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Effect of flow tube geometry on the alpha particle
abundance in the slow solar wind
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Abstract: A one-dimensional ion-cyclotron-resonance driven three-fluid model for the slow solar wind
consisting of electrons, protons and alpha particles was constructed with emphasis on the effect of flow
tube parameters on the alpha particle abundance. The flow tube geometry used in the model is in general
consistent with the observational results and the calculation of the recent two-dimensional solar wind
model. Consistently with previous results, the abundance of alpha particles increases dramatically near the
sun exceeding that at the coronal base by a factor of 1~5, and then decreases rapidly to the observed
average value in the interplanetary space. The maximum value of the abundance (am. ). which is located
around 1. 5~1. 7 solar radii, mainly depends on the flow tube geometric parameters, including the cusp
point location and the maximum expansion factor near the cusp point. It is found that the closer the cusp
point to the sun or the larger the maximum expansion factor, the larger am. will be. However, these two
parameters have little impact on the alpha abundance far away from the sun. By adjusting the expansion

factor far away from the sun in a reasonable range, the authors are able to reproduce qualitatively the
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observed phenomenon that the average abundance in the slow solar wind correlates positively to the wind

speed around solar minimum.

Key words: slow solar wind; alpha particle; flow tube geometry

0 35l

alpha L5 J2 K PH XSS B 5 14 14 H 22 20 B, X
R BH R T2 i o3 55 - s 5 s A
G 00 A I k> 3 BN PUN &/ TR I = SN
P alpha RE 1 8 Ge R 5 5t 1) 0% B2
Z HOAREESE 7 5 %0 B I A8 4, i 7 AR 2 oK BH XL
H AR A FE AR - BB 228 296 0. 0
TP H 2P BT S (ICME) 25 K BH XU 21
YA, alpha #r 5 F= BE BUE KORHE 0, 5 2 W] 34
30% e A, R, alpha R A9 35 B 5 45 A 20 W
K BH XU 3 1) Sl A S 880 22—, 53 Ah L FE K PH I Bl AR
AF, MR B 3 A8 A K PR AU alpha A A9 °F- 35 3
JEEREOR o AU 3 B4 14 i 48 n . SR A N g
alpha B2 BE 090 & 2 AT — & PR, G 4o BRIS 4
R TERLG B bR I R i (0 Bt b T ARG
X alpha =B B 4 TN R,

T, K BH AN H BROUL I & 45 40 H & AY
(UVCS/SOHO) 1E & it 5 1 38 A BH DK 3500 45 )
OV A EAE 73 Ar 22 B, 76 R K FH XU Pt ] g
FELEZSARLT B2 1) e 8 A o DR P % 0 85 - A AL A i
LRSI S IR S 45 5, Chen and Lit' i
T TEEEF TS OF BRI BH XS A,
it B B AR AL i BROK BH XS 5, AR 8 1
[F] 5 9% e E ARG A ] 7% SC 3 33 Kolmogorv i it
LAT BN Y. AT A BAE R PR AR R O
BT S A B B AR R i s
ENERES S=P S NS E SIS URIIE '€/ 10 Ty g
2 IR BH XSS Y0157 g B 295 RORH A ) A1 3 O
REMTE 2, ARl AR i+ 350 A R P XU A T
B GRAT WG I A O TR R BH XU T ) A [] 3L
FIEZRSCER17,18 ). TEREAAR S5 1Y S A= s
T DX I, 3 3 A R S RS K o AN 2 ik PR - o 7 22 0
I 5 B AT B R AE, X — PRI 45 5 Wang and
Sheeley-"" % WL I 43 #7 J& — B ). Wang and
Sheeley"" 38 2 Y3k g 17 1) 34547 U5 T AME 7 125 A5
TE 2.5 ROABWAEMEKE 75 1 AU &b KB XY
R RE SORA G RIVAER 38 SR BH XU I T K PH B 3 B8 K 1
B R, 2455 SCRR 2% 8 alpha 71 A B #E Y

