1109.1017v1 [hep-ex] 5 Sep 2011

.
»

arXiv

DRAPFT VERSION SEPTEMBER 7, 2011
Preprint typeset using KMTEX style emulateapj v. 11/10/09

OBSERVATION OF ANISOTROPY IN THE GALACTIC COSMIC RAY ARRIVAL DIRECTIONS AT 400 TEV
WITH ICECUBE

IcECUBE COLLABOR.ATION R. ABBast', Y. Arnou?, T. ABU-ZAYYAD®, M. ACKERMANN®, J. ADAMS"’ J. A. AGUILAR'
M. AHLERS®, M. M. ALLEN", D. 11\‘1:rr.nr~mE K. ANDEEN'” I AUFFENBERG‘“ X Bar'!i2, M. BAKER S. W. BARW;CK“
R. BAY', J. L. Bazo ALea’, K. BEATTIE‘S P BEATTY’G” S. BECHET®, J. K. BECKER'® K-H Becker'”

M. L. BENABDERRAHMANEJ S BENZVI', BERDERMANN P. BERGHAUS“ D. BERLEY?, E BERNARDINI?,

D. BERTRAND™®, D. 7. BEsson?! , D. BINDIGm M., Bissok®, E. BLAUFUSS?, 1. BLUMENTHAL D. J. BOERSMA“,

C. Boum*, D. BOSE53 S. Boser®, 0. BoTner®, A. M. BROWN" S. BUITINK23 K. 8. CABALLERO—MORA M. Cmac:u\r2
D. CHIR.KIN B. CHR.ISTY20 F. CLEVERMANN% S. CoHENY, C. CoLnarD®, D. F. COWEN”" A. H CRUZ Sivat,
M. V. D’Acoscrmo” M. DANNINGER?, J. DAuGHHETEE"" 1. C. Davis'®, C. DE CLErCQ?, T. DEGNER 5 o DEMIRORS
F. DESCAMPS?, P DEsIATT, G DE VR.IES—U]TERWEERD ; i DEYOUNG J. C Dl.\Z-VELEZ M. DIER.CKX.SENS 1
J. DrevER™, J. P. DuMM!, M. DUNKMAN', J. Eiscu!, R. W, ELLSWORTH? , O. ENGDEGAR.D2 S. BuLer?,

P. A. EVENSONil O. FADIRAN 6A R. FAZELY:” A, FEDYNITCHw J. FEINTZEIG T. FEUSELS?, K FiLiMonov!?,

C. FINLEY?, T. FISCHER-WASELSl B. D. Fox’, A FRANGKOWIAK R. FRANKE?, T K. Gamsser!!, J. GALLAGHER 3
Tis GEHHARDT1514 L. GLADSTONE!', "T. GLUSENK’;MP A. GOLDSCHMIDTIS Tk GOODMANm D. GéRA D. GB.ANT ¢
T. GRIESEL A. GRrOgs™® , S. GRULLON M. GUH,TNER C. Ha”, A. HaJ IsmAIL?, A. HALLC—REN F HAaLzZEN',
K. Han', K. HANSON‘“ D. HEINEN K. HELBING R. I—IELL.AUER26 S. HICKFORD" ‘G.C. Hin', K. D. HOFFMANm
B. HOFFMANN“ A. HOMEIER“"’ K. HOSHINA , W. HUELSNITZm J.-P. HULss P. O. HULTH22 K. I—IUL:rQ\HS'r22
S. Hussain'? A IsHIHARA® E JACOBI J- JA("OBSEN G. 5. JAPAR.ID‘ZE H Joransson?? K -H. KaMpERT'®
A. KAPPES38 T KarG'®, A. KARLE', P. KENNY21 3 KIRYLUK“’“ F. KISLA'I‘ S. R. KLEIN“5 4 J.-H. KOHNE
G. KOHNEN™ H KOLANOSKIaE Ty K01=KE34 S. KoppER!, D. J. KOSKINEN', M KOWALSKI T Kowmux
M. KrasBerG', G. KroL™, N. KUraHASHI', T. KuwapAaRA'!, M. LaBaRE®, K. Latnem®, H. LANDSMAN',

M. J. LARSON R. LAUER J. LiUNEMANN®, J. MADSEN?, A I\IAROTTAS MARUYAMA K. MASE““ H. S. MATIS'
K. MEAGHER™, M. MEerck!, P. Mész.ams 7T, MEURES™ .g, MIARECKT'> 4, B, MlDDELL N. MILKE” J. MILLER’
T. MONTARULIM o R MORSE S. M. Mcwrr39 R. NAHNI—L’&UERA J- W NAM’3 U. NAUMANN , D. R. 'NYGREN'

S. ODrOWSKI®, A, OLIVAS” M. Omvo“’ A. O I‘IURCHADHA S PANKNIN®! L PauL®, C. Pﬁ‘.REZ DE LOS HEnosl“
J. PETROVIG‘S A PIEGSA D PIELOTH R. POR.RATA , J. PosseLt', C. C. PRICE P. B. Pricg'

G. T. PRZYBYLSKI , K. RawLivg!! _P. Rept® E. Resconi®2, W, RHODE?, M. RJBORDY” M. RICHMAN?

J. P. RoDRIGUES', F: ROTHMAIER‘” C. Ro"r'r“5 T. Rune®, D. RUTLEDGE, B. RuzYBAYEV'! D. RYCKBOSCH
H.-G. SanDERY, M. SANTANDER', S. SARKAR®, K. ScaaTTOM AT Scmm)'r2h A. SCHGNWALD A. SCHUKRAF“P"1
A. Scuurtes'®, O. Scum,z2843 M. Scmmc:K8 D. SEcker!!. B. SEMBURGY, S. H. SE0? Y SESTAYOzs S. SEUNARINEM
A. SrLVESTRI” G. \L SPICZAK . SPIER.ING“ M. StAMATIROS S0 T, §TANEV!, T. STEZELBERGER'

R. G. STOKSTAD', A. STOSSL  E. A. STRAHLER23 R. STROM?, M. STOER™, C. W. SULLIVAND, Q. SWILLENS'®,

H. TAAVOLA25 1. TaBOADA®, A. TAMBURRO A. TEPE30 8. TER—ANTONYAN“ S. TiLav!l, P. A, TOALEM S. TOSCANO
D. Tost*, N, van 1*?.1:11\!01»10\'131\123 J. VANDENBR.OUGKE A VAN OVERLOOP J VAN SANTEN M. VEHRING M. VOGE
C. WAL(:K22 T WALDENMAIER , M. WALLRAFF*‘, M. WALTER!, CH. WEAVER o WENDT S. WESTERHOFF
N. WHITEHORN!, K. WiEREY, C. H. WiesuscH®, D. R. WILLIAMS'S, R. Wxscnmswsm“ H. WISS!NG . M. Wow28
T. R. Woonﬁ K. WOSCHNAGG" C. Xu'l, D. L. Xu® X. W. XU3 J. P. Yanez', G. Yopu' , S. Y osuIDA®
P. ZAR.ZHITSKY‘“’ AND M. Zorr??

