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チベット空気シャワー観測装置
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p チベット (90.522oE, 30.102oN) 標高4300 m

現行スペック
p シンチレーション検出器数 0.5 m2 x 597
p 空気シャワー有効面積 ~50,000 m2
p 観測エネルギー >TeV
p 角度分解能 ~0.5°@10TeV

~0.2°@100TeV
p 視野 ~2 sr

à空気シャワー中の二次粒子(主にe+/-,γ)を観測し
一次宇宙線エネルギー、方向を決定



水チェレンコフ型ミューオン観測装置

à空気シャワー中のミューオン数を測定し、ガンマ線／核子選別
2014�2�
 2017�5� �����	�720�

~3400m2
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ü 地下 2.4m (物質厚 ~ 515g/cm2 ~19X0)
ü 7.35m×7.35m×水深1.5m 水槽
ü 20”ΦPMT (HAMAMATSU R3600)
ü 水槽材質：コンクリート+タイベック
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Kawata et al., JPS meeting (2018)
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ミューオン・カット
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����(Sr)

����(Sr)

�
	


�
�
�
�
(S
N
µ)

�
	


�
�
�
�
(S
N
µ)

����(Sr)

�
�
�

ミューオンカット後、100TeV領域で
約99.9%の宇宙線を除去、約90%のガンマ線を残す

SNµ=0

SNµ=0

à カットの最適化
ガンマ線 : MCデータ（Crab軌道、Crab Flux）
宇宙線：実験データ(銀河面・Crab方向除く)

Kawata et al., JPS meeting (2018)
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「かに星雲」ガンマ線空気シャワー候補事象

Distance from the shower axis [ m ]
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p 総粒子数�Sr )  = 3256
p 総ミューオン数�SNµ ) = 2.3
p 天頂角 (q ) = 29.8o

p エネルギー = (251      ) TeV+46
-43
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円サイズ∝ log(粒子数)
円カラー : 相対到着時間[ns]
à 方向決定

S50

NKG関数によるフィット
à エネルギー推定 S50
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Kawata+ Exp Astron (2017)

Kawata et al., JPS meeting (2018)
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角度分解能・エネルギー分解能
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Fig. 3 Energy resolution (σln∆E) vs the reconstructed energy using different three estimators, S50 (red
squares), Ne (blue circles) and

∑
ρ (green triangles). σln∆E is the standard deviation of the logarithmic Gaus-

sian function. All results assume the case of the zenith angle θ < 20◦.
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Fig. 4 Energy resolution (σln∆E) vs the Sr parameter, which is ρNKG(r) in Eq.2 at different three energy ranges,
1.0 < log(E[TeV]) < 1.5 (green triangles), 1.75 < log(E[TeV]) < 2.25 (red squares) and 2.5 < log(E[TeV]) <
3.0 (blue circles). σln∆E is the standard deviation of the logarithmic Gaussian function. All results assume the
case of the zenith angle θ < 20◦.

Figure 3 shows the energy resolutions as a function of the reconstructed energy using S50, Ne and∑
ρ. The resolution is estimated by fitting a logarithmic Gaussian function to ln∆E = ln(EREC/EGEN)

distribution obtained by using each estimator. The vertical axis denotes the standard deviation (σln∆E)
of the logarithmic Gaussian function. The energy resolutions using S50 at 10 TeV and 100 TeV gamma
rays are estimated to be approximately σln∆E = 0.40 and 0.16, which correspond to (−33/+49)% and
(−15/+17)%, respectively, in linear scale. We find S50 giving a better energy resolution than Ne and∑

ρ, which have been used so far, above 10 TeV. We also investigate different Sr parameters, which
are ρNKG(r) in Eq.2, from r = 10 to 100 every 10 m in Fig. 4. As a result, the energy resolutions using

Kawata+ Exp Astron (2017)
100TeV10TeV

à Full MCシミュレーションによる推定
ü 空気シャワー生成：Corsika (ガンマ線、Crab軌道)
ü シンチ検出器 & ミューオン検出器の応答：GEANT4

q < 20o

Kawata et al., JPS meeting (2018)
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YAC detector (24)

Iron (0.9 cm)

Box

Pb 3.5 cm

Scint.

