1811.02015v2 [astro-ph.HE] 21 Feb 2019

arxiv

DRAFT VERSION FEBRUARY 22, 2019
Preprint typeset using IATEX style AASTeX6 v. 1.0

DETECTION OF THE TEMPORAL VARIATION OF THE SUN’S COSMIC RAY SHADOW WITH THE ICECUBE
DETECTOR

ICECUBE COLLABORATION': M. G. AARTSEN', M. ACKERMANN?, J. ADAMS!, J. A. AGUILAR?, M. AHLERS*, M. AHRENS®,
D. ALTMANN®, K. ANDEEN’, T. ANDERSON®, I. ANSSEAU>, G. ANTON®, C. ARGUELLES’, J. AUFFENBERG'’, S. AXANI’,
P. BACKES'?, H. BAGHERPOUR', X. Ba1'!, A. BARBANO'?, J. P. BARRON'?, S. W. BARWICK'*, V. BAUM"’, R. BAY'®,
J.J. BEATTY'”!'®, J. BECKER TJuUs'’, K.-H. BECKER?’, S. BENZVI?!, D. BERLEY??, E. BERNARDINIZ, D. Z. BESSON??,
G. BINDER**'®, D. BINDIG?®, E. BLAUFUSS?2, S. BLOT?, C. BOHM?, M. BORNER®, F. Bos'?, S. BOSER'?, O. BOTNER?®,

E. BOURBEAU*, J. BOURBEAU?’, F. BRADASCIO?, J. BRAUN?’, H.-P. BRETZ?, S. BRON'2, J. BROSTEAN-KAISER?, A. BURGMAN?®,
R. S. BUSSE?’, T. CARVER'?, C. CHEN?}, E. CHEUNG??, D. CHIRKIN?’, K. CLARK?’, L. CLASSEN*’, G. H. COLLIN’, J. M. CONRAD’,
P. CopPIN®!, P. CORREA®!, D. F. COWEN®32, R. CROsS?', P. DAVE?®, M. DAY?, J. P. A. M. DE ANDRE™®, C. DE CLERCQ?!,
J.J. DELAUNAY®, H. DEMBINSKI**, K. DEOSKAR?, S. DE RIDDER?’, P. DESIATI?’, K. D. DE VRIES®!, G. DE WASSEIGE®!,

M. DE WITH®, T. DEYOUNG?™, J. C. Diaz-VELEZ??, H. DuiMovIc’’, M. DUNKMAN®, E. DvorAK'', B. EBERHARDT'?,

T. EHRHARDT'’, B. EICHMANN'?, P. ELLER®, P. A. EVENSON**, S. FAHEY?’, A. R. FAZELY>®, J. FELDE??, K. FILIMONOV'S,

C. FINLEY’, A. FRANCKOWIAK?, E. FRIEDMAN??, A. FRITZ"?, T. K. GAISSER?*, J. GALLAGHER?’, E. GANSTER'?, S. GARRAPPA?,
L. GERHARDT?>*, K. GHORBANI?’, W. GIANG'3, T. GLAUCH*’, T. GLUSENKAMP®, A. GOLDSCHMIDT**, J. G. GONZALEZ>*,

D. GRANT'?, Z. GRIFFITH?, C. HAACK'?, A. HALLGREN?®, L. HALVE'?, F. HALZEN?, K. HANSON?’, D. HEBECKER>®,

D. HEEREMAN?, K. HELBING?, R. HELLAUER??, S. HICKFORD?", J. HIGNIGHT>®, G. C. HILL*!, K. D. HOFFMAN??, R. HOFFMANN??,
T. HOINKA??, B. HOKANSON-FASIG?’, K. HOosHINAZ"3 | F. HuANG®, M. HUBER*, K. HULTQVIST’, M. HUNNEFELD>,

R. HussaIN?, S. INY7, N. IovINE?, A. ISHIHARA*?, E. JACOBI?, G. S. JAPARIDZE®, M. JEONG®’, K. JERO?’, B. J. P. JONES*,

P. KALACZYNSKI'?, W. KANG®?, A. KaPPES®, D. KAPPESSER'?, T. KARG?, A. KARLE?’, U. KaTZ®, M. KAUER?’, A. KEIVANI®,
J. L. KELLEY?, A. KHEIRANDISH?’, J. KiM*’, T. KINTSCHER?, J. KIRYLUK*®, T. KITTLER®, S. R. KLEIN**'®, R. KOIRALA®*,
H. KoLANOSKI®®, L. KOPKE'?, C. KOPPER'?, S. KOPPER*, D. J. KOSKINEN*, M. KOwALSKI’®?, K. KRINGS*?, M. KrRoLL'?,

G. KRUCKL", S. KUNWAR?, N. KURAHASHI??, A. KYRIACOU*', M. LABARE®, J. L. LANFRANCHI®, M. J. LARSON*, F. LAUBER?,
K. LEONARD?’, M. LEUERMANN'?, Q. R. L1u%’, E. LOHFINK '3, C. J. LozANO MARISCAL*®, L. Lu*?, J. LUNEMANN?!,