Draft version September 7, 2011

ABSTRACT

In this paper we report the first observation in the Southern hemisphere of an energy dependence
in the Galactic cosmic ray anisotropy up to a few hundred TeV. This measurement was performed
using cosmic ray induced muons recorded by the partially deployed IceCube observatory between
May 2009 and May 2010. The data include a total of 33x10° muon events with a median angular
resolution of ~ 3° degrees. A sky map of the relative intensity in arrival direction over the Southern
celestial sky is presented for cosmic ray median energies of 20 and 400 TeV. The same large-scale
anisotropy observed at median energies around 20 TeV is not present at 400 TeV. Instead, the high
energy skymap shows a different anisotropy structure including a deficit with a post-trial significance
of -6.30. This anisotropy reveals a new feature of the Galactic cosmic ray distribution, which must
be incorporated into theories of the origin and propagation of cosmic rays.

Subject headings: cosmic rays — anisotropy
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1. INTRODUCTION

During the last decades, Galactic cosmic rays have
been found to have a small but measurable energy depen-
dent sidereal anisotropy in their arrival direction distri-
bution with a relative amplitude of order of 10~4 to 103,
The first comprehensive observation of the cosmic ray
sidereal anisotropy was provided by a network of muon
detectors sensitive to cosmic rays between 10 and several
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hundred GeV (Nagashima et al. 1998). More recent un-
derground and surface array experiments in the North-
ern hemisphere have shown that a sidereal anisotropy
is present in the TeV energy range (Tibet Air Shower
gamma (ASvy)} array (Amenomori et al. 2006), Super-
Kamiokande (Guillian et al. 2007), Milagro (Abdo et al.
2009), and ARGO-YBJ (Zhang 2009)). Furthermore, the
IceCube neutrino observatory reported the first observa-
tion of a cosmic ray anisotropy in the Southern sky at
energies in excess of about 10 TeV (Abbasi et al. 2010a).
The cosmic ray anisotropies reported by IceCube showed
that the large scale features appeared to be a continua-
tion of those observed in the Northern hemisphere.

At high energies, the Tibet ASy collaboration re-
ported an observation for primary energies ~300 TeV
to be consistent with cosmic ray isotropic inten-
sity (Amenomori et al. 2006), while the EAS-TOP col-
laboration reported a sharp increase in the anisotropy for
primary energies ~370 TeV (Aglietta et al. 2009). At the
time of the writing of this paper the observations in the
Northern hemisphere do not provide a coherent global
picture of the sidereal anisotropy at high energy.

The origin of the anisotropic distribution in the arrival
direction of Galactic cosmic rays over the entire celestial
sky is still unknown. If there is a relative motion of the
solar system with respect to the cosmic ray plasma, then
this would produce a well defined anisotropy. For exam-
ple, if cosmic rays are at rest with respect to the galactic
center, a dipole anisotropy would be expected. The mag-
nitude of the anisotropy is calculated to be 0.35% with an
apparent excess of cosmic ray counts toward the direction
of solar Galactic rotation (o = 315°,6 =48°) and a deficit
in the opposite direction (@ = 135°,6 =-48°). Such a
dipole anisotropy is referred to as the Compton-Getting
effect (Compton & Getting 1935}, Neither the ampli-
tude nor the phase expected from the Compton-Getting
effect are consistent with the cosmic ray anisotropy
observations (IceCube (Abbasi et al. 2010a), Tibet Air
Shower gamma (AS+v) array (Amenomori et al. 2006),
Milagro (Abdo et al. 2009)). Moreover, the observed
sidereal anisotropy is not consistent with a simple
dipole (Abbasi et al. 2010a). It is worth noting that since
the reference frame of the Galactic cosmic rays is not
known, it is reasonable to assume that the Compton-
Getting effect could be (at most) one of several contri-
butions to the cosmic ray anisotropy.

While the origin of the anisotropy is not understood,
it has been speculated that it might be a natural conse-
quence of the distribution of cosmic ray Galactic sources,
in particular nearby and recent supernova remnants
(SNR). The discreteness of such sources, along with cos-
mic ray propagation through a highly heterogeneous in-
terstellar medium, might lead to significant fluctuations
of their intensity in space and time and, therefore,.to
an anisotropy in the arrival direction of cosmic rays at
Earth (Erlykin & Wolfendale 2006). This speculation is
challenged by Butt (2009), who points out that the ob-
served anisotropy is of low intensity, whereas the high
energy cosmic rays from such sources would escape the
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galaxy relatively quickly, leading to high anisotropy.

The study of the cosmic ray arrival distribution
might provide hints into the properties of cosmic
ray propagation in the turbulent interstellar magnetic
field (Beresnyak et al. 2011). While at TeV energies
it is speculated that propagation effects could either
generate large scale anomalies in their arrival direc-
tion (Battaner et al. 2009) or produce localized excess
regions (Malkov et al. 2010), depending on the turbu-
lence scale and diffusion properties, it is still not clear
whether such models would be able to explain the obser-
vations at higher energies.

In this paper we present the analysis of cosmic
ray data collected by the IceCube observatory, which
we use to extend the observations of the Galactic
cosmic ray anisotropies by IceCube (Abbasi et al.
2010a}, (Abbasi et al. 2011} up to several hundred TeV.
The analysis procedure is described in Section 2 and the
anisotropy in sidereal reference frame is shown in Sec-
tion 3. Section 3 describes an experimental procedure
to verify that the observed sidereal anisotropy is not an
artifact of the analysis procedure, using the arrival dis-
tribution of cosmic rays as a function of the angular dis-
tance from the Sun. In this coordinate system, a dipole
effect is expected such that the cosmic ray count rate
is higker toward the direction of Earth’s motion around
the Sun and lower in the opposite direction. The ex-
perimental systematic uncertainties on the anisotropy in
sidereal coordinates are described in Section 4 and the
conclusions are summarized in Section 5.

2. ANALYSIS
2.1. Data and Reconstruction

IceCube is a neutrino observatory located at the geo-
graphic South Pole. During the 2009-2010 austral sum-
mer, the partially deployed detector was equipped with
3,540 Digital Optical Modules (DOMs) buried between
about 1.5 and 2.5 km below the surface of the ice along
59 vertical strings (Abbasi et al. 2009). The IceCube
physics runs in the 59-string configuration (IceCube-59)
started on May 20, 2009, and ended on May 30, 2010.
IceCube observes relativistic charged particles by detect-
ing the Cherenkov light produced as they travel through
the ice. In particular the observatory is sensitive to the

charged particles produced by neutrino interactions in-

side the ice, as well as the muons created in the cosmic
ray air showers.

In order to reject the random signals derived from the
~500 Hz dark noise rate from each DOM, a local coin-
cidence was required between neighboring DOMs with a
coincidence time interval of + 1,000 ns. A trigger was
then produced when eight or more DOMs in local coinci-
dence detected photons within 5,000 ns. The trigger rate
in IceCube-59, predominantly from muons produced in
cosmic ray air showers, ranged from a minimum of about
1,600 Hz in the austral winter to a maximum of about
1,900 Hz in the austral summer. This modulation is due
to the large seasonal variation of the stratospheric tem-
perature, and consequently the density, which affects the
decay rate of mesons into muons (Tilav et al. 2010).

