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Abstract

This project is done by numerical simulation, constructing the one dimensional
plasma model to demonstrate the evolution of plasma solitons in non-uniform
background.

We verified the correctness of model by observing various plasma oscillations. In
the progress, we’ve met problems including data accuracy, the non-conserving system
momentum and energy and all solved by adjusting the calculate methods of the program.
The final one can fully annotate the Maxwell Equations.

This program has behaved plasma oscillation, ion acoustic wave, hybrid oscillation,
extraordinary wave and magneto sonic wave. The behaviors of the model almost fit the
theoretic prediction, showing that the model can properly demonstrate the behavior of
real plasma.

Since we found some feature of electrostatic and electromagnetic solitons, we’ve
been observing solitons in non-uniform background. By finding out the key quantities to
the solitons, we get the characteristic of them. It may be the clue to find the energy
source of nebula. The model can demonstrate some unknown phenomenon of plasma

physic and analyze plasma star.
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Z (Magnetic field)

Y(Velocity)

-

X(Velocity)
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1. =% @ xttl = x4 At X v,‘c+°'5 [2-1]
2. A VPOS = v 0S4 S (B4 x BY) [2-2]
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;EE(X) = 4mp(x) [2-3]
£ #Eq. [2 3] iR & = :;ﬁ_ﬁjﬁv(é{i I—KIJI&,_,_ ) E@F A

Fourier space = EL(k) % pi (k) shBd 14

ikEL(K) = 4mp' (k)

EL(k) = 22 [2-4]
Boisd Poig & > E F 4% w Real space » # ¢ ¥ 11 8 FIEL -
Tl _ [ AmpiR)
2 E:
d B3l ST UER D e p S (T M
—_ a —_ i
~cVXE==B [2-6]

cVXE—]_aiE [2-7]

Bt A F rORE) S BLr R [0SR EqL[2:8] ¢ (it il e

$ 0 Tupses | )@ SISESOS
SE}TOS — SA p26ELT0S = —cAtV x B} + S25 V2B — AtJOS  [2-8]
SELTOS(x) — & jt a"’xz SELOS(x)
= —cAt ZBi() + S2C T FL () - At J5TO5 (x) [2-9]
WO PoiE 2 i TS 7 0 1 F) Eq. [2-10]

(1 4 ZAt%k? )6El+°5(k) —ikcAtBj(k) _ ctAtk? EL (k) — At]‘+°5(k)

ikCAtE(k)—c At2k2 Ey(k) At]l+0 S(k)

SELTOS (k) = _ 1+02At2k2 [2-10]
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c2At2k2

—_— —ikcAt BL(k)— EL(Kk)— At JEFO5 () )
SEOS(x) = | tkeAt Bz (k) szz,i]z( Aty " [2-11]
1+
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3)B, :

d EfrEyt i 2 B su L & 2 g { 7 00 4B SBLOS

SBYYOS = —cAtV x <ﬂ>
2

SN U e
5BZL+O.5(X) = f—ikCAt (M) dk [2_12]
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1. Gaussian distribution :
Bt gt B L gn A Tgrid i (7 Fourier transform »
FOEA E B ERE et R e Cparticle A el o T
£ 1€ (T Xparticle = Pgriq TS (B 2-2)0 @ Bip B HIY g
# $ * Gaussian distribution i& 7 4 3% (Eq.[2-13]) -
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(1) i K= 2¥myv? [2-14]

@ i u= B [2-15]
8n

3 A EEE Py =) myy [2-16]

4 wes#f R=Z[ExB [2-17]

3. Fourier analysis (Harmonic Analysis) :

PURBTRY REE > APHLE Y i il L E X phit

7 Fourier analysis > © {8 3] H = & o
flx,t) = %ao + (a, cos @ + by sin0) + (a, cos 26 + b, sin20) + ---

a,(t) = fOLf(x, t) cos (n 2%) dx

b,(t) = fOLf(x, t) sin (n 2%) dx [2-13]
(Z ) > 4258 ¢
1. Plasma Oscillation :
"R ]35(%“"’ FYRFI T ERANLTFI@F28) T3 dr N
Fwy &
w, = (47r:12e2)5 [2-19]

