H34H B4 rx X g E Vol. 34, No. 4
2016 # 11 H PROGRESS IN ASTRONOMY Nov., 2016

doi: 10.3969/j.issn.1000-8349.2016.04.06

ShEREAMR “HRE— BT
BIEA RGN BEE R

IS I S

(1. HEBER BRERRER L SRR EERE SR E SIGMA 84, Jba 1001905 2. FEF
FRERYE, b 100049; 3. AR FMEEHAR WARECER S HM MRS E N =, i
264209)

FHE: HBRZRHE DUE & AR 7 S0 AT 1 K BH REE J& FELR BRA 5 BT B 10 2 (Y . A AE KRR
WUFIE BRAY BRAAR AR TR B 1R HESIX. HERETL ESMHERE, KPR AEE T2
REFORL T4 8 R DL SR TEAT R br i AT B RZFHERR S 4. RBH B T 5 B bR o v AU
Tl I A A 4 AR OK PH UG S (pickup) & T AIREE 4R T (Energetic Neutral Atom, ENA),
FHAM AR KB R I AN GEOE. A F 3R KB R CE 3 71 % 5 ENA SR )2 5m 51U
&1, ENA #57 HF BB FH My Kt EE B HAHKZE N HLIZE). ENA EHHEEN
ZHBRZ MR RE:, 1240 N E 2 R IRV N I R e 2 4 0 BR TR T 2 BB I 2 5t 1R
O IR AR B A R TR H BRZ R RS 71 2 AR skl T I R A8 2 REERR G . IAIESh
H 3R 2 R BH A3 1) B KR 2 o 8, R 27 A 27 ) B0l e R 0t A 9 A 38 A S L BB SR 7 Y
BLF R, 3BT AN I BR S WER ABE AR AE [ A A R SR Ik & A A BT R, 2 s SR 7E 4 H 2R
J2 AR AR S 1 3 AR B R ADM ) R P L

X I mHTRORAY seET R T SFHERE: KEHR

FESERST: P353.8 SCHRAR IR A

1 5

ol

1.1 KPAXFIBERE RIS

IR BH A H H B8 T 28 h) 47 B2 s 2 () HH PR 8 A% ) s ORE 3, T2 K BH XUZE JoT T A B
/Bt (Local Inter-Stellar Medium, LISM) Htffr 54 B 75 [8] 58 Bl B € SO HERE. HIERE
R 1 Dessler #2HH0™, HANEWIE Davis 554 6 AP RE5 51 2 SR e JL AR

fsHHE: 2016-09-09 ;  fEEIHHA: 2016-10-13
FEITE: EXARREIS (41374175, 41531073, 41174154, 41274176, 41474149)

BIEE: W, mxiong@spaceweather.ac.cn



426 KX 2B 34 %

HERJZE N AN FE K BH R AT B AP A AT B bR 23 (8] LA S 20T B2 B H]. 1958 4F, ST 43R
MK FARBIAL, Parker $2H H % SR I T BOKPH R 38 T MEGR 25 508, 2 H R BH XU He 2,
FI B FF I 1 28T BB Ve (04T B Rl . Parker (1958) 3 H 8 75 A BH XU B T3 5
¥ Explorer 10 (1961) &% 4% 42 ) Mariner 2 T & (1962) 5 (in-situ) WA EEIESL" .
Ulysses PARIZAT TR, BBORPHRALPINIX 77, Bk SEIs Bk e 1 1 LLAM 260K
B XK g A7 B S ™ R P RS B TR B i TR TR, s BE
K el " AT EBRIORBIRGEE. REIAUREE. B U S S K PR
AR, (A .

