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Abstract. It is well known that the structure of magnetic three-dimensional model of magnetic turbulence allows us to
field lines in solar wind can be influenced by the presence ofevaluate a non quasilinear magnetic field line diffusion coef-
the magnetohydrodynamic turbulence. We have developed fcient even in the case of anisotropic turbulence, as observed
Monte Carlo simulation which traces the magnetic field linesin the solar wind. Then, by means of a Monte Carlo simu-
in the heliosphere, including the effects of magnetic turbu-lation, where a random force term proportional to the diffu-
lence. These effects are modeled by random operators whickion coefficient is added to the magnetic field line equations,
are proportional to the square root of the magnetic field linewe evaluate how the magnetic field lines diffuse in the he-
diffusion coefficient. The modeling of the random terms is liosphere. To this end, simple but physically based assump-
explained, in detail, in the case of numerical integration bytions on the scaling of the fluctuation level and of the corre-
discrete steps. Furthermore, a proper evaluation of the diffation lengths with the radial distance are made. Finally, we
fusion coefficient is obtained by a numerical simulation of consider Ulysses’ recurrent observations of energetic parti-
transport in anisotropic magnetic turbulence. The scaling ofcles at high southern heliographic latitudes, made during its
the fluctuation level and of the correlation lengths with the first descent toward the south polar region (e.g. Sanderson et
distance from the Sun are also taken into account. As a conal., 1995; Simnett et al., 1998). These particles are acceler-
sequence, plasma transport across the average magnetic fiedted by corotating interaction regions (CIRs), which extend
direction is obtained. An application to the propagation of in latitude up to about:35°, while energetic particles en-
energetic particles from corotating interacting regions to highhancements were observed up t6-70% S for protons, and
heliographic latitudes is considered. even 80 S for electrons. We show that latitudinal magnetic
field line diffusion due to anisotropic magnetic fluctuations
can indeed explain the propagation to such southern latitudes
of both ions and electrons.

1 Introduction

If charged particles have Larmor radius much smaller than2 Numerical simulation
the typical turbulence scale lengths, with good approxima-

tion, they move along the magnetic field lines so that the . . . . g
magnetic field structure determines particle transport. In ad—The study is garneq out n two consecque steps: first, we
dition to the global, average magnetic field configuration, perform the S|mulat|0ns ina Igcal Cartesian framey Z.)

a relevant level of magnetic turbulence is often present in(See Fig. 1) to determine the influence of the magnetic tur-

space plasmas, which induces a random walk of magneti%u'ence on th_e d|ffu_5|on coefﬂqents; s_econd, we p_erform a
field lines (Jokipii and Parker, 1968, 1969). This problem olnte Carlo S|mulat|ont9 consider the mhomoggneny of thg
also attracted much interest in the plasma fusion field as Welpehosphere, and to take into account the solar wind magnetic

(Rosenbluth et al., 1966; Rechester and Rosenbluth 197§:piral structure. For this second step, spherical coordinates
Krommes et al 1;9’83' Isi'chenko 1991) ' dre used. This implies a separation of scales, e.g. that the tur-

. , . bulence correlation length is much smaller than the radius of
Here, we perform a numerical study of field line trans-

port in the presence of magnetic turbulence. In order to traCEg:urvature of the spiral, so that the diffusion coefficient found
the magnetic field lines in the heliosphere, we first integrateIn the_locgl, CarteS|an frame can be used in the global, helio-
spheric simulation.

the magnetic field lines in a local cartesian frame, where a . . i .
9 The magnetic field lines are, by definition, those lines

Correspondence td?. Pommois (pommois@fis.unical.it) which are tangent at any point in space to the magnetic field
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whereeé, (k) are the polarization unit vectorgy are ran-
dom phases, and the Fourier amplitédi k) is given by the
spectrum:

x Y Latitudinal direction

1
(kL2 4 ey 21,2 4 k2127 144172

SB(k) )
wherey = 3/2 is the spectral index, and, /,, [, are the
correlation lengths in the, y, andz directions, respectively.

