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Abstract. This work performs a search of phase-steep-
ened Alfvén waves under a priori ideal conditions: a
high-speed solar wind stream observed in one of the
closest approaches to the Sun by any spacecraft (Helios 2).
Five potential candidates were initially found following
procedures established in earlier work. The observed
cases exhibited arc-like or elliptical polarizations, and
the rotational discontinuities that formed the abrupt
wave edges were found at either the leading or the
trailing part. The consideration of some additional
specific parameters (mainly related to the relative orien-
tation between mean magnetic field, wave and discon-
tinuity) has been suggested here for an ultimate and
proper identification of this kind of phenomenon. After
the inclusion of these calculations in our analysis, even
fewer cases than the five originals remain. It is suggested
that optimum conditions for the detection rather than
just for the existence of these events have to be
reconsidered.

Key words: Interplanetary physics (discontinuities;
MHD waves and turbulence; solar wind plasma)

1 Introduction

The study of fluctuations in the solar wind divided,
almost from the beginning, into two diverse basic
viewpoints: Coleman (1968) proposed that the fluctua-
tions are of a turbulent nature while Belcher and Davis
(1971) suggested that they are due to propagating
Alfvén waves. Later, Tu and Marsch (1992) presented
a model aimed at reconciling these two interpretations.
They assume that the solar wind fluctuations are
composed of both turbulent convective structures and
Alfvén waves propagating both inwards and outwards
along magnetic field lines. A significant dominance of
outward Alfvén modes has been found in fast streams
near the Sun (see e.g. Marsch, 1991).

Early investigations of the interplanetary magnetic
field (IMF) revealed occasional changes in its direction
that are abrupt on a time scale of seconds. These
features were termed directional discontinuities (Burl-
aga, 1969). They were later discriminated into tangential
or rotational according to their characteristics: the
former possess no field normal to the discontinuity
surface but show a significant change in the magnitude
and direction of the tangential component crossing it
and they represent nonpragating borders between two
different plasma regimes, whereas the latter exhibit a
constant magnetic field component normal to the
surface, for thermally isotropic plasmas the magnitude
of their tangential field does not change, and they image
sharply crested Alfvén waves (sometimes referred to as
Alfvén shocks). However, these descriptions apply to
theoretical cases, but the solar wind plasma does
generally not behave very much like that. Discontinu-
ities have been rarely observed with ideal properties
(within measurement errors) and about one or two are
usually detected per hour by a spaceprobe at 1 AU.

While analyzing a possible relationship between solar
wind bulk structure and discontinuities, Turner (1973)
noticed that rotational cases appear preferentially em-
bedded in Alfvénic fluctuations. Barnstorf (1980) men-
tioned the need for a closer inspection of the link
apparent in a persistent joint appearance of these
phenomena and remarked that in high-speed streams
the occurrence rate of directional discontinuities is
largest. The number of interplanetary discontinuities
has been definitely found to be high in stream-stream
interaction regions and in Alfvén wave trains, which in
particular dominate high-speed streams, but in this last
case it is due to the significant presence of outward
propagating waves rather than to the large convection
speed (Tsurutani et al., 1994). Moreover, discontinuities
occurred at the edges of the more slowly rotating Alfvén
waves in about 50% of the examined cases of Ulysses
data (Tsurutani et al., 1994, 1997a). Then, it seems
probable that many discontinuities, especially those
present in high-speed streams, are of a rotational nature,
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and furthermore, they could be an integral part of an
Alfvén wave. The slowly turning part and the fast
portion respectively comprise a considerable fraction of
one rotation of the magnetic field, and they both
complete together a 360° gyration in the same plane.
It appears as though the rotational discontinuity is the
phase-steepened edge of an Alfvén wave, as the phase
rotation rate is not uniform but speeds up at one of the
extremes.

A sound knowledge of the behaviour of the IMF in
different circumstances and conditions is important for
many areas of heliospheric research. In particular,
magnetohydrodynamic nonlinearities have been exten-
sively studied in the solar wind during the last decade
(see e.g. Tu and Marsch, 1995 and references therein).
We will focus here on the detection of the mentioned
interplanetary phase-steepened Alfvén waves. Optimum
conditions for their occurrence should be found in high-
speed streams at short heliocentric distances. This work
deals with one out of some of the closest approaches of a
spaceprobe to the Sun to date, and which particularly
found a persistent flow of fast solar wind.