W. Luszczak?, J. MADSEN*®, G. MAGGT!, K. B. M. MAHN®?, Y. MAKINO*?, S. MANCINAY, 1. C. MARIS®, R. MARUYAMA®’,
K. MASE*?, R. MAUNU??, K. MEAGHER®, M. MEDICI*, M. MEIER?’, T. MENNE?’, G. MERINO?’, T. MEURES®, S. MIARECKI**!¢,
J. MICALLEF*?, G. MOMENTE"’, T. MONTARULI'?, R. W. MOORE"?, M. MoULAI’, R. NAGAI*?, R. NAHNHAUER?, P. NAKARMI*®,
U. NAUMANN?®, G. NEER*}, H. NIEDERHAUSEN®’, S. C. NowICKI'?, D. R. NYGREN?*, A. OBERTACKE POLLMANN?’, A. OLIVAS?2,
A. O’MURCHADHA®, E. O’ SULLIVAN’, T. PALCZEWSKI**'¢, H. PANDYA?*, D. V. PANKOVA®, P. PEIFFER'®, J. A. PEPPERS,

C. PEREZ DE LOS HEROS?®, D. PIELOTH?, E. PINAT>, A. PizzuT0?’, M. PLUM, P. B. PRICE'®, G. T. PRZYBYLSKI**, C. RAAB?,
M. RAMEEZ*, L. RaucH?, K. RAWLINS, I. C. REA*’, R. REIMANN'?, B. RELETHFORD?’, G. RENZI®, E. RESCONI*’, W. RHODE?’,
M. RiIcHMANY?, S. ROBERTSON?*, M. RONGEN'?, C. RoTT*’, T. RUHE?’, D. RYCKBOSCH>’, D. RYSEWYK>?, I. SAFA?,

S. E. SANCHEZ HERRERA'3, A. SANDROCK??, J. SANDROOS'>, M. SANTANDER*®, S. SARKAR*’!, S. SARKAR'?, K. SATALECKA?,
M. SCHAUFEL'?, P. SCHLUNDER?, T. SCHMIDT??, A. SCHNEIDER?’, J. SCHNEIDER®, S. SCHONEBERG'?, L. SCHUMACHER'?,

S. SCLAFANIY’, D. SECKEL**, S. SEUNARINE*®, J. SOEDINGREKSO?, D. SOLDIN**, M. SONG*?, G. M. SPiczaK*®, C. SPIERING?,
J. STACHURSKAZ, M. STAMATIKOS'”, T. STANEV™*, A. STASIK?, R. STEIN?, J. STETTNER'?, A. STEUER'®, T. STEZELBERGER?*,
R. G. STOKSTAD?*, A. STOsSL*?, N. L. STROTJOHANN?, T. STUTTARD?, G. W. SULLIVAN??, M. SUTHERLAND'", I. TABOADA?®,
F. TENHOLT'?, S. TER-ANTONYAN®?, A. TERLIUK?, S. TILAV**, P. A. TOALE*®, M. N. ToBIN?’, C. TONNIS®?, S. ToscaNo®!,
D. Tos?’, M. TSELENGIDOU®, C. F. TUNG?®, A. TURCATI*, R. TURCOTTE'’, C. F. TURLEY®, B. TY?’, E. UNGER?’,

M. A. UNLAND ELORRIETA®®, M. USNER?, J. VANDENBROUCKE>’, W. VAN DRIESSCHE™, D. VAN EUK?’, N. VAN EIJNDHOVEN?!,
S. VANHEULE™, J. VAN SANTEN?, M. VRAEGHE>, C. WALCK’, A. WALLACE*', M. WALLRAFF'?, F. D. WANDLER'?,

N. WANDKOWSKY?", T. B. WATSON**, C. WEAVER'?, M. J. WEIss®, C. WENDT?’, J. WERTHEBACH?’, S. WESTERHOFF*’,
B.J. WHELAN*', N. WHITEHORN’?, K. WIEBE"®, C. H. WiEBUSCH'?, L. WILLE?’, D. R. WILLIAMS*®, L. WiLLs*", M. WoLF*’,
J. Woop?, T. R. Woop '3, E. WoOLSEY'?, K. WOSCHNAGG'®, G. WREDE®, D. L. Xu?7, X. W. Xu*, Y. Xu*®, J. P. YANEZ"?,
G. YopH', S. YosHIDA*?, AND T. YUAN?’

1Dept. of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand
2DESY, D-15738 Zeuthen, Germany
3Université Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium
“Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark
5Oskar Klein Centre and Dept. of Physics, Stockholm University, SE-10691 Stockholm, Sweden
6Erlamgen Centre for Astroparticle Physics, Friedrich-Alexander-Universitit Erlangen-Niirnberg, D-91058 Erlangen, Germany
7Department of Physics, Marquette University, Milwaukee, W1, 53201, USA
8Dept. of Physics, Pennsylvania State University, University Park, PA 16802, USA
9Dept. of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
10III. Physikalisches Institut, RWTH Aachen University, D-52056 Aachen, Germany
11Physics Department, South Dakota School of Mines and Technology, Rapid City, SD 57701, USA
12Département de physique nucléaire et corpusculaire, Université de Geneve, CH-1211 Geneve, Switzerland