. Different values of the correlation lengths quantify the aniso-

YSW Radu}l tropy of turbulence as they define the shape of the ellipsoid

| direction representing the excited wave mode distributiok-ispace.

a By integrating a large numbey of magnetic field lines

with different initial conditions, the variances

Y Bivr L
(Axi%) = = 3" [ €) 21,0 (4)
j=1

Fig. 1. Local reference frame in the solar wind. can be computed as a function of the integration parameter
&, and the diffusion coefficients are obtained from the trans-
port law (Ax;?) = 2D;& (i = x,y). (See Zimbardo et al.,

direction. This means that the elementary displacerdent 1995; Pommaois et al., 1998, 1999a, for more details on the

along the field line is parallel t@(r); we can express this numerical technique).

by writing dr = Bdx, whereda is a scalar quantity. I Extensive numerical simulations of magnetic field line

is choosen ads/|B|, we obtain the field line equations as transport were performed with a similar model by Pommois

dr/ds = B/|B|, and it is easily verified thals is the arc et al. (1999a) in the case of anisotropy in the plane perpen-

length element along. If we choosel) asd&/Bo, with Bo  dicular to the average fielBtg, and by Zimbardo et al. (2000)

a constant, this yields in the case of anisotropy axially symmetric arouBg. We
have computed the diffusion coefficient in the more general

d_’ _ B(r) _ Bo+8B(r) (1) case when all the correlation lengths are different, as a func-

dg  Bo Bo tion of §B/Bo, and wherd. /[, equals either 1 or 10, and

I /1, varies from 1 to 8. Such a range of correlation lengths

is consistent with that found from the analysis of the solar

wind data (Matthaeus et al., 1990; Carbone et al., 1995).

andé is the independent variable. It can be seen thep- Indeed, several studies of solar wind turbulence indicate a

resents the length of the unperturbed field lines (the same iSI'ONY anisotropy in the correlation lengths, although further
true if Bo(r) = |Bo(r)| varies in space). FatB + O, the data analysis is needed to better constrain the valuég of

ensemble average g /d¢ yields¢ as the average value of Ly, a_ndlz. Note th_at the anisotropy of turbulence h_as been
the projection of field lines on the unperturbed fidlg, i.e.  Studied also considering a two-component model, i.e. two-
dé = (dr - Bo/Bo) = (dr - &,) = (dz). We choose this form dimensional plus slab fluctuations (Matthaeus et al., 1995;
i Gray et al., 1996), which implies very strong anisotropy, ax-
ially symmetric aroundBg. Indeed, the slab component cor-
responds td, <« Iy, !,, while the two-dimensional compo-
2.1 Diffusion coefficients in local anisotropic turbulence ~ Nent corresponds to the limit > Iy, [,. However, for this
study, we maintain a single component anisotropic model
Here, as a first step, we evaluate the diffusion coefficients ofvhich can reproduce either the slab or the two-dimensional
magnetic field lines in an anisotropic magnetic turbulence.model (see Zimbardo et al., 2000).
We assume the local frame,(y, z) of Fig. 1, and use the For the fluctuation levels relevant to the solar wind,
Cartesian geometry. Such a local approach is justified by thé B/Bo = 0.5-1 (e.g. Zank et al., 1998), and for the degrees
fact that the correlation length of the magnetic turbulence isof anisotropy of interest, the diffusion coefficients obtained
much smaller than the scale of variation of the average spiraPy numerical simulation can be modelled by the following

whereBg = Bpe, is the average field antB (r) the fluctu-
ating magnetic field. In this set of nonlinear, stochastic ordi-
nary differential equations; = (x, y, z) are the unknowns,

of the field line equations as it is more appropriate to perform
the Monte Carlo simulation reported below.

field (to be discussed later). simple expression (Pommaois et al., 2001):

Magnetic turbulence is represented as the sum of static M v
magnetic perturbations (Pommois et al., 1999a; Zimbardo ey, — p (5_3 l_Z) L <l_,> I (5)
al., 2000): Boly) 1.\l

SB(r) = ZSB(k)éU(k) expilk - r + ¢f ] @) with i = x,y, and whereD., w a_md v.are.dimensi_opless
o parameters. Note that the field line diffusion coefficiént
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has the dimensions of a length. In the above expression, the 10 R .
“spare”l, is to be used to set the physical valudpf A best '
fit of the computed diffusion coefficient yield3 = 0.028,

w = 151 andv = 0.67. The best fitting line is shown in
Fig. 2, together with the diffusion coefficients. In order to
appreciate the scaling db; with the fluctuation level, we
pIottedDi/[(lxz/lz)(li/lx)”] versus(§B/Bog)(l,/1,). As can

be seen, a scaling d; different from the quasilinear one
(which impliesu = 2) is obtained (see also Gray et al.,
1996). Equation (5) implies thatif > /,, thenD, > D,,

as well, and this anisotropy is often found in the solar wind
(Ix > 1)) (Carbone et al., 1995), where thedirection is
chosen according to Fig. 1.
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2.2 Monte Carlo simulation of field line tracing ‘ e T

