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Vlasov simulation of finite amplitude magnetohydrodynamic in solar wind:
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Development of Vlasov-Hall-MHD code

Takashi KUMASHIRO, Tohru HADA, Yasuhiro NARIYUKI and Takayuki Umeda
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Vlasov simulation is a method to solve time evolution of a plasma by directly time advancing the
distribution function in the position-velocity phase space. Unlike conventional PIC (particle-in-cell)
simulations using finite number of particles, the Vlasov simulation is free from thermal (numerical)
noise, and thus is advantageous in analyzing fine details of nonlinear plasma phenomena. With this
background in mind, we have developed a new Vlasov simulation code (1-d in space, 3-d in the velocity
space), in order to study basic properties of nonlinear evolution of magnetohydrodynamic (MHD) waves
in the solar wind. In contrast to traditional Vlasov simulations in which electron waves are of major
concern, our simulation code focuses on solving plasma behavior around the ion scales, assuming the
massless electron fluid. Since we mainly deal with low frequency MHD waves propagating quasi-parallel
to the background magnetic field, cyclotron coupling can be assumed to be weak for parameters typical
to the solar wind. Thus the Vlasov equation is solved only along the longitudinal direction whereas
the MHD equations are solved for the transverse directions. Propagation of Alfven and ion acoustic
waves in the simulation is shown to satisfy theoretically obtained dispersion relations. Some results on

parametric decay instability of Alfven waves are also presented.

Key words : Viasov simulation, Hall-MHD, Alfven waves, Parametric instabilities, Solar wind

1. #

WISV 7T Ial—yavik, vy 7 A7 2 ViR
& & BT Viasov HTEA %2 H T HZEBINICE T 545
BB ORBRIEZEEHR 2 itk h 779 X2 0iRS
PR % RO BULE R FLETH 2. 79 X< Djilis)
WIS ZMNB DY T 2L —a vy ke L TR
PIC (particle-in-cell) DR T2 3 2 L — a ¥HLEL
b T3, ZOHETIEELH D DR - BH»E
RECH 2 2 LICENT 2N s & (Bws &) %
BT ZEDTET, BUEN, A A2 B Z 571
2GS L L DRFEBBETH L, TDEH
WA R LB ORI RIS X D RBT 2R 2 2
L—=yavicil, 79V 733 ab—a v Tl
(L& 7= 9222 L Ze iz 3517 3 B9% s L ToOrmBI%
ERUET 2720800 6 FIIHAELT, Lo ThTY
1 REBLLAEN KRAMFFEEREE S A 7 L 2F I
*2 A BR LA SRR LA

*3 EAILERF RN TR
*4 Fti R KRB FE AT

T2l —yavTiR/ A RICBRTHZ 22 R
ZHDIEVTEDLLVIREVD S, 207, RIiC
L RILAT L CIRBER R RBEIR 2 BL 5 2 &K
HThH DY, EEOFTRBE I Om B X UOFHRA ¥ —
LDOFELRICE DV, RN KROFEIER S 1
D0H Y, SHD X SKIRHFHBIEDL S 2 &SI
NnTwn3,

DX EERDOL L, KA IXTHIT I X < TS
& (MHD) ), KB Bz EPATHERET 5 71
7% = VB D IR R TR 2 RS & TS B
EERHAMEL, ZNREHLZYIY 7Y Tal—vay
a— PO ZIT> 7. HaE IR U HEFHH{EIE T %
T 2 I THEZEMICB L TIRENICTAEL, K
iR, Kbpaw, REWE, WEER S8 2 Y8hE
FUCBOLCTEEAREHZIH>TR3 L EZ SN TSP,
¥ KB 7 L7 = RO THIRTE, SR
INE L (EPAHERR) B0 FEBA 4 34 7
0 b o BRI U TN S Wi o, MR 2 IE



I,

SR 20 4R RN N

B

o

#

of

T 2

s E30E Hla 65

LAY STICRHAMT 2 L 520N TEYY, &
DUWED S 7V 7 7 = ORI TR B
2 I 3)VX —, SEHROMREZH ) B E L ToBls»
SIERICEETH B, BUEZ OWIHER & LU Tl
ENTVLBRO—DITEE DI DLLIBIC X % B =
FNF =Tk (8T X MYy I ARREN) 555,

MH DB ERSEE L 77 X< I T 5150
NETFIRA2HDAF O LDHID GV DAL
2WEITH Y, WHERHEOILAN A 7 =X L I3iikE T
VTHHAENFETH S, Lo LRBED & 5124 A4 Vil
JEDSE <, MH DB OEIEEE & A 4 v DEGREE DS
SR BMOE, A4 v OMBIERIAIZIIE D
AD Z EDBREMCEETH Y (BTdR2 X9,
A A TR EL & A 2 HL % Ot TE I,
TNT7 Tz EIZDOBTIE B, 44 Y EHEICOWTIE
Bi/Be MEZNFIVNIKBWILETHD, TIIC By, e
FEENZEA LV EBTOR=F (ZORFREDOHT
LRI EDLL) THB) . BE, WREGICN L THEE
BRRISE D 7L 7 7 = VB O B4 1138 T 0 SR
ROBEWE 2020 GEEGRNIT L7 T =) 2 C
TIFEZEL v,