2 M. G. AARTSEN ET AL.

1?’Dept. of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2E1

1Z‘LDept‘ of Physics and Astronomy, University of California, Irvine, CA 92697, USA

5 nstitute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany

16Dept. of Physics, University of California, Berkeley, CA 94720, USA

17Dept. of Physics and Center for Cosmology and Astro-Particle Physics, Ohio State University, Columbus, OH 43210, USA
18Dept. of Astronomy, Ohio State University, Columbus, OH 43210, USA

19Fakult'zit fiir Physik & Astronomie, Ruhr-Universitit Bochum, D-44780 Bochum, Germany

20Dept. of Physics, University of Wuppertal, D-42119 Wuppertal, Germany

21Dept. of Physics and Astronomy, University of Rochester, Rochester, NY 14627, USA

22Dept. of Physics, University of Maryland, College Park, MD 20742, USA

23Dept. of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, USA

241 awrence Berkeley National Laboratory, Berkeley, CA 94720, USA

25Dept. of Physics, TU Dortmund University, D-44221 Dortmund, Germany

26Dept. of Physics and Astronomy, Uppsala University, Box 516, S-75120 Uppsala, Sweden

27Dept‘ of Physics and Wisconsin IceCube Particle Astrophysics Center, University of Wisconsin, Madison, WI 53706, USA
283chool of Physics and Center for Relativistic Astrophysics, Georgia Institute of Technology, Atlanta, GA 30332, USA
29SNOLAB, 1039 Regional Road 24, Creighton Mine 9, Lively, ON, Canada P3Y 1N2

3Olnstitut fiir Kernphysik, Westfilische Wilhelms-Universitit Miinster, D-48149 Miinster, Germany

31 Vrije Universiteit Brussel (VUB), Dienst ELEM, B-1050 Brussels, Belgium

32Dept. of Astronomy and Astrophysics, Pennsylvania State University, University Park, PA 16802, USA

33Dept. of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA

34Bartol Research Institute and Dept. of Physics and Astronomy, University of Delaware, Newark, DE 19716, USA
35Dept. of Physics and Astronomy, University of Gent, B-9000 Gent, Belgium

36Institut fiir Physik, Humboldt-Universitéit zu Berlin, D-12489 Berlin, Germany

37Dept. of Physics, Sungkyunkwan University, Suwon 440-746, Korea

38Dept. of Physics, Southern University, Baton Rouge, LA 70813, USA

39Dept. of Astronomy, University of Wisconsin, Madison, WI 53706, USA

40Physik—department, Technische Universitidt Miinchen, D-85748 Garching, Germany

41Department of Physics, University of Adelaide, Adelaide, 5005, Australia

42Dept. of Physics and Institute for Global Prominent Research, Chiba University, Chiba 263-8522, Japan

43CTSPS, Clark-Atlanta University, Atlanta, GA 30314, USA

44Dept. of Physics, University of Texas at Arlington, 502 Yates St., Science Hall Rm 108, Box 19059, Arlington, TX 76019, USA
45Dept. of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794-3800, USA

46Dept. of Physics and Astronomy, University of Alabama, Tuscaloosa, AL 35487, USA

47Dept. of Physics, Drexel University, 3141 Chestnut Street, Philadelphia, PA 19104, USA

48Dept. of Physics, University of Wisconsin, River Falls, WI 54022, USA

49Dept‘ of Physics, Yale University, New Haven, CT 06520, USA

50Dept. of Physics and Astronomy, University of Alaska Anchorage, 3211 Providence Dr., Anchorage, AK 99508, USA
51Dept. of Physics, University of Oxford, 1 Keble Road, Oxford OX1 3NP, UK

52Department of Physics and Astronomy, UCLA, Los Angeles, CA 90095, USA

53Earthquake Research Institute, University of Tokyo, Bunkyo, Tokyo 113-0032, Japan

ABSTRACT

We report on the observation of a deficit in the cosmic ray flux from the directions of the Moon and Sun with
five years of data taken by the IceCube Neutrino Observatory. Between May 2010 and May 2011 the IceCube
detector operated with 79 strings deployed in the glacial ice at the South Pole, and with 86 strings between May
2011 and May 2015. A binned analysis is used to measure the relative deficit and significance of the cosmic ray
shadows. Both the cosmic ray Moon and Sun shadows are detected with high statistical significance (> 100)
for each year. The results for the Moon shadow are consistent with previous analyses and verify the stability of
the IceCube detector over time. This work represents the first observation of the Sun shadow with the IceCube
detector. We show that the cosmic ray shadow of the Sun varies with time. These results open the possibility
to study cosmic ray transport near the Sun with future data from IceCube.

TE-mail: analysis@icecube.wisc.edu
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1. INTRODUCTION

The IceCube Neutrino Observatory (Aartsen et al. 2017)
comprises a 1km?3 Cherenkov light detector buried in the
Antarctic ice between 1450 and 2450 meters below the ge-
ographic South Pole. The trigger rate is dominated by atmo-
spheric muons that are produced when cosmic ray particles
interact with the Earth’s atmosphere. Cosmic rays from the
direction of the Moon and Sun are absorbed by the celestial
bodies. The deficit in the cosmic ray flux toward the direction
of the Moon was already observed by IceCube with its 40
and 59 string configurations, using data collected from May
2008 to May 2010. Two independent analyses observed the
deficit in the cosmic ray flux with high statistical significance
(> 60) (Aartsen et al. 2014).

