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Abstract

Observations of the time-dependent cosmic-ray Sun shadow have been proven as a valuable
diagnostic for the assessment of solar magnetic field models. In this paper, seven years of IceCube
data are compared to solar activity and solar magnetic field models. A quantitative comparison of
solar magnetic field models with IceCube data on the event rate level is performed for the first time.
Additionally, a first energy-dependent analysis is presented and compared to recent predictions.
We use seven years of IceCube data for the Moon and the Sun and compare them to simulations
on data rate level. The simulations are performed for the geometrical shadow hypothesis for the
Moon and the Sun and for a cosmic-ray propagation model governed by the solar magnetic field for
the case of the Sun. We find that a linearly decreasing relationship between Sun shadow strength
and solar activity is preferred over a constant relationship at the 6.40 level. We test two commonly
used models of the coronal magnetic field, both combined with a Parker spiral, by modeling cosmic-
ray propagation in the solar magnetic field. Both models predict a weakening of the shadow in
times of high solar activity as it is also visible in the data. We find tensions with the data on
the order of 30 for both models, assuming only statistical uncertainties. The magnetic field model
CSSS fits the data slightly better than the PFSS model. This is generally consistent with what
is found previously by the Tibet AS-v Experiment, a deviation of the data from the two models
is, however, not significant at this point. Regarding the energy dependence of the Sun shadow, we
find indications that the shadowing effect increases with energy during times of high solar activity,

in agreement with theoretical predictions.

* also at Universita di Padova, I-35131 Padova, Italy
f also at National Research Nuclear University, Moscow Engineering Physics Institute (MEPhI), Moscow

115409, Russia
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I. INTRODUCTION

The existence of the cosmic-ray Sun shadow, which commonly refers to cosmic rays being
blocked by the Sun, has first been suggested by George W. Clark in 1957 [19]. While cosmic
rays that propagate close to the Moon are only deflected marginally by the geomagnetic and
heliospheric magnetic fields, cosmic rays that traverse the coronal solar magnetic field can
be deflected strongly and irregularly.

Hence, the cosmic-ray Moon shadow essentially blocks cosmic rays from a well-known
solid angle and can be used as a direction and resolution standard. Several experiments
have exploited this feature to study their angular resolution, absolute pointing and absolute
energy scald’] e.g. Tibet AS-y, MILAGRO, ARGO-YBJ and IceCube [1], 10, 13} 34].

The cosmic-ray Sun shadow, on the other hand, contains the footprint of the solar mag-
netic field in the form of those cosmic rays reaching Earth that come from directions close
to the Sun. In 2013, the Tibet AS-y Collaboration compared coronal magnetic field mod-
els using the cosmic-ray Sun shadow at a median primary cosmic-ray energy of ~ 10 TeV
[L1]. Later, they also studied the influence of solar coronal mass ejections (CMEs) on the
cosmic-ray Sun shadow at energies of ~ 3 TeV [12] and concluded that Earth-directed CMEs
(ECMESs) affect the cosmic-ray Sun shadow at these energies. The influence of the solar mag-
netic field on the cosmic-ray Sun shadow has been studied by several other experiments, like
Milagro, ARGO-YBJ, and HAWC, as well [8, 21], 39]. Such efforts are especially important
since no in-situ measurements of the solar magnetic field closer than to about 0.29 ua (~ 62
solar radii) distance from the Sun (Helios spacecraft [33]) existed until very recently. Even
the Parker Solar Probe, which will eventually approach the Sun up to ~ 8.9 solar radii in
2024 [28], has as yet not been closer than 27.8 solar radii, i.e. about 0.13 AU.

In this paper, we investigate a possible time dependence of the cosmic-ray Sun shadow
using seven years of IceCube data. The measurements are based on atmospheric muons
detected with IceCube, induced by cosmic rays entering the Earth’s atmosphere. For the
first time, we use IceCube data for a comparison of measurements with the expected shadow
for solar activity with different solar magnetic field models. We calculate the median energy
of the primary cosmic rays in our sample to 50 — 60 TeV, depending on the cosmic-ray

flux model that is used to derive cosmic-ray energies from the measured muons. This is

! The latter is done by using the energy-dependent shift of the position of the shadow due to the Earth’s

magnetic field.



therefore the highest energy measurement of the Sun shadow so far, as compared to the
median primary cosmic-ray energies of the earlier measurements that lie around 1 —10 TeV.
Additionally, the energy-dependence of the Sun shadow is investigated, i.e. two samples with
respective median energies of 40 TeV and 100 TeV are produced and qualitatively compared
to a recent prediction, in which the energy-dependence of the Sun shadow in a low-activity
solar magnetic field is shown to differ significantly from that in a high-activity solar magnetic
field [14]. The data we use for studying the cosmic-ray Sun shadow in IceCube comprise
the time from late 2010 till early 2017 and cover large parts of Solar Cycle 24. This cycle
is defined for the time interval from late 2008 to some time around late 2019 to early 2020,
wherein the exact location of the minimum that defines the end of the cycle is not clear at
this point. This work follows an earlier study which reported on the detection of a temporal
variation of the cosmic-ray Sun shadow measured with IceCube and found a correlation with

solar activity to be likely [3].

II. THE ICECUBE NEUTRINO OBSERVATORY

The IceCube Neutrino Observatory is a detection array deployed in the Antarctic ice near
the geographic South Pole and comprises a volume of about 1km? instrumented with 5160
Digital Optical Modules (DOMs) on 86 strings [2]. IceCube is located at a depth between
1450 m and 2450 m and detects relativistic secondary particles induced by astrophysical
neutrinos, gamma rays, and cosmic rays. The detector was built at the South Pole between
2005 and 2010 and exploits the clear Antarctic ice as its detection medium for Cherenkov

radiation of charged particles traversing it.

A sketch of the IceCube Neutrino Observatory including its sub-array DeepCore [23],
which aims to improve the sensitivity to lower-energy neutrinos, can be seen in Figure [I]
Data from DeepCore have not been used in this analysis. For neutrinos, IceCube’s main
array has an energy threshold of about 100 GeV. In this paper, we use atmospheric muons,
which are a background to the neutrino searches. In this sample, the energies of the primary

cosmic rays inducing these atmospheric muon events are typically = 1 TeV.
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FIG. 1. The IceCube Neutrino Observatory.

III. DATA SAMPLE

In IceCube, high-energy muons are observed. As these are predominantly produced by
cosmic-ray air showers, they trace the direction of the primary particles, with the angu-
lar uncertainty being dominated by the uncertainty of the light propagation in the ice and
limited by the kinematic angle between primary and secondary particle. We thus measure
an event rate of high-energy muons in IceCube. The event rate increases with increasing

elevation because of the decreasing amount of ice overburden that cosmic-ray induced at-
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mospheric muons have to cross to reach the detector. In this section, we describe the details

of our data sample.

