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RESUMEN

El propdsito de este trabajo es estudiar la dinamica de las particulas de polvo (granos) que se encuentran cerca de la co
solar partiendo de un modelo tridimensional que describe la ecuacion de movimiento de las particulas tomando en cuenta
fuerzas gravitacional y de Lorentz. Las soluciones del modelo tridimensional proporcionan las superficies de reflexi@n dentro c
las cuales los granos pueden quedar confinados.

Cuando sélo hay movimiento en un plano, las soluciones tridimensionales son reducidas a soluciones bidimensionales.

En particular, se estudia la dinamica de los granos cerca de la corona para dos minimos solares consecutivos (i.e. ante
después del maximo solar) incluyendo en la ecuacion de movimiento la fuerza de presién de radiacion.

Las soluciones bidimensionales proporcionan las regiones de confinamiento del polvo alrededor del Sol, asi como aquell
regiones en donde el polvo escapa de la heliosfera.

La magnitud tanto de las regiones de confinamiento como de las zonas de escape depende en gran medida del tamafio d
granos, de la relacién carga/masa y de la radiacion solar.

PALABRAS CLAVE: regiones de confinamiento, superficie de reflexién, relacion carga/masa, granos de polvo.

ABSTRACT

A three dimensional (3D) model describes the equation of motion for dust particles taking into account the gravitational an
Lorentz forces. Solutions of the model give the reflection surfaces where grains can be confined.

In particular, the dynamics of dust grains near the corona is studied when solar activity is between two consecutive minim
(i.e. before and after a maximum), including the radiation pressure into the equation of motion. 2D solutions yield theeoonfine
regions for dust close to the Sun, and for regions where grains can escape from the heliosphere. The size of confinement :
escape regions depends basically on grain size, charge/mass ratio and radiation pressure.

KEY WORDS: confinement regions, reflection surface, charge/mass ratio, dust grains.

INTRODUCTION We will take into account solar radiation pressure tc
solve the equation of motion in 2D for fine charged dust in
The dynamics of dust particles in planetary magneto- jected into the heliosphere. The solutions yield the confine
spheres has been studied in the last forty years. Stérmerment regions of the dust, and of particles injected into th
(1957) used two integrals of the equation of motion of rela- heliosphere at 10 solar radii.
tivistic charged particles injected into the terrestrial magneto-
sphere to characterize their orbits. These integrals were gen- THE MODEL
eralized by Artem’ev (1969) to include the effects of gravi-
tational force and Mendis and Axford (1974) included the The solar magnetic field is approximated by a dipole
co-rotational electric field in the gravitoelectrodynamic whose axis is parallel or anti-parallel to the spin axis of th
motion of charged dust in planetary magnetospheres. Sun for two consecutive minima (Mendis and Axford, 1974
Artem’ev 1979, Horanyi M. 1993, Maravillat al, 1995,
We use Mendis and Axford’s model to study the dy- 1996). We assume that dust particles are instantly chargec
namics of dust particles (grains) close to the solar corona at the point of injection and carry a constant electric charge
4 solar radii. Such grains were detected during the solar Otherwise it would be necessary to take into account cu
eclipse of June 30, 1973 from infrared observations (Mukai rents of ions, electrons, secondary electron emission and pt
etal, 1974; Mukai and Giese, 1984; Lamy 1974). The equa- toionization picked up by the grains.
tion of motion which describes the dust dynamics will be
analyzed in three dimensions (3D). We derive integrals for In a solar-centric inertial frame (Figure 1) the motion
energy and angular momentum from the 3D equation of of a dust grain is governed by the equation:
charged dust within the heliosphere including both solar grav-
ity and magnetospheric rotation. The solutions may be re- .

= Qi _oxr kBl GMm -
duced to two dimensions after some physical considerations. mr= T[(r Qxr)xB 3 !
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Fig. 1. Three dimensional (3D) model configuration.

wherem andQ, are the mass and charge of the gr@nis

the solar magnetic field; is the velocity of lightG is the
gravitational constani is the solar mass afi2lis the solar
angular velocity.

