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Fig. 1. Schematic diagram of the simulation geometries.
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Fig. 2. Comparison between our multi-scale simulation method and PIC simulation.
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Fig. 3. Surface potential and surrounding plasma of asteroid with rotation period of 1 day.
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Fig. 4. The maximum and minimum potentials of asteroids

with different rotation periods.
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s TR R R, /M T R B HE AR A R H
TR B B /NMT R R . HF o = 90° B,
H T AU B R B2, = B R 1 A 22 B 4
Wk, EL 7R B d/IMEL, RIESE /N R I X e i ALk
B e/ MEL, T Y HOS 3 S 20k 22 5
PE—2L 4N, PR R DeE T, BT A 32
5 R RS 7 [ F-A T IR, HEAR ) A 2 T FL 7 K
B S . Y I T LR B, /M7 B A 2
% 1A IR TA) A B XURE S ISR B, FEAR K FH
WUF, /M7 R R RSB SARH A -5.97 V, %
HLAZRI LR o = 36° /M T B 4 B IR EFT
i s i FRLAL. LGS BIVE RIS IE 1 2 4 /MT R
eI 1 HL AL WA PR RN P LA, AR S
LRIEERA2ZETCIL.

3.2 KFEXEXBRE/MTERETEMERP
A

T K FH XU 38 1o ], A I DRy 25 3 R i B
S DI EL AR AL, H IR E] 10 45 T AR
FEIE. 1998 4F, H BRIHRZE UL 2R BH A& 5 1 B
W) I IYT (coronal mass ejection, CME), 5 H
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Table 1.  Plasma parameters during passage of solar storm.
Bt PRAfE RTTREDE FHICME BICME
B /em 5—8 20 3 =50
MR /(km-s ') 400—450 600 650 500
T,/eV 15 80 9 16
T;/eV 10 40 6 4
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Fig. 5. Simulated potential during passage of the modeled solar storm.
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Fig. 6. Normalized potential during passage of the modeled solar storm.
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TR E R BH AT 5 Ji) S99 2 T 7 i, 1 52
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BrBe. Bk 0.467 b Ak, 44> B Be AR P ik e 1
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TR K HLAE Vinax ~ B/INFUL Vi AT BB SR
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2 KX BIN/MT R B4 58 B A5 A
W
Table 2.

results during various solar storm stages.

Influence of asteroid rotation on charging

F}/I\EQ EHH Vmax/v Vmin/v Eelefimmi/(v'mil)
0.467h  16.74 -84.54 12.62
o 1673 98.13 13.11
R 1) 4
6h 16.22  —145.07 14.23
1d 16.15 -191.03 12.72
0.467 h 9.57 -3.73 5.55
9.57 -3.76 5.49
HHICME
12 h 9.57 -3.76 5.49
1 month  9.57 -3.76 5.43
0.467 h 5.62 ~73.80 8.72
5.63  -111.55 10.64
MIHCME
2h 541  -179.86 20.35
3h 543  -270.21 18.80

SRR L N2, M TR R RES B Viax
I Vinin P12 W62 TR IR R0/, 02 Vi - 7E
T I R o B, AN R A T, 3R 1 L 7 25 R 44 A
40 V DL b, BRI B/IMT R R 5 5 B R
PR AR EPE. B OME 3 8] A BH XU THE .37
FRBCPR, /N T ] PRI e LA 2R 4 K 1) L F S 1
R 2 R AR 1 A, /N RS DX sl 7y Lk
JEWAL R 1.10 x 100 m— | i 12 h & 14~ A B9
5 AN REAE RO S22 0.008 V B LA TR, ik T
PRAETETL. 5 AR I, 7ERESH CME M), —4>
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Table 3.  Material properties of different minerals.
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Fig. 7. Charging results of three constituent minerals of asteroids: (a), (b) Plagiocase; (c), (d) orthopyroxene; (e), (f) ilmenite.

249601-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y 32 2 3R Acta Phys. Sin. Vol. 73, No. 24 (2024)

249601

% 18 B R A BEAT R BRI E BT,
R LR/ M T BAEAN R A R WS R B
3.1 VIR A 22 5, i M RARAE T A % R Y,
Xt /T B BT A 35 BAT B (Y IR S BE ). 5 A
Xt AT AR A AR RAR, BRI 5% A
W1 dBITEOLR, REHXBA S HEAT AT
WA 1.58 V, H2ILTRHCA.

