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ABSTRACT

Context. The motion of a magnetic cloud through the heliosphere is governed by three main forces, viz. the diamagnetic force, the
drag force, and gravity. Some recently derived formulas enabling the calculation of the ambient magnetic field around a toroidal
magnetic cloud are applied to calculate the diamagnetic force acting on the cloud and to determine the cloud dynamics.

Aims. The aim is to determine the three dimensional velocity profiles and the trajectory of the magnetic cloud, as well as the evolution
of the orientation of the cloud axis from the calculated moment of the force.

Methods. The method applied in this study consists of three steps. First, the r-component of the magnetic field at r = 2.5 R, is derived
from a spherical harmonic analysis. Next, the field distribution in the entire heliosphere, including the spiral structure, is reconstructed
in a way that is consistent with this boundary condition at r = 2.5 R, as well as with actual measurements at 1 AU. Then, a toroid is
launched at a point obtained from solar observations of a specific event and the initial size, orientation, and velocity of this toroid is
estimated from these observational data as well.

Results. The three dimensional velocity profiles and the trajectory of the magnetic cloud, as well as the evolution of the orientation of
the cloud axis have been determined for a toroidally shaped cloud moving in the interplanetary medium taking into account a spiral

magnetic field.
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1. Introduction and motivation

Coronal Mass Ejections (CMEs) play a crucial role in space
weather and a careful study of the origin, the structure, and the
propagation characteristics of this violent phenomenon is essen-
tial for a deeper insight into space weather physics. The fast
CMEs are important because of the geomagnetic storms created
by the impact of the CMEs on the Earth’s magnetosphere and the
solar energetic particles (SEPs) accelerated by the CME leading
shock front. Therefore, it is important to learn more about the dy-
namics of the most geo-effective coronal mass ejections (CMEs)
in order to be able to predict their geo-effectiveness, i.e. how
much geomagnetic activity they will trigger upon their arrival in
the Earth’s vicinity and their interaction with the magnetosphere.

Until recently, there was only one tool to monitor
the CME velocity, viz. radio observations (Cane et al. 1986;
Reiner et al. 2005). In fact, from these radio data one can first
determine the location of the bow shock ahead of a fast CME,
and then calculate the location of the CME or magnetic cloud
itself on the basis of some mathematical models or assumptions.
The new techniques for interpretation of SOHO LASCO images
(Sheeley et al. 1999) and of Solar Mass Ejection Imager (SMEI)
data (Howard et al. 2006), open possibilities to detect the CME
velocity more precisely and, thus, to improve the predictions of
their time of arrival.

To construct a reliable analytical or numerical MHD model
for the calculation of such velocity profiles, one should take
into account the following circumstances: the interplanetary
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medium through which the CME is traveling has a very com-
plicated structure that is, in addition, evolving rapidly with
time. The interaction between high speed and low speed flows
in the solar wind is one of the most important sources of in-
homogeneity there. As a result, the heliospheric current sheet
(HCS) and the heliospheric plasma sheet (HPS) do not have
an ideal spiral structure (Winterhalter et al. 1994). On the other
hand, these surfaces can compress the CMEs and increase
their geo-efficiency (Ivanov et al. 1992; Ivanov et al. 1996). The
dynamics of toroidal magnetic clouds was considered in de-
tail by Romashets & Vandas (2001) and Vandas et al. (2003).
Vandas et al. (2003) also derived formulas for the moments of
the diamagnetic force. In these papers, however, a simplifying
approach has been followed by assuming an isolated toroidal
magnetic cloud that is moving along a straight line through a
spherically symmetric heliosphere. In the present paper, we pro-
pose a much more realistic model in which the considered cloud
moves in a structured interplanetary medium with a spiral mag-
netic field.

In the next section we present the mathematical and physical
model including the equation of motion that is solved and the
derivation of the diamagnetic force acting on the magnetic cloud
(with constant or variable aspect ratio) and the assumption made
for the expansion of the magnetic cloud and the reconstruction of
the IMF spiral structure, consistent with the source-surface mag-
netic field. In Sect. 3 we apply the results in order to demonstrate
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Earth

Fig. 1. Sketch of the relation between the solar ecliptic coordinate sys-
tem (SEC) and the chosen local coordinate system (sizes of Earth and
Sun are not to the scale).

the strength of the model. The results are discussed in Sect. 4,
followed by our conclusions in Sect. 5.

