

Achterberg, A. and the IceCube Collaboration: Multiyear search for tension: Status and Results, presented at ARENA 2010, Nantes,
a diffuse flux of muon neutrinos with AMANDA-II, Phys. Rev. France, 2010.

Lett., D, 76, 042 008, 2007. Lauer, R.: Directional correlations between UHECRs and neutrinos

Achterberg, A. and the IceCube Collaboration: The search for observed with IceCube, this issue, 2011.
muon neutrinos from northern hemsiphere gamma-ray burstsvlannheim, K.: High-energy neutrinos from extragalctic jets, As-
with AMANDA, Astrophys. J., 674, 357-370, 2008. tropart. Phys., 3, 295-302, 1995.

Amenomori, M. and the Tibet AS Collaboration: Anisotropy and  Miicke, A., Protheroe, R. J., Engel, R., Rachen, J. P., and Stanev,
corotation of galactic cosmic rays, Science, 314, 439-443, 2006. T.: BL Lac objects in the synchrotron blazar model, Astropart.

Anchordoqui, L. A. and Montaruli, T.: In search of extraterrestrial ~ Phys., 18, 593-613, 2003.
high-energy neutrinos, Annu. Rev. Nucl. Part. Sci., 60, 129-162,Razzaque, S., BsAros, P., and Waxman, E.: Neutrino tomography
2010. of gamma ray bursts and massive stellar collapses, Phys. Rev.

Anton, G.: High energy neutrino astronomy with the ANTARES Lett., D, 68, 083001, 2003.
deep-sea telescope, presented at Neutrino 2010, Athens, Greec8tecker, F. W.: Note on high-energy neutrinos from active galactic
2010. nuclei cores, Phys. Reuv. Lett., D, 72, 107 301, 2005.

Askaryan, G. A.. Excess negative charge of an electron-photonvaxman, E. and Bahcall, J.: High energy neutrinos from cosmolog-
shower and its coherent radio emission, Sov. Phys. JETP, 14, ical gamma-ray burst fireballs, Phys. Rev. Lett., 78, 2292-2295,
441-443, 1962. 1997.

Askaryan, G. A., Dolgoshein, B. A., Kalinovsky, A. N., and Waxman, E. and Bahcall, J.: High energy neutrinos from astrophys-
Mokhov, N. V.: Acoustic detection of high energy particle show- ical sources: An upper bound, Phys. Rev. Lett. D, 59, 023002,
ers in water, Nucl. Inst. Meth., 164, 267-278, 1979. 1998.

Aynutdinov, V. and the Baikal Collaboration: Baikal neutrino Wiebusch, C.: Physics capabilities of the IceCube DeepCore detec-
telescope—An underwater laboratory for astroparticle physics tor, in: Proc. 31st Intern. Cosmic Ray Conf., 2009.
and environmental studies, Nucl. Inst. Meth. A, 598, 282-288,

20009.

Astrophys. Space Sci. Trans., 7, 18682 2011 www.astrophys-space-sci-trans.net/7/157/2011/


http://dx.doi.org/10.1016/j.nima.2010.10.122.