The main purpose of the previous paper was to verify the
pointing of the detector. In this paper, we investigate for the
first time the Sun shadow as well. Here, the goal is to study
the temporal behavior of the two shadows: while the Moon
is expected to be stable in time (with only smaller variations
expected due to the changing apparent size), the Sun shadow
has been shown to vary with the solar cycle and, in turn, with
the Sun’s magnetic field (Amenomori et al. 2013) and has
been used to measure the mean interplanetary magnetic field
(Aiellietal. 2011). Itis the goal of this analysis to investigate
if the effect of a temporal variation is present even at the high
energies that IceCube is sensitive to (median primary particle
energy of events passing the Moon and Sun filters: ~ 40 TeV,
see section 2.3).

IceCube detects cosmic rays via high-energy secondary
muons, which are produced when cosmic ray particles in-
teract with the Earth’s atmosphere. The Moon and the Sun
subtend an angle of ~ (0.5°, which is smaller than the me-
dian angular resolution for muon detection. The Moon can
be used to estimate the resolution and pointing in IceCube.
Other experiments also used the Moon as a calibrator to mea-
sure the angular resolution and absolute pointing capabilities
of their detectors (see Ambrosio et al. (2003), Achard et al.
(2005), Adamson et al. (2011), Bartoli et al. (2011), Abey-
sekara et al. (2013) and Oshima & others (2010)). However,
the Sun cannot be used to calibrate the IceCube detector as
the solar magnetic field is expected to influence cosmic rays
on their way to Earth.

The Tibet-AS Gamma experiment analyzed the cosmic ray
shadow caused by the Sun (median primary particle energy:
~ 10 TeV) and discovered an influence of the solar magnetic
field, presented in Amenomori et al. (2013). The depth of the
Sun shadow varied during the observation period from 1996
through 2009, while the cosmic ray shadow of the Moon was
measured to be constant over time within the experimental
uncertainties in Amenomori et al. (2013), as expected. Tibet
finds that the variation can be well-described by including
cosmic ray transport in the solar magnetic field.

It is the aim of this paper to use IceCube data to provide an
independent observation of the temporal variation of the Sun
shadow. In addition, IceCube measures particles at a mean
energy of around 40 TeV, which is at significantly higher en-
ergies as compared to Tibet. Establishing the measurement
of the cosmic ray shadow of the Sun with IceCube and other

experiments will provide long term energy-dependent infor-
mation on the cosmic ray transport in the solar magnetic field,
which makes this study particularly interesting.

The IceCube cosmic ray Moon and Sun shadow analysis is
based on a binned analysis that measures the relative deficit
of events from the direction of the celestial bodies. Addi-
tionally, a two-dimensional visualization of the shadow is
derived. Both methods make use of data from on- and off-
source regions with events taken from the same elevation as
the Moon and Sun but at different right ascension. This is
possible due to IceCube’s uniform exposure in right ascen-
sion.

2. DETECTOR CONFIGURATION AND DATA SAMPLE
2.1. IceCube Detector

The IceCube Neutrino Observatory comprises two compo-
nents: the IceCube neutrino telescope, which detects pene-
trating muons and neutrinos, and the IceTop surface array,
which detects extensive air showers induced by high energy
cosmic rays. The IceCube neutrino telescope makes use of
the glacial ice as a detection medium for the Cherenkov ra-
diation from charged particles. Charged relativistic particles
emit Cherenkov light in media, where the speed of light is
reduced by the index of refraction. IceCube consists of 5160
Digital Optical Modules (DOMs) that are arranged on 86 ver-
tical cables (called strings). Each DOM contains a 10 inch
photomultiplier tube enclosed in a glass pressure sphere.

IceCube’s primary goal is to detect high energy neutrinos
from astrophysical sources, see e.g. Halzen & Klein (2010)
and Becker (2008) for reviews. Cosmic-ray induced muons
and neutrinos from the atmosphere, which are a background
for astrophysical neutrino searches, are far more abundant
and comprise most IceCube triggers. These cosmic ray
events can be used to investigate particle interaction physics
in the forward direction, to study cosmic rays themselves,
or to trace back cosmic ray directions as in this work. In
this analysis, atmospheric muons are used to investigate the
shadow in the cosmic ray flux caused by the Sun and the
Moon. As the detected muons are highly relativistic, the di-
rection of the cosmic ray can be derived from the muon’s
direction. Estimating the average primary cosmic ray energy
of the sample is also possible through comparison to simula-
tions.

During May 2010 and May 2011 IceCube detected high-
energy particles with 79 strings (IC79) before it operated in
its final detector configuration with 86 strings (IC86). In this
paper, data was taken from the IC79 and four years IC86 (I-
IV) configuration. A sketch of the final detector configura-
tion can be seen in Figure 1.