2. lon acoustic wave :

ggﬁ—mmﬁ%ﬁw“aﬁjﬁﬂ AT L o MmI A - R Hol
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wzk@%%f [2-21]

3. Hybrid frequency :

BB Y GBI DR T R PR Y RS T S o

wpZw R & A2 Upper hybrid frequency
0f = 0% + 02 [2-22]
Hgps > € A2 ¥ oh- fAR EH4F S > fi Lower hybrid
frequency
1 1 1
07 wes + az [2-23]

4. Extraordinary wave (X wave) :

$ELB kLBp  AlAnpifadsppdetsdo

5. Magnetosonic wave :

LRER ek sd sk LBY By # 0pF

*f PIHE+ e lon
acoustic wave ;& it = Z Magnetosonic wave
2 2 2
(O] _ 2 VS+VA
Kz ¢ c24vy [2-25]
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LENGTH
TIME

DT

: o
M ION
M _ELEC

System
B F type
B F init
B F end
B wave

~

Amount of particle
Length of system

Amount of time step
delta T in real time line
O of Gaussian distribution
lon mass

Electron mass

System species

Magnetic field type

Initial magnetic field
Terminal magnetic field
Wave number of magnetic field oscillation
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- ~ Plasma oscillation :

SETE LTS TS Y NI L S NICERE S & M

PE AT R 3 R TR S R R B, LT R

[2-19] 55 35 i e

W

Eq.

(m)m TR B | FA

% 3-1-1 & B4 gk

Time step 20000
At 0.005
ol (25 ,F3) (2500,2500)
TE(R+,F4) (-1.1)
g (2+,F5) (1, )
% 3-1-2 F ¥y
PR 0.25 0.5 1 2
W 1.772 2.518 3.392 4.851
w ° y = 3.4556x04789
R?=0.9988

&
1
O T T T T 1
0 0.005 0.01 0.015 0.02 0.025
ERACRE TR )
f® 3-1-1

d B 3-1-17mEF Tw < vVn |



JBE 2 Eq[2-10] 5 £ o @ 3Rk adid Eq. [2-19]4 )

1

4me?\2
= 3.5449
me

CER
3.4556 — 3.5449
3.5449

(2O T3 FTE FA

= —0.0252

# 3-1-3. % Fudede S8k

Time step 20000
At 0.005
gk R 10000
B (T3 ) (2500,2500)
e (R3,F3) (1,%)
% 3-1-4 F % #cdy
TE -1 -2 -3 -4 -5
) 1.774 3.544 5.321 7.092 8.850
10
w y = 1.774x099!

R2=1 /

O R, N W b U1 O N O O

] 3-1-2
d B 3127 11E7 Tw « e

PR A EQL[2-10] 5 £ o @ T fdicd Eq. [2-19]47 )




N[ =

47Tno
( ) — 1.7725
me
WA
1.7740 — 1.7725 — 0.0008
1.7725 -
(ZO M TRFFE | EFAIT:
% 3-1-5 % ¥id= s 58
Time step 20000
At 0.005
G ALE R 10000
rd (T3,F3) (2500,2500)
TE(L3,F3) (LY
4 3-1-6 F ZHicdp
s 1 2 3 4 5
W 1.773 1.255 1.025 0.888 0.795
o z y = 1.7729x°0499
1.4
1.2 N
1 \
0.8 \’\0
0.6
0.4
0.2
0 T T T T T 1
0 1 2 3 4 5 6
e
B 3-1-3

B 3127 R T e =

BB a2 EQ[2-19] 7 £ o @ 3 hdd Eq. [2-19]48

1
(4mnge?)z = 1.7725
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Ex
1.7729 — 1.7725

17775 = 0.0002

= ~ lon acoustic wave :