WE W, HERE SR 32 22 i R BH XA A B2 B R B A FH B 3l 3 R 77 14 1) 45
5T KRB AL 25 km - s~ BAHGSE R EGE L4 (281°, 5°) HIJT FITEE B R ig 3.
MR IR FE RS B bR A& A BARH, A SER IR ARIA RN AFH, ML
—MERERAKRIIER, BEPHBERZET. KIS B BR A T3 B8R 10 % 3 TR G X .
KR G2 X Ry H A, HN SRR 9 2 0m i ORXPH IR i 25 o Pt T s 1X AR T 1)
IR BH RS At SR B R BH B0 85 - B AN B i B2 B 45 2 1R DL B34 HERIZ O 7. FERFH RN
i, OKBHRE RS H OB R r B RIMBE r—2 TR, 42085 S5 K 0 KBRS 2 R
JE B ST FEIRAS . fERBH RSN, KBHEER R sz, S7ERPR2S 5 =4 —4
2% HER 2 BRI 0 R R K HERZ R IX ™ &bt Tah A a8 b, HoA% 1) R 25
B T KPS Zh 3555, H AT Voyager 1 Al 2 LR B4 265 17E 94 AU F1 84 AU HIPE B8 55t &
152772/

"D

Solar Wind §treatlines

Interplanetary Magnetic
Field Lines

Interstellar Magnetic
Field Lines
—_—

Interstellar
Neutrall
Atoms

Heliotail ——*

nterstellor Tome - INNER HELIOSHEATH

—_———

OUTER HELIOSHEATH

VE: DU AR ) ANAT R S BH XIS 40 HaL B8 B2 B A R AR B0 7 25 R 2440 B G A e 4 P 1 4544
H1 BREMEERREan=grEE"



4 3 REH, 5. SMHERBERFER “HiiA—feER T BAE RENSERI 427

1.2 SREIJNAIKERN TR, SEFIRUEL RFiEs

Kot HERENFE & ki1 A i i . i shaiom g ok B
A F R 2 BRL- 58 5 e D0 H 3R KR S5 R A A i B S - B T2 Szt i L e
FE 2 HEREIE T BSOS, 245Nk, B EOE T KRB TR Ulysses ™, il H
BR R 2 1 B0 10 B BRIk AT TR AU Voyager 1 A1 2™ ™0 28 R 4GB S 00 5 1y B2 ML M) it
[F I 25 H H 3R Z B R R B AR 25 M MBSO AR 4l 5. AEAN HBR)Z, R BRrh P i ik £t
W TR e A R DR R S D1 1 I HL LR B R BA LS O, A B P SR 5 R BH X — i IE
F 22 (8] ) HE g A2 # 7 A BE R R B - (Energetic Neutral Atom, ENA) #84f. ENA &85 #47
HF s & TR R KR 25 BOF HAE HBRE N EZizsh. ENA 4 REN) % HERZ fiE
FEREL, AR SR 4 RIS A ) R e i 2 A H BRZAERL 1 2 R B 42 5% AR

Galactic Cosmic Rays

Local Interstellar
Medium

’ Magnetized ~
X Solar Wind_ ~~

/\
/N
Electromagnetic™
Radiation ~

A

/

= Galactic Cosmic Rays

// Galactic Cosmic Rays 2 Heliosphere

A

VE: SKH http://www.daviddarling.info/encyclopedia/H/heliosphere.html.

E 2 HIZEAFELZ. HHRT. BiESHNREAREREE

K 1 REE AR T Lyo G IEWRIZR 7T B T2 7 D ERE R R BEGE 4. | T KB R
FURBRA BRI AR, Bk SR T/ HERE TG R UR R 5 A8 2m™ . %
“ERET G EVR I R RS Lya . DU, W BT B 1E R Ly iR
YA ™ ™ Sy BRI A BR G R B T SRR 2y ok

JHE T4 B2 b S A B G 7E 5 5 0 P 8 S 1 A0S 28 T 4 b A 2 1 o
AT B B2 1 3 B oA ™. £E 121.6 nm(EJR T Lya #2%) A1 58.4 nm(ZUR Fil4k) %
B, OKPH ST R R R a2k, A7 BRI R B e R . 7R bR MR R T
RBRZRIA], R A R R b S5 T B A5 BHSE B0 T A I T R T3 3 B 2R N A Bk 2
AT KPR B T 2 B B Tk i P ARG M R E B E T2 46, AR ZE S