2.2. Data Sample

Down-going muons, with an energy of roughly more than
400 GeV, dominate the total trigger rate of 2100 s~! (Aart-
sen et al. 2017). Due to limited data transfer bandwidth of
100 GB per day from the South Pole to the Northern Hemi-
sphere, online filters are used to reduce the amount of data.
This paper uses filtered data streams specifically designed to
study the Moon and Sun shadows. These filters are angu-
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IceCube Lab

IceTop
81 Stations
324 optical sensors

S =

IceCube Array

86 strings including 8 DeepCore strings
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Figure 1. Sketch of the IceCube Neutrino Observatory in its final
detector configuration. A more compact group of DOMs, named
DeepCore, is located at the bottom of the detector. Also shown is
IceTop, a surface cosmic ray detector, which consists of 162 water
Cherenkov tanks with 324 optical sensors. IceTop data is not used
in this work.

lar windows (£10° in zenith, +180° in azimuth) around the
expected position of Moon and Sun, and are enabled when
at least 12 DOMs in three different strings detect photons.
Furthermore, the Moon and Sun have to reach at least an
elevation of 15° above the horizon to satisfy the online fil-
ters. Quality cuts improving the directional reconstruction
are applied to all events passing these filters, (see section
2.4). The Sun reaches a maximum elevation of ~ 23.5°
each year, while the Moon’s maximum elevation varies be-
tween ~ 24° and ~ 18° at the geographic South Pole for
the fraction of the lunar nodal precession covered by these
observations. The Moon filter is enabled for several consec-
utive days each month, whereas the Sun filter collects data
for approximately 90 days from November through February
each season.

At the South Pole, a fast likelihood-based track reconstruc-
tion (Ahrens et al. 2004) is performed for each muon event
and its direction is compared to the expected position of the
celestial body in angular coordinates. The data are trans-
ferred to the Northern Hemisphere by satellite if the recon-
structed event satisfies the Moon or Sun filter. Offline, after
the events have been transferred, a more sophisticated recon-
struction chain is applied. The direction of each event is re-
constructed using a method similar to the one described in
Aartsen et al. (2014), only instead of a Single-Photo-Electron
(SPE) fit, a Multi-Photo-Electron (MPE) fit is performed
which uses timing information from all photons rather than
just the first photons to arrive. The angular uncertainty sigma
of the reconstructed direction is computed by then fitting a
paraboloid to the likelihood around its minimum and finding
the size of the 1-sigma ellipsoidal contour; see (Neunhoffer
2006) for more details.

2.3. Simulations

Simulations are used to verify experimental data, e.g. the
zenith angle distribution, and to optimize the used quality
cuts (see section 2.4). This paper makes use of CORSIKA

simulations with a primary energy range from 600 GeV to
10'' GeV and five mass components (p, He, N, Al, Fe). COR-
SIKA is a Monte Carlo based code that simulates extensive
air showers which are produced when cosmic ray particles
interact with Earth’s atmosphere (Heck et al. 1998). This
work uses the high-energy hadronic interaction model Sibyll
2.1(Ahn et al. 2009) and the Antarctic atmospheric profile
according to the MSIS-90-E model. The CORSIKA sample
is weighted with the Gaisser H3a model from Gaisser (2012)
and compared to the data of the Moon and Sun shadow. The
simulation sample that triggers the IceCube detector and sat-
isfies the Moon and Sun filters has a median primary particle
energy of 40 TeV. For 68 % of the events in the sample, the
energy of the primary particle is between 11 and 200 TeV.
The CORSIKA generated events are fed into a full detector
simulation. The same filtering and processing as for exper-
imental data is used. For a more detailed description of the
simulations, see Bos (2017).

2.4. Quality Cuts

Events which are mis-reconstructed or have poor angular
resolution would reduce the sensitivity of the analysis de-
scribed in section 3. Quality cuts are used to remove these
events. The analysis makes use of two cut variables: the
angular uncertainty o of the reconstructed event and a track
reconstruction quality estimator, the reduced log-likelihood
(rlogl). Both cut variables are typically used in point source
and other IceCube analyses (Abbasi et al. 2011). Assuming
Poisson statistics, the significance S of the shadowing effect
is proportional to the square root of the fraction 7 of events
passing the cuts and the resulting median angular resolution
Omed after cuts (Aartsen et al. 2014), (Bos et al. 2015):

S o Vi (1)

Omed

For both IC79 and IC86 the quality cuts are optimized in or-
der to maximize the significance .S, and the resulting optimal
cut values are o < 0.71° and rlogl < 8.1 (Bos et al. 2015).
In an angular window with a size of [72x16]° in right as-
cension and declination around the position of the Moon and
Sun, 15-24 million events for the Moon and 40—48 million
events for the Sun pass the quality cuts of the analysis each
year. The number of events that are used in the Moon shadow
analysis varies because of the change of the maximum eleva-
tion of the Moon each year. At higher elevations more muons
reach the IceCube detector.
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3. BINNED ANALYSIS

A one-dimensional binned analysis of the Moon and Sun
shadows is used to study their depth and to estimate the an-
gular resolution of the event reconstruction. The analysis ob-
serves a profile view of the Moon and Sun shadow and com-
putes the relative deficit of muon events. A two-dimensional
binned approach uses maps in right ascension and declination
to show the shape of the shadows.

