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Abstract:

IceCube is akilometer scale neutrino observatory that collects alarge number of cosmic ray induced muon events. These
events, which are background for neutrino searches, are observed at a rate that is suitable for high-statistics studies of
cosmic rays in the Southern hemisphere. The apparent anisotropy created by the motion of the Earth around the Sun, the
solar dipole, issystematically analyzed. The solar dipoleissimulated, and the predictions for the integrated effect over an
entire year and over shorter periods of a quarter-year are compared to data. The experimental observation isfound to be
in good agreement with the expectation. Finally, we show that the interference between the solar dipole and the sidereal
anisotropy iswell understood within the statistical uncertainties.
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1 Introduction

The motion of an observer in the cosmic ray plasma is pre-
dicted to cause an apparent dipole effect in the cosmic ray
arrival direction; this effect was first pointed out in 1935 by
Arthur Compton and Ivan Getting [1]. Using this principle,
the motion of the Earth around the Sun would produce an
excess in the direction of motion and a deficit in the oppo-
site direction. This observation was first reported by Cutler
in 1986 [2], and then later observed by multiple experi-
ments (i.e. Tibet Air Shower Arrays (Tibet ASy) [3], Mila-
gro [4], and EAS-TOP [5]). This measurement is referred
to in this contribution as the solar dipole effect anisotropy
and is expressed as

T = (422 osl6) &
where I is the intensity, ~ is the differential cosmic ray
spectral index, v is the Earth’s velocity, ¢ is the speed of
light, and 0, is the angle between the reconstructed arrival
direction of the cosmic rays and the direction of the motion
of the Earth [6].

In addition to the solar dipole effect, galactic cosmic ray
anisotropies have been observed by underground and sur-
face array experiments in the Northern hemisphere such
as Tibet AS~ [3]. Furthermore, IceCube recently reported
the first observation of the sidereal anisotropy in cosmic
ray arrival direction in the Southern sky [7] with a relative

amplitude of the order of 10~ to 10~3. The cosmic ray
anisotropy showed that the sidereal anisotropy in the South-
ern sky is a continuation of that observed in the Northern
hemisphere.

In this proceeding, we report on the study of the observa-
tion and the expectation of the solar dipole effect in one
full year. We also examine the effect of the mutual interfer-
ence between the sidereal anisotropy and the solar dipole
effect by examining quarter-year periods. The solar dipole
effect and the interference between the sidereal and the so-
lar effect over quarter-year periods is found to be well un-
derstood. This understanding supports the reliability of the
sidereal anisotropy observations.

2 DataAnalysis

IceCube is optimized for the detection of up-going, high-
energy neutrinos, however its trigger rate is dominated by
down-going atmospheric muons created in cosmic ray air-
showers above the detector. In this work, we use the down-
going atmospheric muon flux as our signal to study cosmic
rays in the Southern sky. The data used in this analysis are
the down-going muons collected by the IceCube detector
in its 59-string configuration from May 2009 to May 2010.
The data are reconstructed by an online maximum likeli-
hood based reconstruction algorithm at an average rate of
~1.2 kHz. A range of selection criteria is applied to the
data to ensure detector stability. The final data set consists
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Figure 1: This plot shows the IceCube configuration with
86 strings in empty circles and the 59-string configuration
in filled circles.

of 33 billion events and corresponds to a detector livetime
of 324.8 days. The events are initiated by muons from cos-
mic ray air-showers with a median primary energy of 20
TeV. The angular resolution between the muon to the pri-
mary cosmic ray particle has a median value of ~3°.

Located at the South Pole, IceCube observes the Southern
sky year-round. However, an artificial azimuthal asymme-
try occurs as an artifact of the detector’s geometrical con-
figuration (Figure 1) combined with non-uniform time cov-
erage. This azimuthal asymmetry was eliminated by re-
weighting the azimuthal arrival directions of the incoming
cosmic rays [7].

3 Solar Dipole Anisotropy M easurement and
Expectation

The solar dipole is a well-known signal, both from the-
ory and from observations by other experiments. A mea-
surement of this well-known signal with IceCube strongly
supports the reliability of the observation of the sidereal
anisotropy with the same detector [8].