ARHRTS TFRY ) o HmA R TR R R B 2 A

2= v R34 Eq[2-21] ¢

F 3-2-1 [k KA 4 R ¥
Time step 1000000
At 0.005
SRR R 10000
Pt (TF,FF) (2500,2500)
iR 100
% 3-2-2 7 ¥y
FEv 1:1000 1:100 1:10
k )
0.000628 0.001257 0.003217 0.020860
0.001257 0.00372 0.009701 0.037825
0.001885 0.00573 0.015230 0.055041
0.002513 0.007879 0.021966 0.077535
0.003142 0.009274 0.027897 0.095127
0.003770 0.011925 0.033125 0.113977
0.004398 0.013584 0.040715 0.147529
0.005027 0.015193 0.046722 0.158211
0.005655 0.017354 0.052452 0.166756
0.006283 0.018749 0.058132 0.186862
0.009425 0.027822 0.086607 0.311143
0.012566 0.037548 0.115837 0.381264
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#-3 322 (F BT @ P B 3-2-1~3-2-3 ¢
0.04
w y =2.9867x + 1E-04 /
0.03 R%=0.9988
0.02 /’//
O n T T T T T T 1
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
k
§ 3-2-1 7 £+ 1:1000
0.14
012 y =9.4325x - 0.0018
w . 2
R*=0.9994
0.1 //
0.08
0.06
0.04
0.02
O n T T T T T T 1
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
k
Bl 3-2-2 7 & ++ 1:100
0.5
w 0.4 y =31.121x - 0.0006
03 /
0.2
0.1
O T T T T T T 1
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
k
Bl 3-2-3 £+ 1:10
T — kWY @E AR R A AT R R vy
A TmmAniE Bog | X 7 _EQ. [2-21]45 H & Eq. [3-1]1F & » H b & 17 5
T &4 323

13



1 1

2\2 F \2
MG Eoa et Bdep 5 - R BTSN R 2 @ ELRRIPFE T A S
I ¥ads i o
% 3-2-3

FEv 1:1000 1:100 1:10

F s 2.9867 9.4325 31.1210

I v 2.9697 9.8432 30.9508

EX S 0.57% -4.17% 0.55%

= ~ Hybrid frequency :

* 4 2 #-7< % Upper hybrid frequency 2 2 Lower hybrid frequency 4 %] i&
Fedsm o AT b Sl A 2 ahiiniUs & & EQ.[2-22]{r Eq.[2-23] vt i
(- )Upper hybrid frequency :

1 2 TRBEE | A

% 3-3-1 % ¥ed=4o $¥c

Time step 20000

At 0.005

hAE R 10000

B (TF ) (2500,2500)
TE(R+,F) (-11)
FE (R+,FF) (1,2000)
k iE 1
% 3-3-29 sk
R 0 0.5 1 2 3 4 5 7 10
w 1.79 | 1.86 | 2.04 | 268 | 349 | 439 | 530 | 7.23 | 10.13
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*
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. *
4 Y
2 5o ¢
O T T T T 1
0 2 4 6 8 10
o
B 3-3-1
% 3-3-1 4% Eq [2-22]075 50 3 47 fit = 12 8 5

o = +/1.7892 + (0.9985B)2
d Eq.[2-22]F 2 @ P32 cdy & 3-3-3 14 2 B 3-3-2

% 3-3-3 1L Hcdh

S

0 0.5 1 2 3 4 5 7

10

177 | 184 | 204 | 267 | 348 | 438 | 530 | 7.22

10.16
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) 3-3-2
T E(X)E 2% E ()P M s
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LXy = np g
r= ——2=0.9999 ~ 1
NGy Gy

2. N T 3FTE AL
% 3-3-4 [k ¥idvdn ¥
Time step 20000
At 0.005
gBRE R 10000
Pt (TF,7+) (2500,2500)
FE(2F+,FF) (1,2000)
B 3
ki 1
% 3-3-5 F % #chy
TE -1 -2 -3 -4 -5
W 3.439543 | 6.700278 | 10.32852 | 13.63933 | 16.65423
20 y = 3.4298x0-9891
15 R?=0.9995 _—*
10 /
5 //
0 ; ; ; ; ; .
0 1 2 3 4 5 6
® 3-3-3