All recorded events were processed using a coarse on-
line fit to their trajectories (Ahrens et al. 2004). To re-
fine the directional estimate, the coarse fit was used to

seed an online likelihood-based reconstruction, which was
applied if ten or more optical sensors were triggered by
the event. The average rate of the events that passed the
likelihood-based reconstruction ranged from a minimum
of about 1,150 Hz to a maximum of about 1,350 Hz. All
the events collected and processed by the IceCube obser-
vatory were stored in a compact Data Storage and Trans-
fer format, or DST, and shipped North through satellite
link (see Abbasi et al. (2011) for details). This analysis
uses all events with likelihood directional reconstruction
stored in the DST data format, collected within one full
calendar year from the beginning of the run on May 20,
2009. After rejecting short data runs we ended up with
33 x 10° events, corresponding to a detector livetime of
324.8 days. The events have a median angular resolution
of about 3° and a median energy of the cosmic ray par-
ent particles of about 20 TeV. It is worth noting that this
angular resolution is a property of this data sample and
the applied reconstruction algorithms; reduced data sam-
ples using more advanced reconstructions for high energy
neutrino searches have a typical angular error less than
1° (Abbasi et al. 2010b).

To measure an anisotropy of order 10~ to 1073, it is
necessary to eliminate any background effects that could
mimic such an observation. Due to its unigue location
at the geographic South Pole, the IceCube observatory
has full coverage of the Southern sky at any time of the
year. Therefore, seasonal variations in the muon inten-
sity occur uniformly across the entire field of view and
do not affect the local arrival direction distribution of the
reconstructed events (Abbasi et al. 2010a). The main ef-
fect that needs to be accounted for is due to the geomet-
rical shape of IceCube: the hexagonal geometric struc-
ture of the observatory introduces a strong asymmetry
in the local azimuth distribution of events (Figure 1).
Non-uniform time coverage caused by detector downtime
and run selection reduces the total detector livetime by
about ~ 10%, preventing the complete averaging of the
local coordinate asymmetry over one year and generat-
ing spurious variations in the arrival directions of cosmic
rays in celestial coordinates. To remove this effect, the
asymmetry in the local azimuthal acceptance (shown in
Figure 1-b) is corrected by re-weighting the number of
events from a local azimuth bin to the average number
of events over the full range of the local azimuth distri-
bution. This re-weighting is applied in four zenith bands
with approximately the same number of events per band
due to the detector azimuth distribution variation with
zenith angle (Abbasi et al. 2010a).

2.2. Estimation of Cosmic Ray FEnergy

Since TceCube detects cosmic rays indirectly through
the observation of muons produced in extensive air shov,--
ers, the energy of the cosmic ray primary particle is
estimated based on the total amount of light seen by
the detector, which is a function of the number and en-
ergy of detected muons. Muons produced in the atmo-
sphere propagate through the ice losing energy via ion-
ization and stochastic processes such as pair production,
bremsstrahlung and photo-nuclear interactions. The sec-
ondary charged particles produced by these processes
emit Cherenkov light. The number of emitted photons is
proportional to the total energy of the secondaries. By
detecting photons, it is possible to estimate the energy
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FiG. 1.— Figure (a) shows the complete IceCube 86-string con-
figuraticn, Circles filled in blue represent the IceCube 59-string
configuration which is the main configuration used in this paper.
Figure (b) shows the azimuth distribution for the whole data set.
It shows the number of events vs. the azimuth of the arrival direc-
tion of the primary cosmic ray particle. The horizontal red line is
the average number of events for the distribution.

lost by the muons and therefore the muon’s energy within
the volume instrumented with optical sensors. However,
the total energy of the detected muons is only a fraction
of the original cosmic ray primary energy, while the rest

is mostly dispersed into the electromagnetic component-

of the air shower. As a consequence, the natural fluc-
tuations that arise in the development of the extensive
air showers limit the resolution of the estimate of the
primary energy that one can make using muons in ice.
The uncertainty in the cosmic ray energy estima-
tion hes been modeled with a full simulation of cos-
mic ray interactions in the atmosphere using COR-
SIKA (CORSIKA 2009) with SIBYLL hadronic interac-
tion model (Version 2.1) (Engel 1999) together with the
composition and the spectrum of primary cosmic rays as
described in Horandel (2003). Muons were propagated
through the ice with the Muon Monte Carlo (MMC)
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Fic. 2. The average logarithm of the cosmic ray primary energy
as a function of N, and Zenith angle, as obtained from simulation.
The Y-axis is the logig of N¢u, the X-axis is the cosine of the
reconstructed Zenith angle of the event while the color scale is the
mean of the logarithm of the cosmic ray primary energy for each
bin obtained from simulation in GeV. The first energy band with
median energy of 20 TeV is all the events selected belov: the dashed
line, while the second energy band with median energy of 400 TeV
contains events selected between the continuous lines.

propagator (Chirkin & Rhode 2004), and a full detector
gimulation was performed on those events.
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Fic. 3.— The fraction of events vs. the logarithm of primary
energy (in GeV) for the two selected energy samples (see text).
The low energy sample containg events with a median energy of
20 TeV (squares) and the high energy sample contains events with
a median energy of 400 TeV (triangles). The energy distributions
were determined using a full simulation of cosmic ray interactions
in the atmosphere, of muons propagation through the ice and of
the IceCube-59 detector.

In this analysis the estimate of the cosmic ray energy
is based on the number of DOMs hit by Cherenkov pho-
tons (i.e. number of channels, or Ng,). The downward
muons reaching IceCube with a large zenith angle @ have
to cross a larger slant depth than vertically propagat-
ing muons, and so the set of horizontal events naturally
excludes lower primary energy cosmic rays. This intro-
duces a zenith angle dependence of the relation between
Ng. and the primary particle energy. Therefore, a two-
dimensional cut in Ng, and @ is used. Figure 2 shows the
distribution from simulation of the cosmic ray primary
particle energy with respect to N, as a function of cosé.



Observation of an Anisotropy in the Galactic Cosmic Ray arrival direction at 400 TeV with IceCube 5

= Mixed Composition
T T T |+ Protons
- * Hellum

IR o L P + _lron

102 —Y

Number of Events

7
log10(E(GeV))

Fi1G. 4,— The number of events seen by IceCube vs. the logarithm
of primary energy (in GeV) using the composition model described
in Horardel (2003). Fractional contributions of proton, helium, and
iron are shown as well. At 20 TeV, the spectrum is dominated by
the proton fractional contribution of ~ 70%, while at 400 TeV that
fraction will have decreased to ~ 30%. The energy distributions
were determined using a full simulation of cosmic ray interactions
in the atmosphere as described in this section.

The figure shows that for a given range of Ng,, vertical
events {i.e. cosf = 1) are dominated by cosmic rays with
lower average energy than horizontal events (i.e. cosé
~ 0.3) due to the larger ice thickness the muons would
go through before triggering the detector. We identified
regions of constant primary energy in (Ng, cos@), de-
limited with the black lines in Figure 2, in order to select
two event samples at energies with minimal overlap and,
at the same time, with the maximum possible number of
events in the high energy sample. The low energy sam-
ple was obtained by selecting all events below the dashed
line in Figure 2, and the high energy sample by selecting
events between the solid lines in the figure.

