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Abstract. Magnetic field Decreases (MDs) are detected in
the heliospheric polar regions. The MDs have minimum spa-
tial scales sizes of 25 proton thermal gyroradii, and are typi-
cally bounded by langential or rotational discontinuities. The
distribution of the magnitudes of the decrcases within MDs
is a continuum, with the smallest decreases being most fre-
quent in occurrence. The largest decreases can be ~ 80% of
the ambient field. The thickness distribution is also a contin-
uum, and is shown to be independent of the ficld magnitude
decrease. Charged particle interactions with the MDs lead
to particle guiding center displacements and hence particle
cross-field diffusion, We develop a diffusion model to apply
t0 energetic ion inleractions with MDs using the MD proper-
ties described in this paper. One specific day of data is used
10 illustrate that the particle cross-field diffusion will be ex-
tremely rapid due to such inicraclions.

1 Introduction

The Ulysses spacecraft passed over the polar region (—80°)
of the heliosphere for the first time in August 1994. The dis-
tance from the sun was 2.3 AU. Subsequent reports of the
plasma and magnclic ficld measurements demonstrated Lthat
this region was dominated by a high-speed (~ 750 — 800
km s~!) solar wind cmanaling from a polar coronal hole
{Phillips ct al.. 1994). It was also shown that these strcams
contain large amplitude (A g/ By ~ 110 2), noncompres-
sive Alfvén waves (Tsurutani ¢t al., 1994, 1995: Smith et al.,
19954; Balogh ct al., 1995; Goldstein et al., 1995).

The purpose of this paper is to demonstrate that there is an-
other type of solar wind microstructurc at high latitudes. The
propertics of these microstructures will be examined as well
as the propagation and transport cffects that these structures
will have on energetic charged particies.

Correspondence to: Bruce T. Tsurutani

2 Resulls
2.1 Properties of Magnetic Decrcases

Figure 1 is a plot of one month of magnetic field data cen-
tered at the highest latitude attained by Ulysses (—80°) at the
south pole. The three magnetic field components are given
in a SH coordinale system, where r is radially outward from
the sun, { = (€2 x 7)/|€2 x #|, £ is the rotation axis of the
sun, and 1 forms the right-hand system. The ficld magnitude
is given in the bottom panel.

The large amplitude fluctuations in the field components
(the 1op three panels) are primarily associated with Alfvén
waves. The x, v, and z components have £1 nT variations
ina ~ 1.2 nT magnetic field, thus AB/By ~ 1to 2. The
boltom panel shows the largc magnetic field decreases that
are the focus of this paper. The field occasionally decreases
to 0.2 nT (the plots are one-minute averages) or A B[/ By ~
().8. For simplicity we call these phenomena Magnetic De-
creases or MDs (Tsurutani and Ho, 1999).

Figure 2 illustrales several of the MDs in higher time res-
olution. Panel a) shows a magnetic ficld magnitude decrease
on September 7, 1994 from ~ 0942:40 to ¢944:10 UT. The
field decreases from ~ 1.5 nT to as low as 0.2 nT. The field
decrease is bounded by two sharp discontinuities. This is of-
ten the case. The discontinuities have been analyzed using
the minimum variance method applied to the highest time
resolution data {2s). The normal dircetion of the first dis-
continuity is oriented at 80° relative to the ambicnt mag-
netic field, The normal direction of the second disconti-
nuity is 90° relative 1o the ambicnt ficld. The maximum
ficld magnitude changes arc from 1.25 nT 1o 0.8 nT for the
first event and from (.25 nT (0 0.2 0T for the second cvent.
A| B[/ By = 0.35 and 0.8, respectively. The discontinuitics
are thus tangential in nature,

To attempt to place the magnetic decrease in conlext with
the overall solar wind/ficld structures, we note thal an Alf-
vén wave (sec /3, component) is present from 0935:00 1o
0953:30 UT. There is a fast ficld rotation from 0951:30 to
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Fig. 1. The (south) polar magnetic field detected at 2.3 AU distance from the sun. The field is given in S8H coordinates. The field magnitde plot itlustrates

the presence of frequent and large magentic field magnitude decreases (MDs).