4 % i

H 5% /T AL R T 7T HL PG A 5T % A SR FR T
55 2 G2, XS HA INEL T KRR A FL
Pt LA ek S A SIS T A FME BT /M T2
] 7 %o JHC 2 T 7 P 45 2R ] B 46 B R 5 11 52
i, A 22 RO SZ I T 0 /M7 R A = 4R S 45
B R s MO G T BB T,
SRR TR, X AR 1 h BN
MTRZEZERFW, AR R M TR
(R R T R, JE R R T LA . SR B B I 11 5
HL I L TR -, & Z R IE A R iR
B S FEUMT R FHE B P PRI G, Wik
R AL, HEIM 55 8 1AL 2 3 8
INAT L T A e R R A7 AR /) R A7 28 2 it 2 ) 40
AR R, o HIE Y o = 25°—45° B, AlEATF
AR T 1 V. TR ES/MT R H &R
SAE T A RRE ), XM TR R AT
LR S AR RIS

KIHRSERZR H AR R e L 2525, 78
IR BH R ], R B S 74 B 4 1) T AR )
SEEEY 200 £5F0 10 4%, /MR 2R 1E H AUFN R )
(R L 22885 40 V, T BUE 3 2 AR ER BT A
FUAAL, SO AR AL X TR AR R TRV FE
M RHRGE T, M7 R R B ] LIk
$|-84.54 V. Bl FAIAYG K, T ]300 B BRI R
CME WrBe/INM 752 3 1 vl WL 5 (%) A3 . R[]
T PFAEIMT R e 85 R R AR, RHE
A FARE T WA KA I /N T L 2 T A AR A ] 3
FEARB B R 22 St KA R AR /N T U
S SRR AR, HC R T F A AR b FR AR T T Ak

AR SCHE 9 77 R = S b o /N T B S S
Pl A8 B ORISR A ELAE R T Bl AL, SR T
FRAS ML = 2 /TR F R S — A

MR L. b, B TARSUNE IR T H—F)
H/IMT R IR I ST AR, W EPME L /MT A
I AH P FE AR ATy T Z e — DR

S 30k

(1] Zimmerman M I, Farrell W M, Hartzell C M, Wang X,
Horanyi M, Hurley D M, Hibbitts K 2016 J. Geophys. Res.:
Planets 121 2150

[2] Hartzell C M, Scheeres D J 2013 J. Geophys. Res.: Planets
118 116

[3] Xie L H, Li L, Wang J D, Zhang Y T, Zhou B, Feng Y Y
2023 Astrophys. J. 952 61

[4] Stubbs T J, Farrell W M, Halekas J S, Burchill J K, Collier
M R, Zimmerman M I, Vondrak R R, Delory G T, Pfaff R F
2014 Planet. Space Sci. 90 10

[5] Kureshi R, Tripathi K R, Mishra S K 2020 Astrophys. Space
Sci. 365 23

[6] Halekas J S, Delory G T, Brain D A, Lin R P, Fillingim M O,
Lee C O, Mewaldt R A, Stubbs T J, Farrell W M, Hudson M
K 2007 Geophys. Res. Lett. 34 102111

[7] Halekas J S, Delory G T, Lin R P, Stubbs T J, Farrell W M
2009 J. Geophys. Res.: Space Phys. 114 A5

[8] Zimmerman M I, Farrell W M, Poppe A R 2014 Icarus 238
s

9] Quan R H, Zhang C Y, Zhang H C 2023 IEEE Trans. Plasma
Sci. 51 1181

[10) Zhu H H, Cui Z Q, Liu J, Jiang S H, Liu X, Wang J H 2023
J. Mar. Sci. Eng. 11 1340

[11] Liu H, Xu Y, Wang C Y, Ding F, Xiao H S 2022 Mater. Res.
Express 9 025504

[12] Adil M, Ullah R, Noor S, Gohar N 2022 Neural Comput.
Appl. 34 8355

[13] Qian H M, Zhang H, Huang T, Huang H Z, Wang K 2023
Qual. Reliab. Eng. Int. 39 1878

[14] Wang X Y, Zhang A B, Jing T, Reme H, Kong L G, Zhang S
Y, Li C L 2016 Chin. J. Geophys. 59 3533 (in Chinese) L2
i, 5K % 5%, 3%, Reme H, L4755, skIMEL, 228K 2016 Mk
PRt 59 3533]

[15] Novikov L S, Mileev V N, Krupnikov K K, Makletsov A A,
Marjin B V, Rjazantseva M O, Sinolits V V, Vlasova N A
2008 Adv. Space Res. 42 1307