Figure 3 shows the simulated primary energy distri-
butions for the two event samples. The estimate of the
primary cosmic ray energy has a resolution of about 0.5
in the logarithmic scale. The uncertainty of the primary
energy estimate is dominated by the fluctuations in the
air showers. The low energy sample over the Southern
sky contains 21 x 10° events; assuming the composition
described by Hérandel (2003) and shown in Figure 4.
The median primary particle energy of the low energy
sample is 20 TeV, with 68% of the events are between
4 — 63 TeV. The high energy sample contains 0.58 x 10°
events. The median primary particle energy of the high
energy sample is 400 TeV, with 68% of the events are
between 100 — 1,258 TeV.

3. RESULTS
3.1. Sidereal Anisotropy

In order to investigate the cosmic ray arrival direction
distribution, we determine the map of deviation from
isotropy by calculating the relative intensity distribution
after azimuthal re-weighting of the arrival directions of
the data as described in the previous section. The cos-
mic ray arrival direction distribution is dominated by the
zenith angle dependence of the muon flux, The zenith an-
gle dependence is a result of a varying overburden for the
muons through the ice. Therefore, the flux for each bin
is normalized within each zenith band (or, equivalently
at the South Pole, each declination band):

Ni(a'r 5)

T w2l 1

R AC» W
where I; is the relative intensity for each bin of angu-
lar equatorial coordinates (e, &), N; is the number of
events in bin i, and {N;) is the average number of events
for the bins along the same iso-latitude as bin i (with
the same declination §). The sky maps in this analy-
sis are produced using the Hierarchical Equal Area Iso-
Latitude Pixelization (HEALPix) libraries (Gérski et al.
2005). HEALPix subdivides the unit sphere into quadri-
lateral pixels of equal area. In this analysis, the maps
contain pixels that correspond to an angular resolution
of ~ 3°, which approximately corresponds to the angular
resolution of the detector.

Figure 5 show the maps of the relative intensity in
cosmic ray arrival direction in sidereal reference frame
(equatorial coordinates), for the low and high energy
samples, respectively. The color scale in the figures rep-
resents the relative intensity as described in eq. 1. The
observed sidereal anisotropy appears to evolve as a func-
tion of energy and the anisotropy pattern observed at 400
TeV shows substantial differences with respect to that
observed at 20 TeV. Note that in the maps only the pixels
below declination angle of -25° are shown. Pixels above
declination of -25° are masked due to the degradation
of the angular resolution at higher declinations. Such
degradation is to be expected because of the poorer sta-
tistical power and the domination by mis-reconstructed
events (Abbasi et al. 2011).

r \ { ' { | ‘ | | i I 1.004
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F16. 5.— Figure (a) shows tke IceCube cosmic ray map of the first
energy band (median energy of 20 TeV) for the relative intensity
in right ascension e. Figure (b) shows the IceCube cosmic ray
map for the second energy band (median energy of 400 TeV) of
the relative intensity in right ascension a.

In order to characterize quantitatively the general
structure of the anisotropy, we proceed as follows. For
each row of pixels in the map, a 24-bin histogram is made
from the relative intensity values of the pixels (where
each pixel’s value is included in the bin which contains
the right ascension of the center of the pixel). The rows
are spaced approximately every ~3 degrees in declina-
tion, and the histograms are constructed down to decli-

0.996
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natior -72 degrees (beyond which the number of pixels
per declination band is less than the number of bins in
the histogram). The binned relative intensity data were
then fitted to a harmonic function of the form

2
> Ajcoslia = ¢;)] + B, @

i=1

where j is the harmonic term order (i.e. dipole for j=1,
quadrupole for j=2), 4; is the amplitude of the j** har-
monic term, ¢; is the phase of the j%* harmonic term, o
is the right ascension, and B is a constant. The results of
this fit are shown in Table 1 and Table 2 for the low and
high energy samples, respectively. In addition, in order
to quantify the sidereal anisotropy over the whole South-
ern hemisphere, the anisotropy profile in right ascension
is measured by accumulating the relative intensity dis-
tribution from the declination belts. The error bars were
obtained by propagating the statistical errors from each
declination belt. Figure 6 show the projections in right
ascension of the cosmic ray relative intensity in sidereal
reference frame, for the low and high energy samples, re-
spectively. The lines in the figures represent the fit to
the first and second harmonic terms of eq. 2, and the fit
results are shown in Table 3 together with the x?/ndof
values for the first and second harmonic fits, in addition
to the number of events used in the right ascension pro-
jections. While the x2/ndof indicates that the fits do not
completely describe the data, we found that even fitting
up to the sixth harmonic does not completely fit all of
the structures, so we use here only the first and second
harmonics as a general characterization of the anisotropy.

TABLE 1
HARMGNIC FIT VALUES PER DECLINATION BAND FOR THE ENERGY
BAND CENTERED AT 20 TEV.

Dec. Ay =+ (stat.) it (stat.) A2 + (stat.} ¢ot {stat.)
[O

Mean 1074 il 10~4

24 71X10 373 £ 81 32+10 .5

27 84409 356 +60 2109 321.3 & 11 8
-30 87 40.7 454 £ 4.7 4.0+0.7 306.6 £+ 5.1
-33 8.6 = 0.7 50.5 + 4.3 3.6 £0.7 294.6 + 5.0
-36 9.3 05 51.2 £ 3.3 3.1+05 209.1 + 5.0
-39 8305 529+34 21+£056 2096 + 6.6
-42 9.6 :£04 51.1+26 31+04 301.8 £+ 4.0
-45 931404 574 +28 3.0+05 305.9 £ 4.2
-48 80x04 56.7 =28 27104 304.3 £ 4.0
-6l 7.9+04 57228 25+04 203.0 +4.3
-54 8.0:+04 559+26 23104 297.9 + 4.5
-57 79+ 04 60.8 £ 27 18104 303.3 = 5.6
60 79 +04 527+26 20+04 3004 £ 5.3
-63 7.7 04 49.9 + 3.3 1.8 04 307.1 £ 6.7
-66 7.3+04 51.0+£29 4.1+04 203.2 £ 2.7
-69 57+04 508 42 49104 2824 + 24
-T2 57404 388+40 36404 3017 £3.2
NoTE. — First and second harmonic fit values per declination

for the first energy band.

3.1.1. Significance

Figure 7-a shows the significance map for the 20 TeV
energy, while Figure 7-b shows the significance map for
the 400 TeV energy. The significance skymaps are cal-
culated using the direct integration method with a time
window of 24 hours and an optimized smoothing as de-
scribed i Abbasi et al. (2011). The smoothing is then

TABLE 2
HARMONIC FIT VALUES PER DECLINATION BAND FOR THE ENERGY
BAND CENTERED AT 400 TEV.

o
>

Dec. Aj + (stat.) ¢k (stat.) Ag + (stat.) ¢zt (stat.)
Mean 10—% i 10— [°]

- NEKN 2481 £ 18, 54 31 3.