Figure 3: Schematic view of YAC-II array (left) and a YAC detector structure (right).
The YAC-II array consists of 124 detectors. The inner 100 scintillator units are arranged
as an array (10×10 grid). Each detector has an area of 50 cm × 80 cm and it is placed
with 1.875 m interval. The outer 24 units of the sizes of 50 cm × 100 cm are arranged
around the inner array and they are used to reject non core events whose shower cores
are far from the YAC-II array. Each detector consists of lead plates with a thickness of
3.5 cm above the scintillator to convert high energy electrons and γ into electromagnetic
showers.
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Figure 7: Contour map of typical high-energy core events of proton origin (a) and iron
origin (b) simulated for the YAC-II array. Some parameters about primary nuclei are as
follows: Proton, E0=2.02× 105 TeV, zenith angle=23.5◦, Ne=1.81×106; Iron, E0=3.43×
105 TeV, zenith angle=34.4◦, Ne=1.63×106. Proton-induced event (a) looks more like
concentric circles, while iron-induced event (b) shows very irregular structure. In addition,
the top burst size (Nb

top) among fired YAC detectors by proton event is greater by about
one order of magnitude than that of iron event in spite of their close accompanied air-
shower sizes Ne.
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ü Tibet-III (>3TeV) 2000年-2009年(10年間)
ü 太陽方向を中心にした4°×4°の欠損率マップ

16

太陽の影の観測 TeV領域

4. Magnetic Field Model

For the solar magnetic field model in the MC simulation, we
adopt the CSSS model which is the potential field model most
successfully reproducing the temporal variation of the Sun’s
shadow observed with Tibet-II at 10 TeV (Amenomori
et al. 2013). The potential field models describe the coronal
magnetic field based on the optical measurements of the
photospheric magnetic field. In our MC simulations, we use the
photospheric field observed with the spectromagnetograph of
the National Solar Observatory at Kitt Peak (Jones et al. 1992)
in each Carrington rotation (CR) period (∼27.3 days). The
CSSS model (Zhao & Hoeksema 1995) involves four free
parameters, the radius Rss of the spherical source surface (SS)
where the supersonic solar wind starts blowing radially, the
order n of the spherical harmonic series describing the observed
photospheric field, the radius Rcp (=1.7 Re) of the sphere
where the magnetic cusp structure in the helmet streamers
appears, and the length scale la of horizontal coronal electric

currents. In the present paper, we set la to be one solar radius
(la=Re) and examine two different cases with Rss=2.5 Re
and Rss=10 Re. The former Rss is a standard value used in the
original paper (Zhao & Hoeksema 1995), while the latter
gained support from some recent evidences (Balogh et al. 1995;
Zhao et al. 2002; Schüssler & Baumannk 2006). We set n =10
which is sufficient to describe fine structures relevant to the
orbital motion of high-energy particles with large Larmor radii.
The radial component of the coronal magnetic field at Rss is
then stretched out forming the Parker’s spiral interplanetary
magnetic field (IMF; Parker 1958). For the radial solar wind
speed needed in the Parker’s model, we use the solar wind
speed synoptic chart estimated from the interplanetary
scintillation measurement in each CR and averaged over the
Carrington longitude (Tokumaru et al. 2010).27 We adopt a
dipole model for the geomagnetic field.

Figure 1. Year-to-year variation of (a) the Sun’s shadow and (b) Moon’s shadow observed by the Tibet-III array between 2000 and 2009. The upper panels show 2D
contour maps of Dobs in the Sun’s shadow in the GSE coordinate system, while the lower panels display Dobs in the Moon’s shadow each as a function of right
ascension and declination relative to the apparent center of the Moon.

27 http://stsw1.isee.nagoya-u.ac.jp/ips_data-e.html
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The Astrophysical Journal, 860:13 (7pp), 2018 June 10 Amenomori et al.
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Amenomori et al., ApJ, 860,13 (2018)
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影の深さの変化 全期間 - 3 TeV

18

c2 test :
c2 / dof = 32.1 / 10 (3.4s) 
c2 / dof = 46.9 / 10 (4.8s) 

Expected from Sun size

CMEの影響？

３TeV：CSSSは極大期を再現しない？
(10TeVはCSSSで良く再現されている)
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CSSS Rss=2.5R⦿
CSSS Rss=10R⦿