As a second step, we trace the magnetic field lines in the he- 0.1 10 100

liosphere by integrating Eq. (1) and taking into account that OBL./Bl,
the average magnetic fielBo(r) corresponds to the usual
solar wind field (Parker, 1958). In spherical coordinates, weFig. 2. Ratio D; /1(1x?/17)(U; /1)’ ] versus(8 B/Bo)(./1y) and

have best fitting line for these data. Markers: Plus signshigr, crosses
rEA 2 for Dy.
(B,) =By (")
(By) =0 (6) “force” amplitudesA; (r) are related to the diffusion coeffi-
rEN2 Q71 cients in Eq. (5) byA; (r) = +/6D;(r) (Uhlenbeck and Orn-
(By) = —Bre (7) o O stein, 1930; Veltri et al., 1990).

It is interesting to notice that when performing numerical

wherer is the radial distance from the Su#,is the helio- integration by discrete stepag, the relation betwees; (r)

graphic latitudey is the longitude B, is the radial compo- and D; (r), is somewhat modified. In the discrete cageis

nent O,f the solar wind magnetic field atthe Earih € 1 AU) . adimensionless random number evenly distributed between
andg is the solar rotation rate (26 days). In order to take into _ 4 and+1. We number by: the integration steps, whose

account thg fast and _slow stream structure of the solar Windtotal number we calM and integrate Egs. (1) and (8) in a di-
the solar wind speed is modeled as rection perpendicular to the average field, for examplexthe

Ve — 1 Vinax — Vmin @ component. Thgmxn/Ag,, = 1. (&) A (r), if we consider
SW = Vmax 1+ (sin®/sind,)® equal stepa\¢, yields,
M
whereVmax = 750 km/s,Vmin = 350 km/s, and the transition (),  — A A, (r, 9
velocity latitude is?; = 15° (e.g. Kota and Jokipii, 1995). (B0u Sn;nx G Ax(rn) )

The fluctuating magnetic field component is now modeled
as a random process, i&B(r)/Bo(r) in Eq. (1) is replaced

by (Kubo et al., 1985; Binder, 1979 M M
Y ( ) (Ax)5 = (A& Y e E)neEn) Ax(r) Ar(ry)  (10)
53[ (I‘) n=1m=1
=1n; A,’ 8
Bo(r) mi (§)Ai(r) ®) The random numbers aée-correlated, and that corresponds

= 8,m/3, therefore,

Upon squaring we obtain

wherei = x, y in the local frame of reference of Fig. 1, and © {1x (m)1x (1))
ny (&) andn, (§) are two uncorrelated random functions with AEYZ2 M

no memor))/ (white noise) (Uhlenbeck and Ornstein, 1930).<(A’C)%4> = ! 3%) ZAx(r”)Ax(r") (11)

It should be understood that Eqg. (8) leads to the same aver- n=1

age field lines and the same transport properties of Eq. (1)Now we make use of the assumption of separation of scales
but the random term; (£) A; (r) is not meant to represent a as given above, i.e. the correlation length of the turbulence
realization of the fluctuating magnetic field. Indeed, the dif- (the diffusion scale) has to be much smaller than the radial
fusion properties of Eq. (1) were studied in the previous sub-scale of change of the averaged quantities, which is the he-
section, and the value of the diffusion coefficients, Eq. (5),liocentric distance. Thus, the quantityd, (r,)A(r,) can

is now used to assess the amplitude4efr), as indicated ~be taken out of the sum and we haveequal addends, yield-
below. Indeed, it is straightforward to show that Eg. (8) N9

leads to a transport law of the forfdr2) = 2DE. In the A2(ry)

case of analytic integration of Egs. (1) and (8), the random((Ax)5,) = ———"=M(A§)? 12)
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1.0 w u obtain that the expression bfis
-1/2
05* e l 2 l 2
0.~ Il = & [ 25 sifa + = cod 15
A= 0033r”° - e <1x2 R (49
[
5\ e Using the data on magnetic turbulence of several spacecrafts,
< 0.1 e Horbury et al. (1996) reported the value of the radial break-
~ 005- (M /,./" point wavenumbek, as a function ofr. The breakpoint
< %/ wavenumber corresponds to the change of slope in the mag-
e netic fluctuation spectrum, and marks the beginning of the
}_/-‘/ inertial range of turbulence. The corresponding breakpoint
0.01— _,/‘/ wavelength represents the radial correlation length. A best
) Ij'/ ™ fit of A, = 27 /k, as a function of the distance from the Sun
0.005—5 i I | | yields (see Fig. 3)
03 06 10 3.0 6.0 100 O\ 129
Ar(r) = (—) x 0.033AU (16)
r (AU) e

Fig. 3.

