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» Brief review of sidereal diurnal anisotropy
observed in 0.1~100 TeV region.

» Cosmic ray shadow of the Sun (Sun shadow)
observed by Tibet IlI.

v Possible influence of ICME on the
shadow.

v North-south displacement of the
shadow and the IMF strength.
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Sidereal diurnal anisotropy
of Sub- & multi-TeV cosmic rays
observed by UG-u & AS detectors



Sidereal diurnal anisotropy of CRs
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Solar Diurnal Anisotropy (DA)

Long term variation of Solar DA
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Energy dependence of Solar & Sidereal DAs
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Variational Spectrum (%)

W. |. Axford

(Planetarv and Space Sci.. 13. 1965)

I-0
Co-rotation anisotropy
~0.5 % at 18:00
L (a)
Sunspet Minimum
SOIar Sunspot Maximum
(c)
Sidereal
(b)
[
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log o E (ev)

Fic. 0. DUGGESTED VARIATIONAL SFECTRUM OF THE DIURNAL MODULATION OF THE COSMIC KAY
INTENSITY AT THE FARTH.

(@) REPRESENTS THE [SOLAR |[DIURNAL VARIATION DUE TO CO-ROTATION OF THE COSMIC RAY GAS

WITH THE SUN,

(b) REPRESENTS THE|SIDEREAL|DIURNAL VARIATION ASSOCIATED WITH STREAMING OF COSMIC RAYS

WITHIN THE GALAXY, AND (C) THE SIDEREAL VARIATION DUE TO EXTRAGALACTIC EFFECTS. THE

TRANSITION FROM (a) TO (b) VARIES THROUGH THE SUNSFOT CYCLE MORE OR LESS AS INDICATED.




Two Hemisphere Observations

1985~present
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Sky maps by THO & Tibet-ll|
by Tibet ILI (5°x5°

pixel) Amenomori+, Science, 314, 2006
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Steady increase of amplitude?

No significant correlation with the solar activity
seen by Matsushiro
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Steady increase of amplitude?

No significant correlation with the solar activity
confirmed by Tibet Il

- 2000 2002 2004 2006
' Tibet 4.4TeV ——— | o ' -
6.2TeV —@— | | ‘
11TeV — = ,
04 F Mllagro median 6TeV—v— (Abdo+ ApJ 698 2009) ...

Amplitude of Loss Cone (%)

52000 52500 53000 53500 54000
MJD  Amenomori+, Astropart. Phys., 36, 2012



Small solar cycle variation
~1/6 (17%) variation only

e Tibet AS %
| @ Matsushiro UG—p "'2"-%-%4-% -

0.1 only ~1/6 (1/3x1/2) amplitude oo |
changing with the solar cycle

o

~1/2 variation ;

~1/3 attenuation by
the solar modulation
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Mt. Norikura AS array

(Nagashima+, IL Nouvo Cim. 12C, 1989)
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1D analyses of sidereal DA
Mt. Norikura AS-array

(1973-1987)@10TV
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Sidereal DA & semi-DA

Mt. Norikura (1973-87) Tibet 111 (1999-2008)
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Mid-scale Anisotropy model
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HDP by.Lellement+ (2005
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Best-fit analysis of 2D map by Tibet Il

Amenomori+, ASTRA, 6, 2010
- Original intensity Normalized in each dec.-band
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Local structure model (Mizoguchi+, proc. 315t ICRC, 2009)

Best-fit parameters (Amenomori+, ASTRA, 6, 2010)

a,, =0.166%, a,;=0.038% a,,=0.134%
o, =34.3°, 5,, =39.3° 0, =99.3°, 5,,=-27.7° (LIMF orientation )

For 5 TeV CRs...

Larmor radius : R ~ 0.002 pc in 3uG field g,~ A,y IL~0.001 -.L~ 3 kpc

Scattering m.f.p. : A, ~ 3 pc

(e.g. Moskalenko et al., 2002) Large-scale?
Bohm factor 1, /R ~ 1500 >> 1 (~10 in the heliosphere)
= Perp. Diffusion flux is negligible
LIC and anisotropy = Only diamagnetic drift (& ;) can

produce enough ¢ |

. 7S
LIC High Zo’lnterstellar B _
26 km/s | G cloud 1
&~ R /L’ ~0.001 .L’~ 2 pc
29 km/s Local-scale structure

is needed



Local structure model (Mizoguchi+, proc. 315t ICRC, 2009)

Best-fit parameters (Amenomori+, ASTRA, 6, 2010)

a, =0.166%, a,;=0.038% a,, =0.134%
o, =34.3%, 5,, =39.3° 0, =99.3°, 5,,=-27.7° (LIMF orientation )
For 5 TeV CRs... Billiard ball scattering model
Larmor radius : R~ 0.002 pc in 3uG field Ky Ky = 1
Scattering m.f.p. : 1, ~ 3 pc 1+ (4/RL)?
(e.g. Moskalenko et al., 2002) o Ky = Ay/Ry
T+ (4 /R,)?