-27 1130 245.7 £ 15.8 6.5 £ 3.0 168.1 &= 13.
-30 5.1 %26 2389 £29.6 3.0+26 146.9 - 25.
-33  39+27 255.9 £37.8 20+26 205.3 + 37.
-36 9.6+24 217.0 £ 14.2 62 +24 171.5 = 10.
-3¢ 95+24 246.9 + 143 6524 144.2 + 10.
-39 9.5+ 24 246.9 + 143 6.5 £24 234.2 + 10.
42 42422 246.2 +£30.1 2.5 £22 231.3 &+ 25.
-45 12125 3114 = 1156 2.8 +£25 110.4 + 25.
-48 14423 181.0 £ 95.6 3.6 £ 23 154.2 & 18.
-51 3.7+ 24 236.7 £ 38.2 20=x24 156.8 £ 35.
-564 5.5 £ 24 220.8 £ 25.8 1.5 +25 142.5 £+ 46
-57 14X 26 228.8 £112.1 3.7+ 286 165.0 £ 21.
60 3.9%26 359.8 £ 385 74 Xx26 161.0 = 10.
-63 2.6+ 34 13.0 4 72.8 3.2+33 148.6 + 29.
-66 1.3+29 143.4 - 127.8 5.3 = 3.0 107.5 & 15.
-69 1.0+ 34 304.5 £ 188.2 42434 227.9 + 23.
=72 6.8+ 34 174.8 = 28.4 6.7+ 34 152.5 & 14.

v NCEO RN DN

NoTE. — First and second harmonic fit values per declination
for the second energy band.
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Fic. 6.— Figure (a) shows the one-dimensional projection in
right ascension o« of the first energy band (20 TeV) of two-
dimensional cosmic ray map in Figure 5-a. Figure (b) shows the
one-dimensional projection in right ascension « of the second en-
ergy band (400 TeV') of two-dimensional cosmic ray map in Fig-
ure 5-b. The data are shown with statistical uncertainties, and the
black line corresponds to the first and second harmonic fit to the
data.
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TABLE 3
IN THIS TABLE A SUMMARY OF THE SIDEREAL ANISOTRCPY ENERGY DEPENDENCE IS DISPLAYED. THE FIRST COLUMN IS THE MEDIAN ENERGY
OF THE COSMIC RAY PRIMARY PARTICLES FOR THE FIRST AND SECOND ENERGCY BAND. THE SECOND COLUMN [S THE NUMBER OF EVENTS USED
IN THE ONE-DIMENSIONAL PROJECTION FROM DECLINATION -24 TO DECLINATION -72. THE VALUES OF THE FIRST AND SECOND HARMONIC
FITS AMPLITUDES AND PHASES TOGETHER WITH THEIR STATISTICAL AND SYSTEMATIC UNCERTAINTIES ARE DISPLAYED IN COLUMN THREE
THROUGH SIX. THE LAST COLUMN i$ THE x2 /ndof FOR THE FIRST AND SECOND HARMONIC FIT TO THE ONE-DIIENSIONAL PROJECTION.

EMedian events Alsf‘f ¢131rp A.‘Zs: ‘#23;9 x‘!/ﬂdﬂf
(15" (10 ach (degree) ) (deree)
20 17.9 7.9 £ 0.15¢at. £ 0.35y0t. 50.5 £ 1.0,¢0¢ £ 1.15yst. 2.9 F0.3500:. £0.45yst. 2995 £ 1.3550¢ = 1.55yst. 95/19
400 - 0.5 3.7 E0.Tstar. £ 0.Tsyer. 239.2 £ 10.65202 £ 10.85y9¢. 2.7 £ 0.Tstar. = 0.6syst. 1952.7 £ 7.0staz = 4.2,;1‘3;, 34/19

applied to the significance skymaps to improve the sen-
sitivity to large features. The smoothing search applied
in this analysis is from 1 to 30 degrees. After smoothing
is optimized, the significance is then calculated using the
method of Li & Ma (1983).

The maximum significant features in the 20 TeV map
with a 30 degree smoothing are found with an excess at
(@ = 80.8°, § =-49.7°) with a significance value of 40e,
and a deficit at (@ = 219.7°,6 =-52.0°) with a significance
value of -53.5¢. Moreover, for the 400 TeV map, two re-
glons were identified to be significant. The first region is
an excess at (@ = 256.6°,§ =-25.9°) with a significance
of 5.3¢ and an optimized smoothing of 29 degrees, and
the second region is a deficit at (o = 73.1°,6 =-25.3°)
with a significance of -8.6c and an optimized smoothing
of 21 degree. These significance values do not account

for the scan for the peak significance in all pixels of the-

sky or the scan over smoothing radii applied to obtain
an optimal sensitivity to the observed features. We con-
servatively estimate a trial factor by assuming that all
scans give statisticallv independent results. After cor-
recting for the trials, only the deficit remained significant
beyond the 50 level, with a post-trial significance value
of -6.3c. This is the first significant observation of an
anisotropy in the Southern sky at 400 TeV. The impli-
cations of this observation is explored in the conclusion
and discussion sections of the paper.

F1G. 7.— Figure éa) shows the significance map for the 20 TeV

energy band plotted -vith 30 degree smoothing. Figure (b) shows
the significance map for the 400 TeV\" energy band plotted with 20
degree smoothing.

3.2. Solar Dipole Anisotropy

Currently there is no detailed theoretical model that
predicts the observed sidereal anisotropy in the cos-
mic ray arrival direction distribution. Except for test-
ing the stability of the Observatory and its time cov-
erage (see sec. 4), the only effective way to have
an absolute calibration of the experimental sensitiv-
ity for the detection of the sidereal directional asym-
metries is to measure the solar anisotropy from the
Earth's orbital motion around the Sun. The so-
lar anisotropy is well understood and was first re-
ported in 1986 by Cutler & Groom (1986) and then
later observed by experiments in the multi-TeV energy
range (Tibet ASvy (Amenomori et al. 2004, 2006), Mi-
lagro (Abdo et al. 2009) and EAS-TOP (Aglietta et al.
2009)). The observed solar anisotropy consists of a dipole
that describes an apparent excess of cosmic rays in the
direction of Earth’s motion around the Sun and a deficit
in the opposite direction. The relative intensity of the
solar dipole is expressed as

AT v
m =(y+2) - cos(f ), @)

where [ is the intensity, -y the differential cosmic ray spec-
tral index, » the Earth’s velocity, ¢ the speed of light, and
0, the angle between the reconstructed arrival direction
of the cosmic rays and the direction of motion of the
observer (Compton & Getting 1935; Gleeson & Axford
1968). The actual amplitude of the observed solar dipole
depends on the geographical latitude of the observer and
on the angular distribution of the detecied cosmic ray
events at the observatory.

Due to the location of IceCube at the South Pole, the
sky is fully visible at any given time. Therefore, the solar
anisotropy is observed in a reference system where the
location of the Sun is fixed, where the latitude coordinate
is the declination and the longitude is defined as right
ascension difference of the cosmic ray arrival direction
from the right ascension of the Sun (o — egyyn). In this
reference frame the dipole excess is expected to be at
270° and the deficit at 90°.

Figure 8 and Figure 9 show the maps of the cosmic
ray arrival direction in solar reference frame, for both
energy samples (20 and 400 TeV) along vrith with their
projection onto right ascension relative to the Sun. The
color scale is the relative intensity value for each pixel
normalized to unity for each declination band. A fit to
the projection of relative intensity distribution vs. (e —
Qsen) Was done using the first harmonic term of eq. 2.
Table 4 shows the results of the first harmonic amplitude
and phase along with x?/ndof of the fit.