Amenomori et al., ApJ, 860,13 (2018)
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Observed
CSSS Rss=2.5R⦿
CSSS Rss=10R⦿

c2 test :
c2 / dof = 12.2 / 10 (0.6s)  
c2 / dof = 21.0 / 10 (2.0s) 

Expected from Sun size

影の深さの変化 CME発生期間を除く

活動期ではCMEが多く影が深くなり
実験データを再現
à 磁場モデルにはCME等の
短期変動は考慮されない
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Amenomori et al., ApJ, 860,13 (2018)

Earth-directed CME catalog (Richardson & Cane 2010)



20

CME
Low statistics

c2 test :
c2 / dof = 23.9 / 7 (3.0s)  
c2 / dof = 29.4 / 7 (3.7s)

CMEは太陽の影を薄める効果
à 将来的に宇宙天気予測が可能?
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影の深さの変化 CME発生期間のみ

Observed
CSSS Rss=2.5R⦿
CSSS Rss=10R⦿ Amenomori et al., ApJ, 860,13 (2018)

Earth-directed CME catalog (Richardson & Cane 2010)
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Sun’s center, together with each projection on the vertical
[north-south (N-S)] or horizontal [east-west (E-W)] axis.
Following the method developed for our analyses of the
Moon’s shadow [7], we deduce the angular distance of the
shadow’s center from the optical Sun’s center by best fitting
the model function to the N-S and E-W projections. It is
seen in Fig. 1 that the shadow’s center clearly deviates from
the optical center of the Sun at the origin of the map. The
shadow’s center shifts northward (southward) in the away
(toward) sector as expected from the deflection in the
average positive (negative) By along the Sun-Earth line,
while the shadow’s center shifts westward regardless of the
IMF sector polarity. In Fig. 2, the average N-S and E-W

displacement angles in the away and toward sectors are
calculated for each energy bin and plotted as functions
of R denoting the average rigidity of cosmic rays that are
blocked by the Sun. We convert the modal energy of each
energy bin to R using the energy spectra and elemental
composition of primary cosmic rays reported mainly from
the direct measurements [8]. As expected from the mag-
netic deflection of charged particles, the observed displace-
ment angles displayed by black solid circles are reasonably
well fitted by a function α=ðR=10TVÞ of R in teravolts (TV)
with a fitting parameter α denoting the displacement angle
at 10 TV.
MC simulation.—In order to interpret the observed Sun’s

shadow, we have carried out detailed MC simulations,
tracing orbits of antiparticles shot back from Earth to the
Sun in the model magnetic field between the Sun and Earth
[1]. For the solar magnetic field in the MC simulations, we
use the PFM called the current sheet source surface (CSSS)
model [10]. The PFM is unique in the sense that it gives the
coronal and interplanetary magnetic field in an integrated
manner based on the observed photospheric magnetic field
[6]. The CSSS model involves four free parameters, the
radius Rss of the source surface where the supersonic solar
wind starts blowing, the order n of the spherical harmonic
series describing the observed photospheric magnetic field,
the radius Rcpð< RssÞ of the spherical surface where the
magnetic cusp structure in the helmet streamers appears,
and the length scale la of the horizontal electric currents
in the corona. In our simulations, we set Rcp and la to 1.7
and 1.0 solar radii (1.7R⊙ and 1.0R⊙), respectively, and
n ¼ 10, which is sufficient to describe the structures
relevant to the orbital motion of high-energy particles.
We also set Rss to 10R⊙ which gained recent support from
observational evidences [11]. Our simulations with this
CSSS model reproduce the observed 11-yr variation of
Dobs at 10 TeV most successfully [1]. The magnetic field
components are calculated at each point in the solar corona
between R⊙ and Rss in terms of the spherical harmonic
coefficients derived from the photospheric magnetic field
observations with the spectromagnetograph of the National
Solar Observatory at Kitt Peak (KPVT/SOLIS) for every
Carrington rotation period (∼27.3 d) [4]. We calculate
antiparticle orbits by properly rotating the reproduced
magnetic field in every Carrington rotation period. The
radial coronal field on the source surface is then stretched
out to the interplanetary space forming the simple Parker-
spiral IMF. For the radial solar wind speed needed for the
Parker-spiral IMF, we use the “solar wind speed synoptic
chart” estimated from the interplanetary scintillation meas-
urement in each Carrington rotation and averaged over the
Carrington longitude [12].
In addition, we assume a stable dipole field for the

geomagnetic field [7].
Results and discussions.—In order to compare observa-

tions with predictions, we calculate the N-S and E-W

FIG. 1. Two dimensional maps of Dobs in the away (a) and
toward (b) sectors in 2000–2009. Each panel shows a two
dimensional contour of Dobs deduced from AS events withP