A. Moon and Sun as seen from the South Pole

This paper uses data from IceCube’s 79-string configuration (IC79), which was available in
the 2010/2011 season and from the final 86-string configuration (IC86), which was available
from the the 2011/2012 season and onwards. We use the high-energy atmospheric muons
that pass through the detector for our analysis, as they are direct tracers of the primary
particles. The strength of the cosmic-ray shadow of the Moon and Sun is determined by
the number of cosmic rays that are blocked. Without additional forces this number results
from the solid angle that is spanned by the Moon and the Sun as seen from Earth, i.e.
their angular radii. The minimum and maximum angular radii of Moon and Sun as seen
from the South Pole amount to 0.245° to 0.279° for the Moon and 0.262° to 0.271° for the
Sun. Notably, both objects have an angular diameter of ~ 0.5°, which makes a comparison
relatively straightforward.

The maximum elevation of the Moon at the South Pole varies between 18.3° and 28.6° due
to its orbital inclination and Earth’s axial tilt. While the Earth axial tilt changes only very
slowly, the Moon’s orbital inclination varies with a nodal period of about 18.6 years. For
the Sun’s elevation, on the other hand, only the Earth axial tilt is relevant for its maximum
elevation, which amounts to about 23.4° each year. The Sun rises and sets only once per
year at the South Pole, resulting in one continuous observation period approximately from
November through February each year. The Moon instead rises and sets approximately
every 27 days, which leads to about 13 separate observation periods. An example one such

period is shown in Figure [2]

B. Data selection and quality cuts

At the South Pole, the direction of each muon event is reconstructed using a fast
maximum-likelihood method. Since atmospheric muons detected in IceCube are ultra-
relativistic, the opening angle between muon direction and primary cosmic-ray direction,

which is on the order of 0.1° for multi-TeV muons [I], is part of the directional uncertainty
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FIG. 2. Comparison of Moon declination 4 and final Moon shadow sample event rate. At the

South Pole, the elevation of an object equals —§

between the actual primary cosmic-ray direction and the reconstructed event direction. Data
are only taken when Moon and Sun are above the horizon (at least 15° above the horizon
for data between May 2010 and May 2012, as in these early years, directional reconstruction
near the horizon was not good enough). These so-called Moon and Sun filters are imple-
mented at the South Pole and are necessary in order to reduce the data to a manageable

amount for satellite data transmission to the Northern hemisphere.

For further event reconstruction, a £10° zenith band (£180° in azimuth) around the
known position of Moon/Sun in the sky is considered. While this full azimuth band is
available at the low-level of the analysis, the 6 off-source regions that we chose only make
use of parts of this band, in total 54° x 6°. The reason not to include more off-source regions
is that it would increase the processing (and final data file sizes), while not substantially

reducing the statistical uncertainty.

The events are then selected with the requirement to hit at least 8 DOMs on three
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different strings.

After the first selection at the South Pole, the data are transferred North and more
sophisticated reconstruction algorithms are applied to the following parameters: Besides
the multi-photo-electron (MPE) fit [7], which accounts for the total number of Cherenkov
photons collected by each DOM, this includes a paraboloid fit to the likelihood profile of the
directional coordinates [30].

To ensure that only well-reconstructed events are used for the final data analysis, two

quality cuts based on these reconstructions are applied:

1. The reduced log-likelihood (rlogl), which represents the goodness-of-fit of the MPE

reconstruction, is required to satisfy rlogl < 8.1, see [30].

2. The angular uncertainty o, which is derived from the paraboloid fit to the likelihood
proﬁldﬂ is required to satisfy o < 0.71°.

Both quality cuts were determined with the goal to maximize the statistical significance of

the shadows in [I7] and have been used in previous studies [3} 37, [38].

IV. DATA ANALYSIS

A. Relative coordinates

The direction of each muon in the sample is compared to the known position of Moon/Sun
in the sky and relative local coordinates are calculated. The individual reconstructed decli-
nation of each muon event is defined as 9,,.

The position is given in equatorial coordinates, with the quasi-Cartesian values of the
coordinates relative to the center of Moon/Sun given as * = Aacosd, and y = Ad, where

0 is the declination and « the right ascension. The sign of the relative difference is defined

as /0y - 0/ Onioon/Sun-

2 The likelihood profile is defined as the entity of likelihood values as a function of the directional coordinates,

see [30] for details.
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B. On- and off-source regions

Based on the calculated quasi-Cartesian relative coordinates x and y, one on-source region
and eight off-source regions are defined as shown in Figure [3] Each region has an angular
extent of 6° X 6°, resulting in a total angular area of 54° x 6° for the nine regions.

In order to account for the spherical distortion, we keep the corrected relative right
ascension Aa cos 0, of the entire analyzed region constant at 54° rather than the uncorrected

relative right ascension Aa.

4 FEe—e——e—

Ad

| 54° l
On- Off-
. Source Source — Processed
cos 8, - Aa X Known position of Moon/Sun | | :--.- Plotted

FIG. 3. On- and off-source regions used for the data analysis. The black “x” marks the zero point

of the relative coordinates, i.e. the center of Moon/Sun.

C. Event numbers and average declination

The number of events contained in the 54° x 6° window described in Section and
their average declination are given in Table [}

It can be seen that the number of events varies between 3.8 and 7.9 million events for the
Moon shadow sample, while it amounts to 13.1 to 13.3 million events for the Sun shadow
sample except for IC79, which contains about 9 million events.

The average declination, on the other hand, varies between —16.7° and —22.1° for the
Moon shadow sample and amounts to —21.8° for the Sun shadow sample except for I1C79,
where it is slightly smaller with —22.1°. These values are used later for modelling the

expected relative deficit due to the lunar and solar disk as described in detail in Section

Va
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TABLE I. Number of events and average declination of the data sample for each year.
Moon Sun
Year N/105 —(3)/° N/106 —(5)/°
IC79 79 221 9.0 22.1
1C86-1 7.7 207 13.1 218
1C86-2 6.4 189 13.1 21.8
1C86-3 4.5 177 13.2 218
1C86-4 3.8 169 13.2 218
1C86-5 41 16.7 133 218
1C86-6 5.1 172 133 21.8

D. 2D maps and smoothing

After defining on- and off-source regions as described in Section [V D] the off-source
regions are shifted with respect to the on-source region such that they are centered at x = 0°
(displayed as the black x in Figure , becoming directly comparable to the on-source region,
which is centered at x = 0° by definition.