2. Mathematical and physical model
2.1. The equation of motion

Consider a magnetic cloud that has the shape of a torus. Assume
that the axis of symmetry of the toroid is oriented along the unit
vector @ = (ay,ay,a;) in the solar ecliptic coordinate system
(SEC). Consider a local coordinate system that has its center at
the symmetry point of the toroid, r(ry, r, r;), its Z-axis along a,
and the ¥-axis in the direction normal to the Z-axis and in the
plane described by the vectors r and a. The j-axis then simply
completes the right handed vector basis. The geometrical situa-
tion is shown schematically in Fig. 1.

We thus have

(axr)xa

ey = —————, (1)
I(a x ) X al|
axr

e = . )

Y llaxr

e: = a. (3)

Since the diamagnetic force has all three components, we end up
with a three-dimensional equation of motion:

F=V=F/M.. 4)

Here, M, corresponds to the total mass of the magnetic cloud
while F denotes the vector sum of all three forces acting on the
toroidal body, viz. the diamagnetic force, gravity, and the drag
force. Numerically integrating Eq. (4), e.g. by a simple forward
Euler scheme, we obtain:

Ve = FAt/M, + VE, ®)
= VAL 4 (6)
The drag force Fyq is given by

Fq = +KNemy(Vey — V)2S. (7

The Newtonian constant K is set to unity, m,, denotes the proton
mass, and N and Vi, correspond to the number density and the
velocity of the background solar wind, respectively. The toroid’s
cross section S is variable and is approximately equal to

S =~ qrg(1 = cos? B1) + 4Roro[1 + (m — 1) cos? B1]. 8)
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Here, ry denotes the toroid’s small radius while R, corresponds
to the large radius of the toroid (see Fig. 1). The angle between
a and r is indicated by §;. The gravitational force F, is given by

GMsM,
Fg=- 2 - ©)

I%

where G is the gravitational constant, r is the helio-distance, i.e.
the distance between the center of the Sun and the center of the
toroid (in other words, r = ||r||), and Mg denotes the solar mass.

2.2. The diamagnetic force acting on a magnetic cloud with
constant aspect ratio

To calculate the diamagnetic force, Fgy, considered earlier in
Parker (1957) and in Pneuman (1984), we should first determine
the modification of the ambient magnetic field caused by the in-
sertion of the magnetic cloud. We can write a linear approxima-
tion of the real ambient field in the vicinity of the point O (see
Fig. 1) in the form:

Bl‘ Bl Bl‘
By = Boct = (x=r+ — oy —r)+ (=),
B B By,
By = BOy+ ny(x—rx)+ %(y—ry)+ Ty(Z—rz),
B
1xz lyz
B: = Boc+ —~(x=r)+ —=( =1
Bl- +Bl
—%(Z— r.). (10)
This linear field is given by the potential
Dy = BOx(x_rx)+BOy(y_ry)+BOZ(Z_rz)
Bix 2 By 2
+ 2zx(x_rx) + Z(!/—ry)
Bl- +Bl 31
- (7)‘"2 7 ””) (=r+ — (== 1)
Bl 4 Bl Z
=)+ = )R =), (11)

Here Bo./L = 0B,/dx, etc.; Boy /L = (0B:/0y + 0B,/dx)/2,
etc. (in the point O). Hence, the real ambient field is fitted by a
linear potential field at any point.

The relation between distances in the SEC and the coordi-
nates (1)—(3) is given, in terms of Euler angles « and 3, by

X = ry+ Xsina + Zcosa, (12)
Yy = ry—Xcosacosf+jsinf + Zsinacosp, (13)
z = r,—Xcosasinf —jcosfS + Zsinasingf. (14)

The scalar magnetic potential (11) is then expressed in the in-
trinsic (tilde) system through the substitution by Egs. (12)-(14),
symbolically as

Oy = 28: C, D,
i=1

i.e., it is arranged as a sum of the following harmonic functions,

5)

Dy =%, Oy =g, O =z, Oy =& - i,

s P+
D, =

-7, O = 37, O] = 77, O = jz. (16)

The coefficients C; in Eq. (15) are given in Appendix A.
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Now we shall look for the perturbed potential magnetic field
(due to the presence of the toroidal cloud) for which the normal
components B, to the surface of the flux rope are zero (condi-
tion 1) and that approaches the undisturbed field (10) at large
distances from the flux rope (condition 2). That is, we add to the
scalar potentials (D6 in Eq. (16) additional harmonic functions,
for which the additional magnetic field goes to zero for large dis-
tances from the rope and for which the total magnetic field com-
ponents B = 0 at the flux rope boundary. This is done formally
by transitions d)g — @', where the ® are harmonic functions
fulfilling the above-mentioned conditions 1 and 2. The resulting
scalar magnetic potential ®@ reads