~ (933:30 UT at the edge of the wave. There is a similar,
but smaller field decrcase near the ficld rotation. The latter
feature is associated with the termination of the Alfvén wave,
The magnetic decrease of primary interest was located near
the center of the Alfvén wave.

Figure 2b illustrates another type of MD on September 11,
1994. The three field components given in minimum vari-
ance coordinates are noted to rotate smoothly throughout the
whole MD structure from ~ 2151:40 UT to 2153 UT, The
ficld is 1.4 nT prior to the decrease and 1.0 nT afterward.
The magnetic ficld orientation changes significantly across
the structure. The B, component changes from ~ +1.0 nT
o ~ —1.0nT and B, changes from —0.7 nT to +0.2 nT,

This MD is also bounded by sharp field magnitude de-
crcases, The small discontinuity at 2 151:40 UT has a normal
component oriented ~ 49° relative 1o By. This appears to be
a rotational discontinuity (RD) with a significant magnitude
change (0.25 nT). The sccond discontinuity at ~ 2153 UT
has a normal #5,, = 77°. For the latter event, the ficld mag-
nitnde changes from 1.0 nT to 0.45 nT, or A|B|/ By = 0.55.
This is a tangential discontinnity (TD).

The third cxample is given in Fig, 2¢, from ~ 0652:40 to
0655:05 UT, Seplember 3, 1994. The decrease is sharp at
both edges of the MD. The normal angle #p,, is 85° for the
first discontinuity and 88° for the second. The field is 1.5 nT
both prior to the MD and after the MD. The field decreases to
0.3 nT in the first discontinuity and te 0.45 nT in the second.
Both discontinuities are clearly tangential in nature. Here the

Table 1. Discontinuity thicknesses in time, kilometers, and proton gyroradii.

Year Day Starttime Stoptime At Thickness rp
(UTy (Ut (s) (km)
1994 246  0652:44 0652:52 8 666 L5
1994 246 0655:02 0655:04 2 1275 30
1994 250  0942:47 0942:51 4 2538 59
1994 250 0044:03 0944:07 3 1308 3.0
1994 254  2151:39 2151:42 3 2178 5.1
1994 254 2152:50 2153:06 16 7476 174

B, component changes gradually across the MD. However
the B, component changes abruptly only at the second TD.

The discontinuity thicknesscs are given in Table 1. The
thicknesses were calculated from the expression
= V‘?WTMD Cos anv (1)
where Vi is the measured solar wind velocity, 7sp the
measurcd “lcmporal thickness™ of the discontinuity, and 6,,,,
the angle between the normal and the solar wind flow direc-
tion. The typical field magnitude was ~ 1.2 nT and the pro-
ton temperaturc 1.5 x 10° K. The proton gyroradius is thus
~ 430 km. The discontinuity thicknesses range from 1.5 (o
17.4 tmes the proton thermal gyroradius.

Figure 3 gives the distribution of the ficld decreases within
MDs. 129 MDs with field magnitude decreases of > 20%
were examined. The field decreases are noted to be contin-



Tsurutani, et. al.; Energetic particle cross-field diffusion

Ulysses VHM

B, (nT)

8,(nT)

B, (nT)

September 7, 1994 (Day 250)

[Bf (v )

D
S

B, ()

B, (D)

B, (n)

(Bl {nT)

o Seplember 11, 1994 (Day 254)

e

B, (vT)

B,(nT)

B, ("T)

September 3, 1994 (Day 246)

(Bl (n T

Fig. 2. Three MDs examined in high time resolution. The MDs are often
(but not always) bounded by discontinuities with small normals (tangential
discontinuities).
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Ulysses - Days 242-268, 1994
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Fig. 3. Examination of all discontinuities with A|B{/B; > 0.2 bounding
magnetic decreases in the interval Day 242 to 268, 1994. There are 129
events. The distribution is a continuum, There are fewer events with large
By values.

uouns, with the smallest decreases being the most common.
The exponential fit is determined to be 129¢ 4181/ 8z

The distribution of the thicknesses for the MDs shown in
Fig. 3 is given in Fig. 4. Forty-nine percent of all MDs have
thicknesses less than 4 x 10* km. The percent occurrence
falls off with increasing thickness. Again, using a proton
gyroradius of ~ 430 km, the minimum thickness of the MDs
is 257, (not shown). Thus, half of the MDs have thicknesses
between 25 and 80r,.

