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Motivation

2 Number of observed secondary muons from
directions around Moon/Sun is reduced due to
blocked cosmic rays (CRs)

7 Shadowing effect measured with high statistical

significance by several experiments (e.g. Tibet,
ARGO-YBJ|, HAWC)

2 Moon shadow serves as a standard candle

5 180
(known apparent size, no magnetic field) £ 140
. 5
2 Sun shadow serves as indirect measurement of S 60
solar magnetic field = Compare models ?
1 :
o . =
o Tibet, PRL I 1'1,2013:~10 TeV CRs, measuring $g
air showers o4
50-5]
n

~ Here: ~55 TeV CRs, measuring atmospheric
muons

Cosmic rays
reaching lceCube

Figure credit: M. Santander

LARAN RAREE LAREE RALEN REEE

AR B (LA ERRRE RARRS

S/ S - R & A A
7 PFSS Rss=2.5Re vy 8
&‘ CSSS Rss=2.5Re

B 'CSSS Rss=10Re

Figure from Tibet, PRL 111,2013
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Analysis Method

? On- and off-source windows ( 6° x 6° each)

2 Right ascension/decl. relative to Moon/Sun Relative coordinates:

Relative deficit:

Z Bin-wise ( 0.1° x 0.1°) relative deficit in on-
source region in a 2D grid 1.5

2 Visualize the shadow:
© Boxcar smoothing (0.7° smoothing radius)

© Determine center of gravity (COG)

? Numerical analysis:

> Relative deficit within 1.0° around COG _1.0-

—1.5
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Results: Part |
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Results: Moon
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Results: Moon

i
i
1

1 Moon
» Cosmic rays ,;see” Moon as unmagnetized ball , ¢ Data
In 2D: disk-like cosmic-ray sink S 5. Can we explain this variation:
? Expect relative deficit to depend on average & -4 ¢ {
. . %
elevation and apparent Moon radius o, } { T e
P ®
Object Year Events / 10° ilejv. / ° dius / “ —7 ' | | i -
M | QQN '\,\'O/ q,\'\?) o)v’b‘ b‘& %&\@ @6\

Moon 2010/11 7.9 22.1 0.261 | L SN N

Moon 2011/12 7.7 20.7 0.270 |

Moon 2012/13 6.4 18-9 0.274 | ' Key to (almost) all questions: simulations

Moon 2013/14 4.5 l17.7 0.272 1 ®

Moon 2014/15 3.8 116.9 0265 | P Exclude events with primary cosmic-

Moon 2015/16 4.1  16-7 0.257 | ray direction within Moon disk

Moon 2016/17 5.1 E ,\
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Relative Deficit (1.0°) in %

Results: Moon

Moon

lceCube Preliminary B Lunardisk
® Data
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Results: Sun

Sun, IC79 Sun, IC86-1 Sun, 1C86-2 Sun, IC86-3
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s 0.0- 0.0 - 0.0 - 0.0 fr-oreereormemnee V. ...........
<
—0.5 - —0.5 - —0.5 - —0.5 -
—1.0 A —1.0 A —1.0 A —1.0 A
—1_5 T T | T T _1.5 T T | T T _1.5 T T | T T _1.5 T T | T T
-1.5-1.0-05 0.0 05 1.0 1.5 -1.5-1.0-0.5 00 05 1.0 1.5 -1.5-1.0 -0.5 0.0 05 1.0 1.5 -1.5-1.0 -0.5 0.0 0.5 1.0 1.5
cos b, - Aal®] cos b, - Aal®] cos b, - Aal®] cos b, - Aal®]
Sun, |IC86-4 Sun, IC86-5 Sun, IC86-6
1.5 : 1.5 : 1.5 :
lceCube Preliminary lceCube Preliminary lceCube Preliminary --1.0
1.0 A 1.0 - 1.0 --2.0
X
0.5 0.5 - 0.5 - 305
— --4.0 O
S 0.0 EEER 0.0- 0.0- L
g —5.0?)
2
~0.5- ~0.5- ~0.5- 6.0 %
7.0
—1.0 - —1.0 A —1.0 A
-8.0
—1,5 T T | T T _1.5 T T | T T _1.5 T T | T T -9_0
-1.5-1.0-05 0.0 05 1.0 1.5 -1.5-1.0-05 0.0 05 1.0 1.5 -1.5-1.0-05 0.0 05 1.0 1.5
cos b, - Aal®] cos b, - Aal®] cos b, - Aal®]
o RUHR
10 § Frederik Tenholt oversmir [RUJ B




