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Table 1 The parameters of two dimensional simulation

Parameters Symbols  Simulation  Realistic scale
Number of time steps - 4096 —
Electron plasma frequency Wpe 4.0 10 kHz
Time step At 0.01 —
Timescale 1/wpe 0.25 1.0x 107" s
Number of X direction grid points N, 512 —
Number of Y direction grid points Ny 32 —
Grid spacing in X direction yAVS 1 —
Grid spacing in Y direction Ay 1 —
Speed of light c 100 3x108 m-s~!
Spatial scale ¢/wpe 25 4.8 x10° m
Ambient Number of particles - 16 —
Beam Number of particles — 4 -
Ambient electron density n 0.005 1.24 x 10° m™3
Electron gyrofrequency Qe 0.5 —
Electron beam density np 0.025n —
Electron thermal velocity Vthe 1 50 eV
Ion thermal velocity Vthi 0.005 2.3 eV
Ion mass my 1836me —
Speed of beam Up 10 5 keV
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Fig.1 Evolution of velocity distribution function along the X axis. f(v,) represents velocity distribution

of electrons, and v, is the velocity of electrons in X direction.
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Fig.2 The electric filed evolution of the forward Langmuir Waves (LWs) , the X direction is the wave
electric field of the forward Langmuir waves, and the Y direction is the time. The Langmuir waves

propagate along the X direction.
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Fig.3 The spectra of the electric field in space along X axis. The forward, backward, and second
harmonic LWs are denoted by L, L', and ES-2f, (ElectroStatic 2f,), respectively.
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Fig.4 The energy (Eyave) evolution curves of the electrostatic waves. The red line represents the forward
LWs (FLW), the black line shows the backward LWs (BLW), the blue and green lines represent the
second harmonic LWs (SHL) and the ion sound waves (ISW), respectively.
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Fig.5 The relationship between the maximum energy of four ES waves and the ion mass. With the ion

temperature (a) T} = T, and (b) T} = 0.1T,. The red “X” represents the maximum energy of FLW, the

black “+” represents the maximum energy of BLW, the blue “x” and green “o” represent the maximum

energy of SHL and ISW, respectively. The red line shows the three stages of the energy changing of BLW.
The “X/0” denotes the energy ratio of the FLW and ISW.
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Fig.6 The relationship between the maximum energy of four ES waves and (a) beam electron density,

(b) beam electron drift velocity
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Fig.7 The relationship between the maximum energy of four ES waves and the temperature ratio of ion
and electron. (a) M; = 1836M., (b) M; = 100M..

4 1RGSR

FATAE ARSI A 72 T8 3L 75 FL 248 8 A AU o ot e L 0 O ek BB AT 20, 2
KN T TR B ORGSR, JCHGR AR A5 B AR B TR T A S AR 2
T BIZ/RE, AR A 3T R 5 1 8 7 SR R Iz s, BATR &7 i3]
AE EAVRANB BN RE EHEAT 1087, FH T8 58 A2 75 7T AR () e B AR 88 A )
REEHEAT X EEWTIT. 15 2, IR A 5 A B BU 2 1 P D 1) E B S sy — 2 DA AT T R A
WA —BG 53— 5, RS AN R85, s 1 LI R 3
MR, (HLFIR S AR B2 I RE RN A A & AR AU S B A2 i A 4. A AR
TR AR A 1 7 NGB v 43 8 H R B (R, RSO AT 8 IR B kAR B B