2 Data analysis

The Helios mission was aimed at performing in situ
measurements of the interplanetary medium in the near-
solar environment. Two almost identical spacecraft were
launched on December 1974 and January 1976 into
highly elliptical, small inclination orbits with a perihe-
lion distance of 0.31 AU for Helios 1 and 0.29 AU for
Helios 2. The perihelion of the latter rather than the
former has been chosen for the present study, because
of a better coverage of the combined plasma and IMF
data. This spacecraft made eight approaches to the Sun.
It is quite fortunate that the interval with the best high-
resolution data coincides with an excellent period from
the Alfvénic point of view: an immersion in a high-speed
stream with no magnetic polarity reversal. This may be
seen in Fig. 1, which shows the solar wind speed and
magnetic field longitude between days 105-110 1976 (the
spacecraft stays at 0.29 AU between 9 PM of day 105
and 8 AM of day 110). The IMF vectorial data consist
of the three components according to the HSE system,
i.e. x points from Helios spacecraft to the Sun, z points
to the north pole and y completes a right-hand system.
There are typically four magnetic field vector measure-
ments every second and the plasma parameters are
sampled every 40.5s. The IMF angle represented in
Fig. 1 corresponds to interpolations in the same inter-
vals. By calculating the correlation coefficients at zero
lag between the fluctuations in solar wind velocity and in
magnetic field, for days 105-110, we find an average of
-0.8, —0.9 and —-0.9 in the x, y, z directions. This is
consistent with the region being dominated by Alfvénic
fluctuations propagating radially outward.

An automation of the identification of interplanetary
directional discontinuities by computer has several
advantages: elimination of human error and bias and
the possibility of processing large amounts of data.
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Fig. 1. Helios 2 observations of solar wind speed and IMF longitude
(0° means away from the Sun, positive angles are measured
anticlockwise) during the days analyzed

Many criteria have been developed (see e.g. Tsurutani
and Smith, 1979; Lepping and Behannon, 1986) and the
differences among them are given by the requirements
and constraints for the appropriate occurrence of a
sharp change in the direction of the magnetic field.
Burlaga (1968) required that there be variations in field
direction greater than 30° in less than 30 s and later
works usually followed approximately this definition
(see e.g. Burlaga, 1995). Additional conditions that
allow one to discard similar phenomena that might be
wrongly included depend on the heliocentric zone for
which each criteria set has been designed, because a
thickening of discontinuities (Tsurutani and Smith,
1979; Lepping and Behannon, 1986) and a decrease of
field strength occurs for increasing heliocentric distance.

Our identification process was adopted from Barn-
storf (1980) because it was particularly set up for the
region visited by Helios spacecraft (0.3-1.0 AU). The
jump condition we applied to our 40.5 s set of magnetic
field vectors By was that the included angle @” between
successive vectors By_; and By exceed 30° (Barnstorf,
1980, used 30 s samples). Thereafter, the additional
checking interrogations were performed to optimize the
proper identification of these features, so that noise,
highly disturbed situations, chains of very rapid direc-
tion changes, long-lasting field gradients or longer
period waves are not mistakenly accepted in the
selection process. These requirements are: (1) the
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included angle between the two vectors prior to the
discontinuity (Bx_, and By_3) and after it (Bx.; and
By ,) should both be smaller than 15° (this gives a
restriction on the extent of the discontinuity, roughly
2 min, which is much beyond a typical interval of 10 s
and it eliminates large smooth changes); (2) the included
angle between the average vectors before and after the
discontinuity ([Bx_» + Bk_3]/2, [Bk+1 + Bk+>]/2) must
be greater than 30° (this places a limit on the variability
in the neighbourhood of the discontinuity). We visually
verified with plots that the identification method was
working properly.

The exact time delimitation of discontinuities had to
be manually performed on the high resolution data as
an automated procedure would require a very high
sophistication level. The next step, a visual search for a
relationship between Alfvén waves and discontinuities
in the high-speed stream at 0.29 AU became much
more difficult than is usual at large heliocentric
distances. This happened because there is a very rich
and broad fluctuations spectrum, particularly on the
scale of a few minutes and even less, which has not
undergone significant attenuation in the solar wind
close to the Sun. Then, phase-steepened waves may be
masked, or even contrarily, be feigned in this region.
In view of this, we finally kept for our analysis those
cases which exhibited w’ > 70°, so that the disconti-
nuities clearly come out from the general noisy
background. We had 18 initial candidates, and the
verification whether each was a true phase-steepened
edge of an Alfvén wave thereafter depended on a
visual inspection of low resolution data with a 5 points
running mean (to remove variations which obscure the
identification of trends on the scale of Alfvén waves).
If doubts remained after this selection method for
events (slow plus fast rotation) the procedure was
repeated for three point means or even taking all data
into account. After this, 15 apparent events survived
and a later check for high-resolution data quality left
us with one less. However, further aspects to be
described needed to be verified and the final number
was much lower.

