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ABSTRACT

We report on searches for neutrino sources at energies @88/&eV in the Northern sky of the galactic
plane, using the data collected by the South Pole neutriasdepe IceCube and AMANDA. The galactic region
considered in this work includes the Local Arm towards th@#ilys region and our closest approach to the Perseus
Arm. The searches are based on the data collected betwegrmB8®009. During this time AMANDA was an
integrated part of IceCube, which was still under constomcind operated with 22-strings (2007-8) and 40-strings
(2008-9) of optical modules deployed in the ice. By combgrtime advantages of the larger IceCube detector with
the lower energy threshold of the more compact AMANDA deigate obtain an improved sensitivity at energies
below~10 TeV with respect to previous searches. The analysesyieesieere are: a scan for point sources within
the galactic plane; a search optimized for multiple andrekde sources in the Cygnus region, which might be
below the sensitivity of the point source scan; and studiesgween pre-selected neutrino source candidates. For
one of them, Cygnus X-3, a time-dependent search for neugrmssion in coincidence with observed radio and
X-ray flares has been performed. No evidence of a signal isdpand upper limits are reported for each of
the searches. We investigate neutrino spectra propottiorzr? and E2 in order to cover the entire range of
possible neutrino spectra. The steeply falling Beutrino spectrum can also be used to approximate neutrino
energy spectra with energy cutoffs below 50 TeV since theselrin a similar energy distribution of events in the
detector. For the region of the galactic plane visible inNtoethern sky, the 90% confidence level muon neutrino
flux upper limits are in the range’8N/dE~ 5.4-19.5 x 107! TeV?cm?s™* for point-like neutrino sources in the
energy region [180.0 GeV - 20.5 TeV]. These represent thd stoagent upper limits for soft-spectra neutrino
sources within the Galaxy reported to date.

Subject headings: acceleration of particles, cosmic-rays, neutrinos

1. INTRODUCTION

The IceCube neutrino telescope at the South Pole has stidgelssen completed in December 2010. IceCube is the mositsee
telescope to date to search for high-energy neutrino ssund®se existence is intimately related to the accelaratitnadrons and
their interaction in the environment of their acceleratbine interaction of high-energy protons and nuclei with aanbimatter or
radiation leads to the generation of both gamma-rays antines of similar energy (Kelner et al. 2006; Kelner & Aharam2008).
However, it is difficult to infer the contribution of a poskthadronic component from the observed gamma-rays, saterg-ray
emission can also be produced by relativistic electronsnxiarse Compton scattering. Moreover, the most energatitnga-rays
have a high probability to be absorbed on their way to Earttl,the observed spectra may, after successive absorptiognaission
processes (Maskalenko et al. 2006), not be the same as thargrspectra. The detection of a flux of high-energy neusrinom
astrophysical sources, even if challenging, can thus geounique insights into the acceleration mechanisms andrigen of
cosmic-rays.

The IceCube neutrino telescope has a full-sky field of vieargttime and has thus the potential to observe neutrino pointces
at any position in the sky albeit with different discoverytgmtial depending on the source location and the neutriecogrspectrum
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of the source. For a source following an’Epectrum in the energy range from 1 TeV up to a few PeV IceCalpediscover
high-energy neutrino sources at the flux level 0f*t6 10722 erg cmi? s (Abbasi et al. 2011a) if the source location is known from
other observations. Assuming isotropic emission, thissates to source luminosities ofE > 1 TeV) ~ 10* erg s? for a source

at a distance of 2 kpc. A search for neutrino point sourcesyatacation in the sky with the IceCube 40-strings deteces been
presented in_(Abbasi et al. 2011a) using Bnd flatter spectra for the optimization of the analysissWrk focusses on the more
specific case of Galactic neutrino sources and the energyramessociated to them.

Among the most promising candidate sources of cosmic-naythe Galaxy are the remnants of supernovae (both shell-type
and pulsar wind nebulae), the jets of microquasars, and alective winds of massive stars (Hillas 2005; Tavani e2&i09;
Corbel & Fermi LAT Collaboration 2010; Aharonian et al. 2@0®Dhm et al. 2010; Marcowith et al. 2008). Due to the largeamo
of energy released in a supernova explosiori(°* erg), supernova remnants are prime candidates to be saffGedactic cosmic-
rays. In microquasars, the kinetic energy carried by thagebunts for at least $9erg s?, inferred from the observed non-thermal
luminosities|(Gallo et al. 2005; Margon 1984). The totalrggénjected into the interstellar medium by the winds of QRla\Volf-
Rayet stars can be as high-asl0®® erg s?, like in the case of the Cygnus OB2 association (Lozinskagh €002); and levels of
~ 10°® erg s* can be achieved by a single young pulsar. What remains undeted is the fraction of total energy per source that
goes into cosmic-ray acceleration, as well as the prothalili the interaction of cosmic-rays close to their souffiee observation
of the products of cosmic-ray interactions, i.e. gammas-gayd neutrinos, can shed light on these still unsolved probl

The highest energies (E > 100 TeV) are only accessible by snfaxtensive air-shower (EAS) arrays, in the case of gamays-
and kn¥-volume neutrino detectors like lceCube. Results from Wfita(Abdo et al. 2007) and ARGO-YB[_(Bartoli et al. 2012),
demonstrate that the gamma-ray emission is faint at verly aiergiesl(Borione et al. 1998). However, these gammatiagre
vations do not impose constraints on neutrino productiam, @ internal and external absorption of gamma-rays at tleegées
considered.

Most of our knowledge of gamma-ray sources comes from Chexetelescopes like H.E.S.S., MAGIC, and VERITAS, working
in the energy range 100 GeV - 100 TeV. In the past few yeargge family of Galactic accelerators have been observedue ha
the bulk of their gamma-ray emission at energies below 50 (Fharonian et al. 2006b; Aharonian et al. 2009; Albert eP807d;
Albert et al. 2007c) and/or to be softer than the/dEoc E™ spectrum that is generally expected from first-order Fetmoick
acceleration (Fermi 1949; Fermi 1954). Many of these saureside relatively nearby, and external gamma-ray ahisorpt the
interstellar radiation field is not likely. If the detectegilgma-rays are related to hadronic acceleration and are@eddn transparent
sources, the expected distribution of neutrino energissiia same spectral index and a lower energy cutoff than tmengaray
spectrum|(Kelner et al. 2006). The modeling of cosmic-rayrses with diffusive shock acceleration also allows for pnesence
of spectra steeper or flatter than the generi€ liehavior, depending on the configuration of the shock (BEl&1[Bell 1978;
Schlickeiser 1989; Schlickeiser 1989b; Meli et al. Z008heTinfluence of diffusion in the sources themselves may matiié
spectra to produce primary spectra ofEor steeper (Biermann et al. 2009; Biermann et al. 2010). dieoto target soft-spectra
sources, we have optimized the search here reported foremigspectrum proportional to &

In this work, we use the 22- and 40-strings configurationseClube (1C22, IC40) as well as the Antarctic Muon And Neuwtrin
Detector Array (AMANDA) (IC22+A, IC40+A) to enhance the sitivity for soft-spectra sources, or sources with energt ¢
offs. We have used AMANDA as an integrated low-energy extansef IC22 and IC40 and developed an analysis strategy shat i
optimized for a high retention of signal events below 10 T¥.have used the resulting low-energy optimized data sampkearch
for Galactic neutrino emission abowe200 GeV. At these energies, IceCube’s field of view covergainge of Galactic longitude
40° < £ < 210, as illustrated in Figure]1. The performed searches includean of the accessible part of the Galactic Plane, a
dedicated analysis of the Cygnus region, the search forinewgmission from a pre-defined list of interesting astysital objects
and an analysis that searches for time-dependent neutrirgsien from Cygnus X-3 in correlation with radio flares. Teper is
organized as follows: Section 2 describes the relevanhieahaspects of IceCube, of AMANDA and of its integratiotoilceCube.
Section 3 reports about the analysis methods that have Ippdiechand the respective astrophysical targets. Sectexplains the
details and characteristics of the obtained data sampidsSaction 5 provides the results.