[16] Wang S, Wu Z C, Tang X J, Yi Z, Sun Y W 2016 IEEE
Trans. Plasma Sci. 44 289

[17) Whipple E C 1981 Rep. Prog. Phys. 44 1197

[18] Pandya A, Mehta P, Kothari N 2019 Int. J. Numer. Modell.
Electron. Networks Devices Fields 32 2631

[19] Hastings D, Garrett H 2004 Spacecraft-Environment
Interactions (Cambridge: Cambridge University Press)
ppl43-156, 162165

[20] Zhang H C, Quan R H, Zhang C Y 2023 Chin. J. Space Sci.
43 78 (in Chinese) [RIFS, 250, JKRINHL 2023 2 MIFLA4E
% 43 78]

[21] Chévez G, Cortés-Vega L, Sotomayor A 2024 J. Phys. Conf.
Ser. 2701 012105

[22] Li XY, Scheeres D J 2021 Icarus 357 114249

[23] Gurevich A V (translated by Liu X M, Zhang X X) 1986
Nonlinear Phenomena in the Ionosphere (Beijing: Science
Press) pp38-94, 107-140 (in Chinese) [ 544 A V & (Rik
o, VI 7F) 1986 HUESE P iAR LIS et BaE iR
1) 5 38—94, 107—140 1]