Bohm factor 1, /R ~ 1500 >> 1 (~10 in the heliosphere)
= Perp. Diffusion flux is negligible
LIC and anisotropy = Only diamagnetic drift (& ;) can
produce enough ¢ |

. 7S
LIC High Zo’lnterstellar B _
26 km/s | G cloud l
&~ R/ ~0.001 L’ ~ 2 pc
29 km/s Local-scale structure

is needed



Local structure model (Mizoguchi+, proc. 315t ICRC, 2009)

Best-fit parameters (Amenomori+, ASTRA, 6, 2010)

a,, =0.166%, a,;=0.038% a,,=0.134%
(X,o”_ =34-3o, 81J_ =39-3o (X‘ZII =99-3o, 82” =_27.7O (LIMF Orientation )

For 5 TeV CRs... Billiard ball scatterina model
Larmor radius : R ~ 0.002 pc in 3uG field
Scattering m.f.p. : A, ~ 3 pc
(e.g. Moskalenko et al., 2002)

Bohm factor A, /R, ~ 1500 >> 1 (~10 in the helio

= Per|
LIC and anisotropy = LIC n. vn
. 7S
LIC High n:Interstellar B <
S n; nout
26 km/s | G cloud
29 km/s Local-scale structure

is needed



CR modulation in a MHD heliosphere

(Zhang+, Apd, 790, 2014)

Tibet’s model 2D map

Apply Liouiville’s theorem.

Back-trace of CR-orbit from

Earth to boundary set at  Tail-in anisotropy along
1000 AU. HDP is reproduced.

Obtain UDF & BDF outside ° Significant modulations of
boundary, best reproducing UDF & BDF are suggested.
Tibet’s model 2D map.

No interpretation for the
UDF & BDF.
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ISM /
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1000 . —— -+ -1000 : — i 150107
-1000 -500 0 500 1000 -1000 -500 0 500 1000
X(AU) X(AU) Figure 9. Top: map of composite anisotropy from Equation (14) with best
H H fit parameters in Table I, (middle) map of a superposition of dipoles and
Tlme-dependent MHD hellosphere bidirectional anisotropies in the LISM without heliospheric influence, and

(bottom) the difference between the top and middle maps.

(with 11y & 22y variations)



CR modulation in a MHD heliosphere

(Zhang+, Apd, 790, 2014)

Tibet’s model 2D map

Apply Liouiville’s theorem.

Back-trace of CR-orbit from

Earth to boundary set at  Tail-in anisotropy along
1000 AU. HDP is reproduced.

Obtain UDF & BDF outside ° Significant modulations of
boundary, best reproducing UDF & BDF are suggested.
Tibet’s model 2D map.

Fqu/Folux(EOJ

No interpretation for the

IIimreE O mme

R

a®) o)  — — a® () a(®) 5 ®)
(2010) 993 277  —  — 343 393 344 523
Zhang+ 0.051 0.121 0.071 0.071
(2014) 245 9 —  — 343 43 144 46
© Time-depondnt MHD helosphers

(bottom) the difference between the top and middle maps.

(with 11y & 22y variations)



Summary

» Amplitude of the Sidereal DA (SDA) below 1 TeV
increases with energy (heliosphere becomes
transparent due to the reduction of the solar
modulation).

» SDA in about 0.5~50 TeV has eigen phases at 6
hr (Tail-in) and 0 hr (Loss-cone).

» Tail-in anisotropy is observed along the
Hydrogen Deflection Plane (HDP).

» The SDA in about 1~50 TeV might be
considerably reorganized (deformed) when
observed at Earth through the heliosphere.

> The SDA shows new features above 100 TeV.



Cosmic ray shadow of the Sun
(Sun shadow)
observed by Tibet il



Sun blocks VHE cosmic rays,

Sgﬁnsgﬁ(alag‘v and cast the cosmic-ray

Photosphere: shadow on the earth.

Optical observation
Zeeman effect)
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TeV proton --> Charged particle
Lamor radius

- Probe of the solar MFs !