2. THE COMBINED DETECTOR: ICECUBE AND AMANDA
2.1. IceCube

During the construction phase from 2004 to 2010, the opmraticonfiguration of IceCube increased year by year (see€@R) to
finally cover a volume of approximately one cubic kilometeeCube, including its DeepCore extension, is compose® ati®ngs
each holding 60 digital optical modules (DOMs). Each DOMteams a 10-inch photomultiplier tube (PMT) and an on-bodgdal
read-out and digitization system, all housed in a glassspresvessel (Abbasi et al. 2009a). 78 of the 86 strings in ttitagy dorm
a hexagonal grid with a typical distance of 125 m betweenhimgng strings. The vertical distance between DOMs on Hmees
string is 17 m. The remaining 8 strings are part of the lowrgynextension DeepCore (Abbasi et al. 2011b) and are degloyne
deepest, clearest ice at the center of the detector with Besmertical and horizontal spacing between the DOMs of 7rma 60 m,
respectively. The DOMs detect Cherenkov radiation emittedecondary charged particles produced in interactiohsggbfenergy
neutrinos with nuclei in the ice or the bedrock below the iTe.enhance the detection of light from upward-going pagtickthe
PMTs point downwards. In order to avoid a deterioration eféhalog PMT signal, the signal is digitized directly in th@las with
a set of Analog Transient Waveform Digitizers (ATWDs) andastFAnalog to Digital Converter (fADC) (Abbasi et al. 2010he
events that are used in this analysis are selected by a trit$iprigger which requires at least 8 hit DOMs within a gmvindow
of 5 usec. The DOMs send their recorded signals to the surfaceraademt is constructed if the trigger conditions are methin t
detector configurations used in this work, only DOMs for whibere is also a signal from one of the nearest two DOMs above o
the nearest two DOMSs below withingsec (so-called Hard Local Coincidence) are considereddnrifpger and the event building
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FiG. 1.— Artistic rendering of the Milky Way made from opticaR bnd radio data from (Churchwell et al. 2009). The part ofghlaxy within the field of view
of the IceCube analyses in this paper is from galactic logit40 < ¢ < 210° (i.e. lower left region).

IceCube Lab

IceTop
/81 Stations, each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

50m[—

December, 2010: Project completed, 86 strings

1450 m

Amanda Il Array
(precurser to IceCube)

DeepCore

8 strings-spacing optimized for lower energies
360 optical sensors

Eiffel Tower
324 m

2450 m
2820 m

QORI URRERRIREED .ccseoesonesssssssssmsssessoos

F1G. 2.— View of the IceCube array. AMANDA is completely surraed by IceCube strings and presents a more compact structure

to suppress noise contributions. An event contains all D@atiouts associated with the trigger as well as all furthetaats within
+10 psec around the trigger time.

2.2. AMANDA

After a construction phase from 1993 until 2000, the congul&MANDA-II detector took data as a standalone neutrinesebpe
from February 2000 until December 2006. This configurationsisted of 677 optical modules (OMs) on 19 strings. Mostef t
optical modules were deployed at depths between 1500 ar@irA@@hereas IceCube extends down to 2450 m. For data analysis,
total of 526 OMs have been used. The AMANDA strings follow agbly cylindrical geometry, as is shown in Figlie 2.

The typical distance between adjacent strings is around 4hdnthe average vertical spacing between the modules ig abou
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15m. From February 2007 until April 2009, AMANDA was oper@s an integrated part of IceCube. In many aspects, IceCube
is technologically more advanced than AMANDA, reflectingngeal progress as well as experience collected during theatipn

of AMANDA (Ackermann et al. 2006). In particular, the sigrishnsfer from the optical modules to the surface is differeks
mentioned above, IceCube DOMs digitize the PMT signal diyéc the ice. They also generate the HV for the PMTs in the DXOM
In contrast, AMANDA OMs produced analog signals that wen se the AMANDA data acquisition system which was located in
the Martin A. Pomerantz Observatory (MAPQO). The originaladacquisition system (DAQ) could register the leading aailing
edge time of up to 8 pulses per OM per event and only the totabeh The same cables were used to transfer the analog ddia an
provide the HV to the PMTs. For AMANDA strings 11 to 19, an aaial connection via optical fibers was installed to traitshe
PMT signals with a better time resolution. Moreover, AMANDR#&ing 18 (Ackermann et al. 2006) was equipped with protesyp
for the IceCube DOMSs, including the capability of on-boaraveform digitization. This option however was used onlydsting
mode and was not included in the data acquisition schemesfaisphysics analysis.

The AMANDA DAQ was upgraded starting from 2002. Flash ADC nales called Transient Waveform Recorders (TWRS) were
installed in the new DAQ in order to digitize the analog wawefs from the AMANDA OMs at the surface. The upgraded data
acquisition operated in parallel to the analog one until&0Brom 2007 on, only the TWR-DAQ was operational. This stefa
waveform digitization stored more information such as tiduiced charge and the arrival times of individual pulsesth&sTWR-
DAQ was also faster than the previous DAQ, the trigger tholeshould be reduced. Trigger thresholds from 8 to 13 hit OMsen
used during different years. This upgrade significantlyrowpd the performance of AMANDA and ultimately allowed tceeusto
enhance IceCube’s performance at low energies (Abbasi 20aP).

2.3. AMANDA as an integrated part of |ceCube

Since AMANDA is about eight times more densely instrumertkeah IceCube and fully surrounded by IceCube strings, é@reff
the potential to increase the low-energy performance dflite and to be used as the first low-energy core inside a |langfeimo
telescope. This lead to its integration in the data takinge€ube.

The operational integration of AMANDA into IceCube requirthe establishment of connections between the two deteftior
the exchange of trigger information to be able to merge evastwell as for an accurate synchronization in time. MAPChaua
300 m away from the IceCube Control Lab (ICL) that houses ¢te€ube surface data acquisition. Optical fibers have beshins
order to connect the two buildings. Moreover, a TCP/IP catioa was established for the communication between thdibgs. A
GPS module was installed to synchronize the TWRs respatgibthe digitization of the AMANDA waveforms and to synchine
the detector with IceCube. The IceCube clock was used azrefe. An optical fiber connection was used to transmit theAADA
trigger signal to IceCube. In the integrated mode, AMANDAldceCube were still triggered separately. Since AMANDA laad
lower energy threshold than IceCube, a readout of IceCulseiniiated every time AMANDA triggered, even if there weretn
sufficient hits in IceCube to produce a trigger by itself. AMBA was not read-out in correspondence with IceCube trigigévents
from AMANDA and IceCube were merged on the basis of a time @dience. As the duration of AMANDA records was fixed
to 10.24us, while the duration of IceCube records was extended if miggdrs occurred within the readout window there was a
possibility that more than one record in AMANDA was assaaiivith one record in IceCube. In this case, they were alliohet
in the same combined event.

3. METHODS AND TARGETS

The IceCube neutrino telescope monitors the entire skyowitthe need of explicit pointing. The energy- and zenithetelent
sensitivity of the IceCube 40-strings configuration arecdbgd in (Abbasi et al. 2011a). In previous works, a genenitbroken
dN/dE « E? signal spectrum up to the PeV region has been assumed foptineization of the data analysis and the evaluation of
the detector performance (Abbasi et al. 2011a). This agbraehieves the best signal to noise in the energy range alfeveTeV,
since the assumed signal spectrum is significantly haraer tihe characteristic spectrum of (background) atmospimetitrinos
dN/dEx E37. However, a lower energy threshold is of primary importafuethe search for neutrino sources characterized by
an energy cutoff or by soft spectra. In the optimization & #émalysis, we have used a generic, soft power-law spectlionfng
dN/dE x E™® and we have also considered the Crab nebula spectrum medsukeE.S.S.[(Aharonian et al. 2006a) which would
correspond to a neutrino spectrum GNE o< E"2# with an exponential cutoff at 7 TeV (provided that all the si@@d gamma-rays are
of hadronic nature). This last spectrum is representafia€low-energy” source and its study is very instructivelia tinderstanding
of the impact of an energy cutoff on the performance of IcesCWige will refer to this spectrum throughout the paper as abictike”
spectrum. We report in the following on the different seacthat have been performed.