The amplitude of the solar dipole depends on the geograph-
ical latitude of the observer and on the angular distribution
of the detected cosmic ray events at the observatory. Due to
the location of the IceCube Observatory at the South Pole,
the sky is fully visible at any given time. Therefore, the
solar dipole is observed in a reference system where the lo-
cation of the Sun is fixed, where the latitude coordinate is
the declination, and the longitude coordinate is defined to
be the difference between the right ascension of the cos-
mic ray arrival direction and the right ascension of the Sun
(o — asun). In this reference frame, the excess due to the
solar dipole is expected to be at 270° and a deficit at 90°.

To verify that the experimental observation of the solar
dipole is consistent with the expectation, the predicted pro-
jection of the solar anisotropy was calculated for the Ice-
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Figure 2: The plot shows the one-dimensional projection in
o — agyy Of the relative intensity of cosmic rays. The data
are shown with statistical uncertainties in black crosses,
and the black line corresponds to the expectation from
eq. 1. The gray shaded band indicates the 68% spread of
the uncertainty in the simulated solar dipole.

Cube location. Since the observed amplitude of the solar
dipole depends on the actual angular distribution of the de-
tected muon events, the calculation of the expectation was
performed using the azimuth-corrected experimental data.
The expectation of the solar dipole was calculated by com-
puting the relative intensity of the solar dipole through the
cosmic ray plasma (through eq. 1). Instead of counting the
number of events within a given bin in right ascension from
the Sun, we calculated for each event, a mean weight cor-
responding to the expected relative intensity of the solar
dipole.

The uncertainties in the cosmic ray spectral index, in the
Earth’s velocity, and in the reconstructed arrival direction
of the events were included into the calculation of the
uncertainty of the expectation. The mean spectral index
was evaluated using the all-particle cosmic ray spectrum
from [9] and was found to be 2.67 + 0.19. The value used
for Earth’s velocity was v = 29.8 £+ 0.5 km/s, where the
error takes into account the spread between the maximum
and minimum along the elliptical orbit. The angle 6, be-
tween the reconstructed direction of the muon events and
the Earth’s velocity vector at the time the event was de-
tected was evaluated accounting for the experimental point
spread function. The expected solar dipole distribution, in-
cluding the 68% spread in the uncertainty of the expecta-
tion, is shown in Figure 2. This figure shows that the obser-
vation is consistent with the expectation in both amplitude
and phase.
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4 |Interference between the Sidereal and So-
lar Anisotropy

4.1 The Sidereal Anisotropy Interference in the
Solar Dipole Anisotropy

A check applied to ensure that the solar dipole was well
understood was to compare the expected solar dipole dis-
tribution to the observed distribution over the three month
intervals (February-April, May-July, August-October, and
November-January) with approximately the same detec-
tor livetime. However, complications exist in this simple
dipole picture because if the data are not collected within
an integer number of full years, the solar dipole is expected
to be strongly distorted by the sidereal anisotropy [7]. This
spurious effect is expected because the sidereal reference
frame is defined where the celestial sky is fixed, while the
solar reference frame is defined where the Sun is fixed. It
takes about four fewer minutes to complete a sidereal day
than a solar day. Therefore, a static point in the sidereal
reference frame will move across the solar frame and re-
turn to the same position on the sky in one full year (this
is observed implicitly in Figure 2). Therefore, any static
sidereal distribution averages to zero in the solar reference
frame after one year but not over partial time intervals of
the year.

The points with their statistical errors in Figure 3 show the
o — agyn projection of the data collected in the time in-
terval between February and April. The black line shows
the solar dipole expectation from the motion of the Earth
around the Sun for the same time interval. This illustrates
the effect of the distortion by the sidereal anisotropy in the
solar dipole. The plot shows that the observation in the
solar reference frame is not in agreement with what is ex-
pected from the solar dipole alone and is strongly distorted
by the sidereal anisotropy.

To eliminate such contamination, the experimental side-
real anisotropy distribution was used to determine how it
would look like in solar reference frame. Specifically, a nu-
merical calculation was performed where, every 100us, an
event was generated with a unique UTC time and with right
ascension from the all-year experimental sidereal distribu-
tion. The corresponding distribution in o — a g4, Was de-
termined for the February-April time period and is shown
in Figure 4. Once the sidereal anisotropy effect in the so-
lar reference frame is known, it is then subtracted from the
distribution measured in the solar reference frame.

