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The IceCube Neutrino Observatory recorded more than 250 billion cosmic-ray induced muon
events between May 2009 and May 2014. We use this data set to study the anisotropy in the ar-
rival direction distribution of cosmic rays in the TeV to PeV energy range. The anisotropy features
large regions of relative excess and deficit with amplitude on the order of 10−3. A decomposi-
tion of the arrival direction distribution into spherical harmonics shows that most of the power is
contained in the low-multipole (`≤ 4) moments. However, higher multipole components are also
statistically significant down to an angular scale of less than 10◦. The data set also allows for a
detailed study of the anisotropy for various cosmic-ray median energies. The large-scale struc-
ture observed at energies near 20 TeV reaches a minimum amplitude, accompanied by a change in
phase, around 150 TeV. At higher energies, we observe a strong deficit with an amplitude increas-
ing with energy up to 5 PeV, the highest energies currently accessible to IceCube. The deficit is
also present in IceTop maps of similar energies. No time-dependence of the large-scale structure
was observed in the five-year period covered by this analysis.
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1. Introduction

Galactic magnetic fields sufficiently scramble the arrival directions of cosmic rays with TeV
energies to prohibit any direct identification of sources based on their arrival direction distribution.
However, cosmic rays at this energy propagate diffusively through the Galaxy, and their distribution
in the sky shows a degree of anisotropy at the per-mille level that might give some indications of
the location of nearby sources and the process of propagating from their sources to us.

Measurements of anisotropy in the arrival direction distribution of TeV cosmic rays have been
published by a number of experiments, including the Tibet ASγ [1], Super-Kamiokande [2, 3],
Milagro [4, 5], EAS-TOP [6], MINOS [7], ARGO-YBJ [8], and HAWC [9] experiments in the
Northern Hemisphere and IceCube [10, 11, 12] and its surface air shower array IceTop [13] in the
Southern Hemisphere.

In both hemispheres, the observed anisotropy has two main features: a large-scale structure
with an amplitude of about 10−3 usually fitted as a dipole or a sum of low-order multipoles, and
a small-scale structure with a few localized regions of cosmic-ray excesses and deficits of angular
size 10◦ to 30◦. The large-scale structure is usually interpreted as a result of diffusive propagation,
with the maximum of the dipole possibly pointing in the direction of one or several nearly sources
(see for example [14]). On the other hand, the misalignment between the cosmic-ray density gradi-
ent and the regular Galactic magnetic field would prevent pointing to any specific source, although
it would suppress the anisotropy amplitude to a value closer to what is observed [15]. The small-
scale structure is more difficult to explain. It could be the product of turbulence in the Galactic
magnetic field [16, 17], among other explanations.

The IceCube detector at the geographic South Pole is currently the only detector that can
study cosmic-ray anisotropy in the Southern Hemisphere. Based on data taken with partial detector
configurations while the detector was still under construction, we have previously published obser-
vations of cosmic-ray anisotropy with IceCube [10, 11] and IceTop [13], as well as studies of the
energy dependence of the anisotropy [12]. In this paper, we update the previous results using all of
the currently available data, collected in 1690 days of livetime between May 2009 and May 2014.
During this period, IceCube recorded about 250 billion events and IceTop recorded 170 million
events.

2. The Data Set

IceCube is a cubic-kilometer neutrino detector installed in the ice at the geographic South
Pole [18]. High-energy neutrinos are detected by observing the Cherenkov radiation from charged
particles produced by neutrino interactions in the ice or in the bedrock below the detector. The
Cherenkov light is detected by an array of 5160 digital optical modules (DOMs) deployed at depths
between 1450 m and 2450 m below the surface of the ice sheet. Each DOM is a pressure-resistant
glass sphere that contains a 10-inch photomultiplier tube (PMT) and electronics to digitize the
signals. The DOMs are attached to 86 vertical strings separated by an average distance of 125 m,
each string hosting 60 DOMs equally spaced over the kilometer of instrumented length.

The IceTop air-shower array is located on the surface of the ice sheet above the IceCube
neutrino detector [19]. An integral part of IceCube, IceTop is a dedicated cosmic-ray detector
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optimized for air-shower observations at PeV energies. It consists of 81 surface stations, with two
light-tight tanks per station. Each tank measures 1.8 m in diameter, is filled with highly transparent
ice of 0.9 m in height, and contains two DOMs with different gains.