3.1. Galactic Plane Scan and Source List

The location of the Solar System in the local spiral arm guea particular view of the Galaxy. Given the vertical scdlinhe thin
disk and the distribution of cold gas in the Galaxy, we seetrabthe galactic accelerators projected in a narrow bansecto the
Galactic Plane. In the energy range of interest for the dieteof galactic neutrino sources, IceCube can explore theérn sky,
which includes part of the first quadrant of the Galaxy, thellsecond quadrant, and a small portion of the third Galactadrant.
The search for neutrino sources in the Galactic Plane iopaegd by superimposing a fine grid over the region of the skiiwi
the Galactic coordinates 36 ¢ < 21, -5° < b < 5°. The step size of the grid is chosen to be smaller than thelangasolution
achieved in the analysis reported in Section 4.4.2.

In the analysis of IC22+A, a grid of.B° x 0.5° has been used, while a2B° x 0.25° grid has been chosen for the IC40+A, given
the improved angular resolution (see Fidurk 11). At eachtmdithe grid, an unbinned maximum likelihood ratio testésfprmed on
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all selected events. The likelihood of a composite signdltzackground hypothesis is compared to the backgroundhyplgthesis,
similar to the method described in (Braun et al. 2008), witithe inclusion of an energy term in the likelihood.

Seven particularly interesting sources have been stud@gdually in this analysis as representatives of diffetgpes of Galactic
accelerators. The interest in these sources is motivatékdebgbservation of a GeV-TeV gamma-ray counterpart at the 6f the
analysis. For Cygnus X-3, due to the high variability in tlaelio and X-ray bands, we have tested the hypothesis of Variab
neutrino emission and performed a time-dependent anallisesother sources are listed below and are treated as sieadysource
candidates.

Crab nebula, distance:~2.0 kpc (Trimble 1968): The Crab nebula is powered by a pulsar wittpia-down luminosity of
~5x 10® erg s*. This energy is injected into relativistic particles andgmetic fields/(Kennel & Coroniti 1984), although the exact
composition of the pulsar wind, as well as the mechanism highwtine total power of the pulsar is transported and dissipa not
known. It is an efficient particle accelerator, wher&0% of the total power of the pulsar is injected into relatiid electrons which
emit synchrotron radiation from radio to X-rays (Hester 20®\lthough it appears as the strongest gamma-ray soutbe sky, the
ratio between the gamma-ray luminosity at-El TeV and the spin-down luminosity is of the order of 1(Aharonian et al. 2004;
Aharonian et al. 2006a). The simplest interpretation of thithat electrons rapidly lose their energy through syoicbn radiation
at lower frequencies, and that the majority of cosmic-réfypresent in a significant proportion, escape from the sewvithout
interaction. The constraint on the steady neutrino pradodh the Crab obtained by IceCube (Abbasi et al. 2011d) thatevel
of L, < 2x10% erg s?, a factor of~ 3.4 larger than the luminosity in gamma-rays assuming the HE.gamma-ray spectrum
(Aharonian et al. 2006a) (and its corresponding neutrimzspm expected in case of an hadronic origin) extrapolkat¢ite energy
range between 400 GeV and 40 TeV.

Cas A, distance:~3.4 kpc (Reed et al. 1995): This source is a classical shell-typeeSigva Remnant (SNR). Its high-energy
gamma-ray flux was detected by HEGRA in the energy regiondsetwl TeV to 10 TeV without any evidence of an energy cutoff
(Aharonian et al. 2000), and detected by MAGIC down to 250 @Gelwing a power-law spectrunx E723 and with an integrated
photon flux above 1 TeV of 7.3 x 10 cm™? s (Albert et al. 2007a).

IC 443, distance:~1.5 kpc (Fesen 1984): IC 443 is an asymmetric shell-type SNR, whareqf the shell is impacting on
a molecular cloud, accelerating particles to very high giesrin the process. TeV gamma-rays are observed arrivorg the
molecular line emission region, giving support to a hadramigin of the TeV gamma-rays. The spectrum measured inrtbegy
range from 100 GeV to 1.6 TeV is well fitted by a very steep pelaarc E3! (Albert et al. 2007b). The integrated photon flux
above 1 TeV obtained by extrapolatiorris3.2 x 1013 cm™? s,

W51, distance:~6.0 kpc (Kundu & Velusamy 1967): This source has been detected in GaYima-rays by the Fermi-LAT
telescopel(Abdo et al. 2009c¢), at TeV energies by H.E.S.i8s$Bn et al. 2009) and by MAGIC (Alekset al. 2012). The high-
energy emission is thought to arise from the interactiovbeh a composite SNR (W51C) with a molecular cloud presettten
region. The high luminosities observed in GeV gamma-raysatgr than 1% erg s*, and the hints of a hadronic origin for the
gamma-ray spectrum makes this an interesting target f@ube despite its large distance. The MAGIC Collaboratiarendly
extended the spectrum from the highest Fermi/LAT energiésTieV and finds that the spectral index of the source follogiangle
power law with an index of 38+ 0.07¢4 + 0.224¢ (Aleksic et al. 2012).

LS 1+61 303, distance:~2.0 kpc (Frail & Hjellming 1991): This source is a high-mass X-rayaiy with a compact object in
an eccentric orbit around a Be star. The nature of the conmgigett is not known, and both a pulsar wind model and a micro-
guasar model have been suggested for this source. MAGICtddteery high energy emission modulated with the orbitaiqoe
(Jogler et al. 2008). The highest significant detection isioled around apastron, at orbital phases 0.6-0.7, witheatspn fol-
lowing dN/dE~ 2.6 x 10*?E~26 Tev-t cm™ s7%, at E> 300 GeV. No TeV emission is observed at periastron, altheigytificant
gamma-ray absorption in the strong radiation field of the 8¢ is expected in this case (Sierpowska-Bartosik et al9p0This
scenario is supported by the detection of MeV-GeV gamma-bgthe Fermi satellite (Abdo et al. 2009b), which may refoln
the cascade processiny — €*e”. The hypothesis of particle injection along the whole oibthen a plausible option. This, together
with the considerable amount of both matter and radiatiomfthe companion star available for cosmic ray interactiomskes
this source an interesting candidate for steady neutririsstom. For the search of periodic neutrino emission fronahy systems
performed by IceCube, we refer to (Abbasi et al. 2011c).

SS 433, distance: ~5.0 kpc (Romney et al. 1987): SS 433 is a confirmed microquasar anaick hble candidate in orbit around
a massive star. The source exhibits two oppositely direméativistic jets which are thought to eject material at terarger
than 10% M., year® (Begelman et al. 1980). It is the only X-ray binary system inish hadrons have been found in the jet
(Migliari et al. 2002). The entire source is embedded withinebulous structure (W50) which is thought to be the expandi
supernova shells of the progenitor star of the black holeSm33. The source has been searched for by the HEGRA, MAGIC,
and CANGAROO-II Cherenkov telescopes (Aharonian et al.526{ayashi et al. 2009), resulting in upper limits for the gaaaray
emission from both the inner system and the different ictéma regions with the W50 nebula. Strong gamma-ray abgors
expected from this system, due to the periodic eclipsestirdhe companion star as well as attenuation due to the gsieceof
the accretion disk envelope (Reynoso et al. 2008). As in #se of LS 1+61 303, the presence of a significant amount oétarg
material for cosmic ray interactions as well as the posgibilf a higher energy emission than what is inferred from geayray
observations due to absorption, makes this an interestindidate for a neutrino source. SS 433 has also been testpdSsible
periodic neutrino emission in_(Abbasi et al. 2011c).

3.2. The Cygnus Region

The Cygnus region is roughly located within Galactic londis 70 < ¢ < 90° and latitudes-4° < b < 8°, where our line of
sight is directed nearly along the local spiral arm of thea@wl(Reipurth & Schneider 2008). At a distance of approxetyab kpc
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TABLE 1
CRITERIA FOLLOWED FOR THE SELECTION OFCYG X-3 FLARING PERIODS
Wavelength Telescope START STOP
Radio AMI radio telescope (Zwart et al. 2008)S;sGH, > 1JY SiseH < 1JY
RXTE/ASM (Levine et al. 1996) & _ _
X-ray SWift/BAT (Barthelmy et al. 2005) Sie> 19y Sie < 19Y

& SiseHz = Measured radio flux density at 15 GHz.

b S = k exp—(t —to)? /202, average of Gaussians fitted to 28 radio flares4.81Jy,0 = 1.16d.
One average radio flare is centered on each X-ray state witinéss> 0.001 following a state
with hardness< 0.001 within 10 days since those are candidate radio flarg®ve

our line of sight has left the local arm and crosses the Peragu, and even the outer arm further awayLQ kpc). Here many
different sources are located at various distances supesed in a relatively small area in the sky, resulting in a glemregion
which harbors some of the closest and most massive regi@tardbrmation in the Galaxy.