The vectorial component of the magnetic field in the
3D case is

= R\3 p R\3. =~

B =-28,(E) cosdi, - B,(E) sngi, . (2
whereB, is the solar surface magnetic field at the equator
and fr and iAqJ are the radial and transverse unit vectors re-

spectively.
Taking the dot product of (1) With, we get

d(1,2 dEbn ¢U_GM dr
dt( ) AQG

r2 dt ' (3)

and v =V V. The suffix ‘0’ represents

_ QBR
WhereA—-T

initial conditions.R is the solar radius ang is the speed of
the grain at the point of injection.

Taking the dot product of (1) WitIA@, the unit vector in
the azimuthal direction, we find

d DAsm U

g(r sin (p@) (sm @ - 2rsm(pcos(p(p) o

(4)

Integrating equation (3) between the point of injectior
fo and T, we obtain the energy equation. Considering tha

r=r,and vi=vg = K?M

at the point of injection, the en-

ergy equation is expressed by

2_2AQsin’g _26M _ KGM _2AQsn’ g 2GM

r r o o o
®)
Thus
Cein?g  sin® g, 0 (h_
VvZ=Vi+ 2AQH_ m ZGM ro |:|' (6)

Integrating equation (4) betwegjandr and assuming that

in2
rsjncp(rsjncpe):As'r“ L
where
i 2
k:As'r” ik,
_ Asin’g,
o =25 4
)

.2
k':rzsinzfpe—w:constant

andk(=r?sin’ (pé) is the specific angular momentum of the

grains about the dipole axis akds the angular momentum
at the point of injection, the equation for the angular mo
mentum is

Asn’g_Asn’g

K—ko=—F———
Thus
Csin¢ sin %D
KlotATT T )
If
_r
= ®)
and
in2
_sin“g
y S'nz% ’ (9)
the energy equation becomes
— KGM _ 2GM 1 sin® ®0_yOo
V2 0 0 (1 ) 2A=2 150 (10)



and organizing all terms, we finally obtain

2_KGMD_ZGM(x—1) sin® @, (x—-y0
Vo= o o x| 2 b Ox T (11)

From equation (7), the angular momentum is expressed by

_. _Asr’eqg_yo
k=ko-— =350 (12)
thus
_ Asin? Asn” g (X-y[
Keko-—— 0O x 0 (13)
where
I ¢
V6 = Tsng (14)

is the azimuthal velocity. Substituting equation (13) into (14),

we obtain
=10 kg 2Ak mx-y0, A’sin’ gy (x— yng
6 Xzy[rozs'nz% r3 O x D r04 0O x DD
(15)
From equations (6) and (7) and noting that
v2>v2D k2 O
Y H7snzet (16)

we obtain

KGM _2GM (x-1 sin® @ (x-y0O
Io ro(x)ZAQ n 0Ox 0O

s 10 ke 2Aqx-yp, Asin’gh ox- yng
“XyfEsnig, w Ox 0 @ Ox O
(17)

In equation (17)L., is the magnetic parameter defined as

r
Ly = —Ig , (18)
and
- _AQ
P=am, - (19)

Thus we obtain

yO
g

X(K=2)+20] , SN
= X B Lo

s
s
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;
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Rewriting this expression we obtain

xy[{x(K—2)+2} -2(x-y)psin® %]

5 ks _ 2pky X=y[O
GMLyRsin’g, QL3R?0 x 0O

in2
2 GM Sin° @ (x—y(f
Pogeoxo @

Multiplying by x2 and noting that
ko = (roSingy)Vg 0,

k| < ro Sin@yVy =1y Sing s‘% =singy KGMRL, |

\

and
ko = Bsingy | KGMRL, with [B<1.