To verify that the experimental observation of the so-
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TABLE 4
FIRST HARMONIC FIT VALUES OF THE SOLAR DIPOLE ANISOTROPY
TOGETHER WITH THEIR STATISTICAL UNCERTAINTIES FOR THE
ENERGY BANDS CENTERED AT 20 TEV AND 400 TEV.

Eptedion Also.‘;, Pgor x*/ndof
{TeV) {10~%) (degree)

20 1.9 & 0.1szat. 267.1 £ 3.8,¢at. 23 521
400 2.9 £ 0.7stat. 272.1 -k 13.35¢at. 1

O I e i 1 1.0
‘ 16018
“|1.001
1.0005

0.500

F1G. 8 — Figure (a) shows the IceCube cosmic ray map of the first
energy band (median energy of 20 TeV) for the relative intensity
in right ascension from the sun (@ — agurn). Figure {b) shows the
IceCube cosmic ray map of the second energy band (median energy
of 400 TeV) for the relative intensity in right ascension from the
sun (@ — Csun)-

lar dipole is consistent with expectation, the predicted
projection of the solar anisotropy is calculated for the
IceCube location. The expectation of the solar dipole
was calculated by computing the relative intensity of the
solar dipole through the cosmic ray plasma (eq. 3). In-
stead of counting the number of events within a given
bin in right ascension from the Sun, for each event, after
time scrambling the data we calculated a mean weight
corresponding to the expected relative intensity of the
solar dipole .

The uncertainties in the cosmic ray spectral index, in
the reconstructed arrival direction of the events, and the
spread ir: the Earth’s velocity over a year were included
in the calculation of the uncertainty of the expectation.
The mearn spectral index was evaluated using the all-
particle cosmic ray spectrum from Hérandel (2003) and
the speciral index was found to be (y) = 2.67+ 0.19.
The value used for Earth’s velocity was v = 29.8= 0.5
km/s {Williams 2004), where the error takes into ac-
count the spread between the maximum and the min-
imum along the elliptical orbit. The angle 8, between
the reconstructed direction of the muon events and the
Earth’s velocity vector at the time the event was detected
was evaluated by accounting for the experimental point
spread function. The expected solar dipole distribution,
including the 68% spread in the uncertainty of the ex-
pectation, is shown as a shaded band in Figure 9 for the
low and high energy samples, respectively. The figures
show that the observations are consistent with the ex-
pectatior in both amplitude and phase for both low and
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FI1G. 9.— Figure (a) shows the one-dimensional projection in
right ascension from the sun {& — ouyn) of the first energy band
§20 TeV) of two-dimensional cosmic ray map in Figure 8-a. Figure

b) shows the one-dimensional projection in right ascension from
the sun (@ — ctsun) of the second energy band (400 TeV) of two-
dimensional cosmic ray map in Figure 8-b. The data are shown
with statistical uncertainties, and the black line corresponds to the
first and second harmonic fit to the data.

high energy distribution. This demonstrates the reliabil-
ity of the analysis to identify- anisotropies at the level of a
few 10~4, which supports the observations of the sidereal
anisotropy.

4. SYSTEMATIC UNCERTAINTIES OF THE SIDEREAL
ANISOTROPY

In order to assess and quantify the systematic uncer-
tainties in the sidereal anisotropy for the low and high
energy samples of the cosmic ray arrival direction dis-
tribution, we performed two different studies, similar
to (Abbasi et al. 2010a). First of all, we estimated the
statistical stability of the result and verified that the ob-
servation is unaffected by the particular choice of the
data sample. Then we estimated the possible distortion
effect on the sidereal anisotropy distribution derived from
a possible annual modulation of the amplitude of the so-
lar anisotropy.

4.1. Data Stability

To assess the stability of the sidereal anisotropy, checks
were applied by dividing the full data sample used in this
analysis into series of two exclusive data sets by splitting
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both high and low energy data samples in halves based
on different criteria. A full analysis was done with each
datasst and the relative intensity distribution in right
ascension was determined for each of them, along with
a fit to the first and second harmonic term of eq. 2, and
compared to the ones from the complete low and high
energy samples, respectively. '

To check if the anisotropy had a seasonal dependence
the data were divided into austral summer and austral
winter sets. The summer set included events collected
from December to May while the winter set included
events collected from June to November. Since each
dataset used in this test did not cover the full year, the
sidereal anisotropy distribution was contaminated by the
un-compensated solar dipole {see section 3.2). This spu-
rious effect was accounted for by determining what the
solar dipole should look like in a sidereal reference frame
within the two seasonal time periods. In order to do
so a numerical calculation was performed where, every
100us, an event was generated with a unique UTC time,
and with right ascension from the Sun sampled from the
all-yeer experimental solar dipole distributions for each
energy sample as shown in Figure 9. The corresponding
distributions in the sidereal reference frame were then
calculated and subtracted from the observed sidereal dis-
tribution in each seasonal time interval and the corrected
sidereal distributions were then obtained. '

To ensure that the sidereal anisotropy was not affected
by uniform variations in rate, the daily median rate was
determined and two data sets were selected. One dataset
containing sub-runs with event rate above the median
daily value, where a sub-run corresponded to approxi-
mately 2 minutes of observations, and one with event
rate below the median daily rate. Once more the anal-
ysis was then applied to each dataset and the sidereal
anisotropy distributions for these data sets were deter-
mined.

To check whether the measurement is stable against
the choice of the particular event sample selection, two
separate sub-run selection tests were applied. The first
test was done by dividing the sub-runs randomly for each
day in two halves, and the second by dividing in even-
and odd-numbered sub-runs. The arrival direction dis”
tribution in sidereal reference frame was then determined
for each of these data sets.

For each day good quality runs were selected that sat-
isfied fundamental data integrity requirements. This run
selection, along with sporadic data acquisition downtime
resulted in data collection time gaps which represented
about 10% of the livetime in IceCube-59. To verify that
the non-uniform time coverage due to gaps in the data
was correctly handled by the azimuthal re-weighting pro-
cedure, a complete analysis was performed on the sub-
sample of days with maximal data collection time (i.e.
~24 hr). There were 214 such days during one calendar
year of IceCube-59 phvsics run. The relative intensity
was then determined for the cosmic ray arrival direction
in sidereal reference frame for this data set.

The sidereal distributions of relative intensity in the
cosmic ray arrival direction for the low and high energy
samples and for each of the.above mentioned tests, were
used to evaluate the spread in the experimental observa-
tion from the full-year event samples. The gray bands in
Figure 10 and 11 describe the maximal spread obtained

from the result of all the stability checks described in this
section.
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F1c. 10.-— The one-dimensional projection in sidereal time frame
of the two-dimensional cosmic ray map in Figure 6-a for the 20
TeV band. The data are shown with statistical uncertainties, and
the black line corresponds to the first and second harmonic fit to
the data. The gray band indicates the maximal spread from the
stability checks.
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FiG. 11.— The one-dimensional projection in sidereal time frame
of the two-dimensional cosmic ray map in Figure 6-b for the 400
TeV band. The data are shown with statistical uncertainties, and
the black line corresponds to a the first and second harmonic fit to
the data. The gray band indicates the maximal spread from the
stability checks.