Both the neutrino detector buried deep in the ice and the cosmic-ray shower detector on the
surface can be used to study cosmic-ray arrival direction anisotropy. The in-ice component detects
cosmic rays through the relativistic muons produced by cosmic-ray air showers. The trigger rate
for events with eight or more DOMs in coincidence (see [20] for details) varies between 2 kHz
and 2.4 kHz, with the modulation caused by seasonal variations of the stratospheric temperature
[21]. The detected muon events are generated by primary cosmic-ray particles with median energy
of 20 TeV, as determined by simulations. The air-shower muons preserve the arrival direction of
the primary cosmic ray to within about 0.2◦. Because of the high trigger rate and the limited data
transfer bandwidth available from the South Pole, all cosmic-ray data are stored in a compact data
storage and transfer (DST) format, containing only the results of a fast angular reconstruction and
some limited information per event. The median angular resolution for this data set, as determined
by simulation, is 3◦. The DST data format does not contain event-by-event errors on the arrival
direction reconstruction.

The IceTop air-shower array detects cosmic rays at a rate of approximately 30 Hz with a mini-
mum primary particle energy threshold of about 400 TeV. IceTop is sensitive to the electromagnetic
component of the shower, not just the muonic component. Due to transmission bandwidth limita-
tions, IceTop data is subject to prescaling. The prescaling factor depends on the event size and has
changed over time with the detector configuration. Only events that trigger eight or more stations
have not been prescaled for any configuration, so to obtain a consistent data set for the entire period
covered by this analysis, we used only this subset of showers. The resulting data set has a median
energy of 1.7 PeV.

In the first two years used in this analysis, IceCube and IceTop operated in partial detector
configurations, with 59 active strings/stations (IC59/IT59) from May 2009 to May 2010, and 79/73
strings/stations (IC79/IT73) from May 2010 to May 2011. Since May 2011, the detector has been
operating in its full configuration (IC86/IT81).

3. Large- and Small-Scale Structure

Several steps are necessary to produce sky maps of the large- and small-scale cosmic-ray
anisotropy. For our analysis, we implemented an equal-area binning of the sky using the HEALPix
library [22]. The underlying resolution is about 1◦, but the final maps are smoothed on angular
scales corresponding to the resolution of the detector.

The first step in the study of anisotropy in cosmic-ray arrival directions is the creation of a
reference map showing the response of the detector to an isotropic flux of cosmic rays. The refer-
ence map itself is not isotropic, as it accounts for changes in the cosmic-ray rate from atmospheric
effects, occasional detector downtime, and effects from the detector geometry. The reference map
is generated from the data themselves. For each event in the data map, events in the reference map
are created by attaching the same arrival direction in local coordinates to randomly selected arrival
times from the distribution of real arrival times within a time window of 24 hours. The technique
is described in detail in [11]. We note that this technique only modifies the right ascension of the
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Figure 1: Equatorial maps of the relative intensity of the cosmic-ray flux (left) and the pre-trial statistical
significance of the deviation from isotropy (right) before (top) and after (bottom) dipole and quadrupole
subtraction. An angular smoothing with 5◦ radius is applied to all maps.

event within the same declination band. Consequently, any large-scale structure in the arrival direc-
tion distribution is reduced to its projection onto the equatorial plane. However, simulations show
that localized (small-scale) structures are correctly reproduced with this method.

In the second step, the reference map is compared to the data map to obtain a sky map that
shows the deviations from isotropy. Typically, these maps show the relative intensity of the cosmic-
ray flux, δ Ii = (Ni−〈N〉i)/〈N〉i, where Ni and 〈N〉i are the number of observed events and the num-
ber of reference events in the i th bin of the map, respectively. To evaluate the statistical significance
of any deviation from anisotropy, we also produce maps of significance calculated according to Li
& Ma [23]. A top-hat smoothing procedure in which a single pixel’s value is the sum of all pixels
within a 5◦ radius has been applied to all maps.

Figure 1 (top) shows, in equatorial coordinates, the sky map of relative intensity (left) and
statistical significance (right) for five years of IceCube data. No energy cuts have been applied for
these maps, so the median energy of the cosmic-ray primaries is 20 TeV. The maps are dominated by
large-scale structure, with a deep deficit from 150◦ to 250◦ in right ascension and a corresponding
excess from 30◦ to 120◦. The distribution is, however, not well described by a dipole or even a
sum of the first low-order multipole moments (dipole, quadrupole, ...) of the spherical harmonic
function, indicating the presence of structure at smaller angular scales. To study this small-scale
anisotropy, the dominating large-scale structure has to be removed. To achieve this, the dipole and
quadrupole terms are fit to the relative intensity map and then subtracted.

The bottom panels of Figure 1 show maps of relative intensity (left) and statistical significance
(right) after the subtraction of the best-fit dipole and quadrupole terms. The regions of excess
and deficit in cosmic-ray flux are similar to those shown in previous work [11], but the increased
statistics of the five-year data set increases the significance of the features and leads to a better
resolution of the small-scale structure. The maps clearly indicate statistically significant anisotropy
down to angular scales approaching the angular resolution of the detector.