The vast majority of the molecular gas detected in the Cygegi®n is concentrated on the local aim (Schneider et alER @
distances between 1-3 kpc. One of the most massive giantolatecloud complexes in the Galaxy resides within thisgagat a
distance ok=1.7 kpc. It is thought to be the birth place of the massive C{3® @ssociation, and probably also Cyg OB9 and Cyg
OB1, as well as of a number of less massive star clusters withg stars or ongoing star formation (Le Duigou & KnodIsez{#?).
The strong stellar winds and radiation pressure of the massars in the Cygnus region have strongly influenced theaduhs-
tribution of the molecular gas in the region, displacing andhpressing the gas forming filamentary structures andedelnsnps
which surround the less dense environment of the clustavhich the gas has been evacuated. If high-energy partickegen-
erated within the stellar associations, they can interditt the ultraviolet radiation fields producing TeV gammagsgéhrough the
Inverse Compton anchpprocesses. However, protons and nuclei can travel long&rdies than electrons, and they may also leave
the photon dominated regions around the massive star dumtel interact with the nearby molecular clouds. The rieguhieu-
trino flux map would then reflect the complicated distribataf the gas in the region. It is also worth noting that thedtign of
cosmic-rays may take place at multiple locations due togmes of several particle accelerators inside the Cygnusireghe exis-
tence of these accelerators is confirmed by the observatisinomg TeV gamma-ray emission throughout an area of ajpmately
10° x 10° (Abdo et al. 2007, Aliu et al. 2011). The potential for Ice@ub observe neutrinos from this region has been discussed
in (Anchordoqui et al. 2006; Beacom & Kistler 2007; Kappeale009), based on the measured TeV gamma-ray flux.

Due to the complexity of the possible spatial distributidreeents within the Cygnus region, we have applied an aralyki
the spatial correlations between neutrino events to sdar@n astrophysical neutrino signal in an extended rediahe intensity
fluctuations of a possible neutrino signal throughout tiggorefollow a certain correlation structure, this may shqgwas a significant
deviation from the random distribution of atmospheric ni@atevents.

In the IceCube analysis, we use the two-point correlatioction formalism introduced by Peebles (Peebles 1980) arvdarkers
(Peebles & Groth 1975; Fry & Peebles 1978) to study the lamgde matter distribution in the Universe (Madox et al. )99
particle astrophysics, the correlation function has bestduo search for anisotropies in the spatial distributiboasmic-rays
(HIRES coll. 2004; Finley & Westerhoff 2004) and neutrinddbasi et al. 2009c).

Here we use the approach to search for neutrinos inside ambid® x 7° centered on the most active part of the Cygnus complex
in TeV gamma-rays. We define our test statistic in terms ofisteting function®(0), which is the excess or deficit in the number of
event pairs within a certain distance with respect to thé&gaozind-only hypothesis (similar to a cumulative corrielafunction, see
e.g. (Peebles 1980) and references therein, (Kerschep@0fll Landy & Szalay 1998) for estimators of the two-pointrelation
function based on pair counting):

_ ¥ DD(©)de

Q)=
2©) [ RR(©)dO

1)

where® is the distance between two events, &1(O) = Z DDjj, RR(®) = Z RR;j, where the sum is over all non-repeated pairs

i i

in, respectively, the real data sample and in a sample raizédrn azimuth (representative of a pure background caseur case,
DD;j(RR;;) = 1 only if either the evenitor the evenf, or both, are within the region under study, and it is equalei® otherwise.
It is worth noting that with this definition we measure botle thtensity of the process that generated the observedimeetrent
pattern as well as its correlation structure.

3.3. Cygnus X-3 Flares

The high-energy sky presents strong variability in timendfitrino emission from a particular object is expected ty wath time
and if it is in coincidence with electromagnetic emissidrisiadvantageous to include the time information in the daialysis.
One such case is the microquasar Cygnus X-3 (Cyg X-3) at ardistof~ 9kpc. Coinciding with the period of data taking
considered in this analysis, first observations of productif high-energy photons within the system of Cyg X-3 werblished
by the Fermil(Abdo et al. 2009a) and AGILE (Tavani et al. 208#tellite missions independently. The reported gammdlusags
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F1G. 3.— The radio light curve and hardness of Cyg X-3 with the fime windows of the analysis (gray shading).
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are in the energy band between 100 MeV and 100 GeV (Fermipwfmig a power-law of spectral index2.70+ 0.25, and between
100 MeV and 10 GeV (AGILE) with spectral inde®.84+0.2. However, gamma-rays from Cyg X-3 are only observed duréntpin
periods of time, probably correlated with strong radio owuss and certain X-ray emission states of the system (Abdb 20094a;
Koljonen et al. 2010). No TeV gamma-rays from Cyg X-3 haverbaéetected by Cherenkov telescopes like MAGIC and VERITAS
so far, a possible explanation being strong absorption gifi-energy photons or limited observation time. Upper knuh the
integrated gamma-ray flux above 250 GeV are at the leveldt 20712 cm?s™ (Aleksic et al. 20100). Assuming a hadronic origin
of at least part of the gamma-rays, the high densities inybtem of Cyg X-3 could provide an environment for copioustrina
production at TeV energies, detectable by neutrino tefgsssuch as IceCube (Abdo et al. 2009a; Bednarek 2005). Aopev
search for periodic neutrino emission was reported in (Abbgal. 2011c).

Here we perform a search for neutrino emission during, aecto, the observed flaring activity in Cyg X-3. The phenonhegy
of emission states of Cyg X-3 has been studied carefullygusidio and X-ray observations (Szostek et al. 2008; Tudbak 2007;
Koljonen et al. 2010). With radio and X-ray data, there are tays to identify active periods of Cyg X-3 associated wéh |
ejection: the observation of a radio flux above 1 Jy, follayi8zostek et al. 2008), and the observation of hyper-satiy<states
and subsequent hardening of the X-ray spectrum, followk@iénen et al. 2010). The identification of potential flayiperiods of
Cyg X-3 is thus split into a radio and an X-ray part, as in Tdbld=or reconstruction of radio flares from X-ray data, an ager
radio flare was obtained from Gaussians fitted to 28 flares &eeise above 1 Jy in radio data. One average radio flare was
put at each time of potential radio flaring, as seen in X-rapdiee. spectral hardness > 0.001 within 10 days after & stah
hardness < 0.001) to obtain a pseudo radio flux dergity The resulting search windows from all selections can belapping
and are combined with a logical OR operation, resulting i fihal time windows. The utilized radio data were taken with t
Arcminute Microkelvin Imager (AMI) radio telescope (Zwattal. 2008; Pooley & Fender 1997) at a frequency of 15 GHz éetw
May 2008 and May 2009 in irregular intervals. X-ray data weléained from the Rossi X-ray Timing Explorer/All Sky Moaiit
(RXTE/ASM) (Levine et al. 1996), using the B band between 8 &rkeV, and from the Burst Alert Telescope on board the Swift
satellite (Swift/BAT) (Barthelmy et al. 2005) sensitiveteen 15 - 50 ke\l The ratio of BAT (hard X-ray) to ASM B (soft X-ray)
counts provides the spectral hardness parameter. Ganydateafrom Fermi or AGILE are not explicitly taken into cotisration in
this analysis. Applying the selection criteria described@able1 to the radio and X-ray data from the time when IceGibstrings
was operating (between MJD 54560 and MJD 54989) resultsarfdtr time windows indicated in Tablé 2 and Figlife 3. Even
though there are no AMI data from the first 2.5 months of thisqak an ATel (Trushkin et al. 2008) was issued for a strordjca
flare around MJD 54574 that is consistent with the time wingleelected from X-ray data.