The measurement of the magnetic field (or any
vector) in planar structures allows one to find the
corresponding surface orientation through the minimum
variance analysis (see e.g. Sonnerup and Cahill, 1967,
Lichtenstein and Sonett, 1980). This will be applied here
to study some characteristics of the observed disconti-
nuities and Alfvén waves, and thereafter to determine
if a link between each pair exists. If a fluctuation stems
from a plane wave, then the directions of minimum
variance and phase propagation coincide and are both
normal to the constant phase surfaces. Moreover, if the
waves move along the magnetic field lines, we should
expect the direction to be aligned with B,,. In fact, it has
been observed (see e.g. Klein et al., 1991) that the
Alfvén wave normals are usually nearly parallel to the
mean field (f, = 0°). However, the orientation of
rotational discontinuities (fp) may depart more signif-
icantly (see Barnstorf, 1980; Lepping and Behannon,
1986).

The minimum variance analysis gives an orientation
n where the IMF exhibits the least variation and it is
associated with an eigenvector with the minimum
eigenvalue A,. In the case of a discontinuity this
direction becomes interpreted as the normal to its
surface. The two further eigenvectors are associated
with eigenvalues A; and /,, of intermediate and maxi-
mum variance. If 4;/4, > 1 there exists a well-defined
minimum variation direction around which the pertur-
bation vector rotates. If A,,/A; = 1 or > 1 the polariza-
tion is, respectively, circular or linear, and elliptical if in
between. Unreasonably large errors in the estimates of
discontinuity normals occur if A;= /,, so the usual
requirement A;/4, > 2 (Sonnerup and Cahill, 1967,
Lepping and Behannon, 1980) was applied. To ensure
that each wave was planar it was also required that
AffAn > 2 for the whole event (the interval of the
discontinuities is negligible, being on average 3% of the
total time). Notice that this (M, I, m) reference system
will not coincide with the one obtained for the isolated
discontinuity; in particular, the angle between both
surface normals could be significant.

When the discontinuity rotation angle in the maxi-
mum-intermediate plane @ < 30°, the results also lose
reliability (Sonnerup, 1971; Burlaga et al., 1977; Lep-
ping and Behannon, 1980). This provides another
admissibility condition. It should be noticed that the
angle of the magnetic field change o’ found from our
original search for discontinuities from consecutive
40.5 s averages will probably never coincide with the
value across the narrow current sheet @’ (given by the
first and last IMF vector of the analyzed high-resolution
interval) and should rather be associated with a varia-
tion between the neighbourhoods before and after.
A detailed study of discontinuities must be restricted,
however, to the small zone of rapid magnetic field
direction change. It must be stressed that in previous
works there is not always a clear distinction whether w,
’ or o” should be >30°.

The normal field component to the discontinuity
surface gives a clue whether the abrupt change is of
tangential (=0) or rotational (#0) nature (see e.g.
Neugebauer et al., 1984). It is basically possible to
distinguish them only if combined field and plasma data
are available (see Hudson, 1970), but even then ambi-
guities may appear. However, one may draw a distinc-
tion as to kind with high-resolution magnetic field data,
as a result of the determination of B,, with the minimum
variance analysis. The borderline between both types is
diffuse. This led to different separation criteria in diverse
works. In order to eliminate tangential discontinuities,
we withdrew the cases where |(B,)|/(|B|) < 0.3 (Barn-
storf, 1980) (i.e. the angle between n and B,
0° < Bp < 73°). It was also required that for a rotational
case og/B < 0.1 (see Lepping and Behannon, 1986),
where o is the standard deviation of the magnetic field
magnitude (low and high resolution have been respec-
tively used for the computation in waves and disconti-
nuities). Finally five cases that complied with all
constraints emerged out of the previously remaining
fourteen.
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Further physical parameters were used to describe
and test in detail a possible relationship between each
Alfvén wave and the corresponding rotational discon-
tinuity. The thickness of the latter D is given by (Burlaga
et al., 1977)

D = Vn,t

where  is the corresponding observation interval, n, the
surface normal’s radial component and ¥V the solar wind
speed.