428 KX 2B 34 %

SV, RPRETENR IS ZRRBE S MR 5] K FE e R R, DLk AT &g
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H, ENA ZRSH#iie i FEN HEZT, 1995 &5 1 SOHO A AA FKBRN ENA
TIRE AL 8% HSTOF. FH9 H Al He figJ5i T DU A% 9 8 T #0{X CELIAS/STOF ™, 2008
TERSTE I ENA 5410 HEN TR “BPrid FH4RE " (Interstellar Boundary Explorer,
IBEX)™ ™,

2 HMHERJEFR S RERUAAR B B R )

2.1 SNARBRPARGEEMmMS®

P TS FE B R b P B i PR B RA S (pickup) 33K, 41 FBRJE A BH RS H O RE 1
2 i R R 8 PRI R, S B VE U 7 R R I BRE T, BN R, TSl i
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SR PR AT 4o 5 A BE RV - FLAE, LA R SR Ay ] 7 325 0 S 3 ()35 2 R - 0 i 1
POBHHEE. BT A SR XUSR F AT, BRIk, B RS B 4 1 VB 1
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B, ReRIRKL IS I ECEEE, TE)TVZ R T2 R IR H A B T A ] 7
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3.2 ZMS “RIE—KTF” WBENKARNBEHERARE: YIEHFEMBERR

124 N1k, ENA S RXANHERZ 1955 BT AT R X RRAR e —F Rpid. 1EIRK
BT TR I ) B B2 I 1R) A2 A3 A 3 (A1 AR A RUORE, - G kb T B LT 3 St 00 £ 2 1) S
BRAE. AhHERERBE XA ) ENA R SR E A 52 1 A0 M 7 0 f s A8 3 R BH KU
ENA KRR 5T HERZ N BE & 2 7 APk SR 7 i) =4 4 2R Af,  FOrT Il E g AR 0 JE 2 B
EMAMAMAL. 3T ENA AR, R A P 7 i s A2 #8042 RE B A 3 B iz
froEAR . Bk, XTHBRZE ENA S5 HE, W & ZRE RN TR N M 2 7 MHD 2 8%
A I E I AP

IR BH H S B8 5 AN RE BB T X A HBR R B R S5 H A8l 7y 2 R A B 35 il KR
KA e BT BAET. RES T, ERT. ENEINEX, KHRE T
IR, FESN HBRIZ, 8 KB RRLZ B AN A Ah HERJZ B XU EE EE AR 1) Al
FARR AL RS L, NIRRT B 7 B R 2K X B 2% 1R e,
R BH R SR o, FEPRAF R E I X TR XL R B A B & 1 3h 2 ad 1, 44
AT R A AR R B T A IS R B AR, (B U A A B R T Sz R R T
N E SR B R IOTOE. . RS S,

A HERZ T MHD % il J5 FE 206 20 LA IUE 350k AR B 7 M BE R & 7 52T, Sk H
BR 2 1K PH X A i 548 85 7 3h B2 (kinetic) # I B % VK R, IBEX T2 FHRI M &
HE L8 S8 DRV BN i P A FH XU A8 1 AR RS 2 10 A XU 2 8 P 7 2 B A Ut
oA BB AR R N B, (EELAEST HBRE I RETE AR AT AR AR A (1) ERERRH KR
PR B LB R/, K XIRAER R T2 01 —Hr SRk, oA s e i A e B 4
FERIY BN = 4L [0 28 AV 205 (2) MR R ipe, KB XURE & T2 SR #y, g
R AESRIARAL; (3) ML & bR, KRR S 7 B8 X 0 im i /e R A2k
IGd, FREMEF SR AL, A1 H BRI AR BH RHR RS 25 5 RN 5 3 B XS 15 54 R B 220 7
T T BURBH XU Z M, AR AT lf 938 552 Fi e 93 0 e vk R 1 A S 1 -
RN PR, Ah H BRI R BH X P B R 250K F 22 20 0 i ik ORBHRIR AR B8 1. BE KL
T OKBHREE B TRIR) IR R)Z) 1 Eas S, 00 H MHD B R R . )&, fEE
PRIHEAT E P EL R

dp
p%—&—pvVv+(’y—1)Ve+(VXB)><B=Qm ) (5)
o (1 B? Lo, 1 _
i (o rer )40 (o tre)or LBx@xB| -0 . ©
0B
W—Vx(va)zO , (7)
V-B=0 . (8)