Figure 2 shows the angular power spectrum of the five-year data set both before (blue) and after
(red) the subtraction of the dipole and quadrupole moments. It confirms the presence of significant
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Figure 2: Angular power spectrum for five years of IceCube data (blue) and for the same date with best-fit
dipole and quadrupole moments subtracted (red). The amplitudes C` for `= 1,2 are consistent with 0 after
the subtraction. Dark- and light-gray bands represent the power spectra for isotropic sky maps at the 68%
and 90% confidence levels, respectively.

structure up to multipoles `' 20, corresponding to angular scales of less than 10◦.

4. Energy Dependence

Studies of the arrival direction anisotropy between TeV and PeV energies have revealed a sub-
stantial change in the amplitude and phase of the best-fit dipole with energy [6, 12]. To analyze the
energy dependence, we split the data set into nine bins with increasing median energy based on the
number of DOMs that collected Cherenkov light and the reconstructed zenith angle (see [12] for
details). The energy resolution is poor (on the order of 0.5 log(E/GeV)) because muons transport
to the surface a small fraction of the total shower energy, with relatively large fluctuations. There-
fore, events in each bin have a wide energy distribution and the distributions of the different energy
bins overlap substantially. However, the data in the nine energy bins are statistically independent.

Figure 3 shows the dipole amplitude (left) and phase (right) as a function of energy. To obtain
these values, we first produce a projection of the relative intensity onto right ascension and then
perform a one-dimensional fit of the full set of harmonic functions to the projection. We fit this
projection rather than the full sky map because the two-dimensional fit of spherical harmonics to
the map is difficult to perform with a limited field of view. As a result of the method we applied
to generate the reference map, the sky map will in any case only show the projection of any dipole
component, so the one-dimensional fit is sufficient to study the energy dependence of the dominant
dipole. The figure shows that a rapid shift of phase by almost 180◦ occurs at an energy between
130 TeV and 240 TeV. The dipole amplitude decreases with energy up to these energies, and in-
creases again at higher energies. The red data point in Figure 3 is based on IceTop data with a
median energy of 1.7 PeV. While the phase agrees well with that found in IceCube data at similar
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Figure 3: Amplitude (left) and φ -component of phase (right) of dipole fit to IceCube (blue) and IceTop (red)
sky maps for various energy bins. Data points indicate the median energy of each energy bin, with error bars
showing the 68% containment interval.

energies, the amplitude of the anisotropy is larger in IceTop than in any IceCube energy bin. This
could indicate a difference in the energy distribution and the chemical composition of IceCube and
IceTop events and is currently under study.

5. Time Dependence

The data used in this analysis accumulated over a period of five years and therefore also allows
for a study of the stability of the anisotropy over this time period. Such studies have been performed
by other experiments, with contradictory results. Both the Tibet [24] and ARGO-YBJ experiments
[8] have observed no significant variation in the anisotropy, whereas Milagro [5] reports a steady
increase in the amplitude of the deficit region over a period of seven years (2000-2007). The
discovery of time modulation in the shape of the anisotropy, in particular a variation with the 11-
year solar cycle, could be evidence for a heliospheric influence on the arrival directions.

Figure 4 shows the one-dimensional projection of the relative intensity onto right ascension for
each year of IceCube data. Systematic errors are estimated by calculating the maximum amplitude
of the signal in the anti-sidereal time frame (see [11] for details). A χ2-test shows that within
errors, the large-scale anisotropy is stable over the five years of IceCube data. This is in agreement
with the results of a study of the stability over a period of 12 years (2000-2012) using data recorded
with the AMANDA and IceCube detector [25].

6. Summary and Outlook

The analysis of five years of data taken with the IceCube detector and its air-shower array
IceTop show an energy-dependent anisotropy in the arrival direction distribution of TeV to PeV
cosmic rays in the Southern Hemisphere. In addition to a large-scale structure, we observe signif-
icant small-scale structure down to scales approaching the angular resolution of the detector. The
phase of the large-scale anisotropy changes rapidly between 130 TeV and 240 TeV. During the time
period analyzed, the large-scale structure is stable with time.
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Figure 4: Relative intensity of the cosmic-ray flux as a function of right ascension for each configuration of
the IceCube detector from IC59 to the third year of IC86. The plot is a one-dimensional projection of the
sky map onto the right ascension axis. Systematic errors are calculated using the anti-sidereal frame for each
year independently.

Due to the high data rate, the event-by-event information stored for the muon tracks in the
in-ice detector is limited and does not allow for a more detailed analysis of the anisotropy. For data
taken with the IceTop air-shower array, a more accurate energy reconstruction is available, and it
is possible to study the energy spectrum of excess and deficit regions and a possible dependence of
the anisotropy on the chemical composition of the primary cosmic-ray flux. Studies with detectors
in the Northern Hemisphere have shown that the energy spectrum of the cosmic-ray flux in the most
dominant excess regions is harder than the isotropic cosmic-ray flux [4, 8, 9]. In the near future,
we plan to use IceTop data to search for similar effects in the southern sky.
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