ρFT > 10 corresponding to the modal primary energy of
∼3 TeV and △d¼ 0.9°. In each panel, a small circle centered
on the origin indicates the optical solar disk. The significance at the
maximum deficit point derived with the Li-Ma formula in the away
(toward) sector is −23.9σ (−22.1σ) [9]. The projections ofDobs on
the horizontal and vertical axes are also attached to each panel.
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displacements of the simulated shadow’s center in the away
and toward sectors for various rigidities R. It is seen in the
N-S displacement in Figs. 2(a) and 2(b) that the magnitudes
of the simulated displacement (red broken curves) are
significantly smaller than the observations (black curves) in
both sectors, implying a systematic underestimation by the
simulations. The simulated E-W displacements in Figs. 2(c)
and 2(d), on the other hand, are quite consistent with the
observations, implying that the E-W displacements are
predominantly arising from the deflection of cosmic ray
orbits in the geomagnetic field. We confirmed that the E-W
displacement of the Sun’s shadow is consistent with the
Moon’s shadow, when an additional minor deflection in the
solar magnetic field is taken into account [7].
We also compare the BIMF observed at Earth with the

simulation in Figs. 3(a) and 3(b) and find that the magnitudes
of the simulated Bx and By are systematically smaller than
the observations. By calculating the average Bx and By each
as a function of the Carrington longitude in every year,
we examined the correlations between the simulated and
observed Bx and By as shown in Figs. 3(c) and 3(d). While
the correlation coefficient between the simulated and
observed magnetic field component in this figure is 0.93
(0.92) for Bx (By), indicating a high correlation, the
regression coefficient is 1.38! 0.03 (1.34! 0.03) for Bx
(By), significantly larger than 1.00, implying the under-
estimation of the simulated Bx (By) on the horizontal axes
[13]. This underestimation is observed in every year, while
the magnitude of Bx or By changes in a positive correlation
with the solar activity. We confirmed that the observed
average Bz is insignificant in both sectors as expected from
the Parker-spiral IMF.
The N-S displacement of the center of Sun’s shadow

reflects BIMF along the cosmic ray orbits between the Sun
and Earth, while Bx and By in Fig. 3 are the local field
components at Earth. The underestimation of the N-S
displacement in Fig. 2, therefore, inevitably suggests that

BIMF is underestimated. In order to quantitatively evaluate
this underestimation, we simply multiply the simulated B
by a constant factor f everywhere in the space outside the
geomagnetic field, repeat simulations by changing f, and
calculate αðfÞbest fitting to each simulated displacement.
Figure 4 displays αðfÞby red open triangles with linear
best-fit curves, each as a function of the multiplication
factor f. From the intersection between the red curves and
black lines showing α for the observed N-S displacement
in Fig. 2, we evaluate f best reproducing the observed
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each as a function of the rigidity (R) on the horizontal axis. The error bar of each solid circle indicates the statistical error. Black solid and
red broken curves display the function of α=ðR=10 TVÞbest fitting to black solid circles and red open triangles, respectively. The best-fit
parameter α to the observed data is indicated in each panel with systematic errors estimated from the systematic error of the primary
energy in our analyses of the Moon’s shadow [7].
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displacements of the simulated shadow’s center in the away
and toward sectors for various rigidities R. It is seen in the
N-S displacement in Figs. 2(a) and 2(b) that the magnitudes
of the simulated displacement (red broken curves) are
significantly smaller than the observations (black curves) in
both sectors, implying a systematic underestimation by the
simulations. The simulated E-W displacements in Figs. 2(c)
and 2(d), on the other hand, are quite consistent with the
observations, implying that the E-W displacements are
predominantly arising from the deflection of cosmic ray
orbits in the geomagnetic field. We confirmed that the E-W
displacement of the Sun’s shadow is consistent with the
Moon’s shadow, when an additional minor deflection in the
solar magnetic field is taken into account [7].
We also compare the BIMF observed at Earth with the