The data have been analyzed with a maximum likelihood tasgus time-dependent version of the unbinned likelihoodbrat
method |(Braun et al. 2010). The search time windows are parated into the signal probability density function (p)dof the
likelihood function as normalized Gaussians with meantledat the window center and FWHM equal to the window duration
During the maximization, the windows were allowed to betshifip to 20 days to earlier or later times. This allows us wifi@utrino
emission that comes before or after a radio flare. The val@®afays is motivated by the hypothesis of emission duringalde

IAMI data from Pooley,G., [Attp://wwv. nT ao. cam ac. uk/ ~guy/ cx3/ dat a/| (2010-01-14). RXTE/ASM data from Bradt,
H., Chakrabarty, D., Cui, W. et al,http://xte.mt.edu/ASMIc.htm| (2010-03-11). Swift/BAT data from Krimm, H.,
http://swtft.gsfc.nasa. gov/docs/sw ft/results/transi ents/ CygX- 3//(2010-06-04).
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http://xte.mit.edu/ASM_lc.html
http://swift.gsfc.nasa.gov/docs/swift/results/transients/CygX-3/
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TABLE 2
SEARCH WINDOWS EXTRACTED FROM RADIO ANDX-RAY DATA FOR THE NEUTRINO SEARCH FROMCYG X-3 DIRECTION.

. Start Stop Duration
Window 1550 (MaD)  (days)
1 54571.4 54582.5 111
2 54584.5 54607.4 22.9
3 54637.6 54649.5 11.9
4 54811.5 54824.6 13.1
run 00110594 run 00109325
: 10 F
N 0.014F ~ 00141
I C I C
(D 0.012F (D 0.012F 16°
D i 10° Fo) :
w001 ] T ool
X i 1 X C
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FiG. 4.— Distributions of the parameters used to identify naniiple induced events in AMANDA. Shown are the median pesik per waveform versus the
number of waveform fragments (see text) on strings 5-10.rige plot represents a run with stronger pickup of electagnetic noise (109325) while the left plot
is obtained from a normal run (110594). Events which haveertitan 20 waveform fragments on strings 5-10 and a medianrp&akbove 0.005 GHz are rejected
as non-particle induced events.

quenched state, which can happen up 20 days before the onset of a major radio flare (Koljonen e2@10; Trushkin et al. 2007).
As in the other analyses presented in this work, no energyatidr is used in the likelihood. In the search for neutrifrosn the
microquasar Cygnus X-3, five searches are performed in tm@ with each of the four windows as a hypothesis of a neusignal
light curve, shifting each window individually, and one sgausing all four windows, shifting the windows simultansty. Doing
this analysis, only about 50% of the discovery flux of a timeegrated search (that uses no information about the gctif/iCyg
X-3) is needed for a& discovery, assuming the neutrino emission happens durgg/indows or withint20 days. The discovery
flux with 50% detection probability is dMIE ~ 1071° TeVlcm™s™ for an E3 spectrum and dRIE~ 1.2 x 107! Tevlcm?s?
for an E spectrum.

4. NEUTRINO SAMPLES

We discuss here the selection of the sample of neutrino datedi for each of the two considered detector configurathinsle
the event selection is optimized for each of these two cordipns separately, the two analyses are both based onlédatice of
events on the basis of track reconstructions. We therefstadiscuss the concepts that are common to the two evewtisels the
track reconstruction and its application in on- and ofelevent selection as well as a special filtering of the AMANDxd

4.1. Track Reconstruction and Event Filtering

At energies above:200 GeV, the identification of neutrino candidate eventhalteCube and AMANDA data is based on the
selection of well-reconstructed up-going events sincaltiminant background are muons from cosmic ray air-showdrish reach
the detector in the downward direction but are filtered outh@yEarth in the upward direction, leaving only neutrinos.

The IceCube and AMANDA data are divided into two streams Wiaite treated in a similar way. The first stream are events that
trigger AMANDA. As explained above, these events are thenglemented with the data collected in IceCube and for trasor
they are considered as combined events (C-events). Thadst@am are those events which trigger only IceCube (IGHs),
either because the number of hits in AMANDA is below the tagthreshold or because AMANDA was not active at the time the
event was recorded.



Searches for High-Energy Neutrino Emission in the Galaxy 11

Initial fast track reconstructions and event selectioesaaplied on-line at the South Pole since the available batk¥or satellite
transfer of data is limited. For ICO-events, a straightkrexfit to the data by minimizing the distance between thektiand the
hits (linefit) (Ahrens et al. 2004). For C-events, a pattexcognition algorithm (called JAMS) has been used (Ackem2006).
The on-line filters are based on these reconstructions andetavant events for the presented analysis are selecteeqbiring
that the first-guess reconstruction is not down-going. A level, the data are still dominated by atmospheric mubasare mis-
reconstructed as up-going. In particular, coincidenceéwdxen multiple muons from different cosmic-ray air showess mimic
up-going event topologies.

After transfer to the north, more sophisticated reconsivns are applied to improve the angular resolution and tige
quality parameters for the rejection of the down-going apieric muon background. These reconstructions are maximu
likelihood fits which are based on the probability densitpdtion for the arrival time of a photon given the track hypesis
(van Eijndhoven et al. 2007). Two likelihood reconstrusidhave been studied: one based only on the first photon inasich
cal module (SPE) and a more complete one which includes thsile presence of multiple photo electrons (MPE). For more
details about the SPE and MPE reconstructions, we referticefds et al. 2004). A list of variables that are indicativéhaf quality
of the reconstructed event is given in (Abbasi et al. 201rapddition to the track reconstruction itself, an estimaftéhe angular
uncertainty of the track reconstruction is obtained forhemalividual event by the evaluation of the likelihood fuioct near the
maximum. This method is described in (Neunhoffer 2006). @$temate of the angular uncertainty is used for the eveatteh as
well as in the maximum likelihood ratio test.

In the IC40+A analysis, we also make use of an energy reasetiin which is based on the characterization of the enargy |
along the particle track. At energies above a few hundred @&\energy loss of a muon in the ice is proportional to itsgynerhe
energy reconstruction used in this work is presented inf{@za & Chirkin 2008).

4.2. AMANDA data

In contrast to IceCube, the waveforms collected with thécapmodules of AMANDA are not digitized directly in the opéil
modules but are transferred to the surface as analog sigififis introduces two undesired effects in the data. The dingt is
crosstalk between different cables. Large pulses in onealphodule can cause a detectable signal within the eleict®f cables
connected to other optical modules.

The second issue concerns the pickup of electromagnesendhe PMT signals have to be transferred over a distanosbpt
1.5 km and 2.0 km to the surface. The cables needed for thisatasvulnerable to pick up electromagnetic noise as thepsict
electromagnetic antennae.

Methods dedicated to the identification of non-particlevioed signals based on the waveforms have been developedsaricim
an efficient separation from particle-induced signals. ifikegral over the entire collected waveform pulse is usetder to remove
crosstalk pulses. Since crosstalk pulses do not origimate & charge deposit in the PMT, they consist of (positive reghtive)
fluctuations around the baseline with the total integraselto zero. Waveforms from a particle-induced signal in thN& Bave
a characteristic width, which is wider at the surface dueispeatsion in the cables. For AMANDA strings 5-10, this isibglly
250-300 ns for single photoelectrons (SPE). Waveforms frartiple photoelectrons (MPE) result from the (linear) dag of many
SPE waveforms and typically are wider than those. In coptredse-induced waveforms are often very spiky, i.e. theyehmany
peaks within the width corresponding to a typical SPE pulShis feature of non-particle-induced waveforms has beeu tis
remove noisy events from the data: events which simultasigtnave a median peak rate in the waveforms recorded in AMAND
strings 5-10 which is incompatible with a PMT signal (abov®Bz) and a high number (more than 20) of waveforms in these
strings, are considered non-particle induced and are redifoem the data set. Figuré 4 illustrates this cut. Bothyses presented
in this paper first apply cross-talk cleaning and the aboebrtigjue for rejection of non-particle induced events to AGANDA
data, before further event selections are made.

4.3. IceCube 22-strings and AMANDA

Data have been collected from May 31, 2007 until April 4, 208&n IceCube was operating in a 22-string configuration. The
lifetime of the IC22+A run is 276 days, including 143 days dflIANDA operating in stable mode. The unusually long downtime
of AMANDA during this period was caused by various hardwai&ifes during May 2007 (trigger system) and during Aug@§t?2
(high voltage supply system). In this section, the evergctwn from the trigger level up to the final analysis levedéscribed and
the characteristics of the combined neutrino sample aldigtged.