39-8



60 WO R RUIEN U T A 5 3

WA R TAE T

ATy ) S O B T R R DA R R AL I B R RS S S BRI L T
BT AR R RS, S R B BURIEABIZ R 200GE B I RE AT TR 3R
e R B - H R LU S HOEEL TR R E R E LR, AR ER R R R
B, AR T RS 7 1 & LU P R I 1/1836, {H A Al 5 [ Vs A B 34 B % — 30
(1. IE ) BA 28R i R0 BA R B 2 00 U () RE e /E IS R I T AR B R — 3, 1X 5
Z AT AL 45 SRR A R (1), 784 BRAIE T RAZ /R P2 I I g B 52 Aok B T 1E A& 1
FIRAZR R Y%, BT IR R4 B B UR P = A LR [, A AR 1 Dl A8 B 5 R mp LA oy
N3 B B EAREI5 I (a) R (b) HH B T IR E A — A, (ER 1A B 2R 3 172 14
AR — B, TETFERI B, X T IE M BRI R E (B ) 5B T P B AE & (Es)
ZYNTART, S m] B R B AR RE & J LT ASBE 257 75 3 Re = 1k N 284k, 285, Al
B2 IR I IR K R 58 T 065 B 25 - 75 R R S (10 sk N T 9800, 368 20 B R 2B 1A 2 AV el 2 IE
i) B BUR B e B 5 B T AR AR R L4 4100, 25 4 IE A B BUR IR B 5 5 1 A A
TR T 1008, /1] BHZU/R I AR e REAS TR0/, AR UE, [ 1a) B /R I 1) R
AR AT B A4 8 T 1 1) B 2R I8 R 25 1 7 0 B R LU Y. 3T RS EH R RPOAS [ 1) e 1)
BB R BRI BT 51 R 1. 5 U FE R I8 8 S () 7 AR AL 2R ABABST ) B R S AT
F Ak AR EAE T A AN I AR, (1) L+ S — L'MI(2) L — S+ L/, L.
L'\ SHRRERIER BRI, [ m BAZURIEFIE 1A . BRI B Ik e B 2R
W5 BT 7 U ) R R L R A i v A B R R 5 R, ) BRI K A
frag . EEBMITEM B, BT AR ERE, BEL/Es < 4, ]RIAI BRI &
AbFHIRVIRZS, ANBE B 7R I I RER L. M B/ Fs ~ 4 — 1002 [, A BIZR %)
ReE 5 BT IR B A AP AR G E, B B 1 75 U R S R 9R0 /)N 17T IR, 3 23 BH I U A
HAEHHBL+S — L'ES. ¥Ey > Es (L1005, & H BB /RIEEE A FRAK, it
WL — S + L/iX— AR BAE SRR 4 32 SO0 E. X AN Rt BT B5 9 R S 3B B,
IE 1A BRI R & 5 ) B 2R P RE AT IEXT N DG R 51 (a) Fl(b)H, BLAR B F IR
FEANTH], B AE 1) B 28 2R ol R A0 8 1 28 20 B I 1] B BUR 9% 5 8 7 7 % e i L g AR
A DX 1) R ESOR ], 36 15 B T ) B 28R JBRT I - 75 U 1) e B b R T 3 A RO 79 P8
FHEAER £ AL E.

6 It 38 0 BRI R T R R AL R T I IR N R 48 H AR 7 U R m B2
IRUE 2RI M RE 1, IR 1A BRI BE R A T &, WEI6HT /. BT IR T & mT LA
A B R e A BRI 2 A LR Bk B SR, W TR, S I 2 1
B A B B R T T 1) B R U R B T R R KT R i, R PR I P T i A i )
FEA B TTER. RIEAIS R R AT LRI, BT B AR AE S R S BB R IR
WS AN, R U5 B B R R S R S LA (Y B A PR YT S FITIAY B 120K
I S A B T B2 R Y 36 T I A TELATE R P AR A TR e B B R I ) 5 R
S 2 VRV B S PR iR L

39-9



60 & X X %= K 5

5 NG

ASSCAE P QL 248 1 1 ARADURE P X RO S B T A LA R AR AT R, i e
AR TR R DAL T AR A AR A B T A RS HCR A R il
Al B AR AT AR R IR S BRI BRI 2R N B 1 7 U5 A RE R
WGl EELERA: (1) 7 RN R R & 1 i AR AR W (e 2g, (HX
FL - SR TR S PR A P A AN R AR UK. R B T A R B L 3
Wi (2) M Ey/Es ~ 4 — 1000, B 7 B0k B ) B2 R RE S 21 1 1IEAR AR HY
S BIZR I RE R B B 7 A I RE R g Mg . RIS BRI S B T R BN e
BN, AU ISR S 7B AR R E SO E, IR BT AR
SRIAHRTE. BT A BN Ae R R WA (EL/Es > 100), 1E 8] BIZUR I I S48 F k4
TP AN, W AT ARG S BB, 52 T A RBER T A S Tk
P AR, BN T SEAR AR PO AR EL A 2 H I A R R B 5 1 75 B R SR L
KGR & 3 15 (3) 5 A WA R A, BB IR 200 I A B IR AN I T 8
TR, WIZ/REQUGE NS IE 17 MR A R R SGHE, AT Re Bt L A
SEAME. £5 LR, B I B AN R S 1 BRI O B 1 5 5¢ AR .
PRI, WL B P2 AR5 B0 A S A L TR % 20 1 YR R e AR A A AR O (i A .

3 J5 T, ARA b BAT AR U T RS O I E A A AR LR R R
Ja BT FE R A 1A B2 R 3 T 244 H T4 AR X FRDRE 5 RRADUGS A B LTI ZRY 28 1) P B A0 FE
HRIFBEAT HLIUTE TT.