FEDOREEIE 3 RIGHERTH 5005, BUAHINIC 1222
M 3%kt « BIEZ2M 3 %0, D D 6 RILD Az
TOYIaLb—vavziT) I EBNEELVDY, Tk
VIRT IV T I alb—avEiT) oICi3ERLR X
Y —EPBEE R L, APETIE, KRR 75 X<
WS ERR 7L 7 7 2 vic i 2D, LD 320
RED S LT, 2TV —RE L OFHERNREZ K<l
W2 LRZfTo7. (1) JicibRz k9, ¥#EPEE
FEMH DIEENIIEARN I A & > DTS T 2 BIR
ThHY, BHENFICREL > THER 7 — L
HIMH DB & o3 L T 2B 11, ARSI 09
ZENTES, Rfa—Fogidicb A A v abT,
TERELE LTI bW IANL 7Yy Fa— ikl
X OBAFEE N, Ih{ b Tw B 259, AT i
EFBRICA A v ic D » T A REB O R e 2 8\ 8
T RZFHE T 24 7Y v FINT7 70 —F %)
27, MHDWEBIOZHED 2o LT, itk
TR LTiRF— R 2EUEGE L D2 V5, (2)
RO N R EMWEPA LB T AOMHDEE E L, &5k
BTSSR O —BIEK 28 L TER DAL TH %
EREL T, ZEBRILE 1 RIGICIE L MEE2 E 2 5.
BEORGEPTIx, GRIRIET V7 T =D 7 4 5
X F—a YARENEY, MRIRADMEY, & 514
AV — LR RS & DIV T 5 R 43 A b3l
i 2 MU AZE DD ST D LT & R0
RO L0, BUSIOMEEERT S 2 LIFEE
Thb. Kb oTANE (BLUMMO% S DR

Fge) c2=i 1 XufEE I Y %) D1k, Zofilfizn
T-RAHZER D Rz, AR LEE M ] OSSR AR M e
DT A MYy 7B EIZL D% OB ORI
DOYFEABEENT VB O TH 5. (3) KEETD
RIEEQEPITP L7 7 = VIETIEY A 70 b a v
BhEWZEY 25% A, TS QLBIOERE )
OYBEREOARE Y 7Y 7 A CTHRE, EETHI
Hall-MHD AR THRIF2dDET S, Zquckh, 4
BB DT IR 1 Rt THEZ TR I gk
D, AEVIA ABIOFHH IR DI 545 KiEHIK
PERTE S, EORENEUTH S 720I1iE, W)L
TIRIDNRNI A=Y A 7 bu Bk
WX =L M TELHRICHDHEITE L B2
WBDIRIBTIBOKER, HIE TV 7 7 = v B0l
IV A7 rurBESRHTERS KD E, 20
Rl Tl oa— FoEfFEEbNs), I T
KIRWD TN 77 = RS 2 L X YR
R & ERF &SR E C Hr B L v ) REIC
SRV EDBETH S,

BUF, #23Cl3 Vlasov-Hall-MHD 2 — F o3l &
ERLIZONWT, F3ETRHINEZHEZWLOhDY
Sal—va ViSO LTSN T 5.

2. Vlasov-Hall-MHD J—FK
2.1 ERAEAR

ZIZTIEAIY TV 7Y 2 ab— a vy Tifo7z Viasov-
Maxwell B2 fHUCE Lo 5, HIFTHRRWY, WAFE
T A F BB OR PSR Z 2 v 7 27 2V iR Ll
VB LK YR B EOEAMEETT) . 2 1 Xout+
HEZE] 3 ZOLONAAEE DT TEZ B &, A4 A v Do
P (x,t,v) AR, 3ZOLHERY bL v, 24z, N
t DBIECTH 208, Thh g GEBAREAIW) & EE
T ECTHETE, Ft,x,v) = f(t,2,v:)g(t, T,vy,vs)
EFIT L ERGET 5. MEPATERRIKEIEIICH 5 720,
TR, 2% 03ROV XIEICBIT 2501,
DSz STITH S, B ST 2BEORL
ke LTk

[ steavyte = o), (1)
BLU
/g(t,x,vy,vz)dvydvz =1, (2)
ELTEIH (I X 200 132l e L <7
5 BUTHER) . 22U p(t,z) 1375 R DEETH
5, 2tk
flt,z,v,) = /F(t, z,v)dvydv., (3)

Thsb., LRz EBD, HREGOHINIIZE ¢ /7
[ICHh 5780, WEIEIC X ZWGEAHIV NI VI B, ©



66 KB % (5 2 A BRI BNE0 Y 7V 7Y 32 V=¥ 3 v Viasov-Hall MHD 2 - FOR%

Jita e BEain g IR, y, 2 JiaE MEE S & A L
TEw, L LIBGZAENKE WEGS, o N LR
BT E DRI TREL 2 HEEN S 5.