3.1. I-dimensional approach
3.1.1. Description of the method

The main goal of the 1-D analysis is to observe the profile
view of the Moon and Sun shadow and to estimate the angu-
lar resolution of IceCube with respect to the studied sample
of high-energy muons. To measure the deficit in the cosmic
ray flux from the direction of the celestial bodies, on- and off-
source windows are compared in bins of radial distance V¥ to
the Moon/Sun. The on-source windows are centered around
the expected positions of the Moon and the Sun and have a
size of 5 degrees. The off-source regions are eight windows
of the same size with an offset of +5°, £210°, +15° and +20°
from the expected positions of the Moon and the Sun in right
ascension. Because the number of events increases with dec-
lination, it is important that the off-source regions have an
offset only in right ascension. Then, the number of events in
each bin in the on-source region is compared with the average
number of events in each bin in the eight off-source regions.

The relative deficit between the number of events in the i-th
bin in the on-source region and the average number of events
in the same bin in the eight off-source regions is described
by:

AN; N — (N9
Ny T

2

with N°V°ff being the number of events in on-source/off-
source regions. The uncertainty is given by

NPT 1 1

OAN;/(N); = ( 2§>ff> Nilgm + s - <szff>' ©)

Here, s = 8 is the number of off-source regions that are com-
pared with the on-source region. In Aartsen et al. (2014)
and Bos et al. (2015) the Moon is expected to be a point-
like cosmic ray sink which reduces the muon sample by
<I>7TR§/I events. Here, ® is the cosmic ray flux at the loca-
tion of the Moon. The same approach is used in this pa-
per. Here, the radii of the Moon and Sun are described as
Ry &~ 0.26°. The exact apparent size of the Moon and
Sun depends on their distance from Earth and varies between
0.24° and 0.28°. The relative deficit is smeared by the point
spread function (PSF) of the IceCube detector. Under the as-
sumption that the PSF is approximately described by an az-
imuthally symmetric Gaussian function, it only depends on
the radial distance ¥ and is given by Aartsen et al. (2014) as

drR?
F(0) =~ )
o
Here, o, is the angular resolution of the studied muon sam-

ple. The relative deficit in the ¢-th bin is:

AN; R3
__TM/S w20l

Equation (5) is fitted to IceCube’s experimental data. The
amplitude

2
4 B ©
T

and the angular resolution o, are free parameters of the fit.

We studied the influence of the above fitting procedure on
a disk-like sink of cosmic-rays (hence, atmospheric muons)
that is smeared by a more realistic point spread function
(PSF) of the detector as obtained from the simulations de-
scribed in section 2.3. That PSF deviates considerably from
the Gaussian approximation made above, especially in the re-
gion of large angular errors. As a result, inferring the radius
Ryi/s from the fit parameters A and o, using equation (6)
induces a bias towards smaller radii, and equation (6) cannot
be used to infer the geometrical radii of the Moon or Sun.

Moreover, as in Aartsen et al. (2014), the angular size of
the Moon and Sun is ignored, which can affect the results of
the fit. Due to the angular resolution of the IceCube detector,
which is on the order of 0.5°, the influence of the angular
size of the Moon and Sun should be a few percent at most
(Aartsen et al. 2014).

By comparing the x? of the data points with respect to
a constant line x2 ., which illustrates the relative deficit
without considering any shadowing effects (which is equiva-
lent to assuming a flat background), and the X2, ,.ian Of the
data points with respect to the fitted Gaussian, the statistical
significance is computed:

AXQ _ Xéaussian B X?onst
Andof Andof ’

where Andof is the difference of the number of degrees of
freedom between the flat model and the Gaussian model.
Calculating the p-value via Ax? results in the significance
S:

(M

S =12 erf (1 -p). (8)

3.1.2. Results

After the quality cuts are applied to IceCube’s experimen-
tal data, approximately 30% of all muon events passing
Moon and Sun filters survive these cuts each year and are
used to analyze the cosmic ray Moon and Sun shadow. Re-
sults for the 1-D analysis can be found in Table 1. Keep in
mind that for the reasons described in section 3.1.1 the fit
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parameters A and o, in Table | cannot be used to infer the
geometrical radii of Moon and Sun.

The cosmic ray Moon shadow is observed with high statis-
tical significance (> 110) in every year. The angular resolu-
tion of the Moon shadow analysis, given by the width of the
fitted Gaussian, remains stable for the entire observation pe-
riod. IceCube’s median angular error oy,eq, as derived from
simulations, is 0.68°, and 68 % of the events are contained
between 0.29 and 1.62 degrees. The data analysis shows bet-
ter angular resolution compared to the median angular error,
which is expected and was already observed in Aartsen et al.
(2014).

Furthermore, the amplitude varies only within its statisti-
cal uncertainties. These results show that the IceCube de-
tector is operating stably for the five-year observation pe-
riod. In Aartsen et al. (2014), where data are used from
two years in which IceCube operated in smaller detector
configurations, the median angular resolution was measured
to be (0.71 £ 0.07)° and (0.63 £ 0.04)° for the 40 string
configuration in 2008/2009 and the 59 string configuration
in 2009/2010, respectively. The differences between 1C40,
IC59 and this analysis are expected, because this work makes
use of the final detector configuration with 86 strings and the
previous configuration with 79 strings.