Figure 5 shows the temporal thickness distributions for
MDs with 20 — 30%, 30 — 40%, 40 — 50% and 60 — 100%
decreases, respectively. The distributions are, to first order,
the same. The MD thickness is, to first order, independent
of the magnitude of the decrease. The fact that these two pa-
rameters are independent will make the modeling of particle
interaction with MDs much simpler.

The normats to the discontinuitics were calculated using
minimum variance analyscs. The jumps in field magnitude at
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Fig. 4. The thickness distribution for dilferent magnitude ranges of field
decreases.
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the boundaries were also measured. The discontinuities are
shown in Fig. 6 in phasc space. By, is the larger field magni-
tude on either side of the discontinuity. Discontinuities with
small normals (lefi-hand portion of the panel) are tangen-
tial discontinuities (Smith, 1973; Tsurutani and Ho, 1999).
Tangential discontinuities have the largest relative magnitude
changes. Events with large field normals have smaller field
magnifude changes. The discontinuity normals are a con-
timuum. A histogram is shown at the bottom of the figure.
The greatest number of discontinuities (49%) occurs where
the normals are the smallest, and the least number when the

normals are the largest. The fit is 90e=3-6(B~/BL)

2.2 Particle-MD interactions

The previous statistical results of MD-propertics will be use-
ful 10 determine the mechanisms for the formation of MDs.
The properties are also necessary to be able to model ener-
getic particle interactions with such structures. In the fol-
lowing section we construct a particle cross-ficld diffusion
model with the aid of some simplifying assumptions.

The mechanism for cross-field diffusion is a general one
that can be applied to any place where there are relatively
strong magnetic field gradients. Thus there are many space
plasma and astrophysical applications for a generalization
of the model. It should be noted that particle-MD interac-
tions are substantially different than wave-particle interac-
tions. Wave-particle interactions (for a detailed discussion,
see Tsurutani and Lakhina (1997)) occur when propagating
waves have resonant interactions with energetic particles. If
the conditions for resonance are not met, the interaction is
negligible. The primary results of such quasilinear diffusion
- models (see Schlickeiser (1989) and references therein) lead
primarily to particle diffusion in pitch angle. Such interac-
tions atso lead to diffusion in cnergy space and in cross-field
diffusion, but only as second order effects. On the other
hand, MDs are most likely static structures that are convected
by the solar wind. The interaction does not involve reso-
nances,

Figure 7 illustrates the basic geometry of the interaction.
The particle gyrates in a uniform magnetic field B, (into the
paper) with gyroradius “»”. The MD has a circular cross-
section (a simplification) of radius “a”. The ficld within the
MD is in the same direction as the ambient magnetic field di-
rection, but with reduced intensity. The “impact parameter’,
the distance from the center of gyration Lo the center of the
MD 15 “d”,

Figure 8 shows how the charged particle-MD interaction
will move the particle guiding center perpendicular (o the
magnetic field. The particle has its guiding center at point
() and the particle impacts the MD at point ;. Due to
the abrupt change in the magnctic ficld strength from By to
R p, the particle’s first adiabatic invariant is broken and the
gyrocenter becomes point &, The new gyroradius r' is equal
to r (By/ By p). The particle exils the MD at point P, with
a new guiding center located at point O”. Note that through
this interaction the particle gyrocenter has moved from point
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Proton Gyromotion

Magnetic
Decrease (MD)

Fig. 7. Gecometry of a charged particle gyromotion and a Magnctic De-
crease. The impact parameter is “d".