Equation (21) can be written

x3y[{x(K -2)+2} -2(x-y)psin? (po] >

KB2x2 — 2px(x - y)’B zné"g KGMRL,
0

i 2
2OM 222 (x-y)?2

Ly LR (22)

2,2 _ ‘KGM
KB X2 2px(x - y),BsngoO\ QZR3L0

+psin® gy 25— 2R3L3 (x-y)?

Let us define a parametear| |as the relationship be-
tween the gravitational constant G, the solar nidsshe
solar angular velocit and the solar radil®

GM
R

2 _
a = (23)
Thus

xsy[{x(K -2)+2} -2(x-y)psin® @ | >
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KB2x? —2x(x—y),8\/%asin(pop+ pz(x—y)zénz%f—g
0 0
(24)

In terms of y, this yields

2 O, 0o . 2
0—3—2px392 - r2xsin® gy p® 9
0 O Lo

gnz%gpz
—ZXBa\Fsm(pop+x (K -2)+2x3 - 2x*psin? %Ey
g

2
+[Kﬁ2x2—2x Ba | 3 sm(pop+p x?sin? % 9-<0 .
8 VLo @
(25)

From equation (25), we obtain a quadratic equation ex-
pressed in dimensionless quantities:

Oo%a 0
F(x., p;k,ﬁ,%,Lo;a):snz%B—pg —2px39/2
LO

DD—pr asn ¢ ZXﬁGDK " sin? —g
0 L EEH P %
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/2
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0 0
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(26)

KGM

whereK and 3 are defined througlh,= \ and

k=B(rsin @)v, (where Bl<1).

ThusF(x,y,p; K,B,@,L,a)=0 taken at specific values
of the parameterp, K, 3, ¢ andL is the equation of the
reflection surface (i.e. whevev, so thav = 0=v,). This equa-
tion is quadratic iry, which is convenient to discuss the re-
gion occupied by the allowed orbits in the plane. This is
given byy <y<y,, wherey, andy, are the roots d¥=0. For
the special case when the particle is projected on the meridi-
onal plane with the local gravitational spd€d?2, the 3D
equation is reduced to two dimensions as

Op2a?

sin? %B_ 2px3 H/

Y

sm (p0+2x -2x*psin? %Q/

2
zi—ssinz%so’

0

+p*x @7)

with the solutions

RY) sy<sp,(y) . (28)

DUST GRAINS IN THE INNERMOST REGIONS OF
THE HELIOSPHERE

In addition to electromagnetic and gravitational force:
we now include radiation pressure. The equation of motio
is

m'r':%[(r"—er)XE -

where the last term is the radiation pressorés the grain
massg is the light velocityG is the gravitational constant,
M is the solar mas@IDr is the radiation pressure coefficient,
L. is the solar luminosityy is the density and is the grain
radius.

Equation (29) describes the situation of dust grains in
jected atL =10 into the heliosphere considering two con-
secutive solar minima (1 and 2), before and after a sol:
maximum (Figures 2 a, b, ¢). Dust particles are moving i
two dimensions (Figure 3). We selégt10 in order to find
whether dust particles from the interplanetary medium ca
be trapped by the Sun near the corona.

_ 3.
If the solar magnetic field is a dipol&, = —BO(TR) iy

= 3." ..
for solar minimum 1 and = BO(TR) i, for solar minimum

2 (22 years later) an® = Qi,. Then

r —r¢2 :w for solar minimum 1 (30)
and
r— r¢2 = w for solar minimum 2, (31)
where
G0 =-AL
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A=-— QOBOR3
mc
and
3Qpr Lo lD
G% T67GMpc aH (32)
KG'M

If grains are emitted at a distangevith speedvy =\

fo

at an anglep, to the radial direction and if they are instantly
charged to a valu®,, we obtain a 2-D solution (Figure 3)
from (30) and (31) as follows:

D‘UZ 0
23 Ok
F(p.y: Lo @, K) = p* -——@ty +aH_H Sm%%)
Ly .
) ag (13/y)2(K(yz—anz(po)+2y(1—y))so (33)

for solar minima 1 and 2 respectively. The paramegelrs
anda’ are defined as follows:

p=&%

We solve the quadratic equations for grains approach-

ing in the radial direction tg=10R and we consider the re-

gions ofp-y space where real orbits are possible. In this case,

B

p=-g@-aa’
where
3¢BR’Q -
B=—— ArpeM =3.869x10
and
" 3QprI-O _ -5
a—m—5.74x10 .