4.2. anti-sidereal time

The sidereal anisotropy will be distorted by the solar
dipole unless data are collected within an integer num-
ber of full years. While the sidereal reference frame is
defined where the celestial sky is fixed, the solar refer-
ence frame is defined where the Sun is fixed. This means
that a sidereal day is on average 4 minutes shorter than
a solar day, and therefore, while the solar time reference
frame includes 365.25 days/year, the sidereal time ref-
erence frame is composed of 366.25 days/year. A static
point in the solar reference frame wili move across the
sidereal frame and return to the same position on the
sky in one full year. As s consequence any static solar
distribution averages to zero in sidereal reference frame
after one year.
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The situation however changes if for some reason the
measured solar anisotropy has, for instance, an annual
modulation of its amplitude. Since a non-static signal
in soler reference frame does not average to zero in side-
real fiame after one vear, particular care is needed to
account for this possible source of bias in the sidereal
anisotropy. This introduces a bias in the reference frame
where one day is 4 minutes shorter than a solar day (i.e.
the sidereal frame) and an equivalent bias in the refer-
ence frame where one day is 4 minutes longer than a
solar day. This defines the so-called anti-sidereal time,
i.e. a non-physical reference frame obtained by reversing
the sign of the transformation from solar time to side-
real time, where the anti-sidereal year consists of 364.25
days (Nagashima et al. 1983). The antisidereal reference
frame can, therefore, be used to quantily the distor-
tion ;nduced in the sidereal anisotropy (Farley & Storey
1954).

Figure 12 shows the relative intensity of cosmic rays
arriva! distribution in anti-sidereal reference frame (for
the low and high energy samples). The anti-sidereal
anisotropy is measured by using a coordinate system
where the longitude coordinate is defined using the anti-
sidereal time (@ag). The figure also shows a fit to the
observed distributions with the dipole term of eq. 2 and
Table 5 shows the fit results. Both the low and high
energy samples show no significant observed amplitude
in the anti-sidereal time. The uncertainty in the first
harmonic amplitude and phase derived by the study of
the anti-sidereal distribution was found to be within the
statistical and systematic errors determined from the sta-
bility tests.

The results of all the systematic checks described in
sectior 4.1, along with the estimate of the distortion in
the sidereal anisotropy, based on the anti-sidereal dis-
tribution, were collectively used to estimate the global
systematic uncertainties in the sidereal anisotropy fit pa-
rameters. Adding these systematic uncertainties the first
and second harmonic amplitude and phase of the side-
real anisotropy for the low and high energy samples are
summarized in Table 3.

TABLE 5
FIRST HARMONIC FIT VALUES OF THE ANTI-SIDEREAL ANISOTROPY
FOR THE ENERGY BANDS CENTERED AT 20 TEV AND 400 TEV.

Eptedizn AlAE o ¢1AS D Xz/ndaf
_ (TeV} (16°45 (degree)
20 04x0.1 1.5 18.5 29/21
400 0.5 £0.7 3246 X754 17/21

1.3. IceCube-40 String Sidereal Anisotropy

In addition to the previously discussed systematic
checks, an important cross-check is applied by looking
at the result obtained from the previous year using the
data collected from IceCube in its 40-strings configura-
tion (IceCube-40) from May-2008 until May-2009. The
same analysis described in this paper was applied to the
IceCube-40 experimental data, along with the energy
sample selection described in section 2.2.

The sidereal anisotropy observed at 20 TeV with
IceCube-40 is found to be consistent with the reported
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F1G. 12.-- Figure (a) shows the projection in c:45 of the relative
intensity of cosmic ray arrival distribution using the anti-sidereal
time for the low energy sample (median energy of the primary
cosmic ray particle of 20 TeV). Figure (b) shows the projection in
a g of the relative intensity of cosmic rays arrival distribution for
the high energy sample (median energy of the primary cosmic ray
particle of 400 TeV). An anisotropy in the anti-sidereal reference
frame is related to a distortion of the sidereal anisotropy induced
by an annual modulation of the solar dipole amplitude.

observation with IceCube-22 (Abbasi et al. 2010a) and
with that observed using the IceCube-59 string configu-
ration. Moreover, the relative intensity distribution for
IceCube-40 as a function of right ascension for the 400
TeV band is also consistent with the distribution ob-
tained with IceCube-59. Figure 13 shows the projection
in right ascension of the relative intensity distribution
at primary median energy of 400 TeV for both IceCube-
40 (in red) and IceCube-59 (in black). The line corre-
sponds to the first and second harmonic fit to the data
of IceCube-59 in black and IceCube-40 in red. The gray
band indicates the estimated maximal systematic uncer-
tainties of IeeCube-59. The results obtained with the two
detector configurations are consistent within the statis-
tical and systematic fluctuations. The stability of the
result over different detector configuration supports the
conclusion that the anisotropies observed at 20 and 400
TeV with IceCube-59 are real.

5. CONCLUSIONS

In this paper we presented the results on the large scale
cosmic ray sidereal anisotropy, based on a total of 33 x10°
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FI1G. 13.— This figure shows the IceCube-59 and IceCube-40 one-
dimensional projections in sidereal time in black and red marlers
respectively at 400 TeV. The data are shown with statistical uncer-
tainties for error bars. The line corresponds to the first and second
harmonic fit to the data of IceCube-59 in black and IceCube-40 in
red. The gray band indicates the estimated maximal systematic
uncertainties of IceCube-59.

muon avents collected by IceCube-59 from May 2009 to
May 2010. In particular we showed the relative intensity
in the arrival direction distribution at primary particle
median energy of about 20 TeV and 400 TeV as shown
in Figure 5.

The relative intensity distributions as a function of
right ascension is fitted with a sum of first and second
harmonic terms (eq. 2). The amplitude and phase at
20 TeV and 400 TeV are summarized in section 4. The
observation of the sidereal anisotropy in the cosmic ray
arrival direction is supported by the determination of the
solar dipole expected from the Earth’s revolution around
the sun. The observed solar anisotropy agrees in am-
plitude and phase with the expectation in both energy
bands. Moreover, the sidereal anisotropy is also sup-
ported by a number of data stability checks. One of
these checks consisted of analyzing the data samples in
the anti-sidereal time frame where no significant signal is
observed. The observation of the solar dipole along with
the absence of a signal in the anti-sidereal time frame in
addition to all the stability tests, ensure the reliability
of the sidereal anisotropy measurement for both 20 TeV
and 400 TeV primary energy event samples.