4.3.1. Trigger and on-line Filter

As explained above, IceCube and AMANDA are triggered sephrin the combined detector mode. The trigger rate of IG22 i
550 Hz, while AMANDA triggers at 200 Hz. Seasonal variatiaffgct the trigger rate by about 10%. The overall triggee i&ftthe
combined IC22+A detector after correction for overlapsiasn the two triggers is 640 Hz. At trigger level, the datasirengly
dominated by down going atmospheric muons induced by cesmyiair showers outnumbering atmospheric neutrinos bymifa
of about 16. The on-line filter reduces the data volume for satellitesfar and has a passing rate for reconstructed up-going or
horizontal events of 22 Hz for ICO-events and 8 Hz for C-esgptoducing a total event rate of 30 Hz.

4.3.2. Neutrino Sample

After the rejection of down-going reconstructed eventsdamn first guess reconstructions, the data are still doetnay mis-
reconstructed atmospheric muons and further event sahsctire needed in order to arrive at a sample of events daeditgt
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atmospheric neutrinos. A typical quality parameter usethig analysis is the number of un-scattered photons, deecédirect
hits," which are characterized by a small time residual wébpect to the expectation of the geometry of the emittedeTikev
cone.

In order to optimize the retention of lower energy events weehemployed a multivariate approach. In this approachyreasi
likelihood is defined as the product of the signal likelihdoamin the considered variables and is compared to the liketihof the
background hypothesis. According to the Neyman-Pearsombe (Neyman et al. 1983), this criterion leads to the bessiples
discrimination power for the given set of variables if thare no correlations between them. For correlated variaa¢eis our case,
this criterion turns out to still be powerful. We use expezittal data dominated by atmospheric muons to describe th@izund,
and simulated neutrinos weighted to an atmospheric neuspectrum in order to model the signal. C-events and ICQxsvare
treated independently here. For ICO-events, further awtsiaed to reject coincident air shower muons. These cutsaamed on
the smoothness of the distribution of the hits along thektea on reconstructions performed on subsets of hits. Fevebis, the
rate of coincident muons is significantly lower due to the kengize of AMANDA. While a tighter time-window cleaning tped
to further reject the coincident muons in the combined evstream, no dedicated cuts/reconstructions have beertasechove
these.

The final cuts were optimized for the best discovery potgrdiad finally tracks are selected if the angular resolutistmeator
returned a value lower thar? 4A harder cut on this parameter did not lead to an improvechdisry potential.

The resulting neutrino sample contains about 1.8 times raeeats than the search presented.in (Abbasi et al. 2009dtdh
8727 events are selected, of which 3430 are C-events. Thesermuimbers correspond to a data rate.@f 404 Hz for IC22+A and
to 24-10* Hz in IC22 only mode. The effective area of the IC22+A analysishown in FigurEl5. Below energies of a few TeV,
there is a strong improvement when including AMANDA, witlspect to the performance of a low-energy optimized analysisy
IceCube only. The energy distribution of atmospheric rirag for this selection according to simulations is showRigure[6.

The estimated angular resolution is given by a median®f for atmospheric neutrinos andr2 for a Crab-like spectrum. About
10% of the final events are expected to be mis-reconstruated frackground.

The minimum detectable flux is more than an order of magniabi®e the neutrino emission expected from the Crab assuming
that the H.E.S.S. observations are consistent with a mddepanteractions. While with this expectation, a positive @&t is
unlikely but not excluded as the photon flux may be absortiedlanalysis is valuable as a starting point for future imprognts
with the full IceCube detector and the DeepCore sub-datetising an E° spectrum for the comparison, the discovery flux in
this analysis is between 15% and 33% lower than the onge_in d8il# al. 2009b), depending on the declination. This gfearl
demonstrates the improvement obtained by the combinedfuséow-energy core and the optimization of the event sedector
softer spectra. An additional improvement is obtained feyltiwer number of trials in the Galactic Plane scan versusctha of a
hemisphere or the whole sky but is not quantified here.

4.4. |ceCube 40-strings and AMANDA

Following the explorative analysis strategy developedtier IC22+A, a similar analysis has been conducted on thelatgta
sample collected with the combined IC40+A detector fromil¥pr2008 to May 20, 2009. Both parts of the combined IceCube-
AMANDA detector operated very stably during this time pelid-or IC40 about 375 days of data were collected and usedsn th
analysis and for AMANDA about 306 days. The main causes famdione were scheduled operations in the course of the iategr
of new strings into the detector. Moreover, the decommigagpof AMANDA began a few weeks before the completion of t6d0
run. The event selection is in many aspects similar to theappéied to the IC22+A data as the targeted energy range satine as
well as the physics driving the analysis. Again, differamtcriteria are developed for C- and ICO-events.

4.4.1. Trigger and on-line Filter
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data
e conv. atm.v (Bartol)
cniine S E2v (arb. flux scale)
10%E ST T E® v (arb. flux scale)
: S et
L 1,....-0- "o g
£ g2 mmsdegtiombens: sl sl
S F At et {
o I | e
= et ;
10 == S s
i,

R R | 1 I R B

[ |
8 6 -4 -2 0 2 4
cut variable (log likelihood ratio)

SRR

FiG. 7.— Distribution of the main cut variable for IceCube eweirt the IceCube 40-strings and AMANDA analysis. Data aremshalong with simulated
atmospheric neutrinos (Barr 2004) and two different sitaadaneutrino signals of arbitrary flux scale. No normalimatis applied. A cut at a value of 1.0 is applied
to the data to select a neutrino sample.

For what concerns this analysis, the trigger logic was ka¢ntical to the one in the previous season. The on-line fiéected
about 20 Hz of track-like ICO-events and 3 Hz of up-going Erés.

4.4.2. Neutrino Sample

Similar to the previous combined analysis, ICO-eventselexsed by a series of one-dimensional cuts on event queaiigmeters
and combined with a multivariate classification based ori\agman-Pearson lemma. (Neyman et al. 1933). The probabditgity
functions for five quality parameters are generated fromrdgeing atmospheric muon-dominated data as backgroundramdup
going atmospheric neutrino simulation as signal, and caetin the cut. (The fraction of atmospheric neutrino eventke data
is still only about 4% and the data can therefore be regardetbminated by background atmospheric muons.) The fivetguali
parameters used in this analysis are: the quality pararo&tae likelihood reconstruction, an estimate of the angutecertainty
of the likelihood reconstruction obtained by the evaluatd the likelihood space around the maximum, and three blsavhich
describe the amount and distribution of unscattered liglihé event. A PMT pulse from un-scattered light is charaserby a
small time residual with respect to the expectation fromgbemetry of the Cherenkov cone. The number of PMT pulsestimiti
residuals between -15 ns and 75 ns, the maximum distance®etiheir projections on the reconstructed track and th@tmess
of their distribution along the track of the particle aredigethe event selection. More information about these Wégis reported
in (Abbasi et al. 2011a). The distribution of the resulting eariable is shown in Figuifg 7 for data and for atmospheeigtrino
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F1G. 8.— Energy distribution of the final neutrino sample obtgirin the IceCube-40 strings and AMANDA data sample. Thisganison is based on simulated
neutrinos following the Bartol model (Barr 2004).

simulation as well as for two example signal neutrino sgectn optimization of the discovery potential for a sof€Bpectrum
results in an optimal cut value of 1.0.

C-events are first cleaned as described in seCfidn 4.2. Guistly, a series of one-dimensional cuts is applied. Tdnigs of cuts
has been challenged versus other more sophisticated atggrs and demonstrated to perform well enough in the aepaiof the
atmospheric muon background and the neutrino signal.

While the analysis is optimized for soft spectra such @sdg the Crab-spectrum, it is nevertheless desirable torretajood
efficiency for very high-energy neutrino events as well. WMt cut optimized on a very soft spectrum however, the reterdf
high-energy events is not necessarily optimal as thesesitapach more light in the detector and may thus have evemiogpes
that are not caught in the low-energy event selection. Tcedgnthis, additional criteria are included in the event @ if the
signature is likely to be induced by a very high-energy riratrThese additional events are selected in both streathsavgeries of
one-dimensional cuts based among others on their recotestranergy.

The IC40+A analysis also uses maximum likelihood track nstactions. For low energetic combined IceCube-AMANDA
events, a single photo electron (SPE) pdf is used and fotla@vents, a multiple photoelectron (MPE) pdf is used.

