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Outline

Tibet ASy Experiment

Sun shadow observation to probe solar MFs

Application to space weather

Summary



~_Tibet Air Shower Array

O Site: Tibet (90.522°E, 30.102°N) 4,300 m a.s.l.

Present Performance since 2014

O # of detectors 0.5 m2 x 597

O Area ~65,700 m?

O Energy > a few TeV

O Angular resolution ~0.5° @10TeV
~0.2° @100TeV

O Energy resolution ~40%@10TeV vy
~20%@100TeV v >

>Observation of secondary (mainly et/~,y) in AS
Primary energy : 2nd particle densities
Primary direction : 274 relative timings =



Underground Water Cherenkov
Muon detectors S

2.4m underground (~515g/cm? ~19.X;) _
4 pools, 16 units / pool e e 4 e e a4

7.35m % 7.35m x 1.5m deep (water)

20" PMT (HAMAMATSU R3600)
Concrete pools + white Tyvek sheets
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Basic idea: T. K. Sako et al., Astropart. Phys. 32, 177 (2009)

Measurement of # of pin AS 2 y,/CR discrimination
Started operation in 2014
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Sun Shadow



Sun Sh?ldow

NTY dow Sun blocks VHE cosmic rays,
and cast the cosmic-ray
shadow on the earth.

\\S
&
%)
S \ models @1AU

TeV proton - Charged particle
Gyroradius
~7.4AU (B=30uG near the earth)
~0.16R,(B=300mG near the sun)

- Sun shadow provides unique method to probe solar MFs experimentally.
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Z (solar radius)

MC Simulation of Sun Shadow

- Anti-particles are shot back to the Sun from the Earth assuming CR
spectra, compositions, detector responses

- Particle trajectories are traced assuming the solar MFs between the
Sun and the Earth
-> Events hitting the Sun make the Sun shadow

Cc (CSSS Rss=10

(7))
c
)

N

N

Y (solar radius)
o

y (Solar radii) e
X (solar radius) X (solar radius)




Time Dependent Coronal MF

Corona -> potential field models (PFSS and CSSS)
Extrapolated from the photospheric MFs measured by
Kitt Peak (KPVT/SOLIS) in each Carrington rotation (~27 days)
IMF -> Parker spiral model with latitude dependence
of the solar wind velocity taken into account.
Geomag.-> Dipole model

1996
(CR1910)

2001
(CR191'58)



Evaluation of Solar MF models
M. Amenomori et al, PRL , 111, 011101(2013)
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v' Discovery of anti-correlation with the sunspot numbers
v First demonstration to evaluate the coronal MF models




| —> A clear solar-cycle variation of the deficits
& CRs are scattered by solar magnetic field.

M. Amemori et al., ApJ, 860,13 (2018) 2000 . . (a)
S ~ - Sun
Sun
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—> Shift westward by geomagnetic field
Detector stability calibration iz



I Data
s CSSS Rss 23 5R©
. | ............ ................ CSSSRSS ....... lOR@ _____

y?test :
v2 [ dof = 32.1/ 10 (3.40)
v2 | dof = 46.9/ 10 (4.85)

*only stat. error

Year

002007 2002 2003 2004 2005 2006 2007 2008 2009 2010

CSSS does not reproduce
well at the solar maximum

Influence of CMEs?
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http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2. htm

C IVI E Cata I Ogchardson & Cane, Solar Phys (2010)

Sun

Electron Heat Flux , /

v' Richardson & Cane Catalog
- CME plasma information observed at the earth
- Only Earth-directed CMEs (ECMEs) are listed

Magnetic
Cloud

v" Exclude transit periods of ECMEs from the analysis
- ECME start is the eruption time at the Sun
- ECME end is plasma end at the earth.

Counterstreaming
Electrons

‘» — - ECME transit period is ~4 + 1 days
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http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm

S Dcficit — Obs/MC Exclude ECMEs - 3 TeV
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y2 test :
2 [ dof = 12.2 / 10 (0.65)
2 [ dof = 21.0/ 10 (2.0c)

*only stat. error

002007 2002 2003 2004 2005 2006 2007 2008 2009 2010

Year

Exclude ECMEs - CSSS works
First evidence for influence of
ECMEs on the Sun shadow at 3 TeV
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Sector structures (Toward/Away) in the IMF—> Spiral structure makes B, and B
- B, shifts the Sun shadow to South / North at Toward / Away sector

y

16




Indirect Measurement of IMF
M. Amenomori et al., PRL 120, 031101 (2018)
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- Indirect measurement of IMF




Indirect Measurement of IMF
M. Amenomori et al., PRL 120, 031101 (2018)

N-S Displacement
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Magnetic Field between Sun and Earth
is indirectly observed by cosmic rays!

CME takes ~4days from Sun to Earth.
2>vs. Cosmic Rays takes ~ 8min.

The Sun Shadow could forecast space
weather in principle!

e,

MHD Simulation of
Coronal Mass Ejection (Eredit:NBAA)
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Summary

The Sun shadow is sensitive to:

— ]§o (ejn)r magnetic field (including coronal magnetic
e

— IMF
— (Earth-oriented) CME at 3TeV.

- Application to space weather forecast: with
sufficient statistics, the Sun shadow can be observed
during 1-day observation vs. CME arrival time 4 days.

Detailed simulation of the Sun shadow by MHD is
under way.