Next, the variation of the turbulence leve8 /By as a func-

Breakpoint wavelength versus radial distance (opention of the positionr of the magnetic field lines is to be con-

squares). Best fitting line (dash-dotted line). From Pommois et alsjdered, as well. The magnetic fluctuatidt® are assumed

(1999b).

The total number of step¥ is related to the total displace-
menté along the unperturbed field lines iy = &/Ag,

whence

A2
(A = (Ax)e?) = 3(’)

EAE

(13)

to evolve with radial distance according to the WKB scaling,
i.e. §B2/8Bg? ~ re3/r3, wheres B is the fluctuation am-
plitude at the Earth’s orbit. The WKB scaling of magnetic
fluctuations in the solar wind has been confirmed for turbu-
lence periods less than 2 hours and at 10 hours by Belcher
and Burchsted (1974), and by Roberts et al. (1990), respec-
tively, and for periods up to one day by Jokipii et al. (1995)
and Goldstein et al. (1995), out of the ecliptic plane. At larger
scales a slower decay with distance is found by Jokipii et al.

Comparison of this expression with the standard diffusion(1995), although Goldstein et al. (1995) report indications of
law shows that in the case of numerical integration by dis-the WKB scaling down to 1&° Hz. While understanding

crete steps the random “kick” amplituds, (r) must be re-  the scaling of magnetic turbulence with distance is a basic
lated to the diffusion coefficient by issue for solar wind studies (e.g. Zank et al., 1996), we adopt

the WKB scaling as a simple model consistent with obser-

vations. On the other hand, the slower decay of the fluctu-

ations at larger scales would enhance the field line transport
reported below. Thus, the magnetic turbulence level is mod-
elled as

A similar expression fod, is obtained. It can be seen that
1/2
5B sBe [ 1+pe? \[r\¥2
Bo Be \1+ B2r2cog v TE

(14)
(17)

Ay is dimensionless, since bofh, and A& have the dimen-
sions of a length, and that, depends on the value of the

integration stepA&. In practice, at each step in the numer-

ical integration, the field line position is advanced along wheres Be/ B is the fluctuation level at 1 AU in the ecliptic
the unperturbed field byi&, and perpendicular to the unper- plane (hereBe = B E(1+ ﬁerz)l/z andg = /Vew)

) & = B, = )
trbed field bynx AXAS. = TV 6D, Ag Also, note that the Finally, the value of the diffusion coefficied; (r) to be used
standard estimate of diffusion coefficients as the mean squarg, modelling the random “force” in Eq. (14), is obtained by
displacement? over the displacement timg D ~ A%/t,is . : : o

. ting Egs. (15) and (17) into Eq. (5).
recovered from the above expression wher nA,A¢ and inserting Egs. (15) and (17) into Eq. (5)
T — A&,

3 Results of the simulation
2.3 Expression of the diffusion coefficient in the solar wind

In the simulation, we fix the starting point of the magnetic
In order to have the numerical value of the diffusion coeffi- field line at (o, 90, ¢0), and we choose the parameters mod-
cients in Eq. (5), it is necessary to relatdo the correlation  elling the fluctuations, i.eBg/Bg, [/, andl;/l,. For in-
lengths of the observed magnetic turbulence. Introducing thestance, for an anisotropy of the correlation lengths given by
radial correlation length, and the angle between the av- I, /l, = I,/I; = 8, a fluctuation level at 1 AU of Bg/Bg =
erage magnetic field and the radial direction (see Fig. 1), wed.7 (Zank et al., 1998), and an assumed source of energetic
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Fig. 4. Values of the anglé andA¢ = ¢ — ¢ obtained at the end
of the integration for 10000 lines (see text).

particle on field lines corresponding t9 = 8 AU and to

Yo = 30° £ 10, we show in Fig. 4 the angular distribution of
field lines obtained at an heliocentric distance ef 3 AU.
Note that the spread in azimuth at low latitudes (i.e. the “tail”
in Fig. 4) is due to the change of the solar wind velocity at

¥, = 15° of latitude (for more details see Pommois et al., Fig. 5. Constant latitude cones indicating the zones which are con-
2000). nected magnetically in the solar wind. The wide cone corresponds

to the maximum extent of the CIR, the narrow cone to the latitude
at which Ulysses still detected recurrent energetic particles.