The plasma polarization of waves and discontinuities
Py, and P was determined from the following proce-
dure. First one has to find out whether the wave or
discontinuity moves outwards or inwards with respect to
the solar wind flow by calculating p (V; — Vy) - (B; — By),
where p refers to the mean magnetic field polarity
(p = 1 for all cases, see Fig. 1) and i, f refer to the initial
and final values. If the result is negative (positive) then
the propagation is away from (towards to) the Sun.
All structures were found to propagate outwards (as
expected at this heliocentric distance). Then, from the
two possible orientations of n, the one pointing into
the outer half-space has to be chosen in all our cases.
The plasma polarization is then found from

Py.p = sign[n - (B; x By)(B) - 0]

where positive and negative respectively mean anti- and
clockwise gyration when facing the normal. Care must
be taken in using this expression because the sign must
be inverted in case the angle from B; to B exceeds 180°
(from the two angles between B; and By, the one running
through the intermediate vectors is the appropriate one),
in which case the cross product refers to the opposite
rotational sense. Since in all five cases the waves and
discontinuities propagate outwards and the mean IMF
points in the same sense, the second dot product is
always positive and Py, p is then equivalent here to the
gyration sense of each analyzed structure. From the
results for each event it is possible to determine whether
it is an arc-polarized phase-steepened wave, a kind of
arc-like rotation in a plane (Tsurutani et al., 1994) or if
it is elliptical. It has been suggested that the former cases
propagate in the intermediate variance direction (Tsuru-
tani et al., 1997b).

The following angles were also calculated: wj of
rotation of the magnetic field for the slow portion in the
maximum-intermediate plane,  between B, and the
radial direction, and o between the wave and disconti-
nuity normals. It should be noted that the last angle
must be particularly small for an ideal event, as it is an
indicator of whether its two portions have the same
gyration axis. Then, it may be considered a crucial
parameter in deciding if the fast and slow parts are
independent of each other or form together an integral
phenomenon.

3 Examination of events

The evolution of each case can be visualized in a 3D
plot, showing By and By as a function of time (see

Figs. 2-6), where we have used the field minimum
variance system determined from the analysis of the
whole wave plus discontinuity interval (like Tsurutani
et al., 1997a). In Table 1 we present various character-
istics and calculated parameters, which provide addi-
tional tools for the description of each event. The angles
of discontinuities w may not totally mimic those in the
figures, as the curves were constructed with 2 s (events 3
and 5) or 10 s (events 1, 2 and 4) averages to avoid large
dark surfaces, which would obscure the apparent
observation in three dimensions. Although arc-like or
elliptical cases may be visually recognized, due to the
perspective this may not always be completely clear.
Then, the joint knowledge of the plasma polarization
state of both wave and discontinuity in each event might
be more appropriate for a correct determination.
We now analyze the results in each case.

Event 1

This is the only one of the five cases where the
discontinuity has been found at the leading edge.
Therefore Fig. 2 is presented as seen from the back.
The field rapidly completes almost half of a full turn in
28 s (discontinuity), but then slowly rotates back in
22 min (Alfvén wave), which as a whole comprises a
kind of 360° rotation in a 2D plane, an arc-polarized
phase-steepened wave. As this kind of wave is supposed
to propagate in the intermediate direction, the angle
between the wave and discontinuity intermediate axes
was checked. It gave 25°, and therefore provided no
particular clue, as this is the same value as o. The other
parameters in Table 1 are in good agreement with
expected values for an event.

Event 2
In Fig. 3, an anticlockwise gyration of the tip takes
14 min to complete almost 180°, and then in only 48 s it

returns in the opposite sense by a similar amount, again
describing a kind of arc in the maximum-intermediate

Event 1

Bint (nT)

Bmax (nT)

Fig. 2. The evolution in time of event 1
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Table 1. Characteristics and parameters of the events

Event 1 2 3 4 5
Day of 1976 105 105 106 106 107
Interval (s—s) 15489.99-16843.39  55202.96-56099.42  52375.54-52919.71  61146.90-62713.46  27910.78-28411.72
Discontinuity 15489.99-15518.3 56051.25-56099.42  52889.71-52919.71  62699.21-62713.46  28404.03-28411.72
interval (s—s)
D (10° km) 21 16 17 9 6
o (°) 171 210 164 151 97
o (%) 94 73 73 79 90
o' (°) 112 107 144 103 89
ow (°) 180 176 187 178 182
v (%) 13 20 32 44 43
Bo (*) 18 65 33 26 41
By () 10 14 12 13 38
a (%) 25 52 24 14 57
Py + + + - +
Py - - + - -
(2 2m)p 2.4 12.1 6.1 3.0 6.5
(Aae/20)p 5.3 9.5 6.3 2.7 4.1
(21 ) 2om) 22 5.3 2.9 3.1 4.0
(Aar/20) 3.0 1.2 4.4 3.1 2.4
(08/B)p 0.03 0.03 0.03 0.03 0.03
(08/B),y 0.03 0.03 0.03 0.02 0.04
Event2 Event 3