4B 3337 EH Tw « e,

PO A EqQ[2-22] 85 & o @ T hdied Eq.[2-22]4
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N[ =

4mng  B*\?
+ — | = 3.4845
m

3.4298 — 3.4845
3.4845

= —0.0157

% 3-3-6 i kiAm 4 Sdk

Time step 20000
At 0.005
SR R 10000
(R FF) (2500,2500)
TE (LF,F3) (-1,1)
B 3
%3 1
% 3-3-7 § S #cdy
e 0.5 1 2 3
w 6.229086 | 3.439543 | 1.94556 | 1.427348
A
\ y = 3.4828x 0824
\0\ R?=0.9996
0 0.5 1 15 2 2.5 3
e
® 3-3-4
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d B 3347 @5 Tw o« m;0824

1 RERwEmM LG B dEaEA
M % 0 1993 Q. [2-22]F Srwsim, b S

, _ameg+b

mg

w
9 T30 % chh & 3-3-8

3 3-3-8 Wik

e 0.5 1 2 3
w 6.502552 | 3.484479 | 1.954686 | 1.430803
BB (X)L A E (YA G
XXy = npp
r= =0.99981 ~ 1
Nno,Ooy

(= )Lower hybrid frequency :

TR B A

F 3-3-9 i Ae 4 Sl

Time step 20000
At 0.005
K RE R 10000
rE (RF,FF) (2500,2500)
TE(RFFH) (-1.1)
FE(RF7+) (1,50)
& i 1

% 3-3-10 7 % ¥

3 051 |15 2 | 3 |4 |5|6]|7|10][13]16 |20

25 | 30
w 10.07|0.12|0.16]0.19|0.22|0.24|0.26

0.27]0.28|0.32(0.36|0.40|0.47|0.56|0.65
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Lower hybrid frequency = &g+ 74 2 ok » #7141 ¢ < |3+ < cyclotron

FEHG > deked 3310 chode ' Ot 0 7 W FI 2 3-3-11 112 B 3-3-6

% 3-3-11 9 %

¥ |05 1 |15 2 | 3|4 |5 |6 |7 |10[13|16]20|25]30

w ]0.07]0.12(0.16/0.19|0.22|0.23|0.23|0.24|0.24|0.25/0.25|0.25|0.25|0.25|0.25

0.30

0.25 rY e e & * L 2

0.20

0.15

0.10

0.05

0.00 T T T T T T 1
10 15 20 25 30 35

o
(2}

RS

® 3-3-6
% 3-3-11 % Eq. [2-23]025 4 i 7 fit 7 02 @ 5

4 Eq.[2-23]7 1 @ P W% #cdh & 3-3-12 12 | 3-3-7
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B 05| 1 |15 2 3 4 5 6 7 11013 |16 |20 | 25| 30
w 10.07(0.12|0.16]0.19|0.22|0.23]0.24]10.24|0.24|0.25|0.25]0.25|0.25|0.25|0.25
w 0-30
0.25 "‘; & 4 4 4 4 L 2
0.20 ¢
’ L 2
0.15 ¢
L 2
0.10
L2
0.05
0-00 T T T T T
0 5 10 15 20 25 30
B
B 3-3-7
F o EMX)EZAH B M s
XXy = npp
r= —=099973 = 1
no,oy

= ~ Extraordinary wave (X wave) :

RO £

HB AR, ¥

IDRRE: 3% ah Y=t SR BLAR L& SN WAR

% 3-4-1 i Kude e il

Time step 20000

At 0.005

HHRE R 10000

B (T3 FF) (2500,2500)
TE (RF,F3) (-1,1)
FE(RF,FF) (1,2000)
* 3 1

20

S A e R T ot gl FAE BT Fi 4o £
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+