As an application, we consider the recurrent energetic par
ticle events detected at high southern latitude$<€7&) by
the Ulysses spacecraft (Simnett et al., 1998). These parti-

cles are accelerateq by corotating interaction regions (CIRSpommois et al., 2000). This yields the histograms of field
located at lower latitude (less that<35 Ulysses also con- jine distribution as a function of day of the year 1994 as re-
firmed that the average magnetic field in the solar wind fol- ported in Fig. 6, where the ratig/1, is going from 1 to 8. It
lows the constant latitude Parker model, even at high lati-cap pe seen that some field lines travel until a latitude 6f 70
tudes (Forsyth et al., 1996). Consequently, the particles acyr more, and therefore show that magnetic field line diffusion
ce!erated at the CIR should undergo cross field tran;port IRtan provide the required magnetic connection between CIRs
latitude up to 40 to be observed by Ulysses (see Fig. 5). ang high heliographic latitudes. Increasing the anisotropy
Th|s discovery has stimulated theorical studies on the non ra[x/ly leads to peaks at higher latitudes (see the variation of
dial structure of the average, large scale magnetic field (Fiskyne high latitude peaks from top panels to bottom panels in
1996), as well as studies of latitudinal diffusion due to mag-kig. 6). Even for a moderate degree of anisotropy, such as
netic field fluctuations _(I&ta a,nd Jokipii, _1&_9_95, 1998; Gi- I./1, = 3, there is a peak in field line distribution at 74°
acalone, 1999). In particular,dta and Jokipii (1995, 1998) (see Fig. 6b) which is in agreement with Ulysses observa-
have pointed out the importance of anisotropic magnetic fieltjons of 1 Mev protons. Increasing the distangehas the
line diffusion. same effect of increasing the fluctuation levélg/Bg, as

To understand whether the magnetic turbulence can alshown by Fig. 6, panel (c) and (e).
low the propagation of the particles to high heliographic lat- |t appears that when reasonable levels of anisotropy,
itudes, we assume that the energetic particles are accelerate)gi/ly = 3-5, are considered, the results of the simulation
at 8+ 10 AU from the Sun, and we follow the magnetic of Fig. 6 (see panels b, c, e), are similar to the observations
field lines toward the Sun. We analyse the simulation re-of energetic particles events made by Ulysses, and reported,
sults from the spacecraft's point of view. It is as if the pat- for instance, by Simnett et al. (1998).
tern in Fig. 4 rotates over Ulysses every 26 days, while the
spacecraft slowly changes latitude. For a given interval
corresponding to the Ulysses position, we count the numbes  Conclusions
of field lines in Fig. 4 as a function @f, with A¢ bins of &,
so that we have an histogram as a functiogpoBecause of  In this paper, we have presented a numerical simulation that
the correspondence between the time and azimuthal angleaces the magnetic field lines in the heliosphere including
the histogram is plotted as a function of time, and wipen the effect of magnetic turbulence. Anisotropy of turbulence
has increased by 360a new intervalA® is considered (see is taken into account by a first numerical simulation in Carte-
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Latitude 53 50 66° 740 80° sian geometry which leads to a proper diffusion coefficient
| | | | which depends on the turbulence correlation lengths. A
10°< @ Monte Carlo simulation is then used to trace the magnetic
field line in the heliosphere, with the representation of the

10°
account.

We argue that diffusive field line transport can explain both
the electron and the ion observations at high souther latitudes
! ! ! made by Ulysses (Simnett et al., 1998). Indeed, Figs. 6 ex-
| | | hibits peaks decreasing in intensity with latitude, with a peak

b L at nearly 80, as observed for the electrons.
Finally, this numerical tool can be used to study several

other problems, such as the propagation of pick-up ions in the
heliosphere, high latitude cosmic ray modulation by CIRs,
i and the propagation of solar energetic particles from the Sun

random terms explained in detail. The variation of the rele-
vant parameters with heliosphere distance is also taken into
/\ A [

10t

10°

|
|
|
|
|

[N
=)
|

to the Earth (Zimbardo et al., 2001). For these problems,
other effects such as the dependence of transport on particle

H
Q

. . energy and drift motion effects are to be taken into account.
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