Relative Deficit (1.0°) in %

Results: Sun

Sun

lceCube Preliminary

-==Solar disk
® Data
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Results: Sun

Sun
-1
2 Relative deficit of Sun shadow varies with P I e
time despite constant parameters (solar activity?) &, ; X ;! ;
Object Year Events /106 Avg Elev. / © Radius/ ° : % i . { ____________________________
Sun  2010/11 9.0 22.1 0271 | A ¢
Sun  2011/12 13.1 121.8 0.271 2 —6- 2t —¥377 L104
Sun  2012/13  13.1 21.8 0.271 * ) N N 0 sl il ety B
Sun  2013/14 13.2 21.8 0.271 | &N WS
Sun  2014/15 13.2 121.8 0.271 i‘ -7 . _
Sun  2015/16 13.3 21.8 0.271 f,' | P e workWDC.SILSO
Sun  2016/17 13.3 21.8 0.271 ; <
— — 5 —5-
P Unmagnetized solar disk model excluded at ~ 70 % .. 3
2
2 Correlation of relative deficit with solar g7 J o
activity is likely (p=3%) =
— | | | | | |
 Linear dependence of relative deficit on SSN T CNergesunspot Number
preferred at ~ 6o e Smarny o b, S
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Solar Magnetic Field

Frederik Tenholt

BBBBBB



Modeling the Solar Magnetic Field

“,2.,0201': 16 14 12 10 8 6 4 2 30 Z%d 22%13
2 Synoptic magnetograms measure the S0 gt et 90
photospheric magnetic field strength 30&? ;\?’ o W e
2 Two coronal magnetic field models: °i~. {‘V *aﬁi
. . 30 ,j i Ry ad Lk )
~ Potential Field Source Surface (PFSS) S

- ?J 30 60 90 120 150 180 210 240 270 300 3.‘ao =90

/ NSO/SOLIS magnetogram (CR2143).

(Schatten+, Sol. Phys,, 6,442, 1969)

© Current Sheet Source Surface (CSSS)
(Zhao+, |. Geophys. Res., 100, Al,1995)

2 Both use ,,source surface” where all magnetic
field lines are assumed to be purely radial

2 Beyond ,,source surface®, Parker spiral
(Parker, ApJ, 128, 664—6/6, 1958) is

implemented using a simple analytical model

of the solar wind speed PFSS/CSSS model (CR1910). Figure Schematic view of the Parker
from Tibet, PRL 1|1, 1,201 3. spiral (Owens & Forsyth, Living
Rev. Sol. Phys., 201 3).
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Results: Part |l
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Results: Sun

Sun
—1
-=-=Solar disk -®m- CSSS, SOLIS
_- -4A- PFSS, SOLIS ® Data
lceCube Preliminary }

- /ndf =21.9/7 = 3.1

Relative Deficit (1.0°) in %

_6 N
x°/ndf = 20.2/7 = 2.9
_7 1 1 1 1 | 1 1
N YV & X 2. © \
~ ~ ~ A ~ S ~
S QT W e \©
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Results: Sun

Sun
. o o —1
2 Observed variation in the data - Solardisk  -m- CSSS. SOLIS
reproduced by simulations e 2 i PRSS;SOUST—# bata
—~ lceCube Preliminary i
. . o o —3 A
2 Years with low solar activity not well- o i ,,,,, i S
described by models % _4_____T_E’_:_::__::::E::________________\::;‘:_____4
. v —5-
2 CSSS and PFSS models preferred over = ! ¢
solar disk, but tensions exist w O
=7 | | | | | |
2 Neglected/smaller effects: & Q\O @«,’b O \y\\? @»‘0 éo\é

(Latitude-dependent) solar wind velocity profile
Geomagnetic field

Earth-directed coronal mass ejections (ECMEs)
Different magnetogram normalizations
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Summary