Then, two two-dimensional binned histograms containing the number of events are de-
fined: the first encloses the on-source region, the second represents the average of the eight
off-source regions. Both histograms cover 6° x 6° in = and y and consist of 60 x 60 bins (4, )
(t=1...60, j=1...60), wherein each bin has a size of 0.1° x 0.1°.

Then, the relative deficit due to the shadowing of Moon/Sun in each bin (i, j) is calculated
using the number of events N%J in bin (7, ) in the on-source region and the average number
of events (Nog)™ in the eight off-source regions:

( i ) = Nad — Non)”?. (1)
(Not) (Nogr)™I

The average number of events (Nyg)™ in a bin (i,75) located in the off-source regions is

calculated by averaging over the off-source regions:
1S -
(Now)" = 52 (i), @)

where (Néé)n is the number of off-source events in the nth off-source region. The result

is a two-dimensional map of the relative deficit due to the Moon/Sun shadow. In order to
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better suppress statistical fluctuations, the two-dimensional relative deficit map is smoothed
with a box-car smoothing algorithm that replaces the relative deficit in each bin with the
average of all bins within 0.7° around its center. It is described in Section [VI} The chosen
smoothing radius corresponds approximately to the median angular resolution of the final
data sample.

To guide the eye, and for the numerical analysis presented in the next section, the center
of gravity of the shadow is determined and plotted as W6HE| (see Fig. |§| and Fig. [7). Tt is
determined by averaging over the positions of all bins with a relative deficit of 3% or more
after smoothing. As typical statistical uncertainties after the smoothing amount to about

0.6 %, this threshold defines bins that show a statistically significant deficit of events.

E. Numerical analysis

In order to quantify the deficit of cosmic-ray induced muon events due to the shadowing
of the Moon and Sun, the relative deficit of events in a 1°-circle around the center of grav-
ity (cf. previous section) is computed. Choosing a reasonable search radius is a trade-off
between a smaller statistical error on the one hand and more off-source background con-
tamination (washing out the deficit due to the Moon and Sun) on the other hand. Within
1° the cumulative point spread function contains about 70 % of events while the off-source
background contamination is still relatively small. The statistical uncertainty of the relative

deficit is computed using error propagation as

Non 1 1
ORD = (Nog) \/Non + 5 (o)’ (3)
with the number of off-source regions s = 8.

In addition to the relative deficit, the significance of the shadowing effect is calculated
using a standard formula developed by Li and Ma [26], whereby a 0.7°-circle around the
center of gravity is chosen as search area. The selected search radius maximizes the statistical
significance for very large numbers of background events and for an angular resolution typical

for atmospheric muon events (cf. [I7, B8] for details).

3 Tt should be noted that for the Sun shadow, the center of gravity is not necessarily expected to align with

the center of the solar disk due to the influence of the solar magnetic field.
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V. SIMULATIONS
A. Models

The simulations used for characterizing the cosmic-ray induced atmospheric muon flux
are based on CORSIKA [24]. More specifically, two CORSIKA-generated simulation sets are
used, covering primary energies from 600 GeV to 100 EeV and containing 'H, “He, N,
27Al, and 5°Fe nuclei. Hadronic interactions are simulated with Sibyll 2.1 [6] and the MSIS-
E-90 atmospheric profile [20]. Lepton propagation in ice is carried out using the lepton
propagation tool PROPOSAL [25]. Light emission and propagation is handled using GEANT4
[5] and the IceCube-internal software package CLSim that has been developed based on the
Photonics code [27]. The Antarctic ice in which IceCube is embedded is modeled using the
SPICE Lea model [4, [I§]. The detector response is simulated based on internal software.
After simulating atmospheric muon events using the models described above, each event
is weighted based on a model of the primary cosmic-ray flux: The weight w of an event
induced by a primary cosmic ray with energy F, mass number A, and atomic number Z is
determined as the ratio of the cosmic-ray flux ®,,,40 according to a chosen model and the
simulated cosmic-ray flux ®g,:

(I)model(E7 A; Z) (4)
(I)Sim(E7 A7 Z) '

w(E, A, Z) =

Here, the model by Gaisser with an extragalactic component presented in [22] and based on

the Hillas approach, thus called HGm model hereafter, is used.

B. Sample characteristics

Based on the models described in the previous section and the data analysis presented
in Section , the (simulated) data sample is characterized with respect to the energy dis-
tribution of primary cosmic rays (Figure [4) and the probability density function (PDF) of
the opening angle Af between reconstructed muon direction and actual cosmic-ray direc-
tion (Figure [5). Both figures show the distribution of the final simulation sample after the
same steps as described in Section The base declination dy is chosen such that the £3°
declination band around it has the same average declination as the final Sun shadow data

sample (cf. [38] for more details). The simulation sample contains events with primary
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FIG. 4. Energy distribution in a £3° declination band around the base declination §g = —21.3°.

The thick yellow, orange, and red lines indicate the median primary cosmic-ray energies studied in

Section [V Gl

energies between ~ 1TeV and ~ 100PeV. The median energy amounts to about 60 TeV
and the 68 % interval is between 14.6 TeV and 302 TeV. The median angular error amounts
to 0.77°, the 68 % interval covers values between 0.31° and 2.1°.

C. Simulating the shadows

The shadowing of cosmic rays due to the Moon and Sun is modeled by modifying the
primary cosmic-ray weight w of each event. Using the probability p of each primary cosmic
ray to pass through interplanetary space without hitting the Moon or the Sun, the modified

weight w' is calculated as
w=p-w. (5)
In the simplest model, the Moon and Sun are treated as non-magnetic, totally absorb-
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FIG. 5. Angular error distribution in a 4+3° declination band around the base declination ég =

—21.3°

ing spheres in space which block those cosmic rays that come from directions within the
respective lunar and solar disk as seen from Earth. In this model, p is a step function only
depending on the space angle Af between the cosmic-ray direction and the center of the

Moon/Sun.

Although cosmic rays are deflected by the geomagnetic field, the net shadowing effect
remains largely unaffected, besides a small shift of the shadow that is significantly smaller
than the resolution of the detector is expected. Moreover, by applying the center-of-gravity
correction presented in Section [V E| before calculating the relative deficit, such a shift is

accounted for in the analysis method.

In order to simulate the expected relative deficit due to the lunar and solar disk, two key
parameters are taken into account: the average declination (§) of each data sample given in
Table [Iland the weighted average of the apparent radius (Rye™®) of Moon and Sun. While

the average declination determines typical energies and the median angular resolution (cf.
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[38]), the apparent radius determines, in simple words, how large lunar and solar disk have
to be modeled.