D= Zgl Co,
i=1

and the magnetic field components directly follow from

a7

B = grad . (18)
The intrinsic system of the toroid will be expressed in the
toroidal coordinates u, 1, and ¢:

inh
s = asin ,ucosgo’ (19)
coshu —cosn

- a sinh u sin

j = S (20)
coshu —cosn

. asinng 21

- cosh u — cosn‘

The parameter a equals /Rg - rg, and the surface of the toroid

is given by u = uo, where coshyug = Ry/rg. A more detailed
description of this toroidal coordinate system with an instructive
figure can be found in Romashets & Vandas (2001).

The harmonic functions <D6 are given in Appendix B.

To meet the conditions 1 and 2, additional toroidal harmonic
functions will be added to the scalar potentials (D6 (given by
Egs. (B.1)—(B.8)) which become negligible when u — 0 (i.e.
at large distances), and for which the total magnetic field com-
ponent B, = 0 for u = uy (i.e. at the surface of the toroid). The

resulting harmonics @' are

= +Jcoshyu —cosn

_a},Prll_% (cosh u)] cos nncos ¢,

Z [0, (cosh )

n=—00

and similarly for the other @/, e.g.,

= +/coshyu —cosn

3
_anPn

Z [Q,-1(cosh)

n=—00

-1 (cosh w)]n sin nn.

The pP" , are the Legendre functions of the first kind. The coef-

ficients a/, were formally added and will be selected so that the
condition B, = 0 is satisfied at u = pg. Due to the symmetry we
seta’, = a’, forall i and n.

We shall introduce the following symbols:

@' = K; \Jcosh u — cos 1 Ni(g) Z G' (cosh p)H (7).

n=—o00

(22)
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The coefficients K; and functions N;, H., and G! are given in
Appendix C.

The magnetic field components then directly follow from
Eq. (18):

_ sinhy \/cosh,u —cosn

ZCKN(@

x " [Gi(cosh)

n=—o0o0

+2(coshu — cos n)Gi’(cosh,u)]Hﬁl(n),

\/coshp —cosn

(23)

ZCKN(@

=
|

x Z G' (cosh p)[sin pH' (17)

n=—oo

+2(cosh it — cos n)Hi’(n)], (24)

_ (coshy —cos n)3/2

ZCKN(@
asinh u

x " Gi(coshu)Hi ). (25)

n=-—o00

Here, the primes indicate derivatives w.r.t. the function argu-
ment. Condition 2 is fulfilled by the fact that we used the
Legendre functions of the first kind (see Romashets & Vandas
2001). Condition 1 requires to fulfill B, = 0 at 4 = yo for all n
and ¢ in Eq. (23). This is done by selection of the coefficients
a’, see Appendix D.

The diamagnetic force acting on the toroid is then given by

1
Fon = —=— (B, + BL)dS, 26
o= 5 9§< 24 B2) (26)
because it follows from Eq. (23) that B, = 0 at the flux rope
surface (i.e. for u = wp). Here, fip is the magnetic permeability.

We shall calculate the diamagnetic force in the toroid’s (tilde)
system:

21
Fop=—=— f f (B; + B)) w dg dn, (27)
2fa
where
o a? sinh po(cosh yg cosnp — 1) cos e 28)
(cosh gy — cosn)3
0y = a? sinh po(cosh yg cosnp — 1) Sing. 29)

(cosh gy — cosn)3
2 . 2 .
ws = a“ sinh” yg sinny _ (30)
(cosh g — cos )3

The integral is calculated at = py. Remark that the initial lin-
earized field (10) is not planar as in previous studies. However,
t still is current-free. An obvious restriction for the use of this
method is that the initial ambient field is assumed to change not
very strongly at distances of the order Ry,

Another approach is to assume that the toroid has a variable
minor radius, because conditions are different for its leading and
trailing parts (Romashets & Vandas 2005). Note that when the
size of the toroidal cloud is small compared to the length scales
at which the interplanetary magnetic field (IMF) changes sub-
stantially, both approaches should give almost the same force.
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To calculate the modification of the ambient magnetic and the
diamagnetic field acting on a super-sonic cloud, we can use the
approach described in Romashets & Vandas (2005b). In fact, an
extra factor is added in the expression for the force in Eq. (26),
which is a function of the Mach number M. This factor is unity
when M < 1. As long as the toroid is still attached to the Sun,
the integration in Eq. (26) is performed only within the limits ¢g
and ¢, the angular coordinates of two foot points of the toroid
on the Sun. The approach also works if the cloud is an highly
elongated twisted loop. In that case, the loop is divided into sev-
eral parts (each part with its own Ry, ry, orientation in space and
location of the center), so that each part is treated as a part of
some toroid. The diamagnetic force is the sum of several inte-
grals corresponding to the different parts of the loop.