BARNGE e =ankp T/ (y—1) =P/ (y—1), P2t NKBHREER T 7RI #5710
BRIE S B, o = 2 XN T BT AR TR R S T, o > 2 0N TR TR T 2R
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RIAREI TR . I Qe Quon Qe RAETIEE MR T IIBI /1M G0 X T2 SRS & 0
WYEIRLRR, ARG AR AL S R R R i

FEHERIZ TR AL, Ak ST 1T 24 B R 2 2 T S5 7 A0 1 1 R A2 4 A
ZAJR T I B BT A H BRI R S AR RS, SR T 7 4EA A (v, 0, t) HIBDEE
FIERE R AT R AL fr AR

0 F
ﬁ + vy - VfH + (m : vv) fH = - (Vph + Vimpact)fH(rvavt) -
H

ot
fu Z /|UH_Ui|Jex fi(r, v, t)dv; +
i =Dp, pui
> fi(r,vH,t)/|vaIvH|ame(r,v’;I,t)dvf{.(9)
i =Dp, pui

Horb fo(r,vp, t) A foui(r, vpui, t) 50 5902 K BH KA 5T 1 AR RS T 1 A BOM 73 A R g6
Vpuin vn AR KPHREEAA T 7 f 1. PSR FREE: o, 2EE AR TIRHE
A HARMET, vpn AEEBUB R, my ZREETHE, vimpace & B TREE AR, F RR1EH
TREN m WA T 1SN, AN REE A5 IS s . TR (9) A R IR 7S
AR TR PRI R AR T R R SRR T A eI B EE e A A
HIES T

A @)—8) Fras, MHD J7 PR A i RS & BURAR A«

Q, = mpnu (Vph + Vimpact) ) ng = /fH(’UH) dvg ) (10)
Qm = /mp (Vph + Vimpact) V1 fu(vn) dog +
[ ot 0atvnn) (v = o) falow) 3T Ailw)dvade (1)
Qe = 1 (Vph Eph — Vimpact Bion) + o
% /mp (Voh + Vimpact) Vi fu(ve) dvg +
s / M Vet O (0t) (0 — 02) fa(ow) S fi(w)dondo . (12)
i=p,pui

Hh, ver = |og — o] RIEFMB T Z AR ZSRE, Epy & PR ERE 4.8 eV, B, 52
SRT R B A 13.6 eV T mITART H MR T p BATCHI SR LT AL, R0 R
ESETTRE s (BORE G B T IRTOUL 20 A bR AR i 2l B AT e B~ 1E T R

7 FEL B B 7 SR PR 14 A i A e ) 230 B e A B 2 T N R 2R R AL 5
FEARR TR, W AR TR A TR LT A eR L f AR (R AL, AR
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SRR IE R B R
of 9 of

- = V-kJ_-Vf—(v,ub—l—sz)-Vf—i-a—uD +

N uu%
(L—p®v  p(l—p?) o of
{ — 3 (V- Vi —8Bb: Vo) | 0
1_ 2
{ 2“ (V-sz—bb:VVSW)+/~L2beVsz}Pgi ; (13)

oo, p B ARRE, b REET AR D, ARBAT EAL Ly = (b-
VInB)~' WHHBAEREE, bRIEEW T AR R, v BRI, Vi, KM
(TR EE. %7 FR N TR R [ ST, R, BRI s S RO R B, AR
BT 7E S R I 2% 2 1l B ISR B A . BB AL 4R 7 R AE AR | Fokker-Plank
Ji#2, i Fokker-Planck 77 FE7E 0% b 4sth TRENLINSY 772, BT BEALI S J7 FE 7 )2
FI T sRAR S B i 7 AR B R 5 R T A 2 R A o TR LIS ) 19 0 Bk T35 %, S
BRI R T 10 SO A