il

AR 22 SR o g A B XU A E-20 i 5 A1 A o XL
(AR TR A, AR A N R 1% 22 1 e 48 B0 4 bR
Hls2l St BB % 8 UVCS/SOHO ZEK 3 K
DK I ) Fsc e L &5 L. s o, A 3 BT L i
WA AR 5 | b A 300 8 ) R R B 3 . A
SCHY 32 H At SR A A I K BH XU A8 LT
M, EE ST B [l e T AR AL 9K 8 i = Jo iR s
R BH RS AR, 5 3 S 805 alpha ki 7
FRE R,

1 pIBiEs

K PR XU 8 B AU 1 45 5 IR I 37 O 1) iz
oy, 38 o F SR E 1Y G A R K R 45 S W 0
RS T AR Ak, X TR 3, T B I =X
TR
- 1 +U)e [(r r‘L)/’rz—\Z
fg"ﬂ1+w€mwww“ 1

f _elr)/s +1— (f — DR [ @y
fir="1= L :
1+e(l r)/o

Kb, r HHOIEE, DOKHEEAR R, WAL AT LA
X IR S 45 3], 8 — 00 £ J2 Kopp &
Holzer " 45 th B3 48 I K XL+ . © FE K B XSS A
ARBNARH T2 A 10 H 5 5 200 D0 4 AR A1 ok 9 0 48 7
RN (i I EUN NN S N E BN S 2 Gk )
TR H O 5 L o FRAE T IR B 20 5 s ARG
VLR BYEIT , o 205 HH 2R R BT 3 2 ik PR R A8 Ak 1Y
235 [H) PRl 2 B O U 45 A A R R K T f e ~
[ tw) o £ FIRIe A K R 5. FEA S
AL BT EERE S5 =131 R, n=0.6
R..0=0.51 R TWRREEE v RS K
BEMK R F f e B AL 0 B B K1 .. X alpha A+
FRrErgsem. /1Rt =2 i RSB E - 5 o
AR AR R f B H O BB AR 1R, B 1 () P w=
LS XTI fome =4. 7, r. WEEZ 4535 HUR (2. 2,
2.4,2.6,2.8,3.0 R;E1(b)H r.=2.6R,, w H
R A HECA (0.5, 1.0, 1.5, 2.0, 2.5, 3.0),
SFREFE o H (2. 8453, 854, 7,5.7,6.6).

WRTHTA ,, M5 UVCS/SOHO 5811y OVI %
LEAE TR AEAR R T T REAEAE R T R




854 FEAFHERXFZFIR % 37 A
10 T T 10 —
@ | ®) e )
r§=2 6 TN E——) = )
N rcf% 8 LT —emmm aF%(S)
TR T "= Ny e
VALY 1/ 72 > \v
] B AR % X
& -"/, //-'/ .1\\ \.\- //'///‘- . \¥
.‘.'// /,{'./ '.}.‘\" \ l// N
LSyt VA
1 I 1 1 I L 1 L 1 I L
1 10 1 10
r/Rg r/Rg
1 AAREBE r.(5FRE ob) TR IKEF ik

Fig. 1 Radial profiles of the flow tube expansion factors with (a) different cusp point locations (r.) ,

and (b) different maximal expansion factors ( fi.y
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Fig. 2 The typical slow solar wind solution
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Fig. 3 Force balance analyses for alpha particles

JEA AR 7 A AR T DL 220w, BRI AR =2 i
PEREE J). X W T2 [P A alpha K21
PN AE alpha KL F7E 1. 6 R, ZJ5 B s i (]
2(c)) W T IR AR BE ). IS, EEARZ )
HIPE R o alpha K1 4545 B0, I 5 288 o
¥ AR alpha KL~ 1Y = B 50 I 78 B A R M s
HGET R 2(h).