For calculating (Rx%on/ ), the number of events for each Modified Julian Date (MJD),
Nyp, is determined together with the apparent radius in the sky for each individual MJD
of the sample, RQ/I[){)D. The latter is calculated by obtaining the Earth-Moon distance for that
specific MJD and applying trigonometry. Using these pieces of information, the weighted
apparent radius becomes

N, . RMJD
<RMoon/®> _ ZMJD MJD app (6)

app
> g VD

With this procedure, the weighted average of the apparent radius of the Moon in the sky is
shown to vary between the 0.251° (IC86-6) and 0.274° (IC86-2).

For the Sun, the range of its apparent size varies, in general, between 0.262° and 0.271°
over the year. For the time from November through February studied in this paper, however,
it amounts to 0.271° for each year. As a result of neglecting the sub-percent variation of
this value, the expectation for the geometrical shadowing effect of the solar disk is the same
in each year.

The expected relative deficit due to the shadow induced by the disk-model described
above is referred to as lunar disk and solar disk in Figures [§ and [9]

For simulating the Sun shadow including the effect of the solar magnetic field, the picture
is much more complex. Besides the geomagnetic field, also the heliospheric magnetic field
and especially the solar coronal magnetic field deflect cosmic rays. While the heliospheric
magnetic field, like the geomagnetic field, is comparably regular, the coronal magnetic field
can become highly irregular. This increased level of magnetic small-scale variability enhances
the interactions of cosmic rays with the magnetic field, thus changing the net shadowing effect
of the Sun. A first quantification of how the shadowing effect is changed has been discussed
n [I4]. Tt is thus necessary to actually simulate cosmic-ray propagation in the heliospheric
and coronal magnetic field. In such a simulation, the passing probability p of each primary
cosmic ray can be determined. It can be calculated as the number of cases np,s in which
the cosmic-ray particle traverses the solar corona without hitting the photosphere, divided

by the total number of trials niotal,

n ass
p=—= (7)

Ntotal

This probability can be calculated by propagating cosmic rays in the magnetic field of the
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Sun. Here, we use a backtracking approach for computing time-efficient simulations and we
perform the propagation in two different magnetic field models. The details of these parts

of the simulation are described in the subsequent Sections [V D] and [V E]

D. Particle propagation in the solar magnetic field

In order to produce simulations of the cosmic-ray shadow at Earth, the first step is to
numerically propagate the particles through the magnetic field of the Sun. We use the
test-particle approach, which implies that the magnetic field configuration is not changed
by the particle current. This is a reasonable assumption for such high-energetic particles,
whose coronal crossing time of a few minutes is much smaller than the timescales of solar
magnetic variability, and thus allows us to keep the magnetic field configuration constant
for the simulation of one particle trajectory.

The particles are propagated according to the equation of motion

‘;—f:q(axé) 8)

following the approach in [I4]. The simulations are performed for different magnetic field
configurations, corresponding to the solar magnetic field at different times. In particular,
simulations for two magnetic field models are performed as described in the following sub-
section. These fields are provided for each month during the measurement and are kept
constant for that month. The details of this procedure are described in [14].

Propagating particles forward is very inefficient, as it cannot be defined beforehand
which of these particles actually hit Earth and which do not. Thus, in order to produce a
computing-time efficient simulation, only those cosmic rays that eventually induce an atmo-
spheric muon event in the final simulation sample are propagated. This is achieved by using
a backtracking method, which takes the known primaries of the final simulation sample,
changes all particles into their anti-particles and, at the same time, inverts their momen-
tum vector. This means that in the simulations, we start anti-particles at Earth, propagate
them around the Sun and detect the resulting projected shadow behind the Sun. Changing
the charge and the direction at the same time delivers the same result as the propagation
of particles along the inverted path. The back-tracking method is therefore well-suited to

reduce computational time while still providing a proper picture of the propagation in the
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magnetic field.

E. Solar magnetic field models

As mentioned before, the solar magnetic field consists of two components: the coronal
magnetic field and the heliospheric magnetic field. While the coronal magnetic field is mod-
eled using (a) a potential-field model and (b) a magnetohydrostatic model, the heliospheric
magnetic field is modeled using a Parker spiral approach [32], with a semi-linear approxi-

mation of the radial solar wind velocity profile.

1. PFSS model

The potential-field source-surface (PFSS) model [9], 35] assumes the solar corona to be
force- and current-free, i.e. j = 0, with the current density j. Neglecting the displacement
current, fcan be related to the curl of the magnetic field B as

j:i(ﬁxé). ()

For a current-free corona the magnetic field must hence be curl-free, VxB= 0, which
means that it can be expressed as the gradient of a scalar potential P, B =—-V®. With
V-B= 0, this yields the Laplace equation

V20 =A® =0. (10)

The PFSS model uses one parameter, the source-surface radius Ry, which delimits the
domain in which the magnetic field dominates the plasma. Beyond this source surface, the
plasma becomes super-alfvnic and the magnetic field is passively advected outwards in it.
The source-surface radius is set to Ry = 2.5 R, which is a commonly used value and has

also been tested in [11].

2. (CSSS model

The current-sheet source-surface (CSSS) model [40] is based on the magnetohydrostatic

equation
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which balances the Lorentz force, the gradient of the plasma pressure p, and the gravitational

acceleration ¢ that acts on the plasma density p.

The CSSS model is based on the solution presented in [16] and uses three parameters: the
source-surface radius Ry, the cusp radius R, and the length scale [, of horizontal currents.
While Rg is set to 2.5 R and has the same meaning as in the PFSS model, R, is the radius
where magnetic field lines become closed. R, is set to 1.7 R, which is a typical height for
coronal streamers. Above R.,, magnetic field lines are assumed to be open. The length scale

l, of horizontal currents is set to 1 Re.

3. Parker spiral

The heliospheric magnetic field is implemented using the model first developed by Parker
[32] (cf. [31] for a review). The Parker spiral in general has a footpoint as an inner boundary
of the description of the field, which for the Sun is assumed to be the photosphere [31]. While
the magnetic field at the footpoints of the spiral is determined by using the coronal models
described above, the radial velocity V,. of the solar wind, which in the frozen-magnetic-flux
model determines the radial component of the magnetic field, is modeled as a semi-linear

approximation of the Parker [32] isothermal solar wind profile:

Vi) = C-(r/Rs) r <R 12)
Vo r > R,

with the slope C' = Vj - (Ry/R.) = 20kms™! and the critical radius R, = 22.5 Ri. Beyond

1

R, the radial velocity is assumed constant with a value of V; = 450kms™", which is a

typical value for the radial solar wind velocity at 1ua (cf. [31]).