The sidereal anisotropy observed at 20 TeV with
TceCulke-59 is consistent with the previously reported
observetion with IceCube-22 (Abbasi et al. 2010a), thus
providing a confirmation of a continuation of the arrival
distribution pattern observed in the Northern equato-
rial hemisphere in the multi-TeV energy range. On the
other hand the sidereal anisotropy observed at 400 TeV
shows a significant relative deficit region in right ascen-
sion, —6.30, where the excess is observed at median pri-
mary energy of 20 TeV. In addition, the relative deficit
region at low energy seems to have disappeared at me-
dian primary energy of 400 TeV as shown in Figure 7.
The observed anisotropy at 400 TeV shows substantial
differences with respect to that observed at 20 TeV.
Moreover, it does not show a continuation of the obser-
vations reported at high energies in the Northen hemi-
sphere (Amenomori et al. 2006), (Aglietta et al. 2009).
This is the first significant anisotropy observed in cos-
mic ray arrival distribution in the 400 TeV range in the

Southern hemisphere.

The sidereal anisotropy at 400 TeV also appears to be
present in the data collected during the 40-string Ice-
Cube physics runs. The persistence of the anisotropy
in IceCube-40 and IceCube-59 is an important verifica-
tion that the anisotropies observed are not dependent
on the detector configuration nor on the period the data
were collected. Using events collected with the complete
IceCube observatory (86-strings) will enable us to signifi-
cantly improve the statistical power in the determination
of sidereal anisotropy at a few hundreds TeV primary en-
ergy.

6. DISCUSSION

The origin of the sidereal anisotropv is still unknown.
It is believed that a possible contribution to this ob-
served anisotropy might be from the Compton-Getting
effect. The Compton-Getting dipole anisotropy we ex-
pect to see in this analysis is determined from Monte
Carlo simulation and should appear with a maximum
in the one-dimensioneal projection in right ascension be-
tween 290°and 340° and a deficit between 110°and 160°
with an amplitude of ~ 0.13%. In this model the cosmic
rays are agsumed to be at rest with respect to the Galac-
tic center. The sidereal anisotropy from both energy
samples do not appear to be consistent with expected
Compton-Getting model (Compton & Getting 1935) nei-
ther in amplitude nor in phase. However, it is possible
that the Galactic cosmic ray rest frame has a smaller
relative velocity and a different direction with respect to
the one hypothesized in (Compton & Getting 1935). The
cosmic ray rotation with respect to the Galactic center
is complex and unknown, therefore, in this case we can
only conclude that the cosmic rays are not at rest with
respect to the Galactic center.

It is also worth noting that when describing the Galac-
tic cosmic ray propagation through diffusion models
the large scale anisotropy is an important observable.
The determination of cosmic ray anisotropy at median
energy of 400 TeV could enable us to obtain an im-
proved theoretical description of the diffusion processes
of Galactic cosmic ray’s energy ranges closer to the
knee (Berezinskii et al. 1990).

We are continuously analyzing events from IceCube
with updated configurations. IceCube construction is
now completed with 86 strings deployed with a volume
of km® in January of 2011. With the higher statisti-
cal power expected from the observed cosmic ray muons
we will be able to improve our understanding of the
anisotropy and its energy dependence closer to the knee
region. This will further our understanding of the propa-
gation of cosmic rays and help to eventually reveal their
SOUCES.

7. ACKNOWLEDGMENTS

We acknowledge the support from the following agen-
cies: U.S. National Science Foundation-Office of Polar
Programs, U.S. National Science Foundation-Physics Di-
vision, University of Wisconsin Alumni Research Foun-
dation, the Grid Laboratory Of Wisconsin (GLOW)
grid infrastructure at the University of Wisconsin -
Madison, the Open Science Grid (OSG) grid infrastruc-
ture; U.S. Department of Energy, and National Energy
Research Scientific Computing Center, the Louisiana



12 IceCube Collaboration: Abbasi et al.

Optical Network Initiative (LONI) grid computing re-
sources; National Science and Engineering Research
Council of Canada; Swedish Research Council, Swedish
Polar Research Secretariat, Swedish National Infrastruc-
ture for Computing (SNIC), and Knut and Alice Wal-
lenberg Foundation, Sweden; German Ministry for Ed-
ucation and Research (BMBF), Deutsche Forschungs-
gemeinschaft (DFG), Research Department of Plasmas
with Complex Interactions (Boahumg, Germany; Fund
for Scientific Research (FNRS-FWO), FWOQO Odysseus

programme, Flanders Institute to encourage scientific
and technological research in industry (IWT), Belgian
Federal Science Policy Office (Belspo); University of Ox-
ford, United Kingdom; Marsden Fund, New Zealand;
Japan Society for Promotion of Science (JSPS); the
Swiss National Science Foundation (SNSF), Switzerland;
A. Grof acknowledges support by the EU Marie Curie
OIF Program; J. P. Rodrigues ackrowledges support by
the Capes Foundation, Ministry of Education of Brazil.

REFERENCES

Abbasi, R., et al. 2009, Nucl. Instrum. Meth., A, 601, 294

—. 2010a, ApJ, 718, L194

—-. 2010b, ArXiv 1012.2137

—. 2011, ArXiv 1105.2326

Abdo, A. A, et al. 2009, Apl, 698, 2121

Apglietta, M., et al. 2009, ApJ, 692, L130

Ahrens, J., et al. 2004, Nucl. Instrum. Meth., A, 524, 169

Amenomori, M., et al. 2006, Science, 314, 439

—. 2004, Physical Review Letters, 93, 061101

Battaner, E., Castellano, J., & Masip, M. 2009, AplJ, 703, L90

Beresnyak, A., Yan, H., & Lazarian, A. 2011, ApJ, 728, 60

Berezinskii, V. 8., Bulanov, 8. V., Dogiel, V. A., & Ptuskin, V. S.
1990, Astrophysics of cosmic rays

Butt, Y. 2009, Nature, 460, 701

Chirki, D., & Rhode, W. 2004, ArXiv High Energy Physics -
Phenomenclogy arXiv:hep-ph/0407075

Compton, A. H., & Getting, 1. A. 1935, Physical Review, 47, 817

CORSIKA. 2009, http://www-ik.fzk.de/corsika/

Cutler, D. J., & Groom, D. E. 1986, Nature, 322, 434

Engel, R. 1999, in Proc. 26th ICRC Sait Lake City, United States

Erlykin, A. D., & Wolfendale, A. W. 2006, Astroparticle Physics,
25, 183

Farley, F. J. M., & Storey, J. R. 1954, Proc. Phys. Soc., 67, 996

Gleeson, L. J., & Axford, W. 1. 1968, Ap&SS, 2, 431

Gérski, et al. 2005, Apl, 622, 759

Guillian, G., et al. 2007, Phys. Rev. D, 75, 062003

Hérandel, J. R. 2003, Astroparticle Physics, 19, 193

Li, T-P., & Ma, Y.-Q. 1983, ApJ, 272, 317

Malkov, M. A., Diamond, P. H., O’C. Drury, L., & Sagdeev, R. Z.
2010, Apd, 721, 750

Nagashima, K., Tatsuoka, R., & Matsuzaki, S. 1983, Nuovo
Cimento C, 6, 550

Nagashima, K., Fujimoto, K., & Jacklyn, R. M. 1998,
J. Geophys. Res., 103, 17429

Tilav, 8., et al. 2010, ArXiv:astro-ph/1001.0776

Williams, D. 2004, Earth Fact Sheet,
http:/ /nssde.gsfe.nasa.gov/planetary/factsheet /earthfact. html

Zhang, J. L., e. a. 2009, in Proc. 31st ICRC Lodz, Poland