3 REILASEIT alpha R FFEER
21

XA RATE R E £ TR A B E N AR
PR r (2.2 ROZBME 3.0 RO SHKIEK
HF froax (F 2.8 R, ZELZE 6.6 R, T35 240K
FHXUAR . X B 5 37 B alpha KL 7 42 B o FOAR 1) 725
LA 4 2 B — B B ARRE R AN
w B HHERIZE 1.5 R, & 1.7 R, Z A/ BEIH K
1H Catma ). AN EIS BT R Y e FEFZ 1 HR I HEL
B4 KeZ2 1 m 50, RA Y r BN o X i BUE
AB BRI L BEE . B30T 9855, B4,
re=3.0 Ry B, qmu JUFANBE F o 28 AR THT 22 5 H 2
ro=2.2 R B, fro 76 58 2 A [R] 14385 Bl 0L 3 e
M % A B ARk, B 12 %038 N2 30%. AN, BT -,
TN s @ R, EIR 0 Bl 7 5 f i IS A B
S UM AL B IR Y. F & 1 AT, 2R 0
AR ElMR R P PR R, ) 37 4 T Rk 2 P ) 467
BRI R PH. TS 16 2R A5 2 10 PR B2 ik £t 1% Ak
T CF S T B R [, AH R alpha
L5 18] 04 P Rl 4 ) AR PR 55 . I e 4 5 3K
AL alpha B REROIN. EAFEREAY R X T AT g
PXSERF ) 7 F f e s 1 AUAL alpha K11 3 B 3k
AR AARHREANAS L R P RGH A AR /INE T PN (330~

(©
10 E r=3.0 i
3
1
1 10 100
r/Rs
E 4 alpha M FFEEHRENREASE B 5SHEW

WMAREKEF(H o RE)BZL
Fig. 4 Dependence of the alpha particle abundance on the
height of the cusp point r. and the maximal

expansion factor (determined by w)

x1 AEARXEASE r. RRKEHKEF
S (62) FF BZHT @t (%0)
Tab. 1 ¢t (%) as function of the heliocentric
distance of the streamer cusp point r. and the

maximum expansion factor f .

Foax(@)  2.8(0.5) 3.8(1.0) 4.7(1.5) 5.7(2.0) 6.6(2.5)
2.2 1.7 16. 2 21 25.9 30. 4
2.4 9.7 12 14.8 18 21. 2
a6 8.5 9.2 10. 3 11.8 13.5
/Rs
2.8 8.0 8.0 8.3 8.6 9.1
3.0 7.8 7.7 7.6 7.7 7.7

370 km « s 1) A%k,

IIERATEE v 5 f o F S 7 8 0 0 AR 0L EL
B A8 £ AR B AE 1 AU &b Y K BH XS
FIHFE LK alpha Ki FHIFERE o 513K 2. 3 2 i85,
BT Aecllig 45319 1996 4F 8 H alpha ki FF &
S XEPEIE 55 AH I B4 R BH XUGH 2 S BBl (PR 2). ] D, A
RUSRAGY o SRR EEYBES £ A3 i



% 8

A TUAT AR K MR alpha 425 3 Z 65 %R 857

SIS E N ERYE B TR E L K
AR S B WA E By =1.6 f. G, flisK
309 1 AU AL RES R Z R 3.5 nT, 5 W{E —
BT RL G £ AR 25T R 5 O R R A 1 37 i
JEE  AH L G0 TS 70 ) o] 2% S A I L 8 L 451 1 i
(S ILICHRE31 D) ek 2 g R 5 3. 75,
TE ARG LA B4 B 5 R OCER[16]
AT 6 (b)) o A 5 B 78 O BH XL P ARR S 37 1) ey 3 7 F
TP DI, e Ak B RZ K A AT N R A Xl S AR
SO RS R R — B0,
&2 HEETEMRN S HEEE alpha FESHEE
Tab. 2 The alpha particle abundance and the proton speed

obtained by numerical calculations and observations'”