F. Coordinate transformation for signal simulation

For a proper description of the propagation, coordinates need to be transformed into
ecliptic coordinates before starting the propagation around the Sun, which adds an additional

transformation step. The relative coordinates with respect to the Sun’s position, AX and
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Ap are given by

AN = Ao — Ao (13)
Aﬂ = 5cr - 5@ ) (14)

with (Ag, Be) as the position of the Sun in ecliptic coordinates and (A.;, fer) as the position
of the detected cosmic ray in ecliptic coordinates. These relative coordinates can then be

transformed into quasi-Cartesian coordinates as follows:

' = cos B - AN (15)

y = AB. (16)

Here, 2’ is corrected for the spherical distortion by the cos S, factor, just as it is done for the
Moon in equatorial coordinates. While Earths axial tilt of about 23.4° is taken into account
by transforming from equatorial to ecliptic coordinates, the tilt of the Suns rotational (and
magnetic) axis with respect to the ecliptic of about 7.25° is neglected in this approach, as
it is significantly smaller than the Earth’s axial tilt with respect to the ecliptic.

Finally, the coordinates are transformed back into the equatorial system that is used for

the data analysis of Moon and Sun, and also for the simulation of the Moon data.

G. Energy reconstruction

For studying the cosmic-ray Sun shadow at different energies, the data are divided into
three energy bands. This is achieved by using an energy-correlated observable, qq;;, which
represents the charge deposited in direct hits. These direct hits are defined as not having
undergone significant scattering in the ice from the point of their emission, thus providing
more accurate timing information. For the observable gg;;, the sum of charge deposited in
all DOMs that are hit within a time window of (—15ns, 75ns) around the first geometrically
possible arrival of a Cherenkov photon in a DOM is given in units of photo-electrons (p.e.).

The three bins are defined as qg;; < 18 p.e., 18 < ggir < 30p.e., and gg;; > 30 p.e., resulting
in an approximately equal number of events in each energy bin, see Table[[I|for details. These
three sub-samples have median primary energies of 40 TeV, 55 TeV, and 100 TeV as shown
in Figure
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TABLE II. Summary of the parameters for the three energy bins of the analysis
qdir/p-e. range (68%)/TeV Epedian/TeV

<18 (12 — 160) 40
18 — 30 (15 — 260) 55
> 30 (21 — 630) 100

VI. RESULTS

A. Shadow maps

The shadow maps for the Moon and the Sun as a result of this analysis are presented here
for each IceCube season. Figure [6] shows the cosmic-ray shadow of the Moon. Each panel
shows one year of data, starting with the earliest season 2010/2011 (IC79) on the top-left,
followed by data for the seasons 2011/2012 (IC86-1), 2012/2013 (IC86-2) and 2013/2014
(IC86-3) in the top row and 2014/2015 (IC86-4), 2015/2016 (IC86-5) and 2016,/2017 (1C86-
6) in the bottom row from the left to the right. Data have been smoothed with the boxcar
average algorithm, where the smoothed relative deficit in each bin (i, j) is determined as the
average of all bins with centers within a certain angular distance around the center of bin
(7, 7). Here, this smoothing radius is set to 0.7°, which approximately corresponds to the
median angular resolution of the simulation sample and yields a reasonable balance between
angular resolution and statistical uncertainty.

The figure shows that the relative deficit reaches a depth larger than 8.0%. Figure
shows the corresponding pictures for the location of the Sun.

The significance of the shadowing effect (cf. Section is found to fall between 7.50
and 14.20 for the Moon and between approximately 9.50 and 16.90 for the Sun (see Table
[II). The reason for the higher significance of the Sun shadow is its larger data sample.
An interpretation of these figures, and in particular a quantification of a possible temporal

change in the shadow, will be given in the next section.
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FIG. 6. Boxcar-smoothed two-dimensional contour map of the Moon shadow for the years IC79 to
1C86-6 showing the computed center of gravity of the shadow as a white cross. The white circle

indicates the seven-year mean of the weighted average of the angular Moon radius.

TABLE III. Relative deficit (RD) and Li-Ma significance S (cf. Section [IV E)) for Moon and Sun

shadows.
IC79  1IC86-1 IC86-2 1C86-3 IC86-4 1IC86-5 IC86-6
RDin % 4.0+0.4504+0445+0456+0553+0649+0.63.7+0.5
Moon Sino 11.2 14.2 12.1 10.0 9.4 9.5 7.5
g RDin % 51+04334+0.341+0331+0328+0.335+0.352+0.3
un

Sino 14.0 11.4 13.0 9.5 10.1 12.1 16.9
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FIG. 7. Boxcar-smoothed two-dimensional contour map of the Sun shadow for the years IC79 to
1C86-6 showing the computed center of gravity of the shadow as a white cross. The white circle

indicates the weighted average of the angular Sun radius.
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B. Comparison to lunar/solar disk

As described in Section [VE] the relative deficit within a 1.0°-circle around the center of
gravity of the shadow is used for quantifying the deficit of cosmic-ray induced muon events
due to the Moon and Sun shadows. Figures [§ [9] [LO] [LT], and [13] thus use this quantity.
In Figure |8 the observed relative deficit due to the cosmic-ray Moon shadow is compared
to the relative deficit expected due to geometrical shadowing of the Moon. The simulations
show the same slight dip as the data. The reason for this dip is the slightly different distance
between Moon and Earth, which changes the angular radius and hence the shadowed solid
angle. Additionally, the average declination of the event sample is slightly different for each

year. Both effects are accounted for in the simulations shown in Figure [8]
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FIG. 8. Comparison of measured relative deficit due to the Moon shadow and relative deficit

expected from shadowing by the lunar disk.

In Figure [J] the observed relative deficit due to the cosmic-ray Sun shadow is compared
to the relative deficit expected due to geometrical shadowing of the Sun. There is no

substantial variation in the distance between Sun and Earth for the observation period
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November through February. Also, the average declination of the data sample is essentially
the same each year. Thus, the expected relative deficit due to the geometrical shadowing

by the solar disk is the same every year and amounts to (4.4 +0.1) %.
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FIG. 9. Comparison of measured relative deficit due to the Sun shadow and relative deficit expected

from shadowing by the solar disk.

In Table[[V], the reduced x2, p-value, and significance S of a y2-test of the observed Moon
and Sun shadows and the expectation from the lunar/solar disk are given. With a p-value
of 32 % the Moon shadow shows reasonable agreement with the expectation from the lunar
disk. The Sun shadow, on the other hand, is incompatible with the expectation from the

solar disk with a statistical significance of about 7 standard deviations.

