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Heliosphere
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Galactic Cosmic Ray Spectrum for Solar Modulation
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GCR Solar Modulation

Cosmic Rays
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Galactic Cosmic Rays (GCR) is
modulated by the Sun at different
time scales, which are related to
different solar activities and solar
wind structures.
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GCR Transport Theory

[Diffusion } Adiabatic Energy Change
Heliosphere of of

1
I . E == (VSW + <Vd)) Vf +V- (K Vf) + 3 (v VSW) dln D (E. N. Parker 1965)

j(r,E, t) = p*f(r,p,t)

1. Convection: The outwards moving solar wind advects the magnetic field

and cosmic rays.

2. Diffusion: Scattering by the irregularity of the magnetic field cause the

cosmic ray diffuse.

3. drift : Large scale spatial variation of the average magnetic field cause
Drifts coherent guiding-center drifts (gradient, curvature and current sheet).

SRzﬁovrvnir\l,sal'k_\'/\ 4. adiabatic energy change : the expansion and compression of solar wind

V -V causes the cosmic ray particles lose or gain energy.




The Drift Effect: Charge-Sign Dependent Modulation
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Positrons Electrons Protons

Anti-proton flux (model)
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Solar Modulation During Solar Magnetic Polarity Reversal
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Proton flux (particles m? sr' s Gv™)

Solar Modulation During Solar Magnetic Polarity Reversal
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GCR 11 Year Long-term Solar Modulation: Reproduce AMS
Proton Observation

b=0746+0.040 P (P / P ) B’-
,-/’\‘ s —— Bestfit V X K A q ﬁ —_—
L= 3B 1+(P/R) B
/ : {
c=0.35x021 :i _b
AT
: P P,
2017-01-08 P b R v
------ h K =K B, £ b i
100 100 Il 0 B P d
Rigidity (GV) 0 P
k
I+ =+
F,
Proton
Ka=0.499+0.089 x-l.z
| T i
17N P > 103 4
/ ‘ O 10° O
'T '_l' x0.8
0‘7 08 ﬂ‘ﬂ 0‘2 04 DS- G‘E é ’;’ E‘ 9 - 0'3 ﬂlll 0‘5 D‘S L- L‘-
b c Pe Ka ,_.Lq ,_|Ln
" i 084GV | 4
) 5
£ £ 3.46GV
e} et x1.5
i 107 L 102 4 e, | %8
~  R=8.87GV
Song, Luo+, 2021, AplJS 2 1.0 4
& ’ » AP = < 1.000 o= -
B £ 0975 2.04GV
- e T T T T T T T T
v W o o WA
NN N RN BN
DT AR AT DT AP A0

10



Reproduce AMS Helium Observation

Bl e o, o * X . The same set of modulation parameters are utilized to reproduce Helium
== 6-month avg ®
1 ® gt Helium
o] &S ,r’" o & l h" sopsy, | flux variation. o
0.5 - . ... . e © . ':l““' 102 4 - AN mOdm -
o ~ o e g -
T T o RE226Y 1 aws02 \ - Pl A
C Rl N e % °' o T | PAMELA e
21 e v (] ® - . | x0.8
© w%o :;“‘.“ 0 W\f
' op tmegthapsn- (0 8 ° % 5
f. o S “ ® 'o% £ n—— x1
0- e d —° o ) ° = R=5.50GV
0 -.- Zerfltofrlltth avg ... e .8 ° .. .' oo ‘ 5 100 { iR A A x1.5
751 = W aNP| o ° o ke R=8.46GV
« QO ° Py N R R X : ,~—‘.‘\.’” 2 1.05 1
o 50 \,.9. ° L ° :{ 0o 9 ¢ ,9. S e K —— —"
® o ," :. .‘ .. ® [ 7Y T | o MR |
251 .‘gf, ,.;"\on, - . %, ° 0% 3 1.00 +
' & — B e e 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
- G- ith Y
-mont avg ear
200 A
¥ | e model
1001 J 25.0 PAMELA
8.5 A
1.00 1 ° S 22.5 A
0.75 - {’\ﬁ «t.‘ "',’k '? - 6:""“‘“9
’ [ ]
52( 0.50 A [ ] °e .. “‘. “ . ok .é.wv’ 20.0 1 8.0 n
[ % o o ogie * 5 0.93GV
0.25 oo ° VU 17.5 m )
[ ]
== et | T
o nd I o
s 2] 15.0
‘% ° . . 1.22GV
ER RS . et e R 2 e —- -1 i M .0 -
= 7‘;‘# % P 12.5 { Y-y, Korrpass 7.0
0 ' ‘ - 1.61GV
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 10.0 A M m
Year M 6.5
| v 1.85GV
A ) N % \2) A
Q Q Y .2 % Yy
,1,0 '\9 ,-1’0 ,»Q '1/0 ’1«0




Convert GCR Spectra to Radiaiton Dose

Flux (m~2s~Lsr'GV™)
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The same set of modulation parameters are utilized to
reproduce GCR spectra (From Z=1 to Z=26).
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Chen, X., Xu, S., Song, X., Huo, R., & Luo, X. (2023). Space Weather, 21
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GCR Short-term Solar Modulation

Various Solar Wind Plasma Structures
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Corotating Interaction Region

Dryer et al.
(1987)

¥ = arctan(r§2/V)

Ly /
slow

Forward Shock

Corotating
Interaction
Region (CIR)

g N
Iy (I
| ] Magnetic Field

R N 1 ">~ Intensity
| T T T
L } |

ol | ol Flow Angle

L/

According to the Parker theory, The fast solar wind stream gets less twisted.

Belcher and Davis (1971)

1500

1000

500

Y(Rs)

-500

~1000 P\

-1500

2009900

0
X(Rs)

Luo et al. (2020)

1000

2000



GCR Short-term Solar Modulation: Forbush Decrease Events

Diffusion Barrier Scenario
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GCR Short-term Solar Modulation: Forbush Decrease Events
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GCR Short-term Solar Modulation: Forbush Decrease Events

Forbush Decrease Magnitude
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GCR Short-term Solar Modulation: Corotating Interaction
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GCR Short-term Solar Modulation: Corotating Interaction

Region

The MHD simulation
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GCR Short-term Solar Modulation: Corotating Interaction
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GCR Short-term Solar Modulation: Corotating Interaction

‘Region
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GCR Short-term Solar Modulation: Global Merged Interaction
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Global Merged Interaction Region
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Simulation For 2017 Decrease Event
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Simulation For 2017 Decrease Event
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Summary

1. Based on Parker transport theory, state of art cosmic ray transport model has been
developed, cosmic ray short-term solar modulation has been studied.

2. AMS GCR observation can be reproduced by the numerical model, the GCR
observation during the solar magnetic field reversal period has also been reproduced.

3. Recent AMS observation provides much challenge for the current cosmic ray transport
theory and numerical models.
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