=~

3-4-2 7 Iy

1 R
m(g) 1 3 5 10 20 50 100 200
0 1.77 1.77 1.77 1.77 1.77 1.77 1.77 1.77
1 1.55 1.96 2.01 2.02 2.03 2.02 1.99 1.85
2 1.34 2.30 2.54 2.64 2.67 2.66 2.63 2.54
3 1.22 2.61 3.26 3.42 3.46 3.48 3.46 3.38
4 1.15 2.78 3.91 4.28 4.36 4.36 436 4.29
#| s 1.11 2.84 4.40 5.22 5.28 5.29 5.28 5.24
#| 10 | 1.03 2.95 4,92 10.00 10.09 10.17 10.15 10.12
| 20 1.01 2.99 4.97 10.01 19.12 19.84 20.02 20.02
| 30 | 1.00 3.00 4,99 10.00 19.99 30.12 29.99 29.08
5| 40 1.00 3.00 4.99 9.99 19.97 40.28 40.01 39.94
¥\ s0 1.00 3.00 5.00 9.98 19.97 49 .87 49.54 49.68
75 1.00 3.00 5.00 10.01 19.95 49.60 73.92 74.36
100 1.00 3.00 5.00 10.00 19.98 49.81 98.41 97.85
140 1.00 3.00 5.00 10.00 20.02 49.47 98.38 135.12
180 1.00 3.00 5.00 10.00 19.99 49.71 97.92 170.65
200 | 1.00 3.00 5.00 10.00 20.01 49.75 98.04 190.40

#ed 342 FEAE 3410 HUEHTL XPho OIEL ydho & - (50 RA

BRI  -B'& :-

200
w180 e
#
160
140 =1
-3
120
gl
100
80
i 20
60
== 50
40 100
20 s 200
0
50 100 150 200
BE
B] 3-4-1
R B B HT 4 9 ) ] 3-4-2




25

1Y)
.4
20 _gt
15 / ——1
=3
10 5
=10
5 =20
1 |
— *
O T T T 1
0 5 10 20
HEHG
B 3-4-2

VR ES < o

+
~

A X CRARIT Y B

LA

3-4-3 12 %k

1 RE &
u}(g) 1 3 5 10 20 50 100 200
0 1.77 1.77 1.77 1.77 1.77 1.77 1.77 1.77
1 1.54 1.94 2.00 2.03 2.03 2.03 2.04 2.04
2 1.34 2.30 2.56 2.65 2.67 2.67 2.67 2.67
3 1.22 2.61 3.25 3.44 3.47 3.48 3.48 3.48
4 1.15 2.78 3.90 4.31 4.36 4.37 4.37 4.37
B S 1.11 2.86 4.39 5.21 5.29 5.30 5.30 5.30
| 10 1.03 2.97 497 9.24 10.10 10.15 10.15 10.16
#| 20 1.01 2.99 4.98 9.95 19.18 20.06 20.08 20.08
4 30 1.00 3.00 4.99 5.98 19.94 30.02 30.05 30.05
| 40 1.00 3.00 5.00 9.99 19.97 39.97 40.03 40.04
| s0 1.00 3.00 5.00 9.99 19.99 49.14 50.02 50.03
75 1.00 3.00 5.00 10.00 19.99 49.97 74.99 75.02
100 1.00 3.00 5.00 10.00 20.00 49.99 99.13 100.01
140 1.00 3.00 5.00 10.00 20.00 50.00 00.98 140.00
180 1.00 3.00 5.00 10.00 20.00 50.00 99.99 179.97
200 1.00 3.00 5.00 10.00 20.00 50.00 99.99 199.12
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I ~ Magnetosonic wave :

AR RETF]

T B % 8 EQ. [2-25] R0t e

"R B RS M2 T ot p R Ddeir L BB

% 3-5-1

Time step 20000

At 0.005

KELE R 10000

Pk (R F7+) (2500,2500)
TE (RF,F3H) (-1,1)
g (2+,F5) (1,2000)
ki 1
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4 352 @ i