1o 2.0 2.5 3.5 4.5 5.5
#E OB
pidl] 340 372 429 478 522
W J(kmes 1)
i
3% EE/% 21 2.5 2.9 3.2 3.5
Rk
F <350 350~400 400~450 450~500 500~550
¥ /(kme s
WL
pUL| a/% 1.4 2.2 2.9 3.4 4.2
i

A

A
4 ZEig

RBARUHY alpha K7~ B2 B 0T 58 X0 T 2 A K PR
DU iR ik A A R . AN SCR B - [ g
FEYRHLHI SR S 1) = 70 K FH AL, 45 31 1 5 3045 00
R840 — 350 A AR O O B KU S, B 20 AT T S
alpha 7= BE A9 a0 8 LT PR 2R 5 DATE R P U
RUGHR S IR A — B, 78 K FHB T alpha k7509 3=
JE I NN, R F5 G A 2 AT R B s (8] rhouli 2 (41
PPRUE. R E S B0 B R r DA R
KIEZHK K5 f e 52252 W0 58 38 22 A5 BRF 3T DX 3 Y
alpha B 723 - 4 s AR I K PH AR ORI ik 1A - e
R U 2 BEDRAE e 8, T XS T AT 22 B 25 [R] 1 11
alpha i FHFFAESZ IR AN K, oAk, A FH M AR 348 7E
TE Ak () g M R, AT e A R AR AT I K BH XL
alpha $~ 1Y~ 387 3 B 55 K FH UG J32 T AH G A8 W8 I
L.

22 X Hf (References)

[ 1] Burgi A. Proton and alpha particle fluxes in the solar
wind-Results of a three-fluid model [J]. ] Geophys
Res, 1992, 97.3 137-3 150.

[ 2] Leer E, Holzer T E, Shoub E C. Solar wind from a
corona with a large helium abundance[ J]. ] Geophys
Res, 1992, 97:8 183-8 201.

[ 3] Hansteen V H, Leer E, Holzer T E. The role of
helium in the outer solar atmosphere[ J]. Astrophys J,
1997, 482.498-509.

[ 4] LiX, Esser R, Habbal S R, et al. Influence of heavy
ions on the high-speed solar wind[ J]]. J Geophys Res,
1997, 102(A8): 17 419-17 432.

[5]Bame S J, Asbridge ] R, Feldman W C, et al
Evidence for a structure-free state at high solar wind
speeds[ J]. J Geophys Res, 1977, 821 487-1 492.

[ 6 ] Neugebauer M. Observations of solar-wind helium[ ] ].
Fundamentals of Cosmic Physics, 1981,7:131-199.

[ 77 Aellig M R, Lazarus A J, Steinberg J T. The solar
wind helium abundance: Variation with wind speed and
the solar cycle[ J]. Geophys Res, 2001, Letters, 28
(14> 2 767-2 770.

[ 8 ] Raymond J C, Kohl J L, Noci G, et al. Composition of

SOHO
coronagraph spectrometer] J|. Solar Phys, 1997, 175;
645-665.

[ 9] Strachan L, Suleiman R, Panasyuk A V, et al

Empirical densities, kinetic temperatures, and outflow

coronal streamers from the ultraviolet

velocities in the equatorial streamer belt at solar
minimum[ ] ]. Astrophys J, 2002, 571;: 1 008-1 014.

[10] Frazin R A, Cranmer S R, Kohl J L. Empirically
determined anisotropic velocity distributions and
outflows of O°" ions in a coronal streamer at solar
minimum[ ] ]. Astrophys J, 2003, 597.1 145-1 157.

[11] Chen Y, Li X. An ion-cyclotron resonance-driven
three-fluid model of the slow wind near the Sun[]].
Astrophys J. 2004, 609 L41-L44.

[12] Chen Y, Esser R, Strachan L. et al. Stagnated
outflow of O™ ions in the source region of the slow
solar wind at solar minimum[ ] ]. Astrophys J, 2004,
602: 415-421.