The total number of selected neutrino candidates is 19,i9f& entire lifetime of 375 days. The purity of the atmospher
neutrino sample is estimated to be 97-98%. Of the selectatine candidates, 81.3% are ICO-events selected with thitvariate
Neyman-Pearson likelihood ratio cut. 2.4% are additioB&)Mevents with high estimated energies. The remaininga@aents are
C-events. Despite the larger lifetime of AMANDA in 2008/ZD®ith respect to the previous year, the fraction of C-evantbis
analysis is smaller than in the previous one. This is p&ytihle to the larger size of the IceCube detector but alsoaditsher purity
of the IC40+A sample. The resulting energy distribution asveéd from atmospheric neutrino simulation is shown inuF&8. The
selected C-events peak at lower energies than the ICOsvado the effective area, reported in Figlré 10, shows ffeeteof
AMANDA at the lower energies. With the larger size of the dtte, the effective area is improved significantly with respto the
IC22 analysis.

Figure[® shows the distribution of the declinations of therds in the final neutrino sample. The angular resolutiominbd
with this selection of events is shown in Figliré 11, togethiéin the angular resolution of the IC22+A analysis. The #eity and
discovery potential for B neutrino spectra are reported in Figlre 12.

5. RESULTS

As a result of the integrated use of the AMANDA detector withéeCube, we have obtained a significant improvement in
the retention of neutrino induced events below a few TeV (Egere[10). This region is of importance for sources witht sof
or cutoff spectra. The tests described above resulted irviderce for significant deviation from the background-ompothe-
sis. In the absence of detection of an astrophysical neusignal, upper limits on the muon neutrino flux from the cdeséd
regions of the Galaxy have been determined. All the uppeitditmave been derived for soft neutrino spectra, with andh-wit
out energy cutoff. The 90% confidence level Iimi@ﬁf%) are calculated using the method of (Feldman & Cousins|1888)

d®,, /dE< ®70% (E/TeV)™ TeV'cm™?s™. Systematic uncertainties have been included in the lireteninination using the
method defined in (Conrad et al. 2003) with the modificatiofHitl 2003).

The upper limits are calculated for the total of the muon neatand antineutrino flux reaching the Earth, assuming tivat
other neutrino flavors contribute to the possible signalc &eource producing muon and electron neutrinos in the cdtabout
ve:v, vy =1:2:0 typical of pion production from pp or p-gamma intdi@c, neutrino oscillations with a large mixing angle
023 ~ 45° and long baseline result in approximate equipartition ofdita. This analysis is to some extent sensitive.tas well,
mainly due to the decay ofainto au with a branching ratio ok 17%. Taking into account these effects and the details abgne
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FiG. 9.— Comparison of experimental data with MonteCarlo satiah for the IceCube 40-strings and AMANDA analysis. All@rbands are purely statistical.

After considering the systematic uncertainties describete text, the declination distribution of the final nentrisample is in agreement with the expectations of
atmospheric neutrinos.

losses, the contribution of; is estimated to be an additional 10-16% of thecontribution for IceCube (Abbasi et al. 2011e) and
AMANDA analyses|(Abbasi et al. 2009c).

After completion of this analysis, a slight over-predictiof the muon neutrino flux has been observed by comparingethdts
with an improved MonteCarlo simulation not available befofThe intensity of the effect varies in declination and ggeand
it is estimated to be less than 30%. As a consequence, all lipgts reported in this work as well as in_(Abbasi et al. 2€}1
(Abbasi et al. 2011 ¢€) are slightly over-constraining.

5.1. Galactic Plane scan and steady sources

In Figured IB anfi"14, we present the results of the scan of atec®& Plane with IC22+A and with IC40+A. We note here that
the considered region of the Galactic Plane covers onlyratdu23 of the whole sky. This restriction in the tested aesalts in a
lower trial factor compared to admap. Under the conservative assumption of a uniform amge$alution, the effective number
of trials is expected to be a factor 23 lower than in an All-Skgn like the one realized in (Abbasi et al. 2011a). Assurtliagthe
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FiG. 10.— Comparison between the effective areas obtainedsimibrk for IceCube-40 strings with and without AMANDA. Deapding on the declination angle
the increase at 1 TeV due to AMANDA is between 10 and 20%. Maredhe effective area achieved with IC40+AMANDA at 1 Te\aifactor 1.4-2.0 larger than
that in the IceCube-40-only analysis (Abbasi et al. 201dag, both to the inclusion of AMANDA and to an event selectigirnized for lower energies.
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FiG. 11.— Angular resolution of the two configurations IceC@#and IceCube-40 combined with AMANDA. The angular resohluis determined for two
different possible signal spectra. The?Feutrino spectrum includes on average events with highetrine energies and better angular reconstruction. Wigh th
IC40+AMANDA configuration, 90% of the neutrino events with B2 neutrino spectrum are in the energy interval from 2.4 TeV30.0 TeV while the energy
region from 0.2 TeV to 20.5 TeV contains 90% of the neutrinengs if an E3 spectrum is considered.

relation between the post-trial p-valuggand the pre-trial p-valugy is prost= 1= (1 —pprd", the effective number of trials in the
IC40+A search is aboutdy ~ 2200. The reported post-trial p-values have been obtaip@eiorming the analysis on randomized,
and therefore signal-free, data samples.

In the analysis of IC22+A, the lowest background probapiit point source angular scales is found at Galactic coatdin
£ =759°b=27° with a pre-trial p-value of 0.37%. Considering the intiingials of the scan by analyzing randomized data
samples, an equal or higher significance in at least one cfalened locations is found in 95% of the cases. The mosfisigmi
point-like spot in the analysis of IC40+A, with a pre-trial/plue of 0.09%, is found at Galactic coordinates85.5°,b=-2.0°. An
equal or higher significance is found in 88% of the randomiata samples.

Upper limits on the neutrino emission have been calculatethie six pre-selected candidate neutrino sources whick been
studied for steady neutrino emission are summarized iref&libr an E2 spectrum without cutoff. These limits have been obtained
from the IC40+A analysis.

In IC22+A, the highest excess in the candidate list was ®leskat the position of the Crab Nebula, with a pre-trial paesdf 13%
(37% post-trial). In IC40+A, the most significant clusteyiof events was observed for LS| +61 303. The estimated nu(best-fit
value) of signal eventss from this location is 1.6 and the observation correspondsyire-trial p-value of 25%. Accounting for the
trials from testing six different positions, the post-tfiavalue of this search is 42%, i.e. 42% of randomized datapses show a
similar or stronger accumulation of events around one oftkebjects.
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FiG. 12.— Sensitivity and discovery potential of the IC40+AMBN analysis for E3 neutrino spectra. The sensitivity is calculated with thetre of Feldman
and Cousing (Feldman & Cousins 1998) with a systematic taingy of +17% on the neutrino flux included using the method defined onf&d et al. 2003) and
modified in (Hill 2003).
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FiG. 13.— Pre-trial significances (p-value) of the Galacticnelacan using IceCube 22-strings and AMANDA data.
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FiG. 14.— Result of the scan of the Galactic Plane with data ct&lté by IceCube 40-strings combined with AMANDA. Above: Aol 025° x 0.25° grid
point, the result of the maximum likelihood analysis is shaw terms of its estimated significanceldg, pre-trial p-value). The reconstructed event locations
are also indicated as black dots. The most significant exafemsents is located at galactic coordinates.$85-2,0°) and has a pre-trial p-value of@®% (-log(p-
value)=3.03). Accounting for the trials induced by the sgag of many points inside the Galactic Plane, the p-valuthisftest is 88%. Below: upper limits map
for a signal spectrum proportional t6&

5.2. The Cygnusregion

The clustering functio®(©) described in Se€. 3.2 has been computed for events witlstgat@ordinates within 72< ¢ < 83°
and-3° < b < 4° for both IC22+A and IC40+A data. Figurell5 shows the cluetgfunction of the events in each sample; that is,
the ratio of the number of event pairs separated by angutartieO or less, with respect to the average number of such pairs for
randomized events (i.e. the average case would therefdoedked atb(©) = 1). In the figure, we show thes23s (IC22+A sample)
and+1c (IC40+A) levels of the distribution ob(©) under the hypothesis of a random distribution of event® dihserved values
of ®(O) are represented together with measurement errors obdthinbootstrapping (Efron 1979). No significant concenbratf
events is seen at any of the angular scales tested. The obsaibed on the IC22+A data sample shows a positive fluctatt
the level of 2.3s. This result contains already the correction of the triddsamed via scrambling and associated to the observation
at different angular scales. The region considered showezkeess with respect to the background expectation, whactshates
in excess values 0b(0©) at all angular scales, but no significant structure is oleser The image of the Cygnus region obtained
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TABLE 3
E_3 MUON NEUTRINO FLUX UPPER LIMITS FROM SIX~y-RAY SOURCES BASED ON ICECUBE 40-STRINGS ANDAMANDA.