RESULTS AND DISCUSSION

WhenL, @ andK are fixed, then for a given valueyof
the equatiorF(p,y; L, ¢, K)=0 is quadratic in the parameter
p. Whenp is real p must lie between two real rogigy) and

p,(y) of this equation. This enables one to find the regions of

p - yspace where real roots are possible.

WhenK=2 andg=0 we obtain solutions for solar mini-
mum 1 and solar minimum 2 as follows:

The dynamics of dust particles near the Sur

2 25 y°

p? _ZL% y3
a? 1=y

a? (1-y)

> =(p=m(y))(p-pa(¥)) <0

(34)

and the physically allowed regions for dust orbits are

P*(y) < p< py(y)- (35)

Taking different values @, we may find the solutions
p,(y) andp,(y) shown in Figure 4 (a, b) fa=1um, in Figure
5 (a, b) fora=5um and in Figure 6 (a, b) fa=0.6um.

The physically allowed region for the orbitgy) <p <
p,(y) is shown as a lightly shaded area. The lower non-shad
region also complies with,(y)< p< p,(y), but this region is
physically spurious because the grain cannot accegs it at

Thus asa decreases, more grains can escape from tt
heliosphere; otherwise they are trapped by Lorentz and gra
tational forces.

Note that the shaded region grows substantially as tt
grain radius decreases. In this case, trapped grains remair
a narrow region where they are confined by magnetic fiel
lines because they evolve around these lines.

There is a critical radius when G’=0; in this cage
0.574um. When G’<0, dust grains are ejected by radiatior
pressure from the heliosphere.

CONCLUSIONS

We derive two integrals of the general 3-D
gravitoelectrodynamic motion of charged dust within the co
rotating region of a planetary magnetosphere to study tt
case of dust grains injected into the heliosphere.

Our approach requires the use of several aproximation
including the assumption that the magnetic moment and tl
spin vectors are strictly parallel and that the grain charge
constant.

We construct the spatial regions where the grains a
confined, at least initially, before evolutionary effects take
over.

A particular case of our 3-D model is the 2-D model
This model was used to derive the confinement regions whe
dust can be trapped around the Sun.

The 2-D model has now been modified in order to in
clude solar radiation pressure. This model was used to stu
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Crbits topology of charged dust grains
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Fig. 4a. Orbits of charged dust grains launchdg=0. The lightly shaded region is the region ingihe plane where real orbits can lie. The
point of launch is given by=1 at minimum 1. Positively charged grains corresporgk@ The size of the injected grains is 1.0 micron.

Orbits topology of charged dust grains
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Fig. 4b. Same as Fig. 4a except that grains are launched when the solar activity is at minimum 2.
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Orbits topoloqy of chorqed dust grains
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Fig. 5a. Same as Fig. 4a except that the size of the injected grains is 5.0 microns.

Orbits topology of chorged dust grains
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Fig. 5b. Same as Fig. 4b except that the size of the grains is 5.0 microns.
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Fig. 6a. Same as Fig. 5a except that the size of injected grains is 0.6 microns.
Orbits topology of charged dust grains
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Fig. 6b. Same as Fig. 5b except that the size of the grains is 0.6 microns.
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interplanetary dust particles that are close to the Sun, in-
cluding the cyclical change of the solar magnetic field. We
find that there is a critical radius for the grains (G’=0), such
that grains are dominated by radiation pressure when G'< 0.

The effect of sublimation will be included in a future
model.
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