2.3. The expansion of the magnetic cloud

Assume now that the small and large radii of the toroidal mag-
netic cloud evolve with time in the following manner:

fpocr™, and Rgocr (31)
where r is the heliodistance of the center and A is some constant,

and the magnitude of the IMF

B« r_d, 32)

where ¢ is another constant. Assume that the expansion is pro-
portional to the local Alfvén velocity, which would be physically
quite natural. This means that

B
Fp oc —— oc r170, (33)

Therefore, we have the following relation between the two con-
stants A and ¢ in this case:

A=6-1. (34)

For B, we have approximately 6 = 2, for Bs we have ¢ = 1,
so that for B we have 6 between 1 and 2 and, thus, A between 0
and 1.

From Eq. (31) we have

A+

1o Vorocr, 35)
so that
ro oc T (36)

For the ratio of the density inside to the density outside the cloud
we find

(37)

We have assumed earlier (Romashets & Vandas 2001) that the
size of the toroid is increasing proportionally to the distance
from the Sun, i.e.

ro < r. (38)
Therefore, from Eq. (36) we find that 2 = 0 and

N,

2ot (39)

The density ratio is thus decreasing as the magnetic cloud is ap-
proaching the Earth’s orbit. This is not so good as we know from
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in situ measurements that this density ratio at 1 AU is always
below unity and sometimes even below 0.1.
Therefore, it is suggested in this calculation that

ro oc 13, (40)

Again, from Eq. (36) we now find A = % and the density ratio
now remains constant. As a result, the density inside the mag-
netic cloud is always lower than the density outside the magnetic
cloud during the full evolution history of the cloud. It is widely
accepted that the density of undisturbed solar wind plasma is
structured around the heliospheric current sheet. This means that
we can add an additional factor in the relationship (40), which is
a function of the angular distance from the HCS, say in the form
used by Kotova et al. (1987).

2.4. The IMF spiral structure, consistent
with the source-surface field

Assume that the spherical harmonic analysis gives a B com-
ponent at r¢, = 2.5 Ry, while the two other components of the
magnetic field vanish at this height. The scalar potential is then
given by:

Jmax  J rj rj+2
_ S SS
® = B, Z(; Z;)[rj_l rm) 41)
J=0 m= ss
(J B m)' mn m m.:
m Grm)! Pj (cos 6’)(gj cos mey + hj sin mep),

where ¢,, equals 1 for m = 0, and 2 for m > 0, since we use the
Schmidt normalization of the spherical harmonics. Here, P;." is
defined as

(1 _ x2)m/2 d]+m
2051 dxitm
1 (+m)!

= 3 G "

Pl(x) = -1

1-x

> |

XFlm—-jm+j+1,m+1,

where F' denotes the hypergeometric function.

- ab  la@+Dbb+1 ,
F(a,b,c,x)—l+?x+iwx +

The magnetic field on the source surface is then derived from
Eq. (41). It is given by

i~ m)!
B = By Y 2j+ m@%
Jjm

XP'(cos 0)(g} cosmy + I} sinmgp),

0, B)=0.

(42)

B) = (43)
One can see that Eq. (41) contains rapidly decreasing terms, with
1/r'm | so the field at r = r is much weaker than at r = R,.
In other words, there are too many field lines returning back
to the Sun, and only a small fraction of the lines reaches the
level r = rg. Another approach, which seems now more ade-
quate, is to treat the region between R, and ry as occupied by a
force-free field with @y = const, and given as B = ), rot(e,t,b;‘)
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(Chandrasekhar & Kendall 1957). The formulas are mostly the
same, while the radial dependence is less sharp:

1 .
Y~ ﬁ n-12(@or) P} (cos 0)(g'} cos mp + h'} sinmep).

