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Cosmic-ray Sun Shadow & Solar Gamma Rays

combined processes
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Cosmic-ray Sun Shadow & Solar Gamma Rays

Cosmic Ray Sun Shadow of ARGO-YBJ Solar Gamma-ray Spectrum:
unexpected dip & lower simulation flux
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Solar Gamma-ray Spectrum

Simulation w/wo coronal magnetic field
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Simulation & Observation

—&— This work
——— LHAASO sensitivity
Fermi(Solar min)

Fermi(9 yr)
— SSG

—

|

111111 1 1 lllllll |

10 102 10°
Energy (GeV)

Zhe Li et al. PoS (ICRCz2019) 1182



LHAASO Array
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LHAASO Observation of Sun Shadow
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Coronal Magnetic field
Model for Quiet Sun

Without Coronal Mass Ejection etc.

Magnetogram from HMI

Potential Field Source Surtace Model (PFSS) (maps of magnetic field at the photosphere)
VxB=0 @ 6 4 2 M m Mz w81

- 90

V‘“b;; = ) "3
V:-B=10 "‘°E - E,.,

Boundary conditions: 1 X .
3 i
-30- - -30

) %Pmmmmmmmbﬁ“’“

CR 2114 CR 213

10



Parker theory of
Interplanetary Magnetic Field

Parker spiral
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Simulation of Sun Shadow

Back tracing method

To construct self-consistent & time-dependent magnetic
field to calculate Sun’s shadow

Without air shower simulation, using PSF instead

: Coronal Magnetic Field: PFSS/CSSS
Antiproton

Interplanetary Magnetic Field: Parker Model
Earth Sun

Corrected by Parker Solar Probe
Geomagnetic Field: IGRF 13 | | mcrecer

- @ - P photosphere magnetogram:
’ e LTt D Helioseismic and Magnetic Imager
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Geomagnetic

latitude (deg.)
|

Simulation of Sun Shadow

Back tracing method

To construct self-consistent & time-dependent magnetic

field to calculate Sun’s shadow

Without air shower simulation, using PSF instead

Antiproton

Coronal Magnetic Field: PFSS/CSSS

Interplanetary Magnetic Field: Parker Model
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Data Analysis of Experimental
Cosmic Ray Data

The Equal Zenith Angle Method
* Data Set e
WCDA/KM2A : 2021.3.5~2023.12.31 (1032 days) AN
5° < zenith < 45°

 Background Estimation

e Significance calculation
P42 FRNifikREM

Li-Ma formula Displacement of Sun’s shadow
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latitude (deg.)
|

Simulation of Sun Shadow

Back tracing method
CMF & IMF: MHD simulation (with / wo CMEs)

Without air shower simulation, using PSF instead

Antiproton Coronal Magnetic Field

Interplanetary Magnetic Field

MHD simulation (with / wo CMESs)

-100 =50 0 50
longitude (deg.)
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CMEs in CR2277

CR2277:2023-10-29 ~ 2023-11-24
CMEs: 2023-11-09T11:00:00 ~ 2023-11-15T11:00:00
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Time variation of Br In
Earth-Sun line

distance to Sun (R sun)



omparison with PSP
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Result with CMEs

CR2277: 27 days, 27 bins
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Summary & Outlook

* Research of cosmic-ray Sun shadow and solar gamma rays is deeply connected

* LHAASO observation of cosmic-ray Sun shadow can be used to study solar magnetic
field

 LHAASO observation can be used to study CMEs magnetic field in the future
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Coronal Magnetic field — Quiet Sun

Potential Field Source Surface Model (PFSS)J
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Parker theory of IMF

Main point: Solar wind “Carries” magnetic field (IMF) with it

2l5ARt[E): t + d/v, v: solar wind speed
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Nhit with B 1°

deficit ratio = :
N
counts map with PSF
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physical deficit ratio(%)

Result with CMEs

CR2277: 27 days, 27 bins
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Moon’s Shadow

The interception of the cosmic ray by the Moon will lead to event deficit from the direction of the Moon.

deg]

L
Illlllllll

Dec.- Dec.sourc

G.W. Clark, 1957

Gl

1 2 3

From David Boersma

R-A-'R'A'source[deg]

LHAASO observation
2021.4

30



Dec.-Dec.__, ..[ded]

Observation of Moon’s
Shadow

Sig_nificance Map
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Observation of Sun Shadow

Significance Map of CR2243 (27 days)
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