D&

S

1 3 5 10 20 50

0.5 0.004838 | 0.009048 | 0.010204 | 0.010820 | 0.010267 | 0.011071

0.6 0.006786 | 0.011021 | 0.011875 | 0.011762 | 0.013584 | 0.012466

0.8 0.008583 | 0.014162 | 0.014979 | 0.015243 | 0.015394 | 0.016236

1 0.009965 | 0.016902 | 0.019063 | 0.019063 | 0.019855 | 0.019930

1.2 0.012353 | 0.019541 | 0.021401 | 0.022155 | 0.022293 | 0.021463

1.5 0.015080 | 0.023512 | 0.02458 | 0.025271 | 0.025560 | 0.024982

2 0.019742 | 0.027545 | 0.028777 | 0.029468 | 0.029644 | 0.029719

3 0.025183 | 0.032698 | 0.034294 | 0.033778 | 0.034218 | 0.033854

4 0.030021 | 0.035312 | 0.035776 | 0.036317 | 0.036430 | 0.035990

5 0.032296 | 0.036757 | 0.037121 | 0.036920 | 0.037310 | 0.037171

6 0.033716 | 0.037674 | 0.037800 | 0.038541 | 0.038353 | 0.039006

7 0.034658 | 0.038013 | 0.038051 | 0.038616 | 0.038541 | 0.038428

#-% 35-2% WM 351> v BRI E ABI <P lonk TS E
AR g fr 0 282 Q. [2-25] 40 Kk S MM G et A 0 A e k=l
BT ER v REEES, DAL R G Fp 4R lon R TR ¥ ¢
SLEENS -l NN RN e A LR e SR
17>+ Lower hybrid frequency » # #-2 22 Lower hybrid frequency + % = ®» -B B
(® 3-5-2) >
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0.045

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

® 3-5-1

0.045
0.04

0.035 ® N
0.03 * |

0.025 & |

0.02 & |
0.015 ®* g

0.01 f
0.005 -

B 3-5-2 § =% #Ip (=) Lower hybrid frequency(§)

£ 1@ JaipliE % 39 > lon g & §¢_Magnetosonic wave i® i % 2
Lower hybrid frequency » 5]t ¥ iR £AR S 5 A iR g @ = > @ R g e 5

iRl % Eq. [3-2]
1.1 [3-2]
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4 Eq[3-2]F 218 NImmBcdh 4 353 #H A 35217t o
% 3-5-3 1k
— 1 3 5 10 20 50
& 3y
0.5 0.005683 | 0.009484 | 0.010244 | 0.010624 | 0.010726 | 0.010755
0.6 0.006705 | 0.011197 | 0.012096 | 0.012546 | 0.012667 | 0.012701
0.8 0.008730 | 0.014431 | 0.015549 | 0.016106 | 0.016254 | 0.016297
1 0.010703 | 0.017372 | 0.018633 | 0.019254 | 0.019419 | 0.019466
1.2 0.012602 | 0.020000 | 0.021338 | 0.021989 | 0.022161 | 0.022210
15 0.015284 | 0.023366 | 0.024726 | 0.025375 | 0.025546 | 0.025594
2 0.019259 | 0.027630 | 0.028880 | 0.029460 | 0.029611 | 0.029653
3 0.025355 | 0.032682 | 0.033582 | 0.033985 | 0.034088 | 0.034117
4 0.029430 | 0.035239 | 0.035867 | 0.036142 | 0.036212 | 0.036231
5 0.032131 | 0.036646 | 0.037096 | 0.037290 | 0.037339 | 0.037353
6 0.033951 | 0.037485 | 0.037818 | 0.037961 | 0.037997 | 0.038008
7 0.035211 | 0.038020 | 0.038275 | 0.038384 | 0.038412 | 0.038419
VX
0.045
——0.5
Y 0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

#-F B 7 (X)

AP B T et 1w

n
Y = 0.999386

® 3-5-3
B30 E(y)iE
2 Xy — np
r=
N0, Gy
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- ~ Nonlinear effect :