[13] Chen Y. Reproducing the UVCS/SOHO measurements
in the slow wind source region at solar minimum[ ] ].
Advances in Space Research, 2005, 36 1 461-1 467.

[14] Wang Y M, Sheeley N R Jr. Solar wind speed and
coronal flux-tube expansion[]J]. Astrophys J, 1990,
355 726-732.

[15] Chen Y, Hu Y Q A two-dimensional Alfv n-wave-
driven solar wind model[ J]. Solar Physics, 2001, 199
371-384.

[16] Hu Y Q, Habbal S R, Chen Y. et al. Are coronal
holes the only source of fast solar wind at solar
minimum? [J]. J Geophys Res, 2003, 108. SSH 8-1,
doi 10. 1029/2002J A009776.



858 FEAFHARFFIR

% 37 &

[17] Fisk L A, Schwadron N A, Zurbuchen T H. On the
slow solar wind[J]. Space Sci Rev, 1998, 86: 51-60.

[18] Noci G, Kohl J L, Antonucci E, et al. The quiescent
corona and slow solar wind [ C ]//Fifth SOHO
Workshop: The Corona and Solar Wind Near Minimum
Activity., ESA, 1997, SP-404.75-84.

[19] Hu Y Q, Habbal S R. Resonant acceleration and
heating of solar wind ions by dispersive ion cyclotron
waves| ] |. J Geophys Res, 1999, 104: 17 045-17 056.

[20] Hu Y Q, Esser R, Habbal R S. A fourfluid
turbulence-driven solar wind model for preferential
acceleration and heating of heavy ions[J]. ] Geophys
Res, 2000, 105: 5 093-5 111.

[21] Lie-Svendsen, Hansteen V H, Leer E. Helium
abundance in the corona and solar wind: gyrotropic
modeling from the chromosphere to 1 AU [ ] ].
Astrophys J, 2003, 596: 621-645.

[22] Kopp R A, Holzer T E. Dynamics of coronal hole
regions. I - Steady polytropic flows with multiple
critical points[J]. Sol Phys,1976, 49 43-56.

[23] Hollweg J V, Isenberg P A. Generation of the fast
solar wind: A review with emphasis on the resonant
cyclotron interaction[ J ]. ] Geophys Res, 2002, 107
(A7). doi 10.1029/2001JA000270.

[24] Hollweg J V. Transition region, corona, and solar

wind in coronal holes[ J]. J Geophys Res, 1986, 91:
4 111-4 125.

[25] Grevesse N. Accurate atomic data and solar
photospheric spectroscopy[ J]. Phys Scr, 1984, TS
49-58.

[26] Anders E, Ebihara M. Solar-system abundances of the
elements: Geochimica et Cosmochimica Acta, 1982,
46, 2 363-2 380.

[27] Cranmer S R. Why is the fast solar wind fast and the
slow solar wind slow?: A survey of geometrical models
[C]//Proc. Solar Wind 11-SOHO 16; Connecting Sun
and Heliosphere. 2003:159.

[28] Leamon R J, Smith C W, Ness N F, et al
Observational constraints on the dynamics of the
interplanetary magnetic field dissipation range[J]. J
Geophys Res, 1998, 103. 4 775-4 787.

[29] Gibson S E, Biesecker D, Guhathakurta M, et al. The
three-dimensional coronal magnetic field during whole
Sun month[J]. Astrophys J, 1999, 520; 871-879.

[30] Gomberoff L, Gratton F T, Gravi G. Acceleration and
heating of heavy ions by circularly polarized Alfv n
waves[J]. ] Geophys Res, 1996, 101:15 661-15 666.

[31] Hu Y Q, Esser R, Habbal S R. A fast solar wind
model with anisotropic proton temperature [ J]. J
Geophys Res, 1997, 101. 14 661-14 676.