simulation in Figs. 3(a) and 3(b) and find that the magnitudes
of the simulated Bx and By are systematically smaller than
the observations. By calculating the average Bx and By each
as a function of the Carrington longitude in every year,
we examined the correlations between the simulated and
observed Bx and By as shown in Figs. 3(c) and 3(d). While
the correlation coefficient between the simulated and
observed magnetic field component in this figure is 0.93
(0.92) for Bx (By), indicating a high correlation, the
regression coefficient is 1.38! 0.03 (1.34! 0.03) for Bx
(By), significantly larger than 1.00, implying the under-
estimation of the simulated Bx (By) on the horizontal axes
[13]. This underestimation is observed in every year, while
the magnitude of Bx or By changes in a positive correlation
with the solar activity. We confirmed that the observed
average Bz is insignificant in both sectors as expected from
the Parker-spiral IMF.
The N-S displacement of the center of Sun’s shadow

reflects BIMF along the cosmic ray orbits between the Sun
and Earth, while Bx and By in Fig. 3 are the local field
components at Earth. The underestimation of the N-S
displacement in Fig. 2, therefore, inevitably suggests that

BIMF is underestimated. In order to quantitatively evaluate
this underestimation, we simply multiply the simulated B
by a constant factor f everywhere in the space outside the
geomagnetic field, repeat simulations by changing f, and
calculate αðfÞbest fitting to each simulated displacement.
Figure 4 displays αðfÞby red open triangles with linear
best-fit curves, each as a function of the multiplication
factor f. From the intersection between the red curves and
black lines showing α for the observed N-S displacement
in Fig. 2, we evaluate f best reproducing the observed
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energy in our analyses of the Moon’s shadow [7].
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displacements of the simulated shadow’s center in the away
and toward sectors for various rigidities R. It is seen in the
N-S displacement in Figs. 2(a) and 2(b) that the magnitudes
of the simulated displacement (red broken curves) are
significantly smaller than the observations (black curves) in
both sectors, implying a systematic underestimation by the
simulations. The simulated E-W displacements in Figs. 2(c)
and 2(d), on the other hand, are quite consistent with the
observations, implying that the E-W displacements are
predominantly arising from the deflection of cosmic ray
orbits in the geomagnetic field. We confirmed that the E-W
displacement of the Sun’s shadow is consistent with the
Moon’s shadow, when an additional minor deflection in the
solar magnetic field is taken into account [7].
We also compare the BIMF observed at Earth with the

simulation in Figs. 3(a) and 3(b) and find that the magnitudes
of the simulated Bx and By are systematically smaller than
the observations. By calculating the average Bx and By each
as a function of the Carrington longitude in every year,
we examined the correlations between the simulated and
observed Bx and By as shown in Figs. 3(c) and 3(d). While
the correlation coefficient between the simulated and
observed magnetic field component in this figure is 0.93
(0.92) for Bx (By), indicating a high correlation, the
regression coefficient is 1.38! 0.03 (1.34! 0.03) for Bx
(By), significantly larger than 1.00, implying the under-
estimation of the simulated Bx (By) on the horizontal axes
[13]. This underestimation is observed in every year, while
the magnitude of Bx or By changes in a positive correlation
with the solar activity. We confirmed that the observed
average Bz is insignificant in both sectors as expected from
the Parker-spiral IMF.
The N-S displacement of the center of Sun’s shadow

reflects BIMF along the cosmic ray orbits between the Sun
and Earth, while Bx and By in Fig. 3 are the local field
components at Earth. The underestimation of the N-S
displacement in Fig. 2, therefore, inevitably suggests that