Year | 0. | A | slo] |
2010/11 | 043 £0.05 | 0.12£0.02 | > 12
2011/12 | 045 £0.05 | 0.13 £0.02 | > 13
Moon | 2012/13 | 0.49 £0.05 | 0.11 =0.02 | > 12
2013/14 | 0.47 £0.05 | 0.124+0.02 | > 12
2014/15 | 0.47 £0.06 | 0.13 +£0.02 | > 11

2010/11 | 0.53 £0.05 | 0.11 £0.01 | > 16
2011/12 | 0.49 £ 0.06 | 0.08 £0.01 | > 13
Sun | 2012/13 | 0.57 £0.05 | 0.09 £0.01 | > 16
2013/14 | 0.58 £0.07 | 0.05 £ 0.01 | > 10
2014/15 | 0.57 £0.07 | 0.06 £ 0.01 | > 10

Table 1. Results of the 1-Dimensional analysis, with A as the am-
plitude and o, as the width of the Gaussian.

In Figure 2 the 1-D analysis results for the Moon shadow
are shown for the five-year observation period. The y-axis
illustrates the relative deficit of events in each bin of the on-
source and off-source regions as a function of the angular
distance on the x-axis. A Gaussian (red line) with parameters
from Table 1 and a line for no relative deficit (blue line) are
also shown.

The 1-D analysis is performed for the Sun shadow analysis
for the same observation period (see Table 1). As we derive
quantitatively from the width and amplitude of the shadow
(see Table 1), the angular resolution is consistent with a con-
stant value for the five-year observation period. The ampli-
tude of the Sun shadow, on the other hand, varies between
(11£1) % and (5 £ 1) %. For the Sun, the interpretation of
A and o, is more complex than for the Moon. Besides the de-
tector effects that cause the smearing in the case of the Moon
shadow, we also expect physical solar effects to be relevant

in the case of the Sun shadow. For example, the deflection
of cosmic rays in the solar magnetic field can presumably
change the values measured for A and o,,. In this paper, we
do not aim to separate the effects of absorption and deflection
on the Sun shadow. The time variability of A that can be seen
in Table 1, however, must be intrinsic to the Sun since for the
Moon both fit parameters remain stable during the observa-
tion period. Figure 3 shows the measured one dimensional
Sun shadow for each of the five years.

3.2. 2-dimensional approach
3.2.1. Description of the method

In a second approach, two-dimensional maps of the cosmic
ray shadows of the Moon and Sun are created. The goal is
to make the shadowing effects of the Moon and Sun visible
in a three dimensional representation, with the magnitude of
the shadowing effect as the third dimension. This approach
compares each bin of an on-source region with the average
of the same bins of two off-source regions with an offset of
+18° in right ascension. Due to a higher muon trigger rate
from higher declinations, the off-source regions only have an
offset in right ascension. A map with a size of [6° x 6°]
around the expected position of the celestial bodies is used to
show relative declination, relative right ascension and relative
deficit of events in each bin.

After assigning muon events to on- and off-source regions,
a smoothing method, which takes the average number of
events within a chosen rebinning radius of 0.35° of each bin
in the [6° x 6°] window, is applied in order to make the shad-
owing effects visible. In order to maximize the statistical sig-
nificance, a bigger rebinning radius can be used. However,
the goal of this approach is to show the shadowing effects of
Moon and Sun with the highest relative deficit. Thus, the re-
binning radius is chosen to be smaller than the angular size
of Moon and Sun. With a rebinning radius of 0.35° the lower
limit is reached. Smaller radii would lead to shadowing ef-
fects with insufficient statistical significance. Similar meth-
ods to analyze the shadowing effects of the Moon and Sun
are used in e.g. Abeysekara et al. (2013) and Amenomori
et al. (2013).

3.2.2. Results

Figure 4 shows the results of the two-dimensional ap-
proach for the IC79 and four years of the IC86 (I-IV) con-
figuration. The black circle illustrates the actual size of the
Moon of 0.5°. The Moon shadow remains almost stable for
the entire five-year observation period, which confirms sta-
ble operation of the detector. This result is consistent with
the binned analysis in one dimension (Table 1).

The calculated center for the position of the Moon shadow
is located in the middle of the Map, which also represents the
expected position of the Moon. However, this method is only
an estimator for the position of the Moon. A more sophis-
ticated unbinned likelihood method to analyze the pointing
accuracy of IceCube, given the known position of the Moon,
is performed in Aartsen et al. (2014).