Here, a is an averaged parameter over the entire considered vol-
ume. It is not known, but we can select it from the condition that
the field at the source surface and at 1 AU is reasonable and con-
sistent with in situ measurements. We can use also the harmonic
functions (42), but multiplied by an extra factor D. This factor is
to be chosen from the condition that the averaged field near the
Earth’s orbit at 6 = 0 (i.e. in the vicinity of the ecliptic plane) is
about 5 nT.

We propose to use the following formulas for the interval
(Fss, TE):

r—

0 Ss 7 rss
Br DBr(‘p + $0 + wotv 9)_27 (44)
YE — Fss r

r—

B, = —DB%¢ + ¢o (r

Iss 4
) + wot, 0) sin O

SS
2

FE ¥ — P
%s _—, (45)
14 g

B = D rszS (r— }'”)7‘1 rfs r =g

9 = —— [vpo— - =

sin 6 r (rg—ry)? r* rE

f B¢ + po( L)Y + wot, )
X

TE—Tss
d¢
2 —
D re (r —rg)? 1 rfs r =g
= 02 _Iss
sin @ r (rg—rg) 12 rg

. G-m! .
X ;m +1) \/qm o W (cosOm

r—rs \
- g} sinm(p + tpo( = ) + wot)
TE — Fss

Y
Iss ) + (,U()l)].
— Fss
The radial component decreases as r—lz, the longitudinal compo-
nent as %, and the 6 component is derived from the solenoidal
condition. Here, W;."(x) = f P;.”(x) dx. The parameter v is set to
be equal to 1.1. It is set slightly different from unity in order to
ensure By = 0 at r = r and since it is still close to unity the
picture of the global magnetic field in the inner heliosphere is
very similar to the Archimedean (or Parker) spiral. Solar rota-
tion frequency is wy = %—’;, where Ty = 27.5 days. Here, ¢y is
the angle for which the Sun rotates before the solar wind comes
to the Earth: ¢ = % %, where Vy,, is a mean value of the solar
wind speed, usually ¢ ~ 7. One can see that B, is decreasing as
1/r%, while B, is decreasing as 1/r, according to Parker’s model
(1959). In turn By remains comparatively small in the entire vol-
ume. At 1 AU near the ecliptic plane, B is of the order of 5 nT.
To satisfy the consistency we should have the maximum B? of
about 5 x 10* nT, which is comparable with photospheric values.
The same approach works also when the harmonic co-
efficients g;f'(t) and h;."(t) in Eq. (41) are functions of time.
Theoretically the sets can be updated every hour, using, e.g.,
MDI data. Taking into account the delay effect, we should as-
sume everywhere g;f'(t — r/Vsw) and h;f‘(t — r/Vsw). All formu-
las remain the same, except for Eqs. (42) and (46), which are

sin @ do

X

+h' cos m(p + @o ( ! (46)
Ig
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Fig. 2. Sector boundary of the interplanetary magnetic field (44)—(46).
Below and above the surface B, has opposite signs.

slightly modified. In Eq. (42) g;.” = g}”(t) and h;” =
Eq. (46) the following new term is added:

D 21 (j — m)!
B = — 3 = N2+ 1)1 (g W™ (cos 6
T SN0 r Vi %;( / )\/q Grmy Vi costm

LV
[—g;-”(t— 7/ Viw) sinm(go+ tpo( il ) +w0t)
TE — Fss

(1), In

X

+

_ Y
h;f‘(t —r/Vsw)cosm (<p + ¢ ( Tl ) + wot) ] 47
TE — Iss

3. Application and results

We now illustrate the strength of the mathematical model pre-
sented in the previous sections. We first apply the results of
Sect. 2.5 to reconstruct a model IMF through which the sample
toroid will propagate. We considered the following set of coeffi-
cients: 9(1) =92, gg = —0.92, gé = 0.62, g% = 0.63, gg = 0.03,
hy = —0.37, h3 = 0.104. The factor DB, in Egs. (44)—(46) is
taken equal to 3 X 107° T in order to have B = 5 nT at 1 AU in
the vicinity of the ecliptic plane, as mentioned above.