BIMF is underestimated. In order to quantitatively evaluate
this underestimation, we simply multiply the simulated B
by a constant factor f everywhere in the space outside the
geomagnetic field, repeat simulations by changing f, and
calculate αðfÞbest fitting to each simulated displacement.
Figure 4 displays αðfÞby red open triangles with linear
best-fit curves, each as a function of the multiplication
factor f. From the intersection between the red curves and
black lines showing α for the observed N-S displacement
in Fig. 2, we evaluate f best reproducing the observed
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energy in our analyses of the Moon’s shadow [7].
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displacements of the simulated shadow’s center in the away
and toward sectors for various rigidities R. It is seen in the
N-S displacement in Figs. 2(a) and 2(b) that the magnitudes
of the simulated displacement (red broken curves) are
significantly smaller than the observations (black curves) in
both sectors, implying a systematic underestimation by the
simulations. The simulated E-W displacements in Figs. 2(c)
and 2(d), on the other hand, are quite consistent with the
observations, implying that the E-W displacements are
predominantly arising from the deflection of cosmic ray
orbits in the geomagnetic field. We confirmed that the E-W
displacement of the Sun’s shadow is consistent with the
Moon’s shadow, when an additional minor deflection in the
solar magnetic field is taken into account [7].
We also compare the BIMF observed at Earth with the

simulation in Figs. 3(a) and 3(b) and find that the magnitudes
of the simulated Bx and By are systematically smaller than
the observations. By calculating the average Bx and By each
as a function of the Carrington longitude in every year,
we examined the correlations between the simulated and
observed Bx and By as shown in Figs. 3(c) and 3(d). While
the correlation coefficient between the simulated and
observed magnetic field component in this figure is 0.93
(0.92) for Bx (By), indicating a high correlation, the
regression coefficient is 1.38! 0.03 (1.34! 0.03) for Bx
(By), significantly larger than 1.00, implying the under-
estimation of the simulated Bx (By) on the horizontal axes
[13]. This underestimation is observed in every year, while
the magnitude of Bx or By changes in a positive correlation
with the solar activity. We confirmed that the observed
average Bz is insignificant in both sectors as expected from
the Parker-spiral IMF.
The N-S displacement of the center of Sun’s shadow

reflects BIMF along the cosmic ray orbits between the Sun
and Earth, while Bx and By in Fig. 3 are the local field
components at Earth. The underestimation of the N-S
displacement in Fig. 2, therefore, inevitably suggests that

BIMF is underestimated. In order to quantitatively evaluate
this underestimation, we simply multiply the simulated B
by a constant factor f everywhere in the space outside the
geomagnetic field, repeat simulations by changing f, and
calculate αðfÞbest fitting to each simulated displacement.
Figure 4 displays αðfÞby red open triangles with linear
best-fit curves, each as a function of the multiplication
factor f. From the intersection between the red curves and
black lines showing α for the observed N-S displacement
in Fig. 2, we evaluate f best reproducing the observed
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energy in our analyses of the Moon’s shadow [7].
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displacements of the simulated shadow’s center in the away
and toward sectors for various rigidities R. It is seen in the
N-S displacement in Figs. 2(a) and 2(b) that the magnitudes
of the simulated displacement (red broken curves) are
significantly smaller than the observations (black curves) in
both sectors, implying a systematic underestimation by the
simulations. The simulated E-W displacements in Figs. 2(c)
and 2(d), on the other hand, are quite consistent with the
observations, implying that the E-W displacements are
predominantly arising from the deflection of cosmic ray
orbits in the geomagnetic field. We confirmed that the E-W
displacement of the Sun’s shadow is consistent with the
Moon’s shadow, when an additional minor deflection in the
solar magnetic field is taken into account [7].
We also compare the BIMF observed at Earth with the

simulation in Figs. 3(a) and 3(b) and find that the magnitudes
of the simulated Bx and By are systematically smaller than
the observations. By calculating the average Bx and By each
as a function of the Carrington longitude in every year,
we examined the correlations between the simulated and
observed Bx and By as shown in Figs. 3(c) and 3(d). While
the correlation coefficient between the simulated and
observed magnetic field component in this figure is 0.93
(0.92) for Bx (By), indicating a high correlation, the
regression coefficient is 1.38! 0.03 (1.34! 0.03) for Bx
(By), significantly larger than 1.00, implying the under-
estimation of the simulated Bx (By) on the horizontal axes
[13]. This underestimation is observed in every year, while
the magnitude of Bx or By changes in a positive correlation
with the solar activity. We confirmed that the observed
average Bz is insignificant in both sectors as expected from
the Parker-spiral IMF.
The N-S displacement of the center of Sun’s shadow

reflects BIMF along the cosmic ray orbits between the Sun
and Earth, while Bx and By in Fig. 3 are the local field
components at Earth. The underestimation of the N-S
displacement in Fig. 2, therefore, inevitably suggests that