C. Comparison to solar cycle

As a first observational test of a connection between magnetic solar activity and the Sun

shadow, the temporal variation of the cosmic-ray Sun shadow is compared to the average
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TABLE IV. Reduced x?2, p-value and, significance of the comparison between the measured Moon
and Sun shadows with the expectation from the lunar and solar disk.
X2 /Mot p Sino
Moon 8.2/7~1.2 0.32 1.0
Sun 72.9/7~10.43.9x 1073 7.3

International Sunspot Number obtained from [36]. A similar comparison has already been
performed in [3] for five years of data, and a correlation has been found to be likely. In
Figure the relative deficit due to the Sun shadow is shown together with the sunspot

number (averaged over the relevant months) between November 2010 and February 2017.
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FIG. 10. Comparison of measured relative deficit due to the Sun shadow and average sunspot

number as a tracer for solar activity.

In order to quantify the correlation between Sun shadow and solar activity, which is shown
in Figure [11] two correlation tests are performed. The results of these tests are summarized

in Table [Vl While a Spearman’s rank correlation test yields a correlation coefficient of 0.86
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and a p-value of 1.4% for a correlation by chance, a Kendall-7 test yields a correlation
coefficient of 0.71 and a p-value of 3.0 %.

We also quantify the deviation from a constant function by fitting a linear function and a
constant one. We calculate the difference in the x? and number of degrees of freedom, Ax?
and Angef, respectively. Based on these values, the p-value is calculated from the cumulative
distribution function of the appropriate x? distribution. While we find x/ngos = 13.23/5 for
the linear model, the constant model yields x/nq.f = 53.67/6. The difference in these two

models therefore can be quantified to

Ax?  40.44
Andof N 1

= 40.44. (17)

This results in a p-value of p = 2.0 - 107!, corresponding to a significance of 6.40 that the

linear fit is preferred over a constant one.
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FIG. 11. Correlation of measured relative deficit due to the Sun shadow and average sunspot

number. A correlation of the two quantities is found to be likely.
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TABLE V. Correlation coefficient and p-value of the two performed correlation tests.
Correlation test|Correlation coefficient|p in %
Spearman’s p  |0.86 1.4
Kendall’s 7 0.71 3.0

D. Comparison to solar magnetic field models

Finally, we modeled cosmic-ray propagation in the solar magnetic field to obtain predic-
tions for the Sun shadow as expected from different coronal magnetic field models. Figure
12 shows the results in terms of the observed relative deficit due to the Sun shadow and
the expected relative deficit based on the PFSS and CSSS models in combination with the
Parker spiral model introduced in Section [V E]

Both models reproduce the observed weakening of the shadow in times of high solar
activity. The PFSS model predicts a more pronounced weakening of the shadow than the
CSSS model in all years that are studied. In 2010/2011 as well as in 2016/2017 the relative
deficit observed in the data is slightly stronger than the prediction from both models, but
also stronger than the expectation from the solar disk. In addition to a x?-test taking
into account the statistical uncertainties of the data points, a modified y?-test, which also
takes into account the statistical uncertainties of the simulations and an estimate of the
systematic uncertainty, is performed:

Tdata — Taim)”
X2 — Z : ( data ) ) (18)

2 ; 2
7 (U(Ziata) +(0-;im) +052ys

Asin [11], the systematic uncertainty is estimated from comparing the observed and expected
relative deficit due to the Moon shadow and is found to amount to about 0.3 %.

While the standard y2-test yields tensions between the data and the models on the order
of 3 standard deviations, the modified test yields reasonable agreement with p-values of
13 % and 17 % for the PFSS and CSSS model, respectively. All values are given in Table
These results can be compared to the findings of Tibet AS-y in [I1], who performed a similar
study for the previous solar cycle (1996 — 2009) at lower energies of ~ 10 TeV. In [11], it
is discussed that the simulations with the CSSS model produce results that are consistent
with the data. At these energies, the discrepancy with the PFSS model is larger (p-value of
4.9 -1075). In this paper, the CSSS model also fits somewhat better than the PFSS model,
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FIG. 12. Comparison of measured relative deficit due to the Sun shadow and relative deficit

expected from different models of the solar magnetic field.

but these differences are not significant. One reason could be that the magnetic activity
in solar cycle 24, which is investigated in this paper, is much less pronounced compared to
solar cycle 23 which was investigated with Tibet AS-y data. In addition, effects should be
amplified at lower energies as lower-energy particles have smaller gyro radii and therefore
react stronger to the magnetic field. Finally, in this paper, we investigate seven years, while

Tibet AS-vy could make use of 14 years of data.

TABLE VI. Reduced x?2, p-value, and significance of the comparison between the measured Sun
shadows and the two different models. Both models were provided with SOLIS magnetogram data

[29]. Values in parentheses are based on the modified x* given in equation (L8).

Magnetogram |Coronal model |x?/ngor |p Sin o
SOLIS PFSS 3.1 (1.6)|0.0027 (0.13)|3.0 (1.5)
SOLIS CSSS 2.9 (1.5)0.0052 (0.17)|2.8 (1.4)
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E. Energy dependence

In this section we discuss the energy dependence of the Sun shadow. In Figure [13| the
relative deficit, normalized to the expectation from the solar disk, is shown for the low-energy
(median energy: ~ 40TeV) and high-energy (median energy: ~ 100TeV) sub-samples
during the observation period from November 2010 through February 2017. Normalizing to
the solar disk is necessary as the PSF is energy-dependent, causing the solar-disk shadow to
be stronger for higher energies.

For years with rather high solar activity (2011/2012-2015/2016) there is an indication for
increasing shadow strength. For the two low-solar-activity years (2010/2011 and 2016,/2017),
no conclusions can be drawn. In general, these results are consistent with what is expected
from theory [14], where it is shown that the shadow should increase in strength for years of
high magnetic turbulence level and that it should be decreasing for low-activity years. How-
ever, to confirm such trends, a better energy resolution and a larger data set are necessary,

therefore we refer to future work to investigate this question in more detail.

VII. CONCLUSION

In this paper, the time-dependent cosmic-ray Moon and Sun shadows were studied using
seven years of [ceCube data taken between May 2010 and May 2017. Both, Moon and Sun
shadows are observed with high statistical significance in all seven years of data. While
the Moon shadow is described reasonably well by the lunar-disk model (p = 0.32), the Sun
shadow is statistically incompatible with geometrical shadowing only due to the solar disk
(7.30).