Object R.A. Dec ns pre-trial p-value ®°"
Crab Nebula 8®%3° 2202 O - 7.3
LSI+61303 4013 6123 1.6 0.25 8.3
W51 29082°> 1415 0.6 - 8.3
CasA 35085° 5882 O - 5.9
SS433 28P6° 498 0 - 9.8
1C443 9418 2253 O - 7.3

2The flux limits are given a7 in units of 10 Tev-*cm ?s™" and represent the

@33%(E/TeV)‘3. p-values above 0.5 are given as “-*“.
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FiG. 15.— Measured clustering function of the neutrino evettseoved in the Cygnus region with lceCube 22-strings and ADA (left) and IceCube
40-strings and AMANDA (right). Errors bars have been calted by bootstrapping (Efron 1979). In the left plot, thedhd 3 levels are drawn with dashed lines
and the p-value of the clustering function at each of the Emgacales tested is also shown. For IceCube 40-stringseoright, the & level is indicated by the

dashed line.
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FiG. 16.— A zoom in the Cygnus region obtained with the galadame scan with IceCube 22-strings and AMANDA (2007-2008jtfland IceCube 40-strings
and AMANDA (2008-2009) (right). The gray shading indicatee negative logarithm of the p-value before trial cor@tti

in IC22+A is shown in Figuré_16 on the left. However, the ICAQanalysis yields an under-fluctuation within the analyzesha
showing a rather dispersed distribution of events with eesfo the average background case and its image is in Higlioa the

right.

The conclusions from both the Galactic Plane scans and thelation analysis are therefore that the variations irethent density
in the 1 x 7° region analyzed are consistent with background fluctuation
The under-fluctuation observed in IC40+A provides restéaipper limits to point-like neutrino emission above 56\3rom the
Cygnus region. Upper limits have been computed from the ureds/alue of the clustering function@t= 2° using a representative
E~26 power-law model under the assumption of a point-like naotsignal located anywhere in the region. That is, assuntiag t
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TABLE 4

FELDMAN-COUSINS UPPER LIMIT$ ON NEUTRINO FLUX FROMCYG X-3, AVERAGED OVER WHOLE PERIOD OF DATATAKING , ASSUMING EMISSION
OCCURRED ONLY DURING THE SEARCH WINDOWSI.E. FLUENCE DIVIDED BY DATA-TAKING TIME ). COLUMN 3 AND 4 SHOW THE NUMBER OF EVENTS
AND EXPECTED NUMBER OF BACKGROUND EVENTS WITHING® DISTANCE FROM ASSUMEDCYG X-3 POSITION AND WITHIN THE SHIFTED WINDOW
BOUNDARIES. Ns IS THE BEST FIT NUMBER OF SIGNAL EVENTS FROM THE LIKELIHOOD MAXIMIZATION .

Search  Shift Exp. N pre-trial HI0%

Window  (days) Evts. bg. evts. p-value “E g2
1 +4.46 5 26+13 16 0.22 47 073

2 -15.05 5 46+19 08 042 40 060

3 -0.58 3 30+15 09 0.39 45 059

4 +20.00 0 30+15 09 0.24 61 077

All +2.05 12 1044+3.0 10 - 50 0.70

aThe flux limits are given aégz% in units of 101! TeV-tcm™s™ which is the 90% C.L. upper limit on the differential muon téw flux such thad®,,, /dE <
PP0%. (E/TeV)™, v = 3 or 2 respectively. p-values above 0.5 are given as “-*.

the spatial correlation of signal events in the region igignly by the PSF of the analysis. The upper limits from thgrCss region
are at the level of % 107! TeV-tcm™s™ for an E26 spectrum.

5.3. Cygnus X-3

In the flare search analysis of Cygnus X-3, no evidence fogasiis found in the neutrino sample for any of the slidingrela
windows. The smallest pre-trial p-value is 22% (resultirand the search with window 1). After correction for the tsialve arrive
at a probability ok 57% that this observation occurs in a background only saffipkd p-value). Upper limits on neutrino emission
from Cyg X-3 during 20 days before and after the time windoagehbeen determined using the method proposed by Feldman &
Cousins|(Feldman & Cousins 1998) and are given in Table 4rEf@T shows the neutrino events close to Cyg X-3 as a funefion
time.

6. CONCLUSIONS

In this paper, we have presented dedicated searches foehigigy neutrino emission in the Galaxy. These analyses begn
performed on data collected with two partial configuratiohthe IceCube neutrino telescope operating in conjunatiidim its pre-
decessor AMANDA. In the two data taking periods considere@hlceCube operated in a 22-string and in a 40-string corafiipn,
and AMANDA was an integrated part of lceCube in both seasdtesults from several searches have been presented. We have
performed a scan of the Galactic Plane with the aim to digcpeimt-like neutrino emission in the part of the Milky Way igh is
located in the northern hemisphere. Since no significarat ldcistering of events has been observed, upper limitsdiirspectra
neutrino emission from the Galaxy have been reported.

A search that is sensitive for many possible morphologi@gafrino emission, including for example the presenceadrsg weak
or extended sources, has been performed for the Cygnusirebilbe Galactic plane, yielding restrictive upper limiBoth a strong
TeV gamma-ray source (MGRO J2019+37) and a TeV diffuse cormpichave been measured in the Cygnus region with the Milagro
detector from the area defined by Galactic latitt8® < b < 3° and Galactic longitude 65< ¢ < 85° (Abdo et al. 2007). The diffuse
flux has been measured by Milagro over a regior0f02 sr and the total gamma-ray flux (diffuse and MGRO J20I®#Rasured
by Milagro accounts fors 107 TeV cni? st at 12 TeV assuming a differential source spectrum@PfEUnder the hypothesis that
the region is transparent to gamma-rays, the Milagro measemts can be used to estimate the maximal, associatedoefliix
(Kappes et al. 2007; Kelner et al. 2006). Assuming that &lhigh-energy gamma-rays reported by Milagro come from ykeoé
7% produced in proton-proton interactions, and using the dam@&spectrum adopted in (Abdo et al. 2007), the upper limitsveei
from the IC40+A analysis are only a factorop (Kappes et al. 2007; Kelner et al. 2006) above this estiofatee maximal neutrino
flux from inside the Cygnus region. This implies that IceChhls the potential to detect neutrinos or to constrain thereatf the
gamma-ray emission in one of the most active parts of thexgafethe next few years. Finally, a dedicated time-optirdizearch
from the direction of the binary system Cygnus X-3 has beefopaed based on multi-wavelength observations. Uppeitdifor
neutrino emission during specific episodes of enhanced eadl X-ray activity have been determined for this binaryeys

We have presented the first neutrino point source searchiel wée a more densely instrumented sub-array inside ar@geino
telescope. The capability to improve the performance iretiergy range below10 TeV in this way has been demonstrated. Using
this capability, we have for the first time optimized a sedorhneutrino point sources particularly for the more stgdalling energy
spectra expected for Galactic neutrino sources.

AMANDA, the sub-array used in this work, has been decommissil in 2009 and is now succeded by IceCube-DeepCore
(Abbasi et al. 2011b), an advanced low-energy extensiorc@Cuibe. The searches presented here have demonstratédighat
possible to improve the sensitivity to Galactic source$hweiarly energy cut-offs and steeper spectra thanuging a denser core
array even at the expense of a larger atmospheric neutricigbaund. As a detector specifically built to enhance thesisigity
of IceCube at low energies, DeepCore is positioned in the deater of the detector where the ice is clearest. This dleasato
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FiG. 17.— Arrival times of neutrino events reconstructed withl® from Cyg X-3 and the position of the shifted search windovesshewindow being shifted
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use the outer strings of IceCube as an atmosperic muon vdtthas to go beyond the approach taken in this work to improge t
sensitivity in the energy range belowl0 TeV.
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