BIMF is underestimated. In order to quantitatively evaluate
this underestimation, we simply multiply the simulated B
by a constant factor f everywhere in the space outside the
geomagnetic field, repeat simulations by changing f, and
calculate αðfÞbest fitting to each simulated displacement.
Figure 4 displays αðfÞby red open triangles with linear
best-fit curves, each as a function of the multiplication
factor f. From the intersection between the red curves and
black lines showing α for the observed N-S displacement
in Fig. 2, we evaluate f best reproducing the observed
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FIG. 2. The rigidity dependences of the N-S [(a),(b)] and E-W [(c),(d)] displacements of the center of the Sun’s shadow in away and
toward sectors. Black solid circles and red open triangles in each panel show the observed and simulated displacements, respectively,
each as a function of the rigidity (R) on the horizontal axis. The error bar of each solid circle indicates the statistical error. Black solid and
red broken curves display the function of α=ðR=10 TVÞbest fitting to black solid circles and red open triangles, respectively. The best-fit
parameter α to the observed data is indicated in each panel with systematic errors estimated from the systematic error of the primary
energy in our analyses of the Moon’s shadow [7].

0 90 180 270 360

 (n
T)

x
B

4−

2−

0

2

4

Observed

MC

(a)

0 90 180 270 360

 (n
T)

y
B

4−

2−

0

2

4

(b)

 (nT)MC
xB

4− 2− 0 2 4

 (n
T)

O
bs

x
B

4−

2−

0

2

4

(c)

 (nT)MC
yB

4− 2− 0 2 4

 (n
T)

O
bs

y
B

4−

2−

0

2

4

(d)

 Carrington Longitude (deg)

IMF at 1AU in 2008

2000 - 2009
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The lower panels show the correlations between the observed and
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displacements of the simulated shadow’s center in the away
and toward sectors for various rigidities R. It is seen in the
N-S displacement in Figs. 2(a) and 2(b) that the magnitudes
of the simulated displacement (red broken curves) are
significantly smaller than the observations (black curves) in
both sectors, implying a systematic underestimation by the
simulations. The simulated E-W displacements in Figs. 2(c)
and 2(d), on the other hand, are quite consistent with the
observations, implying that the E-W displacements are
predominantly arising from the deflection of cosmic ray
orbits in the geomagnetic field. We confirmed that the E-W
displacement of the Sun’s shadow is consistent with the
Moon’s shadow, when an additional minor deflection in the
solar magnetic field is taken into account [7].
We also compare the BIMF observed at Earth with the

simulation in Figs. 3(a) and 3(b) and find that the magnitudes
of the simulated Bx and By are systematically smaller than
the observations. By calculating the average Bx and By each
as a function of the Carrington longitude in every year,
we examined the correlations between the simulated and
observed Bx and By as shown in Figs. 3(c) and 3(d). While
the correlation coefficient between the simulated and
observed magnetic field component in this figure is 0.93
(0.92) for Bx (By), indicating a high correlation, the
regression coefficient is 1.38! 0.03 (1.34! 0.03) for Bx
(By), significantly larger than 1.00, implying the under-
estimation of the simulated Bx (By) on the horizontal axes
[13]. This underestimation is observed in every year, while
the magnitude of Bx or By changes in a positive correlation
with the solar activity. We confirmed that the observed
average Bz is insignificant in both sectors as expected from
the Parker-spiral IMF.
The N-S displacement of the center of Sun’s shadow

reflects BIMF along the cosmic ray orbits between the Sun
and Earth, while Bx and By in Fig. 3 are the local field
components at Earth. The underestimation of the N-S
displacement in Fig. 2, therefore, inevitably suggests that

BIMF is underestimated. In order to quantitatively evaluate
this underestimation, we simply multiply the simulated B
by a constant factor f everywhere in the space outside the
geomagnetic field, repeat simulations by changing f, and
calculate αðfÞbest fitting to each simulated displacement.
Figure 4 displays αðfÞby red open triangles with linear
best-fit curves, each as a function of the multiplication
factor f. From the intersection between the red curves and
black lines showing α for the observed N-S displacement
in Fig. 2, we evaluate f best reproducing the observed
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energy in our analyses of the Moon’s shadow [7].
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