We compared the temporal variation of the measured relative deficit of the Sun shadow
to the change in the International Sunspot Number as a tracer for solar magnetic activity.
We find the probability to observe the measured correlation by chance to be 3.0 % (Kendall’s
7 test) or 1.4 % (Spearman’s rank test), respectively. A linear relationship between shadow
strength and solar activity is preferred over a constant one with 6.4c.

We test two coronal magnetic field models, the PFSS and CSSS models, together with
a Parker spiral beyond 2.5 solar radii. Taking into account only statistical uncertainties,

we find tensions between data and models on the order of ~ 30. Including an estimate
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FIG. 13. Relative deficit due to the Sun shadow normalized to the expectation from the solar disk
as a function of the median energy of the sub-samples. For better visualization, pairs of data points
for a specific season where shifted along the abscissa. The inner (outer) grey band indicates the

statistical uncertainty of the disk-prediction for the low-energy (high-energy) sample.

of the systematic uncertainty based on the observed Moon shadow, however, we compute

reasonable p-values of 13% and 17 % for the two models, respectively.

In times of high solar activity, the measured Sun shadow seems to increase with en-
ergy (1.80 indication). In times of low solar activity, more data and an improved energy

estimation will be necessary.

Future possibilities furthermore include testing different coronal magnetic field models
like more general force-free or MHD models, studying the influence of CMEs on the Sun
shadow, or implementing different models of the heliospheric magnetic field and/or the radial
wind velocity profile. Further, in the future, energy-dependence can help to understand
the strength of the field in particular when studying years of low solar activity. Here, an

approximation by a Parker spiral is motivated by theory [I4], 15]. A dipole-type field shows
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an increase of the shadow depth up to a certain maximum, which has a larger shadowing
effect than the geometrical shadow. The predicted behavior of the Sun shadow during low
solar activity with increasing energy is a monotonous increase of the shadow, converging
toward the geometrical shadow, thus for all energies below convergence showing a shadow
that is weaker than the geometrical one. Thus, for low activity years in particular, the
observed peak energy can reveal the true normalization of the dipole, while the high activity

years can help to disentangle the role of the small-scale component of the field.

ACKNOWLEDGMENTS

USA - U.S. National Science Foundation-Office of Polar Programs, U.S. National Sci-
ence Foundation-Physics Division, Wisconsin Alumni Research Foundation, Center for High
Throughput Computing (CHTC) at the University of Wisconsin-Madison, Open Science
Grid (OSG), Extreme Science and Engineering Discovery Environment (XSEDE), U.S. De-
partment of Energy-National Energy Research Scientific Computing Center, Particle as-
trophysics research computing center at the University of Maryland, Institute for Cyber-
Enabled Research at Michigan State University, and Astroparticle physics computational
facility at Marquette University; Belgium — Funds for Scientific Research (FRS-FNRS and
FWO), FWO Odysseus and Big Science programmes, and Belgian Federal Science Policy Of-
fice (Belspo); Germany — Bundesministerium fir Bildung und Forschung (BMBF'), Deutsche
Forschungsgemeinschaft (DFG), Helmholtz Alliance for Astroparticle Physics (HAP), Initia-
tive and Networking Fund of the Helmholtz Association, Deutsches Elektronen Synchrotron
(DESY), and High Performance Computing cluster of the RWTH Aachen; Sweden — Swedish
Research Council, Swedish Polar Research Secretariat, Swedish National Infrastructure for
Computing (SNIC), and Knut and Alice Wallenberg Foundation; Australia — Australian
Research Council; Canada — Natural Sciences and Engineering Research Council of Canada,
Calcul Québec, Compute Ontario, Canada Foundation for Innovation, WestGrid, and Com-
pute Canada; Denmark — Villum Fonden, Danish National Research Foundation (DNRF),
Carlsberg Foundation; New Zealand — Marsden Fund; Japan — Japan Society for Promotion
of Science (JSPS) and Institute for Global Prominent Research (IGPR) of Chiba University;

Korea — National Research Foundation of Korea (NRF); Switzerland — Swiss National Sci-

35



ence Foundation (SNSF); United Kingdom — Department of Physics, University of Oxford.

1]

[11]

[12]

[13]

[14]

M. G. Aartsen et al. Observation of the cosmic-ray shadow of the Moon with IceCube. Phys.
Rev. D, 89(10):102004, 5 2014.

M. G. Aartsen et al. The IceCube Neutrino Observatory: instrumentation and online systems.
Journal of Instrumentation, 12(3):P03012, March 2017.

M. G. Aartsen et al. Detection of the Temporal Variation of the Sun’s Cosmic Ray Shadow
with the IceCube Detector. Astrophys. J., 872(2):133, 2 2019.

M.G. Aartsen et al. Measurement of South Pole ice transparency with the IceCube LED
calibration system. Nucl. Instrum. Meth. A., 711:73, 2013.

Stefano Agostinelli et al. GEANT4-a simulation toolkit. Nucl. Instrum. Meth. A., 506:250,
07 2003.

Eun-Joo Ahn, Ralph Engel, Thomas K. Gaisser, Paolo Lipari, and Todor Stanev. Cosmic ray
interaction event generator SIBYLL 2.1. Phys. Rev. D, 80(9):094003, 11 2009.

J. Ahrens et al. Muon track reconstruction and data selection techniques in AMANDA. Nucl.
Instrum. Meth. A., 524(1):169, 2004.

G. Aielli et al. Mean Interplanetary Magnetic Field Measurement using the ARGO-YBJ
Experiment. Astrophys. J., 729(2):113, 2 2011.

Martin D. Altschuler and Gordon Newkirk. Magnetic fields and the structure of the solar
corona. Sol. Phys., 9(1):131, 9 1969.

M. Amenomori et al. Cosmic Ray Shadow by the Moon Observed with the Tibet Air Shower
Array. In Proceedings of the 23th International Cosmic Ray Conference (ICRC1993), vol-
ume 4, page 351, 1993.

M. Amenomori et al. Probe of the Solar Magnetic Field Using the “Cosmic-Ray Shadow” of
the Sun. Phys. Rev. Lett., 111(1):011101, 7 2013.

M. Amenomori et al. Influence of Earth-directed Coronal Mass Ejections on the Sun’s Shadow
Observed by the Tibet-ITI Air Shower Array. Astrophys. J., 860:13, 6 2018.

B. Bartoli et al. Observation of the cosmic ray moon shadowing effect with the ARGO-YBJ
experiment. Phys. Rev. D, 84(2):022003, 7 2011.