(- )Electrostatic wave:

g%, Saskil Jj{‘é}ﬁ—"r w3 £ AR 3‘]{’ R R SN
Wk o

v Gaussian 3¢ 4~ F e dn A R (THIRZFR) U E BIFESS

AR E L *ﬁ T Hadad > B E v—ﬂ"éblgmiibme'\fa-o

F NP KT RA ke iER (%0 Tz )
BEREAREY ¢ @% GBI ER oA URZFIREFE

SR LTI T ELES TR IR

Z 3-6-1 ¥ PR B2 4~ 4nif &

Time step 50000
At 0.002
A ALE B 1000
P (TFFF) (5000,5000)
TE (R+,F+) (-1,1)
FE(23,73) (1,2000)
Fuig 100
Ratio 3
Width 20
jA\ VGRS
a3
P i N

Bl 3-6-1 4 einz 3 Ri A4 2 RS

A~ T
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2.
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(= )Shock wave:

#-4 3-6-1 % SiE iE SBc > 10 B Fl A Ha £+ 10

|- Bk 3R KR g it “"-‘3:(@] 368)

BRAZRX LW I N FRFIERF

TR DT Ay o Fp
Wik FUFHE k0 A58 Shock wave » 2 i S g R ficdy @ B IR
ey ]:F% ¥ & 2 chShock wave 2" £ 48 4 & ¢ 5 Shock wave F

F Ap i
IR % o
F 3-6-2 & biAw 4 iE i
Time step 50000
At 0.002
CE o 10000
A e (25,705 ) (50000,50000)
TE(TH,F4) -1,1)
FE(T5F5) (1,2000)
#id R 100
Ratio 30
Width 200

e kA ks 3 A B K 0 A B & LA i 1 %  Shock
wave(iz &%) o

# ¢ Shock wave(’ )7 4%k 48 7 P

-i% 1% 3% Shock wave( i)
@RPIRLEN T F - BPFR Shock wave(iz)it T fr > H & R 4
G RN R S e N

Shock wave()# 7% i v B LR F 15> A 4 RiFerfpde o
etk EAF 0 5 o PR g A > Shock Wave ih g i SLfe
g/’*—%ﬁ’i’f’ el o B is T LR T] lon P L ik IE m.&&i‘a
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ST %

~ Plasma Oscillation :

dZBRRFRF O AR BRLFBRERHH BETFEY 0

TEEF
£ BgEIRE P L ATR -
d g e dﬁﬁ*%$1?%%§’&E%}ﬁﬂiﬁ?f&ﬁoﬁ
S RES Y

ZHEAFTE

—

~ lon acoustic wave :

lon acoustic wave 2 ¥ #p4p g ~ o B AL > L4

}jgt s i (&

= F
ISTE R VTR

L oRfRAE B R AR P

EIFFL 0 2 lon
21 Electron g ic SEPF 2 e it > Fph g Eq.[3-1] ki3 2 1 > 7 3
;—L%Fﬂ‘g :’< %i“) Filt}_o
= ~ Hybrid frequency :
¥ lon 2 Electron s 2; 2 2 A7 5 > SR2L M A B

E @A ATIE S
Electron = “g&i3-+ 2 2_ W 4 > lon 5 Lower hybrid frequency £ cyclotron
e o

SRR T ARSI S S B e TR
kg #FAThRF THE,

FRE LA
AT E R o LA BB L B gk o

= ~ Extraordinary wave :

TR S B RS2 B RS B AR il > B R ARIRIT R
RHARR o CTHEI TR s § 8 0 ) A e DI S —m il
B %

THEEFLT o MEINOTERE BT L Fa e
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I ~ Magnetosonic wave :
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- ~ Nonlinear effect :

(- )Electrostatic soliton:
LF20 B R 3445 > b B o agai = 3 BV A kTR
BT M RenE Y - BRI G o MR TIAE T A AR
B fARLETERE R -
RBRE L4560 2F R A4N T 4R F | BRERZ R