249601-10


https://doi.org/10.1002/2016JE005049
https://doi.org/10.1002/2016JE005049
https://doi.org/10.1002/2016JE005049
https://doi.org/10.1002/2016JE005049
https://doi.org/10.1002/2016JE005049
https://doi.org/10.1002/2016JE005049
https://doi.org/10.1002/2016JE005049
https://doi.org/10.1002/2016JE005049
https://doi.org/10.1029/2012JE004162
https://doi.org/10.1029/2012JE004162
https://doi.org/10.1029/2012JE004162
https://doi.org/10.1029/2012JE004162
https://doi.org/10.1029/2012JE004162
https://doi.org/10.1029/2012JE004162
https://doi.org/10.3847/1538-4357/acd6ec
https://doi.org/10.3847/1538-4357/acd6ec
https://doi.org/10.3847/1538-4357/acd6ec
https://doi.org/10.3847/1538-4357/acd6ec
https://doi.org/10.3847/1538-4357/acd6ec
https://doi.org/10.3847/1538-4357/acd6ec
https://doi.org/10.3847/1538-4357/acd6ec
https://doi.org/10.1016/j.pss.2013.07.008
https://doi.org/10.1016/j.pss.2013.07.008
https://doi.org/10.1016/j.pss.2013.07.008
https://doi.org/10.1016/j.pss.2013.07.008
https://doi.org/10.1016/j.pss.2013.07.008
https://doi.org/10.1016/j.pss.2013.07.008
https://doi.org/10.1016/j.pss.2013.07.008
https://doi.org/10.1007/s10509-020-3740-8
https://doi.org/10.1007/s10509-020-3740-8
https://doi.org/10.1007/s10509-020-3740-8
https://doi.org/10.1007/s10509-020-3740-8
https://doi.org/10.1007/s10509-020-3740-8
https://doi.org/10.1007/s10509-020-3740-8
https://doi.org/10.1007/s10509-020-3740-8
https://doi.org/10.1007/s10509-020-3740-8
https://doi.org/10.1029/2006GL028517
https://doi.org/10.1029/2006GL028517
https://doi.org/10.1029/2006GL028517
https://doi.org/10.1029/2006GL028517
https://doi.org/10.1029/2006GL028517
https://doi.org/10.1029/2006GL028517
https://doi.org/10.1029/2006GL028517
https://doi.org/10.1029/2009JA014113
https://doi.org/10.1029/2009JA014113
https://doi.org/10.1029/2009JA014113
https://doi.org/10.1029/2009JA014113
https://doi.org/10.1029/2009JA014113
https://doi.org/10.1029/2009JA014113
https://doi.org/10.1029/2009JA014113
https://doi.org/10.1016/j.icarus.2014.02.029
https://doi.org/10.1016/j.icarus.2014.02.029
https://doi.org/10.1016/j.icarus.2014.02.029
https://doi.org/10.1016/j.icarus.2014.02.029
https://doi.org/10.1016/j.icarus.2014.02.029
https://doi.org/10.1016/j.icarus.2014.02.029
https://doi.org/10.1109/TPS.2023.3254516
https://doi.org/10.1109/TPS.2023.3254516
https://doi.org/10.1109/TPS.2023.3254516
https://doi.org/10.1109/TPS.2023.3254516
https://doi.org/10.1109/TPS.2023.3254516
https://doi.org/10.1109/TPS.2023.3254516
https://doi.org/10.1109/TPS.2023.3254516
https://doi.org/10.1109/TPS.2023.3254516
https://doi.org/10.3390/jmse11071340
https://doi.org/10.3390/jmse11071340
https://doi.org/10.3390/jmse11071340
https://doi.org/10.3390/jmse11071340
https://doi.org/10.3390/jmse11071340
https://doi.org/10.3390/jmse11071340
https://doi.org/10.1088/2053-1591/ac3a40
https://doi.org/10.1088/2053-1591/ac3a40
https://doi.org/10.1088/2053-1591/ac3a40
https://doi.org/10.1088/2053-1591/ac3a40
https://doi.org/10.1088/2053-1591/ac3a40
https://doi.org/10.1088/2053-1591/ac3a40
https://doi.org/10.1088/2053-1591/ac3a40
https://doi.org/10.1088/2053-1591/ac3a40
https://doi.org/10.1007/s00521-020-05305-8
https://doi.org/10.1007/s00521-020-05305-8
https://doi.org/10.1007/s00521-020-05305-8
https://doi.org/10.1007/s00521-020-05305-8
https://doi.org/10.1007/s00521-020-05305-8
https://doi.org/10.1007/s00521-020-05305-8
https://doi.org/10.1007/s00521-020-05305-8
https://doi.org/10.1007/s00521-020-05305-8
https://doi.org/10.1002/qre.3323
https://doi.org/10.1002/qre.3323
https://doi.org/10.1002/qre.3323
https://doi.org/10.1002/qre.3323
https://doi.org/10.1002/qre.3323
https://doi.org/10.1002/qre.3323
https://doi.org/10.6038/cjg20161001
https://doi.org/10.6038/cjg20161001
https://doi.org/10.6038/cjg20161001
https://doi.org/10.6038/cjg20161001
https://doi.org/10.6038/cjg20161001
https://doi.org/10.6038/cjg20161001
https://doi.org/10.6038/cjg20161001
https://doi.org/10.6038/cjg20161001
https://doi.org/10.6038/cjg20161001
https://doi.org/10.6038/cjg20161001
https://doi.org/10.6038/cjg20161001
https://doi.org/10.6038/cjg20161001
https://doi.org/10.6038/cjg20161001
https://doi.org/10.6038/cjg20161001
https://doi.org/10.6038/cjg20161001
https://doi.org/10.6038/cjg20161001
https://doi.org/10.1016/j.asr.2008.02.019
https://doi.org/10.1016/j.asr.2008.02.019
https://doi.org/10.1016/j.asr.2008.02.019
https://doi.org/10.1016/j.asr.2008.02.019
https://doi.org/10.1016/j.asr.2008.02.019
https://doi.org/10.1016/j.asr.2008.02.019
https://doi.org/10.1016/j.asr.2008.02.019
https://doi.org/10.1109/TPS.2016.2521867
https://doi.org/10.1109/TPS.2016.2521867
https://doi.org/10.1109/TPS.2016.2521867
https://doi.org/10.1109/TPS.2016.2521867
https://doi.org/10.1109/TPS.2016.2521867
https://doi.org/10.1109/TPS.2016.2521867
https://doi.org/10.1109/TPS.2016.2521867
https://doi.org/10.1109/TPS.2016.2521867
https://doi.org/10.1088/0034-4885/44/11/002
https://doi.org/10.1088/0034-4885/44/11/002
https://doi.org/10.1088/0034-4885/44/11/002
https://doi.org/10.1088/0034-4885/44/11/002
https://doi.org/10.1088/0034-4885/44/11/002
https://doi.org/10.1088/0034-4885/44/11/002
https://doi.org/10.1088/0034-4885/44/11/002
https://doi.org/10.1002/jnm.2631
https://doi.org/10.1002/jnm.2631
https://doi.org/10.1002/jnm.2631
https://doi.org/10.1002/jnm.2631
https://doi.org/10.1002/jnm.2631
https://doi.org/10.1002/jnm.2631
https://doi.org/10.1002/jnm.2631
https://doi.org/10.1002/jnm.2631
https://doi.org/10.11728/cjss2023.01.220311028
https://doi.org/10.11728/cjss2023.01.220311028
https://doi.org/10.11728/cjss2023.01.220311028
https://doi.org/10.11728/cjss2023.01.220311028
https://doi.org/10.11728/cjss2023.01.220311028
https://doi.org/10.11728/cjss2023.01.220311028
https://doi.org/10.11728/cjss2023.01.220311028
https://doi.org/10.11728/cjss2023.01.220311028
https://doi.org/10.11728/cjss2023.01.220311028
https://doi.org/10.11728/cjss2023.01.220311028
https://doi.org/10.11728/cjss2023.01.220311028
https://doi.org/10.11728/cjss2023.01.220311028
https://doi.org/10.11728/cjss2023.01.220311028
https://doi.org/10.11728/cjss2023.01.220311028
https://doi.org/10.11728/cjss2023.01.220311028
https://doi.org/10.1088/1742-6596/2701/1/012105
https://doi.org/10.1088/1742-6596/2701/1/012105
https://doi.org/10.1088/1742-6596/2701/1/012105
https://doi.org/10.1088/1742-6596/2701/1/012105
https://doi.org/10.1088/1742-6596/2701/1/012105
https://doi.org/10.1088/1742-6596/2701/1/012105
https://doi.org/10.1088/1742-6596/2701/1/012105
https://doi.org/10.1088/1742-6596/2701/1/012105
https://doi.org/10.1016/j.icarus.2020.114249
https://doi.org/10.1016/j.icarus.2020.114249
https://doi.org/10.1016/j.icarus.2020.114249
https://doi.org/10.1016/j.icarus.2020.114249
https://doi.org/10.1016/j.icarus.2020.114249
https://doi.org/10.1016/j.icarus.2020.114249
https://doi.org/10.1016/j.icarus.2020.114249
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 24 (2024) 249601