~T7.4AU (B=30uG near the earth)
~0.16R5(B=300mG near the sun)
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Sun’s shadow

Past Results (Tibet-1l >10TeV)

Anwnon-rori et al, PRL, 111, 011101 (2013)
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GSE latitude (deg.)

Sun Shadow Observation@3TeV

GSE longitude (deg.)

STV

ynos<-

4 °x 4 ° Cosmic ray density
map centered at the Sun
(GSE coordinate)

Deficit ratio to B.G.
Maximum -4%.

Optical disk size(0.26°)
Angular resolution(0.9°)

In this map, we analyze
deficit and location

varying in correlation

with the solar magnetic field
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Deficit — Obs/MC All Data - 3 TeV
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http://www.srl.caltech.edu/ACE/ASC/DATA/level 3/icmetable2. htm

I CM E Cata |Og Richardson & Cane, Solar Phys (2010)

Sun

v Interplanetary Coronal Mass Ejection (ICME)
- CMEs interact with the solar wind and the IMF.

1/7~A A

- iICMMiEs in the near-Earth solar wind are listed.

v" Exclude transit periods of ICMEs from the analysis
- ICME start is the eruption time at the Sun

- ICME end is plasma end at the earth.

- ICME transit period is ~4 1= 1 days
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Deficit ratio /0.9° [%]

Deficit — Obs/MC Excluding ICMEs - 3 TeV

2%00 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Year

y’test:
v2 / dof = 12.2 / 10 (0.65) Excluding ICMEs = CSSS works

Evidence for influence of ICMEs on the
- =
X"/ dof=21.0/10(2.0c) Sun shadow at 3 TeV

*only stat. error
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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,

X

»Y

/SUNIN-
\_/
Northward

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

B,>0&B <0 =>Toward

P.18



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 shadow
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* Westward displacement is mainly due to the deflection in the
geomagnetic field, as observed in the Moon's shadow.
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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 « in both sectors!

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

Toward 2000 ~ 2009

Away 2000 ~ 2009

North

1.
Observed
1. MC -0.2
‘ == (Observed Best Fit _0.4
- - MC Best Fit ’

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

Uy = 0.214 £0.007

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

GSE Latitude (deg)
o

0. .
= 0. ~1.2f
5
UOD N e 3 AR sl
10 100 10 100
Bobs/BmodeI= e e s
(1.54 +0.21,,_ +0.20..) (Away) Rigidity R (TV)

stat sys P21

(1.62 +£0.15_,,+0.22_ ) (Toward)

sys



Comparison b/w the observed (OMNI) & simulated IMF strengths@1AU

2008 | 2°°:'2°°9 B,(1AU) scatterplot

4! ®0bs (OMNI) | aF
B Model

@

- | [ .;.___ ____________
3— I = i =

By [nT]
o
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.
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_32_ ------------- @ B@iAv
-4 | _4; —f(;]e;a'x
' l l _5: i r=o.§21054 o
0 90 180 270 360 -5 -3 = 1 3 5
Carrington Longitude [deg] Model[nT]

* The model underestimates IMF strength @1AU (B,)!

* The regression coefficients (B, / B,,4.), are 1.32:0.04 in Away sector

comparable to the underestimation of a 1.36:0.04 in Toward sector

P.22



Discussions

* The solar magnetic field model underestimates N-S displacement observed by
Tibet-lll, 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
;= "
¢z) . ’ Observed
3 — Best Fit
- /v MC Kitt Peak
$ |
o ; _ Best Fit
2 i
= P 4 MCMDI
; 0.4:_ o Best Fit
7 =
Oc 0.2-
S X
o °|_ L1l 1 L1 1l Y S N | 1 L1 gl
wn
10 100 10 100

Rigidity R (TV) e



Summary

* MC simulation developed to reproduce the temporal variation of the Sun
shadow based on the source surface model (CSSS).

* Comparison between Obs./MC deficit at 3TeV
* CSSS model apparently fails at the solar maximum.

» After the ICME periods are excluded,
CSSS better reproduces the observation

* N-S displacement of the Sun shadow observed:
1.54+0.21,,1+0.20,, (1.62+0.15,,,+0.22_.) x

stat — sys stat —
the prediction in Away (Toward) sector.

» Implication that our simulation underestimates average IMF
strength.

(Refinement of CSSS model may be needed,
while Parker model should be OK!)

* Complementary to satellite observations, ground-
based cosmic-ray experiments can contribute to solar
magnetic field measurements !



