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Sun blocks VHE cosmic rays,
Sun ShadOW and cast the cosmic-ray

shadow on the earth.

\\ models @1AU

TeV proton --> Charged particle
Larmor radius
~7.4AU (B=30uG near the earth)

~0.16R,(B=300mG near the sun)
- Probe of the solar MFs !

12




Magnetic Fields between Sun and Earth

Corona -> Source Surface model Zhao & Hoeksema, JGR (1995)
(CSSS well reproduces the Tibet-Il sun shadows)

Derived from the magnetogram measured by
Kitt Peak (KPVT / SOLIS) in each C.R.
IMEF -> Parker spiral model with latitude dependence
of the solar wind velocity taken into account.
Geomag.-> Dipole model

_ vadial fj
e =" e/‘-"\'\/,?ss

1996 H
(CR1910) -

v 2001
(CR19%8)



Sun’s shadow

Deficit (%)

—_—t ek

Sunspot number

Past Results (Tibet-1l >10TeV)

Amenomori et al, PRL, 111, 011101 (2013)
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v’ Discovery of a clear anti-correlation of the deficits with SN
v' Comparison b/w coronal MF models (PFSS/CSSS)
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Sun’s Shadow and IMF Sector Polarity

* The Sun’s shadow is deflected northward
(southward) in Away (Toward) sector by B,

Southward
S U Plane of the ecliptic

s
/Sl

\_/

a

Assignment of the sector polarity with B,
& B, observed two days later
B<0&B>0 =>Away

B>0&B<0 =>Toward

X

P
<

Northward

P.18



Data Selection (Tibet-Ill)

N

Between 2000 and 2009 (only summer)

Zenith angle < 40°

Divide AS events into 7 energy bins
according to the shower size : 2p.;

7 energy bins IMF sector polarity

Iy Rigidity[TV] number of events
17.8~31.6 4.4 2.7x106 3.2x108
31.6~56.2 5.9 8.8x10° 1.0x106
56.2~100 8.2 2.1x105 2.4x105
100~215 13.1 4.2x104 5.0x104
215~464 24.0 6.1x103 7.2x103
464~1000 43.7 7.0x102 8.5x102
1000~ 115 9.2x101 1.1x102

P.19



Observed Sun’s shadow @13TV

* The center of Sun’s shadow clearly deviates from the center of the Sun.

* North-South(N-S) displacement in Away(Toward) sector is Northward (Southward).

Sun

s T T, xxxxwwwwww\w;kxww
i) = (:, L \\\7’ ) 4 ‘ ‘ B - Q ‘ ’/_(‘ .

[T NN

\'.\\/
- hl

YMON

(6ap) apnye] 3sH
0

West East West
GSE Longitude (deg)

- Westward displacement is mainly due to the deflection in the
geomagnetic field, as observed in the Moon's shadow.

’'s shadow

Away 2000 ~2009_ Toward 2000 ~ 2009 Deficit [%]

1
0.5
0
0.5
1
1.5
2
25
-3
3.5
4

P.20



Tibet-lll : North — South Displacement of the Sun’s Shadow
* Rigidity (E/Ze) Dependence of N-S displacement, fitted by f(R) = a/(R/10[TV]),
fitting parameter: a denoting displacement angle at 10TV
* Our MC simulation underestimates a in both sectors!

—the solar magnetic field model underestimates IMF strength between Sun and

Earth!?
Toward 2000 ~ 2009
0
Observed

MC _0-2
= Observed Best Fit| | 4 4
= = . MC Best Fit '

oy, = 0.303 = 0.053 |-0.6
(= 0.038, = 0.036,,)| 4 g

Oy = 0.214 £0.007

Away 2000 ~ 2009

North
a

oy, = -0.407 + 0.060
(+ 0.034,,,, + 0.049,,)

dpc = -0.275 £0.005

stat

GSE Latitude (deg)
o
(o]

0.4 -1,
~ 0.2 126
5
8 0 _1 .4 [ [ [ [ | l
10 100 10 100
Bobs/BmodeI= . g
(1.54 £0.21_,, £ 0.20, ) (Away) Rigidity R (TV) o

(1.62+0.15_. .1+0.22_ ) (Toward)

stat — sys



Discussions th#t . . accepted by PRL (2017)

* The solar magnetic field model underestimates N-S displacement observed by
Tibet-Ill, by underestimating the IMF strength

* Possible sources of this underestimation

€ underestimation of photospheric magnetic field ?
; photospheric field strength observed by MDI is 1.80 + 0.20 times larger than

Kitt peak used in our simulations (Riley et. al. 2014)
=> But, the underestimation of a is not improved in simulations even with MDI

@ refinement of the coronal magnetic field model needed? <= more likely

Away 2000 ~ 2009 Toward 2000 ~ 2009

=
ju ¢ of
(@) AL Observed C —
AZ r C ".’ , ——
> 2 — Best Fit -0.2- = ‘
-c n . : E I/ A
- : AN MC Kitt Peak _0.4F A
(}) L\ r Rey A
© C — Best Fit _0 6L v
E 8f 0.6 X6
= P A MC MDI ~08F 7
-l . ( o
- -- Best Fit -
L 0.41 i\ -1
G 0.2F 1.2}
= C !
3 O 1.4
m 1 1 | | I| 1 1 1 | | I| 1 1 | | I| 1 1 1 111 I|
10 100 10 100

Rigidity R (TV) h.22
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>300 TeV new component!, consistent with IceCube >400 TeV
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F=EH
Tibet AS+MD

o 2014457 & Bk
o S50%&f# o - =R IVF—/3REE=16%@100TeV (zenith angle < 20° )
published in Experimental Astronomy (2017)
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