In Figs. 2—4 the structure of the interplanetary magnetic field
given by Eqs. (44)—(46) is illustrated. In Fig. 2 we plotted the
sector boundary of the obtained IMF. Figures 3 and 4 contain
contour plots of B, in the equatorial plane and of B in a plane
parallel to the equatorial plane, respectively. In Fig. 5 we show
B? contours on the source surface. In Fig. 6 we show contours of
the magnitude of the magnetic field at 1 AU. Next, we consider
a toroidal cloud propagating in the above IMF by applying the
expansion rate mentioned in Sect. 2.4, viz. rg, Ry r?/3, and
solve Egs. (4)—(6) numerically. The ratio of the internal to the
external density was set to 0.5. The aspect ratio was set equal
to 2 and is constant during the entire evolution of the toroidal
magnetic cloud. Also ryp = 0.02 AU and Ry = 0.04 AU at r =
1 AU. This is a small, compact sample cloud comparable with
the one interpreted in Romashets & Vandas (2003).

The resulting velocity profiles of the toroidal cloud are
shown in the Figs. 7 and 8. Figure 7 contains the profile of the ra-
dial velocity component while Fig. 8 contains the §-component
and the ¢-component profiles. For this case, the cloud was
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Fig. 3. Contours of B, in the plane z = 0.

-10

100

-100

-200

'
0 100 200

-200

-100

Fig. 4. Contours of B in the plane z = —10 R.

-100 -50 0

Fig. 5. Source-surface magnetic field, B(,), r-component at » = 2.5 R;.

launched at 3 rg and 6y = 20° and ¢y = 0°. At 1 AU, the cloud
is at 8; = 10° and ¢; = —15°. The initial speed was 300 km s71.
This value is in accordance with results of Watari et al. 2005.
The cloud reached its maximal radial velocity of
1400 kms™' at 10 R, (see Fig. 7). The v,-component has
a maximum of the order of 170 km s~', and the maximum of
vg is about 100 kms™', or about 10% of the maximal radial
velocity (see Fig. 8). The model background solar wind speed,
shown in Fig. 7, is of the Parker (1959) type, radial, with its
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220

-100 -50 0 50 100 150 200

Fig. 6. Contours of B on the sphere r = 220 Ry = rg.

1400
1200

1000

r, Rs
50 100 150 200

Fig. 7. Radial component of the velocity of the toroidal magnetic cloud
(red). The model ambient solar wind speed is shown in green.

Vt, Vp, km s

_2s5 [

_50 |

Fig. 8. The 6-component of the velocity (in red) and the ¢-component
(in green).

maximum, 400 kms~!, at r — oo. In Fig. 9 the angular
displacement of the cloud is shown. The result shows that
small non-radial components are possible, and the cloud can be
shifted during its propagation by 10-20 degrees. This problem
was discussed by Webb et al. (2000) in their analysis of the May
14-15, 1997 event. The cloud came to the Earth’s orbit below
the ecliptic plane, while its most probable solar source was in
the northern hemisphere. The derived velocity profiles (Fig. 7)
are similar to those given by observations (Sheeley et al. 1999).
In Figs. 7-9 the location and the velocity of the center of the
cloud is shown while its distant parts, especially if the cloud
expanded very rapidly, can be located even in the region +30°
from the center, for huge clouds.
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r, Rs

Fig. 9. Angular displacement during the propagation of the cloud: along
6 (red curve) and along ¢ (green curve).

4. Perspective

Similarly to the equation of motion, one can write an equation
describing the rotation of the toroid using formulas for the mo-
ments of the diamagnetic force from Vandas et al. (2003). Let us
define a differentially small angle of rotation around the x-axis
by 6z and around the y-axis by 6. The corresponding angular
velocities are w; = 5 and w, = dj, respectively. So we have the
following relationships

Joz = My,
J65 = Ms.

Joz = (48)

Jay = 49)
Here, J = I/ZMC(R% +5 /4r(2)) is the toroid’s moment of iner-
tia, and M3 and My are components of the the moment of the
diamagnetic force:

1
M=-— 95(33 + B) (rx ds), (50)
2
which can be expressed in the toroid’s (tilde) system as:
1 T 21 5 5
Mi = =5 f ) fo (B2 + BY)(jw: — Zwy) dp dn, (51)
1 21
My = —— (B2 + B2)(Zw; — fw:) de dny. (52)
2/10 - J0 ' v

Remark that M; = 0 because of symmetry, so that we have con-
sidered here only two components of the moment.