DIF, #XCoyILR%, 228544
DY A 7 b a v AREEOMNE, 7L 7 T = v HE,
BLUOYWRBSGEZNOTBELLTEB I, A 4vDy
7V 7SR % vy BEL P v, THAZTEHILICKD,

of of _ af _
op T Vepy t (6o +uyb uzby)a% =0, (4)

Zf35. 22 e = (e ey,e:) BEUL b = (by,by,b.)
B S NGB X O, u = (ua, uy,u.) 134
X v DT

u= 1 /vF(t, x,v)dvydv., (5)
p

Thb, 7V 7 HEAC vy BEI D v, DEAZFEL T
AMEZEICRT 5 2 itk D

ouy ou

ur  Buy  19by
at oz

2145, 2 CHEEIERY b, = b, +ib, B XOEEE
WSV 7S uy = uy +iu, ZEAL ., E-OME)
B (A—2AD) BXowy 727 2 Lo e

10, |by|?
ez:—uybz—l—uzby—;%(l J2'| + pe), (7)
B&U
oby 0 1 0by
5 = aaj(ugsbL Ul + O )s 8)

Lty 2, o EUc B LT, B REA A4S
HRITHART NS WML, FE 0L 7 )
ue IR S N BB DPIR E LT ue =u—Vxb/p
CHBIEEMGL, (4) & (T) RELD, 5T

SOOI pe = pTe TH B ERETDE, VIV 7T
PRI D & 9 12T 5,
2
A 2 <% +Tep> Lo o

NS OXDEI DRI, 7T X DA E O,
FAMEROFHIGME L 2. Thsilio (JEH
) MHDBIR%E 5 2 23113195 X WHEETHD
NEOWRLTH B, F, v 7 AT 2 VDA E EE
LTWw5%0 1 ZIulE & D55 b, 13-ETH 5. DL
Lo (1), (5), (6) BLK (9) 1FEAL 7R Z ML T 2 720,
e ZHERA L T2, Kb, e BHENICI
MBS 2 2% —b2dbR 3,

2.2 FHEFE

AHiCTHIE T 3 Vlasov-Hall-MHD 2 — F R[] HE
FiFvr—rZFig 11CFEDD. T7Y 7 3IaL—
arv TNk e s N TV S kI IL, APETD
S3 A BB ZE R AL & W PE A2 U A 8 53 7% 2 e
L, 202Uk § 2% A e LT, wbw 3
splitting method %ZJJ\»% (Cheng and Knorr, 1976).
ZDOHET (9) ZRDEIICHRT S,

% = —vw% (10)
2
%:_%G%+EO§Z (11)

Z2T (10) 1& f OEZEMNORITEEEZ, (11) & %
N ORFEIE DX TH 2. Splitting method T,
9 (10) 2 At/2 21D, (1) XD ZORRTD p %
RDD, KIZZOWRRTD f & p M, (11)ICXD
[ OMPEKAERT % At 2 ITHIES ¢ 5,

S

5 [o_ o : @ﬂ 7

Q | o o 6 ij \ - e

8-< Eulerix

(7)) 2 B

< | o_ 1o,y @ A 228

> Lo p éx[ 2 Pl A 7 | 3RPICHK

S [ |

. (%—:a[ube_uJ_Jr’abL) @/———O\ B .

:DE oo o p ox § A 4‘%»‘/’77‘%;‘%
du, o, 1éb | " 22fH]

= ?:‘a— Do | BLRRY ML

= AL/2 Ar

T

Fig. 1 Vlasov-Hall-MHD simulation scheme.
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Fig. 2 Results of the thermal run. (Top) Time evolu-
tion of the density, p, basically representing the ion
acoustic waves. (Bottom) Time evolution of one of
the transverse components of the magnetic field,
by, representing propagation of Alfven waves.
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Fig. 3 Dispersion relations obtained from the thermal run
shown in Fig. 2. (Top) Dispersion relation ob-
tained for the ion acoustic waves. (Bottom) The
same for the Alfven waves. For both figures, the
simulation results are superposed with theoretical
values (solid lines).
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Fig. 4 Simulation of the decay instability. (Top) Time
evolution of by. (Middle) The same as above ex-
cept that the waves with positive k are filtered out.
(Bottom) Time evolution of p.
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Fig. 5 Evolution of (top) || and (bottom) |b, | shown in
the phase space of k and time.
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Fig. 6 The ion distribution function plotted in the phase
space of v, and x for two different times. (Top) Ini-
tial sloshing of the distribution function due to the
ion acoustic waves already exhibits steepening of
the wave front. (Bottom) The ion acoustic waves
grow to a large amplitude which trap the major-
ity of the ions, while some ions are accelerated to
nonthermal energies.
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