20\ - . RN

Bint(nT) O

0
Bmax (nT)

Fig. 3. The evolution in time of event 2

plane. From the visual point of view this case seems to
be nearly ideal. However, fp and o both exhibit large
values. The calculation of the angle between the
intermediate direction of the wave and the discontinuity
normal gives 56°, so this does not remove the problem
that a is too large. Then, it appears that this case only
had resembled of a phase-steepened Alfvén wave, but
had to be rejected as that. It is also worth noting that
there is a very large variability among the values of the 4
ratios for this event in Table 1.

Event 3

The field rotates in Fig. 4 about 180° in 9 min and then
almost completes the 360° in 30 s, drawing a kind of
ellipse in the 2D plane. The parameters fp, S, o in
Table 1 all look satisfactory.

Bint (nT)

Bmax (nT)

Fig. 4. The evolution in time of event 3

Event 4

The evolution of this case shows a rotation about 180°
in almost half an hour and then a near completion of an
ellipse in 14 s. The parameters fp, i and « in Table 1
are all very reasonable. However, it is curious that the
average IMF exhibits here a notorious departure from
the expected radial direction, but this does not prohibit
the occurrence of the phenomenon.

Event 5

This is a doubtful case. Although it fulfilled the previous
requirements of our selection process it finally exhibits
half a turn in 8 min and a further quarter in 8 s and
therefore does not make up one full rotation. The visual
inspection of Fig. 6 does not show an example as clear
as previous ones. Moreover, fp, S and o are all very
large, contrary to the optimum null value. The mean
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Bint (nT)

38 Bmax(nT)

Fig. 5. The evolution in time of event 4

Event 5

Bint (nT)

Bmax (nT)

Fig. 6. The evolution in time of event 5

total field also presents a remarkable separation from
the radial orientation.

It may be seen that the calculation of fp, i and « is
a useful procedure in the verification of true events, and
the finding of Py p of discontinuities and waves is
appropriate for the determination of the polarization of
the whole phase-steepened waves. Only three cases (1, 3
and 4) out of five survived the scrutiny of our additional
parameters. In case it is not just a simple coincidence, no
explanation could be found for the disappearance of
events during the last three days of our interval,
although the Alfvénic correlations were still high. The
prevalence of left-hand rotations in the discontinuities
cannot be considered statistically significant due to the
small number of cases studied. In fact, this dominance
should be expected (Barnstorf, 1980) only if the typical
thickness of the discontinuities (~10* km in our events)
was smaller than a few proton gyroradii (~30 km at
0.3 AU).

4 Conclusions

The data of the present analysis belongs to a fast stream
found in one of the closest approaches by a spacecraft to

the Sun. Ideal Alfvénic conditions would be expected
for this observation interval and were in fact verified.
This is an optimum scenario for the occurrence of
phase-steepened Alfvén waves.

A careful search process of these events, similar to
previous work, was applied to our database. The
calculation of some additional parameters within the
cases that emerged has been suggested and tested here
for a proper determination of phase-steepened waves.
For example, one of the events seemed to be nearly ideal
according to a graphical representation and also due to
the study of the behaviour of the physical magnitudes
used in those earlier analyses. However, it had to be
discarded as a true case after the constraints of our
further diagnostic implements were imposed. It is
suggested that these new requirements be taken into
account in future identifications of cases.

The calculation of the polarization state of both wave
and discontinuity in each event might be more appro-
priate than a visual inspection of 3D plots for a correct
determination of the polarization of the overall waves,
which were either arc-like or elliptical in our cases. The
accompanying discontinuities have been found at either
the leading or the trailing edges of the waves.

Contrary to the expectations due to the a priori ideal
conditions for the occurrence of the events, only three
good cases out of five days were found. It is believed that
the search became difficult due to the rich short-scale
spectrum present. Then, optimum conditions for the
detection of these events may have to be restated as they
might be different than those just for their existence.
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