Figure 3 shows the distorted cosmic ray distribution in the
solar reference frame, and Figure 5 shows the distorted dis-
tribution minus the sidereal interference. The plot shows
that the data, after correcting for the sidereal effect, is in
agreement with the solar dipole expectation for the period
from February to April. This effect was also estimated for
each of the next three time intervals (May-July, August-
October, and November-January) using the same method.
The data was found to be in agreement with the expectation
within statistical fluctuations.
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Figure 3: This plot shows the relative intensity of the one-
dimensional projection of right ascension with respect to
the Sun. The observed cosmic ray events in the period from
February to April are shown with statistical uncertainties in
the black crosses, and the black line is the relative intensity
of the expected solar dipole for the same time period.
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Figure 4: This plot shows the relative intensity of the side-
real anisotropy as it would appear in o@ — gy, projection
from February to April in absence of the solar dipole. The
error bars are the statistical uncertainties.

4.2 The Solar Dipole Anisotropy Interference in
the Sidereal Anisotropy

Similarly, the effect of the solar dipole interference in the
sidereal anisotropy was also checked. This check allows
for a better estimate of the systematic effect of the sea-
sonal variation dependence in the sidereal anisotropy of the
cosmic ray arrival direction [7]. If the relative intensity in
equatorial coordinates is measured over a full year, then the
observed sidereal anisotropy is devoid of any distortions by
the solar dipole as explained previously. However, similar
to the observation of the solar dipole in a quarter-year, we
observe (as shown in Figure 6) that the sidereal anisotropy
measured in the three month periods between February and
March (in gray points) deviates from the full dataset obser-
vation (in black line).

This deviation is smaller than the solar dipole’s distortion
and is consistent with what we would expect. If the same
sidereal-to-solar transformation procedure used previously



C. PrICE et al. SOLAR ANISOTROPY WITH |ICECUBE

- IceCube Preliminary

1.001

1.0005

Relative Intensity

b #ﬁ;ﬁwﬁ%
Pttt

0.9995

0.999

50 100 150 _ 200 250 300 350
a - ag,, [Degrees]

Figure 5: This plot shows the relative intensity of the one-
dimensional projection in right ascension with respect to
the Sun. The observed cosmic ray events with their statisti-
cal uncertainties in the period from February to April minus
the propagated sidereal anisotropy in the solar reference
frame for same time period are shown in black crosses.
The black line is the relative intensity of the expected solar
dipole.
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Figure 6: This plot shows the relative intensity of the one-
dimensional projection of right ascension. The gray crosses
are the observed cosmic ray events in the sidereal reference
frame in the period from February to April. The black line
is the relative intensity of the same sidereal anisotropy ex-
cept over the full year. Both the full year and the quarter-
year projections are plotted with their statistical error bars.

is applied, but for the sidereal anisotropy, then the solar
dipole contribution from the sidereal observation is elim-
inated as shown in Figure 7. This effect was also cor-
rected for the next three time intervals (May-July, August-
October, and November-January) using the same method.
The corrected sidereal anisotropy over each of the time
intervals was also found to be in agreement with that ob-
served over a full year.

5 Conclusion

In this contribution, we presented the observation of the so-
lar dipole using the data collected by the 59-string configu-

IceCube Preliminary

’Jtd:
T
*‘ﬁui

T
100 150 200 250 300 350
o [Degrees]

1.001 F

A

1.0005

Relative Intensity

-

k
I

of
=]

Figure 7: This plot shows the relative intensity of the one-
dimensional projection of right ascension. The gray crosses
are the observed cosmic ray events in the sidereal reference
frame in the period from February to April minus the prop-
agated solar anisotropy in the sidereal reference frame for
same time period. The black line is the relative intensity
of the same sidereal anisotropy except over the full year.
Both the full year and the quarter-year projections are plot-
ted with their statistical error bars.

ration of IceCube from May 2009 to May 2010. The solar
dipole effect is studied in one full year and in 3 months in-
tervals. The observed solar dipole in these time intervals
was found to be consistent with what is expected from the
motion of the Earth around the Sun in both amplitude and
phase. The solar dipole effect is a well understood mea-
surement that confirms, within statistical uncertainty, the
reliability of the large-scale sidereal cosmic ray anisotropy
observations.
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