Fig. 8. Schemaric showing cross-field motion of the gyrocenter of a charged
particle from the intcraction with a MID.
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Magnetic
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Fig. 9. Funther geometry of a proton-MD interaction.

O to point O”. Below we will go through the geometry to
determine the distance between points O and O . The value
“X”, the cross-field displacement, is a function of the quanti-
ties r, a and d.

To determine the exact expression of cross-field motion of
the guiding center requires several figures and several geo-
metrical calculations. Figure 9 shows Fig. 8§ with the impact
parameter spht into two parts, “d;”, and “d,”. With a few
intermediate steps it can be shown that the half chord length
“I” is equal to

1/2
B . a4+ d? — p? 2
= (a _ [““‘T] @

From simple geometry it can be shown that:

A =
§:t( r ) &

where {' is the half-chord length with the particle gyrocenter
at point (' The cxpression for I’ can be given from examin-
ing Fig. 8 and using an analogous expression from Eq. 2:

' a? + (d)? — (»)?]* 1/2
l' = (a2_ [ 2(d" } ) (@)

where o’ is the distance from €' to the center of the MD.
It can easily be shown (a number of steps are needed) that
the expression for d’ is:

(el
+er - () +d]2) ®)

The above four expressions give the value X as a function
of r, Bg, Barp,aand d.

d =
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Fig. 10. Cross-field motion (A) as a function of impact parameter () and
relative scale of MD radius (a) and ion gyroradius (r).

In Fig. 10, we illustrate the motion of the particle guiding
center versus the normalized impact parameter, A/r. A is
given for three different scale sizes of the MD: a/r = 0.05,
0.1 and 0.5. For all of the curves, By p/By = 0.5. Note
that the motion is finite and positive for (1 — a/r) < d/r <
{1+ a/r). For an impact parameter lying on the range (—1 —
a/r) < dfr < (=1 + a/r), the cross-ficld motion is in the
negative direction with the same magnitudes.

Figure 11 gives the normalized cross-field motion A\ /r as
a function of normalized impact parameter, d/r, for various
values of By p/Bp (0.5, 0.25 and 0.1). Clearly the largest
motions are associaled with the case when the field magni-
tude change is the greatest (Basp /By = 0.1). All curves in
this figure correspond to a/r = 0.1.

As an example of cross-field diffusion duc to interactions
with MDs, we use Fig. 12 (day 267, 1994), a day when there
is alarge number of MDs. There are approximately 10 events
where Barp/Bo < 0.2, Thus a mean separation between
MDs convected at ~ 750 km s~ is ~ 7 x 10° km. Fora 1
MeV proton, » =~ a. It can been seen from egs. 3 - 5 that
Amaz, the maximum cross-field scattering distance, for a 45°
pitch angle particle is one scattering (of X = @) every 2 gy-
roperiod. This is an extremely rapid rate of diffusion. This,
of course, is only an approximation. We have used a maxi-

MD/BU= 1

—

0.
o

.25

~ e

Fig. 11. Same as Fig. 10, but the various curves indicate different ratios of
the magnetic field decrease (B s ) to the ambient ficld (Bg).
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Ulysses -- Day 267, 1994
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Fig. 12. The magnetic field for day 267, 1994. There are overten events where By /By < 0.2,

mum rate of scattering, and the actual rate will be somewhat
less. On the other hand, scattering due to interactions with
MDs with larger By p / By ratios was not taken into aceount.
This will increase the cross-field diffusion rate.

3 Summary and discussion

The statistical properties of magnetic decreases at the helio-
spheric pole ~ 2.5 AU from the sun have been presented.
A generalized mathematical formulation for the amount of
cross-field diffusion due 1o charged particle interactions with
MDs has been derived. A specific example has been provided
to illustrate that ~ 1 MeV proton interactions with MDs can
lead to very rapid cross-field diffusion,

All of the material necessary for a gencral cross-field dif-
fusion model/theory are thus in place. The next steps will be
to set up a Monte Carlo routine where a particle of specific
energy interacts with a MD of specific size (the results of
Fig. 4) with a specific (random) impact parameter and with
a specific By value (the results of using Fig. 3) and with a
measured time between interactions, A, The computer cal-
culations will be repeated for particles of different energies
to derive a statistical response for the interaction. This com-
puter model is well beyond this present paper. Thus, we end
our present efforts at this point.