& E X

[1] Lin R P, Potter D W, Gurnett D A, et al. ApJ, 1981, 251: 364
[2] Reiner M J, Stone R G, Fainberg J. ApJ, 1992, 394: 340
[3] Robinson P A, Cairns I H, Gurnett D A. ApJ, 1993, 407: 790
[4] Hoang S, Dulk G A, Leblanc Y. A&A, 1994, 289: 957
[5] Melrose D B. Plasma Astrophysics: Nonthermal Processes in Diffuse Magnetized Plasmas - Vol.2
-Astrophysical Applications. New York: Gordon and Breach Science Publishers, 1980: 430
[6] Willes A J, Melrose D B. SoPh, 1997, 171: 393
[7] Ratcliffe H, Brady C S, Che Rozenan M B, et al. PhPl, 2014, 21: 122104
[8] Reid H A S, Ratcliffe H. RAA, 2014, 14: 773
[9] Ginzburg V L, Zheleznyakov V V. SvA, 1958, 2: 653
[10] Bardwell S, Goldman M V. ApJ, 1976, 209: 912
[11] Robinson P A, Newman D L, Goldman M V. PhRvL, 1988, 61: 702
[12] Melrose D B. ARA&A, 1991, 29: 31
[13] Cairns I H, Robinson P A. GeoRL, 1995, 22: 3437
[14] Klimas A J. JGRA, 1983, 88: 9081
[15] Klimas A J. JGRA, 1990, 95: 14905
[16] Yoon P H, Wu C S, Vinas A F, et al. JGRA, 1994, 99: 23481
[17] Yoon P H, Gaelzer R, Umeda T, et al. PhPl, 2003, 10: 364
[18] Gaelzer R, Yoon P H, Umeda T, et al. PhPl, 2003, 10: 373
[19] Umeda T, Omura Y, Yoon P H, et al. PhPI, 2003, 10: 382
[20] Rhee T, Ryu C M, Woo M, et al. ApJ, 2009, 694: 618
[21] Kasaba Y, Matsumoto H, Omura Y. JGRA, 2001, 106: 18693

39-10



60 WO R RUIEN U T A 5 3

[22] Umeda T. JGRA, 2010, 115: A01204

[23] Yoon P H, Hong J, Kim S, et al. ApJ, 2012, 755: 112

[24] Rha K, Ryu C M, Yoon P H. ApJ, 2013, 775: L21

[25] Yokoyama T, Shibata K. ApJ, 1994, 436: L197

[26] Uzdensky D A. ApJ, 2003, 587: 450

[27] Petkaki P, Freeman M P. ApJ, 2008, 686: 686

[28] Wu G P, Huang G L, Ji H S. ApJ, 2010, 720: 771

[29] Gao X L, Lu Q M, Li X, et al. PhPl, 2013, 20: 072902
[30] Gao X L, Lu Q M, Tao X, et al. PhPl, 2013, 20: 092106
[31] Ke Y G, Gao X L, Lu Q M, et al. PhPI, 2017, 24: 012108
[32] Ke Y G, Gao X L, Lu Q M, et al. PhPI, 2018, 25: 072901
[33] Huang Y, Huang G L. A&A, 2009, 503: 207

[34] Nicholson D R, Goldman M V, Hoyng P, et al. ApJ, 1978, 223: 605
[35] Wu G P, Huang G L. A&A, 2009, 502: 341

[36] Melrose D B. SSRv, 1980, 26: 3

Study of the Ion Sound Wave by Particle-in-cell
Simulation

HUANG Yu!?  SONG Qi-wu'?

(1 Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210033)
(2 Key Laboratory of Dark Matter and Space Astronomy, Purple Mountain Observatory, Chinese
Academy of Sciences, Nanjing 210033)

AsstracT The process of the forward Langmuir waves scatted by ion sound waves
is very important for the fundamental and harmonic emission of the type III solar
radio bursts. We use the particle in cell simulation to study the property of the ion
sound waves during the plasma emission process. We calculate the electric field only
excited by ions during the simulation to study the evolution of the ion sound waves.
We calculate the energy of ion sound waves with different parameters, and find that
the temperature and mass of ion are important to enlarging the ion sound waves. Also,
we verify the relationship between the ion sound waves and the backward propagating
Langmuir waves due to the energy ratio of forward Langmuir waves and ion sound
waves. Both the waves decay and scattered process have been confirmed. Therefore,
we find the ion sound waves have a positive contribution to backward Langmuir waves.

Key words Sun: radio radiation, radiation mechanisms: general, methods: numerical,
plasma emission mechanism, ion sound wave
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