The results for the two-dimensional binned approach of
the Sun shadow can be seen in Figure 5. Compared with
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Figure 2. Observed cosmic ray deficit due to the Moon shadow inferred with the binned analysis in one dimension. The relative deficit in the
number of events in on-source and off-source regions of each bin is shown for each year as a function of the radial distance ¥ to the Moon. The
amplitude A and the width o, remain constant, which verifies that the IceCube detector operates stably.

the Moon shadow, the Sun shadow varies during the ob-
servation time, which confirms the results obtained in the
1-D analysis. A similar effect is observed in Zhu (2016)
for data from 2008 through 2012 and in Amenomori et al.
(2013). In Amenomori et al. (2013) it is shown that in the
first year (2010/11) the shadowing effect is similar to the
Moon shadow. In 2011/12 the shadowing effect decreases
and increases in 2012/13. The weakest shadowing effect can
be seen in 2013/14 and 2014/15. The next chapter will com-
pare the measured Sun shadow with the solar activity.
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Figure 3. Observed cosmic ray deficit due to the Sun shadow inferred with the binned analysis in one dimension. The relative deficit in the
number of events in on-source and off-source regions of each bin is shown for each year as a function of the radial distance ¥ to the Sun. The
amplitude varies during the five-year observation time.
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Figure 4. Results for the binned visualization of the Moon shadow in two dimensions. The expected position of the Moon is in the middle of
the [6° x 6°] plot. The black circle shows the actual size of the Moon. A smoothing radius has a size of 0.35°. Each map shows the cosmic ray
Moon shadow for a season from 2010 through 2015. The contour represents the relative deficit of events in each bin. The shadowing remains
stable for the entire observation period, which is expected for a stably operating detector.
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quantified in this paper (see text).
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4. SOLAR ACTIVITY

The Sun has a magnetic field that varies over a 22 year cy-
cle and displays magnetic activity in cycles of about 11 years.
A direct estimator for the solar activity is the sunspot num-
ber. Cosmic ray particles are expected to be influenced by
the solar magnetic field on their way to Earth. The binned
analysis shows a constant Moon shadow and a time-variable
Sun shadow. IceCube records data from the direction of the
Sun from November through February each year. Due to
the solar cycle, the solar activity changes for each season.
A minimum of the monthly average sunspot number is ob-
served with 24.5 + 3.6 in December 2010, a maximum with
146.1 +10.7 in February 2014 by SILSO World Data Center
(2016).

Figure 6 shows a comparison of the amplitude of the fitted
Gaussian in the binned 1-D analysis and the sunspot num-
ber from SILSO World Data Center (2016). The first plot
(a) in Figure 6 shows the weighted average sunspot number
for each observation period, illustrated by the red line and
the band as the statistical variation. Each monthly average
sunspot number is weighted by the number of muon events
in that particular month contributing to the final event sam-
ple of the corresponding observation period. The monthly
average sunspot numbers are represented by the blue data
points. In (b) the amplitude of the fitted Gaussian of the Sun
shadow analysis is shown by the red data points for each of
the five detector configurations. The mean amplitude of the
Sun shadow (blue line) is shown as a comparison. The mean
amplitude of the Sun shadow data analysis is computed to
(7.940.5) %. The deviation of these five data points from the
mean amplitude can be quantified by x?/ndof = 22.47/4,
which results in a statistical significance of 3.80. We con-
clude that there is a significant deviation from the mean shad-
owing effect of the Sun. A Spearman’s rank correlation gives
a hint to a correlation between the sunspot number and the
amplitude of the Gaussian (compare figure 7) with a p-value
of 96 %. However, this correlation needs to be studied fur-
ther, due to a weak solar cycle and a small number of ob-
served Sun periods at this point. The third plot (c) of Figure
6 shows the amplitude of the Moon shadow analysis from
Table 1. Here, the amplitude remains stable around its mean
value (12.2 + 0.9) %. These results show that the Moon
shadow remains stable and can be used as a verification tool
for the Sun shadow analysis.

5. CONCLUSION

The shadowing effects of Moon and Sun are observed with
high statistical significance (> 100) with the IceCube detec-
tor for every one-year data set, with data taken from its 79
and 86 strings configurations in a five-year observation pe-
riod. These results can be compared with the Moon shadow
analyses of previous detector configurations where the exis-
tence of the shadowing effect was shown at a level of (> 60)
significance (Aartsen et al. 2014).

This analysis, using 79 and 86 strings, respectively,
achieves higher significance than the previous analysis,
which had only 40 and 59 strings available. Using a binned
analysis, a stable shadowing effect of the Moon is measured

for the entire five-year period. This shows that the IceCube
detector operates stably. The stable shadowing of the Moon
also suggests that the magnetic fields between Earth and the
Moon do not influence cosmic rays, at the energies of this
analysis, significantly. However, the cosmic ray Sun shadow
varies for each season.

A significant difference between IceCube’s measured Sun
shadow and the mean shadowing effect of the Sun was deter-
mined as x?/ndof = 22.47/4 resulting in a statistical signif-
icance of 3.8¢. This suggests that the shadow is not constant
in time. An obvious explanation would be a variation with
the Sun’s magnetic field, as it was also detected during the
previous solar cycle at lower energies by Tibet (Amenomori
et al. 2013). A Spearman’s rank correlation test shows that a
correlation between the sunspot number and the amplitude of
the Gaussian in the Sun shadow analysis is likely with 96 %.

However, due to the low number of observation periods in
combination with a relatively weak solar cycle, this correla-
tion must be investigated further. Additional observation sea-
sons are necessary to verify the correlation between the solar
activity and the shadowing effect of the Sun. Future analyses,
including the deflection of cosmic rays due to magnetic fields
between the Sun and Earth, should include a more complex
treatment of the point spread function in order to compare re-
sults from data and simulations with respect to the integrated
depth of the shadows.
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