J. Becker Tjus, P. Desiati, N. Dopper, H. Fichtner, J. Kleimann, M. Kroll, and F. Tenholt.

36



[15]

[25]

[26]

[27]

Cosmic-ray propagation around the Sun: investigating the influence of the solar magnetic field
on the cosmic-ray Sun shadow. Astron. Astrophys., 633:A83, 2020.

Julia Becker Tjus and Lukas Merten. Closing in on the origin of Galactic cosmic rays using
multimessenger information. |arX:w:2002.0096/, February 2020. accepted for publication in
Physics Reports.

T. J. Bogdan and B. C. Low. The three-dimensional structure of magnetostatic atmospheres.
IT - Modeling the large-scale corona. Astrophys. J., 306:271, 7 1986.

Fabian Bos. Studying moon and sun shadows by using atmospheric muons detected with
IceCube. PhD thesis, Ruhr-Universitdt Bochum, 2017.

Dmitry Chirkin. Evidence of optical anisotropy of the South Pole ice. In Proceedings of the
33th International Cosmic Ray Conference (ICRC2013), page 0580, 2013.

George W. Clark. Arrival Directions of Cosmic-Ray Air Showers from the Northern Sky. Phys.
Rev., 108(2):450, 10 1957.

Community Coordinated Modeling Center (CCMC). MSIS-E-90 Atmosphere Model, 2019.
https://ccmc.gsfc.nasa.gov/modelweb/models/msis_vitmo.phpl

O. Enriquez. The Galactic cosmic-ray Sun shadow observed by HAWC. In Proceedings of
the 84th International Cosmic Ray Conference (ICRC2015), 2015. https://arxiv.org/abs/
1508.07351.

T. K. Gaisser. Spectrum of cosmic-ray nucleons, kaon production, and the atmospheric muon
charge ratio. Astropart. Phys., 35:801, 07 2012.

Francis Halzen. IceCube Science. In Journal of Physics Conference Series, volume 171 of
Journal of Physics Conference Series, page 012014, June 2009.

D. Heck, J. Knapp, J. N. Capdevielle, G. Schatz, and T. Thouw. CORSIKA: a Monte Carlo
code to simulate extensive air showers. Technical report, Forschungszentrum Karlsruhe, 1998.
FZKA 6019.

J. H. Koehne, K. Frantzen, M. Schmitz, T. Fuchs, W. Rhode, D. Chirkin, and J. Becker Tjus.
PROPOSAL: A tool for propagation of charged leptons. Comput. Phys. Commun., 184:2070,
2013.

T.-P. Li and Y.-Q. Ma. Analysis methods for results in gamma-ray astronomy. Astrophys. J.,
272:317, 9 1983.

J. Lundberg, P. Miocinovic, K. Woschnagg, T. Burgess, J. Adams, S. Hundertmark, P. De-

37


http://arxiv.org/abs/2002.00964
https://ccmc.gsfc.nasa.gov/modelweb/models/msis_vitmo.php
https://arxiv.org/abs/1508.07351
https://arxiv.org/abs/1508.07351

[34]

[35]

[36]

[40]

siati, and P. Niessen. Light tracking through ice and water—Scattering and absorption in
heterogeneous media with Photonics. Nucl. Instrum. Meth. A., 581(3):619, 2007.

NASA. Parker Solar Probe, 2019. http://parkersolarprobe. jhuapl.edu/index.php.
National Solar Observatory. SOLIS magnetograms, 2020. https://solis.nso.edu/0/vsm/
vsm_maps . php.

Till Neunhffer. Estimating the angular resolution of tracks in neutrino telescopes based on a
likelihood analysis. Astropart. Phys., 25(3):220, 2006.

Mathew J. Owens and Robert J. Forsyth. The Heliospheric Magnetic Field. Living Rev. Sol.
Phys., 10(1):5, 11 2013.

E. N. Parker. Dynamics of the Interplanetary Gas and Magnetic Fields. Astrophys. J., 128:664,
11 1958.

H. Porsche. HELIOS mission: Mission objectives, mission verification, selected results. In
Solar System and its Ezploration, ESA Special Publication, page 43, 1981.

F. W. Samuelson. The cosmic ray Moon shadow seen by MILAGRO. In Proceedings of the
27th International Cosmic Ray Conference (ICRC2001), volume 2, page 594, 2001.

K. H. Schatten, J. M. Wilcox, and N. F. Ness. A model of interplanetary and coronal magnetic
fields. Sol. Phys., 6:442, 3 1969.

SILSO World Data Center. The International Sunspot Number, 1749-2019. http://www.
sidc.be/silso/.

F. Tenholt, J. Becker Tjus, and P. Desiati. Studying the Temporal Variation of the Cosmic-
Ray Sun Shadow Using IceCube Data. In Proceedings of the 36th International Cosmic Ray
Conference (ICRC2019), 2019. https://pos.sissa.it/358/437/.

Frederik Tenholt. Studying the Temporal Variation of the Cosmic-Ray Sun Shadow. PhD
thesis, Ruhr-Universitt Bochum, 2020.

X. Xu. The Cosmic Ray Shadows of the Moon and the Sun Detected by the Milagro
Gamma Ray Observatory. In Proceedings of the 28th International Cosmic Ray Conference
(ICRC2003), volume 7, page 4065, 2003.

Xuepu Zhao and J. Todd Hoeksema. Prediction of the interplanetary magnetic field strength.
J. Geophys. Res.-Space, 100(A1):19, 1995.

38


http://parkersolarprobe.jhuapl.edu/index.php
https://solis.nso.edu/0/vsm/vsm_maps.php
https://solis.nso.edu/0/vsm/vsm_maps.php
http://www.sidc.be/silso/
http://www.sidc.be/silso/
https://pos.sissa.it/358/437/

	Measurements of the Time-Dependent Cosmic-Ray Sun Shadow with Seven Years of IceCube Data – Comparison with the Solar Cycle and Magnetic Field Models
	Abstract
	I Introduction
	II The IceCube Neutrino Observatory
	III Data sample
	A Moon and Sun as seen from the South Pole
	B Data selection and quality cuts

	IV Data analysis
	A Relative coordinates
	B On- and off-source regions
	C Event numbers and average declination
	D 2D maps and smoothing
	E Numerical analysis

	V Simulations
	A Models
	B Sample characteristics
	C Simulating the shadows
	D Particle propagation in the solar magnetic field
	E Solar magnetic field models
	1 PFSS model
	2 CSSS model
	3 Parker spiral

	F Coordinate transformation for signal simulation
	G Energy reconstruction

	VI Results
	A Shadow maps
	B Comparison to lunar/solar disk
	C Comparison to solar cycle
	D Comparison to solar magnetic field models
	E Energy dependence

	VII Conclusion
	 Acknowledgments
	 References