As previously mentioned, energetic particle resonant in-
teractions with waves lead to pitch-angle scattering, and to
cross-field diffusion as a second order effect (Tsurutani and
Thorne, 1982). The polar regions of the heliosphere contain

nonlinear Alfvén wavcs, so pitch angle scattering from such
interactions is expected to be intense. However, at this time
we do not know what the level of cross-field diffusion will
be from this process. Thus, an infercomparison of diffusion
rates from the two different processes is not possible at this
time. A detailed comparison will have 10 await further calcu-
lations on both sides.

3.1 Ongin of MDs

What are the MDs and what is the mechanism for their for-
mation? Can they be magnetic holes detected at high lati-
tudes? Turner et al. (1977) had discovered the phenomenon
of interplanetary “magnetic holes™, regions of field decrease,
detected in the ecliptic plane. Burlaga and Lemaire (1978)
cxplained magnetic holes as nonpropagating, sheet-like pres-
sure balanced equilibrium structures. The statistical proper-
tics of “linear holes™, a subsel of magnetic holes where the
field directionality changes by less than 5° to 10°, have been
discussed by Winterhalter et al. (1994, 1995). The plasmas
surrounding many holes were marginally mirror-mode sta-
ble (see also Ho et al. (1995) for high latitude MDs) and
the ecliptic plane holes occurred preferentially in interac-
tion regions near the leading edges of high-speed solar wind
streams. Winterhalter et al. (1995) have suggested that these
linear holes may be remnants of the mirror instability.

More recently, Baumgiirtel (1999) has attempied to de-
scribe magnetic holes as MHD solitary waves propagating at
large normal angles to the magnetic field. He has predicted
the scale size and stated that the usval soliton inverse rela-
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tionship between soliton amplitude and thickness is not held,
but does not specify a particular relationship.

The raw statistical results presented here (figs. 2 and 6)
indicate that there is a continuum of angular changes across
MDs and a continuum of normals at the MD boundarics. The
continuum of normals of the discontinuities at MD bound-
aries argues against the idea that MDs are “dark’ solitons.
Also, Fig. 5 indicates that there is no relationship between
the MD amplitude and width,

While previous publications (Ho et al., 1995) have sug-
gested that some MDs may be associated with the mirror in-
stability (Yingar MDs) and others with current shects, some
of us are now reassessing this point of view with the goal of
searching for one mechanism which will explain all of the
phenomena. The mirror mode explanation has several prob-
lems. First, it only attempts to explain part of holes/MDs.
Second, the structures have very different profiles from mir-
ror modes detected in planetary magnetosheaths (Tsurutani
et al., 1982, 1993; Bavassano-Cattaneo et al., 1998), inter-
pianetary space (Tsurutani et al., 1992) or at comets (Rus-
scll ct al., 1987; Tsurutani et al., 1999). In the above men-
tioned regions, there are quasiperiodic oscillations in B and
p. whereas MDs do not have such structures. Thirdly, and
perhaps most importantly, high latitude MDs are bounded by
discontinuities {whether or not holes detected in the ecliptic
plane do or do not have such structures has not been dis-
cussed in the literature). Mirror modes detected in planetary
magnetosheaths and other regions of space are not bounded
by discontinuities. There is also no theoretical reason why
mirror modes should be thus bounded.

Cur present view is that if all MDs are due to the same
gencration mechanism, the correct cxplanation of the origin
has not been offered to date. Furthermore, the relationship
between high-latitude MDs and ecliptic plane magnetic holes
has yet to be established. In the original work by Turner ¢t al.
(1977), magnetic hole examples did not have associated dis-
contimnties. The further work by Winterhalter et al, (1995)
did not address this important issue as well. Establishment
of this important link will help unify our picture of where in
the heliosphere such phenomena are occurring and will aid
in our developing a picture of a generation mechanism.
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