2 lceCube detects Moon and Sun shadows
with high statistical significance

2 The cosmic-ray sun shadow

" M o d , o in lceCube is a useful new
2 Moon shadow consistent wit tool for solar physics

simulations based on lunar disk size and I
average elevation

2 Sun shadow varies in correlation with
sunspot number (p-value for non-
correlation: ~3%)

2 PFSS/CSSS models clearly preferred over
solar disk model

> Evaluating solar magnetic field models
using lceCube data — for the first time!
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The lceCube Neutrino Observatory

? lceCube is a neutrino
detector at the geographic
South Pole

2 Instrumented volume:
~ 1km®

2 5160 digital optical modules
deployed on 86 strings

2 Large amount of data: muon
trigger rate of about 2100
events per second

? Here: atmospheric muons
constitute data sample

lceCube Lab

lceTop
50m [——

lceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

Amanda |l Array

\ R
1] | I | ‘ 1
LR Il | |
‘ [ || \
| HLEE | / (precursor to lceCube)
i it DeepCore
13325 b ¢ ;r; : E

1450 m

8 strings-spacing optimized for lower energies
/ 480 optical sensors

| | Eiffel Tower
324 m

2450 m

2820 m
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The Moon/Sun Shadow Data Sample

11499+11937, 6 =21°

100 , _ _
2 IceCube uses filters, that follow the path - N E:/szmt
of Moon/Sun across the sky | 5 5
2 Filters are active, when Moon/Sun are 5101 """""
above the horizon 10 ------- E%%DD%J ---------
2 Full azimuth band (360°) for +-10° O R Eﬂfﬂ o

AV[°]

declination band around object

Z Quality cuts on track reconstruction 107 e B Galsserri3a |
parameters

2 Median angular error:~ 0.75°

2 Median energy: ~ 55 TeV

S 1.0 FF+ — ' —H
© o5l _______________ =
103 10 105 106 107 108
E../ GeV
° RUHR
22 § Frederik Tenholt oversmir QU B




On- and off-source windows
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Solar Magnetic Field

Magnetograms

Synoptic Optical Long-
term Investigations of
the Sun (SOLIS)

Global Oscillation
Network Group (GONG)

Input ¢ to

Potential Field Models

Tabulated Output:

Coronal magnetic field
between photosphere and
source surface

Potential Field Source Current Sheet Source
Surface Model (PFSS) Surface Model (CSSS)

Full Model of the Solar

Magnetic Field between Sun and
Earth

Parker Spiral:

Heliospheric magnetic
field beyond source
surface based on solar
wind velocity model

24 ¢
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Simulations: Basic Principle

O,fOI'\If S RM
w, for ¥ > Ry

(A cos Ocry AD) ey U = \/(Aacos b )2 + (AS)? w! =

On-source Event by event

window information
Simulated
Moon/Sun

(@,5ﬁx shadow

(Ckad)hdoon/Sun

Equatorial to

ecliptic coordinates Relative
coordinates

Backtrack all
primaries until they Passing
hit/pass the Sun probability

4-5 Carrington rotations
(CRs) and 36 angles

(AXcos Bery, AB)cr

Ntotal — MCRs * Nangles

Frederik Tenholt oersmin [RIUJ B
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Simulating the Sun shadow

90° 270°
e
2 N
1
1
\
\
N
“\\\\ %
=

Npass |/4 hits -> p=0.75
| Carrington p== 1 |
Rotation ~ 27.3 days vota ror the Moon, p 154 step
w! =p-w function depending on r
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Coordinate transformations

north north
celestial pole ecliptic
pole

o N— C 7 7

/.

//’ ’(g : \" ' - OQ/,,
- \
; - :
‘ _: . : )
: D \
- : - 4l =
N :
) ' | ——— |' \
\ : J L ‘ ' | .
’ ‘ ' | ‘nf\C
N7 ec\PHo
(/Q[O 2l . ornal longitude
OO , . . \I /
dec u e/ A
= oop
3/

/ecllpt\c

| . . \
r ; | <4,///
\ ) B\ \\ €qua tor 7 ,
<0 |

W& )
e‘(@ o south
N Sou 3 ' ecliptic
) >>>
celestial pole from astropy import units as u bole

>>> from astropy.coordinates import SkyCoord

>>> ¢ _1crs = SkyCoord(ra=10.68458*u.degree, dec=41.26917*u.degree, frame='icrs')
>>> ¢ _1crs.galactic

<SkyCoord (Galactic): (1, b) in deg
(121.17424181, -21.57288557)>
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