IBEX TR M F TR HARE: RIF 4 RER ENA SR, 3875 A RS B BR AR (6 4 BRA
AR AR Q8K BTG . M HBERBUE A AZ M A, TBEX TE3EUCH ENA S5 5 525
HER#. kA5 HERZ ENA f65H0 40525 BN B G o6 TR B 1. S8 11k
FUd. HBRETEEE. ENA K@ 8 R R AR R 7 A A4, eI 2R 1) 4911 15
HLEFE—S, BHIL, B AT 2 Ay TR —RIT” #E4A0 R PE X RMHD o s,
AR AT R B TR VR SR T S 45, AT i B ELEE IBEX T2 B0
ENA 4t Bifg KIE. Pogorelov 2 N ™ ™ #1 Borovikov 2 N\ 3 FRETAR R A PRS0 2 0%
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Y, AAYE, FFHWASAN T EEESIEAR; ANEEET ENA 2GRV ER
Aih, K m g ENA B L& MR (1) N2k KHRE M, 18



4 3 REH, 5. SMHERBERFER “HiiA—feER T BAE RENSERI 439
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B, 0 B BREHEKE L, R AR IR N & m E . AN H BRES T 3 %2 SOHO A Z [7]
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S P A 2 B A R R T = 4 4 B MIEID AR, Sk SR [ 75 Bl 4 2 ENA 4R 51000
RS A, 52 I8 B S 00 ) B B E X 55 B - 4 AT O FR AN T S RURS G 45 4, YR N 0T % i
ITRBREME T WRUE B TR, SRR, SESHH 2 M H3h 7258 A

7 FRETESNHERE K FH R RMHD 48 40 0 A R SR

73 R R AR, KB R R S R AR A HERJR (9 D6 R AT AR H ERZ
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Numerical Simulation of Strong Coupling between
Magneto-fluid and Energetic Particles in the Outer
Heliosphere

XIONG Ming!?, LI Bo?

(1. SIGMA Weather Group, State Key Laboratory of Space Weather, National Space Science Center,
Chinese Academy of Sciences, Beijing 100190, China; 2. University of Chinese Academy of Sciences,
Beiging 100049, China; 3. Shandong Provincial Key Laboratory of Optical Astronomy and Solar-Terrestrial
Environment, Institute of Space Sciences, Shandong University, Weihai 264209, China)

Abstract: The heliosphere refers to a vast volume of the supersonic solar wind outflow
confined by its surrounding interstellar medium. The interaction between the magnetized
solar wind and interstellar medium results in the multi-layered structures of termination shock,
heliosheath, and heliopause. In the outer heliosphere, the solar wind has some quasi-static
structures such as cosmic ray radiation, spiral interplanetary magnetic field, and planetary
magnetosphere. Via a charge-exchange mechanism, Some solar wind ions and interstellar
neutral atoms are converted into energetic neutral atoms (ENAs) and pickup ions respectively.
A trapping of the pickup ions results in a continuous heating and decelerating of the solar wind
in the outer heliosphere. The strong coupling between ENA radiation and magnetized fluid

exists in the outer heliosphere. The ENA becomes a sample of its originating plasma in mass
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and energy, thus acting as a probe for diagnosing the parent plasma in the remote heliosphere.
An ENA mapping of the whole sky map in multiple energy channels give a panorama view of
the heliosphere. The radiation-magnetohydrodynamic (RMHD) theory is generally used to
mathematically describe the multi-scale coupling between the macroscopic dynamics of the
outer heliosphere and the kinetic acceleration/transportation of energetic particles. In this
paper, we identify the key scientific questions of the solar wind physics in the outer heliosphere,
formulate the constituent RMHD physics models and numerical solutions, analyze the past
and present international statuses of numerical RMHD simulation, and propose the viable

suggestions to develop numerical RMHD models of the outer heliosphere in China.

Key words: radiation MHD; energetic neutral particle; outer heliosphere; solar wind
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