One can integrate Eq. (48) numerically or analytically. A
simple Euler scheme, e.g. would read as follows:

M

Wi = TAAZ+ ot = WAL (53)
k+1 M k k+1 k+1

W= T Arewk, g = A (54)

Ty

The value of the angular velocity from the previous step (at #)
is denoted as w*. The value of A must be taken small enough.
In order to make the following step it is necessary to change the
local system, i.e. to rotate the cloud. The relationship between
the vectors a at time steps k and k + 1, in the local coordinate
system of the toroid is given by:

k+1

ar =Ak 'al}. (55)
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The matrix of xy rotation (around the x-axis by d;z and around
the y-axis by 0j), Ax, is given by:

cos 6’;” 0 sin 6%*1
sin 5];1 siné®!  cos 5];1 —sin 6’;” cos o&*!
—cos 6’;*1 sin 6’5*1 sin 6§+1 cos 6§+1 cos 6’;*1

One can see that a’; was (0, O, 1) and a’}” is
(sin 5’;*1,—Sin6§+1 cos o1 cos 6§+1 cos 6’5*1). To find the
vector @ in SEC one should apply a reverse transformation
matrix Wiy :

X1 Y1 21
X2 Y2 22 .
X3 Y3 23

Here, x;, x», and x3 are components of the vector x defined by
Eq. (1), in SEC, etc. Then

atl = Wiy - astl. (56)

Having from the equation of motion also 7**!, we can return to

the set of Egs. (1)—(3) and repeat the calculation for k + 2 etc.

5. Conclusions

A new approach for the study of the dynamics of interplane-
tary magnetic clouds in a three-dimensional time-dependent so-
lar wind has been proposed and demonstrated. An analytical
description of the 3D heliospheric ballerina skirt type field, con-
sistent with solar magnetic observations, and with in-situ mea-
surements at 1 AU was derived and illustrated and used for
some sample calculations. The three dimensional motion and ro-
tation of a toroidally shaped CME/magnetic cloud through this
model field was determined for typical conditions in the solar
wind. The obtained velocity profiles are consistent with those
determined earlier from a data analysis (Sheeley et al. 1999)
for typical CMEs. The latitudinal and longitudinal motion of a
CME on its way from the Sun to the Earth’s orbit, was mod-
eled by Vandas et al. (1996) and demonstrated in a numerical
MHD simulation by the same authors. The three-dimensional
velocity profiles and trajectories calculated for sample clouds
show that slight non-radial velocity components can occur dur-
ing the cloud’s motion to the Earth’s orbit, and the angu-
lar displacement can easily reach values of 20 degrees. To
study more deeply the dynamics of the clouds in the 3D non-
stationary interplanetary medium, one should use the newly
developed MHD codes (Poedts et al. 2005; Odstrcil et al. 2005;
Chané et al. 2005; Chané et al. 2006; van der Holst et al. 2005),
taking into account general features of this motion, which can
be determined from analytical considerations, such as the one
presented in this paper.
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Appendix A: Coefficients C;

The coefficients C; in Eq. (15) are given by
C =
G

By, sina — By, cos @ cos 8 — By, cos a sinf3,
By, sin 8 — By, cos 3,
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C; = By, cosa + By, sinacosf + By, sin « sin 3,
1 . .
Cy = 1 [lex(sm2 @ - cos’ a sm2,3 + cosz,B)

=B, sin2a cos B + By,,(1 + cos’ @) cos 23
—Bi,, sin2a sin B + By, (1 + cos® @) sin 28],
1

Cs = EJ[Blm.(sin2 a sin® B — cos? @)
—Bi,, sin 2a cos 8 — By, sin® a cos 23
=By, sin2asinf8 — By, sin’ @ sin 2],

Cs = T (—lex cosacosfBsingS + By, sinasinf
=B sinacosf — By, cosasin2j

+ Bjy; cosa cos 2[3) ,

1
C; = 7 [Bi cosasina(1 + sin? B)

=By, cos2a cos B — Bj; cos 2a sin 3
—Bj,, cos asina cos 23 — By, sin 2« sin S cos ],

1
Cg = Z(lex sin @ cos Bsin 8

+Biy, cosasinf — By, cosacosf
+B1,, sina sin 2 — By, sin a cos 2(3). (A.1)
Appendix B: Harmonic functions <I>{]

The harmonic functions (D6 in Eq. (16) can be expressed as a
sum of toroidal harmonics:

23
a
(D(l) = +/coshu —cosn

bis

X Z Q' | (coshp)cosnncosy , (B.1)
n=z

n=—00

3

22a
= +/coshu —cosn—
bis

X Z Q' | (coshpu)cosnysing , (B.2)
"=z

n=—oo

£
|

3

22
(Dg = \/cosh,u—cosn—a
bis

X Z Qn_% (coshw)n sinnn , (B.3)

n=—00

2342

o = y/cosh u — cos
0 H n 3n

X Z Qi_l (cosh ) cos nnpcos 2, (B.4)

n=—o00

2147

CI)(S) = 4/coshu —cospy
T

x Qn_%(coshy)(;L +n?) cosnn, (B.5)

n=—o00

32

2iq
@8 = +Jcoshu — cos
0 M n 3n

X Z Qi_l (cosh u) cos nn sin 2¢, (B.6)

n=—o00

3 2

22a
® = yJcoshu —
0 coshu —cosn i

X Z Qr'l_% (cosh p)nsinnycos ¢ ,

n=—oo

3 2

22a

@8 = Jcoshu —
0 coshu —cosn i
x D, 0,

n=-—oo

(cosh u)n sin nny sin .

l—

o

1
2

B.7)

(B.8)

denote the Legendre functions of the second kind (vanish-

ing in the central line of the toroid). A method how to obtain
these relationships is described in Romashets & Vandas (2001).

Appendix C: Coefficients K; and functions N;, H;,

]
and G,
The coeficients K; and functions N;, H, and G', are:
23124
K, = , Kb =K, Kz =K;,
25/2,2 23122
K4 = 5= )
3 bg
23/2,2
Ks = , K7 =K4, Kg = Ky,

3n
Go() = Q) () —a,P, (),
Gr(x) = Q,ll_;(x)—aﬁP,',_%(x),
G = 0, 1(0 - P, ()
Ga(x) = Q) , () =P}, (v),
G = 0, 1(0 - alP, ()
Ga) = @2, (%)~ apP_, (),
Gi(x) = Q;_;x) - aZP,i_gx),
G = 01,0 -diP!_, (.

H,(n) = cosnn, Hy(n) = Hy(), Hy (1) = nsinny,

1
Hy(n) = Hy (), HaGn) = (0% + )H, (),

HS() = HY(), H](p) = Hy(p), H3(p) = Hy (1),

Ni(p) = cosp, Na(¢p) = sinp, N3(p) =1,

Ni(p) = cos 2¢, N5(¢) = N3(¢), Ne(p) = sin2¢,

N1(p) = Ni(p), Ng(¢) = Na(¢).
Notice that, obviously,

Gi(x) = GL,(x) and Hi(n) = H., (1.

(C.1)

(C.2)

(C.3)

(C4)

(C.5)
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Appendix D: Calculation of the coefficients a;

For i = 1, condition 1 can be symbolically expressed from
Eq. (23) as
Z (R =Slaly+2(T! —Ulal)cosylcosnny = 0, (D.1)
where
R, = Q' (coshpup) +2coshuQ"  (cosh o), (D.2)
2 2
Sl = P! (coshup) +2coshuyP" | (coshup), (D.3)
n—jz n—1
T, = —Q" ,(cosh ), (D.4)
n=3
U, = =P (cosh ). (D.5)
2
With the use of the relationship
2 cosnncosn = cos(n — 1)n + cos(n + 1)n, (D.6)
one can express Eq. (D.1) as a sum of terms with cos nn,
Z Ry = Spay + Ty = Uy gy + Ty
-U!,,a},)cosnny =0, (D.7)

and equating the coefficients in this equation to zero yields the
infinite system of linear equations for the unknowns a!

1 1 1.1 1 1 _
Un—lan—l + Snan + Un+1an+1 -

T +R.+T.,. (D.8)
The coeficients a) are decreasing rapidly with n. For numerical
purposes we restricted ourselves to |n| < 10 and we solved
the resulting closed system (D.8) of 11 equations. The system
(D.8) is almost the same for all i, only the following changes in

(D.2)—~(D.5) must be made: for i = 2: no changes;
fori=3:0' | - nQ, 1 and P'  —nP, _
l’l—i 2 n—

1
E E

c_ 4. 0l 2 1 2
fori = 4: Qn_% - Qn_ and Pn_% - Pn
fori=>5: erl_

s

_1»
2

Rl—

>+ ”2)Qn—% and

o=
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1 1 2 .
Pn_% _)(Z +n )Pn_%,

fori=6:0' , - 0>, and P' , - P? ;
n—s n—s n—

1 _1
fori=7:0' , - nQ' , and P!, - nP!' ;
n—s n—s n— n—s

2 2 2
fori = 8: Qr'l

2
1 1
- nd P
nQn_l and .

| | |
2 2 2 n—3
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