[24] Ginzburg V L (translated by Qian S X) 1978 The F, Smith C W 1999 Geophys. Res. Lett. 26 161
Propagation of Electromagnetic Waves in Plasmas (Beijing: [26] Farrell W M, Halekas J S, Killen R M, Delory G T, Gross N,
Science Press) pp65-84 (in Chinese) [& %54 V L 3 (B35 1 Bleacher L V, Krauss-Varben D, Travnicek P, Hurley D,
PE) 1978 L I A6 45 B TR TP YL 3G (Jb A Blof i at) 58 Stubbs T J, Zimmerman M I, Jackson T L 2012 J. Geophys.
65—84 1] Res.: Planets 117 E00K04

[25] Skoug R M, Bame S J, Feldman W C, Gosling J T, McComas [27) Zimmerman M I, Jackson T L, Farrell W M, Stubbs T J 2012
D J, Steinberg J T, Tokar R L, Riley P, Burlaga L F, Ness N J. Geophys. Res.: Planets 117 E00K03

Surface charging characteristics of rotating
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Abstract

The attachment and movement of charged particles in the space plasma environment can result in
observable potentials on the asteroid surface. This surface charging phenomenon has been extensively studied.
However, so far, the influence of asteroid rotation on surface charging and the surrounding plasma has not yet
been fully understood. Traditional methods using numerical integration and PIC have slow computation speeds,
and mainly focus on the charging mechanisms of static asteroids. In this study, we establish a multi-scale model
based on neural networks and the finite element method, thereby improving simulation efficiency and enabling
three-dimensional dynamic simulations of rotating asteroids. Simulation results for asteroids with different
rotation periods indicate that both the maximum surface potential and the minimum surface potential decrease
as the rotation period increases. The minimum potential on the nightside decreases from —4.96 V with one-hour
period to —5.97 V with one-week period. For asteroids with longer periods, this downward trend slows down: the
period increases from one week to half a year, resulting in a potential change of 0.001 V. Because strong electric
field near the the terminator accelerates electrons and ions, electrons respond more promptly to the electric
field, owing to their much higher mobility and diffusion coefficient, exhibiting a more severe accumulation
phenomenon than ions, resulting in the decrease of the surface potential. This phenomenon is most pronounced
when the solar wind is obliquely incident, where the subsolar point is close to the terminator, resulting in the
strongest electric field. When the period exceeds one week, this downward trend becomes less pronounced,
specifically, the asteroid and plasma have enough time to reach equilibrium at various angles. During the
passage of solar storms, there is a significant change in surface potential at different stages, with potential
difference caused by rotation periods reaching hundreds of volts. Surface minerals also play a role, with
plagioclase being the most sensitive mineral in the exploration, while ilmenite seems indifferent to changes in
rotation periods. Understanding the surface charging of asteroids under various rotation periods and angles is
crucial for further studying the solar wind plasma and the motion of asteroid’s surface dust, providing a

reference for achieving safe landing and exploration of asteroids.
Keywords: asteroids, solar wind plasma, neural networks, surface charing
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