&t AP RE o T

e

Wi - ] REERE > AR FEBTER TR D

_LN.
ht
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HE RAED L5 20 & 3R fEaaiz+ o Adap
Wi L5 W g Rz UE -
510 232 F R B4 PR FIOTRPEIIAAME - B3
- RS PRI RHRI R E S e o RBE TR AL

BN EREZ PEEORTINZF o F AR LS 0 g RPN

LF L 40 dRE 3R AR A PR F (S G PR E R
TG o Nipdaip t M2 F 2 X F o G HFRE T @ KA 2
BRE ARG -

(= )Shock wave:
d AR NG i B i £ Y5 Eq. [4-1]~[4-3] 0§

Shock Wave fz2-> 2 ¥ Q % 8 » Pt t? 20 F 2 23 g o



PiVi = poVo =1

[3-1]

P+ pivi® = Py + povo® [3-2]
Vo2 Po

Q-+ “+U; +—=7+Uo+— [3-3]
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WA RERPELRCBAG Y WS I REE 200 F 305 s
T i B AR 3 BT R o 4740

SRR R R o BN S
» A5 A — $HAp e~ kw7 - ¥ Shock Wave o

% ¥ 2 Shock Wave » 2 L4 {2 % 48 2 Shock Wave 24 4p i » v %
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B~ i
k- FFT i 4
Poig & > 3 (Fast Fourier Transform, FFT) > Z 840 ® = § S 3 chp-id 7 8 2 >
ORI B AT F R i o PR 2 F R R AR o o Ik

&
T E AR KR RS R R

-t

WrtAFEc R 7o Uy, Uo-1 > acid = FRg ot i

n—1
_2mi
y= 3 e j=0l.n-1
k=0

Bt B R L0(nY) e fhil 2 ERET Y N2 R AR gk
£ 5§ ROGogmm KR <L F P H R o SR TR 3 e 3
i@ B 2 R ARE o 8 oo 200G S don s 3003 BAF R R S O(nlogn) e
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FARR S o B A i 2 R e W PRI Y D R

g

o

N

AlcE Y > AT fitw S VEY S FFT S8 ke F e A e i o 2 A2

* 3+ C/C++12 2 Fortran 353 o

~ B FFT 8058 2%

fftw_plan fftw_plan_dft_r2c_1d(int n, double *in, fftw_complex *out, unsigned flags);
fftw_plan fftw_plan_dft_c2r_1d(int n, fftw_complex *in, double *out, unsigned flags);
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s SELT e B A
1244 Maxwell's equation :

aE— V x B

AT LA R B

3 ’ Bl + Bit1 ’
EJI_.F‘[+'0..:| = cVPx|l=—= _j[—U..:!

[E %

Bi*! = B+ 8Bi0S
I gk =T el A

L +0.5
% E:+G.5 = TV % (28; +§le ) _)f2+0.5

Pt

aE VxE
— B = —¢V X
at

. - E* + E**1 2E* + SE*+05
OB = —CAV X E'0% = —cAtV x| ———— | = —eAtl X | ————

2

B L 5] BASE 3|

d C
— Ei0S — [ x
dt 2

_j[+0'5

- 2E! + §E0S
2B% — oAtV x | ————

MR IR T 47

L 1+0.5 B ¢’ T c*At 1+0.5 1+0.5
or E0S = oF X Bi ——— V x (V X E) = ——V x (V x §E*+05 ) — Ji+®
500 1 3 W R AR a4 B
. Cz tz [ — Cz.ﬂ.fz —
SE™0S 4+ 7 x (7 x 8E*0%) = cAtV x B} - 7 x (V x E') — At J+03

RETHY Faaz SETOS sl fas :

2 2 2 2
cAt = - cAt
Vzé'E;,*“'S = —cAtV X B +

?ZE_;: _ ﬂ{.][—ﬂj

1+0.5
6L 2
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Wk R BB - ET A A2 Soliton - F0 R BT - B e ks © (initial
condition) « 22 B 419+ A P § Sk R (5N 4 R L PP ke
+ 317 > A 4 - 1 Gaussian distribution =g 4 & s (® 6-3-1) o
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